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AN INTRODUCTION TO (MOTIVIC)
DONALDSON-THOMAS THEORY

SVEN MEINHARDT

Abstract. The aim of the paper is to provide a rather gentle introduction into Donaldson-
Thomas theory using quivers with potential. The reader should be familiar with some basic
knowledge in algebraic or complex geometry. The text contains many examples and exercises

to support the process of understanding the main concepts and ideas.
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The theory of Donaldson-Thomas invariants started around 2000 with the sem-
inal work of R. Thomas [36]. He associated integers to those moduli spaces of
sheaves on a compact Calabi-Yau 3-fold which only contain stable sheaves. Af-
ter some years, K. Behrend realized in [1] that these numbers, originally written
as “integrals” over algebraic cycles or characteristic classes, can also be obtained
by an integral over a constructible function, the so-called Behrend function, with
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102 S. Meinhardt

respect to the measure given by the Euler characteristic. This new point of view
did not only extend the theory to non-compact moduli spaces but revealed also
the “motivic nature” of this new invariant. It has also been realized that quivers
with potential provide another class of examples to which Donaldson-Thomas the-
ory applies. Starting around 2006, D. Joyce [11, 12, 13, 14, 15, 16] and Y. Song
[17] extended the theory using all kinds of “motivic functions” to produce (possibly
rational) numbers even in the presence of semistable objects which is the generic
situation when classifying objects in abelian categories. Around the same time, M.
Kontsevich and Y. Soibelman [19, 21, 20] independently proposed a theory pro-
ducing even motives, some sort of refined “numbers”, instead of simple numbers,
also in the presence of semistable objects. The technical difficulties occurring in
their approach disappear in the special situation of representations of quivers with
potential. The case of zero potential has been intensively studied by M. Reineke in
a series of papers [30, 31, 32]. Despite some computations of motivic or even nu-
merical Donaldson-Thomas invariants for quivers with potential (see [2, 6, 4, 27]),
the true nature of Donaldson-Thomas invariants for quiver with potential remained
mysterious for quite some time. A full understanding has been obtained recently
and is the content of a series of papers [7, 5, 26, 24].

The present text aims at giving a gentle introduction to Donaldson-Thomas
theory in the case of quiver with potential. We have two reasons for our restriction
to quivers. Firstly, so-called orientation data will not play any role, and secondly, we
do not need to touch derived algebraic geometry. Apart from this, many important
ideas and concepts are already visible in the case of quiver representations, and
since the theory is fully understood, we belief that this is a good starting point
for your journey towards an understanding of Donaldson-Thomas theory. There
are more survey articles available focusing on different aspects of the theory (see
[17, 20, 35]).

Let us give a short outline of the paper. The next section starts very elementary
by discussing the problem of classifying objects. The objects which are of inter-
est to us form an abelian category although many ideas of section 2 also apply to
“non-linear” moduli problems. We study in detail the difficulties arising from the
construction of moduli spaces and develop slowly the concept of a (moduli) stack.
Although the theory of stacks is rather rich and complicated, we can restrict our-
selves to quotient stacks throughout this paper. Hence, a good understanding of
a quotient stacks is inevitable. We try to illustrate this concept by giving impor-
tant examples. We should mention that only very little knowledge of algebraic or
complex geometry is needed. In many cases, you can easily replace “schemes” with
“varieties” or “complex manifolds”.

Section 3 provides the background on quivers and their representations. The
point of view taken here is that quivers are the categorical (noncommutative) ana-
logue of polynomial algebras in ordinary commutative algebra. In other words, they
are a useful tool for practical computations when dealing with linear categories, but
at the end of the day the result should only depend on the linear category and not
its presentation as a quotient of the path category of a quiver by some ideal of rela-
tions. The relations important in this paper are given by noncommutative partial
derivatives of a so-called potential.
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The next two sections provide the framework to formulate Donaldson-Thomas
theory in section 6. We start in section 4 with the concept of “motivic theo-
ries”. The best example the reader should have in mind are constructible func-
tions. It should be clear that constructible functions can be pulled back and mul-
tiplied. Using fiberwise integrals with respect to the Euler characteristic, we can
even push forward constructible functions. Moreover, every locally closed sub-
scheme/subvariety /submanifold determines a constructible function, namely its
characteristic function. In a nutshell, a motivic theory is just a generalization
of this associating to every scheme X an abelian group R(X) of “functions” on
X which can be pulled back, pushed forward and multiplied. Moreover, to every
locally closed subscheme in X there is a “characteristic function” in R(X) such
that the characteristic function of a disjoint union is the sum of the characteristic
function of its summands. Its is this property what makes a theory of generalized
functions “motivic”. As usual in algebraic geometry, the term “function” should
be used with some care. Every function on say a complex variety X determines a
usual function from the set of points in X to the coefficient ring R(point) of our
theory, but this is not a one-one correspondence.

In section 5 we introduce vanishing cycles. We do not assume that the reader is
familiar with any theory of vanishing cycles. As in the previous section, a vanishing
cycle is just an additional structure on motivic theories formalizing the properties
of ordinary classical vanishing cycles. The Behrend function mentioned at the
beginning of this introduction provides a good example of a vanishing cycle on the
theory of constructible functions. In fact, we will construct in a functorial way
two vanishing cycles associated to a given motivic theory. The first construction is
rather stupid, but the second one essentially covers all known nontrivial examples.
At the end of sections 4 and 5 we extend motivic theories and vanishing cycles
to quotient stacks as quotient stacks arise naturally in moduli problems. There
is a way to circumvent stacks in Donaldson-Thomas theory by considering framed
objects, but we belief that the usual approach of using stacks is more conceptual and
should be known by anyone who wants to understand Donaldson-Thomas theory
seriously.

In the last section 6 we finally introduce Donaldson-Thomas functions and invari-
ants. After stating the main results, we consider many examples to illustrate the
theory. Finally, we develop some tools used in Donaldson-Thomas theory such as
Ringel-Hall algebras, an important integration map and the celebrated wall-crossing
formula.

The reader will realize shortly that the text contains tons of exercises and ex-
amples. Most of the exercises are rather elementary and require some elementary
computations and standard arguments. Nevertheless, we suggest to the reader to
do them carefully in order to get your hands on the subject and to obtain a feeling
about the objects involved. There is a lot of material in this text which is not part
of the standard graduate courses at universities, and if you are not already familiar
with the subject you certainly need some practice as we cannot provide a deep and
lengthy discussion of the material presented here.
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2. MODULI PROBLEMS AND STACKS

Let us start by recalling the general idea of a moduli space. Depending on
the situation, mathematicians are trying to classify objects of various types. The
general pattern is the following. There is some set (or class) of objects and isomor-
phisms between two objects. Such a structure is called a groupoid. A groupoid is
a category with every morphism being an isomorphism. If the set of objects has
cardinality one, a groupoid is just a group. The other extreme is a groupoid such
that every morphism is the identity morphism of some object. Such groupoids are
in one-to-one correspondence with ordinary sets. Hence, a groupoid interpolates
between sets and groups. There are two main sources of groupoids.

Example 2.1. — Let X be a topological space. The fundamental groupoid
m1(X) is the groupoid having the points of X as objects, and given two points
z,y € X, the set of morphisms from = to y is the set of homotopy classes of paths
from z to y. Fixing a base point € X, the usual fundamental group 71 (X, z) is
just the automorphism group of x considered as an object in the groupoid m (X).
Denote by mo(X) the set of path connected components, i.e. the set of objects in
m1(X) up to isomorphism.

Example 2.2. — Given a category C, one can consider the subcategory Zso(C)
of all isomorphisms in C. Thus, Zso(C) is a groupoid, and C/. denotes the set of
objects in C up to isomorphism.

These two examples are related as follows. To every (small) category one can
construct a topological space X¢ - the classifying space of C - such that m (X¢) =
Zso(C) and mo(X¢) =C/~.

Let us come back to the classification problem, say of objects in C up to isomor-
phism. The problem is to describe the set C/.. If it is discrete in a reasonable
sense, one tries to find a parameterization by less complicated (discrete) objects.
This applies for instance to the classification of semisimple algebraic groups or fi-
nite dimensional representations of the latter. In many other situations, C/. is
uncountable, and one wants to put a geometric structure on the set C/.. to obtain
a “moduli space”. However, if for instance C/. has the cardinality of the field of
complex numbers, one can always choose a bijection C/.. = M to the set of points
of any complex variety or manifold M of dimension greater than zero. Pulling
back the geometric structure of M along this bijection, we can equip C/~. in many
different (non-isomorphic) ways with a structure of a complex manifold. Hence, we
should ask:

Question. — Is there a natural geometric structure on C/.? What does “nat-
ural” actually mean?

There is a very beautiful idea of what “natural” should mean, and which applies
to many situations. Assume there is a notion of a family of objects in C over
some “base” scheme/variety/(complex) manifold S, i.e. some object on S which
has “fibers” over s € S, and these fibers should be objects in C.

Example 2.3. — Given a C-algebra A, a family of finite dimensional A-represent-
ations is a (holomorphic) vector bundle V' on S and an C-algebra homomorphisms
A —=T(S,End(V)) from A into the algebra of sections of the endomorphism bundle
of V.
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Example 2.4. — Given a scheme/variety/manifold X over C and some parame-
ter space S, a family of coherent sheaves on X parametrized by S is just a coherent
sheaf F on Sx X which is flat over S. The latter condition ensures that taking fibers
and pull-backs of families behaves well. If E is a family of zero dimensional sheaves
on X, i.e. if the projection p : Supp(E) — S has zero-dimensional fibers, flatness
of E over S is equivalent to the requirement that E is locally free over S. Using
the coherence of F once more, one can show that p : Supp(F) — S is a finite mor-
phism and if X = Spec A is affine, F is completely determined by the vector bundle
V := p.E on S together with a C-algebra homomorphism A — T'(S, End(V)). From
that perspective, the previous example can be seen as a non-commutative version,
namely families of zero dimensional sheaves on the non-commutative affine scheme
Spec A for A being a C-algebra.

Example 2.5. — A G-torsor with respect to some (algebraic) group G is a
scheme P with a right G-action such that P = G as varieties with right G-action,
where G acts on G by right multiplication. A (locally trivial) family of G-torsors
over S is defined as a principal G-bundle on S.

Once a family is given, by taking the “fiber” over s € S we get an object in C
and, hence, a point in C/.. Varying s € S, we end up with a map u : S — C/~.
Moreover, we see that the pull-back of a family on S along a morphism f : S’ — S
induces a morphism v’ : S — C/. such that ' = wo f. Coming back to the
question formulated above, we can now be more precise by asking:

Question. — Is there a structure of a variety or scheme on C/. such that for
every family of objects over any S, the induced map S — C/. is a morphism
of schemes? If so, is there any way to get back the family by knowing only the
morphism S — C/.?

If the first question has a positive answer, we call M = (C/., scheme structure)
a coarse moduli space for C. If the second part of the question is also true, we
should be able to (re)construct a “universal” family on M by considering the map
id : M — M. Moreover, given a map v’ : S’ — M such that v’ = uwo f for
some map f : S’ — S, the family on S’ should be the pull-back of the family on
S associated to u by umqueness As every morphism u : S — M has an obvious

factorization S % M % M, we finally see that every family on S must be the
pull-back of the “universal” family on M. In such case, we call M a fine moduli
space.

Example 2.6. — Let C = Vect¢ be the category of finite dimensional C-vector
spaces. A (locally trivial) family of finite dimensional vector spaces is just a vector
bundle on some parameter space S. As a vector space is classified by its dimension,
we can put the simplest scheme structure on Vectc /. = N by thinking of N as
a disjoint union of countably many copies of SpecC. Given a vector bundle V,
we obtain a well-defined morphism S — N mapping s € S to the copy of SpecC
indexed by the dimension of the fiber V; of V' at s. The scheme N is a coarse moduli
space, but apart from the zero dimensional case, it can never be a fine moduli space.
Indeed, there is an obvious and essentially unique vector bundle on N inducing the
identity map N — N, but a vector bundle on S can never be the pull-back of the
one on N unless it is constant. Thus, N is not a fine moduli space.
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These are also bad news for our previous examples concerning representations
of an algebra A or sheaves on a variety X. Indeed, for A = C or X = SpecC, we
are back in the classification problem of finite dimensional C-vector spaces.

Example 2.7. — Similar to the previous example, we see that the classification
problem for G-torsors has only a coarse moduli space given by Spec C.

There are several strategies to overcome the difficulty of constructing a fine
moduli space.

Example 2.8 (rigid families). — One possibility is to rigidify families of objects.
For example, instead of considering all vector bundles we could also restrict our-
selves to constant vector bundles. In this particular case, N is even a fine moduli
space. However, in many situations one wants to glue families together to form fam-
ilies of objects on bigger spaces. This is incompatible with the concept of rigidity,
and we will not follow this path.

Example 2.9 (weaker equivalence). — Instead of classifying objects up to iso-
morphism, we could allow weaker equivalences. For example, we could identify to
families V(1) and V(2 (over S) of vector spaces or representations of an algebra A
if there is a line bundle L on S such that V) = v ®og L. By doing this, we
can always replace a rank one bundle with the trivial rank one bundle. Hence, the
moduli space Spec C of one-dimensional vector spaces is a fine moduli space.

Example 2.10 (projectivization). — Similar to families of vector spaces of di-
mension 7, one could look at locally trivial families P of projective spaces P"!.
The transition functions between local trivializations are regular functions with
values in Aut(P"~!) = PGL(r). Every vector bundle V of rank r provides such a
bundle by taking P := P(V'), the bundle of lines or hyperplanes in V. Two vec-
tor bundles V(1) V(2 define isomorphic bundles P(V(V)) = P(V(2)) if and only if
V@ =V @4, L for some line bundle L on S, providing the bridge to the previ-
ous example. However, not every P"~!-bundle P can be realized as P(V) for some
vector bundle V on S. Given a P"~!-bundle P, we can use the transition functions
and the isomorphism PGL(r) & Aut(Matc(r,r)) to glue trivial Matc(r,r) bundles
on overlaps of charts. Thus we constructed an associated locally trivial bundle
Ep of C-algebras isomorphic to End¢(C") = Matc(r,r). Conversely, every locally
trivial bundle € of C-algebras isomorphic to Matc(r,r) defines an associated P™~1-
bundle Pg as the transition functions of £ must be in Aut(Matc(r,r)) = PGL(r).
Thus, we have an equivalence of categories between locally trivial P™~!-bundles
and locally trivial Matc(r, r)-bundles. If the P"~!-bundle P is given by P(V) for
a vector bundle V' of rank r, then &pyy = End(V'). Given a C-algebra A, we can
study families given by a locally free P"~!-bundle P or equivalently a locally free
Matc(r, r)-bundle £ and a homomorphism of algebras A — I'(S,€). If A = C,
there is only a fine moduli space for » = 1 as every P’-bundle must be constant.
If the algebra A is more complicated, there are also fine moduli spaces for r > 1,
but only for objects which are simple in a suitable sense. For A = C there are no
simple vector spaces of dimension r > 1.

As we have seen, the construction of fine moduli spaces can only be done in a few
cases and severe restrictions. But even if we were only interested in coarse moduli
spaces, a standard problem will occur as the following example shows.
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Example 2.11. — Instead of looking at representations of A = C, we enter
the next level of complexity by looking at finite dimensional representations of
A = C[z]. A one-dimensional representation V' is determined by the value of z in
End¢ (V) = C. In other words, a coarse moduli space is given by the complex affine
line A'. Still, we have to face the problem discussed before that a line bundle on
S with z acting by multiplication with a fixed number ¢ € C could almost never
be the pull-back of a universal family under the constant map S — A! mapping
s € Stoce Al. Let us ignore the problem of finding a fine moduli space and
continue with two-dimensional representations. Consider the trivial rank 2 bundle
on S = A! with z acting via the unipotent matrix

(67)

in the fiber over s € S = A'. The representations for s # 0 are all isomorphic to
each other, and our “classifying map” u : S — M to a coarse moduli space M
of 2-dimensional representations of A must be constant on S\{0}. For s = 0 we
obtain a different representation and «(0) must be another point in My if the latter
parametrizes isomorphism types. However, such a discontinuous map u : S — My
cannot exist, and we have to abandon the idea of finding a coarse moduli space
parameterizing isomorphism classes. One can show that a “reasonable” coarse
moduli space is given by the GIT-quotient Matc(2,2)/ GL(2) which is realized as
Spec C[Matc(2,2)]5%) 22 A2 and similar for higher ranks. The classifying map
S — A? will map s € S to the unordered pair of eigenvalues of the z-action in
the fiber over s. Such an unordered pair of eigenvalues is determined by the sum
(corresponding to the trace) and the product (corresponding to the determinant)
of the eigenvalues and similar for higher ranks. Therefore, M will parametrize un-
ordered direct sums of one-dimensional representations. In other words, by passing
from C/. to M, we identify each representation with the (unordered) direct sum of
its simple Jordan—Holder factors. Representations having the same Jordan—Holder
factors, i.e. corresponding to the same point in M, are often called S-equivalent!.

Let us summarize the lessons we have learned in the previous examples:

(1) Constructing coarse moduli spaces has only a chance if we do not param-
etrize objects up to isomorphism but up to the weaker S-equivalence. In
other words, classifying objects up to isomorphism is only possible for sim-
ple objects, i.e. objects without subobjects.

(2) The construction of a universal family on the moduli space of simple objects
might only work if we identify two families under a weaker equivalence
(twist with a line bundle) or pass to some projectivization.

We suggest to the reader to check these statements in the previous examples.
Even though the set of objects in C up to isomorphism might be very large, the set
of (isomorphism classes of) simple objects can be quite small, even finite. Thus, the
“coarse” moduli space would not deliver much insight into the set of isomorphism
types in C. However, there is a simple but clever idea to overcome this problem.
Instead of looking at C, we should “scan” C by means of a collection (C,),er

IThe “S” in “S-equivalent” refers to semisimple, i.e. sums of simples, and should not be confused
with our notation of a base of a family.
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of “small” full subcategories C,, C C. An object which might be far away from
being simple or semisimple (direct sum of simples) can become semisimple or even
simple in C,. By doing this, we can distinguish many S-equivalent objects either
because they live in different subcategories or they live in the same subcategory C,,
but have different Jordan-Holder filtrations taken in C,. This brilliant idea is the
essence of the concept of stability conditions. The following definition is due to Tom
Bridgeland. However, there are more general definitions of stability conditions.

