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He imagined that sooner or later he would have to think the stars
through to the end, and that it would be better to do it now.

-Boris Pasternak in Doctor Zhivago

A man is not idle because he is absorbed in thought.
There s visible labor and there is invisible labor.

-Victor Hugo in Les Miserables
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Abstract

The pentagram map, first proposed by R. Schwartz in 1992, is a well studied
discrete integrable system on real planar polygons. It has been reframed in the
language of difference operators using a known correspondence of certain degree
3 difference operators and polygons in P2. In this paper, we generalize the notion
of a projective space by describing one-dimensional “subspaces” in free modules
over stably finite rings. We then define polygons in such spaces and discuss how
these projective spaces relate to known objects, such as Grassmannians. With
these projective spaces, we generalize the correspondence of difference operators
and polygons by proving that there is a one-to-one correspondence between prop-
erly bounded left (resp. right) difference operators, whose coefficients are from a
stably finite ring R, and polygons in a certain left (resp. right) projective space
over R. With this correspondence, we show that some known (and proposed)
generalizations of the pentagram map can be understood as the usual penta-
gram map in a certain projective plane. Finally, we reframe these pentagram
maps in the language of difference operators, showing that the pentagram map on
pseudo-difference operators is a refactorization, and use this interpretation to find

invariants.



Chapter O

A Brief History

The primary goal of this paper is to relate difference operators to projective poly-
gons and a dynamical system on such polygons, known as the pentagram map.
We will begin this paper with a brief discussion of the study of dynamical sys-
tems before focusing on our particular dynamical system. The development of
the research area “dynamical systems” is often attributed to Henri Poincaré and
his publications studying celestial mechanics at the end of the 19th century. The
colloquial understanding of the study of dynamical systems is the study of systems
that evolve with time. Many examples of such systems come from physics, such
as Poincaré’s study of celestial mechanics. But, dynamical systems are defined
in much more generality. Let us define precisely what we mean by a dynamical
system. There are numerous ways to do so, but we will follow the definitions
outlined by G. Teschl in | . A dynamical system is a semigroup G (with
identity) acting on a set M. In other words, we will have a map T': G x M — M
which is a semigroup action (i.e. the map 7T respects semi-group composition and
the identity). We often require a structure on M, such as being a metric space,
but the definition in general does not require any specific structure. A continuous
dynamical system is a dynamical system with G = R, G = R, or some other con-
tinuous Lie group. A discrete dynamical system is a dynamical system with G = 7Z

or G = 7", which can be understood as the iteration of maps. For this paper, we



are primarily (but not exclusively) interested in discrete dynamical systems.

One is often interested in the orbits of a dynamical system. In particular, one
may be interested in whether or not certain types of orbits exist (i.e. periodic,
dense, etc). If such orbits exist, are they unique? If not, how many such orbits
exist? Are there fixed points under the action? Do the orbits live on specific
surfaces? This list is not exhaustive, but illustrates some of the general trends in
the study of dynamical systems.

We know that many physical systems are modeled by ordinary or partial dif-
ferential equations (ODEs and PDEs), which are not dynamical systems, a priori.
But, ODEs and PDEs can be understood as dynamical systems. For instance, the
flow of a first order, linear, autonomous ODE is a continuous dynamical system.
These “translations” of differential equations into dynamical systems usually re-
quire solutions. Some methods of solving differential equations bring about “first
integrals”, or invariants, of the system. With sufficiently many appropriate first
integrals, many physical systems can be shown to be integrable. What is inte-
grability, and why is it interesting? One may take the approach of N. Hitchin in
[ | by broadly answering in the following way. A differential (or difference)

equation is integrable if it involves the three following things:
1. Existence of many conserved quantities;
2. Presence of algebraic geometry;
3. Ability to give solutions.

Many interesting physical systems satisfy these three criteria and therefore the
study of integrable systems was born. A particularly famous PDE, and integrable

system, is the Korteweg-de Vries (KdV) equation, originally found to model waves

in shallow water by D. J. Korteweg and G. de Vries in 1895 | |. In time, it
was additionally found to model waves moving through cold plasma | | and
ion-acoustic waves | ]. A famous integrable system was discovered in 1970

when the study of waves in a nonlinear lattice was initiated by M. Toda | I;
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Figure 1: The classical pentagram map sending P to P’

this system was called the Toda lattice. The Toda lattice was shown to be a finite
dimensional analogue of the KdV equation and its integrability was shown by H.

Flaschka in | ]-

Now, we bring our focus back to the pentagram map, along with some of its
known (and potential) generalizations. The pentagram map, first introduced by
R. Schwartz in 1992 | ], is a discrete dynamical system on the space of (real)
planar polygons, considered up to projective equivalence. The map takes a polygon
P to a new polygon P’ whose vertices are the intersection points of the lines
connecting second nearest neighbors from P. An example of the pentagram map
for a closed polygon P is shown in Figure 1. Originally, the map was considered
only on closed polygons | |, but it was shown to be defined on a larger class
of polygons known as twisted polygons, which are polygons whose vertices have

some sort of “quasi-periodic behavior”.

Aside from a geometrically satisfying (and comical) construction, what makes
this particular dynamical system so interesting? There are a few answers to this
question. For instance, it has been shown to be the discretization (in space and
time) of the Boussinesq equation, a well known PDE from fluid mechanics | ;

|. For now, let us focus on the following answer: it has been shown that the
pentagram map on twisted polygons is an integrable system. Originally it was

shown to be (Liouville) integrable by finding a Poisson structure and sufficiently
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many independent first integrals in [ ]. Then, by finding the Lax repre-

sentation of the pentagram map, algebraic-geometric integrability was shown in
[Sol13].

The pentagram map has been reframed in the language of difference operators

[ |, Poisson-Lie groups | | and cluster algebras | ; |. Fur-
thermore, it has been generalized to higher dimensions | ; ; | as
well as to Grassmannians | ; ]. Other discrete dynamical systems have

also been proposed to be generalizations of the pentagram map. For instance, the

“skewer pentagram map” on bi-infinite sequences of lines in R? defined in | .

We were particularly interested in the reframing of the pentagram map in
terms of difference operators. In | |, A. Izosimov showed that the classi-
cal pentagram map, and some of its higher-dimensional generalizations, could be
interpreted as refactorization type maps on certain classes of pseudo-difference
operators. But, this interpretation did not include known generalizations like the
Grassmann pentagram map, nor proposed generalizations such as the skewer pen-
tagram map. In an effort to give a ring-theoretic interpretation of such examples,
we began an investigation into pentagram type maps in projective spaces over a

larger class of (noncommutative) rings.

In Part I, we describe projective spaces over stably finite rings and discuss
polygons in such spaces. In Chapter 1, we review some relevant results from
ring theory and describe stably finite rings. We provide equivalent definitions of
stably finiteness and describe some useful examples. In Chapter 2, we describe
“subspaces” in free, finitely generated modules over stably finite rings and use this
notion to describe projective spaces. Then, we define polygons in Section 2.2. We
recall the notion of an incidence structure and describe some geometry in these
projective planes. Finally, in Chapter 3, we discuss what projective spaces over
the integers, real square matrices, and the dual numbers will look like, relating

them to rational projective spaces, Grassmannians, and skewers, respectively.
In Part II, we introduce and prove a constructive correspondence between

11



difference operators and polygons in our projective spaces. We begin by defining
difference operators and proving some results regarding their kernels, in Chapter
4. Then, Chapter 5 is composed of the statement and proof of the correspondence
between difference operators and polygons. The correspondence, Theorem 5.1.3,

can be paraphrased in the following way:

Theorem A. Let R be a stably finite ring. Then, there is a one-to-one correspon-

dence between the following sets:

1. Polygons in the left (resp. right) projective space of dimension d—1 over R,

up to projective equivalence.

2. Properly bounded left (resp. right) difference operators of degree d with co-

efficients in R, up to a left/right group action.

Finally, we discuss a computational example and some other corollaries for
certain classes of polygons in Chapter 6.

In Part III, we describe a large class of discrete dynamical systems on poly-
gons in our projective planes, and we use the correspondence above to describe
these maps in terms of difference operators. In Chapter 7, we discuss some known
pentagram type maps: the “classical” pentagram map in Section 7.1, the Grass-
mann pentagram map in Section 7.3, and the skewer pentagram map in Section
7.4. In Chapter 8, we describe a discrete dynamical system on polygons in our
projective planes, also called the pentagram map. Section 8.2 discusses the rela-
tionship between known pentagram maps and our pentagram maps. In particular,

throughout Section 8.2, we show the following:

Theorem B. Let 2P(R) denote the left projective plane over a stably finite ring
R.

1. The “classical” pentagram map on classes of polygons in P? is the pentagram

map in *P(R).
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2. The Grassmann pentagram map on classes of polygons in Gr(m,3m) is the
pentagram map in *P(M,,(R)), where M,,(R) denotes square m x m real

matrices.

3. The skewer pentagram map on cyclically labeled lines in R3 is the pentagram

map in *P(D), where D denotes the dual numbers (see Section 3.3).

In Chapter 8, we use the correspondence of difference operators and polygons
to reinterpret the pentagram map in our projective planes as a refactorization
of pseudo-difference operators. The refactorization, Theorem 8.5.2, can be para-

phrased in the following way:

Theorem C. Via the correspondence outlined by Theorem A, the following maps

cotncide:

1. The inverse pentagram map on classes of polygons in the projective plane

over R;

2. The map on of pseudo-difference operators, considered up to a left/right

group action, with R coefficients, given by

D-'D, — D, D"

Then, in Chapter 9, we use this refactorization to highlight invariants of our
pentagram maps, in certain cases. Finally, in Chapter 10, we conclude by dis-

cussing our results and some possible further research.
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Part 1

Projective Spaces and Polygons
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Chapter 1

Rings and Modules

1.1 A Review of Unital Rings and Their Mod-
ules

For the purposes of this paper, R will always be a ring with identity, also called a
unital ring, and we will denote the set of two-sided units in R as R*. Furthermore,
we will denote the Cartesian product of n copies of R considered as a right module
(resp. left module) as R™ (resp. "R). We may consider the dual, Hom(R", R) =:
(R™)*, of the right module R"™. Then, (R")* is a left module. Similarly, ("R)* is a

right module. We naturally have a pairing between R" and "R given by
<',-> "Rx R"— R: (f,l’) — Zgzl’l
i=1

This pairing is a nondegenerate, bilinear map and thus induces an isomorphism of
(left) modules between "R and (R")* and isomorphism of (right) modules between

R™ and ("R)* | ]-

Remark 1.1.1 With this pairing, it is natural to consider left module elements
as row vectors and right module elements as column vectors. This way, the pairing
can be thought of as matrix multiplication of a row vector and a column vector.

The ring M,,(R) of m x m matrices over the ring R is an R-bimodule and

15



therefore can be considered as a left or right module, depending on which is
appropriate for the given context. We may also consider the space M,y (R)
of n x m matrices over R as either a right or left R-module, since it is also an
R-bimodule.

Since we are discussing matrices over unital rings and not fields, some of the
usual facts from linear algebra fail (e.g. determinants are not necessarily defined

because of potential noncommutativity). Fortunately, we know the following.

Proposition 1.1.2 (See [ ]) For a unital ring R and the free right module
R™, the rings Endgr(R") and M,(R) are isomorphic. For the free left module "R,

the rings Endgr("R) and M,(R°?) are isomorphic, where R°P is the opposite ring.

Definition 1.1.3 Let R be a ring with identity. An element a € R" is said to
be unimodular if there exists ¢ € "R such that (¢,a) = 1. Similarly, an element

¢ € "R is said to be unimodular if there exists a € R™ such that (¢,a) = 1.

We notice that an element a € R (when R viewed as a right R-module) being
unimodular ensures that a has a left inverse. Similarly, if we view R as a left
R-module, then a being unimodular means it has a right inverse.

In the following section, we will study a certain class of rings and their free
modules. In some of what follows, we rely on the following fact from ring theory.

For a proof, see Theorems 3.2 and 3.4 from T. Hungerford’s | ].

Theorem 1.1.4. (See [ ]) Let P be a free module over a ring with identity

R. Then, P is a projective module. Equivalently, every short exact sequence

0ALBS PO

splits; so B~ A& P.

Since R™ is a projective module by Theorem 1.1.4, we know that any surjective

endomorphism R"™ — R"™ will have a right inverse, which is also an endomorphism.

16



1.2 Stably Finite Rings

We now introduce the class of stably finite rings, our rings of interest in this paper.

Definition 1.2.1 Let R be a ring with identity. R is called stably finite if, for

all n € N, every spanning list of length n in R™ is linearly independent | ].

Remark 1.2.2 Assume R is stably finite. Then, in the right module R", the list

{ay, ..., a,} is spanning if and only if it is a basis. Similarly for the left module "R.

Such rings are also called weakly finite in the literature | |. Stably finite
rings have many nice properties, and can be defined a number of ways. We have

the following.
Proposition 1.2.3 (See [ ; ]) The following are equivalent:

1. A ring R is stably finite;
2. Foralln eN, if R"=H ® R", then H = 0;

3. For all n € N, whenever we have A, B € M,(R) with AB =1,,, then BA =
HTL;

4. Any epimorphism U : R" — R™ is necessarily an isomorphism.

Proof. (1. <= 2.): Let R be a stably finite ring. For each n € N, a spanning list
ai, ..., a, of R™ is necessarily linearly independent (i.e. a basis). For R" = H ® R",
we have R" = H+ R" and HN R" = 0. Let h € H. By hypothesis, we know that
R = H® R" so we know h € R" (the ambient module), but that means there
exists some unique nonzero ¢; so that h = > a;¢;. But, this ensures h € R" N H,
and thus zero.

Let us suppose that R = H & R" implies that H = 0. Let e; denote the
standard basis of R" (i.e. e; has a 1 in the i-th entry and zeroes elsewhere). Then,
for any spanning list aq, ..., a, in R"™ we have a map where e; — a;, denoted by ¢,

inducing the split exact sequence

0 — ker(¢) — R" % R 0.

17



But, being split means R™ = ker(¢) @& R"™ and by hypothesis ker(¢) = 0, hence the
map is injective. In other words, a; is a basis.
(2. <= 4.): Let us now suppose that we know if R" = H & R", then H = 0.

Let us consider a surjective map U : R — R". We get a split exact sequence,
0— ker(U) = R" % R 0.

This split exactly sequence gives R" = ker(U)@® R™. Thus, by hypothesis, ker(U) =
0, giving injectivity.

Suppose that we know every surjective map R" — R" is necessarily an iso-
morphism. Let us suppose that R” ~ H & R™ and let us denote this isomorphism
by ¢ : R* — H & R". Let p denote the projection from H & R"™ — R". The map
po ¢ is surjective, since it is an isomorphism composed with a surjective map. By
hypothesis, p o ¢ is also an isomorphism. Since ¢ is also an isomorphism, p must
be an isomorphism. Thus, 0 = ker(¢) = H.

(3. <= 4.): Suppose we know AB =1 = BA =1 for matrices A, B €
M,,,(R). Let us choose a basis for R". Suppose that A is the matrix representation
of U, a surjective homomorphism, with respect to that basis. Then, since U is a
surjective module endomorphism, we know that A has a right inverse. But our
hypothesis ensures that this is also the left inverse of A. Therefore, U is injective.

Suppose that we know every surjective map R" — R" is necessarily an isomor-
phism. From Proposition 1.1.2, we know that endomorphisms from R"™ — R™ are
isomorphic to n X n matrices over R. If an endomorphism is surjective, then its
corresponding matrix has a right inverse. But, since we know epimorphisms are

isomorphisms, we get that each matrix has a two sided inverse. O

With 3.) from above, we see that another way one can define a stably finite
ring is a unitary ring that is Dedekind finite (i.e. for a,b € R, ab = 1 implies that
ba = 1) and whose matrix rings are also Dedekind finite.

We emphasize that stably finite rings need not be commutative (e.g. matrices)

18



so the distinction between left and right objects will be important. Some nice
properties of stably finite rings include that their free modules have invariant
basis number | ], thus the notion of rank makes sense. Additionally, one
sided units are necessarily two sided units in stably finite rings. This follows from

the Dedekind finiteness condition on R.

Remark 1.2.4 The property of every epimorphism being an isomorphism is
known as “Hopfian”. Therefore, we know that a ring being stably finite is equiva-
lent to all finitely generated, free modules over the ring being Hopfian. The prop-
erty of a monomorphism necessarily being an isomorphism is called “co-Hopfian”.
In general, we know that modules over stably finite rings are not necessarily co-
Hopfian. A counterexample to consider is the map *2 : Z — Z : x — 2z. It is

injective but clearly not surjective.

Some useful examples of stably finite rings we will discuss in Section 3 are
the integers, real square matrices, and dual numbers. But, there are many more
examples. For instance, any commutative ring, any Noetherian ring, and any

Artinian ring is stably finite | ].

Theorem 1.2.5. Let R be a ring with identity.

~

. R is stably finite if and only if its opposite ring R°P is stably finite.

NS

. If R is commutative, it is stably finite.

Co

. If R is Noetherian, it is stably finite.

E

. If R is Artinian, it is stably finite.

&

. If R is stably finite, then so is M,,(R), for m € N.

