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Abstract. To a graph, Hausel and Proudfoot associate two complex manifolds, B and D, which
behave, respectively, like moduli of local systems on a Riemann surface and moduli of Higgs
bundles. For instance, B is a moduli space of microlocal sheaves, which generalize local systems,
and ® carries the structure of a complex integrable system.

We show the Euler characteristics of these varieties count spanning subtrees of the graph, and
the point-count over a finite field for B is a generating polynomial for spanning subgraphs. This
polynomial satisfies a deletion-contraction relation, which we lift to a deletion-contraction exact
triangle for the cohomology of 8. There is a corresponding triangle for .

Finally, we prove that 5 and " are diffeomorphic, the diffeomorphism carries the weight fil-
tration on the cohomology of B to the perverse Leray filtration on the cohomology of , and all
these structures are compatible with the deletion-contraction triangles.
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1. Introduction

Consider the following spaces:

e B, the locus C2 \ {1 4+ xy = 0}, the first nontrivial multiplicative quiver variety, the
moduli of microlocal sheaves on a singular Lagrangian torus;

e ®, a neighborhood of the nodal elliptic curve in its versal deformation, the simplest
degeneration in a complex integrable system, a local model for 4-dimensional hyper-
kihler geometry.

Each of the above spaces is the progenitor of a family, with one member for each
connected multigraph IT" with loops. The initial examples are those associated to the
graph (». These families were introduced by Hausel and Proudfoot [41], who observed
that %8 and © are analogous to moduli of local systems and the moduli of Higgs bundles
on an algebraic curve, respectively, and conjectured the existence of diffeomorphisms
B(I') = D(T'), analogous to the nonabelian Hodge correspondence.

That correspondence [77-79] relates three perspectives on nonabelian Lie-group-
valued cohomology: locally constant sheaves (Betti), bundles with connection (de Rham),
and Higgs bundles (Dolbeault). We are most interested in the case where the underly-
ing variety is an algebraic curve C, and in the (non-complex-analytic!) diffeomorphism
between the moduli Mp(C, n) of rank n locally constant simple sheaves, i.e. simple rep-
resentations 771 (C) — GL, (C), and the moduli M5(C, n) of stable rank n Higgs bundles.
The Higgs bundle moduli carries Hitchin’s integrable system, H : M3(C,n) — A, where
A parameterizes n-multisections of T7*C (‘spectral curves’) [46,47]. The fiber over the
point corresponding to a smooth spectral curve X is its Jacobian J(X).

We believe B(I") and ©O(I") are in some sense microlocal versions of the nonabelian
cohomology spaces, and give some ideas in this direction in Remark 1.2.2. In any case,
Hausel and Proudfoot conjectured the following relationship between them, which we
establish:

Theorem 1.0.1 (Theorem 11.1.6). For any graph T, there is a canonical homotopy equiv-
alence induced by a noncanonical open embedding D(I') C B(I).

Remark 1.0.2. The results of the present article are cohomological in nature, so do not
depend on the precise geometric details of the embedding above; in fact, we construct
a family of such embeddings depending on various parameters, and any of these may
be used. For purely motivational purposes (to sharpen the analogy with the nonabelian
Hodge correspondence), we note the following possibilities. ®(I") carries a (noncom-
plete) hyperkihler metric, and in particular a twistor sphere of complex structures. Using
Theorem B.0.1, it is possible to choose the embedding D(I") C B(I") such that the com-
plex structure on B(T") restricts to one of the complex structures on D(I"), different
from the one in which © admits a holomorphic integrable system. It is also possible
to deform the open embedding to a (not especially natural) diffeomorphism, by using
Proposition 11.1.9.
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Recall that the Grothendieck ring of varieties is formally generated by varieties, sub-
ject to the relation | X | = |X \ Y| + |Y| when Y is a subvariety of X, and we write | X|,
|Y|], etc. to denote the class in the Grothendieck ring. The ring structure descends from
the Cartesian product of varieties.

Theorem 1.0.3. The following identities hold in the Grothendieck ring of varieties:

1B(O)| =L>—L+1, (1.1)
IB(T'/e)], e is a bridge,
BI)] =1 BT \e)-1B(O), e is a loop, (1.2)
BT \e)|-L+ |B(/e)|, otherwise,
B = > (L—12r@ph =5, (1.3)
T'’eSpan(I")

In particular, the Euler characteristic of B(I") is the number of spanning subtrees of T.

Here, (1.1) is elementary, and (1.3) follows from (1.1), (1.2), and general facts about
the Tutte polynomial [6, Chapter 10, Theorem 2]. Theorem 1.0.3 is proven in Section 6.4.

Let us recall the relationship between the Grothendieck ring of varieties and coho-
mology. The cohomology of any algebraic variety X carries two filtrations; a decreasing
‘Hodge’ filtration and an increasing ‘weight’ filtration [18-20]. We are interested here in
the latter; its ith step on the jth cohomology group is denoted W; H/ (X), and the asso-
ciated graded spaces are denoted by ger H/(X). One records these dimensions in the
mixed Poincaré polynomial:

PX(q.1) = Zqit-i dimger H/(X)
i,j
Under specializing ¢ — 1, one recovers the usual Poincaré polynomial. There is an analo-
gous construction with compactly supported cohomology, PcX (g,t). When X is smooth,
one has the Poincaré duality PX (q,7) = ()™ X PX(g=',¢="). In any case, PX (¢,—1)
factors through the Grothendieck ring.

In [42], the quantity PX (g, —1) was determined for the character varieties Mg (C),
and also for twisted versions corresponding to Higgs bundles of nonzero degree.' These
explicit formulas, together with the complete description of the cohomology for GL(2),
led to a conjectural formula for the full mixed Hodge polynomial. Inspection of the con-
jectural formula suggested certain curious properties of the cohomology [42].

The remarkable ‘P = W’ conjecture of [14] was proposed to explain these curiosi-
ties. The setup is as follows. Given any map f : X — A of algebraic varieties, there is a
filtration on H*(X) =~ H*(A4, Rf.Cx) arising from truncation of Rf,Cy in the (middle)

1[42] does not compute classes in the Grothendieck ring, and in fact these remain unknown.
Instead, they determine PCX (g, —1) by counting points over finite fields.



Deletion-contraction triangles for Hausel-Proudfoot varieties 2569

perverse ¢-structure on A; this is termed the perverse Leray filtration. The P = W con-
jecture asserts that under Simpson’s correspondence, the weight filtration on the character
variety goes to the perverse Leray filtration associated to Hitchin’s integrable system on
the moduli of Higgs bundles. This conjecture was established in [14] in the GL(2) case,
and very recently for any rank on a genus 2 curve [13]. One of its original motivations,
the ‘curious Hard Lefschetz’ conjecture, is now established [59]. Some additional special
cases have been verified [73, 82], and some tests of structural predictions verified [16].
A certain limit of the conjecture appears to be related to a comparison of limiting behav-
ior of the Hitchin fibration with the geometry of the boundary complex of the character
variety [76]. Relationships between perverse and weight filtrations have also been found
in other settings of hyperkihler geometry [15,38,39]. In particular, the 4-real-dimensional
examples of the spaces under investigation here were studied in [84]. A similar sounding
(but at present not directly related) statement has been found in homological mirror sym-
metry [51]. While this paper was in review, the original conjecture was addressed by
two preprints: one by Hausel, Mellit, Minets and Schiffmann [40], and one by Maulik—
Shen [57].

In our setting, the space ®(I") is the central fiber of a certain natural family; we
may correspondingly equip its cohomology with a perverse filtration. Meanwhile, B(I")
carries a weight filtration, due to being an algebraic variety. We will prove:

Theorem 1.0.4 (Theorem 11.2.6). The homotopy equivalence D(I') — B(T") carries the
weight filtration on H* (B (")) to (twice) the perverse Leray filtration on H* (D(T")).

Our argument does not proceed by computing both sides. Indeed, we do not know
generators for the cohomology ring, much less relations. While we know PC%(F)(q, —1),
. B(I) . .
we do not have even a conjecture on P, (g, t), or on the analogous perverse Poincaré
polynomial of ®(T").
Instead we proceed by upgrading the deletion-contraction relations of Theorem 1.0.3
to deletion-contraction exact triangles. By the end we will have shown:

Theorem 1.0.5 (Theorems 6.3.5, 8.5.3, 11.3.1, 11.3.2). For any edge e which is neither
a loop nor a bridge, there are deletion-contraction long exact sequences, intertwined by
pullback along D (I') — B(I"),

— H72(B( \ o). Q)(-1) — H*(B(I).Q) — H*(B('/e).Q) —

| | |

— H2(D(T \ e). Q){~1} — H*(D(I).Q) — H*'(D(I'/e).Q) —

The sequences are strictly compatible with the weight and perverse Leray filtrations,
respectively. The (—1) and {—1} indicate shifts of these filtrations.

The existence of the intertwined long exact sequences is nontrivial, but in some sense
it is proven by pure thought, using the excision triangle on the top, the nearby-vanishing
triangle at the bottom, and geometric arguments for commutativity of the diagram. One
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would like to conclude compatibility with filtrations by induction on the size of the graph.
This does not immediately work, for two reasons. The first: we do not know a pure thought
argument that the Dolbeault sequence is strictly compatible with the perverse Leray fil-
tration; in fact, we will only learn this at the very end of the paper. The second: even had
we known this, there is the following difficulty: consider two short exact sequences of
filtered vector spaces, and maps strictly compatible with the filtration. Suppose given an
isomorphism of the underlying short exact sequences which respects the filtration save on
the middle term. Must it respect the filtrations on the middle term? Alas, no.

To deal with these difficulties we introduce yet a third filtration, which is defined only
in terms of the deletion maps.

Definition 1.0.6 (Deletion filtration). Let Graph® be the category whose objects are con-
nected oriented graphs and whose morphisms are inclusions whose complement contains
no loop. Let grab be the category whose objects are graded abelian groups, and whose
morphisms are arbitrary (not graded) abelian group morphisms. Let

A® : Graph® — grab

be a covariant functor such that A®*(I"" — I') has degree 2|T"| — 2|T"’|, i.e., the correspond-
ing map A*(T)[2|T’|] = A®*(I")[2|T"|] has degree zero.

If T has only loops and bridges, then we define 0 = D;_;(4(I")) C D; (4’ (")) =
Al (T"). Otherwise, we set

D;—A'(I") = Span({image(A™*(I")) | [T\ T'| = k}).
Here the span is over all maps IV — T'.

It is immediate from the definition that D, is (not necessarily strictly) preserved by all
maps A(T C T) : A(T)H{T’|} — A(T){|T|} where {-} indicates a shift of the filtration.
It is also evident that it is the minimal such filtration.

Once we have shown the deletion maps act identically on the cohomology of the B(I")
and D(T), it follows that the corresponding deletion filtrations must agree on the 26 and
© sides. Thus it remains to show the deletion filtration agrees with the weight and per-
verse filtrations. This proves to be rather involved; our argument depends on introducing
a combinatorial model in which the third filtration is manifest, and then arguing on each
side that this combinatorial model can be realized by some (rather different on the two
sides) geometric construction.

1.1. Outline

We begin in Section 3 by recalling from [61] the combinatorial description of a certain
complex C(I") associated to any graph. This complex will turn out to have geometric
interpretations both as the cohomology of B(I"), and of ®(I"). Nevertheless in Section 3
we confine ourselves to a purely combinatorial discussion. We construct explicitly the
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deletion-contraction filtration exact sequence, and note some of its properties. In particu-
lar, we observe that the deletion-contraction sequences themselves induce a filtration on
the cohomology. A key point about €(I") is that the resulting filtration is easy to describe.

In Section 4 we adapt the formalism of moment maps and symplectic reduction to
situations when no symplectic structure is present. Symplectic reduction applies in the
situation of a group G acting on a symplectic manifold with moment map u : X — g*
(which, together with the symplectic structure, encodes the group action). Here we con-
sider arbitrary spaces X with an action of a group G preserving amap u : X — A to an
abelian group A; we call such things (G, A)-spaces. The map p in no way encodes the
group action.

Nevertheless, given a (G, A)-space X, we can define its reduction X //,,e A G =
w1(n)/G. Given two (G, A)-spaces X, Y, we can form a product (G, A)-space X o Y.
Similarly, we can form the quotient X * Y = X ¢ Y // G. This construction is ‘functorial’,
meaning thatamap Y’ — Y inducesamap X Y’ — X x Y.

In Section 5 we build spaces from graphs. From any (G, A)-space X together with
a graph I" and an element 7,, € A for each vertex of I', we construct a space X(I', n) in
Section 5.1. In particular, X is recovered from the one-loop graph: X = X(().

Given an edge e in ", we form new graphs I'/e and T" \ e by contracting (resp. delet-
ing) e. Our main tools for studying X (I") are the two relations of the form X(I"/e) » X =
X(I') and X(I'/e) » point = X(T"\ e).

In Section 6 we turn our attention to the spaces B(I"). They are built from the basic
space B = C? \ {xy + 1 = 0}. Using functoriality of the  product, we turn properties
of B into properties of B(I"). In Section 6.3, we use this to obtain the Betti deletion-
contraction sequence

— H72(B( \ e). Q(=1)) = H*(B(I), Q) — H*(B(I'/e). Q) — .

The key geometric construction is an embedding of a line bundle over B(T" \ e) into
B(I'), with complement B(I"/e). The resulting long exact sequence of a pair is our
deletion-contraction sequence. The same geometry immediately implies equation (1.2)
above.

The deletion maps equip the cohomology of B(I") with a deletion filtration. The dele-
tion maps are induced by maps of algebraic varieties, hence respect the weight filtration;
minimality of the deletion filtration implies it is bounded by the weight filtration. In fact,
they are equal; to prove this we construct an explicit complex of differential forms, which
on the one hand is sensitive to the weight filtration, and on the other, can be identified
with the complex €(I"), compatibly with deletion-contraction. The deletion filtration is
explicit on €(T"), allowing us to conclude.

In Section 8, we turn to the Dolbeault space D(I"). The special case ® = D((») is
the Tate curve, and the more general spaces are degenerating families of abelian varieties
built as subquotients of powers of D((»). We study these spaces in families; in particular,
there is a family of spaces over the unit disk D C C whose general fiber is D(I"/e), whose
special fiber is homotopic to D(I"), and whose singular locus is homotopic to D(T" \ e).
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The nearby-vanishing triangle gives rise, ultimately, to the deletion-contraction sequence
in this setting.

As with the moduli of Higgs bundles, the spaces D(I") have the structure of complex
analytic integrable systems. We explore this structure further in Section 9, in particular
describing the fibers and characterizing the monodromy. We need these results to show the
deletion maps preserve the perverse filtration, hence that the deletion filtration is bounded
by the perverse filtration. Additionally, borrowing a calculation of [61], we show that
€(I") also computes the cohomology of the spaces D(I"), compatibly with the perverse
filtrations.

Finally, in Section 11, we begin comparing 8 and ®. First we construct a smooth
embedding and homotopy equivalence between the basic spaces, © C 8. Due to the
similarity of the constructions of these spaces, this induces a similar inclusion ©(I") C
B(I"), thus proving Theorem 1.0.1 (= 11.1.6).

We show in Section 11.3 that the deletion maps are intertwined by ©(I") — B(I).
The key geometric input is a relation between the subspace used in the long exact
sequence of a pair (on the Betti side) and the vanishing thimble for the degenerating
family (on the Dolbeault side). It follows immediately that the Betti and Dolbeault dele-
tion filtrations are identified. In particular, dimensions of the associated graded pieces of
the Dolbeault deletion filtration equal those of the C-filtration. Then since the Dolbeault
deletion filtration is bounded by the perverse Leray filtration, but both these have associ-
ated graded dimensions matching that of the C-filtration, we conclude that in fact these
filtrations must be equal. Having identified the deletion filtrations with the weight and
perverse Leray filtrations on the respective sides, we deduce Theorem 1.0.4 (= 11.2.6).
Some further geometric considerations give the full intertwining of Theorem 1.0.5.

1.2. Some additional remarks

Remark 1.2.1. More generally, the spaces B(I") and ©(I") can be (and were originally
[41]) defined with an arbitrary integer matrix in place of the adjacency matrix of the graph;
in this generality they have orbifold points (see Remark 5.3.4). Deletion-contraction rela-
tions have a well known generalization to this matroidal setting [70, Chapter 3]. We expect
that in fact all the results of the paper generalize as well, with proofs complicated only by
increased bookkeeping.

Remark 1.2.2. Here we will explain that B(I") and D (I") in some sense model the non-
abelian cohomology spaces ‘near’ a nodal spectral curve with dual graph I, and that this,
along with our results, hints at the existence of a ‘microlocal’ version of nonabelian Hodge
theory.

By microlocal, we mean as always ‘locally in the cotangent bundle’, i.e. locally
around the spectral curve ¥ C T*C, and correspondingly locally around the correspond-
ing Hitchin fiber, itself a multisection of the cotangent bundle 7*Bungy, (C).

Consider a smooth spectral curve. A neighborhood of J(X) inside M3(C,n) will
be diffeomorphic (and in fact symplectomorphic) to a neighborhood of the zero section
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of T*J(X) = M3(Z, 1), which in turn is — by the abelian case of the nonabelian Hodge
correspondence — diffeomorphic to Mp (X, 1). That is, there is a diffeomorphism between
a neighborhood of the Dolbeault data for ¥ and the moduli space of Betti data on X.

We turn to singular spectral curves. Assuming X is a reduced, possibly reducible,
curve, the Hitchin fiber is a compactification of its Jacobian; we denote it J (2). We will
be interested in the cohomology of this singular fiber. Denoting by 3 the normalization
of the curve, it is known that H*(J (X)) = H*(J(f])) ® D(X) for some graded vector
space D(X) depending only on the singularities of X.”

Here we focus on the simplest case, when X has only nodes. Let I'y; be the dual graph:
it has vertices for the irreducible components of 3, and edges for the nodes. Let us explain
how the D(I'y) is similar to a neighborhood in the Hitchin system of the fiber over [X].
The space D(I'y) is smooth; D(T'y) x J(f)) has the same dimension as M3(C, n), and
it follows from its construction that ®(I"x) carries the structure of an integrable system.
The data defining D (I") did not depend on complex structure parameters, so it cannot be
expected that the central fiber of ©(T") is analytically related to the Hitchin fiber J (X).
In fact, even when X has rational components, the corresponding central fibers need not
be homeomorphic, and even if they are, the corresponding integrable systems need not
be fiberwise homeomorphic. Nevertheless, we will see that H*(D(I'y)) = D(X), in fact
compatibly with the perverse Leray filtration (see Remark 10.3.5). In this sense, D(I's)
is a model (or replacement) for the local topology in M3(C, n) around J (D).

There is also a sense in which B(I"y) captures ‘Betti information near X’. More pre-
cisely, one can view X as a (singular) Lagrangian and study the moduli space Mp (%, 1)
of rank 1 microlocal sheaves on ¥.> Were ~ smooth, this would be the space of rank 1
local systems we encountered above. In the nodal case, moduli of microlocal sheaves is
shown in [4] to match certain multiplicative Nakajima varieties [12, 83]; comparing the
results there to the definitions here, it is immediate that there is an algebraic isomorphism

Mp(2,1) = Mp(E,1) x B(Ty).

In fact, the relationship between microlocal sheaves on a spectral cover and the neigh-
borhood of the corresponding Hitchin fiber should hold in some greater generality. In
particular, at least for spectral curves the links of whose singularities are torus knots, a
similar statement can be tortured out of the identification in [74] of moduli of Stokes data
as moduli of sheaves microsupported along a Legendrian, plus the nonabelian Hodge cor-

ZWhen X is not irreducible, the compactification of the Jacobian depends on the choice of a
stability condition. However, it follows from [61] that H * (J (X)) is in fact independent of a generic
such choice, and genericity is known to follow from smoothness of the total space of the Hitchin
fibration.

3Equivalently [31, Section 6.2], of the wrapped Fukaya category of a completion of a neigbor-
hood of X. From this point of view, one sees an embedding Mg (X, 1) — Mp(C, n) is induced
by pullback of pseudo-perfect modules under a nonexact Viterbo restriction, modulo convergence
issues. The case of smooth spectral curve is [27]. What is by no means clear is if or why J (X) lies
in the image, let alone why it should be a deformation retract thereof. We will not use or discuss
this further here.



Z. Dancso, M. McBreen, V. Shende 2574

respondence in the presence of irregular singularities [5]. As explained in the introduction
of [75], a comparison of the numerics of that article with those of [33,68] reveals a faint
shadow of a ‘P = W’ phenomenon here as well.

On the other hand, while we construct an embedding D(I") C B(I"), we do not know
a category of which the former space is a moduli space, much less a functor between
categories inducing this map. It would be preferable to have such a category and functor.
Relatedly, we have described how the spaces D(I") and B(I") are cohomologically related
to Hitchin fibers, but not given maps of spaces, much less of categories.

We end with the question: is there a microlocal nonabelian Hodge theory?

Remark 1.2.3. Recall from [72] and subsequent developments that if one considers
N = 2 super Yang-Mills for U(n) with g adjoint matter fields, then the vacua in R*
form the base of a Hitchin system corresponding to the moduli of Higgs bundles over
a base curve of genus g. At low energy, in a vacuum corresponding to a spectral curve
with (for convenience) rational components, the theory is described by an abelian gauge
theory with gauge fields corresponding to the components of the spectral curve, and bifun-
damentals or adjoints corresponding to the nodes. That is, it corresponds to the dual graph
of the curve. We expect there should be some physical account of why the cohomology
of the corresponding multiplicative quiver variety is identical to the cohomology of the
Hitchin fiber, and more optimistically, why this should identify weight and perverse Leray
filtrations (as we have mathematically proven is the case).

There is a string-theoretic account of why the perverse filtration on the cohomology
of the Higgs moduli space should lead to the bigraded numbers guessed by [42] for the
weight filtration on the character variety (see [8—11,24, 25]). It is not immediately clear
how this relates to the above notions, but it would be interesting to make such a connec-
tion. In particular, unlike [42], we have not been able to compute (or guess) the mixed
Poincaré polynomials of the multiplicative hypertoric varieties.

Remark 1.2.4. The embedding D(T") C B(I") has the flavor of a hyperkihler rotation. In
particular, it carries the central fiber of the integrable system D (I") to a non-holomorphic
Lagrangian subvariety of B(I"), which should be the Lagrangian skeleton of an appro-
priate Weinstein structure. This fact, which we do not prove here, suggests a way to
calculate the Fukaya category of B(I"), using the approach of [28,30-32, 54, 64]. This
idea is explored in [29], building on calculations of [58].

Remark 1.2.5. A shadow of Theorem 1.0.4 can be seen by comparing equation (1.3)
above to [61, Theorem 1.1], after specializing . — 1 in the latter. We do not know what
parameter should be introduced in our formula to recover the L. of [61]; this corresponds
to asking how to characterize the filtration on the Betti moduli space which corresponds
to the weight filtration on the Dolbeault moduli space. This question does not arise in
the setting of the original P = W conjecture, because in that situation, the cohomology
of the Dolbeault space is pure, i.e. the weight filtration arises from the cohomological
grading. In the present case, the (central fiber of the) Dolbeault space does not have pure
cohomology.
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Remark 1.2.6. The deletion-contraction relation enjoys various connections with the
skein relation of knot theory; it may be expected that deletion-contraction exact sequences
enjoy similar connections with the skein exact sequences in knot homology theories such
as [53]. Indeed, this is true by construction in various extant categorifications of the Tutte
polynomial and its specializations [44,45,49, 80, 81], though we do not know how these
constructions relate to H*(B(I")).

In this context we recall the relation between knot invariants and the perverse polyno-
mial of Hitchin fibers [56, 67]; and its conjectural lift to the cohomological level [33,66].

2. Graph conventions and some linear algebra

For us, a graph will always mean a finite simplicial set with only 0- and 1-simplices, or
in other words, what is sometimes called an ‘oriented multigraph with loops’. That is, we
have the data of a finite set of edges E(I"), a finite set of vertices V(I"), and two maps
h,t : E(T) —» V().

As T is a simplicial set, given a (for us always abelian) group A, we may form the
simplicial chains and cochains. There are (by definition) canonical isomorphisms

Co(T, A) ~ AVD ~ (T, 4),
Ci1(T, A) ~ AFM ~ (T, A).

We write AV® or C 0(T, A) for the quotient by the subgroup of constant functions, and
Co(T, A) for the subgroup of chains summing to zero via the group law of A.

We denote the differentials by dr : Ci(I', A) — Co(T, A) and dft : C°(T, 4) —
C(T, A), respectively. The formula for dr is

dr : AF@ 5 AVD o s he) —1(e).

