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The extreme rays of the 6 x 6 copositive cone

Andrey Afonin * Roland Hildebrand T Peter J.C. Dickinson *
December 5, 2019

Abstract

We provide a complete classification of the extreme rays of the 6 x 6 copositive cone COP®. We
proceed via a coarse intermediate classification of the possible minimal zero support set of an excep-
tional extremal matrix A € COP®. To each such minimal zero support set we construct a stratified
semi-algebraic manifold in the space of real symmetric 6 x 6 matrices S®, parameterized in a semi-
trigonometric way, which consists of all exceptional extremal matrices A € COPS having this minimal
zero support set. Each semi-algebraic stratum is characterized by the supports of the minimal zeros u
as well as the supports of the corresponding matrix-vector products Au. The analysis uses recently and
newly developed methods that are applicable also to copositive matrices of arbitrary order.

Keywords: copositive matrix, extreme ray, minimal zero, non-convex optimization

1 Introduction

An element A of the space S™ of real symmetric n x n matrices is called copositive if 7 Az > 0 for all vectors
x € R’ The set of such matrices forms the copositive cone COP™. This cone plays an important role in
non-convex optimization, as many difficult optimization problems can be reformulated as conic programs
over COP™. For a detailed survey of the applications of this cone see, e.g., [13, 2, 3, 19].

Verifying copositivity of a given matrix is a co-NP-complete problem [21], and the complexity of the
copositive cone quickly grows with dimension. It is a classical result by Diananda [6, Theorem 2] that for
n < 4 the copositive cone can be described as the sum of the cone of positive semi-definite matrices S¥
and the cone of element-wise nonnegative symmetric matrices A’. In general, this sum is a subset of the
copositive cone, ST + N C COP". Matrices in the difference COP™ \ (S} + N™) are called exceptional.

In this note we focus on the extreme rays of COP™. A non-zero matrix A € COP" is called extremal if a
decomposition A = A;+ Ay of A into matrices Ay, Ay € COP™ is only possible if A} = MA, As = (1—\)A for
some A € [0,1]. The set of positive multiples of an extremal matrix is called an extreme ray of COP™. The
set of extreme rays is an important characteristic of a convex cone. Its structure, first of all its stratification
into a union of manifolds of different dimension, yields much information about the shape of the cone. The
extreme rays of a convex cone which is algorithmically difficult to access are especially important if one
wishes to check the tightness of inner convex approximations of the cone. Namely, an inner approximation
is exact if and only if it contains all extreme rays, see [11] for such a construction applied to the cone COP®.

Since the extreme rays of a cone determine the facets of its dual cone, they are also important tools for
the study of this dual cone. The extreme rays of the copositive cone have been used in a number of papers
on its dual, the completely positive cone [7, 24, 4, 5, 23, 22].

There are few results on the extreme rays of COP™. The non-exceptional extreme rays of COP™ have
been classified in [14]. The exceptional extreme rays of COP® have been described in [16]. In [1, Theorem
3.8] a procedure is presented how to construct an extreme ray of COP™ ™! from an extreme ray of COP™.
Those extreme rays of COP"™ with elements only from the set {—1,0,+1} have been characterized in [20].
In [18, 9] large families of extreme rays of COP"™ have been constructed. In [8] a family of extreme rays of
COPO has been constructed. In this paper we complete the classification the extreme rays of COPS.
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A useful tool in the study of extremal copositive matrices are its zeros [6, 1]. A zero u of a copositive
matrix A is a non-zero nonnegative vector such that u” Au = 0. The support suppu of a zero u =
(ut,...,u,)" € R" is the subset of indices j € {1,...,n} such that u; > 0. A zero u of A is called minimal
if there is no zero v of A such that suppwv C supp u holds strictly. The minimal zero support set, i.e., the
ensemble supp VA, of minimal zero supports of a copositive matrix A is an informative characteristic of
the matrix [17]. It is a subset of 2{1+™} the power set of {1,...,n}. We shall use this combinatorial
characteristic to achieve the classification of the extreme rays of COP®.

In [17, Table 1] the list of possible minimal zero support sets of an exceptional extremal matrix A € C op°
with positive diagonal has been narrowed down to 44 index sets, up to a permutation of the indices. In
Table 1 we reproduce this list up to permutations of the index set {1,...,6}. We consider each of these
index sets and determine whether it can actually be a minimal zero support set of an exceptional extremal
matrix A € COPS. We find that in 19 out of the 44 cases the answer to this question is affirmative, and
for each of the corresponding index sets we determine all exceptional extremal matrices A € COPS which
have the given index set as its minimal zero support set. For convenience the cases have been assigned new
numbers, which are given in Table 1 along with the numbers from [17]. In the last column of Table 1 we
summarize our findings on the different cases.

The remainder of the paper is structured as follows. In Section 2 we consider the non-exceptional extreme
rays of COP® and those which can be obtained by padding the extremal matrices of COP® with zeros. In
Section 3 we present a general strategy of how to determine all exceptional extremal matrices A € COP®
which have a given minimal zero support set Z C 2{1+6}  If there are such matrices, we shall describe
them explicitly by parameterizing the set of these matrices by a finite number of variables varying in some
domain, thus assigning to the index set Z one or several submanifolds M7 C S® of extremal exceptional
copositive matrices. These manifolds are described in Section 5, along with Theorem 5.1 formalizing the
classification of the extreme rays of the cone COP®. The strategy presented in Section 3 achieves its goal
for most of the index sets in Table 1. The few remaining cases necessitate an individual approach, which
will be presented in Section 4. Finally, we summarize our finding in Section 6, where we also consider
perspectives for future work.

1.1 Notations

The space of real symmetric matrices of size n x n will be denoted by S™. The cone of positive semi-definite
matrices in 8" will be denoted by S?, and the cone of element-wise nonnegative matrices by N™.

We shall denote vectors with lower-case letters and matrices with upper-case letters. Individual entries
of a vector u and a matrix A will be denoted by u; and A;; respectively. For a matrix A and a vector
u of compatible dimension, the i-th element of the matrix-vector product Au will be denoted by (Au);.

Inequalities u > 0 on vectors will be meant element-wise, where we denote by 0 = (0,...,0)” the all-zeros
vector. Similarly we denote by 1 = (1,...,1)7 the all-ones vector. We further let e; be the unit vector with
i-th entry equal to one and all other entries equal to zero. For a subset I C {1,...,n} we denote by A

the principal submatrix of A whose elements have row and column indices in I, i.e. Ay = (A;;)ijer € S,
Similarly for a vector u € R™ we define the subvector u; = (u;)icr € RII. By E;; we denote a matrix which
has all entries equal to zero except (7, j) and (j,), which equal 1.

Let Z ¢ 217} be an index set. We say that an element Ajj of A€ 8" is covered by T if there exists
I € T such that 4,5 € 1.

We call a vector u € R} \ {0} a zero of a matrix A € COP™ if u” Au = 0, and we denote the set of zeros of
A by V4 = {u| u” Au = 0}. For a vector u € R we define its support as suppu = {i € {1,...,n} | u; # 0}.
We also define supp, u = {i € {1,...,n} | u; > 0} and supp>qu = {i € {1,...,n} | u; > 0}. Note that for
zeros of copositive matrices the two notions supp, u and suppu are equivalent.

A zero u of a copositive matrix A is called minimal if there exists no zero v of A such that the inclusion
suppv C suppu holds strictly. We shall denote the set of minimal zeros of a copositive matrix A by VA,
and the ensemble of supports of the minimal zeros of A by supp V;;‘lin.

Finally, let us introduce the following notion. A copositive matrix A is called irreducible with respect to
another copositive matrix C' if for every 6 > 0, we have A — §C ¢ COP"™, and it is called irreducible with
respect to a subset M C COP™ if it is irreducible with respect to all nonzero elements C' € M.



2 Lower order and non-exceptional extreme rays

In this section we classify the extreme rays of COP® which are not exceptional or which are effectively of
order 5.

The former have been described in [14]. They are generated by the matrices E;;, 1 < 4,j < 6, and
by rank 1 matrices aa” such that the vector a has positive as well as negative elements. Note that by
multiplying the extremal matrix by a positive definite diagonal matrix from the left and from the right, we
may achieve that the elements of @ are in the set {—1,0,4+1}. By multiplying a by —1 we achieve that the
number of positive elements is not smaller than the number of negative elements.

The exceptional extreme rays of COP® have been described in [16]. They are generated by matrices of
the form PTDADP, where P € S5 is a permutation matrix, D is a positive diagonal matrix, and A is given
by

1 —cos ¢y cos(¢1 + ¢2)  cos(os + ¢5) — oS ¢5
—cos ¢y 1 —cos¢gy  cos(¢o + ¢3) cos(p1 + Ps)
cos(¢1 + ¢2) — Co8 P2 1 —cospz  cos(¢3 + da) |,
cos(ps + ¢5)  cos(pa + ¢3) — cos @3 1 — COS ¢y
— cos ¢ cos(¢1 + ¢5)  cos(dz + ¢a) — COS ¢y 1
where either ¢; = -+ =¢5 =0, 0r ¢; >0 fori=1,...,5 and Z?:l ¢; < 7. By adding a zero column and

a zero row to an extremal matrix of COP® we obtain an extremal matrix of COPS.
All other non-zero extremal matrices of COP® are exceptional and have positive diagonal elements.
They will be considered in the following two sections.

3 General algorithm

Out of the 44 index sets in Table 1 there are two (cases 19 and 41) which contain supports of cardinality
4 and require a separate consideration. All other index sets contain only supports of cardinality 2 and 3,
and can be treated by a common general scheme. This scheme will be described in this section. Due to
space limitations we shall not give a full proof in each case, but rather describe the method, which is the
same for all cases, and furnish intermediate results in the form of tables. A detailed treatment of the most
complicated case No. 19 is provided in Section 4, the calculations for the cases in this section are similar.

3.1 Parametrization

Our goal is to find all exceptional extremal copositive matrices A with a given set Z C 2{1+6} of minimal
zero supports. Every index set from Z imposes conditions on the matrix A by virtue of the presence of the
corresponding minimal zero. Therefore Z determines a submanifold Mz of candidate extremal copositive
matrices A € S® with minimal zero support set Z. In this section we describe our method of parameterizing
A € M7z and its minimal zeros in a convenient manner. Equivalently, we construct a coordinate chart on
the manifold M7.

Let us first consider the diagonal elements of the copositive matrix A, which can be either positive or
zero. If one or more of the diagonal elements of an exceptional extremal copositive matrix A are zero,
then A equals an extremal copositive matrix of strictly lower order, padded with zeros. These have been
already considered in Section 2. We shall hence assume that all diagonal elements of A are positive. By
the transformation A — DAD), where D is a diagonal matrix with positive diagonal elements, the diagonal
elements of A can be normalized to 1. This transformation preserves the copositive cone as well as the
minimal zero support set of A. We shall hence assume that A;; =1 for i = 1,...,6. A general exceptional
extremal matrix A € COPS with minimal zero support set Z can be obtained from the normalized matrices
by scaling with arbitrary positive definite diagonal matrices D.

We are left with 15 off-diagonal elements A;;, 1 < i < j < 6, to determine. By a result of Hall and
Newman [14], we may assume that A;; € [—1,1] for all 4, j. This allows us to represent the element 4;; as
— cos ¢;; with ¢;; € [0, 7).

Let us now provide some results which demonstrate the way a support of a minimal zero with cardinality
2 or 3 imposes conditions on the elements of the matrix A.



Lemma 3.1. [10, Corollary 4.4] Let A € COP™ with A;; = 1 for alli, and let u € VA, with suppu = {i, 5}

for some indices i,j € {1,...,n}. Then A;; = —1 and the two positive elements of u are equal.

Extremal copositive matrices are irreducible with respect to the nonnegative cone N if they have more
than one non-zero diagonal element. Hence the following result is a direct consequence of [10, Lemma 4.6].

Lemma 3.2. Let A € COP" be estremal and A;; = 1 for all i. Suppose {i,j},{j k} € suppVA

min’
where i, j, k are mutually different indices. Then Ay; jry is a rank 1 positive semi-definite matriz with

Aip = _Aij = _Ajk =1.
The following result is a direct consequence of [17, Lemma 5.4 (e)] and [10, Lemma 4.7].