DEFINITION 2.12. — (1) A central charge on a noetherian abelian category
C is a function Z on the set of objects in C with values in

H, = {rexp(v=1¢) € C | r > 0,6 € (0]}
such that Z(E) = 0 implies F = 0 and Z(E) = Z(E') + Z(E") for every
short exact sequence 0 -+ E' — E — E"” — 0.
(2) Given a central charge Z, we call an object E € C semistable if

arg Z(E')) < arg Z(E) for all subobjects E' C E.

(3) For p € (—o0,+00] we denote by C, the full subcategory of all semistable
objects E of slope — cot(arg Z(E)) = p and the zero object. It turns out
that C,, is an abelian subcategory of C (cf. Exercise 3.12).

(4) A simple object in C, is called stable. We assume that every object E in
C, has a Jordan-Holder filtration with simple subquotients F; (i € I) and
write gr(E) := @;erF;. Two objects E, E' in C,, are called S-equivalent if
gr(E) = gr(E’). Semisimple objects E in C,,, i.e. those with E = gr(E), are
called polystable.

(5) Every object E in C has a unique filtration 0 C £y C Ex C ... C E,, = E|
the Harder-Narasimhan filtration, with semistable quotients F;/FE;_; of
strictly decreasing slopes.

Example 2.13 (The r-Kronecker quiver). — Let us illustrate this idea with a
simple example. Consider the abelian category of r-tuples x of linear maps z; :
Vi — Vo for 1 < ¢ < r between finite dimensional vector spaces Vi, V. Choosing
two complex numbers (1,(s € Hy, we get a central charge by putting Z(z) =
G dim V) + o dim V. Assume first that arg(¢y) = arg(¢a). Then, all objects are

semistable of the same slope p1 = — cot(arg (1), and we have to face the old problems.
Choose for instance dim V; = dim Vo = 1. The isomorphism type of such objects
is determined by the choice of r complex numbers z1,...,x, up to rescaling by

(91,92) € GL(V}) x GL(V3) = C* x C* via g17;9, *. As the diagonal group {(g,g) |
g € C*} acts trivially, we have the take the GIT quotient of A" by C* which is
just a point as Spec C[zy, . .. ,xr]c* = Spec C. This corresponds to the fact that all
objects have the same Jordan—-Holder factors z; =0: V3 — 0and z; =0: 0 — V5.

Thus, all objects are S-equivalent to “V; @ Vo"= 1} 2 Vo, If arg (e > arg(;,
non of our objects with dim V; = dim V5 = 1 are semistable as the central charge
(5 of the subobject 0 : 0 — V5 has a bigger argument than the central charge
(1 + (o of our given object. If, however, arg (s < arg(y, all objects except for the
semisimple V; & V5 corresponding to z; = 0 for all 1 < ¢ < r are semistable of
slope p = —Re(¢1 + ¢2)/Im(¢1 + ¢2), and even stable. The moduli space M%i% =
A™\{0}/C* = P! parameterizing isomorphism classes of simple objects in C, of
dimension vector (dim V;,dim V5) = (1,1) is even a fine moduli space if we identify
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two families of r-tuples of line bundle morphisms z; : Vi — V2 on a parameter
space S as soon as they become isomorphic after twisting V7 and V5 with some line
bundle L.

Note that coarse moduli spaces parameterizing S-equivalence classes of objects
in C,, might not exist for all central charges, but one can show the existence for
generic central charges and reasonable abelian categories.

We should also keep in mind that we paid a price for getting a refined version
of S-equivalence, namely S-equivalence in subcategories. Indeed, coarse moduli
spaces of (S-equivalence classes of) semistable objects can only “see” semistable
objects but no objects with a non-trivial Harder-Narasimhan filtration. Hence, the
construction of (coarse) moduli spaces remains unsatisfying.

There is, however, an alternative way to overcome all the problems seen in
the previous examples. Following this approach, one can construct a fine mod-
uli “space” with a universal family parameterizing all objects — not only simple
or stable ones — up to isomorphism. According to the conservative law of mathe-
matical difficulties, we also have to pay a price for getting such a beautiful solution
of our moduli problem. It is hidden in the word “space”. In fact, we have to leave
our comfort zone of varieties or schemes and have to dive into the universe of more
general spaces known as “Artin stacks”.

Recall that a scheme X is uniquely characterized by its set-valued functor hx :
S — Mor(S, X) of points. We have seen many set-valued functors before while
studying moduli problems. The general pattern was the following. We considered
set-valued contravariant functors F : S — {families of objects in C}/. and a fine
moduli space would be a scheme M such that F' = h,, while a coarse moduli space
is a scheme M together with a map F' — h g which is universal with respect to all
maps F' — hx of functors. One possibility of generalizing the concept of a space
is to consider set-valued functors satisfying similar properties like the functor hx.
Note that if one has a collection of morphisms U; — X defined on open subsets U;
covering S such that the maps agree on overlaps, one can glue the maps to form a
global morphism S — X. This sheaf property should also be satisfied by a general
set-valued functor to be a reasonable generalization of a scheme. Such set-valued
functors are also often called “spaces”. A generalized space is called algebraic if
it can be written as the “quotient” X/ of a scheme X by an (étale) equivalence
relation. In other words, algebraic spaces are not to far away from schemes and
many results for schemes can be generalized to algebraic spaces. In our situation
of forming moduli spaces, this is still not the right approach to take, but shows
already into the right direction. Indeed, the problems arising in the construction of
universal families are related to the presence of (non-trivial) automorphisms. Thus,
we should take automorphisms and isomorphisms more seriously into account.

Recall that a set with isomorphisms between points was just a groupoid studied
at the beginning of this section. Hence, instead of looking at set-valued functors
on the category of schemes, we should consider groupoid-valued contravariant func-
tors. These functors should satisfy some gluing property which looks a bit more
complicated than in the set-theoretic context. The best idea of remembering the
gluing property is by looking at an example which is — as before — the baby
example for all Artin stacks.
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Example 2.14. — Consider the groupoid-valued functor Vect which maps any
scheme S to the groupoid of vector bundles (the objects) and isomorphisms between
them (the morphisms). By pulling back vector bundles along morphisms f : S’ —
S, we get indeed a contravariant functor.? Given two vector bundles V, V'’ and
an open cover J;c; U; = S of S together with isomorphisms® ¢; : V]y, — V'|y,
on the open subsets U; such that they agree after restriction to the overlaps, i.e.
dilv,; = ¢jlv,, with U;; = U;NUj, we can always find a unique global isomorphism
¢ : V — V' such that ¢; = ¢|y,. On the other hand, if we have vector bundles V; on
U; and isomorphisms ¢;; : Vi|UU — Vj|UU such that the only possible composition
Vilvie = Vilvye = Vil — Vilu,,, of their restrictions to the triple overlaps
Uijr = U; NU; N Uy, is the identity (cocycle condition), one can use the transition
isomorphisms ¢;; to glue the V; together, i.e. there is a vector bundle V on S and
a family of isomorphisms ¢; : V|y, — V; such that the only possible composition
Vlv,;, = Vilu,; = Vilu,, — Vv, of their restrictions with ¢;; is the identity. This
was the gluing property for isomorphisms and objects, and if we replace the word
“vector bundle” with “object”, we get the general form of the gluing property for a
groupoid-valued functor.

DEFINITION 2.15. — A stack is a groupoid-valued contravariant functor® on the
category of schemes satisfying the gluing property for isomorphisms and objects as
seen in Example 2.14.

In that perspective, a stack is like a (generalized) space with set-valued functors
replaced with groupoid-valued functors.

Exercise 2.16. — Thinking of a set as a special groupoid with no nontrivial
isomorphisms, show that every generalized space is a stack.

Exercise 2.17. — Fix a C-algebra A. Show that the functor A-Rep associating
to every scheme S the groupoid of vector bundles V' with algebra homomorphisms
A — T'(S,End(V)) (the objects) and isomorphisms of vector bundles compatible
with the algebra homomorphisms (the morphisms) is a stack. Prove the same
for bundles £ of matrix algebras and algebra homomorphisms A4 — I'(S,€) as in
Example 2.10.

Exercise 2.18. — Fix a scheme/variety/manifold X over C. Show that the
functor Coh™ associating to every scheme S the groupoid of coherent sheaves E on
S x X flat over S (the objects) and isomorphisms between them (the morphisms)
is a stack.

Exercise 2.19. — Fix an algebraic group G. Show that the functor Spec C/G
associating to every scheme the groupoid of principal G-bundles (the objects) and
isomorphisms between them (the morphisms) is a stack.

Example 2.20. — The following example is a generalization of the previous
exercise. Fix an algebraic group G and a scheme X with a (right) G-action. There

2Strictly speaking, we only get a pseudofunctor as g* o f* is only equivalent to (f o g)*, but
we will ignore this technical problem as one can always resolve it.
3We will always denote the pull-back along an inclusion U < S of an open subset by |¢7.

4 Again, we ignore the fact that g* o f* might only be equivalent to (f o g)* for a pair S” EN

S’ i) S of composable morphisms.
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is a stack X/G associating to every scheme S the groupoid of pairs (P — S,m :
P — X), where P — S is a principal G-bundle and m : P — X is a G-equivariant
map, with morphisms being given by G-bundle isomorphisms u : P — P’ satisfying
m’ ouw = m. The pull-back along a morphism f : S’ — S is given by (S’ xg P —
S’ moprp). The morphism m : P — X can also be interpreted as a G-equivariant
section of the trivial X-bundle P x X — P with diagonal G-action on P x X. Such
G-equivariant sections are in bijection to sections of the X-bundle P xg X — S
obtained by modding out the G-action. Thus, we could also describe X/G as the
functor associating to .S the groupoid of principal G-bundles P together with a
section m : S — P xg X. Morphisms are given by isomorphisms u : P — P’ of
G-bundles such that the induced isomorphism P xg X — P’ xg X of X-bundles
maps m to m’. The stack X/G is called the quotient stack of X with respect to
the G-action.

When is comes to locally trivial families, there is some choice involved, namely
the choice of the underlying (Grothendieck) topology. Intuitively, one would start
with the Zariski topology, but the étale or even the smooth topology have their
advantages, too. In fact, the quotient stack X/G defined above is usually taken
with respect to the smooth or, equivalently, étale topology.” However, for so-called
“special” groups G like GL(n) we could equivalently take the Zariski topology as
every étale locally trivial principal G-bundle is then already Zariski locally trivial.
Notice that PGL(d) is not special and we should better take the étale topology
when it comes to principal PGL(d)-bundles and quotient stacks X/ PGL(d).

DEFINITION 2.21. — A Il-morphism (or morphism for short) from a stack F'
to a stack F’ is a natural transformation n : F — F’, i.e. a family of functors
ns : F(S) — F'(S) compatible with pull-backs along f : S" — S up to equivalence
of functors. In other words, the functors F'(f) o ng and ng: o F(f) from F(S)
to F'(S’") are equivalent. A 2-morphism « : n — 1’ between l-morphisms is an
invertible natural transformation ag : g — n% for every scheme S, compatible
with pull-backs. In particular, given two stacks F, F’, we get a groupoid of mor-
phisms Mor(F, F') with 1-morphisms being the objects and 2-morphisms being the
morphisms. Hence, the category of stacks is a 2-category.

Thinking of a set as being a groupoid having only identity morphisms, we can
associate to every scheme X a contravariant functor hx : S — Mor(S, X). As we
can glue morphisms, hx is indeed a stack. The following lemma is very important.

LEMMA 2.22 (Yoneda Lemma). — The covariant functor h : X — hx from
schemes to stacks provides a full embedding of the category of schemes into the (2-)

category of stacks. Moreover, there is an equivalence of groupoids Mor(hx, F) &
F(X) for every scheme X and every stack F, natural in X and F.

Exercise 2.23. — 'Try to prove the Yoneda Lemma.

The lemma is basically saying that the 2-category of stacks is an enlargement
of the category of schemes, and we will drop the functor i from notation. Though
the definition of a stack looks very abstract, the reader should not think of a
stack F' as a complicated functor, but rather as some object of a bigger 2-category

5The equivalence of the étale and the smooth topology is a consequence of [34, Tag 055V].
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containing the category of schemes. The groupoid-valued functor associated to F'
can be (re)constructed by taking X +— Mor(X, F'). In other words, assume that
you have a 2-category C with 2-morphisms being invertible, containing Sch¢ as a
full subcategory, and such that 1-morphisms starting at schemes and 2-morphisms
between such 1-morphisms can be glued in a natural way. To every object F' €
Obj(C) we can associate the groupoid-valued functor Mor(—, F)|sch. on the category
of schemes. It satisfies the gluing axioms given above, and, hence, defines a stack.
Thus, we get a covariant functor from C to the category of stacks showing that
stacks form some sort of “natural” enlargement.

Exercise 2.24. — (1) Let X be a scheme with a right action of an algebraic
group G. Consider the trivial principal G-bundle pry : X x G — X on
X and the G-equivariant map m : X x G — X given by the group action.
According to our definition of a quotient stack, the pair (X x G — X, m)
defines an element p in X/G(X). Check the Yoneda Lemma by constructing
a morphisms p : X — X/G which is called the “standard atlas” of X/G.
(2) Given two schemes X,Y and two algebraic groups G, H acting on X and
Y respectively. Assume that ¢ : G — H is a group homomorphism and
that f : X — Y is a morphism of schemes satisfying f(xg) = f(z)¢(g) for
all g € G and xz € X. Construct a natural 1-morphism f: X/G — Y/H of
stacks such that
f

X———Y

lpx lPY
X/G—~y/H
commutes.
Warning: Not every morphism X/G — Y/H is of this form.

(3) Consider the special case H = {1}, and show that f — f := fo px defines
an equivalence from Mor(X/G,Y) to the set Mor(X,Y)¢ of G-invariant
morphisms, thought as a groupoid.

(4) More generally, given a scheme Y and a stack F, show that Mor(F,Y) is
essentially a set, i.e. the only 2-morphisms are the identity morphisms.

Let us come back to moduli spaces. The moduli problem of classifying G-torsors
P together with G-equivariant maps P — X for some fixed scheme X with an
action of an algebraic group G, has a natural generalized “moduli space”, namely
the quotient stack X/G. This is not a deep insight, but just the definition of the
associated moduli functor. Note that the isomorphism classes of the C-valued points
of X/@G, i.e. X/G(SpecC)/~, is the set of G-orbits in X justifying the notation.

Quotient stacks are also very helpful when it comes to other moduli problems as
the following example shows, and their usefulness cannot be overestimated.

Example 2.25. — Consider the stack of finite dimensional representations of a
C-algebra A. Assume that A is finitely presented, i.e. A is generated by a set®
@1 of finitely many elements ag,...,a, satisfying a finite set of relations R =

6The notation in this example has been chosen with an eye towards the next section.
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{r1,...,mm}. Fix a “dimension” d € N and put
X4 =Home(C, C%" = ] Home(C? C?)
acQq
as well as

X ={(Mp)acg, € Xa|7j(My,,...,M,,) =0 forall 1 <j<m}.

We claim that the moduli stack A-Rep, of d-dimensional representations of A is
equivalent to the quotient stack X'/ GL(d) with GL(d) acting by conjugation on
Homge(C4,C%). Indeed, a family of d-dimensional representations on S € Sche is
uniquely determined by a vector bundle V' of rank d on S and vector bundle endo-
morphisms & associated to a € @ satisfying the relations r1, ..., r,,. Consider the
frame bundle Fr(V) = {(s,7) | s € S, 7 € Hom¢(C%, V;) is invertible} of V param-
eterizing all possible choices of a basis in all possible fibers of V. It comes with a
projection to S and a right action of GL(d) by composition with 7 € Homg¢ (C?, V).

Exercise 2.25.1. — Show that Fr(V) is a principal GL(d)-bundle.

There is also a GL(d)-equivariant map m(V, (&)acq, ) from Fr(V) into X F map-
ping a pair (s,7) to (My :=7"10dly, 0 T)acq, -

Exercise 2.25.2. — Convince yourself that the map

(V. (&)aeq,) = (Fr(V),m(V,(&)acq,))
extends to a functor from the groupoid of families of d-dimensional A-represent-
ations into the groupoid X/ GL(d)(S). Show furthermore that this functor is
compatible with pull-backs, and, thus, defines a morphism A-Rep, — X'/ GL(d)
of stacks.

Conversely, given a principal GL(d)-bundle P on S and a GL(d)-equivariant
mapm: P —- X f, we can consider the trivial vector bundle P x C% on P which
comes with a natural GL(d)-action compatible with the projection to P. Moreover,
picking the component of m associated to @ € @1, we get an endomorphism &
of this trivial bundle. GL(d)-equivariance of m ensures that & commutes with
the GL(d)-action on P x C?. By taking the GL(d)-quotient, we obtain a vector
bundle V' = P xgr(q) C? of rank d on S along with vector bundle endomorphisms
& satisfying the relations 71, ..., 7py,.

Exercise 2.25.3. — Show that this construction extends to a functor between
groupoids, compatible with pull-backs. Hence, we obtain a morphism from the
quotient stack X%/ GL(d) to A-Rep,. Prove that this morphism provides an inverse
(up to 2-isomorphism) of the morphism constructed above.

Thus, the claim is proven and the stack A-Rep of A-representations is isomorphic
to [ gen X4'/ GL(d).

Exercise 2.26. — Use a similar idea of frame bundles parameterizing tuples
(s € S,Matc(r,7) = &) for a locally trivial family € on S of C-algebras isomorphic
to Matc(r,7) to show that the stack of projective A-representations is given by
Ugen X2/ PGL(d). As in Exercise 2.24(2), we obtain a morphism X '/ GL(d) —
XI/PGL(d) by means of the group homomorphism GL(d) — PGL(d). Show
that this morphism is mapping the A-representation on V to the projective A-
representation on P(V'), in other words, forget V and keep End(V') together with
the algebra homomorphism A — T'(S, End(V)).
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Example 2.27. — The “geometry” of the moduli stack Coh™ of coherent sheaves
on a smooth projective variety X is more involved. First of all, it decomposes into
components Cohf indexed by numerical data like Chern classes similar to the
dimension of a representation. Unfortunately, a component can not be written as
a quotient stack. However, every component Cohf is the nested union of “open”
substacks Cohfi,i € N, which can be written as a quotient stack Y. ;/ GL(n.,).

Note that n.; grows with 7. More details can be found is section 9 of [11].
The following definition of a fiber product is very important.