Proof. 1. We recall that a ring R is stably finite if and only if all of its matrix
rings are Dedekind finite. But, a ring is Dedekind finite if and only if its
opposite ring is Dedekind finite. One can see this by observing that the two
rings are equal as sets, but with opposite multiplication order, and Dedekind

finiteness is a symmetry condition on units.
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2. If R is commutative, we can use determinants. For A, B € M,,(R) satisfy
AB = I, A must have a determinant which is a unit. We know that the
inverse for a matrix with commutative ring entries will be given by B =
det(A)~tadj(A), where adj(A) is the classical adjoint matrix. Thus, BA =T,

as well.

3. To see that a Noetherian ring is stably finite, we first prove the following: For
a Noetherian module M, every epimorphism U : M — M is an isomorphism.
Suppose otherwise. Then, we have x € ker(U). For n € N, find y € M so
that U"(y) = z (U is surjective). Then, we have U""!(y) = U(z) = 0. But,
y ¢ ker(U™). We can do this for each n € N, giving a strictly ascending

chain of ideals,

ker(U) C ... C ker(U") C ker(U™™) C ...

contradicting the fact that M is Noetherian. If R is Noetherian, then so is
any finitely generated, free R-module. Thus, we know for each n € N, any
epimorphism U : R" — R" is an isomorphism. By Lemma 1.2.3, R is stably

finite.

4. Suppose that R is Artinian but is not stably finite. We know that any finitely
generated, free R-module is also Artinian. By hypothesis of R not being
stably finite, we know that for some n € N, R" ~ H & R" for H # 0. R"
being isomorphic to its own submodule; R" ~ H®R™ > R". Repetition gives

an infinite descending chain of submodules, contradicting R being Artinian.

5. The square matrix ring over a stably finite ring R, denoted by M,,(R), is
stably finite. This follows from the fact that we can understand matrices

over M,,(R) as matrices over R, of larger size.

]

In | ], F. Veldkamp describes projective planes over stably rank 2 rings,
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also called rings of stable range 1. Many of our definitions are extensions of this
work. But, we will see that sometimes the stably rank 2 condition is useful. All
stable rank 2 rings are stably finite | |. We define these rings now, since they

are mentioned later on.

Definition 1.2.6 Let R be a ring with identity. We say it has stable rank 2 if for
all unimodular z = (a,b) € R? there exists ¢ € R such that a + ¢b is unimodular

in R.

N.B. For the remainder of the paper, we will consider stably finite rings unless

otherwise specified.
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Chapter 2

Projective Spaces and Polygons

2.1 Projective Spaces Over Stably Finite Rings

Now, we explore how to projectivize our modules "R and R". Let us first recall
our usual intuition with real projective spaces. If we are in the real space R", the
projective space of dimension n—1 is the quotient space obtained by collapsing each
one-dimensional subspace to a point. We want to mirror such a construction, but
we are in a module and therefore the notion of subspace is not usually encountered.

We will define it as follows.

Definition 2.1.1 If A, a rank p free submodule, is a direct summand of "R, we
call A a p-dimensional subspace of "R. In other words, if there exists a submodule

B such that "R = A® B, we call A a p-dimensional subspace.

Remark 2.1.2 For R stably finite, we know that any p-dimensional subspace of

R"™ must satisfy p < n because of Proposition 1.2.3.

The notion of a one-dimensional subspace of a vector space is very intuitive.
Unfortunately, some of that intuition is lost when we are in the realm of modules.
However, when we focus on the unimodular elements of our modules, some of
that intuition remains. In order to see this, we prove a series of statements about
unimodular vectors. They are stated and proved in right modules, but can anal-

ogously be proven for the left modules. First, we want to see how multiplication
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by scalars affects unimodularity. We have the following equivalence.

Lemma 2.1.3 Let R be a stably finite ring, a € R", and c € R be a scalar. Then,

the following statements are equivalent,
1. cis a unit and a is unimodular.
2. ac is unimodular.

Similarly for a € "R.

Proof. Let us first assume that ¢ is a unit and a is unimodular. Then, we know
that there exists some element ¢ € "R so that (¢,a) = 1. If we consider ac, we

know from bilinearity of our natural pairing that

(M, ac) = c M, a)e = 1.

So, (¢c™',ac) = 1, ensuring ac is unimodular.
Now, suppose that we know ac is unimodular. Then, we know that there exists

some ¢ € "R so that (¢,ac) = 1. Using bilinearity again, we see that

(C,ac) = (L,aye =1

which ensures that ¢ has a left inverse. But, since R is stably finite, this ensures
that ¢ is a unit. Therefore, with associativity and invertibility of ¢, we observe

that a is unimodular:

L=c(l)c ! =clt,a)ec™ = (cl, a).

O

Now, we want to compare the spans of unimodular elements and one-dimensional
subspaces. We will see that the two coincide, which also allows us to comment on

unimodular elements and elements of bases.
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Proposition 2.1.4 Let R be stably finite and let a € R™. Then, A = aR is a

one-dimensional subspace if and only if a is unimodular. Similarly for "R.

Proof. Suppose that we have a one-dimensional subspace A spanned by a € R™.
This choice of a is unique up to multiplication by a unit. Since it is a subspace,
we know that we can decompose R" = A @ B for some submodule B. Hence, for
each z € R" there exists unique ( € R and b € B such that x = a( + 0. Let us
define

(:R"—> R:al+bw— (.

Then, since ¢(a) = 1 and (R™)* is isomorphic to "R via our pairing in Section 1.1,
we know that (¢, a) = 1, ensuring a is unimodular.

Now, suppose that we have a unimodular a € R"™ and we denote its span
A = aR. Since a is unimodular, we know that there exists some ¢ € (R")*
so that £(a) = 1. With this, we know that for any = € R", we know that

x=al(x)+ (x —al(z)). Thus, R" = A & ker({), as desired. O

Proposition 2.1.5 Let R be stably finite. If an element a € R™ is in a basis for

R", then it is unimodular. Similarly for a € "R.

Proof. Suppose that a € R™ is a member of the basis {a1, ..., a, }. Suppose without

loss of generality that a = a;. Then, by the definition of a basis, we know that

Rr=aR®aRd...D»a,R.

This ensures that a; R is a one-dimensional subspace. From Proposition 2.1.4, a,

is unimodular. OJ

Remark 2.1.6 We notice that by Proposition 2.1.4, any p-dimensional subspace
can be found to have unimodular generators. To see this, suppose that we have a
p-dimensional subspace A generated by {as, ...,a,}. Then, we know there is some
B so that

R'=aR®...®a, RO B.
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But, each a;R is a one-dimensional subspace, and therefore we know that each a;

is unimodular.

Remark 2.1.7 Notice that in this generality, some intuition regarding linear
independence and basis fails. For instance, a list of linearly independent vectors
of the appropriate length need not be a basis. For example, (1,2) and (2,1) are
linearly independent over Z and both are unimodular, but they do not form a

basis of ZZ2.

We now have some intuition about one-dimensional subspaces back. We notice
that we do not necessarily know if the complements to these one-dimensional
subspaces, denoted above by B, will be free submodules. There are classes of rings,
such as rings of stable rank 2 from Definition 1.2.6, for which B will necessarily be
a free submodule. In cases such as this, Proposition 2.1.5 becomes an equivalence

statement.

Proposition 2.1.8 (See [ /) Let R be stable rank 2. An element a € R" is

a basis element if and only if it is unimodular. Similarly for a € "R.

We now have the ability to define projective spaces over these modules. Since
the right and left module are not necessarily the same, we have to consider right

and left projective spaces separately.

Definition 2.1.9 The right projective space of dimension n over R is defined as
P"(R) = ({a c R g is unimodular})/(a)\ a) V) € R*

where R* denotes the units of R. In other words, P"(R) is the set of one-

dimensional subspaces in R"**.

Definition 2.1.10 The left projective space of dimension n over R is defined as

"P(R) = ({a e R qis unimodular})/()\a N a) V) € R*
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where R* denotes the units of R. In other words, "P(R) is the set of one-

dimensional subspaces in "*1R.

Remark 2.1.11 Since one-dimensional subspaces and spans of unimodular ele-
ments are the same in R"*!| this definition of P"(R) ensures that one-dimensional
subspaces of the module projectivize to points. Similarly for the left projective

space.

2.2 Polygons in Projective Space
With these projective spaces, we may now define polygons.

Definition 2.2.1 A polygon in P"(R) is a bi-infinite sequence of points {x;} satis-
fying the following “spanning condition”: for all ¢ € Z there exists a corresponding

unimodular X; € R"™! where the projectivization of X;R is x; and
R =X, RO X1 RO ... 0 XinR.

We analogously define a polygon in "P(R) as a bi-infinite sequence of points {z;}
satisfying the following “spanning condition”: for all ¢ € Z there exists a corre-

sponding unimodular X; € "'R where the projectivization of RX; is x; and
"R=RX,®RX;11®...® RX;\,.

In each case, we call the bi-infinite sequence (X;) a unimodular lift of the
polygon {z;}. For polygons and their lifts, it is our standard that capital letters

belong to the module and lower case belong to the corresponding projective space.

Remark 2.2.2 We require a “spanning condition” to generalize the notion of
polygons having vertices in general position. We state our “spanning condition”

in this way to emphasize that the unimodular lifts decompose the space nicely.
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Definition 2.2.3 A right projective transformation is amap M : P"(R) — P"(R)
induced by a right module automorphism M : R"*' — R A left projective

transformation is defined analogously.

In a slight abuse of notation, we will often use the same name for the module

automorphism and the projective transformation.

Definition 2.2.4 We say two polygons {z;} and {Z;} are in the same class up
to projective equivalence (or, projectively equivalent) if there exists a projective

transformation that takes each z; to 7;.

For most of the paper, we are interested in polygons considered up to projective
equivalence. We notice that our definition of polygons allows either infinite poly-
gons or “closed” polygons (i.e. polygons where there is periodic behavior in the
points). We do not require any specific periodic behavior in general for this paper,
but we are sometimes interested in specific kinds of polygons, such as “twisted”

polygons. Consider the following definition.

Definition 2.2.5 We say a polygon {z;} in "P(R) is a twisted N-gon if there
exists a fixed projective transformation M on "P(R) so that z;,y = M (z;) for all

1€ Z. If x;yny = x; for all © € Z, we call the polygon closed.

We call N the period of the twisted N-gon and M the monodromy. In a slight
abuse of notation, we also use M to denote the corresponding homomorphism on
"+1R. We notice that closed polygons occur in the special case when M is the

identity. We can analogously define twisted (resp. closed) N-gons in P"(R).

2.3 A Review of Incidence Structures

Throughout this paper, we will rely on the notion of an incidence structure. As
we move forward and discuss pentagram type maps in Part III, we will see that
this structure is the minimal structure required to describe such maps. Since these
structures will be mentioned often throughout the remainder of the paper, we take

a moment to formally define them and give a few basic examples.
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Definition 2.3.1 An incidence structure is a set of “points”, denoted by P, a
set of “lines”, denoted L, and an incidence I C P x L. We say p € P,{ € L are

“Incident” when (p, () € I.

When (p, ) € I, we may also say the point “lies on the line”. We say that two
incidence structures (P, L) and (P’, L’) are isomorphic if there is a bijective map
from (P, L) — (P’, L) for which I maps onto I'.

A somewhat trivial example would be viewing R"™ carrying the “usual” inci-
dence structure: P = {points}, L = {lines} and p € P is incident to ¢ € L if
p € £. Any time we have a space that has a notion of points and lines (e.g. vector
spaces, projective spaces, etc.), the space carries an incidence structure. There-
fore incidence geometry is not a departure from some of the usual geometries we
encounter. But, we may also view some of these known spaces as carrying alterna-
tive incidence structures. An example is the “skewer” incidence structure which
lives in the ambient space R3. We will discuss this particular incidence structure
in Section 3.3. For now, we see that our projective planes have minimal geometry,
a priori. But, they do carry an incidence structure. One will see how incidence
structures become important when discussing pentagram type maps (in Part III).
Although the structure is very simple, the construction of these pentagram type
maps will only requires a list of objects (our “points”) in our projective planes, a

notion of a “line” connecting said objects, and a notion of intersecting such lines.

2.4 Some Geometry of “P(R)

In | |, F. Veldkamp investigated the geometry of the projective plane over
rings with stable rank 2, a class of rings contained in stably finite rings. We use
some of his notation in what follows, but we generalize to stably finite rings. We
want to formalize some of notions necessary for future sections, such as incidence,
but we need to be careful given the generality.

Definition 2.1.1 gives us the notion of a p-dimensional subspace of 2R. We use
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this notion to view our projective planes as incidence structures.

Definition 2.4.1 “Points” in 2P(R) will correspond to projectivizations of 1-
dimensional subspaces (as done previously in the paper) and “lines” in 2P(R) are
the projectivizations of 2-dimensional subspaces of the module *R. Incidence is
given by inclusion. We say that three points are collinear if they lie on a common

line.

Remark 2.4.2 We can analogously define a line, or other higher dimensional
spans, in a higher dimensional projective space. In such cases, incidence would
still be given by containment. However, for the purposes of this paper, we are

most often interested in projective planes.

In the real projective plane, we have many nice geometric features. For in-
stance, any two distinct points share a unique line and any two distinct lines share
a unique intersection point. This is not true in our generality. We now investigate

one potential problem: “neighboring” points.

Definition 2.4.3 We say two distinct points z,y € ?P(R) are neighboring, de-
noted x & y, if for their respective lifts X, Y € 3R the submodule spang(X,Y) is

not a two-dimensional subspace of *R.

In the case of the real projective plane, such a pair does not exist. But, in
a stably finite ring, we may have zero divisors causing problems. For example,
let 1,a,b € R such that a # b but they share a common (left) zero divisor A.
Then, the projectivizations of the vectors (1,a,0) and (1,b,0) are distinct but
the two vectors are linearly dependent. Therefore, these projective points are

“neighboring”.

Lemma 2.4.4 Let R be a stably finite ring. Suppose that we have distinct x,y €

’P(R) so that x % y. Then, x and y lie on a common line in *P(R).

Proof. The points x and y being non-neighboring means that the spang(X,Y) =
RX @ RY is a two-dimensional subspace, where X,Y denote unimodular lifts of

x,vy, respectively. Thus, they lie on a common line in 2P(R). O]
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The spanning condition of polygons ensures that nearest and second nearest
neighbors are non-neighboring. Therefore, they share a line. Furthermore, the

common line for nearest (or second nearest) neighbors is unique.

Lemma 2.4.5 Let us consider a polygon {x;} in *P(R) and a unimodular lift
(X;) with X; € 2R. Using the spanning condition of polygons, let B;,C;, D; € R

be coefficients so that

Xi =B X1+ CiXipo + D Xy 3.

Then, we have the following
1. Foralli € Z, X; — C; X410 and X; — B; X;11 are unimodular.

2. The unique line through the pair x;, x; o and the unique line through the pair

Tit1, Tirs ntersect uniquely, and

X; — CXiyo = BiXiy1 + DiXiss €°R

projects to that intersection point. In other words, the intersection point’s

unimodular lth 18 X,L — CiXi+2 = BiXi+1 + DiXi+3-

3. The unique line through the pair x;, x;11 and the unique line through the pair

Tito, Tirs intersect uniquely, and

X; — BiXiy1 = CiXi10+ DiXivs €°R

projects to that intersection point. In other words, the intersection point’s

unimodular lift is X; — Bi X1 = CiXiio + D; X1 3.

Proof. 1. From Proposition 2.1.5, we know that it suffices to find a basis of 3R
for which X;4+C; X, 2 is an element. Consider the set { X;4+C; X, 2, Xi11, Xita}-
This is a basis. Similarly, X; + B; X1 is an element of the basis {X; +
BiXi1, Xiy1, Xiga}
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2. We know that the unique line going through x;, z;,» corresponds to spang(X;, X;12) C
3R. Likewise the line going through z; 1, z;,3 and spang(X; 1, X;y3) C 3R.
We know that these two spans intersect at X; — C; X0 = B; X; 11 + D; X413,
which is unimodular by the first statement. Therefore, the two lines inter-

sect.

Suppose these two lines intersect at another point in 2P(R), denoted by 7.

We know that a unimodular lift X satisfies

~

X =aX;+ cXijpo = bXip1 +dXig3

for some a,b,c,d € R. These coefficients are unique, since X;’s are unimod-
ular lifts from a polygon. (i.e. {X;i1, Xit2, Xs43} is a basis of 3R, for all
i €Z).

Separately, we know, by our hypothesis, that our unimodular lifts satisfy
Xi = BiXiy1 + CiXigo + DiXip3.

We know that X; — C; X, 5 is unimodular. Additionally, we claim that it is
a unit multiple of X = aX; + cX;yo. Suppose that a(X; — C; X;10) = aX; +
c¢Xii2. Then, by Lemma 2.1.3, we get that a is a unit immediately. Suppose
instead that they are not equal. Then, we know that a(X; —C; X;12)— (aX;+
cXir2) = (—aC;—c) X, 2 is nonzero. However, by construction we know that
both a(X; —C; X;12) and aX; 4+ cX;,2 are in spang(X;.1, X;13) and therefore
their difference is also in this span. But, this means (—aC; — ¢)X;12 €
spang(X;y1, Xi13), contradicting the fact that {z;} is a polygon. Therefore,
we must have a(X; — C; X;10) = aX; + cX; 4o and therefore X; — C; X105 is a

unit multiple of X , as desired.

