P

@ CrossMark
Forum of Mathematics, Sigma (2021), Vol. 9:e15 1-51
doi:10.1017/fms.2021.4 CAMBRIDGE

UNIVERSITY PRESS

RESEARCH ARTICLE

Higher rank K-theoretic Donaldson-Thomas Theory of points

Nadir Fasola !, Sergej Monavari ~ 2 and Andrea T. Ricolfi =~ 3

ISISSA Trieste, Via Bonomea 265, 34136 Trieste; E-mail: nfasola@sissa.it.
2Mathematical Institute, Utrecht University, 3584 CD Utrecht; E-mail: s.monavari @uu.nl.
3SISSA Trieste, Via Bonomea 265, 34136 Trieste; E-mail: aricolfi @sissa.it.

Received: 12 September 2020; Revised: 30 November 2020; Accepted: 20 December 2020
2020 Mathematics subject classification: Primary — 14N35; Secondary — 14C05

Abstract
We exploit the critical structure on the Quot scheme Quoty3 (0%, n), in particular the associated symmetric
obstruction theory, in order to study rank r K-theoretic Donaldson-Thomas (DT) invariants of the local Calabi-Yau
3-fold A3. We compute the associated partition function as a plethystic exponential, proving a conjecture proposed
in string theory by Awata-Kanno and Benini-Bonelli-Poggi-Tanzini. A crucial step in the proof is the fact, nontrival
if r > 1, that the invariants do not depend on the equivariant parameters of the framing torus (C*)”. Reducing
from K-theoretic to cohomological invariants, we compute the corresponding DT invariants, proving a conjecture
of Szabo. Reducing further to enumerative DT invariants, we solve the higher rank DT theory of a pair (X, F),
where F is an equivariant exceptional locally free sheaf on a projective toric 3-fold X.

As a further refinement of the K-theoretic DT invariants, we formulate a mathematical definition of the chiral
elliptic genus studied in physics. This allows us to define elliptic DT invariants of Adin arbitrary rank, which we
use to tackle a conjecture of Benini-Bonelli-Poggi-Tanzini.

1. Introduction
1.1. Overview

Classical Donaldson-Thomas (DT) invariants of a smooth complex projective Calabi-Yau 3-fold Y,
introduced in [64], are integers that virtually count stable torsion-free sheaves on Y, with fixed Chern
character y. However, the theory is much richer than what the bare DT numbers

DT(Y,y) € Z (1.1

can capture: There are extra symmetries subtly hidden in the local structure of the moduli spaces of
sheaves giving rise to the classical DT invariants (1.1). This idea has been present in the physics literature
for some time [31, 22].

These hidden symmetries suggest that there should exist more refined invariants, of which the DT
numbers (1.1) are just a shadow. These branch out in two main directions:

o motivic DT invariants and
o K-theoretic DT invariants.

For the former, which to date include a number of interesting subbranches, the papers by Kontsevich

P

and Soibelman [35, 36] are a good starting point, and Szendrdi’s survey [63] contains an extensive
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bibliography on the subject. For the latter, see some recent developments after Nekrasov-Okounkov
[49], such as [52, 1, 65] and [48, 50, 13] for a generalisation to Calabi-Yau 4-folds. In this article we
deal with K-theoretic DT theory. The relationship between motivic and K-theoretic, which we briefly
sketch in Subection 6.3, will be investigated in future work.

The subtle structure of the DT moduli spaces is most evident in the local case; that is, when the
theory is applied to the simplest Calabi-Yau 3-fold of all, namely, the affine space A3. See [6, 20] for the
rank 1 motivic DT theory of A® and [59] for a higher rank version. This article solves the K-theoretic
Donaldson-Thomas theory of points of A3. In [4] it is shown that the main player in the theory, the Quot
scheme

Quot 3 (0%, n) (1.2)

of length n quotients of the free sheaf 6%, is a global critical locus — that is it can be realised as
{df =0} —for f aregular function on a smooth scheme. This structural result, revealing in bright light
the symmetries we were talking about, is used to define the higher rank K-theoretic DT theory of points
that is the central character in this article. The rank 1 theory, corresponding to Hilb" (A?), was already
defined, and it was solved by Okounkov [52, § 3], proving a conjecture by Nekrasov [46]. Our first main
result (Theorem 1.1) can be seen as an upgrade of his calculation, completing the study of the degree 0
K-theoretic DT theory of A3.

In physics, remarkably, the definition of the K-theoretic DT invariants studied here already existed
and gave rise to a conjecture that our article — again, Theorem 1.1 — proves mathematically. More
precisely, our formula for the K-theoretic DT partition function DTX of A® was first conjectured by
Nekrasov [46] for r = 1 and by Awata and Kanno [3] for arbitrary r as the partition function of a quiver
matrix model describing instantons of a topological U(r) gauge theory on D6 branes. The reader is
referred to Subsection 1.3 of this introduction for more background on the physics picture.

We also study higher rank cohomological DT invariants of A®. As we show in Corollary 7.1, these
can be obtained as a suitable limit of the K-theoretic invariants. Motivated by [3, 47], a closed formula
for their generating function DTS" was conjectured by Szabo [62, Conj. 4.10] as a generalisation of
the » = 1 case established by Maulik-Nekrasov-Okounkov-Pandharipande [45, Thm. 1]. We prove this
conjecture as our Theorem 1.2. To get there, in Section 5 we develop a higher rank topological vertex
formalism based on the combinatorics of r-colored plane partitions,' generalising the classical vertex
formalism of [44, 45].

We pause for a second to explain a key step in this article. The Quot scheme (1.2), which gives rise
to most of the invariants we study here, is acted on by an algebraic torus

T = (C*)?) % (C*)r’

and by their very definition, both the K-theoretic and the cohomological DT invariants depend, a priori,
on the sets t = (t1,13,t3) and w = (w1,...,w,) of equivariant parameters of T. A technical result of
this paper, which is proved as Theorem 6.5, states that

The K-theoretic DT invariants do not depend on the parameters w. (1.3)

This will allow us to take arbitrary limits to evaluate our formulae. We emphasise that this independence,
automatic if r = 1 (see Remark 6.2), is quite surprising and highly nontrivial if » > 1.

1.2. Main results

We briefly outline here the main results obtained in this article.

n this article, an r-colored plane partition is an r-tuple of classical plane partitions; see Definition 3.10.
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1.2.1. K-theoretic DT invariants

As we mentioned above, the Quot scheme (1.2) is a critical locus; thus, it carries a natural symmetric (T-
equivariant, as we prove) perfect obstruction theory in the sense of Behrend-Fantechi [7, 8]. As we recall
in Subsection 4.1.1, there is also an induced twisted virtual structure sheaf ©'* € Kg (Quot,3 (0%, n)),
which is a twist, by a square root of the virtual canonical bundle, of the ordinary virtual structure sheaf
0. The rank r K-theoretic DT partition function of the Quot scheme of points of A3, encoding the
rank r K-theoretic DT invariants of A3, is defined as

DTR (A%, q.1,w) = ) ¢" ¥(Quot,a (0%, 1), 6) € Z((r, (nat3)*, w)[[ 4],

n>0

where the half power is caused by the twist by the chosen square root of the virtual canonical bundle
(this choice does not affect the invariants; cf. Remark 4.3).

Granting Theorem 6.5, stated informally in (1.3), we shall write DTl( (A3, q,1) = DT]f(A3, q,t,w),
ignoring the framing parameters w. In Subsection 6.2 we determine a closed formula for this series,
proving the conjecture by Awata-Kanno [3]. This conjecture was checked for low number of instantons
in [3, § 4].

To state our first main result, we need to recall the definition of the plethystic exponential. Given an
arbitrary power series

F=Ffp1s.. . pesuty...ue) € Qpi,--.pe)luts- - uels

one sets
1
Exp (f) =exp| > —f (P}, psuf, . uf) |, (1.4)
n
n>0
viewed as an element of Q(py,...,pe)[u1,...,uc]. Consider, for a formal variable x, the operator
[x] = x!/2 —=x71/2_In Subsection 6.1 we consider this operator on K] (pt). See Subsection 8.4 for its

physical interpretation. We are now able to state our first main result.

Theorem 1.1 (Theorem 6.3). The rank r K-theoretic DT partition function of A3 is given by
DTS (A, (=1)"q.1) = Exp (F(q.11.12.13)) , (1.5)

where, setting t = t11,t3, one defines

[t"] [11t2] [1183] [£213]
[t][t2¢][t2g~"]  [t]lr2][23]

Fr(‘]’ f1,t2,f3) =

The case r = 1 of Theorem 1.1 was proved by Okounkov in [52]. The general case was proposed
conjecturally in [3, 9]. Arbesfeld and Kononov informed us during the writing of this article that they
also obtained a different proof of Theorem 1.1 [2], driven by different motivations.

It is interesting to notice that Formula (1.5) is equivalent to the product decomposition

-r—1

T p), (1.6)

DTX (A%, (-1)"g,1) = | | DTY (A%, gt

i=1

which we obtain in Theorem 6.9. This is precisely the product formula [50, Formula (3.14)] appearing
as a limit of the (conjectural) 4-fold theory developed by Nekrasov and Piazzalunga.

Formula (1.6) is also related to its motivic cousin: As we observe in Subsection 6.3, the motivic
partition function DT™°! of the Quot scheme of points of A (see [4, Prop. 2.7] and the references therein)
satisfies the same product formula (1.6), after the transformation t/2 5 b2,
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1.2.2. Cohomological DT invariants
The generating function of cohomological DT invariants is defined as

o A g5m = Y 0" [ I e Qs lal,
247 Jiquotys (05 my 1
where s = (s1,52,53) and v = (v1,...,v,), with 5; = ¢](1;) and v; = c[(w;), respectively, and

the integral is defined in Equation (4.2) via T-equivariant residues. It is a consequence of (1.3) that
DTﬁOh(A3, q,s,v) does not depend on v, so we will shorten it as DTﬁOh(A3, g, s). In Subsection 7.1 we
explain how to recover the cohomological invariants out of the K-theoretic ones. This is the limit formula
(Corollary 7.1)

DT (A%, ¢, 5) = lim DT (A, g, ™),

essentially a formal consequence of our explicit expression for the K-theoretic higher rank vertex (cf.
Section 5) attached to the Quot scheme Quot,: (0%, n).

Theorem 1.2 (Theorem 7.2). The rank r cohomological DT partition function of A3 is given by

(s1+59) (s1+53) (59+53)

DTN(A%, g.s) =M((=1)"q) s,

where M(t) = [1],,51(1 = ™)™ is the MacMahon function.

The case r = 1 of Theorem 1.2 was proved by Maulik-Nekrasov-Okounkov-Pandharipande [45,
Thm. 1]. Theorem 1.2 was conjectured by Szabo in [62] and confirmed for » < 8 and n < 8 in [9]. The
specialisation DTSN (A3, ¢, s)’s1 srtsy=0 = M((—1)"g)" was already computed in physics [19].

1.2.3. Elliptic DT invariants

In Section 8 we define the virtual chiral elliptic genus for any scheme with a perfect obstruction theory,
which recovers as a special case the virtual elliptic genus defined in [23]. By means of this new invariant
we introduce a refinement DT!' of the generating series DTX, providing a mathematical definition of
the elliptic DT invariants studied in [9]. We propose a conjecture (Conjecture 8.9) about the behaviour
of DT‘;Il and, granting this conjecture, we obtain a proof of a conjecture formulated by Benini-Bonelli-
Poggi-Tanzini (Theorem 8.11).

1.2.4. Global geometry

So far we have only discussed results concerning local geometry. When X is a projective toric 3-fold
and F is an equivariant exceptional locally free sheaf, by [59, Thm. A] there is a O-dimensional torus
equivariant (cf. Proposition 9.2) perfect obstruction theory on Quoty (F, n). Therefore, the higher rank

DT invariants
DTr.n = / 1eZ
[Quoty (F,n) M

can be computed via the Graber-Pandharipande virtual localisation formula [27]. The next result confirms
(in the toric case) a prediction [59, Conj. 3.5] for their generating function. Before stating it, recall that
an exceptional sheaf on a variety X is a coherent sheaf F € Coh X such that Hom(F, F) = C (i.e., F is
simple), and Ext' (F, F) = 0 fori > 0.

Theorem 1.3 (Theorem 9.7). Let (X, F) be a pair consisting of a smooth projective toric 3-fold X along
with an exceptional equivariant locally free sheaf F of rank r. Then

Z DTF,nqn = M((—l)rq)rfx C3(TX®KX).

n>0
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The corresponding formula in the Calabi-Yau case was proved in [59, § 3.2], whereas the general
rank 1 case was proved in [45, Thm. 2] and [39, Thm. 0.2].

1.3. Relation to string theory

An interpretation for DT invariants is available also in the context of supersymmetric string theories. In
this framework, one is interested in countings of Bogomolnyi-Prasad-Sommerfield (BPS)-bound states
on (Calabi-Yau) 3-folds. The interest in studying the BPS sector of string theories lies in the fact that
it consists of quantities that are usually protected from quantum corrections and that can sometimes
be studied nonperturbatively. On the other hand, BPS countings have been shown on many occasions
to have a precise mathematical interpretation rooted in counting problems in enumerative geometry. In
the case of DT theory, the interpretation is that of a type IIA theory compactified on X, so that the 4-
dimensional effective theory has an ' = 2 supersymmetry content. BPS states then preserve half of this
supersymmetry and are indexed by a charge vector living on a lattice determined by the cohomology
(with compact support) of the 3-fold I" = H*(X,Z) @ H*(X,Z) ® H*(X,Z) ® H°(X,Z). These lattices
can also be interpreted as the charge lattices of D-branes wrapping p-cycles on X, where

Dp «— H%P(X,Z) = H,(X,Z),
for p =0, 2,4, 6. The Witten index
Indx () = Tr, ) (-1)"
BPS

provides a measure of the degeneracy of the BPS states, where the trace is over the fixed charge sector
of the single-particle Hilbert space Hgps = P yer 7—[](3?5 and F is a given one-particle operator acting
on the y-component of the Hilbert space. The choice of a charge vector of the form y = (r,0, -8, n) is
then equivalent to a system of (D0-D4-D6)-branes, where » D6-branes wrap the whole 3-fold X. The
index of the theory is then defined via integration over the virtual class of the moduli space of BPS
states Mg,)s (X),

Indx(y):/ .
(MG ()

The moduli space of BPS states on X = A3 with charge vector y = (r,0,0, n) is then identified with
the Quot scheme Quot,3 (0%, n), and the partition function of the theory reproduces the generating
function of degree 0 DT invariants of A3

ZIndAz(r,O, 0,n)g" = DTN (A3, g, 5).

n>0

An equivalent interpretation can be also given in type IIB theories, where the relevant systems will
be those of (D(-1)-D3-D5)-branes. The effective theory on the D(-1)-branes, which in this case are 0-
dimensional objects, is a quiver matrix model, which encodes the critical structure of Quot,: (0%, n).
K-theoretic and elliptic versions of DT invariants can also be studied by suitably generalising the D-
branes construction. One can study, for instance, a DO-D6 brane system with » branes on X X st st
being the world volume of the DO-branes. In this case the DO-branes quantum mechanics describe the
K-theoretic generalisation of DT theory, so that the supersymmetric partition function computes the
equivariant Euler characteristic of the twisted virtual structure sheaf ©*I" of the Quot scheme identified
with the moduli space of BPS vacua of the theory. Analogously, the D1 string theory of a D1-D7
system on the product of X by an elliptic curve, say, X x T2, provides the elliptic generalisation of
higher rank DT invariants, [9], and the superconformal index realises the virtual elliptic genus of
the moduli space of BPS states. In this context, a plethystic formula for the generating function of
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the K-theoretic DT invariants was conjectured in [47] for rank 1 and in [3] for rank r. The elliptic
generalisation of DT theory was studied in [9], where a plethystic formula for the virtual elliptic
genus was conjectured in the Calabi-Yau specialisation #17,¢3 = 1 and its generalisation (¢11,13)" = 1
(cf. Theorem 8.11).