DEFINITION 2.28 (fiber product). — Given two morphisms f : X — 3 and
g:%9 — 3 of groupoid-valued functors, we define the fiber product X x3 %) as the
groupoid-valued functor such that

Obj X x5 V()
= {(z,y,w) | x € ObjX(S),y € ObjY(S),w € Morz(s)(fs(z),85(y))},

and

MOI‘I{X3@(S) ((xay7 w)7 (xlvyl?wl))

w

= {(u,v) € Morx(s)(z,2") x Morgs)(y,y") |  fs(z) —=gs(y) commutes}
i) / s
fs(a') == gs(y')
for every S € Sche.

Exercise 2.29. — Show the main properties of the fiber product.

(1) Prove that X x39) is a stack if X,%), 3 were stacks.

(2) Construct two morphisms pry : X x39 — X and pry : X X39 — P of
groupoid-valued functors and a 2-morphism w : fopry — goprg). Show that
the following universal property holds. Given a groupoid-valued functor ¥,
two morphisms p : T — X, q: T — ) and a 2-morphism n : fop = goq,
there is a unique morphism v : € — X x3 2 such that pry or = p and
pry) ot = q.

When it comes to quotient stacks, the following examples are very useful.

Exercise 2.30. — (1) Assume X = X,9) =Y € Sche and 3 = Z/G for
some algebraic group G acting on a scheme Z. The morphisms §: X —
Z/G and g : Y — Z/G are given by principal G-bundles P — X and
@ — Y together with G-equivariant morphisms f: P — Z and g: Q — Z
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respectively. Show that the fiber product X x 7,5 Y is given by the scheme
Isos 4(P,Q) C Iso(P,Q) over X x Y given by

{(z,y,w) |z € X,y € Y,w: P, = Q, G-equivariant such that f|p, = glg, o w}.

(2) Assume furthermore X = Z and P = X x G 2% X with f: X x G —» X
being the group action. Hence, § is the standard atlas p : X — X/G. Show
that Isoy 4(P, Q) is isomorphic to @, and

Q—L+~Xx

|, b

y —% x/@

is the fiber product diagram, i.e. a cartesian square. Hence, p: X — X/G
is the universal principal G-bundle.

Example 2.31. — Let ¢: G — K and 9 : H — K be homomorphisms between
algebraic groups G, H, K acting on X, Y and Z respectively. Moreover, let f :
X = Z and g : Y — Z be two morphisms such that f(xg) = f(x)é(g) and
g(yh) = g(y)v(h) forall zx € X, y € Y, g € G and h € H. As we have seen in
Exercise 2.24, this induces morphisms f : X/G — Z/K and g : Y/H — Z/K. Then,
X/G xz/x Y/H is the quotient stack (X X Y) X(zxz) (Z x K)/(G x H) using the
group actions

(z,y)(g,h) = (zg,yh),
(2,k)(9,h) = (29(9), ¢(9) " kep(h)),
(21,22)(9, h) = (210(9), 229 (h))
of G x Hon X xY, Zx K and Z x Z, respectively, and the G x H-equivariant
morphisms
X XY 3 (z,y) = (f(z),9(y) € Z % Z,
Zx K> (z,k)— (z,2k) € Z x Z.
Exercise 2.32. — Use the previous example to show that every fiber of the
morphism X/ GL(d) — X/PGL(d) constructed in Exercise 2.26 is isomorphic

to Spec C/G,,,. Interpret this result in terms of (projective) A-representations. (cf.
Example 2.10)

The following definition is slightly stronger than the one used in the literature
as we do not have algebraic spaces at our disposal. However, it will be sufficient
for our purposes.

DEFINITION 2.33. — A morphism f: X — 3 is called representable if for every
morphisms g : ¥ — 3 from a scheme Y into 3, the fiber product X x3 Y is
(represented by) a scheme. In such a situation, we call f smooth, surjective ete. if

Xx3Y P, yis smooth, surjective etc.

Exercise 2.34. — Here are some examples of representable morphisms.

(1) Show that every morphism between schemes is representable.



116 S. Meinhardt

(2) Prove that the standard atlas p : X — X/G is representable, smooth and
surjective. Hint: Every algebraic group is a smooth scheme.

(3) Use Example 2.31 to show that f : X/G — Z/K is representable if ¢ : G —
K is injective. Give a counterexample for the converse statement.

(4) Prove that the diagonal Az : 3 — 3 Xgpecc 3 is representable if and only
if every morphism §f : X — 3 from a scheme X is representable. Hint:
X X3 Y = (X X Y)(3><3)3.

DEFINITION 2.35. — A stack X is called algebraic or an Artin stack if

(i) Ax : X — X x X is representable (cf. Exercise 2.34(4)) and
(ii) there is a smooth, surjective morphism p : X — X from a scheme X.

In such a situation, we call p : X — X an atlas of X.

In a suitable sense, the algebraic stack X is a quotient of its atlas X similar to
the concept of an algebraic space. However, the quotient is taken in the category of
groupoids and not in the category of sets as before. As we have seen in Exercise 2.34,
every quotient stack is an Artin stack with standard atlas p : X — X/G. By taking
XFE =] den X B — A-Rep, the moduli stack of finite dimensional representations of
a finitely represented C-algebra A is also algebraic. Finally, using Y = l—lc,i Yo —

Coh™, we see that the moduli stack of coherent sheaves on a smooth projective
variety X is also an Artin stack.

3. QUIVERS AND THEIR MODULI

3.1. Quivers and C-linear categories. Recall that a groupoid is a category gen-
eralizing groups and sets. Similarly, there is a categorical concept interpolating
between C-algebras and sets. These are the so-called C-linear categories. A cat-
egory A is called C-linear if the morphism sets Mor 4(z,y) have the structure
of a C-vector space such that the composition of morphisms is C-bilinear. As
usual, we write Hom 4(z,y) for the C-vector space of morphisms from x to y and
End 4(z) = Homa(xz,z) for the C-algebra of endomorphisms of z € Obj(A). A
C-linear category with one object is just a C-algebra. On the other hand, C-linear
categories with as less morphisms as possible are uniquely classified by their set
of objects since any morphism must be zero or a multiple of the identity of some
object. Another standard example of a C-linear category is given by the category
Vectc of finite dimensional C-vector spaces. A finite dimensional representation of
a C-linear category A is simply given by a functor V : A — Vectc. Indeed, if the
category A has only one object x, V(%) is just a finite dimensional representation
of the endomorphism algebra End 4 (). As we have seen in the previous section,
generators of algebras are very useful when it comes to the construction of moduli
stacks. The analogue in the context of C-linear categories is called a quiver. A
quiver consists of a set of objects QJyp and a set of “arrows” )1 along with maps
s,t: Q1 — Qo indicating the source and the target of an arrow. We do not require
a composition law nor identity morphisms. Given a C-linear category A, a quiver
in A satisfies Qp C Obj(A), Q1 C Mor(.A) and s, t are given by restriction of the
corresponding maps on Mor(A) to Q1. We say that A is generated by a quiver @,
if the smallest C-linear category containing @ is A which implies @y = Obj(.A).
There is a biggest C-linear category generated by a given quiver @), the so-called
path category CQ of ). A morphism of CQ from z € Qg to y € Qg is a C-linear
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combination of chains x = x; - 22 — ... = x,_1 — x, = y of composable arrows
in Q1. We also need to add an identity morphism and its C-linear multiples.

Exercise 3.1. — Construct a category of quivers such that @ — CQ is a functor
from this category to the category of (small) C-linear categories. Construct a right
adjoint of this functor.

Exercise 3.2. — Show that there is a bijection between representations of CQ
and representations V' of @) associating to every i € Qg a vector space V; and to
every arrow « : ¢ — j in @1 a C-linear map V(a) : V; = V.

Given a C-linear category A and a generating quiver @) in A, we get a full
functor CQQ — A which is a bijection on the set of objects. The kernel is a C-
linear subcategory Z in CQ which has the property a o b € Mor(Z) if a € Mor(Z)
or b € Mor(Z) categorifying the concept of an ideal. A generating quiver for Z is
uniquely determined by its set of arrows R C Mor(CQ) which are called relations.
Conversely, every quiver @) with relations gives rise to a C-linear category CQ/(R)
uniquely defined up to isomorphism. Conversely, every C-linear category A can be
written like this (up to isomorphism) in many ways.

Throughout this paper we will only consider finite quivers, i.e. |Qo| < co and
|Q1] < oo and similarly for the relations. Hence, the C-linear categories A which
can be described by a finite quiver with finitely many relations are exactly the
finitely presented C-linear categories.

Exercise 3.3. — Show that the category of C-linear categories A with finite
set of objects is equivalent to the category of C-algebras together with a distin-
guished finite set {e;};c; of mutually orthogonal idempotent elements e; such that
1 =3 ;e Hint: Put A := &; jeonja) Homu(i, j) and e; = id; for all i € A.
Moreover, prove that the category of representations of such a C-linear category is
isomorphic to the category of representations of the associated algebra.

Using the last exercise, we can also talk about the path C-algebra of a quiver
with finite set @)y and its representations. Note that the path C-algebra has a
distinguished family (e;);cq, of mutually orthogonal idempotent elements summing
up to 1.

3.2. Quiver moduli spaces and stacks. Generalizing the moduli functor A-Rep
of finite dimensional representations of a given C-algebra A (see Example 2.17), we
define the moduli functor A-Rep of finite dimensional representations of a C-linear
category A as follows. To every scheme S over C we associate the isomorphism
groupoid A-Rep(S) of the category of functors A — Vectg, where Vectg is the
category of vector bundles on S.

Exercise 3.4. — Show that A-Rep is a stack, i.e. satisfies the gluing axiom for
groupoid-valued functors.

If A is represented by a quiver @) with relations R C Mor(CQ), the category
A-Rep(S) is equivalent to the category of families (V;);eq, of vector bundles on
S together with vector bundle morphisms & = V(a) : V; = V; such that V(r) =
r((&)acq,) = 0 for all r € R, where we extended V from @1 to Mor(CQ1) 2 Q.

Let us assume that Qg, Q1 and R are finite sets. Using Example 2.25, it should
not come as a surprise that A-Rep is isomorphic to a disjoint union IMP? :=
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Lyenao MY of quotient stacks 9MY := X /Gy with
X7 = {(Ma)acq, € Xa|r((Ma)acq,) =0Vr € R}
C Xq:= [] Home(C*,C%)

Q1dai—j

and Gy = Hier GL(d;) acting on X, by simultaneous conjugation. The “dimen-
sion vector” d € N is fixing dim V' = (rk V;)ieq, -

Similarly, given a sequence of dimension vectors d1), ..., d") € N@0 we denote
by Xja) 4 € Xgo4. 440 the affine subvariety parameterizing linear maps
preserving the standard flag

(1) (1) (2) (1) ()
0CC4 CcC% pCh C...CC% @...0C%

for every i € Q9. The subgroup Gya) 40 € Ggayy. 4qe is defined in the same

o R
y = Xd<1)7.”,d(7‘) nx

: R
way. Finally, we put de’_ A 4d(m)

L,d(r
Exercise 3.5. — Show that the stack of all successive extensions
0-VD 5 v@ L y@ 4o
0V 5 vE Ly 4o,

0-Vrb L, vm y™ 490

of quiver representations satisfying the relations R and with dim V) = dU) for
all 1 < 7 < ris given by the quotient stack mﬁl)”_’dw = Xf(l)y___’d(,.)/de’._,d(r).
Hint: The standard flag introduced above defines a standard successive extension
of Qo-graded vector spaces of prescribed dimension vectors. Given a family of
successive extensions, consider the principal Gya)  40-bundle parameterizing all
isomorphism from the standard extension to the fibers of the family, and proceed
as usual.

We are mainly interested in the following type of relations. A potential W is
an element of the vector space CQ/[CQ, CQ], where [CQ, CQ] denotes the C-linear
span (and not the spanned ideal) of all commutators. Note that CQ/[CQ,CQ)] is
the 0-th Hochschild homology of the C-linear category CQ. Convince yourself that
W is essentially just a C-linear combination of equivalence classes of cycles in @
with two cycles being equivalent if they can be transformed into each other by a
cyclic permutation.

Example 3.6. — The three elements [z, y]z = xyz — yxz, [z, 2]y and [y, 2]z in
CQR® of the 3-loop quiver Q)

D
O

define the same potential W.
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For a fixed potential W = Zle a;-[Cy] we define relations OW/0a € Homeg(7, 1)
for every o : i — j in @ as follows.

oW &
—_ = aj - ou
da ; l Clgu:av

with a; € C, where the second sum is over all occurrences of « in a fixed represen-
tative of an equivalence class [C)] of cycles in Q.

Exercise 3.7. — Show that the definition of 9W/d« is independent of the choice
of the representative C; € [C)] for all 1 <1 < L.

Example 3.8. — Using the potential W = [z, y|z = 2yz — yxz from the previous
example, we compute

ow
B = YE A=y,
ow
e =zx —xz = [2,2],
ow
5, =Y ye =zl

Convince yourself that W = [z, z]y and W = [y, z]z provide the same relations.

Given a dimension vector d € N% and a potential W = Zle a; - [C)] with

()
1

C = al(l) o...oa; ', we define the following function

L
Tr(W)d : Xy > (Ma)ate — Zal -Tr (Ma§1) et Ma(nl)) S Al
L
=1

which is independent of the choice of the representative C; € [(] as the trace is
invariant under cyclic permutation. By the same argument, Tr(WW), is G4-invariant,
and induces a function Tv(W)y : My — Al on the quotient stack.

Exercise 3.9. — Let us take the relations R = {0W/da | @ € @1}. Show
that X® = Crit(Tr(W),) is the critical locus of Tr(W)g, and similarly IMEF =
Crit(Te(W)q).

Throughout the paper we will use the superscript W instead of the superscript
R for R = {0OW/0a | o € @1}, and no superscript if W = 0. We will also use the
notation Jac(Q, W) for the so-called Jacobi algebra CQ/(R).

The moduli stack MM has a coarse moduli space M?’mmp parameterizing
semisimple (direct sums of simple) representations of dimension vector d. It is
an affine scheme given by Spec C[X]% with C[XF]%¢ denoting the Gg4-invariant

regular functions on the affine scheme X[*.

Example 3.10. — For the 3-loop quiver Q¥ with potential W = [z,y]z, the
scheme X(‘;V parametrizes triples of commuting d x d-matrices M, M,, M.. Hence,
a simple representation of the Jacobi algebra Jac(Q®), W) = Clz,y, 2] is one-
dimensional and determined by (M,,M,, M,) € A3. Therefore, MZV’SSimp =
Sym®(A%) = (A%)?/S,.
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Let us finally introduce a stability condition by choosing a tuple ( € Hg" of
complex numbers in the (extended) upper half plane H giving rise to the “central
charge” Z(V) := (-dimV =}, o ¢ dimV; € Hy for every representation V of Q.

DEFINITION 3.11. — A representation V' # 0 of a quiver @ (with relations) is
called (-semistable if

arg Z(V') <arg Z(V)

for all proper subrepresentations V' C V. If the inequality is strict, V is called (-
stable. The real number (V') := — cot(arg Z(V)) is called the slope of V. Hence, V
is semistable if and only if u(V’) < p(V) for all proper subrepresentations V' C V.

Exercise 3.12. — Let us show that semistable representations of the same slope
w form a nice full subcategory.

(1) Consider a morphism f : V) — V(2 of semistable representations of
slopes (V) > u(V®). Show that f = 0. Hint: Relate the slope of
V/ker(f) =im(f) to u(VV) and to u(V?) by drawing the central charges
of all objects involved.

(2) Using the notation of the first part, let us assume (V) = (V) for
the semistable representations V1), V(). Show that ker(f) and coker(f)
are also semistable of the same slope (V). In particular, the semistable
representations of a fixed slope pu form a full abelian subcategory.

(3) Show that the stable objects of slope p are the simple objects in the full
abelian subcategory of semistable representations of slope p.

(4) Prove that the extension of two semistable representations of slope p is
again semistable of the same slope.

Every representation V' of a quiver (with relations) has a unique Harder-Nara-
simhan filtration, i.e. a finite filtration 0 ¢ V() ¢ ... ¢ V(") = V such that the
subquotients V(i)/V(i_l) are semistable of slope u(¥ satisfying p") > ... > p(").

Exercise 3.13. — Let us prove the last statement in three steps.

(1) Show that V' has a maximal nonzero subrepresentation of maximal slope.
Hint: Show that the set of slopes of subrepresentations of V' has a maximal
element. Use Exercise 3.12(4) to construct a maximal subrepresentation of
maximal slope.

(2) Use Exercise 3.12(1) to construct a Harder-Narasimhan filtration. Hint: Let
V) be the subrepresentation constructed in the first step, and let V@ be
the preimage of a maximal subrepresentation in V/ V(1) of maximal slope.
Proceed in this way, and use the previous exercise to estimate the slopes.

(3) Prove the uniqueness of this filtration by applying Exercise 3.12(1) once
more.

We denote by Xf"cfss the subscheme of linear maps (Ma)acq, such that the
induced quiver representation on (C%);cq, is (-semistable. As shown in [25], it
is open and stable under the Gg-action. Hence, we can form the quotient stack
imf}C*” = Xf’cfsS/Gd of ¢-semistable representations of dimension vector d. The
open stibscheme Xf’gfst - Xf’cfss and the open substack Smclf’cf‘qt C smfj‘*“ of
(-stable representations are defined accordingly.



AN INTRODUCTION TO (MOTIVIC) DONALDSON-THOMAS THEORY 121

If (; = -6, + -1 with §; € Z for all i € Qg, one can lift the G4-action to the
total space of the trivial line bundle X4 x A — X, using the character

Xo : Ga 3 (gi)ieqo — H det(g;)? "1 € G,
1€Qo

for the Gg-action on the fiber Al with 6 -d = > icq, fidi and |d| == 37, o di.
We denote this Gg-equivariant line bundle Xg x A! — Xy by £. Notice that the
tensor product £™ is again the trivial line bundle but with G4 acting by the m-th
power X, of the character xp on the fibers. A section s of L™ can be interpreted
as a regular function on X, transforming as s(g - p) = x5 (¢~ ")s(p) for p € X,
and g € Gg. A point p € Xy is called semistable with respect to L if there is a
G g4-equivariant section s of L™ for some m > 0 with s(p) # 0. A. King showed
in [18] that Xf’c_ss is the subscheme of points in X* which are semistable with
respect to £. Hence, a GIT-quotient Xf’c_ss//Gd = Mf’c_ss with stable sublocus
Xf’gfst /Gq = ./\/ldR’GSt exists. The points of the GIT-quotient parametrize closed
G 4-orbits in Xf’gfss corresponding to isomorphism classes of polystable objects
(see Definition 2.12), or equivalence classes of orbits in Xf’gfss, where two orbits
corresponding to semistable representations E, E’ are equivalent if their closure
contains the same closed orbit which then corresponds to gr(E) = gr(E’). Thus,
the points of M(I}’GSS also parametrize S-equivalence classes (see Definition 2.12)
of representations.

