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INVARIANTS OF HAMILTONIAN FLOW ON LOCALLY COMPLETE
INTERSECTIONS

PAVEL ETINGOF AND TRAVIS SCHEDLER

ABSTRACT. We consider the Hamiltonian flow on complex complete intersection surfaces with iso-
lated singularities, equipped with the Jacobian Poisson structure. More generally we consider
complete intersections of arbitrary dimension equipped with Hamiltonian flow with respect to the
natural top polyvector field, which one should view as a degenerate Calabi-Yau structure.

Our main result computes the coinvariants of functions under the Hamiltonian flow. In the
surface case this is the zeroth Poisson homology, and our result generalizes those of Greuel, Alev
and Lambre, and the authors in the quasihomogeneous and formal cases. Its dimension is the sum
of the dimension of the top cohomology and the sum of the Milnor numbers of the singularities. In
other words, this equals the dimension of the top cohomology of a smoothing of the variety.

More generally, we compute the derived coinvariants, which replaces the top cohomology by all of
the cohomology. Still more generally we compute the D-module which represents all invariants under
Hamiltonian flow, which is a nontrivial extension (on both sides) of the intersection cohomology
D-module, which is maximal on the bottom but not on the top. For cones over smooth curves of
genus g, the extension on the top is the holomorphic half of the maximal extension.

1. INTRODUCTION

We explain how to recover the top cohomology and Milnor numbers from complete intersection
surfaces with isolated singularities via their Poisson structure. Namely, we prove that the zeroth
Poisson homology of these surfaces is isomorphic to the direct sum of the top cohomology and
vector spaces of dimension equal to the Milnor numbers of the singularities. We will generalize this
result in two directions: to higher-dimensional complete intersections (replacing zeroth Poisson
homology by coinvariants of Hamiltonian flow) and to all of the topological cohomology of the
singular variety (by replacing coinvariants by derived coinvariants). We expose these results as a
series of generalizations. Then, in §2] we explain and strengthen these results using D-modules,
which is also the key to their proof. In §3]lwe state our other main results, which are on the structure
of the D-module used in §2

The proofs of all results in this and the next section will be postponed to g5l but see also §2.31
below for an outline of the proofs.

1.1. Complete intersection surfaces with isolated singularities. We work in the contexts of
complex algebraic or complex analytic varieties (when we say “affine,” we mean closed subvarieties
of A" for some n). In this subsection we will restrict to the algebraic setting.

Let X be a surface which is an algebraic complete intersection in Y := A**2. Then X is Poisson,
equipped with the Jacobian Poisson structure, defined as follows. Suppose X is cut out by functions
Jis.o s fr, with dimY =k + 2. Let By 1= 0y A+~ A Oy, € AF2Ty be the top polyvector field
on Y. Then we can define a bivector on Y by the formula

=iz, (dfi A+ Adfy)
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The bivector 7 induces the following skew-symmetric bracket (satisfying the Leibniz rule):
{g,h} :=1ir(dg Ndh) =iz, (df1 A--- Adfp Adg Adh).
It is elementary, but important, to observe the following:

(1) = is Poisson, i.e., {—,—} satisfies the Jacobi identity;

(2) The functions fi,..., fr are Poisson central (otherwise known as Casimirs), so that 7 and
{—,—} descend to Ox = Oy /(f1,..-, [r);

(3) The resulting Poisson structure is nondegenerate on the smooth locus, call it X smth - of X
i.e., X5 is a (not necessarily affine) symplectic surface.

Briefly, the first fact holds because {—, —} has generic rank two; in fact the leaves of the Hamiltonian
vector fields &; := {f, —} are the level surfaces of fi, ..., fi, and the restriction of 7 to each such level
surface is Poisson (as is true for every bivector on a surface). The second fact follows immediately
from the definition. The third fact follows because the smooth locus of X and the nondegeneracy
locus of 7 are both the locus on X where dfy A - - - A dfi does not vanish.

We will restrict our attention to the case where X has only isolated singularities. Since X is a
complete intersection (in particular, Cohen-Macaulay), it is therefore normal, i.e., global functions
on XM equal global functions on X. Thus, in this case, 7 is the unique Poisson structure which
is nondegenerate on the smooth locus, up to scaling by invertible functions (’))X(. In particular, up
to scaling, 7 is independent of the choice of embedding X < Y. In other words, given an arbitrary
normal surface, there might not exist such a 7, but when it exists, it is unique up to scaling, and
in the complete intersection case it always exists.

Our main result computes the zeroth Poisson homology of the Poisson algebra Oy, i.e., HP((Ox) :=
Ox/{Ox,0Ox}. Let Hg,,(X) denote the topological cohomology of X under the complex topology.
Let X% C X be the singular locus of X, which is finite by assumption. For every s € X8 let
s be the Milnor number of the singularity at s € X8,

Theorem 1.1. HP((Ox) = HEOP(X) @ P, xsing CHs

Note that HPy(Ox) also is independent (up to canonical isomorphism) of the choice of 7 up
to scaling by invertible functions, and the Milnor numbers ug are as well; thus, all objects in the
theorem are intrinsic to X.

Remark 1.2. In the local case where X is either a formal or local analytic neighborhood of a
singular point s, the RHS of the theorem reduces to CHs, and the theorem was proved in [ES12al,
Corollary 5.9] (in the formal setting, but the analytic case also follows from the material of [ES12al,
§5.1, 5.2]). This relied primarily on [Gre75, Proposition 5.7.(iii)].

In the case when Ox is a quasihomogeneous complete intersection with respect to some weights
on A", the RHS of Theorem [[.T]similarly reduces to C* for i = pg the Milnor number of the origin.
Again in this case, the theorem was proved in [ES12a, Theorem 5.21]. Moreover, one can describe
the weight grading on HPy(Ox): it is isomorphic, as a graded vector space, to the singularity ring,

Ox/ (H), where {f(ﬁiﬁz) is the determinant of the matrix of partial derivatives g X@ ’; for

1
1<p,g<k.

Remark 1.3. It was not essential above that Y = A**2. Indeed, we could let Y be an arbitrary
affine Calabi-Yau variety of dimension k+2 and Zy € AF*2Ty a nonvanishing polyvector field (here
and elsewhere, by Calabi-Yau, we mean only that there exists a nonvanishing global (algebraic)
volume form, and do not require any compactness condition; cf. 3] below and its footnote). The
construction of the Jacobian Poisson bivector, nondegenerate on Xs™" in fact does not even require
the affine or algebraic conditions (although our theorem does). More generally, we could let Y be
any (not necessarily affine) smooth analytic variety, and take the complete intersection of sections
2



fi € L1,...,fr € L}, of line bundles L1, ... L) whose tensor product is isomorphic to AT™Y Ty,
Still more generally, we could let f1,..., fr be sections of a vector bundle V of rank k& whose top
exterior power is isomorphic to AY™Y Ty Then 7 still is constructed as above (one needs to pick
a connection locally, but the result is independent of the choice of connection), and in the case X
is affine, the theorem applies with the same proof.

1.1.1. Restatement in terms of the smoothing of X. Since X is a complete intersection, it is
equipped with a smoothing, 7 : X — Al so that X = 7~ (0) and X; := 7 !(t) is smooth
for generic t. Let us denote the Betti numbers by hi(Z) := dim Hfop(Z ) for any topological space
Z. Then it is well-known that h?(X;) = h%(X) + Y, us for generic ¢: this is a consequence of
the fact [Mil68), Ham71] that, for every s € X8 and 0 < |t| < 1, the intersection of X; with a
small ball about s € X is homotopic to a bouquet of us 2-spheres. We conclude that, for generic t,
HPy(Ox,) = HP(Ox). In other words, the theorem is equivalent to the following result.

Corollary 1.4. The sheaf HPg(X;) on the line A! is a vector bundle near t = 0 of rank h?(X) +
> s xsing ths. The generic fiber is thop(Xt).

Note that being a vector bundle is the same as having fibers of constant dimension.

1.2. Generalization to locally complete intersections. More generally, we can let X be an
arbitrary affine surface with isolated singularities at X*"& C X which is, near each s € X8,
Zariski locally an algebraic complete intersection (in an affine space). Still more generally, we could
assume only that X is analytically locally an analytic complete intersection (in a polydisc).

Moreover we assume that X is equipped with a Poisson structure which vanishes only at the
singular locus. Then we again prove Theorem [[LT] stated in exactly the same way. As before,
when this Poisson structure exists, it is unique up to multiplication by a nonvanishing function.
Moreover the choice of such Poisson structure does not affect the statement of the theorem, as
remarked earlier. So the Poisson structure is a condition on X, not a structure.