1.4. Related works on virtual invariants of Quot schemes

The study of virtual invariants of Quot schemes is an active research area in enumerative geome-
try. See, for instance, the seminal work of Marian-Oprea [42], where a virtual fundamental class on
the Quot scheme of the trivial bundle on a smooth projective curve was constructed. More recently,
there has been a lot of activity on surfaces (partially motivated by Vafa-Witten theory); see, for ex-
ample, [53, 32, 41, 43]. In connection to physics, flags of framed torsion free sheaves on P2, as a
generalisation of Quot schemes of points on A%, were studied in [11, 12]. Many of the results men-
tioned above use virtual localisation to study virtual invariants of Quot schemes: Our article exploits
virtual localisation as well, though in the K-theoretic setup and in the almost unexplored land of
3-folds.

Generating functions of Euler characteristics of Quot schemes on 3-folds (for quotients of sheaves
of homological dimension at most 1) were computed by Gholampour-Kool in [25]. Quot schemes of
reflexive sheaves (of rank 2) also appeared in the work of Gholampour-Kool-Young [26], as fibres
of ‘double dual maps’, exploited to compute generating functions of Euler characteristics of more
complicated moduli spaces of sheaves. Virtual invariants are also defined (again, in the rank 2 case)
via localisation in [26]. In the rank 1 case, quotients of the ideal sheaf of a smooth curve C in a 3-fold
Y form a closed subscheme of the Hilbert scheme of curves in Y, the key player in rank 1 DT theory.
There is the following relation with Pandharipande-Thomas theory (PT theory in short): the series of
virtual Euler characteristics of the associated Quot scheme was computed by the third author in [57]
and later upgraded to a C-local DT/PT wall-crossing formula [56]. The motivic refinement of this
DT/PT correspondence was established by Davison and the third author in [20].

Virtual classes of dimension 0 of Quot schemes (for locally free sheaves) on projective 3-folds are
constructed under certain assumptions in [59]. In this article we mainly work with the virtual class on
Quot,: (0%, n) coming from the critical obstruction theory found in [4].

1.5. Plan of the article

In Section 2 we recall the basics on perfect obstruction theories, virtual classes and virtual struc-
ture sheaves and how to produce virtual invariants out of these data; we review the K-theoretic vir-
tual localisation theorem in Subsection 2.5. Sections 3 to 8 are devoted to the ‘local Quot scheme’
Quot,: (0%, n). In Section 3 we recall its critical structure and we define a T-action on it, whose fixed
locus is parametrised by the finitely many r-colored plane partitions (Proposition 3.12); we study the
equivariant critical obstruction theory on the Quot scheme and prove that the induced virtual class
on the T-fixed locus is trivial (Corollary 3.15). In Subsection 4.3 we introduce cohomological and K-
theoretic DT invariants of Quot,s (0%, n). In Section 5 we develop a higher rank vertex formalism
that we exploit to write down a formula (Proposition 5.2) for the virtual tangent space of a T-fixed
point in the Quot scheme. In Section 6 we prove Theorem 1.1 as well as Formula (1.6). In Section 7
we prove Theorem 1.2 and we show that DTﬁ"h does not depend on any choice of possibly nontrivial
(C*)3-weights on 6. In Section 8, we give a mathematically rigorous definition of a ‘chiral’ version
of the virtual elliptic genus of [23] and use it in Subsection 8.2 to define elliptic DT invariants. In Sub-
section 8.3 we also give closed formulae for elliptic DT invariants in some limiting cases, based on the
conjectural independence on the elliptic parameter — see Conjecture 8.9 and Remark 8.12. In particular
Theorem 8.11 proves a conjecture recently appeared in the physics literature [9, Formula (3.20)]. In
Section 9 we prove Theorem 1.3 by gluing vertex contributions from the toric charts of a projective toric
3-fold.
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Conventions

We work over C. A scheme is a separated scheme of finite type over C. If Y is a scheme, we let D la.b](y)
denote the derived category of coherent sheaves on Y, whose objects are complexes with vanishing
cohomology sheaves outside the interval [a, b]. We let K°(Y) be the K-group of vector bundles on Y.
When Y carries an action by an algebraic torus T, we let K%(Y ) be the K-group of T-equivariant vector
bundles on Y. Similarly, we let Ko(Y) denote the K-group of coherent sheaves on Y, and we let Kg (Y)
be the K-group of (the abelian category of) T-equivariant coherent sheaves on Y. When Y is smooth,
the natural Z-linear map K°(Y) — Ko(Y), respectively K3(pt)-linear map K3(Y) — K (Y), is an
isomorphism. Chow groups A*(Y) and cohomology groups H*(Y) are taken with rational coefficients.

2. Background material

2.1. Obstruction theories and virtual classes

A perfect obstruction theory on a scheme X, as defined in [40, 7], is the datum of a morphism
¢o:E— Ly

in DI7101(X), where E is a perfect complex of perfect amplitude contained in [—1, 0], such that h°(¢)
is an isomorphism and 4~ (¢) is surjective. Here, Ly = 75_; L% is the cutoff at —1 of the full cotangent

complex LS € D01 (X) defined by Illusie [30]. A perfect obstruction theory is called symmetric (see
[8]) if there exists an isomorphism #: E= E"[1] such that 8 = " [1].

The virtual dimension of X with respect to (E, ¢) is the integer vd = rk E. This is just rk E® —rk E~!
if one can write E = [E~! — EV].

Remark 2.1. A symmetric obstruction theory E — Lyx has virtual dimension 0 and, moreover the
obstruction sheaf, defined as Ob = h'(EY), is canonically isomorphic to the cotangent sheaf Qy. In
particular, one has the K-theoretic identity

E=h"(E)-h Y (E) = Qx - Tx € Ko(X).
A perfect obstruction theory determines a cone
C—>E =(E".

Letting ¢: X < E be the zero section of the vector bundle E1, the induced virtual fundamental class
on X is the refined intersection

[X]"" = F[€] € Aw(X).

By a result of Siebert [61, Thm. 4.6], the virtual fundamental class depends only on the K-theory class
of E.

Definition 2.2 ([27, 8]). Let G be an algebraic group acting on a scheme X. A G-equivariant perfect
obstruction theory on X is a choice of lift to the G-equivariant derived category DI=1:0] (Cohg) of a
perfect obstruction theory ¢: E — L.

2.2. From obstruction theories to virtual invariants

On a proper scheme X with a perfect obstruction theory, one can define virtual enumerative invariants by

/ a € Q’
[X]vir

where @ € A’(X). These intersection numbers are going to vanish if i # vd.
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On the K-theoretic side, it was observed in [7, § 5.4] that a perfect obstruction theory E — Ly
induces not only a virtual fundamental class but also a virtual structure sheaf

0y" = [Li*Og] € Ko(X).

Its construction first appeared in [34, 18] in the context of dg-manifolds and in [7, 23] in the language of
perfect obstruction theories. More recently, Thomas gave a description of @}V(“ in terms of the K-theoretic
Fulton class, showing that it only depends on the K-theory class of E [66, Cor. 4.5]. If 7: X — ptis
proper, one can use @)V(ir and K-theoretic pushfoward 7. = y (X, —) to define virtual invariants by

XX, V) = x(X, Ve 0y € Ko(pt) =Z, Ve K'(X).

A virtual version [23, Cor. 3.6] of the Hirzebruch-Riemann-Roch theorem holds: One has
XX, V) = / ch(V) - td(Ty"),
[ X]vir

where, setting E; = (E~)Y, one defines the virtual tangent bundle of X by the formula

Ty =E" = Ey- E, € K'(X).

2.3. Torus representations and their weights

Let T = (C*)8 be an algebraic torus, with character lattice T= Hom(T, C*) = Z8. Let Kg (pt) be the
K-group of the category of T-representations. Any finite dimensional T-representation V splits as a sum

of 1-dimensional representations called the weights of V. Each weight corresponds to a character u € T,

and in turn each character corresponds to a monomial t* = t’f b tgg in the coordinates of T. The map

tr:KOT(pt)—>Z[z# |ye'f], Vo try, 2.1)

sending the class of a T-module to its decomposition into weight spaces is a ring isomorphism, where
the tensor product on the left corresponds to the natural multiplication on the right. We will therefore
sometimes identify a (virtual) T-module with its character. Sometimes, to ease notation, we shall write
tr(V) instead of try .

Example 2.3. Let V = 3, #* be a T-module. Define A3V = >%Y pIAV to be the total wedge of V.
We shall write A®V = A:IV. As shown, for instance, in [52, Ex. 2.1.5], its trace satisfies

tras,v = l_[ (1 —pt").
u

2.4. Virtual normal bundle and virtual tangent space

Let T = (C*)8 be an algebraic torus. If Y is a scheme carrying the trivial T-action, any T-equivariant
coherent sheaf B € CohY admits a direct sum decomposition B = (P u B* into eigensheaves, where

JTRs T =78 ranges over the characters of T. The T-fixed part and the T-moving part of B are defined as

BfiX — B(), Bmov — @ BM.
p#0

This definition extends to complexes of coherent sheaves.
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If X is a scheme carrying a T-action and a T-equivariant perfect obstruction theory E — Ly, and
Y ¢ XT is a component of the fixed locus, then the virtual normal bundle of Y c X is the complex

mov mov

\/
N;I;X TVlr — E

If p € X" is a fixed point, the virtual tangent space of X at p is Ty = Ev|p € KJ (pt).

2.5. Virtual localisation

A very useful tool to compute virtual K-theoretic invariants is the virtual localisation theorem. Its first
version was proven in equivariant Chow theory in [27], and a K-theoretic version appeared in [23, § 7]
and [54, § 3]. Suppose that X carries an action of an algebraic torus T and a T-equivariant perfect
obstruction theory. Then @)V(“ is naturally an element of Kg (X) and if X is proper one can define
YrXx,-) = x(X,-® @)V(ir) by means of the equivariant pushforward y(X,-): Kg(X) — Kg(pt).
The K-theoretic virtual localisation formula states that, for an arbitrary element V € K%(X ) of the
T-equivariant K-theory, one has the identity

peT (22)

) ) Vixr
XVlr(X7 V) :XVIr (XT’ A.N)iir’v) € KT(pt)[

where XT c X is the T-fixed locus and N''" € K%(X T) is K-theory class of the virtual normal bundle;
that is, of the T-moving part of T)V(ir =EV restricted to XT.

More than just being a powerful theorem, the localisation formula allows one to define invariants for
quasiprojective T-varieties, provided that they have proper T-fixed locus: If this is the case, one defines
x""(X, V) to be the right-hand side of (2.2). If X is proper, this definition coincides with the usual one
thanks to the localisation theorem.

Remark 2.4. We thank Noah Arbesfeld for pointing out to us that for quasiprojective schemes, in contrast
to the case of equivariant cohomology, one can directly define the equivariant Euler characteristic of a
coherent sheaf via its character as a torus representation (without invoking virtual localisation), provided
that the weight spaces of the sheaf are finite dimensional.

3. The local Quot scheme: Critical and equivariant structure
3.1. Overview

In this section we start working on the local Calabi-Yau 3-fold A3. Fix integers » > 1 and n > 0. Our
focus will be on the local Quot scheme

Quot,3 (0%, n),
whose points correspond to short exact sequences
0-5S—>0% 5T -0,

where T is a 0-dimensional Oy3-module with y(T) = n.
We shall use the following notation throughout.

Notation 3.1. If F is a locally free sheaf on a variety X and F - T is a surjection onto a O-dimensional
sheaf of length n, with kernel S C F, we denote by

[S] € Quoty (F, n)
the corresponding point in the Quot scheme.
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In this section, we will

o recall from [4] the description of the Quot scheme as a critical locus (Subsection 3.2),

o describe a T-action (for T = (C*)? x (C*)" a torus of dimension 3 + ) on Quot,3(0®", n), with
isolated fixed locus consisting of direct sums of monomial ideals (Subsection 3.3),

o reinterpret the fixed locus Quot,s (0%, n)" in terms of colored partitions (Subsection 3.4) and

o prove that the critical perfect obstruction theory on Quot,s (0%, n) is T-equivariant (Lemma 3.13)
and that the induced T-fixed obstruction theory on the fixed locus is trivial (Corollary 3.15).

The content of this section is the starting point for the definition (see Subsection 4.3) of virtual invariants
on Quot,s (0", n), as well as our construction (see Section 5) of the higher rank vertex formalism.

3.2. The critical structure on the Quot scheme

Let V be an n-dimensional complex vector space. Consider the space R, , = Rep, ) (E3) of r-framed
(n, 1)-dimensional representations of the 3-loop quiver L3, depicted in Figure 1. The notation ‘(n, 1)’
means that the main vertex (the one belonging to the 3-loop quiver, labelled ‘0’ in the figure) carries a
copy of V, whereas the framing vertex (labelled ‘c0’) carries a copy of C.

We have that R, , is an affine space of dimension 3n% + rn, with an explicit description as

Ren={ (A1, A2 As,ur,...,u;) | Aj € End(V), u; €V }
=End(V)® @ V.

By [4, Prop. 2.4], there exists a stability parameter 6 on the 3-loop quiver such that #-stable framed
representations (A1, Az, A3, ui,...,u,) € R, , are precisely those satisfying the condition

the vectors uy, ..., u, € V jointly generate (A1, Az, A3) € Rep,,(L3).
Imposing this stability condition on R, , we obtain an open subscheme
Urn C Ry
on which GL(V) acts freely by the rule
g (AL Ay As,ur,. .. uy) = (8A187", 8A287" g Asg ™" qur, . ... guy).

The quotient
Quot}! = U, ,,/GL(V) 3.1

is a smooth quasiprojective variety of dimension 2n% + rn. In [4] the scheme Quot” is referred to as the
noncommutative Quot scheme, by analogy with the noncommutative Hilbert scheme [51]; that is, the
moduli space of left ideals of codimension n in C{x|, x5, x3) (which, of course, exists for an arbitrary
number of free variables).

Ay

Az

Figure 1. The r-framed 3-loop quiver Ls.
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On R, ,, one can define the function
hn: Rr,n - AI’ (AI’A29 A3,M1, cee Mr) [ TrAl [AZs A3],

induced by the superpotential W = A [A>, Az] on the 3-loop quiver. Note that this function

o is symmetric under cyclic permutations of Aj, A, and Az and
o does not touch the vectors u;, which are only used to define its domain.

