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Abstract

Let X be a finite set in a complex sphere of d dimension. Let D(X)
be the set of usual inner products of two distinct vectors in X. A set
X is called a complex spherical s-code if the cardinality of D(X) is s
and D(X) contains an imaginary number. We would like to classify
the largest possible s-codes for given dimension d. In this paper, we
consider the problem for the case s = 3. Roy and Suda (2014) gave
a certain upper bound for the cardinalities of 3-codes. A 3-code X is
said to be tight if X attains the bound. We show that there exists
no tight 3-code except for dimensions 1, 2. Moreover we make an
algorithm to classify the largest 3-codes by considering representations
of oriented graphs. By this algorithm, the largest 3-codes are classified
for dimensions 1, 2, 3 with a current computer.
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1 Introduction

Let X be a finite set in the d-dimensional complex unit sphere Q(d) in C%.
The angle set D(X) is defined to be

D(X)={z"y|z,yc X,z #y}

where * is the transpose conjugate of a column vector . A finite set X is
a complex spherical s-code if |D(X)| = s and D(X) contains an imaginary
number. The value s is called the degree of X. For X, X’ C Q(d), we say
that X is isomorphic to X' if there exists a unitary transformation from X
to X’. An s-code X C Q(d) is largest if X has the largest possible cardinality
in all s-codes in €2(d). One of major problems on s-codes is to classify the
largest s-codes for given s and d.

For the real sphere S9!, a similar concept to s-codes is well studied [7].
A subset X of S%1 is an s-distance set if |[D(X)| = s. Delsarte, Goethals,
and Seidel [7] gave an upper bound

X| < <d+3—1>+(d+3—2>
s s—1

for an s-distance set X in S%~!. An s-distance set X is tight if X attains
this bound. A tight s-distance set has the structure of a @-polynomial
association scheme, and becomes a tight spherical 2s-design [7]. Tight s-
distance sets have been classified except for s = 2 [1, 2, 4, 16]. The largest
1-distance set in S¢~! is the regular simplex. The largest s-distance set in
St is the regular (2s + 1)-gon. The largest 2-distance set in %! has been
determined for all d except for d = (2k +1)? — 3 with k € N [5, 12, 14, 10].
The largest 3-distance set in S% ! has been determined for d = 3,8,22
[15, 26]. The largest spherical s-distance set is not known for other (s,d).
The classification of largest spherical s-distance sets is still open except for
(s,d) =(1,d),(s,2),(2,d <7),(2,23),(3,3).
We have the following upper bound for a 2-code X in (d) [23, 20].

X < 2d + 1 ?fd?s odd,
2d if d is even.

A 2-code X is tight if X attains this bound. For odd d (resp. even d), the
existence of a tight 2-code in §2(d) is equivalent to that of a doubly regular
tournament (resp. skew Hadamard matrix) of order d [20]. We have the
following upper bound for a 3-code X in (d) [23].

x| < 4 ifd=1,
“|d2+2d ifd>2.



A 3-code X is tight if X attains this bound. Roy and Suda [23] proved that a
tight 3-code has the structure of a commutative non-symmetric association
scheme. In this paper, we show that there exists no tight 3-code except for
d=1,2.

We use complex representations of oriented graphs in order to classify
the largest 3-codes in 2(d). An oriented graph is a directed graph which
has no symmetric pair of directed edges. An oriented graph G = (V, E)
is representable in Q(d) if there exist a mapping ¢ from V to Q(d), an
imaginary number « with Im(«) > 0, and a real number 3 such that for any
u,v €V,

a if (u,v) € E,
pv)=<a if (v,u) € E,

B otherwise.

The image of the map ¢ is called a complex spherical representation of G. If
two oriented graphs G' and G’ are not isomorphic, then representations of G
and G’ are not isomorphic. Let A be the adjacency matrix of G. The Gram
matrix H of a complex spherical representation of G can be expressed by

H =M +c¢/-1(A - AT),

for some real number ¢ and some real matrix M. Actually M is positive
semidefinite. The matrix M can be identified with a real spherical repre-
sentation of a simple graph G’ whose adjacency matrix is A + AT. The
dimension of a real spherical representation is studied in [9, 22, 18]. Results
related to real representations are helpful to determine the dimension of a
complex spherical representation. In this paper, we give an algorithm us-
ing only rational arithmetic to classify the largest 3-codes in Q(d). By the
algorithm, we can classify the largest 3-codes in Q(d) for d = 1,2, 3.

This paper is organized as follows. In Section 2, we collect known results
of Euclidean representations of a simple graph. In Section 3, we show several
results for Hermitian matrices that are used to determine the dimension of
complex representation. In Section 4, we consider the dimension of a com-
plex representation of an oriented graph. In Section 5, we give an algorithm
to classify the largest 3-codes, and the largest 3-codes in €(d) are classified
for d = 1,2,3 by computer calculation. In Section 6, we show that there
exists no tight 3-code except for d =1, 2.

2 Euclidean representations of a simple graph

In this section, we give several results for a real representation of a simple
graph. Let V be a finite set of order n, and £ C V x V. Let G be a graph
(V,E). The adjacency matrix A of G is the matrix indexed by V, with



entries

1 if (z,y) € E,
Ay = _
0 otherwise.

Suppose G is simple and G is not a complete graph or a union of isolated
vertices. Let A be the adjacency matrix of G, and A that of the complement.
The matrix M. is defined to be

M,=cA+ A

for a real number ¢ such that 0 < ¢ < 1. A finite set X in R? is a Euclidean
representation or a real representation of G if the distance matrix of X is
M. of G for some c. Let Rep(G) be the smallest integer d such that a
Euclidean representation of G is in R,

Theorem 1 ([9]). Let G be a simple graph. Let M. and Rep(G) be defined
as above. Then there exists £ € R such that 0 < & < 1 and the following
hold.

(1) Mg is the distance matriz in Rep(G) dimension.

(2) For& <c<1, M, is the distance matriz in n— 1 dimension, and not
n n— 2 dimension.

(3) For0 <c <&, M, is not a distance matriz in any dimension.

A Euclidean representation X of G is a minimal representation if the
distance matrix of X is Mg, where £ is given in Theorem 1. Roy [22]
determined Rep(G) by eigenvalues and eigenspaces of the adjacency matrix
of G. Let j be the all-ones column vector.

Theorem 2 (][22, Lemmas 4,5,6, Theorem 7]). Let G be a simple graph with
adjacency matric A. Let \; be the i-th smallest distinct eigenvalue of A,
m; the multiplicity of \;, and &; the eigenspace corresponding to \;. Let P;
be the orthogonal projection matrixz onto &;. Let B; be the main angle of A;,

namely, B; = \/(P; - 7)T(P; - j)/n. Then the following hold:

(1) If p1 =0, then £ = (A1 +1)/A1 and Rep(G) =n —my — 1.
(2) If B1 #0 and my > 1, then £ = (A1 + 1)/A1 and Rep(G) =n — m;.

