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Preface

In the last 30 years a new pattern of interaction between mathematics and physics
emerged, in which the latter catalyzed the creation of new mathematical theories.
Most notable examples of this kind of interaction can be found in the theory of
moduli spaces. In algebraic geometry the theory of moduli spaces goes back at
least to Riemann, but they were first rigorously constructed by Mumford only in the
1960s. The theory has experienced an extraordinary development in recent decades,
finding an increasing number of connections with other fields of mathematics
and physics. In particular, moduli spaces of different objects (sheaves, instantons,
curves, stable maps, etc.) have been used to construct invariants (such as Donaldson,
Seiberg-Witten, Gromov-Witten, Donaldson-Thomas invariants) that solve long-
standing, difficult enumerative problems. These invariants are related to the partition
functions and expectation values of quantum field and string theories. In recent
years, developments in both fields have led to an unprecedented cross-fertilization
between geometry and physics.

These striking interactions between geometry and physics were the theme of the
CIME School Geometric Representation Theory and Gauge Theory. The School
took place at the Grand Hotel San Michele, Cetraro, Italy, in June, Monday 25
to Friday 29, 2018. The present volume is a collection of notes of the lectures
delivered at the school. It consists of three articles from Alexander Braverman and
Michael Finkelberg, Andrei Negut, and Alexei Oblomkov, respectively. Here we
briefly summarize the contributions to this volume.

Braverman and Filkelberg’s notes review the constructions and results presented
in several joint papers with Hiraku Nakajima, where a mathematical definition of
the Coulomb branch of 3D N = 4 quantum gauge theories (of cotangent type) is
given. A section of the notes is dedicated to explaining the motivations coming
from physics (“What do we (as mathematicians) might want from 3D N = 4
SUSY quantum field theory?””): Higgs and Coulomb branch and mirror symmetry,
gauge theories. The lecture notes also include examples and explicit computations
(in particular in the toric case). They also present a framework for studying some
related further mathematical structures (e.g., categories of line operators in the
corresponding topologically twisted theories).
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vi Preface

The purpose of Negut’s notes is to study moduli spaces of sheaves on a surface as
well as Hecke correspondences between them. Hecke correspondences are varieties
parameterizing collections of sheaves on a surface which only differ at points; they
lead to interesting operators on the cohomology, Chow groups, and K-theory of the
moduli spaces of sheaves. Their applications range from mathematical physics to
classical problems in the algebraic geometry of hyperkédhler manifolds. Oblomkov
starts with an introduction to matrix factorizations and in particular equivariant
matrix factorizations. Then he explains the homomorphism from the braid group to
the category of matrix factorizations. He explains how one can construct interesting
geometric realizations of the braid group, providing a categorification of the Markov
trace. He also works out a computation of the above-mentioned trace for some
small braids. The object of his lectures is related to the Kapustin-Saulina-Rozansky
topological quantum field theory for the cotangent bundles to the Lie algebras as
targets.

Trieste, Italy Ugo Bruzzo
Bologna, Italy Antonella Grassi
Kashiwa-shi, Chiba, Japan Francesco Sala
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Chapter 1 )
Coulomb Branches of 3-Dimensional s
Gauge Theories and Related Structures

Alexander Braverman and Michael Finkelberg

Abstract These are (somewhat informal) lecture notes for the CIME summer
school “Geometric Representation Theory and Gauge Theory” in June 2018. In
these notes we review the constructions and results of Braverman et al. (Adv Theor
Math Phys 22(5):1017-1147, 2018; Adv Theor Math Phys 23(1):75-166, 2019;
Adv Theor Math Phys 23(2):253-344, 2019) where a mathematical definition of
Coulomb branches of 3d N = 4 quantum gauge theories (of cotangent type)
is given, and also present a framework for studying some further mathematical
structures (e.g. categories of line operators in the corresponding topologically
twisted theories) related to these theories.
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2 A. Braverman and M. Finkelberg

1.1 Introduction and First Motivation: Symplectic Duality
and a Little Bit of Physics

1.1.1 Symplectic Singularities

Let X be an algebraic variety over C. We say that X is singular symplectic (or X
has symplectic singularities) if

(1) X is a normal Poisson variety;

(2) There exists a smooth dense open subset U of X on which the Poisson structure
comes from a symplectic structure. We shall denote by w the corresponding
symplectic form.

(3) There exists a resolution of singularities 7 : X — X such that 7*® has no
poles on X.

This deﬁniNtion is due to A. Beauville, who showed that if condition (3) above holds
for some X then it holds for any resolution of X.

1.1.2 Conical Symplectic Singularities

We say that X is a conical symplectic singularity if in addition to (1)—(3) above the
following conditions are satisfied:

(4) X is affine;
(5) There exists a C*-action on X which contracts it to a point xg € X and such
that the form w has positive weight.

We shall consider examples a little later.

1.1.3 Symplectic Resolutions

By a symplectic resolutions we mean a morphism 7 : X — X such that

(a) X satisfies (1)-(5) above;

(b) X is smooth and 7 is proper and birational and the action of C* on X extends
to an action on X.

(c) m*w extends to a symplectic form on X.

Example Let g be a semi-simple Lie algebra over C andlet Ny C g* be its nilpotent
cone. Let B denote the flag variety of g. Then the Springer map 7 : T*B — Ny
is proper and birational, so if we let X = Ny, X = T*B we get a symplectic
resolution.

fnklberg@gmail.com



1 Coulomb Branches of 3-Dimensional Gauge Theories 3
1.1.4 The Spaces tx and sy

To any conical symplectic singularity X one can associate two canonical vector
spaces which we shall denote by tx and sy. The space sy is just the Cartan
subalgebra of the group of Hamiltonian automorphisms of X commuting with the
contracting C*-action (which is an finite-dimensional algebraic group over C). The
space ty is trickier to define. First, assume that X has a symplectic resolution
X. Then ty = H? (X ©) (1t follows from the results of Namikawa that ty is
independent of the choice of X ). Moreover, ty also has another interpretation: there
is a deformation X of X as a singular symplectic variety over the base ty. The map
X — ty is smooth away from a finite union of hyperplanes in tx.

If X doesn’t have a symplectic resolution, Namikawa still defines the space
tx and the above deformation; the only difference is that in this case X is no
longer smooth over the generic point of ty (informally, one can say that X is the
deformation which makes X “as smooth as possible” while staying in the class
of symplectic varieties). More formally, if X2 stands for the smooth locus of
a partial resolution (“as smooth as possible”), then ty = H 2()?“34‘5, ©), see [33,
Corollary 2.7].

1.1.5 Some Examples

Let X be Ny as in the example above. Then sy is the Cartan subalgebra of g and tx
is its dual space. One may think that ty and sx always have the same dimension.
However, it is not true already in the case X = C2" In this case s x has dimension
nandty = 0.

Let now X be a Kleinian surface singularity of type A, D or E. In other words
X is isomorphic to C2/I" where I" is a finite subgroup of SL(2, C). Thus X has
a unique singular point and it is known that X has a symplectic resolution X with
exceptional divisor formed by a tree of P!’s whose intersection matrix is the above
Cartan matrix of type A, D or E. Thus the dimension of ty is the rank of this Cartan
matrix. On the other hand, it is easy to show that sx is 1-dimensional if I” is of type
A and is equal to 0 otherwise.

1.1.6 The Idea of Symplectic Duality

The idea of symplectic duality is this': often conical symplectic singularities come
in “dual” pairs (X, X*) (the assignment X — X™* is by no means a functor; we

I'The main ideas are due to T. Braden, A. Licata, N. Proudfoot and B. Webster.
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4 A. Braverman and M. Finkelberg

just have a lot of interesting examples of dual pairs). What does it mean that X and
X* are dual? There is no formal definition; however, there are a lot of interesting
properties that a dual pair must satisfy. The most straightforward one is this: we
should have

ty =sx+ sy = tx=.

Other properties of dual pairs are more difficult to describe. For example, if both X
and X* have symplectic resolutions X and X* then one should have

dim H*(X, C) = dim H*(X*, C).
(However, these spaces are not supposed to be canonically isomorphic). We refer
the reader to [9, 10] for more details.
One of the purposes of these notes will be to provide a construction of a large

class of symplectically dual pairs. Before we discuss what this class is, let us talk
about some examples.

1.1.7 Examples of Symplectically Dual Spaces

1.1.7.1 Nilpotent Cones

Let X = Ny and let X* = Nyv where g" is the Langlands dual Lie algebra. This is
supposed to be a symplectically dual pair.

1.1.7.2 Slodowy Slices in Type A

For partitions A > u of n, let Sﬁ be the intersection of the nilpotent orbit closure

0;, C gl(n) with the Slodowy slice to the orbit O,,. Then S/)l is dual to S’A‘:.

1.1.7.3 Toric Hyperkihler Manifolds
Consider an exact sequence
0 zd S zd B g

of the free based Z-modules. It gives rise to a toric hyperkihler manifold X [7].
Then X* is the toric hyperkihler manifold associated to the dual exact sequence
(Gale duality).

fnklberg@gmail.com



1 Coulomb Branches of 3-Dimensional Gauge Theories 5

1.1.7.4 Uhlenbeck Spaces

Sym?(A?/I")Y ~ Ug (A?) /G(% for a finite subgroup I" C SL(2) corresponding
by McKay to an almost simple simply connected simply laced Lie group G. Here
ug (A?) is the Uhlenbeck partial compactification of the moduli space of G-bundles
of second Chern class a on P? equipped with a trivialization at infinity ]P%o c P2,
see [12]. Note that Gg acts on A2 by translations, and hence it acts on U (A?%) by
the transport of structure.

1.1.8 3d N = 4 Quantum Field Theories and Symplectic
Duality

One source of dual pairs (X, X*) comes from quantum field theory. We discuss this
in more detail in Sect. 1.4; here we are just going to mention briefly the relevant
notions.

Physicists have a notion of 3-dimensional N = 4 super-symmetric quantum
field theory. Any such theory 7 is supposed to have a well-defined moduli space
of vacua M(T). This space is somewhat too complicated for our present discussion.
Instead we are going to discuss some “easy” parts of this space. Namely, the above
moduli space of vacua should have two special pieces called the Higgs and the
Coulomb branch of the moduli space of vacua; we shall denote these by Mg (7T)
and M¢ (7). They are supposed to be Poisson (generically symplectic) complex
algebraic varieties (in fact, the don’t even have to be algebraic but for simplicity we
shall only consider examples when they are). They should also be hyper-kéhler in
some sense, but (to the best of our knowledge) this notion is not well-defined for
singular varieties, we are going to ignore the hyper-kéhler structure in these notes.
But at least they are expected to be singular symplectic.

There is no mathematical classification of 3d N = 4 theories. However, here
is a class of examples. Let G be a complex reductive algebraic group and let M
be a symplectic representation of G; moreover we shall assume that the action of
G is Hamiltonian, i.e. that we have a well-defined moment map © : M — g*
(this map can be fixed uniquely by requiring that ©(0) = 0). Then to the pair
(G, M) one is supposed to associate a theory T(G, M). This theory is called gauge
theory with gauge group G and matter M. Its Higgs branch is expected to be equal
to M/ G—the Hamiltonian reduction of M with respect to G. In particular, all
Nakajima quiver varieties arise in this way (the corresponding theories are called
quiver gauge theories).

What about the Coulomb branch of gauge theories? These are more tricky to
define. Physicists have some expectations about those but no rigorous definition
in general. For example, M¢ (G, M) is supposed to be birationally isomorphic to
(T*TY)/W. Here TV is the torus to dual the Cartan torus of G and W is the
Weyl group. The above birational isomorphism should also preserve the Poisson

fnklberg@gmail.com



6 A. Braverman and M. Finkelberg

structure.? In addition Mc (G, M) has a canonical C*-action with respect to which
the symplectic for has weight 2. Unfortunately, it is not always conical but very often
it is. Roughly speaking, to guarantee that M¢ (G, M) is conical one needs that the
representation M be “big enough” (for reasons not to be discussed here physicists
call the corresponding gauge theories “good or ugly”). In the conical case physicists
(cf. [17]) produce a formula for the graded character of the algebra of functions
on Mc (G, M). This formula is called “the monopole formula” (in a special case
relevant for the purposes of these notes it is recalled in Sect. 1.5.3).

The idea is that at least in the conical case the pair (Mg (T), Mc (7)) should
produce an example of a dual symplectic pair. One of the purposes of these notes
(but not the only purpose) is to review the contents of the papers [13—15] (joint with
H. Nakajima) where a mathematical definition of the Coulomb branches M¢ (G, M)
ia given under an additional assumption (namely, we assume that M = T*N =
N @& N* for some representation N of G—such theories are called gauge theories
of cotangent type) and some further properties of Coulomb brancnes are studied.’
In this case we shall write M¢ (G, N) instead of M¢c (G, M). In loc. cit. it is
defined as Spec(C[M¢ (G, N)]) where C[M¢ (G, N)] is some geometrically defined
algebra over C. The varieties M (G, N) are normal, affine, Poisson and generically
symplectic. We expect that the they are actually singular symplectic, but we can’t
prove this in general. The main ingredient in the definition is the geometry of the
affine Grassmannian Grg of G.

1.1.9 Remark About Categorical Symplectic Duality

The following will never be used in the sequel, but we think it is important
to mention it for the interested reader. Perhaps the most interesting aspect of
symplectic duality is the categorical symplectic duality discussed in [10]. Namely, in
loc. cit. the authors explain that if both X and X* have a symplectic resolution, then
one can think about symplectic duality between them as Koszul duality between
some version of category O over the quantization of the algebras C[X] and C[X*].
In fact, it is explained in [47] that a slightly weaker version of this statement can be
formulated even when X and X* do not have a symplectic resolution. This weaker
statement is in fact proved in [47] for Mg (G, N) and M¢ (G, N) (where the author
uses the definition of M¢ (G, N) from [13]).

2(T*TV)/ W is actually the Coulomb branch of the corresponding classical field theory and the
fact that the above birational isomorphism is not in general biregular means that “in the quantum
theory the Coulomb branch acquires quantum corrections”.

3The reader is also advised to consult the papers [39, 41, 42] by Nakajima. In particular, the papers
[13-15] are based on the ideas developed earlier in [39]. Also [41] contains a lot of interesting
open problems in the subject most of which will not be addressed in these notes.

fnklberg@gmail.com



1 Coulomb Branches of 3-Dimensional Gauge Theories 7
1.1.10 The Plan

These notes are organized as follows. First, as was mentioned above the main
geometric player in our construction of M¢ (G, N) is the affine Grassmannian Grg
of G. In Sects. 1.2 and 1.3 we review some facts and constructions related to Grg.
Namely, in Sect. 1.2 we review the so called geometric Satake equivalence; in
Sect. 1.3 we discuss an upgrade this construction: the derived geometric Satake
equivalence. In Sect. 1.4 we discuss some general expectations about 3d N = 4
theories and in Sect. 1.5 we give a definition of the varieties M¢ (G, N). Section 1.6
is devoted to the example of quiver gauge theories; in particular, for finite quivers of
ADE type we identify the Coulomb branches with certain (generalized) slices in the
affine Grassmannian of the corresponding group of A D E-type. Finally, in Sect. 1.7
we discuss some conjectural categorical structures related to the topologically
twisted version of gauge theories of cotangent type (we have learned the main ideas
of this section from T. Dimofte, D. Gaiotto, J. Hilburn and P. Yoo0).

1.2 Geometric Satake

1.2.1 Overview

Let O denote the formal power series ring C[[z]], and let K denote its fraction field
C((z)). Let G be a reductive complex algebraic group with a Borel and a Cartan
subgroup G D B D T, and with the Weyl group W of (G, T'). Let A be the coweight
lattice, and let AT C A be the submonoid of dominant coweights. Letalso Ay C A
be the submonoid spanned by the simple coroots «;, i € I. We denote by G¥ D T
the Langlands dual group, so that A is the weight lattice of GV.

The affine Grassmannian Gr¢ = Gg /G is an ind-projective scheme, the
union | |, 4+ Grf; of Go-orbits. The closure of Gry; is a projective variety Grl, =
L u<h Gr’é. The fixed point set Gr(T; is naturally identified with the coweight lattice
Asand pu € A lies in Grls iff o € Wa.

One of the cornerstones of the Geometric Langlands Program initiated by
V. Drinfeld is an equivalence S of the tensor category Rep(G") and the category
Pervg, (Grg) of Go-equivariant perverse constructible sheaves on Grg equipped
with a natural monoidal convolution structure x and a fiber functor H*(Grg, —) [5,
25, 36, 37]. It is a categorification of the classical Satake isomorphism between
K([Rep(GY)) = C[TY]" and the spherical affine Hecke algebra of G. The
geometric Satake equivalence S sends an irreducible GV-module V* with highest
weight A to the Goresky—MacPherson sheaf IC(GrAG).

fnklberg@gmail.com



8 A. Braverman and M. Finkelberg

In order to construct a commutativity constraint for (Pervg,, (Grg), x), Beilinson
and Drinfeld introduced a relative version Grg, gp of the Grassmannian over the
Ran space of a smooth curve X, and a fusion monoidal structure ¥ on Pervg,, (Grg)
(isomorphic to ). One of the main discoveries of [37] was a A-grading of the fiber
functor H*(Grg, F) = @, c 4, P1.(F) by the hyperbolic stalks at T-fixed points. For
a GY-module V, its weight space V; is canonically isomorphic to the hyperbolic
stalk @, (SV).

Various geometric structures of a perverse sheaf SV reflect some fine represen-
tation theoretic structures of V, such as Brylinski—Kostant filtration and the action
of dynamical Weyl group, see [28]. One of the important technical tools of studying
Pervg, (Grg) is the embedding Grg <> Grg into Kashiwara infinite type scheme
Grg = Ge(;-1))/ Gy [30, 31]. The quotient Gyp,-17)\Grg is the moduli stack
Bung (P!) of G-bundles on the projective line P!. The GC[[Zfl]]-orbits on Grg are
of finite codimension; they are also numbered by the dominant coweights of G,
and the image of an orbit Gr)(‘; in Bung (P!) consists of G-bundles of isomorphism
type A [29]. The stratifications Grg = | |, o+ Grg; and Grg = | |, 4+ Gry; are
transversal, and their intersections and various generalizations thereof will play an
important role later on.

More precisely, we denote by K the first congruence subgroup of Gyp,-1y;: the
kernel of the evaluation projection evoo : Geyp,-1); = G. The transversal slice Wﬁ

(resp. Wz) is defined as the intersection of Gr)(‘; (resp. GrAG) and K| - i in Grg.
It is known that Wl); is nonempty iff £ < A, and dim W;)l is an affine irreducible
variety of dimension (20", A — u). Following an idea of Mirkovi¢, [32] proved that

2 . . AL .
W, = L u<v<i W), is the decomposition of W, into symplectic leaves of a natural
Poisson structure.

1.2.2 Hyperbolic Stalks

Let N denote the unipotent radical of the Borel B, and let N_ stand for the unipotent
radical of the opposite Borel B_. For a coweight v € A = Grg, we denote by
Sy C Grg (resp. T, C Grg) the orbit of N(XK) (resp. of N_(X). The intersections
Sy N Gr)(‘; (resp. T, N Gr)(‘;) are the attractors (resp. repellents) of C* acting via

its homomorphism 2p to the Cartan torus 7 ~ Gry;: S, N Gry, = {x € Gr}; :

lim 2p(c) - x = v} and T, N Gr; = {x € Gry; : lim 2p(c) - x = v}. Going to

c—0 c—>00

the limit Grg = lirn+ Gr}(‘;, Sy (resp. Ty) is the attractor (resp. repellent) of v in
reA

Grg. We denote by r, 4 (resp. r,,,—) the locally closed embedding S, < Grg (resp.

T, — Grg). We also denote by ¢, 4 (resp. ¢,,—) the closed embedding of the point
v into S, (resp. into T,,). The following theorem is proved in [8, 18].

fnklberg@gmail.com



1 Coulomb Branches of 3-Dimensional Gauge Theories 9

Theorem 1.1 There is a canonical isomorphism of functors Lj’jﬁ_i_rs)’Jr o~
0 Dgo(GrG) — DP(Vect).
Definition 1.2 For a sheaf J ¢ D’éo (Grg) we define its hyperbolic stalk at v as
D,(F) := L’S’Jrrl!}#&" ~ LL’,r;‘,_&".

The following dimension estimate due to [37] is crucial for the geometric Satake.
Lemma 1.3

(@) SyN Gr)(‘; + ifT,N Gr)(‘; # O iff v has nonzero multiplicity in the irre;lucible
GV-module V* with highest weight A. This is also equivalent to v € Grg.
(b) The nonempty intersection SvﬂGr)g; is equidimensional of dimension (v+X, p’).

(c) The nonempty intersection T, N Gr)(} is equidimensional of dimension (v +
wok, p”). Here wy is the longest element of the Weyl group W.

Corollary 1.4

(a) For F € Pervg, (Grg), the hyperbolic stalk ®,(F) is concentrated in degree
(v,20").

(b) There is a canonical direct sum decomposition H®(Grg, F) = @veA Dy (P).

(c) The functor H®*(Grg, —): Pervg,(Grg) — Vect®, as well as its upgrade
@VeA ®,: Pervg, (Grg) — Rep(TV), is exact and conservative.

1.2.3 Convolution

We have the following basic diagram:

Grg x Grg v Gy x Grg 4, Grg XGrg LS Grg. (1.1)

- G
Here Grg xGrg = G xo Grg = (Gx x Grg)/((g,x) ~ (gh™', hx), h € Go).
Furthermore, p is the projection on the first factor and identity on the second factor,
and the composition m o g is the action morphism G x Grg — Grg (which clearly

G
factors through G« ><O Grg).

Definition 1.5 Given ¥, F; € Dl(’;O (Grg), their convolution F1 xF> € Dgo (Grg)
is defined as F; x F5 1= m*(fﬂ@ffz), where 3"1®3"2 is the descent of p*(F] X F7),
that is g* (1 XF) = p*(F1 X F).

The next lemma is due to [36, 37]. It follows from the stratified semismallness

A, 1, GO s Ap . .
of m: GrGM =p 1(GrG) X Grlé — GrGJrM. Here GrGM is stratified by the union
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10 A. Braverman and M. Finkelberg

Go
of Grge = p_l(Grg) X GreG over v < A, 0 < u. The stratified semismallness in
turn follows from the dimension estimate of Lemma 1.3.

Lemma 1.6 Given J1,J, € Pervg,(Grg), their convolution F1 x I, lies in
Pervg,, (Grg) as well.

In order to define a commutativity constraint for x, we will need an equivalent
construction of the monoidal structure on Pervg , (Grg) via fusion due to V. Drin-
feld.

1.2.4 Fusion
Let X be a smooth curve, e.g. X = Al. We have the following basic diagram:

(GI‘G;Grg)X % GrG,X;GrG,X * (Grg,x x Grg,x)|u

| o] |

GI‘G’X 4[> GrG,X2 ; (GI‘G’X X GrG,X)lU
d d! |
A 2 J
X e X — U.

Here U < X? is the open embedding of the complement to the diagonal Ay <
X2. Furthermore, for n € N, Grg, x» is the moduli space of the following data:
{(x1,...,x,) € X", Pg, 1}, where Pg is a G-bundle on X, and 7 is a trivialization
of Pg on X \ {x1, ..., x»}. The projection w : Grg, x» — X" forgets the data of Pg
and 7. Note that GrG x2lv =~ (Grg x x Grg x)|u, while Grg x2|ay =~ Grg x.
Furthermore, Grg, x xGrG x is the moduli space of the following data: {(x1, x2) €
X2, Tg, ?ZG, 7,0}, where PpL. TZG are G-bundleson X; o: T(;|X\x2 = ?G|X\xz’
and t is a trivialization of fPl on X \ x;. Note that (Grg, X§GrG x)|v = (Grg x %
Grg, X)|U, while (Grg, XxGrG X)| Ay 1s fibered over X with fibers 1som0phlc to
Grg X Grg. Finally, my>: GrG XxGrG x — Grg x2 takes (x1, x2, (P fPG, 7,0) to
(x1, x2, fPG, /) where v/ = o0 o T|x\{x1,xo}- All the squares in the above diagram
are cartesian. The stratified semismallness property of the convolution morphism
m used in the proof of Lemma 1.6 implies the stratified smallness property of the
relative convolution morphism m y2.

Now given JF1, %, € Dl(’;O (Grg), we can define the constructible complexes
F1.x,F2.x on Grg x smooth over X, and by descent similarly to Sect.1.2.3, a
constructible complex J7, X@ffz, x on Grg x P>‘<'GrG, x smooth over X2. Note that
(Fl,xgﬁz,xﬂy = (F1,x W F2 x)|y. For simplicity, let us take X = A!. Then by
the proper base change for nearby cycles Wy, _x,mx2, (J1, X@&"z x) on GrG x2 We
deduce (F1xF2) x = Wy —x, (F1,xXTF2 x)|v. The RHS being manifestly symmetric,
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1 Coulomb Branches of 3-Dimensional Gauge Theories 11

we deduce the desired commutativity constraint for the convolution product . Note
that due to the stratified smallness of m y> and the local acyclicity of w o my2, we
have an isomorphism

V-0 (F1x I )11 i*(r o my2)«(F1,x T2 x)

= i*ju (Frx XF2,0)lu) -

Also, the above smoothness of J7, X@.’fz, x over X2 implies that mw.my2,
(5’1,X®3"2,X) is a constant sheaf on X2. Since its diagonal stalks are H*(Grg, J1 *
J>), and the off-diagonal stalks are H*(Grg, J1) ® H*(Grg, J2), we obtain that
the cohomology functor Pervg, (Grg) — Vect is a tensor functor: H*(Grg, J1 *

F») — H*(Grg, F1) ® H*(Grg, 7).

Corollary 1.7 The abelian category Pervg,, (Grg) is equipped with a symmetric
monoidal structure x and a fiber functor H*(Grg, —).

By Tannakian formalism, the tensor category Pervg, (Grg) must be equivalent
to Rep(G’) for a proalgebraic group G’. It remains to identify G’ with the
Langlands dual group GV. From the semisimplicity of Pervg,,(Grg), the group
G’ must be reductive. The upgraded fiber functor @VE A Dy Pervg, (Grg) —
Rep(T") is tensor since the nearby cycles commute with hyperbolic stalks by [40,
Proposition 5.4.1.(2)]. Hence we obtain a homomorphism 7V <> G’. Now it is easy
to identify G’ with G using Lemma 1.3(a). We have proved

Theorem 1.8 There is a tensor equivalence S: Rep(G"), ® — Pervg,, (Grg), *.

1.3 Derived Geometric Satake

In this section we extend the algebraic description of Pervg,, (Grg) to an algebraic
description of the equivariant derived category Dg ,xcx (Grg). Our exposition
follows [6].

1.3.1 Asymptotic Harish-Chandra Bimodules

First we develop the necessary algebraic machinery. Let U = U(g") be the universal
enveloping algebra, and let Uy be the graded enveloping algebra, i.e. the graded
Clh]-algebra generated by g’ with relations xy — yx = fi[x, y] for x, y € g’ (thus
Uy is obtained from U by the Rees construction producing a graded algebra from
the filtered one). The adjoint action extends to the action of G¥ on Uy.
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12 A. Braverman and M. Finkelberg

We consider the category HCp, of graded modules over th = Uy Qcp) Un ==
Uy % U equipped with an action of GV (denoted 8: GY x M — M) satisfying the
following conditions:

(a) The action U hz ® M — M is GY-equivariant;

(b) forany x € g’, theactionof x ® 1 + 1 ® x € th coincides with the action of
h-dp(x);

(c) the module M is finitely generated as a Uy ® 1-module (equivalently, as a 1@ Up-
module).

The restriction from U, hz to Up ® 1 gives an equivalence of H{Cp, with the category
of GY-modules equipped with a G"-equivariant Up-action.

1.3.1.1 Example: Free Harish-Chandra Bimodules

Let V € Rep(GY). We define a free Harish-Chandra bimodule Fr(V) = Uy ® V
with the G -action g(y ® v) = Adg(y) ® g(v) and the th-action CRu)(y®v) =
xyu ® v + Aixy ® u(v), where x,u € ¢ C Up. Thus, Fr(V) is the induction
of V (the left adjoint functor to the restriction res: HC; — Rep(GY)). This is a
projective object of the category JH{Cy. We will denote by .’}CG% the full subcategory
of J{Cy formed by all the free Harish-Chandra bimodules.

1.3.2 Kostant—Whittaker Reduction

We also consider the subalgebra U hz(nv,) =Up )xUm)cCcU % We fix a regular
character ¥ : Up(n”_) — C[h] taking value 1 at each generator f;. We extend it to
a character ¥ th n”) = Up(n”) x U(n") — C[A] trivial on the second factor
(its restriction to 1 ® Uy (n”_) equals —).

Definition 1.9 For M € HCp we set xp (M) := (M él@Uh(nV,) (—Iﬂ))NX (Kostant-
Whittaker reduction). It is equipped with an action of the Harish-Chandra center
Z(Up) ®cn) Z(WUp) =C[t/W x t/ W x A']. Furthermore, »; (M) is graded by the
action of the element 4 from a principal sl = (e, h, f)-triple whose e corresponds
to ¥ under the Killing form. All in all, », (M) is a C*-equivariant coherent sheaf
ont/W x t/W x Al (with respect to the natural C*-action on t/ W).

1.3.2.1 Example: Differential Operators and Quantum Toda Lattice
The ring of A-differential operators on G¥, Dy(G") = Uy x C[G "] is an object of
the Ind-completion Ind J(Cp. It carries one more commuting structure of a Harish-

Chandra bimodule (where U acts by the right-invariant /-differential operators).
We define X := x,(Dy(G")), an algebra in the category Ind HCp. It corepresents
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1 Coulomb Branches of 3-Dimensional Gauge Theories 13

the functor Hom(M, X) = x;,(DM) where DM = Homy, (M, Uy) is a duality on
HCp. Here Homy, is taken with respect to the right action of Uy, while the left
actions of Uy on M and on itself are used to construct the left and right actions of
Up on Homy, (M, Uy). Finally, we define an associative algebra T := 3 (XK) =

}f,r,llght}féeftCDh (GY), the quantum open Toda lattice.

