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1 September 19 (Harold Blum)

Today we will discuss basic properties of D-modules. Note X will always be a smooth complex variety.

1.1 Definitions [HTTO08, §1.1]
Let ©x be the sheaf of derivations on X, that is,

Ox =Dercy, (Ox) ={0 € Endcy | 0(fg) = 0(f)g+ f0(g) for all f,g € Ox},

where “s € .#” for a sheaf .# denotes a local section s of .%. Both ©x and the structure sheaf Ox are
subsheaves of End(Ox), where f € Ox corresponds to [Ox 3 g— fg € Ox]| € Endc, (Ox).

Definition 1.1. The sheaf of differential operators on X is defined as
DX = <@X, Ox> Q Snd((’)x),
that is, Dx is the sub-C-algebra of End(Ox) generated by O x and Ox.

Remark 1.2. Over singular varieties, you can still study this ring of differential operators, but it is pretty
crazy (e.g., it is not finitely generated), and so the notion of a D-module is defined differently. Let Z be a
singular variety, and suppose that it can be embedded into a smooth variety X. Then, we define D z-modules
as those Dx-modules with support on Z. By Kashiwara’s theorem, this definition is independent of the
embedding Z — X. Even if there isn’t such an embedding, you can define D z-modules locally by embedding
Z locally, and patching together.

We can also describe Dx locally using coordinates. Let U be an affine open, and let {x;} be a local
coordinate system, which we recall is a set {z;,0;} where z; € Ox(U) and 0; € ©x(U), such that

n
05,01 =0, 9i(z;) =6i5, Ov =D Ou
i=1
and which exists by [HTT08, Thm. A.5.1]. Then, we have
Dy = @ opo”
aeN™

where 0% = 97" - -- 99". You can check that these 9* indeed generate Dy over Oy, and that they are also
independent over Oy as is done for U =2 A™ in [Cou95, Ch. 1].

Definition 1.3. We define the order filtration F' on Dy locally by
FDy =Y Oyd*.
|| <t
You can also define the filtration globally by
FyDx(V):={P € Dx(V) | Ply € F,D(U) for all open affine U C X}.

Remark 1.4. Since this definition requires a choice of coordinates, you need to check that using commutator
relations does not increase the order, and that the order is independent of coordinate systems. On the other
hand, you can also define the order filtration more intrinsically as in [Cou95, Ch. 3] as follows:

FoDx = Ox, FyDx = {P S 8%6[()(0)() | [P,g} € Fy_1Dx for all g € Ox}

Coutinho in [Cou95, Thm. 3.2.3] shows that these two definitions are equivalent, at least for A™.

Remark 1.5. Recall the Bernstein filtration defined in [Cou95, Ch. 1]. This filtration doesn’t make sense
globally, in particular because it doesn’t even exhaust everything: not all functions can be written as
polynomials. However, the Bernstein filtration is easier to prove things with than the order filtration when it
can be defined, especially when studying holonomicity.
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Note 1.6. If P € F,,,Dx and Q € F,Dx, then P-Q € F,,,1,,Dx by [Cou95, Prop. 3.1.2]. We can also show
[P,Q] € Fin4n—1Dx by induction on m + n. If m +n = 0, then the claim is clear; for m + n > 0, we use
Jacobi’s identity to obtain

([P, Q9] = Q. g, PIl + [P, @, ],
and by induction, [g, P] € F,,_1Dx and [Q,g] € F,,_1Dx, so [Q,[g, P]] and [P, [Q, ¢]] are in Fp,4p_2Dx.

Definition 1.7. The graded ring associated to the filtration F' on Dx is defined as
o0
grf’ Dy = @grf(px), gr¥(Dx) == F;Dx /F;_1Dx.
£=0
By Note 1.6, we have
Key Property 1.8. gr/’ Dy is commutative.

Note 1.9. Key Property 1.8 implies that there exists a map Sym©x — grf’ Dy of Ox-algebras, by the
universal property of the symmetric algebra. This map is in fact an isomorphism: locally, if U C X is an
affine open set, with local coordinates {z;, 9;}, then

ngDU = OU[glvu'agn]v

where the &; are the images of 9; in gr’ Dyy. Thus, we have an isomorphism m,Or«x — grf’ Dx, where
m: T*X — X is the cotangent bundle on X.

Definition 1.10. A left D-module is a sheaf M on X such that M (U) is a left Dx (U)-module for each
open U C X. A right D-module is defined similarly.
We denote by Mod(Dx) the collection of left D-modules, and Mod (D<) the collection of right D-modules.

Example 1.11. Consider s differential operators Py,..., Ps € Dan. Then, consider

M= N Pyt kDA,
Claim [Cou95, Thm. 6.1.2]. Homp . (M,Oan) = {f € Oan | P,f =0 for all i}.
Proof. If ¢ € Homp ., (M, Oan), then we can look at ¢(1) = f. We know
0=¢(F;-1) = Pip(l) = B(f).
In the other direction, you can send 1 to f.
Alternatively, this is really something general about maps R/I — R. O

1.2 The correspondence between D-modules and connections [HTT08, §1.2]

Proposition 1.12. Suppose M is an Ox-module. Then, giving a (left) D-module structure on M which
extends its Ox-module structure is equivalent to giving a C-linear map

V:0 — &ndc(M)
91—>V9

satisfying the following properties:
(1) Vyo(s) = fVg(s)
(2) Vo(fs) =06(f)s+ fVa(s)
(3) Vio,,0.1(s) = [V, Vo,](s)
where f € Ox, 0,01,0 € Ox, and s € M.

There isn’t too much to show, since Dx is generated by Ox and Ox, and satisfies the key relation
[0, f] = 0(f) from [HTTO8, Exc. 1.1.1(4)].



Note 1.13. When M is locally free, a map V satisfying (1) and (2) is called a connection, and is called an
integrable or flat connection if it satisfies (3) as well.

Proposition 1.12 also has an adjoint description: a map V: ©® — Endc(M) is equivalent to a map
V*: M — Q® M, since in the forward direction, you can define

VM — Q®c M
ul—>ZdIi®VaZ_(u)

and in the opposite direction, you can define

V:0 — End(M)
Dv+— [u— (D®1)V*u]

The conditions (1) and (2) above then translate to
(1*) The map V* in fact descends to a map M — Q ®p, M;

(2%) V*(fu) = fV*(u) +df @ u.
To formulate (3*), we note that (1*) and (2*) imply that there exist unique maps

oMot M (1.1)
for each p, such that for every w; € Q9 and av € QP79 ® M, we have

V* (w1 Aa) =dw A+ (—1)%w; A Via.

Now we can formulate the integrability condition:
(3*) The composition

MY 0®0, M 5020 M

is zero, and using the map V* in (1.1) to extend this sequence of maps, the resulting chain is in fact a
complex.
In this way, the adjoint description of Proposition 1.12 gives the de Rham complex for free. This is often
used by people who study dg-algebras, since the de Rham complex forms a dg-algebra with multiplication
given by the map V*.
Since vector bundles with integrable connection have vanishing Chern classes, we have

Claim 1.14. Let X be a smooth projective curve, and £ a line bundle on X. Then, £ has a Dx-module
structure if and only if deg &£ = 0.
1.3 The relationship between left and right D-modules [HTTO08, §1.2]

We want to take M € Mod(Dx), and associate to it a right D-module Mg € Mod(D$). Locally, this is
simple and is done in [Cou95, §16.2]: if {z;,d;} are local coordinates, and P =" _ an(2)0* € Dx, then

tP Z \a|8o¢ )

which satisfies "PQ = Q" P, that is, '~ gives a ring anti-automorphism of Dx. If M € Mod(Dx), we can
get a right action by setting
m-P:='P-m, meM, Pc Dx.

Since m - (PQ) ='Q'P-m = (m - 'P)Q, this definition gives a right Dx-module structure on M.
Now we globalize this construction. It turns out we need to use the sheaf of n-forms to make this work.

Claim 1.15. Q% has a natural right Dx-module structure, given by
w0 =—(Lief)w, (1.2)

where Lie is the Lie derivative, defined below.



Definition 1.16. The Lie derivative of a differential operator § € Dx is the map

Lief: Q% — Q%
wr— 0w (0, ...,0,)) =Y w(b,....[0,6:],....0,)

i=1

The Lie derivative comes from differential geometry, and satisfies the following properties:
(1) (Lie[fy,6s])w = [Lie 0y, Lie O5]w;
(2) (Lie0)(fw) = f((LieO)w) + 0(f)w;
(3) (Lie(f0))w = (Lie8)(fw).
Properties (1) and (3) turn the definition in (1.2) into a right Dx-action. Property (1) also explains the sign
in (1.2): without the negative sign, we would have a left D x-action, instead of a right D x-action.
Locally, we have fdxi A--- Adx, - P = ("Pf)dxy A--- A dzy; also, the right D-module structure on Q%
gives a map
D¥ — Endc ().

Proposition 1.17 (Tensoring D-modules). Let M, N € Mod(Dx) and M’ € Mod(DS). Then,
(i) M ®p, N € Mod(Dx), with the left action given by - (m®@n) = (fm) @n+ mQ (6n);
(i) M’ ®0, N € Mod(DSF), with the right action given by (m’ @ n)§ = m’'0 @ n —m’ @ 6n.
Here, § € Ox.

We give an example of how to prove this, using the connection formulation 1.12:
Proof of (i). Condition (3) says that 8(f(m ®@n)) = 6(f)(m®@n) + f(6(m ®@n)), which we can check:

0(f(m®@mn)) =6(fm@n)
Ofm)@n+ fmcon

=Of)m@n+ fO(m)®n+ fm @ on

=0(f)m@n+ fO(m) @n+ fm @ 6(n)

=0(f)(m@n)+ f(0(m®n)) -
Note it’s not clear that the formulas in Proposition 1.17 that the actions are balanced.

Proposition 1.18. We have an equivalence of categories
Q% ®oy —: Mod(Dx) — Mod(DY),

with quasi-inverse given by (%)Y @, —.

1.4 D-modules that are coherent over O [HTT08, Thm. 1.4.10]
Proposition 1.19. If M is a Dx-module, and M is coherent over Ox, then M is locally free.

Proof. The idea is to work locally; we want to show that for all closed points = € X, the module M, is free.
Choose local coordinates {z;, 9;}. By Nakayama’s lemma, there exist sections s1, ..., s,, € M, that generate
M., such that 31,...,3, € M,/m, M, form a basis for this vector space. We want to show that s1,...,sn,
have no non-trivial relation. Assume ) f;s; = 0, where f; € Ox ,. Define the order ord, f of f € Ox , as
max{/ | f € m}. If the minimal order of the f; is zero, then the residue of Y f;s; = 0 in Ox . /m, gives a
non-trivial relation on the 3;, which is a contradiction. Otherwise, let iy be the index such that ord,(f;,) is
minimal, and choose j such that 0f;/0x; # 0. Then, we can act on the relation ) f;s; = 0 by 9; to obtain

ofi
Z(ajfi)si = Z <8xfj> Si + Zfiajsi =0.

Since

8fi0
ord, ( oz, ) < ordg(fi,) < ord;(fi)

7



for all ¢ by choice of i, writing d;s; =Y, h};sk, we can combine terms to get a non-trivial relation

Zgisi =0

where 5
min{ord,(g;)} < ordz( fi”) .
i Oz
Thus, repeating this process gives relations ) | fiso = 0 with ever-decreasing minimal orders, and so eventually
we have a non-trivial relation Y h;s; = 0 with h; € Ox ,/m, = C, contradicting our choice of s;. O]

2 September 26: The Classical Riemann—Hilbert Correspondence
(Mircea Mustata)

The basic framework for this theorem is the analytic category. We will explain how to get back to the
algebraic case using GAGA, as long as the variety we are working with is complete.
Let X be a connected complex manifold. Then, recall the following definition:

Definition 2.1. A local system on X is a sheaf L of C-vector spaces on X, such that locally, L ~ C", where
r is called the rank of .. These form a category Loc, where morphisms are morphisms as sheaves.

The basic fact about local systems is the following:

Fact 2.2. There is an equivalence of categories
Local systems Finite-dimensional
on X | representations of 7 (X, )
where a local system L is defined by looking at the monodromy action of an element of 71 (X, ) on a stalk

L, to get a representation m(X,x) — GL(Ly).

Remark 2.3. A local system is different from a vector bundle, which is locally C™ x U.

Before stating the Theorem, we define morphisms in the other category involved:

Definition 2.4. A morphism ¢: (E,V) — (E’, V') of vector bundles with integrable connection is a morphism
p: E — E' of sheaves (hence, of vector bundles by Proposition 1.19) such that the diagram

E-Y L 00F

o| |10

E Y5 00F
commutes. In particular, this implies both cok ¢ and ker ¢ carry integrable connections.

Theorem 2.5 (Riemann—Hilbert Correspondence). There is an equivalence of categories
Local systems Vector bundles with
{ on X } = {integmble connection}
where the functor F from local systems to vector bundles with integrable connection is given by
F: L— (L®c Ox,1r ®d)

where Ox is the sheaf of holomorphic functions, and the connection 1p ® d is defined to be the composition

L&c Oy 2% (L®c Ox) ®oy 2x =L ®c Qx,

and the functor G in the other direction is given by
G: (BE,V)+— (kerV C E).
8



One part of the proof is clear:

Proof that Go F ~id. It’s clear that (L ®c Ox, 1, ® d) is a vector bundle with integrable connection, and
since ker(Ox — Qx) = C because sections of Ox with vanishing derivative are constant, we have that

(GoF)(L) =ker(1®d) = L ®c ker(Ox — Qx) ~ L. O

The subtle part is to show that if (E, V) is a vector bundle with integrable connection, then ker V is a
local system, and that the canonical morphism

(FoG)(E,V)=(kerV®c0Ox)— E

is an isomorphism. This is a local assertion, so you can check this locally with a system of coordinates (that
is, we can assume X C C" is open with coordinates z1,...,z,), and assume that E = Og?" is moreover
trivial, with basis eq,...,e,.

Given these simplifications, a connection V on F is described by saying where each e; goes:

Vi(e;) = Z Z Ffjdxz' & €k,
i=1 k=1

where the Ffj are Christoffel coefficients. Our goal will be to describe the integrability condition into a
geometric condition.

Definition 2.6. A flat section is a section s = (s1,...,8,) € ker V C T'(E).

The condition that s € ker V can be written as V(> sje;) = 0, which is equivalent to

0s -
LA
8:5,»
j

k _
Fiij =0
1

for all i < n, k < r, which is a linear system of partial differential equations.
The condition that V is integrable is that V(V(e;)) = 0, which means

V(fojdm ® ek> —0 for all j.
ik

The left-hand side is
(d(T}; dw;) ® ex — T, da; AV (ex)) -
ik

27

The condition is therefore

ory. ori.
gns e+ 2 (P - T rh) =0
p b k=1
foralli,p <n, j,qg <.
Now consider the total space E, which is just Y = X x C" 5 X with coordinates (z1,...,Zn, Y1, --,Yr),
and consider the following vector fields on Y:

ui:arﬁz fojyj Oy, forl<i<n.

k=1 \j=1

These vy, ...,v, span a subbundle F' C TY of rank n, since these v;’s are independent at every point. We
first note that [v;,v;] = 0 for all 4, j, and so [F, F| C F, since if uq =), f;v; and ug = > g;v;, then [u1,us] is
a linear combination of the v;:

fivi(gjv;)(h) — gjvi(fivi)(h) = fivi(gjvi(h)) — gjv;(fivi(h))
= fivi(gj)v;(h) + figjvi(v;i(h)) — gjvi(fi)vi(h) — g; fivi(vi(h))
= (fivi(gj)v; — gjvi(fi)vi) (h)
9



The integrability condition can be translated into the condition that [v;,v;] = 0 for all ¢, j.
Frobenius theorem asks for an integrable submanifold in 7Y such that the tangent bundle is precisely F'.
More precisely, the integrability condition implied [F, F] C F above, which implies

Theorem 2.7 (Frobenius). For all y € Y, there exists a submanifold W, — Y containing y such that
T.Wy, = F, for all z € W,. Moreover, this is unique in a neighborhood of y.

Now consider a section s: X — X x C” of the bundle projection 7: ¥ = X x C" — X, given by
T }i) (l’, Sl(x)a cety Sn(l'))
The condition for integrability is that T, s(X) C Fy,y for all p € X. But

T,X — Tx(X xC")
n 9s; ?
v (u, (Zj:l ‘%J‘uj)1<i<r>
and so the condition Ty,ys(X) C Fy(p) is equivalent to
651‘ " k
e, =~ 2T
J k=1

for all ¢, j. This is exactly the condition V(s) = 0.
Given a point z € X, consider the following map:

Ty(pys(X) = ds(T,X) = im

(kerV), — E, — E,/m,E, = C". (%)
Step 1. The map (x) is injective.
Proof. Suppose s € ker V — 0 € C", i.e., this says that s;(z) = -+ = s,.(x) = 0. Since s(X) is an integrable
submanifold for F' C TY, and the same holds for the zero section, this implies that s = 0 in a neighborhood
of x by local uniqueness. O

Step 2. The map (x) is also surjective, i.e., “there are enough flat sections.”

Proof. Consider a = (a,...,q,) € C" = 7~ !(x), and let W an integrable submanifold of Y through the
point (z,a). Then,
We——Y

N

By construction, this diagonal map is a local diffeomorphism at z. This means that W is isomorphic to X,
i.e., X is the image of a section s of £ = OY" in a neighborhood U of x such that W = s(U) around (z, @).
This implies that V(s) =0, and s(z) = (z, a). O

Step 3. Fix € X, We know that (kerV), ~ C", and so there exists a neighborhood U of z and
V CT'(U,ker V) such that V ~ (ker V),, and so we have a morphism

V®c®u = E,

such that at x, it induces V ~ E(z). In particular, after replacing U by a smaller subset, we may assume
that this is an isomorphism of vector bundles on U. If 2’ € U, then

V —— (ker V),
\ f
E(z))

implies that V' ~ (ker V),+. This implies that L|y ~ V. O
10



Corollary 2.8. If (E,V) is a vector bundle with integrable connection, then the de Rham complex

0—FE-L00FE L A00E - S AMQQ E — 0
s a resolution of ker V.

Proof. By Riemann—Hilbert, this is L&c¢ the usual de Rham complex on X. A version of the Poincaré lemma
(for holomorphic forms) says the usual de Rham complex is a resolution of Ox. O

This is in fact an analytic story; you want to say that analytic vector bundles with connection are the
same as algebraic vector bundles with connection. But the connection is not a linear object, so you have to
be a bit careful, and can’t just apply GAGA!

Corollary 2.9. If X is a complete complex algebraic variety, then
{ Algebraic vector bundles } { Analytic vector bundles }
4

with integrable connection with integrable connection

Proof. We want to use GAGA, but for this we need to interpret V as an Ox-linear map, i.e., we need to
“linearize” the integrable connection.

Consider A: X — X x X the diagonal embedding, and let .# be the ideal defining X. Then, & =
Oxxx/#?. This is a sheaf supported on X, with two Ox-module structures: one coming from left, induced
by the first projection p;: X x X — X, and the other coming from the right, induced by the second projection
p2: X x X = X. We have an exact sequence

0— 7/)5° P T Ox 0

@ # QX/C

andd(f)=fel-1fec s/72

Claim 2.10. A connection on E is the same as giving an Ox-linear map ¢p: E — & Qo E, such that
(r®1) o =id, where you use the right Ox-module structure on & for ® then the left Ox-module structure
on E to make P @0, E into an Ox-module.

Proof. Such ¢ is given by p(e) = (1 ® 1) @ e + V(e), where V(e) € #/ %2R0, E. V(fe) = fV(e) + (f @
1-1® f)®eifand only if p(fe) — (1@ 1)@ fe=(f-ple) — f- (1@1®e))+ (f®1-1® f) ® e, which is
equivalent to p(fe) = fy(e) since (1®1)®@ fe=(1Q f)@e,and f- (1Q@1®e)=(f®1)Re.

We therefore have that {algebraic vector bundles with connection} <> {analytic vector bundles with
connection} by GAGA. For integrability: the curvature

I=EFE-L00FE 5 A0 FE
is always O x-linear, hence it vanishes in the algebraic category if and only if it does in the analytic category. [

The issue is much more subtle if you are in the quasi-projective case, in which case you naturally get to
the world of regular singularities. Typically, if you have a quasi-projective variety, you compactify so that the
complement is snc, and you have a condition of regular singularities, i.e., it has log poles on the boundary.
We will come back to this later.

We can for example check compatibility will pullbacks:

V(e;) = Zl’fjdaci ® e,
ik

and so
V(fre;) = Z(PZ‘ o f)d(zk o f)® fre;
.
On the other hand, pushforwards don’t make sense except for smooth maps. If you replace categories to have
constructible systems and holonomic D-modules you do get compatibility.

11



3 September 26 (Harold Blum)
3.1 Good Filtrations [HTTO08, §2.1]

Recall that X denotes a smooth variety over C, and that Dx denotes the ring of differential operators. We
have defined the order filtration FyDx on Dx (Definition 1.3), which locally given by saying that on an open
affine subset U C X, with a trivialization {x;,9;} of the tangent bundle, we have

F,Dx(U) = € 0vo*,

la|<e

where @ € N™ and |o| = > «;. We can look at the graded ring

gr’ Dx = (P FiDx/Fi1Dx,
L

which is commutative, and on open affines U of the form above, grf’ Dx (U) = Op[&y, .. ., &,], where & = 0;.
Now what we want to do is to take a D-module M € Modq.(Dx) that is quasi-coherent over Ox, and
associate to it a graded module over gr¥ Dx.

Definition 3.1. Let M € Modq(Dx). Then, we say (M, F) is a filtration of Dx-modules if
e For every integer i, F; M is a quasi-coherent O x-submodule of M

F;M C F; 11 M;

F;M =0 for i < 0;

M = F;M;

FlDX . F]M g Fi+jM.

Once we have one of these filtrations, we can define

grf (M) = @ F;M/F;_1 M.
i€Z
Proposition 3.2. The following conditions are equivalent:

(1) grf" M is coherent over grt’ Dx;
(2) FiM ‘s coherent over Ox for all i, and for ig > 0, F;DxF;)M = Fj;,M.

Proof of (1) = (2). Work locally on an open affine U C X. Choose generators my, ..., ms € grf’ M(U) over
grf’ Dx (U), where m; € Fy,, M \ Fy, , M. Then, for k > max{k;}, the map

Fy 0, Dx @ @® Fy_p, Dy — FxM
mapping e; — m; is surjective. Letting ¢ = max{k;}, the map Fy_,Dx - F;M — F;M is surjective. O

Definition 3.3. If (M, F) is a filtration, where M is a D-module, we say it is a good filtration if one of the
equivalent conditions (1) and (2) hold in the previous Proposition.

The theorem below describes when good filtrations exist, and how different good filtrations are related to
each other. Recall that a coherent Dx is one whose local sections on every open affine set U are of finite
type over Dx (U).

Theorem 3.4.
(1) If M € Modcon(Dx), then there exists a good filtration.
(2) If (M, F) and (M, F’) are two filtrations on M, and F is good, then there exists iy such that F;M C
Fj ;M for alli. In particular, if F, F’ are both good, then choosing the maximum of the two iy values

you get, you have
F_, M cFEMCcF ;M

for all i, i.e., any two good filtrations are not too far apart.

12



Proof of (1). Choose generators my, ..., ms locally on an open affine U. Then, let F;M = F;Dx-(mq,...,ms)
for i > 0, and F;M = 0 for i < 0. The associated graded module gr¥” M is generated in degree 0. Now using
[HTTO8, Cor. 1.4.17), these sections on U extend to global sections of some coherent Ox-sheaf .U which
generate M|y as a Dy-module. The direct sum @, #Y for a finite cover of X gives a coherent Oy module,
which globally generates M as a D x-module. Now we can define the global good filtration in the same way
as in the local description above.

(2) is from Property (2) from Proposition 3.2. O

3.2 Characteristic varieties [HTT08, §2.2]

Let X be a smooth complex variety, and consider again the order filtration Fy;Dx. We can consider the
associated graded ring

grf Dy = @ FyDx/Fi_1Dx ~m.Op+x,
eN

which is commutative. Now let M € Modq.(Dx). If M has a filtration F', then we get a graded module

grf M = @FL;M/FL;_lM
LeZ

over grf’ Dy, where we note that gr’” M is Z-graded in general, in contrast to grf” Dy which is N-graded.
Recall that (M, F) is a good filtration if gr’” M is finitely generated over gr’” Dy; this is equivalent to saying
that each FyM is coherent by Proposition 3.2.

We can then define the following:

Definition 3.5 (Characteristic variety). Let M € Mod.(Dx), and let (M, F') be a good filtration. Then, let

—~

grf' M = Opex @n—1(r.0p- ) atarf M,

which we note is the associated module of gr’” M under relative Spec. Then, we set

ch(M) := Supp gr¥” M.
We can make this more explicit as follows: if we assume X is affine with local coordinates {x;,d;}, then
gr’ Dx = Ox[&, ..., &),

and so ch(M) is given by the ideal \/Ann(grf” M).

Note 3.6. ch(M) is preserved by scalar multiplication on the fibers of T*X — X, since the annihilator is a
homogeneous ideal in Ox[&1, ..., &)
In the sequel, we say that f € Ann(gr!’) is homogeneous of degree p when

f-F;M C Fyypp 1 M.

Theorem 3.7 (Basic properties of the characteristic variety).
(1) ch(M) does not depend on the choice of good filtration;
(2) If0 > M — N — L — 0 is a short exact sequence, ch(N) = ch(M) U ch(L).

The second statement essentially follows by choosing a filtration on N, which induces filtrations on the
others, and gives a relationship between annihilators.
We prove the first statement.

Proof of (1). The idea is to use our result from last time about how good filtrations are related. We work
locally. Suppose (M, F) and (M, F') are good filtrations, and suppose f € Ann(grf” M) is homogeneous of
degree p, and so f™ - FyM C Fyymp—mM. Now let 75 > 0 such that

F!

_io

M C F;M C Fj ; M,
13



which exists by Theorem 3.4. Then,
fm : FéM c fm : F@-H'UM C Fi-‘rioM C Fe+i0+mp—mM - Fé+2io+mp—m,M

which is contained in Fé’_an_1 as long as 2ig — 1m < —1. Thus, f™ € Ann ng/ M. O

Now that the characteristic variety is well-defined, we will talk about a special case.

Proposition 3.8. M € Modeon(Dx ), coherent over Ox. This is equivalent to ch(M) = im{X =N T*X}.

Proof. Choose the filtration F;M = 0 for i < 0, and F;M = M for i > 0, in which case grf’ M =2 M. For the
other direction, assume that ch(M) has a zero section. Suppose that X is affine, with coordinates {xz;, 9;}.
Then,

(€1,. .., &)™ C Ann(gr? M)

for mg > 0. Using properties of the filration as before, you see that F;_1M = F;M = M for ¢ > 0. Since the
F; M are coherent, this shows that M is coherent. O
Example 3.9. Let M = Dx/Dx - P. Then, there is a short exact sequence

0 —gr(Dx-P)—grDx — gr(Dx/Dx -P) — 0

Write P = Py + -+ - 4+ P,, such that each P; is homogeneous of order i, and P, # 0. Then, the left hand side
isgrDx - P.(x,€), and so ch(M) is defined by the radical of the annihilator of P,.(z, ). Note that P,.(z,£) is
called the symbol of P.

This is more subtle when there is more than one differential operator. This is similar to tangent cone
computations, in that taking the symbol of the entire ideal is not the same as taking the symbol of each
generator.

4 October 3: Operations on D-modules (Takumi Murayama)

We will freely use intuition from the study of differential equations on manifolds. Much of the analogies
and motivation for constructions have been taken from [Ber82]; to make them precise, we should probably
mention that basic material on distributions, in particular distributions on manifolds, can be found in the
book(s) by Hormander [Hor03].

To keep track of what is going on, we recall the following motivation that Harold gave:

Example 1.11. Let Py,..., P; be s differential operators on A™. Then, letting

. DA"/
M.i DAnPl"‘""i‘DAnPS’
we had that
Homp,, (M,0O) ~{f € Oan | Pif =0 for all i}.

So a D-module M keeps track of solutions to a system of differential equations.

4.1 Inverse images [HTTO08, §1.3]

Let f: X — Y be a morphism of smooth complex varieties. The map Oy — f.Ox tells us how we can
pullback functions. Since a D-module keeps track of a system of differential equations, we can ask:

Question 4.1. If we pullback a collection of functions that satisfy a system of differential equations, how
does this affect the system that they satisfy?

This is what the inverse image functor will do.

Definition 4.2. Let M be a left Dy-module. Then, its inverse image is defined by
foM = f*M = Ox ®p-10, f~'M,

which is the formula for inverse images of O-modules.