Moreover, provided a smoothing X; exists, Corollary [[.4] follows. Note that we do not need a
global deformation over A'l; we could work with smoothing over a formal disc Spf C[t].

Remark 1.5. Our results generalize to the case where X need not admit a Poisson structure
nonvanishing on X*™" but admits a flat connection on T)% := Hom(A%Q%, Ox), considered in
[ES12al §3.5] (we continue to require that X is analytically locally a complete intersection in a
polydisc and has isolated singularities). For example, when X is itself smooth, then in the analytic
setting this says that the universal cover of X has trivial canonical bundle and admits a flat
connection invariant under deck transformations.

The reason why a flat connection on T’ )2( suffices is because our arguments only require the notion
of Hamiltonian vector fields, not that of Poisson bivectors. Indeed, if H(X) is the Lie algebra of
Hamiltonian vector fields, then HPo(Ox) = (Ox)x(x), the coinvariants of Ox under H(X).

Now, given a flat connection V : T)z( — T)z( ® Qk, for every local section n € T'(U, T)%), we can
define the Hamiltonian vector field on U, &, ¢ 1= iy (df) + fetr(V(n)), where if V(n) =3, 0; ® oy,
then ctr(V(n)) = >, ip; (). Using this, we define a presheaf of Hamiltonian vector fields, and we
can take its sheafification. Then global sections of the latter form a Lie algebra, call it LH(X),
and we can consider (Ox)rm(x)-

With this definition, &g, f = &, r4- Therefore, if n € T'(U,T 2) is nonvanishing, all Hamiltonian
vector fields are of the form gy, ; = &, 4 for some f,g € Ox. Moreover, if 1 is a flat section of V
on U C X, then &, ¢y = i,(df). Therefore, when there is locally a flat nonvanishing section 7 of T%,
then Hamiltonian vector fields are locally the same as those associated to the Poisson bivector .

Conversely, if X is Poisson (and nondegenerate on X5™h), then T)z( has a flat connection uniquely
determined such that the Poisson bivector is a flat section (since X has only isolated singularities).
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Then the Lie algebra LH(X) defined above is the Lie algebra of vector fields which are locally
Hamiltonian with respect to .

Note that, for X Poisson (and nondegenerate on X*™") the Lie algebra LH (X ) may be larger
than H(X): elements of LH(X) are of the form 7, := ira where « is only locally exact (whereas
H(X) requires « to be globally exact, so that there exists a Hamiltonian function f with 7, = ngr =
&r). However all of the arguments of this paper, which are of a local nature, are independent of
this distinction, so under the hypotheses of this subsection, (Ox)rm(x) = (Ox)m(x) = HPo(Ox),
and therefore the main results of this paper all extend to the setting of this remark.

1.3. Generalization to higher dimensional varieties. We generalize this result to the case
where dim X > 2, replacing HPo(Ox) by the coinvariants (Ox ) (x) of functions Ox under the Lie
algebra of Hamiltonian vector fields defined in [ES12al, §3.4], which we recall below.

Briefly, when X C Y := A™"* is a complete intersection of dimension n by functions fi,..., f,
then X is equipped with a canonical polyvector field,

Ex =iz, (dfi Ao Adfy)]x.

Namely, it is easy to check that iz, (dfi A--- Adfy) € AIMX Ty is parallel to X and thus restricts
to a top polyvector field Zx on X. Moreover, as before, Zx is nondegenerate on X*™! je.
(Xsmth, E;(l) is Calabi-Yau. Here and henceforth, by Calabi-Yau we only mean a smooth variety
together with a nonvanishing global volume form (we do not require any compactness condition)ﬂ

Remark 1.6. Asin Remark[T.3] we could more generally take Y Calabi-Yau of dimension n+k with
Zy € A"TFTy nonvanishing, or an arbitrary smooth Y and the complete intersection of sections of
a vector bundle whose top exterior power is AW YTy,

In the case that X has isolated singularities (in fact, even if it has singularities of codimension
at most two), then once again Zy is the unique top polyvector field on X which is nonvanishing
on Xsmth yp to scaling by O%.

As observed in [ES12al §3.4], one can define Hamiltonian vector fields on (X, Zx) by contracting
Ex with exact (dim X — 1)-forms. Then Theorem [I.1] generalizes to

Theorem 1.7. For affine X as above, (Ox)p(x) = Hom X (X) & @, ¢ xuins CH

More generally, as in the surface case, we prove this theorem when X is an arbitrary affine locally
complete intersection of dimension > 2 with isolated singularities equipped with a polyvector field
Zx which is nondegenerate on the smooth locus, i.e., such that X™ is Calabi-Yau. Here as
before “locally complete intersection” means (in the analytic context) that every singular point
s € X®18 has an analytic neighborhood which is an analytic complete intersection in a polydisc.
When X is algebraic, this includes the case where s has a Zariski neighborhood which is a complete
intersection. We remark, as before, that since Zx is unique up to multiplication by a nonvanishing
function, it is clear that (Ox) H(x) does not depend on the choice of Zx up to isomorphism.

Remark 1.8. As in Remark [[.2] in the case that X is a formal or local analytic neighborhood
of a singular point s, the theorem was proved in [ES12al Corollary 5.9], using |Gre75, Proposition
5.7.(iii)]. Similarly, when X is conical, i.e., it is affine and admits a contracting C* action, and
Zx is assumed to be homogeneous of some weight, the result is a straightforward generalization of

1We remark that every smooth variety is locally Calabi-Yau in our sense, e.g., by taking any local top differential
form and restricting to its nonvanishing locus. This is probably why in some places the Calabi-Yau condition is accom-
panied by a compactness condition. This also explains the perhaps initially surprising fact that, for instance, smooth
hypersurfaces in affine space of arbitrary degree are Calabi-Yau in our sense (as opposed to the case of projective space,
where only hypersurfaces of degree one more than the dimension of the projective space can be Calabi-Yau); also
affine space itself is Calabi-Yau in our sense. Viewed differently, our definition is a higher-dimensional generalization
of symplectic surfaces, where no compactness condition is generally imposed.
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[ES12al, Theorem 5.21], where the graded vector space structure is proved to identify with that of
the singularity ring.

Parallel to Corollary [[.4, we have the result

Corollary 1.9. Suppose that X; is a smoothing of X, i.e., m : X — Alis a family with X; := 771(¢)
generically smooth and X = Xj. Then, the sheaf ((’) Xt) H(X;) On Al is a vector bundle near t = 0

of rank AU X (X) + 3" vuing f1s. The generic fiber is the top cohomology tho‘;nX(Xt).

Provided a smoothing exists, this is equivalent to the theorem. However, since X is only locally a
complete intersection, we only know that there exists a smoothing of a neighborhood of each singular
point. Note that we could alternatively work with a smoothing over a formal disc Spf C[t], and
the corollary extends to this case.

Remark 1.10. Parallel to Remark [[.5], all of our main results generalize to the case where X is not
necessarily equipped with a top polyvector field Z x nonvanishing on X*™" but is instead equipped
with a flat connection V on 79X := Hom(AY™X QL Ox), cf. [ES12a, §3.5], in addition to being
analytically locally a complete intersection in a polydisc and having isolated singularities. This is
enough to define, as before, the Lie algebra LH (X)) of vector fields which are locally Hamiltonian
on X, and the aforementioned results are all valid replacing (Ox )y (x) by (Ox)rm(x)- In the case
where V actually admits a flat section Zx, then as in Remark [[5] H(X) could be a proper Lie
subalgebra of LH(X), the latter which is the contraction of Zx with locally exact (rather than
exact) (n — 1)-forms. Nonetheless, as before, one has (Ox)rm(x) = (Ox)m(x)-

1.4. A question on symmetric powers. In [ES12b], in the case that X is a conical hypersurface
in C3 (so that X®"& = {0} is the vertex), we computed the zeroth Poisson homology of arbitrary
symmetric powers of X.
Let A - n denote that A is a partition of n, which we write as A = (A1,..., A\p) for Ay > Ay >
- > Ay and Ay 4 -+ - 4+ Ay, = n. In this case, define |A| := m. For each such partition, let Sy < Sy,
denote the group of permutations preserving the partition. Explicitly, Sy = S,, x --- x S,, where,
for all 7,

Arytodry > Arp g 41 = Ar g 42 = 00 = Ay
Define also, for an arbitrary vector space V,
SAV = (VOIS
In [ES12b], we proved that, for X a conical symplectic surface in C? with an isolated singularity,
(1.11) HPo(Osnx) = @D S*HPy(Ox),
AFn

and, by [AL98], HPo(Ox) = C*s in this case. By definition, HPo(Osnx) = (Ognx)m(snx). As
observed in [ES12bl, Proposition 1.4.1], this also equals (Ognx) g (x), where H(X) acts on S"X by
the diagonal action. This allows us to state a generalization of the above equality when X is an
arbitrary complete intersection (and not just for surfaces):

Question 1.12. Does the analogue of (III)) hold when X is replaced by an arbitrary locally
complete intersection with isolated singularities? That is, does one have

(1.13) (Osnx)nm EBS (Ox)H(x))?
AFn
By Theorem [[7], (ILI3]) can be rewritten as
(1.14) Osnx)mx) 2P M HIX (X))o P C).
AFn sexsing
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2. DERIVED COINVARIANTS, ALL DE RHAM COHOMOLOGY, AND D-MODULES

2.1. D-module generalization for surfaces. In order to prove the above results we actually
prove a much more general result, which also computes the derived coinvariants of Ox under
Hamiltonian flow. To formulate these, we use D-modules. These also have the advantage of being
local, so that the final statements we prove for complete intersections will immediately imply the
generalization to locally complete intersections.

