POISSON DEFORMATION OF DEL PEZZO SURFACES
YANPU WU

ABSTRACT. We study Poisson deformations of the simple elliptic surface singularities of types Ee,
E7, and Eg. Their classical semiuniversal deformations are realized by families of affine del Pezzo
surfaces. We explain how these families admit a natural Poisson enhancement: adjoining one
parameter that rescales the Jacobian Poisson bracket gives a semiuniversal Poisson deformation.
The proof is based on a computation of the Poisson cohomology of the corresponding singular
hypersurface algebra, using a differential graded resolution and an associated spectral sequence.
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1. INTRODUCTION

Del Pezzo surfaces form one of the basic classes of algebraic surfaces. Let S be a projective del

Pezzo surface and let E € | — Kg| be a smooth anticanonical divisor. By the adjunction formula,
FE is an elliptic curve, while the complement
X:=8S\FE

is an affine surface. Moreover, a nonzero section of the anticanonical bundle determines a Poisson
structure on S, whose restriction to X is symplectic.
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For del Pezzo surfaces of type E;, where £ = 6,7, 8, the affine surface X admits an embedding
into C3. Its defining equation can be written in the form

bpo.r(®.y,2) = Tryz + P(x) + Q(y) + R(2) + v,
where

"Bp
P(z) = n + a4y,

and similarly for Q(y) and R(z). The triples (p,q,r) are
(3,3,3),  (44,2), (6,32

in types Eg, E7, Eg, respectively.
When the lower-order parameters vanish, the equation
P 2
¢ (2,y,2) = Tayz + —+ =+ = =0

p q r
defines an isolated simple elliptic singularity of type Eg. A classical result states that the family
obtained by varying the coefficients of P, Q, R, together with 7 and v, is a flat y-parameter family of
affine del Pezzo surfaces and gives a semiuniversal deformation of the corresponding simple elliptic
singularity. Here

p=dimcJ(¢") =p+qg+r—1
is the Milnor number. We recall this result in theorem 3.8; see [EG 10, §§2.4-2.5, especially Theo-
rem 2.5.3(ii)], whose proof goes back to a more general setup, see e.g. [Loo84, Chapter 6].
The same equations carry additional Poisson-geometric information. Indeed, every polynomial
¢ € Clz,y, z] determines the Jacobian Poisson bracket

19} 0 0
{:c,y}¢: 87(57 {y7z}¢: aiiv {z,x}¢: 8?5

The polynomial ¢ is a Casimir for this bracket, so the quotient

By = Cla,y, 2]/ (¢)

inherits a Poisson algebra structure. Thus, the classical deformation of the hypersurface ¢” = 0
naturally gives a family of Poisson algebras.
The main result discussed in this paper is theorem 4.1. It states that the family

{%¢ ’ qb:cqb;’bﬁ, ce CX}

is a semiuniversal Poisson deformation of %4-. This is the Poisson enhancement of the classical
result in theorem 3.8. After forgetting the Poisson bracket, one recovers the classical u-parameter
family of affine del Pezzo surfaces. The additional parameter ¢ does not change the hypersurface
{¢» = 0}, but it rescales the induced Poisson bracket. Consequently, the Poisson deformation
space has p + 1 independent infinitesimal directions. This result is due to Etingof and Ginzburg;
see [EG10, Theorem 2.5.3(iii) and Remark 2.5.5].

1.1. Deformations and cohomology. We briefly recall the deformation-theoretic ideas used in
this paper; see also [EG10, §2.1]. The results will not be summarized in their precise forms since
they are too deep to prove and even to state. We merely want to emphasize some philosophy in
this subsection and introduce the definition of a semiuniversal deformation.

Let A be an algebraic object, such as a commutative algebra or a Poisson algebra. Informally, a
deformation of A is a flat family A over a pointed parameter space (5,0) whose fiber over 0 is A.
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Flatness expresses the condition that the members of the family vary continuously in an algebraic
sense and that no unexpected relations appear or disappear under specialization.

The simplest deformations are first-order deformations, parametrized by the algebra of dual
numbers

Clel/(€%).

For example, a first-order deformation of a Poisson bracket has the form

{f,g}a:{f7g}+€5(f7g), 82:0‘

The Leibniz and Jacobi identities, considered modulo €2, impose linear conditions on 3. These
conditions say precisely that 8 is a cocycle in the appropriate Poisson deformation complex. Two
infinitesimal deformations that differ by an infinitesimal change of coordinates determine cohomol-
ogous cocycles. Thus, equivalence classes of first-order Poisson deformations are described by the
second Poisson cohomology group

PH?(A).

More generally, the usual principle of deformation theory is that second cohomology parametrizes
infinitesimal deformation directions, whereas third cohomology contains the obstructions to extend-
ing a first-order deformation to higher orders. In the Poisson setting, this role is played by PH?(A)
and PH3(A), respectively.

Let A — S be a deformation of an object A = Ay over a pointed base (5,0). A tangent vector
v € TS may be represented by a morphism

v: Spec(C[e]/(e?)) — S

which maps the closed point to 0. Pulling back A along v gives a first-order deformation of A.
Taking its deformation class defines the Kodaira—Spencer map

KSo: ToS — H*(A), v+ [v*A].

Here H?(A) denotes the second cohomology group governing the deformation problem under con-
sideration. In particular, for deformations of a Poisson algebra A, the relevant group is its second
Poisson cohomology group, so that we get the corresponding Kodaira-Spencer map

KSo: TpS — PH?(A).

Thus, the Kodaira—Spencer map measures the infinitesimal variation of the family. Its kernel
consists of tangent directions along which the deformation is infinitesimally trivial, while its image
consists of the first-order deformation classes realized by the given family.

