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Abstract

For an arbitrary real-valued representation p of a cyclic group Z/nZ, we define a
polytope P = conv{p(a) | a € Z/nZ}, which we refer to as a multi-cyclic polytope. In
studying the face structure of this family of polytopes we first present a connection
to generalized Vandermonde matrices and Schur functions. A duality is later proved
between various representations for any fixed cyclic group and is applied to classify
certain sets of these polytopes. We further reduce the problem of their face structure
to a problem concerning minimal relations among roots of unity over R™.



Introduction

0.1 Representations of Cyclic Groups

For any finite group G, a representation p is a homomorphism p : G — GL(V), into
the set of all invertible linear maps on a vector space V over C. For G = Z/nZ, the
characters, homomorphisms x: G — C*, are representations. These must have the
form yi(a) = e 5 where k € {0,1,...,n—1}. It turns out that all representations
of Z/nZ are direct sums of characters.

The fundamental real-valued representations p of Z/nZ are:

for k=0: p(a) = xo(a) =" =1 (1)

for k=7 pla) = x3(a) = €™ = (~1)" 2)

(3)

cOoS 2nka —<in 2nka
for other k : p(a) = ( %) ) .

n
27rka)

n
27k
- 7TCL)

n

sin( cos(

Thinking of (3) as a representation in C?, we could, by a linear change of coordinates,

get
( xkéa) X—g(a) ) '

Note that y_i = X%, so that both y; and its conjugate appear as part of the
representation. So in (3), p(a) = xx(a) & x—(a).
For an arbitrary real representation then, we have

B 0 -+ 0
play=1| . | |er¥ (4)
o 0 --- B,

where B; is of the form of (1), (2), or (3).
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0.2 Polytopes

We now present an introduction of the necessary aspects of the theory of polytopes
for this paper. For a more thorough treatment of the material, see [8].
Definition. The convez hull of K C R is the smallest convex set containing K:

conv(K) := ﬂ{K/ CRY| K C K') K’ convex}.

A polytope P in R? is the convex hull of a finite set of points V € R? If the
points in V' span an affine space of dimension k, then we say P is a k-polytope. A
subset F' C P forms a face if there exists a hyperplane H such that H N P = F
and P\ F' lies in exactly one of the half spaces formed by H. In this case, we
say that H is a support hyperplane of P. A face of a k-polytope P whose affine
dimension is k£ — 1 is a facet. A k-polytope all of whose facets contain k vertices
is said to be simplicial. We will say that two polytopes, P C R? and Q C R¢, are
combinatorially equivalent, denoted P ~ @, if there exists a bijection 7 : R — R®
between their vertices preserving inclusion of faces. Finally, a function f: R? — R®
such that f(x) = a + L(z) for a € R and some linear function L: R? — R® is an
affine function. Two polytopes P C R? and QQ C R® are isomorphic, denoted P ~ @,
if there is an affine function A: R? — R®, injective when restricted to the affine span
of P, such that A(P) = (. Isomorphic polytopes are combinatorially equivalent,
but the opposite is not necessarily true.

A classic example, and one that will enter into our discussion, is the cyclic
polytope. Define the mapping 2: R — R? by z(t) = (¢,t2,¢%,...,t%). The image of =
is called the moment curve, and the cyclic d-polytope with n vertices, denoted Cy(n),
is conv(z(t;)) with t; <ty < --- < t,. It is worth noting that the specific value of
each t; is unimportant. We require only that they are distinct and ordered. Their

structure is well known; they are simplicial polytopes with (";}%J) + ("_n[i?ﬂ)
facets [3]. We will, however, show a classic result of the defining characteristic of

cyclic polytopes, first noted by Gale [3]. The proof we will follow is due to Ziegler

8]-

Theorem 1. Gale’s Fvenness Condition: Let n > d > 2. The cyclic polytope
Ca(n) = conv(x(ty),...,z(t,)) is a simplicial d-polytope such that for a d-subset
S ={iy,...iq} C{1,...,n}, the set of vertices D = {z(t;,),...x(t;,)} forms a facet
of Cy(n) if and only if, for all I, k in the complement of S in {1,... ,n} with (k <),
there is an even number of i;’s in S such that k < i; <.

Proof. Looking at the Vandermonde determinant, note that:
1 1 ... 1
det ( ) = ] &—t).
olto) atr) o altn) )T AL

Since this vanishes only when ¢; = t; for some ¢ # j, we see that no d+ 1 vertices of
Cy(n) are affinely dependent, which means that any facet contains only d vertices,
so Cy(n) is simplicial.
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Now, define

T

1 1 - 1
Fy(z) := det ( v oalty) o a(t) ) for z =
Lq

and {iy,...,iq} = S as above. Fg(x) = 0 for x lying on the hyperplane intersecting
x(tyy), ..., x(t;,). Note that Fg(x(t)) is a polynomial of degree d which vanishes at
t =t; for i € S and changes sign at each such zero. The set {x(t;,),...x(¢;,)} forms
a facet of Cy(n) if and only if Fg(z(t)) has the same sign at all k£ € S¢. So Fs(x(t))
must have an even number of sign changes between t = t, and t = ¢, with k,[ € S¢
and k£ < [, and hence an even number of elements ¢; € S with k < ¢; <. 1

0.3 The Problem

Returning then to the subject of representations, let p be an arbitrary real-valued
representation of Z/nZ for some n with p(a) as given in the matrix (4). Thinking
of p as a function from Z/nZ to R¥*?, we can “flatten” the image of p(a) and then
reorder the entries to get p(a) = (by(a), ..., bn(a),0,...,0) € R where, for each
b;(a), either

bi(a) = (1)
bi(a) = ((=1)%) or

2k 2k 2k 2k
bi(a) = (COS(W(Z o 2tka. . 27mka 7T(Z>)’

), — sin( ), sin( ), cos(

n n n n

depending on the character(s) that the corresponding B; is derived from in (4). For
the set {p(a) | a € Z/nZ} then, we can obviously map each point bijectively to R® for
some e < d? such that the image is the set {p'(a) = (bi(a),...,bn(a)) | a € Z/nZ}.
The main goal of the thesis is to describe the face structure of

P =conv{p(a) | a € Z/nZ} ~ conv{(b(a),...,bn(a)) | a € Z/nZ}.