(3) If B2 =10, m1 =1, Ay < =1, and B7/(Aa — M) = Xi53 B/ (Ni — N2),
then £ = (A2 +1)/A2 and Rep(G) =n — mg — 2.

(4) IfﬁZ = O; my = 1} >\2 < 717 and 5%/()\2 - >‘1) > 2123512/()\1 - >\2)7
then & = (A2 +1)/A2 and Rep(G) =n —mgy — 1.

(5) Otherwise, we have & < (A + 1)/A1, £ # (A2 + 1)/A2 and Rep(G) =
n— 2.



A graph G is of Type (i) if G satisfies condition (i) from Theorem 2 for
i €{1,...,5}. A Euclidean representation X of G is spherical if X can be
on a sphere.

Theorem 3 ([18]). Let G be a simple graph. Then the following hold.

(1) If G is of Type (1), (2), or (4), then the minimal representation of G
is spherical.

(2) If G is of Type (3) or (5), then the minimal representation of G is not
spherical.

(3) A representation that satisfies condition (2) from Theorem 1 is spher-
ical.

A symmetric matrix M is dissimilarity if each entry in M is non-
negative, and each diagonal entry in M is zero. The smallest integer d
such that a dissimilarity matrix M is the distance matrix of some subset
X of R¢ is called the embedding dimension of M. Let P denote the square
matrix of order n defined by P = I —(1/n)J, where I is the identity matrix
and J is the all-ones matrix.

Lemma 1 ([17]). If M is a dissimilarity matriz, then the following equiv-
alent.

(1) M is a distance matriz of embedding dimension d.

(2) —=PMP is a positive semidefinite matriz of rank d.

Lemma 2 ([17)). If M is a dissimilarity matriz, then the following are
equivalent.

(1) There uniquely ezists a € R such that a > 0, —M + aJ is a positive
semidefinite matriz of rank d, —M +a'J is a positive semidefinite ma-
triz of rank d+1 for ' > a, and —M + cJ is not positive semidefinite
forc<a.

(2) M is the distance matriz of a subset of SY=1, where d is the embedding
dimension of M.

3 Results on Hermitian matrices

In this section, we give several results for Hermitian matrices that are used
later. Let H be a Hermitian matrix of size n. Let A be an eigenvalue of
H. Let &£ be the eigenspace corresponding to A. Let Py be the orthogonal
projection matrix onto £. Let j be the all-ones column vector. The main
angle B of X is defined to be B = /(P - j)*(Py - j)/n. Note that 8 = 0 if
and only if £ C 5©. An eigenvalue \ is main if 8 # 0. Let J be the all-ones
matrix, and I the identity matrix.




Theorem 4 ([20]). Let H be a Hermitian matriz, and M = H + aJ for
a real number a. Let 11,...,7. be the distinct main eigenvalues of H such
that 71 < 19 < -++ < 7. Let p1,...,us be the distinct main eigenvalues of
M such that 1 < po < -+ < ug. Let B; be the main angle of 7;. Then
r = s holds, and

T T r n 2
[ -0 =TJ - 01403 20 )

Moreover, if a > 0, then 11 < p1 < 70 < -+ < 7 < by, and if a < 0, then
p < T < g < s < Uy < T

Lemma 3. Let H be a Hermitian matriz of size n. Let 11,...,7. be the
distinct main eigenvalues of H such that 71 < 7o < --- < 7.. Let 3; be the
main angle of 7;. Let P be the orthogonal projection matriz onto 3=, namely
P =1-(1/n)Jd. If H is not positive semidefinite, then the following are
equivalent.

(1) There exists a € R such that a > 0 and H+adJ is positive semidefinite.

(2) It follows that T2 > 0, >_I_; B2/7: < 0, and PH P is positive semidef-
mnite.

Moreover, if (1) holds, then a > —1/(3"'_, nB8%/7;) holds.

Proof. Let X\ be an eigenvalue of H that is not main. Let v be a normalized
eigenvector corresponding to A. Note that v is orthogonal to the all-ones
vector.

(1) = (2): Since H + aJ is positive semidefinite, we have A = v*Hv =
v*P(H +aJ)Pv > 0. Since H is not positive semidefinite, we have 7 < 0.
Let p1,..., u, be the distinct main eigenvalues of H + aJ such that pu; <
o < -+ < pyp. By Theorem 4, we have 71 < p1 < 1. Since H + aJ is
positive semidefinite, we have 0 < u; < 73. By equation (1) for z = 0, it
follows that >0 nB?/m < 0 and a > —1/(3>/_, nB?/7;). In particular,
p1 =0 if and only if a = —1/(3_; nfB?/7;) > 0. Since H + aJ is positive
semidefinite, so is P(H +aJ)P = PHP.

(2) = (1): Since v is orthogonal to the all-ones vector and PHP is
positive semidefinite, we have

A=v"Hv=v"PHPv > 0. (2)

Since H is not positive semidefinite, we have 71 < 0. By equation (1)
for x = 0 and 7 > 0, a matrix H + aJ is positive semidefinite for a >

—1/(i=1nbB}/m) > 0. O

We can verify the following remarks by the proof of Lemma 3.



Remark 1. If Lemma 3 (1) holds, then

(1) Rank(H + aJ) = Rank(H) — 1 for a = —1/(}I_, nB2/7:),

(2) Rank(H + aJ) = Rank(H) for a > —1/(3"1_, nB2/7).
Remark 2. If Lemma 3 (2) holds, then the null space of H is contained in
it
Remark 3. If Lemma 3 (2) holds, then Rank(H + aJ) = Rank(PH P) for
a=—1/(i_nB} /7).
Theorem 5. Let H be a Hermitian matriz. Let M and A be the real
matrices such that H = M +\/—1A. Let & be the null space of v/—1A.
Let &) be the null space of M. If H is positive semidefinite, then &) C &
holds.

Proof. Since M is a real symmetric matrix, we can take a basis of &) con-
sisting of real vectors. For a real vector v € &), we have

v'Hv=v"Mv++vV—-1v*Av =0

because A is skew-symmetric. Since H is a positive semidefinite, v* Hv = 0
if and only if Hv = o. It thus follows that

o=Hv=Mv++v-1Av =+v—-1Awv.
Therefore &) C & holds. O
Theorem 6. Let H be a Hermitian matriz. Let M and A be the real

matrices such that H = M + /—1A. If H is positive semidefinite, then
2Rank(H) > Rank(M).

