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Abstract A family of lines through the origin in Euclidean space is called
equiangular if any pair of lines defines the same angle. The problem of esti-
mating the maximum cardinality of such a family in R"” was extensively studied
for the last 70 years. Motivated by a question of Lemmens and Seidel from
1973, in this paper we prove that for every fixed angle 6 and sufficiently large
n there are at most 2n — 2 lines in R” with common angle 6. Moreover, this

bound is achieved if and only if & = arccos % Indeed, we show that for all

6 # arccos % and and sufficiently large n, the number of equiangular lines is

at most 1.93n. We also show that for any set of £ fixed angles, one can find
at most O (n*) lines in R” having these angles. This bound, conjectured by
Bukh, substantially improves the estimate of Delsarte, Goethals and Seidel
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from 1975. Various extensions of these results to the more general setting of
spherical codes will be discussed as well.

1 Introduction

A set of lines through the origin in n-dimensional Euclidean space is called
equiangular if any pair of lines defines the same angle. Equiangular sets of
lines appear naturally in various areas of mathematics. In elliptic geometry,
they correspond to equilateral sets of points, or, in other words, to regular
simplexes. These simplexes were first studied 70years ago [14], since the
existence of large regular simplexes leads to high congruence orders of elliptic
spaces, see [4,15,20]. In frame theory, so-called Grassmannian frames “are
characterised by the property that the frame elements have minimal cross-
correlation among a given class of frames” [16]. It turns out that optimal
Grassmannian frames are equiangular; hence searching for equiangular sets
of lines is closely related to searching for optimal Grassmannian frames, see
[16]. In the theory of polytopes, the convex hull of the points of intersection
of an equiangular set of lines with the unit sphere is a spherical polytope of
some kind of regularity, see [7].

Itis therefore a natural question to determine the maximum cardinality N (n)
of an equiangular set of lines in R”. This is also considered to be one of the
founding problems of algebraic graph theory, see e.g. [13, p. 249]. While it is
easy to see that N(2) < 3 and that the three diagonals of a regular hexagon
achieve this bound, matters already become more difficult in 3 dimensions.
This problem was first studied by Haantjes [14] in 1948, who showed that
N(3) = N(4) = 6 and that an optimal configuration in 3 (and 4) dimensions
is given by the 6 diagonals of a convex regular icosahedron. In 1966, van
Lint and Seidel [20] formally posed the problem of determining N () for all
positive integers n and furthermore showed that N(5) = 10, N(6) = 16 and
N(7) > 28.

A general upper bound of ("erl) on N (n) was established by Gerzon (see
[19]). Let us outline his proof. Given an equiangular set of m lines in R", one
can choose a unit vector x; along the ith line to obtain vectors xy, . . ., X, satis-
fying (x;, x;) € {—a, a} fori # j.Consider the family of outer products x; x;";
they live in the (" ;1)—dimensional space of symmetric n X n matrices, equipped
with the inner product (A, B) = tr(ATB). It is a routine calculation to verify

that (x,-xiT, xij.> = (x;, xj)z, which equals o? if i # j and 1 otherwise. This

J
family of matrices is therefore linearly independent, which implies m < (" 42'])

In dimensions 2 and 3 this gives upper bounds of 3 and 6, respectively,
matching the actual maxima. In R, the above bound shows N(7) < 28.

This can be achieved by considering the set of all 28 permutations of the
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Equiangular lines and spherical codes in Euclidean space 181

vector (1,1,1,1,1,1, =3, =3), see [20,27]. Indeed, one can verify that the
dot product of any two distinct such vectors equals either —8 or 8, so that
after normalising the vectors to unit length this constitutes an equiangular
set of lines. Since the sum of the coordinates of each such vector is 0, they
all live in the same 7-dimensional subspace. It is also known that there is
an equiangular set of 276 lines in R23 see e.g. [19], which again matches
Gerzon’s bound. Strikingly, these four examples are the only known ones to
match his bound [2]. In fact, for a long time it was even an open problem to
determine whether n? is the correct order of magnitude. In 2000, de Caen [6]
constructed a set of 2(n + 1)%/9 equiangular lines in R” for all n of the form
3.22=1 _1. Subsequently, several other constructions of the same order were
found [2,12,17]. For further progress on finding upper and lower bounds on
N (n) see e.g. [2] and its references.

Interestingly, all the above examples of size @ (n?) have a common angle
on the order of arccos(1/4/n). On the other hand, all known construction
of equiangular lines with a fixed common angle have much smaller size. It is
therefore natural to consider the maximum number Ny (n) of equiangular lines
in R" with common angle arccos o, where o does not depend on dimension.
This question was first raised by Lemmens and Seidel [19] in 1973, who
showed that for sufficiently large n, Ny/3(n) = 2n — 2 and also conjectured
that Ny s(n) equals [3(n — 1)/2]. This conjecture was later confirmed by
Neumaier [23], see also [12] for more details. Interest in the case where 1/«
is an odd integer was due to a general result of Neumann [19, p. 498], who
proved that if Ny(n) > 2n, then 1/« is an odd integer.

Despite active research on this problem, for many years these were the best
results known. Recently, Bukh [5] made important progress by showing that
Ng(n) < cqn, where ¢, = 290/ ) isa large constant only depending on c.
Our first main result completely resolves the question of maximising Ny (1)
over constant «. We show that for sufficiently large n, Ny (n) is maximised at

=1
a=3.

Theorem 1.1 Fix o € (0, 1). For n sufficiently large relative to o, the maxi-
mum number of equiangular lines in R" with angle arccos « is exactly 2n — 2
ifa = % and at most 1.93n otherwise.

A more general setting than that of equiangular lines is the framework of
spherical L-codes, introduced in a seminal paper by Delsarte et al. [9] in 1977
and extensively studied since.

Definition 1.2 Let L be a subset of the interval [—1, 1). A finite non-empty
set C of unit vectors in Euclidean space R" is called a spherical L-code, or for
short an L-code, if (x, y) € L for any pair of distinct vectors x, y in C.

Note that if L = {—«, «}, then an L-code corresponds to a set of equian-
gular lines with common angle arccos o, where « € [0, 1). For L = [—-1, B],
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182 1. Balla et al.

finding the maximum cardinality of an L-code is equivalent to the clas-
sical problem of finding non-overlapping spherical caps of angular radius
%arccos B; for B < 0 exact formulae were obtained by Rankin [25]. Gen-
eralising Gerzon’s result, Delsarte et al. [8] obtained bounds on the cardinality
of sets of lines having a prescribed number of angles. They proved that, for
L={-oy,...,—a,a1,...,arand «f, ..., ar € [0, 1), spherical L-codes
have size at most O (n?X). They subsequently extended this result to an upper
bound of O (n*) on the size of an L-code when L has cardinality s, see [9]. A
short proof of this estimate based on the polynomial method is due to Koorn-
winder [18].

Bukh [5] observed that, in some sense, the negative values of L pose less of
a constraint on the size of L-codes than the positive ones, as long as they are
separated away from 0. Specifically, he proved that for L = [—1, —8] U {«},
where 8 € (0, 1) is fixed, the size of any L-code is at most linear in the
dimension. Motivated by the above-mentioned work of Delsarte et al. [8] he
made the following conjecture.

Conjecture 1.3 Let 8 € (0, 1) be fixed and let ay, . . ., oy be any k reals. Then
any spherical [—1, —B]U{aq, ..., ag}-code in R" has size at most c,g,knkfor
some constant cg . depending only on 8 and k.

We verify this conjecture in the following strong form.

Theorem 1.4 Let L = [—1, —B] U {«1, ..., ar} for some fixed B € (0, 1].

Then there exists a constant cg i such that any spherical L-code in R" has size
k .

at most cg xn*. Moreover, if 0 < a1 < --- < ay < 1 are also fixed then such

a code has size at most
2K (k — 1)!(1 + %)nk + o(nb).

In particular, if o1, ..., o, are fixed this substantially improves the afore-
mentioned bound of Delsarte et al. [8,9] from O(n%*) to On¥). We
furthermore show that the second statement of Theorem 1.4 is tight up to
a constant factor.

Theorem 1.5 Let n, k,r be positive integers and oy € (0, 1) with k and
ay being fixed and r < ./n. Then there exist ay,...,ar, B = aj/r —
O (y/log(n)/n) and a spherical L-code of size (1 + r)(Z) in R"™ with
L=[-1,-B8lU{ai,...,a}.

This also resolves another question of Bukh, who asked whether the maxi-
mum size of a spherical [—1, 0) U {a}-code in R” is linear in n. By taking S
to be say log(n)/+/n, our construction demonstrates that this is not the case.

The rest of this paper is organised as follows. In Sect. 2 we give a construction
of an equiangular set of 2n — 2 lines in R" and prove Theorem 1.1. In Sect. 3
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Equiangular lines and spherical codes in Euclidean space 183

we prove a special case of Theorem 1.4, namely the case k = 1. We provide the
construction which shows that our bounds are asymptotically tight in Sect. 4.
In Sect. 5, we prove Theorem 1.4. The last section of the paper contains some
concluding remarks and open problems.

Notation

We will always assume that the dimension n — oo and write [ = o(1),
respectively f = O(1) tomean f(n) — 0asn — oo, respectively f(n) < C
for some constant C and n sufficiently large. We will say y is fixed to mean
that it does not depend on #.

