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CHAPTER 1

Preface

The course will be devoted to an introduction to D-module theory and some
of its connections with invariants of singularities. After a discussion of the sheaf
of differential operators and general facts about D-modules, we give a presenta-
tion of the theory of holonomic D-modules on the affine space. We next turn and
discuss some general cohomological results concerning filtered modules over cer-
tain almost-commutative filtered rings. We will then define the main functors on
D-modules and prove the main results: the Kashiwara equivalence theorem, Bern-
stein’s inequality, the existence of b-functions, and the preservation of holonomicity
under push-forward and pull-back, as well as the 6-functor formalism for holonomic
D-modules. We then treat briefly the Riemann-Hilbert correspondence. Finally,
we end the course with a detailed discussion of the V-filtration of Kashiwara and
Malgrange and its connection with invariants of singularities, such as the Bernstein-
Sato polynomial, multiplier ideals, and the minimal exponent. With the exception
of the last chapter, almost everything that we discuss in this course can be found
in [HTTO08]. The presentation in several sections is also inspired from Bhargav
Bhatt’s Michigan course in Fall 2020.

We always work in the algebraic setting. In fact, with the exception of Chap-
ter 7, we work over an arbitrary algebraically closed field k& of characteristic 0. We
only specialize to the case £k = C when treating the Riemann-Hilbert correspon-
dence, for which the classical topology plays an important role. It is important
to keep in mind that the theory that we discuss can be also developed, with some
care, in the setting of complex manifolds.

We assume basic familiarity with algebraic varieties and quasi-coherent sheaves
on them. We also assume familiarity with derived functors. In D-module theory, it
is important to work at the level of derived categories: we do not assume familiarity
with derived categories, so we include in the appendix a brief introduction to the
basic features of this formalism.

vii






CHAPTER 2

The sheaf of differential operators

Let k£ be a fixed algebraically closed field of characteristic 0 and let X be a
smooth, irreducible, algebraic variety over k. By a variety we mean a reduced
separated scheme of finite type over k, possibly reducible. Our goal in this chapter
is to discuss the sheaf Dx of differential operators on X.

2.1. Grothendieck’s definition of differential operators

We begin with Grothendieck’s definition for the sheaf of differential operators.
This is done by first defining inductively the sheaf F,,Dx of differential operators
of order < p. All these are subsheaves of the sheaf Endy(Ox) of k-linear endomor-
phisms of Ox. Note that inside Endy(Ox) we have two subsheaves: we have the
sheaf Ox of Ox-linear operators (where a regular function f € Ox (U) corresponds
to the endomorphism Oy — Oy given by multiplication with f) and the sheaf
Der(Ox) of k-linear derivations of Ox. We also note that Endy(Ox) is naturally
a sheaf of (noncommutative) k-algebras with respect to composition. In particular,
it carries the bracket [—, —| given by [P, Q] = PQ — QP whenever P and Q are two
sections defined over the same open subset (by an abuse of notation, we often do not
keep track of this open subset). The bracket satisfies the following compatibility
formula with the product:

(2.1) [PQ, R] = P[Q, R] + [P, R|Q
for all open subsets U C X and all P,Q, R € ]."(U7 Endk((’)x)).

The following fact will be often useful:

LEMMA 2.1. For every D € Deri(Ox) and every f € Ox, we have [D, f] =
D(f) in Endy(Ox).

PRrRoOOF. The assertion follows from the fact that a derivation satisfies the Leib-
niz formula. O

DEFINITION 2.2. For p > —1, we define inductively the sheaf F,Dx of differ-
ential operators of order < p on X as follows:
i) We put F_1Dx =0.
ii) Assuming that p > 0 and F,_1Dx C Endi(Ox) is defined, for every
open subset U C X, we define I'(U, F,Dx) to consist of those P €
(U, Endy(Ox)) such that for every open subset V' C U and every f €
Ox(V), we have [P, f] € I'(V, F,_1Dx).
The sheaf of differential operators on X is
DX = UFPDX Q Endk(OX)
P
If X is affine and R = Ox(X), then we put D :=I'(X, Dx).

1



2 2. THE SHEAF OF DIFFERENTIAL OPERATORS

REMARK 2.3. It is straightforward to see that all F,Dx and Dx are subsheaves
of Endk (OX ) .

REMARK 2.4. It follows from the definition that if U C X is an open subset,
then F,Dy = F,Dx |y for all p > 0 and thus Dy = Dx|v.

REMARK 2.5. It follows from the definition, by induction on p, that F,Dx C
F,+1Dx for all p > —1 (the case p = —1 being trivial).

EXAMPLE 2.6. We have FyDx = Ox. Indeed, it follows from the definition
that FyDx (U) consists of those P such that [P, f] = 0 for every regular function
f € Ox(V), with V C U. This means that P(fg) = fP(g) for every f,g € Ox (V).
This implies that P is given by multiplication with P(1) € Ox (U).

ExamMpPLE 2.7. It follows from the definition and Lemma 2.1 that we have
Ox + Der,(Ox) C F1Dx. In fact, this is an equality. Indeed, if P € I'(U, F1 Dx),
then it follows from the definition and Example 2.6 that for every V' C U and
f € Ox(V), we have [P, f] € Ox (V). In other words, for every f,g € Ox(V), we
have

P(fg) — fP(g) = g(P(f) — P(1)).
If we put Q = P — P(1), then the above relation becomes

Q(fg) — fQ(g) = 9Q(),
and since Q(1) = 0, it follows that @ € F(U, Derk(OX)).
We next recall the general definition of a filtration on a sheaf of rings:

DEFINITION 2.8. If R is a sheaf of rings on a topological space, then a filtration
on R is given by a family of subsheaves FeR = (F,R)pez, such that the following
conditions hold:

i) F;R C F,p 1R for all p € Z.
i) F.1R=0and R =, .z FpR.
iii) 1€ FyR.
iv) F,R-FyR C FpiqR for all p,q € Z.
In this case,

Grl(R) == P Grf(R), where Grj(R)=F,R/F,_1R

p=0

pEZ

is a sheaf of graded rings.

In our setting, Dx is a sheaf of rings and FoDy is a filtration on Dy (called the
order filtration on Dx). Indeed, properties i)-iii) above are clear, while condition
iv) and the fact that Dx is a sheaf of rings are the content of the next proposition.

ProPOSITION 2.9. For every p,q > 0, we have
F,Dx - FyDx C Fp4¢Dx.
In particular, Dx is a sheaf of subrings of Endy(Ox).

PROOF. The first assertion is clearly true if p = —1 or ¢ = —1 and the general
case follows by induction on p+ ¢, using the fact that by (2.1), for every P € F,Dx,
Q € F,Dx, and f € Ox, using the induction hypothesis we have

[PQ, f] =P[Q, f1+ [P, fIQ € F,Dx - Fy_1Dx + F,_1Dx - F;Dx C F,14-1Dx.

The fact that Dy is a sheaf of subrings is an immediate consequence. O
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REMARK 2.10. The first assertion in Proposition 2.9 implies, by taking p = 0
or ¢ = 0, that Dx and every F,Dx are Ox-modules using either left or right mul-
tiplication in Endy(Ox) (but these structures are different, as follows for example
from Lemma 2.1). From now on, unless explicitly mentioned otherwise, we always
consider Dx as an Ox-module via left multiplication.

Our next goal is to give a description of Dx in terms of local coordinates.
We introduce some notation that we will always use in the presence of local co-
ordinates. Suppose that zi,...,x, are algebraic coordinates in an open subset
U C X: this means that z1,...,z, € Ox(U) are such that dz4,...,dz, trivialize
the cotangent sheaf Qx = Qx/, on U (equivalently, for every @ € U, the func-
tions 1 — 21(Q), ...,z — ,(Q) give a regular system of parameters of Ox g).
We will say that the coordinates are centered at some point Q € U if x;(Q) = 0
for all i (note that y1 = 1 — 21(Q),...,yn = T — ,(Q) are algebraic coordi-
nates centered at ) and dy; = dz; for all 7). Given any algebraic coordinates
Z1,...,Cn € Ox(U), we denote by &1 = 0py,...,0, = Oy, the dual basis of
Der(Ox)|y. Note that 01,...,0, pairwise commute. For a@ = (aq,...,a,) €
Z%,, we put [af = a1 + ... + an, ol = ail- ), and 2% = 27" -a2pn and
9% =07 -9 e T(U,End, (Ox)). Using the fact that [0;, z;] = &; ; for all i and
J, it is an easy exercise to show via (2.1) that for every a € Z2, and every h € Oy,
we have -

(22) [haa, (El] = O[ihaa_ei,
where eq, ..., e, is the standard basis of Z".
THEOREM 2.11. If x1,...,x, is an algebraic system of coordinates on the open

subset U C X, then for every p > 0, the sheaf FyDy is a free Oy-module, with
basis {0%, |a| < p}.

Before giving the proof of the theorem, we make some preparations. Note first
that the 0% are linearly independent over Op. Indeed, if P = " ho0% = 0, then
in order to see that h, vanishes at every Q € U, we may assume (after replacing
each z; by x; — 2;(Q)) that 2;(Q) = 0 for all 7. In this case the value of P(x®) at
Q is a! - ho(Q), hence ho(Q) = 0.

Let us define F;;Dyy C Dy to be the left Op-submodule of Endy(Oy) generated
by {9% |a| < p}. The inclusion F,Dy C F,;Dy follows from Proposition 2.9 and
Examples 2.6 and 2.7. The interesting assertion in the theorem is that this inclusion
is an equality.

LEMMA 2.12. Ifwm is the ideal defining a point Q € X, then for everyq >p >0
and every P € T'(X, F,Dx), we have P(m?) C m?~P.

ProOF. We may and will assume that X is affine and let yq,...,y, € Ox(X)
be generators of m. We argue by induction on p+ ¢, with the cases g =p and p =0
being clearly true. For the induction step, note that if ¢ > p, then every h € m¢?
can be written as h = 22:1 yihi, with h; € m9~1, hence

P(h) = Z Pyi(h;) = Z yiP(h;) + Z[P, yi)(hi) € m7~P

since by the induction hypothesis we have P(h;) € m9~1=P (hence y; P(h;) € m?~P)
and [P, y;](h;) € m?7? (note that [P,y;] € F,—1Dx). O
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LEMMA 2.13. Given coordinates x1,...,x, onU C X, if P € T'(U,Dx) is such
that [P, z;] = 0 for all i, then P € Ox(U).

PrOOF. We may assume that U is affine. By Example 2.6, is enough to show
that for every open subset V' C U, every f,h € Ox (V) and every point Q € V, the
function [P, f](h) vanishes at Q. After replacing each z; by z; — x;(Q), we may and
will assume that z1,...,z, generate the ideal m defining Q.

Since P commutes with each z;, it follows that P commutes with each 2. Let p
be such that P € I'(U, F,Dx ). After possibly replacing V' by an open neighborhood
of Q, we can write f = fi + fo, with f1 € k[z1,...,7,] and fo € mP*! so

[P, f1(h) = [P, f1](h) + [P, fal(h) = [P, f2](h) = P(f2h) — f2P(h) € m,

where the containment follows from Lemma 2.12. Therefore [P, f](h) vanishes at

Q. 0

LEMMA 2.14. Given algebraic coordinates x1,...,x, on the affine open subset
UCX, if Pe'(UF,Dx) for 1 <i<n are such that [P;, x;] = [Pj,x;] for all i
and j, then there is P € I'(U, F,, 1 Dx) such that [P,z;] = P; for 1 <i <n.

PROOF. We argue by descending induction on m, with 1 < m < n + 1, that
there is P' € I'(U, F},;1Dx) such that [P',x;] = P; for m <4 < n. The assertion
trivially holds for m = n + 1. Suppose now, by induction, that we have such P’ for
m+ 1. If G =[P, 2] — P, then
(2.3)

(G, z;] = [[P,2i],2m]| — [Pms@i] = [P, @) — [P, 2] =0 for m+1<i<n,

Since P' € I'(U, F, ;1 Dx), it follows from (2.2) that [P',x,] € I'(U, F,Dx), and
thus G € T'(U, F;Dx). If we write G = }_,, <, ha0%, then it follows from (2.3)

using (2.2) that h, = 0 unless a1 = ... = o, = 0. If we put
P'=>" L h,0°t" e (U, F,,,Dx),
la|<p

then it is clear that [P”,x;] = 0 for m + 1 < ¢ < n, while [P",z,,] = G by (2.2).
We thus have [P’ — P” x;] = P; for m < i < n. This completes the proof of the
induction step. By taking m = 1, we obtain the conclusion of the lemma. ]

We can now prove the local description of the sheaf of differential operators.

PROOF OF THEOREM 2.11. We may and will assume that U is affine. We
show that F) Dy C F,Dy by induction on p. Note that if p = 0, then the assertion
follows from Example 2.6. Suppose now that p > 1 and we know the assertion for
p—1. If P € T'(U, F,Dx), then P; := [P,z;] € I'(U, F},_1Dx) = I'(U, F,_1Dx). For
all ¢+ and j, we have

[Py, z5] = [[Pai],z5] = [[Pa],2i] = [Py, i),

hence it follows from Lemma 2.14 that there is P’ € T'(U, F, Dx) such that [P’, ;] =
P, for all . Since [P—P’,z;] = 0 for all 4, it follows from Lemma 2.13 that P— P’ €
Ox(U), hence P € I'(U, F;Dx). This completes the proof of the theorem. O

The following are immediate consequences of Theorem 2.11.

COROLLARY 2.15. The sheaf Dx is a quasi-coherent O x-module.
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COROLLARY 2.16. The subsheaf Dx C Endi(Ox) is the sheaf of subrings
generated by Ox, Derp(Ox) C Endk(Ox).

REMARK 2.17. If X is affine and P € T'(X, Endy(Ox)), then P € I'(X, F,Dx)
ifand only if [P, f] € I'(X, F,_1Dx) for all f € Ox(X). Indeed, it is enough to show
that in this case, for every nonzero g € Ox(X), we have [P, ﬂ € I'(V,F,_1Dx),

where V = X \ V(g). This follows from the fact that [P, ﬂ = 5lo, P]% + [P, fl,
which in turn follows by direct computation.

REMARK 2.18. While we will not pursue this, it is worth pointing out that there
is a purely analytic side of the story. If X is a complex manifold, then the sheaf of
differential operators Dy is the sheaf of subrings of Endc(Ox) generated by Ox
and Derc(Ox) (note that in this case Ox is the sheaf of holomorphic functions
on X). Again, we have an order filtration FeDx on Dy such that if xy,...,x, are
analytic coordinates in an open subset U C X, then F,, Dy is a free left O x-module
with basis {0%, |a| < p}.

2.2. The sheaf of graded rings for the order filtration

The order filtration on Dyx provides the main tool for reducing the study of
Dx and of sheaves of Dx-modules to the commutative setting. Note that in our
case Grl'(Dx) is a sheaf of k-algebras. It follows from Examples 2.6 and 2.7, we
have Grj (Dx) = Ox and Gr} (Dx) = Tx := Dery(Ox).

The next lemma implies that Grl (D) is a sheaf of commutative rings.

LEMMA 2.19. For every p and q, we have
[FPDXa FqDX] C Fpiq-1Dx.

PROOF. The assertion follows by induction on p + ¢, being trivial if p = —1 or
g = —1. For the induction step, note that if P € I'(U, F,Dx) and Q € I'(U, F;Dx),
then for every f € Ox(V), where V C U, the Jacobi identity gives

HP’Q]’f] = [Pa[Qfo + [[Paf]aQ]

Since [P, f] € I'(V, Fp_1Dx) and [Q, f] € I(V, F,_1Dx), it follows from the induc-
tive hypothesis that [P, @, f]] € T'(V, Fpyqy—2Dx) and [[P, 1, Q] eT(V,Fpyq—2Dx).
By definition, we thus have [P, Q] € I'(U, Fj44-1Dx). O

REMARK 2.20. We stated Theorem 2.11 with respect to the action of Ox on
Dx on the left, but the same holds with respect to the action on the right: with
the notation in that theorem, we also have

F,Dx = @ 9°Ox.
lal<p

The assertion follows easily from that in Theorem 2.11 by induction on p, using the
fact that for every a with |a| = p, and every h € Ox, the difference 9*h — h0* lies
in Fj,_1Dx by Lemma 2.19.

THEOREM 2.21. For every smooth complex algebraic variety X, we have a
canonical isomorphism of sheaves of graded rings

Symy, (Tx) ~ grl (Dx).
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PROOF. It follows from Lemma 2.19 that S := grf’(Dx) is a sheaf of commuta-
tive graded Ox-algebras. Since &1 = Ty, it follows from the universal property of
the symmetric algebra that we have a morphism of sheaves of graded commutative
rings ¢: Symg  (Tx) — S such that ¢y is the identity. In order to check that ¢ is
an isomorphism, we can argue locally, hence we may assume that X is affine and
we have algebraic coordinates 1, ...,z, € Ox(X). Since Tx is a free Ox-module
with basis 01, ..., 0y, then the fact that each ¢p: Sym%x (Tx) = F,Dx/F,_1Dx
is an isomorphism follows from the fact that in light of Theorem 2.11, it maps an
O x-module basis to a basis. O

COROLLARY 2.22. If X is a smooth complex algebraic variety, then for every
affine open subset U C X, the ring Dx (U) is both left and right Noetherian.

PROOF. Let R = Ox(U), so Dr =T(U,Dx). If I is a left (or right) ideal on
Dpg and we put Fj,I := 1N F,Dpg for p > 0, then

grf(f) = @(FpI/prII)
p>0

is an ideal in grf’ (Dgr), which is a commutative Noetherian ring by Theorem 2.21.
Moreover, if I C J are ideals in Dg, then grl’(I) C grl’(J); furthermore, if this is
an equality, then it follows by an easy induction that J N F,Dr C I N F,Dpg for all
p >0, hence J = I. Since grl’(Dr) contains no infinite strictly increasing sequences
of ideals, it follows that Dy contains no infinite strictly increasing sequences of left
(or right) ideals. O

2.3. Differential operators on the affine space

We next discuss a presentation of the ring of differential operators on the affine
space AJ.

DEFINITION 2.23. For every field k, the Weyl algebra A, (k) is the quotient of
the free associative k-algebra

k‘<x17...,1'n,31,...,an>

by the 2-sided ideal generated by the following elements: [z;,z;], [0;,0;], and
[aiyl'j] — ;5 for1 <i,5 <n.

From now on, we assume that k is algebraically closed and R,, = k[z1,...,Z,],
so Spec(R,,) = A}. Note that z1,...,z, are algebraic coordinates on A7, so the
description of Dap in Theorem 2.11 applies in this case.

PROPOSITION 2.24. We have an isomorphism of k-algebras ¢: A, (k) — Dg,
such that ¢(z;) = z; and ¢(9;) = 0; for 1 <4 <mn.

PrOOF. We clearly have a morphism of k-algebras as in the theorem, due to the
fact that in Dg, we have [x;,z;] =0, [0;,0;] = 0, and [0;, z;] = 0; ; for 1 < 4,5 < n.
We need to show that ¢ is bijective.

Note that we have a morphism of k-algebras R,, — A, (k) that maps each z;
to x;, hence we may counsider A, (k) as a left R,-module via this morphism. In
this case, it is clear that ¢ is a morphism of left R,,-modules. Since Dp, is a free
R,,-module with basis {0% | & € ZZ,} by Theorem 2.11, in order to show that ¢
is bijective, it is enough to show that A, (k) is generated as a left R,-module by
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{y* | a« € Z%,}. This is easy to see, using the fact that the relations in A, (k) imply
that for every ¢ and j, we have 0;x; = 2;0; if ¢ # j and O;x; = x;0; +1ifi = j. O

2.4. A general presentation of Dy

We next generalize the presentation of Dx in Proposition 2.24 to the case of
an arbitrary smooth affine variety. This will be useful later for describing quasi-
coherent sheaves of Dx-modules. Let X be a smooth affine variety over k, and let
R= Ox(X) and TR = F(X7Tx).

ProrosiTioN 2.25. With the above notation, the ring Dg is isomorphic to the
free associative k-algebra A generated by

{¢|aeR} and {D|D eTg}

modulo the following relations:

) ajas = ay - a for every ay,as € R;
ii) aD =a- D for every a € R and D € Tr;

) [D,d] :B(ZL/) for every a € R and D € Tk;
Dy, Dy = [51—,\52] for every D1, D2 € Tg.

PrROOF. It is clear that we have a morphism of k-algebras ¢: A — Dp that
maps a to a and D to D for every ¢ € Rand D € Tg. It follows from Corollary 2.16
that ¢ is surjective, hence we only need to show that it is also injective.

Let us consider A as a left R-module via a - u = a - u. For every p > 0, we
denote by F,A the R-submodule of A generated by D --- Dy, where k < p and
Dy,..., Dy, € Tg. It is easy to see, using the given relations that F,A-F;A C Fj A
and [F,A, F;A] C Fpyq-1A for every p,q > 0. Therefore grl’(A) is a commutative
ring and it follows from the definition of A that we have a surjective k-algebra ho-
momorphism v : Sym%(Tg) — grl’(A). Moreover, ¢ induces a ring homomorphism
gr(p): grf’(A) — grf'(Dg) such that the composition gr(y) o v is an isomorphism
by Theorem 2.21. Therefore v is an isomorphism, so gr(y) is an isomorphism as
well, which in turn immediately implies that ¢ is injective. This completes the
proof of the proposition. O

COROLLARY 2.26. With the notation in Proposition 2.25, if z1,...,x, € R are
algebraic coordinates on X, then Dp is isomorphic to the free associative k-algebra
generated by {a | a € R} and 94, ...,0,, modulo the following relations:

a) aias = aj - ap for every aj,as € R.
b) [0;,a] = g—fi for every a € Rand 1 <14 <n.
c) [0;,0;] =0for 1 <i,j<n.

PROOF. Since z1,...,x, € R are algebraic coordinates on X, the R-module
Tg is free, with basis 01, ..., 0y, and it is straightforward to check that the algebra
A in Proposition 2.25 is isomorphic to the one in the statement of the corollary. [

REMARK 2.27. For the sake of simplicity we made the assumption that the
ground field k is algebraically closed, but all the results in this chapter hold over
any field of characteristic 0.






CHAPTER 3

Dx-modules: basic properties

As in the previous chapter, we assume that X is a smooth algebraic variety
over an algebraically closed field k of characteristic 0. Let n = dim(X).

3.1. Dx-modules

DEFINITION 3.1. A left (right) D-module on X is a sheaf of left (respectively,
right) Dx-modules on X and a morphism of D-modules is a morphism of sheaves
of Dx-modules. Unless explicitly mentioned otherwise, we assume that all our
Dx-modules are left Dx-modules.

Note that a left or right Dx-module M is automatically an Ox-module via
the injective homomorphism Ox — Dx. We say that M is quasi-coherent if it
is quasi-coherent as an Ox-module. A coherent (left or right) Dx-module M is a
Dx-module which is quasi-coherent and that is locally finitely generated over Dy
(that is, for every' affine open subset U C X, the (left or right) Dx (U)-module
M(U) is finitely generated).

REMARK 3.2. It is clear that the category of quasi-coherent left (or right) Dx-
modules is Abelian. The same property holds for the category of coherent left (or
right) Dx-modules by Corollary 2.22.

ExXAMPLE 3.3. It is clear that Dx has a natural structure of left Dx-module
and of right D x-module.

EXAMPLE 3.4. Since Dx C Endi(Ox), it follows that Dx naturally acts on
Ox making Ox a left Dx-module.

REMARK 3.5. Part of the motivation for the development of the theory of D-
modules is that it provides an algebraic approach to studying solutions of linear
partial differential equations. For a concrete example, suppose that £k = C, X =
Ag,and A, = A,(C). f M = Clzy,...,z,]and N = A, /A, (P4, ..., P,), for some
Py,...,P. € A,, then the elements of Hom 4, (N, M) are the polynomial solutions
f of the system of equations

Pif=...=Ff=0.

Of course, depending on the context, one can replace M by other spaces of functions
(for example, by the rings of holomorphic or smooth functions on C™).

11t is standard to see, using the fact that Dx is a quasi-coherent O x-module by Corol-
lary 2.15, that it is enough to know that X has an affine open covering X = UieI U; such that
M(U;) is a finitely generated Dx (U;)-module.
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3.2. Integrable connections

Our next goal is to describe the structure of left Dx-modules in terms of inte-
grable connections.

DEFINITION 3.6. Let M be an Ox-module. A connection on M is a k-linear
morphism

V:M—=Qx Rox M
that satisfies the Leibniz condition
V(fu)=fV(u)+df u forall feOx,ue M.
REMARK 3.7. Since Qx is a locally free O x-module whose dual is Ty, it follows
that giving a connection V on M is equivalent to giving, for every open subset U C

X and § € Tx(U), a k-linear map V¢: M|y — M|y (compatible with restriction),
that satisfies

1) Vfg = ng for all f € Oyp;
ii) Ve(fu) = fVe(u) +&(f)u for all f € Op and u € M|y.

Indeed, given V, we take V¢ to be the composition
v 1
My iy Q ®o, My By M|y.

We also note that if z1,...,z, are algebraic coordinates on U C X, then
V(u) = Z dx; ® Vo, (u) for every wu € Op.
i=1

Given a connection V on M, we define
V: Qy @0 M — Q4! 00, M
for i > 1 by
Vinou)=dy@u+ (=1)'pAV(u) forall neQy,uecM,
where 1 A V(u) denotes the image of n ® V(u) € Qx ® Q% @ M via
Qx @V QM= QLT @M, me@neu— (nAn)Ou
EXERCISE 3.8. Show that for every n € Q% and every u € M, we have
V2i(n@u) =n A V().
DEFINITION 3.9. A connection V on M is integrable (or flat) if V?(u) =0 for
every u € M.

ProrosiTION 3.10. Giving a left Dx-module M is equivalent to giving an
Ox-module M, with an integrable connection V; the relation between the two
structures is given by

&-u=Ve(u) forevery &€ Tx,ue M.

PrOOF. Giving a left Dx-module structure on the sheaf M is equivalent to
giving a morphism of sheaves of rings Dx — &ndo, (M). The assertion follows
easily from the description of Dx on affine open subsets in Proposition 2.25: for
example, the relation ii) in that proposition corresponds to the fact that Ve =
V¢, the relation iii) corresponds to the Leibniz condition for V, while the relation
iv) is equivalent with the integrability condition (this is easiest to see using local
coordinates). We leave checking the details as an exercise. ]
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ExXAMPLE 3.11. The standard D x-module structure on Ox corresponds to the
de Rham connection on Ox given by d: Ox — Qx.

REMARK 3.12. If (M, V) and (N, V) are Ox-modules with integrable connec-
tion, then a morphism of modules with integrable connection f: (M,V) — (N,V)
is a morphism of Ox-modules such that the diagram

M—Ys Qx ®o, M

e

Ni>QX®OXN,

is commutative. It is then clear that a morphism of left Dx-modules corresponds
to a morphism of Ox-modules with integrable connection.

REMARK 3.13. If M is a left Dx-module on X and V is the corresponding
integrable connection, then it follows from Exercise 3.8 that we have a complex

0 M-5 0k @0, M~ ... 55 Q% @0, M — 0,

where n = dim(X). This is the de Rham complex DRx (M) of M. Note that
the maps are not Ox-linear, but only k-linear. Our convention will be to consider
DRx (M) as placed in cohomological degrees —n,...,0. Note that if zq,...,z,
are algebraic coordinates on an open subset U C X, then the differential in the de
Rham complex of M is given on U by

(3.1) dn@u) =dp@u+ Y dr; An® du.
j=1
ExaMPLE 3.14. If M = Ox, then we recover the usual de Rham complex on
X (shifted by n).

We now use the description of left Dx-modules in terms of integrable connec-
tions to show that any localisation of a Dgr-module is again a D g-module.

EXAMPLE 3.15. Suppose that X is affine and R = Ox(X). If M is a left
Dgr-module and S C R is any multiplicative system, then the localization S—!M
carries a unique structure of Dr-module such that the canonical map M — S~'M
is a morphism of Dgz-modules. Indeed, the fact that M — S~'M is a morphism of
modules with connection and the Leibniz rule imply that for every £ € T = Tx (X),
we need to have

Ve(u) = Ve <s . %) =sV¢ (g) +&(s) - %,

hence we need to have

Ve (g) _ Ve(w)  E(s)u

s

It is then straightforward to see that this formula defines a map V¢: S™'M —
S~IM for every ¢ and that in this way we get an integrable connection on S~1M.

In particular, by globalizing this construction, we see that for every smooth
variety X and every nonzero f € Ox(X), the sheaf Ox [%] is a quasi-coherent

D x-module.

s 52
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EXAMPLE 3.16. If f € Ox(X) defines a smooth hypersurface in X, then Ox [ 4]
is generated over Dx by %; in particular, it is a coherent Dx-module (note that it is
not coherent as an Ox-module, unless f is invertible). Indeed, working locally we
may assume that we have algebraic coordinates x1,...,z, on X such that f = x;.
The assertion then follows from the fact that for every 7 > 1, we have 8{?11 =

(=1)75!
IJI+1 :

It is an important result, that we will discuss later, saying for every nonzero f,
the Dx-module Ox [ﬂ is coherent.

EXERCISE 3.17. It follows from the above example that there are left ideals I
and J in A, (k) such that

Ap (k) /T ~ k[zq,...,2n]e, and Ap(k)/J ~Elx1,...,T0le, /k[T1, ..., 20).
Show that I = An(k) . ((911’1,827. AN ,Gn) and J = An(k') . (xl,ﬁg, N ,8n)

3.3. Ox-coherent Dx-modules

The “best” Dx-modules are the ones that are coherent as Ox-modules. We
now show that these are, in fact, locally free O x-modules (that is, in light of Propo-
sition 3.10, these are precisely locally free sheaves on X with integrable connection).

PROPOSITION 3.18. If M is a left Dx-module which is a coherent O x-module,
then M is a locally free Ox-module.

PROOF. We need to show that for every point P € X, the stalk Mp is a free
Ox-module. After possibly replacing X by a suitable open neighborhood of P,
we may and will assume that we have algebraic coordinates x1,...,2, € Ox(X)
centered at P. Since Mp is a finitely generated Ox, p-module, we may choose a
minimal system of generators ui,...,uq € Mp over Ox p. We need to show that
there is no relation 2?21 fiv; = 0, with f; € Ox p not all 0. If such a relation
exists, let r = min; ordp(f;). Recall that for f € Ox p, we put ordp(f) = oo if
f=0and ordp(f) =k if f € mf m’fj’l, where mp is the maximal ideal in Ox p;
equivalently, we have ordp(f) = min {|al, 0% f(P) # 0}.

We argue by induction on r. If r = 0, then there is ¢ such that f;(P) # 0, so
u; lies in the Ox p-submodule generated by {u; | j # i}, a contradiction. On the
other hand, if » > 1 and 4 is such that ordp(f;,) = r, then there is j such that

ordp(%) =r — 1. In this case we have

1= i= i=

If we write

n
Oju; = Zgikuk for 1<i<n,
k=1
with g;r € Ox,p, then we obtain the relation Y ;_, hxuy = 0, where

hy, = ng.'; +> figin-

In particular, we have ordp(h;,) =7 — 1, hence we are done by induction. [
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3.4. Good filtrations on coherent Dx-modules

Since Dy is a sheaf of noncommutative rings, the way to study a Dx-module
M is by considering a suitable filtration Fy, M on M such that grl’ (M) becomes a
sheaf of modules over the sheaf of commutative rings gri’ (Dx).

It is convenient to give the relevant definitions and results in a more general
setting. Let R be a sheaf of rings on X (here X can be any Noetherian scheme).
We assume that we have a morphism of sheaves of rings Ox — R, so every left
R-module is automatically a Ox-module; we say that it is quasi-coherent if it is
quasi-coherent as an O x-module. We assume that we have a fixed filtration FyR on
R by quasi-coherent Ox-submodules (so, in particular, R is quasi-coherent) that
satisfies the following two extra conditions:

C1) Grl(R) is a sheaf of commutative rings.

Cz) For every affine open subset U C X, the Ox (U)-algebra I' (U, Grf(R)) is

generated by finitely many homogeneous elements of degree 1.
Note that these conditions are satisfied when R = Dx, with FyDx being the order
filtration. Arguing as in the proof of Corollary 2.22, we see that condition Cs)
above implies that for every affine open subset U C X, the ring R(U) is both left
and right Noetherian.

DEFINITION 3.19. Let M be a quasi-coherent R-module. A filtration Fe M on
M (with respect to the filtration FyR) is given by a family (FyM)secz of quasi-
coherent O x-submodules of M that satisfies the following conditions:
i) FyM C Fy11 M for every q € Z;
ii) FgM =0 for ¢ < 0;
i) M= quz FyM;
iv) F,Dx - FgM C Fpp oM for all p,q € Z.
If Fy M is a filtration on the R-module M, it is clear that if

grl (M) = P erf (M), where grh (M) = F,M/F, 1M,
q€Z
then grf’ (M) is a sheaf of grl’(R)-modules on X, which is quasi-coherent as an
Ox-module.

REMARK 3.20. In the case of interest for us, when R = Dy, with the order
filtration, consider the canonical morphism 7: Y = Spec(grf’ (Dx) — X. In this
case, we have a quasi-coherent sheaf F on Y such that grl’ (M) ~ 7. (F). Recall
that by Theorem 2.21, the morphism 7 is canonically isomorphic to the cotangent
bundle 7% X — X of X.

Returning to the general setting, we will be interested in filtrations that satisfy
an extra finiteness condition.

DEFINITION 3.21. The filtration Fe M on the Dx-module M is a good filtration
if it satisfies the following extra conditions:

i) FyM is a coherent Ox-module for every q € Z.
ii) There is ¢ such that

FpygM=EDx - F,M forall p>0

(in this case we will say that the filtration is generated at level ¢).
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ProprosITION 3.22. The filtration Fy M on the R-module M is good if and
only if grf’ (M) is a locally finitely generated grf’(R)-module.

PROOF. Both properties are local, hence we may and will assume that X is
an affine variety and A = Ox(X), R =T(X,R), and M = I'(X, M). Recall that
by assumption, there are yi,...,y, € F1R such that Grf(R) is generated as an
A-algebra by w1, ..., w € Gri' (R).

It is clear that if .5 (FyM/F;—1M) is generated by the homogeneous ele-

ments uq, ..., uy, with deg(u;) = d;, then
N
(3.2) FyM = F, «M +Y Fy_q,R-u; forall q€Z.

i=1
Since Fy,M = 0 for ¢ < 0, it follows by induction on ¢ that F,M is a finitely
generated A-module if we know that F,R is a finitely generated A-module for
every ¢. This in turn follows by induction on ¢, using the fact that
(3.3) FyR=F, 1R+ Y Ay*

lol=q
Furthermore, we deduce from (3.2) and (3.3) that F,M = FiR - F,_1 M for ¢ >
max; dz .

Conversely, suppose that FeM is a good filtration on M. Condition ii) in
the definition implies that Grl (M) is generated over Grf (R) by @, v Grl'(M).
Since we have only finitely many nonzero such summands and each of them is
finitely generated over A, it follows that GrZ (M) is a finitely generated Grl (R)-
module. d

REMARK 3.23. Since Grl'(R) is clearly finitely generated over itself, it follows
that FyR is a good filtration on R.

The following result will allow us to compare two good filtrations.

PROPOSITION 3.24. If Fy M and F, M are filtrations on M, and Fy M is good,
then there is £ > 0 such that

(3.4) FM C F M forall keZ.
If FJM is good too, then we may choose £ such that we also have
Fi_ MCEM forall keZ.
PROOF. Let ¢ be such that

(3.5) FoygM=EFR-F,M forall p>0.
Since FyM is a coherent Ox-module and M = J, F; M, it follows that there is
£ > 0 such that Fy,M C Fq’HM. In this case, it follows from (3.5) that

Fpy yMCF, M foral p>0.

Therefore (3.4) holds for all £k > ¢. On the other hand, since there are only finitely
many nonzero FyM with k < ¢ and they are all coherent Ox-modules, we can
ensure that (3.4) also holds for k < ¢ after possibly enlarging ¢. The last assertion
in the proposition follows by switching the roles of Fo M and F, M. O

We next give a criterion for the existence of a good filtration.
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PropoOSITION 3.25. A quasi-coherent R-module M has a good filtration if and
only if it is locally finitely generated over R.

PROOF. If M has a good filtration Fe M which is generated at level g, it
follows that M is generated by F, M as an R-module. Since F,M is a coherent
Ox-module, it follows that M is locally finitely generated over R.

Conversely, suppose that M is a coherent R-module. The first observation
is that there is a coherent Ox-submodule M, of M that generates M over R.
Indeed, we can cover X by finitely many affine open subsets U;, and for every i, we
can find a coherent Op,-submodule M; C M|y, that generates M|y, over R|y,.
We can fine a coherent submodule M} of M such that M}|y, = M, (see [Har77,
Exercise 11.5.15]). It is then clear that Mg = >, M} has the desired property.

Given My as above, let us define F, M = F,R - My. It is straightforward to
check that this is a filtration on M and the fact that it is a good filtration follows
from the fact that this is the case for FeDx (see Remark 3.23). O

We now go back to the setting of interest of us, when R = Dx and F¢R is the
order filtration. A filtered Dx-module is a coherent Dx-module, endowed with a
good filtration.

REMARK 3.26. Given a filtered Dx-module (M, Fe M), the de Rham complex
of M has a filtration such that

F,DRx(M): 0= F,M — Q% ®oy FyaM — ... = Q% @0y FpinM — 0

(the fact that this is a subcomplex of DRx (M) follows from the formula (3.1)).
Moreover, that formula shows that each graded piece Grg DRx (M)

0 — Grp (M) = Q% ®o, Groy (M) = ... = Q% ®o, Griy (M) =0
is a complex of Ox-modules: indeed, if x1,...,x, are algebraic coordinates on

U C X, then the differential is given on U by

din@u) =Y _dr; An® du

j=1

and this is clearly Ox-linear.

REMARK 3.27. Whenever we have a good filtration Fo .M on a Dx-module M,
the coherent Ox-modules F, M and Grfj (M) provide invariants of (M, FeM) in
the familiar realm of coherent sheaves on X. In general, these depend very much
on the choice of the filtration. However, when discussing Hodge modules in the
next chapter, we will see that many interesting D x-modules carry canonical good
filtrations, in which case, by looking at the (graded) pieces of the filtration, we get
interesting invariants of these Dx-modules.

We end this section by discussing the most important geometric invariant as-
sociated to a coherent Dx-module. This is defined by choosing a good filtration,
but in such a way that it is independent of the choice of filtration.

DEFINITION 3.28. Let M be a coherent Dx-module on X. Let Fy M be a good
filtration on X, w: T*X — X the cotangent bundle of X, and F the coherent sheaf
on T*X such that 7, (F) ~ Grl'(M). The characteristic variety Char(M) is the
support of F (that is, it is the closed subset of T*X defined by Anng,.., (F)).
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REMARK 3.29. Note that since Grf" (M) is a sheaf of graded Grl’ (Dx)-modules,
its annihilator is a sheaf of homogeneous ideals, hence Char(M) C T* X is a conical
subvariety (that is, it is preserved by the standard action of k* on T X).

PRrOPOSITION 3.30. The characteristic variety of M is independent of the choice
of good filtration Fy M.

PROOF. We need to show that if 7 and F’ are the coherent sheaves on T* X cor-
responding, respectively, to the good filtrations Fy M and F, M, then rad (Ann(}" )) =
rad (Ann(F")). By Proposition 3.24, there is k > 0 such that

(3.6) FMCF  MCF, M forall qeZ.

If feT(U, GrdF(’DX)), then f lies in Ann(F) if and only if f - F,M C Fpyg—1 M
on U for all ¢. In this case, it follows from (3.6) that for every r > 1, we have on U

JT M C 7 Fpt M C FyprayM S Bl ooy M
for all ¢ € Z. Tt follows that if r > 2k + 1, so that ¢ + 2k +r(d —1) < qg+rd — 1

for all ¢, then f € Ann(F’). This shows that rad(Ann(F)) C rad(Ann(F’)) and
the opposite inclusion follows by symmetry. O

REMARK 3.31. For a coherent Dx-module M, we have Char(M) = § if and
only if Grl’(M) = 0, which is the case if and only if M = 0.

DEFINITION 3.32. The dimension dim(M) of a nonzero coherent Dx-module
M is the dimension of its characteristic variety. It is clear that we have dim(M) <
2n. We make the convention that the dimension of the zero module is —1.

The following proposition describes the behavior of the characteristic variety
for the Dx-modules in a short exact sequence.

PRroPOSITION 3.33. Given a short exact sequence of coherent Dx-modules

0= M - ML M =0
and a good filtration Fe M on M, if we put F,M’ = i~ (F;M) and F,M7 =
p(FgM), then
i) FeM’ and F, M" are good filtrations on M’ and M” | respectively, and
we have a short exact sequence of grf’(Dx)-modules

0 — Grl' (M) = GrE (M) = GrE (M) =0,

ii) In particular, we have Char(M) = Char(M’)UChar(M") and dim(M) =
max { dim(M’), dim(M")}.

PRrROOF. The fact that Fo M’ and FoM” are filtrations and the exactness of
the sequence in i) are straightforward to check. Since Grf (M) is a locally finitely
generated Gr! (Dx)-module, we deduce from the exact sequence that GrZ (M’) and
Grl'(M") are locally finitely generated as well, hence the filtrations on M’ and M”
are good by Proposition 3.22. The assertions in ii) follow from the behavior of the
support for modules in a short exact sequence. (]

ExAMPLE 3.34. If £ is a nonzero Dx-module on X which is coherent as an
Ox-module, then we have a good filtration on &£ given by F,& = &€ for p > 0
and F,& = 0 for p < 0. In this case we see that Grl (&) is the structure sheaf
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of the 0-section of T* X, hence Char(€) is the O-section. In particular, we have
dim(&) = n.

EXAMPLE 3.35. We have Char(Dx) = T*X (we can use the order filtration on
Dx as a good filtration), so dim(Dx) = 2n.

EXAMPLE 3.36. Let X be affine with A = Ox(X), and let P € D be nonzero
M = Dgr/Dp - P. Show that dim(M) = 2n — 1.

EXERCISE 3.37. Show that if X = A} and M = k[z,z~']/k[x], then Char(M)
is the fiber of T*X over 0 € X. In particular, we have dim(M) = 1.

A fundamental result about Dx-modules, which underpins much of the theory,
is the following

THEOREM 3.38. If X is a smooth n-dimensional variety and M is a nonzero
coherent Dx-module, then dim(M) > n. Moreover, every irreducible component of
Char(X) has dimension > n.

A version of this theorem was proved by Bernstein for D-modules on the affine
space in [Ber71] (we will discuss this proof, following [Cou95], in Chapter 4). We
will give a proof of the theorem in the general setting in Chapter 6, after discussing
the Sato-Kashiwara filtration and the Kashiwara equivalence theorem. In the next
section we discuss, without proof, a stronger version of the theorem that makes
reference to the symplectic variety structure on the cotangent bundle.

The above theorem leads to the following central concept:

DEFINITION 3.39. A coherent Dx-module M on the smooth n-dimensional
variety X is holonomic if M = 0 or dim(M) = n.

We do not begin to discuss now the main properties of this notion, leaving this
for Chapter 6.

3.5. Involutivity of the characteristic variety

We will not make use of the material in this section, but it is hard to discuss D-
modules without mentioning it. Recall that a symplectic variety over k is a smooth
irreducible variety Y over k, together with a 2-form w which is nondegenerate” and
closed®.

If X is a smooth, irreducible variety over k, then its cotangent bundle has
a canonical structure of symplectic variety over k. This is given as follows. Let
m:Y =T*X — X be the canonical projection. We first define a 1-form A on Y by
mapping u € T,Y, with @ € T X to AM«) := (o, () € k, where m,: T, Y — T, X
is the tangent map of 7 at @ and (—,—): T X x T, X — k is the standard pairing.

In order to see that this is an algebraic 1-form, consider algebraic coordinates
x1,...,%, on an open subset U C X. We get an isomorphism o: 7= 1(U) ~ U x k",
and we consider on 7~ 1(U) the algebraic coordinates pi,...,Pn,q1,- -, Gn, Where
pi=a;0m and @(v) = (7(v),q1(v),...,qn(v)).

2This means that for every P € Y, the corresponding alternating bilinear form TpY xTpY —
k is non-degenerate.
3This means that dw = 0.
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EXERCISE 3.40. Show that with the above notation, we have

Mr-1wy = Y gidp;.
=1

It follows from the above exercise that A is an algebraic 1-form. We take
w = dA. This is clearly closed. It is also nondegenerate, since with the notation in
the exercise, we have wl| -1y = > i, dg; A dp;.

Recall now that if V' is a finite-dimensional k-vector space and n: V xV — k
is a non-degenerate alternating bilinear form, then for a linear subspace W C V|
its orthogonal subspace

Wt ={veV|nww)=0foralweW}

has dimension 2n — dim(W), where dim(V') = 2n (note that the dimension of V'
has to be even). The linear subspace W is isotropic if W C W+, it is coisotropic
if W+ C W, and it is Lagrangian if W+ = W. The formula for dim(W+) implies
that if W is isotropic, then dim(W) < n and if W is coisotropic, then dim(W) > n.
Moreover, W is Lagrangian if and only if it is coisotropic and dim(W) = n.

DEFINITION 3.41. Let (Y,w) be an arbitrary symplective variety over k. A
subvariety Z of Y (not necessarily irreducible) is isotropic (involutive, Lagrangian)
if for every smooth point z € Z, the linear subspace 7,Z C T.Y is isotropic
(respectively coisotropic, Lagrangian).

REMARK 3.42. We will see in Proposition 3.50 below that a subvariety Z of a
sympletic variety (Y,w) is involutive if and only if 7,Z+ C T,Z for every z € Z;
moreover, it is enough to check this property on some dense open subset of X.
This immediately implies that Z is involutive (Lagrangian) if and only if every
irreducible component of Z satisfies this property.

REMARK 3.43. Note that if Z is an involutive (Lagrangian) subvariety of
(Y,w), then every irreducible component of Z has dimension > 1 dim(Y") (respec-
tively, = %ldim(Y)). Moreover, Z is Lagrangian if and only if it is involutive and

dim(Z) = 5 dim(Y") if and only if w|z,, = 0 and every irreducible component of Z

has dimension § dim(Y").
In light of the above remark, Bernstein’s inequality for the dimensions of the

irreducible components of the characteristic variety (see Theorem 3.38) is a conse-
quence of the following deep result.

THEOREM 3.44. If X is a smooth irreducible variety over k and M is a coherent
Dx-module on X, then Char(M) C T*X is an involutive subvariety with respect
to the standard symplectic structure on the cotangent bundle.

The first proof of this theorem (in the analytic setting) was due to Sato, Kashi-
wara, and Kawai [SKK73] and used hard analytic tools. An algebraic proof of a
more general result was obtained by Gabber in [Gab81]. While quite intricate, this
is elementary, but we do not discuss it in this course (though we give the statement
of Gabber’s result below).

REMARK 3.45. In light of Remark 3.43, it follows from Theorem 3.44 that a
coherent Dx-module M on a smooth variety X is holonomic if and only if every
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irreducible component of Char(M) is a Lagrangian subvariety of 7* X . Recall that
Char(M) is a conical subvariety of T*), hence all its irreducible components have
the same property. We note that the irreducible conical Lagrangian subvarieties of
T*(X) are easy to describe. Note first that if Z is a smooth subvariety of X with
ideal sheaf 7, then the conormal subvariety of Z in X is

T; X = Spec(Symp, (Nz/x)) Cn ' (Z) CT*X,

where Ny x = (Zz/I%)" is the normal sheaf of Z in X. The conormal subvari-

ety has dimension n = dim(X) and it is clearly conical. Moreover, if x1,...,x,
are local coordinates on U C X such that ZNU is defined in U by (z1,...,z,),
and if py,...,Pn,q1,---,qn are the local coordinates on 7~*(U) C T*X in Exer-

cise 3.40, then T4X N7~ 1(U) is defined in 7= 1(U) by (p1,...,DryGrits---»qn)-
Since w1y = >, dgi A dp;, we conclude that w|r:x = 0. Therefore 77X is a
conical Lagrangian subvariety of 7% X. More generally, if Z is a closed irreducible
subvariety of X, with smooth locus Zs,, = V N Z, for some open subset V in X,
then 77X =15 V CT*X is a conical Lagrangian subvariety of 7 X. It is not
hard to see that every irreducible conical Lagrangian subvariety A of T*X is of
this form: more precisely if Z = 7(A) (note that this is closed, since A is a conical
subvariety), then A = T4 X (see [CG10, Lemma 1.3.27]).

In order to state Gabber’s result, we first introduce the notion of Poisson alge-
bra.

DEFINITION 3.46. Let A be a commutative k-algebra. A Poisson bracket on A
isamap {—,—}: A x A — A such that the following conditions are satisfied:
i) The pair (A, {-, —}) is a Lie algebra over k.
ii) For every a € T, then map {a, —}: T — T satisfies the Leibniz rule (hence
it is a k-derivation).

A commutative algebra endowed with a Poisson bracket is a Poisson algebra.

EXAMPLE 3.47. Suppose that B is an associative k-algebra, endowed with a
filtration F,B. If the associated graded ring S = Grl'(B) is commutative, then S
is endowed with a Poisson bracket, defined as follows.

Given two elements a € Grg(B) and b € Grg (B), let us choose lifts o’ € F,B
and b’ € Fy;B. Since a and b commute in S, it follows that a'b’ — b'a’ € Fj,4,_1B.
We define {a, b} € Gr5+q_1(B) to be the class of a’t/ — b'a’. It is straightforward
to see that this is independent of the choice of lifts for @ and b and that it extends
by additivity to a map S x .S — S that is a Poisson bracket.

EXAMPLE 3.48. Suppose that (Y,w) is a symplectic affine algebraic variety over
k and A = Ox(X). Since w is nondegenerate, for every f € A, we have a unique
derivation £; € T'(X, Tx ) given by w(—,&;) = df. If for f,g € A we put

{f9} = w(&s,&9) = &£(9),
then one can check that this gives a Poisson bracket on A.
REMARK 3.49. Suppose that X is a smooth irreducible affine algebraic variety
over k and R = Ox(X) and Tx = I'(X,7x). In this case the order filtration
on Dpg induces by Example 3.47 a Poisson algebra structure on A = Grl'(Dg) ~

Oy (Y), where Y = T*X. This coincides with the Poisson structure induced by the
standard symplectic form on Y via Example 3.48. In order to check this, we may
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assume that we have x1,...,x, € R giving algebraic coordinates on X, and let
DlyeesPnyQiy---5qn € Symy(Tx) be the corresponding algebraic coordinates on
Y,sop;, =x; and ¢; = 9; € Tx. Recall that in this case we have w = Z?:l dg; Ndp;
and an easy computation gives

&po = —0q and &, =0, for 1<i<n,
hence the bracket associated to the symplectic form satisfies
g 9y
9q; opi”

It is easy to deduce that for every f1, fa € R, we have {f1, fa} =0, {¢:;, f1} = g—ﬁ,

and {g;,q;} = 0 for all ¢ and j. These formulas are also satisfied by the Poisson
bracket given by Example 3.47 and they uniquely determine a Poisson bracket.

{pi, g} = — and {q;, g9} =

For a symplectic affine algebraic variety, we can describe the involutive property
of a subvariety in terms of the corresponding Poisson bracket.

