CHAPTER 9

LOCALIZATION AND MAXIMAL EXTENSION

Summary. We introduce the localization functor along a divisor D C X. Al-
though it only consists in tensoring with Ox (xD) in the case of Zx-modules, the
definition for modules over Rr Zx is more subtle. It strongly uses the Kashiwara-
Malgrange filtration. This construction can also be made for the dual localization
functor, and this leads to the notion of middle extension along D. On the other

hand, the maximal extension functor enables one to describe a @X—module in
terms of the localized object along D and of a Zx-module supported on D.

In this chapter, we keep the notation and setting as in Chapter 7. In particular, we
keep Notation 7.0.1, and Remarks 7.0.2 and 7.0.3 continue to be applied. We continue
to treat the case of right Zx-modules.

Remark 9.0.1 (The case of left Zx-modules). The case of left Zx-modules is very
similar, and the only changes to be made are the following;:

« to consider V>~ instead of Vg,
« to modify the definition of v x with a shift,
« to change the definition of can (with a sign).

9.1. Introduction

We consider the following question in this chapter: given a coherent :@X—module,
to classify all coherent @X—modules which coincide with it on the complement of a
divisor D. This has to be understood in the algebraic sense, i.e., the éx—modules
coincide after tensoring with the sheaf &x (xD) of meromorphic functions with poles
along D.

For every Zx-module M which is R-specializable along D, the localized Zx-module
M(xD) := Ox (xD) ®¢, M is Dx-coherent and specializable along D. There is a dual
notion, giving rise to M(!D), and we get natural morphisms

M(!ID) — M — M(*D).
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The notion of localization is subtler when taking into account the coherent
F-filtration. Indeed, for a coherent graded RpZx-module .#, we cannot just con-
sider .# (D), since this would correspond to tensoring each term of the underlying
coherent filtration by Ox (xD), which produces a non-coherent &x-module. If .Z is
strictly R-specializable along a smooth hypersurface H, one can construct a substi-
tute to the “stupid” localized module .# (xH), that we call the localized éx -module,
denoted by .#[«H], and a dual version .#[!H]. Both are Zx-coherent and strictly
R-specializable along H, and we have natural morphisms

MNH] — M — M[+H).

Due to the possible failure of Kashiwara’s equivalence for Rp Zx-modules, the trick of
considering the graph inclusion ¢, when D = (g) is not enough to ensure localizability
for arbitrary D, so we are forced to considering the possibly smaller category of strictly
R-specializable Zx-modules along D which are localizable along D, in order to have
well-defined functors [!D] and [*D], and a sequence

M\D] — M —s M|[+D).

The purpose of this chapter reduces to recovering any strictly R-specializable
éx—module A from a pair of .@X—modules and of morphisms between them, one
of them being supported on D and the other one being localizable along D. This
leads to the construction of the maximal extension E.# of .# along D. It can be
done when .Z is strictly R-specializable along D, at least when D = H is a smooth
hypersurface (with multiplicity one). For a general divisor D, we encounter the same
problem as for the localization, and the existence of the maximal extension is not guar-
anteed by the strict specializability condition only. We say that .# is maximalizable
along D when this maximal extension exists.

Assume that D = (g). Given a strictly R-specializable, localizable and maximal-
izable (along D) éx(*D)-module My, we will construct a functor G_y, from the
category consisting of triples (A4, ¢, v), where A4 is strictly R-specializable along D
and supported on D, and ¢, v are morphisms

C

/_\
A Vs
| S

(-1 v
to that of strictly R-specializable and localizable éX—modules, so that
(a) G//l* (</V7C,V)(*D) = %*7
(b) the diagram above is isomorphic to the specialization diagram

can

lffg,lG.//l* (e/V,C,V) (rzsg,lG«//l* (JV,C, V) .
(=1

var
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This classifies all such Zx-modules .7’ such that .#'(xD) = .#.. A first approx-
imation of this construction was obtained in Exercise 7.3.33.

9.2. Localization of Zx-modules

Let us forget the filtration F' in this subsection. Let us start with a smooth divisor,
that we denote by H, with ideal .#y. For Zx-modules which are R-specializable
along H, the V-filtration enables us to control the localization functor.

Proposition 9.2.1. Let M be a right Px-module. Assume that M is coherent and
R-specializable along H. Then

(1) its localization M(xH) along H is also Dx-coherent and R-specializable
along H,
(2) the natural morphism M — M(xH) induces an isomorphism

VeoM — VeoM(xH),
and, if X ~ H x Ay, its kernel (resp. cokernel) is isomorphic to that of
blHst : DLH*grgM — DLH*gr‘_/lM.
(3) We have VoM(xH) = V4 M - Z;1 and M(xH) = VoM (xH) - Px.

Let s be a new variable. Consider the sheaf Zx|[s] of differential operators with
coefficients in Ox[s] and set M(xH)[s] = M(xH) @4, Zx|[s|. This is a right Zx|[s]-
module. We will now twist this structure, keeping fixed however the underlying
Ox (xH)[s]-structure.

Lemma 9.2.2. Assume that we have a local decomposition X ~ H x Ay. Then following
rule defines a right Px [s]-module structure on the Ox[s]-module M(xH)[s]: for every
¢ € N and any local section m of M(xH), in local coordinates (x2,...,%n,t) where
H={t=0},

mséam]. =m0y, st
ms‘d, = [md, — mt~Ls]s".
Proof. Use Exercise A.3.2. O

In this local setting, it will be convenient to denote by M(xH )[s]t* the Ox (xH)[s]-
module M(xH)[s] equipped with this twisted structure. That is, we formally write

“t*” is nothing but a

the new action as t* o Zx[s] o t~%. Be careful however that
symbol which enables one to remember, by means of the Leibniz rule, the right Zxs]

structure.

Exercise 9.2.3 (Specialization to s = k). Let k be any integer.

(1) Show that t*Zxt=* defines a right Zx-structure on the Ox (xH)-module
M(*H), denoted by M (*H )tk
(2) Show that (M(xH)t*) ~ M(xH)[s]t* /(s — k)M(xH)[s]t*.
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Exercise 9.2.4 (Bernstein’s functional equation). Let g : X — C be a holomorphic
function and let M be a right Zx-module. We denote by M(xg) its localization
M ®p, Ox(*g), and from now on we assume that M = M(xg).

(1) Show that the Ox (xg)[s]-module M[s] ~ M[s] ® g° endowed with the right
action of 0, defined by

(M ® g%)0p; = (Mg, @ g°) — (MO, log f @ g°)s

is a right Zx[s]-module. [Hint: Use Exercise A.3.2.]
(2) Let 7 be a new variable and define the right action of 7 by the formula

(m® g°)h(z,s)T := (mg ® g°)h(x,s +1).

Show that [7, s] acts as 7, and conclude that, via the identification s = 70,, M[s] ® ¢°

is naturally endowed with a right action of Zx[7|(70,) = Vo Zx[7](07).

(3) Let ¢y : X < X x C denote the graph embedding of g, with coordinate 7 on the
second factor. Identify as in Example A.8.9 1. M with ¢, M[0;] and let Up(ptg«M)
denote the VpPx|[r](0-)-submodule generated by ¢g.M. Show that Up(peg«M) =
g M[T0;].

(4) Show that M[s] ® g° ~ Uy(ptg+M) as Vo Zx[7](0-)-modules.

(5) Let m be a local section of M(xH) and let b(s) € C[s]. Show that the following
conditions are equivalent:

(a) (m®g°)b(s) € (m® g°*)9Px|s],
(b) tgxm - b(707) € tgem - V_1Dx [T](07).

(6) Assume now, as in Lemma 9.2.2, that X = H xA; and set g(z,t) = t. Conclude
from Exercise 7.3.37(4) that the following conditions are equivalent:

(7) mb(t0,) € mV_1(Zx) (V-filtration with respect to t),

(8) mt*b(s) € mt* T Dx|s].

Proof of Proposition 9.2.1.