3. The proof of this claim is identical with indices ¢ + 1 and ¢ 4+ 2 exchanged.
O
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Chapter 3

Examples of Projective Spaces

and Polygons

3.1 Integers vs. Rational Numbers

Let us first consider the cases of R = Z and R = Q. Since Z and QQ are commu-
tative, we know by Theorem 1.2.5 that both rings are stably finite. Furthermore,
commutativity ensures that the notion of “right” and “left” projective spaces are

the same. The first thing we notice is that P*(Z) = P"(Q).

Proposition 3.1.1 Projective spaces over the integers and the rational numbers

are equal: P"(Z) = P"(Q).

Proof. Given Z C Q, it is clear that any point in P*(Z) will be a point in P"(Q).
To show the reverse containment, let [ag : a1 : ... : a,] € P*(Q). Thus, a; € Q for
all i € {0,...,n}. Let A be the ratio of the least common denominator and greatest
common denominator for the list {ao,...,a,}. Then, [ag : a1 : ... : a,] = [Aag :
Aay @ ... Aay] in P*(Q) but all of the Aa; € Z. To show that [Aag : Aag @ ... :
Aa,] € P"(Z), we need to check that (Aag, Aay, ..., Aa,,) is unimodular in Z"*. If
we know that Aa; and Aa; will be coprime for some i # j (by choice of \), and
therefore we can find integers n,m so that 1 = na; + ma;. Therefore, a vector

in Z"*1 with n in the i-th entry, m in the j-th entry, and zeroes elsewhere will
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give us unimodularity of (Aag, Aaq, ..., Aa,). If no two Aa; and Aa; are coprime,
then Aa; are all equal, so we have unimodularity of (Aag, Aas, ..., Aa,) by scaling
alone. Together, this has shown that [Aag : Aay : ... : Aa,] is in P"(Z), as desired.

Therefore, P"(Z) = P™"(Q). O

Remark 3.1.2 This same argument would ensure that the projective space over
any principal ideal domain equals the projective space over its field of fractions,
since we can construct an appropriate scaling A\. We have to be careful to ensure
that scaling in the field of fractions will still result in a unimodular element over

the original ring.

Now, let us consider polygons in P"(Z) and P"(Q). Although the spaces are
equal, we will see that polygons in the spaces look quite different. We know
that determinants make sense in the commutative setting, so we can rephrase the
“spanning condition” of a polygon {z;} in P"(Z) as follows. You can perform
an analogous computation on a polygon from P"(Q). Let {z;};cz be a bi-infinite
sequence of points in P"(Z) . Let X; € Z"™' be a unimodular lift for each x;

(viewed as a row). Then, we may consider the matrix

X;
Xit1

Xi—i-n

If this determinant is a unit (i.e. £1) for all 4, then {z;} form a polygon in P"(Z).
Now, let us consider the projective plane, P?(Z). One might ask, is the image
in Figure 3.1 part of a polygon in this plane? If we lift these three points into Z?3,

we may choose unimodular lifts (considered as rows),

(m,n, 1), (0,0,1), (1,0,1).

Given our understanding of the polygon spanning condition above, the possibility
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(0,0) (1,0)
J

Figure 3.1: Is this part of a polygon in P*(Z)?

of these three points lying on a polygon reduces to the question of whether or not

this matrix has unit (£1 for Z) determinant:

m n 1
0O 0 1
1 01

A quick computation shows that the determinant is n, therefore Figure 3.1 may lie
on a polygon in P?(Z) only when n = +1. For example, the case of m = 0,n = 2
would not possibly result in a part of a polygon, but m = 0,n = 1 could.

If we were to perform the same computation over Q, we would see that Figure
3.11is on a polygon exactly when n # 0, which would agree with our usual intuition.

For instance, the example above, with m = 0,n = 2, could belong to a polygon in

P?(Q), but not in P?*(Z).

3.2 Matrices & Grassmannians

Let us consider the case where R = M,,(R), square m x m real matrices. To
simplify our notation, we will denote these matrices by M,,, omitting the specifi-
cation of R. By Theorem 1.2.5, we know that this ring is stably finite. The first
thing we will observe is that although M,, is not commutative, the right and left
projective spaces are canonically isomorphic. Any right projective space can be

viewed as a left projective space over the opposite ring. But, when we consider
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matrices, we know that the opposite ring is isomorphic to the ring itself by taking
the transpose.

We are interested in looking at the projective space "1 P(M,,). For points in
this projective space, “lifts” lie in "(M,,). In other words, a unimodular “lift” of
a point from ""'P(M,,) is a 1 X n matrix over M,,, which can be viewed as a
m X nm real matrix. Unimodularity ensures these lifts have full rank. We aim to

relate the row space of such matrix to the original point in "~ P(M,,).

Remark 3.2.1 We know that multiplication on the left is a “row space oper-
ation”. Therefore, for some collection of m x nm matrices X, ..., Xj, the left
M,,-span of {Xj, ..., X;} is the R span of the rows of the matrices {Xq, ..., Xi.},

and vice-versa.

With the goal of thinking of points in our projective space ""*P(M,,) as row
spaces of m x nm matrices, we will use the language of Grassmannians. Let us

recall what a Grassmannian is and establish some notation.

Definition 3.2.2 The Grassmannian Gr(k,n) is the collection of all k-dimensional

subspaces in R".

We see that Gr(1,3) = P2, the real projective plane. In general, k and n need
not be related. But, for our purposes, we are often interested in Gr(m,nm). For
I € Gr(m,nm), let us consider X; € M,,xnm so that the rows form a basis for .
We may denote this relationship by [ = Row(X;) (i.e. Row(:) references the the
row-space(s) of a matrix, or a list of matrices). We call X; a lift of [. This lift is
not unique. We consider lifts up to multiplication by m x m invertible matrices

on the left, since this does not change the row-space.

Lemma 3.2.3 There is a one-to-one correspondence between points in "' P(M,,)

and points in Gr(m,nm).

Proof. For a point x € ""'P(M,,), we choose unimodular lift X € "™M,,, which

is a full rank m x nm matrix. The row space corresponds to an m-dimensional
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subspace of R™. Let | = Row(X) € Gr(m,nm). Furthermore, x, our point in
the projective space, corresponds to all unit (in M,,) multiples of X, on the left.
Such products do not change the row space. Therefore, the point x € ""P(M,,)
corresponds to [, a unique m-dimensional subspace of R™", which an element of
Gr(m,nm). Finally, the map = — [ := Row(X) is surjective because any m-
dimensional subspace of R™ can be found as the row space of some m x nm

matrix. O

Now that we have shown that the points "~'P(M,,) and points in Gr(m,nm)
are in bijection, we want to show that the incidence structures carried by both
spaces are isomorphic. We recall that a line in "' P(M,,) is the (left) M,,-span
of two non-neighboring, unimodular elements in "M,,,. And, incidence is given by
containment. Now, we need to define the incidence structure carried by Grass-

mannians.

Definition 3.2.4 Let a “line” be an element of Gr(2m, nm), thus a 2m-dimensional
subspace of R™". Incidence between points from Gr(m, nm) and lines from Gr(2m, nm)
is given by containment. We say three points in Gr(m,nm) are collinear if they

span a 2m-dimensional subspace.

Now, we can show that the incidence structures carried by "~'P(M,,) and

Gr(m,nm) are isomorphic.

Proposition 3.2.5 The incidence structures (P, L), with P = {points in "' P(M,,)}
and L = {lines in ""'P(M,,)}, and (P',L"), with P = Gr(m,nm) and L' =

Gr(2m,nm), are isomorphic.

Proof. We show that lines in "P(M,,,) (equivalently, 2-dimensional subspaces of
"M,,) are in one-to-one correspondence with elements of Gr(2m,nm). In other
words, we build a bijective map L — L'.

Let us begin with a 2-dimensional subspace of "M,,. We know that this sub-

space is the (left) M,, span of two non-neighboring elements X, Y € "M, and that
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we have the following decomposition:

"M, = M, X ®M,,Y @ B,

for some submodule B. Non-neighboring elements X,Y must have linearly in-

dependent row spaces, because of Remark 3.2.1. Thus, if we consider the row

space of the matrix , which is a 2m X nm matrix, we get a 2m-dimensional
Y

subspace of R™, which is an element of Gr(2m,nm). If we choose different uni-
modular non-neighboring generators for our subspace, denoted by X', Y, we still
have

"M, = M, X' @ M,,Y' & B,

and therefore the M,,,-span of X, Y equals the M,,-span of X', Y’. But, by Remark

3.2.1, that means

X X’
Row = Row
Y Y’

Therefore, we have a map L — L’ that is well-defined and injective. It is surjective

because any 2m-dimensional subspace of R™" can be found in this way.

By Lemma 3.2.3, we know that there is a one-to-one correspondence between
P and P’. Above, we constructed a one-to-one correspondence between L and
L’. The map (P, L) — (P’, L) induced by these maps, therefore, is also bijective.
We must show that incidence is maintained. Suppose p € P is incident to ¢ € L.
Then, for unimodular lift X, of p, we know that there exists some unimodular Y’

so that ¢ is the projectivization of M,, X,, ®M,,,Y". By Remark 3.2.1, we know that

p

Y

M, X, ® M,,Y = Row

and therefore Row(X,) (p’s corresponding point in Gr(m,nm)) is contained in
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the 2m-dimensional subspace Row | | (¢’s corresponding line in Gr(2m, nm)),
Y

ensuring incidence is maintained.

]

The last thing we explore is the relationship between polygons in "~ P(M,,)
and what a “polygon” would be in Gr(m,nm). We have a correspondence between
points in both of these spaces, so we could use that correspondence to describe
polygons in Gr(m,nm). But, in | |, G. Mari Beffa and R. Felipe describe
polygons for Grassmannians. We describe their notion of a polygon, but adjust
some definitions to be more consistent with our work thus far. More specifically,
we transpose most definitions so we may consider left spans. We then show that

their definition of a polygon in Gr(m,nm) corresponds to our notion of a polygon

in " 'P(M,,).

Definition 3.2.6 A polygon in Gr(m,nm) is a bi-infinite list [ = (I;);cz such that

the following spanning condition is satisfied:

R =0 @liz1®D ... 0 liyn

for all 7 € Z.

One may also think of spanning condition of a polygon {/;} in the following

way: for any lift X = (X;) of [, the matrix

Xi
Xi-l—n—l
has nonzero determinant for all ¢ € Z.
Remark 3.2.7 In | ], a polygon satisfying the stated spanning condition is

called “regular” and “polygon” simply refers to a bi-infinite list of elements from
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the Grassmannian. Furthermore, they show that the “moduli space of twisted
polygons” is a N(m — 1)n-dimensional manifold, and they use matrices to find
local coordinates. The coordinates for this moduli space in the special case of

Gr(m, 3m) is discussed in Appendix B.

Lemma 3.2.8 There is a one-to-one correspondence between the following col-

lections:
1. Polygons in ""'P(M,,);
2. Polygons in Gr(m,nm).

Proof. The points of " P(M,,) and Gr(m,nm) are in correspondence by Lemma
3.2.3. In Remark 3.2.1, we observed that the (left) M,,-span of m x nm matrices

X1,..., X, is equal to the row space of the matrix

X4

X

Therefore, the spanning conditions for polygons coincide. O]

3.3 Dual Numbers & Lines in R?

The dual numbers are a commutative real algebra defined as
D .= R[g]/<52>.

In other words, it is the set of numbers of the form a + b where a and b are real,
e2 = 0, addition is component-wise, and multiplication corresponds to polynomial
multiplication:

(a+ be)(c+de) = ac+ (ad + be)e.

This ring is commutative and therefore is stably finite, by Theorem 1.2.5.
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One may also discuss dual vectors as elements of D", for some n € N. Since
D is a commutative algebra, the distinction between right and left modules is
unnecessary. To avoid confusion from overloading terms, we have no discussion
of “dual spaces” from linear algebra in this section, and therefore have no “dual”

objects.

Remark 3.3.1 Dual numbers have many nice qualities. For instance, they are
stably rank 2 which means, by Proposition 2.1.8, an element a € D" is unimodular
if and only if it is a basis element. This also ensures that the complement of any

p-dimensional subspace of D" is a free submodule.

Interestingly, one may notice that the “skewer incidence structure”, which
lives in R3, ends up having a close relationship with the dual numbers. Before we
discuss this relationship, let us recall the following from geometry and establish

some notation.

Definition 3.3.2 Two lines in R? are said to be skew if they are not coplanar.
Any two skew lines share a unique common perpendicular line that is called their

skewer. For two skew lines ¢ and m, we denote their skewer as S(¢,m) | ].

Some classical configuration theorems can be rephrased and reproved with
skewers as in | |. However, we are interested in the relationship between dual
numbers and skewers as described in | ; ).

Let ¢ be an oriented line in R (the Euclidean space). This line does not
necessarily go through the origin. We may assign to this line a corresponding
dual vector & := u + ev € D? as follows. Let z,y € ¢ be distinct points. Then,
we consider the vector u := p(z — y) where p is a real number chosen to ensure
lu| :=wu-u = 1. p is not unique, but we choose p value so that u is parallel to
¢ with matching orientation. We call this the “direction” vector. Then, define
v =u x OP with OP a vector which originates from the origin in R?® and whose

endpoint is on £. This vector v is independent of choice of P.
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Remark 3.3.3 In the case of ¢ going through the origin, our corresponding
dual vector will be strictly real since u and OP will always be parallel. We
emphasize that the discussion which follows is analogous to the construction of
P? as unoriented lines through the origin of R? after considering points on the

two-sphere of R? as being oriented lines through the origin.

Since D is commutative, the left and right modules are the same. Therefore,
the canonical pairing between left and right modules from Section 1.1 is the usual
dot product of vectors. We observe that (&, &) = & -& = 1, ensuring that each &

is unimodular and on the unit sphere in D?. To verify, we observe the following,

(u+ev)  (u+ev)=u-u+2e(u-v)=14¢(0) =1

Furthermore, all elements of the dual unit sphere in D? correspond to an oriented
line in R3. This relationship was originally proposed by E. Study and was discussed

further in | ]. We have the following.

Lemma 3.3.4 Oriented lines in R® (not necessarily through the origin) are in

one to one correspondence with points on the dual sphere in D? via

ﬁ(—)fg.

Additionally, unoriented lines in R (not necessarily through the origin) correspond

to points in P?*(D) (i.e. lines with opposite orientation correspond to the same

point in P?(D)).

Proof. The correspondence between unoriented lines in R? and points on the unit
sphere of D? follows from the construction above. The second correspondence
follows from the fact that orientation is determined by the direction vector v and
therefore considering unoriented lines is accounted for by projectivization (i.e.

scaling by —1). O
Remark 3.3.5 This construction depends on the choice of origin in R3. This
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is because v is defined using the origin. However, we observe that changing the
origin in R? corresponds to a projective transformation on P*(D). To see this,
assume we have two origins O and O’. Then, the change in origin from O to O’
in R? will result in new &, = & — e(u, x O0'). The map & + &, is linear, since
the cross product is linear. And, it is bijective, since both ¢ — & and ¢ — &, are

bijective. Together, we have & > &, is an automorphism of D?.

From this point on, we only consider the correspondence between unoriented
lines in R?® and points in P*(D). We want this correspondence to retain some
of the underlying geometry from both R® and P?*(D). In particular, we have
the structure in R® determined by the “skewer incidence”. Separately, in P?(D)
we have some geometry, as described in Section 2.4. Since both carry incidence
structures, we aim to show that they are isomorphic (as incidence structures). To

that end, we observe the following.

Proposition 3.3.6 Consider three distinct lines in R3, at least two being skew.
They share a unique, common skewer if and only if the three corresponding points

in P?(D) are collinear.

Proof. First, we suppose that our three distinct lines /1, {5, {5 all share a unique,
common skewer. For this skewer to possibly exist, we know that at least two of the
lines must be skew. Without loss of generality, suppose that /5 and /35 are skew.
Let s = S(lq,03). From above, we know that each ¢; has a corresponding dual
vector, denoted by & € D?. Let [¢;] denote the point in P?(D) corresponding to &;.
We aim to show that [],[&], [€3] are collinear in P?(D). First, we notice that [&]
and [&] are distinct. This is because if they were not distinct, & = +&; for, from
Lemma 3.3.4, which would contradict {5 and ¢35 being skew. Thus, spanp (1, &2, &3)
has rank greater than or equal to two, over D. In Remark 3.3.1 we noted that
D has stably rank 2 which means, by Proposition 2.1.8, that the complement of
a subspace of D? is a free submodule. Therefore, it suffices to show that & are

linearly dependent (over D).
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Let us consider the direction vectors for our &;, denoted by uq, us, u3 and let
us denote 2 = spang{uy, us, uz}. We know that since the lines ¢ and (3 are skew,
dim(€2) > 2 and since they all share a skewer s, dim(£2) < 2. Together, we have
dim () = 2 and s is perpendicular to §2. This ensures that there exists some real
values «; € R such that Y a;u; = 0. Let us consider ) a;v;. By definition, we

have the following,

Z%‘Uz‘ = Zai(ui x OF;) = Z(aiui) x OP;.