Moreover, h,ly, ,, is GL(V)-invariant and thus descends to a regular function
fu: Quot” — Al (3.2)
Proposition 3.2 ([4, Thm. 2.6]). There is an identity of closed subschemes
Quot,s (0%, n) = crit(f,) € Quot’ .

In particular, Quotys (O®", n) carries a symmetric perfect obstruction theory.

We use the notation crit(f) for the zero scheme {df = 0}, for f a function on a smooth scheme.
The embedding of the Quot scheme inside a noncommutative quiver model had appeared (conjecturally,
and in a slightly different language) in the physics literature [19].

Every critical locus crit( f) has a canonical symmetric obstruction theory, determined by the Hessian
complex attached to the function f. It will be referred to as the critical obstruction theory throughout.
In the case of Q = Quot,3 (0", n), this symmetric obstruction theory is the morphism

Berie = [TQuot'r’ Q M’ QQuot'rl|Q]
0 <dfn>vql Jid (33
LQ = [j/jz ;) QQuol’:|Q]

in D101 (Q), where we represented the truncated cotangent complex by means of the exterior derivative
d constructed out of the ideal sheaf & C Oqyo of the inclusion Q < Quot;}.

Remark 3.3. As proved by Cazzaniga and the third author in [17], for any integer m > 3, the Quot
scheme Quotym (0%, n) is canonically isomorphic to the moduli space of framed sheaves on P™;
that is the moduli space of pairs (E, ¢) where E is a torsion-free sheaf on P”* with Chern character
(r,0,...,0,-n) and ¢: E|p = @g’ is an isomorphism, for D c P™ a fixed hyperplane.

3.3. Torus actions on the local Quot scheme
In this section we define a torus action on the Quot scheme. Set
Ty =(C*)?, T,=(C"", T=T xT. (3.4)
The torus T; acts on A> by the standard action
t-x; =tx;, 3.5)

and this action lifts to an action on Quot,: (0®", n). At the same time, the torus T, = (C*)” acts on the
Quot scheme by scaling the fibres of @®". Thus, we obtain a T-action on Quot,s (0%, n).
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Remark 3.4. The fixed locus Quot,s(0®",n)™" is proper. Indeed, a T1-invariant surjection O®" — T
necessarily has the quotient 7" entirely supported at the origin 0 € A3. Hence,

Quot,3 (0%, n)™ < Quot,s (O, n)y
sits inside the punctual Quot scheme as a closed subscheme. But Quot,s (0%, n), is proper, because it
is a fibre of the Quot-to-Chow morphism Quot,3 (0®", n) — Sym” A*, which is a proper morphism.

We recall, verbatim from [4, Lemma 2.10], the description of the full T-fixed locus induced by the
product action on the local Quot scheme.

Lemma 3.5. There is an isomorphism of schemes

Quot s (6%, n)T = ]_[ nHilb”"(A3)T1. (3.6)

ni+--+n,=n j=1

In particular, the T-fixed locus is isolated and compact. Moreover, letting To C T be the subtorus
defined by t1t2t3 = 1, one has a scheme-theoretic identity

Quot 3 (0%, n)™ = Quot,: (6%, n)T. (3.7

Proof. The main result proved by Bifet in [10] (in greater generality) implies that

Quots (0, m™ = [ [ [Hib™(a?). (3.8)

ni+--+n,=n =1

The isomorphism (3.6) follows by taking T -invariants. Because Hilb* (A%)™ is isolated (a disjoint union
of reduced points, each corresponding to a monomial ideal of colength k), the first claim follows. Let now
To c T be the subtorus defined by #1#,¢3 = 1, so that Tg = Ty X T». Equation (3.7) follows combining
Equation (3.8) and the isomorphism Hilb* (A3)T1 = Hilb*(A3)To proved in [8, Lemma 4.1]. O

Remark 3.6. The T-action on Quot,s(0®",n) just described can be seen as the restriction of a
T-action on the larger space Quot). Indeed, a torus element t = (t1,%2,#3, wy,...,w,) € T acts on
(Al» A25 A33 Uty .. ny ur) € QUOt;l by

t-P=(t1A1,0A2, 13A3, WU, ..., Wrlky). (3.9

The critical locus crit( f;,) is T-invariant, and the induced action is precisely the one we described earlier
in this section.

3.4. Combinatorial description of the T-fixed locus
The T-fixed locus
Quot,3 (0%, n)T
is described purely in terms of r-colored plane partitions of size n, as we now explain.
We first recall the definition of a partition of arbitrary dimension.

Definition 3.7. Let d > 1 and n > 0 be integers. A (d — 1)-dimensional partition of n is a collection of n
points A = {a;,...,a,} C Z‘Zlo with the following property: If a; = (a;1, . .., a;q) € A, then whenever
apointy = (y1,...,yq) € Zio satisfies 0 < y; < a;j forall j =1,...,d, one has y € A. The integer
n = | A| is called the size of the partition.
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Figure 2. A plane partition of size n = 16.

There is a bijective correspondence between the sets of

o (d — 1)-dimensional partitions of size n,
o (C*)?-fixed points of Hilb" (A¢) and
o monomial ideals I C C[xy,...,xq4] of colength n.
We will be interested in the case d = 3, corresponding by definition to plane partitions. These can

be visualised (cf. Figure 2) as configurations of n boxes stacked in the corner of a room (with gravity
pointing in the (-1, —1, —1) direction).

Example 3.8. If A is a (d — 1)-dimensional partition of size n as in Definition 3.7, the associated
monomial ideal is

IA:<xi‘ ~~~xii" (i1,...,1q) eZiO\A> c Clxy,...,xq].

For instance, if d = 3, in the case of the plane partition pictured in Figure 2, the associated monomial
ideal of colength 16 is generated by the monomials shaping the staircase of the partition and is thus
equal to

4 2 2 5.2 2 3.3 4
<x3’x]x3$x1x3,x1 ax1x27x1x2x3’x2x39~x1x2,x2x3’x2> - C['xl 7x2’x3] .
Here is an alternative definition of plane partitions.

Definition 3.9. A (finite) plane partition is a sequence m = { 7;; | i, j > 0} C Z>¢ such that 7;; = 0 for

i,j > 0and
Tij = Wiy, M 2w foralli, j > 0.
Definition 3.10. An r-colored plane partition is a tuple @ = (ny,...,n,), where each n; is a plane
partition.
Denote by

7| = Z Tij

i,j20
the size of a plane partition (i.e., the number n in Definition 3.7) and by |7| = 3.I_, |7;| the size of an
r-colored plane partition.
In the light of Definition 3.9, the monomial ideal associated to a plane partition r is

_ [T T
I, = <x1x2x3

ihj> 0> c Clx1,x2,x3].

It is clear that the colength of the ideal I, is |r|.

Remark 3.11. A general plane partition may have infinite legs, each shaped by (i.e., asymptotic to)
a standard (1-dimensional) partition, or Young diagram. We are not concerned with infinite plane
partitions here, because we only deal with quotients ©®" —» T with finite support.

Proposition 3.12. There is a bijection between Quot 43 (0%, n)T and the set of r-colored plane partitions
7 of size n.
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Proof. For r = 1 this is well known: As we recalled above, monomial ideals I C C[x|, xp,x3] are
in bijective correspondence with plane partitions. Similarly, to each r-colored plane partition 7 =
(71, ..., m,) there corresponds a subsheaf Sz = @;1 I, c 0% . But these are the T-fixed points of
the Quot scheme by Lemma 3.5. O

3.4.1. Computing the trace of a monomial ideal
Recall the map (2.1) sending a torus representation to its weight space decomposition. Consider the
3-dimensional torus T} acting on the coordinate ring R = C[x}, x5, x3] of A3. Then we have

1

0 i J .k
= Y O= Y ik |
X - L (- -n)(1-13)
O eZéO (i,j,k) eZéO
For a cyclic monomial ideal m . = xfxé’ xg - R C R, one has
1910¢

. _ i ik _ 123 )
Tingpe ZZZ 25 7 (1 -t)(1 -t)(1 -13)

iz2a j>b k>c

More generally, for a monomial ideal 7, c C[xy, x,x3], one has

try, = Z fiik. (3.10)
(i.fH0) & 7

These are the building blocks needed to compute trs for an arbitrary sheaf S = @5’_, I, corresponding
to a T-fixed point [S] € Quot,: (0%, n)T.

3.5. The T-fixed obstruction theory

Recall from [27, Prop. 1] that a torus equivariant obstruction theory on a scheme Y induces a canonical
perfect obstruction theory, and hence a virtual fundamental class, on each component of the torus fixed
locus. In this subsection we show that the reduced isolated locus

Quot,3 (0%, n)T < Quot,s(6°", n)

carries the trivial T-fixed perfect obstruction theory, so the induced virtual fundamental class agrees
with the actual (0-dimensional) fundamental class.

We first need to check the equivariance (cf. Definition 2.2) of the critical obstruction theory Ey
obtained in Proposition 3.2. In fact, this follows from the general fact that the critical obstruction theory
on crit(f) c Y, for f a function on a smooth scheme Y, acted on by an algebraic torus T, is naturally
T-equivariant as soon as f is T-homogeneous. However, for the sake of completeness, we include a
direct proof below for the case at hand.

Lemma 3.13. The critical obstruction theory on Q = Quot,s (0%, n) is T-equivariant.

Proof. We start with two observations:

1. The potential f,, = Tr Aj[A;, A3] recalled in (3.2) is homogeneous (of degree 3) in the matrix
coordinates of the noncommutative Quot scheme.
2. The potential f, satisfies the relation

fu(t - P) =tit2t3 - f(P) (3.11)
for every t = (t1,1,¢3) € T; and P € Quot.
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Fix a point p € Q = crit(f,)) € Quot!. Then, setting N = 2n% +rn = dim Quot”, let xy, ..., xy be local
holomorphic coordinates of Quot! around p. Let the torus T act on these coordinates as prescribed by
Equation (3.9); that is, #; (respectively #, and #3) rescales each xi corresponding to the entries of the first
(respectively second and third) matrix, and w; rescales the coordinates of the vector u;, for/ = 1,...,r.
Formally, for a matrix coordinate x, we set

(t1, 12,13, Wi, oo, Wy) - Xk = tp(k) Xk,

where €(k) € {1,2,3} depends on whether x; comes from an entry of Aj, A, or A3. We also have to
prescribe an action on tangent vectors and 1-forms. For a matrix coordinate xz, we set

0 _ titats 0
Oxr  tek) Oxi 3.12)
(t1,t2, 13, Wi, ..., wp) - dxg = togydxg.

(t1, 12, 13, Wi, + oy W) -

If x; comes from a vector component of the /th vector, we set

(t1, 12, 1 ) 9 1 9
2 13 Wy s W) s — =W, ——
bl o an (3.13)
(t1, 02, 3, w1, ..., wp) - dxg = widxg.

However, the T,-action (3.13) will be invisible in the Hessian because the function f,, does not touch
the vectors.
The Hessian can be seen as a section

Hess(f,) €T (Q, TéuotﬂQ ® TguotﬂQ) .
In checking the equivariance relation

t-Hess(fu)(&) =Hess(fu)(t- &), teT,

we may ignore local coordinates x corresponding to vector entries, because the Hessian is automatically
equivariant in these coordinates (equivariance translates into the identity O = 0).

Therefore, let us fix an x; coming from one of the matrices. The (7, j)-component of the Hessian
applied to 9/dxy is given by

0 0 fn
Hess;; (fn) (—) = 8x~gx~
i0X]

ax]( (X],...,)CN)de'.

This will vanish unless k € {i, j }. Without loss of generality, we may assume k = i. In this case we
obtain, up to a sign convention,

titrts O ) i3 azfn
— | = X1y .., xn)dx;. (3.14)
teky Oxi ] teq a)‘kaxj( : w) &

Hess;;(fy) (

On the other hand, combining the observations (1) and (2) with (3.12), we obtain
_ 0> fn
(Ote(xyxi) (Bte(jyx

11213 0 fu
= (i
tf(k)tg(j) ) axkax]'

t- Hess;;(fu) (6%)

5 (teyX1, .- te(n)XN ) ey dx;
J

(x1,...,xn) dxj,
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which agrees with the right-hand side of Equation (3.14). Thus, we conclude that the Hessian complex
is T-equivariant, as well as the morphism (3.3) to the cotangent complex. This finishes the proof. O

The property (3.11) of f;, exhibits the differential d f;, as a GL3-equivariant section
dfn ® t @Quot;’ d QQuot;’ ® til,

where t™! = (1513) 7" is the determinant representation of C* = P, _; ;7' - C. Therefore, explicitly,
the morphism in pl-1.0] (Cohg) lifting the critical obstruction theory (3.3) is

[t ® TQuoti'lQ M’ Qquot Q]

<df,.>V|Ql lid (3.15)

[7/7? —L— Qquarr

ol

so that, in particular, the equivariant K-theory class of the virtual tangent bundle attached to the
(equivariant) perfect obstruction theory (3.15) is

73" = Tauotr g = Qauorr]q ® ™' € K3(Q). (3.16)
This fact will be recalled and used in Propositions 5.2 and 9.3.
Lemma 3.13 implies the existence of a “T-fixed” obstruction theory
fix
Ecrit Quot,3 (6% ,m)T - LQuotAg (6% ,n)T (3]7)

on the fixed locus of the Quot scheme. We proved in Lemma 3.5 that this fixed locus is O-dimensional,
isolated and reduced. The next result will imply that the virtual fundamental class induced by (3.17) on
the fixed locus agrees with the actual fundamental class.

Proposition 3.14. Let [S] € Quot,3 (0%, n)T be a torus fixed point. The deformations and obstructions
of Quot,3 (0%, n) at [S] are entirely T-movable. In particular, the virtual tangent space at [S] can be
written as

vir _ Vv |mov
T =E

- 0
critl[s] T TQi[s] - QQ’[S] ®t e KT(pT). (3.18)

Proof. The perfect obstruction theory B on Q = Quot,s (0%, n), made explicit in Diagram (3.15),
satisfies E; = I!-E’,Cvrit [1] ®t. Its equivariant K-theory class is therefore

Euit =Qo-To®t € Kg(Q)

We know by Equation (3.7) in Lemma 3.5 that no power of t is a weight of Tg|, for any fixed point
p € QT, which implies that

fix fix
(Tal, t) =0, Qqf) =0. (3.19)
The claim follows. O
Corollary 3.15. There is an identity
[Quot,s (6%, m) "™ = [Quot,: (6%, m)T] € AT (Quot,: (6°7, m)).
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4. Invariants attached to the local Quot scheme

In this section we introduce cohomological and K-theoretic DT invariants of A3, the main object of
study of this article, starting from the Quot scheme Quot,3(0®", n) studied in the previous section. We
first need to introduce some notation and terminology.

4.1. Some notation

Recall the tori T; = (C*)3 and T» = (C*)” from (3.4). We let t1, 15, t3 and w1, . .., w, be the generators
of the representation rings K%] (pt) and Kjorz(pt), respectively. Then one can write the equivariant
cohomology rings of T; and T, as

H”E‘] :Q[S17S23S3]3 H’]?ZZQ[V],...,V,-],
where s; = cjlr1 (ti)and v; = c?z(wj). For a virtual T-module V € K%(pt), we let
try € Z(t1, 12,13, Wi, - ., Wr))

denote its character; that is, its decomposition into weight spaces. We denote by (-) the involution
defined on Z((ty, t2, t3, Wi, . . ., W) by

D -1 -1 -1 -1 -1
P(t1, 12,13, Wi, ...,w,) = P(t] 7,85 85, Wi ., w, ).