ProproOSITION 3.50. Let Y be an affine symplectic algebraic variety over k and
consider on S = Oy (Y) the Poisson bracket defined in Example 3.48. If Z is a
closed subvariety of Y, with corresponding radical ideal I C S, and if Zy C Z is an
open dense subset, then the following are equivalent:

i) The ideal I satisfies {I,1} C I.
ii) T,Z+ C T.Z for every z € Zj.

PRrROOF. Note first that for every z € Z, we have
T.Z={ueTl.Y |df.(u)=0 forall fel}.
It follows that v € T, X lies in T, Z" if and only if
ﬂ ker(df,) C Ker(wz(—,v)),
fer

which is the case if and only if w,(—, v) lies in the linear span of df, = w, (—, & (z)),
for f € I. We thus conclude that

T.Z+ ={¢&(2) | f eI}

Note now that since Zj is dense in Z, the condition in i) is equivalent to the fact
that for every f,g € I, we have {f,g}(z) = 0 for all z € Z,. By definition of the
Poisson bracket, we have

{f.9}(2) = w(&r(2),&(2)) = dg-(&4(2)).

By what we have seen, for a given g € I we have {f,g}(z) = 0 for all f € I if
and only if dg. vanishes on T, Z*. This is turn holds for all g € I if and only if
T,Z+ C T.Z, completing the proof of the equivalence. O

The following is Gabber’s theorem [Gab81].

THEOREM 3.51. Let (B, F¢B) be an associative ring with a filtration such that
Grl(B) is commutative and Noetherian. If M is a B-module with a filtration Fy M
compatible with FyB such that GrY (M) is a finitely generated GrE (B)-module, with
annihilator J, and I = rad(J), then

(1,1} C 1.
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REMARK 3.52. If X is a smooth variety over k and M is a coherent D x-module,
in order to check that Char(M) is an involutive variety, it is enough to do it after
restricting to a suitable affine open cover of X. We may thus assume that X is
affine, with R = Ox(X), and applying Gabber’s theorem for the order filtration
on Dpg, we obtain the fact that Char(M) is involutive using the interpretation in
Proposition 3.50.

REMARK 3.53. In the setting of Theorem 3.51, it is easy to see that {J, J} C J.
Indeed, if a,b € J are homogeneous, of degree p and g, respectively, and if we pick
lifts o’ € F,B and V' € F,B, then

a - FMCFiypaM and V- -F,MCFiy, 1M foral icZ.

Let ¢ = a'b/ — Va' € Fppq—14, so that c lies over {a,b}. For every u € F;M, we
have

cu=au)—b(du) €a - Fiyq1M+b - Fiyp 1M C Fiipiq—aM,

hence {a, b} € I.
The subtlety regarding the statement of Theorem 3.51 is that in general it is
not true that if J is an ideal such that {.J, J} C J, then {/J,V/J} C V/J.

3.6. Left versus right Dx-modules

The discussion in Section 3.4 applies as well for right D x-modules if instead of
taking R = Dx, we take R = DY. In particular, we may consider the characteristic
variety and the dimension of a right Dx-module.

In what follows, we will be mainly interested in left Dyx-modules, but right Dx
modules appear naturally when defining duality and push-forward for D x-modules.
In this section we discuss an equivalence between the categories of left and right
Dx-modules that will allow us to switch between the two categories whenever
convenient,.

We will define this equivalence globally, but in order to check the desired prop-
erties, we will argue locally, in the presence of coordinates. The main ingredient is
the following

LEMMA 3.54. If x1,...,x, are algebraic coordinates on the smooth variety X,
then there is an isomorphism 7: Dx — DY of sheaves of rings that is the identity
on Ox and such that 7(9;) = —0; for 1 <i <n. Moreover, we have 72 = Id.

PROOF. It is enough to prove the assertion when X is affine. In this case it is
an immediate consequence of the presentation of Dx in Corollary 2.26. ([l

As usual, we work on a smooth irreducible n-dimensional algebraic variety X
over k. We review two definitions that are algebraic versions of familiar definitions
in the context of smooth manifolds.

DEFINITION 3.55. If P is a vector field on X, then for every i, the contraction
by P is the morphism of sheaves

Z‘P: Ql);rl - QlX given by iPn(Qla sy Qz) = W(Pu Qh sy Qz)
(here we think of forms as alternating multilinear functions on vector fields). The
Lie derivative with respect to P is the morphism of sheaves

Lp: %%QZX given by Lp=ipod+doip.
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REMARK 3.56. We will only be interested in the Lie derivative on wx = Q%.
Note that Lp(n) = d(ipn) for every n-form 7. Let us describe this in terms of
algebraic coordinates x1,...,z, on U C X: if P = Zle P;0; is a vector field on U
and n = fdx is an n-form on U, where dx = dxqy A ... A dz,, then

ip()(O1,..., 05, ..., 0,) =n(P,d1,...,0i,...,0,) = (—1)"' P,

hence
n

ip(n) = > (=) f P day A...dzi A ... Ada,
=1

and thus

[ Of oP;
con = (5Lr+

— OP;
de =[P dz.
: ) ( (f)+f;8xi> :
PROPOSITION 3.57. The standard structure of Ox-module on wx can be (uniquely)
extended to a right Dx-module structure such that for every n € I'(U,wx) and
P eT(U,Tx), we have

=1

n-P=—Lpn).
PRrROOF. It is enough to check this locally, hence we may assume that we have
coordinates x1,...,2, on X, in which case we have an isomorphism Ox ~ wyx that

maps 1 to dex = dx1 A ... Adx,. Via this isomorphism, and using Lemma 3.54
and the fact that a right Dx-module structure is the same as a left DSP-module
structure, we see that the assertion in the proposition is equivalent to the fact that
the standard Ox-module structure on Ox can be (uniquely) extended to a left
D x-module structure such that for every vector field P and every regular function
f, if we write 7(P) = @ + g, for a vector field @ and a regular function g, and if
Lo(fdx) = hdx, then P- f = fg—h. If P =), P;0;, then

n

T(P)=—-) 0P = —P+i§%§,
i=1

i=1

hence @ = —Pandg=)_, gf i, It follows from the description of the Lie derivative
in Remark 3.56 that

h=-P(f)+f-> &,
=1

hence fg—h = P(f). Therefore this is precisely the standard D x-module structure
on Ox. O

Recall that Endy(Ox) has compatible structures of left and right O x-modules
(in other words, it is an Ox-Ox-bimodule) such that for local sections ¢ € Endy(Ox)
and a,b € Ox, a-¢-b maps u to ap(ub). If £ is a line bundle on X, then
L R0, Endp(Ox) @0, L7 is a sheaf of rings on X, with multiplication given by

(a®@pb) (c®Y®d) =a® pa(be)y) ®d,

where a: £7! ® £L — Ox is the canonical isomorphism. In fact, we have a ring
homomorphism

(3.7) L R0y Endp(Ox) @0y L7 — Endy (L)
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that maps a ® ¢ ®b to the map u — p(a(b®u))a. By looking at an open cover on
which £ is trivial, we see that (3.7) is an isomorphism.

We apply this with £ = wx. The right D x-module structure on wyx corresponds
to a left DYY-module structure, which gives a morphism of sheaves of rings

(3.8) DY — Endi(wx) ~ wx oy Endi(Ox) oy w;(l.
We can easily describe this locally: if x4, ..., z, are algebraic coordinateson U C X,

then (3.8) maps P to dr ® 7(P) ® dz~!. As a consequence, we conclude that (3.8)
gives an isomorphism of sheaves of rings

(3.9) DY ~ wx Roy Dx ®oy W'

We can now give the equivalence between the categories of left and right Dx-
modules. Let us denote by Dx — mod and mod — Dy the categories of left, respec-
tively right, Dx-modules. Note that if M is a left Dx-module, then wx ®p, M is
a left module over wx ®o, Dx oy w;(l, with scalar multiplication given by

(a®@PRDb) (c®@u)=a® Pa(b® c)u.
Via the isomorphism (3.9), this makes wx ®o, M a left DF-module, hence a right
Dx-module. This structure is easy to make explicit locally: if we have algebraic
coordinates x1,...,z, on U C X then on U we have (dx®@u)P = dx @ 7(P)u. Let
F: Dx —mod — mod — Dx be this functor.

Going in the opposite direction, if AV is a right Dy-module, then N ®0, wy'
is a right module over wx ®o, Dx ®o w;(l, with scalar multiplication given by

(u®c) (a®P®b) =ualc®a)Pb>.

Via the isomorphism (3.9), this makes N ®o, wy' a right D3P-module, hence a
left Dx-module. If z1,...,x, are algebraic coordinates on U, then on U we have
P-(u®@dz~') = ur(P)®@dx~!. We denote by G this functor mod—Dy — Dx —mod.

Note that if we start with a left Dx-module M, then we have an isomorphism
of Ox-modules

G(F(IM)) = wx ®o, M ®0y wy' ~ M.

By looking in local coordinates, we see that this is in fact an isomorphism of left D x-
modules. Similarly, we see that for every right Dx-module N, we have a functorial
isomorphism of right Dx-modules G(F(N)) ~ N. We thus have proved

PRrOPOSITION 3.58. The above functors F and G give inverse equivalences
between Dx — mod and mod — Dx.

REMARK 3.59. It is clear that via the equivalence of categories in the propo-
sition the left Dx-module Ox corresponds to the right Dx-module wyx. Another
interesting example is that of a left Dx-module M = Dx ®p, F, for some Ox-
module F, that uses the left Dx-module structure on Dx. In this case we have

F(M) = wx ®ox Dx ®ox F =~ (WX ®ox Dx ®ox w;(l) Xox (wX ®ox f)7
hence F(M) ~ (wx ®oyx F) ®o, Dx, where the right-hand side uses the right
D x-module structure on Dx.

EXERCISE 3.60. Show that if M and A are left Dx-modules and M"™ and N
are the corresponding right D x-modules, then there is a canonical isomorphism

M @p N 2 N" @p,, M.
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DEFINITION 3.61. The Spencer complex of a right Dx-module A is the de
Rham complex of the corresponding left D yx-module.

REMARK 3.62. Since the left Dx-module M associated to a right Dx-module
N is isomorphic as an Ox-module to N Q¢ w;(l and for every p we have

08 ®oy wy' =~ (W P)Y =~ A"PTx,
it follows that the Spencer complex of A is given by the complex
0> N®oy N""Tx = ... > N ®@oy Tx - N =0,

placed in cohomological degrees —n,...,0. Moreover, it is easy to describe the
differential d: N ®0, APTx — N ®0, AP~ Tx in the presence of local coordinates
Z1,...,Tnt it is given by

p
Adu®d, Ao NO;y) =Y (1) udi, @0, Ao ANDiy AL NO;
j=1

p*

REMARK 3.63. As we have already mentioned at the beginning of this section,
we may consider filtrations on a right Dx-module A in the same way that we
considered filtrations on a left Dx-module. Given such a filtration F, NV, then the
Spencer complex of A is a filtered complex, where the pth filtered piece of the
Spencer complex is given by

0= FponN Qo N'"Tx — ... = F_iN Qo Tx — FpN — 0.

An important convention is that when dealing with filtered Dx-modules, we
shift the filtration when passing from left to right Dx-modules as follows: if Fy M
is a filtration on the left Dx-module M, then the corresponding filtration on M" =
wx ®oy M is given by F,_, M" = wx ®o, FpM. Note that with this convention,
the pth filtered piece of the Spencer complex of M" is equal to F,DRx (M).

REMARK 3.64. Suppose that M is a coherent left Dy-module and A is the
corresponding right Dx-module. Note that if Fy M is a good filtration on M and
F,N is the corresponding filtration on A/ (with the convention in the previous
remark), then we have an isomorphism of graded Sym¢, (7x)-modules

Gry (V) ~ wx ®oy Gry (M)(n).
In particular, we see that Char(M) = Char(N) and thus dim(M) = dim(N).

ExXAMPLE 3.65. Let’s consider the de Rham complex of Dy, with the standard
left Dx-module structure:

(3.10) 0— Dx — Q% ®oy Dx — ... = wx oy Dx — 0.

Note that this is a complex of right Dx-modules: the fact that the maps are
Dx-linear follows from formula (3.1). This gives a resolution of wx by free right
Dx-modules, where the map wx ®o, Dx — wx is given by n® P +— nP. In order
to show that the resulting complex C'*® is exact, it is enough to show that F,C* is
exact for all p, which in turn follows if we show that Grg (C*) is exact for all p.
Recall that the filtration on DRx(Dx) is induced by the order filtration on Dx,
while we take the filtration on wx such that Grg (wx) = 0 unless p = —n. We thus

conclude that Grf (C*) is the complex

0 — Sym}, (Tx) = Qk ®o, Sym? ™ (Tx) — ... = Symp " (Tx) — A, — 0,
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where A, = wx if p = —n and A, = 0 otherwise. If S = Symg,, (Tx), then the
direct sum of these complexes is

0282 0%RoyS— ... = 0% R0, S = Q% — 0.

To check that this is an exact complex, we can argue locally: the assertion then
follows from the fact that it is obtained by tensoring with €% the Koszul complex
corresponding to the regular sequence y1,...,yn € Ox[y1,-- ., Ynl-

Finally, applying our equivalence of categories to pass from right Dx-modules
to left Dx-modules and using Remark 3.59, we see that the complex (3.10) induces
a resolution of Ox by left Dx-modules

0=>Dx@N"Tx = ... > Dx ®oy Tx = Dx — Ox — 0.






CHAPTER 4

Holonomic modules over the Weyl algebra

The material in this chapter is not logically necessary for what follows: we
treat here the case of modules over the Weyl algebra, as in the original paper of
Bernstein [Ber71]. Several of the results that we will later prove more generally,
via more sophisticated methods, can be seen in a rather elementary fashion in this
setting, giving a quick access point to holonomic D-modules on the affine space.
The presentation we give follows [Cou95].

4.1. The Bernstein filtration

In this chapter it is convenient to work over an arbitrary field k of characteristic
0. We will study modules over the Weyl algebra A, (k).

PROPOSITION 4.1. The k-algebra A, (k) has a basis given by %9”, for o, 3 €
7,

Proor. If k is algebraically closed, then the assertion follows from Proposi-
tion 2.24 and Theorem 2.11. The general case follows immediately from this one
after passing to the algebraic closure of k: note that it follows from the definition
of the Weyl algebra that for every field extension K/k, we have an isomorphism
An(k) @ K ~ Ay (K). O

From now on we simply write A,, for A, (k). What distinguishes this ring of
differential operators is that we have another natural filtration on A,,, whose terms
are finite-dimensional vector spaces over k. More precisely, we have the following

DEFINITION 4.2. The Bernstein filtration on A, is given by

ByAn= P ka0’
le|+181<p

REMARK 4.3. Note that in this case B,A,, is not a module over k[z1,...,x,]
anymore, but just a k-vector space. All properties of a filtration in Definition 2.8
are clearly satisfied, with the exception of iv), which will be proved in the next
lemma. The new feature is that dimy B, A, < oo for all p.

LEMMA 4.4. For every p,q € Zx>o, we have
i) BpA, - B4A, C ByigAn.
ii) [BpAn, ByAy] C Bpig—2A4,.

PROOF. The assertion in i) follows if we show that for every «, 5 € 7%, with
la| = r and || = s, 0%°2® € B,,sA,. We argue by induction on s, the case
s = 0 being trivial. The case s = 1 is also easy: by Lemma 2.1, we have J;x% =
2%0; + a;x*~ % € Bry1A,. For the induction step, note that if /' = —¢; € 7%,

27
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then 8%z € By, 14, by induction. We thus conclude that 3%z € B, ,A, by
the case s = 1.

For the assertion in ii), we need to show that for every o, 3,¢/, 5 € Z2,, we
have [0, 2% 9°'] € By_2A,, where N = |a|+|8|+|c/|+|8|. Using the behavior
of the bracket with respect to products (see equation (2.1)) and the assertion in i),
we see that it is enough to prove this when |a| + |3] =1 = |&/| 4+ |B’|. This case is
clear: the only nontrivial commutators are £[9;,z;] = £1 € ByA4,,. O

Assertion 1) in the above lemma implies that Be A, is a filtration on the ring
A,, and assertion ii) implies that Gr’(4,,) is commutative. Since Gr2 (A,,) is free,
with a basis given by the monomials in z1,...,%n,v1,...,Yyn of degree m, where
y; = 0; for 1 < i < n, it follows that the unique morphism of graded k-algebras

k[mlv"'amnaylv"'ﬂy’ﬂ] — GI‘.B(An)

that maps the z; to z; and the y; to y; is an isomorphism. In particular, (A4,, BeAy)
satisfies conditions C;) and Cs) in Section 3.4 (note that we are using the formalism
about filtrations in Section 3.4 with X = Spec(k), not X = AJ}).

REMARK 4.5. As in Corollary 2.22, from the fact that GrZ(A4,,) is Noetherian,
we deduce that A, is both left and right Noetherian (though, of course, at least
when k is algebraically closed, we have already shown this via the order filtration).

In order to fix ideas, we only consider left A,-modules. For every such module
M, we may consider filtrations B, M with respect to BeA,,, as introduced in Sec-
tion 3.4. We note each B, M is a k-vector subspace of M, but it is not true anymore
that B,M is a module over k[z1,...,x,]. In fact, if B¢M is a good filtration, then
dimy ByM < oo for all g.

Given a finitely generated A,-module M and a good filtration BeM on M, we
again consider the radical I of the annihilator of GrZ (M ) over GrP (Ay). The subva-
riety of A2" = Spec (Gr? (A)) defined by I is the characteristic variety Charp(M).
The argument in the proof of Proposition 3.30 applies verbatim to show that the
characteristic variety is independent on the choice of good filtration. As before, we
have Charg (M) # 0 if and only if M # 0, and if this is the case, then the dimen-
sion dim(M) is dim (Charp(M)) (we make the convention that dim(M) = —1 if
M =0).

REMARK 4.6. Note that if X = A}, with k algebraically closed, and M is a
finitely generated A, (k)-module, we have two notions of characteristic variety of
M, depending whether we work with the order filtration or the Bernstein filtra-
tion. The resulting varieties are really different: consider for example the module
M = Ay(k)/A1(k) - (2 + 0%). In this case Char(M) is defined by the ideal in
(y) C k[z,y], while Charg(M) is defined by (22 + y?) (in particular, one variety is
irreducible, while the other one is not). However, we will see in the next chapter
that the two notions of dimension coincide, since they admit the same cohomological
interpretation.

The advantage in the setting of the Bernstein filtration is that Gr? (A,) is a
polynomial ring in 2n variables with the standard grading (note that with respect
to the order filtration, half of the variables have degree 0). In this case, it is a
basic result of commutative algebra that if B4M is a good filtration on the nonzero
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Ay,-module M and if P is the Hilbert polynomial of the graded GrZ(A4,)-module
GrZ (M), we have
dim (Grl (M)) = deg(P) + 1
(with the convention that the degree of the zero polynomial is —1). Recall that by
definition P € Q[y] is such that
dimy, Grf' (M) = P(i) forall i>>0.

For us, it will be more convenient to consider the function f: Z — Z given by
f@) = dimg B;M. Since f(i) — f(i — 1) = P(i) for i > 0, it follows that there is
a polynomial @ € Qy] of degree d = dim(M) such that f(i) = Q(i) for i > 0. It
is well-known (and easy to see) that since Q(i) € Z~o for ¢ > 0, the top degree
term of @ is of the form e(é\!/[) y?, for some e(M) € Z~o. By definition, e(M) is the
multiplicity of M

REMARK 4.7. If BoM and @ are as above, then d = dim(M) and e = e(M)
are characterized by the fact that there is C' > 0 such that

| dimy (B; M) — %i‘” < Ci%! forall i>0.

In particular, it follows from the comparison of the terms in two good filtrations
(see Proposition 3.24) that the multiplicity of M does not depend on the choice of
good filtration.

REMARK 4.8. Given a short exact sequence
0—-M - M— M'—0,

of finitely generated A, (k)-modules, arguing as in the proof of Proposition 3.33,
we see that we can choose filtrations BeM', BoM, and B,M" such that for every
1 we have a short exact sequence of k-vector spaces

0— B;M' — B;M — B;M" — 0,
hence dimy, B;M = dimy, B; M’ + dimy, B; M". This implies that
dim(M) = max { dim(M"), dim(M")}.
Moreover, if all three modules have the same dimension, then e(M) = e(M’) +
e(M").
4.2. The Bernstein inequality for modules over the Weyl algebra

The following is the special case of Theorem 3.38 in the setting of modules over
the Weyl algebra.

THEOREM 4.9. If M is a nonzero finitely generated A,-module, then dim(M) >

REMARK 4.10. Note that unlike in Theorem 3.38, we here do not bound the
dimension of every irreducible component of Charg(M).

PROOF OF THEOREM 4.9. Let BeM be a good filtration on M, compatible
with BsA,,. After possibly replacing all B,M by Bp,,M for some py, we may and
will assume that BoM # 0. The key point is the following
Claim. For every p > 0, the map

B,A,, — Homy (BpM, BoypyM), Qw— (u— Qu)
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is injective.

We prove the claim by induction on p, the case p = 0 being clear, since By A,, =
k and ByM # 0. Suppose now that p > 1 and we know the assertion for p — 1.
If 0 # Q € B,A,, we need to show that there is u € B,M such that Qu # 0.
This is clear if @ € k. Otherwise, if we write Q = Zaﬁ ca_ﬂcaﬁmo‘é‘ﬁ, there is
(o, ) # (0,0) such that ¢4 g # 0.

If o # 0, let @ be such that o # 0. In this case, using Lemma 2.1, we see that

@Q,0;] = — Z CorpQiCo g™ 0P
o,
is a nonzero element of B,_; A,,. By induction, it follows that we have v € Bp_1 4,
such that [@,0;]v # 0. Since Qv # 9;Q., it follows that either Q0;v # 0 (in
which case we may take u = 0;v € B,M) or 9;Qu # 0, hence Qu # 0, so we may
take u=v € B,_1M C B,M.

The case when 3’ # 0 is similar. This completes the proof of the claim. Note
now that dimy B, A, grows like p?", while if d = dim(M), then it follows that
dimy, Homy (B, M, Ba, M) grows like p? - (2p)¢ = 29p??, and therefore 2d > 2n. This
gives the inequality in the theorem. O

As in Section 3.4, we say that a finitely generated A,-module is holonomic if
either M = 0 or dim(M) = n.

THEOREM 4.11. The following hold:
i) Given an exact sequence

0—->M —->M-—-M" -0

of finitely generated A,,-modules, then M is holonomic if and only if both
M' and M" are holonomic. Moreover, in this case we have e(M) =
e(M") + e(M").

ii) The category of all holonomic A,-modules is an Abelian subcategory of
the category of all A,-modules. Moreover, all objects in this category have
finite length; in fact, for every M holonomic, we have {(M) < e(M).

PRrROOF. The assertion in i) follows from Remark 4.8. This implies that the
category of holonomic A,-modules has kernels and cokernels. Then the fact that
it is an Abelian category is immediate.

We also see that if My C My C M are A,-modules, with M holonomic, then
e(My) < e(Ms) < e(M) and these are positive integers. This implies that ¢(M) <
e(M). O

EXAMPLE 4.12. The A,-module R := k[z1,...,z,] ~ A, /A,(01,...,0,) is
holonomic. Indeed, the Bernstein filtration on A,, induces a filtration on R given
by ByR = {f € R|deg(f) < p}, hence

CrP(R) ~ GrP(A) /(s - - yn) = K[z1, ..., 20)].
Therefore R is holonomic and e(R) = 1.

EXAMPLE 4.13. The A;-module M = k[z, '] /k[z] is isomorphic to A1 /A;jz.
It is easy to see that if we take on M the filtration induced by the Bernstein filtration
on Ay, then Gr2(M) ~ k[z,y]/(x) ~ k[y], hence M is holonomic and e(M) = 1.

We then conclude using Theorem 6.37 that k[x, 2] is a holonomic A;-module, of
multiplicity 2.
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EXAMPLE 4.14. Let P € A, be nonzero, where n > 1, and let M = A, /A,, - P.
Let d > 0 be such that P € BgA, ~ Bg_1A,. If d =0, then M = 0, hence from
now on we assume d > 1. If we write P = Py + @Q, where Py € By 1A, and
Q € GalaHlﬁI:d k- 220°, and if we consider on M the filtration induced from A,

then GrZ(M) ~ k[z1,...,%n,y1,- -, Yn)/(Q(z,y)), hence dim(M) = 2n — 1 and
e(M) = d. In particular, we see that M is holonomic if and only if n = 1.

The first interesting example is provided by the localization of R at a nonzero
element (note that in this case, we don’t know yet that this is a finitely generated
A,-module).

THEOREM 4.15. If f € R is nonzero, then Ry is a holonomic R-module.

PROOF. Recall that the A,-module structure on R induces an A,-module
structure on Ry (see Example 3.15). Let d = deg(f) and let us consider for every
q=0

g
Bty = {4 desto) < (@+ 1}
It is clear that this is a k-linear subspace of Ry. Note that |J,-,BsRy = Ry.
Indeed, given flp € Ry, we can rewrite this as % and we have

deg(gf™) =md+deg(g) < (d+1)(p+m) for m>0.

Moreover, we have B,A, - B4Ry C BpiqRy. In order to see this, it is enough
to show that z; - B4Ry C Byr1Ry and 0; - B4Ry C By41 Ry for all ¢. Indeed, if
% € B4Ry, then

Tifr = ;ﬂr{ and deg(zigf) =d+ 14 deg(g) < (d+1)(¢+1)

F22 —qgdk 9 o
81";%1 = % and deg <f3xg — qg&f) < d+deg(g)—1 < (d+1)(g+1).

?

Therefore BoRy is a filtration on Ry (with respect to the Bernstein filtration on
Ap).
It follows from the definition that dimy Fy Ry = (<d+2q+") for every ¢ > 0. Note

that this is a polynomial of degree n in ¢, with the top degree term (d'%# If M is
a finitely generated A,-submodule of R and B.M is a good filtration on M, then
it follows from Proposition 3.24 that there is £ > 0 such that B,M C By Ry N M,
hence there is C' > 0 such that dimy B,M < W + Cq" ! for all ¢ > 0. This
implies that M is holonomic and e(M) < (d + 1)™.

This implies that Ry is a finitely generated A,-module: otherwise there is an
infinite sequence

My CMyC...C Ry

of finitely generated A,-submodules. Since they are all holonomic, of multiplicity
< (d+ 1), it follows from Theorem 6.37 that

6(M1) < B(MQ) ... < (d—|— l)n

is a bounded strictly increasing sequence of positive integers, a contradiction. Once
we know that Ry is finitely generated, it follows from what we have already proved
that Ry is holonomic. (]
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The theory of holonomic modules over the Weyl algebra was developed by
Bernstein in [Ber71], in order to prove the existence of what is nowadays called
the Bernstein-Sato polynomial of a nonzero polynomial f € R = k[zy,...,2,].
This follows by making use of the fact that holonomic A, (k(s))-modules have
finite length. Because of time constraints, we do not discuss this now, since we
will prove the existence of the Bernstein-Sato polynomial in general in Chapter 6.
In this general setting, the existence of the Bernstein-Sato polynomial is a key
ingredient in proving the fact that the localization of a holonomic D-module is
again holonomic.



CHAPTER 5

Dimension and codimension of D-modules and the
Sato-Kashiwara filtration

Our goal in this chapter is to prove some basic cohomological properties of
finitely generated modules over rings of differential properties. In particular, we
will obtain a cohomological description of dimension, which will imply that the two
notions of dimension that we defined in Chapters 3 and 4 agree. These results will
be useful in the proof of the Bernstein inequality in the next chapter and in setting
up duality theory of holonomic D-modules.

5.1. First cohomological results

It is convenient to set up the theory in the following general context. We work
in the affine case and consider a ring R with a filtration FeR. We assume that
S := Grf'(R) is commutative and' generated over Ry, which is Noetherian, by
finitely many elements of degree 1 (in order to be in the setting of Section 3.4,
we may take X = Spec(Rp), but X will not play any role in what follows). In
particular, the argument in Corollary 2.22 implies that R is both left and right
Noetherian.

Note that Fy R can be considered also as a filtration on the opposite ring R°P.
Since Grl'(R) is commutative, this can be identified with Grf (R°P). All our mod-
ules will be left R-modules; the right R-modules will be treated as left R°P-modules.

From now on, we make one extra assumption: we assume that S is a regular
ring, with all maximal ideals of codimension d. Note that this condition is satisfied
if R = D4 is the ring of differential operators of an affine n-dimensional variety
Spec(A), with the order filtration (in which case d = 2n) or if R is the Weyl algebra
A, (k), with the Bernstein filtration (in which case again d = 2n). The relevant
consequence for us is that the global dimension gldim(S) is equal to d: this is the
content of the result of Auslander-Buchsbaum-Serre (see [Mat89, Theorem 19.2]).
Recall that if T' is an arbitrary ring, then the (left) global dimension of T is

gldim (7)) := sup {pdy(M) | M left module over T'}

= sup {z > 0 | Ext;(M, N) # 0 for some left modules M, N over T}.
Moreover, in this definition we may assume that M is finitely generated and, if
T is left Noetherian, that N is finitely generated too (see [Mat89, Lemma 2,
p.155]). Standard arguments (using, for example, Cartan resolutions) imply that,
keeping the assumption that T is left Noetherian, for every bounded complex of
left T-modules A®, with finitely generated cohomology modules, there is a bounded
complex of finitely generated projective R-modules P® and a quasi-isomorphism

P* — A°.
LThis condition is only added since we used it, for the sake of simplicity, in Section 3.4.

33
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We will make use of the basic results on good filtrations on finitely generated
R-modules from Section 3.4. In order to simplify the notation, whenever a good
filtration F, M is chosen on M, we will write Gr(M) instead of Gr’ (M).

The basic idea is to import cohomological results from the commutative setting
via the use of filtrations. The key tool for doing this is the following. Suppose that
M is a finitely generated R-module and let us choose a good filtration Fe M on M.
A filtered free resolution P®* — M is a complex

(5.1) o= Pl Pt PP M0

where each P = P7 is a filtered finitely generated free R-module, that is, it is free
with certain generators ey, . .., ey, and with filtration given by F,P = @, F,_q, R-e;
for all ¢ (for some dy, . ..,d,, € Z), all maps in the complex are morphisms of filtered
R-modules®, and for every i € Z, the complex

o= GrE(PY s GreF (P = Grf (PO = G (M) — 0
is exact. This last condition is equivalent to the fact that for every 4, the complex
.= EPI 5 P 5 FiPY - FM -0

is exact; by taking the direct limit of these complexes, we see that also (5.1) is
exact.

LEMMA 5.1. Given an R-module M with a good filtration FeM , there is a
filtered free resolution of M.

ProoOF. Note first that if u; € Fy,M for 1 < ¢ < N are such that the w; €
Grgi (M) generate Grl' (M) over S, then F,M C F, M + Eil Fy_4,R- Fy,M for
all p. Arguing by induction on p, we deduce that

N
E,M = ZFp,diR -Fy M forall peZ.
i=1

Let Py = @fil Re; be a free R-module, with a filtration given by F, Py = @, Fj—4,€:,
and let f: Py — M be the R-linear map given by f(e;) = u; for all 7. Note that
we have F,M = f(F,F) for all p. Let M; = Ker(f), with the filtration given by
EF, M, = F,Po N M;. In this case we have a short exact sequence

0 — Gr(My) — Gr(Py) — Gr(M) — 0.

In particular, this implies that the filtration on M; is good. We can then repeat
the process, constructing P, — M, as above and continuing in this way we obtain
a filtered resolution of M. |

PRrROPOSITION 5.2. Given two finitely generated R-modules M and N endowed
with good filtrations, for every i we get a (noncanonical) filtration® on Ext’ (M, N)
such that the following properties hold:

(Extl) Gr(Ext%(M,N)) is isomorphic to a subquotient of Ext (Gr(M), Gr(N)).
(Ext2) If Extg(Gr(M),Gr(N)) =0 for all £ < 4, then Gr(Ext', (M, N)) is iso-
morphic to a subobject of Extg(Gr(M), Gr(N)).

2If (M, FeM) and (N, FeN) are filtered R-modules, then an R-linear map f: M — N is a
morphism of filtered modules if f(FpM) C F,N for all p € Z.

3Note that each Ext’R(M, N) is just an Abelian group, hence a filtration is a family of
subgroups that satisfies properties i)-iii) in Definition 3.19.
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PROOF. Let P* — M be a filtered free resolution as in (5.1). We get an
induced good filtration on the terms of the complex Hompg(P*®, N) by putting

F,Hompg(P?,N) = {¢ € Homg(P’,N) | ¢(F;P’) C F;;,N for all i € Z}.

Note that if P/ = Re;®...® Re,, and the filtration is given by F, P! = @, Fj_q, R-
ei, then
F,Hompg(P?,N) ~ €D F,1a,N.

This immediately implies that FyHompg(P?, N) is indeed a filtration and that the
maps in Homg(P*®, N) are morphisms of filtered R-modules. Since we also have
Grl (P7) ~ @, S(—d;), it is then clear that we have an isomorphism of complexes

Gr(Hompg(P*®, N)) ~ Homg (Gr(P*), Gr(N)).

Note that the i-th cohomology of the right-hand side complex is Ext’ (Gr(M ), Gr(N )) .

The spectral sequence associated to the filtered complex T° = Hompg(P*, N)
has

EPT = 9rHa(Grl (1) = Extg" (Gr(M), Gr(N)) _,
and we have a filtration on the cohomology of T® with the property that
EPT ~ Gt (Exth (M, N))

(the properties ii) and iii) in Definition 3.19 are satisfied since this is the case for
the filtration on each Homg(P?, N)). Note that for every » > 1 and every 4, the
graded S-module E , := @qu:i E P4 is a subquotient of Ei. We thus have
S-submodules

..BiCB_,C...CB,CBICACA,C...CA_CAC...CE!

such that E! = AY/Bi for all 7 > 1. Since Ei ~ Exty(Gr(M),Gr(N)) is a
Noetherian S-module, it follows that there is 7o such that B. = B! and thus
E!, , < E} for all r > ro. Since our filtrations are start at 0 and are exhaustive, it

follows that
EL = P EF*= () EL.
q—p=t r>ro
Therefore
Grl (Exti(M,N)) ~ E,

is an S-submodule of E}. , which is a subquotient of E{. This gives the assertion in
(Extl).

On the other hand, under the assumption in (Ext2), we have E"? = 0 whenever
p + ¢ < 4. This implies that EP*9 =0 for all » > 1 and p + ¢ < 4, and we conclude
that E/,, is a subobject of E. for all r > 1. By the previous discussion, it follows
that B!, = E};O and this is an S-submodule of E%. This gives the assertion in
(Extl). O

REMARK 5.3. In the setting of Proposition 5.2, we will be especially interested
in the case when N = R, in which case each Ext% (M, R) has a natural structure
of left R°P-module. In this case the filtration constructed in the proposition is a
filtration with respect to the filtration Fy R°? on R°P. Note that the assertion in
(Ext1) implies that the filtration constructed on each Ext% (M, R) is good.

As a first consequence, we obtain the following
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THEOREM 5.4. The rings R and R°P have finite global dimension; in fact, we
have gldim(R) < d and gldim(R°P) < d.

PROOF. Our hypothesis on R implies that Exts(M’, N’) = 0 for all finitely
generated S-modules M’ and N’ and every ¢ > d. Condition (Extl) above then
implies that Ext}(M ,N) = 0 for all finitely generated R-modules M and N. We
thus obtain gldim(R) < d and the same argument applies for R°P. (]

Let D;’g(R) be the triangulated subcategory of the derived category of the
category of all R-modules consisting of those u such that H%(u) = 0 for |i| > 0 and
H(u) is a finitely generated R-module for all i € Z. Every object in D?g(R) can
be represented by a finitely bounded complex of finitely generated R-modules. For
a quick overview of notions related to derived categories, see Appendix A.

Since R is an R — R-bimodule, it follows that we have an exact functor D =
Dg: Df’g(R) — D}’g(ROP) given by D(M) = RHomp(M, R). Note that by Theo-
rem 5.4, every object u € D}’g(R) can be represented by a bounded complex P® of
finitely generated projective R-modules. In this case Dy (u) = Hompg(P®, R). Since
this is a complex of projective R°P-modules, we see that Dor (Dr(u)) € D (R)
is computed by Hom gop (Hom r(P*, R), ROP). The natural transformation given on
R-modules by evaluation:

(5.2) M — Homper (Hompg (M, R), R°P),u — (¢ — ¢(u))
extends thus to a natural transformation of functors ap: Id — Dger 0 Dg.

THEOREM 5.5. The contravariant functor Dg: D?g(R) — ng(ROI’) is an anti-
equivalence of categories with inverse D gop.

PrROOF. The assertion follows if we show that both ap and apgesr are isomor-
phisms of functors. In fact, it is enough to treat ag, since the assertion for apgop
follows by replacing R with R°P.

It is clear that aug(R) is an isomorphism and it is also clear that if M; and M,
are R-modules, then ar(M; @ M) is an isomorphism if and only if ar(M;) and
ar(Ms) are isomorphisms. We conclude from this that ag(M) is an isomorphism
for every finitely generated projective R-module M.

If P* is a bounded complex of finitely generated R-modules, we conclude that
we have an isomorphism of complexes P®* — Hompgop (HomR(P‘,R),ROP). By
the discussion preceding the statement of the theorem, we see that agr(u) is an
isomorphism for every u € D?g(R).

|

5.2. Dimension and codimension

As in the case of D-modules, we can use good filtrations in order to associate
a subset of Spec(S) to every finitely generated R-module M. Indeed, we choose a
good filtration Fq M of M and define the characteristic variety of M to be the closed
subset of Spec(S) given by the support of Gr(M). Arguing as in Proposition 3.30,
we see that Char(M) is independent of the choice of good filtration. The dimension
of M is dim(M) := dim (Char(}M)). Note that we have dim(M) < d.

REMARK 5.6. Arguing as in Proposition 3.33, we see that if
0—->M —-M-— M —0
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is a short exact sequence of finitely generated R-modules, then Char(M) = Char(M’)U
Char(M"). In particular, we have dim(M) = max { dim(M"), dim(M")}.

We now extend the notion of characteristic variety to the objects of the derived
category.

DEFINITION 5.7. For a an object u € D?g(R)7 we put

Char(u) = U Char (H'(u)).
i€Z
REMARK 5.8. Given an exact triangle
u—v—w— ull]

in Dﬁ’g(R), it follows from the long exact sequence in cohomology and Remark 5.6
that Char(v) C Char(u) U Char(w).

We show that this notion is preserved by duality.

COROLLARY 5.9. For every u € D?g(R), we have Char(u) = Char(Dg(u)).

PRrROOF. It follows from Theorem 5.5 that it is enough to prove the inclusion
(5.3) Char(Dg(u)) C Char(u).

Note that, by definition, we have H!(Dg(u)) = Ext’s(u, R). Furthermore, using
Remark 5.6 and the hypercohomology spectral sequence computing the Ext%(u, R)
in terms of the Ext},(H4(u), R) (see Remark A.24), we see that it is enough to
prove (5.3) when v = M is a finitely generated R-module. We choose a good
filtration on M and for every i, we use property (Extl) in Proposition 5.2 to get
a good filtration on Extj.{(M , R) such that the corresponding graded module is a
subquotient of Extl (Gr(M), S). Since it is clear that

Supp(Extg (Gr(M), S) - Supp(Gr(M)) = Char(M),
we deduce
Char(Dg(M)) = | J Char (Ext}(M, R)) € Char(M).

3

We next introduce a cohomological notion of codimension.

DEFINITION 5.10. Let M be a finitely generated nonzero R-module. The codi-
mension of M is

§(M) :=min {i | Ext}(M, R) # 0}.
Note that by Theorem 5.5, we have Dg(M) # 0, hence Ext’ (M, R) # 0 for some
1.

REMARK 5.11. Note that if R is a commutative Noetherian ring, then it follows
from the cohomological description of depth that

J(M) = depth(AnnR(M)7 R)

(see [Mat89, Theorem 16.6]). Furthermore, if we assume that R is regular (hence
Cohen-Macaulay), with all maximal ideals of the same codimension, it follows that

j(M) = codim(Anng(M)) = dim(R) — dim(M)
(see [Mat89, Theorem 17.4]).
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DEFINITION 5.12. A finitely generated nonzero R-module M is pure if for every
nonzero submodule N of M, we have j(N) = j(M).

REMARK 5.13. If R is a regular commutative ring, with all maximal ideals of
the same codimension, then it follows from Remark 5.11 that M is pure if and
only if for every nonzero submodule N of M, we have dim(N) = dim(M). This is
equivalent to the fact that dim(R/p) is constant, when p varies over the associated
primes of M (equivalently, M has no embedded associated primes and Supp(M)
has pure dimension). Indeed, if p is an associated prime of M, then we have an
embedding R/p < M, hence M pure implies dim(R/p) = dim(M). Conversely, if
dim(R/p) = dim(M) for all associated primes of M and N is a nonzero submodule
of M, then for every minimal prime p in Supp(NV), p is an associated prime of N,
hence of M, and thus dim(R/p) = dim(M).

REMARK 5.14. It is clear that a nonzero submodule of a pure module is again
pure.

THEOREM 5.15. If M is a monzero finitely generated R-module, then the fol-
lowing hold:
1) We have dim(M)+j(M) = d. In particular, we see that if FeM is a good
filtration on M, then j(M) = j(Gr(M)).
2) For every i such that Ext’ (M, R) # 0, we have

j(Ext®(M, R)) > i.

3) If j(M) = ¢, then Exty (M, R) is a pure R-module with j(Ext%(M, R)) =
L.

PrOOF. We first assume that R is a commutative regular ring, with all maximal
ideals of codimension d. The equality in 1) follows from Remark 5.11. By 1), in
order to prove 2), it is enough to show that

dim (Ext}(M, R)) < d —i.

Suppose that p is a prime in Supp (Extz (M, R)) with dim(R/p) = dim (Ext}(M, R)).
Since R, is a regular ring and Ex‘cﬁ%p (M,, Ry) # 0, it follows that

i < dim(R,) = d — dim(R/p) = d — dim (Ext (M, R)).

Suppose now that j(M) = £. By Remark 5.13 and using the assertion in 2),
in order to prove 3) it is enough to show that for every associated prime p of
Ext% (M, R), we have codim(p) < ¢ (indeed, this first gives dim (Ext(M, R)) >
d — ¢, so we have equality by 2), and then we get the purity of Ext%(M ,R)). If
we consider a resolution P® of M by finitely generated projective R-modules and
Q°* = Homp(P*, R), then we have an exact complex

0-Q°—= ... Q" 1 =QR' -T—0

and Ext’ (M, R) C T. Therefore p is an associated prime of T and since pdg, (Tp) <
¢, it follows from the Auslander-Buchsbaum theorem (see [Mat89, Theorem 19.1])
that

codim(p) = dim(Ry) = depth(Ry) = depth(T}) + pdpg, (1) < £
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We next turn to the general (noncommutative) case. Let FeM be a good
filtration on M. We first show that j(M) = j(Gr(M )) It follows from property
(Ext1) in Proposition 5.2 that

(5.4) j(M)>j(Gr(M)) and dim (Exty(M,R)) < dim (Exts(Gr(M),S)).

Suppose, arguing by contradiction, that j(M) > j(Gr(M )) Note that by Corol-
lary 5.9, we have

Char(M) = |_J Char (Ext} (M, R)),
hence ‘

dim(M) = maxdim (Ext (M, R)),

where the maximum is over those i with Ext% (M, R) # 0. We thus need to have
i > j(M) > j(Gr(M)), in which case it follows from the second inequality in (5.4)
and assertions 1) and 2) for the ring S that

dim (Ext% (M, R)) < d—j(Ext(Gr(M),S)) < d—i < d—j(Gr(M)) = dim (Gr(M)).

We thus conclude that dim(}M) < dim (Gr(M)), a contradiction.

The assertion in 1) now follows immediately from the commutative case. Then
in order to prove 2), it is enough to show that dim (Extlz(M, R)) < d — 4 and this
follows from the corresponding inequality in the commutative case and the second
inequality in (5.4).

Finally, in order to prove 3), we first note that if we have a good filtration on M
such that Gr(M) is pure, then M is pure. Indeed, if N is a nonzero submodule of
M and we consider on N the induced filtration, then Gr(N) is a nonzero submodule
of Gr(M), hence

J(N) = §(Gr(N)) = §(Gr(M)) = j(M).

Note now that by property (Ext2) in Proposition 5.2, since £ = j(M ), we have a
good filtration on Ext% (M, R), with Gr(Ex‘c%(M7 R)) asubobject of Exty (Gr(M), S).
On the other hand, this latter object is pure of codimension ¢ by 3) in the com-
mutative case, since j(Gr(M)) = ¢. We thus conclude that Gr(Ext%(M,R)) is
pure of codimension ¢, which implies, as we have seen, that Ext% (M, R) is pure, of
codimension ¢. This completes the proof of the theorem. ([l

We record one assertion that was proved in the proof of the above theorem (we
will prove the converse statement in Proposition 5.27 below):

PrOPOSITION 5.16. If M is a finitely generated nonzero R-module and Fg M
is a good filtration such that Gr(M) is pure of codimension j, then M is pure of
codimension j.

The following corollary follows from assertion 1) in Theorem 5.15 and Re-
mark 5.6.

COROLLARY 5.17. Given a short exact sequence of finitely generated nonzero
R-modules
0— M — M- M0,

we have j(M) = min {j(M'),j(M")}.

COROLLARY 5.18. If M; and M, are nonzero submodules of the finitely gen-
erated R-module M, then j(M; + M) = min {j(M), j(M2)}.
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PROOF. Let j = min {j(M),j(M2)}. Note that we have (M + My)/M;
My/(My N Ms) and it follows from Corollary 5.17 that j((M; + Ma)/M)
j(M3) > j. Another application of the same corollary given j(M; + M)
min {j(Ma), j((My+Ms)/Mz)} > j. The fact that j(M; +Ms) < j follows directl
from the corollary.

v R

O<

REMARK 5.19. An important consequence of assertion 1) in Theorem 5.15 is
that the dimension of a finitely generated R-module M does not depend on the
filtration we consider on R (as long as the graded rings have the same dimension).
In particular, we see that if M is a finitely generated module over the Weyl algebra
A, (k), for an algebraically closed field k of characteristic 0, the two notions of
dimension that we defined in Chapter 3 (via the order filtration) and Chapter 4
(via the Bernstein filtration) coincide.

5.3. The Sato-Kashiwara filtration

We next discuss a useful decreasing filtration on an arbitrary finitely generated
AR-module M, by suitable R-submodules. We first give the definition of this
filtration due to Gabber.

DEFINITION 5.20. If M is a finitely generated R-module, let
C'(M)= > NCM,
J(N)>i
where the sum is over all nonzero submodules N C M, with j(N) > i.
REMARK 5.21. Note that if M is nonzero and j = j(M), then
M =CI(M)DC(M)D...D2CYM) D CHH M) =0.

REMARK 5.22. It follows from Corollary 5.18 that if C*(M) # 0, then j(C*(M)) >
i, hence C*(M) is the unique largest submodule of M of codimension > i.

REMARK 5.23. Tt is clear that if M is nonzero and j = j(M), then M is pure
if and only if C7*1(M) = 0. In general, for every i, if C*(M)/C*T*(M) is nonzero,
then it is pure of codimension i. Indeed, on one hand we have j(C*(M)/C* T (M)) >
i by Corollary 5.17. On the other hand, every nonzero submodule of C*(M)/C*T(M)
is of the form N/CT1 M, for some N with C*T1(M) C N C C*(M), hence j(N) =i
and j(N/C*1(M)) < i by Corollary 5.17.

We next give a cohomological description of this filtration due to Sato and
Kashiwara. Let M be a finitely generated nonzero R-module. For every i, we have
an exact triangle in D%’g(ROP):

7S 1DR(M) — Dg(M) — 72" Dg(M) 5
(see Example A.20). We obtain an exact sequence
Extpe, (1577 "D (M), R) — Extep (2" D g(M), RP) — Ext%ep (Dg(M), RP)

where the third term is canonically isomorphic to M by Theorem 5.5. We claim
that the first term in this sequence is 0: indeed, for every ¢, we have either
HI(rS'DR(M)) ~ Exth(M,R) or HI(7=""'Dg(M)) = 0. In particular, we
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see that if H?(7<*"'Dg(M)) is nonzero, then its codimension is > ¢ by assertion
2) in Theorem 5.15. Therefore

Ext pey (Extb (M, R)[—q], R°P) = Ext%.} (Ext% (M, R), R°P) = 0.

This gives our claim by successively considering the various truncation functors
provided in Example A.20.

DEFINITION 5.24. With the above notation, for every i, we let S*(M) be the
image of the injective map

;t Extop (12" D (M), R°P) — M.

Applying the truncation functors in Example A.20 to 72'Dg(M), we get an
exact triangle

Extly (M, R)[—i] — 72D (M) — 72 DR(M) 2 .

This gives an exact sequence

(5.5)

0 — (M) L5 §1(M) = Extie, (Exth(M, R), R°P) = Extpop (="' Dg(M), RP).
The injectivity of 3; follows from the fact that «; o 5; = 41.

REMARK 5.25. It is clear that the S*(M) are functorial: if f: M; — My is a
morphism of finitely generated R-modules, then f(S*(M;)) C S*(Ms) for all i.

THEOREM 5.26. For every finitely generated R-module M, we have C*(M) =
S{(M) for all i.

PROOF. Assertion 2) in Theorem 5.15 implies that if Ext’o, (Exts (M, R), R°P)) #

0, then
J (Extiop (Bxt® (M, R), R°P)) > i.
Using the exact sequence (5.5), we thus obtain by descending induction on ¢ that
if SY(M) # 0, then
J(S'(M)) = i.

Therefore S(M) C CH(M).

In order to prove the reverse inclusion, we may and will assume that C*(M) # 0.

Note first that since j(C*(M)) > i, we have by definition of codimension that the
canonical morphism

Dy (C'(M)) = 72D (C"(M))
is an isomorphism. We thus have S*(C*(M)) = C*(M). It follows from the functori-
ality of S* (see Remark 5.25) applied for C*(M) < M that C*(M) = S*(C*(M)) C
S*(M), which completes the proof of the theorem. O

We end this chapter with the following converse to Proposition 5.16:

PROPOSITION 5.27. If M is a pure nonzero R-module, then Char(M) has pure
dimension. In fact, there is a good filtration on M such that Gr(M) is pure.

PROOF. Let £ = j(M) and let N = Ext% (M, R), so that assertion 3) in Theo-
rem 5.15 implies that j(N) = £ and Ext%e, (N, R) is pure, of codimension £. On
the other hand, since M is pure, we have C*(M) = M and C**'(M) = 0. We
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thus conclude using Theorem 5.26 and the exact sequence (5.5) that we have an
embedding
M s Extho, (N, R°P).