To simplify the problem somewhat more, let b;(a) = 1 for some i, where b;(a)
was derived from the identity character yo(a). For some j then, the j* coordinate
of p/(a) is 1 for all a. Once again, there is a bijection f defined on the image of p’
such that

f(I‘l, ceey L1, ]_,l‘j_|_1 c. ,ZL’E) = (ZL‘l, () T R 7 S PRI ,ZE’E) € IRe_l,

and hence the polytope in R*~! defined as conv(f(p/(a))) is isomorphic to the poly-
tope defined by conv(p'(a)) C R°.

Now, let P be conv({p'(a) | a € Z/nZ}) C R® for p/(a) as above. Further,
assume that for all @ € Z/nZ, the j" coordinate of p'(a)is equal to a fixed scalar
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multiple of the i coordinate: so p'(a) = (T1,..., @iy .., Tj1,C Ty, Tjg1, .-, Te)
for a scalar c¢. Once again, there is an obvious bijection f: R® — R*~! such that
flz1,...,2e) = (z1,...,%j-1,%j41,...,%.). From this fact, we gain two results.

First, we see that we can reduce

bi(a) = (cos(zﬂnka), B sin(2ﬂm), sin(zﬂm), COS(Qﬂnka))
to (COS(QWka),sin(Qﬂka))

by applying the argument to both the second and fourth entries. Secondly, this
means that if any b; appears more than once in p/, we can remove all but one of them
without changing the isomorphism class of the polytope defined as conv({p’(a) | a €
Z/nl}).

As an example, let n = 6. For a € Z/67, let

1¢ 0 0 0

0 (~1)* o0 0
a - ™a : ™a
pla) 0 0 cos(%) —sm(%)
0 0 8111(2%“) 003(27“)

From above, we view this as a mapping into R***, and “flatten” the image of p so
that we have

a— (1“, (=1, COS(%—G), — sin(zw—a), sin(zw—a), cos(%—a), 0,0,0,0,0,0,0,0,0, 0)) .
6 6 6 6
The resulting polytope for this representation is the convex hull of the set Y of
points of this form in RY for a = {0,1,...,5}. By the above reasoning, we can map
the image of p to R® and study instead the 3-polytope defined as conv(X) where
X ={((—=1)%, cos(*%%),sin(*5*)) | a € Z/6Z}. To see this, define a function

m: R - R

(1’1, ce ,9316) = ($2,933,1'5)>

which is clearly injective on Y and therefore gives an isomorphism of polytopes,
conv(X) = conv(Y).

For any arbitrary representation p, we have now shown 1) that the trivial char-
acter xo can be ignored when studying the facial structure of the convex hull of the
image of p, and 2) that thinking of p as a direct sum of characters, we may assume
that each character in the sum is unique, i.e., has multiplicity one.

As a result of the above observations, we can confine our attention to the set
conv(X) where X is the image of any representation p such that, for a given n,

p:Xi1 ®X—217®@X1k®x—zk
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where {i1,...,i,} C {1,..., %]} and all i;’s are distinct’. As a note, we will use
p(a) to denote the image of the representation and p to denote the representation
itself.

For each representation x; @ x—; (or resp. x= if n is even), call this V; (resp.
Vg). Then the complete set of real-valued representations of Z/nZ, which are direct
sums of the V;’s, forms a lattice ordered by inclusion, which we will call L.

@iV

Level | %]

\ BV
2 @ D L1z)

Level 2

Level 1

Level 0

Figure 1: The representation lattice for Z/nZ

The lattice corresponding to the complete set of representations of Z/nZ for any
fixed n will be denoted L,,.

We note first that the polytopes corresponding to representations from level 0
are 0-dimensional, where all n vertices share a single point. Those from level | 7]
are (n — 1)-dimensional simplices with n vertices by Theorem 2 below. Polytopes
derived from level 1 are regular k-gons where, for V;, we have k = ﬁ, and each
vertex has multiplicity (j,n).

The extent of present investigations concerning the remainder of the polytopes
derived from the representations of the lattice is mainly confined to two areas, and
our problem can be seen as a generalization of both of these.

The first is the case where a representation of Z/nZ is of the form p(a) =

<cos(—1<2;;“> ), sin(L2r0) cos(22m0)) gin(22m)y | oog(mi2ma)y i (mGre ))

!Note, however, that if n is even and the character Xz appears in p, then of course y_= (= Xg)
does not.
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for a € Z/nZ. For such p, the convex hull of its image is combinatorially equiva-
lent to the 2m-dimensional? cyclic polytope of n vertices, and is referred to as the
trigonometric cyclic polytope.

Theorem 2. For such a representation p, the polytope P defined by its convex hull
15 cyclic.

Proof. Again, we will study the determinant and use the identity:

1 1 . 1
cos(fy)  cos(6h) ... cos(ban)
sin(fg)  sin(6y) ... sin(fan) 2 1
det . - =4 H S1n 5((% — ‘9@)
0<i<j<2m
cos(mby) cos(mby) ... cos(mbyy,)
sin(mfy) sin(mby) ... sin(mbay,)

for 0, = 2”7“ and a; € Z/nZ. As above, this product vanishes only when 6; = 6, for
some i # j, so we see that no 2m vertices are affinely dependent, meaning that P
is simplicial, once again. From here we continue as in the previous theorem and the
result follows. O

Note that for any n, at least one polytope from this combinatorial equivalence
class will exist on each level of L,: for any level k of £,, it is the representation
p=VidVo® - ® Vi1 ®Vp.

The other set of polytopes in £ which are studied fairly well are all those in
level 2, which Smilansky refers to as the bi-cyclic polytopes [6],[7]. We will now state
briefly his results.