Lemma 3.3. Let A € COP"™ have unit diagonal and suppose there exists a minimal zero u of A with support
{i,4,k}, where i,j,k € {1,...,n} are mutually different indices. Then the submatriz Ag; ; 1y is given by

1 —Ccos¢r —COSQ;
— COS Oy 1 —coso; |,
—Cos¢p; —CoSp; 1

where ¢i, ¢j,¢r € (0,m) and ¢; + ¢; + ¢ = m. Moreover, there exists X > 0 such that gy =
(sin ¢;, sin ¢, sin ¢y )T

These results allow us to parameterize some of the off-diagonal elements by a number of angles ¢; which
vary in a certain open polytope. Note that there are relations on the angles of equality type which allow
to eliminate some of them. However, in general this covers only a part of the off-diagonal entries of the
matrix A, in particular, those which are covered by the index set Z. The remaining entries of A will be
parameterized by variables b; € [—1, 1]. The construction guarantees that the matrix A indeed has minimal
zeros with the given supports.

For the cases 1-19 of Table 1 the parametrizations are given in Section 5, with the location of the
variables b; in Table 2, if there are any such elements.

In case 14 of Table 1 the matrix A does not contain any parameters at all and is determined uniquely
at this stage. It is exceptional extremal by the criterion of Haynsworth and Hoffman [15, Theorem 3.1].
For the cases 20-29 and 42 we obtain the following parametrizations, respectively:

1 -1 -1 -1 1 1

—1 1 1 1 -1 1
—1 1 1 1 1 —1
O I R B YR [
1 —1 1 b1 1 —1
1 1 -1 b2 -1 1
1 -1 — cos ¢a — cos ¢1 cos(p2 + ¢3) — COs P4
-1 1 by bo cos(¢s + ¢6) — cos ¢g
o1 | —coso by 1 cos(ér +¢2)  —cosgs  cos(ds +bs)
' — cos ¢1 ba cos(¢p1 + ¢2) 1 b3 cos(¢p1 + ¢a) |’
cos(¢2 + ¢3)  cos(ds + ¢6) — cos ¢3 b3 1 — cos ¢5
— COS ¢4 — cos ¢¢ cos(¢psz + ¢5)  cos(p1 + ¢a) — cos ¢5 1
1 —1 b1 by b3 ba
-1 1 — cos ¢1 cos(¢p1 + ¢p2)  cos(ga + ¢5) — cos ¢5
22 : b1 — cos ¢1 1 — Cos P2 cos(¢p2 + ¢3) cos(¢ps + ¢1)
" | b2 cos(¢1 + ¢2) — cos ¢2 1 — cos ¢3 cos(¢p3 + ¢4) |’
bz cos(¢a + ¢5) cos(d2 + P3) — cos ¢3 1 — COos ¢4
by — cos ¢5 cos(¢ps + ¢p1)  cos(¢psz + ¢a) — CcoS ¢4 1
1 -1 — cos ¢2 cos(¢p1 + ¢2) b1 bo
-1 1 cos(¢ps + ¢pa)  cos(¢ps + ¢s) — Cos g — cos g
23 . — cos ¢2 cos(¢3 + ¢4) 1 —cos ¢1 — cos ¢3 cos(¢1 + ¢5)
" | cos(¢p1 4+ ¢2)  cos(¢s + ¢6) —cos ¢1 1 cos(¢p1 + ¢3) — cos ¢5 ’
b1 — COS ¢4 — cos ¢3 cos(¢p1 + ¢3) 1 b3
by — cos ¢s cos(¢1 + ¢5) —cos ¢s b3 1



1 — cos ¢2 — cos ¢1 cos(¢p2 + ¢3) cos(pa + ¢pa) cos(¢p1 + ¢5)
— cos ¢2 1 cos(p1 + ¢2) — cos ¢3 — cos ¢g by
24 - —cos ¢1 cos(¢1 + ¢2) 1 cos(¢s + ¢6)  cos(¢s + é7) — cos ¢5
" | cos(¢p2 + ¢3) — cos ¢3 cos(¢ps + ¢6) 1 bo — cos ¢g ’
cos(¢2 + ¢a) — Cos ¢4 cos(¢s + ¢7) bo 1 — cos ¢7
cos(¢p1 + ¢s5) by — cos ¢5 — cos ¢g — cos ¢7 1
1 — cos ¢2 — cos @1 cos(¢p2 + ¢3) cos(pa + ¢pa) cos(p1 + ¢5)
— cos ¢2 1 cos(¢p1 + ¢2) — cos ¢3 — cos ¢4 by
25 - —cos ¢1 cos(¢1 + ¢2) 1 cos(¢s + ¢6) ba — cos ¢5
" | cos(¢p2 + ¢3) — cos ¢3 cos(¢s + ¢6) 1 cos(¢s + ¢7) — cos ¢g ’
cos(¢p2 + ¢a) — coS ¢4 bo cos(¢ps + ¢7) 1 — cos ¢7
cos(¢p1 + ¢s5) by — cos ¢5 — cos ¢g — cos ¢7 1
1 — Cos ¢2 — cos ¢1 cos(¢p2 + ¢3)  cos(¢p1 + ¢a) by
— cos ¢2 1 cos(¢1 + ¢2) —cos ¢3 cos(¢z + ¢5) —cos(p1 + d2 — é6)
2% - — cos ¢1 cos(¢1 + ¢2) 1 cos(¢a + ¢5) — COS P4 — cos g
| cos(p2 + ¢3) — cos ¢3 cos(¢a + ¢5) 1 — cos ¢5 bo ’
cos(p1 + ¢a) cos(¢pz + ¢s5) — CcoS ¢4 — cos ¢5 b3
by —cos(¢1 + P2 — ¢6) — cos ¢ b2 1
1 — cos ¢2 — cos ¢1 cos(¢p2 + ¢3)  cos(p1 + ¢a) by
— cos ¢2 1 cos(¢p1 + ¢2) — cos ¢3 cos(¢3 + ¢5) bo
97 - — cos ¢ cos(¢p1 + ¢2) 1 — cos ¢7 — cos ¢4 — cos ¢g
" | cos(¢p2 + ¢3) — cos ¢3 — cos ¢7 1 — cos ¢5 cos(¢s + ¢7) |’
cos(p1 + pa)  cos(psz + ¢5) — CoS ¢4 — cos ¢35 1 cos(¢a + ¢6)
b1 b2 — cos ¢6 cos(pe + ¢7)  cos(da + ¢o) 1
1 — cos ¢2 — cos ¢1 cos(¢p2 + ¢3) — CoSs P4 cos(¢a + ¢6)
— cos ¢2 1 cos(¢p1 + ¢2) — cos ¢3 cos(¢3 + ¢5) by
928 - — cos ¢1 cos(¢1 + ¢2) 1 bo cos(¢p1 + ¢4) bs
" | cos(¢p2 + ¢3) — cos ¢3 bo 1 — cos ¢5 cos(¢s + ¢6) |’
— oS ¢4 cos(¢ps + ¢5)  cos(p1 + ¢a) — cos ¢5 1 — cos ¢g
cos(p4 + ¢6) b1 b3 cos(¢s + ¢6) — cos ¢6 1
1 — cos ¢2 — cos @1 — cos ¢3 cos(¢p2 + ¢Pa) cos(¢1 + ¢5)
— cos ¢2 1 cos(¢p1 + ¢2) cos(¢p2 + ¢3) — COS ¢4 cos(¢a + ¢6)
929 - — cos ¢1 cos(¢p1 + ¢2) 1 by cos(¢ps + ¢P6) — cos ¢5
’ — cos ¢3 cos(¢p2 + ¢3) b1 1 b2 —cos(¢1 + ¢5 — ¢3) |’
cos(¢p2 + ¢a) — cos ¢4 cos(¢s + ¢6) ba 1 — cos ¢g
cos(p1 + ¢5)  cos(pa + o) — cos ¢5 —cos(¢p1 + ¢5 — ¢3) — cos ¢g 1
1 — cos ¢2 — cos ¢1 cos(¢p2 + ¢3)  cos(¢p1 + ¢a) b1
— cos ¢2 1 cos(¢1 + ¢2) — cos ¢3 — cos ¢5 — €os ¢g
49 - — cos ¢1 cos(¢p1 + ¢2) 1 bo — CcoS ¢4 —cos(p1 + P2 — o)
" | cos(d2 + ¢3) — cos ¢3 bo 1 cos(¢ps + ¢s5) b3
cos(¢p1 + ¢a) — cos ¢5 — oS ¢4 cos(¢3 + ¢5) 1 cos(¢s + ¢6)
by — cos ¢g —cos(p1 + P2 — o) bs cos(¢ps + ¢P6) 1

In the remaining cases 30-41, 43, 44 the absence of exceptional extreme matrices can be certified without
computing the parametrization explicitly (see Sections 3.2, 3.3 below).

Along with the elements A;; we also obtain expressions for the minimal zeros as functions of the angles
¢;. For reasons of limited space we shall not provide the expressions for the zeros, they can be deduced
from their supports and Lemmas 3.1, 3.3.

In Section 3.3 below we shall further constrain the set of possible extremal matrices with a given minimal
zero support set by using other conditions imposed by the copositivity of the matrix. However, first we shall
consider special constellations of the index set Z, which immediately exclude the possibility of exceptional
extremal matrices with this minimal zero support set.

3.2 Linear dependence of minimal zeros

In the previous section we parameterized the entries of the minimal zeros u € Vrﬁin corresponding to supports
of cardinality 3 by angles ¢;. In some cases this allows to exclude the extremality of A immediately by

virtue of the following result [17, Theorem 4.5].
Lemma 3.4. A matriz A € COP" is not reduced with respect to the cone S% if and only if span Vi, = R™.

We now show that under some circumstances we may deduce the linear dependence of minimal zeros
just from their supports. Suppose the minimal support set V4. of a matrix A € COP"™ with unit diagonal

min



has a subset of the form
{{a,b,¢},{a,b,d},{a,c, e}, {a,d, e}},

where I = {a,...,e} consists of 5 mutually distinct indices. Then by Lemma 3.3 the corresponding 5 x 5
sub-matrix A; of A has the form

1 — COS @1 — COS ¢ — Cos @3 — COS @y
— cos ¢ 1 cos(¢1 + ¢d2)  cos(o1 + @3) *
—cosgy  cos(d1 + p2) 1 * cos(¢2 + ¢4) |,
—cosgz  cos(d1 + ¢3) * 1 cos(¢3 + ¢4)
—COS P4 * cos(d2 + ¢a) cos(ds + ba) 1

and the corresponding sub-vectors u; of the minimal zeros u',u?,u?,u* are given by

sin(¢1 + ¢2) sin(¢1 + ¢3) sin(¢z + ¢4) sin(¢s + ¢4)

sin ¢o sin @3 0 0
sin ¢ , 0 , sin ¢4 , 0
0 sin ¢ 0 sin ¢4
0 0 sin ¢o sin ¢3
for some angles ¢1,...,¢4 € (0,7). The other components of the zeros all vanish.

It is now directly verified that these 4 zeros are linearly dependent, namely we have
sin ¢ sin pqu’ — sin ¢o sin g4u? — sin ¢g sin ¢ u® + sin ¢o sin pu* = 0.

All coeflicients are non-zero, hence every one of the 4 zeros can be represented as a linear combination of
the other 3.

In this way we may establish linear dependencies of the minimal zeros of a copositive matrix just by
examining its minimal zero support set. By removing a minimal zero which is linearly dependent on other
zeros we do not change the span of the zeros. If after successive removing of zeros which are dependent
on zeros which are still present we obtain a total number of zeros strictly smaller than the order of the
matrix, then all minimal zeros must be contained in a proper subspace. By Lemma 3.4 the matrix is then
not reduced with respect to the cone of positive semi-definite matrices and cannot be exceptional extremal.

In this way the absence of exceptional extremal matrices with minimal zero support set Z can be certified
in the cases 3040 of Table 1.

In the case 42 a linear dependence between the six minimal zeros can be established by verifying that
the determinant of the 6 x 6 matrix

sin(¢1 + ¢2) sin ¢3 sin ¢y 0 0 0
sin ¢2 0 sin(q$1 + ¢4) 0 sin ¢6 0
0 0 sin ¢ sin ¢3 sin(¢s + ¢6)  sin(¢s + ¢e)
0 sin ¢o 0 sin(¢s + ¢5) 0 sin ¢g
sin ¢ sin(¢a + ¢3) 0 sin ¢5 0 0
0 0 0 0 sin ¢y sin @5

formed column-wise of these zeros vanishes identically. In this case exceptional extremal matrices are also
absent.

