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ABSTRACT

A classic theorem of Gabriel states that, for a finite type Dynkin diagram G, the indecom-
posable representations of any quiver orienting GG are in bijection with reflecting hyperplanes
of the associated Coxeter group W. This is the starting point for a rich web of connec-
tions between the representation theory of algebras and the combinatorics and geometry of
Coxeter groups.

Recent work of Iyama, Reading, Reiten, and Thomas constructs a similar correspondence
between brick modules of the preprojective algebra Il for a finite type Dynkin diagram G
and a combinatorially useful partition of the hyperplanes into cones called shards. A paper
of the author, Speyer, and Thomas generalizes this beyond finite type Dynkin diagrams
by defining a class of bricks of Il called shard modules which correspond to shards for
arbitrary diagrams G. Although harder to understand than in the finite type case, shard
modules provide a potential categorical tool for studying infinite Coxeter groups and cluster
algebras.

In this thesis, we study how the relative position of shards affects the properties of their
associated shard modules. We generalize beyond finite type a result of Iyama, Reading,
Reiten, and Thomas showing that, when three shards meet in a certain configuration, their
shard modules fit into a short exact sequence. We pay specific attention to “stretched”
families of graphs obtained by inserting a path into a fixed diagram, describing recurring
structure in the shards as the path grows. We use this structure to generalize patterns
appearing in the shard modules for the A, and D, families of diagrams to any family of

diagrams with tails.
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CHAPTER I

Introduction

I.1: What this thesis is about, in 3 paragraphs

The principal objects of study of this thesis are quiver representations. A quiver is a
diagram with points called vertices connected by arrows!. A representation of that quiver
assigns to each arrow a simple rule for transforming data at its starting vertex into data at

its end. For example, the quiver « — @ has a representation

which expresses the rule “given two coordinates x and y, evaluate the combination 3x + 2y”.

For a special class of quiver representations called shard modules, the different ways
they can behave are classified by shards, a highly symmetrical arrangement of wedges in
space. The simplest example of this is shown in Figure 1. One can think of the arrangement of
shards as a kind of “map” of the shard modules (in the cartographic rather than mathematical
sense), with each shard the realm of a different type of behavior. The question that motivates
this thesis is: how does a shard module’s location on this map inform the details of its inner
workings, and its relationships with its neighbors? This turns out to be much easier to
understand than actual geopolitics, but it’s still pretty tough.

In this thesis, we show that whenever shards meet in a configuration like the one in
Figure 1, the modules associated to the shards on the left and right can each be obtained
by combining together the modules associated to the two shards cutting through. We also
study what the arrangement of shards looks like in the particular case of a quiver with a

long tail, such as the one shown here:

'Tt’s called a quiver because it’s full of arrows. It took the author 2 years to get this pun, and we point
it out now to prevent the reader experiencing a similar fate.



k=0 0=k

Figure 1: The shard modules of the quiver e = e, and the shards they correspond to. In
a sense, the goal of this entire thesis is to generalize the patterns in this picture to more
complicated contexts.

Finally, we put these things together and show that, for a shard module with a tail, we
can make some precise statements about how the arrows along the tail behave based on

where its shard is.

I.2: The backstory: quiver representations, root systems, and shard

modules

1.2.1: Quiver representations

Let k be any field. Throughout this thesis, vector spaces are assumed to be finite-dimensional
over k unless stated otherwise. In particular, when we refer to the category of modules over
a k-algebra, we mean finite-dimensional modules.

The story behind this thesis traces back to a 1972 theorem of Gabriel | |. In turn,

that result stems from a basic theorem of linear algebra.

Theorem I.1. Let f: V — W be a linear map of vector spaces. Then we can choose bases



for V-and W such that the matriz of f with respect to those bases has the block form
I 0
00

Essentially, this theorem describes the fundamentally different ways a map between two

where I 1s an identity matrix.

otherwise unrelated vector spaces can behave. In particular, it shows that, up to changes of
coordinates on either side, a map’s only distinguishing feature is its rank — the size of the
identity matrix appearing in this block form.

There are a couple of natural directions for generalizing this theorem. On one hand, we
could place extra structure on the vector spaces involved. For example, if V' and W both
have inner products and we restrict ourselves to choosing orthonormal bases, the different
ways linear maps can behave are instead classified by singular value decomposition. On the
other hand, we could consider multiple maps between plain vector spaces. For example, in
a configuration such as

vlvsw

is it possible to choose bases of U, V, and W such that the maps f and g simultaneously
assume some sort of nice canonical form? Is there a statistic like rank that fully describes
such a pair of maps up to changes of coordinates?

In order to answer this question, we introduce the language of quiver representations. A
quiver () consists of a finite set )y of vertices and a finite set )1 of arrows, where each
arrow a joins two vertices, its source s(a) and its target ¢(a). Then a representation M
of a quiver over a field k assigns a k-vector space M; to each vertex ¢ and to each arrow a
assigns a linear map M) — M;(,). In this language, a map between unrelated vector spaces
is a representation of e — e, while a chain of 2 linear maps U LV s wisa representation
ofe— e —e.

Quiver representations are a useful framework for linear algebra problems because they
form a category. A morphism ¢ : M — N of two representations of the same quiver is a
collection of linear maps ¢; : M; — N; for each vertex ¢ which are compatible with the maps

along the arrows. Specifically, we require that, for each arrow a, the square

M(a)
M) — My

lcps(a) l@ot(a)

N(a)
Ns@) — Nia)

commutes.



In particular, we can rephrase Theorem I.1 in this language. Choosing bases of V' and W
is equivalent to choosing isomorphisms ¢, : V' =5 k™ and ¢y : W = k°. When we say that a
linear map f : V — W is given by a matrix A in this basis, that means that the diagram

v L w

&2 2

K —A ke

commutes. By definition, this means that V' LW and k" 2 k® are isomorphic. So Theorem
[.1 becomes:

Theorem 1.2. Every representation of ¢ — e is isomorphic to one of the form

10
LD

for an identity matrixz I.
From this perspective, there is a clear generalizing question:

Question 1.3. For which quivers can we classify their representations up to isomorphism?

In any classification question like this, it’s useful to have a way of breaking objects down
into simpler pieces. For quiver representations, this is done with direct sum: given two
representations M and N of a quiver, the direct sum M @ N associates to each vertex ¢ the

space M; @ N; and to each arrow a the direct sum map M (a) ® N(a), which we can view as

a block matrix (Mé“) N((]a) >

In particular, the representation

. . : 1 .
can be viewed as a direct sum of r copies of k& — k, and more generally, any representation

of the form

k" k*

can be obtained by summing copies of k LN k, k — 0, and 0 — k (as summing with the
latter two pads out the matrix with zero columns and rows). This makes our classification

a little more elegant.

Theorem 1.4. Every representation of ¢ — e is isomorphic to a direct sum of copies of
kS k k—0, and 0 — k.



Finally, just as it’s often useful to have an operation of decomposition, it’s useful to study
the atomic objects which can’t be decomposed further. Accordingly, we say a representation
is indecomposable if it is not isomorphic to a direct sum of two nonzero representations.
For example, the three representations appearing in Theorem 1.4 are indecomposable. In the
case of Kk — 0 or 0 — k, this is just because the vector space k is indecomposable. In the
case of k = k, the only nontrivial direct sum that has the correct dimension at each vertex
is (k= 0)® (0 > k) 2k 2 k, and this is not isomorphic to k — k because rescaling the
domain and codomain of a zero map cannot produce a nonzero map.

On the other hand, Theorem [.4 says that every other module can be decomposed into

these three, so we arrive at one last rephrasing of the theorem we started with:

Theorem 1.5. The indecomposable representations of € — e, up to isomorphism, are k RN k,
k—0, and 0 — k.

And our motivating question becomes:

Question 1.6. For which quivers can we classify the indecomposable representations up to

isomorphism?

In particular, some desirable features of the theorem we started with hinge on the quiver

e — e having finitely many (namely 3) indecomposable representations. We say that @) is

of finite representation type. For example, in this perspective the all-important statistic
. . 1 . »

of rank just measures how many copies of k — k appear in the decomposition of a repre-

sentation; in general, if a quiver is of finite representation type, then any representation can

be boiled down to a finite list of nonnegative integers this way. So we’d like to know which

quivers have this property. This is the question that Gabriel’s theorem answers.

Theorem 1.7 (| ). A quiver is of finite representation type if and only if, ignoring the

direction of its arrows, it is a disjoint union of the following graphs:

o)

D, %@
s

E; %
T oo



Figure 2: The reflection symmetries of a cube, illustrated here by the planes they fix, generate
a Coxeter group. In fact, just the reflections over the three planes in color up front suffice
to generate the group.

This classification has two features of immediate interest. The first is that the property
of finite representation type is independent of the orientation of arrows in the quiver. The
second is this particular list of graphs, which is far from unique to this situation: they are the
simply laced finite type Dynkin diagrams, which appear in contexts ranging from Lie
theory to cluster algebras to singularities of algebraic surfaces. In particular, these diagrams
are also involved in the classification of finite Coxeter groups, whose connection to quiver

representations runs much deeper. We now introduce their side of the story.

1.2.2: Coxeter groups and root systems

A Coxeter group is essentially a group generated by reflections. By a reflection, we mean
a linear transformation s : V' — V which is an involution (s* = 1) and fixes a hyperplane
(a codimension-1 subspace) pointwise. Classic motivational examples include the symmetry
groups of regular polytopes; each symmetry group is generated by reflection symmetries,
which can be visualized in terms of the planes of symmetry they fix, as shown in Figure 2.

In general, we can define a Coxeter group using a Cartan matrix. This is an n X n

matrix A such that:
® A“ = 2 for all Z,
o A;; <0 for all ¢ # j;

e A;; =0if and only if A;; = 0;



e cither A;;A;; = 4cos*(m/m) for some integer m, or A;;A;; > 4.

For applications to representation theory, one generally also assumes that the entries of A
are integers, in which case we say that the matrix is crystallographic.
Given a Cartan matrix, we set up a vector space V with a distinguished basis aq, ..., a,,

and we define linear transformations si,...,s, : V. — V in terms of this basis by
si(ag) = oy — Ajja

These are the reflections which generate the Coxeter group W. For example, in the case of
the symmetry group of a regular polytope, we have an underlying inner product (—, —), and

each reflection will have the form

for a vector a normal to the hyperplane of symmetry. If we look at the arrangement of all
hyperplanes of symmetry, just the reflections over hyperplanes bounding a single region of
this arrangement (as shown in Figure 2) will suffice to generate the group. In this case, we
choose the a; to be normal vectors to these hyperplanes pointing toward the region, and the

Cartan matrix is defined by
(aiv aj)
(v, )

A =2

]
In general, we can heuristically think of the A;; as tracking the angles between the generating
reflections.

Of course, our generating reflections may generate additional reflections — for any w €
W, ws;w™ "t is also a reflection. We keep track of all the reflections using a root system: we
declare the basis elements aq, ..., a, to be simple roots, and then say that a root is any
element of the form wa; for w € W. It turns out that any root is either a nonnegative or
nonpositive linear combination of simple roots, and in the former case we say it is a positive
root. In the case of the symmetry group of a polytope, just as the a; are normal vectors to
the hyperplanes fixed by our generating reflections, the root system consists of two normal
vectors (a positive root and a negative root) for every reflection.

The classification of finite root systems (which correspond to finite Coxeter groups) is of
particular interest. For this purpose, we typically visualize the data of a Cartan matrix in
the more compact form of a Dynkin diagram. For an n X n matrix, the Dynkin diagram
is a graph with vertices labeled 1,...,n. If A;; = Aj; # 0, we draw —A;; edges between
vertices ¢ and j, and if A;; # Aj; # 0 for @ < j we draw a single edge and label it with the

pair (—A;;, —A;;). An example (in the case of the cube) is shown in Figure 3.
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Figure 3: On the left is a Cartan matrix for the symmetry group of the cube. On the right
is its Dynkin diagram.

With this notation, we can state the classification.

Theorem 1.8 (] ). The finite crystallographic root systems are exactly those associ-

ated to the following Dynkin diagrams (and disjoint unions of them):

A, O0—0 -+ -0
(1,2)
B, 0—0—0 -+ -0
(2,1)
. 0—0—0 -+ O
D, z>®—<% s 0
Fy Q—z>o—<>—o
Er ~0—0—0—0
Es ~0—0—0—0—0
(1,2)
Fy
(1,3)
G, O0—0

If we restrict our focus to the unlabeled diagrams on this list — which correspond to
symmetric Cartan matrices — we see exactly the same list as the one appearing in Gabriel’s
theorem! In fact, not only can we use root systems to classify the quivers of finite type,
we can also use them to classify the indecomposable representations themselves, as we now
explain.

If M is a representation of a quiver (), we define the dimension vector dim M :=
(dim M, )icq,- If we forget the orientation of () and view it as a Dynkin diagram, its vertices
can be identified with the simple roots of the root system, and we can write the dimension

vector as » . (dim M;)a;. We now state the second part of Gabriel’s theorem.



e%) o1 + (o

aq

Figure 4: The three positive roots of the symmetry group of a triangle.

Theorem 1.9 (] 1). Suppose a quiver Q is of finite representation type. Then the map
M +— dim M gives a bijection between isomorphism classes of indecomposable representations

and positive roots of the root system whose Dynkin graph is the undirected graph underlying

0.

For example, the symmetry group of a triangle has Dynkin diagram 0—o0 and three
positive roots normal to its three lines of symmetry, as shown in Figure 4. In the basis of
simple roots, these are oy, s, and a; +as — which corresponds to the three indecomposable
representations of e — e: £k — 0, 0 — k, and £ L k.

At first glance, quiver representations and root systems appear unrelated. The key con-
nection between them is a powerful collection of operations called reflection functors,
which transform representations into new ones while, on the level of dimension vectors,
acting by reflections.

Thus, not only do root systems play a critical role in the classification of quiver repre-
sentations, quiver representations “categorify” root systems — all the information of a root
system is there in the dimension vectors, together with rich additional structure provided by
representation theory.

Once it’s clear how close the connection between these two fields is, a new line of inquiry
emerges: are there other structures appearing in the context of Coxeter groups which have

counterparts in the world of quiver representations, or vice versa?

1.2.3: The preprojective algebra

One way to refine this correspondence involves bringing the orientation of quivers into the
picture. As noted above, both parts of Gabriel’s theorem are independent of orientation.
Thus, if we pick a specific quiver and use its representations to study the appropriate root

system, we're making a seemingly arbitrary choice, and the results may not tell us the full



*

Vi .
x
‘\ X‘ c
ﬁ. B Va —><— Vi
/v C
v b
afa=b0b=—cc* = —aa* —bb* +c'c=0

Figure 5: Starting from the quiver on the left, modules over the preprojective algebra are
given by representations of the form on the right obeying the relations shown.

story.

A more natural approach is to somehow consider all orientations at once. Starting with a
quiver Q, for every arrow s(a) — t(a) we add a reverse arrow t(a) LA s(a), creating a double
quiver (). We then define a module over the preprojective algebra or IIg-module to

be a representation M of the double quiver which satisfies the relation

Z M(a*)M(a) = Z M (a)M(a*) for each vertex i

arrows arrows
. a ay .

i—r- —

An example of this is shown in Figure 5.

We’ll be able to say a little more about why we impose this relation in Section V.2.2.
For the moment, we note that this does unify all the different orientations we could have
chosen in the following two ways. First, the category of modules we get is independent of
the orientation we started with: starting with a different orientation merely flips some signs
in the defining relations and produces an equivalent category. We could (and will) just as
well talk about Ilg-modules for an undirected graph G. Second, if we pick any quiver ()’
obtained by orienting the arrows of @) differently and any representation M of ), we can
realize M as a IIg-module: we attach the maps of M to the appropriate arrows in the double
quiver @, and have all the other arrows of @ act by 0. This is illustrated in Figure 6. The
resulting representation certainly satisfies the above relations, because each individual term
is 0 in this case. (However, there will be modules besides these ones, which are not tied to
a specific orientation.)

The preprojective algebra has appeared in several other contexts in which it turns out
to be the “correct” orientation-agnostic variation on the representation theory of quivers. It

was introduced as an actual algebra Il by Gel’fand and Ponomarev | |, who showed
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Figure 6: A representation of any orientation of a quiver can be realized as a module over
the preprojective algebra, as shown in two examples here.

that it breaks down as a direct sum of the important class of preprojective representations
of the quiver @). It has since been useful in category-theoretic constructions of concepts from
Lie theory. Lusztig used Ilg-modules to construct a well-behaved basis (called the “canonical
basis”) of part of the universal enveloping algebra of the Lie algebra associated to G | ].
GeiB, Leclerc, and Schréer similarly used IIg-modules to construct cluster algebras | ].

The connection between Coxeter groups and quiver representations also has a parallel for
preprojective algebras. It hinges not on a classification of all indecomposable modules, but
instead an important subclass. We say that a module is a brick if any nonzero endomorphism
is invertible. Bricks are indecomposable, because any decomposable module M & N admits
a noninvertible endomorphism M & N — M — M @& N; however, being a brick is a stronger
condition.

Just as indecomposable representations of a quiver correspond to roots of a root system,
bricks of a preprojective algebra correspond to a more refined structure on the side of Coxeter

groups called shards.

1.2.4: Shards

To define shards, it helps to switch from the discussion of root systems to a dual picture.
Recall that V' is the vector space spanned by the simple roots, on which we originally defined
the action of a Coxeter group W. Then there is also an action on the dual space V*: letting

(—,—) : V* x V = k be the natural pairing, this action is defined by
(wz,v) = (r,w V) weWreV veV

Each root 8 € V corresponds to a hyperplane 8+ := {x € V* | (z,8) = 0} C V*, and just
like roots, these hyperplanes correspond to reflections. Specifically, consider the action of

the reflection ws;w=" on V*: we have

(wsiw ™z, v) = (z, ws;w™ ) = (z, w(w v — cay)) = (z,v) — ez, way)

11



'z = z exactly when (x,wa;) = 0. This

for some number ¢ depending on v, and so ws;w™
shows that the hyperplane (wa;)* is the subset fixed pointwise by ws;w™!, playing the same
role as a plane of symmetry in the polytope example. Taken together, these hyperplanes
form the reflecting hyperplane arrangement.

The shards are then defined by breaking these hyperplanes into convex cones. We

roughly outline this process here and refer the reader to Chapter III for details:

e First, let D C V* be the set
D={xeV"|{v,x)>0,1<i<n}

This is a single region (a component of the complement of the reflecting hyperplane
L

arrangement ), with the hyperplanes «;- as walls.

e Then, given any two reflecting hyperplanes, consider the collection of all reflecting hy-
perplanes which contain their intersection, which we call a rank 2 subarrangement.
This will be a symmetrical arrangement of hyperplanes meeting in a codimension-2

subspace:

e From the rank 2 subarrangement, we select the two adjacent hyperplanes which contain

the region D between them?, and which we call the fundamental hyperplanes:

[\

e Finally, we break all of the non-fundamental hyperplanes along this codimension-2

intersection, replacing each one by half-planes on either side of the intersection:

2Such hyperplanes exist even if the subarrangement is infinite. For this, we refer to Proposition II1.7 in
Chapter IIT and | , Theorem 2.7(i) and Proposition 2.11].

12



(a1 —f-OéQ)J_ (042 —f—Oég)J'

(Oél —+ a9 + 063)

Figure 7: The stereographic projection of the shards of a tetrahedron’s planes of symmetry.
Note that, wherever 3 planes meet, the one furthest from the distinguished region D is

AN/
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When we do this for every rank 2 subarrangement, most hyperplanes will be subdivided
multiple times, partitioning each one into a collection of convex cones. We refer to the
resulting cones as shards.

For example, Figure 7 illustrates how the planes of symmetry of a tetrahedron are par-
titioned into shards. To make the picture two-dimensional, we intersect the planes with a
sphere (turning them into great circles) and stereographically project them onto the plane,
obtaining circles and lines. Some planes remain intact, while the bottom circle is broken into
4 shards.

Shards were originally introduced by Nathan Reading to study the lattice structure of
weak ordering on the Coxeter group | |, but they turn out to also classify bricks of
preprojective algebras. Recall that Gabriel’s Theorem uses the dimension vector of an in-
decomposable representation M to obtain a positive root, which in the dual picture we can
identify with the hyperplane (dim M)+. We can similarly associate shards to bricks, but
since a hyperplane has multiple shards, we need to record a little more information.

Specifically, we also need to consider the brick’s submodules. Given a module M, we

13



define the stability domain Stab(M) C V* to be
Stab(M) :={0 € V*| (#,dim M) = 0 and (#,dim N) > 0 for all N — M}

Then there is a classification very much like Gabriel’s theorem.

Theorem 1.10 (] , Theorem 6]). Suppose a quiver Q is of finite representation type.
Then the map M +— Stab(M) gives a bijection between isomorphism classes of bricks of the
preprojective algebra associated to () and shards of the reflecting hyperplane arrangement

associated to the Dynkin diagram underlying Q).

1.2.5: Shard modules

To reach the context of this thesis, we turn to a further question that has been lurking in
the background of the whole discussion above: what can we say about quivers that aren’t of
finite representation type? The story here is far murkier. Most quivers have “wild” repre-
sentation categories | , Chapter 7], meaning that fully classifying their indecomposable
representations is effectively impossible?. However, there are still strong connections with
Coxeter groups. In particular, the dimension vectors of indecomposable representations need
no longer be roots — but if we limit our focus to representations which do have this property;,

one consequence of a theorem of Victor Kac gives the same bijection as Gabriel’s theorem.

Theorem I1.11 (] , Theorem 2|). For any symmetric Cartan matriz, any orientation
Q of its Dynkin diagram, and any root [ of its root system, there is an indecomposable

representation M with dim M = (8 which is unique up to isomorphism.

In a recent paper with David Speyer and Hugh Thomas | |, we obtain a similar
result generalizing the preprojective situation. There, we likewise restrict from the class of
bricks to a class of shard modules. A shard module of a preprojective algebra is a brick

M which additionally satisfies two conditions:

e [ts dimension vector dim M is a root, as we supposed in stating Kac’s theorem above.

This turns out to equate to the categorical property that Ext'(M, M) = 0.

e Its stability domain Stab(M) has dimension n — 1, where n is the number of vertices of
the underlying quiver. Since the stability domain is contained in (dim M)+, a subspace

of dimension n — 1, this is just saying that its dimension is as large as possible.

3More specifically, for a fixed wild quiver @, any module category over a finite-dimensional algebra A
admits a functor to the category of representations of () which realizes A’s indecomposable modules as a
subclass of those of (). As a result, a classification of representations of (Q would enable the classification of
representations of any finite-dimensional algebra, which isn’t realistic.

14
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Figure 8: An example of stretching a Dynkin diagram.

Once again, we have a correspondence.

Theorem 1.12 (| , Theorem 5.7]). Let A be any symmetric Cartan matriz with Dynkin
diagram G. The map M +— Stab(M) gives a bijection between isomorphism classes of shard
modules of the preprojective algebra of G and shards of the reflecting hyperplane arrangement

associated to G.

The hope behind realizing shards with representation theory this way is that it should
provide new tools for working with the weak ordering on Coxeter groups and cluster algebras,
both of which become dramatically more complicated outside the finite type case. But in
this thesis, we consider a more immediate question: what do these shard modules look like

up close?

1.3: The themes and structure of this thesis

By the previous theorem, we know that every shard K corresponds to a unique shard module
M(K) with K as its stability domain. The basic motivating question here is: how does the
convex geometry of K and its position within the larger arrangement of shards affect the
properties of M (K)? We're interested both in the internal structure of M (K) (i.e., what are
the maps constituting it?) and its behavior in the category of IIg-modules.

A specific setting we're interested in analyzing, both as a tractable starting point and as
a natural generalization of the finite type case, is families of stretched Dynkin diagrams.
Given an arbitrary Dynkin diagram G, together with a fixed vertex j and a partition of its
neighbors into a left side and a right side, we define a stretched diagram str,,(G) by replacing
7 with a path of m edges, hooking its left and right ends up to j’s left and right neighbors.
This is shown in Figure 8.

To such a stretched diagram we can also associate a stretched Cartan matrix str,,(A)

and root system str,,(®). In doing this, we aim to mimic the infinite families of finite root
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systems A, B,, C,,, and D,, shown in Theorem 1.8, each of which can be obtained with this
construction.

Several other sources have studied stretching Dynkin diagrams in this way. Among
them, Richard Hepworth [ ] proved homological stability for families of Coxeter groups
obtained by appending a tail onto an arbitrary Dynkin diagram; Victor Reiner | | com-
puted generating functions for combinatorial statistics in any family of Coxeter groups ob-
tained through stretching; and Chen-Krause | ] and Hochenegger-Kalck-Ploog | ]
studied relationships between categories of quiver representations (which they called, re-
spectively, “expansion” and “A,-insertion”) which correspond to stretching the underlying
quiver. The special cases of A,, B,, C,, and D,, and their behavior as n — oo have been
studied in too many contexts to cite; what’s special about the level of generality provided
by stretching is that it does not require the resulting Coxeter groups to be finite.

Part of the appeal of this construction in our case is that the shards and shard modules
of the A,, root systems are especially easy to describe. Thus, one goal is to find patterns
in the shards and shard modules of str,,(G) and its preprojective algebra, persisting across
different values of m, which somehow exhibit behavior analogous to the type A family.

We now preview what’s to come in the rest of this thesis.

1.3.1: Results on root systems and shards

In Chapter II, we introduce the basic theory of Coxeter groups and root systems, starting
with finite root systems and then explaining how they motivate the infinite case.

In Chapter III, we discuss more of the motivation behind shards and formally define
them. In particular, we bring in a useful recursive formula for computing shards, which
relates the shards of a hyperplane 3+ to the shards of s;3+ for a reflection s;. This will
enable arguments by induction which form the backbone of the rest of the thesis.

Chapter IV studies the operation of stretching and its interaction with shards purely
combinatorially, featuring results that originally appeared in | ]. We first show how to
relate the root systems str,,(®) for different values of m: if stretching replaces the vertex
J with vertices jo,...,jm, then every root 8 € ® has a counterpart str,,(8) € str,,(®)
obtained by replacing o with o, + ... + «;,,. We then proceed to our main goal of the
section, showing that for a root 3 € ® and sufficiently large m, the shards of str,,(3)* admit

a uniform description independent of m:
Theorem 1.13 (Theorem IV.13). Let 5 € ® be a positive root. Then there exist:

e a nonnegative integer r;

e two lists of linear forms fi,...,fs and g1,...,q;
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such that for m sufficiently large, the shards of str,,(8): are cut out by its intersections with

the hyperplanes

fu=0 1<u<s

Gu—Tp —Tpi1— ... — 2, =0 1<u<t,r+1<v<m-r—1

where x, = (—, q,).
In particular, this has an enumerative consequence:

Corollary 1.14 (Corollary IV.20). The number of shards of str,,,(8)* is a linear combination

of exponential functions of m.

We draw parallels to the case of A,, where the hyperplane (a; + ... + «,,)* has 2771
shards.

We make particular note of the case that all of j’s neighbors are on the left, in which case
str,,(G) is obtained by just appending a tail onto j. In this case we can make a stronger
statement. Suppose that the vertices of the tail are grouped into ¢ 4+ 1 blocks, with the pth
block containing m,, + 1 vertices for 0 < p < ¢. Let m denote the tuple (mg, mq,...,m,),
and for any root 3 € str.(®) define the root stry, () by replacing c;, with the sum of the
simple roots associated to the pth block. For example, if ¢ = 2 and m = (2, 1, 2),

str, (5av, + 3oy, + 20u,) = 5y, + ajy + ) + 3y, + ayy) + 2(ay, + g + ).

In this case, we can describe the arrangement of shards quite explicitly.

Theorem I1.15 (Theorem 1V.25). Let 3 = str,(B) for some B € str.(®). Then the shards

of B+ are cut out by its intersections with

e hyperplanes of the form stry,(7)*, where ¥+ likewise cuts BL, together with

e a list of hyperplanes (7;,,)" (to be defined in Chapter 1V), indered by 0 < p <p' < ¢
and 1 <r <m,, which depends only on the tuple m.

Finally, as an aside, we analyze the root poset of a stretched root system from the same
perspective. This is an ordering of positive roots where we say that § < s;3 if, expressing
both roots in the basis of simple roots, applying s; to 5 increases one of its coefficients. For
a given root 3, we study the downsets | str,, (), consisting of all roots below str,, (/) in
this poset. Effectively, the downset encapsulates all minimal-length expressions of str,, ()
in terms of starting from a simple root and applying generating reflections. We obtain a

characterization of this downset which is uniform in m.
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Key to this characterization is the notion of a stretching class, a collection of roots in

L], strm,(®) which matches a pattern. For example, starting from the diagram

@ ®
@O—9
©) ©

there is a stretching class denoted

2 1
\

2;7*—4*—2(

2 1

which consists of all roots, across all stretches of the root system, of the form
20[1 + 20[2 + 20&3 + 7(0440 + ...+ 044(p_1)) + 4(0641) + ...+ Oé4(m_1)) + 20é4m + a5 + ag.

In general, we specify a stretching class by allowing some consecutive subset of coefficients

along the stretched path to repeat any number of times, as with 7 and 4 here.

Theorem 1.16 (Theorem 1V.30). For a root (3, there is a finite list of stretching classes
such that, for all sufficiently large m, the downset | str,,(B) consists of precisely the roots of

str,, (P) belonging to these stretching classes.
This will also have an enumerative consequence:

Corollary 1.17 (Theorem 1V.35). For sufficiently large m, the size of the downset | str,,(5)

s a polynomial in m.

Again, we draw parallels to the case of A,, which has n(n + 1)/2 positive roots.

1.3.2: Results on quiver representations

In Chapter V, we move on to the representation-theoretic background. We formally introduce
the category of quiver representations and the preprojective algebra, and cite some important
homological properties of the latter. We also introduce reflection functors, operations on I1g-
modules which are of fundamental importance to the connection with Coxeter groups, as
they act on dimension vectors by reflections.

In Chapter VI, we introduce some basic facts about bricks and stability domains and
discuss the correspondence between bricks and shards given by Theorems .10 and I[.12.

We describe the details of this correspondence for the A, Dynkin diagrams, as this is an
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To+ a3+ 24 <0
T1+To+ 3+ 24 =0

k<k<k—~k

Figure 9: Above are the inequalities defining a shard of the A, reflecting hyperplane ar-
rangement. Below is the corresponding shard module (with maps acting by 0 omitted). The
color-coding shows the correspondence between inequality directions and arrow directions.

important motivational example for later results: specifically, we note that each shard of
the hyperplane (a; + ... + )" is determined by its position relative to n — 1 independent
hyperplanes, which can be specified by a list of n — 1 signs, and in the associated brick these
signs correspond to the orientations of arrows with nonzero maps. This correspondence is
illustrated in Figure 9.

We also show in this chapter that the second part of the definition of a shard module (a
stability domain of full dimension) is necessary, by exhibiting a brick whose dimension vector
is a real root but whose stability domain is too small to be a shard. This is a substantial
obstacle preventing Theorem 1.12 from being as nice as it could be.

Finally, we explicitly describe all the shard modules of the preprojective algebra associ-
ated to a cycle graph, which is in some ways the nicest Dynkin diagram which isn’t finite
type. We do this by constructing a “covering functor” through which we lift modules over
the preprojective algebra of the cycle to modules over the preprojective algebra of a path —
the type A case, which is well-understood.

Chapter VII features our core result relating shard modules of any preprojective algebra
based on the relative positions of their shards, generalizing a theorem of Iyama-Reading-
Reiten-Thomas | , Proposition 4.3] which was specific to the finite type case. In
essence, whenever a shard is sliced at one of its walls (the codimension-1 cones forming its
boundary) by two other shards, the three associated shard modules fit into a short exact

sequence. More specifically:

Theorem 1.18 (Theorem VIL.9). Let 3 be a root, let K be a shard of 3+, and choose a wall
of the cone K. Let vir and v5 be the fundamental hyperplanes cutting B+ into shards along
that wall, with v, and o positive Toots, and suppose B = c17y1 + coYyo. Assume without loss of
generality that K lies on the positive side of vi-. Let Ly and Ly be the shards of vi and vy,
respectively, which meet K at that wall, and let M (L), M (L), and M(K) be the associated
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Figure 10: The configuration of shards considered in Theorem I.18, in which case there is a
short exact sequence relating M (Lq), M(K), and M (L,).

shard modules. Then there is an exact sequence
0— M(Ly)% — M(K) — M(Ly)%* — 0.

At the end of this chapter, we show that M (K) is in some sense the generic extension of
M (Lz)®e by M(Lqy)®e.