Let C = {v1,..., vy} be a spherical L-code in R". We define M¢ to be
the associated Gram matrix given by (Mc¢); ; = (vi, vj). We also define an
associated complete edge-labelled graph G ¢ as follows: let C be its vertex set
and for any distinct u, v € C, we give the edge uv the value y iff (u, v) = y.
We also say that uv is a y-edge and for brevity, we sometimes refer to y as
the “angle” between u and v, instead of the “cosine of the angle”. For 8 > 0,
we slightly abuse our notation and say that uv is a 8-edge if (1, v) < —8. We
call asubset S C G¢ a y-clique if uv is a y-edge for all distinct u, v € S. For
any x € G¢ we define the y-neighbourhood of x to be Ny, (x) = {y € G¢ :
xy is a y-edge}. Furthermore, we define the y-degree d, (x) = |N, (x)| and
the maximum y-degree A, = max,cg d, (x).

We denote the identity matrix by / and denote the all 1°s matrix by J, where
the size of the matrices is always clear from context. Let ¥ be a set of vectors
in R". We define span(Y) to be the subspace spanned by the vectors of ¥ and
for a subspace U, define U+ = {x € R" : (x,y) = Oforall y € U} to be
the orthogonal complement. For all x € R" define py (x) to be the normalised
(i.e. unit length) projection of x onto the orthogonal complement of span(Y),
provided that the projection is nonzero. That is, if we write x = u + v for
u e span(Y)l, v € span(Y) and u # 0, then py(x) = u/||u||. More generally,
for a set of vectors § we write py(S) = {py(x) : x € S}.

2 Equiangular lines

Suppose that we are given a set of equiangular lines in n-dimensional Euclidean
space R" with common angle arccos «. By identifying each line with a unit
vector along this line, we obtain a set of unit vectors with the property that the
inner product of any two vectors equals either « or —«. As we have already
mentioned in the introduction, we will refer to such a set as a {—«, o}-code.
Given a {—a, a}-code C, we call an «-edge of G¢ positive and a —a-edge
negative.
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184 1. Balla et al.

Van Lint and Seidel [20] observed that a particular set of equiangular lines
corresponds to various {—«, a}-codes, depending on which of the two possible
vectors we choose along each line. Conversely, this means that we can negate
any number of vectors in a {—«, «}-code without changing the underlying set
of equiangular lines. In the corresponding graph, this means that we can switch
all the edges adjacent to some vertex from positive to negative and vice versa.

The proof of Theorem 1.1 builds on several key observations. The first is
that we can use Ramsey’s theorem to find a large positive clique in G¢. We
then negate some vertices outside of this clique, in order to obtain a particularly
advantageous graph, for which we can show that almost all vertices attach to
this positive clique entirely via positive edges. We then project this large set
onto the orthogonal complement of the positive clique. Next we observe that the
resulting graph contains few negative edges, which implies that the diagonal
entries of the Gram matrix of the projected vectors are significantly larger in
absolute value than all other entries. Combining this with an inequality which
bounds the rank of such matrices already gives us a bound of (2 + o(1))n. To
prove the exact result, we use more carefully the semidefiniteness of the Gram
matrix together with some estimates on the largest eigenvalue of a graph.

We finish this discussion by giving an example of an equiangular set of
2n — 2 lines with common angle arccos% in R”, first given by Lemmens
and Seidel [19]. This is equivalent to constructing a spherical {—%, %}-code
C of size 2n — 2. For any such code C, observe that the Gram matrix M¢
is a symmetric, positive-semidefinite (2n — 2) x (2n — 2) matrix with 1s on
the diagonal and rank at most n. Conversely, if M is any matrix satisfying all
properties listed, then M is the Gram matrix of a set of 2n —2 unit vectors in R”,
see e.g. [13, Lemma 8.6.1]. Thus it suffices to construct such a matrix. To that
end, consider the matrix M with n — 1 blocks on the diagonal, each of the form

1
()
-1 1

and all other entries % Clearly M is a (2n — 2) x (2n — 2) symmetric matrix,
so we just have to verify that it is positive-semidefinite and of rank »n. To do
so, we need to show that M has smallest eigenvalue 0 with multiplicity n — 2.
This is a routine calculation.

2.1 Orthogonal projections

Before we can delve into the proof of Theorem 1.1, we will set the ground by
providing some necessary lemmas. We start with a well-known upper bound
on the size of a negative clique, which will guarantee us a large positive clique
using Ramsey’s theorem. For later purposes, the lemma is stated in some more
generality.
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Equiangular lines and spherical codes in Euclidean space 185

Lemma 2.1 Let 0 < a < 1 and let C be a spherical [—1, —a]-code in R".
Then |C| <o~ ' + 1.

Proof Letv = ) .~ x. Then, since every x € C is a unit vector and (x, x’> <
—a for x # x/,

0<vl>=) lxI*+ Y {x.x)<ICl—alCI(C| - D).

xeC x,x'eC
x#x'
which we can rewrite into the desired upper bound on |C]|. O

Remark 2.2 'We note that equality in the above lemma occurs only if the vectors
of C form a regular simplex.

As indicated above, this lemma enables us to find a large positive clique in
our graph. The next step is to understand how the remaining vertices attach
to this clique. A key tool towards this goal is orthogonal projection. We will
first need a lemma that lets us compute the inner product between two vectors
in the span of a clique in terms of the inner products between the vectors and
the clique. Because we will need it again in a later section, we state it in some
generality.

Lemma 2.3 Let —1 <y < landt # —1/y + 1. Suppose Y is a spherical
{y}-code of size t and V is the matrix with Y as column vectors. Then for all
vy, v2 € span(Y) we have

Teo (v \.T
S152 (H—y(l—l)) s1J82

l—y

(v, v2) =

9

where s; = VTv; fori = 1,2 are the vectors of inner products between v;
andY.

Proof Let us first prove that Y is linearly independent. Suppose that
Zy <y ¢yy = 0 for some reals c,. Taking the inner product with some y’ € ¥

gives
0= ch (y, y’} =0—-pey+y ch.
yey yey

Since this equation is true for all y € Y and y # 1, all ¢, are identical. Unless
they equal O, this implies that 1 4 (# — 1)y = 0, a contradiction.

By passing to a subspace, we may assume that ¥ C R’, so that VT is
invertible and we have v; = (VT)~ls;. Thus

(v, v2) = (VD) LTV sy = 5] VIV sy = 5] (VTV) s,
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186 1. Balla et al.

To obtain the result, we observe that VTV is the Gram matrix of Y, so that
VTV = (1 — y)I 4 yJ and moreover

- Y
VTVl = 1 1+y(t71)‘].
11—y O

The following lemma shows how the angle between two vectors changes
under an appropriate projection. Recall that py(x) denotes the normalised
projection of x onto the orthogonal complement of span(Y).

Lemma 2.4 Let —1 < y < landlet Y U{x1, x2} be a set of unit vectors in R"
so that all pairwise inner products, except possibly (x1, x2), equal y. Suppose
additionally that Y has size 1 if y is negative. Then py(x1) and py(x2) are
well-defined and we have

Lx) —y vy ={(x1,x)
l—y (1+ylYDA —y)

(py(x1), py(x2)) = (1)
Proof Fori = 1, 2, write x; = u; +v; where v; € span(Y)andu; € span(Y)l.
Let V be the matrix with Y as columns and observe thats; = VTv; = VT(x; —
uj) =(y,...,y)T.Lett = |Y|andobservethatt # —1/y+1andt # —1/y,
so we can apply Lemma 2.3 to obtain

2 2
il e =1 2 N P2 1
1—y +y0—1)

(v, v2) = (v1, V1) = (V2, 12) =

Thus using the fact that x; is a unit vector and u;, v; are orthogonal, we have
luil|> =1 —||vi||> > 0fori = 1, 2. Since py(x;) = u;/||u;||, we can finish
the proof by computing

2

ty
(uiup)  xnx) —(uw) L) -y
o _ 2 _ 2 ty?
lurlllull /1= (i) 121 = [Jva]] R

_ (xr,x2) —y v —{x1,x2))
l—y A+ynd—y)

O

Remark 2.5 Note that when the conditions of the lemma are met we have
(py(x1), py(x2)) < ({(x1,x2), which in particular implies that py(x;) #
py(x2) when x; # x». Note furthermore that if |Y| = 1, then the right-
hand side of (1) simplifies to ({x1, x2) — y2)/(1 — yz) (this is most easily seen
by looking at the second-to-last term in the final equation of the above proof)
and that, for fixed (x1, x7), the latter is a decreasing function in y2.
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Equiangular lines and spherical codes in Euclidean space 187

In particular, after projecting onto a positive clique (i.e. y = «) of size ¢, an
angle of o becomes 1/( +a ") (that s, if(x, x/) = «, then (py(x), py(x/)) =
1/(t + o~ 1)) and an angle of —« becomes

200 L 1+«
l—a (t4+aHl—a)

Since these two angles will frequently pop up, we will make the following
definition.

Definition 2.6 For @ € (0,1) andt € N, let L(«,t) = {—o (1 — €) + ¢, €},
where e = e(a, 1) = 1/(t +a Hand o = o (a) = 2a/(1 — ).

Note that L(«, t) comprises the two possible angles after projecting onto a
positive clique of size 7. A set attached to a positive clique in a {—«, a}-code
entirely via positive edges therefore turns into an L («, t)-code after projecting.
When we project, we will continue to call edges positive or negative according
to whether their original values are « or —«. Note in particular that a positive
edge may obtain a negative value after projection.