In the smooth-base setting considered here, the deformation A — S is called semiuniversal if its
Kodaira—Spencer map is an isomorphism:

KSo: TpS = H?(A),
or, in the Poisson case,
KSo: TyS = PH?(A).
Surjectivity means that every first-order deformation of A occurs in the family, whereas injectivity
means that the base has no redundant first-order parameters. The prefix “semi” reflects the fact that
a morphism from another deformation to the semiuniversal family need not be unique. Therefore, a

semiuniversal deformation may be viewed intuitively as a smallest family containing all infinitesimal
deformation directions of A.
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1.2. Organization of the paper. In section 2, we review polyvector fields, contraction operators,
generalized Lie derivatives, the Schouten bracket, and Poisson bivectors. These identities provide
the algebraic framework for the Poisson cohomology computations used later.

In section 3, we recall the geometry of del Pezzo surfaces, quasi-homogeneous surface singularities,
and simple elliptic singularities. We also explain how affine del Pezzo surfaces arise as deformations
of the corresponding elliptic cones and state the classical semiuniversal deformation theorem.

Finally, in section 4, we study the Poisson cohomology of the singular hypersurface algebra %.
Using a differential graded resolution, we construct a spectral sequence computing this cohomology.
Together with Pichereau’s calculation of the relevant Lichnerowicz—Koszul-Brylinski cohomology,
this yields the description of PH?(%,+) and proves the main theorem.

2. POLYVECTOR FIELDS, SCHOUTEN BRACKETS AND POISSON STRUCTURES

We will introduce in this section polyvector fields over an algebra, equipper with a bracket
called Schouten bracket. One important result that will be proven in this section is that vanishing
Schouten bracket induces Poisson structure, namely proposition 2.8, which will in particular explain
the Poisson structure on del Pezzo surfaces, to be introduced in next section. Besides, polyvector
fields will be used in section 4 to calculate the Poisson cohomology.

Throughout this section, A is a commutative unital C-algebra, which we do not assume to be
smooth in general. Let QY be the module of Kéhler differentials and put

q
o= A\, Q=P al.
A q>0

The universal derivation d: A — 9}4 extends uniquely to the de Rham differential d: Q% — Q?4+1.
2.1. Polyvector fields and contraction.
Definition 2.1 (Polyvector fields). For p > 1, let

AltDerf. (4, A)

denote the space of alternating C-multilinear maps AP — A that are derivations in each argument.
We define

XP(A) := AltDerl.(A, A) = Homu (4, 4),  xX0(4):=4,  x(4)" =P xIA).
q=>0
The displayed isomorphism sends X € Homy4 (€%, A) to the multiderivation
(a1,...,ap) — X(dai A --- Aday).

Its inverse follows from the universal property of Kéhler differentials and of the exterior power. An
element of XP(A) is called a p-polyvector field.

Remark 2.2. This definition is valid even when A is singular. In particular, we do not identify
XP(A) with AL Derc(4) = AL Homa(Q24,4). In smooth case these two algebras are indeeded
identified, but we insist on our definition 2.1 in this paper.

One of the problems one should pay attention to is that under definition 2.1, there does not a
priori exist a wedge product A : XPA x X9A — XPT9A, unlike the case where we have a natural
wedge product A% Homa(QY, A) x A% Homa (Y, A) — AL Homa(QY, A).

Indeed, this is one of the main reasons that we introduce the contraction operators below.
Roughly speaking, one can define wedge product in our case as the adjoint of contraction oper-
ator. But we do not really use this in later sections so this will not be discussed in details.
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We now define contraction without choosing a basis and without writing a polyvector as a sum
of decomposable polyvectors. For ¢ > p, let
. 01 P a-p
Apgp: Qg — Q@4 Q%
be the exterior coalgebra map given by
Apgplar N Nay) = Z sgn(o) () A A Qo)
o€Sh(p,q—p)
® (Ao(pr1) N A Ao(g))s

where Sh(p, g — p) denotes the set of (p, g — p)-unshuffles, that is, a permutation o € S, such that
o(l) <o(2)<---<o(p)ando(p+1) <o(p+2) < <o(q).

Definition 2.3 (Contraction by a polyvector). For X € XP(A), define the contraction operator
ix: Q4 — Q4P
to be zero when ¢ < p, and, when g > p, to be
ix = (X ®id) o Apg—p.
Equivalently,
ix(apdai A--- Ndag) = ag Z sgn(o) X (dagy A -+ Adaggy)

o€Sh(p,q—p)
. da(,(pH) VANRERIVAN dag(q).

Thus iy is an A-linear operator of degree —p on Q.

The map X ~ ix is injective: its restriction to Qf is precisely the functional X : Qf — A.
There is a second, equally basis-free contraction, with the roles of forms and polyvectors reversed.
If a € Q) and X € XP(A) with r < p, define

(1X)(8) = X(anB), Be (1)
Then i, X € XP7"(A). In particular, if & = daj A --- A da,, then
taX = ida, * lda; X-
The type of the argument will always distinguish the two uses of i.

2.2. The generalized Lie derivative and the Schouten bracket. If D and F are homogeneous
operators on %, of operator degrees |D| and |E|, respectively, their graded commutator is

[D,Elg :=DoE — (-1)PIFIEo D.
Definition 2.4 (Generalized Lie derivative). For X € XP(A), define
Lx :=[ix,d|g =ixd — (—1)Pdix.
It is an operator of degree 1 — p on Q%.