1.3.3 Deformation to the Normal Cone

A well known construction associates to a closed subvariety Z C X the deformation
to the normal cone Nz X projecting to X x A!; all the nonzero fibers are isomorphic
to X, while the zero fiber is isomorphic to the normal cone Cz X. Recall that Nz X
is defined as the relative spectrum of the subsheaf of algebras O x[A*!], generated
over Oy, 41 by the elements of the following type: fh~!, where f € Ox, flz=0.

Now if M is a Harish-Chandra bimodule free over C[#], then the action of
C[t/ W xt/ W x A'] on x4 (M) extends uniquely to the action of the ring of functions
C[Na(t/ W xt/W)] on the deformation to the normal cone of diagonal, since for z €
ZUy, m € M, the difference of the left and right actions z2Wm — 2D is divisible
by 7. So we will consider x; (M) as a C*-equivariant sheaf on No(t/ W x t/ W).
Note that C[NA(t/ W x t/W)]/h = C[CAa(t/W x t/W)] = C[Tyw] = C[Tx].
Here X C (g")* is the Kostant slice (we identify g and (g”)* by the Killing form).
Recall the universal centralizer 3? ={(xeg, §€X):ade& =0}

Lemma 1.10 Under the identification of g’ and (g")*, the universal centralizer 3gz
is canonically isomorphic to the cotangent bundle T* X.

Proof The open subset of regular elements (gv):‘eg C (g")* carries the centralizer
sheaf 3 C g’®0 of abelian Lie algebras. We have 3 = pr* T* X where pr: (g")5, —
(8)5eg/ Adgv = t/W = X' is the evident projection. Indeed, the fiber of pr* 7* ¥
at a point 7 € (g")* is dual to the cokernel of the map a,: g¢° — (g")*, x — ady 7.
In other words, this fiber is isomorphic to the kernel of the dual map which happens
to coincide with a;,. The latter kernel is by definition nothing but the fiber 3,,. o

Lemma 1.11 For V € Rep(GY), the C[Tx]-module »(Fr(V))|n=0 is isomorphic
toC[Y1®Vasa 3gv -module.

Proof Let Poly((g")*, gV)Gv be the space of GV -invariant polynomial morphisms.
It is a vector bundle over Spec (C[(gv)*]Gv = X. IfP e (C[(gv)*]Gv, then the
differential d P is a section of this bundle. If z € ZU (g") = (C[(gv)*]Gv, we denote
dz by o;. If {z;} is a set of generators of ZU (g"), then {0, } forms a basis of 3; as
a vector bundle over X, and hence identifies it with 7*X. Let z(1, z® stand for the

. . . 1 _,
left and right actions of z on Fr(V). We have to check that the action of * hz |r=0

on (Up ® V)|r=o = C[(g")*] ® V coincides with the action of 0, € C[(g")*] ® ¢".
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14 A. Braverman and M. Finkelberg

ButifveV, z =7} cixiy -~ x;, (x;, € ¢),and y € Uy isaliftof y € C[(g")*]

2(y®v)—(Y®v)z I
Uh|n=0, then G )h(y ) lh=0 = Zipei CiXiy * e Xy e Xj, Y ® x,-p(v) =

o(y @ v). O

1.3.4 Quasiclassical Limit of the Kostant—Whittaker Reduction

We define a functor x: Coh¢ *C” (g)* — Coh®™ (T X) as follows. For a GV-
equivariant coherent sheaf F on (g")*, the restriction F |(QV)?<eg is equipped with an
action of the centralizer sheaf 3. Hence, this restriction gives rise to a coherent sheaf
on pr* T X. Restricting it to the Kostant slice X', we obtain a coherent sheaf xJF
on T X. Equivalently, the latter sheaf can be described as (F |T)N X, where T =
e+ b C g =~ (¢")*. This construction is C*-equivariant, and gives rise to the
desired functor .

We define COthX(CX (8)*  Coh® ¥ (g")* as the full subcategory formed
by the sheaves V ® O gy« for V € Rep(G").

Lemma 1.12

(a) The functors x, xp are exact;
(b) x'CothrvXCX(gV)*’ }fh|j_(:egr are fully faithful.

Proof The statements about xj follow from the ones for » by the graded Nakayama
Lemma. To prove (a), note that the functor F > F|r, Coh%’ (g)* — Coh™* ()
is exact. Moreover, N acts freelyon T, and T/NY = X It follows that the functor
S SNX is exact on CohNY (7). Now (b) follows since the codimension in (g*)*

of the complement (g")*\ (gv);‘eg is at least 2, and the centralizer of a general regular
element is connected. O

1.3.5 Egquivariant Cohomology of the Affine Grassmannian

Now we turn to the topological machinery. We have an evident homomorphism
pr*: Clh] = H(EX Py — Héoxmcx(GrG)' Also, viewing HC.;oXI(CX (Grg) as
HE, (Go\Gx/G o), we obtain two homomorphisms pri, pry: C[X] =C[t/W] =
H(';o Py = HC'; W Cx (Grg). Let us assume for simplicity that G is simply
connected. Recall the deformation to the normal cone of diagonal in t/ W x t/ W,
see Sect. 1.3.3.

Proposition 1.13 There is a natural isomorphism o: CINA(t/W x t/W)] =
H C.;o wcx (Grg) compatible with the above pry, pr, pr*.

Proof Since HC.;oXI(CX (Grg)|h=0 = H(';o (Grg), we see that pr} [4=0 = Ppr; |r=0.

It follows that (pry, prj, pr*): C[t/W x t/W x Al — H(.;ox(cx(GrG) fac-
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1 Coulomb Branches of 3-Dimensional Gauge Theories 15

tors as a composition C[t/W x t/W x All - CINAGW/W x t/W)] z

HC.;oXI(CX (Grg) for a uniquely defined homomorphism «. Let us check that o

is injective. Indeed, ajoc: C[NA(t/W x t/W)] Qcr/wxAl] Frac(C[t x A']) —
HC';o wox (GI6) Q¢ wxal] Frac(C[t x Al]) = H;xtcx (Grg) ®cpixal] Frac(C[t x
Al — lim Hy . (Gry) ®cpixat) Frac(Clt x A']) = [T, cx, () Frac(C[t x A'])
associates to a function its restriction to the union of graphs I := {(x1,x2,¢) :
x1 = x2 +cA} C tx t x Al. More precisely, for a T-fixed point A € Grg, the
Cltx (t/ W) x All-module HJ (%) is canonically isomorphic to (Id, 7, 1d). O,
where 7 stands for the projection t — t/W. Indeed, let p: F¢z — Grg be the
projection from the affine flag variety F¢ = G/ Iw of G, and let & € F€ be the
T-fixed point in p~! (1) corresponding to the coweight & € X, (T) C W Viewing
H} . (Flg) as HE, (Iw\Gx /Iw), we identify Hy . (%) with a C[¢ th x All-
module M such that (Id, 7, 1d).M = Hj . (*). The preimage T, of A in Gx
is homotopy equivalent to the torus 7, and the action of T x T x C* on T is
homotopy equivalent to (#1, 2, ¢) - t = 1111, 1)L(c). We conclude that H;xtcx (5\) =
H, (T\T3/T) = C[I}].

Finally, the union {J; cy, () 1% is Zariski dense in t x t x Al. Hence ajoc is
injective, and « is injective as well.

To finish the proof it suffices to compare the graded dimensions of the LHS and
the RHS (the grading in the LHS arises from the natural action of C* on t and
Al). Now dimgr(H(.;@xcx (Grg)) = dimg(Hg  (pt) @ HEx (pt) ® H*(Grg)) =
dimg; Clxy, ..., Xr, y1, ..., yr, h] where degh = 2, degx; = degy; = 2(m; + 1),
andmy, ..., m, are the exponents of G (so that m; + 1 are the degrees of generators
of W-invariant polynomials on t).

Furthermore, {/ W = X, and Npo(¥ x %) ~ ¥ x ¥ x Al (an affine
space). Indeed, for affine spaces V, V' we have an isomorphism 8: V x V' x
Al Ny (V x Vinamely, y: V x V/ x Al - V x V' x A, (v,v,¢) —

(v, cv’, ¢) factors through V x V/ x A! LY Nysy'V — V x V' x Al. We conclude
that dimg, (LHS) = dimg(RHS). This completes the proof. |

In view of Proposition 1.13, we can view H C.;o W Cx (Grg, —) as a functor from the
full subcategory ICq , cx C DIC’;O wcx (Grg) formed by the semisimple complexes
(i.e. finite direct sums of objects of the form IC(Gr)g;)[a]), to Coh®” Nat/ W x

t/W)). This functor is fully faithful according to [26]. For V € Rep(G"), one can
identify H (.3@ wox (Grg, S(V)) with x, (Fr(V)); moreover, one can make this iden-

tification compatible with the tensor structures on Rep(G") and Pervg,, (Grg) [6]:

Theorem 1.14 The geometric Satake equivalence S: Rep(G”) —> Pervg,, (Grg)

extends to a tensor equivalence Sy : fJ-CG;r —>JCgyxcx such that xp =
A\ X
H&o wcx (GrG, —)oSp. There is also a quasiclassical version Sy : Cohg xC (g)*

— JCq, such that » = HC‘;o (Grg, —) o Sye.
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Now using the formality of RHom-algebras in our categories, one can deduce
the desired derived geometric Satake equivalence. To formulate it, we introduce a
bit of notation. To a dg-algebra A one can associate the triangulated category of
dg-modules localized by quasi-isomorphisms, and a full triangulated subcategory
Dpert(A) C D(A) of perfect complexes. Given an algebraic group H acting
on A, we can consider H-equivariant dg-modules and localize them by quasi-
isomorphisms, arriving at the equivariant version Dlﬁrf(A).

We now consider the dg-versions Symll(g"), U,[l] of the graded algebras
Sym(g"), Us, equipping them with the zero differential and the cohomological
grading so that elements of g’ and /i have degree 2. The construction of the previous
paragraph gives rise to the categories Dg;erf(U,[i]), D]ferf(Sym[] (g")). Their Ind-
completions will be denoted by DGV(U};]), DG’ (Sym[] (¢")). The Ind-completions
of the equivariant derived categories D}C’;o W Cx (Grg), D’(’;O (Grg) will be denoted
by Dg, xcx (Grg), Dg,, (Grg).

The following theorem is proved in [6].

Theorem 1.15 The equivalences of Theorem 1.14 extend to the equivalences
of monoidal triangulated categories Wy : Dg;f(Uh[]) - Dgo wox (Grg) and
Yye: Dg;f(Sym[] () — D’éo (Grg). They induce the equivalences of their Ind-
completions Wy: D (U)) =5 D, ucx(Grg) and Wye: DO (Symll(g)) >
D¢, (Grg).

1.3.5.1 The Dualities

We denote by €;v the autoequivalence of DEC” w E) induced by the canonical outer
automorphism of GV interchanging conjugacy classes of g and g~! (the Chevalley
involution). We also denote by Cg the autoequivalence of Dg , wcx (Grg) induced
by g — g~!, G((z)) > G((2)). Then the Verdier duality D: Dg, xcx (CGrg) —
D¢, xcx(Grg) and the duality D: DG’ (U}g) — DG’ (U}g) introduced in Exam-
ple 1.3.2.1 are related by ¥ o €gv o D =D o Y.

1.3.6 The Regular Sheaf

Recall the setup of Example 1.3.2.1. We consider DE (GY) = UE x C[GV] €
DEC” (U,[i]). Its image under the equivalence of Theorem 1.15 is the regular sheaf
A% e Dg, ><I(va(GrG) isomorphic to @, . 4+ IC(Gr};) ® (V*)*. The quasiclassical
analogs are D¢ (Symll(g")) > C[T*GY]! = Syml(g) ® C[GY] — AR €
D¢, (Grg). One can check that the image of thE(GV) e DY (U,%]) under
the equivalence of Theorem 1.15 is the dualizing sheaf wgr; € Dg , wcx (Grg)-
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1 Coulomb Branches of 3-Dimensional Gauge Theories 17

It follows that the convolution algebra of equivariant Borel-Moore homology
H.G oxC (Grg? = H(';o W Cx (Grg, wGr,; ) is isomorphic to the quantum open Toda
lattice Ty = 2} &/ Dj, (GY) of Example 1.3.2.1.

Note that the regular sheaf A%X is equipped with an action of GV. Further-

more, the dg-algebra RHomDGO MCX(GIG)(.A%X,A%X) is formal, and we have a
GV-equivariant morphism of dg-algebras U,!1l — RHomyp Gon (CX(GrG)(A%X , A%X)

(corresponding to the right action of UE on DE (GY)). Similarly, the dg-algebra
RHomDGO(GrG)(AR, Ag) is formal, and we have a GV-equivariant morphism of

dg-algebras Sym[] (g) — RHomDGO (Grg) (AR, AR) (corresponding to the right
action of Sym[](gv) on C[T*GY]"). Hence for any F € Dg ,ucx (Grg), the
complex RHomDGO o (Grg) ( A%X, F) carries a structure of G"-equivariant dg-

module over U }11].

Thus the functors RHomDGo o (Grg) (A%X . ®), RHomp,,  (Grg) (AR, @) may be
viewed as landing respectively into DG’ (U#), DG’ (Sym“(gv)). We will also need
their versions

b = RHomDGO e (Grg) AGrg» egﬂgx *x o) —> RHomDGO wCx (GrG)(]D).A%X ,0)
x !
o~ RHomDGoxCX Gr6) Corg s .A% R o),
and
Dy = RHomDGO (Grg)1Grg, CGAR * 0) — RHOInDGO (Grg)(DAR, o)
!
—> RHomp,,, Grg)(Carg, Ar ® o).

The following lemma is proved in [15].

Lemma 1.16

(a) The functors RHomDGoXcX(GrG)(Agx, ®): D xcx (Grg) — DO (U)) and
RHornDGo (Grg) (AR, ®): DG, (Grg) — DG’ (Sym[] (g")) are canonically iso-
morphic to lllh_l and lI/q_Cl respectively.

(b) The functors ®y: Dggyxcx(Grg) — DO (UY) and ®4c: Dg,(Grg) —

DEC” (Syml!(g")) are canonically isomorphic to €gv o lP{l and Cgv o qu_Cl
respectively.
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1.4 Motivation II: What do We (as Mathematicians) Might
Want from 3d N =4 SUSY QFT? (Naive Approach)

1.4.1 Some Generalities

In this section we would like to introduce some language related to 3-dimensional
N = 4 super-symmetric quantum field theories. The reader should be warned from
the very beginning: here we are going to use all the words from physics as a “black
box”. More precisely, we are not going to try to explain what such a theory really
is from a mathematical point of view. Instead we are going to review the relevant
“input data” (i.e. to what mathematical structures physicists usually attach such a
QFT) and some of the “output data” (i.e. what mathematical structures one should
get in the end). This will be largely extended in Sect. 1.7, where we partly address
the question “what kind of structures these 3d N = 4 SUSY QFTs really are from
a mathematical point of view?”. Also it will be important for us to recall (in this
section) what one can do with these theories: i.e. we are going to discuss some
operations which produce new quantum field theories out of old ones.

The reader should be warned from the very beginning about the following: both
in this section and in Sect. 1.7 we are only going to discuss algebraic aspects of
the above quantum field theories (such as e.g. algebraic varieties or categories
one can attach to them). In principle “true physical theory” is supposed to have
some interesting analytic aspects (such as e.g. a metric on the above varieties).
These analytic aspects will be completely ignored in these notes. Essentially, this
means that we are going to study quantum field theories up to certain “algebraic
equivalence” but we are not going to discuss details in these notes.

1.4.2 Higgs and Coulomb Branch and 3d Mirror Symmetry

A 3d N = 4 super-symmetric quantum field theory 7T is supposed to have a
well-defined moduli space of vacua. This should be some complicated (though inter-
esting) space. This space is somewhat too complicated for our present discussion.
Instead we are going to discuss some “easy” parts of this space. Namely, the above
moduli space of vacua should have two special pieces called the Higgs and the
Coulomb branch of the moduli space of vacua; we shall denote these by Mg (7)
and Mc (7). They are supposed to be Poisson (generically symplectic) complex
algebraic varieties.* They should also be hyper-kihler in some sense, but (to the
best of our knowledge) this notion is not well-defined for singular varieties, we are
going to ignore the hyper-kihler structure in these notes. So, in this section we are

“4In fact, this is already a simplification: non-algebraic holomorphic symplectic manifolds should
also arise in this way, but we are not going to discuss such theories.
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going to think about a theory T in terms of Mg (T) and M¢ (7). Of course, this is
a very small part of what the actual “physical theory” is, but we shall see that even
listing the structures that physicists expect from Mg (T) and M (T) will lead us to
interesting constructions.

One of the operations on theories that will be important in the future is the
operation of “3-dimensional mirror symmetry”. Namely, physicists expect that for
a theory 7 there should exist a mirror dual theory T such that Mg (T*) = Mc(T)
and M¢c (T*) = Mg (7).

1.4.3 More Operations on Theories

In what follows we shall use the following notation: for a symplectic variety X with
a Hamiltonian G-action we shall denote by X // G the Hamiltonian reduction of X
with respect to G.

Then the following operations on theories are expected to make sense (in the next
subsection we shall start considering examples):

1.4.3.1 Product

IfJ1, - -+, T, are some theories then one can form their product 71 x - - - x T,,. We
have

MH(TI Xoee XTH):MH(TI) X XMH(Tn)s
and

Mc (T x - x Tp) = Mc(T1) x -+ x Mc(Ty).

1.4.3.2 Gauging

Let T be a theory and let G be a complex reductive group. Then there is a notion of
G acting on 7. Physicists say in this case that G maps to the flavor symmetry group
of T, or that we are given a theory T with flavor symmetry G.

Assume that we are given a theory T with flavor symmetry G. Then there is a
new theory J/G obtained by “gauging” G. The origin of the notation is explained
in Sect. 1.4.3.3.

1.4.3.3 Result of Gauging on the Higgs Branch

Let us now address the following question: what kind of structures does a G-
action on T imply on Mg (T) and Mc(T) and how to construct the Higgs and
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Coulomb branch of T/G? It turns out that the answer for the Higgs branch is quite
straightforward but for the Coulomb branch it is much trickier. In this subsection we
are going to discuss the Higgs branch and we shall postpone the discussion of the
Coulomb branch till the next subsubsection.

Namely, an action of G on the theory 7T should give rise to a Hamiltonian action
of G on Mg (T). Moreover, we have Mg (T/G) = Mgy (T) )/ G. Of course, the
notion of Hamiltonian reduction can be understood in several different ways, so we
need to talk a little about what we mean by // G here. Recall that the Hamiltonian
reduction is defined as follows. Let X be any Poisson variety endowed with a
Hamiltonian action of G. Then we have the moment map © : X — g*. Then we
are supposed to have X/ G = (w~1(0))/G. Here there are two delicate points.
First, the map x might not be flat, so honestly we must take £~ (0) in the dg-sense.
Second, we must specify what we mean by quotient by G. In these notes we shall
mostly deal with examples when X is affine and we shall be primarily interested in
the algebra of functions on X/ G. For these purposes it is enough to work with the
so called “categorical quotient”, i.e. we set

C[X/ G]1 = (Clu~'O)N°.

Note that according to our conventions this might be a dg-algebra.

1.4.3.4 Ring Object

Given T and G as above (assuming that G is connected and reductive) one can
construct a ring object Ag in D¢, (Grg) (sometimes we shall denote it by Ay g
when we need to stress the dependence on G). The !-stalk of Aqg at the unit point of
Grg is C[M¢(7)] and Héo (Ag) = C[Mc(T/G)]. In fact, the object Ag should
also have a Poisson structure (which will induce a Poisson structure on C[M¢(7)]
and on M¢ (T/G)) but we are going to ignore this issue for now.

Let us as before denote by i the emebedding of the point 1 in Grg. Then
i'Ag can be regarded as a ring object of the equivariant derived category Dg (pt).
Its equivariant cohomology H¢ (pt, i'Ag) is a graded algebra over HE(pt, C) =
Clgl® = C[t]" whose (derived) fiber over 0 is equal to C[Mc]. Thus flavor
symmetry G is supposed to define a (Poisson) deformation of M¢ over the base
t/ W. In particular, by base change we should have a Poisson deformation of M¢
over t.

1.4.3.5 Ring Object for a Subgroup

Let H be a subgroup of G. Then Ay p is equal to the !-restriction of Ay ¢ to Gry.
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1.4.3.6 A Theory T[G]

For a reductive group G there is a theory J[G] such that

(a) T[G] has flavor symmetry G.

(b) My (T[G]) = Ng, Mc(T[G]) = Nyv; here g = Lie(G) and Ny is its nilpotent
cone.

(¢) Agigv] = Ar (our “regular representation” sheaf on Grg).

d) TIGI* = TIGV].

1.4.3.7 S-Duality

For a theory T with flavor symmetry G there should exist another (S-dual) theory
T with flavor symmetry GV (it is defined via S-duality for 4-dimensional N = 4
super-symmetric gauge theory). Gaiotto and Witten [20] claim that

TV = (T x TIGD/G)* (1.2)

(here the gauging is taken with respect to diagonal copy of G).

In particular, the RHS of (1.2) has an action of G¥ (which a priori is absolutely
non-obvious). Here is an example: take T to be the trivial theory with trivial G-
action (in this case My = M¢ = pt, but the structure is still somewhat non-trivial
as we remember the group G). Then T x TJ[G] = T[G]. Now T[G]/G is the
theory whose (naive, i.e. not dg) Higgs branch is pt and whose Coulomb branch
is isomorphic to G¥ x t/W = Spec(Héo(Gr(;,.AR)). Since the mirror duality
interchanges My and M¢ we see that My (TV) has an action of GV.

More generally, it follows that

UM (T)] = H, (Grg, Az ® Ag) (1.3)

(this follows from Sect. 1.4.3.5). In particular, it has a natural action of G".
Let us now pass to examples.

1.4.4 Basic Example

This is in some sense the most basic example. Let M be a connected symplectic
algebraic variety over C. Then to M there should correspond a theory 7' (M) for
which My = M and M¢ = pt. In fact, this is true only if dg-structures are
disregarded. However, in these notes we shall mostly care about the case when M
is just a symplectic vector space and in this case it should be true as stated (cf.
Sect. 1.7.11 for more details).
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1.4.5 Gauge Theories

Let G be a reductive group. Then an action of G on 7 (M) should be the same as a
Hamiltonian action of G on M.’ Then we can form the theory 7 (M)/G.

Assume that M is actually a symplectic vector space and that the action of G
on M is linear. Then the theory 7(M)/G is called gauge theory with matter M. In
the case when M = N @ N* = T*N for some repesentation N of G, the Coulomb
branch of these theories together with the corresponding objects Ag was rigorously
defined and studied in [13-15]. Unfortunately, at this point we don’t know how to
modify our constructions so that they will depend on M rather than on N (but we
can check that different ways of representing M as T*N (in the cases where it is
possible) lead to the same M¢). We shall sometimes denote the theory 7(M)/G
simply by T' (G, N).

Here is an interesting source of pairs (G, N) as above. Let O be an oriented
quiver (a.k.a. finite oriented graph) with set of vertices I. Let V and W be two
finite-dimensional /-graded vector spaces over C. Set

G =[]GLv). N=(DHom(Vi. V))) & (D Hom(Vi, Wi)).

iel i—>j

Theories associated with such pairs (G, N) are called quiver gauge theories. In the
case when Q is a quiver of finite Dynkin type the corresponding Coulomb branches
are studied in detail in [14]; we review some of these results in Sect. 1.6.

1.4.6 Toric Gauge Theories

Let T C (C*)" be an algebraic torus. We set Tr = (C*)"/T (this is also an
algebraic torus). Then T acts naturally on C", so we can set N = C*, G = T in the
notation of the previous subsection.

Note that the torus 7Y also naturally embeds to (C*)" (by dualizing the quotient
map (C*)" — Tp). It is then expected that the mirror dual to the theory associated
to (T, C") is equal to the theory associated with (T, C"). Note that this implies
that the Coulomb branch of the former must be isomorphic to T*C" J/ T,/ (since
this is the Higgs branch of the latter). As was mentioned earlier, in the next
section we are going to give a rigorous definition of Coulomb branches for gauge
theories of cotangent type and the above expectation in the toric case is proven in
Example 1.5.4.1.

5By Hamiltonian action we mean a symplectic action with fixed moment map.
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1.4.7 Sicilian Theories

Let X' be a Riemann surface obtained from a compact Riemann surface X' by mak-
ing n punctures. Let also G be a reductive group. To this data physicists associate
a theory T (X, G) (“Sicilian theory”) with an action of G”. The construction is by
“compactifying” certain 6-dimensional theory (attached to G) on ¥ x S'.

One of the key statements from physics is that the theory associated to a sphere
with n-punctures and the group GV is

(£‘T[G] X oo X ‘.T[G]E/G)*. (1.4)

n times

Here we are gauging the diagonal action of G. It has an action of (G")" for reasons

similar to Sect. 1.4.3.7. There should be in fact a simpler statement (when you start

with a theory corresponding to any surface and make an additional puncture), but

we are a little confused now about what it is. In particular, it says that functions on
! !

the Higgs branch (for any G) of (1.4) is H;  (Grg, Ar ® - @ Ag) (which is what
n t_i\r"nes
we knew before for G of type A). More precisely, for G = G L(r) the theory J[G]
is a quiver theory of type A, and then the theory (J[G] x --- x T[G])/G is the
n ;;;-HCS
corresponding star-shaped quiver theory. Interested reader can consult [15, Section
6] for more details.

1.4.8 S-Duality vs. Derived Satake

Let T be a theory with G-symmetry and let Ag g be the corresponding ring object
on Grg. We would like to describe the corresponding data for the S-dual theory
TV. Let lI/q’C1 denote the derived geometric Satake functor going from D(Grg) to
the derived category of GV-equivariant dg-modules over Sym(g"[—2]) (see Theo-
rem 1.14). Then the cohomology h*(ij} (Ag,)) with grading disregarded can be
viewed as a commutative ring object in the cateogory of G"-equivariant modules
over Sym(g"). In other words, Spec(h*(lllq’cl(ﬂq,(;))) is a GV-scheme endowed
with a compatible morphism to (g“)*.
It follows from the results of the previous section that

M (TY) = Spec(h* (¥, (A7.6))).

Another (categorical) relationship between the assignment T + T and
geometric Langlands duality will be discussed in Sect. 1.7.16.
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1.5 Coulomb Branches of 3-Dimensional Gauge Theories

In this section we explain how to define Coulomb branches (and some further
structures related to flavor symmetry) for gauge theories of cotangent type.

1.5.1 Summary

Let us summarize what is done in this section. Let G be a complex connected
reductive group and let N be a representation of it. In this section we are going
to define mathematically the Coulomb branch M¢ (G, N) of the gauge theory
T(T*N)/G. These Coulomb branches will satisfy the following (non-exhaustive)
list of properties:

(1) Mc (G, N) is a normal, affine generically symplectic Poisson variety (conjec-
turally it is singular symplectic but we don’t know how to prove this).

(2) Let T be a maximal torus in G and let W be the Weyl group of G. Then
Mc (G, N) is birationally isomorphic to (T*T")/W. This birational isomor-
phism is compatible with the Poisson structure. In particular, dim(M¢ (G, N) =
2rank G.

(3) There is a natural “integrable system” map 7 : Mc (G, N) — t/W which has
Lagrangian fibers.

(4) Mc(G,N) is equipped with a canonical quantization; the map 7 also gets
quantized.

1.5.2 General Setup

Let N be a finite dimensional representation of a complex connected reductive group
G. We consider the moduli space Rg N of triples (P, o, s) where P is a G-bundle
on the formal disc D = Spec O; o is a trivialization of P on the punctured formal
disc D* = SpecX; and s is a section of the associated vector bundle TtrivgN on
D* such that s extends to a regular section of ?trivgN on D, and o (s) extends to
a regular section of PEN on D. In other words, s extends to a regular section of
the vector bundle associated to the G-bundle glued from P and Py on the non-
separated formal scheme glued from 2 copies of D along D* (raviolo). The group
G acts on Rg N by changing the trivialization o, and we have an evident G-
equivariant projection Rg N — Gr¢ forgetting s. The fibers of this projection are
profinite dimensional vector spaces: the fiber over the base point is N ® O, and all
the other fibers are subspaces in N ® O of finite codimension. One may say that
Rg N is a Gp-equvariant “constructible profinite dimensional vector bundle” over
Grc;.
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1.5.2.1 Example: Affine Steinberg Variety

If N is the adjoint representation G ~ g, then Rg N is isomorphic to the union
Usea+ T, Grg of conormal bundles to the G o-orbits in Grg.
G

The G -equivariant Borel-Moore homology H.G 9(Rg.N) is defined via the
following limiting procedure.
We define R<, as the preimage of GrAG in R := R(G,N). It suffices to

deﬁne the G ¢-equivariant Borel-Moore homology H.G 9(R<;) along with the maps
FO(Rsy) — HEO(Rey) for A < p. For a fixed » and d > 0, ﬂzq is
1nvanant under the translations by szo, and we denote the quotient by RY <> SO

that R<y = lim ‘(Rgx' For fixed A, d, and e > 0, the action of G on fRSA factors
through the action of G 9;¢(. Finally,

HEo(R<y) = H (R4, Oga )= 2dim(No/z'No)].

Go /2¢O
The cohomological shift means that we are considering the “renormalized” Borel—-
Moore homology, i.e. the cohomology H(;(; (R, wr[—2dimNg]).

The G y-equivariant Borel-Moore homology H.G © (Rg N) forms an associative
algebra with respect to the following convolution operation. We consider the
diagram

RxR el pT@RxR) —1 s g(p R xR) —" R

o | | }

G m
TxR 2 Gy xR 1, Gy >2)ZR — T, (1.5)

G
Here T := G« ><O Ng, and we have an embedding T < Grg x Ny such that
R = TN (Grg x Np). The embedding R < T is denoted by i. The maps in the
lower row are given by

(g1, 182, 51) > [e1, [g2. s1] ¥ [g182, 51, (g1, [g2. s1) ¥> (Le1, g2s], [g2, 51),

and all the squares are cartesian (i.e. the upper row consists of closed subvarietes in
the lower row, and all the maps in the upper row are induced by the corresponding
maps in the lower row). We have the following group actions on the terms of the
lower row preserving the closed subvarieties in the upper row:

GO X GO ~ T x Ra (ga h) : ([gla Sl]’ [gZa 52]) = ([gglv Sl], [hg27 52]) s

Go x Go ~ G x i (8.h) - (g1, [g2, 5] = (8816~ [hg2. 1)
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Go
Go~Gx x R;g-[g1,18, 51l =[gg1, 82,511,
Go~T;8-1g1,5]1 =881, 5]

The morphisms p, ¢, m (and hence p, g, m) are equivariant, where we take the first
projectionpr;: Go X G — G forg.