Proof. By Theorem 5, we have &) C &. Let & (resp. £_) be the direct
sum of eigenspaces corresponding to the positive (resp. negative) eigenvalues
of /—1A. It is easily proved that dim &, = dim&_. For a non-zero vector
v € ELB((E)NE), we have v* Hv > 0 because M is positive semidefinite.
Therefore,

Rank(H) > dim(Ey @ ((£)* N &)
= dim(&,) + dim((&)* N &)
= dim(&;) + dim((E))*) + dim(&) — dim((E)* + &)

= %Rank(A) + Rank(M) 4 (n — Rank(A)) — n
= Rank(M) — %Rank(A)
> Rank(M) — %Rank(M)

= %Rank(M),

where n is the size of H. Thus the theorem follows. O



Theorem 7. Let H be a Hermitian matriz. Let M and A be the real
matrices such that H = M +\/—1A. Let & be the null space of v/—1A.
Let &) be the null space of M. Suppose M is positive semidefinite, and
&y C & holds. Then there uniquely exists n > 0 such that the following
hold:

(1) M + nv/—1A is positive semidefinite, and its rank is smaller than
Rank(M).

(2) M + c/—1A is positive semidefinite for 0 < ¢ < n, and its rank is
equal to Rank(M).

(3) M + c/—1A is not positive semidefinite for n < c.
Proof. Let ®(c) be the function defined by
D(c) := min v (M + cvV—1A)v.

ve(E)) L vrv=1
Note that ®(c) > 0 if and only if M + ¢\/—1A is positive semidefinite, and
Rank(M + ¢/—1A) < Rank(M). In particular, ®(c) = 0 if and only if
Rank(M + ¢/—1A) < Rank(M). Since ®(c) is the minimum value of the
collection of linear functions in ¢, the function ®(c) is concave. Since M is
positive semidefinite, we have ®(0) > 0. There exists v € (£5)* such that
v*(v/=1A)v < 0. Tt therefore follows that lim. o ®(c) = —oco. By the
intermediate value theorem, this theorem follows. ]

4 Representations of an oriented graph

Let X be a complex spherical 3-code with angle set D(X) = {a,@, 3},
where « is an imaginary number with Im(a) > 0, and 5 € R. Let F =
{(z,y) e X x X | xz*y = a}, and E' = {(=z,y) | (x,y) € E or (y,x) € E}.
Let G be the oriented graph (X, F) with adjacency matrix A. Let G’ be
the simple graph (X, E') with adjacency matrix B. Let B be the adjacency
matrix of the complement of G’. The Gram matrix H of a complex spherical
representation of G can be expressed by

H=M +c/-1(A- AT)

for a real number ¢ and a real matrix M. Let ¢ be a map from Q(d) to
S52d=1 defined by

d(ur +viv—=1,...,uq +vgvV—=1) = (u1,v1,...,Uq, V).

Note that ¢(z)"¢(y) = Re(x*y) for ¢,y € Q(d). The matrix M is the
Gram matrix of ¢(X) = {¢(x) | x € X}. The representation ¢(X) of G’ is
spherical. By Lemma 2, M can be expressed by

M = —(bB + B) +aJ



for @ > 0 and b > 0. Note that bB + B is the distance matrix of ¢(X)
after rescaling the two distances to 1 and b. Since ¢(X) is spherical, ¢(X) is
the minimal representation of G’ of Type (1), (2) or (4), or a non-minimal
representation by Theorem 3.

By Theorem 5, the null space &) of M must be contained in the null
space & of /—1(A — AT). When we consider a minimal-dimensional rep-
resentation of a given oriented graph G, the minimal representation of G’
rarely satisfies &) C &. We give simple examples:

01 0O 00 0O
0010 1 010
CGrodi=| 901 | @ A=1499
1 0 0O 1 0 00
Then both G and G are the cycle Cy. Indeed Cy is of Type (1), and its

minimal representation is the vertex set of the square in R%2. The Gram
matrix of the square can be expressed by

: 0 -1 o0

1 — 1 o 1+ o -3
2 2

o -1 o 1

2 2

The null space of M is Span{(1,0,1,0), (0,1,0,1)}. This coincides with the
null space of v/—1(A; — AT). Actually we can give a minimal-dimensional
representation in (1) of G as

1 V-1 1 V-1
2 2 2 2
1 — 1.1 T 73 T
H, = —(§B+B)+§J+§VT1(A1—A1) = -1 _@ 1 V-1
v 1 Y
2 2 2

=
9
5

On the other hand, the eigenvalues of v/—1(Ay—Al) are {—v/2, —
and hence the null space is empty. In this case, Rank(M3) must
we use a non-minimal representation of G’:

o
@

=
o
=
(o}

1 000

= 0100

My =—-(B+B)+J = 00 1 0
0001

—1 —1
2 0 /7

—_

‘ |
-
—_
|
-
o

‘I
—
o
|
‘I
—
—_



The dimension of a non-minimal representation X’ of a simple graph
G’ is n — 1, where n is the order of G’. If X’ is used in order to give a
representation X of an oriented graph G, then the dimension d of X is at
least (n —1)/2 by Theorem 6, namely n < 2d 4+ 1. The union of d triangles
that are orthogonal to each other is a spherical 3-code in Q(d) and has size
3d. Therefore it is enough to consider a representation X of G obtained from
the minimal representation of G’ in order to determine the largest 3-codes.

We consider the minimal-dimensional representation of G obtained from
the minimal representation of G’. Throughout this section, we suppose G’
has non-zero B and B, and G is of Type (1), (2), or (4). Let H (a, c) denote
the matrix defined by

H(a,c) = —(EB+ B)+aJ +c¢v/—1(A — AT) (3)

for real numbers a and ¢, where £ is the positive number given in Theorem 1.
Note that B + B be the distance matrix of the minimal representation of
G’. We would like to determine a and ¢ so that a > 0, ¢ > 0, H(a,c) is
positive semidefinite, and the rank of H (a,c) is minimal. Let & be the null
space of /—1(A — AT), and &} be that of —(¢B + B).

Remark 4. If G’ is of Type (1), (2), or (4), then &, C 5+ holds by Lemma 2
and Remark 2.

Since the diagonal entries in H (0, ¢) are zero, H (0, ¢) is not a positive
semidefinite. If H(a,c) is positive semidefinite, then H (0, c) satisfies con-
dition (2) from Lemma 3, and hence PH (0, c)P is positive semidefinite. If
H (0, c¢) satisfies condition (2) from Lemma 3, then there uniquely exists a
positive number a such that Rank(H (a, ¢)) is minimal, and Rank(H (a,c)) =
Rank(PH (0, c)P) by Remarks 1 and 3. Therefore we would like to choose
¢ so that PH (0, ¢)P is positive semidefinite, and Rank(PH (0, ¢)P) is min-
imal. The following lemma shows such possible ¢ and the evaluation of
Rank(PH (0, c)P).