Equipped with this machinery to handle projections, the next lemma gives
an upper bound on the number of vertices which are not attached to the positive
clique entirely via positive edges. The result is analogous to Lemma 5 of Bukh

[S].

Lemma 2.7 Let X UY U {z} be a {—a, a}-code in R" in which all edges
incident to any y € Y are positive and all edges between X and 7 are negative.
If|Y| = 2/a?, then | X| < 2/a?.

Proof Let us first project X U {z} onto the orthogonal complement of span(Y),
and let us denote py(X) by X’ and py(z) by z/. By Lemma 2.4 and the
subsequent paragraph, we verify that X" U {z’} is an L(«, |Y|)-code in which
all edges incident to 7' are negative and have value —o (1 — €) + €, which,
by Remark 2.5, is at most —«. The positive angles equal € < 1/|Y| and since
|Y| > 2/a® we get the bound € < «?/2. Let us now project X’ onto the
orthogonal complement of span(z’). By Lemma 2.4 and Remark 2.5 we find
that the positive angle becomes

e—(0(l —e)—¢€)?
1 —(o(l —€)—¢€)2"

2)

—a—(o(1—€)—e)?
I—(o(1—€)—€)?
(2). Furthermore, using (o (1 —€) — €)? > o? and Remark 2.5, (2) is at most
(e—a?)/(1—a?).Since e < ?/2, this yields an upper bound of —a? /(2—2a?)
on all angles after projection. Therefore, after projecting X’ onto the orthogonal

and the negative angles become at most which is at most
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188 1. Balla et al.

complement of span(z”), we obtain a spherical [—1, —— /(2 — 2a%)]-code. By
Lemma 2.1, it has size at most (2 —2a?) /a? 4+ 1 < 2/a?, concluding the proof
of the lemma. o

Using this lemma, we will see that, after appropriately negating some ver-
tices, all but a fixed number of vertices are attached to the positive clique via
positive edges. Hence Theorem 1.1 can be reduced to studying L («, t)-codes,
as follows.

Lemma 2.8 Let o € (0, 1) be fixed and let t = loglogn. For all sufficiently
large n and for any spherical {—a, a}-code C in R", there exists a spherical
L(c, t)-code C' in R" such that |C| < |C’| + o(n).

Proof Recall that G ¢ denotes the complete edge-labelled graph corresponding
to C. From Lemma 2.1 we know that G¢ doesn’t contain a negative clique
of size ! + 2. By Ramsey’s theorem there exists some integer R such that
every graph on at least R vertices contains either a negative clique of size at
least ! + 2 or a positive clique of size #. A well-known bound of Erdés and
Szekeres [11] shows R < 4" = o(n). Thus if |C| < R, then we are done by
taking C’ = (. Otherwise we have by Ramsey’s theorem that G¢ contains a
positive clique Y of size ¢.

Forany T C Y,let ST comprise all vertices vin G¢\Y for which the edge vy
(y € Y)is positive precisely when y € T'. Let us negate all vertices v which lie
in ST for some |T'| < ¢/2 and note that C remains a {—«, «}-code. However, all
sets St for |T'| < t/2 are now empty. Given some 7 C Y with¢/2 < |T| < ¢,
pick a vertex z € Y\T and consider the {—«, a}-code ST U T U {z}. Since any
edge incident to T is positive, all edges between St and z are negative and
|T| > t/2 > 2/a? for n large enough, we can apply Lemma 2.7 to deduce
that |S7| < 2/a2. Moreover, by Lemma 2.4 and Remark 2.5 we have that
C’ = py(Sy) is an L(«a, t)-code with |C’| = |Sy|. Thus we conclude

Cl=1Sl+ 3 1Srl+1¥] < |C+2%/a? +1 = |C'| + o(n).
t/2<|T|<t

2.2 Spectral techniques

In view of Lemma 2.8, we just need to bound the size of L(«, t)-codes. Our
main tool will be an inequality bounding the rank of a matrix in terms of its
trace and the trace of its square. This inequality goes back to [3, p. 138] and its
proof is based on a trick employed by Schnirelman in his work on Goldbach’s
conjecture [26]. For various combinatorial applications of this inequality, see,
for instance, the survey by Alon [1] and other recent results [10].
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Equiangular lines and spherical codes in Euclidean space 189

Lemma 2.9 Let M be a symmetric real matrix. Thentk(M) > tr(M)Z/tr(Mz).

Proof Let r denote the rank of M. Since M is a symmetric real matrix, M has

precisely r non-zero real eigenvalues A1, ..., A,. Note that tr(M) = > /_, A;
and tr(M?) = Y I_, A?. Applying Cauchy-Schwarz yields r Y /_, A} >
Qi A:)2, which is equivalent to the desired inequality. O

We use Lemma 2.9 to deduce the next claim.

Lemma 2.10 Let C be an L(«, t)-code in R" and let d denote the average
degree of the graph spanned by the negative edges in G¢c. Then |C| < (1 +
o?d)(n + 1).

Proof Recall that L(«,t) = {—o(1 — €) + €, €}. Every diagonal entry of
N = Mc — €J equals 1 — € and N contains exactly d|C| non-zero off-
diagonal entries, each of which equals —o (1 — €). Observe that rk(N) <
tk(Mc) + tk(J) < n + 1 by the subadditivity of the rank. Furthermore,
tr(N) = |C|(1 —€) and tr(N?) = Zi,j Nizj. By applying Lemma 2.9 to N we
can therefore deduce

ICR(1 = = (1010 = &) + [Cldo* (1 = &) ) (n + 1),

which is equivalent to the desired inequality after dividing by |C|(1 —€)?. O

It thus proves necessary to obtain upper bounds on the average degree d of
the negative edges in G¢.

Remark 2.11 The proof of Lemma 2.7 provides us with abound on d, and if we
are a bit more careful, we already have enough to prove that for a fixed « and
t — o0, any L(«, t)-code has size at most 2n + o(n). Indeed, suppose that C is
an L(«, t)-code with t — oo. Let 7/ € C and let X’ be the vertices connected
to 7’ via negative edges. We project X’ onto the orthogonal complement of 7z’
and observe that since t — 00, ¢ — 0 and hence the positive angle (2) in
Lemma 2.7 becomes —02/(1 —02)+o0(1). Thus we obtaina [—1, —02/(1 —
o2)4o0(1)]-code which has size at most (1 —o2) /o2 +140(1) = 1/5>+0(1)
by Lemma 2.1. Since this holds for all z, we have that d < 1/(72 + o(1) and
hence applying Lemma 2.10 we conclude |C| < 2n + o(n).

The following lemma shows that it will be sufficient to find an upper bound
on d in terms of the largest eigenvalue of some fixed-size subgraph of C, by
which we mean a subgraph of size O (1). Let us fix some standard notation. For
amatrix A, we denote its largest eigenvalue by A1 (A). If H is a graph, then we
can identify H with its adjacency matrix A(H), so that we will write A1 (H)
to mean A{(A(H)). It is well-known that A; is monotone in the following
sense: if H is a subgraph of G, then A1 (H) < A1(G) (see e.g. [21, chapter 11,
exercise 13]).

@ Springer



190 1. Balla et al.

Lemma 2.12 Let C be afixed-size L(a, t)-code in R" and assume thatt — 00

asn — o00. Let H be the subgraph of G ¢ containing precisely all negative
edges. Thenori(H) <14 o(1).

Proof The Gram matrix M¢c and A = A(H) are related by the equation
Mc=1+e(J—-1)—0o(1l—¢€)A,

where J denotes the all-ones matrix. Let x be a normalised eigenvector of A
with eigenvalue A1 (H). Since M is positive-semidefinite, we deduce

O0< Mcx,x)=1—€+e{Jx,x)—0o(l —e)l(H)
<1l—oAr(H)+e€(C]+ori(H)), (3)

where (Jx, x) < |C| follows from the fact that |C| is the largest eigenvalue of
J. Since o, |C| and A{(H) are all O(1) and € = o(1), (3) yields the required
ol (H) <1+ o0(1). O

The following two lemmas are concerned with establishing a connection
between the average degree of a graph and its largest eigenvalue. The first
lemma and its proof are inspired by Nilli’s proof [24] of the Alon-Boppana
bound on the second eigenvalue of a graph.

Lemma 2.13 Let G be a graph with minimum degree 5 > 1. Let vy be some
vertex of G and let H be the subgraph consisting of all vertices within distance

k of vo. Then A (H) > 2(1 — 1/(k + 1))v/3 — 1.

