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LECTURE 22: NOVEMBER 18

In the definition of polarized Hodge modules, we needed the induced pairings
hot gy M@ grf M — C

for —1 < a < 0. The purpose of today’s lecture is to explain how these pairings
are constructed. We will focus on the case —1 < a < 0, and exclude the (more
involved) case a = —1.

To get a feeling for the problem, let us go back to the example of a polarized
variation of Hodge structure on A*. Here M = P - #>=1 and for a > —1, the
V-filtration is given by VM = Y In particular,

gry M = Ey(R),

where R € End(V) is the residue of the logarithmic connection on ¥, The pairing
that appears in Schmid’s results, specifically in Theorem 10.3, is the restriction of
the hermitian pairing h: V ®c V — C to the eigenspace E,(R). The question is
how we can recover this pairing from the pairing on the Z-module M.

Recall from Lecture 9 that, with respect to the trivialization ¥ =~ Oa @c¢ V,
the polarization of the variation of Hodge structure takes the form

hy(1®v,1@0") = Z \t|252 —1) b (v, RAE),

a<lf<a+l

where vj; and vj; are the components in EB(R). Since o > —1, all the functions in
this expression are locally integrable, and so the right-hand side is a distribution
on A; the sesquilinear pairing on M was defined in such a way that hag = hy on
Vem = #* for a« > —1. The pairing on E,(R), which is h(v),,v)), appears in
this expression as the coefficient of the term |t|>®. So we need a way to extract this
particular coefficient from the distribution. If someone gives us a distribution with
an “asymptotic expansion” as above, in terms of the functions [t|?*L(t)7, then this
is easy: simply take the coefficient at [t|?*. But for arbitrary Hodge modules, we
need a construction that works even if we don’t have the asymptotic expansion.

The key idea, due in this context to Daniel Barlet and Claude Sabbah, is to
consider the function [¢|2*72, where s € C is a complex parameter. This function is
locally integrable on the halfspace Res > 0, but is not locally integrable for s = 0.
This sharp distinction gives us a way to pick out specific values of the exponent.
Indeed, if we consider the expression

2 > \tlQ"Z —1)7h (v, Ryvg),

a<f<a+l

then all the terms with 8 > « are locally integrable on a halfspace of the form
Res > —f3, whereas the terms with [¢|?* stop being locally integrable at s = —a.

We also need a way to distinguish the term [¢|?® from the other terms [¢|?® L(t)’
with j > 1. Here the general idea is to consider the expression above as a function
of the complex parameter s, and so see what happens near s = —«. The following
example shows how this works in practice.

Ezample 22.1. Let ¢ € C°(A) be a compactly supported function on A, and
consider the expression

F(s) = /|t|2s 200t A d.

as a function of the complex parameter s. For Re s > 0, the function is well-defined,
and by differentiating under the integral sign, one sees that F(s) is a holomorphic
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function on the halfspace Re s > 0. Similarly, we obtain

. . 1 . _
FU(s) = (—1)3—1f/ L(t)I|t|**2pdt A dt
27 A
by differentiating under the integral sign j times.
We want to understand how F'(s) behaves near the critical line Res = 0. We
can use integration by parts to prove the following nice identity:

1 D¢ -
22.2 2 = —— 2s — 2 .
(22.2) 2 (s) W/Am o2t di

Here is how this goes. Observe that

, - — 0 _
d<t|t|25_2<pdt> = st 2pdt A dT + t|t\28—28—fdt A di.
Recall that ¢ has compact support. From Stokes’ theorem, applied on the annulus
with inner radius € > 0 and outer radius close to 1, we get
1 1

_ dy _
— tt|220odt = sF(s) — — | t|t|**2=2dt A di.
2 J g It pdt = sF(s) 2m’/A Ly

The left-hand side goes to zero with ¢ as long as Res > 0, hence

sF(s) = i/ t|t\25’2a—wdt/\ dt.
2w Ja ot
If we repeat this argument, swapping the role of ¢ and ¢, we arrive at (22.2).

