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Abstract

The subject of the present work arose in a connection with well known problem about almost
Euclidean subspaces of normed spaces. The Euclidean subspaces in the real space £} are just the
images of isometric embeddings £5" — (.

The problem of isometric embeddings of real spaces £5" — ¢} was considered by Lyubich-Vaserstein
and independently by Reznick where an equivalence between isometric embeddings of real spaces
3" — £ and multi-dimensional cubature formulas on the unit sphere was established. In the complex
case some results were obtained by Konig.

In the present work the isometric embeddings ¢5" — £} with even p (a necessary condition) over
any classical field K, i.e. over real field R or complex field C or quaternionic field H, are investigated.
The quaternionic isometric embeddings ¢5" — £} are considered here for the first time. A unified
theory where the differences between concrete fields are reduced as soon as possible is developed. An
essential ingredient of this theory is a generalization of the equivalence between isometric embeddings
and cubature formulas to any field K.

For given m, p the existence of isometric embedding ¢5" — ¢} with large n follows from Hilbert’s
identity and a geometrical argument. This also yields an upper bound for the minimal number
n = Nk (m,p) such that an isometric embedding ¢3* — /} does exist.

An inductive (on m) construction of isometric embeddings is developed. In some cases the latter
allows us to improve the upper bounds for Nk (m,p). This approach also yields some new isometric
embeddings over K using some known ones over R. In particular, it turns out that Ng(7,10) <
6486480.

A lower bound for Nk (m, p) is obtained using the cubature formula theory. A criterion of exactness
(tightness) of the lower bound is established and applied to some concrete situations. Any tight
cubature formula has equal weights, in other words, their supports are designs.

A group orbit method to construct real isometric embeddings is extended to the complex and
quaternionic situations. The finite subgroups of SU(2) are systematically used to obtain the isometric
embeddings /3 — ¢, over C. In particular, some complex isometric embeddings 0% — 010 and /% — 012
are obtained. The first of them is minimal. The second one yields that a tight complex 5-design does
exist. This is the affirmative answer to the Bannai-Hoggar question, so Hoggar’s later statement about
non-existence of such a design turns out to be disproved.

For the reader convenience a wide algebraic and analytic background is included, in particular,
there is Witt’s Theorem on unitary equivalence of vector systems and the Addition Theorem for
spherical harmonics and its generalization to the complex and quaternionic spheres.



List of Symbols!

Chapter 1
R the set of real numbers
C the set of complex numbers
N {0,1,2,...}, the set of natural numbers
H the set of quaternions
i standard imagine unit in C
i, j, k standard imagine units in H
K basis field
Span(uq, ... linear span of vectors uq,...,u,
dim F’ dimension of space F' over K (if K is fixed a priori)
My, m(K) space of all n x m matrices over K
M, »(K) M, »(K)
K" set of columns of height n with scalar entries
(K™Y set of rows of length n with scalar entries
K : L] degree of finite extension K over L
dimy, F dimension of space F' over L
[Tik] matrix with elements 7;;,
+ direct sum
codimX codimension of subspace X
GL,(K) set of all invertible n x n matrices
T,.(K) set of transition n X n matrices
e unit matrix
[ transpose of [¢]
t=1 inverse matrix of ¢
F’ set of all linear functionals on F
0; { (1) 8 ; Z) , Kronecker’s delta.
Hom(E, F') set of all homomorphisms from E into F
End(F) set of all endomorphisms of E
L(E) set of all linear operators in E
Im image
Ker kernel
rank rank
def defect
id identity operator
L7(E) set of all invertible linear operators in £
Aut(FE) set of all automorphisms in E
L All symbols are listed in order of their appearance in Chapters 1 — 4.
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Chapter 2

P]?Uﬂ
W, 3 (1)

To,B
Qa
Wq
Tq

Q,

FE isomorphic to F

tensor product

matrix of homomorphism f
adjoint mapping

inner product in Euclidean space
A:2eK, A=)}

real part of o

imagine part of «

orthogonality relation
orthogonal projection of vector v on space X
degree

orthogonal sum

direct complement of subspace X
conjugate space to F

set of unitary operators in £
orthogonal group

the set of rational numbers

set of unitary m x m matrices
conjugate matrix of ¢

norm

closed unit ball in F

unit sphere in F

zZ .
—, 7 18 a vector

2]

{p-norm

(Kna H : ”p)a I<p<o

KZ,K if K is fixed a priori

set of all surjective isometries of F
argument of 3 € C

the realification of an Euclidean space F
[K : R, degree of K over R, C, H

(m — 1)-sphere in R™

Jacobi polynomial

(1 —w)*(1 +u)®, Jacobi weight

1 @a5(u) du

Wa,3/Ta,3, normalaized Jacobi weight

Wq—3 q—3
2 0 2



cy — Gegenbauer polynomial

("™ - binomial coefficient

1-3-...(n—2)-n ifnisodd, n>1
n!! = 2-4-...(n—2)-n ifniseven, n>2

1 if n=0,-1
[t] — integer part of t € R
() — Gamma function
€d = res(d)(mod2), t€R
o — normalized Lebesgue measure
Tg—1 - measure (area) induced on the sphere S9! C R¢
T (m, 1) = ([ley)Pdo(y) ", zeS(E)
Chapter 3
A — Laplacian
P(E) = space of all polynomial in E
H(E) — space of all harmonic polynomial in F
Pol(E) - space of all polynomial functions on S(E)
Harm(FE) - space of all harmonic polynomial functions on S(E)
Pu(E) —  {YeP(E):degh <dor =0}
Hq(E) - subspace of harmonic polynomial of Py(FE)
Pol,(E) — space of all polynomial functions of degree < d
Harm,(E) — space of all harmonic polynomial functions of degree < d
P(E;d) - space of all forms of degree d
H(E;d) - space of all harmonic forms of degree d
Pol(E;d) - space of functions from P(F;d) restricted to S(E)
Harm(E; d) — space of spherical harmonics of degree d
Ea = {k: 0<k<d, k=d(mod 2)}
r - restriction
P ke - dimension of Harm(E; k)
11 — linear space of all polynomials of one variable
mm, —  {QeM:degQ<d)
I - subspace of even polynomials of II
@ — subspace of odd polynomials of 11
Cm i (F) - Fourier coefficient of F
KpPm! - arithmetic projective space over K
22 — {—6, +6}
U(K) - group of units in K
Pk (E) - space of all U(K)-invariant polynomial in £
Hk (E) — space of all U(K)-invariant harmonic polynomial in E
Polk (FE) — space of all U(K)-invariant polynomial functions on S(E)



Harmk (F) - space of all U(K)-invariant harmonic polynomial functions on S(F)

Pk;a(E) = {1 € Pr(E) : degyp < d or ¢ = 0}

Hk.qa(E) - subspace of U(K)-invariant harmonic polynomial of Pk.q(E)

Polk.q(FE) - space of all U(K)-invariant polynomial functions of degree < d

Harmg.q(F) — space of all U(K)-invariant harmonic polynomial functions of degree < d

Pk (E;d) - space of all U(K)-invariant forms of degree d

Hk (E;d) = space of all U(K)-invariant harmonic forms of degree d

Polk (FE;d) - space of U(K)-invariant functions from P(E;d) restricted to S(E)

Harmk (F; d) - space of U(K)-invariant spherical harmonics of degree d

P, 2k — dimension of Harmk (F; 2k)

cgl,k( f) - Fourier coefficient of f

Chapter 4

A(X) - angle set of spherical code X

supp — support

a(X) — angle set of projective code X

Nk (m, 2t) — minimal number of nodes of projective cubature formula of index 2¢
on S(K™)

A{xjve - averaging over group G

Harmg(FE;d) — the space of G-invariant spherical harmonics of degree d

Ha(E;d) — space of G-invariant harmonic forms of degree d

Harmg.q(E;2k) — space of U(K)-invariant spherical harmonics of degree d which are
also G-invariant

Hk.c(E;d) — space of U(K)-invariant harmonic forms of degree d which are also
G-invariant

det — determinant

GT — subset of group G consisting of all distinct representative of G/Zq

D, — binary dihedral group of order 4n

T — binary tetrahedral group

A — binary icosahedral group

Cs — cyclic group of order 5

€ = exp (Z¢)



Introduction

The subject of the present work arose in a connection with well known and deeply developed
problem about almost Euclidean subspaces of normed spaces. (See [10], [18], [19], [22], [23], [34], [38],
[56]. This is far from being a complete list of the publications about the subject.) As a rule, a normed
space does not contain Euclidean subspaces of dimensions greater than one. However, the famous
Dvoretzky theorem [18] states the existence of almost Euclidean subspaces of all normed spaces of
sufficiently big dimensions. Note that in presence of an Euclidean subspace of a dimension m > 2,
an Euclidean plane (a 2-dimensional Euclidean subspace) does exist as well. In the latter case the
unit sphere of the given space contains a circle. The spheres of such a kind arise in a natural way
rarely. For example, one can prove that the real space ¢ (the n-dimensional real space provided with
¢,-norm) may contain an Euclidean subspace in the only case of even p while there is an example of
2-dimensional Euclidean plane in the real space £3 [33]. An example of Euclidean plane in the real
space (32 was presented in [37]. A proof of existence of m-dimensional Euclidean subspace of the real
space £, for sufficiently big n depending on m and p, n > Nr(m, p), was outlined in the same work
[37]. Such an approach also yields an upper bound for Ng(m,p). Note that the Euclidean subspaces
in £} are just the images of isometric embeddings £3' — (. Later on we prefer to speak about the
embeddings.

EXAMPLE 1 (see [33]). The identity

4 4
ﬁ+<&i?ﬁ>+<&j?ﬁ>=@%fw ()

shows that mapping

6 &1

& | @ravar @)
(61— &V3)/2

is an isometric embedding ¢3 — (3. OJ

EXAMPLE 2 (see [37]). The Lucas identity

YooG+ + D G- =6 +E+E+8D) (3)
1<i<k<4 1<i<k<4
defines an embedding ¢35 — ¢12. O
In such a way one can to interpret a whole series of another classical identities, see [15], [36], [44].
Let us consider an important generalization of Example 1.
EXAMPLE 3 (see [36]) The identity

(VRIS

LS (reos ™ fguin ™) = P s i (1)
— — in— | = n=
n £ 1 n 2 n 2p(g)|2 1 2)% )
defines an isometric embedding ¢3 — ¢;. Moreover, in this case n is the minimal possible for given p,
so that

Ne(2.p) =5 +1. (5)



In the independent works [36] and [44] an equivalence between isometric embeddings of real spaces
(3" — £ and cubature formulas on the unit sphere 8”1 C /5" was established and some lower
bounds for Ng(m,p) were obtained on this base. In addition, a group orbits method for constructing
of isometric embeddings was developed in [36]. For cubature formulas such a method comes back
to Ditkin and Ljusternik [17] and Sobolev [48] and was widely applied (see [2], [12], [21], [45], [46],
[49]) in order to construct cubature formulas equal weights (the cubature formulas of Chebyshev type
or, equivalently, the spherical designs). The concept of spherical designs was introduced in [14], the
paper of Delsarte, Goethals and Seidel containing a series of important examples and fundamental
bounds. The problem of existence of spherical designs was in general open until [47]. Some further
constructions were done in [5], [6], [7], [24], [31], [39], [45] and other works. The theory of general
cubature formulas was initiated by Radon [43] and continued by Stroud [51] and Mysovskikh, see
references in [41]. Now it is a developed subject, see [41], [53], [58], [59], [60].

The problem of isometric embeddings of complex spaces ¢5' — ¢} was considered by Konig in
[29], where the upper and lower bounds for Ng(m,p) were obtained and some concrete isometric
embeddings over C and R were constructed using cubature formulas and some other sources.

In the present work we investigate the isometric embeddings (5" — £ with even p (a necessary
condition) over all classical fields, namely, the real field R, the complex field C and the quaternionic
field H. The quaternionic isometric embeddings ¢35 — £ are considered here for the first time. This
case is more complicated since the field H is noncommutative.

We denote the basis field by K and develop a unified theory where the differences between concrete
fields are reduced to a minimum. An essential ingredient of this theory is that the above mentioned
equivalence between isometric embeddings and cubature formulas can be generalized to any K. In
turn, a unified theory of designs over all classical fields was done by Neumaier [42], see also [3], [11],
[20], [28], [32]). We show that the cubature formulas with arbitrary weights can be completely included
in these frameworks.

Later on all considered linear spaces over K are supposed to be right ones, otherwise the opposite
is stated.

We denote by EZ;K the right linear space K™ provided with the norm

el = (Z rmp) " (6)
k=1

where &, are the canonical coordinates, so that x is the column [£]7. (If K is a fixed a priori, we write
£, instead of EZ-LK for short.) The space ¢35 is an Euclidean space with respect to the inner product

(@,y) =D & (7)
k=1

where © = [§]7" and y = [n]". Let us stress that (z,y) is a K-linear functional with respect to y
while

(zv,y) =7(z,y), Y€K, (8)
In what follows we denote by S(FE) the unit sphere of an Euclidean space E. In fact, we only
consider I/ = K™ provided with an inner product, as a rule, £ = (.

7



All results about isometric embeddings Eg?K — EZ;K are collected in Section 4.7 being consequences
of the theory of cubature formulas developed in Chapter 4. In this context the crucial role belongs to
the cubature formulas for polynomial functions on projective spaces. The point is that the functions
of form

z = [{z,y)f, (zeSK™), yeK™) (9)

are projectively invariant, i.e. they are invariant with respect to the multiplication
x—ay, |y=1. (10)

This means that the functions (9) are well-defined on the projective space KP™~! which can be
realized as the quotient space of the unit sphere S(K™) under the multiplicative action (10) of the
group
UK)={v:veK, 7/ =1} (11)
The polynomial functions on KP™! are defined as the U(K)-invariant restrictions to S(K™) of
complex-valued polynomials initially given on the realification

R™=K™, §=[K:R]. (12)

The polynomial functions are in 1 — 1 correspondence (by restriction to S(F)) with the homogeneous
polynomials (forms) ¢ of even degree 2t such that

o(xy) = p(x)y[*, v K. (13)

Conversely, for any complex-valued polynomial ¢ on R%™ with property (13) its restriction to S(E)
is a polynomial function on KP™~!. In particular, (9) are the elementary polynomial functions.

We denote by Polk (E;2t) the space of all polynomial functions of degree 2¢ on E. The fundamental
property of this space is the orthogonal decomposition

Polk(FE;2t) = Harmk (F;0) @ Harmk (E;2) @ ... @ Harmk (E; 2t), (14)

where Harmk (E; 2k) is the space of harmonic polynomial functions which are the restrictions of har-
monic forms of degree 2k satisfying (13). The space of such forms will be denoted by Hk (E;2k). The
orthogonality in (14) corresponds to the standard inner product

(91, ¢2) = b1¢2 do, (15)
S(E)
where o is the normalized Lebesgue measure on the unit sphere S(E).
It is important to know what is the dimension of Polk (E;2t). The problem is easy for K = R or
C but the case K = H is nontrivial, see [25]. In our context we have
COROLLARY 3.3.5 (cf. (3.145)) 2. The following formula holds

dimPolk(E;2t) = Ak (m,2t), (16)

2All statements in the Introduction are enumerated as in the further text. Some formulations in the Introduction are
slightly modified.



where

<m+2t—1> (K = R)

m—1
2
Axc(m, 2t) = <m$i; 1> (K=C) . (17)

1 2 t—2 2 t—1
m + (2m + (K _ H)
2m—1\ 2m —2 2m — 2
Any non-empty finite set X of projectively distinct points on S(E) is called a projective code. Its
angle set is defined as

a(X) =2z, ))? —1: z,ye X, z#y}C[-1,1). (18)

For a non-empty finite subset Y C S(FE) its projectivization can be defined as a projective code X
such that the natural images of X and Y in KP™! coincide.

A projective cubature formula of index 2t is an identity
/gbdg = ¢do, ¢ € Polk(E;2t), (19)
S(E)
where o is a finitely supported measure such that the support

suppo = {z}7 C S(E) (20)

is a projective code.The points z1,...,xz, are called the nodes and their measures g, = o(x), 1<
k < n, are called the weights. The support of the projective cubature formula of index 2¢ in the case
of equal weights is called a projective design of index 2t or a projective 2t-design.’

In particular, the cubature formula (19) can be applied to the elementary polynomial functions
with p = 2¢. As a result,

xy,x)[Por, = ,o)|Pdo(y), = €E. 21
> lon. 2P Ly airdot), = e o1

The latter integral is an unitary invariant polynomial function of x of degree p. All such functions are
const - (z,z)2. In the case (21) the constant factor is

Pdo — 1
L a0 = 22)

where 71 is the first canonical coordinate of y. Thus, we have the following Hilbert identity
T <m, 73) / (y, 2)|P do(y) = (z,2)5, =€ E. (23)
27 Js(e)

The constant Yx (m, 723) can be explicitly calculated, see Chapter 2, Corollary 2.2.5.

37¢-design in projective space” according to [28].



Comparing (21) to (23) we obtain

3

Tic (m,5) - lfan 2o = (@,2)5, (24)
k=1
whence .
‘<uk7x>|p_ <x,l‘>§, (25)
k=1
where )
up = (ngK (m, g)) Pap, 1<k<n. (26)

Like the Examples 1 — 3, the identity (25) means that the mapping

<U1, J}>
T — (27)

(un, T)

is an isometric embedding £yl — €] 5. We call (25) the basis identity.
In fact, any isometric embedding f : £5' — KZ;K can be obtained as before. Indeed,

fe =" CGu(x)vy (28)
k=1

where (vy)} is the canonical basis in /] and (x(z) are the canonical coordinates. The coefficients
Ck(x) are the K-linear functionals on the Euclidean space 3k By the Riesz theorem (which is true
despite of noncommutativity of K) we have (x(z) = (uk, z), where uy € lyly, 1 < k < n. The system
(ug)} is called the frame of an isometric embedding /5% — Ly x- As a result,

n

fr= Z(uk,x>vk, (29)

k=1

hence, the basis identity (25) is the coordinate form of the isometry property | fz|, = ||z]2.
THEOREM 4.7.1. An isometric embedding f : ”27;11( — Uk exists if and only if there exists a projective
cubature formula of index p with some number v < n of nodes on S(K™).

We have already explained how this theorem can be proven in the ”if” direction. The proof in the
”only if” direction is more profound being based on the Addition Theorem for harmonic polynomial
functions. The latter states that for any orthonormal basis (skj)?z‘fk’ in Harmg (F; 2k) the Addition

Formula holds:
FLm,Qk

> si(@)sii (W) = a2, 9)[*) (2,y € S(E)), (30)

j=1

where ¢, ;(u) is a polynomial of degree k. In fact,

Gme(w) = 00, PP (20 — 1), (31)

10



where 5 5_9 5_9
m—6 — _
= [f=— (32)

2 ’ 2
(6) ).

m,k

(07

and P,ga’ﬁ ) (u) is the Jacobi polynomial. (See (3.127) for explicit expression of the coefficient b
Such a developed form of the Addition Theorem is classical in the real case, however, in the complex
case it was proven recently by Koornwinder [30]. For the quaternionic case the result is due to Hoggar
[25]. Both authors used the group representation theory. Our proof in Section 3.3 is elementary,
based only on the classical theory of spherical harmonics. Let us formulate a series of theorems about
existence of projective cubature formulas ( Section 4.3). Respectively, there are the existence theorems
for isometric embeddings 5’ — £ i ( Section 4.7).
THEOREM 4.4.2. For anyt € N, t > 1, there exists a projective cubature formula of index 2t with n
nodes, where

n < Ag(m, 2t). (33)

The result follows from the Hilbert identity (23) which shows that the polynomial

(v (m.5)) " e

belongs to the closed convex hull of the elementary polynomial functions. By Caratheodory’s theorem

[S4S]

(34)

this polynomial is a convex combination of n polynomial functions,
n < dimPolk(E;2t) +1 = Ak(m,2t) + 1. (35)

This yields the basis identity (25) with some n < Ak (m,2t)+ 1. In fact, we have (33) in view of some
additional arguments. Moreover, (33) can be reduced to n < Ax(m,2t) — 1 for K = R, C, see [13].

Note that Theorem 4.4.2 is a projective counterpart of Tchakaloff’s Theorem [55] on existence of
cubature formulas on compact subsets in R™, see also [41].

For given m = dim F and t € N, ¢t > 1 a projective cubature formula of index 2t is called minimal if
the number of nodes is minimal possible. Thus, the minimal number of nodes of a projective cubature
formula of index p = 2t on S(K™) coincides with Nk (m,p), the minimal number n such that an
isometric embedding (5% — () i does exist. (See Corollary 4.7.8.)

In order to improve the upper bound (33) for Nk (m,p) we have developed an inductive (on m)
construction of projective cubature formulas. This approach results in the following
THEOREM 4.4.7. Each real projective cubature formula of index 2t with n nodes on S(K™™ 1) =
S(RY™9) generates a K-projective cubature formula of the same index 2t with N nodes on S(K™)

where

N = (t+1)Ng (5, 2 B]) n. (36)

A direct corollary from Theorem 4.4.7 is
THEOREM 4.4.8. The inequality holds:

Nic(m, 2t) < (t + 1)Ng (5, 2 BD Ni((m —1)5,2¢). (37)

11



Note that the factor ¢t + 1 comes from the Gauss-Jacobi quadrature formula.

The result for the isometric embeddings which corresponds to the Theorem 4.4.7 is
THEOREM 4.7.16. FEach isometric embedding Eg;(gfl) — EZ;R generates an isometric embedding
lyx — ]]XK where

N:(§+1>NR(5,2[§DV, v <n. (38)

The factor v in (38) depends on the initial embedding.

The Theorems 4.4.7 and 4.7.16 allow us to obtain some new projective cubature formulas (isometric
embeddings) over K using some known ones over R. In the real case this yields
COROLLARY 4.4.12. Assume that for given m,t there exists a real projective cubature formula of

index 2t with n nodes on S™~1. Then there exists a real projective cubature formula of the same index
2t with

N =(t+1)M™n (39)

nodes on SM=1 M > m.

Respectively, we have
THEOREM 4.7.18. Assume that for given m,p there exists an isometric embedding 3y — £ 5. Then
for each M > m there exists an isometric embedding ﬂé\f[R — %\;R with

P M—m
N:<§+1> v, v<n. (40)

Corollary 4.4.12 allows us to reduce the upper bound (33) in some cases. For example,

Nr(m,2t) < (t+1)™"1, m < 4. (41)

(See also Corollaries 4.4.22, 4.4.24.) For m > 4 the bound (41) is valid but this is worse than (33)
yields. Note that (41) also follows from a result on product cubature formulas, see [53].

In order to apply Theorem 4.4.7 to the complex case we note that the factor Ny (2, 2 [%D in (37)
is known by (5). Thus, we have
THEOREM 4.4.16. Assume that for given m,t there exists a real projective cubature formula of index
2t with n nodes on S*™ 3. Then there exists a complex projective cubature formula of the same index
2t with

N:(t+1)<m+1)n (42)

nodes on S(C™).
THEOREM 4.7.19. Assume that for given m,p there exists an isometric embedding f%”ﬁ — EZ,R. Then
there exists an isometric embedding fgfél — f;]g\;fc with

Nz(%—i—l) ([ﬂ—}—l)y, v<n. (43)

12



For the quaternionic case we need to consider the factor Ng (4,2 [%]) appearing in (36) and (37).
The exact values of that are mostly unknown at present. The exceptions are only

Nr(4,2) =4, Ngr(4,4) = 11. (44)

The first one is trivial, the second one is due to Stroud [52] in a context of cubature formulas.

The inequality (41) yields
3
t t
Ne (42| ]|= 1 4

for all t. According to (37), we have
THEOREM 4.4.17. The inequality

3
Nia(m, 2t) < (¢ + 1) (B] 4 1) Ne(4(m —1),2t) (46)
holds.

For ¢t < 20, t # 12,13, the coefficient (¢t + 1) ([%] + 1)3 in (46) can be improved. The point is that
some upper bounds for Ngr(4,2k), 2 <k <9, follow from known results.
THEOREM 4.4.20. Assume that for given m,t there exists a real projective cubature formula of index
2t with n nodes on SY™ 5. Then there exists a quaternionic projective cubature formula of the same
index 2t with

L(t)n, 2<t<20, t#12,13
:{ (t)n < # (47)

t+1)([L]+1)°n, t>200rt=12,13

nodes on S(H™), the function L(t) is defined by the tables (4.166) and (4.167).
THEOREM 4.7.20. Assume that for given m, p there exists an isometric embedding K%fﬁ — lyg- Then
there exists an isometric embedding E;rfl'_"ll — EgH with

L(®), 4 <2 <40, 924,26
:{ (5)v ) pF (48)

Z+1)([2] +1)°y, p>40 or p= 24,26

and v < n.

In Section 4.4 one can also find Theorems 4.4.21, 4.4.23, 4.4.25, 4.4.27, 4.4.29 and 4.4.31 containing
many new concrete projective cubature formulas, for example,
THEOREM 4.4.29. There exists a quaternionic projective cubature formula of index 10 with 6486480
nodes on S(HT).

The corresponding isometric embeddings (5% — €75 are in the tables (4.332) — (4.338). These
results are the best known at present.

The following statement based on Addition Theorem is the main key to obtain a lower bound for
Nk (m, 2t).
LEMMA 4.3.9.Any projective cubature formula of index 2t is equivalent to the identity

1
> Fela )l - Vewel) = [ f@0pwdu, f e, (49)

13



where 11, is the space of real polynomials of degree t and Qq g(u) is the normalized Jacobi weight,

(1 —u)*(1 +u)?

Quglu) = . 50
A = T et wida 0)
COROLLARY 4.3.13. Let a projective cubature formula of index 2t be valid. Then
f)
n>-— (51)
f(u)Qq,p(u) du

-1
for any real polynomial f € II; such that f(1) > 0 and fla(X) > 0.

As a consequence, the following linear programming problem arises:

(U ell;, Y(u)>0 (-1<u<l),

1
/ (1) Qs ()t = 1, (52)

-1

¥(1) — max,

The problem was solved by Szegé in [54]. The answer is

_ € (a+1,8+¢) ’
Urmax(u) = (1 +u) P[t] (u) (53)

2

up to proportionaliy.
THEOREM 4.3.15. The inequality
Nic(m, 2t) > Ak (m, 1) (54)

holds.
The important question about exactness of this lower bound arises. A projective cubature formula
(an isometric embedding) is called tight if n = Ag(m,t). For example, any isometric embedding

D
3 — ﬁﬁ“ over R is tight by (5). Another known tight isometric embeddings over R are
B, G B 6 (0, BB B, B 4, (59
see [36], [44]. Over C the known tight isometric embeddings are

U3 — Ll 05— L, 63— 0, lo— L0, 65—, 15— 13, (56)

see [29]. As aforesaid, the problem of isometric embeddings over H was not considered earlier.
THEOREM 4.3.18. If a projective cubature formula of index 2t is tight then

(i) the weights are equal, i.e. its support X is a projective design;
(ii) with e = res(t)(mod 2) the polynomial

1+ u)gP[(%+l’ﬁ+€)(u) (57)

annihilates the angle set a(X).
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Conversely, let X be a projective code such that
| X| = Ak (m,1) (58)

and let the angle set a(X) be annihilated by the polynomial (57). Then X is a tight projective 2t-design.
Respectively, we have
THEOREM 4.7.14. Let

R (m,p) = (m) ! ) (59)
12

If an isometric embedding f : €5" — £} is tight then
(i) its frame (u;)} lies on a sphere Sx(m,p) of radius Rk (m,p) centered at origin;

(ii) with € = res(5)(mod 2) the polynomial

(1 4 w)*PeFLA9) () (60)

[4]

annihilates the angle set of the normalized frame

U = (Rg(m,p)) " uy, 1<j<n. (61)
Conversely, with
— p
n = Ak (m, 2) , (62)

let a system (u;)7 C K™ lie on the sphere Sk (m,p) and (ii) holds. Then (u;)} is the frame of a tight
isometric embedding.

The frame of the tight isometric embedding ¢3 — E§ 1 is a 7half’ of the regular (p + 2)-gone, see
(4). In all tight situations (55) and (56) the frames are the relevant parts of some regular polytopes
or some other very symmetric configurations of points on the spheres. For example, the isometric
embedding £3 — ¢§ comes from the icosahedron (see [36], [44]; the corresponding cubature formula
was discovered in [17]). The most effective way to get the symmetric constructions is to take a finite
subgroup G of the unitary group U(K™) and obtain the support of a cubature formula (the frame of
an isometric embedding) as a finite G-invariant set (a G-orbit or the union of some orbits). In this
context the index p = 2t depends on properties of G-invariant harmonic polynomial functions, see [2],
[21], [36]. We extend the method of harmonic invariants to the complex and quaternionic situations.

We say that a projective cubature formula (19) is called G-invariant if the measure g is G-invariant.
The latter means that suppg is G-invariant and the function x — o(z) is constant on any orbit Gz,
xo € suppo. Also we define the space Hik.q(E;2k) of those U(K)-invariant harmonic forms of degree
2k which are G-invariant.

PROPOSITION 4.5.12. Let X be a G-invariant projective code and let ¢ be a G-invariant measure
such that suppo = X. Then o defines an (automatically G-invariant) projective cubature formula of
index 2t if and only if the system of equalities

/¢d@ = ¢(x)o(x) =0, ¢ € Hr(E;2k), 1<k<t, (63)
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holds and, in addition,

/ do=) o(z)=1. (64)

The following Corollaries are especially important for our purposes.
COROLLARY 4.5.14. The projectivization of the G-orbit of a point xg € S(F) is a projective 2t-design
if and only if all forms from Hk.q(E;2k), 1 < k < t, vanish at the point .
COROLLARY 4.5.15.Let X be a G-invariant projective code. Let t be a positive integer such that

Hk.q(E;2k) =0, 1<k<t. (65)

Then X 1is a projective 2t-design.

In Section 4.6 we systematically apply these criterions to obtain the projective cubature formulas
on S(C?) based on orbits of finite subgroups of SU(2). The corresponding results are presented in
[35]. All those subgroups are known, see [50]. In terms of isometric embeddings over C we obtain

The isometric embedding | The subgroup G C SU(2)
G binary dihedral group Do
03— 0 binary tetrahedral group 7°
03 — 039 binary dihedral group Dy (66)
03 — 043 binary icosahedral group Z
02— 33 binary tetrahedral group 7
03 — 059 binary icosahedral group 7

All of the above listed isometric embeddings are new except for /3 — ¢} and 3 — £3 which were
found by Konig [29] in a different way.

We prove that our isometric embedding (3 — &1;0 is minimal but not tight.

A very interesting example is €3 — (13. The frame X of this isometric embedding is a tight
projective 10-design. This yields the affirmative answer to a question from [4] and disproves a statement
from [27]. The corresponding angle set contains some irrational numbers, namely,

a(X) = {—\gg,—l,\gg}. (67)

Thus, we obtain a counterexample to a theorem from [42], see also Theorem 1.9 in [4].

The Chapters 1 —3 contain an algebraic and analytic background.

Chapter 1 is devoted to the noncommutative linear algebra as a necessary tool for the quaternionic
case. Artin’s monograph [1] and Bourbaki’s volume [9] are standard sources for the subject but we
present it in a self-contained form for the reader convenience.

In the first Sections of Chapter 1 the basis field K is arbitrary. Starting with Section 1.9 we restrict
the class of admissible fields and, eventually, we consider the classical fields only. One of central facts
in the noncommutative linear algebra we need is the following Witt Theorem [57].

THEOREM 1.9.32. Let E be an Fuclidean space. The systems (vg)} and (ug)y are unitary equivalent
if and only if their Gram matrices coincide.

The "only if” part of this theorem is trivial but the ”if” part is rather deep, see [16].
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In Chapter 1 (Section 1.10) we also prove a necessary condition for existence of isometric embedding
lyt — £y, 1 < gq,p < co. This theorem for K = R was proven in [36].

THEOREM 1.10.4. Let K = R, C or H. Suppose that q,p are distinct and finite, m > 2. If there
exists an isometric embedding £3" — £} then ¢ =2 and p is an even integer.

Chapter 2 contains some auxiliary results of analytical nature.

In Section 2.1 we collect a necessary information on the theory of Jacobi polynomials in view of
their close relations to the spherical harmonics.

In Section 2.2 some integration formulas for zonal functions on spheres are derived. These formulas
effectively work in further applications.

In Section 2.3 we obtain some partial differential equations related to the elementary polynomial
functions. In particular, some formulas for the the Laplacian are prepared to prove the Addition
Theorem and some other statements.

In Chapter 3 we develop the polynomial function theory.

In Section 3.1 we expose the theory of classical spherical harmonics in a convenient for our purposes
form, cf. [40]. The Addition Theorem is the central result of this part of work. The space of the
spherical harmonics of degree d is denoted by Harm(FE;d), E = R™. Here d is an arbitrary integer, i.e.
d can be odd in contrast to the projective situation. The space Harm(F;d) is invariant with respect
to the natural action (representation) of the orthogonal group:

(99)(x) = ¢(gz), g€ O(m). (68)
The Addition Theorem yields the orthogonality
Harm(E; k) L Harm(E;l), k #1, (69)

taking into account the orthogonality of Jacobi polynomials. (Note that (69) is an important fact of
the unitary group representations theory where it follows from the irreducibility of the representation
(68) in Harm(F; k).) Another consequence is an important identity, see Lemma 3.1.22.

In Section 3.2 the polynomial functions on the projective spaces are considered. Note that the
space Polk(E;2k) is the U(K)-invariant part of the corresponding space Polgr(FRr;2k) on the real
unit sphere S(ERr). (Here ER is the realification of the space E.) This allows us to use the results of
Section 3.2 in the projective situation.

Section 3.3 contains the proof of the Projective Addition Theorem and some its important conse-
quences, the dimension formula (16) and the following Completeness Theorem among them.
THEOREM 3.3.7. In the space Polk (F;2t) the system of elementary polynomial functions of degree
2t is complete,

Polk (F;2t) = Span{|(-,y)|* : y € E}. (70)

In Section 4.1 of Chapter 4 we expose the theory of real spherical (not projective, in general)
cubature formulas of indices d € N guided by [14]. This is a good prototype for the above described
theory of projective cubature formulas.
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Chapter 1

Noncommutative linear algebra

Let K be a field, i.e., an associative (not necessary commutative) ring with unity 1 such that the
set of all nonzero elements is a group with respect to the multiplication. The elements from K are
called scalars. We denote them by small Greek letters. In the theory we expose below the field K is
supposed to be fixed a priori and it is called the basis field in this context.

For our purposes the most important cases are K = R, C, H (the real numbers, the complex
numbers and the quaternions, respectively.). The only case K = H from this classical list is not
commutative.

Both of C and H are canonical extensions of R, so that R € C and R C H. In such a way R
is identified with the center of the field H. However, there is no intrinsic characterization for C as
a subfield of H: for any ¢ € H such that €2 = —1 the quaternions o + B¢ with real a and 3 form
a subfield of H which is isomorphic to C. Later on we denote the standard imagine units in
H by i, j, k=1ij and i as the standard imagine units in C. The standard realization of the
inclusion C C H corresponds to € = j, so that

g=&+m (& neC) (1.1)
is the complex form for the quaternions. Note that nj = ji since ij = —ji and
E+nj=&—nj (1.2)
for the standard involution in H. The multiplication rule in H over C is
(€ +nd)(C + wj) = (§¢ — n@) + (§n + nC)j. (1.3)

1.1 Linear spaces. Subspaces

DEFINITION 1.1.1. A set F provided with linear operations, i.e. with addition x +vy, (x,y € F)
and right multiplication by scalars va (v € F, « € K), is called a right linear (vector) space!
over K, if the following axioms hold:

1Similarly, the concept of the left linear space can be introduced and the corresponding theory can be developed.
Also one can consider the two-sided linear spaces with the additional axiom (8z)a = B(za). If the basis field is
commutative then any left linear space can be identified with a right linear space by the agreement az = za.
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1. F is an Abelian group with respect to the addition.
Its zero element is denoted by 0 and the inverse to x is denoted by —=x.

2. The multiplication by scalars is unital, 1.e.,
z-1=ux,

and associative, i.e.
(za)p = z(af),

so that the product xa/3 is independent of the placement of parentheses.

3. The distributive laws
(x+y)a=za+ya, z(a+p)=za+zp

hold.

The elements of F' are called vectors and denoted by small Latin letters.

The trivial examples of linear spaces are: ' = 0 (the space whose only element is z = 0); F' = K.
These spaces are two-sided. A more general example of a two-sided linear space is the space M, ,,,(K)
of all n x m matrices over K.

The classical fields R, C and H can be considered as two-sided linear spaces over R and the same
is true for H over C: for x € H and « € C the products xa and ax are defined in H by the above
mentioned standard inclusion C C H.

Further we fix notation F for a right linear space over the field K. f K=R, C
or H then the space F' is called real, complex or quaternionic space respectively.

Here are some simple consequences of the axioms 1-3.

1. za=0&x=0o0r a=0;
2. y=za=x=ya ' (a#0);
3.z (—1)=—ux.

A subset X C F'is called a subspace if it is closed with respect to the addition and multiplication
by scalars. The trivial subspaces are X =0 and X = F.

Obviously, any subspace is a linear space per se. Its zero element is the same as for the whole
space.

The intersection of any family of subspaces is a subspace.

Consider a system (a finite sequence) of vectors uy,...,u;. A vector z is a linear combination
of these vectors with scalar coefficients aq, ..., qq if

l
Tr = E U0
i=1

In particular, if a; = ... = a; = 0 then z = 0. Such a linear combination is called trivial. Obviously,
if X is a subspace and uq,...,u; belong to X then all their linear combinations belong to X as well.
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LEMMA 1.1.2. If a vector z is a linear combination of some vectors ui,...,u; and each of u; is a

linear combination of some vectors vi,...,Um, then z is a linear combination of vi, ..., Vm.

Proof. Let

!
z = Z w3
i=1

and
m
U; = Z’Uj’)/ji, 1 S ) S l.
j=1
Then
m m l m
e=) (Z “ﬂﬁ)@‘ =D (Z %‘zﬂi> = _ v,
i=1 j=1 j=1 i=1 j=1
where l
;=) il
i=1
O
The set of all linear combinations of the vectors uy, ..., u; is called a linear span of these vectors.
It is denoted by Span(uq,...,u;). The vectors uy, ..., u; belong to their linear span since

!
U = Zui5ik, 1<k<I,
i—1

where 9;; is Kronecker’s delta.

