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GENERALIZED PUNCTUAL HILBERT SCHEMES AND
g-COMPLEX STRUCTURES

ALEXANDER THOMAS

ABSTRACT. We define and analyze various generalizations of the punctual Hilbert
scheme of the plane, associated to complex or real Lie algebras. Out of these, we
construct new geometric structures on surfaces whose moduli spaces share multiple
properties with Hitchin components, and which are conjecturally homeomorphic
to them. For simple complex Lie algebras, this generalizes the higher complex
structure from [FT19]. For real Lie algebras, this should give an alternative de-
scription of the Hitchin-Kostant-Rallis section defined in [GPR18].

INTRODUCTION

Motivation. The main motivation for this paper is to get a geometric approach
to Hitchin components. These components were constructed by Nigel Hitchin in his
famous paper [Hi92] using analytic methods (Higgs bundles). Hitchin components
are connected components of the character variety Hom(7(X),G)/G where ¥ is a
smooth surface, closed and without boundary and G is a adjoint group of a split
real form of a complex simple Lie group (for example PSL, (R)).

For the group G = PSLy(R), the Hitchin component is nothing but Teichmiiller
space, which has various geometric descriptions, for example as the moduli space of
complex structures on X..

For G = PSL,(R), Vladimir Fock and the author defined in [FT19] a new geo-
metric structure, called the higher complex structure, whose moduli space shares
various properties with Hitchin’s component for PSL,(R). In [Th20], the author
proved several steps towards a canonical diffeomorphism between the moduli space
of higher complex structures and the PSL,(R)-Hitchin component, which stays a
conjecture despite the progress. The main ingredient to construct the higher com-
plex structure is the punctual Hilbert scheme of the plane and its zero-fiber.

In this article, we pursue these ideas by defining a g-complex structure, for a
complex simple Lie algebra g, using a generalization of the punctual Hilbert scheme.
This should give a geometric approach to Hitchin components for any split real group
G.

Our strategy to define these new objects is twofold: on the one hand we use the
various descriptions of the punctual Hilbert scheme, especially the description as
variety of commuting matrices, in order to generalize to an arbitrary g. On the
other, we got inspiration from Hitchin’s original paper [Hi92] (section 5) where he
starts with a principal nilpotent element and deforms it into an element of a principal
slice (a generalized companion matrix). Instead of deforming the principal nilpotent
element, we add an element which commutes with it. This has the same number of
degrees of freedom as the deformation.

One might also ask what happens for real groups which are not split. In the theory
of Higgs bundles, there is the notion of a Gr-Higgs bundle (or just G-Higgs bundle),
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which was used in [GPR18] to define a generalization of the Hitchin section, called
Hitchin-Kostant-Rallis section. A Gg-Higgs bundle canonically gives a connection
with monodromy in Gg (through the non-ablian Hodge correspondence). In the
split real case, the Hitchin-Kostant-Rallis section can be identified with Hitchin’s
component, but in general, it does not give a component.

We give a counterpart of Gr-Higgs bundles in our language of punctual Hilbert
schemes using the theory of Kostant-Rallis [KR71] and we introduce the notion of
a gr-complex structure.

Results. The punctual Hilbert scheme of the plane allows a description in terms
of commuting matrices. Imitating this description, we define, for a simple complex
Lie algebra g, the g-Hilbert scheme by

Hilb(g) = {(A, B) e g* | [A, B] = 0 + generic condition}/G

where the generic condition is described below in Definition 1.1. Its zero-fiber
Hilby(g) are those pairs of matrices which are nilpotent. The regular part are
those pairs, for which at least one element is regular. The first result of the paper
describes the regular part of the zero-fiber (see Corollary 1.11):

Theorem. The regular part of Hilbg(g) is an affine space of dimension rkg.

We obtain several results in analogy with the classical theory for punctual Hilbert
scheme, for example the existence of a Chow map Hilb(g) - h?/W and a description
of Hilb(g) as a space of ideals.

Further, the functorial behavior of Hilb(g) is analyzed. In particular, we construct
an inclusion Hilb(sly) < Hilb(g) and a sort of inverse on the level of the regular zero-

fiber:
(0.1) = Hilbg™ (g) — Hilbg(sls).

Using the generalized Hilbert scheme, we define a g-complex structure on a
surface ¥ to be a G-gauge class of elements of the form

Oy (2)dz + Py(2)dz e Q1(2,9) =Q(X,C)®g

such that
[(P1(2),P2(2))] € Hilby™(g)

for all z € ¥ and some generic constraint (see Definition 3.1).

For g = sly, we recover the complex structure. For classical g, a g-complex struc-
ture is described by higher Beltrami differentials. Using the map p from Equation
(0.1) above, we get a first result for g-complex structures (see Proposition 3.2):

Proposition. A g-complex structure induces a complex structure on ..

Using a representation g < sl,,,, we define the notion of a higher diffeomorphism
of type g. We consider g-complex structures modulo these transformations. For g
of classical type, the local theory is described by Theorem 4.4:

Theorem. For g of type A,, B, or C,, any two g-complex structures are locally
equivalent under higher diffeomorphism of type g.

For g of type D, all g-complex structures with non-vanishing higher Beltrami
differential o, are equivalent under higher diffeomorphisms. However, the zero locus
of o, is an invariant.
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The moduli space of g-complex structures, denoted by 7; enjoys the following
properties (see Theorem 4.7):

Theorem. For g of classical type, the moduli space 7; 1s a contractible manifold
of complex dimension (g —1)dimg. Further, there is a copy of Teichmiiller space
inside 7;. Along this copy of Teichmiiller space, the cotangent space at any point I
15 given by

TiTy = @ HO(E™™)
m=1
where (my, ...,m,) are the exponents of g and r =rkg denotes the rank of g.

Note the appearance of the Hitchin base, which serves as parametrization for the
Hitchin component. This explains why we think that the moduli space should be
canonically homeomorphic to Hitchin’s component.

To a point in the cotangent bundle T*7A;, we can associate a spectral curve, living
in T*C%. We recover the spectral data of [Hi87] in our setting.

For a real Lie algebra gg, using the theory of Kostant-Rallis [KR71], we define
a punctual Hilbert scheme associated to ggr, denoted by Hilb(gr). The link to the
complex case is given by (see Theorem 5.3):

Theorem. For any gr, there is a map Hilb(gr) — Hilb(g). In the case of the split
real form, this is an isomorphism on the reqular parts.

In the same vein as for a complex Lie algebra, we define a gg-complex structure
and its moduli space. For the split real form, we recover 7.

Perspectives. We wish to give a larger conjectural picture describing the link be-
tween Hitchin’s component and the moduli space of g-complex structures 7;. This
motivates the definition of the g-Hilbert scheme. In the case of g = sl,,, parts of this
large picture are proven in [Th20].

Hitchin’s original construction in [Hi92] of components in character varieties uses
Higgs bundles and the hyperkahler structure of its moduli space Mpy. In one com-
plex structure, say I, My has the complex structure from Higgs bundles. In all com-
binations of J and K, it is the moduli space of flat GC-connections. The non-abelian
Hodge correspondence is equivalent to the twistor description of this hyperkéhler
manifold. Hitchin constructs a fibration of My over a space of holomorphic differ-
entials, whose fibers via the non-abelian Hodge correspondence give flat connections
with monodromy in the split real group G.

There is a similar conjectural picture for g-complex structures: a hyperkahler
manifold M, which in complex structure I is the cotangent space to the moduli
space of g-complex structures T’ *7; and in all combinations of J and K is the mod-
uli space of flat G®-connections. The analogue of Hitchin’s fibration is simply the
projection 7 : T*7; — 7;. One has to prove an analogue of the non-abelian Hodge
correspondence, i.e. a deformation of a pair (g-complex structure, set of holomor-
phic differentials) to flat connections, and that the monodromy of the fibers of the
projection 7 lies in the split real group G.

The conception behind this analogy is the following: In Hitchin’s case, we have a
fixed complex structure on ¥ and a holomorphic Higgs field ® € H(19 (X, g) which
gives a flat connection A(A) = A&+ A+ A"1®*. To get the Hitchin section, we choose
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a principal nilpotent element f in the Lie algebra g and deform it into an element
of the principal slice f + Z(e) where e is the nilpotent element of g which together
with f forms a principal sly-triple and Z(e) denotes its centralizer.

To avoid fixing a complex structure, we start with ® = ®,dz+®P,dz. The flatness of
A(N) gives that ®; and &3 commute. We further impose ®; and ®, to be nilpotent.
More specifically, we take ®; to be the principal nilpotent element f and we choose
®y € Z(f). Thus we have the same number of degrees of freedom as in the Higgs
bundle setting. A pair of commuting nilpotent matrices of this form is precisely a
point in Hilb,™(g) which we used to construct g-complex structures.

Structure. The outline of the paper is the following:

e Section 1 treats the definition and properties of the g-Hilbert scheme. In
particular we describe its regular part, define a Chow morphism, a map to a
space of ideals and we invest its topology.

e Section 2 gives explicit descriptions of the g-Hilbert scheme for classical g.

e Section 3 is devoted to the construction of g-complex structures and basic
properties.

e Section 4 analyzes the moduli space of g-complex structures. In particular,
we define a notion of higher diffeomorphisms, study the local theory and give
a construction of a spectral curve.

e Section 5 generalizes both punctual Hilbert schemes and complex structures
to the case of a real Lie algbra gg. For the split real form we recover the
g-complex structure.

e Appendix A reviews the main properties of the punctual Hilbert scheme of
the plane.

e Appendix B gathers all properties we need in the paper of regular elements
in semisimple Lie algebras.

e Appendix C presents Haiman’s coordinates on the Hilbert scheme and an
apparently new result on its symplectic structure.

Notations. Throughout the paper, we denote by g a complex simple Lie algebra,
by b a Cartan subalgebra, by W its Weyl group and by G its adjoint group (the
unique Lie group G with Lie algebra g with trivial center). For A € g, we denote
by Z(A) its centralizer, i.e. the elements commuting with A. Whenever we speak
about real objects (Section 5), we explicitly put an index, for example ggr for a real
Lie algebra. Similarly, we write sly for sl,(C), but for the real Lie algebra, we will
always write sly(R).

> denotes a smooth surface, closed, without boundary and orientable. A refer-
ence complex coordinate system on ¥ is denoted by (z,Z), and the induced linear
coordinates on T*CY are denoted by (p,p). The equivalence class of an element A
will be written [A].

Acknowledgments. I wish to express my gratitude towards Vladimir Fock and
Oscar Garcia-Prada for all the fruitful insights. I also thank Loren Spice and Mykola
Matviichuk for helpful comments. Most of this paper is part of my PhD thesis which
I accomplished at the University of Strasbourg. The last section was done during
my stay at the Max-Planck-Institute for Mathematics in Bonn.
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1. GENERALIZED PUNCTUAL HILBERT SCHEME

In this section, we generalize the punctual Hilbert scheme to a g-Hilbert scheme
and explore the properties of the new object. In particular we define a Chow map,
and give a description as space of ideals. The reader not familiar with punctual
Hilbert schemes should consult Appendix A.

1.1. Definitions and first properties. The punctual Hilbert scheme Hilb"(C?)
has several descriptions:

e as a space of ideals (the idealic viewpoint)
e as a desingularization of the configuration space h2/W for g = gl,
e as a space of commuting matrices (the matriz viewpoint).

It is the matrix viewpoint which will be generalized. So let us recall it quickly here:
Hilb"(C?) = {(A, B) e gl | [A,B] =0, (A, B) admits a cyclic vector}/GL,,.

The main difficulty is to find an intrinsic condition which generalizes the existence
of a cyclic vector. Here is our proposal:

Definition 1.1. The generalized punctual Hilbert scheme, or g-Hilbert scheme,
denoted by Hilb(g), is defined by

Hilb(g) = {(A, B) e g* | [A, B] = 0,dim Z (A, B) =tk g}/G

where Z (A, B) denotes the common centralizer of A and B, i.e. the set of elements
C € g which commute with A and B.

The condition on the dimension of the common centralizer does not come from
nowhere: Proposition B.9 of Appendix B shows that rkg is the minimal possible
dimension for the centralizer of a commuting pair. Define the commuting variety by
Comm(g) = {(A,B) eg?|[A, B] =0}. The g-Hilbert scheme is the set of all regular
points of Comm(g) modulo G.

Remark. Ginzburg has defined the notion of a principal nilpotent pair in [Gi99],
which is more restrictive than ours. He calls “nil-pairs” elements of our g-Hilbert
scheme, but he does not investigate them.

Let us give two examples of elements in the g-Hilbert scheme:

Example 1.2. Let A € g be a reqular element. Then by a theorem of Kostant (see
B.6), its centralizer Z(A) is abelian. So for any B € Z(A), we have Z(A) c Z(B),
thus Z(A,B) = Z(A)n Z(B) = Z(A) is of dimension rkg. Therefore [(A,B)] €
Hilb(g).

If A is principal nilpotent, then B € Z(A) is also nilpotent. So [(A, B)] € Hilby(g),
the zero-fiber defined below.