4.1.1. Twisted virtual structure sheaf
For any scheme X endowed with a perfect obstruction theory E — Ly, define as in [23, Def. 3.12] the
virtual canonical bundle

ICX,Vir =detE = det(T;éir)v.
This is just det E° ® (det E™)Y if E = E — E7! € KO(X). We will simply write /Cyi; when X is clear
from the context.

Lemma 4.1. Let A be a smooth variety equipped with a regular function f: A — Al, and let X =
crit(f) C A be the critical locus of f, with its critical (symmetric) perfect obstruction theory Bqyy — Lyx.
Then Kx vir € Pic(X) admits a square root; that is, there exists a line bundle

K2

X, vir

€ Pic(X)
whose second tensor power equals det Eyit.

Proof. The K-theory class of the critical perfect obstruction theory is
Eerit = Qaly — Taly
and by definition one has

detQAlx detQA|X
vir = = =K R Kaly,
%o = GaTalx ~ (erfaal) T~ Kb @ Kalx

as required. O

Let X be a scheme endowed with a perfect obstruction theory, and let @)V(ir € Ko(X) be the induced
virtual structure sheaf. Assume that the virtual canonical bundle admits a square root. Following [49],
we define the twisted (or symmetrised) virtual structure sheaf as

—~ . 1
vir _ vir 2
Oy = O3 © K} ..

In case X carries a torus action, we will see in Remark 4.2 that @)V(ir acquires a canonical weight.
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4.2. Classical enumerative invariants

Degree 0 DT invariants of various flavours have been computed in [38, 39, 8, 28, 45, 59, 6, 15]. This
article is concerned with the general theory of Quot schemes and hence in the (virtual) enumeration of
0-dimensional quotients of locally free sheaves on 3-folds.

The naive (topological) Euler characteristic of the Quot scheme Quot,3 (0%, n) is computed via the
Gholampour-Kool formula [25, Prop. 2.3]

D e(Quots (0%, m))q" = M(q)",

n>0

where M(q) = [1,,,»1(1 — ¢"™)™"™ is the MacMahon function, the generating function for the number of
plane partitions of nonnegative integers. On the other hand, the Behrend weighted Euler characteristic
of the Quot scheme can be computed via the formula

D evir(Quotys (6%, m)g" = M((=1)"q)", 1)

n>0

proved in [4, Cor. 2.8]. For a complex scheme Z of finite type over C, we have set eyi:(Z) = e(Z, vz),
where vz is Behrend’s constructible function [5]. See [4, Thm. A] for a proof of the analogue of (4.1)
for an arbitrary pair (Y, F) consisting of a smooth 3-fold Y along with a locally free sheaf F on it. It was
shown by Toda [67] that, on a projective Calabi-Yau 3-fold Y, the wall-crossing factor in the higher rank
DT/PT correspondence is precisely M((—1)"¢)"¢Y). The relationship between Toda’s wall-crossing
formula [67] and Gholampour-Kool’s formula for Euler characteristics of Quot schemes on 3-folds [25]
was clarified in [4] via a Hall algebra argument.

4.3. Virtual invariants of the Quot scheme

The scheme Quot,: (O®", n) is not proper but carries a torus action with proper fixed locus. Thus, we
may define virtual invariants via equivariant residues, by setting

1
1= i € Q(s,v), (4.2)
A/[VQUOtA\‘} (0% ,n)Vir [SJEQUO?}‘(@QV’”)T eT(Tg‘,ll’)

where s = (s1,52,53) and v = (vy,...,v,) are the equivariant parameters of the torus T and T;ir is
the virtual tangent space (3.18). The sum runs over all T-fixed points [S], which are isolated, reduced
and with the trivial perfect obstruction theory induced from the critical obstruction theory on the
Quot scheme (cf. Corollary 3.15). We refer to these invariants as (degree 0) cohomological rank r DT
invariants, because they take value in (an extension of) the fraction field Q(s, v) of the T-equivariant
cohomology ring Hy.. We will study their generating function

DTM(A3, g, 5,v) = Z q"/ 1eQ(s.v)4ql 4.3)

= JiQuot,s (0or my

in Section 7. On the other hand, K-theoretic invariants arise as natural refinements of their cohomological
counterpart. Naively, one would like to study the virtual holomorphic Euler characteristic

x(Quot,3 (0% n), 60’ = Z tr A'TV"’V) e Z((t, w)),
[S]1€Quot,3 (6°",n)T S
where t = (t1,t2,13), w = (wy,...,w,), and via the trace map tr we identify a (possibly infinite-

dimensional) virtual T-module with its decomposition into weight spaces. It turns out that guessing
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a closed formula for these invariants is incredibly difficult and, after all, not what one should look at.
Instead, Nekrasov-Okounkov [49] teach us that we should focus our attention on

1

2

&r AViry _ ICVil‘ 1 s
x(Quot,: (6%, n), 6"") = Z | i e Z((t, (t1ta13) 2, w)), (4.4)
[S]1€Quot,3 (0% ,n)T S

where the twisted virtual structure sheaf 6" is defined in Subsection 4.1.1 — a square root of the
virtual canonical bundle exists by Lemma 4.1 and Proposition 3.2. The generating function of rank r
K-theoretic DT invariants

DTR(A%, g,1,w) = )" q"x(Quotys (0%, ), 6 € Z((1, (111213) 7, w)) [ q] (.5)

n>0
will be studied in Section 6.

Remark 4.2. To be precise, we should replace the torus T with its double cover Ty, the minimal cover
of T where the character t~!/2 is defined, as in [49, § 7.1.2]. Then lCii/r2 is a Tt-equivariant sheaf with
character t~(4imQuot)/2 Ty ease notation, we keep denoting the torus acting as T.

Remark 4.3. As remarked in [49, 1], choices of square roots of Ky differ by a 2-torsion element in the
Picard group, which implies that y(Quot,: (0%, n), 6¥) does not depend on such choices of square
roots. Thus, there is no ambiguity in (4.5).

5. Higher rank vertex on the local Quot scheme
5.1. The virtual tangent space of the local Quot scheme

By Lemma 3.5, we can represent the sheaf corresponding to a T-fixed point
[S] € Quot,: (0%, n)T

as a direct sum of ideal sheaves
-
s= sz, c 0%,
a=1

with Z, c A? a finite subscheme of length 1, supported at the origin and satisfying n = 3, ., <, Na-
In this subsection we derive a formula for the character of

X (0%, 0°7) = x(S,5) € Ky.(pY),
50
where for F and G in K7y.(pt), we set
Y(F,G) = RHom(F, G) = Z(—l)i Ext'(F, G).
>0

Our method follows the approach of [44, § 4.7]. Moreover, we show in Proposition 5.2 that such character
agrees with the virtual tangent space Tgir induced by the critical obstruction theory.

Let Q. be the T|-character of the @-summand of ©®" /S that is (cf. Equation (3.10)),

Qq =trg,, = Z ek,
(i,j,k) € Mo

1
2In theory, all equivariant weights could appear with half powers. However, by Remark 4.2, (#;1,¢3) 2 is the only one that truly
appears.
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where m, C Z3>0 is the plane partition corresponding to the monomial ideal ¥z, ¢ R = C[x, y, z].
Let P, (1, t2, t3) be the Poincaré polynomial of .7, . This can be computed via a T-equivariant free
resolution

0_>Ea/,s — _>Ea/,1 —>Ea,0 —)jZa — 0.
Writing
Eqi= @R(da/,ij), daij €7°,
J

one has, independent of the chosen resolution, the formula

Pa(n,h,g)=:§:(—lft¢wk
i

By [44, § 4.7] we know that there is an identity

1+P,
Qur = (1=t)(1 =) (1 =13)° (5.1)

Foreach 1 < @, 8 < r, we can compute

Z (=1)™* Homg (R(da.;;), R(dp x1))
ikl

> D™ R(dp p — dai),

ikl

X( T2y I75)

which immediately yields the identity

t PsPa Z(( )
_ € t ,t 9t .
T (IZaT74) (I-t)(1=1)(1—13) v

It follows that, as a T-representation, one has
x(S,8) =y ZW" ® JZQ,Z wg ® Iz,
a B

= Z XWa ® Iz,,Wwp ® Iz),

1<a,p<r
which yields
,] p—
Wa Wp PpPa
s = 2 : (5.2)
\<lpe - =0)(1=15)
On the other hand,
-1
Wo WgB
1<lpe =) =) (1 - 13)

Combining Formulae (5.2) and (5.3) with Formula (5.1) yields the following result.
Proposition 5.1. Let [S] € Quot,s (0%, n)T be a torus fixed point. There is an identity

Qq N (I=1)(1-1)(1~— t3)Qﬁ6

54
1113 11213 e G4

trx(@ﬂ%r,@w)w(s,S) = Z W(_ZIWﬁ Qﬁ -

1<a,B<r

inZ((t1, 12, 13, Wi, . . ., Wp).
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For every T-fixed point [S] we define associated vertex terms

1

Q ,(U-m)(-n)1-n) =

V.= wo 5.5
Y ! titat3 titats I ©-)

Wj Qj—

for every i,j = 1,...,r. It is immediate to see that for » = 1 (forcing i = j) we recover the vertex
formalism developed in [44].
Proposition 5.1 can then be restated as

try (per,oor) =ty (s,s) = Z Vij.

We now relate this to the virtual tangent space (cf. Subsection 2.4) Tinr of a point [S] € Quot,s (0%, n)T.

Proposition 5.2. Let [S] € Quot,s (0%, n)T be a T-fixed point. Let Ty"™ = BV, 5] be the virtual tangent

space induced by the T-equivariant critical obstruction theory. Then there are identities

Ty = Y (0%, 0%) - x(S.8) = > Vij € Ky (pt).

1<i,j<r
Proof. Let Quot! be the noncommutative Quot scheme defined in (3.1). The superpotential
fu: Quot! — Al defined in (3.2) is equivariant with respect to the character (¢1,t,13) > 1113,

so it gives rise to a GL3-equivariant section

df, ®t! _
Oquotr —— Qquorr ® 17, (5.6)

where, starting from the representation C* = (B, 3 7;' - C € K. (pt), we have set
t_l = detC3 = (t]t2l3)_l.

Here, and throughout this proof, we are identifying a representation with its own character via the
isomorphism (2.1). The zero locus of the section (5.6) is our Quot scheme

Q = Quot,3 (0%, n),

endowed with the T-action described in Subsection 3.3. According to Equation (3.16), the virtual tangent
space computed with respect to the critical T-equivariant obstruction theory on Q is

T = (TQuot;; — Qouorr ® t‘l) lis1- (5.7)

The tangent space to the smooth scheme Quot? can be written, around a point S < 0% - V, as

Tauoz| sy = (C* = 1) ® (V& V) + 5 Hom(w,C, V), (5.8)
a=1
where

@ Hom(w,C,V) = @ w;l ®V
a=1 a=1
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represents the r framings on the 3-loop quiver. Let V be written as a direct sum of structure sheaves

VDo

a=1
where the @-summand has T-character w ,Q,. Substituting

_ hhyt 113 +12l3 — 111213
- hixt3

C-1=r"+5"+15" -1

V= z’: WoQq
a=1

into Formula (5.8) yields

111y + 1113 + 113 — 111713 _
TQ“‘”?'[S] = Z WQIWﬁQHQIB + Z W, WBQB’
13
1<a,B<r 1<a,B<r
and hence
_ W+t +13 — 1 _ — _ 6
(QQuot’: ®t 1) |[S] = Z WQIWﬁQaQﬁ+ Z WQIWﬁ a ,
ntat3 1<a,B<r 1<a,B<r hiats
which by Formula (5.7) yields
- Q 1-1)(1=t0)(1 -13)=
TVir — Z W_IWB QB _ @ + ( 1)( 2)( 3) QaQﬁ
N @ t11213 13
I<a,B<r > >
The right-hand side is shown to be equal to y (0®", 6®") — (S, S) in Proposition 5.1. m|

5.2. A small variation of the vertex formalism

All locally free sheaves on A> are trivial, but this is not true equivariantly. For example, we have
K3 =0, Qttrt3 € K% (A?), even though the ordinary canonical bundle is trivial. Consider

F =D 0w ® A € K (&), (5.9)

r
i=1

where A = (4;); are weights of the T;-action; that is, monomials in the representation ring of T;. Let
[S] € Quot,s (F,n)T be a T-fixed point. It decomposes as S = @?:1 Iz, ®4; € K% (A%), where the
weights A; are naturally inherited from F. This generalises the discussion in Subsection 5.1, which can
be recovered by setting all weights A; to be trivial. Just as in Proposition 5.2, we can compute

7" = x(F,F) - x(S,S) € Ky(pt).

We find

r r r r
T;ZZ)( @@AstX)/liwi,@@A,z@/ljwj -X @fziébxl,-w,-,@fzj@/ljwj .
i=1 =1 =1 i=1

Therefore, we derive the same expression for the vertex formalism as before, just substituting w; with
A;w;. This variation will be crucial in Subsection 9.4 where we indentify the Quot scheme of the local
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model with the restriction of Quoty (F, 7) to an open toric chart, with X a toric projective 3-fold and F
a T'-equivariant exceptional locally free sheaf.

Define, for A = (11, ...,4,) as above and F as in (5.9), the equivariant integral
1
/ L= Z o) € Q((s,v)), (5.10)
[Quot,3 (F,n)] [S]€Quot,3 (6°",n)T S,
and let
o (A = Y | 1 (5.11)
750 [Quot,3 (F,n)]¥ir

be the generating function of the invariants (5.10). We shall see (cf. Corollary 7.4) that this expression
does not depend on the equivariant weights A;.

6. The higher rank K-theoretic DT partition function
6.1. Symmetrised exterior algebras and brackets

We recall some constructions in equivariant K-theory that will be used to prove Theorem 1.1. For a
recent and more complete reference, the reader may consult [52, § 2].

Let T be a torus and V = 3, t# a T-module. Assume that det(V) is a square in K%(pt). Define the
symmetrised exterior algebra of V as

It satisfies the relation

Define the operator [ - | by

One can compute

tr(A°VY) = ]—[ ! t__t; = ]_[ (t7 17y = ]—[ [t4].
M M

u

For a virtual T-representation V = 3, , t# — 3, t”, where the weight v = 0 never appears, we extend A*
and [ - ] by linearity and find

[1,[7]
[0

tr(K'VV) =

6.2. Proof of Theorem 1.1

By the description of Quot,s(0®",n)T given in Subsection 3.4, every colored plane partition 7 =
(my,...,m) corresponds to a unique T-fixed point S = EB;] Jz,, for which we defined in Equation
(5.5) the vertex terms V;; by

_ Q | (1-1)(1-n)(1-1) =
Vij=wilw; (Q) - + Q;Q;
ij = Wi Wi\ 116t 116t i
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with notation as in Subsection 5.1. The generating function (4.3) of higher rank cohomological DT
invariants can be rewritten in a purely combinatorial fashion as

,
DTeM (A%, g, 5,v) = quﬂl 1_[ et (=Vij).
T i,j=1
Similarly, the generating function (4.5) of the K-theoretic invariants can be rewritten as
- r
DT (A%, q,t,w) = > g™ [ ] [-Vi)1.
T

i,j=1

A closed formula for DTII((A3, q,t,w) was conjectured in [46] and has recently been proven by
Okounkov.