Smilansky defines a mapping into the torus imbedded in 4-space:

n:R*—=TCR!

such that ) ) ) )
™ . s ™ . T
o) = (cos ), sin ). cos 2Ty, sin ) )

Consider the lattice © = nZ x nZ C R* and for p,q € {1,...,|";* |}, define the
set S, = {a(p,q) | a € Z/nZ}. Then A,, = S,,+ © is also a lattice such that
conv(n(A,,)) is the polytope whose representation p =V, & V, exists on level 2 of
L,.

Smilansky showed that for any aq, as, as, ay, d € R with all a; non-zero, and the
hyperplane

2 2 2 2
H:=uo cos(—ﬂx) + as sin(—ﬂx) + ag cos(—ﬂy) + oy sin(—ﬂy) —d,
n n n n

n~'(H) is a level set in R? resembling an ellipse or a vertical or horizontal line. If
d=1and aq,...,a4 are such that H is a support hyperplane intersecting P on a

2If n is even and m = 5, then P is a (2m — 1)-dimensional cyclic polytope of n vertices and is
also a (n — 1)-dimensional simplex corresponding to the maximal representation.
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facet, then the set of vertices of P on the facet are mapped to points in A, , in one of
two ways. In some fundamental region (an n xn square) of A, ,, the points will either
form: 1) a parallelogram of area n such that two of its edges have positive slope and
the other pair has negative slope or 2) a closed vertical (resp. horizontal) strip in
the plane bounded by distinct vertical (resp. horizontal) lines, each intersecting at
least two such points.

As an example, let P by the 4-polytope defined by conv(A) where

2m2a. . 272a 2n3a. . 273a

A:{(COS(T),Sln( - ), cos( - ), sin(

)) | a€2/7Z).

Then the image of n71(A) is a lattice generated by (2a, 3a):

2
° ° ° ° o ° °
4
° [ ) ° ° ° ° °
6
° ° ° ° ° o °
1
° ° o ° ° ° °
3
° ° ° ° ° ° o
5
° ° ° [ ) ° ° °
0
o ° ° ° ° ° °

Figure 2: n71(A)

We find, then, that the faces of P correspond to the parallelograms of this lattice
with vertices (1,2,6,5),(1,6,3,5),(0,1,5,4), etc.

Our polytope representations are a natural generalization of both the cyclic and
bi-cyclic polytopes, and we will refer to them as “multi-cyclic.” The goal of the
remainder of this paper is to describe the representations in the remaining levels of
the lattice and some relations between them.



Chapter 1

Generalized Vandermonde
Matrices

We have seen that the multi-cyclic polytopes are a natural generalization of the
trigonometric cyclic polytope described earlier (which we have already seen to be
combinatorially equivalent to the cyclic polytopes). Naturally, one would wonder
whether there is a corresponding generalization of the ‘classical’ cyclic polytopes.
We will see that by imbedding the images of our group representations into C™
for some m, we do in fact get a set of vertices which have a form similar to such
a generalization. The matrix representations of the vertex sets have the form of
generalized Vandermonde determinants (cf.[1]).

1.1 Generalized Vandermonde Determinants

For X = {xy,...,z,}, let VDM,,(X) denote the familiar Vandermonde matrix:

1 1 1
T T2 Tp
VDM,(X)=| i 3 Ty
ot ah! at
Let the columns of a matrix M be defined as (zi", 2 ... 2f") € R™ where

the z;’s are distinct real numbers and the u;’s are non-negative ordered integers
0<py <pg<--+< iy Then

K1 Hro L a1
) Ty
K2 K2 K2
) Ty
M(X)=
Ko pbin I
Ty Ty ry"

is a generalized Vandermonde matriz.



1.2. SCHUR FUNCTIONS 9

The determinants of these matrices, like those of Vandermonde matrices, are
based on polynomials of n variables where M is a n X n matrix. It turns out that

det(M (X)) =det(VDM,(X))-Sx [1],

where S\ is a Schur function, a symmetric function of (xi,...,x,) consisting of
monomials. Schur functions will be discussed in the next section.

1.2 Schur Functions

A Young diagram is a set of boxes in left-justified rows, with a weakly decreasing
number of boxes in each row. Say the total number of boxes for such a diagram is ‘n.’
Then the Young diagram can be seen to represent a partition of [n] := {1,2,... n}
into m subsets, where m is the number of rows in the diagram. In this case we will
say then that the partition has length m. A filling for a given Young diagram is a
manner of placing a (not necessarily distinct) positive integer in each box. A Young
tableaux is a filling that is weakly increasing across each row and strictly increasing
down each column. An example of this is displayed in figure 1.1.

2 3 4
4 4 )
b} 6

Figure 1.1: A Young tableaux

For a partition A of length m corresponding to a Young diagram and its m rows,
there is associated a Schur function, which can be determined from a given diagram.

Let A be a Young diagram and let T" represent an arbitrary filling of A\. Then
let 27 denote the monomial 2" - #% - - - 2% where x; is a variable and the exponents
i; denote the number of times the integer j appears in the filling 7" of A. As an
example, the monomial for the diagram above is z% - o - 23 - 2} - 2 - 1. The Schur
function for the diagram A, then, is the sum of all monomials Sy (1, ..., z,) = > T
for all possible fillings T" of A with a fixed set of m integers.
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1.3 Multi-cyclic Polytopes as Generalized Van-
dermonde Matrices

To see the connection to our problem, let us begin by operating on the vertex matrix
of an arbitrary multi-cyclic polytope P:

cos(bpky) cos(01ky) -+ cos(0,-1k1)
sin(foky) sin(O1ky) -+ sin(0,_1kq)
V= : : - :
cos(Ooky,) cos(O1ky,) -+ cos(On_1km)
sin(Ooky,)  sin(01ky,) -+ sin(0,_1kn)

where 0, = 2% for a € Z/nZ".
Replacing cos(z) and sin(z) respectively by &= and <=¢—, we use row
operations to transform V into:

6i€0k1 67:9”71]61
e—i@@kl e—ien—lkl
o
el@okm e eienflkm
e_ig()km . e—ienflkm
. 27mi-a
Letting w, = e » , we then get
kl kl
ka e wnzl
—k1 —k1
-1 “o Wp—1
km km
wok .. wngl
- n - n
wo T . e wn—71

where k is a positive integer and ‘—k’ is to be interpreted modulo n. After exchanging
rows so that the exponents appear in increasing order, we clearly have a generalized
Vandermonde matrix in the variables w,.