2.1.1. The D-module M (X). We need to recall the essential construction of [ES10]. Let X be an
affine Poisson (complex algebraic or complex analytic) variety and H(X) its Lie algebra of Hamil-
tonian vector fields. Let M (X) be the right D-module defined in [ES10| representing invariants
under Hamiltonian flow. We briefly recall its definition:

M(X) = H(X)-Dx \ Dx,

where Dx is the right D-module on X representing global sections, i.e., I'(X, M) = Hom(Dx, M)
for all right D-modules; this carries a canonical left action by vector fields on X, and H(X) - Dx
is then a right D-submodule of Dx.

Then, by definition, one has [ES10, Proposition 2.13]:

(2.1) HPo(Ox) = moM (X),

where 7 : X — SpecC is the projection to point and oM (X) = Hy(m.M (X)) is the underived
pushforward.
Recall the definition of higher Poisson-de Rham homology (for an arbitrary Poisson variety X):

Definition 2.2. [ESI0, Remark 2.27] HPPE(X) := 7, M (X).

(As explained in [EST0L Remark 2.27], for X symplectic, this coincides with the de Rham coho-
mology of X: HPPH(X) = HLM X *(X).)

Moreover, as explained in [ES10], all of the above generalizes to arbitrary (not necessarily affine)
algebraic or analytic varieties X, when one replaces H(X) by the presheaf H(X) of Hamiltonian
vector fields. (We remark that H(X) is not necessarily a sheaf: see Remark above and [ES12al,
Remark 4.5]; this does not cause any trouble in the definition of M(X), as explained there.)

2.1.2. Poisson-de Rham homology of (locally) complete intersection surfaces. Now let X be a sur-
face as in JI.21 As before, this includes the cases of an algebraic complete intersection in affine
space or in a Calabi-Yau variety (or the more general example of Remark [[.3]). We do not need X
to be affine.
Then we have the following result which generalizes Theorem [Tt
HZ (X)), if i >0,

Theorem 2.3. HPPE(X) = top
' ( ) {Ht20p @ ®S€X5i“g CHS, lf Z - O

Restricting to the case where X is a complete intersection in affine space there always exists a
smoothing X; of X. Then Theorem [2.3]is equivalent to the following analogue of Corollary [[.4l As
before, h'(X) := dim H'(X) denotes the i-th Betti number of X.
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Corollary 2.4. The sheaf of graded vector spaces HPY R(Xt) is a vector bundle near ¢ = 0. Its

generic fiber is thoi;nx_*(Xt), and the Hilbert series of the fibers near t = 0 is h(HPPR(X,);u) =

Zm hdimX—m(X)um + ZSEXSing L.

Note that being a graded vector bundle is merely saying that the Hilbert series of the fibers is
constant.

The same corollary holds in the general case (so X is only analytically locally a complete in-
tersection, and not necessarily affine), provided it is equipped with a smoothing X; (as before one
could also work with a smoothing over a formal disc).

2.1.3. The D-module of (locally) complete intersection surfaces. Let X be as in the previous sub-
section. Let j : X®™h < X be the inclusion of the smooth locus into X. Let Qyemmn be the
canonical right D-module of volume forms on X*™". Then we can consider the underived push-
forward H%5Q ysmen. This is the maximal indecomposable extension on the bottom (by D-modules
supported on X®18) of the intersection cohomology D-module IC(X) := 51, ysmn, where ji, is the
intermediate extension. More precisely, we have the following standard result, for which we provide
a proof for the reader’s convenience:

Proposition 2.5. N := H%jiQ yuum is indecomposable, and is the universal extension of the form

(2.6) 0—-K—N-—=ICX)—0,
with K supported on X®"8 in the sense that every other extension
(2.7) 0— K — N —1C(X) — 0,

with K’ supported on X", is the pushout of a canonical morphism K — K.

Proof. First of all, by adjunction, we have a canonical morphism in the derived category, ji€2 ysmtn —
IC(X), which becomes the identity after applying j'. Since jiQysmen is a complex concentrated in
nonpositive (cohomological) degrees, it follows that, for all D-modules L,

(28) HO RHom(j!QXsmth, L) = Hom(HOj!Q)(smth, L) == HOIn(N, L)

In more detail, take the exact triangle 1Qysmn — H°5iQysmn — C, for C = cone(5iQ ysmen —
H%jQ ysmn). The cohomology of C is concentrated in negative degrees. Then the long exact
sequence for Hom(—, L) yields, for all D-modules L, the exact sequence 0 — Hom (H 5 ysmn, L) —
H° RHom (51 ysmen, L) — 0, since H(C') = 0 for i > 0.

Thus, by (2.8]), we obtain from adjunction that

(29) HOHl(N, IC(X)) == HO RHom(j!QXsmth, IC(X)) = Hom(QXsmth, QXsmth) =C.

We therefore obtain the canonical extension (2.6I).

To see that N is indecomposable, note that, by the same computation of ([29]), Hom (N, N) =
H° RHom (51 ysmtn, N) =2 Hom (€ ysmen, Q ysmen) = C.

Finally, we show that N is the universal (maximal indecomposable) extension of IC(X) by D-
modules supported on X8, If not, let N’ be this extension (it exists since X" is finite and
Ext(IC(X),ds) is finite-dimensional for all s € X®"8). By universality, the surjection N’ — IC(X)
factors through N — IC(X), but by adjunction and (2.8), Hom(N,N’) = C. Thus we obtain
a nonzero composition N — N’ — N, which must be a nonzero multiple of the identity since
Hom(N, N) = C. Since N’ is indecomposable, this implies that N = N’, a contradiction. O

We can make (Z.6) more explicit as follows. For every s € X®18 let J; denote the d-function
D-module at s. Then,

(2.10) K= @ Ext'(IC(X),d,)* &,

SGXSi“g
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This can be written in terms of topological cohomology: for every s € X®18 let U, be a contractible
neighborhood of s (whose existence was proved in [Gil64], cf. also [Mil68, 2.10]), disjoint from
X*m&\ {s}. Then by a straightforward generalization of [ES10, Lemma 4.3],

(2.11) Ext'(IC(X),d,) = H' (U, \ {s}).
Thus ([2.I0) can be alternatively written as

(2.12) K= @ H' U\ {s}) @4

SEXsing
Then Theorems 2.3] and [I.T] follow from the following result.

Theorem 2.13. There is an exact sequence

0 — H%j\Qyomen = M(X) » P C" @4, — 0.

seXsing

One advantage of using D-modules is that this is a local statement: so the statement above for
complete intersections now immediately implies the generalization to the case where X is only only
analytically locally complete intersection as in §I.2] (and not necessarily affine). Indeed, we only
need to observe that the D-module M (X') does not depend on the choice of Zx, up to isomorphism,
since Zx is unique up to multiplication by an everywhere nonvanishing function. In more detail,
if f € I'(X,Ox) is everywhere nonvanishing, one has the isomorphism M (X,Zx) - M (X, fEx),
which on affine open subsets U C X sends the canonical generator 1 € M(U,Zx|y) to f~! times
the canonical generator of M (U, fEx|v).

We can also prove an analogue of Corollaries [[L4] and [2.4] (which we will actually prove simul-
taneously with the preceding theorem). Suppose that X; is a smoothing of X (over A' or over a
formal disc Spf C[¢t]); this always exists if X is a complete intersection. Let X be the total space
of the smoothing.