What we need to check is that this new sheaf f°M has a left D-module structure. Note that we use
different notation to differentiate the fact that f°©M has a D-module structure, following [Bor+87, IV 4.1].
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4.1.1 Inverse images of left D-modules

Suppose M is a quasi-coherent Oy-module. Let {y;,0;} be a local coordinate system on Y. For any
Y@ fls € fOM and ¥ € Oy, § € Oy, we can define a left action by

V(W@s) =Y es
0 @s)=0()@s+¢Y Oyiof)@ds

i=1

The second term in (v ® s) can be thought of as a kind of chain rule, and allows the definition to transform
well under change of coordinates. More precisely, we check that the definition is independent of choice of
coordinates, following [Bor+87, VI, 4.1]. Let {y},d}} be another local coordinate system. Then, we have

wze yiof) ®a’s—wz( of) (iof)® (gya s)

1,7,k

=¢Z9(yiof) @ (Os) - [Zay]ayk ]

—wze yi o f) @ (Oks) - O

=w29<yiof>®ais

You can also check that [0;,0;] = 0 implies that this defines a flat connection, and so you get a Dx-module
structure as desired.

Instead of checking the definition transforms well under changes of coordinates, we can also just write
down a global description of this action. First, there is a natural map f*Q} — Q% and so by dualizing on
X, we get a morphism

Ox — [fOy = 0x Qf-10y Oy

0—0=> ¢;®0;
J
and we can define

01 @ s) = 0(¥)) @ s +1b0(s) = O(1)) ®s+wZ¢j ®6;(s).

We note that tracing this description above, you can show that the inverse image is well-behaved under
composition, that is,

Proposition 4.3. Let X Ly % Zbea sequence of morphisms of smooth varieties. Then, (go f)° = f®og°.

Proof following [Mil99, Thm. 10.3(¢)]. This is already true on the level of Ox-modules, and so it suffices to
show the left Dx-module structures match locally, for differential operators of the form 0, :

O, (Y @ 5) =02, (P ® (1® 5))
=0 @ (1@s)+9 Y oy 0 f)@0,,(1®5)
J

= mk¢®5+wzaﬂk(yjOf)®zayg(ziog)®azi5
J [

=00 @5 +¢ Y D, (yy0 f)(Dy,(zi09) 0 f) @ 0ys
4,J

amk¢®5+wzaﬂck(ziOgof)(g)azis'
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Alternatively, it suffices to note that the commutative triangle
Ox —— g0z
[*Oy
implies that the Dx-module structures on (g o f)*M and f*(g*(M)) are the same. O

4.1.2 The sheaf Dx_,y

We want an alternative description of the inverse image functor. Recall from Proposition 1.18 that the functor
Mod(Dx) — Mod(DS) was defined by wx ®o, —. We want a similar description of the inverse image as a
tensor product with a suitable sheaf.

Definition 4.4. We define
Dx_y = f°Dy = Ox ®4-10, f 'Dy,

which has a (Dx, f~!Dy)-bimodule structure: the left Dx-module structure comes from before, and the
right f~!Dy-module structure comes from acting on the right.

By associativity of the tensor product,
f°M ~Dx_y ®-1p, f~'M.
Example 4.5. Let i: A} — A} be the embedding of A" as {y,41 = yr42 = -+ = yn = 0}. Then,
Dx—y = Clz] ®cyy Cly, 9]
~ Clz] @y Cly, 9y,» - -+ 0y, ] ®c ClOy, .., -, 0y,]
~ Dx ®c C[0y,,,,---,0y,].
as a left Dx-module. This is locally true for an arbitrary closed embedding X — Y [HTTO08, Ex. 1.3.2].

4.2 Direct images [HTT08, §1.3]

As before, let f: X — Y be a morphism of smooth algebraic varieties. There is no way to pushforward
regular functions or systems of differential equations on X to those on Y, and so we seem stuck.
This is where the equivalence of left and right D-modules becomes useful. We first recall:

Proposition 1.18. We have an equivalence of categories
wx ®oy —: Mod(Dx) — Mod(DS?),
with quasi-inverse given by w¥% Qo —

We can think of this in terms of systems of differential equations as follows. Solution spaces of functions
are left D-modules, but solution spaces of distributions are right D-modules. And indeed, the functor wx ® —
for the special case M = Ox locally can be described as

fr—dry A - Ndxy ® f,

that is, it transforms a function into a distribution [HTT08, Lem. 1.2.6]. Thus, the functor wx ® — can be
thought of as transforming a system of differential equations for functions, into one for distributions.

Recall that given a distribution (or maybe more correctly, a current) E (say, with compact support) and
amap f: X — Y, we can intergrate E to get a distribution on Y, by the formula (ff E,¢) = (E, f*¢). This
suggests the following:

Question 4.6. If we integrate a collection of distributions that satisfy a system of differential equations,
how does this affect the system that they satisfy?

This is what the direct image functor will do.
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4.2.1 Direct images of right D-modules

Let N be a right Dx-module. We already have a direct image f, N of O-modules, but there’s no natural
right Dy-module structure on f,N:

Example 4.7 [Mil99, p. 46]. Consider the inclusion i of X = {0} into Y = A!. Then, Dx = C and
Dy = Cjz, d]. Consider the module i, Dx = C. This is coherent as an Oy-module, but if it had a Dy -module
structure, it must also be locally free (Proposition 1.19), which it is not.

Alternatively, you can also compute the characteristic variety. Choose the filtration where grf’(i,Dx) = C
in degree 0. The annihilator of grf(i,Dx) in grf Dy ~ Clx,£] is some maximal ideal m, and so the
characteristic variety Ch(i,Dyx) would have dimension 0. This contradicts Bernstein’s inequality [HTTOS,
Cor. 2.3.2], since dim(Ch(i.Dx)) =0 # 1 = dim A

Instead, consider the Ox-module
N ®&py Dx—y,

the right D x-module structure on N and the left D x-module structure on Dx_,y are eaten up by the tensor
product, and so a right f~!Dy-module structure remains. Now if we apply the pushforward, we obtain

f+«(N ®pyx Dxy).

which has a right f.(f~!Dy)-module structure. Finally, using the canonical map Dy — f.f~!Dy, we can
make the following definition:

Definition 4.8. Let N be a right D x-module. Then, its direct image is defined by

foN == f«(N ®py Dxv),

which is a right Dy-module.

Warning 4.9. This definition is not compatible with composition! We shouldn’t expect it to be because it
is the composition of a right-exact functor with a left-exact functor. This will hopefully be clearer when we
define the derived versions of f° and f,.

4.2.2 Direct images of left D-modules and the sheaf Dy, x

Since we prefer left D-modules, we want to rewrite this definition in terms of left D-modules. The trick is to
use Proposition 1.18. What we want to do is to find a functor fitting into the commutative diagram below:

Mod(Dx) ----- + Mod(Dy)

wx®oyx — |2 wy ®oy —

Mod(D%) —L= Mod(D%)

Since wy. ® — is a quasi-inverse for the vertical functor on the right, we compose around the square to get a
candidate for the direct image of a left Dx-module M:

wﬂ\ﬁ ®oy fO(wX Rox M) = wi\ﬁ Roy f*((wX RPox M) ®Dx DX—)Y)
~ wy ®oy ful(wx ®ox Dx-y) @py M)
~ f((wx ®ox Dx—y @10, fwy) @p, M)
where the second line is an isomorphism of the input of f, by Lemma [HTT08, Lem. 1.2.11], and the third
line is an isomorphism of Oy-modules by the projection formula.

Much like in the case for inverse images, we give the part of this formula that does not contain M a name,
and restate the definition of the inverse image with this new sheaf.
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Definition 4.10. We define
Dy, x =wx ®ox Dx oy @10, [wy,

which has a (f~!Dy, Dx)-bimodule structure: Dx_,y has the opposite structure, and the leftmost and
rightmost factors switch these.

Remark 4.11. Dx_,y and Dy x are called the transfer bimodules for f: X — Y by [HTT08].

Definition 4.12. Let M be a left Dx-module. Then, its direct image is defined by

foM = f.(Dyx ®p, M)
Lemma 4.13. We have the following alternate descriptions of Dy x as a (f~'Dy, Dx)-bimodule:
Dy x ~ ["HDy ®oy wy) ®f-10, wx ~ Dx_y ®ox Wx/y,
where the bimodule structure is described in [HTT08, Lem. 1.3.4].
Proof. We just use the definition of Dx _,y:
Dy x =wx ®oy Dxy ®@f-10, [ wy

=wx Qoy (OX Qf-10y fﬁlDy) Qf-10y f*1w¥

~wx Qf-10 f_lDy Qf-10y f_lw;ﬁ

~wy ®p-10y Dy ®o, wy)

= wx ®f71(9y f_l(w)\ﬁ ®oy D;,p ®oy Wy Qo wlv/)

~wx @10, [ (WY @0y DY)

~ ' (Dy ®o, wy) ®j-10, Wx
where the third isomorphism is by [HTT08, Lem. 1.2.7], and the last isomorphism is given by
wRNAP°+— PRnNAw.
The second description follows by definition of the inverse image of O-modules:
Dy x ~ f"HDy ®oy wy) ®f-10, wx =~ f*(Dy Qo, wy) ®ox wx = [*Dy Roy wx/y- O
We return to the example of an embedding of affine spaces:

Example 4.14. Recall the situation of Example 4.5. We have an embedding i: A7 — A} of A" as
{Yrt1 =Yr42 = -+ = yn = 0}. Then, i 'wy ®;-10, wx can be identified with Ox via the section

(dy1 A+ A dyn)@)*1 ® (dxy A -+ - ANdzy),

and so
Dy _x ~ C[g,@] ®C[H] C[@] ~ C[ayr+1,. .. ,(9yn] ®c Dx.

Again, this is locally true for an arbitrary closed embedding X — Y [HTT08, Ex. 1.3.5].

Remark 4.15. For reasons of symmetry, we can also define the inverse image functor for right D-modules,
following [Bor+87, p. 244]. Let f: X — Y be a morphism of smooth complex varieties, and let M be a right
Dy-module. Its inverse image is

fO(M) = f"'M ®p-1p, Dy x.
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4.3 The derived category of D-modules [HTTO08, §§1.4-1.5]

We assume from now on that all algebraic varieties are quasiprojective.
We saw in §3.1 that it is nicest to work with quasi-coherent D-modules. To make the derived functor
machinery work, we will see that this is also essential because we will need locally projective resolutions.

Notation 4.16. We denote Modq.(Dx) to be the category of Dx-modules that are also quasi-coherent
Ox-modules, and we denote Mod.(Dx) to be the subcategory of Modq(Dx) consisting of modules that are
coherent as D x-modules.

We mainly work with the bounded derived category.

Definition 4.17. We denote by DZC(DX) (resp. D?(Dx)) the full subcategory of D?(Dx) with cohomology

sheaves in Modgc(Dx) (resp. Mod.(Dx)). We can get analogous definitions for D (Dx), the category of
complexes that are bounded to the left.

Proposition 4.18 [HTTO08, Props. 1.4.14, 1.4.18; Cor. 1.4.19]. Let X be a quasi-projective variety, and let
M € Modgc(Dx). Then,

(1) M has a resolution by injective objects in Modgc(Dx);

(12) M has a resolution by locally free objects in Modgc(Dx);
(t4i) M has a finite resolution by locally projective objects in Modqc(Dx) of length < 2dim X .

Thus, any object in DZC(DX) can be represented by a bounded complex of locally projective objects in
MOdqc(Dx).
If M € Mod(Dx), then all sheaves in the resolutions in (it) and (iii) can be taken to be of finite rank.

This will allow us to define the derived versions of functors of D-modules.

Remark 4.19. There are equivalences of categories Dgc(DX) ~ D”(Modg(Dx)) and D2(Dx) ~ D’(Mod.(Dx))
[HTT0S, Thm. 1.5.7].

Note we will be defining derived functors for complexes in D?(Dyx) which do not have quasicoherent
cohomology (at least at first), and so we need resolutions for these objects as well:

Lemma 4.20 [HTTO08, Lem. 1.5.2]. Let R be a sheaf of rings on a topological space X, and let M € Mod(R).
Then,

(1) M has a resolution by injective objects in Mod(R);

(i9) M has a resolution by flat objects in Mod(R).

4.4 Derived inverse images and shifted inverse images [HTT08, §1.5]

Definition 4.21. Let f: X — Y be a morphism of smooth quasi-projective complex varieties. We define
the derived inverse image functor

Lf°: D’(Dy) — D°(Dx)
M® — Dx_y @Y p, f7IM®
by using a flat resolution as in Lemma 4.20.

Proposition 4.22. Lf° descends to a functor DZC(Dy) — DgC(DX).

Proof. A complex M*® € DZC(DY) is quasi-isomorphic to a bounded complex of locally projective objects P°.
Now as complexes of Dx-modules,

Lf°M® =Dx_y % 1p, f7'P*
~ (Ox ®j-10, J ' Dy) ®p-1p, [P
~ OX ®f‘10y f_lp.
~ f*P°,
which has quasi-coherent cohomology. O
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Warning 4.23. The functor Lf° does not necessarily descend to a functor D?(Dy) — D?(Dx)! First note
LfODY = DX_>Y ®?-1DY fﬁlDy = Dx_>y.

In Example 4.5, we saw that Dx_,y was locally free of infinite rank, and so Lf°Dy = Dx_,y ¢ sz(DX).

For convenience later on (especially when discussing Kashiwara’s equivalence, adjointness, and the
Riemann—Hilbert correspondence), we will introduce a shift in degree into the derived inverse image functor.
To those of you who know about perverse sheaves, this amounts to preserving perversity.

Definition 4.24. Let f: X — Y be a morphism of smooth quasi-projective complex varieties. We define
the shifted inverse image functor

fT: D*(Dy) — D(Dx)
M® — Lf°M*®[dim X — dimY]
where (M*[dim X — dim Y])? = pitdim X—dimY",
Proposition 4.25. Let X Ly % Zbea sequence of morphisms of smooth varieties. Then,
L(go f)* ~Lf°oLg’,  (gof)f=/Tog"

Proof. This follows by the Grothendieck spectral sequence, since f° preserves flat complexes [Bor+87, VI,
Prop. 4.3], and any complex of modules has a flat resolution by Lemma 4.20. We also present the proof in
[HTTO8, Prop. 1.5.11]. First, we have a chain of isomorphisms of (Dx, (g o f)~'Dz)-bimodules

Dx_y ®F1p, [T Dyoz = (Ox @10, [ Dy) @ 1p, 7 (Oy ®g-10, 9" Dz)
~ (Ox ®p-10y [ 'Dy) @F-1p, (f 'Oy ®gopy-10, (90 f) ' Dz)
= (Ox @10, [ 'Dy) ®@F-1p, (fT1O0y @fop)-10, (90 )" Dz)
~ Ox @(gop)-10, (9°F) ' Dz
=Dx_z

where we use repeatedly that D is a locally free O-module. We therefore have

L(go f)°(M®) = Dx sz ®(,0p)-1py (g0 )" M*
~ (Dx—y @f-1p, I~ Dyosz) ®F1gap, f7g7 M
~Dx_ vy ®?*1Dy f'(Dyoz @{FIDY 9~ 'M)
= Lf°(Lg®(M*)). 0
We now present an example of (shifted) inverse images.

Example 4.26 (Open embeddings). Let j: U < X be an open embedding into a smooth algebraic variety
X. Then, j~! is just restriction to U, and so in particular, Dy x = j~'Dx = Dy, and jT = Lj° = j~L

5 October 10 and October 17: Operations on D-modules (Takumi
Murayama)

Today, we want to describe the derived inverse image functor (in more detail) and the derived direct image.
We first give some motivation for the specific examples we will be studying in both contexts.
Let f: X — Y be any morphism of smooth quasi-projective varieties. We can factor this map f as
r
X L Xxxy 2y, (5.1)
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where I'; is a closed immersion since it is the base change of the diagonal A: Y =Y xY,and X xY =Y
is a projection map. Therefore, to understand inverse images and direct images of D-modules, it suffices to
understand closed immersions and projections separately.

Along the way, we will point out that because all of our varieties are smooth, we can assume even more
about the morphisms I'y and ps above. For example, I'y will realize X as local complete intersection in
X x Y, and ps will be smooth.

We start first by talking about tensor products and box products, since these will be useful when we
study projections.

5.1 Tensor products and box products

First, the bifunctor
— ®py —: Mod(Dx) x Mod(Dx) — Mod(Dx)
is right-exact in both factors, we can define its left derived functor as
- ®%, —: D(Dx)xD’(Dx) — D’(Dx)
by using flat resolutions as D x-modules. Since a flat Dx-module is flat over Ox, we have a commutative
diagram

L

D'(Dx) x D*(Dy) “PoxT, D¥(Dx)

! ]

DY(Ox) x D'(Ox) —2%7, DY(Oy)
and so the functor — ®%X — descends to a functor
— ®%, — DZC(DX) X DZC(Dx) — DZC(DX)'
Now consider the smooth variety X x Y, and consider the two projections

X xY
X Y

Let M be a left Dx-module, and N a left Dy-module. We want to describe how they pullback to X x Y. To
do so, we first make some general remarks about X x Y. Since

Oxxy ~ piOx @ p;0y
we also expect that Dx«y is related to Dx and Dy somehow. In fact,
Lemma 5.1. Dxyy ~ Oxxy ®p;1ox®cp;10y pl_lDX Rc pngy as Ox xy -modules.

Proof. Choose local coordinates, and notice that

p1'Dx ®c py ' Dy ~ (p7 ' Ox ®c p; ' Oy) [0y, 0y,

where 0, are the local partials on X, and similarly for Y. O

Remark 5.2. The statement of this Lemma in [Bor+87, IV 4.5] is a bit wrong: they identify Oxxy and
pl_lOX ®c py 1Oy and so only the pullbacks of Dy and Dy appear. I think their statement is correct if you
ignore non-closed points, since the two sheaves Ox xy and pfl(’)X ®c pgl(’)y differ only at non-closed points.

We can now define the “box product”:
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Definition 5.3. Let M € Mod(Dx) and N € Mod(Dy). Then, we define

MMN = Oxxy @10, 00p; 0y (P 'M ©c py ' N) (5.2)
= Dxxy @01 pyoop; ' Dy (py'M ©c p; 'N) '

This description shows M X N is exact in both factors (since both projections are flat: they are base changes
of the smooth structure morphisms for X and Y'), so it defines functors

X —: MOd(Dx) X MOd(Dy) — MOd(DXXy)
—~X—: DDyx)xD’(Dy) — D°(Dxxy)
Lemma 5.4. This functor descends to functors
~®—: DY.(Dx) x Dl.(Dy) — D(Dxxy)
— X —: Dg(Dx) X ch)(Dy) — DZC)(DXXy)
Proof. This is clear by the isomorphisms (5.2). O
We now show that tensor products and inverse images are compatible, by first showing it for box products:

Proposition 5.5.
(i) Let f1: X1 = Y1 and fo: Xo — Y35 be morphisms of smooth algebraic varieties. Then for My € Db(Dyl),
M3 € D°(Dy,), we have

L(f1 x f2)°(M] W My) ~ Lfy M7 W Lf; M.
(i) Let f: X =Y be a morphism of smooth algebraic varieties. Then, for M®*, N® € Db(Dy), we have
Lf°(M* ®p, N*) ~Lf°M*®%, Lf°N®.

Proof. For (i), since — X — is exact, it suffices to note that this is true on the level of modules.
We want to reduce (ii) to (¢) by using the diagonal embedding Ay : Y — Y x Y. First, note

AL (MBN) = A3 (Ovr @10, sps10y 7'M @0 p3'N)
-1
~ Oy ®A;1nyy AY Oy xy ®A;1(pf10y®cp;1(9y) (M ®c N)
~ Oy R0y RcOy (M ®c N)
~ M Koy N

where tracing the Dy-module structure everywhere, we see that this isomorphism preserves the Dy-module
structure. Since — K — preserves flat modules, we have a canonical isomorphism

M*® ®%, N*~LA}(M*XN®)
in D’(Dx). Now can prove (ii):
Lf°(M® ®%, N°*) ~Lf°LAj (M*XN®)
~ LAYL(f x f)°(M* R N*®)
~ LAY (Lf°M®* R Lf°N®)
~Lf°M* ®% Lf°N°. O
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5.2 Derived inverse images and shifted inverse images
5.2.1 Projections

Now we can write down what inverse images through projections look like:
Example 5.6. Given notation as before, we have
piM ~MXOy, p;~0OxKN.
Since — X — was exact in both factors, we get that
p{M‘ ~ LpiM*[dimY] = p] M*[dim Y], pgN’ ~ Lps N*®[dim X| = p5 N*®[dim X]
and so
H(p{M*) = g (™Y (%)), HE(EN®) = p3 (X (V7)).
We can use this description of projections for slightly more general maps:

Proposition 5.7. Let f: X =Y be a smooth morphism of smooth varieties, and let M € Mod(Dy ). Then,
Hi(ftM) =0 for all i # dim X — dimY, and if M € Mod.(Dy), then ft1M € D’(Dx).

Proof. The first statement follows from the flatness of Ox over f~!Oy, and Lf°M ~ Ox ®?*1Oy fiM.
For the second claim, this is a local question, and so we can assume that f factors as a composition

X 93 A"xY
llb
x
Y

where g is étale. Pulling back through p, preserves coherence by our description of pg in terms of X, and
then by Lemma 5.4. To show g preserves coherence, it suffices to show that the canonical morphism
Dx — Dx_,anxy is surjective, since g¢°M = Dx_,y ®?_1DY f~1M. By étaleness, we can choose local
coordinates on X and Z := A" x Y such that J,, maps to 0,,. Then, we have that

dim X
Dx anxy =~ EB 0x0.,,
i=1

and so Dx — Dx _,anxy is surjective. O]

5.2.2 Closed immersions

Now let ¢: X — Y be a closed immersion of smooth quasi-projective varieties. Denote d := dimY — dim X.
Since X is smooth, its image in Y is a local complete intersection [Har77, Ex. 8.22.1], and so locally Ix is
defined by a regular sequence y; = - -+ = yq = 0. Locally, we then have a Koszul resolution [FL85, p. 76]:

0—Kyg— Ky 1— - —K —Ky— Ox —0, (5.3)
where K, = \" @?:1 i~'Oy - dy;, and the differential is given by contraction:
Kp — Kp,1

p
dyy A+ Ny — > (=17 ypdys Ao Ady; A A dy.
j=1

Remark 5.8. [HTTO8, p. 35] makes it sound like this resolution exists globally, but this seems too strong.
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Now suppose we chose another coordinate system y; on Y such that y] = --- = y/, = 0 defines X, and
the yi,...,y,; form a regular sequence. Then, just by computing the changes of coordinates, we see the

corresponding Koszul complexes glue together to form a global resolution with Ky ~ /\d Qy,x, and so we
have the following result:

Lemma 5.9. There exists a global locally free resolution of the right i ~* Dy -module Dx_y :

0— Ki®;-10, i "Dy —+++ — Ko ®;-10, i "Dy — Dx_y — 0, (5.4)
and so Li°M 1is represented by the complex

0 — Ky ®;0, 0 TM — - — K ®i10y 1 TM — 0 — -

Proof. Tensor the Koszul resolution (5.3) by i~! Dy, which is flat over i ~1Oy-. O

One thing we did not discuss before is what the inverse image functor should be an analogue for in the
theory of constructible sheaves. The following Proposition will make this a bit clearer, and motivate the next
Definition as well.

Proposition 5.10. Leti: X — Y be a closed embedding of smooth algebraic varieties. Setd = dimY —dim X.
(i) If M € Mod(Dy), then H7(i' M) = 0 unless 0 < j < d. Moreover,

HY(i'M) ~wy)y ®oy {m e M | Ixm =0}, Hi'M)~ M/IxM.
(ii) For M*® € D™(Dy), we have a canonical isomorphism
i'M® ~ RAom;1p, (Dyx,i *M®)[d] ~ R#om;1p, (Dy.x,i ‘Tx(M*))[d

where T x (M) is the subsheaf of M consisting of sections with support in X .

Remark 5.11. (i) says that H%T is an analogue to the “exceptional inverse image” functor, which takes a
sheaf to its sections with support in a closed subvariety, while H%' is the analogue of the ordinary inverse
image functor. According to [Bor+87, IV, Rem. 7.6], i' should be thought to act more like H%T, hence more
like the exceptional inverse image. One reason to introduce the grade shift in —T, then, is to make sure that
this important cohomology group actually lies in degree 0. (i) makes this a bit more precise.

Proof. (i) follows by looking at the Koszul resolution (5.4): the vanishing follows by the length of the Koszul
resolution, and the description of H? follows from the fact that Ox ®i-10y M ~ M/IxM. For H°, it suffices
to note that Ky ~i 'Oy -dy1 A--- A dyg, and so

Kd Ziiloy dyl /\"'/\dyd,

which close to being w;(}y. After putting everything into the complex in the Lemma, we see that the

description of HO also holds.
For (ii), it is enough to show that

R%mi—lDY (DY(fX7l’_1DY) ~ Dxﬁy[—d], (55)
since then,
-k _ L -—1
L: M—DX_>Y ®i*1Dy7’ M
~ RAom;-1p, (Dyx,i 'Dy) @1 i~ Mld]
o~ R,%ﬂomileY (Dy x, ZilM)[d]
By side-changing, the isomorphism (5.5) is equivalent to
R%ﬂomi_ng (Dxﬁy, i_lDy) ~ Dyex[—d].
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We have
R%mile‘;f(DXﬁYai_lDY) ~ RAom; -1 p»(Ox ®;-10, i~'Dy,i ' Dy)
~ RAom;10, (Ox,i ' Dy)
~ i 'Dy ®;-10, RH#OM; 10, (Ox,i *Oy).
The complex R#om -1, (Ox, i *Oy) can be described by
K; — Ki{ — --- — K],
where K = Jom;-10, (Kp, i~1Oy). By using the duality of the Koszul complex, we have
{Kf — K{ — - — K}~ {Kqg— Kqg_1 — -+ — Ko} @10, K
~ Ox ®;-10, Kj[—d]
~ i WP ®m10, wx[—d]
and so
R%mle;P(DXaY,leY) ~ i 'Dy ®;-10, i Wi @10, wx[—d] ~ Dy x[—d].
We won’t prove the last statement; see [HTT08, Prop. 1.5.16]. O

Definition 5.12. For a closed embedding i: X — Y of smooth algebraic varieties, we define a left exact
functor

i*: Mod(Dy) — Mod(Dx)
M — jfbnhley(l)yé_X,iilﬂl)

5.3 Derived direct images

Definition 5.13. Let f: X — Y be a morphism of smooth quasi-projective complex varieties. We define
the derived direct image functor

/: D’(Dx) — D®(Dy)
f
M* — Rf.(Dyx ®5, M*)

by using a flat resolution of M*® as in Lemma 4.20, and then an injective resolution of Dy, x ®BX Me.

We want to say that quasi-coherence and coherence are preserved (the latter when f is proper), but this
is a bit difficult to prove, so we will return to this later.

Proposition 5.14. The functor Rf, preserves O-quasi-coherence, and if f is proper, it preserves O-coherence
as well.

Definition 5.15. We also define for each k € Z

fr-m(f)

| o) — ooy
f

M* +— Rf.(M*®@% Dx_y)

and

Just as for the non-derived version, we have a commutative diagram

D’(Dx) L D*(Dy)
wx®ox—l2 {ey@oy—
D"(DF) — YD)
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5.3.1 Composition of direct images

Our first main goal will be to show that these derived direct images are well-behaved under composition. Let

XLy % Zbea composition of morphisms of smooth varieties. Then, just as for the inverse image, we first
need to describe the transfer bimodule Dz, x in terms of the two others. We have

Dzex~f "Dy ®p-1p, Dyex =~ f'Dzyey ®?71Dy Dy x
We also need the following, which can be thought of as a projection formula for D-modules.

Lemma 5.16. Let F'* € D (DY) and G* € D’(f~'Dy). The canonical morphism
F*@p, Rf(G*) — Rf(fT'F* @F 1 p, G°)
18 an isomorphism.

Proof. We may replace F'® with a locally free resolution, and so f~'F* is locally free over f~!'Dy, and we
can turn the right-hand side into an ordinary tensor product. Moreover, we can replace G*® with an injective
complex, in which case f71F*® #-1p, G* is locally a direct sum of injective complexes, hence is also injective.
This implies we may turn all higher direct images into ordinary ones, and so we want to show

F* ®@py fo(G*) — f(fT'F* ®p-1p, G*)
is an isomorphism; this is true since direct images commute with direct sums. O
We can now show

Proposition 5.17. Let X Ly S Zbea sequence of morphisms of smooth varieties. Then,

L= L;

// M*® ~ Rg*Rf*(f_lDZey ®?71DY (Dy x ®If)x M?*))
gJf
~R(go f)«((f'Dzey ®}‘—1DY Dy x)®p, M*)
~R(go f).(Dzex ©h, M*)

= M®. O
gof

Proof. We compute directly:

Just as for inverse images, we work through three kinds of morphisms in detail.

