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Preface

To Pierre Deligne and to the memory of Jean Louis Verdier

The purpose of this volume is to prove the existence of special structures on
the cohomology of a family of complex projective varieties, namely Lefschetz
and Hodge decompositions. We mention:

1.

The construction of perverse extension of degenerating variation of graded
polarized mized Hodge structures (VMHS) along a normal crossing divi-
sor (NCD).

The decomposition theorem of the derived image of a perverse extension
of degenerating polarized variation Hodge structures (VHS) by a projec-
tive morphism on complex algebraic varieties by methods of algebraic
topology.

The proof of local purity on complex varieties adapted from the proof on
varieties of characteristic p > 0, and an other new proof.

The construction of perverse extension of degenerating variation of polar-
ized Hodge structures (VHS) on compact complex varieties by application
of the decomposition theorem to a desingularization.

The definition of perverse variation of mixed Hodge structures (VMHS)
on complex algebraic varieties.

Actually, there exist two proofs of the decomposition theorem. The first

is on algebraic varieties over fields of characteristic p > 0 which extends to
polarized variation of Hodge structures (VHS) of geometric origin on com-
plex varieties. The second proof is for Hodge modules and equivalently for
polarized VHS on complex algebraic varieties.
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We give two new proofs by methods of algebraic topology of complex
algebraic varieties. The first is based on a generalization of the construction
of mixed Hodge complex on the nearby cycles complex.

The second is based on a description of the weight filtration on the log-
arithmic complex 2*L := 2% (LogY) Qo Lx with coefficients in Deligne’s
extension Lx of a VHS L on the complement of a NCD Y C X.

The local purity theorem, states conditions on the weights of a NCD con-
tracting into an isolated stratum in a Thom-Whitney stratification. As an
application of the decomposition theorem, we adapt the original unpublished
proof by Deligne and Gabber to complex algebraic varieties.

In particular, we prove the local and global invariant cycle theorems. We
give also an other direct proof of local purity.

To figure the interest in these results, let us recall the developments after
1950 in this field of algebraic geometry by the schools influenced the work of
J.P. Serre, A. Grothendieck, P. Deligne and Ph. Griffiths.

1. Weight and Hodge filtrations. The cohomology groups of a com-
plex algebraic variety X, constructed with the transcendental topology, are
enriched by the definition of filtrations by sub-spaces reflecting the geometry
and the topology of the variety and its singularities.

In the case of a compact non singular algebraic variety X, a Hodge filtra-
tion F is defined on the de Rham cohomology groups H'(X,C).

Using the conjugate I of F with respect to the Q—structure of the co-
homology defined by the embedding H*(X,Q) C H'(X,C), a Hodge decom-
position of the cohomology is defined by the finite direct sum of subspaces
HP9 = FP N F9 for p+ q = i.

The Hodge filtration F' is already defined on the de Rham complex but the
proof of the induced decomposition on the cohomology is based on advanced
analysis on varieties. Two homeomorphic varieties which are not isomorphic,
give rise to two different decompositions in general, after identification of the
cohomology spaces.

In the case of non singular but non compact algebraic varieties, the Hodge
filtration on the de Rham complex does not give a satisfactory structure on
the cohomology. Instead, it is necessary to embed a non singular X into a non
singular compact algebraic variety with a normal crossing divisor (NCD) as
complement (at infinity), which is possible thanks to Hironaka’s desingular-
ization theorem. The presence of the NCD at infinity leads to an additional
filtration W on the cohomology with Q—coefficients called the weight filtra-
tion.

For a first reading, the definition of all terms can be found in the following
book

Claire Voisin: Hodge theory and complex algebraic geometry I, II. Cambridge
University Press, 76, 77, 2007.

For an advanced reading, we refer to the foundational work of
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Pierre Deligne: Théorie de Hodge II. Publ. Math. IHES, Paris 40:5-57, 1972.
Théorie de Hodge III. Publ. Math. IHES, Paris 44:6-77, 1975.
Conjecture de Weil II. Publ. Math. IHES, Paris 52, 1980.

As well, other basic references are cited in the text.

2. Mixed Hodge structure (MHS) In the case of non compact non
singular varieties, Deligne introduced a new complex called the logarithmic
complex on which both the weight and Hodge filtrations are defined and
induce the correct filtrations on the cohomology spaces. We remark that this
correct Hodge filtration contains additional information at infinity.

Both weight W and Hodge F filtrations figure in a precise positions in the
cohomology space and satisfy strong linear algebraic conditions called mixed
Hodge structure (MHS).

Such MHS are also defined on the cohomology of singular algebraic vari-
eties. Thus, the cohomology of any complex algebraic variety has a naturally
defined MHS. It is surprising that the theory of MHS is motivated by the
concept of purity and weight on /—adic cohomology of varieties over fields of
positive characteristic. In fact, the theory of MHS is motivated by Deligne’s
results on the Weil conjecture. A ” heuristic dictionary ” developed by Deligne
helps to translate results from one language into the other:

Pierre Deligne: Théorie de Hodge 1. Cong. intern. math.Nice, Tome 1, 425—
430, 1970.

3. Polarization and Lefschetz decomposition of the cohomology of
complex non singular projective varieties. The cohomology class of an hy-
perplane section of a non singular projective variety X, defines Lefschetz
isomorphisms on the cohomology by iteration of the cup-product with its
cohomology class. From which we deduce, with Poincaré’s duality, a scalar
product on the cohomology H*(X,C) and a Lefschetz decomposition into a
direct sum of polarized subspaces.

Reciprocally, Deligne’s proof of Lefschetz isomorphisms by induction is
based on the existence of the polarization (Weil 11, 4.1, Lemma 4.1.4).

4. Variation of mixed Hodge structures (VMHS). In the case of a
family of algebraic varieties defined by an algebraic morphism f : X — V|
the cohomology of the fibres form a constructible complex: there exists a
stratification S of the complex variety V such that the restriction of the i-
th cohomology sheaf of the derived image by f of the constant sheaf Qx
is locally constant on each stratum S. The locally constant sheaf on S, is
determined by a monodromy representation of the fundamental group of S
on the i-th cohomology of the fibres.

To go beyond topology, in the case of a proper smooth family, the Hodge
filtration F' of the cohomology space H!(X,,C) of non singular complex com-
pact algebraic fibers X, at v € V, defines a variation of Hodge structures
(VHS) on V. Griffith gave sense to the fact that the variation of the Hodge
filtration is analytic, or in other terms the filtration is defined by analytic sub-
bundles of the flat bundle R’ f,C®c Oy . The VHS has an additional property
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called Griffith’s transversality with respect to the connection determined by
the local system of the i-th cohomology R f.C on V.

In the case of a projective family, we obtain a VMHS on each stratum §
of a stratification S of V.

In this volume we describe results on the degeneration and the extension
of VMHS on the boundary of a stratum S by algebraic topology techniques
in order to give a proof of the decomposition and purity theorems.

In a family, singular fibers occur in general. For example, any pencil of
curves on a surface contains singular special curves. The behavior of the
family near the singular fiber is useful (for example to the classification of
the families).

For this reason, we introduce the concept of degeneration of the MHS near
a singularity on the parameter space V. At a singularity v € V| the degener-
ation reflects the properties of the family on a punctured neighborhood of v.
In particular we can blow up v to study the degeneration.

For this reason, the study of the degeneration is reduced in general to the
complement of a normal crossing divisor (NCD) in a non singular variety.

The singularities appear also when it is not possible to extend the local
system or the Hodge filtration of the VHS on a non singular parameter variety
V. For example, a singularity of the connection defined by the local system
may exists on a non singular V. The problems of the degeneration of the
filtration F are of analytic nature.

5. Decomposition of derived image of polarized VHS. The polariza-
tion on a VHS leads to a decomposition into irreducible polarized sub-VHS.

Moreover Lefschetz and Hodge structures on the fibers of a smooth pro-
jective morphism f : X — V lead to the degeneration of Leray’s spectral
sequence of f.
This degeneration may be interpreted as a decomposition (in the derived
filtered category DT F(V,C) of abelian sheaves on V), of the complex K :=
f+Cx on V defined by the derived image of the constant sheaf C on X, into
its cohomology sheaves. We refer to:

P. Deligne, Théoremes de Lefschetz et criteres de dégénérescence de suites
spectrales, Publ. Math. IHES, 35, 107-126, 1968.

6. Degeneration of VMHS. In the case of an abstract analytic polarized
VHS on a punctured complex disc D*, the main result is the existence of
Schmid’s limit Hodge filtration F' on the space of multiple sections of the
local system L underlying the VHS on D*. We refer to:

Philip Griffiths and Wilfried Schmid: Recent developments in Hodge theory.
Bombay Colloquium on: Discrete subgroups of Lie Groups, Oxford University
Press 1973,

for a first reading and to the foundational work of

Wilfried Schmid: Variation of Hodge structure: the singularities of the period
mapping. Invent. Math. 22:211-319, 1973.
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Moreover, the monodromy filtration W (N) defined by the logarithm of
the monodromy and the limit filtration F' form a MHS. The VHS is said to
degenerate into a limit MHS.

In the text Weil II by Deligne, as well in the article of Steenbrink, the
theory appears for an algebraic family over curves.

Graded polarized VMHS. In the case of an abstract VMHS on D* with fil-
trations W and F', there is no natural limit Hodge filtration F'. The existence
of a limit Hodge filtration is added by definition of a class of VMHS called
admissible.

In this case Deligne defined a relative monodromy filtration M := M (N, W)
and asked for precise properties which must be satisfied by M and the limit
F, in particular (M, F) form a MHS on the limit vector space defined by the
local system underlying the VMHS on D*.

The properties required of an admissible VMHS are inspired by the case
of algebraic families and all algebraic families over a punctured disc define
admissible VMHS on D* called geometric.

We refer to Weil II on varieties over fields of characteristic p > 0, where
many problem originated.

In the case of higher dimensional variations, the degeneration of a VHS
(resp VMHS) over a product of punctured discs (D*)™ is far more difficult
to study and the results present compatibility relations between the various
degenerations along the components of the NCD at ”infinity” in D".

In this text, degeneration results are recalled but not proved since there
exist many references cited in the text.

7. Extension of VHS. In the case of curves, in Weil II by Deligne and
in the corresponding work by Zucker on a complex curve V', an answer to the
problem of extension is given along a singularity v € V' of a polarized VHS
on a locally constant sheaf L.

Let j.L denotes the sheaf extending L such that the section at v of j,L
are defined by the invariant subspace under the action of monodromy near
v, with its induced limit MHS at v including the limit Hodge filtration F'.

The main result is that the cohomology (H'(V, j.L), F) with the induced
filtration F' is a pure HS. This is the first example of a Hodge structure not
deduced from HS defined by compact non singular varieties.

In the case where dim V' > 1, the main problem is the extension of a VHS
defined on the big stratum .S of V. For example on a surface S, the critical
case is an isolated stratum on the boundary of S.

No progress has been made until the work by Goresky and Mac-Pherson
in 1980 on Intersection cohomology satisfying Poincaré duality on topological
spaces eventually singular, appeared.

8. Perverse sheaves. The interpretation by Deligne of Intersection co-
homology in the language of derived category and Poincaré-Verdier duality,
leads to the theory of intermediate extensions of a local system and more
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generally to the definition of perverse sheaves developed in 1983 on varieties
over fields of strictly positive characteristic. We refer to:

A. Beilinson, J. Bernstein, P. Deligne, O. Gabber: Analyse et Topologie sur
les espaces singuliers Vol.I, Astérisque, France 100, 1983.

9. Purity. The long awaited theory of purity, well understood in the case
of curves in Weil II, makes sense in all dimensions as follows:

In the case of an abstract analytic polarized VHS underlying a local system
L on a product of punctured complex discs (D*)™, the correct extension is
a complex of sheaves called the intermediate extension of L with induced
filtration defined by the limit Hodge filtration F.

Globally, if a polarized Hodge filtration (L, F) is given on the complemen-
tary of a NCD Y C X, the intermediate extension is defined in this text as a
sub-complex IC*L of the logarithmic complex 2*L := 2% (LogY) ®ov, Lx
with coefficients in Deligne’s extension £x with induced filtration F' deduced
from the degenerate Hodge filtration.

The hypercohomology of the sub-complex (IC*L, F) on a projective vari-
ety X with its induced Hodge filtration carry a pure HS.

After the development of the theory of perverse sheaves the interest shifted
to the property of decomposition of pure perverse sheaves.

The first purity result in the domain is proved over fields of strictly positive
characteristic by Deligne and Gabber in 1981 and has been a motivation of
subsequent work on Hodge theory on complex varieties. We cite among the
consequences, the proof of local and global invariant cycle theorems and local
purity.

In the case of a normal crossing divisor Y in a complex algebraic variety
X contracting to an isolated stratum v € V in a stratified algebraic variety
V', local purity has consequences on the classical cohomology with support
in Y in terms of restrictions on the weights, related to the contractibility of
the NCD to a point.

Although the proofs are on varieties over fields of strictly positive charac-
teristic, it is possible to deduce the result in the case where the coefficients
are VHS of geometric origin on complex varieties.

In parallel, the relation to D—modules appears in the thesis of Brylinski in
1982, the work of Kashiwara in 1983 and the work of Saito who introduced
Hodge modules in 1988 and proved the property of decomposition of such
modules.

The theory of differential modules is a natural domain to study the degen-
eration and leads to the fact that Hodge modules are direct sums of variations
of intermediate extensions of Hodge structures.

It is surprising that perverse sheaves have been defined and studied first
in the language of derived category.

10. Perverse extension of VMHS. A central problem is the definition of
the extension of a polarized VHS (L, F) on a stratum S of a stratified complex
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variety V' (S is non singular but V' may be singular along S). We give in this
text a definition of the extension of the filtration F' by desingularization using
algebraic topology constructions. We apply the result to develop the theory
of perverse VMHS on a singular variety.

A general and useful study of extensions of perverse sheaves along a locally
principal divisor by considering the nearby and vanishing cycles figures in the
work of J. L. Verdier. The application to Hodge theory is written by M. Saito
in the language of D—modules.

We develop in the text the results on the extension of graded polarized
VMHS in terms of perverse sheaves and uilding on results of Kashiwara in the
case of NCD, we give an alternative definition in terms of algebraic topology.

11. Proof of the decomposition and purity theorems. The main
simplification in the exposition of the text consists in the proof of the decom-
position and local purity theorems for a projective morphism by reduction to
the case of a NCD contracting to an isolated stratum v in V' (not merely an
isolated singularity) and its application to define the perverse extension of a
VHS in general.

For this reason, we insist in this text to state the decomposition theorem in
terms of Thom stratification of a morphism f: X — V of algebraic varieties
and we express the decomposition theorem in terms of the stratification.
The reduction to isolated strata is by induction and restriction to a general
hyperplane section.

In the case of an isolated stratum v, the proof is reduced to the case of
existence of a projection of V' to the projective line defined by a general
hyperplane section through v. The spectral sequence of the nearby cycles
functor with respect to the monodromy weight filtration is relatively simple
to study in this case.

This allows the simple definition of the category of intermediate extension
of variations of Hodge structures and the category of variations of mixed
Hodge structures over singular varieties.

We recall, that even if we start with constant coefficients, the derived
direct image consists of a complex with constructible cohomology sheaves
with additional structure of intermediate extensions of polarized VHS.

Thus, instead of constant coefficients, the general theory is carried with
cohomology coefficients in polarized VHS and more generally VMHS.

Organization of the book. The text is divided in three sections.

1. The first section covers three chapters.
Chapter 1 gives the statements of the local purity theorem, the decompo-
sition theorem in terms of Tom-Whitney stratification and the extension
of a polarized VHS.
Chapter 2 covers the preliminaries on perverse sheaves and on the degen-
eration of VMHS.
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Chapter 3 centers on perverse sub-sheaves of the logarithmic complex in
the case of a normal crossing divisor (NCD) at infinity.

The second section covers chapters (4 — 8).

In chapter 4, we introduce in the case of a unipotent VHS: (L, F'), the
nearby cycles complex W*IL, to define the limit Hodge filtration F and
transfer the filtration to the unipotent part of the nearby cycles complex
w? J1+PL with coefficients in the intermediate extension of L.

We prove in chapter 5 the existence of a natural structure of mixed Hodge
complex on the nearby and vanishing cycles complex with coefficients in
an intermediate extension ;L of a (shifted) polarized variation of Hodge
structure (L, F).

We give a proof of the decomposition and purity theorems in chapter 6
and deduce in chapter 7 the Hodge filtration on perverse intermediate
extensions on singular varieties by desingularization, the local and global
invariant cycle theorems.

This allows us to adapt in chapter 8 the proof of the local purity theorem
by Deligne and Gabber to the case of complex varieties.

The third section covers chapters (9 — 12).

In chapter 9, the weight filtration on the logarithmic complex in the case
of a NCD at infinity is defined directly along the NCD.

In chapter 10 a combined simple proof of the decomposition and pu-
rity theorems is given in terms of Intersection morphism and a relative
interpretation of local purity.

June 2022 The Editors

Key words: Algebraic geometry, Mixed Hodge structure, Local Purity, De-
composition, Derived category, Perverse sheaves, Stratifications.
Mathematics Subject Classification(2000):Primary 14D07, 32G20; Secondary
14F05
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Chapter 1
Introduction

An overview of the domain of research is presented in the preface. This volume
is divided in three sections. The first section covers chapters 1 — 3.
In this chapter, the statement of the local purity and of the decom-
position theorems as well the extension of a polarized VHS on a
complex algebraic variety, are given.

In chapter 2, preliminaries on perverse sheaves and variation of mixed
Hodge structures may be useful for a first reading.

We develop in chapter three the normal crossing divisor case in details. It
is an example of perverse sheaves.

The Abbreviations and Conventions figure in §2.4.0.2 and the induced fil-
trations on perverse cohomology in §2.4.

1.1 Local purity

In an unpublished note [DeG 81], Deligne and Gabber announced the follow-
ing result, known as the purity theorem on a projective variety over a field
of positive characteristic:

Theorem. Let I, be a finite field, Xo a smooth scheme of finite type over
Fq, j: Vo = Xo an open subset of Xy, and Ko a perverse sheaf on Vy. If Kq
is pure of weight w, the complex j. Ko is pure of same weight.

Let j : V — X denote the extension of j : Vj — Xy over an algebraic
closure of Fy, and K the extension of Ky on V. We may also say that ji. K is
pure of same weight as K.

The proof by induction on an hyperplane section leads to the following
local purity statement:
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Local purity theorem. Let Ey be a finite set of zero dimensional points in
Xo, Vo := X0\ Eo, E C X the extensions over an algebraic closure of Fy and
K the extension on 'V of a pure complex Ky of weight Pw on Vj.

Let B, be a henselization of X at a zero dimensional point v of E. The
weight w of the cohomology H! (B, \ {v}, K), satisfies the inequalities:

w<Pwtiif i<—-1land w>Pw+iif i>0.

Next, we give the interpretation and application of this theorem on complex
varieties. It is a central result in the development of Hodge theory. Moreover,
it is related to the proof of the decomposition theorem.

1.1.0.1 Deligne’s dictionary

According to Deligne [De 71], the henselization of a complex algebraic variety
V' at a point v corresponds to a ball B, defined by a local embedding of V'
in CN at v, as the intersection with V of a ball of CN centered at v of small
radius, such that B, is a cone over a topological space called the Link L of
V at v which is a topological invariant independent of the embedding in C*.

Purity in positive characteristic corresponds to Hodge structure (HS) on
cohomology [De 72] and the theory of weight is translated into a weight fil-
tration local purity theorem.

In particular the conditions on the weights above can be translated in the
transcendental case into conditions on the weights of a natural filtration W
mentioned in the text as the local purity theorem.

1.1.1 Local purity on complex varieties

The Intersection complex on a complex algebraic variety V', defined with
coefficients in a local system on a non singular locally closed Zariski subset,
has been introduced first by a topological construction [GMacP 83].

Later, Deligne extended the definition to algebraic varieties over finite
fields (see [Br 82]). The Intersection complex appears as the Intermediate
extension in the general theory of perverse sheaves ([BBD 83| Definition 2.1.5
and Proposition 2.1.11).

Let V* denote a smooth algebraic open dense subset of a complex algebraic
variety V of pure dimension, and j : V* < V the open embedding. Let L
denote a polarized variation of Hodge structures (VHS) of weight w’ on V*.

We attach to L the perverse sheaf PL = L[dim V] on V*. Due to the shift
in degrees, the perverse sheaf 7L is concentrated in degree —dim V and has
weight Pw = w’ + dim V. Let 7,7L denote the Intermediate extension of 7L
(see §2.2), v a zero dimensional point of V, 4, : v = V and k : (V \v) = X.
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In the text, we prove the local purity theorem in terms of the mixed
Hodge structure (M H.S) on the cohomology space H* (i} k.k*j1."L) (a derived
functor RF in the text will be denoted simply by F, in particular k, stands

for Rk.).
We find it more suggestive to say that we put a MHS on the hyperco-
homology of a punctured small ball B} := B, \ v by fixing an isomorphism

H* (i ko k* jiPL) ~ H*(B, \ v, ji.’L) for B, small enough. The local purity
theorem is stated in terms of the weight w of a natural M HS as follows:

Theorem 1.1 (Local purity). Let ji.PL be the intermediate extension of
weight Pw, v a zero dimensional point of V., i, :v =V and k: (V\v) = X.
The weight w of the space H'(i*k.k*j1.PL), isomorphic to the Intersection
cohomology H' (B, \ {v}, j1s"L) of a small punctured ball B, at v, satisfies the
relations:
w<Pwtiif i<—-land w> w+iif 1>0

The proof in [DeG 81] is adapted to complex variety in chapter 8. A new proof
is given in chapters 10 and 10.3. Already, in the simplest case of an isolated
singularity v € V, the theorem has important consequences on the weights of
the cohomology with support H:(V, Q). A direct proof of these consequences
appears in the work of Navarro Aznar [Na 85], where the results are treated
in terms of the exceptional NCD in a desingularization and the MHS of the
isolated singularity v.

1.2 Decomposition theorem and Perverse cohomology

The introduction of the category of perverse sheaves and perverse cohomol-
ogy lead (see §2.2 for a summary) to vast developments in the theory and
to the unification of the language and the structure of proofs in positive
characteristic as well on complex algebraic varieties.

To state the decomposition theorem in ([BBD 83]) we need to introduce
the perverse cohomology sheaves PH!(K) of a complex K on V (cf §2.2).

Let Xy be a separated scheme of finite type over a finite field IF; of ¢
elements of characteristic p, and X := Xo®p, [ its extension over an algebraic
closure IF of IF,.

Let [ # p and let j : U — X be the inclusion of a smooth connected open
subset of pure dimension d and a Q;-smooth irreducible sheaf "L on U.

Let f: Xog — Vj be a projective morphism. The purity theorem states
the decomposition of PH’(f,j1.PL) into a finite direct sum of intermediate ex-
tension on the projective variety V non necessarily smooth, of Q;-smooth ir-
reducible sheaves PL; on locally closed Zariski subsets j; : U; — V' ([BBD 83|,
théoréme 5.3.8):

PRI (fejisPL) ~ Dierjin"L; (1.1)



8

The relative Hard Lefshetz theorem ([BBD 83|, théoréme 5.4.10) states
that the class ¢ € H?(X,Q(1)) of an hyperplane section (or a relatively
ample bundle) induces isomorphisms for ¢ > 0:

0 PHY(fugulL) S PHY(fugiL) (1.2)

Both equations 1.2 and 1.1 are known as the Decomposition theorem.

1.2.0.1 Geometric statements

To deduce results concerning geometric statements on schemes of finite type
over C from corresponding statements in characteristic p > 0, a general pro-
cedure, described in ([BBD 83], §6), applies to perverse sheaves of geometric
origin ([BBD 83], §6.2.4).

Let f: X — Y be a proper morphism and P a simple perverse sheaf over
X(C) of geometric origin, there exists a decomposition ([BBD 83], théoreme
6.2.5)

£oP ~ @ PH!(f.P)[~i] € DA(V(C),C) (1.3)

in the derived category [Ve 77]. Moreover, each perverse cohomology PH'( f. P)
decomposes into a direct sum of simple perverse sheaves of geometric origin.

Example 1.1. Let g : Z — Y be a proper morphism, by definition any simple
component of PH(g.C) is of geometric origin.

We recommend strongly to read the full proof in chapter 6 of [BBD 83].
Indeed, the argument consists of general conditions and steps to deduce

theorems on algebraic complex varieties from theorems on varieties over fields

of characteristic p > 0, as an application of Thom-Whitney stratifications.

1.2.0.2 Analytic statements

On complex varieties, Intermediate extensions of polarized VHS correspond
to pure Intermediate extensions in positive characteristic.

Purity. In the case of a polarized VHS L of weight w’ on a Zariski
open subset j : U — X complement of a normal crossing divisor (NCD)
Y in a non singular complex projective variety X, the Intersection cohomol-
ogy H'(X, ji.L) has an induced pure HS of weight w’ + i ([CaKSc 87] and
[KaK 87]).

Decomposition. Let f : X — V be a projective morphism of complex
algebraic varieties. There exists a decomposition of the perverse cohomology
into a finite direct sum of intermediate extensions of polarized VHS PL; on
locally closed Zariski subsets j; : U; — V:

PHY(fojuPL) = @icr jiLi (1.4)
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and there exists a decomposition in the category D%(V, Q)
Jagi = @zeZle(f*]‘*pL)[_l} (15)

The decomposition is proved for polarized Hodge modules [Sa 88] and [Sa 90]
in terms of the theory of differential modules (Dx-modules). We give a proof
inspired by [DeG 81].

1.2.1 Decomposition and Intersection morphisms

In the text we give a proof of the decomposition theorem in terms of strat-
ifications and Intersection morphisms, by induction on the dimension of X,
using Hodge theory on the complex of nearby and vanishing cycles in chapter
6. In the last chapters 10 and 11 we give a combined simple proof using the
weight filtration on the logarithmic complex 2* L.

Intersection morphisms. Let f : X — V be a projective morphism of alge-
braic varieties. We express the results in terms of a Thom-Whitney stratifi-
cation of f (Definition 2.3) adapted to ji.PL in the sense that the restriction
of the cohomology groups of ji,.FL, to the various strata of X, are locally
constant. The cohomology groups of f.(j1.7L) are locally constant when re-
stricted to the strata of V.

Let D%(V,Q) denote the derived category of complexes with constructible
cohomology sheaves on V, Xg := f~1(S) the inverse image of a stratum
S eV, fs: Xg— S the restriction of f, ix, : Xg = X and ig : S — V the
embeddings.

The intersection morphism in the derived category D%(V, Q)

I iy gL = i% L (1.6)

is defined by the composition of iXS*i!ijg*pL — ji1.PL with the restriction
morphism ji.PL — ixg.i% J1+L ([BBD 83] subsection 1.4.6 and Definition
2.1.2).

Definition 1.1. For each stratum S, the local system L% on S is the image
of the induced morphism by I:

5= Im{R— dim S+ fo (i dnPL) 75 R dims*l’fs*(ixsm*”L)} (1.7)

such that L% := L%[dim S] is perverse.

The local systems Lg are necessarily components of any decomposition. The
shift by —dim S in R~ 4™ S+ f5 _is motivated by the conventions on perverse
sheaves. The local system Li = i, H*(PH'(K)) is uniquely defined by the
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decomposition. On a stratum S = U open subset of V of dimension m,
Li == R~™%ifg 51.PL.

For example if X is smooth of dimension n and P = Q[n]. At a point
v € U: (L), = H""™"(X,,Q), which leads to a Hard Lefschetz formula
centered at 0 on the fiber X, of dimension n — m.
Since Xg — S is a topological fibration R’ fg, (Ri!ijl*pL) and R’ fs, (% ji<"L)
are local systems on S. For a general normal section Ng at s € S such that
Xn. = f71(Ny) is transversal to the strata of X, we have

L. R'fs.(Ri'y jiL)s ~ Hy (Xn,,ji"L) is a MHS of weight w > Pw + i
2. R'fs,(Ri ji"L)s ~ Hy (X, j1-"L) is a MHS of weight w > Pw + i.

Then, R'i'y _ji”L and R'fs,(i% ji"L) endowed with induced filtrations W
and F are variations of MHS (VM HS) (§2.3) and "L is a shifted VHS of
weight Pw + ¢ on each stratum S.

1.2.1.1 Decomposition theorem on complex varieties

Let K := f.ji.PL € D2(V,Q) and ig : S — V the embedding of a stratum S
in V. The cup product with the class ¢; € H?(X,Z) of an hyperplane section
of X induces morphisms ([BBD 83], Théoréme 5.4.10):

n: K — K[2],n:i5,L — ig, L5 and n : PHI(K) — PHIT2(K).

The proof in chapter 6 of the following statement of decomposition is
based on the use of nearby and vanishing cycles complexes in [DeG 81], whose
construction in chapters 4 and 5 extends Steenbrink’s construction.

We do not use the theory of Hodge modules as in [Sa 88] and [Sa 90] but a
parallel method by induction on the dimension of X. Instead we rely on the
abelian category of IMHS ([Ka 86] Prop. 5.2.6). The theorem will be proved
by a different method in chapters 10 and 11.

Theorem 1.2. Let f : X — V be a projective morphism of complex algebraic
varieties, PLi a shifted polarized variation of Hodge structure of weight Pw, S
a Thom-Whitney stratification of V' adapted to f, ji.PL and K = f,ji."L.

i) There exists a decomposition of the perverse cohomology on V for all
1€ Z ,

PH'(K) = Dses(is)Ly (1.8)
into a direct sum of intermediate extensions of shifted polarized VHS pL‘S
(Equation 1.7) of weight Pw + i on the strata S.

it) Hard Lefschetz: The iterated cup-product with the class of a relatively
ample line bundle on X ‘ A
ntPHTH(K) S PHY(K)
is an isomorphism over V for all i € N. The perverse cohomology PH~(K) is
dual to PH'(K) and the duality is compatible with the natural decomposition
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i11) The (perverse) spectral sequence with respect to the perverse filtration
Pr on K (Equation 2.2.0.1) degenerates at the term Ey. We have a natural
decomposition into a direct sum of polarized HS of weight Pw + i+ j

Gr,TH™ (X, ji,PL) ~ H (V, PHY(K)) = @®ses B (V,ignPLy).  (1.9)

Moreover, there exists an isomorphism in the derived category of con-
structible sheaves D%(V, Q)

K =~ ®icsPH' (K)[—i]. (1.10)

Remark 1.1.1) Let Vi be be the union of the zero dimensional strata of V'
and let v € Vp, then by (Equation 1.8)

HI(i PHA(K)) ~ @gesHY (i) (i)1PLs) = 0if j < 0 and HO (i}, PH? (K)) ~ "L}

HI (i, sz( )) ~ @gesHI (i%(is)1"Ls) = 0if j > 0 and HO(i* PH*(K)) ~ "L,
hence 7L ~ Tm H°(i\, PH!(K)) — H°(i\, H*(K)) and by Equation 1.10, we
have:

LE ~ (Im H (i, K) — H(i\, K)).

At a general point s € S, we apply this argument to the intersection with
a normal section to S at s, which explains the interest in the intersection
morphisms (Equation 1.7). _

ii) We have: HO(PH'(K)) ~ ®yev, Ly, _

iii) The local systems 7L are shifted polarized VHS on S, Lg" is dual to
PLY%, and n® is an isomorphism PLg" = PLY for each i and S.

Let Vi := Uges,dim s<15 denote the union of the strata of V' of dimension
<land k;j: (V\V;) = V. We have:

m (W(kj,k;f() — PH%K)) = kj, K} PH'(K) (1.11)
iv) The decomposition in (Equation 1.10) is not canonical (see [De 93] for
a preferred choice of decomposition).
v) The proof is local on V. Hence, along the proof we may suppose X and
V' projective varieties by reduction to a Zariski affine open subset od V' and
then take its projective closure. Then, the proof is by induction and reduction
to ample hyperplane sections.

1.2.1.2 Scheme of the proof

We give here a guide to follow the full proof in chapter 6, based on the
necessary technical constructions in chapters 3 —5. The new method of proof
introduced in the text occurs in the abelian category of infinitesimal mixed
Hodge structures (IMHS) defined by M. Kashiwara (ch. 2, §2.3.2) and avoid
the axiomatic definition of the category of Hodge D—modules in Saito’s proof.
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The elements necessary to read the statements such as perverse sheaf,
intermediate extension, perverse truncation of a constructible complex of
sheaves and perverse cohomology are recalled in chapter 2.

Induced filtration. First, to define the Hodge structure on perverse coho-
mology, we suppose the perverse truncation Pr; of K := f,j.PL defined by
a sub-complex of K (see the remark by Deligne that any morphism of com-
plexes is homotopic to an embedding of complexes in chapter 2 §2.3.2),

Thus, the filtration f,F is induced on Pr; and then projected on Pr;/Pr;_;.
In this way, we are entitled to apply the theory developed by Deligne in
[De 72] on filtered and bi-filtered derived functor. Remark that the sub-
complexes defined by the filtration F' are not not constructible and their
perverse filtration is not defined or used in the text. Another option is to use
the concept of spectral objects by Verdier ([Ve 77], [De 93]).

Induction on dim X. If X is singular, we consider a desingularization 7 :
X" — X, and then it suffices to prove the theorem for = and 7o f ([De 68],
Proposition 2.16) (see ch. 6, 6.2.2.2). The case dim X = 0 is trivial while the
case dim X = 1 follows essentially from [Zu 79].

We suppose V projective, X smooth and projective. Let S denotes a Thom-
Whitney stratification of f (2.1.3.1) (including one Whitney stratification of
V and one of X). The inverse image of a general section L of V' transversal to
the strata of V' is a non singular subvariety L’ of X. The perverse cohomology
of f.K has good reduction to L.

Hence by induction on dim X, we can deduce the theorem on a neighbor-
hood of L from the case f': L' — L where dim L' = dim X — 1.

However, such argument apply over the open subset V* := V' \ V; com-
plement of the isolated strata but does not apply for L through the strata
of dimension zero in Vj since then L is not general. In this way the proof is
reduced to a local problem concerning a neighborhood at each point v € V.

Proof via nearby and vanishing cycles. The first proof of purity in [DeG 81],
is based on the nearby cycles complex defined by a general section L := g~1(0)
through a point v € Vj, that is transversal to the strata outside v. In this
case the vanishing cycles complex is supported by v.

Let h: U — D be a proper analytic morphism defined on an open analytic
subset of X onto a disc D of C D 0 such that Uy := h=1(0) is a NCD in
U. We use Hodge theory in the context of normal crossing divisors (NCD)
to construct a complex W*IL ~ 5L in chapter 4 such that a Hodge
filtration F' and the weight monodromy filtration W are well defined on U*I L.
Moreover Gry W* I £ decomposes into a direct sum of intermediate extensions
on the smooth intersections of components (see chapter 5).

Weight spectral sequence. Returning to f : X — V and using a Lefschetz
pencil intersecting the projective variety V', the proof is reduced to the case
where there exist g : V — ]P’%:, v € L:= ¢7'0, L is transverse to the strata of
V '\ v and moreover f~'L is a NCD in X consisting of the union of the fiber
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X, := f~tv and the strict transform L’ of L (we may need many blowings
up above the fiber f~1v to reach this situation).

In this situation we construct the complex W*IL ~ Q/J:;Of J1xPL such that a
Hodge filtration F' and the weight monodromy filtration W are well defined
on ¥*IL (see chapters 3 and 4).

In this situation, the weight spectral sequence defined by the monodromy
filiration W' on the nearby cycle complex g ji."L splits into a spectral
sequence degenerating at rank 1 and a spectral sequence of MHS degenerating
at rank 2 (see chapter 5). This is an important simplification of the proof.

Precisely, the terms E; of the weight spectral sequence involves

1. the hypercohomology of intermediate extensions on the intersections of
components of the NCD X,

2. the derived image of intermediate extensions on the ”horizontal” smooth
component L’ above L

The terms E; of the spectral sequence above v form a spectral sequence of
Hodge structures E}'? of weight ¢ degenerating at rank 2.

The other terms involving the decomposition of L’ — L form a spectral
sequence which degenerates at rank 1 (F2? = ET'?).

Proof of the decomposition. The proof is reduced to the decomposition of
the vanishing cycle complex ¢, ji.PL by application of Verdier’s classification
of extensions of a perverse sheaf along a divisor [V 85-1] (see §2.2.3).

Singular X . In the case where X is singular, let 7 : U — X be a non
singular Zariski open subset, (L, F) a polarized VHS on U, 7 : X' — X
a desingularization of X and j' : U < X’. The Hodge filtration on the
intermediate extension ji,’L on X is defined as a component of m,j/,”L by
the decomposition theorem applied to 7.

Relation to the proof based on the theory of Hodge D—modules ([Sa 88]
and [Sa 90]). M. Saito covers the weight spectral sequence of any ¢,K; in
this case the weight spectral sequence does not split, but degenerates at rank
2 in the category of Hodge modules still to define. Effectively this category
is defined axiomatically and then the proof is carried coherently with the
definition.

In our exposition, the category corresponding to Hodge D—modules is not
needed in the proof of decomposition since we use the degeneration at rank 2
only in the category of MHS. Moreover, since ¢ is concentrated on one point,
the decomposition occurs in the abelian category of IMHS ([Ka 86], 4.3, see
Definition 2.14). After the proof of the decomposition, the definition of the
category of perverse VHS corresponding to Hodge D—modules is developed
easily in chapter 7.

The relation between Dy —modules and perverse complexes is given by
Kashiwara’s proof that the de Rham complex of a holonomic Dx—module
(see [PS 08] Equation (XIII-24)) is a perverse complex [Ka 74].

This basic result has been completed by Mebkhout [Me 80] and [Me 89]
into a Riemann-Hilbert correspondence between the derived category of
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bounded complexes of coherent D—modules with regular holonomic coho-
mology sheaves and D%(X,C) (see [PS 08], Theorem 13.65).

The intermediate extension j1,.”L in terms of D—modules figure in ([KaK 87],
Lemma 3.4.1 and [KaK 86]). The correspondence with the theory in terms
of D—modules is not given here. For more information on D—modules (see
[Sch 20], [Shi 93] and [PS 08], ch.13 and 14).

1.2.1.3 Perverse extension of a polarized VHS

As an application of the decomposition theorem we give the definition of the
extension of a polarized VHS (L, F) defined on a stratum S of a stratified
complex variety V' (S is non singular but V' may be singular along S).

Let j : S — V denote the embedding of the locally closed subset S (equiv-
alently j is the embedding into the closure S of S). Let L := L[dim S]
denote the associated perverse local system (by convention we shift the de-
gree of L into a complex with cohomology L in degree — dim S). There exists
a unique intermediate extension ji, PL of PL by a complex in the category of
constructible complexes D%(V, C).

The problem is to construct the correct filtration F' on j, 7L, then the
abelian category of VHS on singular varieties.

The category of VMHS is defined by the fact that the graded object with
respect to the weight W is a polarized VHS.

We give a definition of the extension of the filtration F' by desingularization
in terms of algebraic topology constructions as follows.

Theorem 1.3. Let (L, F') be a polarized VHS on a non singular open al-
gebraic subset U of a wvariety V. There exists a canonical filtration F on
the intermediate extension j1,.PL on V defined in the filtered derived category
DYF(V,C).

Let j: U — V (resp. j' : U = V') be the inclusion in V' (resp. in a desingu-
larization V’ of V' with complement of U a NCD). We define the extension
(jLPL, F') on V' by an explicit definition of a sub-complex IC*PL’ of the de-
rived image 2* PL’ ~ j! PL, with the induced degenerated filtration F' in the
case of a NCD. Let 7 : V' — V be the canonical morphism. We push forward
F into a filtration 7, F of m . IC*?L'.

Since the perverse filtration Pr is naturally defined on 7, IC*PL’, the two
filtrations Pr and 7, F define a bifiltered complex in the category D*F,(V, C)
of bifiltered complexes, then a natural induced filtration F' is defined on the
perverse cohomology PH*(. Ji. PL). We use the decomposition theorem to
embed j,PL in pHi(w*j!’* PL) and to induce the filtration F' on ji,7L.
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1.2.1.4 Local and global invariant cycle theorems

Basic results such as the local and global invariant cycle theorems with
constant coefficients ([De 80] §3.6, [NaG 90], resp. [De 72] Corollaire 3.2.18,
[De 80] §6.2.11, [Vo 2007] Théoreme I1.4, 24), are generalized to coefficients
in an intermediate extension of polarized VHS (see ch. 7, Theorems 4.1 and
4.2), which allow us to adapt the proof of local purity [DeG 81] to complex
varieties in chapter 8. The text give a faithful account of the geometrical
constructions in [DeG 81].

However, in chapter 10, we see that the decomposition theorem leads to a
simplification of the proof of the local purity theorem.

1.2.1.5 Perverse extension of polarized VMHS

The most general definition of polarized VMHS is in terms of D—modules
by M. Saito [Sa 90]. We mention in (ch. 7, §7.1.1) similar results in terms
of PVMHS under the conditions of admissibility and the existence of the
relative monodromy filtration. Such conditions should coincide in general
with the conditions stated in the theory of mixed Hodge modules.

1.2.1.6 Direct construction of the weight filtration and Relative
local purity

In chapter 9, we give a direct construction of the weight filtration W on the
logarithmic complex 2*L ~ j,L in terms of the local monodromy along the
components of the NCD. The weight filtration W is induced by the mon-
odromy filtration on the nearby cycles complex (see §5.2.1.4).

In chapter 10 a new combined direct geometric proof of the local purity
(ch. 1, Theorem 1.1) and the decomposition theorem (ch. 1, Theorem 1.2) is
given in terms of the relative version of local purity.

In particular, the proof of local purity differs from the proof in [DeG 81]
and an interpretation in terms of Intersection morphisms is given at the end.






Chapter 2
Preliminaries

We start by a summary on derived categories [Ve 77] in order to fix the
notations and conventions and the nature of the isomorphisms of complexes
in the text (quasi-isomorphisms).

We give a guide to basic results on perverse sheaves introduced in [BBD 83],
without proofs. Namely, we recall the definitions of perverse sheaves and per-
verse cohomology (see §2.2).

In the next chapter, perverse sheaves with singularities along NCD are
described. Even in such case one should not under estimate the theoretical
study. Indeed, the theory has not been developed until the Intersection coho-
mology sheaf has been discovered by M. Goresky, R. MacPherson, based on
the search for an auto-dual cohomology of singular spaces [GMacP 83]. An
exposition on the level of graduate texts is given in [Max 19].

It is remarkable that this abelian category has been defined first in the
context of derived category. Its relation to the category of Dx —modules has
been established later by J.L. Brylinski and M. Kashiwara [KaS 90|, which
lead to the theory of Hodge modules by M. Saito ([Sa 88]).

In view of the application to Hodge theory, we recall also results on the lo-
cal structure of a degenerating polarized variation of Hodge structure (VHS)
(resp. Variation of mixed Hodge structure (VMHS)) (see §2.3), which is
needed to define the weight and Hodge filtrations on the de Rham com-
plex 2% L with coefficients in a graded polarized admissible variation of MHS
on a local system.

2.1 Derived categories

Let A denote an abelian category and C'(A) the abelian category of complexes
of A. Two morphisms of complexes ¥, ¢ : X — Y are homotopic if there exits
a family h; : X’ = Y~ ! such that d" "' oh; + hitlodl =o' — ' : X = Y.
Let Ht(X,Y) denote the subgroup of morphisms X — Y homotopic to 0.

17
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The category K(A) is defined with the same objects of C(A) but the

morphisms of complexes are equivalence classes up to homotopy:
Hompg ) (X,Y) := Homa(X,Y)/Ht(X,Y).

Homotopical morphisms ¢ in a class induce on cohomology a unique family
of morphisms ¢’ : HY(X) — HY(Y) for i € Z.

Mapping Cone. The mapping cone of a morphism ¢ : X — Y is the
complex C(¢) defined by d : C" := X"l g yn — C"Hl = X2 g ynt!

dg = ((=1)dx"™ + ", dy)

The translation functor 7' (denoted also by [1] : C — () is defined by
(X[A)™ == X" and dx[i)yn = —d% .

There exist natural morphisms ¢ : ¥ — C(p) and p : C(p) — X[1]
satisfying the following sequence of morphisms

X5y 5o X

called a distinguished triangle. We remark that there exists a morphism in

the category K(A): ¢ : X[1] — C(i) such that we have an isomorphism of
sequences

We refer to ([KaS 90] Lemma 1.4.2) for a proof. The morphism ¢ is not unique
and it is an isomorphism in K(A) (up to homotopy), but not in C(A). As
a consequence, X[1] may be constructed as the cone C(i). A distinguished
triangle is embedded in a turning sequence of distinguished triangles.

Remark 2.1. 1) Let ¢ and @ be two morphisms: X — Y. Given an homo-
topy h from ¢ to 3, we can deduce an isomorphism C(h) : C(p) = C(2)
depending on h, hence the construction of the cone in K(.A) is unique up to
an isomorphism but this isomorphism is not unique.

ii) Since the morphism ¢ is defined up to homotopy, the choice of C(¢p)
is not natural which is a problem in the context of mixed Hodge complexes
(MHC) [De 72]. In this case, there exists a problem of compatibility between
the rational and complex level of construction.

To obtain the naturality of the mixed Hodge structure, Deligne used the
concept of simplicial varieties to avoid compatibility problems.

iii) Second homotopy. If h and h' are two homotopies from ¢ to %, an
homotopy from h to I’ leads to an isomorphism of diagrams between the
corresponding isomorphisms C'(h) and C'(h’).

iv) The category K (A) is not abelian ([Max 19] Example 4.5.3).
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The derived category D(A).

The classical cohomology theories of a topological space X may be defined as
derived functors of the global section functor F' := I'(X, %) on the category
of sheaves on X [G 58].

A functor F' : A — B of abelian categories extends to a functor F'® :
C(A) — C(B) defined by F*(X*®) := Y* where Y’ := F(X*). A morphism
of complexes ¢ : X®* — Y* is called a quasi-isomorphism if it induces iso-
morphisms on cohomology in each degree. We remark that the image of a
quasi-isomorphism is not a quasi-isomorphism unless F' is exact.

When A has enough injectives (every object of A may be embedded in an
injective object of A) and F is left exact, for any bounded below complex X*®
there exists an injective resolution (a quasi-isomorphism X*® — I® and F'®
transforms a quasi-isomorphism of complexes of injective objects I* = J*
into a quas-isomorphism.

To construction of the i —th satellite functor R'F (we should write R'F*®),
we fix an injective resolution of X*®, that is a quasi-isomorphism X* = 7°®
and define R'F(X*®) := H'(F(Z*) (we should write R'F*(X*)).

To construct in general the derived category D(A), we remark that a
quasi-isomorphism is not necessarily an isomorphism in K (.A).

The purpose of derived categories is to construct a category of complexes
where the quasi-isomorphisms are isomorphisms. The right derived functor
RF of a left exact functor F' is defined as a complex RF(X) := F(Z*) and
not merely its cohomology objects: the satellites R‘F. If F is right exact we
consider projective resolutions P* =+ X and define the left derived functor
LF by F(P*).

Later in the text we often denote also by F the derived functor.

The class of quasi-isomorphisms X — Y form a multiplicative system S
in the sense of Verdier [Ve 77]. By a construction, similar to the construction
of Q out of Z, it is possible to construct a derived category D(A) with the
same objects as K(A) but with group of morphisms obtained by inverting
quasi-isomorphisms: there exists a functor @ : K(A) — D(A) such that the
image of a quasi-isomorphism X — Y is an isomorphism in Homp4)(X,Y).

An important consequence is that any short exact sequence in K(A) is
isomorphic to a distinguished triangle in D(.A) ([KaS 90] proposition 1.7.5).

2.1.0.1 The complex of Homomorphisms Hom?® (x, *)

We mention the following bifunctor on an abelian category A to the category
of abelian groups: Hom(*,*) : A° x A — Ab: (X,Y) — Hom(X,Y).
If X* and Y* are complexes, we define the complex Hom®(X*,Y*) by

Hom™(X*,Y*) = [[ Hom(x?,Y?*") (2.1)
pEL
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d" = Tlyezdy, dy : Hom(XP,YP*™) — Hom(XP,YPT"H1) © dp(pp) =
dy” 0 gp + (=1)" oy 0 d.

The group H'(Hom®*(X*®,Y*)) := H°(Hom®(X*,Y*)[i]) may be identified
with the group of classes of morphisms of complexes of degree i modulo the
sub-group of morphisms homotopic to zero.

Given a complex X*® := (X?,d,)pez, the complex (X°)® € C(A)° is de-
fined by (X°)" := X" and the complex Hom?® is defined by the double
complex SP7 := Hom(X P, Y?). We deduce a functor defined modulo ho-
motopy of complexes:

Hom?® : K(A)* x K(A) — K(Ab).

If Y is injective for all 4, then Hom® (*, Y ®) transforms quasi-isomorphisms
into quasi-isomorphisms. Hence, if A admits enough injective objects, we
deduce a bifunctor Hom® : D(A)° x DT (A) — D(Ab) (this bifunctor may be
defined also by projective resolutions on the left). We deduce a right derived
functor RHom®(*,*) : (D(A)° x (DT A) — D(Ab) such that:
Hompa)(X*,Y*) = H(RHom®*(X*,Y*)) := Eat)(X*,Y*) and
Exth(X*,Y*) = H'(RHom®*(X*,Y*)]i]) for all i € Z.

2.1.0.2 Triangulated categories

We list now some properties of the derived category D(A). It is an advan-
tage to abstract these properties into a set of axioms and define directly the
concept of triangulated categories.

Let C be an additive category with a translation functor [1]. A triangle of
C is defined as a sequence of morphisms X — Y — Z — X|[1].

Definition 2.1. i)A triangulated category consists of an additive category
C with a translation functor and a family of triangles called distinguished
triangles satisfying four axioms TR1-4 stated in [Ve 77] such that any triangle
isomorphic to a distinguished triangle is in the family.

ii) An additive functor F : C — A to an abelian category is called a
cohomological functor if for any distinguished triangle X —Y — Z — X[1],
the sequence F(X) — F(Y) — F(Z) is exact.

Set F'* := F o T*, a long exact sequence follows from the axioms:
~FY2) 5 F(X) = F(Y)—> F(Z)— FY(X)—> FYY) = FYZ)---
More about triangulated functors and the long exact sequence of cohomol-
ogy groups defined by a triangle figure in ([KaS 90] §1.7).

2.1.0.3 Derived category of sheaves D1 (X, A) on a locally
compact space X

Let A a commutative Noetherian ring (for some results we need to add that
A has finite homological dimension but we may suppose A = Z or Q). We
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mention classical functors on the category of sheaves Sh(X, A) ( Sh(X) for
short) and refer to a basic reference such as [G 58] or to [KaS 90] for a full
study.

1) Tensor product * ® * in A := Sh(X, A):

Let ®7 : Ax A— A:(By,B) — By ®4 B denote the tensor product in .A.
The complex tensor product of two complexes B and B® in K~ A is

B} ®4 B® € K~ A defined by (B} ®4 B*)" =% . _, AP ®4 B
with differential d := dp, + (—1)"dp. This bifunctor is well defined up to
homotopy and it is right exact.

If F is a flat sheaf, the functor F' ® * is exact on A. Since there exists flat
resolutions in D~ A, we deduce the left derived functor

®L:D"Ax D~ A— D™ A.

2) fo and f*. Let f : X — V, the direct image of a sheaf F on X is a
sheaf denoted f,F on V. The functor f, is left exact with a derived functor
Rf, often denoted also by fi.

The inverse image of a sheaf G on V is a sheaf denoted f*G on X. The
functor f* is exact and its derived functor Rf* is often denoted by f* (we
use the notation f* instead of f~! on the level of the category Sh(V, A).

We have an isomorphism of groups Hom(G, f.F) =~ Hom(f*G,F). It is
an example of the notion of adjoint functors: we say that f* is left adjoint
to f. and f, is right adjoint to f*. On the level of morphisms of sheaves, we
have: Hom(G, f« F) ~ fiHom(f*G, F).

In the case of a a subset Z of X, let j : Z — X. We write

Flz:=j7"Fand I'(Z,F) .= I'(Z,j*F).

3) Direct image with proper support fi. The support of a section s of a
sheaf F' on U is the complementary S in U of the open subsets V C U such
that sjy; = 0, hence S := suppy;s is closed in U:

suppys == {z € U : s, # 0}
The support of a sheaf ' on X, is the subset S C X complementary of
open sets U C X such that Fjiy = 0, hence S := supp F' is closed in X.

Let f: X — V be a continuous map. We say that f is proper if the image
of a closed set of X is closed in V/, the fibers of f are compact and two distinct
points in a fiber have two disjoint neighborhoods in X. If X and V are locally
compact, f is proper if the inverse of any compact set in V' is compact in X.
The sub-sheaf fiF C f.F is defined by setting for open sets U C V:

I'(U, /iF):={se€ F(f~'U): flsupps : supps — U is proper }
This sheaf is called the direct image with proper supports.
In the case where V is reduced to a unique point, we write
I'.(X,F):={se'(X,F) :supps is compact and Hausdorff }.
If X and V are locally compact then: (fiF), := I.(f~!(z), F).

4) Eztension by 0. Let Z be locally closed in X, j: Z — X and F a sheaf

on Z, then the sheaf jiF on X is the unique sheaf on X satisfying:
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(1 F)|z=F, (i F)|lx\z=0 (2.2)

If j is a closed immersion jiF = j, F.

Remark 2.2. Let F* and G* be two bounded complexes of sheaves on X such
that H{(F*®) = 0 for i > n and H'(G*) = 0 for i < n, then the following
natural map is an isomorphism ([GMacP 83] Proposition 1.15)

Homps(x)(F*,G*) = Homgpx)(H"(F*), H(G*))

2.1.1 Poincaré -Verdier duality

Sheafified version of the duality. Let F and G be two sheaves on a topological
space X. We define the presheaf Hom 4 (F,G) (which is already a sheaf) by
the correspondance : U +— Homa(Fly, Gv).

The bifunctor Homgp(x,a)(*, *) is defined by

(F,G) = Homa(F,G) € Sh(X, A).

Let Ct(X, A) denote the category of sheaves bounded below complexes,
F* and G* be in CT (X, A), we deduce from (Equation 2.1) the definition of
the complex of sheaves Hom®(F*,G*) € C*(X, A).

The derived bifunctor of Homgyx, a)(*,*) is defined by taking injective
resolutions of G on the right side or projective resolutions on the left side.
We deduce

(DT (X,A))° x DT(X,A) 3(F,G) — RHom*(F,G) € D" (X, A)
RHom®(F,G) ~RI'(X, RHom®(F,G) (2.3)
Homp+ (x,4)(F,G[n]) = H"(X, RHom*(F,G))

For F the constant sheaf defined by A, Homp+(x a)(Ax,G[n]) = H"(X,G).

Theorem 2.1 ( Duality [Ve 65]). Let f : X — V be a continuous map of
locally compact spaces. Assume fi has finite cohomological dimension. There
exists a functor f' : DY(V,A) — DT(X,A) right adjoint to the functor
Rfy : DY(X,A) — D¥(V, A) satisfying for F € Ob(DVY(X,A)) and G €
Ob(DT(V, A)):

RHom®(RfiF,G) ~ Rf.Hom*(F, f'G) in D" (V, A) (2.4)
Hom$, (RfiF,G) ~ Hom% (F, f'G) (2.5)
HOmD‘F(V,A)(Rf!F,G) ZHomD+(X7A)(F,f!G) (2.6)

To summarize the statement f' is called right adjoint to Rfi.

In particular, we recover Equations 2.5 and 2.4 by taking RI'(V,x) (resp.
ROT'(V, %)) in Equation 2.4. We refer to [Ve 65] and [KaS 90] for the con-
struction of f' and the proof of the duality isomorphism.
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The equation 2.6 helps to define f' directly on the level of complexes. For
any open subset U C X, : U C X, set F = j1Zy; we have:

RI(U, f'G) := RHom% (jiZv, f'G) ~ RHom% (R fijiZv,G).

Definition 2.2 (dualizing complex). i) Let f: X — {e} be the map to a
point. The complex f'A € D*(X, A) is denoted by Dx 4 or simply Dy and
called the dualizing complex on X.
ii) The (Verdier) dual of a complex of sheaves F' € ObD™ (X, A) is:
DxF := RHom*(F,Dx) = RHom*(F, f'A)
Dx : DT (X,A) —» DY(X,A): F — DxF is called the dualizing functor.

Properties of the dualizing functor. Let f: X — V, it follows from duality
and the adjoint properties: for all F' € Ob™ (X, A),G € Ob™(V, A)

Dxf*G ~ f'(DyG), Dy (f.F) ~ fi(DxF) (2.7)

Ezample 2.1. 1) In the case of an oriented manifold X of (real-)dimension n,
A =Q and V is reduced to a point
DX = f'Q = Qx[n], DxF = RHom'(F, Qx[n})

and for any open subset U C X, by duality:
Homg@(RI.(U, F),Q)) ~ RI'(U,Dx F), H™%(U,Dx F) ~ Homg(H(U, F'), Q).

ii) Let A = Q and F' := L a local system, then RHom®(L,Qx) is re-
duced to a unique sheaf £ := Hom(L,Qx). Taking the (—i)—th group of
cohomology, we have Poincaré duality:

Homg(H(X, £),Q) ~ H" (X, £)

Proposition 2.1. ([Ve 76b] §1.2) Let ¢ be a paracompact family of support
and U an open subset of a complex algebraic variety, there exist isomor-
phisms:

HY(U,Z) = B} (U,Z) = H,"(U,Dx z)

of the homology groups (resp. Borel Moore homology) with support in ¢ and
the cohomology of Dx 7 with support in ¢.

2.1.2 Grothendieck - Serre duality of coherent sheaves

The development of duality in the frame of derived category started earlier
with Grothendieck’s extension of Serre duality [Gro 57]. Let V be a projective
complex variety and DT (V, Q) the category of sheaves of O—modules.

Theorem 2.2 (Grothendieck). ([Gro 57]Proposition 5) Let Y C V be an
algebraic subset of dimension n—p in a non singular complex algebraic variety
V' of dimension n and F a coherent module on Y, then:
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i) The sheaves Ext%ti(F, %) vanish for i <0, and are independent of the
choice of V and the embedding of Y for i > 0.

i) Exty (F, (%) =~ Homo, (F, Exty, (Oy, ).
i11) If Y is non singular of dimension n — p in V of dimension n:
Extt Oy, 23) =0 if i # 0 and Exth, (Oy, Q%) ~ 277
Moreover: H"(V, £2%), of rank 1, is generated by the cohomology class of V.
iv) Duality for coherent sheaves: Let F' be coherent on V', then:
Exty, P(F, (%) ~ (Homc(HP(V, £2),C)

With the notation of the theorem above, Grothendieck introduced the con-
cept of dual with value in a ”dualizing complex Ky := RHom$% (Oy, 2} [n])
which is a basic improvement of the statements i) - iii) involving extension
groups Ext*(Oy,Kx) ([Gro 58], [Gro 66]), [Ha 66] chapters III, VI).

For this purpose, it was necessary to construct the derived category
([Ve 77]), in order to state duality theorems in general.

In the case of a proper morphism f : X — Y of locally Noetherian
preschemes and a complex of modules F'® on X with quasi-coherent cohomol-
ogy, the duality theorem in the category D,.(X) is stated as follows [Ha 66]
chapter VII, §3):

DxF* := RHom%(F*,Kx) ~ (RHom}, (Rf.F*,Ky) := Dy Rf. F*

2.1.3 Constructible sheaves

2.1.3.1 Thom-Whitney stratification S of f

Let V' be a complex algebraic variety, and S = (S,) an algebraic Whitney
stratification by a family of locally closed algebraic non singular sub-varieties
called strata S, of V' ([LeT 83], [GMacP 88|, [Ve 76]). The subspaces V| =
Udim S, <15« form an increasing family of closed algebraic subsets of V' of
dimension < [, with index [ < n, where n is the dimension of V,

Vai=0cVyCcViC---CVpiCV=V (2.8)

(Vi \ Vi1 is a union of strata of S of dimension ¢ but V' may be singular
along S, ). In addition, whenever S, C S3 Whitney conditions are satisfied
in order to guarantee that the variety V' is topologically equisingular along
each stratum.

Let f : X — V be an algebraic map. If Z C V is a sub-space of V, let
Xz = f~1(Z), in particular for each strata S of S let Xg = f~1(S).

Definition 2.3. A Thom-Whitney stratification of the algebraic map f :
X — V consists of two Whitney stratifications one for V' and one for X such
that the inverse Xg of each stratum S of V' is a union of connected strata of
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X, the restriction f : Xs — S of f to each stratum of Xs has maximal rank
equal to dim S and f} : X is a locally trivial topological fibration over S.

Using Thom-Mather first isotopy theorem, one can prove the following
property (equisingularity along any stratum):

e (W) The link at any point of a stratum is a locally constant topological
invariant of the stratum [Mat 12], [LeT 83].

We may also consider locally finite stratifications. There exist analytic
Whitney stratifications of an analytic (resp. algebraic) variety and any strat-
ification can be refined into a Whitney stratification. There exist algebraic
Thom-Whitney stratifications for any algebraic map f [Ve 76] while such
stratifications exist only for proper analytic morphisms.

2.1.3.2 Constructible sheaves

Let V be a complex algebraic variety and G an abelian group. Recall that
the sheaf G associated to the presheaf U — G is called a constant sheaf.

Definition 2.4 (Locally constant sheaves). A sheaf F is locally constant
on V with respect to the transcendental topology (equivalently a local sys-
tem), if there exists an open covering V' = U;U; such that the restriction Fy,
is constant on Uj.

For simply connected open subsets Us C Uj, the restriction I'(Uy, F) —
I'(Us, F) is an isomorphism (the locally constant sheaf is constant on simply
connected open subsets).

For example, on C* with real coordinates z,y, we consider the covering
reduced to C* \ RT and C* \ R™. On the intersection defined by the two
subsets y > 0 and y < 0, a locally constant sheaf is defined by a Z—module
V' and an invertible linear transformation 7' called monodromy.

We refer also to the relation with the fundamental group w1 (V') ([De 70]
I, Proposition 1.7).

Definition 2.5 (Constructible complex of sheaves). Let A be a com-
mutative Noetherian ring

i) A sheaf F' of A—modules is constructible on V if there exists a stratifi-
cation V; (Equation 2.8) such that Fy,\v,_, is a sheaf of A—modules of finite
type locally constant.

ii) A complex of sheaves is constructible if it is cohomologically bounded
and constructible (finite non zero constructible cohomology sheaves).

By definition, a constructible sheaf restricts to a locally constant sheaf on
a Zariski open dense subset of V. The properties of a constructible complex
of sheaves F' are listed in ([Ve 65], CC1-CC9).

Let € V, a ball B.(z) C V is the trace on V of a general small ball with
center 2 defined by a local embedding of V' at 2 in CV with interior B, (z).
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Lemma 2.1 (Properties of a constructible complex). Let F € D%(V,Q)
and B.(x) a small ball with center x

HY(B.(z) \ 2, F) ~ HY(dB.(z), F)
HI(F), ~ HI(i*F) ~ HY(B.(z), F) ~ H(B(z), F) (2.9)
HY(i\, F) = Hi(X, F) = HY(B.(z),F) ~ Homg(H 9(i*Dx F)

The boundary 9B.(z) of a general ball intersect transversally the strata.
The first isomorphism follows from the local topological invariance due to
constructibility and a deformation of B(z) \ = onto 0B (z) ([Max 19] §7.2).

Dévissage. Let j; : Vi \ Vi1 — V, then the sheaf j; ) Fjy,\v,_, (extension
by zero) is constructible and there exists on F' a filtration by constructible
sub-sheaves with successive quotients of the type jiFly,\v,_, -

We refer to [Ve 76b] for more properties of constructible sheaves defined
on analytic varieties.

Proposition 2.2. i) The extension Extly (F,G) := R"Hom% (F,G) of two
constructible sheaves is constructible.

it) The dualizing complex Dx is constructible.

i11) Let f : X — V be a submersive morphism of analytic varieties, then:
for G € ObDT(V, A), f'G ~ f*G @ f'Ay.

i) Let f : X — V be an algebraic map, and K a constructible complex
of sheaves on X, then f.K is constructible on V. (R1f.K are constructible
sheaves). In particular Rf.Qx is constructible on V.

In general proofs on algebraic varieties are easier. The proof of i) is by
dévissage. Since locally X can be embedded in a non singular variety Z,
we deduce ii) from i) and the lemma

Lemma 2.2. If X C Z is closed in Z, then Dx ~ RHom®*(Zx,Dyz).

iti) If f=pry : ZxV =V, prz is the projection on Z and g : Z — {e}
is the projection to a point f'Ay ~ prig' Ay ([Ve 65] §5).
We deduce iv) from the existence of Thom-Whitney stratifications.

2.1.3.3 Intermediate extensions

To motivate the definition of perverse sheaves later, we state here a defini-
tion of the intermediate extension of a local system given on a Zariski open
subset. The topological equisingularity along a stratum is the basic property
used in Intersection cohomology [GMacP 83]. By the local normal triviality
property of the stratification in (Equation 2.8) at x € V;\ V;_1, there exists a
neighbourhood U, C V and a compact 2n — 2¢ — 1 dimensional topologically
stratified space

L=Ly, 9,1D...0L3DLiD>DL_1= 0 (210)
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with open cone ¢L := L x [0,1)/L x {0} and a homeomorphism
¢ :U, = R¥ x ¢éL (2.11)

since V; \ V;_1 is a topological manifold of dimension 2i.
Deligne’s construction of the intermediate extension. Let i > 1 and

Up,=V\V,o1, U=V, U;=V\Vii1, Ji:Ui—=Uc,

Definition 2.6 (intermediate extension). Let L be a local system on
U, and set 7L := L[n]. We define the intermediate extension j.”L on V
inductively (here ji. := Rjix)

j!*pL = TS—ljl* O-+-0 Tg—iji* -+ 0 Tg—njn* PLL (212)

Let S C V; \ V;_1 be a non singular stratum and x € S C U; \ U;41. There
exists a local embedding U, C CV and a complex linear subspace H, C CV
normal to S at x, intersecting the strata of V; near x transversally. We can
suppose U, as in equation 2.11 and ¢L = U, N H,. We have a diagram

By NS B, NUE (B, MUy )\ S where jiyq : Uipr NUy — Uy N U,
Lemma 2.3. i) (H*(ji."L))|Vi = 0 if k > —i,Vi > 0.
Precisely, if t € S C V;\ Vi_q:

(HF(juPL))e = HF (Lan—2i—1, jiq1n PL) if k < —i — 1, 0 if k > —i.

it) Duality: DjPL ~ ji,. DPL. If PL is auto-dual, the intermediate exten-
sion is auto-dual, which is the case of a polarized local system. In particular:
HEQ, (jufL)) =0 if k < —i,Vi > 0.
1) ‘We have Ui+1 n Ux = Uz \S Let jl{+2 : Uz \ (Vn,1 N Uz) — Ui+1 N Uz and
Jig1:Us \ (V1 NU,) — Uy We have by induction:

(j!* pL)|UI = jz/‘+1!* L = TéfifljiJrl*(jz/‘-i-z!*(pL‘(Ur \ (anl N Ux)))) =

Tg—i—lji-i-l* ©---0 Tg—njn*(le(Uz \ (Vn—l N Uz))
By definition (ji+1*jz/'+2!*(pL‘Uw))w ~ RI'U, \ SN Hx>j£+2!*(pL|Uw))
which, by constructibility and retraction of U, \ S onto é¢La,—2;—1 \ @ and
finally onto Ls,_2;_1, reduces to the hypercohomology of the link:

RI'(¢Lap—2i—1 \ @, jit11+(PL|Uy) ~ RI'(Lop—2;—1, j1« PL0).
The lemma i) follows after truncation.

ii) The properties here give a characterization of the intermediate extension
and apply to the dual complex ([GMacP 83| §6, [Max 19] 6.2.7 and 6.4.1).

Example 2.2. Let L be defined on (C*)”i)(C" by a vector space L and n
nilpotent endomorphisms, then the fiber i¥j.L at x = 0 is defined by the
complex

L— - — Ng L @< <k; Niy - Ng, L= -+ By < <k, Nigy - Ni, L
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with differenttials defined by N, for r ¢ {ki,...,k;} (see Definition 3.4).
The dual complex is defined by various embedding NNy --- Np L* —

Nj -+ Nj L*. Recall that by duality Homg(H " (i}ji."L), Q) = H'(i,ji.”L).

The above constructions including the direct image j;. and the truncation
T<_; along the strata and the properties stated in the lemma give a motivation
to the next definition of perverse sheaves.

2.2 Perverse sheaves

From now on, we write F' instead of RF' to denote the derived functors. We
present a guideline to the abelian category of perverse sheaves for the middle
perversity, including truncation functors and perverse cohomology. We are
interested in the definition in terms of stratifications, but we start with an
abstract definition of t—structures on abelian categories ([BBD 83|, chapter
1.3, théoreme 1.4.10) (see also [KaS 90] chapter X).