According to the main result of the paper [25], the picture just described gen-
eralizes for arbitrary (. More precisely, given a stability condition ¢ and a di-
mension vector d, there is a character ¢ 4 for Gy giving rise to a Gg4-equivariant
trivial line bundle £ on Xy as above such that Xf’c_ss is the open subscheme
of points in X f which are semistable with respect to £. Hence, a GIT-quotient
X% )Gy = M7 with stable sublocus X 7% /Gy = MO exists and
the points in Mg’cfss correspond to isomorphism classes of polystable objects or S-
equivalence classes of (-semistable representations of dimension vector d satisfying
the relations R.” '

In case ¢; = v/—1 for all i € Qq, i.e. § = 0, we write MdR’Sszmp for MdR’C_SS
as its points correspond to isomorphism classes of semisimple CQ-representations
satisfying the relations R.

Remark 3.14. — Notice that G,,, embedded into G4 diagonally, acts trivially
on X4, and G4 induces a PGy := G4/G,-action on X4. The character given above
descends to a character on PG4 and Xf’c_ss is also the semistable locus of X f
with respect to the PGg4-equivariant trivial line bundle X4z x A’ — X,. Hence,
M5 = X147 PG, s also the coarse moduli space for XJ7¢™** /PGy, the
stack of “d-dimensional” projective semistable quiver representations satisfying the
relations R. It is not difficult to see that M?’C_St is in fact a fine moduli space for
Xf’C_St/PGd, in other words, there is an isomorphism Xf’C_St/PGd = ./\/ldR’<_St
of stacks. In particular, MCI;"C*“ carries a universal family P of projective stable
quiver representations satisfying our relations R. The reader should compare this
with our final remarks in Example 2.10 and the two lessons we have mentioned after

"See also Section 2.2 of [26] for stability conditions not lying on a wall.
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Example 2.11. The morphism X["¢7% /Gy — X375 /PGy = M5 is not an
isomorphism. It is not hard to see that this map has a right inverse, i.e. a section,
if ged(d) := ged(d; : i € Qo) = 1 (see [29], Section 5.4 for more details). Such a
section is nothing else than a family V = @, 0, Vi of stable quiver representations
on Mf’cfst such that P = P(V). The section, i.e. the family, is not unique. Any
two sections corresponding to V() and V() differ (up to isomorphism) by a line
bundle L on M7 with

VO 2yWg, L
d

as in Example 2.10 (see also Exercise 2.32). Therefore, V on MT:¢=5% is only
universal up to this weaker equivalence. It has been shown in [33], Thm. 3.4 that
under some mild conditions on the pair (d,¢) the moduli space ./\/lg_St has no
“universal family” V, i.c. X57* /Gy — M§™*" has no section, if ged(d) > 1.

DEFINITION 3.15. — A stability condition ( is called generic if (d,d’) = 0 for
all d,d' € A, :={e N®@o | ¢ = 0 or e has slope x} and all € R, where (d,d') =
(d,d") — (d',d) denotes the antisymmetrized Euler pairing

(dd) =Y did;— > did]

1€Qo aii—j

satisfying (dimV,dimV’) = dimHomcg(V,V’) — dim Ext(lcQ(V, V') for all CQ-
representations V, V',

4. FROM CONSTRUCTIBLE FUNCTIONS TO MOTIVIC THEORIES

4.1. Constructible functions. Let us start by recalling some facts about con-
structible functions. A constructible function is a function a : X(C) — Z on the
set of (closed) points of a scheme® /variety /manifold X over C with only finitely
many values on each connected component of X and such that the level sets of a
are the (closed) points of locally closed subsets in each connected component of X.
We denote by Con(X) the group of constructible functions on X.

Exercise 4.1. — Assume that X is connected. Show that the map associating
to every irreducible closed subset V' of X its characteristic function extends to an
isomorphism @, ¢y Zz = @y x ZV — Con(X), where the first sum is over all
not necessarily closed points € X, and the second sum is taken over all irreducible
closed subsets V C X.

Apparently, we can pull back constructible functions and also multiply them
pointwise. Contrary to the usual notation, we denote the pointwise product by
anbd, ie (anb)(x) = a(x)b(x). The constant function 1x(z) =1 for all z € X(C)
is the unit for the N-product. There is another product, the external product
alb = pri (a)Npry (b) of two functions a € Con(X) and b € Con(Y’) on X xY such
that anb = A% (a®b) if Y = X. The unit for the K-product is 1 € Z = Con(Spec C).

8In case of schemes we assume that each connected component is of finite type over C.



AN INTRODUCTION TO (MOTIVIC) DONALDSON-THOMAS THEORY 123

Moreover, we can define a push-forward of a constructible function a € Con(X)
along a morphism u : X — Y of finite type by®

w(@)) = [ o e = el € X ) = y.a(a) = m)

mEeZ

for y € Y. Here x. denotes the Euler characteristic with compact support, i.e.
the alternating sum of the dimensions of the compactly supported cohomology. As
shown in Prop. 1 of [23], wi(a) is indeed a constructible function. One can think of
Xe as a signed measure Y2 on X, even though it is only additive and not o-additive.
Given a constructible function a on X, we get a new measure a-x2 on X of density
a with respect to xX. A push-forward of a measure is well-defined and u(ax2) has
density wu(a) with respect to xY. Using the push-forward, one can define a third
product for constructible functions on a monoidal scheme, i.e. a scheme X with two
maps 0 : SpecC — X and + : X x X — X of finite type satisfying an associativity
and unit law. The convolution product is given by ab = +,(aXb) and is commutative
if + is commutative. The unit is given by 0,(1) with 1 € Con(Spec C) = Z being the
unit for the X-product. If we had taken X = A!, the convolution product is just
the “constructible version” of the usual convolution product of integrable functions.
The free commutative monoid generated by a scheme X is given by Sym(X) =
[,en Sym™(X) with Sym™(X) = X" //S,, and & : Sym(X) x Sym(X) — Sym(X)
is just the concatenation of unordered tuples of (geometric) points of X. The unit
0 : SpecC =: Sym®(X) < Sym(X) is given by the “empty tuple”. We can apply
the definition of the convolution product ab := @(aXb) to Con(Sym(X)) making it
into a commutative ring. This (convolution) ring has even more structure. Indeed,
there is a family of maps 0™ : Con(X) — Con(Sym" (X)) mapping the characteristic
function of V' C X to the characteristic function of Sym™ (V) C Sym"(X).

Example 4.2. — Consider the example X = SpecC. Then Sym(X) = N, and
Con(X) = Z[[t]] follows. The convolution product is just the ordinary product of
power series and Sym" (at) = (’”'Z_l)t". The pointwise N-product is known as the
Hadamard product of two power series.

Let us collect the main properties of the structures described above.

ProPOSITION 4.3. — By taking pull-backs and push-forwards of constructible
functions, we obtain a functor Con from the category Sch¢ to the category of abelian
groups which is both contravariant with respect to all morphisms and covariant with
respect to all morphisms of finite type, i.e. for every morphism u : X — Y there
is a group homomorphism u* : Con(Y) — Con(X), and if u is of finite type, there
is also a group homomorphism w : Con(X) — Con(Y). Moreover, there is an
“exterior” product

X : Con(X) ®z Con(Y) — Con(X xY)

9For every scheme X locally of finite type over C, we denote by X" the “analytification” of
X which is an analytic space locally isomorphic to the vanishing locus of holomorphic functions
on C™. If X is smooth, X%" is a complex manifold. In any case X*" carries the analytic topology
which is much finer than the Zariski topology on X.
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defined for every pair X,Y € Sche which is associative, symmetric'® and has a unit
1 € Con(Spec C). Finally, there are also operations

o™ : Con(X) — Con(Sym"(X))

for n € N such that o™(1) = 1 holds for all n € N. Additionally, we have the
following properties.

(i)

(iii)

(vi)

Considered as a functor from Schi’ to abelian groups, Con commutes with
all (not necessarily finite) products, i.e. the morphism
Con(X) — H Con(X;)
X Eﬂo(x)

given by restriction to connected components is an isomorphism for all
X € Sche.
“Base change” holds, i.e. for every cartesian diagram

Xx, V2 =X

Y A

with u and, therefore, also @ of finite type, we have @) o 0* = v* o uy.
The functor Con commutes with exterior products and o", i.e.
(uxv)* (a®b) =u*(a) Kov*(b)
forallu: X — X', v:Y =Y’ a€ Con(X') and b € Con(Y"). If u,v are
of finite type, then
(ux v)1(aX®b) = u(a)Xv(b)

and

Sym" (u)i(0"(a)) = o™ (w(a))
for all a € Con(X), b € Con(Y) and n € N.
Using the convolution product ab = @®(a ¥ b) and viewing Con(Sym" (X))
as a subgroup of Con(Sym(X)) by means of (Sym"(X) < Sym(X)),, we
have

o™ (a+b) = Z ol(a)o™ " (b)
1=0

with o'(a) = a and 0°(a) = 1 € Con(SpecC) < Con(Sym(X)) for all
a,b € Con(X).
The “motivic property” holds, i.e. for every X and every closed subscheme
7 C X giving rise to inclusions i : Z < X and j : X\Z — X, we have
i*iy = idcon(z), 7" 1 = idcon(x\2), "0 = i"ji = 0 and

a=14i"(a)+ 55" (a) Vae Con(X).
The equation c™(1x) = lgymn(x) holds for all X and all n € N with
I1x = (X — SpecC)*(1) and similarly for 1gymn(x)-

101f 7 : XKY 5 YKX is the transposition, being symmetric means 7 (a®b) = 7* (aXb) = bNa.
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Exercise 4.4. — Show that the projection formula wi(aNu* (b)) = wi(a) Nb holds
for all u: X — Y of finite type and all a € R(X), b € R(Y) by using the properties
mentioned in Proposition 4.3 and a Nb = A% (a K b). Hint: Consider the diagram

idx Xu

X 2L xx xS x oy

ul luxidy

Y Ay Y x Y.

4.2. Motivic theories for schemes. Generalizing constructible functions, we de-
fine a motivic theory'' to be a rule associating to every scheme X an abelian
group R(X), like Con(X), along with pull-backs u* : R(Y) — R(X) for all
morphisms u : X — Y and push-forwards v : R(X) — R(Y) if w is of finite
type. Moreover, there should be some associative, symmetric exterior product
X : R(X)®z RY) - R(X xY) with unit element 1 € R(SpecC), and some
operations o” : R(X) — R(Sym" (X)) for all n € N, satisfying exactly the same
properties as Con(X) given in Proposition 4.3. Similar to the case Con, we can
construct a N-product a Nb = A% (a K b) with unit 1x = (X — SpecC)*(1) and a
convolution product ab = +(aXb) with unit 15 = 0y(1) if, additionally, (X, +,0) is
a (commutative) monoid with + being of finite type. Note that all these products
coincide on R(SpecC).

Exercise 4.5. — Given a motivic theory R and a scheme X with morphism
¢: X — SpecC, we define [X]g := aic*(1) € R(SpecC).

(i) Show that [X]|r = [Z]r + [X\Z]Rr (cut and paste relation) for every closed
subscheme Z C X and [X X Y]|gr = [X]g[Y]r by applying the defining
properties of Proposition 4.3. In particular, X — [X]gr € R(SpecC) is a
generalization of the classical Euler characteristic

Xe @ Sche — Z = Con(Spec C).
(ii) Use (i) to show
P p=L%+...+Lg+1= (L' ~1)/(Lg—1)
with LR = [Al]R.

Exercise 4.6. — We use the notation introduced in the previous exercise.

(i) Assume Y — X is a Zariski locally trivial fiber bundle with fiber F. Use
the cut and paste relation to prove [Y]g = [F|r[X]r.
(ii) Use (i) applied to the projection onto the first column and induction over
n € N to show [GL(n)|g = [1/2) (L%, — L%).
(iii) Use (i) to prove

(Gr(k,n)|r = [GL(n)]r/[GL(K)]|r[GL(n — k)] .

A morphism 7 : R — R’ between motivic theories is a collection of group ho-
momorphisms nx : R(X) — R'(X) commuting with pull-backs, push-forwards and
exterior products. It is called a A-morphism, if it additionally commutes with the

M Motivic theories are special cases of reduced motivic A-ring (Sch, ft)-theories defined in
[5]. Every reduced motivic A-ring (Sch, ft)-theory is a motivic theory in our sense if 6" (1x) =
Lgymn (x) holds for all X and all n € N. (cf. Proposition 4.3.(vi))
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o™-operations. Thus, we obtain a category of motivic theories containing the sub-
category of motivic theories with A-morphisms.

The rule X — R(X) = 0 is the terminal object in the category of motivic
theories. Moreover, the following holds.

LEMMA 4.7. — The category of motivic theories has an initial object given by
the (completed) relative Grothendieck group K,(Sch) : X — K,(Schx) as con-
structed below. The unique morphisms starting at K,(Sch) are also A-morphisms.

Instead of giving an ad hoc definition of K, (Sch), let us motivate the construction
by looking at constructible functions. Starting with the constant function 1 on
Spec C, we take the pull-back ¢*(1) =: 1x for the constant map ¢ : X — SpecC
which is the constant function with value 1 on X, but more importantly, it is the
unit object for the N-product. For any morphism v : V' — X of finite type, consider
the function v (1y) € Con(X) and denote it by [V % X]con. If v :V = X is
the embedding of a locally closed subscheme, [V — X]co, is just the characteristic
function of V.

Using Proposition 4.3, we get

(1) [V = X]con = [Z = X]con + [V\Z — X]con for all closed Z C V,
(2) 1 =[SpecC M, Spec Clcon,
(3) u*([W = Yl]con) = [X Xy W — X]con forall u: X =Y,
4) w([V 2 X)con) = [V % Vcen if u: X — Y is of finite type,
(5) [V 2 X]oon B W 5 YVcon = [V x W 2% X X Y] con,
(6) o™([V = X]con) = [Sym™ (V) — Sym™(X)]con,
(7)

v

) VS Xloon = [V! % X]con if there is an isomorphism v” : V — V' such
that v =v' o v”.

The definition of [V % X]con = vi(1y) was purely formal, and we can define the
symbols [V % X|r € R(X) by v(1y) for any motivic theory R.'? Obviously, equa-
tions (1)-(7) must hold in every motivic theory as they share the same properties,
and so the same applies to the initial object if it exists. Moreover, for connected
X the group Con(X) is generated by all classes [V — X]con satisfying relation (1).
The same must be true for the initial motivic theory since otherwise the subgroup
spanned by the elements [V — X];n for connected X and extended by Property
4.3(i) for non-connected X is a proper subtheory of the initial theory which will
lead to a contradiction. However, there are more relations in Con(X), such as

[Gm i Gm]Con = d[Gm £> Gm]Coxn

which might not hold in other motivic theories (for instance the initial one). Drop-
ping the subscript “init” we will, therefore, define our (hopefully) initial theory by
associating to every connected scheme X the group Ko(Schy) generated by sym-
bols [V 2 X] for every isomorphism class (due to equation (7)) of morphisms
v : V — X of finite type, subject to the relation (1). For non-connected X we
simply put
Ko(Schx):= J] Ko(Schx,).
X;emo(X)

12We already introduced the shorthand [V]g for [V — SpecC|g in Exercise 4.5.
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To obtain a motivic theory K, (Sch), we must define 1 € Ko(Sche), v*, i, X and o™
as in equations (2)—(6), at least over connected components. It has been shown in
[10] that o™-operations satisfying these properties do indeed exist. Moreover, the
authors prove that 6™ (all) = 0™ (a)L" holds for every a € K,(X) and every n € N,
where . = ¢i¢*(1) = [A! 5 SpecC] € Ko(Sche) is considered as an element of
K (Schgym(x)) via the embedding 0; : Ko(Sche) < K (Schgym(x))-

Exercise 4.8. — Use the properties of a morphism between motivic theories to
show that [V — X] — [V — X]g defines a homomorphism 7y : Ko(Schx) — R(X)
for connected X which extends to a morphism 7 : K,(Sch) — R of motivic theories.
Prove that this morphism is the only possible one. Hence, K,(Sch) is the initial
object in the category of motivic theories. Moreover, show that 7 is a A-morphism.

The initial property of K,(Sch) is just a generalization of the well-known property
that X — [X] € Ko(Sche) is the universal Euler characteristics.

Let R9™(X) C R(X) be the subgroup generated by all elements [V — X]g
if X is connected and RI"™(X) := [[x, cn(x) B (X;) for general X. One should
think of elements in R9™(X) as “geometric” since they are Z-linear combinations of
elements obtained by geometric constructions, namely pull-backs and push-forwards
of the unit 1 € R(SpecC).

Exercise 4.9. — Show that X — R9™(X) defines a subtheory of R. By con-
struction, it is the image of the A-morphism 7 : K;(Sch) — R obtained in the
previous exercise. Show that Con?™ = Con and K,(Sch)?™ = K, (Sch). Prove that
0" (aLg) = 0™ (a)L} holds for every a € R9™(X) and every n € N.

4.3. Motivic theories for quotient stacks. In the previous section we general-
ized constructible functions and the classical Euler characteristic to more refined
“functions” and invariants. When it comes to moduli problems, we should also
be able to compute refined invariants of quotient stacks as they occur naturally in
moduli problems. Hence, we need to extend motivic theories to disjoint unions of
quotient stacks X /G for schemes X locally of finite type over C and linear algebraic
groups G. This is the topic of this subsection.

Exercise 4.10. — Given a closed embedding G — GL(n) of a linear algebraic
group G and a G-action on a scheme X. Show that the morphism

X/G = (X xg GL(n))/ GL(n)

induced by X 3 z — (2,1) € X x¢ GL(n) and G — GL(n) as in Exercise 2.24 is
in fact an isomorphism of quotient stacks. Hint: Given a principal GL(n)-bundle
P — S and a GL(n)-equivariant morphism ¢ : P — X xg GL(n), show that
Pp~1(X) = S for X — X xg GL(n) is a principal G-bundle over S. To prove local
triviality of ¥»~(X) — S one has to construct local sections of 1)~1(X) — S. For
this, one can take a local section v : U — P of P — S and a lift (f,g) : U —
X xGL(n) of pov : U — X xXg GL(n) on a possibly smaller étale neighborhood
scUcCUofseS. Thenv:U 3t v(t)g(t)~t € ¢~ 1(X) is a local section of
¢~1(X) — S. Note that if G is special, these étale neighborhoods U and U can
even be replaced with Zariski neighborhoods.