3.3 First order conditions

In Section 3.1 we parameterized the set of possible exceptional extremal matrices A with supp V;gin =7 and
their minimal zeros by a number of angles ¢; and a number of additional variables b;, the latter corresponding
to some entries of A which are uncovered by Z. In this section we obtain necessary conditions on these
variables.

The analysis proceeds using equality and inequality relations generated by the minimal zeros corre-
sponding to the given supports. If w is a zero of A, then the matrix-vector product Au has nonnegative

entries [1, p.200]. Moreover, since u? Au = 0 is a scalar product of two nonnegative vectors, the i-th entry



of Au is zero whenever u; > 0. The first order conditions (Au); >0, j =1,...,6, translate into non-strict
inequalities on the parameters ¢;,b;. While the angles ¢; enter the inequalities non-linearly, the result-
ing constraints on the b; are linear with positive coefficients. The next result shows that the extremality
condition together with the inequalities determine the elements b; up to a finite number of possibilities.

Lemma 3.5. Let 7 C 2147} be an index set and let A € COP™ be an exceptional extremal copositive
matriz such that A;; = 1 for all i and such that supp VA, = T. Let B be the set of all matrices B € S™
such that B;; = Ajj for all elements A;j covered by I, and Bu > 0 for all minimal zeros u € Vi,

Then A is an extremal element of the polyhedron B. In particular, there exists a subset of equalities
(Au?)y, = 0 which determine the values of the uncovered elements of A uniquely.

Proof. Assume that there exists A € §™ such that A+ A € B. If for some minimal zero u of A we have
(Au)r, = 0, then by definition of B we get (Au)i £ (Au)r = £(Au)r > 0 and hence (Au), = 0. Then by
[12, Theorem 17] the matrix A is in the linear span of the face of A in COP™. But A is extremal, and
therefore the face of A equals the ray generated by A. Hence A is proportional to A. Now the diagonal
elements of any matrix B € B equal 1. Since the diagonal elements are covered by Z, we have diag A = 0,
and therefore A = 0. Thus A is extremal in B. This completes the proof. O

Since the polyhedron B has a finite number of extremal points, there exists a finite number of possible
values of the variables b; for fixed values of the variables ¢;. As a consequence, we obtain a finite number
of (sub-)cases, in each of which the variables b; are expressed explicitly as a function of the angles ¢;. In
many cases the b; are trigonometric functions of the angles, but in some cases they are more complicated
ratios of trigonometric functions. In particular, such rational expressions appear in the extremal matrices
corresponding to the minimal zero support sets 11 and 12 in Table 1.

In Table 3 we present the equalities (Au’), = 0 determining the variables b; for each of the cases 1-18,
if there are any. The equalities given for case 19 are necessary to enforce extremality.

The inequalities (Au’); > 0 not involving any of the elements b; may lead to additional constraints on
the variables ¢;. In many cases these constraints can be reduced to linear inequalities on the angles ¢;. In
some other cases these constraints can be shown to hold automatically.

It may, however, also happen that these constraints are incompatible. We first state the following
auxiliary result. Suppose the minimal support set Vrﬁin of an extremal matrix A € COP" with unit
diagonal has a subset of the form {{a,b,c},{b,c,d}}, where I = {a,...,d} consists of 4 mutually distinct
indices. Then by Lemma 3.3 the corresponding 4 x 4 sub-matrix A; of A has the form

1 —cos¢r  cos(¢1 + ¢2) —COS ¢y
— coS 1 1 — COS ¢ cos(¢2 + ¢3)
cos(¢1 + ¢2) — COS ¢ 1 — cos @3 ’
—cosgy  cos(g2+¢3)  —cosos 1
and the corresponding sub-vectors u; of the minimal zeros u', u? are given by
sin (]52 0
sin(¢1 + ¢2) sin ¢3
sin ¢1 ’ Sin(d)g —+ d)g)
0 sin ¢

for some angles ¢1, ¢a, @3, ¢4 € (0,7) with ¢1 + 2 < 7, ¢ + ¢3 < 7. The other components of the zeros all
vanish. Then the condition (A;u?), = sin @a(cos(¢y + pa+d3) —cos ¢4) > 0 yields |1 +da+ps—7| > T— 4
and hence leads to the alternatives ¢y + @2 + ¢3 + ¢4 > 2w or ¢1 + P2 + ¢3 < P4. We are now in a position
to prove the following result.

Lemma 3.6. Suppose the minimal support set Vﬁin of a matrix A € COP"™ with unit diagonal has a

subset of the form {{a,b,c},{c,d, e}, {a,b, e}, {a,d,e}}, where I ={a,..., e} consists of 5 mutually distinct



indices. Then the corresponding submatriz Ay is of the form

1 —Cos ¢y cos(¢1 + ¢2)  cos(¢a + ¢5) — €08 @5
— Cos ¢ 1 — COS ¢ * cos(¢1 + ¢5)
cos(¢1 + ¢2) — COS ¢ 1 — Cos ¢3 cos(¢s + ¢4)
cos(pg + ¢5) * — CoS @3 1 — COS @y
— Cos ¢ cos(¢p1 + ¢5)  cos(¢s + ¢a) —CoS Py 1

with ¢1,...,¢5 >0 and 0_, ¢; < 7.

Proof. The form of the matrix with ¢; € (0, ) follows from Lemma 3.3. It remains to show the inequality
Z?:l ¢; <.

Applying the above reasoning to the pair {{e,a, b}, {a,b,c}} of supports, we get the alternative ¢; +
Po+ P5+ T — 3 — Py > 21 or 1 + b2 + ¢5 < T — 3 — P4 Applying it to the pair {{c,d, e}, {d,e,a}}, we
get o3+ Py + 5+ P — p1 — P2 > 21 or P3 + Ppg + P5 < ¢ — d1 — ¢Po. The first conditions of each pair are
incompatible by virtue of ¢5 < 7, hence in at least one pair the second condition holds. This proves our
claim. O

Applying Lemma 3.6 to appropriate subsets of the minimal zero support set 43 or 44 of Table 1 we
establish that the constraints imposed by the lemma are incompatible, refuting the existence of copositive
matrices with the corresponding minimal zero support set. Note that this still holds if the six supports are
merely a subset of the full minimal zero support set, and the result is not limited to order 6.

In this section we established that the manifold of candidate exceptional extremal matrices A with unit
diagonal and supp Vﬁin = T can be represented as a finite union of subsets, each of which is parameterized
by a number of angles ¢; which are subject to linear and possibly non-linear constraints. In Section 3.5
below we obtain further constraints on the angles ¢;. However, first we shall show in the next section how

to reduce the number of subsets.

3.4 Symmetry

In some cases the index set Z remains invariant under a non-trivial subgroup of permutations of the indices
1,...,6. This group will also act on the subsets of candidate exceptional extremal matrices corresponding to
different extreme points of the polyhedron B from Lemma 3.5, permuting them. We then need to consider
only one subset per orbit of the group action. We may implement this by imposing additional non-strict
inequalities on the parameters ¢; which can be enforced by applying an appropriate group element.

In the cases 1, 11, 14, 15, 17, 18 of Table 1 there is only one subset which is itself invariant under the
action of the non-trivial symmetry group.

In the cases 2, 3, 5-8, 16, 19 we can reduce the initially larger number of subsets to one.

In case 9 the symmetry group is trivial, while the number of subsets is two. This case hence decomposes
into two non-isomorphic sub-cases.

In case 13 the symmetry group is non-trivial, but reduces the number of subsets only to two, and here
we also get two non-isomorphic sub-cases. The manifolds corresponding to these sub-cases intersect in a
submanifold of lower dimension.

In Table 4 we list the generators and types of the non-trivial symmetry groups of those minimal zero
support sets which are realized by exceptional extremal copositive matrices and provide the additional
inequalities on the angle parameters ¢;.

3.5 Copositivity and absence of additional minimal zeros

In this section we check which of the remaining candidate matrices are indeed copositive. In order to check
copositivity we use a criterion described in [8]. We show that this method can also be adapted to check, for
a given copositive matrix, the presence or absence of minimal zeros with a given support set. In this way
we ensure that the extremal matrices found for a given minimal zero support set Z indeed do not possess
minimal zeros with additional support sets.



3.5.1 Copositivity
The aforementioned copositivity criterion is based on the following result.

Theorem 3.7. [8, Theorem 4.6] For A € 8™ we have that A € COP"™ if and only if for every non-empty
index set I C {1,...,n}, there exists v € R™ \ (=R} ) with suppv C I C suppsq(Av).

Corollary 3.8. A matriz A € 8™ is copositive if and only if for every non-empty index set I C {1,...,n},
the submatriz Ay is copositive or there ezists v € R™ \ (=R’}) with suppv C I C suppsq(Av).

Proof. The forward implication follows directly from the forward implication in Theorem 3.7.

Let us show the reverse implication. Suppose that A; is copositive for some index set 1. By Theorem
3.7 there exists o € R \(le_ﬁ) with supp® C {1,...,|I|} C suppsq(As?). Padding © with n —|I| zeros at
appropriate places, we obtain v € R™ \ (=R"}) with suppv C I C supps,(Av). Now the proof is completed
by applying the reverse implication in Theorem 3.7. O

This implies that for each non-empty index set I € {1,...,6} we have either to find a vector v € R®
such that I contains the support of v and is contained in the nonnegative support of Av, or to prove that
the submatrix A; is copositive.

For I of size 1 or 2 we may take v = >_._; e;, because the diagonal elements of A equal 1 and are greater
or equal than the non-diagonal elements.

For I containing the support of a minimal zero u we may take v = w, as in this case we have I C
{1,...,6} = suppsqu. The equality is ensured by the conditions (Au); > 0 considered in Section 3.3.

For index sets I of cardinality 3 we check copositivity of A; by the following criterion, which amounts

to a linear inequality constraint on the angles ¢;.

iel

Lemma 3.9. Let

1 —COS¢1 —COS (o
A= [ —cos¢y 1 —cosgs | € 83
—COS o — COS @3 1

with ¢1,¢2, ¢3 € [0,7]. Then A is copositive if and only if ¢1 + ¢d2 + ¢35 > 7.

Proof. The claim follows from the strict monotonicity of the function ¢ — — cos ¢ on [0, 7] and [10, Lemma
4.7]. O

For index sets of size 4 we provide a vector v for each case individually or prove that it does not exist.
These vectors are listed in Table 5.
Index sets of cardinality 5 or 6 turn always out to be supersets of a minimal zero support.

It turns out that the additional constraints on the angles ¢; imposed by the copositivity of A further
reduce the set of ¢; in a way such that the non-linear constraints on the ¢; found in Section 3.3 become
redundant. As a consequence, the set of possible values of the angles ¢; is again reduced to a polytope.

3.5.2 Absence of additional minimal zeros

We also have to certify the absence of minimal zeros with additional support sets. We shall use the following
result, which is also of independent interest.

Lemma 3.10. Let A € COP" and let w be a minimal zero of A with support set I. Let u € R™\ (=R"}) be
such that supp u C I C suppZO(Au). Set B = A; and v = uy. Then v is proportional to w; with a positive
proportionality constant and Bv = 0.

Proof. The condition supp w C I implies that v has at least one positive element. Further Bv = (Au); > 0
by virtue of I C suppsq(Au).

Since w is a minimal zero of A, the submatrix B is positive semi-definite of co-rank 1 and with positive
kernel vector w [17, Lemma 3.7]. Hence Bw = 0 and we obtain v7 Bw = 0. But Bv > 0 and w > 0, which
implies also Bv = 0 and proves our second claim. It follows also that the vector v is in the kernel of B and
must hence be proportional to the kernel vector w. The proportionality constant is positive because v has
a positive element. This completes the proof. O



Suppose we intend to check the absence of a minimal zero with support set I. In the previous section
we obtained a vector u € R™ \ (=R’ ) such that supp u C I C suppsq(Au). Set B = A; and v = uy. If v
has not all elements positive or if Bv # 0, then this certifies the absence of a minimal zero with support I.

In this way the absence of additional minimal zeros with support sets I of cardinality 4 or more is
certified for all occurring cases. For support sets I = {i, 7, k} of cardinality 3 the absence of minimal zeros
can in many cases be certified by virtue of Lemma 3.3 by verifying the strict inequality ¢; + ¢; + ¢p > ,
where the angles are defined in the formulation the lemma. In other cases this inequality has to be added
as a constraint. In the remaining cases only the equality ¢; + ¢; + ¢, = 7 is possible, which leads to the
conclusion that a minimal zero with support I does indeed exist. In particular, this excludes the possibility
of extremal copositive matrices having the minimal zero support sets 21-29 in Table 1. In case 20 this
possibility is excluded by the appearance of additional minimal zeros with support of cardinality two. The
appearing additional support sets are listed in Table 6.