Theorem 6.1 ([52, Thm. 3.3.6]). The rank 1 K-theoretic DT partition function of A3 is given by
DTII<(A3’ _q’ t’ W) = Exp (Fl (q’ tls t2, t3)) s
where, setting t = t11>t3, one defines

_ 1 [11t2][t113] [1213]
Pt 0.0 = e T T T[]

Remark 6.2. It is clear from the expression of the vertex in rank 1 that there is no dependence on w;.
As pointed out to us by N. Arbesfeld, this can in fact be seen as a shadow of the fact that T, = C* acts
trivially on Quot} and on df),. Surprisingly, the same phenomenon occurs in the higher rank case (cf.
Theorem 6.5).

We devote the rest of this section to proving a generalisation of Theorem 6.1 to higher rank.

Theorem 6.3. The rank r K-theoretic DT partition function of A3 is given by
DTR (A%, (1) g,t,w) = Exp (Fr (¢, 11,12, 13)) ,

where, setting t = t1t>t3, one defines

[t"] [1122][1123] [£223]
[t1[t2¢][t2q71]  [tllz2]l3]

Fr(q, t17 [2s t3) =

Remark 6.4. This result was conjectured in [3] by Awata and Kanno, who also proved it mod ¢*; that
is, up to 3 instantons. The conjecture was confirmed numerically up to some order by Benini-Bonelli-
Poggi-Tanzini [9].

The proof of Theorem 6.3 will follow essentially by taking suitable limits of the weights w;. To
perform such limits, we prove the slogan (1.3), already anticipated in the Introduction.

Theorem 6.5. The generating function DTX(A3, g, t, w) does not depend on the weights wy, . .., w,.

Proof. The nth coefficient of DTX (A3, ¢, ¢, w) is a sum of contributions

737, @l =n.
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A simple manipulation shows that

w; — le”if

. [, I i.(l—wi‘lw-t"‘if)
Fr=a0 [ g =40 1 g5
i J

—whw Vi)
I<i<j<r + Vi I<i<j<r Hvij(l w, w;t if)

6.1)

where A(t) € Q((t1,12,13, (t1t2t3)%)) and the number of weights y;; and v;; is the same. Thus,
DTX(A3, g,1,w) is a homogeneous rational expression of total degree 0 with respect to the variables
Wi, ..., w,. We aim to show that DTS (A3, g, z, w) has no poles of the form 1 — w7 w ¥/, implying that
itis a degree 0 polynomial in the w;, hence constant in the w;. This generalises the strategy of [3, § 4].

Setw = wl.‘let" for fixed i < j and v € Ty. To see that 1 — w is not a pole, we use [, Prop. 3.2],
which asserts the following: if M is a quasiprojective T-scheme with a T-equivariant perfect obstruction
theory and proper (nonempty) fixed locus, then for any V € Kg (M), the only poles of the form (1 — w)

that may appear in y (M, V ® 0"") arise from noncompact weights w € T. A weight w is called compact
if the fixed locus M™ c M is proper, where T,, is the maximal torus in ker(w) c T, and is called
noncompact otherwise [, Def. 3.1].

We, of course, want to apply [1, Prop. 3.2]to M = Q = Quot,3 (6% ,n), T=T; xTrand V = K

By Equation (6.1), our goal is to prove that w = wi_let" is a compact weight for alli < j and v € T|.
First of all, we observe that T\, = ker(w). Indeed, w is not a product of powers of weights of T; hence,

1/2

vir *

O(kerw) = O(T)/(w;'w;t” —1) = C [tlil,tél,til,wli],...,wii_]l,wl.ﬂl,...,wfl] ,

which shows that ker(w) is itself a torus (of dimension 3 + r — 1). Next, consider the automorphism
7,: T=T defined by

(tl,t2»t3,wl,«-~,wr) s (t17t29t3awl5'-'7witivv' ~-,Wj,~--’wr)-
It maps T\, C T isomorphically onto the subtorus T; X { w; = w; } C T. This yields an inclusion of tori

T, =T x{(1,...,1) } > 7(Ty). (6.2)

We consider the action o,: T X Q — Q where T translates the support of the quotient sheaf in the
usual way, and the ith summand of O®" gets scaled by w;#¥ and all other summands by wy, for k # i. In
other words, in terms of the matrix-and-vectors description of Q, we set

O-V(ta (A],AZ,A3,MI, A 7ur)) = (t]Al7t2A2’ t3A37W1M1’ A 7Witvui’ A 7Wrur)a

just a variation of Equation (3.9) in the ith vector component. Then, upon restricting this action to T,
we have a commutative diagram

Tw X Q — Q
7, (Ty) X Q —25 Q

where o is the restriction of the usual action (3.9). This diagram induces a natural isomorphism
Q™ = Q™ (™) that combined with (6.2) yields an inclusion

QTW ’;;QTV(TW) s QTl ,

where Q™! is the fixed locus with respect to the action o,.. But by the same reasoning as in Remark 3.4,
this fixed locus is proper (because, again, a T -fixed surjection ©®" —» T necessarily has the quotient T
entirely supported at the origin 0 € A%). Thus, w is a compact weight, and the result follows. m}
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Remark 6.6. After a first draft of this work was already finished, we were informed of an alternative
way to prove Theorem 6.5, which, in a nutshell, goes as follows: One exploits the (proper) Quot-to-
Chow morphism Quot,3(0®", n) — Sym” A3 to express the K-theoretic DT invariants as equivariant
holomorphic Euler characteristics on Sym” A3, where the framing torus T, is acting trivially on the
symmetric product. One concludes by an application of Okounkov’s rigidity principle [52, § 2.4.1]. This
strategy will be carried out in [2].

Thanks to Theorem 6.5, we may now specialise w1, ...,w, to arbitrary values and take arbitrary
limits. We set w; = L' fori = 1, ..., r and compute the limit for L — co.

Lemma 6.7. Leti < j. Then we have

lim [-V;;][-V;]] = (~t2)lmil=Imil,

Lo wi=L!

Proof. Notice that all monomials in V;; are of the form wi‘lw jA for A amonomial in 1, 12, t3. Then

wi'w )| = (L )2 (1 = L),

Wi=Li

Write Q; = 3, t* and Q; = 3}, 1”. For the sake of this proof, let us define P13 = (1 —11)(1-12)(1 —13).
Taking limits, we obtain

LILIEO[_V"J'”W,':L" = LILHZO[_W;le(Qj - Qit' +Q;Q;t 7 P1s) ]|

e, 1
= fim L5y e
L—oo Hytj

W,'ZL"

Similarly, we obtain
. _ k _V'i . N7
nggo[—Vjt”wi:Li = (=1)*Va nglgo[—VﬁHwi:Li
i=7] g -, (@ a
= (=Dl lim [—wytw;(Qi - Qjt - QiQ;P1s) ],

NINGES)
M, r%

= (~D)lml=1m iy g5 =l
Lo
We conclude that
1 s |
L“_r,‘lo[_vif][_vﬁ]|w,:u = (=t2)lml=lml,
as required. O

Lemma 6.8. Let x be a variable and ¢; € Z, fori =1,...,r. Then we have

,
l_[ XxCi=C = l_[x(—r—1+2i)c,--
i=1

I<i<j<r

Proof. The assertion holds for » = 1 because the productory on the left-hand side is empty. Assume
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that it holds for » — 1. Then we have

r—1
1<i<j<r 1<i<j<r-1 i=1

r—1
x(r—l)cr l_[x(—r—1+2i)ci
i=1
r
_ l_[x(—r—l+2i)c,~’
i=1

as required.

27

]

Combining Lemma 6.7 with Lemma 6.8 we can express the rank r K-theoretic DT theory of A3 as
a product of r copies of the rank 1 K-theoretic DT theory. This product formula already appeared as a
limit of the (conjectural) 4-fold theory developed by Nekrasov and Piazzalunga [50, Formula (3.14)].3

Theorem 6.9. There is an identity

DTR (8%, (=1)"q,1,w) = | | DTF(A%,

i=1

+t’[).

Proof. Setw; = L. The generating series DTX(A3, ¢, ¢, w) can be computed in the limit L — oo:

: K/ a3 _ |7t
I}er}mDTr(A S g, W) = hm Zq 1_[

i,j=1
— 1 Il _\.. V1=V
—ngxgoZ]f[q Vil [ L=Vasl =)
7 i=1 1<i<j<r
4 |
:anlﬂil[_vii] 1_[ (_tz)\ﬂjl—lﬂil
T =l 1<i<j<r

= Z ﬁ qlnil[_vii] ﬁ(_t%)(—r—l+2i)|7r,-|
7 =l i=1
—Zl_[ |7Tt|( 1)(r+1)|7r,|t( ==Ly |y |
|7
-5 e

i=1
r
:l_[ TK(A3( 1)(r+1) t—+l ),

]

which concludes the proof. m}
We can now prove Theorem 6.3 (i.e., Theorem 1.1 from the Introduction).
Proof of Theorem 6.3. Define
zr=l g
Gr.i(g.t1,12,83) = F1(qt 7 ™, 11,10,13).
3Typo warning: N. Piazzalunga kindly pointed out to us that in [50, Formula (3.14)] one should read Nz“ — I’ instead of

‘N +1-=-20.
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We have

1 AR
[thntn( - +1)][12q—ntn(’—“—z)] (7151125 ]
=EXP( r,i(q,tl,tz,m))-

TK(A3 —qt~ e ,1) = exp

By Theorem 6.9 and Theorem 6.1 it is enough to show that F, = >'7_, G, ; or, equivalently,

r

1 ~ [t']
D[t [t g1t F ] [t q][t5g ]

It is easy to check that this is true for » = 1, 2. Let now r > 3: We perform induction separately on even
and odd cases. Assume that the claimed identity holds for » — 2. In both cases we have

r
1
r+l

S [trgt ™+ [t1g71tF ]
r=2

1 1
+ r r + r r
Z[ AP [t g1t (gt g ] [gtFllg ]

i=1

_ [t"z] 1 B 1
T alt g [t g t5g ] [tiql[t = q]
_ I It gl [t - (Mt gl [t g - [H[t2q [t 7]
[t1[t5q][t5¢"] [t ql[t ¢ ]
) [t]
[t][t2q][t2¢g7"]
by which we conclude the proof. O

6.3. Comparison with motivic DT invariants

Let f: U — A! be a regular function on a smooth scheme U, and let /i be the group of all roots of
unity. The critical locus Z = crit(f) c U inherits a canonical virtual motive [6]; that is, a fi-equivariant

motivic class
d1m U

[Z)ir = -1~ [g5] € ME = K} (Varc) [L77]
such that e[Z]yi = evir(Z), where ey;:(—) is a Behrend weighted Euler characteristic and the Euler
number specialisation prescribes e(L"'/?) = —1. The motivic class [¢ r] is the (absolute) motivic
vanishing cycle class introduced by Denef and Loeser [21].

The virtual motive of Quot,s(0®",n) = crit(f,), with respect to the critical structure of Proposi-
tion 3.2, was computed in [55, Prop. 2.3.6]. The result is as follows. Let DT™' (A3, ¢) € Mc[g] be the
generating function of the virtual motives [Quot: (©®", n)]yi. Then one has

rm—1

prat ) =[] 1] (I—L“"‘%q’”)_l- (6.3)

m>1 k=0

The case r = 1 was computed in [6]. The general proof of Formula (6.3) is obtained in a similar fashion
in [55, 14] and via a wall-crossing technique in [15]. Moreover, it is immediate to verify that DT™
satisfies a product formula analogous to the one proved in Theorem 6.9 for the K-theoretic invariants:
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We have

DI (A%, ¢) = [ | DT} (A3, qL’rz"“) . (6.4)

i=1

In particular, up to the substitution tr — -3 , the factorisation (6.4) is equivalent to the K-theoretic one
(Theorem 6.9). As observed in [59, § 4], the (signed) motivic partition function admits an expression in
terms of the motivic exponential, namely,

(6.5)

3 r
(~1)rgL3 L5 -L-%
DT (43, (~1)"q) = Exp( - .
2

(1 — (—l)qu%)(l — (—l)qu*%) L

Given their structural similarities, we believe that it is an interesting problem to compare the K-
theoretic partition function with the motivic one.

It is worth noticing that Formula (6.5) can be recovered from the factorisation (6.4), just as we
discovered in the K-theoretic case during the proof of Theorem 6.3. This fact follows immediately from
the properties of the plethystic exponential.

Remark 6.10. A virtual motive for Quoty (F, n) was defined in [59, § 4] for every locally free sheaf F
on a 3-fold Y. Just as in the case of the naive motives of the Quot scheme [58], the resulting partition
function DT™'(Y, ¢) only depends on the motivic class [Y] € Ko(Varc) and on r = rk F. See also
[16] for calculations of motivic higher rank DT and PT invariants in the presence of nonzero curve
classes: The generating function DT (Y, ¢), computed easily starting with Formula (6.3), is precisely
the DT/PT wall-crossing factor.

7. The higher rank cohomological DT partition function
7.1. Cohomeological reduction

One should think of K-theoretic invariants as refinements of the cohomological ones, because by taking
suitable limits one fully recovers DTS"(A3, g,s) from DTX(A3, ¢,7). We make this precise in the
remainder of this section.

Let T = (C*)8 be an algebraic torus and let t1,...,7, be its coordinates. Recall that the Chern
character gives a natural transformation from (equivariant) K-theory to the (equivariant) Chow group
with rational coefficients by sending #; — e/, where s; = c}‘(ti). We can formally extend it to

h
Z[tlil,...,tgl] —= Q[s1, ..., 5]
Z[, .. 12Pb € C] =2 sy, ., 5¢]

by sending tf’ > eP%i, where b € C.

In Subsection 6.1 we defined the symmetrised transformation [t#] = 17 — 177, We set [ch(P#)] =
bu-s bu-s
e"T —e~"7T asan expression in rational cohomology, which enjoys the following linearisation property:

[ch(”)] = "5 (1 = e72#%) = beT (1) + 0 (b?).

In other words, ¢ ( -) is the first-order approximation of [ - | in T-equivariant Chow groups. For a virtual
representation V.= 3, t# -3, 1V € K(;r (pt), denote by V2 = 3 u P — 3 1PV the virtual representation
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where we formally substitute each weight # with *#. We have the identity

[1,,[ch(s%#)] [T,.(eT(t) + o(b))
h V]’) — l’l— — brkV H .
b VT = 1 Tenn] I, (eT(t") + o(b))

If tk V = 0, by taking the limit for » — 0 we conclude

lim [ch(V?)] = €T (V). (7.1)

It is clear from the definition of ch(-) and [ - ] that these two transformations commute with each
other. This proves the following relation between K-theoretic invariants and cohomological invariants
of the local model.