Definition 2.7 (t—structure). Two full subcategories D<° and D=° of a
triangulated category D, define a t—structure on D if the following conditions
are satisfied. Set D=" = D<%[—n] and D=" = D=0[—n]:

o D=1 D=0 and D2! ¢ D=0
e Homp(X,Y)=0for X € D0 and Y € D!

e Forany X € Ob D there exists a distinguished triangle Xg — X — X3 RN
with X € D=° and X; € D!

We have long exact sequences for all Y € ObD:
Homp (Y, X1[-1]) = Homp(Y, Xo) = Hom(Y, X) = Homp(Y, X;) and
HomD(Xo[l],Y) — HomD(Xl,Y) — HomD(X, Y) — HO?’nD<X07Y).

Ezample 2.3. The pair of the two strict full subcategories PDZ°(V) and
PD<O(V) of the category of constructible sheaves D%(V, Q) defined in 2.2.1.1
satisfy the above definition as proved in ([BBD 83|, Proposition 2.1.3 and
Corollary 2.1.4 applied to the middle perversity).

2.2.0.1 Truncation functor 7<, and 7>,

We deduce the existence of truncation functors ([KaS 90] Proposition 10.1.4):
T<n : D — D="right adjoint to the inclusion D<" — D and 75, : D — D="
left adjoint to the inclusion D= — D satisfying:

VX € ObD="Y € ObD : Homp<n(X,7<,Y) = Homp(X,Y) and

VY € D=" X € ObD : Homp>n (15, X,Y) = Homp(X,Y)
For any X € ObD there exists an exact triangle
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+1
TS()X —)X—>T>0X —

where 7<oX € D=? and 7-0X € D=! depend functorially on X. Set
T<nX = (t<0(X[n]))[-n], 75, X = (7>0(X[n]))[-n].
The two full sub-categories with the three properties above, and the trun-
cation functors 7<,, 7>, form the t-structure. We have for all n,m € Z:

T<n(X[m]) = (r<npm (X)), 720 (X[m]) = (T2n4m (X[n]))[m].

2.2.0.2 The (perverse) t—cohomology

The full subcategory P of D defined by Ob P := Ob D= Ob D=0 is called
the heart of D or the category of perverse objects of D.
Proposition 2.3. i) The heart P := D<= N D= is an abelian category.

i) If X =Y = 7 s a distinguished triangle with X and Z in P,
then Y is in P.
i) If0 > X =Y — Z — 0 is an ezxact sequence in P, then there exists

a unique morphism 0 : Z — X|1] such that X —Y — Z 2, X[1] is a
distinguished triangle in D.

The definition of perverse cohomology H* (or ‘H*) is by truncation
HO(X) = T207<0(X) € P, H'(X) := HO(X[n]) = T>0(7<0 X [n])
The functor H° : D — P defined on D to the abelian category of perverse

sheaves on V is cohomological ([BBD 83] Th’eoréme 1.3.6):

A distinguished triangle - A - B — C ﬂ> in D gives rise to the long

exact sequence of perverse cohomology sheaves, where H' := H o [i]:
o= HY(A) = HY(B) —» H(C) = HTHA) — ---

In particular this is a sequence of complexes with morphisms in the abelian
category P. The kernel and cokernel are computed as objects in the abelian
category P ([BBD 83], Proposition 1.2.2).

2.2.0.3 Left and right t-exact functors

Let D; be two triangulated categories for ¢ = 1 and i = 2, with ¢{— structures

(DZ-SO, DZ-ZO) and perverse heart P; := D;O N DZ-ZO, p: P — D,.

Definition 2.8.1) A functor F' : Dy — D5 is left (resp. right) t—exact if

F(D:%) € D5° (resp. F(D:%) c D5°) is exact if it is left and right t—exact.
ii) Set ¢1 : P — D7 and define PF := PH%0 F o p1: P — P

Lemma 2.4. If F is left (resp. right) t—ezxact, then PF : Py — Py is left
(resp. right) exact on the perverse heart abelian sub-categories.
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2.2.1 Perverse sheaves defined by the middle
perversity

The concept of perversity introduced in [GMacP 83] is topological. However,
on a complex algebraic variety V', the special case called middle perversity is
adapted to Hodge theory.

A complex of sheaves of Q—vector spaces K* € D*(V,Q) is constructible
with respect to a given stratification S of V, if the restriction of its co-
homology sheaves i5H'K to the strata S of a stratification S are locally
constant sheaves of finite dimension. Let D2(V, Q) denote the derived cate-
gory of bounded complexes with constructible cohomology on V. We give the
definition of middle perversity in terms of a stratification.

Definition 2.9 (Perverse sheaves with respect to a stratification S).
Let S be a complex stratification of a complex variety V. A complex K*®,
constructible with respect to S, is called perverse (with respect to the middle
perversity) if the following conditions are satisfied:

VS esS, Hii’TSK' =0 for ¢ > — dim S, and Hii!SK’ =0fori< —dim S

where % is the restriction to S and Ril (denoted i%) is the derived functor
of the functor of sections with support in S. Verdier duality transforms Z'S
into i% in D2(V,Q).

Due to Thom-Mather first isotopy theorem (§2.1.3.1) and the fact that
the complex is constructible, the groups H*(i% K*) and H* (i, K*) are locally
constant. Let Ng, be a normal section of S at x. The fibers at z € S are:

HF(i5K®), = H*(i3(i%,  K*)) and H*(igK®), = H" (i, (i%, K*)).
Let © € S, since for any locally constant sheaf L on S : H:(S,L) = 0 for
i <2dimS , we deduce: H.(X, K*®) := H'(i', K*) = 0 for i < dim S.

This definition is useful in the text where most of the proofs are by induc-

tion on the dimension of the strata. Perverse sheaves on a singular variety
are independent of the stratification.

2.2.1.1 The t—structure defined by the middle perversity

Let A := C*(V,Q) denote the abelian category of complexes of sheaves
bounded at —o0). Let KA denote the category with the same objects but with
group of morphisms defined by homotopy classes of morphisms of complexes.
The derived category Dt (V,Q) i defined with the same objects but with the
group of morphisms constructed by inverting the multiplicative system of
quasi-isomorphisms (§2.1).

The derived category of bounded complexes with constructible cohomology
sheaves D2(V,Q) C D*(V,Q) is the full sub-category defined by complexes
with bounded constructible cohomology sheaves (vanishing cohomology in
degrees i > oo and i < 00).
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The definition of perverse sheaves is based on the introduction of the ¢-
structure with two full sub-categories (pD‘S,O, pD‘Z,O) of D%(V,Q) defined by
the following conditions:

Ob(*D5") := {K* € D(V,Q) : Vj, dimg supp H’ (K*®) < —j}

where H7 is the local cohomology sheaf of degree j. Respectively, let D de-
notes the Verdier dual, then

Ob(PD°) := {K* € D%(V,Q) : Vj, dimc supp H? (DK*®) < —j}.

Remark 2.3. 1) The duality functor D interchanges pD‘Z,O and pDXS/O, since
for all € V : Dy oi* ~ Ri\ o Dy or i*(DyF) ~ Hom®(Ri\,F,Q) and
Ri' (DyF) ~ Hom*(i:F,Q).

ii) The proof of the equivalence with the definition 2.9 is based on Thom-
Mather first isotopy theorem §2.1.3.1 and the fact that the complex is con-
structible. In particular, the support of H’(K®) is a closed analytic subset
(resp. algebraic), hence this definition is equivalent to the definition 2.1.2 in
[BBD 83].

Definition 2.10. i) The category Py := pDéo N PD‘%O of perverse sheaves is

the full sub-category of D%(V,Q) whose objects are in Opréo N ObPD‘z/O.
ii) the perverse cohomology of a complex K € ObDy is denoted by
T%O(K) = pTzopTgo(K) € Py, p?'[n(K) = pHO(K[n]) = pTzo(TgoK[’l’L])

Remark 2.4.1) The perverse cohomology is a cohomological functor PO
D%V,Q) — Py with value in the abelian category of perverse sheaves on
V', where p refers to the specific perversity (the auto-dual perversity in this
case).

ii) The family of functors PH! is conservative: a morphism f : A — B €
D%(V,Q) is an isomorphism if and only if PH!(f) : PH!(A) ~ PH!(B) for all
i € Z ([BBD 83] Proposition 1.3.7).

Moreover K € Ob(?D5°) (resp. Ob(?D7°)) if and only if PH!(K) = 0 for
i >0 (resp. i <0).

iii) On a singular variety V the usual cohomology sheaf H'(K) of a complex
K € ObD?(V,Q) is a constructible sheaf different than the perverse cohomol-
ogy sheaf PH!(K) which is a complex of sheaves. The objects in Py are called
perverse sheaves, despite the fact that they are complexes of sheaves.

Example 2.4. Let L be a local system on the big stratum U C V of equal
dimension n and j : U — V, then PL := L[n] is perverse on U. If V' \ U is
a local principal divisor, j)”’L and j,PL are perverse on X. The intermediate
extension j,.PL is perverse .
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2.2.1.2 Gluing t-structures along a stratification

In a typical proof by induction over a strata, we have a set of inclusions

U<y X <& F of an open subset U and its complement a closed subset F'.
Whenever F' is a principal divisor, j is affine.

Usual functors are defined between the triangulated categories D2(U), D2(X)
and D%(F) : the direct image j., 4., the inverse image j*,i*, the extension ji
by 0, and i' the support in F' ([BBD 83], 1.4.1).

Theorem 2.3 ([BBD 83] Theorem 1.4.10). Let U <y X <& F be defined
by an open subset U and its closed complement F' in an algebraic variety X.
If a t-structure (PD5°, PDE°) (resp. (PD3°, *DZ°) ) is defined on U (resp.
on F), there exists a unique t-structure on X defined by

D3’ == {K* € DY(X) : j*K* € *D5° and i*K* € *D3"}

P30 = {K* € DY(X) : j*K* € PD7° and i'K* € "D7"}

Middle perversity t—structure. Let V be a complex algebraic variety
and let S be a Whitney-stratification on V and V; the union of strata of
complex dimension < ¢. We have a family of locally closed sub-varieties:
Vi=V,2 - VipuDVp_1D---DWDV_y =0.

The t-structure on D2(V,,, Q) is defined by increasing induction on m.

If m = 0 we consider the standard t-structure, where a perverse sheaf is
just a locally constant sheaf in degree —dim Vj on the non singular variety
Vo. For m > 0, we consider the diagram

U= Vi \Vino1) = Vi e Vipoy = F

By induction, we suppose the perverse t-structure defined on D%(F, Q). On
DY(U, Q) we put the standard t-structure shifted by m :

< <— > >_
PD5% = D57, "D =D ™.

The perverse t-structure on D%(V,,,Q) is defined by gluing the two t-
structures on D%(F,Q) and D%(U, Q).

Remark 2.5. We mention the following properties:

1. Let F € ObPD=% and G € Ob?D=° on V, then
H'(RHom(F,G)) = 0 for i < 0. In particular U — Homp ) (Fju,Gv)
is a sheaf ([KaS 90] Proposition 10.2.7).

2.If f: X — V is smooth of relative dimension d, f*o[d] is exact, moreover
if the fibers are non empty, then f* o [d] : Py — Px is fully faithful
([BBD 83] Proposition 4.2.5).

3. Gluing perverse sheaves. Given an open covering V = U;c;U; a family
of perverse sheaves F; on U; and isomorphisms f;; : Fjjy,;, ~ Fiju,, on
the double intersections of U; satisfying the cocycle condition (f;j| Ui L) o
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(firjui;e) = (firju,;,) on the triple intersections of Uj, there exists a
perverse sheaf 7 on V and f; : F|y, ~ F; such that fi; o fjv,, = fuu,,-
Moreover the family (F, f;) is unique up to isomorphisms ([KaS 90]
Proposition 10.2.9).

If I is finite, the proof is by induction on |I]. In case I = {1, 2}, we define

F by the distinguished triangle iy, Fi|v,, 2 iy, Fi @ v, Fa — F 5
where a is natural, b is deduced from fo1. If I = N, we can suppose
U, C U,41 and take the inductive limit of the family F;, constructed by
induction.

4. Lefschetz- Artin’s vanishing theorem: The behavior of perverse sheaves
and affine morphisms is basic in the text, we use freely the results
([BBD 83] §4.1). In particular, if X is an affine variety (resp. Stein)
([KaS 90], Theorem 10.3.8, [Max 19], Corollary 8.6.6):

HY (X, F) =0 for j > 0if F € ObD=0

Hi(X,F) =0 for j <0 if F € ObD=0
Moreover, let f : X — Y be an affine morphism, then f, is right t—exact
and fy is left t—exact ([BBD 83] §4.1).

5.Let 7 : U — X be a Zariski open subset and F € Px, we have distin-
guished triangles in D2(X):

G F 5 FoidtFY and bl F o FogugrFY

In the case where U C X is the complement of a principal divisor D,
j : U — X is an affine embedding, hence jF, j.F are perverse. Let
i: D — X, we deduce the following exact sequences in the category of
perverse sheaves Px ([BBD 83] Corollaries 4.1.10, 4.1.12)
0= i, PH Y i*F) = jij*F — F = i, PH(i* F) = 0
0= i, PHO(i'F) = F = juj*F = i, PH' (' F) = 0
i F[—1] =PH (i 5, F) = PHO(i'j1F)
P 1] =PHO (3. F) = PH (' F)

2.2.1.3 Intermediate extensions

Let U < X be an algebraic open subset with complement F' i) X. A perverse
sheaf F € Px extends a perverse sheaf G € Py if j*F ~ G. There may be
many extensions. For example both PH(5G) and PH°(j.G) extend G.

Definition 2.11. There exists a unique perverse sheaf 7 on X extending a
perverse sheaf G on U satisfying the following equivalent properties:

1. i*F € PD5 " and #'F € PD7".
2. F is the image in Px of the morphism PH°(51G) — PH°(j.G).
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F is denoted by j1.G and called the Intermediate extension of G.

Remark 2.6.1) The following exact sequences associated to F in Px and
FcX
0— i, PHU(i'F) = F, F—i,PH(i*F) — 0,

define the biggest sub-object (resp. the biggest quotient of F ) with support
in F'. Hence:

731G = PH(1G) /i PHO (i 1G) = Ker (PHO(j.G) — . PHO (1% 5. G))
where i, PH? (i',G) is the biggest sub-object of PH(jG) in Pr and i, PHO(i*5.G)
is the biggest quotient of PH°(j.G) in Pp .
1) Pj,G has no non trivial sub-object with support in F'.
2) P5iG has no non trivial quotient-object with support in F'.
3) 71+G has no non trivial sub-object or quotient-object with support in F.

ii) Let F' be a locally principal divisor in X and G € Py. The derived
extension 51G of G by 0 and the derived direct image j.G are perverse
on X ([BBD 83] Corollaire 4.1.10) and ji.G := Im (1G — 4.G) ([BBD 83]
Définition 1.4.22).

iii) Let U <y Z < X denote a a closed subvariety Z and U a smooth open
Zariski subset of Z. Let G € Py and k =i0j: U — X, then we write k. PG
for 4,51+ PG on X.

If G be a simple object in Py, then ki, PG is a simple object of Px.

iv) Let G := L be a local system, we have: Dy (ji1."L) ~ jI*PL where L is
the linear dual of L.

Theorem 2.4. i) On a complez algebraic variety X, the category of perverse
sheaves Px C D%(X,Q) is abelian (although D%(V,Q) is not abelian), stable
under Verdier duality, Noetherian and Artinian ([BBD 83] Théoréme 1.5.6).
it) The simple perverse sheaves are intermediate extensions of irreducible
local systems defined on non singular open subsets of irreducible closed alge-
braic sub-varieties of X and any perverse complexr sheaf has finite length.

2.2.2 sji L and extensions of perverse sheaves

Let X be a complex analytic variety, f : X — D a non constant analytic
morphism to a disc in C such that the analytic restriction f| : Xp« — D* is
a topological fibration over the punctured disc D* with small radius. This is
the case if f is proper or f is is the restriction of an algebraic morphism of
complex algebraic varieties.

Let K be an object of the derived category DI (X*,Q), i.e K is a complex
of sheaves of Q-vector spaces, bounded below, with locally constant cohomol-
ogy sheaves on the strata of a Thom - Whitney stratification of X.
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The nearby cycle complex ;K on X := f~!(0) with monodromy action
T, is defined by Deligne’s construction ([DeK 73] II, Exposé XIV).

We introduce the universal covering p : D* — D* of the punctured disc
D* := D\ 0. It is convenient (but not necessary) to consider the topological
space D :=D*U {0} where D* is open and a fundamental set of neighbor-
hoods of 0 is defined by p~!(U) where U is a fundamental set of a neighbor-
hoods of 0 in D, then p extends to p: D—D by p(0) = 0.

Set X* = X\ X0, X := X xp 5*7)2'* := X'\ Xy and consider the following
left diagram over the right diagram:

X0L>X<f)?* {0}$5%5* (2.13)

oA b

XO*’>X<TX* {o}’Hcfc*

The space X* is homotopy equivalent to any fiber Xy, as a topological space
of a fiber bundle over D* which is contractible. B

This construction provides a complex analytic space X* homotopic to the
general fiber. The nearby cycle complex of sheaves ;K of K is defined in
D¥ (Xo,Q) by:

VrK = i"Rj,(p*K) = i*Rj.Rp.(p*K) = i* Rj, RHom®* (1 Q. , K) (2.14)

The first equality is defined by the natural morphism:

i*Rj Rp.p* K ~ i* Rp, Rj.p* K — i*Rj.p*K = s K
which is an isomorphism by base change: p*Rj.K — Rj.p*K. Remark that
p. and p; are exact functors and p' = p*. The second equality follows by
Verdier duality: RHom®(pQg, K) ~ p.RHom®*(Q¢,p*K) = p*K.

Under the above conditions the complex ¢ K is constructible on Xj.
The functor 1) reflects the cohomological properties of the general fiber near
the special fiber X¢. The cohomology of 1y at a point x € X is isomorphic
to the hypercohomology of the Milnor fiber X, in a neighborhood of  small

enough:
H'(()yK)o) = H (Xf.0, K).

Vanishing cycle complex ¢ s K. We suppose now K € D} (X, Q) defined on
X and we still denote by ¥y K the complex 9 ¢j* K. The monodromy action
on D* over D* associated to a generator of m1(D*) defines a monodromy
automorphism 7" acting on ¥ K.

There exists a natural morphism sp : ©*K — ¥ ¢K. The vanishing cycle
complex of sheaves ¢ K is defined as the cone of sp; hence we have a triangle
with a canonical morphism can fitting in a distinguished triangle:
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K K2 or K — i K1 (2.15)

Since the natural morphism sp : ©*K — K is T—equivariant. The action
of T' extends to the cone and defines an action on ¢ ;K denoted also by T'.

Then, the action Id — T : 9K — ;K is well defined on the cone ¢ K
and induces a (topological) variation denoted var : @K — 1K such that
varocan =Id—T.

Proposition 2.4 (Invariance under monodromy). There exists a natu-
ral distinguished triangle:

P Rj K Dk 170 gk B iRy K (2.16)

The monodromy T acts on Rp.p*K. The derived functor of the invari-
ant sub-complex under the action of 7' is by definition the derived func-
tor RHomy i (Z, Rp.p*K) where Z[T] acts trivially on Z ( it is denoted
also by RI'(Z,Rp.p*K)). Such derived functor is computed after a result
of Hochschild-Serre, which yields the following triangle in DI (X*, Q) (see
[Br 86] Théoreme 1.2)

K — Rp.p*K 1T, Rp.p*K LN (2.17)

We apply i* Rj. to the triangle 2.17 and deduce the proposition from ¢ ;K =
i*Rj.Rp.p* K (Equation 2.14):

Corollary 2.1. There is an exact sequence of perverse sheaves on Xy
1d—-T

0— PHL(i*Rj.j*K) — W;K[—l] — WJ%K[—l] — PHO(i*Rj,j*K) — 0
The shift by [—1] is explained by the fact that ¢} K[—1] is perverse. The
corollary follows from the long exact sequence associated to the triangle in
equation 2.16.

Proposition 2.5 (Duality). There is a non canonical isomorphism in the
derived category on Xo: Dx, (¥ K[—1]) ~ ¢;(Dx(K))[-1] .

Proof. See ([Br 86] Lemme 1.4). The proof by after Beilinson and Bernstein is
based on a concept similar to the sections of finite determination introduced
by Deligne. For a general complex F' of objects of an abelian category A on
which an automorphism 7" acts, and for each non zero element P € Q[T, T~1].

Let F(P) denotes the simple complex associated to the double complex
P:F—F.
If P divides @, there exists a morphism of double complexes F(P) — F(Q)
defined by the morphism of double complexes: (F Ei F) d.Q/P), (F = F).
We suppose that the inductive limit exists in A and define:
Frindet : @F(P) directed by divisibility of polynomials.
There is a natural morphism Fl;p, ger — F'. We have
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Lemma 2.5. Let F' be a bounded complex with constructible cohomology in
the category of sheaves of Q—wvector spaces on Xy. Then:
Frin det = F is an isomorphism

Proof. The functor: F' — Ft;y, et being exact, the proof may be reduced by
“dévissage” to the case where F' is a constructible sheaf in degree 0. Then, we
check the lemma on the fibres of F' at any point «: (Ffindet)z =~ (Fz) fin det
as Q[T, T~']— modules of finite length (by constructibility over Q).

Let B := Q[T,T7!], and M a B— module of finite length with attached
complex M iy, get, then

HO(Mjin ger) ~ limy, Homp(B/(P), M) = M,
H"(Mfin der) = limy, Eatly(B/(P), M) =0

since every element of M is annihilated by some polynomial in B.

Lemma 2.6. i) YK i= i* Rjup. (0" K) = " Rjupe (0" K) pin det
”) (p*p*K)fzn det = (p'p*J*K)fzn det[l]

In the diagram (Equation 2.13), pQg. is a locally constant sheaf of free
Q[T, T~1]—modules of rank 1. In this case the previous lemma does not apply
since the module M is a free Q[T, T~']—module and not of finite length.

The complex Mp is quasi-isomorphic to (M/P.M)[—1] (non zero cohomol-
ogy in degree 1). We have:

(1Qx.) fin det[1] = lim , Q[T T']/(P).
ii) While p, Q. ~ Q[[T, T7]] @qir,r—1) 1Q. is a locally constant sheaf of
Q[T, T~1]—modules locally isomorphic to Q[[T, T~!]]

The complex Q[[T, T~ ] py is non-canonically isomorphic to Q[T, T~']/(P)
(the elements annihilated by P form a non zero sub-module just the oppo-
site of the previous case of a free Q[T,T~!]—module and since any non zero
polynomial P is invertible, the cohomology in degree 1 vanish). Moreover, we
can define a commutative diagram of quasi-isomorphisms

QI 71/(P) L Qi 71/(Q)

iq.iso. lq.iso.

QIT. T~ (py — QT T (@)

hence (p*@jf*)findet ~ liﬂp Q[Tv Tﬁl]/(P) =~ (p'@jf*)findet[l]
We deduce lemma ii) since p.p*K ~ K ® (p.p*Qx+).

Proof of of the proposition. Representing K by a complex of injective sheaves
over Q[T, T~!] we deduce from the lemma

wa ~ Z*Rj* (p*p*K)fln det = Z*RJ* (p!p*K)fin det[l] - 'L*R]*(p'p*K)[l]
hence: (¢ (DK))[-1] = (i Rjspp" (DK))[=1] = i* Rjspip™ (DK) fin der =
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D(i' Rjipsp* K) fin det = D(i* Rjupsp™ K[=1]) in det = D(¥ K [—1])
since i*j.p.p* K[—1] ~ i'jip.p* K.

The perversity follows from Artin’s theorem and duality ([Br 86] Théoreme
1.2, see also [Max 19] Theorem 10.3.13) and the references there:

Proposition 2.6 (Perversity). i) Let K be a perverse sheaf on X, then
Yy K[—1] is perverse on X.

it) oy K[—1] is perverse on Xy.

i) Yy K[—1],0sK[-1] : Px — Px, are exact functors of perverse sheaves.

i) The proof is local on Xjy. Let U, be a small ball with center z € Xj.
Since the Milnor fiber Xy, is a principal hypersurface in U, K[—1] re-
stricts to a perverse sheaf on the Stein subvariety X .. We deduce by Artin’s
theorem (Remark 2.5) that the ordinary cohomology H'(X; ., K[—1]) ~
(s K[—1]), vanish for ¢ > 0.

Since the cohomology H*(P) sheaves of any perverse sheaf P on a variety
Y vanish for k > 0, we deduce that the perverse cohomology PH' (K [—1])
vanish for ¢ > 0. Since this inequality apply to the dual sheaf Dx K, we
deduce by duality that PH’(¢¢K[—1]) vanish for i < 0; hence ¥ K[—1] is
perverse.

ii) ¢ K[—1] is perverse. We deduce from the perverse exact sequence de-
fined by the triangle in (Equation 2.15), the exact sequence

0 — PH2(p1K) - M1 (' K) U K) — TN (s K) —
PHOG*K) — 0
where PH (v K) = ¢ K[—1] and PH' (¢ K) =0 if i # —1.
We prove can_; is injective. By the corollary 2.1, it is enough to prove that
P K) 175 P (6% Ry, K) s injective. Since PHI(i*K) = 0 for i < —2
([BBD 83], Corollary 4.1.10), the functor K — PH~!(i*K) from perverse
sheaves on X to perverse sheaves on X is left exact.

Let N denotes the perverse kernel of K — Rj,j* K. Since the sequence of
perverse sheaves 0 - N — K — Rj,j*K is exact we deduce:
0— PHL*N) — PH7I(i*K) — PH(i*Rj.j*K) is exact.
Since N is supported by X, i.i*N = N is perverse and PH~1(i*N) = 0,
hence h_; is injective.

iii) The assertion is admitted.

can_q

2.2.3 Verdier’s classification of the extensions

Extensions of perverse sheaves along a locally principal divisor D C X occur
in the work of Deligne, Mac Pherson and Verdier in various ways. The de-
scription provided by Verdier [V 85-1] is useful to construct perverse sheaves;
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in particular the case of singularities along a NCD. It is conveniently applied
to prove the decomposition properties in Hodge theory.

We recall the result only in the case of an extension along an effective
principal divisor defined by an equation f. Let ¢} K[-1] (resp. ¢}K[-1])
denotes the sub-sheaf on which the action of T is unipotent.

The result of Verdier covers the case of locally principal divisor ¥ C X
(and even a closed subvariety Y in general), useful in the construction of the
weight filtration in the open case X \'Y out of the monodromy filtration along
the cone Cy X of Y in X ([V 85-1], [Sa 90], [ELM 10]).

The extension is expressed in terms of the nearby cycle functor w}‘[—l]
and the vanishing cycle @“;[—1] (Equation 2.15).

Let Perv(X) denote the abelian category of perverse sheaves on an alge-
braic variety X and let Z C X be a principal divisor defined by an equation
f=0U:=X\Z,i:Z—andj:U— X.

We associate to Z the category V(Z) consisting of:

1. A perverse sheaf G € Perv(U) on U
2. A diagram in the category Perv(Z)

PHA) 1] S @ B p¥(G)[-1] :boa=Id—T (2.18)

where 7" is the monodromy of ¥§(G)[—1].
3. Morphisms are couple of morphisms of diagrams and over U.

The triple (a,®,b) is the variable in V' (Z) which determines the extension.
Lemma 2.7. The functor V : Perv(X) — V(Z)

can var

Vi F = (P AYF[-1] = @fFl-1] = ¢7F[-1]})

s an equivalence of categories.

Proof. We adapt the proof ([V 85-1], §2 Proposition , §4 Corollary 1) to
our case. By definition YrF = Yy rF. Since F' is perverse, the complexes
Y¢F[—1] and p$F[—1] are perverse sheaves on Z. We recall the triangles
where var is defined by Id — T

SilF o eF-1 Y e r- S S i s P s Y (219)

where the first triangle is dual to (Equation 2.15).

V is faithful: It m : F — G satisfies V(m) = 0, then by definition j,j*m =0
and ¢¥(m) = 0, p¥(m) = 0. Hence by the above first triangle i‘m = 0 and
by the second m = 0.

V is fully faithful: Let F, G be perverse on X and let m’ : V(F) = V(G) be a
morphism in V(Z), hence m' = (u, o, B, ) where u : j*F — j*G, a = ¢} (u)
and 8 = ¢} (u). We construct m : F' — G with image V' (m) = m' as follows.
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We deduce from 3 : ¢} F[-1] — ¢$G[-1] and a : Y3 F[-1] = ¢FG[-1]
a morphism v : i'F — i'G compatible with the first triangle and then a
morphism m : F' — G compatible with v and j.j*u in the second triangle.
V' is essentially surjective: Given a diagram ¢} (G)[—1] 4 b YHG)[-1]
and G € Per(U), we construct F' € Per(X) such that o} F[—1] ~ P.

First we construct a triangle — F; — @ LN w?F[—l] H with support in Y
(where the complex F} is expected to be i' F)) with associated perverse exact
sequence 0 — PHO(Fy) — & LA YIG[-1] — PH1(Fy) — 0. Hence, we have
Kerb ~ PHO(Fy), PH'(Fy) ~ Cokerb.

1
Then we deduce Fj satisfying the second triangle Fy — Fo — j.G [—; such
that we have a long exact sequence of perverse sheaves:

0 — PHO(F)) = PHO(Fy) — PHY(4.G) — PHY(Fy) — PHY(Fy) — 0

where PH~1(j,G) = 0 = PH'(j.G) and PH'(j.G) = j.G since j is affine.
We deduce the exact sequence

0 — Kerb — PHO(Fy) % j.G — Cokerb — PH'(Fy) — 0

In particular, the restriction of v to U is an isomorphism and PH°(F,) is a
perverse extension of j,G since . Moreover, I} ~ i' PHO(F;) since Kerb ~
it PHO(Fy), Cokerb =~ i' PH! (Fy) and @ ~ @} F[—1].

Remark 2.7. In the text, we will use a variation morphism var instead of
the topological variation var defined by N’ := £(T}* — I) acting on Y} and
var : 9§ — Y% satisfying: var o can = N'.

In chapters 4 and 5 we introduce the action v on ¥*IL ~ ¢¥L (§4.21)
with Hodge filtration. By (Equation 3.1), —2inv induces N = LogT on Y§L.

The action of N on ¢%K induces a morphism of mixed Hodge structure
up to a shift . Since sp is equivariant for N, the action of IV extends to e
(instead of T" in topology) and we introduce a geometrical var : (¢, W, F') —
(¢}, W, F')(—1) such that: var o can = N, instead of the var defined by N'.

However, there exists a polynomial A such that N = A(N’) (see Equation
3.2) and N’ is nilpotent. Since A is invertible as a series and since N is
nilpotent, we find a polynomial B such that N’ = B(N).

We deduce that ker N = ker N’, and N’ is also compatible with MHS.
Moreover, the monodromy filtrations W (N), W (N') and W (v) defined by the
nilpotent endomorphisms N, N’ or v (§2.3.0.1) coincide and are all defined
over Q.

For each k > 1, N* : GrKVk(N)L“ = GrZV(N)L“ is equal to N'* or vk up
to constants, which explains that there is no danger to cite references with
one of these conventions.
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2.2.3.1 Applications

Since the applications in view are in Hodge theory, we use henceforth the var
defined by N instead of N'.

Due to the equivalence of the categories Perv(X) and V(Z), the following
correspondence will be useful in various proofs in the text (var denotes two
morphisms, one on ¢y and one on ¢y).

1) 51G: The case where a : ¢¢(G)[—1] = @ is an isomorphism and b =

var oa”t: Yp(G)[~1] > & LN 1 (G)[—1] corresponds to the extension ;G
of G by zero across Z (ker a = ker N = i}, G[—1] = 0) such that we have the
diagram where can is an isomorphism

(5 G[-1] =5 0,G[-1] =8 4 G[-1)) (2.20)

2) 51+G: The case where a is an epimorphism and b a monomorphism such
that @ = Im(v¢(G)[—1] N ¥ (G)[—1]). Then, the diagram

a=can b=var
(s G[=1] "= s G[=1] = ¥G[-1]) (2.21)
corresponds to the intermediate extension ji,G.

3) The case where Gy = 0 corresponds to the perverse sheaf @ concen-
trated on Z.

4) A decomposition of the diagram in (Equation 2.18) corresponds to a
decomposition of the extension. In particular, we the following Verdier’s de-
composition criteria:

¢ ~ Imcan © Kervar <= ji.G|y © Kervar (2.22)

is used in the text with Kervar concentrated on Z.

5) The extension j.G|y corresponds to the case where b is an isomorphism
and and @ = b= owar (boa = N) (Equation 9.43) and the diagram where
var is an isomorphism

=can b=var~
(s GI-1] =27 ¢, GI-1] == 9, G[-1]) (2.23)
6) In the case with an increasing filtration W° on G such that the relative
monodromy M := M (N, W?) exists on 1;G[—1], the filtration of weight
(N W), = NW,?Jrl + (M N W,&rl)w}‘ 1]
lifts to p%G[—1] and corresponds to a filtration W on j.Gy such that (W
extends W0 (§9.7.1.1).
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2.3 Degeneration of VMHS

The theory of nilpotent orbit (resp. admissible variation of MHS) is needed in
the next chapters to define the limit Hodge filtration and the weight filtration.
The theory, inspired by Deligne, appears in [Sc 73, GrSc 73, Gr 74, CaKSc 86,
CaKSc 87, CEGL 14] (resp. [De 80], 1.8.15, [E 83], [StZ 85]) but we adopt the
notations and terminology of [Ka 86] summarized below.

The admissibility of a VMHS on X* := X \ Y refers to asymptotic prop-
erties of (L, W, F') along the NCD. Such asymptotic properties are expressed
on Deligne’s extension Lx of L ®g Ox- defined along Y in terms of the ‘mul-
tivalued’ horizontal sections of V on X*. The extension Lx is a locally free
analytic sheaf of modules, hence algebraic if X is projective [De 70].

By construction, the connection V on Lx+ extends to Lx with logarith-
mic singularities along Y. The residues of the logarithmic singularities are
endomorphisms on the restrictions Ly, along the components Y; of Y. The
connection is uniquely characterized by the choice of the logarithm of the
eigenvalues of the monodromy (see §3.1).

The fibre L := L(x) := Lx,2 ®oy., C of the vector bundle Lx is viewed
as the space of the ‘multivalued’ horizontal sections of L at = (sections of a
universal covering of the complementary of Y in a ball B, at x).

The extension over Y of the Hodge filtration of a polarizable variation of
HS in the case of a punctured disc constructed by Schmid [Sc 73, GrSc 73],
([Gr 74] Chapter 1V) is a fundamental asymptotic property, that is required
by assumption in the case of a graded polarizable variation of MHS, as a
condition of admissibility. The results on the degeneration of a VHS on the
complement of a NCD are based on [Sc 73], [CaKSc 86] and [CaKSc 87], see
also ([Gr 74] Chapter V, [CEGL 14] Chapters 7, 8).

A filtration W of L over a punctured disc extends to a filtration by sub-
bundles W C Lx. The local monodromy T; around a component Y; of Y,
defines a nilpotent endomorphism N; := Log T}, logarithm of the unipotent
part of T" which acts on the restrictions to Y; of the sub-bundles W. The
definition of admissibility is based on the introduction by Deligne of the
relative monodromy filtration M (), N;, W)) on the limit vector space L in
([De 80], 1.8.15).

The required properties are proved in the case of geometric variation of
MHS over a punctured disc in [E 83] and studied axiomatically as conditions
of admissibility in [StZ 85]. In [Ka 86], the definition of admissibility along a
NCD is reduced to the case over a punctured disc.

To state the degeneration of a variation of MHS locally, Kashiwara in-
troduced the abelian category of infinitesimal MHS (IMHS) called also in-
finitesimal mixed Hodge modules in reference to Dx—modules. A proof of
the decomposition theorem is given in terms of distinguished pairs of IMHS.
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2.3.0.1 The monodromy filtration

On the cohomology group of a complex projective non singular variety X
of dimension n: L := @®rezH*(X,Q[n]) centered at 0, an increasing fil-
tration W on L is defined by W; = &;>_;H/(X,Q[n]) (W, = L and
W_, = H"(X,Q[n])). The Lefschetz structure, defined by the cup product
with the class of an hyperplane section is a linear morphism n : W% — W?=2
satisfying for each i an isomorphism 7’ : Gryv L= GrKViL.

To state conjecturally the properties of the degeneration of a VHS, Deligne
defines in general on an object L of an abelian category and a nilpotent endo-
morphism N on L, a unique increasing filtration W satisfying the following
conditions ([De 80] 1.6)

(l) VjeN: NW] - Wj_g.
(i) The induced morphism N°® : GTEVi(N)L 5 GrzW(N)L is an isomorphism
for all 4 € N.

Such filtration W is denoted by W (N) and called the monodromy filtration.
In fact W;_1 = (NH)"'W_;,_; and W_; = N'W; for i > 1.
If N¥+t1 =0 and N* # 0 set W; = L for i > k and W; = 0 for i < —Fk, then
defines W; inductively for i € [k, k — 1], to start with W_;, = N*¥L, W},_; =
Ker N*. It is surprising that the defining properties of W, will set various
decomposition properties through the whole chapter.

For i > 0, let P;L := Ker N*t!' : Gr} L — G1",_, L denote the subspace
called the primitive subspace, then GerL =PL® NGerL = ®j>0L542; L.

2.3.0.2 The relative monodromy filtration

Let N : (L,W) — (L, W) be a nilpotent endomorphism compatible with W
(NW; C W;) in an abelian category 2 where W is an increasing filtration of
an object L of .

There exists at most a unique filtration M satisfying ([De 80], 1.8.15)

k
NM; C M;_5, and GrﬁkGryVL SN ar, GV L

If M exists, it is called the relative monodromy filtration. In particular, if
N; is the endomorphism induced by N on Gr}" L, then M induces on Gr}" L
the monodromy filtration W (N;)[4] shifted by ¢ (W(N;)[i])it+; == W(N;);)-
Properties of the filtration are given in [StZ 85] and [E 83].
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2.3.1 Nilpotent orbit

Let (L, F, S, Ny,...,N,,w’) be defined by a finite dimensional complex vector
space L with a Q-structure, a decreasing filtration F' by complex vector sub-
spaces, an integer w’, a non-degenerate rational bilinear form S satisfying

’

S(z,y) = (-1)" S(y,x) for x,y € L and S(FP, F?) =0 for p+q > v/,

and pairwise commuting nilpotent endomorphisms Ny, ..., N, defined over
Q, such that S(N;z,y) + S(z, N;y) = 0 and N;FP C FP~1.

Definition 2.12 (Nilpotent orbit). ([Sc 73], [CaKSc 86], [Gr 74], [Ka 86],
4.1) The above data is called a (polarized) nilpotent orbit of weight w’ if :

(i) The monodromy filtration W (N) of the endomorphism N = ) N
is independent of ¢; if ¢; > 0 for all j.
(ii) Let M := W(N)[w'] denote the filtration shifted to right (M 4y =
W(N)g). The data (L, M, F') is a MHS on L.
(iii) The bilinear form Sy, such that Si(z,y) = S(x, N*y) polarizes the prim-
itive subspace Py, = Ker (N*+1: G2, — Grl_,_,) with its induced
HS of weight w' + k.

jelnt

The various definitions in this chapter are based on the following result
applied throughout this volume to Deligne’s extension Lx (Equation 3.9):

Theorem (Cattani, Kaplan and Schmid [CaKSc 86]) Let L be polarized
VHS on the complement of a NCD Y C X. At each point = € Y, the
extension of the Hodge filtration F on Lx\y defines a nilpotent orbit with
local monodromy actions (N;,i € I :=[1,n]) on the limit fiber L := Lx(x).

Let Ng := W (}_;c 1 Ni), for each partition KU.J = I, W(Nr) coincides
with the relative monodromy filtration M (Ng, W (Ny)).

Remark 2.8. 1) The results mentioned above, along a period starting around
1966, are difficult to prove but well covered by the references.

i) The proof of the theorem is based on on a generalization of the nilpo-
tent and S Lo orbit approximations of the period matrix to higher dimension
[Sc 73, GrSc 73, CaKSc 86].

In general, for each J C [1,n] and fixed t; > 0, Ny := > . ;t;N;, is a
nilpotent endomorphism of L such that the increasing monodromy filtration
W (N ;) is independent of the positive real integers ¢; and we have a variation
of limit MHS at points of Y; depending on J.

ii) The concept of splitting of a MHS is necessary to the proof: there exists
areal number ¢ such that (L, exp(i ), t;N;)F) is a HS of weight w’, polarized
by S whenever t; > c.

iii) The filtration W(N) in the definition above is also said to define a
MHS on L of weight w'.

iv) In the text, we refer to the summary of the results in ([KaK 87] §1.2).
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2.3.2 Infinitesimal mired Hodge structure (IMHS)

We consider a data (L, W, F,Ny,...,N,), where L is a finite dimensional
complex vector space with a Q-structure, W is an increasing Q-filtration, F’
is a decreasing C-filtration and Ny,...,N,, are commuting nilpotent endo-
morphisms defined over Q such that: N; FP C Fr—1 and N;Wy, C Wy

Definition 2.13 (Mixed nilpotent orbit). The above data is called a
(graded polarizable) mixed nilpotent orbit if for each integer i the data with
restricted structures

(Gr}Y L, F}, (N1}, - -, (N,)))
is a nilpotent orbit of weight i for some polarization S;.

We consider only graded polarized mixed nilpotent orbits (called pre-infinitesimal
mixed Hodge module in [Ka 86], 4.2).

Definition 2.14 (IMHS). ([Ka 86], 4.3)
A mixed nilpotent orbit (L, W, F, Ny,...,N,) is called an infinitesimal
mixed Hodge structure (IMHS) if the following conditions are satisfied:

(i) For each J C I = {1,...,n}, the monodromy filtration M (J) of
> jes N; relative to W exists and satisties N;M(J); C M(J);—2 for
allje JandieZ.

(ii) The filtrations M (I) and F define a graded polarizable MHS on L such
that the filtrations W and M (J) are compatible with this MHS (filtra-
tions by sub-MHS and the N; are morphisms of type (—1, —1).

We refer to the filtration M (D, ; Ni, W) as the limit MHS.

Remark 2.9. (i) The filtration M (J) is the weight filtration relative to W
of any N € C(J) :={>_,c,t;Njit; > 0}

(ii) In the case of an admissible VMHS (L, W, F’) on the polydisc (D*)" =
D™ \'Y where Y C D™ is the natural NCD, an IMHS is attached to L,
at each z € Y7, J C [1,n], on the fiber of Deligne’s extension £(x).
Since Yy is defined by z; for i € J = {i1,--- ,,}, we introduce the local
system on ;L as the restriction to Y of ¢;; o ---0; L (independent
of the order in J up to isomorphism; we write 1; for 1).,) to define the
VMHS (L, Ly, M(J), F(J)) on Y} where M(.J) and F(J) form the
limit IMHS at varying x € Y. Moreover, a combination of ., and ¢,
is necessary to characterize locally a perverse sheaf.

(iii) At y € Yy \ Y there exist two IMHS on £(y), one defined directly by
(L, W, F') and one defined by (¢;L, Ly, M(J), F(J)). They coincide
since M (N1 +-- -+ N;) is the relative weight filtration of N; with respect
to M(Ny+---+ N;_1) ([Ka 86, Prop. 5.2.5]). The IMHS (M (J), F(J))
can be viewed as successive IMHS along the various Y.
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Ezample 2.5. In the case of two variables, a remarkable result states that the
limit (W (N7 + Na), F)g is relative to the limit at 0 of the limit (W (N;), F),
at xj,7 #1

Zo (L, F)

(W(N2),F)e,

x

A morphism of two IMHS f: (L,W,F,Ny,...,N,) = (L',W,F,N{,...,N})
is a linear morphism L — L' respecting W, F', commuting with V; and N/
inducing a morphism of a graded nilpotent orbits with respect to Gr*W.

A graded polarized MHS is an IMHS when identified with the object with
N; =0 for i € [1,n]. If (L, N, F) is a nilpotent orbit, then (L, W(N), F) is
an IMHS with N; = 0 and N : (L,W(N),F) — (L,W(N)[2],F(-1)) is a
morphism of IMHS with INV; = 0 on both sides.

Proposition 2.7. ([Ka 86] Prop. 5.2.6) The category of IMHS is abelian.
The filtrations W, F, and the limit MHS M (J) for any set J of indices, define
exact functors on this category.

A morphism f : L — L' of two IMHS is necessarily strict for W, since by
the nilpotent orbit theorem W is the weight filtration and exp(i}_; t;N;F)
the Hodge filtration of a MHS on L (resp. L') for ¢; large enough. Similarly
M(Ny, W) is the weight of a MHS on L (resp. L').

To prove that the restriction of M (N7, W) to L” := Ker f is the mon-
odromy filtration relative to W N L” let W” and M” denote the restric-
tions to L”, then we deduce from the exact sequence 0 — Gr%_';GrZV” —

! ’7
Gr%_iGrkW — Gr%_ Gr,ZV and the corresponding exact sequence for Grg_;
. 1" 1" 1" "
that N7 : GrﬁﬁiGrZV — Gral,Gr}”" is an induced isomorphism.

Definition 2.15 (Preadmissible VMHS). A variation of mixed Hodge
structure (L, W, F) graded polarized over the punctured unit disc D* with
local monodromy T and associated filtration VW by subbundles of Deligne’s
extension Lo, is called preadmissible if the following conditions are satisfied:

i) The Hodge filtration F C Lo . extends to a filtration F on Lo, by sub-
bundles inducing for each k on the graded sheaf with respect to the filtration
W defined by W Gr}YLeo,,, Schmid’s extension of the Hodge filtration.

ii) Let WO := W(0), Fy := F(0) denote the filtrations on the fiber L :=
Lo,(0) at 0 € D and T the local monodromy at 0, N = logT"; then the
following two conditions must be satisfied:

1) NFP c F'™' for all p € Z.

2) The weight filtration M (N, W?) relative to W9 exists.
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Notice that the extension of the filtration F to Lo, cannot be deduced in
general from the various Schmid extensions to Gr)Y Lo,,. We remark that the
filtrations M := M (N, W?) and Fj at the origin define a MHS.

Definition 2.16 (Admissible VMHS). ([Ka 86], §1.8) Let X be a complex
analytic space and U a nonsingular open subset, complement of a closed
analytic subset of X. A graded polarized variation of mixed Hodge structure
(L,W, F) on U is called admissible if, for every analytic morphism f : D —
X on a unit disc which maps D* to U, the inverse (fip-)*(L,W,F) is a
preadmissible variation on D*.

In the case of locally unipotent VMHS, Kashiwara remarked that preadmis-
sible VMHS on the unit disc are necessarily admissible [Ka 86].

Remark 2.10 ( IMHS defined by an admissible VMHS). i) Let Y C X be a
NCD and z € Yj; for M C Y. In the text we introduce Deligne’s extension
L x associated to a local system £ on X \Y and the vector space L := Lx ()
(Definition 3.1). An admissible VMHS (L, W° F) on X \ Y defines at z an
(L,WO F) = IMHS: (L,W° F,P,N;,i € M) where L := Lx(x)

where the filtration WP of L, preserved by IV;, is the limit of the filtration
WY of L. In this case, the relative monodromy filtration M (>, ,, Ni, W°)
defines the limit MHS on L.

ii) Let Z := X\ U and let 7 : X’ — X be a desingularization of X
such that Z’ := 7=1Z is a NCD, then (7*L, W, F) is admissible along Z’. In
particular (7*L, W, F')|p- defines an IMHS at any point in Z’.

In the text, we define an induced Hodge filtration F' on the intermediate
extension of a local system on X\ Y (see §2.2.1.3) which reflects the behaviour
of the limit filtration F' on £ at ‘infinity’ along the NCD Y.

2.4 Induced filtrations on the perverse cohomology

The category of bifiltered complexes is defined in ([De 72] and [De 75]).
Let (K',W,F) € D’F,(X,C) be a bifiltered complex of abelian sheaves on
the variety X. A morphism ¢ : (K1, W, F) — (K3, W, F) in the category
DPF5(X,C) is an isomorphism if the morphism GrlV Gri. Ky — GrlV Gri K,
is a quasi-isomorphism. If W is the weight filtration defined with Q—coeflicients,
a precise diagram of compatibility with the Q—structure is satisfied.

Let f: X — V. The derived direct image (K", W, F) := (f. K, f W, [ F)
is defined in D°F,(V,C) by taking f.-acyclic bi-filtered resolutions of the
complex (K', W, F) ([De 72] 1.4).

The perverse filtration Pr; on a complex K on a variety V is defined by a
family of morphisms ¢; : Pr;, — K. Given a filtration F' of K, the problem is
to define the induced filtration F' on the perverse cohomology.
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It is possible to define the resticrion of F to Pr; by ¢; '(F), however by a
remark of Deligne, it is possible to suppose Pr a filtration by sub-complexes
of K which has the advantage to apply directly the results of ([De 72]).

2.4.0.1 Embedding of the perverse filtration

For any morphism of complexes f : L — K, let L’ denote the acyclic cone
L’ := cone(id : L — L). We consider after ([BBD 83] 1.1.2) the following
embedding o defined by:

o LK =KoLl oy L' 5 KoL oL v (f(v)+0+v)

The injection v : K — K @ L' is a quasi-isomorphism such that w o f
is homotopic to oy, while the projection p : K & L' — K defines a quasi-
isomorphism K’ = K such that p o of=f.

Given a filtration F' by sub-complexes of K, we define the filtration F’ :=
F @ L' C K’ such that the restriction of F’ to o;(L) is isomorphic to the
inverse image f~'F on L. We deduce:

Lemma 2.8. Let K be a bounded constructible complex on a variety V, Fy
and Fy two filtrations of K by sub-complezes (not necessarily constructibles)
and let Pr denote the perverse filtration of K.

There exists a bifiltered complex (K',F], F}) where K’ is bounded and
constructible with filtrations by sub-complexes of K' and a bifiltered quasi-
isomorphism 7 : (K, F1,Fy) — (K', F{, F3) such that the perverse filtration
of K' is defined by sub-complexes of K'.

In the case of a finite sequence of complexes g; : Pr; — K we repeat the above
process by a descending induction on the indices .

Corollary 2.2. i) A well defined filtration F on the perverse cohomology
PHI(K) is obtained by inducing the filtration F on Pr; K followed by the pro-
jection on PH'(K)[—i] := Pr; K/ Pr; 1 K.

In the text, we suppose the filtrations such as Pr,W,  F defined by sub-
complexes of a complex K on a variety V.

Remark 2.11. 1) There is no perverse filtration defined by a sub-complex F* C
K if F is not constructible.

The bifiltered complex (K, Pr, F) € D*F»(V,C) is defined in the bifiltered
category of sheaves of complex vector spaces (forgetting constructibility).

ii) Given a functor T, we consider acyclic T—resolutions of Gr:TGr%K .
In the case of the global section functor I', we have the canonical acyclic
bi-filtered Godement resolution C*(K, Pr, F) of (K, Pr, F') to define R(I, ).
Since the resolution C* is canonical, the complex GT}GT;»DTC* is also an acyclic

resolution of Gr}GrfTK . In particular, we deduce in this way the correct
Hodge filtration on H*(V, PH!(K)).
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iii) In presence of Hodge filtration F' or weight filtration W we deduce
induced filtrations on the perverse cohomology. The construction is similar
to Deligne’s definition of induced filtrations filtration such that we can apply
[De 72]. Since the filtration W is perverse, we consider the perverse weight
spectral sequence and the induced filtration F' on pHp"’q(GrK‘;K ).

The image filtration Im : PHPTI(W_,K) — PHPTI(K) in the abelian cat-
egory of perverse sheaves defines a filtration W on PHPT9(K) with induced
filtration F' on the limit of the spectral. By abuse of language, we say the fil-
tered perverse spectral sequence or perverse filtration to refer to such induced
filtrations.

2.4.0.2 Abbreviations and conventions

1. Polarized VHS (resp. VMHS) stands for polarized variation of Hodge
structure (resp. mixed Hodge structure). A polarized VHS (L, F) of
weight w’ is given by a local system L on a smooth algebraic open sub-
set U C V and a decreasing filtration F' of £L = L ® Op. The complex
PL, := L[dim V] shifted by the dimension of V', is a perverse sheaf and
(PL, F) is a complex of weight Pw = w’ +dim V. We say that the perverse
sheaf 7L is a shifted polarized VHS.

2. Given a functor T : A — B of abelian categories, its derived functor
is also denoted by 7' : DT2 — DB after chapter 3 instead of RT in
chapter 2 [Ve 77] (with exceptions if confusion may arise such RI" for
example). However, we still denote the i—th cohomology of the derived
image by T by R'T(K) := H(T(K).

3. On a complex variety V, the topological middle perversity truncations
Pro; on K ([BBD 83] section 2 and Proposition 2.1.17) define an increas-
ing filtration denoted Pr on the hypercohomology:

PrHM(V, K) = Tm {HE(V, Pr, K) — HY(V, K)}.

4. An intermediate extension is denoted by ]u*pL Wh1le PH!(K) denotes the

i—th perverse cohomology of a complex K.






Chapter 3

Perverse sub-sheaves of the
logarithmic complex $2*PLC

In [De 72] Deligne introduced the concept of Hodge complex (HC) of sheaves
on a compact complex variety X as a filtered complex (K, F') such that its
hypercohomlogy (RI'(X,K), F) is a Hodge structure (HS). The de Rham
complex of a non singular complex variety with its Hodge filtration is a HC.
Originally Deligne distinguished between the cohomological HC of sheaves
and the HC of its hypercohomology. By abuse of language, only the termi-
nology of HC survived.

If X is not compact, a bifiltered mixed Hodge complex (MHC) (K, W, F') is
constructed on a compactification X such that (RI'(X, K), W, F) is a mixed
Hodge structure (MHS).

The introduction of the intersection complex by Goresky and MacPherson
[GMacP 88] lead to a new type of HC.

Let L be a local system on the complement of a NCD Y C X in a complex
non singular variety X and let j := (X \'Y) — X. We describe in this
chapter the well known logarithmic complex 2*L := 2% (LogY) ® Lx =~
J«L witlh coefficients in Deligne’s extension Lx [De 70] in order to define
the Intersection complex IC*L C 2*L embedded as a sub-complex with its
Hodge filtration (see §3.1).

Let 7L := L[dim X],the complex 2*2L := 2*L[dim X] is the associated
perverse sheaf with the conventional shifted degree. It is common to say
perverse logarithmic complex with or without shift.

Let iz : Z — Xbe the embedding of a NCD sub-divisor of Y C X and
Jjz = (X\Z) — X. We construct an embedded logarithmic complex isomor-
phic to jz.j% (ji«L) denoted by IC*PL(LogZ) C 2% PL (cf §3.2).

To motivate t The constructions are motivated by the application of Kashi-
wara’s criteria for a decomposition of a perverse sheaf into a direct sum of
intermediate extensions (cf §3.2.6).

We recall the behavior of perverse sheaves along locally principal divisor
(see §3.2.4), to construct later more bifiltered logarithmic complexes, such as

G205 (GuL), iz, (L), iy juPL and i ji."L
We refer to such complexes as bifiltered logarithmic complexes.

51
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3.1 Perverse logarithmic sub-complexes of 2*PL ~ j5,7L

Let L be a locally constant sheaf (finite dimensional local system of vector
spaces) on the complement U of a NCD Y in a smooth complex algebraic
variety X and Ly := L®Op the analytic locally free sheaf of modules defined
by L on U.

There is a correspondence between local systems L and connections
(Ly, V) with vanishing curvature and horizontal sheaf of sections of V.

Locally at each point x € Y, a ball B, with center x and B} := B, NU
are Stein. The restriction of £ to Bj is free. Each trivialization gives rise to
a free extension of £ p-.

Moreover, since the local system L is defined on U (Ly is flat), there
exists a locally free global extension of Ly with a regular singular connection
(or with logarithmic singularities), that is a fibre bundle Lx extending Ly
and a connection V : Lx — 2% (LogY) ® Lx ([De 70], [Ma 87] definition
3.1). The residue of V is defined along a component Y; of the NCD Y as an
endomorphism of the restriction Resy,V : Ly, = Ly;, of Lx to Y;.

The eigenvalues of the residue are constant along a connected component
of Y; and related to the local monodromy T of L at a general point of Y; by
the formula ([De 70], theorem 1.17, proposition 3.11):

LogT; = —2imResy;V (3.1

Deligne’s idea is to fix the choice of the residues of the connection by the
condition that the eigenvalues of the residue belong to the image of a sec-
tion of the projection C — C/Z, determined by fixing the real part of
z: m < R(z) < m+ 1, hence fixing the determination of the logarithm
Log : C* — C, which forces the uniqueness of the local extensions. Hence the
local constructions glue into a global bundle on X. The extension in the case
m = 0 is called Deligne’s extension.

The connection V extends naturally into a complex, called the logarithmic
complex 2% (LogY) ® Lx and denoted by 2*L.

3.1.1 Local definitions along a NCD'Y C X

Let Y = U;¢1Y; denote the decomposition of Y into smooth irreducible com-
ponents with finite index I.
For M C I, set Yy := NienmYs, Yy = Y \Uign (YiNYur) (Y = X\ Y).
We denote uniformly the various embeddings by j : Y;; — X.

To describe Lx in local coordinates, let n := |M|, z € Y;; and B, a small
polydisc in X with center z, isomorphic to D" with coordinates y;. It is
not restrictive to suppose ¢ = 0, such that Y N B, is defined by y; -+ -y, =0
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and BX := B, \ (Y N B,) is isomorphic to (D*)". We identify the ball B,
with D™ C C” the product of complex discs.

The restriction of the VHS L g \(B,ny) corresponds to a VHS L on B* =
(D*)™ defined by a set (L,T;,i € [1,n]) including a rational vector space L
isomorphic to the multivalued horizontal sections of L and n—commuting
linear automorphisms called the monodromy transformations of L.

Let 7w : B — B* denote a universal covering and z = (z1,--- , 2z,) a set of
coordinates on B C C" such that 7(z) = y has components y; := exp 2miz; €
(D*)™. For each j, the monodromy automorphism 7 on L along a closed path
around a component Y; of Y, is defined over Q and decomposes into a semi-
simple 77 and a unipotent 77 automorphisms: T; = T7T}". On the complex
vector space L, all automorphisms 7T are simultaneously diagonalizable and
conjugate to the diagonal matrix of their eigenvalues.

We define the logarithm of 77" by:

Nji=log Tj' := Y ()T} — D)¥/k for j=1,...n. (3.2)
k>1

Along any closed path in B* the logarithm of the monodromy is an integral
linear combination of the nilpotent endomorphisms IV;.

Let (a.) = (a1, -+ ,an), where a; is an eigenvalue of T}, then L = @, )L*
where L = Nigp,n ker(T7 — a;1). Let oy € C with real part in [0, 1] such
that e(¢;) := exp(—2ima;) = a;. For v € L*:

17 (v) = a;v, Tj'(v) = (exp N;)v and Tj(v) = exp(—2mic; + Nj)v.
Set Lo = F(Eﬂr‘lL) ~ L, T; acts on Lo, by translation z; — z; 4 1:
Vv € Ly = F(§77r_1L)7v(zl7...7zj +1,..,2,) =T0(21, .-, 24, -5 Zn)-
Let Lp+ := L®g Op~ denote the locally free analytic bundle on B*. It is free
since B* is Stein. For each v € L*, the analytic section ¢ € (B, n*Lp+)

¥ = exp( Z zj(2ima; — Nj))v, (a; :=exp —2ima;, Nj :=1logT;) (3.3)
je[lm]

([De 70], 5.2.1-3) is the inverse image of a (single valued) analytic section of
Lp+~ on B*, since © is invariant by each T}:

021,525+ 1,000, 20) = ()" HTF) M Tjv) = 0(21, - -5 25, - -+ 2n)-
Since L = @,.)L", the above tilde correspondence extends to L:

Definition 3.1 (Tilde correspondence). There exists a canonical tilde
embedding

~:I(B,n7'L) 5 L C Loy C I'(B*, L), ~:vs0.

The fibre Lp is the Op o-module generated by the image L of the tilde
embedding. It is the fiber of a free analytic sheaf L5 on B.
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The vector space Lp(0) ~ Lo will be denoted also by L. A basis v, of L
lifts into a basis 0, of Lp .

The connection V extends to a differential of the logarithmic de Rham com-
plex 2%logY) ®0, Lx ([De 70] Définition 1.2.11, (3.12, b), [Ma 87] §4).
The endomorphisms «;I and IN; correspond to endomorphisms on the image
sections v in Lx , denoted by the same symbols ;I and NV;.

They define the connection ([De 70], Théoreme 1.17)

. 1 — dy,
Vo = X ajv — —N;v —.
Je"( T 2w >® y;
Since 2miz; 1= logy;, the tilde correspondence is often expressed in terms
of the local coordinates y; as follows

(Y15 -+ > Yn) = Hjegy; 7 exp(Xjes — 1/2in(logy;)Nj).v (3.4)

Recall, that there exists a correspondence between representation of (M),
local systems and integrable connections ([De 70], [Vo 2007]).

3.1.2 The complex §2*L and the tilde embedding

The proofs are carried for the transcendental topology although we omit the
analytic notation X".

In view of the local description of perverse sheaves on a product of discs
(see 3.2.6.1 and 3.2.6), many constructions on the logarithmic complex, such
as the weight filtration, are described first locally on a complex of vector
spaces 2% L, defined at a point x € Y, then carried to the logarithmic complex
by an extension of the tilde correspondence L — L, to a tilde embedding
into the de Rham complex: 2*L — (2% (logY) ® Ox L), (see Lemma 3.1).

First, we give a general definition of the complex s(L, f;) determined by:

1. a vector space L, a nonnegative integer n and a linear subspace Lj of L
for each J C [1,n];
2. a collection of commuting endomorphisms f;,i =1,...,n of L.

This data should satisfy the condition that f;L y\ ;3 C Ly for each i € J.

The subsets J of length k := |.J| correspond to strictly increasing sequences
i1 < ... < ir C [1,n]). Let Sk denote the set of such strictly increasing
sequences. For J € S; and j € J, let ¢; = (—1)" when j is the r-th element
of J in the increasing order.

Definition 3.2 (s(Ly, f;)). The complex s(Ly, f;) is defined by
s(Ly, fi)* =@ e, Lsfork=0,...,n
with differentials di—1 : s(Ly, fi)k—1 — s(Ly, fi)x for k =1,...,1 given by
(dr—1v)s =225 s €5 Fivngy-



3.1 Perverse logarithmic sub-complexes of 2*PL ~ j,PL 55

Returning to the case where L is a complex vector space with commuting
endomorphisms «;Id — (1/2im)N; for j € [1,n] where a; € C and N; is
nilpotent, let L* C L be the subspace on which the action of each monodromy
T; is unipotent. We define 2*L* and 2*L as follows:

Definition 3.3 (2*L* C 2*L). i) The complex £2* L is defined by the special
case where L = L for each J and f; = o;Id — (1/2im)N; for j € [1,n].

ii) The sub-complex 2*L* C 2*L is defined by the special case where
Ly = L" for each J and f; = N, for j € [1,n].

LY =0—->L"— ... — @{i1<..‘<ik_1}Lu — 69{i1<‘..<ik}Lu =0

With the same notations, for each J € Sy let f; := Il e (o ld — ﬁNj)
denote the composition morphism for j € J.

Definition 3.4 (IC*L). The complex IC*L is the subcomplex of 2*L de-
fined by Ly = f;L := Im(f; : L — L) for each J C [1,n] and f; =
a;Id — ;=N for j € [1,n].

Remark 3.1. For each sequence a. = (a1, - ,a,), set e(q;) 1= exp —2ima;,
such that e(a.) = e(ai, -+ ,ay) is a sequence of eigenvalues of T =
(T,---,Tp). Set IC* L) the subcomplex of 2*L where L; = f;L(®) =
Im(f; : L) — L)) for each J C [I,n] and f; = a;Id — ;=Nj for
j € [1,n]. We have IC*L := @®, IC* L),

We introduce for each sequence a. the subset M(a.) C [1,n] such that
Jj € M(a.) if and only if a; = 0. Let Njnara) = Hicinma)N; (it is
the identity if J N M(«.) = (). For each J C [1,n], we have the equality
of the image subspaces: f;Le(®) = NJQJVI(@A)LE(O") since the endomorphism
(ajId — 5= Nj;) is an isomorphism on L°(®) whenever a; # 0, hence

IC*L =~ @a.8(Njanr(a) L)) senr (3.5)

Lemma 3.1 (The tilde embedding). Let x € Y}, be a general smooth
point on NienrY;. The above correspondence v — ¥ from L to Lx . (Equation
and Definition ), extends to an tilde embedding:

~: QL = (2% (logY) ® Lx)s ~ (jiL)s

dy; dy;.
UJH@&/\"'/\&fOT@GChJ:(il<"'<ik)€5k,UJ:U€LJ

i1 Yiy,

inducing the quasi-isomorphism
QL= (25 (ogY) @ Lx)(x). (3.6)

The complex 2*L and its sub-complex IC*L C 2*L are acyclic if there
exists an index j such that o; # 0:
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Definition 3.5 (L unipotent along Y'). The local system L on the com-
plement of a NCD Y = U;¢1Y; is unipotent along Y if the local monodromies
T; at x € Y; are unipotent for i € I.

Ezample 3.1. Let M = {1,2}. Then IC*L is isomorphic to the complex

L 8% N e Ny L 222N NN, L

3.1.3 The complex 2*L ~ j.L € D*(X,C)

The following de Rham complex with coefficient represent the complex j.L
in the derived category of constructible sheaves of vector spaces D%(X,C).

Proposition 3.1 (2*L£). Let j : X \Y — X. The derived direct image
j«L € DY(X,C) of L is quasi-isomorphic to the complex of analytic modules
([De 70, Corollaire 3.14]):

L5 2L = 2% (logY) ®o, Lx. (3.7)

In particular, the hyper-cohomology of the complex is isomorphic to the co-
homology groups: H'(RI'(X, 2*L)) ~ H{(X \ Y, L).

The quasi-isomorphism j,L£ -~ 2*L follows from Deligne’s generalization
to local systems ([De 70], definition 3.1) of Grothendieck’s comparison theo-
rem between the topological cohomology and algebraic de Rham cohomology
on a compact complex algebraic variety [Gro 58], [Gro 66]. We recall also
that if X is projective the complex §2*L is necessarily algebraic by Serre’s
comparison theorem.

Lemma 3.2. Let M C I, x € Y}; a general non singular point on NjepYs,
L := Lx(x) with monodromy action T;,i € M and 2*L* C 2*L (Definition
3.8). The tilde correspondence induces a quasi-isomorphism 2*L* ~ (2*L),.

We prove that for each power of the maximal ideal m" C Ox, at x, the
subcomplex m"(2* L), is acyclic for r > 0, and for r =0 : 2*L* ~ Q*L are
quasi-isomorphic with their image by the tilde correspondence.

For each monomial s := y™* ---y™ V(sv) = Y. (s(m;+a;)v— ﬁSZNiv))@)
%, hence the image by the tilde correspondence L:=~1 multiplied by s
generates in m"(£2*L),,, the sub-complex of C—vector spaces

*sL:=0—sL— - — Sliy<..<ipysL

%/\.../\%..._)0) (3.8)

yll y’Lk

which is quasi-isomorphic to the complex

2L = (O — L= ®@ienml = = Opi<cigy b — O>
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with differential in degree k — 1:

Ve, di—1(Ve) {ir <...<i} = Zj(_l)]«mij + o, )Id — ﬁNij)v{iK...%j...qk}-
It is acyclic if at least one m; + a;; # 0 in which case (m; + a;)Id — 5= Nj is
an isomorphism of L as Nj; is nilpotent; indeed, the complex may be written
as a cone over such morphism. We deduce the proposition as a; ¢ Z unless

o =0, then m; + a; =0 iff m; =0 and o; = 0.

Remark 3.2. 1) Let Zy denote the product of the ideals of the components Y;.
The product Zy 2*L is an acyclic sub-complex by the lemma 3.2.

ii) The above description of (j.L), is the model for the description of
various perverse sheaves in the rest of the chapter.

For example, to describe the global sub-complex of analytic sheaves
IC*L C 2%(log Y) ® Lx in the next definition 3.6, we lift locally the sub-

spaces N ;L for various J into subspaces m C Lx . by the tilde embedding
(Lemma 3.1).
iii) The complex 2*L is defined over Q.

3.1.4 The intermediate extension 3,,PL ~ IC*PL C (2*PLC

For convenience, we still say intermediate extension for ji, L or shifted ji,.PL.
The intermediate extension j,PL on X of PL on U is defined in the category
of constructible sheaves D2(X,Q ([GMacP 83], [BBD 83], see 2.2.1.3). We
describe below a sub-complex IC*L C 2*L representing ji.L in D2(X,C).
Let Zy denote the ideal product of the ideals of the components Y;. The
product Zy 2*L is an acyclic sub-complex (Remark 3.2 i). The complex
I1C*L D Iy 2* L is characterized by the quotient complex supported by Y.

Definition 3.6 (IC*L C 2*L). The complex of sheaves IC*L is the sub-
complex of £2*L whose stalk at a point z € Yj; is defined as the Ox,
sub-module generated by the sections v; A Q}‘(z e 2*L for all vy € f;L
(Lemma 3.1) and J C M and by Zy 2*L.