DEFINITION 4.11. — A stacky motivic theory R is a rule associating to every

disjoint union X = [ ],.; Xi/G; of quotient stacks with linear algebraic groups
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G; an abelian group R(X) along with pull-backs u* : R(9) — R(X) for all (1-)
morphisms v : X — 9 and push-forwards w : R(X) — R(2) if u is of finite
type. Moreover, there should be some associative, symmetric exterior product
X: R(X)xR(2) — R(Xx%) with unit element 1 € R(Spec C), and some operations
o™ : R(X) — R(Sym" (X)) for all n € N and all schemes X, satisfying the stacky
analogue of the properties of Con(—) given in Proposition 4.3.

Remark 4.12. — There are two technical difficulties to overcome when we try
to generalize Proposition 4.3, which serves as our definition of a (stacky) motivic
theory, to disjoint unions of quotient stacks. First of all, we need to explain what
the correct generalization of a finite type morphism ought to be. For us, this is a
(1-)morphism u : X — ) of algebraic stacks such the preimage of each “connected
component” Y/H (with connected Y') consists of only finitely many connected com-
ponents X;/G; of X. Secondly, we need to define Sym"(X/G) for quotient stacks.
There is an obvious candidate given by the quotient stack X™/(S,, x G™). However,
if G = {1} is the trivial group, we get the quotient stack X™/S,, which is different
from its coarse “moduli space” Sym"™(X) = X" /S,,. To avoid these problems, we
only require the existence of ¢™-operations for schemes X = X and not for general
disjoint unions of quotient stacks.

Example 4.13. — There is no stacky motivic theory R with R|sen. = Con such
that the pull-back p* : R(X/G) — R(X) = Con(X) is an embedding. Indeed,
consider the case X = SpecC and G = G,,. Then X % X/G — SpecC is the
identity, and p;(1x) cannot be zero. By assumption, p*pi(1x) is also nonzero.
However, applying base change to the diagram

XxG-2 X

X/G

p

with m : X xG — X denoting the (trivial) group action, p*pi(1x) = pry(Ilxxqg) =
Xc(G)Lx =0, a contradiction.

Applying the functoriality of the pull-back to the previous diagram, we obtain
pri (b) = m*(b) for b = p*(a). In other words, for every stacky motivic theory R,
the image of p* is contained in the subgroup

R(X)% := {a € R(X) | prk (b) = m*(b)}

of “G-invariant” elements. Despite the negative result given by the previous ex-
ample, we will provide a functorial construction which associates to every motivic
theory (for schemes) R satisfying

o"(aLg) = 0" (a)L} Va€ R(X) (4.1)

another motivic theory R*! such that R*® extends to a stacky motivic theory, also
denoted by R*t, for which p* : R*(X/G) — R*(X)¢ is an isomorphism. Moreover,
there is a morphism R — R*|sc,. of motivic theories satisfying the property that
every morphism R — R'|sen. with R’ being a stacky motivic theory satisfying
p* ¢ R(X/G) = R'(X)® must factorize though R — R®'. In particular, the
restriction functor from the category of stacky motivic theories R’ satisfying (4.1)
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and p* : R'(X/G) = R'(X)% has a left adjoint given by R — R**. As we will see,
Con®*' = 0.

Recall that a linear algebraic group G was called special if every étale locally
trivial principal G-bundle is already Zariski locally trivial. In particular, given a
closed embedding G < GL(n), the map GL(n) — GL(n)/G must be a Zariski
locally trivial principal G-bundle. On can show that this property is already suf-
ficient for being special. Hence, GL(n) is special for every n € N. As a result of
Exercise 4.6 we get [GL(n)|g = [G]r[GL(n)/G]r in R(SpecC) for every motivic
theory R (for schemes). In particular, [G]g is invertible for every special group G
if and only if [GL(n)]g is invertible for every n € N.

DEFINITION 4.14. — Given a group G and a stack B with a right G-action, a
G-invariant (1-)morphism « : 8 — X of stacks is called a principal G-bundle on X
if u is representable and the pull-back 4 : X Xz 8 — X of u along every morphism
X — X with X being a scheme is a principal G-bundle on X. Notice that X x5
carries an induced right G-action and @ is G-invariant.

Exercise 4.15. — Given a stacky motivic theory R. We want to show in several
steps that the condition p* : R(X/G) — R(X)Y being an isomorphism for every
special group G is equivalent to the condition that [ = X]z = w(ly) = [G]lx
for every special group G and every principal G-bundle u : 8 — X in the category
of disjoint unions of quotient stacks.

(1) Assume for simplicity X = X/ GL(n). Given a principal G-bundle P — X,
consider the cartesian diagram

pr

;b

X Lox

By assumption, @ : P — X is a principal G-bundle. Use injectivity of p* to
prove uy(1yp) = [G]rlx (Hint: Use base change and Exercise 4.6.) Extend
this result to arbitrary disjoint unions of quotient stacks.

(2) Conversely, assume that w(ly) = [G]rlx for every principal G-bundle
in the category of quotient stacks. Show first that [G]g is invertible in
R(SpecC) with inverse [SpecC/G]g. (Hint: Consider the principal G-
bundle Spec C — Spec C/G.)

(3) Secondly, prove that p* : R(X/G) — R(X)¢ is invertible by showing that
p(—)/[G]r is an inverse. (see [5], Lemma 5.13 if you need help)

For connected X we define R*'(X) := R(X)[[GL(n)]z" | n € N] using the
R(Spec C)-module structure of R(X) by means of the K-product. We extend it via
R(X) =TI x,em(x) 7 (X;) to non-connected X. The morphism R(X) — R**(X)
is obvious, and it is also easy to see how to extend uy,u* for v : X — Y and the
K-product. The only nontrivial part is the extension of ¢™. For X € Sch¢ and
a € R(X) define

=Y o™(a)t" € R(Sym(X)][[t]].

neN
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The Adams operations ¢™ : R(X) — R(Sym" (X)) C R(Sym(X)) are defined by
means of the series

di(a) =Y ¢ (a)t”

n>=1

dO't (a)

_ dlogoy(a)
N dat '

dlogt

= tO’t(*a)

where the product is the convolution product in R(Sym(X)). Using the properties
of o™, we observe 04(0) = 1 and oi(a + b) = o¢(a)or(b). Thus, 1:(0) = 0 as
well as 1¥;(a + b) = ¥(a) + ¥¢(b) follows. Property (4.1) implies " (aP(Lg)) =
Y™ (a)P(L%) for every polynomial P(z) € Z[z]. Due to Exercise 4.6(ii), we have to
extend " to R*(X) by means of

o a _ @
v (HieI[GL(mi)}R> . Hie] P, (LZ)
using the polynomial P, (z) = H;":_Ol(zm — 27) satisfying [GL(m)]r = P (Lg).

Having extended the Adams operations, we can also extend the o™-operations by

putting
o) =exp [ F).

Note that the last expression involves rational coefficient, but one can show that
the rational coefficients disappear in the expression for

a Y™ (a)t"
ol =) =exp —_—
(HieI[GL(mi)]R> (T; nller Pm,i(]LR))
if we express " (a) in terms of 6™ (a) for 1 < m < n. (See [5], Appendix B for
more details.)

Exercise 4.16. — Show that Con®*(X) = 0 for all X.

Now, as we have constructed R*' on schemes, we will put R*(X) := R*(X)¢
for a quotient stack X = X/G with special group G and connected X. We have to
show that this definition is independent of the presentation of the quotient stack.
For this let X =2 Y/H be another presentation with a special group H. Let us form
the cartesian square

T "
X xx Y xGxH XxxYxH-—"  ~YxH
\_/’
pPry my
— T ’
X xxY xG X xx Y P Y

\_/’

mx
/—\

X xG X “

¥/

Prx

with p’, p” and 7/, 7" being G- respectively H-principal bundles. The other maps
are either projections or actions of G or H. Applying R*!, we get the following
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diagram with exact rows and columns by construction of R*!, where K denotes the
kernel of say pry- —m3:

0 0 0
K RSH(X) PXTTY L RX x G)
0 R (Y) —F R X xx Y) R (X xx Y x G)
pry —mi

0—— R (Y xH) —— R"X xx Y x H) —— R*"(X xx Y x G x H).
p

Hence, R*(X)¢ = K = R**(Y)H showing that R*!(X) is independent of the choice
of a presentation. Given a morphism v : X/G — Y/H of quotient stacks, we form
the cartesian diagram

X xy g Y = X/G xy /g Y Y

T

X & X/G——>Y/H.

For a € R*Y(X/G) = R*(X)% and b € R**(Y)H we put

w(a) = (@0 p)7*(a)/[Gr € R*(Y)™ and
u(b) = Ao )" (b)/[H]r € R*(X)C
a®b:=albe R*(X xY)9H.

For disjoint unions X = [ |;c; X;/G; of connected quotient stacks, we can always
assume that G; is special for all 4 € I due to Exercise 4.10. Then, we need to define
R*Y(X) :=[[,c; R*"(X;/G;) according to Proposition 4.3(i), and extend u;, u* and
X in the natural way.

Given a morphism 1 : R — R'|sa. with p* @ R (X/G) — R'(X)% being an

* —1

isomorphism, we define 7x,¢ : R*(X/G) = R(X)% 15 R'(X)¢ — R'(X/G)
with p* ~(a) = pi(a)/[G]r which is the only possible choice to extend n to a

morphism R*' — R’ of stacky motivic theories. More details in a more general
context are given in [5], Section 5.

5. VANISHING CYCLES

The aim of this section is to introduce the notion of a vanishing cycle taking
values in a (stacky) motivic theory R. We start by considering vanishing cycles of
morphisms f : X — A! defined on smooth schemes X.
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5.1. Vanishing cycles for schemes.

DEFINITION 5.1. — Given a motivic theory R, a vanishing cycle!? (with values
in R) is a rule associating to every regular function f : X — A! on a smooth
scheme/variety or complex manifold X an element ¢; € R(X) such that the fol-
lowing holds.

(1) fu:Y — X is a smooth, then ¢, = u*(¢y).

(2) Let X be a smooth variety containing a smooth closed subvariety i : Y <
X. Denote by j : E — Bly X the exceptional divisor of the blow-up
m:Bly X =& X of Y in X. Then the formula

™ ((ybforr 7j!¢f071’0j) = ¢f - Z‘!(775foi
holds for every f: X — Al
(3) Given two morphisms f : X — Al and g : Y — A! on smooth X and

Y, we introduce the notation fXg: X x Y X9, A1« AY X5 AL, Then
brrg = ¢y My in R(X x Y). Moreover, ¢SpecCi>A1 =

Notice that instead of f X ¢ the notation f & g or f H g is more common in the
literature. Our notation should remind the reader that ¢ maps (box)products into
(box)products. There is also a more general theory allowing arbitrary commutative
monoids replacing A! as the target of maps. For the trivial monoid Spec(C) the
X-product is just the cartesian product. See [5] for more details.

LEMMA 5.2. — A collection of elements ¢y € R(X) for regular functions f :
X — Al on smooth schemes X satisfying the properties (1), (2) and (3) is equivalent
to a collection of group homomorphisms** ¢; : K (Schy) — R(X) for all regular
functions f : X — A! on arbitrary schemes X such that the following diagrams
commute:

Ky (Schx) o R(X) ifu:Y — X is smooth,
o
Ko(SChY) R(Y)
Ky(Schy) Oro R(Y) ifu:Y — X is proper,
L
K,(Schx) R(X)
D5 ®pg
K, (Schy) ® Ko (Schy ) — 2% R(X)® R(Y)
| o
¢y
Ky(Schxxy) ke R(X xY).

13The definition given here differs from the one given in [5] for the sake of simplicity. We do
not require the support property but a blow-up formula.

14The collection of group homomorphisms ¢y is what is called a morphisms of (motivic) ring
(Sm, prop)-theories over Al in [5].
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(1) = 1.

Exercise 5.3. — Proof the lemma using the following fact (see [3], Thm. 5.1).
The group Ko (Schz) can also be written as the abelian group generated by symbols
[X 2 Z] with smooth X and proper p subject the “blow-up relation”: Ifi : ¥ — X
is a smooth subvariety and 7 : Bly X — X the blow-up of Y in X with exceptional
divisor j : E < Bly X, then Bly X 25 2] — [E X4 7] = (X & 71— [y % 7).
Hint: Given a function f: Z — A, try the Ansatz ¢7([X 5 7)) = D@ rop for a
proper morphism X % Z on a smooth scheme X, where ¢ ., € R(X) on the right
hand side is given by our family of elements. In particular, ¢;(1x) = ¢y € R(X)
for a regular function f on a smooth scheme X.

and ¢ 0
Spec C—>A1

We need to apologize for using the same symbol ¢; with two different mean-
ings. However, with a bit of practice it should be clear from the context which
interpretation is used.

Example 5.4. — For every motivic theory there is a canonical vanishing cycle
such that qﬁfanj = 1x € R(X) for every f: X — Al. Hence, it does not depend

on f, and the map ¢y : Ky(Schx) — R(X) is just the morphism constructed in
Lemma 4.7.

Let us look at the following more interesting examples.

Example 5.5. — Let R = Con. For x € X we fix a metric on an analytic
neighborhood of x € X" for example by embedding such a neighborhood into
C™. We form the so-called Milnor fiber MF¢(z) := f~!(f(z) 4+ §) N B:(x), where
B.(z) is a small open ball around z € X and 0 < § < ¢ < 1 are small real
parameters. Notice, that the Milnor fiber depends on the choice of the metric and
the choice of §,e. However, its reduced cohomology and its Euler characteristic
X(MFy(x)) are independent of the choices made. We finally define ¢%"(x) =
1 — x(MF(z)) for sufficiently small d,e. One can show that the properties listed
above are satisfied. Due to [1], ¢%°" agrees with the Behrend function of Crit(f)
up to the sign (—1)4mX,

Example 5.6. — The previous example has a categorification. For a closed point
t € A(C) consider the cartesian diagram with the induced projections f and g

xan xan X C

b

C~——F C.
t+exp(—)

Denoting the inclusion of the fiber X; = f~1(¢) into X by u, the (classical) van-
ishing cycle ¢ is defined via
@rearcyter Cone(Qx, — 11 +q; Qx),

in the derived category D°(X,Q) of sheaves of Q-vector spaces on X. Here, Qx
respectively Qx, = ¢;Qx denotes the locally constant sheaf on X respectively X,
with stalk Q. The morphism is the restriction to X; of the adjunction Qx —
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q+q; Qx. Spelling out the definition we see that the stalk of ¢}"" at z is given by
the reduced cohomology of the Milnor fiber MF () shifted by —1.

Associating to every connected X the Grothendieck group Ko(D?,, (X,Q)) of
the triangulated subcategory DY, (X,Q) C D¥(X,Q) consisting of complexes of
sheaves of QQ-vector spaces with constructible cohomology, we obtain a motivic

theory K, (D?,,.(—,Q)) with

KO(l)lc)on()(7 Q)) = H KO(Dgon(Xin))'
X;emo(X)

Notice that D% (X, Q) has a bounded t-structure whose heart is the abelian cate-

gory Perv(X) of perverse “sheaves” on X.'> Thus, Ko(D?%,,,(X,Q)) = Ko(Perv(X))
motivating the shorthand K,(Perv) for our motivic theory. Moreover, up to a shift,
¢4 turns out to be a perverse “sheaf”, i.e. a very special complex of sheaves
with constructible cohomology, justifying our notation. By taking its class in the
Grothendieck group, we get a vanishing cycle with values in K (Perv) satisfying all

required properties.

Example 5.7. — There is a refinement ¢'/'*" € DP(MMHM(X)) of the previous
example involving (complexes of) monodromic mixed Hodge modules with quasi-
unipotent monodromy. Forgetting the Hodge and the monodromy structure, we
get a functor D*(MMHM(X)) — D?,,,(X,Q) mapping ¢7°" to ¢4™"". By passing
to the associated Grothendieck groups, we get a vanishing cycle @™ with values
in

K, (D" (MMHM(X)) = K,(MMHM(X)) i=  []  Ko(MMHM(X,)).
X,;ET{'()(X)
The motivic theory K,(MMHM) has a subtheory K,(MHM) defined similarly using
the Grothendieck group of the category of ordinary mixed Hodge modules, i.e.

monodromic mixed Hodge modules with trivial monodromy. See [7], Section 2.1
for more details.

In the remaining part of this subsection we will construct vanishing cycles de-
pending functorialy on R. First of all we need to enlarge R by defining a new
motivic theory R(— x A') mapping X to R(X x A!) and using the exterior product

R(X x AY @ R(Y x AD) B R(X x v x 42) "M p(x x v x AY)

with unit 1’ := 0y(1) € R(SpecC x A') = R(A') and the o™-operations

R(X x A1) 25 R(Sym™(X x A1) =55 R(Sym™(X) x Al),

where s maps an unordered tuple [(z1,21), ..., (Tn,2n)] to ([X1,...,Zpn], 20 + - +
Zn)-

Exercise 5.8. — Check the properties of a motivic theory given in Proposi-
tion 4.3.

15We put the word sheaf in quotes as a perverse sheaf is often not a sheaf but a complex
of sheaves with constructible cohomology. In particular, this t-structure is different from the
standard t-structure on D2, (X, Q) whose heart is the abelian category of constructible sheaves
of Q-vector spaces.
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Given a scheme X, let G, act on X x Al via g(x,z) = (z,g2). For connected
X we denote by R%Z (X x Al) the subgroup of R(X x A') generated by elements

Y ENS'S Al]R such that Y carries a good!% G,,-action for which f is homogeneous
of some degree d > 0, i.e. f(gy) = g?f(y). Notice, that such a Y will carry many
actions for which f is homogeneous. Indeed, given 0 # n € N, let G,, act on Y via
g *y := g™y using the old action on the right hand side. Then, f is homogeneous
of degree dn with respect to the new action. In particular, given finitely many

generators [Y; f—) X x A'], we can always assume that the degrees of f; are equal.
Finally, we put R%" (X x Al) := HXiEﬂ'O(X) R(%Tn (X; x Al) for non-connected X.

LEMMA 5.9. — The subgroup RE" (X x A') C R(X x A') is invariant under
pull-backs, push-forwards, exterior products and the o™ -operations. Moreover, pr’
maps R9™(X) onto a “M-ideal” I{™ C RE™ (X x A'), i.e

albe I{, fora € I{" and b € RY" (Y x A'), and
o"(a )Glg;nm H(X) for a € IY".
Exercise 5.10. — Check the first sentence of the previous lemma.