For any nonempty subset Z C F' the set Span(Z) is defined as the set of all linear combinations
of all finite subsets of Z.

COROLLARY 1.1.3. Span(Z) is a subspace for any Z C F.

The vectors u1,...,u; are called linearly dependent if a nontrivial linear combination of them
is equal to zero. Otherwise, u1,...u; are called linearly independent.

Note that

1. With [ > 1 a system (uq,...,u;) is linearly dependent if and only if it contains a vector which is

a linear combination of remaining ones. In particular, (u1,uz) is linearly dependent if and only
if one of them is proportional to other.

. System (uq) is linearly independent if and only if uy # 0.

. If a subsystem of a system of vectors is linearly dependent then the whole system is linearly

dependent. Therefore, if a vector in a system is zero then the system is linearly dependent.

. If asystem (uq,...,u;) is linearly independent and ;1 & Span(uq, ..., u;) then (ug,...,u;, u1)

is also linearly independent.
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5. If at least one of vectors uy,...,u; is different from zero then either the system (uq, ..

linearly independent or there exists a linearly independent subsystem (u;,,...,u;,,),
such that all vectors uq,...,u; are linear combinations of those ones.

LEMMA 1.1.4. With m > [ any m vectors from Span(ui,...,u;) are linearly dependent.

Proof. One can assume that m =1+ 1 and then prove the lemma by induction on .
Let | = 1. Take two vectors v; and vy from Span(u;). Then for some «, f € K we have

v =wma, vy =uf,
If @ = 0, then v; = 0 hence, v; and vy are linearly dependent. If a # 0, then
v = w13 = (vlofl)ﬂ = vl(aflﬂ).

Hence, v; and vy are linearly dependent again.

.,’LL[) is
m < I,

Now suppose that the lemma is true for some [ = m — 1 (m > 1) and prove it for [ = m. Let

V1,...,Umyt1 are some m + 1 vectors from Span(uq, ..., u,) say,

m
vk:Zuiaik, k=1,...,m+ 1.
=1

First note that if a; ; = 0 for all &k, then vy, ..., v, belong to the Span(us,...,uy). By induction,

they are linearly dependent. A fortiori, vy, ..., Um,Umr1 are linearly dependent.
Now suppose that not all of c, 1, are equal to zero. Without loss of generality we can assume that
a1, # 0. Then
m
1)10[1_& = u1 + Zui(aivlai%).
i=2
It implies that the vectors
wp = Vg — vl(aﬁam), k=2,....,m+1,
belong to the Span(us, ..., u,). By induction the vectors ws, ..., w,, are linearly dependent, i.e.
m+1
Z wryk =0
k=2
for some nontrivial system of coefficients 7o, ..., Vm+1. Hence,
m+1

> vy =0
k=1

where
m+1
—1
M=~ Z a1, kVE-
k=2
O
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1.2 The bases

A system of vectors is called complete if its linear span coincides with the space F'. A complete
linearly independent system is called a basis of F. For example, the systems (1), (1,1), (1,1,j,k) are
the basis over R in R, C and H respectively, the canonical bases.

If the cardinalities of all linearly independent systems in F' are bounded from above then the space
F' is called finite-dimensional. In this case the maximal number of linearly independent vectors in
F is called the dimension of F' and denoted by dim F'. If the space F' is not finite-dimensional then
it is called infinite-dimensional.

If F' = 0 then there are no linearly independent vectors in F' so, dim F' = 0 by definition. Obviously,
dimK = 1.

In what follows all linear spaces under considerations (in particular, F') are suppose
to be finite-dimensional though many of definitions and statements below remain in force for the
infinite-dimensional case. We set dimF = n > 0 and fix this notation, so that the space
F' is n-dimensional. Obviously, dim X < n for any subspace X C F.

THEOREM 1.2.1. Any system of n linearly independent vectors is a basis.

Proof. Let uy, ..., u, be linearly independent. If they do not constitute the basis then there exists a
vector v ¢ Span(uy,...,u,) hence, the system (uy,...up,v) is linearly independent. This contradicts
to the definition of dimension since dim F' = n. [J

COROLLARY 1.2.2. There exists a basis consisting of n elements.
COROLLARY 1.2.3. For any v, 0<v <n, there exists a subspace X C F such that dim X = v.

Proof. For dim X = 0 the only subspace is X = 0. Let 0 < v < n. If X = Span(uy,...,u,) for a
basis (ug)} C F then dim X =v. O
Actually,

dim(Span(ui,...,uy)) =v (1.4)

for any linearly independent system (ug)y.
COROLLARY 1.2.4. If X is a subspace such that dim X = n then X = F.

A chain of subspaces
XiCcXpC...CX, (1.5)

such that dim X, = v, 1 <v < n, (so that X,, = F) is called a filtration of the space F. A basis
(uy)Y is called compatible with filtration (1.5) if

X, = Span(uq,...,u,), 1<v<n.

COROLLARY 1.2.5. For any filtration there exists a compatible basis.
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Proof. This is trivial for n = 1. Omitting X, in (1.5) we obtain a filtration for X,,_1. Let (u,)? !
be a compatible basis of X,,_1. Since dim X,,_1 < n, we have X,,_1 # X,, and we can take a vector
Up & Xp—1, i.e. up & Span(uq,...,up—1). The system (u,)} is linearly independent so, this is a basis
in . O

THEOREM 1.2.6. Any basis consists of n elements.

Proof. Suppose that we have two bases, say, (ux)} and (vg)}. If | < n, then by Lemma 1.1.4 (uy)}

are linearly dependent; if n < [, then (vk)ll are linearly dependent by the same lemma. Hence [ = n.0J

Theorem 1.2.6 allows us to find the dimensions of many linear spaces.
EXAMPLE 1.2.7 Over R we have
dimR =1, dimC =2, dimH =4. (1.6)
O

EXAMPLE 1.2.8. In the matrix space My, n,,(K) the matrices e;, = [0;;0m], 1 < i,j <n,1 <k, I <m,
form the canonical basis. We see that

dim M, o (K) =nm | . (1.7)

In particular,

dim M, ,,(K) =n? | . (1.8)

Further we use the following special notation: M, (K) = M, ,(K), K" = M, (K), (K")" =
M ,,(K). Thus, K" is the set of columns of height n with scalar entries, (K™)’ is the set of rows of
length n. Later on we consider K™ as a right linear space only, while (K™)" will be a left one. Both
are called the arithmetic linear spaces over K. It follows from (1.7) that

dimK"=n, dim(K")=n]| . (1.9)

It is convenient to consider M, ,,(K) as the right linear space of m-tuples whose entries are the
columns of height n (in this sense M, ,,,(K) = (K")™ and, at the same time, (M, ,(K)) = ((K™)")"
is the left linear space of n-tuples whose entries are the rows of length m).

Note that the left linear structure on M, ,,,(K) is essentially different from the right one.

EXAMPLE 1.2.9. In the matrix

“— [ Cll 5[3@ ] , (1.10)

the columns are right linearly independent if a8 # (a, otherwise, there exists A € K such that 8 = A
and Ba = a, i.e. fa = af. On the other hand, the columns are left linearly dependent. [
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Also an important consequence of Theorem 1.2.6 is the following
COROLLARY 1.2.10. Any complete system consisting of n vectors is a basis.

Proof. Let Z = (uq,...,uy) be a complete system. We have to prove that the vectors uy, ..., u,
are linearly independent. If not, then Z C Span(u;,, ..., u;), where the vectors u;, , ..., u; are linearly
independent and [ < n. Since Z is complete, the system (u;,, ..., u; ) is also complete by Lemma 1.1.2.
Therefore, u;,, ..., u; is a basis, which contradicts the previous theorem since [ < n.[J

For any system (vg)} of vectors in F' the dimension of their linear span is called the rank of the
system. It follows immediately from Lemma 1.1.2 that the mazimal number of linearly independent
vectors among vi, . . .,v, coincides with the rank of this system.

PROPOSITION 1.2.11. Any system of linearly independent vectors can be extended to a basis.

Proof. Let (uq,...,u,) be linearly independent system, v = n —k, 0 < k < n. We prove the
lemma by induction on k. For k = 0 the lemma is true according to Theorem 1.2.1.

Suppose that the lemma is true for some k& < n—1 and prove it for k+1. Sincev =n—(k+1) <n
the system under consideration is not complete by Theorem 1.2.6. Therefore there exists a vector
Uy+1 & Span(uq,...,u,). The system (uj,...,uy,u,+1) is linearly independent. By induction, this
can be extended to a basis. [J

COROLLARY 1.2.12. Any basis of a subspace X C F can be extended to a basis of the whole F'.

The field K is a linear space over any its subfield L C K. If K is finite-dimensional over L then K
is called a finite extension of L and its dimension over L is called the degree of this extension. The
standard notation is [K : L].

Every linear space F' over K is automatically a linear space over any subfield L. If L=R C K
then the restriction of the field K to L is called the realification.

THEOREM 1.2.13.

dimg, F = [K : L] - dimg F | . (1.11)

Proof. Let (v;)7* be a basis in F over K and let (\;)] be a basis in K over L. Then the products
viAj (1 <i<m, 1< j <p)form a basis in F' over L. Indeed, let + € F. Then we have the

decomposition
m
r=Y v
i=1

with some coefficients p; € K. In turn,

p
i = Z Ajvij
j=1

with some coefficients «;; € L. Hence,

m p m,p
= E (3 E )\]Oéw = E (vi)\j)aij.
=1 7j=1 1,7=1
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It remains to show that the system (v;\;) is linearly independent. Let

m7p

> (vir)By; =0

1,j=1

with some coefficients 3;;. Then

hence,

since the system (v;) is linearly independent. This implies that all 3;; = 0, since the system (\;) is
also linearly independent.[]

EXAMPLE 1.2.14. If F' is a complex linear space then

dimg F' = 2dimc F (1.12)

EXAMPLE 1.2.15. If F' is a quaternionic linear space then

dimc F = 2dimg F, dimg F' = 4dimyg F (1.13)

1.3 The coordinates descriptions

THEOREM 1.3.1. Let (u;) be a basis. Then each vector z can be uniquely represented as a linear
combination of the basis vectors.

Proof. Since any basis is complete,
n
2= u
i=1

with some coefficients (;. The coefficients are uniquely determined because of linear independence of

n n
g u;i G = g u;0;.
i—1 i—1

the basis vectors. Indeed, if
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then

n

> wilGi—6:) =0

i=1
hence
Ci*GiZO, 1§’L§’I’L

O
If (u;) is a basis and

n
=Y ui
=1

then the coefficients in this decomposition are called the coordinates of z for this basis. They are
scalar valued functions of z : §; = (;(2), 1 <i < n. Obviously,

Gi(ur) = x| - (1.14)

Let us figure out what happens with the coordinates when the basis (u;) changes for a basis (vg).
To this end we decompose all "new” basis vectors for the ”old” ones,

n
v = ZUiTika 1<k<n.
k=1

The n X n matrix t = [7;] is called the matrix of transition from the basis (u;) to the basis (vg).

Symbolically,
(u;) 7 (vg). (1.15)
With any coefficients w1, ...,w, we obtain
n n n
D UK = D Ui ) Tk
k=1 i=1 k=1
Thus, the ”old” coordinates (1, ...,(, of an arbitrary vector z are
G=> mawe, 1<i<n|, (1.16)
k=
where wi,...,wn are its "new” coordinates.

Let us assign to a vector x the column of its coordinates for each basis under consideration,

gl w1
[€] = for (u;), [w]= for (vg).

Cn Wn
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These columns are actually some n x 1 matrices. In terms of the standard matrix multiplication
formula (1.16) can be rewritten as

[ =tlw] | (1.17)

Conversely, if a matrix ¢ € M, (K) is such that [¢] = t[w] for all # € F then t = ¢. Indeed, (t—t)[w] = 0

or equivalently
n

> (Tik = Fan)wr = 0.

k=1
Taking wy = d;, we obtain ;5 = Tik.
Now let us consider two subsequent transitions, say

(wi) +(vi) - (wy).

Then [(] = tjw], [w] = s[f], where [] is the column of coordinates of x for the third basis (w;). Since
the matrix multiplication is associative, we obtain [(] = t(s[f]) = (¢s)[f]. This means that ts is the

transition matriz for the resulting transition (u;) — (wj).

LEMMA 1.3.2. Let t = [r] be the matriz of transition from a basis (u;) to a basis (vg). If (u;) is
also a basis then the system

n
Up =Y Wi, 1<k<mn, (1.18)
i=1
s a basts.
Proof. By Theorem 1.2.1 it is sufficient to prove that the system (vy) is linearly independent. Let

n

Zﬁkak =0

k=1
with some coefficients aj. By substitution from (1.18)
n n
Z ﬂz Z Tik O = 0.
i=1 k=1

Since (u;) is a basis, we get

n
> rwap =0, 1<i<n.
k=1

Therefore
n n
Z u; ) Tigog =0
i=1 k=1
hence,
n
Z vpag = 0.
k=1
Since vy, ..., v, are linearly independent, we obtain a, =0, 1 < k <n. O
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1.4 The sums of subspaces

If X and Y are subspaces then their sum X + Y is defined as the set of all vectors =z + y with
xz € X and y € Y. This is a subspace as well. Similarly, the sum with any numbers of summands can
be considered.

Let Xi,...,X; be some subspaces. Then their sum is said to be the direct sum if for any
r=x1+...+x; with 1 € X1,...,2; € X; the summands are uniquely determined or, equivalently,
ifx1+...4+ 2 =0 with 1 € Xq,...,2; € X; then 1 = ... = z; = 0. In this case the subspaces

X1,...,X; are called independent and their direct sum is denoted by X1+ ...+X;. For | = 2 the
independence is equivalent to X1 N Xy = 0.

THEOREM 1.4.1. Let X4,...,X; be independent subspaces and let X be their direct sum. Then for
any bases

By = (ui)1s- - Br = ()Y’
of X1,..., Xy its union B is a basis of X.

Proof. Let x € X, so

where xp, € Xp, 1 <k <. In turn,
Nk
Lk = Z Ui Ok -
i=1

with some coefficients ay; . As a result,

l

ng
Tr = E Uki Ok -

k=1 i=1
Thus, the system B is complete in X.
In order to prove that B is linearly independent suppose that

I ng
>3 o -0

k=1 1i=1

with some coefficients ay;. The sum

Nk
Lk = Z ki ki
i=1
belongs to X, 1 < k <. Moreover,
l
Z:Uk =0.
k=1

Since the spaces X1, ..., X are independent, we obtain
=0, 1<k<I.

Then ay; = 0 since each system By, is linearly independent. [J
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COROLLARY 1.4.2. If the subspaces X1, ..., X, are independent then

For a subspace X C F its direct complement Y is defined as a subspace such thatX+Y = F.
According to Corollary 1.4.2 we have dim X +dim Y = n in this case. Equivalently, dimY = codimX
where codimension of the subspace X is codimX = n — dim X.

The subspaces of codimension 1 are called hyperplanes.

THEOREM 1.4.3. For any subspace X C I there exists a direct complement.

Proof. Let (u)y be a basis of X. By Proposition 1.2.11 this system is contained in a basis
(U1, -y Uy Upid, -y Up). Then Y = Span(uy41,...,uy) is a direct complement of X. [J

REMARK 1.4.4. The direct complement is not unique except for the extremal cases X =0, X = F,

i.e. codimX = n, codimX = 0 respectively. [

1.5 The group GL,(K)

Let us introduce the set T, (K) of transition matrices corresponding to all ordered pairs of bases

(ui); (vk)-
THEOREM 1.5.1. T,,(K) is a group.
Proof. Let t,s € T,,(K), t = [1;] and s = [0y;]. Take a basis (u;) and consider the systems
n
v = Zumm 1 <k<n,
i=1

and

According to Lemma 1.3.2 these systems are bases. Therefore, ts is the matrix of transition (u;) —
(wj), ie. ts € T,(K). Thus, T,,(K) is a subsemigroup of the semigroup M,(K). Note that the
unit matrix e = [§;;] € M,,(K) is the two-sided unity (neutral element) with respect to the matrix
multiplication. The same role of e in T,,(K) can be also seen from the transitions

(ui) - (ui) (k) (ui) p(vk) = (Vi)
For the transitions

(ui) +(vk) 5 (u;)
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the resulting matrix is e hence, ts = e. Similarly, st = e follows from

(vg) 5 (uj) +(vk).

We see that all matrices from 7, (K) are two-sided invertible. The inverse matrix s = t~! corresponds
to the inverse transition. [

COROLLARY 1.5.2. Every transition matriz is two-sided invertible.
THEOREM 1.5.3. If a matriz t is left- or right- invertible then t € T, (K).

Proof. Let t = [1;;] be left-invertible, st = e. Take a basis (u;) and consider the system
n
v = Zuink, 1<k<n.
i=1

We have to prove that (vg) is a basis. Assume that

n
Z Vp Q& = 0
k=1
with some coefficients «. Then
n
Z TikQf — 0
k=1

i.e. tla] = 0 where [a] is the column of aj. Multiplying by s on the left hand, we obtain [a] = 0.
Thus, every left-invertible matrix is a transition matrix.

Now let ¢ be right-invertible, ts = e. Then s is left-invertible, so s € T,,(K) as aforeproved. By
Corollary 1.5.2 s is two-sided invertible. Therefore

t=te=t(ss V) =(ts)s ' =es P =571
hence, t € T,,(K). O
COROLLARY 1.5.4. If a matrixz is one-sided invertible then it is two-sided invertible.
From now on we can say simply "invertible" in any case.
COROLLARY 1.5.5. The set GL,(K) of all invertible matrices coincides with the group T, (K).
Thus, GL,,(K) is a group. In addition we have the following

PROPOSITION 1.5.6. A n x n matriz t = ;] is invertible if and only if its columns (rows) are
right (left) linearly independent.
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Proof. Let t = [1;x] be invertible. Assume that
n
ZTikO&kIO, ]-SZSna
k=1

and

n
Zﬂmk =0, 1<k<n,
i=1

with some coefficients ag, 3;. In the matrix notation t[a] = 0 and [3]'t = 0 where [3]’ is the transposed
column [3]. Multiplying these equations by ¢t~! on the left and right respectively we obtain [a] = 0,
[6] = 0.

Now let the columns of ¢ = [r;;] are right linearly independent. We prove that ¢ is a transition
matrix. Then ¢ is invertible by Corollary 1.5.2.

Take a basis (v;) and

n

up, = Z’Uﬂ'ik, 1<k <n.
=1

We need to prove that (uy) is linearly independent.

n
E U = 0
k=1

Assume that

with some coefficients ay,. Then
n
Z Tik Q) — 0
k=1

since (v;) are linearly independent. Since the columns of ¢ are right linearly independent, we get
[a] = 0.
Similarly, if the rows are left linearly independent then ¢ is invertible. [J

EXAMPLE 1.5.7.Consider the matrix a defined by (1.10) with a8 # B, so that the columns are
right linearly independent. Thus, a is invertible by Proposition 1.5.6. Nevertheless, the columns of a
are left linearly dependent.

Let us find the inverse matrix
-1 Q11 Q12
a = .
Q91 (2

1

Then the equality aa™ = e is equivalent to the following system

a;r + Pa = 1
a2+ Pax = 0
acyy + Paay = 0
aaly  + ﬁaagg = 1.

From the first equality we get
an =1-— fag.
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Substituting it in the third equality we obtain
o = —Aa21

where
A =pa—af #0.
So,
as = —A"ta, a;p =14 A ta.
Using the second equality we get
aiz = —fBags.

Substituting this in the last equality we obtain

Qoo = AL
Thus,
a1 = —,BAil.
Finally,
0l = 14+ A e —BAL
—Ala AT
O

1.6 Linear functionals

A mapping ¢ : F — K (i.e. a scalar valued function ¢(z), z € F) is called a linear functional
on I if it is additive, i.e.

Dyex+y) =pz+ey (z,y€eFr)
and homogeneous,

2) p(za) = (p(z)a (zreF, acK).
The set of all linear functionals on F' is denoted by F”.

We define the sum of linear functionals ¢1, o € F' as

(1 + p2)(7) = p1(z) + p2(z).

It is easy to see that o1 + @2 € F' and F’ is an Abelian group provided with this addition.
If p € F" and )\ € K we define \p as

(Ap) (@) = Ap(2))

where the right hand side is the product in K. Then Ap € F. We only check the homogeneity:

(Ap)(za) = Mp(za)) = Ap(r)a) = (Alp(x)))a = (Ap)(x))a

Thus, with the above introduced operations the set F' is a left linear space over the same field K.
This space is called dual to F.
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PROPOSITION 1.6.1. Let (ug)} be a basis of F'. Then the coordinates &1(x), ..., & () are linear
functionals of x € F.

Proof. Let x,y € F. Then we have the following decompositions

xzzukgk(x), y:ZUkﬁk(y)-
k=1 k=1

Hence,
vy =Y up(é(®) + &(y))
k=1
which means that
Ee(r +y) =&k(2) +&(y), 1<k<n

Similarly,
T = Z upép(za) = Z upér(z)a.
k=1 k=1
Hence,
k(za) = &(z)a.
O

PROPOSITION 1.6.2. The system (&)Y is a basis of F'.

This basis is called dual to (ug)} in view of relations

fz(uk) = 5zk . (1.20)

In view of (1.20) the basis (£x)7 is also called biorthogonal to (eg)}.

Proof. Let
n
> bk =0
k=1

for some coefficients v1,...,7v,. Then

0= (Z%fk) (wi) = > wrlws) =Y Wb =7, 1<i<n,
k=1 k=1 k=1

i.e. the system (&) is linearly independent.
Let now ¢ be an arbitrary linear functional on F' and

z=> upp(x).
k=1
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Then
o) = ¢<Zuksk<z>) = ) () (1.21)
k=1

for all . Hence .
o= olur),
k=1
i.e., the system (&x)7 is complete. [
COROLLARY 1.6.3. dim F" = n, i.e. dimF’ = dim F.

We also see from above that the coordinates €) of the linear functional ¢ for the dual basis in F’
are the values p(uy) on the given basis in F'. We assign to the linear functional ¢ the row

le] = [e1,- -, &n)

of its coordinates for the dual basis. Then

where [€] is the coordinate column of x for the basis (uy)}.

In this context it is convenient to use the term covectors for the linear functionals.

If ¢ is the matrix of a transition to a new basis then () = [e]t[n] where [n] is the coordinate
column of x for the new basis. We see that the coordinate row of the covector ¢ for the new dual
basis is

[6] =[e]t | . (1.22)

Thus, in the dual space the transition matrix acts on the right hand side in contrast to (1.17).
In conclusion we prove the following useful

PROPOSITION 1.6.4. A subspace X C F coincides with whole F if and only if the only linear
functional ¢ such that p|X =0 is ¢ = 0.

Proof. Let X # F so, dim X = m < n. Consider a basis (uy)] C F such that (ug)]" is a basis in X
(see Corollary 1.2.12). Then the coordinate &,,11 is a nonzero linear functional such that &,,+1|X = 0.
(]

COROLLARY 1.6.5. A system of vectors (vg)} is complete in F if and only if the only linear func-
tional ¢ such that
e(vg) =0, 1<k<I, (1.23)

15 o = 0.

Proof. The system of equations (1.23) is equivalent to ¢|X = 0 where X = Span(vy,...,v;). O
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1.7 Homomorphisms and linear operators

Consider one more right linear space E over the same field K, dim £ = m.

A mapping f: E — F is called a homomorphism from E into F' if it is linear, i.e. additive

Df(z+y)=fr+fy (v,y€E)
and homogeneous,

2)f(za)=(fzx)a (re€E, acK),
like linear functionals. So, the linear functionals are just homomorphisms £ — K.

The set of all homomorphisms from F into F' is denoted by Hom(F, F'). In particular, Hom(E,K) =
E’. In the case E = F the homomorphisms are called endomorphisms of E or linear operators
in E. The corresponding notation is L(E) = End(F) = Hom(E, E).

The space Hom(E, F') provided with the standard addition is an Abelian group. However, there
is no natural multiplication by scalars in Hom(E, F') since the definition

(Af)z = A(fx)

makes no sense if the right linear space F' is not left one. If F' is a two-sided linear space then
Hom(FE, F') can be provided with a structure of left-linear space like E'.

Let f be a homomorphism E — F'. It is called an epimorphism if it is a surjective mapping, i.e.
for any y € F' there exists « € F such that y = fz. In other words, f is an epimorphism if and only
if its image,

Imf={yeF:y=fa},

is the whole F'. Note that the image of any f € Hom(F, F') s a subspace of the space E.
A homomorphism f : £ — F'is called a monomorphism if it is an injective mapping, i.e. equality
fxr1 = fxo implies 1 = x5. This property can be characterized in terms of the kernel,

Kerf ={x € E: fx =0}.
Namely, f is a monomorphism if and only if Kerf = 0. Indeed, if Kerf = 0 then
fri=fro= f(x1 —22) =0= 21 —x2 € Kerf = 21 — 20 = 0= x1 = 9.

Conversely, if f is a monomorphism and x € Kerf then fz =0 and f0 = 0. Hence, x = 0.

Any bijective homomorphism f : F — F' is called an isomorphism from F onto F. Obviously,
f € Hom(E, F) is an isomorphism if and only if f is an epimorphism and a monomorphism at the
same time, i.e.

Kerf =0, Imf=F

simultaneously.

Having an isomorphism f : E — F one can identify F' with F (E = F) by identification fz = x
for all x € E.

Any monomorphism f : E — F defines the isomorphism f: FE — Imf which allows us to identify
Imf with E. On the other hand, for any subspace X C F the mapping ¢ : X — F defined as
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ix =x, x € X, is a monomorphism trivially. This monomorphism is called the embedding of the
subspace X into the whole space F'. Therefore any monomorphism f : F — F can be also called an
embedding of F into F' by identification F = Imf.

For any f € Hom(E, F') one can introduce two integer numbers,

rank(f) = dim(Imf), def(f) = dim(Kerf),
the rank and the defect of f. Obviously,
0 <rank(f) <n, 0<def(f)<m

and
rank(f) =0 < def(f) =m & f=0.

THEOREM 1.7.1. For any f € Hom(E, F) the relation

rank(f) + def(f) = dim E. (1.24)

1s valid.

Proof. Let def(f) =1 and let (ex)! be a basis of Kerf. According to Proposition 1.2.11 this basis
can be extended to a basis (ex)]" of the whole E. It is sufficient to prove that (f(ex));}; is a basis in
Imf.

Any vector from Imf is of form

m m m
FO ewar) =Y fler)or = > fler)an
k=1 k=1 k=1+1

since f(ex) =0, 1 <k <. Thus, Imf = Span(f(ej+1),...,f(em)). It remains to prove that the
system (f(ex));t; is linearly independent.
Suppose that

k=l+1
Then
m
FOY - ewm) =0,
k=Il+1
i.e.

Z exvr € Kerf.

k=l+1

The latter vector can be decomposed for the basis (e;)} € Kerf :

m !
S =Y e
k=l+1 k=1

Since (e;)7" is a basis, all coefficients 75, 1 < k < m, are equal to zero.[I
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COROLLARY 1.7.2. The inequality

rank(f) < min(m,n) (1.25)

holds.

The following consequence of Theorem 1.7.1 is especially important.

COROLLARY 1.7.3. In the case m = n (i.e. dim E = dim F') the following properties are equivalent
for f € Hom(E, F):

a) f is an epimorphism.

b) f is a monomorphism.

Thus, each property a) or b) implies that f is an isomorphism.
Applying Theorem 1.7.1 to the case F' = K we obtain

COROLLARY 1.7.4. For any linear functional ¢ # 0 on the space E
dim(Kery) =m — 1.

Thus, Kery is a hyperplane.
Conversely, we have

PROPOSITION 1.7.5. For any hyperplane X there exists a linear functional ¢ such that X = Kerep.
All such linear functionals are proportional.

Proof. Tf (ex)7 ! is a basis in X and (ex)] is its extension to a basis in E then X = Ker¢,, where
&m = &m(x) is the corresponding coordinate of vector x.
Now let Keryp; = Kergpy # 0. Consider a vector v such that ¢1(v) # 0. For any x the vector

y=2—v(p(0) "p1(2))

belongs to Kerpi. Hence, pa(y) = 0, i.e. pa(z) = Ap1(x) where X = ¢2(v)pi1(v) L. This means that
w2 = Ap1. O

The class of right linear spaces over K is a category with homomorphisms as morphisms. Indeed,
first of all, we have

PROPOSITION 1.7.6. Let E,F,G be some right linear spaces. If a mapping f : E — F and
a mapping g : F — G are homomorphisms then their product (composition) gf : E — G is a
homomorphism as well.
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Proof. Obviously,

9 x+y) =g9(flx+y) =g(fz+ fy) = (9f)r+ (9f)y

and
(9f)(za) = g(f(za)) = g((fz)a) = ((9f)z)c.

O

In addition, the identity homomorphism idg : ' — F' is a neutral element in the sense idg - f = f
for all f € Hom(E, F) and ¢ -idp = g for all ¢ € Hom(F, G).

Obviously, idg is an isomorphism F — F. Any isomorphism F' — F is called an automorphism
of the space F. The set of all automorphisms £ — E is denoted by Aut(E).

COROLLARY 1.7.7. The product of epimorphisms (monomorphisms, isomorphisms) is an epimor-
phism (monomorphism, isomorphism).

COROLLARY 1.7.8. The set L(E) of linear operators in E is a multiplicative monoid.

The invertible elements of the monoid L(E) form a group L#(E), the group of invertible linear
operators. We prove the following

PROPOSITION 1.7.9. A linear operator f in E is a bijective mapping E — E if and only if it is
an automorphism.

Proof. There exists an inverse mapping f~' : E — E,

frt =171 =idg,
f being bijective. We have to prove that f~! is linear as well. If 2,y € F' and

fTlavy) =2z [Tle=u [ly=v

then
flu+v)=fu+fo=c+y=fz.
Hence,
u+v=z
S0,

Tl +y)=fla+ [y
We also have
f_l(xoz) = uo = (f_la:)oz,

since

flua) = (fu)a = za.
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COROLLARY 1.7.10. L¥(E) = Aut(E), thus, Aut(E) is a group.
The same proof as in Proposition 1.7.9 yields a more general

PROPOSITION 1.7.11. If f is an isomorphism from E onto F then f~' is an isomorphism from
F onto E.

Note that the invertibility of a linear operator is provided by its one-sided invertibility.

PROPOSITION 1.7.12. If a linear operator f in E is one-sided invertible then it is invertible.
Moreover, the only one-sided inverse to f is f~1.

Proof. If f is right-invertible, i.e. fg = id, then for any = € E we have x = f(gx). This means that
x € Imf. Let now f is left-invertible, i.e. gf = id. Then for x such that fx = 0 we get x = g(fx) =0,
i.e. Kerf = 0. Now Corollary 1.7.3 yields that f is invertible in both cases.

Let now f, Land f R L are some left- and right-inverse to f. Then

frt=id- fpt = (F et = fN(FfRY) =t id = 1

Therefore both operators fg Land f . L are two-sided inverse and the inverse is unique. Thus, fr -
=10

The space F' is called isomorphic to E if there exists an isomorphism E — F. This property is
denoted by E =~ F. This is a binary relation on the category of all right linear spaces. Actually, this

is an equivalence, i.e. that it is reflexive,
ExFE,

since there exists idg; it is symmetric,
(B~ F)= (F~ E),
by Corollary 1.7.11; it is transitive
(E~ F)&(F~G)= (E~QG),

by Proposition 1.7.6. Thus, one can speak about the classes of isomorphic right spaces.
Obviously, if E =~ F then dim E = dim F'. The converse is also true.

THEOREM 1.7.13. If dim E = m then E is isomorphic to the arithmetic m-dimensional space K™.

Proof. Given a basis in E. The mapping = — [{], where [{] is the coordinate column of z, is an
isomorphism £ — K™. [

Note that the isomorphism we use above maps the given basis in £ onto the canonical basis in
K™.

By Theorem 1.7.13 the space K™ of columns of height m can be chosen as a canonical repre-
sentative of the class of m-dimensional right linear spaces. For the left linear spaces the situation is
similar but it is convenient to choose the space (K™)' of rows of length m as the canonical represen-
tative in this case.
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COROLLARY 1.7.14. If dim F = dim F' then E ~ F.

Proof. Both spaces F and F' are m-dimensional. Hence, F ~ K" and F' ~ K". By symmetry and
transitivity £ ~ F. U

Note that the isomorphism E — F' in the proof depends on choice of some bases in £ and F.

Now for any vector v € F and any covector ¢ € E’ one can introduce the tensor product
u® p € Hom(E, F) as

(u® p)(z) = up(z).

This is an important construction, but in the proof of the next lemma we use that to only avoid a
more complicated notation.

LEMMA 1.7.15. Let (e){" be a basis of E. Then for a given system (zx)}) € F' there exists a unique
homomorphism f € Hom(E, F) such that

fer =2k, 1<k<m. (1.26)

Proof. Let ()T be the dual basis in E’. Define homomorphism f € Hom(E, F') by

f=Y z0&
i=1
Then .
fer =Yz ®&er) = 2.
i=1

Under conditions (1.26) a homomorphism f € Hom(E, F') is unique since

fz= f(z exép()) = szék(w), z€E.
k=1 k=1

O
Now we choose a basis (u;)} in F' and consider the decompositions

n
fer = Zuiaik, 1<k <m, (1.27)
i=1
so that the coordinates of fej, are the elements of the k-th column of the matrix [a;;] € My, ,,(K). This
matrix is called the matrix of homomorphism f for the given bases in (e;)* C E and (u;)} C F.
It is denoted by mat(f). In the case E = F we assume that the bases in F and F are the same. In
this case mat(f) runs over square matrices of order m.

EXAMPLE 1.7.16. For any A € K consider the scalar matrix oy = A, 1 < i,k < m. For the
corresponding linear operator fy : E — E we have

m

f)\ek = Z 6,()\(51k) = ek)\.

i=1
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Therefore for any vector
m

= erl
k=1
its image is
= (hew)é =D (e =Y en(A)-
k=1 k=1 k=1

We see that f) operates in coordinates by left multiplication by A of all ones. If K is not commutative
then fyx # Ax in general. In other words, the operator fy is not scalar!

On the other hand, one can consider the mapping z — x\, x € E. This mapping is not linear if
K is not commutative. Indeed, if p € K, u\ # Ap then e; — e A but

erp = (erp) A = er(pA) # er(Ap) = (e1A)p.
O

According to Lemma 1.7.15 the mapping f +— mat(f) is bijective. This mapping preserves all
algebraic operations existing in Hom(E, F'), namely:

1) mat(g + f) = mat(g) + mat(f),
i.e. ‘mat’ is a homomorphism of additive groups (in particular, mat(0) = 0, mat(—f) = —mat(f));

2) mat(gf) = mat(g) - mat(f)
(under assumption that the matrices are assigned to the relevant bases).

Moreover, mat(idg) is the unit matrix e = [d;x], 1 <4,k < m. We also have

PROPOSITION 1.7.17. A linear operator f € L(E) is invertible if and only if mat(f) is invertible
and

mat(f ") = (mat(f))™ (1.28)

in this case.

Proof. If f is invertible, ff~! =idg, then

(mat(f)) - (mat(f~)) = mat(f£~) = mat(idg) = e,

hence, mat(f) is invertible and (1.28) takes place.
Conversely, one can consider the linear operator g such that mat(g) = a=! where a = mat(f).
Then mat(gf) = a 'a = e = mat(idg) hence, gf = idg. Similarly, fg =idg. O

COROLLARY 1.7.18. The group Aut(E) is isomorphic to GL,(K).

The 1-1 correspondence f — mat(f) between linear operators in E and m X m matrices appears
as soon as a basis in F is chosen. In order to investigate how mat(f) depends on basis we find out
how f effects on the coordinates.

Letz € B

m
Tr = Z ekfk.
k=1
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It follows from (1.27) that
fr=> uwi Y airkp
i=1 k=1

Thus, the coordinates of fx for the basis (u;)} in F are

ni = i ik (1.29)

k=1

where &, are coordinates of x for the basis (ex)}" in E. In the matrix form

[n] = mat(f)[¢] (1.30)

where [¢] is the column of coordinates of « for the basis (ex)}" and [n] is the column of coordinates of
fx for the basis (u;)}.

PROPOSITION 1.7.19. Let a and b be the matrices of f € L(E) for some bases (e;)]" and (v){"
respectively. Then

b=t"lat (1.31)

where t is the matrixz of transition (e;)7" — (vi){".

In this sense b is similar to a. If a and b are invertible then they are conjugate in GL,, (K).
Proof. Let [¢] and [w] be coordinate columns of z € E for the bases (e;)7* and (vg)}" respectively.
Similarly, we have the columns [a] and [5] for fz. It follows from (1.17) that

[ =t],  [o] =g (1.32)
In turn, (1.30) yields
[a] = alc],  [A] = blw]. (1.33)
Combining (1.32) and (1.33) we obtain
at|w] = tblw]
for all z = [w]. Thus,
at =tb

which yields (1.31). O
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1.8 The duality theory

We know that dim £’ = dim E but the sentence ”E’ is isomorphic to E” makes no sense. Indeed,
E is a right linear space while E’ is a left one. However, the second dual space E” = (E’)’ is a right
linear space again and dim E” = dim £’ = dim F, hence, F ~ E".

In order to get an isomorphism E — E” it is sufficient to choose a basis in E and map it onto a
basis in E”. However, if the latter is taken as the second dual to the former then the isomorphism is
actually independent of the choice of the initial basis. This isomorphism F — E” is called canonical.
The canonical image of x € E will be denoted by z, & € E”.

THEOREM 1.8.1. The canonical isomorphism E — E" is given by the formula

2(p) = p(z), peE. (1.34)

Proof. By definition of the mapping x — & we have

k=1
for
m
x = Z exe ()
k=1
Therefore

k
By definition, €}/(¢) are coordinates of ¢ for the basis (e} )7*. As we know they are ¢(e), 1 <k < m.
Hence,

m
= wler)er(x) = o)
k=1

(see (1.21)). O
From now on we identify E” with E by the canonical isomorphism.
Let f € Hom(F, F'). The adjoint mapping f': F/ — E’ is defined as such that

(f'e)(x) = o(f) (1.35)

for all p € F' and for all x € F. In other words, f'¢o = ¢f, the product of ¢ € Hom(F,K) and
f € Hom(E, F).