To check that the complex of sheaves is well defined at a point x € Yj; of
the intersection of Y; for ¢ € M. Let z; = fy; be a change of coordinate
equations for Y; at = for one j € M at a time with f invertible at x. Since
% = %—l— %, where % is regular at x, the germ of IC* L at x is independent
of the choice of coordinates.

Moreover, if 2 € Yy NYx for KN M =0, let w = Ajemdz;j/z; and ' =
Njerxdzj/z;, then wAw' restricts to a section of IC*L on Y \ YarN(UjexYj)
since the restriction of w’ becomes regular. We say for short that the complex

I1C* L is generated locally by the tilde embedding of IC* L.

Lemma 3.3. The complez ji.L € D%(X,C) is quasi-isomorphic to the sub-
complex of analytic modules of IC*L C 2*L:
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Gl = IC*L. (3.9)

Let S denote the stratification defined by the NCD Y C X with strata Y
for J C I. Let n := dim X (the complex dimension of X), Vi := Uy s<xY;
(Vi =Y, Vou1 =0) for k < n, U, := X\ Vi, (U1 = U,Upy1 = X) and
Jk : Up = Ugyq for k < n, then ji, L is defined by induction on k: j.L =L
on U1 and jg*L|Uk+1 = Tn,kjk*jg*ka.

The construction of IC*L C 2*Lis local. If IC* Ly, is defined by coherent
analytic sub-complex, the simple direct image ji«/C* Ly, coincides with the
derived direct image since jj, is Stein. At a point x € Y7 C (Vi \Vi41) the local
definition of (IC* L)y, ), corresponds to the construction of IC*L C £2* L.

Remark 3.3. Let L™ denote the subspace of L such that all local mon-
odromies are unipotent, then we have quasi-isomorphisms IC*L" ~ IC*L ~

(1C*L) ().

3.2 The logarithmic complex jz,jj.L ~ IC*L(log Z)

With the notations of Proposition 3.1, let Z C Y be a NCD which is a
sub-divisor of Y and jz : X \ Z — X the open embedding.

We define a subcomplex IC*L(log Z) C 2*L quasi-isomorphic to the de-
rived direct image jz.j3(ji.L) € D(X,C).

Recall that Y = U;e;Y; is a NCD containing the singularities of L. For
any NCD Z such that Z UY is still a NCD, we may always suppose that £
is defined on X — (Y U Z) (by enlarging V') and consider Z equal to a union
of components of Y U Z.

Let Z = Uier,Y; C Y with indices in a subset Iz of I. Fix a set of
coordinates y; at x € Y}, such that Y = V(y;,¢ € M) near x. The local
definition of IC*L(log Z) at = in terms of these coordinates is as follows.
For each subset J of M let:

lezJﬂIZ7J/ZZJ\JZSOJ2J2UJ/Z,M/Z:=M\M2. (3.10)

Let M = [1,n]. With the notations of Definition 3.4, for each index J C M,
the subspaces f;; L C L form a sub-family of L with induced morphisms
f; for j € [1,n]. Recall that 2*L = s(Ly, f;) with Ly = L for all J C M.
Replacing L by f;, L in this complex we obtain

Definition 3.7. Let fj;, L denote the image of the composition morphism
fr, in L. We define IC* L(log Z) := s(fs, L, f;) C 2*L.

Ezample 3.2. On the 3-dimensional disc D3 c C3, let Y = YUY, U Y3
be the NCD defined by the coordinate equations yiy2ys = 0 and L the
unipotent local system defined by a vector space L with the action of 3
nilpotent endomorphisms N;.
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Let Z =Y, UY5 be defined by y1y2 = 0, Mz = {1,2} and M}, = {3}, then
IC*(Log Z) is defined by the diagram with differentials defined by +N;:

L Nl,Ng L@L N217N1 L

A N3 | ®N3 1 =N, (3.11)
—N2,—Ny N, — Ny

NyL —2771 NyL & N3L —2—=1 N3L

We have a quasi-isomorphism RI'(D3\ (D3N Z), ji,L) ~ IC*L(log Z).

Remark 3.4. We extend (Definition 3.2) in the locally unipotent case, to fam-
ilies of complexes instead of vector spaces, in order to write the complex
IC*L(log Z) as the simple complex associated to a double complex in two
ways as in the diagram above:

(i) For each fixed subset J' C M7, we define the complex
2*(Ny L, Ni)ienm, = 8(NyL,Ny,i € Mz)ycicm,
by summing over J C My (the complex on each line in Example ).
Let Nj : -Q*(NJ/—jLaNi)iEMZ — -Q*(NJ/LaNi)ieMZ for j € J C MIZ
We sum over J' C M/, the family of complexes endowed with morphisms
Nj for j € M, :

IC™ (2" (Ny L, Ni)iemy, Ni)ieny, := 8(27(Ny L, Ni)iensy, Niyi € My) ey,
IC*L(log Z) = IC*(Q* (NJ/L, Ni)iEMz , Nl)’LEM’Z (312)
(ii) Let IC* (L, Ni)ienry, := 8(Ny L, Ni,i € M7y) jrc iy, be the sum over J' C
M, (the complex on each column in Example 3.2).
As each N; for i € My acts on the complex IC*(L,NZ-)Z-eM/Z, we define:
Q2°(IC*(L, Ni)iemy,, Nidiem, = s(IC™ (L, Ni)iemy,, Nivi € Mz)icmy,
as the sum over J C My of the complex independant of J, then:
IC*L(log Z) = 2" (IC*(L, Ni)ierry, Ni)iem, (3.13)
If Z # Y, the cohomology H'(IC*L(log Z)) vanishes in degree i > |M| — 1.

Definition 3.8. [IC*L(log Z) C 2*L] Let Iz C I denote the set of indices
of the components of Z and for J C M, let Jz = JNIz, J, = J\ Jz.
The subcomplex IC*L(log Z) C 2*L is generated at x C Y}y as an Ox ,-

submodule, by the sections v Ajes dy% NE2%, € 2°L for J C M for all
v € Ny, L, where J; = J\ Jz and by Zy 2" L(log V).

Proposition 3.2. Let L := Lx(x). There exist quasi-isomorphisms

Gzsiyinl == 1C*L(og Z), (jzsiyiwL)s — IC*L(log 7). (3.14)
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Proof. Let 7/ : X \'Y — X \ Z be the inclusion map such that j = jz o j" :
X \Y — X. There exists a convergent spectral sequence with respect to the
truncation filtration on ji, L:

EPY(L) = (RPjz H(j,,L)) — (R*9j2,j{,L) i= H*9(j5. i, L),

We write the complex IC*L(Log Z) as a double complex, depending on the
logarithmic terms, locally as in (Remark 3.4) and then we deduce globally
by the tilde correspondence a similar spectral sequence.

Let I}, = I\ Iz. We introduce the sub-NCD Z’ = Uier,, Y; complement
to Z, such that Y = Z U Z’'. Then Z' is transversal to Z in the sense that
intersections of components of Z’, intersects transversally Z.

Let Z} = Uscry uo1Ys (23 = X), Z4(0) = (ZL\ Zior), i : Z4(5) = 24
and iy : Z;, = X. Remark that Zj, is decreasing and Z N Z},(*) is a NCD in

At a point © € Z N Z/(x), let L := Lx(x). By (Definition 3.8) the tilde
correspondence induces a quasi-isomorphism IC*L(Log Z) ~ i*1C*L(log Z).

To prove the quasi-isomorphism i%jz.j5 1L ~ IC*L(Log Z), we use the
structure of double complex on IC* L(Log Z) = 2*(1C*(L, Ni)ieny,, Ni)iem,
(Equation 3.13). The corresponding spectral sequence with respect to the
truncation filtration on I1C*(L, N;)ienry,, is:

EYI(L) = H(Q"(HP(IC™(L, Ni)iemy,), Ni)ien,)) — HPT4(1C* L(Log Z))

We check the isomorphism i* E?(L) ~ EY(L).

Let U := D" x D?® be a product of discs isomorphic to a neighborhood
with center x in X with local coordinates (z.,t.) := (21, -+, 2zr,t1, -+, ts),
such that £ induces a locally unipotent local system on U* := (D*)" x (D*)*.

Let p: D" x D®* — D?® denote the first projection and W the NCD in D"
defined by the product z; - - - 2, = 0 such that Z = p~1(W).

Let U':=U\Z, 5 : U* = U, jz : U — U such that j = jz o j’.

Ut 5 U= (DP\W) x D* 2% D x D5 B Dy
U U

Z=p '\W)=WwxD* L w

The cohomology sheaves L’ := R'(p|y+).ji, L are locally constant on (D*)"
with fiber at a point z = (z.) € (D*)" isomorphic to the cohomology
H((ji,L),), which is in turn isomorphic to the Intersection cohomology of a
local system on the sphere in (D*)" at the center 0.

Let jw : (D" \W) — D", since the restriction of p to the family of spheres
in the fibers of p is proper, the functor Rp, commute with Rjw . and Rjz.:

(RjwL)o = 2°(HP{IC*(L, Ni)iemy }, Ni)iemy,
EPY(L) ~ (R'jw.L)o ~ (RPjz. HI(ji, L))z ~ E5(L),.
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Lemma 3.4 (Transversality). Let j5, : X \Y — X\ Z',jz : X\ Z' — X.
We have a commutation property: jz.ji, L =~ jzn.j%. L.

The proof is local at each point of the intersection Z N Z’ and it is reduced,
by induction on the dimension, to the case of a point in the intersection of n
components of Y and Z #Y.

The computation is carried with respect to the stratification defined by Y.
In terms of (Remark 3.4) where |M| = n and a point 0 € D™ C C", we check
that (jzn.j%.L)o is obtained by truncation in degree < n —1 of (jz.j/,L)o.
By the remark the complex (jz.j/,L)o has no cohomology in degrees > n.

3.2.1 Thom isomorphism and Gysin morphism

It is well-known that Thom isomorphism extends to stratified varieties under
a normally nonsingular embedding [GMacP 88], ([Max 19] Definition 3.4.5).
The following result is cited in ([CaMi 5], Lemma 3.5.4)

Lemma 3.5. Let i : H — V be a normally nonsingular inclusion of com-
plex codimension d of complex varieties transversal to every stratum of a
stratification S of V. and K a constructible complex with respect to S, then
N x

i K ~i*K[—2d].

With the previous notations Z C Y C X and PL defined on X \ Y, let
iw : W — X be a closed embedding of a non singular variety of codimension
d transverse to Z, Y and to the strata of an adequate stratification S of X,
then we have Thom isomorphism

iy i "L(2d] = iy 1L
Let W* := W\ (Z NW), then:
HY (W™, juL) =~ Hyp24(X \ Z, ji"L).
Let W = H of codimension 1, the Thom isomorphism:
H'(H\ (Z N H), juL) = B 0m (X \ ZnL) (1) (3.15)
is defined on logarithmic complexes as follows. We have isomorphisms
iy 1C*L(log Z)[1] &= 1C* L(log ZUH)/IC* L(log Z)) —% i IC* i L(log ZNH)[—1]
where on the right r is induced by the residue map

Ry : IC*L(log ZU H) — ig. . IC*i; L(log Z N H)[—1]
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vanishing on IC*L(log Z) and on the left ¢ is the connecting isomorphism
with the cohomology with support. Later, we deduce from this description
that the Gysin morphism is compatible with MHS.

3.2.2 Polarized Variation of HS (VHS)

The complex 2*L is specifically interesting in the case of a variation of HS
(VHS) defined by a Hodge filtration F' by sub-bundles of L ® Oy .

Let x € Y}; and a punctured disc A* C B* C D" with center 0. The
monodromy 7" acting on the restriction L4~ generates a group I" acting on
the classifying space D of polarized VHS ([Gr 74] chapter I). The period map
¢ : A* — D/T lifts to the covering space (E: A* - D. Let N = logT" (in
general we suppose the VHS unipotent along Y by reduction to a finite local
covering [Sc 73]). The map ¥ : A* — D : z — exp(—zN¢(z) where D is the
dual space of D, extends at 0 and define a filtration Fy on L£5(0) ([Gr 74]
chapter IV, Theorem 2 and Proposition 10).

Globally, since the Hodge filtration F' extends to Hodge sub-bundles F of
Lx satisfying Griffith’s transversality V : FP C FP~! ® 2!, we deduce the
Hodge filtration by sub-complexes of 2*L

FP=[0— FPLx - — 25%(log Y) @ FP "Ly — -] (3.16)

It should be noted that the existence of a Hodge filtration on L induces strong
properties used in the definition of the weight filtration on 2*L.

3.2.3 Duality and Polarization

The topological properties of duality of the intersection cohomology (see
[GMacP 83], [Max 19]) must be reinforced by the assumption of polariza-
tion of the VHS L inducing the auto-duality property, in order to prove the
decomposition theorem. The polarization of the intermediate extension of a
polarized VHS with singularities along a NCD is defined in [KaK 87].

As we reduce the proof to the case of IMHS (Definition 2.14), we use
essentially the local definitions of graded polarized limit MHS at infinity
in chapter 2.3. As the intermediate extension is canonically defined by the
local system on a Zariski open non singular subset, the polarization of the
intermediate extension is also canonically defined by the polarization of the
VHS on the open subset. Hence, to refer to the polarization of the intermediate
extension, it is sufficient to check only the polarization of the VHS on the open
subset U and in turn to check the polarization at each point z € U ( §2.3).
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Poincaré -Verdier duality. Let f : X — V a proper morphism of com-
plex algebraic varieties, K € D°(X,Q) a complex of sheaves, Dx the dualiz-
ing complex and Dx the dualizing functor Dx K := Hom®(K,Dx) (derived
Hom®), then by (Equation 2.4):

H~(X, DxK) ~ D(H (X, K)) := Hom(H'(X, K),Q)

If L is a VHS, to apply this statement of duality with weights, we recall
some conventions on duality of filtrations and polarization in Hodge theory.

1) Translation of filtered complexes with weights. The couple of fields (Q, C)
form a HS of weight 0. If H is a HS of weight w’, we write H(r) for the HS
of weight w’ — 2r.

A Hodge complex of vector spaces (K, Kg,C, F) defined over Q, is of
weight w if its cohomology H*(K) is a HS of weight w + .

We set Q[r] for the complex with Q in degree —r and zero otherwise. It is a
HC of weight r since H~"(Q[r]) = Q is a HS of weight 0.

Let (L, F) be a VHS of weight w’. The filtration F of the shifted VHS
PL := L[n] is defined by: F;(PL) := F;(L)[n]. Then the weight of (L, F)) as a
complex of sheaves, is n + w’ since the weight of its cohomology satisfy:

w(H™(PL,F)) =w(H(L,F)) =w +n—-n=w'.

Let (L, W, F) be a VMHS. The filtration W and F' of the shifted VHMS
PL, := L[n] are defined by: W¢(L) := W*="(L)[n] and F;("L) := F;(L)[n],
then (YL, W, F)) is called a perverse VMHS.

ii) Dual filtrations. The dual of a bifiltered complex (K, W, F') in the bifil-
tered derived category of an abelian category with a dualizing functor D, is
denoted by (DK, W, F) with dual filtrations defined by:

W_;DK := D(K/W;_,),F 'DK := D(K/F'™)

such that: DGrV K = Gr"W.DK and DGri.K — Grn'DK.
Below, we are interested in various dualities with value in Q or with value
in a dualizing complex Dx with weights or without.

iii) Dual filtrations with weights. The dual of a variation of MHS (L, W, F)
with value in Q on a non singular complex algebraic variety X is a variation
of MHS (L*, W, F) (L* := Homg(L,Q)) with filtrations dual to W and F
on L, such that Gr',(L*) ~ (Gr/VL)* and Gr."(L*) ~ (GriL)*.

iv) Verdier dual filtrations with weights (the notations extend to the sin-
gular case). In the category of VHS (L, F') of weight w’ on a non singular
complex algebraic variety X of dimension n, we introduce a non trivial Hodge
filtration on the dualizing complex: DY = Dx (n—w') (that is Dx ~ Qx[2n]
tensor a HS of weight 2w’ — 2n).

Then, Verdier-Poincaré duality states the following (derived Hom®):

D}“(/ (L,F) : Hom®*((L, F),Qx[2n](n — w")) = Hom*((L, F),Qx)[2n](n — w’)
H™(X, DY (L, F)) ~ D' (H'(X, (L, F)) :== Hom(H'(X, (L, F)), Q(~w'))



64 3 Perverse sub-sheaves of the logarithmic complex 2*PL

Hence the weight of the left term of the second line, is w’ — i since w’ =
—w' 4 2n — 2n + 2w’; while the weight of DY H(X, (L, F)) is also —w’ —i +
2w’ = w' — i (the same weight as: w(H?"~%(X,L*) = w’ — ). Moreover:

DY (L, F)is a VHS of weight w', D¥ Gri(L, F) ~ Gr' ~' DY (L, F)
(3.17)
v)Polarization of HS.

Definition 3.9. i) A polarization of a HS of weight w’ is defined by a non
degenerate w’— symmetric morphism S : L ® L — Q such that its complex
extension S: L ® L ® C — C(—w') satisfy :

1.Vo € LP% x #£0,S(¢? %2,%) > 0
2.Vx € LP9,Vy € LP #4,9 #p . S(x,y) =0
3.Vp,q:p+q>w,S(FP,F1) =0.

Since S(z,y) = S(Z, ), the last condition is equivalent to S(FP, F4) = 0 for
p+ ¢ < w’, hence the conditions (2) and (3) are equivalent.

Corollary 3.1. A polarized HS is auto-dual.

Proof. By definition the isomorphism S* : (L, F) — Hom((L, F),C(—w')) :
a +— (b — S(a,b) defined by S, in the filtered category of HS of weight w’,
sends F? — FP as S(FP,F*' ~Pt1) = 0. We deduce from (Equation 3.17)
that the dual filtration coincides with the filtration F' by transport by S. We
say that the polarized HS is self dual.

Polarization of a VHS. A polarization S of a VHS (L, F') of weight w’ on
a non singular complex algebraic variety X induces an isomorphism of HS of
equal weight w’:

(L, F) = (L, F)*(—w').

The dual of (L, F') with value in Q(—w’) of weight 2w’ is a VHS (L, F)* of
weight w((L, F)*) = —w’. Then S induces a quasi-isomorphism in the filtered
category of VHS

(L, F) = Hom((L, F),C(—w")).

3.2.3.1 Polarization of an intermediate extension and purity

We introduce the concept of non degenerate bilinear pairing in the category
of intermediate extensions of VHS of weight w’'.

Let (L, F') denote a polarized VHS on an open non singular Zariski open
subset U of an algebraic variety X of dimension n. In the case where U is
the complement of a NCD, the complex IC*L C 2*L (Definition 3.6) with
its Hodge filtration induced by F on 2*L (Equation 3.16), defines a Hodge
filtration on the intermediate extension: (ji.L, F) := (IC*L, F').

The complex 2*Ls of square summable C*°— differential forms with its
Hodge filtration F is defined respectively in ([Zu 79], [KaK 87], [CaKSc 87])
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and the embedding (IC*L, F) ~ (£2* Lo, F') defines a filtered acyclic resolu-
tion of (ji.L, F'). Moreover, the natural pairing by wedge product and the
(—1)wl—symmetric product S on L extends to the complex

S (7L, F)® (27 Lo, F) 225 (22 F) (3.18)
and it is compatible with F ([KaK 87], Theorem 6.4.2).
Let o denotes the symmetry on the tensor product o(w? ® w?) :=
(—1)Pw? @ wP, then Soo = (1) S (compatible with the convention of
signs in [Sa 88] §5.2). We deduce the definitions below.

Definition 3.10. i) A bilinear + symmetric pairing in the category D%(X, Q)

is defined by a morphism S : F @ F — Dy satisfying S oo = £585.

S is non degenerate if it induces a quasi-isomorphism: F — Hom®((F, Dx).
ii) A polarization of the intermediate extension of a polarized VHS

(juPL, F) := (IC*L,F) of weight Pw on a complex algebraic variety X of

dimension n, is defined by a Pw— symmetric morphism

S (]|*pL,F)®(jl*pL,F) —)Dx(n— pw). (319)
Equivalently S* : (1L, F) — Hom®*((j1+"L, F),Dx (n — Pw)) induced by S
is a filtered quasi-isomorphism.
iii) A graded polarized variation of MHS is defined with a family of polar-
izations S; on (Gr!VPL, F) inducing isomorphisms:
(Grl" ju L, F) — D% (Gr}" ji./L, F).
iv) If the weight is fixed, we still use the symbol of duality Dy instead of
D, We write Dx (ji"L) =~ ji.(Dx"L) as a consequence of the polarization.

Now we can state the following purity result after ([KaK 87], Theorem 6.4.2):

Theorem 3.1 (Purity). i) Hard Lefschetz: Let X be a complex non singular
projective variety. The cup product with the class of an hyperplane section
induces isomorphisms of Hodge structures

ii) The following pairing induced by *S (Equations 3.18, 3.19) on hyper-
cohomology is denoted by (,) (D" denoted Dx ):

. . o(p
H (X, ju L)@H (X, j1,"L) — HO(X, juLeju L) U2 HO(X, Dy) 479 ¢

Set P7% := ker n°t! : HY(X, jiPL) — H'"2(X, 51.PL), then the pairing
defined by (—1)"+1/2(a, n'b) induces a polarization of the HS of weight Pw—i
on P~%. Hence, the filtration F induces on H' (X, ji.’L) a polarized HS of
weight Pw + 1.

The purity theorem is also stated as follows:
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Let (PL, F') be a shifted polarized variation of HS of weight Pw on a dense
open subset of a compact variety X. We have a duality isomorphism with
equal weights

HY (X, i PL)* 5 H (X, jiL) (Pw) (3.20)

where w(H (X, ji.PL)*) = —(Pw+i) and w(H (X, ji.L)(Pw)) = Pw—i—2Pw.
The statement is deduced from the purity theorem, the polarization and
Verdier duality with weights j1.”L — D(ji."L).

Definition 3.11. i) If the weight is fixed, we still use the symbol of duality
Dx instead of D;w. We write Dx (j1.PL) ~ ji.(DxPL) as a consequence of
the polarization.

ii) A graded polarized variation of MHS (L, W, F) on a Zariski open subset
is defined by a family of polarizations S; on (Gr!VPL, F'). It induces isomor-
phisms:

(GrY i "L, F) =5 DY(GrY ji."L, F).

Ezample 3.3. Duality of a shifted VHS. As a complex of sheaves, (*L, F) :=

(L[n], F) has weight Pw = w’ + n. Its dual in the filtered derived category
D" (L) := Hom* ("L, Q[2n](n — Pw)) — L*(n — Pw)[n]

has weight —w’ +n — 2n = Pw.

Polarization of a shifted VHS. A pairing S : L ® L — C translates
into a pairing 7S : 'TL® L — C[2n] : a ® b — S(a,b) € C2n]. If S is
(—1)w/—symmetric, the pairing S is (—1) " —symmetric:

0 LML — LR : a®b— (—1)" b®a, then 2Soo = (—1) ™ S since:
P 0 0(a,b) = (~1)"S(b,a) = (~1)"+*)5(a,b) = (~1) " 75(a, b).

If S is a polarization of a VHS of weight w’ then 7S is a polarization of 7L
in the sense that H~" (L) ~ L is polarized and equivalently S induces an
isomorphism: L, ~ D"(L) (L is auto-dual).

Graded polarized VMHS. As a complex of sheaves, a shifted VMHS (PL :=
L[n], W, F) has its weight increased by n, such that W*(*L) := W*="(L)[n],
and F;(*L) := F;(L)[n]. The filtration on its cohomology H ~"(?L) satisfy:
(H™"("L), W) = (L, W).

Remark 3.5. 1) The pairing and the polarization are transported to the direct
image and its decomposition by duality applied to the proper morphism f :
X — V (Equation 2.5)

DY (L, F) := Hom*((L, F), DY ) ~ Hom® (f.(L, F), D/ ) := DY/ f.(L, F).
(3.21)
il) Mized cone. The mixed cone over a morphism f : (K, W, F) — (K', W' F")
is the cone (C(f), W, F) with the filtrations on C(f) := K[1]@® K’ defined by
the convention W;yq(K[1]) := (W;K)[1] and F;(K[1]) := (F;K)[1].
The weight filtration on the mixed cone is not always naturally defined
(see the second homotopy problem in §2.1), however we will frequently use
this concept whenever it is naturally defined.
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For example, the diagonal filtration defined by a simplicial covering in
[De 75] is a repeated use of mixed cone. Simplicial coverings define natural
weights on cohomology of algebraic varieties (see also [E 83]).

3.2.4 Perverse sheaves along a NCD

Let Y <% X <& U denote the embeddings of a normal crossing divisor (NCD)
Y and of U := X \ Y. Let L be a local system on U, then FL := L[dim X] is
perverse on U.

Let Z CY C X be aNCD sub-divisorof Y, iz : Z — X and jz : X\ Z — X.
The previous constructions on the perverse sheaves j,.’L and j.7L extend to
the following complexes:

i!Zj!*pLy Z.*Zj!*pL» i!sz*jEj!*pL, Z*Z]Z*]}]'*va jZ*j}j!*pLa ]Z‘]E]'* L.
Let L be VHS of weight w', then L := L[dim X] is perverse of weight
Py =w' 4+ dim X.
Let D denote Verdier duality. By definition of auto-duality of PL, we have
an isomorphism DPL ~ PL(Pw) where (Pw) is a twist of the weight.
Let Z C'Y be a NCD sub-divisor, we deduce the weight filtration on % j.”L

from (IC*L(Log Z), W, F) and the weight filtration on % ji.”L by duality
with i%,j1.PL:

D(]'* PL =~ ]'*pL(pw)7 Dllzj‘*pL = Z*ZDO'*I)L)v D]Z*]%]‘*ZJL = jZ']ZD(]'* pL)

3.2.5 ZZ*Z*ZJZ*J;J'*pL
The complex iz4i%jz+j551+FL occurs in the following triangle:

Lk . x - . x . x 1
P P P PRI, JR PR P 1 T MR (3.22)

The complexes jzij5j1.PL and jz.j% ji.PL are perverse since jz is affine (Stein
in the analytic case). Let K := jz.j1.7L.
The associated perverse long exact sequence is reduced to

0= iz PH i%jz K = jnK =5 2K — iz P Hiyj7.K -0 (3.23)

as 1% jz.K has only two non trivial perverse cohomology sheaves ([BBD 83]
Corollaire 4.1.10 ii). Since ji,PL = jzi./K :=Im : jzIK o, 7z IC, we deduce
(([BBD 83], Corollaire 4.1.12) and [Br 82], Proposition 2.3.8):
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i i PL[—1] ~ PH (i35 24535 51"L) ~ Ker can,

: 0 (3.24)
1y W PL[1] = PH (i j 7455 51+7L) =~ Coker can.
where Coker can o~ jz.j% j1.PL/ji.PL.
In the text we describe the filtration W on IC*PL(LogZ) ~ jz.j%ji"L.
Then, we deduce the filtrations W and F on

i3 L[] ~ (Gzuj5inL) /juPL = IC* PL(LogZ) ) IC* PL (3.25)

and by duality the filtration W on 4% ji. PL[—1].

3.2.6 Combinatorial description

To deal with perverse sheaves including perverse sub-sheaves of the complex
2L, for £ locally constant on U := X \ Y, we recall the description of
perverse sheaves locally constant on the non singular strata Y; defined the
NCDY :=V(z1--2p) :={2e: 21 "2, =0}.

In [V 83], J. L. Verdier describes the extensions of a general perverse sheaf
P along a divisor by reduction to a local divisor defined by an equation f in
terms of the nearby cycles ¥; and the vanishing cycles ¢s. Since ¥;P and
@y P, are shifted perverse, Verdier’s description can be repeated inductively
in the case of NCD to obtain the combinatorial description below.

3.2.6.1 Combinatorial description of perverse sheaves along a
NCD Y C C™ as a de Rham family

The NCD Y has a natural stratification. For each M C [1,n]let Yy =
{zeC":z;=0for je M} and Y;; :=={2 € Yar : z; # 0 for j ¢ M}
(the non singular locus of Y3s). The perverse sheaves P such that for each
M C [1,n], the cohomology of Py is locally constant, are described by
the following combinatorial construction ([Ka 86] §2.1, see also [GGM 85]
following a description by Deligne).

The category P of perverse sheaves P on C", with respect to the NCD strat-
ification Yy, of Y is equivalent to the abelian category defined by :

(i) A family of vector spaces La for A C [1,n],

(i) A family of morphisms
fap: Lp — La and hga: La — L for BC A C[1,n] such that :
fapo fpc = fac, hepohpa=hca forCCBCA
faa=haa=1id, haauso fauB,B = fa,anBOohanpp forall A, B
and if AD B,| A|=| B | +1, then 1 — hpafap is invertible.
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Intermediate extensions. For each for A C [1,n], the description of the
category IE4 of intermediate extensions of a locally constant sheaf L on Y}
in terms of the family of vector spaces Lg for B C [1,n] is as follows:

(i) Lp=0for ACB,A#B
(ii) fpa is surjective and g4 p is injective for A C B.

We denote by I'E the objects isomorphic to a direct sum of objects in U4l FE 4.

3.2.6.2 Distinguished pair and Kashiwara’s criteria of
decomposition into direct sum of intermediate extensions

hpa

Let P € P and for all BC A C [1,n], Lp 222 Ly 254 Ly, then by

([Ka 86] Proposition 2.3.1): The perverse sheaf P € P is a direct sum of
intermediate extensions if and only if the following distinguished pair criteria
is satisfied

VBCACI[l,n],A,B#[1,n], Las~Imfsp®Kerhpa (3.26)

Moreover, it is enough to consider |A| = |B| + 1.
Let Pp(P) = Nce,cxsKer hgp. The above condition is equivalent to the
isomorphism:

®pcafap(P(P)) — La (3.27)

The induced morphism hpa : fap(Pg(P) — Pg(P) is injective for B C A.

Remark 3.6. Originally, the local description of IC* L started with Deligne’s
local purity conjecture (see [CaKSc 87]). It took sometime to set the notations
and reach the above statement. The reader would need as much time to
meditate on the various ways to apply this combinatorial description.

i) The first version of the description in [GGM 85] is based on the coho-
mology with supports in the strata of the stratification defined by the NCD.
Since then, the description by Verdier’s extension prevail.

ii) In the text, we extract from this data the concept of de Rham family
which determines the fiber i§2*L := 2*L (resp. L4 := N4L in the case of
the complex IC*L = i{I1C*L (Definition 3.2)).

By the tilde embedding (Lemma 3.1) Ls above for A = {i1,...,ia},
corresponds to Ldz;, A --- A dz;, (see Definition3.7 for the general case
IC*L(LogZ)).

ili) In the case of 9 fL where f = 21 ---2p, set La := W4 L. In this case
Ly = 0 since ¢;L is supported by Y. The de Rham family is applied to
describe the fiber of the nearby cycle complex ¥*L (see ch. 4 and 5).

On the (Example 5.1) in the case of ¥*L, we could as well represents the
local system by (L, N7, N2) on the generic stratum. At a point zo € Y7,
(Lg = L, N1, L1y = L) represents the complex (ji.L).,, if we add the action
of N it represents i;l*jl*L as a complex of two local system on Y7*.
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iv) In the proof of the decomposition theorem of the direct image by a
morphism f: X — V| it is an advantage to introduce a map g locally on V'
to C since ¢4 is exact perverse and satisfy g fujiPL o g0 71.PL (similarly
for and ¢g), then if we add the canonical morphism can, we can deduce
i;—l(o)f*j!*p:[‘-

v) For a general perverse sheaf, Saito in ([Sa 90], §3) express the terms of a
combinatorial description by repeated application of the functors ¢, and ¢,
with the canonical and variation morphisms which determine all the terms
of a perverse sheaf on a small ball including the local monodromy. We can
recover the perverse sheaf completely by such data (see [Sa 90], 3.1).

Ezxample 3.4. To describe j,PLL on C™ with singularities along Y, we find
L= p¢zn O pwnj!*p[‘ where pqui = sz[_l]

Ifn =1, = (L~ NL)[1],¢., jiL = L[1], 2., ji.,"L = L.

By definition ¢, j1.’L is the cone of the morphism: ¢;ji."L — ., ji."L,
hence @, jiPL = NL[1] and Pp,, j1.’L = NL.

vi) In the case where L is a VHS the Hodge filtration F' is induced on the
elements of the de Rham family (recall that F' is not a filtration by perverse
sub-sheaves). Then on Y;* we add the limit structures on Y;* and Y5 which
are different than the limit structure at 0.

vii) We will consider a decomposition on the graded level of the graded
polarized nilpotent orbit defined by the VHS. Although the decomposition
above (Equation 3.27) is topological, the decomposition will be compatible
with Hodge filtration which leads to a direct decomposition of the Hodge
filtration by the following fact:

Let H be a MHS, A and B two sub-MHS, if H is a direct sum of the
sub-spaces A and B, then it is a direct sum of MHS by a simple count of
dimensions of the filtrations:

Let Grl¥ H = @©p gezpiq—iHP9, and h?? := dim HP9, then h?? > 0 and
> P4 =dimH.

By application to A and B, since HP9(A) & HP9(B) C HP?, we find
hP4(A) + hP9(B) = hP1(H) and HP1(A) @ HP1(B) = HP1.



Chapter 4
The Nearby cycles complex ¥*IL

Fouad El Zein, Joseph Steenbrink

In this new section consisting of the next chapters 4 — 8, we develop the proof
of the local purity and the decomposition theorems announced in §1.2.1.2.

A natural structure of bifiltered mixed Hodge complex on the nearby and
vanishing cycles complex with coefficients in an intermediate extension ji,.”L
of a (shifted) polarized variation of Hodge structure (L, F) is defined in the
first two chapters 4 and 5.

The structure of mixed Hodge complex is proved inductively with the
decomposition theorem in chapter 6. The main feature is the reduction of
the proof to the case of a vanishing cycles complex supported by the isolated
strata on V. Hence the decomposition occurs in the category of IMHS.

By using a general hyperplane section, a remarkable fact in this case is the
splitting of the weight spectral sequence which is the main simplification of
the proof compared with [Sa 88].

4.1 Introduction to chapters 4 — 8 (section 2)

In view of Verdier’s decomposition criteria (Equation 2.22), the decomposi-
tion theorem (see ch. 1, Theorem 1.2) can be reduced to a decomposition of
the vanishing cycle complex.

First in the case where X is a non singular complex variety, let f : X — D
be a projective morphism to a complex disc with a NCD as central fiber and
JisL on X. We construct in this chapter a (unipotent) limit nearby cycles
complex U*IL ~ YL with coeflicients in an intermediate extension j, L
of a polarized variation of Hodge structure (VHS) L (resp. shifted 7L) with
a limit Hodge filtration F' (see ch. 2, §2.2.2) and (§4.2.1).

IMJ-PRG, Université de Paris, Sophie Germain, F-75013, Paris, France
IMAPP, Radboud Unversity Nijmegen, The Netherlands.
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Since the definition of the complex 141, L is topological (§2.2.2) and the
polarized VHS L is on X \ Y, the definition of the Hodge filtration on the
limit complex is subtle (the filtration ¢ F7ji, L is not interesting and FPL is
not constructible).

The extension of F appears as Schmid’s limit Hodge filtration [Sc 73] in
the one variable case. On Steenbrink’s limit complex [St 76] the filtration F
is deduced from the limit filtration on the logarithmic complex with constant
coefficients.

The structure of mixed Hodge complex on W*IL is defined by induction
in chapter 5 in order to carry the proof mentioned in §1.2.1.2.

The decomposition theorem is proved by reduction to isolated strata and
general hyperplane sections in chapter 6.

When the vanishing cycles complex is supported by the isolated strata on
V', the decomposition occurs in the category of IMHS. Since the hyperplane
section is general, the weight special sequence splits into a direct sum of a
spectral sequence concentrated on the isolated strata which degenerates at
rank 2 in the category of mixed Hodge structures (MHS), and a spectral
sequence which degenerates at rank 1 (see ch.6, Corollary 6.3).

The structure of mixed Hodge complex on ¥%jiL in the case of a sin-
gular variety is defined by application of the decomposition theorem to the
desingularization 7 : V' — V in chapter 6 as follows. Let j : U — V denote
the open embedding of a non singular Zariski open subset U of a complex
projective variety V' on which L is defined, and j' : U — V the embedding
into the desingularization 7 : V — V.

By the derived push forward functor, we have a Hodge filtration on
7« (4, L, F) and by the decomposition theorem j.PL is a component of
PHO(m.j{, PL) with natural induced Hodge filtration F. This construction is
independent of the desingularization up to isomorphism (see ch. 7, §7.1).

The category of intermediate extension of a polarized VHS on algebraic
varieties is abelian (see ch. 7, §7.1).

In chapter 8, we fulfill our aim to adapt faithfully to complex varieties the
original local purity theorem in positive characteristic, although the proof
may be simplified by combination with the decomposition (see ch. 10).

For convenience, we do not use the letter R in general for a derived functor
(see ch.1, §2.4.0.2 for conventions and terminology) and we still say (shifted)
intermediate extension for j,.L.

4.1.0.1 Weigt and Hodge filtrations on v j.FL

Let f : X — D be the restriction over a disc D of an algebraic morphism
on a non singular complex variety to C and L a polarized VHS on an open
subset U complement of a NCD Y of X containing the central fiber Z C Y.

The Hodge filtration F' on L extends to Deligne’s canonical extension £ x
of L ®z Oy and to the logarithmic complex 2*L := 2% (logY) Qo, Lx
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(see ch.3, §3). We suppose the fiber of f at 0 € D a NCD Z := f~1(0)
contained as a sub-divisor of Y. Let j : U — X and jz : (X \ Z2) — X,
then j,L ~ 2*L and there exists a sub-complex IC*L(log Z) of 2*L, with
induced Hodge filtration F', such that jz.j% (j1."L) >~ IC*PL(log Z) (see ch.3,
Definition 3.8).

To define the Hodge filtration F' on the unipotent sub-sheaf of nearby
cycles complex 9} ji. 7L (see ch. 2, §2.2.2), first in the case of a VHS L locally
unipotent along a NCD Y, we extend the construction of Steenbrink’s limit
complex defined in the case of constant sheaf [St 76].

We define in §4.2.1 the limit complex (W*IL,F') using the logarithmic
complex (IC*L(LogZ), F). The Hodge filtration F on Y} )L is defined by
the isomorphism with the complex ¥*IPL (see Proposition 4.1).

The weight filtration W is deduced in chapter 5, from the monodromy
weight filtration W (N) shifted by the weight Pw of PL.

The filtrations W and F on W*IL are used to define the structure of a
mixed Hodge complex on the nearby and vanishing cycles complexes 1% and
¢ with coefficients in a polarized VHS on a Zariski open subset complement
of a NCD in a complex variety (see chapter 5).

The decomposition of the graded monodromy weight filtration into direct
sums of intermediate extensions (see ch.5, Theorem 5.3) is based on com-
binatorial constructions of perverse sheaves along a NCD [Ka 86] (see ch.3,
83.2.6 and §3.2.6.1).

The definition of the filtrations W and F' on ¢ j1.PL for L not necessarily
locally unipotent along Y is deduced directly from the locally unipotent case
see (ch.5, §5.2).

4.1.0.2 Splitting of the perverse weight spectral sequence

Let f: X — V be a projective morphism of complex algebraic varieties. A
proof of the decomposition theorem (ch.1, Theorem 1.2) is given in chap-
ter 6 by reduction to the case of an isolated stratum v € V and a general
hyperplane section H through v.

Since the proof may be reduced to a desingularization of X with a NCD
as inverse image of v, we suppose already X non singular and v an isolated
stratum in V. By considering a general pencil of hyperplane sections of V'
containing H and blowing up the axis of the pencil, the proof is reduced to
the case where there exists a morphism g : V' — P to the projective complex
line such that g=*(g(v)) = H is general and Xy := f~!(H) is a NCD in X.

Let h := g o f. The perverse weight spectral sequence of the nearby cy-
cles (futongiPL, W) splits in this case as H is general, into a direct sum of
a spectral sequence concentrated on v which degenerates at rank 2 in the
category of mixed Hodge structures (MHS), and a spectral sequence which
degenerates at rank 1 (see ch.6, Corollary 6.3).
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Moreover, the complex of vanishing cycles ¢y, fij1«FL is concentrated on
v which means that we are reduced to the case of a decomposition in the
category of IMHS (see ch. 2, §2.3.2). Recall that the induced Hodge filtration
on perverse cohomology is defined by restriction (see ch.2, §2.4).

4.1.0.3 Decomposition theorem on singular varieties

After the proof of the decomposition theorem we extend Hodge theory to
singular varieties in (§6.2.2.2) and chapter 7. The definition of the abelian
category of intermediate extensions of VHS (ch.7, Definition 7.1) on a singular
variety V and the definition of perverse variation of MHS (ch.7, Definition
7.2) are deduced from the definition on a desingularization of V' by application
of the decomposition theorem which is already proved.

This is a significant simplification with respect to the proof in the theory
of Hodge D—modules [Sa 88, Sa 90].

4.1.1 Invariant local and global cycles theorems

Mized Hodge structure defined along divisors. As a consequence of the de-
composition theorem, we construct a MHS on the hypercohomology of open
or closed algebraic subsets of a nonsingular variety X with coefficients in an
intermediate extension in chapter 7.

To state the local purity theorem, we construct a MHS on the hyperco-
homology of a small analytic tubular neighborhood B% = of a fiber X, of
f X — V with the central fiber X, deleted.

Invariant theorems. Let V' be a complex algebraic variety, (L, F) a po-
larized VHS on a nonsingular Zariski open subset U C V, j : U — V and
71+PL its intermediate extension. Let g : U’ — D be a projective morphism
defined on an open subset U’ C V onto a disc with center 0 and central fiber
H = g='(0). The unipotent nearby cycles complex ¢%ji,’L[—1] is perverse
(Proposition 2.6) and we have:

Theorem 4.1 (Local invariant cycle theorem). There exists an exact
sequence

HY(H, ji."L) 2 HY(H, ¢4, "L) 5 BI(H, 925 L) (~1)  (4.1)

where N is the logarithm of the unipotent monodromy.

The proof is based on the existence of mixed Hodge structures on the
various hypercohomology groups of the sequence (ch.7, Proposition 7.5).
Let By C D be a small disc, the specialization morphism sp is precisely the
composition map (where p is surjective):

H(H, ji."L) = H (g~ By, ju.”L) £ HO(Bo, Rlg.jn."L) = H(H, ¢ j,,"L)T.
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Theorem 4.2 (Global invariant cycle theorem). Let g : V — T be a
morphism of projective varieties where V' is pure dimensional, L a polarized
VHS on a nonsingular Zariski open subset U C'V and j1,PL the intermediate
extension of PL.

There exists a Zariski open dense subset T' C T of parameters t over which
RYg,j1."L is a polarized VHS, and for each fiber V; := g=1(t) at t € T', the
image of the restriction map

HY(V, j1"L) — HY(V;, j1."L) (4.2)

s the invariant subset Hq(Vt,jg*I’L)”l(T/’t) of fized elements under the mon-
odromy action m (T',t) = Aut HY(V;, j1.PL).

Precisely, we have the following factorization where u is surjective:
H(V, jiL) = HO(T', Rig. ji"L) = H9(V;, jr )™ 50

4.1.2 Purity and local purity theorems

The global purity result (Theorem 3.1) after [CaKSc 87] and [KaK 87], is
deduced in [Sa 88] and [Sa 90] from the decomposition of the derived direct
image f4j1+L by a projective morphism onto a curve and Zucker’s purity result
in the curve case. The same method apply here to prove the purity first on a
non singular variety and then deduce the purity on singular complex varieties.
The HS obtained by various methods are forced to be isomorphic by their
own duality properties [KaK 86].

Theorem 4.3 (Purity Theorem). Let L be a polarized VHS of weight Pw
defined on the complement X \Y of a NCD'Y in a projective variety X. The
limit Hodge filtration F on the intermediate extension ji, L defines a HS of
weight Pw + i on H' (X, j1,.7L).

See (Corollary 6.2 ii) if X is singular and not projective.

Local purity (ch. 1, Theorem 1.1). We give a faithful interpretation on
complex varieties of the proof in positive characteristic ([DeG 81] using the
local and global invariant cycle theorems for the perverse cohomology (ch.7,
Proposition 7.5, Lemma 7.2).

A new simple proof of the local purity theorem related to the decomposi-
tion theorem is given in the last section (chapter 10).

4.2 The limit Hodge filtration on ¥*IL ~ PignL

Let X be a complex algebraic variety, Y C X a NCD, L a local system on
X\ Y (for the analytic topology) and j: (X \Y) — X.
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Let f : X — C be an algebraic map. The analytic restriction of f over the
punctured disc D* with small radius is a topological fibration. We suppose
the central fiber Z = f~1(0) C Y C X a NCD sub-divisor of Y.

A filtered logarithmic limit complex (U*IL, F') is defined in §4.2.1
with the following isomorphism (see Proposition 4.1):

WIIL S L.

The Hodge filtration I on 4% 1. L is deduced by this isomorphism.

Since we go back to the original work by Deligne ([DeK 73], Exposé XIV)
various intermediary complexes are mentioned such as W*IL (Definition 4.1)
and ¥* 1L (Equation 4.31). The construction extends Steenbrink’s limit com-
plex with constant coefficients [St 76] to the case of coefficients in an inter-
mediate extension of a polarized VHS ji.L. We refer to [NaG 90] for a clear
exposition in the case of constant coefficients.

Since the definition of the complex % ¢j1.L is topological, the problem
is to define correctly the Hodge filtration on the limit complex. The main
contribution to the definition of FP1yj. L started with Schmid’s extension
of F to Deligne’s canonical Lx of L®z Oy [De 70], [Ma 87] and the extension
of F to the logarithmic complex 2*L := 2% (logY) ®o, Lx. Already, j.F'
on j,L is different from F on 2*L.

Let jz : (X \ Z) — X, the sub-complex IC*L(log Z) of 2*L with the
induced Hodge filtration F' represents jz.(ji«L)x\z (ch. 3, Definition 3.8).

4.2.0.1 Definition of v ¢j:.L

We resume the definition of the sheaf of nearby cycles (§2.2.2, [DeK 73]) and
the following diagram:

X5 x 9% x iz g (4.3)

where Z := f~1(0),X* = X \ Z,X* := X xp D* the fiber product with a
universal covering p : D* — D* of the punctured disc D*.

Let K € DF(X*,Q) be a complex of sheaves of Q-vector spaces, bounded
below, with cohomology sheaves locally constant on the strata of a Whitney
stratification of X, then

VK =iy jz.p*K € D*(Z,C) where jz=jzop (4.4)

(we write Gz for R}Z*). The universal covering D* of D may be represented
by {u € C;Reu < 0} with the projection z = p(u) = e* (equivalently
p(u) = e*™ for u in the Poincaré upper half plane). The action of the counter
clockwise generator of the fundamental group of D* on the hypercohomology
of the Milnor fiber is the mondromy automorphism 71" of ¥ ¢K.
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If the complex K is perverse with respect to the middle perversity structure
(§2.2.1 and [BBD 83|, §4.0), the shifted complex ¢ K[—1] as well ¢ sKC[—1] are
also perverse on Z (Equation 2.15, Proposition 2.6, [Br 82|, [Br 86] Théoreme

2, [GMacP 88] §6.13). We denote by ¥%K the perverse sub-sheaf unipotent
under the action of T

In general, if T'=T*T" is the decomposition of T into its semisimple and
unipotent part, the nilpotent endomorphism N := log T" determines the
monodromy weight increasing filtration W, (V) of ¢¢(K) (§2.3.0.1). Explic-
itly, the filtration is given by W;(N) = >, Im N* N Ker N7 +1,

Let us suppose that the central fiber Z = f~1(0) of the morphism f is a
NCD in a nonsingular complex algebraic variety X. We suppose that Z is
contained as a sub-divisor in a NCD Y C X and that a local system L is given
on the open subset U := X \ Y. In the next paragraph 4.2.1 we construct the
limit complex ¥*IL in terms of the logarithmic complex IC*L(log Z) C 2*L
(chapter 3, Definition 3.8).

Since L underlies a polarized VHS, there exists a limit filtration F [Sc 73],
[Gr 74] and (§2.3.1) (Equation 3.16) on the restriction i}, Lx of Deligne’s
extension Lx [De 70].

4.2.1 The limit complex W*IL

Let T denote the monodromy action defined by a generator of 71 (D*) on the
sheaf ¢ (ji.Li). We denote by 1% (ji.L) the unipotent sub-sheaf and ¢% (ji. L)
the unipotent sub-sheaf of the action 7' — ald (which makes sense in the
abelian category of perverse sheaves after an adequate shift of the complex).
We construct a complex ¥*IL on Z which is a representative of the perverse
sheaf ¢ % (ji. L) by a complex of analytic Ox —modules with support on Z and
bounded cohomology ¥*IL =~ % (j.L) (Proposition 4.1), convenient for the
representation of the perverse sheaf 1} (j1xL)[—1] by the associated de Rham
family §4.2.2.2.

To define the limit complex, we introduce the logarithmic complex with
coefficients in Deligne’s extension, since the Hodge filtration F' is not defined
by the filtration jz.j% F, but it is the expression of a limiting process.

Technically, since the Hodge filtration F' is not defined by the filtration
jz*jZF but it is the expression of a limiting process, we use (IC*L(log Z), F)
to construct various intermediary complexes:

1. the complex W*IL ~ W*IL (4.2.1.4)
2. the complex U*IL (4.2.2.2)
3. local constructions (4.2.2.2, 4.2.1.2, 4.2.1.3)

The main result is: 1} (ji.L) ~ ¥* 1L (§4.21, Proposition 4.1). Since ¢} (ji. L)
is perverse, the proof and constructions are based on the local version ¥*IL
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(§4.2.1.3, Definition 4.2) of #*IL and its associated de Rham family (Equa-
tion 4.11).

4.2.1.1 WY*IL and its associated de Rham family

Let L be a finite dimensional C-vector space endowed with a set of commut-
ing nilpotent endomorphisms N; for i € M ~ [1,n]|, C[N] the polynomial
ring in one variable N, and C[N, N~!] the algebra of Laurent polynomials.
We denote by N the endomorphism on L[N, N~!] := L ® C[N, N~!] defined
by multiplication by N. It maps the subspaces L[N] and NL[N] to them-
selves and acts on LIN™!'] = L ® C[N~!] when we consider this module as
LIN,N~Y/NL|N] (so N =0 on LNY).

The action of the commuting nilpotent endomorphisms N; extends as N;®Id,
still denoted by N;, on L ® C[N, N~1] (resp. on L[N] and L[N ~!]). Given a
subset Mz C M and a sequence of positive integers m; for i € My, set

It is a family of commuting endomorphisms acting on L[N, N=!], L[N] and
on L[N™1].

Remark 4.1. The sign — N, in A; is due to the definition N; := log T; such that
Resy,V = —ﬁNi. In general there is a problem of signs in the equations
which goes back to the fact that monodromy is taken in opposite directions
in the two schools in the field by Deligne and Griffith.

We associate to L[N ~!] endowed with A; the de Rham family of modules
with index J C M:

(LIN"Y; = L[N for J C M, A; : LIN"Y; — L[N ] ju; for Jui € M,i ¢ J).

4.2.1.2 Local differential complex ¥*IL defined by de Rham
family

We give first a local description, of a global complex U*IL, at a point & € Y
where M C [1,n] is a set of indices of equations of Y} at x.
Let L := Lx(x), Mz C M C [1,n]. For each J C M set:

Jz :=JN Mg and Jj, = J\ Jz such that J = Jz U J, (4.6)
With the notations of (ch. 3, §3.1.2), we consider two de Rham families:

L[N]J :L[N],Az : L[N]J_i — L[N]J,J CM,ieM

LIN]y =Ny, LIN] C L[N, (Ag),J € M,i € M (47)
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where Ny = Id and with induced filtration by F' since L is a VHS.
Definition 4.1 (*L and ¥*IL). The filtered complexes

@*L = S(L[N]J = L[N]7Ai>JCM,i€]\/[7 F;U@*L = S((Fp_lJlL)[N],Ai)JcM7ieM

U*IL := (N, LIN], A;) semiens CU*L

are associated to the de Rham families in equation 4.7, with filtration F' on
U*IL induced by F on ¥*L.

Example 4.1. On the 3-dimensional disc D3 C C3, let W = W; U W, U W3 be
the NCD defined by the coordinates z12923 = 0. A unipotent local system £
is defined by a vector space L with the action of 3 nilpotent endomorphisms
(L, N;,i € [1,3]).

Let Mz = {1,2} and Z = Z;UZ, be defined by 2125 = 0, then ¥*IL is the
simple complex associated to the double complex with differentials defined
by A; and N; up to sign (A3 = —Nj3).

LIN] At pINjerL[N] 222 LN
1 N3 L (N3 @& N3) {1 N3 (4.8)

N3L[N] 2222, NoL[N] @ N3LIN] 22724 N3 L[N]

4.2.1.3 The complex P*IL

The construction of a global bounded logarithmic limit complex ¥*IL where
L is locally unipotent, is easily reduced to the construction of the finite com-
plex *IL in the local case below, fit for the computation of the monodromy
filtration.

For each subset J C M, let Ay = A;; o---0A;, for J = {i1,...,i;} and
let Im A; C L[N] denote the image of the morphism

Ay LIN] = L[N], ImA; C Ny L[N] C L[N]. (4.9)

To check that Im Ay C Ny, L[N], note that Ay = Ay, 0 Ay, = +A;, 0Ny, .
We remark that the family Im A ; defines a sub-complex

Im*A = S(ImALhAi)JC]\/[,ie]\/[ C @*IL

Definition 4.2 (¥*IL). With the notations of (Equation 4.6), we define the
finite dimensional quotient complex

UL = W*IL/Tm* A. (4.10)

The de Rham family associated to W*IL is defined by the finite quotient
vector spaces



80 El Zein, Steenbrink
Wy(IL) == (N, L)[N]/Im Ay, A; : Wy(IL) = Wyoi(IL) fori ¢ J  (4.11)

We write ¥*L when My = M.

To satisfy the conditions in (§3.2.6.1), set for J C K : fix = Ag\s :
Wy(IL) — Wk (IL) which is well defined since Ak ; : NJ/ZL[N] — NK/ZL[N]
and Ag\ s(ImAy) C (Im Ag). Set pry := Wk (IL) — ¥;(IL) be the natural
projection since Ny, LIN] C Ny, L[N] and Im A C Im 4.

Lemma 4.1. There exists a natural filtered quasi-isomorphism
(U*IL,F) = (W*IL, F). (4.12)

Proof. We prove that the complex Im* A is acyclic. We write the complex
Im* A as the cone over the morphism A;. Let ¢ € Mz # ) such that m; > 0,
and Z' := Z \ {i}. We write the complex Im* A as a cone complex over the
morphism

A; - Tm*A(7) — Im*A(7)

where Im*A(%) is defined by deleting the index i. We prove that A; is an iso-
morphism of complexes. Since N; is nilpotent, the inverse of A; on L[N, N 1]
is defined and equal to the finite sum

A7 = Sisom; VT INI NI (4.13)
In particular, the endomorphism A; is injective on L[N]. Since A; : Im Ay —
Im A ;g is clearly surjective for i ¢ J, we deduce that the morphism A; is
an isomorphism of complexes and its cone Im* A is acyclic.

Ezample 4.2. In Diagram 4.8, the complex Im* A

LIN] A A LIN|& ALN] 2272 4,4, L[N

L N3 I (N3 & N3) 1 N3 (4.14)
N3L[N] 242, N2 A LIN] @& N3 Ao LIN] 22724 N3 A, A, L[N

is the cone over the isomorphism defined in terms of As:

A1+N. N3—A
1+N3 3 1

L[N] A{L[N] @ N3L[N]

";’\L A2 Z\L (AQ D —Ag) Z\L A2
A;LIN] =280 40 A L[N] @ A3 N3L[N] —22=4% 4, Ay N3 L[N

Lemma 4.2. Let My C M, J C M, Jz; =JN Mz, 1 =|J| and I, = |Jz|,
then

Wy(IL) := (Ny, L)[N]/ImA; ~ W;,(Ny, L) ~ &j<;,1N;, L& N’ (4.15)

In particular, for Mz = M, we have AjL ~ LIN]/Im A ~ ®j<;—1L ® NJ.
Let Ay, := A, --- A1, by definition:
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@y, (Ny, L) := (N, L)[N]/Tm (A, : (N, L)IN] = (N, L)[N])
Since A; = —Nj for i € Jz, Ay, (Ny, L) C Im A, the isomorphism follows.
Since Aj, acts as a polynomial in the variable N on ¥;,(N;, L) and
vanish, we develop A, in terms of the elementary symmetric functions o;,
of ﬁNz for i € Jz to deduce the relation on ¥, (N, L) :

Ntz = Zlgjglz(—l)J-"_lUj(ﬁNi,i S Jz) ® Nt=—7,

The action of the endomorphism N is the multiplication by N on N, L& N- J
for j <, — 1 and acts on a € Ny, L® N'=~1 by the relation:

. 1 .
N(a® N=71) = Elgjglz(—nﬂ“aj(ﬁjvi,i € Jz)(a)® N'=77.  (4.16)

Ezample 4.3. On the 2-dimensional disc D? C C?, let W = W; U W, be
the NCD defined by the equation z1ze = 0. A unipotent local system L is
defined by a vector space L with the action of 2 nilpotent endomorphisms
(L,N;,i €[1,2]).

Let Mz = {1,2} and Z = W, then Q*L[N]|(log Z) is defined by the dia-

gram
A1BDA

LIN] 2% 1N e L[N] 22245 [[N]
with differentials defined by A; and N; up to sign. Taking the quotient in
¥ ; L, we obtain the complex W*IL in degree 1 and 2

VL=0aWh=L & L
1d ld 1d (4.17)
W [L:= W, = L @& LN

where for (a,b) € ¥ & Ws : d(a,b) = —N1b — Noa ® (mga + m1b)N € ¥y,.
The action of N on ¥ is a matrix with entries defined by N; and Ny as
follows:

1. N|y71 EBWQ : Na= Nla, Nb= Ngb,
2. N|W1p: N(a+bN) = —L=N1 Nob+ (8- + 22)p + )N

mim2

Remark 4.2 (The compler ¥* L ). We introduce the following complex:

(i) ¥*L is the exterior differential algebra (or Koszul complex) defined as
the simple complex associated to the de Rham family

(LIN"Y; = LIN7Y, Aiyi € M) jeum;

(ii) U*IL C ¥*L is the simple complex associated to the de Rham sub-
family (NJ/ZL[N_l] C LIN7Y,A;,i € M) jcpr where NgyL = L

W*IL := s((Nyy LIN7'] C LIN™Y], Ai) se s, ie - (4.18)
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(iii) The exterior complex £2*(IL[N, N7, A;)ien, is acyclic since A; is in-
vertible for ¢ € My (Equation 4.13). Equivalently, the simple complex
associated to the de Rham sub-family (N, L[N, N ~11 is acyclic and we

have a quasi-isomorphism: ¥*I L ~ *IL.

4.2.1.4 The logarithmic limit complex ¥* IL ~ % (ji.L)

We resume the global hypothesis with a morphism f : X — D and a NCD
Z = Zielz m;Y; as central fiber and let L be a local system defined on a
NCDY D Z.

The global limit logarithmic complex ¥*IL with indices in the right half
plane is constructed as follows. Consider the double complex with gradings
p >0 and g

GPATL = Cu~ P @¢ i%ICP T L(log Z) (4.19)

with differentials

_ - d
d - ILPe swILrth @ P @) = —(p+ Du P g 7f A,

d"wILPt SEIcP et @ (um Pt @ @) = o~ P @ Ve,
where d” is deduced from the differential V on i5IC*L(log Z), hence the
total differential is: d(u ® ¢) = u ® % A @+ 1® V. The associated simple
complex is denoted by ¥*IL.
Definition 4.3 (¥*1L£). There exists a unique complex V*I L := UHIL/Tm* A,
defined as a quotient complex by a sub-complex Zm*A C ¥*IL such that
at a point z € Y}y, the tilde embedding (chapter 3, Lemma 3.1) is a quasi-

isomorphism:
UHIL[1] = W IL,, L := L(x) (4.20)
(We remark that the embedding of £2* LN7 is equal to the embedding of 2*L
in (ch. 2, Lemma 2.8) with a coefficient (—2im)’ times).
The complex ¥*IL coincides in the case Y = Z and £ = C, with the
complex A* introduced in Steenbrink [St 76].

4.2.1.5 The morphism v of bidegree (1, —1) on ¥*IL

The morphism v of bidegree (1, —1) on ¥*IL is induced by
piwILPd — wiLpthat (4.21)

defined by 7(p) ;== uP ® p > u P @ ¢ for p € i3 Q2P L(log Z)).
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Proposition 4.1. The unipotent perverse sheaf W;(jg*L) is isomorphic to
the W*IL in the derived category D®(Z,C), precisely

Y (juL) ~ U IL ~ U IL (4.22)

The proof may be reduced to the original Lemma in ([DeK 73], Exposé XIV,
Lemma 4.18.5). The main point is the comparison theorem between the topo-
logical definition of 1% (ji.L) and the analytic definition of ¥*I£ which allows
the later use of Hodge filtration on logarithmic differential forms. By con-
struction, we need to construct an adequate representative of the complex
Vil = 470" juL € DY(Z,C) (see Equation 2.14) in order to define
later the correct filtration F on it. For this purpose we introduce another
complex.

4.2.2 Proof of proposition 4.1

4.2.2.1 The complex ¥*IL

We suppose the central fiber of the morphism f: X — D aNCD Z CY
included but eventually distinct from the singular set Y of £. The wedge
product

1d
—n:i5IC"L(og Z) — iy IC* L(1og Z)[1]: ¢+ v A 2—7f
!
defines a morphism of degree 1. Recall that ¢ = 7(u) = exp2miu . Then
c = [% %] € HY(D*,Q) and I — 7 corresponds to the cup product with

the inverse image n = f*c € H'(X*,Q):
s HY(XY, Q)@ HY(X*,jiL) — B+ (X", j,L)
The associated simple complex with indices in the left half plane
1L = Clu] ®c iz1C" L(log Z) = Zyp<oCu™P ®@c iz1C" L(log Z)[p] (4.23)

where du = d—f, is the simple complex associated to the double complex with

indices (p, q)7 p<0,p+qg>—dimX
UILP? = Cu P ®@ciylCTPL(log Z), p <0,
_ - d
d wILP! wILPth s d(u P ee)=—pu Pl e 7f Ao,  (4.24)

d’ - wILrt Ittt d'uP @ @) =u P @ Ve,
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Definition 4.4. The complex ¥*IL is the simple complex associated to this
double complex:

f

T, T T3 * 1
UL = s(WILPY d' d")p<0 gez = s(i3IC* L(log Z)[p], A%ﬁ)pgo.

In the case Z =Y, the complex ¥*IL = ¥*L has been introduced in [St 76],
[NaG 90]. It embeds into i%jz.p*jiL. This embedding extends easily to the
complex W*IL in the case Z # Y.

4.2.2.2 The quasi-isomorphism ¥*IL ~ G*IL

The morphism g : W*IL — W*IL defined by: p(u? @ wp) =0if p # 0 and
pu® @ wy) = (—=1)loly=1 @ ﬁ% A wp is a quasi-isomorphism (to compare
with [NaG 90] Lemma 2.5).

The morphisms v oy and p o v are homotopic. The homotopy h : ¥*IL —
@*IL of bidegree (0,1) is defined by

h(uP @ w,) = 0 if p # 0 and h(u? @ w,) = (1)l ® % Awp if p=0.

Proposition 4.2. Let L be a polarized VHS on X \'Y. Then there exists a

natural quasi-isomorphism W*IL = i L.

The local proof below (Lemma 4.4) is based on an extension of the follow-
ing comparison result by Deligne [De 70] between analytic and topological
complexes:

Lemma 4.3. Let Y = Z. There exists a quasi-isomorphism ¥*L — Vi L.

The proof is based on a comparison with the meromorphic complez W7 (2% (L))
on a complex manifold X* := X'\ Z. We remark that the embedding 7 is Stein,
hence j, is acyclic on coherent sheaves on X \ Z. The following isomorphism

is proved in ([DeK 73], Exposé XIV, Proposition 4.15)

U2 (L)) = UHL. (4.25)

The complex ¥*L is embedded as a sub-algebra in }Z*ﬁ* £2* L by the relation

1 d
I(u? ® ) := =uP @ ¢ for p > 0 where du = f since 2miu = log f.
This embedding defines the quasi-isomorphism
UL s it (2% (L)) = viL (4.26)

as we check by the following local computation due to Deligne.
Let Y = Z = U;c1Z; be the decomposition into smooth irreducible com-
ponents Z; with indices ¢ € I and let L denote a local system on X \ Z, B,
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a polydisc in X with center y € Z, By = B, \ Z and é; := D* xp- B,.
The unipotent cohomology Hi(W}‘E)y o~ Hi(EZ, L)* is related to H(B;, L)
as follows.

Let U be a product of discs D¢ with center 0 embedded as a polydisc
B, C X suchthat f: U — Disdefined by [[,(y 4 2" on U, U* = Unf=1D*
and U* := D* XDUzEZC)N(.

A generator ¢ of H'(D*,Q) defines an element n := f*(c) € HY(U*, L)
and the cup-product map — n : H=Y(U*, L) — HY(U*, L).

On the one hand, the cohomology of the fiber of W}Jﬁ at y is isomorphic
to

HY(PyL), = H(U*,L)" ~ H'(U*,L)/qH'~"(U*, L) (4.27)

(see [DeK 73], Exposé XIV, Lemma 4.18.5).
On the other hand, since Y = Z, the morphism — 7 is induced by A
and a spectral sequence argument proves the isomorphism

df
2mif?

H'(0*L) ~ HY(U*,L)/nH" " *(U*,L).

4.2.2.3 The general case: Y # Z

Let Y/ := Ujer—1,Y; denote the subdivisor of Y complement to Z such that

Y=ZUY' Let X' := X\Y  and f': X’ — D the restriction of f to X’.
The natural quasi- isomorphism in Proposition 4.2 is an extension of the

quasi- isomorphism ¥*L = ¥§ L in Lemma 4.3. It remains to prove the

quasi-isomorphism locally, at a point = € Yy, C Z}, .

With the notations of §4.2.1.2, and (Definition 4.1), we introduce the complex:

W*IL := s((Ny LIN7'] € LIN™Y, Ai) e, iem- (4.28)

such that there exists an isomorphism: W*IL ~ (U*IL), defined by the tilde
embedding (see chapter 1, Lemma 3.1). The proof of the proposition is re-
duced to the following

Lemma 4.4. U*[L = (T} jiL) s

The lemma follows from the isomorphism: (jz.j5j1.L), ~ IC*L(log Z) (chap-
ter 3, Proposition 3.2). The proof is similar.

Let U := DP x D9 with local coordinates (z.,t.) 1= (21, -+, 2p, t1, - ,tq)
centered at x, such that L induces on U* := (D*)P x (D*)? a local system
unipotent along Y NU.

Let g : D? — D denote the morphism g(z.) = 2] -+ 2,"” and p; : DP x
D% — DP the first projection such that f = gop;. The central fiber W C DP
of g is defined by g(2.) = 0 and its pre-image Z NU = p; * (W) is the central
fiber of f in U.

We reduce the proof of the lemma to the case w;‘pl*(j!*Lw), where the
derived functor py.(ji«Ljy) has locally constant cohomology on D? —W. We
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consider the diagram

U'=U\Z=(DP\W)x D12 prxpi 2  pr %4 p
@] U @]
P1)

UNZ=p;'W)=Unf10)=WxD! ZLhw=g10 L o
The cohomology sheaves L := Ri(p”U/)*(jg*Lw/) are locally constant on
(D*)P. Their fiber at a point z. € (D*)P is isomorphic to the intersection
cohomology of a local system on (D*)? at the center 0 € D? .

Let jw : (DP \ W) — DP be the inclusion. Since the restriction of p; to
the family of spheres in the fibers of p; is proper, the derived functor pi.

commutes with jw. and jz. and similarly, the functors ¢y on U and 3, on
DP commute with pp, ([DeK 73] §2.1.7):

Pt = by (P )« (L)
By constructibility, we deduce for U small enough, the following isomorphisms
(V¥gL)o =~ RI(U, ¢§jiL) = RI(DP, R(py), ¢ ¥ L)
S (Rp1 ¥ (L))o = (@ R(p1jo )« (GiLjur))o

By a spectral sequence argument, Deligne’s comparison applies to the com-
plex R(p1y+)«ji, L since it has locally constant cohomology.

We check now that the induced morphism ¥*I L — (¢ R(p1v+)« (s Lo ) o
is an isomorphism. We write *I L as the associated single complex of a dou-

ble complex as in (ch. 1, Remark 3.4). Let My, :== M \ Mz, J;, :== J\ Jz. For
each fixed subset Jz C Mz we define the following Koszul complex :

IC* (L[N, Ni)ieny, == 8(Nyy LIN ™, No) gy, ienry,
by summing over J;, C M7, on which A; acts for j € M. We define
Q(IC* (LN, NiYients » Aj)jent,
as the sum over Jz; C My of these constant complexes

WIL :=s(s(Nyy LIN™Y), Ni) g ey ienrs,» Aj) (4.29)

JzCMz,jEMz
We use this structure of double complex to define filtrations on both terms
of the lemma with isomorphic spectral sequences.
Let H’ denote the fiber of the local system H7 := R7 (pjy+ ) (jiLjp), with
an action of A; for i € Mz and let ¥*HJ be defined by H’ as in (Remark
4.2, 1).