Theorem 2.14. The sheaf over A! of (fiberwise) D-modules M (X;) on & is flat near t =0 € Al
For generic t € A, the fiber at ¢ is Qx,.

In the general case where X is only locally a complete intersection, we can apply the theorem to
the open complex neighborhoods U, of each s € X8 which are analytically complete intersections.
This is an important ingredient in the proof of Theorem 2.13] itself.

2.2. D-modules on higher dimensional varieties. Theorems 2.3l and 2.13] also carry over ver-
batim to the higher-dimensional setting with X a “degenerate Calabi-Yau” analytically locally
complete intersection with finite degeneracy locus. Precisely, we let X be a not necessarily affine
analytically locally complete intersection of dimension > 2 equipped with a top polyvector field = x
vanishing at only finitely many points, i.e., X has only isolated singularities and =x vanishes only
at the singular locus.

Then, we prove Theorem 2.I3]in this general context (stated in exactly the same way), and this
implies all of the preceding theorems. Note that, in this case, the maximal extension H°ji{ yemin
of IC(X) (by D-modules supported on X*18) is an extension by

(2.15) K= @ Ext'(IC(X),5,) ®d =2 @ H"™X YU\ {s}) @,

seXsing seXsing

where Uy is a contractible neighborhood of s for every s € X®8  disjoint from X8\ {s}.
The analogue of Theorem 23] which follows from the above, is as follows. Let 7 : X — SpecC
be the projection to a point.
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Corollary 2.16. x,M(x) = | op "(X); i
Htop (X) @ @SEXSing C N ifi= 0.

Equivalently, if X; is a smoothing of X (which exists at least when X is a global complete
intersection; as before we could work with a smoothing over a formal disc or over Al), this becomes
the following (with h*(X) = dim H'(X) again the i-th Betti number of X):

Corollary 2.17. The sheaf of graded vector spaces 7, M (X;) on A! is a graded vector bundle near
t = 0 whose fibers have Hilbert series h(m,M(X;),u) = Y.~ hImX=m(X)ym + > scxsing Ms. The
generic fiber is thoi:,nX_*(Xt).

Note that being a graded vector bundle is the same as saying that the Hilbert series of the fibers
is constant.

Finally, we also prove Theorem [2.14] in this context, which goes through verbatim.

2.3. Outline of the proof. We outline the proof of Theorems 213 and 2.14] (which imply all of
the results from §Il and §2)) in the original situation of X a complete intersection surface in affine
space. For details, see §5l

(1) We exploit the smoothing Xy, where generically X; is smooth and hence M (X;) = Qx, (by
[EST0, Example 2.6], since then X; is a symplectic surface).

(2) We exploit the structure theory of M(X): it must be an extension of IC'(X) on (possibly)
both sides by delta-function D-modules at X*"8. We use that the maximal extension
H%\Q ysmen is by K as in (Z12).

(3) By [ESI2al §5], the maximal quotient supported at X8 is @, yeing HPy(Ox.s) ® ds, and
dim HPO(OX,S) = HMs-

(4) Now, M (X,) is flat near ¢ = 0 if and only if there is no torsion at ¢t = 0; this torsion would
have to be supported at X8,

(5) We take the Euler-Poincaré characteristic of m,M(X;) (for all ¢). Since the torsion of the
family M (X) is a direct sum of delta-function D-modules, the Euler-Poincaré characteristic
of m.M(X}) can only increase at t = 0, and it increases if and only if the family is not flat
(i.e., .M (X;) is not flat viewed as a coherent sheaf on Al).

(6) Using the classical formula [GMS0, §6.1] for m. IC(X) for compact X (applied to the one-
point compactification of a contractible neighborhood of each isolated singularity), we com-
pute the Euler-Poincaré characteristic of 7, IC(X) (Proposition [5.9)).

(7) This formula shows that the Euler-Poincaré characteristic of m,M (X;) cannot increase at
t = 0, so the family is flat, proving Theorem 2.14l The formula simultaneously shows that
M (X) maximally extends IC(X) on the bottom (otherwise the Euler-Poincaré characteristic
of m,M(X;) would go down at ¢ = 0, which is impossible), which proves Theorem 2.13]

The exact same outline above applies to the situation where X is a complete intersection of arbitrary
dimension, except that Xy, rather than being a symplectic surface, is a smooth Calabi-Yau variety
for generic t, so M (X;) = Qx, still holds by [ES12al, Example 2.37]. The proof is then the same, but
we have to use in step (@) the fact that, for an analytically locally complete intersection of dimension
n with an isolated singularity, the link of the singularity is (n — 2)-connected [Mil68],[Ham71l,
Korollar 1.3].

Once we have the results for complete intersections, as observed, we immediately obtain them
for locally complete intersections, since Theorems 2.13] and [2.14] are local. In fact, we prove the
theorem in the local setting, assuming X is contractible with a single isolated singularity, which
implies the global result.
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3. THE FULL STRUCTURE OF M (X) AND TOP LOG DIFFERENTIAL FORMS ON RESOLUTIONS

As before we assume that X is an analytically locally complete intersection equipped with a
top polyvector field Zx which is nondegenerate on Xs™" and dim X > 2. Theorem 213 implies
that M (X) is a direct sum of delta-function D-modules together with one indecomposable exten-
sion by H%jQ ysmtn Of delta-function D-modules supported on X sing et Max(X) denote this
indecomposable extension.

To fully describe the structure of M (X) and My.x(X), in view of the exact sequence of Theorem
[213] we only need to describe how much of the quotient @, C*s ® 0, therein splits off of M (X),
and how much is in the image of My, (X). That is, it remains only to compute the quotient
Moax(X)/H%5Q ysmen, i.e., the maximal quotient of M.y (X) supported on X518,

In this section, in Theorem and Proposition B4, we do this when X is conical, or more
generally locally conical near all the singular points. For the general case, we state Conjecture B.1T]
which we show follows from the aforementioned results in the locally conical case in Proposition
The proofs of Theorem and Proposition B.4] are postponed to 7l

Here and below, a conical variety X means an affine variety with a contracting C* action to a
fixed point. In the algebraic setting this means that Ox is nonnegatively graded (by what we will
call the weight grading) with C in weight zero; in the analytic setting Ox is a completion of the
direct sum of its homogeneous components, which are in nonnegative weights and with C in weight
zero. We will also use the term “weight” in general to refer to the grading induced by a C* action.

3.1. The case of a C*-action. Suppose that X is equipped with a C* action, e.g., X is conical
(and hence affine). Moreover, assume that Zx is homogeneous of some weight d. Then, the
symplectic volume form on X*™*" is homogeneous of weight —d. Next, 7* M (X) = M ysmtn = Q ysmen,
and the symplectic volume form is a distributional solution of j*M (X), so for every affine open
subset U C X*™ the canonical generator 1 € My is annihilated by the operator Eu —d (as the
right action of Eu on a distribution ¢ of weight m is ¢ - Eu = —mg¢; alternatively, on volume forms
Eu acts by —Lg,, which gives the same answer).

Now, M (Xs™h) is weakly equivariant with respect to the C* action. Since the canonical gen-
erator on every affine open has weight d, this implies that M (X*™") is homogeneous of weight
d as a weakly C*-equivariant D-module (the difference of the two canonical actions of the Lie
algebra C - Eu of C* is the character Eu + d). Therefore, HjM(X5™h) = HO5Q vonm is
also weakly equivariant of weight d, and this is the structure such that the canonical morphism
HOj M (X)) — M(X) is a morphism of weakly equivariant D-modules.

Decompose M(X) as M(X) = @,,,cpr M(X)m, with M(X),, the part of weight m. The mor-
phism H%j M (X5™h) — M(X) lands entirely in weight d. Also, j*M(X),, = 0 for m # d (which
also follows directly because the canonical morphism j*M (X),, — M (Xs™h), = 0 is zero). So,
for m # d, M(X),, is a direct sum of delta function D-modules on points of the finite set X8
whereas at m = d, the extension of Theorem 2.13] splits as follows:

(31) 0 — Hoj!QXsmth — M(X)d — @ Es — 0,
seXsing
where Ej is the weight d component of C*s ® §, in Theorem 2.13

Theorem 3.2. Suppose that s € X*"¢ is an attracting or repelling fixed point of the C*-action.
Let Y := Xsmth y {5} and jy : YSmth = Xsmth < Y be the inclusion. Then, the extension

(3.3) 0 — HO(jy )1 Qysmn — M(Y)g = E; — 0

is indecomposable. In particular, if all of the points s € X sing are attracting or repelling fixed
points (e.g., X is conical with X*™8 = {s}), then the extension (B.1]) is indecomposable.
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The theorem will be proved in the case where X is a homogeneous hypersurface in C? in 46l
below (and hence also where a neighborhood of s is a neighborhood of such a hypersurface). The
proof will then be adapted to the general case in 7l

We can also explicitly describe E,. In a neighborhood Uy of s € X®"8 let U, be a complete
intersection in a polydisc, and consider the formal completion @US,S =0 x,s (or one could use the
analytic or algebraic local ring). Then @Xﬁ also has a C* action and decomposes into weight

spaces, @X,s = Hm(@XS)m

Proposition 3.4. Suppose s is an attracting or repelling fixed point. Then, there is a canonical
isomorphism Eg = (Ox 5)q ® 0s.