Proof For 0 <i <k, let V; denote the set of vertices at distance i from vg in
H, let ¢; denote the number of edges in H[V;] and let s; denote the number
of edges in H[V;, Vi11], where we set iy = 0 and, since we will need it later
in the proof, h_; = 0. Let us define a function f on the vertices of H by
flw)=06- D=2 ifv e V. Letting A denote the adjacency matrix of H, we
have L{(H) > (Af, f)/{f, f). In order to prove the desired bound on 1| (H),
we therefore need to bound the quantity ( f, f) from above in terms of (Af, f).
We have

k

k 2e; 2h;
N=Y G ad <Af,f>:Z((8_1)i+ (5_1)1.“/2).
i=0

i=0

Note that for 0 <i <k — 1, h;_1 + 2e; + h; counts the sum of the degrees of
all vertices in V; and is therefore of size at least §|V;|. Moreover, since every
vertex in V;y is adjacent to some vertex in V; we have | Vi1 | < h;. Fix any
j in the range 0 < j < k. Using the above two observations we find
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j—1 k—1

hi—1 +2e; + h; Vil hi
PNl ey Ty ey @

Observe that § > 24/§ — 1 and that we have the identity

1 1 1

5617 30D it

Collecting terms belonging to the same /; in the first sum of (4) and using the
estimate and identity of the previous sentence, we find

k
h; 2e; Vil (Af, ) Vil
o f fg(;((s-l)iﬂ +5(5— 1)i>+(5—1)f = 2«/5—1+(3—1)J'

Averaging over all 0 < j < k yields

_ALD

9 [— + 9
S S 28 -1 k+1
which is equivalent to the desired inequality. O

Lemma 2.14 Let H be a connected graph on

(1) 11 vertices and 10 edges. Then A1(H) > 20/11.
(1) k vertices and k edges. Then A1 (H) > 2.
(iii) 6 vertices and 5 edges, so that some vertex has degree 5. Then A1 (H) >
2.2.
(iv) 5 vertices and 5 edges so that some vertex has degree 4. Then A (H) >
2.25.
(v) 8 edges so that some vertex has degree 4. Then A (H) > 2.2.

Proof Let A denote the adjacency matrix of H and 1 the all-ones vector of
appropriate length. Note that A; (H) > (A1, 1) / (1, 1) = d, where d denotes
the average degree of H. This is sufficient to establish (i) and (ii), since the
average degree of the graphs is 20/11 and 2, respectively.

Suppose that H is a star with 5 leaves, as in (iii). Let x be the vector giving
weight +/5 to its internal vertex and weight 1 to each leaf. Then (x, x) = 10
and (Ax, x) = 10+/5 yielding the required A;(H) > +/5 > 2.2.

Suppose that H is as in (iv). Let x be the vector giving weight 1 to the vertex
of degree 4 and 1/2 to the others. Then (x, x) = 2 and (Ax, x) = 4.5 yielding
the required A (H) > 2.25.

Finally, suppose that H is as in (v) and let v be the vertex of degree 4. If
two of the neighbours of v are adjacent, we are done by (iv). Otherwise, let x
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be the vector giving weight 4 to v, weight +/5 to its 4 neighbours and weight 1
to all other vertices. Then (Ax, x) = 40+/5 and (x, x) < 40 since there are at
most 4 vertices of weight 1. Hence A (H) > (Ax, x) / (x, x) > JV5>22.0

The next lemma deals with {—c, o}-codes in which the negative edges are
very sparse. This will be the case when « is rather large.

Lemma 2.15 Ler a € (0, 1)\{%} and let C be an L(«, t)-code in R". If the
negative edges form a matching, then |C| < n + 1.

Proof Recall that L(«,t) = {—o(1 — €) + €, €}. Let J denote the all-ones
matrix. Since the rank of matrices is subadditive, we have

tk(Mc —€J) <tk(Mc) +rtk(—€J) =rtk(Mc)+1 <n+1. (5)

Since the negative edges of G ¢ form a matching, the matrix (M¢c —eJ)/(1—¢€)
consists of m identical 2 x 2 blocks with 1’s on the diagonal and —o off the
diagonal, and |C| — 2m identical 1 x 1 identity matrices, where m denotes the
number of negative edges. The former have determinant 1 — o2, the latter 1.
Since o # %, these quantities are non-zero, so that M¢ — € J has full rank, that
is, tk(M¢c — aJ) = |C|. Together with (5) this gives the desired inequality. O

Remark 2.16 Note that one can also prove |C| < n with some more work.

2.3 Proof of the main result

In this section, we present the proof of Theorem 1.1. First, combining
Lemma 2.10 with the newly gained information about the relation between
o, the largest eigenvalue of fixed-size graphs and d, we prove the following
theorem about L (e, t)-codes. This theorem will allow us to analyse equian-
gular lines for all angles except arccos %

Theorem 2.17 Leta € (0, 1)\{3} and t € N so thatt — oo asn — oc. Let
C be an L(«, t)-code in R" for which every vertex is incident to at most O (1)
negative edges. Then |C| < 1.92n for sufficiently large n.

Proof Recall that L(«, 1) = {—o (1 —€) + €, €}, wheree = 1/(t + ') and
o = 2ua/(1 — «); note that € = o(1). Throughout the proof, let G denote the
graph consisting only of the negative edges of the graph corresponding to C
(that is, we delete from G ¢ all positive edges to obtain G). We split the proof
of this lemma into different regimes, depending on the value of 0.

Case 1, 0 € [0.71, 00): We will show that no two edges in G are adjacent.
Together with Lemma 2.15 this will show that |C| <n+ 1.Let 8 = —o (1 —
€) + €. If B < —1, G cannot contain any edges and we are done. Otherwise,

@ Springer



Equiangular lines and spherical codes in Euclidean space 193

suppose to the contrary that x, y and z are unit vectors in C so that xy and x z are
negative edges. Letus decompose yandzas y = Bx+u and z = Bx+v, where
u and v are orthogonal to x. Since x, y and z are unit vectors, taking norms on
both sides of each equation and rearranging yields 1 — 8% = |lu?> = |v|>.
Since ¢ > 0.71 > 1/+/2 and € = o(1), we have B2 > 1/2 + € for sufficiently
large n and hence 7. Therefore, ||ul|, |[v]| < 1/+/2. Furthermore, taking the
inner product of y and z gives

(y,2) = B>+ (u,v) > e + 1/2 = Jlullv]| > €,

a contradiction to (y, z) € L(«, t), finishing the proof of the first case.

Case 2, o0 € [0.551,0.71]: We will prove that G decomposes into trees on
at most 10 vertices. Lemma 2.12 shows that G cannot contain a fixed-size
subgraph H with A1 (H) > 1/0.55 = 20/11. In particular, by Lemma 2.14,
G doesn’t contain a subgraph on 11 vertices and 10 edges or a subgraph on
k vertices and k edges for any £k < 10. Since any connected graph on at least
11 vertices contains a tree on 11 vertices, all components have at most 10
vertices, and since the only acyclic components are trees, all components are
trees on at most 10 vertices. The average degree of any component is therefore
at most 18/10 and hence so is the average degree of G. Applying Lemma 2.10
establishes the required bound

IC] < (1+ 180621 +1) < 1.92n.

Case 3,0 € [0.47,0.551]: Lemma 2.12 implies that G cannot contain a fixed-
size subgraph H with Aj(H) > 2.13 > 1/0.47. We can therefore deduce
from Lemma 2.14 that G doesn’t contain a vertex of degree higher than 4,
that the neighbourhood of a vertex of degree 4 contains no edges and that the
neighbourhood of a vertex of degree 4 is incident to at most 3 more edges. The
latter two properties imply that each vertex of degree 4 is adjacent to a leaf.
On the other hand, each leaf is adjacent to exactly one vertex (not necessarily
of degree 4), so G contains no more vertices of degree 4 than leaves. Since G
also doesn’t contain any vertices of higher degree than 4, the average degree
of G is at most 3. Applying Lemma 2.10 establishes the required bound

ICl < (14306 +1) < 1.92n.

Case 4, 0 € (0,0.47]: Let d be the average degree of the negative edges in
G ¢ and suppose for the sake of contradiction that |C| > 1.92n. Combining
this lower bound on |C| with the upper bound given by Lemma 2.10 yields
d > 0.92/0% —0(1) > 4. Let! be the integer satisfying 2 < d < 2 +2; note
that d > 4 implies [ > 2. It is well known that a graph with average degree d
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contains a subgraph with minimum degree at least d/2. Hence G contains a
subgraph G’ with minimum degree at least / + 1. Applying Lemma 2.13 to G’
for k = 11, we find that G’ contains a subgraph H with maximal eigenvalue
A (H) > 1.834/1 and, since the maximum degree of G is bounded by a
constant independent of n, so is the size of H by construction. Lemma 2.12
then gives

» _Lto) 1 |
= 1.8321  3.34

which together with Lemma 2.10 and / > 2 yields the required
20+ 1)
3.34]

Now that we have finished all the necessary preparation, we are ready to
complete the proof of our first theorem.

|C|<<1+ -

)(n+ 1) < 1.92n.

Proof of Theorem 1.1 Let C be a {—a, a}-code in R” and let t = loglogn.
Suppose first that o = % Then by Lemma 2.8, there exists an L(«, 1)-code C’
in R” such that |C| < |C’| + o(n). By Theorem 2.17, we have |C'| < 1.92n
and hence |C| < 1.93n for n large enough.

Otherwise a = % For a detailed proof of the upper bound of 2n —2, we refer
the reader to [19]. Let us nonetheless sketch it for the sake of completeness.
Note that what follows is only an outline; filling in all the details requires
substantially more work. Instead of finding a large positive clique, we consider
the largest negative clique M in any graph obtained from G ¢ by switching any
number of vertices. By Lemma 2.1, we have that |M| < 4. We can then
show that the cases |M| < 3 are either straightforward or can be reduced
to the case |M| = 4. In the latter case, we can show that unless all vertices
attach to M in the same way (that is, no two vertices outside the clique attach
to some vertex within the clique differently), |C| is bounded from above by
some constant independent of n. If they do all attach in the same way, then
if we consider the projection C' = pp(C\M) of C\M onto the orthogonal
complement of span(M), we obtain a {—1, O}-code. This means that any two
distinct vectors of C’ are either orthogonal or lie in the same 1-dimensional
subspace, so that |C’| < 2dim(C’). Moreover, by Remark 2.2 M is a regular
simplex so it lives in a 3-dimensional subspace, and hence dim(C’) = n — 3.
Thus |C| = M|+ |C’| <4+ 2(n — 3) = 2n — 2, finishing the proof. O

3 Spherical codes

Let us now turn our attention from equiangular sets of lines to the more general
setting of spherical codes. Recall that a spherical L-code is a finite non-empty
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set C of unit vectors in Euclidean space R" so that (x, y) € L for any pair of
distinct vectors x, y in C. In this section, we prove Theorem 1.4 in the case
k = 1, obtaining the asymptotically tight bound even when « is allowed to
depend on n. The proof features all ideas central to the argument in the multi-
angular case (which we will treat in detail in Sect. 5), without concealing them
unnecessarily.