PROPOSITION 1.8.2. The adjoint mapping f' is a homomorphism, i.e. f' € Hom(F', E").
Proof. For z,y € F and A € K we obtain
(el +y) = o(f(x +y)) = o(fr) + ¢(fy) = (f'e) (@) + (f'e)(y)
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and
(f'(A@))(2) = (Ap)(fr) = Me(fz)) = M) (@) = (A(f'9)) (2).
O
Now let us prove some standard properties of the mapping f — f’ from Hom(FE, F') into Hom(F”, E").

First of all, we consider f” : E” — F" as a homomorphism F — F by canonical identifications
E"=E, F” =F.It turns that

=1, (1.36)

Indeed, let & € E”. Using (1.34) and (1.35) for ¢ € F’ we get

(f"2)() = 2(f'®) = (f'4)(x) = ¥(fz) = fa(¥).

Hence, "2 = ]/”; By identification & = x, j/’;“ = fx we obtain f”z = fx which means (1.36).0]
For f,g € Hom(FE, F') we have

=

(f+9) o) = o(f+9)z)=9(fr+gr)=o(fr)+ @(gz)
= (f'o)@)+ (d'o) (@)= (f'e+do)(x)= (' +9)e) (x)

i.e.

(f+9)=f+d|. (1.37)

Now let f € Hom(E, F') and g € Hom(F, G). Then

(f'a)e = f(de) = flpg) = (pg)f = wlgf) = (9f) ¢,

hence,

(9f) =Ff9g | . (1.38)

Note also that

(idp) =idp | | (1.39)

since
(idr)'p = p(idr) = .
Also we have another important relation.

PROPOSITION 1.8.3. Let f be a linear operator in E. Then the adjoint linear operator f' in E’ is
invertible if and only if f is invertible. In this situation

(=" (1.40)
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Proof. If f is invertible then
idg = (idg) = (f7'f) = (/1)

We see that f’ is right-invertible and (f~!)’ is its right-inverse operator. By Proposition 1.7.12 f’
is invertible and (1.40) holds.

Conversely, if f’ is invertible, then f” is invertible. Hence, f = f” is invertible. [

Now let (ex)]* and (u;)} be some bases in E and F' respectively and let mat(f) = [, i-e.

n
fer = Zuiailm 1<E<m.
i=1
In order to introduce the matrix of f’ for the dual bases (§)7* € E' and (n;)} € F’ we observe that
n n n
(f'mi)(er) = mi(fer) = m(Y_wjon) = > milug)agn = Y Sijogn = a.
j=1 j=1 j=1

For this reason we can agree to set

mat(f') = mat(f) | , (1.41)

however, in the matrix mat(f’) the coordinates of covectors f'n; € F', 1 < i < n, are staying in the
rows of mat(f). This agreement is natural in view of the fact that the dual spaces are left ones.

1.9 The Euclidean spaces

In this Section we assume that the field K is provided by an involution a+— & with
the following properties:

i) a=aq;
i) a+pB=a+p;
iii) af = fa;

iv) aa = aa.

Hence, the involution is an anti-automorphism K — K. As a consequence, & # 0 if « # 0.
The subset of all fixed points of the involution,

k={\: NeK, A=)}, (1.42)

is a subfield of K. We suppose that the subfield k is central, i.e. Aa = a) for all A € k, a € K.
Sometimes it is convenient to write down zA~! with A € k as the quotient T=x/\
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EXAMPLE 1.9.1. The subfield k is R for the classical fields R, C, H.

If the characteristics of the field K is # 2 then any elements o € K is uniquely presented as

a=A+tpu A=\ I=—pu, (1.43)
namely,
a+a a—a
A= = 1.44
5 HE (1.44)

A= Re(a), p=Sm(a). (1.45)
A subfield L € K is called involutive if it is invariant with respect to the involution, i.e.
AeL=)eL. (1.46)

The subfield k is trivially involutive, in particular, so is R in C or H. The subfield C in H is also
involutive.

Let E be a right linear space over K, dim £ = m. The inner product (x,y) on E is a mapping
E x E — K such that for all vectors x,y € E and all scalars o € K the following identities hold:

r+y,z) = (r,2) +{y,2)

4) (z,z) # 0 for = # 0.
Note that 3) implies
(,2) = (2,) (1.47)
forall z € E, i.e. (x,z) € k.
It is trivially follows from 1-3 that
(z,y+2) = (z,y) +(z,2); (z,y0) = (z,9)a (1.48)
and
(2,00 =0; (0,5 =0 (1.49)

for all x,y € F.
Similarly, one can define an inner product in a left linear space. The only change in 2 is needed:

(az,y) = alz,y). (1.50)

A linear space provided with an inner product is called an Euclidean space. In this Section FE
means a right Euclidean space. The simplest example is E = K with (£,n) = &n.

The vectors z,y € E are called orthogonal if (z,y) = 0. We denote the orthogonality relation
by L y. In particular, (1.49) means that L 0, 0 L y. The main properties of the orthogonality
relation are
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a) x Ly=y L x;
b) z Lz=2=0;
c)zly=ylzy
d) (z Ly)&(z Ly2) =z L (y1+y2)

For any vector x and any nonempty set Z C E we define the orthogonality x | Z as x | z for
all z € Z. It follows from c) and d) that

x 1l Z < 1 Span(Z2). (1.51)
In particular, for a subspace X we have that x 1. X if and only if x is orthogonal to a basis of X.

PROPOSITION 1.9.2. Let Xy,...,X; be subspaces and let a vector x is orthogonal to each of them.
Then x is orthogonal to the sum of these subspaces.

Proof. This immediately follows from d).
The following statement is a relevant generalization of the Pythagor Theorem.

PROPOSITION 1.9.3. If L y then

(x+y,z+y) = (x,z) + (y,y). (1.52)

Proof. This immediately follows from the basis identities for the inner product. [
A system (vg)y is called orthogonal if v; L vg, i # k. Therefore an orthogonal system is such
that
(’Uz‘, Uk> = ik(vi7vi>7 1 S i, k S V. (1.53)

For any system (vg)y its Gram matrix is [(v;, vx)], 1 < i,k <wv. A system is orthogonal if and
only if its Gram matriz is diagonal. In particular, if (vg)]" is a basis and [y;] is its Gram matrix then
the inner product can be expressed in the coordinate form

m
(@,y) = > &vintin- (1.54)
ik=1
If the basis is orthogonal then
m o m o
(z,y) = Zfﬂiﬂh = Z%’iﬁmi, (1.55)
i=1 i=1

since v;; = (vi, v;) € k.
An orthogonal system (vg)y with (vg,vg) =1, 1 <k < v, is called orthonormal. In other words,
this is a system such that
(viyvg) = 0k, 1 <ik<uv, (1.56)
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i.e. its Gram matrix is the unit matrix.
Conversely, given a m x m-matrix [y;;] such that

Vi = Yik (1.57)
and .
> ke £ 0 (1.58)
ik=1

for all columns [£] # 0, the formula (1.54) defines an inner product in the space K™ as well as in any
m-dimensional right linear space where [£], [n] are the coordinate columns of vectors z,y for a basis.
The corresponding Gram matrix is just [y;x]. In particular, for the standard inner product in K™,

z,y) = &ty (1.59)
k=1

the canonical basis is orthonormal.

EXAMPLE 1.9.4.Consider the quaternionic space H™. Let z,y € H™, ie. = = [§ + nj]T" and
y =[G + wi]{* with complex &, n;, (i, w;. According to (1.59), (1.2) and (1.3),

(@) = (& —nd)(G +wid) =D (i + i), (1.60)
i=1 i=1
where
a; = &G+ niwi, Bi = §wi — 1iC; (1.61)
As a consequence we obtain
|<$,y>| <$ y Z as + ﬂs.] ap — 5l.] Z Qs + ﬁsﬂl (1'62)
s,l=1 s,l=1

This formula will be effectively used in Section 3.3.

Note that in the left linear space (K™)" the standard inner product is

Ty) =Y &l (1.63)
k=1

the canonical basis is orthonormal again.
PROPOSITION 1.9.5. Any orthogonal system (v)y of nonzero vectors is linearly independent.
Proof. Let

v
E Ve =0
k=1

with some coefficients «y,. Then

v v v

0= Z(Uiﬂ}kak> = Z@u%)% = Zéik<viavk>ak = (i, vi)oy

k=1 k=1 k=1

for all 1 <14 <w. Since (v;,v;) #0, 1<1i<w, all a; are equal to zero. [
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COROLLARY 1.9.6. Any orthonormal system is linearly independent.
The following statement is a key lemma to the further development of the Euclidean geometry.

LEMMA 1.9.7. Let X be a subspace provided with an orthogonal basis (ex)y. Then for any vector v
there exists a unique vector u € X such that

v—u Ll X. (1.64)

Such vector v is called an orthogonal projection of v on X and denoted by u = prywv.
Proof. We look for a vector

u = Zekak (1.65)
k=1

satisfying (1.64). The latter is equivalent to
(v—u) Le, 1<i<uy,

or, equivalently,

14
(e;, v — Zekak> =0, 1<i<v,
k=1

i.e.
14 14

(ei,0) = (e ex)ar = Y Sixler, ex)ay = aifei i), 1<i<w.

k=1 k=1

Hence, u is an orthogonal projection of v on X if and only if in (1.65)

<ek7v>
(ex,ex)

o =
(]

COROLLARY 1.9.8. For any subspace X C E and any vector v there exists a unique vector pryv
such that

pryve X, (v—pryv) L X | . (1.66)

Formula (1.69) yields pryv explicitly.
Now the following statement is obvious.

COROLLARY 1.9.9. pryv =v < v € X.

Proof. Since v —v = 0 L X, we obtain pryv = v in the case v € X by uniqueness in Corollary
1.9.8. Conversely, if pryv = v then v € X by (1.66). O
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COROLLARY 1.9.10. The equality
(prxv, pryxv) = (v,v) (1.67)
holds if and only if v € X.
Proof. By the Pythagor Theorem (1.66) implies
(v,v) = (pryv, pryv) + (v — pryv,v — pryv). (1.68)
Hence, (1.67) is equivalent to the equality
(v —prxv,v — pryv)

which, in turn, is equivalent to the pryv = v and the latter is equivalent to v € X by Corollary 1.9.9.
O
A useful reformulation of Corollary 1.9.10 is

COROLLARY 1.9.11. If some vectors u and v are such that
(uyu) = (v,v), ulov—u
then u = v.

Proof. Taking X = (v — u)* we obtain u = pryv. By Corollary 1.9.10 v € X. Hence, u = v. [J
As we have seen in the proof of Lemma 1.9.7,

v

Ty = e {en, v)
pry ; lorer) | (1.69)

THEOREM 1.9.12. There exists an orthogonal basis in the Euclidean space E.

Proof. We use the induction on dimension. Note that for any one-dimensional space the statement
is empty, so it is trivially true.

Consider a subspace X in F, dimX = m — 1. By the induction assumption there exists an
orthogonal basis (e;)7 " in X. Taking a vector v ¢ X and setting

€m = U — Prxv
we obtain the orthogonal basis (e;)]" in E. Indeed, e, L X and e, # 0. O

REMARK 1.9.13. The above proof is actually a version of the orthogonalization process. In
fact, Theorem 1.9.12 can be specified as follows: there exists an orthogonal basis e1, . .., e, which is
compatible with a given filtration X1 C Xo C ... C Xy Such a basis is unique up to proportionality

ekv—>ek)\k, /\k7é0, lgkgm

Indeed, if (e}, )" is another such basis then e}, belongs to X}, and it is orthogonal to Xj;_1, 2 < k < m.
The decomposition of e}, for the basis (e1, ..., ex) in X}, is reduced to e}, = ex A\, with A\, = (ex, €}.) /(e ex,)-
Obviously, \; # 0. O
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Applying (1.69) to the case X = F we obtain

COROLLARY 1.9.14. For any v € E its decomposition for an orthogonal basis (ex)" in E is

v = Z ek {ek, v) (1.70)

= (epser)

This is a finite-dimensional counterpart of the Fourier decomposition in Analysis. For this reason

the values
<ek’ U>

(exex)’
are called the Fourier coefficients. The following example is classical.

& =

1<k<m. (1.71)

EXAMPLE 1.9.15.Let II be the complex (infinite-dimensional) linear space of all polynomials of one
variable over C. We can consider them as some complex-valued functions on a finite interval (a, b) of
the real axis R. Let w(u) be a positive-valued continuous function on (a,b) such that

/bw(u) du < oo. (1.72)

The space 1I provided with the inner product

b
(b1, p2)o = / P () () (1) (1.73)

will be denoted by (II,w), the function w in this context is called the weight. The weight w is called

/abw(u) du = 1.

normalized if

Obviously, for any weight w the weight

w(u)
Qu) = ——— 1.74
f; w(u) du (1.74)
is normalized.
The finite-dimensional subspaces
My={pell:degp<d} |, dimlly=d+1, deN, (1.75)
form a filtration of the whole space II, i.e.
oo
IycIl, clls C ..., UHd:H- (1.76)
d=0
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Any sequence of polynomials (pi)3°, degpr = k, is a basis in IT which is compatible with filtration
(1.76). By Remark 1.9.13 there exists such an orthogonal basis (p)3° in (II,w) and this is unique up
to proportionality. One can say that we have the filtration (IIz,w), d € N, of the Euclidean space
(IT, w).

By the way, the most general construction of an inner product in functional space is

(01.00) = [ Gvady (L.77)

where S is a nonempty set provided with a measure p (so that (S, u) is a measurable set) and the
functions under consideration are measurable functions ¢ : S — C such that

[ 1o di < oc.
S

The next corollaries of Theorem 1.9.12 are related to the orthogonal subspaces. The subspaces X
and Y are called orthogonal, X | Y, if every vector in X is orthogonal to every vector in Y. In
particular, so are X and X where the latter is defined as the set of all vectors y L X. (It is clear
that X1 is a subspace.)

Obviously, X 1 Y = X NY = 0. The direct sum of orthogonal subspaces X and Y is called the
orthogonal sum and it is denoted by X @ Y.

COROLLARY 1.9.16. There is the orthogonal decomposition

E=XoXx*t (1.78)

for any subspace X € E.

Indeed, for any v we have v = 2 +y, where z = pryv € X and y =v —x € X+,
Thus, X' is a direct complement of X. It is called the orthogonal complement. Its dimension

is

dim X+ = codimX | . (1.79)

In particular,
0t=E, Et=0. (1.80)

Moreover, formula (1.79) shows that
X#EsXt+#0. (1.81)

In other words, we have
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COROLLARY 1.9.17. X # E if and only if the only vector y 1 X isy = 0.

(Cf. Proposition 1.6.4 and see Theorem 1.9.21 below for an additional comparison.)
An equivalent formulation of Corollary 1.9.17 is

COROLLARY 1.9.18. A system of vectors (vg)} is complete in E if and only if the only vector
y Lo, 1<k<I isy=0.

One more consequence of Theorem 1.9.12 is
COROLLARY 1.9.19 X+t = X.

Proof. First of all, X ¢ X+ by definition of X+ = (X+)1. On the other hand,
dim X" = codimX " = dim X.

O
Any system of subspaces (X},)! is called orthogonal if X; | X3, 1<i<k<I.

PROPOSITION 1.9.20. If the subspaces X1, ..., X; are pairwise orthogonal then they are indepen-
dent.

Proof. Let
!

0= Zxk, xp € Xp.
k=1

Then for any k we get

whence z; =0, 1<:<[. O
Consider the dual space E’ for the Euclidean space E. Obviously, for any y € E the scalar valued
function = — (y, ) is a linear functional. An important statement is the following Riesz Theorem.

THEOREM 1.9.21. For any linear functional ¢ € E' there exists a unique vector u such that

o) = (u,z) | . (1.82)

Thus, (1.82) is a general form of a linear functional on the Euclidean space E.
Proof. If ¢ = 0 then the only vector u satisfying (1.82) is u = 0. For ¢ # 0 we consider the
hyperplane X = Kery. Then dim X+ = 1. Consider a basis vector w € X+ and the corresponding

linear functional
P(x) = (w, x).

Then
Ker¢ = (u})L = (‘X'L)l = )(LL =X = Kergo.
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By Proposition 1.7.5 ¢ = A with a scalar coefficient A\. Hence,

p(r) = Mp(z) = Mw, z).

We obtain (1.82) with u = wA.

To prove the uniqueness of u we observe that if p(x) = (u1, z) and p(z) = (ug, x) then (u; —ug, ) =
0 for all z. This means that uq — us € F+ = 0,ie up —uo =0, uy =uy.

A mapping ¥ : E — K is called a semi-linear functional on F if it is additive, i.e.

) dx+y)=dz+dy (r,y€E)
and semi-homogeneous,

2) d(za) =a(¥(z)) (x€E, acK).
The set of all semi-linear functionals on E is denoted by E* and it is called the conjugate space to
E. This is a right linear space over K like the dual space E’. (Recall that E’ is a left linear space.) It
is easy to see that the formula

Iz) = p(z), p€F, (1.83)

defines a bijective mapping E’ — E*, the inverse mapping is given by

o(a) = 0(). (1.84)

Obviously, if ¢ < ¢ then ap < YJa. Taking into account (1.83) and (1.84) we obtain from Theorem
1.9.21 its (x)-version.

THEOREM 1.9.22. A general form of a semi-linear functional on the Fuclidean space E is

¥ z) = (z,u) | . (1.85)

The correspondence between ¥ and w in (1.85) is an isomorphism between E* and E.
Later on we identify E* with E by this canonical isomorphism.
COROLLARY 1.9.23. dim E* =dim E

The homomorphisms f : E — F (E is the Euclidean space under consideration, F' is a right
linear space) can be described in the following way (which is important for our purposes in the next
Chapters).

Let (vg)} be a fixed basis in F. Then the coordinates of fx are linear functionals of z € E. The
Riesz Theorem yields a system (ug)} C E such that the decomposition

fr = ka<uk,w) (1.86)
k=1

holds. The mapping f +— (ug)} from Hom(E, F) into E™ (the latter is the n-th Cartesian power) is
bijective. For a homomorphism f we call the system (ug)} in (1.86) the frame of f.
If F is also an Euclidean space and f € Hom(F, F'), the conjugate homomorphism f*: FF — FE
is defined by the identity
(fz,y)r = (z, f"y) B (1.87)

In this context we have
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PROPOSITION 1.9.24. For any f € Hom(E, F) there exists a unique conjugate f* € Hom(F, E).

Proof. For any y € F we have the semi-linear functional ¥,(z) = (fz,y)r on E. By Theorem
1.9.22 there exists a unique vector u € E such that (fz,y)r = (z,u)g. Setting u = f*y we obtain
(1.87), f* is a mapping F' — E. As usual, one can check that f* is a homomorphism. [

Here is a list of properties of the conjugate mapping f +— f* which are similar to (1.36)-(1.39)

1) f* =1
2) (f+9) =/f"+9%
3) (9f)" = 19"
4) (idp)* = idp.
All the properties can be immediately established by (1.87). For example,
(@, [ y)r = (f29)p = (2, fy)r
We also have

PROPOSITION 1.9.25. Let f be a linear operator in E. Then the conjugate operator f* in E is
invertible if and only if f is invertible. In this situation

(f7t=0h - (1.88)

The proof is literally the same as for Proposition 1.8.3.
A linear operator f in F is called unitary if it is preserves the inner product, i.e.

(fz, fy) = (z.y) (1.89)

for all z,y € E. Further U(F) stands for the set of unitary operators in E. The unitary operators in a
real Euclidean space are called orthogonal. The corresponding notation for the group U(F) is O(FE).

PROPOSITION 1.9.26. The following conditions for f € L(E) are equivalent.

(1) feU(E);
(2) ff =id;
(3) ffr=id;

(4) f is invertible and f~' = f*.
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Proof. (1) = (2). It follows from (1.89) that

(f*fz,y) = (z,9),

whence,
(f*f —id)z,y) =0

for all ,y. Hence, (f*f —id)z =0 for all z € E, so f*f =id.

(2) = (3). If f is left-invertible and f* is its left inverse then, by Proposition 1.7.12, f is right
invertible with the right-inverse f*.

(3) = (4). This also immediately follows from Proposition 1.7.12.

(4) = (1) We have

(fz, fy) = (F*fa.y) = (F fa,y) = (da,y) = (2, y).
O
PROPOSITION 1.9.27. The set U(E) is a subgroup of Aut(FE).

Proof. By Proposition 1.9.26 U(E) € Aut(F). Obviously, if f and g preserve the inner product
then so is gf. A similar argument works for f~1. O

COROLLARY 1.9.28. If f € U(E) then f* € U(E).
Let (vg)y and (ug)] be some systems. If there exists a unitary operator f such that
for=wup, 1<k<v (1.90)

then this systems are called unitary equivalent. Obviously, (1.89) and (1.90) imply that the Gram
matrices of unitary equivalent systems coincide, i.e. the Gram matriz is unitary invariant. A very
important question is about completeness of this invariant. The answer is affirmative according to the
classical Witt Theorem, see below.

LEMMA 1.9.29. Suppose that the Gram matrices of systems (vg)} and (ug)y coincide. Let (vg); be
a mazimal linearly independent subsystem of (vi)y. If

o
Up+j:Z'Uk;Oék;j, 1§]§V_pa
k=1
then

p
Upsj = 3 upapj, 1<j<v—p. (1.91)
k=1

Proof. For 1 <1 < p we have

p P
<’UZ‘,’Up+j> = (vj, kaakj> = Z(Uz‘avk>0‘kj'

k=1 k=1
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Since the system (uy)y has the same Gram matrix,

p
Uzaup—l-j E uzauk O = Uz',g Ukakj>a
k=1
i.e,
U'Lauerj E ukak]

for all 7, 1 < i < p. This means that

o
g URQkj = PrxUptj (1.92)
k=1
where X = Span(uy,...,u,).
Now
p P
<erup+jaerup+j> = E ukak]7zukakj E ai] uzauk ALy = Z Qjj ’UZ,’Uk; Ay
k=1 ik=1 ik=1
= E :vkakj,ZUkak] (Vptjs Vpti) = (Uptg Uptj)-

By Corollary 1.9.10 u,+; € X and (1.92) turns into (1.91). O
The key point of the whole proof is

LEMMA 1.9.30. If v < m and the linearly independent systems (vy)} and (uy)y have the same Gram
matrices then there exists a vector w such that the extended systems (vi)y U (w) and (ug)y U (w) are
both linearly independent and their Gram matrices coincide.

Proof. Consider the subspace X = Span(vy —uz,...,v, —u,) and take w € X+. If r = dim X then
by (1.79)
dim Xt =m —r. (1.93)
It is already clear that the extended systems (vg)yU(w) and (ug)} U(w) have the same Gram matrices.
Prove that w can be chosen in a way such that the systems (vg)}yU(w) and (ug)j U (w) are both linearly
independent. Otherwise, any w € X+ can be represented in form

v v
w = E VO = E UK O
k=1 k=1

according to Lemma 1.9.29. Thus,

v

X+ cY = {w[a] = kaak, o € A}, (1.94)
k=1

where
14

A=A{la] ) (v —ug)ag =0}.
k=1
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is a subspace of K".

The set Y is the image of the homomorphism a +— wy,) from A into Span(vy,...,v,). This is a
monomorphism, since vy, ..., v, are linearly independent. As a result, Y ~ A, hence, dim Y = dim A.
In order to calculate this dimension, we consider one more homomorphism, namely, g : K¥ — X

defined as

v

gla] = " (vk — wg)a.

k=1
Obviously, A = Kerg, X = Img. By (1.24) dim A = v — r, hence, also

dmY =v —r. (1.95)

Comparing the dimensions (1.93) and (1.95) by (1.94) we obtain that m —r < v —r ie. v > m,
the contradiction. [J

COROLLARY 1.9.31. Two linearly independent systems with the same Gram matrices can be ex-
tended to some bases with the same Gram matrices.

Proof. Let (vg)y and (ug)y be given systems and let 4 = m — v so that 0 < pu < m. We use
induction on u. For g = 0 the statement is true obviously. Passing from p to pu+ 1, i.e. from v to
v — 1 we can apply Lemma 1.9.30 and get a vector w such that the extended systems (v)? " U (w)
and (uy)? ' U (w) are linearly independent and their Gram matrices coincide. By induction, the latter
can be extended to some bases with the same Gram matrices. O

Now we are in position to prove the Witt Theorem.

THEOREM 1.9.32. The systems (vx)} and (ug)j are unitary equivalent if and only if their Gram
matrices coincide.

Proof. Since the ”if” part is trivial, we start with the equalities
(visvg) = (uiyug), 1<ik<w

If the system (vg)Y is a basis, v = m, we consider the linear operator f in E defined by conditions
(1.90). Then for

m m
x = sziz‘, y= Zvlmk
i—1 k=1

we get
m m . m
(fz, fy) = D &lfvi foe)me = Y Gifus, we)n Z (v, v e = (z,),
i,k=1 i,k=1 =1

i.e. f is an unitary operator.

If the system (vg )7 is not a basis then we consider its maximal linearly independent subsystem, say,
(vk){. The corresponding subsystem (ug); has the same Gram matrix and it is linearly independent
by Lemma 1.9.29. By Corollary 1.9.31 both subsystems can be extended to some bases with the same
Gram matrices. As we have already proved these bases are unitary equivalent. The corresponding
unitary operator f satisfies

foprj = Uprjy 1< j<sv—p

by Lemma 1.9.29 again. [
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COROLLARY 1.9.33. Any two orthonormal systems (vg){ and (ug)y are unitary equivalent.

The existence of orthonormal systems depends on a property of the subfield k C K (see 1.42).

THEOREM 1.9.34. Suppose that all scalars (x,z), x € E, are squares in k. Then there exists an
orthonormal basis in the Euclidean space E.

Obviously, this theorem is applicable to all classical fields.
Proof. By Theorem 1.9.12 there exists an orthogonal basis (e;)]* in E. Let vy = /\lzlek where
)\i = (ex, ex) and A € k, so that A\, = A\p. Then
(vi, o) = A\, Hew en) At = A i = S
O

Our assumption about k is substantial.

EXAMPLE 1.9.35.Take K = Q, the field of rational numbers; the involution is trivial, @ = «, so
that k = K. Consider the 1-dimensional space E = K provided with the inner product («, 5) = 2a/.
Then (o, a) = 2a? for all a € E. O

As we know, the coordinate form of the inner product with respect to an orthonormal basis is

standard,
m —
(@,9) = &, (1.96)
k=1
the Gram matrix is unit. In particular,
m —
(@, 2) = & (1.97)
k=1

Let (e;) and (ux) be some orthonormal bases in E and let ¢ = [1;%] be the corresponding transition

m
Uk = g €iTik-
i=1

By (1.96) the relation (uj, ;) = d; can be written down as

matrix,

m
Z?ikﬂ'j = 5k:j- (1.98)
i=1
This means that the system of columns of the matrix ¢ is orthonormal with respect to the standard
inner product in K™. The matrices with this property are called unitary. Thus, we have

PROPOSITION 1.9.36. For any orthonormal basis (e;), a basis (ux) is orthonormal if and only if
the matriz t of the transition (e;) — (uy) is unitary.

COROLLARY 1.9.37. The set U, (K) of unitary m xm matrices is a subgroup of the group G L, (K)
(see Corollary 1.5.5).
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The standard notation for U,,(R) and U,,(C) is U(m) and O(m) respectively.

Given an orthonormal basis (e;) in F, the mapping f — mat(f), f € L(E), preserves unitarity.
Indeed, f € U(FE) if and only if the system (fe;) is orthonormal. (The "only if” part is trivial, the
7if” part follows from linearity of f.) Thus, we have

PROPOSITION 1.9.38. A linear operator [ is unitary if and only if so is its matrixz for an orthonor-
mal basis.

In such a way we obtain an isomorphism between the groups U(E) and Uy, (K).
Now for any matrix a = [a;;] let us introduce the conjugate matrix a* = [a;],

O =0, 1<ik<m. (1.99)

PROPOSITION 1.9.39. For any orthonormal basis (e;)

mat(f*) = (mat(f))* | . (1.100)

Proof. By linearity the identity (1.87) (with F' = FE) is equivalent to
<f6ivek> == <€i7f*€k>7 1 S/L7k§m7

which is just (1.99). O
Combining Propositions 1.9.39 and 1.9.26 we obtain

PROPOSITION 1.9.40 The following conditions for a matriz a € M,,(K) are equivalent

1) a € Un(K);

3

aa* =e

a in invertible and a”+ = a*.

(1)
(2) a*a
(3)
(4)

The equality (3) in entries says that

m
ZaikOéTk =0;5, 1<4,5<m, (1.101)
k=1

which means that the unitarity of a matrix can be defined as the orthonormality of the system of rows
(cf.(1.63)).
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1.10 Normed spaces

In this Section the basis field K is supposed to be normed. This means that K is
provided with a modulus | - | which is a real-valued function on K with the properties

i) lal >0 (a#0), [0] = 0;
i) |af] = laf-[6];
iii) |a+ g < laf +|8].

(As a consequence, |1| =1, | — a| = |al.)
Any normed field K is a metric (a fortiori, topological) space provided with the distance

dist(a, ) = |a — ). (1.102)
The triangle inequality iii) implies the inequality
‘Ial—lﬁ!‘ < o= Bl (1.103)

Hence, the modulus is a continuous function on K. Eventually, K is a topological field.
The classical fields R, C, H are normed with their standard modulae,

la] = Vaa | , (1.104)

where / means the positive value of the square root. Note that

la+ B = |a|? + 2Re(@B) + |82 | - (1.105)

Any subfield of a normed field is also normed by restriction of the modulus. In particular, R with
its own norm is the normed subfield of the normed fields C and H and the same is true for C C H.

A right linear space E over K is called normed if it is provided with a norm || - || which is a
real-valued function on F with the properties

a) [lz]| >0, (z#0), 0] =0;
b) [zall = |afllz(;
c) llz+yll <l +[lyll,

which are natural analogues of i), ii), iii) respectively.
It is interesting to note that ii) follows from b) if E' # 0. Indeed,

lzaf]] = [lz(ap)| = [|=]| - [eB].

61



On the other hand,
lzaf]| = [[(xa) B = l|zall - 18] = llz| - [af - ]
Thus, without the axiom ii) the theory of normed linear spaces is empty.
Any normed space FE is a metric (a fortiori, topological) space provided with

dist(z,y) = ||z — y]|. (1.106)
This metric is homogeneous,
dist(za, yo) = |aldist(z, y), (1.107)
and shift invariant,
dist(z + z,y + z) = dist(z, y). (1.108)
In particular, dist(z,0) = ||z||. The function ||z|| is continuous on E because of the inequality
it =l < 2 = w1l (1.109)
Formally a normed space is a pair (E,|| - ||) where E is a linear space and || - || is a norm on

E. The subspaces of a normed space are automatically normed. All of them are closed since FE is
finite-dimensional (if K is locally compact).

The linear normed space (F, || - ||) with the introduced metric is a linear topological space over
the topological field K, i.e. The basis operations (the multiplication by scalars and the addition of
vectors) are continuous. This follows from the inequalities

dist(za, yf) < |aldist(z,y) + |a — B|dist(y, 0)
and
dist(z' + ¢/, 2 + y) < dist(z’ — z,0) + dist(y' — y,0).
There are some important standard subsets in any linear normed space (E, || - ||) :

1. The closed unit ball
B(E)=B(E,||-||) ={z € E,[z]| <1}.

2. The open unit ball
Bo(E) = Bo(E, || - |) = {z € E, |[=]| <1}.

3. The unit sphere
S(E) =S(E, |- ||) = {z € E, [Jz|| = 1}.

Note that B(EF) and S(E) are topologically closed while Bo(FE) is topologically open.

The vectors z € S(F) are called normalized. For any z € E, z # 0, the vector z = z/||z]|| is
normalized. The mapping z — z from E/{0} onto S(E) is called the normalization.

Let (E,| - ||g) and (F,| - ||r) be some right linear normed spaces over the same basis field K. A
homomorphism f : £ — F'is called an isometry if

Ifzlp=zle, €k (1.110)
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Obviously, Kerf = 0 follows from (1.110), so that any isometry is a monomorphism. In other words,
this is an isometric embedding of E into F' (up to identification E = Imf).
Obviously, for a chain of isometries
ELFP 4G
the product gf is an isometry. If an isometry f : E — F is surjective (a fortiori, it is bijective) then
f~1is also an isometry.
For any normed space E the set Iso(E) of all surjective isometries is a group.

EXAMPLE 1.10.1. The mapping x — za with |a] = 1 preserves the norm by virtue of b). If the field
K is commutative then this mapping is also a linear operator therefore this an isometry B — E. [

If a surjective isometry £ — F' does exist then F' is called isometric to F. This relation is an
equivalence, so that one can speak about a class of isometric spaces.

If f: F — F is an isometric embedding then Imf is isometric to E, so that E can be considered
as a normed subspace of the normed space F'.

The simplest example of a normed space is F = K with ||£]| = [£|, £ € K. It follows from b) that
all norms in 1-dimensional space are proportional. (They are proportional to |£| if F = K.)

Consider some standard norms on K™.
EXAMPLE 1.10.2. For
&1

em

the functional

[[€]lloc = max [&| (1.111)

1<k<m

is a norm on K". [J

EXAMPLE 1.10.3. Let p > 1. The functional

SR

e = (2 lex” ) (1.112)

is called the £)-norm on K™. The triangle inequality in this case easily follows from iii) and classical
Minkowski’s inequality. [

Note that
lim |[[€][lp = [€]]oo- (1.113)
p—00

The normed space (K™, |- [[y), 1 < p < oo, is denoted by £}'x (or briefly, £;* in a context where

K is fixed a priori).
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If n < N then EZ can be considered as a subspace in EI]JV in view of the canonical isometric
embedding ¢} — %\7 given by

o
3 :
. £
BN (1.114)
& |

- O -

THEOREM 1.10.4. Let K = R, C or H. Suppose that q,p are distinct and finite, m > 2. If there
exists an isometric embedding (3" — £} then ¢ =2 and p is an even integer.

Proof. 1t sufficient to prove this for m = 2 because of canonical isometric embedding 62 — L. Let
f: 62 — £, be an isometric embedding and let

&1 m
f<[(1)]>= S f([gD: C (1.115)
én Tin
Then we have the identity
> lagi + Bmil? = (lal + 1817 (a8 € K). (1.116)

k=1

Let v be the number of non-zero entries &, 1 < v < n. Without loss of generality one can assume
that & =0 for v+ 1 < k < n. Then (1.116) with o = 1 becomes

- ya
bolBIP + > bell + Bykl? = (14 [B|%)4 (1.117)
k=1

where .

br =" >0, w=m&", bo= Y [ml”>0. (1.118)
k=v+1
For real § the identity (1.117) can be rewritten as
- 2
bol B + > b(1+ 208+ w8 = (1+|B|%) (1.119)
k=1
where

Me = Re(yk), pw = [l (1.120)

see (1.105). For ¢ = 1 the identity (1.119) is impossible since the right hand side of (1.119) turns
out to be not differentiable at § = 0 in contrast to the left hand side because of p # 1 in this case.
Therefore one can assume g > 1.
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The identity (1.119) yields

2
2

b + > b(1+ 200 + %)% = (1+ 695, 5> 0. (1121)

k=1

Further the only identity (1.121) will be used so, one can assume that the functions 1 + 2\, + ux3?
are distinct, otherwise v could be reduced. Now we extend the function 47 into the domain C\ R_,
where R_ is the negative real semiaxis,

B? = exp (¢(In|3| + iArgB3)), |Argf| <.

This is a single-valued analytical extension. On this base we define a single-valued analytical branch

D
q

Ip

(1+67) i

:1+§W+ <§—Q5%+~wlm<1vﬁ¢PL@ (1.122)
This is also a single-valued analytic branch for the left hand side of (1.121) in the same domain.
Suppose that % is not integer. Then the singularities on the unit circle of the function (1.122) are

roots of equation 1+ 89 =0, i.e. they are
20 + 1)7i
ﬁlzexp<(+q)7”>, leZ, |204+1]<q.

In particular, there is the singularity (p. By identity (1.121) o must be a root of one of polynomials
14 20,3 + 8%, 1 < k < v. Let for definiteness

1+ 2\ 8y + p1 33 = 0.
The second root is By = 31 # Bo. Hence,

. _

a Boﬂo a 2 q
Hence, 3y can not be a root of a polynomial 1 + 23 + pui3% with k > 2, otherwise this polynomial
would be equal to 1 4 2X\;8 + u1 5.