Lemma 4. Let G be an oriented graph (V, E) with adjacency matriz A. Let
G’ be the simple graph (V, E") with adjacency matriz B, where E' = {(u,v) |
(u,v) € E or (v,u) € E}. Let B be the adjacency matrix of the complement
of G'. Let H(a,c) be the matriz defined by

H(a,c) = —((B+B) +aJ +cv/—1(A - AT)

for real numbers a and c, where £ is the positive number given in Theorem 1.
Let & be the null space of V—1(A — AT). Let & be the null space of
—(EB + B). If &) C & holds, then there uniquely exists a positive number
n such that

(1) PH(0,n)P is positive semidefinite, and
Rank(PH (0,n)P) < Rank(PH (0,0)P),

10



(2) PH(0,c)P is positive semidefinite, and
Rank(PH (0, c)P) = Rank(PH(0,0)P)
for0<c<mn,
(3) PH(0,c)P is not positive semidefinite for n < c.
Proof. 1t follows that
PH(0,c)P = —P((B + B)P 4+ ¢/—1P(A—- AP

It is easily shown that the null space of —P((B + B)P is contained in that
of V—1P(A — AT)P. This lemma follows from Theorem 7. O

Next we have to check whether H(0,c) satisfies condition (2) from
Lemma 3 for 0 < ¢ < 7, where 7 is the positive number given in Lemma 4.
If H(0,c) satisfies condition (2) from Lemma 3, we can construct a repre-
sentation of G by choosing suitable number a.

Theorem 8. Let G be an oriented graph (V, E) with adjacency matriz A.
Let G’ be the simple graph (V, E') with adjacency matriz B, where E' =
{(u,v) | (u,v) € E or (v,u) € E}. Suppose G’ is of Type (1), (2), or (4).
Let B be the adjacency matriz of the complement of G'. Let H(a,c) be the
matriz defined by

H(a,c) = —((B+ B) +aJ +cv/—1(A - A7)

for real numbers a and c, where £ is the positive number given in Theorem 1.
Let
U ={(a,c) | H(a,c) is positive semidefinite, a > 0, ¢ > 0},

and

Rep(G) = min{Rank(H (a,c)) | (a,c) € U}.

Let Rep(G’) be the dimension of the minimal representation of G'. Let &
be the null space of /—1(A — AT). Let &) be the null space of —(¢B + B).
Let n be a positive number given in Lemma 4. If £} C & holds, then the
following hold.

(1) If H(0,n) satisfies condition (1) from Lemma 3, then

Rep(G) = Rank(H (0,7)) — 1 < Rep(G’).

(2) If H(0,n) does not satisfy condition (1) from Lemma 3, then

Rep(G) = Rank(H (0,0)) — 1 = Rep(G).

11



Proof. Since the minimal representation of G’ is spherical, there uniquely
exists @’ € R such that H(d,0) is positive semidefinite and Rep(G’) =
Rank(H (a,0)) by Lemma 2. By Remark 3, it follows that Rank(H (a’,0)) =
Rank(PH(0,0)P), and hence

Rep(G’) = Rank(PH (0,0)P). (4)

Since H(a,c) is positive semidefinite for each (a,c) € U, the matrix
PH(0,c)P, which is equal to PH (a,c)P, is positive semidefinite. Since
PH (0, c)P is positive semidefinite and &) C &, it follows that 0 < ¢ <,

Rank(PH(0,c)P) = Rank(PH(0,0)P) (5)
for 0 < ¢ < n, and
Rank(PH (0, 7)P) < Rank(PH (0,0)P) (6)

for ¢ = n by Lemma 4.
If H(a,c) is positive semidefinite, then there uniquely exists a. € R such
that H (a.,c) is positive semidefinite and
Rank(PH (0, c)P) = Rank(H (a., c)) = Rank(H (0,¢))—1 < Rank(H(a,c))
(7)
by Remark 1 and Remark 3.
(1): Since H(0,7n) satisfies condition (1) from Lemma 3, there exists
a € R such that (a,n) € U. From equations (5), (6) and (7), for each
(a,c) € U with ¢ # n,
Rank(H (0,1)) — 1 = Rank(H (ay,n)) = Rank(PH (0,7)P)
< Rank(PH(0,0)P) = Rank(PH (0, c)P)
= Rank(H (a.,c)) < Rank(H (a,c)). (8)
For (a,n) € U,
Rank(H(0,7)) — 1 = Rank(H (ay, 7)) < Rank(H(a,7))  (9)

by equation (7). The assertion follows form equations (4), (8), and (9).

(2): Since the minimal representation of G’ is spherical, there exists a’ €
R such that H(a/,0) is positive semidefinite. Since &, C j by Remark 4,
the null space of H(a/,0) is also &). By Theorem 7, there exists a positive
number 7’ such that 0 < 7' < n and H(a’,n’) is positive semidefinite. For
each (a,c) € U, it follows from equations (5) and (7) that

Rank(H (a,y,n')) = Rank(PH (0,1')P) = Rank(PH (0,0)P)
= Rank(PH(0,c)P) < Rank(H (a,c)). (10)
It follows from Lemma 1 and Remark 1 that
Rank(PH (0,0)P) = Rank(H (0,0)) — 1. (11)
The assertion follows from equations (4), (10), and (11). O

12



5 Algorithm to give the largest 3-codes

In this section, we give an algorithm using only rational arithmetic to classify
the largest 3-codes in §2(d) for given dimension d. First we collect several
algorithms used in the algorithm. An interval [a,b] is an isolating interval
for a polynomial f and a real number ~ such that f(y) = 0 if a and b are
rational numbers, a < v < b, and [a, b] contains no other roots of f. A real
algebraic number + is represented by a pair (f,,I), where f, is the minimal
polynomial of v over the field of rationals, and I is an isolating interval [a, b]
for f and ~. If f is the minimal polynomial of ~, then -y is a simple root and
an isolating interval [a, b] satisfies f(a)f(b) < 0. Since we have an explicit
lower bound for the separation of roots of an integral polynomial [24], we
easily obtain the isolating interval [a, b].

Lemma 5 ([12]). There is an algorithm (using only rational arithmetic)
which takes as input an algebraic number v and a polynomial f with integer
coefficients, and determines the sign of the number f(7).

Proof. Let gy be the minimal polynomial of v over Q. Since g is irreducible,
f(v) =0 if and only if g, divides f. Suppose g, does not divide f. We can
find an isolating interval [a, b] for g, and ~, such that [a,b] contains no root
of f. Then the sign of f(a) is equal to that of f(v). O

Lemma 6. There is an algorithm (using only rational arithmetic) which
takes as input an real algebraic number v and a symmetric matriz M (t)
whose entries are in Q[t], and determines the number of the positive eigen-
values and the number of the negative eigenvalues of M (7). This decides
whether M () is positive semidefinite.

Proof. Let P(t,z) be the polynomial defined by
P(t,z) = |M(t) — «I|.