This proposition will also be proved in §6l and [7] below (it follows relatively easily from results
we will recall in §5.3]).

Example 3.5. If X is the cone over a smooth curve of weight d in the projective plane CP?,
then one may check that dim(Ox)g = ¢, where g = W is the genus of the curve. In
fact, for arbitrary conical surfaces X, if XS™%" /C* is a curve of genus g, then it is still true that
dim(Ox)g = ¢: this follows from Example B.14] and Propositions B.I3] and below. Since, in
this case, HO)Q ysmmn is an extension of the irreducible D-module IC(X) by 62¢ (by Z1II)), we see
that M (X )max has a filtration with subquotients 67 on the top, IC(X) in the middle, and 629 on

the bottom. That is, the extension is maximal on the bottom, and half-maximal on the top.

Remark 3.6. The fact that (8:3]) is indecomposable is a local statement, i.e., it can be applied
to neighborhoods Uy of each point s. Thus, we deduce the following statement: If s € X has a

neighborhood U which is isomorphic to a neighborhood V; of a conical variety Y, then M (Us)max =
M(Y)|y, is given by an exact sequence, for U7 := Us \ {s},

(3.7) 0 — H°(jue ) Qu, = M(Us)max — (Oy,s)a @ s — 0.

Remark 3.8. Note that, in the previous remark, we did not need the assumption that the top
polyvector field Ey, on Us = V; was the restriction of a homogeneous polyvector field on Y. Assume
only that Zy, is nonvanishing on V. We claim that there exists a homogeneous polyvector field =y
on Y which is nonvanishing on Y° := Y\ {s}. Since, as we remarked before, H(V;) does not depend
on the choice of Zy, nonvanishing on V? (since H (V) does not change when multiplying =y, by any
nonvanishing function), M (V) is independent of this choice as well. Thus we can assume without
loss of generality that Zy, is the restriction of a homogeneous polyvector field Zy on Y.

To prove the claim, we first restrict to a formal (or analytic) completion X,. Write 2 %, = Ev | <.
as a sum of homogeneous components, Z¢ = Yo N(E %.)m- Here N € Z exists because, for some

N € Z, one has (T;gsz )<n = 0: for instance, if w € Q%}mx is any homogeneous top differential
form, of weight —N > 0, then (T;imx)(w) C @Xs7 and hence (T;imx)dv =0.

Now, it cannot be that, for all Sm, (Eg,)m € mg-Eg , for my “the maximal ideal of s, since in
that case Z¢ € my - Eg , which is impossible. For all m, write (= Xs)m = fm - Ex,. Then for
some m, fn, is invertible in a neighborhood of s (and we remark that this implies that f; = 0 for
k < m, since fif,.* is regular on Y of weight £ —m). Therefore, f, 12 %, = (= Xs)m is homogeneous.
Now, homogeneous elements of TXS are regular on all of Y, since Y is conical. Thus, (2 Xs)m is the

restriction of a regular homogeneous top polyvector field Zy on Y which is nonvanishing on Y°, as
desired.

3.2. General conjecture on the indecomposable summand of M(X). For any complex
algebraic or analytic variety X, let Q% denote the commutative differential graded algebra of
11



Kahler forms on X. Recall that this is the algebra generated by Ox in degree zero and symbols
df, for all f € Ox, in degree one, subject to the relations

d(fg) =d(f)-g+f-d(g), [ g¢€Ox,

and equipped with the differential, which we also denote abusively by d, which is the unique
derivation sending f to df for all f € Ox and annihilating the symbols df for all f € Ox.

When X is not necessarily an affine variety, then we let (2% denote the quasicoherent sheaf of
Kahler forms on X. Note that the commutative differential graded algebra structure is compatible
with restriction, i.e., this is a sheaf of differential graded Ox-algebras.

For every s € X518 let U, be a neighborhood of s which is a complete intersection in a polydisc
(which is disjoint from X®1\ {s}). Let US := Us \ {s} be the punctured neighborhood.

Definition 3.9. Let QdmX(77e) € QdmX({7°) denote the vector space of holomorphic (dim X)-

conv
forms a on U2 which are L?-convergent at s, i.e., such that J aA@ is convergent in a neighborhood

of s.

Definition 3.10. Let Qfloing (U2) € QImX(7e) denote the vector space of holomorphic (dim X)-

forms o on U which are at most logarithmically divergent at s. That is, for every function f € Oy,
vanishing at s, the limit |loge|™! f|f‘>eoz A @ exists as € — 0.
We can give an alternative description of the above spaces: Let /U; — U, be a resolution of

singularities with a normal crossing exceptional divisor D. Then, QImX(77°) consists of those

conv
dim X
log

extend to meromorphic forms on Uy with at most first-order poles (on D).

forms which extend to holomorphic forms on Us, and € (UZ) consists of those forms which

Conjecture 3.11. My, is an extension by H%jiQ ysmen of

(3.12) @ afim X (vg) /i X (Ug) @ 4.

log
S

We can give an alternative description of the space in the conjecture, in terms of an arbitrary
resolution Uy — Ug with normal crossing exceptional divisor D:

Proposition 3.13. The vector space QIm X (7o) /Qdim X (170} is canonically isomorphic to I'(D, Q4m P(D)).

log conv

In other words, this is the direct sum of the vector spaces of holomorphic volume forms on the
components of D.

Proof. Consider the exact sequence of sheaves on ﬁ;,

0— Q%imx — Q%imX(D) — QimX=1 0

where Q%imx (D) is the space of meromorphic (dim X)-forms on U, with at most simple poles on D

(and no poles elsewhere), and the second nontrivial map takes the residue along the components of
D. The long exact sequence on cohomology yields, in view of the comments before the conjecture,

0 — QURX(UD) = Qi X (UD) = QX — H (U, ),

conv log

The proposition will follow once we show that H 1(va5, QQULmX ) is zero. But, this is a consequence of

the Grauert-Riemenschneider vanishing theorem, since p : ﬁ; — Us is a resolution of singularities

of an affine variety. In more detail, the Grauert-Riemenschneider vanishing theorem for proper

birational p implies that the complex p, Q%me has vanishing cohomology sheaves in nonzero degrees.

Thus Rip*QQUimX = 0 for ¢ > 0. Therefore Hl(ﬁ;,QQUlmX) = Hl(Us,poQ‘}UlmX), where poQ%lmX is
12



the underived pushforward of QImX je. it is a sheaf (rather than a complex of sheaves), or

alternatively a complex of sheaves with cohomology concentrated in degree zero. Since Ug is affine,
the higher cohomology of any sheaf on Uy is zero. Thus, H 1(U Qd‘mX )=0. O

Example 3.14. If X is a surface, then D is a curve. Therefore, for D; the components of D,

(D, 0)) = @r (D;, Q)

and hence the dimension of I'(D, 2},) is the sum of the genera of the components D;. Since U, — U,

was arbitrary, this sum must be independent of the choice of the resolution ﬁ;, and this fact is
well-known.

3.3. Proof of the conjecture in the locally conical case. In this subsection we prove the
following result using §3.11 Call X locally conical at s if there exists a neighborhood Uy of s which
is isomorphic to a neighborhood of a conical variety. Equivalently, (Us,s) = (Vs,s) where V; C Y
is an open subset and Y is conical with vertex s.

Proposition 3.15. Conjecture B.I1lis true when, for every s € X*"8 X is locally conical at s.

Proof. Since Conjecture B.I1]is a local statement, we can assume X is conical with vertex s. Thus
X is affine and equipped with a C* action with s as attracting fixed point. As explained in Remark
B8 we can further assume that Zg, is the restriction of a homogeneous polyvector field on X of
some weight d, which is therefore nonvanishing on X° := X \ {0}. For simplicity, we first work on
X instead of on Us.