We now show that the operator identity suggested by Cartan calculus really does define a bracket
on polyvector fields for an arbitrary A.
For X € XP(A) and Y € X9(A), with p > 1, set

(XoY)(ar, ... aprg-1) = Y sg0(0) X(Y(ar(1)s-- -+ Ba(g)s Ao(gr1)s - - Go(pig—1))-  (2)
c€Sh(q,p—1)

When ¢ = 0, the expression Y means the element Y € A; when p =0, we set X oY = 0.
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Proposition 2.5 (Operator characterization of the Schouten bracket). For X € XP(A) and Y €
X1(A) with p+ q > 1, the alternating map

[X,Y]g:=XoY — (—1)P~ DDy o x (3)

is a multiderivation, hence an element of XPT4=1(A), and it satisfies

i[X,Y]S = [LX, iY]gr- (4)

Forp=q=0, set [X,Y]s =0. Equation (4) uniquely determines [X,Y]s.

Proof. The two Leibniz expansions in (3) have the same mixed terms with opposite signs; conse-
quently their difference is a derivation in each argument. Alternation is built into the unshuffle
sums. Thus (3) defines a member of XPT471(4).

To prove (4), apply both sides to a generator ag dai A- - - Aday, of Q). If m > p+q¢—1, expanding
d and the two shuffle contractions gives

[Lx,iylgr(aodar A--- A day) = ag Z sgn(o)
o€Sh(p+g—1,m—p—g+1)

: [X7 Y]S(aa(1)> S 7aa(p+q—1))
. dag(erq) VARERIAN dao(m).

The terms in which d acts on ag cancel. The remaining terms are exactly i[x y)s by the definition
of contraction. If m < p+ g — 1, both sides vanish. Finally, uniqueness follows from the injectivity
of Z—1 7. ]

In fact, we prefer to take (4) as the conceptual definition of the Schouten bracket, namely an
element such that the contraction with it equals to the graded commutator of L, and iy ; the
formula (3) is indeed used to prove its existence without any smoothness or basis assumption.

Proposition 2.6 (Cartan identities). For homogeneous polyvectors X,Y,Z, one has
[Lx, Lylgr = Lixyis) (5)

[X,Y]s = —(~1)# DDy, X]g, (6)
where p and q are the polyvector degrees of X and Y.
Proof. The graded Jacobi identity for graded commutators and d? = 0 give [Lx, d] gr = 0. Therefore

[Lx, Lylgr = [Lx, [iv, dlg]gr

= [[Lx,iy]g, dlgr = [i[x,y]s> ler = Lix,y1s-

The shifted skew-symmetry is immediate from (3). O
The adjoint action on polyvectors is often written with the same Lie derivative notation,
LxY :=[X,Y]s.

Equation (5) expresses the compatibility of this action with the operator Lx on differential forms.
For later use, notice that if f € A and X € XP(A), then

(X, fls = igr X. (7)
In particular, for a vector field X € X1(A), [X, f]s = X(f).



POISSON DEFORMATION OF DEL PEZZO SURFACES 7

Corollary 2.7 (Mixed Cartan identity). Let 7 € X?(A) and f € A. With the convention
LP(Q) = [Q?P]S7

one has
[L7r7 Z'alf]gr = Lidf7r-
FEquivalently,
Lﬂ-idf + ideﬂ- = Lidfﬂ-.
Proof. For Q € X%(A), the graded Jacobi identity and (6) give

(Lriar + iar L) (Q) = [[Q, fls, 7]s + [[Q, 7s, fls
= (@, [f, 7]s]s.
Since deg f = 0 and deg 7 = 2, one has
[f,7ls = [m, fls-
Moreover, by (7),
(7, fls = igm.

Consequently,
(Lriar + iqp L) (Q) = [Qigrm]s = Liyyn(Q).-

2.3. Poisson bivectors. Let m € X?(A). Define
{f. 9}z :=n(df Ndg),  [f,g€A (8)

Because 7 is an alternating biderivation, this operation is skew-symmetric and satisfies the Leibniz
rule in each argument. Its Hamiltonian derivation is

Xf = {f7 _}ﬂ' = [ﬂ—a f]S = idf?f. (9)
Proposition 2.8 (Poisson criterion). The bracket (8) is a Poisson bracket if and only if
[r,7]s = 0.

More precisely, its Jacobiator is

U A9 b 4, (b Fhade + U £F 9hbe = 3 m wls(df A dg A db). (10)

Proof. The idea of the proof of the first statement is to apply the characterization given by (4)
since [m, w]g vanishes if and only if the contraction with this polyvector is 0. Namely we want to
calculate i[; 1, (df A dg A dh) to see when it vanishes. However since df A dg A dh is a 3-form while
[r,7]s is a 3-vector, the thing we need to calculate is exactly [m, 7|s(df A dg A dh) and this leads
naturally to the second statement.

Now by (4),

i[w,w]g(df Ndg N dh) = [Lm iﬂ]gr(df Ndg A dh)
= ((ixd — dig )iy —ig(igd — dig))(df Adg A dh).
Now since d(df AdgAdh) = 0, and i2 decreases the dgree by 4 so we also have i2(df AdgAdh) = 0,

the result above reduces to

2ipdiy(df A dg A dh).
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Expanding by the definition of i, and comparing with the definition with the Jacobiator proves
(10) and hence the proposition. O

3. DEL PEZZO SURFACES AND ISOLATED ELLIPTIC SINGULARITIES
3.1. del Pezzo surfaces.

Definition 3.1. A del Pezzo surface is a smooth projective surface S that is obtained by blowing
up ¢ (0 < ¢ < 8) sufficiently general points in P? or P! x P

Let Kg denote the canonical bundle of S, and let K§1 be the anti-canonical bundle (the dual of
Kg); that is,
Kg = AQQs, Kgl = A2Ts.
If we take
A=T(5,ATs)

and apply the discussion in Section 2, then a regular section

Tel(S, Kg') =Xx?4
gives rise to a Poisson structure on A, since [r, 7] automatically vanishes in X34 = 0.