If B=0 then [(A,0)] is in Hilb(g) iff A is regular.

Example 1.3. Let (A, B) be a commuting pair of matrices in sl,, admitting a cyclic
vector, 1.e. an element of the reduced Hilbert scheme. One way to get such a pair
is the following construction: take a Young diagram (our convention is to put the
origin in the upper left corner as for matrices) with n bozes (see Figure 1). Associate
to each box a vector of a basis of C*. Define A to be the matriz which translates to
the right, i.e. sends a vector to the vector in the box to the right or to 0 if there is
none. Let B be the matrix which translates to the bottom. Then A and B clearly
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commute and are nilpotent. In Proposition 1.5 below, we show that Z(A, B) is of
mainimal dimension in that case.

> >

\ A \

\} \

FIGURE 1. Young diagram and commuting nilpotent matrices

Guided by these examples, we define several subsets of the g-Hilbert scheme and
explore their relations. First, we define the zero-fiber and the regular part which will
both play a mayor role in the definition of a g-complex structure. We also define the
cyclic part, which is not intrinsically defined since it uses a representation of g. The
cyclic part will be used to define a map to a space of ideals, getting a generalization
of the original description of the punctual Hilbert scheme.

Definition 1.4. The zero-fiber of the g-Hilbert scheme is defined by
Hilby(g) = {[(A, B)] € Hilb(g) | A and B nilpotent}.

We define the regular part of the g-Hilbert scheme, denoted by Hilb"(g), to be
those conjugacy classes [(A, B)] in which A or B is a reqular element of g.

Finally for classical g, let p denote the natural representation of g (i.e. sl, c
gl,,,s0, c gl,, and sp,, c gly, ). Define the cyclic part of the g-Hilbert scheme by

Hilb®?(g) = {(A,B) e g* | [A,B] =0, (p(A), p(B)) admits a cyclic vector}/G.

Remark. In the definition of the cyclic part, it would be more natural to consider
the adjoint representation, but even in the case of sly, this would give a map to a
space of ideals, which is not the one of Hilb?,;(C?).

Instead of the standard representation, one could also use a non-trivial representa-
tion of minimal dimension, which is defined for all g. For classical g, this is always
the standard representation, apart from type D3 and Dy.

The first relation between the various Hilbert schemes is the inclusion of the cyclic
part in the g-Hilbert scheme, which justifies the name “cyclic part”:

Proposition 1.5. For g of classical type, we have Hilb®?(g) c Hilb(g).

Proof. Recall p, the natural representation of g on C™. For simplicity, we write A
instead of p(A) here.

Let (A, B) € g? admitting a cyclic vector v. Let C' € Z(A,B). Then C is a
polynomial in A and B. Indeed, there is P € C[x,y] such that Cv = P(A, B)v. Since
C' commutes with A and B, we then get for any polynomial @ that CQ(A, B)v =
Q(A,B)Cv=Q(A,B)P(A,B)v=P(A,B)Q(A,B)v, so C = P(A, B).

Therefore the common centralizer of (A, B) in gl,, is C[A, B]/I where [ = {P ¢
Clx,y] | P(A, B) =0}. We know from Appendix A that I is of codimension m since
(A, B) admits a cyclic vector. We have Z(A,B) = Zy (A, B)ng. One can easily
check that for g of type A,, a polynomial P(A, B) is in g iff its constant term has a
specific form, given by the other coefficients (to ensure trace zero). For type B, C,
and D,,, P(A,B) is in g iff P is odd. One checks in each case that the dimension of
Z(A, B) equals the rank of g. O
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In general, the inclusion of the cyclic Hilbert scheme is strict as shows the following
example:

Example 1.6. Consider A = (§ é §) and B = <§ § é) in sl3. One easily checks that

the pair (A, B) does not admit any cyclic vector, but that their common centralizer

is of dimension 2. So [(A, B)] e Hilb(sl3)\ Hilb®% (sl3).

This example will be used in Subsection 1.5 to show that Hilb(g) is not Hausdorff.

In general, there is no link between regular and cyclic part. Example 1.3 shows
that cyclic elements are not always regular and the following example shows that
regular element are not always cyclic:

Example 1.7. For g of type D,,, let f be a principal nilpotent element. Then one
checks that [(f,0)] € Hilb(s0,) is reqular but not cyclic (see also Subsection 2./).

Let us turn to the regular part. It turns out that if one fixes a principal slice
f+Z(e) in g (see Appendix B), there is a preferred representative for regular classes:

Proposition 1.8. Any class [(A, B)] € Hilb"“(g) where A is reqular can uniquely
be conjugated to (A€ f+Z(e),Be Z(A)).

Proof. By the property of the principal slice, there is a unique conjugate of A which
is in the principal slice f + Z(e). Denote still by A and B these conjugates. The
only thing to show is that B is unique which is done in the next lemma. 0

Lemma 1.9. If A € g is reqular, g € G such that Ady(A) = A and B € Z(A), then
Ad,(B) = B.

Proof. By Kostant’s theorem B.6, we know that Z(A) is abelian. So the infinitesimal
version of the lemma is true. We conclude by the connectedness of the stabilizer of
A, given by the next lemma. O

Lemma 1.10. For a regular element A € g, its stabilizer Stab(A) = {g € G |
Ady(A) = A} in the adjoint group G is connected.

Proof. Decompose A into Jordan form: A = A,+A,, with A semisimple, A,, nilpotent
and [As, A,] = 0. So A, € Z(As). The structure of the centralizer Z(A,) is well-
known: it is a direct sum of a Cartan h containing A, with all root spaces g, where
a is a root such that a(As) = 0. It is also known that Z(Ay) is reductive, so a direct
sum Z(As) = ¢® gs where ¢ is the center and g, is the semisimple part of Z(A;). In
particular the center ¢ is included in h. So A, € g, since A, is nilpotent. Denote by
G the Lie group with trivial center with Lie algebra gs.

We know that A is regular is equivalent to A, being regular nilpotent in gy (see
[Ko63], proposition 0.4). We also know that the G-equivariant fundamental group
of the orbit of A (which is the space of connected components of Stab(A)) is the
same as the Stab(A;)-equivariant fundamental group of the Stab(A;)-orbit of A,
(see Proposition 6.1.8. of [CM93] adapted to the adjoint group). In other words,
the connected components of Stabg(A) are the same as the connected components
of Stabg, (A, ) since the Stab(Aj)-orbit of A, is equal to the Gs-orbit of A,,.

So we are reduced to the principal nilpotent case. Using the classification of simple
Lie algebras, one can check explicitly in Collingwood-McGovern’s book [CM93] the
tables 6.1.6. for classical g and the tables at the end of chapter 8 for exceptional g
that the stabilizer of a principal nilpotent element is always connected. ([l
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Remark. It is surprising that the last lemma has never been stated (at least not to
our knowledge). It would be interesting to find a direct argument, without using the
classification of simple Lie algebras.

Corollary 1.11. The regular zero-fiber Hilby™(g) = Hilb"™(g)nHilbo(g) is an affine
space of dimension tk g.

Proof. This follows directly from the previous proposition using the fact that A €
f+Z(e) is nilpotent iff A= f. So Hilby“(g) is described by Z(f) which is a vector

space of dimension rk g. 0

We know that both the regular and the cyclic part are in general strictly included
in the g-Hilbert scheme. But they are dense subspaces:

Proposition 1.12. The regular part Hilb"(g) is dense in Hilb(g). For classical
g, the cyclic part is also dense in Hilb(g).

Proof. By a theorem of Richardson (see B.8), the set of semisimple commuting
pairs is dense in the commuting variety Comm(g). So the set of semisimple regular
elements is also dense in Comm(g). Passing to the quotient by G, we get that the
classes of semisimple regular pairs are dense in Hilb(g) since Hilb(g) ¢ Comm(g)/G
and all semisimple regular pairs are in Hilb(g). Since the semisimple regular pairs
are in the regular part, we get the density of Hilb™(g) in Hilb(g).

For classical g, we have the same argument for the cyclic part since semisimple
regular pairs are cyclic. 0

To end the section, we state an analogue of Kostant’s theorem about abelian
subalgebras of centralizers:

Proposition 1.13. For any commuting pair (A, B) € Comm(g), there is an abelian
subspace of dimension rkg in the common centralizer Z(A, B).

Proof. The proof is completely analogous to Kostant’s proof for Theorem B.6: we use
a limit argument. Let (A,, B,) be a sequence of regular semisimple pairs converging
to (A, B) (exists since regular semisimple pairs are dense). We know that Z(A,,, B,,)
is a rk g-dimensional abelian subspace of g. Since the Grassmannian Gr(rk g, dim g)
is compact, there is a subsequence of Z(A,,, B,,) which converges. It is easy to prove
that the limit is included in Z(A, B) and is commutative. O

Corollary 1.14. For [(A, B)] € Hilb(g), the common centralizer Z( A, B) is abelian.

Remark. For classical g, the corollary is easy for the cyclic part since Z(A,B) =
Clx,y]/I ng which is abelian since Clx,y] is.

In the following sections, we generalize as far as possible the other viewpoints of
the usual Hilbert scheme (resolution of configuration space and idealic viewpoint)
to our setting.

1.2. Chow map. We want to generalize the Chow map, which goes from Hilb" (C?)
to the configuration space (see A.2).

Fix a Cartan subalgebra b in g. Recall the Jordan decomposition in a semisimple
Lie algebra: for x € g, there is a unique pair (xg,x,) with z = x4+, x, semisimple,
x,, nilpotent and [z, z,] = 0. For a semisimple element x, denote by z* a conjugate
in the Cartan b (unique up to W-action).
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The Chow map ch : Hilb(g) — h2/W is defined by
ch([(A, B)]) = [(AS, BY)]

where the brackets [.] denotes the equivalence class. For semisimple regular pairs,
this map corresponds to a simultaneous diagonalization.

Proposition 1.15. The Chow map ch is well-defined and continuous.

Proof. Since [A, B] =0, we also have [Ay, Bs] = 0 by a simultaneous Jordan decom-
position in a faithful representation. Hence there is a conjugate of the pair (A, By)
which lies in h2. Since the adjoint action of G on g restricts to the W-action on b,
the map ch is well-defined.

The map x ~ z} is continuous which simply follows from the continuity of eigen-
values. Hence the Chow map is continuous as well. 0

Remark. The Jordan decomposition x — (x4, ,) is not continuous at all, since
semisimple elements are dense in g for which we have z, = 0 and for all non-
semisimple elements we have x, #0. But the map x — x4 1S continuous.

This map permits to think of a generic element of Hilb(g) as a point in h2/W, or
via a representation of g on C™, as a set of m points in C? with a certain symmetry.
For g = sl,, for example, these are n points with barycenter 0.

Since Hilb(g) is even not Hausdorff (see Subsection 1.5), it cannot be a non-
singular variety. Nevertheless we conjecture the following:

Conjecture 1.16. There is a modified version of Hilb(g), identifying some points,
which is a smooth projective variety such that the Chow morphism is a resolution of
singularities.

1.3. Idealic map. In this subsection, g is a classical Lie algebra. In that case we
can associate to any regular element of the g-Hilbert scheme an ideal, which we call
idealic map. Recall the standard representation p of g on C™ (see Definition 1.4).
We will write A instead of p(A).

We wish to define a map like in A.2:

(1.1) [(A,B)] = I(A,B) = {P € C[x,y] | P(A, B) = 0}

If [(A, B)] € Hilb®“(g) is cyclic, this ideal is of codimension m. But if the pair is
not cyclic, there is no reason why the codimension should be m. In fact, there are
examples for g of type D,, where the codimension is smaller.

We wish the idealic map to be continuous, so I has to be of constant codimension.
A strategy would be to define the idealic map I on the cyclic part Hilb®“(g) (which
is dense by Proposition 1.12) and to extend it by continuity. Unfortunately, the map
can not be extended in a continuous way as shown in the following example:

Example 1.17. Toke g of type D,,. Denote by f a principal nilpotent element.
The pair [(f,0)] € Hilb(s0a,,) is not cyclic (seen in Example 1.7). Using the matriz
S defined in Equation (2.2), we can approach (f,0) by (f,tS) or by (f +tS7,0)
for t € C* going to 0. These pairs are all cyclic. In the first case, the ideal is
I = (2?1 xy,y? = t22272) which converges as t goes to 0 to (x?>"1 xy,y?). In the
second case, the ideal is I = (x®" +t2,y) converging to (", y).

Because of this difficulty, our strategy is to define a space of ideals I;(C?), then
a map Hilb®¥?(g) - I,(C2) and to extent it over the regular part Hilb™(g) (in a
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non-continuous way). The last step is only necessary for g of type D,, since for the
other classical types the regular part is included in the cyclic part as we will see in
the sequel. The extension for D,, will be defined ad hoc in Subsection 2.4.

The previous section taught us to think of a generic element of Hilb(g) as a m-
tuple of points in C? invariant under the Weyl group W. For type A, this means
that the barycenter of the points is the origin. For the other classical types, this
means that the set of points is symmetric with respect to the origin. Thus the
defining ideal of these points is also invariant under the action of W. Hence the
following definition.