We often use the inclusion H; (T, R) = ker(dr) ¢ AEM,
We write
H(T, A) := H (T, 4) @ H\(T, 4). 2.1

Note that all chain and cochain groups, and all homology and cohomology groups,
are canonically independent of the choice of orientations on edges of I".
For n € Co(T, A) = AVD) we will write

Hi(T, A)y := dp ' (). 22)

When nonempty, H; (T', A),, is the translation of H; (I', A) C C; (I, A) by any dr-preimage
of n, and is thus a torsor for Hy (I', A) = H; (T, A),.

Definition 2.0.1. Fora € AZ™ we write Supp(a) C T for the subgraph consisting of all
vertices of I', and those edges whose corresponding coordinate in a is nonzero. We say
n € Co(T, A) is generic if for all a € Hy (T, A), C C; (T, A) = AF® the graph Supp(a)
is connected.
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Remark 2.0.2. Note that if I" is disconnected, then 7 is generic iff H{ (", A), = @.

The geometric significance of Definition 2.0.1 becomes apparent in Proposition 5.3.2
below.

Lemma 2.0.3. Suppose A is a vector space of positive dimension over an infinite field.
Then there exist generic n € Co(I', A). The same holds when A is a (commutative) Lie
group of positive dimension.

Proof. Consider the complement A of the generic locus of Co(T, A). It is the union over
all disconnected subgraphs I'" C T of the image of dr : C; (I, A) — Co(T’, A).

Since Co(I', A) = Co(I"’, A), we can identify the latter map with dr+ : C;(I'V, A) —
Co(I"’, A). The cokernel has dimension 1 less than the number of connected components
of I'/, and in particular the image is a proper subspace. It follows that A is a proper subset
of Co(T, A).

For commutative Lie groups, the result follows from the same argument on tangent
spaces. L]

Lemma 2.0.4. Suppose A = A1 X A, is a product of positive-dimensional commutative
Lie groups. Then there exist generic ) € Co(T',0 x A).

Proof. GivenT" C T, the map dr : C1(I'", Ay x A3) — Co(T', A1 x A>) may be identified
with the product map C1(I', A1) x C1(I', A2) — Co(T", A1) x Co(T, A2). We can now
argue as for Lemma 2.0.3. ]

Let us now consider deletion and contractions.

Definition 2.0.5. Given a graph I, the graph I \ e is defined by deleting the edge e. If
e is not a loop, then the graph I"/e is defined by ‘contracting’ e, i.e., by removing it and
collapsing & (e) and ¢ (e) to a single vertex v(e).

There are evident maps (of simplicial sets) I' \ e — I' — I'/e, the second being
defined only when y is not a loop. These induce in particular maps Co(I" \ €) = Co(I") —
Co(T"/e). We will use the following notation:

Definition 2.0.6. For n € Cy(T, A):
(1) Wewrite n\ e € Co(T"\ e, A) for the preimage of n under Cy(T", A) < Co(T'\ e, A).
(2) If e is not a loop, we write /e for the image of n under the map Cy(I") — Co(T'/e).

Lemma 2.0.7. If n is generic, then so are n \ e and n/e.

Proof. We have the commutative diagram

Hy(T, A)y —— C1(T, A) — 2 Co(T, A)

] I | e

I'\e

Hi('\e,A)pje — Ci(I'\e,A) —— Co(I" \ e, A)
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In particular, the support of any a € H{(I" \ e, A),/. is equal to the support of its image
in Hy (I, A)y.
If e is not a loop, then we have the commutative diagram

Hy (T, A)y —— Ci(TLA) —2 5 Co(T, 4)

¥ | I

Hy(T/e, A)yje —— Ci(T'/e. A) L% Co(T /e, A)

Thus, the support of any a € H;(I'/e, A),/. is the image of the corresponding support of
its preimage in H; (T, 4),,. |

Remark 2.0.8. Suppose instead of starting with a single edge e € E(I"), we are given
a subset J C E(I"). Definition 2.0.6 can be iterated to define n \ J and n/J. Iterating
Lemma 2.0.7 shows that these are also generic.

Note that combining the left vertical morphisms of (2.3) and (2.4), we obtain
Hi(T'\ e, A)y/e = Hi(T, A);, = H(I'/e, A)y/e. (2.5)

Corollary 2.0.9. Let n be generic, and let e be a bridge, i.e. suppose T \ e is discon-
nected. Then Hi (" \ e, A),\, is empty.

Proof. Follows from Remark 2.0.2 and Lemma 2.0.7. ]

For later use we describe some structures associated to a contracted edge. Any edge e
determines a map
A— AED = cYT,E) > H'(I,E)

(which is injective so long as e is not a bridge). Assuming e is not a loop, we define the

map o, : A — H!(I'/e, A) by demanding commutativity of the following diagram:

HY(T' \e,A) «—— HI(T,A) +—— 4

NT NT H (2.6)

cok(ae) +——— H!(I'/e, A) +2— A

Similarly, an edge e determines a map H; (I, 4), — Cl(F, A) — Aj; solong as e is not
a loop, we define the map B, : Hi(I'/e, A),/. — A by demanding commutativity of the
following diagram:

Hi(T \ e, A)pe — Hy(T, A), — 4

; LT e

Ker(Be) —— Hy('/e, A)yje —5 A
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3. Combinatorial model

In this section, we will give a purely combinatorial model for the cohomology of our B(I")
or D(T"), equipped with the appropriate filtration. The model was originally introduced
in [61] to describe the perverse filtration on the cohomology of the compactified Jacobian
of a nodal curve, which as mentioned above is closely related to D(T").

We write our complexes over an arbitrary commutative ring R, which in the remainder
of this article will always be Z, Q or C.

Definition 3.0.1. Let J be a subset of edges of I'. We write

1
R R = P N\ HT\JR). *HT R):=0.
|J|=k

We will often suppress the choice of R. Let €*(I") := Pz /s ©2k1(T). We now
define a differential €*(I") — C*T1(I").

Let e be an edge, viewed as a class in H! (T, R). We have a map (e,—): H;(I''R) > R
given by the composition of H; (', R) — RE™) with the projection RET — R onto the
eth coordinate. We extend this to a linear function

(e,—) : H(I''R) - R

by setting (e, f) = 0 for f € H!(T, R). Given e € E(T"), consider the map ef{e, —) :
H(T') — H(I") which takes x to e{e, x). This map depends on the edge e but not on
its orientation. We extend it, via the Leibniz rule, to a linear map e (e, —) : /\l H(T) —

A H(T).

Lemma 3.0.2. The image of e{e, —) is the subspace

en /\l_1 (Hi(T' \ e) ® HY(I")). (3.1

Proof. Note that Hy(T" \ e) @ H'(I') = ker(e{e, —)). Choose any splitting of H(T") into
ker(e(e,—)) @ [F where IF is rank 1; then e (e, —) restricts to an isomorphism F = Re. We
have /\l HT) =(F® /\l_1 ker(e(e,—))) ® /\l ker(e(e,—)). The map e (e, —) takes the
left-hand summand isomorphically onto (3.1) and kills the right-hand summand. ]

When e is not a bridge, we have an identification e A /\l_l(Hl T\e)®dHI(TI)) =

/\l_1 H(T \ e), and thus we obtain a map

1 -1

d.: [\ HI)— /\" H(T \e).

More explicitly,

1

de(X1 AXog A-r- A X)) = Z(—l)’_l(e,xi)xl AXy A AXj Aves A XL
i=1

Here the hat indicates that a factor has been omitted.
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Definition 3.0.3. Let dg : €25/ (I") — ©€2k+2./=1(T") be the linear map whose restriction
to /\l H(T \ J) is the direct sum over all nonbridge edges e in " \ J of d : /\l H((T\J)
> ATTH@T A U\ e).

Lemma 3.0.4. The map dg makes C€°*(I") into a complex, i.e. dé =0.

Proof. ltis easy to see that d2 = 0. We must check that additionally de, de, = —de,de,
The sign arises when passing from e (e, —) to d,, which involves reordering the factors of
a wedge product so that the factor e comes out in front. Indeed, we may write the image
of de, (xg A -++ A xp) under e;{e;, —) as a sum of terms (=) xg A=+~ Aepler, xi) A
““AXjA---Axy withi < j and (—1)7 xo A= AXjA---Aer{er, xi) A--- Axy with
i > j. Then d¢ de,(xo A -+ A Xp) is the sum of terms (=D xg Ao s A A A
X Ao Axy withi < jand (1) " Ixg Ao AR A- AR A A Xy withi > .
Exchanging e; and e, exchanges the signs. ]

Lemma 3.0.5. The complexes (C*(I"), dg) associated to different orientations of I are
canonically isomorphic.

Proof. Suppose the orientations differ at a single edge e. Let ¢, be the automorphism of
€*(T") which multiplies A\ H(T \ J) by —1 if e € J, and is the identity on the other
summands. Then ¢, intertwines the differentials associated to the two orientations. If
the orientations differ at multiple edges, the differentials are intertwined by a product of
such ;. [

AH()

N H() —= @i N"H(J \e)

/\ H(J) @1—1/\ H(J\ l) @11—1/\ H(J\el’el)

AHU) —= @i-; A"H( \ &)

A’ H(T)

Fig. 1. The complex €®(J), where J is the graph with two vertices joined by three edges e, ez, e3.
We have only indicated the groups which are not automatically zero for degree reasons. The coho-
mological grading increases as one moves up or to the right. The cohomology is described in
Figure 2.
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1 2
4 R

3 R?2 R
2 R2 0 R
1 R?2 R
0 R

Fig. 2. The cohomology of €°®(J). The €-grading is indicated on the left, while the number |J| of
deleted edges is indicated on the top row. The cohomological grading is the sum of these numbers.

By construction, the differential dg takes €2%!(T") to G2k*+2/=1(T"), and thus
preserves the subspace €, (T") := B, 25— C%>(T"). We thus have H!(€(I")) =

D H (Em (D).

Definition 3.0.6. We call this extra grading on cohomology the C-grading, so that
H!(C,,(T")) has €-degree m.

Fix an edge e € " which is neither a loop nor a bridge. We can identify €*~2(T" \ e)
with the subcomplex of €°(I") consisting of the summands /\l H(I \ J) withe € J.If we
ignore the differential, the quotient complex is given by the summands /\l H(T \ J) with
e ¢ J. The homotopy equivalence I' \ / — (I' \ J)/e = (I'/e) \ J identifies each such
summand with /\l H((T'/e) \ J); the quotient complex therefore has the same underlying
graded vector space as €°(I"/e). The differentials also match, and thus we have

0— G2 \e) > C*(I') - C*(I'/e) = 0 (3.2)

Definition 3.0.7. The resulting long exact sequence

LOHT2(E(T\ ¢) 25 HYE(I) 25 H(G(Te)) < (3.3)

is the C-deletion-contraction sequence.

With a view to applying Definition 1.0.6, we consider the following more general
situation. Suppose I'" is a connected subgraph of I whose complement contains no self-
edges. Then we likewise have a subcomplex G2\l 5 g*(I), given by all summands
/\l H(T \ J) with T D T \ J. The induced map in cohomology can be written as the
composition, in any order, of the maps ag for e € I \ I''. In particular, the compositions
in different orders are all equal.

We can thus make the following special case of Definition 1.0.6.

Definition 3.0.8. The C-deletion filtration is the filtration defined by Definition 1.0.6,
where the covariant functor A4 takes I' to H*(C(T")) and takes I — T to the composition
of @& (in any order) fore € ' \ T".

By construction, the maps bg and ce@ respect the €-grading, whereas the map aeG
increases the grading by 1. Hence the kth step DiH!(C(I")) lies in the subspace
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of G-degree > i — k. The reverse inclusion is clear, and thus DyH!(€(T")) =
@msZi—k H' ((Sm (F))
Corollary 3.0.9. The C-deletion filtration is induced by the €-grading on H*(C(I)).

Viewed as a sequence of filtered vector spaces, the maps of a graded sequence strictly
preserve the filtrations.

Corollary 3.0.10. The C-deletion-contraction sequence strictly preserves the C-filtration.

4. Generalized moment maps

Let us review moment maps. A symplectic form @ on a manifold X determines a map
f + w*df from functions to vector fields. Fixing a Lie algebra g, we get similarly a map
from g*-valued functions to g*-valued vector fields. When such a resulting vector field
integrates to the action of a Lie group G, the action is termed Hamiltonian, the function is
termed the moment map, and is G -equivariant (with respect to the coadjoint action on g*).
In case f is submersive over 0, and G acts freely on f ~!(0), the symplectic reduction
X//G := f~1(0)/G inherits a symplectic structure. More generally we may reduce along
coadjoint orbits: X//oG = f~1(0)/G. If in addition X carried a Kihler structure and
G acts by isometries, the reduction inherits a Kahler structure as well. If X carries a
hyperkéhler structure and a G-action which is independently Hamiltonian for the Kihler
forms wy, wy, wg with moment maps f7, fy, fx : X — g*, then there is under analogous
conditions a hyperkdihler reduction X ////G := (f;71(0) N f71(0) N f¢1(0))/G.

In the present article we will only be concerned with G commutative. Then a map
X — g* is G-equivariant iff it is constant on orbits; the coadjoint orbits are just the points
of g*.

There is a related notion of group-valued moment map [1]; in general this is somewhat
sophisticated; here we will need only the commutative case, which is much simpler. For G
a connected commutative Lie group, note that its Lie algebra g is also its universal cover.
In this case, given a G-action on X, we say f : X — G is a multiplicative moment map
if it is constant on fibers and the map f X xXg g — g = g*is amoment map for the
natural G-action on X Xg g. One defines reduction as for ordinary moment maps, and
the usual proofs of compatibility of reduction with Kahler or hyperkéhler structure go
through unchanged (e.g. [48, Theorem 3.1]).

The various notions above play a prominent role in the literature on character varieties
and related spaces. The spaces we will consider in this paper also have such Hamiltonian
structures. The constructions we perform with them will require and retain such struc-
tures, but often at intermediate stages will not be (quasi-)Hamiltonian or hyperkihler, in
particular due to the group action being too small or the target of the moment map too
large. E.g., we may have a subgroup H C G and be interested in =1 (0)/H.If G and H
are abelian, this retains a Hamiltonian action of G/H .
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What will always be present is the structure of the action of a (commutative) Lie
group G and a map to another commutative Lie group M, constant on fibers. Here we
develop some basic manipulations of such structures.

4.1. (G, M)-spaces
Recall that for a group G, we say a space X is a G-space if it carries a G-action.

Definition 4.1.1. Fix a group G and a G-space M. By a (G, M )-space, we mean a G-
space X and a G-equivariant map uy : X — M. A morphism of (G, M)-spaces is a
G-equivariant map f : X — Y such that uy = uy o f.

Remark 4.1.2. We write ‘space’ above to mean element in some appropriate category
which will be clear from context. For us this will always be a category of smooth mani-
folds, possibly with extra structure, e.g. complex manifolds, Kéhler manifolds, etc.

For instance, if we say that X is a complex (G, M)-variety, we mean that G is a
complex algebraic group, M is a complex variety, and the G-action and map puy are
algebraic.

Remark 4.1.3. Soon (in Convention 4.3.6) we impose much stricter requirements on the
allowable G, M: we will require G to be commutative and the G-action on M to be
trivial. We begin in the present generality only for the sake of making clear when these
hypotheses become relevant, namely in Lemma 4.3.4.

Example 4.1.4. If M has a distinguished point 0 € M, then we write 0 := 0(g, 5r) for the
(G, M)-space given by a point carrying the trivial G-action and whose image under the
map nis 0 € M.

Example 4.1.5. If X is a space with a G-action, and O is a space with a map to M, we
write [X x O] for the (G, M)-space whose underlying space is X x O, on which G acts
by multiplication on the first factor and trivially on the second, equipped with the map
i X x O — O via the second projection.

In particular, we will often consider [G x M] where G acts by (left) translation on the
first factor.

Example 4.1.6. Any G-stable subset of a (G, M)-space inherits a (G, M )-structure. In
particular, givena (G, M )-space X and any subset O C M, the space uy' (0) C X carries
a natural (G, M)-structure.

Remark 4.1.7. Recall that a symplectic manifold carries a canonical Poisson structure,
and there is a standard Poisson structure defined on g*. A (G, g*)-structure on a manifold
X arises from a Hamiltonian G-action for the symplectic form w iff the G-equivariant
i X — g* is Poisson.

Definition 4.1.8. Fix a group G and a G-space M. Suppose given a group homomor-
phism p : H — G, an H-space N, and a morphism of H-spaces t : M — N. Then
composition with (p, t) determines a functor from (G, M)-spaces to (H, N )-spaces.



Deletion-contraction triangles for Hausel-Proudfoot varieties 2583

Example 4.1.9. If H is a Lie subgroup of G, then the natural maps H — G and g* — b*
determine as above a functor from (G, g*)-spaces to (H, h*)-spaces. This functor evi-
dently takes Hamiltonian G-structures to Hamiltonian H -structures.

However, we also have a functor from (G, g*)-spaces to (H, g*)-spaces, just by
restriction of the group action.

4.2. Reduction

Definition 4.2.1. Let X be a (G, M )-space. For a G-invariant point m € M, we define

X [, G :=px'(m)/G
If we wish to emphasize M, we write X /,,cps G-

Remark 4.2.2. Whenever we write ,u;l (m)/ G, we are implicitly asserting that the quo-
tient makes sense. More precisely, since we are always working with smooth manifolds,
we require that m is a regular value of u and that the G-action on ;&1 (m) is free.

Remark 4.2.3. In our applications, the G-action on M is trivial, i.e. every point m € M
is invariant. (When the G-action is not trivial, it is natural to also allow invariant subsets
in place of m.)

Remark 4.2.4. When X is a Hamiltonian G-space and juy : X — g* is the moment map,
this is the classical symplectic reduction.

Let us note the following elementary compatibilities:
Lemma 4.2.5. An injection H — G determines a surjection X [/, H — X [/, G.

Lemma 4.2.6. Let t : M — N be a morphism of G-spaces. Let m € M. For a (G, M)-
space X, there is a Cartesian square

X)fnG—>X [eom G

l l (4.1)

m ——— 7 1(m)

Remark 4.2.7. It will later be relevant that if ¢ : M — N is a group homomorphism,
then t—'t(m) is a torsor for the kernel.

4.3. Convolution of (G, M)-spaces

Definition 4.3.1. Let M, N be G-spaces with a G-equivariant morphismc: M x N — N.
Then from a (G, M)-space X and a (G, N)-space Y, we construct a (G, N)-space X e Y
as follows. The underlying space is X x Y, and

g(x,y) = (gx.gy). Mxey(x,y) = c(ux(x),ny(y)).
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Forn e NG, we also write
X xgnnY =(X oY) ), G=puxey(n)/G.

If the choice of G, N, or n is clear from context, we may omit them. In particular, we
will uniformly employ the abbreviations *cx := *cx,c*, *y, := *y,,u; and *cxy, ‘=
*y,,cxU, - Here U; denotes the unit circle.

Remark 4.3.2. Throughout this text we are working with smooth manifolds. In this
context, the notation X *, Y implicitly asserts that n is a regular value for the map
c(ux, uy) : X xY — N and that G acts freely on c(uy, uy) " (n).

Remark 4.3.3. As mentioned above, in the remaining sections we always have G com-
mutative and acting trivially on M and N. The additional structures needed in the above
definition will always come from M being a commutative group, and N being an M -
torsor (and usually N = M).

Lemma 4.3.4. In the setting of Definition 4.3.1, assume in addition that G is commutative
and acts trivially on M. Then we may equip X = Y with a (G, M)-structure by defining

g(x,y) = (gx.y) and pux«y(x,y) = px(x).

Proof. The main point is to check that the written formulas, which are well defined on
X o Y, descend to the quotient. We should check that (gx, y) and (ghx, hy) are in the
same G-orbit in X e Y; this follows from commutativity of G. We should check that
ux (hx) = px(x); this follows from equivariance of w and triviality of the G-action
on M. ]

Remark 4.3.5. There is a (G, N)-space isomorphism X e Y =~ Y e X. If, in addition
to the hypotheses of Lemma 4.3.4, we have N = M andthe mapc : M x M — M is
commutative, then there is an isomorphism of spaces ¢ : X *,, ¥ = Y %, X for any m.
If the binary operation defined by ¢ has inverses, then the (G, M )-structures on X *,, ¥
and Y ,, X arerelated by ¢(g - (x,y)) = g~ ' - ¢(x,y) and jix.y = m — jly«x.-

Convention 4.3.6. For the remainder of the article, when we discuss (G, M )-spaces,
G will always be a commutative group, and the G-action on M will be trivial. When
we discuss convolution, we always additionally require M = N and ask that the map
¢ : M x M — M define the structure of a commutative group.

Example 4.3.7. Recall that 0 = 0, ) denotes the point with trivial G-action and p =
0 € M. For any (G, M)-space X, and any m € M, we have

X m0=X/,G=0x,X.

Lemma 4.3.4 asserts that the resulting space should acquire a (G, M )-structure. Note the
resulting G-action is trivial, and the map p is the constant map with value m on the left,
or 0 on the right.
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4.4. Some convolution lemmas

Lemma 4.4.1. Given a (G, M)-space X and a (G, M)-map f :Y — Y, the formula
X Xy x X f(y) restricts and descends to give a (G, M )-map

fx: X*xY > XY

Proof. If x x y € X x Y lies in M}ly(f), then x x f(y) lies in M}ly,(f) since f
preserves the moment map. The resulting map id x f : M)?ly ) — pc;(iy,(ﬁ ) is G-equiv-
ariant, and thus descends to the quotients. ]

Remark 4.4.2. Suppose Y, Y’ and X have exhaustions by compact G-equivariant sub-
sets, compatible with the map f. Then fx is compatible with the exhaustions of X * ¥
and X Y’ obtained from taking Cartesian products of compact sets.

Lemma 4.4.3. If f : Y — Y’ is injective (resp. surjective), then fx : X Y — X x Y’
is injective (resp. surjective).

Proof. If f is injective (resp. surjective), thensois f xid: X x ¥ — X x Y’. Injectivity
is clearly preserved by restriction to uy,y () and ,u;ly, (n). To see that surjectivity is also
preserved, note that if x(x, y’) = n, then for any preimage y of y’, u(x, y) = n. Finally,
passing to G-quotients preserves injectivity and surjectivity of G-equivariant maps. =

Lemmad.44. If f : Y — Y’ is an open (resp. closed) embedding, then fx : X * Y —
X x Y is an open (resp. closed) embedding.

Proof. By Lemma 4.4.3, it is enough to check thatif ¥ C Y’ isopen,then X * Y C X x Y’
is open. The opens of X » Y’ are given by intersecting G-invariant opens of X x Y’ with
Wysy (n). In particular, X * Y = X x Y N uyly(0)/G is open. |

Lemma 4.4.5. Let X be a (G, M)-space. Let G act freely on T, and let O C M. Then
X% [Tx0]=px'(¢—0)xg T
and is naturally a ,u;(l (¢ — O)-bundle over T /G with structure group G.

Proof. We have ,u;l[TX 0l (¢) = ux" (¢ — O) x T . Taking the quotient by G on both sides
gives the desired identification. ]

We often use the following very special case:

Corollary 4.4.6. Let X be a (G, M)-space. For any O C M, there is a canonical iso-
morphism of (G, M)-spaces

X x¢ [G x O] = ux' (¢ — 0).

In particular, for any § € M, there is a canonical isomorphism X x¢ [G x M| = X.
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Lemma 4.4.7. Let X1 be a (G1 x G2, M1 x My)-space, and let X5 be a (G, M»)-space.
View X1 X X5 as a (G x G, My x M>)-space, where

(81.82) - (x1,x2) := ((g1.82) - X1, &2 - X2),
X x5 (X1, X2) 1= px, (x1) + (0, px, (x2)).

Then for {1 € My and {5 € M>,

(X1 X Xz) //@1,@2) G1 X G2 = (Xl //;-1 Gl) *Gz,Mz,Cz Xz. (42)

5. Spaces from graphs

Fix commutative connected Lie groups G, M. We regard G as acting trivially on M. Let
Z be a (G, M)-space. Let I" be a connected graph, and 1 an assignment of an element
of M to each vertex. From this data, we will produce a new space Z(T, n).

5.1. Construction

Recall from Section 2 above our conventions and notation for graphs.

Given a (G, M)-space Z, there is an action of CUT, G) = GE® on zEM,
together with a map /Lg(r) : ZEM 5 MED = c (T, M). Thus ZEM s a
(CY(T, G),Cy (I, M))-space.

We view ZE@ asa (COT, G), Co(I', M))-space by composition with (d;, dr) as in
Definition 4.1.8. We write ur : ZE® — Cy(T', M) for the associated map. By definition,
we have ur = dr o /Lg(r).

Definition 5.1.1. Let T be a graph, let € Co(I', M) C Co(I', M) = MV and let Z
be a (G, M )-space. We define

Z(T.y) = 2E® ) CO(T. G).