Definition 3.2. A regular section m € I'(S, Ks_l) is said to be non-degenerate if its divisor of zeroes
is a reduced smooth curve.

Proposition 3.3. When w is a non-degenerate section, the zero locus of 7 is an elliptic curve
ECS, and X := S\ E is affine.

Proof. The first statement is a simple application of the adjunction formula
Kp = Ks® Og(E)|,.

By definition of FE, Og(—FE) = Ig, the ideal sheaf of F, and we consider the map Og LN K§1

given by the regular section 7. After dualizing, this gives Kg — Og, whose image is precisely
the zero-locus ideal Ip. Thus Kg = Iy = Og(—FE), so Kg = Op. Hence the genus g of the reduced
smooth curve E satisfies 2g — 2 = 0, namely g = 1, and E is an elliptic curve.

The second statement follows from the two theorems quoted below. The first one is a well-known
result from classical birational geometry. A proof using the birational classification of rational
surfaces can be found in [Man86, Chapter 1V, §24, Theorems 24.3-24.4]. The proof of the second
theorem will be given below. O

Theorem 3.4. A projective surface S is del Pezzo if and only if its anti-canonical bundle is ample.

Theorem 3.5. Suppose V' is a projective variety and D is an effective ample divisor on V. Then
V' \ Supp(D) is an affine variety.

Proof. Since D is ample, there exists an integer m > 0 such that Oy (mD) is very ample. Let
LV s PN

be the closed embedding defined by the complete linear system |mD)|. If sp denotes the canonical
section of Oy (D) whose zero divisor is D, then s € H°(V, Oy (mD)) has zero divisor mD. Hence
there is a hyperplane H C PV such that

v HH) =mD
scheme-theoretically. Since D and mD have the same support, we obtain
V'\ Supp(D) = V' \ Supp(mD) = (V) N (PV \ H).
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Now PN\ H = AN and «(V) N (PN \ H) is closed in PV \ H. It is therefore affine. O

It is therefore reasonable to consider the affine del Pezzo surface X and its coordinate ring C[X].
The latter has a natural algebraic symplectic structure given by

7 el (S\ E, Ks),

making C[X] into a Poisson algebra; this is exactly the Poisson structure given by 7 after restricting
to X C S. We will focus on this algebra in the sequel.

We denote the del Pezzo surface obtained by blowing up ¢ points in sufficiently general position
in P2 by Sy (which has a more intrinsic definition). We focus on the cases ¢ = 6,7, 8. In these cases
a special feature is that the affine del Pezzo surfaces

Xp:=S/\E
can be embedded into C3, as summarized by the following theorem.

Theorem 3.6. The following statements hold.
(i) The affine del Pezzo surface X; can be embedded into C3 when £ = 6,7, 8.
(ii) Its defining equation may be written in the form

o i=Tayz + P(x) + Q(y) + R(2) + v € Clz, y, 2],

where

1
P(z) = —aP + ajaP ™t + -+ ap_1,
p
1 _
Q@=5¢+&¢1+m+&4%

1
R(z) = ;zr +y2" gz,

and T € C*, v € C. The triples (p,q,r) are
(3:3,3), (442, (632
in the cases £ = 6,7,8, respectively.

We will omit the proof of these statements. Actually they can be deduced using theorem 3.7
below, whose proof are also complicated and will be omitted in this survey.

Theorem 3.7. The following statements hold.

(i) For a projective elliptic curve E, its affine cone Cg has an isolated elliptic singularity at
the cone vertex.

(i) For an affine del Pezzo surface X = S\ E, where S is the projective del Pezzo surface, X
is a flat deformation of Cg.

In view of this theorem, the “classification” of affine del Pezzo surfaces in theorem 3.6 boils down
to two parts: the classification of isolated elliptic singularities (at a cone vertex), and the classifica-
tion of deformations of such singularities. The first part will be stated in proposition 3.11 and the
result we want for the second part is indeed saying that the deformation of isolated singularities on
a hypersurface is semiuniversal, hence can be obtained by deforming the defining equation in some
sense. The precise result is summarized as following.
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Theorem 3.8. The equations

par (Y, 2) =0
give a flat p-parameter family of affine del Pezzo surfaces of the corresponding type Ey, providing
a semiuniversal deformation of the isolated elliptic singularity of the corresponding type E,, where

w=p+q+r-—1, {=06,7,8.

For a proof for this theorem, one can refer to the standard construction of a semiuniversal
deformation of an isolated hypersurface singularity from a basis of its Tjurina algebra; see [Loo84,
Chapter 6, especially §6.C]. Since ¢" is quasi-homogeneous, its Tjurina algebra agrees with its
Jacobi ring. The relation with affine del Pezzo surfaces is explained in [EG 10, Theorem 2.5.3(ii)].
The details will not be further explained.

3.2. Quasi-homogeneous surface singularities. We consider the coordinate ring Clz,vy, z| of
C? as a nonnegatively graded algebra with homogeneous generators of degrees degx = a, degy = b,
deg z = c.