Let P;(t) be the coefficient of ' in P(x) = P(t,x). By Lemma 5, we can
determine the sign of P;(y). Using Descartes’ rule of signs, the number of
the positive roots and the number of the negative roots of P(x) = P(v,z)
are determined by the list of the signs of P;(7). O

Let f be an irreducible polynomial over Q(v) for an algebraic integer
~. Let n be a zero of f. Using Sturm’s theorem, 7 can be represented by
(f,I), where I is an isolating interval for f and n. Here the signs in Sturm’s
sequence can be determined by Lemma 5.

Lemma 7. There is an algorithm (using only rational arithmetic) which
takes as input an algebraic number v, a real number n that is a root of
an irreducible polynomial over Q(v), and a polynomial f over Q(v), and
determines the sign of the number f(n).

13



Proof. Suppose that n is represented by (g,I). It follows that f(n) = 0 if
and only if ¢ divides f. By Sturm’s theorem, we can find an interval [a, b]
such that @ and b are rational, [a,b] C I and f has no root in /. Then the
sign of f(n) is the sign of f(a). O

Lemma 8. There is an algorithm (using only rational arithmetic) which
takes as input an real algebraic number v, a real number n that is a root of
an irreducible polynomial over Q(v) and a symmetric matrix M (t,c) whose
entries are in Qlt, c], and determines the number of the positive eigenvalues
and the number of the negative eigenvalues of M (v, n). This decides whether
M (v,n) is positive semidefinite.

Proof. Let P(t,c,x) be the polynomial defined by
P(t,c,z) =|M(t,c) — xI|.

Let P;(t, c) be the coefficient of 2% in P(z) = P(t,c,r). By Lemma 7, we can
determine the sign of P;(y,n). Using Descartes’ rule of signs, the number of
the positive roots and the number of the negative roots of P(x) = P(~,n, x)
are determined by the list of the signs of P;(~,n). O

Lemma 9. There is an algorithm (using only rational arithmetic) which
takes as input an algebraic number v and a matriz M (t) whose entries are
in Q[t], and decides whether M (v) is the distance matriz of a spherical set.

Proof. First we check if M () is dissimilarly. Let P(¢,a,z) be the polyno-
mial defined by
P(tya,z) =|— M(t) + aJ — zI|

for indeterminates @ and z. Let P;(t,a) be the coefficient of ' in P(z) =
P(t,a,z). Let Q;(t) be the coefficient of a/ in P;(a) = P;(t,a), where j is
the largest exponent that satisfies the coefficient of @’ is not divisible by the
minimal polynomial f,, of 7. If the coefficient of a’ is divisible by f, for each
J, then we set Q;(t) = 0. By Lemma 5, we can determine the sign of Q;(y).
For sufficient large a, we can determine the sign of P;(vy,a): P;(v,a) = 0 if
and only if Q; = 0, P;(v,a) > 0 if and only if Q;(y) > 0, and P;(vy,a) < 0
if and only if Q;(v) < 0. Using Descartes’ rule of signs, the number m of
the negative roots of P(x) = P(v,a,x) for sufficient large a is determined
by the list of the signs of P;(vy,a). By Lemma 2, m = 0 if and only if M is
the distance matrix of a spherical set. O

Lemma 10. There is an algorithm (using only rational arithmetic) which
takes as input an algebraic number v and a Hermitian matric H = M +
V—1A, where M and A are matrices over Q(v) that satisfy the condition
from Theorem 7, and determines a positive real number n = (f,I), where n
is defined in Theorem 7 and f is over Q(7).

14



Proof. Let H(c) be the matrix M +cy/—1A. The value 7 is a unique positive
number such that PH (n)P is positive semidefinite and Rank(PH (n)P) <
Rank(PH (0)P). Let P(c,x) be the polynomial defined by

P(c,z) = |PH(c)P — zI|

for an indeterminate 2. Let Pj(c) be the coefficient of 2 in P(z) = P(c, z).
The polynomial P;(c) is factored into irreducible polynomials over Q(7)
[27]. The rank of PH(0)P is determined by Lemma 6. The value 7 is
determined as the smallest positive zero of [[, P;(c) such that the number
of sign differences between consecutive nonzero coefficients P;(n) is smaller
than that for P;(0). O

Lemma 11. There is an algorithm (using only rational arithmetic) which
takes as input an simple graph G, and determines the type of G.

Proof. Let A be the adjacency matrix of G. Let A; be the ¢-th smallest eigen-
value of A, and m; the multiplicity of \;. Indeed there is an algorithm that
gives the factorization of an integral polynomial into irreducible polynomials
over Q, see [28]. Let M (t) be the matrix defined by M (t) = —(t+1)A—tA
for an indeterminate t. By Lemma 6, we can determine Rank(M()\;))
and Rank(PM()\;)P). By Lemma 1, Remark 1, and Theorems 2, 3, we
can determine the type of G as follows. G is Type (1) if and only if
Rank(PM (A1)P) = n—mj—1 and M (A1) is the distance matrix of a spher-
ical set. G is Type (2) if and only if m; > 1, Rank(PM (A\)P) = n — my,
and M (A1) is the distance matrix of a spherical set. G is Type (3) if and
only if m; = 1, Ay < —1, M(A2) is not the distance matrix of a spherical
set, PM (A\2) P is positive semidefinite, and Rank(PM (A\2)P) = n—mg—2.
G is Type (4) if and only if m; =1 Ag < —1, M()2) is the distance matrix
of a spherical set, and Rank(PM (A2)P) =n —mgo — 1. If G is not of Type
(i) for each i € {1,...,4}, then G is Type (5). O

Lemma 12. Let G be a digraph with adjacency matriz A. Let G’ be either
the simple graph with the adjacency matrizc B = A+ AT or its complement.
Suppose G' is of Type (1), (2), or (4). If the null space of the minimal
representation EB + B is contained in that of A — AT, then there is an
algorithm (using only rational arithmetic) which determines Rep(G).

Proof. By Lemma 10, we can determine n such that —P(¢B + B)P +
nv/—1P(A—AT) P is a positive semidefinite matrix of rank less than Rep(G’).
Note that Rep(G’) is determined by Lemma 11. If there exists a positive
number a such that —(6B + B) +nv/—1(A — AT) 4 aJ is positive semidefi-
nite, then Rep(G) is the rank of —P(¢B + B)P +nv/—1P(A — AT)P, else
Rep(G) = Rep(G’) by Theorem 8. The existence of such a can be checked
by a similar manner to Lemma 9. Here the signs of coefficients are checked
by Lemma 7. O

15



We describe the algorithm to classify the largest 3-codes in Q(d). We
first classify simple graphs G’ that may give the oriented graphs G whose
representations are the largest 3-codes. Let Lo(7y) be the all (2d + 2)-vertex
simple graphs G’ that represent 2-distance sets in S?¢~1, with distances 1
and v. For G’ € Ly(y), the representation of G’ in $??~! is the minimal
representation. The graph in Lo(+y) is of Type (1), (2), or (4) by Theorem 3.
The distance v may be less than 1, and v = (A + 1)/ holds, where A is the
smallest or second-smallest eigenvalue of G by Theorem 2. First we produce
Lo() for any possible v by applying Lemma 11 to all exhaustive simple
graphs with 2d + 2 vertices. We have the list of exhaustive simple graphs
with at most 10 vertices [13].