When the choice of 7 is clear from context or irrelevant, we simply write Z(I"). On
the other hand, if we wish to emphasize the dependence on (G, M), we write Z G.M (T, n).
In Section 5.3, we discuss criteria which ensure that 7 is a regular point of ur and that
the C°(T, G)-action is free, hence that Z(T", 1) is a smooth manifold.

The following diagram summarizes the situation, and defines the map fires:

Z(T,n) = up'(n)/C°(T, G) «— pup'(n) —— ZEMD

b | [ e

H ([ M)y = d;'(n) == d;'(n) — Ci(I. M)

Example 5.1.2. Since dO =0, we have Z = Z((3,0).

Lemma 5.1.3. Suppose I" contains a loop e. Then Z(I') = Z(T" \ e) x Z((»).
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Proof. This follows from the fact that C (T, G) acts trivially on the factor of Z associated
toe. u

Proposition 5.1.4. The action of C'(T', G) on ZEW) descends to an action of H/(T', G)
on Z(T', n). Combined with the map [iws : Z(I',n) — Hi(I', M), above, this defines
an (HY(T, G),H1 (T, M)y)-space structure on Z(T, n). Finally, if iz is proper, then so

LS Ures-

Proof. Regarding properness, note that it is preserved both by restriction to the closed set
wr'(n) and by descent to the quotient by C°(T', G). n

Lemma 5.1.5. For ' disconnected and 1 € Co(T, M) generic in the sense of Definition
2.0.1, we have Z(T', n) = @.

Proof. The locus Hy (I, A), is empty by Remark 2.0.2. Since Z(I', n) is a quotient of a
preimage of this locus in ZZ{) it is also empty. ]

Remark 5.1.6. Since we will always assume that 1 is generic, we will always have
Z(T',n) = 0 for I" disconnected. Such ‘empty’ graph spaces arise naturally if we start
with a connected graph I' with generic 1, and produce a disconnected graph by deleting a
bridge, with parameter 7 \ e as in Definition 2.0.6.

Lemma 5.1.7. Let Z = [G x M. Then Z(T',n) = [HY(T', G) x Hy (T, M),].
Proof. We identify

[G x M]ED = [C(T,G) x C{(T', M)].
Then we have ! (n) = [GE® x H (T, M),], and

1=/ CO(I, G) = [HY(I, G) x Hi(T, M),]. u

5.2. Independence from orientation

Pick a subset J of the edges of ', and let I'” be the oriented graph obtained from I' by
switching the orientation of each edge in J.

Proposition 5.2.1. Let f : Z — Z be an automorphism of topological spaces which
intertwines the G-action with the inverse G-action and the A-map with the inverse A-
map. Then f determines an isomorphism of topological spaces

Z() = z@).
If f is a map of smooth manifolds or algebraic varieties, then so is the induced map.

Proof. The map ZE@) — 7ZE @ given by f on the factors in J and by the identity
everywhere else intertwines the group actions and moment maps for I" and T'/, and thus
descends to the requisite isomorphism. ]
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5.3. Smoothness

As always, we work in some category of smooth manifolds, possibly with extra structure.
Thus Z is a smooth manifold, and pz : Z — M is a C*> map. We impose the following
additional hypothesis for the remainder of the section:

Hypothesis 5.3.1. The map pz : Z — M restricts to a submersion over M \ 0, on which
G acts freely.

Proposition 5.3.2. Suppose that n is generic (Definition 2.0.1). Then 1 is a regular value
of jur, and the action of GV ™) on Mfl (n) is free. In particular, Z(T, n) is smooth, and

dim Z(I, ) = |E(T)|dim Z + (1 — |V(I')|)(dim G + dim M).

Proof. We begin by studying the group action. By Hypothesis 5.3.1, the action of
CHT, G) on (Mg(r))_l(a) restricts to a free action of C!(Supp(a), G). Thus for
CO(I', G) to act freely on (Mg(r))_l (a), it is sufficient that the composition

c'%I, G) d—‘i CY(I',G) — C(Supp(a), G) (5.2)

be injective. Here the second map is the natural projection. The composition is the differ-
ential dS*upp(a)' Thus, the kernel is trivial exactly when Supp(a) is connected.

We use a similar argument to show that the map pur : ZE™ — Co(I', M) is a submer-
sion. We can factor the differential dur as d(dr) o d(uE™). Forany z € (ug(r))_l (a),
the image of the differential du®® contains the tangent space of M E(Sur(@) —

C1(Supp(a), M). Dually to (5.2), we have a surjective composition
C1(Supp(a), M) — C(T, M) — Co(T, M).

Thus d (dr) is a surjection even when restricted to the tangent space of M £ (SP@) Thys
AT is a submersion, and ,u;l (n) is smooth. |

Remark 5.3.3. If dim G + dim M = dim Z, the dimension formula simplifies to
dim Z(T', n) = dim Z - dim H'(T"). In fact, below we will always have dim Z = 4.

Remark 5.3.4. Definition 5.1.1 makes sense with dr replaced by a general integer matrix
D : 7" — 7. The definition of generic 7 can be extended to this case, but in general such
Z (D, n) will have orbifold singularities.

5.4. Stabilizers

We consider the action of H'(I", G) on Z(T', ). We are interested in the stabilizer of a
point z € Z(T, n).

Lemma 5.4.1. Under Hypothesis 5.3.1, H'(Supp(a), G) acts freely on p.l(a) for
a € Hy (F, A)ﬂ
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Proof. By definition, u!(a) is a CO(T', G)-quotient of a subspace of (M \ 0)S"PP@ x
MEM@N\Swp(@) By the hypothesis, C!(Supp(a), G) acts freely on this locus. Hence
H!(Supp(a), G) acts freely on the quotient. L]

5.5. An open cover

Definition 5.5.1. Let D C ,u}l (0) be a closed subset. Then for any subgraph I’ C T" we
define
01_‘/ = (Z \ D)E(F’) % ZE(F\]"/) c ZE(F)

We write Ur for the image of Ur N u}l (0) in Z(T, n). Note Uy is an open subset.

Lemma 5.5.2. Let 7 (") be the set of spanning trees of I'. For n generic, we have

| Ur=2zm.n.

TeTT)

Proof. Letx € Z(I',n) and fix a lift £ € up'(n). Leta = ,ug(r) (x). By genericity of 1,
Supp(a) contains a spanning tree T C I'. Thus X € Uy and x € Uy. |

Remark 5.5.3. Lemma 5.5.2 gives another proof that Z(T', 1) is smooth for generic 7,
though not that it is Hausdorff.

We will later be interested in D satisfying Z \ D = [G x M]. These have the follow-
ing additional properties:

Lemma 5.5.4. An isomorphism Z \ D = [G x M] determines an isomorphism
Ur =~ Z(T')T) = zET/D), (5.3)

Remark 5.5.5. Note there is a canonical identification E(I'/T) = E(I' \ T), and these
sets are canonically identified with a basis of H!(I").

Proof. We have
Ur =[G x MIED x zET/D i COT, G) = [GED x MED]» 2ET/D,

Applying Corollary 4.4.6 with G’ = C®(T",G) = GED and M’ = Co(T, M) = MED),
we get a natural isomorphism Uy = ZET/T), |

The isomorphism (5.3) is easiest to describe on a slightly smaller open. We have

() Ur=(z\D)*® j, C°(I.G) ~ H'(I. G) x Hy(T\. M).
TeT ()

Lemma 5.5.6. For any given spanning tree T C T, there is a natural isomorphism
HY(I, G) x Hy([, M) = (G x M)ET/D (5.4)

induced by the contractionT’ - T'/T = OE(F/ n, If (8, y) is an element of the left-hand
side, with 0 = Ze¢T Oce, this isomorphism takes (0,y) to (Oe, (€, V))eg¢T-
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Lemma 5.5.7. The isomorphism (5.3) fits into the commutative diagram

Ur = s ZEX/T)

T T (5.5)

HY(T,G) x Hi([, M) —=— (G x M)ET/T)

where the bottom arrow is (5.4).

5.6. Deletion, contraction, and convolution

In this section we will explain how Z(T', n) behaves under contraction (Lemma 5.6.2) and
deletion (Lemma 5.6.4).

A key ingredient is a (G, M)-structure on the set Z(I'/e, n/e) associated to
the newly contracted edge e. Recall that by Proposition 5.1.4, Z(I'/e, n/e) is an
(H'(T'/e,G).H{(T' /e, M), .)-space. Recall from diagrams (2.6) and (2.7) we have maps

@ :G—>H'(T/e,G), e :Hi(I'/e,M)ye — M.

Definition 5.6.1. The (G, M)-structure on Z(I"/e, n/e) defined by composition (Defini-
tion 4.1.8) with the maps ., B, will be called the deletion-contraction (G, M )-structure.
We denote the map to M by ) : Z(I'/e,n/e) — M.

The deletion-contraction structure is related to the splitting
ZEM — zEX/e) o 7e (5.6)

Indeed, let us write 7, : ' — I'/e for the contraction. Any vertex v € I' determines
natural maps vy : G — C%(T", G) and v' : Co(T", G) — G. We have an isomorphism

ntxt(e):C%/e,G)x G = CT,G). (5.7

Using (5.6) and (5.7) we transport the COT, G)-structure on ZEM (o a
C%(T'/e, G) x G-structure on ZET/e) x 7¢ The resulting C°(T'/e, G)-structure on
7 E(T/e) and G-structure on Z* are the standard ones. The resulting C°(I" /e, G)-structure
on Z¢ is trivial, and the resulting G -structure on Z E(T/e) ig the deletion-contraction struc-
ture.

We have an isomorphism

(e)x x 1(e)" : Co(T, M) = Co(T' /e, M) x M. (5.8)

This map carries n > (1/e, 1;(c)) Where 1;() is the coefficient of n at 1 (e).
Consider the composition

v ZET) o ze ~ 7E@ B 000 MY = Co(T /e, M) x M.

One checks that
v(w, z) = (r/e(w), L) (w)) + (0, u(z)). (5.9)
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Lemma 5.6.2. We have a Cartesian diagram of spaces

Z(.n) —— (Z(I'/e.n/e) x 2)/G

l l (5.10)

H (T, M), — Hy(T'/e,M),/e x M

where the right-hand map descends from the product map Z(T/e, nje) x Z —
Hi(I'/e, M)y e x M and the bottom map is given by pushforward along I' — T'/e on
the first factor and taking the coefficient of e on the second factor. The convolution on the
upper right is taken with respect to the deletion-contraction (G, M )-structure.

The image of Z(I', n) in (Z(I'/e,n/e) x Z)/G is naturally identified as

Z(F/e» 77/@) *G,M,ﬂz(e) Z.
Proof. We claim that
. 7ED CO
= (ZFT19 % Z) fasemen (CO(T/e,G) x G)
=Z(/e,n/e) *G.M. 110y Z-

In passing from the second to the third line, we have used Lemma 4.4.7. More precisely,
to apply this lemma, we view ZET/€) asa (CO(I'/e, G) x G, Co(T' /e, M) x M)-space
using the product of its standard structure and its deletion-contraction structure. The
remaining hypothesis of the lemma is verified by (5.9), and we translate the conclusion of
the lemma through the definition Z(I'/e, n/e) := ZET'/e) Inse CO(T'/e, G). This gives
the top isomorphism of (5.10).

The map ZEM — C(T, M) descends to the left-hand vertical map, whereas
ZEWX/e) x 7 — C1(I'Je, M) x M descends to the right-hand vertical map. These
maps are intertwined by the identifications ZET — ZET/) 5 7 and C(T, M) —
C1(T'/e, M) x M, and this latter identification defines the bottom map. |

Remark 5.6.3. While (Z(I'/e,n/e) x Z)/G may not be a free quotient, it is free along
the locus where we take the fiber product, so this will cause no difficulty.

Let 0 be the point with the trivial (G, M )-structure.

Lemma 5.6.4. We have the commutative diagram

Z(T\e.n\e) —— (Z(T'/e.n/e) x0)/G

l l (5.11)

H (T \ev M)r]\e — Hl(r/e, M)n/e x M

where the bottom row is given by (2.5) on the first factor, and the zero map on the second
factor. The image of Z(I' \ e,n\ e) in (Z(I'/e,n/e) x 0)/G is naturally identified as
Z('/e,n/e) xG, M, 0
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Proof. Observe the canonical identifications E(T" \ e¢) = E(I'/e) and Co(T" \ e) = Co(T")
and C°(T" \ e¢) = C%(I'). The top isomorphism now follows from Z(I'/e, n/e) =
ZET/e) Inje C°('/e,G) and

Z(T\en\e)y=2zEMI . CO(T'\e,G)
= (ZE(I‘/e) x 0) //(H/E,nz(e)) (60(1—‘/6, G) x G).

The last equality is obtained by applying Lemma 4.4.7 to ZE(T/€) and 0. To do so, we
view ZET/€) a5 a (C°(T'/e, G) x G, Co(T' /e, M) x M)-space using the product of its
standard structure and its deletion-contraction structure.

The compatibility of the bottom map is a direct calculation. ]

Corollary 5.6.5. Suppose I' \ e is disconnected and 1 is generic. Then
Z(T'/e,n/e) *n,, 0 = 0.
The same holds when 0 is replaced by any (G, M )-space S with (1(S) = 1.
Proof. Apply Lemmas 5.1.5 and 2.0.7 to Z(I" \ e, n \ e). L]

We often abbreviate Z(I") := Z(I', n) and likewise Z(I'/e) := Z(I'/e, n/e) and
Z(T'\e):=Z(T \e,n\e).

Lemma 5.6.6. An inclusion of (G, M )-spaces 0 — Z defines inclusions
Z(T\e,n\e)— Z([,n) (5.12)
for any edge e € T'.
Proof. Consider the embedding
ZE@\e) g 7EM\O) o 7 _ 7ET)

This map induces a map of C (I, G)-reductions. The codomain reduces to Z(T, ;). The
domain reduces to

ZEOD %0 [, CO.G) = 250\ )\ COT\e.G) = Z(T'\e.n\e). m

6. B()

6.1. Construction
Definition 6.1.1. We define the space
B:=C>\{l+xy=0}
and the maps
ug* B - C* (x,y)—=>1+xy,
pp B =R, ()= P =y
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Fig. 3. A schematic picture of 8 and its various moment maps and their targets. Two fibers of },L(C*
are shown, and the intersection of each fiber with (;,LR)_I (0) is indicated in black.

The following properties are easily checked:

Lemma 6.1.2. (1) The map u%* is invariant under the C*-action on B given by
T-(x,y) = (zx, " y).
(2) The map uﬂé is invariant under the Uy C C* action.

(3) The fibers of,u]% X p,g* over the complement of 0 x 1 are free Uy -orbits, thus defining
a principal Uy -bundle Py over R x C* \ 0 x 1.

(4) Let w = Im(dx A dy). The action of Uy C C* preserves w.

Proposition 6.1.3. The space B = C? \ {xy + 1 = 0} has the following properties:
(1) B is a smooth algebraic (C*, C*)-variety, with action (x,y) — (tx,t~'y) and map
pg (x.y)=1+xy.
(2) It has a single C*-fixed point at (0, 0). Any other point has trivial stabilizer.
(3) The inclusion O+ c*y — (0,0) € B is a morphism of (C*, C*) varieties.
(4) The attracting cell at this fixed point is S := {x = 0} = C.
(5) S = Al with its natural C*-action.
(6) The map
B\Sp — [C*xC*], (x,y) = (x,xy + 1),
is an isomorphism of (C*, C*)-spaces.
(7) As a (C*,C*)-space, B satisfies Hypothesis 5.3.1.
(8) Mg* X /ﬂ% endows B with the structure of a (Uy, C* x R)-manifold.

Definition 6.1.4. Given a graph I" and generic 1, we abbreviate

B() := BECEN(T, ).
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We will suppress the dependence on 7 for most of this paper. In coordinates, the space
B(I) is described as follows. Recall that BE ) has coordinates x,, y, for e € E(T). The
subset up! () € BEWD is defined by

[T G+xey) J] Gtxeye) =m

edges exiting v edges entering v

for each v € V(I'). Then ~
B() = pur' ()/CO(T,C*)

where the factor of C* attached to v acts by 7x., "'y, on incoming edges, and
77 'x,, Ty, on outgoing edges. Hence B(T", n) is a smooth complex affine variety.

6.2. Independence from orientation

As always, we work with some fixed orientation of I". However, the dependence on the
chosen orientation is quite mild, as shown by the following.

Proposition 6.2.1. If T, " differ only by the choice of orientation, then there is a canon-
ical isomorphism
B = BI).

Proof. By Proposition 5.2.1, it is enough to find an automorphism B — ‘5 intertwining
the C*-action and the C*-moment map with their inverses. This is given by (x, y) —

(=y. (I +xy)"'x). .

Remark 6.2.2. This is an especially simple case of the proof of independence from
orientation for multiplicative quiver varieties in [12]. Under the translation to microlo-
cal sheaves [4], the formula (x, y) — (—y, (1 + xy)~'x) describes the behavior under
Fourier transform of the ‘canonical’ and ‘variation’ maps.

6.3. Deletion-contraction sequence

From Proposition 6.1.3, there are natural inclusions and projections of (C*, C*)-spaces
as follows:
T 1 J * *
0<—Sy—>B—[C"xC™]. 6.1

As I, J give a decomposition of B into closed and open subsets, we have the following

exact triangle in the derived category D? (%) of constructible sheaves on B:
1
01'Q0 > Q- 5.0 6.2)

(In this paper, standard operations on sheaves, such as I, [ ! J.and J*, are always under-
stood to be derived.)

Because [ is the complex codimension 1 closed inclusion of one smooth variety in
another,

L1'Q = Qsy [-2](—1).
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Proposition 6.3.1. H*(*8,Q) = Q & Q[-1](—1) & Q[-2](-2).

Proof. Taking sections of the triangle (6.2) returns the excision sequence in cohomology.
Its terms are as follows:

H*(B; 11'Q) = H(B, Qs [-2](—1)) = H*(S», Q)[-2](—1) = Q[-2](- D),
H*(%B; J,J*Q) = H*(C* x C*,Q) = (Q & Q[-1](-1))**
= Q& Q*?[-1](-1) & Q[-2](-2).

The only potentially nonvanishing map in the long exact sequence is H!(%B; J.J*Q) —
H2(B; 1,1 !Q). In fact, this map must be an isomorphism, since B has nonzero Betti
numbers b® = pl = p2 = 1. n

Hypothesis 6.3.2. Y is a smooth irreducible (C*, C*)-variety, uy : ¥ — C* is noncon-
stant, and ¢ € C* is such that C* acts freely on puy1 () C Y o B.

Taking xc* := *c* ¢ with equation (6.1) induces morphisms

1 J
Yic*()(n—yY*C*Sgg—Y)Y*c*?B(—Yth* [C* x C*].
Lemma 6.3.3. Iy (resp. Jy) is the inclusion of a smooth divisor (resp. its complement).

Proof. By Lemma 4.4.3, Jy is the complement of /y. Let us see that Iy is a smooth
divisor. Consider the divisor ¥ x Sz C Y x B. Since the function py is nonconstanton Y,
the function [y e is nonconstant on ¥ x Sy and Y x B. Thus ,u;l% &)N (Y x8Sgp) C
M;i% (¢) is a divisor. Passing to the quotient by the (free) G-action, Y *c* Sg is a divisor
inY xcx* B. ]

We thus obtain, as in (6.2), the triangle

Qrasu[-20(=1) = Q = (Jy):J3Q . 6.3)

Lemma 6.3.4. The map my has fiber A' and a section induced from the inclusion
0 — Sg.

Proof. We have j155(Sp) = 1. Hence ¥ *c* S = (uy'(§) x Su)/C*. By assumption,
C* acts freely on y,;,l(;‘). Hence the quotient is a bundle over M;I(C) /C* with fiber
isomorphic to Sgg =~ Al L]

In particular, either pushforward along 7y or pullback along the section induces
H*(Y *c* S, Q) = H*(Y »c+0,Q) = H*(Y Ie G, Q). (6.4)

Wehave Y xc+ [C* x C*] =Y by Corollary 4.4.6and Y xc+ 0=Y [, C* by Lemma
4.3.7.

Taking cohomology of the triangle (6.3) and combining with the above isomorphisms,
we obtain the diagram
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H*72(Y [ C*.Q)(-1) H*(Y, Q

o ~ LT ~
RGN =

~y »

o S HO2(Y wer S, Q)(—1) — HA(Y wer B,Q) — HY(Y #+ [C* x CH,Q) —3 -+

We call the dashed long exact sequence the B-deletion-contraction sequence of Y .
The terminology is motivated by the following special case:

Theorem 6.3.5. Let T be a graph, e a nonloop edge, and n chosen such that B(T") is
smooth. Then there is a long exact sequence
2 a® »® eB[+1]
— H77(B(I"\ ), Q)(=1) — H*(B(I'), Q) — H*(B(I'/e),Q) —— . (6.5)
Moreover, the maps strictly preserve the weight filtration on each space (taking into
account the Tate twist on the left-hand term).

Remark 6.3.6. When we wish to highlight which edge of I" is in play, we may write a?
and H2.

Proof of Theorem 6.3.5. Apply the B-deletion-contraction sequence to Y = B(I"/e) and
¢ = nq(e) as specified in Section 5.6. Lemmas 5.6.2 and 5.6.4 give the desired identifica-
tions of the convolutions in the sequence with the stated spaces. The desired statement
regarding weight filtrations follows from the fact that the long exact sequence of a pair
respects mixed Hodge structures (see [20, Proposition 8.3.9], or more explicitly [71,
Propositions 5.4.6, 5.5.4]). [

When e is a bridge, the space B(I" \ e) is empty by Lemma 5.1.5, and the map b®
is an isomorphism. The following lemma shows that in this case we moreover have an
isomorphism of spaces.

Lemma 6.3.7. Let e be a bridge of T'. Then we have a canonical isomorphism B(I") =
B(L/e).

Proof. By Lemma 5.6.2, we can write B(I") = B(I"/e) xc+ B. On the other hand, ‘B is
the disjoint union of Sgg and [C* x C*] as explained above.

Thus B(I'/e) xc+ B is the disjoint union of B(I['/e) xc+ Sy and B(['/e) *c=
[C* x C*] by Lemma 4.4.3. The former is the empty set by Corollary 5.6.5. The latter
equals B(I'/e) by Corollary 4.4.6. L]

6.4. Class in the Grothendieck ring of varieties

The results above also allow us to calculate the class of B(I") in the Grothendieck group
of varieties, and prove Theorem 1.0.3. We compute

B] = B\ Sp| + [Sp| = [C* xC*| +|C| =L -1)*+L=L>-L+1
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Now Lemma 6.3.7 asserts that B(I") = B(I'/e) if e is a bridge. Moreover, we know
that B(I') = B(T" \ e) x B(») if e is a loop, by Lemma 5.1.3.
The key remaining point is:

Corollary 6.4.1. In the Grothendieck ring of varieties, |Y xc+ B|=[Y |+ L-[Y [, C*|.

Proof. By Lemma 6.3.4, Y * Sg is an A!-bundle with section over Y //; C*. In other
words, it is a line bundle, and thus Zariski locally trivial over Y //; C*. Its class in the
Grothendieck ring therefore factors as IL - |Y //; C*|, and the result follows. ]

Proof of Theorem 1.0.3. Indeed, by taking ¥ = B(I"/e) in Corollary 6.4.1, and substitut-
ing via Lemmas 5.6.2 and 5.6.4, we find |B(T")| = |B(I'/e)| + L|B(T" \ e)|. This gives
a recursive formula for |B(I")|, with initial term |B(e)| = 1. The universal solution to
such recursions is a sum over spanning trees I’ € Span(T") described, for instance, in
[6, Chapter 10, Theorem 2]. In our case it gives the desired formula:

BO) = Y (@ - EILhO-b@), .
T’ eSpan(T")

We will give a second proof of Theorem 1.0.3 in Remark 6.5.9 below, by directly
exhibiting a stratification by spaces which account for the terms in the above sum.

Corollary 6.4.2. The cohomology of B(T") is Hodge—Tate. In other words, it is generated
by classes in Wo,H*(B(I"), Q) N FPH*(B(I"), C) for various p.

Proof. The deletion-contraction sequence (6.5) strictly preserves the weight filtrations,
and therefore defines a long exact sequence of associated graded spaces. We can therefore
reduce to the case where I consists of a single vertex with n loops, by the same recursion
as in the proof of Theorem 1.0.3. In this case B(I") = B". Since B is the complement
of a conic in C?2, its cohomology is Hodge-Tate. The same is true of its powers, which
concludes the argument. ]

6.5. Charts and strata

We apply the construction of Definition 5.5.1 with (D, Z) = (Sx, B) to obtain open
sets Urs for TV C T'. Note the identification B \ Sy = [C* x C*]. We write

D, :=BT)\Ur. ecE).