Theorem 3.1 Let g € (0, 1] be fixed and o € [—1, 1). Then any [—1, —f] U
{a}-code in R" has size at most

2(1 + max(%, 0>>n T o(n).

Since an equiangular set of lines corresponds to a {—«, « }-code, this implies
a weaker bound of 4n + o(n) for equiangular sets. The reason for this is that we
can’t switch edges from negative to positive any more, since a negative edge
might not obtain value « after switching. Moreover, this is essentially tight
because if we take our example of 2n — 2 lines with angle arccos % and take
both unit vectors along each line, we geta [—1, — %] U {%}—code of size 4n — 4.

The beginning of the proof of Theorem 3.1 is along the lines of the proof of
the corresponding theorem for equiangular sets of lines. We start by finding
a large positive clique in G¢. Unlike before, however, a substantial portion
of the vertices might not attach to this clique entirely via positive edges. In
fact, almost all vertices attach either entirely via positive edges or mostly via
negative ones. Similarly to before, we can bound the size of the set of vertices
attaching positively to the clique by 2n + o(n). Repeating this argument yields
a set of positive cliques in such a way that almost all edges between these
cliques are negative. This imposes a bound on the number of repetitions, which
is enough to bound the size of the L-code.

We start by proving a lemma similar to Lemma 2.7, which enables us to
analyse how vertices connect to a positive clique.

Lemma 3.2 Let L = [—1, —B]U{«} for some o, B € (0, 1) and suppose that
X UY U/{z}isan L-code in which all edges incident to any y € Y are positive

edges and all edges between X and 7 are negative edges. Suppose furthermore
that |Y| > 1/a? Then |X| < 1/

Proof Let ax denote the average value of the edges in X and — 8, the average
value of the edges between X and z. Note that ay < « and 5, > B. Let M be
the Gram matrix of X UY U {z}andletv = (x,...,x,y,...,y, )T, where

_ ____a(+p)/IY] L
X=Xy = e @ 6= Bl
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Then
X2 — | XDay + |X
(M, v = 1K '|X'|>2 X oyl + 32V - ¥ Da
+1Y]) +2¢(—B, + yIY|a) + ¢
= —xp tex B+ IYlal + )
+ Y P —a® + (1 —a)/|Y))
11—« a? 1+ 2
= X +05X_1822— 2( ﬁZ)
| X]| a—o -+ (1 —a)/|Y|
_ 2 2
51 @ a—pio a?(1+ B;) '
|X| a—a2+(1—a)Y|

Since (Mv, v) > 0 and ,822 > ,32, it is therefore sufficient to prove that

a* (14 B.)?

_g_
G W YTy

< —B2(1 —a).

Using |Y| > 1/« and rewriting the above inequality, it suffices to show that

1+ 8.)?
a<1—ﬂ§><%,

which is clearly true since «, 8, > 0. O

Remark 3.3 The v inthe above proofis chosen so as to minimise (M v, v)/||v| 2.
An appropriate projection also minimises this quantity and so the above
argument could also be done using projections. Indeed, this minimisation is
precisely why projections are so useful for us.

After projecting onto a large «-clique, the new o will become o(1). In this
case, the next lemma gives a bound on the values of the negative edges incident
to a fixed vertex.

Lemma 3.4 Let L = [—1, —B]U{a} and let C be an L-code. If &« = o(1) and
—B1, ..., —Bn are the values of the negative edges incident to some vertex x
in Gc, then aN = o(1) and ZINZI ,Bl.z <1+o(l).

Proof We will first derive the upper bound on N. Let C = Ng(x) U {x} and
M =Mc.Ifweletv=(1,...,1, BN)T, then we have

N
0<(Mv,v)= Y  M;—28N)Y Bi+p>N><N+o(l)N>—p>N?,
1<i,j<N i=1
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which implies N < (I + o(1))8~2 and therefore establishes the claimed
alN < (1 —1—0(1))01,8_2 =o(l). Nowifweletw = (B, ..., By, 1)7, then we
obtain

(Mw, w) —1—2/3 + > /slﬂ,Musl—Zﬂ + Y BB

1<i,j<N 1<i,j<N
i#]j

N N
<1=Y p}+aN> B
i=l1 i=1

where the last step follows from Cauchy—Schwarz. Using (Mw, w) > 0 and
aN = o(1), we obtain the required Y~ | 2 < 1+ o(1). o

As we outlined above, when proving Theorem 3.1 we will obtain a mul-
tipartite graph which has mostly negative edges between its parts. The next
lemma gives a bound on the number of parts of such a graph. Because we will
consider more general spherical codes in a later section, we prove it in more
generality.

Lemma 3.5 Let B € (0, 1] be fixed, let « € [-1,1) and L = [-1, —-B] U
e, 1). Suppose t — o0 as n — oo and let C be a spherical L-code such
that G ¢ is the disjoint union of £ a-cliques Y1, . .., Yy each of size t, such that
the number of B-edges between any Y; and Y; is at least 12(1 = o(1)). Then
{<14+a/B+0().

Proof Let A be the number of «-edges and B be the number of S-edges in
G . Since the remaining (/') — A — B edges have value at most 1, we have
as in the proof of Lemma 2.1 that

> x

xeC

0< < |C| = 2BB +2Aa + |C|(IC| — 1) — 2B — 2A4,

which implies 2B(8 + 1) + 2A(1 —«) < |C|?>. Now observe that C has size
Lt E(é) a-edges inside the parts, and at least (g)tz(l —o(1)) B-edges between
parts. Thus if we substitute these values into the above inequality and solve
for £, we obtain the required

B+a+ =% —o()(1+p) o
¥4 =1 — 1).
=T B o1+ B g ol

O

Now we have all of the necessary tools to prove the main theorem of this
section.
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Proof of Theorem 3.1 Suppose first that || < 1/loglogn = o(1). Let Q =
M ¢ —aJ. By the subadditivity of the rank we have rk(Q) < rk(M¢)+1k(J) <
n + 1. Consider some x € C. Let N = dg(x) and let —By, ..., —By be the
values of the negative edges incident to x. By Lemma 3.4 we have Zyzl B2 <
1+ o0(1) and e N = o(1). It follows that if i is the row corresponding to x in
N, then

N N
D07 => B+ <) Bi+2laIN +’N < 1+o(l).

J# j=1 j=1
Noting that Q has 1 — « on the diagonal, we obtain

|C| IC|
w(QH =07 +>.Y 0}
i=1 i=1 j#i
<[CI(1 —a) +|C| (1 4+0(1))) <|C|(2+ o(])).

Thus applying Lemma 2.9 to Q yields
ICI*(1 — a)* = tr(Q)?* < tr(QHK(Q) < |CI(2 + o(1))(n + 1).

After dividing by |C|(1 — @)? = |C|(1 — o(1)), we obtain the required |C| <
2n + o(n).

We now prove the theorem for all remaining values of «, that is, for all «
satisfying || > 1/loglogn. If « < 0 we are done by Lemma 2.1. Suppose
therefore thato > 0. Let £ = 1 + /B and t = %log n. Suppose for the sake
of contradiction that there exists some € > 0 so that for arbitrarily large n,

IC| > 20(1 4 2€)n.

From Lemma 2.1 we know that G ¢ doesn’t contain a negative clique bigger
than ! 4 2. By Ramsey’s theorem, there exists some integer R so that every
graph on at least R vertices contains either a negative clique of size at least
B~' + 2 or a positive clique of size r. A well-known bound of Erdés and
Szekeres [11] shows R < 4" < \/n < |G¢|. Therefore G ¢ contains a positive
clique Y of size ¢.