The point is that the function on the right-hand side of (22.2) is holomorphic
on the larger halfspace Res > —1. If we divide both sides by s?, we therefore get
a meromorphic extension of F(s) to the halfspace Res > —1, with a single pole at
s = —1. To see what F(s) looks like near s = —1, we use the exponential series

|t|28 — e—sL(t) _ Z(_l)jsj L(t)J

|
i=0 I

Substituting this into (22.2) gives

- 41 L(t)7 9%p _
= § J=2(q)i-l -
Fls) j:[)s (=1) 2mi /A J! 6t8¥dt/\ at.

The term with j = 0 vanishes (because the integral of an exact form with compact
support is zero); for the term j = 1, another application of Stokes’ theorem yields

1 D¢
ol AT

Nnear s = —1, the function F'(s) therefore looks like

dt A\ dt = ¢(0).

C0(0) R s, o1 L[ L) &% _
F(s) == +) s (1) o |y i o7 i A di.
j=2

It has a simple pole at s = 0, with residue Resg F'(s) = ¢(0). By contrast,
1 ) ] B o
_ L(t)J|t|25—2@dt Adt = (_1)JF(J)(S)
A

2mi

has a pole of order j + 1 at s = 0, but the residue is zero. So the conclusion is that
the term with j = 0 is distinguished by the presence of a residue.
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Going back to variations of Hodge structure, we can now pick out the coefficient
at [t|** as follows. Choose a compactly supported function ¢ € C2°(A) that is
identically 1 in a neighborhood of the origin; such a function is often called a cutoff
function. The calculation from above gives

1 _
h(’Ug(, ’Ug) = ReSS:_a ( / h"j/(l X U/, 1 X U’/)|t|2572<pdt A dt> ,
' 21t Ja
because the terms with [t|?’ L(¢)7 and 8 > « contribute functions that are holo-
morphic at s = —«, and the terms with |¢|>**L(¢)7 and j > 1 contribute functions
with poles of order j + 1 and vanishing residue.

Definition of the induced pairing. We are now ready for the general definition.
It does not matter that M is a polarized Hodge module — all we need is the existence
of a V-filtration. So let us suppose that M is a coherent Z-module on the disk A,
and that M admits a V-filtration V* M with the same properties as in Lecture 21.
Consider a distribution-valued sesquilinear pairing

ha: M ®@c M — Db, .
For each real number o > —1, we are going to construct an induced pairing

ho: gryy @cgry — C

on the vector space gryy = VM /V>*M, with the property that

ha(Nz,y) = ha(z, Ny);
here N = t0; — « is the nilpotent operator on gr{;. The general idea should be

clear at this point. Choose a cutoff function ¢ € C°(A). For two local sections
m’,m" € V*M, we are going to show that the function

(22.3) Pt (8) = <hM(m’,m”), 1t[25=2¢dt A dz>

extends to a meromorphic function on the complex plane; that it is holomorphic
on the halfspace Res > —a; and that it has a pole at the point s = —«a. Moreover,
we will see that the residue of Fj,,» ,(s) at the point s = —a only depends on the
image of m/,m” in the quotient gr{. We can then define

1
Fm/7m//(5)>

" 2mi
to obtain the desired pairing on gr{;. For the sake of clarity, I will divide the
construction into several steps.

(22.4) ha(m',m"”) = Ress—_q <

Step 1. Fix two real numbers a,3 > —1, as well as two sections m’ € VM
and m” € VPM. Initially, the problem with (22.3) is that distributions act on
compactly supported smooth forms, but the function [¢|2*~2 is not smooth at t = 0.
Here we need to use a basic fact about distributions: every distribution is locally of
finite order. In other words, if D € Db(A) is a distribution, then for every compact
subset K C A, there is a constant C' > 0 and an integer p € N such that for every
test function n with Suppn C K, one has

(22.5) (D,ndt A dt)| < Clnller k),

where the norm on the right-hand side is the supremum over all derivatives of 1 of
order < p. In particular, D extends uniquely to bounded linear functional on the
space CP(K). The smallest such integer p is called the order of D on K.

In our setting, we can use the support of the cutoff function ¢ as the compact set
K. Since VEM and VP M are coherent &x-modules, hence generated by finitely
many sections, the orders of all the distributions h((m’, m”) can be bounded by
a fixed integer p € N, and an estimate as in (22.5) will hold with a constant C > 0
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that is independent of m’, m”. Because the function [¢t|**72 is certainly in CP(A)
as long as Re(2s — 2) > p, the expression

Fm/’m//<s> = <hM(m/,m”), |t|2s_2(pdt A df>

therefore makes sense for Res > 14 £. The estimate in (22.5) then allows us to
“differentiate under the integral sign” and conclude that F, ., (s) is holomorphic
on the halfspace Res > 1 + .