We choose a good filtration on N and then apply property (Ext2) in Proposi-
tion 5.2 to get a good filtration on Ext&., (N, RP) such that Gr(Ext%op (N, R°P))
is a subobject of Extes (Gr(N), S). This latter object is pure by assertion 3) in The-
orem 5.15 (in the commutative case), hence also Gr(Extf@p (N, R°P)) is pure. If we
take on M the induced filtration from that on Ext%., (N, R°?), we see that Gr(M)
is a submodule of Gr (EX‘B%(N, ROP)), hence it is pure. In particular, Char(M) has
pure dimension (see Remark 5.13). |



CHAPTER 6

Holonomic D-modules

We begin by introducing the main functors on D-modules: the pull-back and
the push-forward functors. We then prove Kashiwara’s theorem, showing that if
Z is a smooth subvariety of X, then there is an equivalence of categories between
D z-modules and D x-modules supported on Z. By combining Kashiwara’s theorem
with the Sato-Kashiwara’s filtration, we give a proof of Bernstein’s inequality and
then discuss the basic properties of the category of holonomic D-modules on a given
smooth variety. Following this, we prove one of our key results, the existence of b-
functions for elements of a holonomic D-module and discuss the classical application
of b-functions to meromorphic extension of complex powers. We end this chapter
by proving preservation of holonomicity for the inverse and direct image functors
and setting up the 6-functor formalism for the derived category of holonomic D-
modules.

6.1. Pull-back and push-forward of D-modules

We begin by discussing the pull-back of D-modules. As usual, we work over
an algebraically closed field k, with char(k) = 0. Let f: X — Y be a morphism of
smooth irreducible algebraic varieties over k.

We will denote by D(Ox) and D(Dx) the derived categories associated to the
Abelian categories Mod(Ox) and Mod(Dx) of Ox-modules and left Dx-modules,
respectively. We will write Dyc(Dx) (respectively, Deon(Dx)) for the full sub-
category of D(Dx) consisting of those u with H*(u) quasi-coherent (respectively,
coherent) for all ¢ € Z (note that these are triangulated subcategories). We also
have triangulated subcategories such as D*(Dx), Db (Dx), Db, (Dx), etc. We will
denote by D(DY), DgC(DS’(pL etc. the corresponding derived categories of right
D-modules.

We first show that if M is a left Dy-module, then the natural Ox-module
structure on f*(M) = Ox ®p-1(0,) f7H(M) can be extended to a structure of
left Dx-module. For this, it is convenient to think of left D-modules as O-modules
with an integrable connection (see Chapter 3.2). Given the connection

VIM—>Qy®OYM,

after pulling-back via f~! and using the canonical morphism f*(Qy) — Qx, we
obtain a map

- 7Y o - x * *
7= £ @)@ 00) ) M) = F ()80, [H (M) = QxBoy f1 (M),
which has a unique extension to a k-linear map V that satisfies the Leibniz rule:

[T M) = Qx ®@ox fT(M).

43
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Explicitly, if u € M is such that V(u) = >, n; ® u; for some n; € Qx and u; € M,
then for h € Ox, we have

Vh@u)=dh@u+ Y hf*(n) @ (1@ u).

It is straightforward to check that since the connection on M is integrable, the
connection on f*(M) is integrable as well. Therefore we have a (right-exact) functor

f*i MOd(Dy) — MOd(DX)

REMARK 6.1. We can describe the Dx-module structure on f*(M) in local
coordinates, as follows. After possibly restricting to a suitable open subset of X,
we may assume that we have coordinates y1,...,y, on Y and x1,..., 2, on X. Let
fi =y;of € Ox(X). Since we have f*(dy;) =>.", S—dei, it is easy to see that
for every u € M and h € Oy, we have

__ Oh
(6'1) ami(h®u) — Oxz; ®u+jz::lhaxji ®8ij.

REMARK 6.2. The following alternative point of view on pull-back of D-modules
is very useful. By considering Dy as a Dy — Dy-bimodule, we see that the
transfer module Dx vy = f*(Dy) = Ox ®f-1(0y) f~Y(Dy) has a structure of
Dx — f~(Dy)-bimodule, where the left structure is the one described above. For
every left Dy-module M, the obvious isomorphism M ~ Dy ®p, M induces an
isomorphism of left Dx-modules f*(M) ~ Dx_y ®-1(py) [~ (M). We note that
f~1is an exact functor between the corresponding Abelian categories.

REMARK 6.3. We have a unique morphism of left Dx-module Dx — Dx _,y
that maps 1to 1 € Ox = f*(Oy) C f*(Dx). The restriction to Tx is the morphism
Tx — f*(Ty), the dual of f*(Qy) — Qx.

DEFINITION 6.4. If f: X — Y is a morphism between smooth varieties over k,
the (derived) pull-back functor is

Lf*: D™ (Dy) = D™ (Dx) givenby Lf*(=)=Dx .y ®F1(p,, [ ()
Note that this is an exact functor (in the sense of triangulated categories).

REMARK 6.5. It is a consequence of Remark 6.2 that if M is a left Dy-module,
then we have an isomorphism of left D-modules H°(Lf*(M)) =~ f*(M).

REMARK 6.6. It is clear that we have a commutative diagram of functors (up
to equivalence)

D~(Dy) —L> D (Dy)

| l

_ L
D~ (0y) —= D (Ox),
where the vertical functors are the natural ones associating O-modules to D-
modules. This implies that we have induced functors Lf*: D*(Dy) — D*(Dx)
and Lf*: DgC(Dy) — DZC(DX)~
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ProrosiTION 6.7. If f: X — Y and ¢g: Y — Z are morphisms of smooth
varieties, we have canonical isomorphisms

Dx_z ~Dx_y ®?—1(Dy) f T Dysz) = Dxoy ®@p-1(py) [ (Dy—z).

PrRoOOF. Note that Dx_,y = Ox ®§I*1(Oy) f_l(Dy) since Dy is a flat Oy-
module. Using associativity of (derived) tensor product, we get canonical isomor-
phisms

DX—)Y (g)ff/,l(Dy) fﬁl(DYﬁz) >~ (OX ®?*1(Oy) fﬁl(DY)) ®§171(,Dy) fﬁl(IDY—)Z)
~ Ox ®%_1(Oy) fﬁl(OY ®gL—1(oZ) gil(lDz))
~ Ox ®%—1(oy) (f7HOY) ®gp)-1(0,) (9f) " (Dz) ~ Ox ®(Lgf)—1(oz) (9f)""(Dz)
~Dx_z7.

The second isomorphism in the statement follows from the fact that H*(Dx _,z) = 0
for all ¢ # 0. (]

COROLLARY 6.8. If f: X — Y and ¢g: Y — Z are morphisms of smooth
varieties, then we have a canonical isomorphism of functors on D~ (Dy):

L(gf)" ~Lf*oLg".

PROOF. The assertion follows from the description of Dx_, 7 in the proposition
and associativity of the (derived) tensor product. (]

REMARK 6.9. Every morphism f: X — Y factors as X 4 Xxy 2 Y, where
i(z) = (w, f(gc)) and p is the projection onto the second component. Since i is a
closed immersion and p is smooth and we have L f* ~ Li* o Lp* by Corollary 6.8,
it follows that in order to describe the pull-back by arbitrary morphisms, it is
enough to describe the pull-back corresponding to closed immersions and smooth
morphisms. We treat these now.

EXAMPLE 6.10. Let i: X — Y be a closed immersion. After restricting to suit-
able open subsets, we may assume that we have coordinates y1,...,Yn, T1,...,Tm
on Y such that X is defined by (y1,...,yn). In this case Z7,...,Z,, give coordi-
nates on X and it follows from (6.1) that if M is a left Dy-module, then each
0Og, induces the action of Oz on i*(M) = M/(y1,...,yn)M. In particular, since
Dy = GBa,B Oy@fc‘@g, we see that

DX—)Y = DX/(yh “e ,yn)DX = @ DX85,
BeZL,

where the right multiplication by d,, and y; is given by
PO 0 = PO POy = PO

In particular, we see that it can happen that M is a coherent Dy-module, but
i*(M) is not a coherent Dx-module.

EXAMPLE 6.11. Let p: X — Y be a smooth morphism. After restricting to
suitable open subsets, we may assume that we have coordinates y1,...,y, on Y and
T1,...,Tm on X, with n < m, such that y; o p = z; for 1 <i < n. In this case the
functor p*(—) is exact. It follows from (6.1) that for every left Dx-module M, the
action of 9,, on p~!(M) is induced by the action of 9,, on M for all i < n and it is
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is 0 for 4 > n. Since Dy = P
Dx_y ~ @ang Oxag. The description of the action of the 0y, implies that
0

aczn, Oy 9, we have an isomorphism of Ox-modules

the canonical morphism Dx — Dx_,y induces an isomorphism of left D x-modules
Dx/Dx (0 ,0z,.) ~ Dx_,y. Furthermore, via this isomorphism, the right

L1 "

action of 0, is given by the right action of d,, for 1 <14 <n.

We next turn to the push-forward of D-modules. This is more naturally defined
for right D-modules. Indeed, note that if f: X — Y is a morphism of smooth,
irreducible varieties over k and if M is a right Dx-module, then M ®p, Dx_.y is
a right f~1(Dy)-module, and thus f, (./\/l ®Dy DX_W) is a right Dy-module. An
important issue to note is that we are composing a left exact functor with a right
exact functor, so the resulting functor does not have any good exactness properties.
The correct approach is to work at the level at derived categories. We thus define

fi: DYDP) = DYDPF),  fi(u) = Rf.(uebh, Dx_y).

We note that both Rf.(—) and — ®%>X Dx _y preserve the bounded derived cat-
egory, hence this composition is well-defined (in fact, we can be more precise: if
dim(X) = n and all fibers of f have dimension < d, then for all u € D*(DS) such
that H’(u) = 0 unless i € [a,b], we have H'(f1(u)) = 0 unless i € [a—n,b-+d]). We
emphasize that this is not a derived functor of the corresponding functor defined
between the Abelian categories of right D-modules.

In order to define the corresponding functor for left D-modules, we use the
equivalence with the category of right D-modules. More precisely, we define the
functor f,: D?(Dx) — D*(Dy) as the composition

T71
DM (Dy) 2% DY(DP) L4 DY (DSP) 2 D (Dy),

where for any smooth variety Z, we denote by 77 : D*(Dz) — D°(D3) the equiv-
alence induced at the level of derived categories by the one in Proposition 3.58, and
we denote its inverse by 7, L

ProrosiTION 6.12. If f: X — Y and g: Y — Z are two morphisms as above,
then we have a natural isomorphism of functors D(Dx) — D*(Dz):

(g0 f)+ = g0 fr.

PRrROOF. It follows immediately from the definition that it is enough to prove
the corresponding statement for the functors D°(DP) — D¥(DY}). Using Proposi-
tion 6.7, we see that for every u € D*(DY), we have

(9oF)+ (u) = R(go ). (ueh Dx—2) ~ Ry, (RE(ub, (Dx—y @1 (py )~ (Dy2))))

~ Rg.(Rf.(u @B, Dxosy) @5, Dyox) = g4 (f1(u)),
where the second isomorphism is a consequence of the projection formula' [

1We are using the fact that for every morphism of smooth varieties f: X — Y, every
u € DY (f~1(Dy)°P), and every v € D?(Dy), we have a canonical isomorphism R f.(u) ®%y v~
Rf«(u ®?*1(Dy) f’l(v)). Indeed, using the adjoint property of the pair (f~1,Rfs) and the
canonical morphism f~!(Rf«(u)) — u, we obtain a canonical morphism R f.(u) ®%,Y v —
Rf«(u ®?*1(Dy) ffl(v)). It is enough to check this is an isomorphism locally on Y, hence

we may assume that Y is affine. In this case, it follows from Theorem 5.4 that we can represent
v by a bounded complex of projective left Dy -modules, in which case the assertion is clear.
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REMARK 6.13. Note that for every f: X — Y, the functor f induces a functor
fa: DZC(DX) — Dgc(DX)7 since 7x, Ty, Rf: and — ®%X Dx_y preserve the
subcategories with quasi-coherent cohomology.

EXAMPLE 6.14. Suppose that i: X — Y is a closed immersion. We have seen
in Example 6.10 that in this case Dx_,y is a locally free left Dx-module (of infinite
rank). Therefore in this case both functors i, and —®p, Dx_,y are exact functors.
We thus conclude that in this case i is the functor induced at the level of derived
categories by an exact functor i.: Mod(Dx) — Mod(Dy). Let’s describe this
functor.

After restricting to suitable open subsets of Y, we may assume that we have
coordinates y1,...,Yn,1,--., Ty, on Y as in Example 6.10. Suppose that M is a
left Dx-module. Using the explicit description of the equivalence of categories in
Proposition 3.58, as well as the description of Dx_,y in Example 6.10, we see that
we have an isomorphism iy (M) ~ M &y, k[Dy,, ..., 0y, ], where the left multiplica-
tion by 0,, and y; is given by

8yi . (u 4 85) =u 85"!‘% and Yi - ('LL ® 65) — _57,'114 ® 85—67;.

Note that we have an isomorphism of Oy-modules M Q¢ i+(Ox) ~ i1 (M) and
it is straightforward to check that this is independent of the choice of coordinates.

EXAMPLE 6.15. Suppose that f: X — Y is an étale morphism. Note that
in this case the morphism of left Dx-modules Dy — Dx_,y (see Remark 6.3) is
an isomorphism and wx = f*(wy), hence in this case fi(u) = Rfi(u) for every
u € D°(Dy). If f is also an affine morphism, then the functor f, is exact on quasi-
coherent Ox-modules, hence the functor f, : DSC(X ) — DgC(Y) is induced by the
exact functor f, on the category of quasi-coherent D x-modules.

EXAMPLE 6.16. Let X be a smooth variety and let p: X — Y = Spec(k) be
the morphism to a point. Let us show that in this case, for every left Dx-module
M, we have p; (M) = RT'(DRx (M)). We denote by 7: Mod(Dx) — Mod(DY)
the equivalence of categories between left and right Dx-modules. Note that we
have Dx_,y = Ox, hence

p+(M) =RI(r(M) @5, Ox).
We have seen in Example 3.65 that a free resolution of Ox as a Dx-module is given
by 77 }(DRx(Dx)), hence
(M) ®% Ox ~7(M)@p, 7~ (DRx(Dx)) ~ DRx(Dx) ®p, M =~ DRx (M),

where the second isomorphism follows from Exercise 3.60.

6.2. Kashiwara’s Equivalence Theorem

We begin with some general comments regarding the support of coherent D-
modules. As usual, we work on a smooth variety X over k. Recall that if M is a
sheaf on X, then its support is

Supp(M) :={z € X | M, # 0}.
Even if M is a quasi-coherent O x-module, its support is not necessarily a closed

subset of X. What is easy to see is that if M is a quasi-coherent Ox module and
U C X is an affine open subset, then Supp(M)NU is contained in the closed subset
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of U defined by the annihilator of M(U) in Ox(U). This inclusion is well-known
to be an equality if M is a coherent Ox-module, but not in general.

REMARK 6.17. If M is a quasi-coherent O x-module, then for a coherent ideal
sheaf 7 C Ox we have Supp(M) C V(Z) if and only if

M = U{ue./\/l | Z"u = 0}.
m>1
Indeed, this can be checked on affine open subsets and it follows immediately from
the fact that the support of a module M is the union of the supports of its finitely
generated submodules.

The next proposition shows that the support is closed also for coherent Dx-
modules.

PROPOSITION 6.18. Let M be a coherent Dx-module, with characteristic va-
riety Char(M) C T*X. If m: T*X — X is the canonical projection and ig: X —
T*X is the zero-section, then

Supp(M) = 7(Char(M)) =iy" (Char(M)).
In particular, Supp(M) is closed in X.

ProOOF. It is enough to check the assertion in the proposition locally, hence
we may and will assume that X is an affine variety, with R = Ox(X), and let
S =0T*X). Let M = M(X) and let FeM be a good filtration on M, with
N = Grf(M). Note that for every prime ideal p in R, we have M, # 0 if and only
if (F; M), # 0 for some i (since the filtration is exhaustive), which is the case if and
only if Ny # 0 (since F;M = 0 for i < 0). This in turn holds if and only if there is
a prime ideal q in S lying over p such that Ny # 0. In other words, we have

Supp(M) = 7(Char(M))

(recall that, by definition, Char(M) is the support of the finitely generated S-
module ). On the other hand, the characteristic variety Char(M) C T*(X) is a
conical subvariety, which implies that we have

7(Char(M)) = i5 ' (Char(M)).

Since the right-hand side is clearly closed in X, it follows that Supp(M) is closed
in X. (]

One can also prove directly that the support of a coherent D-module is closed,
as follows:

EXERCISE 6.19. Let X be a smooth variety and let M be a coherent Dx-
module. If U C X is an affine open subset, u1,...,u, € M(U) are generators over
Dx(U), and I =(,_; Annp, v)(ui) € Ox(U), then Supp(M)NU = V().

The main result of this section is the following theorem due to Kashiwara:

THEOREM 6.20. If Z is a smooth, irreducible, closed subvariety of the smooth
variety X andi: Z — X is the inclusion map, then iy : Mody.(Dz) — Mody.(Dx)
gives an equivalence of categories between Mody.(Dz) and the full subcategory of

Mody(Dx) consisting of those M with Supp(M) C Z.
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REMARK 6.21. Note that the assertion in the above theorem stands in stark
contrast with when happens for O-modules: if 7 is the ideal sheaf defining Z in
X, then a quasi-coherent Ox-module F has support contained in Z if and only if
F =U,,>{u € F | T%u = 0}. On the other hand, we have F =~ i,(G), for some
quasi-coherent Oz-module G, if and only if T - F = 0.

PROOF OF THEOREM 6.20. We first treat the case when X is affine, with
coordinates 1,...,&,, 2 such that Z is defined by (z). Let A = Ox(X) and
B = A/(z) = Oz(Z). Recall from Example 6.14 that if M is a Dp-module, then
iy (M) = M ®y, k[0,], with the action of z and 0, being given by

z2-(u®I™) = —mu®d™ ' and 0, - (u®I™) =ux "

It is then clear that Supp(i. M) C Z: indeed, we have 2™ . (4 ®d7) = 0 for every
u € M and m > 0.

For every D 4-module N, we put G(N) = {u € N | zu = 0}. Since G(N) has
an induced structure of B-module and it is preserved by Oy, , .. ., 0s,,, it follows that
G(N) has a natural structure of Dp-module. In this way we get a functor from
D 4-modules to D g-modules.

Note first that we have an isomorphism of functors G o ¢4 ~ Id. Indeed, if M
is a Dg-module and v = Y, 4, 07" € i (M), then z-u=—> .o, mu, 0" . We
thus have a canonical isomorphism G (i1 (M)) ~ M.

Suppose now that N is a D 4-module with Supp(N) C Z. Let D be the Euler
operator 0,z = 20, + 1 and let N; := {u € N | Du = iu} for i € Z. We proceed to
prove some easy properties of the IV;.

Note first that we have

(62) z-N; C Ni—i—l for 1€ Z.

Indeed, we have D(zu) = 0,2%u = 20,2u + zu = z(D + 1)u, which gives (6.2). We
similarly have

(63) (92 . Nl g Ni—l for i€ Z.

Indeed, we have D(0,u) = 0,20.u = 022u — d,u = 0,(D — 1)u, which gives (6.3).

It follows directly from the definition that multiplication by 0,z gives a bijective
map N; — N; for all ¢ # 0. We also see that multiplication by 20, = (9,z — 1)
is bijective on N; for i # 1. By (6.2) and (6.3), we have maps N; — N;4; and
Nij1 LN N; and by looking at the two compositions we see that these are bijective
for all 7 # 0.

By assumption, every element of N is annihilated by some 2z, hence N; = 0
for all ¢ > 1. It follows from (6.2) that zNy = 0, hence Ny C G(N). On the other
hand, if zu = 0, then clearly 9, zu = 0, hence in fact we have G(IN) = Ny. Consider
the morphism of D 4-modules

pri(No) = No @k k[0:] = N, o | Y w@d | = lu,.
>0 >0

Note that since diu; € N_; and these are distinct eigenspaces of the operator D,
it follows that ¢ is injective (we are also using the fact that multiplication by 9%
on Ny is injective for all ¢ > 0). In order to show that ¢ is an isomorphism, it
is thus enough to show that if z™u = 0 for some © € N and some m > 1, then
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uw€ No® ... N_,41 (recall that the map 9: Ny — N_; is surjective for every
i > 0). This is a consequence of the following formula
m—1
o7 My = H (D +1),
i=0
which follows by an easy induction on m. We thus conclude that i (G(N )) ~ N,
completing the proof of Kashiwara’s theorem in this case.

We also note that it follows from the explicit description of iy (M), where M
is a Dp-module, that the support of M is contained in a smooth closed subvariety
W of Z if and only if the same holds for i, (M). We then immediately deduce,
by induction on r, that if X is affine, with coordinates z1,...,x, such that Z is
defined by (z1,...,,), then i, gives an equivalence of categories from the category
of quasi-coherent Dz-modules to the category of Dx-modules with support in Z.
Moreover, the inverse equivalence takes N to the subset of N annihilated by the
ideal of Z in X.

The general case now follows for formal reasons: the fact that iy is a fully
faithful functor follows by restricting to suitable affine open subsets. Indeed, if we
write X = Uy U...UUy and for every i and j we write U; NU; = J,, Vijk, then for
every Dx-modules F and G, we have

Homp, (F,G) = Ker @Hompui (Flu,,Glu,) = @Hompvijk (F

A 7,k

Vijk’g‘/ijk)

and a similar description holds for morphisms of Dz-modules. Once we have fully
faithfulness, the fact that i is essentially surjective follows again by restricting to
suitable affine open subsets. This completes the proof of the theorem. (I

REMARK 6.22. Let i: Z < X be as in Theorem 6.20. If M is a quasi-coherent
Dz-module, then it follows from the explicit local description of iy (M) that M is
a coherent Dz-module if and only if 4 (M) is a coherent Dx-module. Therefore i
induces an equivalence of categories between Mod.on(Dz) and the full subcategory
of Modeon(Dx) consisting of objects supported on Z.

REMARK 6.23. Using truncation functors (see Example A.20), it is easy to
deduce from Theorem 6.20 that in the setting of the theorem, i, gives an equiva-
lence of categories between D! (Dz) and the subcategory D5 (Dx, z) of Di.(Dx)
consisting of objects u such that H%(u) is supported on Z for all i € Z.

Given a closed immersion i: Z < X of smooth, irreducible varieties, with
codimx(Z) = r, it is convenient to introduce the following shift of Li*: we put
it = Li*[—r]: Db (Dx) — D.(Dy).

ProPOSITION 6.24. With the above notation, the inverse of the equivalence
iy: Db (Dz) ~ D}.(Dx,z) is given by il and the same assertion holds at the level
of the corresponding Abelian categories.

PrROOF. We first treat the case when X is affine, with R = Ox (X), r =1, and
we have coordinates x1, ..., Z,, 2z on X such that Z is defined by the ideal (z). If N
is a Dr-module with support on Z and Ny = {u € N | zu = 0}, then we have seen in
the proof of Theorem 6.20 that N ~ i, (Np). Note that by the explicit description
of the action of z on iy(Np), it follows that Tor?(N, R/(z)) ~ N/zN = 0. On
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the other hand, we have Ny ~ Tor{’ (N, R/(2)), and thus Ny ~ if(N). Since we
have seen that N ~ iy (Np), this gives the assertion in the proposition in this case.
Moreover, this isomorphism is independent of the choice of coordinates: we leave
checking this as an exercise.

It is clear that if Z <5 Y <3 X are two such closed immersions, then we have
(ig0iy)T =~ z{ o zg Using this, we deduce the assertion in the proposition whenever
X is affine and we have coordinates x1, ..., %y, 21, .- ., 2z such that Z is defined by
(#1,...,2). Furthermore, the isomorphism i (ZT(N)) ~ N for every Dgr-module
N with support contained in Z is independent of the choice of coordinates. We may
thus glue these isomorphisms to get a corresponding isomorphism in the global case.
This gives the assertion in the proposition at the level of Abelian categories and
the one for derived categories is an immediate consequence. (I

We end this section by describing the behavior of the characteristic variety
under the push-forward by a closed immersion. Recall that if i: Z7 — X is a
closed immersion of smooth, irreducible varieties, then the injective homomorphism
Tz < Tx|z induces a morphism ¢: T*X|; — T*Z. This is a surjective morphism
of geometric vector bundles on Z, hence it is locally trivial, with fiber A}, where r =
codimx (Z). We also have a closed immersion ¢: T*X|z < T*X, of codimension
T.

PrOPOSITION 6.25. With the above notation, for every coherent Dz-module
M, we have
Char(i1 M) = 1 (¢~ (Char(M))).
In particular, we have dim(i; M) = dim(M) + r.

PrOOF. The second assertion follows the first one and the fact that ¢ is locally
trivial, with fiber Aj. The first assertion can be checked locally, hence we may
assume that we have algebraic coordinates x1,...,Tn,y1,...,y, on X such that Z
is defined by (y1,...,y,). Note that these coordinates give isomorphisms T*X ~
X x AP and T*Z ~ Z x A% such that p: T*X |z ~ Z x AT — T*Z ~ Z x A
gets identified with the projection onto the first components, while ¢ gets identified
with i x 1A2+r.

It follows from Example 6.14 that i, M = M ®4, k[0y,,...,0y,]. If FeM is a
good filtration on M, we put

Fy(ixM) = @ F,_pM® 85 for every p € Z.
BeZr

It is clear that this is a filtration on iy M compatible with FeDx and we have
Grl (i M) = .* (Grl (M)). Since the support of this sheaf on T*X is 1 (¢(W)),
where W = Supp(Grf (/\/l)), we obtain the assertion in the proposition. ([

6.3. The proof of Bernstein’s inequality

We can now give the proof of Bernstein’s inequality for the dimension of the
characteristic variety.

PROOF OF THEOREM 3.38. We argue by induction on n = dim(X), the case
n = 0 being trivial. The assertion is local, so after covering X by finitely many
affine open subsets, we may and will assume that X is affine with A = Ox(X),
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R = D4y, and M = M(X). Recall that the finite decreasing filtration on M by
D p-submodules

M=C'(M)DCYM)D...2C*(M)DC* 't (M)=0

given in Chapter 5.3 has the property that for every i such that C*(M)/C*T(M)
is nonzero, this quotient is a pure R-module of codimension i (see Remark 5.23).
Using Proposition 5.27, it follows that in this case Char (C*(M)/C**!(M)) has pure
dimension 2n — 4. Since we have

2n
Char(M) = | ] Char(C*(M)/C' (M),
=0

it follows that it is enough to show that if M is a nonzero pure R-module with
dim(M) < n, then we get a contradiction.

Since dim (Char(M)) < n, it follows that if Z = 7 (Char(M)), where 7: T*X —
X is the canonical projection, then Z # X (recall that Z is a closed subset of X,
equal to Supp(M), by Proposition 6.18). After replacing X by an open subset U
such that U N Z is nonempty, smooth, and irreducible, we may and will assume
that Z is smooth and irreducible. Let r = codimx(Z) > 1. We deduce from
Kashiwara’s Theorem 6.20 that if i: Z < X, then there is a coherent Dz-module
N such that M ~ i, (N). Since we clearly have N # 0, the inductive hypoth-
esis gives dim(N) > n —r. On the other hand, we get from Proposition 6.25
dim(M) = dim(N) + r > n, a contradiction. This completes the proof of the
theorem. (]

REMARK 6.26. The lower bound in Theorem 3.38 on the dimension of the
irreducible components of the characteristic variety also works for right D-modules.
This is a consequence of the fact that the equivalence between left and right D-
modules preserves the characteristic variety (see Remark 3.64).

REMARK 6.27. For a coherent left Dx-module M and i € Z, we will consider
the right Dx-module EactiDX (M, Dx). Note that this is a quasi-coherent (in fact,
coherent) right Dx-module and for every affine open subset U C X, its sections
over U are given by Ext%X(U) (M(U),Dx(U)). This follows by computing the Ext
modules using finitely generated free resolutions in the first argument, which implies
that computing the Ext modules commutes with localizing at a given element. A
similar statement holds if we start with a coherent right Dx-module.

COROLLARY 6.28. If M is a coherent left Dy-module on the smooth, irre-
ducible n-dimensional variety X, then fxtp (M,Dx) = 0 for i > n; a similar
result holds for right D x-modules.

PROOF. The assertion is local, hence we may assume that X is affine, with
A= 0x(X) and let R = D4. We deduce from Theorem 3.38 and assertion 1) in
Theorem 5.15 that j(M) < n for every finitely generated nonzero R-module M and
the same bound holds for R°P-modules by Remark 6.26. On the other hand, by
assertion 2) in Theorem 5.15, if M is a finitely generated nonzero R-module and ¢
is such that the R°P-module Ext} (M, R) # 0, then j(Ext} (M, R)) > i. Therefore
i < n, giving the assertion in the corollary. The assertion for right Dx-modules
follows in the same way. [
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6.4. Holonomic D-modules: first properties

In this section we begin the discussion of holonomic D-modules. Let X be
a smooth, irreducible, n-dimensional variety over k. Recall that a coherent Dx-
module M is holonomic if M = 0 or dim(M) = n.

EXAMPLE 6.29. If £ is a Dx-module which is coherent as an Ox-module (and
thus locally free by Proposition 3.18), then & is holonomic. Indeed, we saw in
Example 3.34 that Char(£) is the O-section of T*X.

We also have the following converse: if M is a coherent Dx-module such that
Char(M) is the 0-section of T* X, then M is a coherent Ox-module. Since this is
a local assertion, we may assume that X is affine, with coordinates z1,...,z, €
R = Ox(X), and M = M(X) has a good filtration FeM such that the support
of N = Grf' (M) is the subset defined by (y1,...,9,) €S = R[y1,...,Yn], where
yi = Oy, for 1 <i < n. In this case there is m such that (y1,...,y,)™ N = 0. This
implies that N is finitely generated as an R-module: if uq,...,us generate N as an
S-module, it follows that the y®u;, where 1 <1 < £ and |a| < m — 1 generate N
as an R-module. In this case it is clear that there is d such that F;M = F; 1 M for
all i > d, hence M = F;M is a finitely generated R-module.

REMARK 6.30. If M is a holonomic Dx-module on X, then there is a nonempty
open subset U C X, such that M|y is a coherent Opy-module. Indeed, every irre-
ducible component of Char(M) has dimension n. If such a component dominates
X, since it is a conical subvariety of T* X, it is equal to the 0-section. Therefore,
as we have seen in Example 6.29, it is enough to take U to be the complement in
X of the union of the images of the irreducible components of Char(M) that do
not dominate X.

EXAMPLE 6.31. If X = A} and M = k[z,z~']/k[z], then M ~ A;(k)/A: (k) -
(x). If we consider on M the induced filtration by the order filtration on A; (k), we
see that Grf' (M) ~ k[z,y]/(z), hence the characteristic variety of M is the filber
of T* X over 0. In particular, M is holonomic.

REMARK 6.32. It follows from Remark 3.64 that if M" is the right Dx-module
corresponding to the left Dx-module M, then M" is holonomic if and only if M
is holonomic.

PROPOSITION 6.33. Given an exact sequence
0—-M->M->M'=0
of coherent left (right) Dx-modules on X, we have that M is holonomic if and only

if M’ and M”" are holonomic.

ProoF. The assertion follows from the fact that
dim(M) = max { dim(M’), dim(M")}

and the lower bound on the dimension of coherent Dx-modules in Theorem 3.38.
O

REMARK 6.34. It follows from the above proposition that the category of holo-
nomic left (right) Dx-modules is an Abelian category, closed under extensions,
that we will denote by Modye(Dx). We conclude from the long exact sequence
in cohomology associated to an exact triangle that if wal (Dx) is the subcategory
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of DY, (Dx) consisting of those u such that H(u) are holonomic for all i, then
Db (Dx) is a triangulated subcategory.

PROPOSITION 6.35. For every coherent left Dx-module M, the right Dx-
module £xtp, (M, Dx) is holonomic. The analogous assertion holds if M is a
right Dx-module.

PROOF. The assertion is local, hence we may assume that X is affine. In
this case, by combining assertions 1) and 2) in Theorem 5.15, we see that if
Extp (M, Dx) is nonzero, then its dimension is < n, hence it is holonomic. (]

PROPOSITION 6.36. A coherent left Dx-module M is holonomic if and only if
Eath (M, Dx) = 0foralli # n and a similar assertion holds for right D x-modules.
Moreover, the functor £xtp (—,Dx) gives an antiequivalence between the cate-
gories of of left and right holonomic Dx-modules, with inverse Sast%;p(fl?g(p).

PrOOF. We have already seen in Corollary 6.28 that Ext, (M, Dx) = 0 for
all ¢ > n. For the first assertion, we may assume that X is affine. In this case, if
M # 0, then Exth (M, Dx) = 0 for all i < n if and only if j(M) > n, which is
equivalent to dim(M) < n, by assertion 1) in Theorem 5.15. The last statement
in the proposition follows now by simply globalizing the assertion in Theorem 5.5
(note that since we have canonical natural transformations from the two identity
functors to the two compositions, checking that these are isomorphisms of functors
can be done in affine charts). (]

PROPOSITION 6.37. In the Abelian category of holonomic left (right) Dx-
modules, every object has finite length.

PROOF. It is enough to show that every object in these categories has no strictly
increasing or strictly decreasing infinite sequences of subobjects. For increasing
sequences, the assertion follows from the fact that coherent Dx-modules are locally
finitely generated over Dx ,which is both left and right Noetherian. The assertion
for decreasing sequences follows from the previous one using the anti-equivalence
in Proposition 6.36. O

REMARK 6.38. If X is affine and M is a finitely generated module over Dy (X),
we have the Sato-Kashiwara filtration on M discussed in Chapter 5.3. Note that if
f € Ox(X) is nonzero, then C*(My) = C*(M)y (this follows, for example, from the
cohomological description of the filtration in Theorem 5.26). This implies that this
filtration globalizes: for every coherent Dx-module M on a smooth, irreducible,
n-dimensional variety X we have a decreasing filtration on M by D x-submodules

COM) =MD ...2 C"(M) 2 C"H (M) =0

(the fact that C"*1(M) = 0 is a consequence of Theorem 3.38). Note that C™(M)
is a holonomic submodule of M. In fact, every holonomic submodule M’ C M is
contained in C™(M): this can be checked on affine open subsets, in which case the
assertion follows from Gabber’s description of C™(M).

Finally, we note that it follows from (the globalized version of) Theorem 5.26
that C™(M) is the image of the canonical injective map

Extpor (T="RHomp, (M, Dx), DY) < M.



6.4. HOLONOMIC D-MODULES: FIRST PROPERTIES 55

Since &ct%x (M, Dx) =0 for i > n by Corollary 6.28, the above map becomes
SJTt%g(p (gl't%x (M, Dx), 'Dg(p) — M.

The following technical result will be used in the next section in the proof of
the existence of b-functions.

PROPOSITION 6.39. Let X be a smooth, irreducible variety and U C X an
open subset. If M is a coherent Dx-module and N is a holonomic Dy - submodule
of M|y, then there is a holonomic Dx-submodule A of M such that N[y =

PrOOF. Let n = dim(X). Since N is a holonomic submodule of M|y, it
follows from Remark 6.38 that N C C"(M|y) = C™(M)|y. After replacing M
by C™(M), we may assume that M is a holonomic Dx-module. Arguing as in
the proof of Proposition 3.25, we choose a coherent Oy-module Ny C A such that
N =Dy -Ny. By [Har77 Exercise I1.5.15], we can find a coherent Ox-submodule
Ny € M such that ./\/0|U = Np. If we take N = Dy - N, then we clearly have
Ny = N. Moreover, N is a coherent Dy-module, hence it is holonomic being a
D x-submodule of a holonomic module. O

We end this section with a discussion of a refinement of the characteristic
variety. We will not need it in what follows, but it is a very important invariant of
a coherent Dx-module, so it is worth mentioning it.

DEFINITION 6.40. Let X by a smooth variety and n: Y = T*X — X the
canonical projection. Given a coherent Dx-module M on X, consider a good
filtration Fe.M on M and let F be the coherent sheaf on T*X such that 7. (F) ~
Grl'(M). The characteristic cycle CC(M) is given by

) = ZEOY,Z(‘FZ)Z
A

where the sum is over the irreducible components of Supp(F) = Char(M).

PROPOSITION 6.41. The definition of the characteristic cycle is independent of
the choice of good filtration.

PROOF. This assertion is a bit trickier than in the case of the characteristic
variety. The argument that we give is based on a trick due to Bernstein. We first
treat the case when we have two good filtrations Fy M and G M such that G, M
is close to Fy M, in the sense that

FMCGMCFEF 4 M forall ieZ.
In this case, for every i € Z, we get an induced map
it FM/F,_ M — GM/Gi M
and we have
Ker(yp) = Gi-iyM/F;_1M and Coker(p) = G;M/F;M.
Consider the graded Grl(Dx)-module N' = @, GiM/F,M. We see that if
¢ =@, pi, we get an exact sequence of graded GrZ (Dx)-modules

0— N(=1) = Grf' (M) =& Gr¥ (M) = N = 0.
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Since A" and N (—1) are isomorphic as (nongraded) modules over Gr (D), we see
that the corresponding coherent Oy-modules have the same length at the generic
point of every irreducible component of Char(M). This proves the equality of the
characteristic cycles associated to Fe M and G,M in this case.

Suppose now that Fe M and G, are two arbitrary good filtrations on M. For

every k € Z, we define a filtration F.(k)/\/l on M by
FPM=FM+GiM forall icZ

It is straightforward to see that this is, indeed, a good filtration on M. Since both
FoM and G, M are good filtrations, it follows from Proposition 3.24 that for k£ < 0
we have F.(k)/\/l = FeM and for k > 0, we have F.(k)/\/l = Ge4rM. On the other
hand, note that we have

FOMCF" M CFPIM forall icZ.

Therefore F.(’H_l)./\/l is close to F.(k)/\/l and, by what we have already proved, it fol-
lows that the characteristic cycles constructed with respect to F.(k)J\/l and F.(kH)M
agree for all k € Z. Since clearly Go M and Ge; M give the same characteristic
cycle, we obtain the conclusion in the proposition. O

For holonomic Dx-modules, we obtain the following additivity property of char-
acteristic cycles:

PROPOSITION 6.42. If X is a smooth, irreducible variety and we have a short
sequence
0O-M—->M-—->M"-0

of holonomic Dx-modules on X, then
CC(M) = CC(M’) + CC(M").
PROOF. The assertion follows from the equality
Char(M) = Char(M’) U Char(M"),

the fact that all irreducible components of these varieties have the same dimension,
and the additivity of length in short exact sequences. [

6.5. Existence of b-functions

In the next section we will prove the preservation of holonomicity by push-
forward and pull-back functors. The most interesting result in this direction is
the preservation of holonomicity by push-forward under open immersions, that we
treat now. The key ingredient here is the existence of b-functions for holonomic
D-modules. As we will see later, b-functions also provide interesting invariants of
singularities.

Given a smooth, irreducible algebraic variety X over k and f € Ox(X) nonzero,
let U= {z € X | f(z)#0} and let j: U < X be the inclusion. We consider the
sheaf of k[s]-algebras Dx|[s] := k[s] ®, Dx on X (here s is a new variable). Given
a quasi-coherent Dx-module M which is an Ox[1/f]-module (equivalently, the
canonical morphism M — ji(M|y) is an isomorphism), we consider the Ox|s]-
module

M(s]f* := M@y k[s]f°,
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where k[s]f® is a free k[s]-module with basis the symbol f¢. For P(s) € k[s] and
u € M, we write P(s)uf?® instead of u ® P(s)f*.

LEMMA 6.43. The Ox|[s]-module structure on M[s|f* can be extended to a
Dx[s]-module structure such that every D € Tx acts by the “expected” rule

D;f)ufs.

PrOOF. The assertion can be checked locally on affine charts, in which case
the presentation of Dy in Proposition 2.25 induces a similar presentation of Dx[s].
The only nontrivial things to check are that D - P(s)huf® — h(D - P(s)uf*) =
P(s)D(h)uf® if h € Ox and D € Tx (this is clear) and that

Dy - (Dg - P(s)uf®) — Dy - (Dy - P(s)uf®) = [Dy, D] - P(s)uf®
if Dy, Dy € Tx. This follows easily from the definition:
D1 . (DQ . P(S)Ufs) — D2 . (D1 . P(S)Ufs)

D - P(s)uf® = P(s)(Du)f° 4+ sP(s)

= Dy (P)Da)* + 5P P2 u) - Do (o)D) 1+ 5P(6) P )
= o)D) + 5P 2 Dy 4529 P2 (D1
+sP(s)- Di(D:(1) ;QDQ(f)Dl(f) uf® +82P(5)D1(J?céwufs —P(s)D2(D1u) f*
—sP(s) DQJSf) (Dyu) f*—sP(s) Dl;f) (Dau) f¥—sP(s)- D:(D(f) ;2D1 (N D) uf®
—2p(o) P2 o (o) (D1, Dafu) 2+ 529 P22 e
= [D1, Do] - P(s)uf®.
O

REMARK 6.44. Note that we have a Dx-linear automorphism given by s +—
s+ 1, that is
T: Ms]f* — M(s]f* given by T(P(s)uf®) = P(s+1)fuf®,
with inverse given by T~ (P(s)uf*) = P(s—l)%ufs. Note that T is not k[s]-linear,
but satisfies T'(Q(s)w) = Q(s + 1)w for every w € M([s]f* and Q € k[s].

The following is the main result of this section:

THEOREM 6.45. With the above notation, if M|y is a holonomic Dy-module,
then for every u € I'(X, M) =T(U, M|y), there is a nonzero b(s) € k[s| such that

(6.4) b(s)uf® € Dxls]- (fu)f*.

PrROOF. Let n = dim(X). If we consider an open cover X = Uy U...UU,
and if for every ¢ we have a nonzero b;(s) € k[s] that satisfies the condition in the
theorem on Uj;, then the least common multiple b(s) of b1(s),...,b,(s) satisfies the
condition in the theorem on X. Therefore from now on we may and will assume
that X is affine, with R = Ox(X) and M = M(X).

Let K = k(s) be an algebraic closure of k(s) (the fact that we have to go to the
algebraic closure is due to the fact that in developing the theory we always assumed
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that the ground field is algebraically closed). In addition to M|[s]f¢, we will also
consider

M(8)f* i= M @y k(s)f* = MIs]f* @y k(s) and
Mg f® =M@, Kf° = M|[s]f® Okls] K.

Let Ux — Xk be the morphism induced by U — X via extension of scalars
to K, s0 R = Ox,(Xk) = R®i K and Ox, (Ux) = Ry ®; K = Ry. Note that
Droi K = DE/K, which we simply denote by Dz, and D, @, K = Dﬁf/Ka which
again we simply denote by Dy (this follows, for example from Proposition 2.25).
Since M[s]f*® is a Dg[s]-module (in fact, a Dg,[s]-module), it is clear that Mg f*
is a Dz (in fact, a Dﬁf—module).

We first show that as a Dﬁf—module, My f* is holonomic. Indeed, by assump-

tion M is holonomic as a DRf—module. Let FeM be a good filtration of M as a
Dpg,-module, so each F},M is an Rg-module. For every p € Z, we put

FpMKfS = FpM Qi Kf°.
Note that if u € F, M and D is a derivation in Dg, then for all P € K, we have
D- Puf* = P(Du)f* + sP2Luf® € By My f* + F, M f* C Fppa M f*.
It is then clear that Fg My f*° is a filtration of My f° as a Dﬁf—module and further-
more, we see that Grl (Mg f*) ~ Grf (M) ®; K as a module over
Sym'Ef (Derg (Ry)) ~ Sym, (Dery,(Ry)) @y K.

In particular, this is a finitely generated module (hence the filtration on Mg f° is
good) and its dimension is equal to the dimension of Gr’ (M), which by assumption
is n. Since dim(Ry) = dim(R¢) = n, we conclude that indeed M f* is a holonomic
Dﬁf -module.

In particular, we know that Mg f° is a finitely generated Dz -module, hence
we can find a finitely generated Dg-submodule N C Mg f* such that Ny = Mg f°.
Using the fact that Mg f° is a holonomic Dﬁf—module and Proposition 6.39, we

conclude that, in fact, we may assume that N is a holonomic Dg-module.
Since uf® € Mg f*, it follows that there is d > 0 such that féuf® € N.
Consider now the following decreasing sequence of Dg[s]-submodules of M|s]f*:

Dg[s] - fluf® D Dgls] - f4 ufs D .. ..
Tensoring with K over k[s], we obtain a decreasing sequence of submodules of N:
(6.5) Dy fuf® D Dy fuf* D ...

Since N is a holonomic Dgz-module, it follows from Proposition 6.37 that this
sequence stabilizes. Moreover, if (6.5) stabilizes after tensoring with K over k[s],
then it stabilizes after tensoring with k(s) over k[s]. Therefore there are ¢ > 0 and
Q € Dg ®y, k(s) such that

fd+€ufs _ Q . fd+£+1ufs.
If ¢(s) # 0 is such that P(s) := q(s)Q(s) € Dg|[s], then we have
a(s) S upt = P,
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Applying T~%*, where T is the automorphism in Remark 6.44, we see that if
b(s) = q(s —d —{), then b(s)uf® € Dg[s] - fuf®. This completes the proof of the
theorem. ]

REMARK 6.46. In the setting of Theorem 6.45, it is clear that the set of poly-
nomials b(s) € k[s] that satisfy the conclusion of the theorem is a (nonzero) ideal in
k[s]. The monic generator of this ideal is the b-function by (s), where it is common
to label this by the element w = uf* € I‘(X, M[s]fs). An important special case
is that when M = Ox[1/f] and u = 1, so w = f*, in which the corresponding
b-function is denoted by b¢(s), and it is also called the Bernstein-Sato polynomial
of f. The existence of by(s) for certain polynomials f was proved and used by
Sato, while the existence for arbitrary polynomials f was proved by Bernstein in
[Ber71]. For arbitrary f (also for holomorphic functions), the existence of by(s) is
due to Kashiwara [Kas77].

REMARK 6.47. For future reference, we note that, with the notation in the
proof of Theorem 6.45, the Di-module D - uf® is holonomic. Indeed, since N
is holonomic, it is enough to show that Dg - uf® € N. Recall that we have a
nonnegative integer d such that f%uf* € N. On the other hand, we have a nonzero
b(s) such that b(s)uf® € Dg[s] - fuf®. Using this and applying the automorphisms
T,..., T ! we see that if p(s) = H?;()l b(s + i), then p(s)uf® € Dg[s] - fluf®.
Since p(s) is invertible in K, it follows that Dy - uf® C N.

REMARK 6.48. In the setting of Theorem 6.45, we may specialize s to inte-
gers. More precisely, for every m € Z, we have a morphism of sheaves of rings
am: Dx[s] — Dx that maps P(s) to P(m) for P(s) € Dx[s] and a surjective
morphism of sheaves of Dx-modules S,,: M[s]f* — M where S, (Q(s)ufg) =
Q(m) f™u for every Q(s) € k[s] and u € M (we here consider M as a Dx|[s]-
module via a,y,). In particular, by specializing s to m € Z in (6.4), we conclude
that b(m)f™u € Dx - f™1u. Note also that since multiplication by f is invertible
on M, the kernel of 83, is (s —m) - M[s]f*.

REMARK 6.49. In the setting of Theorem 6.45, if M|y is generated over Dy
by u1,...,u, € T'(U, My), and if mq,...,m, € Z are such that for every i, the
polynomial b, (s) has no integer roots < —m,;, then M is generated over Dx by
f%lul, ey f%u,«. Indeed, we know that M is generated over Dx by fimui, where
m € Z and 1 < ¢ < r. On the other hand, we know that for every ¢, we have

bui(—m)%ui €Dy - ﬁul forall meZ
(see Remark 6.48). If m > m,, then by assumption b,,(—m) # 0, and thus ]%uZ
lies in the Dx-submodule generated by %uz This implies our assertion. In

particular, we see that M is coherent (we will see in the next result that M is, in
fact, holonomic).

We make use of the existence of b-functions in order to prove preservation of
holonomicity under direct image via open immersions.

THEOREM 6.50. If X is a smooth, irreducible variety, U is an open subset of
X, and j: U < X is the inclusion, then j maps DE(Dy) to DY (Dx).

ProOOF. Standard arguments using the truncation functors in Example A.20
imply that it is enough to show that for every holonomic Dy-module N, we have
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Hi (5. N) holonomic for all i € Z. Since this is a local assertion on X, after taking a
suitable affine cover, we may and will assume that X is affine, with R = Ox (X), in
which case we need to prove that H9(U,Op) is a holonomic Dg-module for every
qEeZ.

Furthermore, it is enough to show that this is the case when U = X \ V(f),
when f € R is nonzero. Indeed, let us assume that we know the assertion in this
case, and let us write U = X \ V(f1,..., f), for suitable nonzero fi,..., f. € R.
If U; = X \V(f;), then we can compute H4(U, Oy) as the g-th cohomology of the
Cech complex

0= EPr;,,0x) = @ T, NU,,0x) = ... > T(U1N...NT,, Ox) = 0,
i1 11 <ig

placed in cohomological degrees O, ...,r—1. Since the holonomic Dg-modules form
an Abelian category (see Remark 6.34), and since each intersection U;, N ... N U,
can be written as X \ V(f;, --- fi,), we conclude that H?(U, Oy) is a holonomic
Dpr-module for all q € Z.

Therefore from now on we assume that U = X \ V() for some nonzero f € R.
We need to show that if M is a holonomic Dg,-module, then M is holonomic also
as a Dg-module. Arguing by induction on the number of generators, we reduce
to the case when M is generated over Dg, by one nonzero element u € M. Let
us consider the finitely generated Dg[s]-module Dg[sluf® C M[s]f°. On Dg[s] we
have the filtration given by F,(Dg[s]) = F,Dg ®y, k[s] for p € Z and on Dg|sJuf*
we consider the corresponding good filtration given F,(Dg[s]uf*®) = F,(Dg[s])-uf*
forallp € Z. Let W = Gr¥’ (DR [s]ufs), which is a finitely generated graded module
over Grl (Dg)[s]. Note that if K = k(s) and R = R @ K, then W ®;, K is the
graded module over Gr¥’ (Dg) corresponding to a good filtration on Dy -uf*, which
is a holonomic Dx-module by Remark 6.47. Therefore the dimension of the support
of W ®ys) K over Crl(Dr) @ K is dim(X).

Recall now that for every m € Z we have a Dp[s]-linear map

Drgls] - uf® < Mls|f* 2= M,

where Dpg[s] acts on M via the map Dg[s] — Dpg that maps s to m (see Re-
mark 6.48). Note that the composition is surjective for m < 0, as follows from the
existence of the b-function (see Remark 6.49). If we consider the filtration Fo M on
M induced by the filtration on Dg[s] - uf®, we see that Grl (M) is a quotient of
W ®ps k[s]/ (s —m). It is a consequence of Nakayama’s Lemma that the support of
W ®@pgs) k[s]/(s —m) over Grl'(R) is the fiber of Supp(W) over s = m. We deduce
using the behavior of behavior of fibers of morphisms that for all m but a finite set,
the dimension of the support of W ®4 k[s]/(s —m) is equal to the dimension of the
support of W ®y, K, hence to dim(X). We thus conclude that M is a holonomic
D g-module. [l

6.6. Preservation of holonomicity

Our goal in this section is to prove the following two important results concern-
ing preservation of holonomicity for the functors that we defined for D-modules.
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THEOREM 6.51. If f: X — Y is a morphism between smooth, irreducible va-
rieties over k, then Lf*: D5 (Dy) — Db (Dx) induces a functor Dp, (Dy) —
Dﬁol(DX)'

THEOREM 6.52. If f: X — Y 4s a morphism between smooth, irreducible
varieties over k, then fi: D"(Dx) — DY(Dy) induces a functor Di.(Dx) —
Dgol(Dy)'

REMARK 6.53. A special case of Theorem 6.52 says that if M is a holonomic
Dx-module on a smooth, irreducible, n-dimensional variety X, then its g-de Rham
cohomology

Hip (M) :== R""T(DRx(M))

is a finitely generated k-vector space (note that the shift by n is due to the fact that
we consider the de Rham complex to be placed in cohomological degrees —n, ..., 0).
Indeed, it follows from Example 6.16 that this is 797" (p;(M)), where p is the
canonical morphism X — Spec(k). Note that by taking M = Ox, we obtain the ¢-
de Rham cohomology Hj, (X) of the variety X, and we see that dimy Hiz (X) < oo
for all q.