Theorem 1.19 (Theorem VIL.17). The Aut(M (Lq)®?)°P x Aut(M (L1)%)-orbit in
Ext! (M (Ly)®2, M(Ly)®) of the short exact sequence in Theorem 1.18 is Zariski-open, and

i particular dense.

This suggests an alternative way of reasoning recursively with shard modules — while
the other arguments in this thesis typically rely on inductive proofs relating 8 to s;8 for a
generating reflection s;, these theorems allow us to start with a shard module and, by picking
one of its shard’s walls, express it as a generic extension of smaller shard modules.

Finally, in Chapter VIII, we put this new recursive tool to use alongside the results on
stretching from Chapter IV, to show how the placement of a shard is reflected in its shard
module in the case of a diagram with a tail.

As before, we construct str,,(G) by appending a tail of m edges to a diagram G, and for
a tuple m = (my,...,m,) we turn a root 3 € str.(®) into a root str,,(3) by repeating its
pth tail coefficient across a block of mj, + 1 vertices. Theorem I.15 gives a description of the
shards of str,,(3)* in terms of the shards of BL and a fixed list of additional hyperplanes
(vgp,)l. Our goal in this chapter is to show one more instance of “type A behavior” in
the relationship between a shard K and shard module M (K'). The full result is somewhat
technical to state in words, but we give a rough statement here along with an illustration

and a numerical consequence.
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Figure 11: Above is a shard module with dimension vector oy + s + a3 + 3(ay + a1 +
au2) + (a0 + as1 + as2). Below it are inequalities describing the position of its shard relative
to the hyperplanes (’y;‘,o,)L appearing in Theorem [.15. By selecting a basis of each vector
space, we can depict the module by the picture at the bottom, showing the effect of each
map on each basis element. Theorem 1.20 says that the signs of the inequalities correspond
to the directions of certain arrows in this picture, as color-coded here.

Theorem I.20 (Theorem VIIL5, roughly). In the situation above, a shard module M(K)
admits a filtration whose subquotients supported on the tail can be identified with 114, -modules

which correspond to the signs of <—,7;p,> on K in the same fashion as in Figure 9.

We can visualize this result by using the filtration to pick a basis of the vector space
at each vertex and representing each map with arrows denoting where each basis element
is sent. In this case, the subquotients described in Theorem .20 appear as “layers” in the
diagram. This is shown in Figure 11.

While this filtration is far from a complete description of the module’s structure, it does
have concrete consequences for the maps assigned to the arrows. For example, if we focus on
a specific arrow and look at the ranks of the maps each subquotient assigns to that arrow,

the rank of the map assigned by the full module is bounded below by their sum.
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Corollary 1.21 (Corollary VIIL.9). Suppose that the rth edge in the pth block joins tail
vertices j, and j,41. Let K be a shard, and let M(K) be its shard module. Let B(j,) be the
coefficient of a;, in B. Then

rank(M(K)(jg = jgs1)) > > Bliw) = Blp+1)

p'>p
<77'Y;p/>20 on K

rank(M(K) (g = o)) = Y Blw) = Bli+1)
B

Finally, we briefly explain why the methods of this chapter fail to apply to the general
case of stretching (inserting a path between two portions of the graph, rather than just
tacking on a tail).

At the end of the thesis is an appendix discussing how to adapt these results to the
setting of non-symmetric Cartan matrices. All of the connections discussed above only work
as stated for symmetric Cartan matrices, because for a non-symmetric Cartan matrix the
Dynkin diagram carries the additional structure of edge labels, which have no counterpart
in the definition of quiver representations or Ilg-modules. Since part of the underlying
motivation here is to use representation theory to address questions about root systems
and related objects, this inability to incorporate a large swath of root systems (including
the B,, C,, Fy, and G, finite systems) is awkward. Fortunately, it has long been known
that this theory can be adapted to non-symmetric Cartan matrices by replacing quivers
with the slightly more general notion of species: a representation of a species is like a
quiver representation, but with vector spaces over different fields at different vertices. In the
appendix, we introduce the basic language of species and associated preprojective algebras,

and describe the small changes needed to make the results of this thesis work in that context.
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CHAPTER 11

Coxeter Groups and Root Systems

I1.1: Finite Coxeter groups

This thesis is fundamentally concerned with questions about infinite Coxeter groups. How-
ever, it will be useful to start with an introduction to the theory of finite Coxeter groups,
both to motivate the definitions in the infinite case and to introduce everything that will go

wrong once we move to the infinite setting. Our principal reference for this section’s results
is | ).
11.1.1: Reflections

Let V' be a real vector space with a positive definite inner product (—, —): V x V' — R.

Definition II.1. Let § € V be any nonzero vector. The reflection by [ is the linear
transformation sg : V' — V' defined by

(v, 8)
(8, 8)

It is straightforward to check that sg is orthogonal and fixes the points of the per-

sg(v) =v —2 o4

pendicular hyperplane 5+. Additionally, any orthogonal linear transformation that fixes a

hyperplane is of the form above.

Definition I1.2. A finite Coxeter group is a finite subgroup of O(V) generated by re-

flections.

Two classic examples motivate this — and, in their own ways, serve as building blocks

for the general theory of Coxeter groups:

e Let Dih,, be the dihedral group of symmetries of an m-gon. If we consider two adjacent

planes of symmetry of the m-gon, as shown in Figure 12, and let s; and sy be the
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Figure 12: The reflections s; and s, generate the symmetry group of a hexagon.

reflections over them, then s; and s, generate the whole group, subject to the following

relations:

52—
s3=1
(5132)m =1

Let S, be the symmetric group on n letters, and let s; for 1 < ¢ < n — 1 be the
transposition swapping ¢ and ¢ + 1. These transpositions generate the group, subject

to the following relations:

=1

)
SiS5 = 8555 if |’L —j| Z 2

8i8i+18; = Si4+18iSi+1
Now consider the action of S, on R” given by permuting coordinates:
W (21,5 Tn) = (Tw-101)s -+ s T-1(n))

In this context, the transpositions act by reflections: s; fixes the points of the hyper-

plane x; = x; ;1 and preserves the dot product. So this action realizes S,, as a Coxeter

group.
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Y

Figure 13: The A, root system, which consists of 6 vectors. Reflecting v by 8 produces
another vector in the system. The associated Coxeter group is Dihg, the dihedral group of
symmetries of a triangle.

11.1.2: Finite root systems

The first step towards systematically studying Coxeter groups is to consider all of their
elements which act by reflections, rather than just a set of generators. The key observation

here is that the set of vectors representing reflections is itself closed under the action of the
group:

Proposition I1.3 (] , Proposition 1.2)). If W is a finite Cozeter group and w € W,

then s,z belongs to W whenever sg does.

Thus in order to classify the different possible arrangements of reflections in a Coxeter

group, we axiomatize this closure with the notion of a root system.

Definition 11.4. A finite root system is a finite set ® of vectors called roots which satisfy

the following properties:

e For each € @, ® also contains —f3, but no other multiple of .

e For any 3,7 € @, sg(v) € .

This definition is illustrated in Figure 13.

Any finite Coxeter group can be associated to a finite root system, and vice versa.

Proposition I1.5 (| , Section 1.2]).  (a) Given any finite root system ®, the reflec-

tions sg for € ® generate a finite Cozxeter group.

(b) For any finite Coxeter group W, there exists a finite root system such that W is obtained

from the construction in part (a).

It is worth noting that a Coxeter group can be associated to multiple different root
systems, because rescaling vectors does not change the reflections they induce. So a root
system contains a little more information than a Coxeter group, and for our purposes it will

be a slightly more useful notion.
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Examples.

e The dihedral group Dih,, has as a root system a wheel of 2m evenly spaced unit vectors,
perpendicular to the planes of symmetry of the m-gon. Figure 13 illustrates this for
m = 3. If m is even, we can allow the roots to have two different lengths, as long as

they alternate in length around the wheel; this is illustrated for m = 6 in Figure 15.

e Under the action of the symmetric group 5,, introduced above, the elements which act
by reflection are exactly the transpositions, with the transposition that swaps ¢ and j
fixing the hyperplane x; = ;. Perpendicular to this hyperplane are the vectors e; — ¢;
and e; — e;, where e; denotes the ith standard basis vector. It is straightforward to
verify that acting on the vector e; — e; with an element of S,, produces another vector

of that form. Thus the vectors e; —e; for all 1 <7 # j <n form a root system for S,.

11.1.3: Compactly describing root systems: positive and simple roots

While root systems allow us to look at the reflections in Coxeter groups without privileging
a particular generating set, having a generating set is often useful. In particular, it elimi-
nates the redundancy arising from symmetry and allows us to describe a root system more
compactly. In this section, we’ll outline a systematic way of obtaining such a generating set
for a root system .

The first bit of redundancy to deal with is that every reflection is represented by two
roots, pointing in opposite directions. In order to pick out one representative from each pair,
choose a vector v € V which is not orthogonal to any root of ®. Define sets of positive

roots ®* and negative roots &~ by

T ={fe|(v,8) >0}
" ={fe®|(v,5) <0}

Because we chose v to avoid pairing to 0 with any root, we have ® = ®+*Ud~, and =~ = —d™.

From among the positive roots, we then pick a subset which is fundamental.

Theorem IL.6 (| , Theorem 1.3]). Given a partition ® = &+ LI &~ as above, there

exists a unique collection A of roots such that:
(a) The roots of A form a basis of span(®).
(b) Any root in ®% is a linear combination of roots from A with nonnegative coefficients.

Definition I1.7. The elements of A in the context of Theorem I1.6 are called simple roots.
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Figure 14: The root system associated to the dihedral group of a hexagon, Dihg. The
positive roots are defined to be lying on one side of the dashed line. Each positive root is a
nonnegative linear combination of the simple roots (in orange), lying in the cone that they
generate.

We now identify simple roots in our two running examples:

e For the root system of Dih,,, any sequence of m consecutive roots around the wheel
can be realized as the positive roots by choosing an appropriate v. Then the simple

roots are the two roots at either end of this sequence. This is illustrated in Figure 14.

e For the root system of S,,, we choose v = (1,2,...,n). Then (v,e; —e;) > 0 precisely
when 7 > 4, which defines a set of positive roots. The simple roots are then those of

the form e;1; — e;: we can write any positive root e; — e; as
€ — € = (ej - ej_l) + (ej_l — 6]‘_2) +...+ (6i+1 - 61').

While different choices of vector v will lead to different definitions of positive and simple
roots, the choice ends up not mattering: any choice of positive and simple roots can be
obtained from any other through the action of the Coxeter group (| , Theorem 1.4]).
So from here on, for any given root system ®, we will assume that we’ve fixed a particular

®* and consequent A.

I1.1.4: Generators and relations

The collection of simple roots is fundamental in two key ways. First, by definition, they
form a basis for the space spanned by the roots, and in what follows we will generally find
it helpful to express all roots in the basis of simple roots. However, they also give us a set

of generators for the Coxeter group.

Theorem IL.8 (| , Theorem 1.5]). Let W be a finite Cozxeter group with associated

root system ®. Then the reflections s, for simple roots a € A generate W.
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We call the reflections associated to simple roots simple reflections.

The relations between these generators also admit a simple description. Because our
group is finite, for any two simple roots a;,; € A, the product s, s,, must have finite
order, and we denote this order by m;;. It turns out that these relations, together with the

fact that reflections have order 2, are enough.

Theorem I1.9 (| , Theorem 1.9]). Let oy, ..., a, be simple roots for a finite Coxeter
group W, and let my; be the order of sq4,54,. Then

W= (s, 80 | 87 = (si8))™ =1,1<4,j <)

In what follows, if a list of simple roots o, ..., a, is understood, we will write s; for s,,.
It is straightforward to read off the numbers m;; from the geometry of the root system

using the following lemma.

™

Lemma I1.10. The angle between the roots oy, o; € A is m — ”

Proof. Consider the subgroup W;; := (s;,s;) C W. Note that o;- N (xj is a codimension-2
subspace fixed pointwise by W;;, and so W;; acts on the 2-dimensional space V/(a; N ajl).
However, if two reflections acting on R? generate a finite group, it must be a dihedral group.
The product of two reflections generating Dih,,, has order m, so in this case W;; = Dih,,, ;.
Now, we can get a root system for W;; as a subset of ®, consisting of the roots associated
to reflections in W;;; these roots will be orthogonal to a;- N ajL, and thus lie in span(a;, o).
We can likewise choose a set of positive roots for W;; to be those which lie in ®*. Because
a; and o  are simple in @, every positive root in Wj; is expressible as a nonnegative linear
combination of o; and «;, so o; and «; are also simple roots for W;;. On the other hand, we

know what simple roots look like in Dih,,,; (as shown in Figure 14) and can conclude that

the angle between them is 7 — . O]

J

Corollary II.11. For oy, aj, and m;; as above,

(@w,a5) _ (L) '
(e[| vy mij

I1.1.5: Cartan matrices and Dynkin diagrams

The previous section shows that we can recover a Coxeter group and its root system from
its simple roots and the angles between them. There are two common ways of recording this

information: as a matrix, and as a decorated graph.
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Definition I1.12. The Cartan matrix of a root system ® with simple roots aq, ..., a, is

the n x n matrix A with
(aj, a;)

These matrix entries are chosen such that s;(a;) = o — A4;0;.

For applications to representation theory, we often restrict to the case that the entries
A;; are integers. In this case, we say the root system is crystallographic. This imposes

meaningful limitations on the types of Coxeter groups we can consider.

Lemma I1.13. If W admits a crystallographic Cartan matriz, then m;; € {2,3,4,6} for all
1#£ 7.
Proof. Let 0;; be the angle between the simple roots «; and «;. We have

)2
Ay Ay = 400 %)

= 4cos?(0;;
(@, o)y, ) (05)

The crystallographic assumption implies that this is an integer; on the other hand, Lemma

I1.10 implies that 6;; has the form = — . Together, these two conditions force m;; to be
ij

in the given set. O

In what follows, we will assume root systems are crystallographic unless stated otherwise.

Examples.

e Consider Dihg, the dihedral group of a hexagon. A root system consisting of unit

vectors, as shown in Figure 14, is not crystallographic, as we have

2(0&17 012) . 2(0&1, 042)

(a1, 1) N (a2, ava)

=2(ap, a9) = =2 COS(%) = —/3.

However, we can scale every other root by a factor of v/3, producing the system shown
in Figure 15. Now (aj,a;) = 1, but (ag,a2) = 3. This is a crystallographic root

system, because we now have

2(0&1, 062) —3
b2 9 —9_ 2 _ _3
(061,061) (alaa2) 92

2(0[1, Ozg) 2

_— = — = —1
(042’042) 3(041,0[2)
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Figure 15: A crystallographic root system for Dihg.
This root system has the Cartan matrix
2 -1
-3 2 )

e On the other hand, the root system for .S,, we used above, given by «; := e;;1 — e; for

1 <i<n—1,is crystallographic. If |i — j| > 2, we simply have («;, ;) = 0. On the

other hand,
o (i) o=l
(i1, Qvipa) 2
This root system has the Cartan matrix
2 -1 0 - 0
-1 2 -1 0
0o -1 2 0
0 2 -1
0 -1 2

Ultimately, we want to connect root systems to quivers, so it will be useful to represent

these matrices by graphs.

Definition I1.14. The Dynkin diagram of a root system with an n x n Cartan matrix A

is a graph with labeled edges, defined as follows:

e The vertices are 1,2,...,n.
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o If A;; = Aj; #0, we draw —A,;; unlabeled edges between 7 and j.

o If A;; # Aj; and i < j, we draw an edge between ¢ and j and label it with the ordered
pair (—A;;,—A;;). (In drawing Dynkin diagrams, we will orient any such edge so that

the vertex i is on the left.)
This is a less commonly used notation for Dynkin diagrams, based on the definition from
[ | (for example, it differs slightly from | ]). This will avoid confusion later on.
Examples.

e The root system for Dihg in Figure 15 has Dynkin diagram

(1,3)

e The root system for S, has Dynkin diagram

In addition to giving us a convenient way to represent root systems, Dynkin diagrams
enable a systematic notation for the roots themselves. By construction, the vertices of the
Dynkin diagram correspond to the simple roots. Since the simple roots form a basis of the
space spanned by the roots, every root is expressible as a unique linear combination of simple
roots. Thus we can denote a root by labeling the vertices of the Dynkin diagram with the
coefficients of this expression. If ® is crystallographic, these labels will be integers, and by

Theorem I1.6, the labels will either be entirely nonnegative or entirely nonpositive.

Example. Recall from above that the root system we chose for .S,, has simple roots of the

form a; = e;11 — e;, and any other positive root is of the form
€j — € = (ej — €j,1) + (ej,l — 63;2) 4+ ...+ (€i+1 — el-) = Oéj,1 + Oéj,Q 4+ ...+ (67
Representing these roots as labelings of the Dynkin diagram, they all have the form
Oi ioili... ilioi. iO

labeling a consecutive string of vertices with 1’s.

Definition I1.15. The support of a root is the subset of the vertices of the Dynkin diagram
(or the subdiagram induced by this subset) which are assigned nonzero coefficients by this

notation.
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We will take this to be our default notation for portraying roots, and in particular we
will refer to the “coefficients” of a root, meaning its coefficients in this notation. Similarly,

we may refer to applying s; as reflecting at vertex 1.

Example. Consider the D, diagram

@
@

Then we can write any combination of simple roots ciaq + coas + c3az + 4y as

3—W

C1
C3 — C4
(&)

When we apply s3, reflecting at vertex 3, to any simple root, we get

a;+asg 1=1,2,4
83(%‘) =o; — Aoy = ’
—Q3 1=3

Thus when we apply s3 to a general linear combination as above, we get
s3(cron + caqp + c3a3 + ca0) = cron + caap + (€1 + o+ €4 — c3)az + ca0y

When we view this on the diagram, we see that this reflection can be summarized as “subtract

Y

the coefficient at vertex 3 from the sum of its neighbors.” More generally, unwinding the

definition of reflection like this implies:

Proposition I1.16. Suppose vertex 5 of a Dynkin diagram is adjacent to vertices iy, ..., 1.
For a root 3, let 5(i) be the ay-coefficient of B. Then

(Zpoi —44,380)) = BG) i =1

B(i) otherwise

s;(B)(1) =

I1.1.6: Classification

With a compact notation in hand, we can state the classification of finite crystallographic

root systems.
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(1,2)

-
o

(2,1)
n : 40
Dy oo o
Eg ~0—0—0
Er ~0—0—0—0
Eg ~0—0—0—0—0
(1,2)
Fy
(1,3)
Gy O0—O

Figure 16: The Dynkin diagrams of finite crystallographic root systems.

Theorem I1.17 (] , Theorem 11.4]). The finite crystallographic root systems are ex-
actly those associated to the Dynkin diagrams shown in Figure 16 (and disjoint unions of

these diagrams).

The diagrams on the list in Figure 16 are often simply called the Dynkin diagrams,
but we will follow the convention of | ] that any labeled graph of this kind is a Dynkin
diagram. Thus we will also talk about the Dynkin diagrams of infinite root systems once they
are introduced below. We call the diagrams in Figure 16 finite type Dynkin diagrams.

Each diagram has a number of vertices given by its subscript. In particular, the root
system we attach to the symmetric group 5, is called A,,_;, because there are only n — 1
simple generators.

By Lemma I1.13, the only dihedral groups which admit crystallographic root systems are
Dih,, for m = 2,3,4,6. Dihs has root system Ay, while Dih4 has root system By = (5. Dihg
has root system Gy. Dihy has as its Dynkin diagram two unconnected vertices (representing

two commuting reflections); we typically denote this A; x A;.

I1.1.7: The reflecting hyperplane arrangement and its regions

Just as significant as the roots § whose reflections generate the Coxeter group are the per-

pendicular hyperplanes 3+ fixed by these reflections, which we call reflecting hyperplanes.
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Figure 17: Once we select a base region D, its translations by the action of W are in bijection
with the elements of W. Here, s1, s9, and s3 act by reflection over the red, green, and blue
planes, respectively.

The arrangement of these hyperplanes encodes important information about the group.

Consider the region

D:={veV|(v,a) >0V c A}
e For Dih,,, this is a wedge enclosed by two adjacent planes of symmetry.

e For S, with our preceding choice of simple roots, we have

D:{(U17"'avn)|U1§U2§"'§Un}-

Theorem II1.18 ([[Hum90, Theorem 1.12]). D is a fundamental domain for the action of W
on V: every W-orbit in V contains exactly one point in D. Additionally, any point in the

interior of D has trivial stabilizer.

Corollary I1.19. The map w — wD gives a bijection between the Coxeter group and the

regions of the arrangement of reflecting hyperplanes.

This correspondence is illustrated in Figure 17.

I1.1.8: The weak order

The distinguished set of generators of a Coxeter group allows us to analyze elements in terms
of how they can be expressed using those generators. In particular, the group admits a few

natural orderings based on how many generators it takes to express a particular element.

Definition II.20. An element w € W can be written as a product of generators s;, s;, - - - s;,.

The length of w, denoted ¢(w), is the smallest possible value of ¢ (that is, the smallest
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possible length of such an expression.) Any such expression of minimal length is a reduced

expression for w.

Definition I1.21. Let w,w’ € W be any two elements of a Coxeter group. We say that
w < w' in the right weak order if we can write

/
w :’lUSil"'Sik

such that
U(ws;, "‘Sij) =lw)+jforall<j<k

In other words, for w’ to be greater than w in the right weak order means we can obtain
w’ from w by multiplying on the right by a sequence of simple reflections, each of which
increases length. We can also define a left weak order using left multiplication instead,
but in what follows we’ll just use weak order to refer to right weak order.

One key property of the weak order on a finite Coxeter group is that it is a lattice: any
pair of elements w,v have a unique least upper bound or join w V v and a unique greatest
lower bound or meet w A v | , Section 3.2].

The weak order also manifests itself geometrically in the arrangement of reflecting hyper-
planes. Specifically, we can define a poset on the regions of the arrangement which, under

the bijection from Corollary I1.19, corresponds to weak order.

Definition I1.22 (] , Definition 1.13]). Given a hyperplane arrangement with a dis-
tinguished base region D, for any other region R, let S(R) be the set of hyperplanes which
separate R from D. Then the poset of regions is the partial order on regions of the
arrangement where @ < R if S(Q) C S(R).

This poset has the base region as its unique minimal element, and crossing hyperplanes

away from the base region corresponds to moving up in the poset.

Theorem I1.23 (] , Theorem 3.1]). The bijection from Corollary 11.19 gives an iso-

morphism between the poset of regions and the weak order.

I1.2: Infinite Coxeter groups and root systems

On the path to finite Coxeter groups, we started with a group concretely generated by
reflections, attached a root system to it, and then produced a Cartan matrix, a Dynkin
diagram, and a presentation by generators and relations. The infinite setting can be built

up in reverse: we start with a group presentation, Dynkin diagram, or Cartan matrix, and
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use that information to construct an infinite root system and define an action of the group

by reflections. Our principal reference for this section is | |, with some results from
[BBO5).

Definition II.24. A Coxeter group of rank n is a group defined by generators and

relations of the form
(81, .-y 8n | (si85)™7 =1)
where:
e m;; = 1 (so each generator has order 2)
o For i # j, m;; € {2,3,...,00}. (If m;; = oo, we simply omit that relation, so s;s; has
infinite order.)

In what follows, we fix a Coxeter group W with rank n and defining data m;;. Our first
task is to turn this abstract definition by generators and relations into an action on a space,

mimicking the original example of reflection groups.

Definition I1.25. Given the data defining a Coxeter group W as above, a Cartan matrix

for the group is an n X n matrix A such that:
o A; =2 for all 7.
o A;; <0 for 7 # j, with equality if and only if m;; = 2.
o If 3 <my; < oo, AjjA;; = 4cos*(m/my;).
o If m;; =00, A;;A;; > 4.
We attach a Dynkin diagram to a Cartan matrix in the same manner as above.

Now let V' be a real vector space with basis aq, ..., a,. Define linear maps p; : V — R
for 1 <i <n by gi(a;) = Aj;.
Definition II.26. The simple reflections are linear transformations sq,...,s, : V — V
defined by
si(B) = B — wi(B)
Theorem I1.27 (] , Theorem 4.2.7]). W admits a faithful action on V through which

the generators act by simple reflections.

Definition I1.28. The simple roots of a Cartan matrix are the basis vectors aq, ..., a,,
and we denote by A the set of simple roots. In general, the roots are elements of the form

way for w € W. We call the collection of all roots the root system of A, and denote it by
o,

36



What we call “roots”, representation-theoretic contexts such as | | often refer to as
real roots, alongside an additional set of imaginary roots. As our focus is almost entirely
on the real roots, we will assume that all roots are real unless stated otherwise.

While the theory of infinite root systems can be built up in great generality, in the context
of preprojective algebras we’ll want to impose a couple of additional conditions. As above,

we say that a Cartan matrix is crystallographic if its entries are integers. Additionally:

Definition I1.29. A Cartan matrix is symmetrizable if there exist integers dy, . . ., d,, such
that dzAzg = deij for all Z,j

If the Cartan matrix is symmetrizable, we can define the simple reflections using a bilinear
form which will be useful later. Having fixed dq, ..., d,, we can define a symmetric bilinear
form (—,—) : V xV — R by (o, ;) := d;Aij = djAj;. Then define o) := «;/d;. We have

(), aj) = A;;, and thus can write

Importantly, this pairing is preserved by the action of the group: (wg,w~y) = (/3,7) for all
weWw.
Going forward, we will assume Cartan matrices are crystallographic and symmetrizable
unless stated otherwise, and use parentheses to denote the bilinear form just defined.
Finally, just as simple roots correspond to simple reflections, all other roots correspond
to other reflections. Given 8 = wa; € @, let BY = 25/(f, ), so that (Y, 3) = 2. Note also
that (8, 8) = (v, ;) = 2d;, so ¥ = we’. Then we define

sa(7) == wsw ™' (y) = w(w™ 'y — (of ,wy)w) =7 — (way,7)B =7 — (87,78

11.2.1: The reflecting hyperplane arrangement and the weak order in the infinite

case

The fundamental difference between finite and infinite Coxeter groups is that the pairing
(—,—) may not be positive definite, and thus may not induce an inner product on the
underlying space. Indeed, a Coxeter group is finite precisely when this pairing is positive
definite | , Theorem 6.4].

This has consequences for how we define the arrangement of reflecting hyperplanes.
While, in the finite case, roots 3 were associated to hyperplanes B+ in the same space
using the inner product, to get similar geometric properties here we need to think of these

hyperplanes as lying in the dual space V*.
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We denote with angle brackets the natural pairing (—, =) : V*xV — R given by (f, 5) =
f(B). Then we define the contragredient action of W on V* such that (wf, wB) = (f, 5)

for any w € W; equivalently, we can say wf = f ow™!.

Proposition I1.30. The subset of V* fized by s; is precisely the hyperplane o = {z |

(x,a;) = 0.

Proof. We have

(5:f)(B) = f(s:B) = f(B = (), B)e) = f(B) — (a), B) f(ewi)
This is equal to f(B) for all g if and only if f(a;) = 0. O

Thus we define a reflecting hyperplane arrangement in V* consisting of the hyperplanes
B+ for f € ®, and single out a base region D defined by

D:={zeV"|(z,0;) >0 Vo € A}

This shares some properties with the arrangement in the finite case, but with one key dif-
ference: W no longer acts transitively on the regions of the arrangement. Instead, let
T = Uyew wD be the set of all points we can reach by starting from the base region and
acting with W. We call this the Tits cone. As long as we restrict ourselves to the Tits

cone, we have results just like the finite case.

Theorem II.31. / , Theorem 5.13] D is a fundamental domain for the action of W
on T: every W-orbit in T contains exactly one point in D. Additionally, any point in the

interior of D has trivial stabilizer.

Corollary I1.32. The map w — wD gives a bijection between the Cozeter group and the

regions of the arrangement of reflecting hyperplanes which lie in T.

We can also define the (right) weak order on an infinite Coxeter group just as we do for
a finite one, and it has the same relationship to the regions of the Tits cone as in Theorem
I1.23. However, it’s no longer a lattice: unlike a finite Coxeter group, an infinite one does not
have a largest element, and it’s possible that two elements may have no mutual upper bound
at all. Nonetheless, the weak order is still a complete meet-semilattice: any collection of

elements has a greatest lower bound | , Theorem 3.2.1].
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CHAPTER III
Shards

To fully detail the relationship between preprojective algebras and root systems, we will
work with a partition of the reflecting hyperplanes into cones called shards. In this section,
we briefly describe the original motivation for shards, define them, and detail a few tools
for working with them. Our most important tool will be a recursive method for calculating

shards, relating the shards of 8+ to those of s;3" for a generating reflection s;.

II1.1: Motivation: lattice quotients of the weak order

Recall from the previous section that the weak order on a finite Coxeter group forms a
lattice: any pair of elements w,v have a unique least upper bound or join w V v and a
unique greatest lower bound or meet w A v | , Section 3.2]. Shards were introduced by
Nathan Reading in order to study this structure.

One interesting aspect of the weak order as a lattice is that other combinatorially im-
portant lattices can be realized as quotient lattices. We now give an example briefly
explaining what this means.

Consider the collection T, of unambiguous parenthesizations of n elements: expressions

such as
((o(we))e)

in which each pair of parentheses encloses exactly two things (which can either be e or another
expression in parentheses). There is a partial order on T,, called the Tamari lattice which
captures the additional structure of the associative rule: there is a cover relation x < y in
this order whenever y is obtained from x by a replacement (co)o — o(0o). For example, we

have
(((e0)0)e) << ((o(o®))e) < (o((00)e))

The Tamari lattice is the transitive closure of this relation, which turns out to be a lattice.

There is a map 7 from permutations of n — 1 letters to parenthesizations of n elements.
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We denote a permutation w by the one-line notation w(1)w(2)---w(n —1). We then define

7 with the following recursive formula:

e for a sequence ¢ with last element ¢,, let c. be the subsequence of elements < ¢, and

let ¢~ be the subsequence of elements > ¢;,. Then 7(¢) = (7(c<)7(cs))

For example,

The key result is that we can think of 7 as a quotient map.

Proposition IIL.1 (] , Section 9], [ ). Consider S,_1 as a lattice with the weak
order. Then 7 : S,_1 — T, is a surjective lattice homomorphism from permutations to

parenthesizations; that is,

We can thus view the fibers of 7 as a lattice congruence on the weak order: an
equivalence relation compatible with the join and meet operations. Figure 18 shows this in
a small case. The map 7 : S3 — T4 sends two permutations to the same parenthesization:
we can think of those elements as being equivalent modulo a lattice congruence, and we can
view Ty as the quotient of S3 by this congruence.

What’s special about the weak order in this context is that it can also be described as
an ordering of the regions of a hyperplane arrangement (Theorem I1.23). This gives us a
different way of looking at lattice congruences. A congruence will identify elements together,
and if we think of those elements as regions, this amounts to removing the walls between
regions to merge them, as illustrated in Figure 19.

One problem of interest in the lattice theory of the weak order is to classify all its lattice
congruences. Not every equivalence relation is a lattice congruence: sometimes, identifying
two elements will force us to identify a different pair elsewhere. So in the hyperplane picture,
we need to know which chunks of the reflecting hyperplanes can be removed in a way that

respects the lattice structure. These chunks are shards.
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321 (o(e(ee)))

231 \312 / (o((00)e))

((s0) (%)) |
213 132 ((o(e0))e)

/

123

—~

((e0)e)e)

Figure 18: On the left, the weak order on the symmetric group Ss; on the right, the Tamari
lattice Ty ordering parenthesizations of 4 elements. The map 7 : S3 — T identifies the boxed
elements of S5 — thus realizing the Tamari lattice as a lattice quotient of the weak order.

321

231 312

213 132

123

Figure 19: The identification shown in Figure 18 can be viewed as removing a wall from the
reflecting hyperplane arrangement of S35, merging two adjacent regions.
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II1.2: Rank 2 subsystems

The picture in Figure 19, illustrating the situation in 2 dimensions, is in some ways a template
for the definition of shards in general.
Let @ be a root system of rank n, let V' be the space containing its roots, and let ay, . . ., ay,

be the simple roots.

Definition ITI.2. A subset R C ® is a rank 2 subsystem if span(R) is 2-dimensional and
R = & Nspan(R).

Along with roots, we're interested in the corresponding reflecting hyperplanes, so we

make a dual definition.