Example 5.18 (Open embeddings). Let j: U < X be an open embedding into a smooth algebraic variety
X. Then, Dx.y =j 'Dx = Dy, and so
[n
J

We now come to the first special case of push forwards. Consider the following diagram:

5.3.2 Projections

X=YxZ

Y% AZ

We want to compute ff M =Rf.(Dy_x ®BX M) for M € Modqc(Dx); to do so, we first need to find a
locally free resolution of Dy . x. To do this, we introduce the de Rham resolution:
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Lemma 5.19. Letn = dim X. We have the following locally free resolution of the right Dx -module wx = Q% :
0— Q% ®oy Dx — -+ — Q% ®oy Dx —— wx — 0 (5.6)
where Q% = /\k QL , the augmentation morphism is

€: A% ®ox Dx — wx
w®P+— wP

and the differentials are
d: Q])C( Rox Dx — Q’§<+1 ®oyx Dx

w®Pb—>dw®P—|—dei/\w®6iP

where {xz;,0;} is a system of local coordinates on X.

We've already seen (§1.2) that the sequence (5.6) is a complex, and so it suffices to show that locally, this
complex is exact. To do so, the main idea is that by applying the order filtration on the complex, it suffices to
show that the associated graded complex (which is a complex of modules over the commutative ring gr Dx)
is exact. The associated graded complex is a particular case of the (dual of the) Koszul resolution [FL85, p.
76], which is exact.

One issue is that we haven’t said what the order of a differential form should be. The proof in [HTT08,
Lem. 1.5.27] gets around this issue by using side-changing operations (i.e., applying — ®o, wx) to reduce
exactness to exactness of the Spencer resolution of the left D x-module Ox:

n 0
0—>Dx®ox/\ GX—>~-~—>DX®OX/\®X—>OX—>0, (5.7)

where the proof then proceeds as we outlined above. We get around this by just saying that the order of a
differential form in Q% should be —k.

Proof of Lemma 5.19. We already saw (§1.2) that this sequence forms a complex. It therefore suffices to
verify exactness locally. Temporarily denoting the complex (5.6) by N°®, we consider its filtration {F,N*}:

F,N* = {o — Q% ®ox FpDx — -+ — Q% ®0y FpynDx — Fplwx) — o}

where

wx ifp>-n
Fylwx) = {0 if p<—n

It then suffices to show that the associated graded complex gr N* is exact.
Denote 7: T*X — X and i: X — T*X to be the projection from the cotangent bundle and the embedding
by the zero-section into the cotangent bundle, respectively. Then, we claim we have gr N® ~ 7, L*®, with

L* = {0 — 7710% @r-r0x Opex —> o+ — 1710 @105 Orx — dawx — 0},
where the augmentation morphism is given by

e:m Q% Qr-10y Orrx — lhwx
T lw® o — @i (17 w)
and the differential is given by
d: 7'('71Q§( ®7T_1OX OT*X — W719§+1 ®7T—1OX OT*X

w®<pr—>2dxi/\w®aig0

T
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The isomorphism gr N® ~ 7, L*® follows since each term in this complex is W*Q’;(, and W*W*Q];( ~ Q’j( ®grDx
by the projection formula; moreover, the maps in L*® pushforward to the maps gr V°®.

Finally, L® is exact since it can be formed by applying ﬂ*w)_(l ® — to the Koszul resolution for i,Ox on
Or«x [FL85, p. 76]. Since  is affine, we see that gr N® ~ 7, L*® is also exact, and we conclude that (5.6) is
exact as well. O

This lets us easily describe direct images of projections, as follows. Recall our notation:

X=YxZ

Y% A‘Z

We want to compute ff M =Rf.(Dyx ®%X M) for M € Modgc(Dx); we first compute Dy x ®%X M
by using the de Rham resolution in Lemma 5.19. First, notice that by Lemma 4.13, we have an isomorphism
Dy.x ~ f1(Dy ®o, wy) Qf-10, Wx
~ [ (Dy ®oy wy) @10, flwy @10, Ox @410, 9 wz
~ f7 1Dy Rf-10, Ox Rg-10, g twy
~Ox X f-10y®cg=10z (f_lDY ®c g_le)
= Dy X Wz

and since — X — is exact, the de Rham resolution from Lemma 5.19 gives a resolution of the right D x-module
Dy _x as
0 — Dy R (Q% ®0v, Dz) — -+ — Dy K (0% ®0, Dz) — Dy x — 0.

By replacing Dy . x with this locally free resolution, we can write down a concrete complex representing
Dy x ®%X M as follows.

Definition 5.20. Let n = dimZ = dim X — dimY, and let Q’)“(/Y = 0Oy X Q’} for 0 < k < n. For
M € Modqc(Dx ), we define the relative de Rham complex by
OV ®ox M if —n<k<0

DRy (M))F :=
( X/Y( ) {0 otherwise

dw®s)=dv®s+ Z(dzl Aw) ® 0;s,
i=1

where {z;,0;} is a local coordinate system on Z.

We note that DRy (M) in fact is a complex of left-f~! Dy-modules, where the action on

O ®ox M = (Oy RQY) o M
= (Ox @f10y00g-10, (f 'Oy ©c g7 '0%)) ®oy M
~ 97192 ®g*1(92 M

is given by P(w® s) = w® (P ® 1)s), where P € f~'Dy, w € ¢g7'Qk, and s € M; this induces a
quasi-isomorphism
Dy x ®p, M ~ DRy (M)

of complexes of f~!Dy-modules. We then have

Proposition 5.21. Let Y and Z be smooth algebraic varieties and let f: Y x Z — Y be the projection.
Then,
(i) For M € Mod(Dx), we have ff M ~Rf.(DRY/y (M)), at least as Oy -modules;
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(i1) For M € Mod(Dyx), we have f;M =0 unless —dim Z < j < dim Z;
(iii) The functor [, sends D.(Dx) to Dye(Dy).

Proof. (i) follows by the quasi-isomorphism Dy x ®% M ~ DRY%,y (M). (ii) follows since f. has co-
homological dimension dim Z. (iii) follows since if M is quasi-coherent, then DR,y (M) is a complex of
quasi-coherent O x-modules, and so its direct image would be as well. O

5.3.3 Closed immersions

Now we consider closed immersions i: X — Y. These are actually easier to describe:

Proposition 5.22. Leti: X — Y be a closed embedding of smooth varieties.
(1) For M € Mod(Dx), we have fl.kM =0 for k # 0. In particular, Mod(Dx) — Mod(Dy) is an exact
functor.
) fio sends Modgc(Dx) to Modgc(Dy).

Proof. Note that i, is exact since 7 is affine, and so Example 4.14 says that locally, choosing coordinates
{Yk, Oy, }1<k<n such that X = {y,11 =--- =y, = 0}, we have that

/kM_ Cldyy1s--r 0y, | ®cisM ifk=0
;o if k#£0

where the left Dy-action is given by d,, on the left factor if £ > r, and

p(l@m)=1® (¢[x)m
Oy, 1®@m) =1® Iy, m

for ¢ € Oy and 1 < k < r. This description shows (i), and (i7) follows since C[0,, . ,,...,0y,] ®c i~M is a
quasi-coherent Oy-module. O

We also have an adjunction property for closed immersions. Recall that we have defined the left-exact
functor

i*: Mod(Dy) — Mod(Dx)
M— %miley(DY(_X,iilM)

Proposition 5.23. Leti: X — Y be a closed embedding of smooth algebraic varieties.
(i) There exists a functorial isomorphism

R.tomp, ( / M, N') ~ i, R#omp, (M® Ri"N*®)
where M® € D™ (Dx) and N® € DT (Dy), and similarly, if M € Mod(Dx) and N € Mod(Dy ),
0
Homp, </ M7N) ~ i, AHomp, (M,i*N)
i

(ii) The functor Ri: D*(Dy) — DY(Dx) is right adjoint to I D’(Dx) — DY(Dy), and the functor
i*: Mod(Dy) — Mod(Dx) is right adjoint to [; : Mod(Dx) — Mod(Dy).
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Proof. (ii) follows from (i) by applying HO(RI'(Y, —)). For (i), we have

R.#omp, </M N‘) ~ RAomp, (i.(Dyx ®p, M*),N*)
~ RAomp, (i.(Dyx @5, M*),R['x(N*))
~ Rtomp, (i.(Dyx ®%_ M*),ii 'R[x(N*))
~ i, RAom;—1p, (i i (Dyx @5, M*),i "RIx(N*®))
~ i, R#om;—1 p, (Dyx ®p, M*, i 'RTx(N*®))
~ i, RAomp, (M.,Rt%miley(DYHX77;_1RFX(N.)))
~ i, R#omp, (M* Ri"N®). O

5.3.4 Properties of general direct images

Since any morphism can be factored as a closed immersion followed by a projection we have the following.
Proposition 5.24. If f: X — Y is a morphism of smooth algebraic varieties, then ff sends DQC(DX) to
D}.(Dy).

Proposition 5.25. Let f1: X1 — Y7 and fo: Xo — Y be morphisms of smooth algebraic varieties. Then
for M? € ch(Dxl), M3 e ch(DX2), the canonical morphism

(/ v ) (/ ) — [ =)

s an isomorphism.

Proof. By factoring
f1xid id x f:
XixXo 55V x Xy —23Y, x Yy

it suffices to show that for f: X — Y and any smooth algebraic variety T', we have

(/f]\/[') XN® = indT(M'&N').

By factoring further we can assume f is a closed immersion or a projection. Moreover, we can assume
M*® =M € Modq(Dx) and N®* = N € Mody.(Dy).
If f is a closed embedding, then we can just compute in local coordinates:

(/ M) RN ~ (Cldy.. .-,y ] Oc inM) BN
f

~ CJ[0,

Yr419 "

:/ (MR N).
iXidT

If f is a projection, we use the de Rham complex:

L0y, ®c (i x 1), (M X N)

</fM> XN ~Rf.(DRY,y (M)) KN

~ R(f x idr).(DRY,y (M) ® N)
~ R(f xidr)«(DRY 7y (M K N))

~ / (MEN),
indT

where we used base change in the second isomorphism. O
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We promised to show that [ s breserves coherence if f is proper, so we sketch the result now, following
[Bor+87, VII, Prop. 9.4; Mal93, III, Thm. 1]:

Theorem 5.26 [HTTO08, Thm. 2.5.1]. If f: X — Y is projective, then ff maps D2 (Dx) into D?(Dy).
Proof Sketch. If f: X — Y is projective, then it factors as

X il sy xPr=Z
\ lpl (5.8)
f
Y

where i: X < P™ x Y is a closed immersion. We will show in the proof of Kashiwara’s theorem that fz
preserves D-coherence, and so we will show that fpl preserves D-coherence. Since this is a local condition,
we assume that Y is affine.

We first show that fp1 Dy = Dy[—n], where n is the dimension of the projective space in the factorization

(5.8). By the proof of Lemma 5.19, and by using the projection formula for abelian sheaves,

/ Dz = Rpu.(p; ' (Dy) ®@c p; ' (wen))
p1

~ Dy ®c Rp1.(p; ' (wpn))
By the cohomology of projective space [Har77, Thm. I11.5.1], we have
. C ifi=n
R’L . —1 " —
PPy () {0 if i #£n

and so fpl Dz = Dy[—n]. This shows the Theorem for Dy.

For general elements in DZC’(DZ), [Bor+87, VII, Prop. 9.4] concludes by noting that Dy is a generator for
D’(D). We will be a bit more explicit, following [Mal93, III, Thm. 1].

Let M € Mod.(Dyz). Since M is coherent as a Dz-module, it has a good filtration, hence we have
Dz M, = M for some £y,. We therefore have a surjection

Dz ®o, My, — M — 0.
By repeating this process on the kernel (which also has a good filtration by restriction), we have a resolution
D; oG D, 0G5 D,0G" — D, G — M —0

of M. Call N* this complex, excluding M. Letting M’ := ker(Dz ® G¥ — Dz ® G'~1), we have a short
exact sequence of complexes:
0— M'[L] — N* — M — 0.

This gives a long exact sequence

i+L i i it L1
—>/ M’—>/N‘—>/M—>/ M — ...
p1 p1 p1 p1

By our description in Proposition 5.21 that

/ M =~ Rp],(DRyy(M)) =0  wnless —n<j<n
D1

and similarly for M’ we then an isomorphism fl;jl M ~ f;l N* for all —n < j < n, as long as L is large enough.
Finally, we note that the f;l N* are coherent, since we can use the hypercohomology spectral sequence
EYY = RPpi. H(N®) = RV Ip1. (N*)

But since the objects on the Es page are coherent (by doing a similar argument as to the proof for Dz above),
they abut to coherent objects on E>. O
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6 October 17: Kashiwara’s Equivalence (Harold Blum)

Let i: X — Y be a closed immersion of smooth varieties.

Theorem 6.1. fl Mody(Dx) — Mod;i(Dy), where # = qc, ¢, and the superscript X says that the modules

are supported on X as Oy -modules, gives an equivalence of categories with quasi-inverse i%. Additionally, if
N € ModZ (Dy), then H(it) =0 for j # 0.

This last statement is useful for when we want to lift this to the derived category.

Proof. We have a map M — if fl.o M, and a map fio i"N — N from adjointness. It then suffices to show that
these are isomorphisms locally.

We work locally on Y, in which case X is a nice complete intersection; we also assume that X — Y has
codimension 1. Choose local coordinates {yx, Oy, }k=1,...n, X = {yn = 0}, and write y :== y,,, 0 = J,,. We
have that

,,,,,

0
/ M = Cl0] ®c i, M
for M € Mod(Dx), and
HO(iTN) =ker(y: i"'N —i7'N)  HY(i'N) = cok(y: i !N —i"IN)

for N € ModX(Dy).

The key idea is to understand multiplication of y, but to do so, it is easier to understand the following
differential operator: 6 := yd. Set N7 := {n € N | 6 -n = jn} for j € Z; this is the jth eigenspace for §. Now,
dy = 0 + 1 (a restatement of the Lie bracket property), so that y- N7 C N9+! and - N/ C N7~! since,
e.g.if n € N7, then

0y -n)=ydy -n=yl0+1) - n=y - (G+1n=(+1yn
Note §: N7 = N7 for j # 0. Similarly, 9y = 0+ 1: N7 5 NJ for j # —1. Thus, if j < —1, then the maps

N % Nit1 2 NI are both isomorphisms. We now assume the following Claim, which we will show later:
Claim. N =@;2, N 7.
It then follows that H'(iT N) = 0, since y - N™77! = N77 and that N = C[0]® N~!, since 97: N~ 5
N~177. This implies that
0
M— i“/ M = #(CJ0] @6 M) = (Cl0] @6 M)~ = M
i

The same argument shows that fio i"N — N is an isomorphism.
To show coherence of fio M and i*N for M € Mod.(Dx) and N € Mod.(Dy ), we just note that

0
/ M = Cl0] ®c i, M

is clearly coherent since both objects are locally finitely generated, and for i" N, we can just look at submodules
generated by subsets of elements.

We now give an idea for the proof of the Claim. We finally use the property that N is supported on X. If
n € N, there exists k such that y*n = 0. We then want to show that n € @?:1 N7, This is true if k = 1,
since y - n = 0 implies 6§ - n = (Jy — 1)n = —n. We then proceed by induction on k. O
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7 October 24: Holonomicity (Harold Blum)

Recall 7.1. Let M € Mod.(Dx). We set Ch(M) = Supp gr¥” M, where (F, M) is a good filtration. We write

grf’ M as a module on T*X. We also define the characteristic cycle, which adds integer multiplicities to
components of Ch(M):

CC(M) = > me(M)C,

CCCh(M)
irreducible component

where —
me(M) = L(gr" M - Op-x ).

You can show that this independent of good filtration by doing a comparison argument like before.
Note that if 0 > M — N — L — 0 in Mod.(Dx), we have

CC(N) = CC(M) + CC(L).

To see this, you choose a filtration on N, which induces filtrations (G, M) and (H, L), which gives rise to an
exact sequence of graded modules

0—gM —af' N —gf L —o.

Multiplicities add in the correct way in short exact sequences, so you are done.

7.1 Bernstein’s inequality
We need Kashiwara’s equivalence to prove the following:

Theorem 7.2 (Bernstein’s inequality). If M € Mod.(Dx) and A is an irreducible component of Ch(M),
then dim(A) > dim(X).

Proof. We can reduce to the case where Ch(M) has pure dimension. This follows by homological algebra you
can find in the appendix: there exists a filtration

0 :C2dimX+1 c CQdimX C.-C CO _ M,

with the property that dim(Ch(C*/C**1)) has pure codimension s. You can do this locally in a canonical
way, and so you can globalize this.

We now induce on dim X. If dim X = 0, then the statement is trivial, since dim 7*X = 0. So now suppose
dim X > 0. If Supp(M) = 7(Ch(M)) = X, where 7: T*X — X (this is closed since the characteristic variety
is a conical variety in 7% X)), and we note

V(Annp, (M)) = Supp(M) D n(Ch(M))

and the reverse inclusion holds by considering the complement of 7(Ch(M)), where Ch(M) = @, so that M = 0.

This implies dim Ch(M) > dim X. Otherwise, choose a hypersurface H <%y X such that Supp(M) C H,
where H is smooth after possibly restricting to an open subset of X. Then, by Kashiwara’s equivalence, there
exists N € Mod.(Dp) such that [; N = M. Now we claim that

dim(Ch(M)) = dim(Ch(N)) + 1.
This follows from the following Lemma:

Lemma 7.3. Let S < X be a closed embedding, codim(S) =1, N € Mod.(Dg). Then, we have the diagram

Sxx T*X
TS T X

Then, we have Ch(fiO N) = w;p; * Ch(N).
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Proof of Lemma. Work locally on X with coordinates {x;,0;}, x := a1, @ := 0y, and S = {& = 0}. Also, call
M = fio N. Now let (F, N) be a good filtration. Locally,

We get a filtration (G, M) by setting
J
GiM =YY C-0"@i.F; (N
£=0 k<t
which is the tensor product filtration; the idea is that 9 should have weight 1. Now
J
F,_ N
G;M/G M =Y C-9* @i, (”) ,

k=0 Fj—k-1N

which implies grf’ M = C[¢] ®c grf’ N, where £ = 0, and we think of grf’ N as living on T*X. O

This concludes the proof of the Theorem by induction.

7.2 Properties of holonomic D-modules

Definition 7.4. M € Mod.(Dx) is holonomic if dim(Ch(M)) = dim X, or M = 0. We then denote
Mody(Dx ) := subcategory of Mod.(Dx) consisting of holonomic D x-modules.

We can also define holonomicity by saying dim(Ch(M)) < dim X, which makes proofs a bit nicer.

Proposition 7.5.
(a) Let 0 = M — N — L — 0 be a short exact sequence in Modc(Dx). Then, N € Modw(Dx) if and only
if M,L € MOdh(Dx).
(b) If M € Modn(Dx), then M has finite length.

Proof. For (a), Ch(N) = Ch(M) U Ch(L). Also, we could write CC(N) = CC(M) + CC(L).
For (b), suppose N C M, with N € Mod.(Dx). Then, CC(N) < CC(M), and since the coefficients are
integers, this operation must stop eventually. O

Note that coherent D x-modules do not have finite length: A;/A; - = is holonomic, but A; - z is not, since
we have a chain --- C A - 22 C A; - x.
Here are some nice categorical properties of holonomic D-modules.

Theorem 7.6. Mod,(Dx) is abelian.

Theorem 7.7. The subcategory DL (Dx) of DY(Dx) consisting of complexes with holonomic cohomology is
equivalent to D°(Mody(Dx)).

Holonomic D-modules have nice finiteness properties. Here is a first example of this phenomenon:

Proposition 7.8. If M € Mody(Dx), then there exists an open subset U C X such that M|y is coherent
over Oy, that is, M restricts to a vector bundle with integrable connection.

This sort of says that holonomic D-modules are vector bundles with integral connections, where the
integrable connection can have singularities on the boundary; it is the limit of an integrable connection.

Proof. Set S := Ch(M) \ T%X, the zero section, and choose U C X such that U N 7(S) = (). Then,
Ch(M|y) CTHU. Thus, M|y has an integrable connection. O
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7.3 Holonomicity and Functors

We know that quasi-coherence is preserved by our functors, and direct images via proper morphisms preserve
coherence.

Proposition 7.9. If M € Mody(Dx), and N € Mod(Dy), then M XN € Modp(Dxxy).
Proof. Show that Ch(M X N) = Ch(M) x Ch(N). O

Theorem 7.10 (xx). If f: X — Y is a map of smooth varieties, then
(i) [; sends Dy(Dx) to Dy(Dy).
(ii) fT sends DE(Dy) to DE(Dx), where fI = Lf°[dimY — dim X].

Corollary 7.11. — ®% — also preserves holonomicity.
Proof. Set A: X < X x X. Then, we showed before that — ®% — = LA°(— X —). O

We want to head in the direction of explaining how Theorem (xx) works. One easy thing is to consider
closed embeddings:

Lemma 7.12. Ifi: X < Y is a closed embedding, and M* € D’(Dx), then M* € D?(Dx) if and only if
J, M* € D}(Dy).

Proof. We have shown this already for modules. Now fz is exact, so it is sufficient to consider M € Mod.(Dyx).

Then, you can apply the previous Lemma, which says codim(X) + dim Ch(M) = dim Ch(fi0 M). O

Proof of Theorem (xx), (i). Consider
X xY

X/ \Y

By the Lemma, it is enough to consider projections. It is enough to consider the following projection
f: A™ — A" 1: holonomicity is local on Y, and so you can assume Y is affine. You can also show that
holonomicity is local on X x Y (using a Cech complex). Then, you can embed Y — C™, X — C", so you
have a diagram

X XY —— Cmtn

| !

Y ——C™

We will finish this next time. O

Proof of Theorem (xx), (i7). This follows from Theorem (#x), ().
Case 1. Suppose X = Z x Y — Y, and M € Mody(Dy) (suffices since fT is exact in this case).
Then, fT = Lf°M[—dim Z]. But Lf°M = M X Oz, which is holonomic by the previous Lemma.

Case 2. X L> Y is a closed embedding.

Consider the diagram X <i> Y <i’ U =Y\ X. We then have the following distinguished triangle:
/ﬂM—>M—>/jTMﬂ>
i J
and so the assumption that M € Mody(Dx) is holonomic implies [;i'M € Modn(Dx) by the long exact

sequence on cohomology, since f] jTM is holonomic: j1 preserves holonomicity, and fj preserves holonomicity
by Theorem (xx), (i). Finally, [;i'M € Mody(Dy) if and only if i' M € Modn(Dx). O
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7.4 Finiteness property

We now show more finiteness properties of holonomic D-modules. First, the idea is that by strengthening the
condition on intergable connection on anopen set, we can categorize holonomicity.

Theorem 7.13. The following conditions on M*® € D2(Dx) are equivalent:
(i) M* € Dy(Dx);
(it) There exists a sequence of closed sets

X:XoDXlDDXm:®

such that X, \ X,11 is smooth, and H*(il M) has an integrable connection (is Ox,\ x
where i,.: X\ Xpp1 — X

(iii) For all {z} < X, HFE (it M*®) is finite dimensional over C.

... ~coherent),
Example 7.14. Consider the following trivial example of a holonomic D-module: A;/A; - x ~ C[J]. Then,
Clo] ®cw) Clz]/(z) = C

since

021=08(1+x)

=0®1+z0®1
=0®1+(-1)0®l1
=0

We briefly discuss two of the implications. The last one will need more work.

Proof of (i) = (i4). This is an easy application of the fact that inverse images preserve holonomicity:
Modp(Dy,y) = {finite-dimensional C-vector spaces}. O

Proof of (ii) = (i). Set U, = X \ X,. By induction on r, we show that M|y, is holonomic. Note that
Un = X. First, M|y, is holonomic, since i§M = M|y, .

Now consider U, N Uri1 & X, \ X;1+1. We consider the distinguished triangle from before:
. . . . . (1]
[0 — 0l ) — [710r,,)
i J
Note that jTM®[y, . "
is also holonomic. Now, if(M®|y,,,) = ilM*, which is holonomic by assumption, and so [;i'M*|y,,, is

r4+1
holonomic by the long exact sequence. O

= M?*|y,, which is holonomic by inductive hypothesis, so its pushforward f] jtMe |y

8 October 31 (Harold Blum)

Last time, we stated and used the following:

Theorem 8.1. If f: X =Y is a morphism of smooth algebraic varieties, then ff sends D?(Dx) to DY(Dy).

We reduced to the case of a projection, and furthermore to the case f: C® — C"~!. This also suffices for
the pullback statement.
The goal today is to prove this theorem for this case.
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8.1 Holonomic D-modules on C"

We will describe these by using the Hilbert function of D-modules. What’s strange is that instead of just
computing what this is, we will rephrase it in terms of open and closed embeddings.
Let D, =I'(C",Dc») =D, 5 Cx29®. We will use the Bernstein filtration

B;D,, = Z Cx“@ﬁ.
la|+]BI<i

Note that B
gI‘BDn:C[.’E,f], 628

We will explain why this is handy in a second, but for now, note that if M € Mod.(D¢») we can find a good
filtration (F, M) with respect to (B, Dgn). Then, F;M is finitely generated over C. It’s unclear whether
computing characteristic varieties with respect to these different filtrations is the same.

We have a surjective map
BifilDC” D---D BifimDC" e FlM

Proposition 8.2. Let (F, M) be a good filtration of M € Mod.(Dcn). Then,
(i) There exists a polynomial
X(M, F;T) € Q[T]
such that x(M, F;1) = dimc F; M for i > 0.
(i1) Setting d(M) = deg x and m(M) the leading coefficient of x - d!, we have that d,m are independent of
our choice of good filtration,

Proof. For (i), look at dimg F;(M) — dimg F;_1(M) = dimg[gr? M];. We know i — dimg[grf” M]; is a
polynomial for ¢ > 0.
For (i), if F, F’ are two good filtrations, then there exists an iy such that

F{ , M CF,MCEF],; M.
So asymptotically you get the same answer. O
Proposition 8.3. If M € Modc(Dcn), then
dim(Ch(M)) = dp(M).

Proof. dim(Ch(M)) can be computed using the Bernstein filtration or the order filtration (the proof uses the
cohomological description of the dimension of the characteristic variety). We know deg(i — dimg[gr? M];) =
dim Supppan—1(grf M). But this equals dim Ch(M) — 1. We want to show the leftmost side is equal to
deg(x(F, M;t)) — 1. O

Proposition 8.4. If0 - L - M — N — 0 in Mod.(Dcr), then d(M) = max{d(L),d(N)}, and m(M) =
m(L) + m(N) when d(L) = d(N).

It is not true the Hilbert polynomials are additive, unless the filtrations are chosen compatibly in the
sequence.

8.2 Fourier transform

If N is a Dgn-module, we set N to be the D-module such that
e N = N as additive groups;
e For s € N, x;0s = —0;s, and 0; 0 s = ;5.

Note that N is a left Dgr-module.

—

Example 8.5. If n =1, then C[x] =~ C[J] = C|z, d]/C|z, J]x.
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We now consider the case of our theorem. Now consider the projection p: C x C*~! — C"~! and the
closed embedding i: {0} x C"~! — C".

Proposition 8.6. If M € Modq(Dgn), then

-

H* (/ M) = H*(Li* M).
P
Proof. First compute the left-hand side:

/M = Rp.(DRgn/cn-1(M))
P
01
= [p«M — p. M|

since pr = Rp.(Dcn-1cxcn1 @8 M). But

cxcn-1
Dgr-1cxcn-1 = Don-1 Mwe.
Now use the de Rham resolution of wc:
0— Oc®Dc — wc®Dc — wc — 0
and take the box product with Dgn-1:
0 — Dgn-1 K (Oc ® Dc) — Dgn-1 K (we ® Deg) — Dgn-1 Rwe — 0

where the first map is f @ P — df @ P+ d(x1 A f) ® OP. Thus,

0
Dcn—1<_c><cn—1 ®%CXC“*1 M ~ [M Hl M}

Now p, is exact since p is affine, so we don’t have to take a right-derived functor in the first equation. Thus,

ker(M & M) k=1
H’“(/M): cok(M B M) k=0
p

0 otherwise
The Fourier transform is then
— ker(]\/l\ M ) k=-1
Hk(/M): cok(M S M) k=0
P 0 otherwise

On the other hand,
ker(N 5 N) k=-1
H*(Li*N) = { cok(N 5 N) k=0
0 otherwise

We therefore have the stated isomorphism. O

8.3 Proof of main theorem

Claim 8.7. If M € Mod.(Dgn), then M is holonomic if and only z'f]\/J\ is holonomic (this is by inducing a
filtration on either side).

Claim 8.8. j: C\ {0} x C""! — C". M € Mod,(C") implies fjjT holonomic.
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Proof, assuming claim. Assume M € Mody(Dgn). It is sufficient to show if M is holonomic. Look at the
excision sequence

/iTM—>M—>/jTMﬂ>.
i J

Now Claim 2 says that fl it M is holonomic, and so it M is holonomic. O

What is left is the second claim. Note that this is a bit strange because we started talking about
projections, turned the problem into one about closed immersions, and now we have turned it into a problem
about open immersions instead.

Proposition 8.9. If M € Modq(Dcn) and (F, M) is a filtration such that
dime F;M < " 4 /i~
n!

for some c,c’. Then, M is holonomic.