Before giving the proofs of these theorems, we need some preparations. We
begin with a general result concerning the preservation of coherence under proper
morphisms.

THEOREM 6.54. If f: X — Y is a proper morphism between smooth irreducible
varieties over k, then fi: D’(Dx) — DY(Dy) induces a functor D’ , (Dx) —
Dgoh (DY)

PROOF. We need to show that if u € DY, (Dx), then H?(f(u)) is a coherent
Dy-module for all g. A standard inductive argument using the truncation functors
in Example A.20 shows that it is enough to prove this in the case when u = M is
a coherent Dx-module. Furthermore, since the equivalence of categories between
left and right Dx-modules that we discussed in Chapter 3.6 preserves coherence,
it is enough to show that for every right coherent Dy-module M, we have that
H1(f(M)) is a coherent right Dx-module for all q.

We will use the fact that M admits a surjective morphism of Dx-modules F —
M, with F an induced coherent right Dx-module: this means that F = £®p, Dx,
where £ is a coherent O x-module and the right D x-module structure on the tensor
product comes from Dx. Indeed, note the we have a canonical surjective morphism
of right D x-modules

Mo, Dx - M, v®P—vP.

Furthermore, since M is locally finitely generated over Dy, it follows as in the
proof of Proposition 3.25 that there is a coherent O x-submodule £ C M such that
M = & - Dx. Therefore the composition

E®opy Dx > M®p, Dx - M

is surjective.
Suppose first that we know that f (F) € Db, (DJF) for every induced coherent

right Dy-module. We show that H?(f(M)) is a coherent right Dy-module for
every M and every ¢ by descending induction on q. This is clear for g > 0, since



62 6. HOLONOMIC D-MODULES

in this case H?(f1(M)) = 0. If we know the assertion for ¢+ 1 and for all coherent
right Dx-modules, then given M, we consider a short exact sequence

0->N—>F—->M=0,
with F an induced coherent right Dx-module. Since we have an exact sequence
HI(f(F)) = HI(f+(M)) = HIT(fL(N)),

we conclude that H?(f1(M)) is coherent using the inductive hypothesis for V" and
the assertion for coherent induced D-modules.

In order to conclude the proof, it is thus enough to consider the case when
M =€ ®p, Dx. In this case, by definition we have

fr(M) = Rf.((€ @5, Dx) @p, Dxoy) = Rf(E@E, (Ox @10,y [ (Dy)))

~Rf.(E ®§—1(oy) f~H(Dy)) = Rf.(E) ©4, Dy,
where the last isomorphism is a consequence of the projection formula. Since f is
proper, we know that R?f,.(€) is a coherent Ox-module for all ¢, and since Dy is
a flat Oy-module, it follows that

HI(f+(M)) = R f.(€) @0, Dy,

hence it is a coherent right Dy-module. This completes the proof of the theorem.
O

Next, we introduce a slightly modified version of the antiequivalence discussed
in Chapter 6.4: for a smooth, irreducible n-dimensional variety, we consider the
exact functor

Dx: Dgoh (DX) - Dgoll(DX)v U = RHOTTLDX (uv DX) Rox w)_(l[n]'

Note that —®o, w;cl is (the derived version of) the equivalence from D$P-modules
to Dx-modules discussed in Chapter 3.6.

EXERCISE 6.55. Show that if M is a quasi-coherent D x-module, then we have
a canonical isomorphism of Dx-modules

Hompr (wx o M, DY) ~ Homp, (M, Dx) ®oy wyx'
Deduce that for every u € D’ (Dx), we have an isomorphism in D’ , (Dx):
RHompsr (wx ®oy u, DY) ~ RHomp, (u, Dx) ®oy wy'

REMARK 6.56. Note that we have a canonical transformation of functors on
Db

coh (DX):
Id — RHompgr (RHomp (—, Dx), DY)

and a similar one for the corresponding functors on D%, (D). In order to check
that these are isomorphisms of functors, we can argue locally, in which case the
assertion follows from Theorem 5.5. It is then clear that D x is an antiequivalence
of categories and, using the above exercise, we see that its inverse is isomorphic to

Dx.

REMARK 6.57. With this notation, Proposition 6.36 says that a coherent Dx-
module M is holonomic if and only if D x (M) is supported in cohomological degree
0, in which case D x (M) is holonomic by Proposition 6.35. It is then standard to
check, using the truncation functors in Example A.20 that if u € Dﬁol(Dx), then
Dx (u) € Dpy(Dx).
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EXERCISE 6.58. Show that for every X, we have Dx(Ox) ~ Ox. Show also
that if X = A! and M = k[z,v71]/k[z], then Dx (M) ~ M.

The following theorem gives a compatibility between duality and proper push-
forward. For a proof, see [HTT08, Theorem 2.7.2].

THEOREM 6.59. If f: X — Y is a proper morphism between smooth, irreducible
varieties, then for every u € ’Dﬁol(Dx), we have a functorial isomorphism

ay(u): Dy (fi(u)) = f4(Dx(u)).
Moreover, this satisfies the following three properties:

i) ay is compatible with restriction to open subsets, in the sense that if V is
an open subset of Y and g: f~1(V) — V is the induced morphism, then

ag(ulp-1(v)) = ayp(u)lv.
ii) ay is compatible with composition of morphisms: if g:' Y — Z is another
proper morphism, then
agos(u) = g+ (Oéf(u)) ° Oég(f+(u))~
iii) oy is compatible with duality: for everyu € D}, (Dx), we have ap(Dx (u))
Dy (ay(u)).

We now introduce a shifted version of the pull-back functor: if f: X — Y isa
morphism of smooth, irreducible varieties, with dim(X) = dx and dim(Y") = dy,
then

I Doe(Dy) = Die(Dx), f1(w) = Lf*(w)[dx — dy].
Note that it follows from Corollary 6.8 that if g: Y — Z is another such morphism,
then we have an isomorphism of functors

(6.6) floghe(gof)t.

We have already seen the functor fT in the case of a closed immersion in Section 6.2.
The following proposition gives an adjointness property of the pair (fy, fT)

when f is a proper morphism.

ProroSITION 6.60. If f: X — Y is a proper morphism, then for every u €
(Dx) and v € D5 (Dy ), we have a canonical isomorphism

RHomp, (f+(u),v) ~ Rf.RHomp, (u, fT(v)).

In particular, we have an isomorphism
(Dy) (f+(u),v) ~ Hongol(Dx)(u, fT(v)).

For the proof, we will use the following

Db

coh

HOme

ho

LEMMA 6.61. For every smooth, irreducible variety X, if u € ’Dgoh(DX) and
v E DSC(DX), then we have a canonical isomorphism

RHomp, (u,v) ~ RHomp, (u,Dx) @5 v.
PROOF. We have a canonical morphism

RHomp, (v, Dx) ®% v — RHomp, (u,v)

(this is the derived version of the morphism Homp, (M, Dr)®p, N — Homp, (M, N)

for two left Dr-modules M and N). To check that this is an isomorphism, we may
argue locally, hence we may assume that X is affine. In this case, by Theorem 5.4,
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we can represent u by a bounded complex of projective modules, in which case the
assertion is clear. [l

PROOF OF PROPOSITION 6.60. Let dx = dim(X) and dy = dim(Y’). Using
Lemma 6.61 and the definition of Dy, we have canonical isomorphisms

RHomp, (f4+(u),v) = RHomp, (f+(u), Dy ) @5, v ~ wy @Dy (f+(u))®%, v[—dy]

~wy @ fr(Dx () @5, v[-dy],
where the last isomorphism follows from Theorem 6.59. By definition of f; and
Dy, the last term is further canonically isomorphic to

f+ (wX RDx (u)) ®%Y U[—dy] ~ Rf* (RHOTRDX (u, D}O@%X DX_>y) ®%Y U[dX —dy]

~ Rf.(RHomp, (u,Dx) ®p, Dxy @F 1p, f7(v))[dx — dy],
where the last isomorphism follows from the projection formula. By definition of
Lf* and fT, this last term is canonically isomorphic to

Rf.(RHomp, (u,Dx)@p, Lf*(v))[dx —dy] ~ Rf. (RHomp, (u, Dx)®%, fi(v))

~ Rf.RHom(u, fT(’U)),
with the last isomorphism given by Lemma 6.61. This completes the proof of

the first assertion in the proposition. The second assertion follows by taking
HO(RT(—)). O

Given any closed subvariety Z of the smooth variety X, recall that we have
the functor I'z(—) defined on the category of Ox-modules, where I'z(F) is the
subsheaf of F consisting of those sections of F with support inside Z. This is a
left exact functor and we get a corresponding derived functor RI'z(—); we usually
write H%(—) for R'Tz(—). Note that if M is a Dx-module, then I'z(M) is a
D x-submodule of M: if T7 is the ideal of Z and a section u of M is annihilated
by Z7, then for every derivation D, the section Du of M is annihilated by IZ“H.
Therefore ' gives a left exact functor on Mod(Dx) and we get a corresponding
derived functor

RI;: D' (Dx) — D’ (Dx)
that preserves the subcategory D! .(Dx). Note that for every u € D}.(Dx), we
have a functorial exact triangle
(6.7) RIz(u) = u — ji (ulxz) ~,
where j: X N\ Z — X is the inclusion of the complement of Z. This follows by
representing u by a complex Z* of injective modules and by noting that for every ¢
and every open subset V of X, the sequence

0-Tz(V,I?) - T(V,Z%) - T(VNU,Z?) = 0
is exact, since 71 is flasque.

EXAMPLE 6.62. An important special case is when Z is a smooth, irreducible
subvariety of X and u € D} (Dx), in which case the exact triangle (6.7) becomes
(6.8) i (1T (w) = u = jy(ulxz) .

Indeed, it is enough to show that we have a functorial isomorphism
RI'z(u) ~ iy (ZT(u)) for every wu € DgC(DX).
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Since the cohomology sheaves of RI'z(u) have support in Z, it follows from Kashi-
wara’s equivalence theorem and Proposition 6.24 that RI'z(u) ~ i, (v), where
v = i (RFZ(U)). Therefore it is enough to show that the canonical morphism
RI'z(u) — u induces an isomorphism after applying if. By the exact triangle
(6.7), it is enough to show that for every w € D5 (U), we have if (j(w)) = 0. In
fact, this is a general fact that holds for arbitrary quasi-coherent Op-modules and
arbitrary closed subsets Z. Indeed, note first that using the truncation functors
in Example A.20, we see that it is enough to prove this when u = M is a quasi-
coherent Dy-module (or Opy-module). Furthermore, the assertion can be checked
locally, hence we may assume that X is affine, with R = Ox(X) and generators
fi,..., fr for the ideal Iz defining Z. Let M = T'(U, M). Note that if we denote
by C*® the complex

0— @Rfil — @ ]%filfi2 *)...*)Rflu.fr — 0,

i <r 1<iy <ig<r

placed in cohomological degrees 0, ..., — 1, then C* ®IL% M is represented by the
complex C*®pz M (since C* is a complex of flat R-modules) and this also represents
Rj.(M). Therefore we need to show that

R/I; @k C* @k M =0.

Of course, it is enough to show that R/Iz ®%C*® = 0, and this is clear: since C*® is a
complex of flat R-modules, this element is represented by the complex R/I; @% C*®,
which is the 0 complex since R/Iz @ Ry, = 0 for 1 < ¢ < r. This completes the
proof of our assertion.

REMARK 6.63. It follows from the exact triangle in Example 6.62 that if Z
is a smooth, irreducible, closed subvariety of X and U = X \ Z, and i: Z — X
and j: U < X are the inclusions, then for every u € D, (Dx) such that if(u) €
D (Dz) and jf(u) € DP  (Dy), we have u € PP (Dy). Indeed, note that in this
case we have iif(u) € D2 (Dx) by Proposition 6.25 and j1j'(u) € Db ,(Dx) by
Theorem 6.50.

We can now give the proof of preservation of holonomicity under inverse image.

PROOF OF THEOREM 6.51. Since we can factor f as X S Xxxy By,
where 7 is a closed immersion and p is the projection onto the second component,
and Lf* ~ Li* o Lp*, it is enough to prove the assertion in the theorem when f is
a closed immersion or a projection.

Suppose first that f: X — Y is a closed immersion and v € ’Dflol(Dy). Let
j: U <= Y be the inclusion map from the complement of X in Y. In this case, it
follows from Example 6.62 that we have an exact triangle

Fe(F1 @) = v = gy (ol) .

Since j (v|v) € DY, (Y) by Theorem 6.50, it follows from the exact triangle that
f+(fT(v)) € DL, (Y). Using Proposition 6.25, we conclude that Lf*(v), which is a
translate of fT(v), lies in D! (Dx).

Suppose now that f: X xY — Y is the projection onto the second component.
By a standard argument using the truncation functors in Example A.20, we see that
it is enough to show that if M is a holonomic Dy-module, then Lf*(M) = f*(M)
is a holonomic Dx xy-module. The assertion is local, hence we may assume that
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both X and Y are affine, with R = O(X) and S =O(Y),s0o O(X xY)=R®; S.
If M is the S-module corresponding to M, then the R ®j S-module corresponding
that f*(M)is R®x M. If FoM is a good filtration on M, then we have a filtration
on R ®i M given by

Fo(R®r M)=R®, F,M forall pelZ.

It is clear that we have Grl (R @y M) = R ®; Grl' (M), so this is a good filtration
of R®, M and

Char(f*(M)) = X x Char(M) C X x T*Y C T*(X xY).

In particular, we see that if M is holonomic, then so is f*(M). This completes the
proof of the theorem. O

We now turn to preservation of holonomicity under push-forward. We first
state the following base-change theorem.

THEOREM 6.64. Given a Cartesian diagram

x4 ox

1)

N

in which X,Y, X', andY' are smooth and irreducible, we have an isomorphism of
functors

giofi fiogT: Dl (X) = DL(Y).

PROOF. The idea is to factor g as Y/ <» Y’ x Y -5 Y, where i is a closed
immersion and p is the projection onto the second component. The assertion in the
theorem is then proved by using the explicit description of ¢ when ¢ is a closed
immersion or a projection. For a detailed proof, see [HTT08, Theorem 1.7.3]. O

Before giving the proof of Theorem 6.52, we need a characterization of objects
in D{_;(Dx), which is of independent interest. We begin with the following:

LEMMA 6.65. If M is a coherent Dx-module on the smooth, irreducible variety
X, then there is a nonempty affine open subset U C X such that M(U) is a free
Ox (U)-module (possibly of infinite rank).

PROOF. After replacing X by an affine open subset, we may assume that X is
affine, with R = Ox(X) and S = Grl'(Dg). Let M = M(X) and let F,M be a
good filtration on M. The graded S-module Gr’’ (M) is finitely generated and S is
a finitely generated R-algebra. In this case, it follows from Generic Freeness that
there is a nonzero f € R such that each Gr} (M) is a free Rj-module (see [Eis95,
Theorem 14.4]). If we choose elements u; ; € F; My whose images in Grf(M)f give
an Ry-basis, then (u;;); ; is a basis of M(U) over Ox(U), where U is the affine
open subset {z | f(z) # 0}. O

THEOREM 6.66. If X is a smooth, irreducible variety and w € D%, (Dx), then
the following are equivalent:

i) w € D}y (Dx).
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ii) Foreveryx € X, ifiy: {x} < X is the inclusion, we have dimy, H7 (il (w)) <
o for all g € Z.
iii) There is a sequence of closed subsets

X:Z02212~“227‘227‘+1:®

such that for all j, with 0 < j < r, the locally closed subset W; = Z;\Zj41
is smooth, and if i;: W; — X is the inclusion, then all Hq(z;r(w)) are
Oy, -coherent.

PRrROOF. The implication i)=ii) follows from Theorem 6.51: note that a D-
module on a point is just a k-vector space and this is holonomic or coherent if and
only if it its dimension over k is finite.

The implication iii)=-ii) is clear by (6.6), using the fact that O-coherent D-
modules are holonomic (see Example 6.29) and the preservation of holonomicity
by pull-back to a point (see Theorem 6.51). Therefore, in order to complete the
proof of the theorem, it is enough to show ii)=-ii), i). In other words, it will be
enough to construct a sequence of closed subsets as in ii) such that, in addition, the
restriction of w to each X ~ Z; has holonomic cohomology; for i = r + 1, we thus
get the assertion in i). Arguing by Noetherian induction, we see that it is enough to
show that for every nonempty closed subset Z of X such that the restriction of w to
X\ Z liesin DY (Dx~ z), there is a closed subset Z’ C Z such that the restriction
of wto X N\ Z"isin D}bml(DX\Z/), W = Z . Z' is smooth, and if iyr: W — X is
the inclusion, then H? (z;[,v(u)) is Oy -coherent for all ¢ € Z.

Let U C X be an open subset such that U N Z is a smooth, irreducible open
subset of Z. If ¢: ZNU — U and j: U \ Z — U are the inclusions, then it follows
from Example 6.62 that we have an exact triangle in DZC(DU):

.. . 1
ZJJT(w|U) — wly = jr(wluz) e

Since w|ywz € PP (Du.z), we have ji(w|yz) € DP,(Dy) by Theorem 6.50.
Since w|yy € Db, (U), we conclude from the above exact triangle that iif (w|y) €
D (Dy), and thus if (w|y) € D5, (Dunz) (see Remark 6.22). We can thus apply
Lemma 6.65 to conclude that after possibly replacing U by a smaller open subset,
we may assume that U N Z is affine and every H4 (i (w|y)) is a free Oynz-module.

In this case, it is easy to see that for every x € U N Z and every q € Z, we have
HI (i (w)) = HH (i (w]v)) @ k(2),
where d = dim(Z NU). Therefore the hypothesis in ii) implies that in fact every
H1 (i*(w|U)) is a coherent Ozny-module; in particular, it is holonomic, and thus
if(wly) € DYy (Dzav). If we put 2/ = Z U, then W = ZNU and il (w) =
i (w|y) € DE,(Dw). Moreover, since
X\NZ =(X\2Z2)uw

and since the restriction of w to X\ Z isin Df_;(Dx z), it follows from Remark 6.63
that the restriction of w to X \ Z’ is in D} ;(Dx < z'). This completes the proof of
the theorem. g

We can now prove that holonomicity is preserved by D-module push-forward.

PROOF OF THEOREM 6.52. Recall that by a theorem of Nagata (see for exam-
ple [Con07]), every variety W admits an open immersion into a complete variety
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W (recall that all our varieties are assumed to be separated). Furthermore, it fol-
lows from Hironaka’s resolution of singularities that if W is smooth and irreducible,
we may assume that W is smooth and irreducible as well.

Given the morphism f: X — Y in the statement, we may apply this to find
open immersions jy: X < X and jy: Y < Y, with X and Y both smooth and
irreducible. Moreover, after possibly replacing X by a higher birational model, we
may assume that we have a morphism f: X — Y such that fojx = jy o f. For
every u € Dp_,(X), we have

jY+ (f+(u)) = f+ (]X+(u))
Since f1(u) = jy . (f+(w))]y, in order to show that fi (u) € D} (Dx), it is enough
to show that f (jx(u)). Since jx (u) € Db (D) by Theorem 6.50, it is enough
to show that f,(v) € D!, (Dy) for every v € D (D). Hence from now on we
may assume that both X and Y are complete varieties.

Let us factor f as X — X xY 25V, where i is the graph embedding associ-
ated to f (hence a closed immersion) and p is the projection onto the second compo-
nent. Since ¢4 maps holonomic modules to holonomic modules by Proposition 6.25,
we see that it is enough to show that p. (v) € D} (Dy) for every v € DY | (Dxxy).
Since p is proper, it follows from Theorem 6.54 that p, (v) € Db, (Dy). By Theo-
rem 6.66, In order to show that p (v) € D}, (Dy), it is enough to show that for ev-
eryy € Y, if i,: {y} — Y is the inclusion, then every k-vector space H? (i;;(p+ (v)))
has finite dimension. Applying Theorem 6.64 for the Cartesian diagram

-/

X— % XxY
S
v} ——V,
where iy (r) = (z,y), we see that
if (p+(0)) = 9, (3, ().

Note that i;T(v) € DY, (Dx) by Theorem 6.51 and we can apply again Theorem 6.54

for the proper morphism p’ to conclude that H? (il (p1(v))) is a finite-dimensional
k-vector space for every g. This completes the proof of the theorem. O

6.7. The functorial formalism for holonomic D-modules

We associate to every morphism of smooth irreducible algebraic varieties f: X —
Y four functors fp., fpi, f, and fi, between D! (Dx) and D (Dy) (we use the
notation that parallels the one in the topological setting, but we use the D subscript
to emphasize the D-module setting).

The functor fp.: D2 (Dx) — Di.,(Dy) is simply fi (note that this is well-
defined by Theorem 6.52). We define fpi: DY, (Dx) — DP,(Dy) by

for=Dyo fp.oDx.

Similarly, the functor f: DY ,(Dy) — Db, (Dx) is simply fT and we define
the functor f5,: DY, (Dy) — Db ,(Dx) by

f3 =Dx o fi o Dy.
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REMARK 6.67. Suppose that f: X — Y and g: Y — Z are morphisms between
smooth, irreducible varieties. Note that by Proposition 6.12, we have an isomor-
phism of functors (go f) p« =~ gp«fp« and by Corollary 6.8, we have an isomorphism

!

of functors (g o f)\) ~ fhgh. Using the fact that DxDx =~ Id, we also obtain the
isomorphisms (g o f)p1 =~ gpifpr and (g o f)} =~ fH9h-

We make a parenthesis to introduce a useful definition concerning exact functors
between derived categories.

DEFINITION 6.68. Let A and B be Abelian categories, 7 a triangulated subcat-
egory of D(A), and F': T — D(B) an exact functor. We say that F is left t-exact
if for all objects u of 7 with H#*(u) = 0 for all i < 0, we have H*(F(u)) = 0 for all
i < 0. We say that F is right t-ezact if for all objects u of T with H(u) = 0 for
all i > 0, we have H'(F(u)) = 0 for all i > 0. We say that F is t-ezact if it is both
left t-exact and right t-exact.

ExXAMPLE 6.69. If G: A — B is a left exact functor between Abelian categories
and A has enough injective objects, then the derived functor RG: Dt (A) — D(B)
is left t-exact.

REMARK 6.70. Suppose that we have an exact functor F': D?_(X) — DP_,(Y),
where X and Y are two smooth, irreducible varieties. If F is left t-exact (right
t-exact), then we have a left (respectively, right) exact functor Modye(Dx) —
Mody,1(Dy) that maps M to H° (F (M)) Indeed, given an exact sequence

0O—-M-M->M'=0
in Modpe(Dx), we have a corresponding exact triangle
M 5 Mo M,
in Dyo1(Dx), and thus an exact triangle
F(M') = F(M) = F(M") 15 |
By taking the long exact sequence in cohomology, we get
H A (F(M") = HO(F(M)) = HY (F(M)) = HO(F(M")) = H (F(M)).

If F is left t-exact, then H~! (F(M”) = 0 and if F is right t-exact, then H* (F(M')) =
0.

REMARK 6.71. A useful property of duality is that for every u € ’Dflol(DX),
we have H'(u) = 0 for all i > 0 if and only H*(Dx(u)) = 0 for all i < 0 (hence
Dy is a t-exact functor from DY |(Dx) to its dual category). Indeed, this follows

easily using truncation functors from the fact that if H(u) = 0 for all i # 0, then
H(Dx (u)) =0 for all i # 0.

In the following proposition we collect the general basic properties of the func-
tors we introduced:

PROPOSITION 6.72. Given a morphism of smooth irreducible algebraic varieties
f: X =Y, the following hold:
i) We have an isomorphism of functors Dy o fp, ~ fpioDx.
ii) We have an isomorphism of functors Dy o f}, ~ f% o Dy-.
iii) If f is proper, then we have a canonical isomorphism fp; ~ fp..
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iv) The pair (fp1, fjp) is an adjoint pair of functors.
v) The pair (f},, fp«) is an adjoint pair of functors.

vi) If f is an affine morphism, then fp, is right t-exact and fp, is left t-exact.
vii) If f is a finite morphism, then fp = fp. is t-exact.

PROOF. The assertions in i) and ii) follow directly from the definitions of fp,
and f;, and the fact that Dx o Dx ~ Id and Dy o Dy =~ Id. The assertion in
iii) follows from the definition of fp; and the compatibility of f with duality for
proper morphisms (see Theorem 6.59).

Note that the assertions in iv) and v) are equivalent: this follows using duality
and the isomorphisms in i) and ii). We give all details in this case, in order to
illustrate how the argument is carried out. Suppose for example that iv) holds.
Using this and the fact that duality is an anti-equivalence of categories, we obtain
for every v € DY |(Dy) and u € D?_(Dx) canonical isomorphisms

Hom(ff)(v), u) ~ Hom(DX(u), DXfB(v))
~ Hom(Dx (u), fl!)Dy(U)) ~ Hom(fpDx (u), Dy (v))
~ Hom (Dy fp.(u), Dy (v)) ~ Hom(v, fp.(u)).
This gives the assertion in v) and the proof of v)=-iv) is similar.

In order to prove the assertion in iv), by a theorem of Nagata and Deligne (see
[Con07]), we may write f = g o j, where g is proper and j is an open immersion.
Therefore it is enough to check separately the cases when f is proper and when f
is an open immersion. If f is proper, then this is the assertion in Proposition 6.60
(note that in this case fpi =~ fp«). On the other hand, if f is an open immersion,
then we have seen that it is enough to show that the pair of functors (f},, fp«)
is an adjoint pair. However, in this case f}, = f!D is just the quasi-coherent pull-
back (this follows from the fact that duality is compatible with restriction to open
subsets), while fp, is the quasi-coherent push-forward. The assertion then follows
from in the same way as the one for the corresponding pair of functors between the
bounded derived categories of O-modules.

If f is an affine morphism, the first assertion in vi) follows from the fact that
the quasi-coherent f, is an exact functor, while L f* is a left derived functor. The
second assertion follows from this one by duality, using the assertion in Remark 6.71.

Finally, the assertion in vii) follows from the one in vi), since f being finite
implies that it is affine and proper, and the latter property gives fp« ~ fpr. O

We next discuss these functors in the case of open and closed immersions.

PRrOPOSITION 6.73. Let X be a smooth, irreducible variety, j: U — X the
inclusion map of an open subset and i: Z < X the inclusion map of the complement

Z ofU.

i) The functor jp. is left t-exact and the functor jp, is right t-exact.

i) jp ~ jb.
iii) j5jps ~1Id and j5jip) ~ Id.
Suppose now, in addition, that Z is smooth.
iv) The functor ip; = ip, is t-exact.
V) i%5ip« =~ Id and i'yip) ~ Id.
vi) i%jpr = 0 and i'yjp. = 0.
)

vii) jhip. = 0.
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PROOF. The first assertion in i) follows from the fact that jy is given by Ry,
and the second assertion follows by duality, using the assertion in Remark 6.71.

The isomorphism of functors in ii) follows from the fact that j}, is given by
restriction to U and duality is compatible with restriction to open subsets (we have
already used this in the proof of the previous proposition). The first isomorphism
in iii) follows from ii) and the definition of j; and j'. The second isomorphism
follows by duality.

From now on we assume that Z is smooth. The assertion in iv) is clear, since i
is induced by an exact functor between Abelian categories. The second isomorphism
in v) is a consequence of Proposition 6.24. The first isomorphism again follows by
duality.

We have proved the second equality in vi) in Example 6.62. The first one
follows by duality.

Finally, note that in order to check the assertion in vii), it is enough to show
that for every holonomic Dz-module M, we have i; (M)|y. This is clear, since for
every quasi-coherent Oz-module A, we have i, (N )|y = 0. O

PRrROPOSITION 6.74. For every morphism f: X — Y between smooth, irre-
ducible varieties, and every u € D{ (Dx), we have a unique functorial morphism
Bf(u): fpor(u) = fp«(u), with the following properties:

i) If f is proper, then 3y (u) is the isomorphism a;y (D x (u)), where ay is the
functorial isomorphism in Theorem 6.59.
ii) If f is an open immersion, then B;(u) is the unique morphism whose
restriction to X is the canonical isomorphism.
ili) The natural transformation [y is compatible with composition of mor-
phisms, in the sense that if g: Y — Z is another morphism between
smooth, irreducible varieties, then

(6.9) Bgor = gps (B (1)) © By (fr(u)) = By (fps (1) © g1 (By (u)).
PrOOF. Uniqueness is clear: given any f: X — Y, we can use the theorem

of Nagata and Deligne (see [Con07]) to write it as a composition X Swdy,
where j is an open immersion and p is proper. Note that 8; and /3, are determined
by i) and ii). Regarding 3;, note that by the usual adjoint property of the pair
(5, Rj«), given any v € D{_,(Dw ) and a morphism ¢: j*(v) — u, there is a unique
morphism v — Ryj.(u) whose restriction to X is ¢. If we take v = jpi(u) and we
take ¢ to be the canonical isomorphism between j*(j Dg(u)) and u, this uniquely
determines 3;(u). The morphism [B¢(u) is then determined by the condition in ii).
Note that the second equality in (6.9) always holds.

In order to complete the proof of the proposition, we need to show that the
definition of 5;(u) does not depend on the factorization of f and that the condition
in iii) holds for any two morphisms f and g. Both these properties follow from
conditions i) and ii) in Theorem 6.59. We leave the details as an exercise for the
reader. O

REMARK 6.75. It follows from the definition of Sy that it is compatible with
duality: with the notation in the above proposition, we have

B (Dx(u)) = Dy (B (u)).
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Indeed, it is enough to check this separately for proper morphisms and for open
immersions. For proper morphisms, the assertion follows from property iii) in
Proposition 6.59, while for open immersions it is straightforward to check.

EXAMPLE 6.76. Suppose that X is smooth, irreducible variety, and Z is a
smooth, irreducible hypersurface in X. Let ¢: Z — X and j: U =X N Z — X be
the inclusion maps. Note that we have an exact sequence of holonomic D x-modules

0— Ox = j(Ov) = Hy(Ox) =0
(cf. Example 6.62). Applying Dx and using the fact that Dx(Ox) ~ Ox and
Dy (Op) ~ Oy, we obtain an exact sequence
0— DX(le(Ox)) — jD!(OU) — OX — 0.

Note also that since H}(Ox) =~ ip.(i(Ox))[1] =~ ip«(Oz) (see Example 6.62),
we have
Dx (H%(Ox)) ~Dx (i1 0z) ~i,0z.
We can also describe locally jpi(Oy) by generators and relations: suppose that
we have algebraic coordinates x1,...,2, on X such that Z is defined by (z1). In
this case we have

j+(OU) = Ox[l/fbl} ~ Dx/DX . (811‘1, 82, ey 6n)
Computing RHomp, (Dx /Dx - 0121, Dx) via the Koszul-type complex

((0121,02,...,0n)
T,

0— Dy - DY — ... DY" Dx — Dx/Dx - 01z1 — 0,

we obtain
ipi(Ov) =~ Dx /Dx - (2101, 02, . ..,0p).
6.8. The intermediate extension
Let X be a smooth, irreducible variety and f: W — X a locally closed im-
mersion, with W smooth and irreducible. Whenever convenient, we can write f
as a composition W SUudx , where i is a closed immersion and j is an open
immersion.
Recall that for every holonomic Dy-module M, we have the canonical mor-
phism
BrM): fpr(M) = fpu(M)
given by Proposition 6.9. Note that H'(fpi(M)) = 0foralli > 0 and H'(fp.(M)) =
0 for all ¢ < 0 by assertions i) and iv) in Proposition 6.73. In this case, we have
canonical maps induced by truncation functors

for(M) = HO(fpr(M))  and  HO(fps(M)) = fpu(M).

It follows from Remark A.21 that we have a unique morphism ~¢(M) that makes
the following diagram commutative:

form) =20 )

HO(for (M) 22 2001, (M)

and in fact, by taking H° in this diagram, we see that vy (M) = H° (B85 (M)).
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DEFINITION 6.77. The intermediate extension of the holonomic Dy -module
M to X is
For(M) := Im(7;(M)).

It is straightforward to see that if g: M; — My, is a morphism of holo-
nomic Dyy-modules, then the morphism #H° (fD*(./\/ll)) — HO (fD*(Mg)) induces
a morphism fpi.(M1) = fpi(Ms). We thus get a functor fpi.: Modye(Dz) —
MOdhOI(DX).

REMARK 6.78. Note that if we factor f as a composition W SU X, where
1 is a closed immersion and j is an open immersion, since 3;(M) is an isomorphism,
it follows that
fD!*(M) = jD!* (Z+(M)>
Because of this, when discussing the intermediate extension, we can often reduce
to the case when f is an open immersion.

We collect in the following theorem the main properties of the minimal exten-
sion.

THEOREM 6.79. Let f: W — X be a locally closed immersion of smooth, irre-
ducible varieties and let M be a holonomic Dy, -module.
i) We have an isomorphism fpi. (DW(M)) ~Dx (fDl*(M)).
ii) We have canonical isomorphisms

fb(fD!*(M)) ~ M~ fl*)(fD!*(M))'

iii) fpu preserves injections and surjections.

iv) If f is an open immersion and N is a holonomic Dx-module such that
N CH(fp«(Nv)) (in other words, if T x w(N) =0), then fpi(N|v) €
N. In particular, for every holonomic Dy -module M, the intermediate
extension fp1.(M) is the smallest Dx-submodule of H° (fD*(./\/l)) whose
restriction to W is M; dually, fpi«(M) is the smallest Dx-module quo-
tient of H(fpi(M)) whose restriction to W is M.

v) If M is a simple’ Dy -module, then fpi.(M) is a simple Dx-module.
Moreover, fpi.(M) is the unique simple Dx -submodule of H°(fp.(M))
and it is the unique simple quotient Dx-module of H° (ng(M)).

vi) If f is an open immersion, then fpi.(M) is the unique quasi-coherent
Dx-module (up to isomorphism) whose restriction to W is isomorphic to

M and that has no submodule or quotient module supported on X ~ W.
vii) fpu is a fully faithful functor Modpo(Dw) — Modpo(Dx).

PrOOF. For the assertion in i), note that it follows from Remark 6.75 that
the morphism 87 (D (M)) is identified with Dx (87(M)). Using the exactness of
Dy, we can then identify 77 (Dyw (M)) to Dx (v;(M)) and obtain the assertion in

i).

By Remark 6.78, in order to prove ii), it is enough to treat separately the
cases when f is an open immersion or a closed immersion. If f: W — X is an
open immersion, then it follows from the definition of 57(M) that the restriction of
(M) to W is identified with the identity map on M, which gives the assertion in

2Recall that an object in an Abelian category is simple if it is nonzero and has no nonzero
proper subobjects.
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ii). On the other hand, if f is a closed immersion, it is enough to use the fact that we
have canonical isomorphisms f}, fp1(M) ~ M ~ f, fp.(M) by Proposition 6.73v).

The assertions in iii) follow from the fact that H°(fp.(—)) is a left exact
functor (since fp. is left t-exact, see Proposition 6.73 and Remark 6.70) and, dually,
HO(fpi(—)) is a right exact functor.

In order to prove iv), note that the canonical morphism 8¢ (N|w): foi(N|w) —
Ip«(N|w) factors as fpi(N|w) = N — fp«(N|w) and after taking H°, we see
that v¢(N|w) factors as

HO(fD!(N|W)) N — HO(fD*(N\W)v

where the second map is injective by our assumption. The first assertion in iv) then
follows.

In order to prove the second assertion, note first that jpi.(M)|lw = M by ii).
Suppose now that V" C H®(fp.(M)) is such that N[y = M. In this case, it follows
from the first assertion that

(M) = fpoi(Ny) CN.

Finally, the last assertion in iv) follows by duality.

Let us prove v). Note first that the direct image of a simple holonomic D-
module by a closed immersion is again simple by Kashiwara’s Equivalence Theorem,
hence using Remark 6.78 we see that it is enough to prove the assertion in v)
when f: W — X is an open immersion. Note that #° (fD*(./\/l)) is holonomic
and nonzero (its restriction to W is M), and since every holonomic Dx-module
has finite length (see Proposition 6.37), we conclude that H°(fp.(M)) contains a
simple Dx-submodule A/. We will show that in this case ip1. (M) C N, and since
ip1« (M) is nonzero (its restriction to W being M) and N is simple, this will imply
that ' = ipy.(M). By restricting to W the inclusion map N < HO(fp.(M)),
we obtain an injective map M|y < M. Since T'x w f«(M) = 0, it follows that
Nlw # 0, and since M is simple, we conclude that M|y = M. In this case the
inclusion ipi. (M) C N follows from iv). The last assertion in v) follows from the
second one by duality.

We now prove vi). The restriction of fpi.(M) to W is isomorphic to M by ii).
Since fpi.(M) is a Dx-submodule of H° (fD* (./\/l)), whose underlying O x-module
is f.(M), it follows that fpi.(M) contains no Dx-module supported on Z. By
duality, it follows that it has no quotient Dx-module supported on Z.

Suppose now that N is a quasi-coherent Dy-module that has no subobjects
and quotient objects supported on Z and such that M|y =~ M. The fact that
N has no submodules supported on Z implies that the canonical morphism N —
HO(fp«(Nw)) is injective; in particular, A is holonomic. By duality, the fact that
N has no quotient module supported on Z implies that the canonical morphism
HO(fpi(N|w) — N is surjective. Since the composition

H(foN|w) = N = H(fp(Nw))

is the morphism 7 (N|w ), we conclude that N' ~ fpi. (N|w).

In order to prove the assertion in vii), we may assume that f is an open im-
mersion: this follows from Remark 6.78 and Kashiwara’s Equivalence Theorem. In
this case, if M; and Ms are holonomic Dyy-modules, the composition

Homp,, (M1, M3) = Homp . (fpis(M1), fp1(Mz)) = Homp,, (fp1(M1)|w, fore(M2)|w)
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is an isomorphism by ii), hence the first map is injective. We conclude that fpr.
is a faithful functor. Moreover, in order to prove that fpi, is fully faithful, it is
enough to show that for every M; and Mo, if ¢: fpi(M1) = fpi(Ma) is such
that ¢w = 0, then ¢ = 0. In this case Im(y) has support inside X ~ W, and it
follows from vi) that Im(p) = 0, hence ¢ = 0. This completes the proof of the
theorem. O

EXAMPLE 6.80. If j: W — X is an open immersion, with X smooth and ir-
reducible, and £ is a Dx-module on X that is coherent as an Ox-module, then
ip(Elw) =~ £. Indeed, by assertion iv) in Theorem 6.79, jpi.(E|w) is the smallest
Dx-submodule of H°(jp.(E|lw)) = j«(E|lw) whose restriction to W is €|y . There-
fore we have jpi.(Elw) € €. The quotient F := £/jp(€]lw) is a Dx-module
that’s coherent as a Ox-module, hence locally free by Proposition 3.18. Since
Supp(F) C X ~\ W, it follows that F = 0.

EXERCISE 6.81. For every A € C\ Z, let My = Da1/Dp1 - (20, — ).

i) Show that D a1 (M)\) ~ M_»_1.
ii) Show that M has no Dp:-submodules and quotient modules supported
at 0.
iii) Deduce that if £y is the local system Mx|a1 (o} and j: Al {0} — Al
is the inclusion map, then My ~ jpi.(Ly).

In the next proposition we treat the behavior of intermediate extension with
respect to composition of morphisms.

PROPOSITION 6.82. If W %5 V i) X are locally closed immersions of smooth,
irreducible varieties, then for every holonomic Dy,-module M, we have a functorial
isomorphism

(f 0 9) (M) = fpi(gpi(M)).

PROOF. We begin by treating two special cases.
Step 1. We consider the case when both f and g are open immersions. Note that
we have canonical surjections

HO for(H9p1(M)) == fpi(Hg9p1(M)) == fp1(9p1(M))

(the fact that v is surjective follows from the fact that fpi. preserves surjec-
tions by assertion iii) in Theorem 6.79). Since it is clear that the restriction of
fois (9p1:(M)) to W is M, it follows from assertion iv) in Theorem 6.79 that there
is an induced morphism

a: fD!*(gD!*(M)) — (fog)pix(M)

such that the canonical morphism
(6.10) H fpr(Hgp1(M)) =~ HO(f 0 9) pre (M) = (f © ) pre(M)

factors as oo v o u (note that the isomorphism in (6.10) is a consequence of the
fact that for every morphism h, the functor hp, is right t-exact). Of course, « is
surjective. Dually, we get an injective morphism

B: (fog)pu(M) = fpu(gpr(M)).

It is easy to check that the composition o « is the identity and using the fact that
« is surjective, we conclude that « and § are inverse isomorphisms.
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Step 2. The case when either f or g is a closed immersion is easy: this follows
directly from the definition of intermediate extension, using the fact that if 7 is a
closed immersion, then ip) ~ ip, is a t-exact functor.

Step 3. Finally, we treat the general case. In order to simplify the notation, we may

and will assume that f and g are inclusion maps. We factor g as W & U,NV fi Vv,
where Us is an open subset of X and « is a closed immersion, and similarly, we

factor f as V < Uy <i> X, where U; is an open subset of X and 7 is a closed
immersion. Note that by Step 2 (in fact, by Remark 6.78), we have
(6.11)

gp1(M) =~ Bp(api(M)) and  fpu(9p1(M)) = p1 (Yprs(gp1(M))).

On the other hand, we can write yo 8 =" 0 3, where 8/: Uy NV — Uy NUs is a
closed immersion and «': U NV < V is an open immersion.
By Step 2, we thus have

(612) 'YD!*(BD!*(M)) = '7/[)!* (BID'*(M))
By combining (6.11) and (6.12), we thus conclude that

fois (9p1:(M)) 2 p1 (Vpus (Bpix (@pre(M))))
~ (607" ) p1x ((B" 0 @) p1x(M)) =~ (f 0 g) p1e(M),

where the second isomorphism follows using the assertions in Step 1 and Step 2
and the last isomorphism follows using Step 2 (or Remark 6.78). This completes
the proof of the proposition. O

One reason the intermediate extension construction is important is due to the
fact that it provides a description of simple holonomic D-modules, as follows.

THEOREM 6.83. If X is a smooth, irreducible variety, then a Dx-module M
on X is holonomic and simple if and only if there is a locally closed immersion
[+ W = X, with W smooth and irreducible, and a simple Dy -module & that is
coherent as an Oy -module, such that M =~ fpi,(E).

PrROOF. We already know that if there is such a pair (f, &), then M is simple
by Theorem 6.79v). Suppose now that M is a simple holonomic Dx-module.

We begin by showing that if U C X is an open subset such that M|y # 0, and
j: U < X is the inclusion, then M =~ jpi.(M|y). Since M is simple and M|y # 0,
it follows that I'z(M) = 0, hence M — H°(jp.(M)). By Theorem 6.79iv), we
thus have jpi.(M|y) € M, and since M is simple and jpi.(M|y) # 0, we have
M = jpr.(M|v).

In particular, we see that for such U, the restriction M|y is simple. Indeed,
if ' C M|y is a nonzero Dy-submodule, it follows from Theorem 6.79iii) that
ipN) C jp(M|y) =~ M. Since M is simple, we have jpi.(N) = M, and
after restriction to U we get N' = M|y. Furthermore, note that if we have a locally
closed immersion f: W — U and a simple Dy-module £ that is coherent as an Oyy-
module such that M|y =~ fpi.(E), then M =~ (jo f)pi.(E) by what we have already
shown and Proposition 6.82. Therefore we may always replace X by an open subset
U such that M|y # 0. In particular, we may assume that Z := Supp(M) is smooth
and irreducible. By Kashiwara’s Equivalence Theorem, we can write M = i, (N),
where i: Z < X is the inclusion, and N is a simple Dz-module. It is clear that
if we can find a locally closed immersion f: W — Z and a simple Dy -module &
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that is coherent as an Oy -module such that N~ fp,.(€), then M ~ (io f)p1.(€)
by Proposition 6.82. Therefore we may replace (X, M) by (Z,N) to assume that
Supp(M) = X. In this case it follows from Remark 6.30 that there is an open
subset U C X such that M|y is Oy-coherent (and nonzero). As we have seen, we
may replace X and M by U and M|y, in which case the assertion in the theorem
is trivial. O

The intermediate extension is also important since it leads to the intersection
cohomology of singular varieties.

DEFINITION 6.84. Let X be a smooth variety and Z an irreducible closed
subvariety of X. If Zg,, is the smooth locus of Z and f: Zg,, — X is the inclusion,
then the intersection cohomology D-module 1Cz is given by

ICz = fpi(Oz,,).

More generally, if Z is a closed subvariety of X, with irreducible components
Z1y...y Zp, then we put

ICZ = ICZl @@ICZT

REMARK 6.85. It is a consequence of assertions i) and v) in Theorem 6.79 that
if Z is an irreducible, closed subvariety of the smooth variety X, then ICy is a
simple holonomic Dx-module, such that Dx(ICz) ~ ICyz. It is also clear from
the definition that Supp(ICz) = Z and that if U = X N\ Zgyg, then ICz|y ~
Hinz(Ov), where r = codimx (Z2).

REMARK 6.86. If Z is an irreducible closed subvariety of the smooth variety
X, V is any nonempty smooth open subset of Z, and g: V — X is the inclusion

map, then ICyz ~ gp1.(Oy). Indeed, g factors as V <y Zsm i> X, and we have
901 (Ov) = [ (jp1(Ov)) =~ fp1(Ox.,.) = 1C7,

where the first isomorphism follows from Proposition 6.82 and the second one fol-
lows from Example 6.80.

REMARK 6.87. If Z is an irreducible closed subvariety of the smooth variety X
and if j: U — X is the inclusion of an open subset such that U N Z # (), then it
follows from the previous remark and Proposition 6.82 that IC; = jpu.(ICzAy).
In particular, we have a canonical isomorphism ICz|y ~ ICzny.

REMARK 6.88. Suppose that Z is an irreducible closed subvariety of the smooth,
irreducible variety X, and let r = codimx(Z). The inclusion of Zg,;, in X factors

as Zgm LV =X~ Zsing N X, hence
ICz = jpis(i4(0z,..)) ~ jpu(Hy. (Ov)).

It is not hard to see that we have an isomorphism H° (jp.(Hy_ (Ov))) ~ Hy(Ox)
(we leave this as an exercise). We thus deduce from assertions iv) and v) in Theo-
rem 6.79 that ICz is isomorphic to the unique simple Dx-submodule of H7 (Ox),
which is also the smallest Dx-submodule of H’,(Ox) whose restriction to V is
HYy  (Ov).

DEFINITION 6.89. If X is a smooth projective variety and Z is a closed subva-
riety of X, then the intersection cohomology of Z is

IH(Z) = pp.(ICz),
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where p: X — Spec(k) is the structure morphism. We put
IHY(Z) :==H'(IH(Z)) for i€ Z.
Note that these are finite-dimensional k-vector spaces.
REMARK 6.90. It follows from Example 6.16 that TH(Z) ~ RF(DRX(IC'Z)).

EXAMPLE 6.91. Suppose that Z is a smooth, irreducible, d-dimensional closed
subvariety of X. If i: Z — X is the inclusion and ¢ = p o4, where p: X — Spec(k)
is the structure morphism, then ICyz ~ ip,(Oz), hence

IH(Z) = H' (pp+(ip+(02))) = H' (ap«(02)) =~ HiR(2).

REMARK 6.92. Note that intersection cohomology satisfies (shifted) Poincaré
duality, in the sense that if Z is a closed subvariety of the smooth, irreducible,
projective variety X, then

IHY(Z) ~ITH "(Z)V forall icZ.

Indeed, as we have mentioned in Remark 6.85, we have ICz ~ D x (ICy), and since
X is a projective variety, it follows from Theorem 6.59 that if p: X — Spec(k) is
the structure map, then

IH(Z) = pD*(ICZ) >~ PDx (Dx(IOZ)) ~ DSpec(k) (IH(Z))
and we obtain our assertion by taking that i-th cohomology.

In fact, the intersection cohomology of Z is independent of the embedding in a
smooth projective variety X since the ICy is independent of such an embedding, in
a suitable sense. In order to make sense of this, we need to discuss the category of
quasi-coherent D-modules on a singular variety Z. The existence of this category
is a consequence of Kashiwara’s Equivalence Theorem.

Suppose that Z is a variety over k that admits a closed embedding i: Z <— X
in a smooth, irreducible variety X (for example, any quasi-projective variety satis-
fies this property). We define the category Modq.(Dz) to be the full subcategory
Mody(Dx,z) of Modq.(Dx) consisting of those quasi-coherent Dx-modules sup-
ported on Z. The fact that this is well-defined is a consequence of the following

PROPOSITION 6.93. If i: Z — X and i': Z — X' are two closed immersions
in smooth, irreducible varieties X and X’, then we have a natural equivalence of
categories

(613) D, 0 MOdqc(DX,Z) = MOqu(’DX’,Z)'

Moreover, if X' = X xW and if ¢ = pot/, where p: X xW — X is the projection onto
the first component, then p; induces an equivalence of categories Mod,.(Dx/ z) ~
Mody.(Dx,z), with inverse induced by ph.

PRrROOF. We first prove the second assertion in the proposition. Assume, to
begin with, that X and W are both affine varieties. We choose a closed immersion
o: W e AN,

We have i/ = (i,g), for a morphism g: Z — W. Since i is a closed immer-
sion, there is a morphism ©: X — A% such that ¢ oi = ¢ o g. We thus have a
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commutative diagram
Z : X

X xW—>X x A",

with @ = (p, ¢) and 8 = (1x,), in which all morphisms are closed immersions. It
is a consequence of Kashiwara’s Equivalence Theorem that we have the following
equivalences of categories

(614) MOqu(DX/7z) ﬁ) MOdqc(DXxAN7Z) <ﬂ_+ MOqu('D)Qz).

Moreover, it follows from Proposition 6.24 that the inverse of the first equivalence
is given by af and the inverse of the second one is given by gt. If ¢: X x AN — X
is the projection onto the first component, then ¢ o § = Idx, hence ¢4 o 54 is the
identity on DgC(DX) and thus ¢4 = BT on Modgc(Dxxan 7). Since goa = p, it
follows that
Py = 6_,'__1 oy : MOqu(DX/7z) — MOqu(D)Qz).

Furthermore, its inverse 04;1 o B4 is given by p'. Indeed, this follows from the fact
that 8T o ¢t is the identity on DgC(DX), hence 34 = ¢' on Modq.(Dx, z), and thus
ajrl 0By = afoql = p' on Mod,.(Dx 7). This proves the last assertion in the
theorem when both X and W are affine.

In the general case, we consider finite affine open covers X = J, U; and W =
U, Vi such that g(i=1(U;)) CV; for all i. We put U =U; x V; and Z; =i~ '(U;) =

/"' (V). Using the fact that p, induces equivalences of categories

MOqu(IDUif,Zi) =~ MOdqc(DU,i,Zi) and

Modge(Dyinus,zinz;) ~ Modae(Du,nu,,z:0z, )

with inverse induced by p', we conclude that p,. induces an equivalence of categories
(6.13), whose inverse is induced by pf. We use the fact that

(Z) C X = Ui x Vy),

1
hence Mody.(Dx’.z) ~ Modqc(Dx&Z) via restriction to X).