Definition ITI.3. Given a collection of hyperplanes H in V* and a subset S C H, let (S
be the intersection of the hyperplanes in S. Then S is a rank 2 subarrangement if (S
has codimension 2 in V* and S={H € H | H D (S}

For any subset R C ®, let R* C H be the collection of hyperplanes dual to the roots in
R. Unpacking and dualizing the definitions, it is straightforward to check:

Proposition II1.4. A subset S C H is a rank 2 subarrangement if and only if it is R* for

a rank 2 subsystem R.

Within each rank 2 subystem, we will highlight the roots which play the same role as

simple roots do in the full system.

Definition II1.5. The fundamental roots of a rank 2 subsystem R are roots 7,7y, such

that any positive root € ®* N R is a nonnegative linear combination of v; and ,.

Exactly 2 fundamental roots exist | , Theorem 2.7(i) and Proposition 2.11]. They
can be visualized as lying on the edges of the cone generated by the positive roots in R.

Again, there is also a dual picture.

Definition ITI.6. Let D be the base region of the full reflecting hyperplane arrangement
(as defined in Section I1.2.1). Let R* be a rank 2 subarrangement, and let D’ be the region
of R* which contains D. Then the fundamental hyperplanes of R* are those containing
the walls of D'.

Proposition II1.7. The fundamental hyperplanes of R* are dual to the fundamental roots
of R.

42



/
AN

Figure 20: To produce shards, for each rank 2 subarrangement, we break all the non-
fundamental hyperplanes.

RN
~

Proof. By definition, D consists of the points which pair nonnegatively with the simple
roots of ®, and thus with all the positive roots. Then D’ as the region of R* containing
D, consists of the points which pair nonnegatively with the positive roots in R. Say ~; and
vo are the fundamental roots of R. Then a point pairs nonnegatively with v; and 7, if and
only if it pairs nonnegatively with all positive roots in R, since they are nonnegative linear
combinations of v; and 7,. Thus D’ consists of points lying on the positive side of 7 and

75, and those hyperplanes contain the walls. O]

Given any two roots [, s with B # +f;, we denote the unique rank 2 subsystem
containing them by R(, f2).

II1.3: Shards

Having defined fundamental roots, we can now define shards. The basic idea is as follows: for
each rank 2 subarrangement of hyperplanes, break all non-fundamental hyperplanes along
the subarrangement’s intersection, as shown in Figure 20. For a rank 2 subsystem R, let R+

denote the intersection of the hyperplanes in R*.

Definition IIL.8. A rank 2 subsystem R cuts a reflecting hyperplane 5+ if 5 € R, but 3
is not fundamental in R. In this case, we say that R is a fracture of 3+. We will also say

that a root v or hyperplane 4 cuts 8+ if the rank 2 subsystem R(f3,) does.

If 3 € R, then Rt C B*. Since R* is codimension 2 in the whole of V*, it is codimension

1 in B+. Thus, we can think of the collection of fractures of 3+ as a hyperplane arrangement
within A+.

Definition III.9. The shard arrangement is the arrangement of fractures in 3+. The

shards of 3+ are the closures of the regions of this arrangement.
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(a1 —f-OéQ)J_ (Oég —f—Oég)J'

(Oq —+ a9 + Oég)

Figure 21: The stereographic projection of the shards of the A3 root system. Note that,
wherever 3 planes meet, the one furthest from D is broken.

We recall the example of the A3 root system from the introduction: Figure 21 illustrates
the division of its reflecting hyperplanes into shards. To render this in 2 dimensions, we
intersect the arrangement with a sphere centered at the origin, then stereographically project
that sphere to the plane. Thus lines and circles both represent planes in this arrangement.

We now revisit the motivational question from the beginning of this chapter to explain

how shards answer it.

Proposition IT1.10 ([ , Proposition 8.3]). In any lattice congruence of the weak order
on a finite Cozxeter group, equivalence classes can be identified with mazximal cones of a fan

obtained by removing shards from the reflecting hyperplane arrangement.

In other words, a lattice congruence can’t just remove arbitrary walls between regions —
it must remove shards, each of which may consist of multiple walls.
We’d also like to know which collections of shards can be removed to produce a lattice

congruence. Fortunately, there is also a simply stated geometric criterion for this.

Definition ITI.11 (] , Definition 7.16]). The shard digraph is a directed graph
whose vertices are shards of the reflecting hyperplane arrangement, with an edge K; — Ky
if the hyperplane containing K cuts the hyperplane containing K5 and KN K5 has dimension

n— 2.

The relations implied by this digraph tell us exactly which shards’ removal forces the

removal of other shards.
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Theorem III.12 (| , Theorem 7.18)). There exists a congruence on the weak order
on a finite Cozeter group removing a collection KC of shards if and only if, when Ky, € K and
Ky — Ky in the shard digraph, Ky € K.

In the case of an infinite Coxeter group, where the weak order does not always admit
joins, it seems likely that a similar result should hold, but the particulars have not been

worked out yet.

II1.4: Positive expressions

The material of this section originally appeared in a slightly different form in | ].
Shards also admit a recursive description which is highly useful for inductive arguments.

Specifically, we express a root in terms of starting from a simple root and applying simple

reflections, and examine how these reflections affect the breakdown of a hyperplane into

shards. Of key importance are the expressions which use as few reflections as possible.

Definition ITI.13. A positive expression for § € ®* is an expression
B =5, 8,80 ()
such that for all 1 <7 </,
Si;Si;_q " siy () — Sij_q siy (i) € R>oaz‘j

In other words, at each step in evaluating the expression, a coefficient increases.

Definition III.14. The depth of a positive root [ is the smallest £ such that there exists

an expression 5 = s;, - - - 54, ()

Lemma ITI.15 (] , Lemma 4.6.2]). For a simple reflection s; and a root f € &+ —{a;},

depth(p) =1 ;86— 5 € Rooy
depth(si8) = { depth(B) 5,8 =
depth(p) +1 ;6 — 5 € Rogy

Corollary II1.16. An expression = s;, - - Siy(u,) is of minimal length among such ex-

pressions if and only if it is a positive expression.

Proof. 1f the expression is positive, then by repeatedly applying Lemma II1.15 we can con-

clude that depth(f8) = ¢, so ¢ is minimal. Conversely, if the expression were not positive,

45



there would be some index j such that s; s, _, ---s5; () — 8i;,_, -~ 8iy (2,) € Rega;. But
then Lemma II1.15 implies that depth(s;;s;,_, - - - si, () < j, and so there exists a shorter

expression for f. O
Corollary II1.17. Any positive root has a positive expression.

Constructing such an expression means repeatedly finding a vertex of g at which we can
reflect such that the coefficient there decreases and doing so; the corollary guarantees that
we can always find such a vertex.

We now explain how to determine shards of the hyperplane 3+ from a positive expression
for 5. The first step is to understand how applying a single simple reflection affects the

fractures of a hyperplane.

Lemma III.18. Let R be a rank 2 subsystem with fundamental roots v1 and 7. Suppose
a; ¢ R. Then the fundamental roots of s;R are s;y1 and s;vs.

Proof. First, note that s; permutes the set of positive roots other than «;. In particular,
since neither R nor s; R contains «;, applying s; sends the positive roots of one subsystem to
those of the other. Then if 5 is a positive root in s; R, s;3 is a positive root in R, expressible
as a nonnegative linear combination c;y; + co9; thus f = c18;71 + 2572, a nonnegative

linear combination. This shows that s;v; and s;v, are fundamental in s; R. ]

Lemma III.19 ([ , Corollary 2.16]). Let 8 be any positive root, and s; a reflection
such that 5 # «.

o Ifs;0— B € Ryugqy, then the rank 2 subsystems which cut s;3 are

{siR | R cutting B} U{R(as, 8)}

e Ifs;8— [ € Rogay, then the rank 2 subsystems which cut s;5 are a subset of {s;R |
R cutting B}.

Proof. Suppose that s;0 — 3 € Rogq;, and let R be any rank 2 subsystem containing £ but
not «;. By Lemma II1.18, R cuts 8+ if and ony if s;R cuts (s;3)*.

Then note that, by assumption, s;5 is a nonnegative linear combination of § and «;.
Since these are all positive roots, s;4 cannot be fundamental in R(s;3, ;), so (s;3)* is cut
by that system. Putting this and the previous statement together gives the claimed list of
fractures.

Finally, suppose that s;5 — 8 € R_ga;. Then s;(s;5) — s;6 € Rypa; By exchanging the

roles of § and s;3, we can apply the first part of the lemma to conclude that the fractures of
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3+ are obtained from the fractures of (s;3)* as detailed above. The lemma’s second claim
follows. O

We now apply this lemma recursively to a positive expression. We can frame the result

in two ways: as a list of the subsystems which cut 8+, or as a list of the shards.

Definition ITI.20. Given an expression of the form s;, - - - s; (a;,), its truncation at s; ,
for 1 < 5 </, is the root

Siy -+ S ()
Theorem II1.21 (| , Proposition 2.14]). Let  be a positive root with an expression
B = 8, Sy(cy,). (Note that this expression need not be positive.) Then every rank 2
subsystem which cuts B+ is of the form R(B,T), where T is some truncation of the given

expression for 3. If the given expression is positive, then every such R(3,T) cuts B~+.

Proof. We induct on ¢, the length of the expression used. The base case ¢ = 0 is vacu-
ous: there are no truncations and «;,, being a simple root, is fundamental in every rank 2
subsystem containing it.

So suppose we know the theorem for expressions of length £ —1. Let 5" =s;, | - - - s;, (),
so that g = s;,/".

Then every rank 2 subsystem which cuts (3')* is of the form R(3’,7) for some truncation
T of s;, |- si,(ag,). Lemma II1.19 then shows that every rank 2 subsytem which cuts 3 is
either of the form s;, R(3',7) = R(B, s;,7), or R(B,«;,). Both s;,7 and «;, are truncations of
the expression for (3, as desired.

Now suppose that the expression for [ is positive, from which it follows that the expression
for 5’ is also positive. Then for every truncation 7 of the expression for ', R(5’, ) cuts 5.
We also know that s;,5 — ' € Ropay,, so by Lemma II1.19, each subsytem s;, R(f',7) =
R(B, si,7) cuts 8, as well as R(S,a;,). The roots s;7 and «;, are all the truncations of our

expression for (. O

When our expression for 3 is positive, there is an alternative way to choose representatives

of the cutting subsystems, which will be useful later.

Definition III.22. Given an expression of the form s;, - - - 54, (), its omission at s;;, for
1 < j < /4, is the root

Sig = Sija Syt S0 (aio)

Proposition II1.23. Let 5 = s;, - - - 54, (aw,) be a positive expression. Let T be the truncation

of this expression at s;,, and let j1 be the omission. Then

R(B,7) = R(B, 1) = R(7, )

47



Proof. By the definition of the reflection s;,, there is a constant ¢ such that
SiySis_y S ((ig) = i,y 8y () + coy,
Applying s;, - - - s;,,, to both sides then implies
B=p+ecr

The assumption that our expression is positive further implies that ¢ # 0. Thus all three
roots lie in the same rank 2 subsystem and no two of them are linearly dependent, from
which the result follows. O

Finally, we note that although the truncations of a positive expression produce all the
rank 2 subsystems cutting a hyperplane, different truncations may induce the same rank 2
subsystem. Trivial examples come from the rank 2 root systems B, or (G5: each contains
roots of depth greater than 1, but only has one rank 2 subsystem (its entirety).

We now rephrase Theorem II1.21 in terms of shards.

Definition I11.24. Given a convex cone K C V*, define

Q

_l’_

=
I

sitKN{x e V*| (z,q;) > 0})
o (K)=s;(KN{z e V" | (z,04) <0})

Theorem III.25 (] , Theorem 3.6]). Let 8 = s;, -+~ s, (c,). Then the shards of
. o (ot
ip i1\ "o

superscript signs can be chosen independently).

are precisely the cones of the form o () which have dimension n — 1 (where the

Proof. We again proceed by induction on ¢. The base case ¢ = 0 is again vacuous. So let
B =55,y iy ()

From Lemma II1.19, we know that the fractures of 8+ come from applying s;, to the
fractures of (8')* and adding N ai. Thus the shards of 4+ can be obtained from those of
(8')* by applying s;, and then further dividing each shard with the plane afg. This amounts
to applying o7} and o;, to each shard of ()" and taking the full-dimensional cones which

result. Describing the shards of (8')* using the induction hypothesis, we get our result. [

These two theorems will be essential for our discussion of shards in the following chapters.

Example. We use this characterization of fractures to compute the shards of the A, root

systems. Recall from Section II.1.5 that every root of A, has the form «;; = a; + o1 +
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...+ o for ¢ < j. A positive expression for this root is given by s;s;_1---s;11(e;). The
truncations of this expression then give the roots ay, ; for ¢« < k < j.

In particular, all of these roots are linearly independent. Thus the arrangement formed
by the intersections of the ai ; with aifj produces 2/~% shards: the shard a point x belongs
to is determined by the signs of (z, oy ;) for i < k < j, which are independent of each other.

(In general, the shard arrangement will be more complicated than this.)

I11.5: The root poset

Positive expressions for roots are closely analogous to reduced expressions for elements in
the Coxeter group — both are expressions using a minimal number of generators. Reduced
expressions for a group element w correspond to saturated chains from 1 to w in the weak
order — ascending such a chain corresponds to iteratively multiplying by generators such
that the expression obtained at each step is reduced. Similarly, it’s interesting to consider
an ordering of the set of positive roots in which saturated chains correspond to positive

expressions.

Definition II1.26. The root poset is a partial ordering of ®* in which v < g if 8 =
8, -+~ 54, () such that depth(s;, - - - 54, (7)) = depth(y) +j forall 1 < j < L.

12

It follows from Lemma III.15 that the cover relations in this poset are of the form < s;(,
where s;0 — 5 € Rygq;.

Example. Figure 22 shows the root poset of the Az root system. There are 4 different
positive expressions for the root a; + oy + a3, which correspond to the 4 different paths from

the top down to the bottom of the poset:

5352(041) = 3352(042) = 5153(042) = 8152(043)

We note that there are two different structures called the “root poset”. A more commonly
used definition | , Definition 5.1.1] defines v < f if § — « is a nonnegative linear
combination of simple roots. If v < f in our root poset, then that is also the case in this
other root poset, but the two are rarely equivalent. We will not consider this other poset

relation in this thesis.
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Figure 22: The root poset of A3. Each cover is labeled with the simple reflection that induces
it.
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CHAPTER 1V
Uniformity of Stretched Root Systems, Root Posets,
and Shards

The material of this chapter originally appeared in | ].

In this chapter, we study the operation of stretching a Dynkin diagram G to obtain a
new diagram str,,(G) by replacing a vertex with a path of m + 1 vertices. Alongside this, we
get an operation of stretching on roots: if /3 is a root of the root system of G, then str,,(5) is
a root of the root system of str,,(G), obtained by repeating the coefficient at the stretched
vertex along all vertices of the resulting path.

Here we show three patterns which apply to the whole family of diagrams str,,(G) and
roots str,, (). First, we show that the depth of the root str,,(3) is linear in m. Secondly,
we give a description of the shards of str,,(3)* for all sufficiently large m. (In the case that
we are appending a tail to the graph, rather than inserting a path in the middle, the shards
are much simpler, and we work out this case in more explicit detail.) Finally, we describe
all the roots which lie below str,, () in the root poset for sufficiently large m.

In | |, these properties were referred to as “stability”, inspired by the similar ter-
minology in representation stability, but as this thesis features a different, unrelated notion
also called stability, we instead refer to this chapter’s phenomena as “uniformity”. We're

pretty sure no one has ever used this term for anything else.

IV.1: Stretching diagrams

Definition IV.1. Let G be a Dynkin diagram, j a vertex of GG, and L; L R; a partition of
the neighbors of j into two subsets. We call j an elastic vertex, L; and R; its left and
right neighbors respectively, and the tuple (j, L;, R;) elastic data.

Then the m-stretched diagram str,,(G) is obtained by:

e replacing the vertex j with vertices jo, ..., jm;
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strp,(G) © 777

Figure 23: Above, we specify elastic data for G. Below, we illustrate the resulting family of
stretched diagrams str,,(G).

e replacing the edges between j and L; with correspondingly labeled edges between jg
and Lj;;

e replacing the edges between j and R; with correspondingly labeled edges between j,,
and R;;

e and inserting unlabeled edges between j, and j,+1 for 0 <p < m.

We call the subdiagram induced by jo, ..., j. the stretched path. This construction is
illustrated in Figure 23.

There is a natural way to attach a Cartan matrix to the stretched diagram.

Definition IV.2. Let A be a Cartan matrix for the Coxeter diagram G. Then the m-
stretched Cartan matrix, str,,(A), has rows and columns indexed by the vertices of
str,, (G), with

Aik Zak¢ {]Ovajm}
Ay, (i=joand k € Lj) or (i = j,, and k € R;)
Aij (/{3 = jo and 7 € LJ) or (I{I = ]m and 7 € R])

stry, (A)x
2 i=k=j,

=1 i=gp k= Jpna

\ 0 otherwise

If & is the root system associated to A, then the m-stretched root system, str,,(®), is

the root system associated to str,,(A).
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Figure 24: Stretching a root from ® to produce a root in str,,(®).

In what follows, assume that we have fixed a diagram G, an associated Cartan matrix A
and root system ®, and elastic data (j, L;, R;) for G.
One way of relating the different stretches of a root system is to embed str,, () —

str, (P) for m’ < m. There is a natural way of doing this.

Definition IV.3. Let 5 be an integer-valued function on the vertices of G. Then str,,(3)
is the function on str,,(G) with value 5(j) at all the vertices j, on the stretched path and

with the same values as [ elsewhere. This construction is illustrated in Figure 24.

For this to give an embedding of ® into str,,(®), we would need to know that when g is

a root, str,, () is as well. This turns out to be true.
Proposition IV.4. Let 5 € ®. Then str,,(5) € str,,(P).

Proof. 1t will suffice to assume [ is positive. We proceed by induction on depth(/). First
consider the base case that § is simple: either str,, (/) is also simple, or it has value 1 on
the stretched path and 0 elsewhere, and this is straightforward to obtain by reflections of a
simple root.

Now consider any positive root 3. If it is possible to reflect at a vertex other than j and
decrease the value there, obtaining a root of lesser depth 3/, then we can perform the same
operation to str,,(8) and get str,,(5). By the induction hypothesis, str,,(8') is a root, so
str,,(B) is too.

Otherwise, we can reflect at j and decrease the value there to get 8’ := s;(/). Then
Strm(ﬂl) = 550551 """ SjmSim—1 """ Si15jo (Stl"m(ﬁ))
= SjnSimo1 " SioSit " Sjmer Sin (STIm(B)).

By the induction hypothesis, str,,(5’) is a root, so str,,(5) is too. H

As an aside, we note that a reverse version of Proposition IV.4 also holds: roots with

repeated coefficients can be squished to give roots of a smaller diagram.
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Proposition IV.5. Let § be any integer-valued function on the wvertices of G such that
str1(8) is a root of str1(®). Then [ is a root of ®.

Proof. We assume without loss of generality that str;(f3) is positive. Let B = stry(8), and
define roots {@; | i € G} in stry(P) by

_ Q; i?'éj

Qo+ 1=

Then 5 is a nonnegative linear combination of these.

We proceed by induction on depth(g). The base case is when E = «;, which is trivial.
Now suppose E is different from these. We have (EV, E) = 2 > 0. Thus, writing out BV as a
nonnegative linear combination of roots &;, at least one of the pairings (a;, 5 ) is positive.

If (a, E) > 0 for some i # 7, then 51(5) — B = —(a, B)&i is a negative multiple of a;, and
SO 51(5) < E in the root poset. We still have si(g)(jo) = sl(g) (71), and so by the induction
hypothesis there exists a root 8 € ® such that stry(8') = s;(3). But then s;(8) = 3, so 3
is a root.

On the other hand, if (&j,g) > 0, then sjosjlsjo(g) =3 (&j,B)&j has two coefficients
which are smaller than those of 5 , so in applying s;,s;, 55, we must have gone down in the
root poset at least twice and up at most once, implying depth(sj,s;, s, (8)) < depth(3). As
above, by the induction hypothesis there is some ' € ® such that stri(8') = sj,5;, sjo(g),

and direct computation shows that s;(8') = §, implying 3 is also a root. O]

IV.2: Stretching and positive expressions

If we start with a positive expression for § and iterate the argument in Proposition IV.4, we
get an expression for str,,(f) in terms of simple reflections applied to a simple root, but it
may no longer be a positive expression. We examine when this happens, and obtain a result
on the depth of stretched roots in the process.

Consider a positive root /3 such that s;(8) <  in the root poset. Let b be the coefficient at
7. Let iy, ..., i, be the left neighbors of j, with coefficients a4, ..., ay, and let kq, ..., k. be the
right neighbors, with coefficients ¢y, ...,¢,. Let Sy := Zq —Aji,ag and Sg = > —Aj.Cs.
Then to assume s;(f) < § means S, + Sg — b < b. In particular, at least one of Sy, and Sg

must be less than b. The situation then splits into three cases:
(1) both Sp and Sk are less than b.

(2) one of Sp and Sk is equal to b.
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(3) one of S;, and Sk is greater than b.

This trichotomy classifies the different possible relationships between s;(/5) and g in the root

poset.

Lemma IV.6. (1) In Case 1, strn(s;(8)) < str(B8), and
depth(stry,(8)) = depth(strn(s,(8))) + (2m + ).
(2) In Case 2 above, strp(s;(8)) < str(B), and
depth(str,,(3)) = depth(stry,(s;(8))) + (m + 1).
(3) In Case 3, strn(s;(B)) and str,,(8) are incomparable, and

depth(str,,(5)) = depth(str,,(s;(5))) + 1.

Proof. Suppose without loss of generality that S, < b. We know from the proof of Proposi-
tion IV.4 that

Strm(sj(ﬁ)) = 50551 " SimSim_1 """ 551550 (Strm(ﬂ))

If Sp > b, we instead use the expression

StT(85(B)) = i Sjoms """ SjoSis " Sjm—15jm (ST (5))

We then check, in each case of the trichotomy, whether each of these simple reflections steps
up or down in the root poset, and use the fact that the poset is graded by depth. Let
b’ := S+ Sr—b be the coefficient at j in s;(5). Then Figure 25 shows the result of applying

each reflection in turn.

(1) If Sp, Sg < b, then i/ = S;,+Sgr—0bis less than both. Thus at each of the 2m+1 steps in
Figure 25, a coefficient decreases. So str,,(s;(3)) < str,,(8) and depth(str,,(s;(5))) =
depth(str,,(5)) — (2m + 1).

(2) Assuming Sy, < b, this case happens when Sg = b, in which case ¥’ = Sy. In particular,
after we apply s;,, halfway through Figure 25, we have already reached str,,(s;(3)) after
m + 1 steps. At each of those steps a coefficient decreases, so str,,(s;(5)) < str,,(5)
and depth(str,,(s;(8))) = depth(str,,(5)) — (m + 1).
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bbb —b—b
-/ \
Qy C
lsjo g
ar A
oSy —b— —b—0b0
S ~
Qy C
lsh g
ar __ A
: Sp—=Sp——b—0b
s ~
Qy C
J{sz "
lsjmfl
ar A
: SLfSL,...fSLib :
. -~ -
Ay C
| 8im '
ar __ /01
:/SL*SL*"'*SL*Z)’\:
Qy Cr
jsjm_l
ar A
: SL*SL*"'*blfb/ :
s ~
Qy C
lsjm72 "
a lsjo C
1 1
\ /
: b —bv — = —¥ :

Figure 25: The sequence of roots appearing at each step of the expression str,,(s;(8)) =

85051 """ SimSim =" 5150 (St ().
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(3) Assuming Sy, < b, this case happens when Sg > b, in which case ¥ > S; < b.
Thus the first m + 1 steps in Figure 25 decrease coefficients, while the remaining m
increase coefficients. Thus depth(str,,(s;(8))) = depth(str,,(8)) — 1. In particular, if
str,,(s;(8)) were comparable to str,,(3), it would be covered by str,,(/3), but since they

differ in more than one coefficient this is not possible.

This gives us our first numerical result on stretching a root:

Theorem IV.7. For any positive root (3, there exists an integert such that depth(str,,(5)) =
tm + depth(p3).

Proof. By induction on depth(3). For any simple root based away from vertex j, the
stretched root’s depth is 1 (so ¢t = 0), while for the simple root ¢ it is m +1 (so t = 1).

Then suppose we have a cover s;(5) < f in the root poset, such that depth(str,,(s;(3)))
= t'm + depth(s;(8)). If i # j, then str,,(s;(8)) < stry,(B) is still a cover, and so

depth(str,,(8)) = t'm + depth(s;(8)) + 1 = t'm + depth(3).
If + = j, then Lemma IV.6 implies
depth(str,,(8)) = t'm + depth(s;(3)) + cm + 1 = (¥’ + ¢)m + depth(S),

where ¢ =0, 1, or 2. O
Definition IV.8. The depth growth rate of  is this integer t.

We end this section by looking in more detail at examples of stretching the roots in a
cover relation.

In case (1), since str,,(3) and str,,(s;(3)) are comparable, we can consider the interval
between them in the root poset. Figure 26 shows a cover relation exhibiting case (1), together
with the interval between their 3-stretched versions. This reveals a bit of type A behavior.
If we consider the root poset as an order relation on all roots, rather than just positive roots,
this interval is the A,, root poset.

In case (2), str,,(f8) and str,,(s;(5)) are still comparable, but now the interval between
them is just the chain forming the top half of Figure 25: each reflection in that chain is the
only one we can make while decreasing a coefficient on the stretched path.

In case (3), although str,, () and str,,(s;(/5)) are incomparable, we can situate them in
a sideways version of the interval in Figure 26, accounting for the fact that reflections which

go down in the root poset in case (2) may go up in case (3). This is illustrated in Figure 27.
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3444 4442
1 /N /7 N
1 >, 3344 3442 4422
PN /N /N /N
1 J 3334 3342 3422 4222
I I I I
1 3331 3312 3122 1222
~. ., N/ N /N 7
1=1__ 3311 3112 1122
1 1 N/ N/
3111 1112

Figure 26: A cover exhibiting case (1) of Lemma IV.6 and the interval between the 3-
stretched roots. Roots on the right are represented by their values on the stretched path.

5666
/N
5566 4666
1 3 /N N
| > 5556 3566 4466
TN N/ N/ N\
1 J 5555| 3556 3466 4446
/N N/
3555 3356 3446 | 4444
1\/ \/\/\
=4 __ 3355 3346 3444
1 3 N N/
3335 3344
N/
3334

Figure 27: A cover exhibiting case (3) of Lemma IV.6 and the analog of the interval shown
in Figure 26.

In all cases, we see the effect of stretching on depth stated in Lemma IV.6.

IV.3: Shards of stretched roots

For any construction associated to roots, we can look for a uniform description of what
happens when we apply the construction to str,,(3) for sufficiently large m. In the context
of this thesis, a natural such construction is the arrangement of shards of str,,(3)*.

Our best tool for computing shards is Theorem I11.21, realizing fractures as truncations
of a positive expression. Thus we’d like to systematically write positive expressions for the
stretches str,,(5).

starting with a positive expression for 8 and replacing each instance of s; with an appropriate

As observed in the previous section, we can almost accomplish this by

sequence of reflections along the stretched path, but the resulting expression may not be

58



positive.
However, we can avoid this obstruction by stretching a small amount first and then

choosing a positive expression.

Definition IV.9. Let G be a Coxeter diagram with elastic data (j, L;, R;) and let j, be
a vertex on the stretched path of str,,,(G). Then the elastic data induced by j, for
strm, (G) is
(Jos L. {41 }) ifp=0
Ui {1} pa}) O <p<my
(Tmgs {mo—1}, Byj)  if p=mg
Recall that, in the previous section, we described a trichotomy of situations in which we

reflect at the elastic vertex. In particular, say that a reflection applied to a root 5 € ® at

the elastic vertex j is a type (2) reflection if one of the sums Sy, or Sg is equal to 5(j).

Lemma IV.10. For any positive root 3, there exists some mg, a vertex j, on the stretched
path of str,,(G), and a positive expression for str,,(5) such that every reflection at the
vertex j, is type (2) with respect to the elastic data induced by jp.

We refer to such a positive expression as a type (2) expression.

Example. Consider the following diagram.

@ ®
O—=9
©) ©

We let 4 be the elastic vertex, with its left and right neighbors on the left and right as shown.
We label the stretched diagram like so:

@®
g@@@
©),

Then we claim the following root /5 does not admit a type (2) expression:

2\7/1
5
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é -~ 0—0 - !
e ~
0 0
5253540
1>1—0/0
1 )
S41
1>171/0
1 ™0
5655
1>
1/ \1
S41
1>,
1/ \1
540515253540
§>7—2/1
37 It
S41
§>7—7/1
37 ™~

Figure 28: A type (2) expression, where vertex 41 (the right center one) is the elastic vertex.
Note that whenever we reflect at vertex 41, its coefficient is equal to the sum of the coefficients
on one side.

Reflecting anywhere other than vertex 4 increases a coefficient, so any positive expression
must conclude with applying a reflection at vertex 4. Because S;, = 3+ 3+ 3 > 7, the cover
s4(8) < B in the root poset falls under type (3) in the above trichotomy.

But now suppose we stretch the root once, and let 41 be the new elastic vertex. Then

we claim that the expression

5415405152535405415655541 8382540(041)

is a type (2) expression. This is illustrated in Figure 28.

Proof of Lemma 1V.10. We proceed by induction on the coefficient at j. In the base case
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B(j) = 0, choosing my = 0 and any positive expression works vacuously.

Now consider a root 8 € ® with 5(j) > 0. Recall that a positive expression for a root is
equivalent to a saturated chain in the root poset from that root down to a simple root. So
begin constructing a chain down from 3 in the root poset. Suppose that, having reached the
root ', we reflect at j for the first time.

Suppose first that this reflection is type (2). Using the induction hypothesis, we obtain
some stretch stry,,(s;(5')) and a type (2) expression for this root with respect to some jp,.

We now use the following lemma:

Lemma IV.11. If there exists a chain from B down to v in the root poset for which every
reflection at the elastic vertex is type (2), then for any stretch factor m and vertez j, on the

stretched path, there is a chain from str,,(8) down to str,,(vy) for which every reflection at

Jp 18 type (2).

Proof. Given the assumed chain, we can obtain a chain from str,,(5) down to str,,(y) by
replacing every reflection at j with either s; s;, ---s;, or s;.s;,. .- -5j,, as shown in the
proof of Lemma IV.6 and the top half of Figure 25. Figure 25 also illustrates that each
reflection on the stretched path is type (2). O

In this case, we can apply the lemma to our chain from 5 down to ' and get a chain
from str,,, (8) down to str,,(s;(5')) in which every reflection at j, is type (2). Splicing this
with the type (2) expression for str,,,(s;(8)) gives us a type (2) expression for str,,,(3).

Now suppose instead that the reflection s; applied to 8 is not type (2). Assume without
loss of generality that Sy, < B(j). Then the reflection s;, applied to str;(/5') is type (2). By
the induction hypothesis, there is some mg and a type (2) expression for str,,, (s, (str1(5')))
with respect to some jp,. Then by the above lemma, we can turn the chain from stry(3)
down to s;,(stri(f’)) into a chain from str,,+1(8) down to str,,(s;,(str1(5'))), which we

can splice with a type (2) expression for str,,,(s;,(str1(8’))) to get a type (2) expression for
StTm11(0)- O

Once we have a type (2) expression for str,,,(3) with respect to the elastic data induced
by jp, we can get a positive expression for any stry,m(8) = stry,+m(8) by replacing each
instance of s;, with an appropriate choice of $;,,8;,, *** $j,,. OF S}, Sj, 0 1) " Sjpos @S I part
(1) of Lemma IV.6. If our expression starts with the simple root «;,, we also must replace

it with s;, - Sjpim—1) (@), )- In particular, the proof of Theorem IV.7 implies:

Proposition IV.12. The number of reflections at the elastic vertex in a type (2) expression

for B, plus 1 if the simple root it starts at is o, is the depth growth rate of [5.
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Thus we can write down positive expressions for stretched roots in a systematic way, and
from that describe their fractures in a systematic way.

To enable cleaner formulas and highlight the analogy with the type A root systems, we
write the roots of str,,(®) in a different basis, still indexed by the vertices of G. We define

Qg Z%{]Oa?]m}
Vi » o
q=0 Odjq t=1Jp
or, inversely,
o; =

Yie = Vip—r ¢ =Jp P 21
This choice of basis echoes the interpretation of the type A Coxeter groups as symmetric
groups, with root systems consisting of roots of the form e; | — ¢;, as shown in Section I1.1.3.