Proof. Assume N C M and is coherent over Dgn. Let (G, N) be a good filtration. There exists g such that
Gi:N C NNFiyiyM C Fiy;yM

since G is good. Thus, N is holonomic and m(N) < c.
We show M is finitely generated. If Ny C Ny C --- C M where NV; is finitely generated for all 4, then
m(Ny) < m(Ny) < --- <ec. Thus, {m(N;)}; stabilizes, and so does {N;};. O

Proof of Claim 2. Recall that j: C\ {0} x C"~! — C" is an open embedding, and we want to show that M
being a holonomic Dgr-module implies fj 41 M is holonomic. Now let (F, M) be a good filtration. We have
that

J
We set F;M,, = im{Foy;M — M : m — w%m} (you should check this is a filtration). Note: dimg F;M <
1

dimc Fo; M = ms!w) (2i)® + O(i"~1). The previous Proposition tells us that M,, is holonomic. O

8.4 Excision sequence

Consider _ _
ZS5XxLU=X\2

If F is a flasque sheaf on X, then we get the following short exact sequence:
0—TyzF—F—jj 'F—0,

where I'z F' is the sheaf of sections with support on Z.

Proposition 8.10. M* € Dgc(DX), then
(i) There exists a distinguished triangle

RI,(M*) — M* — /j*M' A,
J
(i) If Z is smooth, and N € Dgc(DU), then it fj N® =0.
(iii) If Z is smooth, then RT zM*® = [, it M*®.

3
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Proof. For (i), note 7! and j' are the same, as are j, and fj By replacing M*® with a flasque resolution, we
are done by using the case for flasque sheaves.

Assuming (ii), we prove (iii). Note that R['; M € DZ’CZ (Dx). Thus, Kashiwara’s equivalence says
that RI['z; M ~ j;iTRFZM. It then suffices to show that i'RI'z(M) = i' M. To do this, apply if to the
distinguished triangle in (¢), and use vanishing of the third term:

RO, M —s ith — 0 2

It remains to show (i), which relates to the following

Proposition 8.11. If N® € DZC(OU), then Oz ®ZL,1OX iT1Rj.N®* =0 in DgC(OZ).
Tt suffices to show that i,(Oz ®£‘,10X i"'Rj.N*®) = 0. By the projection formula, the left-hand side is
1.0z @5, Rj.N°.
Using the projection formula again, this is

Rj.(j 1.0z ®%, N*)=0. O

9 October 31 and November 7: Duality Functors (Takumi Mu-
rayama)

We want to define the “dual” of a left D-module. Let’s first think about what this should be. If M is a
left Dx-module, then s#omp, (M, Dx) is a right Dx-module by right multiplication of Dx on Dx. To
change this back into a right D x-module, we use the side-changing operation — ®e w;(l to get a preliminary
definition:

%mpx (M, Dx) Rox o.);(l.

However, Jtomp, (—, Dx) is only left-exact, and so it is more natural in our derived setting to consider the

complex
Rtomp, (M,Dx) @0y wy'.

Like some of the other functors, though, we will introduce a shift in the definition. To motivate, this
consider the following example:

Example 9.1. Let X = C and consider a differential operator P € Dx. Let M = Dx/DxP. To compute
Rtomp, (M, Dx) we use the following free resolution of M:

0 — Dx -5 Dx — M — 0,

Applying #omp, (—, Dx), we get the exact sequence

0 —s Homp, (M, Dx) — Dx = Dx.
In this case, we have that

&t (M, Dx) = Homp, (M,Dx) =ker(P: Dx — Dx) =0,
and so the only non-vanishing cohomology is
&ty (M,Dx) ~ Dx/PDx,

which is a right Dx-module. Applying the side-changing functor gives

&ty (M,Dx) ®oy wy' ~ Dx/DxP*,

where P* is the formal adjoint of P. This shows &zt' seems more suited to be called the dual of M than
Ext®.
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Remark 9.2. If M is holonomic, then &zt™ will be the only non-vanishing &xt.
We therefore make the following definition:
Definition 9.3. The duality functor D = Dx: D™ (Dx) — D" (Dx) is defined by
DM® = R#omp, (M®*,Dx) @0, w™ ' [dim X] = R#omp, (M®, Dx @0, w™*[dim X]).
Example 9.4.
H*(DDx) = {DX Boxwy! k=—dimX
0 k # —dim X
Before proving some properties about D, we state the following basic lemma about &xt:
Lemma 9.5. Let M be a coherent Dx-module. Then, for any open affine U C X,
(Extp (M, Dx))(U) = Extl (1) (M (U), Dx (V).

Proof. Take a resolution P, — M|y of M|y by finite rank locally free Dyy-modules. Since U is affine, taking
sections is exact, and so we have a resolution P, (U) — M (U) by locally free Dx (U)-modules of finite rank.
By definition,
(€atp (M, Dx))(U) = (H'(#omp, (Pe, Dur)))(U)
= H'(Aomp, (Ps(U), Dy (U)))
= H'(Hompyw)(Pe(U), Dx (V)))
= Extp 1y (M(U), Dx (U)). 0
Proposition 9.6.
(i) D sends D°(Dx) to D?(Dx)P.
(1) D% ~id on DY(Dx). In particular, D is fully faithful.

Proof. (i) follows by the previous Lemma, and the fact that locally free resolutions are bounded for coherent
complexes.
For (ii), we have the evaluation morphism

M*® Kc R%”ompx (M., Dx) — Dx
which gives rise via tensor—Hom adjunction to a morphism
M*® — Rstom p (RA#omp, (M*, Dx), Dx) = D*M*.

To show this is an isomorphism, since the question is local we may assume that X is affine, in which case we
can compute everything after replacing M*® with a complex of finite rank locally free Dx-modules, in which
case the claim is clear. O

9.1 Duals and holonomicity
Taking duals preserves holonomicity:

Theorem 9.7. Let X be a smooth algebraic variety and M a coherent Dx-module. Then,
(i) HY(DM) = 0 unless codimz«x Ch(X) —dim X <i < 0.
(ii) codimz-x Ch(H(DM)) > i + dim X.
(iii) M is holonomic if and only if H'(DM) =0 for all i # 0.
(iv) If M is holonomic, then DM ~ H°(DM) is also holonomic.

Proof. The proof is by general properties of Ext in the appendix, and by calculation of Ext on affine opens.
There is one particularly interesting statement: the <« direction in (4ii). Suppose DM ~ H°(DM). Then,
we have M ~ D?M ~ DH°(DM), and H*(DH(DM)) ~ M. On the other hand,

codimp-x Ch(H*(DH°(DM))) > dim X,
and so by Bernstein’s inequality DH°(DM) ~ M is a holonomic D x-module. O
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General theory on filtrations gives the following description of characteristic varieties.

Proposition 9.8. Let X be a smooth algebraic variety and M a coherent Dx -module. Then,

Ch(M)= |J Ch(&ath, (M, Dx)®o, wy').
0<i<dim X

In particular, if M is holonomic, then the characteristic varieties of M and DM are the same.

Idea. A good filtration on M induces a good filtration on &zt groups whose associated graded module has
support contained in the support of grf’ M. See [HTT08, Prop. D.4.2]. O

9.2 Hom in terms of duality functors

Our next goal is to describe Hom in terms of duality functors. We first give an example, which shows why we
might expect something like this to exist.

Example 9.9. Let M be a vector bundle with integrable connection. Then, we claim
DM ~ stomep, (M,Ox).
The way to see this is as follows. Consider the Spencer resolution
0 — Dx @0y \™*Ox — -+ — Dx ®0, Ox — Dx — Ox — 0

for Ox; since M is locally free over Ox, tensoring by — ®o, M gives a locally free resolution of M. We can
then calculate @%t%?x (M, Dx) by the complex

oo — Homp (D @0 AN X-10 @0 M, D) —— Homp(D @0 A X0O @0 M, D) —— 0
| |

Homo(ANMX-10 @0 M, D) —— Homo(A M XO ®p M,D) —— 0
| ;

Homo(M, QI X1 @5 D) ———— Somp(M, Q"X @5 D) ——— 0

On the other hand, since M is locally free over Ox, we can apply S#ome (M, —) to the de Rham sequence to
get the exact sequence

%mO(M, QdimX—l ®0 D) N L%mD(M, QdimX ®0 D) — L%mD(M7 QdimX) — 50

and so we see 4
Ect B X (M, D) ~ Homo(M,w).

Passing to left Dx-modules by applying a side-changing functor, we get
DM ~ Homo(M,w) @0 w™ ' ~ Homo (M, O).
Lemma 9.10. For M* € D’(Dx) and N* € D*(Dx), we have
R#omp, (M*,N*) ~ R#omp, (M*, Dx) @% _N°.

Proof. There is a canonical morphism <. By replacing M*® with a locally free resolution and restricting to
an open set, we may assume M*® = Dx. In that case both sides are locally isomorphic to N°. O

Proposition 9.11. With the same hypotheses as before, we have isomorphisms
Rtomp, (M*,N*®) ~ (wy ®%, DxM*) ®%  N*[—dim X]
~wy ®p, (DxM*®%, N*)[—dimX]
~ Ritomp, (Ox,DxM* ®5X N*)
in D*(Cx). In particular, if M® = Ox, then
Romp, (Ox,N°®) ~wy ®p  N*[—dim X]
42



Proof. We first show the last isomorphism. By the previous lemma, we may assume that N® = Dy, in which
case we use the Spencer complex to resolve Ox. Applying S#omp, (—, Dx) then gives the de Rham complex
(with a shift), and we get wx[— dim X].
The first set of isomorphisms follow by writing down the definition of the dual, and applying the last
isomorphism at the last step. O
Applying RT'(X, —) gives the following:
Corollary 9.12. Denoting p: X — {pt},

RHomp, (M®,N*®) ~ /(DXM' ®%, N*)[—dim X] ~ RHomp, (Ox,DxM* @% N*).
p

9.3 Relations with other functors

We now go on to explaining how taking duals commutes with inverse and (proper) direct images.

9.3.1 Inverse images

Theorem 9.13. Let f: X — Y be a morphism of smooth algebraic varieties, and let M be a coherent
Dy -module.
(i) Assume Lf°M € DY(Dx). Then there exists a canonical morphism

Dx(Lf°M) — Lf°(DyM).
(i1) Assume that f is smooth (in fact, “non-characteristic” is enough). Then, we have
Dx(Lf°M)~Lf°(DyM).
Proof. For (i), we use the previous Corollary in two different ways:
Home(DY)(M, M) ~ Home(Dy) (OY, DYM ®gy M) — HOme(DX) (LfOOy, LfO(DYM> ®éx LfOM)
~ Homp (p ) (Ox, Lf°M @, Lf°(Dy M))
~ Homp (p ) (Dx (Lf°M),Lf°(Dy M))
and choose the image of the identity.

For (ii), we prove the smoothness statement following [Bor+87, Prop. 9.13]. We can restrict to smaller
open sets since checking the morphism in () is an isomorphism is a local question. Since f is smooth, locally
we have a decomposition of f into an étale morphism followed by a projection (of a relative affine space).

If f is étale, then f°Dy = Dx and f~'wy = wx. After replacing M with a (locally) projective resolution,
and possibly enlarging M to be free, we can reduce to the case M = Dy, in which case

Lf°(DyDy) ~ Lf°(#omp, (Dy, Dy) ®0, wy ' [dimY])
~ Lf°Dy ®0, wy [dim X]
~ Dx @0y wy [dim X]
~ jfomDX (Dx, Dx) ROy w)_(l[dlmX]
~ Dx(Dx)
~ DX (LfoDy).

If fis a projection X =T x Y — Y, it suffices to show the morphism in (¢) is an isomorphism locally,
and moreover assume that M = Dy . In that case, we have

Dy (Lf°Dy) ~ Dx(Or K Dy)
~ Homo, (Or ® Dy, Or K Oy)
~ Or B Homo, (Dy, Oy)
~ Oy Dy (Dy)
~ Lf°(DyDy). O
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9.3.2 Direct images

We now come to the proof that duality functors commute with proper direct images.
Let f: X — Y be a proper morphism of smooth algebraic varieties. We first construct the trace map

Try: /OX[dimX} — Oy [dimY].
f

In the analytic setting, you can construct this using resolutions by currents/Schwartz distributions, but we
will construct it by decomposing f into X — P" xY — Y.
First, suppose i: X — Y is a closed embedding. By adjunction, we have a morphism

/iTOy — Oy.

But in this case, i’ Oy = i°Oy[dim X —dim Y] = Ox[dim X — dim Y], and so we have the required morphism
after a shift.

Now consider the projection X = P x Y — Y. Since Ox = Opn X Oy, and the external product
commutes with direct images, the problem is reduced to the case p: P™ — {pt}. In this case fp Opn is given
by

RF(P", [Opr = Qpn — -+ — w;;n}).

Thus, we have isomorphisms
0
[ Oveln =2 [ Opuln] = 1" (P",pn) = ©
p P

by Serre duality. Note the last isomorphism is by the trace morphism, hence the name. We therefore obtain
a morphism

/ Opn[n] — 72° / Opn[n] ~ C = O,.

p p

In general, denoting X LPprxy B Y, we define the trace as
/(’)m[dimX] = //Om[dimX] — /(’)pnxy[dimY—l—n] — Oy [dimY]
f pJi P

One can show that this definition does not depend on choice of decomposition and is functorial (really, this is
the trace map that comes from Grothendieck duality).

Theorem 9.14. Let f: X — Y be a proper morphism. Then, we have a canonical isomorphism
/DX L)Dy/: Dg(Dx) — Dg(Dy)
f f

of functors.

Proof. We first construct the morphism. We have
/ DxM* = Rf.(R#omp, (M*,Dx) ®%  Dx_y) @6, wy ' [dim X]
f
=Rf.(RAomp, (M*, Dx_,y)) ®%, wy ' [dim X]
Dy / M® = R%”ompy(/ M?*, Dy) ®%, wy'[dimY]
f f
and so it suffices to construct canonical morphisms without the twists by w;lz

CD(M.)Z Rf*(R_%mDX(M’,DX_)y[dlmXD) — Rl%mpy(/f M.,Dy[dle])
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in D2(D$P).
By the projection formula, we have

/DX%Y[dimX] :/Lf*Dy[dlmX] ~ / Ox[dlmX} ®gy Dy
f f f
so the trace morphism gives a map
/DX_)y[dimX] — Dy[dle]
f

Now define ®(M?*) to be the composite

Rf* (R%ﬂompx (M., DX*)Y[dim X]))
{
Rf. RAoms—1p, (Dyx @F M®, Dy x ®F Dx_y[dim X])
{
RAomp, (Rf.(Dy—x @5 M*),Rf.(Dyx ®p  Dx_y)[dim X])
R%mDY («[f M.’ff DX%y[dlmX])

3

R.#omp, ([, M®, Dy[dimY]).

f

We now need to show that this composition is an isomorphism; we do this by checking for closed
embeddings and projections separately. We will reduce to the case where M®* = Dx as before, although you
have to be careful: you need that the resolution of M*® as locally projective D x-modules exists locally on Y.
This is obvious for a closed embedding, but is why we need the projectivity assumption: the product of an
affine open in Y with projective space is D-affine.

For a closed embedding, the composite above is

i*(Home (Dx, iODy))[dim X]
Kashiwaral?

Re%mpy(f; DX7‘/;Z*Dy)[d1mX]

R%m[)y (L Dx, fz ZTDy)[dlm Y]

|

R:%’H’LDY(L. Dx,Dy)[dimY]

so it suffices to show the last map is an isomorphism. Let U = Y \ X, and let j: U < Y be the open
embedding of U in Y. The distinguished triangle

/iTDy — Dy — /jTDY ~
i J
implies it suffices to show R#omp, ([, Dx, fj j*Dy) = 0. But this follows from the fact that
R%mDy(/Dx,/j*Dy) ~ ’i* R%mDX(DXJT/j*Dy) = Z*Z'/]*Dy = 0,
( J J J

where the first isomorphism is one of the properties we showed about how pushforward for closed immersions
interacts with #m, and the last equality is by the fact that X is smooth in Y, so ' fj = 0.
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For a projection X = P" xY — Y, since Dx = Dp» X Dy, we reduce to the case where Y is a point.
Then, Dpn_p = Opr and Dy pr = wpn, and so

Rp.(R#omp, (Dx, Dx_y[dim X])) = RHomp,, (Dp», Op»)[n] = RI(P", Opx)[n] ~ Cn|
and
Rstomp, (/ Dx,Dy[dimY]) = RHomc(RI'(P", wpr ), C) ~ Homc(C[—n], C) = Cln],
P
and so all you have to check is that the morphism is nontrivial. O

Just by writing out definitions and using this Theorem plus the description of Hom in terms of duality
functors, we get

Corollary 9.15 (Adjunction formula). Let f: X — Y be a proper morphism. Then, we have an isomorphism
R%‘mey(/ M*®,N*) ~ Rf,RAomp, (M®, fIN®),
!

where M* € DY(Dx) and N* € D°(Dy).

This if the first of many!

9.4 Adjunction formulas and six functor formalism [HTTO08, §3.2.3]
Let f: X — Y be a morphism of smooth algebraic varieties.

Definition 9.16. We define new functors by

/ =Dy O/ oDx: Dﬁ(Dx)—> Dﬁ(Dy)
! f
f*:= Dxo ffoDy: D!(Dy)— D}(Dx)
Note that these make sense: we have checked all functors involved preserve holonomicity.

We collect various facts into one statement:

Theorem 9.17.
(1) The functor ff! is left adjoint to f1.
(2) The functor f* is left adjoint to ff'
(3) There is a canonical morphism of functors ff! — ff which is an isomorphism for proper f.
(4) If f is smooth, f1 = f*[2(dim X — dim Y)].

Remark 9.18. We will be discussing constructible sheaves when we talk about the Riemann—Hilbert corre-
spondence, so I think it’s helpful to make some comments about parallels now. Recall the definition, in the
setting of analytic spaces.

Definition 9.19. Let X be an analytic space. A stratification of X is a locally finite decomposition

X:|_|Xa

acA

by locally closed analytic subsets such that each X,, is smooth, and X, = | | sep Xp for a subset B of A. A
sheaf of Cx-modules F' is called a constructible sheaf on X if there exists a stratification as above such that
F|x_ is a local system on X, for each a € A.

If F is a sheaf on X®" for X an algebraic variety such that we can find a decomposition such that each
X, is an algebraic subvariety, and F'|xan is a locally constant sheaf for each a € A, we say that F' is an
algebraically constructible sheaf.
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The reason why this is a good notion is that we can chop up X into little pieces, and try to understand
global objects by glueing together sheaves recursively using diagrams of the form

J i
u open X closed

where U = X \ Z. To make this glueing operation possible, there are two sequences of adjoint functors:
(gt =5"Rj) (" i =i, Ri)

(technically living on the derived category) that allow you to glue sheaves together. This is Grothendieck’s six
functor formalism (the other two are tensor product and internal hom), which you would see when looking
at constructible sheaves or étale cohomology. So the analogue of these sequences of adjoint functors for

holonomic D-modules is
([at=a ) (=]
4! j i il

Proof of Theorem. For (1) and (2), we actually show stronger statements involving R#m. First,

Rf.RAomp, (M®, fIN®) 2 Rf.(wxy ®%, DxM*) ®%  fIN®)[— dim X]
~Rf.((wx ®p, DxM*) &%, Dx_y ®%p, [T N*)[-dimY]
~Rf.(wx ®6, DxM*) @} Dx_y)®p, N*)|[—dimY]

~ (wy ®, /DXM’) ®F, N*[—dimY]
f
~ (wy ®%, Dy [ M®) @}, N°*[—dimY]
f!

~ R tomp, (| M* N*).
1!

where the fourth isomorphism is best explained as coming from the definition of derived pushforward for
right D-modules. Applying duals gives the adjunction (2) in the form of

Rf, RA#mp, (f*N°*, M*) %R%ﬂomDY(N',/M').
f

For (3), we have already constructed such a morphism for proper f, in which case it was an isomorphism.
So it remains to show we can define a canonical morphism in general. By Nagata’s compactification theorem
(or, Hironaka’s resolution of singularities since all our varieties are quasi-projective), we can decompose any
morphism f as

X9 s XxY 7 s Xxy—2 vy

closed open proper

in which case we know f_! = | for g and p, and so it suffices to show there exists a canonical morphism
fj! — fj But we can observe

HOmDﬁ(Dy)(/' M.,/M.)ZHomD:(DX)(M.’jT/M.)
J: J J

~ Hom D} (Dx )(M*®, M*)

and so we get the desired canonical morphism by pulling back the identity.
Finally, (4) is just rewriting our previous result on how Lf° commutes with taking duals. O
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10 November 7 and November 14: Regular holonomic D-modules
(Takumi Murayama)

Recall that the (classical) Riemann—Hilbert correspondence said that the categories of local systems on X,
and vector bundles with integrable connection on X, are equivalent. We also had the finiteness property
from last time: if M® € DY(Dx), then there is a stratification

X=Xo0X;D>--D2X,,=0

such that X, \ X, is smooth, and H*(il M) is a vector bundle with integrable connection, where i,: X, \
X,+1 — X. It therefore looks like the Riemann—Hilbert correspondence could be “upgraded” to be an
equivalence between Dﬁ(D x ) and the bounded derived category Dg(X ) of abelian sheaves with constructible
cohomology; this, however, does not quite work, and we must pass to the subcategory of regular holonomic
D-modules. The idea is that allowing arbitrary filtrations like that above makes singularities at the boundary
of the vector bundle with integrable connection too wild.

Note there is an interpretation in terms of ODE’s in [HTT08, §5.1.2]; since the speaker lacks the background
needed to appreciate the notion in ODE’s, we will discuss the algebraic case only. We will content ourselves
with pointing out that it gives a growth condition on solutions to the differential equations [Bor+87, III,
Thm. 1.3.1], in that all formal solutions are actually algebraic [Bj693, Ch. V]. This last result is due to
Kashiwara—Kawai, and the precise statement is:

Proposition 10.1 (cf. [Ber82, §5.10; HTT0S, Rem. 7.3.2]). If M* € D°(Dx), then M*® is reqular holonomic
if and only if R
].:{,HOHlDXYz (M;, OX,I/OX@) =0
forallx € X.
While this seems like a nice definition, because it is difficult to prove results with, we will instead follow
the approach of [HTT08, Ch. 6], which in turn is based on [Ber82, §4]. The idea is to define them for vector

bundles on curves, build a definition for higher dimensions using restrictions, and then build a definition
using the finite length filtrations that we know exist for holonomic D-modules.

10.1 Regular holonomic D-modules on curves [Ber82, §4.1]

Let C be a curve, and choose a smooth compactification i: C < C, where C is an open dense subset. Note
this exists by, say, [Har77, Ch. I, §6]. Choose a point p € C'\ C, which plays the role of a point at infinity of
C. Let z be a local parameter at p, 0 = 0/0x, d = 0 € D. Denote by D¢ the subsheaf of subalgebras of
D& generated by d and O. Note that DY and D" /tD" do not depend on the choice of parameter .

Definition 10.2. Let F' be a O-coherent Dc-module.
(a) We say F has a regular singularity at the point p if its direct image fz F' is a union of O-coherent
D¢.-submodules. -
(b) We say F has regular singularities or is RS if it has regular singularities at all points p € C'\ C.

Definition 10.3. Let F' be a holonomic De-module on C. We say F is regular (holonomic) if its restriction
to some open dense subset U C C is a O-coherent Dc-module with regular singularities.

By looking at how local parameters change under morphisms of curves we obtain

Lemma 10.4 [HTTO08, Lem. 5.1.23]. Let f: C — C’ be a dominant morphisms of curves. Then
(i) M € Mody(D¢) is regular if and only if fTM is reqular; and
(i1) N € Mody(D¢) is regular if and only if ff N s regular.

Proof Sketch. By definition of regular holonomicity, we may replace C with C' and C’ with C’. Let Cy be an
open subset such that we have the commutative diagram

FUCH) = Cy 1 C

étalelfo flproper
./

clh L ¢
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such that M |Cé and N|¢, are vector bundles with regular singularities. Note such a diagram exists by generic
smoothness [Har77, Ch. III, Cor. 10.7]. Pick p € C'\ Cy let f(p) = p’. Also choose local parameters x, and
Yy at p,p’, 50 yp = xp " for some m, € Z~o, which implies d, = m,, - d,.

For (i), by definition it suffices to show fj, M|cy is a union of O-coherent D¢, -submodules if and only if
fj( fTM)|c, is a union of O-coherent D¥%-submodules. But this holds since

/j(fTM)CD :/jfgzmc6 :fT/j/Mbé

where the second isomorphism is by base change [HTTO08, Thm. 1.7.3], and the fact that O-coherence is
preserved under inverse and direct images via a proper morphism. For (i7), we can repeat the same argument,
except we no longer need base change, only the fact that direct image behaves well under composition. [

10.2 Simple holonomic modules [HTTO08, §3.4]

The definition of regular holonomic D-modules will require some background material on simple holonomic
modules, that is, holonomic modules that have no nontrivial D-coherent submodules or quotients. Recall
Proposition 7.5(b), which said that holonomic D-modules have finite length. We want to characterize the
simple holonomic D-modules that appear in the filtration.

Let i: Y — X be a locally closed affine embedding of smooth varieties. Then, Ri, = i, and Dx.y is
locally free, and so we can consider ﬁ M and fi! M as Dx-modules, which are holonomic as we have shown.

Definition 10.5. The minimal extension of M, denoted L(Y, M), is the image of the canonical morphism
Ju M — [ M.

Theorem 10.6. If M is simple, then L(Y, M) is simple, and is the unique simple quotient of fi! M. Also,
any simple holonomic Dx-module L is isomorphic to L(Y, M) for some pair (Y, M), where Y is as above,
and M is a simple vector bundle on Y .

Proof. Let F be any simple quotient of fi! M. Then, since Hom(fi! M, F) ~ Hom(M,i'F) # 0 and i'F is
simple as well as M, we see that M ~ i F, and fi! it F ~ F. Note that F must be unique, for otherwise there
would be another simple quotient F’, and so there is a larger quotient factoring through both F' and F’, a

contradiction.
Now we show L(Y, M) ~ F. We have

Homp, ( / M, F) ~ Homp, (M,i'F) ~ Homp, (M, M) # 0,
!

and so we have a factorization fi! M —F — fz M. Since F surjects onto L(Y, M) and F is simple, we have
that '~ L(Y, M).

For the second statement, let Y be an affine open dense subset of an irreducible component of Supp L, so
that i'L is a vector bundle on Y; note this is possible by Proposition 7.8. Let M = it L; note that this is
simple by Kashiwara’s equivalence. Then, we have an isomorphism

Homp,, ( / M, L) ~ Homp, (M,i' L) ~ Homp,, (M, M) # 0,
!

and so there is a non-zero surjective morphism fi! M — L. Thus, L ~ L(Y, M). O

There is also a statement where L(Y, M) is the unique simple submodule of L M:; the proof is analogous.

10.3 Regular holonomic D-modules in general [Ber82, §§4.2—4.6]

We can now return to our discussion of regular holonomic D-modules. Let X be of arbitrary positive
dimension.

Definition 10.7.
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(1) Let F' be an O-coherent Dx-module. We say F' has regular singularities if its restriction to any curve
does.

(2) Let L be a simple holonomic D x-module. We say L is regular holonomic if it is of the form L ~ L(Y, M)
for M a Oy-coherent Dy-module with regular singularities.

(3) A holonomic Dx-module M is regular holonomic if all its simple factors are regular holonomic. These
form a category Modu(Dx).

(4) M* € D{(Dx) is regular holonomic if its cohomology sheaves are all regular holonomic. These form a
category DY (Dx).

By definition, this category Mod(Dx) is closed under subquotients and extensions.
We state the main theorem about preservation of regular holonomicity.

Theorem 10.8. The functors D,ff,ff,ff!,f* preserve reqular holonomicity.

Theorem 10.9 (Curve testing criterion). M*® € th (Dx) if and only if its restriction igM' to any locally
closed curve C' in X 1is reqular holonomic.

Remark 10.10. We could of course define regular holonomicity as in the curve testing criterion; however,
according to [Ber82, p. 32], checking the “subquotient” properties would be much more difficult, and it
is instead preferable to check the cohomological statements in the first theorem, where we actually have
machinery to work with.

At least part of Theorem 10.8 is easy:
Step 1. Theorem 10.8 holds for D.

Proof. By induction on cohomological dimension and length, it suffices to show that if M € Mod,,(Dx) is
simple, then its dual is regular holonomic. By definition, there exists i: Y < X locally closed and affine, such
that M ~ L(Y, N) for some vector bundle N with regular singularities on Y. Taking duals, since DL(Y, N)

is the image of
/DN&D/N—>D/N:/DN
il i il i

and duals of vector bundles with regular singularities have regular singularities, we are done. O

By definition of [ £ and f*, this means it suffices to show Theorem 10.8 for [ £ and fT. Note, however,
that the curve testing criterion implies the result for fT, so really, we only need to show that / f breserves
regular holonomicity and the curve testing criterion. We give a sketch of the argument, following [Ber82,
§84.4-4.6; HTTO08, §6.2].

The main idea is to prove both theorems using induction on the dimension of Supp M*®, and utilize two
special cases of the proposition. Note the case for curves is by definition and the Lemma from before.

10.3.1 D-modules with regular singularities along a divisor

The first special case is pushforward along an affine embedding whose complement is a simple normal crossings
divisor.