We may assume without loss of generality that P; is on s for all 7. Let ug denote
the unit vector in the direction of the line s. Since these points are chosen to be

collinear, we have scalars Ay, A3 € R such that
OP2 = OP1 + )\QUS,

OP320P1+)\3U5.

Therefore, we have
Z(azuz) X O.PZ = o1Uu1 X OP1 + Qoo X (OPl + )\2u5) + azusg X (O.Pl + )\3us)

= (a1u1 + g + Oé3U3) X OP1 + Oég)\QUQ X Ug + OZ3/\3U3 X Ug.

We know that ) a;u; = 0 and, furthermore, since s is perpendicular to the plane
), both uy X ug and uz X u, lie in €). This ensures that there exists some 3; € R

such that Y ayuv; = = Biu,.

Let us define ¢; := «; + £f;. Then, we have > ¢;§; = 0 since both »_ a;u; =0
and Y (Biu; + a;v;) = 0. Therefore, the & are linearly dependent. Since have
already seen that spanp (&2, &3) has rank greater than or equal to two and we
know that the complement of spanp(&s,&3) is free, we have spanp (&2, &3) is a 2-

dimensional subspace of D®. Thus, the points [£1], [£2], [¢3] are collinear in P?(D).
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Conversely, suppose that we know the points [£;], [£s], [€3] are collinear. Again,
we suppose that [§o] # [&3]. Let us consider spanp (&2, £3). We claim that this is a 2-
dimensional subspace of D? and that &, € spanp (&, &3). To see that spang (&3, &3)
is a 2-dimensional subspace, we recall that [&5], [(3] are distinct and therefore &
and &3 are unimodular and linearly independent. Since we are in D, which has
stably rank 2, we know that we can extend this list to a basis of D?, ensuring we

have a subspace. Collinearity of the points [¢], [£2], [€3] ensures & € spanp (&2, &3).

Let ¢; = a; + €f; € D, not all zero, be such that > ¢;§; = 0. Then, we have

0=Zcz~§i=z i + &) (ui + €v;) Zalulﬂ%z Biu; + av;).

This forces both

Zaiui =0 and Z(ﬁluZ + a;v;) =0

We may suppose that ¢; = 1, since &; € spanp (&2, £3), which means we can rewrite
the equations as

Uy = —(OéQUQ + 063U3) (31)

and

v1 = —(Bauz + Baus + azva + asvs) (3.2)

(3.1) forces §2 := spang(uy, uz, u3) to have dimension 2.

Case 1: ao and ag are nonzero: Let P; be a point on ¢; for each i. Then, we

know by definition of v; that > ,;v; can be rewritten as follows,

Zoz,;vi = a;(u; x OP,)
=u; X OP] + aguy X OFs + azus X OP;
= —(agug + agug) X OP; + asus X OPy + agug X OP; (3.3)
= aguy X (—OP; + OP,) 4+ aguz X (—OP; + OPs)

:(IQUQXP1P2+O[3U3XP1P3€Q.
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Let u, be a unit vector perpendicular to €2. Then, we know that both uy, us, ug
and uq, us, ug will form a basis of R3. Therefore, there exists a, b, c,a’, V', ¢ € R so
that

PPy = auy + bus + cug,
P, P; = d'uy + bus + cu,.

Now, if we plug this into (3.3), we have

gy X Py Py + aiuz X PPy = agug X (auy + bus + cug) + azug X (a'uy + b'ug + c'uy)

Therefore, we need to have asaus X uy + aza’us x u; € Q. We observe the

following,

Qaauy X Uy + aza’uz X up = agaug X (—(aoug + azuz)) + aza’uz X (—(agus + azus))

= (—aanas + d'asaz)ug X ug

Since uy X uz ¢ €, we know that —aasas + a’asas = 0 which is true as long as

a=ad.

Let us define new points

Pl =P —au; €

PQI =Py 4 buy € s
Pé = P3 +bIU3 S Eg.

We know these lie on the appropriate lines by their definition, and we claim that

P|P; and P|Pj are both parallel with us;. We observe,

P{Pé :P1P2/—P1P1,:ngé—ngl—Plpll:bUQ—(CLU1+bU2+CUS)+aU1 = —CUg.

45



Similarly,
P{Pé = Plpé—Plpll = ngé—Pg.Pl—PlPl/ = b/U3—(CLU1+b/U,3+C/US)+CLU1 = —C/US.

Therefore, if we let s be the line in R? corresponding to & = us + e(us X OP)), it
is perpendicular to Q (thus all u;) and goes through P|, Pj, P; ensuring that it is

a common skewer for /1, 5, and /.

Case 2: ag or ag are zero: Suppose without loss of generality that as = 0.

Let P; be a point on ¢; for each i. Then, (3.3) can be rewritten as follows,

Z a;v; = a;(u; X OF;)
=u; X OP; 4+ azuz x OP3
= —(agu3) X OP; + azuz x OP; (3.4)
= agug X (—OP; + OP;3)

= xguz X (Plpg) e Q.

Now, let us = ug X uy = wus X (—ag)ug. Then, it is perpendicular to €2,
so that wuy, us, us and us,us, us will form a basis of R3. Therefore, there exists

a,b,c,a’ b, € R so that
PPy = auy + bus + cug
PPy = a'uy + bus + .
Now, if we plug this into (3.4), we have

()43U3XP1P3:O£3U3X (PQPg—ngl)
= asuz X (a'uy + b'us + duy) — azug x (auy + buy + cuy)-

= (b'ag — baz)us X up + (daz — cag)uz X ug €

But, we know that us X us is not in €. Therefore, b = 0/. Let us define new
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points

P =P —au, €0,

=

P2/ =Py 4 buy € s
P?: = P3+a'u1 € (s

We know these lie on the appropriate lines by their definition, and we claim that

P|Pj and Py Pj are both parallel with u;. We observe,

P{Pé :PlPQI—PlPI':PQPQ'—PgPl—PlP{:bug—(au1+bu2+cus)+au1 = —CUg.

Similarly,

PyPy = PyPy— PyPy = PyPy— P3P+ P3Py = bug+a'u; — (a'uy +bus+c'us) = —cus,.

Therefore, if we let s be the line in R? corresponding to & = us + e(us X OP)), it
is perpendicular to Q (thus all u;) and goes through P;, Pj, Pj ensuring that it is
a common skewer for /1, {5, and /3.

]

Now, we want to show that the skewer incidence structure will be isomor-
phic (as incidence structures) to our projective plane P?(D). Let us consider the

following incidence structure.

Definition 3.3.7 The skewer incidence structure is defined in the following way:
let P =L = {lines in R3} and a “point” p € P is incidental with a “line” ¢ € L if

p and / intersect at a right angle in R? | ]

It turns out that this incidence structure encodes the incidence of our projective

plane P?(D) perfectly.

Proposition 3.3.8 There is an isomorphism (of incidence structures) between

the skewer incidence structure and P?(D).
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Proof. Let (P, L) denote the skewer incidence structure: P = L = {lines in R3}.
Let (P, L) denote the canonical incidence structure carried by P?(D): P =
{points in P?(D)} and L = {lines in P?(D)}. We saw in Lemma 3.3.4 that there
is a bijection ¢ : P — P’ via p — [£,], where [{,] denotes the projectivization of
&p-

We use this bijection to build a bijection between L and L’ in the following way.
Let us consider a line w in L. Then, we choose three points /1, {5, {3 € w. Assume,
without loss of generality, that the three lines are pairwise skew. Then, consider
the corresponding points [¢;] in P?(D). We know that these points are collinear by
Proposition 3.3.6. Let us denote their common line by w’ € L’. We consider the
map ¢ : L — L' : w+— ¢(w) = w’. This map is well defined. Suppose we choose
p € w, distinct from ¢;. Then, Proposition 3.3.6 still applies and [&,], [&2], [£3] are
collinear and therefore [§,] € w’. The map is bijective because the map p — [£,]
is bijective.

Now, let us define our map between incidence structures

(P,L) = (P", L) : (p,w) = (¢[p], [w]) = ([], &)

This map is bijective because each component is bijective. Now, we want to check

that it is an isomorphism of incidence structures. So, let us consider pair (p,w)

such that p € w. In other words, the (geometric) line p intersects ¢ orthogonally.

We may then use p, together with two other lines (at least one skew to p), to
/

construct ¢(w) = w’. This ensures that [¢,] lies on «w'. Thus, this map is an

isomorphism of incidence structures. O

48



Part 11

Difference Operators and the

Correspondence
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Chapter 4

Difference Operators

4.1 Definition

Let R be a stably finite ring. Let us consider the set of bi-infinite sequences of
elements from Mz, some R-module. We may denote this (9z)%2. Whether My is
a right, left, or bi-module depends on the setting, and we will specify its structure
when relevant. In the case when 9z = R, we will use R% and consider bi-infinite
sequences as a bi-module.

We define the left shift operator as T : (Mg)? — (Mg)% where (TV); := Viyy.
We can iterate this map to produce powers of T'. Also, we can create “negative”
powers of T" by repeatedly shifting sequences to the right. This will be use in
Section 8.4. Next, let A € R” be a bi-infinite sequence of elements from R. Then,

we define the left and right multiplication operators, respectively, as
A (MR)% — (MR)2 Vs AV

pa: (Mp)? — (Me)2: Vs VA

where we multiply the sequences component-wise in the ring. For A (resp. p) to

be defined, we need My to be a left (resp. right) module.

Definition 4.1.1 Consider (9z)%, where Mgy is a left module. A left difference
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operator is a map D : (Mg)? — (Mr)Z defined as

where each AY) € RZ. We call d the degree of the difference operator.
We denote the i-th element of the bi-infinite sequence AY) as Agj ) For V e
(Mr)Z, we have DV, a new sequence in (9Mz)%, defined as

(DV); = AV, + AV 4+ + AV

In a slight abuse of notation, sometimes we write a left difference operator defined
above as

D=AO L AOp ... L pldpd,

Definition 4.1.2 Consider (Mz)% where Mg, is a right module. A right difference

operator is a map Q : (Mpr)% — (Mz)Z defined as

d
Q= Z pan TV
j=1

where each AY) € RZ. We call d the degree of the difference operator.

For each W € (Mg)% we have a new sequence QW € (Mz)Z defined as
(QW): = WiAz('O) + Wi+1Az('1) +...+ VVHdAEd).

We emphasize that in both cases, we shift and then multiply by ring elements.

Remark 4.1.3 We note that difference operators are only maps. If we addition-
ally want a left (resp. right) difference operator to be an endomorphism, we need
Mg to be a right (resp. left) module. In other words, a left difference operator
can only be a right module endomorphism, and vice versa. We are most often

interested in difference operators acting on bi-infinite sequences of ring elements,
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but they are defined in much more generality.

If A® and A are sequences of units in R, we call D (resp. Q) a properly
bounded left difference operator (resp. properly bounded right difference operator).
We will primarily study properly bounded difference operators in this paper. If
all the sequences of coefficient are periodic (with the same period), we call the

difference operator periodic.

4.2 Kernels and Fundamental Solutions

Let us consider a properly bounded left difference operator D of degree d with
coefficients in R acting on RZ, bi-infinite sequences of elements in R. We are
interested in the sequences V € R”, such that DV = 0, sometimes called kernel

elements.

Proposition 4.2.1 Let D be a properly bounded, left difference operator of degree
d with coefficients in R, acting on R%, then the kernel of D is a rank d free right

R-module.

Proof. First, we notice that for D (a left difference operator) to be an R-module
homomorphism, we need to consider R” as a right, R-module (see Remark 4.1.3).
Then, we observe that our kernel elements, V' € ker(D) C RZ, have a term wise
recursive relationship, guaranteed by the hypothesis that all elements of A©® and

A are units. More specifically, we can write
Vi = (A AV + o+ AV)

Viea = (A AV + o+ A DVa).

Thus, if we choose Vi, ..., V; € R all other V; are determined uniquely. This means
there is a map from the space of initial conditions to the space of solutions of
D, and further, this map is a (right) module homomorphism (per Remark 4.1.3).

Lastly, we claim that this map is bijective. We notice that the choice of Vi, ..., V;
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together with the recursive relationship determines V' uniquely, giving injectivity.
And, if we know V' € ker(D), we can list Vi, ..., Vy, ensuring surjectivity.
Since the space of initial conditions has rank d (more specifically, it is R%), this

proves that the kernel of D also has rank d, as a free right R-module. O

Let us now consider the case where 9z = “R. We recall that we can think of
left module “R elements as “row” vectors, or 1 x d matrices. Let M = (M;), where
each M; is a 1 x d matrix (or, an element of R), then DM is a new bi-infinite
sequence of 1 x d matrices. We say that a bi-infinite sequence of matrices, M, is a
matriz solution or vector solution to D when DM = 0. We will see that considering
matrix/vector solutions is sometimes preferable, and is ultimately necessary for our
constructive correspondence. We are interested in how vector solutions and kernel
elements can interact. The idea would be to build vector solutions from kernel

elements. Fortunately, this construction is meaningful. We prove the following.

Proposition 4.2.2 Let D be a properly bounded left difference operator of degree
d. Let VD . V@ ¢ ker(D) ¢ R%. If we consider D acting on the bi-infinite
sequence M = (M;) of 1 x d matrices defined by

Mi = (sz(l) ce V(d)) )

)

then we have DM = 0. Furthermore, we have the following:

1. If {M, ..., My} is a basis when viewed as elements of “R then so is the list
{Mj, ... M q_1} for alli € Z. In this case, {VWY VDY form a basis of
ker(D).

2. If (VW V@Y C ker(D) form a basis of the kernel, then for all i € 7 the

list {M;, ..., M; 41} forms a basis of °R.

Proof. The fact that DM = 0 follows directly from how we defined a difference
operator acting on a matrix together with the fact that each V® is in the kernel

of D.
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1. Let us suppose that {Mj, ..., My} are a basis when viewed as elements of R.

We know, from the recursive relationship dictated by D, that M, is given by
My = (=AY 1AV M + .+ AW My).
But, since AE)O) and Agd) are both units, we know that
spanp{ My, ..., My_,} = spanp{ M, ..., My} = °R.

From Remark 1.2.2, we know that a spanning list in R of length d is nec-
essarily a basis. Therefore, we have {My,..., M1} is a basis. Similarly,
using

Mgy = (AN AWM, + L+ AD D)

we observe that { M, .., My,1} is a basis of “R. Repeating this process, we

have the result for each i € Z.

The fact that {V®), ..V} form a basis of ker(D) follows from the right
module isomorphism of ker(D) with the space of initial conditions. In par-

ticular, we know that we have right module isomorphism

Vi
r:ker(D) — R*: V

Va

Under this map, our kernel elements {V® ..V@} are sent to,

VO | o ie{l,..,n}.

By hypothesis, the list {Mj, ..., M} forms a basis which ensures that the
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endomorphism on R, corresponding to

My

M,

will be surjective (as a left module endomorphism). Thus, A has a left
inverse. Since R is stably finite, the left inverse of A is also the right inverse.

Fortunately, the definitions of M; give us

And, A having a right inverse ensures that the columns are spanning. By
Remark 1.2.2, we know that a spanning list in R? of length d is a basis.
Finally, we know that module isomorphisms, such as r, send bases to bases.
Since the image of {V() . .V(@} is a basis, we have that {V1) . V@] is

also a basis.

2. Suppose instead {V 1) ...V} forms a basis of ker(D), then our isomorphism
with the space of initial conditions ensures that {Mj, .., My} is a basis of “R.
But, by the recursive argument above, this ensures that {M;, ..., M; 4 1} is

a basis for any ¢ € Z.
[

We call a 1 x d matrix solution M to D for which each d-consecutive elements

M;, ..., M;,q_1 form a basis of R a fundamental solution.

Remark 4.2.3 A fundamental solution is not an element of ker(D) C RZ but

rather is a vector solution built from elements of the kernel.

95



Chapter 5

The Correspondence of Difference

Operators and Polygons

5.1 The Correspondence

We will now establish a constructive correspondence between polygons and differ-
ence operators. In the setting of the real numbers, a correspondence of polygons
and difference operators has been established (e.g. Proposition 2.2 in | 1)

We paraphrase the result here.
Proposition 5.1.1 There is a one-to-one correspondence between the following,

1. Polygons in the real projective plane, up to projective equivalence.

2. Properly bounded difference operators of degree 3, with real coefficients, up
to multiplication on the left and/or right by bi-infinite sequences of nonzero

real numbers.

We will take a moment to outline the basic case of this correspondence. Let
us denote the real projective plane by P? and let {x;} be a polygon in P2. By the
spanning condition on polygons, we know that {z;} will have lifts X := (X;) in
R3 satisfying R3 = spang(X;, Xii1, Xiy2) for all i € Z. Using this, we can find
a;, b;, c; € R so that

Xi = a; Xip1 + b X0 + ¢ Xiga.
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And, we notice that ¢; # 0. If ¢; = 0, that creates a linear dependence between
{Xi, Xit1, Xiyo}, contradicting the fact that {x;} is a polygon. We can do this for

every 1, building a properly bounded difference operator of degree 3, given by

D= —1+aT +bT?* + cT?, a,b € R% c € (R*)%

for which DX = 0.