Sub-lemma.
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(i) We have HI[N~'[—j] := Grjs(Ny, LN, Ni) s cmy ieny,, where T
denotes the truncation filtration of the complex.
(i1) The filtration T extends to a filtration W' on W*IL satisfying

Gr;VI@*IL = S(Hj[Nil][fj]a Ai)JZCMZ,iEMZ = @*Hj' (430)

Proof of the lemma. Let )Wy (R(pju)«(J1sLju)) := Tgm; R(prjo )« (L)),
then
(Gr} &g (R(pyw )« (L))o = (T H [=i])o.

Since H/ is a local system we apply Proposition 4.3 to deduce
M:I*GTJT-(S(NJ/ZL, Ni)J’ZC]V[/Z’ieM/Z) = @*H‘? ~ (W;HJ)O

from which we deduce an isomorphism of spectral sequences defined by the
filtrations (Z*IL, W') and (¥ (R(pju)«(j1+Ljo), 7)o, hence an isomorphism
of complexes. This proves Proposition 4.2 and completes the proof of Propo-
sition 4.1 as we established the following isomorphisms

L < UL S U IL S W IL (4.31)






Chapter 5
Limit mixed Hodge structure on ¥*IL

Hypothesis.Let f : X — D be a projective morphism on a non singular
complex variety X to a complex disc and L a local system defined on an
open subset U := X \'Y complement of a NCD Y = J,.;¥; C X. We
suppose the central fiber equal to a NCD Z = f~1(0) contained in Y as a
sub-divisor. The divisor Z is a union of components of Y indexed by a subset
I; C I. For i € Iz let m; > 0 denote the multiplicity of Y; in the divisor of
fis0 (f) = Xier, miYs.
Results.Let L be a polarized VHS on U, the filtration F' is transported onto
the nearby cycle complex by the isomorphism ¢%ji, L >~ ¥*1 L (see chapter
4, Proposition 4.1). The monodromy filtration W (V) shifted by the weight
w' of L define the weight filtration W := W (N)[w'] on ¢} L such that F'
and W form a structure of mixed Hodge complex (MHC) on ¢} ji.L.

The finite increasing filtration W (r) defined by the nilpotent endomor-
phism v on ¥*IL corresponds to the monodromy filtration W (V) on YL

We define also the vanishing cycles complex ¢¢(ji«L) as a mixed cone over
the specialization sp : i}, L — 9¢(ji.L) (§5.1.3.2) with filtrations W and
F', on which the action of the nilpotent endomorphism N extends.

The main result of this chapter is the decomposition of arl (N)W]? 7L and

Gary (N)SD;?]'!*L into a direct sum of intermediate extensions on the smooth
and projective components of the NCD Z.

Remark 5.1 (Conventions and terminology). With the notations of (§2.4.0.2),
we denote by (L, F') := (L[dim X], F) the perverse shifted polarized VHS.
If L := Lx(z) is the fiber of Deligne’s extension, then PL := L x (x). If v acts
on a perverse sheaf P as a nilpotent endomorphism, the filtration W (v) is
well defined in the abelian category of perverse sheaves.

A shifted perverse sheaf P on an algebraic variety X is a complex such that
P[k] is perverse when shifted by an integer k.

Consequently, the notation ¥*IPL = ¥*IL[dim X]| means a corresponding
shift in the degrees. It is not a perverse sheaf on Z but ¥*IPL[—1] is perverse,
hence we introduce the notations:

89
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PULLIL = L[], Pl = P 1]. (5.1)

il) Conventions on the weight filtration W. In the text, we define a weight
filtration on %L correspondind to a weight W on %)% j1.”L. We apply the
following conventions:

1) Let W be an increasing filtration on an object of an abelian category,
the filtration W k] is defined in [De 72] and [De 75] by: W (k),, :== W, _. For
example, this convention apply to ¢%ji. L where the weight W is related to
the monodromy filtration by W = W(N)[w'].

2) In the case of a HS (H, F'), the weight of the twisted HS (H, F')(k) drops
by —2k.

3) The weight W on a complex K is shifted with the complex: W; 1 (K[1]) =
(W;K)[1] but not F (F*(K[1]) = (F'K)[1]).

4) A bifiltered complex of sheaves (K, W, F) on a topological space X was
called for a while: cohomological MHC if its hypercohomology on X is a
mixed Hodge complex. This terminology did not survive, so by extension we
call this bifiltered complex a MHC.

After the introduction of perverse sheaves, we define in the text the more
rich concept of perverse variation of MHS, which yields also a MHC, so for a
while we use both terminology.

Definition 5.1. The morphism N := LogT acts on 9K, and extends to
the cone C(sp) to define a morphism N on ¢} K. The morphism N induces
a morphism var : 93K — ¢ K such that can o var = N and var o can = N.

With the above conventions, we have:

GrYy py_y PO 0L = (Gl Nyl L)[n — 1) = Grlly 0% jn L[—1]

. . (5.2)
Grole ¥ "L = (Grylt L) 0]

In the case of the vanishing cycle, the lemma 5.1 apply and adds 1 to the
weight of the structure of nilpotent orbit

GTZ‘-/',- Pw‘P?ijL = (Gr}z/z- Pw+1%07}tj!*p[‘)[_1] = (Grg[-/&-w'-i-l@?jl*l‘)[n —1]

. . (5.3)
GryY 19t L = Grl M, L

Theorem 5.1 (Decomposition of 7% 'L and Pp}ji.PL). The weight
filtration W and the Hodge filtration F' on P jiPL (resp. Po}jiPL) satisfy
the following decompositions:

GmW %j}.j!*pL ~ EBchz(pPiJ»F)

) (5.4)
GrY Yot juL ~ @, 2(PQ] F)

into intermediate extensions of shifted polarized VHS on Yj;: (PP{, F) (resp.
(PQJ, F)) (see Equation 5.31). Moreover:
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GIY, pyy PP = Gyt N Py L, GV, Rot L o Gy N oy, L
and there exists a diagram of morphisms :

(PPY 1L, W, F) 4 (P, ML, W, F) S5 (P4, 7L, W, F)(—1)
such that: var o can = N and can o var = N.

The statement here is a decomposition in terms of intermediate extensions
in opposition with classical statements on a decomposition of cohomology in
terms of HS (before the introduction of perverse sheaves).
As a consequence of this decomposition and the existence of a pure HS on the
hypercohomology of intermediate extensions of polarized VHS on the smooth
projective components of Z (proved by induction on dim Z), we deduce the
existence of a MHS on H*(Z, YL, W, F) and H*(Z, gL, W, F).

Organization of the chapter. After a local study (§5.1), the theorem fol-
lows from (Proposition 5.3). The proof of the local version of the theorem
(see Equation 5.23) relies on the local description of perverse sheaves by de
Rham families (§3.2.6.1, Remark 3.6) and a criterion by Kashiwara on the
decomposition into a direct sum of intermediate extensions, based on the
property of distinguished pairs (§3.2.6.2).

For the global version (see §5.1.3.1) and for the results on vanishing cycles
(pfiL, F) (see §5.1.3.2).

5.1 Local proof of theorem 5.1

The proof is local at a point z € Z (see §5.1.2 and Corollary 5.2). It is
necessary to use the local description of a perverse sheaf by the associated
canonical de Rham families (Remark 3.6, Equation 4.11), on which natural
structures of IMHS are defined below (§5.1.1).

Since the decomposition occurs locally in the abelian category of MHS, it
1s mecessarily accompanied by the decomposition of the filtration F.

The fiber of Deligne’s extension L := Lx(x) at a point x € Z is endowed
with a structure of nilpotent orbit and there exists a local decomposition of
the complex GrZV(N)!I/*I L into a direct sum of shifted complexes IC*P;/L
defined by nilpotent orbits (P L, W, F, N;,i € M\ J) of weight a+w'+1—|J]|
with induced filtrations W and F defined by the equation (5.5) below.

We refer to the nilpotent orbit structure on ¥;(L) (see Equation 5.7)
proved by Kashiwara ([Sa 90], Appendix), and to the decomposition for dis-
tinguished pairs following the proof by Saito ([Sa 88], Lemma 5.2.15) (see
Equation 5.17 below).

When z varies on Z%, the P/ L form a polarized VHS P (§5.1.2). We
deduce from the purity theorem on the components of Z that the complex
CrV I is a Hodge complex (see §5.1.3.1).

The purity theorem on the hypercohomology of the complex GrZW Mgrr
may be deduced from (Theorem 3.1) or by induction on dim X, since dim Z <
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dim X. The purity theorem is proved in the same time with the decomposition
theorem. The main difference with the proof in [Sa 88] and [Sa 90], is the
reduction to the use of the category of IMHS at isolated strata on V.

The main property of the limit MHS is the functoriality of the monodromy
filtration with respect to the derived direct image f, (§7.1.1.1). This is proved
by induction on dim X.

The theory of nilpotent orbit (resp. admissible variation of MHS) appears
in [Sc 73, GrSc 73, CaKSc 86] (resp. [StZ 85]) but we adopt the notations
and terminology of [Ka 86] as summarized in §2.3 of chapter 2.

5.1.1 Infinitesimal mixed Hodge structure on ¥;(L)

We consider again a polarized VHS L of weight w', z € Z}; C Y and
the nilpotent orbit (L,F,P,N;,;i € M) of weight w' on L := Lx(x)
with monodromy Nj;,i € M and polarization P. The filtrations F and
W = W(3 ;cn Ni)[w'] form a limit MHS on L. These filtrations are used
to construct a MHS on ¥;(L) (see ch. 4, Definition 4.2).

First, two filtrations W and F' are defined on L[N] as follows:

Wi(LIN) = S WisaiL ® N, FP(LIN) = ST FPHLa NT (55)

such that
(Gry L[N], F) = @;(Gry4q.L, Fli]) ® N*.
where F[i]P := FP*! defines a HS of weight k for each index i, since
(GrZ_QiL, F) is of weight k+2i. The morphisms N and N; induce morphisms:
Wi (L[N]) — Wi_o(L[N]) and FP(L[N]) — FP~1(L[N])
(see §4.2.1.3, Equation 5.5).
Since for each j € M, the endomorphisms A; = m;N — N; shift W by

—2 and Fj; by —1, ImA; is compatible with F and W on L[N], hence the
filtrations W and F' induce a MHS on the quotient (see Definition 4.2)

W;L = (L[N]/ImA;, WY, Fy). (5.6)

The filtration W7 in Equation (5.6) is in fact related to the monodromy
filtration W/(N + 3., Vi) ([Sa 90], Appendix):

Theorem (Kashiwara) Let (L, F, P, N;,i € M) be a polarized nilpotent orbit
of weight w' and m; > 0 for i € M a set of integers, then there exists on

W;(L) = (L[N]/ImAy,N,Ny,...,Ny: F,Py) (5.7)

a structure of polarized nilpotent orbit of weight § = w' + 1 — |J| defined by
the nilpotent endomorphism Nj := (N4, s Ni)lw,z) and the polarization
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P, (Equation 5.10). The monodromy filtration shifted by 6 and the filtration
Fy define a MHS on Wy(L):

W7 =W (N[ : Wylys = W(Njk (5.8)

Precisely: Yk > 0, N% Grg'i;WJ(L) = Gry ;WJ(L).
We recall that polarized means that GrW(NJ 'y 7(L) is a direct sum of primi-
tive polarized structure of weight ¢ -+ 3.

Let ¢ = |J| We recall the construction by Kashiwara of the polarization
on ¥;L. Since the endomorphisms A; shift W by —2 and F by —1, the
isomorphism in Equation (5.51) is an isomorphism of MHS

(WL, W7 Fy) ~ (©j<01L® N7 W, F) (5.9)

The action of N on the left hand side is defined by Equation 4.16:

4
N(a® N1 = (=1)7 o ((N;/my),i € J)(a) @ N,

j=1
In order to define a polarization we introduce a product Py on ¥ L as follows
Pjla® N',b® N7) = P(a,(—1)" Res(A;' (b @ N*7))) (5.10)

where A" is defined on L[N,N~!] and the map Res : L[N,N7'] — L
is defined by Res(}; u;N*) := u_;. This relation shows directly that the
product is well defined on CokerA;: note that Pj(a ® N*, Aj(c ® N7)) =
P(a,(=1)"Res(c ® N*7) = 0 as Res(c ® N*tJ) = 0.

Using the explicit expression of A; ! (see ch. 4, Equation 4.13), we find

Ya,b€ L: Pj(a,b@N?) = P(a,b) if j =¢—1, and 0if 0 < j < £—1. (5.11)

Example 5.1. Let L be a local system on C?\Y where Y = Y; UYj3 is defined
by z12z2 = 0. Then, ¥;L at z € Y;* defines a VMHS for a varying  on Y;*
and W(N) = W(N;), while ¥15L is a nilpotent orbit for L = £(0) with limit
MHS defined by W12} a shifted weight filtration W (N + Ny + Ny).

(W1L7 W{l}vF)zer (LaF)

|

(W12 L, WO F)o_geyy, (WL, W F)pey;

where W7 is defined by (Equation 5.8) for J = {1}, {2}, {12}.
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Remark that the decomposition (Equation 5.15) depends on the point x.
For example, (&L, W1} F),cy... # (&L, W1} F),cy,. in the decomposi-
tion of (G ™M, L, W12} F), into a direct sum:

(NoGrW gy Wil L F)g o (N, GV NMw, L, w2 F)y @ HS.

5.1.1.1 Distinguished pairs of GrrV(N)J’*IL

A diagram of modules 4 2 B ENYe: satisfy the decomposition property if
B =Im p@KerG. In this case, we say that the diagram forms a distinguished
pair and G induces an isomorphism Imp ~ Im G o p. If C = A, we say that
the diagram forms a distinguished pair ([Ka 86, §2.2]). Such decompositions
appear in Deligne’s proof of the Hard Lefschetz Theorem.

The decomposition of GrZV(N )* L is based on the concept of distinguished
pairs. The following proposition is proved by an argument similar to ([Sa 88]
Lemma 5.2.15):

Proposition 5.1. Let (L, F, P,N;,i € M) be a polarized nilpotent orbit of
weight w', m; > 0 a family of integers for i € M and J C M (Y = Z). Let
W(N) denote the filtration defined on WyL by the nilpotent endomorphism
N (§4.2.1.3, Lemma 4.2 in the case My = M ). For each J C M, a € Z and
1 € J, the diagram

GrZV(N)WJ\iLﬁ Gry Nw, L(—1) 25 Gr) M@ L(-1) (5.12)

where A; = m; N — N; and p; is the canonical projection, is a distinguished
pair:
GIZV(N)WJL(—l) ~ ImA; ®Kerp;. (5.13)

and p; induces an isomorphism of Im A; C GTZV(N)!PJL with
Im (N; : Griy Mw, L — Gl M, 1),

Proof. Here L := Lx(z) at x € Y} is endowed with the limit MHS W of an
IMHS defined in (§5.1.1) at x. Let i € M, the induced morphisms N, N; and
A;, shift the limit MHS W (Equation 5.5) by —2 and F' by —1.

Let and Ny := ZkGM\{i} Ni, since W(N + Ny + N;) is the relative weight
filtration with respect to W(IN + Ny) on ¥ (L) (resp. W (N + Np) is relative
to W(N)) ([CaKSc 86], [Ka 86] Theorem 3.2.9, [StZ 85] Definition 2.5), we
have a HS of weight a + 7 +r + § where § = w’ + 1 — |J| on

GrﬁﬁnﬁzN°+Ni)Grm(¢lNo+N)GrZV(N)Q/JL ~ Gr;V(Ni)GrKV(NU)GrZV(N)Q/JL

For all 5,7 € N, we have a commutative diagram
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Gr;V(Ni)GrKV(N")GrZV(N)WJ\iL . Grjwi(lN'i)Gr}fV(NO)GrZV(N)WJL(fl)

lNi / lNi

Gl NI @l (Vo) Gl (M 1 (—1) —2s Gl N @l Vo) G (N 1(—2)
(5.14)

Since N shifts W () by —2, we deduce that p;o N = 0, hence p;0 4; = —N;.

The weight of the HS on the first line of (Equation 5.14) are the same,

a+j+r+(6+1)on the left and a+ (j — 1)+ 7+ + 2 (after the twist by -1)

on the right since it is defined by the limit MHS of the IMHS at J \ 4 resp. J.

Moreover the maps N; satisfy Lefschetz isomorphisms:
(N;)7 Gr;/V(Ni) o~ GrV_Vj(N"'). We also have:

Pj(Au,v) = Pyj_;(u,pv) for all u € ¥;_;L and v € ¥, L.

In this situation, a result of M. Saito ([Sa 88] 5.2.15) shows the decomposition
in Equation 5.13 (see also Kashiwara [Ka 86] Proposition 3.3.1, Lemma 5.6.5,
Equation 5.5.16 with correct index k — 1 on the right term). When j and r
vary, we deduce the decomposition over all GrZV(N )y 7L.

-Remark that we could consider only W (N + N;), since by (Remark 2.9)
or (Proposition 2.7), for i fixed, there exists a filtration F; and a polarization
P; such that (L, F;, P;, N, N;) is a nilpotent orbit.

The proof proceeds without Ny, to deduce the decomposition of the vector
space in (Equation 5.13), but it is necessarily in the category of IMHS.

5.1.1.2 The case of ¥;(IL).

We extend the above result to the case where Z #Y. Let My C M, J C M
such that m; =0fori € Mz, Jz = JNMgz,J = J\Jz,l = |J]and I, = |Jz|,
then the proposition above extends to (¥;(IL), W7, Fy).

Corollary 5.1. For each J C M the data (U IL, W7, F;,{A;,j € M}) is
an IMHS on W;IL. For each J C M, a € Z and i € J we have the following
distinguished pair:

Gl Mg, LA GrlY My 11(—1) 25 GrlV N, T1(-1)
where A; = m; N — N; and p; is the natural projection. The decomposition:
Gy, 1L ~ ImA; &Kerp; (5.15)

is compatible with the primitive decomposition of GrZV(N)WJIL.
In particular, p; induces an isomorphism of Im A; in GrZV(N)!PJIL onto
Im (p; o A;) in GrZV(N)WJ\Z—IL. Moreover, Kerp; =0 if i ¢ M.
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Proof. By (8§4.2.1.3, Lemma 4.2): ¥;(IL) >~ W¥,;,(Ny, L). Set ¥;,(Ny L) :=
Uy, First let ¢ € Jz and consider the sequence

GI‘ZV(N)WJZ\LJ/ﬁ GI‘ZV(N)WJZ’J/ (—1) ﬂ) GI'ZV(N)WJZ\LJ/ (—1)
where A; = m; N — N; and p; is the natural projection.

By repeated application of the lemma (5.1) below, N L is a nilpotent
orbit. Hence the above proposition applies to IV, g1, L and we have the decom-
position:

GI‘W(N)WJZJ/ >~ Im Az (&) Kerp,; (516)

a

Second, for i € M7, hence A; = —N;, we check that the following sequence
GrlV Mg, L) Gl Mwy L P el Ny, (1)
satisfies the decomposition property
CrVWMy, L ~ ImN;® (Kerp; =0). (5.17)

which is clear via the isomorphism (§4.2.1.3, Lemma 4.2):

(WJZJ/L, W, F) ~ (@jglz_lNJ/L X ]Vj7 VV, F)
compatible with the filtrations. The surjectivity of N; (resp. the injectivity of
pi) follows from the surjection N ;L EAN Ny L (resp. the injection Ny L <
Njn;L). The proof is a consequence of:

Lemma 5.1 (Vanishing cycle). ([KaK 87] Theorem. 2.1.5, [CaKSc 87]
Descent Lemma 1.16). Let (L, F, P, Ny, ..., N,) be a nilpotent orbit of weight
w' polarized by P. Set FF*1(N\L) := NyFF1L = N\L N F¥L, then

(N1L, N1 F, Py, (N;)|n, ), where Py(Nia, N1b) = P(a, N1b), Ya,b € L

18 a polarized nilpotent orbit of weight w' + 1.
i) Set Ny := Zie[l’n] N;. The monodromy filtrations centered at 0 satisfy:

Wi (Nolnyn) = N1Wip1(No) = N1 L N Wi_1(Np)

and Wiyw+1N1L = W(No|n, L)k = NiWigw 1L = N1 W1 (No).
it) The morphism Ny is written as the composition of morphisms of MHS:
can N/
Ni: (LW, F) % (NLL, F,W) = (L, W, F)(=1)
where can is surjective and called canonical such that F¥TY (N1 L) := Ny FFL =
NlL n FkL and Wk+1(N1L) = N1Wk+1L = NlL n kalL.

The difficulty in the lemma is to prove the structure of nilpotent orbit on
N; L as in the following diagram. Let Ny := (Ng)|n, the restriction of Ny,
then for all & > 0, the induced morphism by N} on the first line, is an
isomorphism:
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NE~
N Gr) Y L 25 N e

T

~ Nkw ~
GV MO N L 25 NI N I

Remark 5.2. 1) Later, the lemma is used to deduce the weight filtration on
the perverse vanishing cycle sheaf Po% gL from the weight on the perverse
nearby cycle ¢% which explains the name of the result.

ii) In [CaKSc 87], the convention in the Descent lemma is: FFN;L =
N, F*1L, which explains the weight w’ — 1 there, hence we have the factor-
ization: Ny : (L,W, F) — (N1L, F,W)(—1)—(L, W, F)(-1).

Ezxample 5.2. We illustrate the vanishing cycle lemma as follows. Given
(L,N), let L' := NL, denote by N’ : L’ — L’ the restriction of N and
by N : L — L’ the morphism induced by N. We have:

Py=Ker N3 € GV L — Y% NPy = Ker N2 € GV’
\LN \LN/N
Py=KerN — > Py o NGV L c GVl N a1/~ N2GeY L
iN \LN’

N2Py =Ker N — > N2Gry L ~ Gr", L, — > GeW, L' ~ NGr", L

P cGrVL N . NP =KerN' cGr)'L’

- :

NP =KeNceL—2Y oI

5.1.2 Local decomposition of Gr:V(N)!IJ*IL

The proof of Theorem 5.1 relies on the local description of perverse sheaves by
de Rham families and a criterion by Kashiwara on the decomposition into a
direct sum of intermediate extensions, based on the property of distinguished
pairs (§3.2.6.2).

The restriction of the shifted perverse sheaf *IL to a small polydisc with
center x € Yj; isomorphic to D™*! in the product Yy x Ny,, of Yy with
the normal section to Yj; at x, is described by a de Rham family attached
to L:=L(z) ([Ka 86], §2):
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DR(WIL) := {U;IL,p% : WyIL — Wi IL, Ap g : Wi IL — Wy I L} ey

pi = H pi : WiIL — UiIL, Ap g = H A; Ui IL — W, IL
ieJ\K ieJ\K
(5.18)

where the morphisms p% and A J\k satisfy compatibility relations ([Ka 86],
(2.1.1) to (2.1.4)). The morphism N acts on the de Rham family DR(VIL)
and we consider the graded de Rham family

GtV MDRWIL) := {Grl ™MW, 1L, p%  Nj kY cocm (5.19)

where we write p% for Gr'¥ M pK  Moreover, Gr!¥ V) 4 Ak coincides with
N\ k up to a sign, since N : GrZV(N)WJ\iIL — GraW(N)WJIL vanishes for all
i € J. So the distinguished pairs property is satisfied by Corollary 5.1 for all
KcJcM:

Grl/ ™My, 1L ~ Im N\ g @ Kerp’ . (5.20)
Proposition 5.2. Let L be defined on X \'Y. For each J C M, x € Zj, let
L := Lx(x). We define P7(IL) ¢ GrV ™My, IL by

PJ(IL) := NcyrzsKer (pF - GrV Mw,1r — GrlV Mg 1) - (5.21)

then P/ (IL) # 0 if and only J C Jy.

i) If v € Yy, then x € Yy for all J C M,J # M and we have the
decomposition as a direct sum of MHS (hence including the decomposition of
the Hodge filtration F)

GrW Mwy IL =5 @ v, Nap s P (L) (5.22)

Let Im Ny« P (L) — PJ/(L) denote the image of Nyp\ ;s acting on P (L).
Then p{,[ induces an isomorphism:
J
Gy IL S Nyp s PY(L) 2 Tm Ny € B ().

i) Let J = Mz and x € Y, then P/ (L) is a HS of weight a+w'+1—J|.
For varying x € Y, P;L defines a polarize VHS on Y. iii) Let x € Y;\ Y}
and x € Yy, then (PJ(L),F,N;,i € M\ J) with induced filtration F and
nilpotent endomorphisms Ny, is a nilpotent orbit of weight a +w' + 1 — |.J|.

Corollary 5.2. When x € Y}, the decomposition in Equation 5.22 is inter-
preted as the following decomposition

(G MW TL, F) 5 ©rcm, (ICTPEL, F)[-|K]). (5.23)
The corollary follows by (Equation 5.22) since the filtered morphism

Sy (Nan g P LW, F) = (GrV Ny, IL, W, F) (5.24)



5.1 Local proof of theorem 5.1 99

is necessarily an isomorphism in the category of MHS by (Remark 3.6vii) .
The local decomposition by (Equation 5.23) leads later to the global de-
composition (Equation 5.31).

Ezxample 5.3. The decomposition of Diagram 4.17 in chapter 4, where Z =Y,
is as follows

GVt .= G My, @ GV Mg, = GV NI [ g GV (V2
\ 1 LNy LN
CrVMg2p, = GV My, = NoPH(L) ® Ny P2(L) @PX(L)

where the term PH(L) = GtV M@ L, (resp. P2L = Gr/V W2)w2 L) is a direct
sum of polarized HS for L := Lx(x), z € Y{* (resp. € Y5). For x € Y75
the space NoP1L @& Ny P2L is endowed with the induced MHS W (N; + N»)
on GrY™w2L, Hence W (N;) on NyPLL is induced by the nilpotent orbit
(PLL,Ns), resp. W(Ny) on Ny P2L.

Thus, the two columns are fibres of intersection complexes on Y;.

The term P12L is endowed with a sub-polarized HS defined by W (Ny + Na).
We have a decomposition as a direct sum of fibres of complexes at O:

IC*P!L[-1)@ IC*P?L[-1) ® P*L[-2]

including the decomposition of Hodge filtrations. In addition there exists
natural morphisms: pi, : GrZV(N)LT/lQ — GrZV(N)% vanishing on N;P!L &
P2[ and injective on NoP2L (resp. p3, GrZV(N)ng — GrZV(N)J/g vanishing
on NoP?L & P2L and injective on Ny P2L).

Proof of Proposition 5.2. By (Equation 5.17), ker p;, =0 if i ¢ M.

i) The decomposition follows functorially from the property of distin-
guished pairs in the graded family 5.19 and properties of the morphisms
p% and Ny g ([Ka 86], Proposition 2.3.1, Equations (2.1.1) to 2.1.4)).

We suggest a direct proof by induction on the length of M : n = |M| of
the general formula

el Mwy IL =5 @y Ny s P (IL).

For n = 1 the decomposition is reduced to the property of graded distin-

guished pair. Let M’ :={1,--- ,n — 1}. We consider two sub-families:

(Gry Mw, IL, | Npnk)kcicms;

(Gr Mgy, 1L, pKr, Npnk)kcicm

By induction, we suppose the decomposition for the two families with indices
J C M’', valid on the two rows of the following diagram

GI‘aW(N)WM/IL L) @JC]VI/NM/\JP(;](IL)

Py 1L N, Piun T No (5.25)
Gry My IL = @ jepp Nygn g PUM (IL)
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where P/YUM'(IT) is defined with respect to the family K Un for K C M/,
while P/Y"(IL) (for the family with index in M) is defined with respect to
the extended family with index K C JUn,i.e. K C J C M’ and KUn C JUn.
The columns are written in terms of the property of distinguished pairs, for
each J C M":

PL;]Un,I\/I' (IL)~ N,P/(IL) ® Kerpgun
PIUNIL) = Ker (o, : I (1) — PI(IL)

a

(5.26)

We deduce from the second line of the diagram the sum over all subsets of
M, that is J C M’ and JUn,n & J:

Gry Mw;(IL) ~ @ (NyNagn s P (IL) & Nagn g P (IL))

; (5.27)
= DscmNansP; (IL)

ii) Fori € J € Mzand K = J\i, N; : GrV ™y, 1, » G ™My, L is equal to

K
the composition morphism GrZV(N)u'/JL LN GrZV(N)WKL i, GrZV(N)Ll'/JL.
Hence for all i € J, N; vanishes on P/ L C Kerpk.

iii) For € Y, since Ng := > ,.; N; vanishes on P;/L and P]/L is a
direct summand of GrZV(N)d?JL, we deduce that PJL = GrgV(NO)P(;’L is a
pure direct summand of weight a +w’ +1 — |J| of GrgV(NO)GrZV(N)WJL with
respect to the MHS induced on GrZV(N)WJL by W.

iii) When z varies on Z%, P/ (L) defines a global polarized VHS, hence for
x € Zy, P/(L) is a nilpotent orbit of weight a +w’ + 1 — |J|.

Remark 5.3. Let L be a shifted local system on the open subset U union of the
big strata of a stratification S of X, j: U — X and f : X — D a morphism
to the disc D € C with central fiber Z a NCD in X intersecting transversally
the strata of S and let j' : ZNU — Z, then GrZV(Nw}‘jI*L ~ j!’*Gr*W(Nz/J}L‘UL.

Remark 5.4. [Relation with the open embedding] Let Z C X be the NCD
defined by f and j : X \ Z — X. The filtration W(N) on ¢} defines the
weight filtration on j, in the general case of VM HS (see §9.7.1.1).

5.1.3 Perverse VMHS structure on w;ijg*pL and ga;ﬁj!*pL

With the notations of §4.2.1.4 in chapter 4, we give below the global definition
of the weight and Hodge filtrations on ¥*I £ when L is a polarized VHS on the
complement of Y. The action of the logarithm of the monodromy is defined
by v on ¥*IL (Equation 4.21); the weight filtration is defined by W (v).

By the preceding local results, the graded weight complex decomposes
into a direct sum of intermediate extensions. In particular, when the NCD Z
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is projective, the derived global sections functor is a mixed Hodge complex
(MHC) inducing MHS on its cohomology. The same results apply to the
vanishing cycle complex @*IL (see §5.1.3.2 below).

5.1.3.1 Weight and Hodge filtrations on ¥*IL

The Hodge filtration F on the quotient complex W*IL is deduced from the
Hodge filtration F' on ¥*IL:

FPrIL = Cu~ " @c (i 1C*L(log Z)[q + 1], F9TT1)  (5.28)
q>0

The weight and the monodromy filtration W(v) on W*IL.

The action of the nilpotent endomorphism v defines a unique monodromy
filtration W (v) on ¥*IL. This filtration W (v) on ¥*IL corresponds locally
at a point z € Y;; C Z, to the filtration W(N) on W*IL[1] ~ (¥*IL),
(Equation 4.20).

In terms of a set of coordinate equations y; for i € M at x of Yy, the
subspace W (v)y, is generated as an (2% , sub-module by the sections © Aje
% € U*IL, for all v € W(N)W,;IL[1] and J C M such that the quasi-
iS(J)morphism

(O*IL,, W), F) ~ (W*IL[1], W(N), F) (5.29)
(see Equation 4.20) is compatible with both filtrations. The theorem (5.1)

follows in the unipotent case from the following remark that the components
PXL in Equations 5.22 and 5.23 are local version of a global VHS: .

Definition 5.2 (IC*PXL ¢ GV w*IL). There exists a unique complex
IC*PE L, defined as a sub-complex of Gr’VWw*IL[|K| — 1]) such that at
a point x € Y}, the tilde embedding by (Equation 4.20) induces a quasi-
isomorphism:

IC*(PEL) = (1C*PE L), c (CrV W IL|K| - 1]),, L= L(z) (5.30)
The corollary below follows from the local decomposition in (Equation 5.23).

Corollary 5.3. There ezists a polarized VHS: P/L of weight a+w'+1—1|J|
on Z%, such that (IC*PJ L, F) is a resolution of the intermediate extension
of P/L by jz : Z% — X:(IC*P/L,F) ~ (jz.P/L, F).

Proposition 5.3 (Decomposition of Gr*W(N)w}‘jg*L). Let L be of weight
w' on X\Y locally unipotent along Y and let W (v) be the monodromy filtra-
tion on W*IL. For each a € 7, there exists a decomposition into a direct sum
over all J C I of intermediate extensions by jz : Z%5 — X of weight a +w':

(G W ILF) =~ @ycry gpoICPILF)L = T)(L= 1)) (5.31)
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Proof. By definition of IC*P/ L, the decomposition in (Equation 5.31) cor-
responds to the local version (Equation 5.23) and (Equation 4.20):

(Gry W IL,, F) = @xca, (ICPILF)1 - K1~ |K])  (5.32)

Remark the twist of the weight by —2(1 —|.J]) and the shift by [1 —|.J]], since
P/ L is a nilpotent orbit of weight a + w’ + 1 — |J|, hence:
IC*(P/L)[1—|J]J(1—1]J|) is of weight a+w' +2(1—|J|) —2(1—|J|) = a+w'.

Remark 5.5. 1) The decomposition is stated in the category of filtered derived
complex and follows from the local quasi-isomorphism with the mixed Hodge
complex (Equation 5.23) and the isomorphism of (Equation 5.24).

ii) The notations are compatible with [St 76] in the case of a constant
system L of weight w’ on the complement of a NCD as central fiber, where
the hypercohomology H'(Z, 1 ¢L) is of weight w’ + i.

5.1.3.2 Unipotent vanishing cycles: go}‘(j!*L)

The complex of sheaves of vanishing cycles ¢y (jicL) (resp. p%(ji.L)) is de-
fined as the cone over the specialization morphism sp : i%ji. L — ¥;(j.L)
(vesp. sp : iz juL — ¥ (jiL)) such that we have a triangle:

4 .1) 2

+1

i il = (L)
il = 04 (GL) =5 oY (jnL) —

(5.33)

The monodromy T extends to ¢ (ji.L) since T on 9 ¢ (ji. L) satisfy Tosp = sp.
There exists a variation morphism var : ¢%jL — @/J}‘jg*L(—l) such that
var o can = N : ¢¥j.L — ¢§j.L(-1) (§2.2.3, Remark 2.7).

5.1.3.3 Weight and Hodge filtrations on T"l,b;ijg*pL and T‘go“;jg*pL

The following relations in terms of Ker and Im are well defined in the abelian
category of perverse sheaves (see Equation 5.49 and 5.50):

iy jiL[—=1] =~ Ker(N : 7% "L — %1 "L(-1)), %}j’L~Im N (5.34)

We also write by abuse of notations: i ji. L ~ Ker(N : YL — z/;;éj!*L)
and QDI;jg*L ~ImN.

Definitions of F and W . The filtration Wy, on % j1.’L[—1] (resp. pgp?j!*pL)
is defined as ker N, P i oL (resp. Im ).

We may suppose ker N % Pp% 51 "L embedded as a sub complex of
?p% j1PL, then the filtration F' is induced on ker N (resp. Im N as quotient
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complex). The filtrations W and F on PojiPL may be defined also on the
mixed cone Cys(0).

This is easily checked on the de Rham family associated to ¢y ji. L. We
suppose L locally unipotent. At each point x € Z, set L := L(x) and with
the notations of the de Rham family of nilpotent orbits:

K IL :=ker(N : W;IL — WyIL(~1), ¢yIL :=Im(N : WL — W,;I1L(—1)

The morphisms of MHS A; on ¥; ,IL — W;IL for each i € J, induce
corresponding morphisms on K ;_;IL (resp. ¢j—_;IL) The total complex:

S(KjIL, A})jcny iemy, (Tesp. s(¢psIL, A;))
is isomorphic to the complex K*IL := ker(N : W*IL — W*IL) ~ ker N
(vesp. @*IL := Im (N : ¥*IL — W*IL) ~ Im N in the category of perverse
sheaves. Moreover the induced filtrations define a structure of MHC (if Z is
projective) and more precisely a structure of perverse VM HS to be made
precise later (§, 9.7.1.3).

Remark 5.6. We write the endomorphism v as the composition of a canonical
morphism can and a variation morphism var:
v W IPL[-1] = oFIPL[—1] 225 v IPL[—1](—1).
with short exact sequences of perverse sheaves of MHC
0 — % L[—1] 2 w*IrL[—1] <% &*1PL[-1] — 0
and we have an isomorphism with the mixed cone: Cps(sp) =~ (P*IPL[—1], W, F")).

Let N’ be the nilpotent endomorphism on @*I L induced by N. The vanishing
cycle lemma 5.1 relate the weight filtration on Po%jis"L to the monodromy
filtration defined by the nilpotent endomorphism N’.

By construction, we have morphisms
can var

(Y51 PL, W, F) <5 (R 7L, W, F) 25 (745, 7L, W, F)(—1).
where in this case can is an epimorphism and var is a monomorphism.
The graded complex GrZV(Nl)dVIL. As in the case W*TL (5.1.2), the graded
complex GrKV(N/)Q5*
(Equation 5.22)

IL decomposes. We deduce a decomposition similar to

[SALCRY JY § e @JcMNM\JQg(IL) (5.35)

Definition 5.3. The sub-complex @*IL of ¥*IL is generated locally at x €
Z by the image of the tilde embedding of the complex ®*IL for L := Lx (x).

We denote by v/ the nilpotent endomorphism on ¢*I£ induced by v.
The endomorphism v/ corresponds locally to the nilpotent endomorphism
N’ (up to a constant) on @*IL induced by N.

The shifted perverse filtration W (v') is defined locally by Ger(N/)ﬁﬁ*I L.
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Proposition 5.4. i) The complex P*1L coincides with the image of v:
Q*IL = Im (v: W IL — P*IL).

It is endowed with filtrations W and F.

ii) Let W (V') denote the monodromy weight filtration on ®*I1L and W :=
W) w' + 1], then (Grl, 1P*IL, F) = (GrZV(” )@*Iﬁ,F) decomposes
into the direct sum of shifted and twisted intermediate extensions of polarized
VHS of weight a +w' + 1 on the various components of the NCD.

The shift of w’ 4+ 1 on W(2') is compatible with the vanishing cycle Lemma.
The proof is similar to (Proposition 5.3) or may be deduced by the same
lemma.

Corollary 5.4. There exists a weight filtration W and a Hodge filtration F
on P ji L (resp. pcp?j!*pL) such that:

Gry Pl ~ @z,c2("P] F)

. (5.36)
Gl PotjutL = ®z,c2(Q), F)

where (PP, F) (resp. (PQJ, F)) is an intermediate extension of weight a of
a shifted polarized VHS on Y} (see Equation 5.31) such that:

ity oy ML = Gra N i L, G, oL = G ) oL,

This result is used later to put a structure of mixed Hodge complex on
(CH (jixL) and ©f (jixL) by induction on dim X as long as the purity of the
hypercohomolgy of intermediate extension of VHS is proved.

5.2 Perverse VMHS on P;3,,.PL and Ppsj:.PL

We extend Hodge theory to the perverse sheaves ¢ ;(j1.7L) and ¢ (jiPL) by
reduction to the case where L is not necessarily locally unipotent along Y.

5.2.0.1 Reduction to VHS unipotent along Y

In the case of a VHS PL quasi-unipotent along Y, we introduce a ramified
covering locally at a point € Y, to reduce the proof to the locally-unipotent
case. Let U ~ D™ be a neighborhood of z such that Y is defined by a
product of ¢ < n local coordinates ¢; - - -t,. We can suppose ¢ = n such that
U\NYNU ~ (D*)".

Since the local monodromy T; on the limit vector space L := L(x) is
quasi-unipotent, there exists v; such that T;* — Id is nilpotent.
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Let Z C X be the central fiber of f : X — D. We suppose Z C Y be a
sub-NCD with irreducible components indexed by Iz C I. Let g denote the
local ramified covering of a product of complex balls

(ZCcY cD"t) <~ (Z'cY' ' Cc Dy u) (5.37)

defined by g : D} — D™ : (u1,...,up) — (t1 = ui*, ... t, = ulm).
The inverse image 7L’ := g*("Ljpn) is a polarized VHS on D} \ Y’ with
locally unipotent monodromy 77 := T, around the component Y; C Y.
Let j' : DY \'Y' — D7. The finite group of covering transformations G;
generated by &; 1= exp(2in/v;),i € [1,n] acts on D} and on PL’ by T as well
on its intermediate extension jj, L’

Lemma 5.2. The perverse sheaf j.PL (resp. jiPL) is the invariant subspace
of g2 L' (resp. g.ji, "L’) by the action of the group G = G1 x -+ X Gy,.

Proof. Since the subgroups G; act independently and commutatively, the
proof may be reduced to the case n = 1.

The case n = 1. Let v; := v be fixed. Since the monodromy 7' is quasi-
unipotent, let L, C L denote the subspace on which T acts with eigenvalue
ap = exp(—2imay) where o = b/v for b € [0,v — 1] and let Ny, := Log T" on

Ly. Let z = (1/2im)logt denote the coordinate on D.
Recall the holomorphic section on D

o(t) = exp(log t(b/v — (1/2im)Ny))v(z) = t*¥ exp (—(1/2in) (log t) Ny) v(2)

satisfying v(te?'™) = v(t)T~ 1. Tv(z) = v(t), where v(z) € L; is a multiform
section.

If g : (D1,u) = (D,t) is of order v, T' = TV acts as exp(vN;y) on Ly.
The action of the transformation group G over D, generated by & = e2™/v,
extends to the logarithmic complex 2* L7, as follows.

Let z = (1/2im)logu and v(z) € Ly, then we have a section of PL7, :

o' = exp (—(1/2i7)(log u)vNy) v(z)

satisfying 0% (ue?™) = 0t (u)(T") "1 T"v(2) = v (2).
The generator £ = e2™/¥ acts on the inverse image g*f of a holomorphic
section f(t) € I'(D,Op). We have: g* f(u) = g* f(u) since f(£u”) = f(u”).
Reciprocally, let h € I'(Dy, Op, ) be a section on D;. Set (£.h)(u) := h(&u).
If £&.h = h, then h(€u) = h(u) and h is the inverse image of a holomorphic
section f(t) on D. This action extends to sections of g. PL}, and g.2* PLY, .
Sub-lemma. Let G acts on the linear combination of sections: h(u)v! (u)
of Deligne’s extension PL, as follows:

(w3 (u)) = h(gu) 3" (€u) (5.38)
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The invariant sections w of g« PL, ~satisfying §.w = w correspond to sections
of °Lp on D. This action extends to g.2*PL, since g*dt/t = vdu/u. We
have:

2L = (9.2 L), )¢

The inverse image of a section f.0 of Deligne’s extension PLp is a section

of the extension PLY, , since v(u”) = u’v* (u), hence:

g (£0(1) = fw)o(w”) = f(u")u"7" (u)

Let h(u)vt(u) = g*(fo(t)), we deduce:
h(u) = f(u”)u’ and h(§u) = f(u")§"u" = h(u)€".
If we develop h(u) = >, au’: h(éu) = >, apu™ = Y, au"® = a,&" =
an €% hence a, =0 or £»® =1,n — b= kv and finally n = kv + b.
Reciprocally, sections h(u)v! (u) where h(u) =Y, ap,+pu*”+? are written
as inverse image of sections on D.

Corollary 5.5. The filtration F on (£2*PL)p is defined by the invariant sec-
tions
FUQ*PL)p ~ (F102°°L)G,

and extends to a global filtration F on (§2*PL)x. Hence (Theorem 5.1 and
Equation 5.36) apply to polarized VHS non necessarily unipotent along Y .

The case of ji+"L. The restriction to D of the perverse direct image: (j. "L)|p
is the invariant perverse subspace of g.((j."L’)|p,). Hence, the cohomol-
ogy H*(D*,?L) is isomorphic to the invariant subspace of H*(D%, L’). Since
H* (D, ji«PL) is defined by truncation, we deduce 5L by the invariance con-
struction as well.

Let Z C Y be a sub-divisor (resp. Z' C Y’ above Z), jz : D"\ (ZND") —
D™ and jy, : DY\ (Z' N D}) — DY, then H*(D™, jz.j%ji.L) is isomorphic
to the invariant subspace of H* (Dﬁj’ZLj’Z,*j!’* L.

The case of w}‘jg*pL. The properties of 1/)}‘jg*1’L may be recovered again
from the definition of the filtration F' on (§2* L) x. Hence, the case of (IR ¥
may be deduced from the corollary 5.5.

The reduction to the locally unipotent case apply. The ramified covering
g fits in the following diagram

(D*)" D” ><DD*<—D1 xp D*

(ZCcYycD"t)<— (Z’CY’CD
lf i
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where f : D" — D is defined by f =t/ ---t,” and Z = f~}(0) C Y are
NCD, fi = fog,Y' = f"XY),Z' = f~5(Z) and Y N f~1(D*),Y' N f;1(D*)
are relative NCD over D*.

We deduce ¢%ji."L as the invariant subspace by the action of G on
gy g1 L' Let N; := LogT{, N; := LogT;,N' := N{ + ---+ N/ and
N = Ni + -+ Ny. The filtration W(N) defined by N on 1} ji."L corre-
sponds to the invariant subspace of the filtration W(N') defined by N’ on

w;ﬁlj{* PL/. The decomposition of GTZV(N)w}‘jg*pL is deduced from the decom-
position of g*GrrV(N/)w}Llj!’* PL/ by the action of G.

5.2.0.2 Weight and Hodge filtrations on P ¢j:.PL and Pp¢j,.PL

Let L be a quasi-unipotent shifted VHS. Let o € [0, 1] such that exp(—2ima)
is an eigenvalue of s ji, 2L = ;51 PLI—1]. Set § = exp(—2ima) and %?jg*pL
the sub-perverse sheaf invariant by T° — SId where T is the semi simple
action of T'. There exists a natural decomposition into a direct sum of perverse
sub-sheaves:

Py PL ~ @ae[o,l[%?]’!*m, Popgiall ~ G%e[o,n”@?j!*pll

Proposition 5.5 (perverse VMHS on P j.PL and Ppyji.FL). With the
notations of (Equation 5.36 and Theorem 5.1), let PLi be a shifted VHS quasi-
unipotent along Y .

There exists a natural structure of perverse VMHS on PsjiPL (resp.
PorjiPL) with support on the NCD Z satisfying the following decomposition
according to the action of the monodromy. Let § = exp(—2ima), then:

(GI‘ZV p¢fj!*p-[‘7F) = 69ocE[O,l[(C;r}z/V p¢?]'*pL7F) = EBozE[O,l[ Dz,cz (ppgyJaF)

(GrY PopjiL, F) o @aepo,((Gry p@?j!*pL,F) ~ Boco| Dz,cz (PO, F)
(5.39)

where %? 1L (resp. pgp? J1FL) is the perverse sub-sheaf on which the semi-

simple monodromy action T has eigenvalue 3 and PP%7 (resp. PQ57) is an
intermediate extension of a polarized VHS of weight a on Z;.

Proof. In the case of quasi-unipotent 7L, the decomposition into a direct sum
over « is proved in ([DeK 73]: Proposition 4.17, Lemma 4.18.5 and Remark
4.18.6). By the same reference, we introduce on D* the local system U, of
rank 1 with monodromy €7 and trivial Hodge structure of type (0,0). We
have:

(it @ fUs) = PG PL

where for each Milnor fiber at 2z € Z: P} ji. (PL ® f*Uy ), =~ pwij*(pﬁ)z. Then
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P iPL =~ Daeo, ) F (1PL ® [ Uq) (5.40)

Hence the proof is reduced to the unipotent case Mp%. However, since
L ® f*U,, is a VHS, quasi-unipotent along Z, we apply (§5.2.0.1) to re-
duce the decomposition of %)} (ji.PL ® f*U,) over Z; C Z to the case of a
locally unipotent L, where we apply the equations (5.36) and (5.31) to write:
(PP F) = (juPd_ .y dim X — | J]), F) (1 = |J]).

By (§5.1.3.3, Corollary 5.1) the proof apply to give a similar decomposi-
tion for (GTZV PorjiPL, F). For a # 0, the canonical morphism induces an

isomorphism pwfjg*pﬂ ~ pgp?j;*pﬁ.

5.2.0.3 Perverse VMHS with support

The following structure of perverse VMHS with support on Z is satisfied by
P ¢ giPL and Po i, PL.

Definition 5.4 (Perverse VMHS on X with support on a NCD). A
perverse VMHS is a bifiltered complex (K’, W, F) with support on a NCD
Z C X satisfying the following conditions:

1. W is an increasing perverse filtration on K’ defined over Q,
2. F is a decreasing filtration defined over C such that for all r € Z,

(Gt K' F) ~ @z,c7(j"L!, F) (5.41)

is a direct sum of intermediate extension of polarized VHS L/ of weight
r on non empty smooth open subsets 27, with embedding j : Z5 — Z;.

This concept is a generalization of MHC in [De 72] and by extension it is
sometimes denoted M HC' or PVMHS.

5.2.1 Functoriality of the monodromy filtration

We illustrate the proof of the decomposition theorem in §6 and its relation
to the purity theorem, in the case of dimV = 1.

We deduce the structure of PVMHS on 4} ;7L by the isomorphism
w;ﬁ J1xPL ~ U*IPL and similarly the structure of PVMHS on the vanishing
cycles % (L) by the isomorphism ¢ (j1."L) ~ ¢*I PL.
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5.2.1.1 Bigraded polarized HS

We assume the purity theorem 3.1. In the text, this purity theorem is proved
by induction on dim X. The induction starts in dimension 0 or 1 with the
result on a projective smooth curve [Zu 79].

As a consequence, if we assume the purity theorem in the case dim X =
n — 1, we define for X of dimension n:

Definition 5.5. The limit MHS on H*(Z, ¢*I PL) is defined by (Z*I 7L, W, F')
and transported onto the hypercohomology H*(Z, ¢}#ji."L) (Equation 4.22)
with monodromy endomorphism N induced by the endomorphism —2i7wv on
v*IrL.

We deduce from the definition, the next statement on the functoriality of
the monodromy filtration with the derived direct image f. (this functoriality
is used later to extend the induction on the purity theorem to dimension n):

Theorem 5.2 (Monodromy filtration). The iterated morphism
N":Griy, o HUZ i) ~ Griy, o HY(Z, 4 ju L) (<)

1s an isomorphism of Hodge structures induced by —2imwv. Hence, the filtration
induced by (Equation 5.5) is the monodromy filtration of N.

Proof. We recall the statement of (Equation 5.31) in terms of the monodromy
filtration W (v) on the perverse sheaf W*IPL[—1], where the shift by [—1]
induces a shift on the weight filtration, hence W := W (v)[Pw — 1]:

(Grl Pt L, F) = (Gl ) W IPL[-1), F) = @5, (PP, F)  (5.42)

where: (PP, F) = (jz1sP;_ ppsr [dim X — |J[], F)(1 — |J]) (Equation 5.31).
The shift in the degree of the perverse sheaf allows symmetry in the equa-
tions and the use of the next result.
Bigraded polarized HS: The weight spectral sequence with respect to the
weight filtration

EYY = HP(Z,GrY W IPL[-1]) = GrlVHPYY(Z, W IPL[-1])  (5.43)

degenerates at rank 2. The proof is based on Hodge theory. Let n := dim X.
Since dim Z = n — 1, the F; terms carry a bigraded polarized HS by the In-
duction hypothesis . For symmetry reasons we introduce the following family
of spaces L ([Sa 88] Proposition 4.2.2, [St 76], [Shi 93] Lemma 4.2.2 ):

LY = By POt a7, Gr W O g -1))

satisfying the following properties:

1. L} is a HS of weight p + ¢ + Pw — 1, since we have the decomposition
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LY =~ ®ycr,HU(Z, jz2. Py gy ln = [T (1 = | ).

2. The cup product with the class of an hyperplane section of X induces a
morphism [ : LY — LI+2(1) such that 1% : L9 = Li(q) is an isomor-
phism for ¢ > 0 by Hard Lefschetz on the components of Z.

3. The endomorphism v induces the monodromy morphism v : L} —
L} _5(—1) which commutes with I: v ol = l o v, such that v* : L] =
L‘ip(—p) is an isomorphism for p > 0 by the property of the monodromy
filtration W (v).

4. We deduce from the self-duality of L and of the monodromy filtration a
scalar product polarizing the HS

S: L7} x Ll == Q(—"w+1)

5. Let oL, ? = Ker NPHLNKer19t1 then: S(z, NPl%y) induces a polarization
of the HS on oL, % x oL, up to sign.

6. The differential d; on the terms E; of the spectral sequence induces a
morphism d : L — Lgf} satisfying d2 =0, dol =1lod, dov =vod and
S(dz,y) = £5(z, dy).

The above properties form a HL module ([Sa 88] Section 4.2, see also [St 76]
85) such that the following theorem apply:

Theorem ([Sa 88] Proposition 4.2.2) Let L := &, qezL?? denote a bigraded
Hodge Lefschetz polarized differential module, then the cohomology

H =Kerd/Imd = &) qezH??

is also a bigraded Hodge Lefschetz polarized differential module with the
induced polarization.

The proof by Saito is a correction to the proof in ([St 76] §5). The state-
ment is also valid in the abelian category of Hodge modules.

The proof of the theorem follows .

5.2.1.2 Special case of the Decomposition and Purity theorems

Let f: X — P := P{ be a morphism such that X, := f~%(0) is a NCD in X.
Let X' C IP denote the set of critical values of f, so 0 € X and the restriction
fi: X\ f7Y(X) = P* =P\ X is smooth. We consider the diagram

Xos X LX\ D)
o L , A (5.44)
oS P& pr

Let L denote a polarized VHS on the complement of a NCD Y containing
Xo. We write Y = Xy U X’ where X’ is the closure of Y \ X in X. We
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suppose X’ horizontal on P* in the sense that X; C X; is a NCD in the
smooth fiber X; for t ¢ X and X'jp- is topologically locally trivial over P*
such that R’ f*Lp- is locally constant over P* with fiber H'(X¢, j1.L).

Let K := f.j1.PL. The restriction to P* of PH*(K) is a shifted polarized
VHS and we have PH'(K)jp- ~ L{. [1].

Proposition 5.6 (Decomposition). Let K := f.ji.PL be the derived image.
There exists a canonical splitting

(PH'(K), F)o = (Ly, F) & (IC* L [1], F)o

into the polarized HS (L}, F) and IC*Lh.[1] = ki, Lb. [1] with its limit filtra-
tion F'.
We recall that by the uniqueness of the decomposition of PH!(K) we have
the isomorphism L{ ~ Im(HY (X, ji."L) — H'(Xo, ji."L).

The proof is local at 0, hence we consider the preimage Xp := f~1(D) C X
of a disc D with center 0 and coordinate z. Since

P2 =2 [=1], Phlop = viop[—1] and ot i= Z[—1], ol = wlos[—1]
transform perverse sheaves into perverse sheaves, we have:

(P2 PHY(K)) = PH(fixos "l piis"L) = H' ™ (X0, thaopjiiPL) =t Hy
(POl PHY(K)) = PH(fixo:P0%e pitsPL) = H'™H(Xo, pzopjinPL) =t Hy,.

Moreover, since dim Xy = n—1, the conditions of Theorem 5.2 are satisfied
by induction. Hence, the monodromy filtration on Hy is deduced from the
monodromy filtration on v..¢j1.’L. Let Pw be the weight of /L. Then H,
(resp. Hy) is a nilpotent orbit of weight Pw + ¢ — 1 (resp. Pw + 4). Hence
H1 = Gr)/ N Hy, s a polarized HS of weight "w +i—1+m and HI'" :=
GanVSJY)H@ is a PHS of weight Pw +1i+m — 1.

For all m € Z the diagrams H’ <, Hpt Y H'~?(—1) of polarized HS,
induced by the canonical and the variation morphisms (§5.1.3.2), satisfy the
conditions of ([Sa 88], Lemma 5.2.15) and (Remark 2.7), hence for all m we
have a decomposition

m—1
H'l'=ImC & KerV (5.45)

Since the morphisms C' and V' are morphisms of MHS, they are strict. Hence
we deduce the following decomposition

PoUPHT o~ Tm (C : YU PHT — PptPHY) @ Ker (V : P PH — PYUPHI(—1))

. (5.46)
where PH? 1= PHI(K). Let L' := P PHI(K) = PpUPLE. = ¥Lh., then
ImC ~1Im (N : L — L%). Set: Lj := Ker (V : H'(Xo,Pp%, 1jie"L) — L'(—1)).
We deduce:
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Pt PHY(K) = H'(Xo, % 1j1s"L) ~ Ly ® (Im N : L' — L") (5.47)

The term L° with the monodromy filtration is a nilpotent orbit (Theorem
5.2), hence the term Im N : L* — L* is endowed with the induced MHS as in
the definition of the intermediate extension of k{, (£%.[1] on P.

Remark 5.7. The induced filtration F on HY(P, k|, (L%.[1]) defines a HS
([Zu 79]), hence H/ (P, K) is a direct sum of two HS.

Corollary 5.6. Let K := f,j1.PL. We have the following splitting
K =~ ®,en(PH'(K)[~i] € D(P,Q)

The iterated cup-product with the class ¢; of an hyperplane section of X
induces Lefschetz isomorphisms

0’ PHTH(K) = PHI(K)(i)

on the components of the decomposition of PH~%(K) including L{ by the
bigraded polarized setting on #p¥ and Zp¥ (§5.2.1.1).

Then, the existence of a splitting of the complex K follows from Deligne’s
general argument.

5.2.1.3 Perverse cohomology along a locally principal divisor

Let ji1.PL be an intermediate extension on the complex algebraic variety X.
Let Z be a locally principal divisor,i: Z =+ X, U =X\ Z and jz : U — X.
The complex i.4%jz+j 5 51+"L occurs in two triangles:

k. n . . Lok - 1
NN T VS P Y T VR IO P P TR 1,

(1

(5.48)
AT SN T VA P S L R

The complexes jz17571.'L and jz.j5j1.FL are perverse since jz is affine (resp.
Stein).

Let Z be a principal divisor and set K := (ji.L);y. The perverse long
exact sequences defined by the corresponding triangles, including (Equation
2.16) are reduced to

0= PH Y 2. — puK[—1] 25 p[—1] = PH ¥ j 7. — 0
0= PH %2, K — YK[—1] <% oYK [—1] = PHi%jzK - 0 (5.49)
0= iPH %2 K = kK < 2 — i PHO 2 — 0

as i*jz./K has only two non trivial perverse cohomology sheaves ([BBD 83]
Corollaire 4.1.10 ii). Recall that ji.PL = jz,. K := Im(can : j21 K — jz.K).



5.2 Perverse VMHS on P31, PL and P51 PL 113

If Z is defined by an equation f and N := LogT", we have (([BBD 83],
Corollaire 4.1.12) and [Br 82] Proposition 2.3.8, [Br 86]):

i* j1PL[—1] ~ PH % 7,55 j1"L ~ Ker can ~ Ker N,
i!jg*]]IJ[l] ~ pHOi*jZ*ij!*pL ~ Coker can ~ Coker N (5.50)
J 703500 1L ~ i, Coker(N + 6L — P, PL(—1))

where j7,.7L is viewed as a sub-complex.

5.2.1.4 Hodge theory along a NCD

Let Y be a NCD and L a local system on X \ Y with intermediate extension
71+PL on the complex algebraic variety X. Let Z be a NCD sub-divisor of Y,
i:Z—->X U=X\Z j: X\Y—>Xand jz:U— X.

We construct below various logarithmic complexes along a NCD, based
on the properties of perverse cohomology sheaves (ch. 3, §3.2.4). We extend
the definition of the weight and Hodge filtrations W and F' to the loga-
rithmic complexes % j1.7L, i%j1.PL and i%j 7.5 7L using the relations with
P (L.

Let Z be a principal divisor defined by an equation f, the filtration
W(N) (resp. Ker N,Coker N) corresponds to the filtration W(v) (resp.
Ker v, Cokerv) by the isomorphism 1} (ji."L) ~ ¥*(I*L).

The weight filtration W is deduced from W (N) as follows:

Grlvi ro—1 W71l = (GerK o) [=1] =

(5.51)
(GrY bt jnL)n — 1] = (Gry” Myt L)[n — 1]

from which we deduce the weight filtration on Coker N|P¥(ji L) (resp.
Ker N[5 (jiPL)) as follows:

Wit mo—1(Coker N) := W(N);(Coker N) = Im(Ker N'*! — Coker N)ifl >0

Wit mo—1(Ker N) := W(N);(Ker N) = Ker NN Im N~'if | <0,
W(N)(Coker N) = 0if1 <0, W(N);(Ker N) =KerNifl >0 (5.52)
Nt Grﬁpwfl(CokerN) ~ Gr%+pw71(ker N)(=1)ifl >0,

Weight filtration on jz.jyji"L.
If Z is a locally principal divisor, we can suppose Z defined locally by
an equation f. The monodromy weight filtration W (N) on 2% (ji.”L) in-
duces a filtration on Coker N|P)%(j1.PL) transported on i'ji.PL[1] (resp. on
Ker N[ "% (juPL) transported on i*ji.PL[—1]) is independent of the local
equation f ([Sa 88], [Sa 90], [ELM 10]). If Z is principal and we consider
the filtrations W and F in (Equation 5.49), we have:
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0= PH "2 — PRI S PPUK(—1) = PHO% 20 = 0 (5.53)
since N drops the weight by 2, hence we write
(Coker(N|PY¥ju.PL, W, F)(~1) = (jz«jfjn"L) /L, W, F).

As a consequence, the weight W on jz.j7ji1."L is defined as follows.

Let q : jz«i5 L = jz«d5i1PL/ jiPL ~ Coker N. We deduce from (Equa-
tion 5.52), that there exists unique filtrations W and F on jz.j5j."L, in-
dependent of the local equation f of Z, satisfying (Equations 5.53, 5.52 and
5.2):

Wl(jz*j}jl*p[:) =0ifl < pw, V[/ljz*jgjupL = ]u*pL ifl = pw;

Wit rws1izxd 751" L = qil(W(N)lCoker N| pw?jg*pL) forl > 0; (5.54)

Gr" jz:5% (j1"L) = G} ,Coker(N| %1, "L)(—1) if 1 > Pw.

Example: Grly, ;. 1jz:55 (jiL) = (Gry ¢4, L)[n—1](~1)(check for n = 1)

Proposition 5.7 (W and F). Let Z be a NCD sub-divisor of Y in X, and
PL, a polarized VHS of weight Pw on X \'Y.

1. There exist unique global filtrations W and F on i*ji,PL[—1] (resp.
i'j1.PL[1]), locally compatible with the filtrations deduced from W and F
in Equation 5.52 by the isomorphisms :

(i'ji"L([1], W, F)) =~ (Coker N| ¥ j.PL, W, F')(—1)

e : (5.55)
i*j1L[=1], W, F) =~ (Ker N| %} j1."L, W, F)

2. There exist unique global filtrations W and F on jz.j551"L such that
Wiwjz«JziiPL = 51.PL and locally for 1 > 0:

PGl s1dzed s (0L) = Grl” M Coker N| Pty PL

8. Dually, i*ji."L{~1] ~ Ker N|P}j.FPL embeds into jzjzji"L and the
weight filtration W on jz1j%jiPL is deduced from W (N) on Ker N:

Grngjz!j}jy*pL = ji’L and locally for 1 <0:
PG 1215550 =~ Gry” NV Ker N| Pyt L

4. If X is projective, the filtrations W and F induced on the hypercohomology
of X by the filtrations on

L1, 'L, GzedyintL, 2yl

define respectively a structure of mired Hodge complez.
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Proof of the proposition 5.7. The definition of the filtrations W and F
follows from (Equation 5.53).

The proof relies on the gluing of perverse sheaves as they behave like
sheaves (Remark 2.5): morphisms of perverse sheaves on a covering U of X
which coincide on the intersection of two open subsets in U glue into a global
morphism on X ([BBD 83], Corollaires 2.1.21, 2.1.22 and 2.1.23).

Hence, the local definitions of the perverse weight filtration W define a
global filtration on X. The Hodge filtrations have been defined globally on
2°L and on ¥*IL (Equation 5.28).

An elegant alternative proof is based on the deformation to the normal
cone and the specialization functor introduced by Verdier [V 83], which re-
duces the local construction of the 1 functor in the case of a divisor to the
case of a principal divisor and gives a global filtration of W [ELM 10].

Ezample 5.4. 1) The polarization on the primitive spaces is defined by the
bilinear product, composition of the duality with the isomorphisms for [ > 0:

Gr}Y pyyiguL[1] —= Gr)" ) Coker(N| 7 j1, L)

\LN’:

Gr' M Ker (NPt L) ——— Gr¥, p,_1i" i1 L[ ~1]

2) Let L be a unipotent VHS of weight w’ on a punctured disc with center 0
in C, then (¢),L)g ~ L is a nilpotent orbit of weight w’.

Moreover, j.L/j.L ~ L/NL[-1] ~ L/NL[-1] is of weight > w’ — 1 and
Gryy 415+ L ~ PrimGr)),_; (L)[—1].

3) Let P* := P} — X with X finite and 0 € X, 7L be defined on P* and
j : P* — P{. The weight filtration W on j,7L is defined by Wy, := j.”L. The
quotient j,PL/ji,PL is isomorphic to L/NL := Coker N : L — L in degree 0,
where L := 1, (L) is endowed with the limit MHS.

Hence for i > 0: Wiy, 44j+PL corresponds to the filtration induced on L/N L
by Wy 4i—1(L/NL)(—1) (Equation 5.2).

4) Let ip : 0 — PL. The weight filtration W on ifj,."L ~ (L &, L)[1] is
defined by Wiy n,—1 = GrlV(N)(Ker N : L — L)[1] (in degree —1) if i < 0.

Remark 5.8. The following graded perverse sheaves decompose into direct
sum of intermediate extensions of polarized perverse sheaves on smooth com-
ponents of Z.

Gt} i "L[~1] = PrimGr;” ) @ [PL[-1] if 1< Pw

Gt} iz indL ~ i, PrimGr” W) W IPL[-1] if 1< Pw

GrVi' jPL[4+1] ~ PrimGr)" ) w* 1PL[—1](~1) if 1> Pw
GrY jzajyineL ~ i, PrimGr) W) W IPL[-1](—=1) if 1> Pw
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where by convention: W (v);_1 (W*IPL[-1]) := (W (v),¥*IPL)[-1],
Gr)" ) Kerv|[@*IPL][~1] ~ PrimGr;” ) @+ IPL[~1] if | < Pw and

GrK(ZfZHCOker v|U*IPL[—1] ~ PrimGryK(p’;zH&P*Ipﬁ[—l] it i > Pw.

Corollary 5.7. Let Z C be NCD in a projective variety X and PL a shifted
polarized VHS of weight Pw on X \'Y:

1. The induced MHS on HY(X \ Z, ji.PL) has weights w > Pw+q. Moreover,
the natural map H' (X, j1.PL) — Wi, HY(X \ Z, 51.PL) is surjective.

2. The induced MHS on H?(Z, j1,.PL) has weights w < Pw + q.

3. Dually: w < Pw+q on HI(X \ Z, j1,PL) and w > Pw+q on H, (X, ji."L).

The corollary follows from the purity theorem 4.3. There exists a complex
endowed with filtrations (jz.jzj1«"L, W, F), isomorphic to (IC*PL(LogZ), F)
in the derived filtered category DT F(X, C), such that: Wiy, jz.j% "L = j1.PL
and locally, if | > Pw

Gr}Y iz iy (L) = i, Grl¥ (i1 L[1]) = 0. Gr]" ) Coker vige rop(_1y(—1).

The complex (RI'(X, jz«j5jis"L, W, F) is a MHC and the weight spectral
sequence

EPT=HPYYX,GrY jz.5%00"0) = GriVHPT(X\ Z, ji."L)
degenerates at rank 2. Since W_,jz.j5j1"L = 0 if —p < Pw:

o EVI=HPH(X,Gt" jz.j5i7L) = 0 if —p < Pw;
o By % =HI(X,GrY,jz.55iu"L);
o EDY =G HPH(X \ Z,ji.PL) = 0if ¢ <p+q+ Pw.
The term E5 is a HS of weight g.
Since E%fpw’q = H9H1 =% (X, Gr'Y,_,jz+j%j1PL) = 0, the projection

B = HO(X, e iz ind L) — By 9 = Gr' HO(X\ Z, j1.7L)

is surjective, and By 7 := Gr'¥ H9~ " (X \ Z, j,,"L) is a HS of weight ¢ (the
weight on the hypercohomology in degree ¢ — Pw is obtained after a shift on
the index of W by the degree ¢ — Pw).

The statements in ii) and iii) follow by duality or standard exact sequences.