Let X be an algebraic variety. Consider a smooth compactification i: X <+ X, such that X is open and
dense, and such that X* = X \ X has simple normal crossings. Note this exists by resolution of singularities
applied to any projective compactification of X.

Denote by # C Ox the ideal of X¥, by T" C O the subsheaf of vector fields preserving ¢, and D%
the subalgebra of D+ generated by T and Ox+. In this situation, we have the following:

Proposition 10.11 (Deligne). Suppose F is an O-coherent Dx-module. Then, F' has regular singularities
if and only szZ F is a union of O-coherent Dzz-modules.

This implies the following:

Step 2. Let f =i: X — X be an inclusion into a smooth compactification of X, and let M be a O-coherent
Dx-module. Then, [, M is regular holonomic.
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Proof. By Deligne’s proposition, fz M is a union of O-coherent D”Y—modules7 and so any composition factor
L of [, M does as well. If 'L # 0, then one can show (see [HTT08, Thm. 3.4.2(iii)]) that L ~ L(Y, N) for
Y C X affine, and N ~ M. So the interesting case is when when Z = Supp L is an irreducible component
of an intersection of some components of the divisor X*, in which case L ~ L(Z, E), where Z is open in Z.

Then, [, ,(F) is a union of O-coherent O-coherent D%-modules, since DY is a quotient of the algebra D%
and [, (F) is a subquotient of [, M. O

To get to the general case from this one, you use Hironaka’s resolution of singularities to construct a
smooth compactification
X 5 X

’i proper
N

Y

The idea is then to decompose the proper morphism X — Y into a closed embedding then a projection, and
check regular holonomicity is preserved. Note that you have to use the curve testing criterion. If f is an
affine embedding, this isn’t too hard:

Step 3. If f is an affine embedding, then [ s breserces holonomicity.

Proof. 1f f is affine, then [ f is exact, and so by inducing on cohomological dimension and length of composition

series, it suffices to show [ f M is regular holonomic when M is regular holonomic. We have the following
distinguished triangle

/M—>/M—>Cf(M)£>
! !

and since higher cohomology for [ ; and J j vanish, we know composition factors of / ;M must come from
H*Cy(M) or the minimal extension L(X,M). Since the latter is regular by definition, it suffices to show
that H*Cy(M). Using the decomposition above, we have the analogous distinguished triangle

/M—>/M—>Ci(M)ﬂ>
7! 7

/M—>/M—>/CZ-(M)ﬂ>
1! f f

We know already that fi! M, fz M are regular holonomic by Step 2. Thus, C;(M) does also. On the other
hand, C;(M) has support less than that of M, and so pushes forward to something regular holonomic. [

which pushes forward via f to

The general case is a bit more difficult, but amounts to showing the curve testing criterion, and using
it to prove that projections also preserve regular holonomicity (since closed embeddings are already affine
embeddings).

11 November 14: The Riemann—Hilbert correspondence (Takumi
Murayama)
We now come to the Riemann-Hilbert correspondence for regular holonomic D-modules and constructible
sheaves. We recall the notion of a constructible sheaf:
Definition 11.1. Let X be an algebraic variety. A stratification of X is a locally finite decomposition
X = |_| X,
acA

by (Zariski-)locally closed subsets such that each X, is smooth, and X, = | | sep Xp for a subset B of A. A
sheaf of Cx-modules F' is called a constructible sheaf on X if there exists a stratification as above such that
F|xan is a local system on X3" (that is, a local system on the analytic topology) for each a € A.

51



We recall that last time, we discussed that since holonomic D-modules also have a stratification into vector
bundles with integrable connection, and the Riemann—Hilbert correspondence gave a correspondence between
such vector bundles with local systems, we might expect holonomic D-modules to correspond to constructible
ones. This does not quite work, because arbitrary holonomic D-modules can have bad singularities. We do,
however, have the following:

Theorem 11.2 (Riemann—Hilbert correspondence). For a smooth algebraic variety X, the de Rham functor
DRy: D% (Dx) — D2(X)
M* — wx ®p, M*
gives an equivalence of categories.

Note the reason why we call it the de Rham functor is because you compute it using the de Rham
resolution of wx.

Remark 11.3. We note that this functor does not immediately make much sense: why does the image land
in the constructible part of D’(X)? This is part of the statement of Kashiwara’s constructibility theorem
[HTTO08, Thm. 4.6.3], but we will note this as a corollary to a fact later.

Remark 11.4. The image of Mod,,(Dx) is called the category of perverse sheaves. This is different from the
standard definition as the objects in the heart of a ¢-structure on Dg(X ), but the point is that DR x preserves
the ¢-structure. This is in the second half of [HTT08, §7.2].

There is more that can be said: six functors (but not “the” six) will commute with DRx. We recall
some notation from both sides of the Riemann—Hilbert correspondence. Let f: X — Y be a map of smooth
algebraic varieties, and let Z be another smooth algebraic variety. Denoting by Df;(X ) the category of
constructible sheaves on X?", we have functors

Dy: D)(Dx) — D} (Dx)°P Dy : DY(X) — DY(X)P
[ kD) — BhDy) Rf,: D(X) — DA(Y)
I
/ . D(Dx) —> DV(Dy) Rf: DL(X) — DL(Y)
f1: Dh(Dy) — Dp(Dx) ' De(Y) — DL(X)
f*: Dp(Dy) — Di(Dx) f7h DY) — D(X)
— X —: DY(Dx) x D!(Dz) — D}(Dxxz) — X —: DYX) xD%Z) — Db(X x 2)

Theorem 11.5. DR commutes with duals, direct image, inverse image, exceptional direct image, exceptional
inverse image, and exterior products.

We point out the constructibility statement follows from the direct image statement [Bor+87, VIII, §17].
Corollary 11.6. If M* € D% (Dx), then DRx M* € D%(X).

Proof. By induction on cohomological dimension and length of composition series, we may assume M® €
Modw(Dx) is simple. By induction on dim Supp M, we may also assume M = fl L where i: Z — X is
an affine embedding of a smooth locally closed subvariety Z of X and L is a vector bundle with regular
singularities. But in this case, DR x L L ~ Ri, DRx L is constructible since DR x L is. O]

11.1 Proof of Riemann—Hilbert correspondence assuming Theorem 11.5

We'll take Theorem 11.5 for granted for now. We can then prove Theorem 11.2.

Proof of Theorem 11.2 (Sketch). We first show DR is fully faithful. In fact, we will show that we have an
isomorphism of functors:

RHOIHDX (]\4.7 N.) >~ ].:{,HOIDCXan (DRX M., DRX N.).
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Let A: X — X x X be the diagonal embedding, and let p: X — pt be the projection to a point. We first
have

RHomp, (M*, N*) ~ /AT(DXM' X N°*)
p
on the right hand side by Corollary 9.12, and on the left hand side, we have
RHomc .. (F*,G*) ~ Rp, A'(Dx F* X G*)
by applying Rp, = RI to
A(DxF*RG®*) ~ A'Dxyx (F*RDxG*)
~DxA HF* X DxG®)
~ Dx(F. XRc DxG.)
~ RAtomc(F* @c DxG®,wx)
~ R%mc(F R%mc(DxG WX))
~ RAomc(F*® D?XG')
~ R.%mc( G*)
The result follows by the isomorphisms
RHomc .. (DRx M*,DRx N*) ~ Rp,A'((Dx DRx M*) K DRx N*)
~ Rp,A'(DRx DxM°®) XDRx N*)
~ Rp.A'(DRxxx(DxM* K N*))
~ Rp,DRx (AT(DxM* K N*))

~ DRy / AT(DxM®* X N*®)
p

:/AT(DXM'@N')
p
~ RHomp, (M*,N°®)

where in the penultimate isomorphism, we used that DR, = id. Note that we did not show that DRx
actually induced this isomorphism, as pointed out in [HTTO08, Rem. 7.2.3]. They refer to Saito [Sai89a, §4].

For essential surjectivity, it suffices to check that generators of Dg(X ) are in the essential image of DR x.
The generators of this category are pushforwards of local systems on locally closed algebraic sets. This follows
by the classical Riemann—Hilbert correspondence. O

We will now sketch some of the proof of Theorem 11.5. We won’t go through all the proofs, but we would
like to mention that many of them follow the same pattern as for direct images: canonical morphisms are

constructed using the analytic theory of D-modules, and checking isomorphisms is reduced somehow to the
classical case.

11.2 Proof of Theorem 11.5 for direct images

Step 1. There exists a canonical morphism
DRY(/ M*) — Rf, DRy (M*),
f

which is an isomorphism if f is proper.
Proof. Consider the functor
/f : D(DY) — D(DYY)
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which is given by
an
[P =Rem O o0y )
f

We claim that DR o f;n = Rf o DR. Indeed,

or( | U F) ol by RADYL ¢ Shy )
~Rf(f W ®?*1D§}“ Dy’ x ®IfJ'§;“ M?*)
~ RfINWY @pae M)
~ Rf"(DRx (M?))
Now we use the natural morphism of functors
(RE(F®)™ — Rf(F™),

which exists by GAGA. Note that this is not an isomorphism in general; properness is sufficient for it to be
an isomorphism, however. O

Using the diagram

X 43X
’i proper

N

Y

which exists by Hironaka’s resolution of singularities, and since the de Rham functor commutes with
pushforward via f, it suffices to consider the open embedding i.

Step 2. The morphism in Step 1 is an isomorphism if f =i: X — X is a smooth compactification and M*®
is O-coherent with regular singularities.

Proof. This is a theorem of Deligne [HTT08, Thm. 5.2.25, Prop. 5.3.6], and is part of the classical Riemann—
Hilbert correspondence. O

Step 3. The morphism in Step 1 is an isomorphism if f =i: X — X is a smooth compactification and M®
is regular holonomic.

Proof. By induction on cohomological dimension and length of composition series, we may assume M® €
Mod(Dx). By induction on dim Supp M, we may also assume M = [. L where j: Z < X is an affine
embedding of a smooth locally closed subvariety Z of X and L is a vector bundle with regular singularities.
In this case, by using Step 2,

DRy/M:DRy//L:DRy/ L~R(foj),DRzL
f £l foj

zRf*Rj*DRZLzRf*DRX/L:Rf*DRXM. O

J

12 November 21: Hodge structures and mixed Hodge structures
(Harold Blum)

12.1 Motivation

Deligne: Let X be an algebraic variety over C. Then, H"(X, C) has two filtrations: the weight filtration
W, and the Hodge filtration F'. When X is non-singular and projective, then W is trivial, but the Hodge
filtration gives the Hodge decomposition
. losed f
H'(X,C) = @ HP where HPT = S0 (p,q) orms.
pFq=i

exact
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This decomposition satisfies HP»¢ = H?P where conjugation comes from H"(X,C) = H"(X,R) ® C. If we
fix a polarization (X, H), we get a bilinear form

Qa, B) = (—1)j(j_1)/2/ aABAWTI,

X

where a, 3 € H7(X,C), and w is the Kéhler form coming from H. This is the usual cup product from
cohomology. This bilinear form satisfies

Q(Hp,q’Hp',q’) -0

unless p=¢' and ¢ = p/, since p+q=p' + ¢ = j, wis a (1,1)-form, and a A 8 has to be a (j, j)-form.

12.2 Hodge structures
We next discuss abstract Hodge structures, which do not necessarily come from a variety,

Definition 12.1. A Hodge structure (HS) of weight n is
(1) A finitely generated abelian group Hyz;
(2) A decomposition

He:=Hz®C = EB HP4

ptg=n
such that HP4 = HIP,

This setup gives a filtration: if H is a Hodge structure, then we define

FPHG = @Hr,n—r.

r>p
Note this is a decreasing filtration. You can then use this filtration to decompose Hc:
Hc = FPHc ® F»—PtlHg,

since
FrrHiHe= @ H "= P H"
r>n—p+1 r<p-1

We can recover the Hodge decomposition from the filtration:
HPY = FPHe N F Hg,
where we define the notation FPHC = FPHc.

Definition 12.2. A Hodge structure (HS) of weight n is equivalent to the following data:
(1) A finitely generated abelian group Hz;

(2) A decreasing finite filtration F? on Hc such that Hc = FPHc @ Fn_p—HHc (finite here means that
there exist n, m such that F"Hc =0, F""Hc = Hc).

To get a HS in the sense of the first definition from the second, we define
HP = FPHcNF He

when p 4 ¢ = n. We then claim that H?? N H? ¢ =0 for p # p/,q # ¢ HP? C F?, and H? ¢ C F* C
o Next, we need to check that FPHc = €D,

other direction, we use the second condition to give FP"'Hg = FPHc @ HP~ 1911 to get the formula we
want by induction.

So we know there really is a bijection between the two objects. The reason why we need the interpretation
in terms of filtrations is that these behave better under variation, and when we talk about mixed Hodge
structures.

H"™™=". The inclusion 2 is obvious. In the
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Definition 12.3. A morphism ¢: H — H’ of Hodge structures of weight n is a morphism of abelian groups
Yz HZ — H,Z

which extends to a map
@Yc: Hec — Hé

preserving the Hodge decomposition (so the image of HP? lies in H'P:?).

Note 12.4. If ¢: H — H’ is a morphism of HS’s, then ker o, cok ¢ have HS’s, induced by H and H’,
respectively. We can also consider

im ¢ = ker(H' — cok ¢) coim ¢ = cok(ker ¢ — H).
We have im ~ coim.
Proposition 12.5. Hodge structures of weight n form an abelian category.

With respect to the filtration, we can define another notion of a morphism:

Definition 12.6. A morphism ¢: (A, F) — (B, F), where A, B are R-modules, and F is a decreasing
filtration, is a morphism ¢: A — B such that

Q(F"(A)) € F™(B).
For such a morphism, the map coim ¢ — im ¢ is not always an isomorphism. To fix this problem, we
define the following:
Definition 12.7. A morphism ¢: (A, F) — (B, F) is strict if
Q(F"(A)) = f(A)NF"(B).
If ¢ is strict, then coim ¢ = im ¢.

Proposition 12.8. If H, H' are two Hodge structures of weight n, and pz: Hz — H, extends to a map
wc: He — H{ that is a morphism of filtered objects (Hc, F) — (Hg, F'), then ¢ gives a morphism of Hodge
structures.

Proof. Since @¢ respects F, F', then oc(FPHg) < pc(FPHY), and similarly pc(F'Hc) < F*HY. Thus,
wc(HP?) = oc(FPHc ﬁFch) C H'P4. Note this also implies ¢¢ is strict, since

FPHc = @HTJL—?" and Fp/Hé _ @H/r,n—r
r<p r<p
and so 9(FPHc) = ¢(Hc) NP, <, H™" ™" = ¢(Hc) N F?P HE,. O
We give one example:

Example 12.9 (Tate Hodge structure). Hz = 2miZ C C and Hc := H %~!. The weight of this Hodge
structure is —2, and is denoted Z(1).

We also have

Definition 12.10. If H, H' are two Hodge structures, then the tensor product is defined as

(H® H')P = @ gY@ g’

p'+p”=p

and the dual is defined as
HVPa4 — H P9,

and with this definition (and one for hom’s) we have an isomorphism
Hom(H,H') ~ HY ® H'.
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12.3 Mixed Hodge structures
Let A=7Z,Q,R (in principle, this should be able to be any subring of R). Then, we have

Q ifA=2,Q

A ~
©Q {R fA=R

Definition 12.11. An A-mixed Hodge structure (MHS) consists of the following data:
1. An A-module H 4 of finite type,
2. (Weight filtration) A finite increasing filtration W on Hagq, and
3. (Hodge filtration) A finite decreasing filtration F' on Hc = Hagq ® C,
such that letting
CrY H = W,Hapq/Wn-1Hasq

and
CrY He:=GrY H® C,

then
FPGr Ho = (FP N\ Wy + Wi_1) /W1

gives a Hodge structure of weight n.

The idea is that F' induces Hodge decompositions on the associated graded pieces of Hgq relative to
the weight filtration. One way to get these is to take the direct sum of Hodge structures of different weights,
and then put an appropriate weight filtration on it.

Definition 12.12. A morphism f: H — H' of mixed Hodge structures is a morphism f4: Hy — H/, that
respects the two filtrations F, W on Hc and Hagq, respectively.

Note in particular that we do not demand strictness.
Theorem 12.13 (Deligne). The category of mized Hodge structures is abelian.
An important component of this is the following:
Proposition 12.14. If f: H — H’ is a morphism of MHS’s, then [ is strict with respect to both F,W.

The idea is the following. we want a Hodge decomposition on Hc for a MHS H, and so we look at
0— GtV | — W, /W,_o — GtV — 0.

What we would like to say is that Hodge decompositions on either side induce one on the middle term.
However, this sequence does not split with respect to mixed Hodge structures. Instead, we set

— —q—1 —q—2
Ip’qZ:(Fmep+q)m(FqﬂWp+q+Fq me+q_2+Fq ﬂWp+q_3+"')
in Hc.
Proposition 12.15. For p + q = n, the map

p: W, —— GrTVLV

]

gives an isomorphism of vector spaces, and
W, = @ P P — @ i
pt+q<n p'=>p
Remark 12.16.
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o [P9 =]Pq mod Wpiq_o.
e If o: H — H’ is a morphism of mixed Hodge structures, then it sends 1”9 to I'P4,

Note 12.17. If p: H — H' is a morphism of MHS’s, then it is strict with respect to F,W (by using the
decompositions in the Proposition), and

coim ¢ — im (.
We should also note that ker ¢ is a MHS with filtrations induced from H.

Next time we should talk about polarizations; in this case the category becomes semisimple.

13 November 28 (Harold Blum)

We'll talk about polarized Hodge structures, and try to give examples of them and examples of Hodge
structures in general.

13.1 Polarized Hodge structures
Recall that if X is compact Kéhler, then we have a product
O, B) = (_1)1'0‘—1)/2/ o B AW
X

where [a], [8] € H/(X, C). Q is a real, (—1)7-symmetric, non-degenerate pairing. Moreover, Q(H?4, H?'4') =
0 unless p = ¢’ and ¢ = p’, since you need to have an (n,n)-form in the integrand. The reason for the powers
of —1 in front is that people often look at another pairing

h(u,v) = Q(Cu,v),

where C' is the Weil operator C|g».« = ¢?~9. This is a hermitian form, and is positive definite.
We will now generalize this in terms of Hodge structures. Let A = Q,Z, R.

Definition 13.1. A polarization of an A-Hodge structure H = (Ha, Hc = @
bilinear form

p.g=n HP?) of weight n is a

Q:HA®HA—>A

that is (—1)"-symmetric, H?¢ is orthogonal to H?¢' for p # ¢’ (or ¢ # p/, but these conditions are equivalent),
and the form

h(u,v) == Q(Cu,)
is positive definite and hermitian, and C' is the Weil operator as before.
We rewrite this in a different way, using the following two constructions.
Example 13.2 (Tate Hodge structure). Let A(m) be our Tate Hodge structure of weight —2m. Define
A(m)a = (2mi)™-ACC Alm)c=H™ ™™™

Example 13.3 (Tensor products). Let H, H be Hodge structures of weights n,n’. We define H ® H’, where
for each a + b =n +n’, we have
(H®H/)éb _ @ HP9 @ gP 9

p+p'=a

a+q'=b
Definition 13.4. A polarization of an A-Hodge structure H of weight n is a morphism of Hodge structures

Q: H®H — A(—n)
which is (—1)"-symmetric, such that
h(u,v) = (2mi)"Q(Cu,v)

is hermitian positive definite.

58



Note that the (—1)™-symmetry is what is necessary to make h(u,v) hermitian.

Example 13.5. We will consider a polarized Q-Hodge structure of dimension 2, and weight 1. We know
Hq ~ Q?, and asking for a skew symmetric form @ is the same as choosing a basis (e1, e2) for Q? such that

o2 1),

We now examine Hc = HY? @ HO!. Let’s say H? = C - v, where v = (v, v2) in real coordinates. We can
choose v uniquely by dividing by vs, so that v = (7,1). Then,

h(v,v) =iQ(v,v) = i(T-1—7-1) = i*2Im(7),

which implies that 7 € lower half plane. A different decomposition for He will just introduce a sign change
in h.

We now move on to talk about a nice property of the category of polarized Hodge structures: the category
is semisimple. In the following, we assume A = Q, R.

Proposition 13.6. Let (H, Q) be a polarized A-Hodge structure of weight n and let W — H be a sub-A-Hodge
structure. Then,

(1) Q restricts to a polarization of W ;

(2) W+ (with respect to h) inherits a polarized Hodge structure of weight n;

(3) H=W @ W+ as Hodge structures.

Proof. (1) is clear. For (2), note that
WHa=Wat  (Whe = (W),

and that u € (WH)g? .= (W&) N HP if and only if w € (W+)B% Finally, (3) follows by general theory
about hermitian forms on vector spaces. O

Corollary 13.7. The category of polarized A-Hodge structures of weight n is semisimple.

Note that part of being semisimple is being abelian, which we checked last time for non-polarized Hodge
structures; the only thing to check is that the image and coimage are the same.

13.2 Examples of the weight filtration on varieties

We now give some examples of Hodge structures on cohomology groups of varieties.
Let X be an algebraic variety over C, and suppose H*(X, C) has an increasing weight filtration W. Then,
e When X is compact, H*(X) has weights {0,...,k} (i.e., Wy = H¥(X) and W_; = 0);
e When X is smooth, H¥(X) has weights {k,...,2k} (ie., Wy_1 = 0 and W, = H*(X)).

Thus, when X is smooth and compact, then

H*(X) ~ Gr}Y HF(X).

Example 13.8. Suppose X is a compact curve of geometric genus 1 (that is, the normalization has genus 1)
with 1 node (topologically, it is a torus with two points identified). Then, H!(X) has three generators: two
around the non-singular hole, and one more that passes through the node. Then, H!(X) = Q®3, and

Q Jj=0

GI’jHl(X) = {Q@Q J: 1

One way to see this is as follows. Suppose 7: X Xisa proper birational morphism, where X is smooth
and Exc(7) is snc. Then, we have the following:
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Proposition 13.9. We have a long exact sequence

oo — H¥X) — H*X)® H*(V) — H*(E) — H""'(X) — -
where V is the discriminant, and E is the exceptional divisor. This short exact sequence is strict with respect
to the weight filtration (that is, applying Gryv(f) still gives an exact sequence).

In our example, we have

0— GrV H'(X) — GrlV H'(X) — 0

and
0 — Gryl H'(X) — Gr}/ H(X) @ Gr}y H*(V) — Gro H*(E) — Gro H'(X) — 0

The same argument will show that Gr; H!(X) is the same as for the normalization, and Gro H!(X) will get
contributions from the singularities.

13.3 Hodge structure on cohomology

We will now talk briefly about where the Hodge filtration comes from.
Let X be a smooth, compact variety over C. Then, we have

H'(X,C) ~ H(X,Q%).
Theorem 13.10. There is a natural filtration on the de Rham complex
FPQY = QP ={0— -+ 50— 0% - Q%' — ... 5 Q%)
This gives rise to a Hodge structure on H'(X,C), where
FPH'(X,C) = im(H'(X, FPQ%) - H'(X,Q%)).

So now suppose that we have a variety that is not compact, i.e., U is a smooth complex variety with a
compactification U — X such that D := X \ U is a simple normal crossings divisor. In this case,

Theorem 13.11. H*(U,C) = H*(X,Q% (log D)), and we get filtrations F,W on H*(U,C) arising from
filtrations on *(log D):

FPQ% (log D) = “stupid filtration” (truncation) from before
W, Q% (log D) = {Q% (log D) — -+ — Q% (log D) — Q% A Q% (log D) — -+ — Q% ™ A Q% (log D)}

So the forms that appear have poles of order < m along D. These give filtrations on the hypercohomology of
the de Rham complez.

Example 13.12. Let C be a compact curve, and consider S = {y1,...,ym} C C, and let U := C' . S. Then,
GrlV HY(U) ~ H'(C), and GrY H'(U) ~ C™~!'. This comes from the long exact sequence on compactly
supported cohomology, and then by using Poincaré duality. This is similar to the story of the Hodge—Deligne
polynomial, which is a polynomial E(X;u,v) € Z[u,v] associated to a variety X such that

e If X is smooth projective, then

B(X)= 3 (—D)PH (Xt
p,q20
e If Z— X+ U:=X\Zimplies BE(X) = E(Z)+ E(U).
Then, E(X) = >, 502 nso(—1)"hP(H (X, Q))uPv?. But given Z — X «> U, we have a long exact

sequence
o — Grp, H}(U,Q) — Gry H}(X,Q) — Gry H}N(Z,Q) — - -

in which case additivity will follow.
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14 December 12: Variations of Hodge structure (Takumi Mura-
yama)

Harold discussed different kinds of Hodge structures over the last two meetings. Our goal today is to talk
about how variations of Hodge structure, which originate geometrically from asking how Hodge structure
vary in families. We will later present the abstract framework for a variation of Hodge structure. We mainly
follow [Lit13].

14.1 Geometric variations of Hodge structure
Definition 14.1. A family is a smooth proper morphism f: X — S, where X, .S are both complex manifolds.

In this setting, we have the following classical result:

Theorem 14.2 (Ehresmann). The fibers X, of a family are all diffeomorphic to each other. In particular,
the Betti numbers b*(X,) = h*(X,, C) are constant.

In this way, you can view a family of complex manifolds as the data of a smooth manifold, plus a complex
structure that varies as a function of s € S.

Example 14.3. Consider the family of elliptic curves

X ={y?*=z(x-1)(z— N} CP%

|4

Ae S =C~H{0,1}

Each fiber is topologically a torus. However, the complex structures differ: the map given by projection to
x on a fiber X, is the unique 2-to-1 map of the elliptic curve to P'. The ramification points are 0,1, \, oo,
which uniquely determines the analytic isomorphism class of X).

We will mostly be interested when each fiber X is projective (in fact, compact Kahler would suffice), in
which case classical Hodge theory tells us that there is a Hodge decomposition

H*(X,,C)= P HPI(X.) = P HIX.. %),
pta=k pt+q=k
and when B is algebraic. We first note the following easy consequence of Ehresmann’s theorem:
Proposition 14.4. The Hodge numbers h?9(X,) are locally constant.

Proof. By upper semi-continuity, the Hodge numbers h?4(X,) = h4(Xj, Qg(s) are upper semi-continuous in t.
But the Betti numbers are constant by Ehresmann’s theorem, and

(X, = Y hPUXL).
pt+q=k

Thus, Hodge numbers cannot jump up, because this would case the Betti number to also jump up. O

Example 14.5. The Hodge numbers for our example with elliptic curves are easy:

1
1 1
1
For a family of genus g curves, you have
1
g g
1



Variations of Hodge structure are supposed to be a relative version of Hodge structures, and so we would
expect to see some decomposition theorem involving higher pushfowards. For this, we use the following:

Theorem 14.6 (Topological proper base change [Stacks, Tag 09V6]). Suppose f: X — S is a continuous
map of spaces which is universally closed and separated. Let F be a sheaf of abelian groups on X (or an
object in DV (X)). Consider the cartesian diagram

XxsT -2 X

ol

T—2 8

Then, the canonical map ' _
R f.F — R flg*F

s an isomorphism. In particular, if s € S is a point, then
(R fo.7)s ~ H (X,,.Z|x.).

Example 14.7. Consider the case .% = Cx, the constant sheaf, and f: X — S is a family. Then, the
special case of the base change theorem says

(R f.Cx)s ~ H'(X,,C).

The Proposition then says that R'f,Cx is a vector bundle on S, which is locally U times the vector space
H'(X,,C) for any s € U.

Now that we have captured cohomology of a family into a single object, we want to find a version of a
Hodge decomposition on R’ f,Cx. We could hope to exploit the Hodge decomposition in the classical setting,
and extend this to a global splitting of the vector bundles R’ f,Cx, but this is too much to ask for, since the
splittings are not holomorphic.

Example 14.8. In our family of elliptic curves, note H':? varies holomorphically inside of R! f,Cy, since
dx dx

0 Ly_C. -
o) =C e 'y

On the other hand, since H1.0 = H%! we would expect H%! to vary anti-holomorphically inside of R'f.Cx.

Instead, we recall the last description of Hodge structures given by Harold. There is a natural filtration
on the de Rham complex

FPQY = QP ={0— - 50— 0% = Q% — ... 5 Q% ),
that gives rise to a Hodge structure on H*(X, C), where
FPHY(X,C) = im(H (X, FPQ%) — H'(X,Q%)).
The filtration exists also in the relative setting, i.e.,
FPQ% s = ;(Z/’;:{O—>~~—>0—>Q§(/S—>Q§j/13—> = Q% st
and what we want to do is to give a relative version of the Hodge structure.

Theorem 14.9 (Holomorphic Poincaré Lemma). Let X be a complex manifold. The canonical map
H'(Q%) — Hip(X) (=~ H'(X,C))

s an isomorphism.
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Since everything is natural, combining this with the proper base change theorem implies the following;:

Corollary 14.10. Let f: X — S be a smooth proper map of complex manifolds. There is a canonical
isomorphism ' 4 '

R'f. } — R'f,.Cx ®c Os (~ R f.Zx ®z Og).
In particular, the sheaves on the left-hand side are vector bundles.