(1) Let M be a coherent Zx-module which is R-specializable along H. Let us first
show the coherence of M(xH). This is a local problem; moreover, by induction on
the cardinal of a generators system of M, we can assume that M is generated by one
section m € M. After Exercise 9.2.4, there exists a nonzero polynomial b(s) € Cls]
such that mtb(s) € mt*+t1 Px|s].

Let ko € N be an integer, such that b(k) # 0 for every k > ko+1. Then, by specializ-
ingtos=k,...,ko+1 the previous relation, we find mt=% € mt =% 2y for k > ko+1.
From the identity (md)t=* = (mt=%)0; — kmt=*=1, we get M(*xH) = Px - mt %o,
The filtration mt %0 . F,2x (¢ € N) is a coherent filtration (see Exercise A.10.3),
hence the Zx-module M(xH) is coherent.

Let m’ be a local section of M(*H). It can be written as m’ = mt~* for some local
section m of M. As M is R-specializable along H, there exists a nonzero polynomial
b(s) such that mb(E) € mV_1(Zx). From this, we deduce a Bernstein’s identity for
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m’ € M(xH):
mtikb(E —|—]€) S mt’kV_l(@X).
Therefore, M(xH) is R-specializable along H.

(2) Let T(M) = I'iyM be the Zx-submodule in M of sections supported by H.
We have the exact sequence:

0—T(M) — M — M(xH) — C(M) — 0.

The modules M and M(xH) are R-specializable along H. It follows from Exercise
7.3.37 (here the strictness property is empty) that the Zx-modules T'(M) and C'(M)
are so. On the other hand, these modules are supported by H, so that Vo(T'(M)) =0
and Veo(C(M)) = 0 and we deduce from Exercise 7.3.37 the natural isomorphism:

Veo(M) — Vo (M(xH)).

We apply Example 7.3.38 to get the second assertion.
(3) Let us check that the filtration of M(xH) defined by

VoM for a < 0,

VoM(xH) :=
(<) {Va;cff\/[t_lC fora >0, k€Z and a—k € [-1,0)

is a coherent V, Zx-filtration (it is a priori a coherent V, Zx (xH )-filtration). Let us
check for example that ViIM(xH) = VoM(xH)+VoM(xH)0;, that is, V_ M(xH)t =2 =
Vo M(+xH)t™! + Vo M(xH)t~19; and equivalently, since ¢ acts in an invertible way
on M(xH), V_1M = V_ Mt + V_; Mt ~19,;t?, which in turn reads

VoM =V_ Mt + V,lM(t&g + 2).

The inclusion D is clear. The inclusion C amounts to the surjectivity of (0, + 2) :
grV,M — gr¥, M, which follows from the property that —2 is not an eigenvalue
of E on gr¥,M = V_;M/V_yM. One shows similarly, for every k > 0, the equality
ViM = Z?:o V(]M(?f , hence the last statement of the proposition. O

Let now g : X — C be a holomorphic function and set X = g~*(0) and D = (g).
We have Ox (D) = Ox(xXp). The following result is easily obtained.

Corollary 9.2.5 (Properties of the localization along D). Let M be Zx-coherent and
R-specializable along Xo. Set H =X x {0} € X x C.

(1) We have
plge (M(xD)) = (prgeM)(xH).
(2) The Zx-module M(xD) is strictly R-specializable along D and
var : ¢g1 (M(xD)) — thg 1 (M(xD))

is an tsomorphism.
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(3) There is a natural morphism M — M(xD). This morphism induces isomor-

phisms

g A M=y, (M(*D))
for every X\, and its kernel (resp. cokernel) is isomorphic to the kernel (resp. cokernel)
of var : g 1M — ¢4 1 M. O

9.3. Localization of @X-modules

Let us now return to the case of graded @X = Rr9x-modules.

9.3.a. “Stupid” localization. Let D be an effective divisor in X. The sheaf
Ox (D) of meromorphic functions on X with arbitrary poles along the sup-
port of D at most is a coherent sheaf of ring. So are the sheaves Zx(xD) :=
Ox(*D) ®¢, 9x = Px Ry Ox(xD), and Ox (+D), 2(xD) defined similarly. Given
a coherent Zy-module ., its “stupid” localization .# (xD) := .4 R, Ox(xD) is a
coherent Zx (xD)-module.

Assume that D is smooth. We then denote it by H, and we keep the notation
of Section 7.2. The Zy-adic filtration of 5X(*H) is now indexed by Z, and the
corresponding V-filtration (7.2.1) of Zx (xH) is nothing but the corresponding .-
adic filtration. We can then define the notion of a coherent V-filtration for a coherent
@X(*H )-module, and the notion of strict R-specializability of Definition 7.3.25 can
be adapted in the following way: we replace both conditions 7.3.25(2) and (3) by the
only condition 7.3.25(2) which should hold for every for every @ € R. By using a
local graph embedding, one defines similarly, for every effective divisor D, the notion
of strict R-specializability along D.

The following lemma is then mostly obvious.

Lemma 9.3.1. Let # be a cohgrent éx-module which is strictly R-specializable
along D. Then the coherent Px(xD)-module M (xD) 1is strictly R-specializable
along D. O

Our aim in the next subsections is to define a localization functor with values in
the category of strictly R-specializable Zx-modules along D.

9.3.b. Localization along a smooth hypersurface for RpZx-modules

If # is coherent and strictly R-specializable, we cannot assert that . (xH) is
coherent. However, the natural morphism Vog.# — .# (xH) is injective since Vo #
has no .#-torsion. For a € [—1,0) and k > 1, let us set

Vagrtl (xH) = Vo llt™F C . (xH),

where ¢ is any local reduced equation of H. Each V,.#(xH) is a coherent VoPx-
submodule of .# (xH), which satisfies V,.# (xH)t = V,,_1.# (xH) and V.4 (+H)9; C
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Vyq1.4 (+H) (multiply both terms by ¢). Lastly, each gr,‘y////(*H) is strict, being

isomorphic to gr,‘y/_h]_l/// if v > 0.

Definition 9.3.2 (Locglization of strictly R-specializable @X-modules)
For a coherent Zx-module which is strictly R-specializable along H, the localized
module is (see 7.3.31(b))

MH) = Vo (Ml (+H)) - T C M (+H).

Remark 9.3.3. The construction of .Z[+H| only depends on the @X(*H )-module
M (xH), provided it is strictly R-specializable in the sense given in Section 9.3.a.
In Proposition 9.3.4 below, we could start from such a module.

Proposition 9.3.4 (Properties of the localization along H). Assume that 4 is _@X -cohe-
rent and strictly R-specializable along H. Then we have the following properties.

(1) .#[xH)] is Dx-coherent and strictly R-specializable along H.

(2) The natural morphism M — M (xH) factorizes through 4 [+xH|, so defines a
morphism ¥ : M — M [xH| and induces an isomorphism

V<0% — V<0%[*H],
and in particular
gr;/LV : gr‘v///l s etV [« H]  for any v € [-1,0).

Moreover, if X ~ H x Ay, Kert” (resp. Cokert”) is isomorphic to the kernel
(resp. cokernel) of pipat : plEgry M — pipgr’ | M .

(3) For every ~y, we have Vol [*H]| = Vot (xH)N A [«H] and, for v < 0, we have
VoM [xH) =V, M (+H).

(4) We have, with respect to a local product decomposition X ~ H x Ay,

V.t if v <0,
_ —1 e
Vo[ H] = Vol (xH) = V_1.H [Aj ify=0,
Voo 00 N Vol («H)D]in A (+HD), if v > 0.
§=0

(5) (M[xH))(z—=1)M[xH))= (M |(2=1).4)(xH), and A [xH|[z" ) =4 (xH)[z71].

(6) Ift is a local generator of Sy, the multiplication by t induces an isomorphism
gry M [xH] — grV, .4 [xH).

(7) MH] = VoM (+H)) &, 5, .