For X = {x1,29,...,2,} (with distinct x;’s) and integers i, 1 > pip_o > -+ >
> 0, let p = (p_1, thn—2,--.,11,0) be a partition of length n where each in-
teger j; corresponds to the exponent in the i row of a generalized Vandermonde
matrix M(X). Now, let 6 = (n —1,n —2,...,1,0) be a partition corresponding
to the exponents for the rows of the Vandermonde matrix VDM,,(X). Then for
det(M (X)) = det(VDM,, (X)) - SA(X) we have that X is the partition p — ¢ and
hence S, (X) is the sum of monomials corresponding to fillings of A with =1, ..., z,.
Following the example of Gale then, we can study the behavior of these determinants
and in turn study the polytope that such a matrix M (X) represents.

"'We must keep in mind that in the case that n is even and Xz is added to the representation
determining P, then the 2d + 1" row of V will be given by (1 -1 1 —1).
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Define the determinant function

1 e 1 1
kl .« .. kl kl
—1\" wil e Wy W
Viz)=| =) det S : .
21 : . : :
—k2 —k2 —ka
w]ik wjdk W L
R M —Rr1
Wi Wi W
with wj, as defined above. The vertices corresponding to {ji,...,jq} will be con-

tained in a facet of P if and only if V'(z) has the same sign for all j € S°. If V(j') =0
for some j' € S¢, then we add j’ to the list of fixed test points and continue evaluat-
ing the sign of V(z) for the remaining j € S¢ (This is the same tool that we used
in our determinantal approach to cyclic polytopes in the introduction.)

We note that for X = (wj,, ..., wj,,ws),

V(z) = det(VDMgs1) - Sy = det(VMDgy) - ([ J(we — wy,))Pas (X)) [1].

i=1

where Py/(X) is a polynomial in (wj,, ..., w;j,, wy).
Though connecting the problem to the determinants of these matrices and to
Schur functions is interesting, we have only introduced a new tool with which to

compute the face structure of any given polytope, and the general problem at this
point is still open.



Chapter 2

Duality Theorem of
Representations

2.1 Gale Diagrams

One method of visualizing and studying higher-dimensional polytopes is through the
use of Gale Diagrams. Though they are generally only applied to polytopes having
‘few’ vertices (a d-polytope with < d-+4 vertices), we shall see that for our purposes,
the underlying idea is one that will characterize our entire family of polytopes. Our
exposition of Gale diagrams will follow [8].

Let X ={x1,2s,...,2,} with 2; € R? be the columns' of a d x n matrix X .2

Definition. The affine dependencies of X are:

If we define X as (Z1,...,&,) for #; = { xlz } € R4 then Dep(X) = ker(X).
Definition. We define the signed vectors of X as

V(X) = {sign() | A € Dep(X)}
where, for A = (Aq,...,\,) € R",

sign(A) = (sign(A1), ...,sign(\,))

and, for \; € R,
— if A\ <0
sign(\;) = 0 if =0 .

We order the signed vectors component-wise as well where 0 < —, 0 < +, and +, —
are incomparable. In this way we can define:

L As a convention, we will identify elements of R” as column matrices, and we will denote row
vectors by " for x € R™.
2For such sets, we will assume from now on that {z1,...,z,} spans R¢.
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Definition. The circuits of X are the minimal (non-zero) signed vectors:

CX)={veVX)|lw<v=v=uw}

Example: Let W = {1, Wy, W3, Wy} where u?Z:(Uf) and w; is a vertex of the unit
square:

(0,1) (1,1)

Wy ws
w1y w2
(0,0) (1,0)

Figure 2.1: A square

Then

Then clearly,

and

Definition. Finally, define the value vectors of our set X as
Val(X) = {c""X | c € (R)} = im(X™)

Now, let X be as defined above, and let f be a function f: R4 — R such that
f(z) = €7 - x for some € =(?)e R*™. The set {zx € R™™ | f(z) = 0} defines a
hyperplane in R4*!. In this case, we have

Val(X) = {&"X | & € (R"Y)} = {co+ "% | ¢ € R,c € R:, & € X}

Val(X) is, geometrically, the oriented distance of each #; € X from the defined
hyperplane. As above, then, we will define the signed covectors as

V*(X) = {sign(c"X) | c € R%}.

Then, we have the signed cocircuits of X, denoted C*(X), as we had in the linear
case; that is, C*(X) is the set of minimal (non-zero) signed covectors of X.
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As we will see, any one of the 1) signed vectors, 2) circuits, 3) signed covectors,
and 4) signed cocircuits determines the other three. However, it is rather easy to
read off the faces of conv(X) directly from C*(X). Any support hyperplane H C R?
will correspond to a signed cocircuit of X such that all non-zero entries have the
same sign. The zero entries will correspond to the set of x; € X lying on H, and
hence on the face.

We now prove a duality between Val(X') and Dep(X):

Theorem 3. For a set X of n vectors spanning R?, (a) Val(X) = (Dep(X))* and
(b) Dep(X) = (Val(X))*

Proof. (a): First, note that dim(Dep(X)) = n — d. Then for the orthogonal

complement in R”, dim((Dep(X))*) = n — (n —d) = d. Now, dim(Val(X)) =

dim(im(X™)) = rank(X") = rank(X) = n — dim(ker(X)) =n — (n — d) = d.
Then, (Dep(X))* ={u € R" | u-v =0 Vv € Dep(X)}. Then for ¢V € Val(X)

and v € Dep(X), (¢V)v =¢(Vv) =c0 = 0.

(b): ((Dep(X))*)* = Dep(X). Result from (a) applies. O

Theorem 4. For some X as above, a duality exists between the circuits C and
cocircuits C*:

C(X) = C*(Dep(X)),  C*(X) = C(Dep(X))
Proof. See [4]. O

Taking, again, our vertex points X = {z,...,2,} to be the columns of a d x n
matrix, the Gale diagram is found as follows: Given such X, we first linearize it,
getting the matrix X C R*FDX" with column vectors

()
xT; =
i
for x; € X.