For any T C Y, let St comprise all vertices v in G¢\Y for which vy
(y € Y) is an a-edge precisely when y € T. Given some T C Y with
Jt <|T| < t, pick a vertex z € Y\T and consider the [—1, —8] U {a}-code
ST UT U{z}. Since any edge incident to 7" is an «-edge, all edges between St
and z are B-edges and |T| > v/t > 1/a?, we can apply Lemma 3.2 to deduce
that |S7| < 1/,32. For T = Y, since py(Sy) is a [—1, —B] U {a'}-code for
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o = 1/(t + 1/a) < 1/loglogn, we infer |Sy| < (2 + €)n for sufficiently
large n from the first part of the proof. Now let

G’=Gc\<YU U ST>

TCY

IT|>/1

and note that for all x € G’, [Ny (x) NY| = o(z). Applying the bounds derived
above, we obtain

Yu (J Sr|<t+2/8+1Syl <201 +e)n.
TCY

IT|>Vt

We can therefore iterate this procedure ¢ times to obtain ¢ disjoint «-cliques
Y1, ..., Yy and a disjoint graph G’ of size at least 2en > ./n, so that the
number of a-edges between Y; and Y; is 0(t2) for distinct i and j. Since
|G'| > ./n, there exists an additional a-clique Y11 C G’ of size 7, also
with o(72) edges to any Y;. But then the induced subgraph on Y1 U --- U Y4
contradicts Lemma 3.5, finishing the proof. O

4 A construction

In this section we prove Theorem 1.5, which states that for any positive inte-
gers n, k,r and @1 € (0, 1) with k and «; fixed and r < ./n, there exist
o, ..., 0, B = ay/r — O(y/log(n)/n) and a spherical L-code of size
(14 r)(}) in R"" with L = [—1, —=B] U {1, ..., o). This construction
shows that the second statement of Theorem 1.4 is tight up to a constant fac-
tor. It also answers a question of Bukh. In [5] he asked whether for fixed «,
any spherical [—1, 0) U {«}-code has size at most linear in the dimension.
Theorem 1.5 gives an example of such a code with size that is superlinear in
the dimension. Indeed, for any « fixed, if we choose r = /n/log(n) then by
Theorem 1.5, we obtain a[—1, —8]U{a}-code of size at least rn = n3/2/ logn
in RU+o)n where B > 0 for n large enough.

Given vectors u € R" and v € R™, we let (u, v) denote the concatenated
vector in R" ", We first give an outline of the construction. We start by finding
a{0,1/k,...,(k—1)/k}-code C of size (Z), given by Lemma 4.1. We then
take a regular r-simplex so that all inner products are negative. For each vector
v of the simplex, we take a randomly rotated copy C, of C and attach a scaled
C, to v by concatenation, and then normalise all vectors to be unit length. That
is, for all u € C, we take (Au, v)/+/A? + 1 where A is a scaling factor chosen
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so that the resulting code has the given o as one of its inner products. By
randomly rotating the copies of C, we ensure that the inner products between
vectors coming from different copies remain negative. This follows from the
well-known fact that the inner product between random unit vectors is unlikely
to be much bigger than 1/,/n, given by Lemma 4.2.

Lemma 4.1 For any positive integers n, k with k < n, there exists a spherical
{0,1/k, ..., (k — 1)/k}-code of size (}) in R".

Proof Let C be the set of {0, 1}-vectors in R” having exactly k£ 1’s. Then |C| =

(Z) and for any distinct u, v € C, we observe that (u, v) € {0, 1,...,k — 1}.
Since ||lu||> = k forall u € C, we thus obtain that C/«/Eisa{O, 1/k,..., (k—
1)/ k}-code. |

The following lemma follows from the well known bound for the area of a
spherical cap, which can be found in [22, Corollary 2.2].

Lemma 4.2 Let u,u’ € R" be unit vectors chosen independently and uni-
formly at random. Then for all t > 0,

Pr(u,u’)>1] < e~n/2,

We are now ready to prove Theorem 1.5.
Proof of Theorem 1.5 LetL ={0,1/k, ..., (k—1)/k}andlet C be an L-code
of size (Z)’ as given by Lemma 4.1. Let A = /1/a; — 1 and define

ARG =D/k+1
T a2+

for 2 < i < k. Note that by the choice of A, the above also holds for «. Let
L' =lay, ..., o).

Let S be a set of r + 1 unit vectors in R” so that (v, v’) = —1/r for all
distinct v, v" € S, i.e. S is a regular r-simplex. For each v € S, let C, be an
independent and uniformly random rotation of C in R". We define

/ (Au,v)
C' = ﬁ.UES,MGCU y
+

and observe that ||(Au, v)||*> = A2 + 1, so that C’ is indeed a set of unit vectors
in R**" of size (1 + r)(’,:). Moreover, for any v € S and distinct u, u’ € Cy,
we have

< (Au,v)  (Au',v) >_ A2<u,u/>+1

’ - EL/’
VAZ+1 V241 A2 4+1
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since (u, u’) € L. Finally, suppose that u € C, and u’ € C, for distinct
v,v" € S. Observe that u, u’ are independent and uniformly random unit

vectors in R”, so we may apply Lemma 4.2 with = \/(4 log (}) +2logn) /n

to obtain Pr [(u, u’) > 1] < e 1'n/2 — ”_1(2)72- Now define B = 1/}:‘2:—)12t _
ay/r — O(y/log(n)/n) and observe that if (u, u’) < t, then

< (hu,v) - (ad', v’)>_ A2, w') + v, ') 32— 1/r
VI o2+ A2 +1 T A2+
Thus it suffices to show that with positive probability, (u, u ) < tforall possible
u, u’, since then C’ will be a[—1, —B]U L’-code. To that end, we observe that
there are ('§‘)|C |2 < n(Z)2 such pairs u, u’ and so the result follows via a
union bound. O

5 Lines with many angles and related spherical codes
5.1 A general bound when S is fixed

In this section we give a proof of Conjecture 1.3, i.e. the first statement of
Theorem 1.4. To this end, we need a well-known variant of Ramsey’s theorem,
whose short proof we include for the convenience of the reader. Let K, denote
the complete graph on n vertices. Given an edge-colouring of K, we call an
ordered pair (X, Y) of disjoint subsets of vertices monochromatic if all edges
in X U Y incident to a vertex in Y have the same colour. For the graph of
a spherical code, we analogously call (X, Y) a monochromatic y-pair if all
edges incident to a vertex in Y have value y.

Lemma 5.1 Let k, t,m, n be positive integers satisfying n > k*'m and let
f: E(K,) — [k]lbeanedgek-colouring of K. Then there is a monochromatic
pair (X, Y) such that | X| =m and |Y| = t.

Proof Construct kt vertices vy, ..., vg and sets X, ..., Xy as follows. Fix
v arbitrarily and let ¢(1) € [k] be a majority colour among the edges (vy, u).
Set X1 = {u : f(v1,u) = c(1)}. By the pigeonhole principle, |X{| > [(n —
1)/k] > K=l In general, we fix any v; 41 in X;, let c(i + 1) € [k] be a
majority colour among the edges (v;4+1, #) withu € X;, andlet X; 1| = {u €
Xi : fuist,u) = (i + D). Then [Xi1] = [(1X;] — D/k] = &=,
and for every 1 < j < i the edges from v; to all vertices in X; 1 have colour
c(j). Since we have only & colours, there is a colour ¢ € [k] and S C [kt] with
|S| =t sothatc(j) =cforall j € S. ThenY = {v; : j € S} and X = X,
form a monochromatic pair of colour c, satisfying the assertion of the lemma.

O
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We will also need the following simple corollary of Turdn’s theorem, which
can be obtained by greedily deleting vertices together with their neighbour-
hoods.

Lemma 5.2 Every graph on n vertices with maximum degree A contains an

. : n
independent set of size at least 5.

Finally, we will need the bound on the size of an L-code previously men-
tioned in the introduction, see [9, 18].

Lemma 5.3 If L C R with |L| = k and C is an L-spherical code in R" then
IC| < (nz-k)‘

Now we have the tools necessary to verify Conjecture 1.3.

Proof of first part of Theorem 1.4 We argue by induction on k. The base case
isk = 0,when L = [—1, —B], and we can take cg o = ﬂfl +1by Lemma2.1.

Henceforth we suppose £ > 0. We can assume n > ng = (2k)2kﬂ_l. Indeed,
if we can prove the theorem under this assumption, then for n < ng we can
use the upper bound for R"0 (since it contains R"). Then we can deduce the
bound for the general case by multiplying cg ; (obtained for the case n > ng)

by a factor nl(j = (2k)2k2ﬁ_1. Now suppose C is an L-code in R”, where
L=[-1,-BlU{a,...,a}, witho; < --- < o.

Consider the case ax < B2/2. We claim that Ag =< 2872 + 1. Indeed,
for any y, x1, x2 € G¢ with (y, x1), (y, x2) < —f, we have by the proof of
Lemma 2.4 that

()Cl,x2> - (y’x1> <y’x2>
1 —(y, x1)2/1 = (y, x2)?
o — B2

<
V= (3, x)2V1 = (3, x0)?

Thus the projection of the B-neighborhood of y satisfies |py(Ng(y))| =<
2872 +1byLemma2.1,as claimed. By Lemma 5.2, the graph of -edgesin G ¢
has anindependent set S of size |C|/ (2,3_2+2). Therefore Sisan {«1, ..., o}-
code, so | S| < nk +1 < 2nk by Lemma 5.3. Choosing cg x > 4,8_2 + 4, we
see that the theorem holds in this case. Henceforth we suppose ax > 52/2.

Next consider the case that there is £ > 2 such that oy_| < a% /2. Choosing
the maximum such ¢ we have

<Py(x1)s py(X2)> = \/

< —p%)2.

2k—l+1

> B = (8/2)%.
©6)

a2 /2=2(ae/2) =21/ = -+ = 2 /2)
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Note that by induction the graph of {8, «1, ..., a¢—1}-edges in G¢ contains
no clique of order cg ¢ nt=1 so by Lemma 5.2 its complement has maximum
degree at least m = |C|/(2c,3,g,1ne_1). Letting y € G ¢ be a vertex attaining
this maximum degree in {ay, . . ., o }-edges, we have by the pigeonhole prin-
ciple that there exists J C G¢ of size at least m/k, and anindex £ < s < k
such that (x, y) = o forall x € J. Now observe that for any x, x € G¢ with
(x1,x2) € [-1, —=B]U{ay, ..., ap—1}, we have by Lemma 2.4 and Remark 2.5

that
2
X1, X2) — o
“12% <a?2—a}<—a?j2<-p.