Now the identity (1.121) yields

M1

(8 = Bo) 2 6(8) +(B) = (B — Bo)76(B) (1.123)

where ¢, 1, 6 are single-valued analytic functions in a neighborhood of 3y and, moreover, ¢(5y) # 0,
0(Bo) # 0. This implies that ¢ = 2. Indeed, let ¢ > 2. Then we rewrite (1.123) as

0(8) = (5 — Bo) 2 16(8) + (8 — Bo)1(5). (1.124)

This is possible for only ¥(3) = 0, otherwise #(53p) = 0 or 6(3) — oo as B — [y since g ¢ N by
assumption. But then we get 6(3p) = 0 from (1.124) since £ > %. By contradiction we conclude that
g < 2. If ¢ < 2 then g turns out to be integer like g before. As a result, we have a single-valued

function on the left hand side of (1.121) but multi-valued one on the right hand side. Thus, ¢ = 2.
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Now the identity (1.121) becomes

P P
2 2

bo ¥ + Z bi(1 + 208 + ue%)2 = (1 + %)

k=1

(1.125)

with & ¢ N. In this case fy = i, Ay = 0, u1 = 1. Therefore v = 1, otherwise there would be some
singularities different from +1i on the left hand side of (1.125). The latter is reduced to

P
2

boBP +bi(1+ %)% = (1+ %)%,

whence, obviously, by = 0, by = 1. For k > 2 we get & = 0 (since v = 1) and 7, = 0 (because of
bp = 0 and (1.118)). This means that f <[ (1) ]) and f ([ (1) ]) are linearly dependent which is a

contradiction since f is an isometry. We have proved that g is an integer.
Now we compare the expansion (1.122) to the power expansion for the left hand side of (1.121).
Note that p > 2q (since p # q, % € N). Moreover ¢ > 1 so, p > 2. Hence,

Z b +p (Z bk)\k) B+ g Z be (s + (0 — 2)A7) B2+ 0(8%) = 1+ gﬁq + o(3?) (1.126)
k=1 k=1 k=1

as 0 tends to zero.
Obviously,

> b (k4 (0= 2)A7) =0 (1.127)
k=1
but, in fact, the equality in (1.127) is impossible. Indeed, otherwise 3 = A\ = 0 and v = 1, so that

P
q

boBP + by = (1+ 39) :1+§ﬂq+...

by (1.121) and (1.122). This contradicts the condition p # gq.
2

With strong inequality in (1.127) we conclude that ¢ = 2 in (1.126) and then p is even since ¢ is
integer. [

1.11 Euclidean norms

In this Section K = R,C or H, so that |a| is given by (1.104). This equality is a one-
dimensional model for the definition of the norm

[zl = v/{z, ) (1.128)

in an Euclidean space E over K. This definition requires that

(x,z) >0 (x#0) (1.129)
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instead of the weaker inequality (z,x) # 0 (x # 0) introduced in Section 1.9. However, in general
the inner product (z,y) can be changed for —(z,y) so, the condition (1.129) can’t be valid. But this
change of sign will be prohibited if (e, e) > 0 for some e # 0. The latter can be supposed without loss
of generality, since ((e,e))™(x,y) is also an inner product.

LEMMA 1.11.1. If (e,e) > 0 for some e # 0 then (1.129) is valid.
Proof. Let (z,z) < 0 for some x € E. Consider the function (a quadratic polynomial)
Ft) = {te+ (1 —t)z,te+ (1 —t)z), t<€R.

Then f(0) = (z,z) < 0 and f(1) = (e,e) > 0. By continuinity of f there exists to € (0,1) such that
f(to) = 0. Hence, toe + (1 — tg)x =0, i.e.

Then

the contradiction. [J
We accept (1.129) and (1.128) in sequel. Then we have

THEOREM 1.11.2. Any FEuclidean space is normed according to (1.128).

In order to proof this we need the Schwartz’s inequality

[z, <]l - llyll | - (1.130)

Let us prove the latter.

Without loss of generality one can assume that (z,y) # 0 and [[z|| = 1. Indeed, (1.130) is
homogeneous in z and the normalization x +— 7 preserves it; conversely, one can lift (1.130) from Z to
x. Similarly, one can assume that (x,y) > 0 passing from y to y\ where A = |(z,y)|(z,y) L.

Now let w be the orthogonal projection of y on Span(x), i.e. w = z(x,y) according to (1.69). Let

z =1y —w so, z L w. By the Pythagor Theorem
lyll* = 1121” + [[w]?,

whence
(z,y) = |lw| < llyll.

It is easy to see that (1.130) turns into an equality if and only if the vectors z,y are linearly
dependent.

Proof of Theorem 1.11.2. The norm properties a) and b) immediately follow from the properties
of the inner product. The triangle inequality follows from (1.130):

lz + 1 = llz[* + [yll* + 2Re(z, ) < ll2* + lyl® + 2l - Iyl = (l=]| + y])*.
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U
Thus, one can say that (1.128) is the Euclidean norm in the Euclidean space E. For this norm

dist(z,y) = v/[2[12 + [yl — 2Re(z, y) (1.131)
according to the general definition (1.102). In particular,
dist(z,y) = v/2(1 — Re(z, 5)) (Il = llyll = 1). (1.132)

In this situation, |Re(z,y)| < 1 by Schwartz’s inequality, so that the angle ¥ = arccos Re(z,y) is
well-defined. In general, one can introduce

¥ = arccos m (x #0, y+#0). (1.133)

This ¥ = J(x,y) is called the angle between vectors x and y. Formula (1.132) can be rewritten as

V(z,y)
>

dist(z,y) = 2sin (1.134)

By the way, the angle ¥(x,y) can be also considered as a distance, the spherical distance.
The standard coordinate realization of the Euclidean space is /5’ with the inner product

(€], ) = G- (1.135)
k=1

The unit sphere S(¢3'g ) is the standard m-dimensional sphere Ssm-1,
By (1.129) Theorem 1.9.34 provides an orthonormal basis in the Euclidean space E. Combining
(1.128) and (1.97) we obtain the standard formula for the Euclidean norm

z]l2 = \/ k; Erée = \/ kZ:fl |€x |2 (1.136)

in coordinates with respect to an orthonormal basis.

Formula (1.136) shows that all m-dimensional Euclidean spaces are isometric to £3', the isometry
E — (5 is ¢ — [£] (cf. Theorem 1.7.13). Thus, the space ¢3' can be considered as the canonical
representative of all m-dimensional Euclidean spaces, the arithmetic m-dimensional Euclidean
space.

Note that the fields C and H are real Euclidean spaces and also H is a complex Euclidean space,
the inner product is (o, 5) = @@ in all cases. The corresponding Euclidean norm is the standard
modulus || (cf. (1.104) and (1.128)). One can identify C and H with Eg;R and E%;R respectively and
H with E;C as well.

The realification EFr of an Euclidean space F can be considered as a real Euclidean space with
respect to the inner product

(z,y)r = Re(z,y) | . (1.137)
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In particular, (z,z)r = (z,x), i.e. ||z||g = ||z||. For this reason the unit spheres S(E) and S(ER)
coincide, so that S(E) = S~ ! where § = [K : R], i.e. § =1,2,4 for K = R, C, H respectively. Also
note that

U(E) C O(ER) (1.138)

because of (1.137).

The unitary operators in E can be characterized as those orthogonal operators in Eg which are
linear operators in E, i.e. they commute with the mapping x — xA, A € K (being additive a priori).
The latter commutation condition is valid as soon as is valid for A =1i over C or A =1, j, k over H.

PROPOSITION 1.11.3. If E and F' are Fuclidean spaces and f: E — F is an isometry then

(fz, fy) = (z,y) (1.139)

for allx,y € E.
Proof. The identity
ly + @Al = lyl” + (APl + X, y) + (g, 2) A, (1.140)

Therefore the expression \(x,y) + (y,x)\ is invariant for  +— fz, y — fy where f is an isometry.
Thus,

((fy, fz) = (g, 2)A = Mz, y) = (fz, fy))
or
pA = =X, p=(z,y) = (fz, fy).
Putting A\ = 71 we get |u|> = —|u|?, i.e. 4 = 0 which yields (1.139). O

COROLLARY 1.11.4. If E is an Euclidean space then

Iso(E) = U(E) | . (1.141)

A normed space F' is called Euclidean if there exists an inner product in F' so that the corre-
sponding Euclidean norm coincides with the initial norm on F.

EXAMPLE 1.11.5 Let f : £5" — £} be an isometric embedding. Then F' = Imf is an Euclidean
subspace of the normed space ;. Conversely, if a subspace F' C £} is Euclidean then there exists an
isometric embedding f : 65" — (), Imf = F. [

The problem of existence of isometric embeddings £5" — £} is one of principal topic in the present
work. We will come back to it in Section 4.7 after a development of a general cubature formulas
theory.
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Chapter 2

Some analytical preliminaries

2.1 Jacobi polynomials

Let us start with a preliminary information which partially can be found in [54, Chapter IV].

First of all,oowe recall that the classical Jacobi polynomial is the k-th member of the sequence
(Péa’ﬂ ) (u))lC . of polynomials which are orthogonal on [—1, 1] with respect to the Jacobi weight

wa,g(u) = (1 —u)¥(1 —|—u)ﬁ (o, 8> —1)

or,equivalently, to the normalized Jacobi weight

wa, (1) !
s = 228, = [ sl

An explicit expression for Jacobi polynomials is

k
(a,8) _i a+k ﬂ+k _ 1\k—v v
P <u>—2k;( 1 | () (R ORI 2
see [8]. Obviously,

o o k
degPlg ’6):k, P,i ’ﬁ)(l): <a;: >

and
P (—u) = (=1)F P (u).
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In particular, the polynomials P,ga’a)(u) are even for even k and odd for odd k. The latter polynomials
are in essence the Gegenbauer polynomials. More precisely, the Gegenbauer (ultraspherical)
polynomial is defined as

et~ e e g P e e
so that
deg CY = &, CV(1) = <2” +k’“ B 1>. (2.7)
In addition, by (2.5) and (2.7)
ci-n = o (M. 28)

With a fixed v the Gegenbauer polynomials (C} (u));2,, are orthogonal on [—1,1] with respect to
the weight

w, 1, 1(u)=(1—u?)" 2,
’ 2

D=

We especially need in the Gegenbauer polynomials with v = %, q € N, ¢ > 1. They are orthogonal
with respect to the weight

w(u) = wis gs (u) = (1—u?)'T (2.9)

or, equivalently, to

Q1) = (2.10)

where

Ty = /1 wq(u) du = H)l ) (%11 (2.11)

-1

The Cristoffel-Darboux kernel which relates to the Jacobi polynomials is

(2.12)

a, P (u) P ()
K! @(u,v)zz e k2
=0 1P

Wa,3
According to the Cristoffel-Darboux Formula

K(a’ﬁ)(u v) = 1 TE+2T(t+a+B8+2)
¢ ’ 20002t +a+B3+2) T(t+a+ )I(t+F+1)

P B (0) — PP ) B (v)

t+1

— (2.13)
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(Note that (2.13) can be extended to u = v by passing to limit.) An important particular case is

(@B), \ _ (B) 1 Lt+a+08+2) a1
=K 1) = . P 2.14
K" = K07 00) = s ro o s e e (2.14)
whence 1 T'(t 2)I'(¢t 2
K@) (1) = ‘ t+rat+p+2)lt+a+2) (2.15)
2048+ T(a+ DN (a+2)L(E+ )I{E+ 6+ 1)
In fact, we need to calculate the quantity
Aga,ﬁ) — QETQ’QK[(?]’ﬂJFE)(l) (216)
2
where € = g; = res(t)(mod 2) and
! L(a+1I(B+1)
= N du = 2 tBA+1 2.17
Touf /_1w’ﬂ(u) B T(a+ B +2) (2.17)
By substitution from (2.15) and (2.17) into (2.16) we obtain
t t
F(B+1)F([2] +a+ﬁ+s+2)I‘([2] +a+2)
AP = . ; . (2.18)
MNa+ B+ 2)T(a+2)I [2] + DI( [2] +08+e+1)
The following specialization is the most important in the sequel.
THEOREM 2.1.1. Let m € N, m > 1, and let
o om—9—2 0—2
Axc(m.t) = A7, 0= T p = S (2.19)
where 6 = [K : R]. Then
m+t—1
Ar(m,t) = < m— 1 > (2.20)
and
2 I trly
Ac(m,t) = <m+ [2] 1> . <m+ 7] 1) , (2.21)
m—1 m—1
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and

Ap(m,t) = le_ - <2m + (3] - 2) . <2m + [%] - 1) . (2.22)

Proof. By (2.19) and (2.18) we get

(
Ax(m,t) = [ (2.23)
T(3m)T(Em — S+ DD([L] + D[] + § +¢)
K =R, ie §=1, then
P(IT(5E + 5m)T(5° + m + 3)
AR(m’t):Fl (i D\r(t=e 4 1\r(te + 1
(Qm) (2m—{—2) 5 T ) (2 +2)
_ TG PEEtgm) PG +gm+g)
(e +3)  T(gm) Lgm+3) ()
Because of the classical formula
k—1
T(u+k)=T(u) [J(uti), keN, (2.24)
i=0
we get
51 m 551 m+ 1 t+e—2 t—e—2
[I G+ Il 5=+ II m+d J] tm+1+9)
A (m t) _ =0 =0 _ =0 1=0
RAUTLE ey - (t+e— DIt —e)
I1 (=2
; 2 2
=0
om(m+1)-...-(m+t—1) (m+t—1
N t! N m—1 )

For K=Cor H,ie. 6 =2or4, y = %, formula (2.23) becomes

(HT‘E +xm — 1)!(“76 + xm — x)!
(xm — D!xm — )1 () +x — 1)!

em=x)! (FFH+xm=x)! (% +xm-1)
(xm =1 (=) 0em —x)! (xm — )15 +x —1)!

T (m—x+ 1>%...- (xm — 1) <me—7:%[é]x_ X) ' (Xm;m[ii_ 1)‘

The product in the denominator is 1 for x = 1 and 2m — 1 for y = 2. Thus, (2.21) and (2.22) are
valid.(J

Ag(m,t) =
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2.2 Integration of zonal functions

Here we derive some integration formulas we have used in the main text. We denote by & the
Lebesgue measure (area) on the sphere S~ = S(RY) induced by the standard Lebesgue measure
(volume) in RY. The normalized measure on S?~! will be denoted by o, so that

g

7= Area(Se-1)’

From now on for any measure i we use the short notation

/fdu

meaning the integration over the support of p or a set Z D suppp.

(2.25)

THEOREM 2.2.1. Let f be a continuous function on [—1,1]. Then for all x € S9=}

1
/ f((z,9)) do(y) = / Q) du | (2.26)

Proof. Consider the decomposition R? = Span(x) @& L, so that L 1 x and y = {1z + 2, z € L. Let
o’ be the area on the unit sphere S(L) = S?~2 induced by &. Then

da(y) = (1-€)'F drdo’(2) | - (2.27)

(Recall that z = z/||z|| so, z € S(L).) As a result,

1 - 1
/ F((,y) do(y) = / e - €T de = / )8 () du (2.28)

where x and x' are some coefficients. Actually, ' = 1 since the measure o and the weight Q,, are
both normalized. [J

Now we obtain a modification of (2.26) regarding to the projective situation. The latter means that
2

the integrand only depends on |(z,y)| or, equivalently, on |(z,y)|*. We start with a multi-dimensional

counterpart of (2.27).

LEMMA 2.2.2. Let 2 <1 < q— 2. The measure o is the product

l_

do(y) = (1 —p?) 2 p1=dpde 1 (2)dog—1—1 (D) (2.29)

where y = [ € ST, 2 =[G}, w = [l qs 0 = llwl and G;—y is the measure (area) induced on the
sphere ST C R}, 2<i<q—1.

74



Proof. There is the diffeomorphism
y— (p,2,0), 0<p<1, zeS™ wesi -t (2.30)

its inverse diffeomorphism is

y= [ mg} : (2.31)

Pl

Denote by ¥1,...,9;—1 and ¢1,...,¢q—;—1 the spherical coordinates on S'=1 and S77~! respec-
tively, so that ((i,...,¢) — (p,Y1,...,%—1,¢1,...,9q-1—1) instead of (2.30). The corresponding
Jacobi matrix is

——~L—_Z J1-p*Z 0
Vi P , (2.32)
w 0 oW
where R
9Gi .
Z = 1<i<; 1<k<I-1
Fg, > 1sésblsksi-l,
and R
96 :
W=["],1+1<i<q 1<k<qg—1-1.
Ipr,
The first column in (2.32) is orthogonal to the others since
LG 10 <
~ 9 ~
‘ > 9 21 —
e~ v (54)
=1 =1
and, similarly,
q ~
~0G;
> G0
=141 I¥F
Since the norm of the first column is
2
P _ 2\—1
the corresponding Gram matrix is
(1-p*)"" 0 0
G= 0 (1-p*2'Z 0
0 0 0?W'W
However, Z and W are the Jacobi matrices of the transformations (¢1,...,9;-1) — (21, cee El) and

(P15 Pgai—1) (Zl+17 e Zq) respectively. Therefore,

A5 (y) = Vet G dpy ... d0_1der ... dogi—1 = (1 — p2) 2 pT L dpd_y (2)dGg—s—1 ().
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REMARK 2.2.3. Formula (2.29) is also valid for [ = 1. The measure o on the 0-dimensional unit
sphere S = {—1,1} C R is such that 5o(1) = 5o(—1) = 1. O

Below we apply Lemma 2.2.2 to Il = ¢, ¢ = ém with § = [K : R] and K = R, C or H. Then
Si=! = S(ER) = S(E) where E is a m-dimensional (m > 2) right linear Euclidean space over K and
FERr is the realification of E.

THEOREM 2.2.4. Let ® be a continuous function on [0,1]. Then for all x € S(E)

[ et = [ o (55 st | (23)

1

where

g=2"21. (2.34)

Proof. Consider the coordinate system in £ = K™ with the first basis vector z € S(FE). If
y = [¢]9™ then (z,y) = € K=R? so, 2 = (1, w=[¢]5* € K®~! =R ! in notation of Lemma
2.2.2. Applying this lemma for § = 2,4 and Remark 2.2.3 for § = 1 we obtain

l/@MwWMﬂw=/¢Mﬁde
= I-i/ d&g_l/ d&gm_(;_l/ d(1—pH(1 —p2)g_1p5m_6_1 dp

1
0
1
= m/o (1 —p*)p* (1 —p*)’ dp (2.35)

where x and k1 are some coefficients. By substitution 1 — p? = %(1 + ),

/@(](m,y)]Q)dU(y):mg/l c1><“z”’> (1—0)0(1%)%@:&3/1 @(1‘2“’) Qus(v)dv (2.36)

-1 -1

with some coefficients ko and k3. In fact, we get k3 = 1 taking ® = 1 as before. [

COROLLARY 2.2.5. Fort € N the quantity

-1
Tx(m,t) = (/ [z, y)[* da(y)) , tE€S(E) | - (2.37)

1s independent of x, namely,

(2t +m — 2)!!

Tr0mt) = =@ = n

(2.38)
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and

Tc(m,t)

t+m—1
m—1 ’

THOnJ):1<t+2nz—l>

and

t+1 2m —1

Proof. By Theorem 2.2.4

! 1+U ' 1 ! Ta
JlwnPant = [ (457 fastoao [ opatvyan = Ta55t

- 21051 27, 8

and by substitution from (2.17)
2res  TB+DI(t+a+5+2)

T 1) = = ’
K(m,1) Taprt Lla+B+2)T(E+F+1)
i.e.
INE N
Tk (m,t) = (g) 2 5)
If K=R,ie. 6 =1, then by (2.24)
reHre+m m+ 2t — 2)!!
g < FOTOE D) oo
Lit+5)T(%)  (m-2)"2t-1!
IfK=CorH,ie §d=2or4,then
(t+ §m — 1) t! t+gm—1
Tx(m.t) = -5 : 5 = 5 5 '

The latter fraction in (2.45) is equal to 1 or tJ%l if 6 = 2 or 4 respectively. [
Note that

Tk(m,0)=1, Tk(m,1)=m

irrespective to K.

COROLLARY 2.2.6. For all x € E the Hilbert Identity

(@2)! = Yaclm,) [ Ifa.0) P doy)

holds.

7

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)



2.3 Some differential operators

Here we derive some partial differential equations for the functions

uy(x) = [, y)], zy(2) = (2,y), wy(z)= (2.48)

with a fixed vector y € E. Note that the restrictions of functions (2.48) to S(E) are polynomial
functions on S(F).
First of all, we have

LEMMA 2.3.1. For x = [§]T € R™ the equations

m 2
> (22 = P - wia) (2.9)

=1

and
Awy(z) = (1 —m) wy(2) (2.50)

are valid.
Proof. Let y = [(;]T* € R™. Then

Owy _ Gllzl* — &
3 [l]®

1<i<m. (2.51)

Using (2.51) we get (2.49)

- awy(l‘) S Cz 252 2Ci£izy . 2 "
> (") - Z(!xu? s it ) = a7 = 5

i=1 =1

Similarly,

m 82 1 m
Ny = Y Tat = o 2 Qatllel® — Gl — zlel® — 3llel Gl - 56)
=1 v =1

— (1-m)% 2y

Y (1= Yy
PRI P

which is (2.50). O
The next statement is

LEMMA 2.3.2. Let f : [-1,1] — C be a twice differentiable function and let

fla) = l|=]* f (w) (2.52)

where
w=wy(x), x€FE, yeS(E). (2.53)

Then
AFue) = P (k(k +m —2) () + (1 = mywf () + (L~ w?) @), (254)
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Proof. Obviously,

& — Kl 26 w) + ol G ')
whence,
Pf _ _ Ly, dw
agJ?C k(k = 2) [l *1€7 f(w) + Kl|2(|*~2 £ (w) + 2k]j|* 2sz‘a?f’(vy)
2 2
+ el G + el (G ) £
It remains to apply Lemma 2.3.1. [
Further we use the standard differential operators
0 1/0 0 0 1/0 0
R e Z == 4ie 2.
o€~ 2 (aa 166)’ G 2 (aa +186> (2.55)
with respect to a complex variable £ = a4 $i. Obviously, for any real-valued function z
0z 0z
5~ (%) (2:50)

For the functions C™ — C we consider the standard Laplacian written as

A:4; 06:0€;

(2.57)

where &;, 1 < i < m, are the canonical coordinates. Similarly, according to (1.1),

A= 4;: ( e o ) (2.58)

— +
06;0¢; 0N
in the quaternionic case.

LEMMA 2.3.3. For z = [§; + n:j]{* € H™ the equations

2( %% o T om  om )4uyr (2.59)

and
wy (7) Auy () = 3||y||? (2.60)

hold.

Proof. Since both sides of the equations (2.59) and (2.60) are continuous, the calculations can be
done under restriction u,(z) # 0.
Let y = [¢; + wij]T* € H™. According to (1.62) and (1.61) we have

m

W2(@) = (@2 = 3 (asa + byb) (2.61)
s, =1

79



where

a; = &G +miwi, bi = §wi — niC;- (2.62)
Therefore,
Oy 1 8u2 1 [ 0a; aaz
96 _%a@ 2u, (agzsz“s Z“s Zb Zlb>
or
Ouy
agz 2uy <<z Z as + W; Z b ) (2.63)
Similarly,
Oy 1 i X
=—|w as — (g bs | . 2.64
(3771' Quy ( — ; ) ( )

Now (2.63) and (2.64) imply

Ouy  Ouy 1 S o= T s
5 e = T (QQ Z asa) + w;wi Z bsby + Cw; Z asb + Giw; Z asbl) (2.65)

s,l=1 s,l=1 s,l=1 s,l=1

and

Ju, Ou 1 - SR “ - -
873-/ : 6*2-/ = g2 | wiwi D st + GG Y bebi — G@i Y Tsby — (i > ash | -
i i 4 s,l=1 s,l=1 s,l=1 s,l=1
Therefore, by (2.61)

" (Ou, Ouy Oy ﬁuy 1 m ;
06 = 2 2 (GG t wili 5@+ bsby) = ~|lyl?,
l;(a@‘ o€ " o u§;<<1+ww D (s + bbr) ||y||

s,l=1

so, we have got (2.59).
Finally, it follows from (2.63) that

O*u,  Ouy

B B _m B m ou
8&851 = (97& (Cz;as +szb ) (uy(CzCz +77i77i> - (Ci§as +Wi§b8)8£;>

by (2.62). Using (2.63) again we get

0%uy 1 ( ou, Ou
Y= — (Gl +nimy — 2 y-y>. 2.66
0608, 2uy \T T 2 ge o, (266)
Likewise,
82uy 1 — _ Ouy  Ouy
3771'3771_2%<C1Ci+mm25771.8771‘).
By (2.59)
B “ = ' Ouy Ouy  Ouy Ouy\ 9 5 9
iy = 132G ) Zl(a@ L G S ) =l = ol = 3l
O

The complex version of Lemma 2.3.3 is
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LEMMA 2.3.4. For xz = [;]{* € C™ the equations

uy(z 8“1/() L2
Z ) S Sl (2:67)
and
uy () Auy (z) = [|y[|? (2.68)
hold.

Proof. By the canonical inclusion C™ C H™ we can extend the function u,(z) with y = [§;]7* € C™
to the quaternion space. Thus, u, = U|C™ where U(x) = |(z,y)|, z € H™. Then
Ouy _ oU
96  0&lc
Also note that for y = [¢; + w;j|T* € H™ we have w; =0, 1 < i < m, so that b; =0 if z € C™. As a
result,

<i<m. (2.69)

Ouy
8?72‘ C

=0, 1<i<m, (2.70)

see (2.64).

Taking into account (2.69) and (2.70) we get (2.67) from (2.59). Now (2.68) follows from (2.66)
and (2.67) withn; =0,1 <i<m. O

As a consequence of Lemmas 2.3.3 and 2.3.4 we obtain the most important for our purposes

LEMMA 2.3.5. The equation

Auzk(:v) =2k(2k +0 — 2)||y|]2u§k_2(x) (2.71)

holds for x € K™, 6 = [K: R}, i.e. § =1,2,4 for K =R, C,H respectively.

Proof. In our notation |(z,y)|** = uyk(x) Further we consider three separate cases.

1. K =H. A direct calculation yields

ou, Ou ou, Ou
Qk _ 9 Qk 2 y Oly Yy Yy O 2k—1 '
Auz” = 8k(2k — E 26 3 87&- + 78771- ar + k:u Auy,

By Lemma 2.3.3.

A2 = 20(2k — 1) ly]2u22 + Okl Pu2t > = 20(2k +2) Jy 2

2. K = C. As before

Au 2k_2k(2k71 2k~ 223% Ouy

+ 2ku 2k LA, = 4k? 2up 2
S = 482

by Lemma 2.3.4.
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3. K =R We have

0z _ _
AuZl = A2V = (2k — 1) (2y(x)) %2 Z ( 5 g’) + 2k Ay = 2k(2k — 1)2)7 2
since .
=> &Gy
k=1
O
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Chapter 3

Polynomial functions

In this Chapter F is supposed to be a m-dimensional (m > 2) right linear Euclidean
space over the field K =R or C, or H. We will deal with complex-valued polynomial func-
tions on the real unit sphere S(E) and the projective space P(FE). The most fundamental is the case
of polynomial functions on S(F).

A1l functional spaces under consideration will be considered as complex linear spaces

3.1 Polynomial functions on the real unit spheres

Within this Section F is a real m-dimensional Euclidean space.

The unit sphere S(F) is a real algebraic manifold. In spirit of Algebraic Geometry we define a
polynomial function ¢ :S(E) — C as a restriction to S(E) of a polynomial ¢ : E — C.

Given a basis in F, the general form of polynomials on F is

P(a) =Y arlg) (3.1)
I

where I runs over a finite set of multiindices (i1,...,%,) € N™, a; are complex coefficients and
T ‘ im
[5} = ?... ;
are the corresponding monomes with respect to the coordinates &1, ...,&, of x. If
m
1= i (3.2)
k=1

then deg ), the degree of v, is the maximal value of |/| in (3.1) with constraint a; # 0. This number
is independent of the choice of basis since for given 1 the coefficients a are uniquely determined. At
least one of them is different from zero if ¢)(x) is not identically zero (¢ = 0 is the only case when deg 1)
is not defined because all ay = 0). The set P(E) of all polynomials on E is a (infinite-dimensional)
linear space with respect to the standard linear operations in functional spaces. (Moreover, P(E) is a
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ring so that P(E) is an algebra over C.) Hence, the set Pol(E) of all polynomial functions on S(F) is
also a linear space, the image of P(E) under the restriction homomorphism r : P(E) — Pol(E)
defined as

r = p|S(E) (3.3)
There is a lot of polynomials ¢) € P(E) which generate the same polynomial function ¢ € Pol(F)
by (3.3). The point is that the kernel of the homomorphism 7 is the (infinite-dimensional) subspace

PUE) = {¢ € P(B) : () = (1 — |l2*)w(2), w € P(E). (3-4)

Indeed, let §(x) = 1 — ||z||?> = 1 — (z,z). If O(z) = 0 then 6 is a divisor of a power " by Hilbert’s
Nullstellensatz. Since 8 is absolutely irreducible, 8 is a divisor of 1, i.e. ¥ = fw.
For any ¢ € Pol(FE) \ {0} we define its degree as the minimum of degrees of ¢ € P(E) such that

¢ =ri.
Note that a definite lifting ¢ — ¢ does exist if the polynomial 1 is homogeneous,

Y(ay) =7"(2), 7 ER, (3.5)
where d = deg 1 (in other words 1 is a form of degree d). In this case (3.3) implies
Y(x) = |lz]|"6(z), =€ E. (3.6)

Formula (3.6) defines that we call the homogeneous lifting.
In the nonhomogeneous case

d
Y(x) = Zwk(x), r€E, (3.7)
k=0

where d = degy as before, 1 is the homogeneous component of degree k (or 1, = 0). By restriction
of (3.7) we get

d
d(x) = ¢r(z), = €S(E), (3.8)
k=0
where ¢ = 1|S(E), 0 < k < d. Then
d
V(@) = || drx), =e€E. (3.9)
k=0

In this way we recover the polynomial ¢ as soon as all homogeneous components of ¢ are given.
However, for a given polynomial function ¢ the decomposition (3.8) into the sum of restrictions of
forms of degrees kK = 0,1,...,d is not unique in view of (3.4). In order to overcome this difficulty we
have to restrict the space P(FE) to its subset H(E) consisting of harmonic polynomials on FE,

H(E) = {¢ € P(E): A =0}. (3.10)

The subset H(FE) is a (infinite-dimensional) subspace of P(E), the kernel of the Laplacian
A= — 3.11
O .
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which is a linear operator P(F) — P(FE). An important property of this operator is the orthogonal

invariance,

A(p(gr)) = (AY)(gz), g€ O(E) | . (3.12)

The classical uniqueness theorem for the Dirichlet problem says that there are no harmonic func-
tions vanishes on the unit sphere S(E). This immediately yields

LEMMA 3.1.1. The subspaces P°(E) and H(E) are independent, i.e.

PYUE)YNH(E)=0| . (3.13)

Let us also introduce
Pa(E) ={¢ € P(E) : degy < d or ¢ =0}, (3.14)
a finite-dimensional subspace of P(E), and then
Hi(E) =Pa(E)NH(E), (3.15)

the subspace of harmonic polynomials of degree < d.
By restriction of r we obtain the corresponding subspaces of Pol(F), namely,

Harm(E) = rH(E) (3.16)
and
Harmi(F) = rHq(E), Poly(E) = rPy(E). (3.17)

Thus, Poly(E) is the space of all polynomial functions of degrees < d, Harmy(FE) is a subspace of
Pold(E).
In addition, let
PUE) = PU(E)NPyE), (3.18)

the subspace of those polynomials of degrees < d which vanish on S(E).

THEOREM 3.1.2. The equality

Pold(E) = Harmd(E) (319)

holds.
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In other words, any polynomial function of degree < d can be obtained by restriction to S(E) of a
harmonic polynomial of degree < d. The latter is unique (even without the constraint for the degree)
because of Lemma 3.1.1. This means that r|H(F) is an isomorphism from H(F) onto Harm(E), the
restriction isomorphism. The same is also true for r|Hq4(E) : Hq(E) — Harmg(E). As a result

Pol(F) =Harm(E) ~ H(E), Harmy(E)~ Hq(E) | . (3.20)

In order to prove Theorem 3.1.2 we need some statements which are interesting per se.
Consider the homomorphism AY : Py_o(E) — PY(E) defined as

(Aqw)(@) = (1= Jz|*)w(2).

Obviously, Ag is injective since there is no divisors of zero in the ring P(F). In addition, A?l is surjective
by (3.4). Hence, AY is bijective, so that we have the isomorphism, Py_2(E) ~ PI(E). Therefore,

dimPY(E) = dim Py_o(E) | . (3.21)

The Laplacian A on P4(E) is a homomorphism Ay : Py(E) — Py_o(F) with KerAy = Hy(E). Let
us denote Ag|PY(E) by AY. This is a homomorphism PY(E) — P4_o(E) which is injective by Lemma
3.1.1. By (3.21) and Corollary 1.7.3 Ag is bijective, i.e. it is an isomorphism. This result can be
formulated as follows.

LEMMA 3.1.3. For any polynomial 6 of degree < d — 2 the Dirichlet problem
A =0, $IS(E)=0
has a unique polynomial solution ¢, deg < d. (If @ =0 then ¢ =0.)

COROLLARY 3.1.4. The direct decomposition

Pa(E) = Ha(E)+PYUE) | . (3.22)

holds.

Proof. First of all,
Ha(E) NPIE) =0

by Lemma 3.1.1. Now let 1) € Py(FE). Denote by ¥ the polynomial solution of degree < d for the
Dirichlet problem
APO = Ay, pOIS(E) =0 (3.23)
which does exist by Lemma 3.1.3. If () = ) — () then ¢ = () 4+ () where () € Hy(E) and
»© € PUE) by (3.23). O
The above mentioned polynomial 1(!) is called the harmonic projection of 1.
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COROLLARY 3.1.5. P(E) = H(E)+P°(E).
In other words, every polynomial ¥ can be uniquely represented as
Y(x) = V() + (1 - [|z]*)w(z), w e P(E). (3.24)

where YY) is a harmonic polynomial.

Now we can quickly prove Theorem 3.1.2.

Proof. Since Harmy(E) C Poly(FE), we only need to prove the inverse inclusion. Let ¢ € Poly(FE),
¢ = |S(E) where 1) € Py(E). By Corollary 3.1.4 ¢ = (M) + () where (M) € Hy(E) and 4@ ¢
PY(E). Hence, ¢ = ¢pM|S(E). O

The isomorphism r~!, the inverse to 7 : H(E) — Pol(E) can be called the harmonic lifting for
the polynomial functions. The harmonic lifting on P4(E) maps this subspace onto H,(F). Later on
the notation ¢(") stands for the harmonic lifting of ¢ € Pol(E), so that oM = r~1g.

Now we decompose the space Py(E) into the direct sum

Pu(E) = P(E;0)+P(E; 1)+ ... +P(E;d) (3.25)

where P(E; k) is the subspace of all forms of degree k, 0 < k < d. If, according to (3.25),
b= i (3.26)
k=0

(so that 1, are the homogeneous components of ¢ € Py(E)). Then

d d
Ap=3 A= Ay (3.27)
k=0 k=2

since Ayg = 0 (tho is a constant) and Ay = 0 (31 is a linear function). In (3.27) we have the
decomposition of Ay € Py_o(F) onto homogeneous components, since Ay, € P(E; k—2), k> 2. If
A1 = 0 then all Ay, = 0. Thus, we have proved

LEMMA 3.1.6. For any harmonic polynomial 1) its homogeneous components are harmonic as well.

As a consequence, the harmonic specialization of (3.25) is

Ha(E) = H(E;0)+H(E; 1)+ ... +H(E;d) (3.28)

where

H(E: k) = P(E; k) N'H(E), (3.29)
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the space of harmonic forms of degree k, 0 < k < d (cf. (3.15)). By restriction of these forms to
the unit sphere S(E) we obtain the space Harm(F; k) of those polynomial functions which are just
traditional spherical harmonics of degree k. As before, we have

Harm(F; k) ~ H(E; k) (3.30)

by restriction r : H(E;k) — Harm(E;k). The corresponding harmonic lifting coincides with the
homogeneous one.
The following result is classical (cf. [40]).

THEOREM 3.1.7. The direct decomposition

Pol,(E) = Harm(E;0)+Harm(E; 1)+ ... +Harm(E; d) (3.31)

holds.

In other words, any polynomial function ¢ on the unit sphere can be uniquely represented as a sum
of spherical harmonic of pairwise distinct degrees. They are called the harmonic components of ¢.
We call the decomposition (3.31) the harmonic decomposition. The decomposition (3.28) is the
harmonic lifting of (3.81).

Proof. By Theorem 3.1.2 the decomposition (3.28) yields

d
Poly(E) = ) Harm(E;k). (3.32)
k=0
It remains to prove that the latter decomposition is direct. Suppose that
d
> dp=0 (3.33)
k=0
where ¢y, € Harm(F; k), i.e. ¢ = ¥x|S(E), where ¢y, € H(E;k), 0 <k <d. Then
d
= 1y € H(E) (3.34)
k=0

and ¢ € P°(E) by (3.33). By Lemma 3.1.1 1 = 0. Since the decomposition (3.28) is direct, we get
P =0, 0 <k <d. Hence, all ¢; are zero. [
Consider some useful consequences of Theorem 3.1.7. Obviously, (3.31) implies

COROLLARY 3.1.8. The direct decomposition

Poly(E) = Poly 1 (E)+Harm(E;d) (3.35)

are valid.
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Besides, we are able to prove the following

COROLLARY 3.1.9. The degree of any ¢ € Pol(E) \ {0} coincides with the degree of its harmonic
lifting oM.

Proof. By definition of the number d = deg ¢, this is the minimum of deg1) among all ¢ in (3.24)
where (1) = (), Taking w = 0 we get d < deg #M) . Suppose that d < deg #"M and consider v of
form (3.24) such that degv = d. Then the degree of the polynomial (1 — ||z|*)w(z) is also d, so that
degw = d — 2. Moreover, the d-th homogeneous component cZ)Elh) of (M is

o\ (x) = ||z Pwi—a(), (3.36)

where wgy_9 is the (d—2)-th homogeneous component of w. The component gb((ih) is harmonic by Lemma
3.1.6. Therefore, wy_2|S(E) € Harm(E; d). On the other hand, wy—2 € Polg_o(E) C Poly_1(E). This
contradicts Corollary 3.1.8. [

Let us pay an attention to some dimension formulae. It follows from (3.22), (3.20) and (3.21) that

dimPoly(F) = dim Py(FE) — dim Py_o(E).

Now by (3.25)

dimPoly(F) =dimP(E;d — 1) + dim P(E; d). (3.37)
The summands in (3.37) can be easily calculated. Indeed, dimP(F;d) is the total number of
multiindices I = (i1,...,4y) with |I| = i1 + ... + iy, = d. It is well known from the elementary
combinatorics that this number is the binomial coefficient (m;f;l) Hence,
m+d—1
di E;d) = .
imP(E;d) < 1 ) (3.38)
By (3.37) we obtain the dimension formula
m—+d—2 m+d—1
dimPoly(F) = . .
imPoly(F) <m—1 >+<m—1> (3.39)
Combining this result with the formula
dimHarm(E; d) = dimPoly(E) — dimPoly_1(E) (3.40)

(see (3.35)), we obtain the classical formula for the dimension of the space of spherical harmonics of

degree d,

hm,q = dimHarm(E; d) = <mn—1—f; 1) - (m;;f; 3> . (3.41)
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Certainly, the dimension of the space H(FE;d) of harmonic forms of degree d on E is the same.
Formula (3.37) suggests us to consider the homomorphism

r| (P(E; d—1)P(E: d)) (3.42)

which maps its domain into Poly(F). Let us show that (3.42) is an isomorphism. By (3.37) and
Corollary 1.7.3 it is sufficient to prove that the kernel of (3.42) is zero. Suppose that some nonzero
forms ¢4 € P(E;d) and ¢4_1 € P(E;d — 1) coincide on the unit sphere. Then

val ) = v (1) w€ BV (3.43)

whence
Ya(z) = [|z[a-1(z), z€E (3.44)

by homogeneity. This is a contradiction. Indeed, (3.44) implies that the polynomial wfl contains the
irreducible factor (z,x) in an odd power.
Thus, we have proved the

LEMMA 3.1.10. Poly(E) ~ P(E;d — 1)+P(E;d) by restriction (5.42).