Recall we obtain B(T") from symplectic reduction of BF@ ¢ (C2)EM Explicitly, D,
is the symplectic reduction of the locus {x, = 0} C B(I"). (The coordinate x, transforms
under a nontrivial weight of the torus we quotiented by to form B(I"), but descends to a
section of a line bundle, whose zero locus is still meaningful.) From the definition we see

U =2ZTCm\ (J De.
ecE()
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Lemma 6.5.1. The opens Ur indexed by spanning trees T C T define an open cover
of Z(T, ). These open sets carry isomorphisms Ur» = BET/ M.

Proof. The opens Ut are exactly those obtained from Lemma 5.5.2, starting from the
closed set Sgs C B. Lemma 5.5.4 and the identification 6 \ S =~ [C* x C*] determine
isomorphisms Urs & BET/T), |

Lemma 6.5.2. The divisor D(T') := | J D, C B(T") has simple normal crossings.

Proof. The intersection of D(I") with the opens Urs of Lemma 6.5.1 is identified with
the normal crossings divisor [ [,cp\rs De under the isomorphism Urs = BET/T) g

For J C E(T), we write Sy :=("),cs De. By Lemma 6.5.2 that Sy is a real codimen-
sion 2|J | submanifold. We have the following relation:

Lemma 6.5.3. Thereisamap wy : Sy — B\ J,n\ J) expressing Sy as a rank |J |
vector bundle over B(I"' \ J,n\ J) and n \ J is defined as in Remark 2.0.8.

Proof. Consider the basic space B. We have a diagram

B —— {x =0}
ln
n={x=y=0}
The map 7w makes {x = 0} a C*-equivariant rank 1 vector bundle over n, trivialized by
the function y. Note also that the moment map 1 + xy has constant value 1 on this locus.
Sy is by construction a quotient of ([[,c;{xe = 0} x [[,¢; B) N w=l(n) by
C%(T, C*). The maps {x, = 0} — n for e € J combine to give a map

(TTexe =0y < [T8) 'y > ([Tnx [T®) nu .

eeJ e¢J ecJ e¢J

This is a C!(I", C*)-equivariant vector bundle (if we ignore the equivariant struc-
ture, it is a trivial vector bundle) over the target with fiber C/. Taking the quotient by
CO(T, C*) defines an H'(T" \ J, C*)-equivariant vector bundle 7 : Sy — B(C'\ J). =m

Note that as Sy is a real codimension 2|J | submanifold, there is a Gysin map
H2V1(57.Q) — H*(B(I). Q). (6.6)

The following lemma establishes the required commutativity we need to later define
a deletion filtration on the cohomology of B(T").

Lemma 6.5.4. For I'' C T, the map
H 2@ (1), Q) = H M (D, Q) — HY(B(T). Q)

is equal to the composition (in any order) of a? fore e T\ T
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Proof. This holds by definition when |T" \ T| = 1. In general, it follows from the fact

that for any ordering {ey, ..., e,} of ' \ T/, each inclusion in the corresponding flag
of subspaces Dr\rv C -+- C D¢, e, C D¢, C Dg = B(I') is the inclusion of a real
codimension 2 submanifold. |

We now turn to the construction of a stratification. The space %8 has a decomposi-
tion B = (C* x C*) LU A (see e.g. Proposition 6.1.3 (6)). Here we construct similarly a
stratification of B(I") by vector bundles over algebraic tori.

For J C T, we recall the already defined S; and introduce two related spaces:

Sy = ﬂ D., Kj:= U Sive. 0y :=S;5\Kjy. (6.7)
eeJ e¢J

Example 6.5.5. Let ' = (C» and let e be the only edge. Then Sy = B((»), Kg = Sy =
{x =0} and Qg = B((P®) \ S = {x # 0}. On the other hand, S, = Sy = Q., K. = 0.

Lemma 6.5.6. S; = @ if " \ J is disconnected.
Proof. Combine Lemma 6.5.3, Lemma 5.1.5 and Remark 2.0.8. |

Proposition 6.5.7. Suppose T \ J is connected. The restriction of wy to Qj defines an
HY(T, C*)-equivariant vector bundle over H'(I" \ J,C*) x H{(T'\ J,C*),\J.

Proof. From Lemma 5.1.7, we have B(I", ) \ D(T") = [C* x C*|(T',n) = H(I",C*) x
H,(I", C*),, where the middle term is the graph space associated to [C* x C*], in the
notation of Definition 5.1.1. The stated result now follows from Lemma 6.5.3, after sub-
stituting I \ J for I in the previous line. ]

Proposition 6.5.8. BT, n) =][ 0.

Proof. By construction, Q j is the locus of points in Z(I") contained in D, e € J, and
notin Dg,e ¢ J. ]

Remark 6.5.9. Combining Lemma 6.5.6, Proposition 6.5.7, and Proposition 6.5.8, we
get another (and more explicit) proof of (1.3) in Theorem 1.0.3.

Remark 6.5.10. Going back at least to the work of Deodhar [23], stratifications by
(C*)@ x C® have been found frequently in representation-theoretic contexts. At least
since [75, Proposition 6.31], we have known that such stratifications often admit mod-
ular interpretations: often the spaces are moduli of objects in the Fukaya category of a
symplectic 4-manifold; and the strata each parameterize objects coming from a given
immersed Lagrangian.

The present case is presumably another example. From [4] we learn that B(I") is
a moduli space of microlocal sheaves on a singular real surface L = | J L;, where the
L; are the smooth irreducible components. In this context it is most natural to view L
as the Lagrangian skeleton of the symplectic plumbing W of the T*L;. By e.g. [31,
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Corollary 6.3] we may trade microlocal sheaves on L for the wrapped Fukaya cate-
gory of W. Now a spanning subgraph I'" C T determines an immersed Lagrangian:
smooth the singularities of the skeleton corresponding to the edges I'’, and leave the
nodes in I' \ T”. A rank 1 local system on this Lagrangian, together with some extra data
at the nodes, determines an object in the Fukaya category. The space of such choices is
(L — 1)221@OLIT=IT 1 s also possible to give a similar description directly in terms
of the microlocal picture of [4].

6.6. C(I') via differential forms on B(I")

The purpose of this subsection is to show that the complex €(I") computes the coho-
mology of B(T"). This will be done using differential forms and the residue sequence
(see Section A.2) for a certain stratification of B(I"). As the space B(T") is affine, as are
all strata we encounter, we will everywhere take termwise global sections in complexes
of sheaves of differential forms, and discuss the resulting complexes of sections rather
than complexes of sheaves. We preserve the notations of Section 6.5, especially for the
spaces (6.7).

As Q has the homotopy type of a torus (Proposition 6.5.7), there is a quasi-iso-
morphism A*H'(Q;,C) = H*(Q;,C) = (Q*Q, d); here the LHS has the zero
differential. Let us recall how to exhibit such explicitly. Let V' be a complex vector
space with lattice Vz and dual V*. Then any w € V* defines a 1-form dw € Q(V),
which descends to a closed one-form (which we denote by the same symbol dw) on the
torus V/ V. This defines a linear map H' (V/ Vz,C) = V* — Q!(V/ Vz); taking exterior
powers, we obtain the quasi-isomorphism A* V* = (Q*(V/Vz), dg).

Definition 6.6.1. Consider V =H;(I"\ J,C) @ HI(T"\ J,C); it is self-dual, with lattice
Vz :=H{(I'\J,Z) ®HY (' \ J,Z) and with V/Vz = H{(I' \ J,C*) x H{(I" \ J,C*).
Thus we obtain a map

H(T\ J,C):=H{(I'\ J,C)®H '\ J,C) - QUH(T'\ J,C*) x HY(I" \ J,C*)).
(6.8)

Composing with the pullback along the vector bundle 7y : Q; — H (" \ J,C*) x

HY(T"\ J,C*), we obtain a map
¢y :H(T'\J.C) - Qp,.

We use the same notation for the induced quasi-isomorphism c; : A* H(I' \ J,C) =
(Qp, . dar)-
Example 6.6.2. We continue Example 6.5.5. We have H((C», C) = Cy & Ce. Then
_dxy+1)
oxy 41

Remark 6.6.3. Using the stratification of B(I") by the QO (Proposition 6.5.8) and the
above identification of the cohomologies of the Q, it follows formally from excision

c(y) = ci_x and c(e)
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sequences that H*(°B(I"), C) can be computed by a complex with underlying graded
vector space @ ; A H(T"\ J, C), whose differential respects the filtration by |J|. Identi-
fying the differential with that of €(I"), however, necessarily involves understanding how
the closure of one stratum meets others. It is this which we accomplish using log forms
and residues, below.

We recall the notation D7 = [ J ecy De from Appendix A.2.
Lemma 6.64. K; = D' N S;.

Proof. A point lies in Sy if it is contained in D, for all e € J. A point lies in K if it is
contained in D, for all e € J and at leastone e ¢ J. ]

By Lemma 6.5.2, K is a simple normal crossings divisor in S;. The key point that
allows us to work with the log de Rham complex is:

Proposition 6.6.5. The image of c; : H(I'\ J,C) — ngj liesin Qg (Ky).

Proof. The proposition asserts that the forms in the image of ¢, a priori defined on Q ;,
in fact extend to meromorphic forms on S; with logarithmic poles along divisors of the
form Q je.

We check this using certain open charts which contain both Q; and Q jyu,. For
each spanning tree ' C T, Lemma 6.5.1 gives an open Urs and an isomorphism Urs =~
BET\I) The intersection O\ Ut is precisely B(T) \ DT, and the composition

HY (I, C*) x Hy ([, C*) 2= B(I) \ DT == (B \ Sp) ETN) = (C* x ) ET\

is described by Lemma 5.5.7. Now suppose I'" C T \ J. There is a corresponding con-
traction T'\ J — (['\ J)/ TV = QET\I'U)) inducing

Hi(T'\ J,C*) x HY(T'\ J,C*) = (C* x C*)EM\I'UI) (6.9)

We have an inclusion of opens

Qs cS;\ U Srue. (6.10)
eeI”
The right-hand side equals
Ur NSy = BNV st 6.11)

Under the isomorphism (6.11), a dense open subset of the divisor Sy, C S is identified
with {x, = 0} c BTV & Sy Moreover, the composition of (6.10) and (6.11) fits
into a commutative diagram

Q7 ——=—— (B\Sp)"\T"V) x 8 — BTV gl

) | |

Hi(T'\ J,C*) x H(I'\ J,C*) —=— (C* x C*)N\I"VW) 5 9gT\(I'U)
(6.12)
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where the bottom left map is (6.9) and the middle vertical and bottom right maps are
induced by B \ S =~ C* x C*.

Pulling back by the bottom left isomorphism of diagram (6.12), the map (6.8) is iden-
tified with the map

H(T'\ J,C) — (Q'(C* x €)@

given by

dx. d(xeye + 1))' 6.13)

1

(60> gz (fen) T 8,
Here e ranges over I' \ (I'" U J)) and 0, is defined by 0 = 3,1\ (rvu sy e, as in Lemma
5.5.6. Via the lower right map in diagram (6.12), we can view the map (6.13) as a mero-

morphic form on BIN\I'V),
By (6.13), the image of c¢; has logarithmic singularities along Sy, = {x. = 0} for
any e € I' \ (I'" U J). Since we can pick I to avoid any e ¢ J for which the divisor Sy,
is nonempty, the image has logarithmic singularities along Ky C Sy. |

Corollary 6.6.6. The induced map cy : \*H(T \ J,C) — (Q:qj (K ), ddr) is a quasi-

isomorphism.

Proof. This map, composed with the quasi-isomorphism from the log de Rham complex
to the ordinary de Rham complex on Q j, is a quasi-isomorphism. ]

Proposition 6.6.7. The following diagram commutes:

AHT\J.C) —L 5 Q*(S;(Ky))
a| l* (6.14)
ATTH(T\ J Ue,C) 2% Q*1(S70e (K ue))

Proof. We will prove the case J = @; the other cases are identical. As in the proof of
Lemma 3.0.2, we can write H(I,C) = F @ K where K = H;(I"' \ e, C) @ H!(T", C) and
F is any complementary rank 1 subspace. We also fix a spanning tree I’ C T\ (J U e).

Let us first assume e = 1. By (6.13), we see that resj_, yu. ocy factors through the
projection to IF, and is given by the pairing (e, y). This proves the result when e = 1.

For > 1, we can write A\°H(I,C) =F A A* ' K @ A°K. Then res;_, sy ocs
kills the second summand, and acts on the first by res j_, yue oc(o A7) = (e, 0)c()s,,
where ¢(7)s,, is the restriction of ¢(r) to Syue. To compute this restriction, we use
(6.13), which immediately implies ¢ ;(7)s, , = cjue(7).

Comparing with the formula for d, yields the result. ]

We now use the residue exact triangles from Appendix A.2.

Theorem 6.6.8. Define c by taking the direct sum of the maps cy for all J. Then ¢ induces
an inclusion of complexes C*(I', C) — DQ%(F) (see Definition A.2.1), which is in fact
a quasi-isomorphism. In particular, this induces a canonical isomorphism H®* (€*(T", C))
= He(B(T),C).
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Proof. First, let us observe it is an inclusion of bigraded (by degree of wedge and size
of J)) vector spaces.

The de Rham differential vanishes on the image of ¢, since by construction it is com-
posed of wedge products of closed forms. Proposition 6.6.7 shows that d,. restricts to dg.

The fact that the map is a quasi-isomorphism can be seen as follows. Filter both com-
plexes by the size of J, and consider the associated map of spectral sequences. It induces
an isomorphism in cohomology on the first page by Corollary 6.6.6, and thus on all sub-
sequent pages.

For the assertion regarding cohomology, note that since B(I") is affine, Proposition
A.2.5 yields a quasi-isomorphism Q;B(F) — D Q%(r‘)' This combines with the quasi-

isomorphism ¢ : €*(T",C) — P Q.EB(F) to give the stated result. |

Remark 6.6.9. In fact, the above argument shows that €*(T", C) — D Q;B(F) is an iso-
morphism in the filtered derived category, where both sides are filtered by the size of J.

Definition 6.6.10. The Betti deletion filtration is the increasing filtration obtained from
Definition 1.0.6, where the covariant functor A is defined on objects by I' — H*(B(I"), Q)
and on morphisms by taking the inclusion I'" — T to the composition of deletion maps a?
(in any order) for e € I' \ T”. (Independence from ordering follows from Lemma 6.5.4.)

Proposition 6.6.11. The map c identifies the C€-deletion-contraction sequence with the
Betti deletion-contraction sequence, and the C-deletion filtration with the Betti deletion
filtration.

Proof. The quasi-isomorphism ¢ of Theorem 6.6.8, and its analogues for I' \ e and I'/e,
define a map of the short exact sequence from (3.2) to the exact sequence

0—KQyp?— Py - PQyp,) >0

of Proposition A.2.3. (The commutativity of the ¢ with the morphisms of sequences
holds because both exact sequences are the exact sequences associated to a cone, and
the cone is over morphisms which we have already seen to be compatible in Proposition
6.6.7.) Applying the comparison from Corollary A.2.6 recovers the deletion-contraction
sequence. |

Proposition 6.6.12. The Betti deletion-contraction sequence is strictly compatible with
the Betti deletion filtration.

Proof. Follows from Proposition 6.6.11 and the corresponding fact for the C-deletion-
contraction sequence (Corollary 3.0.10). ]

Remark 6.6.13. The dependence of the remainder of this article on the present subsec-
tion factors through the statement of Proposition 6.6.12, which does not involve €(T).
One could imagine this statement has a proof which does not require the comparison
with €(T"), but we do not know one.
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6.7. Deletion versus weight filtrations

Theorem 6.7.1. The weight filtration is given by doubling the Betti deletion filtration:
WacH* (B(I'), Q) = War 1 H*(B(I), Q) = DH*(B(I), Q).

Proof. First let us check the result when every edge of I" is a bridge or a loop. By
Definition 1.0.6, in this case the first nonvanishing step of the deletion filtration is
D;H (B(T'), Q) = H (B(I"), Q). We compute the weights. Recall from Lemma 6.3.7
that contracting bridges does not change 8(I"); correspondingly we may as well assume
I' is a vertex with n loops. For this space

H*(B(), Q) = H*(B()". Q) = H*(B,Q)*".

It follows from Proposition 6.3.1 that the degree i cohomology of the RHS has weight 2i,
as desired.
Next, let us show that for any I', we have

DiH®(B(I'), Q) C W H*(B(I), Q). (6.15)

We proceed by induction on the number N of edges that are neither bridges nor loops.
We have already treated the case N = 0. Suppose N > 0. Note that Dy H®*(B(I"), Q)
is spanned by the images under ae% for various e € E(T") of Di_H*72(B(T \ e), Q).
Consider the sequence

b

— H72(B(I \ ), Q) ® Q(-1) = H (B(), Q) —> H (B(I/e), Q) .

By induction, we have Dy _ {H! “2(B(T"\ e), Q) C Wai_,H! "2(B(T \ e), Q). Taking into
account the Tate twist, and noting that ae% preserves the weight filtration, it follows that the
image of Dx_;H 72(B(T" \ e), Q) lies in Wy H! (B(T"), Q), as desired. This completes
the proof of (6.15).

Finally, we are interested in upgrading the inclusion of (6.15) to an equality. By (6.15),
the identity on H*=2(B(T \ e), Q) induces a map of associated graded spaces; it will
suffice to show that this map is an isomorphism. Again we proceed by induction on N,
having already established the case N = 0.

Pick an edge e € I' which is neither a bridge nor a loop. By Theorem 6.3.5, the
deletion-contraction sequence for e is strictly compatible with the weight filtration. We
write gr’” (DCS,) for the sequence obtained from the deletion-contraction sequence by
taking the associated graded spaces for the weight filtration. Strict compatibility implies
that gr'¥ (DCS,) is exact (see Lemma A.3.2). Similarly we write gr2®(DCS,) for the
sequence obtained from the deletion-contraction sequence by doubling indices and taking
the associated graded spaces for the deletion filtration.

Now, by strict compatibility of the deletion-contraction sequence with the Betti dele-
tion filtration (Proposition 6.6.12), we may conclude the sequence gr’°(DCS,) is also
exact.
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Consider the map 7 : gr?®(DCS,) — gr'’ (DCS,) arising from the inclusion (6.15).
By induction, 7 is an isomorphism for the terms associated to I" \ e and I" /e. Thus by the
five lemma, 7 is an isomorphism for the I" terms as well. This completes the proof. |

7. O

7.1. Complex analytic structure

The space ® will be a neighborhood of the nodal rational curve with dual graph (C» inside
a family of genus 1 curves. We consider the universal cover of the universal deformation
of P1/{0 = oo}, as described in e.g. [21, Section VII], [63, p. 135].

Let D; C C be the interior of the unit disk, and ]D)’lk the punctured disk. Let ¢ be the
coordinate on ID;. One can form over D} the family of genus 1 curves with fiber C*/ q%;
it is by definition a quotient (D} x C*)/Z.

The monodromy of this family is such that it is natural to fill the special fiber by
the rational curve with dual graph (C», and one wants to extend the quotient description
accordingly. The picture is that one takes ID; x P!, iteratively blows up the points at the
intersection of the fiber over zero and the strict transforms of the sections ID; x 0 and
D; x oo, and then finally deletes these sections. The result has central fiber an infinite
chain of P!,

It is now possible to extend the Z-action, as can be verified most easily in the following
coordinate description. We consider the slightly larger space C x P!, It is a toric variety
under the natural action of C* x C*, and the iterated blowups (at torus-fixed points)
inherit this toric structure. Each blowup admits a compatible set of toric charts (C,% ~ C?,
with coordinates x,, y,, glued by identifying

Ca\lan =0} & Cyy \ {yng1 =0}
by the relations
XnYn = Xn+1Yn+1, Xn = y;—‘,l-l'
If we glue all such charts C2 for n € Z, we obtain a complex manifold 5.

Lemma 7.1.1. 6 carries the following structures:

(1) A holomorphic symplectic form Q = dx, A dyy.

(2) A holomorphic function q : B8 — C given by q(xp, Yn) = XnYn.

(3) A C*-action (xp, yn) = (txn, TV yy), preserving Q and the fibers of q.

Proof. One checks that the formulas given descend along the above specified gluing. =

Proposition 7.1.2. The Z-action on S defined by k + (xn, yn) = Xntks Yn+k) is free
and discontinuous over ¢~ (D).
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Proof. We check the freeness and discontinuity separately for z € g~1(D}) = D* x C*,
and z € §~1(0). In the former case, n € Z acts by multiplication by ¢” on the C*-factor,
which is free and discontinuous if |¢| # 1. In the latter case, n € Z acts by translating the
infinite chain g~ (0) by n steps. L]

Definition 7.1.3. We write © = ¢ '(Dy) and ® = ¢~ (D1)/Z. We write n € D for the
common image of the points (x,, y,) = (0, 0).

The structures from Lemma 7.1.1 restrict to ® and descend to ; we keep the same
notation for the resulting structures. Note the C*-action on © factors through the quotient
C*/q”% away from ¢~1(0).

Proposition 7.1.4. We have the following:
(1) The map q : © — D is proper and holomorphic, with unique critical point n.
(2) The fiber ¢~ (0) is a nodal rational curve, with node n.

(3) q admits a section with image disjoint from n and given in coordinates by X, =
Yant1 = L.
(4) The Uy C C* action on D is free away from its unique fixed point n.

(5) There exist coordinates around n in which the Uy-action is T - (x,y) = (tx, 7" 1y).
Proof. These can be checked in the coordinates given in Lemma 7.1.1. ]

Our construction of © defines a manifold with a U;-action, a U; -invariant integrable
complex structure /g, and a Uj-stable (/5-holomorphic) elliptic fibration to the open
disk D, with special fiber a nodal elliptic curve.

The Uj-action can be recovered from the holomorphic map ® — Dj:

Lemma 7.1.5. Let X be a smooth complex analytic surface and q : X — D an elliptic
fibration over a disk, with a single singular fiber at the origin of Kodaira type 1 (reduced
irreducible rational nodal elliptic curve).

Then there is a canonical action of Uy on X. The action is free away from the sin-
gularity of the central fiber, and preserves the fibers of q. The quotient X /U; — D is
topologically a circle bundle.

Proof. The smooth locus of the fibers is identified with Pic!(X/B), hence carries a
Pic®(X/B)-action. The universal cover X is topologically a C*-bundle over the punc-
tured disk, with an infinite chain of rational curves over the origin; the Pic® (X /B)-action
lifts to the action of a C* acting fiberwise. We restrict this to U; C C*. (The restriction
is canonical, as U is characterized as the maximal compact in C*.) The final assertion
regarding X /U; — D; is a local calculation at the nodal curve. ]
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7.2. Hyperkdhler structure

In this section we recall how the Gibbons—Hawking ansatz can be used to construct hyper-
kahler metrics on such elliptic fibrations [2,26,34-36,69]. We learned these results from
two letters of Michael Thaddeus to Hausel and Proudfoot (circa 2008).

Fix the following data:

(1) A discrete subset S C R3.
(2) A positive harmonic function V : R3\ S — R.
(3) A smooth Uj-bundle 7 : Xo — R3\ S.

(4) A connection one-form 6 € Q1 (X,) with curvature df = 2win*(xdV), where »
denotes the Hodge star operator with respect to the standard metric on R3.

The connection one-form is uniquely determined by V' up to adding a closed Uj-
invariant form, which, as R* \ S is simply connected, must take the form 6’ = 6 + 7*df .
To this data, Gibbons and Hawking [43] associate a metric g on X defined by

g:=V710.0+Vra*ds? (7.1)
where ds? is the Euclidean metric on R3.

Theorem 7.2.1 ([43]). The metric g of (7.1) is hyperkdhler.

More precisely, in [43] the metric was shown to be Ricci flat, which in four dimensions
is equivalent to being hyperkéahler.

The two-sphere of compatible complex structures and Kéhler forms can be described
explicitly [2,36]. Choose an orthonormal frame ey, e5, e3 of R3, and write (11, u2, u3) for
the associated coordinate system. Lift these to horizontal vector fields €1, €5, €3 on Xg.
Let ¢g generate the Uj-action on Xj. Then

‘/1/2é\07 V_l/zél, ‘/—1/2é\27 V—l/2é3

are an orthonormal frame for g. A compatible complex structure sends V'1/2é, to a unit
vector V1 2(a11 + a»é, + asés3) in the orthogonal complement. We can index the
complex structure by the unit vector s = aje; + aze, + azes € R3. For example, the
complex structure /., is given by

0 -1 0 O
1 0 0 O
0 0 0 -1 72
0o 0 1 o0

The Kihler forms associated to I, ¢, , I, are

w1 =duy AN0/2mi + Vduy A dus,
wy = dus AN O/2mi + Vdus A duy,
w3 = duz A 0/2xi + Vduy A dus.
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Lemma 7.2.2. The action of Uy on Xq is hyperhamiltonian, with hyperkdhler moment
map given by the projection X — R3.

The choice of s determines a decomposition R? = (Rs)* @ Rs = C x R, with coor-
dinates (zs, u5). The component zg : (Xo, I5) — C of the hyperkihler moment map is
holomorphic.