(py(x1), py(x2)) =

Furthermore, by Lemma 2.4 we have that p,(J) is an L’-code, where L' =

2
[—1, =B 1U{ay, ..., )}, witha! = % fori > ¢£. By the induction hypoth-

k=t+1 50 choosing cg x> 2kcp e—1Cp k—o+1

esis, we have |J| < cg k—¢q1n
the theorem holds in this case.
Now suppose that there is no £ > 1 such that oy_; < ot/% /2. We must
have a; > 0. Lett = [1/8"]. We apply Lemma 5.1 to find a monochromatic
pair (X,Y) with |Y| =t and |X| = m > (k + 1)~®+D1y Since G¢ has
no B-clique of size ¢t by Lemma 2.1, (X, Y) must be a monochromatic «,-
pair for some 1 < r < k. Let X’ = py(X) be the projection of X onto the
orthogonal complement of Y. By Lemma 2.4 and Remark 2.5, we have that

X'isa[—1, B]U {a], ..., a;}-code, where

g =iz wldmd) g
' I —a (I +at)(1 —ay) o

We can assume o > B2%/2, since otherwise choosing cgr > (k +
1)("“)’(4,3_2 + 4) we are done by the first case considered above. Since
o, = (a7 ' +1)~! < B/, the computation in (6) implies that there exists £ > 1
such that g1 < /2. Choosing cg x > (k + D* D 2%kep o 1cpk—ps1 we
are done by the second case considered above. O

5.2 An asymptotically tight bound when 8, «;, ..., oy are fixed

The goal of this section will be to prove the second statement of Theorem 1.4.
The case k = 1 is given by Theorem 3.1, so henceforth we assume that we are
given a fixed k > 2.

Our general strategy will be to use projections in order to reduce the num-
ber of positive angles and then apply induction. When projecting onto the
orthogonal complement of a large clique, Lemma 2.4 tells us that the new
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inner product will be some function of the old one plus o(1). In view of this,
it will be convenient to prove the following, slightly more general version of
Theorem 1.4.

Theorem 5.4 Let 8 € (0, 1], ay, ..., ar € [0, 1) be fixed withay < --- < ag
andletn € N.If C isaspherical [—1, —B+o(1)]U{a;+0(1), ..., ar+o(1)}-
code in R", then

IC| < (1 + %) (k — D12k + o(n¥)

for n sufficiently large.

Remark 5.5 We use y + o(1) to refer to a specific y* € R depending on n
such that y* = y + o(1), not a range of possible values near y. We will still
say y-edge, A, etc. when we are referring to a (y +o(1))-edge, A, 141, etc.
in the graph G¢.

The case k = 1 of Theorem 5.4 follows by inserting o(1) terms into expres-
sions in the proof of Theorem 3.1, and so we henceforth assume that it holds.
Moreover, since we will be making use of induction, we also assume that The-
orem 5.4 holds for all ¥’ < k. Now let B € (0,1] and a1, ..., € [0, 1)
be fixed with ¢y < -+ < o and let n € N. Let C be a spherical
[—1, =B +o(D]U{a; +0(), ..., ar + o(1)}-code in R".

The argument will be a generalisation of the one used to prove Theorem 3.1
and so we will need to generalise some lemmas. Firstly, we will need the
following generalisation of Lemma 3.2.

Lemma 5.6 Leta € (0, 1) and y € [—1, 1) be distinct reals. Let X UY U {z}
be a set of unit vectors in R" so that Y U {z} is an {a}-code, that all edges
inside X have value at most «, that all edges between X and Y have value at
least a and that all edges between X and z all have value at least y if y > «
and at most y if y < o. Suppose furthermore that |Y| > 4/ (Ot()/ — a)Z). Then
X < 1/(y — ).

Proof Let ay denote the average value of the edges inside X, ay the aver-
age value of the edges between X and Y and y, the average value of the
edges between X and z. Note that our assumptions imply oy > o > ay
and |y, — «a| > |y — «|. Let M be the Gram matrix of X U Y U {z} and let
v=(x,...,Xx,y,..., ¥, )T, where

_ _ (ay —oay)/|Y] _
x=1/IX], y= d—at (1 —a)Y] and ¢ = —(y; +y|Y|a).
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Then, similarly to the proof of Lemma 3.2,

X X2 —|X
(MU,U>=| |+ (X> = | XDax
| X2
+20(yz + yIY o) + ¢°
_l—OlX
1X|
+ Y (e — o + (1 —)/|Y])
-« (ay —ay,)?

2
< — — _
=X YT Ty et Ao

+2y|Y [y + Y2 ((IY > = |V Da + |V ])

+ayx — y2+2yY [(ay —ay;)

where the last inequality uses ax < «. Note that oy > o > ay;, so (ay —
ay.)? > a?(1 — y,)%. Since (Mv,v) > 0 and (y. — «)? > (y —a)?, itis
therefore sufficient to prove that

R S et 2O
Ve T a— 2+ —w/lY]

< —(y; — )%

As one can easily check, this can be rewritten as |Y| > (1 —a)(1 + a —
2y.)/a(y. — a)?, which is true by assumption. O

We will also need the following generalisation of Lemma 3.4.

Lemma 5.7 If oy = O, then G¢ has the following degree bounds:

(i) Ag; < - (k=212 + ok forall2 <i < k.
(i) If —B1, ..., —Bn are the values of the B-edges incident to some x € G,
then N < O(n*~Y) and

N
> OB < k=D + o).

i=1

Proof Let x € C and let C' = py(Ng, (x)) be the normalised projection of
the «;-neighbours of x onto span(x)’. By Lemma 2.4, we see that C’ is a
[—1, =8 +o(D)]U{a] +o(1), ..., a; + o(1)}-spherical code for

2 2
’ aj — . , Bt
o = forl < j <k, = .
/ 1— ozl.z =/ = P 11— aiz
—a?
In particular o] = 1_022 < 0. Now let £ be the largest integer such that

o, < 0 and observe that C’ is, in particular, a [—1, o, + o(1)] U {OIZ_H +
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o(1),...,a; +o(1)}-code. If £ > 2 then applying Theorem 5.4 by induction
we obtain |C’| < O (n*~*), which trivially implies (/). Otherwise o} > 0 and
applying Theorem 5.4 by induction we obtain

IC'| < (1 + OZ,) (k — 2121 + ok .

el |

To verify (i), it suffices to observe that 1 — oy /o) = 1 4 (a2 — 011.2)/011.2 =
042/012 <1/a;.

Now we derive the upper bound on N = d,g (x).LetM =M Np()Ulx y be
the Gram matrix of Ng(x) U {x}andletv = (1,...,1, BN)T. Then usmg (@)
we conclude

0<vTMv
< Y. M- (B +o() N?

1<1]<N

k
< N[1+ @ +oM)N+) (@ +o(1)Ag, | — (B +o(1)) N?
j:2

<N 1—|—0(1)N+Z(o¢] +o(1)) (—(k M) 4 ok~ 1))
j=2
— (B> +o(1)) N*
= N (14 K = DI + o) = (B2 + 0(1) N2

which implies N < #(k — DI+ ok = oY),
Finally, let —f1, ..., —Bn be the values of the 8-edges incident to x and
T
letw = (,31, ..., BN, ZlN:l ,BZZ) . Then

N 2 N
0<wMw=— (Zﬁf) +Y B+ Y, BiBiM;
i=1 i=1

1<i,j<Ni#j

N 2 N k
5—(25?) +Y B4 o > BB
i=1 i=1 r=2 i,jM; j=a,+o(l)
+o(l) Y BB

1<i,j<N
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Applying Cauchy—Schwarz, we obtain

N 2 N N
S i (z ﬂi) SN B < 0w ) S R
1<i,j<N i=1 i=1 i=1
Furthermore, for 2 < r < k we have

N
> (Bi — B))* < Ao, D B — Y. BB

i,jA; j=0y+o(l) i=l1 i,jA; j=ar+o(l)

| =

and thus we obtain

N
o Y B = (k-2 ot h) DBl
i=1

i,jA; j=a,+o(l)

Combining these inequalities and dividing by ZlNzl ,Biz yields the desired (i7):

N
> B < (k= D1en) T o).
i=1

O

Finally, we will need a new lemma to deal with what happens if the clique
we find via Ramsey’s theorem is an «;-clique for i > 2.

Lemma 5.8 Let2 < i < k and suppose X UY isa[—1, —BlU{ay, ..., or}-
spherical code with |Y| — 00 as n — o0, such that all edges incident to any
y € Y are aj-edges. Then | X| < O (n*=1.

Proof Let X' = py(X) be the normalised projection of X onto span(Y)*. By
Lemma 2.4, wehave that X"isa[—1, —g'+o(1)]U{a;4+o(1), ..., o +o(1)}-

code for
o= T % o <<k, p =P
J 1—Otl‘ 1—0(,‘

Observe that o} ;| = (j—1 — ;)/(1 — ;) < 0, so that X" is, in particular, a
[—1,a/_; +o(D)]U{e; +o0(1), ..., o +0(1)}-code and hence we may apply
Theorem 5.4 by induction to conclude |X'| < O (n*—th < ok ). m]

We now have all of the necessary lemmas to finish the proof of Theorem 5.4.
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Proof of Theorem 5.4 Suppose firstthat oy = 0. Let Q = M¢c — (1 +0(1))J;
by the subadditivity of the rank we have rk(Q) < rk(M¢) +rk(J) < n + 1.
Now fix some x € C, andlet N = dg(x) and By, ..., By be the values of the
B-edges incident to x. Using parts (i) and (ii) of Lemma 5.7, it follows that if
i is the row corresponding to x in Q then

N k
Y07 =Y (=B — (1 +oM)*+ ) (@ — a1+ 0(1) A,
J#i Jj=1 r=2

< (1+o(0) ((k = DI ! + 0" )

k
+ ) (k=212 + ot
r=2
<2k — D! + o).