It is easy to obtain now the first assertion in the proposition: given two closed
immersions i1: Z — X1 and iy: Z — X3, with X; and X5 smooth and irreducible,
we consider also i’ = (i1,42): Z - X' = X3 x Xo. If p: X' — X; and ¢: X' — X5
are the two projections, it follows from what we have already proved that we get
an equivalence of categories as the composition

i
(I)iliz: MOqu(DXl,Z) p_> MOdqc(Dxl7z) q—+> MOqu(DX27z).

It is easy to check, using the base-change formula in Theorem 6.64, that if i3: Z —
X3 is another closed embedding in a smooth, irreducible variety, then we have an
isomorphism of functors ®;, ;, o ®;, i, ~ D;, i,; wWe leave this as an exercise for the
reader. This completes the proof of the proposition. O

COROLLARY 6.94. If we have two closed embeddings i: Z < X and i': Z <
X', with X and X’ smooth, irreducible varieties, and if ICz and ICY, are the
corresponding D-modules in Mody(Dx,z) and Modq(Dx- z), then we have an
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isomorphism ICz ~ ®, +(IC%). In particular, the intersection cohomology of a
projective variety Z is independent of the embedding in an ambient smooth, irre-
ducible, projective variety X, up to isomorphism.

PROOF. Since X is smooth, using Nagata’s theorem and resolution of singu-
larities, we can find an open immersion X — X, where X is a complete, smooth,
irreducible variety. If Z is the closure of Z in X, then it follows from Remark 6.87
that we have a canonical isomorphism /Cz ~ IC7|x. Since it is easy to see that the
equivalence ®; ;; commutes with restriction to open subsets, we deduce that also
for the first assertion in the corollary we may assume that X and X’ are complete
varieties.

By the definition of the equivalence ®; ;/, we see that for the first assertion in the
corollary, it is enough to show that if X/ = X x W, with W a smooth, irreducible,
complete variety, such that ¢ = p o', where p: X’ — X is the projection onto the
first component, then py(IC%) ~ ICz. Note that since p is proper, the canonical
functorial transformation ppy — pps is an isomorphism. If j: Zg, — Z is the
embedding of the smooth locus of Z and f =io0j and f' =i o 7, since pp1 =~ pp«
is exact on Modyc(Dx.z), it maps the image of

v H(Fo1(0z,)) = HO(fDi(02..))
to the image of

vt H(F01(0z,.)) = HO(f0(O2,.,))-
We thus get py (IC7) ~ ICz. The last assertion now follows from this and the fact
that if ¢: X — Spec(k) and ¢': X’ — Spec(k) are the structure morphisms, then
gop = ¢, hence we have an isomorphism of functors ¢4 o p; ~ ¢/,. O



CHAPTER 7

The Riemann-Hilbert correspondence

In this chapter we work over the field C of complex numbers. Our goal is to
describe one of the central results of the theory of D-modules, the Riemann-Hilbert
correspondence, relating D-modules with objects of a topological nature. Since this
result will not play a big role in what follows, we will be very brief: we will only
prove the classical version of the result and Kashiwara’s constructibility theorem.
The other results will mostly be stated without proofs.

We begin by reviewing a few basic facts concerning complex algebraic varieties
and the corresponding analytic spaces. Recall that if X is a complex algebraic
variety, then we have a corresponding analytic space X", with sheaf of holomorphic
functions Oxan. Note that X is smooth if and only if X" is a complex manifold
and X is connected if and only if X2" has the same property. In general, we have a
morphism of locally ringed spaces i: (X?", Oxan) — (X, Ox), which at the level of
sets is given by the identity map. For every Ox-module F, we have a corresponding
Oxen-module F*" := i*(F) = i~ '(F) ®;-1(0y) Oxan. For every z € X, the ring
homomorphism Ox ; — Oxan , is flat (in fact, it induces an isomorphism between
the corresponding completions). Therefore the functor F — F2* is an exact functor.

Suppose now that X is a smooth, irreducible complex algebraic variety. As
we have mentioned in Remark 2.18, we have a sheaf Dyan of differential operators
on X This can be defined as the subsheaf of Endc(Oxan) generated by Oxan
and Derc(Oxan) ~ T2". It is then clear that we have a canonical isomorphism
Dxan ~ D3, Moreover, we see that if M is a left (or right) Dx-module, then M>"
has a natural structure of left (respectively, right) D3*-module. In this way we get
an exact functor

Mod(Dx) = Mod(DY'), M — M,
where we denote by Mod(D%") the category of left D3P-modules. We get an induced
exact functor D(Dx) — D(DY') between the corresponding derived categories.
For every commutative ring R and every topological space Y, we denote by
D(Ry ) the derived category corresponding to the Abelian category of sheaves of
R-modules on Y. We will almost exclusively consider the case when R is a field.

7.1. The classical Riemann-Hilbert correspondence

In this section we describe the classical correspondence between (holomorphic)
vector bundles with integrable connection and local systems. Let M be a connected
n-dimensional complex manifold’, with sheaf of holomorphic functions Oy;. The
notion of integrable connection on a vector bundle” £ on M is defined as in the alge-
braic setting, see Chapter 3.2. Furthermore, given a vector bundle with integrable

LAll manifolds are assumed to be separated, with a countable basis of open subsets.
2As usual, we identify vector bundles and locally free Ops-modules.

81
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connection (€, V), we have a corresponding de Rham complex DR(E):

0250k R0, & ... -5 QY 0, €0,
placed in cohomological degrees —n, ..., 0.

DEFINITION 7.1. Let K be a field. A K-local system on M is a sheaf L of
K-vector spaces on M such that for every z € X, there is an open neighborhood
U, of  such that L|y, ~ W, for some finite dimensional K-vector space W (we
denote by W, the constant sheaf associated to W on a topological space Y). A
morphism of K-local systems is simply a morphism of sheaves of K-vector spaces.
For simplicity, we often call a C-local system just a local system.

REMARK 7.2. It follows from the definition that if £ is a K-local system on M,
then the function M > & — dimg £, is locally constant, and thus constant since
M is connected. This is the rank of the K-local system L.

REMARK 7.3. We note that the set of isomorphism classes K-local systems
of rank r is in bijection with the set of representations 71 (M) — GL,(K), up to
conjugation (this is the monodromy representation associated to the local system).

ExAMPLE 7.4. If f: X — S is a smooth, projective morphism of smooth com-
plex algebraic varieties, with S connected, then for every ¢ € Z>o, we have a
K-local system on R?f, Ky on S*". The fact that this is indeed a K-local system
is a consequence of Ehresman’s theorem, which says that for every x € S, there is
an open neighborhood U of x (in the analytic topology) and a C*°-diffeomorphism
Y U,) ~ U, x f~Y(x) over U,.

The following result is known as the (classical) Riemann-Hilbert correspon-
dence.

THEOREM 7.5. For every manifold M, the functor L — (Opy ®c L,d ® Id)
from the category of local systems on M to the category of vector bundles on M
with integrable connection is an equivalence of categories, whose inverse is given by

(E,V) = &YV :=ker(V) C £.

PROOF. It is clear that if £ is a rank r local system on M, then Oy ®c L
is a vector bundle on M of rank r. Moreover, if d: Oy — Q}V[ is the standard
connection on Oy (given by V(f) = df), then we get an integrable connection

V: 0M®C£%Q}VI Qo (0M®C£)ZQ}\/1 ®c L

given by V(f ® u) = df ® u. Furthermore, it is clear that (O ®c L)Y ~ L.

In order to conclude the proof, it is enough to show that if £ is a rank r
holomorphic vector bundle on M, with an integrable connection V, then £V is a
rank 7 local system and the morphism Oy ®c €Y — & induced by the inclusion
EV C & (which is automatically a morphism of vector bundles with connection) is
an isomorphism. This is an application of a classical result regarding the existence
and uniqueness of a system of linear PDEs, with initial conditions. In what follows
we give a geometric version of the argument.

It is enough to check the assertion locally, hence from now on we assume that
M is an open subset of C", with coordinates z1,...,z,, and & = O?}T, with the
standard basis ey, ..., e,. In this case the connection V on £ is described by the
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functions Ffj € O(M), for 1 <i<mnand1<jk<rsuch that

n T
Viej) = Z Z Ffjdxi ® ey,

i=1 k=1
for 1 < j <mn (the Ffj are the Christoffel symbols of the connection). The integra-
bility condition V(V(e;)) = 0 for all j translates as
ory. ori. L , .
ﬁx: — 8;] + Z(Ffjfgk — F];jl"gk) =0 for 1<i,p<n, 1<j5,q<T.
Y k=1

Note also that if U C M is an open subset and s = Z§=1

(7.1)

sje;, with s; € On(U)
for all j, then s € T'(U,£Y) if and only if s1,..., s, satisfy the following system of
linear PDEs:

Osy, - k .
(7.2) 8xi+zrij8jzo for 1<i<n, 1<k<r.
j=1
Consider now £ = M x C", with coordinates x1,...,%n,y1,---,Yr, the total

space of £, and let w: E — M be the projection. We consider on E the following
vector fields:

(7.3) v; = O, — Z ZFijj Oy, for 1<i<n.
1

k=1 \j=

It is clear that vy,...,v, span a rank n subbundle F of Ty. A straightforward
computation shows that the integrability condition in (7.1) is equivalent to the fact
that [v;,v;] = 0 for 1 <4, j < n. This immediately implies that we have [F, F] C F,
that is, F satisfies the Frobenius integrability condition. The Frobenius theorem
(see [War83, Theorem 1.60]) implies that for every point p € F, there is an integral
submanifold Y}, of F at p: this is a closed submanifold of an open neighborhood of
p, containing p, such that 7y, = Fly,; moreover, any two such submanifolds are
equal in a suitable neighborhood of p.

Note now that if we view s € I'(U, £) as a section of 7, and if we write s(x) =
(z,s1(x),...,s,(x)), then s(U) is a closed submanifold of 7~ (U), with the tangent
bundle trivialized by

T
amiJngi’z y, for 1<i<n.
k=1

We thus see that s(U) C 7—(U) is an integral submanifold of F if and only if s
satisfies the equations (7.2), so this is the case if and only if s € I'(U, £V). Moreover,
if Y, is an integral submanifold of F at p € E, it follows from (7.3) that the linear
map Tp,F — Ty M induced by 7 is an isomorphism, hence there is an open
neighborhood U of 7 (p) and s € I'(U, £) such that Y, = s(U) in a neighborhood of
D.

The existence and uniqueness of the integral submanifold of F at any point of
E implies that for every x € M, the composition

EN & =1 Ha)~C"

is an isomorphism. For every such z, we can thus find an open neighborhood U, of
x and a C-vector subspace V C I'(U,, £Y) such that the induced map V — 7~ 1(x)
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is an isomorphism. This implies that after possibly shrinking U,, we may assume
that the induced morphism Oy, ®c V — €|y, is an isomorphism. It is then clear
that EV|y, ~ V ®c Cyp, is a trivial local system and the canonical morphism
Oun ®@c EYV — £ is an isomorphism (of vector bundles with connection) on U,.
This completes the proof of the theorem.

O

COROLLARY 7.6. If M is an n-dimensional connected complex manifold and £
is a vector bundle on M with an integrable connection, then in D(C,,) we have an
isomorphism

DR (&) =~ EVn).

Proor. It follows from Theorem 7.5 that we have an isomorphism (£,V) ~
(O @cEY,d®Id), which implies that DR/ (&) is isomorphic to DR (On) @cEY .
Therefore it is enough to prove the assertion when & = Oy, with the standard
connection, in which case the assertion is the well-known holomorphic Poincaré
Lemma. U

REMARK 7.7. If X is a smooth, irreducible, projective (or, more generally,
proper) complex algebraic variety, then the functor £ — £2" gives an equivalence
of categories between the category of (algebraic) vector bundles on X, with inte-
grable connection, and that of (holomorphic) vector bundles on X" with integrable
connection. This is a consequence of Serre’s GAGA theorem (due, in the proper
case, to Deligne) once we describe integrable connections in terms of O-linear in-
formation.

Consider on X x X the ideal Z defining the diagonal and let P = Oxxx/Z?.
Note that we have an exact sequence

0—=Z/I* —P -5 Ox —0,

and we have an isomorphism QY ~ 7 /72, such that df corresponds to f®@1—1® f
for every section f of Ox. We have two Ox-module structures on P, one via the
first projection p;: X x X — X (that we consider on the left) and another one
via the second projection pa: X x X — X (that we consider on the right). Both
these structures coincide on Z/Z?, inducing the usual O x-module structure on Q%.
Using this framework, giving a connection V: & — Q% ®¢, € is equivalent to giving
an Ox-linear morphism ¢: £ - P ®p, € such that (7 ® Idg) o ¢ = Idg. Indeed,
such a map has the form u — 1 ® u + V(u), where V(u) € Q% ®0, € and it is
straightforward to check that ¢ is Ox-linear if and only if V is a connection. The
same considerations work in the analytic setting. Moreover, note that if V is a
connection on &, then VoV: & — Q% ®p, € is an Ox-linear map, hence checking
integrability of the connection comes down to the fact that a certain morphism
between coherent O x-module is 0. We can thus apply GAGA to conclude that if X
is a proper algebraic variety, then the categories of algebraic (holomorphic) vector
bundles with integrable connection on X (respectively, on X?") are equivalent.

7.2. The functorial formalism in the topological setting

In this section we describe very briefly the functors associated to a map in the
topological setting. For a detailed introduction, see for example [Ive86].
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We assume that all topological spaces here are separated and locally compact
(note that this is the case for X**, when X is a complex algebraic variety). We will
soon impose one additional finite-dimensionality condition.

Let K be a field and X a topological space. Recall that we denote by D(K )
the derived category corresponding to the Abelian category of sheaves of K-vector
spaces on X. In particular, when X is a point, we have the derived category D(K)
of K-vector spaces. We want to describe several exact functors associated to a
continuous map f: X — Y at the level of derived categories.

First, we have the (derived) push-forward functor f.: DT (Ky) — D (Ky),
the right derived functor of the usual push-forward functor for sheaves. When f is
the map to a point, we also write RI for f, and H*(X,—) for its i-th cohomology.

We also have the pull-back functor f*: D(Ky ) — D(K y), induced by an exact
functor at the level of Abelian categories (this is the functor that is often denoted
by f~1). It restricts to a functor D* (K, ) — D+ (K y) which is the left adjoint
of f.. If X is the topological subspace of Y and f is the inclusion map, then for
u € DP(Ky ), we often write u|x instead of f*(u).

We also have the (derived) push-forward with compact supports functor

fi: DY (K x) = D (Ky),

defined as follows. If F is a sheaf of K-vector spaces on X, then we get a sheaf on
Y, whose sections on V' C Y are given by those s € I'(f~*(V), F) with the induced
map Supp(s) — V proper®. This gives a left exact functor, whose right derived
functor is fi. If f is the map to a point, we also write RT', for f; and Hi(X, —) for
its i-th cohomology.

If X i> Y L5 Z are two continuous maps, then we have isomorphisms of
functors

(gofle~gsofs, (gofli~gofi, and (gof) =~ f"og"

ExamMPLE 7.8. It follows from definition that for every f, we have a morphism
of functors fi — f., which is an isomorphism when f is proper. On the other hand,
if j: U — X is the inclusion map of an open subset, then j; is induced at the level
of derived categories by the exact functor that maps a sheaf F on U to its extension
by 0 on X.

In this topological setting we have the following general base-change theorem:
given a Cartesian diagram of topological spaces

X 2> X
|
Yy 2>V,

we have an isomorphism of functors u* o fy ~ gy o v*.
The more subtle functor is the functor f', that’s only defined at the level of
derived categories. Its existence requires one extra assumption.

DEFINITION 7.9. We say that a topological space X has finite cohomological
dimension if there is N such that H{(X,F) = 0 for all sheaves F on X and all

3This means that the inverse image of a compact set is compact.
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i > N. The smallest N with this property is the cohomological dimension cdim(X)
of X.

One can show that if X has finite cohomological dimension, then every lo-

cally closed subspace Y of X has finite cohomological dimension (in fact, we have
cdim(Y) < edim(X)).

REMARK 7.10. If f: X — Y is a continuous map and cdim(X) = N, then
cdim( f _l(y)) < N for all y € Y, hence we deduce from the base-change formula
that H? (f; (]:)) = 0 for all ¢ > N. In particular, we see that f, induces a functor
fit D'(Kx) — DY(Ky).

From now on, we assume that all topological spaces we consider have finite
cohomological dimension (for example, this is the case for X®* whenever X is a
complex algebraic variety). The following is a nontrivial result:

THEOREM 7.11. If f: X — Y s a continuous map of topological spaces (as-
sumed to be separated, locally compact, and of finite cohomological dimension), then
the functor fi: DP(Ky) — DY(Ky) has a right adjoint f': DP(Ky) — D(K ).
Moreover, for every u € DY(K y) and v € D*(Ky/), we have a functorial isomor-
phism

(7.4) RHom(fi(u),v) ~ f.RHom(u, f!(v)).
Note that by taking RI" on both sides in (7.4), we obtain an isomorphism
RHom ( fi(u),v) ~ RHom (u, f!(v))

in DY(K). This is known as global Verdier duality, while the isomorphism in (7.4)
is known as local Verdier duality.

ExaMPLE 7.12. If j: U — Y is the inclusion of an open subset, then we have
an isomorphim of functors j' ~ j*. On the other hand, if i: Z < Y is the inclusion
of Z = X \ U, then we have an isomorphism of functors i,i' ~ RI'y, where I'; is
the left exact functor that associates to a sheaf its subsheaf of sections supported
on Z and RI'yz is the corresponding right derived functor. For every u € D(Ky ),
we thus have an exact triangle
(7.5) it () = u — o (u)
We note that we have another exact triangle

(7.6) Gt () = = i (u) S,

as can be easily checked using the definitions.

DEFINITION 7.13. If f: X — {x} is the morphism to a point, then the dualizing
compler of X is wy = f'(K) € D*(Ky). The Verdier duality functor is the
contravariant functor Dx = RHom(—,wx): D*(Ky) — D*(K ).

REMARK 7.14. Tt is an immediate consequence of the definition of f' as an
adjoint functor that if f: X — Y and ¢g: Y — Z are two continuous maps, then we
have an isomorphism of functors (go f)' ~ f' o g'. In particular, by taking Z to be
a point, we obtain an isomorphism f'(wy) ~ wy. By taking v = wy in (7.4), we
see that we have an isomorphism of functors

(7.7) Dy o fi~ f, oDx.
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ExXAMPLE 7.15. If X is an orientable real manifold of dimension n, then wy ~
K y[n]. Note that, in this case, Verdier duality for the morphism to a point gives
Poincaré duality: for every sheaf of K-vector spaces on X, we have an isomorphism

Ext’ (F,Kx) ~ HI ™ (X, F)".
In particular, by taking F = K v, we get H/ (X, K) ~ H* (X, K)V.

We will be interested in the analytic space associated to an algebraic variety,
when we will focus on the following subcategory of the derived category of sheaves
of K-vector spaces.

DEFINITION 7.16. Let Z be an arbitrary complex algebraic variety. A sheaf of
K-vector spaces F on Z*" is constructible if there is a partition Z = Z; U... U Zy,
with each Z; a smooth, irreducible, locally closed subvariety of Z such that F|, is
a K-local system for every i. We denote by D2(K ,) the subcategory of D°(K )
consisting of all u such that H*(u) is a constructible sheaf for every i € Z: this is
the constructible derived category of sheaves (of K-vector spaces) on Z*" (we use
the simpler notation D%(K ) instead of D%(K ..) since the constructible category
only makes sense in the classical topology).

REMARK 7.17. It is easy to check that DY(K ,) is a triangulated subcategory
of DY(K ,.n). Tt is a highly nontrivial result that if f: X — Y is a morphism of
complex algebraic varieties, then the functors fy, fi, f*, f', and D zan preserve the
constructible derived category of sheaves.

REMARK 7.18. One can show that if Z is a complex algebraic variety, then
there is an isomorphism of functors D zan 0 D zan =~ Id on D%(K ;). Using this and
the isomorphism (7.7), it is easy to see that if f: X — Y is a morphism of complex
algebraic varieties, then D xan o f' 0 Dyan is a left adjoint of f,, hence we have an
isomorphism of functors D(Ky-an) — DE(K x):

DXan Of* ~ f! ODYan.

7.3. Kashiwara’s constructibility theorem

Let X be a smooth, irreducible, n-dimensional complex algebraic variety. Re-
call that for every Dx-module M, we defined the (algebraic) de Rham complex
DR.x (M). Note that this represents Q% ®% M in the bounded derived category
DY(C y) of sheaves of C-vector spaces on X (this follows using the resolution of Q%
given in Example 3.65). With a slight abuse of notation, we will denote by DR x
also the functor

D'(Dx) — D'(Cx), u— Q% @5 u.

From now on, we will mostly be concerned with the following analytic version

of the above functor:

DRy : D"(Dx) = D*(Cxan), = Lian Dpgn u™.
This is the composition
D*(Dx) — D°(Dx) — D°(Cyan),

where the first functor is the analytification functor and the second one maps v €
DY(D3) to Q%an @Ean v.
X
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Note that the resolution of 2% in Example 3.65 induces a corresponding reso-
lution of 2%.., hence for a Dx-module M, DR%' (M) is represented indeed by the
analytic de Rham complex of M:

0= M™ = Q%un ®0yan M™ = ... = Qyan Q0 an M™ = 0.

EXAMPLE 7.19. It follows from Corollary 7.6 that if £ is a vector bundle with
integrable connection on X, then DR3? (&) ~ (£2")V[n] is a (cohomological shift of
a) local system on X2".

EXAMPLE 7.20. For general Dx-modules (even holonomic ones), the behavior
of the two functors DRx and DRY' can be quite different. For example, consider
X = A} and let M be the holonomic Dx-module Dx /Dx (8, — A), for some X # 0.
Using the isomorphism of Ox-modules M ~ Ox that maps 0, to ), we see that
DR x (M) is isomorphic to the complex

0 Ox = QL =0, fe(g—inw\f)dx,

which is easily seen to be quasi-isomorphic to 0. On the other hand, the corre-
sponding analytic version is quasi-isomorphic to Cxan[1], with ! (DR (M))
generated by ¢, = exp(—Az). As we will see in the next section, this pathology
disappears if we work with holonomic D-modules with regular singularities.

The following result shows that this construction commutes with proper push-
forward of D-modules.

PRrROPOSITION 7.21. For every morphism f: X — Y of smooth, irreducible,

complex algebraic varieties, and every u € D, (Dx), there is a functorial map

DRY' (f+(u)) — f«(DRY'(u)).
This is an isomorphism if f is proper.

PrROOF. We do not give the proof, but only mention that the corresponding
assertion for u € DY, (D) follows easily from the definition of push-forward and
holds for arbitrary f (see [HTTO08, Theorem 4.2.5]. Therefore the key point is the
fact that analytification commutes with push-forward of D-modules. If X is proper
and Y is a point, the assertion follows using GAGA to compare the cohomology of
the de Rham complex of M and that of M?" when M is a coherent Dx-module.

For a detailed proof in the general case, see [HT'TO08, Proposition 4.7.2]. (]

The following is Kashiwara’s constructibility theorem. We give a simplified
proof in the algebraic case, due to Bernstein.

THEOREM 7.22. If X is a smooth, irreducible, complex algebraic variety and
w € D} (Dx), then DRY (w) € D(Cy).

PROOF. We break the proof in a few steps, following [Bo+87, Chapter VIII,
Section 20].
Step 1. The key ingredient is that if M is a holonomic Dx-module, then it follows
from Remark 6.30 that there is a nonempty open subset U C X such that M|y is
Oy-coherent. In this case, using Corollary 7.6 we deduce that

DRy (M)l =~ DRy (M|y) = L]n],

where £ is a local system on U and n = dim(X). Applying this for each nonzero
H!(w), we conclude that there is a nonempty open subset U of X such that each
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DR (H'(w))|v € DI(Cy). In this case, an argument using truncation functors
(see Remark A.20) implies that if v = DR (w), then v|y € DY(Cy;). Since X is a
Noetherian topological space, it follows that it is enough to prove the following
Claim: If w € D! (Dx) and v = DR¥ (w) and we have an open subset U C X
such that v|y € DY(Cy;) then for every nonempty open subset W of X \ U, there
is a nonempty open subset Wy C W (so U U W is open in X) such that v|puw, €
DY(Cprom,)-

In fact, it is enough to prove the assertion in the claim when W = X \ U, but
it will be convenient to treat the more general statement.
Step 2. We first show that the claim holds if there is a proper morphism p: X — W
whose restriction to W is the identity. Note first that in this case W is (Zariski)
closed in X: indeed, we have W = {z € X | p(xz) = 1x(z)}, and this is closed since
X is separated. In particular, W is both open and closed in Z = X ~\ U, hence
there is W’ open in Z such that Z =W U W’.

Ifj: U= X,i: W< X, and ': W/ — X are the inclusions, then the exact
triangle (7.6) becomes

Jit(v) = v = it (V) B LT ()

Applying p,, we obtain the exact triangle

(7.8) peit(v]y) = pe(v) = i* (V) © piili’ (v) RN

By assumption, we know that v|y € D%(Cy), hence p.ji(v|y) € D2(Cyy). On
the other hand, since p is proper, it follows from Proposition 7.21 that p.(v) =~
DR{y (p4(uw)). Since pi(u) € Dp (W), it follows from Step 1 that there is a
nonempty open subset Wy of W such that p, (v)|w, € D(Cyy,). By restricting the
exact triangle to Wy, we thus conclude” that i*(v)|w, ~ v|w, € D2(Cyy,). We thus
conclude that v|yuw, € D2(Cyuw, ), completing the proof of the claim in this case.
Step 3. We now proceed to proving the general case. In this step we reduce the
claim to the case when X = A% x P for some d and N, such that the projection on
the first component induces an étale morphism W — A¢. Note first that in order
to prove the claim, we may always replace X by an open subset whose intersection
with W is nonempty. We may thus assume that X is affine and we have algebraic
coordinates 1, ..., z, on X such that W is defined by (z441,...,z,). We thus get
an étale morphism

f=(x1,...,2p): X 5 A" = Ad x A"

such that the projection 7, : A?x A"~% — A4 induces an étale morphism W — A<
We also choose a locally closed immersion g: X — PV and let h = (w0 f,g9): X —
X’ := A4 x PN, which is a locally closed immersion as well. Let X be the closure
of h(X) in X’ and U’ = h(U) U (X’ \ X), which is an open subset of X’. We also
put W’ = h(W), which is an open subset of X’ \U’. Let v’ := h(w) € D ,(Dx")
and v' := DRY’ (w').

4We are using the fact that if M; and Mg are sheaves of C-vector spaces on Y, such that
M1 @ Mg is constructible, then M7 and Mz are constructible. Indeed, it is enough to prove this
when M; & Maj is a local system and use the fact that a sheaf F of C-vector spaces is a local
system if and only if for every y € Y, there is an open neighborhood Uy of Y such that I'(Uy, F)
is a finite-dimensional vector space and the canonical map I'(Uy, F) — F. is an isomorphism for
all z € Uy.
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Note now that for every locally closed immersion v: Z — X', if u € Db ,(Z),
then we have a canonical isomorphism

v* (DR (v (1)) = DR ().

Indeed, is enough to check this separately for open and closed immersions. The
assertion is clear for open immersions, while for closed immersions it follows from
Proposition 7.21 and the fact that if v is a closed immersion, then v*v, ~ Id.

In particular, we have an isomorphism h*(v') ~ v. Moreover, we see that
V'|yr € DY(Cy/) and if we have a nonempty open subset W) C W' such that
U/|U’UW6 S DS(QU’UW6)7 then U|UUW0 € DZC’(QUqu), where Wy = hil(Wé)

Step 4. We thus may and will assume that X = A% x PN and W is such that
the projection onto the first component induced an étale morphism : W — A<
Consider the étale morphism 1 = (¢,Id): W x PY — A4 x PV and let

W=~ (W) = {(@,y1,12) € A x PN x PV | (2,51) € W, (2, 92) € W}.

Note that we have a closed immersion a: W < W given by a(z,y) = (z,y,y), so
that the composition W - W — W is the identity and the second morphism is
étale. Therefore o maps W isomorphically onto a connected component of W.
Since 9 is étale, it is easy to see that DRy, pn (wT(w)) ~ ¢*(v). By as-
sumption, we have ¢*(v)|y-11) € DYC,-1(ry)) and a(W) is an open subset of
W x PN <\ ¢~1(U). If we can find a nonempty open subset Wy of W such that the
restriction of ¥*(v) to ¥ ~1(U) U a(Wy) lies in the constructible derived category,
then v|yuw, lies in the constructible derived category, proving the claim. We may
thus replace (X,U, W,u) by (W x PY =1(U),a(W),¢'(u)). Since the composi-
tion W x PV — W -% (W) is a proper morphism whose restriction to a(W) is
the identity, we can apply the case covered in Step 2. This completes the proof of
the theorem. (]

7.4. The Riemann-Hilbert correspondence

Our goal in this section is to discuss the general form of the Riemann-Hilbert
correspondence for D-modules in the algebraic setting. This requires an extra
condition on holonomic D-modules: regular singularities. In order to motivate this
definition, by begin with a brief overview of Deligne’s version of the Riemann-
Hilbert correspondence, see [Del70].

7.4.1. Differentials with log poles. Let us recall the definition of the sheaves
of differential forms with log poles along an SNC divisor. Suppose that X is a
smooth, irreducible algebraic variety over an algebraically closed field k£ and D is a
reduced divisor on X with simple normal crossings (SNC, for short). Recall that
this means that for every point P € X, there are algebraic coordinates x1,...,x,
in an open neighborhood Up of P, which are centered at P, and such that in a
neighborhood the divisor Dy, is defined by @1 - - - z,.. The sheaf QY (log D) is the
Ox-submodule of the sheaf Qx ®o, k(X) of rational 1-forms that in the neigh-
borhood Up is generated by d:%, ey df'”,dmﬂrh ...,dzx,. It is straightforward to
see that this does not depend on the choice of local coordinates and therefore the
subsheaves defined in such open subsets glue to a subsheaf of Qx ®p, k(X). It is
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clear from the definition that Q4 (log D) is a locally free sheaf of rank n such that
QL € QL (log D). The higher sheaves of differentials with log poles are defined by

QF (log D) := APQ% (log D).

If Dy is a prime divisor that appears in D and D’ = D — Dy, then there is a
short exact sequence

Res
(7.9) 0= Q% (log D') &5 QL (log D) =B 0p, — 0,
where f is the inclusion and the residue map Resp, : Q4 (log D) — Op, is defined
as follows: in an open subset U, with algebraic coordinates x1,...,x, such that D

is defined by x; - - - x, and Dy is defined by z1, we put
Resp, (fld%ll +...+ frdwr + fry1deegq + .o F fndxn) = f1|D1~

T,

The exactness of (7.9) is straightforward to check.

DEFINITION 7.23. Let X and D be as above. If £ is a vector bundle on X, a
connection on £ with log poles along D is an additive map

V:E— Qk(logD) @0, &,

which satisfies the Leibniz rule: V(fu) = fV(u) + df ® u for every v € £ and
f € Ox. As in the case of usual connections, we say that V is integrable if
V2: € = Q% (log D) ®0, € vanishes.

Given a connection V on & with log poles along D, if we write D = vazl D;,
then for every ¢ we get an induced residue endomorphism Resgi: Elp, = &|p;, as
induced by the composition

£V 0l (log D) woy € 25 0p, @0, €
(it is easy to check that this is Ox-linear and vanishes on £(—D;)). We will be
especially interested in the case when X is proper over k, in which case we can
talk about the eigenvalues of Resgi, which are elements of k (note that in this case
the coefficients of the characteristic polynomial of Resgi are global sections of Ox,
hence are constant on X).

If X is a smooth, irreducible, complex algebraic variety, we also have analytic
versions of the above definitions: in particular, if D is an SNC divisor on X and &£
is a holomorphic vector bundle on X?", we may consider connections on £ with log
poles along D, using Q4. (log D) := (% (log D))™.

7.4.2. Deligne’s Riemann-Hilbert correspondence. Recall that if X is a
smooth, irreducible, proper complex algebraic variety, then the classical Riemann-
Hilbert correspondence induces an equivalence of categories between local systems
on X" and algebraic vector bundles on X with integrable connection (see Re-
mark 7.7). The goal of Deligne’s theory is to give a similar algebraic description for
the category of local systems on U*", where U is an arbitrary smooth, irreducible,
complex algebraic variety.

By Nagata’s theorem, we have an open immersion U — X, where X is a proper
irreducible algebraic variety, By Hironaka’s theorem on resolution of singularities,
after replacing X by a suitable resolution, we may assume that X is smooth and
D =X\ U is a (reduced) SNC divisor on X.

The following is Deligne’s fundamental theorem.
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THEOREM 7.24. Let X be a smooth, irreducible, proper complex algebraic vari-
ety, D = Zf\il D; a reduced SNC divisor on X, and U = X \ D. Given a section
0: C/Z — C of the canonical projection, we have an equivalence of categories, that
maps (E,V) = (E*™|u, V]u), between the category of (algebraic) vector bundles €
on X with an integrable connection V with log poles along D and such that for all
i, the eigenvalues of Resgi lie in 0(C/Z), and the category of holomorphic vector
bundles on U?™, with an integrable connection.

A nice sketch of the proof is given in [Kat76]. Here we only discuss briefly the
proof of essential surjectivity. Note first that by GAGA, the categories of algebraic,
respectively holomorphic vector bundles on X are equivalent and an argument
similar to the one in Remark 7.7 shows that the same holds for the corresponding
categories of vector bundles with integrable connections with log poles along D.

Suppose now that we have a holomorphic vector bundle (£,V) on U, with an
integrable connection. Note that, a priori, it is not clear that there is an extension of
& to a vector bundle on X. We will construct such an extension locally. Let P € X
and consider algebraic coordinates z1,...,, in a neighborhood of P, centered at
P, such that D is defined by z; - - - x,.. Let V' be an open neighborhood of P, in the
classical topology, that we identify via (z1,...,z,) to the polydisc

{x e C" | |zj| <efor1<j<n},

hence U NV gets identified to (A*)" x A" where A, = {z € C | |z| < €} and
A* = A~ {0}. By Theorem 7.5, (€|unv, V]vav) COl“I‘eprIldb to a local system
on U NV, hence to a representation p of 7 (U NV) (see Remark 7.3). Note that
m(UNV) ~Z", with generators giving by the loops 71, ..., 7., with ; going once
counterclockwise around the divisor defined by z;. We thus have a finite-dimensional

vector space W and commuting invertible endomorphisms Ay,..., A, € GL(W),
with 4, — p(7).
In this case we have unique commuting endomorphisms By, ..., B, € End(W),

such that for every j, with 1 < j <r, we have exp(2miB;) = A; and all eigenvalues
of B; lie in ¢(C/Z) (this follows easily by considering the Jordan canonical form).
In this case we consider on V' the holomorphic vector bundle EV = Oy ®c W,
with the connection with log poles along D|y given by

V: 0y @c W — Q%{a(l"/ ®o, (Oy @c W) ~ Q%{an‘v ®c W,

K
Vifow) =d ow-f-Y % Bj(w).
j=1

It is easy to see that this is, indeed, an integrable connection and it follows from
the formula that Resgj is given by the action of Bj, hence by assumption all its
eigenvalues are in ¢(C/Z). Finally, we can easily describe the flat sections on
VNU: at every point of V NU, a basis of flat sections is given by the columns of
the matrix [[/_, 27 = exp(log(z1)Bi1 +...+log(z,)B,) (this is a straightforward
computation). As a consequence, the monodromy action maps v; € m (U N'V) to
exp(2miB;) = A;. We thus conclude that we have an isomorphism of vector bundles
with connection EW|Um/ ~ Elyny. One can check that in fact the (EW7 V) patch
together to a vector bundle with integrable connection with log poles along D whose
restriction to U is isomorphic to (£, V). This proves that the functor in the theorem
is essentially surjective.
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7.4.3. Regular holonomic D-modules. Before stating the general version
of the Riemann-Hilbert correspondence, we discuss briefly the notion of regular
holonomic D-modules. For details, proofs of the main results, and the treatment in
the analytic setting, see [HTTO08, Chapters IV, V]. This concept is closely related
to the notion of system of ODEs with regular singularities, but we do not discuss
this aspect.

We begin with the case of a vector bundle with an integrable connection on a
curve. Suppose that C' is a smooth curve and (£,V) is a vector bundle with an
integrable connection on C. Let C be the smooth projective curve that has an open
embedding j: C — C.

DEFINITION 7.25. We say that (£, V) has regular singularities at P € C \ C' if
there is a vector bundle £ on C'U{P} with an integrable connection with log poles
at P such that (£, V)|c ~ (£,V). We say that (£,V) has regular singularities if
it has regular singularities at every P € C \. C.

REMARK 7.26. With the notation in the above definition, note that if j: C' —
Up = C U{P} is the inclusion and (£,V) is a vector bundle on Up with an
integrable connection with a log pole at P such that (&', V)|c ~ (€,V), then we
have an injective morphism £ < j, (£) and the connection on £’ is induced by the
one on j;(&). We thus conclude that if ¢ is a local coordinate centered at P, then &£
has regular singularities at P if and only if there is an O p-submodule of j; (€)p
that is preserved by the action of t9; and which is equal to j;(€)p after inverting
t.

EXAMPLE 7.27. Let C = A' and let £ = Dp1/Da1 - (9, — A), for some X € C.
We have an isomorphism £ ~ Q1 such that via this isomorphism, the connection
is given by
V:O0a1 = Qp1, V(f) =dz® (9L + 2 f).
In order to determine whether (Oa1, V) has regular singularities at co € P!\ Al

we consider the coordinate y = % centered at oo. Since dy = —z—lzdx, we see that

V is given in a punctured neighborhood of co by
99 Mg
V(g)=d = — = .
@ =do (5 -2
Since (’)a « 18 a DVR, with uniformizer y, it follows that every (957 p-submodule of

the function field of C' is equal to (y™), for some m € Z. By definition, (Oa1, V)
has regular singularities at oo if and only if there is such m such that

(my™ =My 1) =y Vo, (y™) € Oz p - (¥™),
which is the case if and only if A = 0.

EXAMPLE 7.28. Suppose that C' = A \ {0} and let £ be the restriction to

C of the Dpi-module Dp1/Dpr - (20, — A), for some A € C. Note that we have
&€ ~ O¢, with the connection given by

Va:Oc = 0L, Vi(g) =dz® (% + A) .

x

It is then clear that & has regular singularities at 0. Similarly, if we consider the
coordinate y = % centered at oo on C' = P!, then the connection V) is given in a
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punctured neighborhood of oo by
Vialg) =dy ® (%f, - 3) ;
hence £ has regular singularities also at co.

DEFINITION 7.29. More generally, if M is a holonomic D-module on a smooth
curve C, we say that M has regular singularities if for some nonempty open subset
U C C such that M|y is Op-coherent, M|y has regular singularities. It is clear
that the definition is independent of the choice of U.

We next move to higher dimensions. Let X be a smooth, irreducible, complex
algebraic variety.

DEeFINITION 7.30. If £ is an Ox-coherent Dx-module, then we say that £ has
reqular singularities if for every locally closed immersion f: C' — X, where C is a
smooth curve, f*(&) has regular singularities. Note that if dim(X) = 1, this agrees
with the notion we have already discussed. The following result, due to Deligne,
shows that also in higher dimensions we can characterize O x-coherent D x-modules
with regular singularities in terms of connections with log poles.

THEOREM 7.31. Let € be an Ox-coherent Dx-module on a smooth, irreducible,
complezx algebraic variety X. Given an open immersion j: X — X, with X proper,
smooth, and irreducible, such that D = X~ X is an SNC divisor, then £ has reqular
singularities if and only if there is a vector bundle £ on X, with an integrable
connection V with log poles along D, such that (£,V)|x ~ (&,V).

Finally, we treat arbitrary holonomic Dx-modules. Recall that by Theo-
rem 6.83, every simple holonomic Dx-module is isomorphic to fpi. (L), for some
locally closed immersion f: W — X, with W smooth and irreducible, and some
simple Oyy-coherent Dyy-module L.

DEFINITION 7.32. We say that a simple holonomic D x-module has regular sin-
gularities if M ~ fp.(L), for some locally closed immersion f: W — X, with
W smooth and irreducible, and for some Oy -coherent Dy,-module £ with regu-
lar singularities. We say that an arbitrary holonomic Dx-module M has regular
singularities (or, simply, that it is regular holonomic) if all its simple factors have
regular singularities.

It is clear from this definition that the subquotients of a regular holonomic Dx-
module are again regular holonomic. In particular, the full subcategory Mod,.;,(Dx)
of Modye(Dx) consisting of regular holonomic Dx-modules is an Abelian category.
Furthermore, it follows from the definition that the category is closed under exten-
sions. We may thus consider the full subcategory D%, (Dx) of DY, (Dx) consisting
of those u with all H%(u) regular holonomic. This is a triangulated subcategory.

The following result says that this subcategory is preserved by the functors we
have defined. For a proof, see [HTTO08, Chapter 6].

THEOREM 7.33. Let X be a smooth, irreducible, complex algebraic variety.
i) The subcategory D, (Dx) of D (Dx) is preserved by Dx.
ii) IfY is another smooth, irreducible, complex algebraic variety and f: X —
Y is a morphism, then fp. and fpy map Db, (Dx) to D%, (Dy) and f},
and f3, map Db, (Dy) to DY, (Dx).
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7.4.4. The statement of the Riemann-Hilbert correspondence. The
following result, known as the Riemann-Hilbert correspondence is one of the main
results in the theory of D-modules. For a proof, see [HTTO08, Chapter VII].

THEOREM 7.34. For every smooth, irreducible, complex algebraic variety X, the
functor DR : DY, (Dx) — D2(Cy) is an equivalence of categories. Furthermore,
the functor commutes with duality, that is, we have an isomorphism of functors
DxaoDRY ~ DRY' oDy, and for every morphism of smooth, irreducible, complex
algebraic varieties f: X — Y, we have isomorphisms of functors:

i) DRY o fp« =~ f. o DRY.
ii) DR o fp) >~ fi o DRY.
iii) DR% o f}, ~ f* o DR}
iv) DR o f}, ~ f' o DR{".

REMARK 7.35. In the algebraic setting, for every smooth, irreducible, n-dimensional
variety X and every u,v € D} (Dx), it follows from Lemma 6.61 that we have an
isomorphism

RHomp, (u,v) ~ RHomp, (u,Dx) ®% v ~Dx(u) &% v[-n],
where we denote by w — w" the functor induced at the level of derived categories
by the equivalence between left and right Dx-modules in Chapter 3.6. Using also
Exercise 3.60, we see that
RHomp, (Dx(u),v) ~u" @5 v[-n] ~v" ®% u[-n] ~RHomp, (Dx(v),u).
By taking u = Ox, we thus conclude that
DRx(v) = Q% ®5 v~ RHomp, (Ox,v)[n] ~ RHomp, (Dx(v), Ox)[n]
and thus
DRy (Dx(v)) ~ RHomp, (v,Ox)[n].
Similar results hold in the analytic setting, and we see that
DRY (Dx (v))[—n] ~ RHompas (v™, Oxan) =: Sol¥ (v).

The functor Sol¥' is called the solution functor and it follows from Theorem 7.34
that it gives an anti-equivalence of categories between D%, (Dx) and D2(Cy). The
name is motivated by the fact that if X is affine and v = Dx /I, then

Hompan (v, Oxan) = {p € O(X™) | Pp =0 for all P € I}.

It follows from Theorem 7.34 that the category of regular holonomic Dx-
modules, that sits as a subcategory in D, (Dx), is equivalent to an Abelian sub-
category of DY(Cy). This is the famous category of perverse sheaves.

DEFINITION 7.36. Let Z be a (possibly singular) complex algebraic variety and
let K be a field. The category Pervg(Z*") of K-perverse sheaves on Z*" is the
full subcategory of DY(K ;) consisting of those u that satisfy the following two
properties:

i) For every j in Z, we have dim (Supp(H7(u))) < —j.
ii) The dual D zax (u) also satisfies the condition in i).

If K = C, then we simply call these perverse sheaves.
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For an introduction to the theory of perverse sheaves, see for example [BBD82]
or [Ach21]. Tt is an important result that Pervg(Z2") is always an Abelian cate-
gory in which every object has finite length.

THEOREM 7.37. For every smooth, irreducible, complex algebraic variety X,
the equivalence DRY': D% (Dx) — DY(C xan) induces an equivalence of categories

Mod,,(Dx) — Perve(X®).

PrROOF. We only show that if M is a regular holonomic Dx-module, then
DRY' (M) is a perverse sheaf. For the full proof of the assertion in the theorem,
see [HTTO08, Theorem 7.2.5]. Since

D xa» (DR¥ (M)) ~ DRY (Dx (M)),

it follows that it is enough to show that DR%'(M) satisfies condition i) in Defi-
nition 7.36. Given j € Z, let W be an irreducible component of the support of
H7 (DRY(M)). We need to show that if d = dim(W), then d < —j. Let Wy be a
nonempty smooth open subset of W and let f: Wy — X be the inclusion map. By
assumption, we have

0# f*H! (DRY (M)) =~ H/ (f*(DRY(M))) =~ H/ (DR, (f5(M)),
where the last isomorphism follows from Theorem 7.34. Recall that f;(M) ~
Dy, (fT(Dx(M))). If dim(X) = n, then W is locally cut out in a suitable open
subset of X by n — d equations, hence

H(fT(Dx(M))) ~ LT f*(Dx(M)) =0 forall i<O0,

and thus H(f5(M)) = 0 for all i > 0 (see Remark 6.71). After possibly shrinking
Wy, we may assume that H(f}(M)) is Oy, -coherent for all 4, in which case it
follows from Lemma 7.38 below that H!(DR{y (f5,(M)) = 0 for all i > —d, hence
j < —d. D

LEMMA 7.38. Let W be a d-dimensional smooth, irreducible, complex algebraic
variety. If u € DY(Dyy) is such that H'(u) is Oy -coherent for every i and m € Z
is such that H'(u) =0 for all i > m, then H'(DRY (u)) =0 for all i >m — d.

PROOF. Let ¢ be such that H'(u) = 0 for i ¢ [m — ¢, m] and we argue by
induction on ¢. If ¢ = 0, then u ~ M[—m] for an Oy -coherent Dy-module M, in
which case DRY' (u) ~ L[d — m], for a local system L, and the assertion is clear.
For the induction step, we use the exact triangle

u = u—u = u[1],
where v’ = 7™ (u) and u” = 72™(u) ~ H™(u)[-m] (see Example A.20). We
can apply the induction hypothesis for u’ to conclude that H*(DR¥' (u')) = 0 for

all i > m — 1 — d, while DR (v”) ~ L[d — m] for a local system £. We conclude
that H*(DR% (u)) = 0 for all i > m — d using the exact sequence

0=H"(DRY¥ () = H'(DRY (u)) — H'(DR¥ (u")) = 0.



CHAPTER 8

V-filtrations and Bernstein-Sato polynomials

In this chapter we discuss the notion of V-filtration, due to Malgrange and
Kashiwara, and its connection with b-functions. We also discuss in more detail
the Bernstein-Sato polynomial of a regular function and prove, in particular, the
rationality of its roots, following [Kas77] and [Lic89].

We go back to the assumption that the ground field k is an arbitrary alge-
braically closed field of characteristic 0.

8.1. The V-filtration with respect to a smooth hypersurface

We begin by discussing the V-filtration with respect to a smooth hypersurface,
following [Sai88, Chapter 3.1]. Let X be a smooth, irreducible, algebraic variety
over k and let ¢t € Ox(X) be nonzero, defining a smooth, irreducible hypersurface
H. We put dim(X) =n+ 1, so dim(H) = n.

For every m € Z, we put

VM™Dx ={P €Dx | P-(t)? C (t)7"™ for all ¢ € Z}

(with the convention that (t)" = Ox if ¢ < 0). It follows from the definition that
we have V™ Dy - V™2 Dy C V™+Tm2Dy for all my, mo € Z.

REMARK 8.1. Note that the decreasing filtration V*Dx only depends on H,
but not on the function ¢ defining H.

It is easy to describe V™ Dx locally. Note first that if U C X is an open subset
such that H NU = (), then V"Dx|y = Dy for all m € Z. On the other hand,
if U is an affine open subset with algebraic coordinates x1,...,,,t, then given
P € T(U,Dx), we write P = ) . Ps ;070;, where the sum is over a € Z%, and
Jj € Z>p, and all P, ; lie in Ox(U). In this case, it is straightforward to see that
P eI (U, V™Dy) if and only if P, ; € (t™*9) for all « and j.

Given coordinates, as above, it is convenient to also describe V™™ Dx in terms
of the Euler operator t9;. In fact, for reasons that will become clearer later, we
will use instead s := —0;t = —t9; — 1. For future reference, we collect in the next
lemma some easy identities involving s, ¢, and ;.

LEMMA 8.2. The operator s = —0t satisfies the following properties:

i) For every P € k[s] and every m > 0, we have P(s)t™ =t"™P(s —m) and
P(s)07* = 0" P(s +m).
ii) For every m € Zxg, we have

m m—1
oyt = (-1 [[(s+4) and opt™ = (—1)™ T] (s —J)
j=1 j=0

97
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PROOF. In order to prove the first formula in i), we may and will assume that
P = s7. Arguing by induction on j, we see that it is enough to prove the case j = 1.
In order to prove this, we compute

[5,t™] = —0t™ Tt ™0t = — [0y, t™]t = —mt™,

where the last equality follows from Lemma 2.1. This proves the first assertion in
i) and the proof of the second one is similar.

We prove the first assertion in ii) by induction on m, the case m = 1 being
clear. Let us assume that we know the assertion for m. Using this and the first
formula in i), we obtain

tmHLgmtt — (1)t (s 4 1) - (s +m)dy = (=1)™(5 +2)--- (s + m + 1)ty

m—+1

= (1" ] s+ )

The second formula in ii) follows from the first one by applying the automorphism

of A;(k) that maps t to d; and 9; to —t, hence maps s to td; = —s — 1. O

Using the above lemma, we see that t:0J lies in C[s] - "~ if i > j and it lies in
Cls]- 8/ " if i < j. We thus conclude that, given coordinates x1,...,z,,t as above,
(8.1) VIDy = Ox {04y, .., 04, ,5).
We also have
(8.2) VD =VODy -t =t™-VODy forall m >0 and
(8.3) VMDY = Z VODy -0l = iag‘ VODy  forall m > 0.

i=0

REMARK 8.3. Note that all ViDyx are quasi-coherent sheaves of Ox-modules
and for every affine open subset U C X, the ring I'(U, V9Dx) is both left and right
Noetherian. In fact, if we consider the Rees-type sheaf of rings

R (V*Dx) = P V'Dx2,
>0

then I'(U, R4 (V*Dx)) is both left and right Noetherian. Of course, it is enough to
prove the assertion for the latter ring, the former ring being a quotient of this one.
The assertion is straightforward to see if UNH = ). Otherwise, we may assume that
we have coordinates x1, ..., 2, t on U. In this case, if F,V‘Dy := F,DxNVDx for
every p > 0 and if we put F, R4 (V*Dx) = @, FpV Dx 2", then we get a filtration
on R4 (V*Dx) such that Grf (R4 (V*Dx))|u is isomorphic to a polynomial algebra
over Oy in y1,...,Yn, s, and tz; this follows from the description of ViDx in (8.1)
and the fact that st = t(s — 1). The fact that I'(U, R (V°*Dx)) is both left and
right Noetherian now follows by arguing as in the proof of Corollary 2.22.