Definition 3.9. A polynomial ¢ € C|z,y, 2] is a (weighted-, equivalently, quasi-) homogeneous
polynomial of weight deg ¢ = d if and only if one has eu(¢) = d - ¢, where

0 0 0
eu = az + bya—y + Czg (11)

denotes the Fuler vector field.
For any polynomial ¢ € C|x,y, z] with an isolated singularity, its Jacobi ring is

o 0 O
1($) := Cla, y, 7]/ <ajj 8j j) |

If ¢ is (weighted-) homogeneous of weight d, then 0 € C? is the only singular point. Furthermore,
the Jacobi ring acquires a natural grading J(¢) = ®m20 J (m)(gb),

Proposition 3.10. The Hilbert—Poincaré polynomial of this ring has the following formula:

(ud_a _ 1)(ud—b _ 1)(ud—c _ 1)
(u® — 1) (ub — 1)(uc — 1)

> wm - dim I () =

m>0

(12)

Proof. Put S = C[z,y, 2], graded by degx = a, degy = b, and deg z = c. Its Hilbert series is
1
(1 —u2)(1 —ub)(1 —wue)’
Since ¢ has weighted degree d, its partial derivatives have degrees d — a, d — b, and d — ¢. The
singularity is isolated, so the Jacobian ideal

I = (¢, by, 92)

has finite codimension in S. Hence its three homogeneous generators form a regular sequence.
Quotienting a graded ring by a homogeneous non-zero-divisor of degree e multiplies its Hilbert
series by 1 — u€. Applying this three times gives

Hg(u) =

(1 _ udfa)(l _ udib)(l _ udfc>
(1 —u2)(1 —ub)(1 — ue)

Hy(g)(u) = Hs(u)(1 —u™*)(1 —u®?)(1 - u?™) =

Multiplying both numerator and denominator by (—1)® gives exactly (12). O
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Set My := ¢~1(0) C C3. Specializing the RHS of (12) at u = 1, we get a formula
(d—a)(d—0b)(d—c)

abe

dimJ(¢) = p:= ; (13)

for the Milnor number of the isolated singularity (at the origin) of the hypersurface M.

3.3. Simple elliptic singularities. In this section we specialize to the case where the isolated
singularity is elliptic. In particular, we want to obtain a kind of “classification” of such singularities,
as in proposition 3.11. To obtain this, we first pass to a projective curve.

Indeed, there is a general procedure for this. Let

pote = (C*\ {0})/C"

denote the weighted projective plane corresponding to the C*-action with weights (a, b, ¢), where
ged(a, b, c¢) = 1. Restricting the projection C3\ {0} — P%*¢ to the punctured hypersurface, one
obtains a map

My \ {0} — P(M,) C pbe,
This way Mgy \ {0} becomes a principal C*-bundle over P(My), a projective curve. Adn indeed
the type of the hypersurface My is closely related to the integer

wi=d—a—b—c. (14)

The case w = 0 corresponds to simple elliptic singularities Eﬁ, E’7, Eg (for a reducible curve, all
components must be rational). Specifically, one has the following classical result, cf. e.g. [B], and
§6.1 below.

Proposition 3.11. Let the variables z,y,z have degrees 0 < a < b < ¢, such that ged(a,b,c) = 1.
(i) Let ¢ € Clz,y, z] be an irreducible homogeneous polynomial of degree deg ¢ < a+b+c. Then,
the projective curve ¢(z,y,z) = 0 is either rational or elliptic.
(i) Let d < a+ b+ ¢ be such that, for a general homogeneous polynomial ¢ of degree d, the
projective curve ¢(x,y,z) = 0 is elliptic. Then, d =a+ b+ ¢, and we have:

e One of the following holds:

‘a b c‘d‘p::g q::% r::g‘u
1. Egcase:|1 1 113 3 3 3 8 (15)
2. FErcase:|1 1 2|4 4 4 2 9
3. Fgcase:|1 2 3|6 6 3 2 10
moreover, the integers (p — 1,q — 1,7 — 1) give the lengths of 3 legs of the corresponding

extended Dynkin diagram of type Eg, Ev, or Eg.
e The homogeneous equation of the corresponding elliptic curve can be brought to the canonical

form
P oy? 2
¢ (z,y,2) = — +— + — +12Yy2 =0, where T € C*. (16)
p q r
We note in particular that, in the setting of, one has
1 1+1_a+b+c_a+b+c_1
p q r d d d d o
And for the Milnor number, we have dim J(¢") = p = w =@ -DE-1¢-1)=

(p—1)(¢g — 1)(r — 1). The observation above reduces this formula to p + ¢ + r — 1, agreeing with
the p given in theorem 3.8.
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4. POISSON COHOMOLOGY

In this section we will focus on the Poisson structure on a hypersurface embedded in C? with an
isolated singularity. To introduce this Poisson structure, we first consider a Poisson structure on
C3, namely a Poisson bracket given by Clx,y, 2]. For any ¢ € C[z,y, 2], it is explicitly given by the
following formulas:

0 0 0
{$ay}:£a {y,z}=£, {z,x}:a?qj.

In view of section 2, this Poisson bracket is determined by a bivector 7 € X2(C3) such that
ixvol = d¢, where vol is the nowhere vanishing volume form dz A dy A dz. And this Poisson bracket
is determined by the equation

{f,g}-vol=do Adf Adg, Vf,g € Clz,y, z].

We denote this Poisson algebra structure on C[z,y, z] by 7. By the characterization above one
may easily seen that ¢ is in the center of @7 (i.e. {¢,f} = 0 for all f € o7,). (This can also be
checked by directly calculation.) Hence we can consider the quotient Poisson algebra %, := <7, /(¢).

The main theorem we want to explain in this section is the following Poisson enhancement of
theorem 3.8.

Theorem 4.1. The family of Poisson algebras { %y, ¢ = c-¢;;7”Q,R, ¢ € C*} provides a semiuniversal
Poisson deformation of PByr.

As explained in section 1.1, to prove a deformation is semiuniversal for Poisson structure we
need to know about the Poisson cohomology. So In this chapter we first calculate the Poisson
cohomology of By, using several results of Pichereau concerning the Poisson cohomology of the
total space Ay that she calculated in [Pic06], where ¢ is a general polynomial in Clxz,y, z|. Finally,
by identifying the corresponding Kodaira-Spencer map with an explicit form, we use the results to
prove theorem 4.1.