Corollary 7.1. There is an identity
DT (A%, ¢,5,v) = Il)li% DTR(A3, g, eP5, ePY).
Proof. Follows from the description of the generating series of K-theoretic invariants as

DTS (A% qtw) =D g" Y. (T3]

n>0  [S]eQuot,s (0% ,n)T
and by noticing that rk 7§ = 0. m
Thanks to the v-independence, we can now rename
DTP (A3, g, 5) = DTN (A3, ¢, 5,v).

We are ready to prove Theorem 1.2 from the Introduction.

Theorem 7.2. The rank r cohomological DT partition function of A® is given by
DTS (4%, .) =M((-1)"q) " s

Proof. By Corollary 7.1 and Theorem 6.3, we just need to compute the limit

tim DT (4%, (1) g,¢?*) = lim Exp (R (g.40, 14, 18))

Denote for ease of notation s = clT(t) = 51 + 52 + 53. By the definition of plethystic exponential, recalled
in (1.4), we have

Jim Exp (Fr(q, 1,15, té’))

exp Z 1 lim [ebkrS] [ebk(s1+sz)] [ebk(S|+S3)] [ebk(52+S3)]
=ex — | 1i

= k \b—0 [ebks][eblirsqk][eb’fﬁq*k] [ebksi][ebks:][elks3]
‘We have

’ [ePK Gl ] [PRUsitss) | [oPR(#3)] - (51 + 59) (51 + 53) (52 + 53)
1m =
b—0 [ebk.s‘l] [ebksz] [ebk53] 518283
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and

[ebkrS] r qk

llm - = = —r- .
b=0 [gbks|[e5"5gk][e% 5g~*]  [a*1lq7*] (1-q*)?
Recall the plethystic exponential form of the MacMahon function

M(q) = l_[(l -q")™" = Exp(ﬁ).

nx1

We conclude

. +52) (51 + 53) (52 + 53)
lim DTX(A3, (-1)"q, ") =exp |- s
lim DT (4%, (~1)"q, ¢”) = exp |- o ;k(l_k)z
_r (s1+59) (s1+53) (59+53)
= M(q) 5152583
The proof is complete. O

Thus, we proved Szabo’s conjecture [62, Conj. 4.10].

Remark 7.3. The specialisation

DTS (A%, 4.5, 011010 = MU(=1)9)"
recovering Formula (4.1), was already known in physics; see, for example, [19].
We end this section with a small variation of Theorem 1.2.
Corollary 7.4. Fix an r-tuple A = (A, . .., A,) of T1-equivariant line bundles on A3. Then there is an
identity
DT;*M(A% ¢, 5) = DT"(A%, g, 5. v)a,
where the right-hand side was defined in (5.11).
Proof. We have

T = A7 vy

ij

Let Vi; = X, wi_lw jt* be the decomposition into weight spaces. A monomial in T;‘fl is of the form
;714w lwr# and its Euler class is

eT(/li_l/ljwi_let”) =p-s+vj+ CT(/lj) —v; - CT(/L')
=p-s+V;—Vg,
where we define v; = v; + CT (4;). We conclude that
DTN (A%, g, 5,v)0 = DTN (AP, ¢, 5,7),
which does not depend on v by Theorem 6.5. O

Example 7.5. Set r = 2, n = 1, so that the only T-fixed points in Quot,s (@e’z, 1) are the direct sums of
ideal sheaves

S| =In®0C O, $=08 Iy c 0%,
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where pt = (0,0, 0) € A3 is the origin. One computes

pu_y_ 1 (=)= o1

= +w, w
J niots nots e T 2!
; 1 1-1)(1=-1)(1-13 _ 1 _
g =1- +( ) ) ) —wy'w +wi'wa.
2 111713 111713 11113

Therefore, the cohomological DT invariant is

/ 1= eT(—T;Iir) + eT(—ngir .
[Quot,3 (6%2,1) ]¥ir

The part that could possibly depend on the framing parameters v| and v; is, in fact, constant:

W_lw —V1+V2—5+V1—V2—5 5
— 2 = = —2Z.
111713 ! Vi — V2 V2 — Vi

_ 1 _ _
ev wllw ——wzlwl +el w21w1

*hiats

Let 4; and A, be two Tj-equivariant line bundles. After the substitutions w; — w;A4;, and setting
Vi = v; + c1(4;), the final sum of Euler classes depending on v becomes
Vo = Vi

2——=-2.
Vi — V2

8. Elliptic Donaldson-Thomas invariants
8.1. Chiral elliptic genus

In [9] an elliptic (string-theoretic) generalisation of the K-theoretic DT invariants is given. In physics
the invariants computed in loc. cit. are obtained as the superconformal index of a D1-D7 brane system
on a type [IB AV = 1 supersymmetric background, where r D7-branes wrap the product of a 3-fold by a
torus — that is, X3 x 72 — and n D1-branes wrap T2. The connection with enumerative geometry is then
given via BPS-bound states counting, because brane systems often provide interesting constructions of
relevant moduli spaces. In the case at hand, when X3 = A3, the D1-D7 brane system considered has
a BPS moduli space that can be naturally identified with the moduli space parametrising quotients of
length n of @Ig . The superconformal index is usually identified in the physics literature with the elliptic
genus of such a moduli space. This, however, does not coincide with the usual notion of (virtual) elliptic
genus, because the coupling to the D7-branes breaks half of the chiral supersymmetry, thus leading to
an effective 2d N = (0,2) GLSM on T? for the D1-brane dynamics, whose Witten index generalises
the K-theoretic DT invariants of A® and provides a sort of chiral (or 1/2 BPS) version of the elliptic
genus of the Quot scheme. In this section we give a mathematical definition of the elliptic invariants
computed in [9] and show that our definition leads precisely to the computation of the same quantities
found in [9, § 3].

Let X be a scheme carrying a perfect obstruction theory E — Ly of virtual dimension vd = rk E.
Definition 8.1. If F is a rank r vector bundle on X, we define

E12(F) = Q) Sy, (F@ F¥) € 1+p- K°(0O[p, @.1)

n>1

where the total symmetric algebra Symj,(F) = ;x50 P'[SF] € K%(X)[p] satisfies Sym}, (F) =
1/A%,(F). Note that £/, defines a homomorphism from the additive group K 0(X) to the multiplicative
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group 1+ p - KO(X)[ p]. Set
1 4L
Ettip(Fip) = (=p~ =)™ ch (€12(F)) - Wd(F) € A*(X)[p][p*=], (8.2)
where td(-) is the Todd class, so that £€€;>(—; p) extends to a group homomorphism from K%(X) to
the multiplicative group of units in A*(X)[ p] [pill*z].

We can then define the virtual chiral elliptic genus as follows.

Definition 8.2. Let X be a proper scheme with a perfect obstruction theory and V € K°(X). The virtual
chiral elliptic genus is defined as

i —Lvd vi vi +L
BINE (X, Vi p) = (-pB) 0 (X, E1p(T30) @ V) € Z[p] [p* ).
By the virtual Riemann-Roch theorem of [23] we can also compute the virtual chiral elliptic genus as

EIL, (X, Vip) = /[ . EL (TR p) - ch(V).

Remark 8.3. One may give a more general definition by adding a ‘mass deformation’ and defining

ED)(F) for F € K°(X) as

E(Fip) = Q) Sym’_, . (F) @ Sym; . (F¥) € 1+ p - K*(X)[y,5'1[p].

n>1
so we recover the standard definition of virtual elliptic genus by taking E(F) = £ f}; (F;p) ®51(/y2) (=F;p),
cf. [23, § 6].

Proposition 8.4. Let X be a proper scheme with a perfect obstruction theory and let V € K 0(X). Then
the virtual chiral elliptic genus Ell¥'/r2(X ,V; p) is deformation invariant.

Proof. The statement follows directly from Definition 8.2 and [23, Theorem 3.15]. m}

Letnow V = 3, t* be a T-module as in Subsection 6.1. The trace of its symmetric algebra is given by

. 1 1
tr (Symp(V)) =tr (m) = l:l m

Let us now assume as in Subsection 6.1 that detV is a square in K%(pt) and y = 0 is not a weight of V.
We can then compute the trace of the symmetric product in (8.1) as

1
L o=

H onx1

tr (® Sym’,. (Ve VY)

n>1

v ( 21 Sy (VO V')

A*VY

| |
- l:[ L—t# ,Dl (1= pre#)(1 - pri+)

tll/2

(18 kV
= (~ir"9(n) Ua(p;rﬂ)’

where ¢(p) is the Euler function — that is, ¢(p) = [],,(1 — p™) — and 6(p; y) denotes the Jacobi theta
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function

0(p;y) = =ip' 812 =y ) [ (1= p" (1 =yp" (1 =y p").

n=1

Combining everything together we get the identity

—%)rkV tr

(-p

Qo1 Syms, (Ve VY) @ det(VY)!/2
A*VV

e ' kV 1 . ( )
— (_p 12) kV (_lp1/8¢(P)) l:[ 0(p;l/‘) = l:[le(np;pﬂ‘),

where 77(p) is the Dedekind eta function

n(p)=ps [ [0 -p"

n>1

For a virtual T-representation V = 3, t# =3, 1" € K%(pt) where ¢ = 0is not a weight of V, we compute

ey [z Symps (Ve V) @det (VR T a(pir?)
(= =)V v =)™ g

For the remainder of the section we set p = €>™7, with r € H = {7 € C| J(1) > 0}. Denoting
0(t|z) = 8(e*™7; e27i2), f enjoys the modular behaviour

O(tlz+a+bt) = (—1)“+be_2”ibze_i”b279(7'|z), a,beZ.

Analogous to the measure [ - | for K-theoretic invariants, we define the elliptic measure

[1.6(p;e*)
0Vl = (i -n(p) ™Y =F———r,
[, 6(p;t)
which satisfies [V ] = (=1)®Vg[V]. Notice that, if tk V = 0, the elliptic measure refines both [ - ] and
er(-),
—0 —
o[v] L5 [v] 225 T (v),

where the second limit was discussed in Subsection 7.1.

Remark 8.5. The definition we gave for virtual chiral elliptic genus is reminiscent of what is commonly
known in physics as the elliptic genus (or superconformal index) of a 2d N = (0, 2) sigma model. Our
definition actually matches the one in [33] for A/ = (0, 2) Landau-Ginzburg models. Indeed, in this case
we are given an n-dimensional (compact) Kihler manifold X together with a holomorphic vector bundle
E — X suchthatc{(E)—c;(Tx) =0 mod 2. If we then consider the K-theory class [V] = [Tx] - [E],
the superconformal index of [33] can be written as

T(X, Esp) = (=ip Ty (X, 812V) @ det(VY)? )

and in terms of the Chern roots v;, w; of Tx and E, respectively, we also have (cf. [24])

0(tl35) 11 vin(p)
I(XEp)/ll ”|| ——.
n(p) (1| 22)

J=1
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8.2. Elliptic DT invariants

Definition 8.6. The generating series of elliptic DT invariants DTﬁu(AS, q,t,w; p) is defined as

DTS (A%, q.towip) = 3 ¢" BI (Quots (6% m), K22 p) € Z((1. 4. w) [ p.g].

n>0

Because Quot,3 (0", n) is not projective but nevertheless carries the action of an algebraic torus T
with proper T-fixed locus, we define the invariants by means of virtual localisation, as we explained in
Subsection 2.5.

At each T-fixed point [S] € Quot,s (0%, n)T, the localised contribution is
Rps1 Sym (137 & 75"

tr v1r \ i
Ac

so that we can recover the K-theoretic invariants y(Quot,s (0%, n), 5“) in the limit p — 0. As for
K-theoretic invariants, we have

DT (A%, g, wip) = ) " > 0[-T3"]
n20  [S]eQuot,s (0% ,m)T

—Zq'”']_[ Viil,
i,j=1

where 7 runs over all r-colored plane partitions.

Contrary to the case of K-theoretic and cohomological invariants, there exists no conjectural closed
formula for elliptic DT invariants yet, even for the rank 1 case. Moreover, the generating series depends
on the equivariant parameters of the framing torus, as shown in the following example.

Example 8.7. Consider Q3 Quot,3 (03, 1), whose only T-fixed points are
S1=In @000 C0%, $=00I400C0%, $3=0000 Iyc 0%,

with pt = (0,0,0) € A? as in Example 7.5. We have

. 1 Pix 1
: -1 -1 -1 o1
Tsvfr=1_¥+T_W1 Wap W W T W wWs T Wy
. 1 P 1 1
1 -1 7!
Tg;r=1—¥+T—w2 wl¥+w1 wo — w, W3¥+w3 wa
. 1 P 1 1
Tsv§r=1_¥ T_W3]W1¥+W1 W3 Wy W2¥+W21W3’

where P1p3 = (1—11)(1—1)(1—13) and t = #15¢3, by which we may compute the corresponding elliptic
invariant. Set w; = 2™ i and t, = €27i5¢ o that

O(tlva —vi = 5)0(t|v3 —vi —5)
EIIf}, (07, K m,z wip)=0o-

O(t|vi —v2)0(|vi —v3)
O(tlvi —va—5)0(t|lvs—va—s) O(t|lvi —v3—5)0(t|va—v3—5)

bl

O(t|va = v1)0(|va —v3) O(t|vs —v1)0(|vs —v2)
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where s = 51 + 57 + 53, with the overall factor

_ 0(7ls1 +52)0(7|s1 +53)0(7[s2 + 53)
- 0(7]s1)0(7|52)0(7]s3)

Moreover, by evaluating residues in v; — v; = 0, one can realise that there are no poles in v; in
i 1/2
EIIT‘;Z(Q3, /cvi/r ,t,w; p). Indeed,
O(r] = 9)0(rlvs —va—s) O(r]=9)0(r|vs—va—s)| 0
O(tlv2 = v3) 0(7|v2 = v3) ’

. 1
Resvl—V2:0 EH\[’?Z(Q?? ’C\fir; p) =9¢-
and the same occurs for any other pole involving the v;s. However, this does not imply the independence
of the elliptic invariants from v, as we now suggest.
Setv; = v;+a;+b;7T,witha;, b; € Z,fori = 1,2, 3. Applying the quasi-periodicity of theta functions,
we get
. L
B (0] Ko7 )
_ ¢
0(7|v12)0(7[v13)0(7[va3)
=0(t[vi2 = $)0(7|va2 — 5)0(7[V13) + 0(7[Vi3 — $)0(7(|v23 — 5)0(T[V12))
<&
0(7v12)0(tv13)0(7|v23)
—T b g (v — )6 (T|v32 - )8(xIvi3)

+ 2P0 gy — 5)0(rlvas - $)6(clvn) )

< (0(7]var — 5)8(7[v31 — 5)6(7[V23)

(270524027200 ]y = 5)6(r v = 5)0(rIvs)

where v;; = v; —v; and v;; = v; =V ;. Notice that for general values of s the above expression is different

vir 3 1/2
from Elll/z(Q K
Ell?‘/rz(Q{ ICii/rz, t,w; p) becomes constant and periodic with respect to v on the lattice Z + 37Z and is
holomorphic in v, from which we conclude that it is constant on v under this specialisation. Therefore,

by choosing w; = ™% to be third roots of unity, one can show

t,w; p). However, if we specialise s € %Z, we see that in the previous example

. 1
Ell‘l”/rz(Q3, K2, t,w;p)

vir?

ik
t:6271'1 3

_J=Dm13, itk =3m, meZ
o, if k ¢ 3Z.