Proof. — To show that I§" is a A-ideal, it suffices to look at generators

ledAl

Vs Al 9L v Al and w9y x Al

of I{" and RE" (Y x A') respectively with [V ER X] € RI™(X) (cf. Exercise 5.11).
For the K-product
VxA 5 X xARW Y x A= [VxA' xW 5 X xY x A']
with u(v, z, w) = (f(v), g(w), z + h(w)) we use the isomorphism
Vx A x W 3 (v, z,w) = (v,w, 2+ h(w)) €V x W x Al
to show
[VxA X W % X x Y x Al = prig.y (V x W L2295 X x v]) e 197,
We also have
o[V x X x Al = [Sym™(V x AY) & Sym™(X) x A}
with p being induced by the S,,-invariant morphism p : (V x A" — Sym"(X) x Al
with p((v1,21), ..., (U, 2n)) = ((f(v1),..., f(vn)),21 + ...+ 2,). We define
(V™ x A" = {(v1,. oy U, 21, ooy 20) EVEX A" | 214+ 2, = 0}
for all n > 0. There is a S,-equivariant isomorphism
P (VT x AM? x A — (V x ADH™,
(V1 Uny 215 e ey 20 )5 2) ((111,21 +z/n), ...y (U, 20 + z/n))

Then, pot) = g x idg1 : (V™ x A")? x Al — Sym"(X) x Al for the S, -invariant
morphism

All fxidy

q: (V" x AM)O = (V" x A™)0/S,, % Sym™(X)

16An action of G, on Y is called good if every point y € Y has an affine Gy,-invariant
neighborhood.
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with q(v1,...,0n,21,-.+,2n) = (f(v1),..., f(v,)). Modding out the S,,-action, we
see that

[Sym™(V x AY) & Sym"(X) x A'] = priym- (V" x A0S, & Sym™ (X))

.. . gm
is indeed in ’[Sym n(x)" O

Exercise 5.11. — Convince yourself using the formula

Zw“) 0" (b))

for the motivic theory R(— x A') with 7 : Sym’(X) x Sym”fl(X) — Sym"(X)
being the natural map, that a € I{" implies 0" (a) € I m" (X) is indeed true if it

already holds for generators a = pr ([V ENS' ]) of I§™.
Due to Lemma 5.9, we can form the quotient

R (X) = RE™(X x A")/prx RI™(X)

mon

and obtain a new motivic theory together with a morphism R9™ — R9™  of motivic
theories (cf. Exercise 4.9) given by

rom(x) L0 Rom (X x AL) = RET(X).
Exercise 5.12. — Fix a motivic theory R and consider the map RY™ (X x A') —

RI™(X) given by a + (id x0)*(a) — (id x1)*(a), where 0,1 : SpecC — A are the
obvious maps. As pri R9™(X) is in the kernel, we obtain a well-defined group
homomorphism RI™ (X) — R9™(X). Note that the composition

RI™(X) — RI™ (X) — R™(X)

mon

is the identity. Hence, R9™(X) is a direct summand of RI™ (X). However, show

that the retraction R%’;n( ) = R9™(X) is not a morphlsm of motivic theories and

R9™ is not a direct summand of the motivic theory RJ”

Exercise 5.13. — Using the notation of the previous exercise, show that the
kernel of ConZ"” (X) — Con?™(X) = Con(X) is trivial, i.e. Con(X) = Cond" (X).

On the other hand, show that the kernel is nonzero for X = SpecC and R =
Ky (Perv), R = K,(MHM) and R = K,(Sch).

If R = R9™, we suppress the superscript “gm” from notation. This applies for
instance to K(Sch) but also to RI™ as (R9™)9™ = RI™.

Exercise 5.14. — Check that R = (RI™)9™ = (RI™);0n using our con-
vention for the last equation.

If R9™ C R is a proper subtheory, as for example for K,(Perv) or for K,(MHM),
we can nevertheless define a theory R,,., under the assumption that the formula

"a®b) =Y " (PA (a),...,0"(a)) &P (o'(b), ... ,a"(b)))

A-n
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holds in R(Sym™(X xY)) forall0 #n € N, alla € R(X),be R(Y) and all X, Y,
where the sum is taken over all partitions A = (A > ... > A, 2 0) of n and

Txy Tx;+1 cee TXj4n—1
Tr,—1 T s Thp4n—2
A . . 2 2 2
PNxy,...,xn) =det(za, + 5 — )1<ij<n =
Tx,—n+1 Tx,—nt+2 --- TX,

is the polynomial from the Jacobi-Trudi formula with the convention zy = 1 and
Ty, = 0 for m < 0 or m > n. Here, 7(™ : Sym”(X) x Sym™(Y) — Sym" (X x Y) is
the obvious map. The expression P*(ct(a),...,0™(a)) is computed in R(Sym(X))
with respect to the convolution product, and is an element of R(Sym"(X)) since
Al + ...+ X, = n. Similarly for P*(¢'(b),...,c"™(b)). It can be show that this
formula holds!'” whenever R has a “categorification” as for example K,(MHM) or
Ky(Perv). In this case, we may replace RE™ (X x A') with the R(X)-submodule
Rg,, (X x A') of R(X x A') generated by RE" (X x A'). Note that R(X x A')
is an R(X)-module using the convolution product and the embedding R(X) —
R(X x A') provided by the “zero section” 0x = idx x0 : X < X x Al. The
formula for 0™(a X b) ensures that Rg,, (X x Al) is still closed under taking

o™ : R(X x A') = R(Sym"™(X) x A!)

and, thus, defines another motivic theory containing R%’Z(, x A') as a subtheory.
Moreover, pri (R(X)) =: Ix is a A-ideal and the quotient

Rmon(X) = RGm (X X Al)/IX

is a well-defined motivic theory which contains R as a subtheory such that R(X) <
Ryon(X) is a retract for every X. Moreover, the following diagram is cartesian

RIMC____, Rgm

mon

R——sR

mon -

Exercise 5.15. — Show that RE" (X x A') is already an R(X)-module under
the assumption R = R9™. Also I{" = pr(R(X)) in this case. Hence, we do not
get anything new by the previous construction whenever it applies, and putting

Rpon = RI™ . for theories R = R9™ will not cause any confusion.

Example 5.16. — There is a morphism K,(MMHM) — K,(MHM),,,,,, of mo-
tivic theories. Roughly speaking, MMHM(X) is obtained by a categorification of
the construction just described.

Example 5.17. — There is a morphism Kg(SchX) — Ky(Schx)mon for every
(connected) X with Kf(Schx) being defined in [8]. In a nutshell, K (Schx) is
constructed very similar to K (Schx ).mon by considering generators [V Ix x AL, p]

with Y carrying a G,,-action p : G,, x Y — Y such that f is homogeneous of
degree d > 0. In contrast to our previous definition, the G,,-action p is part of the

"The formula is a direct consequence of the assumption that R(Sym(X x Y)) is a special
A-ring which is true for any “decategorification”.
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data, and Ké‘(SChX) — Ky (Schx ) mon forgets the Gy,-action p. In particular, given

another homogeneous map Y’ Iy X % A with Y7 carrying a G,-action p’ and an

~

isomorphism 6 : Y’ — Y such that f6 = f’, then [V’ ENS'S Al =Y’ EING 'S Al
in K (Schx )mon, but unless 6 is G,,-equivariant, the generators

v xxaly  and YIS X xAl

of Kg (Schx) might be different. The relations in Kg (Schx) are the cut and paste

relation for G,,-invariant closed subschemes Z C Y and [Y x Al ——— i, x x Al p] =

0 for every G,,-invariant morphism v : Y — X from a scheme Y with a good G,,-
action. Here, p is given by ¢(y, z) = (gy, gz) using the G,,-action on Y. There is
a third relation dealing with linear actions of g C G,,, the group of d-th roots of
unity, which is also fulfilled in K,(Schx )mon as étale locally trivial vector bundles
are already Zariski locally trivial. Indeed, vector bundles are always induced by
principal GL(n)-bundles and GL(n) is special for all n € N.

Exercise 5.18. — Show that the construction R — RY™ is functorial in R.

mon

The motivic theory RI™ will be the target of our vanishing cycle which we are
going to construct now. For this let f: X — A® be a regular function on a smooth
connected scheme and let £,,(X) be the scheme parameterizing all arcs of length n

in X, i.e. the scheme representing the set-valued functor
Y + Mor(Y x SpecC[z]/(z"*1), X).

The standard action of G,, on A! = Spec C[z] given by z + gz induces an action
on SpecClz]/(2"*1) and, hence, also on £,(X). By functoriality applied to f :

X — A, we also get a G,,-equivariant morphism £,,(X) Lnh), L,(AY) = At
where G,, acts coordinatewise on the latter arc space with weights 0,1,...,n. Fix
t € AY(C) and recall that ¢; : X; — X was the inclusion of the fiber of f over t.
Consider the map
o= Pryp4q oLy (f): La(X) — Alv

a Gy,-equivariant map of degree n, and the projection m, : £,(X) — X mapping
an arc to its base point. Denote by £,,(X)|x, the preimage of X, under m,, i.e.
the subscheme of arcs going through X;, and, abusing notation, we will also write
f resp. m, for their restrictions to £, (X)|x,. By G,,-equivariance,

[£n(X)|x, =22 X x AR

is in RE" (X; x A') and defines an element in R97, (X;). We form the generating
series

ZE(T) = Ly "™ XL, (X)]x, T ny X % AR T in RO (X)[[T]).

mon
n>1

The following result is a consequence of Thm. 3.3.1 in the article [8] of Denef and
Loeser or of Thm. 5.4 in Looijenga’s paper [22].

THEOREM 5.19. — The series Zﬁt(T) is a Taylor expansion of a rational func-
tion in T'. The latter has a regular value at T' = oo which is —1x, if X; is smooth,
ie. XN Crit(f) = 0.
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For the last statement see also Exercise 5.26. As X is smooth and connected,
X, is singular only for finitely many values ¢t € A'(C). In particular, the following
object is well-defined.

DEFINITION 5.20. — Using the same notation for the rational function, we de-
fine (b?t =1x, + Zﬁt(oo) € R (X,) and, finally, let
of = Y el € RN (X)
teA(C)

be the vanishing cycle of f : X — A!. For non-connected X we apply the definition
to every connected component X; and define (j)?‘ to be the family (qﬁf}lx ) X, €mo(X)

in R%’obn<X) = HXiGTK‘o(X) R%gn(Xl)

Example 5.21. — One can show ¢%°" = qﬁj}"" for all f: X — A'! on smooth X.

f
Example 5.22. — Let f: X — A} be a regular function on a smooth connected
scheme X. Using the morphism K{(Schx) — K,(Schx)mon, the vanishing cycle

h)

QS}”Ot constructed by Denef and Loeser maps to qﬁ%’(sc up to the normalization

factor (—1)4™X " and we will keep the shorter notation ¢}"0t for QS?O(SCh).

Example 5.23. — Let f be a regular function on a smooth scheme X as before.

Using the map Ko(MMHM(X)) — Ko(MHM(X))mon discussed earlier, the van-

ishing cycle ¢7'°" maps to ¢?0(MHM)

Similarly for ¢4

, and we will keep the shorter notation (j)}”"”.

Exercise 5.24. — Prove that gb}?’ is functorial in R. In particular, the diagram
Ky (Schx ) === K;(Schx)

\L¢1not i (b?

KO(SChX)mon — RIT (X)

mon

commutes where we used Lemma 5.2, Lemma 4.7 and Exercise 5.18 to construct the
corresponding morphisms. Conclude that (b? is a vanishing cycle using the known
fact that ¢™°! is a vanishing cycle.

In order to compute the vanishing cycle in practice, we choose an embedded
resolution of X; C X, i.e. a smooth variety Y together with a proper morphism
7m:Y — X such that Y; = (fom)~!(a) = 7~ 1(X}) is a normal crossing divisor and
7 : Y\Y; = X\X;. Denote the irreducible components of Y; by E; withi € J and let
m; > 0 be the multiplicity of for at E;. Since for is a section in Oy (=), ; m; E;),
it induces a regular map to A! from the total space of Oy (3 ;cr miE;) for any () #
I C J. The latter space restricted to Ef := (N;c; E\Ugr Ei is just @, N[y s
By composition with the tensor product we get a regular map

Jr:Np:= H(NEi\Y\Ei”E? — Al
iel
which is obviously homogeneous of degree m; with respect to the G,,-action on the
factor (Ng, )y \ Ei)|pe and homogeneous of degree m; := ), ;m; with respect to
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the diagonal G,,-action. By composing with 7 : ¥ — X, the projection N; — EY
induces a map 7wy : Ny — X;.

THEOREM 5.25 ([8] or [22]). — Let f : X — A}, be a regular map and 7 : Y —
X be an embedded resolution of X,. In the notation just explained we have'®

7B () = S (DN, T X % AV € RITL(X).
0£ICT

Exercise 5.26. — Assume that X; is a smooth fiber. Use Theorem 5.25 and the
construction of RI™ (X;) to show

id x0
Z8,(00) = —1x, = —[Xy = Xy x A']g.
COROLLARY 5.27 (support property). — Given a regular function f: X — A!

on a smooth scheme X, the vanishing cycle (b? is supported on Crit(f), i.e. QSJI? is
in the image of the embedding R(Crit(f))9"  — R(X)J" . where

Crit(f)={df =0} Cc X
is the critical locus of f.

The following result might also be helpful when it comes to actual computations.
Let [, a € R(SpecC) be the short notation for (X — SpecC);(a) for a € R(X).

THEOREM 5.28 ([6]). — Let X be a smooth variety with G,,-action such that
every point x € X has a neighborhood U C X isomorphic to A"®) x USm with G,
acting by multiplication (with weight one) on An@), Let f: X — A! be a homo-

geneous function of degree d > 0. Then, [ ¢f [X ERN Allg in RI™ (SpecC).

Exercise 5.29. — (1) Prove that the scheme {(z,y) € A? | zy # 0} >

(z,y) — zy € A over Al is isomorphic to the scheme G,,, x G,, > (z,y) —

y € Al over Al and conclude [{zy # 0} 2, Allg = —[Gu]r =1—-Lg in
mon(spec (C)

(2) Use this and any of the two previous theorems to show gb?o =/ A2 gb? =Lg
for the function f : A% 3 (z,y) — zy € Al. Note that Crit(f) = SpecC is
the origin 0 € A%. Hence, ¢f is located at the origin.

(3) Use the result of the second part and the product formula for vanishing
cycles to prove that (;55% for the function A > z + 22 € A! is a square root

L}/? of Lg.
(4) Show that J"(L}-{/Q) = 0 for all n > 2. Hint: It is a well-known fact
that A" 3 (21,...,2,) = (X zk)zzl € A" has a factorization A" —»

1=1"1
Sym"(A') = A™ into the quotient map for the natural S,-action on A"
and an isomorphism. Remember that for every scheme X the equation

[X x Al 2255 A1) = 0 holds in R(SpecC)9™ by construction.

18 This formula seems to differs from the one given in [8] or [22] by a sign. However, this is not
true as the authors work with schemes over X with good pg-action. Given such a scheme Y 4 X
with pig-invariant u, the associated generator of Riyen (X) is —[Y Xuy Gm 3 (y,2) — (u(y), 2%) €
X x Al]g. The sign here is chosen in such a way that if Y carries a trivial gg-action, then the
generator is equivalent to [Y 3 y — (u(y),0) € X x Al]g in RI™(X) C Rion(X).
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5.2. Vanishing cycles for quotient stacks. The theory of vanishing cycles for
regular functions f : X — A! on smooth schemes generalizes straight forward to
functions §f : X — A! on (disjoint unions of) smooth quotient stacks. Note that
a quotient stack X/G is called smooth if X is smooth. A closed substack P C X
is given by Y/G for a G-invariant closed subset Y C X. The blow-up of P in X
is then simply given by the quotient stack Bly X = Bly X/G having exceptional
divisor € = E/G. Given a quotient stack X/G with smooth X and a regular
function § : X/G — Al, we denote by Crit(f) the quotient stack Crit(fp)/G with
p: X — X/G. The generalization to disjoint unions of quotient stacks is at hand.

DEFINITION 5.30. — Given a stacky motivic theory R, a stacky vanishing cycle
(with values in R) is a rule associating to every regular function f : X — Al in
a disjoint union of smooth quotient stacks an element ¢; € R(X) such that the
following holds.

(1) If u: P — X is a smooth, then ¢jo, = u*(¢5).

(2) Let X be a disjoint union of smooth quotients containing a smooth closed
substack ¢ : B — X. Denote by j : & — Blg X the exceptional divisor of
the blow-up 7 : Blg X — X of 8 in X. Then the formula

T (¢f07r - j!¢fo7roj) = ¢f - i!¢foi
holds for every §: X — Al
(3) Given two morphisms § : X — Al and g : 9 — A! with smooth X and

9), we introduce the notation X g : X x P TX8, Al x A' 55 Al. Then
g = ¢; X ¢y in R(X x *B). Moreover, ¢ (1) =1.

Recall, that we constructed a correspondence between motivic theories R with
L', (L% —1)"' € R(SpecC) for all 0 # n € N and stacky motivic theories satisfying
p*: R(X/G) = R(X)C for every special group G.

0
Spec C—Al

LEMMA 5.31. — Let R be a motivic theory such that Lgl and (L% —1)~! are
in R(SpecC) for all 0 # n € N. The restriction to schemes provides a bijection
between stacky vanishing cycles with values in R*t and vanishing cycles with values
in R.

Proof. — By applying the first property of a stacky vanishing cycle to the smooth
map p: X — X/G, we see that ¢; is uniquely determined by f =fop: X — Al
as p* : R(X/G) — R(X) is injective for special G. Moreover, applying the first
property once more to

XxG 2 =X

iprx

X
we observe that the vanishing cycle ¢ of a G-invariant function f : X — Al is
G-invariant. Hence, given a vanishing cycle with values in R, we can define ¢ft to
be the unique element in R*'(X/G) mapping to ¢ = ¢50, under the isomorphism
p* 1 R¥Y(X/G) = R(X)®. Alternatively, we can write @' = pi(¢r)/[G]r since
[G]z'pr is the inverse of p* on R(X). If f : X — Al is a function on a disjoint
union of quotient stacks X; = X;/G;, we may assume that G; is special for all ¢ (see
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Exercise 4.10) and define d)?t by means of the family qﬁ?l’; using the first property
of a stacky motivic theory. O

Exercise 5.32. — Complete the proof of the previous lemma by checking that
gbft on a quotient stack ¥ = X/G is independent of the choice of a presentation, i.e.
if X/G =2 Y/H for special groups G and H, then X is smooth if and only if V" is
smooth, and ¢jo,, corresponds to ¢, under the isomorphism R(X)¢ = R(Y)#
in this case. Moreover, show that ¢! satisfies the properties of a stacky vanishing
cycle.