REMARK 8.4. Note that the operators 9, and s = —J;t depend on the choice
of coordinates. More precisely, if we choose a different set of local coordinates
ah,..., 2, t and write 9; for the corresponding derivation with respect to this sys-
tem of coordinates, we have 9, = 9, + >, 9;(2;)0s,, hence

O, —0, € V'Dyx and — it + 0;t € V'Dx.
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We also note that if we replace t by ¢’ = ut, for some invertible function u, then a
similar computation shows that, with respect to the same coordinates z1,...,x,,
we have Oy — Oyu~! € VO9Dx and thus Opt' — Oit € V1Dx.

We now come to the definition of the V-filtration with respect to t. The role of
the V-filtration is, roughly speaking, to put the operator d;t on a given D-module
in upper triangular form.

DEFINITION 8.5. A weak' V-filtration on a coherent Dx-module M (with re-
spect to t € Ox(X)) is a decreasing filtration V*M = (VA M),eq by quasi-
coherent O x-modules, indexed by rational numbers, which is exhaustive?, discrete
and left-continuous®, and satisfies the following properties:

i) We have ViDx - VM C VeFiM for every o € Q and i € Z.

ii) For every a € Q, the operator (s + «) is nilpotent on Grf,(M).
We say that V*M is a V-filtration if it satisfies, in addition, the following two
conditions:

iii) Each VM is locally finitely generated over V°Dx.
iv) We have ¢ - VOM = VI M for all a > 0.

Note that in the above definition, we put Grf, (M) := VEM/V>*M, where
VM= | JVIM=VrTM for 0<e< 1.

B>a

By assumption, there is a positive integer ¢ such that Gr{, (M) = 0 unless la € Z
(we will refer to this property by saying that the filtration is discrete).

REMARK 8.6. It is clear from the definition that if V* M is a (weak) V-filtration
on M with respect to ¢, then for every open subset U C X, the restriction V* M|y
is a (weak) V-filtration on M|y with respect to ¢|y.

REMARK 8.7. If V* M is a weak V-filtration on M, then it follows from con-
dition i) in Definition 8.5 that for every a € Q, the quotient VEM VLM is an-
nihilated by (¢); in fact, it is naturally a Dgy-module. In particular, each Gr{; (M)
is naturally a Dgy-module. Since the filtration is exhaustive and discrete, and
Gryy(M)|x<m =0 for all a, we see that V*M|x g = M|x g for all a« € Q.

REMARK 8.8. Since Gr{; (M) is supported on H, we only put the condition in
ii) in Definition 8.5 at the points in H; note that the operator s is defined around
these points. While this operator is only defined locally and depends on the choice
of local coordinates, its action on Gry;(M) is well-defined: indeed, as we have
noticed in Remark 8.4, if s’ is the same operator corresponding to a different choice
of coordinates, then s —s’ € V1Dy, hence the actions of s and s’ on Gr{, (M) agree
by condition i).

Furthermore, it follows from the same remark that if we replace ¢t by wt, for
some invertible function u, and if we denote by s’ the new operator, then the actions
of s and s' on Grj, (M) again coincide. Therefore the notion of V-filtration on M
only depends on H and it does not depend on the choice of function t.

1This is not standard terminology. We will only use it in a few remarks in this section, in
order to emphasize the different roles of the conditions in the definition of a V-filtration.

2This means that UaeQVIM = M.

3These conditions mean that there is a positive integer £ such that V*M takes a constant
value for « in an interval of the form (i/¢, (i + 1)/€], where 4 is any integer.
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REMARK 8.9. In the presence of local coordinates 1, ..., x,,t, it follows from
the formulas (8.1), (8.2) and (8.3) that the condition in i) in Definition 8.5 is
equivalent to the fact that each VM is preserved by the action of Ox (9, ,...,0z,)
and

t-VIMCVIM and 0,-VEMCVEIM forall aeQ.

REMARK 8.10. If V°* M is a V-filtration on M, then it follows from condition iii)
in the definition that each Gri,(M) is locally finitely generated over Dg[s]. Since
(s + @) is nilpotent by condition ii) in the definition, we conclude that Gr{, (M) is
a coherent Dy-module.

ProrosITION 8.11. If V* M is a weak V-filtration on the coherent D x-module
M, then for every a # 0, the maps

(8.4) Grs (M) = Grét (M) 25 Gre (M)
are isomorphisms of Dg-modules.

PROOF. Let v, and vy, be the first, respectively the second, map in (8.4). It
is clear that they are morphisms of Dg-modules, hence we only need to show that
they are bijective. It follows from condition ii) in Definition 8.5 that since a # 0,
the composition v, o 14 is invertible, hence 14 is injective and vy, is surjective. On
the other hand, since t0; = 9yt — 1 and o + 1 # 1, it follows from condition ii) in
Definition 8.5 that v o v, is invertible, hence v, is surjective and vy, is injective.
Therefore both 4 and vy, are bijective. (]

It follows from the above proposition that the interesting maps are the following
morphisms of Dg-modules:

can: Gry, (M) LN Grd (M) and

Var: G (M) -5 Grl, (M)
(the notation for these two maps is justified by the connection to topological van-
ishing and nearby cycles, See Section 8.2.1 below).

COROLLARY 8.12. If V* M is a weak V-filtration on M, then the following
hold:
i) If « <0 and u € M is such that tu € VTt M, then u € V¥M. In particular, we
have
{fue M|tu=0} C VoM.
ii) If « <1 and v € M is such that dyv € V"I M, then v € VEM.
iii) For every positive integer m and every « € Q such that —m < a < —m + 1, we
have
m—1
(8.5) VM =0 Vo M+ > 0] - VIM if —m<a<-m+1.
§=0

PRrROOF. In the setting of i), since the V-filtration is exhaustive, it follows that
there is B € Q such that u € VAM. If B > a, then we are done. Otherwise,
since tu € V>t and B+ 1 < a+ 1 < 1, it follows from Proposition 8.11 that
u € V>PM. Since the V-filtration is discrete, after repeating this finitely many
steps, we conclude that u € V¥M. The second assertion in i) follows by taking
a=0.
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The argument for ii) is similar: let v be such that v € VYM. If v > «, then
we are done. Otherwise, since 9;v € V7" IM and vy —1 < a—1 < 0, it follows
from Proposition 8.11 that v € V=7 M. After repeating this finitely many steps,
we conclude that v € VM.

For the assertion in iii), we only need to prove the inclusion “C”. Since a < 0,
for every w € VM, it follows from Proposition 8.11 that we can write w =
Opw' +w"  where w' € Vet M and w” € VB M, for some 8 > a. Since the filtration
is discrete, we can iterate this argument to see that w € 9, - VoI M + Vot M if
a<—-landw € - VM +VIMif -1 < a < 0. The formula in (8.5) then
follows by an easy induction on m. (I

Note that the formula in (8.5) gives an explicit description of V*M for o < 0
in terms of VA M, for 8 € [0,1). In the next proposition we discuss the difference
between V-filtrations and their weak version.

ProrosIiTION 8.13. If V* M is a weak filtration on the coherent Dx-module
M, then the following are equivalent:

a) V*M is a V-filtration.

b) The V°Dx-module VM is locally finitely generated and t - VIM =
VitIM forieZ, i> 0.

¢) The Ry (V*Dx)-module Ry (VM) = @,5,V Mz is locally finitely
generated. a

PROOF. Since R4 (V*Dx) = @,s, V Dxt'z', it is easy to see that the condi-
tion in ¢) is equivalent to the fact that VM is locally finitely generated over VDx
for all i € Z>g and VITIM =t - VM for all i € Z, with i > 0. In order to prove
that the 3 assertions in the statement are equivalent, it is thus enough to show the
following two facts:

i) If VOM is locally finitely generated over V°Dx, then all VM are finitely
generated over VDx.

i) f VeriM =t- VoM for all a € Z, with a > 0, then the same assertion
holds for all o > 0.

The assertion in i) follows from the fact that V°Dy has Noetherian section rings
over affine open subsets (see Remark 8.3) and the fact that VM C VOM for a > 0,
while V*M for a < 0 is given by (8.5). For the assertion in ii), note that it follows
from Proposition 8.11 that if u € V¢TI M, with a > 0, then u € t-VEM+V >+ M.
Since the filtration is discrete, we can repeat this to conclude that for every 8 > «,
we have u € t - VM + VBM. If we take 8 > a + 1 to be an integer such that
VAM =t- VB~ M, we conclude that v € t - VM +¢-VEIM Ct- VoM. O

REMARK 8.14. For future reference, we note that if V*M is a V-filtration on
M and My C M is a coherent O x-submodule such that Dx - My = M, then there
is ¢ € Z~¢ such that

VD My CVIMCVITIDyx - My for ieZ,i>1.

Indeed, since My is Ox-coherent and V°*M is exhaustive, there is ¢ € Z~( such
that My C V~9M, and thus

ViHIDy - My CVTIDx - VIMCVIM forall ieZ.
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Since Dy - Mo = M and V! M is locally finitely generated over V°Dy, it follows
that after possibly increasing ¢, we may assume that VM C V1=9Dyx - My, in
which case for every i € Z, with ¢ > 1, we have

VIiM=t"1. VIMCt=1.VITIDx - My C V79D - Mo.
PROPOSITION 8.15. A coherent Dx-module M admits at most one V-filtration

with respect to t.

PROOF. Suppose that V*M and V*M are two V-filtrations on M. By sym-
metry, it is enough to show that for every a € Q, we have

(8.6) VEMCVOM forall acQ.

This is clear on X ~\ H, hence we only need to check it around the points in H.
Note first that

VEMNVIM

8.7 = =
®.7) (VBMNOAVIM)+ (VEMNV>TM)

is a subquotient of both Gr"@, (M) and erl/(/\/l). Property iv) in Definition 8.5 thus
implies that both s + 8 and s 4 ~ are nilpotent on (8.7), and thus (8.7) is 0 for all
B,y € Q, with 8 # 7.

Let us fix now a € Q. Note first that since the filtration V*M is an exhaustive
filtration by VD x-submodules and V¥ M is locally finitely generated over V°Dx,
there is v € Q such that

(8.8) VM CVIM.

If v > «, then (8.6) holds and we are done, hence we may and will assume that
v < « and that v is maximal such that (8.8) holds, aiming for a contradiction (we
may assume this since the filtration V*M is discrete and left continuous). On the
other hand, since V'*M satisfies property iii), it follows that there is mo > 0 such
that for every m € Z~, we have

yotmotm A gm yatmo AL C 4L Y M C VT M.

Since VM ¢ V>YM and the filtration V*M is discrete and left continuous, it
follows that there is § > a such that

(8.9) VEMZ V"M  and

(8.10) VM C VI M.
Note that v < 3, hence the quotient (8.7) for 8 and + is 0, and therefore
VEMCVEMAVIMC (VPMAVIM) + (VEMNOVZIM) CVZTM,

where the first inclusion follows from (8.8), since 8 > «, and the last inclusion

follows from (8.10). However, this contradicts (8.9), and thus completes the proof
of the proposition. O

REMARK 8.16. The proof of Proposition 8.15 shows that if VM is a V-
filtration on M and V°*M is a weak V-filtration on M, then VM C V*M for all
a € Q.
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COROLLARY 8.17. Given a coherent Dx-module M and an open cover X =
\U; Ui, then M has a V-filtration with respect to ¢ if and only if the same holds for
each M|y, with respect to t|y,.

PrOOF. Given a filtration V*M on M it is clear that this is a V-filtration if
and only if it induces a V-filtration on each U;. The assertion in the corollary now
follows from the fact that by the proposition, given V-filtrations for each M|y,
these glue to a filtration on M. a

EXAMPLE 8.18. If M is a Dx-module that is coherent as an O x-module, then
M has a V-filtration given by VoM = (t)[*1=1 . M for all o € Q, with the
convention that ()™ = Ox if m < 0. It is straightforward to check that the
conditions in Definition 8.5 are satisfied. We only note that each VM is clearly
locally finitely generated over V9Dx since it is coherent as an Ox-module. Also,
condition ii) in the definition holds since if m € Zsq, then (9;t — m)t™ tu =
tmOyu € VMM, hence (s +m) - Gr{} (M) = 0.

EXAMPLE 8.19. If A is a coherent Dx-module supported on H, then A has a
V-filtration such that VN = 0 for all @ > 0 and Gr{;(N) =0 for all « € Qo \ Z.
Indeed, note first that by Corollary 8.17, in order to check this, we may and will
assume that X is affine and we have coordinates x1,...,z,,t on X such that H
is defined by (t). Recall that we have seen in the proof of Theorem 6.20 that if
N; ={ueN|(s+i)u=0}, then the following hold:

i) t-N; C Ny and 0y - N; CN;_q for all i € Z.
ii) Nj =0fori>0and N =@, N
iil) Ny, = 9™ - Np for all m > 0.
Furthermore, since AV is a coherent D x-module, it follows that N is a coherent Dy-
module, and thus by iii) above, we see that every @?;0 N_; is a finitely generated
VODx-module for every m > 0. It is then clear that we get a V-filtration on A by
putting
—[a]
VeN = @/\/’_i for <0
i=0
and VYN =0 for a > 0.

PrRoOPOSITION 8.20. Let M be a coherent Dx-module that has a V-filtration
V* M with respect to t.

i) For every a > 0, the map VM Ly yeting s bijective.
ii) If M’ is a Dx-submodule of M and p: M — M" = M/M’ is the
canonical projection, then M’ and M” have V-filtrations with respect to
t given by
(8.11) VM =VMNAM  and VEM” =p(VEM) forall ae€ Q.
PROOF. Suppose first that we are in the setting of ii) and we define the filtra-
tions VM’ and V*M” as in (8.11). Note that for every a € Q, we have a short
exact sequence
0 — Gryy(M') = Gryy (M) — Grfy(M”) — 0.

It is straightforward to check that V*M" is a V-filtration on M”. It is also clear
that V* M’ satisfies all the conditions to make it a V-filtration on M’ with the
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exception of condition iv) in Definition 8.5 (the fact that each VM’ is locally
finitely generated over V'Dx follows from the fact that VM has this property
and Remark 8.3). However, this condition also follows if we know that if u € V¥ M,
with a > 0, is such that tu € M’, then u € M’; in other words, it is enough to
know that M" satisfies assertion i) in the proposition.

We now prove that every Dx-module M that has a V-filtration satisfies the
assertion in i). We consider the short exact sequence

0->M; > M—> My —0,

such that My = T'yg(M). Note that in this case it is clear that if tu € My,
then u € M. The previous discussion thus implies that the V-filtration on M
induces V-filtrations on M7 and M. On the other hand, since M; is supported
on H, it follows from the uniqueness of the V-filtration and Example 8.19 that
VeaM My =0 for all @ > 0. Therefore VAM ~ V* M, for all a > 0, and since
multiplication by t is injective on My, we see that multiplication by t is injective
on VM for all @ > 0. This completes the proof of the proposition. O

COROLLARY 8.21. It ¢: M — N is a morphism of coherent Dx-modules such
that both M and A have V-filtrations with respect to ¢, then ¢ is a filtered mor-
phism and it is strict®. In particular, the category of coherent Dx-modules that
carry a V-filtration with respect to ¢ is an Abelian category.

Proor. It follows from assertion ii) in Proposition 8.20 that if we put
Ve(M) = p(VEM) and V(M) = VEN Np(M),

then both these give a V-filtration on ¢(M). Therefore they agree by uniqueness
of the V-filtration, hence ¢ is a filtered morphism and it is strict. The last assertion
in the corollary is an immediate consequence of this. (]

The following proposition describes the behavior of V-filtration with respect to
D-module push-forward via closed immersions.

ProprosITION 8.22. Let ¢: Z — X be the inclusion map of a smooth, irre-
ducible, closed subvariety such that ¢| defines a smooth, irreducible hypersurface
in Z. If N is a coherent Dz-module and M = iy (N), then AN has a V-filtration
with respect to t|z if and only if M has a V-filtration with respect to t. Moreover,
in this case, if x1,...,Zm,Y1,--.,Yr,t are local coordinates on X such that Z is
defined by (y1,...,yr), so M =N ®y k[0y,, ..., 0y,], then

VM = VEN Q4 k[Dy,,...,0,,] forall aeQ.

Proor. If M has a V-filtration with respect to ¢, then by assumption each
VM is preserved by the action of y;0,, for all . This implies that if ) 5UB ®85 €
VM, then ug ® 85 € VAM for all 5. It is then straightforward to see that if
we put VN = {u |u®1 € V*M} for all a, then VN is a V-filtration on A
with respect to t|z. Conversely, if AV has a V-filtration with respect to ¢z and
we put VM = VN @y k[0, , . ..,0y,], it is straightforward to see that this is a
V-filtration of M with respect to t. |

4The fact that ¢ is a filtered morphism means that (VM) C VN for all o € Q. The
fact that it is strict means that, in addition, the filtration on ¢(M) induced from M is the same
as the one induced from N, that is, (VM) = (M) N VN for all a € Q.
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We end this section by discussing in more detail the two maps Var and can.

ProrosiTION 8.23. If M has a V-filtration with respect to ¢t and i: H — X
is the inclusion, then if(M) is computed by the complex

Gr{ (M) - Gri (M),
placed in cohomological degrees 0 and 1. In particular, we have
HY (M) ~ iy (Ker(Var)) and H} (M) ~ iy (Coker(Var)).
ProOF. Consider the following commutative diagram with exact rows:

0—=V>"'M—= VM —= Gty (M) —=0

t-i ti t-l
0—=V>'"M—=V'M ——= Gri,(M) —=0.

Since the first vertical map is an isomorphism by Proposition 8.20i), it follows that
the second and third columns are quasi-isomorphic. Therefore the first assertion in
the proposition follows if we show that the inclusion of complexes

(8.12) VIM ——= M

VIM —-= M
is an isomorphism.

We first show that the induced morphism o: VIM/t - VOM — M/tM is an
isomorphism. It follows from Proposition 8.11 that if u € VM, with a < 1, then
there is u’ € V> such that u — v’ € tM. Since the V-filtration is discrete, after
iterating this finitely many times, we see that w € M/t M lies in the image of o.
In order to prove that o is injective, consider u € VI M Nt M. If we write u = tv,
then it follows from Corollary 8.12i) that v € VOM, hence u € t- VOM. We have
thus proved that the induced morphism between the cokernels of the vertical maps
in (8.12) is an isomorphism.

We next show that the induced map

(8.13) {fue VoM | tu =0} = {uc M| tu=0}

is an isomorphism. This is clearly injective and surjectivity follows from Corol-
lary 8.12i)

The last assertion in the proposition follows directly from the first one and the
isomorphism i,if (M) ~ RI'i (M) (see Example 6.62). O

COROLLARY 8.24. If V* M is a V-filtration on M and M has no ¢-torsion, then
for every u € M and every a € Q, we have u € VM if and only if tu € VI M.
In particular, if the action of t on M is invertible, then VI M =t . VM for all

a € Q.
ProOF. For every § € Q, the map
Gre(M) N Grf/H(M)

is injective. Indeed, for 5 # 0 this follows from Proposition 8.11, while for 5 = 0
it follows from the fact that M has no t-torsion by Proposition 8.23. This implies
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that if v € VPM is such that tu € Vot M for some a > 3, then u € V2. We
thus get the first assertion in the corollary using the fact that the V-filtration is
discrete. The last assertion in the statement is an immediate consequence. O

ProPOSITION 8.25. If the coherent Dx-module M has a V-filtration with re-
spect to t and ¢: H < X is the inclusion, then the following hold:

i) The Dx-submodule M’ := Dx - V> M is the smallest Dx-submodule of
M with the property that M /M’ is supported on H.
ii) We have an isomorphism of Dy-modules

MM’ ~ i, Coker(Grl, (M) 25 Gr¥ (M)).

PRrROOF. Given any u € M, if u € VM and m + « > 0, then t"u € V>OM.
Therefore M /M’ is supported on H. On the other hand, if A/ is any Dx-submodule
of M such that M /N is supported on H, then it follows from Example 8.19 and
Proposition 8.20 that VM = V>N C N, hence M’ C N

In order to prove the isomorphism in ii), note first that since M/M’ is sup-
ported on H, it follows from Propositions 6.24 and Example 8.19 that

MM =i it (MM ~ iy Grl (MM ~ i (VOIM/(VZOM + (VOM A M))).
The assertion in ii) thus follows if we show that
(8.14) VIIM+ (VOMAM) =V M+ 0, - VIM

(we may and will assume that we are in an open subset of X where we have
coordinates x1,...,Z,,t on X, so that we have the operator J; acting on M). The
inclusion “2” in (8.14) is clear, hence we only need to prove the reverse inclusion.
Note that since V=M is a VODx-submodule of M, it follows that

M =0 vOM.

m>0

Suppose now that v € VOM N M’. We can write uv = Eij\io Oiu;, with all u; €
VOM. If w = va:l aiflui, then Oyw = u — uy € VOM, hence w € VM by
Corollary 8.12ii). Therefore u = ug + dyw € V>OM + 9, - VI M, which completes
the proof of the proposition. O

REMARK 8.26. If j: U = X \ H — X is the inclusion, N is a holonomic Dy-
module, and M = jp.(N) has a V-filtration (note that H(jp.«(N)) = 0 for i # 0
since U is the complement of a hypersurface), then it follows from Theorem 6.79
that the Dx-submodule M’ of M in Proposition 8.25 is jpu.(N).

8.2. The V-filtration with respect to an arbitrary function

Suppose now that X is a smooth, irreducible, n-dimensional variety, and f €
Ox (X) is nonzero, defining the (possibly singular) hypersurface H in X. The idea,
due to Kashiwara, is to construct the V-filtration on the push-forward of a given
Dx-module via the graph embedding of f.

More precisely, we work on the smooth, irreducible variety X x A!, of dimension
n + 1. We denote by t the coordinate on A!, defining the smooth hypersurface
X x {0}. Consider the closed immersion ¢ = ¢y: X < X x Al given by «(x) =
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(z, f(z)). Given a coherent Dx-module M, we consider the coherent Dxya1-
module ¢t M. With a slight abuse of terminology, we will say that M has a
V -filtration with respect to f if 14 (M) has a V-filtration with respect to t.

In fact, we prefer to work with sheaves on X, rather than on X x A'. In
other words, we will tacitly identify a quasi-coherent Dy y o1-module F with the
quasi-coherent Dx (¢, 9;)-module p,(F), where p: X x Al — X is the projection
onto the first component.

Note that the formulas (8.1), (8.2), and (8.3) become in our setting

(8.15) V9Dx a1 = Dx(s,t) C Dx(t,0;),

(816)  V™Dyxy a1 =V'Dxyar - t™ =t"-V'Dyxyar forall m>0 and

(8.17) V "Dy a1 = ZV Dyxar -0l forall m>0.

Let us describe explicitly ¢4 (M). Let’s consider first the case when M = Ox.
It follows from Example 6.62 that we have an isomorphism ¢4 (Ox) ~ H,(x)(Oy),
hence

(8.18) By = t+(O0x) ZOX[t]f_t/Ox[t]
(recall that we view this as a sheaf of Dx (¢, J;)-modules on X).
We Will denote by 5 the class of ﬁ in By. Since Ox[t]f—+/Ox[t] = B;5, Ox ﬁ

and U= — g7t

7= t)J we conclude that

By = P oxais.

=0

f t)?

The action of Ox and 9; with respect to this decomposition is clear, while the
actions of Dery(Ox) and of ¢ are given by

819) D-hds=D(h)¥6—hD(f)O "6 and t-hds=hfols— jhdi 1S
t t t t t t

for every D € Dery(Ox) and h € Ox.
Note now that if M is an arbitrary coherent Dx-module, then we have an
isomorphism

1+ (M) = M@0, By =DM s,

j=0
with the actions of Der,(Ox) and of t being given by the analogues of the formulas
n (8.19):
(8.20)

D-(u®d6) = Du®dl6—D(flu0d ™6 and t-(u@dd) = fuxdld—juxdl "5
for every D € Deri(Ox) and u € M.

EXAMPLE 8.27. Besides By, one important example is that of

B} =14 (0Ox[1/f]) = P Ox[1/f1d}0.

7>0

REMARK 8.28. If U is an open subset of X, we consider the restriction g = f|u
of f,and let ty: X — X x Al and tg: U = U x A be the corresponding graph
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embeddings. It is then clear that for every coherent Dx-module M, we have a
canonical isomorphism

(tg)+ (M) > (1f)+ M)y
(recall that we consider both sides as sheaves on U). In this case it follows from
Remark 8.6 that if V*(c5)4 M is a V-filtration on (tf)4 (M), then V*(if) M|y
gives a V-filtration on (4)+(M|y).

REMARK 8.29. It follows from the definition that if M has a V-filtration with
respect to f, then t - Gr{, (¢4 M) = 0 for all @« € Q. A related fact is that as a
Dx-module, Gr{, (t+ M) = 0 is supported on H for all & € Q. Indeed, note that if
u€ Ve (M)N3 ., M® 09/, then

fu=tu+(f—thue V"% M)+ | V¥ (M)N Z M@d]s

Jj<p—1
We deduce arguing by induction on p that fP™lu € V> (M).
REMARK 8.30. It follows from the formula (8.20) that in ¢4 (M) we have

N
(8.21) t-Zui®8§6 = fun @IV 6+ (fun_1—Nun) @) 7164 . .+ (fug —u1) @9.
i=0
We deduce that multiplication by ¢ on ¢4 (M) is injective (or bijective) if and only
if multiplication by f on M is injective (respectively, bijective). We thus conclude
using Corollary 8.24 that if M admits a V-filtration with respect to f and M has
no f-torsion (or multiplication by f is invertible), then for every u € ¢4 (M) and
a € Q, we have u € V% (M) if and only if tu € Vol (M) (respectively, for
every a € Q, we have t- Vo (M) = Vetl, (M)).

REMARK 8.31. If U = X \ H, then ((U) is contained in the complement of the
hypersurface defined by ¢, hence it follows from Remarks 8.7 and 8.28 that if M
has a V-filtration with respect to f, then Ve (M)|y = 1t (M)|y for all « € Q.
Moreover, if f is invertible (so H = (}), then every M has a V-filtration with respect
to f.

EXAMPLE 8.32. Note that Supp(M) C H if and only if Supp (14 (M)) C X x
{0} and in this case it follows from Example 8.19 that M has a V-filtration with
respect to f. Moreover, we have V¢ (M) =0 for all & > 0 and

Gr) (14 (M) ~ {u€ (M) [ t-u=0}

= Z’;.—fu()@agé\uoef\/l ,
3=0
where the last equality follows easily from formula (8.21) (note that fiu = 0 for
j > 0 by the assumption on M).

REMARK 8.33. We note that if f defines a smooth hypersurface in X, then
the two notions of V-filtrations determine each other. More precisely, we have a V-
filtration on M with respect to f if and only if we have a V-filtration on ¢4 (M) with
respect to ¢. Indeed, this follows from Proposition 8.22, since tor = f. Moreover, an
easy computation using the proposition implies that the two V-filtrations determine
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each other as follows: if we choose local coordinates x1,...,z,-1,y on X, with
y = f, then

Ve (M) =03 (VOM®).
Jj=0
For example, if we take M = Ox, then it follows from Example 8.18 that if
the hypersurface defined by f is smooth, then the V-filtration on By is given by

Ve (0x)=Dx -yl*16 =) 0x-0y'*17'5 forall acQ,
j=0

with the convention that y™ = 1 if m < 0. In particular, we see that V1, (Ox) =
L+(0X).

ExaMPLE 8.34. For a more interesting example, let us consider the case of a

simple normal crossing divisor. Suppose that z1,...,x, are algebraic coordinates
on X, and f = [[i_, z}’, where ai,...,a, are positive integers. For every A € Q,
we put

() = ()17l
with the convention that this is Ox for A < 0. It is clear from the formula that
I(fM) C I(f*2)if A\; > Xo). Note also that we have f - I(f*) C I(fM?!), with
equality if A > 0.
Let us show that if we put

(8.22) VAi(Ox) =) Dx-I(f*)d]s forall AeQ,
Jj=0

then V*:., (Ox) is a V-filtration with respect to t. A more general result is proved
in [Sai90, Theorem 3.4], with a rather involved proof. We here give a direct
proof, by checking that the formula in (8.22) satisfies the properties of the V-
filtration. It is clear that this is a decreasing, exhaustive filtration. Note also that
if N = lem(ay,...,a,), then I(f*) is constant for A\ € (i/N, (i + 1)/N] for every
i € Z, hence the filtration we defined on ¢4 (Ox) has the same property, and thus
it is discrete and left continuous.

Note first that the sum in the formula (8.22) can be replaced by a finite sum.
Indeed, for every i, with 1 < ¢ < r, and every b € ZL, we have

(!Elaa:l — bz) . xb(?gé = —ail‘a+b8'tj+l,
which implies
I(fAN s € Dx - 1(fNd6 for A > 0.
This implies that for A > 0 we have V*i, (Ox) = Dx - [(f*)d and, more generally,
we have
VM (Ox)= Y.  Dx-I(f*)9] forall AeQ.
j<max{1—X\,0}
This implies that every Vi, (Ox) is finitely generated over Dy (hence also over
VODxxa1)-
Note next that for every j > 0, we have

t-I(fM)0]6 CI(AT]6 + I(f2)0) 716 C VAT (Ox),
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sot-V iy (Ox) C VML (Ox) for every A € Q. Moreover, this is an equality for
A > 0. Indeed, we have seen that in this case we have
VML (Ox) =Dx - I(fA*)a = [ I(fNo =t - I1(f)d =1t Vi (Ox).
Note also that we have
O, - I(fA)of = 1(f*9)o 16 C VA1 (Ox),
hence 0; - V2 (Ox) C VA1, (Ox) for all A € Q.
In order to conclude, it is enough to show that if b € Z% is such that 2t €
I(fM7), then
(Ot — N) 2P0} 6 € V>, (Ox).
Note that 2706 € V>4 (Ox), unless there is i such that b; = (A + j)a; — 1. In
this case, if eq, ..., e, is the standard basis of Z", a simple computation gives
Dy, - 2T 06 = (b; +1)2°0) 6 — 029016 = —a; (9t — N)zdY 6.
We thus see that if J = {i | b; = (A +j)a; — 1}, then
(05t — N1 2876 € Dy - 2V 876,
for some 0" € Z%, such that a¥ € I(f}*7) for some N > X. We thus conclude that
(Bt — NI 22875 € VA, (Ox).

We now discuss the connection between V-filtrations and b-functions. Suppose
that M is a coherent Dx-module on which multiplication by f is bijective. Recall
that in this case we have a Dx[s]-module M[s]f® on X (see Chapter 6.5). In
fact, we have on M][s]f® an action of Dx(t,s), where t acts on M[s]f*® via the
automorphism 7. We note that since ts = (s + 1)¢, it follows from Lemma 8.2

that we have an injective homomorphism Dx (¢, s) < Dx (¢, d;), with s mapping to
—Ot.

ProprosITION 8.35. If M is a coherent Dx-module on which multiplication by
f is bijective, then we have an isomorphism of Dy (¢, s)-modules

~

(8.23) T: M[s]f* = 1 (M), P(s)uf®— P(—0it)(u®9§).

Moreover, the action of 0; on the right-hand side corresponds to the action of
(—s)T~! on the left-hand side.

PROOF. Let’s check the compatibility of 7 with the Dx (¢, s)-action. It is clear
that 7 is Ox [s]-linear, hence we only need to check the compatibility with the action
of Dery(Ox) and that of t. Note that

T(t- P(s)uf®) =7(P(s+ 1) fuf®) = P(=0it + 1) fu® 6
=P(=0it+ 1)tu®d =tP(-0t)lu®d =t-7(P(s)uf’),

where the second to last equality follows from Lemma 8.21i).
Suppose now that D € Dery(Ox). We have

7(D-P(s)uf*) = 7(P(s)Duf*+sP(s) 2Luf*) = P(~0,t) Du@d—P(~0,t) 0t 2 uss
= P(—0st)Du® 6 — P(—0:t)D(f)u ® 8;4, while
D-7(P(s)uf®) =D P(=0it)u® § = P(—=8;t)(Du® d — D(f)u ® ),
hence 7(D - P(s)uf*) = D - 7(P(s)uf*).
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Note next that it follows from the second formula in Lemma 8.2ii) that
(=D)™7(s(s =1)--- (s —m+ Duf®) = ffu®0*s forall m.

Since k[s] has a basis given by H;’L:Bl (s—7), for m > 0, and since multiplication by
f is invertible on M, it follows that 7 is a bijective map. This completes the proof
of the proposition. O

DEFINITION 8.36. Let M be a coherent Dx-module. We say that a section
w € 14 (M) has a b-function if there is a nonzero b(s) € k[s] such that b(s)w €
VDx a1 - w. In this case it follows that the set of such polynomials b(s) is a
nonzero ideal of k[s]. Its monic generator is the b-function b,(s).

REMARK 8.37. With the notation in the above definition, we note that in fact
. voD . .
by (s) satisfies by, (s) - —Xxal™ g Thig is due to the fact that VODyx a1 =

VIiDy a1w
Dx|[s] + ViDxxa1 and by, (s) commutes with the elements of Dx|[s].

Moreover, if N' = VODx , a1 -w, then b,, is the minimal polynomial of the action
of s on N'/tN. This follows from the fact that V' Dy a1 w = (t-Dx (s, t)) w = tN.

REMARK 8.38. Suppose that X = U;U...UU, is an open cover, M is a coherent
Dx-module, and f € Ox(X) is nonzero. If f; = fly, and 15: X — X x A! and
vy Up = UjX A are the corresponding graph embeddings, then we have canonical
isomorphisms

ij(M‘Uj) = Lf(M)|Uj'
w € T'(X, 14 (M)) and w; = w|y,, then it follows from definition that

b =lcm{bwj [1<j5<r}

(this means that b,, exists if and only if each b,,; exists, and if this is the case, then
we have the stated equality).

REMARK 8.39. Note that if w € ¢4 (M) and p € Ox(X) is an invertible func-
tion, then b,, exists if and only if by, exists and, if this is the case, then b,, = by, .
Indeed, if b(s)w = Q - w, for some Q € VDx, a1, then

b(s)pw = (pQ) - w = (pQp~ " )pw
and pQp~! € V!Dx,a1. This implies that if b, exists, then by, exists and by,
divides b,,. The converse follows by symmetry since p is invertible.

REMARK 8.40. Keeping the notation in Definition 8.36, note that if multipli-
cation by f is invertible on M and w = v ® § € 14 M, then w corresponds to
uf® via the isomorphism 7 in Proposition 8.35 and in this case by (s) is the monic
polynomial of minimal degree such that b, (s)uf® € Dx|[s] - fuf® (in particular, in
this case we recover the definition in Chapter 6.5). Indeed, this follows from the
fact that V1Dx a1 = Dx(s,t) - t, hence VIDx a1 - (u® ) = Dx|s] - (fu® ).

REMARK 8.41. Given a coherent Dx-module M, it is easy to compare the V-
filtrations of M with respect to f and g = pf, where p € Ox(X) is an invertible
function. Note that if ¢ and ¢, are the graph embeddings corresponding to f and
g, respectively, then ¢, = @ o ¢y, where ¢: X x Al — X x A! is the isomorphism
given by o(z,t) = (m,p(a:)t), so that t o ¢ = pt. We thus get an isomorphism of
Dx « ar-modules

©*(tg)+ (M) = (¢p)+ (M),



112 8. V-FILTRATIONS AND BERNSTEIN-SATO POLYNOMIALS

which in turn induces an isomorphism of Ox-modules

N N
75 () (M) = () (M), 7(3 ) = S0 22
j=1

j=1

This has the property that 7(Pw) = 79(P)w, where 19: Dx (t,0;) — Dx(t,0:) is
the isomorphism of sheaves of rings which is the identity on Ox and satisfies

(8.24) T0(t) = pt, 70(0r) = p~ ', and T0(Q) = Q — Q(p)p ™ *td;

for @ € Deri(Ox) (note that, in particular, 79(s) = s). By the last assertion in
Remark 8.8, the V-filtrations on (¢f)4 (M) with respect to t and pt coincide, hence
M has a V-filtration with respect to f if and only if it has a V-filtration with
respect to g, and in this case we have

T(V(1g)+ (M) =V*(y) £ (M) forall aeQ.

Moreover, since 7 preserves V*Dx (t, 9;) (this follows from the definition of VD y y a1
with respect to a hypersurface, but can be deduced also from the explicit formulas

(8.24), it follows from the definition that b, = b, for every w € (14)4 (M), in the

sense that one exists if and only if the other one exists and in this case they are equal.

For example, we see that for every u € M and m € Z>, if v = u®0;"d € (14)+(M)

and w =u® 09 € (15)4+ (M), then

buw = br(w) = bp-—m—1, = by,
where the last equality follows from Remark 8.39.

The following result provides the criterion for the existence of V-filtrations in
terms of b-functions. We give the proof following an approach due to Sabbah.

THEOREM 8.42. Let M be a coherent Dx -module.

i) If M has a V-filtration with respect to f, then every section w € 14 (M) has a b-
function. Moreover, if w € V¥ (M), then all roots of by, (s) are rational numbers
v < —a such that Gry,” (1. M) # 0.

ii) Conwversely, if wi,...,w, € I'(X, M) generate M as a Dx-module and if each
w; ® 0 € 14 (M) has a b-function whose roots are all rational, then M has a V-
filtration with respect to f.

PROOF. In order to prove the assertion in i), note that by applying Remark 8.14
for the induced V-filtration on Dx a1 - w, we see that there is § such that

VAL (M)NDxyar-wC VIDyyar - w.

Since (s + ) is nilpotent on Gry, (¢4 M) for all v € Q and since the V-filtration is
discrete, it follows that if 71, ..., 7, are the rational numbers v with o <y < 8 and
with Gry,” (14M) # 0, then there is N > 1 such that

(s+y)N - (s+7)Nw e VP MNDxyar -w CVIiIDxyar - w.

This implies that b, (s) divides []\_, (s +7;)", proving the assertion in i).

In order to prove the statement in ii), we consider the following type of filtra-
tions, that we call pre-V -filtrations (associated to f): these are decreasing, exhaus-
tive filtrations W*t (M) parametrized by integers, by quasi-coherent Ox-modules,
that satisfy the following properties:

a) We have VDx a1 - Wi (M) C Wit (M) for all i,j € Z.
b) W™, (M) is locally finitely generated over V0D, a1 for every m € Z.
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c) We have W™+l (M) =t- W™ (M) for m > 0.
d) There is a polynomial p = py € Q[z], with all roots in Q, such that
(Ot —m) - W™ (M) C WmHl (M) for all m € Z.
Our first goal is to show that there is a pre-V-filtration such that the polynomial
pw in d) above has all its roots in [0,1). Note to start with that we have pre-V-
filtrations. Indeed, for every j € Z, let

Wi (M) =3 VIDxyar - (wr ® ) C (M)
=1
Since wq, ..., w, generate M over Dy, it follows that w; ® J,...,w, ® J generate
14+ (M) over Dxy a1, hence W*i (M) is exhaustive. It is also clear that it satisfies
conditions a), b), and ¢) in the definition. In order to check condition d), let by be
the b-function of w,® 4, so we have by(—9st) - VODy y a1 (we@8) C VIDx a1 (we®0)
for all ¢ (see Remark 8.37). This implies that if p(z) = [,_, be(—x), then p(dt) -
WY, (M) € Wl (M). Moreover, it follows from the definition of W®i, (M)
and the formulas (8.16) and (8.17) that for all m > 0, we have W™t (M) = ™ -
WO (M) and W1 (M) = 3300 0] - WOy (M). Since we have p(d;t —m)t™ =
t"p(0t) by Lemma 8.2, we deduce that for all m > 0, we have
(Ot —m) - W™y (M) Ct"p(0t) WOy (M) Ct™ - Wiy (M) C W™ (M),

On the other hand, Lemma 8.2 gives p(d;t + m)d = 8/ p(dt + m — j), hence for
every m > 0, we have
p(Ost+m)O"- WO (M) = " p(0:t) W iy (M) C O™ Wiy (M) C W (M),
while for 0 < j < m — 1, we clearly have

POt +m)d] - WO (M) C W, (M) C WL (M).

We thus conclude that p(dpt +m) - W1 (M) C W=+ (M) for all m > 0,
concluding the proof for the fact that WM satisfies condition d).

Note that if W®i (M) is a pre-V-filtration with polynomial py and for an
integer ¢ we put W™ (M) = W™+, (M), then W* (M) is again a pre-V-
filtration with corresponding polynomial pg;(2) = pw(x — q). By taking a suitable

¢ (small enough) and replacing Wi, (M) by we t+ (M), we see that we may assume
that all roots of py are < 1.

Suppose now that \ is a root of py and let us write py = (x — A\)%g(x), where
q(\) # 0. We define a new filtration U®t4 (M) by the formula

Ui (M) = W (M) + (0t —m — A)T - W™ (M) forall m e Z.

It is clear that this is a decreasing, exhaustive filtration and it is an easy exercise
to see, using Lemma 8.2, that since W*®.4 (M) satisfies conditions a), b), and ¢), so
does U®y(M). Let us show that we may take py(z) = (z — A — 1)4g(z). Indeed,
for every m € Z, we have

(Ot —A—m—1)%q(Dpt—m) - W™ i (M) C q(0st—m)- U™ (M) C U™ iy (M)
by definition of U®ty (M) and
(Ot — X —m — 1)%q(0t —m) - (9t —m — N4 - W™y (M)
= (Ot — A —m — 1w (9t —m) - W™ (M) C (st — X —m — 1) W™, (M)
CU™ i (M).
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We thus conclude that U®ty (M) is a pre-V-filtration and we may take py(z) =
(r — X\ — 1)%g(x). After applying this construction finitely many times, we may
replace A by a root in [0,1), and after repeating the same process for the other
roots of py, and replacing W*t (M) by the final pre-V-filtration, we see that we
may assume that all roots of py lie in [0, 1).

It is now easy to construct the V-filtration on ¢4 (M) (in order to simplify the
notation, we will write V* and W™ for Vi, (M) and W™ (M)). Let oy < ... <
aq be the distinct roots of pw (x), which by assumption lie in the interval [0,1).
For every m € Z and every ¢, with 1 < i < d, let Pi(m), with Wm+tl C B(m) cwm
be such that Pi(m) JW™m+L is the generalized eigenspace with eigenvalue o; + m for
the action of d;t on W™ /W™*1 Tt is a standard linear algebra result that we have
wm/wmtl — @ P™ JWm+1, Since 9yt = —s is a Dy|s]-linear operator and
since t - Pi(m) C wmtl C PZ-(m)7 it follows that each P; is a V9D a1-submodule
of 1y (M). We put V™ = W™ and for 1 < i < d, we define the VODx , o1-module
Vmteai guch that WMt C Vmtai and Vmte: /]ym+l = P @y ... @ Py. Note that
by definition we have

Wm _ Vm _ Vm+oc1 2 Vm+a2 2 L 2 Vm+ocd 2 Werl _ Verl.
We extend this filtration to all rational numbers such that V> takes constant value
for A in each interval (m,m + aq], (m + a1, m+ agl,. .., (m+ ag,m+ 1]. Checking

that this is indeed a V-filtration corresponding to f is a straightforward exercise.
O

In fact, once we know that a D-module has a V-filtration, this can be charac-
terized via b-functions by the condition in Theorem 8.42i).

PRrROPOSITION 8.43. If a coherent Dx-module M has a V-filtration with respect
to f, then for every a € Q, V(M) consists of those sections w € ¢4 (M) with
the property that all roots of b, are < —a.

PRrROOF. We have already seen in Theorem 8.42i) that if w € V¥ (M), then
all roots of b,, are rational numbers < —«. Conversely, suppose that all roots of
b, are < —a. Let B € Q be such that w € V1 (M). If B > «, then we are done.
If B < a, since the V-filtration is discrete, we may assume that w ¢ V=5, (M)
and aim for a contradiction. Since b, (s)w € ViDxyar -w C VAL (M), we
have by, (s)w = 0 in Gr€ (t4(M)). Since s+ B is nilpotent on GY‘B/(LJFM), while
by (s)W = 0 and by (s) = [T;_, (s + a;) with a; > o >  for all i, we conclude that
w =0 in Grf/(ur./\/l), a contradiction. O

REMARK 8.44. With the notation in Theorem 8.42ii), if

R=|J{}eQ|bu (- =0},
i=1
then
RC{aeQ|Grf(tuM) #£0} C R+ Z.
Indeed, the first inclusion follows from assertion i) in the theorem, while the second
inclusion follows from the proof of assertion ii) in the theorem.

EXAMPLE 8.45. If f € Ox(X) is invertible and ¢: X < X x Al is the corre-
sponding graph embedding, then it follows from Remark 8.31 that for every coherent
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Dx-module M, we have a V-filtration given by Vi, (M) = 1. (M) for all « € Q.
In this case it follows from Proposition 8.43 that b,, = 1 for every w € ¢4 (M).

A consequence of Theorem 8.42 is that the subcategory of Dx-modules that
have a V-filtration with respect to f is closed under extensions:

COROLLARY 8.46. Given a short exact sequence of coherent D x-modules
0—-M - M-=>M" =0,
if M’ and M” have a V-filtration with respect to f, then so does M.

Proor. By Corollary 8.17, we may and will assume that X is affine. After
applying ¢4, we get an exact sequence

0— L+(M/) — L+(M) L} L+(M”) — 0.

We use the criterion for the existence of V-filtrations with respect to f in The-
orem 8.42. Therefore it is enough to show that every element u € ¢4 (M) has a
b-function with roots in Q. Since M” has a V-filtration with respect to f, we have
a polynomial by (s) with roots in Q and Q1 € V1Dx a1 such that by (s)u — Qiu €
t+(M’). Since M’ has a V-filtration with respect to f, it follows that we have a
polynomial by (s) with roots in Q and Q2 € V'Dx, a1 such that

ba(s) (b1(s)u — Qru) = Q2(b1(s)u — Qru).

Therefore by(s)bz(s)u € VIDxa1u, hence u has a b-function that divides bybs,
and thus has rational roots. O

COROLLARY 8.47. If j: U — X is the inclusion of the complement of the
hypersurface defined by f and if M is a coherent Dx-module such that M|y is
holonomic, then M has a V-filtration with respect to f if and only if j (M]y) has
a V-filtration with respect to f.

PROOF. Since M|y is holonomic, we know that ji(M|y) is holonomic, hence
coherent. The assertion in the statement then follows from Corollaries 8.21 and 8.46,
using the fact that the kernel and the cokernel of the canonical morphism M —
Jj+(M]u) are supported on the hypersurface defined by f, and thus have a V-
filtration with respect to f by Example 8.32. O

REMARK 8.48. If j: U — X is the inclusion of the complement of the hyper-
surface defined by f, then it follows from Theorem 6.45 that if N is a holonomic
Dy-module, then every local section of ji(N) has a b-function. We then deduce
from Theorem 8.42 that ji (N) has a V-filtration with respect to f if and only if
all the roots of these b-functions are rational. This is not necessarily the case even
if V' is regular holonomic: for example, if M = Dp1/Da1 - (9zz — A), for some
A€ Q,and f =z, then M ~ j (M|y) and it is easy to see that the b-function of
1T®6is b(s) = (s + A).

We note that it is possible to make sense of the notion of V-filtration with
respect to f for arbitrary holonomic Dy-modules by allowing filtrations indexed
by complex numbers (when k = C). However, we do not pursue this more general
version here.

So far, the only examples in which we could show that V-filtrations exist were
the ones in which we were able to construct them explicitly. However, once we
will prove in Section 8.4 that all roots of the Bernstein-Sato polynomial bs(s) are
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rational, we will be able to deduce from Theorem 8.42 that Ox has a V-filtration
with respect to any nonzero f € Ox(X).

8.2.1. V-filtrations and nearby and vanishing cycles. V-filtrations have
been introduced by Malgrange [Mal83] in the case of the D-module Ox and were
generalized by Kashiwara [Kas83] to the case of arbitrary holonomic D-modules.
The original indexing was by integers, the indexing by rational numbers (when it
exists) was introduced by Saito [Sai84].

The motivation for introducing the V-filtration came from the theory of van-
ishing and nearby cycles in the analytic setting. We just give a quick overview of
the basic notions involved, for a detailed discussion we refer to [Sch03]. Suppose
that X is a smooth complex algebraic variety and f: X — C is a regular func-
tion (or, more generally, a holomorphic function). Let i: Z = f~!(0) — X and
j: U =X~ Z — X be the inclusion maps and consider the Cartesian diagram

U—1-C",

%ifiﬁ

U——C*

where 7 is the universal cover of C*. The nearby cycle functor is given by

Uy DUCK) = De(Cyp),  dp(u) = i*(joT)(j o T) (u).

We note that since the morphism 7 is not a morphism of algebraic varieties, we are
in a different framework than that discussed in Chapter 7.2, hence the fact that
1y (u) has constructible cohomology requires different arguments.

The canonical functorial transformation Id — (jo7).(jom)* induces a morphism
sp: i*(u) = Yy (u) (the specialization morphism) and ¢ (u) is defined by the exact
triangle

i"(u) P by (u) < oy (w) =
In fact, one can define an exact functor ¢y: D2(Cy) — D(C,), the vanishing
cycle functor, such that the above exact triangle is functorial.

The automorphism of C* over C induced by a path in C* going once counter-
clockwise around the origin induces an automorphism of U over U , and we get a
functorial automorphism, the monodromy automorphism T: ¢ y(u) — ¥f(u) such
that the diagram

i* (1) =y (u)
Idl |

i*(u) —= s (u)

is commutative. We thus get an induced automorphism T': @(u) — ¢f(u) such
that we have a morphism of exact triangles

i (1) = o (1) —2 o (u) 2
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In this setting one defines also a functorial transformation var: ¢s(u) — 1 ;(u) such
that can o var = T — Id and var o can = T’ — 1d.

The nearby cycle functor provides a global and functorial incarnation for the
cohomology of the Milnor fiber. Recall that if z € Z, 0 < ¢ < 1, and B(z) is a
ball of radius € with center x (with respect to a system of coordinates centered at
), then the induced map Be(z) N f~(Bs(0) ~ {0}) — Bs(0) ~ {0} is a fibration
if 0 < 0 < ¢; the fiber is the Milnor fiber of f at x, denoted by F, (one can show
that this is independent of choices, up to diffeomorphism). Note that associated
to this fibration, we have an automorphism of H*(F,,C), the monodromy, that
corresponds to the loop going once counterclockwise around 0 in Bs(0). In this
case, we have

H(F,,C) ~ ’Hi(z/)f(QX))I for every i€ Z>o,

such that the monodromy corresponds to the automorphism induced by 7.

It is an important result that if u is a perverse sheaf on X, then vy (u)[—1]
and ¢y (u)[—1] are again perverse sheaves (viewed either on Z or on X). By the
Riemann-Hilbert correspondence, the functor ¢ ¢[—1] corresponds to a functor on
regular holonomic Dx-modules and it is natural to ask for a direct description of
this functor. This was achieved by Malgrange [Mal83] and Kashiwara [Kas83],
see also Saito [Sai88, Chapter 3.4].