Noting that Q has 1 — (e¢1 + o(1)) = 1 — o(1) on the diagonal, we obtain

ICI ICI

w(Q) =Y 0%+ Y. 3 0%, <IC1 (1420 = DI + 0t h).
i=1

i=1 j#i
Thus applying Lemma 2.9 to Q yields

ICIP(1 = o(1)* = r(Q)* < tr(Q*)rk(Q)
< (1 F2% — DI o(nk_1)> (n+1).

Dividing by |C|(1 —o0(1))?, we obtain the required |C| < (k— 1)!(2n)k+0(nk).

We will now prove the theorem for oy > 0. Let + = loglogn, lete — 0
sufficiently slowly as n — oo and suppose for sake of contradiction that
IC| = (1 +a1/B)(k — D!2n)K + en*. Let m = [|C|/(k + D*+DI _ 17 s0
that |C| > (k + 1) Dy,

Regarding a y-edge of C as an edge coloured with the colour y, we deduce
by Lemma 5.1 that there are some subsets X and Y of C so that | X| = m,
|Y| =t and (X, Y) is a monochromatic y-pair for some y € {8, «y, ..., ak}.
Since t > % + 1 for n sufficiently large, Y cannot be a B-clique by Lemma 2.1
and hence (X, Y) cannot be a monochromatic B-pair. Hence it must be a
monochromatic o;-pair. If 2 < i < k, then by Lemma 5.8 we conclude
Q(nk/(k + D*EDY < 4 < Ok, a contradiction for n large enough
by our choice of ¢. Hence, (X, Y)) must be a monochromatic «1-pair and hence
C contains an aj-clique Y of size ¢.
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ForeachT C Y,let St be the setof vertices x € G¢\Y sothat Ng(x)NY =
Y\T.Now fix T C Y and let #1, ..., f;7| be some ordering of the elements of
T . For each pattern of the form p € (k171 let Sy (p) consist of all x € St for
which (x, t;) = «a), + o(1) for all i.

Define t* = 4/(0{1(ﬂ +a1)2) +o0(1) and suppose first that t* < |T| < r. We
claim that S7(p) does not contain an «1-clique of size larger than 1/8% 4 o(1)
for any p e [k]'T]. To that end, fix some z € Y\T and let X be an ;-
clique in S7(p). Note that, for any x € X, (x,z) < —8 4+ o(1) and |T| >
t* > 4/((@ + o(1))(B + @ + 0(1))?), so that we may apply Lemma 5.6 to
X UT U {z} to conclude that | X| < 1/(B + «)?> + o(1) < 1/B% + o(1).

Now letm’ = [|S7(p)|/(k+1)* D' 17 sothat |S7(p)| > (k+1)*+Diy/
Then by Lemma 5.1, S7(p) contains an (X', Y’) monochromatic pair with
|X'| =m’and |Y’'| = t.Sincet > 1/B%+o0(1) forn large enough, ¥’ cannot be
a monochromatic o -clique or B-clique, and thus (X', Y’) is a monochromatic
a;-pair for some 2 < i < k. Thus by Lemma 5.8, we conclude that m" <
(0] (nkfl). Since this holds for all p, we obtain

ISr1="2 157 = K"k + D0 (w1
pelk]IT]

(k + D&+ o <nk—1> .

A

Now suppose that 7 = Y and let p € [k]"\{(l,..., 1)}. We claim that
Sy (p) does not contain an «1-clique of size larger than 1/(oy — D2+ o0(1).
To thatend, fix anindex j suchthat p; > 2 and let X be an «j-clique in Sy (p).
Note that, for any x € X, (tj, x) =ap, +o(1) = az + o(1). Furthermore, for
sufficiently large n, we have t > 4/ (on (0 —ay )2) +o0(1). Therefore, we may
apply Lemma 5.6, with = o] +o(1) and y = ap + o(1),to X U T’ U {z},
where z =t and 7' = Y\ {z;}, to conclude that | X| < 1/(c2 — a1)? +o(1).

As above, let m’ = [|Sy(p)|/(k + D% D _ 17 and observe that by
Lemma 5.1, Sy(p) contains an (X', ¥’) monochromatic pair with |X'| = m
and |Y| = ¢. Since ¢ is large enough, it cannot be a § or «-pair, so it must
be a monochromatic «; for some 2 < i < k, and hence by Lemma 5.8, we
conclude that m’ < O (n*~1). Thus we obtain

> 1Sv(p)
pelkI\{{,....1)}
< lel(k + 1)(/{-}-1)1‘0 (l’lk_1> < (k + 1)(k+2)10 (nk—1> )

Finally, let p = (1, ..., 1). and define X’ = py(Sy(l,..., 1)) to be the
normalised projection of Sy (1, ..., 1) onto span(Y)". By Lemma 2.4 we have
that X" isa[—1, =B’ +o(1)]U{a] +o(1), ..., a; 4+ o(1)}-spherical code for
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a.:aj_al forl <j <k, IB’:’B_HXI,
J 1 — o 1 — o

Since «; = 0, we can apply the previous case of Theorem 5.4 to obtain
1X'| < (k= D!2n)* + o(n*). It follows that

ISyl =1Sy(L....DI+ > [Sy(p)]
pelkI\{(,...,D}

< (k= D2 + o(n*) + (k + HE 0 (nk—‘)
= (k — D12 + o(n").

Noting that (k + 1)*+2% = o(n), we therefore obtain

U sei=1svi+) U e

TCY,|T|>t* TCY,|IT|>t*
< (k= DICE + o(nF) + 2 (k + 1&g (nk_l)
= (k — D! + o(n").

Thus if we define G’ = G¢\ <UT§Y,|T|zt* ST) then |G'| > (a1/B)(k —

D!(2n)*+ (e — o(1))n*. Hence we can iterate the above procedure £ = a1 /B+
1 times to obtain disjoint aj-cliques Y1, ..., Yy and a disjoint graph G’ of
size at least (¢ — o(1))n?. By having € — 0 slowly enough, we can apply
Lemma 5.1 one more time to G’ to obtain a monochromatic o -pair, which
gives an additional «j-clique Yy € G’ of size t. Note that by construction,
the number of B-edges between Y; and Y; is at least 7 (t — t*) = 2(1 = o(1))
for distinct i and j. But then we can apply Lemma 3.5 to obtain £ + 1 <
a1/B + 1+ o0(1), a contradiction for n large enough. m|

6 Concluding remarks

In this paper, we showed that the maximum cardinality of an equiangular set
of lines with common angle arccos « is at most 2n — 2 for fixed o € (0, 1)
and large n. Moreover, we proved that this bound is only attained for o = %
and that we have an upper bound of 1.93n otherwise. In view of the result of
Neumann [19, p. 498], itis not too surprising that lim sup,,_, ., Ny (n)/n should
be biggest when 1/« is an odd integer. What is surprising, however, is that a
maximum occurs at all and moreover that it happens when « is large. Indeed,
the constructions of 2 (n?) equiangular lines have @ — 0, and so one might a

priori expect that lim sup,,_, o, Ny (1) /n should increase as o decreases.
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If « = 1/(2r — 1) for some positive integer r, an analogous construction
as fora = % yields an equiangular set of 7| (n — 1)/(r — 1) ] lines with angle
arccos (1/(2r — 1)). Indeed, consider a matrix with t = [((n — 1)/(r — 1)]
blocks on the diagonal, each of size r, with 1 on the diagonal and —« off the
diagonal; all other entries are «v. One can show that this is the Gram matrix for
a set of rt unit vectors in R". For n large enough and r = 2 [20] and r = 3
[23], it is known that this construction is optimal. This motivates the following
conjecture, which was also raised by Bukh [5].

Conjecture 6.1 Let r > 2 be a positive integer. Then, for sufficiently large n,

rin—1)
N 1 (n)= 1 + O(1).

2r—1 — 1

If o is not of the above form, the situation is less clear but it is conceivable
that Ny (n) = (1 + o(1))n.

We believe that the tools developed here should be useful to determine the
asymptotics of N, (n) for every fixed «. If « is allowed to depend on n, then
our methods work provided that & > ®(log~! n). The only place where this
assumption is really necessary is our use of Ramsey’s theorem in order to
obtain a large positive clique. However, it is conceivable that a large positive
clique exists even when @ < @ (log~! n), in which case our methods would
continue to be effective.

We have also proved an upper bound of O (n¥) for a set of lines attaining
k prescribed angles. If the angles can tend to O together with n, however,
this bound no longer applies and the general bound of O(n?*) by Delsarte
et al. [8] remains best possible. There are by now plentiful examples showing
that for & = 1 their bound gives the correct order of magnitude, but no such
constructions are known for other values of k. So it would be interesting to
determine whether the bound of Delsarte, Goethals and Seidel is tight for
k> 2.

Acknowledgements We would like to thank Boris Bukh and the referee for useful comments.
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