Now suppose that we have a smooth four-manifold X with a Uj-action, and an open
embedding X/U; C R3. Let S C R? denote the image of the Uy -fixed locus, and fix data
as above.

Hypothesis 7.2.3. Neareachs € S,V £ ﬁ extends smoothly over s, where 1 is
the local Chern class of the Uj-bundle defined by taking the preimage in X of a small
sphere around s.

Remark 7.2.4. By the mean value property for harmonic functions, if V' £ is
bounded, it is harmonic, and in particular smooth.

1
4 u—s|

Proposition 7.2.5 ([2, Section 2]). Under Hypothesis 7.2.3, the metric g extends smoothly
to X. The extended metric g is hyperkdhler, and the hyperkdhler moment map and the
sphere of complex structures can be extended smoothly to X .

Proof. The existence of smooth extension is checked explicitly in coordinates. Such a
smooth extension is automatically hyperkéhler, since the Ricci tensor is a continuous
function of the metric. The complex structures are then defined by parallel transport from
any point away from the singularity. Likewise, the circle action will preserve the extended
metric, since the Lie derivative is continuous. [

When S C R3 is a finite set of points, we can produce a hyperkihler metric on X
starting from the everywhere positive harmonic function

1
Vo = —_— 7.3
0 Z4n|u—s| 73)

sES

If the number of points is infinite, but the space between these points grows sufficiently
fast, the corresponding sum (7.3) will converge to a harmonic function with the right
singularities, and one again obtains a hyperkéhler metric.

Now consider the case where our four-manifold X carries a free action of Z covering a
translation on R, and the critical locus S is a single Z-orbit. In this case (7.3) will diverge
everywhere. By adding a suitable constant to each term, however, Ooguri and Vafa [69]
obtained a series which converges everywhere on R3 and is positive on a neighborhood
of S of the form D, x R, where D, a disk of some radius r > 0. One thereby obtains a Z-
invariant hyperkihler metric on X, which descends to a hyperkihler metric on X = X /7.

We now return to the setting of Lemma 7.1.5. The manifold X already carries a com-
plex structure, and we want to define a hyperkihler metric compatible with this structure.
Gross and Wilson [36] show how to accomplish this by adding to V a suitable harmonic
correction term, defined in terms of the periods of the elliptic fibration. The resulting
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function V' will again be positive on a neighborhood of S of the form D, x R. In fact,
they define a family of such metrics depending on ¢ > 0, which give the elliptic fibers
volume ¢. The radius r of positivity of V' will depend on both ¢ and the periods of the
fibration.

Let us now give the precise statement. Given 0 < r < 1, let D, C D be the disk of
radius r. Let X, be the preimage of D,.

Proposition 7.2.6 ([36, Section 3], [69]). For each € > 0 there exists a radius 0 <r < 1,
and a (noncomplete) hyperkiihler structure on X,, extending the given complex struc-
ture I on X, (in which q : X, — D, is holomorphic). This metric gives the elliptic fibers
volume ¢, and Uy acts by isometries and admits a hyperhamiltonian moment map of the
form

nX:qxpL}(J‘:Xr—ﬂD)xUl. (7.4)

Moreover, let n € X be the node of g~1(0). Then:
(1) The only critical point of wx is u, and wx (n) = 0 x 1.

(2) Away from n, the map mx is a principal Uy-bundle, with Chern class —1 € 7, =
H2(D x U; \ 0 x 1, 7).

Proof. We recall the general outline of the argument; for details see [36, Section 3].

Consider the universal cover X — X ; it has deck group Z. The task is then to construct
a Z- and Uy -invariant hyperkihler metric on X,, for which the Uy-action is moreover
hyperhamiltonian with Z-equivariant moment map g x ﬂ§ : X — C x R. We do this
using the Gibbons—Hawking ansatz described above.

In the situation at hand, we fix an identification X /U; = D x R, and write u, + ius
(resp. up) for the coordinates on D (resp R). We take S to be the Z-invariant subset
{(0,n) |n e Z} C C xR. Let A € H;(Xp) be the vanishing cycle in a nearby fiber, and
extend it to a basis 4, B such that monodromy around zero actsby A — A, B +— A + B.
We may normalize the periods of the elliptic fibers to be 1 along A. Then the period
along B will be

L. log(z) +ih(z) (7.5)
2mi

for some holomorphic function £(z).
Fix ¢ > 0, and consider the function

(7.6)

-3 ( : )
VO = - > — —dap |,
4w = N\ /(u+en)?+zz
where 1
a, = o n#0, ag=2-y+log(Re))/e.

Here, y is Euler’s constant. The choice of a, is made so that the series (7.6) converges
uniformly over compact subsets of |z| < 1. Since the individual terms are harmonic,
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Harnack’s convergence theorem implies that the limit is also harmonic. It is also man-
ifestly Z-invariant. Each term of the sum has a -singularity at exactly one s € S,
and this property is inherited by the sum.

Gross and Wilson show that there exists a function 0 < r(g) < 1 such that on
R x D, (), one has

1
4 |u—s|

V := Vo + Re(h(z)) > 0.

We fix r = r(e) and apply the Gibbons—Hawking construction to the fibration X, —
R x D, and the function V and a suitable choice of connection one-form 6. The result
is a Z-invariant hyperkihler metric g on X,, and a compatible sphere (a! + bJ + ¢K)
of complex structures. Let I be the complex structure for which the map X — D is
holomorphic, and therefore defines an elliptic fibration. One can directly compute the
periods of an elliptic fiber as an integral of the function V, and verify that these match
(7.5). It follows that the elliptic fibration with complex structure / is fiberwise isomorphic
to the original elliptic fibration.

By Z-invariance, the metric descends to X;. A direct calculation shows that the vol-
ume of each fiber equals ¢. ]

We will often abbreviate ,u;[(j] to wx. The U -action and map uy give X the structure
of a (U, U; x C)-manifold. We will however often be interested in the restricted structure
of a (Uy, Uy)-manifold given by just using ux . Note that from Proposition 7.2.6 (2) it fol-
lows that for & # 0, there is an isomorphism of (U;, U;)-manifolds ¢~ (¢) = [U; x Uy].

Lemma 7.2.7. Proposition 7.2.6 applies to the fibration ® — D1, defining a hyperkdihler
metric on D,. We can take r arbitrarily close to 1 by making ¢ sufficiently small.

Proof. For the elliptic fibration ® — D with coordinate z = ¢ on D, the correction term
Re(h(z)) vanishes. The calculation of r(e) in [36, Section 3] shows that r can be taken
near 1 for ¢ sufficiently small. ]

Remark 7.2.8. For Gross and Wilson, the important case is ¢ < 1, for which these met-
rics approximate a global metric on a K3 surface. On the other hand, we are content to fix
some ¢ > 0. For the purposes of this paper, the specific choice of r > 0 is irrelevant, and
we will suppress it by writing D = D, in what follows.

Remark 7.2.9. We may rescale the metric on ®© so that the volume of any fiber of ¢
equals 1. Because the fibers are complex one-dimensional, the corresponding Kéhler form
wy is integral. This will be helpful for later arguments regarding projectivity.

Remark 7.2.10. The holomorphic functions xg, ¢ define an isomorphism D \ ¢71(0) =
C* x IDy. In fact, there is a family of such isomorphisms, obtained by

(x0,9) = (f(g)x0,9) (7.7

for any map f : D; — C*. The function /,L]% : ® — R is Uy-invariant and therefore
depends only on |xg], q.
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We do not know an explicit formula for ,u]% However, we can give the following
characterization. Set t = log |x¢|. Then /1,]% solves the nonlinear ODE
du 1

dr V(u,q) (7.8)

To see this, recall the vector field ég generating the Uj-action. Then Iéy generates the
action of R* C C*. We have

Lr1oo(1bD) = t15,(dpo) = g(Iéo, 1é0) = g(é0,é0) = V.

Equation (7.8) has a unique solution up to shifts ¢ — ¢ + c(g) of the argument. These
shifts correspond exactly to the modifications (7.7).

Lemma 7.2.11. The form Q = dx, A dy, = d log(x,) A dq from Lemma 7.1.1 agrees
with the holomorphic symplectic form QO := w; + v/—1 wk associated to the hyper-
kihler metric of Proposition 7.2.6

Proof. Fix a contractible open U C D \ 0, and let Xy — U be the restriction of
X — D. Gross and Wilson [36, Construction 2.6] show that on any such open, QGVW —
d log(u) A dg, where u : Xy — C is a certain holomorphic function scaled with
weight 1 by C* and defined up to multiplication by an invertible function of g.* Since
d log(u) — d log(x,) = d log(u/x,) = df(q) for some function f : U — C, we have
dlog(u) Adg = dlog(x,) Adg. |

Fig. 4. A schematic picture of © and its various moment maps and their targets. Two fibers of g are
shown, and the intersection of each fiber with ME)I (1) is indicated in black.

Lemma 7.2.12. There is a Uy-equivariant deformation retraction of ® onto g~ (D),
where D, is the open disk of radius 0 < & < 1. There is also a Uy -equivariant deformation
retraction of ® to ¢~ 1(0).

Proof. Pick any Uj-connection on the bundle described in Proposition 7.2.6 (we do not
require it to be flat). Then the linear retraction D x Uy — D, x Uj or D x U; — 0 x Uy

4To compare with [36]: our ¢ is their y, and our u is their exp(27ix).
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induces the desired retraction of ® via parallel transport. One must treat the case of the
line through 0 x 1 separately, as the fiber over 0 x 1 collapses to a point. The preimage
of this line is homeomorphic to a disk, and parallel transport extends to a retraction to the
origin. |

7.3. Vanishing cycles for q

Given any space X and map ¢ : X — C, denote the inclusion of the zero fiber by i :
¢~ 1(0) — X, and consider the inclusions

g ({Re(z) <0} > X & 41 (Re(z) > 0)).

1
The corresponding excision triangle J4'Q — Q — J.4*Q u) restricts to the nearby-
vanishing triangle (in some accounts this is the definition of nearby and vanishing cycles).
That is,

U,Q =i*d.9*Q, &,Q =i*44'Q.

‘We now return to the case at hand. We define
So =75 (R="x 1)

1 J
and consider the inclusions Sp — D «— D\ Sp.

Lemma 7.3.1. Sy is a codimension 2 submanifold of ©, diffeomorphic to an open disk.

Proof. Since mg is a circle fibration away from 0 x 1, the preimage 715_)1 (R<% x 1) is
evidently a cylinder. It suffices to investigate the geometry near O x 1. This point is the
image of the fixed point n, where in local coordinates the circle action is 7 - (x, y) =
(rx,t71y). It follows that the fibration is equivariantly diffeomorphic to the standard
Hopf fibration R* — R3, where it can be checked in coordinates that the preimage of any
smooth ray leaving the origin is a disk. |

Remark 7.3.2. In Lemma 11.1.1 below, we use a more elaborate version of this argu-
ment to construct an embedding © C B, with respect to which S = S N ©. Under
this embedding, we shall see that /, J are intertwined with the same-named maps from
equation (6.1).

Lemma 7.3.3. Let ¢ > 0 be sufficiently small. We have a retraction of (Uy, Uy)-spaces
D\ S — g7 (e)

Proof. ® \ Sy is a trivial Uy-bundle over D x Uy \ [0, 1) x 1. A retraction of D \ [0, 1)
to & can be lifted to an (Uy, Uy )-retraction of the total space of the bundle. |

Observe that we have a closed inclusion

So = 15 (R= x 1) C ng' ({Re(2) < 0} x Uy) = ¢~ ' ({Re(z) < O}).
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Thus the excision triangle for Sg maps to the excision triangle for ¢! ({Re(z) < 0}):

n'Q —s Q — J,7*Q -1

l l l (7.9)

1'Q — Q — gug*Q 1
Proposition 7.3.4. The restriction of the above diagram to the nodal rational curve at
g~ 1(0) is an isomorphism of triangles.

Proof. The only point of intersection between Sp and the central fiber is the node:
So N ¢~ !(0) = n. Away from the node, the map ¢ is smooth. Thus along ¢~!(0) \ n,
the diagram restricts to

[1]
0 > Q > Q >

L1

0 > Q > Q >

with all maps given by the identity or the zero map. On the other hand, the Milnor fiber
of g at n has cohomology supported in degrees 0 and 1, and the degree 1 homology is
generated by any orbit of U;. Similarly, the degree 1 homology of V' \ ¥V N Sgp (for V a
small ball containing n) is generated by any orbit of U, since S is a smooth Uj-stable
codimension 2 submanifold. Thus the restriction map from V' \ V' N So to the Milnor
fiber induces an isomorphism in cohomology. It follows that the right-hand vertical map
is an isomorphism in a neighborhood of n. Since it is also an isomorphism away from n,
it is a global isomorphism. Since the central vertical map of the diagram is simply the
identity, the left-hand map must also be an isomorphism. |

Corollary 7.3.5. ¥,Q = Q,[-2].
Proof. We have
U,Q =i*49'Q = i*1[I'Q = i*Qs4[-2] = Qu[-2].

Here, the first equality is essentially the definition of vanishing cycles. The second
equality holds because of the isomorphism of exact triangles. The third equality holds
because Sp is a real codimension 2 submanifold. The final equality holds because
So Ng~1(0) =n. n

Remark 7.3.6. The locus Sy is a Lefschetz thimble for the vanishing cycle.

Remark 7.3.7. In the nearby-vanishing exact triangle of sheaves on g~!(0),

(1]
v,Q — Q|q_1(0) - 9,Q —,

we substitute W,Q = Q,[—2], and pass to global cohomology:

Q-2 > Q@ Q1] @ Q-2 -~ Q ® Q1] ® Q[-2] > .
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Note the similarity to the sequence appearing in the calculation of H*(*8, QQ) in Proposi-
tion 6.3.1, save that the weight grading no longer appears. This similarity will ultimately
develop into the comparison result of Theorem 11.3.1.

8. D)

8.1. Construction

Per Proposition 7.2.6, the space ® carries a (Uy, C x Uy)-structure.

Definition 8.1.1. Given a graph I" and n € Co(T", C x Uy), we set
D) := DUCXU (T ),

Writing n = p x v, the space O(T, n) is ;Llil(p x v)/CO(T, Uy). The space
prt(p xv) € DED s the subset satisfying

Y de— Y. ge=rpe 8.1)

edges exiting v edges entering v
U U1 _
[T w T W) =w. (8.2)
edges exiting v edges entering v

Proposition 8.1.2. For generic n, the space D(I', n) is a (noncomplete) hyperkdhler man-
ifold.

Proof. It follows from Proposition 7.2.6 that © satisfies Hypothesis 5.3.1 as a
(Uy, C x Uy)-space. Thus since we chose generic 7, Proposition 5.3.2 implies (T, 1) is
smooth.

As /Lg x ¢ is a multiplicative moment map for a hyperkéhler action of U; by Propo-
sition 7.2.6, D(T', n) is the hyperkihler reduction of a hyperkahler manifold. ]

1

Proposition 8.1.3. D(T, n) is equipped with a complex analytic action of H'(T', C*) and
a proper holomorphic H' (T, C*)-invariant map gres : D(T, ) — CET) whose image is
the intersection of the unit polydisk with Hy (", C) .

Proof. Proposition 5.1.4 yields a proper map D(I", n) — H;(I', C x Uy),. Compos-
ing with the projection H; (I', C x Uy), — H;(T", C),, preserves properness. Concretely,
the projection is induced by restricting £ to the zero fiber of the moment map and
descending to the quotient. The result is holomorphic and H! (I, C*)-invariant since ¢ is
holomorphic and C*-invariant. ]

Note it is possible to arrange n = (p, v) generic while requiring p = 0, as a spe-
cial case of Lemma 2.0.4. We will henceforth restrict attention to this case, in which
H,(I",C), = H{(I', C).
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Remark 8.1.4. Symplectic reduction of the holomorphic symplectic form Q®£T on
DE(T) gives a holomorphic symplectic form Qp on D(I'). The map ¢rs : D(T) —
H; (T, C) determines an integrable system, as can be seen e.g. by symplectic reduction
from the corresponding fact about g : © — . We consider this structure to be the coun-
terpart of Hitchin’s integrable system on the moduli of Higgs bundles [46].

Proposition 8.1.5. The action of H (I, C*) preserves Qr.

Proof. This follows from the fact that the C*-action preserves the holomorphic symplec-
tic form on ®. ]

Remark 8.1.6. As with B(T"), we can show that the dependence on the chosen orienta-
tion is quite mild. More precisely, if T, I/ differ only by the choice of orientation, then
there is a canonical isomorphism of smooth manifolds

D) — D).

By Proposition 5.2.1, it is enough to find an isomorphism ® — ® of smooth manifolds,
intertwining the Uj-action and the C x Uj-moment map with their inverses. One can
construct such a map by arguments similar to the proof of Lemma 11.1.1. We will not
need this result elsewhere in the paper.

8.2. Vanishing cycles and convolution

We wish to show that the calculations of Section 7.3 ‘commute with convolution’ with an
auxiliary (U;, U;)-manifold X, under certain hypotheses on X to be described later.
Recall that by definition,

X *u,ue O = (ux + po) ')/ Us.

As always we implicitly require (and must check for any particular X of interest) that ¢ is
a regular value of the moment map, and that the Uy -action on the fiber over ¢ is free. For
the remainder of this subsection we abbreviate x := *y, u, ¢, for some fixed { € Uj.

Recall the map ¢ : ® — C. Composing with projection onto the second factor, we get
amap g : X x ® — C, which descends to

gr: X *D —C.

Remark 8.2.1. In applications, often X = D(I"), hence has its own ¢; map. The sub-
script in the notation g, reminds that the map is built only from the ¢ of the second
factor D, and has nothing to do with this ¢yes.

It is immediate from the definitions that

X g (1) =q5"' ). (8.3)
X «n=g,'(0)N (X xSp). (8.4)
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In addition, note that for & # 0, we have ¢~ (¢) = [U; x U] as a (Uy, Uj)-space, thus

Gl =X»qg ') =X, £#0. (8.5)
Lemma 8.2.2. The following inclusions are deformation retracts:
i:¢;0) = X x D, (8.6)
n: X*n— X xSy, 8.7
ie:qy'(e) > X (D \Sp), eeD)\O. (8.8)

Proof. In each case, the claim follows from the existence of a retraction on the basic
space:

(1) The retraction ® — ¢~ !(0) constructed in Corollary 7.2.12 is a retraction of
(Uy, Uy)-spaces, and thus induces a retraction X * © — X » ¢~ 1(0) = ¢5'(0).

(2) Recall that Sg is the preimage of 0 x R=? under 5. The retraction of R=?
to 0 induces a retraction of (Uj, Uj)-spaces S — n, which in turn induces a retraction
X*xSp— X *xn.

(3) We have a retraction of (Uy, U;)-spaces © \ Sp — ¢~ !(¢) (Lemma 7.3.3), which
then induces a retraction X * © \ Sp — X » ¢~ (¢). |

Proposition 8.2.3. Consider the maps
I J
X*xSp > XD <— X *x(D\S»).

There is the following commutative diagram, with each row an exact triangle:

H*(X,Q)

l-g}

H*(X % Sp, I'Q) — H*(X « ©,Q) — H*(X  (D\ Sp), Q) 1%

7| |~ | (8.9)

H*(X xn,if1'Q) — H*(g;'(0),Q) — H*(¢5'(0),i*J.J*Q) m

| H |

L] — L] —_ L] — [1]
H*(g5"(0). @4,Q) — H%(¢;'(0),Q) — H*(¢;'(0), ¥;,Q) —
Here, ¢ is any nonzero element of D.
Proof. We will use the additional triangle
— 4 ¥ _
¢ ({Re(z) < 0}) = X + D < g5 ({Re(2) > 0)).

We have the comparison between excision triangles:

n'Q — Q — J,J*Q —

l H l (8.10)

1I'Q — Q — gugrQ L
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and its restriction along i : ¢; 1(0) C X x ©:

PI'Q — Q — i*J,J*Q —Hy

l l 8.11)

H
$,,Q > Q > W, Q ——

which we may push forward again by i to find

(1]

LI'Q y Q y JoJ*Q ————
| | |
B I 'Q —— 1,Q —— iyi*JJ*Q — (8.12)
| | |

. , . 1
i+ Py, Q > 1xQ > Wy, Q SEUEN

The main 3 x 3 square of diagram (8.9) is found by taking global sections of dia-
gram (8.12), and using (8.4). The indicated maps are isomorphisms by Lemma 8.2.2. =

Lemma 8.2.4. The singular locus of q» is contained in X * n.

Proof. Letz € ® \ n. Choose a small open neighborhood of a polydisk '; x V, contain-
ing 75 (z) € D x Uy, not containing the point (0, 1), on which the Uj-bundle #5 can
be trivialized. By Corollary 4.4.6, we have a diffeomorphism

JT:BI(Vl X Vz) * X = V] x /,L)}I(Vz)
and under this isomorphism ¢, becomes projection onto V;. This concludes the proof. m
Hypothesis 8.2.5. There is an open contractible neighborhood U C U; of ¢ € U; such

that:

(1) The map uy : X — U is locally constant near ¢, in the sense that for some inter-
val { € U C Uy, the space puy'(0) C X is isomorphic as a (Uy, Uy)-space to
[ > px' (0)].

(2) The action of Uy on ! ({) is free.

Proposition 8.2.6. If Hypothesis 8.2.5 holds, then X x Sg is a submanifold of X x ©

with R-codimension 2, we have ®4,Q = Qx .n[—2], and all vertical arrows in diagram

(8.9) are isomorphisms.

Proof. The key points are to show that

(a) X x So is a real-codimension two submanifold of X x O,

(b) the left vertical map i*I}1'Q — ®,,Q of (8.11) is an isomorphism.
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Indeed, (a) implies 7'Q = Q[—2]; thus because i, is a retraction, it would follow that i *
is an isomorphism in diagram (8.9), hence all vertical arrows between the top rows are
isomorphisms. Then (b) implies that diagram (8.11) is an isomorphism of exact triangles.
From this, together with (a), we may deduce ®4,Q = Qx.n[—2] as in the proof of Corol-
lary 7.3.5. Also, by taking global sections, we find that the vertical maps between the two
bottom rows of (8.9) are isomorphisms.

We turn to establishing (a) and (b). Both are local statements. First we study them
away from X % n, i.e. in X x (D \ n). Since © \ n is a principal U;-bundle (compatibly
with Sg), it is easy to see that (a) holds here. As for (b), we will show both terms van-
ish. For i *1;1'Q, this is simply because i * I, of anything is supported on ¢;'(0) N S,
which by (8.4) is X » n. And it follows immediately from Lemma 8.2.4 that ®,4,Q is also
supported on X  n.

We now study a neighborhood of X » n. Recall U is some neighborhood of { € U;.
Let

B :=pg (£ -W).

(Since Uj is playing the role of moment image, in keeping with our general conventions
we use additive notion for its group law.)

As B is an open neighborhood of n € D, the space ¢, ' (0) N (X * B) is a neighbor-
hood of ¢5(0) N (X = n). Observe that

X * B = (ux +po) ' (©)/Ur = ux' () « B.

By Hypothesis 8.2.5 (1), we have an isomorphism of (U;, Uy )-spaces

px ) = [ux' (©) x U], (8.13)

where the moment map on the RHS is the projection ,u;(l (¢) x U — U. By Hypothesis
8.2.5 (2), the action of U; on M)}l({) is free, hence defines a principal U;-bundle p :
13" (©) = 1z (©)/Ur.

Working locally, we may assume the bundle p : uy' (¢) — py'(¢)/Uy is trivial. That
is, we have reduced ourselves to establishing the stated result of the proposition with X
replaced by a (U, Uy)-space of the form Y x [U; x U], where the Uj-action is trans-
lation on the U; factor, and the moment map is just projection to U C U;. As we have
(functorially) (Y x [U; x U]) x K = Y x K for any (U;, U;)-subspace K C B, (a) is
obvious, and (b) follows immediately from Proposition 7.3.4. [

Remark 8.2.7. Note in particular that Proposition 8.2.6 implies H*(¢5'(0), ¥,,Q) =~
H*(¢5 ' (), Q) even though we do not require g, proper.

8.3. A larger family

Here we introduce a larger family g : B(T, ) — CED | from which ¢res : D(I') —
H; (T, C) may be recovered via base change along the inclusion H; (I', C) ¢ CEM Later,
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we prove results D(I") by first establishing their analogues for B (I, n) and then studying
the restriction.

Recall that © had the structure of a (Uy, U; x C)-manifold. We write B for the
space D viewed as a (Uy, Uj)-manifold, i.e. we forget the projection to D.