(8) Assume M — N is a morphism between strictly R-specializable coherent
Dx-modules which induces an isomorphism M (xH) — N (xH) (i.e., whose restric-
tion to V<o is an isomorphism). Assume moreover that 4 satisfies (6), i.e., the
multiplication by t induces an isomorphism gry N — gtV A . Then N ~ ./ [xH).
More precisely, the induced morphism #[«*H| — A [«H| is an isomorphism, as well
as N — N [xH].
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(9) Let A, N be as in (8). Then any morphism N — M [«H] factorizes through
N[xH)]. In particular, if N 1is supported on H, such a morphism is zero.
(10) If A is strict, then so is M [«H].
(11) Let 0 —» A’ — M — A" — 0 be an exact sequence of coherent strictly
R-specializable @X -modules. Then the sequence

0 — A'xH| — M[xH] — 4" [xH] — 0
s exact.

Proof. The Zx-coherence of .#[«H] is clear, by definition. Let us set Uy.#[*H] =
VoA (xH)) N A [*H] as in (3). Our first goal is to show both that .#[«H| is strictly
R-specializable and that U,.# [«H] is its Kashiwara-Malgrange filtration.

Note that U,.#[«H] is a coherent Vy Zx-submodule of .# [«H| (locally, .# [«H| has
a coherent V-filtration, which induces on V,,(.# (xH)) a filtration by coherent VoPx-
submodules, which is thus locally stationary since Vg (.2 (xH)) is Vo@Px-coherent). It
satisfies in an obvious way the following local properties:

o UpM|xH|t C Up—1.4[xH),

o Up M |xH|O; C Uyyr1#[+H],

o gr¥ M [xH| C gt . (xH) is strict.

Also obvious is that U, [xH] = Vo (xH) for a < 0, and thus Uy #Z[+H|t =
Ua—1.#[*H] for such an . To prove our assertion, we will check that U, .#[«H| =
Ucotl [¥H) + Uy_1.#[xH)0; for a > 0, i.e., 0; : grl | #[xH] — g .#[*H] is onto.
We will prove the following assertion, which is enough for our purpose:

For every a € [-1,0) and k > 1, if m = Z;VZO m;0] € Varpdl (xH) with mj €
Voot (xH) (j =0,...,N), then one can re-write m as a similar sum with N < k and
my, € Vol (xH).

Let us first reduce to N < k. If N > k, we have my0Y € Viy_1.#(xH), which
is equivalent to my0NtY € V_,.#(xH) by definition. We note that, by strictness,
ONtN is injective on gry .# (xH) for § > —1. We conclude that my € V_1.# (xH).
We can set m/y_; = my_1 + mn0; € Vo (xH) and decrease N by one. We can
thus assume that N = k.

If my, € V. (xH) with v > a, we argue as above that mt*0F € V,,.# (xH), hence
my, € Veyd (+H) by the same argument as above, and we finally find my, € Vo (+H).
Now, (1) and (3) are proved, and (2) is then clear (according to Example 7.3.38 for
the last statement), as well as (4). Then (5) means that, for Zx-modules, there is no
difference between .# [« H|] and .# (xH ), which is true since .# (xH ) is R-specializable,
so Dx-generated by Vo (xH).

For (6), we note that, by (3), ety #[xH| = gry . #(xH) and grV, #[xH] =
gr¥,.# (xH), and by definition ¢ : gry # (xH) — gr", . # (+H) is an isomorphism.

Let us now prove (7). Set .#' = Vo( M (+H)) @y, 5 Px. By definition, we have
a natural surjective morphism .#’' — .#[*H| and the composition Vo(.# (xH)) —
M — M [+xH] is injective, where the first morphism is defined by m — m ® 1. We
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thus have Vo( A (xH)) C A" and we set Vi 4" = Z?:o Vot (+H)D! for k > 0. Let
us check that, for k > 1, 0% : gry . #" — gr,Z///' is injective. We have a commutative
diagram (here gr} means Vi /Vi11)

6k
/A ———;

[N

grg///[*H] % grkv///[*H]

Therefore, the upper horizontal arrow is injective. Note that it is onto by definition.
Therefore, all arrows are isomorphisms, and it follows, by taking the inductive limit
on k, that .#’ — .#[«H] is an isomorphism.

For (8) we notice that, since Vo.# (xH) — Vo.# (*H) and according to (7), we
have .#[«H] — A [«H]. Since .4 is strictly R-specializable and satisfies (6), we
have A C A (xH) and VoA = VoA (xH). Still due to the strict R-specializability,
A is generated by Vy.4, hence we conclude by Definition 9.3.2.

For (9), we remark that a morphism .4 — .#[*H| induces a morphism A (xH) —
M«H|(xH) = M (+H) and thus VoA (xH) — Vo (xH), hence the first assertion
follows (7). The second assertion is then clear, since A [«+H] C A (xH).

(10) holds since, if .# is strict, then .# (xH) is also strict, and thus so is .Z[«H]|.

It remains to prove (11). By flatness of @x (xH) over Ox, the sequence

0— A" (xH) — M (xH) — A" (xH) — 0
is exact, and by Exercise 7.3.37(2), the sub-sequence
0 — Vol — Vil — V" — 0
is also exact. It follows that the sequence
0 — Vo' (xH) — Vol (+H) — Volt" (xH) — 0
is exact. By (7) we conclude that the sequence
M'[xH] — MxH| — M"[xH] — 0
is exact. Since Z[xH| C 4 (xH), the injectivity of .#'[«*H]| — .#[+H] is clear. [

Remark 9.3.5. In the local setting X = H x Ay, if t : gry .4 — gr¥ . # is injective,
then ¥ : A4 — #[+H] is injective. Indeed, the assumption implies that the ¢-torsion
of A is zero, hence A4 — 4 (xH) is injective (see Proposition 7.7.2(1)).

9.3.c. Localization along a principal divisor
Letg: X — Chbea holomorphic function. Let .# be a coherent éx-module which
is strictly R-specializable along (g). We say that .# is localizable along (g) if there

exists a coherent Zx-module .4 such that (ptg.#)[*H]| = pt.4 . Recall indeed that
Kashiwara’s equivalence is not strong enough in the filtered case in order to ensure
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the existence of .#". Nevertheless, by full faithfulness, if 4" exists, it is unique, and
we denote it by .#[xg]. At this point, some checks are in order.

« Assume that ¢ is smooth. Then one can check that .#[xg] as defined by 9.3.2
satisfies the defining property above, so there is no discrepancy between Definition
9.3.2 and the definition above.

« By uniqueness, the local existence of .Z[g] implies its global existence.

« Let u be an invertible holomorphic function on X. We denote by ¢, : X x C —
X x C the isomorphism defined by (z,t) — (x,u(z)t), so that tug = ¢y 0ty. We
continue to set H = X x {0}, so that ¢, induces the identity on H.

Let .# be a coherent Zx-module which is strictly R-specializable along (9). It A
is localizable along (g), then it is so along (ug) and we have .#[«g] = .# [*ug|. Indeed,
one checks that

DPux ((DLQ*///) [*H]) = (Dbug*‘//O[*H],
and this implies (ptyge ) [*H]| = ptugs (A [*g]), hence the assertion by uniqueness.
This enables us to define .# [« D] when .# is a coherent .@X—module which is strictly
R-specializable along the support of D and such that .#[xg| exists locally for some

(or any) local equation g defining the divisor D. We then say that .# is localizable
along D.

Corollary 9.3.6 (Properties of the localization along g). Let g : X — C be a holomorphic
function and let A be Dx-coherent and strictly R-specializable along (g). Set H =
X x {0} € X x C. Assume moreover that .# is localizable along (g).

(1) The D -module M [xg] is strictly R-specializable along (g) and
var @ ¢g1 (///[*g]) — Pg1 (///[*g]) (=1)

is an isomorphism.
(2) There is a natural morphism " : M — M |[xg]. This morphism induces an
isomorphism
M (xg) = (M [xg]) (+9),
and isomorphisms

Vg al — g \(M[*g])  for every A.