However, the general definition of Poisson cohomology of a possibly non-smooth algebra involves
cotangent complex and that would omitted. We will reduce to the case of smooth (complex of)
algebras where the Poisson cohomology can be shown to given by the LKB complex, that is,
PH*(A) = H*(X*(A), L,),

where the action of L, is given by the Schouten bracket, i.e. L;Y = [7,Y]s.

4.1. Poisson cohomology of a hypersurface. In view of Pichereau’s results concerning the
Poisson cohomology of the total space Ay, listed in the next subsection, we need to know the
Poisson cohomology of a hypersurface, namely an algebra of the form By := C[M]/(¢), where
M is a smooth Poisson variety and ¢ is a regular function in the Poisson center. we first note
the following lemma concerning the anti-commutativity of L, and i44 since these differentials are
differentials of a double complex in the proof of the main result of this subsection.

Lemma 4.2. For a central function ¢, the operators Ly and iqy anti-commute:

Proof. By corollary 2.7, Lriqs+iagLx = Liy,x. Since ¢ is central, (9) gives iggm = [, ¢]s = Xy = 0.
Hence we get the result. O

We can now state the main result in this subsection.

Proposition 4.3. Let ¢ € Z(C[M)]) be a central regular function on M. Assume that ¢ has only
isolated singularities and that there exists a vector field en € X'(M) such that

eu(q) = co, c#0.
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Then, for the Poisson cohomology of the algebra By := C[M]/(¢), there is a convergent first spectral

sequence
BT = grlpy PHY(By),
whose E1-term has the following form:

Lr L L LWT LWT

x*(By) 0 0 J(¢)eu J(¢)

. ) 1 LJ

x*(By) 0 J(¢)eu J(¢)

L: L Lr (17)
362@) J(¢)eu J(9)

Lx L

x! (By) J(¢)

L

X0(By)

Here the leftmost column is the LKB complex of the Poisson algebra By, and J(¢) denotes the
Jacobi ring of ¢, as in section 3.2.

Proof. The idea of the proof is to provide a dg-algebra resolution of the non-smooth algebra Bj.
Set

A = C[M], DA := A®CJr]/(?),
a graded super-commutative algebra in which A is the even part placed in degree 0 and 7 is an odd
generator of degree —1. Introduce a differential

V:DA* — DA
defined as the odd super-derivation satisfying

V(A) =0, V(r)=¢

One can also write it out explicitly as V = gzﬁa%. As a complex this is the two-term complex A i> A.
Thus Hyo(DA) = By and H;(DA) =0 for i # 0.
We can also extend the Poisson bracket to DA by 7-linearity, making DA a Poisson dg algebra
quasi-isomorphic to By. Hence
PH*(By) = PH*(DA).
The polyvector fields on DA are generated by those on M and the derivation with respect to the
odd variable 7:

X*(DA) = X*(M) @¢ C [T, aﬂ /(7).

Now For the LKB complex on a dg algebra, the differential is v+ L, where V is induced by V.
By definition,
V(P)=[V,P].
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Using the identity
[f X, Pl = fIX, P = (igg P) N X
with f = ¢ and X = 0/07, one finds
[V, P] = —(igpP) N 2
or

Indeed [0/07, P] = 0 when either P = 9/97 or P € X*(A).
One may therefore write the LKB complex in the form (where we denote 8@7 as Or for brevity).

Clr, 0; )
<%.(M) ® E:_Q) ]7 gba‘r + Tlde + Lﬂ') .
Let
Ty = TM\d)_I(O), 8 :=T(¢71(0),A°Ty) = By ©4 X°(M).
There is a natural algebra projection
(C 78’7’ o
pre 20 (M) @ S8 ks o i,

We will explain this projection map in detail below. Let
Ay :=T(¢71(0),A°Ty) = By @4 X*(M).
The projection above is explicitly given on simple tensors by
r® P(0;)+ Ty ®Q(0;) — [T] @ P(d),

where Z denotes the residue class of x in Ay = X*(M)/pX*(M). It is a projection of dg algebras.
We now want to show that the projection is a quasi-isomorphism. Its kernel K fits into the short
exact sequence

0— K —C* 2 ;—>O.

Thus it is enough to prove that K is acyclic.
Write K = K@ K, corresponding respectively to terms without and with a factor 7. Decompose
the total differential as D = dy + dy, where

do = ¢0- : K* — K°, di = Tigy + Ln.
By the preceding lemma, d3 = 0, and
dido + dody = 0.

Multiplication by ¢ is injective, so dy is injective; by its definition on the kernel it is also surjective,
hence an isomorphism.
Suppose Dz = 0 and write z = zy + 21, where z; € K*. Then

diz1 = 0, dizg + dopz1 = 0.

Using the inverse of dy and the anti-commutation relation, one constructs w = dy*(z9) with Dw = 2.
Hence every cocycle in K is a coboundary, and pr is a quasi-isomorphism.
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Consequently the Poisson cohomology of By may be computed as the hypercohomology of the
dg algebra represented by the following mixed complex:

L L LWT
2 idd; . 1 id¢ 0
Ay > Ay Ay

A~ A~

L Lr

1 tag 0
A¢ A¢

L

0
A¢
We regard the mixed complex displayed above as a first-quadrant bicomplex K, whose horizontal
and vertical differentials are ¢4y and L, respectively. The associated spectral sequence satisfies
EPY = HPY(K igy),

and its first differential d; is induced by L. This is well defined because L, anti-commutes with

Tdep-
For each ¢ > 0, let

(@), pgq 'do  pq—1 Udo idg a1 o 40
Ay i Ay — Ay — - — Ay — Ay
denote the complex appearing in the g-th row, where Aé is placed in degree j. We compute its
cohomology in the following claim.

Claim. For every ¢ > 0, one has
HI(AY igg) = X9(By).