Let G’ be a simple graph in Lg(). Let B be the adjacency matrix of G’,
and B the adjacency matrix of the compliment. Let M (\) be the matrix
(A+1)B+AB, where A = 1/(y—1). Let & be the null space of M ()). Let
K(G") be the set of all oriented graphs G such that & C &, A + AT =
or B, and Rep(G) < d, where A is the adjacency matrix of G and & be the
null space of A — AT. Here Rep(G) is determined by Lemma 12. Note that
&y € & if and only if the row space of A — AT is contained in the row space
of M(\). Moreover when Rank(M()\)) = 2d we need Rank(A — AT) = 2d
in order to have Rep(G) = d by the proof of Theorem 6. These conditions
can reduce a large number of choices of A. We can make the list of A and
give Rep(Q) for each A. If K(G’) is empty, then G’ is removed from Lo (7).
Note that Lo(y) is not empty because the union of d mutually orthogonal
equilateral triangles is a 3-code with 3d points.

Let L(n,v) be the set of all n-vertex simple graphs G’ of Type (1), (2)
or (4) such that K(G’) is not empty. Now L(2d + 2,7v) = Lo(vy). The list
of L(n + 1,7) is produced from L(n,~) by the following algorithm based

n [12]. Possibilities of augmenting graph G’ € L(n,v) by an (n + 1)-th
vertex are examined. There are 2™ possibilities of a newly added (n + 1)-th
row of B. Its entries are in {0,1}. We may think of these 2" sequences
as leaves of a binary tree of depth n. In depth at least 2d + 2, the search
effectively pruned by checking various sub-matrices of size 2d + 2 against the
list L(2d +2,7). Let B be a new matrix obtained from B by adding a new
column and a new row, and G’ the simple graph with the adjacency matrix
B. We check whether G/ already appears in L(n+1,~). If not, then we form
the 2d + 2 graphs G; for 1 < i < 2d + 2, where G/; is the induced subgraph
of G’ which arises by deleting its vertex i. Since any induced subgraph of G’
on 2d + 2 vertices is contained in at least one of the graphs G’ 1y-- G 2d+2;
G', it follows that Rep(G’) < 2d if and only if all graphs G'1, .. é’2d+2, G’
are appears in L(n,7). If G’ is of Type (1), (2), or (4) and K(G”) is not
empty, then G/ is appended to L(n, ).

The smallest number n such that L(n + 1,7v) is empty for any + is the
size of a largest 3-code. For all G’ in L(n,~), the union of the sets K(G’)
gives the classification of oriented graphs whose complex representations are

16



largest 3-codes.
By the algorithm we can classify the largest complex 3-codes in 2(d) for
d=1,2,3. Table 1 shows the number of largest 3-codes.

d |12 3
X148 9
# 11 1 50
Table 1

For d > 4, a usual computer cannot give the classification. For d = 1, 2, the
largest complex 3-codes are tight, and they are considered in Section 6. For
d = 3, one of the largest 3-codes is the union of three equilateral triangles
in C', which are orthogonal to each other. For the other largest 3-codes X,
P(X U e2™VEIBX |y etV -13 X ) is the unique largest 2-distance set in RS
[7, 25], which is the minimal representation of the Schlafli graph with 27
vertices.

6 Tight complex spherical 3-codes

In this section, we give upper bounds on complex spherical 3-codes and
characterize 3-codes achieving the upper bound by using another type of
codes, called S-codes. A tight S-code with degree |S| — 1 has the structure
of a commutative association scheme. We review the theory of complex
spherical designs and codes [23] and commutative association schemes [3].

Let N denote the set of nonnegative integers. A finite subset S of N2 is a
lower set if the following condition is satisfied: if (i,j) € N? is in S then so
is (k,1) for any 0 < k <iand 0 <[ <j. A finite set X in Q(d) is an S-code
if there exists a polynomial F(z) = > ; yes ar,z*z! with real coefficients
such that F(a) =0 for any o € D(X) and F(1) > 0.

We denote by Homg(k, 1) the vector space generated by homogeneous
polynomials of degree k in variables {z1, ..., 24} and of degree [ in variables
{Z1,...,2q}. The unitary group U(d) acts on Homg(k, 1), and the irreducible
decomposition is

min(k,l)
Homy(k,1) = GB Harmgy(k — m,l —m),

m=0

where Harm(k,l) is the subspace of Hom(k,[) that is the kernel of the
Laplace operator A = Zle 0%/02;0%;.
Define an inner product on polynomials f and g on Q(d) as follows:

(f,9) = /Q(d) f(2)g9(z) d=.

Here dz is the unique invariant Haar measure on €(d), normalized so that
fQ( a) dz = 1. With respect to this inner product, Harmg(k, ) is orthogonal
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to Harmg(k’,1") whenever (k,1) # (K',1'). For each (k,I) € N2, fix an or-
thonormal basis {eq, ... » € l} for the space Harmy(k,1). For a finite set X

in Q(d), we define the characteristic matrix H}; with rows indexed by X
and columns indexed by {1,2,... ,m‘,f |} as

(Hp )z, = ei(z)

forx € X and i € {1,2,...,m%’l}.
For each (k,l) € N2, we define a Jacobi polynomial g,‘il as follows:

mi (d—2w Y gk

d+k—2)(d+1—2) T TR

gg,l(w) = ( ~

where

m%l = dim(Harmy(k, 1))

-(GEOGE)- (IS @

The Jacobi polynomials which we used are

Qg,o(x) =1,

gfo(:c) =dz,

93,1(1’) = dz,

gi1(x) = (d+1)(d2T — 1)

Recursively, the Jacobi polynomials satisfy

rgit 1 (€) = aragitir () + beaghy 1 (), (13)

_ _k+1 __d+l-2 d _ 2
where ay; = 7557, bky = 7575 and set gkl(x) = 0 unless (k,l) € N=.

The essential property of the Jacobi polynomials is the following theo-
rem, known as Koornwinder’s addition theorem.

Theorem 9. Let {ey, ..., €pmd l} be an orthonormal basis for the space Harmg(k, ).
Then for any a,b € Q(d), ’

m

e

l

ei(a)e;(b) = gg,l(a*b)'
1

i

An upper bound on the size of an S-code is given as follows.