Then there is a matrix G € R**(=(@+1) gyuch that

Dep(X) = {Gv | v € R+,

Since Dep(X) = ker(X), we know that the columns of G are exactly a basis for
ker(X). Here n— (d+1) = dim(Dep(X)). Denote the rows of G by gi,. ..., gn. The
set {g",..., g} with ¢/ € R"~(@+1) is the Gale diagram for X, and it is unique up
to linear change of coordinates. Using this method, we can then read off the circuits

of the Gale diagram of X to determine the face structure of conv(X).

Example: The Gale diagram for figure (2.1) is

1
-1

N E
—1

given by figure 2.2.



2.1. GALE DIAGRAMS 15

-1 0 1
¢ | ¢
g2 g1
g4 g3

Figure 2.2: Gale diagram for the unit square

Then Val(G) = {c¢-(1,-1,1,—-1) | ¢ € R} = {(¢,—¢,¢,—c) | ¢ € R}. So
C*(G) = £(+, —, +,—) = C(X), as expected.
Example: We shall look at level |5] — 1 of the representation lattice L£y5. For
some j € {1,...,7}, we have

2ma 2ma 2mja 2mja 2n7a 2n7a

pla) = <COS(1—5), sin(1—5), e cos(—j), sin( )y, cos( ), sin( ))

15

. For the example, let j = 4. Then X = (xy,...,x14) where

1
Ta = cos(l%“)
(

and the polytope P = conv(X). Then by direct calculation, ker(X) is the span of
the columns of

9o
G = :
914
where g, = (cos(¥2),sin(¥2)), and X is the linearization of X as before. Since 15

and 4 are relatively prime, one sees easily that conv(ker(X)) is a regular 15-gon
Since the circuits C(G) of G are dual to the cocircuits C*(X) of X, we want
to find minimal circuits of G, i.e.;, A = (Ao, ..., A14) of minimal support such that
> Aigi = 0, with not all \; equal to zero. For each such circuit, the set of g;’s with
zero coefficients corresponds to a facet of the original polytope P if all non-zero \;’s
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Figure 2.3: A 15-gon

are of the same sign. When we have such a circuit, again, this corresponds to a
cocircuit of V', and hence a hyperplane supporting it, meaning that the set of all
vertices not spanning the hyperplane all lie on one “side” of it (hence all having the
same sign). Since P is a 12-polytope with 15 vertices, P is not simplicial if there
is a facet containing more than 12 vertices. This in turn corresponds to a circuit
of G with only 1 or 2 g;’s having nonzero coefficients. Since conv(G) is a regular
polygon centered at the origin, there is clearly not such a circuit with only one such
g;. For there to be a circuit with two such g;’s, the two must be antipodal. Each g;
corresponds to a 15" root of unity, and since 15 is odd, no two points are antipodal.
From this we see that P is a simplicial 12-polytope.

If, for our example, we had chosen j = 5, which divides 15, the Gale diagram G
would be

9o

914
where g, = (cos(%52),sin(#%2)). Conv(G) in this case is a regular triangle, each
vertex having multiplicity 5. Once again, there is no circuit with less than three
such g;’s having nonzero coefficients, all of which are of the same sign.
It turns out (as will be proved in the next section) that the Gale diagram as-

sociated to any representation on the [2] — 1 level of the representation lattice is

2 .
a regular k-gon, each vertex of which has multiplicity (n,j) where k = % and j

identifies the sole character V; not appearing in the representation.

2.2 Duality Theorem

We now prove the main correlation between the various levels of our lattice £, which
tells us that for any polytope P corresponding to a representation p on level | 5] —k
of L,, its Gale diagram exists as the vertices of a polytope P’ associated with a
representation p' € L, on level k.
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Theorem 5. Let n € Z, and let P be a multi-cyclic polytope corresponding to a
representation p on level [gj — 1 of the lattice L,, such that p = Vi, & --- BV,
where K = {ki,...,kn} C{1,...,|5]}. Then the Gale diagram of P consists of
the vertices of P’, the polytope corresponding to the representation p' on level | of
L, such that p' = Vi, @ - @ Vi where K' = {k},... Kk} is the complement of K
in {1,..., 5]}

Proof. First, note that for the root of unity z = e%, the sum: 1+z+224+-- 42" 1 =
1—zn—1
—=— =0.

1-z

_Let the columns of the matrix V' be the vertices of P. Then after we linearize
V', we have

1 1 1
COS(Zwslo) COS(Zwsll) COS(27Tk17(Ln_1))
N Sin(27r510) Sin(27rrlfll) Sin(27rk1£Ln—1))
V=
cos( 2”';’”0) cos( 2”':Lm1 ) 008(72”’”15"—1) )
Sil’l( 27rl;m0 ) SiIl( 27rl:Lm1 ) SiIl( 27rkmr(Ln—1) )
Let
cos( 2”5/10 ) sin( 2”5/10 ) cos( QW:ZO ) sin( QW:ZO )
cos( 272]?/1 o) sin( 272]?/1 o) cos( 2”:” ) sin( 27;]?,1 )
G —
COS( 27rk’17(1n—1) ) sin( 27rk’17(1n—1) ) o COS( 27rkl’gln—1) ) sin( 27rk;;n—1) )

If V is the vertex matrix for some polytope P in L,,, this makes G the vertices of
the corresponding ‘complement’ polytope P’. We have that G is the Gale diagram
of P if and only if VG = 0.

To this end, the entries in the product matrix VG will be determined in one of
four ways.

Case 1 : The product of the i column of G with the top row of V will be either

n—1 n—1

2m ik 2mjk'
Zcos( 7Uk;) or Zsin( ik ).
=0 =0

n n

These are respectively the real and imaginary components of roots of unity, both of
which sum to zero from above. So the product is zero.

Case 2 : Entry k, k' will be given by

n—1 . .
2mjk 2wk’
E cos( - ) cos( - ).