Moreover, we have a commutative diagram

¢g,1t”
g1 M — ®g,1 (=///[*9D
var //;J Zl"ar/fl [*g]
%,MV

Vg1 (—1) ——— g (A [xg]) (—1)

and Ker " (resp. Coker ") is identified with Kervar 4 (resp. Coker var 4 ).
(3) Given a short exact sequence of coherent Px-modules which are strictly
R-specializable and localizable along (g), the [xg] sequence is exact.
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Proof. This follows from Proposition 9.3.4 by using full faithfulness of pig. (Proposi-
tion 7.6.2) and Proposition 7.6.6. O

Remark 9.3.7. The proof gives in particular that peg.ty = ¢

Remark 9.3.8 (Remark 9.3.3 continued). One checks easily that pig.(#(xg)) =
(ptgwd)(*H), so that, in Corollary 9.3.6, we could start from a coherent @X(*g)-
module .#, which is strictly R-specializable. One deduces that the construction
M [*g] only depends on the stupidly localized module .#,. Similarly, for an effective

divisor D, .#[+D] (when it exists) only depends on .# (xD).

Remark 9.3.9 (Restriction to z = 1). Assume that .# is @X—coherent and is strictly
R-specializable and locaizable along (g). Then

(otgedl ) (xH) /(2 = 1) (ptgutl ) (xH) = (ptg« M) (xH),

the same holds for Vp, and thus (piged)[*H]/(z — 1) (ptgstl )[xH] = (ptgeM)(xH).
As a consequence,

Mxg] /(2 = 1)AM [xg] = M(xg).

9.4. Dual localization

In this section, we treat simultaneously the case of Zx-modules and that of RpZx-
modules. The Kashiwara-Malgrange filtration enables one to give a comprehensive
definition of the dual localization functor, which should be thought of as the adjoint
of the localization functor by the Zx-module duality functor. We will give a more
direct definition and we will not need the duality functor.

9.4.a. Dual localization along a smooth hypersurface

Definition 9.4.1 (Dual localization along a smooth hypersurface)
Let H C X be a smooth hypersurface and let .# be Zx-coherent and strictly
R-specializable along H. The dual localization of .# along H is defined as

MNH) = Vol @, 5 Dx.

Proposition 9.4.2 (Properties of the dual localization along H)
Assume that A is Dx-coherent and strictly R-specializable along H. Then the
following properties hold.

(1) A#['H] is PDx -coherent and strictly R-specializable along H.
(2) The natural morphism v : A[\H| — A induces an isomorphism
Vool [\ H] = Vo,

and in particular
gV gV H) = oV
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(3) With respect to a local decomposition X ~ H x Ay,
O : gry | M\ H] — gry [ H](—1)

is an isomorphism, and Kergr¥ . (resp. Cokergr¥,i) is isomorphic to the kernel
(resp. cokernel) of Oy : gr¥ . M — gry M .

(4) Assume AN — M is a morphism between strictly R-specializable coherent
Dx -modules which induces an isomorphism N (xH) — . (xH) (i.c., whose restric-
tion to V<o is an isomorphism). Assume moreover that A satisfies (3), i.e., the
action of O; induces an isomorphism gr¥, N == gr¥ ¥ (—1). Then N =~ .#['H].
More precisely, the induced morphism A [\H| — #['H] is an isomorphism, as well
as N[ H] — AN .

(5) Let A, N be as in (4). Then any morphism A [\H| — A factorizes through
A H]. In particular, if A is supported on H, such a morphism is zero.

(6) If A is strict, then so is A ['H].

(7) Let 0 —» A" — M4 — A" — 0 be an exact sequence of coherent strictly
R-specializable éx -modules. Then the sequence

0— #'|\H| — #[H] — #"['H] — 0

s exact.

Proof. We first construct locally a @X—module M which satisfies all properties
described in Proposition 9.4.2, and we then identify it with the globally defined
Px-module .#['H]. The question is therefore local on X and we can assume that
X ~ H x A;. We will use the notation and results of Exercise 7.3.36.

Step one. We search for .#) with a morphism .# — .4 inducing an isomorphism
Veodth = VoM, hence )y M = e xAM for every A € St and such that s
is naturally identified with the graph of can 4 : ¥ 1.4 — ¢¢ 1.4, hence to 1.4,
so that vy 1.4 — 1.4 is the identity, while ¢ 1.4 — 1.4 is induced by the
second projection vy 1.4 ® ¢r1.#4 — ¢y 1.4, hence can be identified with can_z.
We use the identification of Exercise 7.3.36(5) of 4 /V_1.# with D ¢ (_1 g gry A s].

On the other hand, we introduce a similar Vo Zx-module structure on gr¥, . #[s] by
setting

. 0 if j =0,
N(jisj t= ) , 1 g
(W) B+ — 1))t i j > 1,
()7)10, = (1) (B +( = 1)2)) s
One checks similarly that this is indeed a Vo Zx-module structure (i.e., [tdy,t] acts

as zt), but the action of 9;, defined as the multiplication by s, does not extend this
structure as a Zx-module structure (see Exercise 7.3.36(6)). We then notice that the
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morphism
prgy M ls] — grg Ms| C M|V 1M
,u(,j%sj — (u(,j%at)sj
is Voéx—linear.

Exercise 9.4.3. Show however that the action of 9; induces a éx-module structure on
Ker p and on Coker p, and identify these Zx-modules with Ker can_, and Coker can_y
respectively. [Hint: Argue as in Example 7.3.38.]

Given a local section m of .#, we denote by [m] its class in A /V_1.# =
Doc(—1,0 8a#[s], and by [m]o = Zpo[m]éj)sj the component of this class in
gry M [s]. Let us consider the Vo Zx-submodule ///! C M @ grV | M[s] consisting
of pairs (m, pu_1) of local sections such that [m]o (—1) (since the maps p and
m [ lo are V()@X linear, ., is indeed a V()@X submodule). We will extend
the VOQX module structure on .# to a .@X module structure so that the natural
morphism .#, — .# induced by the first projection is Jx-linear.

We have a decomposition .4 /V._ 1.4 ~ gtV .4 & Doc—1,0 gry #[s] and, for a
local section m of .#, we can write

(mdio = can.g[m]%) + > [m)§ s = can_g [m] €} + [mlos,
j=1

where [m) (702 obviously denotes the component of m mod V. _1.# in gr¥,.# . For any
local section (m, p—1) of .4, we define

(m, )8y == (mDy, [m]"] + pi_15).

The right-hand term is easily checked to belong to .#. We now check that
(m, p1—1)[0¢,t] = z(m, p—1). On the one hand, we have

(m, p_1);t = (mdyt, ([m]O)+p_1s)t) = (m5tt,2j>0(N+jz)ﬂ(j%5j> — (mdt, p_104t),
and, on the other hand,
(. p)t = (mt, 00 (N+ (G = D203,

mtdy, [mt]©) + 3,5, (N + (j — 1)z)u<j{sﬁ).

N N

—~

(0)

_Oi = var_»[m], ©

Moreover, we have [mi] =varg(can 4 p. 1) = N,u(_oi. As a conse-

quence,
(m, 1) [Be, 1] = (2m, 2y +var g [ml” — Nu'%) = 2(m, p_y).

Since A is @X—Coherent and grV, . is éH—coheren‘c, one concludes easily that .Z is
Y x-coherent.
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We set .
Vot © gV  M[s)) = Vol & @ gr¥ M s
=0

The induced filtration V.2 = ) NV, (M & gr¥ 4 [s]) satisfies Vo tty — Vol
for a < 0 and

gl ifadgN,
gre = S {(m)§) 1) € gl tt & @Vl | [ = can gy} 57 ifa =
~ gV, s

It is clear that this is a coherent V-filtration and that .#, satisfies 9.4.2(1)—(3).