Theorem 10 ([23, Theorem 4.2 (ii)]). For d > 2, let X be an S-code in
Q(d). Then | X[ <374 es dim(Harm(k, 1)) holds.
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An S-code is tight if equality holds in Theorem 10. Tight codes are
related to complex spherical designs. For a finite lower set T, a finite subset
X of Q(d) is a complex spherical T -design if, for every polynomial f €
Hom(k, 1) such that (k,1) isin T,

ONCR i OIS (14)
zeX

where dz is the Haar measure on Q(d) normalized by fﬂ( pdz=1 As stated
in the following theorem, tight S-codes are complex spherical S * S-designs,
where S« S :={(k+ U, k' +1) | (k,1),(K,I') € S}.

Theorem 11 ([23, Theorem 5.4]). Let X be a finite set in Q(d) and let S
be a lower set. Then the following are equivalent:

(1) X is a tight S-code.
(2) X is a tight S * S-design.
(3) X is an S-code and an S * S-design.

An S * S-design satisfies that |X| > 37, esdim(Harm(k, 1)), and an
S x S-design X is tight if the equality is attained.

Let X have an angle set D(X) = {a1,...,as}, and set oy = 1. For
0 < i < s, define the binary relation R; as the set of pairs (z,y) € X x X
such that x*y = «;. The following is a key theorem to characterize tight
3-codes.

Theorem 12 ([23, Theorem 6.1]). Let X be a tight S-design with degree s =
|S| — 1 for a lower set S. Then X with binary relations defined from angles

18 a commutative association scheme. Moreover, the primitive idempotents
1
are o Hy HY ), (k1) € S.

Remark 5. If X is a finite set in €)(d), then the Gram matrix G =
(@ Y)ayex is gHo 1 H .

To characterize the tight 3-codes, we use the theory of commutative
association schemes.

Let X be a finite set and let R; be a nonempty binary relation on X for
i€{0,1,...,s}. The adjacency matriz A; of relation R; is defined to be the
(0, 1)-matrix with rows and columns indexed by X such that (A;),, = 1 if
(z,y) € R; and (A;)gy = 0 otherwise. A pair (X, {R;}{_,) is a commutative
association scheme, or simply an association scheme if the following five
conditions hold:

(1) Ay is the identity matrix.

(2) X7 o Ai =J, where J is the all-one matrix.
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(3) For any i € {0,1,...,s}, there exists i’ € {0,1,...,s} such that AT =
A,

(4) For any i,j,k € {0,1,...,s}, there exists pﬁj such that A;A; =
Zi:opﬁjAk
(5) 14114J = A]AZ for any Z,j

The algebra A generated by all adjacency matrices Ag, A1,..., A over C
is called the Bose-Mesner algebra.

Since the Bose-Mesner algebra is semisimple and commutative, there ex-
ists a unique set of primitive idempotents of the Bose-Mesner algebra, which
is denoted by {Eg, E1,..., E;} [3, Theorem 3.1]. Since {E},ET,... ET}
forms also the set of primitive idempotents, we define 7 by the index such
that E; = E;‘F for 0 < i < s. Note that 0 = 0. The Bose-Mesner algebra
is closed under the entrywise product o. We define structure constants, the
Krein parameters qll-f > for Eg, E1, ..., E; under entrywise product:

S
[ X|Eio |X|E; =|X|)_ qi;Ex.

By the commutativity of the entrywise product, qi = q] ; holds for any 1, j.
We need the following fundamental properties on Krein parameters in the
proof of Theorem 14.

Lemma 13. Let (X,{Ri};_,) be a commutative association scheme of class
s. Let qzj be its Krein parameters. Then the following hold for any i, j, k, .

1) 7] -

2 qu

(
(2)

(3) af; = mid, ;-
(4) Y5_04a; = mi.

j

(5) mkqgfj =M,

(6) Y00 @80k = Yho G055
Proof. See [3, Proposition 3.7, Theorem 3.8]. O
The matrix B} = (qﬁj)j.,kzo is called the Krein matrizfori € {0,1,...,s}.
Both sets of matrices {Ag, A1,...,As} and {Ey, E1,..., Es} are bases

for the Bose-Mesner algebra. Therefore there exist change of basis matrices

P and Q defined as follows;

A;=) P,E; E;= ‘X|ZQU

J=0
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Then we have P = ﬁQfl. We call P and Q the eigenmatriz and second
eigenmatriz of the association scheme, respectively. For eachi € {0,1,...,s},
ki := Pj;p and m; := Q;, are called the i-th valency and multiplicity, respec-
tively.

The Krein matrices B; and the second eigenmatrix @ are related as
follows. The proof is essentially same as that of [3, Theorem 4.1]. A vector
v is standard if the first entry of v is 1.

Lemma 14. Let (X, {R;};_,) be a commutative association scheme with the
Krein matrices By and the second eigenmatriz Q. Letv; = (Q;0, Qi1 - - -, Qis)
be the i-th row of Q for i € {0,1,...,s}. Then v] is characterized as the
unique standardized common right eigenvector v1 of the Krein matrices B;
such that B;UT = QijvT.

Proof. Regard the left multiplication with respect to the entrywise product
o as linear transformation and express them in matrix form with respect
to {Eg, E1,...,E}. Then we have an algebra homomorphism ¢ from the
Bose-Mesner algebra to Mat1(C) defined by ¢(E;) = (B})”. The rest of
the proof is obtained by replacing the roles A;, P with E;, Q respectively
in the proof of [3, Theorem 4.1(ii)]. O

We mention that a complex spherical s-code can be obtained from a
commutative association scheme of class s as follows. Let E; be a primitive
idempotent of the commutative association scheme such that E! # E;
and FE; has no repeated rows. Since the primitive idempotent is positive
semidefinite Hermitian matrices, there exists a | X| x m; matrix F such that
FFT = (1/m;|X|)E;. Then the set X of the column vectors of F forms a
finite set in Q(m;) such that D(X) = {Q,;/Q; | 1 < j < s}. We give an
example of complex 3-codes in this manner. This example is not tight, but
has large cardinality.