Suppose that M is a regular holonomic Dx-module that has a V-filtration with
respect to f and let w = DR (M), so u is a perverse sheaf by Theorem 7.37, and
thus ¢ ¢ (u)[—1] and @¢(u)[—1] are perverse sheaves as well. One can show that we
have a decomposition T' = T - T}, on 9 (u)[—1] in semisimple and unipotent part
and we get a decomposition

=P vra(u)-
A

where s (u)[—1] = Ker((T' — Ad)") for N > 0. Moreover, each Yya(u) is

preserved by the action of T,. We get similar decompositions T = T,T, and
or(u)[-1] = @, ¢fa(u)[—1]. Note that for every A # 1, we have an isomorphism
Yra[—1] =~ @5 a[—1] induced by can[—1].

The main result here is that each Gry;(14+M) is a holonomic Dx-module and
that we have

@ DRY (Gr{y (14 M)) and ¢y (u)[— @ DRY' (Gr§ (14 M),

a€(0,1] aglo,1)
such that
Pra(u)[-1] = DRY (Griy (e4 M) and  @fa(u)[~1] = DRY (Gry (14 M)),

where A = exp(—2mia), and the actions of T, and Tu are obtained after applying
DRY' to the map exp(27i(d;t — ). Furthermore, the maps

Yra)=1] = ¢pa(w)[=1] and  @pi(w)[-1] = ¢71(u)[-1]

induced by can and var, respectively, are obtained by applying DR%' to the maps

Gri (14 M) =% Gry (14 M) and  Grd (1o M) -5 Grl (1 M).
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8.3. The Bernstein-Sato polynomial: first properties and examples

Let X be a smooth irreducible variety and f € Ox(X) nonzero. Recall that,
by definition, b¢(s) € k[s] is the monic polynomial of minimal degree such that
br(s)f* € Dx[s] - f5 in Ox[1/f,s]|f* (for every m € Z, it is common to write
H for [ f7).

REMARK 8.49. If X =U; U...UU, is an open cover and f; = f|y,, then

by =lem{by, |1 <i<r}.
This is clear from the definition (and it is a special case of the assertion in Re-
mark 8.38).

ProproSITION 8.50. If X is affine, with R = Ox(X), then a polynomial b(s) €
k[s] is divisible by bs(s) if and only if there is P € Dg|s] such that
(8.25) b(m)f™ = P(m) - f™* in Ry
for infinitely many m € Z (equivalently, for all m € Z).

PROOF. We only need to show that if (8.25) holds for infinitely many m € Z,
then

(8.26) b(s)f* = P(s) - f+1
(the converse follows by Remark 6.48). Note that if we write P = E?:o P;st, for
some P; € Dg, then for every ¢, we can write

P [ =Qi(s)f°
for some Q; € Ryg[s]. Therefore the condition in (8.26) is equivalent to having
Z?:o s'Q;(s) = b(s) in Ry[s]. On the other hand, condition (8.25) says precisely
that Z;jzo m'Qi(m) = b(m). Since Ry is a domain containing Q and a nonzero
polynomial with coefficients in a domain can have at most finitely many roots, we

conclude that if (8.25) holds for infinitely many m € Z, then in fact Z?:o 5'Qi(s) =
b(s). O

PROPOSITION 8.51. If f is not invertible, then bs(—1) = 0.
PROOF. Specializing s to —1 in (6.4) (see Remark 6.48), we conclude that
bf(~1)7 € Dx -1 C Ox.
Since f is not invertible, this implies by(—1) = 0. O

DEFINITION 8.52. If f € Ox(X) is nonzero and noninvertible, it follows from
the above proposition that b (s) is divisible by (s+1). The reduced Bernstein-Sato

polynomial of f is gf(s) =bs(s)/(s+1).

PROPOSITION 8.53. The Bernstein-Sato polynomial b¢(s) only depends on the
hypersurface defined by f.

PRrROOF. This is a special case of the assertion in Remark 8.24.
O

ExaMPLE 8.54. If f € Ox(X) is invertible, then by = 1. Indeed, it follows
from Proposition 8.53 that we may take f = 1. In this case we have f™ =1. fm+!
for all m € Z, hence it follows from Proposition 8.50 that by divides 1, hence by = 1.
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EXAMPLE 8.55. Suppose that f € Ox(X) defines a nonempty smooth hyper-
surface in X. In this case we have bs(s) = s+1. Indeed, it follows from Remark 8.49
that it is enough to prove the assertion when we have coordinates x1,...,z, on X
such that f = x; (note that if U C X is an open subset such that f|y is invertible,
then by, (s) = 1 by Example 8.54). In this case we have

Oy 27" = (s + 1)ai,

hence b¢(s) divides (s 4+ 1). The fact that b¢(s) = s + 1 now follows from Proposi-
tion 8.51.

In general, the Bernstein-Sato polynomial b is a measure of the singularities
of the hypersurface defined by f. In Section 8.5.1 we will discuss its connection
with other invariants of singularities.

DEFINITION 8.56. If Z is a hypersurface in X, we can define the Bernstein-Sato
polynomial by € k[s] as follows. We consider an open cover X = Uy U...UU, such
that Z NU; is defined in U; by f; € Ox(U;) and put

by = lcm{bfi [1<i< r}.

It is an easy consequence of Remark 8.49 and Proposition 8.53 that this definition
does not depend on the choice of cover or the choice of the functions f;. Further-
more, if Z is nonempty, then it follows from Proposition 8.51 that bz is divisible
by (s+ 1) and we put bz = bz /(s +1).

It is convenient to also consider a local version of the Bernstein-Sato polynomial.

REMARK 8.57. If f € Ox(X) is nonzero, then it is clear that for every
nonempty open subsets U C V' in X, the polynomial by|,, divides by|,,. This implies
that for any P € X, there is an open neighborhood V' of P such that by, = by,
for every open neighborhood U of P with U C V. The polynomial by|,, € k[s] is the
Bernstein-Sato polynomial of f at P, denoted by p. Note that by Proposition 8.51
and Example 8.54, we have by p # 1 if and only if f(P) = 0 and in this case (s+1)
divides by, p and we put we put ’l;f’p(s) =bys p(s)/(s+1) € k[s]; this is the reduced
Bernstein-Sato polynomial of f at P. Note that by Proposition 8.49, we have

bf = lcm{bﬁp | P e X}

If Z is a hypersurface in X, then we define bz p for every P € X and 327 p for every
P € Z in the obvious way.

We next discuss two easy examples. We note that even in such easy exam-
ples, while it is easy to show that the Bernstein-Sato polynomial divides a certain
polynomial, it is not easy to show that equality holds.

EXAMPLE 8.58. Let f = ' --a% € k[x1,...,x,], for some r < n and some
positive integers aq, ..., a,. Note that we have

o -or - 1 =T T[ s +r"

i=1j=1

hence by divides TTi_; T2, (s + a%)



120 8. V-FILTRATIONS AND BERNSTEIN-SATO POLYNOMIALS

EXAMPLE 8.59. Let f =", 27 € k[z1,...,z,]. Note that we have
O - f7H = 2(s + Vi f?,
and thus
O N = 2(s + 1) +ds(s + 1) S5
It follows that if A =>"" 87, then

A5t = (s +1)(4s + 2n),

and thus by divides (s+1) (s + 5). In fact, we have equality, but this is not entirely
trivial: we will prove this in a more general setting in Theorem 8.61 below.

8.3.1. The Bernstein-Sato polynomial of weighted homogeneous iso-
lated singularities. If X is a smooth, irreducible variety and f € Ox(X) is

nonzero, then the Jacobian ideal J; of f is defined as follows. If z1, .. a?n are alge-
braic coordinates in an open subset U of X, then J;|y is generated by Bwl ceey %.

It is easy to see that the definition is independent of the choice of coordinates, hence
the definitions glue to give a coherent sheaf of ideals J; C Ox. We note that the
ideal J depends on the choice of equation f and not just on the hypersurface Z
defined by f.

Since f: X — Al is generically smooth, it follows that in a suitable neighbor-
hood of Z the zero-locus V' (J¢) of Jy is contained in Z, and thus the singular locus
of Z is equal to V(Jf). We say that P € Z is an isolated singular point if there
is an open neighborhood U of P such that (U ~ {P}) N Z is smooth (note that P
might be a smooth point of Z, too). In this case either J; = Ox in a neighborhood

of P (if P € Z is a smooth point) or, if a1,..., 2, are algebraic coordinates in a
neighborhood of P, the generators gjl ey ;Tf of Jy form a regular sequence at
P.

One way to approach the description of the Bernstein-Sato polynomial is by
describing the ideal Annp, [(f®). In the next result, we give a description of
Annp, (f*) in the case of isolated singularities, following [Yan78, Theorem 2.19].

ProrosiTION 8.60. With the above notation, if Z has an isolated singular
point P and if x4,...,x, are algebraic coordinates in a neighborhood of P, then
the left ideal

Amnp, (f*) ={Q €Dx | Q- f* =0}
is generated in a neighborhood of P by 3 8f 8 wfj@x“ for1<i<j<n In
particular, we have

{QEDX|Q-fS€'DX'JffS}gD)(-Jf in Dx.

PROOF. It is clear that the left ideal I of Dy generated by 2 o 8 zf Oz,
J
for 1 <i < j < n, is contained in Annp, (f*), hence we need to prove the reverse

inclusion. The assertion is easy to check when P is a smooth point of Z. Indeed, if
%(P) # 0 and @ € Annp, (f*), after writing @ modulo the left ideal generated

by 0., — (gg) ! 8f [“)gcZ7 we may assume that @ € Ox[d,,] and we need to show

that Q = 0. This follows from the fact that 0 f* = Q. f*, where Q,, € Ox[1/f, 5]
is a polynomial of degree m in s.

From now on we assume that P is a singular point of Z. After possibly replacing
X by a suitable open neighborhood of P, we may assume that X is affine, with
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Ox(X) = R, that z1,...,z, are defined on X, and that ax ey a‘zf form a
regular sequence in R. We need to show that if Q € Dp is such that Q-fP=0,
then @ lies in I. We argue by induction on the order ¢ of @, the case ¢ = 0
being trivial: in this case it is clear that Q = 0. Note that for every a € Z%,,,
we can write 0% f° = gof*"1°l, where g, € R[s] has degree |a| in s, with the
coefficient of the top degree term equal to [], (%)% By Theorem 2.11, we can
write QQ = Z|a\gq Q0% , with Q, € Ox for all «, and we see that

ZQO"H aml) 1:0
i=1

ler|=q
Since ggf y- % is a regular sequence in R, it follows that in the ring Ry, .. ., yn]
we can wrlte
n 0, %)
Z QoY yn" = ZhZJ(anyj - anjyi),
lol=q i<j
for some h; j € R[yi,...,yn] that are homogeneous in y1, ..., yn, of degree ¢ —1. If

hij = Zﬁ hi jpy®, with h; ; 3 € R, then the difference
Q=Q~ ) hi;jp0l (500, — 5500) € D
i.5,8
has order ¢—1 and éfs = 0. We conclude by induction that @ € I and thus Q € I,

too.
The last assertion in the proposition is clear once we note that

of
ox; 8$J

af _ ?f f af
oz 893@ 6$J ox; 8mj8:vi a‘"t oz + Bwbaw amj ox; 6$l Ox € DX Jf

]

Suppose now that X = A", with Ox(X) = R = k[zy,...,2z,]. A polyno-
mial f € R is weighted homogeneous if the following condition holds: there are
Wi, ..., Wy, € Qsgo such that if for a monomial z* = z{* .- 2% € R we put
p(z") = 377 uw;, then there is d such that f = 37 . _;c.z" (once the w;
are fixed, we will refer to such polynomials as being w-homogeneous of degree d and
write p(h) = d). After possibly rescaling all the w; by the same positive rational
number, we may and will assume that p(f) = 1. We put |w|:= Y| w;.

A special role in this setting is played by the operator § = > """ | w;z;0; and by
Yo, w;0;x; = 0+ |w|. Note that if h is w-homogeneous, then §(h) = p(h)h, hence
an easy computation gives
(8.27)
0-hf* = (s+p(h))hf® and (w0121 +...4+waOpayn)-hf* = (s+p(h)+|w|)hf°.

Note that since f = 0(f), it follows that f € J;, hence the zero-locus of V' (Jy)
is precisely the singular locus of the hypersurface Z defined by f. Furthermore,
Z has an isolated singularity at 0 if and only if V(J;) C {0}. Indeed, if m is a
positive integer such that mw; € Z for all i, then the k*-action on X given by
A (ug, . tuy) = (A™¥ g, .., A ny,) preserves Z; if P is a singular point of Z
different from the origin, then £* - P is a 1-dimensional subset of the singular locus
of Z whose closure contains 0.
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From now on we assume that f is w-homogeneous, of degree 1, with an isolated
singularity at 0. By the above discussion, we see that R/Jy is a finite-dimensional
k-vector space. We put

S(f) ={pl9) | g € R~ Jy, g is w — homogeneous}.

Note that this is a finite set: if "*,... 2% are monomials whose classes in R/J¢
form a basis, then (f) = {p(w1),...,p(u,)}. Indeed, the only thing to note is that
if h € Jy is w-homogeneous and if we write h = >\, ¢;z% + g, where ¢; € k for all
t and g € Jy, since J; is generated by w-homogeneous elements, we may assume
that ¢ is w-homogeneous, with p(h) = p(g) = p(a™i) for all ¢ such that ¢; # 0 (note
also that some ¢; must be nonzero since g & Jy).

In this case, the formula for the Bernstein-Sato polynomial is given by the
following result:

THEOREM 8.61. If wy,...,w, € Qsq are such that f € R = k[x1,...,x,] is
w-homogeneous, of degree 1, and if f has an isolated singularity at 0, then
(8.28) be(s)=(s+1)- [ (s+x+]wl.
Aex(f)

PRrROOF. We give an argument following [BGM86]. We first show that bs(s)
divides (s +1) - [T ex(p (54 A+ |wl), or equivalently, that

(8.29) (s+1)- JI (s+Ax+w))f* € Anlslfet.
AED()
It is convenient to prove, more generally, that if h € R is w-homogeneous, then
(8.30) 11 (s + X+ |w)hfs € Ayls] - Ty fo.
AED(f),A2p(h)

If we know this for h = 1, then we can write

[T Gtrtlwhr=X P 2
=1

AED(Sf),A=0

for some Py, ..., P, € A,[s|, in which case, we have

(s+1)- H (s+A+Jw)f* = Z(S‘Fl)ﬂ%fs = (P01 + ...+ Py0y) - [T,
AeS(f) i=1

hence (8.29) holds.

Note first that (8.30) clearly holds if h € Jf, hence from now on we assume
that h € J; and argue by descending induction on p(h). Suppose first that h is
such that p(h) is the largest element of ¥(f), in which case we have x;f € J; for
1 <4 < n. In this case it follows from (8.27) that we have

(s+p(h) + [w)hf* = widi(wh) f* € Ay - Ty f*.

i=1
Suppose now that h ¢ J; and we know that (8.30) holds for all A’ that are
w-homogeneous, with p(h') > p(h). In particular, it holds for x;h for all 4, hence

H (s+)\’+|w|)mihfseAn-Jffs for 1<i<n.
NEX(f),N>p(h)



8.3. THE BERNSTEIN-SATO POLYNOMIAL: FIRST PROPERTIES AND EXAMPLES 123

We thus deduce using (8.27) that
[T G+x+whrr= [ (s+x+wl): (s+ph) + [w)hfe

AEE(f),A=p(h) AeD(F),A>p(h)

n
= H (3—|—)\—|—|w|) -Zwiai(a:ih)fs C Ay,ls] - Jpfe.
AES(f),A>p(h) i=1
This completes the proof of the induction step and thus that of (8.29).
We next need to show that (s + 1) - [ exn(p) (s + X+ |wl|) divides by(s), or
equivalently, that for every h € R~ J; that is w-homogeneous, if A = p(h), then

Zf (=X —|w|) = 0. By definition of the reduced Bernstein-Sato polynomial, we can
write

(8.31) (s + Dbs(s)f* = P-4,
for some P € A,[s]. By Theorem 2.11, we may write P =Y.' | P;0; + Q, where
Q € R[s] and P; € A,[s]. The equality (8.31) becomes

(s + Dbs()f* = Q- 7 + (s + 1) ZB?J
We can thus write Q = (s + 1)T for some T € R|[s] and we have

B = Qo S REL € Adls)- I,
i=1
where we use the fact that f € Jy.
Note also that

(8.32) Ayls] - Jpf* C Ay - Jypf?.
Indeed we have sf* = 0f° and [0, e ] = 9(8T7) =(1- wl)% (due to the fact
that 2 a o is w- homogeneous with p( oF ) =1 — w;), hence
s f* = (0 =1+ wi) gL f*.
We thus conclude that bs(s)f* € A, - J;f*, hence also
(8.33) br(s)hf® € An - Jyf°.
Note now that by (8.27), we have

(Z wi&-xi> hf* = (s+ X+ |w])hfe.
=1

Let us write @(s) = (s+ X+ |w|)q(s) + a, for some ¢ € k[s] and some a € k. Our
goal is to show that a = 0. Since

bp(s)hf® = ahf® + (Zwﬁ z) -q(s)hf® € A, - Jsf*

and since ¢(s)f® € A, - f* (this follows using again sf® = 6f%), we conclude that
there is P € A,, such that

ahf® + (sz&Jﬂ) PfeAn-Jp S,

i=1
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in which case, we conclude from Proposition 8.60 that

ah + (sz&xz> -PeA, - Jy.

=1

Since we have a direct sum decomposition 4, = P 0% R that induces the

a€Zy,
decomposition A, - Jy = @an;O 0%J¢, we conclude that ah € Jy. Since h & Jy,
it follows that a = 0, hence gf( - A - |w|) = 0. This completes the proof of the

theorem. ([l
EXAMPLE 8.62. If f=>"" |z, with a; > 2 for all i, then

Jy = (x(lllila s al‘?f’_l)a

so k[xy,...,z,]/J; has a basis given by zi'--.zin, with 0 < i, < a, — 2 for
1 < p < n. Note that f is w-homogeneous, with p(f) = 1, where w; = a% for all 1.
We thus conclude that

A= {)\+|w||)\€E(f)}:{;—1l+...+;—z|1§ip§ap—1for1§p§n}.
By Theorem 8.61, we have by(s) = (s + 1) - [],cp(s + ).

8.3.2. An application to complex powers. We next briefly discuss the
original application of b-functions to the meromorphic continuation of complex
powers. We consider the following setting: suppose that X is a smooth affine
complex algebraic variety. We assume that we have coordinates zi,...,2, on X
and write dz = dz; A ... A dz,. The classical case is that when X = C™.

Suppose that f € Ox(X) is a regular function. For every real function ¢ on
X, which is smooth (that is, C*°) and with compact support, and every s € C with
Re(s) > 0, we consider

Zr.a(s) ::/ | f|?5® dzdz.

Recall that for a € Rsg and A € C, we have a* = exp()\ . log(a)). Of course,
in the above integral we can ignore those P € X?" with f(P) = 0, which form a
set of measure 0.

PROPOSITION 8.63. The function Z¢ ¢ is well-defined and holomorphic in the
half-plane Hy = {s | Re(s) > 0}.

PrROOF. Note that if s € Hy, then ||f(x)**| = |f(z)?R¢() so if |f(z)| < M

for x € Supp(®), we have

1f(@)]**®(x)] < M*Rsup|@|.
Since we integrate on the support of ®, which is compact, it follows that Z; (s) is
well-defined for s € Hy.

By Morera’s theorem, in order to show that Zy s is holomorphic in Hy, it is
enough to show that Zy ¢ is continuous on Hy and for every closed smooth curve v in
Hy, we have f,y Z;.3(s)ds = 0. Both these assertions follow easily using Lebesgue’s
dominated convergence theorem. (I

It was a question of I. Gel'fand (ICM, Amsterdam, 1954) whether Z; ¢ admits

a meromorphic extension to C. In fact, one would like to do this uniformly in &
(more precisely, given any so € C, one would like to find N = N(sg) such that
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(s — 50)N Z;.¢ is holomorphic in a neighborhood of sy for all ®). This is easy to
do, using an argument via integration by parts, when f is a monomial 2] - - z%".
A few years after Hironaka’s proof of resolution of singularities in [Hir64], an
affirmative answer to I. Gel’fand’s question was given independently by Bernstein-
S. Gel'fand [BG69] and Atiyah [Ati70], based on Hironaka’s result. The idea is
to use resolution of singularities and the Change of Variable formula to reduce the
assertion to the monomial case.

A second solution to I. Gel’fand’s question was given shortly afterwards by
Bernstein [Ber72], directly extending the integration by parts argument mentioned
above, using the existence of the b-function. We sketch the argument in what
follows.

By definition of by, we have a relation of the form

b(s)f* = P f+1,

Note that if we are in an open subset U of X where a branch of log(f) is defined,
so f* =exp(s-log(f)) is defined, then we can write

by (s ()P = by () f* BT = (P ) - (P-T) = Q- [P,

where Q = P-P. The last equality follows from the fact that if P € Ox[0.,,...,0.,]
and g and h are holomorphic functions, then P - (g-h) = h(P - g) and P - (gh) =
g(P-h) = g- P -h. Using the Stokes theorem, we thus see that if s € Hy, then we
can write

(830 by(s)br(s) Zralo) = [ (@ IFPCHV) - @dedz = [ | fPerIw s
an Xan

with ¥ = @ - ®, where @ is the adjoint of @ (we use here the fact that ® has
compact support). Note that the right-hand side of (8.34) is in fact holomorphic in
the half-space {5 | Re(s) > 71} by Proposition 8.63, since ¥ is a smooth function,
with compact support. We can now multiply by bs(s + 1)bs(s 4+ 1) and repeat.
The conclusion is that indeed, Z; ¢ admits a meromorphic extension such that
for every positive integer m, in the half-space {s | Re(s) > fm}, the function
H?:Ol bp(s+i)bs(s+1i) - Zsa(s) is holomorphic. In particular, we see that every
pole of Z;  is of the form A—j or A—j, for some root \ of by and some nonnegative
integer j (we will see in the next chapter that, in fact, such A is a negative rational
number).

8.4. Rationality of the roots of the Bernstein-Sato polynomial

We fix a smooth, irreducible n-dimensional algebraic variety X over an alge-
braically closed field k of characteristic 0. Our main goal in this section is to prove
the following theorem of Kashiwara [Kas77]:

THEOREM 8.64. If f € Ox(X) is nonzero, then all roots of the Bernstein-Sato
polynomial by (s) are negative rational numbers.

By combining this result with Theorem 8.42, we obtain the following

COROLLARY 8.65. The Dx-module Ox has a V-filtration with respect to any
nonzero f € Ox(X).
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In order to relate the roots of the Bernstein-Sato polynomial to other invariants
of singularities, it is useful to give an estimate of these roots in terms of a log
resolution of the pair (X, H), where H is the hypersurface defined by f. Such an
estimate was also given by Kashiwara in [Kas77], but the optimal one was given
by Lichtin [Lic89], using a slight modification of Kashiwara’s argument. We begin
by reviewing some terminology related to log resolutions.

DEFINITION 8.66. Let X be a smooth variety and H a hypersurface in X. A
log resolution of (X, H) is a projective morphism 7: ¥ — X such that the following
conditions hold:

i) 7 is an isomorphism over X \ H (it is often enough to only assume that 7
is birational, but for us it will be important to put this stronger condition).
ii) Y is a smooth variety.
iii) The divisor 7*(H) on Y has simple normal crossings’.

Log resolutions as above exist by Hironaka’s fundamental result. In the setting
of the above definition, we will use the following notation: we write 7*(H) =
Zilil a; E;, where the E; are mutually distinct prime divisors on Y. Note that the
largest open subset U of X with the property that m is an isomorphism over U
satisfies codimx (X ~\ U) > 2 (this is a consequence of the valuative criterion for
properness, since X is normal and 7 is proper). It follows that if Z is a prime divisor
on X, then ZNU # 0; the strict transform Z of Z is 7~ 1(Z NU). Note that a prime
divisor E on Y either intersects 7~1(U) (in which case it is the strict transform of
a prime divisor on X) or satisfies dim (7(E)) < n— 2 (in which case we say that E
is an exceptional divisor). In our setting, we see that every exceptional divisor is an
irreducible component of 7*(H); moreover, the irreducible components of 7*(H)
that are not exceptional are strict transforms of the irreducible components of H.

We will also consider the relative canonical divisor Ky,x. This is defined as
follows: the canonical morphism 7*(2x) — 2y induces a morphism of line bundles
m(wx) — wy and Ky, x is the effective divisor defined by the corresponding
(nonzero) section of wy ®o, 7 (wx)~!. If m is an isomorphism over U, then it is
clear that Supp(Ky,x) € 7~ *(X \ U). In particular, we see that we can write
Ky/;x = Zfil k;E;. Moreover, if F; is not exceptional, then k; = 0. One can
also show that if F; is an exceptional divisor, then k; > 0; this is a consequence of
Zariski’s Main Theorem that we leave as an exercise for the interested reader since
we will not not need it.

If H is defined by f € Ox(X) and 7: Y — X is a log resolution of (X, H) as
above, then it was shown in [Kas77] that every root of by is of the form —i for
some ¢ and some positive integer ¢, while the result in [Lic89] says that it is of the
form — M for some ¢ and some positive integer ¢. In fact, we will prove a similar

result for more general elements of OX[ s]f* ~ 14 (Ox[1/f]), following [DM22].

Recall that ¢: X < X x A' is the graph embedding given by «(z) = (=, f(z)).
While the more general assertions are more technical, we will use them in the
next section to relate the Bernstein-Sato polynomial and the V-filtration to other

5We have defined this notion for reduced divisors in Chapter 7.4.1. An arbitrary effective
divisor D on the smooth variety Y has simple normal crossings if D..q does; explicitly, around
every point on Y, there are algebraic coordinates yi,...,yn such that D is defined by [T, y;”
for some nonnegative integers ai,...,an.
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invariants of singularities. We are interested in the b-function of elements of the
form g9;"0 € 14 (Ox). The result that we prove is the following:

THEOREM 8.67. Let X be a smooth, irreducible algebraic variety and f €
Ox(X) nonzero, defining the hypersurface H. Given a log resolution m: Y — X of
(X, H), if we write

N N
7T*(H) = ZaiEi and Ky/X = Zszza
i=1 i=1
then the following hold:

i) Every root of by is of the form — ki

;_ré, for some i with 1 < i < N and some

positive integer . In particular, for every u € v (Ox[1/f]), all roots of
b, are rational numbers.
From now on, suppose also that m is a nonnegative integer and g €

Ox(X) is nonzero. We denote by b; the coefficient of E; in 7*(div(g)).

ii) Every root of bgoms is < —min{l, % —m|1<i< N}.

ili) Every root of bys is < —min{’“7"*'117”;"|r1 |1<i< N}.

iv) Ewvery root of boyms is either a negative integer or it is of the form m— k;—fz,
for some i with 1 < i < N and some positive integer . Furthermore, if
H is reduced and the strict transforms of the components of H on X are
disjoint’, then we may take i such that the divisor E; is exceptional.

We note that the second assertion in i) is a consequence of the first one: in-
deed, the fact that by has rational roots implies, by Theorem 8.42, that we have
a V-filtration on ¢4 (Ox), and thus on ¢y (Ox[1/f]) by Corollary 8.47. Another
application of Theorem 8.42 leads to the desired conclusion.

8.4.1. Preliminary results I: The SNC case. The argument for the proof
of Theorem 8.67 has two parts. On one hand, we need to treat the case when
f defines a simple normal crossing divisor (SNC, for short). On the other hand,
we need to relate the setup on the log resolution to the original setup on our
variety X. In this section we treat the SNC case. We work in the following setup:
X is a smooth, irreducible, n-dimensional variety, and f € Ox(X) is a nonzero
regular function. We recall that we have a canonical isomorphism Ox|[1/f, s]f® ~
1+ (Ox[1/f]) that maps f* to & (see Proposition 8.35) and we have 11 (Ox) C
1+ (Ox[1/f]). Note that for an element u € 14 (Ox), the b-function b, does not
depend on whether we consider u as an element of 14 (Ox) or of 14 (Ox[1/f]).

We begin with two general results. The first one is an extension of Proposi-
tion 8.51 when we have an auxiliary function g.

PROPOSITION 8.68. If f, g € Ox(X) are nonzero, g/f & Ox(X), and u = go €
1+(Ox), then (s + 1) divides by(s).

We note that the existence of b,, is guaranteed by Theorem 6.45.

PRrROOF. Let U C X be an affine open subset such that g/f ¢ Ox(U). By
Remark 8.38, we may replace X by U and thus assume that X = Spec(R) is affine.
Using Proposition 8.35 and the definition of b,(s), we can write

bu(s)gf® = P(s)- faf*

6This condition can always be achieved after performing finitely many blow-ups.
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in R[1/f,s]f*, for some P € Dg[s]. After specializing to s = —1 (see Remark 6.48),
we obtain

bu(-1)% =P(-1)-g € R,
hence b,(—1) = 0. O

In the setting of Lemma 8.68, we write by (s) = by (s)/(s+1). We next prove a
result that relates the b-functions of gé and gd;™é.

PrOPOSITION 8.69. With the notation in Proposition 8.68, for every nonnega-
tive integer m, the b-function bgoms exists and we have

byopsl(s + 1)bys(s — m).

PROOF. The case m = 0 is clear, hence from now on we assume m > 1. We
put b = bys(s). By Remark 8.38, it is enough to show that for every affine open

subset U ~ Spec(R) of X, the b-function of g9j*d|y divides (s + 1)b(s —m). After
replacing X by U, we may thus assume that there is P € Dg[s]| such that

(s+ 1)b(s)gd = P - gféd.

Since s + 1 = —td; and P(s) - gfd = P(s)t- g6 = tP(s — 1)gd by Lemma 8.2, we
have

—t04b(s)gd = tP(s — 1) - go.

Since the action of ¢ on ¢4 (Ox) is injective (see Remark 8.30), we deduce that
Ob(s)gd = —P(s — 1) - gé.

Using again Lemma 8.2, we have

(s + 1)b(s —m)gd"s = (s 4+ 1)07b(s)gf* = —(s + 1) ' P(s — 1) - g6

=t0"P(s —1)-gd = P(s —m)t-9;"go.

Since P(s — m)t € V'Dx, a1, we conclude that byors exists and divides the poly-

nomial (s + 1)b(s — m). O
REMARK 8.70. We will show in Theorem 8.99 below that when g = 1, the
divisibility in the above proposition is, in fact, an equality.

We next consider the case of the b-function bysms when both f and g are given
by monomials. This extends the computation in Example 8.58.

PropPoOSITION 8.71. Suppose that we have algebraic coordinates z1,...,x, on
Xand f=v H?:l ziand g = w H?Zl x?’i for nonnegative integers ay, ..., an, b1,...,bn
and invertible functions v, w € Ox (X). If u = ¢9;*d, for a nonnegative integer m,
then b, exists and the following assertions hold:

i) If = 0, then b, divides [T7_, 15", (8 + bTM)
ii) For every m, the polynomial b, divides (s+1)-T], [T/, (8 —m+ b%é)
iit) If a; = 1 and by = 0, then b, divides (s + 1) - [T}, [T, (3 —m+ %)
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PRrROOF. Note first that we may and will assume that v = w = 1: this is a
consequence of the way the b-function changes when scaling f by an invertible
function (see Remark 8.24) and of the fact that b, = by, if h is an invertible
function. Writing gf**' =[], 22°*T**% e are led to the formula

n o a;
oo gt =TT [ (@is + b + 0)9f°,
i=1¢=1
which is easy to check. This gives the assertion in i).
In order to prove the assertion in ii), note that by using Lemma 8.2, we can
write

(s + 1)t = —td" Tt = t0"s = t(s — m)O"™ = (s —m + 1)to}".
We thus deduce that if b(s)gd = P(s) - tgd, for some P € Dx, then
(s4+1)b(s —m)u = (s+1)9{"b(s)gd = P(s —m)(s+ 1)0{"tgd
=(s—m+1)P(s —m)td"gs € V' Dxyaru.
Therefore the assertion in ii) follows from that in i).

Suppose now that we are in the setting of iii). Note that in this case g/f ¢
Ox(X), hence Proposition 8.68 applies, and we conclude from i) that bys divides

1, T, (s + bia—ﬂ). The assertion in iii) is then a consequence of Proposi-
tion 8.69. O

For every nonzero f € Ox(X), we put Ny, := Dx(s,t) - 90 C 14 (Ox). We
note that if f is nonconstant, then by generic smoothness we may replace X by an
open neighborhood of the hypersurface H defined by f to assume that the induced
morphism X \ H — A <\ {0} is smooth. Equivalently, we have V(J¢) C Supp(H),
where J; is the Jacobian ideal of f. Under this assumption, we also consider the
subvariety W; of T X which is the closure of

Wg = {(PAdf(P)| Pe X~ H,\€k}.

We note that by our assumption, df (P) # 0 for every P € X ~\ H. It is clear that
WJ? is a rank 1 geometric subbundle of T*X|x. g, and thus Wy is an irreducible
(n + 1)-dimensional subvariety of 7*X that dominates X.

PROPOSITION 8.72. Let f € Ox(X) define the nonempty hypersurface H in X
such that V(Jy) C Supp(H) and let m be a nonnegative integer. If H has simple
normal crossings, then the following hold:

i) The Dx-module Ny, is coherent and Char(Ny,,,) = Wy. In particular,
N.m is subholonomic” and Ny, /t - N, is holonomic.

ii) If 7: T*X — X is the canonical projection, then W; N7~ 1(H) is an
isotropic subvariety of T (X).

PROOF. The proof is elementary, though somewhat tedious. Both assertions
can be checked locally, hence we may and will assume that we have algebraic co-
ordinates z1,...,z, on X such that f = ug, where u € Ox(X) is invertible and
g =TI, z}". We assume that the coordinates are indexed such that a; > 0 if and
only if ¢ < r, so Supp(H) = V(x1...2,). On T*X we consider the corresponding
coordinates x1,...,Tn, Y1, .-+ Yn-

"This means that dim(Ny,mm) =n+ 1.
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We begin by treating the case m = 1, when we simply write Ny for Nyg =
Dx|s] - f*. We first note that N is not holonomic. Indeed, we have the following
decreasing sequence of D x-modules:

Ny DtNy D tINp D L.

If Ny is holonomic, then the above sequence is stationary by Proposition 6.37,
hence there is ¢ > 0 such that t9A =t N}, Since the action of ¢ on ¢4 (Ox) is
injective, we conclude that Ny = tAy, hence § € V!Dxy a1 - 8, so bs(s) = 1. Since
we assume that f is not invertible, this contradicts Proposition 8.51. Since Wy is
irreducible, of dimension n + 1, if we show that Char(Ny) C Wy, then in fact we
have equality (otherwise Ny would be holonomic). Note that for every i, we have

(8.35) xi% = (xig—;fi + aiu) - g.
We put h; = xi% +a;u for i <r and h; = % for i > r. Note first that
(8.36) V(hi |1<i<n)=0.

Indeed, if h;(P) = 0 for all ¢, then it follows from (8.35) that miaa—gi(P) =0fori<r
and %(P) =0 for all ¢ > r. Since V(J;) C Supp(H), it follows that thereis ¢ <r
such that x;(P) = 0; then h;(P) = 0 implies a;,u(P) = 0, a contradiction.

We show that Ny is coherent and Char(Ny) C Wy separately on each U; =
(h; # 0). Suppose first that ¢ < r. It follows from (8.35) that

(8.37) 20, f° = shjtflfS for j<rand 0, f°%=shyu'f5 fork>r.

In particular, we have s — h;luzia@ € Ann(f*), hence Ny |y, is generated over Dy,
by f#, and thus it is coherent. Moreover, all

20z, — hjhzlxl-(“)x for j<r and 0, — hkhflxiaﬂ

lie in Ann(f*). We thus conclude that Char(Ny|y,) € W;, where W; is the subva-
riety of T*U; defined by the equations x;y; — hjhi_lxiyi for j <r, with j # 4, and
Y — hih; 1xiyi for k > r. Note that no irreducible component of W; is contained in
n1(H). Indeed, if a general point (P, Q) on such a component satisfies z;(P) =0
for some j < r, then h;(P) # 0 (since a;u(P) # 0), and thus z;(P)y;(Q) = 0, which
in turn implies z¢(P)y,(Q) = 0 for all £ < r and y;(Q) for all k > r. Therefore this
irreducible component of W; has dimension < n, contradicting the fact that W; is
defined by n — 1 equations.

Since no irreducible component of W; is contained in 7= !(H), in order to show
that W; C Wy, it is enough to show that W; N 7= (X \ H) C WJ‘? This is easy: it
follows from the definition of W that it is defined in 7YX <\ H) by

for k>r

7

The fact that W; N7~ 1(X \ H) C Wy follows directly from the equations of W;
and the fact that

~1 _ x;-0f/0z; . —1 _  8f/0xy
h;h; —% for j<r and hih; —#fg’;ﬁ for k>

Moreover, we have seen that

T n

W;na Y (HNU;) C ﬂ V(ziyi) N ﬂ V(yi)

i=1 i=r+1



8.4. RATIONALITY OF THE ROOTS OF THE BERNSTEIN-SATO POLYNOMIAL 131

and the irreducible components of the right-hand side are smooth, isotropic subva-
rieties of T*U;. Therefore W; N 7r’1(H N U;) is an isotropic subvariety of T*U;.

We argue similarly on a subset U; with ¢ > r. Using again (8.37), we see that
s — hi'ud,, € Ann(f*), hence Ny|y, is generated over Dy, by f*, so Ny|p, is
coherent. Furthermore, we see that Char(NF|y,) is contained in the subvariety W;
of T*U; defined by the equations x;y; — hjhi_lyi, for 7 <r, and yx — hkhi_lyi, for
k > r, k #i. As before, we see that if for a general point (P, Q) on an irreducible
component of W; we have z;(P) = 0 for some j < r, then h;(P) # 0, ;(Q) = 0,
and then xp(P)y,(Q) = 0 for all £ < r and yx(Q) = 0 for all &k > r. We thus
have an irreducible component of a subset cut out by n — 1 equations which has
codimension > n, a contradiction. The fact that also in this case we have W; C Wy
and W; N 7—1(H N U;) is isotropic now follows as before.

We thus conclude that Char(Ny) C Wy; as we have seen, this must be an
equality. Moreover, the above argument also shows that for every ¢ we have W, =
W N w~1(U;), which is an isotropic subvariety of T*U;, hence the assertion in ii)
holds. _ _

We next prove the first assertion in i) for m > 1. Note that ¢ - 9{d = f9]6 —
j@gilé, hence it follows by descending induction on j that 8?(5 €Ny for0<j<
m. Therefore we have

Ny =Dxls] - {8]8] 0 < j <m}.

Since P(s)-8]8 = 8] P(s+m)d and since we have already seen that Ay is generated
over Dx by 1, it follows that Ny = Dx - {9{d | 0 < j < m}. Therefore we have an
exact sequence of Dx-modules

0= Npm-1 = Nim = Npm—0,

and Ny, is generated over Dy by 9"6. If P € Dx is such that P -§ = 0, then
P-ord = 0"P -4 = 0, hence we have a surjective morphism of Dx-modules
Ny = N, given by P -6+ P-9;". We conclude using Proposition 3.33 that

Char(Ny,,) = Char(Ny,,—1) U Char(Ny,,) € Char(Ny,,—1) U Char(Ny),

and we obtain Char(N7,,) = Wy by induction on m.

It is now clear that Ny, is a subholonomic Dx-module. Since ¢ acts injectively
on ¢4 (Ox), multiplication by ¢ induces an isomorphism N7 ,,, =~ t- Ny, ,. Using the
exact sequence

0—)t-./\/-f7m—>./\ff,m —>Nf’m/t'./\/f7m—>0,

by considering the multiplicities of the characteristic varieties at the generic point of
Wy, we conclude that all components of Char(N¥,,,, /t-Ny..,) are proper subvarieties
of Wy, hence have dimension < n. Therefore Nfﬂn/t . Nf,m is a holonomic Dx-
module. This completes the proof of i). O

8.4.2. Preliminary results II: general behavior of the direct image
functor. We have seen in Theorem 6.54 that if 7: Y — X is a proper morphism of
smooth, irreducible varieties and M is a coherent Dy-module, then H* (7 (M)) is a
coherent Dx-module for every i € Z. The following important result of Kashiwara,
see [Kas77, Theorem 4.2], gives an estimate for the characteristic varieties of these
Dx-modules in terms of the characteristic variety of M. Let a: 7*(T*X) — T*Y
be the morphism induced by 7*(x) — Qy and let B;: 7*(T*X) — T*X be the
morphism corresponding to 7 via base-change.
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THEOREM 8.73. If m:' Y — X is a proper morphism of smooth, irreducible
varieties and M is a coherent Dy -module, with V' = Char(M) C T*Y, then for
every © € Z, we have

Char (H' (14 (M))) € Br(az ' (V).

We do not give the proof of this theorem that requires different tools (though
hopefully the proof will be included in a later version of these notes). The argument
in [Kas77] makes use of microdifferential operators. An algebraic argument, using
the push-forward for graded modules over Rees rings of the form ,,~, FnDx 2™,
was given by Laumon [Lau85]. A nice outline of this argument can be found in
[Sabll, Chapter 3.5].

LEMMA 8.74. If m: Y — X is a morphism of smooth, irreducible varieties and
vx and vy are the canonical symplectic forms on T*X and T*Y , respectively, then

ax(vy) = Brlvx)-

PROOF. Since the assertion can be checked locally, we may and will assume
that we have algebraic coordinates zi,...,z, on X and y1,...,ym on Y. We
get corresponding isomorphisms 7T*X ~ X x A" and T*Y ~ Y x A™, giving
coordinates T1,...,Tn, U1, .., Uy, o0 T*X and y1,...,Ym,V1,...,0m on T*Y. We
also have an isomorphism 7*(T*X) ~ Y x A™, so on 7*(T*X) we have coordinates
Yooy Ym, UL, - - -, Uy (note that, with a slight abuse of notation, we sometimes
denote by the same letter a function and its pull-back). Let m; = a;om for 1 <i < n.
We have

n n m

Br(vx) ==Y Bialdu; Aday) = = > " Sidu; A dy;.

i=1 i=1 j=1

On the other hand, o, is given by

ax(PAL, . A Pzg; LY (PN,

hence v; oo =Y i, gg’ U, SO

n m

a(dvj) Z Z 8228% w;dyg + Z O, dui.
=1

i=1 k=1

Therefore we have

ai(yy) ==Y ax(dv; A dy))
j=1

Z Z By; yk —;dyr N dy; — Z Z Om; dui A dy;
k—

i=1 j,k=1 =1 j=1

=D Frdui Ady; = B (yx)-

i=1 j=1

O

COROLLARY 8.75. With the notation in Lemma 8.74, if VV C T*Y is an isotropic
subvariety, then S, (a; 1(V)) is an isotropic subvariety of T*X
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PrOOF. Recall that V is an isotropic subvariety of T*Y if for every smooth
point y € V, the subspace T,V C T,Y is isotropic with respect to the standard
symplectic form vy of ¥ (that is, we have vy (v1,v2) = 0 for all vi,v, € T, V). In
fact, since this is a closed condition, it is enough to check it for general smooth
points of each irreducible component of V.

The main observation is that in this case every closed subvariety Z of V is
isotropic. In order to see this, we may assume that both Z and V are irreducible
and it is enough to show that for P € Z general, TpZ lies in the closure of the
tangent bundle of the smooth locus Vg, of V. To see this, let g: XN{V — L/ be a
resolution of singularities that is an isom~orphism over Vi and let Z C V be a
closed irreducible subvariety such that g(Z) = Z. By Generic Smoothness, we can
find nonempty smooth open subsets Zo C Z and Zy € Z such that the induced
morphism Zy — Z; is smooth and surjective. For every @ € 207 it is clear that
TQZ lies in the closure of the tangent bundle of g=1(Vy,), hence for every P € Zy,
the tangent space TpZ lies in the closure of the tangent bundle of V.

We can now prove the assertion in the corollary. Note first that 8, (a; 1(V))
is a closed subvariety of T X: this follows from the fact that 7w being proper, 5, is
proper, too. Let W be an irreducible component of 3, (a;l(V)) and let T be an
irreducible component of a ' (V) with 8,(T) = W and let Z = a,(T) C V. As we
have seen, Z is isotropic, and the fact that W is isotropic follows now easily using
generic smoothness for the morphism 7' — W and the assertion in Lemma 8.74. [

REMARK 8.76. In conjunction with the involutivity of the characteristic variety
of a coherent D-module (see Theorem 3.44), Theorem 8.73 and the above corollary
provide another proof for the fact that holonomic D-modules are preserved by
proper push-forward. Indeed, if 7: ¥ — X is a proper morphism of smooth, ir-
reducible varieties, and if M is a holonomic Dy-module, then V = Char(M) is
an isotropic subvariety of T*Y (since it is involutive, of dimension dim(Y’)). The-
orem 8.73 implies that for every %, the characteristic variety of H? (7r+(/\/l)) is a
subset of G, (a; 1(V)), which is isotropic by Corollary 8.75. Therefore the charac-
teristic variety of H'(m (M)) is itself isotropic (see the proof of the corollary), and
thus H* (4 (M)) is holonomic.

8.4.3. Preliminary results III: Dx (s, t)-modules and holonomicity. We
begin with a general result about endomorphisms of holonomic D-modules. In this
section we fix a smooth, irreducible variety X.

PROPOSITION 8.77. If M is a holonomic D x-module and v € Endp, (M), then
there is a nonzero p € k[s] such that p(u) = 0.

PRrROOF. By the Lefschetz Principle, we may and will assume that the ground
field is C. Note that if M; C M is a Dx-submodule such that u(M;) C M;
and if the induced endomorphisms u; € Endp, (M;) and uy € Endp, (M/M;)
satisfy py(u1) = 0 and pa(uz) = 0 for some nonzero p1, p2 € C[s], then p(u) = 0 for
p = p1p2. Arguing by induction on the length of M, it follows that it is enough
to find A € C such that v — X\ - Id is not injective at some x € X (we then take
My = Ker(u — X -1d)). We may assume that M # 0 and after possibly replacing
X by an open subset, we may assume that Supp(M) is a smooth, irreducible
subvariety of X. By Theorem 6.20, we may replace X by Supp(M), hence we may
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assume that Supp(M) = X. By Remark 6.30, after replacing X by an open subset,
we may assume that M is a locally free O x-module, of rank r > 1.

In this case we will show the existence of p € C[s] such that p(u) = 0. If
A1, ..., A are the roots of p, then some u — \; - Id is not injective, completing the
proof. The existence of p in turn follows if we show that dimg Endp, (M) < cc.
Note that we have a Dx-module structure on & = Endp, (M) given by

(- @)(u) =&-pu) —p(&-u) for &eDerc(Ox), ¢ € Endox (M), ue M

such that
Endp, (M) =T(X,EY),

where V is the corresponding integrable connection on € and £V C £ is the subsheaf
of sections s, with V(s) = 0. Since the canonical morphism I'(X, ) — T'(X?2®, £21)
is injective (this is due to the fact that the morphism Ox , — Oxan , is injective
for every z € X), it is enough to show that I'(X?*", (£2")V) is finite-dimensional.
By Theorem 7.5, £ = (£*")V is a local system on X®". Since X" is connected, it
is easy to see that for every x € X, the induced map I'(X?*", L) — L, is injective.
Since dimg(L£;) < oo, we conclude that T'(X?" L) is finite-dimensional, which
completes the proof. O

COROLLARY 8.78. If M is a Dx(s,t)-module that is holonomic as a Dx-
module, then there is N > 0 such that t" - M = 0.

PROOF. Since M is a holonomic Dx-module, the decreasing sequence of Dx-
submodules

MDt-MD...Dt"-MD...

is stationary. After replacing M by ¢V - M, we may thus assume that M =t - M
and we need to show that M = 0 (note that t" - M is a Dx (s, t)-submodule of M
since stV - M C tN(s —m)- M C t"¥ - M by Lemma 8.2). By Proposition 8.77,
there is a nonzero polynomial p € k[z] such that p(s)- M = 0. Another application
of Lemma 8.2 gives

p(s+€)- M=p(s+0)t" - M =t'p(s) - M =0.

For £ >> 0, the polynomials p(x) and p(z+/) are relatively prime, so from p(s)-M =
0 and p(s +¥) - M = 0, we conclude that M = 0. O

PROPOSITION 8.79. Let M be a Dx (s,t)-module and M’ C M a Dx (s, t)-
submodule such that M /M’ is holonomic as a Dx-module. If b € k[x] is such that
b(s) - M Ct- M, then there is N > 0 such that

b(s)b(s+1)---b(s+N)- M Ct- M.

PROOF. It follows from Corollary 8.78 that there N > 0 such that tV-(M/M') =
0. By successively applying Lemma 8.2, we obtain

b(s)b(s+1)---b(s+N)- M Cb(s)b(s+1)---b(s+N)-M Cb(s+1)---b(s+N)t-M

=th(s)---b(s+ N—-1) - MC...ctVt. mct-tN -M)Ct- M.
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REMARK 8.80. While we stated the results in this section for left Dx (s, t)-
modules, which is our usual setting, in the proof of Theorem 8.67 we will make use
of Proposition 8.79 for a right Dx (s, t)-module. Recall that we have an equivalence
of categories, described in Chapter 3.6, between left and right Dx-modules, that
associates to a left Dx-module M a right Dx-module M" with underlying O x-
module wx ®o, M. The local description of this equivalence in terms of local
coordinates shows that we have a similar equivalence of categories between left and
right Dx (s, t)-modules, such that if M" is the right Dx-module associated to the
left Dx (s, t)-module M, then ¢t and s act on M” by

(a@w) t=a®tw and (a@w)-s=-(s+1) (a®@w)

for every sections w of M and a of wy (note that —(s + 1) = t0;). By switching
between right and left Dx (s, t)-modules, we deduce from Proposition 8.79 that if
M’ C M are right D(s, t)-modules and M - p(s) C M - ¢, then there is N > 0 such
that

M p(s)p(s—1)---p(s—N)C M -t.

8.4.4. Proof of rationality and estimates via a log resolution. We can
now prove the main result of this section:

PROOF OF THEOREM 8.67. We put F' = foxw and G = g ow. All assertions
are local, hence we may and will assume that X is affine and we have algebraic
coordinates x1,...,2, € Ox(X).

Note first that if f is invertible, then the b-functions in the theorem are all 1
by Remark 8.45 and there is nothing to prove. From now on, we assume that f is
not invertible, hence the hypersurface H defined by f is nonempty. Furthermore,
it follows from Remarks 8.38 and 8.45 that the b-functions in the statement do not
change if we replace X by an open neighborhood of H. Since f is nonconstant, by
Generic Smoothness we may and will assume that the induced morphism X \ H —
A' {0} is smooth, so V(J¢) C Supp(H). Since  is an isomorphism over X \ H,
we also have V(Jp) C n~!(Supp(H)).

We put u = g9 f* € Ox[1/f,s]f* =~ (1)1 (Ox[1/f]), where tj: X < X x Al
is the graph embedding corresponding to f. By Remark 8.37, the b-function
b, is the minimal polynomial for the action of s = —dit on N ,,(9)/tNtm(9),
where Ny (9) = Dx(s,t) -u C Ox|[1/f,s]f*. We similarly define the Dy-module
Npm(G). We note that since Np,,(G) C Npy := Npn(l), it follows from
Lemma 8.72 that Np}m (G) is a coherent Dy-module and

Char (Np,m(G)) € Char(Np,m) = We.