Identification between .#['H| and .#,. Since Voog.#y — V_o.#, the natural mor-
phism .#[\H] — #|['H| is an isomorphism, and we will prove that the natural mor-
phism

(9.4.4) MNH) = Vool @y, 5 Dx — M

is an isomorphism. For any coherent P x-module .4 which is strictly R-specializable
along H, the natural morphism Vot @y, 5 Px — N is onto, and if can_y is onto,
then Vgt Oy 55 Dy — N is also onto. Since can g, is an isomorphism, (9.4.4) is
onto.

The composition Voo ty ~ Veot['H| — #[\H| — M, so (9.4.4) is injec-
tive when restricted to the Voo part. We V-filter .#[!H| by setting U< #[!H] =
ngk V<0%5g, so that Uco#[!H] = Veo.#). For k > 1 we have a commutative
diagram

(Uco/Usr) [ H] —=— (Vo / V1) 4,
5% zli}f
(Uck/Uct—1)[\H] —— (Vi /Ver—1)4
The left down arrow is onto by definition, and since the right down arrow is an
isomorphism by the properties of .}, the left down arrow is also an isomorphism, as
well as the lower horizontal arrow, showing by induction on k that . [\H| — 4, is
an isomorphism, so . [|H| = /[ H] satisfies 9.4.2(1)—(3).

We now prove (4). Since Voq.# — V_o.#, Definition 9.4.1 implies A [|H] —
A H]. Tt remains to check that .4 [\H] — .4 is an isomorphism. Since the question
is local, it is enough to check that the morphism A{ — .4 is an isomorphism, which
is straightforward from the construction of .41, with the assumption that can 4 is an
isomorphism.

For (5), we remark that the morphism #[|H] — .4 restricts to a morphism
Veold\H] = Vool — Voo N, so the first assertion follows from Definition 9.4.1.
The second one is then obvious since Vo4 = 0 if A4 is supported on H.

Let us now check (6), that is, the strictness of .Z[!H]. One check it locally for .,
for which it is clear since % C .4 & gr¥ .4 s].
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It remains to prove (7). The argument is the same as for 9.3.4(11) except for
the injectivity of .#'[!H] — .#['H]. In order to prove this property, we notice that
Veot'\H| — Vo2 [ H] is injective, according to (2). It is then enough to check the
injectivity of gr¥.#'[\H] — gr¥ .# [ H] for every a > 0. Due to the strict R-specia-
lizability of .#'[\H], .# [\H], injectivity holds for every o ¢ Z since gr .4’ — gr¥ 4
is injective. Similarly, if « is a nonnegative integer, the injectivity at « holds if and
only if it holds at o = 0. Now, (3) reduces this check to the case a = —1, where the
injectivity holds since gr¥,.#' — gr¥,.# is injective. O

Remark 9.4.5 (The case of Zx-modules). In case of R-specializable Zx-modules, we
simply denote M[!H] by M(!H) for the symmetry with the notation in Section 9.2.

Remark 9.4.6 (Remark 9.3.3 continued). Clearly, .Z[!H] only depends on .Z (xH), so
that, in Proposition 9.4.2, we could start from a coherent Zx (*H )-module .# which
is strictly R-specializable.

Remark 9.4.7 (Uniqueness of the morphism ). Let ' : .#[\H] — .# be a morphism
whose stupid localization v, « #[\H|(+H) — .#(+H) coincides with the stupid
localization ¢(, gy of 1. Then ¢/ = . Indeed, the assumption implies that ¢’ coincides
with ¢ when restricted to Vo.#[|\H] = V<o.# . Both induce then the same morphism
MNH) =Veoll @y, 5 PDx — M.

Remark 9.4.8. In the local setting X = H x Ay, if 0, : gr¥,.# — gry .# is onto, then
t: M\ H] — A is onto. Indeed, the assumption implies that .# = Vg # - Dx (in
general, we only have # = Vo - Dx).

9.4.b. Dual localization along an arbitrary effective divisor

We keep the same notation as in Section 9.3.c. Let .# be éx—coherent and
strictly R-specializable along D. We say that .# is dual-localizable along D if for
any local equation g defining D, there exists a coherent éx—module A [!g] such that
olgs(A'g]) = (ptgsd)['H]. The various checks done in Section 9.3.c can be done
similarly here in order to fully justify this definition.

Corollary 9.4.9 (Properties of the dual~localizati0n along g). Let g : X — C be a
holomorphic function and let .M be Px-coherent, strictly R-specializable and dual-
localizable along (g). Set H =X x {0} C X x C.

(1) The @X-module M \g] is strictly R-specializable along g and
can : g1 (A [\g])) — dg.1 (A g))

is an tsomorphism.
(2) There is a natural morphism v : M|['g] — # . This morphism induces an
isomorphism

(AN\g]) (xg) == A (xg),
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and therefore isomorphisms
Vg (A [g]) = byt for every A.
Moreover, we have a commutative diagram

bon (A g) —2 syt
can//[[!g] Jz can gz
bpr (A1) 2 g,

and Ker ¢ (resp. Coker ) is identified with Kercan 4 (resp. Coker can_y ).
(3) Given a short exact sequence of coherent Px-modules which are strictly
R-specializable and dual-localizable along g, the [lg] sequence is exact.

Proof. Similar to that of Corollary 9.3.6. O
Remark 9.4.10. The proof gives in particular that ,ig.tq = 4.

Remark 9.5!.11 (Remark 9.3.3 continued). In Corollary 9.4.9, we could start from a
coherent Px (xg)-module .# which is strictly R-specializable and, globally, we could
start from a coherent Zx (xD)-module .# which is strictly R-specializable.

Remark 9.4.12 (Restriction to z = 1). One proves as in Remark 9.3.9 that dual local-
ization behaves well with respect to the restriction z = 1.

9.5. D-localizable .@X-modules and middle extension

9.5.a. D-localizable @X-modules. Let D be an arbitrary effective divisor.

Definition 9.5.1 (D-localizable éx-modules). Assume that .# is strictly R-specializa-
ble along D. We say that it is D-localizable if it is localizable and dual-localizable
along D. The localized (resp. dual localized) module .#Z[xD] (x = *, resp. » =!) is
then well-defined and is strictly R-specializable along D.

Recall that, if D = H is smooth, any .# which is @X—coherent and strictly
R-specializable along D is D-localizable. On the other hand, for Zx-modules,
R-specializability implies D-localizability, whatever D is.

Exercise 9.5.2. We work within the full subcategory of P x-modules which are strictly
R-specializable and localizable along D.
(1) Show that .#[+D] and .#[!D] are localizable along D and
(a) the morphisms #[\D][*D] — .#[«D] and .#[\D]['\D] — .#['D] induced
by A4 [!D] — # are isomorphisms,
(b) the morphisms .#[!\D] — .# [*D][!D] and .# [*D] — .# [« D][*D] induced
by .# — . [«D] are isomorphisms.
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(2) Let g be a local equation of D. Show that there are isomorphisms of diagrams
(see Definition 7.7.3)

can

N _
/N(l)
1/19,1///[*9] (bg’l%[*g] = ¢g,1'// "/’g,l*ﬂ
\1/ v
=1 var Id
and
can 1d
— 3
z/}g,l'/l[!g] (bg,l'//[!g] = %,1/// '(/1971/// .
\—/ v
(-1) - N
var

9.5.b. Middle extension along an arbitrary effective divisor

Definition 9.5.3 (Middle extension). Assume that .# is 17 'x-coherent, strictly R-specia-
lizable and localizable along an effective divisor D. The image of the composed
morphism A#[!\D] — A4 — .#|[+D] is called the middle extension of .4 along D and
denoted by .#[!xD].

Note however that we do not assert that .#[!*D] is strictly R-specializable along D.