In particular, the simple reflections s;, should act on the 7-basis in a manner resembling

transpositions. We have

Vi + Vo (S Lj
—j L= Jo
(IV.3.1) sjo(71) = " o
72_7]0 Z:.]thzl

Vi otherwise.

For 1 <p <m —1, we have

Yip 1= jp—l
(IVBQ) Sjp (’}/Z) = 'yjp71 7 = jp

Vi otherwise

Finally, we have

Vit Vim = Vimr 1€ Ry
’Yj'rn Z = jm—l
ryjmfl = jm

Yi otherwise
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Thus, away from the ends of the path, the s;, act by transpositions on our v-basis.

With this property in mind, we examine the fractures of str,,(3)* in the -basis.
Theorem IV.13. Let 8 be a positive root with a type (2) expression. Then there exist:
® a nonnegative integer r;

o two lists of formal linear combinations fi,...,fs and g1,...,qg; (where t is the depth

growth rate of 5) of the following terms:

v; for 1 a vertex of G other than j,
ij()?f)/jl? v 77]}7

Vim—rs Vim—rt1s 3 Vim>

such that for m > 2r, the fractures of str,,(8)T are precisely its intersections with the

hyperplanes
{(f)* 1§u§s}u{(gu—’y]~v)L [1<u<tir+1<v<m-—r-—1}

In what follows, we say that a linear form is unsupported at a variable ~y;, if its coefficient

of 75, is 0. Thus, we require the forms f, and g, to be unsupported at ~; forr <p <m—r.

Example. We illustrate what this theorem states for the example introduced earlier in

this section. Consider the root strs(5):

3
~ e
2/7 7 7 7\

Using the type (2) expression from that previous example, but replacing each instance of
s41 with an appropriate choice of s43540541 OF 541542543, We get a positive expression for this
root:

(343342541)340313253340(541342343)5635 (343342541)3352340(a1)

By Theorem II1.21, the truncations of this expression give roots 7 such that R(v,strs(3))
cuts strz(3)*+. The statement of Theorem IV.13 is that these roots take two different forms.

On one side are the roots which assign the same coefficient to every vertex on the stretched
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path.

31 4 29 + 2ai3 + 6y + 60g7 + 6ags + 6ays + a5 +
Q1 + a3z + Qqo + g1 + Qo + Q3

Q1+ Qo + Qyo + Qg1 + Qg0 + Q3

a1 + g + ag + 3oy + 3oy + 3o + 3aus + as

o1 + g + g + 3oy + 3oy + 3aus + 3aus + o

aq + o + a3 + 2040 + 2001 + 2042 + 203

a3 + Qo + Qg1 + Qo + Q3

Qg + Qg + Qg1 + Qg2 + Q3

a1 + oy + g1 + 0o + g3

Qg0 + Qa1 + Qg9 + Q3

When we rewrite these roots in the y-basis, they are unsupported at v49, V41, and v42. These

are the forms f, in the theorem statement:

fi=3n+2%+2y3+ 63+ 7%+ 7%
fo=m+73+ 743

fa=n+72+ 74
fi=m+7+7+3us+ 75
fs=m+7+7+3us+%
Jfo=m+72+7+ 273

fr =73+
Js =72+ 73
fo=7 4713
Ji0 = a3
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The remaining roots, which aren’t constant on the stretched path, fall into three neat families.

aq + ag + az + 3oy + 4oy + days + 4ays + as + ag
aq + g + az + 3oy + 3oy + 4oy + 4ays + as + ag

a1 + g + ag + 30&40 + 30441 + 3@42 + 4&43 + a5 + ap
o1+ e + a3 + 3&40 + 30[41 + 30642 + 20&43

a1 + Qg + Q3 + 30440 + 30(41 + 20442 + 20&43
o1 + Qg + a3 + 3ayg + 20041 + 200 + 2043

Q41 + Q9 + Q3

Q2 + O3
43
Again, once we write things in the -basis (and flip the signs of some roots, which doesn’t

change the hyperplanes they define), these are the roots defined using the forms g, from the

theorem statement:

G—Yw=71+7+7+4us+ 7%+ Y% — T v=0,1,2
92_7411:_<71+72+73+2743)_74v ’1)20,1,2
93 — Vav = V43 — V4w v=0,1,2

If we instead consider str,, () for some larger m, the list of cutting roots can be described

in almost the same way — we just replace 43 with 74, and let v range from 0 to m — 1.

Proof of Theorem IV.15. We proceed by induction on the length of our type (2) expression.
For simple roots, the proposition is vacuously true. Now suppose that the last reflection
applied in our type (2) expression for [ is s;, and let 5/ = s;4. Based on our above discussion
of how to obtain a reduced expression for str,, (), we have str,,(3) = s; str,, (') (if i # j) or
SioSj *** Sjm Strm(B') or 8585, 1 -8, (B") (if ¢ = j). Our induction hypothesis is that the
fractures of str,, () admit a uniform description given by some integer 7" and linear forms
[, and g, as in the theorem. Then we must show that after applying s;, sj,s;, ---$j,., or
SimSim_1 " Sj 10 str,(8), there exist r, {f,}, and {g,} which describe the list of fractures
of the resulting hyperplane in the same way.

First, suppose that i is a vertex off the stretched path. By Lemma III.19, the fractures
of str,,(8)" are its intersections with s, and s;(g, — 7;,)", together with a;-.

Because each linear form f; is unsupported at ;, for all v’ < p < m —r’, the same is

true of s;f,, so we can choose f, = s;f! for 1 <wu <s.
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Additionally, for 0 < p < m — 1, we have

Vi, + Vi iELj

Sz'(%'p) = )
Vi i ¢ L,

Thus we can set g, = s;g,, or g, = s;g,, — v; for 1 <wu <, so that s,(g,, — Vj,) = Gu — Vjo-

Finally, we note that we can define f;,; = a; = ~;, which is also unsupported on the
stretched path, incorporating the one additional fracture a;- into our description.

In particular, note that stepping from str,,(3") to str,,(f3) in this way doesn’t increment
the number ¢ of collections of fractures of the form (g, — 7;,)*, which is consistent with the
number of reflections at j in the original expression (and thus, by Proposition 1V.12, the
depth growth rate) staying the same.

Thus it remains to show that applying s;, - - - s;,, or s;,, - --s;, also preserves the uniform
description of the fractures.

In the former case, by repeated application of Lemma II1.19, the fractures of str,,(3)* are

its intersections with s, --- s, f’i and s;, - -+ s;, (95, —7;,)", together with the hyperplanes

R
50 = Yjo

Sjo (aj1 )L - '7le

1 1
SjoSj Sjmﬂ(ajm) = Vim

By combining equations IV.3.1, IV.3.2, and IV.3.3, we note that

(

Yi + Vjo 1€ L
Yip+1 — Vo i:jpvogpgm_l
SjoSin ** Sim (Vi) = § — Yo 1= Jm

Vit Vi TER

Vi otherwise
\

Let f, = sj, s, f, for 1 <u <s. Then, since f; is unsupported at 7, for ' < p <m —1r’,

each f, is unsupported at 7, for ' +1 < p <m — ' + 1. Accordingly, let r =" + 1.
Similarly, we can choose g, for 1 < u < t such that s;,---s;,. (9% — Vj.) = Ju — Vjorr

where g, is unsupported at 7, for r < p < m — r. Because of our new choice of r, some

fractures defined by (g, — 7;,) are no longer supported at -, for r < p < m —r and can be
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added to the list of f’s.

Finally, let g;11 = 0; then the additional fractures vjlo, vjll, . -lem can either be added to
the list of f’s or are defined by (gi11 —7;,)* for r <v <m —r.

Altogether, this shows that the fractures of str,,(3)* can be described in the manner given
in the theorem. In particular, stepping from str,, (/') to str,,(/) in this way increments the
number ¢ of collections of fractures of the form (g, —v;,)* by 1, which is consistent with
the number of reflections at j in the original expression (and thus, by Proposition IV.12, the
depth growth rate) going up by 1 from ' to .

The case of applying s;,, - - - s, is similar. The fractures of str,,(3)* are its intersections

with s;,, -+ s, fq’f and s, -+ 8;, (9., — ;)" together with the hyperplanes

a5 = (Vi = Vimer)

SimSim—1 """ Sja (Oéjl)L = (/yj'm - ,ij)L

1 L
Sjm Sjm—l T Sjl (05]0) - ’yjm

By combining equations IV.3.1, IV.3.2, and 1V.3.3, we note that

(

Vi + Vim i€ L
~Yjm 1= Jo
Sjmsjmfl U 8.70<,}/Z) = ’yjp_1 - f)/jm Z = jp7 1 S p S m

Vit Vim = Vim1 1 E Ry

i otherwise

Let fu, = s, ---Sj, f, for 1 <u <s. Then, since f; is unsupported at 7, for ' < p <m —1r’,
each f, is unsupported at v, for ' —1 < p <m — 1" — 1. Accordingly, let r =" + 1.

Similarly, we can choose g, for 1 < w < ¢ such that s;,, -+ 5j,(9,, — Vjo) = Gu — Vjo_1-
where g, is unsupported at 7, for r < p < m — r. Because of our new choice of r, some
fractures defined by (g, — 7;,) are no longer supported at 7, for » < p < m —r and can be
added to the list of f’s.

Finally, let g;4+1 = 7;,,; then the remaining fractures can either be added to the list of f’s
or are defined by (gi11 —7;,)* forr <v <m —r.

Again, this shows that the fractures of str,,(3)* can be described in the manner given

in the theorem. And again, stepping from str,,(3") to str,,(5) in this way increments the
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number ¢ of collections of fractures of the form (g, —;,)* by 1, which is consistent with the

depth growth rate going up by 1 from 5’ to . ]
Combining this result with Lemma V.10, we draw a conclusion for arbitrary roots:

Corollary IV.14. Let 8 be any positive root. Then for sufficiently large n, the fractures of

str, (@)t admit a uniform description as in Theorem IV.13.

From this uniform description of shard arrangements, we can in particular consider how
the number of shards depends on the stretch factor, which emphasizes the analogy with
shards in type A. More specifically, we describe the characteristic polynomial, which is

somewhat like a g-analog of this enumeration, because why not?

Definition IV.15 (] , Section 3.7]). Let P be any poset. The M&6bius function
W P x P — Z is recursively defined by

8

plz,x) =1
ple,y) =0if x £y
pla,y) =— > ple,2)if z <y

r<z<y
Definition IV.16 (] ]). Let A be a finite collection of hyperplanes through the origin
in R™. Let L4 be the collection of subspaces obtained by intersecting subsets of these hyper-
planes, partially ordered by reverse inclusion. We include the intersection of 0 hyperplanes,
which is all of R" and which we denote 6; this is the minimal element of L 4. Then let u be
the Mobius function of L 4.

The characteristic polynomial of A is

xalg) ==Y p(0,x)g™™

€L 5

The characteristic polynomial connects back to more concrete measurements on hyper-

plane arrangements in a couple of key ways.

Lemma IV.17 ([ , Theorem 1.1]). A hyperplane arrangement A in R™ has (—1)"x a(—1)
TEGIONS.
Lemma IV.18 (| , Theorem 2.2]). Let A be a hyperplane arrangement defined over

the integers. Then for q any sufficiently large prime, x 4(q) is the number of points in the

complement of A over F,.
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Thus, the question of counting shards of str,,(3)* can be subsumed in calculating the
characteristic polynomial of its shard arrangement. Here, we show how it admits a descrip-

tion uniform in m.

Theorem IV.19. Suppose the positive root [ has depth growth rate t. Let x.,(q) be the
characteristic polynomial of the shard arrangement of str,,(5). Then there exist polynomials

p1(q), .., pi(q) and an integer e such that

Xa(@) = pilg)(qg— k)"

Proof. By Lemma IV.18, to show x,(¢) has the claimed form, it will suffice to show that the
point counts over [, eventually do.

Choosing a point in the complement of the hyperplanes in Theorem V.13 amounts to:
e choosing all the coordinates except v;,.,,...,7;,._._, such that fi,..., fs are nonzero;

e plugging these coordinates into g1, . . ., g; and choosing the coordinates v;, ., ..., Vj._, .
independently, each subject to the condition that they are different from all the values

of the ¢’s, which excludes at most ¢ values.

To count these points, consider the subarrangement formed by the f’s. We stratify its
complement according to the number of distinct values assumed by the ¢’s. Each stratum
is built up from the hyperplanes (f,)* and (g, — gu,)" through complementation, union,
and intersection, and so we can repeatedly use Lemma IV.18 to conclude that the number of
points in the kth stratum over I, is given by a polynomial py(q) for large primes ¢q. Then we
m—2r

independently choose m — 2r variables avoiding k values, which can be done in (¢ — k)

ways. Combining these observations gives the claimed form for y,(q).
O

Corollary IV.20. Let n be the number of vertices of G. Then for sufficiently large m, the

number of shards of str,,(B)* is

(13 g~ (k + 1)

In particular, it is O((t +1)™).

Proof. This follows directly from Theorem IV.19 and Lemma IV.17. O
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Figure 29: Stretching in the case R, = &. The vertices in the box form the tail, and all
other vertices form the body.

Example. In our running example of the root 3 given by

2\7/1
57 N

our type (2) expression for stri(5) included 3 reflections at the elastic vertex. Thus by
Proposition 1V.12, the depth growth rate is 3. Corollary IV.20 then implies that, for m
sufficiently large that Theorem IV.13 applies, the number of shards of str,,(3)* is a linear
combination of 2™, 3™, and 4™. We can work out this expression just by computing the
number of shards for 3 such values of m and solving for the coefficients, from which we
conclude that str,,(3)* has

462 - 4™ — 172 - 3™

shards.

This exponential growth in the number of shards can be seen as a generalization of the
behavior in type A — recall that that top root of A,, has 2"~ shards. The key generalization
here is that the base of this exponential expression is linked to the depth growth rate of the

original root.

IV.4: Shards of roots with a tail

We now restrict our attention to the case that ; = @ — in other words, the case in which
we append a tail to the Coxeter diagram, as illustrated in Figure 29. In this case, we can
describe shards of stretched roots more precisely.

In this context, we will refer to the stretched path of str,,(G) as the tail, and the vertices
off the stretched path (not including jy) as the body. We will be classifying roots based on

which piece(s) they have nonzero coefficients in, so we make a definition:

Definition IV.21. The support of a root J is the subset of the vertices of its Coxeter
diagram where it has nonzero coefficients. Say 3 is supported at a vertex ¢ if ¢ is in §’s

support.
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When our diagram has a tail, it imposes inequalities on the roots.
Lemma IV.22. If B is any root of str,,(G), then either:

(1) B is only supported on the tail (and thus can be identified with a root of the A,, Toot

system), or

(2) the sequence of coefficients 5(j0), B(j1),- - -, B(Jm) is nonincreasing.

Proof. We proceed by induction on depth. The base case consists of the simple roots, for
which the proposition is clear one way or the other.

Now suppose ' is a root satisfying the proposition, and § = s;(’) has a greater coefficient
at 7. If §’ is in case (1) and 4 is in the tail, then f§ is also in case (1). If 5’ is in case (1) but i
is in the body, then ' must be supported at jy in order for 8 to have greater depth. Since [’
can be identified with a root of A,,, its coefficients on the tail (and thus also those of 5) must
consist of some number of 1’s followed by some number of 0’s, so they are nonincreasing.

Now suppose ' is in case (2). If 7 is in the body, nothing changes on the tail and the
proposition is also true of 8. If i = jgy, § differs from g’ only in having a larger coefficient at

xo, and the lemma holds. Finally, suppose ¢ = j, for p > 1. Then we have

B/(ijrl) > ﬁ/(jp> > 5/(‘7'1971)
and so
B(jp) - 5/(jp+1) + 6/(jp—1) - 6/<jp) < ﬂ,(jpﬂ) = 6(jp+1)
and
Bp) = B'(Gp-1) + B'(p+1) = B'(Gp) = B'(p—1) = B(jp-1)-
]

Because we’ll be able to obtain much more explicit results on shards in this case, we
can work in slightly greater generality: rather than only considering roots with constant

coefficient on the entire stretched path, we can allow them to have multiple blocks of repeated

coefficients.
To that end, fix a stretch factor ¢, and let 5 be a root of str.(®). Then let m =
(mo, ..., m.) be any tuple of nonnegative integers, and let m := mgy+...+m.+c. We define

str, () to be the root of str,,(®) obtained by stretching 5 at each vertex on the tail, by a

factor of m, at vertex j,. See Figure 30.

Definition IV.23. Given m as above, a root f of str,,(®) is blocky if it has the form
str, (). It is strictly blocky if all coefficients of 3 on the tail of str.(®) are distinct.

71



1*3\

1—5-—3—2
17
B
i
1—3
1}5—5—5H3—3H2—2—2
1
str,(B8)

Figure 30: An instance of stretching a root at multiple points on the tail. Here ¢ = 2
and m = (2,1,2). The resulting root is strictly blocky for this choice of m, because the
coefficients 5, 3, and 2 are all distinct.

1—3
~
175—3—2
1 —
B
1—3
~
}75—3—2—0—0—0—0—0
L?(B)

Figure 31: The operation t; embeds stra(®) into str7(®) by padding the tail with zeroes.
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1*5’;>
1/

5—3—2—F0—0—0—0—0

Jreﬂect at vertices 3,4,5,6,7

1—3
\
1/53#222%222

{reﬂect at vertices 2,3,4

1—3

~~
R EETE B R R

Lreﬂect at vertices 1,2

1—3
\
175—5—5—3—3—2—2—2

Figure 32: The sequence of reflections described in Lemma 1V.24. At each step, we reflect
at the boxed vertices from left to right.

Let g, := mo+...+m,+pfor 0 < p < c. Additionally, define g_; = —1. Note that j, is
the last of the block of vertices obtained from stretching the pth vertex of str.(G). In what
follows, we refer to the simple reflections s;, := s;, and simple roots a;, := a;, to avoid

triply nesting subscripts.

Lemma IV.24.

st (B) = (Sja0Sa0-1° - 55.0) (SjaSjm—1 - 552) -+ (S0 Sige—1 -+ Sjc1) (tm(B))

Additionally, if str,,(B) is strictly blocky, then applying these reflections increases a coefficient
at each step. In particular, if we replace t,,(B) with one of its positive expressions (which we

can identify with a positive expression for B), we get a positive expression for str,,(B).

Proof. Both statements follow from direct calculation. The procedure of applying these
reflections is illustrated in Figure 32. ]
Theorem IV.25. Let 3 = str,,(B) for some B € str.(®). The rank 2 subsystems which cut

B+ are R(B,7), where v belongs to one of the following sets:

e roots of the form str,,(7), where 7 cuts Bl.
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e some subset of the roots of the form

T
Ypp' T Qjgp_1+r+1 + Qj.gp_1+r+2 ..t Oéj}qp/

for 0 <p<p' <ec, 1<r<m,. IfpB is strictly blocky, all of these roots work.

This classification of fractures is illustrated in Figures 33 and 34, for the example of the

root introduced in Figure 30.

Proof. Lemma 1V.24 shows that 5 admits the expression

st (B) = (Sja0Sa0-1° 55,0 (SjaSjm—1 - S52) -+ (S0 Sige—1* Sjc1) (tm(B))

We can obtain a list including all the ~ for which R(3,~) cuts 3+ by replacing t,,(5)
with a positive expression for § and truncating the full expression, by Theorem II1.21. The
two different bullet points in the statement of the corollary come from whether we truncate
within the positive expression for ¢,,(3) or in the portion shown in Lemma IV.24.

In the first case, having chosen a particular reflection in the positive expression for 3,
let 7 be the truncation there, so that 7 cuts . Then by Lemma IV.24, truncating the
expression for § at the corresponding point produces the root str,,(7) = 7. The fundamental
roots of R(j3,7) are obtained by stretching the fundamental roots of R(3,7), so 8+ is not a
fundamental hyperplane and is cut.

The second case considers a truncation of the form

5t0m(B8) = (5500550017 55,0) (Sja1 5017 55.2) == Sjq Siiap—1 7 Sjar1(Qg)

for any 0 < p’ < cand p'+1 < g < gy. Let p be the smallest index such that ¢ < ¢,+ (p'—p);
note that our constraints on ¢ force 0 < p <p'. Then let r =q— (g1 +p' — (p — 1)). By
assumption, ¢,—1 + (p' — (p—1)) < ¢ < ¢, + (p) —p), so 0 < r < m,. Then we claim that
this truncation is equal to .

We can verify this by carefully working through the blocks of reflections defining the
truncation. In this argument, we will be working entirely with reflections and roots supported

on the tail, where the roots are quite simple. Every such root has the form
Q5 + Q5 z41 + ...+ Oy

Applying s;j -1 or sj,41 to this root adds a1 or a;,1, respectively, while applying s; ,

or s;, removes o, or a;, respectively. All other simple reflections have no effect.
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Figure 33: The first part of the list of roots produced by Theorem IV.25, where [ is the root
appearing in Figure 30. These are obtained by stretching the roots cutting Bl.

1)



Figure 34: The second part of the list of roots produced by Theorem IV.25, where (3 is the
root appearing in Figure 30. These are the roots which do not arise from stretching, which
are supported only on the tail; the support of each is bolded. This list depends only on the
tuple of stretch factors m.
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With these rules in mind, we first compute

Sjay Siay—1""" Sjat1(Qig) = Qjg + Qg1+ ..+ Qg -

Then, we apply the block of reflections Sjsay_ySjay_y—1" " Sip'- If ¢ > qy—1 + 1, then these
reflections are all too far to the left have an effect. On the other hand, if p’ < ¢ < gy_1+1,
these reflections have no effect until we apply s,_1, producing a;,—1 + ... + Qg At which
point they continue to have no effect.

Similarly, we then apply the block of reflections Sy _oSiay_o—1" " Sjip/—1- Ifqg—1>
¢y -2 + 1 (in particular, if ¢ > g1 + 1), the reflections are all too far to the left to have an
effect. But if ¢ — 1 < ¢y_o + 1 (that is, ¢ < gy_2 + 2), the reflection s,_, will add «a;,—2 to
our root and then the others will have no effect.

In general, when we apply our ath block of reflections, we check whether ¢ < g,_, + a.
If it is not, we know that all remaining reflections are too far to the left to have any effect.
If it is, then applying that ath block will augment the intermediate root obtained thus far
by adding support at one more vertex on its left end. If p is the smallest index such that

q < q,+ (p) — p), then we will perform (p’ — p) such augmentations. The result is
Qjg—(p'—p) T Vg —p)+1 + -+ g, -

which is exactly v, , for the chosen values of p, p', and 7. m

IV.5: Downsets in stretched root posets

We conclude this section by returning to the general case of stretching (allowing R; # @
again) and descibing how stretching affects a different structure: the root poset. Although
the material of this section isn’t directly relevant to the discussion of shards or representation
theory elsewhere in this thesis, it is still a window into how stretching affects root systems
and positive expressions.

Again, an underlying goal here is to find analogs of the behavior of the type A root posets
in the general setting of stretching. Usually, the root system str,,(®) will be infinite, so in

order to carve out finite pieces of interest, we consider downsets defined by stretched roots.

Definition IV.26. For a positive root 3, the downset generated by [ is

1B={yed"|y<p}
In the A, root poset, there is a unique maximal root oy + ...+ «a;,, which can be viewed
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as str,_1 (1), the stretch of the unique positive root of A;. The rest of the root poset is then
the downset generated by this root. Accordingly, for general root systems with elastic data,

we consider downsets | str,,(5). We’ll prove the following result:

Theorem IV.27. Let 8 be a positive root. Then there is a polynomial p(m) such that

# Lstrp,(8) = p(m)

for sufficiently large m.

We'll do this by constructing a single, finitely specified structure which describes | str,,(3)

for all sufficiently large m.

Example. Consider the D, root systems. Each of these also has a unique maximal root,

given by stretching the maximal root S for Dy:

1
) 2= —2—1
Thus the entire root poset for D, is of the form |str,_4(3).

The roots of D,, for any n fit a finite list of patterns. For example, anything of the form

1
\27...72717...7171

1/

is a root. We can compactly describe the roots of this form with the notation

~
—

2 —1*— 1

using an asterisk on a coefficient to mean that it can repeat any nonzero number of times.
(We distinguish the rightmost vertex because it is not part of the stretched path.) Then we
can write down a list of expressions like this which describe the roots of every D,,, show in
Figure 35.

In general, however, describing downsets is not quite as simple as allowing values to
repeat freely on the stretched path. For example, the downset of the top root in Figure 36
contains roots of the form on the left but not those of the form on the right, as suggested by
Figure 27.

Thus, to describe downsets using patterns as in Figure 35, we need our patterns to allow

for some values at the ends of the stretched path to not repeat.
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1 0/1 _
\*7 \*7 * /1*701
T —1 o 0/1 0/1 /
0/1 0 0
~1r=0"—0 —o0r—1*-0/1 o0 —1
0/1 0 / 0
0 1 0—
0 —1"—0"—0 0 —0 ~0r—0
0 0 1

Figure 35: The roots of D, are precisely the combinations of simple roots which fit these
patterns.

i>5— —5 ’
1 SR
in downset I ._not in downset
1 3 1 o 3
~~ — ~ —
e e

Figure 36: The downset of the top root contains roots of the form on the left, but not those
of the form on the right.

Definition IV.28. Let (3 be a integer-valued function on the vertices of some stretch of
G, together with a marking of some consecutive vertices on the stretched path by asterisks,
subject to the constraint that no adjacent asterisked values are the same.

Then the stretching class determined by § consists of all functions in L, Rst'm (&) wwhich
assume the non-asterisked values at the prescribed places, and which assume the asterisked
values along the stretched path in the prescribed order, each repeated any nonzero number

of times.

Note that Propositions IV.4 and IV.5 imply that if one element of a stretching class is a
root, they all are, so we can also think of stretching classes as subsets of | | str,,(®).

As we denote individual roots by Greek letters, we denote stretching classes by barred
Greek letters, such as 3. We denote the set of roots in  defined on a specific stretch
str,,(G) by B[m]. We emphasize that, despite this name and notation, stretching classes are

not equivalence classes, since they can intersect nontrivially.

Example Start with D, and let 3 be the stretching class
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class left neighbor class right neighbors

internal vertex l

3 l 1
3 9* * 2%
; I (

[ right endpoint

left endpoint

Figure 37: An example of the terminology we use with stretching classes.

~

1 * *
Sy

Then j[3] consists of 3 roots for strz(D,) = Ds:

1
1>2—1—1—1—1
].\
22— 1—1—1
].\
 —2—2—2—1—1

In what follows we will consider how applying a reflection to a root affects the stretching
classes it belongs to. To do this, we need to distinguish whether this reflection is happening
on or off the path of repeatable values marked by asterisks, or at the path’s ends.

We will freely talk about the vertices and coefficients of a stretching class, by which we
mean the vertices and coefficients in the defining notation. In this language, we define the
left endpoint of a stretching class to be the leftmost vertex with an asterisk, and define
the right endpoint to be the rightmost such vertex. The internal vertices will be the
other vertices with asterisks. The class left neighbors will be the neighbors to the left of
the left endpoint, and we define the class right neighbors similarly. (Note that these may
differ from L; and R;, since in general not every vertex on the stretched path will have an
asterisk. If the set of class left/right neighbors is not L,;/R;, it will consist of a single other
vertex on the path.) We illustrate these terms in Figure 37.

We may also talk about reflecting at a vertex of a stretching class, which amounts to
applying that reflection to the defining notation as if it were an ordinary root on str,,(G),

ignoring the asterisks.
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| L
(1) 13 =4 1 =3 =4
1 3 1 3
8 _ 6 8 6
(2) 6;20*12* H6*20*12*
6 6
1 1 1 1
~ —~ ~
(3) 3—7_ —3—=T
—~ ~ —~
3 3 3 3
2 6 2 6
~ ~
211\%211\
5
(4) 5
R G BTN

5

Figure 38: The four operations we can perform on stretching classes which correspond to
reflections on their roots.

Finally, let j, be the left endpoint and let iy, ..., be the class left neighbors. Then the
weighted left sum of 3 is Z Amqﬁ(iq). Note that if j, = jo, this is the quantity S
from section IV.2, and otherwise it is 3(j,_;). We likewise define the weighted right sum.

Now fix a positive root . We iteratively construct a directed graph P whose vertices
represent stretching classes which, for sufficiently large m, describe | str,,(3). First, define
a stretching class * by placing an asterisk on the value of 3 at j, so that $* consists of the
stretches of 5. We make S* a vertex of P.

Then in each step of constructing P, for each of its vertices 7, we add arrows 7 — 7/,

where 7’ can be obtained from 7 by the following operations:

(1) Reflect at a vertex without an asterisk, such that its coefficient decreases.
(2) Reflect at an internal vertex, such that its coefficient decreases.

(3) If the weighted left (right) sum is less than the coefficient of the left (right) endpoint,

insert that sum with an asterisk as the new left (right) endpoint.

(4) If there is more than one vertex with an asterisk, reflect at the left /right endpoint such
that the coefficient there decreases. If the new coefficient on the left /right endpoint is
greater than or equal to the asterisked coefficient next to it, remove the asterisk from

the left /right endpoint.

Figure 38 shows examples of these operations.
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In each case, we don’t add the arrow if the operation results in a negative coefficient.

This allows for the construction of P to eventually stop, and we now show this happens.

Lemma IV.29. P is finite and acyclic.

Proof. We track the following tuple of numbers associated to a stretching class in lexico-

graphic order, from most to least significant:

e The sum of the weighted left and right sums.

e The sum of the coefficients at the left and right endpoints.

e The sum of all the coefficients.

We check that the operations used to define P can only decrease this tuple.

(1,2)

Operations 1 and 2 don’t lengthen the diagram, and they decrease one of the coeffi-
cients. Then either the first quantity decreases, or the first two stay the same while
the third decreases.

This operation leaves the class left /right neighbors untouched, but decreases the coef-
ficient at either the left or right endpoint, so it keeps the first quantity the same while

decreasing the second.

If the reflected coefficient on the left endpoint is greater than or equal to the asterisked
coefficient next to it, then it must also be less than the weighted left sum, or else the
reflection would not have decreased it. By removing the left endpoint’s asterisk, we

make it the sole class left neighbor, and so we have decreased the weighted left sum.

On the other hand, if we don’t remove the left endpoint’s asterisk, then the sum of
the weighted left and right sums stays the same while the sum of the left and right

endpoints’ coefficients decreases.

Thus P has no oriented cycles and (since we require every vertex to have all nonnegative

coefficients) no infinite paths. Since each vertex has only finitely many arrows emanating

from it, we also know P is finite. O

Now we show the main result of this section.

Theorem IV.30. Let the graph P be constructed from a root B as above. Let mqy be the
smallest value such that every stretching class in P with a single asterisk has an element
defined on stry,,(G). Then for m > mg+ 1,

Lstrn(8) = | 7lm]



We present each direction of containment as a separate lemma.

Lemma IV.31. Let 3, P,mg be as above, and m > mg + 1. Then

Vstra(8) € | 7lm]

yeP

Proof. Certainly str,,(/5) is in the latter set, because the first element we added to P in

defining it was the stretching class consisting of all str,,(5). We then show that, for any

cover relation 0’ < ¢ in the root poset, if § € Jycp7[m], then so is 0. Let 0 be a stretching

class in P which contains §. We claim that ¢’ belongs either to a stretching class obtained

by applying to 0 one of the operations used to define P, or to § itself.

We proceed by cases. Say that a coefficient of 9 is repeatable if it is represented by an

asterisked vertex in 8, and say that a repeatable coefficient is alone if it is the only coefficient

of § represented by that vertex (i.e., both of its neighbors in ¢ are different).

(0)

If ¢ is obtained from ¢ by reflecting at a repeatable coefficient which is not alone, and
it is not the furthest left or furthest right repeatable coefficient, then the reflection

there changes the quantities of repeated coefficients but not which ones appear:

l
.iaiaibi...

Thus ¢ is also in 0.

If ¢’ is obtained from § by reflecting at a non-repeatable coefficient, then ¢’ belongs to

a stretching class obtained by applying operation 1 above.

If we reflect at an alone coefficient other than the furthest left or furthest right repeat-
able coefficient, then ¢’ lies in the stretching class obtained by applying operation 2

above.

If we reflect at the furthest left or furthest right repeatable coefficient and it is not
alone, then ¢’ lies in the stretching class obtained by applying operation 3.

If we reflect at the furthest left or furthest right repeatable coefficent and it is alone,
then because m > mg + 1, 0 must have more than one coefficient with an asterisk.