The inverse isomorphism is the direct sum of the homogeneous liftings from P(E;d — 1) and
P(E;d). As a rule, this lifting is not harmonic one.

d—1

EXAMPLE 3.1.11.For ¢(z) = 1 the lifting is (x,x)g if d is even but (z,x) 2z if d is odd; the
harmonic lifting is ¢(" (z) = 1. The number deg ¢ = 0 is independent of d. [

Note that Lemma 3.1.10 can be proved more directly, with no references to the theory of harmonic
functions and its consequences such as (3.37), in particular. Then (3.37) follows from Lemma 3.1.10.
As a result we get (3.39) and then (3.41) as before.

The alternative proof of Lemma 3.1.10 we mean requires to show directly that the homomorphism
(3.42) is surjective (since its injectivity has been already proved).

Let ¢ € Poly(E), ¢ =ry, degty <d. According to (3.25)

[5] (5]
P(@) =) vol(@) + Y Yot (),
=0

k=0 k

where [-] means the entire part. The polynomial

[4] (4]
D) = (@ o) g (a) + 3 () T g (@),

k=0 k=0

%] and 2 [%] + 1 respectively. Obviously,

ofa]={a, o o)

is the sum of two forms of degrees 2 [
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and

= 340

Since r{/; = ¢, Lemma 3.1.10 is proven once again.
In many situations the cases of even and odd d should be consider separately like before but the
notation

eq = res(d)(mod 2) , (3.47)

allows us to unify the exposition. In particular, this regards to the subspaces
Pol(E;d) = rP(E;d) C Poly(E). (3.48)
By the homogeneous lifting (3.6) we have
Pol(E;d) ~ P(FE;d). (3.49)

PROPOSITION 3.1.12. For Pol(E;d) the harmonic decomposition is

Pol(E;d) = Harm(FE;e4)+Harm(E;eq + 2)+ ... +Harm(E;d) | . (3.50)

Before to prove this we introduce one more notation,

Ea={eqyea+2,....,d} ={k: 0<k<d, k=d(mod 2)} . (3.51)

Proof. We need to prove that for ¢ € Pol(F;d) the harmonic decomposition

d
d(x) = p() (3.52)
k=0

does not contain nonzero summands ¢ with k & &;.

Let ¢ =, ¢ € P(E;d). Obviously, ¢(—xz) = (—1)%¢(x), since ¢ has the same property. This
also is preserved by the harmonic lifting, i.e. ¢ (—z) = (=1)%") (z) since ¢ (—z) is harmonic
together with ¢(")(z). The harmonic lifting for (3.52) is

where gb,(ch) € H(E; k). Hence,

d
oM (=) = S (-1 ().

k=0

We see that (—1)d¢,(§h) = (—1)’“(;5,(;), SO qS,(ch) =0, since k &€ &;. Thus, ¢, = 0 for such k.00
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COROLLARY 3.1.13. The direct decomposition

Poly(E) = Pol(E;d — 1)+Pol(FE;d) (3.53)

holds

The following commutative diagram illustrates the relations between the functional spaces we have
considered in this Section:

Q

H(E;d) C P(E;d) — Pol(E;d) D Harm(F;d)
N N

N N
Ha(E) C Py(E) — Poly(E) = Harmy(E)
N N N N
H(E) < P(E) — Pol(E) = Harn(E)

| ]

~
~

All arrows here mean the restriction homomorphisms. In the cases of isomorphisms the inverse arrows
are the corresponding liftings (homogeneous or harmonic).
Now we provide the space Pol(E) of polynomial functions on E with the inner product

(01,62) = [ Gr02do = RS (3.5)

where o is the normalized Lebesgue measure on S(F). In particular,

(1,0) = [¢do (3.55)

where 1(x) = 1. Note that 1 € Harm(E;0) and h,, o = 1 according to (3.41), hence, (1) is a basis
in Harm(F;0), so that Harm(F;0) consists of constant functions. Below we do not distinguish
between the constant functions and the corresponding scalars.
It follows from (3.55) that
Il = VLD =1 (3.56)

since the measure o is normalized.

PROPOSITION 3.1.14. For any ¢ € Poly(FE) its harmonic component ¢g, deg g = 0, is

$o=(1,9) | . (3.57)
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Proof. Let
d
o= ¢k
k=0

be the harmonic decomposition of ¢. Then its harmonic lifting is

d
oM =30
k=0
We have 4
/(;Sdo— - /¢<h> do = Z/@p do = /¢gh> do = /¢0 do (3.58)
k=0
since

[l dr=an0) =0, 1<k <4 (3.50)

according to the well-known property of harmonic functions. One can rewrite (3.58) as (3.57) because
of (3.55) and ¢¢ = const. [

REMARK 3.1.15. Formula (3.57) can be also written as

/ ¢ do = ¢M(0). (3.60)

Indeed, the harmonic lifting of a constant is the same constant. [

The space Harm(E; k) is invariant with respect to the natural action of the orthogonal group O(FE) :

(90)(z) = ¢(gz), g€ O(E), (3.61)

because of (3.12). Actually, (3.61) defines a representation of the group O(FE) in Harm(E;k). This
representation is unitary since the measure o is orthogonally invariant. (This is the Haar measure on
the unit sphere S(E).)

Let (Ski)?;"l’k be an orthonormal basis in Harm(E;k). (Recall that hy,, = dimHarm(E;k) in
notation (3.41).) The classical Addition Theorem shows that the function

Fla) = 3 Sul@)S(v) (3.62)

of x,y € S(F) is independent of the choice of the basis, and, moreover, 1t is a special polynomial of
(x,y). The first of these properties can be easily checked. Indeed, if (T};); ml’k is one more orthonormal
basis in Harm(E; k), then

Tkz Z a]lSkj 7 1<:< hm,k»

where [a;;] is a complex unitary matrix. Hence,

7rL k 'm k hnL,k h'm,k:
Z Thi(@)Thi(y) = Y Skj() Z @jicui | Su(y) = Y Sk @)k (y) = Y Skj(2)Sk;(y)-
J,l=1 7,l=1 j=1
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In particular, the function f(x,y) is unitary invariant, i.e.

flgz,9y) = f(z,9) (3.63)

for all g € O(F). Indeed, for any g € O(E) the functions ¢Sk, 1 <1 < hy,j, form an orthonormal
basis in Harm(E; k) because of invariance of the measure o.
By Theorem 1.9.32

where Q1 is a function [—1,1] — C. (The range of (z,y) on S(E) x S(E) contains in [—1,1] by
Schwartz’s inequality and all values from [—1,1] are attained already on the real vectors.) Thus,

> Ski(@)Ski(y) = Qur((x,y)) (3.65)

by (3.64) and (3.62). (Recall that any function ¢ : S(E) — C which only depends on (x,y) with fixed
y € S(F) is called zonal with respect to the pole y.)

LEMMA 3.1.16. @, is a polynomial of degree < k.

Proof. Further yy is a fixed point (the "North Pole”) on the unit sphere S(E). Choose xy € S(E)
such that zo L 39 and consider the circle

x(¥) = yocos¥ + xgsind, 0< 9 < 2m,

on the sphere. Obviously,
(x(¥),yo) = cos . (3.66)

By the lifting Harm(F; k) — H(E; k) we get

k k
Ski(z(9)) = S,(;;) (yo + o tan ) cost ¥ = Z brij tan’ 9 - cos® ¥ = Z bii,j sin’ ¥ - cos® 7 9, (3.67)
j=0 j=0

where by; j are some complex coefficients. According to (3.65), (3.66) and (3.67)

Qm,k(cos ) Z Ski(x(9))Ski(yo) Zak] sin’ 9 - cos® 7 Y
7=0

with some new coefficients ay;. By substitution ¢ — 27 —

—1)7ay,; sin? 9 - cosF 7 9.

tﬂw

Qm,k(cos ) =
j=0

Hence, (—1)ay; = ay;, i.e. a; = 0 for oddj Thus,

[5]
Qi (u Zam]l—u WU —1<u<, 0

The polynomial @y, (u) can be expressed in terms of the Jacobi polynomials. Namely, the follow-
ing Addition Theorem is valid.
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THEOREM 3.1.17. For any orthonormal basis (Skj)?;"ik in the space Harm(FE; k) of spherical har-
monics of degree k the Addition Formula

hm,k m—2
> Sk (@)Ski (W) = amiCy * ((x,9)) | (3.68)
j=1
holds with the coefficient
. m;;ﬁ—l o mﬂ—;—ﬁ—fﬂ
Uy = — st = ( 1,3+k_(3 O (3.69)
c.7 (1) ("al5”)

Proof. We already have (3.68) in the preliminary form (3.65). We see that for any fixed y € S(E)
the function Q,, x((z,y)) belongs to Harm(E; k). Its homogeneous lifting is ||z||*Qyn x(wy(x)) where
wy(x) = (z,y)/[|x||, =€ E. Indeed,

L R e
ol st ) = el Qo (1) = el Y- 805 (1) S5 = X 5 @850
=1 j=1

The latter function of x belongs to H(E;k), i.e. it is a harmonic form of degree k. By Lemma
2.3.2
(1= u®)Qp i (u) + (1 = m)u@y, 1 (u) + k(k +m —2)Qui(u) =0, —1<u<l.

m—2

All polynomial solutions of this Jacobi’s differential equation are proportional to C, *
[54, Theorem 4.2.1]). It remains to determine the coefficient a,, ; in (3.68), i.e. in the relation

(u) (see

m—2
Setting y = z in (3.68) we get
hm,k
> 718k (@) = Quuye(1). (3.71)
j=1
Hence,
hm g = Qumk(1) (3.72)

by integration of (3.71) over the sphere S(E). This yields the first equality in (3.69) which, in turn,
implies the second one by (3.41) and (2.7). O

95



By the way, (3.70) shows that

—2

deg Qm . = deg C;nT =k (3.73)

since ay, ; # 0 by (3.69). In particular,

Qmo(u) =1 (3.74)

since Qo is a constant and Qp,0(1) = hpm o = 1. In addition, as follows from (3.70) the polynomial
Qm k(u) is even for even k and odd for odd k.

The Addition Theorem is the most fundamental fact from the theory of spherical harmonics. Its
numerous consequences can be encountered in many areas of Mathematics. The first consequence of
the Addition Theorem is the following important fact of the Unitary Representations Theory where
this follows from the irreducibility of the representation (3.61) in Harm(E; k).

THEOREM 3.1.18. The harmonic decomposition (3.31) is orthogonal, i.e.

Harm(E; k) L Harm(E;l) (k #1) . (3.75)

We prove Theorem 3.1.18 using orthogonality of the Gegenbauer polynomials and the integration
formula (2.26). First of all, (2.26) immediately yields

LEMMA 3.1.19 The inner product of two zonal functions 01((x,y)) and 02({x,y)) of the sphere is

reduced according to

/91 2 0s((,9)) do(y 91 (1) (3.76)

where the normalized weight Qyy, is defined according to (2.10).

On the right hand side of (3.76) we have the inner product,

91, 92 91 ( ) du, (3.77)

and the lemma states that

(01 ((z,-)), b2((z,))) = (61, 02) 0, | - (3.78)
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In order to prove Theorem 3.1.18 we apply (3.78) to 01 = Qp,  and O = @, and get

(Qm,k«x? >)7 Qm,l(<$) >)) = (Qm,kv Qm,l)ﬂm

This yields
/@m,k«x, U)Qua((.9)) do(y) =0, k#1

by (3.70) and orthogonality of the Gegenbauer polynomials. By the next integration
[ J@uate i) Qi) do@) dotw) =0, k£
On the other hand, the Addition Theorem yields

/ Qo (7, 3)) Qo (31, ) dor () dor(y) =

Bk Bm 1

>N / Sk (2)Sy(x) do(x / Ski(¥)Si(y) do(y) =
7j=1 =1

hon,k Bm,i hon,k Pm,i

> (Skis Si)(Skis Su) = D> 1(Sky Sl

j=1 i=1 j=1 i=1

After substitution in (3.81) we conclude that

(SkjsS1i) =0 (k#1L1<j<hpi, 1<i<hy)

(3.79)

(3.80)

(3.81)

(3.82)

which imply (3.75) since (Skj)]fm’k and (Slj)?m’k are the bases in Harm(F; k) and Harm(E; ) respectively.

Theorem (3.1.18) is proved.
Now the harmonic decomposition (3.31) can be specified as

Poly(E) = Harm(E;0) PHarm(E;1) P ... PHarm(F; d)

(3.83)

In particular, this shows that the orthoprojection ¢ — (1,¢) of the space Poly(FE) onto Harm(E;0)

(see Proposition 3.1.14) annihilates all Harm(E; k) with k& > 1.
As a consequence of (3.83) and (3.50)

Pol(E;d) = Harm(E;eq) P Harm(E;eq +2) P ... P Harm(E; d)

and then Corollary 3.1.13 can be specified as

Poly(E) = Pol(E;d — 1) P Pol(E;d) .
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Now we consider the linear space II of all polynomials of one variable. In the Euclidean space
(IL, ©2,,) the polynomials @, form an orthogonal basis which is compatible with the filtration

o
OocI;cIlyC..., UHd:H.
d=0

where II; = {Q € 11 : deg Q < d} (cf. Example 1.9.15).
Let II(® and I be the subspaces of even and odd polynomials respectively. Then

=119 guw (3.86)

since the weight €2,, is even. Respectively,

m, =1 &) (3.87)
where
me =Ny, € {0,1} | - (3.88)

For any d the system
(Qmy: 0<k<d, k=e(mod 2))

is an orthogonal basis in (Hgls) Q).
The decomposition of a polynomial F' € II; for the basis (mek)g is

d
F=> cop(F)Qmp (3.89)
k=0

where

myk 5 ' myk 5 L
i (F) = Qui Bl _ Qi Flaw o oy (3.90)

(Qmk s Qmk)m 1Qm el
are the Fourier coefficients (cf. (1.71)). Formally,

F= Zcm,k(F)Qme
k=0

where ¢, ,(F') = 0 for k > deg F. Then
deg F' = max{k : ¢, 1 (F') # 0}. (3.91)

PROPOSITION 3.1.20. The formula

holds.
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Proof. 1t follows from (3.79) with k =1

1Qmil, = / Q2. (. y)) do(y). (3.93)

The latter integral can be calculated by the Addition Formula which is, in fact, the Fourier decom-
position of @, x((z,-)) for the orthonormal basis (Sk;) in Harm(E;k). The corresponding Fourier
coefficients are Si;(x), so that

[ @i doty Z|Sm 2= Qui(l) (3.94)

by (3.71). It remains to compare (3.94) to (3.93). O
Proposition 3.1.20 combining with (3.72) implies

COROLLARY 3.1.21. The formula

holds.
In particular,
1Qmolld,, =1 (3.96)
hence,
1
emo(F) :/ F(u)Q(u) du (3.97)
-1

according to (3.90).
The Addition Theorem is very helpful to study some metric properties of finite subsets X C S(F)
we are interested in. At this point we derive an identity which relates to the Hermitian quadratic form

> Fla,y)M@)A(y) (3.98)

z,yeX

where F' is a polynomial and A : X — C is a function.

LEMMA 3.1.22. The equality

deg F’ R ks 2
> F((z,y) Z Cmi(F) D D Skilw)M(x) (3.99)
z,yeX i=1 |zeX

holds.
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Actually, this is a decomposition of the form (3.98) into a sum of squares of linear forms.
Proof. By (3.89)

deg F
z,yeX T,yeX
and by the Addition Theorem
Pk 2
D Qual(z y)A@) Ay Z 3 Ski@)SkA@AY) = 3 | Ski(z)A(x) (3.101)
z,yeX i=1 z,yeX i=1 [zeX

O

3.2 Polynomial functions on the projective spaces

Recall that the projective space P(FE) over a field K is the set of one-dimensional subspaces of
the space E. In our context E is a m-dimensional right linear Euclidean space over K = R, or C,
or H. The number m — 1 is called the dimension of P(E). In particular, if E' = (3% then P(FE) is
denoted by KP™ ! and called the arithmetic projective space. A point x € P(E) is defined by
any nonzero vector x € x, x # 0. The natural mapping = — x from E \ {0} onto P(FE) is called the
projectivization.

If (ex)]" is a basis in E, the coordinates of a vector x € E are called the homogeneous co-
ordinates of the corresponding point x € P(FE). The homogeneous coordinates are defined up to
proportionality. So, if the coordinate column of x is

&1

=1 :

Em
then one can denote the m-tuple of homogeneous coordinates of x by [&1 : ... : &y]. Formally, the
latter is the class of the equivalence such that [(] = [n] if and only if the nonzero columns [¢], [n] are

proportional.

The following description of the projective space P(E) is preferable for our purposes.

Let us denote by U(K) the multiplicative group of scalars of modulus 1, so that U(R) = Zy =
{—e,e}, U(C) = S! (the unit sphere in C, in fact, the unit circle), U(H) = S? (the unit sphere in
H). By the way, U(K) is just the group U;(K) of 1 x 1 unitary matrices over K. Also note that the
group U(H) is isomorphic to the group SU(2) of the complex unitary matrices with determinantl.

N f—ﬁ 2 2 _
£+ <77 g ) €17+ [n]

The group U(K) acts on the unit sphere S(F) (and even in the whole space) by multiplication:

The isomorphism is

x>z, v € U(K). In E this action is R-linear (but not K-linear if K is not commutative).
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Consider the quotient space S(F)/U(K) of this action. Its elements are the orbits of vectors
x € S(E),
Orb(z) = U(K)z = {y : y = 7,7 € UK)}.

All elements of an orbit define the same point in P(E). Thus, we have the natural mapping S(E) /U (K) —
P(F). This mapping is bijective, the inverse mapping is correctly defined as x — Orb (Z) with any

x € x, © # 0 (Recall that 7 = z/||z||). In such a way the projective space P(E) can be identified with
the quotient space S(F)/U(K),

P(E) = S(E)/UK) | . (3.102)

Below we use the latter as a natural domain for definition of polynomial functions on
the projective space.
A function ¢ : S(E) — C is called a polynomial function over K if

1) ¢ is a polynomial function on the real unit sphere S(Er) = S(E) where ER is the realification of
the space F;

2) ¢(xy) = ¢(z) for all v € U(K). In particular, ¢(—z) = ¢(z), i.e. ¢ is an even function.

Recall that 1) means that ¢ = |S(E) where 1 is a polynomial on Eg.

Condition 2) means that the value ¢(x) only depends on the corresponding point x € P(E). Thus,
all polynomial functions over K can be considered as functions on the projective space. However, for
our purposes we will keep them on S(E). In particular, |(x,y)|* with 2,y € S(E) is well-defined on
the projective space and this is a polynomial function of x and of y separately.

The set Polk (F) of polynomial functions on the projective space P(F) is a subset of Pol(ER). In
fact, this is a subspace (a subalgebra) of the linear space (algebra) Pol(ER).

Now we consider the linear space P(ERr) of polynomials on Fr and its subspace Pk (E) of the
U (K)-invariant polynomials:

Pxp) ={v € P(E): ¢(x7) =¢(z), z € E,y € UK)} (3.103)
If K =R then E = ER, Pk(FE) consists of all even polynomials,
Pr(E) ={¢ € P(E) : (—z) = ¥(x)}. (3.104)

For any K one can say that all functions from Pk (E) are even but the converse is not true in general.

If K = C or H then some functions from Pk (E) are not polynomials on E. For example, this relates
to (x,z) and |(z,y)|? with any fixed y and any even integer d > 2. For this reason, speaking about

polynomials (in particular, about forms) we mean the polynomials (forms) on FR.

DEFINITION 3.2.1. Let d be an even integer, d > 2. The polynomial functions
z— |z, Y% zeS(E); yek, (3.105)

are called the elementary polynomial functions of degree d.
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Let Pk (FE;1l) C P(ER;!l) be the subspace of all U(K)-invariant forms of degree [ > 0.
LEMMA 3.2.2.
a) Iflis odd, | = 2k + 1, then Pk (E;l) = 0.
b) Ifl is even, | = 2k, then Pk (E;l) consists of the polynomials 1) of degree | such that
Y(zA) = N9(z), AeK, (3.106)
or, equivalently,

$|S(E) € Polk(E). (3.107)

Proof. If | = 2k + 1 then any ¢ € P(ER;!) is odd, i.e. ¥(—x) = —¢(x) and if, in addition, 1 is
U (K)-invariant then 1 is even, i.e. ¥(—z) = ¢ (z). Hence, 1) = 0.

Let | = 2k. Then for ¢ € Pk (E;l) we get (3.106) by substitution A = y|A|, v € U(K), into ¢(z\).
Conversely, (3.106) implies 1 € Pk (E;1) as well as (3.106)=>(3.107). Now assuming (3.107), we have

Y(27) = llz]'¢(@v) = 2] (@) = ¥(@)

for x # 0. The case z = 0 is trivial. [
Now we can adjust the decomposition (3.25) to the projective situation. Denote by Pk.q(E) the
subspace of all U(K)-invariant polynomials of degrees < d, Pk.q(E) C Pk (E).

LEMMA 3.2.3. In the space Px.q(E) the direct decomposition

Pk.a(E) = Px(E;0)+Pk (E;2)+ ... +Pk(E;2[4]) (3.108)

holds.

In other words, we claim that the homogeneous components of any U(K)-invariant polynomials
are U(K)-invariant.
Proof. Let ¢ € Pk (FE;d) and let
[5]
P(x) = () (3.109)
k=0

where 19, are homogeneous components of . Then

(2]
Play) = bar(z7) (3.110)

k=0

since x — 2 is a R-linear operator. Comparing (3.110) to (3.109) we get 1or(zy) = or(z) for all k,
0<k<[4]. O

COROLLARY 3.2.4. The degree of every U(K)-invariant polynomial is even.
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In particular, we have

COROLLARY 3.2.5. If € Pk(F) and degv < 1 then 1) = const.
COROLLARY 3.2.6. The degree of every polynomial function is even.

Up to the end of this Section the number d is supposed to be even. Let Polk.4(E) be
the space of all polynomial functions of degrees < d. Lemma 3.1.10 implies

LEMMA 3.2.7. Polk.q(F) = Pk (E;d) by restriction r : Px(E;d) — Polk.q(E).

In other words, by U(K)-invariance, any polynomial function of degree < d is the restriction of
a unique U(K)-invariant form of degree d. Thus, the homogeneous lifting from the whole space
Polk.4(E) to Pk (E;d) is well-defined in the projective situation in contrast to the spherical one.

In the notation

Polk(E;d) = rPk(E;d) = Pk (E;d) (3.111)

we have

COROLLARY 3.2.8. The equality

POlK;d(E) = PO].K(E; d) (3112)

holds.

Now we consider the harmonic lifting.
LEMMA 3.2.9. For every ¢ € Polk(FE) its harmonic lifting 3 € Hy (E) is also U(K)-invariant,

¢ (1) = ¢M(x), 7 € UK). (3.113)

Proof. The function ¢(z) = ¢ () is also harmonic since the R-linear operator z — z, v € U(K)
belongs to the orthogonal group O(ER). After restriction to € S(F) we have

(WIS(E))(2) = d(a) = ¢(x) = (67 |S(E))(x).

Hence, ¢ = o) by the uniqueness of the harmonic lifting. [
In this context the subspace Hk(E) C Pk (E) of U(K)-invariant harmonic polynomials appears.
Its natural subspace is
Hia(E) = Pr;a(E) N Hk(E)

with any d € N (cf. 3.15) as well as Hk(E;2k), the subspace of U(K)-invariant forms of degree
2k, 0 <k < %l. The corresponding (by restriction) subspaces of Polk (F) are Harmk (£), Harmg,4(E)
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and Harmg (F; k) respectively. The latter is the space of U(K)-invariant spherical harmonics of
degree k. The restriction isomorphism yields

Harmk (F; 2k) ~ Hk (E; 2k) (3.114)

(cf. (3.30)). Similarly,

Harmk (EF) =~ Hk(E), Harmk.q(EF)~ Hik.(E) (3.115)

(cf. (3.20)).
The projective counterpart of Theorem 3.1.2 is

THEOREM 3.2.10. POlK;d(E) = HarmK;d(E).
Proof. Since Harmk.4(F) C Polk.q(F), the required equality follows from Lemma 3.2.9. [

COROLLARY 3.2.11. Polk(E) = Harmk (E).

The following commutative diagram presents the relations between the functional spaces over K:

Q

Hk(E;d) C Pk(E;d) — Polk(E;d) D Harmkg(FE;d)

N N I N
HK;d(E) C 'PK;d(E) — POlK;d(E) = HarmK;d(E)
N N N N
Hk(E) < Pk(E) — Polkg(E) = Harmkg(F)

| ]

~
~

All these spaces are the U(K)-invariant parts of the corresponding spaces on the sphere S(ER). If
K =R then the regarding functional spaces are the same as for the spherical case with even functions
under consideration only.

By Lemmas 3.1.6 and 3.2.9 the harmonic specialization of (3.108) is

Hi.a(F) = Hk(E;0)+Hk (E;2)+... +Hk(E;d) | . (3.116)

Finally, we can obtain the following U (K)-invariant version of (3.83).
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THEOREM 3.2.12. The orthogonal decomposition

Polk.q(F) = Harmk (E;0) @ Harmk (E;2) P . . . Q Harmk (E'; d) (3.117)

holds.

Proof. The decomposition (3.117) follows from Theorem 3.2.10 and from (3.116) taking into account
that

Harmk (F; 2k) C Harm(E; 2k) = Harmg (ER; 2k) (3.118)

so, the subspaces Harmk (F;2k), 0 < k < %l, are orthogona according to (3.83). O

3.3 The Projective Addition Theorem

The inner product (3.54) is defined, in particular, for the polynomial functions on the projective
space. With any k£ € N the space Harmk (F;2k) is invariant with respect to the natural unitary
representation of the unitary group U(F) C O(FER), see 3.61. Let

fum 21 = dim Harmg (E; 2k) (3.119)

and let (ski)?:izk be an orthonormal basis in Harmk (F; 2k). Like (3.62), we introduce the function

Fon 2k
f,y) =Y sr@)ski(y) (z,y € S(E)). (3.120)

i=1

By the same argument as in Section 3.1 this function is independent of the basis, in particular, this is
unitary invariant. By Theorem 1.9.32 ( the Witt Theorem) f(z,y) only depends on (x,y). Moreover,

fxy,y) = f(z,y), ve€UK). (3.121)

Hence, f(z,y) actually is a function of |{x,y)| or, equivalently, of |(x,)|?,

f($7 y) = Qm,k(|<w7 y>|2) (3122)

where ¢, 1, is a function [0, 1] — C. Thus,

Pom. 2k
> ski(@)sniy) = dma(l(z,9)%) (3.123)
=1
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LEMMA 3.3.1. gy is a polynomial of degree < k.

The proof below is a slight modification of the proof of Lemma 3.1.16.
Proof. Choose a pair zg,yo € S(E) such that xo L yo and consider

x(¥) = yocos¥ + zpsind, 0 <9 < 2.

Then
[(x(9), y0)|* = cos® V. (3.124)
By the lifting Harmk (E; 2k) — Hk (E; 2k) we get
2k
ski(z(¥)) = S](;Z-L) (3o + z0 tan¥) cos® ¥ = Z bri j sin®* 7 9 - cos? ¥ (3.125)
=0
where by; ; are some complex coefficients. By (3.123), (3.124) and (3.125)
2k ' )
qm’k(cos2 9) = Z ag; sin?*77 9 - cos? 9
=0

with some new coefficients ay;. By substitution ¢ — 7 — 4,

2k
Gm.x(cos? ) = Z(—l)jakj sin?*77 ¢ - cos’ 1.
§=0
Hence, (—1)7ay; = agj, i.e. ax; = 0 for odd j. Thus,

k

Gm.k(u) = Zak,2j(1 - u)kfjuj, 0<u<l.
j=0

O
The final explicit expression for ¢, ;(u) (see below) depends on the basis field K.

THEOREM 3.3.2. For any orthonormal basis (skj)?':”fk in the space Harmk (E; 2k) of U(K)-invariant
spherical harmonics of degree 2k the Projective Addition Formula

P 2k
4 «,
> @i () = b P (21, y) 2 = 1) (3.126)
j=1
holds with the coefficient
(o,3)
@ o BT(1)
mk = ol gy pedz | (3.127)
@A) P,
where 5 5_9 5_9
a=""0"2" 5_°"% S_[K:R] (3.128)
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Proof. In contrast to the spherical case we can start with the orthogonality relation
Harmg (F, 2k) | Harmg (E,21), k #1.

For this reason we can conclude that

/ /qm,k<|<x,y>|2>qm,z< (2, 9)[2) do () do(y) =0, k £ (3.129)
from the identity
P 28 o 21
/ /qm7k<|<x,y>|2>qm,l<|< W) do@) doy) = S S |(skj,0) (3.130)
j=1 =1

which is quite similar to (3.82). On the other hand, by the integration formula (2.33)

[ st Pranae.? o) = [ i (52 ) ams (152 Qustoran @as

with « and 3 given by (2.34), the same as in (3.128). By the next integration

[ fimsttwiyanse P o) o) = [ ani (52 ) ams (H52) Qusto)ae. (3132

Comparing (3.132) to (3.129) we get

! 1 1
/ Ak (;12) it (?) Qo g(v)dv =0, k#L (3.133)
-1

Thus, the polynomials g, i ( itv ) are orthogonal with the weight €2, 3 on [—1,1], deg ¢, 1 < k. Hence,

14w 4 «
Gk <2) = b (0) (3.134)
where bii)k is a constant coefficient. Equivalently,

G i (w) = b, PP (2u = 1) (3.135)

and now (3.123) turns into (3.126). It remains to determine the coefficient b )k in (3.126).
Setting y = x in (3.126) we get

P 2k 5
Z 585 () = gme(1) = 8, PP (1). (3.136)

Integrating (3.136) over S(E) we get

hm,Qk = Qm,k:(l) = bfi?kplgaﬁ)(l) (3137)
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We already have the first equality (3.127). However, in contrast to the spherical case we do not know
the dimensional quantity A, 2x. The latter can be calculated by comparison of two expressions from
(3.127) but the second one must be obtained before.

It follows from (3.131) that

Fl’m,?k

1 (Y
[ (M) astordo = [ @ ullie. ) Prast) - > @l =ana). (0139

Hence,
8\ 2 ! a, 2 0 Q,
(b;)k) /1 (Plg ﬁ)(v>> Qa,p(v) dv = bfn?kpk ().

This immediately yields the second expression for bfz?k in (3.127). (Note that bg?k # 0 according to
(3.137).) O

COROLLARY 3.3.3. Every polynomial gy, 1 is of degree k,

deggmp=Fk | . (3.139)
In particular,

qm,0(u) =lmo =11 . (3.140)

In general, we have

COROLLARY 3.3.4.

2
P(avﬁ) 1
P 2k = (%U) (3.141)
1P N,

In turn, this yields
COROLLARY 3.3.5. The following dimension formulae are valid

m+2t—1
dimPolg(F;2t) = .142
imPolg(E;2t) <m—1) (3.142)
and
2
dimPolc(E;2t) = (mﬂ : 1) : (3.143)
m_




and

. 1 2m+t -2 2m+t -1
dlmPolH(E;Qt)ZQm_1< 9 — 9 )( o — 9 ) . (3.144)

Proof. By Theorem 3.2.12 and Corollary 3.3.4

Lo peny
dimPolk (F; 2t) th 2k = Z W
=0 k a,p

The latter expression is just Ak (m;2t) introduced in (2.19), so that its final form follows from Theorem
2.1.1. 0O
Thus, the unified form of Corollary 3.3.5 is

dimPolk (F;2t) = Ak (m,2t) | . (3.145)

Now we formulate the projective counterpart of Lemma 3.1.22. The proof can be done similarly
but, of course, on the base of the Projective Addition Theorem instead of the spherical one. Here we
have to consider a polynomial

deg f (5) 1+wv
10 =S AP (15 (3.146)
k=0

[ i (54) st .
/ <1+U>Qa,ﬂ

In fact, the integral in the denominator is equal to g, x(1) by (3.138) and it is also A, 21 by (3.137).
Thus,

where

(3.147)

Cfff),?k(f) =

1
©®) oy L / <1 + v)
c = mk | —— 1)y g(u) dv. 3.148
e = s [ (55 500050 (3.149)
In particular,
/ flu (3.149)
LEMMA 3.3.6. For any finite subset X C S(E) and for any function X : X — C the equality
L deg f 5 Pon 2k 2
> F@ P - DA@AW) = Y k() D2 |2 suil@)A(@) (3.150)
z,yeX k=0 =1 [zeX

holds.
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The last (but not least) consequence of the Projective Addition Theorem is the following Com-
pleteness Theorem.

THEOREM 3.3.7. In the space Polk (FE;2t) the system of elementary polynomial functions of degree
2t is complete,

Polk(F;2t) = Span{|(-,y)|* : y € E} . (3.151)

Proof. By Corollary 1.9.18 it is sufficient to prove that if ¢ € Polk(FE;2t) is such that

[Pt dota) =0 (3.152)

for all y € E then ¢ = 0. Condition (3.152) can be rewritten as

/uawwdﬂmzo,yeE, (3.153)

where d7 = ¢do. Applying the Laplacian A in variable y to (3.153) and using Lemma 2.3.5 we reduce
the exponent 2t to 2t — 2, i.e.

/uawWQdmmzo

which means that

[ 2ot dote) = 0.

By iteration of this procedure we get

[Ptz dota) o (3.154)

for 0 < k <t. By Lemma 3.3.1

[ ansllia ) Prote) dotz) o

The latter can be rewritten as
P2k

> (skjr )swi(y) =0

j=1
by the Projective Addition Theorem. Therefore,
(8kjs @) =0, 1 <7 < T (3.155)

h’m,2k

since the system (sy;) joi is linearly independent. However, the system

Udswsis 1<5 < b, 0<k <t}
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is a basis in Polk(F,2t) by Theorem 3.2.12 and Corollary 3.2.8. The equalities (3.155) say that ¢
is orthogonal to all elements of this basis. By Proposition 1.9.2 ¢ L Polk(F;2t) so, ¢ = 0 being an
element of the same space. [

In fact, the parametric space E in (3.151) can be restricted to the sphere S(E) and even to the
projective space P(F) realized as a ”fundamental domain” on the sphere. Thus,

Polk(F;2t) = Span{|(-,y)|* : y € S(E)} . (3.156)
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Chapter 4

Cubature formulas and isometric
embeddings (5" — £}

4.1 Spherical codes, cubature formulas and designs

In this Section F is a real m-dimensional Euclidean space.
A spherical code is a nonempty finite subset X C S(F). Its angle set is defined as

AX)={(z,y): z,ye X, z#y}C[-1,1) ] . (4.1)

In terms of the Coding Theory the set arccos A(X) is the distance set (see Section 1.10). The
following result is purely combinatoric because X is arbitrary. Lemma 3.1.22 is the main key to it.

THEOREM 4.1.1. Let X be a spherical code, | X| =n, |A(X)|=s. Then

n < <m£f12> + <m7:i; 1) . (4.2)

Proof. Consider the polynomial F, degF = s, such that F|A(X) = 0. Then F(1) # 0 since
1 ¢ A(X). Now we apply Lemma 3.1.22. The identity (3.99) turns into

s

hm,k
F)Y @ =D cmp(F) Y (@) (4.3)
=1

rzeX k=0

where

pik = Y Sri(x)A(x)

zeX
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are linear forms of the vectors [A(z)]zex. The left expression in(4.3) shows that the rank of the
Hermitian quadratic form (3.98) is equal to n. The right expression shows that the same rank does
not exceed the total number of summands there,

n<> P - (4.4)
k=0
By (3.31)
n < dimPoly(E) | . (4.5)

By (3.39) the latter is just the upper bound (4.2). O

Now we pass to the special spherical codes which are so nicely arranged on the sphere that the
integration over the sphere is equivalent to a weighted averaging over a code. Certainly, this is possible
only for finite-dimensional spaces of integrands, say, for Pol(E;d), Poly(F), etc., but with an upper
bound for d.

DEFINITION 4.1.2. A spherical cubature formula of index d is an identity

/¢dg=/d>da, ¢ € Pol(E;d), (4.6)
where o is the normalized Lebesque measure on the sphere S(E) and o is a normalized finitely supported
measure,

suppo = {zx}] C S(E),
and
[ode= | sdo= 3 élw)ete)= Y dle)eta). (47)

suppe TESUPpO T

The points x1,...,x, are called the nodes and its measures o = o(xx), 1<k < mn, are called the

weights. The set suppo is called the support of the spherical cubature formula.

REMARK 4.1.3. Formula (4.6) with even d automatically implies that o is normalized since 1 €
Pol(E;d) in this case.

The identity (4.6) can be also rewritten as

> o(ono = [ odo. o pol(Eid), (4.8)
k=1

where o, >0, 1<k <n.
A spherical cubature formula of index d in the case of equal weights, i.e with

1

a=..=om=, (4.9)
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is called a Chebyshev type cubature formula. Its support is called a spherical design of index
d, a term from the Algebraic Combinatorics. Thus, the left integral in (4.6) is equal to the arithmetic
mean of ¢ over any spherical design X of index d,

|X1| > da) = /¢da, ¢ € Pol(F;d). (4.10)
zeX

In the Algebraic Combinatorics the spherical cubature formulas are also called the weighted
spherical designs.

PROPOSITION 4.1.4. A spherical code X is a spherical design of even index d if and only if
Y dlgr) = $(x), € Pol(E;d), (4.11)
reX rzeX

forall g € O(E).