Having verified the copositivity and the absence of additional minimal zeros, it remains to check ex-
tremality of the remaining candidate matrices.

3.6 Extremality

In the previous sections we obtained a manifold of copositive matrices with a given minimal zero support
set Z, parameterized by a number of angles ¢; varying in a polytope. The last step towards the classification
of the extreme rays is to check extremality of these matrices. First we provide an extremality criterion for
copositive matrices [12, Theorem 17].

Theorem 3.11. Let A € COP™. Then A is not extremal if and only if there exists a matriz B € 8™, not
proportional to A, such that (Bu); = 0 for all u € VA, i ¢ supp(Au).

m

In other words, given A we consider the linear system of equations {(Bu); = 0|u € VA, . (Au); = 0} on
B. Clearly all multiples of A are solutions of this system. If there are further solutions, i.e., the dimension
of the solution space is at least 2, then A is not extremal.

The coefficient matrix of the linear system consists of elements of the minimal zeros u € V4, and hence
depends on the angles ¢;. For different values of the ¢; the system may be different, because some of the
inequalities (Au); > 0 considered in Section 3.3 may become equalities at the boundary of the polytope of
angles, in which case the corresponding equations (Bu); = 0 are added to the system. Each of these cases
necessitates a separate consideration.

In some cases special considerations lead directly to the conclusion that the manifold of candidate
matrices A consists of extreme rays. In particular, this is the case if there are 5 minimal zero supports of
cardinality 3, with its union I being of cardinality 5, and which are arranged in a cyclic manner (cases 11,
15, 16, 18 in Table 1). In this case the corresponding 5 x 5 submatrix A; is extremal in COP® [16]. Hence
By is proportional to A by the relations (Bu); = 0 involving the 5 minimal zeros. The remaining relations
are then easily verified to determine the remaining entries of B uniquely.

However, in most cases the dimension of the system is too large to determine its rank directly. We
therefore apply a technique to reduce the dimension of the system, which is a development of the method
introduced in [18] and which may also be of independent interest.

We are given a system of linear equations (Bu/); = 0 on a matrix B € 8", where v/ € R, j =1,...,m
are some vectors and the index pairs (i, j) vary in some subset J C {1,...,n} x {1,...,m}. As such the
system has % independent variables, namely the entries of B.

Let F' € R™*" be a matrix, and let J C {j € {1,...,m}| FTuw/ = 0}. Suppose further that there exists
a subset I C {1,...,n} of cardinality r such that the corresponding submatrix F’ of F' is invertible. We
now make a linear change of variables, replacing the Tr+Y) entries of the principal submatrix By by the
entries of P = (F/)"1B;(F')~T € §". Then By = (FPF%)I is a linear function of P.

We now use some of the equations to express more entries of B as a function of P, namely by representing
them as the corresponding entries of the product X = FPFT. We proceed step by step. Suppose at some
stage there exists (i, j) € J, corresponding to an equation (Bu’); = 0 of the system, and k € suppu/ such
that j € J, and all variables By, [ € suppu? \ {k}, have already been expressed as the corresponding entries

of X. Then the relation (Xu’); = 0, which holds by definition of .J, implies that also Bj; = X;,. We may
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thus eliminate the equation (Buj)i = 0 from the system and add the element B;; to the list of entries of B
which have been expressed by the corresponding entries of X as linear functions of P.

If not all equations can be used, we may restart the process with a new matrix product Y = GQGT,
choosing the factor G appropriately. We end up with a fewer number of independent variables, namely the
entries of the central factors P,Q,.... Some elements B;; may have been expressed as both X;; and Y.
In this case we have to add the corresponding relations X;; = Y;x to the system of equations, which become
equations on the entries of P and Q.

A concrete example to illustrate the method will be given in Section 4.5 further below.

In our situation it was in all cases sufficient to use at most two products X = FPFT, Y = GQGT,
with the central factors P, Q being of size 2 x 2 and possibly a few of the original equations (Bu’); = 0 and
entries B;, remaining as relations and independent variables, respectively. The factors F, G are chosen as
appropriate functions of the angles ¢; in order to be orthogonal to as many minimal zeros u/ as possible.
The dimension of the solution space can then be determined by further transformations of the now low-
dimensional coefficient matrix.

In cases 1-5, 11, 12, 17, 18 the matrices corresponding to the interior of the polytope of possible angles
¢; are exactly those which are extremal. In cases 7, 8, 13, 15, 16 parts of the boundary of the polytope
also correspond to extremal matrices, while in cases 7-10, 13 there exist submanifolds in the interior of
the polytope corresponding to non-extremal matrices. The exact expressions for each case are presented in
Section 5.

4 Special cases
In this section we consider the two minimal zero support sets in Table 1 which contain supports of cardinality
4.

Copositive matrices with minimal zero support set 41 of Table 1 fall into the framework considered
in [18]. They are either positive semi-definite or a sum of a positive semi-definite rank 1 matrix and an
exceptional extremal copositive matrix with minimal zero support set 13 of Table 1 [18, Theorem 5.12].
Hence case 41 does not yield exceptional extremal copositive matrices, and the minimal zeros of matrices
with this minimal zero support set are necessarily linearly dependent.

Let us consider case 19 of Table 1.

4.1 Auxiliary results

In this section we provide some results on 4 x 4 positive semi-definite matrices with a positive kernel vector.
This will be of use since the presence of the minimal zero support {2, 3,4, 6} implies that the corresponding
principal submatrix of A is of this form.

Lemma 4.1. Let A € Si be of rank 3 with positive kernel vector u, with unit diagonal, and with off-diagonal
elements A;j = —cos ¢y;, ¢ij € (0,m). Suppose further that ¢12 + ¢a3 < . Then

Sin a3 €oS P14 + sin(@12 + Po3) COS Pag + sin P12 cos P34 > 0.

Proof. Define the vector v = (sin g3, sin(¢12 + ¢a3),sin ¢12,0)T. Let also § = A3 — cos(d12 + ¢23). Then
d > 0, because Ay 231 = 0. It also follows that Av = (4 sin ¢12,0, 0 sin Bo3,%)T.
We have uT Av = 0 and hence

ug(Av)y = —0(uy sin 12 + ugz sin ¢az) < 0.
It follows that (Av)s < 0, which yields the desired claim. O

Lemma 4.2. Let B € S§* be a partially defined matriz with three undetermined elements Bz, Bia, Boa and
let u € RiJr be a vector. Then there exists a completion of B such that Bu = 0 if and only if

Bllu% —+ 2B12U1U2 —+ BQZU% = ngu§ —+ 2B34U3U4 —+ B44’U,i.

In this case the completion is unique.
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Proof. The condition Bu = 0 is equivalent to the linear system

Biiui + Biaus Uz Ug 1
Biouy + Basus + Basus Uy Biz| 0
Bagug + Bazus + Baqug U1 B |
Bsyuz + Baguy Uy Uz Boy

on the unknown matrix elements. Thus there exists a completion if and only if the determinant of the coef-
ficient matrix vanishes. After removing non-vanishing factors we arrive at the condition in the formulation
of the lemma.

The positivity of the elements u; guarantees that the matrix elements are determined uniquely. O

Lemma 4.3. Let B € S* be a partially defined matriz with two undetermined elements Bz, Boy and let
u € ]Rle be a vector. Then there exists a completion of B such that Bu = 0 if and only if in addition to
the condition in Lemma 4.2 the condition

Byiuj + 2Biyuiuy + Bygui = Bosuj + 2Bogusus + Bazu3
holds. In this case the completion is unique.
Proof. The condition Bu = 0 is equivalent to the linear system

Biiuy + Bigug + Bigus  ug

1
Biauy + Baaus + Bazus Uy Bis| =0
Basug + Bazug + Bagus g By
Biguy + Bagug + Baguy Us

on the unknown matrix elements. The coefficient matrix has deficient rank if and only if the two conditions
in the Lemmas hold.
The positivity of the elements u; again guarantees that the matrix elements are determined uniquely. [

We have also the following result, which is a special case of [17, Lemma 5.6 (d)].

Lemma 4.4. Let A € COP* have unit diagonal and suppose there exists a minimal zero of A with support
of cardinality 4. Let the off-diagonal elements of A be given by A;j = — cos ¢i;, ¢ij € [0, 7. Then for every
three pair-wise distinct indices 1,7,k € {1,2,3,4} we have ¢i; + Qi + ¢ > T and ¢ + i, — Pji < 7.

We may now proceed to the study of copositive matrices with minimal zero support set 19 of Table 1.

4.2 Parametrization

As outlined in Section 3.1 we may use the minimal zero supports of cardinality 3 to express entries of a
copositive matrix A with unit diagonal and the considered minimal zero support set by some angles ¢;.
From the five supports {3,4,5},{1,4,5},{1,2,5},{1,2,3},{1,5,6} we get

1 —cos¢py  cos(¢g+ ¢5) cos(¢z + P3) — cos @3 cos(¢3 + ds)
— COS ¢y 1 — cos ¢ Aoy cos(¢s + ¢4) — cos ¢
cos(p4 + ¢s) — COS @5 1 —cos @1 cos(p1 + ¢2) — COS g (1)
cos(p2 + ¢3) Aoy —Cos ¢ 1 — COS ¢ — COS ¢g
—cospz  cos(¢3 + Pa) cos(¢r+d2)  —coseo 1 — o8 ¢
cos(¢3 + d¢) —cos ¢ — COS ¢g — COS (g — COS Pg 1
with the angles ¢; € (0, 7) satisfying the conditions Z?ﬂ ¢; <7 (by Lemma 3.6), ¢3 + ¢g < 7.
The minimal zeros u', ..., u% can be represented as the columns of the matrix
0 sin ¢g sin(¢s + ¢4) sin ¢5 sin ¢g 0
0 0 sin ¢3 sin(¢4 + ¢s) 0 Ug2
sin ¢2 0 0 sin ¢4 0 U3 (2)
Sin(d)l + ¢2) sin (;53 0 0 0 U4 ’
sin ¢1 sin(¢2 + ¢3) sin ¢4 0 sin(¢s +¢6) 0
0 0 0 0 sin ¢3 Ue6

where ugo, ug3, Ugs, Ugs > 0.

12



4.3 First order conditions

In this section we investigate the conditions (Au’); > 0 for j ¢ supp{u‘}. It will turn out that most of
these inequalities have to be strict.

The presence of the minimal zero support {2,3,4,6} implies that all proper principal submatrices of
Af2,3,4,6) are positive definite [17, Corollary 3.8].

The conditions (Au®)y > 0, (Au’)s > 0 yield — cos(pz — ¢g) — cos g > 0, cos(pz + ¢4 + dg) — cos ¢z > 0
and hence either m+¢g < g2 +dg or ¢g+ g > T+ d2, and either ¢p3+ s +ds < ¢7 or P3+ P4+ ds+ 7 > 2.

From the copositivity of Az 56, we get ¢ + ¢s +m — @1 — ¢p2 > 7, while by virtue of Lemma 4.4 applied
to the submatrix Az 46} We obtain ¢g + ¢9 — ¢1 < 7. These inequalities combined exclude the possibility
T+ ¢ < P2 + do.

Likewise, copositivity of A{1,376} yields ¢g + 7 — ¢4 — 5 + T — ¢p3 — g > m, while Lemma 4.4 applied
to the submatrix A{2’3,6} implies —¢5 + @7 + ¢g < w. These inequalities combined exclude the possibility
¢3 + 4+ ¢ + ¢7 = 2. _

Hence ¢g+¢g > T+ @2 and ¢3+da+¢s < ¢7. We shall now show that these conditions imply (Au’); > 0
for all other pairs (4,5) with j # supp u’.

Lemma 4.5. Let A be given by (1) and let u',...,u® be given by the columns of (2) with ¢; € (0,7),
Gr1+ -+ ds <, Aoz ay = 0, ue2, Ue3, Usa, U > 0, A{2,3,4,6}u?2’3¢476} =0, ps+¢g > T+ 02, Pp3+pa+ds <
¢7.