Remark 5.1.2 This process of “constructing” a properly bounded difference
operator from a polygon is related closely to the proof of surjectivity in Section

5.2.3.

The correspondence was generalized to include varying degrees of difference
operators, in | |, by picking projective spaces of a proper dimension. We
wanted to continue this investigation and generalize the coefficients of the dif-
ference operator beyond real numbers. We initially studied difference operators
whose coefficients were square matrices, hoping to relate these difference operators
to the Grassmann pentagram maps discussed in | ; |. This correspon-
dence is given in Corollary 6.2.1. However, we found that we could generalize
further to difference operators whose coefficients were from stably finite rings.
This class of rings would allow for the correspondence to include meaningful ex-
amples such as matrices and skewers (i.e. lines in R® with the skewer incidence

relation). The generalized correspondence is stated as follows.

Theorem 5.1.3. Let R be a stably finite ring. Then, there is a one-to-one corre-

spondence between the following sets:
1. Polygons in “"1P(R) (resp. P4"Y(R)), up to projective equivalence.

2. Properly bounded left (resp. right) difference operators of degree d with coeffi-
cients in R, up to multiplication on the left and right by bi-infinite sequences

of units in R.
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Rings within the class of stably finite rings need not be commutative and
hence the distinction between left and right objects. We will prove the “left
case” explicitly and then show how the “right case” is deduced. Once we have
established this correspondence, we will use it to study some known and some new

generalizations of the pentagram map in Part III.

5.2 Proof of the Correspondence

In order to prove the correspondence, we will first build a map from the space
of all degree d, properly bounded left difference operators with coefficients in a
stably finite ring R, to the space of polygons, up to projective equivalence, in the
left projective space “"!P(R). Then, we will consider difference operators up to
the action of multiplying on the left or right by bi-infinite sequences of units and
show that our original map factors through this quotient. Finally, we will prove
that the map on the quotient is a bijection and deduce the “right” case from the
left.

Let us denote the space of all degree d properly bounded difference operators as
D and let us denote the space of polygons in ~1P(R) up to projective equivalence

as . Then, we first aim to build a map ¢ : ©® — L.

5.2.1 Initial Map and the Descent to Quotients

Let D € ©, acting on RZ. Then, we know that ker(D) is a rank d, free right
module over R (per Proposition 4.2.1). Thus, we know that (ker D)* is a free rank
d left module over R. Furthermore, we know that a; : R — R : V +— V; is in
(RZ%)*. Thus, since elements in ker D are also elements in RZ, we can restrict each

to ker(D), we get a;|ier(p) € (ker(D))*.

Lemma 5.2.1 Let D € ®. For a|xerp) € (ker(D))*, the list

o7} |ker(D)a ooy Qjpd—1 |ker(D)
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forms a basis of (ker(D))*, for each i € Z.

Proof. We aim to show that there is a recursive relationship on a := (|xer(p))icz-
To this end, we recall that « is a bi-infinite sequence of elements from a left

module, and therefore our difference operator acts on « in the usual way.

With our difference operator D, we see that for each ¢ € Z we have
(Da); = A lerim) + AP i liero) + -+ AP Wy aler(p)-

This new bi-infinite sequence still consists of elements in (ker(D))*. With this

construction, we claim that in fact Da = 0. Consider V' € ker(D). Then, we have
(Da)i(V) = A tiluaro) (V) + A i lienioy (V) + -+ A0 e (V)

= A, + AV 4+ AV = (DY) =0.

Now that we have shown « satisfies Da = 0, we know that there is a recursive
relationship on (o |ker(p)) analogous to that seen in the proof of Proposition 4.2.1.
We aim to use this observation to prove the claim that each d consecutive C(i|ker(1))
form a basis of (ker(D))*. From the recursive relationship dictated by D, we know
that it suffices to show the list {a;|ker(p); ---, Qalker(p) } is a basis of (ker(D))*. By

an argument analogous to Proposition 4.2.2, it will follow for all 7 € Z.

In the proof of Proposition 4.2.1, we saw that ker(D) is isomorphic to R? via
the recursive relationship dictated by D. In particular, we have a right module

isomorphism given by the map

Vi
r:ker(D) — R*: V

Va

We know that this induces a left module isomorphism r* : (R%)* — (ker(D))*
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under which we have for any f € (RY)* and V € ker(D),

Vi

In the case where f = «; for any ¢ € {1,...,d}, we have

r(@i)(V) = ai(V) = Vi = ailierp) (V).

Therefore, r*(o;) = Qilkerp)- But, {oy}e; is a basis for (R%)*. And since

r* is an isomorphism, we know a basis is mapped to a basis. Hence, our list

1 |ker(D), -5 Xd|ker(p) 1s a basis, as desired.

Since each a;|ker(p) is a basis element, it is unimodular by Proposition 2.1.5.
Furthermore, we know that (ker(D))* is a rank d free left module over R. In fact,
we know that the isomorphism between (ker(D))* and (R?)* = R is given by r*.
Therefore, we know that each (r*) ™! (i |ker(p)) € “R and we can projectivize to get
a sequence, denoted {z;}, in “"1P(R). To be a polygon, we need to show that the
lifts of @;, ..., ;14— span all of R for each i € Z. But, this follows from Lemma
5.2.1. We notice that we could choose another map between (ker(D))* and ‘R
(i.e. choosing a different basis for (ker(D))*), but the resulting polygons will be
in the same projective equivalence class.

Together, we have shown that there exists a map ¢ : ® — P that maps D
to polygon {z;} (considered up to projective equivalence) whose unimodular lifts
correspond to some basis representation of (Oél'|ker(p)). We aim to show that this
map factors through the quotient of ® dictated by the action of multiplying our
properly bounded left difference operators by bi-infinite sequences of units on the
left or right. In other words, we need to check that if we take a properly bounded

left operator of degree d, D, and multiply it on the left or right by a sequence of
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units in R, then the image under ¢ is in the same projective equivalence class as
D’s original image. Let us consider D € ®© and a bi-infinite sequence ¢ := (¢;) of
units in R. Then, we immediately observe that multiplication on the left ¢D does
not change the kernel and thus does not change the image under ¢.

Next, we consider Dc. Let ¢ = (¢;) and ¢ = (¢; ). We notice first that for
each V' € ker(D), we have ¢~ 'V € ker(Dc) since 0 = DV = Dcc V. Similarly, if
V' € ker(Dc), then we know that 0 = DcV = 0 which ensures that ¢V € ker(D).
Thus, ker(D) and ker(Dc) are isomorphic as right modules via multiplication on
the left by ¢*. With this, we have ¢! ker(D) = ker(Dc).

This isomorphism of right modules induces a left module isomorphism of their
dual modules (¢71)* : (ker(Dc))* — (ker(D))*. Under this left module isomor-

phism, we have

(™) *(lker(pe) = ¢ ' ilker(p)-

To see this, let V € ker(D). Then, ¢; ' a;lxerpy(V) = ¢; 'Vi and we also know
(¢ (@ilkere) (V) = (lker(pe) © ¢ ) (V) = Qilker(pey (¢ V) = ¢; Vi

Therefore, the sequence (o |xer(pe)) is mapped to a scalar multiple of the sequence
(Q|ker(py) under this left module isomorphism. This ensures that the polygons
corresponding to (|ker(pe)) and (o |rer(p)) are projectively equivalent.

If we denote the collection of properly bounded, degree d left difference op-
erators up to multiplication on the left and right by sequences of units as the
quotient 9/ TR (here, LR indicated “left/right action”), we have shown that ¢
factors through 9/ TR - Equivalently, we have a map © : 9/ TR — B. To finish

the proof of the left hand case of Theorem 5.1.3, we must show © is bijective.

5.2.2 Injectivity
To show injectivity, we need the following lemma.

Lemma 5.2.2 Given a left difference operator D of degree d, with coefficients
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i R, whose leading term is bi-infinite sequence of units and any left difference
operator G, with coefficients in R, there exists left difference operators Q and R,

with coefficients in R, such that deg(R) < d and

G=9D+R.

Proof. We consider, without loss of generality, G = \.T* = ¢TI where ¢ = (¢;) is

a bi-infinite sequence of elements in R. Then, the claim will extend linearly. Let

d
D=> AT’
=0

Let us denote the leading term of D as D, := A A(d)Td = ADT4 and the rest of D

by D,. We will prove the claim by induction on k.
Let £ < d. Then, we immediately have for @ = 0 and R = G that G = QD+R.

Now, suppose k > d and that the claim holds for operators of degree j such
that k£ > j > d. Then, we compute the following using the fact that D is properly
bounded,

T* = cT*"D; Dy = TFT~HADY D, = o(BD) ' TH4D,

where (B@); 1 = (A@)7L . Let us define @ = ¢(B@)~'T%*~4. Then, we observe
that

QD = QD + QD, = ¢I* + QD,.

Rearranging, we see ¢I* = QD — QD, and further deg(QD,) < k. By induction
hypothesis, we know there exists @ and R’ such that @D, = QD + R’ with

deg(R') < d. Using all of this, we have
T*=9D - (QD+R)=(Q—-Q)D-TR.

Since deg(R’) < d, we have shown the claim. O
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Let us consider two properly bounded left difference operators D and D of
matching degree whose corresponding polygons under p : CD/ TR — B (from
Section 5.2.1) are the same, up to projective equivalence. We know immediately
by the previous lemma that there exists left difference operators Q and R with
deg(R) < d such that

D=0D+R.

Furthermore, we know immediately that deg(Q) = 0 since D and D have matching

degree.

Suppose first that D and D’s kernels are equal, ker(D) = ker(ﬁ). We claim
that R =0, thus D = Qﬁ. Suppose R is not identically zero and let us consider a
basis { X" ..., XD} € ker(D). Using this basis of ker(D), let us build fundamental

solution, denoted by M, as was done in Proposition 4.2.2:

M; = (Xi(l) X X}‘”).

Then, we know that since the kernels are equal, 0 = DM = (QZS +R)M =RM.
But, since M is a fundamental solution, we know that M;,....M; 41 are a basis
and hence linearly independent for all 7. But, since R has degree strictly less than
d, RM = 0 contradicts the linear independence. Hence, R = 0. Thus, we have a
degree 0 difference operator Q so that D = QZS. Since both D and D are degree
d and properly bounded, it forces Q to be a sequence of units. Hence, D and D

are equivalent in 9/ T, and we have injectivity in this case

Now, recall that we assumed D and D’s respective polygons are in the same

projective equivalence class. In other words, we know that there exists a left

~

module isomorphism H : (ker(D))* — (ker(D))" so that H(|kerp)) = Cil\er(p)

for some ¢; € R*. Let ¢ := (¢;) be the sequence of units from this relation. We

aim to show that ker(D) = c(ker(D)) = ker(Dc1).

~

Let us consider the map dual to H given by H* : ker(D) — ker(D) which is a
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~

right module isomorphism. Then, we know that for V' € ker(D) and oz,-|ker(p),
H*(V)(ilker(p)) = H([ker(0)) (V) = citily ) (V) = V.

Since this is true for all ¢ € Z, we have H*(V) = ¢V € ker(D). Bijectivity of

~ A~

H* gives ker(D) = H*(ker(D)) = c(ker(D)). But, a quick computation shows
that c(ker(ﬁ)) = ker(ﬁc‘l). Then, from the argument above, we know that there
exists a degree 0 properly bounded left difference operator (i.e. a sequence of
units) Q such that

D = Qﬁc_1

ensuring that D and D are equivalent in 9/ TR > glving injectivity.

5.2.3 Surjectivity

Let us consider some polygon {z;} in “"1P(R). For each i, let X; be a unimodular

lift of z; in ?R. Since we have a polygon, we know that
RX, & RX; (1 ...0 RX;1q1

is the left module ?R for all i € Z and therefore we know there exists unique scalars

AW A e R such that
Xi_;’_d = A,EO)XZ + + A,Ed_l)XZ'_;’_d_l.

We can find such Al@ for all pairs of ¢ and j which ensures that if we define

AW = (Az(j ))ieZ; we have a left difference operator
D= AO 4+ AOT 4 Ald=Dpitd—1 _ pd

to which X := (X;) is a fundamental vector solution.

Lemma 5.2.3 The left difference operator D, defined above, is properly bounded.
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Proof. We already know that Agd) = —1 for all ¢ € Z. Thus, we need only show
that AEO) is a unit for all 7. To see this, we first observe that we have two relations
from the spanning condition of our polygon. We have one we have already used:

there exists Ago), o Agdil) € R (not all zero) such that
Xiva =AVX, + .+ A VX

But, we also know that the list {X; 1, ..., X;1q} spans all of the left module R so

there exists some scalars B(l), ey Bi(d) (not all zero) so that

X;=BYX; 1 +...+BYX,,,

Substituting the first equation into the second and combining all like terms, we
have the coefficient in front of X, is (Bi(d)AZ(»O) —1). But, this list X;, ..., X;4 41 18

linearly independent which forces

and hence AEO) is a unit. Since this is true for all 7, we have the sequence A"
as a sequence of units in R, ensuring that D is a properly bounded left difference

operator. ]

Now, we have started with a polygon in “"'P(R) and shown that there is a
properly bounded difference operator of degree d for which its unimodular lift is a
vector solution. We need to check that this procedure is in fact the right inverse
to our map from Section 5.2.1.

Let us consider the polygon {z;} in "'P(R) and the difference operator D
from above. We need to check that the polygon from the projectivization of
(tilker(p)) i projectively equivalent to the polygon {x;}. In other words, we aim
to show that there exists a left module isomorphism from (ker(D))* to R such

that a;|ker(p) = X; for all 4. But, this is precisely showing there exists a change
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of basis map H of (ker(D))* for which H(c;|ker(p)) = Xi.
Recall that each X; € R and therefore we can think of each as a row vector.

We notice that if we write

XZ-:(X.(” x® X}d))

for each 4, we can consider X ..., X(@ ¢ ker(D) C R*. And, theset {X™ .. X@}
is a basis of ker(D) by Proposition 4.2.2 since (X;);cz are lifts of a polygon, en-
suring the spanning condition is satisfied.

Now, let us consider the basis of (ker(D))* dual to X given by S, ..., Ba.
Then, for each ¢ € (ker(D))* we know that there exists some ¢/ € R such that ¢ =
Z;l:l ¢ B; and by definition of dual basis ¢ = ¢(X ()). In particular, for | ker(D)
we have CZ such that o |ker(p) = Z?Zl c{ﬂj and each CZ] = ilker(D) (X)) = Xij by
definition of X, Thus, the vector representation of «;| ker(p) With respect to the
B; basis is equal to X, giving us our desired change of basis map and ensuring

that the polygon built for D in Section 5.2.1 is in fact projectively equivalent to

{z;}. Hence, we have shown that ¥ is surjective.

5.2.4 The Right Case

Now that we have shown there is a one-to-one correspondence between degree
d, properly bounded left difference operators with coefficients in R (up to mul-
tiplication on the left and right by bi-infinite sequences of units) and polygons
in “"1P(R) (up to projective equivalence), we aim to finish the proof of Theorem
5.1.3. Namely, we aim to show that there is a one-to-one correspondence between
degree d, properly bounded right difference operators with coefficients in R (up to
left /right action) and polygons in P“"Y(R) (up to projective equivalence).

To see this, we recall that in Theorem 1.2.5 we showed a ring R is stably finite
if and only if its opposite ring R°P is also stably finite. Therefore, we have shown

that there is a one-to-one correspondence between degree d properly bounded left
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difference operators over R°P (up to multiplication on left and right by units in
R°P) and projective equivalence classes of polygons in ¢"1P(R°P). We observe the

two following lemmas.

Lemma 5.2.4 The set of degree d properly bounded left difference operators whose
coefficients are in R°P is equal to the set of degree d properly bounded right differ-

ence operators whose coefficients are in R.

Proof. Since R and R°P are equal as sets, we know that an element A®) € RZ

is also an element in (R°P)Z.

To emphasize the origin of the sequence, let us
denote A® € RZ and A(()i) € (R°P)Z. Since multiplication in R versus R°P is in
opposite order, the multiplication operators A A = Pa- Here, we understand
these multiplication operators as acting on bi-infinite sequences of elements from
some R-bi-module, such as RZ. Therefore, the coefficients of left properly bounded

difference operators over R°P are exactly coefficients of a right properly bounded

difference operator over R. The result follows. O

Lemma 5.2.5 (See [ ]) Every left module over a ring R is a right module
over its opposite ring R°P. Similarly, every right module over a ring R is a left

module over ils opposite ring RP.

To see where these correspondences come from, let M be a left R-module.
Let m € M and r € R. Then, the left module structure means we have a scalar
multiplication defined by rm € M. Now, suppose that we consider the same scalar
as being in the opposite ring, » € R°?. Then, m -r = rm € M. Thus, M can be
understood as a right R°°’-module. The other arguments are analogous.

Since (R°P)°? = R, Lemma 5.2.5 ensures that every left modules over R is
a right modules over R°? and that every right modules over R is a left modules
over R°P. Hence, we conclude that there is a canonical correspondence between
polygons in 4~1P(R°P) and polygons in P*"1(R).