Finally, given two equivariant Borel-Moore homology classes ¢y, c2 € H.G o),
we define their convolution product c1 * ¢3 1= 74 (§*) ™' p*(c1 ® c2).

This algebra is commutative, finitely generated and integral, and its spectrum
Mc (G, N) = Spec H.G 9(Rg.N) is an irreducible normal affine variety of dimension
21k(G), the Coulomb branch. It is supposed to be a (singular) hyper-Kéhler
manifold [46].

Let T C G be a Cartan torus with Lie algebra t C g. Let W = Ng(T')/T be the
corresponding Weyl group. Then the equivariant cohomology H&O (pt) = C[t/ W]

forms a subalgebra of H.G 9(Rg.N) (a Cartan subalgebra), so we have a projection
IT: Mc(G,N) - t/W.

1.5.2.2 Example

For the adjoint representation N = g considered in Sect.1.5.2.1, we get
Mc(G,g) = (T x t)/W. For the trivial representation, we get Mc(G,0) =
SSVV = {(g € G, € € X) : Adgé = &}, the universal centralizer of the
dual group. Compare with Proposition 1.13 where the spectrum of the equivariant
cohomology of the affine Grassmannian is computed.

Finally, the algebra H.G 9(Rg.N) comes equipped with quantization: a C[#A]-
deformation C;[Mc (G, N)] = H.G 0XC* (Rg.N) where C* acts by loop rotations,
and C[A] = HZ, (pY). It gives rise to a Poisson bracket on C[Mc(G,N)] with
an open symplectic leaf, so that IT becomes an integrable system: C[t/ W] C
C[Mc(G,N)] is a Poisson-commutative polynomial subalgebra with rk(G) gen-

erators.

1.5.3 Monopole Formula

Recall that R N is a union of (profinite dimensional) vector bundles over G g -orbits

in Grg. The corresponding Cousin spectral sequence converging to H.G 9(RG.N)
degenerates and allows to compute the equivariant Poincaré polynomial (or rather
Hilbert series)

PEORon) = Y 19720 pg 1 0). (1.6)
feAt
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Here deg(t) = 2, Pg(t;0) = [](1 — 14 )’1 is the Hilbert series of the equivariant
cohomology HS.tabG ® (pt) (d; are the degrees of generators of the ring of Stabg (6)-
invariant functions on its Lie algebra), and dg = > XAy, max(—(x, 0), 0)dimN,.
This is a slight variation of the monopole formula of [17]. Note that the series (1.6)
may well diverge (even as a formal Laurent series: the space of homology of
given degree may be infinite-dimensional), e.g. this is always the case for unframed
quiver gauge theories. To ensure its convergence (as a formal Taylor series with the
constant term 1) one has to impose the so called ‘good’ or ‘ugly’ assumption on the

theory. In this case the resulting N-grading on HEo (Rg N) givesrise to a C*-action
on M¢ (G, N), making it a conical variety with a single (attracting) fixed point.

1.5.4 Flavor Symmetry

Suppose we have an extension | - G — G — Gfrp — 1 where Gf
is a connected reductive group (a flavor group), and the action of G on N is
extended to an action of G. Then the action of Gy on Rg N extends to an
action of G ¢, and the convolution product defines a commutative algebra structure

on the equivariant Borel-Moore homology H.G 9(RG.N)- We have the restriction
homomorphism H.GO(iRG’N) — H.GO(IRG,N) = H.GO(iRG,N) ®ug v C. In
F
other words, M-(G,N) := SpecH.Go (Rg N) is a deformation of Mc (G, N) over
SpecH(';F (pt) =t/ Wp.
We will need the following version of this construction. Let Z C G r be a torus
embedded into the flavor group. We denote by G* the pullback extension 1 —

G — G% - Z — 1. We define MC(G N) := SpecH, O(JQG N): a deformation of
Mc (G, N) over 3 := SpecH; (pt).

Since M¢ (G, N) is supposed to be a hyper-Kihler manifold, its flavor deforma-
tion should come together with a (partial) resolution. To construct it, we consider
the obvious projection 7 : RG,N — Grg — Grgp. Given a dominant coweight

AF € A;E C Grg,, we set ngF N T ﬁ’l()»p), and consider the equivariant
G . .
Borel-Moore homology H. O(Rg N). It carries a convolution module structure

- 6
over H.GO(iRG,N). We consider M%’AF(G, N) = Proj(@,cn He o(iR")‘F ) =
MZ(G, N). We denote @~ (Mc (G, N)) by MF (G, N). We have MACF(G, N) =

Proj(€D), cry H'© (REL)).
More generally, for a strictly convex (i.e. not containing nontrivial subgroups)
cone V. C AL, we consider the multi projective spectra Mé’V(G, N) =

)3 ©
Proj(@,\Fev HEO R D) > ME(G,N) and MUG,N) = Proj( ey HE©

(R D)) —> Mc(G.N).
The following proposition is proved in [13].
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Proposition 1.17 Assume that the flavor group is a torus, i.e. we have an exact
sequence 1 — G — G — Tg_— 1. Then the Coulomb branch Mc (G, N) is the
Hamiltonian reduction of M¢c(G, N) by the action of the dual torus Tp/.

1.5.4.1 Example: Toric Hyper-K:hler Manifolds

Consider an exact sequence
024 %74 B gm0
and the associated sequence
15 G6=@C)" "% G=C) L 1= @) >1 (1.7)

Let N = C? considered as a representation of G via «. By Proposition 1.17, the
Coulomb branch M¢ (G, N) is the Hamiltonian reduction of Mc((C*)?, C9) by
the action of 7). It is easy to see that Mc((C*)4, C4) = Mc(C*, C)¢ ~ A% and
hence M¢ (G, N) is, by definition, the toric hyper-Kéahler manifold associated with
the dual sequence of (1.7) [7].

In particular, if N is a 1-dimensional representation of C* with the character
q", then M¢(C*, N) is the Kleinian surface of type A,_; given by the equation
xy = w". If N is an n-dimensional representation of C* with the character ng, then
the Coulomb branch M¢(C*, N) is the same Kleinian surface of type A,_1.

1.5.5 Ring Objects in the Derived Satake Category

Let 7 stand for the projection R — Grg. Then AT = my@R[—2dimNg] is an
objectof D¢, wcx (Grg), and H(‘;O wC (R, ox[—2dimNg]) = H(‘;O wox (Grg, A).
One can equip AT with a structure of a ring object in Dg , wcx (Grg) so that the

o B C x . . . .
resulting ring structure on H C.;o W Cx (Grg, A™") coincides with the ring structure on

H.G oxC* (R) introduced in Sect. 1.5.2. If we forget the loop rotation equivariance,

then the resulting ring object A of D¢, (Grg) is commutative.
Similarly, in the situation of Sect. 1.5.4, we denote R = R(G, N), and consider
the composed projection 7: R — Grz — Grg,. We define a ring object Agx =

(Gp)oXC* ~ . (GF)oXC* .
IndGoFx%X T@z[—2dimNo] € DGy, xcx (Grg ), where Ind(;oFx%x is the

functor changing equivariance from G o x C* to (G )¢ x C*. If we forget the loop
rotation equivariance, we obtain a commutative ring object Ar € D(G ), (Grg).
We will also need the fully equivariant ring object j[(%x = T@5z[—2dimNp] €
DGO wex (Grgg)-
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The ring Cp[Mc(G,N)] is reconstructed from the ring object flgx by
the following procedure going back to [3]. For a flavor coweight Ar we
denote by i, the embedding of a Tp-fixed point Ar into Grg,. Then

Bxth, e Grop) L6rc, A = il AT ~ HY, o (R @x[—=2dimNo]) by

the base change. Given x, y € EXt.DGO ox (Grap) (lGrGF , fl‘gx ), we consider x x y €
. jC* . AC* - -
EXtDGO N@x(GrGF)(lGrGF * lGrGF"AF x A ), and then apply the isomorphism

1GrcF ~ lGrc;F * 1GrcF and the multiplication morphism m: jlgx *jlgx — jlgx

in order to obtain m(x x y) € Ext}, jlgx). It is proved in [15]

G o xex (Crep) (lGrGF ’
L GCx GoxC>
that the resulting ring structure on EXt.DGO ox (G p) (g, » AT = HO ()

induces the one introduced in Sect. 1.5.2 on H.G oxC (R). Moreover, a_ similar

. T . .1 1Cx . 1CX* .1 Cx

construction defines a multiplication i; Ap ® i, Ap — i MA p for
- X ~

AR, UF € A}. Here .A(EX = Resggjgx .A(EX is obtained from A(F:X applying the

functor restricting equivariance from G 9 x C* to G x C*. In particular, we get a

Jd 0% . TOCX . TCX JdoaCX G ><1(CX
module structure z(')fl(% ®liF.A(% — liFA(% . Note that l(').A(% ~ H° (R).

1.5.5.1 Example: The Regular Sheaf in Type A

Let G = GL(CVN~1) x GL(CY2%) x ... x GL(CY, G = (G x GL(C"))/z,
where Z ~ C* is the diagonal central subgroup. Hence Gr = PGL(CV).
Furthermore, N = Hom(CV, CVN~1) @ Hom(CV~!,CN2) @ ... ® Hom(C?, Ch).
It is proved in [15] that .Agx is isomorphic to the regular sheaf .A%X €
Dpgr Ny e (Grpgrcny) of Sect. 1.3.6.

1.5.6 Gluing Construction

Let .A(lcX ey AEX be the ring objects in D, cx (Grg). We denote the ring objects
of D¢, (Grg) obtained by forgetting the loop rotation equivariance by Ay, ..., Aj,.
Letis: Grg < [[;_; Grg be the diagonal embedding. The following proposition
is proved in [15].

Proposition 1.18 AC" := i} (RAL") is a ring object in D¢, xcx(Grg). If the
ring objects A1, ..., A, are commutative, then A := i!A XAy € DG, (Grg) is a
commutative ring object. In particular, the ring HC';O (Grg, A) is commutative.

Proof We have XIm: (XA) x» (KAy) = R(Ag x Ar) — KA fromm: Ag x A —
Ay. Then we apply i !A. We claim that there is a natural homomorphism

i (RAR) % i (RAR) — iy (A % Ar)) s
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hence its composition with i!A (XIm) gives the desired multiplication homomorphism
of i!A(&Ak). We prove the claim by comparing the convolution diagrams (1.1) for

Grg and [ [, Grg. Since p, g are smooth, p*, ¢* commute with i!A. The last part of
the convolution diagram for G and [ [, G is

Grg xGrg — Grg

‘| I

[Tk Grg xGrg = Grpy, 6 XGrpy, 6 T Grpy, ¢ = [1i Gra,
km

where we denote the diagonal embedding of the left column by i/, to distinguish

it from the right column. Let X(A;5XA;) denote the complex on Gry, 6 >~<Grnk G
obtained in the course of the convolution product for [[, G. We define the
homomorphism as

!

mai 4 (QARAY) = m., R)(AEAL) —
Q) ma(AxBA) = iy ([ [ s R (AEAL)).
k
0

Recall the regular sheaf .A%X of Sect.1.3.6. It is equipped with an action
of GV x UE. Hence for any ring object AT € D¢, wcx(Grg), the product
A%X ®' AT is also equipped with an action of G x U,;]. The cohomology ring
H(.;@xcx (Grg, A%X ®" AT is also equipped with an action of GV K U}l]. The
following proposition is proved in [15] (recall that the autoequivalence €gv was
defined in Sect. 1.3.5.1):

Proposition 1.19 For ring objects A({:X , Agx € DG, xcx (Grg), we have
X ! X
HE ox (Grg, AT ® AT)

X ! X x ! X
~ HY ox(Gr, AR @ AT) @ CovHY o< (G, AR ® A5 ) [ Agv

(quantum Hamiltonian reduction). If the ring objects A1, A2 € D¢, (Grg) obtained
by forgetting the loop rotation equivariance are commutative, then we have a similar
isomorphism of commutative rings:

! ! |
HZ  (Grg, A1 ® A2) >~ HG (Grg, Ar ® A1) ®C€qv HE (Grg, Ar ® A2) [| Agv
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Proof By rigidity, we have

!
° Ccx ¢ Cx . C* Cx*
H e Gro AT ®AS) =Bxth, 6oy AT A5
. cx Cx
= EXtDGO W CX (Grg)(lGl'G’ GGAI * Az )

= Ext*

[l -1, 1C* —1, 4C*
s (U1 € (AT @0 0,1 45))

— Ext UR. @A) 8y Covon(A5)).

DG (Ul (

{ )
DS (Uph

(UE, (AT @, ercph(Ag*)) is the hamiltonian reduction (@5 (A%") ®
h
Cov Py (Agx))///Agv of @ (A(fx) Q® Cov Py (Agx) with respect to the diagonal

(the last equality is Lemma 1.16(b)). Now it is easy to see that Ext

! x
action of G". Finally, according to Lemma 1.16, H(.;oxcx (Grg, A%X ® A({:,z) =
Pn(ATS). O

1.5.7 Higgs Branches of Sicilian Theories

We denote i !A (.A%b )by AP € D¢, (Grg). Itis equipped with an action of b copies of

GYxU }11]. We denote by B € D¢, (Grg) the quantum hamiltonian reduction of A?
by the diagonal action G. We expect that B is isomorphic to 7.@x; ,[—2dimgo]

(see Sect. 1.5.5 and Example 1.5.2.1). Finally, we set B := i!A(ng). Then A? @'
B& is a commutative ring object of D¢, (Grg), and its equivariant cohomology is a

commutative ring. We denote by Wé’b its spectrum Spec H(';o (Grg, A® @' B8). It

is a Poisson variety equipped with an action of (G")?, the conjectural Higgs branch
of a Sicilian theory.

Recall that according to [38], there is a conjectural functor from the category of
2-bordisms to a category HS of holomorphic symplectic varieties with Hamiltonian
group actions. The objects of HS are complex algebraic semisimple groups. A
morphism from G to G’ is a holomorphic symplectic variety X with a C*-action
scaling the symplectic form with weight 2, together with hamiltonian G x G'-
action commuting with the C*-action. For X € Mor(G’, G), Y € Mor(G, G”), the
composition ¥ o X € Mor(G’, G”) is given by the symplectic reduction of ¥ x X by
the diagonal G-action. The identity morphism in Mor(G, G) is the cotangent bundle
T*G with the left and right action of G.

To a complex semisimple group G and a Riemann surface with boundary,
physicists associate a 3d Sicilian theory and consider its Higgs branch. It depends
only on the topology of the Riemann surface, and gives a functor as above. Such a
functor satisfying most of expected properties was constructed recently in [27]. It

follows from Proposition 1.19 that the above Wé’h is associated to the group G and

fnklberg@gmail.com



32 A. Braverman and M. Finkelberg

Riemann surface of genus g with b boundary components. It is also proved in [15]
that WSSLQ) ~C?2®C?®C2 and W}(’)G?)L(3) is the minimal nilpotent orbit of Eg,

while W}}’GILG) is the subregular nilpotent orbit of G2, as expected by physicists.

1.6 Coulomb Branches of 3d Quiver Gauge Theories

1.6.1 Quiver Gauge Theories

Let O be a quiver with Qg the set of vertices, and Q; the set of arrows. An arrow
e € Q1 goes from its tail ¢ (e) € Qg toits head h(e) € Qp. We choose a Qp-graded
vector spaces V := @ e, Vj and W 1= B ;co, W;. We set G = GL(V) :=
[1je0, GL(V}). We choose a second grading W = BY., WS compatible with
the Qp-grading of W. We set G to be a Levi subgroup ]_[f‘v=1 I GL(W;S)) of
GL(W), and G := G x Gr.

J€Qo

Remark G will be the gauge group in this section. We denote it by G since we
want to use the notation G for some other group.

Finally, we define a central subgroup Z C Gp as follows: Z := ]_[évzl Agl C
]_[?/:1 [Tico, GL(W]@), where C* = Agi C [jco, GL(W;‘?) is the diagonally
embedded subgroup of scalar matrices. The reductive group G acts naturally on
N:=D,co, Hom(V;(e), Vi) ® D e, Hom(W;, V;).

The Higgs branch of the corresponding quiver gauge theory is the Nakajima

quiver variety Mg (G, N) = 9(V, W). We are interested in the Coulomb branch
Mc (G, N).

1.6.2 Generalized Slices in an Affine Grassmannian

Recall the slices Wz in the affine Grassmannian Grg of a reductive group G, defined

in Sect. 1.2.1 for domimant p. For arbitrary p we consider the moduli space Wl)l of

the following data:

(a) A G-bundle P onP!.

(b) A trivialization o : (Ptrivlpl\{o} = fP|]p1\{0} having a pole of degree < A at0 €
P! (that is defining a point of Gr?;).

(c) A B-structure ¢ on P of degree wou with the fiber B_ C G at oo € P! (with

respect to the trivialization o of P at oo € P'). Here G D B_ D T is the Borel
subgroup opposite to B, and wy € W is the longest element.

fnklberg@gmail.com



1 Coulomb Branches of 3-Dimensional Gauge Theories 33

This construction goes back to [19]. The space Wl)l is nonempty iff 4 < A. In
this case it is an irreducible affine normal Cohen—Macaulay variety of dimension

(20", L — ), see [14]. In case w is dominant, the two definitions of Wl); agree. At
the other extreme, if A = 0, then W(ia is nothing but the open zastava space Z—woa,
The T'-fixed point set (W;\L)T is nonempty iff the weight space Vlf is not 0; in this

A . . .
case (WM)T consists of a single point denoted .

1.6.3 Beilinson-Drinfeld Slices

Let L = (A1, ..., An) be a collection of dominant coweights of G. We consider the
moduli space Wz of the following data:

(a) A collection of points (z1, ..., zy) € AV on the affine line A! c P!,
(b) A G-bundle P on P'.

(c) A trivialization o : Puivlpi\(z, . 2v) — Plpiv(z,,...zy) With @ pole of degree

< 3N | A - z; on the complement.
(d) A B-structure ¢ on P of degree wou with the fiber B C G at oo € P! (with
respect to the trivialization o of P at co € P1).

Wz is nonempty iff 4 < A := Zf,vzl As. In this case it is an irreducible affine

normal Cohen—Macaulay variety flat over AV of relative dimension (20", A — u),
see [14]. The fiber over N - 0 € A" is nothing but Wz.

1.6.4 Convolution Diagram Over Slices

In the setup of Sect. 1.6.3 we consider the moduli space \7\7?; of the following data:

(a) A collection of points (z1, ..., zy) € AV on the affine line A! c P!,
(b) A collection of G-bundles (P, ..., Py) on P'.

(c) A collection of isomorphisms oy : fPs_ll]pl\{ZS} = ‘:Pshpl\{zs} with a pole of
degree < Ay at z;. Here 1 < s < N, and Py := Pyiy.
(d) A B-structure ¢ on Py of degree wou with the fiber B C G at oo € P! (with
respect to the trivialization oy o ... o001 of Py at co € ]Pl).
A natural projection @ : \7\72 — Wl); sends (Py,...,PnN,01,...,0N) tO
(Py,ono...001). We denote w’l(Wz) by \7\7,)} Then we expect that w : \7\7,)} —

A . .
Wu is stratified semismall.
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1.6.5 Slices as Coulomb Branches

Let now G be an adjoint simple simply laced algebraic group. We choose an
orientation £2 of its Dynkin graph (of type ADE), and denote by [ its set of vertices.
Given an I-graded vector space W we encode its dimension by a dominant coweight
L=, dim(W))w; € AT of G. Given an I-graded vector space V we encode
its dimension by a positive coroot combination o := ), ; dim(V;)a; € A. We set
u = A —a € A. Given a direct sum decomposition W = @ivzl W) compatible
with the /-grading of W as in Sect. 1.6.1, we set A := Zie[ dim(Wi(S))a)i e AT,
and finally, A := (A1, ..., AN).

Recall the notations of Sect. 1.5.4. Since the flavor group G is a Levi subgroup
of GL(W), its weight lattice is naturally identified with Z9™W  More precisely, we
choose a basis wy, . .., wgim w of W such thatany W;, i € I, and W& 1 <s <N,
is spanned by a subset of the basis, and we assume the following monotonicity
condition: if for | <a < b < ¢ < dim W we have wg, wp, € W for certain s,
then wy, € W) as well. We define a strictly convex cone V = {(ny, ..., ngmw)} C
A}t c 74mW by the following conditions: (a) if wy € WS, w e WO, and s < 1,
then ny > n; > 0; (b) if wy, w; € W), then nx = n;. The following theorem is
proved in [14, 16] by the fixed point localization and reduction to calculations in
rank 1:

Theorem 1.20 We have isomorphisms

A~ A~ SAh o~ ~ZN e ~
W, =5 Mc (G, N), W, = MZ(G,N), W), <= Mc (G, N), W), = MEG,N).

1.6.6 Further Examples

Let now Q be an affine quiver of type ADE; the framing W is 1-dimensional
concentrated at the extending vertex; and the dimension of V is d times the
minimal imaginary coroot 8. Then it is expected that M (G, N) is isomorphic to the
Uhlenbeck (partial) compactification U‘é (A?) [12] of the moduli space of G-bundles
on P? trivialized at Péo, of second Chern class d. This is proved for G = SL(N)
in [43].

Furthermore, let O be a star-shaped quiver with b legs of length N each, and with
g loop-edges at the central vertex. The framing is trivial, and the dimension of V
along each leg, starting at the outerend, is 1,2, ..., N — 1, N (with N at the central
vertex). Contrary to the general setup in Sect. 1.6.1, we define G as the quotient of
GL(V) by the diagonal central subgroup C* (acting trivially on N). Then according
to [15], M¢ (G, N) is isomorphic to Wé’G}L(N) of Sect. 1.5.7.
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1.7 More Physics: Topological Twists of 3d N = 4 QFT
and Categorical Constructions

The constructions of this section are mostly conjectural. The main idea of this
section is given by Eq. (1.10) which is due to T. Dimofte, D. Gaiotto, J. Hilburn
and P. Yoo. We discuss some interesting corollaries of this equation.

1.7.1 Extended Topological Field Theories

Physical quantum field theories usually depend on a choice of metric on the
space-time. The theory is called topological if all the quantities (e.g. corelation
functions) are independent of the metric (however, look at the warning at the end
of the next subsection). Mathematically, the axioms of a topological QFT were
first formulated by Atiyah (cf. [4]). Roughly speaking, a topological quantum field
theory in dimension d consists of the following data:

(a) A complex number Z(M' 4y for every compact oriented d-dimensional manifold
M4 ;

(b) A vector space Z(M d=1y for every compact oriented (d — 1)-dimensional
manifold M9~ 1.

(c) A vectorin Z(dM) for every compact oriented d-dimensional manifold M with
boundary dM.

These data must satisfy certain list of standard axioms; we refer the reader to [4] for
details. In addition, one can consider a richer structure called extended topological
field theory. This structure in addition to (a), (b) and (c) as above must associate
k-category Z(M?~*=1) to a compact oriented manifold M?~*~! of dimension
d — k — 1. It should also associate an object of the k-category Z(dM) to every
compact oriented manifold M of dimension d —k; more generally, there is a structure
associated with every manifold with corners of dimension < d. We refer the reader
to [34] for details about extended topological field theories. In the sequel we shall
be mostly concerned with the case d = 3. In this case one is supposed to associate
a (usual) category to the circle S'. Physicists call it the category of line operators.

1.7.2 Topological Twists of 3d N = 4 Theories

Physical quantum field theories are usually not topological. However, sometimes
physicists can produce a universal procedure which associates a topological field
theory to a physical theory with enough super-symmetry. Since in these notes we
are not discussing what a quantum field theory really is, we can’t discuss what a
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topological twist really is. Physicists say that any 3d N = 4 theory with some mild
additional structure® must have two topological twists (we’ll call them Coulomb
and Higgs twists, although physicists often call them A and B twists by analogy
with similar construction for 2-dimensional field theories). These twists must be
interchanged by the 3d mirror symmetry operation mentioned in Sect. 1.4.

1.7.3 Warning

The twists are topological only in some weak sense. Namely, in principle as was
mentioned above in a topological field theory everything (e.g. correlators) should be
independent of the metric (i.e. only depend on the topology of the relevant space-
time). In a weakly topological field theory everything should be metric-independent
only locally. This issue will be ignored in this section since we are only going
to discuss some pretty robust things but it is actually important if one wants to
understand some finer aspects.

1.7.4 The Category of Line Operators in a Topologically
Twisted 3d N = 4 Theory

To a 3d TFT one should be able to attach a “category of line operators” (i.e. this is
the category one attaches to a circle in terms of the previous subsection). Morever,
since the circle S! is the boundary of a canonical 2-dimensional manifold: the 2-
dimensional disc, this category should come equipped with a canonical object. In
this section we would like to suggest a construction of these categories together
with the above object for a wide class of topologically twisted 3d N = 4 theories
(we learned the idea of this construction from T. Dimofte, D. Gaiotto, J. Hilburn and
P. Yoo who can actually derive this construction from physical considerations. To
the best of our knowledge their paper on the subject is forthcoming).

A priori the above categories of line operators should be Z;-graded. However, as
was mentioned above, in order to define the relevant topological twists one needs
to choose some mild additional structure on the theory (we explain this additional
structure in series of examples in Sect. 1.7.6). So we are actually going to think
about them as Z-graded categories (in fact, as dg-categories). But we should keep in
mind that if we choose this additional structure in a different way, then a priori we
should get different Z-graded categories but with the same underlying Z,-graded
categories.

0The nature of this additional structure will become more clear in Sect. 1.7.6.
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Since a 3d N = 4 theory is supposed to have two topological twists which we call
Coulomb and Higgs, we shall denote the corresponding categories of line operators
by Cc, Cx. As was mentioned above, filling the circle with a disc should produce
canonical objects Fc, Tpy.

Remark for an Advanced Reader In principle in a true TQFT the category of line
operators should be an Ej-category (cf. [35]). There is a closely related notion of
factorizable category (in the D-module sense), a.k.a. chiral category, cf. [44]. In
fact, the categories we are going to construct will be factorizable categories (and
the canonical object, corresponding to the 2d disc will be a factorizable object). The
fact that we get factorizable categories as opposed to E,-categories is related to the
warning in Sect. 1.7.7.

The relation between these structures and what we have discussed in the previous
sections is that one should have

Ext*(Fc, Fc) = C[Mc] (1.8)
and
Ext*(Fy, Fn) = C[MH]. (1.9)

Remark It can be shown that for any factorization category € and a factorization
object F the algebra Ext*(F, F) is graded commutative.

When we need to emphasize dependence on a theory J, we shall write
Cc(T), Fc(T) etc. The mirror symmetry conjecture then says

Conjecture 1.21 The category Cc (7) is equivalent to C (T*) (and the same with C
and H interchanged). Under this equivalence the object F¢ (T) goes over to Fg (T*).

1.7.5 Generalities on D-Modules and de Rham Pre-stacks

In what follows we’ll need to work with various categories of sheaves on spaces
which are little more general than usual schemes or stacks. Namely, we need to
discuss de Rham pre-stacks and various categories of sheaves related to them. Our
main reference for the subject is [24].

Let S be a smooth scheme of finite type over C. Then one can define certain
pre-stack (i.e. a functor from C-algebras to sets) Syg which is called the de
Rham pre-stack of S. Informally it is defined as the quotient of S by infinitesimal
automorphisms. Moreover, this definition can be extended to all schemes, stacks or
even dg-stacks of finite type over C. A key property of Sy is that the category of
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quasi-coherent sheaves on Syg is the same as the category of D-modules on S.’
In addition for a target stack Y one can consider the mapping space Maps(Szr, Y).
Here are two important examples:

(1) LetY = Al. Then Maps(Sqr, Y) is the de Rham cohomology of S considered
as a dg-scheme.

(2) LetY = pt/G where G is an algebraic group. Then Maps(Syr, Y) is the stack
of G-local systems on S (i.e. the stack classifying G-bundles on S endowed
with a flat connection).

In the sequel we’ll need to apply these constructions to S being either the formal
disc D = Spec(O) or the punctured disc D* = Spec(K). This is not formally a
special case of the above as some completion issues arise if one tries to spell out a
careful definition. However, with some extra care all definitions can be extended to
this case. This is done in [23].

1.7.6 Construction of the Categories in the Cotangent Case

It is expected that one can attach the above theories and categories to any symplectic
dg-stack X. It is now easy to spell out the additional structure on the theory that one
needs in order to define the two topological twists in terms of the stack X. Namely,
one needs a C*-action on X with respect to which the symplectic form w has weight
2.

We shall actually assume that X = T*Y where Y is a smooth stack; in this case
the above C*-action is automatic (we can just use the square of the standard C*-
action on the cotangent fibers). We shall denote this theory by T(Y).