Definition 1.18. We define the space of ideals of type g, denoted by I,(C?), to
be the set of ideals in Clz,y] which are of codimension m and W -invariant. For
type By, C,, and D, this means that I is invariant under (x,y) — (-z,-y).

The map I : Hilb®?(g) - I,(C2) given by Equation (1.1) above is well-defined.
Indeed, the codimension is m by cyclicity and the ideal is WW-invariant since this is
a closed condition and it is true on the dense subset of regular semisimple pairs.

Notice that I;(C?) is the same for g of type C,, or D,,. But we will see that the
idealic map I has not the same image in the two cases. We will also see that for
g of type A, B, or C,, the idealic map is injective. But for type D, it is not (it
is generically 2 to 1). This comes from the fact that the Weyl group acting on the
generic 2n points, coming in n pairs (P;, Pi,; = —-P;), cannot exchange P; and P,
while leaving all other points fixed.

As for the usual Hilbert scheme, there is a direct link between the idealic map
and the Chow morphism:

Proposition 1.19. The Chow map ch is the composition of the idealic map with
the map which associates to an ideal its support, seen as an element of h2|W:

ch([(A, B)]) =suppI(A, B).

Proof. The statement is true on regular semisimple pairs which is a dense subset.
For g of type A,,, B,, and C,, it follows by continuity of both the Chow map and the
idealic map. For D,,, our definition of the idealic map is to pick one of the various
possible limits. In particular, the support of the ideal is still given by the Chow
map. [l

1.4. Morphisms. In this subsection, we analyze the functorial behavior of the g-
Hilbert scheme. In particular we construct two maps linked to the zero-fiber of the
Hilbert scheme of sly which will lead in the construction of the moduli space 7;2 of
g-complex structures to maps from and to Teichmiiller space.

Let ¢ : g1 — g2 be a morphism of Lie algebras. For [(A, B)] € Hilb(g;), we can
associate [(¢(A),1(B))] which is a well-defined map to Comm(g,)/G>. But there
is no reason why dim Z(¢(A),¥(B)) should be minimal.

If we accept Conjecture 1.16, that there is a modified version of the g-Hilbert
scheme which is a resolution of h2/W, we have a functorial behavior:

Proposition 1.20. Assuming Conjecture 1.16, there is an induced map Hilb(g;) —

Proof. Choose Cartan subalgebras h; and b such that 1(h;) = ha. Consider the
composition h? - h2 — h2/W, using ¢ for the first arrow. Since ¢ induces a homo-
morphism between the Weyl groups, we can factor the composition to get a map
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h2 /W1 — h2/W,. Finally, consider the composition Hilb(g;) — h2/W; — b3/Ws
where the first arrow comes from the minimal resolution. This is a continuous map
and by the universal property of a minimal resolution, the map lifts to Hilb(g;) —
Hilb(gs). O

Let us study this induced map in the case of the reduced Hilbert scheme, which
is a minimal resolution (see Appendix A). Take v : sl,, — sl, inducing a map
Hilb,.,(C?) - Hilb,.,(C?). In the matrix viewpoint, this map is not given by
[(¢(A),¥(B))]. Consider for example the map v : sly — sl given on the stan-
dard generators (e, f,h) of sly by

0 1 0 1
v = ("0 Joon (0 Jandum ("0 ).

The element [(h,0)] € Hilb? ,(C?) corresponds to the ideal I = (22 - 1,y) which
through 1 goes to (x* — 22 y) which in turn gives the matrices [(M,0)] where

1
M = ( 9 ) This is not [(¢(h),(0))]. It would be interesting to describe the
induced majp in the matrix viewpoint.

Despite this complication, there are two cases where a map between g-Hilbert
schemes naturally exists.
The first one is linked to the principal map 1 : sl - g which induces a map

(1.2) Hilb(sly) - Hilb™(g).

Indeed, any non-zero element of s, is regular and cyclic. So if [(A, B)] € Hilb(sl,)
such that A is non-zero, there is by Proposition 1.8 a unique representative (f+te, B €
Z(e+tf)) where (e, f,h) denotes the standard generators of sly and t € C. So the
image is [(¥(f) + tip(e),¥(B))]. Since (¢(e),v(f),w¥(h)) is a principal sly-triple
(property of the principal map), we know that 1 (f) +t1(e) is in the principal slice,
thus it is regular, so we land in Hilb™(g).

The second one is a sort of inverse map to the first one, but only on the level of
the zero-fiber. Given [(A, B)] € Hilby“(g) where A is regular, there is a principal
sly-subalgebra § with A as nilpotent element. There is no reason why B should be
in § but there is a “best approximation” in the following sens:

Proposition 1.21. Let A be a principal nilpotent element and B € Z(A). Then
there is a unique ps € C such that B — pus A is not regqular.

Proof. The strategy of the proof is to use Proposition B.5 of the appendix which
characterizes principal nilpotent elements x as those nilpotent elements whose coef-
ficients x,, in the root vector basis (e, ) are non-zero for all simple roots a.

Let R be aroot system in h* and denote by R, and R, the positive and respectively
the simple roots. We can conjugate A to the element given by Y ..z €s. The
proposition is then equivalent to the statement that B, = B, for all simple roots «
and o/.

For two simple roots a and o' such that a+ o’ € R, using [A,B] =0 and A =
Y aeR, Ca WE get:

0=[A, Blatar = AaBo = Ay By, = By — B,

Since g is simple, its Dynkin diagram is connected, so B, = B, for all simple
roots. The common value ps gives the unique complex number such that B — us A
is not regular. 0
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With this proposition, we can now define a map
(13) JI Hllbgeg(g) - Hllbo(ﬁ[g)

given by u([(A, B)]) = [(e, puee)] or [(use, )] depending whether A or B is regular.
An equivalent way to define the map p is the following: we can use the previous
proposition 1.21 to show that the centralizer Z(A) of a principal nilpotent element
is a direct product
Z(A) =Span(A) x Z(A)"res
where Z(A)"re9 denotes the irregular elements of Z(A). The map p is nothing but
the projection to the first factor.

Remark. We can describe the regular part of the g-Hilbert scheme Hilb"(g) as
those classes [(A, B)] such that Span(A, B) intersects the regular part g9 non-
trivially. This description is more symmetric since it does not prefer A or B. From
Proposition 1.21 we see that the intersection of Span(A, B) with g9 is the whole
two-dimensional Span(A, B) from which we have to take out a line. Hence, the
intersection has two components.

1.5. Topology of g-Hilbert schemes. It is clear that Hilb(g) is a topological
space, as a quotient of a subset of g2. In this section, we explore this topology of
Hilb(g), especially for g = sl,,. We then formulate some conjectures on its general
structure.

For g = sly, every non-zero element A € g is regular and cyclic. Since the centralizer
of the pair (0,0) is all of sly, this pair is not in Hilb(sly). Thus we have Hilb(sly) =
Hilb®“(sl,) = Hilb?, ;(C?) which is a smooth projective variety.

For g = sl3, a detailed analysis, putting A into Jordan normal form, shows that
(A, B) has minimal centralizer and is not cyclic iff it is conjugated to a pair P;(b) :=

((558)-(853))- s
Hilb(sls) = Hilb?,,(C?) u {P,(b) | be C}.

At first sight, the topology seems to be a smooth variety (the reduced Hilbert
scheme) and a complex line. But a closer look shows that each point of the extra
line is infinitesimally close to a point in the variety, meaning that these two points
cannot be separated by open sets, infringing the Hausdorff property. The pair Py (b)

is infinitesimally close to Py(b) := ((§ é §) , (§ 51)) §)). Indeed any neighborhood of the

first pair P;(b) contains ((§ é §) : (§ é)) for some small s € C which is conjugated

010\ (0bs R . . .
to ((8 0 8) , (8 0 8)) which lies in a neighborhood of the second pairP,(b). Since the

idealic map is continuous and for sl, injective on the cyclic part, there cannot be
another point of the cyclic part which is infinitesimally close to the first pair Py(b).
Finally, two elements of the extra line can be separated by open sets. Hence, the
space Hilb(sl3) is obtained from a smooth variety by adding “double points” (here
in the sens of infinitesimally close points) along a complex line.

Since the idealic map is injective on the cyclic part Hilb®(sl,), the same analysis
holds for sl,, i.e. Hilb(sl,) is obtained from a smooth variety (the reduced Hilbert
scheme) by adding double points.

There should exist a procedure, like a GIT quotient, giving a modified g-Hilbert
scheme which is a Hausdorff space. The GIT quotient does not apply here since
{(A,B)eg?|[A,B]=0,dim Z(A, B) =rkg} is not a closed variety. In the language

oo



GENERALIZED PUNCTUAL HILBERT SCHEMES AND g-COMPLEX STRUCTURES 13

of GIT quotients, the pairs P, and P above are both semistable, but there is no
polystable element in their closure.

To give a feeling on what happens, consider the action of R,y on R2\{(0,0)} given
by A.(z1,22) = (Ax1,A1zy). The orbits are drawn in Figure 2. The quotient space
is a set of two lines Ly and L, with origins O; and O, together with two extra
points O3 and Oy, such that the pairs (O, 03), (01, 04),(02,03) and (O,,0y) are
infinitesimally close points (the four points O; correspond to the four half-axis).
In the figure, the dashed lines indicate infinitesimally close points. From the GIT
perspective, all points are semistable (take the constant function 1), the four half-
axis are semistable and all other orbits are stable. The orbits of the half-axis are
closed in R2\{(0,0)} so they should be polystable, but in the quotient the points
are still infinitesimally close.

O3
ﬁL — Ot ‘‘‘‘‘‘‘ 102
04

F1GURE 2. Non-Hausdorff quotient

We conjecture the following:

Conjecture 1.22. There is a generalized GIT quotient procedure identifying in-
finitesimally close points in Hilb(g), giving a modified g-Hilbert scheme which is
Hausdorff, and even smooth.

In particular one should find the reduced Hilbert scheme for g = sl,,. See also
Conjecture 1.16 for a modified g-Hilbert scheme as a resolution of h2/W.

Assume a smooth version of the g-Hilbert scheme exists. In the sl,-case the re-
duced Hilbert scheme is covered by charts parametrized by partitions of n, which
also parametrizes nilpotent orbits of sl,,. For g of classical type, the nilpotent or-
bits are parametrized by special partitions (see [CM93], chapter 5). In general, we
conjecture the following for the g-Hilbert scheme:

Conjecture 1.23. The smooth version of Hilb(g) is covered by charts parametrized
by nilpotent orbits and all these charts are necessary.

In particular for classical g, we conjecture that the modified version of Hilby(g)
is isomorphic to the space of ideals of Clx,y] which are of codimension m, W-
mwvariant, supported at 0 and which lie in a chart associated to a partition of type

g.
In particular, for every nilpotent A € g, there has to be an element in Hilb(g)
containing the conjugacy class of A. More precisely, we conjecture:

Conjecture 1.24. Let g be of rank at least 3. For a nilpotent element A € g, there
is B € Z(A) nilpotent such that dim Z(A, B) = kg, i.e. [(A,B)] € Hilbo(g). This
should be true for a generic element B e Z(A).
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For sl, the conjecture is true: we can associate to a nilpotent element A a parti-
tion v. To the transpose partition v™ (using the transpose of the Young diagram)
correspond a nilpotent element B which satisfies the requirements since (A, B) is
cyclic. An equivalent way is to use Example 1.3 to produce B.

For g = sp, of type (s, there is the following counterexample. That is why we
formulate the conjecture only for Lie algebras of rank at least 3. Take the nilpotent

element
01id
A_( 0}ic )

Its centralizer is given by

0 bz y
-b 0 z
ZA) =150 g b
0O 0|-b O

An element B of the centralizer is nilpotent iff b = 0. In that case the common
centralizer Z(A, B) is at least of dimension 3, so [(A, B)] is not in Hilbg(sp,).

In general, we cannot hope to find B € Z(A) such that (A, B) is cyclic. For
example take g = sp;; and A a nilpotent element corresponding to the partition
[7,5,3,1] of 16. If there is B € Z(A) nilpotent and such that (A, B) is cyclic, there
would be an ideal I of codimension 16 whose associated matrices are A and B (see
Example 1.3). Using A, we see that I has to be of the form

I= (", 2%y, 2% ay°,y" = Q(a,y))
where () is a polynomial with monomial terms in the Young diagram D. A partition
of type C,, has all odd parts with even multiplicity and one can check that for all
choices of the polynomial @), the ideal I is never in a chart with all odd parts with
even multiplicity.

2. HILBERT SCHEMES FOR CLASSICAL LIE ALGEBRAS

In this section, we study the regular part Hilb"“(g) and its zero-fiber case by case
for classical g.

2.1. Case A,. Consider g = sl,, (of type A,,_1). We describe first Hilby™(sl,), its
idealic map and then Hilb"“(sl,,) using Proposition 1.8.