Proof. (4.10)=(4.11). This immediately follows from the unitary invariance of the measure o.
(4.11)=-(4.10). The identity (4.11) means that the linear functional

1
b — X g{ e (4.12)

is orthogonally invariant. On the other hand, this functional can be represented in the Riesz form,

o [Godo,

where ¢ € Pol(F;d) and 1 is uniquely determined. Hence, the function ¢ must be orthogonally
invariant. Since the action of the orthogonal group on S(F) is transitive, ¢)(x) = const. This constant
is 1 since 1 — 11in (4.12). O

Note that if d is odd (i.e. ¢4 = 1) then

/gf)da =0, ¢ €Pol(E;d),

50, (4.6) becomes

/qbdg = ¢(x)o(x) =0, ¢ € Pol(E;d). (4.13)
In the case of a spherical design (4.13) becomes

> ¢(x) =0, ¢ € Pol(E;d). (4.14)

A spherical code X is called antipodal if X = —X, i.e. with every point x € X the opposite
point —z also belongs to X. Obviously, any antipodal spherical code is a spherical design of index d
for any odd d. However, it is easy to construct a spherical design of index 1 which is not antipodal.
Indeed, for d =1 (4.14) is equivalent to

> =0 (4.15)

zeX
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which just means that the baricenter of the set X is at the origin. Obviously, (4.15) includes not only
antipodal spherical codes.

A spherical code X is called podal if X N (—X) = 0, i.e. for every x € X its opposite point —x
does not belong to X.

PROPOSITION 4.1.5. A spherical cubature formula of index d is equivalent to the system of equal-
ties

/(Z)dQ—Zgb ) =0, ¢eHarn(E;k), ke&\ {0}, (4.16)

and, in addition,
/ do = Z o(z) =1 (4.17)

in the case of even d .

Proof. The cubature formula (4.6) implies (4.16) since ¢ € Harm(E; k) so, ¢ € Pol(FE;d) for k € &
according to (3.50). Thus, (4.6) is applicable to ¢ € Harm(E;k), k € &;. It remains to note that
[ ¢do =0 by (3.60). In addition, if d is even then (4.6)=(4.17).

Conversely, the harmonic decomposition (3.50),

d=> ¢

ke&y

/¢d(;_ > /qﬁkda —/qbed do. (4.18)

ke&y

yields

The integral (4.18) is ¢g if £4 = 0 since ¢y = const and o is normalized. If £4 = 1 then the integral

/ ¢do= / Pe, do (4.19)

by (4.16). The values of integrals (4.19) and (4.18) coincide since in the case ¢4 = 0 the measure g is

(4.18) is equal to zero.
Similarly,

normalized and, moreover, [ ¢ dp = 0.0
COROLLARY 4.1.6. A spherical code X is a spherical design of index d if and only if

> ¢x) =0, ¢cHarm(Esk), k€& k> 1. (4.20)
zeX

Indeed, (4.17) is automatically valid for the spherical designs.

COROLLARY 4.1.7. A spherical cubature formula of index d is a spherical cubature formula of every
index k € &y.

DEFINITION 4.1.8. A spherical cubature formula of degree d (or strength d) is a spherical
cubature formula of all indices 2t, 2t — ,0, i.e.

/¢d9:/¢da, ¢ € Pol(E;k), 0<k<d. (4.21)
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In view of the homogeneous lifting (3.9) this definition is equivalent to

/gbdg—/qbda, ¢ € Poly(E). (4.22)
Therefore, by Corollary 3.1.13 we have
PROPOSITION 4.1.9. A spherical cubature formula of degree d is the same as a spherical cubature
formula of indices k =d — 1, d.
COROLLARY 4.1.10. Any antipodal spherical cubature formula of even index d has also degree d.

COROLLARY 4.1.11. For any spherical cubature formula of even index d its symmetrization

Lo@) @ex), (4.23)

XHX:XU(—X), 0+ 0, E(ia;)ZQ

yields an antipodal spherical cubature formula of degree d.

Obviously, | X| < 2|X| and |X| = | X| if and only if X is podal.

In particular, the symmetrization (4.23) generates a correspondence between podal and antipodal
spherical codes such that each antipodal spherical code can be obtained from exactly 2XI podal codes.

Under Definition 4.1.8 the relevant version of Proposition 4.1.5 is

PROPOSITION 4.1.12. A spherical cubature formula of degree d is equivalent to the system of
equalities

/¢d9—2¢ ) =0, ¢ cHarn(E;k), 1<k<d. (4.24)
COROLLARY 4.1.13. A spherical code X is a spherical design of degree d if and only if
> ¢(x) =0, ¢€Harm(E;k), 1<k<d. (4.25)
zeX

A spherical design of degree d is called a d-design.
Now let us note that the upper bound (4.2) is valid for any cubature formula as a spherical code
with special properties. Below we establish a lower bound for the number

n = [ X[ = |suppg| (4.26)

of nodes of a spherical cubature formula of even index d. If d is odd then there is no nontrivial lower

bound for n. Indeed, any pair of mutually opposite points on the sphere is a spherical design of index
d.

THEOREM 4.1.14. For any spherical cubature formula of even index d the inequality

d_
n> (M2t (4.27)
- m—1

holds.
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The binomial coefficient in (4.27) is just dim Pol(E; %), see (3.49) and (3.38). Thus, one can rewrite
(4.27) as

n > dimPol(FE; %) . (4.28)

Proof. Suppose to the contrary and then consider the interpolation problem for 6 € Pol(E; %):
O(zr) =0, 1<k<n.

This problem has a nontrivial solution. By the given cubature formula for the function ¢ = |9|?> €

Pol(FE;d) we get
/ 012 do = 0,

The problem arises whether the lower bound (4.27) is exact and, in the case of affirmative answer,

whence # = 0, the contradiction. [

what is the corresponding cubature formula.

DEFINITION 4.1.15. A spherical cubature formula of even index d is called tight if in (4.27) the
equality is attained.

It is easy to see that the support X of any tight spherical cubature formula is podal. Indeed, if
xo € X N (—X) then one of nodes z¢ or —xg can be omitted in (4.7) since ¢(—zo) = ¢(x). Thus, the
number of nodes becomes less than lower bound (4.27).

A spherical code X = (z1)} is called t-interpolating if for every vector [(;]} € C™ there exists a
unique form ¢ € Pol(E;t) such that ¢p(zy) = (i, 1 <k <mn, cf. [41].

LEMMA 4.1.16. A spherical code X = (x)} is t-interpolating if and only if
t—1
. (m + ) (4.29)

m—1
and there is no a nontrivial form ¢ € Pol(FE;t) such that | X = 0.

Proof. The t-interpolating property means that the mapping ¢ — (¢((x))} is an isomorphism
Pol(FE;t) — C™. Equivalently, the same mapping is injective and n = dimPol(FE;t). O
Suppose that X = (z)7 is a t-interpolating system. The basis (L;)} of the space Pol(E;t) defined
by the conditions
Lj(xy) =0k, 1<4,k<n, (4.30)

is called the Lagrange basis corresponding to X.
THEOREM 4.1.17. [36]. If a spherical cubature formula of index d = 2t is tight then
(1) idts support (xy)} is a t-interpolating system;

ii) the corresponding Lagrange basis (L;)T is orthogonal, i.e.
14 g Lagrang Jj)1 9

(LjsL) = [ Titudo =0, j#h (4.31)
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(iii) the weights are
Ll = [ ILPde 1< < (4.32)

Conversely, let a spherical code (xy)] be a t-interpolating system with property (ii). Then (xy)} is
the support of the tight spherical cubature formula of index d = 2t with weights (4.32).

Proof. Let the formula be tight. Then for any form ¢ € Pol(F;t) we have

[ 1670 =3 ot o (4.33)
k=1

If ¢(zx) = 0, 1 < k < n, then ¢ = 0, i.e. the mapping ¢ — (¢P(x))} is injective. Moreover,
n = dimPol(E;t). As a result, we get (i) by Lemma 4.1.16. Using the cubature formula with
¢ = L;Ly, or |Li|* we get (ii) and (iii) by (4.30).

Conversely, any form ¢ € Pol(E;d) is a linear combination of the products L;Ly € Pol(FE;d),

¢= Y buLiLs (4.34)
k=1

with some coefficients b;. (Indeed, any monomial of degree d is product of two monomials of degree
t and the latter can be both decomposed for a basis (L;). ) Hence,

> bl = Z bjLj (1) Ly (1) 01 = Zbkak (4.35)
=1

7,k,01=1

On the other hand,

/gbda = Z b]k/L Lydo = Zbkkgk (4.36)

Jik=1

So, the cubature formula under consideration is of index d. The formula is tight by Lemma 4.1.16.01
Below we need the following statement of a general nature.

LEMMA 4.1.18. For a fized pole v € S(E) the evaluation functional ¢ — ¢(x) on Pol(E;t) can be
represented as

o) = [ B0() dotw) (437
where 8, € Pol(E;t). The norm ||0,| does not depend on y.

Therefore, ||6,]| only depends on m and ¢.
Proof. The first statement is actually the Riesz representation of the evaluation functional. Further,
(4.37) implies

[0t dot) = t9) = [ G0l dotw), 9 € O(E). (4.38)
Taking ¢(y) = 04, (y) we obtain

105212 < 116212 / 18,0 (gy) 2 dor(y)
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by the Schwartz inequality. Since the measure o is orthogonally invariant, the latter integral is equal
to ||0gz|| so, the inequality takes the form |64, || < ||0,| for all y € S(E) and all g € O(FE). Changing
g for g7! and x for gz we obtain the converse inequality. Thus, ||, || = ||02 and it remains to recall
that O(FE) acts on S(F) transitively. [J

Combining this lemma with Theorem 4.1.17 we obtain

COROLLARY 4.1.19. In any tight spherical cubature formula the weights are equal.

In other words, the support of any tight spherical cubature formula of index d is a spherical design
of index d (a tight spherical design). As we already know, this spherical design is podal.
Proof. Since the basis (L;) C Pol(E;t) is orthogonal, we have the decomposition

(0, L;)
N Z 1L

whence

by (4.37) and (4.32). In particular,

1
0. (y) = ;Lk(y), 1<k<n, (4.39)
k

since (L) is the Lagrange basis. Passing to the norms in (4.39) we obtain
Lkl _ 1

6 =
L = o

It remains to apply Lemma 4.1.18 again. [
REMARK 4.1.20. As follows from the proof

m+t—1
foalp=n=(""171) (1.40)

m

because of (4.9). O

4.2 The linear programming approach

This approach to the lower bounds is based on the following

LEMMA 4.2.1. Any spherical cubature formula of index d is equivalent to the identity
1
> Fl(z,y)el@)oly) = eno(F) = / Q) du, FeT, (4.41)
where QO (u) is the normalized weight (2.10).
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Recall that 4 is the residue of d modulo 2 and, according to (3.88), Hgfd) is the space of complex
polynomials of degrees < d which are even for even d and odd for odd d. Note that ¢, o(F) =0 if d
is odd.

Proof. Let F € Hgd). Then the Fourier coefficients ¢, 1 (F') are equal to zero for k ¢ 4, 0 < k < d.
The identity (3.99) with A = p is

2 hm,k'
S Flfaotelo) = cno) (T oto)) + 3 nal) 3 [ ot
z,Yy =1 =

z ke&g\{0}

2
’ (4.42)

If o comes from a cubature formula of index d then (4.42) reduces to (4.41) because of Proposition

4.1.5.
Conversely, let (4.41) takes place. Then (4.42) turns into

2 hm,k
cnol) = ualF) (S k)] 4 3 a0 33 itote
=1 =

z kega\{0}

’ 2

The coefficients ¢, x(F) with & € &; \ {0} are independent parameters when F' runs over H((fd).

Moreover, ¢y, o(F) can be included in this system of parameters if d is even. Hence,

o, ke
>3 Su@)et)
i=1 =

‘2 _0, ke&\ {0}, (4.43)

and, in addition,

> ol@) =1

T

if d is even. It follows from (4.43) that

> Sii(z)o(x) =0, k€ &g\ {0}, 1<i< Ay
By Proposition 4.1.5 the required cubature formula is valid since the polynomials Si;(x) constitute a
basis in Harm(E; k). O

COROLLARY 4.2.2. Any spherical cubature formula of index d = 2t is equivalent to the system of
equalities

%(x,w%g(«r)@(y) = TR(lmk,) O<k<t] (4.44)

where the constant Yr(m, k) is described in Corollary 2.2.5.

Proof. The system (4.44) is equivalent to (4.41) being the restriction of (4.41) to the basis of Hglsd)
consisting of the polynomials Fj(u) = u?*, 0 < k < t. Indeed,
2 ! m—3 1

1
Cm70(Fk) = /1 u2ka(u) du = 7_7 ) u%(l — U2) 2 du = W’
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see Section 2.1 and formula (2.44). O
In particular, we have

COROLLARY 4.2.3. A spherical code X is a spherical design of index d = 2t if and only if

n
(r,y)F = ———, 0<k<t 4.45

where n = | X|.

Corollary 4.2.3 was proven in [21] using a technique of tensor products, see also [29] for Corollary
4.2.2.

Corollary 4.2.2 allows us to effectively check any given p as a candidate for a spherical cubature
formula. For example, any orthonormal basis in R? is the spherical design of index 2 since (4.44) with
X = {e1,e2} and o(e1) = p(ez) = 3 is valid for ¢t = 1 because of (2.46). Now we show that there is
no other spherical cubature formulas of index 2 with two nodes on the circle S! = S(R?). Indeed,
according to Corollary 4.2.2 any spherical cubature formula of index 2 with nodes z,y is equivalent
to the system of equalities

o1+o =1

0} + 03 +20102c0829 = 3

where ¥ = arccos(x,%), 01 = o(x) > 0, g2 = o(y) > 0. The system implies 40102sin?9 = 1 while
0102 < % 50, 40102sin? 9 < 1. Hence g = g3 = % and sind =1, i.e. 1 L x9.

THEOREM 4.2.4. Let a spherical cubature formula of even index d be valid. Then

1

T

for any real polynomial F' € Hg)) such that F(1) > 0 and F|A(X) > 0. The equality is attained if and
only if F|A(X) = 0.

Proof. By Lemma 4.2.1
1
/1 F(u)Qm(u)du=F(1) Y 6* () + Y F({z,y)e(@)oly) > F(1) Y o*(x), (4.47)
- x gj;éy x

which results in the bound (4.46).
The equality in (4.46) is attained if and only if the sum over z # y in (4.47) equals zero. This is
equivalent to f|A(X) = 0 since x and y run over suppp. O
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COROLLARY 4.2.5. Let a spherical cubature formula of even index d be valid. Then

n> F1)

2 11 F ) () du (4.48)

for any real polynomial F € H((io) such that F(1) > 0 and F|A(X) > 0.

Proof. Combine (4.46) with the elementary inequality

S o) < v 3 2(a) (4.49)

and take (4.17) into account. [J

PROPOSITION 4.2.6. (cf. Corollary 4.1.19). The bound (4.48) is attained if and only if
(i) the weights are equal;

(ii) the polynomial F annihilates the angle set A(X).

Proof follows from inequality (4.49) and the relevant part of Theorem 4.2.4. [
In order to extract the best profit from (4.48) we have to solve the linear programming problem

(Fenl, Fluy>0(-1<u<1),

/1 F(u)Qp(u)du =1, (4.50)

-1

F(1) — max

for even d = 2t. Indeed, the linear fractional functional (4.48) attains its maximum for F' € Hglo), F >0,
if and only if F' is proportional to a solution of (4.50).
Below we consider the modified problem, namely,

Vel, Y(u)>0 (-1<u<1l),

/ () () = 1, (4.51)
1

[ ¥(1) — max,

where , g is the normalized Jacobi weight, see (2.2). The solution is essentially given by Theorem
7.71.3 from [54] but the self-contained exposition below is preferable for our purposes.
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According to the Markov-Lukécs Theorem (see [54, Theorem 1.21.1 |) a polynomial ¥(u) € II; is
nonnegative on [—1, 1] if and only if

U(u) = (1+u)*P?(u) + (1 — u*~°)Q*(u), (4.52)

where P and @ are real polynomials of degrees < [%] and < [%] + e — 1 respectively, € = €;. Therefore
U(1) = 2°P2(1) so, the value ¥(1) is independent of Q. On the other hand, for any fixed P the
maximum of the fractional linear functional
v(1)
J23 0 (1)) du

(4.53)

is attained at @ = 0. Hence, Q = 0 for the maximizer W,,x. For this reason we can replace (4.52) by

U(u) = (1+u)*P(u). (4.54)
Then
1 [ P (4.55)
/_lxy(u)na,ﬁ(u) du = /_1P ()2, (u) du, |
where )
QSEB(U) = (1+u)Qap(u) = awa,ﬁ—l—a(u)- (4.56)

Since P(1) is a linear functional in the space H[
such that

¢ there exists a unique real polynomial R € H[ 1]
2 2

P(1) = (P,R) (4.57)
where the inner product corresponds to the weight QS?@ By (4.55)
1
| v = (PP,
~1

while
T(1) = 2°P%(1) = 2°(P, R)%.

The problem (4.51) takes a simple geometrical form:

(Pv P) =1,
(4.58)
(P, R)| — max
in the space of all real polynomials of degree < [%] . The only solution of (4.58) is
~ R
Ppax=R=4+—-| . 4.59
7] (459
The corresponding maximal value is
- 9€ 2 1
Uax (1) = 2°P2, (1) = 2°R*(1) = ) _ 2°R(1). (4.60)

(R, R)

123



t
Let (Tk)[[f] be an arbitrary orthonormal real basis in H[ it Then
2

5] 3]

R(u) =Y (Tk, A)Tk(u) = Y Tie(1)Tk(w). (4.61)
k=0 k=0
In particular,
(5]
R(1) = (Ti(1))? (4.62)
k=0
and (4.60) turns into
(5]
Upnax (1) = 2° ) (Th(1))?. (4.63)
k=0

Of course, the mostly relevant basis is

o t
Tp = M PP 0 <k < M : (4.64)
where 1
A= (4.65)
| P+

and the norm relates to the weight Qg)ﬂ Passing to the weight wy g1 by (4.56) we obtain

1
A = /Tap" |]P(a’5+E)H (4.66)
k Wa,B+e
Hence,
[%] (a,B4€) 2
(B (1)
‘llmax(l) = 287—&’5 Z ( a,B+e s
= \ P
i.e.
V(1) = AP (4.67)

where Aga’ﬁ ) is defined by (2.16). The final result in this way is (2.18) which actually is an explicit
expression for Wi, (1).

In order to find a maximizer Wy,,x we have to combine (4.54), (4.59), (4.61), (4.64), (4.65) and
(4.66). Eventually, the maximizer is

[5] P(Oé,ﬁ-i-&‘) (U)P]gaﬂ‘f‘e) (1)

(1+u)€ k
B+
kz_o 1Pz,
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up to proportionality. By (2.12) and (2.14)

— . - (plerita ) . 4.68
U nax(u) = const - (1 4 u) P[%] (u) ( )

The original problem (4.50) can be easily reduced to (4.51). To this end we represent F' € H((io) as

F(u) = ®(u?) (4.69)

where ® € Iy, t = %, the polynomial ® is unique. With 7, defined in (2.11) we have

1 1 1 9 g\ m=3 2 1 9 9\ m=3
/ Fu)Qp(u)du = — P(u*)1—wu’) 2z du=— [ P(u*)(1—-u") 2 du
-1 Tm J—1 T™m Jo
1 1 m—3

The latter integral turns into

1 1 o
1 / Y(w)(1 - w) T (1 + w)"F du
273 7, /-1

by setting w = 2v — 1 and

T(w) = o <1;w> . (4.70)
Finally, . )
/1 F(u)Qp(u) du = /1 \Il(w)Qmng_%(w) dw. (4.71)

(The weight on the right hand side of (4.71) is normalized since (4.71) is true for F = ¥ = 1.)
The given by (4.69) correspondence F' — & is an isomorphism Hg)) — II; such that ¥(1) = F(1).
Hence, the problem (4.50) is equivalent to the problem (4.51) with

m—3 1

a="220 5=, (4.72)
so that
Frnax (1) = Uy (20% — 1). (4.73)
Now (4.67) yields
Fae(1) = A7 72, (4.74)

According to (2.19) and (2.20)

(4.75)

Fone() = A = (" 1),

m—1

This result combining with Corollary 4.2.5 yields Theorem 4.1.14 again but now we have a valuable
additional information about equality conditions, i.e. for the tight spherical cubature formulas.
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THEOREM 4.2.7. If a spherical cubature formula of index d = 2t is tight then

(i) the weights are equal, i.e. the support X is a spherical design;

(i) the Gegenbauer polynomial Ct%(u) annihilates the angle set A(X).
Conversely, let X be a spherical code such that

| X| = Ar(m,1)

|3

and let the angle set A(X) be annihilated by C,*> (u). Then X is a tight spherical design of index

d=2t.

Proof. The statement follows from Proposition 4.2.6 and formulae (4.68), (4.72) and (4.73). Indeed,

this yields
1

Finax(u) = (uEPm2 Tt (g2 1)>2.

T
L

By formula (4.1.5) from [54]

m—1 (m—l m—1

m=1 _1 m=1 3
uEP[ ]2 ’ 2+6)(2u2 —1)=const-P, 22 )(u) = const - C}? (u)

—
N+

by (2.6). Finally,

O

(4.76)

COROLLARY 4.2.8. For any tight spherical design X of index 2t the angle set consists of s < t

values, i.e.

[AX)[ <t

Proof. 1t follows from (ii) and (2.7). O
Consider the simplest situation t =1, i.e. d = 2.

(4.77)

COROLLARY 4.2.9. A spherical code X is a tight spherical design of index 2 if and only if X is an

orthonormal basis in E.

Proof. In this case the lower bound (4.27) takes the form n > m, so n = m in the tight situation.

By Theorem (4.2.7) the set X = (z1,...,%,) is a tight spherical design of index 2 if and only if

A(X) = {0}, i.e. (z;, ) =0 for i # k. Indeed, C}? (u) = mu, see (2.6). O

Obviously, X = X U{—X} is a tight spherical 3-design but X is not a spherical design of index 4,

otherwise, n > (m + 1)m/2 for t =2, m > 2.
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4.3 Projective codes, cubature formulas and designs

From now on F will be a m-dimensional right Euclidean space over the field K =R
or C, or H .

A projective code X is a spherical code such that the projectivization X — P(FE) is bijective
or, in other words, the points from X are projectively distinct. It is convenient for any spherical code
Y to treat its projectivization as any projective code X C Y consisting of all projectively distinct
points from Y.

For a projective code X its angle set is defined as

a(X) =2z, ))> —1: iy e X, v#£y}C[-1,1) ] . (4.78)

Let us emphasize that 1 ¢ a(X). Indeed, if |(z,y)| = 1 = ||z - ||y|| for some z,y € X then y = zA with
A € U(K) but this contradicts to the definition of projective code. The difference between definitions
(4.78) and (4.1) is motivated by the difference between (3.150) and (3.99).

The symmetrization of any projective code X yields X, an antipodal spherical code. However, the

projective angle set a(X) is different from A(X)/Z,.

THEOREM 4.3.1. Let X be a projective code, | X| =n, |a(X)|=s. Then

(") K=
n < (mntfi 1>2 (K =C) (4.79)
2m1— 1 <2n;r:i; 2) ' <2w2Lnti; 1> (K = H)

Proof. Consider the polynomial f, deg f = s, such that f|a(X) = 0. Then f(1) # O since 1 & a(X).
Now we apply Lemma 3.3.6 and get

n < Z P 20 (4.80)
k=0

like (4.4) in the proof of Theorem 4.1.1. By (3.117)

n < dimPolk.os(F) (4.81)

(cf. (4.5)). It remains to refer to Corollary 3.3.5. OJ

DEFINITION 4.3.2. A projective cubature formula of index 2t is an identity
/cbdg— /¢d0, ¢ € Polk(F;2t), (4.82)
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where o is the normalized Lebesgue measure on the unit sphere S(E) and o is a finitely supported
measure such that the set

suppo = {wx}1 C S(E)
s a projective code and
[ode= [ o= 3 o)=Y olalela). (4.83)
suppe TESUPpO T

The points x1,...,x, are called the nodes and its measures o, = o(xg), 1 <k < mn, are called the
weights. The set suppo is called the support of the projective cubature formula.

Note that supppe is podal in the real case. Actually, a real projective cubature formula of index
2t is the same as a podal spherical cubature formula of index 2t. On the other hand, any spherical
cubature formula of index 2t on S(F) over K generates (by projectivization) a projective cubature
formula of the same index. Indeed,

Polk(F;2t) C Pol(E;2t) = Polr(ER;2t). (4.84)

The identity (4.82) can be also rewritten as

> otono = [ odo. o po(Ei) (4.85)
k=1

where g >0, 1<k <n.

The support of a projective cubature formula of index 2¢ in the case of equal weights is called a
projective design of index 2t.

The projective cubature formulas are also called the weighted projective design.

PROPOSITION 4.3.3. A projective code X is a projective design of index 2t if and only if

> dlgr) = ¢(x), ¢ € Polk(E;21), (4.86)

zeX zeX
forallg e U(E).
Proof is like for Proposition 4.1.4. (Note that U(E) acts on S(E) transitively.) O

PROPOSITION 4.3.4. A projective cubature formula of index 2t is equivalent to the system of

equalities

/qbdg = Z d(x)o(x) =0, ¢ € Harmg(FE;2k), 1<k <t, (4.87)

and

/ do = Z o(z) =1. (4.88)

Thus, o is normalized automatically.
Proof is like for Proposition 4.1.5 with even d. [
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COROLLARY 4.3.5. A projective code X is a projective design of index 2t if and only if
> ¢(x) =0, ¢€Harmg(E;2k), 1<k<t (4.89)

COROLLARY 4.3.6. A projective cubature formula of index 2t is the projective cubature formula of
every index 2k, 0 <k <t.

DEFINITION 4.3.7. A projective cubature formula of degree 2t (or strength 2t) is a projec-
tive cubature formula of all indices 2t,2t — 2,...,0, i.e.

/¢dgz/d)da, ¢ € Polk(F;2k), 0<k<t. (4.90)

By Corollary 3.2.8 we have

PROPOSITION 4.3.8. A projective cubature formula of degree 2t is the same as a projective cubature
formula of index 2t.

A projective design of index 2t is called a projective 2t-design.

In the lower bounds problem for the projective case we will follow the linear programming approach
only. A simpler method (see proof of Theorem 4.1.14) needs some modification for K = C and faces
some difficulties for K = H. Let us start with the projective counterpart of Lemma 4.2.1.

LEMMA 4.3.9. Any projective cubature formula of index 2t is equivalent to the identity
1
> F@lU )P = Do(x)oly) = cho(f) = /1 f(w)Qap(u)du, fell, (4.91)
z,y -

where Qg g(u) is the normalized weight (2.2) with o and (B given by (3.128).
Proof is like for Lemma 4.2.1 but with (3.150) instead of (3.99). O

COROLLARY 4.3.10. Any projective cubature formula of index 2t is equivalent to the system of
equalities

;y|<x,y>\2kg<x>@<y>=w, 0<k<t| (4.92)

Proof is like for Corollary 4.2.2 but with the basis

in II;. Also note that

ST 1
[L(55) festomn= s
by (2.41) and (2.42).00

Corollary 4.3.10 for K = R coincides with Corollary 4.2.2. Similarly, we have the following
generalization of Corollary 4.2.3.
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COROLLARY 4.3.11. A projective code X is a projective design of index 2t if and only if

2
2k n
E =—— 0<k<t

where n = | X|.
The projective counterpart of Theorem 4.2.4 is

THEOREM 4.3.12. Let a projective cubature formula of index 2t be valid. Then

1
/ f(u)Qa g(u) du

20y < -1 . (4.94)
%:Q (z) < 0

for any real polynomial f € II; such that f(1) > 0 and fla(X) > 0. The equality is attained if and
only if fla(X) = 0.

Proof. 1t follows from Lemma 4.3.9 like Theorem 4.2.4 follows from Lemma 4.2.1. [J

COROLLARY 4.3.13. Let a projective cubature formula of index 2t be valid. Then

"> — f(@)
(4.95)

g f(u)Qq,5(u) du

for any real polynomial f € I such that f(1) > 0 and fla(X) > 0.

Proof is the same as for Corollary 4.2.5. [
Like Proposition 4.2.6 we have

PROPOSITION 4.3.14. The bound (4.94) is attained if and only if

(i) the weights are equal;
(i) fla(X) = 0.

In order to derive the lower bound for the number n of nodes in a projective cubature formula we
insert into (4.95) the value (4.67) of the maximum in the problem (4.51) with the corresponding a, 3.
By (2.19)

n > Ax(m,t) | . (4.96)

Now Corollary 3.3.5 yields
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THEOREM 4.3.15. Let a projective cubature formula of index 2t be valid. Then

(") @ =m
n> <m —77:[%]1_ 1) . (m J:T[Lt;_li - 1) (K=C) . (4.97)
: 1_ 1 <2m2+ [5]2— 2> ' (2m—2+- [ti — 1) (K — H)

For K = R this estimate coincides with (4.27) applying to the podal case.

REMARK 4.3.16. According to (3.145) the inequality (4.96) with even t can be rewritten in dimen-
sional terms

n > dimPolk(E;t) (e =0) | . (4.98)

DEFINITION 4.3.17. A projective cubature formula of index 2t is called tight if the equality is
attained in (4.96) or, equivalently, in (4.97).

THEOREM 4.3.18. If a projective cubature formula of index 2t is tight then
(i) the weights are equal, i.e. its support X is a projective design;
(i) with e = &; the polynomial
(1+ u)fpé"f LATE) () (4.99)
annihilates the angle set a(X).
Conversely, let X be a projective code such that
| X| = Ak (m,1)

and let the angle set a(X) be annihilated by the polynomial (4.99). Then X is a tight projective
2t-design.

Proof follows from Proposition 4.3.14 and formula (4.68). O

COROLLARY 4.3.19. The support of a tight projective cubature formula of index 2t is a tight pro-
jective 2t-design.

COROLLARY 4.3.20. For any tight projective 2t-design X the angle set a(X) consists of s < (t+¢)/2
values,

t+e
2

a(X)| < (4.100)
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Proof. 1t follows from (ii) and (2.4) since [t/2] +e = (t+¢)/2. O

COROLLARY 4.3.21. A projective code X is a tight projective design of index 2 if and only if X is
an orthonormal basis in E.

For K = R this statement coincides with Corollary 4.2.9.

Proof. For any field K the lower bound (4.97) turns into n > m. In addition, for ¢t = 1 we have
a(X) = {—1} since the polynomial in Theorem 4.3.18 is now 1+ u. By definition of the angle set a(X)
we get (z,y) =0 for all z,y € X (x #y). O

Now we consider a more complicated example.

EXAMPLE 4.3.22. We apply Theorem 4.3.18 to obtain some tight projective cubature formulas of
index 2t = 6 (tight projective 6-designs) for m = 2. The elements of the corresponding angle set have
to be the roots of the polynomial

(3:3) Y
(1+u)P?? (u) =1+ 3 (1+u)u,
see (2.3). Therefore, a(X) C {—1,0}, ie., for x,y € X (z # y), the only possible values of |(x,y)]
are 0 and % For any real projective 6-design the number of nodes must be n > 4 according to (4.97)

with K =R, m =2, ¢t = 3. On the other hand, the set Xgr = {1, z2, z3, 24}, where

1 1
1 0 NG) V2
xr1 = , L2 = , X3 = y L4 = )
0 1 1 1
V2 V2

is a tight real projective 6-design.
Over C the bound (4.97) with m = 2, t = 3 yields n > 6. The set X¢ = Xr U {z5, x6} where

i _ i

V2 V2
T = , Te =

1 1

V2 V2

is a tight complex projective 6-design.
Finally, n > 10 over H and Xy = Xc U {z7, zs, 9, 210} where

d _ k _k

V2 V2 V2 V2
T7 = , X8 = , X9 = , 10 =

1 1 1 1

V2 V2 V2 V2

is a tight quaternionic projective 6-design.[]

4.4 Existence theorems and corresponding upper bounds

We still do not know anything about existence of spherical or projective cubature formulas with
an arbitrary parameters m,t . Now we show how this problem can be solved in a very simple way.
We start with an immediate consequence of the Completeness Theorem 3.3.7.

132



LEMMA 4.4.1. A projective cubature formula of index 2t is provided by its validity for all elementary

polynomial functions
z = |(y,2)|*, zeS(E); yeS(E) (4.101)

Now we prove

THEOREM 4.4.2. For any t € N, t > 1, there exists a projective cubature formula of index 2t with

n nodes,
m—+2t—1
K=R
(e K=R)
2
n < (m”_l) (K=0C) . (4.102)
m—1

1 2 -2 2 -1

m -+t . m—+t (K = H)
L 2m —1 2m — 2 2m — 2

Proof. The Hilbert Identity (2.47) shows that the function

yi—>/| y,z)|* do(z), y e S(E), (4.103)
belongs to the closed convex hull of the family of elementary polynomial functions
y— |y, 2)[*, y€S(E); ze€S(E). (4.104)
By the well-known Caratheodory Theorem there exists a number v,
1 <v < dimPolk(F;2t), (4.105)

and a subset {z;},™! € S(F) such that the function (4.103) is a convex combination of functions
(4.104):

v+1
/ ,2) [ do(z) = 3 |, 2Pk » v € S(E),
k=1

where
v+1

Z or = L.
k=1

Without loss of generality one can assume that

n

/l y, o) *do(x) => |y, x)*ox , y € S(E), (4.106)
k=1

where n < v + 1,

n
o >0, > =1, (4.107)
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and the points 1, ..., x, are projectively distinct. Identity (4.106) says that the projective cubature

/qb )do(x) = iqﬁ (zx)o (4.108)
k=1

is valid for all elementary polynomial functions (4.101). By Lemma 4.4.1 formula (4.108) is a projective

formula

cubature formula of index 2¢ with n < v + 1 nodes.
Suppose that n = v + 1. Then g, > 0 for 1 < k < v+ 1 but by (4.105) the functions

|2t ‘Qt
.

[y 2™+ [y, )

are linearly dependent:

> Wy zw)[* ok =0 (4.109)

with some real ag, 1 <k < n. It follows from (4.106) and (4.109) that

/ ()P do () = 3 [ ) (or — Eo) (4.110)

k=1
for any real £. With

5_1:max{ak: 1<k<n}>0,

Ok
the number of nodes in (4.110) reduces to some n < n — 1, i.e. n < v. If now the nodes are z1,..., x5
then
/¢ )do(x qu 23) 0%, ¢ € Polk(E;2t), (4.111)

by Lemma 4.4.1 again. The condition ) g, = 1 is satisfied automatically since ¢ = 1 is admissible.
In any case the desired formula can be constructed with n < v nodes. By (4.105)

n < dimPolk (F;2t) | . (4.112)

It remains to express the latter dimension by Corollary 3.3.5. O

DEFINITION 4.4.3. Given m = dim E and an integer t > 1, a projective cubature formula of index
2t on S(E) is called minimal if the number of nodes is the minimal possible. This number will be
denoted by N (m,2t).

Obviously, any tight projective cubature formula is minimal. (The converse is not true.)
Combining Theorems 4.4.2 and 4.3.15 we obtain

THEOREM 4.4.4. The following bounds hold:

(m+t_1 : (4.113)

m—1

)SNR(m,Qt)S(m+2t_1)

m—1
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and

B 41y N2

mBl =0 (Y g < (MY (4.114)

m—1 m—1 m—1

and
(2m+[§]—2> <2m+[t+21]—1> <2m+t—2) <2m+t—1>

- ‘ - _ ‘ _ . (4115
2m — 2 2m — 2 < Nex(m. 2t) < o2m — 2 2m — 2 ( )

2m — 1 2m — 1

By the way, these inequalities suggest a natural extension of Nk (2,2t) to m = 1, namely,

Nk(1,2t) =1 . (4.116)

We accept this as a convenient agreement. In addition, we know that

Nk (m,2)=m | , (4.117)

see Corollary 4.3.21.

PROPOSITION 4.4.5. The function Nk (m, 2t) is non-decreasing with respect to m and t separately.

Proof. The inequality

Nk (m, 2t — 2) < Ng(m, 2t) (4.118)

follows from Corollary 4.3.6 immediately.
In order to prove the inequality

Nk (m — 1,2t) < Ng(m, 2t) (4.119)

it is sufficient to show that the cubature formula (4.85) can be reconstructed into a cubature formula
for ¢ € Polk(E1;2t) where Ey is a (m — 1)-dimensional subspace of E. To this end we introduce the
function ¢1(z) = ¢(2’) where 2’ is the orthogonal projection of x on Ej. Then ¢; € Polk(F;2t) since
the projection is a linear operator. Hence,

D dar)or =Y di(z)ok = / ¢1 do.
k=1

k=1 S(K™)
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The latter integral is a linear functional of ¢, so that

/ b1 do — / D6 d5
S(K™) S(Km—1)

where ¢ € Polk (F;2t) and & is the normed Lebesgue measure on S(K™1). This functional is U (F; )-
invariant. Therefore, 1) = const and, finally, 1) = 1 since the measures o and & are both normed. As

a result,
Soia= [ oda
k=1 S

(Km=1)

which is the desired cubature formula up to projectivization of the system (z})7. O
Now we develop an inductive (with respect to m) construction of projective cubature formulas. In

particular, this allows us to improve the upper bounds in some cases. Let y = [ 5} } € S(K™) where

zeK=R% weKm!=Rm1DI Denote by S4(K) the upper hemisphere in R?,
S+(K)={z€S(K): si(z) >0},

where s1(z) is sign of the first real coordinate of 2. Then z = £, where £ = |z|s1(z). Thus,
€] = ||, signé = si1(z), |0] =1, so that

—1<¢<1, €S (K). (4.120)

Obviously,

p=llw| = VI= 2P = VI- . (4.121)

LEMMA 4.4.6. Let ¢(y) = ¢(z,w) be a continuous U(K)-invariant function on the sphere S(K™).
Then in notation of Lemma 2.2.2 with 1 =§

1
[ edi= [ dsa(@) [ dwaa®) [ o6V @omap@ds (4122
S(K™) S(Km-1) S, (K) 1

where
Ta,5(€) = (1 — &) |7 (4.123)
and, as usual, 5 - sy
m—4 — _
a= 5 , fB= — (4.124)
Note that
| w00 = v (4.125)
S+ (R)

for any 1, see Remark 2.2.3.
Proof. Since the function ¢ is U(K)-invariant, we have

o(y) = o(80,w) = ¢(§, wh) = $(&, W||w||f) = ¢(&, Wy/1 — £20)
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because of (4.121). For the same reason formula (2.29) turns into

5 (y) = (1 — &)*¢[* 1 dedss—1(0)dGsm—s5-1(D).