We then get something like a Hodge structure on R’ [+25. Note that by using the language of filtrations,
we do end up getting a Hodge decomposition-like result.

Theorem 14.11. Let f: X — S be as before, but let X be projective (or just compact Kdhler, so there is a
Hodge structure on cohomology). Then,

(3) Rif*Q;(Z/pS is a holomorphic vector bundle for all i and p.

(i4) Rif*Q;(Z/g — Rif*Q;(Z/g_l, and the cokernel is a vector bundle.

(731) We have a decreasing filtration
FPH'(X,C) = im(R'£.Q37% — R'£.9%5)

such that

Rf.0%/s = FPR' [.0% g & FrHIRILO% o

Proof. We first claim that R’ f*Q’;( /s is a vector bundle for each i, k. But this follows from the constancy of
Hodge numbers plus the base change theorem, and then by using (the analytic version of) Grauert’s direct
image theorem.

Now for (i), we use descending induction on p. If p = n, this is a special case of the above. If p < n,
consider the short exact sequence

o>p+1

*>
P O — QI;(/S — 0,

O—>QX/S

which gives a long exact sequence of higher direct images. The boundary morphisms
) D i+1 e>p
sz*QX/S — R f*QX/S
are all zero by using base change and the degeneration of the Frolicher (Hodge-to-de Rham) spectral sequence,
and so we have short exact sequences

0— Rif*Q;?/pS — Rff*Q;E/PS“ — R'L.OR o — 0.

This shows R’ f, Q;(Z/;H is the extension of vector bundles, hence is a vector bundle itself.
For (ii), the short exact sequence above has the required injective map, and the cokernel is indeed a
vector bundle.
For (#ii), the first part is just a reformulation of (i7), and the second part follows from the analogous

decomposition on fibers. O

We note that the exact relationship between the integral structure on cohomology and the relative Hodge
filtration we constructed above is subtle:

Example 14.12. Let C' — S be a family of elliptic curves (like the one from before), and consider the family
X =(C x5 C — S of products of elliptic curves. Then, the Picard rank

p(Xs) = rank(H*(X,, Z) N H"' (X))

is not constant:
(X.) 3 X, does not have complex multiplication
Pie) = 4 X, has complex multiplication
Note that the set of points where p(X;) = 4 is countable, but is dense in both the Zariski and analytic

topologies: they correspond to quotients C/(1,7) where 7 is a point in the upper-half plane which is an
imaginary quadratic number.
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14.1.1 Griffiths transversality

Variations of Hodge structure satisfy one more property which was not part of our definition of a Hodge
structure before. This property was proved by Griffiths, and basically says that the filtration in the previous
Theorem plays well with the D-module structure on R f, Q5% /s

First, note that

Rf.Q% /s = Rf.(DR}(Ox))[dim S — dim X] ~ X/SOX[dimS—dimX]

as complexes of Og-modules. Thus, we have that
R f.0% /g ~ / Ox[dim S — dim X]
f

is a vector bundle that is also a Dg-module, that is, it has an integrable connection, which we recall induces
the de Rham complex below, which is a resolution of ker V:

0 — R'£.Q%/s — R Q%5 ®os O — R f.0% s ®os Q% — -
This is called the Gauss—Manin connection. We can now state Griffiths’ theorem.
Theorem 14.13 (Griffiths transversality). Let V be the Gauss—Manin connection on Rif*Q;(/S. Then,
V(FPR f.0%/5) C (FP'R' f.Q%5) © Qf
I think you can prove this in the following manner, using the D-module theory we have built up so far.
Proof Sketch. By the dual description of integrable connection, this is equivalent to saying
Va(FPR'f.0%s) € (FP7'R' £.0% /s)
for each operator V,, € F1 Dg = ©g. But it turns out that setting
F_ R Q%5 = FPR' f.0% /s,
this defines a filtration on R’ [+9% /s by working through the definition of a D-module (or alternatively,
building filtrations into our definitions of functors), which implies what we wanted. O

From what I can gather, this seems to be the content of [Sai88, Thm. 5.4.3].

14.2 Abstract variations of Hodge structure

We now define an abstract variation of Hodge structure, which asks for a local system to satisfy the same
properties as the local system R'f.Zx.

Definition 14.14. An integral variation of Hodge structure of weight n on S is a Z-local system Vz on S,
together with a decreasing filtration
FPVs C Vg :=Vz ® Og

by holomorphic vector bundles, satisfying the following properties:
(1) FP induces a Hodge structure on each fiber of Vg, that is,

Vs = FPVy @ FrrtiV,.

(2) [Griffiths transversality] Denote Vo == Vz® C, which gives the vector bundle Vg an integrable connection
V by the (classical) Riemann—Hilbert correspondence. Then,

V(FPVs) C FP Vs @ QF.
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Similarly, we can define rational or real variations of Hodge structure.
The polarized version is as follows:

Definition 14.15. An integral polarized variation of Hodge structure of weight n on S is a variation of
Hodge structure along with a bilinear form

Q:Vze Vg —1Z
such that the restriction to each fiber is a polarized Hodge structure.

We also state the mixed version:

Definition 14.16. An integral variation of mixed Hodge structure is a Z-local system Vz on S, together

with a decreasing filtration
FPVg C Vg :=Vz® Og

by holomorphic vector bundles, and an increasing filtration
WpVq =Vz®Q

by sublocal systems of rational vector spaces, such that
(1) FP,W, induce a mixed Hodge structure on each fiber of V.
(2) [Griffiths transversality]

Much like the smooth case, the main example is for a morphism of complex analytic varieties.

Example 14.17. R'f,Zx is a constructible sheaf, and on each stratum you have a local system, for which
filtrations can be defined locally.

One thing to mention is that there is no notion of a variation of Hodge structure on the entire constructible
sheaf; I believe this is what Saito’s theory of mixed Hodge module is needed for.

14.3 One application: Hodge loci

We end with an application of variations of Hodge structure from [Voi03, §5.3.1].
Let U C S be a connected open set and let A be a section of Vz on U. Let A\, € Vz, denote the value of
A at u, which can then be viewed as a holomorphic section of Vg via the inclusion Vz C Vg.

Definition 14.18. The Hodge locus U} defined by X is the set
Uy ={uelU]|A € F'Vgu}.

Example 14.19. Let n = 2p and let A\ € R f,Zx. Then, the Hodge locus U? is the set of points u where
the class A is a Hodge class, that is, an element of H??(X,) N H?(X,,Z). The Hodge conjecture states that
the Hodge locus is the set of points for which a multiple of X is the class of an algebraic cycle. So studying
Hodge loci is a first step in attacking the Hodge conjecture.

Lemma 14.20. Every Uy is a complex analytic subset of U, with a natural scheme structure.
Here by “scheme structure” we just mean non-reduced structure as a complex analytic space.
Proof. U} is the zero locus of )\ € Vs/FPVs, which is holomorphic. O

Remark 14.21. Cattani, Deligne, and Kaplan showed that if Vz = R’ f,Zx, then the Hodge loci are algebraic.
This is considered evidence in favor of the Hodge conjecture.

Note that the proof of the Lemma above implies that U} can be defined locally by N = rank V,/F?Vg
equations. Griffiths transversality can be used to show the following:
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Proposition 14.22. The analytic set Uy can be defined locally by
hP~1 = dim(FP~'Vs/FPVs)
equations.

Proof. Let u € U}. In a neighborhood of u, choose a decomposition
Vs/FPVs = FP~ Vs /FPVs & F

as holomorphic vector bundles, so that

A= Xp,1 +XF

Then, UY C V' C U where V! is defined by A,_1. We want to show U} = V7.

Assume for simplicity that V! is smooth, and replace U by VY. It suffices to show that if U, =
Spec(Oy,,/m&L) is the ¢th infinitesimal neighborhood of U, then U N Uy = U,. We prove this by induction
on /.

The base case ¢ = —1 is trivial. For the inductive case, suppose by inductive hypothesis that UY NU, = Uy,
so that the section A of Vg lies in FPVg up to order 4, i.e.,

>\:,U/+Zai0—i+26j7—j
i J

for some p € FPVs, a;, 35 € m4T, and o; € FP~1Vg, 1; € F. Since A\p—1 =0 on U, we see that A — y maps
to zero in (m&H /mi*2)FP=1Vy /FPVg, and so after modifying p, we may assume that o; = 0 mod m&H2.
Now applying V to this equation, we obtain

—Vu= Zdai ® o; —&—Zd@ ®Tj € FPlyg ®Q}J
% J

since A is flat, and by transversality. Looking at this modulo FPVg, we see that we may assume 3; = 0.

Looking at this modulo m‘*!, we have that da; = 0, and so o; € m“*2. Thus,

A€ FPVg mod m‘F2Vg,

ie., U/I\jﬂUg_;,_l = Upy1. O

15 January 23: V-filtrations and vanishing cycles (Harold Blum)

Vanishing and nearby cycles are things from topology, which can be studied in terms of perverse sheaves.
V-filtrations are the analogue on the D-module side.

15.1 Example
We start with a simple example:

Example 15.1. Let X be a family of elliptic curves {y?> = z(x — 1)(x — t)} € P2 x A over the open unit
disc A that degenerate to a nodal curve at t = 0. The first homology is H1(X;,Z) = Z - {ay, Bt). We want
to study what happens when t — 0. Heuristically, it looks like oz — 0 (a “vanishing cycle”), and 8¢ — S
(a “nearby cycle”). Now let T € w1 (A ~\ {0},t). Then, we can think about what the action of T is on the
generator of homology:

T(O[t) = O T(ﬂf) = ﬂt + 50ét.

The key word here is “Picard—Lefschetz theory.”
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15.2 Vanishing cycles

Let X be a complex manifold, and let f: X — A be a map that is submersive away from 0. Then, let
e: H— A~ {0} be the map z +— ¢*™#_ that is, the universal cover of A \ {0}. We can then construct the
following diagram:

X bt X X,
o]
H—— A+— {0}
Now we can construct vanishing and nearby cycles using the language of constructible sheaves.

Let K be a complex of constructible sheaves on X (that is, a complex of C-vector spaces with constructible
cohomology).

Definition 15.2 (Nearby cycles). ¢y K =i 'Rk.k K.

By pulling back to X , we are “gaining information” about the behavior of fibers away from 0. By
adjunction, we have a map K — Rk,k~ 'K, and so there is a map i 'K — VK.

Definition 15.3 (Vanishing cycles). ¢;K = Cone(i 'K — ¢¢K). (Is this clearly functorial? Recall that
cones are unique, but only up to non-unique isomorphism. This could work out if we took the Cone in terms
of dg categories.)

Theorem 15.4 (Gabber). If K is perverse, then Py K = K[—1] and ¢ K = ¢5[—1] are perverse.

Since the category of perverse sheaves sheaves is abelian, we can try decomposing them.
We can define the action of T on P9, K,P¢;K by z — z + 1 on H. More precisely, this map induces an

isomorphism j of X via base change, such that k o j = k; via adjunction, we have a map
Rk k'K — Rk,j 'k 'K ~ Rk, k'K,

and then shifting [—1]. (Using 57! or Ry, corresponds to a sign change z + 2 £ 1.)
We can then look at the generalized eigenspaces by looking at

pi/)f)\:keI'(T*/\'id)m p(bf,,\:ker(Tf)wid)m

for m > 0, where the kernel is taken in the category of perverse sheaves. (If K is a local system, then this
should be compatible with what happens on stalks, i.e., you should get back the classical description using
Milnor fibers.)

We have the decomposition

M= P Pora Por= €D Py
AeC* AeC*

Claim 15.5. Py ~P¢; for X # 1.

The reason is that the eigenvalues on i 1K are 1 (they correspond to the identity).

15.3 V-filtrations

Let f: X — C, where X is a variety over C. We want an analogue of the above story on the D-module side;
to do this, we will construct a filtration on M € Mod.(Dx) with respect to f~1(0).

Case 1. f is smooth.
In local coordinates, x1,...,Z,,t, {t = 0} +> f~1(0). Then, we can define

VoDx =={P € Dx | P-(t)" C ()" for i > 0}

={PeDx | P= Y hap,(x)00t?0]
B—~2>0

ViDx ={P € Dx | P-(t)" C ()" for i >0}
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Definition 15.6. A V-filtration on M € Mod.(Dx) is a decreasing filtration by coherent V°Dx-modules
such that
(1) {V“}, is indexed by Q, discretely (Gr{y = V*/V>% #£ 0 for a discrete set of @ (do the denominators
have to be the same?)), and left continuously (V* =, V8
(2) tve Ccverl g, ve CcVerl and tV* = Verl for a > 0 (> 07);
(3) Oit — «v is nilpotent on Gr{y = V< /V>,

Examples 15.7. Here, V® = VIl if o € Q (this is the opposite continuity as for multiplier ideals).
(1) Ox has a V-filtration, where V" Oyx = (t)™71, since ot - t™~1 = mt™~1.
(2) If (&, V) is a vector bundle with flat connection, then letting V™& = t™~1& gives a V-filtration, since
if s € &, then
Optt™ s = 0, (t™)s + t™0s = mt™ Ls + t™(0s).

(3) Suppose M € Mod.(Dx) is supported on (¢t = 0). In this case, we saw the V-filtration already when we
talked about Kashiwara’s equivalence: Let

MI={sec M|t -s=7-s}

in which case M = @72, M~7. We set

VM = é M.

j=m
Alternatively, M ~ N ®@c C[J], in which case M7 ~ N ®¢ §’.

Theorem 15.8 (Kashiwara—Malgrange). For M € Mod.(Dx), there exists a V -filtration along (t = 0) if
M is regular holonomic, with quasi-unipotent monodromy (i.e., T acts on the perverse sheaf DR(M) with
eigenvalues that are roots of unity).

If f is a family of varieties and M = Cx, then the quasi-unipotence of the monodromy action is a result
from Hodge theory. Note that the quasi-unipotence condition is what corresponds to the indexing by Q in the
definition of a V-filtration; when indexed by C, the quasi-unipotence condition in the Theorem goes away.

One way to think about this is in terms of the Bernstein polynomial, which is the minimal polynomial of
the action of 9;-. The roots of this polynomial correspond to eigenvalues.

Proposition 15.9. V filtrations are unique.

Proof. Given two V-filtrations U®,V*® on M € Mod.(Dx), our goal is to show that U* C V* for all «a; by
symmetry, this shows that they are in fact equal.
We first claim that for a # S,

uenvel=urenvPf L uenv>~p, (15.1)
“D” is clear; for “C,” consider the quotient
Uuenve ) urenvel L uenv>e),

Then, (0t — «) and (Ot — ) are both nilpotent, and so the quotient is zero.
Next, we claim that
U* CU> + V. (15.2)

Fix w € U?; then, there exists 3 such that w € V#. Then, write w = w; 4+ ws, where w; € U~ and
we € V>#. We may then replace w by ws (since 3 > a would imply we are done), and so w € U® and
w € VP, where 8; > . Repeating this argument, since the V-filtration jumps on a discrete set, we have
that w € V.

Next, we claim that for 5 > 0, we have

uecuf4ve (15.3)
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Also, we will show that U* C t‘UY 4+ V<« for £ > 0 and v > 0. Using the previous step twice, we have
U*CcU”*+ve
U>a — Ual g U>a1 + Vocl

Combining these, we have
Uoz g U>o¢1 + Va1 + Va g U>a1 + Va

Now the discreteness argument from before gives the claim.
We now want to show that for £ > 0,
tur cve, (15.4)

First, write UY = >, V®Dx - u;, and so UY C V° for § < 0. t*U° CHV° C VOt C Ve for 0+ 4> a. O
Case 2. f: X — C, where f~1(0) is not necessarily smooth.
We reduce to the smooth case by using the graph map
(id, f): X — X x C.

Let t correspond to the coordinate for C. Then, if M € Mod.(Dx), we want to reduce to Case 1 where the
divisor is smooth, and so we consider the direct image module My := M ®c C[0;]. Then, if there exists a
V-filtration on My along X x {0}, we set

VM =V M;nNM® 1.
It is more useful to study the V-filtration on X x C, though:
Theorem 15.10. If M is regular holonomic, then

Porn ifae0,1)

DR(Gry, My) ~ {pwf)\ if a € (0,1]

where \ = e~ 2mia,

Note that there is an assertion that Gry, M is regular holonomic. A theorem of Budur—Saito is that if
M = Ox, you get the multiplier ideal.

16 January 30: Pure Hodge modules (Takumi Murayama)

16.1 A functorial definition for vanishing cycles

We first answer a question we had last time: How can we define vanishing cycles functorially?
You can apparently make our definition using cones functorial by using dg-enhancements of all the functors
in sight. Instead, we give a different construction. Recall the setup:

)?%X%XO
J

|7l

H—— A+— {0}

where f: X — A is a map that is submersive away from 0.

Proposition 16.1 [KS94, §8.6]. ¢ K ~ i~ R#om(f~1C, K)[1], where

C::{O—mgHLdgeng—w}

and the map tr is the adjunction morphism e/Cy = €1e*CA — Ch .

69



Proof. C fits into the exact sequence
0—C, — C— eCqxll] — 0,
which gives the distinguished triangles

Cp —— C —— e/Cyxll] ~

Cy — [0 — fleChxll] ~»
[l
ki Cx(1]

where we applied f~! in the second line, and the isomorphism is by base change. Now applying the functor
i~ Rstom(—, K)[1], we obtain

i'RAOM(kC5,K) — ¢y K — i ' K[1] ~~
We can identify the leftmost entry as follows:
i'RAom(kCyx, K) =i 'Rk, R#om(Cg, k™' K) 2 i 'Rk, k'K = ¢y K

by Verdier duality. 0

Another question we had is why we have direct sum decompositions

Por=EP Pra Por= EP Péra

AeC* AeC*

into generalized eigenspaces for the monodromy action T'; this is [Reil0, Lem. 4.2].

16.2 Introduction to Hodge modules

Remark 16.2. We work with the sheaf Dx of rings of holomorphic differentials on a complex variety X of
dimension n, and with right D-modules, following [Sai88; Sai89b; Schl4a]. Using right D-modules makes the
direct image and duality functors much easier to describe, which are important since duality functors are used
to define polarizations, and direct image functors are necessary to define mixed Hodge modules on singular
spaces, via Kashiwara’s equivalence. Moreover, we will always work with Hodge modules with Q-structure.

16.2.1 Motivation [Schl4a, §4)]

We first give some motivation. Let X be a smooth complex variety. Recall that the Riemann—Hilbert
correspondence gives an equivalence between the category of regular holonomic D-modules and the category
of perverse sheaves:

DR)(: Mod,h(DX) L> Perv(X)
Mr— Mah Ox

where we note the definition of DR x differs from the version we saw before since we are now using right
D-modules (explicitly, this can be calculated using the Spencer resolution (5.7)). The category Loc(X) of
local systems lives in Perv(X), and we saw that local systems often carry a (mixed) variation of Hodge
structures, which consisted of the following data:

1. A Q-local system V;

2. A Hodge filtration F'* on the vector bundle V ®q Ox satisfying Griffiths transversality;

3. A weight filtration W, on the local system V' (for mixed Hodge structures).
We also have a notion of polarization for Hodge structures.

Goal 16.3. Extend the notion of polarizable mixed Hodge structures to D-modules.
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A pure Hodge module (M, F,, K) consists of the following data:

1. A perverse sheaf K with coefficients in Q;

2. A regular holonomic D-module M such that DR(M) ~ C ®q K;

3. A good filtration Fy on M.
although there will be additional properties that we will require (in particular, conditions about weights).
The exact relationship to Hodge structures is that the category of Hodge modules on a point is equivalent to
the category of Hodge structures.

16.2.2 An example: the canonical bundle and vanishing theorems [Pop16, §§5, 9; Schl4a, §5]

Before we get to definitions, we give a motivating example of where mixed Hodge modules can be used in
algebraic geometry.

Example 16.4. Consider the canonical bundle wx on a complex variety X. Recall that wx is a right
Dx-module via the Lie derivative (Claim 1.15). Consider the filtration given by

F_n_le =0 and F_an = wx,

and consider the perverse sheaf Qx[n]. Then, Q¥ [n] = (wx, F., Qx[n]) is the “trivial” Hodge module. Here,
DRy (wx) = {OX 0k O } (16.1)
deg 0

By the holomorphic Poincaré lemma, this is quasi-isomorphic to the complex Cx|[n], i.e., the complex with
one nonzero entry at degree —n. Since C ®q Qx[n] =~ Cx|[n], this satisfies the properties given above.

In complex algebraic geometry, some of the most useful results are vanishing theorems, which involve the
canonical bundle in some way. We recall a few:

Theorem 16.5.
(i) [Kodaira—Akizuki-Nakano] If X is a smooth projective variety, then for all ample line bundles L on X,

HIX, 0% ® L)=0 forallp+q>n.

(i) [Kollar] If f: X — Y is a morphism of projective varieties, where X is smooth, then for all ample line
bundles L on'Y, 4
HYY, R fi(wx)®L)=0 forallqg>0, j€Z.

Saito proved the following theorem about mixed Hodge modules with implies both these results. Note
that we are not being too careful about whether sheaves live on X or X?".

Theorem 16.6 (Saito’s vanishing theorem [Schl4a, Thm. 24.1]). Let (M, F,, K) be a mized Hodge module
on a projective variety X. Then,
H(X,gr] DRIM)® L) =0

forallq >0, p€Z, and ample L.
Proof of Theorem 16.5 assuming Theorem 16.6. For (i), we let M = wx as in Example 16.4. Then, (16.1)

implies
grl, DR(wx) = U [n —pl,
where we recall the order of a k-form is —k in the proof of Lemma 5.19. Then,

HYX, 0% ® L) = HI(X,0% ® L) = H**7"(X, gt DR(wx)® L) =0

by Theorem 16.6.

For (ii), let f: X — Y be a morphism to a projective variety Y. There is a way to define the direct image
f+(M, Fy, K) of a mixed Hodge module, such that its action on M and K are as we would expect, and such
that the filtration behaves well with respect to the Riemann—Hilbert correspondence:

R f, grl DRx (M) ~ gr} DRy(fJf M).
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This is known as “Saito’s formula” [Popl6, p. 9]. For p =n and M = wy, this yields
ij*wx ~ grf DRy(f; wx).
Thus, applying Theorem 16.6 to M = f; wx, we obtain

H(Y, R f.(wx) ® L) = HY(Y,gr} DRy ([] wx) @ L) = 0. -

Of course, the proof of Theorem 16.6 is difficult, but it illustrates the power of Saito’s theory.

16.3 Pure Hodge modules [Sai89b, §3; Schl4a, Pt. B]

We now start giving definitions. Recall that Dx is the sheaf of rings of holomorphic differentials.

16.3.1 Filtered D-modules with Q-structure [Schl4a, §7]

We first construct a larger category of filtered D-modules, together with perverse sheaves giving their rational
structure, which will contain the category of pure Hodge modules.

Definition 16.7. Let MF,,(Dx) be the category of filtered Dx-modules (M, F,) such that M is regular
holonomic, and F, is a good filtration; morphisms are given by morphisms of D-modules which respect the
filtration. Consider the commutative diagram of functors

MFrh(DXv Q) rat PerVQ(X)
i
J JC@Q
Forget DR x
MFw(Dx) TYRAESY, Mod(Dx) ——=— Perv(X)

The fiber product MF,,(Dx, Q) is the category of filtered regular holonomic D-modules with Q-structure.
Explicitly, objects of MF,,(Dx, Q) are triples M = (M, F,, K) where

1. K is a perverse sheaf with coefficients in Q;

2. M is a regular holonomic right D x-module, together with an isomorphism

a: DRx(M) — C®q K;

3. F, is a good filtration of M, which recall is an increasing filtration such that F, M - Fy,Dx C Fp, M,
and such that F, M is Ox-coherent for all p (by Proposition 3.2, this is equivalent to grf’ M being
coherent over grf’ Dy).

Morphisms are given by pairs of morphisms for (M, F,) and K which respect the isomorphism a.

Pure and mixed Hodge modules will form a subcategory of MF,. Before we define them, we give some
examples.

Example 16.8. Let V be a (Q-)variation of Hodge structures of weight w. We can associate to it the
following element of MF,,(Dx, Q):

1. K =Vin

2. M =wx ®oy Vx, where Vx = Ox ®q V;

3. Fp./\/l =wx oy F7P~"Vx.
We will see that this gives a pure Hodge module of weight w + n. We have

DRx(M):{Vx—)Q}X(@Vx—)—>Q}®Vx}ZC®QV[’I’L]:C®QK
deg 0

by the holomorphic Poincaré lemma. Note that the example Q%[n] in Example 16.4 is a special case, where
V = Qx is the constant variation of Hodge structure of weight 0.
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Example 16.9. The Tate twist of (M, F,, K) by an integer k € Z is the new triple
M(k) = (Ma FD—k'7K ®Q Q(k))a
where Q(k) = (27i)*Q C C.

Example 16.10. Recall that if f: X — Y is an arbitrary morphism of complex varieties, then R’ f,Qx is a
constructible sheaf, but is not a local system in general (for example, if f is a closed embedding). But it
still defines a filtered D-module with Q-structure, which fixes our complaint before that variations of Hodge
structure don’t push forward (Example 14.17).

It turns out that the category MF,,(Dx, Q) is too large for the purposes of Hodge theory (why?). We
want to find a subcategory that is small enough to be manageable, but large enough to contain all polarizable
variations of Hodge structure. In particular, the category of pure Hodge modules will be semisimple, with
components coming from polarizable variations of Hodge structure on subvarieties.

16.3.2 Nearby and vanishing cycles for filtered D-modules [Sai88, §§3.4, 5.1; Sch14a, §9]

To construct the subcategory of pure Hodge modules in MF,,(Dx, Q), we will use nearby and vanishing cycles.
These will be different from those we defined in Definition 15.6 since we are now using right D-modules.
Let M = (M, F,,K) € MF(Dx,Q), and let f: X — C be a non-constant holomorphic function.

Goal 16.11. Define nearby cycles ;M and vanishing cycles ¢y M in the category MF(Dx, Q).
As we did for left Dx-modules in §15.3, consider the graph embedding
(id,f[): X =X xC=Y.

Let t be the coordinate on C, and consider the direct image M of the D-module given by

My = M = M[9}]
(id.f)
FoMy =F, M=EPF. M0
(id, f) i=0

where fg = Rg.(— ®BX Dx_,v) is the direct image for right D-modules; note that by Proposition 5.22, this
functor is the same as the naive direct image functor from §4.2.1.
Now recall that VoDy ={P € Dy | P- () C (t)}.

Definition 16.12. A V-filtration on M is an exhaustive increasing filtration by coherent VpDy-modules
such that

(1) {Va}a is indexed by Q, discretely, and right continuously (Vo =45, Vs);

(2) Vot C Va1, Vo0 CVoarq,and V,, -t = V1 for a < 0;

(3) t0; — a is nilpotent on gry =V, /V.,.

Recall that by Theorem 15.8 and Proposition 15.9, the V-filtration exists and is unique as long as the
eigenvalues of the monodromy operator T on Y1) s K are roots of unity.
To define nearby and vanishing cycles for filtered D-modules, we recall the following;:

Theorem 15.10 (cf. [Sai88, Prop. 3.4.12]). If M is regular holonomic, then

Pihy A(DR(M)) if —1<a <0

\4 ~
DR(gr, My) ~ {%f_,A(DR(M)) if —1<a<0

where \ = 2™,
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So we know what the D-module part of 1)y M should be; we still need to determine what filtration to put on
it. By the decomposition of nearby and vanishing cycles by generalized eigenspaces

Ppp=ED Pvsa Por= EP Pora

AeC* AeC*

we have

DR( @ ngM,v) EC®QPL/JfK

—1<a<0

DR( @ ngMf>’iC®Qp¢fK

—1<a<0

The two D-modules on the left-hand side are regular holonomic; we now want to put a filtration on them.
The “correct” thing to do is to ensure the V-filtration is compatible with the filtration F,:

FEo Myn VMg

E,gty My = )
P T BMy Voo M;

(16.2)

in which case we make the following definition:

Definition 16.13. Let f: X — C be a non-constant holomorphic function, and let M = (M, F,,K) €
MF(Dx, Q). Then, the nearby and vanishing cycles are

VM= P (grh My, For, "y omia K)

—1<a<0
raM = (grly My, Fooy, P51 K)
praM = (gry My, Fo,P¢s1K)

As long as the filtration defined in (16.2) is good for all —1 < a < 0, these are objects in MF,,(Dx, Q).
Just as for perverse sheaves, we also define two morphisms:

bpaM —— s G M GgaM — s g M(—1)
-8, )
(gr‘_/l Mf,F._l) — (grg /\/lf,F.) (gr(‘)/ ./\/lf,F.) —ty (gr‘_/l ./\/lf,F.)
p¢f71K$>p¢f,1K p¢f,1KL>p¢f,1K(—l)

One has to check that the morphisms match via the Riemann—Hilbert correspondence [Sai88, Lem. 3.4.11].

Remark 16.14. Except for A = 1, the individual perverse sheaves P1;  are not guaranteed to be defined over
Q, and so they must be packaged together in the definition of ;M. I don’t know why we don’t similarly
define ¢y M.