Example 1. In [11], an infinite family of certain distance-regular digraphs
of girth 4 was constructed. Note that a distance-regular digraph of girth
s + 1 corresponds to a commutative association scheme of class s with the
adjacency matrices determined from the path length in digraphs [6]. The
commutative association scheme of class 3 has the following second eigen-
matrix [8]:

L ope?=1) 2 -D2p*-2p+1)  p2p®-1)

o=} pP = pt V=1 —(2p® = 2p 4+ 1) p? = — V=1
|1 — 1 2u—1 — 1 ’
L op?—p—p?y=1 —(2p® = 2p 4+ 1) 1 = pt V=1

where p is any power of 2. Then the primitive idempotent E; yields a
complex spherical 3-code X in Q(u(2u? — 1)) with | X| = 4u* and

D(X) = w—1+puyv/—1 —1
2u -1 '2u2—1J"°
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6.1 Tight complex spherical 3-codes

Let X be a 3-code in Q(d) with D(X) = {a, @, 8}, where « is an imaginary
number and 3 is a real number. Note that ¢(X) is a real s-code with s =1
or 2. When d =1, | X| = |¢(X)| < 5 with equality if and only if ¢(X) is the
regular 5-gon [7]. In this case, X has the following angle set {e>™/% : 0 < i <
4}, which implies that X has degree 4. Thus |X| < 4 holds. When d > 2,
we can easily find real numbers a, b, ¢ such that F(z) = axT + b(x +T) + ¢
is an annihilator polynomial of X. This implies that X is an S-code, where
S =1{(0,0),(1,0),(0,1),(1,1)}. By Theorem 10 with equation (12), we have
the following upper bound for 3-codes.

Theorem 13. Let X be a 3-code in Q(d). Then

x| < if d =1,
- d2+2d if d > 2.

Note that the example for d = 1 coincides with the case of 4 = 1 in
Example 1. However, a tight 3-code is rare, shown in the following theorem.

Theorem 14. Let X be a 3-code in Q(d) attaining equality in Theorem 13.
Then one of the following holds;

(1) d=1 and D(X) = {1, -1},
(2) d=2 and D(X) = {£v—1/V3,-1}.

Proof. Let X be a tight 3-code in Q(1) with D(X) = {a, @, 5}. After the
unitary operation, we may assume that 1 € X. Then X = {1, a, @, §}. Since
B is a real number, 3 = —1. Then a = /—1 as desired.

Let d be an integer at least 2. Since X is a tight S-code, X is an
S * S-design by Theorem 11. Since the degree of X is 3, X with the binary
relations obtained from the angles of X carries a commutative association
scheme by Theorem 12. Then the Gram matrix of X is a scalar multiple
of some primitive idempotent of the association scheme, say F1. And we
arrange the ordering of the prlmltlve 1dempotents so that Eq = El holds
and Fs is a real matrix. Then 1 = 2, 2= 1, 3 = 3 hold.

We will determine the Krein matrix B7 and the second eigenmatrix Q.
We use Lemma 13 (2),(3) to obtain ¢)y = ¢iy = ¢ig = ¢}, = ¢f5 = 0,
qio =1, and q%Q = d. By Theorem 12, we may set

E —H, o H}

1= |X| 104100
E; = L Hy H}

2 |X| 0,1 071’
E3 = L H, H;

3 |X—| 1,141 1
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By the recurrence (13), we have that Eo = ﬁgm o (%El) and E3 =

ﬁgl,l o (%lEl), where f o (M) denotes the matrix obtained by applying
a function f to each entry of a matrix M. By the recurrence (13) of the
Jacobi polynomial, the Krein parameters qu, q%’Q, qu are the same as the
coefficients of the Jacobi polynomials in the product gi0(z)go1(x), namely
qiz = q%Q =0 and qi2 = d%il holds. Since X is an S * S-design and § * S
contains (2,1), ¢f ; = 0 holds by [23, Corollary 9.3 (ii)]. By Lemma 13 (4),

we have
CI%l + CI%3 =d, (15)
2
Qil + qig = ﬁ- (16)

We have m; = dim(Harm(1,0)) = d and m3 = dim(Harm(1,1)) = d*—1
by (12). Substituting the values mj, ms into the equation in Lemma 13 (5)
for (i,7,k) = (1,1, 3), we have

(d® = 1)g}, = dqi 5. (17)
Using the equation in Lemma 13 (6) for (i, 4, k,1) = (1,1,2,1), we have
2 _ 2
<Q%,1)2 + %Qilfﬁ,g = 3%1- (18)

We solve the equations (15)—(18) to obtain

(@i 1,431 41 30 41 3) =
(d(df(dfl)\/d+2) d?(d+1+vd+2) d(d—1)(d+1++d+2) d2(d2—27\/d+2))

d?+d—1 ? (d+1)(d?+d—1)° d?+d—1 > (d+1)(d2+d—1) (19)
d(d+(d—1)Vd+2) d?(d+1—+d+2) d(d—1)(d+1—+/d+2) d?(d?>—2++/d+2)
( d2+d—1 ) (d+1)(d?+d—1)° d2+d—1 » (d+1)(d%+d-1) /-

First we consider the former case in (19). Since the Krein number q%’l is
nonnegative by Lemma 13 (1), we must have d = 2. In this case the second
eigenmatrix @ is given by Lemma 14 as

1 2 2 3
1 2y/—1  2y/-1 1
Q= V3 V3
1 _2y/=1 2y/-1 1
V3 V3
1 —2 —2 3

Thus we have that X is a complex 3-code with D(X) = {£/~1/V/3, —1}.
Next, in the latter case in (19), we set ¢t = v/d + 2. The second eigenma-
trix is given by Lemma 14 as

1 t? -2 t?2 -2 (t2 = 3)(t* - 1)
t2-2 t2—2 2
1 P 1 1-2t+ o
Q= 1 BP=EH-14V =32 245)  —6-3t43t2 4243 —1y/—32 245 (t+1)(t*—3)
2(t3—2t+1) 4(82—-1) (% +t—1) t24+t—1
1 =6=3t43t242t° v/ ~312-2¢+5 (£ —2)(t>+t—14tV/—3t2—2t+5) (t+1)(t2-3)
4(t2-1)(t2+t-1) 2(t3—2t+1) t24+t—1
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Then the valency corresponding to the second row of the second eigenmatrix

is determined as k; = (1P -3) by P = ﬁQ_l. By substituting ¢ =

3t+5

vd+ 2, we find that the valency k; is equal to (d_l)(3d2+6d9:ls_ﬁ4(d_1) Y d+2),

which implies that ¢ = v/d + 2 must be an integer. The partial fraction

decomposition 243k, = 81t + 108t3 — 180% — 348t — 149 + /% shows that
3t + 5 divides 16. Since t is positive, we have ¢ = 1 and thus d = —1. This
contradicts to the fact that d is positive. O

For d = 1,2, the tight 3-code is unique, that is proved in Section 5.
The tight 3-code in Q(1) is X = {&+1,+/—1}. The tight 3-code in Q(2)
is {+x1, 19, £a3, +24}, where 1 = (1,0), 2o = 1/V6(v/=2,1 + v/=3),
w3 = 1/V6(V=2,1-=3), 24 = 1/V6(V-2, -2).

Remark 6. For § = {(0,0),(1,0),(0,1),(1,1)}, the tight S-codes with
degree 4 were given in [23, Example 10.2]. They are obtained from the
subconstituents of SIC-POVMs in dimension d = 2,8. SIC-POVMs are the
tight projective 1-codes, see [21] more details.
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