Then (Au®) 2.4y, (Au?)s, (Au?)s > 0, (Au') 1 2,61, (Au?) (2,31, (Au®) 3.4y, (Au?) 4561, (Au®)3, (Au) gy 5y
0, and ¢p1 + -+ ¢5 < .

Proof. Note that the symmetry (123456) + (543216), which also acts on the zeros by u! « u*, u? < u?
and on the angles by ¢s <> ¢4, 1 <> @5, P7 & P9, Pg — T — P3 — ¢g, leaves the conditions and the assertions
in the lemma invariant.

The submatrix A 346} is PSD of rank 3 with a positive kernel vector. In particular, all its proper
principal submatrices are positive definite. Note also that Lemma 4.4 is applicable to Ao 34 6}-

From ¢g — ¢po > T — g we have cos(pg — ¢2) + cospg < 0 and (Au®)y, (Au?)g > 0. Likewise, ¢y >
b3 + ¢4 + P gives cos(p3 + ¢4 + ¢g) — cos g7 > 0 and hence (Au®)q, (Au)g > 0.

Define d13 = A1z + cos(¢1 + @2 + ¢3), 036 = Azg + cos(d1 + 2 — P ), 6a6 = Ase — cos(¢g — ¢2). Then
we get

1 0 1 0 4
—cos(¢1 + g2+ ¢3)  —sin(d1 + 2 + ¢3) —cos(p1 + ¢2 + ¢3)  —sin(P1 + P2 + ¢3)
Af134,56) = cos(¢2 + ¢3) sin(¢z + ¢3) cos(pa + ¢3) sin(¢p2 + ¢3)
— COS (3 — sin ¢3 — COS (3 — sin ¢3

cos(¢3 + ¢6) sin(¢s + é6) cos(¢3 + bs) sin(¢s + é6)
0 63 0 0 O
013 0 0 0 d36
+1 0 0 0 0 46
0 0 0O 0 O
0 83 dug 0O O

By virtue of ¢1 + - -+ + ¢5 < m we have d13 > 0, by virtue of ¢g + ¢g > 7™ + po we have dug > 0.
The submatrix

T

—cos(¢1 + ¢2) —sin(¢r + ¢2) —cos(¢1 + ¢2)  —sin(¢1 + ¢2) 0 0 Js3
Az a6y = CoS ¢ sin ¢o COS @2 sin ¢o +1 0 0 dg6
Cos ¢g sin ¢g COS Pg sin ¢g 036 O O

is positive definite, which implies

(COS ¢6)T <— cos(p1 + ¢p2)  —sin(py + ¢2)> ! (536> _ sin(¢g — ¢6)dze + sin(dr + 2 — d6)dae

. . . < 0.
Sm ¢6 COSs ¢2 S ¢2 546 S (251
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From ¢g + ¢g > 7 + ¢2 we have ¢g > ¢2 and sin(¢g — ¢2) > 0. Hence
sin(¢1 + d2 — ¢6)due

036 > - 3
% sin(¢e — ¢2) )
We then have
-1 _ 6
(Au5)3 = sin ¢6613 + sin ¢3536 > sin ¢6513 + sin (bg bln((ﬁ_l + ¢2 ¢6) 16
sin(¢e — ¢2)
Therefore, if ¢1 + o — ¢ > 0, then (Au’)3 > 0.
Applying the symmetry, we get (Au®)3 > 0 also in the case ¢3 + ¢4 + ¢5 + P > 7.
Let us now assume that ¢ + ¢o < g, ¢4 + ¢5 < ™ — p3 — Pg. Then
(Au®)3 = cos(¢4 + b5) sin ¢ + cos(py + ¢2) sin(dz + ¢g) + Aszg sin ¢3
> cos(m — ¢35 — @) sin ¢g + cos ¢g sin(ds + Pg) — sin g3 = 0.
Hence in any case (Au®)3 > 0.
Further we have by virtue of (3)
(Au') = sin g3 + sin(¢1 + ¢2)ds6 > Sin gy sin(¢1 + 62 = %) +sin(éy + ¢) sin(ds — ¢2) 046
sin(¢e — ¢2)
sin ¢ sin ¢g
_ SmAsmes 5 050,
sin(gg — d2)
By symmetry we also get (Au?)g > 0.
Further we have
(Aut)s = (cos(d2 + d3) + cos(p1 + ¢4 + ¢5)) sin s + sin(ds + ¢s)(Az4 — cos(¢1 + ¢5)) > 0,
(Au?)y = sin ¢3(Ass — cos(py + ¢5) + cos(dz + ¢3 + ¢4) + cos(py + ¢5)) > 0,
because Agy > cos(¢y + ¢5). Likewise (Aul)z, (Au)y > 0 by symmetry.
Define 514 _ A14 B 7sin(¢4+¢5)s£12;jrsin ¢4 CcOS (i)l7 516 _ A16 _ sin(¢a+¢s) ct;snd)(;jrsin P4 COS g  Then
Ag1234,6y = P+ 014FE14 + 01615, (4)

where P € S° is such its submatrices Pr2.3.45), Pp1,2,3) are PSD of co-rank 1 and PU%1,2,3,4,6} = 0. Hence
P is PSD of rank 3 and Puf, , 5, 6, = 0. We then get

0 < (Au*)y = 614 sin 5, 0 < (Au*)g = 616 sin @5,
and hence d14,d16 > 0. It follows that
(Au®); = S14u64 + S16u6s > 0.

By symmetry we also get (Au%)s > 0.
Now by Lemma 4.1, applied to the submatrix Az 3 46}, we have

oS @7 sin @1 + cos ¢g sin(¢y + ¢5) + cos ¢g sin ¢5 > 0.

By virtue of Lemma 4.4 applied to Ay 361 we have |1 — ¢5 — ¢7| < ¢ and hence cos g < — cos(¢s + ¢7).
Substituting into the above inequality we obtain

cos ¢7 sin ¢y — cos(¢5 + @7) sin(P1 + ¢5) + cos ¢g sin 5 = (cos ¢pg — cos(p1 + ¢5 + ¢7)) sin g5 > 0.
This yields |¢1 + ¢5 + ¢7 — 7| < ™ — ¢g and therefore
$1+ P2+ 3+ Ga+ b5 + T = b1+ ¢5 + (93 + da + P6) + (T + b2 — ¢6) < P1 + P5 + Pr + Pg < 27
This finally gives ¢1 + ¢2 + ¢35 + ¢4 + ¢5 < m and hence also (Auy)1, (Auz)s, (Aus)s, (Aug)s > 0.
This completes the proof. O]
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4.4 Copositivity
Let us now show that the same conditions already guarantee the copositivity of A.

Lemma 4.6. Let the matriz A be as in Lemma 4.5. Then A is copositive, exceptional, and there are no
6

other minimal zeros than the multiples of u', ..., uS.
Proof. From Lemma 4.5 we have that ¢, + ¢ + ¢3 + ¢4 + ¢5 < m and Au? > 0fori=1,...,6.

By definition Ay 3 34,5} is the sum of an extremal copositive matrix [16] and a positive multiple of Eaq.
In particular, this submatrix is copositive.

By (4) we have that the submatrix A 2546 is in 8% +N5. By symmetry this holds also for Af2.3,4,5,6)-

Let us prove the copositivity of A. Every subset I C {1,...,6} is either a subset of {1,2,3,4,5} or
{1,2,3,4,6} or {2,3,4,5,6} or a super set of {1,5,6}. Thus the copositivity of A follows from Corollary
3.8, where for I D {1,5,6} we choose v = u®.

The submatrices Ay 2345}, Ag1,2,3,4,6), A{2,3,4,5,6) do not have zeros other than multiples of u’ by
construction. For strict supersets I D {1,5,6} there cannot be a minimal zero with support I because
supp u® is a strict subset of I. Hence there are no additional minimal zeros.

Let us show that A is exceptional. We have that A is reduced with respect to A'® by [17, Lemma 4.1],
because the minimal zero support set covers all elements of A. Hence if A is not exceptional, it must be
PSD. But then Au’ =0 for all i = 1,...,6, which is in contradiction to Lemma 4.5.

This completes the proof. O

We have proven the following result.

Lemma 4.7. Let the matriz A € COP® have unit diagonal elements and let its minimal zero support set
be given by the index set 19 in Table 1. Then there exist ¢1,...,¢s € (0,7) and uez,ugs, Uss, ugs > 0,
satisfying ¢1 + - + ¢5 < T, ¢3 + P4+ Ppg < T, g > ¢, such that the minimal zeros ut,... ub of A are
given by the columns of the matriz (2).

Moreover, given u',...,u® as above, a matriz A € S with unit diagonal elements is copositive ex-
ceptional with minimal zeros u',... ub if and only if it is of the form (1) and satisfies Apzay = 0,
A{2,3,4,6}U?2,3’4,6} =0, ¢7, 98,09 € (0,m), 6 + P9 > T + P2, ¢3 + P4 + P < Pr7.

It rests to determine which of these matrices are extremal.

4.5 Extremality

Let A and u',...,u% be as in Lemma 4.5. We shall investigate whether A is extremal by determining the
solution space of the linear system on B € S% in Theorem 3.11.
There are 19 linear relations generated by the conditions (Buj)supp w =0,7=1,...,6. In order for

A to be extremal we must, however, have 20 linearly independent conditions (Bu?); = 0 for index pairs
(i,4) such that (Au’); = 0. Hence there must be at least one such index pair with i ¢ supp /. By Lemma
4.5 this can only be (Au?)s = (Au’)y = 0 or (Aud)g = (Au’); = 0. These relations are equivalent to
the equalities ¢g + @9 = 7 + @2 and @7 = @3 + P4 + ¢Pg, respectively, and are related by the symmetry
(123456) — (543216) of the index set {1,...,6}.

By possibly applying this symmetry we may without loss of generality assume that ¢7 — ¢3 — ¢s— g > 0
and ¢g + ¢g = T+ ¢2. Then Ay = cos(ps — ¢2). We shall consider the cases ¢7 — ¢p3 — s — g > 0 and
¢7 — ¢3 — ¢4 — ¢¢ = 0 separately.

Case ¢7 — 3 — s — g > 0: We have 21 linear relations on B. Consider how the conditions (Bu'); = 0
coming from the zeros u', ..., u® determine the elements of B. We shall use the method presented in Section

3.6. Set
1 0
— COS @1 —sin ¢
cos(p1 + ¢2) sin(¢1 + ¢2)
F= —cos(¢1 + ¢ + ¢3) —sin(¢1 + ¢2 + ¢3)
cos(¢1 + ¢2 + ¢3 + ¢4) sin(¢1 + @2 + @3 + ¢4)
—cos(¢p1 + Q2+ ¢z + pa + ¢5)  —sin(¢1 + g2 + Pz + s + P5)
—cos(p1 + 2 — ds) —sin(¢1 + @2 — d6)
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Then we have
ng B34 335 * * * *

B3y Bys Bys DBy % *  DBug
B3s Bys DBss Bis DBas  *  DBse

FPFT = | %« By Bis By Bia Biz Big
* * Bys Biz By Bas *
* * % DBz Bz DBsz %
*

By Bs¢ Bis * *  Bgg

for an appropriately chosen matrix P € S?. Hence all elements of B except Bgy, Bag, Bag are expressed
as linear functions of P with one constraint on P coming from the double representation of Bsz. This
constraint is the relation (FPFT);; = (FPFT)gs and can equivalently be written as

sin(¢1 + ¢2 + @3 + ¢4 + ¢5) (P11 — Paz) — 2cos(p1 + ¢2 + ¢3 + ¢4 + ¢5) P12 = 0.

The solution space of this equation is two-dimensional, with linearly independent solutions

pl_ (1 0) p2_ (COS(¢1 + 2+ 3+ datds)  sin(dr+ g2+ ¢35+ Pa+ ¢s5) > 5)
0 1)’ sin(¢r + g2+ ¢33+ s+ ¢5) —cos(dp1+ 2+ P33+ da+¢5)/)

Here the solution P! corresponds to B = A.
By Lemma 4.2 the remaining relations (BuG)Supp «6 = 0 on the still undetermined elements Bsy, Bag, Bsg
are compatible if and only if

Baoudy + 2Bogugaues + Basugs = Baaudy + 2Bagugates + Bosuge. (6)

In this case these elements are determined uniquely by P.
It follows that for given ¢1, ..., ¢ the zero u® has to satisfy the relation

U2y — 2COS P5upatics + Usg = Uz, + 2 c0S(Pg — P2)UsaUss + Uz (7)

This ensures the existence of the solution B = A. A second linearly independent solution exists if and only
if in addition the relation

cos(p1 + ¢ + b3 + da — d5)ugy — 2¢08(P1 + P2 + B3 + da)usaties + cos(1 + P2 + P53 + Pu + P5)ugs = (8)
= cos(p1 — ¢2 — 3 — da — P5)ugy + 2co8(d1 — Pz — Pa — P5 — ) Usates + coS(P1 + 2 — P3 — da — P5 — 2¢6)udg
is satisfied. In this case A is not extremal.