16.3.3 A preliminary definition [Sai89b, n°® 3.2]
We can now give a definition for pure Hodge modules, which admittedly is not very enlightening.

Definition 16.15. The category HM(X, w) of Hodge modules of weight w on X is the largest full subcategory
of MF,(X, Q) satisfying the following properties:
1. HM(pt, w) is the category of Q-Hodge structures of weight w;
2. If SuppM = {z} for M = (M, F,,K) € HM(X,w), then there exists M’ € HM(pt,w) such that
i«M' = M, where i: {x} — X is the inclusion map;
3. If M € HM(X, w), then for every non-constant holomorphic function f: U — C defined on an open
subset U C X,
(a) M has quasi-unipotent monodromy along g;
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(b) grl¥ 1 M, grV 1M € HM(U, i) for all i, where W is the monodromy filtration;
(¢) ¢y1 =imcan® ker Var.
Here, the monodromy filtration is the unique filtration induced by the nilpotent endomorphism

1
N =5 logTy: M — ¢y M(-1)
™

satisfying NW; C W;_o and N": gr’V = grW .

17 February 13 (Harold Blum)

Today’s material is a bit technical, so we start by motivating it with the decomposition theorem.

17.1 The decomposition theorem

Definition 17.1. Let X be a complex manifold, and let Z C X be an irreducible closed subvariety. A Hodge
module M has strict support Z if every subobject and every quotient object of M has support equal to Z.

Theorem 17.2. Let X be a complex manifold, and let Z C X be an irreducible closed subvariety. Then,
(1) FEwvery polarized variation of Q-Hodge structures of weight w — dim Z on U C Z extends to an object of
HM, (X, w), the category of polarizable Hodge modules of weight w with strict support Z.
(2) Every object of HML (X, w) is obtained in this way.

The first statement is much harder to prove, but the second is not as bad. It comes from the conditions
we put on what it means to be a pure Hodge module.
e Our definition from last time in fact requires that every M € HM(X,w) to have a decomposition

M = EB My.
ZCX

o If (M,F,M,K) € HM? (X, w), then there exists U C Z such that K|y is a local system. Moreover,
(M, Fo M, K) is determined by the restriction. The filtration is the hard part to check: K and M are
already determined by the minimal extension functor from the theory of perverse sheaves.

17.2 Decomposition by strict support

The first thing we will discuss is why Hodge modules actually do have this decomposition by strict support,
that is, we want to show that if M € HMP (X, w), then M = @,y Mz, where My have strict support Z.

Proposition 17.3. Let f: X — C be a holomorphic function, and let M be a regular holonomic D-module
on X. Then, M has a nonzero subobject (resp. quotient object) with support in f~1(0) if and only if
t: gry My — gr¥y My is injective (resp. 0y: gr¥y My — gry My is surjective).

Proof. =. If M has a subobject of the required form, then M[9] ~ M has a subobject N by adjoining
with Supp N C X x {0}. By the proof of Kashiwara’s equivalence, we know that

o0
N ~ @N@ ® o'
i=0
and we also know what the V-filtration looks like:
[a] 4
Vo = @N@ ® 0"

i=0
if « >0, and V,, =0 if & < 0. We then have the commutative diagram
gry My — gtV My
Ul Ul

gty N —— gtV NV
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since the V-filtration is unique. But the map on the bottom is the zero map by looking at the V-filtration,
hence the top map must not be injective. The same argument works for quotient objects.

<. Suppose t: gry My — gr¥; M, is not injective, so the map Vo — V_1/V._; is not injective. This
impliesVy — V_1 is not injective, since we saw before that ¢: Voo — V._; is an isomorphism. Now consider
the sub-D-module N of M generated by ker(t: Vo — V_1). We claim

N = ker(t: Vo — Voq) - 9",
i>0
Suppose s € ker(t: Vo — V_1); what we need to show is that s - d° has support on X x {0}. If i = 1, then
(5-0)-t*=s-0t- t=s5td+1)-t=0,
and a similar argument works for ¢ > 1.
For the quotient version, you have to look at the cokernel of 9: My — M;. O
The next Proposition tells you when a decomposition exists into subobjects with strict support.

Proposition 17.4. The decomposition
gry My =ker(t: gry My — gr¥y My) @im(9;: gr¥y My — gry My) (17.1)

holds if and only if M = M' & M" where Supp M C f=1(0) and M" has no nonzero subobjects or quotient
objects supported in f~1(0).

Proof. <. Assume there exists a decomposition M = M’'©M" as stated. Then, gry My =~ gry M';@gry MY,
since the V-filtration on the summands is induced from M. Now for M"”, the map ¢ is injective, and the
map 0 is surjective by the previous Proposition, and for M’, @ acts by zero since it is supported on X x {0}.

Thus, ker(t) = gry (M'), and im(d;) = gry (M"). O

~ ~

We note that the decomposition is unique: M} & M7 = M) & MY implies Mj = M) and M| S MY
by the requirement on supports.

Proposition 17.5. If M is a regular holonomic D-module and (17.1) holds for all functions f: U — C,
where the open sets U may vary, then M decomposes as a direct sum of D-modules with strict support.

Note that the condition in (17.1) is the condition ¢;; = im can @ ker Var.

17.3 Compatibility with filtrations

Given a triple (M, Fe M, K) (not necessarily a Hodge module) such that M has strict support on Z C X,
there exists a Zariski-open set U C X such that M|y is a vector bundle with integrable connection.

Goal 17.6. Recover Fo M from FoM|y.

This is what we need to put filtrations on extensions of perverse sheaves and D-modules. Conditions on the
V-filtration will ensure that we can indeed recover the filtration in this way.

Suppose f: X — C is a holomorphic function such that f~1(0) 2 Z. We know that ¢: gry My — gr¥, My
is injective from the previous Proposition, since there are no subobjects with support in f~1(0), and similarly
Ot gr¥y My — gry My is surjective. We therefore get

Mf = ZV<OMf'827

i>0
since 9: gr¥ M; — ngH M is surjective for o > —1. Now, if V_; M 2 VoM 5 /Vo My is surjective, then

VoM is in the sum; using the same argument for other parts of the V-filtation, we can generate all of M
by the components on the right-hand side.
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Claim 17.7. Ift: F,V, — F,V,_1 is surjective for all a < 0, then
FPV<0M == V<0M ﬂ ]*j*FpM,
where j: X ~ f~1(0) — X is the open inclusion.

Proof. C is trivial. For D, we replace X with its image under the graph I'f: X — X x C. Suppose that
s € VeoMy N jug*FpMy. Then, s € Voo My, and there exists m such that t™s € F, M. We then claim

that s € F,My. Then, t"s € V, for some a < —m, and since t: Vo, My = Va1 M for a < 0, we see that
s € Vo./\/lf. O

Claim 17.8. Fiz p. Suppose 0;: F,grl — F, grg+1 is surjective for a« > —1. Then,

F,M =Y "F, Ve 0'.
=0

Proof. D is trivial since F is a good filtration, so & maps F,_; to F,. For the other direction, the idea is to
work inductively with the base case when av = —1. O

The point of these two claims is that replacing F),_;V<o with the formula in the previous claim, this
determines the behavior of the filtration on M} from the locus away from the fiber f=1(0).

Definition 17.9. We say (M', Fe. M) is quasi-unipotent along {f = 0}, where f: X — C is a holomorphic
function, if

e all eigenvalues of 1)y K are roots of unity;

o t: F,V, — F,V,_1 is surjective for all o < 0 and all p;

e O Fpoty — Fop ngH is surjective for all @ > —1 and all p.
The last two conditions are natural from the point of view of the previous claims.

We say (M, FyM) is regular along {f = 0} if F, gr¥ is a good filtration for —1 < a < 0.

18 February 20 and March 6: Functors on Hodge modules and an
application (Takumi Murayama)

Today, we will introduce functors for Hodge modules in order to prove Popa and Schnell’s theorem on zeros
of one-forms on varieties of general type [PS14]. See [Sch14b] for an introductory account of the proof.

18.1 Statement of Popa and Schnell’s theorem on zeros of one-forms [PS14]

Today’s goal will be to introduce mixed Hodge modules, to the extent that we will need to prove the following:

Conjecture 18.1 [HK05, Conj. 1.1; LZ05, Conj. 1]. If X is a smooth complex projective variety of general
type, then the zero locus
Zw)={zeX ‘ w(T,X) =0}

of every global holomorphic one-form w € H°(X,Qx) is nonempty.

Note this is trivial if X is a curve, since then, 2x = wx is the inverse of an ample line bundle; the case
for surfaces was proved by Carrell [Car74]. To motivate Popa and Schnell’s approach to this problem [PS14],
we recall the following.

Recall 18.2 (see, e.g., [Huy05, §3.3]). Let X be a compact Kéhler manifold of dimension n. Then, the

Albanese variety is
HO(Xv QX)V

ATb(X) = = %
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where we identify H;(X,Z) with its image via the map
Hl(Xa Z) — HO(Xa QX)V

b (am [ a)

~

For a fixed base point xg € X, the Albanese morphism is

alb: X — Alb(X)
T — <Oé — /wo a)

Note that the integral here depends on the choice of path connecting xzg and x, but their difference is an
integral over a closed path 7, hence defines a well-defined point in alb(z) € Alb(X). Moreover, different
choices of xg correspond to a translation on Alb(X). By choosing a basis for H°(X,Qx) in coordinates, the
albanese map induces an isomorphism

alb*: H(Alb(X), Qam(x)) — H(X,Qx). (18.1)

This suggests that we can use the geometry of the abelian variety Alb(X) to study the zeros of one-forms
on X. More precisely, Popa and Schnell consider all morphisms X — A, where A is an abelian variety, and
show the following:

Theorem 18.3 [PS14, Thm. 2.1]. Let X be a smooth complex projective variety, and let
f:X—A
be a morphism to an abelian variety. Suppose for some d > 1 and some ample line bundle L, we have
HO(X,w$' @ f*L7) # 0.
Then, for every w € HY(A,QY), the zero locus Z(f*w) is nonempty.

Proof that Theorem 18.3 implies Conjecture 18.1 [PS14, n° 4]. Let alb: X — Alb(X) be the Albanese mor-
phism. Then, since X is of general type, the canonical bundle wy is big, and so for any ample line bundle L
on Alb(X),

H (X, w3 @ f*L7") #0

for d > 0, since the divisor associated to w%d ® f*L~1 lies in the big cone of divisors. Conjecture 18.1 then
follows from Theorem 18.3 by the isomorphism (18.1). O

A similar argument [PS14, n® 4] shows that for varieties not necessarily of general type, there can be
non-vanishing one-forms, but they form a subspace in H°(X,x) of dimension dim X — x(X).
18.2 Strategy of proof [PS14, n° 10|

We now give a sketch of the key ideas of the proof. Denote V := H°(A, QL). To study the vanishing of f*w,
we consider the following incidence variety:

Zy={(X,w) e X xV |z e Z(fw)}
X 1%

With this notation, it suffices to show that Zy — V is surjective. Since our goal was to involve the geometry
of the abelian variety A somehow, it ends up being better to study the push-forward of this incidence variety
to AxV:

Sp=(f xidv)(Zs) = {(a,w) EAXV | Jz € f~!(a) such that z € Z(f*w)}
X Vv
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Since the condition in brackets holds if and only if w kills im(7, X — T, A), we see that Sy measures the
singularities of the map f: X — A; for example, f is smooth if and only if Sy = A x {0}.

Now to show Z; — V is surjective, it suffices to show S; — V is surjective since Sy = (f x idy)(Zy) by
definition. The proof of this follows in two steps:

Proposition 18.4. There exists a Hodge module (M, F) on A, and a graded Sym(© 4)-submodule F, C
grf” M corresponding to coherent sheaves F and 4 = gr’” M on T*A = A x V, such that

(1) For some k € Z, the sheaf Fy, is isomorphic to L ® f.Ox, where L is an ample line bundle on A;

(2) Supp.# C Sy.

Proposition 18.5. If the objects in Proposition 18./ hold, then
Dox (ng M & pTa)
is locally free on 'V for generic o € Pic’(A), where

AxV
P/ x2 (18.2)
A v
Proof of Theorem 18.3 assuming Proposition 18.5 [PS14, Prop. 10.2]. We have an inclusion

P2« (F @ pia) C pau(9 @ pla).

We first show the left-hand side is nonzero. It is the sheaf on V' corresponding to the Sym(V*)-module
@, H°(A, Z ® a), one of whose summands is H(A, L ® f,Ox ® a). But this is nonzero since otherwise,
f(X) is contained in every general translate of the ample divisor L, which cannot occur. Note also that its
support is contained in p(Sy).

Now the right-hand side is locally free by Proposition 18.5, hence the left-hand side cannot be torsion.
This implies pa(Sy) = V. O

18.3 Technical preliminaries [Schl4a; Popl7, §2]

Before we begin the proofs of Propositions 18.4 and 18.5, we need to develop some more functorial formalism
for Hodge modules. Like for D-modules, there are several important functors: we will focus on the duality,
direct image, and inverse image functors. Since we are working with right D-modules, the direct image
functor is the easiest to discuss, and will be the most important. We will also discuss polarizations.

18.3.1 Strictness
Definition 18.6. A morphism f: (M, F) — (N, F) of filtered D-modules is strict if

fFEM) = FeN 0 f(M)
for all k. A complex (M?*, F,) of filtered D-modules is strict if all of its differentials are strict.

Lemma 18.7. If a complex (M®, F,) of filtered D-modules is strict, then H'M?® is a filtered D-module with
filtration _ _ '
F(H'M®) = im(H (FxM®) — H'M®).

Proof idea. Strictness means that subquotients have well-defined filtrations, similar to what we saw for strict
morphisms of Hodge structures. O
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18.3.2 The duality functor and polarizations [Sai88, §2.4; Schl4a, §§13,29]

We start with the duality functor, which is surprisingly subtle.
Definition 18.8. Given two filtered D-modules (M, F) and (N, F), we define

Ey, Aomp, (M, F), (N, F)) = {¢ € #omp(M,N) | $(F;M) C FppiN for all i}.
Given a filtered complex of D-modules (M?®, F) on an n-dimensional variety, the dual is given by
DM?® = Ros%omp (M.,MX ®%X Dx)[’rl],

where wx is given by the filtration induced from the de Rham complex, wx ®I(5X Dx has the tensor product
filtration, and the R Zm has a filtration as described above.

Strictness is not preserved for arbitrary filtered D-modules, but luckily, they are for Hodge modules:

Theorem 18.9 [Sai88, Lem. 5.1.13; Sch14a, Thm. 29.3]. If M = (M, F,) € HM(X, w), then the dual complex
is strict and underlies a Hodge module DM € HM(X, —w).

Since our definitions are recursive, we might expect to (and indeed, Saito does) prove this by induction on
dim Supp M. The key fact used is that D is compatible with nearby and vanishing cycles.
With this in mind, we may define polarizations:

Definition 18.10 (Polarizations). Let M = (M, F,K) € HM(X,w). Then, a polarization on M is an
isomorphism K (w) — DK such that
(1) Tt is nondegenerate and compatible with the filtration, i.e., it extends to an isomorphism M (w) ~ DM
of Hodge modules;
(2) For each summand My in the decomposition of M by strict support, and for every locally defined
holomorphic function f: U — C that is not identically zero on U N Z, the induced morphism

Py Kz(w) — D(PyKz)

is a “polarization of Hodge—Lefschetz type”;
(3) If dim Supp Mz = 0, then Kz(w) — DK is induced by a polarization of Hodge structures.
The subcategory of polarizable Hodge modules of weight w is denoted

HM? (X, w) € HM(X, w).

18.3.3 Direct images of Hodge modules [Sch14a, §27]

Let f: X — Y be a morphism. Recall that on the level of D-modules, we already have an exact functor

/: D*(Dx) — D°(Dy)
f
M® — Rf(M®®@F Dx_y)

When applying the same definition to our category of triples, this functor is automatically compatible with the
Q-perverse sheaf by the Riemann—Hilbert correspondence. The issue is that we have not defined a filtration
on [ FMe.
Recall the graph factorization:
X —— XxY

where X — X X Y is a closed embedding. We therefore only need to define how the filtration works for
closed embeddings and projections.
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Definition 18.11 (Filtration for closed immersions). Let i: X < Y be a closed embedding. Then,
(Dx—y, FeDxoy) = Ox @i-10, i (Dy, FDy).

The direct image fl M® of M*® € Db(DX) has the tensor product filtration; locally, if M® = M is an actual

D-module, then
i (/M> =D FjaMe 0,

a€eNT
where X = (t; = -+ = ¢, = 0), and 9; are the corresponding differentials. This preserves strictness of
complexes.

For projections, things are a bit more difficult.

Definition 18.12 (Filtration for projections). Let po: X X Y — Y be the projection map. Recall (Proposi-
tion 5.21) that the direct image of M® € D?(Dxxy) is given by

/ M® ~ Rpg* (DRxxy/y(M.)).
p2
The filtration on fm M?® is given by

F, (/ M') = Rp2.F DRx vy (M),
P2

where DR x xy,y (M) is given the filtration induced by the tensor product of the filtrations on Q% and on

M, and Rpy, is computed using the canonical Godement resolution by flasque sheaves [God73, §4.3].

There is an issue here, in that it is no longer obvious that the direct image should preserve strictness! This
becomes important in examples, since, for example, we deduced Kollar’s vanishing theorem Theorem 16.5(i)
by using the Hodge module |’ ; wx, which would not necessarily even be a filtered D-module unless we could
show that [ s wx is strict. This is one of the main results of [Sai8s].

Theorem 18.13 (Direct Image Theorem [Schl4a, Thm. 16.1]). Let f: X — Y be a projective morphism
between two complex manifolds, and let M € HMP(X,w). Then, the complex ff(M,F.M) is strict, and

Hif, M € HMP(Y, w + ).

Proof Sketch. The proof is quite involved; for details, see [Sai88, §5.3; Schlda, §17].

Since Hodge modules were defined recursively, it is natural to split M up into components with strict

support Z, and then prove Theorem 18.13 by induction on dim Z. The argument is in three parts:
(1) Prove the theorem for dim X = 1;
(2) Prove the theorem in the case dim f(Z) > 1;
(3) Prove the theorem in the case dim f(Z) = 0.

For (1), it is in fact true that X = P! is the only necessary case, in which cause Z = P!, or is a disjoint
union of points. The latter case is trivial; in the former case, the argument is due to Zucker.

For (2), the key point is to use nearby and vanishing cycles on Y to reduce the dimension on Z, and
use the inductive hypothesis. To show that H!f.M € HM(Y,w + i), consider an arbitrary locally defined
holomorphic function g: U — C. First suppose f(Z) € g~1(0), and consider the composition h = g o f.
Then, we have the spectral sequence from a filtration:

EPT = HPHaf, (oW ahy M) = HPT foahy, M,

where W denotes the monodromy weight filtration form Definition 16.15.
e By induction gr'’¥, ¢, M € HMP(X,w — 1 — p), hence Ef*? € HMP(X,w — 1 + q).
e Compatibility of direct image with nearby and vanishing cycles (part of the Riemann—Hilbert corre-
spondence) implies

¢9H2f*M = Hzf*th and ¢g,1Hif*M = Hif*¢ll,1Ma
so the objects on the left-hand side are Hodge modules on Y by induction.
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e Strictness is obtained by checking locally in small analytic neighborhoods of g=1(0).
Other properties follow more or less from the spectral sequence above. A subtle part of the argument is that
decomposition by strict support uses the polarization in an essential way.

Finally, for (3), we may assume X is projective space and Y is a point (by using the graph factorization).
The idea is to use a pencil of hyperplane sections, and use the inductive hypothesis. Let 7: X — X be the
blowup of X at a general linear subspace of codimension 2; we obtain a diagram

To apply the inductive hypothesis, we use the structure theorem to induce a Hodge module M on the strict
transform of Z in X. Now the claim for f follows by combining the inductive hypotheses for 7, p, and
Pl — {x}. O
18.3.4 Inverse images [Schl4a, §30]

We will only define these for smooth morphisms, since the general definition is quite difficult.

Definition 18.14. Let f: Y — X be a smooth morphism, and let M = (M, F, K) € HM?(X,w). Then,
letting 7 = dim Y — dim X, define

M = (M, F,K)
M =wy/x ®o, [*M
M =wy)x @0y [ FprM
K= f"'K(-r)
The factor wy,x is crucial to make sure DR(M) ~ C ®q K.

Theorem 18.15 [Schl4a, Thm. 30.1]. If M € HM? (X, w), then M e HMP(Y,w + r).

Proof Sketch. You can’t prove this directly; instead, you must use the structure theorem. Suppose M has
strict support Z. Then, its pullback is a generically defined polarizable variation of Hodge structure on
f~YZ) of the same weight, hence extends to an object of HM?,l(Z) (Y,w + 7). You then check that this

extension is isomorphic to M. O

Example 18.16. We can finally show Q4 [n] from Example 16.4 is a Hodge module for smooth X! The
constant Hodge structure (Opy, F, Q) on a point is a Hodge module by definition. Its pullback then gives the
Hodge module Q4 [n], where we note that this is why we get wx to be the underlying D-module, with the
“trivial” filtration, for the “trivial” Hodge module Q¥ [n].

18.4 Proof of Proposition 18.5, assuming Proposition 18.4 [PS14, n° 10]

Step 1 [PS13, Lem. 2.5] (use Saito Vanishing). If A is an abelian variety, and (M, F) is a Hodge module on
A, then HY(A,grf M@ L) =0 for alli >0 and k € Z.

Proof. For each k € Z, consider the complex of coherent sheaves
grf DRA(M) = {grf/\/l — QY ®gr£+1/\/l — - — QY ®gr£+g/\/l}.
—_———
deg 0
where g = dim A. Recall that Saito’s vanishing theorem 16.6 says that for all i > 0,
H' (A, grf DRA(M)® L) =0.
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Let p such that Fj,_; M =0 but F, M # 0. We proceed by induction on k£ > p. If k = p, then
gri_,DRA(M) = {O — 00— — grf./\/l}
’ deg 0
using that Q% ~ 07, and so H*(A,gr’ M ® L) =0 for all i > 0.
If £ > p, then letting

Ey = {grkF/\/l — O egl  M— - — Q5 ®gr£+g,1M — de%0}7

we have the distinguished triangle

E), — grf DR4(M) — gr£+g/\/l HER

Note Ej, satisfies H'(A, By ® L) = 0 for all i > 0 by inductive hypothesis and using the hypercohomol-
ogy spectral sequence. Since the middle complex also has vanishing higher hypercohomology, we have
Hi(A,grf M@ L) =0 for all i > 0 as desired. O

Step 2 [PS13, Thm. 1.1] (Vanishing = Generic vanishing). If A, (M, F) are as in Step 1, and if o € Pic®(A)
is generic, then H (A, grtf M@ a) =0 for alli > 0 and k € Z.

Proof. A result of Hacon [Hac04] (as cited in [Sch13, Thm. 25.5]) says that it suffices to show that for every
finite étale morphism ¢: A’ — A between abelian varieties, and for all L’ ample on A’, we have

H' (A ¢*grf M@ L') =0

for all ¢ > 0.
Let (N, F) = p*(M, F) be the pullback of the Hodge module (M, F) to A’. Then, FxN' = ¢* F;, M since
¢ is étale (Definition 18.14). Then,

H (A, p*grp ML) =H' (A, gty N®L') =0
by Step 1. O

Step 3. With notation as in (18.2), the complex Rpa, (grf M @ pta) € DY (Coh V) is concentrated in degree
0 if o € Pic’(A) is generic.

Proof. We have that the sheaf Rip,(grf’ M @ pja) corresponds to the module
H'(A x V, grf” M ® pia)
over V ~ A9 by [Har77, Prop. 8.5]. Now by the equivalence of modules on T*A and graded modules over
Sym(© 4) given by pi1., we have
H'(A x V,grf” M ®pia) = Hi(A,pl*(ngM ® pia)) = @Hi(A,grfM ®a)=0
keZ

by using the projection formula and by Step 2. O
Step 4. pu.(grf’ M ® pya) is locally free on V' for generic a € Pic’(A).

Proof. puw«(gr¥ M @ pia) is locally free if and only if R#Zom(pa.(grf’ M @ pia), Oy ) is concentrated in
degree zero (you can see this by considering locally free sheaves as sheaves whose stalks are all projective
modules, in which case vanishing of Ext groups is exactly the condition for projectivity). But

R%m(pz*(grf M@ pia),Oy) = RA#om(Rpy, (grf’ M @ pia), Oy)
G%DRpg* (Rotom ((gr" M @ pia), Oaxv(n]))
= Rpa. (i @ R#om (gt M, Oaxv[n]))

Now R.#om(grf’ M, Oaxv[n]) is of the form grf N, where (N, F) is the dual Hodge module to (M, F)
(Definition 18.8). Thus, the complex above is concentrated in degree zero by Step 3. O
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18.5 Construction of objects as in Proposition 18.4 [PS14, n°s 11-17]
Recall our main goal:

Theorem 18.3. Let X be a smooth complex projective variety, and let
[ X— A
be a morphism to an abelian variety. Suppose for some d > 1 and some ample line bundle L, we have
H(X, 0w @ f*L7Y) #0. (18.3)
Then, for every w € HO(A,QY), the zero locus Z(f*w) is nonempty.

We restrict to the case where k(X)) > 0, for otherwise the statement is vacuous.
We still need to show the following:

Proposition 18.4. There exists a Hodge module (M, F) on A, and a graded Sym(O 4)-submodule F, C
grf” M corresponding to coherent sheaves F and 4 = gr¥ M on T*A = A x V, such that
(1) For some k € Z, the sheaf Fy, is isomorphic to L ® f.Ox, where L is an ample line bundle on A;
(2) Supp.# C Sy, where

Sy=(f xidy)(Zs) = {(a,w) € AxV | Jz € f~(a) such that x € Z(f*w)}
X V

The Hodge module (M, F) on A will be of the form H [, (wy, F) for some morphism h: Y — A from a
smooth projective variety. The map h will fit into the following diagram:

<p

Y—>Xd—>X

N b

where m: X4 — X is a cyclic branched cover of degree d, and u: Y — X is a resolution of singularities. We
will need to change our setting somewhat to be able to take this cyclic cover.

18.5.1 Preliminaries on cyclic covers [EV92, §3]

We start with some background on cyclic covers. This is also treated in [KM98, Def. 2.50; Laz04, Prop. 4.1.6].
Let B be a line bundle on a variety X, and suppose

0+#sc H(X,B%?).
This determines a morphism of line bundles
s: Ox — B®d,
which gives the sheaf
d—1
X =@
i=0
the structure of a graded Ox-algebra, via the multiplication

B®—i @ B®—i _~, BO-(iti) g O, 485 p@d—(itj)
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if i+ j > d— 1. The associated affine morphism
7w Xgq:=Specy A — X

is a branched covering of degree d, with branch locus Z(s), and such that s acquires a dth root. One way to
see this is as follows. By our construction of X,;, we have an inclusion

X, CvV(B™

where notation is as in [Har77, Ch. II, Exc. 5.18(a)]. Denoting p: V(B~!) — X, the pullback p*B has a
tautological section
t: OV(B—I) — p*B

corresponding to the map
Syme (B_l) — B® Symg, (B_l)

of graded quasi-coherent sheaves on X, which is the canonical inclusion of the sheaf on the left as a direct
summand. Then, Xy is given by the vanishing of t™ — p*s € H° (V(B_l),p*B®d). In particular, t restricts
to a section

0#tlx, € H(X4,7*B).
18.5.2 The construction

To construct the cyclic cover, we need to be in a setting where the hypothesis in (18.3) has L ~ L'®? for
some ample line bundle L.

Lemma 18.17 [PS14, Lem. 11.1]. After finite étale base change, we may assume without loss of generality
that HO(X, (wx ® f*L1)®) £ 0.