With these observations and the left hand case proof applied to R°P, we have

shown that there is in fact a one-to-one correspondence between degree d properly
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bounded right difference operators with coefficients in R (up to multiplication on
the left and right by bi-infinite sequences of units) and polygons in P*}(R) (up

to projective equivalence). Thus, Theorem 5.1.3 has been shown.

68



Chapter 6

Examples and Applications

6.1 A Computational Example Over Z

Let R = Z. Then, we will consider an example of how one computes the class
of polygons corresponding to a particular class of difference operators. Let us

consider the properly bounded difference operator D given by
D=T>%+2T%+3T — 1.

Then, we can find kernel elements using the recursive relationship, dictated by the

properly bounded difference operator, with the initial conditions

1 0 0
01>111]-10
0 0 1



1 0 0
Thus, XM, X@ and X©® generated by | 0|, | 11],| 0| respectively are

0 0 1
11 7 3
3 2 1
1 0 0
XM =1y XA =11 1,x%=19
0 0 1
1 —6 -2
-1 12 1

If we let [a : b : ¢] € ?P(Z) denote projectivization of (a,b,c) € 3Z, then the

polygon corresponding to D, up to projective equivalence, is given by

{-..)11:7:3],[3:2:1},[1:0:0[,/0:1:0],[0:0:1],[1:—=6:—=2],[-1:12:1],...}.

6.2 Difference Operators with Matrix Coeflicients

We can now relate the discussion from Section 3.2 to difference operators with
m X m matrix coefficients. In Lemma 3.2.8, we saw that there is a one-to-one cor-
respondence between polygons in ¢~1P(M,,(RR)) and polygons in the Grassmannian
Gr(m,dm). Now, we are able to extend the correspondence to include difference

operators with matrix coefficients.
Corollary 6.2.1 There is a one-to-one correspondence between the following:
1. Polygons in “"P(M,,(R)), up to projective equivalence;

2. Polygons in Gr(m,dm), up to projective equivalence;
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3. Properly bounded left difference operators of degree d with m X m matrix
coefficients, up to multiplication on the left and right by bi-infinite sequences

of invertible matrices.

Proof. This follows from Theorem 5.1.3 and Lemma 3.2.8. ]

6.3 Twisted and Closed Polygons

In Part III, we will see that we are sometimes interested in twisted polygons and
closed polygons (see Definition 2.2.5). Therefore, we aim to explicitly consider how
our correspondence between difference operators and polygons via Theorem 5.1.3
will be affected by the restriction to twisted or closed polygons. In Section 5.2.1,
we construct a map from properly bounded, left difference operators of degree d
into the space of projective equivalence classes of polygons, and we called it .
This map uses kernels of difference operators and lifts of polygons to relate the two
objects. In the following corollaries, we consider how Theorem 5.1.3 is affected

when we have certain conditions on the domain.

Corollary 6.3.1 Let ®y denote the N-periodic, properly bounded, left difference
operators of degree d with R coefficients. Furthermore, let By denote the space of
twisted N-gons in "L P(R), up to projective equivalence. Then, the image of oo,

15 exactly P .

Proof. Let us begin with D, an N-periodic, properly bounded, left difference op-
erator of degree d. Since the coefficients are N-periodic, consider the monodromy
M = T%|iexp). Since the coefficients are periodic, we know that DTV = TND
ensuring that the kernel is invariant under TV. Therefore, if X = (X;) is in the
kernel of D, X;, y = M X;. From the definition of ¢ in Section 5.2.1, the image of
D will satisfy x;y n = M (x;).

Suppose that we have a twisted N-gon, {z;}, in the left projective space

=1P(R) as in Definition 2.2.5. Let M be its monodromy. We then know that

71



xiwn = M(x;) for all i and we know by Theorem 5.1.3 that this polygon corre-

sponds to a properly bounded difference operator D of degree d, given by
D=AD  AOT 4 ADT2 1 ADTY

Furthermore, if we let X; € "R denote a unimodular lift of z; for each i, then
we know that for X := (X;);ez, DX = 0. From our proof of surjectivity, we
know that our corresponding difference operator’s coefficients are chosen via the
equations

X, =AVX0 + AP X+ + ADX

In an abuse of notation, we know that the lifts must satisfy the monodromy

Xion = MX;. Since this is true for all ¢, we have the following:

XiyN = Az(«lk)NXi-i-N-i-l + Agi)NXH-N-i-? +.. Az(i)NXiJrNer

— AW

M Xy + AE?NMXHQ +o+ A MXiyq

i+ N

Separately, we have the following:

MX; = M(AV X + AP X o + .+ AX,)

— AVMX; 1+ AP MX 4 .+ AYMX

The last equality follows from the fact that M is a module homomorphism. Since

we need X;,y = MX;, we may choose the coefficients AY) to be N-periodic. [

Now, if we have an N-periodic difference operator and multiply on the left
and/or right by bi-infinite sequences of units, what results need not be an N-
periodic difference operator, but will still correspond to twisted N-gons, per The-
orem 5.1.3. However, we remain interested in what classes of periodic difference

operators remain periodic after such multiplication.
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Definition 6.3.2 The following subset of (R*)% given by
{ac (R)*:32€ R* and N € N so that a; = a;,n2, Vi€ Z}.

are called quasi-periodic bi-infinite sequences of units. We call z the monodromy.

Proposition 6.3.3 Let R be a commutative ring and let D be an N -periodic,
left properly bounded difference operator. Then, aDB~' is also N-periodic if and
only if a and B are quasi-periodic bi-infinite sequences with period N and the same

monodromy z.

Proof. If o and /3 are quasi-periodic with the same monodromy, then aD3~! will

be periodic. This is because the ring commutes.

Now, suppose instead that aDB~! is N-periodic. Then, we know that for
D= Z;l:o AWTI we have

OéiAz('O)ﬂi_ b= Oéi+NA§O)5;r1N-

But, since AE ) is a unit and our ring is commutative, this can be rewritten as

Q; Q4N

B Bin

This is true for all ¢+ € Z if and only if «, are quasi-periodic with matching

monodromy. O

In other words, if R is commutative, then the subgroup of quasi-periodic bi-

infinite sequences of units acts naturally on N-periodic difference operators.

Corollary 6.3.4 Let R be a commutative ring. Let QN/LR denote N -periodic,
properly bounded, left difference operators of degree d with R coefficients up to
left /right multiplication by quasi-periodic bi-infinite sequences of units. Further-

more, let By denote the space of projectively equivalent twisted N-gons in " P(R).
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Then the map

Ploy : z)N/LR — Py
18 bijective.

Proof. This follows from Theorem 5.1.3, Corollary 6.3.1, and Proposition 6.3.3.
m

This result will not be true in general. Let us consider an N-periodic difference
operator over some generic stably finite ring and suppose we know that aD3!
remains N-periodic. A sufficient condition for this to occur is a and 8 to be
N-periodic, clearly. A more general sufficient condition would be o and 8 to be
quasi-periodic with period N and central monodromy. Unfortunately, there is
no constructive necessary condition. Thus, although twisted polygons are a nice
restriction geometrically, they do not correspond to a nice quotient of difference
operators in our general setting. Therefore, we will shift to focusing on closed
polygons.

In Definition 2.2.5, we saw that a closed N-gon is a polygon {z;} such that
xipwn = x; for all i € Z (i.e. periodic polygons). These end up corresponding to
a specific class of difference operators known as super-periodic or monodromy-free

difference operators. We define them as follows.

Definition 6.3.5 A periodic difference operator is said to be super-periodic (or

monodromy-free) if its kernel consists entirely of N-periodic bi-infinite sequences.

This class of difference operators is naturally acted upon the left and right by

the subgroup of periodic bi-infinite sequences of units.

Proposition 6.3.6 Let D denote super-N -periodic, left, properly bounded differ-
ence operator. Then, aDB~* will be super-N -periodic if and only if o and 3 are

N -periodic.

Proof. Suppose first that o and  are N-periodic. Let X € ker(D). First, we

notice that DX = 0, therefore aD will have the same kernel as D. Additionally,
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we can see that the kernel of D371 is N-periodic since its elements are SX, and

both 3 and X are N-periodic by hypothesis. Together, a D3~ is super- N-periodic.
Now, suppose instead that a D3~ is super- N-periodic. For any X € ker(aDS™1),

we have 83X € ker(D). Since the hypothesis ensures both D and aDS~! are super-

N-periodic, both X and X are N-periodic. Thus, we know that
Xipn = X and By nXipn = 5 X; Vi € Z.

In other words, we know for all © € Z, ;. v X; = 5;X;. Since this is true for all X €
ker(aDB™!), we can find some nonzero X; and deduce 3 is N-periodic. Similarly,
since DB~! is N-periodic by above, and aDB~! is N-periodic by hypothesis, we

get that « is also periodic. O

Corollary 6.3.7 Let QN/LR denote the space of super-N -periodic, properly
bounded, left difference operators of degree d with coefficients in R, up to left/right
multiplication by periodic bi-infinite sequences. And, let €y denote the space of

closed N-gons in *"*P(R), up to projective equivalence. Then, the map

Bloy : PN/ p — €y
18 bijective.

Proof. Let us first show that
(,0|@N : @N — Q:N

is surjective. Then, the rest of the result will follow from arguments slightly modi-
fied from those Theorem 5.1.3 to accommodate the action described in Proposition
6.3.6.

Given the construction of Theorem 5.1.3, the kernel of a super-N-periodic
difference operator being periodic ensures that the corresponding polygon is N-

periodic, thus closed. Likewise, a closed polygon will have a periodic lift, and
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therefore will correspond to a super-periodic, properly bounded difference opera-
tor. Therefore, this map ¢|g, has the appropriate codomain and it is surjective.

[]
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Chapter 7

Known Pentagram Maps

7.1 The Classical Pentagram Map

We recall that the pentagram map, first introduced by R. Schwartz in 1992 | 1,
is a discrete integrable system on classes of (real) planar polygons, up to projective
equivalence. Originally, it is defined as follows: consider a closed polygon {z;} in
P? (i.e. a bi-infinite sequence of points such that x; = z;,,, for some fixed n € Z
and for all i« € Z). Then, we define a new polygon by finding the intersection
points of lines connecting second nearest neighbors of {z;}. An example of the
pentagram map is given in Figure 1. We note that the labelling of this new polygon
can be done in a number of ways, which is discussed further in | ; ]-
Labelling schemes are not important for this investigation.

We sometimes consider the inverse pentagram map rather than the pentagram
map defined above. It is defined as follows: consider a polygon {z;} in P%. Then,
we define a new polygon by finding the intersection points of second nearest lines
connecting the neighbors of {z;}. One easily checks that this is indeed the inverse
of the map defined above, up to re-indexing. In Figure 1, the inverse pentagram
map corresponds to sending P’ to P.

This pentagram map (and inverse pentagram map) can defined on a larger

class of polygons, known as twisted polygons.
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Definition 7.1.1 A twisted n-gon is a map ¢ : Z — P? such that
b(n +i) = Mo (i)

for some projective transformation M and all i € Z | .

In other words, a twisted n-gon is a bi-infinite sequence of points {x;}, setting
x; = ¢(i), so that z;,, = M(z;) for some fixed projective transformation M, some
fixed n, and all . When M is the identity, we get closed n-gons. The pentagram
map is well-defined on twisted n-gons, and may be considered up to projective
equivalence since the pentagram map commutes with projective transformations
[Sch92].

As discussed in the introduction, there were numerous generalization of the
pentagram map beyond twisted polygons in the real projective plane: “higher”
pentagram maps | : |, Grassmannian pentagram maps | ; ],
to “skewers” in [ |, etc. In this section, our ultimate goal is to understand
these pentagram maps in terms of certain difference operators, extending the work
of | ] and using Theorem 5.1.3. In doing so, we aim to explore some of the

structure available and find invariants of pentagram maps.

7.2 Higher Pentagram Maps

Although not the focus of the remainder of this paper, we will briefly discuss
“higher pentagram maps” and highlight some known results regarding them and
difference operators. Introduced concurrently by M. Gekhtman et al. in | ]
and B. Khesin and F. Soloviev in | ; |, “higher pentagram maps” refer
to pentagram type maps in higher dimensional real projective spaces (denoted
P™). Since the pentagram map deals with the intersection of lines, to ensure
such intersection is meaningful we either need to restrict the class of polygons,
or consider intersections of higher-dimensional subspaces. In pursuit of the first

method, we introduce the notion of a “corrugated polygon”. Let us consider a
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bi-infinite list of points in P*~!, denoted by x = (;);cz. We take k > 3. We say
that x is a corrugated polygon if the vertices x;, x; 11, T;1r_1, Ti1x Span a projective
plane for every i € Z. We note that all polygons in P? are corrugated.

With the notion of a corrugated polygon, we can describe a pentagram map
in P¥~!. The consecutive diagonals connecting the points z; and ;41 of a
corrugated polygon intersect, and the intersection points form the vertices of a
new polygon. In other words, higher pentagram map on P*~! sends corrugated
polygons x to a new polygon T = (7;);cz where Z; is the intersection point of the
lines connecting pair x;, r; 1,1 and pair x;,1, ;1. These higher pentagram maps
are integrable. We leave other constructions for another paper.

A. Izosimov investigated the relationship between certain higher pentagram
maps and different sets of difference operators in | ]. This is accomplished
by considering difference operators with powers in certain integer sets (e.g. taking
higher degree difference operators). Again, these higher pentagram maps are not

the focus of this investigation but we mention them for the reader’s reference.

7.3 The Grassmann Pentagram Map

At this point, we have mentioned the “Grassmann pentagram map” a few times.
In Section 3.2, we reviewed what Grassmannians were and investigated their rela-
tionship to our projective spaces (over square matrices). Now, we will define the
Grassmann pentagram map on the polygons in Gr(m,3m). Just as in Section 3.2,
we will denote the (left) matrix span, or equivalently the (real) row-space span,

as Row(-).

Remark 7.3.1 The Grassmann pentagram map can be defined on Gr(m,nm)
and is done in | ]. Due to dimension considerations, the definition of these
maps depends on if n is even or odd. For simplicity, we restrict to the case of

n = 3.

Definition 7.3.2 Let [ = {[;} be a polygon in Gr(m,3m). The lines (i.e. 2m-
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dimensional subspaces of R3™) connecting pairs ;, [;;2 and l;,1, [;;3 intersect in at

a point, lAZ These intersection points give a new polygon in Gr(m,3m), denoted

= {l;}.

In | |, they introduce this definition using the language of lifts. So, the
Grassmann pentagram map can equivalently be defined as follows. For polygon
I = (I;) in Gr(m,3m) with unimodular lift (X;), we will consider new polygon,
ZA, with vertices whose lifts are given by Row(X;, X;.12) N Row (X411, X;13). This
construction is closely related to that of the classical pentagram map. In Theorem
8.2.2, we show that the Grassmann pentagram map is the usual pentagram map

in the projective plane over square matrices.

7.4 The Skewer Pentagram Map

In | ], Tabachnikov defines the “skewer pentagram map” which acts on cycli-
cally labeled tuples of lines in R3. We aim to show that Tabachnikov’s skewer
pentagram map is the “classical” pentagram map in a different projective plane:

P?*(D). Let us first describe this new discrete dynamical system.

Definition 7.4.1 Let us consider a bi-infinite list of lines {{;};cz in R3. Then,

the skewer pentagram map is the map
{...,61,62, } = {7 S(S(Elvgfﬂ)? 8(62,64», S(S<€27€4)7 S(£37€5))7 }

To ensure that all of these skewers exist, we must require a spanning condition
of sorts. In particular, we require that {¢;,¢;11,0; 12} are pairwise skew for all
1€ 7.

At first glance, it might not be clear that this is a pentagram type map.
However, we recall Definition 3.3.7, which describes the skewer incidence structure.
This skewer incidence structure relates “incidence” (i.e. intersection) with finding

a common skewer. Therefore, this process of finding the common skewer of second
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nearest neighbors and then finding the common skewer of nearest skewers should
seem pentagram-like. Of course this intuition needs to be proved rigorously. This
will be shown in Theorem 8.2.4. In particular, we will show that the skewer
pentagram map is the usual pentagram map in the projective plane over the dual

numbers, as seen in Section 3.3.
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Chapter 8

Pentagram Maps in Generalized

Projective Planes

8.1 Pentagram Maps in *P(R)

In Definition 2.1.1, we were given the definition for a general p-dimensional sub-
space of a module. We recall that our projective planes carry a “canonical”
incidence structure: “points” in 2P(R) will correspond to projectivizations of
1-dimensional subspaces, and “lines” in 2P(R) are the projectivizations of 2-
dimensional subspaces of the module 3R. With this incidence structure, we may

now define the pentagram map on polygons in 2P(R).

Definition 8.1.1 The pentagram map in 2P(R) is a map on projective equiv-
alence classes of polygons. Let {x;} be a polygon in ?P(R). Then, we build a
new bi-infinite list, {Z;}, whose i-th element is the intersection of the lines con-
necting x; to x;1o and x;1; to z;13 (i.e. the new “polygon” has vertices given

by consecutive intersection points of lines connecting second nearest neighbors of

{zi}).