Case ¢3 + ¢4 + ¢6 = ¢7: Then we have the additional relations (Bu®)y = (Bu®)s = 0. These are
equivalent to the relation (FPFT)5; = Bog, with F defined as above and P being a linear combination of
the solutions (5).

By Lemma 4.3 the remaining relations (Bu6)supp 6 = 0 on the still undetermined elements Bsy, Bsg are
compatible if and only if in addition to (6) the condition

2 2 2 2
Baougy + 2Bagugates + Besugs = B3sugs + 2B34ue3ues + Baaugy

holds. In this case these elements are determined uniquely by P.
It follows that for given ¢1, ..., ¢ the zero ub has to satisfy the relations (7) and

2 2 2 2
Uge — 2¢08(3 + g — Pg)Usalss + Ugs = Ugs — 2 COS P1UgzUGs + UG-

This ensures the existence of the solution B = A. A second linearly independent solution exists if and only
if in addition the relations (8) and

cos(p1 + 2 + ¢z + b1 — P5)ugs — 2c08(h1 + P2 — b5 — Pg)usaties + coS(P1 + P2 — Pz — b1 — P5 — 206 )ulY)=
= cos(¢1 + d2 + B3 + Pa + P5)ugy — 2cos(d2 + Pz + Pa + P5)uszues + cos(P1 — P2 — 3 — P4 — P5)udy

are satisfied. In this case A is not extremal.
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4.6 Result

Let us summarize our findings. We have proven the following result, which exhaustively describes the
sought exceptional extremal matrices.

Theorem 4.8. The exceptional extremal matrices A € COP® with minimal zero support set 19 of Table 1
and with unit diagonal are given by

(i) all matrices (1) with ¢; € (0,7), p1+4---+¢5 <7, pg = T+ P2 —P6, P33+ Pa+ds < ¢7, Aga343 >~ 0,
Aga 34610 =0 for some u = (up2, ug3, Usa, uge)? € R% |, except those satisfying (8);

(ii) all matrices (1) with ¢; € (0,7), g1+ +d5 < T, pg = T+ P2 —P6, P34+ Pa+ P = ¢7, Aga3.43 = 0,
Ag234,6yu = 0 for some u = (ug2, ue3, uea, ugs)’ € RY ., except those satisfying simultaneously (8) and
(9);
(i1i) the images of the matrices listed in (i) under the symmetry (123456) — (543216). O

The matrices in (i) have 8 free parameters, namely the angles ¢1, ..., ¢¢ and the 4 non-zero elements of
u8, constrained by (7) and a normalizing constraint, e.g., ||u%|| = 1. The matrices in (i)) have one parameter
less due to the additional equality condition ¢3 + ¢4 + ¢ = ¢7. However, there still remains the question
whether such matrices actually exist. We shall answer this question in the affirmative by giving examples.

A matrix satisfying the conditions in (i) of the theorem is given by

1 V3 1 1 _V3 0

B e WS V3
-y 1 -7 Aoa 3 5

1 V3 V3 1 1, V2

3 % {[ I ?T

1 3 3 3 ’

3 An -y L=y )
V31 1 RV B 1

2 2 2 2 2

V2 1, v2 V3 1
0 5 —VitT 5 3 1

(B+V6)(2+V2)(1 - \/é + V2 - \/2(7\/§+6\/§)(7+5\/§) —2(39 + 272 4 22v/3 + 16v6) V2 + /2

24 = 9

corresponding to the choice ¢y = ¢ = ¢3 = ds = ¢5 = &, ¢6 = 5, o7 = 3F, ¢s = §, g = 5.
A matrix satisfying the conditions in (ii) of the theorem is given by

—~

1 V3 1 1 _ V3 0
\/g 2 2\/§ 2 12 X
-y 1 =% Au 3 2
1 _¥3 1 _ V3 1 _\/54+1
2 2
i s s v |
2 24 2 2 2
O
0 1 _ V541 V3 _1 1
2 4 2 2

(34+V3)(3—V5) —2v/2+ 63— 25— 2/15
2(5 — v/5) ’

COI'I‘GSpOIldng to the choice ¢1 = ¢2 = ¢3 = ¢4 = ¢5 = %7 6 = %a ¢7 = 2?7‘—5 d)S = gv ¢9 = 5%

Aoy =

5 Classification

In this section we present our classification of the extreme rays of the cone COP®. In addition to the
extremal matrices listed in Section 2, there are manifolds of exceptional extremal matrices corresponding
to the first 19 minimal zero support sets in Table 1.

The general form of an extremal matrix is given by DPAPT D, where D is a positive definite diagonal
matrix, P is a permutation matrix, and A is a matrix with unit diagonal which depends on a number of
angles ¢;. Only the expressions for the factor A are given in the list below. Along with the expression of
the matrix A we provide the set in which the angles ¢; vary.
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In some cases the set of angles contains parts of its boundary, which manifests itself in the non-strictness
of some of the inequalities defining this set. The reason is that some of the inequalities (Au’); > 0 may
become equalities without the appearance of an additional minimal zero.

Case NE

The non-exceptional extreme rays are generated by products DPAPT D with central factor A = E11, F12,aa”’, where a is one
of the columns of the matrix

1 1 1 1 1 1 1 1 1
—1 1 1 1 1 1 1 1 1
0 -1 -1 1 1 1 1 1 1
0 0 -1 -1 -1 -1 1 1 1
0 0 0 0 -1 -1 -1 -1 1
0 0 0 0 0 —1 0 -1 -1
Case 05
1 — cos ¢1 cos(¢p1 + ¢p2)  cos(¢pa + ¢5) — cos ¢5 0
— cos ¢ 1 — oS ¢2 cos(¢p2 + ¢3) cos(p1 +¢5) O
cos(¢1 + ¢2) — cos ¢2 1 — cos ¢3 cos(¢p3 + ¢a) 0O
cos(pa + ¢5)  cos(p2 + ¢3) — cos ¢3 1 — COoS ¢4 (O I
— cos ¢5 cos(p1 + ¢5)  cos(¢ps + ¢a) — cos ¢4 1 0
0 0 0 0 0 0
where either ¢1 =---=¢5 =0, 0r ¢; >0fori=1,...,5 and Z?:ld’i < .
Case 1
1 -1 -1 —1 1 1
-1 1 1 1 -1 cos ¢p2
-1 1 1 1 cos ¢2 -1
-1 1 1 1 —cos¢pr  cos(p1 + ¢p2) |
1 -1 Cos (2 — cos ¢1 1 — COs P2
1 cos ¢2 -1 cos(p1 + ¢2) —cos o 1
¢i > 0,01+ ¢2 < 7.
Case 2
1 -1 -1 -1 1 cos (2
-1 1 1 1 -1 cos ¢1
-1 1 1 1 cos(¢p1 + ¢2) —cosoa
-1 1 1 1 cos(¢p1 + ¢3) —cos¢sz |’
1 —1 cos(p1 + ¢2)  cos(p1 + ¢3) 1 — cos @1
cos ¢ cos P — COSs (3 — Cos ¢3 — cos ¢1 1
$i>0,¢2 < ¢3 <7 — ¢1.
Case 3
1 -1 -1 -1 —cos(¢p1 + ¢2) COS ¢4
-1 1 1 1 cos(¢1 + ¢2) — cos ¢2
-1 1 1 1 cos(¢1 + ¢3) — cos ¢3
—1 1 1 1 cos(¢1 + ¢a4) —cosgyq |’
—cos(¢1 + ¢2)  cos(¢r + d2) cos(d1 + ¢3)  cos(o1 + ¢a) 1 — cos ¢1
COS ¢4 — COS (P2 — cos ¢3 — COS ¢4 — cos ¢1 1
$i > 0,04 < P3 < 2 <7 — 1.
Case 4
1 -1 -1 1 cos(¢3 + ¢4) — COs ¢4
-1 1 1 -1 CoS ¢2 COos ¢4
-1 1 1 — cos ¢1 cos(¢1 + ¢2) CoS ¢4
1 -1 — cos ¢1 1 — cos ¢2 cos(d2 + ¢3) |’
cos(¢ps + pa) cosga  cos(p1 + ¢2) — oS ¢2 1 — cos ¢3
— COS ¢4 COoS P4 COS ¢4 cos(¢2 + ¢3) — cos ¢3 1

¢i > 0,01 + ¢p2 + ¢3 + Ppa < 7.
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Case 5

1 -1 -1 cos(¢p2 + ¢s5) — cos ¢5 cos @3
-1 1 1 cos(p1 + ¢a) cos @5 — CoS ¢4
-1 1 1 cos(¢p1 + ¢3) cos ¢35 — cos ¢3
cos(¢p2 + ¢5)  cos(p1 + ¢pa)  cos(op1 + ¢3) 1 — cos ¢2 —cos ¢1 ’
— cos ¢5 Cos @5 Cos @5 — Cos ¢2 1 cos(¢p1 + ¢2)
cos ¢3 — oS ¢4 — cos ¢3 — cos ¢ cos(¢p1 + ¢2) 1

i > 0,01+ P2 + da + ¢5 <, ¢3 < Pa.

Case 6
1 -1 -1 cos ¢2 cos ¢1 cos ¢5
-1 1 1 — cos ¢2 cos(¢p2 + ¢3)  cos(¢2 + ¢a)
—1 1 1 cos(¢p1 + ¢3) — cos ¢1 — cos ¢5
Cos g2 — cos ¢a cos(p1 + ¢3) 1 — cos ¢3 — Ccos ¢y ’
cos¢pr  cos(¢p2 + ¢3) — cos @1 — cos ¢3 1 cos(p1 + ¢s5)
cos s cos(p2 + ¢a) — cos ¢5 — cos ¢y cos(¢1 + ¢5) 1

¢i > 0,01 + ¢3 + ¢5 < da, P2 + Ppa + d5 < 7.

Case 7
1 — cos ¢1 cos(¢1 + ¢2) CoS ¢4 -1 cos ¢1
— cos ¢1 1 — oS ¢2 cos(¢p2 + ¢3) cos @1 -1
cos(¢1 + ¢2) — oS ¢2 1 — Cos ¢3 cos(¢ps + ¢4) Cos 2
COS ¢4 cos(¢2 + ¢3) — cos ¢3 1 — cos ¢4 cos(¢pa + ¢5) |’
-1 cos ¢1 cos(¢pz + ¢a) — cos ¢4 1 — cos ¢5
Cos 1 -1 CoSs ¢2 cos(pa + ¢5) — cos ¢5 1

bi > 0,01 < ¢5,¢2 + P3 + s + 5 < T, P1 + 5 F 7.

Case 8
1 -1 — Cos ¢2 cos(p1 + ¢2)  cos(pa + ¢3) cos @5
-1 1 cos ¢a cos(pa + ¢5)  cos(ps + ¢6) — cos ¢5
— oS ¢2 Cos @2 1 — cos ¢ — cos ¢3 cos(¢p1 + ¢a)
cos(¢p1 + ¢p2)  cos(ga + ¢5) — cos ¢1 1 cos(¢1 — ¢3) — oS ¢y ’
cos(p2 + ¢3)  cos(ds + b6) — cos ¢3 cos(p1 — ¢3) 1 — cos g
Cos @5 — cos ¢5 cos(p1 + ¢a) — cos ¢4 — cos ¢g 1

#i > 0,¢3+ P4 < ¢1+d6, P2+ @3+ 5 +d6 < T, P14+ Pa < ¢3+p6 with either do+¢3 # ¢5+ 6 or with p2+¢3 = g5+ = §
or with ¢2 + ¢3 = ¢5 + 6, 1 + d6 = ¢3 + Pa.