8.3. Limits of elliptic DT invariants
Even if a closed formula for the higher rank generating series of elliptic DT invariants is not available,
we can still study its behaviour by looking at some particular limits of the variables p, #;, w;.

It is easy to see that, under the Calabi-Yau restriction t = 1, the generating series of elliptic DT
invariants does not carry any more refined information than the cohomological one; in particular, we
have no more dependence on the framing parameters w; and the elliptic parameter p. We generalise

this phenomenon in the following setting. Denote by Ty C T the subtorus where t3 = omik/ "k €Z.
Define by

DTil’lk (A3, q,t,w;p) = DT?I(A3, q,t,w; p)|Tk

the restriction of the generating series to the subtorus Ty C Ty, which is well defined because no powers
of the Calabi-Yau weight appear in the vertex terms (5.5) by Lemma 3.5.
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Proposition 8.8. If k = rm € rZ, then
DT (A2, gt wi p) = M((=1)" ™D g)".

In particular, the dependence on t;,w j and p drops.

Proof. Let S € Quot,: (0%, n)T. Denote T;ir =Tg - ?t‘l as in Equation (3.16), where T¢“ is the
tangent space of Quot; at S. Denote by 7¢'; the subrepresentation of 7¢ corresponding to t!, with [ € Z.

Because there are no powers of the Calabi-Yau weight in 73", we have an identity TG =14, t1. Set

W=Tge - Y T
nez

We have that
Ty —Tot™ =W - wt™!

and, in particular, neither W nor Wt~! contain constant terms and powers of the Calabi-Yau weight.
Using the quasi-periodicity of the theta function 6(7|z), we have

oWt cw 0[]
o[=TVir| = = (=1)"* w = (=1 rkW(m+1).
75" = =gy = 0" gy = D
The observation
tkW =1kT¢“ =rn  mod 2
concludes the proof. O

Motivated by Example 8.7 and Proposition 8.8, we propose the following conjecture.
Conjecture 8.9. The series DTfl’lk (A3, q,t,w; p) does not depend on the elliptic parameter p.

Remark 8.10. Notice that the independence from the elliptic parameter p implies that we can reduce
our invariants to the K-theoretic ones by setting p = 0; that is,

DT (A%, g, 1, w; p) = DTX (A%,4,0)|,

which in particular do not depend on the framing parameters.

Assuming Conjecture 8.9, we derive a closed expression for DTf“k (A3, q,t,w; p), which was conjec-
tured in [9, Equation (3.20)], motivated by string-theoretic phenomena.

Theorem 8.11. Assume that Conjecture 8.9 holds and let k € Z. Then there is an identity

DTell A3 . =Ml(=1 kr —1) ng(r;(’r) gcd(k,r)
k(A% q, 1, Wi p) =D ((-1)"q) :

Proof. Assuming Conjecture 8.9, by Remark 8.10 we just have to prove the result for K-theoretic
invariants. By Theorem 6.3,

DTN (A%, (=1)"q.1)
— exp 1 (1 - t1_nt2_n)(1 _ tl—nts—n)(l _ tz_"t;") | _trn | |
=M =p"=5" 1=t (-t Fgm(1-tF g
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Assume now that t2 = e”ir , with k € Z; we have clearly that t~2 = (—1)*". Moreover, we have

1-t7n _n ifne —gcd(’r’k)Z
-t 0, ifn¢ zZ

_r
ged(r, k)

In particular, if n € mz, we have

(I=17"5") (A =" (1 = 5715™)
(=70 =" (1 =15")

=-1.

Setting n = mm, with m € Z, we have

-1
(I-g"™1-9")’

DTR (A3, (=1)"q.1) —expz ged(r, k) -

m>1

where to ease notation we have set g = ((—1)*¢) =70 . The description of the MacMahon function as
a plethystic exponential

r ged(r,k)
DT (A, (-1)"q.1) =M ((—l)k’qm)

concludes the proof. O

Remark 8.12. A key technical point in the proof of the conjecture proposed in [9, Equation (3.20)]
is the assumption of the independence of DTfr’l’lk(A3) on p, as in Conjecture 8.9. We strongly believe
that it should be possible to prove this assumption by exploiting modular properties of the generating
series of elliptic DT invariants. One could proceed by considering the integral representation of the
DT invariants given in [9]. The analysis of the K-thoretic case, which we carried out in the proof of
Theorem 8.11, shows that no dependence whatsoever is present in the limit t'/> = ¢7*/" Because
elliptic DT invariants take the form of meromorphic Jacobi forms, given by quotients of theta functions,
poles in the equivariant parameters are only given by shifts along the lattice Z + 7Z of the poles found
in K-theoretic DT invariants. Then DTell (A%), as a function of each of the equivariant parameters v;,
i=1,...,r,ands;, j =1,2,3,1is holomorphlc on the torus C/Z + 7Z, so it also carries no dependence
on thern Th1s observation may be not very surprising, if one considers the striking resemblance of the
chiral virtual elliptic genus to the usual level-N elliptic genus of almost complex manifolds, which is
known to be often rigid. In our case, each g-term in the elliptic generating series restricted to Ty would
be now invariant under modular transformations on 7 and hence a constant in p = €277,

8.4. Relation to string theory

The definition for the elliptic version of DT invariants is motivated by an argument due to Witten [68],
which goes as follows: Let M be a 2k-dimensional spin manifold, and take ZM = C°(S', M) to be the
free loop space on M. Then . M always carries a natural S'-action, given by the rotation of loops, so that
fixed points under this action of S! will only be constant maps S' — M, and (ZM)S "M ZM.
One can then study the Dirac operator on &M by formally computing its index using fixed point
formulae. In particular, if D: I'(S;) — I'(S-) is the Dirac operator on M, then

Ind(D) = dimker D — dim coker D,
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and whenever M admits the action of a compact Lie group G, one can define the G-equivariant index
of D as the virtual character

IndG(D)(g) = Trxerp & — Treoker D & g€aq,

which only depends on the conjugacy class of g in G. In the case of Dirac operators on loop spaces over
spin manifolds, a formal computation yields

Indgi (D)(q) = ¢~ $A(M) - ch (® Sym?. TM) N [M],

n>1

where ¢ denotes a topological generator of S'. The A-genus is the characteristic class that computes the
index of the Dirac complex on a spin manifold. In general, if E is any rank r complex vector bundle on
M, one can define A(E) in terms of the Chern roots x; of E as

A(E) = ]_[ Xi/2

] sinhx; /2’

and A(M) = A(TM), which is completely analogous to the K-theoretic invariants we have been
studying so far. The previous formula can also be classically interpreted as the index of a twisted Dirac
operator over the spin structure of M. It is worth noticing that the DT partition functions coming from
physics are indeed interpreted as being computing indices of twisted Dirac operators, where the twist
by a vector bundle V. — M makes sense only if wy(Tys) = wo(V) so as to extend D to an operator
D:T(S; ®V) — I'(S- ® V). In this same spirit one might also justify the definition of the half-
BPS elliptic genus in terms of computations of Euler characteristics of loop spaces over (compact)
almost complex manifolds. Let then X be a d-dimensional almost complex manifold, with holomorphic
tangent bundle Tx, and whose corresponding free loop space will be denoted by £ X. As was the case
also in the previous situation, ZX is naturally equipped with an ' action, whose fixed point will be
(£Xx)S "2 X ZX. By formally applying the virtual localisation formula to the computation of the
Euler characteristic of £ X one gets

X (ZX) = ¢~ Bd(X) - ch |(X) Syms (Tx @ Qx) | 0 [X],

nx>1

which can also be seen as the index of a twisted Spin©-Dirac operator a9+ . Moreover, if ¢ (Tx) =0
mod 2, X is also spin, and it is possible to compute the index of the Dirac operator on £ X as before.

9. Higher rank DT invariants of compact toric 3-folds

Let X be a smooth projective toric 3-fold, along with an exceptional locally free sheaf F of rank r. By
[59, Thm. A], the Quot scheme Quoty (F, n) has a O-dimensional perfect obstruction theory, so that the
rank r Donaldson-Thomas invariant

DT = / lezZ
[Quoty (F,m)]¥r

is well defined. In this section we confirm the formula

3 (Tx ®K.
> OTr g = M((=1) g)" hees(Tekn),
n>0
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suggested in [59, Conj. 3.5], in the case where F is equivariant. This will prove Theorem 1.3
from the Introduction. The next subsection is an interlude on how to induce a torus ac-
tion on the Quot scheme and on the associated universal short exact sequence starting from
an equivariant structure on F. More details are given in [60], including a proof that the
obstruction theory obtained in [59, Thm. A] is equivariant (but see Proposition 9.2 for a
sketch).

9.1. Inducing a torus action on the Quot scheme

Let X be a quasiprojective toric variety with torus T c X. Let ox: T X X — X denote the action. If F
is a T-equivariant coherent sheaf on X, and Q = Quoty (F, n), then ox has a canonical lift

0q: TxQ— Q.
This is proved in [37, Prop. 4.1], but we sketch here the argument for the sake of completeness.* Let
p2: TX X — X be the second projection and let : p;F — oy F denote the chosen T-equivariant

structure on F. Let 7x: X X Q — Q and mq: X X Q — Q be the projections, and set Fg = n} F.
Consider the universal exact sequence

XxQ
y XQJ
X

and note that there is a commutative diagram

.1

Q

id

TxXxQ e XxQ
PIZJ jV”X
TxX —2X 5 X

yielding an identity (ox X idq)*Fq = p],0y F. The induced surjection
(ox xidQ) u o p1,9: Frxq = p1,0x F = (ox X idQ)*T
defines a T x Q-valued point of Q; that is, a morphism
0q: TxQ— Q.

It is straightforward to verify that o satisfies the axioms for a T-action.

Next, we explain how to make the universal exact sequence (9.1) T-equivariant. The universal property
of the Quot scheme applied to oq implies that there is an isomorphism of surjections

4We thank Martijn Kool for guiding us through the details of this construction.
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(idx x0Q)*u = (ox xidg)*u o pi,9.
This means that there is a commutative diagram

(idx xoQ)*u

(idx xoq)*Fg (idx xoQ)*T
“ l 9.2)

* * P ¥ * * (O-XXidQ)*u . *
p12p2F ;) plZO-XF —d (O’X deQ) T

where we used the identity (ox X idq)*Fq = p],0 F in the bottom row.
Consider the morphism

P XXQXT - XxQ, (x,f,1) (ox(t,x), 007", f)).

We view this as a T-action on X X Q. Note that 7x o ¢ = ox o p12. The moduli map Q X T — Q
corresponding to the family of quotients

* * * * — * * * <p*u *
@ u o pl,¥: Foxr = plypsF = plox F =9 Fg —> ¢°T

is easily seen to agree with the first projection p;: Q X T — Q. Indeed, if 7 denotes the quotient of F
corresponding to a point f = [F —» T¢] € Q, it is immediate to see that

"D*T|X><f><t = TO’Q(("Q(laf),fl) = 7—er(n*‘,f) =Ty

forallz € T.

Letthen g = idx Xp;: XXQXT — X X Q be the projection. Because ¢*u o p}, corresponds to the
projection p;: QX T — Q, by the universal property of (Q, ) we obtain an isomorphism of surjections
q*u= ¢*u that, after setting S = ker(u: Fg - T), we can extend to an isomorphism of short exact

sequences
q*S c FQX’]F 4z C]*T

5 5 g

* * (/J*M *
@S < 20 20) o' T

on X X Q X T, where the middle vertical isomorphism is p}, and is a T-equivariant structure on Fq
because ¥ is. The diagram allows us to conclude that a T-equivariant structure on F induces a canonical
T-equivariant structure on the universal short exact sequence

0->S—Fyp—T—0.

9.2. The (equivariant) obstruction theory

Throughout this subsection, F denotes an exceptional locally free sheaf of rank 7 on a smooth projective
toric 3-fold X. In other words, F is simple; that is, Hom(F, F) = C and Ext'(F, F) = 0 fori > 0.
By [59, Thm. A], there is a 0-dimensional perfect obstruction theory

E — Lquotx (F,n)> 9.3)

governed by

Def | 5, = Ext!(S,S), Obs |[S] = Ext’(S, S)
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around a point [S] € Quoty (F,n). We set Q = Quoty (F, n) for brevity, and we denote by mq and mx
the projections from X X Q, as in (9.1). Note that w, = Ty wx.
As we recall during the (sketch of) proof of Proposition 9.2, we have

E = Rrq.«(RZom(S, S) ® wry)[2],

where R#om (S, S) is the shifted cone of the trace map tr: R#Zom(S,S) — Oxxq.

Proposition 9.1. There is an identity
E" = Rrg . R#om(Fq, Fq) — Rrq.R#om (S, S) € Ko(Quoty (F,n)).
Proof. As in the proof of [59, Theorem 2.5], we have

E = (Rrq.R#om(S,S))" [-1]
= (Rrq.R7m(S,8))"[~1
= (Rrq.R7m(S,8))"[~1

- (Rrq.R#om(0,0))"[-1]
— (Rag.R#om(Fg, Fg))" [-1],

—_—

where the last identity uses that F' is an exceptional sheaf. O
The following result is proved in [60, Thm. B] in greater generality, but we sketch a proof here for
the reader’s convenience. Denote by T = (C*)? the torus of X.

Proposition 9.2. Let (X, F) be a pair consisting of a smooth projective toric 3-fold X along with an
exceptional locally free T-equivariant sheaf F. Then the perfect obstruction theory (9.3) on Quoty (F, n)
is T-equivariant.

The definition of equivariant obstruction theory was recalled in Definition 2.2.
Proof. As we explained in Subsection 9.1, by equivariance of F the Quot scheme Q = Quoty (F, n)
inherits a canonical T-action with respect to which the universal short exact sequence S < Fq - 7 can

be made T-equivariant. On the other hand, the perfect obstruction theory (9.3) is obtained by projecting
the truncated Atiyah class

Atgs € EXt;(XQ(S,S ® LXXQ)

onto the Ext group

Extl, o (RZOm(S, S, 1§lq) = Exty o (RIHOM(S, 8) ® Wy, THLo @ wry[3])
Extiyo (RI#OM(S, S)o ® Wy, 7oL0) 9.4)

Extg (Rmq. (R#Om(S, S) ® wry), Lq).

R

The last isomorphism is Grothendieck duality along the smooth projective morphism 7. Now we need
three ingredients to finish the proof:

o The Atiyah class Ats is a T-invariant extension,
o Grothendieck duality preserves T-invariant extensions and
o T-invariant extensions correspond to morphisms in the equivariant derived category.