Fix the following principal nilpotent element (with 1 on the diagonal line just
under the main diagonal):

This element f is cyclic, so we know from 1.5 that the centralizer is given by
polynomials: Z(f) = {paf +usf2+...+punf"'}. So an element of Hilby™(sl,) can be
represented by (f,Q(f)) where @ is a polynomial without constant term of degree
at most n — 1. The coefficients u; are called higher Beltrami coefficients.

Since here we have Hilb;®(sl,) ¢ Hilb®?(sl,) (already f is cyclic), the idealic
map is given by

I(f,Q(f)) ={P e Clz,y] | P(f,Q(f)) = 0} = (2", ~y + Q(x)).
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We recognize the big cell of the zero-fiber of the punctual Hilbert scheme.
To describe the whole regular part Hilb™(sl,,), we take the following principal
slice given by companion matrices:

tn

ta
1

Let A be a matrix of companion type. Notice that the characteristic polynomial
of a companion matrix is given by z™ + tox™ 2 + ... + t,,. Since A is still cyclic, its
centralizer consists of polynomials in A with constant term determined by the other
coefficients (in order to ensure trace zero). Thus, a representative of Hilb™(sl,,) is
given by (A, B =Q(A)).

The idealic map is thus given by

I(A,B) = (2™ + tox" 2 + ...+ ty, =y + i + floT + ... + ™)

where i is given by puy = Y7, %tkﬂk+1 mod ¢2. One recognizes the big cell of the
reduced punctual Hilbert scheme. Notice that the idealic map is injective here.

2.2. Case B,. Consider g = $09,,1. Represent g on C?"*! using the metric given
by g(e;,e;) = d;n—j (Where e; are standard vectors), i.e. g = (1 1). A matrix A
is in g iff 0(A) = —A where o is the involution consisting in a reflection along the
anti-diagonal. In other words Aegiff A;; = -A,1-jn+1- for all 7, ;.

We fix the following principal nilpotent element:

-1

This element is cyclic, so its centralizer by 1.5 consists of all odd polynomials:
Z(f) ={paf +paf?+ ...+ pon f1}. A representative of Hilby™“(g) is thus given by
(f,Q(f)) where @ is an odd polynomial of degree at most 2n — 1. The coefficients
(to; are called the higher Beltrami coefficients for B,,.

A principal slice is given by

t2n
1 —top

Let A be a matrix of this type. Its characteristic polynomial is given by x?"*1 —
b0 4+ 2t4227 3 £ .+ (=1)" x 2t9,x. So we can really think of the principal slice as
a generalized companion matrix. Changing slightly to; we can get rid of signs and
the factor 2 in the characteristic polynomial, which we will do in the sequel.
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The matrix A is still cyclic, so we have the inclusion Hilb™®(g) c Hilb®%(g).
A representative of Hilb"“(g) is given by (A, B = Q(A)) where @ is still an odd
polynomial of degree at most 2n — 1. The idealic map is then given by

I(A, B) = (2®" + tor™ V4 423 4 4t —y + fod + g + L+ oY),
This ideal is invariant under the map (x,y) ~ (-x,-y). This is not surprising since
a generic element of the s0,,,;-Hilbert scheme is a pair of two diagonal matrices
with entries (z1,..., 25,0, =2y, ...,—21) and (Y1, ..., Yn, 0, =Yn, ..., —y1). So they can be
thought of as 2n + 1 points in C? with one point being the origin and the other
points being symmetric with respect to the origin. This set is invariant under the
map —id, so is its defining ideal.
The next type, C,, is quite similar to B,,.

2.3. Case C,,. Let g =sp,,. We use the symplectic structure w = Y, €; A e,4; of C?*

to represent g. So a matrix
A|B
C|D

isin g iff D =-AT and B and C are symmetric matrices.
Fix the principal nilpotent by

-1

1

This element is cyclic, so its centralizer is given by odd polynomials: Z(f) =
{paf + paf? + ...+ pan f?71}. As for B,, we call the uy; higher Beltrami coefficients.
A principal slice is given by

-1

1

Let A be an element of this form. Its characteristic polynomial is given by x?" —
tox®n=2 + tyx®4 £ ...+ (-1)"ty,. By changing signs in the t5; we can omit the minus
signs in the characteristic polynomial.

The matrix A is still cyclic so a representative of Hilb"“(sp,,,) is given by (A, B =
Q(A)) where @ is an odd polynomial of degree at most 2n — 1.

The idealic map is given by

I(A, B) = (2% + tx®" 2 + 1,22 + .+ top, Y + o + pa®® + ... + pop ™).
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As for B, this ideal is invariant under —id which comes from the fact that two
diagonal matrices in sp,,, give 2n points in C? which are symmetric with respect to
the origin.

The last classical type, D,,, has some surprises.

2.4. Case D,,. Let g =s05,. We use the same representation as for B,.
Fix the following principal nilpotent element:

-1

This elements is not cyclic, since f?»~! = 0. A direct computation shows that
Z(f)=Apaf + paf?+ ...+ ponof? 3} u{0,5} where S is the matrix

(2.2) S =

11-1

We can give an intrinsic definition of the matrix S: let R be a root system and v,
be a root vector in g for the root aw € R. Choose a base aq, ..., a, of R (the simple
roots) such that «,_; and «, correspond to the two non-adjacent vertices in the
Dynkin diagram of D,, (see Figure 3). We can choose f to be ¥, v,,. The matrix S
is then given by

S = Vay+..4an_1 £ Vag+..+an_o+an

where the sign depends on the choice of the root vectors.

n-1

n
FiGURE 3. Dynkin diagram for D,

A representative of Hilby™(s0s,) is given by (A = f, B = Q(f) + 0,5) where Q is
an odd polynomial of degree at most 2n — 3. Such a pair is cyclic iff o,, # 0.

Let us compute the ideal in the cyclic case. One checks easily that fS =S f and
that S? = 2272, Hence for B = psf + ... + fion_of?>"2 + 0,5, we get AB = [B =
pof2+ .+ pion_of? 2 and B? = (uaf +... + flon_2 f?"73)? + 202 f27-2. Hence, the idealic
map is given by

I(A,B) = (2®" ' vy = pox® + pax® + .. + plon22® 2 9% = o + gzt + .+ oy _o1?7)
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where vy, = Zf;l foiflokr2-2; for k=1,...n—2 and v, o = 202 + Z?:_ll [oilan—oi- SO We
see that (g, ta, .-, flon-2, Von—2) is a set of independent variables which we call higher
Beltrami differentials for D,,. We will also call o,, a higher Beltrami differential. If
o, =0, we define the idealic map to be the continuous extension of the above ideal
which is still of the same form.

Remark. We have seen in Example 1.17 that inside Hilb®“(g) there is no well-
defined continuous extension of the idealic map. But inside the zero-fiber, the limit
1S unique.

The Hilbert scheme is covered by charts indexed by partitions (see [Ha98]). The
chart in which [ is written corresponds to the partition 2n = (2n - 1) + 1 which we
write also [2n — 1,1]. In fact, this is the highest partition of 2n of type D, (see
[CM93], chapter 5 for special types of partitions).

A principal slice is given by

Tn | =Tn t2n72
1 —lop—2
' to to -
1 —tg Tn
1 0 —tQ —Tn
-1 -1
-1

Notice that the matrix for 7,, is ST. Let A be a matrix of this type. Its charac-
teristic polynomial is given by

X(A) = 22 = Atz 2 + 42" 1+ (1) x Aoy 02® + (-1)" 72

By changing signs and factors in to; and 7, we can omit signs and the factor 4 in
the characteristic polynomial.

One can compute that the minimal polynomial of A is equal to the characteristic
polynomial iff 7,, # 0. So A is cyclic iff 7,, # 0 (by Proposition B.3). In that case, the
centralizer consists of all odd polynomials in A of degree at most 2n — 1. If 7, = 0,
the centralizer is given by

Z(A) = {MZA + M4A3 +..+ M2n—2A2n_3} U {UnSt}

where the matrix S; is given by S; = S + 5, 2S57. The minimal polynomial is given
by x(x)/z (which is a polynomial since 7, =0).
The pair (A, B) is cyclic iff either 7,, # 0 or 7, = 0 and o, # 0. In the first case,
the idealic map is given by
I = (2" + 62?2 + 1,22+ L+t 0@ + T2~y + ol + g + L+ o).
In the second case, we need three generators for the ideal, like for the zero-fiber. We
can compute that

I(A, B) = (2271 = upw + ug2® + ... + Ugp_ox® ™3 + uy,

TY = Vo + Va2 + ... + Voo 2,

Y2 = wo + Wo? + ... + Wop o)
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where the coordinates can be chosen to be (ug, uy, ..., Uy _2, U, Vg, ..., Uap_o, Wapy_2), 1.€.
all the other variables are functions of these. For a unified way to get coordinates
in Hilbert schemes, see Appendix C or directly Haiman’s paper [Ha98].

The second ideal is in the chart corresponding to the partition [2n -1, 1] whereas
the first corresponds to the trivial partition [2n]. If u # 0 we can write the second
ideal in the first chart, i.e. perform a coordinate change in the Hilbert scheme. The
link between the coordinates is given by

2 _

T2 = uvy
1
Hon = 3,
fhop = —2& for1<k<n

tor = Uop_ok + UVap_9, Tor 1<k<n-1

A regular pair [(A, B)] which is not cyclic has both 7,, and o,, equal to 0. In that
case, we define the idealic map (A, B) to be the limit of (A, B+tS;) for t € C goes
to 0. So we stay in a chart associated to the partition [2n —1,1].

Notice that the map from Hilb"™(g) to the space of ideals I3(C?) is not injective,
since for 7, and -7, we get the same ideal. Even in the zero-fiber the map is not
injective, since o,, and —o,, give the same ideal. In addition, the map is not surjective
neither. Indeed the ideal I = (2° -y, zy,y?) € I;(C?) is not in the image since with
the notations above we have vy = 0 and u # 0. Changing the chart, we can compute
that 72 = uvy = 0. But for a matrix in Hilb™(g) with 7,, =0 we get u = 0.

Remark. In the usual Hilbert scheme, there is only one cell of mazximal dimension.
Comparing type C,, and type D,,, we see that the zero-fiber of

{I ideal of C[x,y] | codim I = 2n, I invariant under —id}

has two components of mazximal dimension, those corresponding to the zero-fibers

Hilb!* (sp,, ) and Hilb®(s02, ).

Remark. We notice the following analogy to Higgs bundles: the pair [(f,0)] €
Hilb(s0y,) should correspond to the Higgs field given by ® = f on the bundle V =
KlPoKo Ko K20 K@ K°. This Higgs bundle (V,®) is not stable, only polystable.
This could explain why the idealic map can not be continuously extended to [(f,0)].
The link between Higgs bundles and higher complex structures remains mysterious,
see the perspectives in the introduction.

3. g-COMPLEX STRUCTURES

Using the g-Hilbert scheme we are able to construct a geometric structure on
a smooth surface, generalizing both complex and higher complex structures. The
construction and methods are inspired by those used for higher complex structures
in [FT19]. We recall the ideas of constructing higher complex structures before
defining the g-complex structure.

3.1. Complex and higher complex structures. A complex structure on a sur-
face X is completely encoded in the Beltrami differential.

This goes as follows: For surfaces, a complex structure is equivalent to an almost
complex structure, i.e. an endomorphism J(z) in 7% such that J2 = —id and
varying smoothly with z € ¥ (J imitates the multiplication by 7). We can diagonalize
J by complexifying the cotangent bundle. We get a decomposition into eigenspaces

T*(CZ _ T*(l,O)Z ® T*(O,I)E.
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In addition T*(19Y is the complex conjugate of T*(O1Y so one determines the
other. Hence, the complex structure is completely encoded in a direction in each
complexified cotangent space, i.e. in a section s of P(7T*CY) which is nowhere real
(meaning s and § are linear independent). The projectivization can also be obtained
by the zero-fiber of the punctual Hilbert scheme of length 2:

Hilb3(C?) = P(C?).

In coordinates, we can write 70Dy = Span(p-pu2(z)p) where p and p are linear co-
ordinates on T*CX.. The coefficient po(2) is the Beltrami differential. The condition
that the section s is nowhere real translates to po(2)fi2(z) # 1 for all z € X.

Generalizing this idea, we defined in [F'T19] the higher complex structure as a
section I of Hilby (T*CY) satisfying I(2) + I(2) = (p, p) at every point z € X.. Here p
and P are linear coordinates on T*¢Y. The condition on I generalizes the condition
above of a nowhere real section. We call it the non-reality constraint.

We use exclusively the idealic viewpoint of the punctual Hilbert scheme in this
definition. Since the g-Hilbert scheme uses the matrix viewpoint, we have to rewrite
the definition of higher complex structure in that picture. So we replace the ideal
I(z) by a conjugacy class of commuting matrices A(z) and B(z). We can put
them together in a gauge class of a sl,,-valued 1-form ®(z) = A(a)dz + B(z)dz. The
commutativity of A and B translates to the fact that & satisfies ® A & = 0.