The following construction is due to T. Dimofte, D. Gaiotto, J. Hilburn and P. Yoo
(private communication). Namely, let us set

Cc = D-mod(Maps(D*,Y)); Cx = QCoh(Maps(D} ., ¥)). (1.10)
Let us stress that both D-mod and QCoh mean the corresponding derived categories.
Letnow ¢ : Maps(Dgr, Y) — Maps(D} ., Y) be the natural map; similarly we

define g . Then, we set

Fu = (ﬂH)*OMaps(DdR,H); Jec = (NC)!OMaps(D,H)- (1.11)

"Because we plunge ourselves into world of derived algebraic geometry here, it doesn’t make
sense to talk about either quasi-coherent sheaves or D-modules as an abelian category: only the
corresponding derived category makes sense.
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1.7.7 A Very Important Warning

The above suggestion is probably only an approximation of a true statement. In fact,
we believe that the suggestion is fine for C¢; however, for Cg some modifications
might be necessary. Let, for example (for simplicity), Z be a dg-stack of finite type
over C. Then following [2] in addition to the category QCoh(Z) one can also study
the derived category IndCoh(:Z) of ind-coherent sheaves on Z. The two categories
coincide when Z is a smooth classical (i.e. not dg) stack. But for more general
Z these categories are different. This can be seen as follows: the compact objects
of IndCoh(Z2) are by definition finite complexes with coherent cohomology, while
the compact objects of QCoh(Z) are finite perfect complexes. Moreover, assume
that Z is locally a complete intersection. Then in [2] the authors define certain
stack Sing(Z) endowed with a representable map Sing(Z) — 2, which is an
isomorphism when Z is a smooth classical stack. Moreover, the fibers of this map
are vector spaces; in particular, there is a natural C*-action on the fibers whose
stack of fixed points is naturally identified with Z. Given a closed conical substack
W C Sing(Z) the authors in [2] define a category IndCohyy(Z) of ind-coherent
sheaves with singular support in 'W. These categories in some sense interpolate
between QCoh(Z) and IndCoh(Z): namely, when W = Z (the zero section of
the morphism Sing(Z) — 2Z) we have IndCohyy(Z) = QCoh(Z), and when
W = Sing(Z) we have IndCohyy(Z) = IndCoh(Z).8

We think that suggestion (1.10) is only “the first approximation” to the right
statement. More precisely, we believe that it is literally the right suggestion for the
category Cc, but for the category Cx one has to be more careful. We believe that
the correct definition of the category Cg in the above context should actually be
IndCohyy (Maps(D}; ., ¥)) for a particular choice of W (very often W will actually
be the zero section but probably not always); at this moment we don’t know how
to specify W in the above generality. The purpose of the rest of the section will
be to explain some general picture, so in what follows we are going to ignore this
subtlety, i.e. we shall proceed with the suggestion €y = QCoh(Maps(D} ., ¥)) as
stated. But the reader should keep in mind that in certain cases it should be replaced
by IndCohwy (Maps(Dj g+ 9)) (this issue will become important when we formulate
some rigorous conjectures (cf. for example the discussion before Conjecture 1.27).

1.7.8 Remarks About Rigorous Definitions

Since the above mapping spaces are often genuinely infinite-dimensional, we need
to discuss why the above categories make sense. First, the category of D-modules
on arbitrary pre-stack is discussed in [45]. In fact, in loc. cit. the author defines two

8The reader should be warned that although we have a natural functor IndCohyy (Z) — IndCoh(Z),
this functor is not fully faithful, so IndCohyy () is not a full subcategory of IndCoh(2).
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versions of this category, which are denoted by D' and D* (these two categories
are dual to each other). For the purposes of these notes we need to work with D*:
for example since it is this category for which the functor of direct image is well-
defined.

The category QCoh(Z) is well-defined for any pre-stack Z; however in such
generality it might be difficult to work with. However, we would like to note
that Maps(D} ., Y) is typically a very manageable object. For example, when Y
is a scheme of finite type over C it follows from Conjecture 1.23 below that
Maps(D}j . Y) is a dg-scheme of finite type over C, so QCoh is “classical” (modulo
the fact that we have to work with commutative dg-algebras as opposed to usual
commutative algebras). When Y is a stack, the definition is a bit less explicit;
however, we claim that the definition is easy when Y is of the form §/G where
8 is an affine scheme and G is a reductive group. For example, when Y = pt/G we
have Maps(D ., Y) = LocSyS;(D*): the stack of G-local systems (i.e. principal
G-bundles with a connection on D*), and QCoh(LocSyS;(D*)) is a well-studied
object in (local) geometric Langlands correspondence.

Here is another reason why we want Y to be of the above form. The map ny
is actually always a closed embedding, so we could write (wg); instead of (7wg)«.
On the other hand, the functor (r¢), is a priori not well defined, at least it is not
defined for an arbitrary morphism. However, it is well-defined if the morphism ¢
is ind-proper. In what follows we shall always assume that the stack Y is such that it
is the case. This condition is not always satisfied but it is also not super-restrictive
as follows from the next exercise.

Exercise

(a) Show that 7r¢ is a closed embedding if Y is a scheme.

(b) Show thatif Y = 8§/G where § is an affine scheme and G is a reductive algebraic
group then the morphism 7¢ is ind-proper.

(c) Show that (b) might become false if we drop either the assumption that § is
affine or the assumption that G is reductive.

We shall denote the corresponding categories (1.10) and objects (1.11) simply by
Cc(Y), Fc(Y) etc. Note that these categories are Z-graded. The above arguments
then suggest the following

Conjecture 1.22 Let Y, Y be two stacks such that T7*Y is isomorphic to T*Y’ as
a symplectic dg-stack. Then the corresponding Z-graded versions of Cc(Y) and
Cc(Y) are equivalent as Z,-graded factorization categories; this equivalence sends
FcY) to Fe(Y). Similar statement holds for Cp.

1.7.9 Small Loops

In fact, one can demistify the category Cx(Y) a little bit which makes it quite com-
putable. First of all, with the correct definition it is easy to see that Maps(Dgg, Y)
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is equivalent to Y (for any H).g Now, given Y let us define another dg-stack LY (we
shall call it “small loops” into Y) by setting

LYy=1Y x Y,
Yxy

where in the above equation both maps Y — Y x Y are equal to the diagonal map.'?
We have a natural map Y — LY.

Conjecture 1.23

1. Let Y be a scheme. Then LY and Maps(Dj z» 4) are isomorphic (and this
isomorphism is compatible with the map from Y = Maps(Dgr, Y) into both).

2. Let Y be a stack. Then the formal neighbourhoods of Y = Maps(Dyg, Y) in
Maps(Dj z» 9) andin LY are equivalent.

The proof of Conjecture 1.23 will be written in a different publication. In what
follows we shall assume Conjecture 1.23.

1.7.10 Remark

If Y is a scheme then it is easy to see that both Maps(DjR, Y) and LY are dg-
extensions of Y (i.e. they are dg-schemes whose underlying classical scheme is Y),
so if the statement of Conjecture 1.23 holds on the level of formal neighbourhoods
then in fact we have LY = Maps(Dj »» 9). This is not the case for stacks. Namely,
let G be a reductive algebraic group and let Y = pt/G. Then it is easy to see that
Maps(D} . ) is the stack LocSys; (D*) of G-local systems on D* (i.e. principal
G-bundles on D* with a connection).

Exercise Show that for Y = pt/G we have LY = G/ Ad(G) (i.e. quotient of G
by itself with respect to the adjoint action). Show that G/ Ad(G) is not equivalent
to LocSysg (D*) but the formal neighbourhoods of pt/ G in both are equivalent (the
embedding of pt/G into LocSys (D*) corresponds to the trivial local system).

1.7.11 An Example

The significance of Conjecture 1.23 is that it allows to use the (very explicit) stack
LY in order to compute the Ext-algebra (1.9).

9Here we see that Maps(Dyr, Y) should be defined with some extra care. Namely, if we just used
the naive definition then the equivalence Maps(Dyg, Y) >~ Y would imply that Dz = pt which is
far from being the case.

19Here we want to stress once again that all fibered products must be understood in the dg-sense!
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Assume that Y is a smooth scheme which for simplicity we shall also assume to
be affine. Then LY is just the dg-scheme Spec(Symg, T*Y[1]). Since we have

EthymOH rypy Oy, Oy) = Symg, (TY[-2]),

we see that (with grading disregarded) C[Mg] = C[T*Y] which is what we should
have in this case. In fact, if we want to rembember the grading we see that the
homological grading on the RHS goes to grading coming from dilation of the
cotangent fibers on the LHS. Recall that writing X as T*Y is an additional structure
which is precisely the one required in order to make all the categories Z-graded (as
opposed to Zp-graded; note also that the grading on SymoH (TY[—2]) is even, sO
the corresponding Z;-grading is trivial).

Let us now compute C[Mc] in this case. Since Y is an affine scheme, it
follows that Maps(D, Y) is a closed subscheme in the ind-scheme Maps(D*, Y),
so Ext*(F¢, Fe) is just equal to the de Rham cohomology of Maps(D, Y). Since Y
is smooth the (evaluation at 0 € D) map Maps(D, Y) — Y is a fiber bundle whose
fibers are infinite-dimensional affine spaces. Thus it induces an isomorphism on de
Rham cohomology. Hence we get C[M¢] = H*(Y,C) = H*(T*Y,C). Soif Y is
connected, we see that M is a dg-extension of pt; moreover, if Y is a vector space,
that M ¢ = pt even as dg-schemes (as was promised in Sect. 1.4.4).

1.7.12 Gauge Theory

Consider now the example when Y = N/ G, where G is a connected reductive group
and N is a representation of G.

Exercise Show that in this case the LHS of (1.8) is literally the same as
Go
He'® (R N)-

So, we see that our categorical point of view recovers the definition of the
Coulomb branch we gave before. Let us look at the Higgs branch. According to
Conjecture 1.23 we need to understand the dg-stack

L(N/G)=N/G x NJG. (1.12)
N/GxN/G

Let us actually first assume that N is any smooth variety with a G-action. Then it
is easy to see that (1.12) is a dg-stack which admits the following description. The

action of G on N defines a natural map of locally free On-modules

g® ON — TN.
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Consider the dual map
T*N — g* ® On

and let us regard it as two step complex of coherent sheaves on N where 7*N lives
in degree —1 and g* ® Oy lives in degree 0. Let us denote this complex by K *. Then
Symg (K'®) is a quasi-coherent dg-algebra on N.

Exercise Show that the formal neighbourhood of N/ G in L(N/G) is equivalent to
the formal neighbourhood of N/G in Spec(Symg, (K*®))/G (note that when G is
trivial we just recover Spec(Sym(7*N)[1])) as in the previous subsection).

It now follows that the LHS of (1.9) in our case becomes equal to the G-invariant
part of

ExtgymoN(K.)(ON, ON).- (1.13)
Assume now for simplicity that N is affine. Then it is easy to see that (1.13) is equal

to the cohomology of SymoN (K®*[—1D).

Exercise Show that as a Z)-graded algebra SymON((K‘)*[—l]) is quasi-

isomorphic to the algebra of functions on the dg-scheme w1 (0) where i1 : T*N —
g* is the moment map.

The exercise implies that the LHS of (1.9) is isomorphic to the algebra of functions
on the dg-stack w10)/G.

1.7.13 Mirror Symmetry in the Toric Case

Let us assume that we are in the situation of Sect. 1.4.6. We setY = C"/T,Y* =
C"/T,. Combining (1.10) and (1.11) with Conjecture 1.21 we already obtain a
bunch of non-trivial statements. Namely, we arrive at the following

Conjecture 1.24 For the above choice of Y and Y* we have equivalences of
(factorization) categories
D -mod(Maps(D*, ¥)) =~ QCoh(Maps(Dy g, Y"))
D -mod(Maps(D*, Y*)) >~ QCoh(Maps(D}, ¥)).
A proof of this conjecture is the subject of a current work in progress of the first
named author with Dennis Gaitsgory. Let us discuss the simplest example (which is
already quite non-trivial).

Let us take n = 1 and let T be trivial. In other words we get Y = Al. Then
Y* = A!/G,,. So, let us look closely at what Conjecture 1.24 says in this case.
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First, Maps(D% p, Y) = Maps(D% o, A1) = H},(D*) = Al x Al[—1]. In other
words, Maps(D} ., ¥) = Spec(C[x, &]) where deg(x) = 0,deg(e) = —1 (we
consider it as a dg-algebra with trivial differential). The category Cx(Y) is then
just the derived category of dg-modules over this algebra. More precisely, it is the
QCoh version of this derived category—we again refer the reader to Chapter II of
[24]. The object Fy corresponds to the dg-module C[x] (on which ¢ acts trivially)
in degree 0.

We claim that in this case the category QCoh(Maps(Dj R Al)) is equivalent to
D-mod(Maps(D*, A /G,,)) even as a Z-graded category. We are not in a position
to give a rigorous proof here, since for this we’ll need to spell out careful definitions
of both categories, and that goes beyond the scope of these notes. Let us give some
examples of objects which go to one another under the above equivalence. First, the
object Fc € D-mod(Maps(D*, A'/G,,)) is described as follows. Let i, : O — K
be the embedding which sends f to z” f (here n € Z). Then we have

Fe (A /Gn) = P in)0.

nez

Warning To understand this object carefully one really needs to spell out the
definition. Let us mention the problem one has to fight with. It is intuitively clear that
we have a Z-action on X such that n € Z sends f(z) to z" f (z). On the other hand,
assume that n > 0. Then z"O has codimension n in O (although one is obtained
from the other by means of the Z-action). This problem is in fact not as serious as it
might seem at the first glance—it just shows that the actual definition of D-modules
on X (or even on O) must take into account certain homological shifts.

Having the above warning in mind, it is easy to see that Ext*(F¢, F¢) = Clx, y]
where deg(x) = 0, deg(y) = 2. On the other hand, we also have

EXtZkC[x,g](C[x]’ (C[)C]) = (C[_x7 y]7

which matches our expectations.

Here is another example. Consider the module C over Clx, ¢] (i.e. we think of
it as a dg-module concentrated in degree 0, on which x acts by 1 and ¢ acts by
0). Then under the above equivalence it goes to the D-module § of delta-functions
at 0 € X (considered as a K*-equivariant D-module). Note that the (*-equivariant
Ext from § to itself is the same as H.. (pt, C). Now, homotopically K* is equivalent
to C* x Z and we have

HEX 7Pt C) =Cly, 0] where deg(y) =2, deg(0) = 1.

On the other hand the same (dg) algebra C[y, 6] is equal to Extj’é[ X el(C’ O).
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1.7.14 The Theory T[G]

Here is another expectation. Let D(Grg)He*¢ denote the derived category of
Hecke eigen-modules on Grg, i.e. D-modules which are also right modules for the
algebra Ag.

Conjecture 1.25 The category Cc(T[G]) is the category D(Grg)Heke and
Fc = Ar.

Let us combine it with (1.10). In the case when G = GL(n) the theory T[G] does
in fact come from a smooth stack Y; here

n—1 n—1
Y = (] [Hom(C',C'*))/ [ [ GLG) (1.14)

i=1 i=1

(note that Y still has an action of GL(n)). So, from (1.10) we get another construction
of C¢ which should be equivalent to the one from Conjecture 1.25.

It is in fact easy to construct a functor in one direction. Namely, let C be a
category with a D-module action of some group G; let also J be a G 9-equivariant
object. Then J defines a functor € — D-mod(Grg). Moreover, this functor sends
J to aring object A5 and the above functor can be upgraded to a functor from C to
Ag-modules in D-mod(Grg). Namely, this functor sends every G to the D-module
on Grg whose !-stalk at some g is equal to RHom(3%, 9). In our case we take C to
be the category of D-modules on Maps(D*, Y) and take F = F¢. Then the above
functor sends J to A (this is essentially proved in [15]).

Note that for G = GL(n) the theory J[G] is supposed to be self-dual (with
respect to mirror symmetry procedure). Hence it follows that in this case the
category Cc should be equivalent to Cg. Therefore, it is natural to expect that
the category QCoh(Maps(D ., ¥)) is equivalent to D(GrGL(n))HeCke. However, we
expect that it is actually wrong as stated—the reason is the warning from Sect. 1.7.7.
However, we do believe in the following

Conjecture 1.26 Let Y be as in (1.14). Then the category IndCoh(Maps(D% ., ¥))
is equivalent to D(Grgp(n))Hecke.

Here is (an equivalent) variant of this conjecture. Note that the action of the group
GL(n) on Y gives rise to an action of the same group on Maps(D}, ., /). Hence we
can consider the category QCoh(Maps(Dj »» 9)/GL(n)). This category admits a
natural action of the tensor category Rep(GL(n)). Note that the geometric Satake
equivalence also gives rise to an action of Rep(GL(#n)) on D-mod(Grgy,)) (the
action is by convolution with spherical D-modules on the right).

Conjecture 1.27 The categories IndCoh(Maps(D},,Y)/GL(n)) and D -mod
(GrGL(n)) are equivalent as module categories over Rep(GL(n)).
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In the paper [11] we prove a weaker version of Conjecture 1.27 for GL(2) (in
particular, the version of Conjecture 1.27 proved in [11] is sufficient in order to
explain why we need IndCoh and not QCoh in the formulation).

1.7.15 G-Symmetry and Gauging

Let us now address the following question. Let T be a theory acted on by a
(reductive) algebraic group G. What kind of structures does this action imply in
terms of the categories Cy, Cc?

To answer this question, we need to recall two general notions. First, given a
category € and a group ind-scheme G there is a notion strong or infinitesimally
trivial G-action on C (cf. [22]). The main example of such an action is as follows:
given a pre-stack § with a G-action, the group G acts strongly on the (derived)
category of D-modules on 8. If one replaces D-modules by quasi-coherent sheaves,
one gets the notion of weak G-action on a category C. Given a category C with
a strong G-action one can define the category of strongly equivariant objects in C
(cf. [22, page 4]); we shall denote this category by C 9.

On the other hand, for a stack Z and a (dg-)category C there is a notion of “C
living over Z” (cf. [21]). This simply means that the category QCoh(Z) (which is
a tensor category) acts on C. Given a geometric point z of Z we can consider the
fiber C; of C at z. This category always has a weak action of the group Aut, of
automorphisms of the point z.

Now we can formulate an (approximate) answer to the above question. Namely,
we expect that a G-action on 7 should produce the following structures:

(1) A category Cy (G, T) which lives over LocSys; (D*) endowed with an equiva-
lence
Cr (G, Drriy = Cu(T)."!
Here Triv stands for the trivial local system.
(2) A strong G(X) = Maps(D*, G)-action on the category Cc (7).

Note that G is the group of automorphisms of the trivial local system. Hence (1)
implies that a G-action on 7 yields a weak action of G on Cy (7).

Exercise Show that this action extends to a weak action of LG (which is a dg-
extension of G) on C.

The reader must be warned that a weak action of G or even of LG on Cgx(7) is a
very small amount of data: for example, it is not sufficient in order to reconstruct

Cu(G, 7).

11 Again, the reader should keep in mind Sect. 1.7.7.
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Recall now that if a group G acts on a theory J then we can form the
corresponding gauge theory T/G. Then we expect that

Cu(T/G)=C(G,T): Cc(T/G) = Cc (TP, (1.15)

Let us now go back to the case T = T(Y). In this case an action of G on Y
yields an action of G on T(Y). In this case we expect that T(Y)/G = T(Y/G).
Let us discuss the compatibility of this statement with above categorical structures.
First, an action of G on Y gives rise to an action of G(X) on Maps(D*, Y), hence
a strong action on D-mod(Maps(D*, Y)). Moreover, D-mod(Maps(D*, Y))¢%) =
D-mod(Maps(D*, Y/G)) which is compatible with the second equation of (1.15).
On the other hand, it is easy to see that the category QCoh(Maps(D} ., ¥/ G)) lives
over QCoh(LocSysg; (D*)) and its fiber over Triv is QCoh(Maps(D7 ., Y)) which
is compatible with the first equation of (1.15).

1.7.16 S-Duality and Local Geometric Langlands

This subsection is a somewhat side topic: here we would like to mention a possible
connection of the above discussion with (conjectural) local geometric Langlands
correspondence. A reader who is not interested in the subject is welcome to skip
this subsection.

The local geometric Langlands duality predicts the existence of an equivalence
L between the (co-)category of (dg-)categories with strong G (X)-action and
the (oo-)category of (dg-)categories over QCoh(LocSyssv(D*)) (as was already
mentioned earlier in these notes we are going to ignore higher categorical structures,
which are in fact necessary in order to discuss these things rigorously).'?

Let us now recall that given a theory T with a G-action one expects the existence
of the S-dual theory TV with a G"-action. Thus we see that we get a category
Cc(TY) with a strong GV (X)-action and a category Cg (T /G") which lives over
LocSysgv (D*).

Conjecture 1.28 We have natural equivalences
Lo (Cc(M) = Cu(TY/GY);  Lgv(Cc(TY)) = Cu(T/G).
Recall now formula (1.2):

TV = (T x TIG]/G)*.

121t is known that this is only an approximate conjecture. The correct conjecture (due to A. Arinkin)
requires a (rather tricky) modification of the notion category over LocSys; (D*) (which again has
to do with the difference between QCoh and IndCoh).
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In particular, we can apply it to T being the trivial theory; in this case we get that
the group GV should act on the theory (T[G]/G)*. Let Cc = Cc((T[G]/G)Y).
Then this category should have a strong action of G (X). On the other hand, Cg =
Cu(T[G]/G), so in addition it should live over LocSysg (D*) (these two structures
should commute in the obvious way). We expect that Cg is the universal Langlands
category for GV, i.e. that for any other category C with GV (X)-action we have'?

Lev(©) =€ ® €Cg.
GY (30

In particular, if G = GL(n) then we see that the universal Langlands category Cgr )
is expected to be equivalent to QCoh(Maps(D; ., Y/ G)) where Y is given by (1.14).
Note that in this realization the fact that this category lives over LocSysgy () (D*) is
clear, but the action of GL(n, K) is absolutely not obvious: we don’t know how to
construct it.

Again, it must be noted that the notion of universal Langlands category is
not precise since as was mentioned above the correct formulation of the local
geometric Langlands conjecture involves a modification of the notion of category
over LocSys;(D*). But at least we believe that the above description of the
universal Langlands category is true as stated over the locus of irreducible local
systems.

1.7.17 Quantization

Let us now discuss the categorical structures which give rise to the quantizations
(and thus to Poisson structures) of the algebras C[Mg] and C[Mc¢]. Let us first look
at the latter one. The space Maps(D*, Y) has a natural action of the multiplicative
group G, (which acts on D* by loop rotation). Thus the category Cc (Y) admits a
natural deformation: the category D-modg,, (Maps(D*,Y)) of G,,-equivariant D-
modules. The object F¢ deforms naturally to an object of D-modg,, (Maps(D*, Y))
and thus we can set

(Ch (MC) = EXt*D ’mOdGm (Maps(D*,Y)) (g:C, ?C)

Here 7 as before is a generator of Hém (pt, C).

What about the quantization of Mpy? As before we need to look for a one-
parameter deformation of the pair (Cyx, Fp). Here again the action of the multi-
plicative group G,, on D and on D* gives rise to an action of G, on the category
CH (Y); we claim that this action is strong (this is related to the fact that we work with
maps from D . rather than with maps from D*). Thus it makes sense to consider

13Such a tensor product does make sense as long as we live in the world of dg-categories.
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the category of strongly equivariant objects in Cx (Y) (cf. again [22, page 4]). The
Ext-algebra of (the natural analog of) the object Jy in this category is again a non-
commutative algebra over C[%] which is a quantization of C[Mg].

Note that since in both cases we use the action of the multiplicative group on D*,
it follows that the deformed categories are no longer factorisation categories, so the
corresponding Ext-algebras no longer have factorisation structure. This is why they
have a chance to become non-commutative (at least the Remark after (1.9) does not
apply here).

1.7.18 Holomorphic-Topological Twist

We have learned the main ideas of this subsection from K. Costello. So far we
discussed the two topological twists of a given theory completely independently of
each other. However, in fact in physics both the C-twist and the H-twist appear
as one-parametric families of equivalent twists. In addition, both families have
the same limiting point, where the theory is no longer topological (it becomes
holomorphic-topological, cf. [1]; roughly speaking it means that, for example, for
a 3-manifold M the partition function Z(M) is well-defined if one fixes some
additional structure on M which locally makes it look like a product of a complex
curve X' and a 1-manifold 7). The category of line operators in the holomorphic-
topological theory is still well-defined. As a result we come to the following
conclusion:

Conclusion There should exists a factorisation category € with an object I and two
Z-gradings such that

(1) The two Z-gradings yield the same Z,-grading.

(2) The pair (Cc,Ic) is a deformation of the pair (€, F). This deformation
preserves the 1st grading on C.

(3) The pair (Cy,Fp) is a deformation of the pair (C, J). This deformation
preserves the 2nd grading on C.

Let us describe a suggestion for the category C(Y) and the object 7 (Y). We would
like to set

C(Y) = QCoh(T* Maps(D*, Y)).

Here there are some technical problems: the stack 7* Maps(D*, Y) is very essen-
tially infinite-dimensional, so studying quasi-coherent sheaves on it is more difficult
than before. Let us assume that it is possible though and let us discuss (1)—(3) in
this case. First, we need two gradings. The first grading is simply the homological
grading on QCoh. The second grading is the combination of the homological
grading and the grading coming from C* -action on 7* Maps(D*, Y) (which dilates
the cotangent fibers) multiplied by two (so the two grading manifestly yield the
same Z,-grading).
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Now the category of D-modules on Maps(D*, Y) is clearly a deformation of
QCoh(T* Maps(D*,Y)). On the other hand, it is less clear how to deform the
category QCoh(T*Maps(D*, Y)) to QCoh(Maps(D},,¥)). We plan to address
these issues in a future publication.
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Chapter 2 )
Moduli Spaces of Sheaves on Surfaces: s
Hecke Correspondences

and Representation Theory

Andrei Negut

Abstract In modern terms, enumerative geometry is the study of moduli spaces:
instead of counting various geometric objects, one describes the set of such objects,
which if lucky enough to enjoy good geometric properties is called a moduli space.
For example, the moduli space of linear subspaces of A" is the Grassmannian
variety, which is a classical object in representation theory. Its cohomology and
intersection theory (as well as those of its more complicated cousins, the flag
varieties) have long been studied in connection with the Lie algebras sl,,.

The main point of this mini-course is to make the analogous connection between
the moduli space .# of certain more complicated objects, specifically sheaves on
a smooth projective surface, with an algebraic structure called the elliptic Hall
algebra & (see Burban and Schiffmann (I Duke Math J 161(7):1171-1231, 2012)
and Schiffmann and Vasserot (Duke Math J 162(2):279-366, 2013)). We will recall
the definitions of these objects in Sects. 2.1 and 2.2, respectively, but we note that
the algebra & is isomorphic to the quantum toroidal algebra, which is a central-
extension and deformation of the Lie algebra gl;[s*!, r¥!]. Our main result is
the following (see Negut (Hecke Correspondences for Smooth Moduli Spaces of
Sheaves. arXiv:1804.03645)):

Theorem 1 There exists an action & ~ Ky, defined as in Sect. 2.2.6.

(K 4 denotes the algebraic K-theory of the moduli space .#, see Sect.2.1.6)
One of the main reasons why one would expect the action & ~ K , is that
it generalizes the famous Heisenberg algebra action Grojnowski (Math Res Lett
3(2), 1995) and Nakajima (Ann Math (second series) 145(2):379-388 1997) on the
cohomology of Hilbert schemes of points (see Sect.2.2.1 for a review). In general,
such actions are useful beyond the beauty of the structure involved: putting an
algebra action on K, allows one to use representation theory in order to describe
various intersection-theoretic computations on .#, such as Euler characteristics
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of sheaves. This has far-reaching connections with mathematical physics, where
numerous computations in gauge theory and string theory have recently been
expressed in terms of the cohomology and K-theory groups of various moduli
spaces (the particular case of the moduli space of stable sheaves on a surface leads
to the well-known Donaldson invariants). Finally, we will give some hints as to
how one would categorify the action of Theorem 1, by replacing the K-theory
groups of .# with derived categories of coherent sheaves. As shown in Gorsky et
al. (Flag Hilbert schemes, colored projectors and Khovanov-Rozansky homology.
arXiv:1608.07308) and Oblomkov and Rozansky (Sel Math New Ser: 1-104), this
categorification is closely connected to the Khovanov homology of knots in the 3-
sphere or in solid tori, leading one to geometric knot invariants.

2.1 Moduli Spaces of Sheaves on Surfaces

The contents of this section require knowledge of algebraic varieties, sheaves and
cohomology, and derived direct and inverse images of morphisms at the level of
[10]. Let X be a projective variety over an algebraically closed field of characteristic
zero, henceforth denoted by C. We fix an embedding X <> P, meaning that
the tautological line bundle &'(1) on projective space restricts to a very ample line
bundle on X, which we denote by &x (1). The purpose of this section is to describe
a scheme .# which represents the functor of flat families of coherent sheaves on X,
by which we mean the following things:

» for any scheme T, there is an identification:
Maps(T, #) = {9‘ coherent sheaf on 7 x X which is flat over T] 2.1

which is functorial with respect to morphisms of schemes T — T’
 there exists a universal sheaf % on .# x X, by which we mean that the
identification in the previous bullet is explicitly given by:

Th H e F=(px1dx) () 2.2)

A coherent sheaf % on T x X can be thought of as the family of its fibers
over closed points ¢ € T, denoted by .%; := .%|;xx. There are many reasons why
one restricts attention to flat families, such as the fact that flatness implies that the
numerical invariants of the coherent sheaves .%; are locally constant in . We will
now introduce the most important such invariant, the Hilbert polynomial.
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2.1.1 Subschemes and Hilbert Polynomials

A subscheme of X is the same thing as an ideal sheaf .# C O, and many classical
problems in algebraic geometry involve constructing moduli spaces of subschemes
of X with certain properties.

Example 2.1 If X = PV, the moduli space parametrizing k dimensional linear
subspaces of PV is the Grassmannian Gr(k + 1, N + 1).

We will often be interested in classifying subschemes of X with certain properties
(in the example above, the relevant properties are dimension and linearity). Many of
these properties can be read off algebraically from the ideal sheaf .#.

Definition 2.1 The Hilbert polynomial of a coherent sheaf .% on X is defined as:
Pz (n) = dime H*(X, Z (n)) (2.3)

for n large enough. We write .% (n) = .% ® Ox(n).

In the setting of the definition above, the Serre vanishing theorem ensures that
H' (X, %)) = 0 fori > 1 and n large enough, which implies that (2.3) is a
polynomial in n. A simple exercise shows that if:

0> F >9—>H—>0
is a short exact sequence of coherent sheaves on X, then:
Pz (n) = Pg(n) — Py (n)

Therefore, fixing the Hilbert polynomial of an ideal sheaf .# C O is the same
thing as fixing the Hilbert polynomial of the quotient O /.7, if X is given.

Example 2.2 If X = PN and .# is the ideal sheaf of a k-dimensional linear
subspace, then Ox /¥ = Opr, which implies that:

Pgy /s (n) = dimg HO(P*, Opi(n)) =

k
= dim¢ {degree n part of C[xo, .. .,xk]} = (n : )
If .# is the ideal sheaf of an arbitrary subvariety of PV, the degree of the Hilbert
polynomial Pg, s is the dimension of the subscheme cut out by .#, while the
leading order coefficient of Pg,, s encodes the degree of the said subscheme.
Therefore, the Hilbert polynomial knows about geometric properties of subschemes.
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2.1.2 Hilbert and Quot Schemes

We have already seen that giving a subscheme of a projective variety X is the same
thing as giving a surjective map Ox — Ox/.#, and that such subschemes are
parametrized by their Hilbert polynomials.