Jj=0
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Using basic trigonometric identities, this expands to

12 st pestni)

J=0 "
n—1 —1
1 27Tj (k—K) 1 27Tj k—i—k’)
e
Jj=0 =0

These two sums correspond to the sums of the real components of the p* and ¢
roots of unity, respectively, where p = (nkni—k’) and ¢ = (nk"T,) From above, these
both equal zero, and hence the entry in the product matrix is zero.

Case 3 : Entry k, k' will be given by

n—1
27k 27k
Zsm 7;‘7) sin( T j)

n
7=0

Again, using trigonometric identities, this expands to

—1 : :
1 27 - j(k — k) 21 - j(k + k)
5 ;:0 [cos( . ) — cos( . )
n—1 -1
1 2y (k — k') 1 27‘[‘] (k+ K
=5 003(7 E ))
j=0 j=0

As above, both of these sums are zero, and hence the entry in the product matrix
is zero.

Case 4 : Entry k, k' will be given by

n—1

27r/<:j .27k
E cos( sin( )
n

n—1 o , o Y

1 {sin(Qﬁ j(/{:—i-k:))_sin(%r J(k /{:))]
2 = n n

n—1 n—1
1 . 27rj(k+k:) 27rj(k k)
=35 2 SIH(T — = ]E 0 sin T)

These are the sums of the imaginary components of the p!* and ¢ roots of unity
for p, q as defined above, and hence the sums are both zero.
Therefore, all entries in the product matrix VG are zero, and hence G is the

Gale diagram of V.
L]
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2.3 Applications

We can now apply this duality found within the lattice £ to certain levels in order
to classify the polytopes derived from the representations found there.

Going back to the case visited earlier, let P be a polytope corresponding to a
representation p on level [§] — 1, such that p =V, ©--- @V, ©--- D V’fL% where

|
the k;’s are distinct elements in {1,..., |5 ]}.

From the previous theorem, then, we know that the Gale diagram for P will
be either the vertices of a 2-dimensional regular polygon generated by p(a) =
(COS(%), sin(%)) for a € Z/nZ, or the set {—1,1} if n is even and the missing
character is V. From this we can state:

Corollary 1. A polytope P defined as conv(p(a)) for the representation p on the

| 5] — 1 level of L,, is simplicial if and only if ﬁ is odd or equal to 2.

Proof. Let P be as stated and let G denote the Gale diagram of P. Note first that
P is either a d-polytope with d 4 2 vertices (when n(= d + 2) is even and k; = 3),
or a d-polytope with d + 3 vertices (otherwise).

Assume the former and note that ﬁ = 2. Then a non-simplicial facet of P will
correspond to a circuit of G with only one non-zero element. But by the previous
theorem, G is the set of points {(—1)* | a € Z/nZ}. Clearly, then, there is no such
1-circuit and hence P is simplicial?.

Now, assume the latter. In this case, as stated earlier, GG consists of the vertices
of a regular polygon about the origin. A non-simplicial facet of P will correspond to
a circuit of G with one or two non-zero elements (both having the same sign in the
case of 2 vertices). Again, there can not be exactly one since no vertex is mapped
to the origin (the vertices correspond to roots of unity). Two vertices, ¢g; and gs,
will have a dependency exactly when they are antipodal. Clearly, this occurs only

when G denotes the vertices of a polygon with an even number of vertices. Viewing
27ri-kj

the elements of G as roots of unity, the generator, e = is a (n’zj)th root of unity.

(n7kj) (n7kj)
obviously) is odd, no two such points will exist and P is simplicial. ]

So antipodal points will exist if and only if is even. Hence, if (or n,

More simply, if n is even and d = 2™ is the highest power of 2 that divides n, then
P is simplicial if and only if d|k; or k; = 5. If n is odd, P is simplicial. Moreover,
the complete face structure of P is evident in that if k; = 3, then P is one of the
well studied cyclic polytopes, and if k; # 7, then the simplicial faces correspond to
the complement (in Z/nZ) of any 3 elements of G that are not contained in a closed
semi-circle about the origin. Further, we see easily that the number of distinct
combinatorial types on this level of £, is equal to the number of (proper) divisors
of n.

3In fact, such a polytope P is combinatorially equivalent to a cyclic polytope. This follows from
Theorem 2.
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We saw in the introduction that the multi-cyclic polytope whose vertices are of
the form

( o2ma. . 27a Awa. . Ama 2mra. . 2m7ra))

COS(T)’SID(T)’COS(T)’Sm(T)’“"COS( . ), sin( p

for a € Z/nZ is combinatorially equivalent to the cyclic polytope Csy,,(n), and we
referred to them as the trigonometric cyclic polytopes.

So let P be the polytope whose representation is on level [§] — 1 of £, and
be of the form stated in the previous corollary. Then if n is odd and k; = [§],
we get a trigonometric cyclic polytope, and since (kj,n) = 1, the Gale diagram
consists of the vertices of a regular n-gon. Obviously, if two polytopes have the
same Gale diagram, then they are combinatorially equivalent. It follows then that
for odd n, all polytopes whose representations are missing only the character V7,
are combinatorially equivalent to C,_s(n) if (k;,n) = 1 since the respective Gale
diagram will be the set of vertices of a regular n-gon.

From this is also follows that if n is prime, such P is combinatorially equivalent
to C—3(n) for all k; since, for prime n, (n,m) =1 for all m < n.

2.4 Sums of Roots of Unity

Using this duality we find in the lattice, we have reduced the problem of the face

structure of the multi-cyclic polytopes to a problem concerning systems of polyno-

mials in roots of unity over Rt with a minimal number of non-zero coefficients.
Let P = conv(V') be a multi-cyclic polytope whose representation

p:V/ﬂ@@Vkm

is on level |5 | —i of £,. By Theorem 5, then, the Gale diagram G of P consists of
the vertices of P’ corresponding to the representation p’ = Vig @+ @ Vi where, as
above, the set of all Vk} is the set of characters missing from the representation p.