Step 2. We use the Z-module structure on M to find relations between different
functions of this kind, similar to what we did in the example above. The sesquilin-
earity of the pairing gives ha(t0ym’,m”) = tdshap(m’,m”), and therefore

Fuogmrner(5) = (10haa(m!,m"), |12~ 2dt A dT)

—<hM(m’, m"), 0y (£|t25~2) dt A dz>

—<hM (m',m"), (s|t|23_2g0 + t|t\25_286—f> dt A df>

9
ot

Now the derivative ‘?—f is identically zero in a neighborhood of the origin, and so
the product with ¢[¢|**=2 is a smooth function on the disk. In the above formula,
the last term is therefore holomorphic for every s € C. So if we use = to mean

“modulo entire functions”, we can write the result in the form

= 5Py (5) — <hM (!, m"), t]t>*~2S2 dt A d¥>.

Ftc’)tm’,m” (8) = —SFm/’mN (8) = Fm/’tatm//(s),

The second half is proved in the same way, of course.

Step 8. The next task is to construct a meromorphic extension of F,s ,»(s) to the
complex plane. Here the key point is that t0; — « acts nilpotently on gr{;. We can
therefore find a number e, € N such that

(t0, — a)m’ € V> M,

If we keep applying this observation, we can produce a polynomial b(s) € R[s], with
roots in the interval [a, 00), such that

b(td,)m' € Vorkm,

where k£ € N can be made as large as we please. Remembering that the multiplica-
tion map t*: VOM — Vot M is an isomorphism for a > —1, we get

b(tdy)ym' = t*m),,

for some mj, € VM. (If you took my course on Z-modules last semester, you
may recognize this as a special case of the Bernstein polynomial.) The identity in
Step 2 now gives us, modulo entire functions,

b(—5)Fons o (8) = Fyo,ym: me (8) = <hM(m§€7m”),tk|t|2s_2<pdt A df>

Because the function on the right-hand side is holomorphic on the halfspace Re s >
1 + 5 — k, this shows that F,,/ ,,~(s) extends meromorphically to this larger half-
space; by increasing k, we therefore get a meromorphic extension to the complex
plane. Moreover, all roots of the polynomial b(—s) belong to the interval (—oo, —a],
and so Fy,s p,(s) is actually holomorphic on the halfspace Re s > —a, possibly with
a pole at the point s = —a. By applying the same construction to m”, the function
For me(s) is also holomorphic on the halfspace Res > —§.
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Step 4. We can now complete the construction of the induced pairing. Suppose
that m/,m” € V*M. The function F,, ,,~(s) is holomorphic on the halfspace

Re s > —a, and possibly has a pole at the point s = —a, and so the residue
1
Res,—_, <27Tile’m”(S)> eC

has a meaning. If either m’ or m” belong to V>*M, then the function F,/ ;- (s)
is holomorphic on a slightly larger halfspace, hence the residue is zero. The
residue therefore depends only on the image of m’ and m' in the quotient gryy =
VEM/V>*M, and so (22.4) does define the desired pairing

he: gry @cgry — C.
Let us check that N = t0; — « is its own adjoint. By the result from Step 2,
F(tBt—oz)m/,m” (5) = Fm’,(tﬂt—a)m” (5)7
which only works of course because o € R. Both sides therefore have the same

residue, and 8o ho(Nm',m”) = ho(m/, Nm').

Example 22.6. In the special case of a polarized variation of Hodge structure on A*,
we showed at the beginning of the lecture that the general construction recovers
the pairing on gr{ = E,(Rg) that is used in Schmid’s results.

Example 22.7. Suppose that M is a vector bundle with connection on A. In this
case, M = VOM, and we can take m’,m” to be flat sections. Then hp(m’, m”) is
a constant function, and the example from earlier shows that the residue of
1 _ 1 _
o (halom' ") 1252t A dE) =~ [ Bl )|t A dF
2 21 JA

at the point s = 0 is equal to the constant haq(m’,m”). So in this case, the effect
of the construction is to simply restrict the flat pairing on the vector bundle to the
fiber over the origin.
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