Nevertheless, if D = (g), ptgs['*D] is the image of pigsd[\D] — plged[xD],
that is, the image of (ptg« )|\ H]| = (ptg«#)[*H], and it is R-specializable along H
with strict V-graded objects, according to Exercise 7.3.37(3). We will still use the
notation v, . [1*D] and ¢g 1.4 [*D] for grl g #[xD](1) for a € [—1,0) and
gty ptgsd [1xD] respectively.
Remark 9.5.4 (Minimal extension and middle extension). Assume that D = (g) and
that .# is strictly R-specializable and localizable along D (if D = H is smooth, the
latter condition holds if the former holds). Assume moreover that can is onto and var
is injective, that is, .# is a minimal extension along g. Then, according to Remarks
9.3.5 and 9.4.8, #[\D] — .# is onto and .4 — A [+D] is injective, so A4 = #[xD],
and in particular .#[!xD] is strictly R-specializable along D.

Exercise 9.5.5. We keep the assumptions as in Definition 9.5.3 and we also assume also
that D = (g). Recall that ¥ (resp. ¢) have been defined in 9.3.4(2) (resp. 9.4.2(2)).

(1) Show that the kernel and cokernel of the natural morphism
tou: Mgl — M*g]
are equal respectively to the kernel and cokernel of
Gg (L7 00) 2 Gg 1M [\g] — ¢g 1M [xg],

and also to the kernel and cokernel of

N : g1 — Vg1 (—1).
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[Hint: Show that ¢¥ o ¢ induces an isomorphism on V.o and argue as in Example
7.3.38 for pig« (M [*g]).]

(2) Identify g xA ['xg] with g . and ¢g 1.4 ['+g] with image(N).

(3) Show that if N : ¢y 1.4 — 1y 1.4 (—1) is strict, then ¥ o : A [lg] — M [*g] is
strictly R-specializable.

Proposition 9.5.6 (A criterion for the strict R-specializability of .# [!xg])

Assume that A is @X—coherent, strictly R-specializable and localizable along (g).
If N =varocan : ¢, 1.4 — Yg1.4#(—1) is a strict morphism, then A ['xg] is strictly
R-specializable along g.

Proof. This follows from Exercise 9.5.5. O

Exercise 9.5.7. With the assumptions of Proposition 9.5.6, show similarly that the
morphism # — . [xg] (vesp. . |\g|— .#) is strictly R-specializable along g if and
only if the morphism var : ¢g 1.4 — g 1.4 (—1) (resp. can : Yg 1.4 — ¢pg1.4) is
strict.

9.6. Beilinson’s maximal extension and applications
In this section, we continue working with right Zx-modules.

Remark 9.6.1 (The case of~ left @X-modules). The same changes as in Remark 9.0.1
have to be made for left Zx-modules.

9.6.a. Properties of Beilinson’s maximal extension. Let g : X — C be a
holomorphic function. Let .# be a coherent éX—module which is strictly R-speciali-
zable along D := (g). When D is not smooth, we also assume that .# is D-localizable,
and mazximalizable (see Definition 9.6.13 below). We aim at constructing a coherent
Zx-module Eg# , called Beilinson’s maximal extension of .# along D, which is also
strictly R-specializable along D. It comes with two exact sequences

9.6.21) 0 — lg) 2 Zgtt sy (~1) —> 0,
(9.6.2 %) 0 Gyrtl 2 Zgtt s M]xg] — 0,
such that bo b = —N and a¥ oa = ¥ o, where ¢,¢” are the natural morphisms

(see Corollaries 9.3.6(2) and 9.4.9(2))

Mg L and M L M ]xg).

The construction and the exact sequences only depend on the stupidly localized mod-
ule A (*D) (recall also that .#[lg] and .#[+g] only depend on .#(xD)). It can be
done for any coherent éx(*D)—module M, which is strictly R-specializable along D
and gives rise nevertheless to a coherent .@X—module which is strictly R-specializable
along D. The usefulness of Beilinson’s maximal extension comes from Corollary 9.6.5
below, which enables one to treat some questions on @X—modules which are strictly
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R-specializable along D by reducing to the case of QZX (*D)-modules strictly R-specia-
lizable along D on the one hand, and to the case of éx—modules supported on D and
strictly R-specializable along D on the other hand, the latter case being subject to
an induction argument.

Theorem 9.6.3 (Gluing construction). Let .#, be a coherent @X(*D)-module which s
strictly R-specializable, D-localizable and mazimalizable along D = (g). Let (A, c,V)
be a triple consisting of a coherent .@X—module supported on D and strictly R-specia-
lizable along D, and o pair morphisms ¢ : Yg 1M — N and v : N — g 1M (—1)
such that voc=N. Then the complex

(9.6.3%) bgrtle L E s oo PEY (1)

has nonzero cohomology in degree one at most, its ' is a coherent @X—module
G( My, N, c,v) which is strictly R-specializable along D and we have an isomorphism
of diagrams

can c
— %
%,1(}(///*,«/‘/,&\/) d)gJG(Lﬂ*,e/V,C,V) = %,1///* =/V
\—/ _
=1 var v

Remarks 9.6.4.

(1) We obviously have G(A#, N ,¢c,v)(*D) = (Eq M. )(xD) = M.
(2) If D = H is smooth and ¢ is a projection, the conditions “D-localizable” and
“maximalizable” along D follow from the condition “strictly R-specializable along D”.

Set D = (g) and consider the category Glue(X, D) whose objects consist of data
(M, N ,c,v) satisfying the properties as in the theorem, and whose morphisms are
pairs of morphisms .#, — .4 and .4/ — 4’ which are naturally compatible with ¢, v
and ¢/, v'.

We have a natural functor

M — G(M (%D), g 1M , can, var).

from the category of Jx-coherent modules which are strictly R-specializable, localiz-
able and maximalizable along D, to the category Glue(X, D).

Corollary 9.6.5. This functor is an equivalence of categories.

We start with the case of a projection ¢t : X ~ H x A; — A; in Sections 9.6.b—9.6.c.

9.6.b. A construction of 1,; starting from localization. We will give an-
other construction of 1.4, for a strictly R-specializable Zx(*H)-module .,
(see Section 9.3.a for this notion).
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Let k be a non-negative integer, set ¢ = 0, 1, and let J(=*) denote the upper Jordan
block of size k + ¢, that is, the filtered vector space Ce. @ - - - @ Cey,, where e; € F*~¢
(i =€), so &) is in fact graded, with the nilpotent endomorphism

3(5,k) J(s,k)

JER (—1)

e —— €;_1 (convention: e._; = 0).
Similarly, we denote by J(. ) the lower Jordan block Ce. @ - -- @ Cej, increasingly
filtered (in fact graded) so that e; € F;_., with the nilpotent endomorphism

J(e k)
3(5,k) ? 3(5,1@)(71)

€ > €i41 (convention: ey 1 = 0).

We have natural morphisms (graded of degree zero and compatible with the nilpotent

endomorphisms):
JER (1) «— Ok gOI+D k(1) = Joo,k) — d0,k+1)
€; S €i=1,...k — €; €i=1,...k > € < €i=0,..k
0 — €o — €o 0 <+ egrt1

Exercise 9.6.6 (Linear algebra 1). Let (M, N) be a graded C-vector space with a nilpo-
tent endomorphism N : M — M(—1). For e = 0,1, set M%) = M @¢ §&F) with
nilpotent endomorphism

NER) = N@Id+Id@JEF) : MER — prEk)(—1)
and similarly for N, ;). Show the following properties.
(1) The morphism
M — MR
m— Zfze(—N)i_Em ® e

induces an isomorphism Ker N¥+1—¢ =5 KerN(#) with respect to which the
natural morphism Ker N(&*) — Ker N+t correspond to the natural morphism
Ker NF+1=¢ < Ker N*+2-¢ and the natural morphism Ker N(OF) — Ker N(1:F)(—1)

correspond to the natural morphism Ker N*+1 =5 Ker N¥(—1). In particular, if N
has finite order on M, show that have natural commutative diagrams

lim, Ker NO*) = lim, Ker N*!' ——=— M
| o |
lim, Ker NWF) (1) «—— limg, Ker N*(—1) —— M (~1)

and the limits are achieved for k > ord(N).