Proof. Consider the diagram

A——

where [2d] is the multiplication-by-2d morphism on A. Vanishing of one-forms on X can be detected on X’
since f’ is finite étale. Finally, by [Mum08, §6, Cor. 3], we have that

[Qd}*L ~ L®d(d+1) ® [_1]*L®d(d71) ~ (L®(d+1) ® [_1]*L®(d71))®d
is the dth power of an ample line bundle. Thus, we may replace X with X’ and L with [2d]*L to conclude. [

From now on, we will take d to be the smallest power of B := wx ® f*L~! which has a section, and
consider the dth cylic cover
m: Xg — X

associated to a nonzero section s € H°(X, B®%). Since d is minimal, X is irreducible (by the same local
description as before). Let u: Y — Xy be a resolution of singularities, which is an isomorphism over the
complement of Z(s), and consider the diagram

cp

Y—>Xd—>X

N b

Remark 18.18. [Schl4b, p. 5] notes that the original construction due to [VZ01] is a bit finicky: the resolution
1 and the section s have to be chosen very carefully to avoid singularities. This is where Hodge modules
show their utility: they can be pulled back and pushed forward by arbitrary morphisms.
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Let S = Sym H°(A, Q%)Y. Consider the complex of graded Ox ® S-modules

CX,. = {OX & So—g — Q}X & So—g-‘,—l — s > QT)L( ® So—g+n
—_————

deg 0

where g = dim A and n = dim X, and the differential is induced by the evaluation morphism V ® Ox — QL
letting w; € V' be a basis and s; € S1 be the dual basis, the differential is

d: Q% @ Se_gip — W @ Se_giphr

0®s+— i(&/\ f*wi) ® $;8
i=1
We can similarly define Cy,.
Proposition 18.19 [PS14, Prop. 17.1]. There is a morphism of complexes of graded O ® S-modules
Rf.(B™' ®Cx.e) — Rh.Cy.,. (18.4)
Moreover, letting
Fo =im(Rf.(B™' ® Cx,a) — R°h.Cya) (M, F) =H" [, (wy,F),

we have that F, C grl’ M, and
(1) Fy—n ~ L@ f.Ox, where L is an ample line bundle on A;
(2) Supp.# C Sy, where

Sy = (f xidy)(Zs) = {(a,w) € AxV | Jz € f~(a) such that x € Z(f*w)}
/N
X Vv
Note that H° fh (wy, F) is indeed a Hodge module since h is projective, and then by the Direct Image
Theorem 18.13.
Step 1 ([PS14, Lem. 13.1; PS16, Prop. 2.8]). Construction of the morphism (18.4).
Construction. By adjunction, it suffices to construct a morphism of complexes
©* (B ®Cx.e) — Cye.

Since H°(Xy4, m* B) # 0 by construction of the cyclic cover, we have a nontrivial injective morphism

B! — Oy "
Applying p* gives a nontrivial morphism

©*B™! — Oy,
and tensoring this with ¢*Q% gives a morphism

P (BT @) — 0"k — QF, (18.5)

where the last map is induced by pullback of forms. Tensoring this with Se_41, gives the desired morphism,
where we note that this definition commutes with the differentials since ¢*(f*w) = h*w for every w € V. 0O

Remark 18.20. We will need later that the morphism (18.5) is injective.

Step 2 [PS14, Lem. 14.1]. The support of C'x, the complex of coherent sheaves on X x V associated to Cx a,
has support equal to Zy C X x V', where

Zy={(X,w) e X xV |z e Z(fw)}
X 1%
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Proof. If p1: X x V — X denotes the first projection, then

Cx = {pTOX — ik — —)p’{Q’)}}
deg 0

is the pullback of the Koszul resolution of the structure sheaf of the zero section of T*X via the morphism
df : X xV —T*X
(z,w) — frw(z)
Thus, Supp Cx = df ~(0) = Z. O
Step 3. Supp.# C Sf.
Proof. First, by definition, we note that .#, by definition, is a quotient of the sheaf
RO(f xid).(pt B~ @ Cx).

Now
Supp(piB~' ® Cx) = SuppCx = Zy,

so Supp# C (f xid)(Zy) = Sy. O
Step 4 [PS13, Prop. 2.11; PS14, Lem. 15.1]. .%, C grf M.
Proof. By tracking the filtrations, a theorem of Laumon [PS13, Thm. 2.4] says

gty ([ (wy, F)) ~ Rh.Cy.

as gradeed modules over O 4 ® S. By the Direct Image Theorem 18.13, taking graded pieces commutes with
taking cohomology, so we have
grf(’HO fh(wy,F)) ~ R°h,Cy.,.

Since %, was defined as the image of the morphism
Rf.(B™'®Cx.) — R°h.Cy,
induced by (18.4), we are done. O
Step 5. F4_, ~ L ® f.Ox.
Proof. By definition, we have that C'x y—, = wx and Cy,4—, = wy. Now the morphism
ffL=B'Quwx — p.wy

is injective since the morphism (18.5) was injective, and injectivity is preserved by adjunction since Oy <
0« Oz. After pushing forward to A, we have that the resulting morphism

L® f.0x ~ f.f*L — howy

is still injective. But grg,n M >~ hywy, and so Fy_, ~ L ® f,Ox. O

19 March 27: Mixed Hodge modules (Takumi Murayama)

Today, I will introduce mixed Hodge modules on complex manifolds and algebraic mixed Hodge modules on
complex algebraic varieties. They are the Hodge module analogue of variations of mixed Hodge structures,
and will become important in applications. One reason for this is that in Hodge theory, cohomology groups
of smooth varieties have pure Hodge structures, but as we saw before, cohomology groups of singular and/or
non-complete varieties give examples of mixed Hodge structures (§13.2).
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19.1 Weakly mixed Hodge modules [Sch14a, §19]

Recall 19.1. In the definition of pure Hodge modules, we had the following category of filtered regular
holonomic D-modules with Q-structure:

1. K € Pervg(X)

2. M € Mod,(Dx) with an isomorphism
a: DRx(M) = Crq K

3. F, is a good filtration of M

MFrh(DXaQ): (ManK)

We then defined the category HM (X, w) of Hodge modules of weight w as a certain subcategory, which we
defined recursively.

Weakly mixed Hodge modules will be the ambient category in which mixed Hodge modules will form a
subcategory. The point is that they add in the information of a weight filtration W, that was not in the
definition of MF,,(Dx, Q).

Definition 19.2. The category MHW(X) of weakly mixed Hodge modules has objects (M, W,), where
M = (M, F,,K) € MF4(Dx,Q), together with a finite increasing filtration by objects in MF,(Dx, Q),
compatible with «, and with the property that

gr)¥ M € HM(X, /).

Morphisms are strict morphisms in MF,(Dx, Q) that strictly respect the filtration W,. A weakly mixed
Hodge module is graded-polarizable if each gr}’ M is polarizable; these form the category MHW?(X).

Remark 19.3. [Schl4a, p. 30] says that strictness of morphisms is automatic.

This category MHW/(X) is abelian [Sai88, Prop. 5.1.14]. Some results from the pure case carry over, via
abstract nonsense about filtered objects in an abelian category:

Proposition 19.4 [Sai90, Prop. 2.15]. Let (M,W,) € MHWP?(X), and consider a projective morphism
f: X =Y. Then, the spectral sequence

Ef’q _ Hp-i-qf* (gr‘in M) = Hp+qf*M

associated to the filtration W degenerates at Eo, and each H'f, M, together with the filtration induced by the
spectral sequence, lies in MHWP(Y').

Proof Sketch. All morphisms on the Ey page are zero by the Direct Image Theorem 18.13 for pure Hodge
modules (which says the complex f, (gr‘ivp M) is strict of weight —p + i), and the fact that morphisms in
MHWP? (X)) must respect the weight filtration. O

The condition on the gr'” basically says that any object of MHWP?(X) is a repeated extension of objects
in HMP(X, ¢). The issue, though, is that allowing arbitrary extensions of Hodge modules is not a good idea.
This issue already appears for mixed Hodge structures:

Example 19.5 [Schl4a, Ex. 19.1]. Consider a mixed variation of Hodge structure on A* that is an extension
of Z(0) and Z(1):

0—Z0) —V—Z(1) —0.
Since Extyys(Z(0), Z(1)) =~ C*, the data of V is equivalent to the data of a holomorphic function f: A* — C*,

which may have an essential singularity at the origin.

Since we are trying to stay in the realm of regular holonomic D-modules, it seems reasonable to restrict to
variations of Hodge structure that have controlled singularities at the boundary. For mixed Hodge structures,
these form the class of admissible mixed Hodge structures; we will define a Hodge module analogue of this
notion.
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19.2 Definition and properties of mixed Hodge modules [Sch14a, §§20—21]

Here we give a simpler definition than [Sai90, §2.d], following [Schl4a, §20]. Again, the idea is to work
recursively using nearby and vanishing cycles, but we have to also ensure that there is some analogue of the
admissibility condition for mixed Hodge structures.

Definition 19.6. Let (M, W,) € MHW?(X), and fix f: X — C a non-constant holomorphic function on X.
We say that (M, W,) is admissible along {f = 0} if the following hold:

(1) (M, F,) is quasi-unipotent and regular along {f = 0};

(2) The three filtrations FeM, VoM, and We M are compatible;

(3) Consider the naive limit filtrations

Li(pg M) =y (Wi 1 M) Li(pgaM) = ¢ 1(W; M),

which are preserved by the nilpotent endomorphism N = (27i) ! logT,,. Then, the relative monodromy
filtrations

We(yM) = We(N, Lo(s M) Wa(ds1M) = Wa(N, Le(¢y1M))
for the action of N exist. See [Sai90, eq. 1.1.3-4]

Remark 19.7. Condition (1) is automatic by induction on the length of W, together with the same property
for pure Hodge modules. Condition (3) did not appear in the pure case, since the existence of the monodromy
filtration was automatic absent the extra filtration L,.

Remark 19.8. The condition of admissibility along {f = 0} can be thought of as saying that the restriction
of (M, WeM) to the open subset X \ f~1(0) is admissible relative to X, that is, it puts conditions on the
singularities of M at the boundary.

Now we can define the category of mixed Hodge modules; they are defined recursively, just as in the pure
case.

Definition 19.9. Consider a weakly mixed Hodge module (M, W,) € MHW(X), and let f: U — C be a
locally defined holomorphic function. Then, we say that (M, W,) is a mixed Hodge module if

(1) The pair (M, W,) is admissible along {f = 0};

(2) Both (¢ yM,W,) and (¢yM,W,) are mixed Hodge modules, whenever f~1(0) does not contain any
irreducible components of U NSupp M (this makes sense since nearby and vanishing cycles are supported
on a subset of strictly smaller dimension).

We denote by

MHM(X) € MHW(X)
MHM?(X) C MHM(X) N MHW?(X)
the full subcategories of all mixed Hodge modules and graded-polarizable mixed Hodge modules, respectively.

Morphisms are given by morphisms in MF,,(Dx, Q) that are strictly compatible with the weight filtrations.

Properties 19.10.
(1) MHM(X) and MHMP(X) are abelian (since subquotients in MHW(X) for a mixed Hodge module is
still a mixed Hodge module);
(2) MHM(X) and MHMP(X) are stable under application of nearby and vanishing cycles (by definition);
(3) If f: X — Y is projective, then there are cohomological direct image functors

Hif.: MHM?(X) — MHMP(Y)

(apply Proposition 19.4);
(4) If f: Y — X is an arbitrary morphism, then there are cohomological inverse image functors

Hf*: MHMP(X) — MHMP(Y)
Hif': MHMP(X) — MHMP(Y)
(use the M construction in §18.3.4 together with the definition on [Schlda, p. 41]);
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(5) There is a duality functor
D: MHMP(X) — MHM?P(X)°P

compatible with Verdier duality for perverse sheaves (extend the results in §18.3.2).
We also state a result relating variations of mixed Hodge structure and mixed Hodge modules.

Theorem 19.11 [Schl4a, Thm. 21.1]. Let X be a complex manifold, and Z C X an irreducible closed analytic
subvariety of X. Then, a graded-polarizable variation of mized Hodge structure on a Zariski-open subset of Z
can be extended to MHM(X) if and only if it is admissible relative to Z.

Remark 19.12. In particular, this says why we cannot hope to have functors j,, 71 in general: for an open
embedding j: U — X, an object of MHMP(U) does not carry an admissibility condition for the boundary
X\U.

There is also a notion of glueing, which we will not discuss; see [Sch14a, pp. 30-31].

19.3 Algebraic mixed Hodge modules [Schl4a, §22]

Since we are ultimately interested in algebraic varieties, we want to restrict ourselves to algebraic objects.
The way to do so is to recall that for complete varieties, Serre’s GAGA theorem says that algebraic coherent
sheaves are the same as analytic ones. While GAGA does not a priori hold for filtered D-modules, we can
still use this idea to make the following definition:

Definition 19.13. Let X be a complex algebraic variety, and let X be a compaxtification. The category
MHM ¢ (X) of algebraic mixed Hodge modules is the image of the restriction functor MHMP(X™") —
MHMP (X2an).

One can show this definition is independent of the choice of X (the idea is to use that any two complete
algebraic varieties containing X as a dense Zariski-open subset are birationally equivalent). In this case, the
perverse sheaf rat M is constructible with respect to an algebraic stratification, and the coherent sheaves
F; M are algebraic. There is also an intrinsic definition not mentioning X; see [Sch14a, Thm. 22.3].

We note that by definition, this means that there is always a functor j.: MHM?(U) — MHM?(X) for an
open embedding, so using the usual trick of decomposing an arbitrary morphism between quasi-projective
varieties into an open embedding followed by a projective morphism, we can define pushforwards for arbitrary
morphisms.

19.4 Derived categories [Schl4a, §23]
Since MHM,)¢ (X)) is abelian, we can define a derived category:

Definition 19.14. The bounded derived category of algebraic mixed Hodge modules is denoted by
D® MHM,(X). By construction, there is an exact functor

rat: D” MHM,,(X) — D%(Qx)

to the bounded derived category of algebraically constructible complexes.

A similar definition of course makes sense in the analytic setting. However, the advantage here is that the

six-functor formalism works in this setting:

1. The duality functor D exists since D: MHM,jz(X) — MHM,j4(X)P is an exact functor.

2. The inverse image functors H’ f*, H’ f' exist for arbitrary morphisms f: X — Y, and the functors
f*, f' on the derived category are defined by working with Cech complexes for suitable affine open
coverings.

3. The direct image functors H’ f, and H7 fi exist for projective morphisms, and in general one can use
that pushforwards via open embeddings are well-defined for algebraic mixed Hodge modules. Again,
one needs to use Cech resolutions via affine open coverings to make sense of the derived versions [Sai90,
Thm. 4.3].

4. You then have to check they satisfy the standard compatibility and adjunction relations.
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Example 19.15 [Schl4a, Ex. 23.1]. Let f: X — pt. Then, one has Q¥[n] ~ f*Q(0)[n] € D’ MHM,4(X),
where n = dim X. We then have that

H'(X,Q¥)=H'£.QY¥  HUX,QX)=HfQ¥

are graded-polarizable mixed Hodge structures. It is a difficult theorem that these mixed Hodge structures
are the same as the ones defined by Deligne.

19.5 Weights [Schl4a, §23]

We finally mention how the yoga of weights works for mixed Hodge modules; it works in the same way as for
mixed complexes in the theory of perverse sheaves.

Definition 19.16. We say that a complex M € D° MHM,¢ (X)) is
(a) mixed of weight < w if gr!¥ HI(M) = 0 for all i > j + w;
(b) mixed of weight > w if gr}¥ H/ (M) = 0 for all i < j + w;
(¢) pure of weight w if gr}¥ HI(M) =0 for i # j + w.

Saito showed the following;:

M mixed of weight <w = fiM, f*M mixed of weight < w
M mixed of weight > w = f,M, f'M mixed of weight > w
M mixed of weight < w <= DM mixed of weight > —w

In particular, pure complexes are stable under direct images by proper morphisms and under the duality
functor. He also shows that

M7 mixed of weight < w;

My mixed of weight > w2} = Ext'(My, M3) =0 for all i > wy — ws.

This formally implies that every pure complex splits into the direct sum of its cohomology sheaves, that is,

M ~ @M/ (M)[—j] € D" MHM,4(X).
JEZ

20 April 2: Algebraic mixed Hodge modules (Takumi Murayama)

Last time, we discussed algebraic mixed Hodge modules briefly. Today, we will present Saito’s new definition
for algebraic mixed Hodge modules, following [Sail3]. We will discuss some material necessary to talk about
direct images.

20.1 Definitions and statement of results

Let X be a smooth complex algebraic variety. Recall we had the category MHW?(X) of weakly mixed
Hodge modules, whose objects were pairs (M, W,) with M = (M, F,, K) € MF,,(Dx, Q) and W, was a finite
increasing filtration on M such that gr)’ € HMP (X, /).

The definition of an algebraic mixed Hodge module as follows:

Definition 20.1. Let (M,W,) € MHW"(X). Then, the category of (algebraic) mixed Hodge modules
MHM ¢ (X) is the abelian full subcategory of MHW?(X') defined by increasing induction on the dimension of
support as follows.

Let (M,W,) € MHW?(X) with Supp M = X. Then, (M, W,) € MHM,(X) if and only if, for every
x € X, there is a Zariski-open neighborhood U, of x in X and a regular function ¢g: U, — C such that
Ul ==U, ~\ g~ 1(0) is smooth and dense in U,, and the following two conditions are satisfied:
(C1) The restriction M’ := M|y is an admissible variation of mixed Hodge structure;
(C2) The nearby and vanishing cycle functors along {g = 0} are well-defined for M|y, , and ¢41 M|y, €

MHM.i, (57 (0)).
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We say that the nearby and vanishing cycles functor along {g = 0} are well-defined if the following two

conditions are satisfied:

(W1) The three filtrations F,, W,, Vs on M, are compatible, where M, is the direct image of the underlying
filtered D-module via the graph embedding ig: U — U x C;

(W2) There is a relative monodromy filtration W, for the action of the nilpotent part N of the monodromy on
g K[—1] and ¢g 1 K[—1] with respect to Le = 1)y We[—1] and ¢4,1W,. Explicitly, defining the filtrations

Li(pg M) =y (Wi 1 M) Li(pgaM) = ¢ 1(W; M),

which are preserved by the nilpotent endomorphism N = (27i)~!logT,, the relative monodromy
filtrations

Wa(y M) = Wo(N, Le(toy M) Wa(dpa1M) = Wo(N, Le(¢71M))
are given inductively by
W_isn LM = W_iyx L1 + N'(S'W;s, Ly M) for i > 0
Wik LM =ker(N*T': LM — ST N Ly M/W_;_o1,LiM)) fori>0
This is the admissibility condition (Definition 19.6) we had before.

Remark 20.2. You can define mixed Hodge modules on singular varieties by using local embeddings into
smooth varieties and using Kashiwara’s equivalence; see [Sail3, n° 1.2].

The main results in [Sail3] are as follows:

Theorem 20.3 [Sail3, Thm. 1]. Conditions (C1) and (C2) are independent of the choice of U,,g. More
precisely, suppose (C1) and (C2) are satisfied for some choice of Uy, g. Then, (C2) is satisfied for every
choice of Uy, g, and (C1) is satisfied if the underlying perverse sheaf of M’ is a local system.

Theorem 20.4 [Sail3, Thm. 2]. The categories MHM,(X) for complex algebraic varieties X are stable
under canonically defined functors

H Loy HOfi, WS ML g, dga, K.
These functors are compatible with the corresponding functors for the underlying perverse sheaves.
Combining the latter theorem with results from [Sai90] will lead to the following:

Corollary 20.5 [Sail3, Cor. 1]. There are canonically defined functors

f*7 .f!7 f*v f!7 ¢g’ ¢g,17 |Z7 ®a Hom

between the bounded derived categories D’ MHM e (X) for complex algebraic varieties X, so that we have
canonical isomorphisms HY f, = HI f.. These functors are compatible with the corresponding functors for the
underlying complexes of sheaves with constructible cohomology.

20.2 Open direct images [Sail3, n° 2.3]

We want to understand how f, works for open immersions, since that is the key to defining f, and f.
Let X be a smooth complex algebraic variety as before, and let D be a Cartier divisor (in the singular
case, you use locally principal divisors).

Definition 20.6. Let M’ € MHW(X ~ D). We say that the open direct images j1M’, j. M’ are well-defined

if there are M/, M, € MHW(X) whose underlying perverse sheaves are respectively isomorphic to jiK’, j. K’,

where K’ is the underlying perverse sheaf of M’ and the following condition is satisfied:

(W3) For any locally defined regular function g such that g=1(0);eq = Dyed, the nearby and vanishing cycle
functors 1y, ¢41 along {g = 0} are well-defined for M|, M.
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Theorem 20.7 (cf. [Sai90, Thm. 3.27]). The direct image j.M' exists.

The proof requires some work. We will assume that D = {x;---2, =0, r <n}, D; = {z; = 0} is normal
crossing divisor. The general case follows by an application of Hironaka’s resolution of singularities; see the
end of the proof of [Sai90, Thm. 3.27] and the citations therein.

In the following, U := X ~. D. We will also specialize to the case where the perverse sheaf underlying M’
is actually a local system.

We will first show the existence of (M, W,) € MHW(X)? such that the underlying perverse sheaf is
isomorphic to 7,K’. We already know that the underlying perverse sheaf should be j,K’, and so we define
the underlying D-module to be the following:

Definition 20.8 [Sai90, n° 3.10]. We define
jre M’ := DR~ j, DRM’
§i® M’ :=DR™' j DRM’

To define the filtration takes a lot of work. What Saito does is to define the filtration for left D-modules.
Before we do so, we need to mention a construction we skipped before, which comes up in the study of
Deligne’s Riemann-Hilbert correspondence.

Theorem 20.9 (see [HTT08, Thms. 5.2.17, 5.2.20)). There exists a canonical extension L' of £ on X,

~> ~
together with lattices £~ and [,’>a, such that the eigenvalues of resV along each D; is contained in [a, a4 1)
(resp. (e, +1)).

~>a ~ >

We can then define a filtration F' on £~ and £’ - :
e Ty /
F.L =L NjFpL
F,L7 " =7 N4 F,L

The filtrations on j:** M, j** M’ can then be defined as

Fpjitt M = Z(WX ® FiZ/Zil)FP—iDX
ij!regM/ = Z(wx & F¢Z/>_1)Fp,iDX

The weight filtration is harder to write down; see [Sai90, Prop. 2.8].

20.3 Passing to the derived category [Bei&7, §3]

Now to pass to the derived category, we proceed as follows. If f: X — Y, then we can define f, and f to be
the right-derived functors of H° f, and H°fi, respectively. Otherwise, we fix compatible Cech covers on X
and Y, and simultaneously resolve everything term in the resolutions by acyclics for H° f. respectively H° fi;
this is possible by [Bei87, Lem. 3.3]. One then applies the functor H° f. respectively H f;, and then totalizes
this complex.

21 April 3 Kodaira—Saito vanishing (Harold Blum)

We first state Kodaira vanishing:

Theorem 21.1. Let X be a smooth projective variety over C, and let L be a ample line bundle on X. Then,
we have HY(X,L™Y) =0 for i < dim X.

We give a very quick sketch of the proof, from [Laz04]. The proof of the Kodaira—Saito vanishing theorem
will be similar.
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Proof Sketch. Let m such that L™ is very ample, and write L™ = O(D) for some smooth hyperplane section

D € |L™|. We then take a m-cyclic cover X — X corresponding to this divisor D. Then, there exists a
divisor D" € |7*L| such that D’ is smooth. There is a short exact sequence

0— OX/(—DI) — Ox — Opr — 0

on X'. Using the Lefschetz hyperplane theorem, we obtain that H*(Ox/(—D")) = 0 for i < dim X', and we
also have H'(Ox/(=D")) ~ H{(X,7.Ox/(—D")) ~ H(X,m.Ox: ® L"). By the cyclic cover construction,
mO0x ~Ox &Lt g oL (M1, O

We will do a similar proof with topological input for the Kodaira—Saito Vanishing theorem. Here, we used:

Theorem 21.2 (Lefschetz hyperplane). If D C X, then H(X,Z) — H'(D,Z) is an isomorphism if
i < dim X — 1, and is injective if i = dim X — 1. This map respects the Hodge decomposition, and so the
same statement holds for H(X,Ox) — H(D,Op).

Note that the point of the m-cyclic cover was to reduce to the case where D is a smooth hyperplane
section. For Kodaira—Saito vanishing, m-cyclic covers will be used in a different way.

Theorem 21.3 (Saito). Let X be a projective algebraic variety over C, and let L be an ample line bundle.
Let (M, Fq M) be a filtered regular holonomic D-module that underlies an algebraic mized Hodge module on
X. Then,

H'(X,gry DR(IM) ® L) fori>0

=0
H'(X,grf DRIM)® L") =0

fori<0

Note here that X is not necessarily smooth, but we will assume this for the proof.

21.1 Initial reductions

It is enough to consider the case when (M, F') underlies a pure, polarized Hodge module with strict support
X. This is because:
e W, is a finite filtration, and we use short exact sequences

0— Wi — Wiy1 — gry, — 0.

We also need that grf’ o DR(—) is exact.
e Also need the fact that algebraic mixed Hodge modules are polarizable.
For the condition on supports, you need to consider the case the support of (M, F') has strict support. This
means that the proof might go out of the setting where the variety X is smooth.

21.2 Key tools

Theorem 21.4 (Artin—Grothendieck vanishing). Let V' be an affine variety over C, and let .F be a con-
structible sheaf on V. Then, H'(V,.#) =0 for all i > dim V.

21.2.1 Non-characteristic pullbacks

Let f: X — Y be a morphism of smooth complex manifolds, and let (M, F') be a filtered Dy-module.

Definition 21.5. We say that f is non-characteristic with respect to (M, F) if
o HI(X, ftagrt M ®?,10X Ox) =0 for i > 0, where H’ is hypercohomology.
e The map df*: py* (Char(M)) — T*X is finite, where po: X xy T*Y — T*Y, and

df: X xy T*Y — T*X
(z,w) — df*w(z)
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This is automatic if f is smooth [HTTO0S].

Proposition 21.6 (Saito). If f is non-characteristic with respect to (M, F), then
(1) There exists a filtered pullback

J* M, F) = (M, F)[~d,
where d = dim X —dimY, and
.//\\/l/ = fﬁl./\/l Rf-105 WX/Y
FoM = f_le+dM Qp-105 WX/Y
(2) If (M, F) underlies a pure Hodge module, so does f*(M,F).

Remark 21.7. If (M, F) is a pure Hodge module, and f is smooth along Sing(M, F’), then f is non-
characteristic with respect to (M, F').

22 April 10 (Harold Blum)

We will finish Kodaira—Saito vanishing. Today, we will show the following:

Theorem 22.1. Let X be a smooth complex projective variety, let L be an ample line bundle on X, and let
(M, F) be a filtered D-module that underlies a pure, polarizable Hodge module M with strict support X, i.e.,
M € HMX (X, d). Then,

HY(X,grf DRIM)® L) =0

fori <O.

Proof. Let m > 1 such that L®™ is very ample, and let s € H°(X, L®™) be a general section with vanishing
locus Z(s) = D with complement U = X \ D. Denote

D=V(s) < X <> U=XD.
Saito shows there exists a short exact sequence
0 — M — M(xD) — H'i'M — 0,
which implies there exists an exact sequence
grf DRIM) @ L™ — grf DR(*D) ® L™' — gry DR(H'i'M) @ L™ — grf DRIM)® L' @ L™[1].

By induction on dimension, ‘
H(gr, DR(HY'M)® L™) =0

for i < 0. We want to show that the same thing holds for the M(xD) term, that is, H*(gr, DR(M(xD)) ®
L=Y) =0 fori<0.

Goal 22.2. Realize M(xD) ® L~! as coming from a pure Hodge module.

Set f: X — X be the m-cyclic cover along D, and let f*D = mkFE. Set

L= cok(Ox — £.0%),
where we recall f,Og ~Ox®L ' & @ L~ (m=1),
Claim 22.3. There is a short exact sequence
0— M —> fof*M — M —0
in HMP(X, d) such that
(M, F) = (M(+D),F) ®oy L) ~ j.(M|v, F) ®0, Llv).
95



Taking the claim for granted for now, we prove that
H'(gry DR(M(xD)) ® L™1) =0

for i < 0. Let P be the Q-perverse sheaf associated to ]TJ: and let ﬁc =P ®q C. We have j*j_lﬁc = ﬁc,
so that _ _ _ _
H(X, Pe) = H'(U,j~*Po).

The cohomology on the right-hand side can be computed by the spectral sequence
HY(UHO (" Po)) = HP (U, j(Po)):

Then, dim Supp H?(j ’1}3(;) < —¢q, hence the left-hand side vanishes when p > —q by Artin—Grothendieck
vanishing (Theorem 21.4). The right-hand side is therefore zero for p+ ¢ > 0. Thus, H*(X, Pc) = 0 for i > 0,

and Verdier duality says that B 4 B
H Y(X,Pc) ~ H(X,DPc)".

Since the Hodge module is polarizable, however, we have an isomorphism D P¢ ~ Pc (d). Thus, H'(X, Pc) =0
for i < 0, and H*(X,DR(M)) = 0 for i # 0.
To get vanishing for the graded pieces, we use the spectral sequence for the filtration F"

EV? = HPT9(gr_, DR(M)) = HPT9(DR(M)).

This degenerates at Ey by the direct image theorem for X — pt. This shows the vanishing we want, since
Claim 22.3 implies M(xD) ® L~! is a direct summand of M ® L~1.
We now return to Claim 22.3. Recall that

FM= [ IM@10, O Qg x = [TIM @10, O @ Og((m — 1)E).

When f is non-characteristic, this D-module underlies a pure Hodge module; since we chose s € HY(L®™) to
be general, f is non-characteristic for M (this is similar to Noether normalization). Then,

fF M= £ (F M@0, O ((m = DE) @p Dy )-

Now recall D = 0% ®f-10, Dx. Choose x1,...,z, locally on X such that {z; = 0} = D, and let

X=X
A = Ox 5. We then have
Aly]
ym — = O)?vffl(z)
with local coordinates y, ¥, ..., 2,. For example, if we have a map Al — A} mapping s — s™, then the

transfer D-module is given by
k[s] @[y k[t, Or] = ks, O]

where s = m - s™19; by the description of inverse images as in §4.1. O
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