Moreover,

and

If ¢ > 1, then also

Proof of the claim. Put
A=CM],  By=A4/(¢). My=0¢1(0).

We first prove the assertion concerning the leftmost cohomology. The module of Kéhler differentials
of By has the presentation

By -dp — Uy @4 By — Qp, — 0.

A g-polyderivation of By is equivalently a Bg-linear alternating map

q
/\Q}% — By,
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Pulling such a map back to A7(Q} ®4 By) gives a section s € AZ) which vanishes whenever one of
its arguments is d¢. This condition is precisely

1gps = 0.
Conversely, every section s € Agj satisfying i445 = 0 descends through the above presentation to a
g-polyderivation of By. Therefore

~ : -1
X1(By) = ker (iag: A — AL
Since AZs is the leftmost term of Aéq), there is no incoming differential, and hence
HI(AY igg) = X9(By).
It remains to compute the other cohomology groups. Consider the truncated Koszul complex

@ x9(M) 19 xa-T(pAg) 2 L 0 200,
Locally, this is the Koszul complex associated with the partial derivatives of ¢. Since ¢ has only
isolated singularities, these partial derivatives form a regular sequence. Consequently, the full
Koszul complex is exact in positive degrees, and its degree-zero cohomology is
A

HO(X9 igy) = ok J(9).

After truncating at degree ¢, exactness can fail only at the two ends of the complex. Hence X(9) is
exact except possibly at its leftmost and rightmost terms.
Since ‘
A, = X (M) /93T (M),

multiplication by ¢ gives a short exact sequence of complexes
0—x@ 2y x@ A((bq) — 0.
The corresponding long exact sequence immediately gives
H (A igs) =0 for j ¢ {0,1,q}.
For g > 1, its final part is
1A (@)
0— H'(A e
Indeed, the two copies of J(¢) here are the degree-zero cohomology groups of the two Koszul
complexes in the short exact sequence.
By assumption,

id¢) — J(¢) i) J(¢) — HO (A;q), id¢) — 0.

idgpeu = eu(¢) = co, c#0.
Thus
¢ = c_lid¢eu
belongs to the Jacobi ideal, so its class in J(¢) vanishes. Hence multiplication by ¢ on J(¢) is the
zero map. Exactness therefore yields

HO (Aéq), ide) = J(¢), H (ASf)’ iap) = J(9).

More precisely, the class of ¢ leu is mapped to 1 € J(¢) by the connecting morphism. Up to the
nonzero scalar ¢, this identifies the latter group with

J(¢)eu.
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This proves the claim.

Applying the claim to every row of K gives exactly the Fq-page displayed in (17). The differential
dy is induced by the remaining differential L,. Since K is a first-quadrant bicomplex, its standard
filtration gives a convergent spectral sequence

B} = grlp PHT(By),
as required. ]

4.2. Pichereau’s results. We now specialize to the setting of the quasi-homogeneous case. Thus,
let
O0<a<b<e

be positive integers such that ged(a,b,c) = 1. Let eu denote the corresponding Euler vector field
on M = C3, and let T be the standard three-vector 8% A 8% A % which is dual to the volume form
dr Ndy A dz.

Given a homogeneous polynomial ¢ € C[M]| = C[z,y, 2], we put 7 := i44Y, and let 74 denote
the corresponding Poisson algebra.

Pichereau computed the Poisson cohomology groups of «7; explicitly [Pic06, Propositions 4.2,
4.5, 4.7, and 4.8]. To state the result, set p := dimc J(¢), to be the Milnor number and choose
homogeneous elements

L fi,..., fu—1 € Clz,y, 2]
whose residue classes modulo the Jacobi ideal form a C-basis of the Jacobi ring J(¢). We regard

igr, T € X%(C?), k=1,...,p—1,
as elements of the LKB complex of 2.

Proposition 4.4 (Pichereau). Let ¢ be a homogeneous polynomial with an isolated singularity and
suppose that

degp=a+b+c
Then the Poisson cohomology of <7y vanishes in degrees greater than or equal to 4. Moreover, the
following statements hold.
(i) One has
PH'(oy) = Clg).
Furthermore,
PH(cf) = C[glen
is a free C[¢]-module of rank one, generated by eu.
(ii) The group PH3(cly) is a free C[¢]-module of rank p, with basis
T, 17, ..., fu1 Y.
Similarly, PH?(y) is a free C[¢]-module with basis
ideT, ey idfuflTﬂ .

Pichereau also computed the cohomology groups of the LKB complex of the singular Poisson
algebra
By :=Clz,y, 2]/(¢)
associated with a quasi-homogeneous polynomial ¢ € C[z,y, 2] of arbitrary positive weight d. More
precisely,
XP(By) =0 for all p > 2,
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and the cohomology of the LKB differential L, is [Pic06, Propositions 5.3, 5.5, and 5.6]
H°(x*(By), L) =C,
H'(X°(By), Lx) = I™)(¢) e, (18)
H*(X*(By), L) = I (¢) 7.
Here
w:=d—a—b—c,
and J(®)(¢) denotes the homogeneous component of weight @ in the Jacobi ring. Equivalently,
with the notation used above,

J(w)(qb) = spang {f? ‘ deg f; = w} .

4.3. Poisson cohomology of By and proof of theorem 4.1. With the results of Pichereau and
the preceding proposition at hand, we can calculate the Poisson cohomology of B,. For a proof of
this, one can see [?, Section 5.5] and the proof therein which is not so hard with all the results we
have above.

Theorem 4.5. The Poisson cohomology of By is as follows:

PH'(By) = C,

PH'(By) =J™)(¢),
PH*(By) = 1™ (¢) @ I(9),
PH*(By) =J(¢)  fork >3,

where
w:=d—(a+b+c),
and the Jacobi ring J(¢p) is as in section 3.2.