Then ¢’ lies in the stretching class obtained by applying operation 4.
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Lemma IV.32. Let 3, P be as above. Then

U Alm] clstroa(8)

yeP

In particular, this second containment is true for all m.

Proof. We know that str,,() is the sole member of §*[m], and it is in | str,,(5). Then we
will show that, for each arrow 7 — § of P and § € §[m], there is some € 7 such that § < ~.

We check this for each of the four operations:

(1)

If § is obtained from 7 by a reflection at a non-asterisked vertex, then any root in &
is obtained from one in 7 with the same amount of each asterisked coefficient, just by

performing that reflection.

Suppose § is obtained from 7 by a reflection at an internal vertex where ¢ has coefficient
b, and let § € §[m]. If b is alone in &, then reflecting there will bring us up to a root
in 7. Otherwise, we know that some neighbor of b* in § must have a coefficient b > b,
or else b could not be smaller than the value of 7 at the same vertex. By repeatedly
reflecting at the instances of b which neighbor instances of ¢/, we decrease the number

of repetitions of b while moving up in the root poset:

ibibliblib/i

I

Thus we reduce to the case that b is alone.

Suppose that § is obtained from 7 by inserting the weighted (without loss of generality)
left sum, which we call b, as the new left endpoint, and let § € 6[m]. As in case (2), if
b is alone on the left end of the stretched path, reflecting there moves back up to an
element of 7, while if b is not alone, the next coefficient to the right on the path will

be larger, and we can move up the root poset to a case where b is alone.
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(4) Suppose that 0 is obtained from 7 by reflecting at the (without loss of generality) left
endpoint, resulting in the value b. Let a be the weighted left sum, and let ¢ be the
asterisked coefficient immediately to the right of b.

If ¢ < b, then by the definition of operation (4), b has no asterisk, so any § € 6[m]
has only one instance of b preceding c¢. Reflecting there returns us to a root in 7. If
¢ > b, b may appear multiple times in J; however, since ¢ > b, we can apply the same
reasoning as in cases (2) and (3) to move up the root poset to an element of §[m] with

only one instance of b, whereupon we fall back to the previous reasoning.

]

Thus we can describe | str,, () for sufficiently large m. We now derive the consequence
that # | str,,(3) is eventually polynomial in m.
First, we must deal with redundancy between our stretching classes, since they may

nontrivally overlap. Fortunately, those overlaps are also stretching classes.

Lemma IV.33. The intersection of two stretching classes is either empty, a single root, or

a stretching class.

Proof. 1f the classes assume different values off the stretched path, then their intersection is
empty. Thus it suffices to consider only the requirements the classes impose on the stretched
path and assume they agree elsewhere. It will clarify matters to introduce a slightly different
notation. For a symbol a and positive integer n, let a=" denote the set of words consisting
of at least n copies of a and let a™ denote the singleton set containing the word consisting
of exactly n copies of a. Then for multiple symbols a4, ..., a; and integers nq,...,ng, we

denote by

agZ)nlaéZ)NZ . .a’(CZ)nk

the set of all words obtained by concatenating words from these sets.

In particular, by collapsing together repeated values, we see that the sequences of values
which a stretching class allows to appear on the stretched path are described by an expression
of the form

>n >1 >1 > n n
ni Ne  ZNr41 > > >ns Mstl | Nk
Ay Qo Gy Qpyo Qg 105 "Gy ay,

in which no consecutive a;’s are the same.
For the sets defined by two such expressions to intersect nontrivially, their a; values

must be the same. In this case, we can find their intersection by computing it for each a;
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individually. We have

. L a®™ m=m
a " Na” =
g m#Em
!
>m m/ a™ mgm,
a="Na"” =

g m>m

> >m/ > !
aZ™ N 2™ = a_max{m,m}

Using these rules, one can check that intersecting two sets of the above form produces the

empty set, a singleton (if no a=™ terms remain), or another set of that form. O

The final step is to compute the size of a single stretching class, which is a straightforward

counting problem.

Lemma IV.34. Suppose B is a stretching class defined on str.(G) with ¢ asterisked vertices.

Then
m—c—|—€—1>

ol = ("

Example We return to the example following Definition IV.28, which featured a stretching

class B defined on stri(D4) with 2 asterisked vertices:

1

1>27...72717”.7171

An element of this class on a particular str,,(D,) is determined by where its coefficients

m—1+2—-1
2—1

Combining Theorem V.30 with the last two lemmas and the inclusion-exclusion principle

switch from 2 to 1, and there are m = ( ) ways of doing this.

allows us to conclude:

Theorem IV.35. Let a, P,mqg be as above. Let £ be the largest value such that there is a
stretching class in P with { asterisked vertices. Then there is a polynomial p(m) of degree
¢ —1 such that | | str,,(a)| = p(m) for m > mg + 1.

Again, this loosely generalizes the behavior seen in finite type, where the sizes of the A,
and D,, root systems (each of which can be realized as the downset of a single maximal,
stretched root) are given by quadratic polynomials. However, in more complicated infinite

type situations, it it easy for polynomials of higher degree to appear.
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CHAPTER V

Quiver Representations and Preprojective Algebras

We now review basic facts about quiver representations and Gabriel’s theorem from the
introduction and formally define the preprojective algebra. We additionally introduce two
important tools for working with the preprojective algebra which connect it to a root system:
reflection functors, which act on the dimension vectors of modules by reflections, and the
Crawley-Boevey identity, which relates the dimensions of certain Hom-spaces to the bilinear

pairing (, ) on the space containing the roots.

V.1: Quiver representations and path algebras

Definition V.1. A quiver () consists of
e a finite set @)y of vertices;

e a finite set (); of arrows, where each a is associated to two vertices, its source s(a)
and target t(a).

Definition V.2. Let k be a field. A representation M of a quiver () over k consists of:
e a k-vector space M; for each vertex i € )y, and
e linear maps M (a) : Myq) — My for each edge a € Q.

For example, a representation of the quiver e — e is simply a linear map between two
vector spaces.

Representations of a quiver also naturally form a category. We define a morphism be-
tween representations by maps on the level of vertices which are compatible with the maps

corresponding to the arrows.

Definition V.3. Let M and N be representations of a quiver (). Then a morphism
@ : M — N consists of maps ¢; : M; — N, for each vertex ¢ € ()y such that, for each arrow
a € (Y1, the square
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\, a \ (11)

o — o 2 —C

. _s(a)  tla) P

)

. C (o)
c (1

Figure 39: On the left is a quiver, where we have marked an edge a and its source and target.
On the right is a particular representation of that quiver over C.

M(a)
M@y — My

l‘ﬂs(a) lﬁat(a)

N(a)
Ns@) — Nia)

commutes.

This definition gives us a category Rep,(Q) of representations of @) over k.

V.1.1: Path algebras

At first, the notion of a quiver representation appears quite different from other notions
of “representation”. However, the category of representations of a quiver turns out to be
equivalent to the category of modules over a certain algebra called the path algebra. This
allows us to use preexisting tools of module theory to study quiver representations.

All modules will be left modules unless stated otherwise.

Definition V.4. Let ) be a quiver. A path in () is a sequence of arrows ay - - - asa; such that
t(a;) = s(a;41) for all i. We define the source and target of a path by s(ay---aza1) = s(ay)
and t(a,---asar) = t(as). A path can be empty, in which case it associated to staying put

at a vertex. We write e; for the empty path at vertex ¢, and say that s(e;) = t(e;) = 1.
Definition V.5. The path algebra k() consists of formal k-linear combinations of paths

in @), together with a multiplication on paths defined by concatenation:

(b - -b)(ag- - a1) == b+~ brag---ar t(ag) = s(br)

0 otherwise
In particular,
p tp)=i p s(p)=i
€ip = pe; =
0 otherwise 0 otherwise

It follows that the identity element of kQ is >, €i-
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Now we describe the equivalence between k()-modules and representations of @) over k.

First, given a kQ-module M, we must construct a representation of (). We associate to
vertex ¢ the vector space e; M. Now let a be any arrow. We note that, because a = ¢;q)a
as a path, multiplication by a maps e, M into ey, M, and in this way we define the maps
associated to the arrows of the quiver.

Conversely, given a representation M of (), we construct a k@-module. Let V :=
@z’er M;. Then we define a path a,---a; to act on V by sending every summand other
than M,(,,) to 0 and mapping M,y into My, with the composition M (ay) - -- M (ay).

Given a morphism ¢ of quiver representations, we define a map between the associated
k@Q-modules by @ier ©;. And given a map ¢ between kQ-modules, we define a map between

representations of () by restricting ¢ to each of the spaces e; M.

Theorem V.6 (| ). The above construction defines an equivalence between kQ-mod
and Rep,(Q).

Because of this equivalence, in what follows we will treat quiver representations and
modules over the path algebra interchangeably.

This equivalence shows us that Rep,(Q) is a well-behaved abelian category, with notions
of quotients, subobjects, kernels, cokernels, and direct sums. When we translate these notions
into the language of quiver representations, they’re generally described by applying the

notion to each vertex separately in a way that’s compatible with the arrows.

Examples.
e A subrepresentation N C M is a collection of subspaces N; C M, which are mapped
into each other by the maps associated to the arrows.

Consider the representation of e — e given by £ M k. This has 0 — k as a subrepre-

sentation, because the diagram

|

id

Z

[oN

l

vacuously commutes. On the other hand, £ — 0 is not a subrepresentation, because

-]

T O
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does not commute. In general, if a subrepresentation contains a subspace, it must
also contain everything “downstream” from that subspace — everything resulting from

applying arrow maps.

e A direct sum of representations M @& M’ associates to each vertex the space M; & M/
and to each arrow the map M (a) & M'(a).

On the level of matrices, this can be viewed as constructing a block diagonal matrix
for each arrow, built up from the matrices of the constituent representations’ arrows.
For example, the direct sum (k SN k) & (k SN k) & (k — 0) is given by

5 B8

V.1.2: Indecomposables and Gabriel’s theorem

The notion of direct sum is particularly useful for classifying representations: we can use it
to break them down into pieces. From this perspective, the important representations are

those which can’t be broken down any further.

Definition V.7. A representation M is indecomposable if it is not isomorphic to a direct

sum of two nonzero representations.

In addition to knowing what the indivisible pieces with respect to the direct sum operation

are, we need to know that we can express everything else in terms of those pieces.

Theorem V.8 (Krull-Remak-Schmidt | , Theorem 1.7.4]). Every representation of a
quiver is isomorphic to a direct sum of indecomposable representations, and this decomposi-

tion is unique up to isomorphism and reordering of terms.

We now recall from the introduction the definition of dimension vector and the statement

of Gabriel’s theorem.

Definition V.9. Let () be a quiver and let M be a representation over k. Let V be a
vector space over R with a distinguished basis («;)icq, indexed by the vertices of (). The
dimension vector of M, denoted dim M, is the vector Zier (dimy M;)e; € V.

Theorem V.10 (| 1. e A quiver is of finite representation type if and only if,
ignoring orientation, it is one of the simply laced finite type Dynkin diagrams (A,, D,,

Es, E;, or Eg) or a disjoint union of same.

e In this case, the map M + dim M gives a bijection between isomorphism classes of
indecomposable representations and positive roots of the associated root system, where

«; 18 the simple root associated to vertex i.
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F %
E; %
e

Figure 40: The simply laced finite type Dynkin diagrams. Gabriel’s theorem states that the
quivers of finite representation type are exactly those obtained by orienting these and taking
disjoint unions.

V.2: Preprojective algebras

As noted in the introduction, an interesting aspect of Gabriel’s theorem is that the connection
between a root system and representations of a quiver does not depend on that quiver’s
orientation. The fullest picture of this connection will come from somehow considering all
of the quiver’s orientations at once.

We accomplish this by constructing a particular algebra associated to a Dynkin diagram
called the preprojective algebra which, for any orientation ) of that diagram, has k(@) has a

quotient.

Definition V.11. Let G be a graph. Construct a double quiver G by replacing each edge
with a pair of arrows going opposite directions, and for any arrow a let a* be its reversed
partner. Choose a map sgn : G; — {#1} such that sgn(a*) = —sgn(a). The preprojective
algebra Il is the quotient of the path algebra kG/(c), where (c) is the two-sided ideal
generated by

While this definition includes an arbitrary choice of sgn, different choices will produce
isomorphic algebras | , Lemma 4.9].

The above is the most concise form of the defining relation, but we can clarify it a bit by
noting that each term a*a or aa* is a path which begins and ends at the same vertex, and

we can isolate all the terms which begin and end at ¢ by multiplying e;ce;. Quotienting out
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by c is then equivalent to quotienting out by all the e;ce;. We have

Modules over I can be identified with kG-modules on which the elements of (c) act by 0.
Thus we can view modules over Il as representations of G in which certain combinations
of maps are zero. Specifically, our expression for e;ce; shows that, for each vertex, we want

a signed sum of the “out-and-back” maps originating from that vertex to be 0.

Examples.

e Let G be the D, Dynkin diagram.

>

Suppose we define the sgn map on the double quiver to send rightward arrows to +1

and leftward arrows to —1. Then a IIp,-module can be viewed as a representation

Vi ]
X
N c*

B el

/v c

v b

subject to the relations
a*a =0 = —cc* = —aa* —bb" +c'c=0

e For any graph GG, we can define the following modules:

Definition V.12. Let S; be the IIg-module which assigns a 1-dimensional space to
vertex ¢ and 0 spaces elsewhere (so that all maps are 0). This is the simple module

at 1.

These are simple objects in the category of Ilg-modules, and will play an important

role throughout the rest of the thesis.
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Figure 41: On the left is a IIp,-module which is not a representation of any orientation of
D,. On the right is an exploded view.

e Suppose Q) is a quiver with underlying undirected graph G, and let M be a represen-
tation of Q. We can view M as a representation of the double quiver G by assigning
the maps of @ to their corresponding arrows in G and assigning 0 maps to all other ar-
rows. This satisfies the relation defining the preprojective algebra: for any two paired
opposite arrows in G, one of them will act by 0, and so each term in the relation will
individually be 0. Thus the category of II-modules includes all representations of any
orientation of G. On the other hand, there exist IIg-modules which can’t be realized

in this way, such as the example in Figure 41.

Usually, the IIg-modules we consider will be representable in a suitable basis by fairly
sparse matrices with entries 0, 1, and —1. In this case, we can visualize the representation
more clearly by tracking the individual basis elements, in a format we call the exploded
view. We construct a directed graph with vertices corresponding to basis elements of the
spaces constituting the representation, labeling each basis element of V; by 7. Then if one of
the maps of the representation sends v to cyw; + cows + ... + ¢,w,, we draw arrows from v

to wy, ..., w,, labeling the arrow to w; by ¢; if ¢; # 1. This is illustrated in Figure 41.

V.2.1: Duality

As is usual in math, we’d prefer to make half as many arguments, and a duality operation

on Ilg-mod allows us to do this. Define a contravariant functor D : Ilg-mod — IIg-mod by
DM := Homp, (M, k)

which we equip with the structure of a Ilg-module by defining, for any arrow a € Gi,
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As a quiver representation, DM is obtained from M by setting (DM ); := M/ and letting
DM (a) be the adjoint map M (a*)*. There is a natural isomorphism D(DM) = M, so
D is a duality of categories. In particular, D establishes bijections between injections and
surjections, between projective and injective objects, etc. which we will use freely in what

follows.

V.2.2: Reflection functors

Two crucial tools illuminate the connection between preprojective algebras and Coxeter
groups. First, to each vertex ¢ of G we associate a pair of reflection functors Eii :
[Ig-mod — Ilg-mod which, on the level of dimension vectors, mostly act by reflections.
These were originally introduced by Baumann and Kamnitzer in | |, based on similar
functors defined for path algebras by Bernstein, Gelfand, and Ponomarev in [ ].
Given a [Ig-module M, we consider the direct sum over the vertices adjacent to ¢ (multiply

counting vertices with multiple edges to 7).

M@i = @ Mj

arrows
. a .,

j—>i

We then define a map M (7,in) : My, — M, by combining the maps sgn(a)M (a) : M; — M,
for each arrow j % i, and a map M (i,out) : M; — Mp; by combining the maps M (a*) :
M; — M; for each such arrow. Crucially, the relation defining the preprojective algebra is
equivalent to the composition M (i,in) o M (i,out) being 0. (So from one perspective, the
preprojective algebra is defined the way it is because that’s precisely what we need to make
the tools of this section work.)

Then we define a new module X} (M), first on vertices by

ker(M(i,in)) j =1

M

S (M) = o
j J#FI

To define the maps associated to arrows pointing in and out of a, it’s equivalent to define
Y7 (M)(i,in) and X (M)(i, out):

e We say X (M)(i,out) : ker(M(i,in)) — Mp; is simply the inclusion of the kernel, so

the individual maps out of ¢ are given by projection to the summands of Mjy;.

e Then note that, because M (i,in)o M (i,out) = 0, the composition M (i, out)o M (i,in) :
Mp; — Mpy; takes values in ker(M (i,in)). So we take this to be 37 (M)(7,in).
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Finally, any arrow not incident to 4 is assigned the same map by ¥} (M) as it was assigned
by M.
The definition of 3; (M) is dual, in the sense that X; (M) := DX (DM). Explictly, we

can define it on vertices by
coker(M(i,out)) j =1
M; JF#i
And to define the maps pointing in and out of i:

o We say X (M)(i,in) : My; — coker(M (i, out)) is the quotient map to the cokernel, so

the individual maps into ¢ are given by applying this map to the summands of Mjy;.

e Because M (i,in) o M(i,out) = 0, the composition M (i,out) o M (i,in) : My, — Ms;
factors through a map coker(M (i,out)) — Mpy;. So we take this to be ¥ (M)(7, out).

We can tersely summarize these definitions by insisting that the following diagram com-

mutes:

¢
M ——— M s M, S My, ————— M,

M (i,0ut) M (4,in) y M (4,in)
2T (M)(4,in) 2 (M) (i,0ut)
SHM); in)

v
;= ker(M (i,
Here the upper left and lower right arrows are the natural projection and inclusion, respec-
tively. The dotted arrows factor M(i,in) (respectively, M (i,out)) through coker(M (i,out))
(respectively, ker(M (i,in))), and their existence follows from M (i,in) o M (i,out) = 0. In

particular, we can also define natural maps ¥, (M) LNy L Y7 (M) by the dotted arrows
at vertex i (and identity maps elsewhere).

We can also verify from this diagram that the relation defining the preprojective algebra
is still satisfied by X7 (M) and ¥ (M). We have (M) (i, out) o X (M) (4,in) = M (i, out) o
M (i,in), which shows that for any arrow j - 4, the map attached to a*a is unchanged. We
can also check directly from definitions that (M) (i,in) o (M) (4, out) = 0.

We’d like reflection functors to “reflect” in the following senses: they should undo each
other, and, since we can interpret dimension vectors as belonging to the space spanned by
simple roots, they should act as reflections on the level of dimension vectors. These aren’t

quite true, but they are once we restrict attention to a subcategory.
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Recall that S; is the simple representation from Definition V.12. Let NoQuot, be the full
subcategory of Ilg-mod consisting of modules which do not have S; as a quotient module,
and let NoSub; be the full subcategory of modules which do not have S; as a submodule.
Note by unwinding definitions that M € NoQuot, is equivalent to M (7,in) being surjective,
while M € NoSub; is equivalent to M (i, out) being injective.

Proposition V.13 (| , Proposition 2.5]). (1) The functors ¥} : NoQuot; — NoSub;

and X; : NoSub; — NoQuot, are inverse equivalences of categories.
(2) For M € NoQuot,, we have dim X (M) = s;(dim M).
(3) For M € NoSub;, we have dim 3, (M) = s;(dim M).

We briefly note why (2) (and, dually, (3)) are true: since M € NoQuot, means that
M (i,1in) is surjective, the dimension of X} (M); := ker(M(i,in)) is given by subtracting the
dimension of M; from the dimensions of neighboring spaces. This is exactly reflection at
vertex 1.

Finally, while membership in NoQuot, implies nice properties of ¥, it also has a conse-

quence for ;.

Lemma V.14. (1) For M € NoQuot;, the map f; : X (M) — M defined using the

dashed arrows in the above diagram is surjective.
(2) For M € NoSub;, the map f;7: M — ¥} (M) is injective.

Proof. (1) Since M € NoQuot,, the map M (i,in) : My; — M; is surjective. Adding this

information to the above commutative diagram, we get

¥ (M),
E;(MV (fv_)‘wxi,out)
Mai - » i > Mai

M (i,0ut)

Looking at the left triangle, we see that (f;); is also surjective. Since the map f; is

given by isomorphisms at every vertex other than ¢, it is surjective overall.

(2) This proceeds dually to the proof of part (1).
[

If a module is in both NoQuot, and NoSub;, these maps complete to exact sequences,

which will form the base case of a much more general result in Chapter VII.
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Lemma V.15. If M € NoQuot, N NoSub;, then:

(1) There is an eract sequence

0 — SE(erdmM) 9 vy Joy s
and the map g is universal in the following sense: given any map h : S; — 3. (M),

there is a unique map h : S; — S?_(ai’@M) such that h = g o h.

(2) There is an exact sequence

- i, dim
0— M L5 sF(hr) & gPlondimd) g
and the map g is universal in the following sense: given any map h : ¥F (M) — S;,
there is a unique map h S?_(ai’@M) — S, such that h ="hog.

Proof. (1) By the previous lemma, since M € NoQuot,, we know f; is surjective. Then
since M € NoSub;, we know by Proposition V.13(3) that

dim %; (M) = (dim M) — (o, dim M)a;

so the kernel of this map has dimension vector —(«;, dim M )«;, which forces it to be
S@—(ai,@M)
Then consider an arbitrary h : S; — X (M). Because M € NoSub;, the composition

fi o h must be 0. The claimed universality then follows from the universal property

of kernel.

(2) This proceeds dually to the proof of part (1).
O

We end this section by noting that, although we gave an ad hoc definition of reflection
functors above, they can also be described in terms of common module operations. Let
I; C Ilg be the annihilator of S;. Since any path other than the stationary path e; will
pass through some other vertex and act by 0 on 5;, I; is just the space spanned by paths
other than e;, which we can also realize as the two-sided ideal I1g(1 — ¢;)II. Note that I;
may be an infinite-dimensional IIg-module; this requires caution under the hood in some

homological proofs but does not meaningfully affect anything we do here.

Lemma V.16 (| , Remark 2.4(iii)]). The functors ¥ (—) and X; (=) are naturally

isomorphic to Homy,, (I;, —) and I; ®n, —, respectively.
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One nice feature of this lemma is that it allows us to simply describe the derived functors
of ¥ and 3; — they are EX’C{TG(L, —) and Tor?G(Ii, —). In the next section, we’ll say a
little more about the properties of these functors.

V.2.3: Crawley-Boevey’s identity and other homological properties

The second tool for connecting preprojective algebras with Coxeter groups comes from their
homological properties. In what follows, all Hom and Ext functors are computed in the

category of Ilg-modules unless stated otherwise.

Proposition V.17 (| , Lemma 1]). For any M, N € Ilg-mod,
dimy, Hom(M, N) — dimy, Ext' (M, N) + dimy Hom(N, M) = (dim M, dim N)

where (—, —) is the symmetric bilinear form associated to the Cartan matriz of G.

Closely related is one of the few ways in which the preprojective algebras of infinite-type

Dynkin diagrams are actually better-behaved than in the finite type case:

Proposition V.18 (] , Proposition I1.1.3(c)]). Suppose G is not one of the finite
type Dynkin diagrams. Then for any two Ilg-modules M, N and i € {0,1,2}, we have an

isomorphism of vector spaces
Ext’(M, N)* = Ext* (N, M)

We say that in this case the category of II5z-modules is 2-Calabi-Yau. We won'’t need
the full force of this property in this thesis, and will be satisfied with the following weaker

fact which holds for all preprojective algebras:

Proposition V.19. For any Ilg-modules M and N, there is an injective map Ext?(M, N) —
Hom(N, M)*.

Proof (sketch). The proof of Proposition V.17 in | | involves constructing the start of a
projective resolution
PP —-F—M-—0

and then showing that the cokernel of the map Hom(P;, N) — Hom(FP,, N) is isomorphic to
Hom(N, M)*. The homology of Hom(P,, N) in degree 2, which computes Ext*(M, N), is a
submodule of this. O

Based on the properties above, we’ll use the following facts about reflection functors.

98



Lemma V.20. (1) &} is left exact and ¥} is right ezact.

(2) If M € NoQuot,, then Ext'(I;, M) =0; if M € NoSub;, then Tor,(I;, M) = 0.

(8) As long as i is not an isolated vertex of G, Ext'(I;, S;) = Tory (I, S;) = S;.

Proof. (1) This is the case for all functors defined by Hom and ® as the reflection functors

(2)

are.

We can apply Hom(—, M) to the exact sequence
0= —=1lg— 95 —0
and get an exact sequence
Ext!(Ilg, M) — Ext'(I;, M) — Ext*(S;, M) — Ext*(Ilg, M).

Because Il is projective, the end terms are 0, so Ext'(I;, M) = Ext?(S;, M).
Now suppose M € NoQuot,. By Proposition V.19, Ext*(S;, M) C Hom(M, S;)* = 0.
The second half of the result follows from duality, by applying the first half to DM.

Choose an arrow j — 4, and consider the IIg-module M, which assigns 1-dimensional
spaces to 7 and ¢, the identity map to a, and 0 spaces and maps elsewhere. Likewise

define M,+ using ¢ “, j. We have a short exact sequence
0—=S5 =M, —S;—=0
Applying ¥, we get a sequence
0—0—S; = My — Ext'(I;, S;) — Ext'(I;, M,)

By (2), the last term is 0, which implies the result for Ext'. To see the result for Tory,
instead apply X; to 0 = S; — My — S; — 0.
m
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CHAPTER VI
Shard Modules

In the previous chapter, we introduced Gabriel’s theorem, which gives a correspondence
between indecomposable representations of a finite type quiver and reflecting hyperplanes
of the corresponding root system. In this chapter, we refine this correspondence to one
involving the preprojective algebra on one side and shards on the other. It’s not realistic
to classify all indecomposable modules of the preprojective algebra even for most finite type
Dynkin diagrams, so we need to limit our focus to a more specific class of modules: we start
by introducing the class of bricks, which suffices for the finite type case, and then add a
couple technical conditions to the general case which define the class of shard modules. At
the end of the chapter, we demonstrate this correspondence in the case of the A,(ll) Dynkin

diagrams, which are in some ways the simplest diagrams which are not finite type.

VI.1: Stability and bricks

VI.1.1: Stability

Throughout this chapter, G is a Dynkin diagram with n vertices, ® is the associated root
system, and V' is a vector space containing both roots of ® and dimension vectors of Ilg-
modules, as in the setting of Gabriel’s theorem. We will identify V' = R™ using the basis of

simple roots, and likewise identify V* = R"™ using the dual basis.
Definition VI.1. Let # € V*. A Ilg-module M is #-semistable if:
e (0,dim M) =0, and
e (,dimN) >0 forall NC M

We could equivalently replace the second condition by requiring (6, dim N) < 0 for all
M — N.
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Example. We consider the quiver representation M := k Lkasall A,-module by letting
the leftward arrow act by 0. M has dimension vector ay + ap, and its only proper subrepre-
sentation is 0 — k, which has dimension vector ay. Thus, for = (0, 6,), M is #-semistable
if and only if 8, + 65 = 0 and 6, > 0.

This concept of stability was introduced by King | ], originally in the context of
constructing moduli spaces of representations up to isomorphism. King’s intent was to
consider, for a fixed 6, the collection of #-semistable modules, and construct an appropriate
moduli space classifying them.

However, it turns out to also be interesting to fix a module M and consider the set of all
weights 6 for which it is semistable. We refer to this as the stability domain of M, and
denote it by Stab(M). For example, the ray of points (0, 6;) satisfying the two properties
in the above example is the stability domain of the module considered there.

In general, although M may have infinitely many non-isomorphic submodules, they will
only have finitely many dimension vectors among them. So Stab(M) is defined by one linear

equation and a finite list of linear inequalities, and it is a polyhedral convex cone.

VI.1.2: Bricks

Definition VI.2. An object M in a k-linear category is a brick if End(M) is a division
algebra.

A brick is indecomposable, because any decomposable module M; & M, admits a nonin-
vertible endomorphism given by projection to a summand. However, not all indecomposable

modules are bricks.

Example. We consider 114, (with sgn(a) = 1 for the rightward arrows). Let M be the

following module:

We can also visualize M with an exploded view:

1/2\3
KQ/

We claim that M is indecomposable. It cannot have a simple module S; as a summand,

because this would consist of a 1-dimensional subspace at some vertex which is annihilated
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by all arrows, which does not happen. Instead, a nontrivial decomposition would need to
consist of modules with dimension vectors (1,1,0) and (0,1,1). But if this were the case,
the images of the two inward-pointing arrows would be distinct, a contradiction.

On the other hand, M is not a brick. This is easiest to see in the exploded view. M has
Sy as both a quotient (the quotient by the submodule spanned by the top 3 basis elements

in the picture) and a submodule (spanned by the top basis element):

2

2
Sy as a quotient S5 as a submodule

Putting these together, we get a map M — Sy — M which is nonzero but not invertible.
Despite this discrepancy, from the perspective of stability, bricks are the fundamental

building blocks of interest in the following sense:

Proposition V1.3. Let M be a llg-module and let o : M — M be an endomorphism. Then
Stab(M) = Stab(ker(¢)) N Stab(im(y))
Proof. First, suppose that M is #-semistable. The exact sequence
0 — ker(¢) = M — im(¢) — 0

implies that
(0, dim M) = (0, dim ker()) + (¢, dim im(¢))

By the definition of semistability, the left side is 0 while the terms on the right are both
nonnegative, and thus also 0. Additionally, any submodule N of ker(y) or im(y) is also
a submodule of M, implying (f,dim N) > 0. This shows that ker(¢) and im(y) are both
f-semistable.

Conversely, suppose ker(¢) and im(yp) are both #-semistable. Then both terms on the
right of the above equation are 0, so (f,dim M) = 0 as well. If N C M is any submodule,

we have an exact sequence
0— Nnker(p) > N — ¢o(N) =0
which implies that
(¢, dim N) = (0, dim(N N ker(p))) + (6, dim o(N)).
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The assumption that ker(yp) and im(yp) are @-semistable implies that both terms on the
right are nonnegative, so the left side is also nonnegative. This shows that M is also 6-

semistable. O

In particular, since any nonbrick admits an endomorphism with nontrivial kernel and
image, its stability domain can be expressed in terms of those smaller modules. Thus we’re

primarily interested in the stability domains of bricks.

V1.2: Bricks and shards: the finite type case

The bricks of I admit a classification similar to the classification of indecomposables of the
path algebra given by Gabriel’s theorem. Now, instead of positive roots being on the other

side, we use shards.

Theorem V14 (| , Theorems 5 and 6]). Let G be a simply laced finite type Dynkin
diagram: A,,, D,, Es, E7, or Eg. Then the operation Stab(—) gives a bijection between

bricks of llg and shards of the reflecting hyperplane arrangement associated to G.

Examples. Let G = e —e. Then Il; has four bricks:

1 0
E—=0 0=k EZ2Zk kZ=k
0 1

The stability domains of these bricks are, respectively,

{(z1,22) [ 21 = 0}

{(z1,22) [ 22 =0}

{(z1,23) | x1 + 22 = 0 and 25 > 0}
(w1, 22)

{(z1,23) | x1 + 22 = 0 and 27 > 0}

These are exactly the shards of the A, reflecting hyperplane arrangement. We can see this
in the plot in Figure 42. Note that this plot is viewed in the basis of simple roots, obscuring
the symmetry of the Ay root system, but a suitable change of coordinates will restore the
symmetry.

More generally, let G be the A,, diagram. Consider the unique root oy, supported on all

vertices:

1—1—-—1
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0=k
\ D

0
k=k Q3 Q5
1

Figure 42: On the left, the stability domains of bricks of I14,. The base region D used to
define shards is shaded. Note that the domains are plotted in the basis of simple roots,
obscuring the symmetry of the A, root system; a suitable change of coordinates produces
the more typical picture on the right.