Case 9.1
1 -1 — cos ¢2 cos(¢p1 + ¢2)  cos(¢p2 + ¢3) Cos @5
-1 1 cos ¢2 cos(pa + ¢5)  cos(ps — ¢s) — cos ¢5
— cos ¢a Cos 2 1 — cos ¢1 — cos ¢3 cos(¢1 + ¢a)
cos(¢1 + ¢2)  cos(¢pa + ¢5) —cos ¢1 1 cos(¢pa + ¢6) — oS ¢y ’
cos(¢p2 + ¢3)  cos(ps — o) — cos ¢3 cos(pa + ¢6) 1 — cos ¢g
cos @5 — cos ¢5 cos(p1 + Pa) — cos ¢4 — cos ¢g 1

¢i > 0,02 + @3 < T, P2 + P3 + ¢5 < T+ @6, 1 + P4+ 6 < P3, P2 + P3 + P6 < T+ ¢P5, excluding P2 + ¢3 + 6 = ¢5.

Case 9.2
1 —1 — cos ¢2 cos(¢p1 + ¢2) cos(¢2 + ¢3) cos ¢5
-1 1 cos ¢o cos(¢a + ¢5)  —cos(d2 + ¢3) — cos ¢5
— cos ¢2 Cos g2 1 — cos ¢1 — cos ¢3 cos(p1 + ¢a)
cos(p1 + ¢2)  cos(¢a + b5) — cos ¢1 1 cos(¢a + ¢6) — COS ¢4 ’
cos(¢2 + ¢3)  —cos(p2 + ¢3) —cos ¢3 cos(pa + ¢6) 1 — cos ¢g
cos ¢5 — cos ¢35 cos(p1 + ¢a) — cos ¢4 — cos ¢g 1

$i > 0,02+ ¢3 <, P2+ @3+ P5 < T+ @6, P1 + P14+ P6 < P3, P2 + ¥3 + P6 > T+ P5.

Case 10
1 -1 — Cos ¢2 cos(p1 + ¢p2)  cos(p2 + ¢3) cos ¢5
-1 1 cos ¢2 cos(pa + ¢5)  cos(ps — ¢6) — cos ¢5
— cos ¢2 cos ¢a 1 — cos ¢ — cos ¢3 cos(¢ps + ¢6)
cos(¢1 + ¢p2)  cos(¢a + ¢5) — cos ¢ 1 cos(¢pa + ¢6) — cos ¢4 ’
cos(¢2 + ¢3)  cos(ds — ¢b6) —cos ¢3 cos(¢a + ¢6) 1 — cos ¢
Cos @5 — cos ¢5 cos(¢3 + ¢6) — Cos ¢4 — cos ¢ 1
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¢ > 0,01+ P2+ da + 5 < 7,03+ dpa + P < 1, P2 + ¢3 + P # ¢5.

Case 11
1 — cos ¢2 — cos ¢1 cos(¢2 + ¢3) cos(¢2 + ¢6) cos(¢1 + ¢4)
— cos ¢2 1 cos(¢p1 + ¢2) — cos ¢3 — cos ¢g cos(¢3 + ¢5)
—cos ¢1 cos(¢1 + ¢2) 1 cos(pa + ¢5)  —cos(p1 + P2 + d6) —cos ¢y
cos(¢2 + ¢3) —cos¢3 cos(¢p4 + ¢5) 1 cos(ps — ¢6) — cos ¢5 ’
cos(¢p2 + ¢6) — cos ¢g —cos(p1 + P2 + ¢s)  cos(pz — ¢6) 1 b3
cos(¢p1 + ¢pa)  cos(¢psz + ¢5) — cos ¢4 — cos ¢5 b3 1
by = *COS(¢3*¢6)sirl(s?ég$jiﬁj)1+¢2+¢6)Si“(tﬁs) L i > 0,1+ P2+ B3+ Pa+ s < T T — 1 — P — b5 + P3 — 2 < 26 <

T™— Q1+ ¢5 + ¢3 + P4 — P2.

Case 12
1 — cos ¢2 — cos ¢1 cos(p2 + ¢3)  cos(pa + ¢a)  cos(p1 + ¢5)
— cos ¢2 1 cos(p1 + ¢2) — cos ¢3 — CoS ¢4 cos(¢ps + ¢6)
—cos ¢1 cos(¢1 + ¢2) 1 b1 cos(¢s + ¢7) — cos ¢5
cos(¢2 + ¢3) — cos ¢3 by 1 cos(¢pz — ¢a) — cos ¢g ’
cos(p2 + ¢a) — COs P4 cos(¢s + ¢7)  cos(¢z — ba) 1 — cos ¢7
cos(¢p1 + ¢5)  cos(¢3z + ¢6) — cos ¢5 — cos ¢g — cos ¢r 1
by = Zn(ester)cos ﬁ?;;:s<¢37¢4)5in 5§ > 0,¢1+da+datdst+dr < T, datdr > p3tde, batde > da+ér, br+dstds > ba.
Case 13.1
1 — cos ¢1 cos(¢1 + ¢2) —cos(¢p1 + P2 + ¢3) cos(¢s + ¢6) — cos ¢g
— cos ¢1 1 — cos ¢ cos(¢p2 + ¢3) —cos(p2 + ¢3 + ¢a) cos(¢1 + ¢6)
cos(¢1 + ¢2) — cos ¢ 1 — cos ¢3 cos(¢s + ¢4) —cos(¢3 + P4 + ¢5)
—cos(p1 + P2 + ¢3) cos(¢p2 + ¢3) — cos ¢3 1 — CoS ¢4 cos(pa + ¢s5) ’
cos(¢s + ¢6) —cos(p2 + ¢3 + ¢a) cos(¢3 + ¢4) — cos ¢4 1 — cos ¢
— cos ¢g cos(¢p1 + ¢6) — cos(p3 + Pa + ¢5) cos(pa + ¢5) — cos ¢5 1

$i>0,50_ 1 ¢; <2m i+ dit1 <mi=1,...,5¢1+¢s < d1+P2+d3 > da+t b5+ 6, b2+ b3+ ba > b1+ b5+ b6, b3 +
b4 + ¢5 > P1 + P2 + ¢, such that Z?zl ¢; # m, or at least two of the non-strict inequalities are equalities.

Case 13.2
1 —cos ¢1 cos(¢1 + ¢2) —cos(¢1 + ¢2 + ¢3) cos(¢s + ¢6) — cos ¢6
—cos¢1 1 — cos ¢2 cos(¢2 + ¢3) —cos(¢1 + ¢5 + P6) cos(¢1 + ¢6)
cos(¢p1 + ¢2) — cos ¢2 1 — cos ¢3 cos(¢3 + ¢a) — cos(¢p3 + ¢a + ¢5)
—cos(p1 + P2 + ¢3) cos(¢p2 + ¢3) — cos ¢3 1 — cos ¢4 cos(pa + ¢5) ’
cos(¢s + ¢6) —cos(é1 + ¢5 + ¢6) cos(¢3 + ¢a) — Cos ¢4 1 — cos ¢5
— cos ¢6 cos(¢1 + ¢6) —cos(¢3 + ¢4 + ¢5) cos(¢a + ¢5) —cos ¢5 1

b; > 07Z?=1 ¢ <2m,pi+pip1 <mi=1,...,5,¢1+¢ < T, P1 + P2+ P3 > da + @5+ 6, P2 + 3 + P4 < d1 + 5 + de, 3+
b4 + P55 > P1 + P2 + ¢, such that 2?21 ¢; # m, or at least two of the non-strict inequalities are equalities.

Case 14
1 -1 -1 -1 1 1
—1 1 1 1 -1 1
—1 1 1 1 1 —1
—1 1 1 1 —1 1
1 -1 1 —1 1 —1
1 1 —1 1 —1 1
Case 15
1 -1 — cos ¢2 — cos ¢1 cos(pa + ¢3)  cos(p1 + ¢a)
-1 1 cos ¢a cos ¢1 cos(¢ps + ¢6) — cos ¢g
— cos ¢2 Cos ¢2 1 cos(¢1 + ¢2) —cos ¢3 cos(¢3 + ¢5)
— cos ¢1 cos ¢1 cos(¢p1 + ¢2) 1 cos(pa + ¢5) — cos ¢4
cos(¢2 + ¢3)  cos(¢s + ¢6) — cos ¢3 cos(pa + ¢5) 1 — cos ¢5
cos(¢p1 + ¢a) — cos ¢g cos(¢psz + ¢5) — cos ¢4 — cos ¢5 1

¢i > 0,01+ d2+ P3 +Pa+ ¢5 < T, P2+ ¢3 + P5 + P < T, 06 > P1 + Pa.
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Case 16

1 — oS ¢2 — cos ¢1 cos(p2 + ¢3)  cos(pa + pa) cos(p1 + ¢5)
— Cos ¢2 1 cos(¢p1 + ¢2) — cos ¢3 — CoS ¢4 cos(¢ps + ¢6)
—cos ¢1 cos(¢1 + ¢2) 1 cos(¢s + ¢g)  cos(és + ¢7) — cos ¢5
cos(¢2 + b3) — cos ¢3 cos(¢5 + d6) 1 cos(¢p6 — ¢7) —cos¢g |’
cos(¢2 + ¢a) — CcoS ¢4 cos(¢ps + ¢7)  cos(pe — ¢7) 1 — cos ¢7
cos(¢p1 + ¢5)  cos(¢3 + ¢e) — cos ¢5 — cos ¢g —cos ¢7 1

$i > 0,01+ d2+ Pa+ @5 + ¢7 < T, P4 + $7 > P3 + P6, P4+ P = P3 + P7.

Case 17
1 — cos ¢2 —cos ¢1 cos(¢2 + ¢3) cos(p2 + d4) cos(¢1 + ¢5)

— oS ¢2 1 cos(p1 + ¢2) — cos ¢3 — cos ¢4 cos(¢ps + ¢6)

— cos ¢1 cos(¢1 + ¢2) 1 cos(ps — )  cos(¢ps + ¢7) — cos ¢5
cos(¢2 + ¢3) — cos ¢3 cos(¢ps — ¢6) 1 cos(¢ps + ¢7) — cos ¢g ’
cos(¢2 + ¢4) — COs ¢4 cos(¢ps + ¢7)  cos(pe + ¢7) 1 — cos ¢7
cos(¢1 + ¢5)  cos(¢3 + ¢6) — cos ¢5 — cos ¢g — cos ¢7 1

i > 0,03 + ¢ + ¢7 < da, P1 + b5 + P17 + P2 + Pa < .

Case 18
1 —cos ¢4 cos(¢a + ¢5) cos(¢2 + ¢3) — cos ¢3 — cos(¢3 + ¢6)
— Cos ¢4 1 — cos ¢5 cos(p1 + ¢5)  cos(¢ps + ¢pa)  cos(¢3 + ¢da + d6)
cos(¢pa + ¢5) — cos ¢5 1 — cos ¢1 cos(p1 + ¢p2)  cos(p1 + P2 — ¢6)
cos(¢p2 + ¢3) cos(¢p1 + ¢5) — cos ¢1 1 — cos ¢2 —cos(¢p2 — ¢6) ’
— cos ¢3 cos(¢ps + ¢a) cos(p1 + ¢2) — oS ¢2 1 Cos ¢g
—cos(¢p3 + ¢e) cos(¢p3z + da + pg)  cos(Pp1 + P2 — )  — cos(p2 — ¢e) cos ¢g 1
P15 > 0,01 + P2+ P33+ s+ P5 <, —P3 < P < P2.
Case 19
1 — cos ¢4 cos(¢a + ¢5)  cos(gp2 + ¢3) — cos ¢3 cos(¢p3 + ¢6)
— CoS ¢4 1 — cos ¢5 a4 cos(¢psz + ¢a) — cos ¢7
cos(¢a + ¢5) — cos ¢5 1 — cos ¢1 cos(¢p1 + ¢2) ase
cos(¢2 + ¢3) asy — cos ¢1 1 — cos ¢2 cos(ps — ¢2) |’
— cos ¢3 cos(¢p3 + ¢pa)  cos(¢p1 + ¢2) — cos ¢2 1 — cos ¢g
cos(¢3 + ¢6) — cos ¢7 ase cos(ps — ¢P2) — cos ¢g 1

#i € (0,7), ¢1 + 2 + @3 + da + d5 < T, P2 < ¢6, ¢3 + Pa + b6 < b7, Afa3.4) = 0, Arg346) With positive kernel vector,
excluding matrices satisfying ¢3 + ¢4 + ¢ < ¢7 and (8) or ¢3 + Pa + ¢ = ¢7 and (8) and (9).

We are now ready to formulate our main result.