Thus, by Theorem B2land Remark 3.6, M, is an extension by HY5Q yemen of (CHs ®45)4, where
the latter is the weight d part of the maximal quotient of M (X) supported at s. By Proposition
B4 the latter is isomorphic to (@X,s)d ® .

Next, note that =3 is a holomorphic (dim X)-form on X°, and all holomorphic (dim X )-forms
on X° are of the form Ox - E;(l.

Note that a holomorphic (dim X )-form on X automatically has positive weight (at least dim X),
since X is conical. Furthermore, a homogeneous holomorphic (dim X)-form on X° is at most
logarithmically divergent if and only if it has nonnegative weight; similarly, it is convergent if and
only if it has positive weight. Therefore,

Qg™ (X°) = (0x)2a- By, Qeom (X°) = (Ox)>(a41) - EX-

We may conclude that Qfloig‘X (X°)/Qdim X (x©°) >~ (Oy),. Since X is conical, the latter is the same
as (O X,s)d-

Now, if we work instead on Uy, we can use a formal (or analytic) completion X, at s. Then, the
same argument as above shows that

Qe X (U7) = (Ox.5)2a N Ov,) - gty QX (U9) = ((0x,6)(a+1) N Ou,) - gt

log conv

Consider the canonical inclusions

(3.16) ((Ox.,5)>aN Ox)/((Ox,s)>(a+1) NOx) = (Ox.5)24 N Ou,)/((Ox.5)>(a+1) N Ou,)
— (0x,5)24/(Ox,8)5(a+1) = (Ox)as

whose composition is an isomorphism since X is conical. Hence, the middle term is also isomorphic
to (Ox)g, so QX (U2) /QImX (U?) = (Ox)a = (Ox,s)a as well. O

log conv
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4. RECOLLECTIONS ON HAMILTONIAN VECTOR FIELDS

As before, throughout the paper X can be either a complex algebraic or complex analytic variety,
and % is its differential graded algebra of Kéhler forms.

Here we recall from [ES12al §3.4] the definition of the Lie algebra of Hamiltonian vector fields
H(X) when X is equipped with a top polyvector field Zx € AN X T T the case when X is a
complete intersection surface in affine space (or in a Calabi-Yau variety, or as in Remark [[3]), this
is the Hamiltonian flow with respect to the Jacobian Poisson structure on X. More generally, for
complete intersections in Calabi-Yau varieties of higher dimensions, we have the corresponding top
polyvector field.

Associated to Zx, as in [ES12al §3.4], is a natural Lie algebra of “Hamiltonian” vector fields.
Namely, to every (n — 2)-form « € Q}_2, we associate the Hamiltonian vector field &, := igoZEx.

Definition 4.1. [ES12al §3.4] Let H(X) := {&, | a € Q% 2}

Proposition 4.2. [ES12al §3.4] H(X) is a Lie subalgebra of the Lie algebra of vector fields under
the Lie bracket.

Essentially, the preceding proposition is proved by observing the identity

[Eav éﬁ] = éiga dg»
which implies that [H(X), H(X)] C H(X).

4.1. Global generalization. More generally, if Y or X is not necessarily affine, we can make the
same definition as in Definition 1], where now H (X)) should be replaced by the presheaf H(X) of
Hamiltonian vector fields. Then, Proposition carries over to show that H(X) is a presheaf of
Lie algebras, i.e., [H(X), H(X)] = H(X). See [ES12al §2.10, Corollary 4.4] for details.

5. PROOF OF RESULTS FROM {1l AND §2]

As pointed out in 2], all of the theorems in §I] are implied by the more general versions in §2] and
in particular, everything follows from Theorems 2.13] and [2.14] in their more general form where X
is allowed to be analytically locally complete intersections X of arbitrary dimension > 2 equipped
with a top polyvector field =x which vanishes at only finitely many points, i.e., at X*"&. To prove
these results, we follow the steps in the outline of the proof in §2.3] with subsections here numbered
the same as the outline there.

As the statements are local, it suffices to replace X with an open neighborhood of each s € X*18,
i.e., to assume |X®"8| = 1. Note that if X is smooth, then the theorems immediately follow from
the fact that, in this case, M(X) = Qxwmn by [ES12al Example 2.6]).

It suffices to assume that X is an analytic complete intersection in a polydisc Y. We henceforth
assume this. Let dim X = n and say that X is cut out of Y = B"* by k analytic functions,
fi,--+, fx € Oy. Up to shrinking Y, we can assume in fact that X is contractible ([Gil64], cf. also
[Mil68), 2.10]).

5.1. The smoothing X;. For generic cy,...,c, it follows that the complete intersection cut out
by fi —ci1,..., fr — ¢ is smooth. Therefore we can pick cq,...,c; such that the one-parameter
family X; := Z(f1 —tci,. .., fr —tcp) C Y is generically smooth. As mentioned in the introduction,

by [Mil68, Ham71], for a small enough open ball B(s) about s and for 0 < [t| < 1, X; is smooth

and the intersection X; N B(s) is homotopic to a bouquet of us spheres of dimension n. Let us

shrink Y so that X is itself homotopic to a bouquet of us spheres of dimension n for t € D C C,

where D is a suitably small open ball about 0; we also assume that X; is smooth for ¢ € D \ {0}.
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5.2. The structure of the D-module M (X). As explained in [ES12al, Example 2.37], M (Xsmth) =~
Q ysmen, since X*™ is Calabi-Yau. As in the introduction, let j : X™ < X be the inclusion, so
that M (X*™h) = ' M(X) = j*M(X), which is therefore Q yuun. Then by adjunction we have a
canonical morphism N := H%jiQ yemn = H%jy5' M(X) — M(X). This is an isomorphism on X0
and hence the cokernel, call it K, is supported on X*"8. Thus we have the exact sequence

(5.1) N - M(X)— K —0.

Theorem 2.13] reduces to showing that the first morphism, N — M (X), is injective. We will show
this in §5.7] below.

As observed in §2.T.3] and 221 N is an indecomposable extension of the simple D-module
IC(X) = j1xQxsmen, of the form

(5.2) 0—+K—N-=ICX) =0, K=Ext'(IC(X),d)" ®d6,=H" X\ {s})®0s.

For the final equality, we used (ZI1]) and the fact that X is contractible.

In particular, because N is indecomposable, it has no quotient supported at s. Therefore, the
quotient M (X) — K’ is the maximal quotient of M (X) supported at s. That is, K’ = H%,i* M (X),
where i : {s} — X is the embedding. We recall the structure of this K’ in the next section.

5.3. The maximal quotient of M (X). Recall from [ES12al Corollary 5.9] the following formula
for the maximal quotient K’ of M (X) supported at s:

(5.3) K':= H%,i*M(X) = .

The reason was simple: first, K’ identifies with Hom(M (X),d;)* ® 65 = (@Xvs)H(Xs) ® 05 (the
second isomorphism is [ES12a, Lemma 5.10]), and then the latter was computed in [ESI2al §5.2]
using |Gre75l, Proposition 5.7.(iii)]. Here, X, = Spf Ox s is the formal neighborhood of s in X.

5.4. The family M (X) of D-modules. Let X C Y be the total space of the family X; for t € D.
Let i; : Xy — X and iy : X < Y be the closed embeddings. We now consider the family (i) M (X})
over the disc D C C of D-modules on X', which can be identified with M(X). (Note that, if we
apply (ix)«, we obtain an honest Op — Dy-bimodule, (ix).M(X), since Y is smooth; we could
work with this if desired.) Since X; is smooth for ¢ # 0, we have by [ES12a, Example 2.37] that
M(X:) = (i1)«Qx, for t # 0. Our goal is to show that M(X) is flat over D. Notice that, since
D C C is one-dimensional (complex), M (X) is flat if and only if it is torsion-free (i.e., (ix )M (X)
is torsion-free, or the global sections of M (X') form a torsion-free Op-module). So Theorem 2.14]
reduces to:

Proposition 5.4. M (X) is torsion-free over D.

In the remainder of the section we prove this result. As a first step, let M (X )ior € M (X) denote
the Op-torsion. Since M (X}) is simple for ¢ # 0, this torsion must be at ¢ = 0. Moreover since
M (X \ {s}) is torsion-free (as M (X \ {s}) = M(X*™") = Q yamm ), we can conclude that M (X)ior
is supported at s, i.e., it is a direct sum of copies of d5 as a D-module on X.