Definition 2.2 There exists a moduli space parametrizing subschemes .¢ C Ox
with fixed Hilbert polynomial P (n), and it is called the Hilbert scheme:

Hilbp = {f C O such that P,/ #(n) = P(n) forn > 0}

We also write:

Hilb= | |  Hilbp
P polynomial

A particularly important case in the setting of our lecture notes is when the
Hilbert polynomial P(n) is constant, in which case the subschemes Ox /.7 are
finite length sheaves. More specifically, if P(n) = d for some d € N, then Hilbp
parametrizes subschemes of d points on X. It is elementary to see that Definition 2.2
is the ¥ = Ox case of the following more general construction:

Definition 2.3 Fix a coherent sheaf ¥" on X and a polynomial P(n). There exists a
moduli space, called the Quot scheme, parametrizing quotients:

Quoty p = [7/ — F such that P#(n) = P(n) forn > 0]

We also write:

Quoty = I_l QuOt«y’ P

P polynomial

Definitions 2.2 and 2.3 concern the existence of projective varieties (denoted by
Hilb and Quot, respectively) which represent the functors of flat families of ideal
sheaves .# C Ox and quotients ¥ — .7, respectively. In the language at the
beginning of this section, we have natural identifications:

Maps(T, Hilb) = {f C Or«x, such that .7 is flat over T] 2.4)
Maps(T, Quoty ) = {rr*(”//) —» %, such that .7 is flat over T] 2.5)

where .# and .% are coherent sheaveson T x X, and 7w : T x X — X is the
standard projection. The flatness hypothesis on these coherent sheaves implies that
the Hilbert polynomial of the fibers Ox /.#; and .%; are locally constant functions of
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the closed point ¢ € T. If these Hilbert polynomials are equal to a given polynomial
P, then the corresponding maps in (2.4) and (2.5) land in the connected components
Hilbp C Hilb and Quoty p C Quoty, respectively.

The construction of the schemes Hilbp and Quoty p is explained in Chapter
2 of [11], where the authors also show that (2.2) is satisfied. Explicitly, there
exist universal sheaves .# on Hilb x X and .%# on Quoty x X such that the
identifications (2.4) and (2.5) are given by sending a map ¢ : T — Hilb, Quoty to
the pull-back of the universal sheaves under ¢.

Example 2.3 Let us take X = P! and consider zero-dimensional subschemes of X.
Any such subscheme Z has finite length as an &'x-module, so we may assume this
length to be some d € N. The ideal sheaf of Z is locally principal, hence there exist
[a1 : b1, ..., [aq : bq] € P! such that .# is generated by:

(say —thy)...(sag — tbg)

where Cl[s, t] is the homogeneous coordinate ring of X. Therefore, length d
subschemes of P! are in one-to-one correspondence with degree d homogeneous
polynomials in s, ¢ (up to scalar multiple) and so it should not be a surprise that:

Hilb, = P? (2.6)

A similar picture holds when X is a smooth curve C, and the isomorphism (2.6)
holds locally on the Hilbert scheme of length d subschemes of C.

2.1.3 Moduli Space of Sheaves

If X is a projective variety, the only automorphisms of Oy are scalars (elements
of the ground field C). Because of this, Hilb = Quot, is the moduli space of
coherent sheaves of the form .# = Ox/.#. Not all coherent sheaves are of this
form, e.g. # = C, & C, cannot be written as a quotient of x for any closed point
x € X. However, Serre’s theorem implies that all coherent sheaves .# with fixed
Hilbert polynomial can be written as quotients:

é: Ox(—n)’' ™ = 7 (2.7)
for some large enough n, where &x (1) is the very ample line bundle on X induced
from the embedding of X < PV (the existence of (2.7) stems from the fact that

Z (n) is generated by global sections, and its vector space of sections has dimension
P (n)). Therefore, intuitively one expects that the “scheme”:

Mp* = ”’9‘ coherent sheaf on X with Hilbert polynomial P} (2.8)
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(in more detail, .#p should be a scheme with the property that Maps(T, .#p) is
naturally identified with the set of coherent sheaves .% on T x X which are flat over
t, and the Hilbert polynomial of the fibers .%; is given by P) satisfies:

Mp = Quotﬁx(_n)P(n)’P/GLP(n) 2.9)
where g € GL p(y) acts on a homomorphism ¢ as in (2.7) by sending it to ¢ o g L
The problem with using (2.9) as a definition is that if G is a reductive algebraic
group acting on a projective variety Y, it is not always the case that there exists
a geometric quotient Y/G (i.e. a scheme whose closed points are in one-to-one
correspondence with G-orbits of Y). However, geometric invariant theory ([15])
allows one to define an open subset Y*!¢ ¥ of stable points, such that Y@'¢/G
is a geometric quotient. The following is proved, for instance, in [11]:

Theorem 2.1 A closed point (2.7) of Quot s, () pm p is stable under the action
of GL p(n) from (2.9) if and only if the sheaf ¥ has the property that:

py(n) < pz(n), forn large enough
for any proper subsheaf 4 C %, where the reduced Hilbert polynomial p g (n) is
defined as the Hilbert polynomial Pg (n) divided by its leading order term.

Therefore, putting the previous paragraphs together, there is a scheme:
Mp = {9 stable coherent sheaf on X with Hilbert polynomial P} (2.10)

which is defined as the geometric quotient:

Mp = Quoti™ oo p/GLpw @.11)
Moreover, [11] prove that under certain numerical hypotheses (specifically, that the
coefficients of the Hilbert polynomial P(n) written in the basis (”+;_1) be coprime
integers) there exists a universal sheaf % on .#Zp x X. This sheaf is supposed to
ensure that the identification (2.1) is given explicitly by (2.2), and we note that the
universal sheaf is only defined up to tensoring with an arbitrary line bundle pulled

back from .#p. We fix such a choice throughout this paper.

2.1.4 Tangent Spaces

From now on, let us restrict to the case of moduli spaces .# of stable sheaves over
a smooth projective surface S. Then the Hilbert polynomial of any coherent sheaf
is completely determined by 3 invariants: the rank r, and the first and second Chern
classes ¢ and c; of the sheaf. We will therefore write:

///(r,c'l,cz) cA
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for the connected component of .# which parametrizes stable sheaves on S with
the invariants r, ¢y, ¢3. For the remainder of this paper, we will make:

Assumption A :  ged(r,c; - O(1)) =1 (2.12)

As explained in the last paragraph of the preceding Subsection, Assumption A
implies that there exists a universal sheaf on .#Z x S.

Exercise 2.1 Compute the Hilbert polynomial of a coherent sheaf .# on a smooth
projective surface S in terms of the invariants r,cy,cp; of %, the invariants
c1(8), c2(S) of the tangent bundle of S, and the first Chern class of the line bundle
O’s(1) (Hint: use the Grothendieck-Hirzebruch-Riemann-Roch theorem).

The closed points of the scheme .# are Maps(C, .#), which according to (2.1)
are in one-to-one correspondence to stable coherent sheaves .# on S. As for the
tangent space to . at such a closed point .%, it is given by:

Tang # = {maps Spec Cle]

) Y. which restrict to Spec C s M ate = 0}
e

(2.13)

Under the interpretation (2.1) of Maps(C[e]/ €2, #), one can prove the following:
Exercise 2.2 The vector space Tan ./ is naturally identified with Ext! (%, .%).

It is well-known that a projective scheme (over an algebraically closed field of
characteristic zero) is smooth if and only if all of its tangent spaces have the same
dimension. Using this, one can prove:

Exercise 2.3 The scheme . is smooth if the following holds:
Hs = Os or

Assumption S : (2.14)
Hs-0(1) <0

Hint: show that the dimension of the tangent spaces Ext!(.%,.%) is locally
constant, by using the fact that the Euler correspondence:

2
X (F, F) = Z(—l)" dim Ext' (Z, )
i=0
is locally constant, and the fact that stable sheaves .# are simple, i.e. their only

automorphisms are scalars (as for Ext>(.%,.7), you may compute its dimension
by using Serre duality on a smooth projective surface).
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In fact, one can even compute x (%, .%) by using the Grothendieck-Hirzebruch-
Riemann-Roch theorem. The exact value will not be important to us, but:

Exercise 2.4 Show that (under Assumption S):
dim A y.¢,,¢,) = const + 2rco (2.15)

where const is an explicit constant that only depends on S, r, ¢; and not on c;.

2.1.5 Hecke Correspondences: Part 1

Fix r and c;1. The moduli space of Hecke correspondences is the locus of pairs:

31 = {pairs (F', F)st. F' C 35} C |_| Mrcr.cr41) X M ey ) (2.16)

CZEZ

In the setting above, the quotient sheaf .% /%’ has length 1, and must therefore be
isomorphic to C, for some closed point x € S. If this happens, we will use the
notation %’ C, .%. We conclude that there exist three maps:

31 (F

Cx F)
j/ l y - l \
ps prs
S X

M M F'

F(217)

It is not hard to see that the maps p+, p—, ps are all proper. In fact, we have the
following explicit fact, which also describes the scheme structure of 3;:

Exercise 2.5 The scheme 3 is the projectivization of a universal sheaf:

4

\
M xS (2.18)

in the sense that P/, (%) = 31 Ll eSS

By definition, the projectivization of % is:
P yxs(%) =Proj 4.5 (Sym*(%)) (2.19)

and it comes endowed with a tautological line bundle, denoted by £'(1), and with
amap p : P yus(%) — # x S. The scheme (2.19) is completely determined
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by the fact that maps @ : T — P, ¢(%) are in one-to-one correspondence with
triples consisting of the following: amap ¢ : T — .# x S, aline bundle . on T
(which will be the pull-back of &'(1) under @), and a surjective map ¢* (%) — Z.
However, in the case at hand, we can describe (2.19) a bit more explicitly:

Exercise 2.6 There is a short exact sequence on .# x S:
O >V —>% —0 (2.20)

where ¥ and # are locally free sheaves on .# x S (see Proposition 2.2 of [18]).

As a consequence of Exercise 2.6, we have an embedding:

l
31 EP xs(U)—= P yxs(V)

M xS (2.21)

which is very helpful, since P, s(¥) is a projective space bundle over .Z x S,
hence smooth. Moreover, one can even describe the ideal of the embedding ¢ above.
Try to show that it is equal to the image of the map:

oMY O(=1) = p* (V) Q O(—1) > O (2.22)

onP ;. s(¥). Therefore, we conclude that 31 is cut out by a section of the vector
bundle p*(#V) ® O(1) on the smooth scheme P , g(¥).

Exercise 2.7 Under Assumption S, 3 is smooth of dimension:
const +r(cr + 0/2) +1

where ¢p and c/2 are the locally constant functions on 31 = {(#’' C %)} which
keep track of the second Chern classes of the sheaves .# and %', respectively. The
number const is the same one that appears in (2.15).

Exercise 2.7 is a well-known fact, which was first discovered for Hilbert schemes
more than 20 years ago. You may prove it by describing the tangent spaces to 31 in
terms of Ext groups (emulating the isomorphism (2.13) of the previous Subsection),
or by looking at Proposition 2.10 of [18]. As a consequence of the dimension
estimate in Exercise 2.7, it follows that the section (2.22) is regular, and so 3 is
regularly embedded in the smooth variety P ;. s(¥).
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2.1.6 K-Theory and Derived Categories

The schemes .# and 31 will play a major role in what follows, but we must first
explain what we wish to do with them. Traditionally, the enumerative geometry of
such moduli spaces of sheaves is encoded in their cohomology, but in the present
notes we will mostly be concerned with more complicated invariants. First of all,
we have their K -theory groups:

K and Ks3, (2.23)

which are defined as the (Q-vector spaces generated by isomorphism classes of
locally free sheaves on these schemes, modulo the relation [#] = [¥] — [J7]
whenever we have a short exact sequence of locally free sheaves 0 - % — 4 —

H — 0.

Example 2.4 K-theory is always a ring, with respect to direct sum and tensor
product of vector bundles. In particular, we have a ring isomorphism:

Q¢
Ker = e 06

Functoriality means that if f : X — Y, then there should exist homomorphisms:

S
Kx — Ky
f*

called push-forward and pull-back (or direct image and inverse image, respectively).
With our definition, the pull-back f* is well-defined in complete generality, while
the push-forward f is well-defined when f is proper and Y is smooth.

Remark 2.1 There is an alternate definition of K -theory called G-theory, where one
replaces locally free sheaves by coherent sheaves in the sentence after (2.23). On
a smooth projective scheme, the two notions are equivalent because any coherent
sheaf has a finite resolution by locally free sheaves. However, G-theory is not in
general a ring, but just a module for the K-theory ring. Moreover, G-theory has
different functoriality properties from K -theory: the existence of the push-forward
f« only requires f : X — Y to be a proper morphism (with no restriction on Y),
while the pull-back f* requires f to be an l.c.i. morphism (or at least to satisfy a
suitable Tor finiteness condition).

K-theory is a shadow of a more complicated notion, known as the derived
category of perfect complexes, which we will denote by:

Dy and D3,
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Specifically, the derived category of a projective variety has objects given by
complexes of locally free sheaves and morphisms given by maps of complexes,
modulo homotopies, and inverting quasi-isomorphisms (in other words, any map of
complexes which induces isomorphisms on cohomology is formally considered to
be an isomorphism in the derived category). There is a natural map:

Obj Dx — Kx

which sends a complex of locally free sheaves to the alternating sum of its coho-
mology groups. Since derived categories have, more or less, the same functoriality
properties as K -theory groups, we will not review these issues here (but we refer the
reader to [12] and [27] for more details, especially the construction of push-forward
maps of perfect complexes along l.c.i. morphisms, see Proposition 3.3.20 of [13]).
However, we will compare Example 2.4 with the following result, due to Beilinson:

Example 2.5 Any complex in Dpr is quasi-isomorphic to a complex of direct
sums and homological shifts of the line bundles {&, (1), ..., O(n)}. The Koszul
complex:

[ﬁ S om®H S o220 5 S om®) S om + 1)]

is exact, hence quasi-isomorphic to 0 in Dp=. This is the categorical version of:

(1_§)n+1 == 1—(f’l+1)§+<n ;_ 1)%-2_‘ . +(_1)n (n : 1>%—n+(_1)n+l€n+l -0

which is precisely the relation from Example 2.4.

2.2 Representation Theory

2.2.1 Heisenberg Algebras and Hilbert Schemes

Consider the Hilbert scheme Hilb,; of d points on a smooth projective algebraic
surface S. A basic problem is to compute the Betti numbers:

bi (Hilb,) = dimg H' (Hilb,, Q)

and their generating function B(Hilbg, 1) = > i>0 ' b; (Hilby). It turns out that these
are easier computed if we consider all d from 0 to co together, as was revealed in
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the following formula (due to Ellingsrud and Strgmme [3] for § = A? and then to
Gottsche [8] in general):

. = 2i—1,iyb1(S) 2i+1,i\b3(S)

141 151 41
> qBHilbg, 1) =[] 2'(2+_b Sq) 2'(: ; q)z_ .
d=0 i (I=1772¢") 0(S)(1 — £2igiyb2(S) (] — 2i+2gi)ba(S)

(2.24)

The reason for the formula above was explained, independently, by Grojnowski
[9] and Nakajima [16]. To summarize, they introduced an action of a Heisenberg
algebra (to be defined) associated to the surface S on the cohomology group:

o0
H= @ Hy, where  Hy; = H*(Hilbg, Q) (2.25)
d=0

Since the Betti numbers are just the graded dimensions of H, formula (2.24)
becomes a simple fact about characters of representations of the Heisenberg algebra.
The immediate conclusion is that the representation theory behind the action
Heis ~ H can help one prove numerical properties of H.

Definition 2.4 The Heisenberg algebra Heis is generated by infinitely many
symbols {a; },ez\0 modulo the relation:

[dn, am] = 8, .1 (2.26)

Let us now describe the way the Heisenberg algebra of Definition 2.4 acts
on the cohomology groups (2.25). It is not as straightforward as having a ring
homomorphism Heis — End(H), but it is morally very close. To this end, let us
recall Nakajima’s formulation of the action from [16]. Consider the closed subset:

Hilbg, gn = {(1, I, x) such that I’ C, 1} € Hilbg x Hilbgsn x S (2.27)

(recall that I’ C, I means that the quotient /I’ is a finite length sheaf, specifically
length n, supported at the closed point x). We have three natural maps:

Hilbg g+n
R
ps
Hilb, S Hilby4, (2.28)

While the schemes Hilby and S are smooth, Hilbg 44, are not for n > 1. However,
the maps p+, pg are proper, and therefore the following operators are well-defined:

Ay
Hy —> Hain ® Hs Ap = (p+ X ps)s o pL (2.29)
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A_y, _
Hipn —> Hi® Hs  A_y = (=1)"""(p_ x ps)so p} (2.30)

where Hs = H*(S, Q). We will use the notation Ay, for the operators above for
all d, so one should better think of A4, as operators H — H & Hg. Then the main
result of Nakajima and Grojnowski states (in a slightly rephrased form):

Theorem 2.2 We have the following equality of operators H - H ® Hs @ Hs:
[An, Al =82 - Idy @ [A] 2.31)

where in the left hand side we take the difference of the compositions:

Anm A,® 1d
HA He Hy 221% B e Hy Hg

An An® Id 1dy® :
H2 HeHy 2221 5o Hy @ Hy 222 1 @ Hg @ H

and in the right-hand side we multiply by the Poincaré dual class of the diagonal
A — SxSin H*(Sx S, Q) = Hs® Hs. The word “swap” refers to the permutation
of the two factors of Hg, and the reason it appears is that we want to ensure that
in (2.31) the operators A,, Ay each act in a single tensor factor of Hs ® Hy.

We will refer to the datum A, : H — H ® Hg, n € Z\0 as an action of
the Heisenberg algebra on H, and relation (2.31) will be a substitute for (2.26).
There are two ways one can think about this: the first is that the ring Hg is like
the ring of constants for the operators A,. The second is that one can obtain actual
endomorphisms of H associated to any class y € Hg by the expressions:

A
H-S H AZ:fy-An
S
AY
S

where |, ¢ Hs — Qs the integration of cohomology on §. It is not hard to show
that (2.31) yields the following commutation relation of operators H — H:

(AL, AZ] = 82+mn/ vy - 1dy
S

for any classes y,y’ € Hg. The relation above is merely a rescaled version
of relation (2.26), and it shows that each operator A, : H — H ® Hg
defined by Nakajima and Grojnowski entails the same information as a family of
endomorphisms of H indexed by the cohomology group of the surface S itself.
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2.2.2 Going Forward

Baranovsky [1] generalized Theorem 2.2 to the setup where Hilbert schemes are
replaced by the moduli spaces of stable sheaves:

M= I_l Mr.cr.e2)

C2€Z

from Sect.2.1.4 (for fixed r,c; and with Assumption S in effect). A different
generalization entails going from cohomology to K-theory groups, and this is a
bit more subtle. The first naive guess is that one should define operators:

An
Ky— Kyg®Ks

for all n € Z\0 which satisfy the following natural deformation of relation (2.31):

1— qrn
0
[Anv Am] = 5n+m 1— g

ldg , ® [A] (2.32)
where g is some invertible parameter (the reason for the appearance of r in the
exponent is representation-theoretic, in that K-theory groups of moduli spaces
of rank r sheaves yield central charge r representations of Heisenberg algebras).
However, we have already said that the “ground ring” should be Kg, so the
parameter g should be an invertible element of K (it will later turn out that g is
the K-theory class of the canonical line bundle of S) and relation (2.32) should
read:

0 1— qrn
[An, Am] = 8n+mIdKﬂ ® Ay 1 — g (2.33)

But even this form of the relation is wrong, mostly because the Kiinneth formula

does not hold (in general) in K-theory: K 4«5 # K y ® Kgs. Therefore, the
operators we seek should actually be:

Ay
K — Kuaxs (2.34)
and they must satisfy the following equality of operators K _j; — K_jxsxs:
0 1 _ qrn
[An, Am] = 8,0 Ax < g ~pr0j*) (2.35)

where proj : .# x S — . is the natural projection. So you may ask whether
the analogues of the operators (2.29) and (2.30) in K-theory will do the trick. The
answer is no, because the pull-back maps p from (2.28) are not the right objects to
study in K -theory. This is a consequence of the fact that the schemes Hilby 44, are
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very singular for n > 2, and even if the pull-back maps p% were defined, then it is
not clear what the structure sheaf of Hilb, 4., should be replaced with in K-theory,
in order to give rise to the desired operators (2.34).

2.2.3 Framed Sheaves on A*

We will now recall the construction of Schiffmann and Vasserot, which generalize
the Heisenberg algebra action in the case when S = A2, in the setting of equivariant
K -theory (with respect to the action of the standard torus C* x C* ~ A?).
Historically, this work is based on the computation of K-theoretic Hall algebras
by Ginzburg and Vasserot [6], generalized by Varagnolo and Vasserot [28], and then
by Nakajima [17] to the general setting of quiver varieties (in the present context,
these Hall algebras were studied for the plane in [26] and for the cotangent bundle
to a curve in [14]] and [24]).

First of all, since the definition of moduli spaces in the previous section applies
to projective surfaces, we must be careful in defining the moduli space .# when
S = A2, The correct definition is the moduli space of framed sheaves on P2:

¢
M = {ﬂ rank r torsion-free sheaf on P?, .Z| s = ﬁgg’ }

where oo C P? denotes the divisor at infinity. The space ./ is a quasi-projective
variety, and we will denote its C* x C* equivariant K -theory group by K ;. One
can define the scheme 31 as in Sect. 2.1.5 and note that it is still smooth. There is a
natural line bundle:

Z

3

whose fiber over a closed point {(%#' Cy %)} is the one-dimensional space %y /. Z, .
The maps p+ of (2.17) are still well-defined, and they allow us to define operators:

Ka 5 Kao Ee=pea (2% p7) (2.36)
for all k € Z. Note that the map p* : K_, — K3, is well-defined in virtue of the
smoothness of the spaces 31 and .#. The following is the main result of [26]:
Theorem 2.3 The operators (2.36) satisfy the relations in the elliptic Hall algebra.

To be more precise, [26] define an extra family of operators Fy defined by
replacing the signs 4+ and — in (2.36), as well as a family of multiplication operators
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Hi, and they show that the three families of operators Ey, Fy, Hy generate the
double elliptic Hall algebra. We will henceforth focus only on the algebra generated
by the operators { Ex }xez in order to keep things simple, and we will find inside this
algebra the positive half of Heis (i.e. the operators (2.34) for n > 0).

Remark 2.2 Theorem 2.3 was obtained simultaneously by Feigin and Tsymbaliuk
in [5], by using the Ding-Iohara-Miki algebra instead of the elliptic Hall algebra
(Schiffmann showed in [25] that the two algebras are isomorphic). We choose
to follow the presentation in terms of the elliptic Hall algebra for two important
and inter-related reasons: the generators of the elliptic Hall algebra are suitable
for categorification and geometry, and the Heisenberg operators (2.34) can be
more explicitly described in terms of the elliptic Hall algebra than in terms of the
isomorphic Ding-Iohara-Miki algebra.

2.2.4 The Elliptic Hall Algebra

The elliptic Hall algebra & was defined by Burban and Schiffmann in [2], as a formal
model for part of the Hall algebra of the category of coherent sheaves on an elliptic
curve over a finite field. The two parameters g; and g> over which the elliptic Hall
algebra are defined play the roles of Frobenius eigenvalues.

Definition 2.5 Write ¢ = ¢1g2. The elliptic Hall algebra & is the Q(q1, g2)
algebra generated by symbols {a, i }neN kez modulo relations (2.37) and (2.38):

[an ks an’,k’] =0 (2.37)

if nk’ —n’k =0, and:

Bt kv
[an, aw ] = (1 = q)(1 = g2) f*_";]_ﬂ

(2.38)
ifnk’ —n'k = s and {s, 1, 1} = {gcd(n, k), gcd(n’, k'), ged(n +n’, k +k')}, where:

o]

N bugs Angs kos (1 — ¢ %)
nos,kos __ nos,kos -
s=1 s=1

for any coprime ny, ko.

In full generality, the elliptic Hall algebra defined in [2] has generators a,, x for
all (n,k) € Zz\(O, 0), and relation (2.37) is replaced by a deformed Heisenberg
algebra relation between the elements {ans ks }sez\0, for any coprime n, k. We refer
the reader to Section 2 of [19], where the relations in & are recalled in our notation.
However, we need to know two things about this algebra:

* the operators {Ey }xez of (2.36) will play the role of aj
» the Heisenberg operators {A,},en of (2.35) will play the role of a, ¢
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Therefore, the elliptic Hall algebra contains all the geometric operators we have
discussed so far, and more. Therefore, the next natural step is to identify the
geometric counterparts of the general operators a, x (which were first discovered
in [22] for § = A?), but the way to do so will require us to introduce the shuffle
algebra presentation of the elliptic Hall algebra.

2.2.5 The Shuffle Algebra

Shuffle algebras first arose in the context of Lie theory and quantum groups in
the work of Feigin and Odesskii [4]. Various instances of this construction have
appeared since, and the one we will mostly be concerned with is the following:

Definition 2.6 Let ¢(x) = (I(Iz%)((ll:qqf; ). Consider the Q(q1, ¢2)-vector space:

oo
P owr. )Gz (2.39)
n=0

endowed with the following shuffle product for any f(z1,...,2,) and

gz, ..., zm):

1<i<n )
frg=Sym| G )8ty i) [ ¢ (j') (2.40)

n+1<j<n+4+m J

where Sym always refers to symmetrization with respect to all z variables. Then the
shuffle algebra .~ is defined as the Q(g1, g2)-subalgebra of (2.39) generated by the
elements {z/f tkez in the n = 1 direct summand.

It was observed in [26] that the map & 1) & given by T (a1 x) = zlf is an
isomorphism. The images of the generators a, x under the isomorphism 7~ were
worked out in [21], where it was shown that:

ki k(i—1) n 0
l—[n Z!’n—‘_’V n —‘+6i _ai P
T(ani) =Sym| =7 IT «(”
’ (1_q22> (1_ qzn) e Zj
21 e Zno1 1<i<j<n
<1 TGS 4’ Za(s—1)+1Za(s—2)+1 - qSIZa(S1)+1-..Za+1)i|

Za(s—1) Za(s—1)2a(s—2) Za(s—1)---Za
(2.41)

fnklberg@gmail.com



70 A. Negut

where s = ged(n, k) and a = n/s. Note that it is not obvious that the elements (2.41)
are in the shuffle algebra, and the way [21] proves this fact is by showing that .
coincides with the linear subspace of (2.39) generated by rational functions:

r(Zla---aZn)
[Ti<izj<n(@i —aqz))

where r goes over all symmetric Laurent polynomials that vanish at {z1, z2, 23} =
{1, 41, q} and at {z1, z2, z3} = {1, g2, q}. These vanishing properties are called the
wheel conditions, following those initially introduced in [4].

Formula (2.41) shows the importance of considering the following elements of &:

4 zlfl o Zi
ey.ky =71 1| Sym I] ¢ ~ (2.42)
J

Z Z
(1 - quz) e (1 - ;{,,’1) I<i<j<n

forany ki, ..., k, € Z.

Exercise 2.8 Show that the right-hand side of (2.42) lies in . by showing that it
satisfies the wheel conditions that we discussed previously.

Exercise 2.9 Prove the following commutation relations, for all d, k1, ..., k, € Z:
leky,...kn>€al = (1 —q1)(1 — q2)

Zn: :Zki<a<d €ky,....ki_1,a,ki+d—akiy1,...k, ifd > ki (2.43)
i=1 _Zd5a<k,- €ky,...ki—1,a.ki+d—akiy1,....ky ifd <k

There is no summand in the right-hand side corresponding to k; = d. You may
prove (2.43) by expressing it as an equality of rational functions in the shuffle
algebra ./, which you may then prove explicitly (it is not hard, but also not
immediate, so try the cases n € {1, 2} first).

It is clear from relations (2.37) and (2.38) that the elements ex = aj x generate
the algebra &, since any a, ; can be written in terms of sums and products of ex’s.
Using the main result of [25], one may show that (2.43) control all relations among
the generators e¢; € &. In fact, these relations are over-determined, but we like
them because they allow us to express linear combinations of ey, ., as explicit
commutators of e;’s. Therefore, if you have an action of & where you know how
the ex act, and you wish to prove that the operators ey, ., act by some formula
(%), all you need to do is prove that formula (x) satisfies (2.43).
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2.2.6 The Action of & on K 4

We will now apply the philosophy in the previous paragraph to the setting of the
K -theory group of the moduli space .# of sheaves on a smooth projective surface S
(with fixed rank r and first Chern class c1). As we have seen in Sect. 2.2.2, the way
to go is to define operators:

E
Ky —"" K yvs (2.44)

forall ki, ..., k, € Z which satisfy the following analogue of relation (2.43):

[Eky,....kn» Ed]

A (Z {ZkgkdEkl,w,kil,a,k,.wa,k,ﬂ ,,,,, b ifd>k,-) .45

i=1 ™ Zd5a<k,- Eky,  kiv.aki+d—akiyy,..k, 1Ld <Kk

as operators K y — K j . sxs- The left-hand side is defined as in Theorem 2.2,
taking care that each of the operators Ey, .k, and E4 acts in one and the same
factor of § x S. The reason why A, is the natural substitute for (1 — g1)(1 — ¢2)
from (2.43) is that the K -theory class of the diagonal A — AZ? x A? is equal to 0
in non-equivariant K -theory, but it is equal to (1 — ¢g1)(1 — g2) equivariantly.

Theorem 2.4 ([20]) There exist operators (2.44) satisfying (2.45), with Ey given
by (2.36).

In particular, the operators Eg .o all commute with each other, and they will
give rise to the K-theoretic version of the positive half of the Heisenberg algebra
from Sect.2.2.1. It is possible to extend Theorem 2.4 to the double of all algebras
involved (thus yielding the full Heisenberg) and details can be found in [20].

Given operators A, u : K_y — K_j s, let us define the following operations:

. AXIdg Id_,XA*
AlL] A = composition {K//[ A K s 2= K xsxs 7, ///xS}

A, ulreda=Vv: Ky — K yxs if v is such that (A, u]l = Ac(v)

Note that if v as above exists, it is unique because the map A is injective (it has a
left inverse, i.e. the projection S x S — § to one of the factors).