Theorem 5.1. Let the matriz C generate an extreme ray of COP®. Then there exists a permutation matriz
P € Sg, a positive definite diagonal matriz D, and a matriz A given by one of the above forms NE, O5, or
1-19 with the parameters ¢; in the corresponding range, such that C = PTDADP.

On the other hand, every matriz product of this form generates an extreme ray of COPC. O

6 Conclusion

In this contribution we classified the extreme rays of the 6 x 6 copositive cone. The set of these extreme
rays is a stratified real algebraic manifold.

The classification proceeds via an intermediate classification of the minimal zero support set of the
matrix generating the extreme ray. This set is a discrete object. It turns out that different strata of the
manifold of extreme rays may correspond to the same minimal zero support set, and hence this object is
too coarse to classify the strata. However, the strata can be distinguished by the additional information
which of the inequalities (Aui)j > 0 are equalities and which are strict. As a rule, strata corresponding to
the same support set have different dimensions, and the one with smaller dimension lies on the boundary of
the one with larger dimension. There may be, however, also non-isomorphic (with respect to permutation
of the indices) strata of the same dimension corresponding to the same support set.

In Table 7 below we present the dimensions of the mutually non-isomorphic strata of exceptional extremal
matrices with unit diagonal corresponding to the minimal zero support sets 1-19 in Table 1. The respective
maximal dimension equals the number of free parameters in the expressions for the factor A given in
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Section 5. The strata of smaller dimension are obtained by letting some of the non-strict inequalities on
the parameters be equalities. Removing the restriction that the diagonal elements of the matrix equal 1
increases all dimensions by 6.

Another observation is that the dimension of a stratum does not necessarily drop if a minimal zero
support is added to the support set. The dimensions of the maximal strata in cases 12 and 16 of Table 1
are equal, despite the fact that one of the support sets strictly contains the other. This can be explained
by the equality (Au?)s = 0 in case 12, which in case 16 is a strict inequality.

There are strata which contain ”"holes” carved out by embedded submanifolds of non-extremal matrices,
a phenomenon which does not occur for lower order of the copositive cone. These submanifolds may have
a co-dimension strictly larger than 1, as is the case for the manifold described by (ii) of Theorem 4.8.

In the case of 6 x 6 matrices new phenomena appear which are not present at lower orders. In particular,
the minimal zero support set may not cover all off-diagonal entries, which leads to elements b; in the
parameterized matrix which are a priori not part of a degenerated PSD submatrix A; corresponding to a
minimal zero support I. The first order conditions Au > 0 at the minimal zeros yield a system of non-strict
inequalities on the b; whose feasible set is a polyhedron. In order to further constrain the values of these
variables to extremal points of the polyhedron we have to use the condition that A is extremal. Thus we
do not classify the reduced matrices and check for extremality a posteriori, as in [16].

We obtained also directly new constraints on the minimal zero support set of an extremal copositive
matrix. For instance, the combination of supports appearing in cases 43 or 44 of Table 1, augmented with an
appropriate number of zero entries, cannot occur at any order, because the resulting first order constraints
are incompatible. Another set of constraints can be obtained from the results in Section 3.2, which link
minimal zero supports to linear dependence of the corresponding minimal zeros.

The number of isomorphism classes of strata of extremal matrices is an order of magnitude larger than
in the case of 5 x 5 copositive matrices, which suggests that the complexity of the copositive cone very
rapidly increases with its order. The picture can be made more accessible by the following notion.

Definition 6.1. Let M, be the stratified real algebraic manifold of extreme rays of the copositive cone
COP™. A stratum S of M,, is called essential if there does not exist a stratum &’ # S such that S C 9S’.

Clearly the stratum of dimension 14 corresponding to case 19 in Table 1 is essential, because no other
stratum has larger dimension. Is there any other essential stratum?

In [17] necessary conditions on the minimal zero support set of an exceptional extremal matrix of COP"
have been found. How can these conditions be tightened using the additional condition that the matrix lies
on an essential stratum?
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No. | No. in [17] | supp Vi, result
1 2 {1,2},{1,3},{1,4},{2,5},{3,6},{4,5,6} exceptional extremal
2 3 {1,2},{1,3},{1,4},{2,5},{3,5,6},{4,5,6} matrices with this
3 4 {1,2},{1,3},{1,4},{2,5,6},{3,5,6},{4,5,6} minimal zero support
4 5 {1,2},{1,3},{2,4},{3,4,5},{1,5,6},{4,5,6} set exist
5 6 {1,2},{1,3},{1,4,5},{2,4,6},{3,4,6},{4,5,6}
6 8 {1,2},{1,3},{2,4,5},{3,4,5},{2,4,6},{3,5,6}
7 9 {1,5},{2,61,{1,2,3},{2,3,4},{3,4,5},{4,5,6}
8 13 {1,2},{1,3,4},{1,3,5},{2,4,6},{3,4,6},{2,5,6}
9 15 {1,2),11,3,4},{1,3,5},{2,4,6),{3,4,6},{4,5,6)
10 16 {1,2},{1,3,4},{1,3,5},{2,4,6},{3,5,6},{4,5,6}
11 21 {1,2,3},{1,2,4} {1,2,5},{1,3,6},{2,4,6},{3,4,6}
12 22 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{2,4,6},{3,5,6}
13 34 {1,2,31,{2,3,4},{3,4,5},{4,5,6},{1,5,6},{1,2,6}
|36 | {12513k {1A{2.5) {45),{3.6}.(5.6)
15 37 {1,2),11,3,4},{1,3,5},{1,4,6},{2,5,6},3,5,6},{4,5,6}
16 41 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{2,4,6},{3,4,6},{3,5,6}
17 42 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{2,4,6},{3,5,6},{4,5,6}
18 43 {1,2,3},42,3,4},{3,4,5},{1,4,5},{1,2,5},{3,4,6},{1,4,6},{1,2,6}
19 23 {3,4,5},{1,4,5},{1,2,5},{1,2,3},{1,5,6},{2,3,4,6}
20 1 (125 {135 {1,41,12,51,{3,61.{5,6} copositivity and
21 11 {1,2},{1,3,4},{1,3,5},{1,4,6},{2,5,6},{3,5,6} extremality enforce
22 12 {1,2},42,3,4},{3,4,5},{4,5,6},{2,5,6},{2,3,6} additional minimal
23 17 {1,2},{1,3,4},{2,3,5},{3,4,5},{2,4,6},{3,4,6} zero supports
24 24 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{3,4,6},{3,5,6}
25 25 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{3,4,6},{4,5,6}
2 28 {1,2,3},{1,2,4},{1,3,5},{2,4,5},{3,4,5},{2,3,6}
27 30 {1,2,31,{1,2,4},{1,3,5},{2,4,5},{3,4,6},{3,5,6}
28 32 {1,2,3},{1,2,4},{1,3,5},{2,4,5},{1,5,6},{4,5,6}
29 39 {1,2,31,{1,2,4},{1,2,5},{1,3,6},{1,4,6},{2,5,6},{3,5,6}
30 7 {1,2},{1,3},{2,4,5},{3,4,5},{2,4,6},{3,4,6} linear span of
31 10 {1,2},{1,3,4},{1,3,5},{2,3,6},{3,4,6},{3,5,6} minimal zeros is
32 14 {1,2},{1,3,4},{1,3,5},{2,4,6},{3,4,6},{3,5,6} a proper subspace
33 18 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{1,4,6},{1,5,6}
34 19 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{1,4,6},{2,5,6}
35 20 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{1,4,6},{3,5,6}
36 26 {1,2,3},{1,2,4},{1,3,5},{1,4,5},{2,3,6},{2,4,6}
37 27 {1,2,31,{1,2,4},{1,3,5},{1,4,5},{2,3,6),{3,4,6}
38 38 {1,2},{1,3,4},{1,3,5},{2,4,6},{3,4,6},{2,5,6},{3,5,6}
39 40 {1,2,3},{1,2,4},{1,2,5},{1,3,6},{1,4,6},{3,5,6},{4,5,6}
40 44 {1,2,3},{1,2,4},{1,3,5},{1,4,5},{2,3,6},{2,4,6},{3,5,6},{4,5,6}
41 35 {1,2,3,4},{2,3,4,5},{3,4,5,6},{1,4,5,6},{1,2,5,6},{1,2,3,6}
42 33 {1,2,5},{1,4,5},{1,2,3},{3.4,5},{2,3,6}.{3.4,6}
43 31 {1,2,5},{1,4,5},{1,2,3},{3,4,5},{1,3,6},{3,5,6} first order conditions
44 29 {1,2,3},{1,2,4},{1,3,5},{2,4,5},{2,3,6},{2,5,6} are incompatible
Table 1: Candidate minimal support sets Z of exceptional extreme matrices in COP®
Case No. | location of the b; Case No. | location of the b;
1 by = Agg, by = Ass 2 by = Asg, by = A
3 by = Az, by = Ase 4 by = Az, by = Agg, by = Asg
5 by = Aig, by = Ass, by = Aszs 6 by = Ay4, by = Ass, by = Ay
7 by = Au4, by = Aas, by = Asze, by = Ase 8 by = Azz, by = Asg, by = Ays
9,10 by = Az, by = Ass, by = Ay 11 by = Ass, by = Ays, by = Ase
12 by = Az, by = Ays 13 by = Ay, by = Ass, by = Aszg
15 by = Asz, by = Aoy 16 by = Ays
17 b1 = Asy 18 b1 = Asg

Table 2: Location of the variables b; in the candidate matrices
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Table 4: Symmetry groups, their generators, and enforced inequalities
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Case No. | Index subset Certifying vectors v
]. {2,3,4,5} €3 — €2
2 {2,374,5},{2,3,4,6} €3 — eg,e9 + €
3 {2,3,4,5},{2,3,4,6} es +e5,6a + €6
4 {2,3,5,6} es + e
5 {2,3,4,5},{2,3,5,6} €3 — €2,€2 — €3
6 {1,4,5,6} €4 + €5
7 {1,3,4,6} es+ ey
8 {1,4,5,6},{2,3,4,5} €4 + €6, €3 + €4 (¢1 < 2(;53) or ez + ex (¢3 < 2@1)
9 {2,3,4,5},{2,3,5,6} es + eq, e5 + e (9.1) or ez + eg (9.2)
10 {2,3,4,5} es +es
11 {1,3,4,5},{2,3,4,5} e1+es,ex+ ey
{1,4,5,6} sin(¢e — @3)e1 — sin(da + dg)eq + sin(pz + ¢3)es
{2,3,5,6} sin(¢1 + g2 + d6)ez — sin dpges + sin(¢p1 + d2)es
12 {1,3,4,5},{2,3,4,5} e;1+e3,e0+ ey
{1, 4,5, 6} sin(¢)4 — ¢)3)€1 — sin(gbg + ¢4)€4 + sin((bQ + ¢3)65
13 {1,274,5},{1,3,4,6},{2,3,5,6} €4COSQZS4<|>€57 614’667 62+COS¢263
15 {2,3,4,5},{2,3,4,6} €3 +65,€4+€6
16 {].,4:7 5, 6} e5 + eg (2¢6 > (]57) Or €4 COoS ¢g + €¢ (¢6 < ¢7)
{1,3,4,5},{2,3,4,5} €1 +€3,62+€4
17 {1,3,4,5},{2,3,4,5} €1+ e3, €2+ €4
18 {1,3,5,6},{2,3,5,6} e1 + es (—¢3 < 2¢6) or e; + eg (d)(,’ < (253), €2 + es,
{2,4,5,6} eq+e5 (206 < ¢2) or eq +e5 (—¢2 < ¢s)
Table 5: Copositivity certifying vectors for index subsets of cardinality 4
Case No. | Minimal zero support || Case No. | Minimal zero support
20 {4,5} or {4,6} 21 {4,5,6}
22 {1,4,5} 23 {2,5,6}
24 {2,4,6} or {2,5,6} 25 {1,5,6} or {2,4,6} or {2,5,6}
26 {2,4,6} 27 {2,4,6}
28 {1,2,6} 29 {4,5,6}
Table 6: Additionally appearing minimal zero support set
Case No. | Dim. || Case No. | Dim. Case No. Dim. Case No. | Dim.
1 2 6 5 11 6 16 7,6,6,5
2 3 7 5,4 12 7 17 7
3 4 8 6,5,5,4 13 6,6,5,5,4,3 18 6
4 4 9 6,6 14 0 19 8,7
5 5 10 6 15 6,5,5

Table 7: Dimensions of strata of extremal matrices with unit diagonal
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