Let M(X) := M(X)/M(X)tor- Then this is torsion-free over D, and hence a flat family of Dy-
modules. Let M (X); denote the fiber at ¢; this is M(X); = (i;).8x, for t # 0. By the preceding
paragraph, we have an exact sequence

(5.5) 0 — 08 — (ig)«M(X) — M(X){ — 0,

for some r > 0. The proposition then reduces to showing that » = 0. To do so, we will consider
W*M(Xt)
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5.5. Euler-Poincaré characteristic of m,M(X;). Given a finite-dimensional Z-graded vector
space Vs, let x(Va) := >, cz(—1)" dim V;,, denote its Euler-Poincaré characteristic.

Since M (X)" is a flat family, x(m.M(X)}) is constant in ¢. Since X; is smooth and homotopic to
a bouquet of us spheres for ¢ £ 0, we conclude that

(5.6) X(mM(X)g) = x(mM(Xe)) = ps + (=1)", ¢ #0.
By (&.5]), we can rewrite this as
(5.7) X(meM (X)) = ps + (=1)" + 7.

The main step is to compute x(mM (X)) using the structure of M (X) from §5.21 First of all, we
evidently have

(5.8) X(mM(X)) = X(m IC(X)) + ps + h"7HX \ {s}) — .

where ¢ > 0 is the dimension of the kernel of the morphism N — M (X). The work now reduces
to computing x (7, IC(X)).

5.6. Computation of y(m,IC(X)). The goal of this subsection is to prove
Proposition 5.9. y(m, IC(X)) = (—1)" — p"~1(Xsmth),

Proof. We break this into steps:

(1) Let X be the one-point compactification of X. Up to choosing X = Uy a small enough
neighborhood of s, we have a homeomorphism X" = U\ {s} = (0,1) x L for L (the link
of the singularity) a manifold of real dimension 2dimc X — 1. Thus X = X Uy X as a
topological space. Moreover, X is homotopic to the suspension of Xsmth,

(2) We use the classical formula of [GMS80], §6.1] (cf. also, e.g., [Dur95, (1)], which is stated for
algebraic varieties but extends to the analytic case): If X is a compact analytic variety of
dimension n with isolated singularities, with smooth locus Xs™th:

Hi(X), if i > n,
(5.10) IH;(X) = Taim x—: [C(X) = { Im(H,(X*™h) — H, (X)), ifi=n,
H;(Xsmeh), if i < n.

(3) We apply the Mayer-Vietoris sequence to X=XU ysmeh X to compute T, IC(X' ) in terms
of m, IC(X) and 7, IC(X®™th) = [, _, (Xsmth):

(5.11) X(mIC(X)) = 2x(mIC(X)) — (=1)"x (X,

where y(X¥h) = v (H, (X*™)) is the Euler characteristic of XS,

(4) Now apply (5I0) to the LHS of (5I1). Note that H,(X™) — H,(X) is zero since it
factors through H,(X), which is zero as n = dimc X > 0 and X is contractible. We
conclude that

n—1 2n 2n
(5.12) S (=DPRXITY 4 Y (=) RH(X) = 2x(m IC(X)) = ) (= 1) TTR(X,
i=0 i=n+1 i=0

(5) Using that X is homotopic to the suspension of X*™! (hence H;(X) = H;_1(X*™h) for
i > 2), and that Ha,(X5™") = 0 as X*™" is a noncompact real 2n-manifold, the above
simplifies to
n—1
(5.13) X(m IC(X)) = (=)™ hi (X,
i=0
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(6) Finally, we apply the fact that, for X an analytically locally complete intersection of di-
mension n with an isolated singularity, the link of the singularity is (n — 2)-connected (see
[Mil68] and [Ham71, Korollar 1.3]). Therefore H;(Xs™") =0 for 1 <i < n — 2. We obtain

the proposition. O

5.7. Proof of Theorems [2.13] and [2.14l Putting together Proposition 5.9 and (5.8]), we obtain

(5.14) X(mM(X)) = (=1)" + ps — q.
On the other hand, comparing this with (5.7]) and the fact that ¢, > 0, we obtain
(5.15) g=1r=0.

Since r = 0, this completes the proof of Proposition[5.4], as remarked there, and hence also Theorem
2.14] as also pointed out there. Since ¢ = 0, by the definition of ¢ in (5.8]) and the comment after
(1), Theorem 2.13]is proved as well.

6. PROOF OF THEOREM AND PROPOSITION [3.4] FOR CONES OVER SMOOTH CURVES IN P2

For concreteness, we first prove these results in the case that X C C3 is the cone over a smooth
curve in P? (with vertex s = 0), even though the general proof is essentially the same (and for most
of it, we will copy and adapt the proof given here). We assume that the Poisson bivector Zx has
weight d, and hence that X is the zero locus of a homogeneous polynomial in C? of weight d + 3.

We prove Proposition [3.4] first, and use it in the proof of Theorem

6.1. Proof of Proposition [3.4. As recalled in §5.3] the maximal quotient of M (X) supported at
0 is canonically identified with (Ox o) H(Xo)’ which is just HPo(Ox) since Ox is positively graded.
Now, Hamiltonian vector fields all have weight at least d + 1. As a result, HPo(Ox) = (Ox ), for
all m < d.

6.2. Proof of Theorem For a contradiction, suppose that there were a direct sum decom-
position

(6.1) M(X)g = M(X), & d.
This would induce a decomposition on solutions valued in every D-module N on X,
(6.2) Hom(M (X)4, N) = Hom (M (X)!;, N) & Hom(&p, N).

Let N be the space of smooth, compactly supported distributions on X, i.e., smooth, compactly
supported distributions on C? scheme-theoretically supported on X. Let w : §o — N be the
canonical inclusion of the delta function D-module, i.e., w(1) € N is the delta function distribution,
where 1 € g is the canonical generator. Let Eu denote the holomorphic Euler vector field on X.
We will prove the following result. Let 1 € M(X) be the canonical generator. Note that Eu acts as
an endomorphism of M (X), 1-® +— 1-Eu-® for all ® € Dx, so let Tg, : M(X) — M(X) denote
this endomorphism.

Lemma 6.3. There is a map ® : Hom(M (X)4,d0) — Hom(M (X)g4, N) such that ®(v)o(Tg,—d) =
wo v for all v € Hom(M (X)g4,dp).

We prove the lemma in §6.3] below. Using the lemma, we conclude the theorem as follows. First,
note that ad(7Tgy) acts semisimply on End(M (X)), since ad(Eu) acts semisimply on global sections
of Dx, and End(M (X)) is a homogeneous subquotient thereof: in more detail,

End(M(X)) = (D(X, H(X) - Dx) \ [(X, Dx))"X).
17



Moreover, ad(Tgy) acts with eigenvalue m — k on Hom(M (X)g, M(X),,) for all m,k, and hence
it acts there by (m — k) - Id. In particular, T, is central in End(M(X),,) for all m. Thus, Tgy
preserves all direct summands of M (X),, for all m.

Suppose now that M (X)y had a nonzero direct summand, K, supported at the origin. Then, T,
preserves K. Since Eu acts semisimply on global sections of any D-module supported at the origin,
it follows that Tg, is a semisimple endomorphism of K. Since Tg, — d is a nilpotent endomorphism
of M(X)g, it follows that Tk, — d restricts to the zero endomorphism of K.

Now assume that K = §p, up to taking a further summand. Let v : M(X); — &y be the
corresponding projection. Then Lemma implies that ®(v) o (Tgy — d) is nonzero and factors
through v, and in particular, ®(v) o (T, — d) does not vanish on the summand K. This contradicts
the fact that Tg, — d restricts to zero on K. This proves the theorem.

6.3. Proof of Lemma Let w := E; be the meromorphic symplectic (or volume) form on
Xsmth (which is holomorphic on X™"). Then w has weight —d.

Let S; := {z € X | |z| =t} C C? be the intersection of X with the (five-dimensional) sphere of
radius ¢, and B; := {z € X | |z| < t} the corresponding closed balls. Then S; and B; are compact
for all ¢ € R>o.

For every @ € (Ox)q, consider the partially defined functional on CZ°(X):

(ﬁQ:an—)/Xaw/\Qw.

For all m > 0, let (C°(X))>m be the subspace of (smooth compactly-supported) functions all of
whose derivatives up to and including order m vanish.

Lemma 6.4. The functional ¢¢g converges for a € (C°°) >d-

Proof. Let 7 : C* — R be the radial function r(z) = |z|. We can rewrite

/ dt/s aQ(w A @)/dr.