9.6. BEILINSON’S MAXIMAL EXTENSION AND APPLICATIONS 221

(2) Show that the morphism
MER s M(e — k)

k k
Zmi ® e; — Z(—N)kiimi
i=€ =7
induces an isomorphism
Coker N(&F) .= pr(ER) (—1) / Im NEF) =5 M (e — (k + 1))/ Im NFFL—¢,
and thus, if k£ > ord(N),
Coker N ~ M (e — (k4 1)).

(3) Show similar properties for the lower Jordan block. Note that the previous
diagram becomes

M ————— lim, Coker N* «——=——1lim _Coker N(y y

o |

M(~1) = lim, Coker N¥!(~1) ¢+~ lim, Coker N(o )(~1)

Exercise 9.6.7 (Linear algebra 2). We keep the notation as in Exercise 9.6.6.

(1) Show that the two composed natural maps

MOB _y ppam_qy NV )
(0.0)
and MOR N7 A 08 21y — k) (—2)

coincide. Let Z¥ M denote their kernel. In particular, N(©*) induces a map

NG+ BFM — Ker[MOP) (—1) » MO (=2)] ~ (M @ eg)(—~1) ~ M(-1),

(2) Show that the map

M @ Ker N#(—1) — MR
(n,m) — n Qe+ Zle(—N)i_lm ® e;

induces an isomorphism onto Z* M.

(3) Show that, under this isomorphism, N‘(g’,f])w :EFM — M(—1) is identified with
(n,m) — Nn + m.

(4) Conclude that, if ord(N) is finite and k > ord(N), then the exact sequence

0 — Ker[M©% — M®R)(—1)] — =2FM — Ker N — 0

is isomorphic to the naturally split sequence 0 - M — M & M(—1) - M(—-1) — 0

with respect to which the exact sequence

0 — Ker NOF) — =FAr — Ker[M©OF)(—1) — MER) (-2)] — 0
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corresponds to

0 — Ker(N+1d) — M M(~1) 1 ey o,

(5) Show similar properties for the lower Jordan block.

Let ., be a strictly R-specializable éx (xH)-module. We set A, (. )y =M+ @c Ik
with the action of t3; given by

(m X 6i)t6t = (mtﬁt) Ke;+me J(Evk)ei,

and we define ///*(E’k) similarly. The following lemma is easy.

Lemma 9.6.8. If ./, is strictly R-specializable along H, then so are ///*(E’k) and

M (e k), we have V,///*(E’k) = (Vo) =P and the lower similar equalities, and for
every A, 1/1t7A(///*(E’k)) ~ (¢t7>\///*)(5’k), and other similar equalities with ¢, 1, together
with the lower similar equalities. [

Proposition 9.6.9. Assume that A, is strictly R-specializable along H.
(1) The morphisms

(0¥ 0 )R - P NH) — P [+ H]
and (Lv © L)(E,k) : %*(s,k,) ['H] — 'ﬂ*(s,k)[*H]

are strictly R-specializable for k large enough, locally on H.
(2) We have functorial isomorphisms

(_

%Ker(ﬂ 01) &R ~apy | M, ~ lim Coker(:" o L) (ek)s
A k

and the limits are achieved for k large enough, locally on H.
(3) The composed natural morphisms

MOPNH) — OV [<H] — P [ H](—1)
and '//*(l,k)[!H](l) — '//*(O,k)[!H] — '///*(O,k) [*H}

are strictly R-specializable for k large enough, locally on H.

Proof.

(1) Since the morphisms considered induce isomorphisms on Vg, it is enough to
check that their ¢, are strict for k large enough (Example 7.3.38). By Exercise
9.5.5(3), this amounts to the strictness of N(&:) . wt,lﬁfs’k) — wt,lﬂfa’k)(—l) and,
by Lemma 9.6.8, to the strictness of N&*) : (v, 1 ,) R — (4 1.4.) R (~1), and
similarly for N, ). For k large enough locally on H, the cokernel of N(=%) is identified
with ¢ 1.4, (¢ — (k + 1)), and similarly for N(. 1), according to Exercise 9.6.6, hence
the strictness.
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(2) By Exercise 9.5.5(1) and Lemma 9.6.8, we have
Ker(1¥ 01)®* ~ Ker [N(E*k) D (oo )R — (¢t71///*)(6’k)(—1)],

which is identified with v 1.4, according to Exercise 9.6.6. We argue similarly for
the lower case.

(3) Arguing as above, we are reduced to checking the strictness of ¢.; of the
composed morphisms. The upper one reads

(O’k)
(1) OF) D ) OR (1) s () 19 (—2)

and, according to Exercise 9.6.7(1), coincides with the composed morphism

N(l,lc) Lk
(e 1) O — (1) PP (—1) ——— (Yp1.4,) P (-2)

whose cokernel, which is the cokernel of N(*) since the first morphism is onto, is
identified with v, 1.#.(—k — 1) for k large, hence the strictness. The argument for
the lower one is similar. O

9.6.c. The maximal extension along H x {0}
Definition 9.6.10 (Maximal extension along H). Let .7, be a coherent Py (xH )-module
which is strictly R-specializable along H. We set

El, = lim Ker ("M [ H] — a0 [ H) (1)),
k

Proposition 9.6.11 (The basic exact sequences). The limit in the definition of Z¢. M, is
achieved for k large enough, locally on H, and =4, is a coherent Px-module which
is strictly R-specializable along H. We have two functorial exact sequences

(9.6.111) 0 — AH) -2 2ot Y5 gt (~1) — 0,

(9.6.11 %) 0 — prdls 2y St Cs L xH] — 0,

with bob” = =N and a¥ oa = 1Y o1 (see Corollaries 9.3.6(2) and 9.4.9(2) ). Moreover,
we also have

Et% = @Coker(///*(l,k) ['H}(l) — %*(O,k) [*HD
k

Proof. Arguing as in Proposition 7.3.40, one checks that the kernel of the morphism
MO [H] — A [*H](—1) is strictly R-specializable along H. We decompose
this morphism either as
MOPNH) — P H](-1) — 5P [kH] (1)
or as
MOPNH] — o OP 1) — P [k H](-1).
In the first case, its kernel is the middle term of a short exact sequence having the

kernel of the right-hand morphism as right-hand term, that is, ¢ 1.4, (—1) for k
large enough locally, according to Proposition 9.6.9, and the kernel of the left-hand
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morphism as left-hand term, that is, .Z.['H], according to Proposition 9.4.2(7). The
kernel is thus independent of k if k is large enough locally, and we have thus obtained
(9.6.111).

In the second case, its kernel is the middle term of a short exact sequence having
the kernel of the right-hand morphism as right-hand term, that is, .Z.[*xH], according
to Proposition 9.3.4(11), and the kernel of the left-hand morphism as left-hand term,
that is, ¢ 1.4, for k large enough locally, according to Proposition 9.6.9. We have
thus obtained (9.6.11 ).

The composed morphism a o a is the composition

v(0,k) (0,k)
L oL O [+H]

— M [xH| @ ey ~ M [«H]

which is equal to ¢Yor. On the other hand, the morphism bob” : ¢, 1 4 — Yy 1 M. (—1)
is identified with the natural morphism

Ker(1Y(O%) o [ (OR)) 5 Ker(,V(1F) o, (1R))

MLH) = ANH) © e — OO

for k large enough locally. It is identified with the natural morphism

Ker [NO+ (4, 1. 4) O — (y1.00) ") (-1)]
— Ker[NR) (¢ 1) 5K — (9 1.t,) PP (-1)],
which is identified, as in Exercise 9.6.6, to the morphism (k large enough locally)
—N: Ker N1 ~ oy s s, — Ker N¥(—1) ~ oy 1 M. (—1). O

Proposition 9.6.12 (Nearby and vanishing cycles of the maximal extension)

(1) The morphisms a : M[\H] — Eyds and o¥ : Zpdl, — M [*H] induce iso-
morphisms when restricted to V<o, and thus isomorphisms of the 1, x objects.