Let S ={ay,...,as} C{0,1,...,n—1}and S’ = {a}, ..., a} be the complement
of Sin {0,...,n — 1}. Let also g,, = p/(a;) and v,, = p(a;) for a; € Z/nZ.
Then for a subset ¢q,, ..., gs, of G, if there exist scalars Aq,...,A; in RT such that
Zj.:l Ajga; = 0 is minimal, then the set {v,, ... ,va;/} C V forms a facet of P. If P
is a d-polytope with n vertices, then for such sets, s <n — d.

Expanding this slightly, let {gq,, ..., gs. } be such a set. Then we want Aq,..., A

so that for § = %’T,

Z Aj(cos(Ba;k)), sin(Ba,k)), .. ., cos(Bajk)), sin(fa;k;)) = 0 (2.1)
=1

where k! refers to the representation Vi, appearing in p. If nis even and Vi
appears in the sum defining p’, then one entry (say, the first one) of (2.1) will be
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(=1)%. Grouping this sum component-wise and replacing (cos(fa;k%), sin(0a;k;))
2mi

. 20 gkt 2mi
with e %% we then have, for w = en :

(=1 + M1 -+ M (-1 = 0)
Mo Awkiee 4o WM = 0

/ / /
Mwh® o Npwkior 4 AWk = 0.

So, we want (Aq,...,As) € (R")? such that

N R AW
wkial wk’lag . wkias 1

: - O
wk'l,al wk.;ag . wk';as )\s

Note that the first row of this matrix exists only when applicable for the obvious
reasons.

Phrasing the problem in this way, let us apply the relation defined in Theorem
5 to level |5 | — 2 and level 2 of £,. The representations on level 2 correspond to
either 3-dimensional polyhedra or the 4-dimensional bi-cyclic polytopes studied by
Smilansky, both of which are understood. So let P be the polytope corresponding to
the representation p on level | § | —2 of £,,, which will be the complete representation
minus two characters yj, and yg,. Then the Gale diagram of P will consist of the
vertices of the polytope P’ for the representation

p'(a) = ((—1)% cos(0kia), sin(0kia)) (2.2)
p'(a) = (cos(0kia), sin(0kyia), cos(Okqa), sin(Oksa)) (2.3)

for ki, ko € {1,..., %]} and 6 = 2.

n

Theorem 6. For a multicyclic polytope P whose Gale diagram is given by (2.2),
P is non-simplicial if and only if (n"—kl) = 2 mod 4, in which case all non-simplicial
facets have n — 2 wvertices.

Proof. P is an (n — 4)-polytope, and so is non-simplicial if and only if there exist
circuits of GG, the Gale diagram of P, with less than 4 elements. Obviously, there
are no 1-circuits for G.

For 2-circuits, we want ay,ay € Z/nZ such that

(G Y (2) -0
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for A\i, Ay € RT. We may assume that a; = 0, giving

1L (=1)= A)

1 w’“” >\2 o
For A\, Ay to be positive, (—1)* must be —1, so az = 1 mod 2. Then we may
assume \; = Ay = 1, implying that w** = —1, and so clearly " is even and

n,k1
kia; = § mod n. Then 2kja; = 0 mod n and 2a; = 0 mod % w(herg d = (n, k).
Since we know that % is even, it follows that a; = 0 mod J*;. Since ay is odd, we
know from this that 5% is odd, and hence (n"—kl) = 2mod 4. The complement of
such aq, as for these circuits gives the n — 2 vertices of the non-simplicial facets.

To prove that these are the only non-simplicial facets we must show that for p’,
there are no 3-circuits.

To this end, assume otherwise, that there exist A1, Ao, A3 € RT such that A p(a’)+
Xop(a”) + Asp(a”) = 0. Since p'(a) = ((—1)%, cos(*™*1), sin(*™*1)), then for all \;
to be positive, exactly one element, say p(a’), has distinct first entry from the other
two. Then subtracting a’ from each such a gives us elements p'(ag) = p/'(0) =
(1,1,0) and p'(a1), p/(az) each with first entry equal to —1. By dividing the linear
dependency through by A{, we must now solve

(1,1,0) + er(=1, 91, 21) + c2(—1, 42, 22) = 0.
For ¢y, c5 > 0, we have immediately that
cL+c=1

iy + cyp = —1
C121 + Co20 = 0

Which gives us that ¢o = 1 — ¢; and that

CYe —y2 — 1
yp=——"—— and z =
C1 &1

C129 — Z9

(2.4)

Now, note that yi + 27 = 1 and y35 + 23 = 1. By (2.4), the first becomes

2 2
Yo — Y2 — 1 i C129 — 22 1
C1 C1 ’

A3 +23) —2c1(ys + 25 + o) + (s + 25 + 2 + 1) = .

Since y3 + z3 = 1, we have

which is

—2(y2 +1)

2_9 1) 42 1) =c] = =1

i —2c(y2+1)+2(y2 + 1) = ¢f, s0 ¢ T

and hence co = 0. So p/(ay) is a scalar multiple of p’(ag); but more importantly we
see that {p'(ao), p'(a1), p'(asg)} reduces to a 2-cycle. 0
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Now, let P a multi-cyclic polytope such that its Gale diagram is given by a
representation of the form in (2.3).
So given
WO GlRL L (=1
G= ( WOk ke L (n—1)-ko )
for w = e%, our goal then is to find 2 x s submatrices whose kernel contains an
element in (R*)*. We can confine our analysis to the set (s = {2,3,4,5}); if s is

greater, then the complement of the vertex set can not be a full-dimensional facet
of P. We shall work through the possibilities for each such value of s.

Theorem 7. For a polytope P whose Gale diagram is given by (2.3), (so that P
is an (n — 5)-polytope): If n is odd, then there are no facets with exactly n — 2
vertices. Facets with exactly n — 3 vertices exist if and only if d = (ky — ki,n) > 3.
In this case the three vertices not contained in such a facet correspond to distinct
elements aq, as, as all contained in a left coset of the unique subgroup of order d of
Z/nZ. Ifn is even, facets with exactly n — 2 vertices correspond to the complement
of some distinct ay and ay contained in some left coset of the subgroup of order 2d
for d = (ko — k1,n) if d > 2. Facets with exactly n — 3 vertices correspond to cosets
of the subgroup of order d where d = (kg + ki,n) > 3.