Exercise 2.10 For arbitrary A, u, v : K 4 — K_y s, prove the following versions
of associativity, the Leibniz rule, and the Jacobi identity, respectively:

Aplavla = A(uvla)la

(A, uvlalred = [A, plredvla + w2, vired|a

[, [, Viredlred + [, [V, Alredlred + [V, [A, ttlred]red = O
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Theorem 2.4 is an explicit way of saying that the operators (2.44) give rise to an
action of the algebra & on K, in the sense that there exists a linear map:

@& — Hom(K 4, K yx5s), D(eky,...ky) = Exy,..ky

satisfying the following properties for any x, y € &

B (xy) = ()P ()| (2.46)
@ ( L. 7] ) = [®(x), D (P)]rea (2.47)
(1= g1 —q2)

The parameters g; and g2 act on Kg as multiplication with the Chern roots of the
cotangent bundle 2 ; The reason why the left-hand side of (2.47) makes sense is that
for any x, y which are sums of products of the generators a, i of &, relations (2.37)
and (2.38) imply that [x, y] is a multiple of (1 — ¢q1)(1 — ¢2).

2.3 Proving the Main Theorem

2.3.1 Hecke Correspondences: Part 2

As we have seen, the operators Ej of (2.44) are defined by using the correspondence
31 and the line bundle . on it, as in (2.36). To define the operators Ey, . x, in
general, we will need to kick up a notch the Hecke correspondences from Sect. 2.1.5,
and therefore we will recycle a lot of the notation therein. Thus, .# is still the
moduli space of stable sheaves on a smooth projective surface S with fixed r and ¢y,
satisfying Assumptions A and S from Sect. 2.1.4. Consider:

3= !(j// cF C 34‘)} - I_l %(r,c'l,cz+2) X %(r,cl,cfrl) X jl(r,cl,cz)
CQEZ

(2.48)

We will denote the support points of flags as above by x, y € S, so that the closed
points of 3, take the form (%" C, .#' C, .#). Consider:

2»D3 = {(3“” Cx F Cx F),x € S}

In other words, 35 is the closed subscheme of 3 given by the condition that the two
support points coincide. These two schemes come endowed with maps:

32 . 33 .
31 31 31 3

1 (2.49)
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where:
r (F'cF CcF)=(F cF, 7 (F' ' CcF CF)=(F CF

The maps 7} are given by the same formulas as 77+. The maps 7w+ and 7$ can be
realized as explicit projectivizations, as in (2.19). To see this, let us consider the
following coherent sheaves on 31 x S:

W' = (p+ xWs)*(#), V' = (p1 x ldg)*(¥),
U' = (p+ x1d)*(%) on3i xS
W' = (p+ x ps)* W), V' = (p+ x ps)*(¥),
U'" = (ps x ps) (%) on3

More explicitly, we have:

o
%(:g‘/cvgzn x) - 9/|x %/(’glcvg‘//) = j/ly

and V', W', V', W' are described analogously.

Exercise 2.11 The scheme 3, is the projectivization of %/’, in the sense that:

P3,xs(%') = 32 =03

Pull-backs do not preserve short exact sequences in general, because tensor
product is not left exact. As a consequence of this phenomenon, it turns out that
the short exact sequence (2.20) yields short exact sequences:

0= >V U =0 on3; xS (2.50)
W/. /@ ’®
0— e 9" > UY" -0 on 3 2.51)

where .#’* is an explicit line bundle that the interested reader can find in Proposition
2.18 of [20]. Therefore, Exercise 2.11 implies that we have diagrams:

L/
30 ZEP3 (%) —— P3,xs(¥")

31 xS
(2.52)
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/e

332 Py (%) P3, (V")

® lp"

31 (2.53)

The ideals of the embeddings ¢’ and ¢'® are the images of the maps:

YR O(-1) = p*(V)® O(-1) > O (2.54)
o' (Z) ®OC-1)— (VY@ OC-1)—> O (2.55)

onP3,«s(¥’) and P3, (¥*), respectively. The following Proposition, analogous to
Exercise 2.7, implies that the embeddings ¢ and ¢ are regular. In other words, the
compositions (2.54) and (2.55) are duals of regular sections of vector bundles. The
regularity of the latter section would fail if we used #® instead of #'*/.%"°.

Proposition 2.1 ([20]) Under Assumption S, 32 and 35 have dimensions:
const +r(ca+c5) +2 and const +r(ca+c5) +1
respectively, where ¢ and cj are the locally constant functions on the scheme 33 =

{((F" C F' C F)} which keep track of the second Chern classes of the sheaves F
and F". Moreover, 33 is an l.c.i. scheme, while 33 is smooth.

It is also easy to describe the singular locus of 37: it consists of closed points
(F" cx F' Cy F) where x = y and the quotient .7 /.%" is a split length 2 sheaf
(so isomorphic to a direct sum of two skyscraper sheaves C, @ Cy).

2.3.2 The Operators

There are two natural line bundles on the schemes 3, and 35, denoted by:

A, D

Y

32,35
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whose fiber over a point {(#” C, .#' C, %)} are the one-dimensional spaces
Fi | F, Fy|F,, respectively. The maps of (2.17) and (2.49) may be assembled
into:

@k gk ka1 Phkn

35 33
v / \ v / \ v / \ v
31 31 31 31
P+Xpsl lp—

M xS M

for any ki, ..., k, € Z. The above diagram of smooth schemes, morphisms and line
bundles gives rise to an operator:

by tracing pull-back and push-forward maps from bottom right to bottom left, and
whenever we reach the scheme 3 for the i—th time, we tensor by the line bundle
ZL*nt1-i In symbols:

Epy,..ky = (D+ X PS)s

(fkl AW A (sz ST n:*(fk”*l A0 A (fk” . pi) . )
(2.56)

and we claim that these are the operators whose existence was stipulated in
Theorem 2.4. Recall that this means that the operators Ey,, ., defined as above
should satisfy relation (2.45). In the remainder of this lecture, we will prove the said
relation in the case n = 1, i.e. we will show that:

E - ifd >k
[Ek, Eq] = A Zk5a<d a.k+d—a 1 > .57
— 2 d<a<k Eaktd—a ifd <k

The proof of (2.45) for arbitrary n follows the same principle, although it uses some
slightly more complicated geometry and auxiliary spaces.

fnklberg@gmail.com



76 A. Negut

Remark 2.3 Note that even the case k = d of (2.57), i.e. the relation [E, Ex] = 0,
is non-trivial. The reason for this is that the commutator is defined as the difference
of the following two compositions, as in Theorem 2.2:

EXIdg
K.y _> K yxs —> K yxsxs

Ex E X1Idg IdKJ{@swap
K/// _> K///XS E— K///XSXS E—— K%XSXS

Recall that “swap” is the permutation of the two factors of S x §, and the reason
why we apply it to the second composition is that, in a commutator of the form
[Ex, Eq], we wish to ensure that each operator acts in one and the same factor of
Ksxs. However, the presence of “swap” implies that the two compositions above
are not trivially equal to each other. Their equality is claimed in (2.57).

Remark 2.4 When ki1 = ... = k, = 0, the composition (2.56) makes sense in
cohomology instead of K -theory. In this case, it is not hard to see that the resulting
operator Eg, o is equal to A, of (2.29). Indeed, this follows from the fact that the
former operator is (morally speaking) given by the correspondence:

{(9‘/ = P9 Cx F1 Cx .. Cx Fut Cx T = F, length Fi/ Fi_y = 1)}
(2.58)

between the moduli spaces parametrizing the sheaves % and %', while the rank r
generalization of the latter operator [1] is given by the correspondence:

{(9/ Cy 7, length Z/.F' = n)} (2.59)

Since the correspondence (2.58) is generically 1-to-1 over the correspon-
dence (2.59), this implies that their fundamental classes give rise to the same
operators in cohomology. This argument needs care to be made precise, because the
operator Eg, o is not really given by the fundamental class of (2.58), but by some
virtual fundamental class that arises from the composition of operators (2.56).

2.3.3 The Moduli Space of Squares

In order to prove (2.57), let us consider the space % of quadruples of stable sheaves:

N
N

(2.60)
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where x, y € § are arbitrary. There are two maps AT A N 3, which forget
the top-most sheaf and the bottom-most sheaf, respectively, and line bundles:

A, D, f{, fz/ € Pic(%)

whose fibers are given by the spaces of sections of the length 1 skyscraper sheaves
F)F F|F, F)F, F|F, respectively. Note that:

DD =A4NL (2.61)
Proposition 2.2 ([20]) The scheme % is smooth, of the same dimension as 3.

It is easy to see that the map & i) 39 is surjective. The fiber of this map above
aclosed point (%" Cy F' C, F) € 3 consists of a single point unless x = y and
F | F" is a split length 2 sheaf, in which case the fiber is a copy of P! (Exercise:
prove this). Since the locus where x = y and .% /%" is precisely the singular locus
of 32, it should not be surprising that % is a resolution of singularities of 3. The
situation is made even nicer by the following.

Proposition 2.3 ([20]) We have 7t} (O) = 6’3, and Rimy (Oa) = Oforalli > 0.

The Proposition above can be proved by embedding % into P3,(.#"), where 4" is
the rank 2 vector bundle on 3, with fibers given by I'(S, % /.#"), and the ideal of
this embedding can be explicitly described. As a consequence, one can compute the
derived direct images of ¥ directly.

Exercise 2.12 Find a map of line bundles .Z 5 £, on % with zero subscheme:

B=fx=yF=5}c¥

2.3.4 Proof of Relation (2.57)

Consider the diagram:

(y// Z!

NG e

(F' s 7)

\/ \/
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It is clear that the square is Cartesian, but in fact more is true. We know that 7_ and
p— are compositions of a regular embedding following by a projective bundle. But
comparing (2.21), (2.22) with (2.52), (2.54), we see that the regular embedding and
the projective bundle in question are the same for the two maps 7_ and p_, and this
implies that the base change formula holds:

propis=mison’ K3 — K3,

As a consequence of the formula above, one can show the following:

Exercise 2.13 Prove the equality £y o Eg = (A4 X )LSXs)*<fll($2d . )ﬁi), where:

32 (F" Cx F' Cy F)
ASxS
M SxS M T (x,y) F

Exercise 2.13 and Proposition 2.3 implies that:
EroEqg = (u4 X lLsXs)*(Zlksz -lﬁi)
rd cprk *
EjoEr = (g x ILSXS)*(Z] 2z - M_)

where the maps are as follows:

% square (60)
e, TN
MSxS
M SxS M T x, ) F

Therefore, assuming d > k without loss of generality, we have:

[Exs Eal = (4 x pss)e( | 2528 — A0 2] ) (2.62)
A 4
= (4 X USxS)x <|:1 - $2/:| |:$1k$2d _|_le<+1 .,fzz/
gd
4. gl T2 ot
1 $£d7k71

where the last equality is a consequence of (2.61).
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Exercise 2.14 Show that Exercise 2.12 implies that:

f .
(K4 X 5% )« <|:1 - Zl/i| . flef2f${g$2/h . /Li)
2
= (V4 X Vsx§)« <$f+g$2f+h . vf)

where the latter maps are as follows:

33 (F" Cx F' i F)
vs
M S M F" x F

In terms of the maps (2.17) and (2.49), we have v4 = p4 ol |35.
Formula (2.62) and Exercise 2.14 imply formula (2.57).

2.3.5 Toward the Derived Category

The definition of the operators Ey,, ., in (2.56) immediately generalizes to the
derived category (replacing all pull-back and push-forward maps by the correspond-
ing derived inverse and direct image functors), thus yielding functors:

The proof of the previous Subsection immediately shows how to interpret for-
mula (2.57). Still assuming d > k, it follows that there exists a natural transfor-
mation of functors:

EdOEk%’E‘kOEd

whose cone has a filtration with associated graded object:

Relation (2.45) has a similar generalization to the derived category, and the proof
uses slightly more complicated spaces instead of %. The corresponding formula
leads one to a categorification & of the algebra &, which acts on the derived
categories of the moduli spaces .#. The complete definition of & is still work in
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ogress, but when complete, it should provide a categorification of relations (2.37)—
.38), and in particular a categorification of the Heisenberg algebra (2.26).
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Chapter 3 )
Notes on Matrix Factorizations Chack for
and Knot Homology

Alexei Oblomkov

Abstract These are the notes of the lectures delivered by the author at CIME in
June 2018. The main purpose of the notes is to provide an overview of the techniques
used in the construction of the triply graded link homology. The homology is the
space of global sections of a particular sheaf on the Hilbert scheme of points on the
plane. Our construction relies on existence on the natural push-forward functor for
the equivariant matrix factorizations, we explain the subtleties on the construction in
these notes. We also outline a proof of the Markov moves for our homology as well
as some explicit localization formulas for knot homology of a large class of links.

3.1 Introduction

The discovery of the knot homology [18] of the links in the three-sphere moti-
vated search for the homological invariants of the three-manifolds. Heegard-Floer
homology were discovered soon after Khovanov’s seminal work, this homology
categorifies the simplest case of WRT invariants (the invariants at the fourth root of
unity). More general WRT invariants are beyond of the reach of currently available
technique. Thus it is very important to reveal as much structure of the Khovanov
homology as it is possible.

The mathematical construction of WRT invariants relies on special properties
JW projectors at the root of unity, thus it is natural to search for the analogues
of the projectors in the knot homology theory. If the algebraic variety is endowed
with the action of the torus with the zero-dimensional locus, the algebraic geometry
offers a natural decomposition of the category of coherent sheaves into the mutually
orthogonal pieces [13], hence we have a natural analog of the JW projectors. In the
paper [25] we constructed a map from the braid group to the category of coherent
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84 A. Oblomkov

sheaves on the free Hilbert scheme of points on the plane such that Markov moves
properties hold for the vector space of the global sections of the sheaf. Thus we have
geometric candidate for the JW projectors for such knot homology.

The quest for a geometric interpretation of JW projectors was the main moti-
vation for the author of the notes to develop the connection between sheaves on
the Hilbert scheme of points and knot homology. The localization type formulas
were first encountered by the author in the joint work with Jake Rasmussen and
Vivek Shende [28] where the homology of the torus knots were connected with the
topology of the Hilbert schemes of points on the homogeneous plane singularities
(see also [10]). However, back in 2012 it was a total mystery to the author how one
would expand the relation in [28], [10] beyond the torus knots.

The connection was demystified by Lev Rozansky who was armed with the
physics intuition as well as very deep understanding of already existing knot
homology theories. As it turned out the searched after knot homology has a natural
interpretation within the framework of the Kapustin-Saulina-Rozansky topological
quantum field theory for the cotangent bundles to the Lie algebras as targets [22].
A purely mathematical theory underlying the physical predictions is laid out in the
series of our joint papers [21, 23-26]. To provide an introduction to the technique
of these paper is the main goal of this note.

3.1.1 Main Result

Let us state a consequence of the results from the papers that requires the minimal
amount of new notations. We need some notations, though. Throughout the paper
we use notation D2 (X) for the derived category of two-periodic G-equivariant
complexes of coherent sheaves on X, where G is a group acting on X. For us
particularly important case of the pair X, G is Hilb, (C?), T, = C* x C* with
the scaling action of Ty, on C2. The dual % to the universal quotient bundle %",
P |1 = C[x, y]/1 will be used in our construction of the knot homology.

We also use notation ‘Bt for the braid group on n strands. For an element 8 €
Bt, we can form a link in the three-sphere L(B) by closing the braid in the most
natural way.

Theorem 3.1 ([25]) There is a constructive procedure that assigns to a braid B €
B, an object Sg € D;:’:r (Hilb,, (C?)) such that

1. Sgrr = Sg @ det(B) where FT is the full twist on n strands

2. The triply graded vector space HHH(B) = H*(Sg ® A*%) is an isotopy
invariant of the closure L(B).

3. The character of representation of the anti-diagonal torus C; C Ts. on the
spaces H*(Sg ® AL B) is the HOMFLYPT polynomial:

Za"xq(c;‘, H*(Sp ® A' B)) = HOMFLYPT(L(B)). 3.1
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3 Notes on Matrix Factorizations and Knot Homology 85

The constructive procedure in the statement of the theorem relies on the theory of
matrix factorizations and in this note we try to present a gentle introduction into the
aspects of the theory of matrix factorizations that are necessary for our theory. The
author of the notes learned theory of matrix factorizations from discussions with
Lev Rozansky, as result the exposition here is quite biased.

The first construction of the triply-graded categorification of the HOMFLYPT
invariant appeared in the seminal work of Mikhail Khovanov and Lev Rozansky
[19]. It is natural to conjecture that the homology discussed in these notes coincide
with the Khovanov-Rozansky homology.

3.1.2 Outline

After defining and motivating the category of matrix factorizations in Sect. 3.3 we
spend some time discussing the most common type of matrix factorizations, Koszul
matrix factorizations in Sect.3.2.2. The Koszul matrix factorizations are in many
regards are analogous to the complete intersection rings and in this section we
make this analogy more precise by providing a method for constructing a matrix
factorization from a complete intersection (see Lemma 3.8).

Next we discuss Knorrer periodicity in Sect.3.2.3 which is the most basic
equivalence relation between the categories of matrix factorizations. After that we
explain how one would perform push-forward and pull-back between the categories
of matrix factorizations, see Sect. 3.2.4. Finally, in the Sect.3.2.5 we introduce the
equivariant matrix factorizations, in particular we explain the difference between
the strongly and weakly equivariant matrix factorizations, later we only work with
the weakly equivariant matrix factorizations since the weak equivariance allows us
to define the equivariant push-forward.

In Sect.3.3 we explain the key point of our construction, the homomorphism
from the braid group B, to the category of matrix factorizations. First in Sect. 3.3.1
we introduce our main space 2 with a potential W and define a convolution
algebra structure  on the category MFg;  p2(2", W), here B C GL, is the

subgroup of upper-triangular matrices. There is a slightly smaller space 2~ with
the potential W such that Knorrer periodicity identifies MFgy , p2(2°, W) with
MF Bz(ﬁ?,; , W) and it intertwines the convolution product » with the convolution
product *, we provide details in Sect. 3.3.2. After setting notations for the ordinary
and affine braid groups in Sect.3.3.3 we state main properties of the homomor-
phisms:

@ : Br, > MFp (2, W), o7 B o MFp (27, W),

the pull-back along j;; : 2" — 2 intertwines these homomorphisms. We
postpone the details of the construction of homomorphisms @, @'/ till Sect. 3.5.
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In Sect.3.4 we explain how one can use the homomorphism @ to construct
free

the triply-graded homology. The free Hilbert scheme FHilb;, " consists of the B-

\ —~——free

conjugacy classes FHilb] *“ = FHilb), "B pairs of matrices with a cyclic vector

such that the monomials of the matrices applied to the vector span C". There is
—f

an embedding of the B-cover FHilb,, "““ of the free Hilbert scheme into the stable

f -

version of our space j, : FHilb e — 25" and we define the homology group:

H' (B) := H* (G} (®(B) ® A'B)®),

where 4 is the tautological vector bundle over the free Hilbert scheme. It is shown
in [26] that the graded dimension of the total sum

HHH(B) = @; H' (B),

is a triply graded knot invariant of the closure L(8). We explain in Sect. 3.4.2 why
this invariant specializes to the HOMFLYPT invariant after we forget about one of
the gradings. Here H'(B) is Hb+ (B) with b = b(B) being some specific function
of B.
: ———free
The free Hilbert scheme FHilb] * := FHilb), "“/B is smooth and it contains

the usual flag Hilbert scheme FHilb, C FHilb,{ "“® which is very singular and not
even a local complete intersection. The relation of our homology with the honest
flag Hilbert scheme is the following:

SW;MmeeDKGmmWﬁ supp (77 (Sg)) C FHilb,,

where 7 (Sp) is the sheaf on FHilb] ** which is the homology of the two-periodic
complex Sg.

The most non-trivial part of the statement from [26] is the fact that the homology
HHH(B) does not change under the Markov move that decreases the number of
strands in the braid. In Sect. 3.7 we give a sketch of a proof of the Markov move
invariance, we rely in this section on the material of Sect. 3.5 where the details of
the construction of the braid group action are given.

In the Sect. 3.6 we do a simplest computation in the convolution algebra of the
category of matrix factorizations in the case n = 2. We show that in MF 2 (2751, W)
we have an isomorphism

G x Co =~ q*C, @ q°%., (3.2)

which is the geometric counter-part of the fact that the square of the non-trivial
Soergel bimodule for n = 2 is equal to the double of itself [33].
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Finally, in Sect. 3.8 we define the categorical Chern functor:

CH}!, : MFgy, . p2 (27", W) — DI (Hilb, (C?)).

loc

We also discuss the properties of the conjugate functor HC}’ . (see [27] for the
original construction) which is monoidal. The sheaf Sg in the theorem 3.1 is
given by:

Sp = CH;! (2 (B)).

The advantage of the sheaf Sg over Sg is that it is a Ty.-equivariant periodic
complex of sheaves on the smooth manifold Hilb,(C?) thus we can hope to
use Ts.-localization technique for computation of the knot homology. There are
some technical issues with using the localization method directly as we discuss
in Sect. 3.8.5. We also explain how these technical issues could be circumvented
and in particular how one can apply this technique to compute the homology
of the sufficiently positive elements of Jucy-Murphy algebra. This formula was
conjectured in [11].

3.1.3 Other Results

We also would like to mention that many relevant aspects of matrix factorizations
are not covered in these notes. The reader could consult papers the original papers of
Orlov for the connections with mirror symmetry [29] and paper [5] for some further
discussion of the foundations of the theory of matrix factorizations and of course
the seminal paper of Khovanov and Rozansky [19] where the first construction of
a triply graded homology of the links was proposed. The constructions in these
notes are motivated by the physical theory of Kapustin, Saulina, Rozansky [17], the
reader is encouraged to read wonderful, basically purely mathematical paper [16]
where the role of matrix factorizations in the theory is explained.

Let us also mention that there is a slightly different perspective on the geometric
interpretation of the knot homology due to Gorsky, Negut, Hogencamp and
Rasmussen [9, 11]. Their approach takes the theory of Soergel bimodules and the
corresponding link homology construction [19] as a starting point of theory, rather
than the categories of matrix factorizations discussed in these notes. Finally, let us
mention the recent work of Hogencamp and Elias on categorical diagonalization
[6-8] which provides a categorical setting for the localization in the category of
coherent sheaves.

These notes by no means were intended as a comprehensive survey of the theory
of matrix factorization or of the theory of knot homology. It is a merely is a slightly
extended version of the three lectures that the author delivered at 2018 CIME. Thus
the author asks for an apology from the colleagues whose contributions to the fields
are not covered in the notes.
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3.2 Matrix Factorizations

In this section we remind some basic facts about matrix factorizations. There are
many excellent expositions on matrix factorizations [4, 5, 29] and we choose not to
concentrate on the usual matrix factorizations, instead we aim to define equivariant
matrix factorizations and subtleties that arise in an attempt to define such. We also
discuss Koszul matrix factorizations and the (equivariant) push-forward functor
from [26].

3.2.1 Motivation and Examples

Given an affine variety 2 and a function F on it we define [4] the homotopy
category MF(Z, F) of matrix factorizations whose objects are complexes of
projective R = C[Z]-modules M, M', M = M° @ M' equipped with the
differential

D = (D°, D) € Homg(M°, M") ® Homg (M ", M°)

such that D> = F. Thus MF(Z, F) is a triangulated category as explained in
subsection 3.1 of [29]. We first discuss the objects of this category, then discuss
various properties of the morphism spaces.

It is convenient to think about a matrix factorization (M° & M!, D) as a two-
periodic curved complex:

D! DO D! DO D!
M S M S M S M S .., DP=F.

Let us look at several basic examples of matrix factorizations and discuss briefly a
motivation for the definition of the matrix factorizations by Eisenbud [4].

Example 3.2 % = C, R = C[x] and F = x°. The two-periodic complex

2 3 2 3 2
X X X X X
..~>R—R—R—>R— ...

is an example of an object in MF(C, x). Here and everywhere below we underline
to indicate zeroth homological degree.

Example 3.3 % = C2%, R = Cx, v], F = xy. The two-periodic complex
S RIRSERIRS

is an example of an object in MF(C2, xy).
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The last example has the following geometric interpretation. A module over a
quotientring Q = C[x, y]/(xy), in general, does not have a finite free resolution. In
particular, M = C[x] = Q/(y) is a module over Q with an infinite free resolution:

0MIoLioloi.. ..

This resolution has a two-periodic (half-infinite) tail which is a reduction of the
matrix factorization from Example 3.3. As explained in [4] this phenomenon is more
general.

We felt obliged to mention these results on matrix factorizations to honor the
origins of the subjects. For further development of Eisenbud theory the reader is
encouraged to look at [4] as well as [29-31] where the connection with the B-model
theory is developed. However, the hypersurfaces defined by the potentials from [26]
do not have a clear geometric interpretation and it is unclear to us how to make
use of Eisenbud’s theory in our case. Instead, more elementary homological aspect
of the matrix factorizations is important to us. Roughly stated, the very important
observation is that all important homological information about the category of
matrix factorizations is contained in a neighborhood of the critical locus of the
potential. We explain more rigorous statement below.

It is a good place to define morphisms in the category of matrix factorizations.
Suppose we have two objects 7| = (M1, D1), % = (M3, Dy) € MF(Z, F) then
we define:

Hom(%#, %) := {¥ € Homgr (M|, M3)|W o D1 = Dy o ¥}.
Since the modules M; are Z,-graded we have a decomposition
Hom(M1, M2) = ®iez,Hom' (M1, M)

where Homi(Ml, M>) C Hom"R(Ml, M>) :=H0mR(MO, Mé)EBHomR(Ml, Mé“).

We say that an element ¥ € Homo(ﬂl, %) is homotopic to zero: ¥ ~ 0 if
there is h € Homl(Ml, M>) such that ¥ = h o D1 + D> o h. Finally, we define
the space of morphisms as a set of equivalence classes with respect to the homotopy
equivalence:

Hom(Z1, %) := Hom*(F1, %)/ ~

Now that we defined the objects and morphisms between the objects we can state
Orlov’s theorem
Theorem 3.4 ([29]) MF(Z, F) has a structure of the triangulated category.

To complete our discussion of the homological properties of category of matrix
factorizations with respect to their critical locus let us observe that an element f € R

fnklberg@gmail.com



90 A. Oblomkov

naturally gives an element of Hom(.%, .%). For simplicity let us also assume that
% C C™. Then we have a well-defined ideal I..;; C R generated by gf{ ,
1,...,m and x; are coordinates on C™.

Proposition 3.5 For any % € MF(Z, F) and f € I.i; we have:

i =

Hom’(.#, %) > f ~ 0.

Proof 1t is enough to show the statement for f = gf . Thus the statement follows
since:

oF 9D aD
= D+D,_ ,
0x; 0x; 0x;
and g xD,- provides the needed homotopy. O

The last proposition implies that the category of matrix factorizations is model for
the coherent sheaves on possibly singular critical locus of the potential F'. When the
potential is linear in some set of variables then there is an equivalence between with
the DG category of the critical locus (see Sect. 3.8.3 for more discussion). Another
manifestation of this principle is the shrinking lemma, see Lemma 3.16 below.

3.2.2 Koszul Matrix Factorizations

The matrix factorizations from Examples 3.3 and 3.2 are examples of so called
Koszul matrix factorizations which we discuss in this subsection. Suppose we have
a presentation of the potential as sum F = Y, a;b;. Then we define Koszul matrix
factorization K[a, b] € MF(Z, F) as

0
K[a,b] ;= (A°V,D), D= i0; + b; ,
[a, b] := ( ) lZa,,+ 9,

where V = (01, ..., 6,). Examples 3.2, 3.3 are K[x2, x3] and K[x, y], respectively.

Koszul matrix factorizations are tensor products of the simplest Koszul matrix
factorizations. Indeed, given two matrix factorizations ., € MF(Z, F}), %, €
MF(Z, F,) the tensor product %] ® %, € MF(Z, Fi + F>) is the matrix
factorization (M1 ® M2, D1 ® 1 +1® D). Thus we have K[a, b] = ®_,K[a;, b;].

An object of the category of matrix factorizations with the zero potential is a
two-periodic complex of coherent sheaves. We denote by DP¢"(Z’) the derived
category of the two-periodic complexes of coherent sheaves. Given two matrix
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factorizations .%#| € MF(Z, F), %, € MF(%,—F) their tensor product is an
element of DP¢" (%) and Proposition 3.5 implies:

Corollary 3.6 For ) € MF(%, F), %, € MF(%, —F) homology of the two-
periodic complex F\ ® %, are supported on the zero locus of I.,i;.

Now let us discuss a method for constructing interesting Koszul matrix factoriza-
tions. Let us first recall some basic properties of the usual Koszul complexes. The
sequence fi, ..., fm € R is called regular if f; is not a zero-divisor in the quotient
R/(f1,..., fiz1) fori =1, ..., n. It is known that the regularity does not depend
on the order of the elements. There is an equivalent way to define regularity with
the help of Koszul complexes. The Koszul complex of f is:

3
K[f] = (A*V,D), D= Zﬁ 26"

Proposition 3.7 The sequence (f1, ..., fm) is regular if and only if:

H KD =0, i>0,  HXE)=R/(fi, s )

Given a finite complex of (C,,d) of free R-modules we denote by [Ce]per
the two-periodic folding of the complex. It is an element of MF(Z, 0). Suppose
F € (f1,..., fm) and the sequence f is regular. Then the lemma below shows that
there is an essentially unique way to deform the complex [K[f]] ., to an element of
MF(Z, F). We outline a proof of the lemma to demonstrate the key deformation
theory technique that is used in many constructions of [26].

Lemma 3.8 Suppose F € (f1,..., fm) and the sequence f is regular.Then the
Koszul complex

+ df dr

d
Co =K[f] ={Co <= C| <= ... <~ Cp}

could be completed with the opposite differentials d;” : Co — Coy2i—1, 1 > 0 such
that

(Co,dT +d) e ME(Z, F).

Proof We will construct the differentials d; iteratively. Since the sequence is regular
we have a homotopy equivalence:

(Co.d™) ~ Q=R/(f1..-.. fm) (3.3)
Let us also introduce notation for the graded pieces of the space of homomorphisms:

Hom' (C., C.) = & ;Hom(C, C_i ;).
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The element F is an endomorphism of (C,,d™) and because of (3.3) it is
homotopic to zero by the lemma assumptions. Thus there is a homotopy A= €
Hom™!(C,, C,) such that F = hV o dt +dt o hD. Let us set DV = g+ 4+ V.