(2) The exact sequence ¢y 1(9.6.111) is isomorphic to the naturally split exact se-
quence 0 — 4 1 M, LN V1 Mo D Yy 1 Mo (—1) RN 1M (—1) — 0. With respect to
this isomorphism, the exact sequence ¢;.1(9.6.11 %) reads

(1d, —N) N +1d

00— d}t,l'%* ’l/lt’l.ﬂ* b wtﬁlgﬂ*(—l) _— /(/)t,l'%*(_l) — 0.

Proof.

(1) We notice that, since all modules in (9.6.11!) and (9.6.11%) are strictly
R-specializable, the morphisms a and a” are strictly R-specializable, in the sense
of Definition 7.3.39. The result follows from Proposition 7.3.40, since ¢ 1.4, is

supported on H.
(2) This follows from Exercise 9.6.7. O

Proof of Theorem 9.6.3 for the function t. The complex C*° considered in the theorem
has nonzero cohomology in degree one only, since b¥ is injective and b is onto. We
show that ¢, \C* and ¢;1C* are strict. We have ¢, \C* = {0 — Y, \Ep.# — 0},
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so the strictness follows from Proposition 9.6.11. On the other hand, according to
Proposition 9.6.12, ¢, C* is identified with the complex

V1M — Py MDYy M(—1) DN — P M (1)
e—— (e, —Ne, ce)
(e,m,e) ————  m + ve.

Its cohomology in degree one is then identified with 4. Since .4 is assumed to
be strict, #1¢, 1C* is strict, and we clearly have J#7¢,,C* = 0 for j # 1. We
deduce from Corollary 7.3.41 that S#'C* is strictly R-specializable along H and
Y \IOLC* = AWy \C*, and ¢y 1 H1C* = A 1C°. O

Proof of Corollary 9.6.5 for the function t. The construction G of Theorem 9.6.3
gives a right inverse of the functor considered in Corollary 9.6.5, implying that the
latter is essentially surjective. That it is fully faithful now follows from Corollary
7.3.34. O

9.6.d. The maximal extension along an arbitrary effective divisor

Definition 9.6.13. Let D be an arbitrary effective divisor in X and let .Z, be @X(*D)—
coherent and strictly R-specializable along D.

(1) If D = (g), where g : X — C is a holomorphic function, set H = X x {0} C
X x C. We say that ., is mazimalizable along (g) if MEP s (g)-localizable for
every k and € € {0,1} (see Definition 9.5.1).

(2) In general, we say that .#, is maximalizable along D if for each point =, € D
and some (or any) local equation g of D near x,, #, is mazimalizable along (g).

Proposition 9.6.14. Assume that #, is mazimalizable along D = (g). Set
Eg. M = limKer (" 1D] — 4P [+D)(-1)).
k

Then the analogues of Propositions 9.6.11 and 9.6.12 hold for Z¢. 4.

Sketch of proof. One first checks that the analogue of Proposition 9.6.9 holds, by
checking that it holds after applying ptg«. This follows from the fact that the mor-
phisms ¢ and ¢V behave well under ptg44 (see Remarks 9.4.10 and 9.3.7). The remaining
part of the proof is done with similar arguments. O

Remark 9.6.15. 1f we denote by ag4, ay, by, by and at, ay, by, by the morphisms a,a”, b,b"
given by (9.6.21), (9.6.2%) and Proposition 9.6.11 respectively, we have a; = ptg.ag,

etc.

Proof of Theorem 9.6.3 and Corollary 9.6.5. Let us apply the exact functor pig. to
(9.6.3%),. Since ., is maximalizable along D, this produces (9.6.3 ), to which
we apply the theorem. Since H7514.(9.6.3%), =~ p1gu?7(9.6.3%),,
theorem for (9.6.3 %),, and thus the functor of Corollary 9.6.5 is essentially surjective.
It is fully faithful because it is so when g =t and 4. is fully faithful by Proposition
7.6.2. O

we deduce the
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Proposition 9.6.16 (Recovering ¢, ; from localization and maximalization)
Let A be as above and set My = M (xD). Then the complex

(9.6.16 %) S A R A A}

satisfies %ﬂk@;//l =0 fork#1 and O, M ~ ¢g1 M .

Proof. We first consider the case of X = H x C and g = t. Injectivity of a & ¢ follows
from that of a, and surjectivity of a¥ — ¢" follows form that of a. Since, for every
A e St ¢ za and 1, ya" are isomorphisms inverse one to the other, and the same
property holds for 9 ¢ and ¢ x¢¥, it follows that 9, x®;.# ~ 0. On the other hand,
the complex ¢, 1P;.# is isomorphic to the complex

0— 1,/),571// — wt,lﬂ ©® 7/1@1%(—1) D ¢t71./l e ’l/)t71%(—1) —0
e—— (e,0,cane)

(e,n,e) ——— Ne+n —vare

so H o Py M ~ (Y1 M & dia.#)/Im(Id D can), and therefore the projection
V1M S dpaM — 1.4 induces an isomorphism Vg, 1Py M — P14 . As a
consequence of Corollary 7.3.41, the cohomology ot complex ®;.# is strictly R-specia-
lizable along H and in particular ¢y 11 ®; 4 ~ # ¢, 1®;.4. The first part of the
proof also shows that 1 ®;. # ~ (pt)ljflcb;,///, so A0} M ~ IR/

The general case is obtained by using the exactness of ptgx. O

9.7. Good behaviour of localizability and maximalizability by pushforward

Let us keep the notation and assumptions of Corollary 7.8.6.

Corollary 9.7.1.

(1) Assume moreover that # is localizable along (g). Then H'y fodl are so
along (g') for all i, we have (S, fodl)[xg'] = s fo(M[xg]) (x = *,!) and the
morphisms t,." behave well under F', f..

(2) Assume moreover that A is mazimalizable along (g). Then S, fo. M are so
along (g') for all i, we have Ey (A, full) = Ao f(EgH), and the exact sequences
(9.6.21) and (9.6.2 ) behave well under 'y f..

Proof.

(1) Assume first that f takes the form fy x Id: H x A; — H’' x A;. Then from
Theorem 7.8.5 one deduces that %, f.(.# [xH]) satisfies the characteristic properties
9.3.4(8) or 9.4.2(4) for (S, f..#)[xH'], so the statement holds in this case.
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For the general case, we note that we have a cartesian diagram

L
XX x A

fJ( fold
L

X I X %A,
and we set H = X x {0}, H' = X’ x {0}. Then
("5 (f *x 1)l ) H') = Ao (f % 1) (o gw ) e H])
= Ao (f X 1)+ (pigr (A [xg])) = oty (Ko f( M [xg])),

and the assertion holds according to the first case.

(2) Let us indicate the proof in the case where f = fp xId, as above. We first notice
that A, f, (M EF)) ~ (A, fo.tl)©F) | and since f is proper, we can locally on X’
choose k big enough so that the limits involved are already obtained for k. Let us
denote by ¢y, the morphism . O®)[\H] — .#*) [« H]. We have a natural morphism
A fo Ker @, — Ker %, f.or and, according to (1), it induces a morphism between
sequences

A [ ((9.6.111) () — (9.6.111) (A" fo ),
A5 fe ((9.6.11 %) (M) — (9.6.11 %) (A", fo M ).

The right-hand sequences are short exact, while the left-hand ones are a priori only
exact in the middle. Moreover, the extreme morphisms between these sequences are
isomorphisms, by the previous results. Let us show that the left-hand sequences are
indeed short exact and that the morphisms (in the middle) are isomorphisms. We
will treat (9.6.11!) for example. The composed (diagonal) morphism

| A foa
i foa ) 22T i FEy (M)

|~

(A ful )\ H) — s By S fo

is injective by assumption, hence so is #',f.a, and by applying this with i + 1,
we find that L f.E,(4) — H'nf(Yi1.#) is onto, so that the sequence
A f((9.6.111) () is short exact. Now, it is clear that it is isomorphic to
(9.6.11)(H fo ). O

9.8. Comments

Here come the references to the existing work which has been the source of inspi-
ration for this chapter.