Example 5.33. — Given a motivic theory R satisfying equation (4.1) for all
a € R(X),n € N and a vanishing cycle ¢ with values in R, we can adjoin inverses
of Lg and L% —1 for all n > 0. By applying the previous lemma to the new motivic
theory and the induced vanishing cycle, we get a motivic theory R*! and a vanishing
cycle ¢*" such that nx (¢5) = ¢ for every f : X — A', where nx : R(X) — R**(X)
is the adjunction morphism R — R*'|gep. from the previous section. In particular,
we can apply this to ¢f" with values in R and also to ¢ with values in RI™,
as equation (4.1) holds in both cases (cf. Exercise 4.9). If R satisfies equation (4.1),
we can also extend ¢&, with values in R. Note that ¢/, = 1y € R (X) for all

can can,f
frx— AL

6. DONALDSON-THOMAS THEORY

After introducing a lot of technical notation, we are now in the position to provide
the definition of Donaldson-Thomas functions and to state a couple of results in
Donaldson-Thomas theory. We close this section by given a list of examples. There
are basically three approaches to define Donaldson-Thomas functions (see [5]). The
one given here is due to Kontsevich and Soibelman.

6.1. Definition and main results. We start by fixing a stacky motivic theory R
satisfying R(X/G) = R(X)Y for every quotient stack X/G with special group G.
Moreover, let ¢ be a stacky vanishing cycle with values in R which is completely
determined by its restriction to functions f : X — A! on smooth schemes X (cf.
Lemma 5.31). As shown before, we could start with any vanishing cycle with values
in a motivic theory and pass to the “stackification”. Let us also assume that a square
root L}f of Lg is contained in R(SpecC) such that a"(L}{z) =0 foralln > 2.

Example 6.1. — Assume that 0™ (aLr) = 0™ (a)L% holds for all a € R(X), all
n € N and all X. As shown in [5], Appendix B, one can extend the o™-operations
to R(X)[IL}{/Q] such that a"(—]L}f) = (—]L}f)" for all n € N or equivalently
J”(L}{Q) = 0 for all n > 2. Thus, R[L}{Q] is a new motivic theory having the

required square root of Lg. We can apply the stackification to the canonical van-

1/2 1/2
ishing cycle (;551[%’3 Fof R[ng] and obtain a pair (R[]L};{/Q]St, e ]’St) satisfying

our requirements. Note that the assumption on R is always fulfilled if we replace
R with R9™ (cf. Exercise 4.9).

Example 6.2. — For every motivic theory R the element

[A' > 2z 2% € Al]gr € RI™, (SpecC)

mon
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is the required square root of Lzsm ~as shown in Exercise 5.29. The stackification
of ¢¥ with values in RI™, will match our requirements. This applies in partic-
ular to ¢™°! and ¢™°". Note that the stackification of Con = Con?" and of

Ko (D%, (—,Q))9m is zero as [GL(n)]z = 0 in both cases.

con mon
We fix a quiver @) with potential W a stability condition ¢ and use the notation
introduced in Section 3.2. Recall that 9¢~%% was the stack of (-semistable quiver
representations with coarse moduli space M™% parameterizing polystable repre-
sentations. Similarly 91 was the stack of all quiver representations and M*5™? its
coarse moduli space parameterizing semisimple representations. There are various
maps between these spaces as shown in the following diagram

mgfss% m

ME—ss ¢ Mssimp N®@o % AL
Note that the maps in the lower horizontal row are homomorphisms of monoids
with respect to (direct) sums. Moreover, ¢¢ is proper. Denote the composition
Tr(W . .
DTN UL N SN Te(W)S. For a fixed slope p € R, let us introduce
the short hand ¢ yc (ZC for the object in R(MC**) = [T cneo RIS )
having components

dim x T (W)
B

e

L(d,d)/?

(d,d)/2
Lr™" " fxewye [gﬁpd! (¢Tr<vv>d\x§m)

omé—ss
d
if d has slope p or d = 0 and 0 for the remaining dimension vectors d. Recall
that pgq : Xfl;ss — ngss/Gd =~ imff” was the standard atlas of the quotient
stack and (d,d) was defined in Definition 3.15. The idea behind the notation is
the following. The vanishing cycle ¢ defines a map K, (Schgpc—s:)%t — R(IMC~*9)
mapping lopc—s: = (M5 — SpecC)*(1) to bze(wyc- If we define ZCypc—=s to be
n
the object in Ko (Schypc s )[L'/2]** whose restriction to 9§ is LD/ ¢ .. if
d
d has slope p or d = 0 and zero else, then ¢ ()¢ (ZCopc—<2) is just the image of
ICmf;ss under the induced map K (Schgpe—s:)[LY/2]58 — R(MC~5%). One should
think of ZCyyc—- as (the class of) the motivic intersection complex of 93"(5[35 Cc
m
INE =58,
Let us define the convolution product on R(M¢~%%) by means of
R(M™) @ R(ME™5%) By R(MS™ x MS™5%) &5 R(ME™**)
and operations Sym” : R(MS=%%) — R(MS~*%) for n € N via

n

R(ME™) T R(Sym™ M%) £ R(ME—). (6.1)
LEMMA 6.3. — For a € R(M®™*%) with ag := a| == = 0 the infinite sum
0
Sym(a) := . Sym"(a) has only finitely many nonzero summands after restric-
tion to Mgfﬁs and, hence, defines a well defined element in

RM* )= T[ RMS™).

deNQo
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Conversely, every element b € R(MS™5%) with by = 1 € R(M$**) = R(SpecC)
can be written uniquely as Sym(a). The map Sym(—) is a group homomorphism
form the additive group {a € R(MS™*%) | a9 = 0} to the multiplicative group
{b € R(MS=3%) | by = 1}. The same holds true if we replace M=% with M?35"mP
or with N®@o,

Proof. — Fix d # 0. Since @ maps Sym"™ MS™%% to MS. %%, we get

e

Sym (a)\Mgﬁs =0

for all n > [d| = }_,c, di, and the infinite sum is finite after restriction to Mgfss.

Conversely, given b we set ag = 0. Suppose a, € R(MS**) has been constructed
for all dimension vectors™ e < d. We put

aq :=bg — Z H Sym" (ac, ).
j=1

niey+..npep=d
0£n eN,o;éei;éajeNQo

Then b = Sym(a) for a € R(M™*) with a|c-= = aq. Using the properties
d
of o™ : R(MS™%%) — R(Sym”" M¢~*%) we get Sym(0) = 1 and Sym(a + b) =
Sym(a) Sym(b). In particular,
{be RIMS™%%) | bg = 1} = {a € RIM %) | ap = 0}
as groups. The proof for M*$¥™P and N%° is similar. O

Exercise 6.4. — Let ¢ : MS™5t < MS=% be the inclusion of the moduli
space of (-stable representations. Show that 1 ,c-ss = Sym (L[]].Mc—st) holds in
Ky (Schpgc—ss). Hint: Proof that the strata of the Luna stratification of M®~*% and
the strata of the natural stratification of I—'f;}i'fv’?;j H:Zl(/\/lgi_ss)”i //Sn, given by
the conjugacy types of the S,,-stabilizers coincide. In other words, the canonical
map @ : Sym(ME—5) — MS% is a “constructible” isomorphism.

Exercise 6.5. — Show that the restriction of p¢ (pse(wyc (ZCope—s2)) toO MG
° I
is 1.

Using the last exercise and the previous lemma, the following definition makes
sense.

DEFINITION 6.6. — The Donaldson-Thomas function DT (Q, W)¢ € R(MES—59)
is the unique element with DT (Q,W)¢|,c-== = 0 such that the restriction
0

DT(Q7 W);CL = DT(Q7 W) IMfL—“
solves the equation

DT(Q,W)5 )

Py (be(wyc (ZCopc—s2)) = Sym ( 2 . -1/2
" Lg™—Lpg

19We write e < d if d = e 4 ¢/ with 0 # ¢/ € NQo,
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in R(MS=%%) for all 4 € (—o0,+00]. We also use the notation DT (Q, W)g =
DT(Q,W)*| \yc—=:. The element
d

[ PTQW); = DT(@.W) € Rispece)

is called the Donaldson-Thomas invariant of (Q W) with respect to ¢ for dimension
vector d. If W = 0, we simply write DT(Q) and DT(Q)S.

In view of Exercise 6.4, one might hope that DT (Q), V[/’)g/(]]_&-{/2 —LEUQ) is some-
thing like P!C¢‘zt(W)< (j!ICgmﬁfst)a where j : MG — IS denotes the inclusion,
and ZCypc—s: is defined similarly to ZCypc—ss. Let us assume, we were allowed to

commute p!C with ¢g(ywy¢c which is a priori not clear as pS is not proper. Then

¢ . L!ICMQ—SS
Py Osew)c (W ZCqpc—ot) = Dr(w)oge (1/2'1/2)
: Lgp"—Lg

for ZC e = Lig™ ™1 c o and the inclusion © : ME™* — MET (cf.
d

Exercise 6.4). We conclude DT (Q, W) =7 (W)ogs ¢(uZC \¢-22). This is not quite
d
true. It turns out that the extension LlICMg st of ICM< st by zero has to be

replaced with the “correct” extension IC which restrlcts to ZC but

—st

Mg sty

might also be nonzero on the boundary of /\/lC " inside Mg_ss. However, we have
not defined IC — yet.

DEFINITION 6.7. — We denote by ZC3%— € K (Sch ¢ )[L'/?]*" the Donald-
son-Thomas function DT (Q)¢ = DT(Q,0)¢ computed for W = 0 with the stacki-
fication of the canonical vanishing cycle gbcc{’éSCh)[L ] . Note that Mgfst = Mgfss

it M§™" # 0 and M§* = 0 else.

The following result justifies the definition.

. . oy mot
THEOREM 6.8 ([26]). — If( is generic (see Definition 3.15), the element 1 ==

of the closure of M5t inside

maps to the classical intersection complex® IC
ME=*% under the map

Ko (Schpge-s ) [LY2]% = Ko (MHM (M) [L/2]

M<—st

constructed in Lemma 4.7.

Example 6.9. — Assuming equation (4.1) for all @ € R(X) and all n € N so

1/2
that ¢f  has a stacky extension qbi[f{’* ! In this case, DT(Q,0) = DT(Q)° is
just the image of ICMC

mot__ yunder the canonical map

KO(SChMc—ss)[Ll/Q}St — R(Mﬁfss)[Ll/Q]st

20Strictly speaking one has to normalize the class of the classical (shifted) intersection complex
of M3755 by multiplication with (71111/2)(017‘1)_1 which does not change the underlying perverse
sheaf.
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of Lemma 4.7, and we may define
ICier = DT(Q)* € R(M ™**)[L1/2]*,
As for mixed Hodge modules one can show that ZC has a lift in
R(Mcfss)[]ldfl/ﬂ

if the canonical map K,(Sch) — R factorizes trough K,(MHM) or if R is a sheaf in
the big étale topology with [GL(r)] g acting as a nonzero divisor in each group R(X)
for all » > 1. The first case follows from Theorem 6.8 and for the second case we
refer to Corollary 6.14 in [26] where the Donaldson-Thomas function is constructed
étale locally (over strata of a stratification). The nonzero divisor condition is need
to glue these étale local functions to a global function as the cocycle condition on
overlaps holds only up to elements annihilated by certain [GL(r)]g. Using Corollary
6.6 in [26] one can relax the nonzero divisor condition by replacing [GL(r)|r with
[Pr=! g which is a factor of [GL(r)]r according to Exercise 4.6(ii). Note that we
can replace R with R9™ to ensure equation (4.1).

MC—st

One can also prove the following result which should be seen as the analogue of
Exercise 6.4.

THEOREM 6.10 ([5]). — Recall that every stacky vanishing cycle with values in
R satisfying our assumptions defines a map

¢TT‘(W)OqC : Ko(SChMgfss)St — R(MC*SS)'

If this map commutes with the Sym™-operations of equation (6.1) for every n € N,
and if ¢ is generic, then DT (Q,W)* = b7 (woqe (ZC22—;).

MC—st
Example 6.11. — The assumption on ¢,y y4¢ is true for ¢ = ¢™°". Hence, if
i i ¢ _ ymon . (—st .

¢ is generic, DT(Q,W); = oW odS (ICMgfst) if M;7*" # () and zero else. It is

not known yet whether or not d)’%‘?(tw)oqc commutes with the Sym"-operations, and
we cannot apply the theorem. However, a counterexample is also not known, and
conjecturally the theorem also holds for ¢™°t.

Exercise 6.12. — Use the support property of ¢® (see Corollary 5.27) to show
that DT (Q, W)fl is supported on MZV’GSS, i.e. is an element in R(M;V’Cfss), where
MZV’GSS the moduli space parameterizing (-polystable CQ-representations V' of
dimension d such that OW/0a =0 on V for all a € Q1.

6.2. Examples. The aim of this section is to provide some examples of (motivic)
Donaldson-Thomas invariants.

6.2.1. The m-loop quiver. Let us consider the quiver Q") with one vertex and m
loops. The choice of a stability condition is irrelevant as ¢~ = 9. We take the
canonical vanishing cycle of K,(Sch)[L'/?] and are only interested in Donaldson-
Thomas invariants. As

K (Schy)[LY/2)5* 2 K(Sche)[L™Y2, (L" — 1) : n e N,][[1]],
we end up with the following power series

AU (t) := (dim op), (¢ze(w)(ZCom)) = Z

d>0

L(7n+1)d2/2 4 L(md2+d)/2

= _ o 4d
(VeI ST
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Note that the series is also well-defined for m € Z.

Exercise 6.13. — Prove the identity A (L) — A™) () = Lm+D/2 ¢ A(m) (L)
for all m € Z.

For m € N we introduce the series
BOM (1) = A (L) /A (1) = Sym (37 LY2[PA1 DT(QU™) 4 #4),
d>1

where we used the properties of Sym and the fact that dim, commutes with Sym.
Moreover, due to the previous exercise
m—1
BU™M(t) = 1+ LUD2¢ T BU™ (L),
i=0
For m = 0 the empty product on the right hand side is 1, and we obtain B(O)(t) =
1+ LY2%¢t as well as

DT(Q®), = {1 ford=1,
0 else.

This is in fully agreement with Theorem 6.8 as Mzimp = SpecC for d = 1 and
M;imp = () else.

For m = 1, we get B (t) = 1+LtBW(¢), and BW(t) = 1/(1-Lt) = 3 o5 LU
follows. Hence,
LY2 ford=1,
0 else.

.-

Again, this is in fully agreement with Theorem 6.8 as M5™ = A for d = 1 and
M =) else.

Solving the pseudo-algebraic equation for m > 2 is much more complicated, but
the answer is given as follows. Note that Z/(d) =: Cy4 acts on the set

Ug:={(a1,...,aq) €N | ay +... +aqg = (m —1)d}
by cyclic permutation. We call a = (a1, ..., aq) primitive if Stabe,(a) = {0}, and
almost primitive if a is primitive or m = 0(2),d = 2(4) and
0= (b1, b2 b1, baso)
for some primitive (b1, ...,b4/2). The subset
Uj? :={a € Uy | a is almost primitive}
is obviously stable under the Cy-action. Define deg(a) = Z?Zl(d —4)a; and
deg(Cy - a) = min{deg(a’) | a’ € Cy - a}.
THEOREM 6.14 ([32]). — Let d > 1 and m > 2. Then
dim(M5™P) = (m —1)d* + 1
and

m (m-1a?41 1 — L1 —des(C-a
DTQ)y=L""3" — = y, Lo
Ca-a€U3?/Cy
|Ug*/Cal.

(_1)(m71)d2+1
=

In particular, x.(DT(Q™),)
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Exercise 6.15. — Taking the Euler characteristic of every coefficient of B(™)(t),
we get a series 5™ (t) € Z[[t]] satisfying 3™ (t) = 1 + (=1)™*+1 3™ (£)™ but also
B(t) = []ys (1 — t9)9%" using the shorthand Q" := x.(DT(Q™)4). Prove

that
@ _ @), 1ty 2n
Qy7 = x(DT(Q 2d2 E )(n>

n|d

for d > 1, where u(—) denotes the Mobius function. Hint: Solve the quadratic
equation for ) (t) and use the logarithmic derivative to prove the formula

@t _ @2\ n _ 1
> 2 0P g =3 (Yo ) =1 ———.

d>1 n21l  djn

The Taylor expansion of 1/v/T+4t is 3, .(—1)"(*")¢". Finally, use the Mébius
function to solve for Q((f).

One can show fo) = F(d) for F(d) being the coefficients introduced in [15],
equation (53).

6.2.2. Dimension reduction. Let ) be a quiver with potential W. Let ¢ be a stabil-
ity condition and p € [~00,00). Assume MG ** = My, for all d € A,,. As an exam-
ple, we may take the King stability condition § = 0 and p = 0. Given a motivic the-
ory R, the following arguments apply to ¢t with values in R9™:*t. Without loss
of generality, we consider the case R = K, (Sch), i.e. ¢ = ¢™°5*. As in the previous
example, we are only interested in Donaldson-Thomas invariants. A subset C' C Q4
such that every cycle in W contains exactly one arrow in C'is called a cut of W. Let
G acton Xg =], j Hom(C%,C%) by multiplying a linear map corresponding
to a € C with g € G,,. By assumption, Tr(W), is homogeneous of degree one, and
Jx, PRy, is the class of [Xg TrWa, A in Ko(Schc)mon according to Theorem
5.28. Consider the projection 74 : Xg — Yy with Y = Hcya:vz—m‘ Hom(C%,C%)
which is a trivial vector bundle with fiber F' = []og,.,; Hom(C% C%). As
Tr(W)q is linear along the fibers, we can think of it as being a section o}V of
the dual bundle with fiber F¥ = []oo,.; ,; Hom(C% , C%) using the trace pairing.

Indeed, it maps a point M = (My)agc to (%%(M))aec € FV.
Exercise 6.16. — Show that
[rg Hod #0} —=

Hint: Choose an open cover |J;.; U; {agv # 0} C Yy such that 74 : T(;lUi — U;
splits into the kernel of Tr(W)q and a complement of rank one.