It is not surprising to use 1-forms since a generic point of the Hilbert scheme
gives n distinct points in each fiber T*CY which can be put together to n sections
of T*CY, i.e. a n-tuple of complex 1-forms. Going to the zero-fiber of the Hilbert
scheme means that all these 1-forms are collapsed to the zero-section 3 c T*CY.

3.2. Definition. We are now ready to give the definition of a g-complex structure,
but one difficulty stays: we have to incorporate the non-reality constraint in the
matrix viewpoint. Recall the map ps : Hilby™(g) - C associating to [(A, B)] the
unique po € C such that B — ps A is irregular (Equation (1.3)).

Definition 3.1. A g-complex structure is a G-gauge class of elements locally of
the form
Oy (2)dz + Po(2)dz e Q1(2,9) =Q(X,C)®g
such that
[(®1(2), P2(z))] € Hilby™ (g)
and ps(2)2(2) # 1 for all z € X.

Notice that for complex structures, the map us(2) is nothing but the Beltrami
differential. In particular, for g = sly, we get a usual complex structure.

Remark. An equivalent definition, which uses only global objects, goes as follows:
A g-complex structure is a pair (V,®) where V is a trivial G-bundle and ® €
QU ad(V)) satisfying

(1) Commutativity: ® AP =0.

(2) Nilpotency: ®(2).X(z) is nilpotent Yz € ¥ and VX (2) € TyCX.

(3) Regularity: ®(z).X(2) is reqular VX (z) € TCX\L(z) where L(2) is a one-

dimensional subspace of TCX.

(4) Non-reality: L(z)n L(z)={0} VzeX.
The direction given by L corresponds to Span(®; — us®,), the direction in which ®
1s not principal nilpotent.
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Using this line-subbundle L, we get the following link between g-complex structure
and complex structures:

Proposition 3.2. A g-complex structure induces a complex structure on 3.

Proof. Recall the map p : Hilb(®(g) — Hilby(slz) given by u([(4, B)]) = [(e, n2€)]
or [(uze,e)] depending on whether A or B is regular (see Equation (1.3)). Since
a slp-complex structure is a complex structure, the map p induces a map from
g-complex structures to complex structures. 0

Remark. To define the map p in 1.4, we really need g to be simple. For a semisimple
(non-simple) g, a g-complex structure would induce several complex structures.

In the definition of a higher complex structure in [FT19], we use the zero-fiber
Hilby (C?), without imposing to be in the regular part. The fact that we actually
are in the regular part follows from the non-reality constraint I + I = (p,p). The
same can be obtained for g of classical type, where we can reformulate the definition
of g-complex structures in a nicer way using the idealic map.

3.3. Idealic viewpoint. Recall the space of ideals I;(C?) constructed in 1.3. De-
note by I, o(C?) the set of those ideals of I;(C?) which are supported at the origin
(the zero-fiber). We can rewrite the definition of a g-complex structure in the fol-
lowing way:

Definition 3.3. For g of classical type, a g-complex structure is a section I of
I, 0(T*CY) such that

T _ <p7p> ng Of typ@ An,B»an
1(z)+1(2) _{ (p.p)* if g of type Dh.

Notice that the condition on the ideals does not depend on coordinates since (p, p)
is the maximal ideal associated to the origin.

We prove the equivalence of both definitions. For that recall that to an ideal I
one can associate a class of commuting matrices [(A, B)] (see A.2).

Proposition 3.4. For classical g, the condition on I + I given in Definition 3.3 is
equivalent to [(A(z), B(z2))] being in the regular part Hilby™“ (g) and having pafis # 1,
i.e. the condition in Definition 3.1.

Proof. The backwards direction is a direct computation using the preferred rep-
resentatives for Hilb(®(g) from Proposition 1.8. So we concentrate on the direct
implication.

Case A,,. The case g of type A, has been treated in [FT19], Appendix 5.1. The
idea of the proof is similar to the case D,, below.

Case B,,. For g of type B,, the standard representation gives 509,17 <> slo,41. By
virtue of the case A, we know that I+1 = (p, p) implies pojiz # 1 and (A, B) regular
for 5[2n+17 i.e.

I(A, B) = (p*™ =P+ pop + psp? + ... + fignp™™).
Since we know that in case B,, the ideal [ is invariant under the map —id, we
get popsr = 0 for all k = 1,...,n - 1. So I corresponds to a pair (f,Q(f)) for @
an odd polynomial of degree at most 2n — 1, which is precisely a representative of
Hilby™ (s02,41) (see Subsection 2.2).
Case C,. This case is exactly analogous to B,, via the injection sp,, < slo,.
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Case D,,. We imitate the strategy of the proof for case A, in [FT19] appendix
5.1 with only difference that we have to go further in the analysis, needing some
computations. The main argument is an iteration process which always ends since
pFpt =0 mod I for k+1>2n.

Put I; = (I mod (p,p)?), i.e. the set of all terms of degree at most 1 appearing
in I. If I is of dimension 2, then I = (p,p) since both p and p can be expressed by
higher terms which by iteration become 0. If I is of dimension 1, then we have a
relation of the form p = puop + p? R(p, p) where R is a polynomial, which gives p as a
polynomial in p by iteration. We can then explicitly check that I + I is either (p, p)
or (p =p,pp,p?). Hence I = {0}.

Put I = (I mod (p,p)?). We have I+ I, = (I+1)y = (p?, pp, p2) by assumption on
1. If I, is of dimension 3, then all of p?, pp and p? can be expressed by higher terms.
By iteration, we get I = (p?, pp, p?) which is not of type D,. If dim 5 < 1, then we
also have dim I < 1, so 2 > dim I, + dim Iy = dim(p?, pp, p?)2 = 3, a contradiction.
Hence dim I, = 2.

There is a term containing pp in Iy since if not, no such term would neither exist
in I, so neither in I + I = (p2, pp, p2), a contradiction. Without loss of generality,
we can assume that there is another term containing p? (if not change the role of T
and I).

So there exist «, 3,7,0 € C such that

p?P=ap®+Fpp  mod I,
pp = Yp* + 0p? mod I,

If By # 1, we can simplify by substitution one into the other to

p?=a'p>  mod I,
pp=7'p*  mod I

If By =1, we have p? € I, so pp = 6p> mod I, so changing I to I we are in the
previous situation.

Iterating the substitution process we get that p? and pp are polynomials in p.
Using the invariance of I under —id, we see that these are polynomials in p?, i.e.
even polynomials. So the most generic ideal is given by

L= (p*""pp = pap® + pap™ + o+ pion2p™ 2, 07 = vap® + vap® 4+ vy 0p™" )
which corresponds to a regular element of Hilby™(s04,). One checks that I+ I with
I of the form above equals (p, p)? iff oo # 1. O

To end this section, we determine the geometric nature of the various higher
Beltrami coefficients. Since p and p are linear coordinates on T*CY, we can identify
p=2L =0 and p= £ = 0. Denote by K the canonical bundle, i.e. K =T*1.0%, and
by T'(B) the space of sections of a bundle B.

Analyzing the behavior under a coordinate change z — w(z, Z) analogous to the
computation in [FT19] section 3.1., we get

(3.1) pi e DK ®@ K) and vy e (K% ® K?).

Since 02 has the same nature as vy, o, we get 0, e (K™ ® K).
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4. MODULI SPACE

In this section, we define the moduli space of g-complex structures and explore
its properties. In most of the section g is of classical type. We first have to define an
equivalence relation on g-complex structures, which is accomplished by the notion
of higher diffeomorphisms.

4.1. Higher diffeomorphisms. In order to get a finite-dimensional moduli space,
it is not sufficient to quotient by the diffeomorphisms of X isotopic to the identity,
as for Teichmiiller space. The reason is that the g-complex structure is non-linear
in the cotangent spaces T*CY. Diffeomorphisms act linearly on the cotangent space,
so it cannot act much on g-complex structures.

For higher complex structures, in Section 3.2 in [FT19] higher diffeomorphisms
are defined to be Hamiltonian diffeomorphisms of T*3 preserving the zero-section
Y ¢ T*>. This gives the higher diffeomorphisms for type A,,. We generalize this
idea to general g.

To this end, we need a faithful representation of g, i.e. an injection p: g < sl,,
for some m € N*. This always exists by Ado’s theorem. For classical g, we will take
the standard representation of g on C™ (i.e. sl, c gl,,s0,, c g, and sp,, c gly,).

As stated several times, one should think of a g-complex structure as a m-tuple
of 1-forms with some symmetry, which collapses all to the zero-section. In a given
fiber, these m points are given by the common eigenvalues of the two commuting
matrices. The extra symmetry expresses the fact that we deal will a subset of sl,,,
coming from a representation of g.

The space of higher diffeomorphisms which we are looking for has to preserve this
symmetry. To be more precise, we are interested in the eigenvalues of p(g) for g € g.
Consider the set D, of those m-tuples (1, ..., z,,) € C™ which appear as the spectrum
of some p(g). By the Jordan decomposition, we can restrict attention to semisimple
elements g;. Since regular semisimple elements are dense, and can be conjugated
to the Cartan b, the set D, is the image p(h), simultaneously diagonalized in some
basis of C™. Hence D, is a vector subspace of C™. An m-tuple of points in C? with
coordinates (x;,y;)1<i<n is called p(g)-symmetric if both (z1,...,x,,) and (y1, ..., Ym)
are in D,,.

For example for sl,, we have D, = {(x1,...,x, | X;2; = 0)}. So sl,-symmetric
points are simply n points with barycenter the origin. That is why a higher diffeo-
morphisms has to preserve the zero-section. For g of type B,,C, or D,, a set of
p(g)-symmetric points is symmetric with respect to the origin.

Definition 4.1. A higher diffeomorphism of type (g,p) is a Hamiltonian dif-
feomorphism of T*Y whose extension to T*CY preserves the space of p(g)-symmetric
m-tuples. For classical g, we use the standard representation and omit p. The group
of all higher diffeomorphisms of type g is denoted by Symp(g,>).

For g of type B,,C, or D,, a higher diffeomorphism is a Hamiltonian diffeo-
morphism of T*¥ invariant under the map (z,p,p) — (z,-p,-p). In coordinates
a Hamiltonian diffeomorphism is generated by a function H(z,Z,p,p) which can
be Taylor developed to Y, ; wy(z,2)pkp!. The associated flow preserves the zero-
section iff wyp = 0. It is invariant under —id iff it has only odd terms, i.e. wy; =0
for all £+ even.
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4.2. Action on g-complex structures. We can now analyze how higher diffeo-
morphisms act on g-complex structures. From now on, we consider only g of classical
type.

Intuitively, Hamiltonian diffeomorphisms of T*> act on the space of 1-forms, so
also on m-tuples of them. The invariance condition implies that the symmetry of
the m 1-forms is preserved. This action persists at the limit when the m-tuple of
1-forms is collapsed to the zero-section.

To compute the action, it is better to work in the idealic viewpoint. We imitate
the steps from [FT19] section 3.2.

Let I be an ideal representing a g-complex structure. Write I with generators
(fi,..., fr). Each fp can be considered as a function on T*CX, so its variation under
a Hamiltonian H is given by the Poisson bracket { H, fr}. The tangent space at I in
the space of all ideals of codimension m is the set of all ring homomorphisms from [
to A/I. Thus a Hamiltonian H changes [ to (f; +{H, fi} mod I,..., f, +e{H, f.}
mod 7).

We restate a lemma from [FT19] (lemma 4) which allows to simplify H:

Lemma 4.2. Let I = (fi,..., f;) be an ideal of C[z,Z,p,p]| such that {fi, f;} =0
mod I for all i and j. Then for all polynomials H and all k € {1,...,r} we have
{H, fr} modI={H mod I, f;,} mod I.

Proof. The only thing to show is that if we replace H by H +g f; for some polynomial
g and some [ € {1,...,7}, the expression does not change. Indeed, {H + gf;, fx} =

{H, [} +9{fi, v} +{9, [} fi = {H, fr} mod I using the assumption. O

Proposition 4.3. The ideals of Hilb(*(g) for g classical satisfy the condition of
the previous lemma.

Proof. For A,,, we have I = (p™,p = pap + ... + i1,p" ' = Q(p)). We compute {p",-p +
Q(p)} =np™10Q =0 mod I since there is no constant term in Q.

The same argument holds for B,, and C,, since their ideals are special cases of the
ideal of type A,.

For D, the ideal I is given by

2171 pp = pop? + papt + o+ pign_op®™ 7 = Q(p) + pan-ap® 2,

}32 = V2p2 + I/4p4 + ...+ Vgn_2p2n_2 = R(p) + VQn_2p2n_2).