The improvement in [Lic89] as opposed to the argument in [Kas77] is the use of
right D-modules, that allows bringing in the picture the relative canonical class. Let
+ m(g) be the right Dx (s, t)-module corresponding to Ny, (g) and let N, (G)
be the right Dy (s, t)-module corresponding to Ng ., (G) (see Remark 8.80). Let n
be the image of 7*(dx1 A ... Adzy,) via the canonical morphism 7*(wx) — wy and
let
u* = (dzy A .. ANdxp) © g0 f* € T(X,Nym(g)) and
vt = ® GOPF® € T(Y, Nrw(G)).
We will be interested in the following right Dy (s, t)-module:
M :=v* - Dy (s,t) C Npm(G).
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Note that b,(s) = p(—s — 1), where p is the minimal polynomial of the right
action of s on N7, (g)/NF,,(g9)t. Let us consider now the right action of s on
M/ Mt and let us determine a polynomial ¢ such that (M/Mt)q(s) = 0. For this,
it is enough to take g(s) = b(—s — 1), where b satisfies the following property: we
can cover Y by open subsets U on which we have coordinates y1, ..., y, such that
Fly = v - [[im, v and 9|y = vo - [[in, yfidyl A ... A dy, for some invertible
functions vy and vy, and

b(s)Gvg Hyzk’ -0"F*® € Dy (s, t)ytGuy Hyf’ oA

i=1 i=1

We can find such a polynomial b(s) such that the following conditions, correspond-
ing to the different assertions in the theorem, hold:

fk;ﬂ, for some ¢ with
K2

i) If w = f*, then every root of b(s) is of the form

1 <7 < N and some j, with 1 < j < a;.

ii) Given g and m, every root of b(s) is < —min {1, k"+a7b;+1—m |1<i< N},
where b; is the coefficient of E; in div(G).

iii) If m = 0, then every root of b(s) is < —min {% |1<i< N},

iv) If g = 1, then every root of b(s) is either —1 or it is of the form % —m

for some i, with 1 < ¢ < N, and some positive integer ¢. Moreover, if H

is reduced and the strict transforms of the components of H are disjoint,

then we may assume that F; is an exceptional divisor.

Indeed, the assertions in i) and iv) follow directly from Proposition 8.71 (note
that under the assumptions in the last assertion in iv), we may assume that in every
chart we have at most one y; that defines the strict transform of a component of H,
and for this ¢ we have a; = 1 and k; = 0). The assertions in ii) and iii) also follow
from Proposition 8.71 if in each chart U as above we have G|y =[]\, yf While
we only know that G|y = h- [/, y’', the sections of (1r)4(OQy) whose b-function
has all roots < ~ (for some fixed ) form an Oy-submodule by Proposition 8.43
(in order to see that Oy has a V-filtration with respect to F', we may either first
prove assertion i) in the theorem or use the simple normal crossing case that was
explicitly discussed in Example 8.34).

Our goal is to show that there is N # 0 such that b, divides the polynomial
b(s)b(s+1)---b(s+N). By Properties i)-iv) above, this will gives the corresponding
assertions in the theorem. In order to do relate M and N 7, we consider

My i=HO(m4 (M)).

This is not just a right Dx-module, but a right Dx (s, t)-module: indeed, the mor-
phisms induced by multiplication with s and ¢ on M induce by functoriality corre-
sponding morphisms on M x, that satisfy the correct commutation relation. Fur-
thermore, since M - ¢(s) € M - t, we also have Mx - ¢q(s) C Mx - t. Indeed,
since multiplication by ¢ on M (in fact, on Oy [1/F, s|F*®) is injective, we have a
morphism of Dy-modules p: M — M such that ¢(v) -t = vg(s) for all v € M. By
functoriality, if 1 = H%(74(¢)), it follows that ¢(w) - t = wq(s) for all w € Mx.

We next show that we have a canonical section o € T'(X, Mx). Recall that,
by definition, we have

Mx = RO’lT*(M ®%Y Dyéx).
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On Y, the section v* induces a morphism Dy — M, which after tensoring with
Dy _, x induces a morphism of right f~!(Dx)-modules

Dy_x =+ M ®7L3Y Dy . x.

By composing this with the morphism of f~!(Ox)-modules f~1(Ox) — Dy_x
that maps f~!(1) to f*(1) and applying R’m,, we obtain a morphism of Ox-
modules

Ox = R°m.(f7'(Ox)) = R'm.(M @3, Dyx) = Mx.

The image of 1 is the section 0. We note that, by assumption, 7 induces an
isomorphism Y \ 771(H) — X \ H, hence we have an isomorphism

Mx|x<m = Nj . (9)|x<nm

such that o|x. g corresponds to u*|x g

Let M% :=0-Dx(s,t) C Mx. We have a morphism of right Dx (s, t)-modules
7: M% — N7, (g) such that 7(0) = u*. Indeed, suppose that P € Dx (s, ) is such
that o - P = 0. By restricting to X ~ H, we see that (u* - P)|x.g = 0. Since

}”m(g) has no f-torsion, it follows that w* - P = 0. This shows that we have
indeed a morphism 7, which is surjective since N7, (g) is generated over Dx (s, )
by u*.

The key point is that Mx /M is a holonomic Dx-module. Note first that
since M is coherent and Char(M) C Wp, it follows from Theorem 6.54 that Mx
is coherent and Theorem 8.73 implies that Char(Mx) C Bx(a;'(Wp)). Moreover,
since Mx|x g = M%|x-n, we have

Char(Mx /M%) C Br(a; ' (Wp)) xx H = Br(a; ' (Wr xy 7' (H))).
On the other hand, it follows from Proposition 8.72 that Wr xy 7~ 1(H) is isotropic,
hence Br(a;'(Wp xy = (H))) is isotropic by Corollary 8.75. This implies that
every irreducible component of Char(M x/M$ ) has dimension < dim(X), hence
M x /M is holonomic.

In this case, since Mx - q(s) C Mx - t, it follows from Proposition 8.79 (see
also Remark 8.80) that there is N > 0 such that

M% - q(8)g(s—=1)---q(s — N) C M% - t.

Since we have a surjective morphism of right Dx (s, t)-modules MS — N7 (g), it
follows that we also have

Nim(9) -a(s)a(s = 1) --q(s = N) SNy, (g) -
and by passing to left D-modules, we obtain
b(s)b(s +1)---b(s + N) - Nym(g) €t - Nym(g).
As we have already seen, this implies the assertions in the theorem. (Il

REMARK 8.81. In the setting of Theorem 8.67, if g is such that the hypersurface
H' defined by ¢ has simple normal crossings on X \ H, then there is a log resolution
m:Y — X of (X, H) such that 7*(H + H’) has simple normal crossings. In this
case, we can be more precise regarding the assertions ii) and iii) in the theorem,
namely the following hold:

ii’) Every root of bgams is either a negative integer or it is of the form m —

W for some ¢, with 1 <14 < N, and some positive integer /.
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iii) Every root of bys is of the form —'“:17}’1“ for some i, with 1 <4 < N, and
some positive integer £.
This follows as in the proof of the theorem, using Proposition 8.71 and the fact
that we have local coordinates y1,...,y, on Y such that for = vy{* - y2 and
gom = wylf1 -~y for some invertible functions v and w.

8.5. Invariants of singularities related to the V-filtration

We now discuss some connections between the invariants of singularities that
we have seen so far (the roots of the Bernstein-Sato polynomial of f and the V-
filtration of Ox with respect to f) and other invariants of singularities.

8.5.1. The V-filtration and multiplier ideals. In this section we describe
the connection between the V-filtration and the Bernstein-Sato polynomial, on one
side, and multiplier ideals, on the other side. We begin with a quick introduction
to multiplier ideals. For a more detailed discussion and for the proofs of some of
the results we state, we refer to [Laz04, Chapter 9].

Let X be a smooth, irreducible algebraic variety over an algebraically closed
field k of characteristic 0. Suppose that H is a (nonempty) hypersurface on X. We
consider a log resolution 7: Y — X of the pair (X, H) and write

N N
(8.38) m(H)=> a;E; and Ky;x =Y kB
i=1

i=1
DEFINITION 8.82. For every A € Q>o, the multiplier ideal J(X,\H) is given
by
J(X,\H) = 7,0y (Ky,x — | An*(H))).

We note that, by definition, we have |An*(H)| = sz\;1 [Aa; | E;. We also note
that since | Am*(H)] is an effective divisor and since Ky, y is an effective exceptional
divisor, we have

J(X,AH) C 1,0y (Ky,x) = Ox,
hence J(X,\H) is indeed a coherent ideal of Ox. It is a basic fact that the
definition of multiplier ideals is independent of the choice of log resolution (see
[Laz04, Theorem 9.2.18]).

In what follows we list a few properties of multiplier ideals. Most of these follow

in a straightforward way from the definition:
1) If A > p, then
J(X,AH) C J(X, uH).
This is a consequence of the fact that the divisor |An*(H)| — |pun*(H)]|
is effective.
2) It is an immediate consequence of the properties of the round-down func-
tion that for every A € Q>¢, there is € > 0 such that

J(X,AH)=J(X,uH) for M<pu<A+e

3) In particular, we have J(X,uH) = Ox for 0 < p < 1.
4) We say that A\ € Q¢ is a jumping number of (X, H) if

J(X,\H) € J(X,(A—e)H) forall e>0.
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Note that in this case we have a;A € Z for some ¢ with 1 < ¢ < N.
Therefore the set of jumping numbers of (X, H) is contained in %Z>0 for
some positive integer £.

5) The smallest jumping number of (X, H) is the log canonical threshold
let(X, H) (also written let(H) when X is understood):

let(X, H) = min {A >0 | (X, \H) # Ox }.

Note that, by definition, we have 1 € J(X,AH) if and only if k; > |\a;]

for all 7; equivalently, k; > Aa; — 1 for all 7. We thus deduce that
(8.39) let(X, H) = min k5L
6) 1 is always a jumping number of (X, H). In order to see this, we may
replace X by any open subset U such that U N H # (). We may thus
assume that H = mZ for some smooth hypersurface Z and some positive
integer m. In this case we may take 7w to be the identity and we see that

J(X,H) =0x(-mZ) and J(X,(1-€¢)H)=0x(—(m—1)Z) for 0 <e< 1.

7) For every A > 1, it follows from the definition and the projection formula
that

J(X,\H) = Ox(~H) - T (X, (A - 1)H).

In particular, we see that A > 1 is a jumping number of (X, H) if and only
if A — 1 has this property. This means that as invariants of singularities,
it is enough to consider the multiplier ideals J (X, \H) for A < 1.

8) If k = C, then there is an analytic description of J (X, AH) that is more
intuitive than the algebraic one that we gave. Suppose, for simplicity, that
H is defined by f € Ox(X). In this case we have

J(X, H) = {g € Ox(X) | % is locally integrable}.

The local integrability condition means that for every P € X, if z1,..., 2,
are local coordinates around P, then there is an open neighborhood U of

P such that fU %dzd? < 00. The equivalence with the formula in the
algebraic definition is shown using the Change of Variable formula and

the fact that, in one variable, M%dzc& is locally integrable if and only if
A < 1 (see [Laz04, Chapter 9.3.D] for details).

Suppose now that the hypersurface H in X is defined by f € Ox(X). The
following 3 results relate the D-module theoretic invariants of f to the multiplier
ideals of H. The description of the log canonical threshold in the following theorem
was proved by Kollar [Kol97], by making use of Lichtin’s upper bound [Lic89]
for the roots of the Bernstein-Sato polynomial that we discussed in the previous
chapter.

THEOREM 8.83. The largest root of by is —lct(X, H).

Partially generalizing this to higher jumping numbers, we have the following
result due to Ein, Lazarsfeld, Smith, and Varolin [ELSV04].

THEOREM 8.84. If A <1 is a jumping number of (X, H), then by(—X) =0.
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As we will see, both the above results follow from the following theorem of
Budur and Saito [BS05], that describes the multiplier ideals of (X, H) via the V-
filtration of f. Recall that ¢: X — X x A! is the graph embedding associated to

f.
THEOREM 8.85. For every A € Q>q, we have
J(X,AH)={g€Ox | g6 € V7", (Ox)}.

The proof of this result in [BS05] makes use of results in Saito’s theory of
mixed Hodge modules [Sai90]. Here we give a more elementary proof following
[DM22].

PROOF OF THEOREM 8.85. We may and will assume that X is affine, with
R = Ox(X) and let 7: Y — X be a log resolution of (X,H). Let g € R be
nonzero. We use the notation in (8.38) and denote by b; the coefficient of E; in
7*(div(g)). By definition, we have g € J(X,AH) if and only if b; + k; > |Aa;]
for all i, which is the case if and only if A < min; % +k = lety (X, H). On the
other hand, it follows from Proposition 8.43 that gdé E V>)‘L+(Ox) 1f and only if
all roots of bys are < —A. We thus conclude that the assertion in the theorem is
equivalent to the fact that for every nonzero g € Ox(X), the largest root of bys is
—lety (X, H).
The fact that every root of bgs is < —lct, (X, H) follows from Theorem 8.67iii).
In order to complete the proof, it is enough to show that if g € j(X7 (A — e)H)
for every € > 0, but g ¢ J(X,AH), then byss(—A) = 0. For this, we use the
Lefschetz Principle to reduce to the case when the ground field is C, when we
can use the analytic description of multiplier ideals. The argument is similar in
spirit to Bernstein’s argument for the meromorphic extension of complex powers
that we discussed in Section 8.3.2 and follows closely the argument for the proof of
Theorem 8.84 in [ELSV04].
We may assume that we have coordinates z1, ..., 2z, on X. Since g € J (X, A\H),

2
it follows that there is a point zg € X such that I‘fgllm is not integrable in any

neighborhood of xzg. On the other hand, since % is locally integrable at xg

for all 4 < A, we can choose an open ball B around zy (with respect to our
coordinates) such that [, %dzd? < oo for all p < A (the fact that we can choose
B independently of p follows from the proof of the analytic characterization of the
multiplier ideal, see [Laz04, Chapter 9.3.D]).

By definition of the b-function, if we put b = bys, then there is P € Dg[s] such
that

b(s)gf* = P gf**.

Suppose that we are in an open subset U of X where a branch of log(f) is
defined, hence f* = exp (u - log( f)) is defined for every p € R. We choose p such
that 0 < A — 4 < 1 and specialize as in Remark 6.48 to s = —p, to get

b(—p)gf ™" =P(—p)-gf "

Applying complex conjugation, we obtain

b(-w)gf " = P(-wgf "
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Using the fact that that
P- (Ehg) = hiP . hg and ﬁ (hihg) = hgﬁhil
for every holomorphic functions h; and ho, we conclude that if R = PP, then
2 2
(8.40) b(=p) - iz = R(—p) - iy

Note that this formula does not depend on U and it makes sense on X \ H.
Since both sides of (8.40) are integrable on B, if ¢ is a smooth function with
compact support on B, then the following integrals are finite

2 2
b(—p)? - Ahzpdzdz = | (R(—p) - i) pdzdz = | A sydzdz,
. 7] . 7] L 171

where ¢ = E(—,u) (here R is the classical adjoint of R) and the last equality in
the displayed formula is a consequence of the Stokes Theorem. In particular, by
choosing ¢ to be nonnegative and with ¢ = 1 on a smaller ball B’ C B, we get

b(—p)? - /B ol dzdz < /B s dadz < M,

for some constant M that is independent of u. If b(—X) # 0, then we conclude

2 2
thath/ ﬁ—L“dsz is bounded for p — A, hence % is integrable on B’ by the
monotone convergence theorem. This contradiction completes the proof of the

theorem. 0

REMARK 8.86. Suppose that X and H are as in Theorem 8.85. We have seen
in the proof of the theorem that its statement is equivalent to the fact that for
every g € Ox(X) nonzero, the largest root of bgs is —lcty(X, H). The special case
g = 1 corresponds to the assertion in Theorem 8.83

PROOF OF THEOREM 8.84. We may and will assume that X is an affine vari-
ety, with R = Ox(X). Since A is a jumping number, it follows that there is g € R
such that g € J(X,(A—€)H) for 0 < e < 1, but g € J (X, AH). For simplicity, we
write V* for V1, (Ox). By Theorem 8.85, we have g6 € V* . V>*. On the other
hand, by definition of by, there is P € Dg[s] such that

b(s)s = P16,

Note that § € V>0 this follows from Theorem 8.85 since J (X, A\H) = Ox for A = 0;
alternatively, it follows from the description of the V-filtration in Proposition 8.43
and the fact that the roots of b; are negative by Theorem 8.671). Therefore t§ €
V>1 C V>A Since by(s)gs = gP - t6 € V>*, it follows that by(s) annihilates a
nonzero element in Gryy. Since (s+ )" annihilates Gry, for some N, it follows that
ged(by, (s + A)N) annihilates a nonzero element, hence (s + A) divides by. O

8.5.2. The V-filtration and the minimal exponent. Our goal in this sec-
tion is to discuss a refinement of the notions of log canonical threshold and multiplier
ideals due to Saito. The idea is to use the V-filtration in order to define a version
of multiplier ideals that give new information also for A > 1.

We fix a smooth, irreducible algebraic variety X and a (nonempty) hypersurface
H in X. To begin with, we assume that H is defined by f € Ox(X). For simplic-
ity, we write V< for Ve (Ox), where ¢: X < X x A! is the graph embedding
corresponding to f.
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DEFINITION 8.87. For every A € Q>q, we write A = o + ¢, where ¢ € Z>g
and a € [0,1), and we denote by J (X, \H) the coherent ideal of Ox consisting
of those h € Ox with the property that there are hg,...,hq—1 € Ox such that
hod + ... 4 hg_10{'8 + hdjs € V>°.

These ideals have been introduced by Saito in [Sail6] as microlocal multiplier
ideals, due to the fact that the definition was expressed in terms of the so-called
microlocal V -filtration. However, we will not use this terminology.

REMARK 8.88. It is a consequence of Theorem 8.85 that for A < 1, we have

J(X,\H) = J(X,\H).

REMARK 8.89. If g € Ox(X) defines the same hypersurface, then we can write
g = pf, for some invertible p € Ox(X). If ¢y and ¢, are the graph embeddings
corresponding to f and g, respectively, then it follows from Remark 8.24 that

q q
VZ%y)+(0Ox) = {ijﬂuj@tjts | g € Z>o, Zujagé €V )+ (0x)}.
Jj=0 j=0
This immediately implies that J (X, \H) does not depend on the choice of f. We
can thus define J (X, A\H) for every hypersurface H, by glueing the corresponding

ideals on a suitable open cover such that H is a principal divisor in each of these
open subsets.

REMARK 8.90. For every H, there is a positive integer ¢ such that j()\H) is
constant for A € [%, #) for every i € Z>¢. Indeed, it is enough to check this when

H is defined by f € Ox(X), in which case the assertion follows from the fact that
V*u4(Ox) is discrete and left continuous. In particular, we see for every A € Q>o,

there is A’ > X such that j(X, AH) = j(X,uH) for every A < pu < \.

PRrOPOSITION 8.91. For every hypersurface H on the smooth, irreducible vari-
ety X and every A > u, we have

J(X,\H) C J(X,puH).
PrROOF. We may assume that X is affine and H is defined by f € Ox(X). It
follows directly from the definition that for every q € Z>(, we have
J(X,AH) C J (X, pH)

for ¢ < u < X < g+ 1. Therefore, in order to prove the proposition, it is enough to
show that for every q € Z~ and every u, with ¢ — 1 < pu < ¢, we have

J(X,qH) C T (X, uH).

In order to prove this, let h be a global section of J (X,qH), hence there are
ho, ... hq1 € Ox(X) such that u = hod + ...+ hq_1077'6 + hd?6 € V>0, Note
that § € V>9: this follows, using Proposition 8.43, from the fact that b; has negative
roots, see Theorem 8.67i). Therefore we have

O (hid+...+ h@ffl(S) ev>0cyo.

We deduce from Corollary 8.12ii) that hyd+...+hd? " 6 € V1, hence h € J (X, uH)
for every p, with ¢ — 1 < p < ¢. This completes the proof. (]
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PRrOPOSITION 8.92. Let X be a smooth, irreducible variety and H the hyper-
surface defined by f € Ox(X). If A € Q> is written as A = a + ¢, where ¢ € Z>¢

and « € [0,1), then J (X, H) = Oy if and only if 876 € V>,

PROOF. The “if” part is clear from the definition, so we only need to prove
the converse. We argue by induction on ¢, the case ¢ = 0 being clear. We may
and will assume that X is affine. Suppose that 1 € F(X7 J(X, /\H)), so there are
ho,...,hg—1 € Ox(X) such that

8.41 hoS + ...+ hy_ 109715 + 925 € V>©.
q t t

By Proposition 8.91, we know that j(X, (A= Z)H) = Ox for 1 < i < ¢, hence by
induction we know that 878 € V> for j < q. We thus deduce from (8.41) that
015 € V>« completing the proof of the induction step. O

EXAMPLE 8.93. If H is a smooth hypersurface of X, then j(X, AH) = Ox
for all A > 0. Indeed, it follows from Remark 8.33 that 86 € V', (Ox) for all
j > 0. In fact, the converse also holds: of j(X, AH) = Ox for all A > 0, then H is
smooth. However, the proof of this fact requires techniques beyond those covered
in these notes.

Our next goal is to describe min {\ € Q¢ | J(X,\H) # Ox}. Note that
by Remark 8.90 and Proposition 8.91, it makes sense to consider this minimum
(though this may be infinite, as seen in the above example).

Let H be a nonempty hypersurface in the smooth, irreducible variety X. Recall
that in this case by(s) is divisible by (s + 1) and by(s) = bu(s)/(s + 1) (see
Remark 8.56).

DEFINITION 8.94. The minimal exponent (X, H) (also written a(H) when X
is understood) of the hypersurface H is the negative of the largest root of by, with

the convention that this is infinite if by = 1. Similarly, if P € Z, then we define
the local version ap(X, H) as the negative of the largest root of by p.

REMARK 8.95. It follows from the relation between the global and local (re-
duced) Bernstein-Sato polynomials that

a(X,H) = Irgnellr}ap(X,H) and
ap(X,H) = glg;(a(U,Hﬁ U).

REMARK 8.96. It is a consequence of Theorem 8.83 that
let(X, H) = min {&(X, H),1}.

ExXAMPLE 8.97. It follows from Theorem 8.61 that if H C A™ is a singular
hypersurface defined by a quasi-homogeneous polynomial f € k[x1,...,z,], with
isolated singularities, and w1, ..., w, € Qsg are weights such that f has w-degree
1, then &(X,H) = >_"" , w;. Indeed, since H is singular, we have 1 ¢ J; and it is
clear that the smallest element in X(f) is p(1) + |w| = > 1| w;.

The minimal exponent was introduced by Saito in [Sai94], where it was re-
lated to the microlocal V-filtration. For the general properties of this invariant,
that parallel some of the standard properties of the log canonical threshold, see
[MP20]. We now show that the minimal exponent governs the triviality of the
refined multiplier ideals.
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THEOREM 8.98. If H is a nonempty hypersurface in the smooth, irreducible,
algebraic variety X, then

min {\ € Qso | J(X,\H) # Ox} = a(X, H).

This result was proved by Saito in [Sail6] using the connection with the mi-
crolocal V-filtration. We give a proof using the following result, which is of inde-
pendent interest:

THEOREM 8.99. If X is a smooth, irreducible algebraic variety and f € Ox(X)
is not invertible, then for every q € Z>o, we have

boas(s) = (s +1) - by(s — q).

A slightly weaker assertion (the fact that gf(s — q) divides byss, which divides

(s+1) ~Ef(s —q)) was proved in [MP20, Proposition 6.11], also making use of the
microlocal V-filtration. In what follows we give a direct proof.

PROOF OF THEOREM 8.99. The fact that byss(s) divides (s+1) ~Ef(s —q)isa
special case of Proposition 8.69, hence we only need to prove that (s+ 1) gf(s —q)
divides byi;5(s). We may and will assume that X is affine, with R = Ox(X), and
that we have coordinates xy,...,x, on X.

Let p = bgss. By definition of b-functions, we have

p(5)085 € VIDx a1 - O)5.

It will be convenient to use the isomorphism of Dr(t, 0;)-modules ¢ ((’)X[l/f]) ~
Ox[1/f,s]f* (see Proposition 8.35). Note that it follows from Lemma 8.2ii) that

o1 = oftl o0 = (—%!(Z) =
and thus
s+

vt = -1y
q
Since VDxuar = > j>1Dx [s]t/, we conclude that we have a positive integer d
and Ay, ..., Aq € Dgls] such that

(5.42) oo ()7 = iAj(s) (7).

We first show by descending induction on ¢ > 2 that we may assume that
Aj € RJs] for all j > ¢. This is trivial if p > d, hence it is enough to show that if
Aj € R[s] for all j > ¢+ 1, with £ > 2, then we can modify 4, and A,_; so that
also Ay € R[s]. Let us write

)fs_q+j for all j>0.

Apg=Ago+ ZAE,ia:ria with Ao € R[S]

i=1
Since @, - f*~ = (s — g+ O 2L~ and (s — g+ 0)(*F) = (s + O (*TEY),
it follows that

l {—1
Amﬁxi (S; >fsq+£ € DR[S] <5 + q )quJer forall 1<i<n.
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We thus see that after modifying A,_1, we may assume that A, = Ay € R[s]. The
conclusion is that we may and will assume that Ao, ..., A; € R[s].

The next step is to show, by descending induction on ¢ > 2, that we may
assume that A; € R for all j > ¢. Again, this is clear if £ > d. We assume that
Aj; € Rfor all j > ¢+ 1, with £ > 2, and show that we can modify A, and A, so
that A, € R. Note that we can write

Az(s) = Bg(s —q—+ H) +Cy with By € R[S}, CreR
and we have

By(s — g +0) (s —;— f) Foot € Rl (s + g — 1) pomatt=1,

We can thus modify A,_; so that Ay = Cy € R. We conclude that we may and will
assume that A; € R for all j > 2.

We next specialize s to sg (see Remark 6.48), where sg € {—1,0,...,¢—2}. In
this case, since (S";'l) = 0, equation (8.42) becomes

(3.43) plo) (20 ) 07 S, (7)o

i=2 7

Note that if we have A\ + Z‘jzl gjf? =0 for some A\ € k and g1,...,94 € R, by
evaluating at a point in H, we conclude that A\ = 0. We deduce from (8.43) that
p(—1) =0 and

d .
ZAj(SO+J)fj —0
i=2 ¢

for every so € {—1,0,...,q — 2}. Let us write p = (s + 1)p. Note that

d

>4 (ng)f“ € Rl

=2

has degree < ¢ in s and it vanishes when s = s € {—1,0,...,¢ — 2}. We thus
conclude that Z;l:z Aj (sj]'J)fj_2 =Q- (Sj;l) for some Q € R. Therefore we have

q q q q
Since p = (s + 1)p and Ox|[1/f, s]f® is a free Ox[1/f, s]-module, we conclude that
(s —q+1)p(s)f*~7 € Dx[s] - fH77".
Multiplying on the left by ¢¢ (which has the effect of replacing s by s+ ¢), we obtain
(s+1)p(s +q)f* € Dxs]f*,

hence bs(s) = (s + l)gf(s) divides (s + 1)p(s + q). We thus conclude that, indeed,
(s +1)bs(s — q) divides p(s), completing the proof of the theorem. O

The connection between the minimal exponent and the refined version of mul-
tiplier ideals now follows easily:
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PrROOF OF THEOREM 8.98. By taking a suitable open cover of X, we may and
will assume that H is defined by f € Ox(X). By Proposition 8.92, the assertion in
the theorem is equivalent to the fact that for every ¢ € Z>p and « € QN [0,1), we
have 96 € V>« if and only if ¢+« < &(X, H). Note also that by Proposition 8.43,
we have 976 € V> if and only if all roots of baes are < —av. Since a < 1, it follows

from Theorem 8.99 that this is the case if and only if all roots of Zf are < —q — «,
or equivalently, a(X, H) > ¢ + a. O

We end with a bound for a(X, H) in terms of a log resolution. This was proved
in [MP20] using techniques involving mixed Hodge modules; the more elementary
proof that we give here, based on the Kashiwara-Lichtin estimate for roots of b-
functions, is from [DM22]. Note that if H is not reduced, then let(X, H) < 1,
hence a(X, H) = lct(X, H) can be computed in terms of a log resolution via (8.39).

THEOREM 8.100. Let X be a smooth, irreducible algebraic variety and H a
(nonempty) reduced hypersurface in X. Let m: Y — X be a log resolution of (X, H)
such that the strict transforms of the irreducible components of H on'Y are disjoint.
If we write n*(H) = Zi\; a;E; and Ky, x = Zfil k;E;, then

(8.44) a(X, H) > min {8 | E; exceptional}.

a;

PROOF. After taking a suitable open cover of X, we may and will assume that
H is defined by f € Ox(X). Let A be the right-hand side of (8.44) and let us write
A=q+ S, with g € Z>g and § € (0,1]. We have a(X, H) > A if and only if every
root of Ef(s —q) is < —B; by Theorem 8.99, this is equivalent to byss(s) having all
roots < —f. However, by Theorem 8.67 that such a root is either —m, for some

positive integer m (in which case it is clearly < —f) or of the form g— ka +£ for some
positive integer £ and some ¢ with F; exceptional (in which case, it is < ¢g—\ = —f).
This completes the proof. O

REMARK 8.101. Unlike in the case of formula (8.39) that computes lct(X, H)
in terms of any log resolution, we can’t hope that the inequality in (8.44) is an
equality for an arbitrary resolution. Indeed, if the minimum on the right-hand side
of (8.44) is > 1 (so &(X, H) > 1), then one can construct a sequence of blow-ups
with smooth centers of codimension 2, such that the corresponding minima converge
to 1. Indeed, let E; be the strict transform of an irreducible component of H (so
that a; = 1 and k; = 0) and let E; be an exceptional divisor that intersects E;.
We consider the blow-up Y7 — Y of Y along a connected component of E; N Ej,
and let GG; be the exceptional divisor. We consider next the blow-up Y — Y7 of
Y; along the intersection of GG; with the strict transform of E; and let G be the
exceptional divisor, etc. An easy computation shows that the coefficient of G, in
the inverse image of H on Yy is a; + £ and its coefficient in KYZ/X is k; + ¢. Note
that limg_, o ’“Cji}j =1.

However, it is an interesting question whether given a reduced hypersurface H
on X, whether there is a log resolution 7: ¥ — X of (X, H) such that we have
equality in (8.44).



APPENDIX A

A very brief introduction to derived categories

In this appendix we review a few basic facts about derived categories that are
used in the main text. We will be very brief; for a detailed introduction to derived
categories we refer to [GMO03].

A.1. The derived category

Let A be an Abelian category (the ones to keep in mind are the categories of left
or right modules over a given ring or, more generally, the category of R-modules,
where R is a sheaf of rings on a topological space).

We denote by Kom(A) the category of complexes X* of objects in A (written
in cohomological notation), with the morphisms being morphisms of complexes. It
is straightforward to see that Kom(.A) is an abelian category, with the kernels and
cokernels computed component-wise.

DEFINITION A.1. A morphism of complexes u: X°® — Y'* is a quasi-isomorphism
if it induces isomorphisms in cohomology, that is, H¢(f): H!(X*®) — H!(Y'®) is an
isomorphism for all ¢ € Z.

The derived category of A can be obtained by a formal process inverting all
quasi-isomorphisms in Kom(.A4). This is a process similar in spirit to the localization
in a (noncommutative) ring.

DEFINITION A.2. The derived category of an abelian category A is a category
D(A), together with a functor p: Kom(A) — D(A) such that for every quasi-
isomorphism v in Kom(.A), the morphism p(u) is an isomorphism; moreover, p is
universal with this property: for every other functor ¢: Kom(A) — C that maps
quasi-isomorphisms to isomorphisms, there is a unique functor a: D(A) — C such
that we have ao p = ¢q. Note that this characterizes D(A) up to a unique isomor-
phism.

ExAaMPLE A.3. It follows from the definition that we have a unique functor
Hi: D(A) — A that maps p(X*®) to H{(X*®).

It is not hard to see that D(A) exists by formally inverting quasi-isomorphisms.
More precisely, D(A) and Kom(.A) have the same objects and a morphism in D(.A)
is given by concatenating morphisms in Kom(.A4) and “formal inverses” of quasi-
isomorphisms, up to an obvious equivalence relation induced by composition. How-
ever, the problem with this construction is that it does not give a handle on the
structure of D(A) (for example, it is not even clear that D(A) is an additive cate-
gory).
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A. A VERY BRIEF INTRODUCTION TO DERIVED CATEGORIES

A.2. Triangulated categories

The derived category of an Abelian category is not an Abelian category any-
more: it is a triangulated category. The difference is that instead of short exact
sequences we have a class of distinguished triangles that are required to satisfy
suitable axioms. We now introduce this notion and derive a few easy properties.

DEFINITION A.4. A triangulated category is an additive category D , together
with the following data:

i)
i)

The translation functor X ~» X[1], which is an automorphism' D — D.
A collection of ezxact triangles, consisting of the following data:

X5y %z % X[,

that satisfy the following axioms:

TR,)

TRy)

TR3)

TRy)

For every object X in D, the following is an exact triangle
X5 X —0— X[1].

Moreover, given a commutative diagram

X Y Z X[1]
1
X' Y’ 7z X1,

if the vertical arrows are isomorphisms and the top row is an exact triangle,
then the bottom row is an exact triangle as well.
For every morphism v € Homp(X,Y), there is an exact triangle

X5Y — 27— X[1].
For every exact triangle
X5y %Lz % X[,
the triangles
Y %z x] “Wyp

and

7zl-1] M x Loy 2.y
are exact as well.
For every diagram

X Y Z X1
ul vl u[l]i
X/ ' A X'[1]

with the rows exact triangles and such that the first square is commutative,
there is a morphism w: Z — Z’ (not necessarily unique) that gives a
morphism of triangles (that is, all squares are commutative).

INote that the translation functor T is required to be an automorphism, not just an equiv-
alence of categories; in other words, 7o T~1 and T—! o T are the identity functors, and not just
equivalent to the identity functors.
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TRs5) (Octahedral axiom?). For every morphisms X Ty %z , there is a
commutative diagram

xJtoy_J . X1
e
x =z B X1
fl llz 711
y 2>z C Y]
i)

A1) 2280 A

such that the first three rows and the third column are exact triangles.

DEFINITION A.5. An additive functor F': D; — Dy between triangulated cat-
egories is an exact functor if the following conditions hold:

i) F' commutes with the translation functors, that is, we have F o Tp, =
TD oF.

2
ii) F maps exact triangles to exact triangles.

REMARK A.6. It is straightforward to see that if D is a triangulated category,
then its dual D° has an induced structure of triangulated category, with the trans-
lation functor being the inverse of the one on D and the exact triangles being the
same.

In order to illustrate how to apply the axioms in the definition of a triangulated
category, we deduce a few useful properties. In what follows we assume that D is
a tringulated category.

PRrROPOSITION A.7. For every exact triangle
x Ly %z xp,
we have go f =0, hog=0, and f[l]oh =0.

PROOF. It is enough to prove the fact that go f = 0, since the other assertions
follow from this one using Axiom TRg. In order to see this, consider the diagram

vy 4z ox 2y,
gl 1Zi 9[1]l
727 0 Z[1]

where the first square is commuatative and the rows are exact triangles (the top one
by hypothesis and TR3 and the second one by Axiom TR;). It follows from Axiom
TRy that there is a morphism w: X[1] — 0 (which has to be the 0 morphism) such
that we get a morphism of triangles. The right-most commutative square then
implies g[1] o f[1] =0, and thus go f = 0. O

2This axiom is more involved and we only give it for the sake of completeness. It will not
play any role in this appendix.
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PROPOSITION A.8. Given an exact triangle
A-L B4 o an
in a triangulated category D, for every object in D, the induced complexes
... = Homp(X, A) — Homp (X, B) = Homp (X, C) — Homp (X, A[1]) — ...
and
...Homp (A[1], X) — Homp(C, X) — Homp(B, X) — Homp(A, X) — ...
are exact.

PROOF. It is enough to prove the first assertion, since the second one follows
by applying the first one to the dual category D°. Furthermore, using TR3, we see
that it is enough to show that the following sequence

Homp (X, A) = Homp (X, B) — Homp (X, C)

is exact. The composition is clearly 0 by Proposition A.7. Suppose now that
u € Homp (X, B) is such that gu = 0. Consider the diagram

X 0 x1) 28 xqy

T
g —f[1]

B C All YBIl]

in which the first square is commutative by our assumption on u and the first row
is exact by Axioms TR, and TRg3, while the second row is exact by hypothesis and
Axiom TRs. By Axiom TRy, there is a morphism v: X — A such that v[1] induces
a morphism of triangles. The commutativity of the third square implies u = fuv,
which completes the proof. [

COROLLARY A.9. For an exact triangle

AL B— o —AQ,
the morphism f is an isomorphism if and only if C' = 0.

PrROOF. We have C = 0 if and only if for every object X in D, we have
Homp(X,C) = 0. By the proposition, this is the case if and only if the induced
morphism

Homp (X, A) — Homp (X, B)
is an isomorphism. It is easy to see that this is the case if and only if f is an
isomorphism. O

DEFINITION A.10. If D is a triangulated category and A is an Abelian category,
then an additive functor F': D — A is a cohomological functor if for every exact
triangle

X =Y —>Z—- X[1],
the sequence
F(X)—>FY)— F(2)
is exact. In this case it follows from Axiom TRy that we have a long exact sequence

L F(Z]-1]) > F(X) > F(Y) = F(Z) » F(X[1]) = F(Y[1]) = ....
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ExAMPLE A.11. With this terminology, Proposition A.8 says that if D is a
triangulated category, then for every object T in D, the functors

Homp (T, ~): D — Ab and Homp(—,T): D — Ab,
where Ab is the category of all abelian groups, are cohomological functors.

COROLLARY A.12. If D is a triangulated category and we have a morphism of
exact triangles

A B c All]
ul ’Ul wl iu[l]
Al B c’ A1)

such that u and v are isomorphisms, then w is an isomorphism.

PRrROOF. Note that if v and v are isomorphisms, then also u[1] and v[1] are
isomorphisms. For every object X in D, applying Homp (X, —) and using Propo-
sition A.8, we get a commutative diagram with exact rows. An application of the
5-Lemma gives that Homp(X,C') — Homp(X,C’) is an isomorphism. Since this
holds for every X, we conclude that w is an isomorphism. (]

REMARK A.13. If u: X — Y is a morphism in a triangulated category D, then
Axiom TRy gives an exact triangle

X5Y — 27— X[l

We will sometimes refer to Z as the cone of u and denote it by C(u). Note that
this is well-defined up to isomorphism: given another such exact triangle

X5y —7 — X[,

we get from Axiom TRy a morphism ¢: Z — Z' such that we have a morphism of
triangles

X Y Z X[1]
RN
X’ Y z X[1].

In this case it follows Corollary A.12 that ¢ is an isomorphism. However, there is
a subtlety here in the fact that ¢ is not unique. This leads to various constructions
being non-canonical.

We note that with this notion of cone of a morphism, an useful consequence of
the Octahedral Axiom is that given two morphisms X — Y — Z, there is an
exact triangle

(A1) C(u) = C(vu) = C(v) = C(u)[1].

This can be interpreted as an analogue of the Third Isomorphism Theorem in the
context of two monomorphisms X < Y < Z in an Abelian category. However, we
stress that unlike in that case, this exact triangle (A.1) is not canonical.

EXERCISE A.14. Let D be a triangulated category.
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i) Show that for every objects X, Z € D,ifi: X > X®dZand X P Z — Z
are the canonical morphisms, then the triangle

(A.2) X S Xoz-%z-% X

is exact.
ii) Show that conversely, if we have an exact triangle

X5y %75 X[
such that w = 0, then this triangle is isomorphic to the triangle (A.2). In
particular, we have Y ~ X & Z.

We will also make use of the following notion:

DEFINITION A.15. Let D be a triangulated category. A full® subcategory D’
of D is a triangulated subcategory if the following conditions are satisfied:
i) If A € Ob(D) is isomorphic to A’ € Ob(D’), then A € Ob(D’).
ii) If A € Ob(D’), then A[1] € Ob(D’) and A[—1] € Ob(D’).
ili) Given an exact triangle

A— B — C — A[]]
in D, if A,C € Ob(D’), then B € Ob(D’).

A.3. The derived category as a triangulated category
Returning to the derived category of an Abelian category, we have the following

THEOREM A.16. If A is an Abelian category, then the derived category D(A)
has a structure of triangulated category.

The translation functor in D(A) maps a complex A® to A®*[1], where A*[1]" =
A" and the differentials are the negative of the original maps. We do not describe
the exact triangles, except mentioning the following

REMARK A.17. It is a consequence of the description of exact triangles in the
derived category that if
u—v—w— ull]

is an exact triangle in D(A), then we get a long exact sequence in A:
co= Hi(w) = HA(v) = HA(w) = H (w) = 7 (u[l]) . ...
In other words, the functors H(—): D(A) — A are cohomological functors.
ExAMPLE A.18. Given an exact sequence
04 LB 900 50

in Kom(A), there is a morphism h: C* — A®[1] in D(A) such that we have an
exact triangle in D(A):

A Lpe o0 B avp.

Using the previous remark, we recover the long exact sequence associated to a short
exact sequence of complexes.

3A subcategory C’ of C is full if for every two objects X and Y in C’, we have Home/ (X, Y) =
Home (X,Y).
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EXAMPLE A.19. If C* is complex in Kom(.A), then for every i € Z, we consider
the “stupid” truncations

oSHC®): . CT S 0TS0 0.
and ‘ _ _
oZTHC®) 0= 0= O 5 o2 L
It is clear that we have a short exact sequence of complexes
0 — o=HC®) — C* — o= HC*) — 0,

hence via the previous example we get a corresponding exact triangle in D(A).
However, note that these “stupid” truncation functors are not defined on D(A),
since they don’t map quasi-isomorphisms to quasi-isomorphisms.

ExAMPLE A.20. Better behaved truncation functors are defined as follows. If
C* is a complex in Kom(A) and ¢ € Z, then we put

rSHC®): - 0T 5 O Im(CP - CT) 00— ..
and
2O 505 0= O /Im(CF — O — 02 S 0 L
Note that the canonical morphism 75¢(C*®) — C*® (respectively C* — 721T1(C*))
induces isomorphisms after applying H? with p < i (respectively p > i 4+ 1), while
HP(7=(C*®)) = 0 for p > i and HP(7="T1(C*®)) = 0 for p < i. It is easy to
deduce that we get induced functors 7=¢ 72+1: D(A) — D(A). Moreover, using
Example A.17, we see that for every u € D(A) and every i € Z, we have an exact
triangle in D(A):
7S u) = u — 72N (w) = 75 (w)[1).

REMARK A.21. The truncation functors in the previous example enjoy a useful
universal property: for every u,v € D(A), if H'(v) = 0 for all i > m, then the

canonical morphism 7™ (u) — u induces an isomorphism

Homp 4 (v, Tgm(u)) — Homp( 4 (v, u).

Similarly, if H(v) = 0 for all i < m, then the canonical morphism u — 721 (u)
induces an isomorphism

Homopa) (72m+1(u), v) — Homp 4 (u,v).

REMARK A.22. By mapping an object M in A to the complex C*(M) with
C°(M) = M and C*(M) = 0 for i # 0 we get a functor A — D(A). This gives
an equivalence of categories between A and the full subcategory of D(A) given by
{u € D(A) | Hi(u) = 0for i+ 0}. We always think of A as a full subcategory of
D(A) in this way.

REMARK A.23. Inside D(A) there are several important triangulated subcate-
gories: _
Dt (A) = {ueD(A) | H'(u) =0 for i < 0},
D™ (A) = {ue D(A) | H'(u) =0 for i >0}, and
D*(A) = {u € D(A) | H(u) = 0 for |i| > 0}.

Using the truncation functors 7™ and 72" (see Example A.20), one can easily see

that every object in D°(A) can be represented by a bounded complex (that is, a
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complex A® such that A® = 0 if |i| > 0). Similar assertions hold for the objects of
DT (A) and D~ (A).

Other important examples arise in the presence of finiteness conditions: for
example, if X is a Noetherian scheme and A is the category of Ox-modules, then
Dyc(X) (respectively, Deon (X)) consists of the objects in u € D(A) such that H(u)
is quasi-coherent (respectively, coherent) for every i. The subcategories D, (X),
D_, (X), and D, (X) are then defined in the obvious way.

coh coh

A.4. Derived functors

We end this appendix with a discussion of derived functors in the setting of
derived categories. In order to fix the ideas, suppose that F: A — B is a left
exact functor between Abelian categories, such that A has enough injective objects.
Recall that in classical homological algebra we associate to F' a sequence of functors
(R'F: A — B);>0, the derived functors of F. In the setting of derived categories, we
have a derived functor RF: Dt (A) — DT (B) such that R'F(M) ~ H'(RF(M))
for every object M of A. This has several advantages: first, we can apply R‘F
to arbitrary objects in D (A), instead of just objects of A (recovering in this way
what is known as hypercohomology is the classical setting); second, it allows us to
compose such transformations.

The functor RF is defined as follows. Given a complex A® with H!(A®) =0
for i < 0, we consider an injective resolution @°, that is, a quasi-isomorphism
A® — Q°, where Q° is a complex of injective objects in A, with Q = 0 for i < 0.
Then one takes RF(A®) := F(Q®) and one shows, as in the classical case, that
this is independent of the injective resolution up to a canonical isomorphism. This
induces a functor D(A) — D(B) and we put R'F = H'oRF. Note that we recover
the usual derived functors on the objects of A.

One can show that one can compute RF(A®) using complexes of F-acyclic
objects (these are objects B € A such that R'F(B) = 0 for all i > 1). More
precisely, if B® is a complex of F-acyclic objects, with B? = 0 for i < 0, then
RF(B*) ~ F(B*).

In the case of a right exact functor F': A — B, with A having enough projective
objects, dual considerations give the left derived functor LEF: D~ (A) — D~ (B).

REMARK A.24. If A® is a complex with H?(A®*) = 0 for i < 0, then one can
compute R'F(A®) using the two hypercohomology spectral sequences. One of these
makes use of the derived functors of the terms in A®:

EP1 = RIF(A") = R F(A®)

and the Fy terms are given by ED? = H° (Rj F (A')). The other spectral sequence
uses the derived functors of the cohomology of A®:

EY? = R'F(H/(A®)) = R F(A®).

REMARK A.25. Suppose that F': A — B and G: B — C are left exact functors
between Abelian categories, with A and B having enough injectives, and F(Q)
being G-acyclic for every injective object @) € A. In the classical case, we have the
Grothendieck spectral sequence relating the derived functors of F', G, and G o F.
This is upgraded at the level of derived categories to an equivalence of functors
RGoRF ~R(Go F).
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REMARK A.26. Suppose that F': A — B is a left exact functor and A has
enough injective objects. It is easy to see, using the truncation functors in Ex-
ample A.20, that in order to show that RF induces a functor D*(A) — D*(B), it
is enough to show that for every object A in A, we have R‘F(A) = 0 for i > 0.
For example, this is the case for the functor Rf,, when f: X — Y is a mor-
phism between two algebraic varieties over a field k. Similarly, the fact that in
this case R'f, preserves quasi-coherent sheaves implies that we have an induced
functor 'DgC(X ) — ’DgC(Y). This further induces a functor D2, (X) — Db, (V) if
f is proper.

If A is an Abelian category with enough injective objects, then for every object
M in A, we can construct RHom 4(M, —) as the derived functor of the left exact
functor Hom 4 (M, —). More generally, we have a bifunctor

RHomy(—,—): D™ (A) x DT (A) — DT (A),

exact in each variable, such that if A® is a complex with A° = 0 for 4 > 0 and
B* — @Q° is a quasi-isomorphism, with Q°® a complex of injective objects with
Q' = 0 for i < 0, then RHom 4(A®, B®) is given by the complex Hom?%(A4*, Q*),
where
Homj (A*, Q%) = ®p_g=mHom 4 (A7, QP),

and the differential is induced, up to suitable signs, by the differentials on the two
complexes (note that the above direct sum has only finitely many nonzero terms
because of our assumptions on A® and Q®). We also note that if A® has a projective
resolution P* — A®, we also compute RHom 4(A°®, B®) as given by Hom®% (P*, B®).

REMARK A.27. For every Abelian category A and every u, v € D(A) and every
1 € Z, we put _
Ext’(u,v) := Homp ) (u, v[i]).
It is a basic fact that if w € D (A) and v € D (A), then there is a canonical
isomorphism

Ext’(u,v) ~ H'(RHom4(u, v)).

REMARK A.28. If R is a sheaf of (possibly noncommutative) rings on a topo-
logical space X and A is the category of R-modules on X (which has enough
injectives), if we use the sheaf Homg (—, —) instead of Homg (—, —), we obtain as
above the bifunctor, exact in each variable,

RHomg(—,—): D™ (A) x DT (A) — Dt (A).

This can be computed either using injective resolutions in the second entry or using
resolutions by locally free R-modules in the first entry (when these are available).

Another useful derived functor is the derived tensor product. Suppose that R is
a sheaf of rings on the topological space X and A is the category of R-modules on X.
While A does not have enough projectives in general, it turns out that the derived
tensor product can be computed using flat resolutions (so this constructions falls
outside of the general framework we discussed so far). One can show that for every
complex A® of R-modules with H?(A®) = 0 for i > 0, there is a flat resolution, that
is, a quasi-isomorphism F* — A®, with F* = 0 for > 0 and F' a flat R-module
for all i. There is a bifunctor

— @ —: D (A) x D~ (A) — D (A),
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exact in each entry, such that if v and v are represented, respectively, by the
complexes A® and B®, and F'* — A® and G* — B*® are flat resolutions, then

u@lvi=F*®r G* ~ F* @z B* ~ A®* @ G*
(note that the isomorphisms hold in the derived category). Recall that the tensor
product of two complexes F'® and G* is given by the complex T°, with

Tm = ® FP @r GI,
ptg=m
and the differential is induced, up to suitable signs, by the differentials on the two
complexes. It is common to write Tor(u,v) for H*(u @ v).

REMARK A.29. Since tensor product commutes with localization, it follows
that the Tor functors commute with localization as well.

REMARK A.30. If R is a sheaf of commutative rings such that for every = €
X the ring R, is regular, of dimension < d, then Torl(M,N) = 0 for every
Rz-modules M and N and every i > d (since every R,-module has a projective
resolution of length < d, see [Mat89, Theorem 19.2]). This implies that for every
R-modules M and N, we have TorX(M,N) =0 for i > d. A standard argument
using the exact triangles in Example A.19 allows us to deduce that u®@%L v € D(R)
if u,v € D*(R).

Suppose now that f: (X,0x) — (Y, Oy) is a morphism of ringed spaces. In
this case we have the right exact functor f* = Ox ®-1(0y) f~!(—) from the
Abelian category of Oy-modules to the Abelian category of Ox-modules. Let us
write D(Oy) and D(Oyx) for the corresponding derived categories. Note that the
functor f~! on the category of Oy-modules is exact. We thus have an exact functor

Lf*: D™ (Oy) = D (Ox), Lf*(u)=0x &f 10, [ (u).
Note that if u = A* € D~ (Oy) and A*® has a flat resolution P®* — A®, then f~1(A®)
has the flat resolution f~1(P*), and thus L f*(u) is given by f*(P*), which accounts
for the fact that we end up in the derived category of Ox-modules. We write L f*
for Hio Lf*.
REMARK A.31. If Oy, is a regular ring of dimension < d for every y € Y, then

it follows from Remark A.30 that Lf* induces an exact functor Lf*: D?(Oy) —
Db (Ox).
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