Definition 8.3.1. For v € Co(T, Uy), we write B(T, v) := VULV (T, p).
More explicitly, we have B(T", v) = ,u;l (v)/C°(T, Uy), where

SEO Sty ={ [T v [ @wdt=w) G4

edges exiting v edges entering v

Proposition 8.3.2. For generic v, the space B(I', v) is a (noncomplete) Kiihler mani-
fold, equipped with a complex analytic action of H(I', C*) and a proper holomorphic
HY (T, C*)-invariant map Gres : B(T,v) = CED whose image is the unit polydisk.

Proof. The proof is similar to that of Proposition 8.1.3. ® satisfies Hypothesis 5.3.1 as
a (Uyq, Uyp)-space, and v was chosen to be generic, so B(T', v) is smooth by Proposition
5.3.2. Proposition 7.2.6 shows ugl is a multiplicative moment map for a Kéhler action
of Uy, so B(T, v) is Kihler. The complex analytic action of C* on D descends to an

action of H' (T, C*) on B(T", v), preserving the fibers of gye. |

Note that if v € Co(T", Uy) is generic, then sois v x 0 € Co(T', C x Uy;). We have the
following fiber product diagram:

DT, v) — B(T,v x 0)

ql l (8.15)

H;(,C) —— CEM

Note that neither of the vertical maps are surjective. We suppress the dependence on v for
much of the remainder of the article.

Remark 8.3.3. Let C be a nodal curve with rational components and dual graph I'. Let
B be the base of a locally versal family of deformations of C; it has dimension (# of
nodes of C) = | E(T")|. Given an auxiliary choice of stability parameter, there is a family
of versal compactified Jacobians § — B.

The family gres : (L, 7) — CEI is very similar to this family, although neither one
is the base change of the other. In particular, the notation ¥ is meant to suggest ‘versal’.
Meanwhile ¢,s : D(I") — H; (T, C) is similar to the relative compactified Jacobian of a
subfamily of deformations of C within a fixed ambient holomorphic symplectic surface S

8.4. Some retractions

Many of the spaces we consider here are equipped with maps  : X — V' to a vector space
and a retraction to the central fiber 7 ~!(0). Here we record properties and examples of
such structure.
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We say a closed subset A C V of a vector space is semiconical if it is stable with
respect to scalar multiplication by {r € [0, 1)}.

Letr; : ® — D, t €0, 1], be the retraction onto ¢~ !(0) constructed in Corollary
7.2.12, and let rE@ : DED 5 5=1(0)EM be the product retraction.

Lemma 8.4.1. Let A € CEM pe q semiconical subset. Let T C UIV T be a subtorus
and ¢ € Lie(T)*. Then the map rE® descends to a retraction (¥ ™)1 (A) //; T onto

@*™)7©) /, T

Proof. We first claim that rZ@) restricts to a retraction of (¢Z@)~'(A) onto
(gET)=1(0). Indeed, ¢ o r; covers a linear retraction D — 0, and ug‘ or; = Mgl . It fol-
lows that r,E @ preserves A, establishing the first claim. Since ,ug‘ or; = ug' , it follows

that r,E ™ preserves the T-moment map. It is also UIV (F)-invariant, hence it descends to
a retraction on the quotient. ]

Corollary 8.4.2. Let A C A’ C CE® pe semiconical. Fix a torus T C UIV(F). The inclu-
sion (qEM)"YA) ) T — (qETD)"Y(A') /) T induces an isomorphism in cohomology.

Corollary 8.4.3. The inclusions qr 1(0) = ®D(T) and D) — B(T, ) induce isomor-
phisms in cohomology.

Proof. Both are special cases of Corollary 8.4.2. Indeed, D(I') = (¢ZT)~1(A)/T
where A = H;(I'; C) and T = UIV(F). The same holds for B(T, n) with A = CED
and T = U/, .

8.5. The deletion-contraction sequence

We now consider X = ©(I'/e), with (Uy, Uy)-structure as in Definition 5.6.1 and ¢ =
N:(e)- Let us now verify Hypothesis 8.2.5 for this space.

Lemma 8.5.1. Condition (2) of Hypothesis 8.2.5 holds for generic choice of n.

Proof. Consider the embedding ®(I"/e, n/e) C BV(I'/e, n/e). By construction, both the
action of H'(T", Uy) and the map jx extend to the larger space.

By Lemma 5.6.4, we have B(I" \ e, n \ e) = B(I'/e, n/e) *y,, 0. The right-hand
space is by definition the U;-quotient of ,u;l () C B(I'/e, n/e). By genericity of ,
this is a free U;-quotient. Thus the same is true after restriction to the closed subset
DT /e) N px' (Mi(e))- "

We turn to checking the local constancy asked in condition (1). Note that in our setting,
the map uy : X — Uj is not proper.

Lemma 8.5.2. Let /Lgsl :O[) = Hi(I', Uy)y be the residual moment map. Let o :
Hi(T", U1),;, — Uy be the restriction of a character of C1(I', Uy). For all but a finite set of
¢ € Uy, Condition (1) of Hypothesis 8.2.5 holds, i.e. there exists an open neighborhood
of ¢ and an isomorphism of (Uy, Uy)-spaces (o o ol )1 (0) 2= [(o 0 pursd )1 (&) x U].
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Proof. In general, for amap £ — B, a (nonlinear) connection is an assignment, for each
path in the base B with endpoints x, y, of a diffeomorphism E, =~ Ey, compatible with
composition of paths. Given a stratification of B, by a stratified connection on £ — B,
we mean the data of a connection on each stratum. In the presence of a group action, we
can discuss equivariant connections (those which commute with the group action).

Recall from Proposition 7.2.6 that © maps to C x U; and is a principal U;-bundle
over D x U; \ 0 x 1. Fix a U;j-equivariant connection V* for this bundle (i.e. a principal
bundle connection in the usual sense). We stratify C x Uy by 0 x 1 and its complement;
this also defines a stratification of the subspace D x U;. Then ® — D x U; carries a
stratified connection V, where V(y) is defined by parallel transport using V* over the
open stratum. Since the closed stratum 0 X 1 is a point, it requires no extra data.

We now turn to ©(I"), and set n = | E(I")|. Consider the residual moment map /Lgs X
wll s () - Hy(T, C x Uy)y. Its image B := H; ([, C x Uy), N (D x Uy)” inherits
a stratification from (D x U;)”. Taking products defines a stratified connection V" on
D" — (D x Uy)", which descends to a stratified connection Vr on ®(T") — B.

Let v € Uy. The spaces Hi (T, C) x o~ (v) inherit a stratification from the product
stratification on (C x Up)”. This family of stratified spaces can be compactified to a
proper family P(Hy (T, C) @ C) x a~!(v) of stratified spaces over Uy. The result is a
stratified submersion away from a finite set of points in Uj.

Over the complement of these points, Thom’s first isotopy lemma tells us that the
family must be locally constant. In other words, for { € U; avoiding a finite set of bad
points, there exists an open neighborhood ¢ € U and a stratification-preserving map f :
H{(T,C) x ™' (U) — H{(T,C) x @~ 1(¢) x U, covering the projection to H; (', C) x U
and restricting to the identity on Hy (T, C) x a~1(¢).

Parallel transport for the stratified connection Vr lifts f to the desired isomorphism
of (Uy, Uy)-spaces. [ ]

We may apply Proposition 8.2.6 to conclude that the vertical arrows in diagram (8.9)
are isomorphisms. Then we may extract from diagram (8.9) the sequence

— H*2(D(I'/e) *n, Q) - H* (DT /e) » D,Q) - H* (DT /e) » (D\ Sp),Q) — .
(8.16)

Recall that the convolution x products above are xy,. We want to replace these by their
submanifolds given by the corresponding *cxy, products. Assume e is a nonloop, non-
bridge edge of I'. Using Lemmas 5.6.2 and 5.6.4, we have

H* 2(D(T/e) xy, n, Q) K—:> H* 2(D(T/e) xcxu; 1, Q) = H*2(D(T\ e), Q),
H*(D(T/e) *y, D, Q) LN H*2(D(T/e) xcxu, D, Q) = H(D(T), Q),

H*(D(I'/e) xy, (D\S»).Q) LR H*(D(I'/e) xcxu, (D\Sp). Q) = H* (D(T/e), Q).
(8.17)
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Theorem/Definition 8.5.3. Each of the restriction maps is an isomorphism. We may
therefore define the lower row in the following diagram by requiring that the diagram
commute:

— H*2(D(T'/e)*n, Q) — H*(D(T/e)xD,Q) — H*(D([/e)*x(D\S»),Q) —

D D

LD\, Q) T B O1).Q) s B (O /).Q) -

We term this lower row the Dolbeault deletion-contraction sequence (D-DCS).

Proof. To see that the map &} is an isomorphism, note that we are in the setting of Corol-
lary 8.4.2, with A = Hy(I'/e,C), A’ = Hy(I' \ e,C) and T = U},

Similarly, the fact that «* is an isomorphism follows from Corollary 8.4.2 with A’ =
H,('/e.C), A = H{(I.C)and T = U/ ™.

Finally, i is an isomorphism by Lemma 8.2.2; we have also used the identifica-
tion (8.5). ]

Lemma 8.5.4. The maps af) for different edges e commute when their composition is
defined.

Proof. Using the isomorphism &, : H*(D(I'/e) xcxu, So.Q) = H*(D(T \ €), Q), the
map a f) may be identified with the Gysin map for the codimension 2 embedding of man-
ifolds ©(I'/e) xcxu, S C D(I"). The proof then proceeds along the same lines as the
corresponding argument for a? in Lemma 6.5.4.

We will give a second, independent proof of this lemma in Remark 11.2.2, by deduc-
ing the commutation of @ from that of a®. m

The commutativity allows us to make the following special case of Definition 1.0.6.

Definition 8.5.5. The Dolbeault deletion filtration D, H" (D(T"), Q) is the increasing fil-
tration obtained from Definition 1.0.6, where the functor A4 takes I" to H*(®D(I"), Q) and
takes I — T to the composition, in any order, of a ? fore e T\ T".

8.6. Another sequence

The top row of (8.18) is identified with the long exact sequence of a pair upon replacing n
with So in the upper left corner (n — Sy is the inclusion of a point in a line, hence
induces isomorphisms in cohomology). The long exact sequence has a natural map to its
*CxU, version:

H*2(D('/e) *$5,Q) — H*(D([/e) * D,Q) —— H*(D(['/e) * (D \S5),Q) —

Js J- s
AD BD® cp

H*"2(D(T'/e) *cxu, So,Q) —— H (D), Q) —— H*(D('/e) *cxu, (D \So), Q) =
(8.19)
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Composing diagrams (8.18) and (8.19) gives

H2(D(I'/e) xexu; So.Q) 25 HU(D(T). Q) %5 H(D(I'/e)xexy, (D\Sp). Q)

sk k) —1
L e
H72(D(T\e).Q) —— H*(D(I).Q) ——— H*'(D(T/e).Q) ———
(8.20)
The left vertical ‘=" is induced by the inclusion n — Sgp.

For later use we record the following structure:

D(/e) *cxu; (D \So) —= D(I'/e) » (D \ Sp)

l lquq (8.21)

H;(IC) ———  H;(I'/e,C) x C

9. Fibers and monodromy

9.1. Structure of the generic fiber

We write ]D)rfg(r) for the complement of the coordinate hyperplanes. Our first step is to give

a natural presentation of the fundamental group of a fiber over ]D)rfg(r). Letd € ]D)gg(r). We
write B(T)p := gl (D).

Lemma 9.1.1. There is a natural short exact sequence of groups
H'(T,Z) — 71 (B(X)p) — Hi (T, Z).

Proof. The basic space D is defined as a Z-quotient. Let b € D*, and let C* — C*/b% ~
g~ 1(b) be the restriction of this quotient to the fiber. It induces an inclusion of fundamen-
tal groups, defining a short exact sequence

71 (C*) — 7 (g~ (b)) — Z,

where the image is identified via the inclusion to ® with 71 (D).

Now let b € Dgg(r). The point b determines a product of elliptic curves

Ey:= [ 4.' ()
ecE(T)
in M and B(I"), is the Kihler reduction of E; by Ulv ' More precisely, there is a

moment map MEI ‘Ep —> IUIV ™ for the action of UIV ™ on Ep, and B(T), is the quotient
of the fiber Ep (1) over 7. Taking Cartesian products of the basic sequence of fundamental
groups, we obtain a sequence which we may write as

C'(IZ) — n1(Ep) — C1(T, Z).
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The inclusion E; (1) — Ep gives the embedded short exact sequence
CY(IZ) — 71 (Ep (1) — Hi(T, Z).
The quotient Ep (1)/ UIV ) defines the quotient short exact sequence
HY (T, Z) — 71 (BT)p) — Hi (T, Z). "

We now give a description of B (I"); as a group quotient.

Recall that b, for e € E(I") are the coordinates of b in CZT)_ To alleviate notation,
we will label the edges of I' as e; through e, and write b; for b,,. Given B € Hy(I', Z),
consider b# := (b/f L b,f;;”) € C" where B; are the coordinates of the image of §
under the pullback H; (T", Z) — C; (T, Z). Since by assumption, all the b; are nonzero,
bP defines an element of C!(I", C*), and we write b# for its image in H' (T, C*). This
defines a map 73, : H (', Z) — HY (T, C*). We write "1 (T>2) for the image of 5.

Proposition 9.1.2. b2 s 4 discrete lattice in H (I, C*). The fiber q.1(b) is natu-
rally isomorphic to the quotient H (T, C*)/pM1 (2),

Proof. Consider the cover (C*)E(@) — E,, obtained by taking the Cartesian prod-
uct of the maps C* — C*/bZ = g~'(b,). The torus-valued moment map MEI lifts
to a real-valued moment map ,u%g :(C*HEM - RV pick any lift 7 of 7; the

quotient (;Lﬂrg)_l('ﬁ)/ UIV () is the Galois cover of B(I')p corresponding to the sub-
group H'(T", Z) C m1(B()p). By the Kempf-Ness theorem, we can identify it with
(C*EM /(Cc*)VT = HY(T, C*). We can compute the action of an element y €
71(B(),)/HY(T, Z) = H{(T, Z) on the cover by choosing a lift to 71 (E); we find
it is given by multiplication by 7, (). This proves the second claim.

Discreteness of the image of 7, can be deduced from the fact that the quotient is a
manifold. Here we give a direct proof.

The torus C!(T', C*) splits into a real and a compact factor: C'(T, C*) =
CHT, U;) x CY(T',R>Y). Likewise, we have HY(I", C*) = HY(T, U;) x H{(T, R>?).
The exponential map defines isomorphisms C'(I", R) = C (I, R*?) and H!(I", R) =
H!(I,R>?). Postcomposing 75 with the projection H!(I", C*) — H!(I',R>%) = H!(T",R)
defines a map H; (I, R) — H!(T', R). Tensoring the left-hand side with R, we obtain a
map of vector spaces

7, - HY(I,R) — HY(I', R)

It is enough to show that this map is an isomorphism. Let ¢; = log |b;| < 0, and let
[e] € H! (T, Z) be the element of cohomology corresponding to the oriented edge e. Then
% (B) = Xi=y ciBi)lel.

Define an inner product on Cy (T, R) by (x,X')¢ := > /_, —¢iXX,. Since it is mani-
festly positive definite, so is its pullback along the injection H; (I', R) — C1(T',R). As 75
is the map H; (I, R) — (H{(T",R))Y = H(T'", R) given by B — (B, —)e, it follows that
it is an isomorphism, as was to be shown. [

Corollary 9.1.3. The restriction of gres : B(I') — DED has a section.
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Proof. We can define such a section by taking the image of the unit section of the triv-
ial fibration (C*)£@ under the quotient map (C*)E@ — HY(T, C*) — B(T"); from
Proposition 9.1.2. |

Proposition 9.1.4. For b € DE® in the complement of the coordinate hyperplanes,
1

Gres (D) is an abelian variety.

Proof. It suffices to show that ¢, .} (b) is a compact complex group admitting a projective
embedding. We have shown that B (T"), is a compact complex group. We will now show
that B (") carries a Kihler form wp with integral pairings wp (8) for § € Ho (B(1)p, Z).
The Kodaira embedding theorem then tells us that B (I"); admits a projective embedding.
Let @, be the Kihler form on Ep; recall that we have chosen it to be integral. We can
represent any curve class § € Hy(B(I")p, Z) as the image under the quotient map of a
curve ,g in E(n). The Kahler form on B(I"); is obtained by reduction of that on Ep, and

thus wp(B) = @p(B) € Z.

9.2. Monodromy

For a torus A, we have a natural isomorphism H®*(4, C) = A®H'(4, C). Thus the system
R®Gres «Qo(T) is a graded local system on a hyperplane in Dg;r)
by A"H'(B(T)p. Z).

The monodromy of this local system is determined by the monodromy in degree 1.
This is described as follows. Consider the short exact sequence in cohomology

, with fiber at b given

HY{(T,Z) - HY(B()p, Z) — H(T', Z) 9.1)
dual to that of Lemma 9.1.1.

Proposition 9.2.1. Fix an edge e of I, and consider the corresponding hyperplane in
C1(T, C). The logarithm of the monodromy of R'GresxQo(r) around this hyperplane is
given by the composition H (B, Z) — Hi (T, Z) ﬂ) H'(I',Z) - H (B()p, Z).
Proof. Fix a basepoint b near the hyperplane b, = 0. Fix a basis e; = e, e5,..., ez of
H! (T, Z) and a basis y1, ..., yg of Hi (I, Z) such that (y;,e) = 0 fori # 1. Thus (e, y)
picks out the coefficient of y1 iny = >, ¢; ;.

Recall the equality B(T"), = H (', C*)/b"1(T2)  Choose branches of the logarithms
log(be; ), and define y; € H;(B(I")) as the cycle

[0, 1] > r = {exp(r log(be; )(vi, €)) }eeE (r)- 9.2)

Leté; € Hy(H (T, C*), Z) be the tautological cycles; we abusively use the same notation
for their projections to H; (B(T")p, Z). Then ¢; and y; form a basis of H; (B(I")p, Z). By
following the explicit cycle (9.2) as by + exp(2mi6)bg, one can verify the proposition.
Note, however, that the general form of the answer follows without any further cal-
culations. Consider a small loop around the hyperplane b, = 0, starting and ending at b.
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By construction, all the basis elements but y; are globally defined along this loop; it

follows that the log monodromy factors through H; (B(I");, Z) — H (T, Z) (—e:l) Z.
Applying the same reasoning to the Poincaré dual basis in Hpye— 1 (B(I')p, Z) =
/\Zg "V Hy (B(T)p. Z), we see that the image of log monodromy must lie in the span
of e. ]

9.3. Structure of the special fiber
By construction, ¢,;1(0) is the symplectic reduction of g~ (0)E@M by COUT, Uy). Tt is

easier to understand this reduction by first passing to the universal cover g~ (0)Z™
of ¢~ 1(0)E™ The universal cover of ¢~'(0) is an infinite chain of rational curves P!

which we index by 1 € Z. Thus g~ (0)E(® is an infinite grid of irreducible components
l—leeE aIT) ]P)nl e

To understand the reduction of ¢~'(0)Z (™), we will use Delzant’s dictionary between
polytopes and toric varieties [22], according to which a toric variety is classified by its
image under the moment map. The moment map

I’L;ED(F) :q—l(o)E(F) N Cl (r’ R) — RE(F)

maps the component indexed by n = {n,} to the cube [J,, := ]_[eeE(F) [ne,ne + 1]. These
cubes are the chambers of the coordinate periodic hyperplane arrangement on Cy (T, R).

Identify U; with R/Z, and suppose that n € Co(T", Q/Z). Let 7 be a lift to Co(T, Q)
with all components in the range 0 < 7, < 1. The affine subspace d- 1(#@) c C1(T,R)
intersects the coordinate periodic arrangement in an H; (T, Z)-periodic arrangement AP,
It is given by the hyperplanes (y,e) = n + 7, for e € E(I'),n € Z. By our genericity
assumptions on 7, AP*' is a simple unimodular arrangement, i.e. any k hyperplanes inter-
sect in codimension k, and the integral normal vectors at such an intersection span the
lattice Hy (T, Z).

The chambers of AP are given by A, := O, Ndp 1(%), for those n such that the
right-hand side is nonempty. Each such chamber A,, corresponds to a component X, :=
[lecem ]P’nle 15 C°(T, U;) of the reduction. The reduction of a toric variety by a torus
action is toric, with moment map obtained by restriction from the moment map of the
prequotient, and in particular the moment image of X, is A,. The components X,, and
X intersect along the toric subvariety determined by the mutual face A, N A, of their
polytopes.

We thus obtain a description of qr_es1 (0) as a union of smooth toric varieties glued along
toric subvarieties, whose moment map defines an infinite periodic hyperplane arrange-
ment. The fiber ¢! (0) itself is obtained by quotienting this picture by Hy (T, Z).

9.4. Class of the central fiber in the Grothendieck group of varieties

The map ¢ : © — D has fiber g~!(0) a nodal rational curve with dual graph (». Thus in
the Grothendieck group of varieties, |¢~!(0)| = |C*| + |point| = L.
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The preceding description of ¢.!(0) as a union of toric varieties gives one way to
compute |1 (0)|. Here we give a different argument:

Proposition 9.4.1. The H' (", C*)-fixed points of D(I') are indexed by the spanning
trees T C T. The fixed point pr is the reduction by C°(T, U}) of the subspace ]_[e¢l~/ n x

neeI" DC Heel“ D.

Proof. Let p € D(T), and let p be a lift to DFT) . Then p is fixed by H! (", U;) if and
only if the action of C'(I", U;) on p preserves the C°(T, Uy)-orbit of .

Let I'’ be the unique subgraph of I such that p € [ [ ¢ nX[[,ep (D \n) C [[oer O.
Since we know that the C°(T", U )-orbit of j is free by assumption, this subgraph must
contain all vertices of I".

The action of C (T, U;) on this subspace factors through a free action of C1 (I, U;),
which descends to a free action of H'(I'", U;) = C'(I'", U;)/C%(I"’, U;) on the quotient
space. Hence p is a fixed point if and only if H'(I'/, Uy) is trivial, i.e. I'' is a tree.

From the description of prv, it follows that it is also fixed by H!(T", C*). |

Corollary 9.4.2. All HY(T', C*)-fixed points of D(T') are contained in the central
fiber 21 (0).

Proof. By Proposition 9.4.1, gres(pr) € nE@ ( [Tegrrn < [eer 3)) In turn, the right-
hand side is contained in the image of C;(I'", C) — C1(T, C). Since I'" C T is a tree, the
latter intersects Hy (T, C) at 0. [

Theorem 9.4.3. In the Grothendieck group of varieties, the class of the central fiber is
|qr_es1 (0)| = (# of spanning trees of ') x ARTD),

Proof. Pick a cocharacter o : C* — H' (T, C*) whose image is not contained in the kernel
of any restriction map H!(I', C*) — H!(T" \ e, C*).

The resulting complex analytic action of C* on D(I") preserves the fibers of g.s and
has isolated fixed points prs € ¢! (0), naturally indexed by the spanning trees I'" C T'.

The attracting cell of a fixed point is a smooth variety with a contracting C*-action,
hence isomorphic to C” for some n. Per Proposition 8.1.5, the action of H!(T", C*) pre-
serves the holomorphic symplectic form on D(T"). It follows that the attracting cell is
Lagrangian, and thus of complex dimension % dim®D(T") = h!(T). Since ¢! (0) is proper,
every C*-orbit has a limit point, and so the fiber is the disjoint union of these attracting
cells. |

Example 9.4.4. The central fiber of ® = D((®) is the disjoint union of the node n and
a copy of C*. Their union is the attracting cell of the node, with respect to either the usual
action of C* or its inverse.

Remark 9.4.5. The class of the general fiber has a similar description, which we will not
need in this paper. Namely, let " C T be the (possibly disconnected) subgraph consisting
of the edges e € E(I") for which b, # 0. We can view b as a generic point in DZT")_ This
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defines an abelian variety B(I);; it is a product of smaller abelian varieties determined
by the connected components of I'/; the general form of the factors is described explicitly
in Proposition 9.1.2. Then

gl (B)| = |B(I)p| x (# of spanning trees of I'/T”) x ARI@/T)

Here I'/ T is the contraction of " by I/, where exceptionally we allow the contraction of
subgraphs of genus > 0.

9.5. Projectivity

Here we show that g, is projective, at least near the central fiber. The argument is inde-
pendent of Proposition 9.1.4.

Recall the definition of D from Section 7.1. We define a line bundle & on © with
transition function x, on the overlaps C2 N C2 +1- Then & is naturally equivariant with
respect to the C*- and Z-actions. It is not, however, jointly equivariant. Instead, if s &£
denotes the shift of £ by 1 € Z, we have an equality of C*-equivariant bundles s7&£ = y£
where y is the fundamental character of C*.

The following proposition is direct from the definition of &£:

Proposition 9.5.1. £ restricts to an ample bundle on any finite chain of rational curves
in the fiber G~1(0) C .