(p

As before the Poisson brackets with the first generator p?»~! vanishes modulo I
since () and R have no constant terms. To compute the last Poisson bracket, define
Q = Q/p. By the relations in I, we have R = Q2 + p?"2R for some polynomial
R (see Subsection 2.4). Remark further that {a(z, 2)pcp',b(z,2)p* 7'} = 0 mod I
whenever k + [+ k" +1' >n -1 since any term of degree n—1 in p and p is in I and
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the Poisson bracket lowers this degree by 1. With all this, we compute
{-pp+Q + p2n-2p
= {=pp + PQ + pan-2p™ >, =p" + Q% + p*" (R + 12, 2)}
= {-pp+pQ,-p* + Q*} by degree argument
=29Q(pp - pQ) - 2Q0Q(p - Q)

= 2(pp - Q)(G - %a@

2n—2 2n72}

) _ﬁQ + R+ Vop-2p

= Qon_op” 2(0Q - Q&Q) mod
p
=0 mod [

where the last line comes from the fact that p divides the polynomial dQ - %8@. 0J

As a consequence, when computing the action of a Hamiltonian H on a g-complex
structure, we can reduce it modulo /. In particular if H mod I = 0, the higher
diffeomorphism generated by H does not act at all. For g of type A,, B, or C,
we can reduce H to a polynomial in p, and for D, we can reduce it to H = w_p +

n-2
Y=o w2k+1p2k+1-

4.3. Local theory. Now, we can study the local theory of g-complex structures.
Let zg be a point on X and take a small chart around it which sends to the unit disk
A in the complex plane (with zg send to the origin).

Theorem 4.4. For g of type A,,, B, or C,, any two g-complex structures are locally
equivalent under higher diffeomorphism of type g.

For g of type D,,, all g-complex structures with non-vanishing o, on A are equiv-
alent under higher diffeomorphisms. However, the zero locus of o, on A is an
imvariant.

Since we work locally, it is sufficient to show that we can send all higher Beltrami
differentials to 0 using higher diffeomorphisms.

Proof. The proof for g of type A,, was done in [FT19], Appendix 5.2, using a method
in the spirit of the proof of Darboux’s theorem in symplectic geometry.

If g is of type B, or C,, the standard representations realizes the g-complex
structure as a substructure of type A,. Since the last is trivializable, so is the
g-complex structure in that case.

For g of type D,,, we use the same method as for type A,, by a Hamiltonian flow
argument. We start with an ideal / determined by higher Beltrami differentials
(f2, gy -y flon-2, Von—2). The action on ps; is the same as for g = sly, so we can
trivialize them using a Hamiltonian H which is a polynomial in p. So we are left
with

(41) I= (an_lapﬁv _132 + V2n—2p2n_2>‘

We have seen at the end of Subsection 4.2 that in the case D,,, any Hamiltonian can
be reduced to H = w_p + zg;g Wop41p?F*1. The only part of this Hamiltonian acting
on vy, o is H = w_p, which also changes fi9, 2. So in order to assure that ps, o stays
Zero, we use

H = w—p + an—3p2n_3‘
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We compute the action of this Hamiltonian on the ideal /. For the second gener-
ator of I we get:

{w_p + wan_3p™ 3, —pp} = p*" 2 (Owan_3 + Ow_t,_5) mod 1.

For the third generator of I we get

2n-3 2n-2 (

{wW_p + Wop_3p®™ 3, =P + Von_op®™ 2} = p W_OVop_ + 20W_Vgy,_5) mod I.

Denote by pb , and v, the image of fi9,-2 and v, under the flow generated by
H at time t. From the above computation we get

d t _3

Silon_o = OWap 3+ OW_loy o
d ¢ _ 3.99

Svh o = (w0 +20w_ )V

Instead of keeping 14,2, we work with the higher Beltrami differential o,. Since
all the pug; are zero in I, we have 15, 5 = 02. Therefore we get from the second

equation above %(02) = (w_9 + 20w_)(02) which gives

(4.2) %a = d(w'o!

We wish to have %ugw = 0 to stay with ps, o = 0. For o,, we show that we
can deform it to the constant function 1 on the unit disk, assuming o, vanishes
nowhere on A. We choose the path o = (1 -1%)o? + ¢ from the initial 0% to the
constant function 1. If ¢! = 0 for some ¢, we have to modify slightly the path. We
get Lot =1-09.

Denote by T the local inverse of the d-operator, i.e. O(Tf) = f = TOf for all
f e L*(A). The operator T is a pseudo—differential operator given by

f(©)
TI(:) = 5 [ EodC A
We can solve Equation (4.2) with T"
L= itT(l a2).
al

Putting this solution into the equation for % ph o, we can solve for wsy,_3:
wén—?) = _T(awt—yén—Q)'

Finally, we multiply H by a bump function, a function on A which is 1 in a
neighborhood of the origin and 0 outside a bigger neighborhood of the origin, which
ensures that the Hamiltonian vector field is compactly supported, so it can be in-
tegrated to all times. In particular for ¢ = 1 we get 0,(z) = 1 for all z near the
origin.

To show that the zero locus of ¢,, can not be changed by a higher diffeomorphism,
consider the singularity defined by

_ Von-2 oy _
f(p.p) =- p" 4+ pp? =0
2n—1

which is a Kleinian singularity of type D, if v5,,_5 # 0. Its deformation ideal <g—£, %)
is directly linked to our ideal I from Equation (4.1) by

(3_f of
op’ Op

) + <p’1§)n—1 = <p2n—17pp’ _ﬁQ + V2n—2p2n_2>'
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Since the type of a singularity is invariant under diffeomorphisms, so is its de-
formation ideal. This is why we cannot change 15, 5 = 0 to vs,.o # 0 by higher
diffeomorphisms. O

Remark. [t is interesting to notice the appearance of Kleinian singularities, which
have an ADE-classification. The fact that for g of type D,, the singularity is of type
D, is linked to the representation of 504, on C?*. There should be a more intrinsic
way to link g-complex structures to singularities of type g.

An idea in this direction is the following: the singularity of type g appears inside
the Lie algebra g, more precisely inside the nilpotent variety along the subregular
locus (see [St74]). A minimal resolution of this singularity is given by the Springer
resolution. There should be a link between g-Hilbert schemes and the Springer reso-
lution.

Since there are no local invariants for g-complex structures, only their global
geometry is non-trivial.

4.4. Definition of the moduli space. To define the moduli space of g-complex
structures, there is one more subtlety: in order to get one component, we have to
fix an orientation on Y. We then call a complex structure compatible if the induced
orientation coincides with the given orientation on 3. We call a g-complex structure
compatible if the induced complex structure is.

A

Definition 4.5. The moduli space Ty is the space of all compatible g-complex struc-
tures modulo the action of higher diffeomorphisms of type g.

Notice that a g-complex structure is compatible iff ps(2)f2(z) < 1. Reverting
the orientation on ¥ we get another copy of 7; corresponding to those g-complex
structures with po(2)f2(2) > 1.

Remark. One might define a moduli space of g-complex structures for general g
(not of classical type), by using a representation p: g < sl,,. We conjecture that the
associated moduli space does not depend on the choice of the representation p.

For g = sl; we get Teichmiiller space since we can reduce any Hamiltonian to
H =w(z, zZ)p which generates a linear diffeomorphism of 7*¥, coming from a diffeo-
morphism on Y isotopic to the identity.

For general g, there is a copy of Teichmiiller space inside:

Proposition 4.6. There is an injective map from Teichmailler space into the moduli
space Tg.

Proof. The proposition follows from the map v : Hilb(sly) - Hilb"¥(g) constructed
in Equation (1.2) in Section 1.4. This map restricts to a map between the zero-fibers
and extends over the surface . Finally the map descends to the quotient by higher
diffeomorphisms since for sl; we only quotient by diffeomorphisms of ¥. In terms of
higher Beltrami differentials, this map is simply given by ¥([p2]) = [(12,0,...,0)].
For injectivity, suppose [(f2,0,...,0)] is equivalent to [(p,0,...,0)] via a higher
diffeomorphism generated by H. Since terms of degree 2 or more do not affect po,
the equivalence is already obtained by the linear part of H, which is the extension
of a diffeomorphism of ¥. This diffeomorphism of ¥ sends ps to pf, so they are
equivalent. ([l
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Furthermore, the moduli space has the following properties:

Theorem 4.7. For g of type A,,, B, or C,,, and a surface ¥ of genus g > 2, the moduli
space ’f; is a contractible manifold of complex dimension (g—1)dimg. Further, along
the copy of Teichmaller space from Proposition 4.6, the cotangent bundle at any point
1 is given by

i = @ HO )

where (myq,...,m,.) are the exponents of g and r =rkg denotes the rank of g.

For type D,,, the moduli space 7; 18 a contractible topological space. The locus where
the zero-set of the higher Beltrami differential o, is a discrete set on X is a smooth
manifold with the same properties as above (dimension, cotangent space), with the
only difference that we have to take another copy of Teichmiiller space (not the one
from Proposition 4.6).

Notice that the differentials in H?(K™i*!) are holomorphic with respect to the
complex structure induced from the g-complex structure (see Proposition 3.2).

For the case D,,, we conjecture that the moduli space 7; is a topological manifold
everywhere. The points where the zero-set of g, is not discrete can have a cotangent
space which is strictly bigger than the space of holomorphic differentials. One can
think for example of the curve in R? given by ¢ — (¢3,¢2), shown in Figure 4, which

has a cusp at the origin, but is still a topological manifold.

FIGURE 4. Curve with cusp

Proof. The case for A, has been treated in Theorem 2 of [F'T19]. The cases B,, and
C,, are exactly analogous:

One shows that at every point, the cotangent space exists. From this follows
that 7; is a manifold. We have to check the appearance of the exponents of the
Lie algebra. Since ps; is a section of K172 ® K (see Equation (3.1)) its dual to; is
a section of K?. Since the exponents for B, and C, are the same and equal to
(1,3,...,2n - 1), we get the desired form stated in the theorem.

For g of type D,, we consider the subset on 7; where the zero-locus of ¢, is discrete
in X. Note that the copy of Teichmiiller space given by Proposition 4.6 has ¢,,(z) =0
for all z € . Instead, we consider an injection 72 < 7; given by pg;(z) = 0 for all
i=2,..,n-1and 0,(z) a fixed smooth section vanishing on a finite number of
points.

Along this part, we know that the variation of uo; under a higher diffeomorphism
generated by H = w_p+ Y720 wor, 1 p?*1! is given by dpig; = Ows;_; and Equation (4.2)
gives 0o, = 5(w,an). The variation of ug; is the same as in the case of type A, so
we know that these contribute to the cotangent bundle by a term H?(K?"). For the
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term o, we use the pairing between differential of type (1 -mn,1) and of type (n,0)
given by integration over the surface. We get

({60,}/0(w-0,))* = {t, e T(K") | [ t,0(w_0,) =0 Yw_eT(K)}
={t, e (K")| [ Ot,w_0,=0Vw_ el (K)}
={t,e(K")|0t, =0}
- HO(K™)
where we used that o,, vanishes only on a discrete set.
Hence the cotangent bundle is given by

R n-1
Ti T, = Q_}lHO(K?m) ® HO(K™).

The exponents of s0,, are precisely (1,3,...,2n—3,n - 1), so the cotangent bundle
is of the form stated in the theorem.

For the dimension of 74, we use dim HO(K™i*1) = (g - 1)(2m; + 1) by Riemann-
Roch (using g > 2). We get

~

dim7g = (g-1) i(2mi +1)=(9-1)dimg
i=1

using a well-known formula coming from the decomposition of g as sl,-module using
the principal sl,-triple.
Contractibility for all types is analogous to the case A,. OJ

From the previous theorem, we see that our moduli space 7; shares a lot of proper-
ties with the G-Hitchin component, in particular the dimension, contractibility and
the copy of Teichmiiller space. For G-Hitchin components, this copy of Teichmiiller
space can be described as follows: any representation of the G-Hitchin component
is a deformation of a representation of the form

() - PSLy(R) > G

where the first map is a Fuchsian representation and the second one is the prin-
cipal map. These maps form a copy of T2. Note that in both situations, Hitchin
component and 7;, the copy of Teichmiiller space is constructed using the principal
map.

Of course, we conjecture the equivalence of Hitchin’s component and the moduli
space of g-complex structures:

Conjecture 4.8. The moduli space 7:2 15 canonically homeomorphic to Hitchin’s
component in the character variety Hom(m(2),G)/G where G is the real split Lie
group associated to g.

4.5. Spectral curve. In this part, we construct a spectral curve in T*CY associated
to a cotangent vector to 7;, i.e. a g-complex structure and a set of holomorphic
differentials.

The case for g of type A,, was treated in [FT19], Section 4. In that paper, we
proved that the zero-fiber Hilby(C?) is Lagrangian in the reduced Hilbert scheme
Hilb!.,(C?). This stays true for all classical g:

red

Proposition 4.9. The regular zero-fiber Hilby“(g) is a Lagrangian subspace of
Hilb"(g) for classical g.
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Proof. Since we are in the regular part, Proposition 1.8 gives a parametrization. For
classical g, via the standard representation we can consider Hilb™(g) as subset of
Hilb,.;(C?) which remains symplectic and we can explicitly check that the zero-fiber

Hilby™(g) is Lagrangian. O
For general g, we conjecture the following, based on Conjecture 1.22:

Conjecture 4.10. The conjectural smooth version of the g-Hilbert scheme is sym-
plectic and the zero-fiber is a Lagrangian subspace.