Remark 5.9 (Relation between the weight filtration on W*L (Proposition 5.1)
and the weight filtration on 2*L). i) The isomorphism:
i4i' j1xPL[1] ~ Coker can/j,”L ~ Coker N/¥*L[—1] (Equation 5.50)
is equivalent to a de Rham family of canonical isomorphisms for each J C M:
Coker (N : ¥;L — W ;L) ~ Q'; := Coker (can : NyL — L).
The induced filtration W’ on Q'; by W(N) satisfy:
Gr M (@, L/NL) ~ Prim(Gr) Vw,L) ~ GrV' Q)
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with induced MHS by M defined by M (Ny) on Ly := L shifted by 1 — |J|
(85.1.1, Equation 5.5).

i) The filtration W(N) on ¥*L corresponds to a filtration W’ on 2*L
(see §9.2, Equation 9.10). Then, the local decomposition in terms of P/L
(Equations 5.22 and 9.21) corresponds to a local decomposition of 2*L in
terms of the spaces C} L := Coker(N/P/ L) (Equation 9.23).

The direct definition of W' in chapter 9, is based on a new filtration

N W on L (Remark 2.21) whose construction from (L, W) by Kashiwara
is motivated by the results in (Lemma ?7?). The filtration on 2*L is studied
directly in (ch. 9, Equation 9.6, 9.23, see also (Remark 5.4)).
When L = L(z) for € Z}, since Ny := Y., N; vanishes on C/L, we
deduce, that C,;]L = GrgV(N‘))C’;gL is a pure polarized direct summand of
weight £+ 9 of GrgV(NO)GrkW,Qf] with respect to the MHS defined by W (Ny)
on the primitive part of Gr;’ @, L shifted by k + 6.

5.2.2 Hodge theory on 1*jz.j,J1."L

Let W' denote the weight filtration on i* ji.PL[—1] (resp. i'j1.PL[1]). We deduce
t the weight W defined by

(1L, W) o= (i L[ 1)[1], W7[1])

(i' 0P, W) 2= (35 L[1]) [-1], W'[-1])
such that (i*3.PL, W) and (i'51.PL, W) keep the structure of MHC.
Moreover: Wy, _pi'jiPL = 0 if k > 1 and Wy 1i*j1PL = i*5i.PL if £ > 0
and we have filtered morphism:

can : jziib il = jzeibintL, i ji "L — i, L. (5.56)

where I : (i'j1. 7L, W) — (jiPL, W) — (i*51.PL, W) is the composition mor-
phism and ji,PL is pure of weight Pw.

We deduce from the triangles in (Equation 5.48) that i*jz. j ji.L is quasi-
isomorphic to the cone over each of the morphisms can and I.

Definition 5.6. i) The structure of MHC on K’ := i*jz.j5j1."L is defined
as a mixed cone Cpy over I. K’ is not perverse and:
GrV Oy (1) = (Gr)Y it L)1) © GrVi* j, L.

Remark 5.10. If Z is defined by an equation f, we may define i*jz,j;"L as
a mixed cone Cpr over N : %% ji. "L — P 7L,

Lemma 5.3. i) We have a graded long exact sequence:
Gr}/ HIH (X, i'j1,PL) — GrlVHI (X, i* j1,PL) — Gry HY (X, i*j 7,5} jiuPL) ——
Gr)VHIT (X, i, 7L).

it) We suppose i*j1,.’'L C K', then K'/i*j,PL = it PL[1].
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Let q: K’ — i'51,PL[1]. The weight filtration on K' is defined as follows:
WK’ := g~ (W' ji,"L[1]) if | > Pw and Gr)¥ K’ = Gr}V4'5,7L[1]
WK = Wyi*jiPL = (Wi_1i*jiPL[—1)[1] if | < Pw (Way = i*j1PL).
Cr}V K" = Gr)V'i*j1,"L = (Gr}Yi* ji L[-1])[1].

The weight spectral sequence degenerates at rank 2 as follows:

EPY = HPre(X, Gr' it L)) if —p > Pw

EP? = Hrr(X, G, i ju L-1)[1] if —p < Pw.

For p=—Pw—1 and ¢ = Pw:

Er T WYX, G it L)) = GrW HTY (X, 0% 245 51 PL)

By = HO(X, GeW i, L) = GrlW HY(X,i*j 543 jiPL[—1])
The terms are dual, since in both cases the cohomology is with value in
GrgV(N)CokerN = GrgV(N)KerN (see Equation 5.55).

Remark 5.11. The spectral sequence of the mixed cone K’ := Cjs(can) with
a structure of MHC defined by

WK = Wi ju L = (Wi 1" ju L= 1])[1] © Wiz iL
coincide at rank 2 with the above spectral sequence (see §9.5.1 and the octa-
hedron diagrams (§7.2.0.2 and Equation 10.42)).

5.2.2.1 Thom isomorphism and Gysin morphism

With the previous notations (Z C Y C X and "L defined on X \ Y), let
tw : W — X be a closed embedding of codimension d transverse to Y and
the strata of S on X, then we have Thom isomorphism

iy i PL[2d] ~ iy 1L

(see [GMacP 88| on stratified varieties and [CaMi 5], Lemma 3.5.4).
Let W* := W\ (ZNW), then:

HY (W™, juL) = iy 24(X \ Z, ji."L).

In particular Gysin morphism is compatible with MHS.
Let W = H of codimension 1, the Thom isomorphism:

H'(H\ (Z0 H), juL) = Hyfd 00 (X )\ Z,juL)(1) (5.57)
is given by the residue map:
IC*i5L(og Z N H) 5 ity IC*L(log Z)[2](1).

On the one hand we have an isomorphism of the quotient complex with the
cohomology with support:
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IC*L(log ZU H)/IC*L(log Z)) — i', IC* L(log Z)[1]
defined as a connecting isomorphism. On the other hand, the residue map
Ry : IC*L(log Z U H)[1] = igIC* i L(log Z N H)

vanishes on 71C*L(log Z) and induces an isomorphism on the quotient.






Chapter 6
Proof of the Decomposition Theorem

The proof of the decomposition theorem (ch.1, Theorem 1.2) and the purity
theorem (ch.4, 4.3) is by induction on the dimension of X. We can suppose
f surjective, so dim V' < dim X. We introduce the following assertion:

D(n): The decomposition theorem applies to projective morphisms

f: X =V on irreducible varieties X of dimension < n.

In particular, in the case dim V' = 0, the purity theorem holds for projective
varieties X of dimension < n by the same induction.

The assertion D(0) is obvious. Let X be non singular of dimension n. The
proof is by reduction to a general hyperplane section of V' through an isolated
stratum v with a NCD as inverse image f~!(v) := X, C X. In particular
D(n — 1) apply by induction on the components of X, of dimension n — 1.

Using a Lefschetz pencil of hyperplanes on V', the proof is reduced to the
case where there exists a morphism g on V to the projective line such that
g(v) = 0. Let j.’L be on X, the decomposition of f,ji."L is reduced by
Verdier’s criteria, to the decomposition of ¢, PH'(f.ji."L) locally at v.

In the case where g~ 1g(v) is a general hyperplane through v, the weight
spectral sequence of ¥, PH'( f.j1."L) (Equation 6.12 below) splits into a direct
sum of a spectral sequence of MHS concentrated on v degenerating at rank
2 and a spectral sequence degenerating at rank one (Corollary 6.3).

As a consequence of the splitting of the spectral sequence, we only need
the category of IMHS (Definition 2.14) to prove the decomposition.

The decomposition theorem follows from the decomposition of Pp, PH!(K)
(§6.2.0.4) and Verdier’s criteria of extension of a perverse sheaf defined on V'\
V(g) (§2.2.3, Equation 2.18 and §2.2.3.1). Verdier’s extension apply in general
along a locally principal divisor [V 85-1] but we need only the principal divisor
case.

If we consider all possible local projections g, the spectral sequence degen-
erates at rank 2. Hence, the existence of the category of Hodge D—modules
is needed to prove the degeneration at rank 2 (see [Sa 88, Sa 90]), while for
a general projection the proof is reduced to the category of IMHS.

121
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The construction of the category of Hodge perverse sheaves is carried, after
the proof of the decomposition theorem in the next chapter, which simplify
considerably the proof and the exposition.

In chapters 10 and 11, we give another proof of the decomposition, com-
bined with a direct proof of local purity, based on the weight on the logarith-
mic complex.

6.1 Proof of D(n — 1) = D(n) for non-singular X

The proof is divided in two cases according to the dimension of V.

6.1.0.1 The case 0 < dimV < n

Let f: X — V be defined on a non singular complex variety X of dimension
n, & a Thom-Whitney stratification of f adapted to j.FL, V the union of
zero-dimensional strata of S on V, iy, : Vo = V, V*:=V \ .

Assuming D(n—1,V) and dim V' > 1, we introduce an intermediate state-
ment D(n,V*), to deduce the decomposition theorem over V* by considering
hyperplane sections of V transversal to the strata S € S (avoiding Vp).

Lemma 6.1 (D(n,V™*)). i) Let K := f.jisPL. The restriction of the i—perverse
cohomology of K to V* decomposes into a direct sum of intermediate ex-
tensions of shifted polarized VHS pog of weight Pw + i over all strata S of
dimension > 0.

Let k : V* — V', with the notations of (ch. 1, Equations 1.7 and 1.8):

HURK) " P ki (6.1)
SeS, Scv

it) The iterated cup-product n with the class of an hyperplane section of X,
induces an isomorphism on the restrictions to V*

0’ PHT(fadiePL) e = PR (fudna L) v (6.2)

Proof. We remark that on a stratum S of dimension s > 0, L% is uniquely
defined in the decomposition as LY = i H*(PH'(K)).
The decomposition (6.1) is checked by induction on a general normal section
N through a point s € S, of dimension < dimV transversal to all strata,
since perverse cohomology commutes with shifted restrictions to transversal
sections.

Remark that Ri_sfs*(ilxsjg*p[z) (resp. R'™* fg,(i% ji-"L)) is a variation of
MHS of weights w > Pw+i—s (resp. w < Pw+i—s) and LY is a local system
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on S, hence the image of Ig is a polarized VHS of weight w = Pw 414 — s (see
also ch. 9, Lemma 9.7).

The isomorphisms in (6.2) follow by induction since the inverse image Xy
of N, is non singular of dim X < dim X as N is general.

Ezxample 6.1. Over the big stratum U in V, the restriction of f to Xy :=
f71(U) is smooth and the restrictions of the cohomology sheaves H'(K) are
locally constant on U, hence PH'(K)|;y = H'=4™V(K);[dim V] is a shifted
polarized VHS on U.

By the induction hypothesis D(n—1), the fiber (R’ f,j1.L), ~ H'(X,, ji.L),
at a point v € U, is isomorphic to the intersection cohomology of the restric-
tion of L to the fiber X, and Hard Lefschetz applies on X,,.

6.1.1 The crucial case at isolated strata

The main problem is to extend the decomposition over isolated strata in V.
Proposition 6.1. Assume D(n,V*) and the fiber X, at v € V; is a NCD.

(i) The decomposition (6.1) of PH(k*K) over V* extends to a decomposi-
tion over V, including the terms Li (ch. 1, Equation 1.7)

PHI(K) =~ @yev, LY @ ki k™ PH(K) (6.3)
(ii) The Lefschetz morphisms n' are isomorphisms:
n': PHTHK) 5 PHY(K) (6.4)

The statement ii) implies the existence of a splitting of K in the derived cate-
gory D%(V, Q) by Deligne’s general argument ([De 68] Théoréme 1.5, [De 93]).
We recall that the splitting of K means essentially the degeneration of
the spectral sequence with respect to the perverse filtration at the Fq-term.
Since the proof is local at v, we suppose Vj reduced to a single stratum v.
Moreover, we suppose first the fiber X,, a NCD in X.
The proof will occupy the rest of the chapter.

6.2 Nearby and vanishing cycles at an isolated stratum

The decomposition at isolated stratum v € Vjy C V, is based on the properties
of perverse nearby and vanishing cycles along a general hyperplane section
H through v.

We suppose first, there exists a morphism g : V — P to the complex
projective line P’ := Pl such that g(v) = 0 and g=*(0) := H is transverse to
all strata S C V* = V' \ v as in the diagram
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X, 25 X «X\Z
\ LS \J
v s HS v Evie (6.5)
b Lody \:
0505 P o P\ O
where Z := (go f)71(0) = f~1(H) = X, UZ;isaNCD in X, X, := f~1(v),

and Z, is the strict transform of H defined as the closure of f~1(H \ v).
For a general section H, Z, is smooth and X, N Z, is a NCD in Z,.

Let I (rvesp. I, C Iz) denote the set of indices of the components Z; C Z
(resp. Z; C X,) and let s € I, corresponds to the component Z,, hence
Iz =1,Us. For each J C Iz, let Z; = Njec;Z;, Z7 the regular locus of Z;
and set uniformly j : Zj — Z;.

We suppose the stratification S compatible with f, H, Z and the singularities
Y of ji,’L. Let ig : S — S denote the embedding of any stratum S in its
closure S.

6.2.0.1 Decomposition hypothesis

Let (K',W,F) be a perverse VMHS with support on Z (ch. 5, Definition
5.4). By definition

(Gr)' K", F) = @ er, (ju"L; , F) (6.6)

is a direct sum of intermediate extension of VHS PL! of weight r on Z%.

The weight spectral sequence: Ef’ = HPT9(X, K', F) defined by W on
RI'(X, K') degenerates at rank 2, since the terms Eyy?, := HPH9(X, Gr" K',F)
with their filtrations induced by F are HS of Welght q by the asbumptlon
D(n — 1) applied to intersections of components of Z,

We still denote (f|z)« by fi. The derived direct image (f.K', W, F'), where
W and F are derived direct image of W and F on K’, has support in H.

By definition, (K, W, F) satisfy the decomposition hypothesis if:
for each component jl*”LTJ of (GrXVK’, F) in equation 6.6, the following non
canonical decomposition property is satisfied:

FaduPL! =~ @icz ses.sca i PLY)5[—i] (6.7)

where (7L7)% is the component of the decomposition of f.ji.”L? according
to the notations of (ch 1, Equation 1.7).
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6.2.0.2 The cases Pgo¢71+PL and Ppgopg1sFL

The complex K’ := PpgorjifL (resp. K’ := PpyorjiPL) is a perverse VMHS
by (ch. 5, §5.1.3.3, Proposition 5.5, and Equation 5.42) and we have

(Gr) K'\F) = ®z,cx, (P F) ®z,nz, (P, F)) ®z, (*P;,F) (6.8)

where PP/ (resp. PP/Y* and PP$) are intermediate extensions of VHS on
Zy for J C I, (resp. Zjus, Zs) of weight a. Respectively, we have similar
decomposition for K’ := Ppgoj1PL (Theorem 5.1).

Since Zs is transverse to X, and to the NCD Y singular set of PL, the
component PP? vanishes for a # Pw —1:

(PP, F) = ((51:"L)| 2z, [-1], F)ifa = Pw — 1and PP, = 0ifa # Pw —1 (6.9)

Moreover, since dim H < dimV, K’ satisfy the decomposition hypothesis
with respect to the restriction of f to Z; for all non empty J C I.

Since fi PgorjinfLi = g fijiPL and fi PpgorjinPLi >~ g fijixPL and since
Ppg (resp. Ppg) are exact functors, we define the filtrations on Py K (resp.
PpgK), where K = f, ji,”L, as follows:

Definition 6.1. The filtrations W and F' on P, K (resp. Pp,K) are induced
by W and F on f. K"

K
K

Pyl Wy K = FK' WK = LW, K, F7,K = fF7K
Pogoriin’Ly, PogK = [ K' \W,Pp K = f,W,K', F"Pp, K := [, F"K'

The filtrations W and F on Pip, PH'(K) (resp. Pp,PH'(K)) are induced by
W and F on f,K':
Py PHY(K) ~ PH(f.K'), tesp. Po,PH(K) ~ PH'(f. K')

In the case of the vanishing cycles K’ := Ppgorj1FL, all the terms of the
decomposition are supported by X, since H is general through v, hence K’
is a perverse VMHS supported by X, and o, K = f.K' is supported by v.
Proposition 6.2. Let K := f,j.PL. The isomorphism

PHH (Mg K) o PHY(f. Pbgorjis?L) (resp. PHI(fiK') = Rpg PHY(K))
transports the action of v on K' to the action of the monodromy logarithm

N on the right hand term. Let n denote the cup-product by the class of the
hyperplane section of X, we have:

s GelW PHI (P, K) =5 Grl PHI (P, K) () (resp. in the case of PpyK )
N*: Grsz71+j+i PHI (g K) = Grszflﬂfiij(%gK)(_i)
resp. N : Gr‘;,VwHH PHI(Pp,K) = Gr‘:}vw_;_j_ip]'[j(p@gK)(*i)

We prove first the lemma:



126 6 Proof of the Decomposition Theorem

Lemma 6.2. i) Let K' := Pipyorj1PL and wo := Pw — 1. If a # wo:
foGr) K = @icnPHI (f. Grl K')[—i] = ©icz Al [~]
where A are PHS of weight a + i supported by v.
Let a = wy, Zs the strict transform of H and u: (H \v) = V:

fGrl) K' = @z PH (f.Gry, K')[—i] =

A . , . (6.10)
Biez (Auy[—1] ® By, [—1] © ww” PH' ((f| 2.)« 0Ll 2, [~ 1])[—i])

where By, is the polarized HS of weight wo+i, component of PH( fuji?L| 2, [—1])
with support v, AfUD 1s also a polarized HS of weight wo + ¢ with support v
and uypu* PHY(fi (51470 2, [—1]) = wieuw* PHY(fod1PL) | [—1] is a direct sum of
intermediate extensions of polarized VHS of weight wy + i supported by H.
i') Respectively, let K' := g0 rj1PL,

) f*GI‘ZVK/ = Diez pHi(f*GrZVK/)[_i] = @ielcﬂ_i]
where C?, are polarized HS of weight a + i supported by v.

Remark 6.1. To follow the proof, we explain the indices in the lemma and
the degeneration at rank 1 on the restriction to V' \ v. By transversality, the
restriction i* PH7 (f,51.PL)[—1] to H \ v is perverse, direct sum of shifted VHS
of pure weight j + Pw — 1 = j + w® over the strata.

By induction, the derived direct image f.i},_ji"L[—1] is of weight wy and
decomposes into a direct sum of shifted P17 (f.i3 ji."L[—1]) of pure weight
j+wo whose restriction to H\v coincide with u* PH7 ( f,51.PL)[—1] by transver-
sality, which is consistent with the degeneration at rank 1.

By the decomposition by induction of Z; — H, we know more: the weight
spectral sequence on H degenerates to unu* PH (fiz, .jifLjz, [—1]) & B, .
The spaces By, are pure HS of weight wy + j with support on v.

Proof. The Hodge filtration F is induced on PH'(f.GrV K') as explained
in (ch.1, §2.4). The lemma follows from (Equations 6.8, 6.9) as the terms
A! are the image of terms with support in X, except the derived image

f+(jixPL| z,[—1]) which has support on H. In the case a = wy we have, by
induction, the decomposition on H (see Equations 6.7 and 6.9) :
PH(fojri?Llz,[~1]) = waw PHY(fujrLl 2,[-1]) @ (L2, [-1]);.

Recall that w* PH(fi (j1+PL| 2, [—1]) =~ u* PH (f.j1sPL)| g [—1] by transversality
of H except at v. With the notations of (Equations 6.7, 1.7), set:
By, = (L] z,[=1]);-

Lemma 6.3 (Splitting of the spectral sequence). i) The perverse weight
spectral sequence of (foK', W, F)

EPT = PTG £ K') = Gr)l PHPYI(f K) (6.11)

splits into the direct sum of two spectral sequences:
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P4 _ 1P,q P,q
EPY = EP(y) @ EPY(H) (6.12)

where E(v) is a spectral sequence of HS supported by v which degenerates at
the Es-term while E(H) is supported by H and degenerates at the Eyi-term.

i') Respectively, if K' := PpgojiPL, the perverse weight spectral sequence
EY? s supported by v and degenerates at rank 2.

i) Gry/ PHI=w0 (£, K') =~ By “*(v) @ wiuw PHI™ (f 7,50 7, [—1])

Gr)/ PHPYI(f K') ~ EY(v)  if p # —wp.
ES%(v) is a HS supported by v and wy,u* PHI="(f,j1"L) 2, [—1]) is an inter-
mediate extension of a VHS.

it') Similarly, K’ := Ppgorj1FL is supported by v:
Grgv PP K" ~ ESY  for all p,q.
Proof. i) The weight filtration W; on PH’(f.K’) is defined by the perverse

image of PHI(f.W;) — PH’(f.K'), while the Hodge filtration is defined by
restriction as explained in (ch. 1, §2.4).

EP = pyrra(qeW p K D PR eyt (e f K
EPY = Gr)V PHPTI(f.K')
The differentials on the terms E7*? are written as follows:
El_wo_l’q d_1> El—wmq d_1> El—w0+17¢1

B0 = B0 0) © wew” PO (fogndLl 2, (1)) (6.13)

EIWO*LQ — E;UJO*LQ(U), E;woJrl,q — E;UJOJFLQ(U)

Set
EDU(v) = APTT if p £ —wo, BT (v) i= AL @ BLY (6.14)
then EP*%(v) consists of HS in degree 0 supported by v, while

ET(H) = wpu” PHI(f. "L

211, EPI(H) =0 ifp # —w.
(6.15)
Since H (ifunu* PHI™"0( f,j1.PL) 2, [—1]) = 0, the induced differentials by dy
on EVY(H) vanish.
The spectral sequence of HS E7*¥(v) degenerates at rank 2 ([De 72]) while
the spectral sequence F"?(H) degenerates at rank 1 since its terms vanish if
p # —wp. The statement ii’) is clear.

Proof of the proposition 6.2. Concerning the terms EY?(H ), the statement
is part of the decomposition theorem by induction over H and the degener-
ation at rank one of EY"(H):

1) N induces 0 on PH'(f.(ji"L

z.[=1])

-
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2) 17+ PHTI(fujuL| z,[-1]) = PHI(fejuLlz,[~1])(j) are isomorphisms,
hence including the terms B}, := ("L|z,[—1]).

Concerning the statement of the terms E%?(v), the following properties of
the terms EV(v) are satisfied also for a = wo:

1) N : Al ~ A' (—a)

2) ¢ A0 = A43())

We refer to ([Sa 88] Proposition 4.2.2) to deduce the corollary as follows.
For symmetry reasons, set

L% := E;PPT(v) (6.16)

The following properties of bigraded polarized HS are satisfied (see §5.2.1.1):
1) Lf is a HS of weight p + ¢,

2) The cup product with the class of an hyperplane section of X induces a
morphism [ : LI — L4*2(1) such that [ : L;9 = L(q) is an isomorphism
for ¢ > 0 by Hard Lefschetz on the components of Z.

3) The endomorphism v induces the monodromy morphism v : Ll —
LI _o(—1) which commutes with I: vol = lov, such that v* : LI = L% (—p)
is an isomorphism for p > 0 by the property of the monodromy filtration
W(v).

4) We deduce from the autoduality of L and the auto-duality of the mon-
odromy filtration, a scalar product polarizing the HS

S: L] x Ll — Q(—w —n+1)

5) The differential d; on the terms E; of the spectral sequence induces a
morphism d : LI — Lgﬂ satisfying d> = 0, dol =1lod, dov = vod and

S(dz,y) = £5(z, dy).

6.2.0.3 Reduction to a fibration by g

The following reduction is a method introduced by Grothendiek’s school
([De 80] §4.2) based on Lefschetz pencils and will be used also later in chapter
8. Let (Hy,t € P) be a general pencil of hyperplane sections of V' with axis A
of codimension 2 away from v. The only section Hy through v is transverse
to the strata of a Whitney stratification S of V'\ v.

We set H := Hy. The sections Hy, for t # 0 varying in a small disc
D C P with center 0, intersect the strata of a Whitney stratification S of V'
transversally (H; is normally embedded in V' \ v).

The blow-up Voof V along A is the variety V of disjoint union of strict
transforms H; ~ H; of H; with natural projections on V and P

V:{(x,t):meX,te]P’,:rth},pl:‘7—>V,p2:‘~/—>IP>,p1:I;}:Ht.
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The projection po defines a fibration on V onto P!, while the projection
p1 induces an isomorphism V' \ p;*(A4) ~ V \ A. Hence there exists a point
¥ € V over v such that p1 projects a neighborhood By of ¥ isomorphically
onto a neighborhood B, of v. o _ _

We consider the fiber product morphism f: X — V on X := X xy V. Since
the morphism remains unchanged over a neighborhood of v, the decomposi-
tion of f at v is equivalent to the decomposition of f.

6.2.0.4 Decomposition of Pp, PH!(K)

Let K := f.ji.”L. The decomposition of P, PH'(K) below (Equation 6.17)
follows from (Corollary 6.2) by a method due to M. Saito ([Sa 88], Lemma
5.2.15, see also [Ka 86] Proposition 3.3.1 for example).

Lemma 6.4. In the diagram of morphisms of perverse sheaves
pg PH!(K) =5 Rpg P! (K) =5 by PHY (K)
Po, PH(K), supported by v in degree 0, is a MHS direct sum of two sub-MHS:
P, PH'(K) ~ Im can @ Ker var (6.17)

Since H is general, Ppy PH!(K) is a MHS supported by v in degree 0 (Propo-
sition 6.2 and Corollary 6.3). The decomposition is in the category of IMHS
as it occurs on degree 0:

HO (g PHI(K)) = HO (Mg PH' () = HO (Mg "H' (K))

The proof is carried on Gr'V p@Z(”Hi(K ). The morphism can vanishes on
the summand of Gr'V’ Py (P (K) with support on H with cohomology 0 in
degree 0 as intermediate extensions.

For each m € Z, let H,;'(v) denote GrK(N)HO(%;‘ PH!(K)) with support
on v. Then H,'(v) is a polarized HS of weight Pw — 1+ i + m. Similarly, let

Hg%l = ergf) Pou P (K). Then Hg“l is of weight Pw +1i+m — 1.

For all m € Z we have diagrams H’ <, H;'“l Y H;”*Q(—l) induced by
the canonical and the variation morphisms. Such diagrams of polarized HS
satisfy the conditions of ([Sa 88], Lemma 5.2.15) by (Corollary 6.2). Hence
for all m we have a decomposition: H;"_l =ImC & KerV from which
we deduce the decomposition of ¢y, since Im can and ker var are sub-MHS.
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6.2.1 Decomposition of PH'(f.ji."L)

The decomposition is deduced by Verdier’s criteria on the extension of per-
verse sheaves in terms of the diagram defined by the canonical and variation
morphisms (Equation 2.22). We stress the splitting of the filtration F'.

By the reduction to a general hyperplane section, the proof of the decom-
position theorem, following the decomposition of the spectral sequence, is
limited to the use of the abelian category of IMHS.

Lemma 6.5. Let K := f.ju’Lyi: H > V,k:V\v—=V.
i) There ezists a canonical splitting

(PHY(K),F) = (L, F) @ (kik* PH (K), F) (6.18)

where: (L¢, F) is a pure HS supported by v and ki k* PH'(K) is an interme-
diate extension of a polarized VHS on V \ v of weight Pw + 1.

Moreover we have induced Hodge Lefschetz isomorphisms

n' i (PHHK), F) — i*(PHY(K), F).

Proof. Let k' : V\ H — V. The proof is based on Verdier’s description of the
extensions of perverse sheaves by the equivalence of the categories Perv(X)
and V(H) (§2.2.3, Equation 2.18). The decomposition ¢ ~ Im can & Ker var
(Equation 6.17) corresponds to the extension over H
K1 k" PHY(K) @ Ker var.
Let K : V\ H — V \ v, hence k' = k o k. By construction:
Kok PHYK) = k(K" k"™ PHY(K))
(first we extend to V' \ v, then to V according to the stratification defined
by H and v). Since by hypothesis H is transversal to the stratification away
from v: k" k" PH'(K) = k* PH(K), hence:
LK PHYK) = kudk” WK PHY(K) = kuk* PHY(K).

With the notations of (ch. 1, Equation 1.7) and by the uniqueness of the
decomposition L! := Kervar is a pure HS and by induction k* PH!(K) is a
direct sum of intermediate extensions, which proves (Equation 6.18).

The morphisms n' : i*(PH™Y(K),F) — *(PH!(K), F) are isomorphisms
since they are already isomorphisms on 7, PH~*(K) and on P, PH*(K),
which ends the proof of the lemma.

Remark 6.2. In view of the decomposition 6.17 the proof is direct as follows:
Lemma 6.6. i) Kervar ~ HO(i* PH!(K))

it) H* (i PHU(K)) = HFP (P PHE(K)) if k< —1

iii) 0 — H' (i PHH(K)) — HO(i5Ps PHY(K)) — Tm can — 0
where the MHS Tm can is determined ezactly by the terms EY(v) supported
by v (Lemma 6.3, ii) while the split vector space L is Kervar.



6.2 Nearby and vanishing cycles at an isolated stratum 131

Since Pl PH'(K) is the cone of sp : i* PH'(K)[—1] — P2 PH'(K ), we have a
distinguished triangle:

P P (K) 5 Rt P (K)) 5 e (K) (6.19)
and its long perverse exact sequence
0 — PHL(i* PHI(K)) — Ppe PHY(K) 5 Pl PR (K ) — PHO(i* PHY(K)) — 0
Since  Rpy PH(K) ~ Im can @ Ker var is a vector space supported by v, we
deduce the following isomorphism and short exact sequences:
Kervar ~ PHO(i* PH'(K))
0 — PR PHI(K)) — PYi PHY(K) — Imcan — 0

We remark also, since var is a monomorphism on Im can and var ocan = N:

Im can 2“5 Im(N = P PHI(K) — Ppi PH (K))
PR (i PHY(K)) ~ Ker (N = Y PHY(K) — P2 PH(K))

Then, by (Equation 5.49) and ([BBD 83] corollary 4.1.12):
PH (i PHY(K)) o~ i* (K k"™ PHY(K))[—1] = Ker (N [P PHY (K).
Since PHO(i* PH!(K)) ~ Ker var = H°(i;; PH'(K)) is supported by v, we
deduce Pr<_1i* PHY(K) = 7<_1i* PH!(K) = Im can and
iR PHY(K) ~ 7<_1i* PHY(K) & HO (i} PHY (K).
Moreover, we extract from the long cohomology exact sequence, associated

to the triangle (Equation 6.19) restricted to v, the exact sequence (iii) of the
lemma.

Lemma 6.7 (Splitting of the filtration F'). The decomposition of i* PH'(K)
splits the induced Hodge filtration.

At this point, we did prove the decomposition into the direct sum of the
perverse cohomologies. The splitting of the induced filtration F' into the in-
duced filtrations on each term is a consequence of the existence of M HS on
it PHY(K).

By (Lemma 6.3) each term ¢ and ¢ has an induced M HS. The MHS on
it PHY(K) = iti3; PHY(K) is deduced from the mixed cone of the morphism
can : g — pg. The decomposition in (Equation 6.17) is compatible with
MHS. Since L! = Kerwvar has a pure HS and its embedding is compatible
with the MHS, we deduce the splitting of the MHS and consequently the
splitting of the filtration F' at v.

Remark 6.3. The MHS on ¢} PH'(K) = i%i% PH'(K) may be defined by desin-
gularization and compatibility of MHS with the perverse filtration.

Such compatibility of Hodge and perverse filtrations is a general property
on various cohomology groups on subspaces of V' and will be repeatedly useful
in the text.
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6.2.2 Hodge structure on H*(X, j1,P/L) (dimV = 0)

We refer to ([Zu 79]) in the case where dim V' =0 and dim X = 1.

If dim X > 1, we use a Lefschetz fibration by a pencil of hyperplane section
to reduce the proof to the case where f admits a factorization by a morphism
to the projective complex line and the constant map:

X 2P 2 specC, f=cpops

Let (X;,t € P) be a pencil of hyperplane sections of X with axis A of
codimension 2. The disjoint union of the hyperplane sections X; forms an
algebraic variety known as the blow-up X of X along A with projections p;
and po

X’:{(x,t):xeXt,te]P’},pl:X%X,pg:)?—)]P’,plz)?tht

([De 80], 4.3.1). Let j/ : U — X denote the embedding of an open subset
of definition of the polarized VHS L. If the pencil is general with axis A
transverse to a stratification of (X, ji,”L), then j/,PL ~ pj ji.PL and p1,.j|,7L ~
p1:D; J1PL since p; is a fibration by simply connected projective lines P: The
decomposition follows a from §6.1.0.1 since dim X = dim X = n, hence we
have in the derived category:

Predi "L = L @ PHE (praji, L) [=2] = "L @ i L[ -2 (6.20)

We have: Gr, HF (X, j{,7L, F) ~ H*"2(A, ji."L, F') and ProHF (X, j|, 7L, F) ~
HF (X, ji. "L, F).

First we deduce a HS on (HF(X, Jji.7L), F') since the decomposition theo-
rem apply to ps and [Zu 79] applies to all intermediate extensions of polarized
VHS of the perverse cohomologies of (p2 .ji,”L, F') on P. Hence

1. (PrH*(X, j{,PL), F) = (H*(X, j/,”L), F) is a HS.

2. PrHF(X, ji,L), F) = (H*(X, ji."L), F)

Moreover, and Gr, H*(X, j/,”L), F) ~ (H*"2(4, ji.”L), F) is a HS by in-
duction since dim A < dim X. Hence (H*(X, j.PL), F) is a HS as the kernel
of a morphism of HS. Recall, that the decomposition is natural for constant
coefficients (see [Vo 2007], Theorem 7.31).

Corollary 6.1. An hyperplane section defines a polarization on HF (X, j,.7L).
Let n denote the cup-product with the class of a hyperplane section of X, then
n' defines an isomorphism: H™* (X, ji,’L) — H (X, j,.7L).

Remark 6.4. The HS on H* (X, 51,.7L) coincides with the HS defined in [KaK 87],
[CaKSc 87] and [De 71]. The proof follows from [KaK 86] where the HS are
shown to coincide due to the property of auto-duality.

This ends the induction process on dim X for non singular X
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6.2.2.1 Purity on a singular variety X

We complete the proof of the purity theorem in the case of a singular vari-
ety X (ch. 4, §4.1.2, Theorem 4.3) by reduction to a complete non-singular
algebraic variety X’. We consider the finite covering of the variety X by the
disjoint union of its irreducible components to reduce the proof to the case
where X is irreducible and of dimension n and L a polarized VHS of weight w’
on a non singular Zariski-open subset U C X. The weight of L := L[dim X]
is Pw :=w' +n.

Let Y = X\ U, 7 : X’ = X a non singular modification of X such that
Y’ := 771(Y) is a NCD. Let j/ : U < X, then j{,”L is endowed with a
Hodge filtration F' induced by the isomorphism with IC*?L on X'.

There exists on PH%(m.jj,’L) a Hodge filtration F induced by the push-
forward filtration w,F. The Hodge filtration F' on j.PL is induced by the
decomposition of PH®(m,j{,PL) compatible with F. This Hodge filtration in
the derived filtered category D*F(X,C) is independent of the choice of the
designgularization X’ up to isomorphism.

Lemma 6.8. The perverse filtration Pr on H¥(X', j/,PL) with respect to the
desingularization map 7 : X' — X is a filtration by sub-HS.

The definition of the filtration F' is obtained by the decomposition theorem
applied to the morphism 7 : X’ — X.

As in the previous case, ProH¥ (X', ji,PL) is a Hodge sub-structure since the
quotient H¥ (X', ji PL)/ProH* (X', ji.PL) is a HS by induction on dimension,
as the components of the decomposition over strata of dimension strictly
lower than dim X appears in the quotient.

By a similar argument Pr_;H* (X', j/, L) is a sub-HS, hence Gr,"HF (X', j{.7L)
is a HS which contains H¥(X, j,,”L) as a natural sub-HS (see also a general
method to prove that Pr is a filtration by sub-HS (Equation 10.7)).

Corollary 6.2 (Purity Theorem on a singular variety X). Let L be
defined on a Zariski open subset of an algebraic complex and compact variety.

Then, the Hodge filtration F induces a HS pf weight Pw + k on H* (X, j,.7L).

For any complex algebraic variety, there exists a birational morphism g :
X’ — X where X' is projective and non-singular over C [De 68], 5.3.4). The
decomposition theorem extends to g since it is local on X. By the lemma,
the HS on HF (X, j,PL) is a direct summand of Gro™HF (X', j/,PL).

The independence of the choice of the designgularization X’ up to isomor-
phism is proved by comparison of two non singular modifications X; and X}
with a non singular modification X’ of the fiber product X x x X} such that
X" — X/ (resp. X’ — X}%). Then the HS on H*(X, ji.”L) deduced from X
or X/ coincides with the HS deduced from X'.



134 6 Proof of the Decomposition Theorem

6.2.2.2 Decomposition theorem in the case of a singular variety X

The proof is by reduction to the non singular case. Let f: X — V and j,.”L
on the singular variety X. The induced Hodge filtration F' on j,’L on X is
deduced from a non singular modification X’ of X (see Corollary 6.2). We
have a diagram

X Sx v, hi=for (6.21)

There exist Thom-Whitney stratifications S of f, w and h := fow, compatible
with Y := X \ U and the NCD Y’ := 7~ 1(Y), and Whitney stratifications of
X, X’ and V underlying the Thom-Whitney stratifications S.

Let Vo (resp. Xo) denote the set of zero dimensional strata in V' (resp. X)
and V;,, (resp. X,,) the maximal strata.We suppose the following conditions:

1) The inverse image Xy, (resp. XY ) is a NCD

2) The inverse image Yy, (resp. Yy ) is empty or a relative NCD.
where relative means that the fiber Y, at each point v € V,,, (resp. v € X,,)
is a NCD in the non singular fiber X.
These conditions may be easily satisfied over isolated strata in Vj. It is even
possible to ask that the inverse image of each stratum S of V is a NCD in
X’ and a fibration by NCD (chapter 12 §11.2, [EL 14]).

The decomposition theorem for f is deduced from the case of w and h =
f o after ([De 68], Proposition 2.16) as follows.
Recall that j' : U — X' denote the embedding and j,”L is endowed with a
Hodge filtration F. Let K’ := 7.j/,PL. By the decomposition theorem applied
to m:

a) K o @, 7! (K")[i] € D(X)
Let K := f.K' = (f o m),j|,’L. By the decomposition theorem applied to
fom:

b) K ~ @;"H!(K)[—i] € D5(V)
From a) we deduce f,K' ~ @&;f.PH'(K')[—i]. Then by ([De 68], Corollary
1.12) for all k& we have

FPHE(E') = @ P (f PHE(KT)[=i] € De(V) (6.22)

Corollary 6.3 (Decomposition). Let f : X — V and 5.PL on X (Equa-
tion 6.21). There exists a decomposition in the derived category

Fed1aPL = @i PHE( fojiPL)[—1] (6.23)

We apply (Equation 6.22) for & = 0, since j.”L is a summand of PH°(K’)
where K’ := m,j{,7L.



Chapter 7
Perverse VMHS

Let V be a complex projective variety possibly singular. We define the abelian
category I'H of intermediate extension of polarized VHS with support on irre-
ducible sub-varieties of V' (Lemma 7.1) and the category of perverse variation
of mixed Hodge structures PVMHS (Definition 7.2).

The weight spectral sequence of PVMHS degenerates in general at rank 2
(Corollary 7.2) with E; terms in IH (§7.1).

For each closed subvariety S C V, there exists a MHS on H(S, j1."L) of
weights w < Pw+i, respectively a MHS on H (V, ji.PL) of weights w > Pwi.

At a closed point v, with i, : v = V and k : V \ v — V, there exists a
MHS on H*(i} k. k* ji.PL) (§7.1.1).

Let g : U’ — C be a projective morphism defined on an open subset
U" C V. We define a PVMHS on Pi)yj,.PL and Pp4j1.PL by desingularization.
Then, we can state the local and global Invariant cycle theorems (§7.2).

At the end of the chapter (§9.7) we recover results of M. Saito ([Sa 90])
on mixed Hodge modules in terms of PVMHS (see Corollary 7.2).

7.1 Perverse variation of mixed Hodge structures

We define the abelian category IH of intermediate extensions of polarized
VHS. Then, we deduce the definition of perverse variations of MHS as exten-
sions of objects of I'H.

7.1.0.1 Hodge filtration by desingularization
Let U be a non singular open dense subset of an irreducible projective variety
V and PL a polarized VHS on U of weight Pw. Let m : V. — V be a desin-

gularization of V' with exceptional divisor a NCD Y inverse image of V' \ U.
Let j: U — V and j' : U — V denote the open embeddings into V' and V.

135
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A Hodge filtration F is defined on j{, 7L, from which we deduce by push-
forward a filtration 7, F on m.ji, "L.

We recall that the Hodge filtration F' on PH°(m,ji, PL) is induced by the
filtration 7, F on V. Since ji,PL is a summand of (PHO(r,j, L), F) by the
decomposition theorem (ch.2, §2.4), we deduce again the Hodge filtration by
restriction of F.

The construction is performed in the bifiltered derived category D%, n(V, C).
The filtration F induced on j,.”L does not depend in D% (V,C) on the choice
of the desingularization of V. A functor T is derived using bigraded bifiltered
T—acyclic resolutions of (m,ji, 'L, Pr, F').

7.1.0.2 The category I'H of Hodge intermediate extensions

Let j : U — V denote the embedding of a smooth open subset of V. A
morphism of polarized VHS (PVHS) ¢ : (PL, F) — (PL/,F) on U extends
uniquely to the intermediate extensions ji.g : (ji.?L, F) — (ji.’L’, F) on V.

Lemma 7.1. The category IHy of filtered intermediate extensions of polar-
ized VHS on smooth open subsets of V' of the form (ji. PL, F') with support V
and morphisms of intermediate extensions is abelian.

Proof. We prove for example the existence of the kernel and image of a mor-
phism. Let g : (L, F) — (L', F) be a morphism of polarized VHS on the
non singular open subset U C V and j : U — V. Let j/ : U — V denote
the embedding of U in the desingularization of V' and Y = U;erY; the NCD
complement of U C V.

Let u : PK — 7L denote the kernel of g (resp. v : FLL — I the image).

Sub-lemma. The morphism g (resp. u, v) extends into a morphism of of
intermediate extensions of polarized VHS with induced filtration F by push-
forward from j.g : (j{,PL, F) — (ji,/L', F) (resp. jl,u : j|,"K — j/,’L and
Jiv gL — 4. 71) on V.

Moreover jj,u and jj,v are kernel and image of j|.g.

The proof is local. Let J C I, locally at a point of Y, we have a sequence
of nilpotent orbits : 0 - K — L — I — 0 endowed with monodromy
weight filtration. With the notations of (ch.3, Definition 3.4), by induction
on the length of J and the vanishing cycle lemma (see ch. 5, Lemma 5.1), the
sequences:

0—-N;K—>N;L—+N;I —-0,0—>KerN;K—KerN;L—KerN;I —0

(7.1)
are exact. The graded exact sequence Gr*W(N 1) defined by the weight filtra-
tion, split into primitive exact sequences, from which we deduce the exactness
in (Equation 7.1). We deduce a distinguished triangle of the intermediate ex-
tensions

i -/
J1s U J1x ¥
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The associated long exact sequence of perverse cohomology on V' splits, due
to the weights, into short exact sequences

0 = PHO(m.ji, PK) =2 PHO(m.jil,PL) = PHO (i, ) = 0
In particular, we have induced sub-exact sequence of perverse sheaves on V:
0= i K 2% 5, 7L 2% 5, 71— 0

Hence (ji« PK, jixu) is a kernel, and ji. 7T is the image of ji.g : (ji.PL, F) —
(71:L’p, F'). The proof of the existence of co-image and co-kernel is similar.

Remark 7.1. The morphism ji.g : ji. ("L, F) — (ji.PL’, F) is a canonical ex-
tension of g and all morphisms are obtained in this way in the category.

For each irreducible closed subset S C V', we have a natural functor IHg —
P(V) to the category P(V) of perverse sheaves on V.

Definition 7.1 (IH). The category of Hodge intermediate extensions IH
attached to V is the direct sum for all closed irreducible subsets S of V:
IH = PscvIHs.

Since a morphism on intermediate extensions of polarized VHS with sup-
port S is determined by its restriction to the big stratum S*, a morphism
ig1:PL — ign,PL’ between two of intermediate extensions of polarized VHS
with support S and S’ is necessarily 0 unless S = 5’.

Proposition 7.1. Let f : X — V be a projective morphism and ji.PL a
polarized VHS on X. For all integers i, the perverse cohomology sheaves
(PHY(fjisPL), F) are in IH on V.

We prove that any component ig,, "L of PH’( f.ji.PL) with support on the
closure S of a stratum S of V is in IH on V.
Let m: S” — S be a desingularization of S and k: S «— 5.

We have to prove that (ig,, "Lk, F) is a component of (PH%(m, kL), F),
We construct a variety V in the diagram

X=X

by blowings up above the singularities S of S (including the singularities of
PLY) such that there exists a desingularization S C V of S, strict transform
of S in V and an embedding ig: S — S such that V' \ Sy ~ V \ 7718,
(without modification of V' outside the singularities S5 C .5).
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Set X := X xy V, X, := f~1(S,) such that X \ X, ~ X \ a7 !X, (X
is a modification of X). Let jj, 7L’ denote the intermediate extension of 7L
on X ()? may be singular, we recall that ji.”L on X and j, /L’ on X are
constructed out of a desingularization of X ).

The component ig,’L’ may be constructed out of the decomposition of h.
In the decomposition of PH?(fLji, ') the component ig, "L’ is exactly the
extension of PL’ on the desingularization S of S and by the decomposition
theorem

(is0 g, F) © (PH(maig, i), ) © (P (haji, L), F).

Corollary 7.1. Let V' be an algebraic variety. The category of Hodge inter-
mediate extensions IH s well defined on V.

We can suppose V irreducible, since the category is the direct sum over irre-
ducible components. In the previous definitions, the fact that V is projective
was convenient for the proof but not essential.

By uniqueness of the extension we can remove the condition V' is pro-
jective. Let PL be defined on an open subset U. For any affine open subset
A C V, the extension of the restriction PL|sny to a projective closure is well
defined, hence it is well defined on A. All extensions over an affine covering
of V glue into a unique extension on V.

Definition 7.2 (Perverse variation of MHS (PVMHS)). A bifiltered
complex (K, W, F) is a perverse variation of mixed Hodge structures (PVMHS)
on a singular X if:

1. K is a Q—perverse sheaf on X,

2. W is an increasing filtration by Q—perverse sub-sheaves,

3. F' is a decreasing filtration by C—sub-sheaves of K ®g C such that:
Vr € Z,(GrlV K, F) € I is a direct sum of of intermediate extensions of
polarized VHS on V.

In the text all PVMHS are graded polarized. The following result may be
deduced as in ([Sa 90], 2.d):

Corollary 7.2 (M. Saito). Let f : X — V be a projective morphism and
(K,W,F) a PVMHS on X. The perverse cohomology (PH'(f.K), W, F) with
induced filtrations W and F is a PVMHS on V and we have:

PEPY = PHPH(f,GrY K) = Gr) PHPY(f.K) (7.2)

degenerating at rank 2: PEY(f.K,W) ~ Gr)V PHPTI(f,K).

By the decomposition theorem, already proved (see ch.6, Corollary 6.3) the
terms of the perverse weight spectral sequence PEP-2(f,K’', W) are in the
abelian category I'H on V and the spectral sequence degenerates at rank 2
by an argument similar to Deligne’s results on spectral sequences with HS (
[De 72] revisited in [De 75]).

The main interest in the abelian category IH is to construct the terms
PEY? as cohomology of the complex of terms PE}Y.
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7.1.1 Hodge theory along locally principal divisors

Let ji,PL be an intermediate extension of a VHS L of weight Pw on a non-
singular dense algebraic open subset U of a variety V and j: U — V.

Let H C V be a principal divisor defined by an equation g. There exists
a perverse variation of mixed Hodge structure (PVMHS) on Py ji.PL (resp.
PojiPL) (see Proposition 7.3 below).

Let i : H — V. There exists a PVMHS on i*ji.PL[—1] (resp. i'j.’L[1])

Let v € V be a closed point, B, a small ball with center v and B} := B, \v.
There exists a MHS on HY (B, j1.PL) (Proposition 7.4 below).

7.1.1.1 Functoriality of the monodromy filtration

Let f : X — V be a projective morphism of algebraic complex varieties,
U’ C V an open subset (algebraic or analytic) and g : U’ — C a morphism.
Let H := g=1(0). We suppose X non singular and f~*H C X a NCD.

Let j1.PL be the intermediate extension of a shifted polarized VHS on X,
h:=go fand (K, F):= f.(jifL, F), then:

Phg PHY (fo ) = PH' (i Pbnjne™L),  Poog PH (. K) = PH'(f. PonjiL)  (7.3)

The weight filtration W is related to the monodromy filtration W (Ny) on
Py, g15PL (resp. on p, j1.PL) (see Theorem 5.1). The image of the perverse coho-
mology PH!(f.W) defines a filtration on Py PH'(f. K) (resp. Pp, PH(f. K)).
We have a perverse spectral sequence

PEPY = pHp—s-q(f*GrKVp Py i L) = GT;’V Py PHPEI( £, 51, 7L)

PEP = pHp+q(f*GrKVp P L) = GTZV Rog PHPYI( £, 51, 7L) (7.4)
Proposition 7.2 (Saito [Sa 88] Proposition 5.3.5 ). i) The perverse
weight spectral sequences (7.4) degenerate at rank 2 in the abelian category
I'H on H (Definition 7.1).

i) The filtration induced by Im PH'(f W (Np)) — Py PH'(fjiPL) (resp.
Pog PHPYI( f,51.PL)) coincides with the monodromy filtration W (N).

iwi) The terms PEY? are in IH and we have a structure of PVMHS on
By THIVI(f,K) (resp. Po, PHPHI(f,K) ).

The proof is based on the bigraded objects of intermediate extensions of
polarized VHS on H in the abelian category I'H by comparison with the
bigraded polarized HS in chapter 5, §5.2.1.1.

We use the perverse Hard Lefshetz theorem (resp. the morphism N) on
the terms PE}.
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7.1.2 Nearby and vanishing cycles on a variety V

Let 5.7L be the intermediate extension of a polarized VHS on a non singular
Zariski open subset U dense in a projective variety V possibly singular and
g : U — C a projective analytic morphism.

Proposition 7.3. Let 51,PL on V and N :=logT". There exists on the per-
verse nearby cycle complex g1, PL[—1] (resp. pgjiPL{—1]) a filtration F in-
ducing with the filtration W := W(N)[Pw — 1] (resp. W = W(N)[Pw]) a
structure of PVMHS where the weight W is a shifted monodromy weight fil-
tration W(N).

Let W be an increasing filtration, recall: Wn];+, = W;. The proof is by
reduction to the non singular case. Let H := g~—!(0) and Y the singularities of
PL in V including the singularities of V. Let 7 : V > Vbea desingularization
such that Y’ := 771(Y) and H' := 7~ 1(H) are NCD. We suppose that H’
is a sub-divisor of Y as we can enlarge Y if necessary. Let j' : U — 1%
(U~ (V\Y') ~V\Y. We apply the proposition 7.2 to jj,’L on V. The
proof follows, since ji.”L is a component of PH°(m, |, L).

The uniqueness follows by considering a diagram V; < V = Vs of modifi-
cations of V in the case of two choices V7 and V5.

Definition 7.3. We define t,ji. "L as a component of ¢, PHO (. ji, PL) =
PHO(mtpgor (], PL)). A similar definition of ¢, PL apply.

Corollary 7.3. Let V be projective and i : H < V' the embedding of a locally
principal divisor.

i) There exists on i*j1.PL[—1] (resp. on i'ji,PL[1]) a natural PVMH induc-
ing on WY (H, ji.PL) (resp. on H7(V, j1.PL[1])) a filtration by MHS of weights
w< Pw+j (resp. w> Pw+j).

ii) Let k : V\ H — V. There exists on k.k*j.’L a natural PVMH of
weights w > Pw and a MHS on HY (V' \ H, j1.PL) of weights w > Pw + j.

i) Let g be a local equation of H. The corollary follows since i*3,PL[—1]
may be constructed locally as kernel of the morphism N : ¢gv)gj1.L[—1] —
Vg giiPL[—1] (see ch.5, Equation 5.50) with induced weight filtration. The
local constructions glue globally on H (the case i'j1.PL[1] is dual).

It is equivalent to construct the filtrations W and F' by push-forward from
a desingularization of V.

ii) The quotient k,k*ji.PL/j1.7L is isomorphic to 4'ji,PL[1].

Proposition 7.4 (MHS on H/ (B, ji."L)). Let v € V,k, : (V \v) = V.

There exists a natural MHS on HY (v, ky.k}51.PL) ~ WY (B}, ji.PL).

Proof. Since the proof is local at v, we change V into a small ball B, with
center v € V. By blowing up v € B,,, we have a diagram
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Z & B, & B
md LT o~ (7.5)

[ k
v — B, + B’

where B := B, \ {v} and 7 : B, — B, is the blow up of v € B,.
Let P be a complex on B} such that 7, P = (j.”L)p:. Since 7’ is an
isomorphism, we have:

sk I'D o~ TxT
inksm, P~ 0%k, P

where i*k, P has two non vanishing perverse cohomology on the locally prin-
cipal divisor Z:

PH (¥ k, P) = 1"k, P[—1], PHO(i*k, P) = i'ky, P[1] (7.6)

The complex Z*E*f ' is isomorphic to a mixed cone over the intersection com-
plex I : ik P — i*ki P with filtrations W and F such that

(H'(mpsi* ko P), W, F) ~ H'(Z, ik, P,W, F) (7.7)
Hi(v, kyk?j1sPL) ~ H'(m,.i*k, P) has a natural MHS.

Remark 7.2. 1) Let i : H < V is a closed subvariety of V, then the results of
Corollary 7.3) can be generalized to this case:

i) There exists on i* ji,’L[—1] (resp. on i'ji,”L[1]) a natural PVMH inducing
on HY(H,ji,. L) (resp. on H% (V. jiPL[1])) a filtration by MHS of weights
w < Pw+j (resp. w > Pw + j).

ii) Let k : V' \ H < V. There exists on k.k*ji.’L a natural PVMH of
weights w > Pw and a MHS on HY (V' \ H, ji,PL) of weights w > Pw + j.

Proof. We blow-up H to construct H C V' and f : V' — V such that
f~Y(H) = H’, then apply (Corollary 7.3) to the locally locally principal
divisor H’ to define a PVMHS, then apply (Proposition 7.2).

2) Then Proposition 7.4 follows since ik, k7 1.PL) ~ H7 (B}, j1,"L) is a mixed
cone over the intersection morphism I : i} — ¥ (Equation 2.1.3.1, §5.2.2,
Lemma 5.3).

Remark 7.3 (Compatibility with the perverse filtration). (See a general method
to prove the compatibility with the perverse filtration by (Equation 10.7)).

i) Let f : X — V be a projective morphism (X may be singular), H C V' a
locally principal divisor on V and (ji."L, W, F) on X.Set H' := f~1(H) C X,
i H =V, ig : H — X,

Let (K, W, F) := (i%,ji. "L, W, F) (vesp. (K', W, F) := (i, ji. "L, W, F))
and denote again fig.W by W, fig.F' by F on f.K'.

We deduce from the perverse filtration Pr on f,ji. PL a filtration i}; Pr on
W%y fejix PL (vesp. iy Proon iy f. i, PL) and by transport of structure a filtration
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it ’roon fig. K’ by the isomorphism fg. K" ~ i} fiji PL (resp. i%y Proon
i!Hf*jg* PL). Thus we have three filtrations

(fig- K", W, F,i3 Pr) (vesp. (fi ', W, Fyif Pr)).
We deduce from (Corollary 7.3 and Proposition 7.4) an isomorphism of MHS
of weights w < Pw + j (resp. of weights w > Pw + j).

(HY (H, PH(f.j1"L)), W, F) = (Gri# TH™* (X g, 1. "L), W, F)

A , o L (7.8)
(g (V. PR (£u30FL)), W, F) = (G THEE (X, L), W, F)
ii) We may even consider the induced filtration in the category of PVMHS
on the desingularization to deduce PVMHS on a singular variety.
iii) MHS on HI (B}, PH'(f.51«"L)): Let v € V be a closed point such that
Z = X, := f~1(v) is a locally principal divisor in X. Set k : V' \ {v} — V,i, :
v=>V,i:Z—>Xand jz: X\ Z— X and ji.PL on X.
We deduce from the bifiltered complex (K, W, F) := (i* jz«(j1."L)|(x\z), W, F)
a structure of MHC on the derived global sections complex I'(Z, K/, W, F).
We denote again by W and F the filtrations (fiz).W, (fiz)«F on (fiz).K'.
We use the isomorphism (f|z)«K" >~ ipuks((fef1u"L)|(v\0)) to deduce a
filtration Pr* on (f|z).K" from the perverse filtration Pr on (f.j1"L)|(v\u)

P (fiz) o K 2 P (lpuckes (fudtePL) | (V\0)) 2= Gus ki (P (fedtaPL) | (v \0))

Thus we have three filtrations W, F, Pr* on the complex (f|z).K’ inducing
filtrations W, F' and Pr* on the hypercohomology space HY(Z, jz.j%ji"L):
1) The induced filtration Pr* on HY(X,, K') is a filtration by MHS.
2) There exists a natural MHS on H7 (v, k. k* PH'( f+71.PL) compatible with
the isomorphism of MHS:

HI (0, k™ PH(fujuPL) = H (0, G, (fix, )oK, W, F)  (7.9)

If Z is a NCD in a non singular X, the bifiltered complex K’ := i*jz.j%jiPL
with induced W and F is defined by (chapter 5, §5.2.2, Definition 5.6).

Corollary 7.4 (Perverse filtration by sub-HS). With the notations of
(Corollary 6.3), the filtration Pr on f.jiPL induces a filtration by Hodge
substructures of Ht (X, j1,PL) such that

(Gr,"HH (X, juPL), F) ~ (W (V, PHY( f.51.7L)), F).
We have a decomposition into a direct sum of polarized HS of weight Pw+i+j:
B (V, PR (fujiL)) — @ses HY (X, s (31"L)§)
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7.2 Local and global invariant cycle theorems

We prove the local and global invariant cycle theorems on eventually singular

varieties as announced in the introduction (ch. 4, Theorems 4.1 and 4.2). The

results on non singular varieties extend to singular varieties with coeflicients

in intermediate extensions of VHS by the previous remark 7.3.

Also, Deligne’s proof on non singular varieties extends to singular varieties.
The octahedron diagram Diagram (7.13) and Equation (7.15) are applica-

tions of the decomposition of ¢, (see ch.6, Equation 6.17).

7.2.0.1 Local invariant cycle theorem on singular varieties

Let V be an algebraic variety, PL a shifted polarized VHS of weight Pw on a
non singular Zariski open subset U C V and ji,PL the intermediate extension
of L endowed with a Hodge filtration F' (see ch.6, Definition 6.2).

Let g : Vp — D be a projective morphism from a complex open subset Vp
to the complex disc D € C with central fiber H := V.

Proposition 7.5 (Local invariant cycle). The sequence
HY(H, ju"L[=1]) 2 H(H, g juL[=1]) 2 HO(H, g5 juPL[-1])(~1)

(7.10)
is an exact sequence of MHS.

The proof is similar to Deligne’s proof for constant coefficients [De 80]. For
D small enough, Vp is a retract by deformation of H as g is proper. Hence
the restriction map H*(Vp, ji."L) — H*(H, ji,"L) is an isomorphism. Let Pw
be the weight of PL.. We consider the diagram

H}—}H(VDa j!*pL)

i

H'(Vp \ H, ji’L) —— H'(H, 1y ji."L)N —— 0

QT e

HZ(VDa j!*pL)
Since the topological Wang exact sequence
H' (Vp \ H, juL) — B (H,%j.L) = B (H, 920 /L) —  (7.11)

is compatible with MHS (see Remark 7.3 ii), the morphism j is surjective on
the invariant subspace by N and compatible with MHS.
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Let jp : V\H — V. The whole diagram can be constructed in the category
of MHS, since the following hypercohomology spaces carry MHS:
1) HY(Vp \ Z, jiPL) ~ " (H, 3% i g j 3y "L) (Vp retracts on H),
2) H'(H,9}{j."L), (Proposition 7.3)
3) HY(Vp, j1"L) ~ H'(H, ji."L) of weight < Pw + i (Corollary 7.3) and
4) H}+1(Vg,jg*pL) of weight > Pw + i+ 1 (Corollary 7.3).

Since H?l(VD,j!*pL) has weights > Pw + i+ 1, and the weight of Im « is
< Pw + i, we have: Wy, ;H!(Vp \ H, j1.PL) C Im a.

Since ( is surjective by Wang sequence, we deduce that sp := o « is
surjective as the weight of H*(H, w?jl*pL)N is < Pw + 1.

7.2.0.2 The octahedron diagram

Let g : V — P be a morphism to the complex projective line P := P¢,
H =g }0) and f : X — V such that Z := (go f)71(0) = f~}(H) is a NCD
in X )

Z5% X X\ Z

[
HS v &vig (7.12)
L dy {

05 P« P\O

Let K := f,j1«PL. We attach to the Diagram 7.12, the following upper and
lower ’caps’ of the octahedron diagram ([BBD 83], 1.1.6):

i'K s P K i*K - i'K (7.13)
\d % \ dV
I ¢ nggK c N +1 ¢ C(N) c +1
/ d can A d
U N u
i"K = npuE WK Wy K

where the cones C(N) ~ C(I) are isomorphic. The middle term of the se-
quence:

(PH! (Mg K) =5 PH! (Rog K)) =5 P! (P K))

where PH (P, K) = Py, PHY(K) and PH'(Pp,K) = Pp,PH'(K), splits into a
direct sum by (Lemma 6.4)

Pyt (p(pfgt[() = Im can @ Ker var (7-14>
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Typically for an octahedron diagram, this decomposition is equivalent to the
long exact sequence with four terms defined by the common boundary of the
diagrams:

PHIZL (i K ) = PHY (K ) D PHU (PR (—1) = PRI K) 5 PHITN (K )
or the exact sequence
P PH () [~ 1] =P8 PHE () 2 22 PHE () (— 1) =i PH (K [1] =i PH 2 (K) [-1]

since PRV (i*K) = i* PHY(K)[—1], PH'TI(i'K) = i' PH}(K)[1].

Since H is locally principal and PH!(K) decomposes into a sum of in-
termediate extensions, this exact sequence splits into various perverse exact
sequences

0 — i PHI(K) [~ 1] =P PHU(K) S5 P2 PHI(K) (—1) =i PHU(K)[1] = 0
(7.15)
This exact sequence appears in ([Sa 88] 5.2.2.2), see also [BBD 83]. The local
invariant theorem follows again:

Corollary 7.5. i) We have an ezact sequence of MHS:
HO(H, PHO(K)[~1]) =5 HY(H, vy PHO (K)[—1]) =~ HO(H, ) PHO(K) [~ 1]) (1)
ii) Let PL be on V. We have an exact sequence of MHS:
HYL(H, ji, L) 2 O~ (H, 925, L) & B (H, 92 L) (1)

i) The weights w(H?(H, PH°(K)[-1]) < Pw+q—1 and w(Ker N) < Pw+q—1.
The exact sequence (Equation 7.15) is reduced to two short exact sequences:
0 — i* PHO(K)[-1]»PHO (P K) — Im N — 0,
0 — Im N—PHO (P K ) (—1)—4' PHO(K)[1] — 0
We deduce the associated long exact sequences
0 sp w p/0 o

HY(H, "H”(K)[-1]) — HY(H, ¢y PH"(K)[-1]) — H'(H,Im N) —

HY (H, i PHO(K)[1]) & H(H, Tm N) 2 HO(H, 92 PHO(K)[-1]) (~1) —
where N = Boa. Since the weights w of HY(H, PH°(i* K)[—1]) are < Pw+q—1,
we prove that any element of a € Ker N C H?(H, ¢y ji"L[~1]) of weight
w(a) < Pw+ q — 1 satisfy necessarily a(a) = 0, hence a is in the image of sp.

We have Na = foa(a) =0 and w(a(a)) = w(a) < Pw+q— 1.

Since the weights w of HI~!(H, ' PHO(K)[1]) satisfy w > Pw + g we have:
w(Im, ) = w(Ker 5) > Pw + g and a(a) C Ker 8, hence a(a) = 0.
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ii) We apply i) to the diagram defined by a desingularization V of V and
to the intermediate extension of L on V. Since ji,”L C PHY(K) in this case,
we deduce the statement ii) from 1i).

Remark 7.4. 1) We deduce from the exact sequence of the boundary, the de-
composition in the lower cap of the octahedron on its turn:
PHI(POLK) — (Im : PHI(i'K) — PHI(PpLK)) @ (Ker : PH'(PpuK) — PH'(i*K))
ii) The exact sequence in the corollary may be extended by the same

method, to a long exact sequence of four terms known after Clemens-Schmid
in the case of constant coefficients:

— HON(H, juPL) D HOTN(H, 90 5 L) S HO(H, 42 L) (1)
—HG(V, L) 5 HIYL(H, ji,7L)

Remark 7.5. 1) Let Vp be a tubular analytic neighbourhood of H defined over
a small disc D C C. We have a long exact Wang sequence

H (Vi \ H, L) — ' (H, 0 1."L) - HY (H, 2 j1.7L) (~1) —

where the weight is deduced from the weight on ¥ j.PL. From this we extract
the short exact sequence of MHS

0 — Coker N|H" " (H, 4 j1"L)(—1) — H"(Vp\H, ji."L) — H"(H, 2 ji."L)N — 0

ii) In Corollary 7.5 ii), we may change H9(H, j,.7L) into H?(Vp, ji.PL) since
Vp is a tubular neighborhood of Z.
ili) Let H be transverse to the strata of V' except at a stratum v € V

of dimension 0. A weaker version of the theorem where invariant cycles are
lifted on V' \ {v} is used in [DeG 81].

7.2.1 Global invariant cycle theorem

Let h : X — T be a morphism of complex projective varieties, PLi a shifted
polarized VHS of weight Pw on a nonsingular Zariski open subset U C X and
J1+PL the intermediate extension of the perverse sheaf L.

Lemma 7.2 (Global invariant cycle). Let T' C T denote the Zariski open
dense subset of parameters t € T over which R1h,j.PL is a polarized VHS
for all q. Let to € T' (note that T' # (). The image of the restriction map

HY(X, ju"L) — HY(Xy,  ju"L) (7.16)

is the invariant subset HY(Xy,, 71.L)™ of fized elements under the monodromy
action 7 := w1 (T',tg) = Aut HY(X4,, jiL).
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Proof. (Similar to the non singular case ([De 80] Corollary 6.2.12)). By the
invariant theory of local systems, the restriction morphism:

HO(T”, R, ji"L) <5 (R9hyj1PL)e, = H(X,,, ji1PL) is injective with image
the invariant subspace (R%h,ji.PL)f . In the diagram

HY(X, ji,"L) % HY(X7v, jiPL) 2 HO(T', R9h.jiL) < HY(X,, ji"L)

the morphism b is surjective by the Decomposition Theorem. The restriction
morphisms co b and ¢ o b o a have the same image since H?(X, 5.7L) and
H?(Xy4,, j1sPL) are pure of weight Pw + ¢ while H%(X7, ji.PL) is mixed of
weights w > Pw + q.

Moreover, the morphism a is surjective on Wayq H (X7, ji.?L), since we
may apply an extension of (ch. 5, Corollary 5.7 i) to this case. The lemma
follows by strictness of morphisms of MHS (we may suppose W := X \ X1
a NCD by blowing up subvarieties above W without modification of X7).






Chapter 8
Deligne Gabber local purity

We illustrate, on complex algebraic varieties, the proof of the local purity
theorem in positive characteristic which preceded the decomposition theorem
(see [DeG 81] and Theorem 1.1) .

In some sense, we have already expanded the proof in the previous chap-
ters, including the local and global invariant cycle theorems in chapter 7.
Hence, we adapt to complex algebraic varieties the original dense text in
[DeG 81] without further comments.

In chapter 6 the method has been applied to give a simple proof of the
decomposition once we have at our disposal the preliminaries on perverse
sheaves in chapter 2.

A simplified proof combined with the decomposition theorem is given in
chapter 10.

8.0.0.1 Induction

Let V be a complex algebraic variety. Since the statement of the local purity
theorem is local at a point v € V', we can suppose V' projective by considering
an affine neighborhood that can be embedded into a projective space. Let
J1+PL be the intermediate extension of a shifted polarized VHS on V' of weight
Pw and B, C V a small ball with center v.

The inequalities on the the weights w on H!(B, \ {v},ji+"L), except the
crucial case i = 0, w = Pw are easily deduced by induction from the inequali-
ties on the intersection with a general hyperplane section H of V' through v by
results on the Stein inclusion B, \ (H N B,) < B, similar to Artin-Lefschetz
theorems on affine morphisms ([BBD 83] 4.1). The proof will concentrate
essentially on the crucial case ¢ = 0,w = Pw in §8.1,

Lemma 8.1 (Induction). If we assume the local purity theorem (Theorem
1.1) in the case of dimension dimV = m — 1, the inequalities on the weights
w of the MHS on H!(B, \ {v},j1PL) (Proposition 7.4) are satisfied in the

149
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case dimV = m:

w<Pwtiif i<—-1land w>Pw+iif i >0.
except: GriV H(B, \ {v}, j1.PL) = 0 and GriY H-1(B, \ {v}, j1."L) = 0.