The differential DV is the first order approximation for our desired extension. It
is not a differential of a matrix factorization if m > 1 since:

(DY = F + (kD)%

However the correction term (h(l))2 is actually an element of Hom;f(C., C.), that
is it commutes with the differential d:

d*oh®on® = FRW —pW o gt o k™ = FRD + 1 o hD o gt — RV F
=hDonModt.
Thus again by (3.3) there is a homotopy /® € Hom™*(C,, C,) such that 1) =
dy o h® + h® o d, . We define the next approximation to the needed differential

D® =dt +hM £ h® Again D® is not a differential of a matrix factorization if
m > 3:

(D(l) _|_h(3))2 =F 4+ (h(l))Z + DD op® L p® o p (h(3))2
=F+hWoh® 4+ 1h®Won® 4 ()2,

The correction term belongs to Hom=<"3(C,, C,) and the degree four piece of this
term is AV o h® + h® o hD. Let us check that 1V o B + 13 o BV €
Hom}(C., Ca):
dt o hD o h® = FR® _ 1O o gt o h® = Fr® _ (h(l))3 N AC) I AC I dat,
dt o h® oM = DO o D o O _ G o g+ 5 D

="} —hOF —h® o nWoat.
By the same argument as before homomorphism 4V 0 A3 + 13 o 1D is homotopic

to zero and let denote by A®) € Hom™>(C,, C,). The next approximation for our
differential is DO = d* + hD + h® + 1O and

(D®)? — F € Hom=">(C,, C,).
Similar method could be applied to show that correction term of degree six is
homotopic to zero and thus we have the next order correction. Clearly, this iterative

procedure terminates since our complex is of finite length. More formal proof of the
lemma is given in lemma 2.1 in [26]. O
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Remark 3.9 The only assumption on the complex (C,, d™) that we used is that
Homj;?(C., C,) ~ 0. (3.4)

Thus we can strengthen our lemma a little bit by replacing regularity of the Koszul
complex by condition (3.4)

It is natural to ask how canonical is the matrix factorization (C,,d™ + d™)
constructed in the previous lemma. Clearly, our method relies on existence of
various homotopies which are not unique. However, one can show that the outcome
of the iterative procedure in the proof is unique up to an isomorphism. We invite
reader to try to apply the iterative method of the previous lemma to show lemma
below, a formal proof could be found in lemma 3.7 in [26].

Lemma 3.10 Let (C,,d™) be a complex of free modules with non-trivial terms in
degrees from 0 to | > 0 such that Hom;E (C,, Co) ~ 0. Suppose we have two matrix
factorizations

F = (Co,dt +d7), F = (Co,dt +d~) e MF(Z, F),
where d= = Y, 0d7, d~ = Y, 0d;, di .d; € Hom %~!(C,,C,) and

F ~ O as endomorphism of (Co,d™). Then there is ¥ = 1 + Zi>0 v, v €
Hom™*(C,, C,) such that

VoW +d)ow ' =dt+d .

Because of the previous lemma we will use notation KF (fiy..., fm) €
MF(Z, F) for a matrix factorization from Lemma 3.8.

3.2.3 Knorrer Periodicity

The critical locus of the potential F = xy is a point x = y = 0 so according to
our principle we expect that the category of matrix factorizations with the potential
xy is equivalent to the category of matrix factorizations on the point. It is indeed
the case and the equivalence is known under the name Knorrer periodicity and we
explain the details below.

Let us denote the Koszul matrix factorization K[x, y] € MF(C?, x y) by K. Then
there is an exact functor between triangulated categories:

@ : MF(pt, 0) — MF((Cz,xy), (M,D)—~ (M ® C[x, y], D) ® K.
The functor in the inverse direction is the restriction functor:

¥ : MF(C?, xy) — MF(pt,0), (M, D) = (M|;—0, D|x=0).
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These functors are mutually inverse. Indeed, to show that ¥ o @ = 1 we observe
that K|,=9 = [C[y] z Cly]] which is a sky-scarper at y = 0. We leave it as an
exercise to a reader to show @ o ¥ = 1.

More generally, if 2 = 2y x (Ci y and Fy € C[Z)] then there is a functor:

@ : MF(2y, Fy) - MF(Z, Fy + xy) given by tensoring with the Koszul complex
K[x, y].

Theorem 3.11 ([29]) The functor @ is an equivalence of triangulated categories.

3.2.4 Functoriality

Now we will use previously developed technique to define the push-forward functor
for matrix factorizations. First we discuss a construction of the push-forward for an
embedding map j : 2y — 2 where 2 = Spec(S) and 2y = Spec(R), R = S/I.

Theorem 3.12 ([26]) Suppose we have F € S, Fo = j*(F)and I = (f1, ..., fm)
where f; form a regular sequence. Then there is well-defined functor of triangulated
categories:

Jx : MF(Z20, Fo) —> MF(Z, F)

Given an element % = (M, D) € MF(Z, Fp) let us explain the construction
of the element j, (%) = F e MF(%, F). Since M = R" for some n we can lift
it to the module M = S" as well as the differential to a Zp-graded endomorphism
D e Homg(S", S™), BL% = D. Since f; form a regular sequence we can form
Koszul complex K(f1, ..., fm) = (A*C" ® S, dk) which is a resolution of S-
module R. The technique similar to the method of Lemma 3.8 yields

Lemma 3.13 ([26]) There are dl.;.' MRAC'®S > MRAC'"®S, i —j€Zxg
such that

F = (AC"®S,dx + D+d~) e MF(Z, F)

and the element .F is unique up to isomorphism.

To complete proof of the Theorem 3.12 we need to show that the construction of
J* extends to the spaces of the morphisms between the objects and to the space of
homotopies between the morphism, it is shown in lemma 3.7 of [26] and we refer
interested reader there for the technical details.

Unlike push-forward the pull-back functor is rather elementary. Suppose we have
[ Z — 2y amorphism of affine varieties and F = f*(Fp), Fy € C[Zp]. Since
pull-back of a free module is free, we have a well-defined functor:

*: MF(Z, Fo) > ME(Z, F).
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Finally, let us remark that the above defined pull-back and push-forward functors
satisfy the smooth base change relation for commuting squares of maps.

3.2.5 Egquivariant Matrix Factorizations

A matrix factorization is a natural object attached to a function on the affine mani-
folds. However limiting yourself to only affine manifolds is frustrating, so one would
like to develop a theory of matrix factorizations on quasi-projective manifolds.
There are some proposals in the literature for such theory, see for example [32].

In our work [26] we chose an approach that is probably more limited than the
one from [32] but has an advantage of being computation friendly. So in [26] to
explore matrix factorizations on the manifolds that are group quotients of the affine
manifolds, we develop theory of equivariant matrix factorizations. In this section we
motivate our definitions and outline the ingredients of the construction from [26].

Suppose the affine manifold 2 has an action of an algebraic group H and F €
C[Z1". Then one can say the matrix factorization .# = (M, D) € MF(Z, F) is
strongly H-equivariant if M is endowed with H -representation structure and the
differential D is H-equivariant. Let us denote the set of strongly equivariant matrix
factorizations by MF}}" (£, F). By requiring the morphism between the objects
and the homotopies between the morphisms to be H-equivariant we can provide
MF}/ (2, F) with the structure of the triangulated category.

However, the notion of strong equivariance turns out to be too restrictive. Indeed,
one of the key tools in our arsenal is the extension Lemma 3.8 together with the
push-forward functor. So we would like to have an analog of Lemma 3.8 in the
equivariant setting, for the H-equivariant ideal I = (fi, ..., fin) with f; forming
a regular sequence. Unfortunately, the proof of the lemma fails in the strongly
equivariant setting because we can not guarantee that the homotopies in the iterative
construction of proof are equivariant. If H is reductive, we can save the proof by
averaging along the maximal compact subgroup of H. But for a non-reductive group
we need a weaker notion of equivariance that relies on the Chevalley-Eilenberg
complex explained below.

Let b be the Lie algebra of H. Chevalley-Eilenberg complex CEy, is the complex
(Vo(h), d) with V,,(h) = U(h) ®c APY and differential d., = d| + d> where:

p
dl(u®x1/\---/\x,,)=Z(—1)’+lux,-®x1/\---/\)?,-/\---/\xp,
i=1

DURXIA- - NXp) = Z(—l)i+~/u®[xi,xj]Ax1A---A)E,»A---/\)?jA---Axp,

i<j

Let us denote by A the standard map h — h ® h definedby x = x @ 1 + 1 Q@ x.
Suppose V and W are modules over the Lie algebra h then we use notation
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A
V®W for the h-module which is isomorphic to V ® W as a vector space, the
h-module structure being defined by A. Respectively, for a given h-equivariant
A

matrix factorization # = (M, D) we denote by CE;®.% the h-equivariant

matrix factorization (CE héy ,» D + d..). The h-equivariant structure on CEj é)ﬂ"
originates from the left action of U (f)) that commutes with right action on U (h)
used in the construction of CEp.

A slight modification of the standard fact that CEy, is the resolution of the trivial

A
module implies that CEy ® M is a free resolution of the h-module M.
Now we about to define a new category whose objects we refer to as weakly
equivariant matrix factorizations. The objects of this category MFy(Z°, W) are
triples:

F =(M,D,d), (M,D)eMF(Z, W)

where M = M° @ M' and M' = C[Z] ® VI, V' € Mody, 3 €

®i~jHomcpg1(A'h ® M, A’h @ M) and D is an odd endomorphism D €

Homg(#1(M, M) such that
D*=F, D?

tot

=F, DIUI:D+dCL’+81

where the total differential D;,; is an endomorphism of CEhéM , that commutes
with the U (h)-action.

Note that we do not impose the equivariance condition on the differential D
in our definition of matrix factorizations. On the other hand, if % = (M, D) €
MP!" (%, F) is a matrix factorization with D that commutes with h-action on M
then (M, D, 0) e MFy(Z, F).

There is a forgetful map for the objects of the categories Ob(MFy(Z, F)) —
Ob(MF(Z, F)) that forgets about the correction differentials:

=M, D, d) — F*:= M, D).

Given two h-equivariant matrix factorizations .% = (M, D, d) and F =
(M, D, 9) the space of morphisms Hom(ﬂ7 F) c0n51sts of homotopy equivalence

classes of elements ¥ € Homc[g](CEh@)M CEh®M) such that ¥ o Dy, =

Dior o W and ¥ commutes with U (h)-action on CEh®M . Two maps ¥, ¥’ €
Hom(.%, %) are homotopy equivalent if there is

A A L
h e HOHlC[QF](CEh@M, CEh@M)

such that ¥ — ¥’/ = Bm, oh — h o Dy and h commutes with U (h)-action on
A
CE,Q@M.
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Given two h-equivariant matrix factorizations # = (M, D, 9) € MFy(Z, F)
and # = (M, D, 3) € MFy(Z, F) we define # ® .F € MF(Z, F + F) as an
equivariant matrix factorization (M ® M , D+ D, J+ 5).

We define an embedding-related push-forward in the case when the subvariety

2 SN % is the common zero of an ideal I = (f1, ..., f,) such that the functions
fi € C[Z] form a regular sequence. We assume that the Lie algebra  acts on 2
and [ is h-invariant. In section 3 of [26] we use technique similar to the proof of
lemma 3.8 to show that there is a well-defined functor:

Ju: MFy(Zh, W1z) — MFy(Z, W),

for any h-invariant element W € C[.Z 19.

For our construction of the convolution algebras we also need to define the
equivariant push-forward along a projection. Suppose & = 2" x %, both &
and 2 have h-action and the projection = : 2 — 2 is h-equivariant. Then
for any b invariant element w € C[.2"]" there is a functor 7, : MFy(Z, m*(w)) —
MFy (2", w) which simply forgets the action of C[#/].

Finally, let us discuss the quotient map. The complex CEy is a resolution of
the trivial h-module by free modules. Thus the correct derived version of taking
h-invariant part of the matrix factorization % = (M, D, d) € MFy(Z, W), W €
CI[Z1" is

CEy(#) := (CE4y(M), D +d.. +3) e MF(Z'/H, W),

where & /H := Spec(C[Z ]h) and use the general definition for an h-module V:

A
CEj(V) := Homy, (CEy, CEp®V).

3.3 Braid Groups and Matrix Factorizations

In this section we explain a construction for an action of the finite and affine braid
groups on the particular categories of the matrix factorizations from [26]. First
we explain a construction for the convolution algebra on our categories of matrix
factorizations. Then we explain a categorification of the homomorphism from the
affine braid group to the finite braid group from [24].

3.3.1 Convolution Product

Let us first motivate the definition of the space that host our categories of matrix
factorizations. Somewhat abusing notations we introduce space VI = gl, xGL, x
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n where n stands for the Lie algebra of strictly upper-triangular matrices. We omit
the sub-index since the size of the matrices is clear from the context, we also use G
and g for GL, and gl,, in this situation.

The space +/.2" has the action of the group of upper-triangular matrices B and G:

(h,b) - (X, g, Y) = (Ady(X), hgb, Ad;'Y), (h,b) € G x B.

The flag variety Fl is a quotient G/B since every full flag can be moved into
the standard flag by G-action and B is the stabilizer group of the standard flag. The
group B acts on the tangent space to Fl at the point of standard flag and as B-module
the tangent space is equal n. Thus the B-quotient of VI is naturally isomorphic to
the cotangent bundle to the flag variety:

V% /B =gx T*Fl

Thus G-action on +/.2 induces the G-action on g x T*Fl.

The space T*Fl is symplectic and the G-action preserves the symplectic form.
Thus there is a moment map u : T*F1 — g*. The trace identifies g with g* and we
can think of the moment map as a g-linear B-invariant function:

w:NvZ - C, X, g Y)=Tr(XAdY).

Now we can define our main space where the convolution algebra dwells. The
space V% has B-invariant projection to the first factor and our main space is the
fibered product:

%::x/%xgx/e%”zngxnxGxn.

The space 2" has a action of G x B? that is induced from the G x B action
on V2, respectively the projections pp, p» on two copies of VI are G x B%-
equivariant. The group B is a semi-direct product B = T x U of the torus T and
the group of upper-triangular matrices U.

We define our main category to be:

MF,, := MFg, g2(2Z, W), W = pi(n) — p5(n),

where we require the weak UZ-equivariance and strong G x T2-equivariance in
our category. The strong G x T?-equivariance implies that all differentials in the
complexes are G x T>-invariant. We can combine strong G x T?-equivariance with
the weak U2-equivariance since the Chevalley-Eilenberg complex for U? is G x T2-
invariant.
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There is an action of Ty, = C* x C* = C¥ x C; on the space V2 and the
induced action on Z":

2 -2,.2
The potential W is not T -invariant, it has weight 2 with respect to the torus Cj.
We require the differentials in a curved complex from MF,, to have weight 1 with
respect to Cf and it has weight 0 with respect to C}. To simplify notations we do
not use any extra indices to indicate such T.-equivariance. We also use notation
qt- 7

for the matrix factorization .% with the k-twisted C-action and /-twisted C;-action.

Since the space .2 has B>-action we can also twist a matrix factorization . by a

representation of this group. Given a characters x; and x, of the left and right factor
in B2, the twisted matrix factorization is denoted by

33()(1, Xr>‘

To define convolution product in category MF, we introduce the convolution
space Zcon Which is a fibered product:

Foon =NX xg\/% xgx/z%”zgx(Gxn)z.

There are three G x B3-equivariant maps 2, 723, 713 and the convolution
product is defined by the predictable formula:

F x4 = 1132 (CE 0 (15 (F) @ wiy@)T).
Since the projections 7;; are smooth we can apply the base change formula.

Hence the standard argument, that could be found in [3], implies that thus defined
product is associative.

3.3.2 Knorrer Reduction

We can apply Knorrer periodicity discussed in Sect.3.2.3 to reduce the size of our
working space 2. Indeed, the pair of space and potential:

Z =bxGxn, WX, gVY) =Tr(XAd,(Y))
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is B2-equivariant with respect to the action:
(b1, b2) - (X, g, ¥) = (Ady, X, bigha, Ad, ' Y).

Thus we can define the category of weakly UZ-equivariant and strongly T2-
equivariant matrix factorizations:

MF,, := MF (2, W).

To illustrate some of our methods we provide a proof for the equivalence in

Proposition 3.14 There is an equivalence of categories:
Y : MF,, — MF,,.

Proof First we observe that the group G acts freely on the space 2~ hence we can
take quotient by this group. The quotient can be implemented with help of the map:

25 2 =gxuxGxn qX, 8.1, V)= (Ad;ll?(, Y1, gflgz, Y2).
The potential W°(X, Y1, g, Y2) = Tr(X (Y1 —Ad,Y?)) is the pull-back Wy = ¢*(W)
and the pull-back provides an equivalence ¢* : MF,, >~ MF 2 (2 0 Wo).

To complete our proof we fix notations for the truncation of a square matrix X:

X=X,+X__, X,en X _eb.

The potential W° can be written as a sum of W and a quadratic term and thus we
can apply Knorrer periodicity:

Tr(X (Y1 — AdgY2)) =Tr((X+ + X_)(Y1 — Adg)2)) = —Tr(X4 (AdgY2))+
Tr(X__ (Y1 — AdgY2)) = —Tr(X 1 (AdgY2)) + Tr(X__ (Y1 — AdgY2)4).
The entries of matrices X__,Y; — (AdgY2)+ are coordinates in the direction

transversal to the subspace 2~ with coordinates X 4, g, Y> and Knorrer periodicity
allows us to remove the quadratic term in the last formula. O

It is explained in [26] that the category MF,, has a monoidal structure * such that
that the functor ¥ sends it to the monoidal structure .

3.3.3 Braid Groups

The affine braid group %tﬁf /s the group of braids whose strands may also
wrap around a ‘flag pole’. The group is generated by the standard generators o,
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i=1,...,n—1 and a braid A, that wraps the last stand of the braid around the
flag pole:

[ TR I = 4= 1T

The defining relations for these generators are

On—1-An-0n_1-Ap =242, -04_1-Ayp-0n_1,
o - Ap=A4,-0i, i<n-—1,
0i - 0i41-0; =0ijy1-0; - 0it1, i=1,...,n—2,

0j-0j=0j-0;, |i—jl>1

The mutually commuting Bernstein-Lusztig (BL) elements A; € %tﬁf I are

defined as follows:

B

A o1 s A 021 — CD_I‘I‘H it

The finite braid group Bt, is a subgroup of the affine braid group with the
generators oj, i = 1,...,n — 1. Other words, we do not allow the braids to go
around the pole.

There is a natural homomorphism fgt: %tZ‘f LN Bt,, geometrically it is defined
by removing the flag pole. In particular we have:

fat(Ap) =1, fgt(A) =68, i=1,...,n—1.

The inclusion discussed above i i, : Br, — %tﬁf ! is a section of the flag pole
forgetting map: frg o i fin = 1.

3.3.4 Braid Action

In this section we outline a construction of the homomorphisms from the (affine)
braid group to our convolution algebras of matrix factorizations. For a geometric
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counter-part of the map fgt we need to introduce stable versions of our categories
of matrix factorizations.

Let us define the stable locus Z"* C 2 x V to be a set of quadruples
(X, g, Y, v) that satisfy an open condition:

C((Ad,'X)4. Yo =V. (3.5)

There is a natural projection 7Ty : 2 xV - 2 and there is an open embedding
map jg; : 27 — 2 where 27" = 7wy (2" *%"). This map induces the pull-back
map:

j& MF, — MF, := MFp (2, W).

It is shown in [26, Lemma 13.3] that the category MF,, has a natural structure of
convolution algebra. The main results of the papers [24, 26] play a crucial role in
the construction of the knot invariant in the next section.

Theorem 3.15 There are homomorphisms of algebras:
®:Br, > MF, %, o7 8¢ - (MF,,%.
Moreover, the pull-back jJ, is the homomorphism of the convolution algebras and
jEod¥ = @ ofgt.

The fact that the pull-back morphism is an algebra homomorphism relies on the
following shrinking lemma, for a proof see lemma 12.3 in [26].

Lemma 3.16 Suppose X is a quasi-affine variety and % = (M, D) € MF(X, W),
W € C[X]. The elements of C[X] act on MF(X, W) by multiplication. Let us
assume that the elements of the ideal I = (fi1,..., fu) C C[X] act by zero-
homotopic endomorphisms on F and Z' C X is the zero locus of I. Let Z C X bea
subvariety defined by J = (g1, . .., gn) such that ZNZ' = . Then F is homotopic
to F|x\z as matrix factorization over C[X].

In particular the lemma implies that we can shrink our ambient space to any
open neighborhood of the critical locus of the potential and such operation does not
change the corresponding category of matrix factorizations.

Let us also remark that there is another construction for the affine braid group
action on the similar category of matrix factorizations in [2] but the precise relation
between our construction and result of this paper is not known to the author.
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3.4 Knot Invariants

3.4.1 Geometric Trace Operator

Let b,, n, be Lie algebras of the group of upper, respectively strictly-upper
triangular n x n matrices. The free nested Hilbert scheme FHilb] “ is a B x C*-

——~——free
quotient of the sublocus FHilb, e C b, x n, x V, of the cyclic triples

—~——free
FHilb, = {(X,Y,v)|C(X,Y)v = V,},

here V,, = C". The usual nested Hilbert scheme FHilb,, is a subvariety of FHilb{ree,
it is defined by the condition that X, ¥ commute.

Remark 3.17 There is a bit of confusion in the notations, what we denote here by
FHilb, is denoted in [26] by Hilb; , and by FHilb, (C) in [11].

The torus Ty = C* x C* acts on FHilb,{ ree by scaling the matrices. We denote
by D’T)ir (FHilb,{ "“®) a derived category of the two-periodic complexes of the Tj-

equivariant quasi-coherent sheaves on FHilb;"*. Let us also denote by %" the

—f )
descent of the trivial vector bundle V,, on FHilb, " 1o the quotient FHilb,{ e
Respectively, 2 stands for the dual of Z". Below we construct for every 8 € B,
an element

Sp € DY (FHilb, ")
such that space of hyper-cohomology of the complex:

HK(Sp) == H(Sp ® A% B)

defines an isotopy invariant.

Theorem 3.18 ([26]) For any B € B, the doubly graded space
Hk(‘B) = H(k+writh(ﬂ)—n—1)/2 (Sﬂ)
is an isotopy invariant of the braid closure L(f).

————free
The variety FHilb,, T embeds inside 2" viaamap j, : (X, Y,v) > (X,e, Y, v).
The diagonal copy B = By < B? respects the embedding j, and since JX(W) =0,
we obtain a functor:

% st St s free
j&:MEg (27", W) = MF, — MFj, (FHilb, ,0).
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Respectively, we get a geometric version of “closure of the braid” map:
L:MFu(2" W) = MF, — D) (FHilb, ).

The main result of [26] could be restated in more geometric terms via geometric
trace map:

Tr: B, — DL (FHilb, ), Tr(B) := & L(P(B) ® A*B).

The above mentioned complex Sg is the complex L(®(B)). The differentials
in the complex Sg are of degree ¢ thus the differentials are invariant with
respect to the anti-diagonal torus 7,. Hence the forgetful functor yx

D;:Cr (FHilb/ ") — ngr (FHilb; ") could be composed with K -theory functor

K: D;jr (FHilb] ") = K T, (FHilb ™). The composite functor K o x is closely
related to decategorification and the classical Ocneanu-Jones trace, we discuss the
Ocneaunu-Jones trace Tr®” and related theorem of Markov in the next subsection.

Theorem 3.19 ([26]) The compositionHo Tr : Bt,, — Diir (pt) categorifies the
Jones-Oceanu trace: ‘

Tr%’ () = dimg g Ko x o Ho Tr(B),

where the q-grading comes from T,-action and a-grading from the exterior powers

of B.

3.4.2 OJ Trace and Markov Theorem

As we discussed before every link L in R is isotopic to the closure of some braid
L = L(B), B € Br,. On the other hand it is clear that such a presentation is not
unique. Markov theorem describes the non-uniqueness explicitly and thus provides
an algebraic description of the set £ of the isotopy equivalence classes of the links.

Theorem 3.20 The closure operation L identifies the set £ of isotopy class of links
in S and the set of equivalence classes:

U%tn/ ~

where the equivalence relation is generated by the elementary equivalences:

a-B~B-a «pfeDBry (3.6)

Bty da- ot ~ o, o € Br,. 3.7
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If we have homomorphism Tr from the braid group to some field F that respects
the relations (3.7) then the value Tr(8) € F is an isotopy invariant of the closure
L(B). In practice it is hard to classify such homomorphisms, however the great
discovery of Ocneanu and Jones is that one can classify such homomorphisms if
we pass to a quotient H,, of the braid group.

The Hecke algebra H,, is generated by g;,i = 1, ..., n — 1 modulo relations:

8i&i+18 = &i+18&i&+1, i=1,...,n—2,
gi—g,-_1=q—q_1, i=1,...,n—1.

There is a natural algebra homomorphism 7z : Bv, — H,, o; > g;. Itis shown
in [15] that there is a unique homomorphism 9/ . U, Hr — Q(a, g) that satisfies
relations (3.7) and normalizing relation

-1
™ol =""" .
q9—49
The corresponding invariant is o/ (B) € Q(a, q) is also known as HOMFLYPT
invariant, HOMFLYPT(8).

Thus the formula (3.1) from the introduction and Theorem 3.19 state that there is
a specialization of the graded dimension of HHH(B) that becomes a HOMFLYPT
invariant. Let us recall that the space HHH(B) up to some elementary grading shift
is equal:

H*(j* (@ (B) @ A°B)B).

This space naturally has four gradings: *, e and Ts.-grading. However, only three
of these gradings are invariant with respect to the Markov moves: * is not preserved
by the moves. The first grading is e, we call it a-grading, since it is responsible
for the a-variable in the HOMFLYPT polynomial specializations. The other two
gradings come from 7 -action:

deg(Xij) = ¢, deg(Yij) =q 17>

To specialize to the HOMFLYPT polynomial we need to set t+ = —1 or more
geometrically, we need to restrict the torus Tg.-action on the space HHH(f) to the
st,a

action of the anti-diagonal torus, we denote the specialized category by MF, ™.
To be more precise, the category MF;“ is a category of matrix factorizations on

st . . . . .
2" with the potential W which are B,%-weakly equivariant, G x T2 x T,-strongly
equivariant.

As we mentioned before this torus is special because under this specialization

. . . St . .
the differentials in the curved complexes from MF; become torus invariant, hence
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there is a well-defined functor:

\

K: MF, " - Kz, (MF"%).

n

This K-theory functor turns the homotopy equivalence (3.10) into the relation:

[€4+] = q ' UG)] — [Col—x1, —x1)D).

Thus the combination of the relations (3.2) and (3.12), (3.13) imply the quadratic
relation in the Hecke algebra.

The Markov move relations (3.7) hold for the invariant HHH(8) and in Sect. 3.7
we discuss the main idea of our proof of the Markov moves for HHH. We need
some details of the braid group action construction for the Markov move argument,
therefore we outline the construction in the next section.

3.5 Geometric Realization of the Affine Braid Group

3.5.1 Induction Functors

The standard parabolic subgroup Py has Lie algebra generated by b and E;4 ;,
i # k. Letus define space Z (Py) := bx P, xnand let us also use notation 2 (GL,,)
for 2. There is a natural embedding iy : 2" (Py) — .2 and a natural projection
Pk X (P) - Z(GLy) x & (GL,—k). The space 2 (GLy) x 2 (GL,—¢) is
equipped with a B,f X Br%f -invariant potential W(l) + W(Z) which is a sum of pull-
backs of the potentials W along the projection on the first and the second factors.
Moreover, we have:
irowy = prow' + w?, (3.8)
Since the embedding iy, satisfies the conditions for existence of the push-forward
and the relation (3.8) between the potentials holds, we can define the induction
functor:

ind := i 0 pj : MEg2 (27 (GL1), W) x MF 2 (2 (GLu—t), W)

— MFB%(%(GLH), W)

Similarly we define space 2 St(Pk) C b x Py x n x V as an open subset defined
by the stability condition (3.5). The last space has a natural projection map

P 27 (P = 2 (GL) x 27 (GLy—y)
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and the embedding iy : 2 ”(Pk) - X St(GLn) and we can define the induction
functor:

indy = ik 0 B : MF 2 (2 (GLi), W) x MFBsik(%”(GL,,_k), W)

— MFp (2" (GLy), W)

It is shown in section 6 (proposition 6.2) of [26] that the functor indy is a
homomorphism of the convolution algebras:

indk (3‘\1 X 3‘\2);indk (gl X %2) = indk (3‘\1 ;%2 X ﬁ\z;gz).

To define the non-reduced version of the induction functors one needs to introduce
the space Z°°(GL,) = g x GL, x n x n which is the slice to GL,-action on the
space Z . In particular, the potential W on this slice becomes:

W(X, g, Y1, Y2) = Tr(X (Y1 — Adg(Y2))).

Similarly to the case of the reduced space, one can define the space 2°°(Px) =
g X P x n x n to be a subvariety of 2 °(GL,,) and the corresponding maps iy :
Z°(Pr) — Z°(GLy), pr : Z°(Pr) > Z°(GLy) x Z°(GL,,_¢). Thus we get a
version of the induction functor for non-reduced spaces:

ind := ij 0 pjf : MFg2 (27 (GLe), W) x MEp> (2 (GLy—t), W)
— MF 2 (2 (GLy), W)

It is shown in proposition 6.1 of [26] that the Knorrer functor is compatible with
the induction functor:

ind; o (D X D) = P, o indy.

3.5.2 Generators of the Finite Braid Group Action

Let us define B>-equivariantembeddingi : 2" (B,) — 2, Z (B) := bx Bxn. The
pull-back of W along the map i vanishes and the embedding i satisfies the conditions
for existence of the push-forward i, : MFg2 (2 (By), 0) = MFp2 (2 (GL,), W).
We denote by C[.Z (B,)] € MF2(Z (By), 0) the matrix factorization with zero
differential that is concentrated only in even homological degree. As it is shown in
proposition 7.1 of [26] the push-forward
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is the unit in the convolution algebra. Similarly, 1, := @(]_1 ») 1s also a unit in non-
reduced case.