If we assume Conjecture 1.16 true, stating that the modified version of the g-
Hilbert scheme is a minimal resolution of h2/W, we get a symplectic structure.
Indeed h2 = T*h has a canonical symplectic structure, which is invariant under the
action of W. Hence it lifts to the minimal resolution.

Now we construct the spectral curve. First, we look at g of type A,, B, or C,,.
We can write a cotangent vector in T*’f; as an equivalence class of higher Beltrami
differentials u; and holomorphic differentials ¢;. To write in a uniform way, set p;
or t; to 0 whenever it does not appear for g. For example for type B, or C, all
variables with odd index are 0.

Associate polynomials P(p) = p™ + Y, t;p™* and Q(p,p) = —p+ %, up*~! (where
m is the dimension of the standard representation of g). Put I = (P,Q). Define the
spectral curve ¥ c T*CY by the zero set of P and Q. It is a ramified cover over X
with m sheets. )

For g of type D,, a generic point in the cotangent bundle 7*7; corresponds to
the ideal

I=(p*" +top™" % + .+ bopaD® + T, =D+ Hop + oo + Honp™" )

which can be seen as a special case of A,,. Thus we can proceed as above. In the
case where 7, = 0 we have seen in 2.4 that the ideal changes to an ideal with three
generators. The zero-set of these generators still define a spectral curve in T*CX. It
is the limit of the curve when 7, — 0.

Proposition 4.11. The spectral curve S s Lagrangian to order 1 in the holomorphic
differentials t.

This is the precise analogue of Proposition 5 in [FT19].

Proof. In the case where the ideal has two generators P and () this is equivalent to
{P,Q} =0 mod I mod t? for I € T*7:. For A, the proof is given in loc. cit. For
B, and C), it is completely analogous since the g-complex structure can be seen as
a special case of A,,.

For g of type D,,, a generic ideal has still two generators, so we have a special
case of A,. If the ideal has three generators, the spectral curve is still Lagrangian
since it can be obtained as a limit of Lagrangian curves, and the property of being
Lagrangian is closed. U

Since the spectral curve is Lagrangian to order 1, the periods are well-defined up
to this order. The ratios of these periods should give coordinates on T’ *7; and also
on '7:. For the trivial g-complex structure (where all higher Beltrami differentials
are 0) we recover Hitchin’s spectral curve.
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Finally, we can recover the same spectral data as Hitchin in his paper on stable
bundles [Hi87]. From a g-complex structure we get a bundle V' over the surface X
whose fiber at a point z € ¥ is C[p, p]/I(z) where we use the idealic viewpoint. We
also get a line bundle L on & whose fiber is the eigenspace of M,,, the multiplication
operator by p in the quotient C[p, p]/I. This gives the spectral data for type A,,.

For g of type C,,, we get in addition an involution ¢ on the spectral curve 3 given
by (p,p) » (-p,-p). For g of type D,, the spectral curve is singular, having a
double point. The spectral data is given by a desingularization of 3, the involution
o as for C), and the line bundle L. For g of type B,,, there is a canonical subbundle
Vo ¢V =C[p,p]/I generated by the span of the image of 1 € C[p,p] in the quotient
Clp,p]/I (since for B, we have I c (p,p)). Thus the vector bundle V' is an extension
Vo = V = Vi. The spectral data is given by (Vg, V4,0, L, i)

5. HIGHER COMPLEX STRUCTURES FOR REAL LIE ALGEBRAS

5.1. Motivation and preliminaries. Hitchin’s approach to character varieties
proceeds in two steps: he considers Higgs bundles for a complex group G¢, which
by the non-abelian Hodge correspondence describe the complex character variety
Rep(mX,Ge), and then he finds a subset, invariant under an involution, which
corresponds to the representations in the split real group.

There is a notion of Higgs bundles, associated to some real Lie group Gg, whose
representations have values in Gg. For the definition of these Gg-Higgs bundles (or
just G-Higgs bundles), see [GPR18], Section 5.

We want to define a counterpart of Ggr-Higgs bundles in our language of punctual
Hilbert schemes. To do this, we need a generalisation of Kostant’s theory of regular
elements and principal slices to a real Lie algebra. This was done in the paper of
Kostant and Rallis [KR71]. We give a short summary of the material we need in
this section.

Consider a simple real Lie algebra gg. Fix a Cartan decomposition

gr = tr @ pPr.

All elements of pgr are semisimple, so there are no nilpotent elements. This is why
we pass to the complexifications pc and €c. Whenever we speak about a complex
object, we might omit the index, so we will write p instead of pc etc.

Denote by ag a maximal abelian subalgebra of pg. The dimension of ag is called
the real rank of ggr. Its complexification a is called the “baby Cartan”. For an
element x € p, it can be shown that

dim Z,(z) > dima

where Z,(z) denotes the centralizer of x inside p. Elements for which equality holds
are called regular.

Denote by 6 the Cartan involution, defined by 6 =id on g and € = —id on pg. It
extends to a Lie algebra involution on the complexification g and on the group G.
A central role is played by Ky :={g € G| 0(g) = g}. Tt clearly contains K = exp(¥)
but is strictly bigger (see Proposition 1 in [KR71]).

The philosophy of the Kostant-Rallis can then be summarized by: the analogue
of the Kostant theory for g in the “real” case is obtained by replacing g by p and
G by Ky. Note that the objects we manipulate are complex, but come from a real
form.
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Let us give three examples of this philosophy. First, the analogue of gr*9/G =
h/W for real Lie algebras reads (see Theorem 12 in [KR71] for the version on the
polynomial function level)

(5.1) p 9Ky = a/W(a).

Second, there is a unique open dense Kjy-orbit in the nilpotent variety of p (see
Theorem 6 in [KR71]). This is the precise analogue of the principal nilpotent orbit
for complex Lie algebras. Third, the nilpotent orbits of gr are in one-to-one corre-
spondence to the nilpotent K-orbits in p. This is the so-called Kostant-Sekiguchi
correspondence.

5.2. Hilbert scheme associated to real Lie algebras. Following the philosophy
of the Kostant-Rallis paper, we define a Hilbert scheme associated to a real Lie
algebra gr by imitating Definition 1.1.

Definition 5.1. The punctual Hilbert scheme associated to a real simple Lie algebra
gr 1S defined by

Hilb(gr) = {(A4,B) € p2 | [A,B] = OﬂdimZP(/LB) =1k gr}/Kpg

where Z,(A, B) is the common centralizer in p and Kg={geG|0(g) =g}.
The zero-fiber are those pairs (A, B) which are nilpotent.

Remark. Conceptually, it might be better to consider pairs (g,0) of a complex Lie
algebra g and a holomorphic involution 0. We get the setting for gr by taking the
Cartan involution, and we get the setting for g by considering g x g and 6(x,y) =
(y,x). Hence, this puts both situations into the same framework and emphasizes
that all objects are holomorphic.

Let us analyze the example of the split real form sly(R). We will see the necessity
of using Ky, and not only K =exp(¥).

Example 5.2. Consider gg = slo(R). The Cartan decomposition is given by
slh(R) =s0(2) @ pr

where pr = {A € slo(R) | AT = A} is the set of symmetric matrices. Thus, a matriz
m P 1s gien by

(5.2) (Z _ba)

for a,beC. Further, we have K =SO(2,C) and Ky = 0(2,C).

A direct computation gives that two matrices A and B in p commute iff B = uA
for some € CP! (u =00 means that (A, B) = (0,B)).

In the zero-fiber, we have nilpotent matrices in p, so we have a® + b*> = 0 using
the parametrization from Equation (5.2). Hence we have b = xia and we get two
possibilities:

(5.3) a(i _21) or a(_ll. :i)

Let us first compute the action of K = SO(2,C). An element of K is of the form

cost sty where t is a complex parameter. One computes that the action of this

element on a nilpotent matriz is given by multiplication by cos(2t) + isin(2t) which
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can be any non-zero complex number (recall that t € C). Therefore, in the list (5.3)
we can choose a =1 using the SO(2,C)-action.

We see that there are two nilpotent K -orbits which would give two components in
the zero-fiber of the punctual Hilbert scheme for sly(R). Using the conjugation by
Ky =0(2,C), the two matrices from Equation (5.3) are O(2,C)-conjugated to each
other. So we get only one principal nilpotent Kgy-orbit.

Let us analyze some properties of the Hilbert scheme Hilb(gg). First, there is a
natural map

(5.4) Hilb(gr) —~ Hilb(g)

coming from the inclusions p ¢ g and Ky c¢ G. This map is injective since G-
conjugated points in p are Ky-conjugated.

Using this inclusion, we can define an idealic map by composition Hilb(gr) —
Hilb(g) —» I;. For sly(R), this gives as one might expect

((2). (G 2)) (2P y - ).

In analogy with the complex case, we conjecture that modulo some identifications
of points, Hilb(gg) is a resolution of (axa)/W (a) and is covered by charts associated
to the nilpotent orbits of gg. Note that by the Kostant-Sekiguchi correspondence,
the nilpotent K-orbits in p are in bijection to the nilpotent orbits in gg. Thus, the
second statement generalizes Conjecture 1.23 to the real case.

In the case of a split real form, our Hilbert scheme gives in fact nothing new:

Theorem 5.3. For the split real form gspiir, we have
Hilb"™ (gspiir) = Hilb"™(g).

Proof. The split form has one key property which makes the link to g: the Cartan
subalgebra b of g can be chosen to be the baby Cartan a c p. In particular, the real
rank of g, is the same as the rank of g.

Consider the open dense part of Hilb"“(g) where the first element in a pair
[(A,B)] is regular. Then we can quotient out the G-conjugation action on the
first element to get

Hilb™(g) =~ g"*9 /G x C'*®
since Z(A) = C™*8. The same argument applied to gs: yields
Hilb"™ (gopiir) & p/Kp x CeOerit,
Now, we have
g"/G =b/W =a/W(a) = p/Ky
where we used a = b, and rk g = 1k gspiis-
Therefore we get a bijection between the two Hilbert schemes. O

Let us analyze the functorial behavior for Hilb(ggr). The two natural maps from
Subsection 1.4 generalize. In [KR71], Theorem 11, Kostant-Rallis prove the exis-
tence of a principal sly-triple (e, f,h) in p (unique up to Ky-action) and provide a
principal slice given by e+ Z(f). Hence, we can imitate exactly the argument which
gave Equation (1.2) to get a map

Hilb™ (sl,) — Hilb™ (gg).

As in the case for complex g, there is a map py : Hilb®(gr) — C which to
[(A, B)] associates the unique complex number ps such that A—pus B is not principal
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nilpotent. The proof is completely analogous to the one of Proposition 1.21 using

[KR71], Theorem 5.

5.3. gr-complex structures. Once we have the notion of a punctual Hilbert scheme
associated to gg, it is straight forward to define a ggr-complex structure, imitating
Definition 3.1:

Definition 5.4. A gr-complex structure on Y is a K-gauge class of matrix-
valued 1-forms which locally can be written as ®1(2)dz + Po(2)dz € QL(2,p), such
that [(P1(z), P2(z))] € Hilb(“(gr) and psfis # 1.

From the inclusion Hilb(ggr) — Hilb(g) we get:

Proposition 5.5. A gr-complezx structure induces a g-complex structure. In par-
ticular it induces a complex structure.

Proof. The inclusion Hilb(ggr) — Hilb(g) (see Equation 5.4) stays true on the level of
the regular part of the zero-fiber. Hence, by the definition, a gr-complex structure
induces a g-complex structure. The rest follows from Proposition 3.2. 0

Next, we wish to define higher diffeomorphisms and the moduli space. As for g,
we have to use an embedding of gr into some sl,,(R) which always exists by Ado’s
theorem.

Fix some inclusion gg < sl,,(R) inducing an inclusion p < sl,,(C). By simultane-
ous diagonalization inside sl,,,(C), a pair [(A, B)] € Hilb"(ggr) gives m points in C?
(the coordinates of these points being the eigenvalues of (A, B)). These m points
satisfy some symmetry property, expressing the fact that they come from Hilb(gg).

In analogy with Definition 4.1, we define a higher diffeomorphism of type
(gr, p) as a Hamiltonian diffeomorphism of T*Y whose extension to T*C3 preserves
this symmetry property. For gr a real form of a classical Lie algebra g, we use the
standard inclusion. We restrict to classical types from now on.

Finally, we define the moduli space of gg-complex structures, denoted by
7;]]{, as the equivalence classes of ggr-complex structures under the action of higher
diffeomorphisms of type gg.

Since a gg-complex structure induces a complex structure (see Proposition 5.5), we
get a map from 7;1@ to Teichmiiller space. Using the map Hilb"™(sly) — Hilb"“(gg)
(see paragraph before 5.3), we get an injection from Teichmiiller space into ’7AER.
Further, we get the following theorem:

Theorem 5.6. There is a map R )

Tor = T
which is an isomorphism for the split real form gspii-
Proof. Equation (5.4) gives the map between the corresponding Hilbert schemes.
Further, a higher diffeomorphism of type ggr is always a higher diffeomorphism of
type g.