Then choose any tuple a € {+,—}""!, which we use to define a IT4, -module M, with
dimension vector o ,. We assign a 1-dimensional space to each vertex, and for each edge
we pick one arrow to act by the identity and one to act by 0. If the jth sign in a is +, we
pick the rightward of the arrows along the jth edge to be the nonzero map, and if the sign

is —, we pick the leftward arrow. For example, the II4,-module M_, is given by
o 1 1
Ek=2k=2k=k.
10 0
which we typically depict by omitting the zero maps:

k—k—k—k

This is a brick: an endomorphism amounts to multiplication by a scalar at each vertex, and

the requirement of commuting with the arrows implies that all these scalars are the same.
It’s also straightforward to compute the stability domains of these modules. Pick any

edge: then if its nonzero map points left, the spaces to the left of the arrow form a submodule,

while if the nonzero map points right, the spaces to the right of the arrow form a submodule:
[k k—k—k k—k—pk— k| ke k—k k]

Thus, for (z1,...,x,) € Stab(M,), we must have

Tiy1 + Tizo+ ...+ 2, >0ifa, =+
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Finally, we note that, combined with the condition x1+...+x, = 0, the former inequality is
equivalent to ;4 1+ x40+ ...+ 2, < 0. While M, has other submodules, it’s straightforward
to check that any further inequalities they impose on the stability domains are implied by
these ones.

But now we recall from the example following Theorem I11.25 that this list of inequalities
is exactly of the form required to specify a shard of the hyperplane ain. Thus each of these
stability domains is a shard. In particular, since there are 2"~! choices of tuple a, and 271
shards of afn, by Theorem VI.4 this is a complete list of bricks of dimension aj,,.

One point to emphasize is that, in this case, there is a more fine-grained correspondence
between the signs of linear inequalities defining a shard and the orientations of arrows defining
the associated brick, both of them summarized by the sign vector a. While the behavior of
the A, case is unusually nice in this regard, it will serve as a model for our study of the
structure of bricks in Chapter VIII.

VI1.3: Shard modules

It would be great if we could generalize Theorem V1.4 to graphs beyond the finite type
Dynkin diagrams. However, there is a simple reason why the correspondence fails. Consider

the example of the Agl) diagram

The root system is easy to describe — labeling the vertices 1 and 2, each root is obtained by
applying an alternating sequence of s; and s, to ay or as. Direct computation then shows
that each root has the form noy + (n £ 1)as.

On the other hand, we can specify a representation of II A0 by giving a representation of

the quiver @ = o and defining the backward maps to be 0. The representation

kE=k
0
is certainly a brick.

However, its dimension vector a; + ai is not a positive root! In particular, its stability
domain must lie in the hyperplane z; + x5 = 0: this is not part of the reflecting hyperplane
arrangement of Agl), and can’t contain a shard.

So in order to establish a correspondence like Theorem VI.4, we need to restrict the class
of modules we're looking at. As the above example shows, one necessary condition is that

the dimension vector is a root.
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Definition VI.5. A real brick! is a brick of II; whose dimension vector is a root of ®.

This definition looks somewhat contrived as-is, but real bricks admit both a useful recur-
sive description and a natural categorical one.

First, we can build up real bricks using reflection functors. Recall that, while reflection
functors can be defined for arbitrary Ilg-modules, they give equivalences NoQuot; <> NoSub;.
Thus we’ll usually want to ensure that the input to the reflection functor 3 (respectively,
¥7) is in NoQuot, (respectively, NoSub;)?

Definition VI.6. An expression
2;‘7 . ~~Ei1(M)

is well-behaved if, for 1 <r </,

NoQuot, +; =+
DTt DE(M) € Quot;,
NOSUbZ‘T :l:iT = —
Such expressions have nice properites which follow from repeated application of Propo-

sition V.13. And it turns out that they give another way to describe real bricks.

Proposition VL.7 (| , Theorem 5.1]). Let 8 be a positive root and let s;, - - - s;, ()
be a positive expression for 5. The bricks with dimension vector B are precisely the modules

given by well-behaved expressions Zie e Eil(S,-O).

We refer to | ] for the proof, but we note here why such an expression gives a
brick with dimension vector §. By Proposition V.13(2) and (3), the reflection functors all
act on the dimension vector by reflections, so the dimension vector of the full expression is
Si, - -+ iy (0uiy) = B. And by Proposition V.13(1), the reflection functors can all be treated as

equivalences of categories, so

I

End(Z; -+ S51(S;,)) = End(S;,) = k

This last observation is important to the following chapter, so we frame it as a lemma.
Lemma VL.8. If M is a real brick, then End(M) = k.

In general, if k£ is not algebraically closed, the endomorphism ring of a brick could be

some other division algebra over k.

INot to be confused with the building material, which we refer to as an actual physical literal brick.

4 | deals with this by simply defining Z;r and X; to take inputs in NoQuot,; and NoSub,, respec-
tively, and declaring them to be ill-defined otherwise. However, at one point later we will want to apply a
reflection functor to a module outside of the appropriate subcategory.
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On the other hand, part of what makes real bricks interesting is that they admit a

description that isn’t obviously combinatorial.

Proposition VI.9 ([ , Proposition 4.14]). A brick B is real if and only if Ext'(B, B) =
0 (in which case the brick is also called rigid).

Again, we explain the “only if” half of this statement and refer to | | for the other
half. Let B be a real brick, which by Proposition VI.7 has the form Zi" - 271(S,,). By
Crawley-Boevey’s identity (Proposition V.17), we know that

2 dimy, Hom(B, B) — dimy Ext' (B, B) = (dim B, dim B)

On one hand, Hom(B, B) = k by Lemma VI.8. On the other hand, since dim B is a root,
(dim B, dim B) = 2. Inserting these values on both sides of the identity implies Ext' (B, B) =
0.

A second simple necessary condition for the stability domain of a brick to be a shard is
that the stability domain must be big enough. By their definition as regions of a hyperplane
arrangement in an (n — 1)-dimensional space, shards are cones of dimension n — 1. The
stability domains of the modules we consider are also cones in an (n — 1)-dimensional space,
but in principle, the inequalities defining a stability domain could cut it down to a smaller

dimension. Thus we impose one more condition on bricks.
Definition VI.10. A shard module is a real brick with stability domain of dimension

n — 1.

V1.4: Shard modules and shards: the general case

Having imposed two straightforwardly necessary conditions on bricks to define the class of

shard modules, it turns out that those conditions are all we need to generalize Theorem VI.4:

Theorem VI.11 (| , Theorem 5.7]). The operation Stab(—) gives a bijection between

shard modules of Il and shards of the reflecting hyperplane arrangement associated to G.

The key step in proving this theorem is to observe how reflection functors affect stability

domains. The answer lies in the operations

o (K) = si(K N {z € V* | {z,0;) > 0})

o, (K)=s;(KN{x e V| (z,q;) <0})
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which we previously defined in order to state Theorem I11.25. The most general form of this
relationship is expressed by the following lemma (and a dual counterpart), which we will use

later.

Lemma VI.12 (| , Lemma 5.6]). Let 5 and 3 be positive roots with f = s;5'. Let B’

be a brick of dimension B’ in NoQuot,. Then
o, (Stab(B')) = Stab(X; B") N {0 : (0, ;) < 0}

In the context of a positive expression, this statement becomes cleaner:

Lemma VI.13 (] , Proposition 5.4]). In the context of the previous lemma, suppose
further that B — B’ € Ryga;. Then

o; (Stab(B')) = Stab(Z; B)

Proof. The assumption [ — s;5 € Ry is equivalent to saying (¢, 5) > 0, and thus («;, ) >
0.
Now let B = X (B’). By Proposition V.17,

dimy Hom(S;, B) — dimy Ext'(S;, B) + dimy Hom(B, S;) > 0

On the other hand, a module in the image of 3] must be in NoSuby, so the first term is 0. It
follows that Hom(B, S;) # 0, so B has S; as a quotient. In particular, any point  in Stab(B)
must satisfy (0, ;) < 0. Thus the right side of Lemma VI.12 reduces to Stab(B). O

Inductively applying this lemma and the dual statement for X;, we can conclude:

Theorem VI.14 (] , Theorem 5.3)). Let § be a positive root with positive expression
Sip -+ Siy(uy). Let B = Z?Z’f - 271(S;,) be a well-behaved expression giving a real brick.
Then Stab(B) = aif - -Uifl(ozilo).

This shows how stability domains produce shards; the other important aspect of the

theorem is that every shard is a stability domain.

Theorem VI.15. Let K = aij;‘ e ail(aﬁo) be a shard defined using a positive expression
as above. Then Zi‘ e Zil(Si ) is a well-behaved expression for the unique shard module B

with stability domain K.

Proof. We show that the expression is well-behaved by induction on ¢. The base case of

¢ = 0 is vacuous.
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Suppose that £y = —; the case of £y = + proceeds similarly. By the induction hypothesis,

B = Ei‘:lu'Zf(Si ) is a well-behaved expression, so it remains to show that B’ €

NoSub;,. Suppose instead that B’ has S;, as a submodule; then (—, a;,) > 0 on Stab(B’) =
ie‘l -0 (o). However, when we apply o; to Stab(B'), we first intersect it with {6 |
o1 51 20 1

(0, cv,) <0}, which in this case would restrict it to ozfl; reducing its dimension. This implies
that ai‘* -+~ 07 (i) is not a shard, a contradiction.

It then follows from Theorem VI.14 that B has stability domain K. O

VI.5: Not every real brick is a shard module

The condition of being a real brick ended up equating to the nice algebraic property of
rigidity. We don’t know whether the requirement that shard modules have stability domains
of maximal dimension has a similar characterization — at this time it seems to be as contrived
as it looks on first glance.

However, it’s surprisingly difficult to find an example of a real brick which doesn’t fulfill
the condition on its stability domain. For a while, it was an open question whether such
modules existed, and much of the work towards this thesis was done with an eye towards
the possibility of proving that they don’t.

Nonetheless, there are real bricks which aren’t shard modules. The smallest one we could

find is a IIg-module, where G is the following graph:

~
—

4—5—6

W N =

Here the orientations represent the arrows a for which we set sgn(a) = 1 in defining Ilg.

The brick in question is given by
RS IS WIS I D ID IS DI (T IN

and has dimension vector (3,3,2,4,2,1). An exploded view of the brick is shown in Figure
43.
In Figure 44, we illustrate four submodules of this brick (by highlighting the basis ele-

ments spanning each one).
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Figure 43: The exploded view of a real brick which is not a shard module.

These submodules have dimension vectors

(1,2,1,2,1,1)
(1,2,1,2,1,0)
(3,1,2,4,2,1)
(1,0,0,0,0,0)

which satisfy the equation
2-(1,2,1,2,1,1)+2-(1,2,1,2,1,0) + (3,1,2,4,2,1) +2- (1,0,0,0,0,0) = 3- (3,3,2,4,2,1)

In particular, if 8 € Stab(B), it must pair nonnegatively with each of the vectors on the left
side of this equation — but it also must pair to 0 with the right side, which is a multiple of
dim(B). This implies that # must pair to 0 with all four of the above vectors, cutting down
the dimension of Stab(B) and preventing B from being a shard module.

This brick was found through a computer search using SageMath code documented at

[ |. The strategy is to find a sequence of signs =+, ..., £, such that the expression
+ +
Eige o Zhl(’s’io)
is well-behaved, but the corresponding cone

:tg”.o,:l:l( L)

O-’i[ 11 10

is not a shard.

We conduct this search by:
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Figure 44: Four submodules of the module in Figure 43. Each picture depicts a submodule
because it’s closed under following arrows.

e producing a list of all tuples of signs which represent shards;

e for each one, flipping one sign at a time and checking whether the resulting tuple gives

a well-behaved expression for a brick;

e if it does, checking whether it also appears in the list of shards.

VI1.6: Shard modules of A(l)

n—1

The affine type A root system AS_)I has an n-cycle as its Dynkin diagram:

We conclude this chapter with a classification of the real bricks of the corresponding
preprojective algebras (which turn out to all be shard modules). To our knowledge, this

classficiation has not yet been documented.
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We label the vertices 0 through n — 1 in cyclic order. Because the Dynkin diagram is a
cycle, we can pull off a unique trick relating it to the finite type A case discussed at the end
of Section VI.2.

Let A, be an infinite path, with vertices indexed by Z. We can define a preprojective
algebra I, just as we did for finite graphs; while this algebra is a horrible beast, we
restrict our attention to the category (IT4__-mod)® of finite-dimensional modules with finite
support. Any such module can be viewed as a I14, -module for some m, and (IT4_-mod)® can
thus be viewed as a direct limit of the categories II4, -mod using all the natural inclusions
II4, ,-mod — II4,,-mod for m’ < m.

Then, thinking of Afll_)l as a circle, and A, as a line, our key tool is a sort of covering

map:

Definition VI.16. The covering functor 7 : (II4_-mod)® — II,u) -mod is defined on

A2,
objects by

w(M); = @ M;

j=i(mod n)

r(M)(i+li)= @ MLl )

j=i(mod n)

and on morphisms by

T(f:M—=>Ni= @ f

j=i(mod n)

The key property of this functor is that it interacts nicely with reflection functors.

Lemma VI.17.
SF(n(M)) = (- 55, 555, - M)

1—n—1

Note that the expression on the right is well-defined because M is only supported at

finitely many vertices, so only finitely many of the reflection functors have any effect.

Proof. 1t follows straightforwardly from definitions that

T(M)(i,in) = @5 M(j.in)

j=t(mod n)

and thus

SH(w(M)); = ker(m(M)(i,in)) = @ ker(M(j,in)) = @ SH(M);

j=i(mod n) j=i(mod n)
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This is the same space that we get by applying Zj to M for all j = i(mod n) and then
applying 7; importantly, the order in which we apply these functors doesn’t matter, since no
two choices of j label adjacent vertices, and a reflection functor only affects a single vertex
and the maps incident to it.

Checking that the maps between vertices are affected in the same way by 7, and that X,

behaves the same way, is similar. O]

Lemma VI.18. If (M) € NoQuot, (respectively, NoSub;), then M € NoQuot; (respec-
tively, NoSub; ) for all j = i(mod n).

Proof. Contrapositively, given a nonzero map S; — M or M — S;, its image under the

functor 7 is clearly also nonzero. O

—~

Proposition VI.19. Any real brick M of 11 ;o) is isomorphic to w(M) for some real brick
M in (ILs_-mod)®.

Proof. By Proposition VI.7, M can be obtained from a well-behaved sequence of reflection

functors applied to some simple module S;. By lifting .S; € 11 mod to S; € (I14_-mod)®

Ay
and repeatedly applying Lemma VI.17, we can obtain some M € (IT4_.-mod)® with M =2
W(M ) which also results from a sequence of reflection functors applied to S;. By repeatedly
applying Lemma VI1.18, we can further conclude that this sequence is well-behaved. Thus

we can apply Proposition VI.7 in the other direction to conclude that M is a real brick. [

This is a powerful observation because, following the example in Section VI.2, we know
exactly what a real brick of I, looks like: a sequence of 1-dimensional spaces and, for each
edge, a choice of orientation specifying which arrow along that edge is nonzero. Applying
the covering functor 7 to such a representation gives us a way to depict any real brick of
oW

n1 1in exploded view, as shown in Figure 45.

We now need to check which exploded views of the form in Figure 45 actually denote real
bricks. The first task is to determine the roots. Throughout what follows, we will use the
cyclic symmetry of the AS_)I diagram to make statements “up to rotation”. We also note
that any reflection or reflection functor at a vertex will take into account its two neighbors

in cyclic order.

Lemma VI1.20. The positive roots of the AS” are, up to rotation, exactly the vectors of the
form
cog+cag+ ... +caj1+(c+1)oj+...+ (c+ Va1

for ¢ >0, where the coefficients ¢ and (c 4+ 1) both appear at least once.
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Figure 45: Any real brick of IT ™ has, up to rotation, an exploded view that looks like this. A

priori, the start and end pomts and the orientations of arrows can be chosen independently.
However, this may not produce a brick: here, the boxed sections show the module B :=1 < 2
arising as both a quotient (top) and a submodule (bottom), and so there is a noninvertible
endomorphism M —» B — M.

Proof. 1t is straightforward to calculate that applying any reflection to a vector of this form
produces another vector of this form (though one must take care to distinguish between the
case where the coefficients ¢ and (¢ + 1) both appear at least twice and the case where one
of them appears only once).

Then we can show by induction on depth that every root has this form. Certainly any
simple root «; does, with ¢ = 0; given any other root § and a reflection s; which decreases
a coefficient, s;4 has this form by the induction hypothesis, so # does as well.

Similarly, we can show that every vector of this form is a root by induction on the sum
of the coefficients. The base case of coefficients summing to 1 clearly gives a simple root.
Given a vector of this form, let ¢ be an index such that «; has coefficient (c+ 1) but one of its
neighbors has coefficient ¢; then applying s; decreases the coefficient there, producing a root

by the induction hypothesis, and implying the vector we started with was also a root. [

Now given a root, rotated to have the form above, we refer to the edges (n — 1) <+ 0
and (j — 1) <> j, connecting vertices with coefficient ¢ to those with coefficient ¢ + 1, as
interface edges. Abusing terminology slightly, we also use this term to refer to all arrows

in the exploded view corresponding to the maps along these edges.
Theorem VI.21. A module with the exploded view in Figure 45 is a brick if and only if:
(1) all interface edges are oriented away from the larger coefficients, in which case

e if any arrow along a non-interface edge between i and i+ 1 is oriented i < (i+1),

all following arrows between those two vertices are also oriented that way, OR

(2) all interface edges are oriented toward the larger coefficients, in which case
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2—3

QO 1 2 3

QO 1=——=12 3
not a brick

2—3

QO 1 2 3

QO 1 2——=13
not a brick

2—3

QO 1 2 3

QO 1 2 3

a brick

Figure 46: Some exploded forms which do and don’t meet the conditions of Theorem VI.21.
In the first picture, three of the interface edges are oriented away from the larger coefficients,
but the boxed edge is not. In the second case, the interface edges are consistently oriented,
but the boxed arrow 2 — 3 switches back to pointing right after the previous arrow 2 < 3
points left. The third picture is valid.

e if any arrow along a non-interface edge between i and i+ 1 is oriented i — (i+1),

all following arrows between those two vertices are also oriented that way.

This result is illustrated in Figure 46.

Proof. Analogously to the previous result, we proceed by induction on the depth of the
dimension vector as a root. The base case consists of the simple modules S;, which are
bricks and vacuously satisfy the required conditions.

Now consider a module M with a form fulfilling condition (1). (If M instead satisfies
condition (2), the dual DM, which has all arrows reversed, satisfies condition (1), so we can
assume this without loss of generality.)

First, we claim that either M € NoSub; or M € NoQuot;, where the index j is as in
Lemma VI.20. Condition (1) implies that all arrows between j — 1 and j in the exploded
view point left, which means that the kernel of the map M; — M;_; is spanned by the
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J—J+1 Je—J+1
j—l—j o j+1 j—le—j+—j+1

j—le—j o j+1 j—le—j+—j+1

Figure 47: At vertex j, an exploded view satisfying condition (1) must either have the form
on the left, in which case M € NoSub;, or the form on the right, in which case M € NoQuot;.

M ¥ (M)
0 k—— k 0 0 k
k < k < k k < k < k
k < k > k k > k< k

Figure 48: The effect of reflection functors applied to the center vertex of As.

top instance of j. If the top arrow between j and 7 4+ 1 points right, it means that the
map M; — M., is nonzero on this top basis element, implying that ker M (j, out) = 0 and
M € NoSub;. But if the top arrow between j and j + 1 points left, the second part of
condition (1) implies that all arrows between j and j+ 1 point left; this means that the map
Mjy1 — Mj is the identity, and im M (j,in) = M;, so M € NoQuot;. These two cases are
illustrated in Figure 47.

Thus it is well-behaved to compute one of X7 (M) or X (M). By Lemma VI.17, we can
just apply X~ or X% separately at each vertex labeled j in the exploded view. The possible
outcomes at each vertex are documented in Figure 48. When we do this, we see that the
result has a lesser jth coefficient and still satifies either condition (1) or condition (2), as
shown in Figure 49. Thus by the induction hypothesis, it is a brick. Applying the inverse
reflection functor, by Proposition VI.7, we see that M is also a brick.

Conversely, suppose that M is a real brick. By Proposition VI.7, it has the form
YF(M'), where M’ is a real brick with lesser dimension vector. By rotation and the in-
duction hypothesis, we can assume without loss of generality that M’ has dimension vector
capg+ ...+ caj+ (c+ Daji + ...+ (¢ + 1)y, and satisfies condition (1). In this setup,
the only vertices ¢ at which the reflection s; will increase a coefficient are 0 and j. We can
assume without loss of generality that ¢ = j; if ¢ = 0, we can reverse the ordering of the
vertices (“reflecting” the picture of AS_) 1) and rotate back into the form of Lemma VI.20.

Then we claim that M = Ef(M ') also satisfies condition (1). This proceeds along the

same lines as the converse direction, and essentially amounts to reading Figure 49 from right
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J—J+1 J+1
5
j—le—j—j+1 — j—-1—77«—7+1

J—l—jg+—g+1 jJ—1l—j+—j5+1

n—1—20 0
Y1
n—2«—m-1—0 — n—2—n—-1+«—0

n—2+«—n—1—90 n—2—n-—-1+«—90
n—2—n-—1 n—2
J+—Jg+1 Jj+1
Tt

jole—je—j4+1 — j-le—je—j+1

J—1l—jg+—7+1 J—1l—jg+—7+1

Figure 49: If a module satisfies condition (1) and lies in NoSub;, then applying 3 produces
another module satisfying condition (1) (shown for j # n — 1 above and j = n — 1 in
the middle). If the module instead lies in NoQuot;, applying Ej produces another module
satisfying condition (1) (below).
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to left. O

Thus we have classified the real bricks of Aillz 1 by exploding them.

Finally, we note that these real bricks are all shard modules. One can explicitly work out
the stability domains of these bricks, but that would be unenlightening to describe in detail
here. We settle for showing that the number of real bricks is equal to the number of shards,
alluding to but not proving the bijection underlying this equality.

The first step is to enumerate shards, which means the zeroth step is to describe shards.

Lemma VI1.22. Consider the expression

Sp—15n—2 " 8150Sn—1Sn—2""" 5h+1<04h)7

consisting of € reflections applied to a simple root in cyclic order, ending with s,_1. Then

this expression is positive, and produces the root
cop+ ... +caj1+ (c+ 1o +...+ (c+ Day—g

where ¢ = [£/(n—1)] and j = (n—1) — £ (mod n —1).

Proof. By induction on ¢. The base case £ = 0 is just a,,_1, as required. Then suppose the
expression of length ¢ produces a root of the expected form. Note that we can step from the
expression of length ¢ to the one of length ¢+ 1 by applying so and then shifting all indices
back one step in cyclic order. If £ #n — 2 (mod n — 1), so j > 2, this produces the root

cap+...+cajo+ (c+1)oj1+ ...+ (c+1)a,

increasing a coefficient and producing the required value. If £ = n (mod n — 1), so j = 1,

this produces the root
(c+Dag+ ...+ (c+ Dayo+ (c+2)a, 4

increasing a coefficient and producing the required value. O

Lemma VI.23. The fractures of 3+, where
Bri=cog+...+ca_1+(c+Da;+...+ (c+1)a,
are its intersections with the hyperplanes dual to

’yl(b) = ai+01i+1 + ..oty —l—b5
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where 1 <i<n—1,d=ay+ ...+, 1, and 0<b<c—1,orb=cifi>j+1.

Proof. The preceding lemma gives us a positive expression for S. By Theorem II1.21, the
truncations of this expression will give a list of roots which induce the fractures of S+.
However, note that the truncations of this expression also have the form appearing in the

lemma. It follows that these truncations are exactly the roots of the form
bag+ ... +bai 1+ b+ 1o +...+ (b+ 1)

with lesser depth than 3, which is exactly the claimed list. O

Once we have a list of roots inducing fractures, we can specify a shard of a root 3+ by a

list of signs, indicating whether it pairs positively or negatively with these roots.

Proposition VI1.24. Let the roots § and 'yi(b) be as in the previous lemma. Then a shard K
of B~ is specified by any choice of signs for (—,%(b)> such that

(1) (— ,’y] Y >0 for all b, and
o if (—,7")) >0 for some i # j, then (—,7%) >0 for all b > by, OR
(2) (— ,7] Y <0 for all b, and

o if (— <Of0frsom617éj, then (—, %) <0 for all b > b,
Yi

If ¢ =0, the top-level choice becomes irrelevant.

Proof. First, note that 'yj(b) = 38— (c—0b)d. Thus, on B+, the sign of (—, (b)> is equal to that
of (—, —0) for all b.

On the other hand, the roots ’yz ) for i # j and 0 are 1ndependent mod [, so for any list
of real numbers we can find a point of S+ at which the forms (— ,% > for i # 7 and (—, )
assume those values.

Suppose that (—,0) > 0 on K. Then

(=21 0) < (= 4) < < (=)

on K. In particular, if <_,%(bo)> > 0 on K for some index by, then we must also have

(— ,”yl(b)) > 0 for all b > by; however, because we can realize any combination of values of
(— ,% > for i # j and (—,d), we can choose the value of b at which the sign switches from

negative to positive.
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This produces exactly the shards described by part (1) of the proposition. Part (2) covers
the case that (—,d) < 0 on K instead.
Finally, note that if ¢ = 0, then the only ’yi(b) cutting B+ have i > j+1and b = 0. In

particular, %(-b) does not cut S+ for any b, justifying the last statement in the proposition. [

At this point, note that the data required to specify a shard closely relates to the data
required to specify a real brick, as described in Theorem VI.21 — fixing the signs of in-
equalities in the former setting corresponds to fixing the directions of arrows in the latter.
Although we only mention the enumerative consequences here, we’ll investigate phenomena

like this in more detail in chapter VIII.

Corollary VI1.25. The root
f=cog+...+caj1+ (c+aj+...+(c+1)a,

has 2(c 4+ 1)~ (c + 2)"" ' shards if ¢ > 1, or 2" shards if ¢ = 0.

Proof. In order to define a shard in accordance with Proposition VI.24, we must pick whether
(—, 7]@) is > 0 or < 0 for all b. In the former case, we then choose for each i # j the smallest
b such that (—, %-(b)> > 0; there are ¢ + 1 options for this if i < j, and ¢ + 2 options if i > j.

The latter case is the same with inequalities reversed. If ¢ = 0, we do not count the two

cases separately. O

Lemma VI1.26. II has 2(c + 1) (c + 2)"~177 real bricks of dimension vector

A,
B=cog+...+caj1+ (c+Daj+...+ (c+ 1)ay,1.

Proof. In the case ¢ = 0, this reduces to the type A classification, so we assume ¢ > 1.

By Theorem VI.21, to define a real brick we must first pick whether the interface edges
point away from or towards the larger coefficient. In the former case, we then choose, for
each pair (1 —1,7) with 1 <i <n—1 and ¢ # j, the earliest arrow (i — 1) < i in the exploded
view which points right to left; there are ¢ 4+ 1 options for this if ¢« < j and ¢ + 2 options if

1 > j. The latter case is the same with arrow directions reversed. O]

Corollary VI1.27. Every real brick of 11 1s a shard module.

1
A,

Proof. 1f this were not the case, there would be more real bricks than there are shards, but

the counts agree. O]
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CHAPTER VII
Short Exact Sequences of Shard Modules

Now that we have a correspondence between shard modules and shards for any root system,
it’s natural to try to refine this correspondence by considering what relationships between
shards tell us about relationships between their corresponding shard modules. A useful
starting point for this is a result of Iyama, Reading, Reiten, and Thomas [ | for finite
type preprojective algebras: when shards meet in a certain configuration, there exists a short
exact sequence relating the corresponding bricks. In this chapter, we introduce this result in
its original context, explain how it connects to the context of shards, and then generalize it
to shard modules for any preprojective algebra.

Throughout this section:

e A is a crystallographic symmetrizable Cartan matrix, of size n x n.

G is its Coxeter diagram.

® is the associated root system, with simple roots aq, ..., a,.

W is the associated Coxeter group, with generators si,...,s,.

Given any two roots (1, B € ® with 1 # +f5, the rank 2 subsystem containing them
is denoted R(f1, fB2).

Additionally, following Theorems VI.4 and VI.11, given a shard K, we let M (K) be the

unique shard module with stability domain K.

VII.1: The finite type case

The source | | for the result which motivates this section discusses the same classifi-
cation of bricks as | |, but rather than using the concept of shards, it refers to other

aspects of the lattice theory of Coxeter groups. We state their result in its original form,
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then explain how to translate it into the language of shards. In this section, G is assumed
to be one of the simply laced Dynkin diagrams A,,, D,,, Fg, E7, or Es.
Specifically, for any cover relation w < wsj, in the weak order, one can define a corre-

sponding layer module. Suppose that s;, ---s;, is a positive expression for w, and recall

14

the ideals I; := Ilz(1 — e;)IIg which appeared in Section V.2.2. Then the layer module is
the quotient

(Liy - L) [(Liy -+~ Ly D)
Theorem VII.1 (] , Proposition 4.3]). For an interval in weak order of the form
WS;858;

N

ws;S; ws;S;
E F

ws; ’U)Sj

o,

w

(0) The layer modules X, Y, E, and F are as shown.

(1) There exist short exact sequences

0= X—F—=Y—0
0—-Y—>F—-X—>0

(2) Ext’(X,Y) and Ext! (Y, X) are 1-dimensional, spanned by these evtensions.

In this case, | | calls the modules F and F' a doubleton.
The layer modules are bricks | , Theorem 1.2], and it is with layer modules that
[ | makes the connection between bricks and shards, specifically using the following

result:

Theorem VIIL.2 (| , Proof of Theorem 6)). Let D be the base region of the reflecting
hyperplane arrangement. For any cover w < ws; in the weak order, let B(w < ws;) be the
layer module. Then — Stab(B(w < ws;)) contains' the wall separating wD and ws;D; in

particular, it 1s the shard containing that wall.

!The definition of stability in | ] uses an inequality going the other way, which accounts for the
negative sign here.
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The six elements in the statement of Theorem VII.1 correspond to 6 regions in the
reflecting hyperplane arrangement, and so the modules X, Y, E, and F' in the theorem are
the shard modules corresponding to the negations of the shards which separate these regions.

Thus we can restate the theorem in the following way.

Theorem VIL.3. Suppose a hyperplane B+ is cut by a rank 2 subsystem with fundamental
roots 1 and vo. Let Ly and Ly be shards of vi- and vy, respectively, whose intersection has
codimension 2. Since S+ is cut by this subsystem, there exist two shards Kg and Kp of B+
whose intersection with Ly N Ly is codimension 2. Suppose wihout loss of generality that
(v1,—) >0 on Kg. Then:

(1) There exist short exact sequences

0— M(Ly) — M(Kg) = M(Ly) — 0
0— M(Ly) - M(Kp) = M(Ly) — 0

(2) Ext'(M(Ly), M(Ly)) and Ext'(M(L,), M(Ly)) are 1-dimensional, spanned by these

extensions.

Proof. 1f we choose a generic point in the intersection —(Kg N Kr N Ly N Ly) and examine
how a small neighborhood of that point meets the reflecting hyperplane arrangement and

its shards, we see that it touches 6 regions arranged like so:

Cs
Cs Cs
—Kg —Kp
Cy Cy
C1
—L —Lo

These six regions will then correspond to an interval of 6 elements as in Proposition VII.1.
We claim that, in this interval, C is the least element (which will show that our figure is
oriented in the same way as the figure in VII.1).

Recall from the context of Theorem I1.23 that for a region C, S(C') denotes the set of
hyperplanes separating C' from the base region D, and that the ordering of regions is defined
by C < C"if S(C) C S(C).

By assumption, K lies on the positive side of ;- (by which we mean that its points pair
nonnegatively with v;). By definition, D does as well. Thus vi- separates —Kp and D. As

a result, it also separates regions Cs, C3, and Cg from D.
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On the other hand, — K lies on the positive side of 7{-. Because v, and v, are fundamen-
tal in this rank 2 subsystem, 3 is a positive linear combination of them. For any v € —Kp,
(z,B) = 0 but (z,71) >0, so (x,7v2) < 0. Thus 5 separates —Kp, and thus the regions Cj,
Cs, and Cg, from D. It follows that C}, as the only region here not separated from D by ~{
or v;, is the least element in this interval.

We can now apply Theorem VII.1 to this situation. Note that by Theorem VII.2, the
roles of X, Y, E, and F are played by M(L,), M (L), M(Kg), and M (KF) respectively. [

VII.2: Fundamental shards

In generalizing Theorem VIL.3 to the infinite setting, we’d like to apply it to the task of
systematically breaking down a shard module as follows. Suppose we’re given a shard K,
and we pick some wall of K (i.e., one of its facets — an (n — 2)-dimensional cone). That
wall exists because the hyperplane containing K is cut by a rank 2 subsystem R there: in
other words, the wall is K N R+, and we say that the wall is sliced by R. If we select from
each of the fundamental hyperplanes of R its shard which meets K, we’ll be in the situation
of Theorem VII.3 and can realize M (K) as an extension of smaller shard modules.