O
With this lemma we can prove

THEOREM 4.4.7. Each real projective cubature formula of index 2t with n nodes on S(K™™1) =
S(RY™9) generates a K-projective cubature formula of the same index 2t with N nodes on S(K™)
where

N =(t+1)Ng (5, 2 [;D n. (4.126)

Proof. We apply (4.122) to ¢(y) = |(x,y)|*'. Setting

x:[ﬂ y:[;] (4.127)

where u,z € K, v,w e K™ ! we get

o(y) = ¢z, w) = [az + (v, w)[*,

whence
$(&, W1 = €20) = [u€ + /1 — E2x(w)6]*

where x(w) = (v, w). Hence,

H(6, TVT—86) = (EluP + (1~ E)x(w)? +6/T r(x(w),0))

where
k(x,0) = x0u + xOu. (4.128)
With
Ao &) = Elul + (1 -2 Ble) = 6/1-&, (4.129)
we obtain
SE VT E0) = (Ax(w),6) + BER(x(w),6))
= > (0) A4 rw) OB ). 0. (4.130)
q=0
Therefore,
1
/ K2 (x, 0) d5s 1 (6) / $(E, D1 = €20)map(E) d = (4.131)
S+ (K) -1

H

SIS

() (c0)0) [ A0, B €l e

h=0
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since

1
[ A0, B s(€) dE =0 (2 = 1) (1.132)

Indeed, 7, 5(§) and A(x(w), &) are even functions of £ but BI(§) = £9(1 — €2)% is odd for odd q.

The product A*=2"(y(w),€)B?"(¢) in (4.131) is a polynomial of ¢ of degree < 2t. For the weight
Ta,3(&) one can apply the Gauss-Jacobi quadrature formula (see [54, Section 3.4]) with ¢ + 1 nodes &;
and corresponding coefficients p;, so that

t+1

/1 At_2h(X(w)7£)B2h( ﬂ'aﬂ dﬁ ZAt 2h gz)BQh(&) - (4133)
1

(Recall that the set (&)™ coincides with the set of roots of (¢ + 1)-th orthogonal polynomial for the
given weight.)
Now we note that 6 — x2"(x,0), @ € S(K), is a real polynomial function of degree 2h. For

t
o= (52 1) s
there exists a real projective cubature formula of index 2 [%] with some nodes 61, ...,0, on S, (K) =
S, (R®) and some positive coefficients Ay, ..., \,. Hence,
2 / K2 (x,0) dos_y ( (4.135)
S+(K) ;

(The latter sum in the case K = R contains the only term x%"(y,1)A1.)
It follows from (4.131), (4.133) and (4.135) that

1
2 / K(x, 0) 51 (0) / $(E V1~ E20)ma,5(6) dE = (4.136)
S+(K) -1
v t+1
2 ZZ() w), 07) A" (x(w), &) B (€ piks ¢ - (4.137)

0<g<t | j=1i=1
eq=0

In fact, the summation in (4.137) can be extended to odd ¢ < ¢ since in this case

t+1

Z At_q(x’ &)BI(&)pwi = 0.

i=1
Indeed, it is known that for any even weight on [—1,1] the support of the corresponding cubature
formula is symmetric with respect to the origin. (If the number of nodes is odd then one of them is

0.) Moreover, the coefficients for any pair of opposite nodes are equal. It remains to recall that the
function & — A'"™9(y,£)BI(¢) is odd for odd g. Thus,

1
/ K2 (. 0) d&s1 (0) / o6, BT = €20 5(€) d =
S (K) 1
t v t+1
ZZZ() 0),0) A (x(w), €) B )iy (4.138)

q=0 j=1 i=1
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In (4.138) the ¢-th summand is a real polynomial function of @ of degree < 2t — ¢ < 2t. By

assumption, there exists a real projective cubature formula of index 2t with some nodes w1, ..., W,
on S(K™~!) and with some positive coefficients €, ..., ¢,. (Actually, the nodes can be chosen on
S, (K™ 1).) Hence,
/ K1 (x(w), 0;) A (x(w), &) dTsm—s5-1( Zf@q 0;) A9 (x (i
S(Km—l)
As a result, according to (4.122),
1 t t+1 v n ¢
do = = K1(x (W), 0;) AU (x (W), &) BL(E ) midje
[ D %) %) 9 91 (3 AR NCAR LS IV
q=0 i=1 j=1 k=1
1 t+1 v n
= 5 D(&i, Wi/ 1 — E205) pikjer
i=1 j=1 k=1
by reading of (4.130) in the opposite direction. Setting
&
Yijk = (4.139)
Wiy /1 — E26;
and
1 Tr(m;l)é
Qijk = fAreaS(R(m_l)‘s),ui)\jek = 7/%)\]'6]g (4.140)
2 T ((m;l)&)
we conclude that
t+1 v n
[odo =333 dluoin (4.141)
=1 j=1k=1

for the normalized Lebesgue measure o on S(K™). Since we have (4.141) for an arbitrary elementary

polynomial function of degree 2¢, the cubature formula of the same form (4.141) is valid by Lemma

4.4.1. The number of nodes in (4.141) coincides with (4.126) because of (4.134)

Let us stress that the previous inductive proof is constructive.
The most important consequence of Theorem 4.4.7 is

THEOREM 4.4.8. The inequality

Nic(m, 2t) < (t + 1)Ng (5, 2 BD Nr((m —1)5,2¢)

holds.

For K = R Theorem 4.4.7 turns into
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THEOREM 4.4.9. Assume that for given m,t there exists a real projective (or, equivalently, spherical
podal) cubature formula of index 2t with n nodes on S™~1. Then there exists a real projective cubature
formula of the same index 2t with

N=(t+1)n (4.143)
nodes on S™ = S(R™1).
Indeed, Ng (1,2 [5]) =1 by (4.116).
COROLLARY 4.4.10. The inequality
Nr(m,2t) < (t+1)Nr(m —1,2t) (4.144)

holds.

In particular,
Ngr(2,2t) <t+1.

Comparing this to the lower bound
Nr(2,2t) > t+1

following from (4.97) we obtain the exact value of Nr(2,2t). Thus, we have
COROLLARY 4.4.11.

Nr(2,2t) =t+1 | . (4.145)

Formulas (4.139) and (4.140) show that (4.145) is realized by the projective cubature formula on
S(R?) = S!, i.e. the unit circle in the plane R?,

t+1

. ¢pdo = Z o(yi)oi (4.146)
i=1
with the nodes

&i
, 1<i<t+1.

e

Here &; are the nodes of the Gauss-Jacobi quadrature formula on [—1, 1] corresponding to the weight

©O=—1  _1<e<t. (4.147)

/1 — 52 ) f— —
This is just the Jacobi weight w_1 _1(§) = wa(&) (see (2.9)) or, the same, the Chebyshev weight.
27 2
The corresponding orthogonal polynomials are C}(€) (see (2.6)) which are proportional to the Cheby-

1_1
272

shev polynomials
Ty (&) = cos(k(arccos§)), k€ N.
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Therefore, the nodes in the formula (4.146) are

2t—1)m
Cos (2(t+1))

L 1<i<t+1. (4.148)
(2i—1)7
2(t+1)

sin

These points are those of vertices of a regular (2t + 2)-gone which lie in the upper half-plane. Also

note that in (4.146)

1
—dy

2

where 9 is the angle coordinate on the unit circle, 0 < ¥ < 27. The angles corresponding to the nodes

do =

Y; are
(2i — )7 ,
¥, =— 1<i<t+1. 4.149
S oy St (4.149)
Since the measure o is normalized we have

t+1

ZQz‘ =1
i=1

in (4.146). In fact,
1

ST
since the quadrature formula (4.146) is tight, see Corollary 4.1.19. Thus, in this case we have a

0i 1<i<t+1,

spherical design of index 2t on S(R?).

COROLLARY 4.4.12. Assume that for given m,t there exists a real projective cubature formula of
index 2t with n nodes on S™~1. Then there exists a real projective cubature formula of the same index
2t with

N =(t+1)Mmn (4.150)
nodes on SM=1 M > m.
COROLLARY 4.4.13. The inequality
Nr(M,2t) < (t+ )M~ Ng(m,2t), M >m | . (4.151)
holds.
In particular,
Ngr(m,2t) < (t+1)™L (4.152)

Comparing this to the upper bound from (4.113) we obtain

2 — 1
Nr(m, 2t) < min {(t + 1)t (m + : > } . (4.153)
_
Eventually, we have
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THEOREM 4.4.14.

t+nmt m <4,
Nr(m,2t) < ot — 1 (4.154)
( >, m > 5.
m—1

Proof. The right hand side of (4.154) coincides with the minimum in (4.153). The latter is shown
below.

If m = 2 then ) .
t—|—1<2t—|—1:<t;— )
If m = 3 then of 19
t
(t+1)2§(t—|—1)(2t+1):< ; >
If m = 4 then ( N 1)@t +3) or 1 3
t+ t -+ t+ t 4+
t+1)3 < = .
However, if m = 5 then
t4+1)(t+2)(2t+1)(2t+3) (2t +4
t 14>( = .
(t+1)7° = 6 4

By induction we assume that

(4.155)

(t+ 1)1 > <m+2t1>

m—1

for some m > 5. Then

(t+1)m2(t+1)<m+2t—1> . 2t+m<m+2t—1> _ <m+2t>.

m—1 m m—1 m

O
In order to apply Theorem 4.4.8 to the complex case we note that the factor Ng (2,2 [%]) in
(4.142) is known by (4.145). Thus, we have

THEOREM 4.4.15. The identity

Ne(m,2t) < (t+1)([5] + 1)Nr(2(m — 1), 2¢) (4.156)

holds.

Moreover, Theorem 4.4.7 allows us to formulate more general and, actually, constructive
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THEOREM 4.4.16. Assume that for given m,t there exists a real projective cubature formula of index
2t with n nodes on S*™ 3. Then there exists a complex projective cubature formula of the same index
2t with

N=(t+1) <m 4 1) n (4.157)
nodes on S(C™).

For the quaternionic case we need to consider the factor Nr (4, 2 [%D in (4.142). The exact values
of that are mostly unknown at present. The exceptions are only

Nr(4,2) =4, Ng(4,4) =11. (4.158)

The first one is a particular case of (4.117) and the second one is due to Stroud [52]. By the way,
according to (4.113) Nr(4,4) > 10. Thus, Stroud’s cubature formula is minimal but not tight.

Our Theorem 4.4.14 yields
3
t t
Nr (42| )<|]|= 1

for all t. According to (4.142), we have
THEOREM 4.4.17. The inequality

Nia(m, 2t) < (¢ + 1) ([;] + 1)3 Ne(4(m — 1), 2t) (4.159)

holds.

For t < 20, t # 12,13, the coefficient (¢t + 1) ([] + 1)3 in (4.159) can be improved. The point is
that some upper bounds for Ng(4,2k), 2 <k <9, follow from known results.
EXAMPLE 4.4.18. Liouville (1859) proved an identity which can be rewritten as
12

Z<$7yk>4 = ; z € S(E), (4.160)

k=1

where (yx)1? C S(E), namely,

1 0 0 0 1/2
0 1 0 0 +1/2
Y1 0| ¥ ol s L 0l Yk +1/2 | 5< k<12
0 0 0 1 +1/2
On the other hand,
1 1
d = 4.161
J @t aot) = 5 = 5 (4161)
by the Hilbert identity (2.47) and formula (2.38). Comparing (4.160) to (4.161) we obtain

12
%Z (@, k) —/ )t do(y). (4.162)
k=1

By Lemma 4.4.1 this means that (yx)i2 is a real projective design of index 2t = 4. We see that
Nr(4,4) <12, cf. (4.158). O
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Some identities of Liouville’s type corresponding to m = 4 and 2t = 6,8 were found by Kempner
(1912) and Hurwitz (1908) respectively. All these identities yield some real projective cubature for-
mulas like before. In particular, the Hurwitz identity results in a real projective cubature formula of
index 8 with 72 nodes. Salihov (1975) considered the cases m = 4, 2¢t = 10, 18. First, he constructed a
real projective cubature formula of index 10 with 60 nodes. The latter is also a projective cubature for-
mula of index 8 by Corollary 4.3.6. This is better than the above mentioned consequence of Hurwitz’s
identity. The second Salihov result combined with Corollary 4.3.6 covers the indices 2t = 12, 14, 16.
Eventually, we have the following table:

2t = 4 16 | 8|10 12 | 14 | 16 | 18 (4.163)
Nr(4,2t) < | 11 | 24 | 60 | 60 | 360 | 360 | 360 | 360 '
Let us compare these bounds to the lower bounds following from (4.113):
2t = 4 |6 |8 [1012| 14 | 16 | 18 (4.164)
Nr(4,2t) > | 10 | 20 | 35 | 56 | 84 | 120 | 165 | 220 | ’
We see that the bounds (4.163) are not tight.
By (4.142) and (4.163) we have
THEOREM 4.4.19. For 1 <t < 20 the inequality
Nu(m,2t) < L(t)Nr(4(m — 1), 2t) (4.165)
holds with L(t) defined by the table
t 21314 |5] 6 7 8 9 10 | 11 12 (4.166)
L(t) | 12|16 | 55 | 66 | 168 | 192 | 540 | 600 | 660 | 720 | 4680 | ’ ’
t 13 14 15 16 17 18 19 (4.167)
L(t) | 5040 | 5400 | 5760 | 6120 | 6480 | 6840 | 7200 ’
To compare this result to general bound (4.159) we note that
; 3
L(t) < (t+1) <[2} + 1> (t #12,13). (4.168)

Thus, (4.165) is better than (4.159) for t < 20, t # 12,13.
Similarly to Theorem 4.4.16 we have in the quaternionic case the following

THEOREM 4.4.20. Assume that for given m,t there exists a real projective cubature formula of index
2t with n nodes on S*™ 5. Then there exists a quaternionic projective cubature formula of the same
index 2t with

L(t)n, 2 <t<20, t+£12,13
:{ (t)n = 7 (4.169)

(t+1)([4] +1)°n, t>200rt=12,13
nodes on S(H™).
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Now we discuss the existence of real projective cubature formulas with m = 3 and m > 4 and with
number of nodes less than (4.154) guarantees. For m = 2,4 it was already done.

First of all, we complement (4.163) by a table of parameters (2¢,m,n) for some real projective
cubature formulas which are known or follow from those by Corollary 4.3.6.

2t | 4| 4 6 | 6 6 6 6 6 6 8 8 10
m|3| 23| 3|6 7 8 16 23 24 3 24 24 (4.170)
n | 6276 |11 | 63 | 113 | 120 | 2160 | 2300 | 98280 | 16 | 98280 | 98280

In the case (4, 3, 6) the support is (up to projectivization) the set of vertices of the regular icosahedron
on the sphere S(R?) [17]. The cases (4,23, 276), (6,8,120), (6,23,2300), (8,24,98280) are known from
[14]. The triple (3,6,11) was found in [44].

THEOREM 4.4.21. There exist some real projective cubature formulas corresponding to any triple
(2t,m,n) from the following tables:

gy, M5 9 [ 10 [11 [ 17 | 18 | 24 | 2 26 2| am)
n | 96 | 480 | 1920 | 7680 | 8640 | 34560 | 9200 | 36800 | 147200 | 588800

A=8: 7:: 380 49?200 2452;3000 ’ (4.172)

2t=10: :’; 320 21660 58223280 353286080 212322480 12732780880 ’ (4.173)

2% =14 : 7:: 28580 . 2=16: TZ 32540 . 2t=18: ’Z 36500 . (4.174)

Proof. For example, the first column of the table corresponding to 2t = 6 follows from the column
of (4.163) with 2¢ = 6 and formula (4.150) for m = 4, M = 5. The same reason for M = 6 provides
N = 384 which is worse then n = 63 from (4.170). As soon as M > 7 the corresponding N’s become
greater than the upper bound (4.154). For this reason we neglect the situation M > 7. Similarly,
we use the part of (4.170) regarding to 2t = 6 in order to prove Theorem 4.4.21 in this case. The
remaining tables in Theorem 4.4.21 are of the same origin. [

There is the gap 2t = 12 in Theorem 4.4.21 since the triple (12,4, 360) looses competition with
(4.154).

COROLLARY 4.4.22. The inequalities
Nr(5,6) <96, Ngr(6,6) <384, ..., Nr(5,18) < 3600.
hold.

The case of index 2t = 4 is not included into Theorem 4.4.21 because of some special circumstances
we explain now. The point is that there are two known [29], [32] series of real projective cubature
formulas corresponding to the following parameters:

2
2t =4, n—m(m;), m=2% fL>1, (4.175)

145



or

3
2t=4, n= imQ +3, m=2k+2,k is prime power. (4.176)

Then Corollary 4.4.12 yields
THEOREM 4.4.23. There exist the real projective cubature formulas of index 4 with
m=2"%4q n=2%.302%"141) k>1, ¢>0, (4.177)

or with
m=2k+2+q, n=3"Y(k+1)*+1), k is prime power, q > 0. (4.178)

Let us compare (4.177) with the upper bound

m—+ 3
<
< ("7)

following from Theorem 4.4.14. For any fixed ¢ the inequality

3q(m—q)(2m—q+2) - (mi3)

(4.179)

is valid if m is big enough. (For example, if ¢ = 1,2 then (4.179) is true for all m > ¢.)This means that
the projective cubature formulas given by (4.177) with big k and fixed ¢ are better than the formulas
following from Theorem 4.4.2. The same conclusion is true for (4.178).

COROLLARY 4.4.24. The inequalities
Nr(2% +¢,4) <2?%.392%"1 1 1), k>1, ¢>0, (4.180)

and
Nr(2k +2 4 ¢,4) <37 ((E+1)2+1), k is prime power, q > 0. (4.181)

hold.

Note that, there is the following table of known concrete real projective cubature formulas:

m[3]4]5[6]7] 23
=4 e T [16 [ 22 |28 [ 276 | - (4.182)

(See [14] for (7,28) and [52] for (5,16) and (6,22).) However, using (4.182) and Corollary 4.4.12 we
only obtain the real projective cubature formulas of index 4 which are worse than previous one.

The complex projective cubature formulas corresponding to the triples (2¢,m,n) below come from
[26] (except for (4,2,4) from [29]) and Corollary 4.3.6.

2t 14141414 |44 4 6|6 | 6 6 6 8 10
m|2[3| 45819 28 |23 | 4 6 12 12 12 (4.183)
n|4]19]20|45 |64 |90 | 4060 | 6 | 21 | 40 | 126 | 32760 | 32760 | 32760

In addition, Theorem 4.4.16 and the above accumulated information on real projective cubature
formulas yields the following
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THEOREM 4.4.25. There exist complex projective cubature formulas corresponding to the triples
(2t,m,n) from the following table

2t | 6 6 6 8 10 14
m| 5 9 13 13 13 10
n | 960 | 17280 | 73600 | 1474200 | 1769040 | 63685440

Other complex projective cubature formulas arising from all above mentioned real projective cu-
bature formulas with m = 0(mod 2) yield the number of nodes greater than the upper bound (4.114)
or the corresponding value from (4.183).

COROLLARY 4.4.26. The inequalities
Nc(5,6) <960, N¢(9,6) < 17280, ..., N¢(10,14) < 63685440
hold.

Using the series (4.177), (4.178) in frameworks of the same Theorem 4.4.16 we get some series of
complex projective cubature formulas of index 2t = 4. Namely, we have

THEOREM 4.4.27. There exist the complex projective cubature formulas of index 4 with
m=2"%"14q41, n=22k 3%t (921 L) Lk>1 ¢>0, (4.184)
or with

m=k+q+2 n=2-32((k+1)%*+1), k is prime power, q>0. (4.185)

COROLLARY 4.4.28. The inequalities
Ne(2#~ 4 g+ 1,4) < 22k+L.g2atl(92=1 Ly >0, k>1, (4.186)

and
No(k+q+2,4) <2-3%2(k+1)2+1), ¢>0, k is prime power. (4.187)
hold.

The known (up to application of Corollary 4.3.6) quaternionic projective cubature formulas are
the following (see [26]):

244 4] 4]6]6] 6] 6] 810
m| 23|45 | 23|45 ]3] 3]. (4.188)
n | 10 | 63 | 36 | 165 | 10 | 63 | 180 | 165 | 315 | 315

In addition, using Theorem 4.4.20 and the equality Ng(24,10) = 98280 we obtain
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THEOREM 4.4.29. There exists a quaternionic projective cubature formula of index 10 with 6486480

nodes on S(HT).
COROLLARY 4.4.30. The inequality

Ngu(7,10) < 6486480
holds.

Also, like Theorem 4.4.27 we obtain

(4.189)

THEOREM 4.4.31. There exist the quaternionic projective cubature formulas of index 4 with

or with
m=2k+q+2, n=3"Yk+1)2+1),

where
k is prime power, q>0, 2k+q+2=0 (mod4).

COROLLARY 4.4.32. The inequalities

N (2272 4 g 41,4) <222 3401 (92k=1 L 1)k >1, ¢>0,

and
Nu(2k +q+2,4) <37 ((k+1)* +1)
where
k is prime power, q>0, 2k+q+2=0 (mod4),
hold.

4.5 Invariant cubature formulas

(4.190)

(4.191)

(4.192)

(4.193)

(4.194)

(4.195)

Here we consider the cubature formulas which are invariant with respect to a group action.

Let G be a finite subgroup of the unitary group U(F). There is a natural action of G on S(E),

x— gz, z€S(E), ged.

A spherical code is called G-invariant if GX = X under action (4.196).

(4.196)

For every point x € S(E) its orbit Gz is the minimal G-invariant spherical code containing x. A

G-invariant spherical code X is called G-homogeneous if it is an orbit, i.e. the action is transitive.
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For any spherical code V the orbit GV is the minimal G-invariant spherical code containing V.
Obviously, it is the union of orbits of all z € V|

GV =Gz (4.197)
zeV

Note that the orbits Gx and Gy with = # y are either disjoint or coincide. Thus, GV can be represented
as the union of pairwise disjoint orbits of some points from V.

For any finitely supported measure p on S(E) and any g € U(E) we denote by go the measure on
S(FE) such that

supp(ge) = g(suppe), (g9o)(x) = o(g 'z), =z € suppe. (4.198)
This definition is equivalent to the identity

/Ad(gg) = /(9/\) do (4.199)

where A is a function on X and
(9N (x) = A(gz),

as usual. Obviously, any spherical cubature formula (4.6) generates a family of spherical cubature
formulas of the same index d,

/ 6d(g0) = / 6do, &€ Pol(E:d), geU(E), (4.200)

since the Lebesgue measure o is unitary invariant as well as the functional space Pol(E;d).

A measure g is called G-invariant if go = p for all g € G, or, in other words, the set suppp is
G-invariant and o(gz) = o(z) for all x € suppp and all g € G. The latter means that the function
x — p(x) is constant on any orbit Gz, x € suppo.

DEFINITION 4.5.1. A spherical cubature formula (4.6) is called G-invariant if the measure o is
G-invariant.

Obviously, if a spherical cubature formula is G-invariant and its support is G-homogeneous then
the support is a spherical design.

LEMMA 4.5.2. For any spherical cubature formula with G-invariant support there exists a G-invariant
spherical cubature formula with the same support.

Proof. By assumption, for all ¢ € G the measures go have the same support X. The averaged
measure

_ 1
0= Aveloe = 1 %gy (4.201)
g

[odz= [oar
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COROLLARY 4.5.3. If the support X of a spherical cubature formula is G-homogeneous then X is
a G-invariant spherical design.

In order to effectively construct some G-invariant cubature formulas we introduce the space
Harmg(F;d) of the spherical harmonics of degree d which are also G-invariant, i.e.

o(gx) = ¢(x), g€ G, =€ S(E). (4.202)

Similarly, we define the space Hg(E;d) of G-invariant harmonic forms of degree d. Recall that, by
restriction to S(E), the spherical harmonics of degree d bijectively correspond to the harmonic forms
of the same degree. Moreover, the G-invariant spherical harmonics are just the restrictions of the
G-invariant harmonic forms.

PROPOSITION 4.5.4. A G-invariant finitely supported measure o on S(E) defines an (automatically
G-invariant) spherical cubature formula of index d if and only if the system of equalities

/qbdg = Z o(x)o(x) =0, ¢ € Harmg(E; k), ke&\ {0}, (4.203)

holds and, in addition,
/ do=) oz)=1 (4.204)
in the case of even d.

Proof. For any spherical cubature formula the equalities (4.203) and (4.204) are automatically valid
by Proposition 4.1.5 since Harmg (E; k) C Harm(FE; k).
Conversely, let (4.203) and (4.204) be valid. Let ¢ € Harm(E; k), k € £;\ {0}. Then the function
P(x) = Ave [p(g)]

geG

belongs to Harmg(E; k). By assumption, v satisfies (4.203). Hence,

0 = Y v@el@) = Ave

> dlgr)o()

= Ave
geG

> ¢(x)@(91x)]

= Ave Zqﬁ(w)(gg)(x)] = d(x)o(x). (4.205)

geG

It remains to refer to Proposition 4.1.5. [

COROLLARY 4.5.5. A G-invariant spherical code X is a G-invariant spherical design of index d if
and only if the system of equalities

> ¢(x) =0, ¢€Harng(E;k), ke &\ {0}, (4.206)

holds.
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COROLLARY 4.5.6. The G-orbit of a point xg € S(E) is a spherical design of index d if and only
if all G-invariant harmonic forms of degrees k € 4\ {0} vanish at the point xy.

Proof. In the G-homogeneous case the system (4.206) is reduced to ¢(zg) = 0, ¢ € Harmg(E; k), k €
&\ {0}. O

COROLLARY 4.5.7. Let X be a G-invariant spherical code. Let d be a positive integer such that
there are no G-invariant harmonic forms of degrees k with k € £;\ {0}, i.e.

Ha(E; k) =0, ke&;\{0}. (4.207)
Then X is a spherical design of index d.

The simplest example of an invariant spherical cubature formula is given below.

EXAMPLE 4.5.8. The group U(R?) is actually the orthogonal group O(2). Each finite subgroup
G C O(2) is either cyclic or it is dihedral, i.e. the direct product of a cyclic subgroup of an odd order
and Zs = {—e,e}. On the other hand, for any k > 1 the basis in the space H(R!; k) is

{Re(z"), Sm(*)}, z=z+yic C=R%.

Thus,
H(R?, k) = {Re(uz¥) : peC}. (4.208)
For an integer [ > 2 we consider the cyclic subgroup Z; = (a’ )f)_l C O(2) where
9
az = exp <7ln> z, z€C.

If a nonzero function from (4.208) is G-invariant then

Re (,uexp (2127“) zk> = Re(uzf), zeC.

This is equivalent to exp (@) =1, i.e. k=0(mod [). Thus, there are no G-invariant harmonic forms

of degrees k, 1 <k <[ —1.

By Corollary 4.5.7 any regular I-gone X; C R? is a Zj-invariant spherical design of index | — 1.
If [ is odd (even) then X; is podal (antipodal). In the case of even | the ”half” XlJr of X; is a podal
spherical design of index | — 2. In both last cases the index turns out to be even.

Thus, if d is even integer > 2 then Xc'l:_z and Xg.1 are both spherical designs of index d in R?
with %l + 1 and d + 1 nodes respectively.

Let us emphasize that Xo;12 coincides with the spherical design (4.148) regarding to the Gauss-
Jacobi quadrature formula with Chebyshev weight.

Finally, the dihedral subgroup Z; x Zs, | = 1(mod 2), yields the antipodal spherical design X; U
{=X;} of index d =1 — 1 with 2 = 2d + 2 nodes. [
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Now we pass to a projective version of the previous theory. Since
g(zy) = (9z)y, g€ U(E), =€ E, veUK), (4.209)

the action of U(F) on the sphere S(E) commutes with the action of U(K). Hence, U(FE) naturally
acts on the projective space P(F).

Let G be a finite subgroup of U(FE). A projective code X is called G-invariant if GX is projectively
equivalent to X. In this case the group G acts on X, since there is a unique point go x € X which is
projectively equivalent to gz,

gox € X, gox=(gz)n, peUK), (4.210)

where the scalar factor pu depends on g and .
As usual, the action (4.210) can be transferred to all functions A on X, namely,

(goA)(z) = A(gox). (4.211)
In this setting it is important that
¢(gox) =¢(gz), ¢ €Polk(E), =€ X, (4.212)

because of U(K)-invariance of the polynomial functions. Thus,

go (o|X) = (90)[X. (4.213)
For any finitely supported measure on S(E) we define g o g like (4.198), i.e.

supp(g o ) = g o (suppo), (goo)(z) =o(g ' ox), = € suppo. (4.214)

This definition is equivalent to the identity

/)\d(g 0p) = /(g o) dp (4.215)

like (4.199). In particular, it follows from (4.213) and (4.215)

/ pd(goo) = / (96)do, & € Polk(E). (4.216)

Any projective cubature formula (4.82) generates a family of projective cubature formula of the
same index 2t,

/¢d(go 0) = /¢d0, ¢ € Polk(F;2t), (4.217)

by (4.216) and the unitary invariance of o.
A measure g is called G-invariant if go o = ¢ for all g € G, i.e. suppp is a G-invariant projective
code and p(g o x) = p(x) for all z € suppp and all g € G.

DEFINITION 4.5.9. A projective cubature formula (4.82) is called G-invariant if the measure o is
G-invariant.

152



The below listed statements can be proved similarly to their spherical counterparts but now we
use Proposition 4.3.4 and take (4.217) into account, if any.

LEMMA 4.5.10. For any projective cubature formula with G-invariant support there exists a G-
invariant projective cubature formula with the same support.

COROLLARY 4.5.11. If the support X of a projective cubature formula is G-homogeneous then X
18 a G-invariant projective design.

Now we introduce the space Harmg.(E; 2k) of those U (K)-invariant spherical harmonics of degree
2k which are also G-invariant,

Harmk.q(E;2k) = {¢ € Harmk (E;2k) : gp = ¢}.

Similarly, we define the space Hk.q(E; 2k) of those U (K)-invariant harmonic forms of degree 2k which
are also G-invariant. The restriction of this space to the sphere coincides with Harmk.q(E; 2k).

PROPOSITION 4.5.12. Let X be a G-invariant projective code and let o be a G-invariant measure
such that suppo = X. Then ¢ defines an (automatically G-invariant) projective cubature formula of
index 2t if and only if the system of equalities

[ 6de=Y élalel@) =0, ¢ € HuaB2k), 1<kt (4.218)

holds and, in addition,

/ do=> olx)=1. (4.219)

COROLLARY 4.5.13. A G-invariant projective code X is a G-invariant projective 2t-design if and
only if the system of equalities

> ¢(x) =0, ¢€Hka(E2k), 1<k<t, (4.220)

holds.

COROLLARY 4.5.14. The projectivization of the G-orbit of a point xo € S(E) is a projective 2t-
design if and only if all forms from Hx.q(E;2k), 1 < k <t, vanish at the point x.

Note that each point x € Gzg has the same number of projectively equivalent points in its orbit
because of (4.209).

COROLLARY 4.5.15. Let X be a G-invariant projective code. Let t be a positive integer such that
Hio(E;2k) =0, 1<k<t (4.221)

Then X is a projective 2t-design.

153



EXAMPLE 4.5.16. If d is an even integer > 2 then Xd++2 from Example 4.5.8 is a real projective
design of index d with ¢ + 1 nodes on S(R?). 0O

Below is the list of real projective cubature formulas from tables (4.163) and (4.170) which are
known as invariant with respect to some groups.

2t | m n G

4 |13 6 icosahedral group

6 | 4 24 | Weyl-Coxeter group W (Fy)

6 | 6 63 | Weyl-Coxeter group W (Eg) (4.222)
6 | 8 120 | Weyl-Coxeter group W (Es)

10| 4 60 | Weyl-Coxeter group W (Iy)

10 | 24 | 98280 | Conway group

In this table the only maximal value of index 2t is indicated for any m,n. In all cases from (4.222)
the supports are G-homogeneous. Actually, Example 4.5.16 and the table (4.222) illustrate the role
of orbits of finite unitary subgroups in construction of some projective cubature formulas. This orbit
method can be described as follows.
Suppose that
Hk.c(E;2) =0

and let ¢ be maximal such that
Hk.q(E;2k) =0, 1<k<t.

Then by Corollary 4.5.15 the projectivization of any G-orbit is a projective design of index 2t.
Now one can try to find an orbit which yields a projective design of index 2(t + 1). To this end
one have to provide the system of equalities

d(x0) =0, ¢ € Hica(B; 2t +2), (4.223)

for the starting point z( of the orbit (Corollary 4.5.14). The system (4.223) can be reduced to a finite
subsystem corresponding to all ¢ from a basis of Hk.q(E; 2t + 2).

All three 6-designs from Example 4.3.22 are projectivizations of some orbits. Respectively, the
groups are: the group of regular 8-gone (K = R), the binary tetrahedral group (K = C) and the
group of a regular quaternionic polygone (K = H).

In the next Section we systematically apply the orbit method to the complex projective cubature
formulas on S(C?). In this setting one can only consider the finite subgroups of the group SU(2).

LEMMA 4.5.17. For any finite subgroup G C U(m) there exists a subgroup
GCSU(m)={geU(m): detg=1}

such that for any x € S(C™) the orbits Gx and Gz are projectively equivalent. Moreover, if m is even
then the subgroup G contains g = —e, so that G D Zs.
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Proof. Let v € U(C) and let

Argvy, 27k,
(%)fexp( nf71+1>

where 0 < Argy < 27w, 0 < k < m — 1. Consider

~ g
G = U S —
6eG, 0ohem—1 ( V/det gk
Obviously, G is a subset of SU(m) and G C G. Moreover, G is a subgroup of SU(m). Indeed, for any
g,h € Gand k,j € {0,1,...,m — 1} there exists [ € {0,1,...,m — 1} such that
g h gh

(R/detg)r (¥W/deth); (%/detgh)

Further, for any g € G and k € {0,1,...,m — 1} there exists [ € {0,1,...,m — 1} such that

-1
g — oY/ det o) = g ‘
(( ’"\/detg)k> g~ (Vdetg) ({/det g~ 1)

Obviously, for any x € S(C™) and any g € G the points

-1

_9r
(¥/detg)y’

are projectively equivalent to gz. This means that the orbits Gz and Gz are projectively equivalent.

0<k<m-—1,

Finally, if m is even, then
e

(Vdete)m

= —67

ie. —ecG.0O
All finite subgroups of SU(m) with m = 1,2 are known. For m = 1 they are the cyclic subgroups
of the unite circle. For m = 2 the complete list can be found in [50].

4.6 The orbit method based on subgroups of SU(2).

In this Section E = C? and we use the notation

T = [ &1 ] e C? (4.224)
&2

as a standard one.
The following lemma allows us to construct the bases in the spaces Hc.q(E; 2k) we consider further.
Note that
dim Hc(E;2k) = 2k + 1, (4.225)

according to (3.143), (3.117) and (3.112).
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LEMMA 4.6.1. For0<j <k andl,i € N let

-1

I BB,

Qg1 = = , Oges =0, (4.226)

[Titk+i-4)
=1

(agjo=1) and let

Okii(v) = €18 |6 &l (4.227)
Then U(C)-invariant forms
[457]
i 7
Hy; = Z akj,l((_l)lﬁbkfj,jfl,l +(=1) l¢kfj,lvjfl)+( 1)204,%] Prjd i (4.228)
1=0
together with
Hisspnn () = Ag(@) = Hy(@) (0<j<k—1) (4.229)

constitute a basis of the space Hc(FE;2k), k> 1.

Proof. By (4.228) and (4.227)

J
l—k+1— .
Hyj(z) =) (=1 onjuét™ e TG o< <k (4.230)

=0

According to (2.57),

82ij (x) i 82ij (l’)
061& 0628s

J

=2 Yania (U= DG - DeE g™ G
k- ek TETE T

] .
= > (-1 ( w €L g TG ekt gl 1)

1
1A Hk(2) =

1=0
where
Mejp = (k=D = Dewjp,  pga = Uk + 1= J)agg. (4.231)
Thus,
- I—1—Fk+1
i
*AHkJ = (D) Nwja — pjap)EE S TR (4.232)
1=0
We show that
Akjl— Mkjie1 =0, 0<1<j5—1, (4.233)
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so, a fortiori, AH,; =0, 0<j <k, and also AHy j11+1 =0, 0<j<k—1Dby (4.229).
Obviously, prj1 = Agjo so, (4.233) is true for [ = 0. For 1 <1 < j — 1, the formulas (4.231) and
(4.226) imply

!
H(k —i)(j — 1)
T

[Titk+i-3)
=1

PEji+l = (l—|—1)(k‘—{—l—j—{—1)ak]‘7l+1:(l+1)(/{7—|—l—j—|—1)~

N
|
—

EN

(k—1)(j — 1)

—

(k=) — 1)

=(k-=DG-1-"

~.

—-[L

—-[L

i(k+1i—7) i(k+1i—j)
1 1

T
.
I

Now note that all Hy; belong to the linear span of linearly independent monomials 5?15325&5&,
a) +ag = 1+ P2 = k. Given Hy;, 0<j <k, in form (4.230), the monomial gfg?gk‘] is contained
in Hy; but not in Hy;, 0 <@ < 2k, i # j. Thus, these forms are linearly independent. By (4.225)
(ij)?io is a basis of Hc(E;2k). O

For any finite subgroup G C SU(2) a basis of the spaces of all G-invariant harmonic forms of
degree k can be obtained by G-averaging of (H, k:j)?io-

Later on G is a finite subgroup of SU(2) containing g = —e, see Lemma 4.5.17.