The intersection cohomology H*(9B,, ji«FL) satisfy Poincaré’s selfduality.
The boundary 0B, intersects transversely a stratification of V' when B, is
small enough. Then B} retracts by deformation to its boundary and the
duality by transport of structure transforms one set of inequalities on w
into the other set. Hence, the proof is reduced to either one of the set of
inequalities.

If dimV = 0, the assertion is trivially satisfied. If dimV = 1 and V is
nonsingular at v, then B, is isomorphic to a disc in C. Let L := v, (PL)(v)
be a nilpotent orbit of weight Pw — 1; as in (Example 5.4, 2) in §5.2.1.4, the
weights w satisfy:

CrlVH (B, \ {v},ji"L) = GrlV (Ker N : L — L) for w < Pw — 1
GrYVHO(B, \ {v},j1."L) = Gr!V_ (Coker N : L — L) = Gr)V"_,Prim L for w > Pw.
If V' is singular at v, the proof is reduced to the previous case by a desingu-
larization 7 : V — V, since at each point ¥ € 7~ !(v), the map 7 induces an

isomorphism from B2 to a connected component of B;.

If dimV > 1, let L be defined on the complement of a divisor Y C V| S
a stratification of V' compatible with v and Y and H a general hyperplane
section of V' through v, transverse to all strata S C V' \ v.

Proof (of the lemma by induction). Let K = j, L, V* = V \ v, H* =
H\v,j: X\Y =Y andig:H—V.Leti#0,B}:=B,\v,H:=HNB;
and Ky = ig.i3 K[—1]. By transversality, Thom isomorphisms apply on V*
with a twist of MHS:

-V (H, Kip) = H-2(H}, K) ~ Hig, (X5, K)(1)

v

1

Hence, the exact sequence Hy,. (B}, K) — HY (B}, K) — H (B;\H:,K) —

may be rewritten as
H-Y(B:\H!, K)— H~YH Kg) — H(B: K) —

Since By \ H is Stein, a version of the Artin-Lefschetz vanishing theorem
applies in this case to prove that H'(B; \ H,K) = 0 for i > 0. Hence we
have: Hi—L(H*, Ky)(—1) ~ H(B*,K) if i > 1 and HO(H?, Kp)(—1) —
HY(B}, K) — 0 is surjective.

Let j/: H\ (HNY) — H. Since, by transversality, the shifted restriction
Ky ~ j"Lig)|v~[—1] is perverse of weight Pw — 1, the inequalities w >
Py —1+i—1= Pw+i—2 apply to H' "1 (H*, Kzr) by induction and necessarily
w > Pw + i holds for HY(B}, K) for i > 1.

We prove that H°(B;, K) has weights w > Pw (weaker than w > Pw):
Let Hy # v be a general hyperplane section not containing v and let k& :
V* — V. From the distinguished triangle kik* K — k.k*K — itk k" K,

*
v
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we deduce the exact sequence of hypercohomology on the affine open subset
U1 =V \ H1

HO (U, kok* K) 2% HO (ko k" K) — HY Uy, kik* K) = 0

where the last term vanishes as kik* K € PD=° ([BBD 83] Théoréme 4.1.1) .
This proves the lemma since the weights w of H°(Uy, k.k* K) satisfy w >
Py on the open set Uy \ v, and 7y is surjective.

8.0.1 The crucial case: 1 = 0, —1,w = Pw

The proof by induction on dimV is based on a fibration of V' defined by
a Lefschetz pencil of hyperplane sections. This will occupy the rest of this
section.

Proposition 8.1. Let j1,.’L be the intermediate extension of a shifted polar-
ized VHS on a complex algebraic variety V and v € V, then :

CrW HY(B?, ji.PL) = 0 and dually Gr' H°(B}, j1."L) = 0.

8.0.1.1 Extension to hyperplane sections

Let H be a general hyperplane section of V through v. By induction, we
suppose that the local Purity theorem holds on H.

Recall the notations: V* :=V \{v}, H* := H\{v},k:V* - V,h: H* — H,
iv:{v}—> H,ig: H—V,H, = B,NH, HY := H,\{v} and B} := B, \{v}.

Two distinguished triangles are attached to any complex L € D%(H):
Mh*L — L — iyyi*L 5 and Wh*L — hoh*L — igeineh* L 5 (8.1)
from which two exact sequences are deduced:

H-Y(H,L) » H-Y(H,,L) % H(H* L) L HO(H, L)
LR LR, I ! (8.2)
H-Y(H*, L) & H-Y(H:, L) S HO(H*, L) — HO(H*, L)

Let L := i} ji."L. Since B, — H, is Stein and the fact that the cohomology
of i¥4j1.’L is concentrated in degree < 0 we have the first isomorphism:

H'(H,, L) ~ H ' (B,, ji.!L) ~ H™ (B, ji."L)

Sine H" (i} j1.PL) = 0 if 7 < 0, we have the second isomorphism.
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An element o € H™1(B,, ji.’L) will be identified with its restrictions to
H, and B by the above isomorphisms. Let R,(c) := o)y be the restriction
to H, then we identify 8(oyy) = d(e) € HY(H*, L).

The space H™1(B, ji.”L) being endowed with a MHS (Proposition 7.4), all
these spaces are endowed with MHS. In particular the MHS on H*(H, L) is
defined by (Corollary 7.3).

Lemma 8.2 (Extension). i) Given an element a € Gryy H* (B, ji."L), its
restriction o p» to Hj extends to an element

ape € Grit H™Y(H*, j1,.PL) with p(og-) = Q-
ii) Equivalently, o € Griy H™'(H,, ji"L) extends to a section
oy € Griy H™Y(H, j,7L).

The obstruction to extend g is the element d(cyg+) = d(a) in HY(H*, L)
(Equation 8.2). We prove:

d(a) =0 € HY(H*, L), which is equivalent to d(cp:) = 0.
We remark that the image of the obstruction y(da) = 0 € H°(H, L).

Let L' = h!*(j!*pL)|H* = TS,Qh*(jg*pLNH* = [1] o h[*((j[*p_L)‘H* [—1]).

It differs from L only at v since Lg- =~ LTH*. As L'[-1] is perverse,

H"(iLL') = 0if r < =1 and H"(ifL') = H™ (s L'[-1]) = 0 if r > —1.
Hence

o Ifi <0: HY(H,L') ~H!(H* L) is pure of weight a + i, and H'(H,, L") ~
Hi(H;, L) satisfy local purity inequalities by induction on H.
o Ifi>0: H'(H* L") ~H'(H,L) is pure of weight Pw + i.

Let H' be a general hyperplane section of V. Since H \ H' is affine and
L+ [—1] perverse, H*(H \ H', hy(Ljp+)) = 0,

We apply the global section functor I'(H \ H', %) to the second triangle on
the left of (8.1), to deduce the exact sequence of hypercohomology:

H-'(H\ H',L) = H '(H,,L)) S H(H\ H', hy(Ljz-)) = 0.

It follows that the obstruction to extend o to § € Gry H-'(H \ H',L) is
zero. Let w: H\ H' — H. We apply I'(H, ) to the distinguished triangle:

iHﬁH’*i!HnH/L — L — U*U*L —
to deduce the exact sequence:
HY(H,L) > H Y(H\ (HNH'),L) % HY . (H, L).
The obstruction to extend 8 to an element in Grh, H(H, L) is the element

£=0B€ G W (H, L) = Y (H, L'y as v ¢ HN H'.
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Remark 8.1. The image &' of £ by the morphism HY, ., (H, L") — H°(H, L)
coincides with the image (Ja)’ of 9(a) by the isomorphism:
HO(H, hyh* L) ~ HO(H, L).

To apply the global invariant cycle theorem on H (Lemma 7.2), we fix H
and let H' vary in a Lefschetz pencil P of hyperplane sections of V. The
hypercohomology spaces H*(H N H', L") form a local system on a Zariski
open subset U of P.
We choose an embedding of H <— V < P into a projective space P and
construct the diagram
H f A
gl Ly
P « P

where fi:@, is the disjoint union of all hyperplane sections of H, and P the
paramater space of all hyperplane sections. Moreover P is a general line in
the the dual projective space P and H is the restriction of Hpy over P. The
morphism ¢ o ¢ is defined by the blow-up of the axis of the pencil.

By the transversality of a general hyperplane section, Rg.q*L’ is a local
system over a dense Zariski open subset W of P.

Let U := WNP and ¢t € U. The fundamental group « := m1(U,t) acts
as a subgroup of GL(H*(Hy, L)) (In this case the action of m1(W,t) as a
subgroup of GL(H*(H,, L')) coincides with the action of 7). We remark that
H, := HN H' where H' is the hyperplane section in V.

We apply the global invariant cycle theorem to the morphism g over the
Zariski-dense open subset U of P. For t € U, the fundamental group 71 (U, t)
acts linearly on H*(Hy, L').

For a general H' with v ¢ H', we can view § € HY 5/ (H, L') as an element
in H=2(H N H’, ') via the Thom isomorphism.

The image of H2(H, L") in H=2(H N H', L) under the restriction to H N
H' coincides with the image of H(P, R~2g,(i*q*L’)) and is equal to the
subspace of fixed elements H=2(H N H’, L’)™ under the monodromy action of
the fundamental group 7; this subspace contains £ ([De 80] 6.2.12, Corollary
4.1 ii).

By duality, the Gysin morphism

G:H2(H, L) (1) — H°(H, L)

is injective. With the notation of Remark 8.1, if 9(«) # 0, we have £ # 0.
Moreover, by transversality at a general point ¢ € U, the restriction Li N

is a shifted intermediate extension on H N H'.

We introduce the following diagram of Gysin morphisms with coefficients
in the derived category of sheaves of vector spaces:
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Gl JH2(H N H', juLy-) % Grll_HO(H', ji."Lyy-)
1 G 1 Gs (83)
Grll S HO(H, by (juPLyy-)) <8 GV H2(V, ke (1L )

where ji.PL := k. (ji."Ljy-). Recall that for any subvariety S’ of codimen-
sion s in V' which intersects transversely the strata of S (i.e. S’ is normally
embedded in the sense of [GMacP 88] [Max 19] Definition 3.4.5), one has the
definition of an extension element 7?¥ € Ext**(Qg/,Qy) called the funda-
mental class [Ve 76].

It is based on the Thom isomorphism i, Q =~ i%,Q[—2s] and extends by
tensor product to coefficients in j,.PL since we have: z'!s,jl*pL ~ i%, ji PL[—2s].
This construction applies to G; and G2 (resp. G'3) in the case of HNH' (resp.
H'). Special attention is needed in the case of the embedding i : H — V,
since H contains the stratum v. In this case we have a morphism in the
derived category nZ. : Qu+[—2] — Qv defined by the fundamental class.

To construct the morphism Gy after ., let L” denote ji, 'L = Ee (J14PLyy+)
and introduce the long exact sequences

H' @iz L") 2 H2(V*, L") 25 HA(V, L) — H2(i3 L")
T Ty
HY(ip L") =5 HO(H*, L") 25 HO(H, L") — HO(i5L")

defined by the distinguished triangle kik*L" — L" — iy.itL" ;.
Here 7 is an isomorphism and +/ is surjective, since H*(i* L") = 0 for i = 0, 1.
We have 61 0 n. =n%,. 00_1, hence yon?,. od_1 =0.
Indeed, n{. induces two morphisms 77%; :H-Y(B,NH* L") — HY(B, L")
(equivalently H =1 (¥ L") — H'(itL")) and n?,. : HO(H*, L") — H2(V*, L").
We deduce the morphism Gy : HO(H, L") — H?(V, L").
Moreover, it is clear by this construction that G4 is compatible with MHS.
We have G2(§) = v(0a) = 0, hence G3 o G1(£) = 0. The morphism Gj is
injective since H'(X — H', k. (PH")) = 0, hence G4 (€) = 0.
Finally, we fix H' and let H vary in a Lefschetz pencil of hyperplane
sections H through v and we apply the global invariant cycle theorem again
to prove that the Gysin morphism G is injective, hence £ = 0.

Remark 8.2. The original proof is based on a diagram defined by cohomology
classes with support

Qunr (-1)[-2] — Qf
{ $
Qn — Qv (1)[2]

which generates by tensor product with coefficients in L” := 5,,PL the commu-
tative diagram 8.3 of topological morphisms. However, the reference [Ve 76|
applies only for nonsingular V'; moreover H is not normally embedded since
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it contains the stratum v. We modified the proof to apply directly to the
Diagram 8.3.

8.0.1.2 Reduction to a fibration

To reduce the crucial case to the case where a fibration g : V' — P! exists, we
use a general Lefschetz pencil of hyperplanes as already mentioned in chapter
6, §6.2.0.3. Then, the local and global invariant cycle theorems for perverse
cohomology sheaves (Proposition 7.5, Corollary 7.5) and the extension prop-
erty (Lemma 8.2) apply.

Let g(v) = 0, D a complex disc with center 0 in P! and Vp = g=}(D).
We have the diagram

u, [
H\{v}—=>Vp\{v} < Vp\H
+ Ly + (8.4)
o 4% p & pr
Lemma 8.3. Let H be a general hyperplane section and P a perverse sheaf
on Vp \ {v}. With the notations of Diagram 8.4, there exists a decomposition
in the derived category of complexes of sheaves of vector spaces on H \ {v}:

u'P@®u*P[—1] ~u*p.d*P.
The splitting of complexes of Q-vector spaces at 0 € D
(W), Q~ Qe Q[-1)(-1)

corresponds to the isomorphism H*(D*, Q) ~ H°(D*,Q) ® H'(D*,Q). In
terms of the de Rham resolution £},. of C, the generators are 1 € Q and %
respectively.

In terms of a Whitney stratification S of V' compatible with the perverse
sheaf P, the restriction of the cohomology sheaves of P to a stratum S near a
point @ € H \ v is constant (there is no monodromy near a), hence we deduce
that the natural morphism P ® g*¢,£5. — ¢.¢* P induces an isomorphism
in the derived category of complexes of sheaves of vector spaces

uw P @& u P[-1] 5 u*¢,¢"P.
In view of this description we denote the decomposition as:

VieZ, H(H\v,u*¢,0*P)~H (H\v,P)®nH Y(H\v,P) (8.5)
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8.0.1.3 Lifting of ay

Let P := j,”Lon V, Coker 2 N := Coker (N : H™2(H, Vg P) — H—2(H, Yy P).
By (Remark 7.5), we have an exact sequence:

0 — Coker > N(—1) = H'(Vp \ H,P) —» H ' (H, ¢ P)N =0

Since Vp retracts by deformation onto H, the element ay; € Gyl H~'(H, P)
in the Extension Lemma 8.2 corresponds to an element ap € GriV H~=1(Vp, P),
with restriction

ah € GriVH-Y(Vp \ H,P) on Vp \ H.
The specialization (Equation 7.10)
sp(ag) = a% € Griy H™(H, YuP)YN =0
must vanish since the space H~!(H, wgP)N is of weight < Pw — 1, while
w(ayg) = Pw.
Hence the section a7, lifts to a section
B € Gryy, (H=2(H, ¢y P)(~1)) = Gryy_o(H-2(H, ¢y P) : (B a})
/3 is unique in Coker N := Coker (N : Gr'¥ H~2(H, Vg P) — G L H2(H, Yo P).
Since Ker N := Ker (N : Gry, (H ?(H,¢4P) — Gri, ,H*(H,¢4P)
projects isomorphically onto Coker N as both are isomorphic to the space
Prim Gr%, JH2(H, Yy P), we can choose the element BearVW H2(H, YuP)N.
By the local invariant cycle theorem (Corollary 7.5), we lift this canonical
choice of 3 to an element 3p € GrY, ,H~2(Vp, P).
Let 8% € Gryy _,H2(Vp \ H, P) denote the restriction of 8p; we have

nABH=aheCGrivH Y (Vp \ H, P) (8.6)

8.0.1.4 First reduction to prove a = 0

Let By = B,\{v},V} =Vp\{v}, H* = H\{v}, H, = HNB,, H} = H,\{v},
and consider the diagram

of € Gr'W H- (B, \ Hy, ji’L) + a € Gr'Y H™'(B*, ji."L)

1 T

o € GriW H-Y(Vp \ H, jiPL) < ap € Grly H- YV}, ji."L)
ol !

A & ag € GI“;VwH_l(H*,j!*pL)

where A:=GrY (H-Y(H*,P)®nGrly, ,H 2(H*, P) (by Equation 8.5)
The morphism o := (01, 09) is defined by Equation 8.5. The element ap re-
stricts to o}y € GriVH=Y(Vp\ H, P) and to ay € GrlVH~1(H*, P) satisfying
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the relation:
o(ay) = o1 (ay) € Griy (HH(H*, P) (8.7)

The diagram above is commutative and by Lemma 8.2 the restriction of
ap coincides with a € Gri H='(Bz, P).

Lemma 8.4. An element o € GrV H~1(B¥, ji."L) vanishes if and only if its
restriction ok to B, \ Hy is zero.

Proof. Since we have the exact sequence

Gl _JH-3(H?, i) S GrlWH (B, ji L) — GrWH (B, \ H,, ji."L)

v

it is enough to prove Gryy, ,H3(H}, ji."L) = 0.

v

This follows by the inductive hypothesis on the small neighborhood H,
of vin H since H3(H}, ji,’L) = H~2(H}, ji."L[—1]) satisfy w < Pw — 3 by
induction.
8.0.1.5 Proof of a* = 0 in Gr)Y H~*(B,, \ Hy, j1."L)

We consider the diagram

B* e Gl JH2(B* P) L% of € GrV H (B, \ H,, P)

T T

Bp € Grl¥ _JH2(Vy, P) 2 of € GrlVH-'(Vp \ H, P) (8.8)
i Lo

By € Grl _ H-2(H*, P) 15 A

where p denotes the restriction of 5* to B, \ H,, resp. Sp to Vp \ H.
Lemma 8.5. The restriction 3y € Griv _JH2(H*, P) of Bp vanishes.

Proof. The element Bp € Grh, ,H~2(V}, ji.PL) restricts to an element
p(Bp) on Vp \ H such that n U p(Bp) = of € Grit H ' (Vp \ H, ji."L)
by Equation (8.6). By restricting to H* we deduce:

nU By =a(nUp(Bp)) = o(a}) = oa(af) € n Gy, _o(H2(H*, ji"L)) C A

By (8.7) we have the equality o(a},) = o1(an), o2(a)) = o(af) = o1(an) =
0 by the decomposition property of A; then Sy = 0 since the cup product
nU is injective on Gr¥ ,H=2(H*, ji."L).

We denote by 3* the restriction of Sp to B in Diagram (8.8), and by ;.
the restriction of Sg to H.

Lemma 8.6. i) The restriction Gr', ,H™2(B%, ji."L) — Grly, JH2(H?, ji."L) :

B* — B« 1s injective.
it) We have: B* = 85 =0 and af =nU p(f*) = 0.
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Proof. i) Let jg : B, \ H, — B, denote the open embedding, since the open
subset B, \ H, is Stein, we have
H™2(By \ Hy, jujiP) =0=H"1(By, \ Hy, jmj P).
ii) We have §};. = 0 as the restriction of B = 0, hence f* = 0 and
of =nUp(B*) =0 € Grl ,H 2(B,\ Hy, ji."L).

The local invariant cycle theorem is needed here as the lemma applies exactly
to Bp and not to ap. The final conclusion a = 0 € Grly H™' (B, ji,"L) follows
by (Lemma 8.4).

Remark 8.3. Let f : X — V be a projective morphism of complex algebraic
varieties and v € V, with fiber X, := f~1(v) C X. The local purity theorem
may be interpreted as a relative local purity (ch. 9, Theorem 9.2) and in terms

_ Prpi _
of the intersection morphism I: Gr; Hf (X, ji."L) ’59 Gr; "H* (X, j1+"L)
(§10.4).



Chapter 9

Weight filtration, decomposition and
local purity

Fouad El Zein , Dung Trang Lé, Xuanming Ye

We start a new section of this volume consisting of chapters 9 — 12, to give a
new combined direct geometric proof of the local purity (ch. 1, Theorem 1.1)
and the decomposition theorem (ch. 1, Theorem 1.2).

In this section, we do not use the nearby or vanishing cycles complex to
construct the weight filtration on the logarithmic complex 2*£ ~ j,.L.

The proof of local purity differs from the proof in [DeG 81]. An interpre-
tation in terms of Intersection morphisms is given at the end.

We refer to the necessary preliminaries in chapters 2 and 3, namely §2.3
on the degeneration of VMHS, §2.3.2 on infinitesimal mixed Hodge structure
(IMHS), Remark 2.10 on IMHS defined by an admissible VMHS, chapter
2.4.0.1 on the embedding of the perverse filtration, §3 on perverse sub-sheaves
of the logarithmic complex 2*PL ~ j,PL, and Remark 3.6 vii on the decom-
position of the Hodge filtration following the decomposition of spaces with
underlying MHS.

9.1 Introduction to chapters 9 — 11 (section 3)

Given a graded polarized admissible variation of MHS (L, W F) on the
complement of a NCD Y C X, we develop in §9.1.0.2 a direct definition of the
weight filtration W on the logarithmic complex 2*L£ (§3.1) by perverse sub-
sheaves, extending naturally the weight filtration W° on L, as an application
of the local study by Kashiwara [Ka 86] (see ch. 2, 2.3 and ch. 3, §3.2.6).
The weight filtration W is defined in this chapter in terms of the local
monodromy defined by the coordinates (§3.1.1) at points of the NCD Y.
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Since Y is defined locally by an equation f = z;, - - - 2;,, product of local co-
ordinates, the weight filtration is related to the monodromy weight filtration
on the nearby cycle complex ¢ ;L by (Equation 5.54, §5.1.2 Remark 5.4).

Since GrYV 2*L satisfy a decompositon property (§9.2.2) into a direct
sum of (shifted) intermediate extensions with Hodge filtration induced by
(2L, F), we deduce from the purity theorem on intermediate extensions
with induced Hodge filtration (Theorem 3.1), the existence of a structure of
MHC on (2*L, F,W) as well on the sub-complex IC*L(LogZ).

We introduce a relative version of the local purity theorem to reduce the
proof to the non singular case.

The decomposition theorem is proved by induction on the dimension of
X, first by a reduction to general hyperplane sections and then to isolated
strata. The proof in chapter 10 is combined with the proof of the relative
version of the local purity theorem.

Originally, the work on this section preceded the previous sections (see
[EL 14] and [EY 14)).

9.1.0.1 Weight filtration on 2*L

Let Y C X be a NCD and (L, W°, F) a graded admissible polarized variation
of MHS on X* := X \ Y. We define the weight W on 2*L, extending W°
over X* := X \ 'Y, in terms of various local weight monodromy filtrations at
points x € Y. We prove the following theorem:

Theorem 9.1. Let (L, W°, F) be a graded polarized admissible VMHS on
X\ Y. There exists a weight filtration W on the logarithmic complex with
coefficients in Deligne’s extension Lx (§3.1) by complexes of analytic perverse
sub-sheaves and a Hodge filtration F' by complexes of analytic sub-sheaves
such that the bi-filtered complex

L= (2%(LogY)® Lx, W, F) (9.1

induces a MHS on the cohomology groups H'(X \ Y, L).

The construction of W and the proof of the theorem will occupy the rest of
the chapter.

9.1.0.2 Logarithmic complexes along a NCD

Various complexes with weight and Hodge filtrations related to a NCD sub-
divisor Z of Y C X are defined by restriction to Z, with support in Z or
Verdier’s duality.

Let PL := L[dim X|] denote the associated perverse sheaf on X \ Y with
the conventional shifted degree. It is called a shifted VMHS.
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Letiz : Z — X, j:=(X\Y)— X and jz := (X \ Z) — X. We construct
the weight and Hodge filtrations on the sub-complex IC*L(Log Z) C 2*L
isomorphic to jz«(ji«L)|x\z, from which we deduce logarithmic complexes
isomorphic t0 jz1(j1."L)|x\ 7, i5iz« (j1PL) | x\ 2, i 1L and i% i, L (see ch.3,
83.2.4). We refer to such complezes as bifiltered logarithmic complexes in the
derived category of bifiltered sheaves of abelian groups.

9.1.0.3 Relative local purity

We modify the statement of the local purity theorem (ch. 1, Theorem 1.1),
to explore its relation with the decomposition theorem.

Let K € D%(V,Q) be a complex in the derived category of complexes with
constructible cohomology on an analytic space V. The topological middle
perversity truncations of K define an increasing perverse filtration Pr of K
on V ([BBD 83] section 2 and proposition 2.1.17).

We deduce for each subset S of V', an increasing filtration Pr on the hy-
percohomology of the restriction of K to S:

PRHF(S, K) = Im {H*(S, P, K) — H*(S, K)}. (9.2)

Let f : X — V be a projective morphism and let j,.PL be the intermediate
extension on X of a (shifted) polarized variation of Hodge structures (VH)
of weight Pw on a smooth Zariski open subset of X.

Let Bx, := f~1(B,) be the inverse image of a small ball B, with center v €
V and X, := f~1(v) C Bx,. A perverse filtration Pr on H*(Bx, \ X, j1+"L)
is defined by the natural equality H*(Bx, \ X,, ji.’L) = H*(B, \ v, f.ji"L):

PrH*(Bx, \ Xy, j1s"L) = Pr;H* (B, \ v, f.j1."L) (9.3)

(f« is the derived functor, in general we do not use henceforth the letter R
for a derived functor (see chapter 1, §2.4 and 2.4.0.2 for more conventions).

The hypercohomology H¥(By, \ X,,i+"L) is independent of the choice
of B, with small radius and carry a natural MHS such that the perverse
filtration is a filtration by sub-MHS (ch.11.1 Proposition 10.2 and ch. 10
Proposition 10.1). We prove in chapter 10:

Theorem 9.2 (Relative local purity). Let f : X — V be a projective
morphism of complex algebraic varieties, v € V, X, = f~1(v) C X and
Bx, := f~Y(B,) the inverse image of a small ball B, C V.

Let j1.PL be a (shifted) polarized variation of HS on X of weight Pw, the
weight w of the MHS on the graded-cohomology spaces with respect to the mid-
dle perversity filtration Pr satisfy the inequalities: wGr,TH" (Bx, \ Xy, jis"L):

w< Pwtrifr—i<-1; w>Pw4rifr—i>0. (9.4)
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Remark 9.1. 1) We say that ji.PL is locally pure at v relative to f.

ii) Let K := f.ji.PL. If the decomposition theorem apply to K on V' \ v,
then 7.7L is locally pure at v relative to f if and only if PH?(K) is locally
pure at v for each 4, since Gr;TH" (Bx, \ Xy, ji!L) =~ H" (B, \ v, "H'(K)).
In this case, we say that K is locally pure at v.

iii) In the case of a finite morphism and a non singular variety X, dim X =
dimV =n, X, is a finite number of points and Bx, \ X, is a finite number
of punctured discs of dimension n. Since f,ji.”L is perverse, the Pr-filtration
is reduced to one term PHO(f.ji1."L) = f.ji L.

The statement is reduced to a condition on the weight w of H"(D™ \
0, ji+PL). In this special case, the theorem is proved in ([CaKSc 87], Corollary
1.13, [KaK 87], Theorem 4.0.1) since H" (D" \ 0, j1.’L) = H" (D", ji.PL) for
r<—1.

9.1.0.4 The decomposition theorem

The combined new proof of the decomposition theorem (ch.1, Theorem 1.2)
and the local purity (ch.1, Theorem 1.1), is by induction on the dimension of
X and reduction to isolated strata (ch.10 and ch.10.3), in terms of a Thom-
Whitney stratification.

9.1.0.5 Local purity and Intersection isomorphisms

The relative local purity theorem with coefficients in a polarized variation
of HS is related to the Intersection morphism in the case of a divisor on a
variety X contracting to v € V' (ch. 10.3, §10.4).

In the case of constant coefficients, the intersection morphism is studied in
([CaMi 5] section 6.3) where a generalized Grauert contractibility criterion is
proved. This statement is in fact equivalent to the purity theorem (see §10.4.1)
and it is related to the proof of the decomposition theorem in [CaMi 5].

Since MHS on cohomology can be assumed in the constant coefficients
case, the proofs in [CaMi 5] are different from the general case where the
construction of mixed Hodge theory is simultaneous and included in the proof.
The reader will find in [CaMi 5] numerous interesting examples.

9.1.0.6 Fibration by NCD over the strata

The proof of the decomposition theorem is always reduced to the case of a
fiber by NCD above an isolated stratum. This reduction is local. By induction,
this amounts to the case where the inverse of a stratum is locally a fibration
by NCD.
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We remark at the end of chapter 11 (§11.2) that it is possible to reduce all
proofs to the case of a family of projective morphisms fibered by NCD above
the strata of a global fibration of V.

9.1.0.7 Admissible perverse VMHS on X \ Z

We added in this chapter complements on admissible perverse VMHS on
X\ Z ([Sa 90] and §9.7) to answer a question by the referee. We discuss the
subject with hints to the proof as it is a motivation to the introduction of
the filtration IV x W and shows its relation to Verdier’s classification.

9.2 The weight filtration W

Let L be a VHS. The relation between the weight filtration on ¥*L (Propo-
sition 5.1) and the weight filtration W on 2*L is defined by (Equation 5.54):
Cr}Y j 2453 (j1+"L) = Gr]Y, (Coker N) if I > Pw

where N acts on the nearby cycle complex (Equation 9.43).

This chapter, is a definition, in the case of a VMHS L, of the weight
filtration W on 2*L described by repeated star transformation IV x W of a
filtration W of L defined by Kashiwara ([Ka 86], 3.4, §9.2.1).

The main results of [Ka 86] is a test of admissibility in codimension one
and an important property of the relative monodromy useful to extend results
from the pure case to the mixed case:

Proposition 9.1 (Kashiwara ([Ka 86], Theorem 3.2.9)). Let L be an
object of an abelian category with an increasing filtration W and N :
(L, W) — (L, W) a nilpotent endomorphism compatible with W. The relative
monodromy filtration M satisfy the following natural decomposition

GrM L ~ @,GrlV GrM L (9.5)

In particular, there exist natural sections Gr Gr} L — Gr L.

We give at the end of the paragraph (9.7.1.3 below) informations on the
proof and the consequences.

However, we find in [Ka 86] various local statements needed to define the
weight filtration W on 2*L which was probably the projected result but do
not figure there, neither the motivation of the definition NV x .

In this chapter the properties of weight filtration W on §2*L are discussed
and the decomposition of Gr'V 2* L is proved, which leads to a new proof of
the decomposition theorem (Theorem 10.1, see also Theorem 11.1).

We consider a graded polarized admissible variation of MHS on the un-
derlying local system L on X* := X \ Y satisfying asymptotic properties at
points of Y, summarized in the condition of admissibility (ch. 2, §2.3).
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The Hodge filtration F' denotes a filtration Fx« by sub-bundles of Lx« :=
L ® Ox~. By definition, it extends into a filtration of Deligne’s extension L x
by analytic sub-bundles Fx.

The filtration by sub-local systems W° of L extends to a filtration by
perverse analytic sub- sheaves W C Ly which restricts to a filtration by
sub-bundles on each stratum of Y.

By the admissibility of L, the monodromy filtration relative to the exten-
sion WY along Y exists. Both filtrations W° and Fx are combined to define
the global weight filtration W on 2*£ (Definition 9.2), although the con-
struction below of W is local. Such results are used in chapters 10 and 10.3
to prove the theorem 11.1.

Remark 9.2. The weight W is a filtration by Q-perverse sub-sheaves although
the definition is by analytic sub-sheaves of 'L := 2% (LogY) ® Lx in each
degree. The reader should be aware that the filtration W on 2*L is called
weight since it induces the weight of the MHS on the hypercohomology.

In the case of intermediate extension the weight is trivial. However, we
will see that the local cohomology carry also weight filtrations as local orbits
or IMHS (Definition 2.14) and the local purity property is satisfied (it is the
original conjecture by Deligne to prove purity).

The weight of a nilpotent orbit of dimension n is defined by Ny +- -+ N,,
otherwise we write M (A, W) for the relative weight filtration defined by an
endomorphism A compatible with W.

9.2.1 Local weight filtration on 2*L

In view of the local description of perverse sheaves on a product of discs
([Ka 86] §2 and ch.3, §3.2.6) many constructions on logarithmic complexes,
such as the weight filtrations, will appear first on the complex of vector spaces
2*L (ch.3, §3.1.2) where L := Lx(z) at a point = € Y, and will be carried
later on the logarithmic complex by the tilde embedding (Lemma 3.1).

The properties of IMHS (Definition 2.14) are used in the description of
the decomposition of Gr'V 2*L.

9.2.1.1 The filtration N * W

Let (L,W, N) denote an increasing filtration W on a vector space L with
a nilpotent endomorphism compatible with W (NW,; C W;) such that the
relative monodromy filtration M (N, W) exists.

A new filtration N « W of L is defined by Kashiwara ([Ka 86], 3.4):

(N*sW)g := NWia1+ M (N, W)NWy, = NWi1+ M (N, W)NWiiq (9.6)
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where the last equality follows from ([Ka 86], Prop 3.4.1). The endomorphism
N : L — L as well the identity I : L — L shift the degrees:

N Wy — (N* W)k—la I: (N * W)k—l — Wi (9.7)

9.2.1.2 Properties of N x W

1) The couple ((L,W) o, (L,N «W)) form a (graded) distinguished pair
(proved in ([Ka 86], Lemma 3.4.2 and admitted here): we have the decompo-
sition property of N x W

Gri*WL~TIm (N :Gr}\L = Gri*W L)@ ker (I: Gry "W L — G}, L)
Im (N : Gr,‘:z_lL — GréV*WL) = Im (N : Gr,?j_lL — Gr}?j_lL)

ker (I: Gry*™W'L — Gr}Y1 L) ~ Coker(N : WyGriyy — WiGrp')
(9.8)

where M := M (N, W) (see also [Ka 86], Corollary 3.4.3)
2) We have the following properties of M and the induced filtration W on
Gr¥*W L by ([Ka 86], Lemma 3.4.2):

M(N,W) =M(N,N «W)
Wi Gry WL =Gr*W L,
Gri G W L ~Im(N : Gr), L — Gr), L), (9.9)
Wi GrpWL =ker (I: Gry*W'L — Gr',,L)
Vp < k: Gr) (Gri*W L) ~ Coker (N : Grl,Grl)V L — Gr'Gr)' L)

Since N is strict with respect to W (as an IMHS), we have ([Ka 86], Corollary
3.4.3):

Gr*WL ~Im(N : Gr)’, ;L — Gr}', ;L) ® Coker (N : WyGrpt, — Wk?r,i” ;
9.10

Lemma 9.1. (/[Ka 86], Proposition 5.3.1, Corollary 5.5.4).
Let (L,W,F,Ny,...,Ny) be an IMHS, then (L,Ny, * W,F, Ny, ..., Ny)
and (L, M (N1, W), F,N;,i # 1) are IMHS.

Hint to the proof. By (§2.3.2, Remark 2.9), there exists on (L, N1, W) an
adequate filtration F' such that (L, N1, W, F') is an IMHS, hence Ny * W is
well defined.

Let M := M(Ny,W). By the nilpotent orbit structure on Gr}¥ L, the HS
defined F(t) := exp(i }_;t;Ny) for t; > 0 is polarized, hence Gr Gr}' L is
polarized and the polarization is independent of ¢. Then by (Equation 9.1),
GrM L is polarized. From which we deduce that (L, M(Ny, W), F,N;,i # 1)
is a mixed nilpotent orbit. By (Equation 9.10) applied to N7, Coker Ny is a
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nilpotent orbit, as well NlGr,‘filL by the descent lemma (ch.5, lemma 5.1),
hence the direct sum Gr,iv W s also a nilpotent orbit.

Corollary 9.1. The decomposition of Gr,ivi*WL (Equation 9.8) is in the
abelian category of IMHS.

The commutativity of the star transformation ([Ka 86], Proposition 5.5.5):
Nl*NQ*W:NQ*Nl*W (911)
is deduced by Kashiwara from to the relation ([Ka 86], Theorem 5.5.1)

Ny % M(Ny, W) = M(Ny, Ny« W)

9.2.1.3 The filtration WY associated to an IMHS

Let (L,W° F,N;,i € M) denote an IMHS and let J C M.
By convention, we set for J =0 M, W :=W?° on L.

Since by induction, (L, W7, F, N;,i € M) is an IMHS and by the commu-
tativity of the star transformation, we define by induction

W= Ny o« (.. (N, «W)..) for J = {ir,...,i5} (9.12)

(W is denoted by ¥;W in [Ka 86], 5.8.2).

The increasing filtration W+ on L does not depend on the order of com-
position of the respective transformations Nj;, x since by (Equation 9.11) for
all ip,iq e J: Nip * (Niq * W) = Niq * (Nip * W)

The relative weight filtration with respect to W is denoted by

M(J, W) = M(N, W) for N € C(J) = {Ejejthj,tj > 0}, (913)

Let i € J C M. We have: M(N;, W/\') = M(N;,W”) by ([Ka 86], Lemma
3.4.2) and in general, the following equalities:

VJ,K CM:M(JUKW)=M(J,MK,W)) (9.14)

are proved in ([Ka 86], Proposition 5.2.5). The star transformation satisfy
the relations:

VJCKCM:MKW!)=MK,W)

, , (9.15)
le,JQ CcM: M(Jl,WEQ) = M(Jl,W)'2

([Ka 86], Equations 5.8.6 and 5.8.5). In particular, let Ny =", ; N;
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9.2.1.4 The weigt W on 2*L

The filtrations W fit together to define the weight filtration W on 2*L:

Definition 9.1 (Weigt W on 2*L). i) Let (L,W,F,N;,i € M) be an
IMHS. On the de Rham complex 2*L (ch.3, Definition 3.3), the filtrations
W and F are defined by the families W,;CML and F*=IL for J c M:

Wi 2L := s(Wi_ L, Ni,i € M) e, FPQ'L = s(F* VL, N i € M) e

ii) The weight and Hodge filtrations on IC*L (ch.3, Definition 3.4) are in-
duced by the embedding IC*L — 2*L

where W? = W0, For example, in dimension 2:

W2 L= (WL 2222wl pewz L 2= gwl2

Remark 9.3. The induced morphism N; : W,;] = (IV; * W‘])k,l drops the
degree of the filtration W*. For further use, it is important to add to the
above data, the canonical inclusion I : (N; * W),y — W,;’

Beware that the weight filtration W° on L underlying the variation of
MHS, extends as a constant filtration W° on 2*L but it is different from the
weight W. Later we shall see that the local definition of W on §2*L extends
to a global weight filtration on the de Rham complex.

9.2.2 Decomposition of Gr'V 2*L

The following proposition is the basic local result in the construction of the
structure of MHC on the logarithmic de Rham complex

Proposition 9.2 (local decomposition). The graded complex with respect
to the filtration W on 2*L (Definition 9.1) satisfy the decomposition property

(Gryf 2L, F) = @xcm(IC* P i L, F)[=| K [)(~|K]) (9.17)
into a direct sum of intersection complexes (ch.3, Definition 3.4) of nilpotent
orbit (P,f_lK‘L,F,Ni,i € M\ K) of weight k — |K| for all K C M.

The component (IC’*GrZVOL, F) figures in the direct sum for K = ().

Remark that P,f_‘K‘L,F)[—|K|](—\K|) is of weight k. The decomposition

follows from the combinatorial description ([Ka 86] §2 and ch.3, §3.2.6) of
perverse sheaves satisfying the relation of distinguished pairs (Equation 9.8).
Such decomposition is described by the following de Rham family attached
to the IMHS L

DR(L):={L;,W’,Fy,I¥ : Ly — Lx,Nng : L = Ly}xcscm (9.18)



168 El Zein, L&, Ye

where: Ly = L, Fy = F and W is the filtration defined by (Equation 9.12).
The morphisms IX :=Id: L — L, Npg = HiEJ\K N; : L — L. satisfy
compatibility relations ([Ka 86], (5.6.1) to (5.6.7)) and induce the graded

morphisms:
GrNpg : GriV" Ly — GrCVLKJlJ\KlLJ, and GrI¥ . GTZVfu\m Ly GV Ly

For each J C M: (LJ7WJ,FJ7NJ‘,j € M) is an IMHS structure on L.
Hence we have a decomposition into a graded distinguished pair for each set
of subsets K C J C M:

GriV p Ly =~ ImGrNp i ® Ker Gri¥. (9.19)

which follows from ([Ka 86], Corollary 5.5.4) and the decomposition in the
case |J \ K| =1 (Equation 9.8).
Hence, the distinguished pairs criteria apply to the graded de Rham family

Gry DR(L) :={Gr}" ; Ly, Fy,GrI} ,GrNpk}kcocm (9.20)

Lemma 9.2 ([Ka 86], Lemma 5.6.2). Let L and Lx be as in theorem
11.1. For each J C M, x € Yy, and L := Lx(x), we define:

PIL = NgcaxrsKer (GrI¥ - GrlV L — GriV ) L) c Grl L (9.21)

i) Forz € Y} and Ny = Zje] N;: P/ L is a polarized HS of weight k, direct
summand of GTIJCVI(N‘“WJ)GTZVJL.

it) For x € Yy and L = Lx(z) (hencex € Yy for all J C M,J # M ):
GT/ZKA\JM@ = ®scu N s Py (L) (9.22)

where P,?L = GrXVOL and the direct sum contains the component NMGr‘,éVOL,

iii) There exist a filtered isomorphism

(ICLL,F) = @ycn(IC* P 5 L, F)[=|J]] (9.23)

Proof. i) For i € J and K = J\ 4, the endomorphism N; : GTZVJL — Gr,ZVJL

I .
is equal to the composition morphism GTZVJL 5 GTK}IL RN Gr,ZVJL
(Equation 9.7), hence N; vanish on P,;]L CKerl;g forallie J.

Since by the property of distinguished pair P,;] L is a direct summand

of GT]ZVJL ([Ka 86] Lemma 5.6.2 and Proposition 3.3.1), GrgV(N‘])P,;]L is a
direct summand of GTQ/I(N"’WJ)GrZVJL = GrgV(N")Gr,‘C/VJL.

Since N vanish on P,;]L7 P,;’ = GrgV(N")P,;] is a direct summand of
Gr,iw(N")GrZVJL of weight k.



9.2 The weight filtration W 169

ii) The statement is proved by induction on length |M| = n of M. For
n = 1 the decomposition is reduced to the property of graded distinguished
pair. Let M’ :={1,--- ;n—1} and M = M’ U {n}.

Let W™ = N,, * W, we decompose the data DR(L) into two data where
(W), =W for all J € M":

DR(L,WM’) = (LJ7WJ,FJ,I§< Ly — LK7NJ\K L — LJ) and

DR(L, W™, M") = (L;, W7{n FIon TKUn N\ ) for K C.J C M.

By induction, the decomposition is valid for M’ on the below

GT,ZV_A‘JMqL = @JCM/NM’\JP];I_\J\(IU W)
Iy TJ& Ny, I75, T4 N (9.24)
GT"C/KlM‘L — @JCM’NM’\JP]gflf\JKLa Wn)

Moreover GTIZKTII\/U(L W)= GTI(CVYQTJM,‘(L, wm).

The last column satisfy the property of distinguished pairs (Corollary 9.1)
for each J C M':

P,;Llfljl(L, W) ~ NnPkJim(L, W)@ Kerld,,

n n (9.25)
PI;JBLIUM(L? W) = Ker (I3, :P};:]717|J|(L7 wr) = PI;]7|J|(L7 w))

We deduce from the second line of the diagram the sum over all subsets of
M, that is J C M’ and JUn,n & J:

M
GT}ZV_|M|L = @JCM’(NnNM’\JPIQI_m(La W) 2] NM’\JP/;]BGUT”(L’ W))

= &scmNan g P (L, W)
(9.26)

The proposition 9.2 follows from (Lemma 9.2 i7) and the definition of IC*L
by identification of the terms of the complexes in the equation 9.17.

iii) The isomorphism is an interpretation of (Equation 9.22). Moreover it
is compatible with F' since we have an isomorphism in the category of MHS

~ M
@JCM(NM\JPI;]—|J|La W, F) — (GTI?:|M|L, W, F) (9.27)

The decomposition of the filtrations W and F follows (Equation 9.22) by
(Remark 3.6vii).

Remark 9.4. 1) The decomposition is related to the decomposition in (§5.1.2,
Remark 5.9) of GtV ™M w+1L.

ii) For each i € J, let No; := > _,c ;. ,; Nj, then:
M (No) = My(N;, M(No;)) and Coker (N; : WiGrit ,L — W;Grp'L) in
(Equation 9.8) may be written as W,;,]\iPrim,iVI(Ni’M(No’i)) C Grz/I(N")L, then:

P,;] = ﬁGrM(NO)LW,;]\iPTimiM(Ni’M(NO”")) C Grﬁd(No)L.
k
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See also (chapter 11, Equation 11.22) for a different computation of P.
iii) The equation 9.25 leads to the inductive definition:
PZJU”(L, W) = Ker (IfUn : PiJ(L, wn) — Pi{rl(La w)).

9.2.3 Weight filtration on IC*L

We denote by W and F the induced filtrations on IC*L C 2*L.
Proposition 9.3. Let (L, W°, F,N;,i € M) be an IMHS, then:

Grl¥ (IC*L, F) =5 (IC*(Gr})’ L, F). (9.28)

Proof. We prove the isomorphism: (GTKJ‘J‘NJL, F) ~ (NJGTZVOL, F) for all
J C M. Since (L,W”,F,N;,i € M) is an IMHS, by induction on the length
of J, it is enough to consider the case J = {j} for j € M.

By the remark (??), up to shift in indices, we may suppose the morphism:
N; : (L,W,F,N;,;i € M) — (L,WJ N;,i € M) a morphism of IMHS, then
by (Proposition 2.7), the morphism N is strict with respect to W and W7.

9.3 Global definition and properties of the weight W

Let L be a graded - polarized admissible VMHS locally unipotent along Y.

The complex of sheaves 2*L is perverse with constructible cohomology
sheaves with respect to the stratification defined by the NCD Y.

Recall that Y := U;c;Y; is the union of smooth irreducible components
with index I, Yy := N Y; for J C T and Y := Yy — Ui (Y; NY) (Y =
X* =X \Y). We denote uniformly the embeddings of the subsets Y in X
by j : Y7 — X. On the big stratum U := X \ Y, the complex 2*L is a
resolution of its cohomology L.

The weight filtration W on §2*L by analytic sub-complexes of 2*L, is
defined locally in terms of the tilde embedding.

Let M C I, the filtration W is determined in a neighborhood of ¥ in terms
of the IMHS (L = Lx(y), W, F,N;) at y € Y}, by a set of coordinates y; at
y including local equations y; for i € M of Y at y and the filtrations W7 L
of L for J C M (Equation 9.12), as follows:

Definition 9.2 (Weight W on 2*L£). The term W,.(£2%(LogY)® Lx),, of
the filtration at y € Y}, is the Ox ,— sub-module generated by the germs of
the sections 7® /\jeJ%j A Q}‘(y € 2*L where v € Lx , is the tilde embedding
of v e W;]_ML for varying J C M (ch.3, Lemma 3.1).

In particular, for M = (), at a point y € U, W, is the 2% ,— sub-module
generated by the germs of the sections v € W,.L,.
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The definition of W is independent of the choice of coordinates on a neigh-
borhood U(y), since if we change the coordinate of index i into y; = fy;
where f is holomorphic and invertible at y, the difference dyyf - dyil = %
is holomorphic at y. Let a € VVTJ_| J|£X7y , the difference of the sections
—a® Aje J%j is still a section of the 2%  —sub-module gener-

ated by the germs of the sections WT{‘J‘EXJ, ® Nje(g—i) d;ﬂ We remark that
J

the sections defined at y restrict to sections defined on (U(y) \ Y;; NU(y)).

’

~ dy’;
A ® Ajes o
J

9.3.0.1 Purity of the intersection complex IC*L

Recall the definition of IC*L C 2*L (ch.3, Definition 3.6) and set:
(IC*PL, W, F) := (IC*L, W, F)[dim X], (2*PL, W, F) := (2*L, W, F)[dim X]
such that: 1C*PL ~ j,PL with induced filtration W and 2* PL ~ j,PL.

In the case of a pure polarized VHS, we recall (Purity Theorem 3.1):

Proposition 9.4. Let (FL, F') be a polarized VHS of weight Pw, then the sub-
complex (IC*PL, F') of the logarithmic complex with induced filtration F' is a
Hodge complex which defines a pure HS of weight a+1i on its hypercohomology
H*(X,IC**L), equal to the Intersection cohomology ITH*(X,PL).

9.3.0.2 Decomposition into intersections complexes of PkJﬁ

The local study (§9.2.2) ended with the local decomposition of the graded
weight filtration into a direct sum of Intersection complexes (Equation 9.17).
We develop now the corresponding global result.

By definition of the weight W on (£2*L, F'), there exists at each z € Y, an
induced embedding of

(Cry/ IC*L, F) — (Gt} Q2*L, F),, L := L(x). (9.29)

Definition 9.3. (IC’{,KPlf_'KlE C Gr) 2*L[|K]]). There exists a unique
complex ICy. P 1| £, defined as a sub-complex of Cry 2*L[|K|] such that

at v € Yy, L := L(z) and VK C M, the consecutive embeddings by (Equa-
tions 9.17 and 9.29):

(IC*PE 1 L. F)[-K||(<K]) € (Gelf 'L, F) € (Gxlf 2*L[|K])).

induce a quasi-isomorphism:
IC*PE L) = (IC5, Pi L)z C (Gry¥ QL K|))z, L= L{(x) (9.30)

The definition and the corollary below follow from the local decomposition
by (Equation 9.17).
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Corollary 9.2. i) There exists a polarized VHS: PXL of weight a on Y}
for K C M, such that (IC’;“/K'PfE,F) is a resolution of the intermediate
extension by jr : Y7 — X of PKL:
(IC}, PEL,F) ~ (jx.PEL, F).
i) For v € Yx \Yj and xz € Y3;, (PEL,F,N;,i € M\ K) is a nilpotent
orbit of weight k.

Proposition 9.5. i) The graded perverse sheaves for the weight filtration,
satisfy the decomposition property into intermediate extensions for all k

(Gri 2L, F) = @,cr(IC5, P 5 L= T[], F)(=|J]). (9.31)

where IC;,P,‘CL‘J‘E ~ j‘”*PkJ*IJIL'
The shifted intersection complex jg*GrkWOL figures in the sum for J = .

it) The weight W is a filtration by sub-complexes of j.'L consisting of
perverse sheaves defined over Q.

i) The complex C{‘/JP;L‘ J] (L) is a shifted intermediate extension on Y;. We
remark that P/%]—|J|(L)[_UH on Y is a VHS of weight k — 2|J|, its twist by
(—|J1]) is a VHS of weight k and corresponds to Aje J% in the definition of
the weight on 2*L := 2% (LogY) ® L x.

The decomposition in the category of derived filtered complexes (Equation
9.31) is based on the decomposition of filtered vector spaces (Equation 9.27).

ii) The various graded complexes Gr}Y (2% (LogY) ® Lx) are direct sum
of Intersections complexes defined over Q. The filtration Wy, on the de Rham
complex is defined over Q and perverse with respect to the stratification
defined by Y7, since the spaces W £2*L and P}/ (L) are defined over Q. When

z vary on Y, P/ L defines a VHS and P/L is a nilpotent orbit at z € Y\ Y.

9.3.0.3 Restriction to IC*PL

The Intersection complex (IC* 2L, W, F') of an admissible VMHS is a mixed
Hodge complex, embedded as a sub-complex of (2*PL, W, F') with induced
filtrations.

Proposition 9.6. Let L, W, F') be an admissible VMHS. The induced filtra-
tions on the complex (IC*PL, W, F) C (2*PL, W, F) define a structure of a
mixed Hodge complex such that for all k:

(IC* (G’ L), F) ~ (GrV IC* PL, F)

The proposition follows from Proposition 9.3 in the local case.
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In general the Intersection complex of an extension of two local systems,
is not the extension of the intersection complex of the local systems.

In the case of a pure VHS PL, the weights of 2* PL start with the subcom-
plex IC*PL. The next result on weights satisfy a property similar to ([De 80],
cor 3.3.5) in the case of varieties of positive characteristic.

Corollary 9.3. The de Rham logarithmic mized Hodge complex (2* PL, W, F)
of a wvariation of HS of weight w > Pw induces on the hypercohomolgy
HY(X \ Y,L) a MHS of weight w > Pw + i.

Indeed, W, = 0 on the logarithmic complex for k < Pw.

9.4 The logarithmic complex IC*L(Log Z)

Let Z = Uier,c1¥s C Y C X be a sub-divisor of the NCD Y union of
components of Y with index in a subset Iz of I, jz := (X\Z) > X and L a
VMHS on X \Y. The induced filtrations W and F' define a structure of mixed
Hodge complexe (MHC) on the logarithmic sub-complex IC*L(Log Z) C
£2* L isomorphic to jz.jyiiL € D2(X,C) (ch.3, §3.2).

9.4.0.1 Local decomposition of Gr}V(IC*L(Log Z))

Lemma 9.3. Let P/(L) be defined by Equation 9.21 for all J C My =
M NIz, and IC*(P,;]L) the Intersection complex defined by the mnilpotent
orbit (P (L),N;,i € M\ J), then:

(Gri IC*L(Log Z), F) = @ jcn, IC*P{_; L, F,i € M)[=|J|}(—|J])
(9.32)

Proof. The statement is similar to Proposition 9.2 with J C My instead of

J C M. The proof is similar to the decomposition case of £2*L in (§9.2.2).
In terms of (ch. 3, §3.2, Remark 3.4), we introduce for J' C M}, := M\ My

the IMHS (N L,W”', F,N;,i € M) and the following data DR(N L):

{((Ny L), W7 TV KN L NypL,Npng : NyL— NypLygcicm,

with indices J C Mz, constant term (N ;L) ; = Ny L, and induced filtrations
W'V pTY — Foon Ny L.

For all K C J C Mz, Nj g is induced by HZEJ\K N; (resp. I by Id :
L — L). The property of distinguished pairs is satisfied, in particular for
consecutive terms N; : Ny L — N;L for J = K Ui. Set for each J C My

P];.](NJ/L, WJ/) = OKC,]’K;AJKGT (GTIJyK : G?"IZVJUJ NyL — GT‘KT}J\JK‘N}/L)
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As in (§9.2.2), we deduce the decomposition:
Gril 1 2 (N L Niien, = ®acny IC (B y g (N L W) i€ Mg)[—|J]]

where IC* is limited to the variables i € M.
For each J' C M, we have a surjective induced morphism N/

N ! !
Bl (L) =5 By (Np LW ) = Ny P (L)

and a surjective morphism Gr}¥ 2*(L, N;)ic Ny Gr}:‘ilwlﬁ* (N L, N;)ienmy,
which splits into a direct sum of surjective morphisms
. Ny . .
@JcMZ (IC*(PI;]—|J|L77’ S Mz) —J> @JCMZIC (NJ'PI;]7|J|L77’ S Mz))[—lJ”
By summing the double complex over J C My and J' C M/, we find the
statement of the lemma.

9.4.0.2 Structure of MHC on IC*L(Log Z) C 2*L

We remark that (Equation 9.32) is similar to (Equation 9.23) except that the
sum is over J C My instead of J C M, hence (Definition 9.3) and (Corollary
9.2) apply. We deduce from (Lemma 9.3):

Theorem 9.3. Let Z := U,¢,Y;. With the notations of (Definition 9.3) and
(Corollary 9.2), the bifiltered complex (IC*L(Log Z),W,F) C (2*L, W, F),
is a MHC on X.

The perverse weight graded sheaves satisfy the decomposition property into
intermediate extensions for all k

(GriY IC*"L(Log Z), F) = ®c1,(ICS, P 5 PLI=|J|], F)(=|J]) (0.33)
P 5 (L) = IC P 5L
where jz : Z3 — Zj is the inclusion for each J C Iz. Moreover, jg*Gr,ZVOPL
for Z =0, otherwise the summands are supported by Z; C Z for J # 0.
The theorem follows from (Lemma 9.3). We remark that Pfcj—l J| (PL)[—|J|] for
J C I are perverse, as shifted local systems on Z% by [dim X —|J|] = dim Z%.

Definition 9.4. The MHS on H*(X \ Z, ji. PL) is defined by the bifiltered
complex (IC*PL(Log Z), W, F).

Remark 9.5. 1) For any NCD Z such that ZUY is still a NCD, we may always
suppose that £ is a variation of MHS on X — (Y U Z) (by enlarging V), then
Z is a union of components of Y U Z.

ii) For any subset Z C X, the MHS on H*(X \ Z, ji.PL) is defined by
blowing up Z in a non singular X into a NCD without modifications above
X\ Z.
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9.4.0.3 Transversality

We denote by Z' := U;gr,c1Y; C Y the sub-NCD of Y complement to Z,
such that Y = ZU Z'. We say that Z’ is transversal to Z. The equation 9.33
is interpreted as follows:

Lemma 9.4. Let X\ Y = X\ 2/ 2254 X and X\ Y L5 X\ Z % X such
that jz 05 = j = jz oj"”. We have the commutation isomorphism.:

jZ*j/!*pL = jZ’!*jH*pL'

The proof is local at each point of the intersection Z N Z’, by induction on
the strata of the stratification defined by Z and it is reduced to the case of
one point in the intersection.

In the case of the remark (ch. 3, Remark 3.4) where |M| = n and a point
0 € D™ C C™, we check that (jz1.j",PL)o is obtained by truncation in degree
< —1 of (jz+j/,’L)o. However, by the same remark the complex (jz.j{,"L)o
has no cohomology in degrees > 0 (after the shift in degrees on FL).

9.5 Hodge theory on perverse cohomology along a
divisor

For basic results on perverse heaves along a divisor we refer to (ch. 3, §3.2.4),
and to (ch. 2, §2.4) for induced filtrations on perverse hypercohomology. In
the case of aNCD Z C Y C X, let i : Z — X. We deduce from the bifiltered
complex (IC*L(Log Z), W, F) various complexes (called logarithmic) with
weight and Hodge filtrations, realizing the following classes of complexes in
the derived category:

i1 PL, i 0L, jz5 0L and i*jz. 1L

In particular we construct a MHS on the hypercohomology of the boundary
of a tubular neighborhood of Z with its central fiber Z deleted (§3.2.5).

Thus, we recover most of the results of (Proposition 5.7) without intro-
ducing the monodromy action.

Theorem 9.4 (W and F). Let Z C'Y be a locally principal divisor NCD in
X, and YL a PVHS of weight Pw on X \'Y and let D denote Verdier dual

1. There exist unique global filtrations W and F' on jz.jyjiPL such that

WPH;]Z*]E]'*I)L - j!*pL,

9.34
Wijzeiz (iPL) = W IC*PL(Log Z) if | > Pw and 0 if | < Pw (9:34)
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2. There exist unique global filtrations W and F on i*j,FL[—1] (resp.
i'1.PL[1]) such that
i Gr)Y (' 1 PL)) ~ GV 2455 (L) if 1> Pw and 0 if | < Pw,
i PL[—1](Pw) ~ D(i*5,PL[1]) : GrlY (i* i PL[—1]) = 0 if | > Pw,
Grl¥ (i* jiPL[—1]) = DGr¥%, _,(i'5uPL{1]) if | < Pw,
Wi(i* j1uPL) = (Wi—1 (7 L[ =1]) [1]
(9.35)

3. Dually, i* ji.PL[—1] embeds into jz 53 ji"L and the filtration W on jzj5 ji L
satisfy Gr',jz15% "L = ji.L and:

G jzigintL = i.Gr¥ (i juPL[-1)) if 1 < Pw.
4. If X is projective, the filtrations W and F on
DI VI VR TR VIV N P 1 ¥ 11 PR PP % 10 O
define respectively a structure of mized Hodge complex.
Ezample 9.1. 1) For a pure L of weight Pw, i1 j1,PL is supported by Z, has
weights w > Pw, and 7,7* j1.PL has weights w < Pw such that: ¥/ > Pw:
D(GrlVi'juPL) ~ GrY, —i*ju L = Gri, % juPL[-1].

The Intersection morphism I induces morphisms:

Grzwi*iljg*pL — GrZWjI*pL — GTZWi*i*j;*pL for i = Pw and 0 for ¢ # Pw.

ii) Let PL be a polarized VHS on C* with a nilpotent endomorphism N on L.
The duality at 0 between Gr)Y i*(IC*L(Log Z)/IC*L) and Gr",_ ,i* (ji."L))[—1]
corresponds to the duality between Gr", , Ker N and GrlV|L/NL.

For PL on (C*)™, this duality may be interpreted as a duality of perverse
sheaves for the action of IV on the functor of nearby cycles or in terms of a
strict simplicial coverings of a NCD.

9.5.0.1 Weights of the MHS

As a MHC, the weights of IC*PL(Log Z) are > Pw by construction. The
weights of i'j,”L are > Pw since the weights of IC*PL(Log Z)/IC* PL are
> Py + 1.

Corollary 9.4. The weights w satisfy the following inequalities:
wH (X \ Z, jiPL) > Pw + i, wHL(X \ Z, j1.PL) < Pw + i
wHY (X, j1L) > Pw + i, wH' (Z, j1."L) < Pw + i
H'(Z, Gr)Vi* ji."L) ~ H™(Z,(Gr¥ ' ju"L("w)) ()"
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We have the following duality isomorphisms for the weights of H*(Z, ji."L):
Hi(Z,GrlVi*ji."L) ~ H(Z, GrlV Di'jy,"L( "w))

~ H'(Z, D(Gri' juL(Pw))(~j)) = H™*(Z, (Gr¥ juL(Pw)) (—5))*
where w(GrKVji!jg*pL(pw))(—j)) = —Pw — j 4 24, hence
wH™(Z, (GrVi' j"L(Pw))(=4))* = Pw+i—j < Pw+i as it vanishes if j < 0.

Lemma 9.5. Let PL be a shifted polarized VHS of weight Pw on a Zariski
open subset X \'Y and Z a closed subvariety of a projective variety X.
i) There exists a long exact sequence of MHS

— H'(X, ji’L) — HY(X, j."L) — H (X \ Z, ju."L) — H (X, jufL) — -
(9.36)
with weights: w(HY (X, jiPL)) > Pw + i, w(H (X, j1,.PL)) = Pw + i, and
wl (X \ Z, ju"L)) > Pw + .
it) We have a dual exact sequence of MHS

(9.37)
with weights: w(HL(X \ Z, j1,L)) < Pw + i, w(H (X, ji.PL)) = Pw + 4, and
w(M(Z, 1.PL)) < Pw + 1.

The lemma is proved first for X smooth projective, Y a NCD and Z C Y a
sub-NCD. The exact sequence is deduced from the distinguished triangle:
ixi' i L — j1PL = j7.(PLix\z) and the inequalities on the weights follow
from the corollary above. In the general case, the lemma will be deduced from
the case of NCD by the decomposition theorem.

9.5.0.2 Compatibility of Thom isomorphism with MHS

Thom isomorphism (ch. 3, §3.2.1) is compatible with weight and Hodge fil-
trations up to a twist.

Lemma 9.6. Let Z C X such that Y U Z is a NCD and let a smooth hy-
persurface H intersects transversally Y U Z such that HUY U Z is a NCD.
There is an isomorphism compatible with the weight and Hodge filtrations up
to a twist

IC* (i L) (Log ZN H) 5 i%,1C*(L)(Log Z N H) = i IC* L(Log Z)[2](1)
(9.38)
By transversality, we have an isomorphism of the restriction i}, 1C*L(Log Z)

with the logarithmic complex IC*(i%;£)(Log Z N H) constructed directly on
H. The connecting isomorphism in the distinguished triangle

(ig)wiy IC*L(Log Z) — IC*L(Log Z) — IC*L(Log Z U H) 1y
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defines an isomorphism of the quotient complex with the cohomology with
support

(IC*L(Log Z U H)/IC*L(Log Z)) —» Ri%IC*L(Log Z)[1]

The isomorphism % IC*L(Log Z)[2](1) —~ IC*i% L(Log Z N H) is induced
by the residue Resy : IC*L(Log Z U H)[1|(1) — ig.IC*(i%;L£)(Log Z N H)
compatible with the filtrations up to a shift in degrees since it vanishes on
IC*L(Log Z).

Corollary 9.5. Under the hypothesis of the lemma, let + : H — X be a
general embedding of complex varieties of codimension d, transversal to the
strata of a stratification S of X including Z and Y .
Thom isomorphism H'(H \ Z N H, j1,"L) ~ H}ﬁgﬂH(X \ Z, ji.PL)(d), and
Gysin morphism H'(H \ Z N H, ji,"L) ~ H™24(X \ Z, ji,"L)(d)
are compatible with MHS.

In general, let iy : W — X be a closed embedding of a non singular vari-
ety of codimension d transverse to Z, Y and to the strata of an adequate
stratification S of X, then: i!ng*pL[Qd] ~ i 1L,

The following isomorphism is compatible with MHS:

HY (W \ (Z N W), L) = HyF ¥, ) (X Z, ).

9.5.1 Hodge theory on 1*jz.J,J1."L
We have a distinguished triangle
.y can_ . % - .ok k- 1
J21J7 "L = Gz J 701" — 04" 7457 1L 4, (9.39)

Definition 9.5. The structure of MHC on K’ := i*jz.j5ji.L is defined by
the mixed cone Cjs(can) with the following weight filtration:
W, C(can) = Wi_1j 21551 "L[1] & Wiz 5 ji"L

We recover the results of (Lemma 5.3). The terms of the weight spectral
sequence are E}'? = HPT4(X, GrY Cp/(can)) where
Gr,Y Cas(can) = Gr,Y 1 jz1j5 L] @ Gr)Y iz L

EPY = Hrta(X, GV A1) if —p>tw 1
EP? = HP(X, ji,PL[1] @ Gr'y, i j1.PL(1]) if —p="w+1
BP? = HPHI(X, Grly, i PLI-1))[1] @ L) if —p = 7w
EP? = HPHa(X, Gr‘i‘;,li*j!*pL[—l])[l]) if —p < Pw.

The terms with value in j,PL[1] for —p = Pw + 1 and ji,PL for —p = Pw
vanish at rank 2. In particular, for —p = Pw + 1 and ¢ = Pw, p+ g = —1 the
terms:
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1) By 78 = L1 @ G it where
Grly, 4131 PL[1] = Gr',_; Coker N i) ji1.PL gives the term:
Ey "R — (X, G Coker N L) = Gr'Y H™ (X, i*j 7.5 j1"L)
2) By " = GrW iz L[] @ jiPL where
CrY g5 L) [1] = (Gr'ly, _i* 1P L[—1])[1] @ ji."L gives the term:
Ey "™ —HY(X, G Ker N L) = Gr'l HO(X,i*j 7,53 j1+"L)
The duality between the terms E5'? above induces the duality at the limit.
The limits vanish according to the local purity theorem (crucial case).

The terms E5? coincide with the terms of the weight spectral sequence of
Cur(I) (85.2.2) since ji, L in the terms EV'? disappear at rank 2.

Remark 9.6. For any deformation retract neighborhood Bz of Z, let B}, :=
Bz \ Z with Z deleted in Bz, the MHS on the hypercohomology of B} is
defined by

H' (B, ji"L) ~ H'(Z,i" jz:((1+"L) x\2))

We have an exact sequence of MHS
= HY(X\ Z, juL) — H(Bg, j1"L) — HH (X, 51 (eLyx 2)) — -
and a duality isomorphism

0" j 2+ (3Pl x0\2) [=1] == D(i"j 2+ (71:"Ly x\2))-

9.6 The bi-filtered relative complexes I C’;Z[, C .Q]’Zﬁ

Let f: X — V be a smooth proper morphism of smooth complex algebraic
varieties, and let Y be a NCD in X. The relative logarithmic complex Q}’Zﬁ =
2% v (LogY) @ Lx is defined in ([De 70], §2.22).

Definition 9.6. i) A normal crossing divisor ¥ in a non singular algebraic
X is said “relative horizontal” if for each point v in a big stratum of V', the
fiber Y, € X, is a NCD with smooth components in the smooth fiber X,
and the restriction of f to Y is a topological fiber bundle over the big strata.

ii) A NCD inverse image of a strict subset W C V is called vertical NCD.

iii) The fibration is adapted to a local system PL defined on a Zariski open
algebraic subset if the restriction of the cohomology groups of the intermedi-
ate extension ji,PL, to the various strata of X, are locally constant.

The fibration is adapted to a NCD Y in X, if Y is a union of strata of the
underlying whitney stratification S of X.

Let Y be relative horizontal over V. For each point v € V, the fiber Y,
is a NCD in X, and the various intersections Y;, ... i of p- components are
smooth over V and Y — V is a topological fiber bundle.
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Let U := X \Y and j : U — X. The sheaf of modules i% Lx induced by
the canonical extension Lx on each fiber X, is isomorphic to the canonical
extension (if; £)x, of the induced local system i; L.

The cohomology spaces H'(U,, L) (resp. H (X, j1.L)) for v € V, form a
variation of MHS. The logarithmic complex (2% /V(LogY) ® Lx satisfy, in the
case of horizontal NCD: % 2% 1, (LogY) ® Lx ~ £2% (LogYy) ® (if;, £)x, -

When L underlies an admissible graded polarized VMHS: (L, W, F'), its
restriction to the open subset U, in X, is also admissible. The image of the
filtrations W and F', by the map 2*L — Q}L

F:=Im(R'f.Fx = R'f.(2% ) (LogY) ® Lx)),
W i=Im(R' f.Wx — R’ f.(2%y,(LogY) ® Lx))

define a variation of MHS on R!(f o j).L inducing at each point v €
V' the corresponding weight W and Hodge F' filtrations of the MHS on
(H'(U,, L), W, F).