However, if we try to frame this as an algorithm which takes a shard and one of its walls
as input and spits out a short exact sequence, we run into a small issue: a priori, each
fundamental hyperplane could have multiple shards meeting K, introducing an arbitrary
choice.

It turns out that this doesn’t happen. In this section, we will prove:

Theorem VIIL.4. Let 8 be a root, R a rank 2 subsystem cutting S+, and v, and v the
fundamental roots of R. Let K C B+ be a shard with a wall sliced by R. Then fori = 1,2
there exists a unique shard L; C ;i such that L; > K N R*.

Without loss of generality, we’ll prove the case i = 1. The strategy here is to show that,
for any fracture of 4{, there is a fracture of 3+ which meets the subspace R* in the same
way. In particular, if two different shards of 4{- met K N Rt any fracture separating them
would correspond to a fracture of 3+ passing through K, a contradiction since K is a shard
of B+. We now explain the details of this approach.

The key step is the following lemma.

Lemma VIL.5. Let B, R, 71,72 be as in Theorem VII.4. Let T be a rank 2 subsystem cutting
vi. Then there exists a rank 2 subsystem S cutting 8+, such that

span(R, S) = span(R, T)
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Proof. We proceed by induction on the depth of 5. The base case of depth 0 is vacuous,
since then [ is a simple root and is fundamental in any rank 2 subsystem. We proceed to
the inductive step.

Let 8 = s;, - - - 84, (v,) be a positive expression for . By Theorem II1.21, there is a trun-
cation 7 = s;, - -+ 5;,,, (ay,) such that R = R(f3, 7). Letting p1 = s;, -+~ 54, 8i,_, - 83, () be
the corresponding omission, we additionally know by Proposition 111.23 that R = R(f, ).

The proof now splits into three cases.

(a) First, suppose 7 = 7;. By Theorem I11.21, T' = R(7,7’) for some truncation 7’ =

Siy sikﬂ(aik) of the expression defining 7. But then 7’ is also a truncation of our

original positive expression for 3, s0 .S = R(3, ') cuts 8+ and has the required property.

b) Next, suppose i = ;. By Theorem I11.21, T'= R(u,7’) for some truncation 7" of the
I

expression defining . This will take the form

Sig t " Sigya (alk)

or
Sig " Sijpa Sy Sin (O‘lk)
depending on whether £ > j or k£ < 7.

In the former case, we can take S = R(f,7’) for the same reason as in the previous

case. In the latter case, let
"
T =S85 Sij+15ij8ij71 cee sik+1 (azk)

This is a truncation of the positive expression for 5, so R((3,7”) cuts . Then let
S = R(B,7"). By the definition of s;, we have

8i;Si;_1 " Sipg (alk) = Sij_1 " Siga (alk) + Cyy,
for some constant c. Applying s;, -+ - s;,,, to both sides implies
™ =7"+er
and thus

span(R2, §) = span(f, 7, 7") = span(f, 7, 7') = span(3, p,7') = span(R, T).
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(c) Suppose neither 7 nor p is 1, and additionally 7 # 7,. Then 7 is not fundamental in
R. Since 7 has lesser depth than 3, we can apply the induction hypothesis to find a
rank 2 subsystem T, cutting 7 such that span(R,T,) = span(R,T). But then we can
apply the reasoning of part (a) (which works even if 7 is not fundamental) to find a
rank 2 subsystem S cutting 4+ such that span(R, S) = span(R, T}).

(d) Finally, suppose neither 7 nor p is y; but 7 = v5. Then p # 7 (since we know 7 and
i generate a rank 2 subsystem) and so it is not fundamental in R. Again, ;1 has lesser
depth than (3, so we can apply the induction hypothesis to find a rank 2 subsystem 7,
cutting p* such that span(R,T),) = span(R,T). Then we can apply the reasoning of
part (b) (which, again, works even if x is not fundamental) to find a rank 2 subsystem
S cutting #+ such that span(R, S) = span(R,T},).

Now we can prove Theorem VII.4.

Proof. Let F = K N R* be the wall under consideration. We first claim that there exists a
shard L; of 4{ containing F. Specifically, we show that for any rank 2 subsystem 7T cutting
v, F lies entirely on one side of the fracture T+. By Lemma VIL5, there exists a rank 2
subsystem S cutting 8+ such that span(R, S) = span(R,T). Then K lies on one side of S+,
and so F' = K N R* lies on one side of R* N St = R* NT*. Since F doesn’t cross any
fractures of i, it must be contained in a shard Lj.

Then we show that L; is unique in this regard. If there were some other shard L) also
containing F', then F' would be contained in the fracture separating L, and L}, which is a
subspace of dimension n — 2. However, F' is a cone of dimension n — 2, so the only possible
such subspace is the span of F', which is R*+. This cannot be a fracture of 7{- because, by

definition, ~; is fundamental in R. O]

Definition VIIL.6. In the setting of Theorem VII.4, we say that L, and L, are the funda-

mental shards meeting K at the wall R'.

We note that the relationship between a shard and the fundamental shards at a wall can
be recast in terms of the shard digraph, which was defined in Section II1.3. The main result

of this section becomes:

Corollary VII.7. Let K be any shard. For each wall of K, there are exactly two arrows
out of K in the shard digraph, pointing to the fundamental shards meeting K at that wall.

Finally, we state a lemma on the positioning of fundamental shards which will be useful

in what follows.
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Lemma VIL.8. Let Ly and Ly be the fundamental shards of v and ~3 meeting K at a wall

R*. Then Ly contains points on both sides of 5 .

Proof. This can be seen in Figure 50. More precisely, if L; lay entirely to one side of 7y,
then the cone L; N R+ C 5~ would belong to the boundary of Ly, so it would lie in a fracture
of 4. But since L; N R* contains the wall K N R*, it has dimension n — 2, and its span is

all of R, which must thus fracture v;i-. This contradicts that ; is fundamental in B. [

VII.3: The doubleton short exact sequence

This section is dedicated to proving the following generalization of Theorem VII.3 beyond

finite type.

Theorem VIL.9. Let 3 be a root and let K be a shard of 3. Let R be a rank 2 subsystem
slicing a wall of K, and let v, and 7 be the fundamental roots of R. Without loss of
generality, suppose (—,v1) > 0 on K. Let ¢y, co be constants such that = c1y1 + coye. Let
Ly and Lo be the fundamental shards of vi- and 5, respectively, meeting K at R. Then:

(1) There exists a short exact sequence

0— M(L)% L M(K) % M(L)®2 — 0

(2) dim Hom(M (K), M(L;)) = dim Hom(M (L), M (K)) = 0,
dim Hom(M (L), M(K)) = ¢1, and dim Hom(M (K), M (L)) = cs.

There is a useful characterization of the maps in this sequence. We view [ as a row
vector of ¢; component maps f; : M (L) — M(K), and likewise view ¢ as a column vector

of ¢o component maps g; : M(K) — M(Ls).

Corollary VII.10. For any exact sequence of the form in Theorem VIIL.9, the compo-
nents of f are a basis of Hom(M(Ly), M(K)) and the components of g are a basis of
Hom (M (K), M (Lsy)).

Proof. Because the number of components of f equals the dimension of Hom(M (L), M (K)),
it suffices to show they are linearly independent. If not, there would be a relation » 5* | a;f; =
0. But then for any element m € M (L;), the element (a;m, ..., a.m) would be sent to 0 by
f, contradicting that f is injective. The proof for g proceeds dually. O]
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Figure 50: Theorem VII.9 states that, whenever three shards meet in this configuration,
there is a short exact sequence relating M (L), M(K), and M (Ls).

The setting in which the theorem applies is shown in Figure 50. Following the language
of | |, we call this sequence the doubleton sequence or doubleton extension of
M (L2)®e by M(Ly)®e.

Throughout this proof, we let 8 =s;, - - - 55, (av;,) be a positive expression for . Then by
Theorem I11.25, we can choose signs such that K = 0?7 x -ail(afo). This will be a proof by

induction, and in preparation for this we additionally define

ﬁ/ = Sieﬁ = Sig_y Sil(o‘io)

1 e +10,.1
K T 07:471 ...O-il (alo)

R/ = SigR

By Theorem III.21, there is some truncation 7 = s;, - - - s, (as,) such that R = R(, 7).
Let 5 be the smallest index for which this happens. Then we proceed by induction on ¢ — j.
VIIL.3.1: The base case

We first treat the base case of j = ¢. This is the case that R = R(f3, o;,), and no truncation
besides the one at s;, lies in R. To prove the theorem in this case, we need to compute the

fundamental roots and shards.
Lemma VII.11. In the case j = {:
(1) The fundamental roots of R(B,«;,) are oy, and ('
(2) The fundamental shards meeting K at the wall R* are ozi and K'.

Proof. (1) A simple root is always fundamental in any rank 2 subsystem, so «;, is funda-
mental. Suppose for a contradiction that 4’ is not. Then (')t is cut by a;,, so by The-

orem IIL.21 there is some truncation 7/ = s;,_, ---s;,,, (y;) such that a;, € R(8', 7).
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But then, applying s;,, we see that s;,7’ is a truncation of the expression for 3, at
an index smaller than ¢, such that oy, € R(3,s;, 7). This contradicts the assumption

j=L

(2) Because «;; is the only shard of o, it certainly meets K. Note that R+ C ajf, so it is

fixed pointwise by s;,. Thus we have
KNR" =0 '(K'NR*Y) Cs,(K'NRY) = K'nR*

which implies K’ is the fundamental shard of (8')* meeting K.
U

We can now state what Theorem VII.9 says in this case. Suppose without loss of gener-
ality that K = o/ (K'). (The case of K = o, (K') proceeds dually.) Then (—,a;,) < 0 on

K, so we have L; = K" and Ly = ozft;. Additionally, by the definition of reflection

B/ = Siz(5> =0- (O‘ieﬁﬁ)aie

so we set ¢; = 1, o = (o, $). To finish the base case, we thus need to show:
Lemma VII.12. In the context of this section,

(1) There exists a short exact sequence

0— M(K") L M(K) & g7 @e?

iy —0
(2) dim Hom(M(K), M(K')) = dim Hom(S;,, M (K)) =0,
dim Hom(M(K'), M(K)) = 1, and dim Hom(M (K), S;,) = (o, B).

Proof. (1) Because K = o (K"), it follows from Theorem VI.15 that M (K) = X (M(K'))
and that this expression is well-behaved, so M(K’) € NoQuot,,. Then the result will
follow from Lemma V.15 if we show that M (K”) is also in NoSub;,. If M(K’) had S;,
as a submodule, it would impose (—,a;,) > 0 on the stability domain K’. However,

this would imply that K’ lies entirely on one side of ozf;, contradicting Lemma VII.8.

(2) If there were a nonzero map M(K) — M(K'), we could compose it with the map
M(K') — M(K) to get a noninvertible endomorphism of M (K), contradicting that it

is a brick, so dim Hom(M (K), M(K')) = 0.
Any output of X} lies in NoSub;,, so since M(K) = X} (M(K')), we have

dim Hom(S;,, M (K)) = 0.

7E
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Applying Hom(M (K'), —) to the sequence from part (1) gives an exact sequence
0 — Hom(M (K"), M(K")) — Hom(M (K"), M(K)) — Hom(M(K"), S;,).

Since M (K') € NoQuot,,, the last term is 0, and since M(K') is a real brick, the first
term is 1-dimensional by Lemma VI.8. Thus dim Hom(M (K'), M (K)) = 1.

Finally, viewing the map g : M (K) — Sg @8) from part (1) as a collection of («y, )
component maps M(K) — S;,, we claim that these form a basis for Hom(M (K), S;,).
By part (2) of Lemma V.15, for any map h : M(K) — S,
h: Sfj(%’m — 5;, such that hog = h. Because Hom(S;,,S;,) = k, this is equivalent

to realizing h as a unique linear combination of the components of g.

there is a unique map

]

VII.3.2: Preparing for the inductive step

We now move on to the inductive step of the proof, so suppose that £ > j. Our goal here
is to reduce to considering the shard K’. We first claim that K’ has a wall sliced by R'.
Because j < /, we can take the truncation 7" = s;,_, ---s;,,,(as;) and write R = R(8', 7).
Thus R’ cuts ()t by Theorem II1.21. To see that K’ N (R')* is actually a wall of K', we

show that it has dimension n — 2. We have
KNRY =0 (K'N(R)*Y) C s, (K N (R)Y)

and since the left side has dimension n — 2, the right side does as well.

Next, we note that in the context of the shard K’ and its wall sliced by R’, the quantity
¢ — j is smaller. The quantity 5 has not changed: as observed above, truncating the positive
expression at index j produces a root 7’ such that R = R(f’,7’), and if any truncation at
a smaller index produced a root in R/, the corresponding truncation of the expression for
would produce a root in R, contradicting the original definition of j. However, the depth ¢
has gone down. This means that, by the induction hypothesis, Theorem VII.9 applies to the
shard K’ and its wall sliced by R'.

However, the particulars of getting from here back to a statement about K and R are
slightly different depending on whether R contains the simple root «;,. We thus divide this

step into two cases.
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VII.3.3: Inductive step, case 1: IR does not contain «;,

We first state exactly what the induction hypothesis tells us in this case. The key fact special
to this case is that, by Lemma III.18, 7] := s;,(71) and ) := s;,(72) are the fundamental
roots of R'. In particular, 8’ = ¢17] + co75. Let L] and L} be the fundamental shards of
(v)* and (v4)*, respectively, which meet K’ at the wall sliced by R'. Finally, just as K lies
on the positive side of 71, we claim that K’ lies on the positive side of (7])*: if instead it lay
on the negative side, since K C s;,(K’) we would have (0,v,) = (s;,0,7;) < 0 for any 0 € K,

a contradiction. Putting this together, the induction hypothesis gives an exact sequence
0— M(L)®" — M(K'") — M(Ly)®* — 0

Then we claim that applying Eif to this sequence produces the sequence in Theorem VII.9.
We need to check that each term of this sequence is sent to the appropriate term of the new
sequence, and that the sequence remains exact afterwards. Assume without loss of generality

that +y = +; the other case proceeds dually.

Lemma VII.13. For L} and L, as defined in this section, M (L)) and M(L}) both lie in
NoQuot,, .

Proof. If M (L)) instead has S;, as a quotient, then its stability domain L} satisfies the
constraint (—, «;,) < 0. Thus it will suffice to show that both L} and L} contain points
where (—, ;) > 0. By definition, L} and L), both contain K’ N (R')*, so in turn it will

suffice to show that this wall contains such points. If it didn’t, we would have
KNR =0/ (K'N(R)") =si,(K'N{0|(— ;) >0} N(R)") Cay NR"

But since R doesn’t contain «;,, the right side has dimension n—3, contradicting that K NR*
is a wall of K. ]

Lemma VIL.14. For L and Ly as defined in this section, X7 (M(L})) = M(Ly) and
i (M(L5)) = M(Ly).

Proof. We focus on Lf; the case of Lj is identical. We first show that X7 (M (L})) is a shard
module. Then, we show that its stability domain is Ly, at which point Theorem VI.11 will
imply that it is actually M (L;).

As observed in our discussion of Proposition VI.7, applying Ej{; to a real brick in NoQuot,,
produces another real brick. Thus %7 (M (L})) is a real brick. Then we check that its stability
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domain has dimension n — 1, so that it is a shard module. By Lemma VI.12,
Stab(Z;;(M(L’l))) D ajz(Stab(M(L’l))) = O';Z(Lll)

As shown in the previous lemma, L contains points with (—, a;,) > 0, so its dimension does

not go down when we intersect it with {6 | (6,s,) > 0}. Thus o; (L}) is also a cone of

dimension n — 1.
Finally, we note that since L), D K’ N (R')*,

Stab(Xf (M(L}))) D oif (L)) D o (K'N(R)") = KNR*

Thus Stab(X; (M(L}))), which we now know must be a shard of 7;", is the fundamental
shard meeting K at the wall R, namely L;. [

Now that we know Z;’; will send the terms of our sequence where they’re supposed to go,

we complete this case of the inductive step.
Lemma VII.15. In the context of this section:

(1) There exists a short exact sequence

0— M(L)%" — M(K) — M(Ly)®? — 0

(2) dim Hom(M (K), M(Ly)) = dim Hom(M(Ls), M(K)) = 0,
dim Hom(M (L), M(K)) = ¢1, and dim Hom(M (K), M (L3)) = cs.

Proof. (1) By Lemma VIL14, applying X7 to the exact sequence given by the induction

hypothesis produces the sequence
0 — M(L)®" — M(K) — M(Ly)®? — Ext'(I;,, M(L})®").

By Lemma V.20, this last term is 0.

(2) By the induction hypothesis and the fact that 5’ = ¢1v] + c275, we have

dim Hom(M (K"), M(L})) =0
dim Hom(M (L)), M(K")) =0
dim Hom(M (L)), M(K")) = ¢
dim Hom(M (K'), M (Ly)) = o



Figure 51: The situation of step 2 of the induction. K and K’ are both cut by R, but lie on
opposite sides of it.

Because Ej; acts as an equivalence of categories on NoQuot,,, applying it doesn’t change

any of these dimensions.

]

VII.3.4: Inductive step, case 2: R contains «;,

The key factor differentiating this case from the previous one is that the subsystems R and

1
ig’

pointwise by s;,. In particular, the wall K N R* is also a wall of K’. In contrast with

R := s;,R are now the same. This is clearest in the dual picture: R+ C a;, so it is fixed
the previous case, when we apply the induction hypothesis to K’, we will use the same
fundamental roots and shards.

As before, we treat the case that £, = +, and the other case proceeds dually. Since o,
is a simple root, it is fundamental in any rank 2 subsystem that contains it, including R,
and a;, is a single shard. Since K = o (K’), we have (—, a;,) < 0 on K, so a;, = 7. The
situation is illustrated in Figure 51.

Because K’ meets the same wall as K, the induction hypothesis will give an exact sequence
relating it to M(Ly) and M(Ly) = S;,. However, because K = o (K') = s;,(K' N {0 |
(0,c,)}), we have (—, a;,) > 0 on K'. Additionally,

B = si,(8) = si,(c171 + c2cvi,) = a1y + (e — ex (1, i, ),

Accordingly, we let ¢} = ¢o — c1(1, «,) and ¢, = ¢4.

Thus, by the induction hypothesis, there is an exact sequence

0— Sfjc/l — M(K') = M(L)®%2 =0
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We now complete the inductive step.
Lemma VII.16. In the context of this section:

(1) There exists a short exact sequence

0— M(L)®** — M(K) — Sj?” -0

(2) dim Hom(M(K), M(L;)) = dim Hom(S;,, M (K)) =0,
dim Hom (M (L,), M(K)) = ¢1, and dim Hom(M (K), S;,) = c».

Proof. (1) Applying Z;: to the exact sequence given by the induction hypothesis produces
the sequence
0 — 57 (S:,)%1 — M(K) — S (M(Ly))®? — Ext'(I;,, S;, )% — Ext'(I

7R

M(K")).

Direct calculation shows that EZ(S”) = 0, while Lemma V.20 shows that the last two
terms are SS “ and 0 (because M (K') € NoQuot,,). Thus this reduces to a short exact

Sequence
0 — M(K) L SHM(L))®E 5 539 0.

Next, we observe that M(L;) € NoQuot;, N NoSub;,. If it had S;, as a quotient, it
would impose (—, a;,) > 0 on the stability domain L,. Likewise, if it had S;, as a
submodule, it would impose (—, a;,) < 0. In either case, this would contradict Lemma

VIL.8. Then by Lemma V.15, there is another exact sequence
0 — M(L) L5 SrM(Ly) L 52~ g
17 (7

By part (2) of Lemma V.15, there is a unique map h : SS_CIQ(%M) — §%4 guch that

(%]
the following diagram commutes:

0 —— M(Ly)®% s 5 (M (L))o —Ls o) .
H ia! h

0 — M(K) —L— SH(M(Ly))®% —t s 579 0
In turn, this implies that h o f/ = ho g’ o f” = 0, so f" factors through a map
f o M(Ly)®% — ker(h) = M(K). Since ¢, = ¢, this is the first map of the desired

sequence; since f” is injective, so is f.

134



Then since 8 = ¢171 + c20v;,, the cokernel of f has dimension cyay;,, so it must be S;‘ECQ.

This produces the desired sequence.

Applying Hom(—, S;,) to the sequence we just obtained gives the sequence
0 — Hom(S;,, S;,)%* — Hom(M(K), S;,) — Hom(M(L,), S;,)®* =0

because M(L1) € NoQuot,,, as previously observed. Thus dim Hom(M (K), S;,) = c».

Likewise, applying Hom(M (L;), —) to the sequence gives the sequence
0 — Hom(M (Ly), M (L)) — Hom(M(L,), M(K)) — Hom(M (L), S;,)®* =0
and so, because M (L) is a real brick,
dim Hom(M (L), M(K)) = ¢; dimHom(M (L), M (L)) = ¢4

by Lemma VI.8.

We know that Hom(S;,, M(K)) = 0 because M(K) is an output of X7, and thus in
NoSub;, .

Finally, suppose there exists a nonzero homomorphism ¢ : M(K) — M(Ly). Let
v M(Ly) — M(Ly)®* be any inclusion map. Then the composition f ot o ¢ :
M(K) — M(K) would be a nonzero endomorphism of M (K'). But because it factors
through a smaller submodule, it cannot be invertible, contradicting that M(K) is a
brick.

O

Having finished both cases of the induction, the proof of Theorem VII.9 is complete.

VII.4: M(K) is the generic extension of M (Ls)®? by M (L;)%“

We recall now that there was a second part to Theorem VII.3: in that case, not only
do M(Kg), M(Ly), and M(Ls) slot into an exact sequence, but that extension spans
Ext'(M (Ly), M (L)), which is only 1-dimensional. In particular, this means that M (Kp) is
the only module arising as a non-split extension of M (L) by M(Ly).

In our more general setting of Theorem VII.9, we can’t have exactly the same prop-

erty:

we'd like to make a statement about Ext'(M (Ly)®2, M(L1)®%), whose dimension is

necessarily divisible by ¢jco. The appropriate generalization turns out to be that M (K) is
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somehow the generic extension of M(Ly)® by M(L;)®“. In this section, we make this
precise.

First, note that by the functoriality of Ext, there is an action of Aut(M (Ly)®e)°P x
Aut(M(Ly)®) on Ext! (M (Ly)®2, M(Ly)®). Because M(L,) and M(Ls) are real bricks,
we can identify their endomorphism rings with k£ by Lemma V1.8, recasting this as an action
of GL, (k) x GL,, (k). To clean up notation, we write GL,, := GL, (k) in what follows.

Precisely, given an extension 0 — M (L)% — N — M(L)®* — 0 and an element
hy € Aut(M(Lq)®?) = GL,, acting by hs gives the extension obtained by pullback:

0 —— M(L)¥* —— N X M (L2)@e2 M(Ly)®2 —— M(Ly)%2 —— 0

| ! [

0 —— M(Ly)® ! y N g s M(Ly)®2 —— 0

However, it is straightforward to verify from either the universal property or explicit

construction that this pullback square can be realized by

0 —— ML) —Ls N 2224 pp(Ly)ee —— 0
| | Jr
0 —— M(L)® —I5 N —2 M(Ly)®> —— 0

Dually, we can show that acting by an element hy € Aut(M(L,)®) = GL,, produces

the sequence

oh—1
0= M(Ly)® L5 N % M(Ly)52 — 0.

From our perspective, applying this action to the doubleton short exact sequence just
produces a different instance of the sequence — it’s changing the bases of M (L)% and
M (Ly)®2, rather than altering their relationship with M (K). Thus our claim that the

doubleton extension is generic becomes the following theorem.

Theorem VIL.17. Viewing Ext'(M(L2)®, M(L)**) as affine space, the GL x GL, -

orbit of the doubleton exact sequence is Zariski-open.

Proof. Our strategy is to use orbit-stabilizer reasoning to show that the orbit has the same
dimension as the full Ext space. In the setting of algebraic geometry, the role of the orbit-

stabilizer theorem is played by a couple of facts from the theory of algebraic groups.

Proposition VIL.18 (| , Proposition 5.23]). Let G be an algebraic group and H an
algebraic subgroup. Then
dimG =dim H +dim G/H.
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Proposition VII.19 (| , Propositions 7.12 and 7.17]). Let G x X — X be the action
of a smooth algebraic group on a separated scheme X over k. For any k-valued point x of
X, let G, be its stabilizer and O, its orbit. Then the quotient G /G, ezists, and the map
g — gz induces an immersion G/G, — X, with image O,. In particular, O, is open in a

closed subscheme.
We first claim that the stabilizer of the doubleton extension is 1-dimensional. An element

(h1,hg) € GL? x GLZP is in the stabilizer when there exists an automorphism j : M(K) —
M (K) such that the following diagram commutes:

0 —— M(L)® —L M(K) —2 M(Ly)% —— 0

-1 -1

0 — s M(L)® LM p(k) 2% ML) —— 0
However, M (K) is a real brick, so by Lemma V1.8, j must act by scalar multiplication by
some a € k*. Since af = fa = foh' and f is injective, we know that Ay’ is multiplication
by a; likewise, since ga = ag = hy' o g and g is surjective, hy' is multiplication by a. It
follows that the stabilizer is isomorphic to £*, and thus 1-dimensional.
We also note that dim(GLP x GL,,) = ¢{ 4+ ¢3. So by Proposition VII.18, the quotient
by the stabilizer has dimension ¢ +c5 — 1. By Proposition VII.19, the orbit of the doubleton

extension is open in a closed subscheme of this dimension.

Now we claim that
dim Ext! (M (L)%, M(L1)®) = ¢ + ¢35 — 1.
We first observe that
Hom(M (L), M(Ls)) = Hom(M (L), M(Ly)) = 0.

To see that Hom(M (L), M (Ls)) = 0, we apply Hom(M (L;),—) to the doubleton sequence

to get the exact sequence

0 — Hom(M (L), M(L)®*) — Hom(M (L), M(K)) — Hom(M (L,), M(Ly)®%)
— Ext'(M(Ly), M(Ly)®*) =0

where the last term is 0 by Proposition VI.9. Then since M (L;) is a real brick, the first
nonzero term has dimension ¢; by Lemma VI.8 and by Theorem VII.9(a), the second term

also has dimension ¢;. It follows that the third term is 0.
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To see that Hom (M (L), M (L)) = 0, note that any nonzero map M (Ly) — M (L;) could
be composed with the injective f : M(L;) — M(K) to give a nonzero map M (Ls) — M(K),
contradicting Theorem VII.9(a).

It follows from Proposition V.17 that

(caya, c1y1) = (dim M (L2)®, dim M (L)) = — dim Ext' (M (Ly)®, M (L;)®)
On the other hand, because 3, 71, and 7, are all roots, we have

2=(8,0) = (c1m1 + 272, 171 + c2Y2)
= ci(v1,m) + 2(c2v2, c1m1) + &5 (V2,72) = 2¢] + 2¢5 + 2(cay2, c171)

and thus

(coy2,c171) =1 — c? — cg.

Putting these last two statements together gives the claimed dimension for Ext!.
In particular, the orbit of the doubleton extension is open in a closed subscheme of
dimension equal to the affine space it lies in, which can only be the entire space; thus it must

be Zariski-open. N
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CHAPTER VIII
Filtrations of Shard Modules with Tails

In Section VI.2, we saw the classification of bricks of type A and how they correspond to
shards. The key takeaway there was that each shard can be expressed by a sign vector
— recording, for each fracture, which side the shard lies on — while each brick can be
expressed by an orientation of the type A diagram, and signs in one context correspond to
arrow directions in the other.

A key motivation behind this thesis has been the question of whether we can observe this
behavior in other families of diagrams. In Chapter IV, we tackled this question on the side
of shards, finding a uniform description of the shards within any stretched family.

In this chapter, we consider the other side of the story. In the case of a diagram with a
tail, we show that a shard module’s structure along the tail reflects how its shard is described
in the framework of Chapter IV. Our methods don’t always work for more general stretched
diagrams, with L; and R; both nonempty: in the last part of the chapter, we explain what

we’d like to say in this situation and what goes wrong.

VIII.1: Motivation: shard modules in types A and D

We first recall the classification of bricks of II4, from Section VI.2. Let o ; denote the root
a; o+ . o forl <i< g <n.

For fixed i and j, let a : {i,...,j — 1} — {4+, —} be a sign vector, and define a module
M, to have dimension vector «; ;, with a nonzero map (M,), — (M,)n41 if a(h) = + and a

nonzero map (M,)pr1 — (M), if a(h) = —.

Proposition VIII.1. M, is the shard module associated to the shard defined by

(—aig) =0

>0 ifalh—1)=+
<_7ah,j> )

<0 ifalh—1)=—

139



To+ a3+ 24 <0
T1+To+ 3+ 24 =0

k<k<k—~k

Figure 52: The correspondence described in Proposition VIII.1, for the module M__,. The
orientation of an arrow corresponds to the sign of the inequality of the same color.

This result, and in particular the correspondence between signs and orientations, is illus-
trated in Figure 52.

The other simply laced finite type family is type D. The bricks of Il were classified
by Asai in | |. The classification is somewhat complex and is phrased in the language
of weak ordering rather than the language of shards, so we do not reproduce it in full here;
however, the way he formats bricks reveals important similarities to the type A case.

Asai labels the vertices of the D,, diagram by
1

~
1/23...(n_1)

He then represents bricks in exploded form as built up from two layers, like so:

2—3—4—5«—6«—T7—8

X\/\/

—1+2—3«—4—5—6

Note that the portion of the module supported on the tail divides into two layers which
can be viewed as type A bricks, and the arrows between these two layers (at least, beyond
vertex 2) all point in the same direction. One way to summarize this observation is that
the brick admits a filtration: the layer which the arrows point towards can be realized as a

submodule, and the quotient by that submodule contains the other layer:

2—3—4—=5+6«T7—38

The similarity to the type A case is illuminated further when we examine the stability

domains of type D bricks, which will be shards. Consider, for example, the root of Dg
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Figure 53: A shard module of IIp, is shown alongside the inequalities defining its stability
domain. Again, there is a neat correspondence between orientations of arrows and signs of
inequalities.

1
~
1/2727271

This has a reduced expression

54853525554535_-151 (OZQ)

whose truncations are the roots

y a4 + Qs
043—|-O£4 Oé3+Oé4+Oé5
Qg + a3 + Q4 Qo + 3 + (g + O

a1 t+og+a3+0ayg 1+ Qo+ Q3+ 0y

When we line up an example brick alongside the inequalities defining its stability domain
in terms of these truncations, we again see that the signs of the inequalities line up with
orientations of arrows in the two layers, as illustrated in Figure 53.

This is the pattern we’ll pursue in the rest of this chapter: given a shard module for a
diagram with a tail, we’ll construct a filtration by modules resembling the bricks of A,,. The
orientations of the nonzero maps within the subquotients of our filtration will correspond to

certain inequalities defining the shard.
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VIII.2: The general result

Our general result will apply to preprojective algebras of diagrams with a tail. We briefly
recall the definitions and results we need from Section IV.4. We start with a diagram G
associated to a root system ®, choose an elastic vertex j, and pick elastic data such that
R; = @. We fix a stretch factor ¢ and a tuple m = (my, ..., m.) of nonnegative integers,
letting m := mqg + ... +m. + c. In this setup, for any root 3 € str.(®), we define a root
stry,(B) € stry,(®) by stretching the coefficient at j, by a factor of m, for all 0 < p < c¢. We
then let g, := mo + ... +m, + p for any 0 < p < ¢; then j,, is the last vertex in the pth
stretched block.

Definition VIIIL.2. Given m as above, a root § of str,,(®) is blocky if it has the form
str,, (B). It is strictly blocky if all coefficients of 3 on the tail of str.(G) are distinct.

The key result of Section IV.4 was a description of the fractures of hyperplanes defined
by blocky roots.

Theorem VIIL3. Let 3 = str,,(B) for some B € str.(®). The rank 2 subsystems which cut
B+ are R(B,7), where v belongs to one of the following sets:

e roots of the form stry,(7), where 7 cuts Bl.

e some subset of the roots of the form

Vop = Qgportr+1 T Qg2 + o+ Qg (ajq = ay,)
for 0 <p<p' <ec, 1<r<m,. Ifp is strictly blocky, all of these roots work.

Definition VIII.4. The stretched fractures of 3+ are the fractures induced by the roots
in the first bullet point above. The tail roots are the roots v, , described by the second

bullet point, and the tail fractures of 5+ are the fractures induced by these roots.