TWa, Al € pra Ko(Sche) C Ko, (Schat).

Using the exercise, we obtain

Tr(W)q

[Xa —% Al = [r7 ol =0} & A1) = [F[{o} =0}]

= L 00 45 { meval %%/(M) —ovaec}).
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in Ko(Sche)mon- Therefore,

DT(Q, W),
Sy (HM) = (dim op) (¢=e(w) (ZCon,,))
[{MeYy|2¥(M)=0VacC)

d
Gl "

= Z L(d’d)/2+209a:1—>1 didj

den,
is actually in Ko(Sche)[L™2, (L —1)~! : n € N,][[t; | i € Qo]], where we consider

Ko (Sche) L2, (L™ = 1) :n € Nu][[t: : i € Qo]] = K(Schya,)[L'/?]

as a subgroup inside K(Schye,)st,,,. This reduction procedure is usually called

dimension reduction, and {M € Yy | %—‘;E/(M) =0Va € C} /Gy is the stack of d-
dimensional representations of the algebra CQ/(a, 0W/da | o« € C').

6.2.3. 0-dimensional sheaves on a Calabi-Yau 3-fold. Let us illustrate the concept
of dimension reduction using the quiver Q) with one vertex and three loops z, y, 2.
The choice of the stability condition does not matter. We take the potential W =
[x,y]z = zyz — yxz, and CQ/(OW/0a | « € Q§3)) = Clz,y, 2] follows. Hence,
representations of this algebra are just 0-dimensional sheaves of finite length d on the
Calabi-Yau 3-fold A3, We can take C' = {z} and obtain CQ/(z,0W/dz) = Clz, y],
and representations of this algebra are 0-dimensional sheaves of finite length d on
the Calabi-Yau 2-fold A%, Using (d,d)? = —2d?, we have to compute

Z [{(MeY,| Z¥(M)=0VaeC}]

td
2 [GL(d)]

which has already been done by Feit and Fine half a century ago in [9]. The answer

is
1 21,d
sym (g=7 L),
d>1
and DT(Q®), W), = L3/2 = [, ICJ¥" follows for all d > 1 if we define ZCR" =
L~ dim(X)/21 v € K, (Schx)st,,, for every smooth equidimensional variety X. This

example has been generalized to arbitrary Calabi-Yau 3-folds by Behrend, Bryan,
Szendroi.

THEOREM 6.17 ([2]). — The motivic Donaldson-Thomas invariant for 0-dimen-
sional sheaves of length d > 1 on a Calabi-Yau 3-fold X is given by

/ ICR = L7/*[X] € Ko(Sche)3f -
X

Note that the Donaldson-Thomas function DT (Q®), W)y is supported on the
moduli space Symd(A3) of semisimple C[z,y, z] representations but the sublo-
cus of simple representations is empty for d > 1. However, the space of sim-
ple CQ®)-representations is nonempty even for d > 1 which is the reason why
DT(Q®,W)gq # 0. Tt seems plausible that DT(Q®), W)y is Agi(ZCFY"), where
Ag: A3 — Symd(A?’) is the diagonal embedding.
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6.2.4. The 1-loop quiver with potential. Let us come back to the 1-loop quiver with
CQW = Clz] and choose an arbitrary potential W € C[z]. Representations of
the algebra CQ/(dW/dxz) = C[z]/(dW/dx) can be interpreted as (0-dimensional)
sheaves of length d on Crit(WW) C Al. Form the prime decomposition dW/dx =
cIli— (z —a;)%~" for some 1 < d; € N,c € C*,q; € C satisfying a; # a; for i # j.
As before, the choice of a stability condition does not effect the Donaldson-Thomas
function.

THEOREM 6.18 ([6]). — The Donaldson-Thomas function DT (Q™, W), com-

puted using $™°t is supported on Crit(W), i.e. is contained in

KO(SChCI‘it(W))f:LOTL = H KO(SChC)frtLon'

i=1
Its “value” at a; is given by
di
L~Y2[AY 25 AY) € Ko(Sche)?,,..
Moreover, DT (Q™M,W)q =0 for d # 1.

Exercise 6.19. — Prove this result using Theorem 6.10 and the explicit form of
the vanishing cycle given by embedded resolutions as in Theorem 5.25.

The formula remains true if we replace ¢ with ¢ due to Exercise 5.24.

6.2.5. Sheaves on (-2)-curves. Consider the following quiver @

A

SN
R

D

x(_e v

with potential
1
Cn+41

(X"t —y"*!) — XCA+ XDB+YAC — YBD for some 0 < n € N.

n

The bounded derived category D° Jac(Q, W,,) has also a geometric interpretation.
For this consider the singular affine variety

X, ={2* +y* + (z+w")(z —w™) =0} C A?

which is a local model for a 3-fold with an A, -singularity. By blowing-up {x =
z4+w? =0} in X,, we get two minimal resolutions Y,* with an exceptional locus
C = P!. The normal bundle of C inside Y, is Opi(—1) ® Opi(—1) for n = 1
and Op1 @ Op1(—2) for n > 1. In particular, Y, is a Calabi-Yau 3-fold which has
actually a locally trivial fibration over C with fiber A2. For d = 1, Yli is isomorphic
to the normal bundle Op: (—1) ® Op1(—1) and known as the conifold resolution. For
d > 1 this fibration is not a vector bundle as the transition functions are not linear.
The resolutions Y, and Y, are related via a flop over X,,, and also isomorphic to
each other. Moreover,

Db Jac(Q,W,,) = D’ Coh(Y,)
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and (complexes of) nilpotent representations on the left hand side correspond to
(complexes of) sheaves supported on C C Y,;F. We are only interested in these
objects and choose any stability condition ¢ = ({1, ¢2) with (1 Jf ¢ in R? &£ C.

THEOREM 6.20 ([4]). — The Donaldson-Thomas invariant

DT(Q, Wa) (1174, € Ko(Sche)inon

of nilpotent representations computed with respect to ¢™°t is given by
L=32[C) =L=32(L+1) if0+#d; =ds,
ni Zn .
DT(Q, Wa)(yP gy = § L-Y2[A 255 A1) if |d — do| =1,

0 else.

Of course, the formula remains true if we replace ¢™°" with ¢ due to Exer-
cise 5.24. Note that DT(Q,WH)?ji{)dI) is just “counting” 0O-dimensional sheaves
on Y, supported on C which explains the answer in view of Theorem 6.17. For
|dy — da| = 1, there is just one simple nilpotent Jac(Q, W,,)-representation V' with
Ext!(V, V) being of dimension one. However, the obstruction of deforming V as
a representation of Jac(Q,W,,) is controlled by some potential of the form z"*!
induced by W,. Hence, we are back in the context of the previous example. The

case of n = 1 has been studied earlier by Morrison, Mozgovoy, Nagao, Szendréi in
[27].

6.3. The Ringel-Hall algebra. In the previous section we have seen some ex-
amples of Donaldson-Thomas invariants and functions. In all of these cases the
choice of the stability condition did not play a crucial role. However, for a generic
quiver this is not the case and the Donaldson-Thomas functions and invariants
change as we vary the stability condition. There is a wall and chamber structure
on the moduli space of stability conditions and these changes will only happen if
we jump over a wall into a different chamber. There is, however, a formula —
the wall-crossing formula — relating the Donaldson-Thomas functions and invari-
ants for various stability conditions. Before we state and prove the formula, let us
introduce some fundamental objects in Donaldson-Thomas theory.

Fix two dimension vectors d,d’ and recall the following commutative diagram
using the notation of section 2

T X T, us
My x My ekl My ar = Mara
PaXpgr Pd+d’
ssimp ssimp D ssimp

with 90ty 4 being the stack of short exact sequences 0 — V(1) — V2 - V6 -0
such that dimV®) = d,dimV® = ¢. The morphism 7; maps a sequence to its
i-th entry. By taking the disjoint union over all dimension vectors, we end up with

T XT3

M x M

Cract ik M,

where €ract denotes the stack of all short exact sequences.
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DEFINITION 6.21. — For a given motivic theory R, we call the R(SpecC)-
module R(9) with the Ringel-Hall product

(7!‘1 ><7T3)

«: RO @ RO 2 Rem) T2 R(@ract) 25 R(OMN)
the Ringel-Hall algebra of the quiver ) with respect to R.
LEMMA 6.22. — The Ringel-Hall algebra is an associative algebra with unit.

The proof is not very difficult but a nice exercise in dealing with successive
extensions.
Exercise 6.23. — Let us fix three dimension vectors d,d’,d".

(1) Consider the following diagram, where the maps are given by mapping
(successive) extensions to its subquotients or intermediate extensions and
also by the identity on the factors 9t not being part of an extension.

Mg X Mg X Mgy <—— Ny X md/7d// — My X Dﬁd/+d//

T | T

Ma,ar X Mg Ma.ar,dr Ma.dr+ar
Maiar X Mar Matar,ar Matar+ar

Show that the diagram commutes and that every square is cartesian.
(2) Use this diagram and the base change property of a motivic theory to prove
associativity of the Ringel-Hall product.

(3) The zero representation induces a map SpecC 9 9. Show that 1g =
01(1) € R(9M) is a unit for the Ringel-Hall product.

Let us form the following cartesian product

(—ss
EJJTM, > Cract

T

MG 5% % M, = M x .

m

If 4 > p/, the composition me :',S — DM is an isomorphism onto the image which is
the substack of 9t consisting of all representations whose Harder-Narasimhan fil-
tration has only one subquotient in 9% and another one in imi, %, Indeed, the
functoriality of the Harder-Narasimhan filtration ensures that taking the Harder-
Narasimhan filtration prov1des an inverse morphism to E)JTC . — 9. Fixing an-
other slope p”” with ¢/ > " we continue this way and take the fiber product

(—ss
Sﬁu u M,,C—> Cract

s

M, 5% % M, > M x M.

m
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which can be identified with the substack of representations having a Harder-
Narasimhan filtration with subquotients in 91555, smf;“, E)ﬁiﬁss. As every quiver
representation has a unique Harder-Narasimhan filtration, we obtain a locally fi-
nite stratification of M\ {0} with strata 95 %  \{0} < 9\ {0}, where MG 5
is defined as above by means of » — 1 fiber products for every strictly decreasing
sequence fi1 > ... > p, in (—o0, 00| of length . Using the notation

Oy = (% M) (Lgpe—ex ) € R(M),

H1seees 1o e Fidsenns wr
this stratification can be written as

I =1lo+ Y (05, . —lo)

0<reN
B1>. >

Exercise 6.24. — Prove the formula 55”7__'
1 > ... > u, of real numbers.

— §¢ ¢
i = 05, % ... x 0, for all sequences

Applying the formula proven in the exercise we can rewrite the infinite sum as
an infinite product

Loy = [ ] 65 (6.2)
(I

which is well-defined as for every dimension vector only finitely many factors con-
tribute. Note that the (infinite) Ringel-Hall product has to be taken in decreasing
order of the slopes. If ¢’ is another stability condition, we conclude the formula

ﬁag = f[ég’ (6.3)

[T [N

which relates elements in R(91) defined by means of two different stability condi-
tions ¢ and ¢’. In order to obtain a similar formula for Donaldson-Thomas functions,
we need to related the Ringel-Hall algebra with corresponding objects on the coarse
moduli space which will be the topic of the next subsection.

6.4. Integration map. As the Donaldson-Thomas function was an object defined
on MS™%% we cannot compare Donaldson-Thomas functions taken with respect to
different stability conditions since M¢~** might change. To make them comparable,
we need to push them down along ¢¢ : MS™%% — M?*%"P_ The map ¢ can be
understood in many ways. Firstly, ¢¢ maps a ¢-polystable representation to the
direct sum of its simple factors taken in the category of all quiver representations.
Notice that a (-stable representation of slope p is only simple in the subcategory
of (-semistable representations of slope p but it might have subrepresentations of
smaller slopes. Secondly, the composition 901655 < 9 — M*"™P must factorize

(uniquely) as 9™ — MC—ss i> M?#3mP hecause the coarse moduli space of
9NC 3¢ is (per definition) an initial object in the category of all morphisms 9655 —
X to schemes X. Thirdly, due to Prop. 3.5 in [29], the morphism qg : Mg_ss —
M s projective and surjective, at least for ¢ of the special form ¢; = —6;++v/—1
with 6; € Z for all i € Q9. This statement can be generalized to arbitrary ¢ since
due to [25] we can replace ¢ with another ¢’ (depending on d) of this special form
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without changing Mgfss. As M5 is by construction the spectrum of the G-
invariant functions on Xy, hence affine, we conclude that qg : Mf[ss — M;Simp is
just the affinization of ./\/lfl_ss7 i.e. the map to the spectrum of the ring of global
regular functions on ./\/lg_ss.

Fix a stacky vanishing cycle ¢, and use the fact that qf commutes with Sym,

that the open embedding j : i)ﬁffss — 91 is smooth, and the projection formula to
conclude

gom (APT@QIEN _ ¢ DT(Q,W);,
YW\TeoLe ) TEYE\ e e

= (qc OPC)!(¢$L~(W)<(ICM§;%’))
= (po j)i(dzew)c (*ICon))
= pujt (¥ e (w) (ZCon))
= p (05 N dzew) (ZCom)).
DEFINITION 6.25. — The R(Spec C)-linear map
I  ROM) 3 a — pi(an gzew)(ZCon)) € R(M*P)
is called integration map.

Hence, we have proven

¢ ¢
Iw(éﬁ) =3 ( Li/2 — ILI/?#)'

We wish to apply IV to equation (6.2) or (6.3) to obtain a wall-crossing formula
for the Donaldson-Thomas functions DT(Q, W)§, := ¢ DT(Q, W)¢,. Unfortunately,
IV will not be an R(Spec C)-algebra homomorphism from the Ringel-Hall algebra
(R(9M), *) to R(M?**"P) with the convolution product.

DEFINITION 6.26. — Define the “quantum” or deformed convolution product
on the abelian group R(M?**"™P) by means of

(ad)aenao * (bar)aenco = L4024 b
1" Q.
dtd'=d" dreNto

and similarly on R(N®@0).

As dim : M®**P — N% is a monoid homomorphisms, it will preserve the
convolution and, hence, also the deformed convolution product. The main result
about the integration map was essentially proven by Reineke in [28] for W = 0 and
sketched in a much broader context by Kontsevich and Soibelman in [19] for general
3-Calabi-Yau categories.?! Following the arguments of Kontsevich and Soibelman
given in [21], a rigorous proof for representations of a quiver with potential can also
be found in [5].

THEOREM 6.27. — The map IV : (R(9N), *) — (R(M?*5""P) x) is a homomor-
phism of R(Spec C)-algebras.

2INotice that the abelian category of finite dimensional representations of Jac(Q, W) consid-
ered in this paper is a heart of a bounded t-structure on a 3-Calabi-Yau category. Kontsevich and
Soibelman consider the more general situation of all objects in this 3-Calabi-Yau category.
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6.5. The wall-crossing identity. Let us assume the conditions of Theorem 6.27.
By applying the integration map I to the equations (6.2) and (6.3), we finally
get the wall-crossing identity

DT(Q,W)S, - DT(Q, W)
HSym <L1/2 - 1/2) - HSym <]L1/2 _ L—172>
[T

relating the Donaldson-Thomas functions DT(Q, W)¢ and DT(Q, W)<" of two sta-
bility conditions ¢ and ¢’. Since dim; commutes with the deformed convolution
product, we obtain the same formula for the Donaldson-Thomas invariants

DT(Q, W) DT(Q, W),
W
dimy I'™" (o) = HS (]Ll/Q L- 1/2) HS <]L1/2 L- 1/2)'
Let us illustrate this formula with an example.

Example 6.28 (cf. Example 2.13). — Consider the As-quiver @) : o1 — o5 with
potential W = 0 and the canonical vanishing cycle of K, (Sch)[L'/?]%*

Exercise 6.28.4. — Show that every representation Vj ELR V5 of @ is a direct
sum of copies of §1 = (C N 0),S52 = (0 BN C) and S12 = (C , C).

Fix a stability condition ¢ = ((1,{2) satisfying arg((;) < arg((zs). Given a
(-semistable representation V' = ST @ S75'? @ S5" with d; = my + my and
das = mg + mqo, two of the multiplicities my,mi2, mo must be zero. Moreover,
mio must be zero, too, since Sy <> Sis destabilizes S5 and the latter cannot
be (semi)stable. Thus, V = S% or V = S92, In particular, the category of
representations of dimension vector (dy,0) respectively (0, ds) is isomorphic to the
category of representations of the quiver Q(®) with one vertex and no loop. Using
R(N%0) = R[[t;,t2]] we, therefore, obtain
t2

. tq
mmdwum>:A@uﬁ*A@@ﬂ=Sﬂnﬁjﬁtﬂiﬁ)*”m(Lmz

L)

On the other hand, if we assume arg((;) > arg((2), the representation Sio is (-
stable, and V = Sfé is another class of semistable objects. Thus,

dimy I (Lgn) = AQ (1) % A (t185) % A (8,)

g i g t1ta g to
= oy <L1/2 - L—1/2) *oym (LW - L—1/2) *oym (L1/2 - L—1/2)’

and the so-called quantum dilogarithm identity
AO (1) % AO (1) = A (1) AO (#125) + AO (25)

follows. Let us also consider the case arg(¢;) = arg(¢z2). Then, all representations
are semistable with 57,52 being the only stable representations, and

dq ,d
3 (1 da)2(0.0) DT(Q) (g, 4, 1915°
L/2 —1,-1/2

dim[ Iw(]lgm) = Sym (

allows the computation of the Donaldson-Thomas invariants as the left hand side of
the equation is already known by the previous two cases. For example, comparing
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the coefficients of t1ty yields

LYz -1 DT(Q)ELU

(L1/2 —L-1/2)2 T L2 _1-1/2
and DT(Q)EM) =1/(1 + L=/2) follows. Note that DT(Q)(CM) € Ko(Sche)[LY/?]*t
cannot be lifted under the map Ko(Sche)[L=1/?] — Ko(Sche)[L'/2]** which does
not contradict Theorem 6.8 as ¢ is not generic. In particular, the assumption of

being generic cannot be dropped in Theorem 6.8 and 6.10.
Let us finally say some words about the Donaldson-Thomas functions DT(Q)g.
For an arbitrary stability condition ¢ there is at most one polystable object of

given dimension vector d as the previous discussion shows. In particular, ./\/lfi =
M = SpecC or M§™** =), and DT(Q)§ = DT(Q)S, follows for all d € N<o.
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