Proposition 9.7. Let f : X — V be a proper smooth morphism of non
singular complex varieties.
i) The direct image R*(f o j).L is a local system on V and

R (foj)L®Oy ~ Rif*(-Q}k(/v(LOQY) ® Lx)

ii) The connecting morphism in Katz-Oda’s construction [KaOd 68] coincides
with the connection on V' defined by the local system R*(f o j).L

R'f (2 (LogY) @ Lx) ~% QY @ R f.(2 )y (LogY) @ Lx)

i11) The filtration F satisfy Griffith’s transversality with respect to Vv, W
is locally constant and (R(f o j).L, W, F) is a graded polarized variation of
MHS on V.

Deligne’s proof of ([De 70], proposition 2.28) extends in (i), as well the
connecting morphism [KaOd 68] in (ii). Since Y is horizontal R'(f o j).L is
a local system and on each fiber W and F' induce a MHS, hence W is locally
constant and F' is a filtration by analytic sub-bundles.

9.6.1 The relative Intersection complex IC;L

Let IC}L :=Im(IC*L — (27 L) with image filtrations W and F:
W= Im(f W — f(ICL)), F = Im(f.F — f.(ICFL)).
We deduce the filtrations on the i-th direct image (R f.ji.L, W, F):
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FPRf,ji L := (Im (R f,FPIC*L — R'f,IC*L),
WoR' fujicL = Im (R’ f.W, = R'f.IC"L))

where Wy is locally constant on V, and F” is an analytic sub-bundle on V.

Proposition 9.8. i) The direct image R!f.ji. L of the intersection complex
is a local system on V and

R f.juL® Oy ~ R'f.(IC}L)

it) The filtrations W and F define a structure of variation of MHS on
sz*]'*L

We remark that R f.. ] C}L s locally constant since f is a topological fibra-
tion and induces a topological fibration on X\ Y. Moreover, at each v € V, the
Hodge decomposition Gr)V H' (X, ji.L) = >t g=i HP( X, GrlY ji.L) shows
that the Hodge terms RPYf,IC}L are locally free Oy —modules ([De 68],
Théoreme 5.5).

Lemma 9.7. Let Y be a relative NCD over the mazimal strata of V. and S
a stratum of V' such that Xg is a relative NCD over S:

i) Rif*i!XSjg*pL (resp. R' fui% jisPL) are polarized VMHS on S of weight
w> Pw+i (resp. w < Pw+i).

i) The image of the intersection morphism PL% := Im1I is a polarized
VHS of weight Pw + 1.

Proof. Set Z := Xg and IC}PL(logZ) := Im(IC*PL(logZ) — 23 PL). Let
v € S and N, a normally embedded section to S in V at v. Then Z, := X,
is a NCD in Xy, and for each v € S:

(£.IC}PL(logZ)), ~ ICT x, PLixy, (l0gX,) C 25, PLjxy,

(fuix ) = i, (Lixy, ), (Fuik Mo = i, (yxy, )

By Thom-Whitney stratifications properties, Rif*i!ij!*pL and Rif*i}sj!*pL
are local systems. The dimensions dim F? N W, of the filtrations defined by
the MHS on Hl(z'Xv (*Lixy, ), Q) are constant when v € S vary since no jump
in the dimension of the fiber of the coherent analytic sheaf :

(Wy N FP)R! f,i% ji"L occurs.

Remark 9.7. The above results in the relative version are applied generically
over the strata (ch. 11, §11.2) since refinements of Thom-whitney stratifica-
tions may be adapted.
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9.7 Admissible perverse VMHS on X \ Z

It has been suggested by the referee to give an exposition of the theory
of perverse PVMHS (Chapter 7, Definition 7.2) in terms of Grothendieck’s
six functors (see M. Saito’s theory of mixed Hodge modules [Sa 90] §2 and
[Shi 93]).

Such treatment is not in the spirit of this text.

Instead, we add this paragraph to give an informal study of the definition
of the direct image of an admissible PVMHS, from which we deduce various
cases (Remark 9.10).

In the same time, this is a motivation of the definition of N« W (§9.2.1.1).
Below a VMHS is always defined on a local system, a PVMHS is defined
on a perverse sheaf, while in general we extend the notation of mized Hodge
complex (MHC) to a complex of sheaves (K, W, F) with the property that its
global hypercohomology is a MHC, that is the hypercohomology on a complete
complex algebraic is a MHS with the induced filtrations in each degree.

9.7.1 PVMHS on j."L

Hypothesis.We resume the notations of chapter 7. Let Y C X be a NCD,
Z CY beasub-NCDinY and x € Z3;, C Y, L := Lx(x) (Definition 3.1).
An admissible VMHS (L, W°, F) (Definition 2.16) on U := X \ Y defines at =
an IMHS (Remark 2.10) where the filtration W0 on the limit L (preserved by
N;) is the natural extension of the filtration WY of £. The relative monodromy
filtration M (>, c,, Ni, W0) exists by definition of admissibility and defines
a limit MHS on L:

(L, WO, F) defines the IMHS: (L, W° F, P,N;,i € M) where L := Lx(z).

Let Z be defined by an algebraic map f: X — C on X, then W°PL defines a
filtration: W0 = WO( P4, 7L) := P 1. WOPL. By admissibility, the relative
filtration M (N, W?) exists on g jiPL (resp. PogjiPL).

Let W := M(N,W%)[—1] on Psj1.PL such that W, := M (N, W°), ;1.

Proposition 9.9 (Perverse VMHS on ™) j.’L and P51, PL). With the
notations of (Equation 5.36), let PL. be a shifted admissible VMHS quasi-
unipotent along Y .

i) There exists a natural structure of perverse VMHS on PrjiPL (resp.
Po¢jiPL) supported by the NCD Z such that the canonical morphism (denoted
can) is a filtered morphism while the morphism: N and the variation (denoted
var) are of type (—1,—1).

i) Let WO = WO(PpjiPL) == P WOPL and W := M(N,W°)[-1],
then Gr}¥ P j1.7L (resp. Grfw(N’WO) PorjiPL) decomposes into a direct sum
of intermediate extension of polarized VHS of weight i on the various inter-
section of components of Z.
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Proof. The proof is local. We suppose also L locally unipotent along Y. We
consider the de Rham family attached to L := £(z) and defined by the IMHS
;L for various J C Mz as in (Equation 5.18).

The relative monodromy filtration M (N, W) is well defined on the de Rham
complex Y*IL and satisfy the decomposition of the relative monodromy
(Equation 9.5)

G VWO L o @, G VW GV (9.40)

As in (Equation 5.5), we define L[N] with the filtrations F' and the relative
filtration M (D, cps0 Ni, Wo). Then, for each J C Mz, we define similarly a
MHS on

(;L = (L[N]/ImA;, W9, M7, Fy), W9 = WW,L) := w,W°L  (9.41)
Let B/ .= N + ZieMJ N,. Then, the relative monodromy filtration M =
M(BY,W?) exists on ¥, L.

Let B,‘c] denote the nilpotent morphism induced on GrZVg ;L. By defini-
0
tion M ]f] ), induces the monodromy filtration W; (B{) on GrZV" ¥ L. Hence
0
Grﬁ‘;GrZVJWJL is of weight j + k — 1. Let W7 := M7[-1] such that
0 0
W/ = MTJJr17 then Grﬁ;GrZVJLPJL is of weight j —|—Ok on GrZVJWJL.
Thus, (W7, M7, Fy) induces a MHS on each GrZW" ¥ ;L and defines a MHS
0
on ¥; L since GrZVJ!PJL ~ EBiGrZVJGrrV"LZ/JL.
The case of ¢ji.L is deduced by the vanishing cycle lemma (5.1).
Lemma 9.8 (jz.j5j1.'L and @?(jz*j}j!*PL)). Leti: Z — X and
e e s ) N )
i*jzxJy 01"l == Cone (P} (j1FL) — P (L) (1)
be the mized cone by (Equation 2.16, [Br 82], Proposition 2.3.6)

and let oL be defined as the mized cone over the specialization sp:
@§(z+d730"L) = Cn(sp 2 *jz:J 5 0Pl — (24575514 "L), then:

var : @?(]Z*]}]'*p[‘) - wﬁ(JZ*]}J'*pL)(_l) (9.42)
is an isomorphism.

We have the triangles where ¢%(ji."L) = 9% (jz.j%j1+"L)

o5 cx - S w( s k- can w/l s ik . [1]
7L — V#2750 L) ——= @} (Jz+J71s"L) — (9.43)

le lld ivar
(1]

e D wr ew s N wre ew s
? jZ*]Z]!*pL wa(]Z*jZ]!*pL) wa(JZ*]Z]!*pL)(_l) —
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where N induces the vertical isomorphism var. Hence The morphism var is
an isomorphism and this is a characterization of the extension jz.j%j1«"L in
Verdier’s classification (§2.2.3.1 4)).

To define the limit Hodge filtrations on ji. L as well on ¥* 1L ~ ¢ ji. L (ch4,
4.2) we used the complexes IC*L, F) C (IC*L(log Z),F) C (2*L,F) (ch.
3, §3.8) isomorphic respectively to jiL C jz.j5jiL C jijiL.

Ezample 9.2.1) Let L be on C*,i: 0 — C,j : C* — C, then:
1) Y¥L=Lat0,i*j.L~ (L &, L(—1)). The action of N on i*j,L induces
0 on cohomology. Then ¢%j,L := cone (i*j,L =2 ¢*L) is isomorphic to

oYL= (L L=, L(—-1)® L) in degrees —1 and 0

with unique cohomology in degree 0
H®:= (L(-1)® L)/Imd; 2= ¢y*L(~1) = L(—1) : (b,c) — b+ Ne.
2) The canonical map can : Y*L — ¢¥j.L is defined in degree 0 by
1d:L Y% L)@ L:aws (0,a).
3) The variation map vary =varocan: L — L(—1):a = Na.
i) In the case of ji,L: ¢j,L ~ (L =N py N e L(-1) @ L)[1),
var : YL ~Im N C L(-1): (b,c) = b+ Nce Im N C L(-1).
4) This example apply to perverse sheaves, as we can see for example on the
associated de Rham family.

9.7.1.1 (jzxjyitPL, W, F) and N x W

Proposition 9.10. Let L be a polarized VMHS on the complement of a NCD
Y of an algebraic variety X, ilmp its intermediate extension, Z C X a NCD
and (j5juPL,W° F) on X.
i) There exists a weight filtration W on the complex
(Gz+j5 L, F) ~ (IC*PL(log Z), F) by perverse sub-sheaves on X such that
(jz+j 531" L, W, F) is a PVMHS and Wy, is a perverse extension of j5 WP j1.PL.
it) There exits a short exact sequence of perverse sheaves
iii) Moreover: (Gr¥ jiPL, F) = (jg*Gr,ZVUpL,F)

The proof of the proposition follows from (Corollary 9.9) below, as we need
to describe the weight filtration W first.

Let Z be a locally principal NCD, the proof is reduced to the case
where Z is principal defined by an equation f, in which case the weight
and Hodge filtrations are defined on % (j."L) and ¢%(ji”L). Such filtra-
tions defined locally, will induce a unique filtration on Coker NV, hence on
Jz+d 5P/ 719 % 51+ PL which is a characterization of W.
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Interpretation of N x W0 in terms of Verdier’s classification (§2.2.3). Let
Z be defined by an equation f. We deduce from the filtered perverse sheaf
(PL, WY), a perverse filtration W05% ji.PL := 5% 1. Wo. Let
WO = Pt (W55 PL) on (i1 "L).
To apply Verdier’s classification, we need to define a sequence

ok . a b k.
WP (G5 31"L) = Wi = WP (551."L) (9.44)

with the correct weight and Hodge filtrations on Wj,. Below, there will be
weight filtrations on various spaces all denoted by W.

It is convenient to define the filtration N * W° by perverse sub-sheaves of
pz/)}‘(j}j!*pL) with a change of indices. Set:

«Wi = NWP + Me_1(N, W) n Wy c Ppy(W?)

where *W° = N % WO[1] such that W}, := (N x« WO);.

Remark 9.8. xW?0 is defined here in the abelian category of perverse sheaves.
Equivalently it si defined on the de Rham family of vector spaces associated to
npy (W9). Tt is related to the weight on jz. % ji."L by Verdier’s correspondence
and the isomorphism jz.j% j1."L/j1.PL ~ Coker N.
We have by (Equations 9.8 and 9.9):
M(N, W) = M(N, N « WO)[1] = M(N, WO)[1]
since M(N, N » W°) = M(N,W?). We have now: W2 =~ W0 L w0,
From now on, we write ¢ for p@*j(jZ*j}j!*PL) and P} for %}‘»(j}jl*pL).
We have Ker(¢; % 1by) = Ker(N : by — 1) Set
WR(p%) = var~ (W) and NWP(pY) := var™ (NW}), then:
NW(pY) =Im (C : W — @%) = NWP(t)y).
The weights. As perverse sheaves, ¢} and % are isomorphic, but with
different weights.
. M(N,W0%) w s .
The sub-quotient sheaf (Gr,_; ,F) of P § is pure Hodge of weight k —2.
Set (Wi—2 P} (j7j1"L), F) »= (Mg_1(N, W9), F), then (W, F) is a PVMHS
of PpY(j3j1"L), while (W', F) := (W, F)(—1) is a PVMHS of %% (jz.j%j1"L)
such that by (Equation 9.42):

var>~

(P}, W', F) —— ("}, W, F)(—1) (9.45)

Remark 9.9. In order to apply the results of [Ka 86] and the classification
of Verdier in their terminology, we keep the convention W} (¥§) = w}‘(Wg)

instead of W (%) := o¥(Wy,,) in ([Shi 93] §3.1).

We introduce the subspace
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Wi P := NW + W, N W Wy, Pt 2255 (W) Py (9.46)

9.46

u C m 174 u

(p'(/)fa WO) — (p(pfa W) _>(pwf7 WO)

satisfying VoC = N and CoV = N. Set W, := Wy, p(p?(jz*j}j!*pL) in (Equa-

tions 9.44 and 9.46). The extension Wy %p%(jz.j7 L) above, corresponds

to a term Wy, of the weight filtration on (jz.j5 "L, F)). The filtrations W’
and F' are essential in the definition of W} and in the proof below.

Lemma 9.9. The sequence
U kL C Wi ek s Vi w cx -
PEWRI ML) = dn = Wi Rt j 7. i 501"l = O (W55 51.PL)
defines by Verdier’s classification, the perverse extension Wijz.j5ji"L of
WP35%jiPL such that (W, F) is a PVMHS.

Proof. We write W Pp} for Wi Pp%(jz.j71+"L). In terms of the sequence
in (Equation 9.31) and with the definition of W’ (Equation 9.45) and by
(Equations 9.8 and 9.9):

GT,ZV p(psﬁ ~

0 (9.47)
Im (Cy : Gr,‘;vo Py — Gr¥ Po'y) @ ker (Vi : Gr¥ Pof — GrY¥ %)

VI < k,GrlYGrl Ppt = 0
GrlY Gl Rot T (N = Gri¥* it — Gl Py
0 ’ 0 ’ 0
VI >k+1,GrVGr}”" ~ Coker (N : Gr},Gr}” Pos — Griv-arlV Po%).
(9.48)

Hence the corresponding perverse filtration Wy, on jz.j7ji.PL satisfies the
equation: (GrlV jz.jy L, F) =
(jzy*jEGr,ZVOjl*pL, F) &p<i Coker (N : Gr,‘ffrl2G7'E/0<p? — GT};V/GrgVOga?)

Moreover, the filtration W induces on (GTZVOjZ*j}jg*pL,F) the weight
filtration on (jZ*GTZVOj}j!*pL, F)

Finally, by the splitting of (Gr}"’ Pl F') =~ @I,GT,ZV/GTZVD Pot, F) (Equa-
tion 9.5), we deduce a perverse HS of weight k on

. i - . . 0. . 0, ., .
(Gl jz.J5 3Pl F) ~ (jziaj 5 GrlY jl*pL,F)@p<kG7'ZV]Z*GT’ZV (5 3PL, F).
The above results extend to the singular case as follows:

Corollary 9.6. Let (PL, W° F) be a graded polarized admissible VMHS on
the non singular set V* of an algebraic variety V, j1.PL its intermediate
extension and g : V — C an algebraic map with central fiber Z := g=*(0):

i) the nearby (resp. vanishing) cycles complex P)yji "L (resp. PogyjiPL) is a
PVMHS on Z is a PVMHS on Z.

i) let U=V \Z,jz:U—V, then Ppyj7j1.PL is a PVMHS on Z.

iii) the direct image jz.j%jiPL is a PVMHS on X.
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Proof. We consider a desingularization 7 : V/ — V such that Z’ := 7=(Z)
isaNCD. Let f:=gom,u:V* =V and uy : V'\ Z/ — V’. We suppose
Y =75V \ V*) a NCD.

i) The PVMHS: p@bfu*zug*pL and pgofuz*u*zug*pL are well defined by as-
sumption of admissibility. We apply the weight spectral sequence to the de-
rived direct image 7, (Equation 7.4, Proposition 7.2):

PEPT = PP, GrW P pun L) = Gl Py PHPT (0, 7L)
which degenerate at rank 2, to deduce the PVMHS. In the case p 4+ ¢ = 0,
the limit is the weight filtration on ), PHO (T uPL) D P g 1P

The case of p(pfuz*u*zug*pL is similar.

ii) We have: var : Ppgjy jiL ~ Py 1, PL(—1).

iii) In the case jz.j5jisPL, we apply the weight spectral sequence to the
derived direct image 7. (Equation 7.4):

PEPT = pHp+q(ﬁ*GrK[;uz*u}u;*pL) = Grgv PHPT (7 u g, ulyun L)
which degenerates at rank 2.
Since uz and jz are affine and 7 projective, we have:
Tz Wy PL = jz, i meuPL. We consider 7. W induced on
Jz+d5TxwPL D Pregjz.jymew L and then projected on:
PHO (jzejmeunsPL) = jzajy PHO (mounPL) D jzejh i1 L.

Corollary 9.7. The direct definition of W9 on V corresponds by Verdier’s
classification (Equation 9.46) to the structure of PVMHS on jz.jyjFL.

Proof.(Equation 9.46) is defined directly on V by (Corollary 9.6 i) and ii)). In
both constructions, the induced structure on jz. (Gr}fvoj}jg*pL, W) coincide.

9.7.1.2 (jz«j5V,W,F) for Va PVMHS and N « W

Hypothesis. We assume now that (V, W, F') is a PVMHS on a complex alge-
braic variety V, Z C V a locally principal divisor, U :=V \ Z,jz : U =V
and iz : Z = V.

To construct the PVMHS on (jz.j5V, W, F), we suppose Z principal
defined by a morphism f defined on the algebraic complex variety V,
Z = f71(0). Indeed, the various constructions for different local equations
f will glue together. The functor 5 (resp. ¢¢) is well defined on (V, W).

Let W; denote the filtration on ¢,V : Witp;V := ¢, W;V and the filtration
F is well defined on ¢;Cr}" (V, F) since Gr!” (V, F) is perverse pure Hodge.

Definition 9.7. A PVMHS (V,W, F) on V \ Z is admissible along Z if:

1) There exists a filtration F' on ¢ ;(V, W) inducing, for each index ¢, the
filtration F on ¢;Gr}" (V, F)

2) Let W on 9¢(V) be defined by W;#(V) = ¢yW; V. The relative
monodromy filtration M := M (N, W) exists on ¢(V).
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Corollary 9.8. Let W := M[—1] be the filtration defined by Wi_1 = M, and
jz : U=V, then (z/ij;V,W,VV,F) 18 a PVMHS on Z. Moreover:
(gosz*j}V,W,VV,F) Lars, (z/ijZ*j}V,W,VV,F)(—l) defines a structure
of PVMHS on ¢y.

Hint to the proof. By (Equation 9.5): Grf/[(%cv, F) ~ @k(GerGrZV%cK, F).
Hence the proof is reduced to the case of a direct sum of intermediate exten-
sions of perverse VHS (Definition of I 7.1) then (Corollary 9.6) apply.

Corollary 9.9. Let Z C V be a locally principal divisor and j the embedding
of U =V \ Z inV. The derived direct image of an admissible PVMHS
(V,W° F) on U, is a PVMHS (5. V,W,W° F).

Hint to the proof. We suppose Z locally defined by an equation f (as local
constructions on a local covering of Z glue together). The relative monodromy
filtration My := My(N,¢WP°) on 7jz.V defines the weight filtration W
such that (Wy_1, F') := (M}, F) from which we deduce by the isomorphism
var : ¢ — ¥¢(—1) the definition of (¢fjz.j5V, W', F)

In this case (Equation 9.46) is well defined (see also Corollary 9.7).
Verdier’s extension (§2.2.3, equation 2.23 the case 5) applies and defines the
weight filtration W on (jz.j5V, W, F) as extension of W°.

Moreover, the filtration induced by W on (jZ*Gr}:VOj}V,VKF) coin-
cide with the filtration constructed by desingularization in the case of
(jZ*GTZVOj}V,VV,F). By (Equations 9.47 and 9.48), the filtrations W is
unique.

Corollary 9.10. The induced filtration W on (jz1.j5 'V, F) satisfy:
(Grl¥ ju V., F) = (ju.Gr} 'V, F)

Remark 9.10. As in (§5.2.1.4, Corollary 9.4 and Theorem 9.4), we deduce
from the open embedding case the filtration W for various functors:

1) The filtrations (W, F') on ji'V may be defined by duality with j,(V, W°, F).
A direct proof is based on the filtration (N\W), := Wi_1 + Mp(N, W) N
N7'W,._; dual to N x W ([Ka 86] Equation 3.4.2).

2) The filtrations (W, F) on (i, V,W, F)[1] may be defined as a mixed
cone of the morphism p in the natural sequence i!ZV BN VAN Jz+iz V.

3) The filtrations (W, F') on i3V may be defined by duality.

9.7.1.3 Proof of (Equation 9.5)

The result of Kashiwara involves sections Gr Gr)' L — GrM L (Equation
9.5). The following description in ([Sa 90]) of the sections is clear.

Since the filtration induced by M on Gr}" coincides the shifted mon-
odromy filtration W(N)[k], we can define the following primitive object
PGr%kGrkWL, denoted by P;i.
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Pty = Ker(Gr%_kGr,‘;VN”l : GrﬁkGrkWL — Gr%_2+kGrkWL)
The definition of the section is by induction and compatible with the action
of N, such that the definition is reduced to the case of the primitive subspace
Sivkk : Pigkr — Gr%kaL as follows. If we suppose s;i;; defined for
I <k —2 for all j, we define the subspace V4 by the sum:

Vitk e = Zj,m,les’k ImN™s 411 C Grf/fi_%kaL where
Sk :={j,m >0,l <k—2suchthat j >m,j+l <i+k,j+l—-2m=k—i—2}
and Py S aeM o wi L X5 GeM L, Wi L. Then,

Sitkde : Piorp — Ker(N+: Grpl , Wi, L — Ge™ o Wi L/ Vi ).

The section s;4x extends (by the primitive decomposition) to define the
section on Gr{,Gr}’ L ([Sa 90] Proposition 1.5).






Chapter 10

Relative local purity and
Decomposition

We prove the decomposition theorem (ch. 1,Theorem 1.2) and the local purity
(ch. 4, Theorem 4.1) in terms of a Thom-Whitney stratification, by induction
on n := dim X the dimension of X and reduction to isolated strata.

Let 7 : X — X be a desingularization of X. The decomposition theorem
for f: X — V follows directly from the case of m and for ([De 68] Proposition
2.16), hence to start the proof of Theorem 1.2, we suppose X non singular
and f surjective such that dimV < dim X.

The proof of the decomposition (§10.3, Theorem 10.1), is reduced, by in-
duction (§10.0.0.1), to the case of isolated strata of v € V, and it is related
to the properties of the cohomology of the NCD above v stated in terms of
the relative local purity (§10.6).

10.0.0.1 Induction statement D(n)

D(n): Theorem 9.2 on relative local purity and the decomposition theorem
(ch.1, Theorem 1.2) apply to projective morphisms f : X — V' on projective
varieties X of dimension < n.

The assertion D(0) is obvious. To prove D(n—1) = D(n), we assume first
that X is nonsingular. Recall that L is a PVHS of weight w’ on a Zariski-
open subset U C X such that Y = X \ U is a NCD, 7L := L[dim X] is of
weight Pw = w’ + dim X and j,PL ~ IC*PL (§3.1.4) is endowed with a
Hodge filtration F'.

10.0.1 The case dimV =0 and dim X = n

We distinguish the case where dimV' = 0 which is admitted since the de-
composition is reduced to the purity of the HS on H*(X, j.L) proved in

191



192 10 Relative local purity and Decomposition

[KaK 87] and [CaKSc 87] by comparison with L2-cohomology (see Theorem
3.1). A proof by reduction to the case where X is over a curve is in [Sa 88].
Hard Lefschetz theorem is proved by the classical reduction to an hy-
perplane section ([KaK 87]. In particular, H!(X, j.”L) is a polarized HS of
weight Pw + 4 as a direct sum of primitive polarized HS. By the property of
auto-duality [KaK 86], all HS coincide with the HS defined in this article by
the subcomplex (IC*PL, F) C (2*PL, F).
The statement of relative local purity is trivial in this case since By = 0.

10.0.2 Intermediate statement D(n, V™) in the case
0<dimV <n

Hypothesis. Let f : X — V be defined on a non singular complex variety X
of dimension n, K := f,ji.’L, S a Thom-Whitney stratification of f adapted
to the intermediate extension of a shifted polarized VHS j.PL on X.

We denote by Vo C V' the union of zero-dimensional strata of S, iy, :
Vo=V, V*=V\Vyand k:V* = V.

Assuming D(n—1) and dim V' > 1, the first step is to prove the decompo-
sition theorem over V*. The assumption D(n) over V*, denoted by D(n, V*),
is proved by reduction to hyperplane sections of V' transversal to the strata
of V.

Lemma 10.1 (D(n,V*)). Under the Hypothesis above, assuming D(n — 1),
and dimV > 1:

i) The restriction of the perverse cohomology to V' \'Vy decomposes in each
degree i into a direct sum of intermediate extensions of shifted polarized VHS
PLY (ch. 1, Equation 1.7) of weight Pw + i on the strata S of dimension
0<dimS<n

PHU(K*K) — @ges, scviv, Krisn L (10.1)

i1) The iterated cup-product 1 with the class of an hyperplane section of X,
induces an isomorphism on the restrictions to V' \ Vo

n' s PHT(fodu L) vy — PHY(fadne L) v (10.2)

Proof. Let f : X — V be a surjective morphism, K := f,ji.L on V and
let N denote a normally embedded subvariety of V' of dimension d < dim V'
intersecting a stratum S of dimension s > 0 at a point wu, such that Xy
intersect transversally the strata of X. If X is non singular, then X is also
non singular for a general N. The induction apply to f oix, since we have
good reductions:

iNK = (foixy)jily, i PHU(K) =~ PH((f oixy)wjil).  (10.3)
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Remark that PL% is uniquely defined by the decomposition as PL% =
i H (P (K). |

Since R“st*(ilxsjg*pL) and R'°fg,(i% j1<"L)) are variation of MHS of
weights w > Pw+i—s (resp. w < Pw+i—s), the image PL% of I is a PVHS
of weight w = Pw + i — s (ch. 9, . Lemma 9.7) including a reduction to the
case where Xg is a fibration by NCD).

The isomorphisms in (10.2) follow by induction since dim Xy < dim X.

Ezxample 10.1. By definition of the big stratum U in V, the restriction
fi : Xy = U of the morphism f to Xy := f~(U) is smooth and the restric-
tions of the cohomology sheaves H*(K) are locally constant on U. Hence:
PHYK)y = H749™mV(K)y[dim V] is a shifted polarized VHS on U. At a
point u € U: (R"fyjiL), ~ H'(X,, ji.L) is isomorphic to the intersection
cohomology of the restriction of L to the fiber X,,, hence Hard Lefschetz
apply.

10.1 Proof of the relative local purity

In the next step, we deduce the relative local purity at points v € V; from
the decomposition over V' \ Vj (Lemma D(n,V*) 10.1). As the statement is
local at points in V{, we can suppose Vj reduced to one point v.

10.1.0.1 Perverse filtration by sub-MHS on the Link

Since we assume X non singular, we may also assume that PL is a VHS on
the complement of a NCD Y C X so to apply the results of chapters 3 and
9. Let f: X — V, v €V aclosed point. We also assume that X, := f~1(v)
and X, UY are NCD in X.

Let i : X, — X, the complex (K',W, F) := (i"jx,«(jis"L)|(x-x,), W, F)
(ch. 9, §9.5.1, Definition 9.35) defines a structure of MHC on the space of
global sections RI'(X,, K', W, F).

The topological interpretation of this intrinsic cohomology space in terms
of balls with center v is more suggestive. A small ball B, C V with center v
is defined as the trace of a ball B € CN with center 0. The link at a point
v € V is a topological invariant represented by the boundary of a ball B,, of
V. As B} retracts on the boundary, we use the hypercohomology of B;.

The inductive limit of the hypercohomology when the radius of B, is small
is an intrinsic group representing the hypercohomology of the link.

Let X, := f~(v), Xp, := f~'(B,) its tubular neighborhood and Xp. =
Xp, \ X,. There exists an isomorphism

HT(XBpj!*pL) — Hr«Xvai*(ij)*j}k(Uj!*pL) (10'4>
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Set k: V\{v} = V,jx, : X\ Z - X and i, : v — V. We denote
again by W and F the filtrations (f|x, )W, (fix,)«F on (fix,)«K'. The iso-
morphism (f|x, )«K" =~ iyiki((fif1«"L)|(v—v)), defines by transport of struc-
ture, a filtration Pr* on (f|x,)+K" deduced from the perverse filtration Pr on
(f*]‘*pL)\(V\v)

pT*(f\Xv)*KI =~ pT*(iv*k*(f*j!*pL)KV\v)) = Z‘v*k*(p'r(f*‘?'bka)\(V\v))
(10.5)
Thus we have three filtrations W, F, Pr* on the complex (f|x,)-K" inducing
filtrations W, F and Pr* on the cohomology space H’ (X, i*jx, « (71+"L) (x\ x,))-

Lemma 10.2 (Compatibility with MHS). i) With the notations of (Def-
inition 9.35), let K' 1= i*jx . jx, jis’L. Under the decomposition over V*
(D(n,V*)) the filtration Pr*, induced by the filtration Pr on f.jisPL, is com-
patible with the MHS on HY (X, ji."L):

The induced filtrations W and F on Gr;™ (f|x,)«K’ define a MHS and we
have an isomorphism of MHS:

H(v,Gr;" (fix,)«K', W, F) ~ Gr,” H'" (X, K', W, F) (10.6)

i1) Equivalently, we have an isomorphism of graded polarized MHS:
HI (B, 7R (K), W, F) ~ Gr,"H*1 (B, ju L, W, F).

Proof. The filtration Pr* in the lemma corresponds to the perverse filtration
Pr on the hypercohomology of B (Equation 11.5).

Let B := Hj(B}}U,jg*pL,VV,F) with the filtration Pr, B := &;B’ and
K := f.j1.’L. The morphism n : K — K[2], defined by cup product with the
Chern class ¢; of an ample line bundle, induces a morphism on the perverse
cohomology sheaves ([BBD 83], Théoreme 5.4.10).

We deduce a morphism of MHS 7 : B — B(1). Let A be the following
increasing filtration on B:

Aj = ®jci’rj 1 B © BT @y Py B
A1 = @i 1B ® Pri 1B ®js; P B
— ) +2 —i+2 1o
Aig = Bjyacita Py B7? ® Pr_i oBT T @0 igo Prye BT

n:A; — Ao, GT? ZGTZB_i - GIA;LQ = GTZ+2B_H2

(10.7)

We deduce: ' : Gr? = Gr"B~ ~ Gr,"Bi(i) = Gr?,. Hence 4; is the
unique increasing filtration defined by the nilpotent endomorphism 7 on B
in the category of MHS. The lemma follows by the fact that A is necessarily
a filtration by MHS.

Once the above MHS is defined, we can express the conditions of local
purity and give a meaning to the purity theorem in [DeG 81].
We prove now (Theorem 9.2) in the case dim X = n:
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Proposition 10.1 (Local purity). The weight w satisfy the inequalities :

w>Pw+i+j on H(B,\v, PH'(f.jiPL))if j > 0,
w<Pw+i+j on H(B,\v, PH'(fujuL))ifj < -1 .
(10.8)

Remark 10.1. Equivalently, the inequalities may be written as:

w>Pw+r on Pro,H'(Bx, \ Xu,jilL),

10.9
w<Pw+r on H'(Bx, \ Xy, L)/ Pr<.H (Bx, \ Xy, j17L). ( )

The proof in [DeG 81] is based on the local invariant cycle theorem. Our
proof is based on duality and the polarization of the Intersection cohomology
H* (X, j1.PL).

In the case of a variety V with an isolated singularity and X is its desingu-
larization, the polarization occurs also in the proof in the case of constant
coefficients by ([Na 85], Prop. 5.1).

As in [DeG 81], the proof of the inequalities below is by induction on an
hyperplane section of X, except the case: GrY GroTH *(Bx, \ X, ji-"L) = 0
(i =0 and 7 = —1, equivalently by duality j = 0 and i« = 0). The reader may
skip the induction and go directly to the crucial case (§10.2).

10.1.0.2 Duality

Lemma 10.3. The dual of GrY,  H (B, \ v, PH'(f.ji."L)) for all i and
1<i—1isGrlY HO(B, \ v, PH™(f.j1PL)) for alli and —1 > —i + 1.

Proof. Let k: V\ {v} -V, K := fuju/L and K (xv) := i}k k*K.
We have quasi-isomorphisms of derived complexes:
K(xv) = I'(B, \v,K) = I'(Bx, \ Xy, ji+"L).

The duality isomorphism D(K(¥v))[1] — K(*v) where D stands for
Verdier dual, is deduced from the auto-duality of of ji,.FL, Verdier’s dual-
ity formula for the direct image by a proper morphism f and the duality
between k. and ki (resp. i¥ and ).

The dual of the distinguished triangle kik*K — k. k*K — 4.4,k k" K is
the distinguished triangle: iwii)k*k*K — kk*K — k.k*K.

By identifying the terms of the triangles, we deduce the isomorphisms

D(K (%v))[1] = ipuibkik* K[1] — K (*v).
The duality isomorphism is compatible with the weight filtration:

D(Gr%qu_j(K(*v))) - Gr‘;‘ZHqu(DK(*v)) - Gr%HHj_l(K(*v)).

and corresponds to the duality of the Intesection cohomology of the boundary:
dBx, = f~1(0B,) with coefficients in the restriction of jj."L.
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Since the perverse filtration is compatible with duality and weight, we
deduce an isomorphism: D(PH~(K)) — PH!(K) and

D(Grm_qGrp_TiH_j(K(*v))) AN Gr‘,/,,,VHqGrfTHj_l(K(*v)).
Hence, the dual of Gr%+lHj(Bv \ v,_pHi(f*jy*pL)) for all 4, I < i—1 and
j < —1lis Gr¥Y HI7Y(B,\ v, PH ' (fujPL)) for all i, — > —i + 1 and
—j—1>0.

The proof of (Proposition 10.1) is reduced by the above duality, to one of the
two cases in degree j > 0 or j < —1.

10.1.1 Preliminaries on hyperplane sections of X

Let H be a general hyperplane section of X transversal to all strata of a
stratification S of X. We prove here by induction the inequalities of the
equation 10.8, except the case i = 0,5 = 0,w = Pw (see §10.2).

Recall that 7L is defined on the complement X \' Y of a NCD Y.

We suppose HNY aNCD. Let j : (X\Y) — X, : H\(HNY) — H, and
i : H— X. By transversality, the restriction i3 ji."L[—1] =~ j/, ("L [-1]) is
perverse. Let Ky = fuip.i}jiL[—1].

By induction, the local purity theorem apply to the perverse cohomology
sheaves of Ky since dim H < dim X. We use Artin-Lefschetz vanishing the-
orem to deduce the local purity for the perverse cohomology sheaves of K in
degrees i # 0.

Lemma 10.4. Let jg : (X \ H) = X and K. = f.(ju)jij"L.
i) The complex K. € pD‘Z,O, equivalently: PH'(K.) = 0 for i < 0.
ii) Dually K (%) := f.(jm)jiiu"L € D’ (PHI(K (%)) = 0 fori > 0).

Proof. As fojg : (X\ H) — V is affine, by a version of Artin-Lefschetz
vanishing theorem, the functor f, o jpi transforms pD)Z(O_ y into pD‘Z/O (the

functor is left t-exact [BBD 83], corollary 4.1.2), hence K, € ?DZ°.
The statement PH!(K (x)) = 0 for i > 0 follows by duality.

Let K = f.jiPL. The restriction morphism p : K — Kg[1], and dually
the Gysin morphism G : Kg[—1] — K, induce morphisms

pi: PHUK) = PHTY(Ky), G : PHT Y (Ky) — PHY(K), (10.10)

The cup product with the Chern class ¢; of an ample line bundle (or equiv-
alently relative ample) defines a morphism 7 : K — K|[2] inducing mor-
phisms of perverse sheaves ([BBD 83], Théoréme 5.4.10)

ni = Giy20p;: p'Hi(K) — pHi+2(K)
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Corollary 10.1. i) The restriction p; : PH(K) — PHTY(Kg) is an isomor-
phism for each integer i < —1 and a monomorphism for i = —1.
Dually, the Gysin morphism G; : PHI"Y(Kg) — PHY(K) is an isomorphism
fori>1, and an epimorphism for i = 1.
it) The filtrations W and F define a MHS for i <1 on:
Gr,"H"™* (B, , juL, W, F) ~ Gr/TH"" (By, \ Hy, i} j1"L[-1]).
We have a dual statement for i > 1.

Proof. Here monomorphism (resp. epimorphism) stands for the perverse ker-

nel is zero (resp. the perverse cockernel is zero). We deduce from the dis-

tinguished triangle (jg)ij57PL — ji L — dpr.d5y 1L ﬁn and its derived

direct image by f., an exact sequence of perverse cohomology ([BBD 83],
Théoreme 1.3.6)

o PR, SR mi () 2 mit () B eyt (KL — - (10.11)
The corollary follows from Lemma 10.4 as PH*(K.) = 0 for i < 0.
We consider the diagrams:
PR (K (—1) 2 PHO(K) 2 P () (1019
PHHE ) vve > PHO (K a) v L, PHY(K)jv\o(1) |

Lemma 10.5 (Induction). The morphism Gy is injective, pg is an epimor-
phism and by induction D(n — 1) (§10.0.0.1)

PHO(K) =5 Tm Gy @ Ker po. (10.13)

Respectively, p_1 is a monomorphism , Gy is an epimorphism and by induc-
tion (Lemma D(n,V*) 10.1)

PHO(Kp) o — Imp_1 @ Ker Gy (10.14)

Proof. Since py o Gy = ny in the equation 10.12 is an isomorphism on H by
induction D(n-1), we deduce the decomposition in Equation 10.13.

Since G o p—1 = 7 in the equation 10.12 is an isomorphism on V \ v
by induction (Lemma D(n,V*) 10.1), we deduce the decomposition in the
equation 10.14.

Still we have no information on Ker pg, for example if f(H) is closed of
dimension strictly less than dim V. This will be the crucial case in the proof.

10.1.1.1 Reduction to an hyperplane section

Let H, := X, N H, By := B, \v, B, := Bx, \ X, and B}, := B} NH.
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Pi

1Y (B, "H'(K), W, F) 1Y (B, PH' (Ku(1]), W, F)

lDX: iDHZ

Gr[THI(BY, juL, W, F) — Gr[TH* (B, i1 L[~ 1], W, F)
(10.15)
where the isomorphisms (by the decomposition) Dx and Dpy transport the
filtration W and F by induction over V* and p; respects the filtrations W and
F. This diagram will be used to check that W and F' define M H S satisfying
local purity by (including a new proof of the compatibility of Pr with MHS)
by induction on an hyperplane section H. We resume the notations of the
proof of (Corollary 10.1).
Let K := fujifL, Ky = fuig«i5jL[—1], p : K — Kg[1], and dually the
Gysin morphism G : Ky[—-1] — K.

Corollary 10.2. The local purity in proposition 10.1 applies to PH*(K) with
the MHS defined by W and F, except eventually for the component Ker py C
PHO(K) in Equation 10.13.

Proof. The conditions on the weights wH’ (B, \ v, PHT (Ky)): w > Pw —
1+i+4+ 145 if j > 0 are assumed by induction, since Ky is of weight Pw — 1.

Since for i < —1 the restriction morphisms p; are isomorphisms, the filtra-
tions W and F on HY (B, \v, PH!(K)) define a MHS satisfying the conditions
on the weight by transport of structure.

In the case « = —1, p_; induces an isomorphism onto a direct summand
Imp_1 of PH™ (fulin)ifju?L)jv—y (Equation 10.14), hence the MHS is
carried to HY (B, PH™1(K),W, F) and satisfy local purity. The case i > 1
follows by duality.

In the case i = 0, local purity holds for Im G¢ since Gy is an isomorphism by
(Lemma 10.5).
Only the case of Ker pg C PH?(K) is not deduced by induction from Kj.

Lemma 10.6 (The case i = 0,5 # 0,—1). Let ji.”L be of weight a. The
MHS on _ _
Gro"H' (B, , ji."L) ~ H (B}, "H°(K))

is of weight w > Pw—+j for j > 0 and dually of weight w < Pw+j for j < —1.

Proof. Let H be a general hyperplane section of V' containing v, H, = B,NH
and H} = B} N H. Since H is general, it is normally embedded outside v so
that the perverse cohomology commute with the restriction to H \ v.

We consider the exact sequence

By, (B, PHO(K)) % B (B5, PHO(K)) — B9 (B, \ H,,, "HO(K)
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Since H{qg (B, "HY(K)) ~ HI=2(H}, PH°(K))(—1) by Thom isomorphism
(see Corollary 9.5), we deduce w > Pw + j on HY Z(B;'j, PHO(K)) as w >
Pw +j —2on HV-2(H?, PH(K)) by induction.

By Artin-Lefshetz hyperplane section theorem, extended and applied to
the Stein open subset B, \ H, with coefficients in ?H°(K) € ?D=°(V,Q):
H/ (B, \ Hy, PH°(K)) ~ 0 for j > 0.

Then, o; is an isomorphism for j > 1 and surjective for j = 1, and
w > Pw + j on HY (B, PH(K)) by the surjectivity of a; for j > 0.

10.1.2 The large inequality: w > Pw for 3 =0

We prove by induction:

Lemma 10.7. i) H(B;, PH°(K)) is of weight w > Pw.
i) Dually: H™Y(B;, PHO(K)) is of weight w < Pw.

Proof. Let Hi # v be a general hyperplane section not containing v, k :
(V\v) = V. We deduce from the distinguished triangle:

kik* PHO(K) — kok* PHO(K) = dyuitkik* PHO(K),
the exact sequence of hypercohomology on Uy :=V \ Hy

HO(Uy, k. k* PHO(K)) 2% HO (i k* PHO(K)) — HY(Uy, kik* PHO(K)) = 0

where H'(Uy, kik* PH?(K)) = 0 since U is affine ([BBD 83] Théoréme 4.1.1)
as kik* PHO(K) € PD=0.

We deduce the lemma since, the weight w of H7 (Uy, k.k* PHO(K)) satisfy
w > Pw on the open set U; \ v, and 7y is surjective.

10.2 The crucial case

It remains to prove:

Griv,Grg H™ (B, ji.L) = Grin, H (B}, PH(K)) = 0. (10.16)
and by duality Gr¥,Gry"HO(BY, , ji.L) — 0.

Let k: (V\Vy) = V, iy, : Vo = V and K := Rf.ji.L. As the proof below
is local, it applies to all isolated strata v € Vj of dimension 0 at the same
time. We can suppose Vj reduced to a unique stratum i, : v — V.

The proof is based on the idea that the cohomology of B} fits in two exact
sequences associated to distinguished two triangles involving i} k.k* K

kik* K — ko k™K — iy, ik k" K and it K — i K — 'k k*K  (10.17)
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from which we deduce the commutative diagram

HY(BY,, juPL) —= HO(X \ X,,, ju"L) (10.18)

o

Hg(v (ij!*pL) % HO(X7 ]'*pL)

where ax and A are natural, dx (resp. J) is a connecting morphism defined
by the first (resp. the second) triangle, and v = ax 0 9x = Ao 0.

Lemma 10.8. i) We have:
Gri, ProH =1 (B, , jiL) ~ Gri,Grg"H™ (B, jiL) ~ Grl, H (B, Ker pg).
it) For all elements u € Gry,, ProH ' (B% , ji."L), the image y(u) vanish:

v(u) =0 € ProGrii, H(X, ji."L) = ProHY(X, ji.7L).

i) Under the decomposition by induction D(n,V*) on V* (see Lemma 10.1),
we apply the decomposition in equation 10.13 to deduce a decomposition over
B;:

E*ProgK o~ @< 1k*PH'(K) @ k*Ker pg © k*Im Gy (10.19)

Since (Equation 10.8) is proved for i < 0, we deduce :

Griy WY (B, PH!(K))=0fori<Oand j = —1: w=Pw+i—1< Pw.
If i = 0, since (Equation 10.8) is proved for Im Go: Gr'%¥ H=1(B},Im Gg) = 0.
We deduce:

Griv, 'r<oH 1 (B%, . jufL) =~ Gri, H (B}, ’r<oK) ~ Griy,H (B}, Ker po)
(10.20)
ii) We suppose the element u in Gr'%¥ H=!(B?, Ker py) and prove first:
y(u) is primitive: Let p : HO(X, 7,,PL) — H°(H, 5,.PL) denote the restric-
tion to a general hyperplane section H, we prove:
poaxodx(u) =0 for u € ProGri¥ HO(X, ji.PL).
Let H! := BN H,X*:= X\ X,,V*:=V \ v in the following diagram

ProH-H By, L) =5 HN(BY, PreoK) 2 HOL(H, Kp[1))

1 Ox 1oy 1 0
PreoHO(X* ju L) X3 HO(V*, Preok) L5 HO(H, PreoKn[l])
lax lay lag
ProoHO(X, ju L) <2 HO(V, PreoK) £ HO(H, PreoKp[l))
Lp ip I~
ProoHO(H, ji,PL) <=2 prooHO(H, ji,PL) = ProgHO(H, j1,7L)

(10.21)
where the restriction p : K — Kg[1] induces the various morphisms: pZ, p%, p,
the natural morphisms 71,79, { are isomorphisms by the decomposition
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assumption on the complement of v or on H, and lx is a morphism by
definition of Pr<g.

All the morphisms in the diagram are commutative as the columns repre-
sent p oy respectively on X, on V and v on H.
We are interested by the level Gr'V of all the spaces in the diagram.

Since u € Gr'%W H~! (B, Ker pg) (Equation 10.20) is killed by p:
G (pt or1)(u) = 0 on the first line. By the commutativity of the diagram:
Gry/ (poax 0 dx)(u) = Gri,(am 0 Oy o p or1)(u) = 0
where the isomorphism on the last line gives the equality.

iii) To prove v(u) = 0, we just apply Poincaré duality to the diagram

GT%HO(X7 J'*pL)

GT%H&'U (X, ]’*pL) GT%HO(ij!*pL)

where A* is the dual of A, I := A* o A.

Poincaré duality is expressed by a scalar product P on H°(X, ji.”L) and a
non-degenerate pairing P,

P,: Gr%Hg(v (X, jiPL) @ Griy HO (X, j1.PL) — C.
while the duality between A and A* is defined by the relation
P(Ab,c) = P, (b, A*¢).

for all b € Griy,HY (X, ji."L) and ¢ € Gri, H°(X, ji."L).

Let C be the Weil operator defined by the HS on GTZVH%’ (X, j1FL),
respectively on Gri, H°(X, ji,”L) and u € Gri}, H™*(B%. , ji"L), then

P(C.A(0u), A(Ou)) = P,(COu, A* o A(Ou)) = P,(C.0(u), [(Ou)) =0
(10.22)
since Iod = 0 by the long exact sequence defined by the second triangle in the
equation 10.17. Since the polarization Q on the primitive part of H°(X, j."L)
is defined by the relation Q(a,b) := P(Ca,b), we deduce: v(u) = A(du) = 0
by polarization as y(u) is already primitive.
iv) The end of the proof of the crucial case i = 0,j = 0,w = Pw is based
on two lemmas.

Lemma 10.9. The morphism Gr'W HO(X \ X,, ji"L) “¥ H(X, j1.PL) is in-
jective.

In the long exact sequence H (X, j1."L) — HO(X\ X, j1."L) <5 HO(X, j,."L),
the weight w of H~1(X,,ji."L) satisfy w < Pw since X, is closed, hence
the morphism ax in the lemma is injective since Gr¥W HO(X, ji.PL) =
HO(X, j1.7L).
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Lemma 10.10. i) The connecting morphism Ox in the diagram 10.18 in-
duces an injective morphism:

Gri Grg H Y (B, juL) 25 Gri¥ Grg HO(X \ X, ju7L).

ii) Moreover Griy, ProH (B% , ji"L) O, Gr¥W Gro HO(X \ X, ji.PL) is
imjective.

Let V* :=V \ v. We prove first:

Sub-lemma: 1) HL(V*, PHO(K)) is pure of weight Pw + 1.

2) By duality, H=*(V*, PHO(K)) is pure of weight Pw — 1.

Proof of the sub-lemma. 1) Let Hy be a general hyperplane section of V not
containing v intersecting the strata transversally with non singular inverse
image X; C X.

Let k : V' \ Hy — V. The long exact sequence of hypercohomology with
coefficients in kik* PH°(K):

HY,, (V, kik* PHO(K)) 5 HY(V, kik* PHO(K)) — HY(V \ Hy, kik* PHO(K))
where HY (V' \ Hy, kik* PHO(K)) = 0, since V' \ H; is affine and kik* PHO(K) €
PD=0 ([BBD 83] Théoreme 4.1.1); hence ¢ is surjective.

Since v € V*, the decomposition apply to X1 — H; and to (X\X,) — V*.
Then, Thom isomorphism on X \ X, corresponds to a Thom isomorphism

H™1(Hy, PHO(K) (1) — Hy, (V, PHO(K)) = Hy, (V. kik* PHO(K))
of pure HS of weight Pw + 1. We deduce that the middle term:

HY(V, kyk* PHO(K)) = HL(V*, PHO(K)) is pure of weight Pw + 1.

2) By duality, H=*(V*, PH°(K)) is pure of weight Pw — 1.

Proof. i) We deduce from the sub-lemma and the long the long exact se-
quence:

HH (v, 7HO(K) — BBy, PHO(K)) %6 H(V*, PHO(K)
that the kernel of Jy has weight < Pw, hence:
Griy B (B, PHO(K)) 25 Grify HO(V*, 7HO(K)
which translates by the decomposition over V* := V '\ v into the statement
i) of the lemma.

ii) follows by the isomorphism (Equation 10.20):
Gr¥, rroH~1 (B, , jiL) ~ Gr¥,Grg"H™ (B, ji"L).

Corollary 10.3. Gr'},Gry"H(B% , ji"L) = 0.

Proof. Let u € Gril, ProH ' (B% . jiL) = Gr'¥,Grg"H™ ' (BY, , ji."L) by
(Equation 10.20). We consider the sequence

Gr‘l/}v/ﬂ pTOHil(B}vaj!*pL) ﬁ(_) GT‘% pTOHg(X - Xvaj!*pL) gi(_) HO(X7]'*pL)

Since v(u) = 0 (Lemma 10.8) and ax is injective on Gr', by Lemma (10.9),
we deduce that

Oxu=0¢€¢ GT% pTng(B}k(v,jg*pL).
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Since the class Oxu = 0 € G’/‘;TGTY;Vng(B;(U,j!*pL), we deduce by Lemma
(10.10) u =0 € Gr¥, ProH " (B%,, ji"L) ~ Gri¥, Grg"H (B, , ji"L)
which ends the proof of the corollary and the the crucial case.

Ezample 10.2. ([Na 85] Proposition 5.1) In the case of isolated singularity
x € X, let X denote a desingularization of X of dimension n such that the
inverse image Z of x is a NCD. Local purity at = has interesting cohomological

consequences on Z:

If k < n, the MHS on H¥(X,Q) is of weight < k and the morphism
HE(X,Q) — H*(Z,Q) is injective.

The MHS on H}'(X,Q) is of weight < n and the morphism
H;()?,Q) — H*(Z,Q) is an isomorphism.

If £ > n, the MHS on H¥(X,Q) is of weight > k and the morphism
Hé()?,(@) — H*(Z,Q) is surjective.

10.3 The decomposition theorem at v

We complete the proof of the decomposition in the case of a non signlar
complex variety X, of dimension n:=dim X, 1 < dimV < n.

We suppose D(n,V*) satisfied on V' — V{ (Lemma 10.1) and the relative
local purity at isolated strata in Vg (Proposition 10.1). Since the proof is
local, we suppose Vj reduced to an isolated stratum v € V.

In this section, we extend the decomposition to v. The case of a singular
variety X follows by desingularization (see §10.3.3).

10.3.1 Extension of the perverse cohomology across v

The description below of the extensions of perverse cohomology sheaves across
v is based on properties of the intermediate extension across v and in general
along a stratification ([BBD 83], 2.1.11 and ch.2, §2.2).

Lemma 10.11. Let S be a fized stratum of V of dimension I, L' a local
system on S, PL/ := L/[l],i, : v = V a closed point in the closure of S,
E:(V\v)=Vandj:S—V.4)

1. We have a short exact sequence of perverse sheaves
0 — i L' = PHO(kok*ji L) 25 RO, k™ 5y, PL/ — 0
2. PHU(kok* 51 L") = 0 if i < 0, PH(kok*jin PL') = Rik.k* i PL' if i > 0.
In particular: HO(PHO (k.k*ji. L)) — ROk, (k* ji. PL).
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ii) Let ji.PL7,j € Z, be a family of intermediate extensions of local systems
on S and let K' := &;ji. "L [—j] denote their direct sum.
We have short exact sequences of perverse sheaves for i € Z

0= i L' — PH (kK'Y D Rk k*Pr iK' — 0 (10.23)

where the last term Rik*k*pTSiK/ ~ @jSiRi’jk*k*jg* PLJ is a sum of vector
spaces supported on v in degee zero.

i11) There exist isomorphisms of the cohomology in degree 0
HO(PH (b k*K')) ~ Rk E*Pr <, K' 5 @< Rk (K* 51 L7 [—3]).  (10.24)

iv) A morphism of perverse sheaves ¢ : P — PH'(k.k*K') factors through
Jis PLE if and only if ho o = 0.

Proof. We recall that S is a non singular locally closed subvariety but V'
may be singular along S.
i) The perverse long exact sequence defined by the distinguished triangle:

Tgflk*k*jg* pL/ — k*k*jg* pL/ — Tzok‘*k*jy* pL/ (10.25)

is reduced to the statement in i) since: ji, PL’ := 7<_1k.k* ji. FL’ is perverse,

PH(j1 L") = 0 for i # 0 and T>ok.k*ji. L’ is supported by v.

ii) The statement follows from the case of a unique local system in i) since
PR (kok*K') = PH (kik*Pr<; K') ~ @j<; PH I (ko k™ jr PLY )

as for j > i: PH!(kok* 51 PLI [—5]) = PHUI (kuk* 1 PL7) = Rk k™ i, PLY .
The statements iii) and iv) are clear.

Instead of the triangle in equation 10.25, we could refer to the distinguished

triangle

G g L 5 g L —5 Rk L 1 (10.26)
since in the statement i): ROk, k*ji. L/ o~ H' (i, j1. PL').
Remark 10.2. [Dual statements for kik*] We deduce from the long exact se-
quence of perverse cohomology defined by the triangle dual to (10.26):

ok i P — o L — i L 1 (10.27)
i) A short exact sequence:
0 = dp H (i1 FL') — PHO (kiK™ 1 PL') — j1e FL' — 0

PH (kk* 14 PL') = du HE 1 (0% 51y PL) for 4 < 0, PHY(kik* 51 PL’) = 0 for i > 0.
Moreover: i, H (3% ji. PL') — HO (i PHO (kyk* jia PL)).

i) PH (kk*K') = @j>;PH"7I (kik*ji. L7) and we have short exact se-
quences
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B . . . h/ . i .
0— @jZiZU*Hz J 1(Zf)j!*111j) — sz(k!k*K/> = j L' =0

where the first term is supported on v in degee zero.
iii) A morphism of perverse sheaves ¢ defined on PH!(kk*K') factors
through ji, PL¢ if and only if ¢ o b’ = 0.

10.3.2 Proof of the decomposition at v

The proof of the decomposition at v in the case dimX = n and X, is a
NCD follows from D(n,V*) ( Lemma 10.1). The result is a consequence of
the properties of the cohomology of the NCD above v following the relative
local purity (Proposition 10.1).

Theorem 10.1. With the Hypothesis of §10.0.2, let:

K = fujuPLk: V* =5 Vi, : {v} = V.

i) The decomposition of PH'(k*K) (Equations 10.1 and 10.2) extends into a
decomposition over V , including the term PL! (ch. 1, Equation 1.7)

PHYK) ~ PL! @ kik* PH (K) (10.28)

ii) Hard Lefschetz: Let n: PH'(K) — PHT2(K) denote the cup-product with
the class of a relative hyperplane section of X. The Lefschetz isomorphisms
k*n® on the open subset V \ v, extend to Lefschetz isomorphisms n' on V :

k' s PHTHE ) e = PHUE) vy = 0' 1 PHTHEK) S PHI(K)  (10.29)
Proof. Given the distinguished triangle i,.i', K < K 2k kK lﬁ let

P ek K) 2 PR (i ) S PHU(K) B PH (ko k)
(10.30)
be the associated long exact sequence of perverse cohomology on V'

Lemma 10.12. Under the decomposition k* PH'(K)[—i] ~ ©gcv\visi. L
on V \ v. The perverse image ImPp* (Equation 10.30) is isomorphic to:

Im?p" = kyk* PHHK) = @gig), LY.

Proof of the lemma. We use the description of the intermediate extension of
a perverse sheaf P on V' \ v in terms of the functor ki (extension by 0) and
the derived direct image k.: k. P = Im (PHO (ki P) — PHO(k.P)) is the image
in the abelian category of perverse sheaves ([BBD 83], section 2.1.7).

We fix a Whitney stratification S of V, morphisms o, : k* "H/(K) —
k*K|j] and a decomposition k*K ~ @;k* PHI (K)[—j] on V \ v.

We apply (Lemma 10.11) in the case of a direct sum of local systems over
all strata S # v of to prove
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1) There exists a monomorphism: ki k* PH (K) C PH (k.k*K):
The morphism of functors ¢ : ky — k, induces the following morphisms

kv k* PHY(K) = Im (VHO(k!k* PHY(K)) R mo(k*k*PHi(K))) =
oyt (PR R[] 5 (-] ) =
Im (PHi(k!k*K) SN pH"'(k*k*K)) C PR (ko kK

The first equality follows by definition of ki.. The second equality follows as
in the direct sum over j, only the term for j = 7 is significant since:

PH (kyk*igy, PL%[—4]) = 0 for j < i, and PH'(k.k*ig, L% [—j]) = 0 for j > i.
The last equality follows from the decomposition of k* K (Equations 10.1 and
10.2).

2) k. k* PHY(K) C ImPp’:

We deduce from the (non canonical) morphism o; : k* PH!(K) — k*K]i]
on V \ v and from the composition of morphisms kik* PH (K) — PHI(K) —
kok* PHY(K):

. a . 0(pt . 0? .

PHO (kok* P (K)) % PHI(K) 0 o0 (kb P (K)) & PHO (ko k* K [i])

where P! = PHO(p)oa, Ppt = 0o PHO(p?) since PHO (k.k* K[i]) = PH!(k.k*K)

and o? is an isomorphism by the decomposition hypothesis on V' \ v. Hence:
kuk* PHYK) = o?(ImPpl) C Im(Pp') C PHO (k. k*K]i])

3) Im " = ky.k* PH(K) = @, cvvisy, Lis:
By (Lemma 10.11 iv), it is enough to prove that the induced morphism below
p = HO(i* Pp') vanish in degree 0:

Lemma 10.13. The morphism p induced by i’ Pp' on the cohomology in
degree zero

0

HO(i PH(K)) 220 HO(i% v (ko k* K)) = Rk (k*Pr < K)

vanish.

Proof of the lemma. This result involves the intricate relation between de-

composition and local purity. The equality with the last term on the right

follows by (Lemma 10.11 iii) and (Equation 10.24) applied to various strata.
i) Let B, C V be a small ball with center v. We prove:

HO (i3, PH' (K)) = H*(By, PH'(K)) =~ H'(B,, Pr<o(K[i])) = H'(B,, "r<K)
(10.31)

Indeed, we deduce from the distinguished triangle:
. . ; 1
rroo(K[i)) = Preo(Klil) — PHI(K) 5

an exact sequence:
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HO(By, Preo(K[i])) — H (B, PreoK[i]) — HO(By, PH'(K)) — H'(By, PreoK[i])
where the two terms H" (B, Pr<o(K|[i])) = 0 for r = 0,1 by definition of Prq.
11) Since (le‘*(k‘*pTglK))u = Hi(B,U \’U,pTSiK) = pTSiHi(BXU \Xv,j!*pL)

by the decomposition of the restriction of K := f,j1.’L to V '\ v, the proof of
the lemma is reduced to the following interpretation in terms of B, C V and

BXv = f_l(Bv):

Hi(B,, r<;K) = Pr;H!(By, \ X,, j1."L) (10.32)

We lift the problem to By, and deduce a factorization of the morphism pj
through the morphism p’ below:

Hi(B,, re;K) - Pre;Hi(Bx,, jufL) 25 PreHi(Bx, \ X,, ji'L)
where Pr<,H‘(Bx,, ji."L) := Im(H*(B,, Pr<;K) — H'(Bx,, ji."L).

Any element u of H'(Bx,, jiPL) ~ H!(X,, ji."L) is of weight w < Pw + i
since X, is closed (§9.5.0.1, Corollary 9.4), while by the relative local purity
(89.1.0.3, Theorem 9.2) and (Proposition 10.1):

The weight w of Pr<;H'(Bx, \ Xy, jiPL) satisfy: w > Pw + i
hence p/(u) = 0 and pj = 0, which ends the proof of the lemmas 10.13 and
10.12.

Remark 10.5. The space Pr<;H!(Bx,, j1«"L) is a sub-MHS. In the above proof
this result is not needed yet and will be proved later (Lemma 10.17).
However, there exists an independent proof (Proposition 11.3).

Lemma 10.14. Let "L} := Im(H (X, ji.”L) — H'(X,, ji."L)), then:
ImPat ~ z*po}
Proof. By (Equation 10.30): Ker %=1 = Im '~ = ®gcy\visi LG " and by

(Equation 10.23), we extract from the exact sequence (Equation 10.30) the
sub-exact sequence of perverse sheaves :

p i

0= Rk (reg 1K) 5 B (X, uL) S () B (10.33)

where the perverse cohomology PH'(i\ K) of the derived complex of vector
spaces i), (K) coincides with its cohomology H (X, ji,”L) and %'~" induces

an isomorphism onto KerPa?. On the other hand, by definition, pLi, is the
image of I* in the exact sequence

. i—1 . 3 . 7 .
H @k k' K) > H(V,K) DS H(2K) 5 H ik EK).  (10.34)

If we prove Im 6~ = Im#5*~! up to the isomorphism HY (V, K) ~ HY (X, ji."L)
in (10.34) and (10.33), we deduce the result in the form of an exact sequence

p i
Poy |

0 = e PLE —5 PH(K) —5 ©gcypisn LY — 0. (10.35)
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Again, by the decomposition theorem on V' \ v, we have:

Ri_lk‘*k*pTSiflK = Hi_l(Bv\’U,pTSiflK) = pTSilei_l(BXU \Xv,jg*pL) in
(Equation 10.33) and since H'71(itk.k*K) = H"}(Bx, \ X, 1"L)) in
(Equation 10.34), we need to prove:
Sub-lemma. 671 (’r<; 1 H "1 (Bx, \ X,, ji.PL)) = 6L (H "1 (Bx, \ Xu, j1.7L))
The proof is based again on the relative local purity theorem since then, the
quotient space H' ™! (Bx, \ Xy, jifL))/Pr<;—1 has weight w < Pw + 4, while
Hé(v (X, j1+PL) has weight w > Pw + i (ch. 9, Corollary 9.4), hence 5*~! and
6! have the same image in H (X, ji.”L), which ends the proof of (Lemma
10.14).

Proof of the splitting in (Equation 10.28: Dually, we introduce the distin-
guished triangle k!k*KiKl)iv*Z:K, its exact sequence

p.

PH(fyk* K) 25 PHU(K) 5 P (it K) 2% PRI (ke K) (10.36)

. i . Py
and the sequence of morphisms: H¢ (V, K) BN PHIK) - HY (i3 K).
Lemma 10.15. The restriction Py; : ImPa’ = ImPy; is an isomorphism
and the perverse cohomology PH'(K) splits on V into a direct sum:

PHYK) S ImPod @ TmP8; = PL! @ ki k* PHY(K) = KerPp' @ ImP3;
Ker?y; = Im®3; := Im (P8; : PH'(Rkik*K) — PH'(K)) ~ ki k* PH(K)

Ker?p! ~ ImPa’ ~ ImPy; o P’ ~Im I := iv7*po)
(10.37)

By (Remark 10.2) and by an argument dual to (Lemma 10.13), we deduce
that P3; factors through the morphism s; in the sequence:

PH (kyk* K )— ©gcg isi Ly <5 PHUK) 5 Tm %' C PH (k& K)
(10.38)
such that ppi‘ o s; induces an isomorphism onto Im%p" = ®g,cy\pisw L.
Hence s; defines a section of ppi| in (Equation 10.38).

Since ImPa’ = KerPp’ in the exact sequence (Equation 10.30), we deduce
the splitting. Moreover, we deduce from the the relation KerPy; = ImPp5;
(Equation 10.36) that Py, induces an isomorphism:

ImPat =5 TmPy; 0 Pat =i, /L € H'(i* K).

Remark 10.4. We extract from the sequence (Equation 10.30) an exact sub-
sequence

. . . pgsi—1 . P .
0= BgcrivijsoR T kk¥isy, Ll = HY(X,K) % i, "Ll — 0
| (10.39)
Im 70" ~ @ g, cy\pimjsoHi 7 (i1, PLG) ~ Ker Po ~ Ker [* ~ Im 6~
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10.3.2.1 Hard Lefschetz

The duality between PH(K)) and PH~%(K) follows from the auto-duality of
J1+PL by the general statement of Verdier duality for proper morphisms.

Lemma 10.16 (Hard Lefschetz). By induction, let the restriction of the
iterated cup-product n* : PHH(K) — PHY(K) fori > 0 to V \ v be an
isomorphism and set
L= Tm (Hi (X, /L) 5 Hi(X,, j1.7)).
i) The HS on "L is Poincaré dual to PL,* for i > 0 and the iterated
cup-product induces isomorphisms n' : pL;i — pLj) fori>0.
ii) The morphism n' for i > 0 extends across v to an isomorphism on V.

Since the restriction of n on k*PH~*(K) to V \ v is an isomorphism, it
remains an isomorphism on the intermediate extension ki k* PH(K) across
the point v € Vj. Hence it remains to prove Hard Lefschetz on the family
of components PL!. i) The duality between PL! and 7L, is deduced from
Verdier duality between the functors iIXv and i in the definition of PLE.
The proof is by induction on a general hyperplane section H transversal
to the NCD Y and X,. Let iy denote the closed embedding of H in X; the
morphism 7 is equal to the composition of Gysin and restriction morphisms:

L D i L S L),

We consider the induced morphisms on perverse cohomology. By (Corol-
lary 10.1) it remains to consider the case ¢ =1 in i). Let

0
PL(H)$ = Tm(HY o (X, ju"L[-1]) = HO(X, 0 H, G L[-1]))
be a polarized HS by induction on H and set Ky = fuip.ijj"L[—1].
Recall the diagram

PHY(K) 225 PO (Ky) S PR (K)(1) (10.40)

where p_; is a monomorphism, GG; an epimorphism. We consider the sequence
Ly S L(H)O S L (1),

By induction PL(H)? is a polarized HS, while "L, ' and 7L.(1) are HS.
Hence, the image Im p_; is a polarized sub-HS of PL(H)? and by duality
ker GG; is the sub-HS orthogonal to Im p_;.

It follows that 7 is injective and by duality surjective. The lemma fol-
lows since the isomorphism extends at v on the intermediate extension
ki.k* PH'(K) Recall that this concept of proof has been used for the first
time by Deligne in (Weil II [De 80], théoreme 4.1.1).