Then the above integral converges absolutely, since for C,, > 0 such that |a(z)| < C,|z|%t!, and all
t>0,

\/ a@w/\w/dr!<Ca\/ ]z\dH\Q]w/\w/dr]:Ca]/ 2 QL A @/ dr].
St St Sl

Letting C' equal the right-hand side and R > 0 be such that « is supported in Bgr, we obtain
|¢g(a)| < C - R, which proves the absolute convergence. O

Next, extend ¢¢ arbitrarily to a functional on all of CS_(X). Note that the difference between
any two such extensions annihilates C2°(X)~4, so is a linear combination of derivatives of the delta
distribution at 0 of orders < d. We claim that ¢¢ is annihilated by every Hamiltonian vector field
¢ on X, ie., ¢g € Hom(M(X),N). It suffices to let & be homogeneous, say of weight m. Since =
has weight d, it follows that m > d.

First, note that ¢¢ - £ is supported at the origin, since w is invariant under Hamiltonian flow on
Xsmth Now, € := ¢g - (Eu—d) is supported at the origin. Moreover, it annihilates C°(X)~4, and
hence € is a sum of homogeneous distributions supported at s of weights > —d. Hence €- £ is a sum
of distributions supported at s of weights > m — d > 0, and hence is zero. Thus

0=1¢q-(Bu—d) &= (dq &) (Eutm—d).
Since m — d > 0 and all distributions supported at s are linear combinations of distributions of
nonpositive weights, it follows that ¢g - { = 0, as desired.
We also saw above that ¢g - (Eu—d) is supported at the origin and annihilates C2°(X)sg.

Up to our choice of ¢q, i.e., adding a linear combination of derivatives of the delta function
18



distribution at s of weights > —d, we can assume that ¢¢g - (Eu—d) has weight —d, and hence
¢g - (Eu—d)? = 0. Thus, ¢g € Hom(M (X )4, N). Note that this uniquely determines ¢¢ up to an
element of (Ox)} = Hom(M (X)g,6). By picking a basis of (Ox)q, we can extend the assignment
Q — ¢g to a linear map (Ox)q — Hom(M (X)g4, N), and any two such maps differ by a linear map
valued in Hom (M (X)g4, 9).

Consider next the Hermitian pairing on Ox,

(6.5) (P,Q) = PQu A &/dr,
S1

which restricts to nondegenerate pairings (Ox)m ® (Ox)m — C for all m > 0. We obtain an
antilinear isomorphism ¢ : Hom(M (X)q, N) = (Ox)5 = (Ox)4, so that (P,i(v)) = v(P). Com-
posing this with the linear map @ — ¢¢ above, we obtain a linear map ® : Hom(M (X)g4,d) —
Hom(M (X)4, N). Any two such choices of @ differ by an element of Hom(M (X)g4,9).

We now claim that for every such ®, Lemmal6.3]is satisfied, up to rescaling ®. Since Hom (M (X)g, 9)
is annihilated by Ty, — d (i.e., all solutions of M (X)4 supported at 0 are annihilated by Eu—d),
it suffices to show this for any particular ®. By our definition of ®, we need to prove that the
following holds up to a constant factor:

(6.6) ¢q - (Eu—d)- P=(P,Qu(1), VP e (Ox)q

To prove this, we construct a particular ¢g as follows. Let § € C°(X)sq be any function
such that §(0) = 1, and assume it is supported in the unit ball B;. Let S, be the function
By(x) := B(g~! - x), which is supported in B,. For all ¢ > 0, consider the projection to C°(X)s4
along ((Ox)<da ® (Ox)<a) - By,

pre, : CF(X) = CZ(X)sq.
Then, for all ¢, we extend ¢ to the functional
$Q,q = ¢ oprl,.

Let € := ¢, - (Eu—d) € Hom(M (X)4, 6), which does not depend on ¢. Lemma [6.3] follows from
the following result (once we rescale ® by —2):

Lemma 6.7. For all P € (Ox)q,
(6.8) ¢ P —%(P, Qyw(1),

Proof. Since € - (Eu—d) - P is a multiple of w for all P € (Ox)g4, it is enough to show the identity
after evaluating on a single function H € C°(X) with H(0) # 0. Let h € C°(R) be a function
such that h(0) # 0, and let H(x) := h(]z|?) be the corresponding spherically symmetric function
on X. Then,

e(P-H)= /XQPEupr‘id(H)w A@,

for all choices of ¢q. Taking the limit as ¢ — 0, this becomes

/0 it H(P) - (P.Q) =~ (P.QIK(0) = ~ 3 (P.QIH(0). 0

7. PROOF OF THEOREM AND PROPOSITION [B.4] IN GENERALITY
7.1. Proof of Proposition 3.4l As recalled in §5.3] the maximal quotient of M (X) supported
at s is canonically identified with (Ox s) H(x,): Now, H (Xs) is obtained by contracting = with

differential (n — 2)-forms on the formal neighborhood X,. Since X, is conical by assumption,
19



differential (n — 2)-forms are convergent sums of homogeneous forms of positive weight. Therefore,
H(Xs)m =0 for m < d. As a result, ((Oxvs)H(Xs))m = (Ox,s)m for all m < d.

7.2. Proof of Theorem We begin as in §6.21 For convenience in referring to that section,
we let 0 := s, i.e., consider s to be the origin of our conical variety X. Assume for a contradiction
that we have a decomposition (6.1]), which induces the decomposition (6.2]) on solutions valued in
D-modules N.

As before, let N be the space of smooth, compactly supported distributions on X (since X is
conical, it embeds into an affine space, and we can define this space as the smooth, compactly
supported distributions on the ambient space which are scheme-theoretically supported at X, i.e.,
annihilate the polynomial functions vanishing on X; this defines IV independently of the embedding
up to canonical isomorphism). Just as before, w : s — N denotes the canonical inclusion of the
delta function D-module, Eu denotes the holomorphic Euler vector field on X, and 1 € M(X)
denotes the canonical generator. Also, as before, Eu induces an endomorphism T, : M(X) —
M(X).

Below we will prove that Lemma [6.3] extends to this setting. Then the theorem follows from the
lemma just as before.

7.3. Proof of Lemma in generality. Let w := E}l be the meromorphic volume form on
Xsmth (which is holomorphic on X™™"). Then w has weight —d.

Let us assume that X is embedded into an affine space A with homogeneous (positive integral
weight) coordinate functions. This can be done, for example, by taking sufficiently many general
homogeneous functions x; € Ox, of weights a; > 1. Let a be the least common multiple of the

weights a; of the x;. Then we may define a radial function r € C>(Xs™h) by r 1= (3", |z;|?¢/%1) 1/2a,

20 i3 a smooth

which extends continuously to X via 7(s) = 0, and is smooth on X" Moreover, r
function on X.

Let S; := {x € X | r(x) = t} be the corresponding spheres of radius ¢, and B; := {z € X |
r(z) <t} the corresponding closed balls. Then S; and B; are compact for all t € R>o.

As in §6.3] we consider the partially defined functional ¢¢, defined by the same formula. For
all @ € R>q, let (C2°(X))>q be the subspace of (smooth compactly-supported) functions a such
that lim, o |a/r?| = 0. We can restate this as follows in terms of the derivatives of a.. For each
coordinate function z; on X, let d; be its weight, and assign 9; weight —d;. Then C5 (X)s, C
CS,(X) is the subspace of smooth functions represented by smooth functions on the affine space A
all whose derivatives of weights > —a vanish at the vertex s (this includes functions for which all
derivatives up to order a vanish at s). In particular, for a € C5 (X )sg, it follows that there exists
C, > 0 such that |a| < C, - 7Tt (and the converse holds as well).

With these definitions, Lemma extends to this context, with the same proof.

As before, extend ¢¢ arbitrarily to a functional on all of CS (X). Note that the difference
between any two such extensions annihilates Cg°(X )4, so is a linear combination of derivatives of
the delta distribution at s of weights > —d. It then follows exactly as before that ¢¢ is annihilated
by every Hamiltonian vector field £ on X, i.e., ¢g € Hom(M(X), N). We also can define the linear
map ¢ and the Hermitian pairing (—, —) on Ox just as before. Then, we claim that Lemma
extends to this setting.

The proof of Lemma, is the same as before, except that we have to modify the function H as
follows.

Recall from above that a was the least common multiple of the weights a; of the coordinate
functions x; which realize the embedding of X into affine space. Let h € C°(R) be a function such
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that h(0) # 0, and let H € C2°(X) be the function H = h o 72*. As before,

e(P-H)= /XQPEupr‘id(H)w A o,

for all choices of ¢q. Taking the limit as ¢ — 0, this becomes

| dttat ) - (P.Q) = 5 (P.QINO) = ~5(P.QH(),

This proves Lemma in the general setting, and hence Lemma The theorem is proved.
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