Let us first discuss the case of the braids on two strands. The key to our
construction of the braid group action in [26] is the following factorization in the
casen = 2:

W(X, g, Y) =y12(2g11x11 + g21x12) 821/ det,

where det = det(g) and

g1 g12 X11 X12 0y12
= N X = N Y =
§ |:821 822:| [ 0 X22:| [0 0 }

Thus we can define the following strongly equivariant Koszul matrix factorization:

%y = (CLZ1® A(6), D) e MF}; (2, W),

_ 81212
det

d
D 0+ <g11(X11 —x22) + 821X12>

00’
where A(6) is the exterior algebra with one generator.

This matrix factorization corresponds to the positive elementary braid on two
strands. Using the induction functor we can extend the previous definition to the

case of the arbitrary number of strands. For that we introduce an insertion functor:
Indg 1 : MFB%(%(GLZ), W) — MFB’%(B&”(GL,,), W)
Indg k+1(F) := indis1(indg—1 (Lx—1 x F) x Ly_k—1),
and similarly we define non-reduced insertion functor
Indg k1 : MFBg(%(Gg), W) — MFp2(27(Gy), W).
Thus we define the generators of the braid group as follows:
G = Indg g1 (inde—1 (7)), G = Indy ps1 (ind—1 (7).

Section 11 of [26] is devoted to the proof of the braid relations between these
elements:

R R AT G

GED g0 ) _ g0 bt o)
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Let us now discuss the inversion of the elementary braid. In view of inductive
definition of the braid group action, it is sufficient to understand the inversion in the
case n = 2.

Thus we define:

¢ = C(—x1, x2) € MFp2(2(GLo), W),

where x1, x2 are the standard generators of the character group of C* x C* =T C
B>. The definition of %_ is similar. It could be shown that the definition of €_ is
actually symmetric with respect to the left-right twisting:

¢ = C(x2, —X1)-
Theorem 3.21 ([26]) We have:

CrxC. = 1. (3.9)

3.6 Sample Computation

In this section we would like to show an example of the convolution algebra
computations. But before we would expand a little bit our discussion of the basic
matrix factorizations in the case of n = 2.

3.6.1 Basic Matrix Factorizations of Rank 2

We have shown in the previous section that the potential W is a product of three
factors and we used this fact to define the matrix factorization %. However, it is
clear that there are two more natural matrix factorizations for this potential:

%) = (CLZ1®A(0), D, 0,0), G := (CLZ1®A(6), Ds.0,0) € MFp2 (2, W),

82

D)= de

1 .9 821 . d .
t9+y12XO D, = eth9+y12 X0 = g11(x11 —x22) + g21x12.

06’ d 06’

One of the matrix factorizations is actually a cone of the morphism between the
other two:

€ % Gul—x1, —x)] ~ at- %, (3.10)
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with map ¢ defined by

t R(x2, —x1) —— Rix2,—x1)

ylzfoliigzl YIzwinglio
Xo

R ———— R(0,—x1),

where R = C[Z"]. This relation is crucial for our discussion of the connection with
the Oceanus-Jones traces

3.6.2 Details on the Convolution Product

The convolution product inside the category MF 2 (2", W) is a bit tricky to define
and we refer reader to our paper [26] where the convolution product is constructed
and used for the computations for n = 3. On the other hand the space 2" is bigger
than the space 2~ but the construction of the convolution is more straightforward.
The space Z°° := 2 /GL, = g x n x GL,, X nis intermediate between these two
spaces and we choose to work with this slightly bigger space to make our exposition
simpler.

The space 2°° and the relevant potential W° appeared already in the proof of
Proposition 3.14. Let us spell out the definition of the convolution structure for
elements . %, € MFp2 (27°, W°):

F x4 =13, (CE@5 (F) @ m33(9))),

where we used the convolution space 2, := g x n x GL, x n x GL,, x n and the
B3-equivariant maps are

(X, Y1, 812, Y2, 823, ¥3) = (X, Y1, g12, Y2),
733 (X, Y1, 812, Y2, 823, V3) = (Adg, X, Y2, g23, V3),
m53(X, Y1, 812, Y2, 823, ¥3) = (X, Y1, g12853 , ¥3).
To write the versions %, 6., €4 of the matrix factorizations from above we

need more precise notations for the Koszul matrix factorizations. We use the matrix
notation

ap by 6;

am by O
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for the matrix factorization from MF(X, F) with the differential D = Z;”Zl a;0; +
bi ;;l_ acting on C[X] ® A°[A].
Let us also fix coordinates on the space Z° =g x b x G x b:

X — x0 +tr/2 X1 oy = 0y g = aii ap ’
X1 —xo+tr/2 00 ar| ar
where tr = trX. We also denote by 81, §> the generators of Lie (U2), U? c B2 We
also only indicate non-trivial actions of §;, that is if no action of §; is given then this
action is trivial.

With this conventions we have the matrix factorization of the identity braid has
the form

9
et = [x~1 YT 01} , 8101 = —2yza110,.
Y2Xo a1 02

The blob matrix factorization has the form

2

X_ — yas, 0

Co = [ Loy 2dn }:| . 8161 = —2az1a116;
a1xo 2 0,

or equivalently

(5. = |: 5 X—1 B Y1 9ii| , 0{ — 91 +a%2051 510{ =0
—ajx—1+axxo y2 0,

The matrix factorization of the positive intersection is

2
%, = |:X~1 Y1 = yay 91i| . 8101 = —2ay10,. (3.11)
Xo  auy2 62

3.6.3 Computation

Now we are ready to do our sample computation.

Proposition 3.22 In the convolution algebra of MFqy . p2(Z", W) we have:

Ge(0, x1) * Ca(0, x1) = Co (X1, X1) ® Colx2, X1)-

Proof Let us fix some notation for the coordinates on the spaces that appear in our
constructions. For the group elements in the product 22, = g x n x GL, x n X

GL, x n we use notations a, b and for the non-zero elements of upper-triangular
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matrices in the product we use y1, y2, y3. We also add prime to the conjugate of X:
X =Ad.X.

Thus the matrix factorization € = 775 (%) ® 755 (%) is the following Koszul
matrix factorization:

X1 yi — y2al, 6
2 0

o — | a1l xoal/l +x1a21)  » , Pl 8100 = 201160, 5265 = —2b160.
X_q y2 — y3b11 03

by 2xgb11 + x1b21)  y3 b4

By making suitable linear change of 6; +— 61 + 2a;162,60> +— 6> and 63 +— 63 +
b1164, 64 — 64 we can make the first simplification of this matrix factorization:

X—1 y1 61
—a? x_ 2 0
@ — | Tt +a21(/ xoai1 + x1az1) y2 62 ’ 5,6, = 0.

X4 2 63

—b3,x" | + ba1(2x(b11 + x| b21) ¥3 b4

We use the third row to remove y, from the other rows:
X—1 y1 61
2 1

— _ 2
@ — | Tanx-1 + a21(2xpar1 + x1a21) 0 0, ’ 6, = 6, — 63,

0 203

—b3,x" | 4 ba1(2x(bi1 + x1b21) ¥3 b4
Since 63 is B? invariant element, we can now remove the third row altogether and

work over the ring R' = C[.Z.5,,,1/(2).
We can also use the relation

2 2
—b7x"y + ba(2xpbi1 + x1b21) = —cfx—1 + c21(2xpc11 + X1621)
to arrive to

X1 y1 01
Go * Co = —a%lx,1 + ax1 (2xoar1 + x1a21) 0 Qé
—ct X1 4 e21(2xoct1 + x1¢21) ¥3 04

Doing couple more simple row transformations, that change the basis in the space
(01,05,0;), we arrive to a simplified presentation of G, * G,:

x_1 yi =iy 0]
¢" = | az1(2xoar + x1a21) 0 4
c21(2xpc11 + x1021) »3 04
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Now let us notice that the top and the bottom lines of the last Koszul complex
are §p-invariant and together they form a Koszul matrix factorization nf_;)* (%,). On
the other hand the middle line has only one non-trivial differential and to complete
the proof we need to compute the Chevalley-Eilenberg homology

;
Hfe M, R" > RN, f = —an(2xoai + x1a21).
where R' = R” ® C[GL;] with last copy of GL; has coordinates ¢;;.
The space Spec(R”) has coordinates a, yi, y2, x and the Lie algebra n only acts
on the entries of the matrix a:
daix = —aj1, a1 =0.
The differential in complex for H*,, is exactly 8, hence
H°(n, R") = Cly1. y2. x. a1, azi, det™'],
H'(n, R") = Clyi, y2. x,a, det™"]/(a1, az1),
where det = deta. Now we can extract the torus invariant part:

(H*(n, R") @ x1)Te = (H'(n, R") ® x1)T = (a1, az1).

Finally, let us observe that the function f is quadratic on a hence its induced
action on (H*(n, R”) ® x1)%¢ is trivial and the statement follows. ]

Now let us derive the formula (3.2) from the above computation. For that let us
recall that the stable locus 2% is a union of two open subsets: U, = {y # 0},
U, = {(Ad;lX )12 # 0}. On the open set U, the matrix factorization %, contracts
since y is one of the differentials of the curved complexes. Thus we can safely
restrict our attention to the open locus U, but on this locus (Adng )12 # 0. Since

the weights of T, x B? on this non-vanishing elements are:
weight((Ady ' X)12) = q* - (0. —x1 + x2).  weight(det(a)) = (x1 + x2. x1 + x2)
we can trade the Borel action weight for q x1-shifts for q-shifts:
Gl + 1) = €6 = xex” = 2x2), (3.12)
Gl +x) = a6 X+ xa) (3.13)

Finally, we refer to theorem 3.33 that implies that the pull-back j turns the shifts
(x2,0) and (0, x2) to the trivial Bz-equivariant shift.
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3.7 Markov Relations

The first Markov relation is equivalent to HHH being a trace, that is we need to show
that the functor HHH is constant on the conjugacy classes inside ‘Bt,. In fact one
can show a stronger statement. Before we state this stronger statement let us discuss
the connection with usual flag Hilbert schemes.

3.7.1 Sheaves on the Flag Hilbert Scheme

The usual flag Hilbert scheme FHilb, is a subvariety of FHilb/ " defined by the
commutativity constrainton X, Y:

[X,Y]=0.

It turns out that the support of the homology of the complex Sg is contained in
FHilb,,. Hence the sheaf homology of the complex is the sheaf

Sy =734 @ 75" .= A (FHilb] ", Sp)

on Hilb; , and we immediately have the following:

Theorem 3.23 There is a spectral sequence with Ej term being
(H*(FHilb,, %5 ® AK%), d)
d : H*(FHilb,, .75/ @ A*%) — H"! (FHilb,,, 75" @ A" ®),

that converges to H¥(B).

The theorem follows almost immediately from the main theorem 3.18 and the
proposition 3.5. Moreover the sheaf .7 is actually is a conjugacy invariant:

Theorem 3.24 ([26]) For any a, B € Bt, we have:
ya.ﬂ ~ yﬂ.a.

The argument could be found in the cited paper, here we illustrate the idea by
showing that

yﬁ'dj(fk = ydjdkdi- (314)

i

Indeed, let us introduce the space 23 C gl,, x (GL,, x n,,)? defined by the constraint
requiring the cyclic product of the group elements to be one. There is a natural B3-
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action and B3-equivariant projections:
pri: 23 —> gl, xn,,  pri(X, g1, Y1, 82, Y2, 83, Y3) = (X, ).
Respectively, we also have projections 7y,, 755, w5, : 23 — 2°° and

Saiajak = Prl*(%), S(Tjdktf,' = [7"2*(%),
% = CEp (33 () @ 255 (@) @ w8t (6 )

On the critical locus of ni‘fl’.‘H(W") we have ¥; = Adg Y;41 hence on the
critical locus the conjugation by g intertwines the projections pr; and prp the
isomorphism (3.14) follows.

In the argument above we ignore the stability conditions but one can check that
the shrinking Lemma 3.16 implies that the argument above works even after we
impose the stability conditions.

3.7.2 Second Markov Move

The second Markov relation is more subtle and the proof of this relation is arguably
the most valuable result of [26]. To convey the main idea of the proof we explain
why it holds for the braids on two strands. In this case we need to compare the
homology of the closure of olil with the homology of unknot, so let us first do the
most trivial case of the braids on one strands since L(11), 1; € Br; is manifestly
the unknot.

- ——f
Indeed, forn = 1 we have 27 = CxC*x0and j, embeds FHilb, " Cx1x0

_ —~f
inside Z7. The group B; = C* acts trivially on FHilb, " and thus FHilb; = C and
Se = ji (O 7 ) = O¢ and % is the trivial bundle. We conclude then:

dim, , H(1)) = dim,, H' (1)) = s

Now let us explore the geometry of the free Hilbert scheme FHilb{ree. Let us fix
— f re

coordinates on the space FHilb, ‘chxnxV:

X11 X12 0y v
X = , Y= . v= .
[ 0 xzz} [0 OJ ’ [vz}
Since we have the stability condition C(X, Y)v = C? and both X, ¥ are upper-

triangular, we must have vy # 0. Thus after conjugating by the appropriate upper-
triangular matrix we could assume that v» = 1, v; = 0, let us denote this vector by
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v0. It is also elementary to see that
C(X, Y)v° = C?if and only if x12y # 0.

Also the stabilizer of v0 is C* that scales xj2, y and preserves x11, x22. Hence we
have shown:

FHilb} " = P! x C2,

the projection p on C? is given by the coordinates x11, X22.

Let us contrast the geometry of FHilb{ "“ with the geometry of FHilb,. The
discussion in this paragraph is not used in the proof below and is just an illustration
of difficulties of the geometry of the flag Hilbert scheme. The condition [X, Y] =0
is equivalent to the constraint:

y(x11 —x22) =0.

Hence the fibers of the projection p : FHilb, — C? are points outside of the
diagonal x11 = x7 and the fibers are projective lines P! over the diagonal.

Next let us recall that the matrix factorization for the simple positive crossing is
€y = [X, yga1l. Since X|g—1 = (x11 — x22), the pull-back j.(%;) is the Koszul
complex that is homotopy equivalent to the structure sheaf of P! x C. Finally, the
tautological vector bundle is a sum of the line bundles B = & @ 0'(—1), hence:

H%o1) = H*(Op1 ) = Clxni],
H'(01) = H*(B") = H*(Op1 ¢ ® Op1 4 (—1)) = Clx11],
H%(0) = H*(det(B)) = H*(Op1 ,c(—1)) = 0.

By our construction the matrix factorization for the negative crossing differs by
a line bundle twist from the one for the positive crossing. In particular, we have
JI(€-) = Op1 ¢ (—1) and can compute the homology:

H%o Y = H*(Opi o (—1)) = 0,
H*(o™") = H*(det(B) ® O(—1)) = H*(Op1 (—2)) = Clx11],

H' (o[ ") = H(#" @ 0(—1)) = H*(Opi.c(=1) ® Op1 ,c(—2)) = Clxn1],

Thus we have shown H¥(o) = H*(1;) and H*tl(c~)) = H*1)) as we
expected.

Respectively, we can use nested nature of the scheme FHilb, to define the
intermediate map:

7 FHilb] " — C x FHilb/"*,
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where the first component of the map 7 is x1; and the second component is just
forgetting of the first rows and rows of the matrices X, Y and the first component of
the vector v. Let us also fix notation for the line bundles on FHilb; "**: we denote by
Ox(—1) the line bundle induced from the twisted trivial bundle & ® xx. It is quite
elementary to show

Proposition 3.25 The fibers of the map 7 are projective spaces P*~ and

1. %n/n*(ggn—l) = O(—1).
2. ﬁn(_l)ln*l(z) = ﬁpnfl(_l).

We can combine the last proposition with the observation that the total homology
H*(P"!, 0(—1)) vanish if [ € (1, n — 1) and is one-dimensional for [ = 0, n:

Corollary 3.26 For any n we have:
o m(ANB,) = AKB,

o 7.(On(m) ® AKB,) =0ifm € [-n+2, —1].
o T(Op(—n+ 1)@ A*B,) = A1 B,_1[n]

The geometric version of the Markov move is the following

Theorem 3.27 For any B € Bt,_1 we have
HE(B - 01) = HAN(B), HX(B-o1) = H(B).

Sketch of a proof The main technical component of the proof is the careful analysis
of the matrix factorizations (fﬂ_ail MF(%,, W). It is shown in [26] that this curved

complex Cf_ﬁ.ale has form:

¢ < 'RV < €' Q@ A%V < ¢ ® AV < ¢ ® A%V <

(3.15)

where €' = pj (‘to”_,g), V = C"2, the dotted arrows are the differentials of the
Koszul complex for the ideal I = (g13, ..., g1») Where g;; are the coordinates on
the group inside the product 2, = b, x GL, x n,. Thus after the pull-back JjJ the
dotted arrows of the curved complex vanish and we only left with the arrows going
from the left to right.

Now we would like to compute 7, (jf (‘ég.gf) ® A¥%,) and here we can apply
the previous corollary. Thus if € = 1 then only the left extreme term of j) of
the complex (3.15) survive the push-forward .. Since the non-trivial arrows of j
of (3.15) all are the solid arrows which are going the left to the right, the contraction
of the m,-acyclic terms do not lead to appearance of new correction arrows thus
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conclude that
T (Cpoy) @ A By = jH (65 @ A¥B,_1).

If ¢ = —1 then only the right extreme term of j of the complex (3.15) survive
the push-forward ... Hence the similar argument as before implies:

712 (G 1) ® A By) = j3(Cp ® A By).

3.8 Chern Functor and Localization

Theorem 3.23 provides a theoretical method for constructing a sheaf on the flag
Hilbert scheme that contains all the information about the knot homology of the
closure of the braid L(8). However, it is hard to use this method for actually
computing knot homology.

The first complication comes from the fact that the space FHilb,, is very singular
and working with this space requires extra level of care and technicalities [11]. We
will explain how one can circumvent this complication with the Chern functor from
the next subsection.

The second complication comes from possible non-vanishing of the differential d
in the theorem, one would like to avoid the spectral sequence that do not degenerate
at the second step. The differential vanishes automatically if for example .79%¢
vanishes, this kind of property is probably related to the parity property in [7]
for Soergel bimodel model of the knot homology. Again the Chern functor helps
with finding braids that have the parity property, as we explain in the end of the
section.

3.8.1 Chern Functor

In the paper [25] we construct a pair of functors which we call a Chern functor and
a co-Chern functor:

CH?!

loc

T~
MFS! Dy (Hilb,)
\_/
HC,, (3.16)
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where Hilb, is the Hilbert scheme of n points on C2, while D;j; (Hilb,) is the
derived category of two-periodic Ty.-equivariant complexes on the Hilbert scheme.
In the same paper we prove

Theorem 3.28 ([25]) For every n we have

e The functors CH‘ff)C and HC}, _ are adjoint.
* The functor HC}. . is monoidal.

* The image of HC} . commutes with the elements ® (), p € Bt,.
As a manifestation of the categorified Riemann-Roch formula, we obtain a new
interpretation for the triply-graded homology:

Theorem 3.29 ([25]) For any B € Bt, we have:

HHH(B) = Hom(&, CH! (®(8)) ® A*A).

loc

Let us outline the construction of the Chern functor in the next subsection.

3.8.2 Construction of CH

First we will construct the functor between the categories MF and MFp, where the
last category is defined as a stable version of the category of equivariant matrix
factorizations:

MFp; := MFG(%. Wpr), € =gxGxg, Wpi(Z,g. X) = Tr(X(Z—Ad,yZ)),

the group GL,, acting on components of 4" by conjugation. The stable version of
the category is defined as category of matrix factorizations on the slightly enlarged
space:

¢ CExV, (Zg X, v)e? iff gv=vand C(X,AdgZ)v =C".

Both stable and unstable versions of the categories fit into the diagram:

CH*
T
MF* MFyp, |

\/

HC®
where e can be either st or @.

To lighten the exposition we explain only the construction for the functors CH
and HC, the stable version is an easy modification of the construction, see [25].
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We need two auxiliary spaces in order to define the Chern functor:
D@ngzngxngxn, Zeu=gxGxgxGxb
The action of G x B on these spaces is
(k,D)-(Z,8, X, h,Y) = (Adr(Z), Adi(8), Adi(X), khb, Adj-1(Y))
and the invariant potential is
Wen(Z, g, X, h,Y) = Tr(X (Adgs (Y) — Adp(Y))).

The spaces € and 2~ are endowed with the standard G x B2-equivariant structure,
the action of B on ¢ is trivial. The following maps

wpr s Zeu —> €, fac ffé)H - Z jo : ffé)H — ZCH.

jTDI’(Za ga Xa ha Y) = (Za ga X)a fA(Za ga Xaha Y) = (X5 gh7 Yahv Y)
are fully equivariant if we restrict the B’-equivariant structure on 2" to the B-
equivariant structure via the diagonal embedding A : B — B?. Note that j is
an inclusion map.

The kernel of the Fourier-Mukai transform is the Koszul matrix factorization

Kcn == [X — Ad,-1 X, AdpY — Z] € MF(ZcH, 5. (Wpr) — fA(W)).

and we define the Chern functor:
CH(%) := 7pr(CEn (Ken ® () o fA(ON ). (3.17)

We also define the co-Chern functor HC as the adjoint functor that goes in the
opposite direction: HC: MFp, — MF. Thus, the functor HC is the composition
of adjoints of all the functors that appear in the formula (3.17).

The product Zcy x B has a B x B-equivariant structure: for (p, g) € Zcu x B
we define

(h1,h2) - (p.g) = (h1 - p, highy ")
Then the following map is B?-equivariant:
fa: 2% xB— 2 x B,

fa(Z,g, X, h,Y,b) = (X, gh, Y, hb, AdpY, b).
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The map f, is a composition of the projection along the first factor of Z¢y and the
embedding inside 2~ x B. The embedding is defined by the formula

AdpyY) = 12,
so it is a regular embedding. Thus since
J" (Ken ® p,(2)) € MFg, g2 (Zen x B, f4(W)),

where pr : ZHc X B — % is a natural extension of map wp, by the projection
along B, we have a well-defined matrix factorization fax o j¥*(Ken ® m5.(D)) €
MF, p2(Z" x B, w5 (W)), where mp is the projection along the last factor. Now
we can define:

HC(2) = g+ (fax 0 " (Kcn ® 15(D))). (3.18)

3.8.3 Linear Koszul Duality

We need to relate the category MFy, and the category D7 (Hilb). This relation is
a particular example of the linear Koszul duality. Let us discuss the linear Koszul
duality in general.

Derived algebraic geometry is explained in many places, here we explain it in the
most elementary setting sufficient for our needs.

Initial data for an affine derived complete intersection is a collection of elements
f1s .-, fm € C[X]. It determines the differential graded algebra

29
#=CIX]® A'U.D). D=3} fi, .
i=1 !

where 6; from a basis of U = C™.

More generally, given a dg algebra % such that HO(#) = 07 we say that
Spec(Z#) is a dg scheme with underlying scheme Z. Respectively, we define dg
category of coherent sheaves on Spec(%) as

Coh(Spec()) = {bounded complexes of.ﬁ.nitely gerllerated Z dg modules}.
{quasi-isomorphisms}

Consider a potential on X x U:

W= Zfi(x)zz',

i=1
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where z; is a basis of U* dual to the basis 6;. For the Koszul matrix factorization:

m
ad
MF(X x U, W) 3B =(#®CIUL, Dp), Dp=) ziti+fi,, -
i=1 !
and for a (M, Dy) dg module over #, the tensor product

KSZy (M) := M ®cx1o4*) B

is an object of MF(X x U, W) with the differential D = Dy ® 1 + 1 ® Dp. The
map KSZy extends to a functor between triangulated categories:

KSZy : Coh(Spec (%)) — MF(X x U, W).

The functor in the other direction is based on the dual matrix factorization:

m
a
MF(X x U,—W) > B* = (ZQ® C[U], D3), Dp= E zibi— fi.
P a6;

KSZ;}: MF(X x U, W) — Coh(Spec (%)),
KSZj; (%) := Homgyz(Z Qcixxu) B*, %).

Theorem 3.30 The compositions of the functors:
KSZy o KSZ};,, KSZj, o KSZy

are autoequivalences of the corresponding categories.

Proof of this theorem could be found in [1, 14] or one can consult [25] for a more
streamlined argument.

3.8.4 Linearization

We would like to apply the linear Koszul in our situation. The complication in our
case is that we want to eliminate the group factor in the space ' but the group
is not a linear space. Thus we have to restrict ourselves to the neighborhood of the
identity and linearize the potential in this neighborhood and as we explain below it
could be done with localization.
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A coordinate substitution ¥ = U gi1

tri-linear:

on our main variety ¢ makes the potential

Wpi(X, U, §) = Tr(X[U, g]) = Wpr(X. Ug ™", 8).
Thus we introduce linearized categories:
MEFp, := MFg(€°, Wy,

where €’* is obtained from %4® by taking the closure of G inside g.
Since jg: ¢* <> €* is an open embedding, the pull-back functor jf; is a
localization functor and we denote

loc*: MFp, — MFp,
for this functor.

Proposition 3.31 ([25]) The functors loc™ are isomorphisms.

Since the potential W is linear as a function of g € g and the scaling torus T,
does not act on g, we obtain a pair of mutually inverse functors:

KSZ;
/\
MFp, Coh®
KSZg
here Coh®" is the two-periodic derived category DP¢" (Hilb) and Coh is the DG
category of the commuting variety.

The functors that we wanted to construct are defined by the composing the
functors:

CH}l,, := CH* o (loc*) ™! 0 KSZ} : MF* — DM (Hilb, (C?)).

loc

The localization functor does not seem to be invertible in the case of ¢ = J,
however a construction of the functor in the opposite direction does not require
invertibility of the localization:

HC},. := HC® oloc® 0 KSZ4: Coh® — MF®.

3.8.5 Localization Formulas

The advantage of this new interpretation is that the Hilbert scheme is smooth, unlike
the flag Hilbert scheme which is a homological support of &£xt(@(8), @(1)). So the
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complexes on Hilb are more manageable than their flag counter-part. In support of
this expectation, we apply the Chern functor to the Jusys-Murphy (JM) subgroup
inside ‘Bv, together with the parity property and prove an explicit localization
formula for the sufficiently positive elements of the JM subgroup.

Recall that the JM subgroup is generated by the elements

.0i+10;.

2
8,‘ =0i0j41---0p_q .-

It is not hard to see that these elements mutually commute and that the full twist
from the introduction is the product:

n—1
FT=[]s.
i=1

It is expected that CH;! . applied to the matrix factorization corresponding to the
sufficiently positive element of JM algebra is a sheaf supported in one homological
degree, we state the precise conjecture below. Modulo this geometric conjecture we
have a (conditional on the conjecture) formula for the corresponding homology of
the links.

Theorem* 3.32 For any n there are N, M > 0 such that for a vectorb € 7"~}
with ai+1 — a; > N,ay > M the (q, t, a)-character of the homology of the closure
of the braid [ ;_, 8P is given by the formula

dima,Q,THHH(ﬁsbi Z]—[Z (Haz ]_[ ;“(

i=2 I<i<j<n

where ¢ (x) = 8 XQ)SUQ%; Q = q%, T = t%/q> The last sum is over all standard

Young tableaux with z; = Q“ ‘OT'® o' I are co-arm and co-leg of the square the
standard tableau with the square with the label i.

The proof has two components. The first component is concerned with actual
computation of the matrix factorization @ ([ ];_, (Sl}.’i ). This computation is an easy
consequence of our construction of @'/

Theorem 3.33 ([24]) Foranyi =1,...,n we have
U (A) = 2T (1)(x:., 0).

In particular, we show in [24] that the pull-back j sends @4 (1) (xn, 0) to the
trivial line bundle. Since §; = fgt(A;) we conclude the following
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Corollary 3.34 For any B € Bv, and b;, M € 7 we have

o(B-[]87) = 2(B)b.0),
i=2

CH}' (¢ (B - FTM)) = CH! (¢ (B)) ® det(B)®M,

loc loc
where FT = [[/_, 8; is the full-twist braid.

Thus we can apply the first formula from the corollary and get an explicit Koszul
matrix factorization describing the desired curved complex:

o([]87) = % b.0).
i=2

It is much harder though to compute Chern functor CH(% (b, 0)). It is expected
[11] that CH(%)) is a celebrated Procesi vector bundle and finding an explicit
description for this vector bundle is notoriously hard [12]. So at the moment we do
not have an explicit statement for CH(%j| (b, 0)) but we believe the following weaker
conjecture could be proved by inductive argument from the work of Haiman.

Conjecture 3.35 ([27]) There is N > 0 such that for any a such that a;+1 — a; >
N the two periodic complex CHj! (4 (a, 0)) is homotopy equivalent to the sheaf

loc
concentrated in even homological degree.

On the other hand det(#) is an ample line bundle on Hilb, (C?) and hence the
assumptions of the Theorem 3.32 and Corollary 3.34 imply that CH;! (% (b)) is
homotopy equivalent to the sheaf with no higher homology. The differential in the
complex ) has Ty, degree t, respectively by t-twisting even component of %) we
obtain the curved complex ‘KH‘” with T.-invariant differential. From the discussion
above we have:

H*(CH;! (%) (a,0))) = H(CH}! (" (a, 0))) = x (CH}\.(€["(a, 0)))

loc loc loc
= x(S{"(a, 0)),

where S{? is the version of S| with t-twisted even component. There is well-defined
image K(%) of the complex inside of the Ty.-equivariant K -theory. Thus the Euler
characteristics of the LHS of last formula can be computed within K7,, (FHilb/”¢)
and here we can use the analog Negut’s theorem for the push-forward along the
fibers of the projection

Proposition 3.36 For any rational function r (£,) of £,=0, (—1) with coefficients
rational functions of £;=0;(—1), i < n, the K-theory push-forward is given by

r(z)

_Z—l)

d
T (r (L) = / ’ [Teesm
i=1
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where the contour of integration separates the set Poles(r(z)) | {0, oo} from the
poles of the rest of the integrant.

The K-theory class of the complex CHy (4}") is [] ;- ;<,(1 — q1.%1/Z)).
Hence we can apply the formula from the previous proposition iterative to obtain
the iterated residue integral formula for the desired link invariant:

bi -1
z; (I+az; ) zi dz1  dzy
[ 01 SR (R TSR N

)
l<i<j<n Z/ 21 Zn

The final step of the proof is a delicate analysis of the iterated residue that was done
in the work of Negut [20] in the context of K -theory of the flag Hilbert scheme.
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