Consider now the split real form. By Theorem 5.3, we have Hilb(™(gspit) 2
Hilb;™(g). This implies that a ggyi:-complex structure is the same as a g-complex
structure.

Finally, we prove that a higher diffeomorphism of type gy is the same as a
higher diffeomorphism of type g. Again by Theorem 5.3, the possible eigenvalues
of a pair [(A, B)] € Hilb"(g,p;) are the same as for a pair in Hilb™(g), since
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both are in bijection. So the extra symmetry which has to be preserved by a higher
diffeomorphism is the same. The equivalence between the two notions of higher
diffeomorphisms, and thus of the two moduli spaces follows. O

It would be very interesting to compute the moduli space for a non-split real form.

In [GPR18], the authors construct an analogue to the Hitchin fibration between
the moduli space of Gr-Higgs bundles and the Hitchin base, using invariant poly-
nomials. They also construct a section to this fibration, called the Hitchin-Kostant-
Rallis section. In the split real case, this simply gives the Hitchin section.

We close by enlarging Conjecture 4.8 about the link between our moduli space
and Hitchin’s component to the following;:

Conjecture 5.7. Our moduli space 7}11@ s canonically homeomorphic to the image
of the Hitchin-Kostant-Rallis section.

Note that the image of the HKR-section through the non-abelian Hodge corre-
spondence is not in general a component in the character variety Rep(m(X), Gr).

To attack this conjecture, one should either try to generalize the techniques de-
veloped in [Th20] (where several steps for the case sl,,(C) has been proven), or to
use a representation p : g — sl,(R) and Theorem 5.6 to recast the problem in the
realm of sl,,(C).

APPENDIX A. PUNCTUAL HILBERT SCHEMES REVISITED

In this appendix, we review the punctual Hilbert scheme of the plane with its
various viewpoints. Main references are Nakajima’s book [Na99] and Haiman’s paper
[Ha9g].

A.1. Definition. To start, consider n points in the plane C? as an algebraic variety,
i.e. defined by some ideal I in C[z,y]. Its function space C[z,y]/I is of dimension
n, since a function on n points is defined by its n values. So the ideal I is of
codimension n. The space of all such ideals, or in more algebraic language, the
space of all zero-subschemes of the plane of given length, is the punctual Hilbert
scheme:

Definition A.1. The punctual Hilbert scheme Hilb"(C?) of length n of the
plane is the set of ideals of C[x,y] of codimension n:

Hilb™(C?) = {[ ideal of C[x,y]|dim(C[z,y]/I) =n}.

The subspace of Hilb"(C?) consisting of all ideals supported at 0, i.e. whose as-
sociated algebraic variety is (0,0), is called the zero-fiber of the punctual Hilbert
scheme and is denoted by Hilby (C?).

A theorem of Grothendieck and Fogarty asserts that Hilb"(C?) is a smooth and
irreducible variety of dimension 2n (see [Fo68|). The zero-fiber Hilbj(C?) is an
irreducible variety of dimension n — 1, but it is in general not smooth.

A generic element of Hilb"(C?), geometrically given by n distinct points, is given
by

I= (2™ + 82" ot by, =Y + i+ T+ o+ 1,2

The second term can be seen as the Lagrange interpolation polynomial of the n
points.
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A generic element of the zero-fiber is given by

1= <x",—y+,u2:17+ +,un:17”_1).

A.2. Resolution of singularities. Given an ideal I of codimension n, we can
associate its support, the algebraic variety defined by I, which is a collection of
n points (counted with multiplicity). The order of the points does not matter, so
there is a map, called the Chow map, from Hilb"(C?) to Sym"(C?) := (C?)"/S,,
the configuration space of n points (S,, denotes the symmetric group). A theorem
of Fogarty asserts that the punctual Hilbert scheme is a minimal resolution of the
configuration space.

In order to get a feeling for a general Lie algebra, notice that n points of C? is
the same as two points in the Cartan b of gl,,, and that the symmetric group is the
Weyl group W of gl,,. So the configuration space equals h2/W for g = gl,,.

A.3. Matrix viewpoint. To an ideal I of codimension n, we can associate two
matrices: the multiplication operators M, and M, acting on the quotient C[xz,y]/I
by multiplication by x and y respectively. To be more precise, we can associate a
conjugacy class of the pair: [(M,, M,)].

The two matrices M, and M, commute and they admit a cyclic vector, the image
of 1 € C[z,y] in the quotient (i.e. 1 under the action of both M, and M, generate
the whole quotient).

Proposition A.2. There is a bijection between the Hilbert scheme and conjugacy
classes of certain commuting matrices:

Hilb"(C?) = {(A,B) e gl2 | [A, B] = 0, (A, B) admits a cyclic vector}/G L,

The inverse construction goes as follows: to a conjugacy class [(A, B)], associate
the ideal I = {P € C[z,y] | P(A, B) = 0}, which is well-defined and of codimension
n (using the fact that (A, B) admits a cyclic vector). For more details see [Na99].

It is this bijection which we use in the main text to generalize the punctual Hilbert
scheme. Notice that the zero-fiber of the Hilbert scheme corresponds to nilpotent
commuting matrices.

A.4. Reduced Hilbert scheme. We wish to define a subspace of Hilb"(C?) cor-
responding to matrices in sl, in the matrix viewpoint. A generic point should be a
pair of points in the Cartan b of sl,, modulo order. This corresponds to n points in
the plane with barycenter 0.

Definition A.3. The reduced Hilbert scheme Hilb!,,(C?) is the space of all

elements of Hilb™(C?) whose image under the Chow map (n points with multiplicity
modulo order) has barycenter 0.

With this definition, we get

Proposition A.4.
Hilb" ,(C?) = {(A, B) esl? | [A,B] = 0, (A, B) admits a cyclic vector}/SL,.

red

Finally, it can be proven that the reduced Hilbert scheme is symplectic and that
the zero-fiber Hilbj (C?) is a Lagrangian subspace of Hilb;.,,(C?).

red
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APPENDIX B. REGULAR ELEMENTS IN SEMISIMPLE LIE ALGEBRAS

In this appendix, we gather all properties we need in the main text of regular
elements in semisimple Lie algebras and we give precise references for these results.
The main references are the books of Collingwood and McGovern [CM93], Steinberg
[St74] and Humphreys [Hu95], as well as the papers [Ko59] and [Ko63] by Kostant.

Definition B.1. An element x € g is called regular if the dimension of its central-
izer Z(x) is equal to the rank of the Lie algebra vk(g). A regular nilpotent element
18 called principal nilpotent.

Remark. Notice that in older literature, regular elements are defined in another
way, using the characteristic polynomial of the adjoint map. The “old” notion in-
cludes only semisimple reqular (in the sens above) elements.

The condition that the dimension of the centralizer has to be equal to the rank,
does not come from nowhere: in fact it is the minimal possible dimension.

Proposition B.2. For any = € g, we have dim Z(x) > rk(g).

See for example Lemma 2.1.15. in [CM93].
For the Lie algebras gl,, and sl,,, we have the following characterization of regular
elements from Steinberg [St74], Proposition 2 in Section 3.5:

Proposition B.3. For g =gl, orsl, and x € g, we have the following equivalence:
x 18 reqular < |, = Xz < x© admits a cyclic vector

where i, and x, denote respectively the minimal and the characteristic polynomial
of x, seen as a matric.

Let us turn to the study of regular elements which are nilpotent.

Theorem B.4. There is a unique open dense orbit in the nilpotent variety consisting
of principal nilpotent elements.

The original proof is due to Kostant, see Corollary 5.5. in [Ko59]. See also
Theorem 4.1.6. in [CM93].

There is a useful characterization of principal nilpotent elements in coordinates.
For this, fix a root system R, and a direction giving the positive roots R,. Denote
by (€a)acr @ basis of g given by root vectors. Denote by n, the positive nilpotent
elements generated by (e, )acr, (for sl,, we get upper triangular matrices).

Proposition B.5. Let Aen,. Then A=} g, Aacqa is principal nilpotent iff A, # 0
for all stmple roots «.

This proposition can be found in [Ko59], Theorem 5.3.
For a principal nilpotent element f, its centralizer Z(f) has properties quite
analogous to a Cartan, the centralizer of a regular semisimple element:

Theorem B.6. For f a principal nilpotent element, its centralizer Z(f) is abelian
and nilpotent.

Kostant proves even more, using a limit argument: for any element x € g, there
is an abelian subalgebra of Z(z) of dimension rkg, see [Ko59], theorem 5.7. The
nilpotency of Z( f) can be found in [St74], corollary in Section 3.7. The more precise
structure of Z(z) for any nilpotent x is described in [CM93], Section 3.4.
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A principal nilpotent element permits to give a preferred representative of a con-
jugacy class of regular elements. Given f principal nilpotent, denote by e the other
nilpotent element in a principal sly-triple constructed from f (see Kostant [Ko59]).
Then we get

Proposition B.7. Any regular orbit intersects f + Z(e) in a unique point. So we
have g9 |G = f + Z(e).

This follows from Lemma 10 of [Ko63]. The set f+ Z(e) is called a principal slice
of g (also Kostant section).

We are now going to “double” the previous setting. Define the commuting variety
to be Comm(g) := {(A,B) eg?|[A, B] =0}.

Theorem B.8 (Richardson). The set of commuting semisimple elements is dense
in the commuting variety Comm(g).

See the paper of Richardson [Ri79] for a proof. As a consequence, Comm(g) is
an irreducible variety, but highly singular.

With this, we can explore the minimal dimension of a centralizer of a commuting
pair:

Proposition B.9. For (A, B) € Comm(g), we have dim Z(A, B) >rkg.
Proof. Consider the set M of elements with centralizer of minimal dimension. Since
M ={(A, B) e Comm(g) | rk(ad,adp) maximal}

we see that M is Zariski-open. By the theorem of Richardson it intersects the space
of semisimple pairs for which the common centralizer is a Cartan b, so of dimension
rk g. 0

APPENDIX C. HAIMAN COORDINATES

We already mentioned a uniform way to get coordinates in the chart of Hilb"(C?)
associated to a Young diagram D. These are described by Haiman in his paper
[Ha98]. We describe them here for completeness and to give a detail of its symplectic
structure which seems to be new.

The construction of Haiman’s coordinates goes as follows: For each box B, € D
consider the rightmost box B, € D in the same row as B, and the bottommost box
By € D in the same column as B, (see Figure 5). The box B,,; to the right of B, is
not in D, so gives a linear combination of boxes in D. Denote by b, , the coefficient
of By in this linear combination. Similarly, denote by b, the coefficient of B, in the
linear combination associated to the box Bp.; at the bottom of B,. Haiman shows
that the set {b,,,b.p}zep Is a coordinate system.

B.| |B,|Bx
Bp

1 1
Bo+

FiGURE 5. Haiman’s coordinates

One can try to write the symplectic structure in the Haiman coordinates. In
general, this gives a quite complicated expression. In one special case, the situation
is easy:
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Proposition C.1. If the Young diagram is a rectangle, then Haiman’s coordinates
{bsr,bap}zep are canonical coordinates with respect to the symplectic structure of
the punctual Hilbert scheme.

The idea of the proof is to compute the symplectic form in the basis adapted to
the Young diagram.

Proof. The symplectic structure of the punctual Hilbert scheme comes from the
canonical symplectic structure of C?* given by w = ¥, dx; A dy;. Consider the mul-
tiplication operators M, and M, in the quotient C[z,y]/] where I is an element
in the Hilbert scheme (idealic viewpoint). Diagonalizing these operators give di-
agonal matrices with entries (z1,...,x,) and (yi,...,y,). Hence we can express the
symplectic structure by

W= dei Ady; = trdM, A dM,,.

Changing to the base adapted to the Young diagram D (basis generated by mono-
mials x?y/ where (i,j) € D), the matrix M, becomes a matrix N, with entries 1 on
the line under the diagonal, apart from some columns where the linear combination
associated to some B, is written. Similarly, the matrix M, becomes a matrix N,
where the only columns which are non-constant are the last ones where the linear
combination associated to the By, are written.

If we denote by T the transition matrix, we get d(TM,T-') = d(T)M, T +
Td(M, )T~ +TM,d(T-'). A lengthy but straight forward computation, using the
cyclicity of the trace and the fact that M, and M, commute, shows that

tr My A M, = trd(TM,T™) Ad(TM,T™) = tr N, A N,,.

Let us now use the fact that the Young diagram is a rectangle, say with k rows
and [ columns. By definition of the Haiman coordinates, we can compute where
they appear in N, and N,. For a€[1,...,k] and S e[1,...,1], we get

(N2)ik-1)+8,01 = ba,p),r a0d (Ny)ari(k-1)+8 = b(a,8),0-

Finally, since the only non-zero rows of dN, are those in position al and the only
non-zero columns of dN,, are those in position [(k-1)+ /3, we see that tr dN, AdN, =
Ywep dby » A dby . Therefore we conclude:

w=trdM, ndM, = trdN, AdN, = 3" db . A dby .

zeD
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