Theorem 9.5.2. There is a line bundle £r on B(I', n) and an open neigborhood of
0 € Hy(T, C) such that for any b in this neighborhood, the restriction of £r to q.}(b)
defines a projective embedding.

Proof. We will construct such a bundle starting from the bundle &£ in Proposition 9.5.1.
By [65, Proposition 1.4],if f : X — S is a proper map of complex manifolds, and a line
bundle L on X is ample on a given fiber, then it is relatively ample over a neighborhood
of the image. Thus after constructing £r, it will be enough to check its ampleness on the
central fiber.

Let ¢ € C (T, Z) satisfy dr(¢) = N7 for some integer N. Consider the C (", C*)-
equivariant bundle

N . N
Ly =9 ee?(l") Le

on DEM It also carries an action of C 1(T, Z) which does not commute with the torus
action. The image of C%(I', C*) — C(I', C*) = (C*)", however, commutes with the
action of H (T, Z). Thus :Cf;’ descends to an H; (T, Z)-equivariant bundle fr on the
quotient D" 1, CO(T. Uy).

A component by component application of the dictionary between polytopes and toric
varieties shows that ¢! (0) is the union of GIT quotients [T cz(r) P, /. 2y Co(T,C*),

glued along GIT quotients of subvarieties, such that £ restricts to the GIT bundle oQ)
on any component. It follows that £ is ample on any finite union of components.
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We can now conclude that the descent £ of £ to 4-4(0) is also ample, by the same
argument as in [62, Theorem 3.10]. [

10. Perverse Leray filtrations

Given a map f : X — B of algebraic varieties, the middle perverse ¢-structure on B
induces a filtration — the perverse Leray filtration — on the cohomology of X. We recall
some facts about this filtration in Appendix A.5.

Convention 10.0.1. When we speak without further qualification of ‘the’ perverse Leray
filtration on H* (D (I"), Q), we mean the one associated to the map gy : D(I") —H; ([, C)
(which was defined in Proposition 8.1.3). Likewise, by ‘the’ perverse Leray filtration on
H*(B(I"), Q), we mean the one associated to gres : B(T) — CEMD),

There are two key takeaway results from this section. The first is Theorem 10.3.1
establishing an isomorphism H*(D(T"), Q) = H*(C(T"), Q) intertwining the perverse fil-
tration with the C-filtration. The argument adapts the methods of [61] (where the complex
€(I") plays a similar role for the Jacobian of a nodal curve with dual graph I"). The sec-
ond is Proposition 10.4.1, where we show (nonstrict) compatibility of the deletion map a%,
with the perverse Leray filtration.

10.1. Compatibility of (8.9) with perverse filtrations

Let us begin with the following general discussion. Suppose K is a complex of sheaves
on a space Y equipped with amap f : Y — C. Then the nearby-vanishing triangle defines
a long exact sequence

S H(F71(0). @7 K) — H*(fF71(0). K10y — H (£ 710, U ) 25 (10.1)

If we view the first and last terms in the sequence as carrying the perverse filtration
induced from the perverse ¢-structure on f~!(0), and the middle term as carrying the
perverse filtration induced from the perverse ¢-structure on Y, then perverse f-exactness
implies that the maps in the sequence respect filtrations. (This would not generally be true
if we used the perverse ¢-structure on f ~!(0) to define the filtration on the middle term.)

We return to the setting of Section 8.2. Let V be a vector space. Suppose that X comes
with a Up-invariant map gx : X — V, proper over its image.

We have the following related maps:

e Compose the projection X x © — X with gy to obtain amap g; : X x © — V. Since
this map is Uj-invariant, it descends to the map

g1: X *D > V.
e Restrict g; to the closed submanifold X * n C X % ® to obtain

gl : X xn—V.
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e Compose the projection X x ® — D with g : ® — C! to obtaing, : X x ® — C.
Since this map is Uj-invariant, it descends to a map

CI2IX*:D—>(C.

e Since gy x g : X x © — V x C is invariant for the diagonal U, -action, it descends to
a map
Q121X*®—>VX(C.

The maps ¢} and g1, are proper over their images. The maps ¢1, g» are not proper.
This allows us to define three filtrations:

e H*(X, Q) carries the perverse Leray filtration associated to gy .

e The map g12: X * © — B x D! is proper, and endows H*(X * D, Q) with a perverse
Leray filtration. We can transport this filtration to H®*(g, ! (0), Q) via the pullback by
i:qy 1(O) — X * ® (the top middle vertical map in diagram (8.9)).

e The map ¢} endows H*(X » n, Q) with a perverse Leray filtration.

Proposition 10.1.1. In the above situation, and assuming in addition that Hypothesis
8.2.5 holds, the map H*72(X »n,Q){—1} — H*(X » ©, Q) is compatible with the above
perverse Leray filtrations.

Proof. The shift in perverse Leray filtration {—1} arises from our Convention A.5.1 that
although the perverse t-structure is symmetric around 0, the perverse Leray filtration for
a map between spaces ‘starts in degree zero’. The cohomological shift by 2 is inherited
from the shift appearing in the isomorphism ®4, Q = Qx.n[—2].

The map H*72(X x n, Q){—1} — H*(X » D, Q), or rather its counterpart in the
bottom row of diagram (8.9), was previously described as being obtained from taking
hypercohomology of the map ©,,Q — Q] 4510 We may instead first push forward

by ¢12, or rather the restriction of gi2 to ¢, '(0), and then take hypercohomology of
(q12)+ P4, Q — (qlz)*((@qz—l (0))- Since ¢12 is proper, we can switch the order in which
we take vanishing cycles and pushforwards. (Recall that the commutativity of vanishing
cycles and pushforward along proper maps is an immediate consequence of proper base
change [37, Section 1.3.6.1].) That is, we should study

®r,(q12)+Q — ((QIZ)*Q)rz—l(o), (10.2)

where the projection r, : B x C — C satisfies g = 2 0 ¢12.

It remains only to note that the perverse filtrations respected by the hypercohomology
of (10.2) are precisely those we have used to define the perverse Leray filtrations on the
cohomology groups of interest. ]

Remark 10.1.2. We will not directly check that H*(X  ©, Q) — H*(X, Q) respects
the perverse Leray filtrations we have set up above. Doing so would involve studying
how such filtrations interact with the vertical maps in the left column of diagram (8.9).
Because certain nonproper maps would be involved, one would have to show by hand
(e.g. by methods similar to those of Lemma 8.5.2) some local constancy.
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10.2. Compatibility of (8.17) with perverse Leray filtrations

In this subsection we are ultimately interested in showing that the maps &, and «* from
(8.17) preserve the perverse Leray filtrations defined by the vertical maps in diagrams
(10.9) and (10.4). To do this we use the transversality criterion of Corollary A.5.3. First
we give the relevant estimates on various images of derivatives.

Lemma 10.2.1. At any point z € D, we have kerdq + kerdugp = T, D.

Proof. Recall that the basic map ¢ : © — D is a submersion away from a single point,
namely (¢ X o) 1(0 x 1). Over (¢ x ;1)1 (0 x 1), this holds since ker dq is the entire
tangent space. At any other point ¢ X (5 is a submersion, and dim(kerdq + kerdug) =
dimkerdq + dimkerdpuo —dimkerd(g x up) =2+3—-1=4. |

Consider now DE@

Definition 10.2.2. For z € DF® we write R(z) C E(I) for the subset of edges e with
the property that (g X to.)(z) =0 x 1.

Lemma 10.2.3. The subset dq(T;DF™) T DEW is CEMRE) ¢ CEMD),
Proof. We can calculate the images of the differential by taking direct sums. ]

Definition 10.2.4. A subset R C E(T") is said to be independent if its elements are lin-
early independent in H! (T, C). Equivalently, 4;(I" \ R) = h{(I",C) — |R)|.

Recall the subset /LFI(T)) c ®EM which, for generic 7, is the space whose free
UIV(F)-quotient is B(T).

Lemma 10.2.5. For n generic (see Definition 2.0.1), R(z) is independent for all
z € pupt ().

Proof. By definition, 7 is generic if for all z € u' (), the graph I' \ R(z) is connected.
Thus y(I' \ R(z)) = 1 —h1(T \ R(z)). On the other hand, we have

YT\ R(z)) = x(T) + [R(2)| = 1 = h1(T') + [R(2)|.
The lemma follows. |

This provides our transversality criterion:

Corollary 10.2.6. If a submanifold M C CE® s transverse to all CET\R) for inde-
pendent subsets R C T, then M is transverse to the map ¢res : B(I') — CET\R),
In particular, this holds for M = H; (T, C), or any submanifold containing it.

Proof. Regarding the general criterion, we may check instead for the map u;l(n) —
(CE(F\R), for which the result follows from Lemmas 10.2.3 and 10.2.5.
Now for M = H; (T, C), we calculate

dimH; (T, C) + dim CET\® _ gim CE™ = (I, C) — |R|
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Thus it is enough to show that dim(H; (I, C) N CET\R)) < (T, C) — | R|. But this is
immediate from the condition that R be independent. ]

Theorem 10.2.7. The map f* : H*(B(), C) — H*(D(T), C) preserves the perverse
Leray filtrations associated to the following Cartesian diagram:

() —L 5 (1)

l l (10.3)

H;(I,C) — CEM
Proof. Immediate from Corollaries 10.2.6 and A.5.3. ]

We now turn to the situation of interest. Recall the maps x and k, which appear
in (8.18).

Theorem 10.2.8. There is a Cartesian diagram

D) —5— DT /e)x D

l lquq (10.4)

Hl(F,C) E— H](F/G,C) x C

Here the bottom row is the pushforward along I’ — T /e on the first factor, and the pro-
jection y — (y, e) on the second factor.

Moreover, the pullback k* in cohomology preserves the perverse filtrations given by
this diagram.

Proof. We start by constructing the diagram. By Lemma 5.6.2, we have a Cartesian dia-
gram
D) —— (O /e) x ©)/Uy

l l“'“x" (10.5)
Hi(I,C xU;) —— Hi(I'/e,C x Up) x C x Uy
We have H; (I, C x U;) = Hy (I, C) x Hy (T, Uy), and the bottom map is the product of
the maps of the same description with C and U; coefficients:
H;(I,C) - H;(I'/e,C) x C, Hy([,U;) - Hi(T'/e, Uy) x Uy. (10.6)
Let Im(H; (I, Uy)) C (H1(I'/e, U;) x Uy) be the image of the right-hand map. We can
factor diagram (10.5) as a pair of Cartesian squares

K

D(I) y D([/e)x® ———— 5 (D([/e)xD)/U;

| | i

Hy (T, C)xH; (T, Uy) — (H;(T'/e,C)xC)xIm(H; (T, Uy)) — Hy(I/e,CxUp)xCxUy)
(10.7)
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Now, diagram (10.4) is obtained by taking the left-hand square of diagram (10.7) and
projecting its bottom row to its complex part.
We can enlarge diagram (10.4) to

DT) —X 5 D(T/e) * D —— T([/e) » D = B(D)

l l l (10.8)

H;(I',C) —— Hy(['/Je,C) x C —— CET/e) x ¢ = CEM

The left square is our original diagram. The right square is obtained by taking the -
product of the Cartesian square (10.3) (with I" replaced by I'/e) with .

To show that the left square of diagram (10.8) respects perverse filtrations, it suffices
to show this for the right square and the total rectangle. Both follow by Corollaries 10.2.6
and A.5.3. ]

Theorem 10.2.9. There is a Cartesian diagram

DI \e) —2— D(T/e) xn

l l (10.9)

Hi{(I'\e,C) —— H;(I'/e,C)

Here the bottom arrow is the pushforward along the compositionT' \ e — T’ — I'/e.
Moreover, the pullback k) in cohomology preserves the perverse filtrations given by
this diagram.

Proof. We start by constructing the diagram. By Lemma 5.6.4, we have a Cartesian dia-
gram

DI \e) ——— (D(T'/e) xn) /U,
l l“‘“x“ (10.10)
Hi(T'\e,C xU;) —— Hi(I'/e,C x U;) x C x Uy

As in the proof of Theorem 10.2.8, this diagram factors as a pair of Cartesian squares

Kn

D(\e) > D(/e)rn ———— (D(T'/e)xn)/U;

| | Jpen

Hi(I'\e,C)xH;(I'\e,U;) — H;(I'/e,C)xCxIm(H; (T'\e,U;) — Hi(T'/e,CxU;)xCxUy)
(10.11)

Diagram (10.9) is obtained by taking the left-hand square of diagram (10.11) and
projecting its bottom row to its complex part.
We can enlarge diagram (10.9) as follows:

DI \e) —2 3 D(/e) *n — B(T/e) »xn =B\ e)

l l l (10.12)

H;(I'\e,C) —— H(I'/Je,C) —— CET/e) = CET\e)
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The left-hand square is our original (10.9). The right-hand square is obtained by taking *n
with (10.3) (with T" replaced by I'/e).

To show that the left square of diagram (10.12) respects perverse filtrations, it suffices
to show this for the right square and the total rectangle. Both follow by Corollaries 10.2.6
and A.5.3. ]

10.3. The perverse Leray filtration and the C-filtration

Theorem 10.3.1. There is an isomorphism H®*(D(T"), Q) = H*(C, Q) identifying the
perverse filtration with the C-filtration.

Proof. By Corollary 8.4.3 and Theorem 10.2.7, it suffices to study the perverse filtration
on the central fiber induced by the map ¢res : B(T, ) — CEMD,

We have shown in Theorem 9.5.2 that g, is projective in a neighborhood of the central
fiber; we henceforth restrict to this neighborhood. Recalling that B (T, 1) is nonsingular,
we may therefore apply the decomposition theorem of [3] to conclude ¢s«@Q is a direct
sum of semisimple perverse sheaves.

Let g, be the restriction of gy to the complement of the coordinate hyperplanes. One
summand of ¢y «Q is therefore ) , 1C (R ¢, Q). Of these, the summands with j <k
contribute to the kth step of the perverse Leray filtration.

Comparing Proposition 9.2.1 to [61, (3.7)], we see that the local systems R’/ ¢°,Q
considered here are isomorphic to those called /\j R'7.Q|p, . in[61]. (See Remark 1.2.2
for some further discussion about the similarities and differences between ¢..s and the
relative compactified Jacobian for the versal family of a nodal curve with dual graph I'.)

In general, there is a formula [7] for the stalks of the intermediate extension of a local
system across a normal crossing divisor. [61] explicitly computed in the case of the local
system at hand; the result [61, Lemma 3.6] was that / C(R’ ¢, ,Q)o is computed by the
complex we have here called €°.

We have seen there is a summand H*(€(T"), Q) C H*(®D(I'), Q) such that the per-
verse filtration on the later restricts to the C-filtration on the former. It remains to show
this inclusion is an equality. By the argument of [60, Proposition 15], it suffices to check
the equality of weight polynomials. The calculation for €(I") is carried out in [61, Corol-
lary 3.8], and for the central fiber of ®(I") in Theorem 9.4.3 above. The results agree:
each is 1210 times the number of spanning trees of T. ]

Remark 10.3.2. We will later show in Theorem 11.1.6 that B(T") retracts to D(I"), hence
in particular has the same cohomology. We also know that H*(*8(I"), Q) = H*(€(I"), Q)
from Theorem 6.6.8. It follows that H*(C(T"), Q) and H*(®©(I'), Q) have the same total
dimension, hence the inclusion H*(€(I"), Q) C H*(®D(I"), Q) must be an isomorphism.
This is an argument independent of the weight polynomial one given above.

We record the following special case.
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Corollary 10.3.3. The perverse Leray filtration on H*(D, Q) with respect to the map
q : D — D is the filtration by cohomological degree. In other words,

PoH*(D,Q) = H(D,Q),
PiH*(D,Q) = H'(D,Q),
PH(D,Q) = HS*(D, Q).

Proof. One can of course verify this by direct geometric arguments. Here we simply note
that since the cohomology of ® has rank at most 1 in any given degree, it is enough to
determine the associated graded of the perverse Leray filtration. This in turn is computed
by the case I' = (O» of Theorem 10.3.1. m

Remark 10.3.4. Comparing the formula for weight polynomials in [61, Corollary 3.8]
with the formula in Remark 9.4.5, we see that in fact every summand of (gres : T(T', 1) —
CEM),Q has full support; in particular, ” R/ ges xQ = IC(R’ 2, . Q).

By contrast, (¢ : D(T',n) — H (T, C))4«Q can have summands supported in positive
codimension.

Remark 10.3.5. By combining Theorem 10.3.1 with the results of [61], we establish the
isomorphism H*(®D(I's)) = D(X) asserted in Remark 1.2.2: both sides are computed
by €*(I).

10.4. Compatibility of af) with perverse filtration

Following convention (10.0.1), each term of the Dolbeault deletion-contraction sequence
(dashed sequence in diagram (8.18)) carries a perverse Leray filtration. We will trans-
late the filtration on the left-hand term by one step — this is analogous to the Tate
twist occurring in the B-DCS. We denote the resulting filtered vector space by
H*2(X * Sop, Q){—1}, so that PH*2(X *» S, Q){-1} = Pr_1H*2(X * So, Q).
That is, we consider

P a® bR 2

-5 B2\ o), Q)f-1) 55 H(D(T), Q) -5 H(D(T/e). Q) - .

(10.13)

Proposition 10.4.1. The map a f) of (10.13) is compatible with the perverse Leray filtra-
tion.

Proof. By combining Proposition 10.1.1, Theorem 10.2.8, and Theorem 10.2.9, we learn
that a? of (10.13) (not necessarily strictly) preserves the perverse filtration. ]

Remark 10.4.2. We will eventually show strict compatibility of all maps in (10.13)
with perverse Leray filtrations, but only by first proving that P = W compatibly with
an intertwining of the deletion-contraction sequences (which in turn will require having
first proven Proposition 10.4.1). Recall by contrast that strict compatibility of (6.5) with
weight filtrations followed from general considerations.
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Corollary 10.4.3. The Dolbeault deletion filtration is bounded by the perverse Leray
filtration.

Proof. Using Proposition 10.4.1, we find Dy H*(D(I"), Q) C PrH*(D(T"), Q), by the
same argument as we used in Theorem 6.7.1 to establish (6.15). ]

11. Comparisons

11.1. ‘Hodge’ correspondence

We will construct a homotopy equivalence © — 8, which we use to induce a homotopy
equivalence D (I") — B(T).

Lemma 11.1.1. Let | : C x U; = C* x R be the group isomorphism
(Z,e27ri9) > (EZnie-Hm(z),Re(Z)).

There is a (nonunique!) Uy -equivariant € embedding & : D — B such that the follow-
ing diagram commutes:

o5 .9

U Cc* R
/L;Dl qu lﬂ«m X gy

D xU; —— C*xR

Proof. We write0p =1x0€D x Uy and 0 =1 x 0 € C* x R. Evidently f(0p) = Oss.

The maps ug* X [1,]% and ,ug‘ x g define principal U;-bundles Py, Pp away
from the point Op and Oy (Lemma 6.1.2 and Proposition 7.2.6). The restrictions
of these bundles to D x U; \ Op are classified by their Chern characters ¢ (P;) €
H2(D x Uy \ 0p, Z). The group H?(D x Uy \ 0p, Z) is spanned by a small sphere
around Ogp. It follows that a U;-equivariant isomorphism over a small disk around
0p — Og can be extended to such an isomorphism over all of D x Uy \ 0p. We must
show that some such isomorphism extends over Og.

Both spaces B and ® have a single U;-fixed point, with image Og and Ogp respec-
tively. By the differentiable slice theorem, the fibration near a small neighborhood of Os
(or 0p) is equivariantly diffeomorphic to that given by a linear circle action on the unit
ball in R*. We have seen that our actions have no nontrivial stabilizers away from the
fixed point; it follows from this that the circle acts by the identity character, its inverse,
or a sum of these. In any case, in the coordinates of our descriptions of both of these
spaces, the Uyp-action around the fixed point was explicitly given in complex coordinates
as (x,y) — (tx, 77 1y).

The above argument suffices to establish that some map lifts to an equivariant embed-
ding. To see that this is true for { specifically (or indeed, any homotopy equivalence
carrying O to Og), it suffices to note that if R* — R3 is the Hopf fibration, then any dif-
feomorphism R3 — R? fixing the origin lifts to an equivariant diffeomorphism of Hopf
fibrations. This again follows from local linearity at the fixed point. ]
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Let B~ be the image of §; alternatively, B~ is the preimage of f(D x Uy).

Lemma 11.1.2. 8= is a diffeomorphic homotopy retract of ‘8.

Proof. Letr : C x I — C be a linear retraction of C onto D. As in the proof of Corollary
7.2.12, this induces a diffeomorphism and homotopy retraction 8 — B=. ]

Lemma 11.1.3. Sp = & ' (S»).

Proof. Each is the moment preimage of a half-line, and we have chosen { to identify these
half-lines. u

We turn to the case of ©(I") and B(I"). We restore now the moment map parameter
7 in our notation, since it plays a priori different roles for 28 and ®.

We have defined B(I") as a complex algebraic (GIT) quotient; by the Kempf-Ness
theorem we can instead understand it as a symplectic reduction, as the following proposi-
tion shows.

Proposition 11.1.4. There is a diffeomorphism
BUILRXCY () — BCCT (T p).

Proof. In the construction of B(T, 1), we took a (C *)V(F)-quotient of /,LFI (n). In fact, we
had the structure of a UIV O (C*)V@ action on the complex manifold ,u;l (n) c BED
with RV™ _valued moment map, induced from the U; C C* action on B with moment
map |x|% — |y|2. By the Kempf—Ness theorem [52], we can replace the (C*)V T -quotient
of ,u;l (n) by the symplectic reduction by Ulv @, (This is a particularly simple application
of the Kempf—Ness theorem, since the (C*)¥ @ -action is free on ,ulil (n) and all orbits are
closed.) The resulting diffeomorphism takes a point z € BYI-RXC™ (T p) to the (C*)VD)-
orbit of its image. ]

The virtue of the symplectic reduction picture of the Betti space is that it is more
readily comparable to the Dolbeault space. More precisely, we would like to compare a
retracted version:

Definition 11.1.5. B<(T, ) := (B<)UVRxCH (1 ).

Theorem/Definition 11.1.6. There is a diffeomorphism Fr : D(T', n) — B=(T, n) mak-
ing the following diagram commutative:

D) —ST 5 BT p)

Uy c* R
VMZD,reseresl l’u’%,resxl’b%.res

Hi (T, C x Uy), — > Hy(I,C* x R),,

Here {r is the isomorphism induced by f.
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Proof. Let & : © — B~ be the diffeomorphism in Lemma 11.1.1. By construction, it is
U -equivariant and covers a group isomorphism f : C x U; — R x C*. Hence it induces
a diffeomorphism

&r 1 DOEUT ) = (BRI
covering the group isomorphism { : Hy (I, C x U;) — H; (I, R x C*). |

We see from Proposition 5.1.4 that (T, 5) is an (H'(T", Uy), H; (T, C x Uy))-space
and B=(T, ) is an (H' (', U;), H; (I, R x C*))-space. The isomorphism f : C x U; —
R x C* allows us to view both as (H'(I", U;), H; (T, C x Uyj))-spaces.

Lemma 11.1.7. The map
&r 1 D, n) = B=(I.n)
is an isomorphism of (H'(I', U;), Hy (T, C x Uy))-spaces.
Proof. This follows from Uj-equivariance of Lemma 11.1.1. ]

Remark 11.1.8. Note that § was not unique, and thus nor is ¥. However, the group
of smooth maps H,(T", C x U;) — H!(T, U;) (not respecting any group structure) acts
transitively on the set of choices. We will not need this fact in what follows.

Proposition 11.1.9. The retraction 8 — B= in Lemma 11.1.2 descends to a diffeomor-
phism and homotopy retraction from B(T, n) to B=(T, n) .

Proof. We have the following diagram:

_ V(T _
uet /Uy — upt () > HED

l l (11.1)

dr'(n) —— Ci(I',C x Uy) = (C x Up)EMD

Pick a diffeomorphism v : CE@ — DET which preserves R-lines through the
origin. Linear interpolation between z and (z) defines a deformation retraction r :
CEM % [0,1] » DED Let

R:(CxUNED x[0,1] - (C x Up)ED

be the induced deformation retraction, which is constant in the UIE (r)—factor. Since R
preserves lines in CEM) | R preserves dr 1(n) and its stratification by coordinate hyper-
planes. As in Lemma 11.1.2, this induces a UIE (F)-equivariant retraction of ,u;l (n) onto
/,LFI (m) N (B=)EMD Passing to U;-quotients, we obtain the desired retraction. [ ]

Combining Proposition 11.1.9, Theorem/Definition 11.1.6 and Lemma 8.4.1, we
conclude that B(T", ) also retracts onto g 1(0), viewed as a subset of B=(T, n) via
Theorem/Definition 11.1.6.
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112. P=W

Proposition 11.2.1. The following diagram commutes:

B\ e) — BM)
T\S’r\eT T%F (11.2)
D \e) — D)

Proof. The horizontal arrows can be defined in both cases by applying Lemma 5.6.6
to the edge e. This expresses B(I" \ e) and D(T \ e) as subquotients of DET and
BED respectively. The maps Fr and &1\e are induced from the product map FEMD)
DEM) _ pEM), L]

Remark 11.2.2. Using Proposition 11.2.1 we could instead prove the commutativity of
the D-deletion maps a f) (Lemma 8.5.4) by importing the result from the corresponding
result on the maps a? (Lemma 6.5.4), or conversely.