We now prepare to state the theorem which is the main objective of this chapter, by
defining Ilg;,,()-modules resembling the bricks of type A. Fix some p, 0 < p < c. Let
a:{¢gp-1+1,¢-1+2,...,90— 1} = {+, —} be an assignment of signs to each edge between
vertices in the pth block. Then define the Il ()-module M), , to have 1-dimensional spaces
at the vertices jo,_,11,. .., jg,, O-dimensional spaces elsewhere, and nonzero maps M, ,(j,) —
M, o(Jg+1) if alq) = + and M, .(j,) < Mya(jgr1) if a(q) = —. A couple of examples are

shown in Figure 54.
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k<«<—k—k—k—0—0—0—0—0
Mo, -4+

Ny

0—0—0—0—k—k—k—0—0
My

N

Figure 54: Here, m = (3,2,1), resulting in blocks of 4, 3, and 2 vertices. Two examples of

M, , in this setting are shown.

Theorem VIIL5. Let 3 = str,,(B) be a blocky root and let K be a shard of 3+. Then the
associated shard module M (K) admits a filtration with the following properties:

(1) The subquotients of the filtration are either simple modules at vertices in the body, or
modules of the form M, ,.

(2) For each pair of block indices 0 < p < p' < ¢, the list of subquotients has B(j,)—B(jy+1)

copies of My, ., where

b o= )>0m K
a(gp—1+71) = < 7’;”> 1<r<m,
— (=) <0 0n K

and we define B(jes1) = 0.

(3) Let K be the unique shard of BL such that, for each fracture ¥+ of BL, the sign of
(—,7) on K matches the sign of (—,str,(7)) on K. Then there exists a filtration of

M(K) by simple modules, whose subquotients are obtained from the subquotients of the
filtration of M(K) in order by replacing M, with S,.

VIII.2.1: An example of Theorem VIII.5

The statement of this theorem is quite complicated, so before moving on to a proof we

illustrate what it’s saying pictorially. We let G be the diagram

™~

7475

W N =

and stretch it with stretch factors m = (2,2) to get the diagram G, with its vertices labeled

like so:
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1\
240 — 41 — 42 — 50 — 51 — 52
3/

We then focus on the blocky dimension vector

—_

~
1737373717171

—_

and specify a particular shard K. By Theorem VIIIL.3, a shard is determined by two sets of

inequalities. First, we specify its position relative to the stretched fractures.

Ty + o3+ 2(Ta0 + a1 + Ta2) + (Ts0 + 51 + To

IA

(40 + Ta1 + T42) Ts0 + Ts1 + T2

+ ) =
+ )
Ty + (240 + T41 + T42)
+ )

( )

IN

€3

v

Tao + Ta1 + Ta2

0
0
0
0
0

IN

Ta0 + Ta1 + Ty

Secondly, and more importantly for our purposes, we specify its position relative to the tail

fractures:

<_7731> = X41 + Ty2 + Ts0 + Ts1 + Tso >0
<—7731> = Ty + Tso + T51 + T2 > 0

(= 711) = T51 + 2520 < 0

<_77%1> = Ts2 S 0

(= Y0) = Ta1 + 42 > 0

<_77(2)0> =242 <0

The theorem’s claim is that the associated shard module admits a filtration whose subquo-
tients capture exactly the information provided by this second set of inequalities. So we
next describe how to use this information to construct the associated graded module of this
filtration.

First, we stack boxes above the edges in the visualization of the dimension vector. Over
every tail edge between two vertices with the same coefficient, we stack a number of boxes
equal to that coefficient. We additionally introduce a horizontal break across the whole grid

at the top of each stack, as shown here.
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\
—3—3—3—1—1—1
/

1
1
1

The stack over the pth block will be broken into ¢ — p components this way, and the ith
component from the top (indexed starting from 0) will be 8(j,1i) — B(jpris1) boxes tall. In
this example, the components over the block of 3s have heights 3—1=2and 1 —0 = 1.
This quantity is the multiplicity appearing in part (2) of the theorem statement.

We then fill each component of the stack of boxes with signs determined by the second

set of inequalities above:

+ —
1 + [ + - | -
1\|3Z|33||111|
1 —
Tl + Tgo > ()
Tgo < ()
Ta1 + Ta2 + Ts0 + Ts1 + Ts2 > ()
Ty2 + X0 + Ts1 + Ts2 > ()
Ts1 + Ts2 < ()
Ts2 < 0

The 7th component over the pth block is associated with the roots Vop+i) for 1 <r < m,,
and we fill it from left to right with + and — according as these roots pair positively or
negatively with the points of K.

Finally, we fill the boxes over the pth block with copies of M, ,, where the sign vector a is
determined by the signs we just put in. We additionally include simple modules at the body
vertices in the quantities necessary to produce the dimension vector. The theorem claims
that this is an exploded view of the associated graded module of a filtration of the shard

module.
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40 — 41 «— 42
2 40 — 41 «— 42

40 — 41 — 42| [50 <= 51 < 52

T4l + Ta2 > ()
Ta2 < ()

Tyl + Ta2 + Ts50 + Ts1 + T2 > ()
Tg2 + Ts0 + Ts1 + Ts2 > ()

Ts1 + T2 < ()

Ts2 < 0

To see that that is the case here, here is an exploded view of the entire shard module.

1

40 —— 41 +—— 42

\ /
2 40 41 42
40 41 42

50 51 52

This module has a filtration
0=MyC M C---C M;=M(K)

with subquotients

My /My = Ss
My/My = M,
M;/My = S,
My/Ms = S,
MMy = M,
Me/Ms = My .,
Mz /Mg = M, .

We can verify this by first noting that S is a submodule (since there are no arrows out
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of the vertex labeled 3) and quotienting out (removing the vertex); then noting that the top

copy of My ._ is a submodule of what remains, and quotienting that out; and so on.
Finally, we illustrate part (3) of the theorem. We turn our attention to the first list

of inequalities defining K, the stretched ones, and collapse each stretched block down to a

single vertex to obtain a list of inequalities defining a shard K of the root system of G.

To+ w3+ 2x4+ 125 >0
Ts+ x5 <0
To+ x4 <0
r3+x4 >0

$4§O

The resulting shard module turns out to be

1
2 4

4 3
3

Part (3) of the theorem states that this module has a filtration whose subquotients appear
in the order obtained by replacing My ;— and M ;4 with Sy and M; __ with S5 in the list of
subquotients of our above filtration. In this case, that order is Ss3, Sy, So, S1, S5, Sy, S4. Such
a filtration indeed exists here: we can verify this in the exploded view by finding a vertex
labeled 3 which is a sink (which determines an S3 submodule), removing it, finding a vertex
labeled 4 which is a sink, and so on.

However, we note that the relationship between M (K) and M (K) stated in part (3) of
the theorem is not as strong as it might initially appear. In this example, the map M (K)sq —

M (K)42 between the two blocks of M (K) is zero, while the map M (K )5 — M (K ), between

the corresponding vertices in M (K) is not. (If it were, the relation defining the preprojective
algebra wouldn’t be satisfied.) Thus we can’t obtain M (K) from M (K) simply by replacing
the spaces at vertices 4 and 5 with representations of I14, and leaving everything else intact;

there are additional discrepancies between the two representations.
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VIII.2.2: Proof of Theorem VIII.5

Our strategy for proving this theorem revolves around the doubleton extension sequence
developed in the previous chapter. Starting from the shard K, we select a wall and use
it to express M(K) as an extension of simpler shard modules. We then use this process

inductively to build a filtration, with the following basic fact: given a short exact sequence
0— N1 = M5 Ny—0
and filtrations

0=NcNYc...c N =N,
0=NYcNVc...cN=n,

we obtain a filtration
0=N"cN" - c N =a{(N) ca (V) ca {(NY) = M

whose subquotients are exactly those of the two filtrations we started with, put together.
With these tools in place, the result will come together fairly quickly. The one thing we

need to be careful about is that this process — specifically, the step of selecting a wall of

our shard — respects the stretched structure underlying everything. This will be taken care

of by the following lemma.

Lemma VIIL.6. Suppose B = str,(B) for some B € str.(®), and that (3 is supported at
some vertex other that the tail vertices jo, ..., jm. Let K be a shard of f~. Then K has a

wall contained in a stretched fracture.

The key steps in proving this are a basic fact about hyperplane arrangements and an

observation about the span of the subsystems cutting a root.

Lemma VIIL.7. Let V be a real vector space, V* the dual space, and vi,...,7, € V a
collection of vectors. Let R C V* be a region of the arrangement of hyperplanes i, ..., V..

Let %-Ll, e ,%-J; be the subset of these hyperplanes which contain the walls of R. Then

span(Vi,, - - -, Yi,) = span(yi, - - -, Va)

Proof. Let K = ({_, 7, and let K = ﬂ?.:l%j Note that Krp C R. Suppose for a

contradiction that

span(Yiy, - - -, %) & span(yi, ..., Ya)-
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Then, dually, K C Kg. Choose some point x € Kr — K. Then there exists some ~; such
that (z,7;) # 0. Then (x,7;) and (—z,;) have different signs. But since z, —z € Kr C R,
and either (—,v;) >0 or (—,7;) <0 on R, this is a contradiction. O

Lemma VIIL8. Let 8 be a root, and let I be the set of vertices in its support. Suppose
Ry, ..., Ry are the rank 2 subsystems cutting B~. Then

span(Ry U --- U Ry) = span({ }ier)

Proof. Let B = s;,--- s (,) be a positive expression, and let v, = s;, - - - s;,,, (a5, ) be the
truncation of this expression for each 0 < k < ¢. (Note that 79 = 5.) By Theorem III1.21,
the left side of the desired equation is equal to span(yo,y1, - - -, Ye)-

Because applying s;, in the course of evaluating the positive expression will cause the
coefficient at vertex 7 to increase without changing the others, the support I of 3 is precisely
the set {ig,%1,...,4}. The truncated expression for 7, may no longer be positive, but for

similar reasons the support of 7, is contained in the set {ig,ix11,...,%}. It follows that

Span(707 RITERE 775) C Span<{ai}i61)

Now consider the set A of indices 1 < k£ < £ such that i, is the leftmost appearance of the
vertex i in the positive expression for 5. (For example, we always have £ € A and /—1 € A;
we have ¢ — 2 € A exactly when i, 5 # is; and so on.) This set has one element for each
vertex in [, corresponding to that vertex’s leftmost appearance. For k € A, we know that
the support of 7;, contains the vertex i, since the expression ;, = s;, - - - 5;,,, (@, ) does not
feature any reflections at i and thus retains a coefficient of 1 there.

Now write each v for k € A as a linear combination of the simple roots «;, for k € A,
arranged in ascending order by k, and construct a matrix whose columns are the resulting
vector representations of 7, in ascending order by k. It follows from the above observations
on support that this matrix is lower triangular with 1’s along the diagonal. (For example,
e = «;,, while 7,1 = ay,_, + ca;, for some coefficient ¢, and so on.) Thus its columns span

the space span({w;, }rea) = span({«; }ies), from which it follows that

span(vo, Y1, - - -, ve) O span({e; }ier)

[]

Proof of Lemma VIII.6. Suppose for a contradiction that 3+ has some shard without any

walls contained in stretched fractures. By Theorem VIII.3, every wall of that shard is
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contained in y* for v a tail root. Then by Lemma VIIL.7 applied to the arrangement of
fractures in 3+, it follows that the span in V/span(83) of all rank 2 subsystems cutting 5+
is contained in the span of all tail roots in V/span(f).

However, it would then follow from Lemma VIIL.8 that, letting I be the support of f3,
span({a; }icr) is contained in the span of the tail roots together with 5. This is only possible if
the support of S consists of the tail vertices ji, ..., together with at most one additional
vertex. In turn, this is only possible if that additional vertex is jo: because each root is
built up from a simple root by increasing coefficients at vertices adjacent to vertices with
nonzero coefficients, the support of a root must induce a connected subgraph of str,,(G).

This contradicts our assumption that § is supported off the tail. O

Proof of Theorem VIII.5. We proceed by induction on the total dimension of M (K). For
the base case, we suppose that  is not supported on the body. A brick supported only on
the tail can be identified with a brick of I, for some n. In this case, the result follows from
Proposition VIII.1.

So consider an arbitrary 8 = str,,(8). By Lemma VIIL.6, K has a wall sliced by a
stretched fracture. Let R be the associated rank 2 subsystem cutting 3+, let 6, do be its
fundamental roots, and suppose 3 = ¢101 + ¢209. Let Ly and Lo be the fundamental shards

of 01 and 99, respectively, meeting K. By Theorem VII.9, there exists a short exact sequence
0— M(L)%" — M(K) — M(Ly)®? — 0

(up to switching L; and L,).

We chose our wall such that there exist roots o1, do of G with &; = str(5;). So by the
induction hypothesis, M(L;) and M (L,) admit filtrations with the desired properties.

We can splice ¢; copies of the filtration of M (L) and ¢, copies of the filtration of M (Ls)
together to obtain a filtration of M (K). To finish the proof, we must show that this filtration
also has the properties stated in the theorem.

First, given any 0 < p <p’ <cand 1 <r < m,, suppose (—,’y;p,> > 0 on K. Then we
claim there are points of L; and L, at which (—,ygp,> > 0. Indeed, K intersects L; and Lo
in a codimension-2 cone. If (—,~7 ) vanished at every point in their intersection, it would
imply 7y, was in the rank 2 subsystem R(61,62), a contradiction since Yy 18 not blocky
while ¢; and d, are. Thus there must be some point in the intersection K N Ly N Ly where
(=, is nonzero, and thus positive.

In particular, the sign sequence a which the theorem statement attaches to our choice of
p and p’ is the same for K as it is for L; and Ly. We additionally know by the induction
hypothesis that this choice of p and p’ accounts for &;(j,/) — 6;(j,+1) copies of M,, in the
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filtration of M(L;), for i = 1,2. Thus when we combine the filtrations to get one for M(K),

this accounts for

c1(01(3p) = 01(p+1)) + 202y ) — 02(Jpr+1)) = BUp) — Bp+1)

copies of M, ,, which verifies property (2).

Now, let K be the shard of 3 defined in property (3). We can likewise define shards L;
and Ly of ; and &, such that, for each fracture Z of §;, the sign of (—, ) on L; matches the
sign of (—, str,,(£)) on L;. The roots §; and J are still fundamental in the rank 2 subsystem

they span, and this subsystem still defines a wall of K, so we also have a short exact sequence
0 — M(L)®" — Mz — M(Ly)®? — 0

By the induction hypothesis, M(L;) and M(L,) admit filtrations by simples which are
compatible with the filtrations used above, as dictated by property (3), and by concatenating

these filtrations together we get a filtration of M (K') which is compatible with the filtration
of M(K') we constructed above. This verifies property (3). O

VIII.2.3: A corollary on rank

To show that the existence of this filtration does imply something substantial, we use it to

obtain a concrete numerical fact about the maps along the tail of the shard module M (K).

Corollary VIIL9. Let 3 = str,,(3) be a blocky root and let K be a shard of 3+. Choose
0<p<candl <r <m,. Then

rank(M(K) (g or = Joprrs1)) = D BUw) = Blw+1)

p'>p
<77’Y;p/>20 on K

rank(M(K)(jor41 = Jor) = Y. BUw) = Blw+1)

p'>p
<_7’Y;p/>go on K

This follows directly from combining the filtration from Theorem VIIL.5 with the following

lemma:

Lemma VIII.10. Let A be a k-algebra, M a finite-length A-module, and 0 = My C M; C
- C My = M a filtration. For an element a € A and module N, let a|y : N — N be
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multiplication by a. Then

MN

rank(a|y) > rank(alar, /v, )

=1
Proof. Given k-bases of M;/M;_; for 1 < i < ¢, we combine them into a basis of M by lifting
the basis of M;/M;_1 to M;. In the resulting basis, the action of a on M can be viewed as a

block upper triangular matrix:

al o * * *

O CL|M2/M1 * ... *

aly = 0 0 alng s, *
0 0 0 T a’|M£/MZ—1

If we select, from each matrix along the diagonal, a collection of linearly independent
columns, then extend each of these columns to the corresponding columns of the full matrix,
they remain linearly independent. Thus the rank of the full matrix is bounded below by the

sum of the ranks of the matrices on the diagonal. O

For our purposes, we take the element a to be the edge (jg,+r — Jgy+r+1) OF (Jgp4rt1 —

Jap+r) i the preprojective algebra.

VIIL.3: Why this proof doesn’t work for stretching with R; # &

In Chapter IV we described shards in the general context of stretching, not just a diagram
with a tail. In that context, recall from Theorem IV.13 that (up to adjusting where the
stretched path starts and ends) the fractures of a stretched root f fall into two forms:
the fractures f, where f, is also a stretched root, and the fractures (g, — 7,)*, where
Yo = @j, + ...+ «a;, and v is allowed to vary through the vertices of the stretched path
independently of u. The original hope for this project was that, just as in the tail situation,
a shard module M(K) of dimension  should admit a filtration by modules M, for sign
vectors a determined by the position of K relative to the hyperplanes (g, — 7,)*. (These
are defined the same way as the modules M, ,, but for simplicity we only consider the case
that the stretched path is a single block, so p = 0.) In fact, such a theorem almost works,

and we know exactly what it should say; the only difference is the multiplicity factor that

was given by (j,) — B(jy+1) above.
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Definition VIII.11. Let 8 be a root of any root system and let R be a rank 2 subsystem
containing 3. Let 7;,72 be the fundamental roots of R, and let § = ¢;71 + ¢c272. The
multiplicity of R with respect to 3 is

mult(8, R) :=c¢1 + ¢ — 1.

Conjecture VIIL.12. Let B = str,,(B) and let K be a shard of 3+. Then the associated
shard module M (K) admits a filtration with the following properties:

(1) The subquotients of the filtration are either simple modules at vertices in the body, or
modules of the form M,.

(2) For each of the forms g,, the list of subquotients has mult(8, R(5, g. —V»)) (a quantity
independent of v) copies of M,, where

+ <_7gu_’7v> >0 on K
- <_7gu_’7v>§00nK

a(v) =

Indeed, one can verify that this statement is true in the case of the stretched family AS),
following the classification in Section VI.6.

The fatal flaw with attempting to apply our above proof is that Lemma VIII.6 may no
longer hold: there can exist shards of 3+, for 8 a stretched root, which do not have a wall
defined by a stretched root. This obstructs the approach of breaking down a shard module
as an extension of smaller ones in a way that respects the stretched structure. The simplest

example we have of this occurs for the diagram

IFo— 606

and the root

A
6— 16 —16 — 16 — 13

Calculations in SageMath show that this root has a shard given by

e R S |
040302035405‘7104‘73‘72‘73‘74‘75(041)
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whose walls are dual to the roots

a1 + 3ag + 2a3 + 204 + 205
Qg + a3
(&%)

Qg

none of which assign the same coefficient to vertices 2, 3, and 4.
Curiously, however, the shard module associated to this shard does actually satisfy Con-
jecture VIII.12. Thus, it is still an open question whether an alternate proof strategy could

be used to construct filtrations for the general stretched case.
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APPENDIX

Nonsymmetric Cartan Matrices and Species

In this appendix, we discuss the framework which can be used to generalize the results of
this thesis to root systems with non-symmetric (but symmetrizable) Cartan matrices. In
this case, the Dynkin diagram is decorated with edge labels, and in the language of quiver
representations and preprojective algebras we don’t have a way to incorporate those. This
is solved by the introduction of species, which are like quivers but with this extra data;
a representation of a species is like a quiver representation, but with vector spaces over

potentially different fields.

A.1: Species

Since Gabriel’s theorem shows such a neat connection between quiver representations and
the A,,, D,,, and E,, Dynkin diagrams, it’s natural to wonder there is a variation of the notion
of a quiver representation for which the other finite root systems — B,,, C,,, Fy, and Gy —
play a similar role.

Recall that in the finite case, for a Cartan matrix to be symmetric means that the simple

roots satisfy
i, )

92 ( —9 (aj> ai)
(@i, aq) (g, 05)
for all 7 # j, which in turn implies that they all have the same length.
Thus symmetrizable Cartan matrices correspond to root systems with simple roots of
varying lengths. In order to express this nonuniformity on the side of representation theory,
Dlab and Ringel considered representations of quivers in which the vector spaces at different

vertices can be defined with respect to different ground fields.
Definition A.1 (] ]). Let k be a field. A k-species is specified by:
e A finite index set I.

e A collection of fields K; for ¢ € I which are finite-dimensional extensions of k.
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e For each pair ¢,j € I, a K;-K;-bimodule E(j + 7).
A representation M of this k-species is specified by:
e For each i € I, a K;-vector space M;.
e For each pair i, j € I, amap ;p; : E(j < i) Q, M; = M,

k-species are natural generalizations of quivers if we think of the K, as vertices and
E(j < 1) as the collection of arrows from K; to Kj; indeed, quivers can be identified with
species in which all of the K; are the same.

To be precise, suppose () is a quiver and choose a field k. Then we can define a species
with index set Qg, K; = k for alli € )y, and E(j < ¢) the space of formal linear combinations
of arrows from i to j. Representations of this species are the same thing as representations
of @ over k: if there are r arrows ¢ — j, then E(j < i) = k", and ;¢; can be identified with
a map V;*" — V; which records the action of all these arrows at once.

There is also an analog of the path algebra for k-species. Given a k-species as above, we

define the tensor algebra 7' to be

T= @Ki b @ E(im < im-1) @k, | Elim—1 ¢ im—2) Qk, _, O, Elig 1)
el iniznim€]

Thinking of each E(j < i) as the “space of edges” from i to j as above, each summand in
the right sum can be thought of as the “space of paths” going through the indices i,is,. . .,
iy, in order, while each summand K; in the left sum is the space spanned by the “stationary
path” at i. Accordingly, we define multiplication in this algebra by concatenating tensors
with compatible endpoints (ab := a ® b), just like how multiplication in the path algebra is
defined by concatenating paths. As before, the category of representations of a species is
equivalent to the category of left modules over T', and so it behaves like any other module
category.

Now we make precise the bridge back to root systems. To a quiver, we associated an
unlabeled Dynkin diagram simply by forgetting its orientation. We associate a general

Dynkin diagram to a species as follows!:

e The vertices are labeled by the index set I;

IThis differs slightly from how Dlab and Ringel associate a diagram to a species in | ]; however, their
result still holds using this definition, and it is more consistent with later work such as | ]
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e Choose an arbitrary ordering of I, and suppose i < j € I. If E(j « i) or E(i + j) is

nonzero, we draw an edge between ¢ and 7, and label it with

(dimg, B(j + i) + dimg, E(i + j),dimg, B(j < i) + dimg, E(i < j))

Example. Consider an R-species with [ = {1,2}, K1 =C, K =R, E(2+ 1) =C, and
E(1 <~ 2) = 0. Then a representation is given by an R-linear map f : Vi — V5, where V)
is a C-vector space and V3 is an R-vector space. Because E(2 < 1) is 1-dimensional over C

but 2-dimensional over R, this species corresponds to the Dynkin diagram

(1,2)

The last ingredient we need to generalize Gabriel’s theorem is a definition of dimension

vector:

Definition A.2. Let (K;, E(j < ©)); jer be a k-species and let M be a representation of
it. Let V be a vector space over R with a distinguished basis (o );eq, indexed by I. The
dimension vector of M, denoted dim M, is the vector ), (dimg, M;)a; € V.

Theorem A.3. [ | A k-species has finitely many indecomposable representations if and
only if the associated Dynkin diagram is a disjoint union of finite type diagrams. In this
case, the map M +— dim M gives a bijection between isomorphism classes of indecomposable
representations and positive roots of the associated root system, where oy is the simple root

associated to vertex 1.

Example. The example species immediately above corresponds to the B Dynkin diagram,

which denotes a root system for Dihy. Thus we expect it to have 4 indecomposable repre-

sentations, since a square has 4 lines of symmetry. These are C — 0, 0 — R, C Re, R, and
(Re,Im) 9

C —=R=.

A.2: Preprojective algebras of species

The material of this section originally appeared in | ].

As in section A.1, it’s good to have an analog of the preprojective algebra associated
to general Dynkin diagrams rather than just unlabeled graphs. Such an analog is provided
by Julian Kiilshammer’s recent theory of pro-species. Here, we introduce Kiilshammer’s
general definition of the preprojective algebra associated to a species and then explain how

to apply it to our situation. The foundational paper | | provides most of the tools we
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need, with the exception of an analog of Proposition V.17, which is proven in the appendix
of | ].

Starting from a k-species?, Kiilshammer constructs a double species with isomorphisms
of Ki-Kj-bimodules E(i < j) = Homg, (E(j < i), K;) = Homg, (E(j « ), K;). This is
equivalent to specifying a Kj-linear map (—, —); : E(i < j) ®k, E(j < i) — K; and a
Kj-linear map (—, —), : E(j 1) Qg, E(i + j) — Kj.

Then for each pair of indices j < i, we choose a K;-basis ey,...,e,. of E(j « i) and
let fi,..., fr be the dual K; basis of E(i < j) under the pairing (—, —);. We define the
Casimir element

Cjeivy = Z&f ® fi € E(j « i) @k, E(i < j)
t=1
which is independent of the chosen basis.

Finally, we define a function sgn : {(j <= i) | i # j € [} — {£1} such that sgn(i < j) =
—sgn(j < i), as in the definition of the original preprojective algebra. The preprojective
algebra of this setup is the quotient of the tensor algebra of the double species by the
two-sided ideal generated by

c = Z SgN(J <= 1)Cjicj
i#jel
As with the original preprojective algebra, note that e;ce; (where e; is the idempotent in
the tensor algebra associated to index j) is the sum of just the terms indexed by a specific
J, representing the paths going out of and back to a specific vertex. Quotienting out by c is
equivalent to quotienting out by each of these separately.

Now let A be a crystallographic Cartan matrix of rank n. Here it is also important that
we assume A is symmetrizable, meaning that there are positive integers d, ..., d, such that
d;A;; = djAj; for any 7 and j. We will construct a preprojective algebra as above with
reflection functors and a Crawley-Boevey identity linking it to the root system of A.

Starting with the symmetrizing integers d;, let L = LCM(dy,...,d,) and let d;; =
LCM(d;,d;) for any pair ¢,j. Let k(L)/k be a Galois field extension with Galois group
cyclic of order L, so that there exists a unique intermediate field k(d) of degree d over k for
all d | L. As seen in the example of species above, for L = 2 we could let k(L)/k = C/R,
while for general L, we could let k(L)/k = IF,. /IF, for some prime p.

?Kiilshammer actually works with pro-species of algebras, for which the fields K; are allowed to be
finite-dimensional algebras and the bimodules E(j < #) are only required to be projective on either side.
We will not need this level of generality.
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Let I" be the quiver with vertices 1,...,n and —d;A;;/d;; arrows ¢ — j. This quantity
is symmetrical in ¢ and 7, so we can choose a bijection a <> a* between arrows ¢ — j and
J — i such that (a*)* = a. Then let E(j < i) be a k(d;;)-vector space with a basis given by
arrows ¢ — j, and let (—, —);; : E(j < 1) x E(i - j) — k(d;;) be the k(d;;)-bilinear pairing
for which a — a* sends each basis to its dual.

We have field trace maps try,) : k(di;) — k(d;) and tryq,) : k(di;) — k(d;); thus we can

define the requisite pairings

(= =i = tragay) ((— —)ji) + B(i = J) @pay) E(G < 1) — k(d;)
(= =) =ty ((—, —)ig) : E(J 1) @pqay) E(i < J) — k(d))

Next, we work out the Casimir elements corresponding to these pairings. For any pair i # j,
let bY, ..., b9 be a k(d;)-basis of k(d;), and let (b7)*,..., (b¥)* be the dual basis under the
trace pairing (b, ') — try(q,)(bb'). Then we have

- ijye ij
Cjeicg = Y Y (b)) a” @ ab]
it

Thus the preprojective algebra is the tensor algebra of the species we've constructed, quo-

tiented by the relations

ngn(j — 1) Z Z(bﬁj)*a* ®ab? =0 for each fixed j € I
t

.oa .

i#j Jj—>

Example. Following our example of species, consider the By Cartan matrix (32 > ) This
is symmetrized by d; = 2,dy = 1, so we choose k = k(dy) =R, k(d;) =C, and E(2+ 1) =
E(l+2)=C.

A representation of the preprojective algebra is given by a C-vector space M; and an
R-vector space Ms, together with an R-linear map f : C ®c M; = M; — M, and a C-linear
map g : C ®g My — M; (which we can identify with an R-linear map Ms — Mj). These

maps must satisfy the relations

Jg=0

1 .
igf—égf’t—o

Kiilshammer also defines reflection functors for preprojective algebras of species. This

follows the same setup as before; we just need to update the definitions of My;, M (7,in), and
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M (i,out) to this new context. We define

Ma; := @D E(i + j) @x(ay M;.
J#
We define the map M(4,in) : My, — M; on the jth summand to be sgn(i < j)M;—;. To
define the map M (i,out) : M; — Mpy;, we note that the duality between FE(j <« i) and

E(i < j), together with tensor-hom adjunction, gives a natural isomorphism

i

(—)V : Homk(dj)(E(j — Z) Ok(dy) M;, Mj) = Homk(d )(MZ*, E(Z — ]) ®k(dj) Mj)

Thus we define M (i, out) to map into the jth summand of Mp; by M}, ;.

With these definitions in place, we can define reflection functors using the same com-
mutative diagrams as in Section V.2.2. The results of that section still hold | , Section
5]. Proposition V.17, Proposition V.19, and Lemma V.20 also generalize to this context,

following from | , Appendix].

A.3: The aspects of the thesis which change when we’re working

with species

With one exception, the results of this thesis also apply to preprojective algebras of species.
For the most part, what needs to be changed involves recognizing that the role of the ground
field k is now played by a collection of extension fields k(d;) associated to the different
vertices. We summarize the differences in this section.

In what follows, for any root 8 we define dg := CR particular, we have d,, =

2
w = dz¥ = d; by definition. Thus, given any expression 5 =s;, - - - s;, (v, ), because

the pairing (—, —) is preserved by the group action, we have dg = d;,,.

A.3.1: Chapter VI

In Section V1.3, we observed that, since any real brick can be obtained by applying reflection
functors to a simple module, the endomorphism ring of a real brick must be k. In this context

we need to be a little more careful. Suppose that our real brick is given by

M = zg‘y S 2E(Sy)

o~

Then the same argument implies that its endomorphism ring is isomorphic to End(S,,)
k(diy) = k(daim nr)-

160



Similarly, a factor of dg appears on both sides of the argument following Proposition
VI1.9: for a real brick B, we have

2 dim Hom(B, B) — dim Ext' (B, B) = (dim B, dim B)
and both 2 dimy; Hom(B, B) and (dim B, dim B) now equal 2dg.

A.3.2: Chapter VII

In this chapter, we need to be careful with statements about the dimensions of vector spaces,
since it is no longer clear which fields those dimensions are taken over. However, with the
appropriate dimensions taken into account, the proofs are the same.

The correct statement of Theorem VII.9 becomes:

Theorem A.4. Let B be a root and let K be a shard of B+. Let R be a rank 2 subsystem
slicing a wall of K, and let 7y, and 7, be the fundamental roots of R. Without loss of
generality, suppose (—,v1) >0 on K. Let c1,cy be constants such that B = c17y1 + co7ya. Let
Ly and Ly be the fundamental shards of vi- and 3, respectively, meeting K at R. Then:

(1) There exists a short exact sequence

0 — M(L)% L M(K) % M(L)®2 — 0

(2) dimy, Hom(M(K), M(L:)) = dimy, Hom(M(Ls), M(K)) = 0,
dimy Hom(M (Ly), M(K)) = d,c1, and dimy, Hom(M (K'), M (Ls)) = d,c2.

Here the only change is in the dimensions in part (2).
We then note that the space Homy (M (Ly), M (K)) inherits an End(M (L;))-module struc-
ture, and thus is a k(d,, )-vector space. Likewise, Homy (M (K), M(Ls)) is a k(d,,)-vector

space. So the correct statement of Corollary VII.10 becomes:

Corollary A.5. For any exact sequence of the form in Theorem A.J, the components of f
are a k(d.,)-basis of Homy(M(L1), M(K)), and the components of g are a k(d,,)-basis of
Homy (M (K), M(Ls)).

Finally, we haven’t worked out the details of Theorem VII.17, the genericity of the
doubleton sequence, in this context. Although it seems plausible that a similar result should
hold, the algebro-geometric complications of mixing multiple fields together seemed too far
afield from the focus of this thesis.
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