We now use the theorem to prove theorem 4.1.

Proof of theorem /J.1. Let

S =C?x 8, xS, xS xC*,
where the parameters 7, v form coordinates in the first factor C?, the affine linear spaces Sp, Sq, Sy
correspond to the coefficients «; of P, B; of @, and ~; of R, and the parameter c is a coordinate on
the last factor C*. This space parametrizes the family

{Bs | ¢ =copir ceC*}.
Let 0 € S be the “origin”, namely the point where ¢ = 1 and all other parameters vanish; there

Gplqr reduces to ¢7.
By definition, we need to show that the Kodaira-Spencer map

T,S — PH*(Byr)
is an isomorphism. By the preceding theorem,
PH?*(Bg) 2 J(¢7) & C,
where the second summand is the one-dimensional contribution recorded in the source. Moreover,
dimT,S=(p—1)+(g— 1)+ (r—1)+2=p+ 1 =dim PH*(By),

so it remains to prove that the Kodaira-Spencer map is injective.
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Explicitly, a tangent vector to S is represented by a polynomial
F=é¢ +iayz+P+Q+ R+ 0.
Equivalently, introducing a formal variable ¢ with €2 = 0, one has F' = @, where
Fo=cq’,
F. = (c+ed) <¢T+a(myz+P+Q+R+p)> :
Writing F= co” + F’. in this case the Kodaira-Spencer map is the map that sends it to
([F’], c') e J(¢") @ C.
Hence it remains to show that if ¢ = 0 and F’ belongs to the Jacobi ideal, then F’ = 0. Put
fe=aP7t +1yz, fy =yt + Tz, fo=2""1 1y

Suppose
) p—1 ' q—1 ' r—1
Fr=i+Y a' +> by’ +> "+ Fayz = Afy + Bfy + Cf.,
i=1 j=1 k=1

where A, B, C are polynomials.
Set y = z = 0. Then
p—1
2P A(2,0,0) = v + Z a;x’.

i=1
Comparison of degrees shows immediately that © = 0 and all a; must vanish except possibly a,_1.
Similar arguments with the other axes show that all b;, ¢, vanish except possibly bg—1,c,—1. Thus
the left-hand side is reduced to

ap_lwp_l + bq_lyq_l +oep12m T+ Tryz.

The only pure monomial in z on Af, + Bf, + Cf, comes from 2P~'A, forcing A = a,_1 to be
constant. But this introduces a term a,_17yz, which cannot occur on the left-hand side. Hence
ap—1 = 0, and similarly

bq_1 = Cr_1 = 0.
It remains only to show that 7 = 0.

One can prove this by a direct discussion in all three cases. A more elegant way is to give
x,y, z fractional weights %, é, %, respectively. Then zyz has weight 1, while f., f,, f. have weights
1-— ]%, 1- %, 1- % Thus A, B,C would have to have weights 1/p,1/q,1/r, respectively. Starting
discussion from this point may be more efficient since bounds their possible degrees and gives 7 = 0.
The remaining case-by-case details are omitted. ([l

ACKNOWLEDGMENTS

I’'m much obliged to my mentor Prof. Victor Ginzburg for introducing me such an interesting
topic and helping me figure out problems that I met during the reading with his patient guidance.
I have gained so much insight from him during this summer. Besides, I would like to thank Prof.
Peter May for organizing the mathematics REU program at the University of Chicago and providing
such a wonderful research opportunity. Finally, my special thanks go to my dearest friends Shile
Wang and Wuhan Zhou, for their accompany during our trip in Chicago city and the joy and
happiness they bring to me.



20 YANPU

REFERENCES

[EG10] Pavel Etingof and Victor Ginzburg. Noncommutative del Pezzo surfaces and Calabi-Yau algebras. Journal
of the European Mathematical Society, 12(6):1371-1416, 2010. doi:10.4171/JEMS/235.

[Loo84] Eduard J. N. Looijenga. Isolated Singular Points on Complete Intersections, volume 77 of London Mathemat-
ical Society Lecture Note Series. Cambridge University Press, Cambridge, 1984. See Chapter 6, especially
Section 6.C; doi:10.1017/CBO9780511662720.

[Man86] Yuri I. Manin. Cubic Forms: Algebra, Geometry, Arithmetic, volume 4 of North-Holland Mathematical
Library. North-Holland, Amsterdam, 2 edition, 1986. ISBN 0-444-87823-8.

[Pic06] Anne Pichereau. Poisson (co)homology and isolated singularities. Journal of Algebra, 299(2):747-777, 2006.
doi:10.1016/j.jalgebra.2005.10.029.

SCHOOL OF MATHEMATICAL SCIENCES, PEKING UNIVERSITY, BEIJING, CHINA
Email address: wuyanpu@stu.pku.edu.cn


https://doi.org/10.4171/JEMS/235
https://doi.org/10.1017/CBO9780511662720
https://doi.org/10.1016/j.jalgebra.2005.10.029

	1. Introduction
	1.1. Deformations and cohomology
	1.2. Organization of the paper

	2. Polyvector fields, Schouten brackets and Poisson structures
	2.1. Polyvector fields and contraction
	2.2. The generalized Lie derivative and the Schouten bracket
	2.3. Poisson bivectors

	3. Del Pezzo surfaces and isolated elliptic singularities
	3.1. del Pezzo surfaces
	3.2. Quasi-homogeneous surface singularities
	3.3. Simple elliptic singularities

	4. Poisson cohomology
	4.1. Poisson cohomology of a hypersurface
	4.2. Pichereau's results
	4.3. Poisson cohomology of B and proof of theorem:Poisson deformation

	Acknowledgments
	References