Sometimes, we are interested in the “inverse pentagram map”. The construc-

tion is similar. It is defined as follows.
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Definition 8.1.2 The inverse pentagram map in ?P(R) is a map on projective
equivalence classes of polygons. Let {z;} be a polygon in 2P(R). Then, we build
a new bi-infinite list, {Z;}, whose i-th element is the intersection of the lines
connecting x; to x;y1 and x; 4o to x;;3 (i.e. the new “polygon” has vertices given

by second nearest intersection points of lines connecting nearest neighbors of {z;}).

The inverse pentagram map is the inverse map of the pentagram map, up to

shifting indices.

Remark 8.1.3 Notice that if the original polygon is closed, the resulting polygon

from both the pentagram map and the inverse pentagram map will also be closed.

One may ask, how do we know that second nearest neighbors (or nearest
neighbors) lie on a single line? Or, how do we know that two lines intersect at
a single point? Unfortunately, these statements are not always true for arbitrary
(distinct) points in 2P(R). Fortunately, Lemma 2.4.5 ensured such behavior for
points belonging to polygons. We restate the result using our correspondence with

difference operators here.

Lemma 8.1.4 Let us consider a polygon {x;} in *P(R) and a unimodular lift
(X;) with X; € °R. Let D = Z?:o A T7 be the polygon’s corresponding difference

operator, per Theorem 5.1.5.
1. Foralli € Z, AEO)Xi + AZ@)XHQ and AEO)XZ» + Agl)XiH are unimodular.

2. The unique line through the pair x;, v; o and the unique line through the pair

Tit1, Tivr3 ntersect uniquely, and
AZ(O)XZ + AZ(Q)XH_Q = —(AEI)XZ'_H + A§3)Xi+3) € 3R

projects to that intersection point. In other words, the intersection point
can be chosen to have unimodular lift AgO)Xi + AZ(»Q)XHQ = —(Agl)XiH +

APX. ).

)
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3. The unique line through the pair x;, v;11 and the unique line through the pair

Tito, Tir3 intersect uniquely, and
AVX + AVX = —(AP X + AP X ) €°R

projects to that intersection point. In other words, the intersection point

can be chosen to have unimodular lift Ago)Xi + Agl)XiH = —(A£2)Xi+2 +
3

AP X, 4.

We notice that the second statement deals with the definition of the pentagram
map whereas the third deals with the definition of the inverse pentagram map.
Since we consider both constructions throughout this paper, we consider both

statements.

With Lemma 8.1.4, we see that the spanning condition on our polygons ensures
the pentagram map (and inverse pentagram map) is defined on polygons in 2P(R).
More specifically, we know that second nearest neighbors (resp. nearest neighbors)
are not neighboring, ensuring that they lie on a unique line. Furthermore, we have
also shown that for such lines, the consecutive ones (resp. second nearest) will
intersect uniquely. This ensures that every polygon will be in the domain of the
pentagram map (resp. the inverse pentagram map). N.B. It is not clear whether
or not the image of a generic polygon is necessarily a polygon (i.e. if the image
will satisfy the spanning condition) for either map. Since we know so little about
these generalized projective planes (e.g. they have no topology, a priori), we
cannot make any general conclusion. We will restrict our attention to polygons in

appropriate domains to avoid such problems.
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8.2 Known Pentagram Maps as Pentagram Maps
in “P(R)

From the definition of the projective plane 2P(R) and the definition of the classical

pentagram map in Section 7.1, we have the following immediately.

Proposition 8.2.1 The “classical” pentagram map on classes of polygons in P2

is the pentagram map in *P(R).
Proof. By our construction of 2P(R), we have ?P(R) = P2 O

In Section 7, we encountered the Grassmann pentagram map and skewer pen-
tagram map. In Sections 3.2 and 3.3, respectively, we related Gr(m,3m) to the
projective plane 2P(R) where R = M,,(R) and skewers to the P*(R) where R = D.
We can now conclude that these known pentagram maps are precisely pentagram

maps in certain projective planes.

Theorem 8.2.2. The Grassmann pentagram map on Gr(m,3m), from Definition

7.3.2, is the pentagram map on the plane *P(M,,(R)).

Proof. This follows from the isomorphism of incidence structures, Proposition

3.2.5, with n = 3. 0

Remark 8.2.3 Given the similarities between higher dimensional projective
spaces over matrices and Grassmannians (beyond Gr(m,3m)) that were explored
in Section 3.2, it is natural to expect that higher pentagram maps over matrices
(i.e. pentagram maps in higher dimensional projective spaces over matrices, anal-
ogous to those in Section 7.2) relate to other Grassmann pentagram maps from
[ ]. To prove this, one would need to define these higher pentagram maps

rigorously and extend the identification of incidence structures.

Theorem 8.2.4. The skewer pentagram map in R3, from Definition 7.4.1, is the

pentagram map in P*(D).

Proof. This follows from the isomorphism of incidence structures, Proposition

3.3.8. —
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8.3 Pentagram Maps in Terms of Difference Op-
erators

We know from | ] that the “classical” pentagram map and higher pentagram
maps can be expressed as a refactorization of pseudo-difference operators. We aim
to extend this result in the more general case of stably finite rings. For this to be
possible, we need to consider the inverse pentagram map (from Definition 8.1.2).
Once it becomes clear, the reasoning behind this choice is addressed in Remark
8.3.6. From Theorem 5.1.3, we have a correspondence between appropriate classes
of difference operators and polygons. Furthermore, we know that the inverse
pentagram map is a map on polygons. We are interested in how the inverse
pentagram map affects corresponding difference operators. Let us denote the
inverse pentagram map on polygons in P(R) as .

Since we are only interested in the projective plane, we re-establish some no-
tation. Let us denote the inverse pentagram map as W. We will now let *J3 denote
the set of polygons in 2P(R) (up to projective equivalence) and we will denote the
subset of B for which the inverse pentagram map is well-defined and whose image

is a polygon as Dom(¥) (and Dom(¥~!) for the pentagram map).

Remark 8.3.1 Given a general stably finite ring R it is not clear that Dom(¥)

or Dom(¥ 1) are nonempty.
Lemma 8.3.2 The image of Dom(¥) under ¥ is Dom(¥~1).

Proof. Suppose {z;} € U(Dom(WV)). Then, it is a polygon and is the inverse
pentagram map’s image for some {x;} € Dom (V). But, that means the pentagram
map applied to {Z;} is {x;}, which is a polygon. So, {Z;} € Dom(¥~1).

Now, suppose {Z;} € Dom(¥~!). Then, its image under the pentagram map
is defined and is a polygon, denoted by {x;}. Therefore {z;}’s image under the

inverse pentagram map is {Z;}, which is a polygon. ]

Again, we will introduce some new notation regarding difference operators
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given our restriction to projective planes. We denote the set of properly bounded
left difference operators of degree 3 as PBDO(R). These difference operators
considered up to multiplication on the right or left by bi-infinite sequences of
PBDO(R) D] € PBDO(R

V1R - An element,

units is denoted by )/L R Will be a

class whose representative is of the form,
D= Ay + NT + NT? + N\ T a,b,c,d € RZ.

This is a slightly different notation than that in Chapter 4. For [D] € PBDO(R)/L R

, we define D, and D_ as follows,

Dy =X+ NT D_ = \T? 4+ \T°. (8.1)

PBDO(R)/LR , which can be thought of as pairs

We aim to define a relation on
D~ modulo our left /right action. In order to do so, we first define a relation ~ on

all properly bounded, left difference operators of degree 3 as follows.

Definition 8.3.3 Two properly bounded left difference operators of degree 3,
D, De PBDO(R), are said to be related, denoted D ~ 13, if

IZS+D7 - §,D+. (82)

This relation is not symmetric, and therefore not an equivalence relation. But,
PBDO(R

we observe that this relation descends naturally to )/L R - Here, we say

two classes [D], [D] are related, [D] ~ [D], if some pair of representatives satisfy
D ~ D. In other words, if [D] ~ [13], it is not necessarily true that D ~ D precisely,
but D is related to a multiple of D by units on the left. We are interested in the

¢ PBDO(R)

subset o )1, R Where, for a fixed [D], there is a unique class [13] so that

~

[D] ~ [D]. We denote such subset Dom(1)).

Definition 8.3.4 We define ¢ : Dom(y)) — PBDO(R)/LR as follows. Let D €
[D] from Dom(y)) C PBDO(R)/LR . By definition of Dom(%)), there exists a
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solution D to the equation (8.2) and all such solutions represent the same class in

PBDO(R)/LR . Set 1([D]) = [D] to be that class. Thus,
¢ : Dom(¢)) — PBDO(R)/LR : [D] — [D]

such that D and D satisfy (8.2).

We have the inverse pentagram map, denoted by ¥, on polygons. And, we
have the map 1 on classes of difference operators. We are interested in how these
two maps relate. Let us first recall some notation: ¢ denotes the correspondence
from Theorem 5.1.3; Dom(¥) denotes the set of polygons in 2P(R) for which the
inverse pentagram map is defined and whose image is a polygon (up to projective
equivalence); Dom(v) denotes the difference operators for which (8.2) has a unique

solution (up to class). Now, let us prove a technical lemma.

Lemma 8.3.5 The classes of difference operators corresponding to Dom(V) via

Theorem 5.1.3 are contained in Dom(v)).

Proof. Let us suppose that [D] is the class of difference operators that corresponds
to polygon {x;} € Dom(¥) via Theorem 5.1.3. Then, we aim to show [D] €
Dom(v). Pick representative D € [D]. Let us denote V({z;}) =: {&;} (the
image of {z;} under the inverse pentagram map). So, the unique line through
the pair x;, r;,, intersects the unique line through the pair z;,2, ;.3 at ;. By
Lemma 2.4.5, we know that this intersection point has unimodular lift (D, X); =
—(D_X);, for all i € Z. Let us use this unimodular lift to choose D corresponding
to {Z;} via Theorem 5.1.3 (i.e. we choose D such that DD, X = 0). Then, we

have the following.
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0=D(D.X) = (Dy +D_)(D.X)

D, (D, X)+D_(D, X)

=D, (D, X)+D_(D,X)-D.(D_X)+D,(D_-X)  (83)
=D, (DX) +D_(D;X) — Dy (D_X)

= (D_.D, —D,D_)X

Thus, (ﬁ,D+ — ZSJFD,)X = 0. If we expand D_D, — D, D_, we see that it is
a difference operator with powers 72,73, and T*. But, when evaluated on X, it
is zero. Since X corresponds to a polygon, the fact that any three consecutive
elements in X are a basis of ®R (i.e. linearly independent) ensures that ﬁ,DJr —
ﬁ+D_ is identically zero, giving (8.2). Suppose that we have another D’ that
satisfies (8.2). Then, we know DD, —ZSQFD_ =0, and thus (D" D, —ﬁ;D_)X =
0. By (8.3), this means D'D, X =0, and thus D’ corresponds to {Z;}. So, D And
D' must be in the same class in PBDO(R)/LR by Theorem 5.1.3. Therefore, D

has a unique class of solutions to (8.2), ensuring [D] € Dom(v)). O

Remark 8.3.6 In the proof above, we see that using the inverse pentagram map
rather than the usual pentagram map was necessary. In particular, the definition
for D, and D_ was necessary for the spanning condition to come into play when
we consider the expanded form of ﬁ,DJr — 5+D,. The relationship between this
decomposition of D, and D_ and the inverse pentagram map can be enlightened

by the third item in Proposition 8.1.4.

Theorem 8.3.7. With the notation established above, the following diagram com-

mutes.
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Dom(¥) ——~—— Dom(¥1)

Dom (1)) v PBDO(R)/LR

Proof. We aim to show that ¢ o W = 1 o ¢. Let us consider {z;} € Dom(¥).
We know that ¢(U({x;})) is the class of difference operators corresponding to
inverse pentagram map’s image of {z;}. Let us denote the image of {x;} under
the inverse pentagram map as {Z;} and let us denote its corresponding class of

-~

difference operators by [D]. Therefore, p(V({z;})) = [23]

Separately, we know that there is some class of difference operators [D] corre-
sponding to our original {z;}. By the proof of Lemma 8.3.5, [D] and the class [13]
from above satisfy D, D_ = D_D,. Thus, ¥(|D]) = [D], so ¥(¢({z;}) = [D]. To-
gether, we have that (¥ ({z;})) = ¥ (p({z;}). Thisis true for any {z;} € Dom(V),

and therefore the diagram commutes. O

From this theorem, we have a way to express the inverse pentagram map in
terms of difference operators. Unsurprisingly, ¥ and v both denote the inverse
pentagram map, just in the appropriate setting. We have successfully translated
our investigation of inverse pentagram maps into the language of difference oper-
ators, which was one of the major goals of this paper. With this reinterpretation,
we want to study invariants of maps like that determined by (8.2) to hopefully find

invariants of our inverse pentagram maps in these generalized projective planes.

Remark 8.3.8 From Remark 8.1.3, we know that closedness of polygons is pre-
served by the inverse pentagram map. And, from Corollary 6.3.7, we know that
closed polygons correspond to super-periodic difference operators (in the sense that
there is a super-periodic representative in the corresponding class). Together, we
see that the map v sends super-periodic difference operators to super-periodic

difference operators.
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8.4 Pseudo-Difference Operators

We know that the left (and right) difference operators can naturally be added.
Furthermore, we can multiply two difference operators. We would like to look at a
collection of difference-type operators which form a group under this multiplication
operation. To do so, we need the notion of pseudo-difference operators. We follow

the notations and definitions given in | ].

Definition 8.4.1 A left pseudo-difference operator (over ring R) is a formal
Laurent series in terms of the left shift operator 1" whose coefficients are bi-infinite

sequences of elements from R of the form

z
Z )\A(i) TZ
i=k
for k € Z and AY € R%.

Here, we understand T raised to a negative power as iteration of the right
shift operator on bi-infinite sequences. We can analogously define a right pseudo-
difference operator using our right multiplication p operation, as in Section 4.1.
Such a pseudo-difference operator can be understood as a formal sum or as an

operator acting on various kinds of bi-infinite sequences, as in Section 4.1.

Remark 8.4.2 We choose positive infinity as our upper bound here, but we could

instead sum from negative infinity to a finite upper bound.

With these definitions, we see that a properly bounded left (resp. right) dif-
ference operator will have an inverse that is a left (resp. right) pseudo-difference
operator. In fact, any difference operator whose bi-infinite sequence A is a se-
quence of units will have an inverse. Furthermore, any pseudo-difference operator
whose lowest term A®) is a bi-infinite sequence of units will have an inverse. Given
our noncommutative setting, we do have to be careful about these inverses. Let

us see an example of finding an inverse which will generalize nicely.
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Let D = Ay + T = Ao(1 + Ao-17). We know that (1 4+ z) has an inverse,
as a formal power series in z, (1 4+ 2)"' = .0 (—=)FaF =1 — 2 + 22 — 2% + ..
Therefore, we know that (1 + A,-1,7") will also have an inverse, as a formal power

series, denoted by >\ ,» T

D =D MoTH e =D Maora T = Mg T

~1

where (a71); = (a!);4;. Notice that for D!, the constant term is given by A\,-1.
In other words, the degree 0 terms are inverses for D and D~!. This procedure will
work for all left difference operators (as long as the degree 0 term is a bi-infinite
sequence of units). This is, again, because we know that (1+ x) has an inverse, as
a formal power series in x. As long as z is a “polynomial” in 7' (with no constant
term), we will be able to plug said “polynomial” into the formal power series and
simplify like terms.

If our difference operator is a right difference operator, then the expression for
its inverse is analogous. We compute an elementary example here, but we can
extend as above. Let Q = p, + pyT = pa(l + ppo—1T). Then, again we know that
there is a formal power series expressing (1 + py—1T) 7!, denoted by > pao T

Therefore,

Q7' =0 pacThoar =Y _pacpa T = para0T

where (@); = (a™")iyy.

Remark 8.4.3 For A\, composition A\,\, = Ay, whereas for p composition p,p, =
Pra- To make up for this odd composition with right pseudo-difference operators,
we may alternatively consider right pseudo-difference operators as formal power
series of T over the opposite ring. But, we are only really interested in left pseudo-

difference operators for this paper.

Now that we have a notion of pseudo-difference operators, and thus the notion

of an “invertible” difference operator, let us establish some notation. We will
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denote the class of all left pseudo-difference operators over a ring R as ©DO,(R)
and all invertible left pseudo-difference operators over a ring R by I0DO,(R).
Our properly bounded left difference operators live in I©DO,(R).

We also introduced periodic difference operators (Section 4) and super-periodic
difference operators (Definition 6.3.5). The latter, unfortunately, does not make
sense in the setting of pseudo-difference operators. But, the former does; A pseudo-
difference operator D is said to be periodic if its coefficients are all N-periodic.

We call N its period.

8.5 Pentagram Maps as Refactorizations

We are interested in using the result from Theorem 8.3.7 to understand the inverse
pentagram map (from Definition 8.1.2) as a refactorization of pseudo-difference
operators. We define PBDO (R) (resp. PBDO_(R)) to be the set of D, (resp.
D_) as in (8.1).