Proof. For such 2-circuits, let
kia1 k1ao
w w
M = ( wkgal wkzaz ) °

M will have nontrivial kernel if and only if rank(M) = 1, meaning that the two
rows are dependent, and hence the desired kernel is the set {(z,y) | 7 - wF® +y -
wk®2 = ( for x,y € RT}. Since w*, wk1% are roots of unity, obviously they must
be antipodal. From this we see that ;s (and hence n) is even. Since the two points
must be antipodal, we know that kja; = kjag+4 mod n, and then 2k a; —2k1a; =0
mod n. Similarly for the second row, we get 2ksa; — 2koas = 0 mod n. Combining
these yields that a; = ap mod g for d = (ks — ki, n). Hence, such elements a; and

as must be subsets of the left cosets tH of H, the subgroup of order d.
For 3-circuits of P’, let now

kia1 kiaz kias
w w w
M= ( ) |

wkgal wkzag wk2a3

First let us assume that rank(M) = 2. By minors then,

wk1a2+k2a3 —wk1a3+k2a2
kel'(M) == wk1a1+k2a3 — wk1a3+k2a1
wk1a1+k2¢7«2 _ wk1a2+k2a1

For z = re® € C, r # 0, we want elements in the kernel of M such that

wkl ax+koasz __ wkl az+kaaz

eiﬂo wkiatkeas _ kiaztkear c [R3_

wk1a1 +kaaz __ wkmz +kaay
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For these entries to be real-valued, we need:

sin((ki1as + kpa3)t + @) = sin((kras + kzaz)0 + ©)
sin((kiar + kpa3)f + @) = sin((kras + kza1)0 + ©)
sin((kia; + koag)0 + @) = sin((kias + koar)0 + @)

for 6 =27 0 < ¢ < 27.

So then we have congruencies of the form:

kias + keas + ¢ = kiaz + keas + ¢ mod n
kiay + ksas + ¢ = kiaz + keay + ¢ mod n
kiay + ksas + ¢ = kjag + keay + ¢ mod n

or
]{Zlag + k2a3 +p = % — (/{Zlag + k2a2 + 4,0) mod n

k1a1 + k2a3 +p = g — (/{Zlag + k2a1 + 4,0) mod n
kiay + keas + ¢ = § — (kyaz + koay + ¢) mod n.

n

The first set of congruencies easily yields that a; = as = a3z mod 7, where
d = (ko — k1,n). Further, since ay, as, as are distinct in Z/nZ, d > 3. Let H be the
subgroup of order 5 in Z/nZ. Then ay, ay, and az are again elements of the claimed
cosets.

For the second set of congruencies to apply, n must obviously be even. Subtract-
ing one from another in turn gives kias — kia; = —koas + koaq mod n, etc, which
then give that a; = ay = a3 mod % for d = (ko + k1, n).

Now, let rank(M) = 1. For the rows of M to be dependent, we can claim that:
(whea heaz (jk2a3) — J (ko ke k1) where ¢ is an n™ root or unity. Then
wh2ei = 4 (wkait?) for some x € {0,...,n — 1}. Then koa; = +(kia; + x) mod n,

and solving shows that a; = ay = a3 = £2’ mod  for 2’ = mmd) and d = (kotkq,n).
Once again, d must be at least 3 for the a;’s to be distinct mod n. All a;’s are again
in the corresponding coset, and the theorem is completed. O

Only certain subsets of the cosets of the above subgroups correspond to circuits;
note that we have only made restrictions on the elements of the circuits based on the
coefficients of the linear dependencies being real-valued and not necessarily positive.
If d > 5, there are subsets {aj, as,as} that when multiplied by say, ki, all lie on
a closed semi-circle, and hence some coefficient of the linear dependency will be
negative.

[lustrating with a concrete example, let n = 15, k; = 2, and k; = 5. Then
non-simplicial facets will correspond to subsets of the cosets of the subgroup of
order 3, the elements of which are {0,5,10}. These subsets are exactly (a1, as, az) =
{(0,5,10),(1,6,11),...,(4,9,14)}. Since d = 3, all of these 3-tuples are circuits of
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G, showing that P is a 10-polytope with 5 nonsimplicial faces whose vertices are
the complements of the 3-tuples in the solution set above.

The exact classification of the 4-circuits of p’(a) are not solved, though the
problem can be restated (and reduced, hopefully). Let

kiay kiaz kias kiaa
w w w w
M= ( ) |

wk‘zal wkgag wk2“3 wk2a4

First, I claim that for (aq,...,a4) to be a minimal circuit, rank(M) = 2. To see
this, note that if the two rows of M are a dependent set, then the second row can be
written as £(whar, Whez has kay o ¢(ha ha ke kan) where ¢ is a nt®
root of unity, both of which imply that the second row has the same “shape” as the
first (the entries of the second row have the same position relative to each other as
those on the first row). Then simply note that for any four points on a circle that
are cyclic, some proper subset of them must also be cyclic and hence the circuit is
not minimal.
So assume rank(M) = 2. Then

wk1a2+k2a4 _ wk1a4+k2a2 wklaz-i-kzaa _ wklag-‘rkzaz
wk1a1+k2a4 _ wk1a4+k2a1 wklal-i-kzaa _ wk1a3+k2a1
ker(M) = span

0 wklal+k2a2 _ wklaz-l—kzal

kiai+keaz __ wklaz+k2&1 0

w
To find a 4-circuit, we are looking for some linear combination of the two columns
of the kernel matrix to be in (RT)*. So we will start with the entries on the bottom
two rows, which are equal. For these to be real, (as above we will assume a; = 0) we
once again want solutions to one of the following congruencies: ksas = kias mod n
or ksay = § — kiaz mod n
The reduction of the problem to vanishing sums of roots of unity has some
references in the literature. Though it is more concerned with the fields in which
the coefficients of roots of unity lie, there is some independent interest in the problem

itself; see [2] and its bibliography.
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