These assertions are proved in [60]. O
We let A(X) denote the set of vertices in the Newton polytope of the toric 3-fold X. Then

X'={palacA(X)}cX

https://doi.org/10.1017/fms.2021.4 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.4

Forum of Mathematics, Sigma 43

will denote the fixed locus of X. For a given vertex a, let U, = A® be the canonical chart containing
the fixed point p,. The T-action on this chart can be taken to be the standard action (3.5). For every «a,
there is a T-equivariant open immersion

tn,a: Quoty (Fly,,n) — Q= Quoty (F,n)

parametrising quotients whose support is contained in U,. We think of F|y, as an equivariant sheaf
on A® and hence of the form described in (5.9). We denote by Eﬁl“; the critical obstruction theory on
Quoty, (Fly,,n) from Proposition 3.2.

It is natural to ask whether the restriction of the global perfect obstruction theory (9.3) along ¢, o
agrees with the critical symmetric perfect obstruction theory described in § 3.2 (see Conjecture 9.8).
However, what we really need is the following weaker result.

Proposition 9.3. Let E € K((Q) be the class of the global perfect obstruction theory (9.3). Then
ES, = 0 oE € Ko(Quoty, (Flu,.n)).

Considering the two obstruction theories as T-equivariant, the same identity holds in equivariant K-
theory:

EM =0 B € K (Quoty, (Fly,.n)).
Proof. The chart U, is Calabi-Yau, so by [59, Prop. 2.9] the induced perfect obstruction theory ¢;, ,E
is symmetric. Because by Remark 2.1 all symmetric perfect obstruction theories share the same class
in K-theory, the first statement follows.

To prove the T-equivariant equality, we need a slightly more refined analysis. Just for this proof, let
us shorten

Ee =EJ, and E=4 ,E,
to ease notation. We know by Diagram (3.15) that we can write
Ey = [t ® TQuot'r1 iQ - QQuot',’|Q] =Q-t®T € K()T(QUOtU(,(F|Ua’ n))’ 9.5

where €Q (respectively T) denotes the cotangent sheaf (respectively the tangent sheaf) of
Quoty (Fly,,n), equipped with its natural equivariant structure.

Let m: Uy X Quoty, (Fly,,n) — Quoty (Fly,,n) be the projection, let S be the universal kernel
living on the product and set t, = 7*t~!. By definition,

E = Ra,.(R%om(S, S) ® wx)[2].

The equivariant isomorphism w, = O ® t;' along with the projection formula yields

t! @ ES R, RFom(S, S)o[2]. 9.6)

We next show that the right-hand side is canonically isomorphic to EY[1]. We have

EV[1] = R#Zom (R, (R¥#om (S, S) ® wx), 0)[-1] definition of (=)
= Rn.R#om(RZom(S, S) ® wr, wr[3])[-1] Grothendieck duality
= Rn.R#om(RF#om(S, S)y, 0)[2] shift
= Rrn.RF#om(S, S)y [2] definition of (—)"
= Rn.R#om(S, S)y[2] RZom(S, S)y is self-dual
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in the derived category of T-equivariant coherent sheaves on Quoty,, (Fly,
that

n), which by (9.6) proves

a’

t'®E=E"[1].

We thus have
Q=n"E) =tehEY[1]) = t® &2 (S,S),
where we use the standard notation %xt’;r (=, —) for the ith derived functor of 7, o Zom(—, —). Thus,
E = h°(E) — h™Y(E)
=Q-n'(B")"
=Q - (E"[1])"
= Q- &% (S,9)

=Q-(t'eQ)Y
=Q-tQT
=Ee
concludes the proof. O

9.3. The fixed locus of the Quot scheme and its virtual class

In this subsection we describe Quoty (F,n)" and we compute its virtual fundamental class, obtained
via Proposition 9.2.
If n denotes a generic tuple { n, | @ € A(X) } of nonnegative integers, we set [n| = 3 , e (x) -

Lemma 9.4. There is a scheme-theoretic identity

QuotX(F,n)Tz U H QuotU(l(F|Ua,na)T.

[n|=n aeA(X)

Proof. Let B be a (connected) scheme over C. Let Fp be the pullback of F along the first projection
X X B — X, and fix a B-flat family of quotients

pZFB—»T

defining a B-valued point B — Quoty (F, n)*. Then, by restriction, we obtain, for each @ € A(X), a
B-flat family of quotients

Pa: Faly g Toa=Tly  p 9.7)

and we let n, be the length of the fibres of 7,. Each p, corresponds to a B-valued point g,: B —
Quoty, (Flu,, nq)"; thus, we obtain a B-valued point

(8ada: B— [ ]| Quoty, (Fly,.na)".
aeA(X)

Note that the original family 7 is recovered as the direct sum @, 7o, in particular n = 3, nq.
Conversely, suppose that given a tuple of B-families of T-fixed quotients

((F|Ua)B > Ta)m
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We obtain B-valued points

B — Quoty_ (Fly ne)" C Quoty (F,ng)".

a’

Because the support of these families is disjoint, we can form the direct sum
T=P.
a

to obtain a new B-flat family, representing a B-valued point of Quoty (F, n)”, as required. )

Our next goal is to show that, under the identification of Lemma 9.4, the induced virtual fundamental
class of the nth connected component of Quoty (F,n)" is the box product of the virtual fundamental
classes of Quoty,, (Flu,, nq)T, whose perfect obstruction theory is the T-fixed part of the critical one,
studied in Subection 3.2. For the rest of the section we restrict our attention to each connected component

Quoty (F,mg = || Quoty, (Flu,,na)™ € Quoty (F,m)", 9.8)
aeA(X)
and we denote by
S—>F->T So = Fa > Ty
|
X x Quoty (F,n)} U, X QuotU(|l(F|Ud, na)" 9.9
ln |7

Quoty (F,n)T —2L%— Quoty, (Flu,,nq)"

the various universal structures and projection maps between these moduli spaces. For instance, F,, is
the pullback of F'|y, along the projection U, X Quoty,, (Fly,,, ng)T — Uyg. Let By be the restriction of
E € D(Quoty (F, n)) to the closed subscheme Quoty (F,n): C Quoty (F,n).

Proposition 9.5. There are identities in K, (Quoty (F,n)y),

E, = Rr,R#om(F, F) — Rn.R¥#om(S,S)

= > Pl Ruo . RIOM(Fo, Fo) = R RIOM (S, Sa)
aeA(X)

Proof. Exploiting the universal short exact sequence
0-S—>F->T—-0

on X X Quoty (F, n)?f C X X Quoty (F, n), and Proposition 9.1, we may write

Ey =

= E'|uoty (7.7 = RTRZOM(F, F) — R, RHom(S, S)

= Rr,.R#om(S, T) + Ru.RIom (T, S) + Rue.R¥#tom(T,T).

Similarly, we have

R .R#Om(Fo, Fo) — R g .RIHOM(Sy, Se)
= Rro.R#om(Sy, To) + Rr g .RFOM (T, So) + R R#Oom(Ty, Ta).  (9.10)
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In the following, we write (G1, G,) for any of the three pairs (S,7T), (7,S) or (T,T). Applying the
Grothendieck spectral sequence yields

Rr,R%om(Gy,Gs) = Z(—l)”jRiﬂ*%xtj(G],Gz)
i,j

= Z(—l)jn*%xtj((;l, G»),
J

where we used cohomology and base change along with the fact that Riz, of a 0-dimensional sheaf
vanishes for i > 0. The standard Cech cover {Ua}aea(x) of X pulls back to a Cech cover {Vataeax)
of X x Quoty (F,n)), where V, = U, X Quoty (F,n);. For a finite family of indices I c N, set
Vi = Nger Ve and let j;: Vi — X x Quoty (F,n)} be the natural open immersion. We have a Cech
resolution %xtf(Gl ,G,) — €°, where €° is defined degree-wise (see, e.g., [29, Lemma I11.4.2]) by

¢ = P Jr.ijE&r! (G1,Ga).
|1|=k+1

Notice that 7 vanishes on the restriction to any double intersection Ugp X Quoty (F, n)r, where
Uap = Uq N Ug. This implies that the only contribution of the Cech cover is given by €°; thus,

Rn*R%om(Gl,G2)=Z(—l)j7r* Z Jari&t (G, Ga)
J aeA(X)

= 3 S D (w0 ju).JyE (G1.Go).

aeAN(X) J
Consider the following Cartesian diagram

Uy x Quoty (F,n)f 2% U, x Quoty, (Fly,,na)T

i [
X x Quoty (F,n)y —— X x Quoty, (Fly,,nq)" |7e -

|~ !

Quoty (F,n)f —2L%— Quoty, (Fly,,nq)"

As was already clear from the proof of Lemma 9.4, the universal short exact sequences in Diagram (9.9)
satisfy j2 (S — F » T) = po(Se = Fa » Ta). If (Gia, G24) denotes any of the pairs belonging
to the set { (Sa, Ta)s (Ta» Sa), (Tas Ta) }, We can write

Ja&t(G1,Gy) = Lj &t/ (G, Gy)
=&t/ (Lj,G1,Lj5Gy)
=&t (p5,G1.0-75G2.a)
= 5%,&t (Gl 4. Gaa).

We deduce, by flat base change,
(ﬂ ° ]G)*];%XIJ(GD G2) = (ﬂ o ja)*mgxtj((;ld’ G2a/) = pzﬂa*&tj(Glav G2a/)~

Combining again the Grothendieck spectral sequence, cohomology and base change and the vanishing
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of higher derived pushforwards on 0-dimensional sheaves, we conclude that

R, R%m(G,, G,) Z pf,Z(—l)jﬂa*%xtj(GlmGza)

aeA(X) J
= Z szﬂ'(l*R%m(GlavGZH)'
aeA(X)
Now the result follows from Equation (9.10). ]

Corollary 9.6. The virtual fundamental class of Quoty (F,n)} is expressed as the product of the virtual
fundamental classes

[Quoty (F,mi]™ = [ i [Quoty, (Flu, na)™]™.

aeA(X)

Before we prove the corollary, let us explain what virtual classes are involved. The left-hand side is
the virtual class induced by the T-fixed obstruction theory

T-fi
En i LQuotx (F,n);,r’
whereas [QuotU(l (Flu,, na)T]Vir is the virtual class induced by the obstruction theory

%
L"LZ’QE - LQuOtU(, (Fan,na)

by restricting to the T-fixed locus and taking the T-fixed part. Note that by Proposition 9.3, the perfect
obstruction theory

Ecrit

T-fix
o, |

—
Quoty, (Flug.na)T LQuotua (Flugsnae)®

induces the same virtual class. This follows from the general fact that the (equivariant) virtual funda-
mental class depends only on the class in (equivariant) K-theory of the perfect obstruction theory; cf.
[61, Theorem 4.6], where all of the ingredients are naturally equivariant.

Proof. The statement follows by taking T-fixed parts in Proposition 9.5 and by Siebert’s result [61,
Theorem 4.6] mentioned above. ]

9.4. Higher rank Donaldson-Thomas invariants of compact 3-folds

For a pair (X, F) consisting of a smooth projective toric 3-fold X and an exceptional locally free sheaf
F, the perfect obstruction theory (9.3) gives rise to a 0-dimensional virtual fundamental class

[QuotX (F, n)] Vit ¢ Ap(Quoty (F, n)),

allowing one to define higher rank DT invariants

DT, = / 1eZ.
[Quoty (F,m)]¥r

Define the generating function

DTr(q) = ) DTrnq".

n>0

We next compute this series in the case of a T-equivariant exceptional locally free sheaf, thus proving
Theorem 1.3 from the Introduction.
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Theorem 9.7. Let (X, F) be a pair consisting of a smooth projective toric 3-fold X along with an
exceptional T-equivariant locally free sheaf F. Then

DTr(q) = M((—l)rq)rfx 3 (Tx ®Kx)

Proof. Set Q = Quoty (F,n) and Q, = Quoty, (F|y,,nq). Because by Proposition 9.2 the perfect
obstruction theory on Q is T-equivariant, we can apply the virtual localisation formula

DTr.n = / e"(-NUE ),
(o7 Q7/Q

where Ngr 10 is the virtual normal bundle on the T-fixed locus computed in Lemma 9.4. By taking
T-moving parts in Proposition 9.5, we obtain the K-theoretic identity

vir _ L VALY
Ngtio= 2, PaNgi,
aeA(X)
of virtual normal bundles. Thus, by Corollary 9.6 we have
T vir T vir
¢ (=Ngr/o) = / (=N ).
/[QT]V" ere |ﬂz—:n a‘EAl—(IX) [Quotys, (F lug ) ™1 1% Qu/Qa

In particular, the virtual fundamental class [Quoty,, (Fly,,, nq) "]V agrees with the one coming from the
critical structure. Moreover, by the virtual localisation formula applied with respect to (C*)", we have

T vir
e (_N T ) = / 1 >
'/[Quotu(, (F luyg )71 QalQa”  JiQuoty,, (Flug.na) "

where the right-hand side is defined equivariantly in Subsection 5.2. Finally, by Corollary 7.4, we have

an identity
[Quoty,, (Flug na) IVF [Quoty,, (@l@,'(; ) Vi

of equivariant integrals, where in the right-hand side we take @i‘?r with the trivial T-equivariant weights.
Therefore, we conclude

DTr(q) = ) 4" ), 1

n>0 In|=n aeA(X)

T
€A (X) nq=0 [Quoty, (07, na) 1T

'/[‘QUOtU(, (OF na) ]

(Sfl+sél)(.Tflts:;l)(sgti:;l)

=[] m-nrg" TS

aeA(X)

We have used Theorem 7.2 to obtain the last identity, in which we have denoted s;’, sg, sé’ the tangent
weights at p,. We conclude taking logarithms:

(s +s)(sT+5H) (5T +59)
logDTr(q) = > —r——2—t 22 3 logM((~1)"q)
@Ch(X) 515253

:r/ c3(Tx ® Kx) - logM((=1)"g),
X

where the prefactor is computed through ordinary Atiyah-Bott localisation. O
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We have thus proved Conjecture 3.5 in [59] in the toric case. The general case is still open and will
be investigated in future work.

9.5. Conjecture: Two obstruction theories are the same

We close this subsection with a couple of conjectures relating the different obstruction theories appeared
in the previous section.

Conjecture 9.8. Let E be the perfect obstruction theory (9.3). Then its restriction along the open
subscheme t, o : Quoty (Fly,,n) < Quoty (F,n) agrees, as a symmetric perfect obstruction theory,
with the critical obstruction theory B of Proposition 3.2.

One can also ask whether ¢;, ,E and Ecj are T-equivariantly isomorphic over the cotangent complex
of Quoty, (Fly,,,n). This is, of course, stronger than the statement of Proposition 9.3.

A similar conjecture (essentially the rank 1 specialisation of Conjecture 9.8) can be stated for the
moduli space Hilb" (A3) = Quot s (0, n), without reference to a compactification A*> ¢ X. The Hilbert
scheme of points has two symmetric perfect obstruction theories: the critical obstruction theory Ect
(Proposition 3.2) and the one coming from moduli of ideal sheaves: If p: A3 x Hilb" (A%) — Hilb" (A?%)
is the projection and J is the universal ideal sheaf, one has the obstruction theory

Rp.R7Zom (33, 3)o[2] — Lyiip» (a3

obtained from the Atiyah class Aty the way we sketched in (9.4).

Conjecture 9.9. There is an isomorphism of perfect obstruction theories

Eerit - Rp.RZom (3, 3)p[2]

~

Lty (a3)

on the Hilbert scheme of points Hilb" (A3).
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