Lemma 8.5.1 Let us consider D =D, +D_ € PBDO(R)/LR. Then, the map

¢ . PBDO(R ©DO(R)

ViR~ 7 Ad((R")?)
D=D,+D_—D'D,

is a well-defined map, where (R*)Z denotes bi-infinite sequences of units.

Proof. This map is well-defined. Consider another element of the class D €

PBDO(R)/L R given by D3, where «, 8 are bi-infinite sequences of units. Then,

we get
aD,B+aD_B+ (aD_B) raD, =B 'Da taD, B =B 'DID,LB.

But, this is in the same class as D~'D, .
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With this map, we can reinterpret what (8.2) means. The map ensures that
we can now think of a difference operator D as a (conjugation class of) pseudo-
difference operator D~'D,.. Furthermore, using pseudo-difference operators, (8.2)
is equivalent to

6:1ﬁ+ — D+D:1. (84)

Theorem 8.5.2. With the notation established above, the map v on difference

operators can be understood as a refactorization of pseudo-difference operators:
Y :D'D, — D, DL

In other words, the following diagram commutes:

Dom(¥) v > Dom(¥~1)
v
DOI;;( ) v , PBDO(R) -
£
@DOA(R);Ad((R*)Z) v . ODO\(R /Ad (=Y

Proof. We know that the first layer of the diagram commutes by Theorem 8.3.7.

Then, using Lemma 8.5.1 and the equation (8.4) we get the second layer. . [

If we define the Lax operator for a difference operator to be £ = D~'D,, then

the map @ on pseudo-difference operators is given by conjugation by D, ,

L+~ D, LD

Remark 8.5.3 A Lax operator £ for the inverse pentagram map is unique up to
conjugation by a bi-infinite sequence of units, by Lemma 8.5.2. This is because
when considering a fixed polygon, the choice of corresponding difference operator

is unique up to our left/right action and the Lax representation depends on the
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choice of difference operator.
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Chapter 9

Invariants of Our Pentagram

Maps

9.1 An Invariant Inner Product

Let us consider periodic difference and pseudo-difference operators. We aim to
build an invariant inner product on these spaces that we will use to construct
invariants of our inverse pentagram maps from Chapter 8. Let us consider the

following.

Definition 9.1.1 For periodic, left pseudo-difference operator D = Z]Z':e AT

with period N, let us define the trace

In other words, the trace of a periodic, left difference operator is the sum
of zero-th coefficients through one period. We notice that this trace operator is
R valued (i.e. noncommutative), and therefore unlikely to have nice symmetry

properties. Therefore, we consider the universal trace of our ring R.
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Definition 9.1.2 The universal trace of a ring R is the projection map

tIZR%R/[R7R]

where [R, R] is the subgroup generated by [z,y] = zy — yx for z,y € R. We call

R/[ R, R] the cyclic space of R.

Remark 9.1.3 We notice that the cyclic space is often not a ring itself since
[R, R] is not necessarily an ideal. If we restrict to the case where R is a real
algebra, then the cyclic space R/[ R, R is a vector space. In general, it is just an
Abelian group. In the literature, this “cyclic space” is sometimes denoted by R?
[ ; I

With this universal trace, we may now introduce a new, third trace which is
the composition of the two. We will refer to this inner product as the “trace of

trace” inner product but denote it by Tr.

Definition 9.1.4 For periodic, left pseudo-difference operator D = Z]Z-:g Ay T?
with period N, let us define the trace

Tr(D) =

ZA

R/R R

In general, this “trace of trace” operation does not interact nicely with our
classes of periodic pseudo-difference operators after the left /right action. Fortu-
nately, this “trace of trace” operation on difference operators will allow us to define

an (invariant) inner product.

Definition 9.1.5 Let D and D be two periodic, left pseudo-difference operators

with period N. Then, we consider the inner product (-,-) defined as

~ ~

(D, D) = Tx(DD).

This inner product is invariant in that it satisfies (DQ, 13) = (D, Qﬁ> for N-

periodic left difference operators D, Q, D. Furthermore, this “trace of trace” inner
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product is symmetric.

Lemma 9.1.6 Let D and D be two periodic, left pseudo-difference operators with
period N. Then,

Proof. Suppose we have pseudo-difference operators

Z Z
D= M\oT, D= AT’

J==k j=—F

Let —k = min{—k, —%} Then, we have traces equal to

K N
Te(DD) = > Y APVALY

j=—k 1=1

and
K N

T(DD) = Y Y AT AY.
j=—kK i=1

Although these sums are not equal in R, a quick re-indexing shows that they equal

in the cyclic space R/[R R since zy = yr mod[R, R] for all z,y € R. O

From this, we can also see that if we have periodic pseudo-difference operators
D and 73, then we have

Te(D'DD) = Tr(D).

In other words, our inner product is invariant under conjugation by a pseudo-

difference operator.

9.2 Invariants of the Inverse Pentagram Map

In Section 8.5, we reinterpret the inverse pentagram map as a refactorization
of pseudo-difference operators. Using Lax operators, we saw that the inverse

pentagram map on pseudo-difference operators is given by L +— D+£D;1 for
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D, € PBDO,(R). We know that

Tr(L) = Tr(D LD ),

i.,e. our “trace of trace” operator applied to £ is invariant under the inverse
pentagram map.
In | ], A. Izosimov shows that the central functions for the space of real

(invertible) N-periodic difference operators are given by

fi;(D) = Te(TN'D7), i,j € Z>o

and that invariant functions of the refactorization of real difference operators (cor-

responding to the pentagram map) are given by

fii (L) = Te(TN' L), i,7 € Zso. (9.1)

This will be true in some more generality. In the case where we have a commutative
ring R, we know that periodic difference operators are naturally acted upon by
quasi-periodic bi-infinite sequences, as seen in Section 6.3. This action translates
to the Lax operator being conjugated by quasi-periodic sequences. If we conjugate
L by quasi-periodic bi-infinite sequence o with monodromy z, the functions f;; is

transformed by

filaLa™) = To(T'aLia™) = Tr(azTLia™!) = ' Te(T L))

and therefore these f;; functions are not invariant under conjugation. But, poly-
nomials in z over these invariant functions are invariant under the action of con-
jugation by quasi-periodic sequences.

Now, we will restrict to the case of closed polygons. We say in Remarks 8.1.3
and 8.3.8 that closed polygons are invariant under the inverse pentagram map

and that they correspond to super-periodic difference operators, ensuring that the
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refactorization preserves super-periodicity. Furthermore, in Section 6.3 we saw
that super-periodic difference operators are naturally acted upon by periodic bi-
infinite sequences. In this setting, we will see that our refactorization has invariant

functions given by (9.1). Together, we have the following.

Theorem 9.2.1. Let D be a super-N -periodic, left, properly bounded difference
operator and consider its Lax operator L = D-'D,. If the functions fi; are defined

by (9.1), then
1. The functions f;; are independent of the choice of D;
2. The functions f;; are invariant under the pentagram map.

Proof. Suppose we have another super-periodic representative of [D] given by
aDB~L. Since D is super-periodic, we know that o and 3 are N-periodic (i.e.
they commute with N-powers of T'). Furthermore, the Lax operator is changed

via conjugation by 8. We check that f;;(£) = fi;(BLS™):

fiy(BLB™Y) = Te(TY(BLBT)) = Te(BTY(LY ™) = Te(T™ (L)) = fis(£).

Now, we recall that the inverse pentagram map, in terms of the Lax operator, is
the map £ ~ D, LD;'. D, will be periodic, since it comes from a super-periodic

difference operator. Therefore,

fii(DL LD = Te(TVY(DLLDY) = Te(DL TN LD = Te(TN L) = £i;(L).

Hence, the functions f;; are independent of choice of D and invariant under the

inverse pentagram map. O
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Chapter 10

Conclusion and Further Work

In this paper, we were able to accomplish many of our major goals. We described
projective spaces over stably finite rings, polygons in such spaces, and related such
objects to difference operators through a constructive correspondence (Theorem
5.1.3). These constructions were quite delicate, since we did not rely on much
structure in our rings. Therefore, intuition from linear algebra and commutative

ring theory was lost.

Once our correspondence was established, we were able to describe a new class
of discrete dynamical systems on polygons in our generalized projective planes.
Using our correspondence, we were able to reinterpret these dynamical systems
as refactorizations of difference operators. This introduced some invariants of our
system (in some cases). If one’s ultimate goal is to prove integrability of these
dynamical systems, the next step might be to find a Poisson structure on the

space of difference operators.

Throughout this project, there were some questions and routes of investigation
that were not attempted, or were inconclusive. For the reader’s convenience, we

list them here.

Higher pentagram maps: One may continue the investigation from Chapter
8.2 into the relationship between higher pentagram maps, like those from | ;

|, and projective spaces over the Grassmannians. In Remark 8.2.3, we state

102



what we believe the relationship will be, which relates to A. Izosimov’s work in
[ | where he uses higher degree difference operators to understand higher
pentagram maps.

Coordinates: One may investigate coordinate expressions for these generalized
pentagram maps. Over a general ring, it is unclear that anything useful will
result. However, in the case of R being an algebra for which there is a useful
classification for elements (such as conjugation classes of square matrices), one
might be able to say something conclusive about coordinate expressions of these
maps. In Appendix B, we review some coordinate expressions for the classical and
Grassmannian pentagram maps.

Domains and density: In the case where R is a real algebra or some other
topological space, one might be able to address some topological questions. For
instance, for the classical pentagram map, we know that the domain is dense in
the set of twisted polygons. One might be able to conclude something similar in
our more general setting.

Poisson structure for pseudo-difference operators: The most obvious continu-
ation of this paper might be attempting to address the unanswered question: is
there a natural Poisson structure on the space of periodic difference operators and

periodic pseudo-difference operators?
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Appendix A

Notation List

R Real numbers

7 Integers

N Natural numbers

Q Rational numbers

R Unital ring (i.e. ring with identity), usually stably finite
R°P Opposite ring of R

"R Left free module over R of rank n

R Right free module over R of rank n

M (R) Space of m x m matrices with entries from R

M, xm(R) Space of n x m matrices with entries from R

Mg R-module, side specified when relevant
(Mp)~ Bi-infinite sequences elements from 9
"P(R) Left projective space over R of dimension n

P™"(R) Right projective space over R of dimension n
{z:}iez Polygon in projective space

(Xi)iez Unimodular lift of polygon (lives in relevant module)
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PBDO(R)

PBDO(R),, ,

PBDO_ (R)
PBDO_(R)
D~D
Dom(¢))

(0
QDO,(R)
IQDO(R)

Component-wise multiplication by bi-infinite sequence A on the left
Component-wise multiplication by bi-infinite sequence A on the right
Left shift operator

Difference operators, side specified when relevant

Kernel of operator D

The space of all degree d properly bounded, left difference operators
D up to left/right multiplication of bi-infinite sequences of units
Polygons in “"'P(R), up to projective equivalence

Real projective space of dimension n

Grassmannian of k-dimensional subspaces in R"

Dual numbers

Neighboring points in a projective plane

Inverse pentagram map for polygons in 2P(R)

Polygons in ?P(R) whose image under V¥ is also a polygon, up to
projective equivalence

Properly bounded, left degree 3 difference operators

PBDO(R), up to left/right action

Collection of Dy := A\, + AT

Collection of D_ 1= A\ T2 + \;T?

Degree 3 difference operators satisfying ZSJFD, = @,D+

Difference operators D for which there is a unique class of difference
operators so that D ~ 73, domain of v

Inverse pentagram map on difference operators

Left pseudo-difference operators over R

Left invertible pseudo-difference operators over R
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Appendix B

Coordinate Expressions

The process of finding a difference operator corresponding to a given polygon is
closely related to the process of finding the coordinates for the moduli space of
twisted polygons. At least, this has been shown in the case of real twisted polygons
in P? | | and twisted polygons in Gr(m, km) | ; ]. One might find
it enlightening to see how these processes compare. Therefore, we include a brief
discussion of how to find coordinates for these moduli spaces, and how they yield

coordinate expressions for the classical pentagram map.

B.1 Coordinate Expression of the Classical Pen-

tagram Map

In | |, Ovsienko, Schwartz, and Tabachnikov find coordinates for the space
of twisted n-gons in RIP?, the real projective plane. They use these coordinates
to find invariants of the pentagram map which ultimately leads to them showing
integrability of the system. The construction of coordinates is adapted in | ]
to the case of the Grassmann pentagram map. We will see that these coordinate
definitions seem closely related to our difference operators and therefore one might
find them to be adaptable in more generality. We begin with discussing coordinates

which are generically defined on the twisted n-gons in the real projective plane
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via | l.

Remark B.1.1 Two coordinate systems are developed in this paper. We are

referring to the second system defined in Section 4 of | ).

Let us consider two n-periodic, bi-infinite sequences (a;) and (b;) where a;, b; €
R for all ¢ € Z. Assume that n is not divisible by 3. Then, we consider the

following equations,

Vies = a;Viga +0;Vipn + Vi (B.1)

A solution, V' = (V}), is also a bi-infinite sequence of real numbers. The space
of solutions to such a system is 3-dimensional, since V' is uniquely determined
by Vo, Vi, Va. As a result, we will often consider solutions as vectors in R3. The
periodicity of the system ensures that there is a matrix M € SL3(R) so that

Vien = MV;. We call this matrix the monodromy.

Proposition B.1.2 (See [ ]) If n is not divisible by 3, then the space of
twisted n-gons (up to projective equivalence) in P? is isomorphic to the space of

the equations (B.1).

The proof of this proposition is a bit technical and can be found in | ]
(proof of Proposition 4.1). Essentially, through lifting our twisted n-gons, we can
always rescale the lifts in such a way to get equations like those in (B.1).

Now that we have a coordinate system for our space of twisted n-gons, we can
discuss what the pentagram map looks like in this (a, b) coordinate system. This

proposition allows us to observe that the pentagram map is a rational map.

Proposition B.1.3 (See [ ]) Assume that n =3m+1 orn=3m+2. In

both cases,

m m

1+ a; bz % 1+ Aj—3f— bi, —
T*(a;) = @40 H +3k+20i+3k+1 T (b)) = by_y H 3k—20i—3k—1
el 1+ ai73k+2bi73k+1 el 1+ ai+3k726i+3k71
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where T* 1s the standard pull-back of the coordinate functions by the pentagram

map T'.

We might notice that in the context of our paper, this construction of coordi-
nates is quite natural. In fact, this is the construction we used to find difference
operators corresponding to polygons in Chapter 5. However, there is more nu-
ance when we consider that our systems have coefficients from a stably finite ring.
These coefficients being from such a general class of rings leads to problems when
attempting to generalize this coordinate system. In some cases, such as real matri-
ces, we can use known properties of the ring to generalize this coordinate system.

We discuss this process in Section B.2.

B.2 Coordinates for the Moduli Space of Twisted
Polygons in Gr(m,3m)

In | ], N. Ovenhouse describes a few different coordinates on the moduli space
of twisted polygons in Gr(m, 3m). A more general set of coordinates for the moduli
space of twisted polygons in Gr(m, km) is given in | |, but we will not include
them here. The goal of this discussion is to solidify the relationship between the
moduli space of twisted polygons in Gr(m,3m) and difference operators of degree
3 with matrix coefficients. This was the original motivation for our work discussed
in Sections 3.2 and 6.2.

Let X = (X;) be a twisted lift of the twisted, regular N-gon [ in Gr(m,3m).
Then, we know by the spanning condition that any three consecutive elements
X, Xiv1, Xipo will satisty

Xi
Xit1
Xito
has nonzero determinant. But, we recall that each X; is a m x 3m matrix whose

row space corresponds to [; in the polygon (therefore in Gr(m,3m)). In other
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words, this nonzero determinant ensures that the row space of the matrix is all of

R3™. So, we can find m x m matrices A;, B;, C; (which are invertible) so that

Xits = A X+ B Xip1 + CiXiqo.

Remark B.2.1 We notice that if we instead chose our lifts to be 3m x m matrices,
we would be dealing with column spaces and therefore these A;, B;, C; would be

multiplied on the right. This is how right difference operators can appear.

Since we are dealing with twisted N-gons, these coefficents can be chosen to

be periodic (with period N). Furthermore, we have the following.

Proposition B.2.2 (See [ ]) The lift (X;) of (l;) can be chosen so that
C; =1, foralli € Z.

Unfortunately, A;, B; do not form coordinates for the moduli space of twisted,
regular N-gons. This is because when we rescale in the proposition above to
get C; = I, the A; and B; will not end up being periodic. But, they are “al-
most” periodic. To accommodate this, we introduce the cyclic product Z =
Cn_1CnCy...Cyn_3. Then, shifting the index of A; and B; by the period N
will result in conjugation by Z. Since matrices are able to be classified up to
conjugation using normal forms, we have a coordinate system given by A;, B;, Z.
This ensures that the moduli space of twisted N-gons in Gr(m, 3m) has dimension
2N + 1.

The process of finding these A;’s and B;’s might look similar to our construction
of the correspondence of polygons and difference operators in Section 5.2.3. This
is partially what inspired the idea that the pentagram map could be defined in
a larger class of projective planes. Furthermore, integrability of the Grassmann
pentagram map encouraged the idea that investigation in such pentagram maps

might be fruitful.
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