Lemma 10.17 (Compatibility with MHS). i) The filtration Pr* on
WY (X, jiuPL) induced by the filtration Pr on f.ji"L is a filtration by mived
Hodge sub-structures.
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ii) Equivalently the induced filtrations W and F on i, PH'( f.j1."L), W, F)
define a graded polarized MHS.

Proof. The filtration is defined as in (§10.1.0.1) on the link. The proof is
also similar to (Lemma 10.2). Let B’ := H/(Bx,, ji."L, W, F) with the same
definition of the filtration Pr on B := ¢,;B’. Then n : B — B(1) defined
by cup-product with the hyperplane class is a morphism of MHS. We define
an increasing filtration A on B by the same (Equation 10.7). We deduce:
nt: Grd = GrmB~" ~ Gr,;"B' = Gr?,. Hence A; is the unique increasing
filtration defined by the nilpotent endomorphism 7 on the MHS on B. Then
A is necessarily a filtration by MHS.

Corollary 10.4 (Splitting of F). The decomposition (Equation 10.28) is
compatible with the induced filtrations F:

(iv "Ly, F) @ (kik™ PHY(K), F) 55 (PH(K), F) (10.41)
The induced filtration F' on z'v)*pLi

» is a HS embedded in the MHS on
i* PH(f.ji1sPL), W, F) and the decomposition is in the category of MHS.

Ezample 10.3. In the case of the desingularization f : X — V of an isolated
singularity v € V, the decomposition is described in (Eexample 10.2) in
terms of H (X, Q[dim X]) for i < 0 and H'(X,,Q[dim X]) for i > 0, since
the morphism HY (X, Q[dim X]) — H*(X,,Q[dim X]) is injective for i <0,
surjective for ¢ > 0 and an isomorphism for ¢ = 0.

Corollary 10.5. The perverse filtration Pr on (H* (X, ji.PL), F') is compat-
ible with Hodge filtration and the following decomposition.:

Gry TH (X, L) o B (V, PR (fujiaPL) = @scy BY (Viisy, L).
consists of a direct sum of polarized HS of weight a + 1+ j

Proof. The proof is similar to (Lemma 10.2). Let B/ := H/(X, j.7L, F) with
the same definition of the filtration Pr on B := &;B7.

Then n : B — B(1) defined by cup-product with the hyperplane class is
a morphism of HS. We define an increasing filtration A on B by the same
(Equation 10.7). We deduce: i : Gr = Gr B~ ~ Gr," B = Gr?,.

Hence A; is the unique increasing filtration defined by the nilpotent endo-
morphism 7 on the MHS on B. Then A is necessarily a filtration by HS.

The HS on HI (V, PH!( f.j1."L)) is isomorphic to Gr, TH" I (X, ji."L).
Moreover, Since the decomposition of PH!(f.ji1.PL) is naturally compatible
with the filtration F', the decomposition of HY (V, PH!(f.ji.FL)) is also com-
patible with HS.

Remark 10.5. Let V' be projective. The decomposition into primitive sub-
spaces may be carried in two steps:
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1) We deduce a scalar product on PH~¢(f,51."L) from Lefschetz isomor-
phism 7 and the duality PH~¢(f.ji."L) ~ D PH*(f.ji1«"L). The primitive sub-
perverse sheaf is defined by Ker 't C PH!(f.5.L) [De 93].

2) Let ny denote the cup product with the class ¢; (V) of an hyperplane
section H of the projective variety V. The scalar product is defined by Hard
Lefschetz isomorphisms on V' defined by iteration of 7y and duality. The
polarized primitive sub-HS is defined by Kernl ™' : H~/(V,Kernit!) —

H/*2(V,Kernit1) . The proof of polarization, by induction on the hyper-
plane section Hy of V is similar to Deligne’s original proof (Weil II [De 80],
théoréme 4.1.1) (see also [CaMi 5]).

10.3.2.2 Octahedron diagram
With the notations of (Theorem 10.1), set K := f.ji.’L and I := o « the

composition map I : iv*iLK N iy K. We consider the following
upper and lower ’cap’ diagrams ([BBD 83], 1.1.6)

zv*z K<7k k*K Tosxtn K zv*z K
c Tyslnks kK™ K
/(5 [1]\ K A \
(I k™K ik K k. k*K
(10.42)

where i, v = Vand k: V \ v — V, i,a5k.k*K is isomorphic to the cone

Of I :iyuit K — iyui’ K: dyui ki k* K ~ C(I) ~ C(8).

Corollary 10.6. i) The long perverse exact sequence of four terms defined

by the common boundary of the diagrams is exact:

"B i+1 * Poit1

S (e K) S
(10.43)

— PH (i i, K) z PH (ipuif K) —$ PH (k¥ K)
it) The morphism Py; in (Equation 10.36) induces an isomorphism:
Im%o’ 5 Im*I* := Im(HY, (X, ji.’L) — H'(X,, ji."L)) ~ L, (10.44)

Proof. i) In the case of the decomposition: PH!(K) — ImPa’ @ KerPy;
(Lemma 10.15) in the left commutative triangle of the upper cap, the ex-
act sequence (Equation 10.43) follows by general properties of octahedron
diagrams.

ii) The isomorphism in (Equation 10.44) is induced by Py;.
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10.3.3 Singular variety X

The decomposition theorem has been proved in the previous chapters in the
case of non singular variety X.

We present here a short review of the case where X is projective singular
by reduction to a desingularization of X.

1) The decomposition theorem of f : X — V is deduced directly by
Deligne’s argument on the composition of f with the desingularization mor-
phism 7 : X’ — X ([De 68] Proposition 2.16). We refer to (§6.2.2.2) for this
method.

2) However, the theorem may be deduced again by the previous induction
D(n) applied in this setting.

3) The relative local purity theorem apply for all projective morphisms f
(of singular varieties).

10.3.3.1 Hodge structure on H*(X, 51,PL) for singular X

Let X be a projective complex variety maybe singular, 7 : U — X the
embedding of a smooth Zariski open subset of X and PL defined on U.

Corollary 10.7 (HS on H*(X, ji.”L)). There exists a HS on H!(X, j1."L)
independent of the choice of a desingularization.

Proof. Let m: X’ — X be a non singular modification of X, j': U — X' the
embedding of U in X’ and jj,’L the intermediate extension in X’. Let S be
a Thom-Whitney stratification of 7 compatible with j/,7L.

There exists a decomposition on X of PH(r,j{,’L) ~ ®gc x isi Ly into a
direct sum consisting of intermediate extensions of polarized VHS. We deduce
a decomposition into a direct sum of polarized HS of weight a + i + j

Gr; "H™ (X', ji L) ~ HY (X, PH'(fujuL)) — @scx B (X, is1."LY).

where for each stratum S, the hypercohomology is a direct sum of polarized
primitive subspaces of the hypercohomology on X with coefficients into the
primitive decomposition of isl*pLg.

Since on the big strata U of X, we have j,/L = Z'UI*Z’LOU7 we deduce the HS
on H'(X, j,”L) as a sub-quotient HS of H'(X’, j/,”L), precisely a polarized
sub-HS of Gry™ H' (X', j/,PL).

The uniqueness is deduced by the method of comparison of two non singu-
lar modifications X and X} with a non singular modification X’ of the fiber
product X] X x X} such that X’ — X3 (resp. X’ — X5) is a composition of
non singular modifications, then the HS on H*(X, 5.”L) deduced from X/ or
X/, coincide with the HS deduced from X’.
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10.8.4 Decomposition of PH'(f.71«"L)

Independently of Deligne’s argument (Equation 6.22), a direct proof by in-
duction D(n) (§10.0.0.1) applies. The case dim V' = 0 as initial step, is proved
(§10.3.3.1).

The assumption D(n, V*) on the complement of isolated singularity follows
by general normally embedded sections of V', which reduces the proof to
isolated strata of V.

Let m : X’ — X be a desingularization, Pr’ the perverse truncation of
K':=mj,/L on X and Pry the perverse truncation of K := (f o), ji,’L =
f« K’ on V. We deduce from Pr’ a filtration Prx := f.(?r') on K

K :=(fon) /L= f.K' Pry, Prx := fo(Pr'),F:= (fom).F (10.45)

The filtrations Prx, Pry and F are strict on K since the respective spectral

sequence degenerates at rank one.
. P,
The induced filtration Prxy on PH'(K) := Gr, VK is defined by

(Prx)j PH(K) o= Tm(PH! (f(Prx); K) — PH'(K))

such that Gr, ™ PH!(K) ~ PH!(f.Gr[" K') ~ PH!(f. "HI(K')).

In terms of the decomposition of PHO(K') =~ ji.PL ®scx.dim S<dim X
, 0
1915 Lig:

Girg™ PHI(K) = PH (£ PHO(K')) = PHY(fujun L)@ PR (fisnLS) (10.46)

where the sum is over all strata S of X : dim S < dim X.

10.3.4.1 Relative local purity for all projective morphisms f

Let V denote the union of the strata of dimension zero of V and k : (V\Vp) —
V. We suppose Vj reduced to a point v to simplify the notations.

Corollary 10.8. The weight w of the space H' (it k. k* PHI (fijixPL)), isomor-
phic to the Intersection cohomology H'(B, \ {v}, PH’(f.jiPL)), satisfies the
relations:

w<Pwt+jt+iif i<—-land w>Pw+j+iif i>0 (10.47)

The inequalities on the weights w of the space H(B, — {v}, PH/(K)) in the
equation 10.47 are satisfied since f o 7 is a stratification by NCD over the
isolated strata as proved in (§10.6). Since H'(B, \ {v}, Gry™ PHI(K)) is a
sub-quotient MHS of H!(B, \ {v}, PH?(K)), the inequalities on the weight w
are also satisfied .
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Finally the corollary follows since PH7( f.ji«"L) is a summand of G’/‘;TX PHI(K)
(Equation 10.46) and there exists necessarily a decomposition of PH( f,ji."L)
(Equation 6.23) into intermediate extensions of (PL)% as in theorem (ch.1,
Theorem 1.2).

Corollary 10.9. Let V,,, denote the union of mazximal strata of V.. We have
the decomposition

PHY(fojiL) o~ @y (R foju Ly, [dim V]) Sscs, dim s<dim v isPL
(10.48)

10.3.4.2 Duality and polarization

The duality between pLgk and pL]fq follows from the auto-duality of ji,.PL by
Verdier duality formula for the proper morphism f.

Since Hard Lefschetz isomorphisms PLg* ~ "L are also satisfied, we de-
duce that the VHS pL]fg are direct sum of polarized primitive sub-VHS.

For each strata S of V', the local system pog defined by f,ji1.PL is a direct
sum polarized variation of Hodge structure on the smooth variety S.

Corollary 10.10. Let f : X — V be a morphism of projective varieties where
X is non singular. The decomposition consists of a direct sum of polarized
HS of weight a + i+ j

Gr/TH™ I (X, ji,PL) ~ 1 (V, PH (L)) = Gscy B (V,ig, LY.

Remark 10.6. The proof of the existence of HS on the hypercohomology of
a singular complex variety X with coefficients in intermediate extensions of
polarized VHS is reduced to the case where X is projective, by the decom-
position theorem applied to a birational morphism 7 : X’ — X where X' is
projective and non singular (§6.2.2.1).

10.4 Relative local purity and Intersection morphisms

The relative local purity theorem may be interpreted in terms of the inter-
section morphism.

In the case of an isolated singularity v € V', the local purity theorem has
consequences on the weights of the cohomology with support H&v (X,Q).
A direct proof of some consequences of the relative local purity appears in
the work of Navarro Aznar ([Na 85] Proposition 5.1), where the results are
treated in terms of the exceptional NCD in a desingularization and the MHS
of Hixv (X,Q).
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In the case of constant coefficients, the intersection morphism is studied in
([CaMi 5] section 6.3) where a generalized Grauert contractibility criterion is
proved. In fact, the statement is equivalent to the purity theorem.

10.4.1 Intersection morphism

Let f : X — V be a projective morphism of complex algebraic varieties,
veV, X, :=f(v) C X and Bx, := f~1(B,) the inverse image of a small
ball B, C V. With the notations of Lemma 10.8, the perverse filtration Pr
on K := f.ji.PL on V induces a filtration Pr on i' K defined functorially by
it ’rK and computed by i} -acyclic filtered representative of (K, Pr).
Similarly, we define Pr on i} K and i k. k* K, from which we deduce increas-
ing filtrations Pr on Hy (X, ji."L), H' (X, ji!L) and H'(B%_, ji«"L) (Lemma
10.2). The following proposition is equivalent to the local purity theorem.

Proposition 10.2 (Intersection morphism). i) The morphisms induced
by the intersection morphism I (ch. 2, Equation 2.1.5.1)

Pry

Gr,;TH (X, ji L) — Gr; H'(X,, ji."L) (10.49)

are isomorphisms for each i = j and vanish for all indices i # j.
i1) Conversely, if the intersection morphism pTIiJ is an isomorphism in the
case i = j, the inequalities on the weights in the local purity theorem hold.

We start the proof with a general result

Lemma 10.18. The induced perverse filtrations Pr have the properties:
PrHY, (X, ji"L) = Hy (X, L) and Pri_yH'(X,, ji."L) = 0.

Proof. Let K := f.j1.’L. We have convergent spectral sequences associated
to the increasing induced filtrations Pr
e BPY = HZPT(V, PHP(K)) = Gr T HY (X, ji."L)

Pq 2p+q —p Proorpdg . (1050)
wr EYI(v) 1= HP (0, PHP(K)) = Gr HPY(X,, ji.7L).

Since PH~P(K) is perverse, we have
H: (V, PH™P(K)) = 0 for i < 0 (resp. H'(v, PHP(K)) = 0 for i > 0)
then: », EPT =0 for 2p+ q < 0, (resp. » E}4(v) =0 for 2p + ¢ > 0), and

Gr;"H (X, L) = 0 fori < j: Pr;Hy (X, jn7L) = Hy, (X, ji."L),

Gr;” H'(X,, ju"L) = 0 fori > j : Pri_y H'(X,, j1L) = 0
(10.51)
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Proof of the proposition. The long exact sequence

Hi~ 1 (B, L) 25 Hi (X, ju,7L) 25 Hi(X,, ji."L) 25 Hi(BY, , L) 1

is deduced from the distinguished triangle:

Rily ju"L —15 i, juL—i%, Rjix,.j%,ju"L. By the decomposition theo-
rem, the morphisms of the exact sequence are strictly compatible with the
induced Pr filtrations. We deduce the exact sequence (on the next two lines)

Pr_j D, .
’Yi—l P T

. . 5’ .
Gr,"H' ! (X,, jr.”L) —— Gr,"H' "} (B, ju."L) — Gr;"HY (X, ju."L)
Prpj Pr, Pryj
i o

. i G ,
I GrlTH(X,, jia"L) —5 Gr)THE (B, L) — % Gr"HE (X, ji."L)

By the lemma, the morphism pTIij vanishes if i # j.

For j = i, by the relative local purity theorem, the weights w of the
term GrfTHi_l(Bﬁfv,jg*pL) satisfy w < Pw 4+ ¢ — 1 and those of the term
GrfTHi(B}v7jg*pL) satisfy w > Pw + 3. Moreover the weights w of the term
HY (X, ji.PL) satisfy: w > Pw + 4, hence: 79! = 0.

We have " = 0 since the weights w of the term Gr, H(X,, j..”L) satisfy
w < Pw+i. Hence "I : Gr{THY; (X, ji.PL) — Gr;"H'(X,, ji."L)
is an isomorphism. Remark that by the decomposition theorem:

Gr; Hy (X, ju"L) ~ HO(i, PH!(K)) ~ L} ~ Gr;"H'(X,, ji."L) ~ H (i} "H(K)).

Conversely, we prove the crucial step of the relative local purity theorem

y2
(ch. 11, Equation 11.5): Gr',Gry H™!((B%,,jiL) = 0. We consider the
exact sequence:

Prr0 Pr_0

Gy Hy! (X, L) — Grg H™! (X, ju’L) —— Grg H™'(Bk, , j1."L)

Pra0 P

. 770 D,
0 GrgTHY (X, jiPL) —2 Grg HO (X, ji,"L)

By the above lemma Gr(fTH;(i (X, j1s"L) = 0, hence I°; = 0 and "™°, is
injective. If the morphism pTIg is an isomorphism, then pT@g =0and "0,
is surjective, hence an isomorphism. By compatibility of »r with MHS, "9,
induces an isomorphism

Gryy Gry"H 1 (X,, ji L) ~ Grly Gro H~((B%,, ji"L)
Since X, is closed, the weights of H™1(X,, ji.”L) are < a — 1, which proves
Griy, Grg"H™ (X, ju"L) = Gr', Gry H™ (B, , ju"L) = 0.
Remark 10.7. We deduce from the intersection isomorphism above and the
duality map D : GriTTH;(: (X, j1"L) =5 Gr,"H" (X, ji."L)* a non degenerate
intersection form

Gr, HY, (X, ju"L) ® Gr L HY" (X, j1.L) — Q, (a,b) = D(b)(I(a))

v
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When X, is a NCD on a smooth surface and in the case of intersection coho-
mology with rational coefficients viewed as homology, Grauert’s contractibil-
ity theorem states that the intersection form defined on Hs(X,) is negative
definite if and only if X, contracts to a point v on a normal surface (see also
[CaMi 5], [BPV 84] Theorem 2.1).






Chapter 11
Related results

We present in this chapter, in the first two sections interesting results that
has been originally used in the text but were not strictly necessary. In the
third section a tentative combinatorial description of the weight filtration on
the logarithmic complex is given.

11.1 Hodge theory on perverse cohomology

Let f : X — V be a projective morphism on a non singular complex algebraic
variety X of dimension n+1, ji,.’L on X, K := f,ji.PL, v € V a closed point
such that Z = X, := f~!(v) is a NCD in X and B} a punctured small ball
with deleted center v.

An independent direct proof that Pr*H" (X -, ji."L) and Pr*H"(Xp,, ji+"L)
are filtrations by sub-MHS (Proposition 11.3 below) may be deduced from
the description of the perverse filtration directly on X ([CaMi 10]). In chapter
10, the filtration Pr* has been deduced after the proof of the decomposition
theorem (Lemma 10.17 and 10.2).

11.1.1 Preliminaries

Let V be a quasi-projective variety and K € D%(V,Q) a complex with con-
structible cohomology sheaves. The topological middle perversity truncations
on K on V define an increasing perverse filtration Pr on K.

A corresponding increasing filtration Pr is defined on the hypercohomology
of K on open subsets U of V

PRHM(U, K) == Im {H"(U, ’r,K) — H*(U, K)}. (11.1)

219
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This perverse filtration Pr on the hypercohomology groups H*(V, K) is de-
scribed by algebraic-geometric techniques in [CaMi 10] as follows.

Given an affine embedding V' C PV and n := dimV, we consider two
families of hyperplanes A, := A; and A, := A} for 1 <i < n in PV, defining
on V two families H, and W, of increasing closed sub-varieties of V:

H_, = mlSiSTAi NV and W_, := 0199/12 nv

H,:V=Hy>oDH.>..DH_,, W,:.V=Wy>oW_1D>...o0W_,
(11.2)
and H , 1 = 0 = W_,_1. Let h; : (V\ H;_1) — V denote the open
embeddings with indices in [—n, 0] . The decreasing filtration §:

SPH*(V, K) := Im (@i+j_pH’;Vj (V, (hi)hiK) — H*(V, K)) (11.3)

([CaMi 10], Remark 3.6.6) determines Pr and is well adapted to computation
in Hodge theory.

Proposition 11.1 ([CaMi 10], Theorem 4.2.1).

For an affine embedding of V into a projective space and for a general
choice of both families H, and W, depending on K and the embedding of V,
the filtration § is equal to the perverse filtration Pr up to a change in indices.

Precisely _
§'H(V, K) = Pr_iH' (V, K)

11.1.2 Hodge structure on the perverse filtration

We consider two cases: U := V \ W is quasi-projective, complement of a
closed subvariety W C V (resp. U is a punctured small ball B} with deleted
center v).

Proposition 11.2 (MHS on perverse hypercohomology).

Let f : X — V be a projective morphism where X is smooth, V projective,
PL a shifted admissible variation of MHS on X \'Y the complement of a
normal crossing divisor Y and j : X \Y — X.

Let W C V be a closed algebraic subset of V' such that Xy := f~Y(W)
18 a sub-normal crossing divisor of Y. The perverse filtration Pr on the hy-
percohomology H* (X \ Xw, jifL) (resp. HX(X \ Xw, 51.7L) by duality) is a
filtration by sub-MHS.

Proof. The proof is in terms of logarithmic complexes. Let Z := f~!W the
inverse image of W and jz : (X — Z) — X. We apply (Proposition 11.1)
to K := f.jz.«jyjifL (including Z =Y or Z = 0) (the case f.jz1j% 1L is
dual).
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The perverse filtration Pr on H¥(X — Z, ji,PL) is defined via the isomor-

phism H¥(X \ Z, ji.PL) ~ HF(V \ W, f.ji.L):

pTin(X \ Z, ]'*ﬁ) = pTin(V \ W, f*jl*ﬁ)
We check that the filtration Pr is a filtration by sub-MHS on HF (X \ Z, j,."L)
using (Proposition 11.1). The system of truncations morphisms:

- = P f IC*PL(Log Z) — Pr<_;p1flC*PL(Log Z)--- is defined
over Q and it is isomorphic in D%(V,C) to a system of inclusions maps:

- — P'K — P7K... where P'K ~ Pre_;f.JC*PL(LogZ) is de-
creasing and where we suppose K, all P'K and Gr&K injective complexes
([BBD 83], 3.1.2.7) defined over Q.

The filtration P on K is defined up to unique isomorphism in the category
of derived filtered complexes. Moreover, we represent the filtrations W and
F by acyclic resolutions for the global sections functor I'(V, *) on the same
complex (K, P,W, F) representative of (f.IC*PL(Log Z), P,W, F).

To prove that RI'(V,Grf K, W, F) is a MHC, hence H"(V,Gr’ K, W, F) is a
MHS, it is enough to check the following lemma:

Lemma 11.1. Let f : X — V be a fibration by NCD over the strata, and W
a closed subvariety of V such that Z := f=Y*(W) is a NCD in X.

The induced filtration & (11.3) on HI(X \ Z, jiuPL) corresponds to a fil-
tration &' by sub-MHS on H/ (X, IC*PL(Log Z)). Consequently the perverse
filtration Pr on HY(X \ Z), ji.PL) is compatible with the MHS.

Proof. Let U := V\W. We reduce the proof to the case of an affine embedding
of U. Let 7 : V — V be the blowing up of W such that the embedding of
U < V is affine. Since f~1(W) is a NCD in X, the morphism f : X — V
factorsasf:wogwithg:X%V B

We apply the Proposition 11.1 to the embedding of U in V, to construct
the families H, and W, in V as intersection with two general families of
hyperplanes A, and A’ in the ambient projective space with inverse image
H! := g7'H, and W/ := g~'W, in X, such that the various intersections
H; N W] are transversal and intersect transversally the various strata in X.
Let b} : (X\H]) — X, iy, : H — X and K’ := [C*PL(Log Z). The filtration
in the formula 11.3 is written on X as

OPH™ (X, K') = Tm(®i1j=pHyp (X, (hg)gh;*K’) — H"(X,K') (11.4)

Since the inverse image H. and W/ are transversal in X and not critical
for L, the construction of the intermediate extension j,.PL, commute with
the restriction to each H/ for various indices .

By (ch 9, §9.5), there exists a structure of bifiltered complex on hg,h;*K’
(resp. on ilvv;jh;!h;*K/) such that 0PH*(X, K') is defined by sub-MHS.

Remark 11.1. The filtrations may be constructed as mixed cones over mor-
phisms of logarithmic complexes.
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In particular, (h})h;* K’ is the mixed cone C(p') over the canonical mor-
phism o’ : K — ig.iz K’
To construct i!I/V’ ‘h;,h;*K ' since W’ ; s not an hypersurface, we introduce
—J

the blowing up 7_; : X — X of W’ in X such that le = W:;(Wij) is a

smooth hypersurface. We consider the bifiltered logarithmic complex K" :=

c* pﬁ(Log(wz;Z) UW.;) on X and the cone C(p") over the morphism

p" v m_j K" = iy iy, K'. Then, ity K' =~ C(p”). This construction
- -7 -7

applies similarly to the term ipy.i};, K’ instead of K', hence it applies also

to the cone C(p') to define the structure of bifiltered logarithmic complex on
i Poh K.

11.1.3 Mixed Hodge structure (MHS) on the Link

Let f: X — V, X non singular, v € V a closed point such that X, := f~1(v)
and X, UY are NCD in X and ¢ : X, — X. The bifiltered complex
(K", W, F) = (i*jx,«(j1s"L)|(x - x,), W, F) (ch. 9, §9.5.1, Definition 9.35) de-
fines a structure of MHC on the space of global sections RI'(X,, K/, W, F).

The topological interpretation of this intrinsic cohomology space in terms
of balls with center v is more suggestive. A small ball B, C V with center v
is defined as the trace of a ball B € CN with center 0. The link at a point
v € V is a topological invariant represented by the boundary of a ball B, of
V. As B} retracts on the boundary, we use the hypercohomology of B.

The inductive limit of the hypercohomology when the radius of B, is small
is an intrinsic group representing the hypercohomology of the link. The link
at v corresponds to the tubular neighborhood of X, := f~1(v).

In terms of Xp. = Xp, \ X, there exists an isomorphism

HT(XB;‘ ) ]'*pL) = HT((XU, i (qu)*j}“j!*pL) (11'5)

Set k: V\{v} = V,jx, : X\ Z —- X and i, : v —» V. We denote
again by W and F the filtrations (f|x, )W, (fix,)«F on (fix,)«K'. The iso-
morphism (fix, )« K" = iycki((fij1«"L)|(v—v)), defines by transport of struc-
ture, a filtration Pr* on (f|x,)+K" deduced from the perverse filtration Pr on
(L) (v \w)

P (fix, )« K = P (i ke (fudtnPL) | (v \0)) 7= gk (P (f2d1PL) | (v \w))
(11.6)
Thus we have three filtrations W, F, Pr* on the complex (f|x, )+K" inducing
filtrations W, F and Pr* on the cohomology space H? (X, i*jx, « (71+"L) (x\ x,))-

Proposition 11.3 (Compatibility with MHS). i)The induced filtration
Pr* on W (X,, K') is a filtration by mized Hodge substructures.
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it) The induced filtrations W and F on Gripf*(fmv)*K’ define a MHS

compatible with the isomorphism:

HI (v,Gr;™ (fix,)«K', W, F) ~ Gr/" H"" (X, K', W, F) (11.7)
The filtration Pr* in the proposition corresponds to the perverse filtration Pr
on the hypercohomology of B, (Equation 11.5)

Corollary 11.1. If the restriction of f to Xp: satisfy the decomposition the-
orem, there exists a MHS on H7 (B}, PH'(f.jis"L)) with filtrations W and F
satisfying the isomorphism

H (B}, PH'(fojiPL), W, F) ~ Gr,"H'"* (B%, ju'L, W, F) (11.8)

Once the above MHS is defined, we can express the notion of local purity
and give a meaning to the purity theorem [DeG 81].

The proof of the proposition is reduced to the global result in [CaMi 10].
To construct Pr* := i, k.Pr on (f. K, Pr*, W, F) (i5 PH!(K) # PH!(i*K) in
general), we introduce the blowing up of v in the diagram

Z=X,5 X & x*
Pooode

9 g 1d

AR A (11.9)
zZ =V < Vv

T N A B o

vy L oy

where V* := V\ {v} and X* := X \ X,, 7 : V — V is the blowing up of
v € V such that the embedding of V* in V is affine.

Since Z := f~!(v) is a divisor, the morphism f to X, factors through
g: X = V.Let P:= (j1+"L) | x+ and K’ :=i*jz . P:

(2, K') = 1 (f|2)« K') = B (i (£ L) jv+))-

Let (fiz) = my o gv. The complex RI'(Z,K’) is a MHC (see Definition
9.35), endowed with a weight filtration W. Let PH"(g,, P) denote the perverse
cohomology on V*. Since 7/, PH(g. P) ~ k* PH'(f,j1."L), we have:

ik k* PHY(fuftnPL) & Tpui ks PH (gL P) ~ RI'(Z, k., PH (. P))  (11.10)

where k. PHi(g. P) is perverse. We apply (ch. 3, Equation 3.24) to write
"k, PH'(g. P) as a cone over the morphism can : k P (g, P) — k, PH(g.P).
Hence RI'(Z,k, Hi(g,P)) carry the structure of a mixed cone of two MHC
by (Proposition 11.2).

Remark 11.2. A covering of B} C C™ by Stein open subsets complements of
linear hyperplanes through 0 in C" corresponds by blowing up to a covering
of Z.
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11.2 Fibration by normal crossing divisors

The proof of the decomposition by induction assume the reduction to a fi-
bration by NCD over the strata S, locally on S. It is possible once for all to
define a class of fibrations by NCD (Definition 11.1) over the strata. In this
case we can rely on logarithmic complexes in all arguments based on Hodge
theory.

Definition 11.1 (topological fibration by NCD over the strata).

A morphism f: X — V is a topological fibration by NCD over the strata
of a stratification § = (S,) of V underlying a Thom-Whitney stratification
of f, if X is smooth and the spaces V; = Uqgim 5,<15, satisfy the following
properties:

1) The subspaces Xy, := f_l(Vi) with indices 0 < ¢ < dim V are successive
sub-NCD embedded in X.

2) The restriction of f to Xg := f~1(S) over each stratum S of S is a
topological fibration: f : Xg — S.

3) For each point v € V; \ Vi41 (hence V; is smooth at v) and a general
normal section A, to V; at v, the subvariety f~!(A,) is smooth in X and
intersects the NCD Xy, transversally.

Sometimes we need to have the fibration by NCD to be adapted to a subspace
Y of X or to a subspace Z of V, hence it is convenient to introduce:

Definition 11.2. i) The fibration is adapted to a NCD Y in X, or to a local
system L defined on a Zariski open algebraic set in the complement of Y in
X, if in addition:

Y is a union of strata of the underlying whitney stratification S of X, the
union of the sub-spaces Xy, UY are relative NCD over the strata of V' for
each 1 <1 < n and the intermediate extension ji.L of £ is constructible with
respect to the strata.

ii) The fibration is adapted to a subspace Z of V, if Z is a union of strata
of the underlying whitney stratification S of V.

11.2.1 Fibration by NCD over the strata

Let X be smooth, and v € V; \ V;_1 # 0 (hence V; is smooth at v); the
inverse image of a normal section N, to V; at v in general position, is a
smooth subvariety f~!'(N,) of X intersecting the NCD Xy, transversally,
then Xy, N f~1(N,) = f~1(v) is a NCD in f~1(N,).

We say for simplification, that Xy,\y, , := YV \ Vieq) is a relative
NCD, and that the stratification S is admissible for f.
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Proposition 11.4. Let f : X — V be a projective morphism of complex
algebraic varieties and Y a closed algebraic strict subspace containing the
singularities of X.

There exists a diagram X <7i x4 V where © is a non-singular mod-
ification of X, and Thom-Whitney stratifications of f, © and f' := fox’
simultaneously, satisfying the following properties.

i) The morphism @' (resp. f') is a fibration by relative NCD over the strata
of the underlying Whitney stratification of X (resp. V).

ii) The inverse image Y' := ' " (Y) C X’ is a NCD and there ezists a
non singular Zariski open subset U C f(X) dense in the image f(X) of f
such that f' is smooth on U’ := f'"Y(U) and 7’ induces an isomorphism:

~

UNU'NY s Q= U U)\ FLU)NY.
iii) The fibrations are adapted to Y' over U: U' NY" is a strict relative
NCD over U in the smooth fibers of ' (called horizontal or strict in the fibers,
eventually empty).

Remark 11.5. 1) We need the open subset {2 to be embedded in X and in X’
such that we can lift a local system on 2 C X to a dense open subset in X'.

ii) The NCD f/~}(U)NY" is called horizontal when at each point v in a
maximal stratum of U the intersection f'~!(v) NY”’ is a NCD in the smooth
fiber X, while at each point v in a stratum S of V' — U the fiber itself is a
NCD in the inverse image of a general normal section at v.

We prove the Proposition 11.4 in three steps to simplify the exposition:
First we transform the morphism f (Lemma 11.2), then the desingularization
m: X" —= X (Corollary 11.2), then f and 7 simultaneously.

11.2.2 Existence of fibrations by NCD owver the strata

Let S = (S,) an algebraic Whitney stratification by a family of strata S, of
an algebraic variety V. The subspaces V; = Ugim s, <15+ form an increasing
family of closed algebraic subsets of V' of dimension < [, with index [ < n,
where n is the dimension of V/,

VowcWc---CcV,.1CVp,=V

Let f : X — V be an algebraic map. The inverse of a subspace Z C V, is
denoted Xz := f~1(Z). We are interested in the inverses Xg = f~1(9) of
strata S of the stratification S.

Definition 11.3. A Thom-Whitney stratification of an algebraic map f :
X — V consists of two Whitney stratifications one for V' and one for X such
that the inverse Xg of each stratum S of V' is a union of connected strata of
X, the restriction of f to each stratum of X¢ has maximal rank dim S and
the restriction f| : Xs — S is a locally trivial topological fibration.
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Using Thom-Mather first isotopy theorem ([Mat 12]), one can prove the
following property:

e (W) The link at any point of a stratum is a locally constant topological
invariant of the stratum [Mat 12], [LeT 83].

If f is endowed with a Thom-Whitney stratification, the restriction of f
to Xg is a topological fibration. (See [GMacP 88], [CaMi 5] subsection 3.5
for some consequences and [DeK 73], subsection 1.3.5).

The following lemma is based on the simple idea that the intersection of
a NCD by a general non-singular subspace gives a family of relative NCD.
This lemma is important for the proof of Proposition 11.4.

Lemma 11.2. Let f : X — V be a projective morphism of algebraic va-
rieties. We consider Y a closed algebraic strict subset of X containing the
singularities of X and eventually the singularities of a local system on X.
There exists a commutative diagram:

X &ox X & X, Xit1
T ) B R A
v &y dh 4y gy

where p; ;== mo...om;, for 1 <i < k+1, is a desingularization of X, m
s given by modifications over Y and Y; := pi_l(Y) is a NCD in X; fori>1
such that:

1. there exists VY C V and inductively a decreasing sequence V', for 0 <
1 < k, of closed algebraic subspaces of V' of dimension d; > 0;

2. for 1 < j <1, the inverse image f;_ll(Vj) is a NCD in the non-singular
variety X;y1,

3. fi i (VIO £ 1 (VT s a relative NCD over VI '\ VIt

The morphisms ;11 are modifications over f;l(Vi), for alli > 1, obtained
by blowing-ups over f71(V?) in X; and the space f[l(Vi) is a NCD in X,
such that m; 11 induces an isomorphism:

(miv1)) s (X1 \ fﬁi(vi)) S X\ fH V.

Since p; are desingularizations , the X; are smooth for i > 1 and the
commutativity of the diagram above gives f;+1 := f; o m;11. Moreover, there
exists a Whitney stratification S of V adapted to V7 for j < i, satisfying the
following property: the strata of St and of S'™1 coincide outside V.

The open subsets 2; := f; "(V\ V') C X; (resp. 2:= f*(V\V!) CX)
are dense in X; (resp. X) and we can suppose that, for k+1>1i > 1, p;
induces an isomorphism (2, \'Y;) ~ (2\Y), and that, for k+1 > i > 1,
the morphisms f; induce on p{l(Y N $2) a fibration by relative NCD over the
strata of V '\ V1.
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Definition 11.4. An algebraic morphism f : X — V of complex varieties
is an admissible fibration if X is a smooth variety and there exists a Thom-
Whitney stratification S of f satisfying the following conditions

1. Let V; denote the union of the strata of V of dimension < i, then f~1(V;)
is a NCD in X.
2. f induces a fibration by relative NCD of f=1(V;)\ f~1(V;_1) over V;\V;_1.

Moreover, let Y be a strict NCD in X. Let Sy the strata of maximal dimension
in V. We say that f is an admissible fibration with respect to Y if YN f~1(Sp)
is a relative NCD over Sg.

Remark 11.4. 1. The open subset {2 is embedded in all X; such that one
can lift a local system £ defined on £2. The intersection p; *(Y N §2) in
X; is a horizontal relative NCD (remark 11.3).

2. Consider the stratification S* of V and let d; := dim V* , V4, the union of
strata of the stratification S* of dimension < d;. Then, f,;_ll(Vdi \ Vi
is a NCD in Xj41 fibred by NCD over Vi \ Vitt =V \ Vy, ...

3. Moreover, we can suppose that the family of subspaces V7 is maximal in
the following sense: the dimension of V?isn —i for 0 <i < k = n.

4. From Lemma 11.2 we obtain that the morphism fr11 : Xx11 — V is an
admissible fibration.

i+1)

Proof of Lemma 11.2. Since f is projective, we can always suppose V =
f(X). By Hironaka’s resolution result [Hiro 64] we have a desingularization
morphism m; : X7 — X of X with NCD as exceptional divisor such that
Y; := w7 (Y), as well as the inverse images of the irreducible components of
Y, are sub-NCD of Y7 in X;.

Let f; := f om. Since X is smooth, there exists an open subset U C V
such that the restriction of f; to f; ' (U) is smooth.

If the dimension of f(Y") is strictly smaller than n :=dimV, let U C V'\
f(Y) such that the restriction of f; to f;*(U) is smooth and let V! := V\U.

In the case f(Y) = V, since Y7 is a NCD, there exists U such that the
restriction of f; to Y3 N f; *(U) is a fibration by relative NCD over U. Let
V1= V\ U, since V is irreducible d; := dim V! is strictly smaller than
dim V' = n. We can always choose U, hence V!, such that d; = n — 1.

We consider a Thom-Whitney stratification of the morphism f; : X7 — V;
in particular the image by f; of a stratum of X is a stratum of V. We suppose
also that the stratification of X; is compatible with the divisor Y;. Let S°
denotes the underlying stratification of V.

We shall construct the algebraic subspaces V? of V, the morphisms f; =
X; —» V,and m; : X; — X;_1 in the lemma by descending induction on
dim V?. Let S! be a Whitney stratification of V' compatible with V! which is
a refinement of SY. Let D' := f;(V'); we introduce the horizontal divisor
(remark 11.3):

Yi=vin i i(v\vY).
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Notice that ¥;! \ D! is a NCD. We construct ma : Xo — X7 by blowing-ups
over D' such that the inverse image D? := 7, '(D"') of D' and the union
D2UY? with Y2 := w5 ' (V;}) are NCD in the smooth variety Xo. We can do
this construction without modification of X7\ D! because Y, \ D is already
a NCD.

Let fo := f o my, hence D? := f; 1(V!'), the next argument allows us to
construct a subspace V2 such that D2 N f;1(VI\V?) = f; ' (VI\V?) is a
relative NCD over V1 — V2,

The next lemma provides the argument used in the inductive construction of
the diagram in lemma 11.2

Lemma 11.3. Let f : X — Z be a projective morphism on a non-singular
space X, T an algebraic subspace of Z such that D := f=1(T) is a NCD in
X as well the inverse image of each irreductible component of T.

Then, there exists a non singular algebraic subset Sy in T, such that the
dimension of T '\ Sy is strictly smaller than dimT and f induces a relative
NCD over T\ Sy.

Proof. i) Let Dg, denote the components of the divisor D and Dg, ... 5, the
intersection of Dg,, ..., Dg,. Let d := dimT" be the dimension of T’; there
exists an open subset Sg,, . g, complementary of an algebraic subspace of T'
of dimension strictly smaller than d, such that f’l(Sﬁh_wﬁj) N Dg,,..p; is
either empty, or a topological fibration over Sg, .. ;. Over the open subset
Sh:=N;(Ng,,....8,98:,....3,), the divisor DN f~1(5}) is a topological fibration.

This property is required to obtain the big stratum in 7 of a Whitney
stratification over which we have a fibration by NCD and which satisfies the
assertion (2) of the definition 11.1 above.

ii) Still, we need to check the assertion (3) of the definition 11.1 on a dense
open subset of Sj. Let 17 be an irreductible component of T" of dimension d.
Since the inverse image of T3 is also a NCD contained in D, there exists a
dense open subset 57 in T} with inverse image a sub-NCD of D.

As the argument is local, we consider an open affine subset U of Z with
non empty intersection Sy := Ty NU C S} and a projection ¢ : U — C% whose
restriction to S is a finite projection. There exists an open affine dense subset
U; of C? such that g o f induces a smooth morphism over Uj.

Considering S}y defined in i) above, we notice that f induces over ¢~ 1(U;)N
S}y a fibration by NCD: indeed, let 2 be a point in ¢=(Uy) N S; N Sy. There
exists an open neighborhood U, of = in (¢~1(Uy) N S}) C U, small enough
such that the restriction of ¢ to U, N S is not ramified on its image.

On the other hand, for all y € U,, the space f~*(¢~(q(y))NU,) is smooth,
since ¢(y) € Uy. The dimension of f~(¢7(q(y) NUy) is dim X — d. As z is
in ) the dimension of f~!(y) N D is dim X — 1 — d and it is a divisor with
normal crossings in f~!(¢7*(¢(y) NU,) which has dimension: dim X — d.

We remark that ¢~ !(g(z)) N, is a normal section of ¢~ 1(U1) NS} at = in
Z. Hence f induces on ¢~1(Uy) N S} a fibration by NCD lying in the normal
sections.
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The open subset Sy is the union of open subsets ¢~1(U;)NS}, for the various
irreductible components T} of T of maximal dimension d. The strata which
are the connected component of Sy satisfy the property (3) of the definition
11.1 and this ends the proof of the Lemma 11.3.

End of the proof of Lemma 11.2. Let d; be the dimension of V. Ac-
cording to Lemma 11.3 there exists an open algebraic subset Sy of V!, over
which the restriction of fs; induces a relative NCD over Sy, moreover, the
dimension dy of the algebraic set V2 := V! \Spisde <dy.Ifdy =n—1, we
can always choose Sy such that do =n — 2.

We define a new Whitney stratification S? of V, compatible with V2 which
coincides with S' outside V!, by keeping the same strata outside V! and by
adding Thom-Whitney strata adapted to V' and to the connected compo-
nents of the open algebraic subset Sy that we have just defined.

We complete the proof by repeating this argument for the closed algebraic
subspace V2 of V1.

This process is the beginning of an inductive argument. The initial step is
the construction of V! above.

Induction hypothesis: Given projective morphisms f; : X; — V for 1 <j <4
as in the diagram above, and m; : X; = X;_1, f; := fj—1 o m; where Xj is
non-singular, a Whitney stratification S¢ of V' compatible with a family of
algebraic subspaces V7 C --- C V! C V for j < i such that there exists a
Whitney stratification on X; stratifying f;, and such that f[_ll(Vj ) are NCD
in X;, as well as the inverse image of each irreducible component of V7 for
1 < j < i, and moreover f; induces an admissible morphism over V \ V.
Also, Y; := p; *(Y) is a NCD divisor of X; such that f; ' (V') UY; is a NCD
and Y; N (X; \ f; (V1)) is a horizontal relative NCD over V \ V.

Inductive step: A sequence of blowings-up centered over fi_l(Vi) leads to
the construction of m;41 : X;41 — X, such that X;;1 is non-singular and
the inverse images of V7, as well as its irreductible components, by f;4 =
fiomiyy, for 1 < j < i, and their union with Y;y; := 7r;_~_11(Y;-) are NCD
in X; 1. Moreover Y; 4 \fijrll(Vl) is a fibration by NCD over the strata of
VAV

The stratification S¢ of V underlies a Thom-Whitney stratification of f;,1.
It follows from Lemma 11.3 that in each maximal stratum S of V? in S,
there exists an open dense subset S§(S) over which 7,41 induces a relative
NCD. Let V{§ be the union of all S§(S). The complement V¢ \ Vi of V{ is
a closed algebraic strict subspace Vi*! of V% and f;;; is admissible over
V\ Vi (see definition in Remark 11.4 (3)). We construct a Thom-Whitney
stratification S™*! of V compatible with V*! keeping the same strata of
the stratification S’ outside V? and introducing as new strata subsets of the
connected components of the open subset Vi of V.

The inductive argument ends when V*+1 = (), which occurs after a finite
number of steps since the family V' is strictly decreasing.
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Corollary 11.2. 3) Let f : X — V be an algebraic morphism and Y a strict
subvariety containing the singularities of X, there exists a desingularization
X' 5 X of X such that Y = 7= 'Y is a NCD and f o is admissible with
respect to Y.

ii) Let X be an algebraic variety and Y a strict algebraic subspace, there
exists a desingularization X' = X of X such thatY' =7~ Y is a NCD and
m is admissible with respect to Y.

Indeed by Lemma 11.2, the morphism fx11 is a fibration by NCD over the
strata, moreover we can suppose k = n.

To construct m as a fibration by NCD, we apply the lemma to the case
f=I1d: X - X.

By the corollary we can choose 7 or f o7 to be admissible. To show that
we can choose both to be admissible we shall need the following improved
version of lemma 11.2

Lemma 11.4 (Fibrations relative to a subspace). With the notations
of Lemma 11.2, let Z be a strict algebraic subspace of V. There exists a
modification 7 of X

x&x v = for

and a Thom-Whitney stratification of f' compatible with Z such that f' :=
f o is admissible and f'~Y(Z) = 7'~ (f~1(Z)) is a relative NCD over the
strata in Z.

Proof. The proof is a slight modification of the proof of Lemma 11.2 such
that we construct stratifications compatible with Z.

Let ¢ be the dimension of Z. Since V' is a variety and Z is a strict algebraic
subspace, we have dim V' > £. In the proof of lemma 11.2, if the dimension
dy of V! is > ¢ we may suppose that V! O Z. Inductively, as long as d; > ¢,
we may suppose that V7 O Z.

If we reach an index s such that dim V*® = ds = ¢, we may suppose Z C V?,
then by blowing-ups over f;!(V*) we can assume that f,.' (V*) C X 41 and
f5(Z) are transformed into NCD. Thus ;4 (V*) (resp. f(Z)) induces
a fibration over a open subset U of V; (resp. Z) such that dim(V° —U) <
dim V*. Then we suppose the stratification S**! of V' compatible with Z and
we continue similarly as in the above proof of the Lemma 11.2.

Otherwise, if we reach the situation where ds > ¢ > dsy1, we consider
the subspace W*t! := Z U V5+! of dimension [ and define the space X, 41
by blowing-ups over the subspace f;1(W?**!) C X, such that the inverse
image of f,. Jrll(Z) is a NCD and we continue with Whitney stratifications
of V' compatible with Z. Then, by proceeding as in the end of the proof of
Lemma 11.2, we obtain our proof.

Proof of the Proposition 11.4. We need to construct a diagram:
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xHxLy

such that m and f o 7 are simultaneously fibrations by NCD over the strata.
Going back to the inductive argument for f in the Lemma 11.2, we apply
at each step of the induction the corollary 11.2 to construct .

The initial step of the induction starts with the desingularization by an
admissible modification.

Induction hypothesis. We suppose there exists:
1) A diagram D; of morphisms where 7} is admissible:

xEx,Bv, fi=fon

2) A decreasing family of algebraic subspaces Vi C V7 for j < i with
inverse image f[l(Vj) consisting of NCD in X; for j < i, and a stratification
S? of V' compatible with the family V7, such that the restriction of f; to
X; — f71 (V) over V — V' is a fibration by relative NCD over the strata.

Inductive step. Let d; (resp. n — i) be the dimension of V. We want to
define a sub-space Vit! C V? of dimension strictly smaller d;; < _di (re_zsp.
n —i—1) and to extend the diagram D; over the open subset V¢ — Vi1

that is, to construct a diagram D; 1 of morphisms: X pas Xin1 fi’f V where

fi+1 = fomj,, such that:
1) mj , is admissible and defined as a composition map 7}, ; : X1 e

X; X of 7; » X;—X with a modification m;41 inducing an isomorphism:
Xt \ FFA (V) = X — [TV,
2) f71(V?) is a relative NCD over the open subset V¢ \ Vi1,
To achieve this step, we remark that the variety f; ' (V?) in X is over f~(V?)
in X. Then, we apply the lemma 11.4 to the morphism 7} : X; — X (instead
of f : X — V in the lemma), and f~}(V?) C X (instead of Z C V in

the lemma) to construct m; 41 such that 7} 1= 7, o w41 s an admissible
morphism:

f_l(Vi) CX&Xi&XiJ’,I’ 71';_’_1 = 7TZ/407T1‘+1 ZXi+1—)X

That is we develop the constructions of the lemma 11.2 to construct i,
over X by modification only of subspaces over f;*(V?) to transform f;l(Vi)
into a NCD, hence X;;1 in the diagram D;; differs from X; in the diagram
D; only over f; (V7). The stratification of X is modified inside the subset
F~1(V?), hence we modify adequately the stratification of V' inside the subset
Ve

There exists an open algebraic subset U C V; in the big strata of V; over
which f;+1 induces a fibration by NCD (Lemma 11.3). Let Vi1 := V;\ U of
dimension strictly smaller than d;. Then, the Thom-Whitney stratifications of
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f and 7} outside V; extend over U into Thom-whitney stratifications of f and
m; 1 - Hence, we deduce a diagram D;; which extend the diagram D; such
that fiy1 (resp. m., ;) is a fibration by NCD over the strata of f;}} (V*\ V1)
(resp. f~1(VE\ Vith).

Thus we complete the construction of the diagram D;; and the inductive
step. At the end we define 7}, and f,,, both admissible for some index m.

Corollary 11.3. The decomposition theorem for f can be deduced from both
cases ™ and [’ in the proposition 11.4.

Let £ be a local system on X —Y, there exists an open algebraic set 2 C X\Y
dense in X such that 2’ := 7/~1(£2) C X’ is isomorphic to §2, which carry
the local system L. Let j' : 2’ — X', then the decomposition theorem for
J1x L with respect to the orginal proper algebraic morphism f follows from
both cases of f' and «’ ([De 68] Proposition 2.16).

11.3 Combinatorial description of the weight

We resume the notations of (§3.1). The intersection complex may be described
by a combinatorial complex [KaK 86]. Such description leads to a definition
of the weight filtration W on a combinatorial complex quasi-isomorphic to
the de Rham complex 2*L.

First we take some time to associate to the set I of indices of the irreducible
components of the NCD Y, a category S(I) whose objects are indices of the
combinatorial complex (still denoted £2*L).

The combinatorial weights Wy or W_; on 2*L describe a combinatorial
sub-complex IC*L quasi- isomorphic to the intermediate extension ji, L.

To study the local properties of the graded complexes Ger 2L for r € Z,
we introduce locally the complexes CEM[ for K ¢ M C I. In particular,
the main task is to show that for K = M the complex CX L has a unique
non zero cohomology H!KICKL for r > 0 (vesp. H¥I='CK L for r > 0) with
a pure polarized HS.

The result is a computation of the decomposition of GrZV 2* L into inter-
mediate extensions of the VHS defined by H/*ICXL on the non singular
intersections of components Yx of the NCD.

11.3.0.1 Complexes with indices in the category S(I)

The objects of the category S(I) attached to a set I, consist of sequences of
decreasing subsets of I of the following form:

(s,):(I:sliSQ...isp;é@), (p>0)
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Subtracting a subset s; defines a morphism &;(s.) : (s.\ s;) — s. and more
generally Hom(s.,s.) is equal to one element iff (s.) < (s.) that is (s.”) is
obtained from (s.) by deleting some subsets. We write s. € S(I) and define
its degree or length |s.| as the number of subsets s; in (s).

Correspondence with an open simplex. If I = {1,...,n} is finite, S(I)
can be realized as a barycentric subdivision of the open simplex A, _; of
dimension n—1. A subset s, corresponds to the barycenter b, of the vertices
of s, and a sequence of subsets s) corresponds to the oriented sub-simplex
of A,,_1 defined by the vertices bs, .

For example, for I = {1, 2}, the barycenter {3/2} of |1, 2] is defined by {1, 2},
and the open simplices |1,3/2[, |]3/2,2] are defined resp. by the sequences
{1,2} D {1} and {1, 2} D {2}, plus the integer {3/2} corresponding to {1, 2}.

Since all sequences contain I, all corresponding simplices must have the
barycenter of A,,_; defined by I as vertex and the sub-simplices form a
partition of the open simplex Af_; = A,_1 \ 0A,,_1. In this way we define
an incidence relation (s.,s.) between two adjacent sequences equal to +1
or —1.

Combinatorial objects of an abelian category with indices in S(I) are de-

fined as functors on S(I).
We need the following construction. An algebraic or analytic variety over a
fixed variety X with indices in S(I) is a contravariant functor defined by
II(s.) : X(5,) — X and denoted by IT with morphisms II(s." <'s.) : X, —
X, over X.

A complex F of abelian sheaves F, over X, is defined with functorial
morphisms p(s.” < s.) : Fs. — Fs.r for (s.”) < (s.). For each sy # I € (s))
and the couple d;, := ((s.)\sx < (s.)) corresponds a morphism /75, : X, —
X(s)\s, and a morphism ¢ (s, : [T Fs. — I1.F(s y\s, With a sign €., defined
by the incidence relation in the open simplex interpretation.

The direct image of a complex of abelian sheaves over IT is the simple complex
complex associated to a double complex on X:

§(Fs.)s.es = Oses(ILFs)[|s| = ], d= s, 2(ds,)9(ds,)

denoted by I1.F or preferably s(Fs.)s.cs(r)-

Ezample 11.1. In the case of the constant variety X, = X defined by a
variety X, the constant sheaf Z lifts to a sheaf on X, such that the diagonal
morphism:

Zx = ®s)|=11Lx,: N EL — (... ,ns. =M, ...) € By(s))|=|1) L
defines a quasi-isomorphism Zx = IT,IT*(Zx ), as the barycentric subdivision
of an open simplex of dimension |I| — 1 shows.
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11.3.0.2 Local definition of the weight filtration

If Y C X is a NCD with indices i € [ and M C I, we consider the category
S(M) attached to M whose objects consist of sequences of decreasing subsets
of M of the form (s) = (M = s; ;) S9... 2 sp #0), p > 0.. Geometrically

S(M) corresponds to the case of a normal section to Y;; = NienmY; in X
Let (L,(N;)iem, F,m) be a polarized nilpotent orbit of weight m with
monodromy weight filtrations W+ := W (3", , N;) for J € M.
We introduce a local definition of the weight filtration on the family of de
Rham complexes (£2* L), cs(m)-
Notations. For each s. € S(M) let W = W(3_,.. N;) be centered at 0.
For J C M and an integer r, we define as, (J,7) = |sx| — 2|sx N J| +r, and
the functorial filtered vector space

Wi(J.s)L: = ) W2 ks F(Js): =ML (11.11)
SxES.
The following definition reduces for r = —1 to the construction of the

intersection complex by Kashiwara and Kawai [KaK 86].

Definition 11.5. The weight W (centered at zero) and Hodge F filtrations
on the combinatorial de Rham complex 2*L := s(2*L),.es(ar) are defined
by summing over J and s.:

W (2°L): =s( ) W umD e s.esan) (11.12)

S)ES.

where ag, (J,7) = [sx|-2[sxNJ|[+r and F"(2*L): = s(F" VL) jcnrs.es0an))-
We denote the bifiltered sum complex by

(2°L,W, F)

The filtrations can be constructed in two times, first by summing over J to
get the sub-complexes:
weight: W,.(s.) = s(W,.(J,s.)) scm and Hodge: F"(s.): = s(F"(J,s.)) scm-

Ezample 11.2. in dimension 2.

Let Wh2 = W(Ny + No), W = W(N;p) and W2 = W (Ny), the weight W, is
a double complex:

W,.({1,2}D1) & W,({1,2}D2) — W,({1,2})

where the first line is the direct sum of W,.({1,2}21) =

(W1+220W1+1 (Nl, N2) Wl Qmwl 1@W1 2AWL » (— NLNl) W1’220W1 1)
and W,.({1,2}D2) =

Wi nwz, M e awe ewrawz | O 12 qppe

The second line for {1 2} is W, ({1 2})
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(Wlfz (N17_1>V2) er,g @ er’2 (*N2_7>N1)

1,2
T W’r72)'

Lemma 11.5 (Kashiwara and Kawai [KaK 86]). There exists a quasi-
isomorphism IC*L ~ W_,(£2*L).

11.3.0.3 The complexes CfML and Cf{L

To study the graded part of the weight, we need to introduce the following
full sub-categories:

For each subset K C M, let Sx(M) = {s. € S(M) : K € s.} (that is
IX: K = sy). We remark the isomorphism of categories:

S(K) x S(M — K)5 Sk (M), (s.,8)) = (KUs/,s.)

We consider the vector spaces with indices J C M,s. C€ Sx M,
s K
CEM[(]s): = Nty es. Wt‘li(_]mfl)GrZI;um)L and for each (s.) the asso-
ciated complex obtained by summing over J (resp. over (s.):
CEM[(s): =s(C.L(J, s.))sem+s CEM[. = s(CTKML(s.))(S.)GSKM.
We write CXL(J,s.), CKL(s.) and CXL when K = M.

Definition 11.6. For K C M the complex CEXM[ is defined by summing
over J and (s.)

s K
CIML: = s( W1y CTar o L) seasescan  (1113)
K#s\€s.

In the case K = M we write CXL

K

CTKL = s((ﬂKis’\es'W;:\A (J)Tfl)GrZ[;(Jm)L)JCK,S.GS(K) (1114)

Ezample 11.3. Forn = 1, K and M reduces to one element 1 and the theorem

reduces to LN )
GrlV (*L)~C!L: =Gr)" | L=3Gr)V | L

By the elementarylproperties of the weight ﬁl;cration of Ny, it is quasi-
isomorphic to Gr)¥ (L/N,L)[-1] if r > 0, Gr}%;(kerNy : L — L) if r < 0
and CJL ~ 0.

Remark 11.5. The above combinatorial filtration W on the combinatorial de
Rham complex §2*L ~ s(£2* L), cs(r) where I is the set of indices of the NCD
Y C X, has been studied in [E 08].

The decomposition of Gr*W 2* L depends on the fact that the cohomology
of the complex CX L vanishes in all but the degree |K| for r > 0 and C¥L ~ 0.
There is a mistake in the proof which occurs on ([E 08] Lemma A.12 iii).

We give below a correction in the case of surfaces.
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Proposition 11.5. Let (L, N1, Na) be an IMHS and let K = M = {1,2}.
The non zero cohomology of CKL is H2(CKL) for r >0 and CIL = 0.

Proof. Let Ly resp. Lo, L3 denote the following complexes

12 N1,Ny 12 N3,N;y
0— G wWh, 2 e W e eV W 2 eV oW 50
N1 N2 NZ Nl

12 12 12 12
0— G, W2, —=Gr) W2, ,@Gr) W2, =Gr , W2, -0

0= G L eV Le e LM e L o

The complex CK L is the sum of the double complex:

CKL = (0— Ly ® Ly 22 Ly — 0)

with natural embeddings (i1, 12).
The sum of L1 - Ls is a complex quasi-isomorphic to L4[—1] where
L4 = (Lg/Ll) is:

N1,N2 N2,N1

Grr+2 (L/er—i-l)

We compute first the cohomology of Ly and Ly.

Lemma 11.6. i) The cohomology of Lo for r > 0 is equal to:

HO(Ly) = 0, H'(Ly) = Cr} W*Ker Ny : L/Ny — L/N{L) and
H?(Ly) = GV, , Coker (Ny:L/Ny — L/N,L).
it) The cohomology of Ly for r > 0 is equal to:

HO(Ly) = H?(Ly) = 0, H'(Ly) = GtV “Ker (N : L/N; — L/NL).

T

The computation of the cohomology is based on Kashiwara’s canonical de-
12 12 3
composition [KaK 86]: Gr)V "L ~ @,Gr)V "Gr}’" L for i = 1,2, applied to
the subspace Ker N; C L,j =1,2.
Sub-lemma. Let Ker Ng := Ker No : L — L.
12 12 2

i) Gr,YVuKer Ny = @p<oCrl (}21",‘?/ (Ker Na),

Gr)V " Coker Ny = @4>0Gr)  Gr}' (Coker Ny).
i) GrXVmKer Ny = ®k>T71GrXVl2GrZV1(Ker N3).

Since the morphism Nj, j = 1,2 is strict for the filtration W?, i=1,2,an
element a € L satisfy: N;(a) = 0 if and only if its class in Gry L is in the

kernel of the restriction ]\ij of N; to Grk (an element c € Grk 'L such
that Njc = 0 is the class of an element a; € WkKerN ).
For 1) we remark that Ker N2 is of weights Wk for k < 0, while ii) follows

from the isomorphism: Gr Grk 'L~ Gr Grk L where W2 = W(NQ)
is the monodromy filtration of the restriction Ny to GrleL

G (LWl )aGeW (L/W D) 22N G W LWl )
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In fact N : Gr kGrk W, Gri/v_zk_QGrle is injective for r —k > 1 and
surjective for r — k < 1 which proves the sub-lemma.
Proof continued. We write Lo as the sum of a double complex L, N, L'y:

Ly = (G W2, 25 Gr) W2, LY = (G W B G W)
Let N7 be induced by N7 then:

L, = @k<r+1(Grr+(2leG wep N — Gr, Nl G v L)

Ly = @kgm(GrK(leﬁG T 2L & Gr W(Nl)G T QL)

hence ]Tfl is injective on L) and L since r — k > —1. We deduce

Ly = @p<r Prim GrW(N‘)G we L[ 1] = @kgrPrimi_kGrkW2L[—1}
LY = @<, Prim GrZV(,i\hQ)G o L[-1] := @kSTPrimLkﬂGrkW_zL[fl]

In particular HO(Ly) = HY(LY) = O. Let

Lo(k) := (Prim}_,GrY "L 22 Prim!_,_,Gr})/L)[~1] (11.15)

where N, induced by No, is injective for k > 1 and surjective for k—2 < —1,
hence we consider the cases k € [1,r] where r >0, k<1, k=1orr+ 1.
The complex Ly splits into: (Gr<1L2(k)) @ (©rep,rLa(k)) where:

Bret Lo(k) =~ Gr¥" " Ker Ny : (L/N1L) — L/N,L)[~1],

T

N (11.16)
@Srep,r La(k) = Gt} Coker Ny : (L/N1L) — (L/N1L)[-2]

Since k < r, the formula does not cover all Coker Ny but covers Grf‘i 122 , and
Ly ~0 for k=1 or r + 1. In particular:

HY(Lsy) ~ Gt “Ker Ny : (L/N1L) — L/N{L),
H?(Ly) ~ @51 Coker N ~ Gr'V, Coker Ny : (L/N1L) — (L/N1L).
12

Sub-lemma . H'(Ly) ~ Gr)V Ker Ny : (L/N,L) — L/N,L),

Hi(Ly) =0 ifi #1.

We apply a similar argument to Ly: Ny : @k>r+1GrK1; Grk — GrWnGrk 9
is injective on GrZV since k > 1 as r > 0, hence

Li[1] = ®k>r4+1Gr, W Prim Gr,ZV_IQ, LZ[1~] = @k>r+1GrK1;Prim GrkW_12
then Ny : GrW(,iV_fQ)Prim Gryly — Gr}f‘i(,iv 2 Prim Gr), is surjective since
r —k < —1, hence H'(Ly) = 0 for i # 1, while:

HY(Ly) = Gr'"“Ker (N : L/N\L — L/N, L)

Corollary 11.4. Forr = 0, C{ Lis acyclic. Forr > 1, H(CEXL) = 0 ifi # 2
and H*(CKL) ~ Gi"') (L/(N1L + N»L)),

Indeed, iy : H*(Ly) — H'(Ly4) is an isomorphism.
From now on, we assume:

LE .= HEI(CKL), CKL ~ LE[-|K|], CKL ~0 (11.17)
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The complex CEML is related to CX L by the following formula
CEM[ ~ [C*(CE L) ~ IC*(LE)

where IC*(CK L) is the simple complex defined by application of IC* to each
term of CX L.

Lemma 11.7 (decomposition). let (L, N;,i € M) be a nilpotent orbit. For
all subsets K C M there exist canonical embeddings of CEKML in GrMQ*L
inducing a quasi-isomorphism (decomposition as a direct sum in the derived
category)

GrlV (L) =2 &g CEML, GriV (2°L) ~ 0 (11.18)

The proof is based on the following elementary remark:

Let W' for i = 1,2 be two increasing filtrations on an object V of an
abelian category and a; two integers, then we have an exact sequence:

0 = W2_,GrlV' e WL _Grl" — WL nW2 /WL _  nW2_, —
Griv' GriV* 0
The proof of the lemma is by induction by repeating such exact sequences
on the terms of the combinatorial sum ([E 08], Theorem A.30).

11.3.0.4 Mixed case

In the case of a VMHS (£, W, F) on X \ Y we define a structure of MHC on
£2* L. The global construction is reduced to the following local case expressed
in terms of an IMHS (L, W°, F, N;,i € M) attached to a point = € Y};.

In the definition (11.5) we consider now for each sy € S(M) the relative
monodromy filtration on L M* := W(Ny,,W?)) where Ny, := >,.. N;
with respect to the constant filtration W° defined on L by Deligne’s extension
of the locally constant filtration W° on L.

Let as, (J,7) = |sa| — 2|sx N J| + 7, we consider on the combinatorial de
Rham complex 2*L ~ s(£2* L) cs(n various filtrations

M.(J,s)= (| M> ;L. Wi(J,s)L=WNM.(Js.)L
aSA(J,T)
S)ESs.
MT(Q*L) = S(MT(Jvs'))JCM,s.ES(M)7FT(Q*L) = S(Fr_lJlL)JCM,s.GS(M)

W,.(£2°L) = s(W,.(J, 5~))JCM,s.ES(M)
(11.19)

Definition 11.7. The bifiltered complex (£2*L, W° W, F) sum of the com-
binatorial de Rham complex 2*L ~ s(£2*L) cs(ar) is endowed with

1. the constant filtration W9 defined by Deligne’s extension of the locally
constant filtration W9 on L,
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2. the weight filtration W (Equation 11.19) and Hodge filtration F.

Lemma 11.8 (decomposition). let (L, W% N;,i € M) be an IMHS. There

exist a canonical quasi-isomorphism (decomposition as a direct sum in terms
0. .

of GrV" L in the pure case

GrW(2°L) = I1C*(GrV' L) @per GrW  (27(GrV° L) (11.20)
Proof. We use the exact sequence for each J C M, (s.) C S(M)

0— M(J,s)r_1GrV" @ WroflGrq{V[(J’S‘) — GV Us) Gm]«wu’s')GerO -0
The first term may be expressed in terms of W (J, s.) of the pure case GTXVOL
M(J,8)r1GrV L =W(J,s.)_1(Gr¥"L)

(Equation 11.11). By (Lemma 11.5) the sum is the intersection complex
s(M(J, 5-)r71GT¥VOL)JCM,s.eS(M) = IC*<G7“¥VDL)
The second term decomposes into the sum of pure cases
Gri WO |~y GeMISI GV L = @, GV D (GrVO L)
The sum over J C M,s. € S(M) decomposes as a sum of pure cases
(GTM(JS )WO 1)JCM,s.eS(M) = Orer GV Q5 (Gr)Y )
While the sum of the last term vanish by equation 11.18:
s(Gr G L) e ar.eson = Gry 24(GrlY°L) =0

Example 11.4. For n =1, x a singular point of L, K = M ==z

L=(L 0, W, =M, nWOL 2 Ml Awor)

G (2°L) =~ (Gr)L, WP, 5 Gl W) & (MP G 25 M ,Gr)
CML = (GrM WO 1L My M WO L)
™ — (are™” My LGV

By the basic property of M1: Grr+11 WO L~ @k@GerGrWO L,
the complex Gr)V CL ~ @p<,— 1C’ L splits into a sum where

Cl (GrTHGr,C RN = arM 1Grk L)~

(G e L A e G 1)

Since 7 —k — 1 > 0,C}, L[1] =~ PrimGr,_ fvl,gGrkWOL is a polarized HS of

weight 7 — 1. Moreover C?M ~ Ker Ny : M}Gr?¥ we Mrl_QGrZVO) coincides
with IC*L .

The sheaf with restriction to the complement of 2 is GrY" £ and with fiber
C?M coincides with j, L.
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11.3.0.5 Global weight filtration on 2*L

Let (L, W F) be a graded admissible polarized variation of MHS on X* :=
X\ Y. There exists a filtration W on £2*L, extending W° on £, which coin-
cides locally with the various local weight filtrations at points € Y (Defi-
nition 11.7), by the isomorphism 2*L ~ (£2*L),. We deduce:

Theorem 11.1. Let (L,W° F) be a graded polarized admissible VMHS on
X\Y. There exists a weight filtration W by perverse sub-sheaves on the loga-
rithmic complex with coefficients Lx, and a Hodge filtration F' by complezxes
of analytic sub-sheaves such that the bi-filtered complex

2°L:= (2% LogY)® Lx, W, F) (11.21)
induces a MHS on the cohomology groups H! (X \ Y, L).

Let Gr,ZVOL denote the graded polarized VHS defined by (L, W°) on X \ Y

and let W be the combinatorial weight filtration defined on .Q*(Gr,‘?/o L) in
(§11.3), we deduce from (Lemma 11.8):

GriV(2°L) 2 IC*(GrV’' L) @y G2V 2% (G’ L) (11.22)
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