Corollary 11.2.3. The map 1. identifies the Betti and Dolbeault deletion filtrations.

Proof. The deletion filtrations are determined by Gysin maps associated to the horizontal
arrows of diagram (11.2). [

Proposition 11.2.4. D;H*(D(I"), Q) = P H*(D(T"), Q). In other words, the Dolbeault
deletion filtration equals the perverse Leray filtration.

Proof. We know that the Dolbeault deletion filtration is bounded by the perverse Leray
filtration by Corollary 10.4.3. Thus it is enough to show that the filtrations are abstractly
isomorphic, i.e. there exists an isomorphism of vector spaces taking the deletion filtration
to the perverse Leray filtration. We produce this isomorphism via .

Namely, by Corollary 11.2.3, the Dolbeault deletion filtration is isomorphic to the
Betti deletion filtration. In turn, the Betti deletion filtration is isomorphic to the C-filtration
by Proposition 6.6.11. Finally, Theorem 10.3.1 shows that the € and perverse Leray fil-
trations are isomorphic. ]

Remark 11.2.5. To show Proposition 11.2.4 without appeal to the ® C B comparison,
we could argue by induction if we fixed an isomorphism between the cohomology of the
O-space and the €-complex which intertwines the deletion maps. This may be possible,
since both the €-complex and the deletion map are built from nearby-vanishing cycle
operations, but we have not done it here.

Theorem 11.2.6 (P = W). The map §Y. identifies the filtration Wp H*(B(T"), Q) with
PH*(D(T), Q).

Proof. We have identified both filtrations with the deletion filtrations on the respective
spaces in Theorem 6.7.1 and Proposition 11.2.4. The result thus follows from Corollary
11.2.3. "



Z. Dancso, M. McBreen, V. Shende 2640

11.3. Intertwining of deletion-contraction sequences

Theorem 11.3.1. The following diagram commutes:

E H2(BI\ 0). Q) (- 1) S5 HYBI). Q) s H(B(I/e). Q) 2o

l%'l"\e lg’r J/%F/e
3) D 9

H°_2(f9(F \e), Q){~1} =5 H (D), Q) N H*(D(T'/e), Q) ~—
(11.3)

Proof. We write tf) for the map given by the composition D(I") — H; (I, C x U;) —
C x Uj, where the second map extracts the coefficient of the edge e. Similarly we have
a map te% from a composition B(I') — H; ([, C* x R) — C* x R. Because Fr covers
the map fr : Hi (T, C x U;) — Hy (I, C* x R), it follows that we may fill in the dashed
arrow below:

B(I/e) = B /e)*c+ (B\Sp) = {18 ¢ 1xR<0} — B(I'/e)xc+ B = B(I)

J: %r]
{t2 # 1x0} — D(T'/e) xcxu, D = D)
(11.4)
From (11.4) we obtain a map of long exact sequences of pairs (taking notations from

Section A.l and using in particular Lemma A.1.1), which we compose with diagram
(8.20) to obtain

D(T'/e)*cxu, (D\S»)

2B pe B
H*"2(B(I"\e). Q) ——— H*(B(I).Q) b—e> H*(B(T/e). Q) ————
l(%rls)(r/e)%xulsg) l;g‘«r l(%”r res) ™
c®
H*"2(D(I'/e)*cxu, Sp. Q) —> H*(D(T),Q) —> H*(D(T/e)xcxu, (D\S»),Q) —>

\ | Jrer
D bD

H2(D(IMe), Q) — oy H(D(I), Q) — 2 H*(D(T /o), Q) — o
(11.5)

Proposition 11.2.1 implies that the composition of the left vertical arrows is simply 8‘;\ o
To complete the proof of the theorem, it remains only to show that F . e =1 X))t %l’i,m.
We will consider the following diagram:

B(I'/e) B(I/e) xc- (B\ Sw) —<— B(T/e) *u, (B\S»)

%F/ET %’FT %x,resT

D(T/e) —5 D(T'/e) xu, (D\So) €= D(T/e) xcxu, (D\So) —= D(I'/e) *u, (D \Ss)
(11.6)

We have not yet introduced the maps «’ and Fx res Or explained how we can apply *y,
in the upper left corner; we do so now. Recall from Proposition 6.1.3 (8) that B can also
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be regarded as a (U;, C* x R = C x Uy)-space; the B(I") etc. spaces have correspond-
ing structures. Moreover, the *c* c*) and *(y,,cxU,) type convolutions agree for these
spaces, by Kempf-Ness. In particular,

BT /e) =B /e) xc+ (B \ Sp) 2 B([/e) xcxu, (B \ Su).

The map «’ is defined to be the natural map from a xcxy, product to a *y, product. The
map §x res is the restriction of the pullback map obtained from the xy, version of (11.4).
It is clear from the definitions that the left-hand square of (11.6) commutes.

The map Fx s is an embedding; we will show it is a homotopy equivalence. By
construction, the retraction 8 — B = given by Lemma 11.1.2 is amap of (Uy, U;)-spaces.
The same is true for the induced retraction B \ Sy — B=\ (Su N B~). Likewise, the
retraction B(T'/e) — B=(I'/e) is a map of H(I'/e, U;) x H;(I'/e, U;)-spaces. The
product of these retracts induces a retraction of B(I'/e) xy, (B \ Syp) onto the image
of Fx res- In particular, F . is an isomorphism.

We claim all the maps in diagram (11.6) induce isomorphisms in cohomology. Indeed,
we have seen this now for all but «’, for which it follows by commutativity of the diagram.

We would be finished if the maps k" o Fr/e and Fx res © iz Were equal; unfortunately,
they are not. To complete the proof of the theorem, we will show these two maps are
homotopic.

Recall B(I'/e) xy, (B \ Sp) is obtained from some moment fiber /,L]I_J} ) C
B([/e) x (B \ Sp) by a free U;-quotient. To distinguish the notation, we will write
V‘H_J} (0)o C D(T'/e) x D for the corresponding moment fiber in the product of Dolbeault
spaces.

Define

f+:B(/e) > [C*xC*=B\Ss, y+ (1./uc+()).

Consider ¢~ (¢) C © where & € D is a small positive real number. We have an isomor-
phism ¢~ !(g) = [U; x U;] as a (Uy, U;)-manifold.

Any two such isomorphisms differ by multiplication by a smooth section of the
moment map [U; x U;] — Uj. In particular, there is a unique such isomorphism which,
when composed with & : © — B, intertwines the coordinates of U; x U; with the angle
coordinates of C* x C* : F(e%1, '%2) = (r1€!%1, rye'%2) = (x,xy + 1). Note that this
is automatic for the second coordinate by the construction of %, but not for the first coor-
dinate.

Define

fD(T/e) > [Ui x Uil S g7 () € D\Sp, x> (1,¢/pw, (%)),

We define a similar map f— : B(I'/e) — ¢~ '(¢) by the same formula.
It follows from the definitions that the following diagram commutes, excluding the
dashed ‘=’.



Z. Dancso, M. McBreen, V. Shende 2642

D(I/e) SU/e | (I fe) zz=zzzzzzzzzzzz: B(T/e)
i lidx i lidx f- idx f_,_l
g (0 ——E s i ©) « gk (©)
D(I/e)*y, (D\Sp) 55 B(T fe)+, (B\Sp) X — B(I/e)*c+ (B\Sw)

(11.7)

To construct a homotopy between the compositions of the maps around the outside of
diagram (11.7), it now suffices to show that the maps f+, f— are homotopic via a family
of maps B(I'/e) — B \ Sy whose graph lies in “113} ©.

We pick a deformation retraction r; of C onto &, chosen so that it restricts to a defor-
mation retraction of C \ R=? onto ¢. For instance, we may suppose ¢ lies on the positive
real axis, and define r;(z) = te + (1 —1)z.

The space B \ Sg is a Uj-bundle over C x U; \ (R=? x 1), with a trivialization given
by arg(x). Using this trivialization, we can lift r; to a deformation retraction 7; of 5 \ S
onto ¢~ (¢) which keeps both Uj-coordinates unchanged.

By definition, both f+ and f_ have image contained in the image of the unit section
of the U;-bundle, and their projections to the Uj-factor both coincide with {/uy, =
¢/et@ele*) Then 7; o f+ is the desired homotopy from f+ to f_. |

Corollary 11.3.2. The Dolbeault deletion-contraction sequence strictly preserves the
perverse Leray filtration.

Proof. Follows immediately from Theorem 11.3.1, Theorem 11.2.6 and the correspond-
ing fact for the Betti deletion-contraction sequence. ]

Appendix A. Recollections on cohomology and filtrations

A.l. The long exact sequence of a pair

Let A i) X be an embedding of topological spaces. The pullback H* (X, Q) f—> H*(4,Q)
extends to a long exact sequence

-—> H*(X, A, Q) H’(X Q) —> H’(A Q) —-

where co( f') is the map of pairs X, d — X, A. Given a second embedding B — Y and a
map of pairs given by a commutative diagram

A— X

F”% y (A1)
—
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we obtain a map of long exact sequences of pairs

—— H*(Y,B,Q) —— H*(Y,Q) —— H*(B,Q) ——

lFr:‘I lF* lFf:* (A.2)

— H*(X,4,Q) — H*(X,Q) — H*(4,Q) ——

Lemma A.1.1. If A, B are codimension d submanifolds of X, Y, we can identify F% with
(Flx\a)* :H¢(Y \ B,Q) - H*%(X \ 4,Q).

A.2. The residue exact triangle

Recall that if X is a topological space and p : V — X is a closed subset,and g : X \ V
— X its open complement, then there is the Verdier dual exact triangle of a pair:

[1]
p*p!(CV - Cx = ¢xCx\y — .

In case X is a smooth complex manifold and D is a smooth divisor, this becomes

[1]
Cp[-2] = Cx = ¢+Cx\p — .

We can take analytic de Rham resolutions of the constant sheaves to obtain

L] L] L] [1]
p«Qp[—2] = Q% — qxQx\p — - (A.3)
In this setting one can replace g Q;(\ p by the complex of differential forms with log
poles along D, which we denote Q5% (D) Having made this replacement, the connecting
map may be identified with the residue (see e.g. [17, Section I1.3]). Thus

Qy =Py = Cone(Qy(py — p+Qp[—1D[-1],

where the map is the inclusion of forms into log forms, Q% — Q% (D) Note that P Q%
(tautologically) allows us to replace the residue exact triangle (A.3) with the (quasi-
isomorphic) triangle associated to the exact sequence of complexes

0= paQp[-2] » PQy — Q% (p, = 0. (A4)

More generally, if X is a topological space with an increasing filtration by closed
subsets X, C X,—1 C --- C Xo = X, then we may iterate this procedure to obtain an
expression for Cy as a twisted complex on the sum of shifts of the star pushforwards of
the CX,‘\Xj+1 .

When X is a complex manifold and D = | J Dy, is a normal crossings divisor, and X;
above is the codimension i intersection of the Dy, this complex can be explicitly described
in terms of differential forms with log poles, as in the case of a single divisor above. This
construction is presumably standard, but we have not found a convenient reference, so
we give some details here. For convenience we assume X is affine and pass to termwise
global sections of de Rham complexes.

Again we write Q% (D) for the complex of holomorphic differential forms with log
poles along D. Recall this means that in coordinates where D is cut out by []; z; = 0, the
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sheaf Q }(( D) is locally free and generated over €2 }1( by d log z;, and Q% (D) is the exterior
algebra on Q 1}( (D)’ here equipped with the de Rham differential.

We fix notation for indexing divisors. Given J C {1,...,n}, let S be the intersection
of components D; for j € J, and D be their union. Write J€ for the complement of J .
Note that Ky := S; N D’ is a normal crossings divisor in Sy;let Q; := Sy \ Ky be
its complement.

Suppose j ¢ J. We take the residue of a form in QE,( K)) along the component
DN D’ of Ky:

res; - Q{S'J(KJ) - QlD_Jluj(KJUj)

oys D2k, . ! DOoe _ D ~2k,1
Definition A.2.1. Let “Qy = @)=k R, (k) and “Qy = P “Qy . The latter
carries the de Rham differential dgr of bidegree (0, 1), and an endomorphism d., given

by the sum of all residue maps, of bidegree (2, —1).
Lemma A.2.2. We have ddzR =d2 = (dgr + dies)> = 0.

res

Proof. dj = 0 is of course standard. To show d2; = 0, we must check that for any two
distinct j, j', the corresponding residue maps in d,.s anti-commute. The two different
compositions correspond to integration over a 2-torus with the two opposite orientations,
which implies the result.

To verify (dar + dres)? = 0, it remains to check that dyrdyes = —dyesdar. Let us focus
on the term resj_, j/ of d, taking the residue along z;. We can locally write any form as
a sum of terms f (Z)dzﬂa) or f(z)w, where w is a dqr-closed form nonsingular along z;.

1
In the first case, we have

res dde(z)dZ—lea) = —df(z)w, dgres f(z)dZ—lea) =df (z)w.

Here we have used the same notation for a form nonsingular along z; and its restriction
to z; = 0. In the second case, both sides vanish. This concludes the proof. n

We henceforth regard Q% as a singly-graded complex (the sum of the previous grad-
ings) equipped with the differential dgr + dres. This complex retains a filtration by the size
of J (the first degree of the bidegree).

As (Sy,Ky) and (X \ Sy, D \ Sy) are again pairs of a space and a normal cross-
ings divisor, we also have complexes X/ ng and P\Ss Q;(\ s, We additionally define
b Q% s,y C D\Sy Q;(\ s, as the subcomplex of forms whose extensions to the closure of
the relevant stratum in X have log poles along Sy, when this is a divisor. The inclusion
b Q% s,) C D\S, Q:Y\ s being built from inclusions of log de Rham complexes in de

Rham complexes, is a quasi-isomorphism.
Proposition A.2.3. For any J, there is an exact sequence of complexes
0— %7y [-2l7]] - Pey — Py, = 0. (A.5)

where the first map is the inclusion of summands from Definition A.2.1, and the second
map is the projection onto the complementary summands.
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Proof. There is evidently such an exact sequence of underlying graded spaces; indeed
a split one, which remains split upon imposing the differential dgg which preserves the
terms associated to any given stratum. The differential d,.s carries terms associated to
some stratum to terms associated to its closure, hence still respects the above maps. ]

Remark A.2.4. The corresponding projection map ? Q% — D\S; Q)'(\ s, is not surjec-
tive, since forms in the codomain are not required to have simple poles along S.

We have a natural inclusion Q5 — D Q%, defined by the inclusion Q5 — Q)'( (D)’ the
latter being a summand of the underlying graded vector space of Q% , and de restricted

to the image of 2% being trivial.
Proposition A.2.5. The inclusion of complexes Q5 — D QY is a quasi-isomorphism.

Proof. We proceed by induction on the number of components of D. The statement is
tautologous when D has no components. Choose a component D; of D. Consider the
diagram

| [

Kiqy [-2] — Pay — Py

X(D;)

Here, the upper triangle is (A.3), the lower triangle is the triangle associated to (A.5), the
vertical arrows are the inclusions of forms into log forms on the appropriate stratum, the
dashed arrow is dashed as a reminder that it is defined only in the derived category (and
the commutativity of the left square must also be understood in the derived category).

By induction the left vertical map is a quasi-isomorphism. The right vertical map
maps to Q;(\ D, ™ D\D; Q;(\ D, by quasi-isomorphisms, and this latter map is itself a
quasi-isomorphism by induction. Hence the center vertical map is a quasi-isomorphism
as well. ]

Corollary A.2.6. The exact triangle Cp,;[-2] — Cx — j«Cx\p; is quasi-isomorphic

to the triangle K/'ij [-2] - PQ5 — DQ;((Dj)'

A.3. Filtrations

If V is a vector space with an increasing filtration F', we write the steps of the filtration as
- CF VCcCFKRVcRhVC---.

We recall

Definition A.3.1. Let V, W be filtered vector spaces. Amap g : V — W is said to be
(1) compatible with the filtrations if g(Fy, V) C F; W,
(2) strictly compatible with the filtrations if F W N g(V) = g(F V).
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We will also synonymously say the map (strictly) preserves or (strictly) respects the fil-
tration.

The significance of the strictness condition is:

b
Lemma A.3.2. Let --- — V_; 5 Vo = Vi — -+ be a long exact sequence of filtered

vector spaces, whose maps strictly preserve the filtrations. Then the sequence defined by
gr(a) gr(b)

the associated graded spaces - -- — gty V_1 —— gy Vo — g1y, Vi — - -+ is also exact.
Proof. We first show that the kernel of gr(d) contains the image of gr(a). Givenu € F; V,
write gr; (1) for the associated element of gr; V. Consider w € Fy V_;. By exactness of
the original sequence, b(a(w)) = 0. It follows that gr(b)(gr(a)(gry (w))) = 0.

We now show that the image of gr(a) contains the kernel of gr(b). Suppose v € F Vj
satisfies gr(b)(gry (v)) = 0. By definition, this means b(v) € Fr_;V;. By strictness of b,
there exists v’ € Fj_1Vp such that b(v") = b(v). By exactness of the sequence, there
exists w € V_; such that a(w) = v — v’. By strictness, there exists w’ € F V_; with the
same property. It follows that gr(a)(gr, (w’)) = grp (v — v') = gri (v). L]

Caution A.3.3. For a fixed short exact sequence 0 - A — B — C — 0 of vector spaces,
and fixed filtrations on A, C, there are many filtrations on B such that the maps strictly
preserve filtrations. Indeed, let A and C be one-dimensional, with gr, A = 4, gr, C = C.
Then the filtration on B is determined by the subspace Fo B =~ C. The only condition on
Fy B is that is must intersect the image of A trivially.

A.4. Weight filtration

According to [18-20], cohomology of algebraic varieties carries various filtrations,
strictly preserved by pullback with respect to any morphism of algebraic varieties. Of rel-
evance to us here is the weight filtration, defined on the rational cohomology, and denoted
WL,H® (X, Q). It is an increasing filtration, with W H" (X, Q) supported in degrees [0, 2n]
in general, and in degrees [0, ] and [n, 2n] if X is projective and smooth respectively.

The weight filtration of a smooth variety X is defined by choosing a normal cross-
ings compactification. Then the complex cohomology of X is computed by a complex of
differential forms with log singularities along the boundary, and W, H®(X, Q) is gen-
erated by the subsheaf of forms singular along at most k different boundary components
near any given point.

In this sense, the size of Grf‘jr «H* (X, Q) for k > 0 is a measure of the noncompactness
of X.

A.5. Perverse Leray filtration

Let B be a topological space. For a complex K of sheaves on B, one can define a filtration
on the (hyper)cohomology of K*® by cutting off the complex:

PcH*(B: K) := Image(H*(B; 1=K K) — H*(B: K)).
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In case one has another z-structure available — in our case the middle perverse -
structure for constructible sheaves on algebraic varieties — one gets a similar filtration
by using the truncations of the z-structure. We term the resulting filtration the perverse
filtration.

In the setting where one has amap 7 : X — B and K = 7, F, the perverse filtration on
K is the filtration which arises on H®(X; F') from the perverse t-structure Leray spectral
sequence. Thus it is called the perverse Leray filtration on H®(X; F). See [14] and the
references therein for discussion of this filtration.

Convention A.5.1. Let f : X — Y be a map of algebraic or complex analytic spaces.
When we discuss the perverse Leray filtration on H®*(X, Q) associated with f, i.e.
the perverse filtration on H®( /. Q), we always shift the filtration so that P_; = 0 and
1 € PoH*(X, Q).

In some circumstances, we may wish to further shift the filtration. We will write
H*(X, Q){n} to indicate we have shifted the filtration by n steps, i.e.

PH*(X,Q){n} = P;1,H*(X,Q).

Pullback and pushforward operations generally respect only ‘half’ of the perverse
t-structure. As a consequence, the perverse Leray filtration is not generally preserved
by base change. (In particular, the perverse Leray filtration of the base change to a
point is always trivial, in the sense of agreeing with the filtration by cohomological
degree.) However, base change which is ‘transverse to the singularities of the sheaf” does
respect perversity. This can be precisely formulated in the language of microsupport of
Kashiwara—Schapira, as we now recall.

Proposition A.5.2 ([50, Corollary 10.3.16]). Let N C M be an inclusion of smooth com-
plex submanifolds and ¥ a perverse sheaf on M. If N is noncharacteristic for ¥, i.e.,

ssS(F)NTyM C Ty M,
then ¥ | y[dim N — dim M is perverse.

Corollary A.5.3. Consider a diagram of complex manifolds

I
(A.6)

o
T<—AO

—

Then H*(C, C) and H*(A, C) have perverse Leray filtrations coming from the maps to
B and D. If the vertical maps are proper, and the diagram is Cartesian (A = B xp C)
and transverse, then f* : H*(C, C) — H*(A, C) strictly preserves the perverse Leray
filtrations.

Proof. Follows from Proposition A.5.2 and the standard microsupport estimate for proper
pushforward [50, Proposition 5.4.4]. |
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Appendix B. A holomorphic embedding ®; C B

Here we recall a more canonical choice of the embedding % of Lemma 11.1.1. The con-
struction is due to Yang Li. We do not logically depend on this result, but it provides a
better analogy with the hyperkihler aspects of the nonabelian Hodge diffeomorphism.

The sphere of complex structures compatible with the hyperkihler metric on ® is
parameterized by a choice of unit vector s € R3, as described by (7.2). So far, we
have considered the complex structure /., on %, with respect to which the fibers of
© — D are complex subvarieties. On the other hand, the complex structures /,¢, +pes
for different (a, b) € S' define biholomorphic manifolds, because the function V' is
symmetric under rotations of the e;, e3-plane. They were described in [55]. For con-
creteness, let J be the complex structure associated to e3, and let Dy denote the manifold
© with this choice of complex structure. Let n = u; + iu, be the complex part of the
moment map. The map exp(27win) : Dy — C* is holomorphic with image the annulus
exp(—2nr) < |z| < exp(2xr). Its fibers are complex surfaces, which are topologically
annuli away from 1 € C*. Holomorphic coordinates on these fibers can be constructed as
follows.

Theorem B.0.1 ([55, Section 1.3.2]). There is a holomorphic embedding D5 — C?\
{xy = 1}, identifying exp(2win) with 1 — xy and uz with a strictly monotonic function
of [x> — |y (for fixed n).

Proof. We summarize Li’s argument here, adapting the notation slightly to match our
own, and refer to [55] for details. The first task is to define holomorphic functions x, y :
D — C satisfying xy = 1 —exp(27win). Let 05 € C and consider the following one-
forms on Oy \ {n € Z}:

. k
1
iy = Vdu3+i9+(%l—i900+ lim Z (2 - 13 ))dn,
koo THN2MHE1) o4y JuZ +{n+nl?

. k
i 1 Us
§y=—Vdu3—i9+(—+i9c,o+lim E ( + ))dn.
2 koo THN2OEM) o gn) JuZ+n+nl?

The apparent singularities of the second term at € Z can be eliminated if we assume
u3 # 0. On the other hand, the singularities at € Z, u3 = 0 cannot be removed. A direct
calculation shows that away from this locus, {, {, are closed Z-invariant (1, 0)-forms.
The line integrals [ ¢y, [ ¢y therefore define local holomorphic functions on Dy away
from 7 € Z. Moreover, the period around a Uy -orbit is 277, and for a unique choice of 6
the period spanning a Z-translation also vanishes. One therefore has global holomorphic

functions
x = exp(/ é’x), y= eXP(/ fy)

on ®; defined away from u3z < 0,7 = 0 and u3 > 0, n = 0 respectively. Moreover, a
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direct calculation shows

{x + &y = dlog(l —exp(2min)) (B.1)

and therefore
xy =1—exp(2min)

wherever the left-hand side is defined. This in turn proves that x, y extend to holomorphic
functions on all of D, vanishing along u3 < 0,7 = 0 and u3 > 0, n = 0 respectively.
Finally, we check that the map (x, y) : ©; — C? is an embedding. It is enough to
verify that it restricts to an embedding on any fiber of exp(27in). Each such fiber is
a Uj-bundle over an interval a < u3 < b. The restriction of ¢, to such a fiber equals
Vdus + i6.1t follows that x restricts to [(Vdusz + i6). The injectivity of x follows from
the fact that V' is everywhere positive and 6 is a connection one-form. The claim regarding
us = us(|x|?> — |y|?, n) likewise follows from the fact that V is everywhere positive. m
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