We denote by Gt a subset of G consisting of all distinct representatives of G/Zs. Thus,

G=G"UG ", G =-G", G"'nG™ =0.
For definiteness we assume that e € GT. Then —e € G~

PROPOSITION 4.6.2. If z € S(E) is not an eigenvector for any g € G, g # *e, then the semiorbit
GTx is a G-invariant projective code.

Proof. Let g, h € G and gx = (hz)y, v € U(C). Then gz = h(xy) and x turns to be an eigenvector
for h=1g. Hence, h~'g = +e, or g = +h. Finally, g = h since these elements are both from Gt. O

We start with G = Dy where Dy is the binary dihedral group consisting of 8 products
+a*b (k,j = 0,1) where the generators a, b are

=[5 8] et 0] (238
so that
a?=b=—¢
and
ab—[(l) _01]——ba
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In this situation one can take
Dy = {e,a,b,ab}.

In order to obtain a basis in the space Hc,p, (E; 2k) of Do-invariant forms from Hc(E; 2k) we use
the average

Ave [6(2)] = 7 (6(61,€) + 6161, —its) + B(i62,i61) + 02, €1)) (4:235)
which is actually a projection Hc(E;2k) — He.p, (E; 2k). Thus, the system (AD‘Q/'G [ij])jko contains
a basis of Hc.p, (E;2k).

Note that the expression (4.235) can be simplified by U(C)-invariance,
Ave [p(@)] = 1 (9(61,€) + 0(61, ~&2) + 6(62, ) + 9(~62,60)), G € Po(Bi2K).  (4.230)
LEMMA 4.6.3. In notation of Lemma 4.6.1
ADZe (k0] =0, k#0 (mod 2) (4.237)
and
/}3‘276 [$o,i1—i — ¢0,—ii] = 0. (4.238)
Proof follows from (4.227) and (4.236). O
LEMMA 4.6.4. The forms
Li(z) = (6&)° + (&)%), L) =&l + & — 44&)° (4.239)
constitute a basis in the space He.p,(E;4). The only basis form in He.p,(E;6) is
I(z) = (1&]? — &) ((6162)? — (&6)°). (4.240)
In addition,
He.p, (E;2) = 0. (4.241)
Proof. By Lemma 4.6.1 and formula (4.237) we have
Ave [Hyy] =0, 0<j<k k#j(mod?2). (4.242)

This yields (4.241). So, we have the only cases k = j(mod 2),ie. k=jork=2and j=0,0or k=3
and j = 1.
Let k = j = 1(mod 2). Then (4.228) becomes

-1

Hj; =) (-D'ayyy (¢>o,j—l,l - ¢0,l,j—l>-

(.
M

T
=
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Applying (4.238) we obtain
%‘278 [Hjj] = 0, ] = 1,3.

It remains to consider the averages of Ha o, Hag, H31 (see (4.229)). In such a way we obtain (4.239)
and (4.240) up to proportionality. [

Now we apply Corollary 4.5.14 to obtain a complex projective 4-design. This design turns out to
be tight.

THEOREM 4.6.5. There exists a tight complex projective 4-design on S(C?).

Proof. By Lemma 4.6.4 the common zeros on S(E) for He.p,(E;4) can be found from the system
of equalities
(£182)° + (£26)* = 0
[&af* + 1&2|! — 4l61&> = 0
G + 16 = 1.
The first equation is actually I(x) = 0, the second one is Is(x) = 0.
Let & = &1z, 2z = pe’?. Then the system takes the form

Z2+22 = 0
lz|* — 4]z +1 = 0 (4.243)
GlPA+]?) = 1,
or
cos2p = 0
pt—4p’+1 = (4.244)
G2(1+p%) = L
The values
o="1, p=1/2+V3, ¢ L
= = ) 1= —F/—F
4 3+V3
satisfy (4.244). Respectively, with the same p, £; and
(4.245)
the pair z = pe, & satisfies (4.243).
By Corollary 4.5.14 the semiorbit
we-{le] (5] (%] (€]
2 {[ {1z —i&1z iy &1
is a projective 4-design. This is tight according to (4.97). O
The notation (4.245) will be used throughout below.
COROLLARY 4.6.6. The equality
Nc(2,4) =4 (4.246)

holds.
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Now let us consider the binary tetrahedral group 7 C SU(2), consisting of 24 products
+a"icF (h, j =0,1; 0 < k < 2) where the generators a, b, c are

a:[(i) Bi}, b:[?é}, c:\}i{z; i} (4.247)

(a and b are the same as in (4.234)). The following relations take place:
a?=v=c=—¢, ab= —ba, ac=cb=bca.

Then
Tt ={d"Vc": h, j=0,1; 0<k <2} (4.248)

LEMMA 4.6.7. The only basis form in Hc,7(E;6) is
Ii(x) = (|6 — 1&f?) (G1€2)” — (€6)%) - (4.249)

In addition,
Heyr (E;2) =0, Her(E;4) =0. (4.250)

Proof. Since Dy C 7T, all T-invariant forms must be Ds-invariant,
Heir (E;2k) C Heyp, (E; 2k).

For this reason He.7(E;2) = 0 by (4.241).
In order to prove the second equality (4.250) we consider a linear combination

I =XM1+ X, A,A€C.
In particular, by (4.239)
I(&, &) = (M —20) &', 1(6,0) = Aolél*.

On the other hand,

i\ o o
(cI)(&1,&) = —Zl (G +&)%E - &)+ (& - &) (& +&))
b onGla ol + e - el - @ + &)@ - o)),
whence 1
(e)(&1,61) = 4Xal&a]*, (cI)(&1,0) = —5A+ A2)l&r]*.
The system

{ (ch)(&1,&) = 1(&,6)
(cI)(£1,0) = I(&1,0)
is equivalent to
4ho = M — 29
{ — M+ A) = A
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which implies A\; = Ay = 0. Thus, Hc,7(E;4) = 0.
It remains to prove that I3 is 7-invariant. It is sufficient to check that cls = I3 since already
al3 = I3 and bl3 = I3 by Lemma 4.6.4. We have,

\%(51 +&2), \%(—51 + fz))

= —% (\51 + &P —é - §2|2> ((51 + &) (6 -&)°— (G- 52)2(€+5)2>
= —% : 2(515+§T§2)(((|§1|2 —&)?) — (GL& - 525))2 —((1&]? = &) + (&& - 525))2)
= (L& +EL) (&GP — 1) (G — &&6) = I3(61, &).

(cI3)(&1,&2) = Iz(

O

THEOREM 4.6.8. There exists a tight complex projective 6-design on S(C?).

1
Proof. The T-invariant basis form I3 vanishes at x = [ 0 ], an eigenvector of @ € 7. The

projectivization of 7tz is

LI L] L) 1) 1)

By Corollary 4.5.14 this is a 6-design which is tight by (4.97).

._.%‘H
no

COROLLARY 4.6.9. The equality

Nc(2,6) =6 (4.251)

holds.

Now we pass to the binary icosahedral group Z C SU(2). This group consists of 120 products
al, ba", a"cal ahcbaj(() < h <9, 0<j<4) where the generators a, b, c are

3
BRE [0 1 C[a
a= [0 772}, b—[_l 0}, c-,u{l Y (4.252)
with o
1 _o\ _
nzwp<5>,u20f—n%1,kzn+09 (4.253)

The basis relations are
aba =b, bc=—cb, cac=acha, (a*c)’a®=c, a®=0b*=c?

Then
It = {a", ba" a"ca’ ,aleba? : 0 < h <4, 0<j <4l

Our first goal is to prove
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PROPOSITION 4.6.10. He,z(E;2k) =0, 1<k <5.
To this end we need some auxiliary statements. We start with

LEMMA 4.6.11. If ¢ € Pc(E;2k) then

NE

Ave [¢] = (¢(nh§1,§2) + (&2, —n""&1) (4.254)

h

(¢(nhu(77jA£1 + &), u(P & — A&)) + o u(—1P & + M), n(? Aér + 52))))-

I
o

+
M- 2l-

<
Il
o

Proof. For 0 < h,j < 4 we set

Eh:ah:ngh{noh (1)}, Eh:bah:n%[ _%h (1)} (4.255)
and
Gy = acal = Py [ nh;?)\ 2}; ] .y = aebal = 1Py [ _:771‘}?] n?\ } (4.256)
Then

h=0 J=0

or, equivalently,

4
Avelgl = oo S (ole, e + 80P, 1)
h=0
4
+ Z(¢(n2h+2ju(nj+hm +1"&), " (€1 - &)
=0
+ T (= &+ 0" AG), P (i M + f2))>>-

It remains to use U(C)-invariance of ¢. [J

COROLLARY 4.6.12. In notation of Lemma 4.6.1

Ave [¢rii] =0, k# 0 (mod 5) (4.257)

and
Ave [$0,4,1—i — P0,1—i,i] = 0. (4.258)
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Proof. Applying (4.254) we see that sze [¢k,i1] is proportional to

4
)
=0
Let for short 1/),"[ = ¢O,i,l—i — ¢0,l—z’,i- Then

Vii(n'&1, &) = =i (&, —1'&) = —vii(—n'&, &).

This implies Ave [¥ig] =0 by (4.254). O
In addition, we have

LEMMA 4.6.13. Let C5 be a cyclic group {an}s. Then

Ave (k1] =0, k#0 (mod 5).
5

Proof follows from (4.255) and (4.259). O
The last lemma we need is quite elementary.

LEMMA 4.6.14. ,
442

P

|l 5

1
u[* (At = 4N+ 1) = —5
1
f® (A% — 16A% + 36A" — 16 + 1) = —
1
(1 + A1) = =

Proof. 1t is known that

= +1

<2wi> V-1 . [5++5
7 = exp .

5 4 8
Hence,
_ or (V512 3-5
2 1\2 2
= :4 —_— = =
A m+n"") cos” — 1 5
Thus,
2
i — dcos? & L i 2Ty 2Ty 2 - L 5+V5 VE-1) 1
M 16sinTiE ~ 640 5 5/ Tea\ 8 i) Ty
i.e. (4.261) is true. Now
1 2 3+

ul* = e =
5)\2  5(3 —+/5) 10
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(4.261)
(4.262)
(4.263)

(4.264)

(4.265)

(4.266)

(4.267)



and

3—v6 3++5
M 45|t = 2[ - +2‘[ = 3. (4.268)

It follows from (4.267) and (4.266) that

3+v5 5+5
2 = /22 V5 _5+v5 (4.269)
10 10

5+\/5<1+3—\/5>

and

(14 \?) = =1. (4.270)

10 2
Using (4.261), (4.266) and(4.267) we obtain (4.262):

1 4 1(3-5 3+5 1
\u\4<k4—4/\2+1)=5A2—5+\u\4=5( — 44 ):—.

2 2 5
Furthermore, by (4.262)
f® (A% — 1675 +360% — 1602+ 1) = |M|8(()\4 —AN2 4 1)% - 8AZ 4+ 18M — 8)\6)>
1
= — —2|ulPA%(4 — 9NZ + 40,

25

By (4.261) and (4.268)

[f® (A® — 16A° + 36A* — 1602 + 1) =

1 2 1 2 9 4
35~ Slulta— O 4t = 5 (a3 507 =

25 5 25 5 5

1 2 1 2 1
— = AGpt N —9) = - (4-3-9)=——_.
55~ g5 (A0l +X%) —9) = o2 — 5= ) =53

Finally,
O+ A1) = [0+ XA = X0 A = A2 1) = [P = AT X =P (4.27)

by (4.270). By (4.262) we get
1
P8 +1) = 5+ 110[3(8AS — 18A1 + 8A2).

Substituting this in (4.271) and using (4.261) and (4.268) we obtain

1 1 7 17 16 21 1
10 10 8716 4 2 2 4
(1 + A7) 25"‘\#‘ (7 TAT+ TN 25+25( +5ul) 25 25+25 5

O
Proof of Proposition 4.6.10. By Lemma 4.6.1 and (4.257) we have

Ave [Hi;) =0, 0<j <k, k# j(mod}5). (4.272)
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The only cases k = j(mod 5) are k =j or k=5, j =0.
Let k = j = 1(mod 2). Then (4.228) becomes

-1

Hi; =) (=)o (¢0,j—l,l - ¢o,l,j—l>-

[.
M

o~
Il
o

Applying (4.258) we obtain
AIVQ [Hjj] = O, j = 1,3,5.

It remains to consider the averages of Hy o, Hy4, Hs (see (4.229)). The cyclic group Cs is a subgroup
of 7. By Lemma 4.6.13 and Lemma 4.6.1 we conclude that H> 2 is the only basis Cs-invariant form
from Hc(E;4). But Ha o is not Z-invariant. Indeed, by (4.252) and (4.262)

1
(cHa2)(1,0) = Han(p, p) = |p/*(M — 402 +1) = —% Hy5(1,0) = 1.

Hence, He,z(E;4) = 0.
Similarly, Hy 4 is the only basis Cs-invariant form from Hc(E;8). But Hy 4 is also not Z-invariant.
Indeed, according to Lemma 4.6.1

Hya(é1,&) = [&® + 1&f* — 16/¢11%|&2)* — 16]61]%[&|° + 36|61,

whence by (4.263)
1
(cHya)(1,0) = Hya(ph, p) = |p® (A® — 1605 4 361" — 16A% + 1) = —5 H2(1,0)=1.

Hence, Hc,z(E;8) = 0.
Finally, we consider
—\5
Hso(z) = (41&)".
By (4.254)
Ave [Hso] = - (66" + &&° + 1) (4273)
z 212\ 2 ’ '
where
=Y (& + &P (P8 - \&)° - (6 - 2e)* (A& +&)°).
j=0
It is easy to see that
4
F=>((a+ By’ - (A+By)")
j=0
where B
A= NP = &), Bj =ni&é — i’ N6k,
Obviously,

- (5 r(pb-r _ [oT
=X () (e -mT)

j=0r
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However,

by (4.259). Hence,
4
=3B = B) =501+ X)((&6) - (9&)").
§=0
By substitution in (4.273) we get

1 —\5 —\5
Ave [Hyo] = 35 (1= 510+ 2)) (€8)° + (©8)7) =0
by (4.264). Thus, Hc,z(£;10) =0. O

Now we are in position to prove

THEOREM 4.6.15. There exists a tight complex projective 10-design on S(C?).

1
Proof. Let x = [ 0 } , an eigenvector of a € Z. The projectivization of Ztx is

ji—3 k-8
T =z, xgz[(l)], xj:[/“” ],3§j§7; xk:[ “ZA ],8§k:§12.

,u
It remains to refer to Corollary 4.5.15 and to (4.97). O

COROLLARY 4.6.16. The equality

Ne¢(2,10) = 12

holds.

(4.274)

(4.275)

REMARK 4.6.17.Having (4.274) one can directly verify that this system is a complex projective
10-design on S(C?). To this end we apply Theorem 4.3.18 to the projective code X = {x}}12. First,

we note that |X| = Ac(2,5), see (2.21). Further by (4.266) and (4.269) we have

o) 2 = Vs, mpal? = 22 = 2 <<
and
o ageo) = o a2 = = 22 5 <j<n
For 3 <j <7and 8 <k <12 we have
0 k—j=5
(g, ) [* = |l AP 772 =12 = %ln’“*j*’ —1P =4 Pt k-j=14.6.9
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by (4.265). Therefore, the corresponding angle set is

a(X) = {—\/5,—1,\/5}. (4.279)
5 5
Obviously, the polynomial
(1 4+ w) P () = 2(1 +u)(bu? — 1) (4.280)

annihilates a(X). O

The Proposition 4.6.10 can not be extended to k = 6.

LEMMA 4.6.18. The only basis form in Hc,z(E;12) is

I(z) = Heg(x) + 42 (HG,l(x) + H671(§)>. (4.281)

Proof. By Lemma 4.6.1 and Corollary 4.6.12 the only averages of forms Hg g, Hg 1 and Hg 7(x) =
Hg 1(Z) can be different from zero. Averaging them by (4.254) we obtain (4.281) up to proportionality.
(The corresponding calculations were done by computer.) O

Moreover, we have

LEMMA 4.6.19. Hez(E:2k) =0, 7<k<9.
Proof like before. [
THEOREM 4.6.20. There exists a complex projective 18-design with 60 nodes on S(C?).

Proof. By (4.281) some zeros of I can be found from the system of equations

H676([IJ> = 0
(4.282)
Hﬁ’l(l') + H671(T) = 0.
According to Lemma 4.6.1 the system (4.282) can be rewritten as
€112+ J€2'2 = 36 (J& 016 + &1 2l¢al! ) +225(J€u* 6l + [&1]*[€2]* ) — 400[6165]° = 0
(4.283)

(€& + ©&)°) (I - &) =0

The second equation (4.283) is satisfied by & = i\/p, p > 0, & = 1. In this way the first equation
(4.283) becomes
p% — 36p° 4 2250 — 400p> + 225p* — 36p 4+ 1 = 0.

This equation has a positive solution pg since its left hand side is positive for p = 0 and negative for
p=1. As a result, I(i,/pg,1) = 0.
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By Proposition 4.6.2 the ZT-semiorbit of the vector

po
1+po

&)
I

1
v 1+4+po

is a Z-invariant projective code consisting of 60 vectors since x is not an eigenvector of every g € Z+,
g # e, see formulas (4.255), (4.256). By Lemmas 4.6.18, 4.6.19 and Corollary 4.5.15 the set Z17 is a
design we need. [J

COROLLARY 4.6.21.The inequality

30 < Nc(2,18) < 60 (4.284)

holds.

Proof by combination of Theorem 4.6.20 and lower bound (4.114). O
Note that the upper bound (4.114) yields N¢(2,18) < 100.
According to Corollary 4.3.6 we also have

COROLLARY 4.6.22.The inequalities

20 < N¢(2,14) < 60, 25 < N¢(2,16) < 60 (4.285)

hold.

The upper bounds in (4.285) are also better than (4.114) yields.

In order to construct some further complex projective cubature formulas of index 2t we directly
turn to the Proposition 4.5.12 instead of its corollaries.

Let Jy, ..., Js—1 be the union of some bases of Hc.q(E;2k), 1 < k < t. We have to solve the system
of equations

v
> Jilapi =0, 1<j<s—1, (4.286)
i=1
where x1,...,x, are the points on S(E) whose orbits form the support of a cubature formula, cf.

(4.218). There are the additional constraints

14
pi >0, > pi >0, (4.287)
=1

so that we have faced a linear programming problem. The necessary condition for existence of a

solution is

Jo(w1) Jo(z)
rank i) Nilw) <. (4.288)
Js—l(xl) JS—l(xl/)
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As a first example we consider the binary dihedral group Dy C SU(2) consisting of 16 products

+a*b (0 < k <3, j =0,1) where the generators are

32 2]

and the relations are

at == —e, aba=b.
Then
Df ={d"V, 0<k <3, j=0,1}
and ,
Aye [9] = ;;)(a&,fz) Fo(e8)).

LEMMA 4.6.23. The only basis form in Hc.p,(E;4) is

Jo(x) = [&|* + |62l * — 4G &,
The forms

Ji(z) = = ((4&)* + (L&)

N | =

and

Ja(x) = |&11° + |&21° — 16 (161]°[&] + [611716]°) + 36]61&]*

constitute a basis in the space He.p, (E;8). In addition,

Hep,(E;2) = 0.

Proof is standard taking into account that by (4.289) and (4.227)

Ave [¢rit] =0, k#0 (mod 4)
4

] the matrix

(4.289)

(4.290)

(4.291)

(4.292)

(4.293)

(4.294)

(4.295)

(4.296)

and
Ave [}0,i,1—i — P0,1—i,i) = 0.
O
THEOREM 4.6.24. There exists a complex projective cubature formula of index 8 with 10 nodes on
S(C?).
Proof. Let x1 = [ (1) }, an eigenvector of a € D4. For the vector xo = { ?
2
Jo(l‘l) JO(I‘Q) 1 Jo(xg)
Jl(l'l) Jl(:BQ) = 0 Jl(wz)
Jg(l‘l) JQ(xQ) 1 Jg(xg)



must be of rank 1, i.e.

The first of these equations is

Gt + &t — 46 &) = |G+ &% — 16 (16]%&* + 1&%16]°) + 36616

By substitution p = |¢1]?, & = 1 we get

p(p® — 16p% 4+ 35p — 16) = 0

_ Po
2= [ poe’” }

and if ¥ = %i then Ji(x2) = 0 as well. Under this choice of z2 the matrix (4.296) takes the form

which has a root pg € (2/5,1). Then

1 Jg(l’g)
00
1 Jg(ﬂfg)

Now the system (4.286) is equivalent to the single equation

p + Jo(w2)p2 = 0.

Its solution
pm = —Jo(x2), p2=1

is admissible. Indeed, Jo(z2) = p2 —4po+1 < 0 and p> —4dp+1 < 0 for p € (2—+/3,2+/3) D (2/5,1).
Thus, by Proposition 4.5.12 the projectivization of the union of the semiorbits szxl and Djfacg is

the support of a desired cubature formula. [J

THEOREM 4.6.25. The equality

holds.

Ne(2,8)=10 | . (4.297)

In other words, a complex projective cubature formula of index 8 with 10 nodes on S(C?) is minimal.

Proof. 1t follows from Theorem 4.6.24 and (4.114) that

9 < N¢(2,8) < 10.

Assume that N¢(2,8) = 9. Then there exists a tight complex projective cubature formula with the

triple of parameters (2t,m,n) = (8,2,9). By Theorem 4.3.18 it is a projective design, say X, and the

elements of the corresponding angle set a(X) have to annihilate the polynomial

1
P2(1’0) (u) = 5(5u2 +2u — 1),
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see (2.3). Therefore, a(X) C {(=14v/6)/5, (=1 —+/6)/5}, i.e. for x,55 € X (x # y) the only possible
values of |(x,y)|? are (4 +1/6)/10 and (4 — v/6)/10.
On the other hand,

81 81
> [yt = Yo@d) 5 (4.298)
z,yeX Cl\%
by Corollary 4.3.11 and formula (2.39). With the above information on the angle set formula (4.298)
turns into A 4
446 4-6 81
= = 4.2
9+71( 10 ) +72< 10 ) 5 (4.299)
where

7, 12 €N, Y1+ =72
This yields
9.103
217

=72 = ¢ N,

the contradiction. [J
Now let us come back to the tetrahedral group 7. In addition to Lemma 4.6.7 there is

LEMMA 4.6.26. The only basis form in Hc,7(E;8) is

Ii(x) = 16[61*leal” + 16}61 P62l = 3616162l — 61l — lea — 5((€8)" + (&280)). (4.300)
The forms
I5(@) = (618)°+ (680"~ ((618)? +(&8)?) (& +I&2l* ~8l6u &2 = 8l¢1 el + 15]16 ) (4.301)
and
Iw) = 21(6&) + &&)*) (slal +slel* - 1216 60?) (4.302)
= (Il = 3661 leal? + 225061 6ol — 400[1621° + 225161 |al® - 36161 Pleal™® + [€2l'?)
constitute a basis in the space Ho.r(E;12).

Proof follows from Lemma 4.6.1 by averaging (partially with computer assistance). O

THEOREM 4.6.27. There exists a complex projective cubature formula of index 12 with 22 nodes on
S(C?).

Proof. Let
3—3
1 6 P
961[0}7 To = ;T3 =
3+V32 V1= p?e
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Here x; and zo are eigenvectors of b and ¢ € 7 respectively, see (4.247). The vectors z1,z2, 3
annihilate I5 and, in addition,

13(221) = I5(l'1) = 0, I4(.CI}1) = Iﬁ(xl) =—1.

Hence, the matrix

I3(w1) I3(w2) I3(w3) 0 I3(ze) I3(s)
R v s e B e A R (4209
Is(x1) Ig(xe) Is(x3) -1 Ig(x2) Ig(xs3)

is of rank < 2 if and only if
0 Ig(l‘g) [3(.%‘3)
-1 14(1'2) 14(1'3) =0.
-1 IG({L'Q) IG<QZ3)
This equation is algebraic of degree 8 with respect to p. One of its roots is pg ~ 0.245275. Below we
take p = pg in x3.
Now we have to solve the system of linear equations

Is(z2)pe + I3(w3)us = 0
(4.304)

—u1 + Iy(xo)po + Iy(x3)ps = 0.

The system (4.304) has the positive solution, since

I3(z3) V302 2 2
=V3p5(1 — 200 —1) <0
I3(z2) Po( £0)(2pH )
and
187
I4($2) = ﬁ’ 14(1‘3) ~ 9.90703.

By Proposition 4.5.12 the union of the projectivizations of the semiorbits Tz, TV a9 and T 23
is the support of a desired cubature formula. Indeed, these projectivizations consist of 12, 6 and 4
points respectively. [

COROLLARY 4.6.28. The inequality

16 < Ng(2,12) < 22 (4.305)

holds.
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4.7 Isometric embeddings 3" — £

Consider an isometric embedding
filyr =0y, n>m>2 p#2,

over a classical field K = R, C or H. The number p must be even integer otherwise such an embedding
could not exist according to Theorem 1.10.4 .
We start with decomposition (1.86),

corresponding to the canonical basis (v;)f C £5. In our terminology the system (u;)7 is the frame of
f. The isometry property

Lfllp = llz]l

in the coordinate form is equivalent to

[(uj, 2)P = (z,2)%, €K™ | (4.306)

J

n

1

This basis identity can be rewritten as

n

> lwsa)P = Tac (m.B) [0l doty), = K™, (4307

Jj=1

by the Hilbert identity (2.47). However, the vectors u; in (4.307) can be not normalized. Moreover,
some of them can be equal to zero so, the corresponding summands in (4.307) can be omitted. On
the other hand, it is possible that there is a pair of proportional nonzero vectors among w;’s. In this
case the corresponding summands can be brought together. For instance, if us = uy7y, v € K, then

[(ur, 2) P + [(ug, 2P = [y, zf? (4.308)

where
1
up =ur(1+|yP)r. (4.309)

In the case of such a reduction of the embedding £3' — (£ the dimension n becomes less than the
initial one. In the converse direction let us note that if there exists an isometric embedding 5" — £
then its composition with the canonical isometric embedding £} — EIJJV , N > n, (see (1.114)) yields an
isometric embedding ¢5' — %\7 .
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If a system (u;)} does not contain zeros and proportional pairs then it is called irreducible.
Obviously, the normalization of an irreducible system yields a projective code on the unit sphere.

An isometric embedding ¢35" — £} is called irreducible if its frame is irreducible.

There exists a close relation between isometric embeddings £5" — £ and projective cubature
formulas of index p.

THEOREM 4.7.1. An isometric embedding f : (5" — £} exists if and only if there exists a projective
cubature formula of index p with some number v < n of nodes on S(K™).

Proof. Suppose that an isometric embedding f : £3' — £ exists. After reduction we obtain an

isometric embedding ]?: £5t — £, where v < n. For the frame (u;)] of fwe have the basis identity

ézuaﬁxWL—rK(nug)/Wwﬁdea@»

By Lemma 4.4.1 we obtain the projective cubature formula of index p with the nodes and the weights

T = & e S(K™), o;= HLHPP, 1<j <y, (4.310)
;1 Tk (m, §)
respectively.
Conversely, let
v
> oo = [ 6o, o€ Pori(K:p)
j=1
In particular, if ¢(y) = |(y, z)|P then we get (4.307) with
1
uj = (ngK (m,g))p zj, 1<j<v; uj=0, v<j<n. (4.311)

O

Theorem 4.7.1 with some ingredients of its proof allows us systematically apply the theory of
projective cubature formulas to the isometric embeddings ¢35 — ¢}. In particular, in the process
of the proof of Theorem 4.7.1 we also establish a 1 — 1 correspondence between irreducible isometric
embeddings £3' — £ and projective cubature formulas of index p with n nodes on S(K™) up to change
of the latter for some projectively equivalent ones.

PROPOSITION 4.7.2. Let (u1,...,u,0,...,0) be a frame of an isometric embedding (5* — .
Then for every integer ¢ < p the system

T (m,4)\ 7, v
@”_<TK?n> lugll "y, 1<5 < Wl =0, r<j<n, (4.312)
K (T,

~—

[Nlg SIS
~—

is a frame of an isometric embedding £5" — £y .
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Proof. Let (u;)7 be a frame of an isometric embedding ¢5" — ¢;. For simplicity let us suppose
that the embedding is irreducible. Then by (4.310) the nodes and the weights of the corresponding
projective cubature formula of index p are

. P
w o

2=t 0= Ao 1< j <, (4.313)
ol T T (my5)

respectively. By Corollary 4.3.6 the same cubature formula is of index ¢g. In this context we obtain
(4.312) using (4.311) with v = r and with ¢ instead of p.

The result remains in force in the reducible case because of (4.308) and (4.309). O

The next statement follows from (4.310) and the relation

1%
> =1,
j=1

taking the reduction formulas (4.308)and (4.309) into account.

PROPOSITION 4.7.3. For any isometric embedding (3" — {} its frame (u;)} satisfies

> P =i (m 2 | (4.314)
j=1

COROLLARY 4.7.4. If the frame of an isometric embedding €5' — () lies on a sphere centered at

the origin then this sphere is

n

u| = (TK(m’g)>p . (4.315)

This is just the case the support of the corresponding cubature formula is a projective p-design,
cf. (4.315) and (4.313).
Now we substitute z = u; into (4.307) and get

n
> g udl” = Tic (m, ) / [y, ua)|P do(y) = luill?, 1<i<n, (4.316)
j=1

by the Hilbert identity (2.47). By summation over i with taking (4.314) into account, we obtain

PROPOSITION 4.7.5. The frame (u;)} of an isometric embedding 5" — (3 satisfies

Zn: [(ujua) [P = Tk (m, g) : (4.317)

ij=1

The identities (4.314) and (4.317) are extremal cases for the following
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THEOREM 4.7.6. The frame (u;)} of an isometric embedding (3' — £} satisfies

n
T
>l 70 g~ = TSR 0<q<p g=0mod2) | (4318)

ij=1

Conversely, if a system (uj;)7 satisfies (4.318) then this is a frame of an isometric embedding 5 — {y.

Proof. For simplicity we only consider the case of irreducible system (u;)}. Then (4.313) defines

a measure o on the unit sphere. The relations (4.318) are nothing else than (4.92) with t = £,
= % applying to the measure p. For this reason Theorem 4.7.6 follows from Corollary 4.3.10 in both
directions.. [

Theorem 4.7.6 characterizes the frame of an isometric embedding f : £5* — £} in terms of its Gram
matrix, which is a complete unitary invariant in view of Witt’s Theorem. In this context let us note
that, obviously, if (ug)} is a frame of f then for any unitary operator V : 5" — 3" the system (Vuy)}
is also a frame of f.

The following result is a direct consequence of Theorem 4.7.1 per se.

THEOREM 4.7.7. Given m and p, an isometric embedding £5" — )} does exist if and only if
n > Nk(m,p). (4.319)

Proof. By Theorem 4.7.1 a projective cubature formula of index p with n = Nk(m,p) nodes on
S(K™) provides an isometric embedding (3" — ¢ with any n > Nk (m,p) . Conversely, if there exists
an isometric embedding /5" — £ then (4.319) immediately follows from Theorem 4.7.1. [J

COROLLARY 4.7.8. Given m and p, the minimal number n such that there exists an isometric
embedding (3" — L7 is Nx(m,p), the minimal number of nodes of a projective cubature formula of
index p on S(K™).

DEFINITION 4.7.9. (cf. Definition 4.4.3) Given m and p, an isometric embedding €5* — £} is called
minimal if n = Nk (m,p), i.e. there is no any isometric embedding £3' — £, with v < n.

REMARK 4.7.10. A minimal isometric embedding is irreducible. An irreducible isometric embedding
is minimal if and only if so is the corresponding cubature formula.

Thus, all bounds for the number of nodes of projective cubature formulas are automatically true
for the corresponding isometric embeddings. In particular, lower bound (4.96) provides the same lower
bound for the isometric embeddings.

THEOREM 4.7.11. If an isometric embedding 5" — € exists then

n > Ax(m, g). (4.320)
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In a more detail

see (4.97).

(K =R)

(K = C) (4.321)

2) . <2m—|— [242] — 1) (K = H),

2m — 2

DEFINITION 4.7.12. (cf. Definition 4.3.17) An isometric embedding 5" — ty is called tight if the

equality is obtained in (4.321).

REMARK 4.7.13. An irreducible isometric embedding is tight if and only if so is the corresponding

cubature formula. Any tight isometric embedding is minimal, a fortiori, it is irreducible. The converse

is not true. For example, combining Corollary 4.7.8

and Theorem 4.6.25 we see that the minimal

isometric embedding (3 — (3 over C is not tight. [
THEOREM 4.7.14. Let
1
Tk (m,5)\”
Ric(m,p) = L}g) (4.322)
Ax (m, )
If an isometric embedding f : £5" — £} is tight then
(i) its frame (u;)} lies on a sphere Sx(m,p) of radius Rk (m,p) centered at origin;
(i) with e = ep the polynomial
(14 u)apfg]“ﬂ*@(u) (4.323)
4
annihilates the angle set of the normalized frame
uj = (Rk(m,p)) uj, 1<j<n
Conversely, with
n= Ak <m g) , (4.324)

let a system (u;)T C K™ lie on the sphere Sk (m,p) and (ii) holds. Then (u;)} is the frame of a tight

isometric embedding.

Proof. Let f be tight. Then it is irreducible and the corresponding projective cubature formula is
defined by (4.310) with v = n and u; = u;, 1 < j < n. Since this cubature formula is tight as well, the
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weights o; must be equal % according to Theorem 4.3.18. Then (4.310) implies |lu;|| = Rk (m,p), 1<
Jj <mn,cf. (4.315). After that (ii) immediately follows from Theorem 4.3.18(ii).

In the converse direction Theorem 4.3.18 implies that (u;)} is a tight projective p-design on S(K™).
Then by (4.311) and (4.324) we obtain an isometric embedding with the frame R (m, p)(4;)} = (u;)7.
This isometric embedding is tight because of (4.324). O

In conclusion we give a list of isometric embeddings ¢5" — £ which follows from the results
concerning cubature formulas.

THEOREM 4.7.15. There exist some isometric embeddings EQ?K — Zg;K corresponding to the triples
(m,p,n) from the following tables

m| 2 3] 7] 8 | 23] 23 | 24
K=R:[p| p |4|4] 6 | 4| 6 0 |, (4.325)
n | T+1 628120276 | 2300 | 98280
m|2[2][ 234 6 |38 m| 2] 5
K=C:[p|4|6|10[4|6]| 6 |4|, K=H:[p|6]| 6 (4.326)
n 461294012664 n | 10 | 165

All these embeddings are tight.

Proof follows from Theorem 4.7.1 and the relevant statements from Corollary 4.4.11, the tables
(4.170), (4.182), (4.183), Corollary 4.6.16 and, finally, the table (4.188).0]
Now we combine Theorems 4.7.1 and 4.4.7. This yields

THEOREM 4.7.16. Each isometric embedding Eg.(gfl) — EZ,R generates an isometric embedding
lyx — E;XK where

N= (g +1) N (6,2 ED v, v<n. (4.327)

Note that v = n as soon as the initial isometric embedding is irreducible. Moreover, in this case
the resulting isometric embedding is irreducible as well.
On the base of Theorem 4.7.16 we obtain the following chain of results.

THEOREM 4.7.17. (cf. Theorem 4.4.9) Assume that for given m,p there exists an isometric embed-
ding ly'g — Cyr- Then there exists an isometric embedding {5y — E;XR with

N = (g n 1) v, v<n. (4.328)

THEOREM 4.7.18.(cf. Corollary 4.4.12) Assume that for given m,p there exists an isometric em-
bedding lyig — (g Then there exists an isometric embedding €¥R — %\;[R with

N= (g + 1)M_m v (4.329)

where v <n, M > m.
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THEOREM 4.7.19.(cf. Theorem 4.4.16) Assume that for given m,p there exists an isometric em-
bedding K%fﬁ — lyr- Then there exists an isometric embedding Eg%l — e}])\jc with

N= (g +1) ([fﬂ +1), v<n (4.330)

THEOREM 4.7.20.(cf. Theorem 4.4.20) Assume that for given m,p there exists an isometric em-
bedding E%?}ft — EZ;R' Then there exists an isometric embedding Zg?ll — EIJ?\;H with

N:{L(g), 4<D <40, p+#24,26

14
(Z+1)([2] +1)%r, p>40 or p= 24,26 (4.331)

and v <n.

Finally, we collect the non-tight isometric embeddings ¢3' — £} following from the projective
cubature formulas obtained or quoted in Sections 4.4 and 4.6.

K=R
m| 3|3 |4 |44 4 4 4 4 5 | 5 ) ) )
p| 6846|810 14|16 |18 | 4| 6 8 10 14 , (4.332)
n | 11|16 | 11 | 24 | 60 | 60 | 360 | 360 | 360 | 16 | 96 | 300 | 360 | 2880

m| 5 5 66| 6 | 7] 78] 9] 10 | 11 | 16
p| 16 | 18 |4 |6 10 |4 6 | 6 | 6 | 6 6 6 | . (4.333)
n | 3420 | 3600 | 22 | 63 | 2160 | 28 | 113 | 120 | 480 | 1920 | 7680 | 2160
m| 17 | 18 | 23 | 24 | 24 25 25 25 26
p| 6 6 1] 6 8 6 8 10 4 , (4.334)
n | 8640 | 34560 | 276 | 9200 | 98280 | 36800 | 491400 | 589680 | 147200
m| 26 26 27 27 28
p 8 10 6 10 10 . (4.335)
n | 2457000 | 3538080 | 538800 | 21228480 | 127370880
K=C
m|2]2[2[2][2[3[4][5] 5 9] 9 10
p |8 121416 18| 6 |4 |4 | 6 | 4| 6 14 , (4.336)
n | 10 | 22 [ 60 | 60 | 60 | 21 | 20 | 45 | 960 | 90 | 17280 | 63685440
m| 12 12 12 13 13 13
p| 6 8 10 6 8 10 . (4.337)
n | 32760 | 32760 | 32760 | 73600 | 1474200 | 1769040
K=H
m|2[3]3] 3] 3 [4] 4]5 7
p |4 46| 8 |10|4] 6 | 4 10 . (4.338)
n | 10 | 63 | 63 | 315 | 315 | 36 | 180 | 165 | 6486480

An additional information related to p = 4 follows from Theorems 4.4.23, 4.4.27 and 4.4.31.
The concrete results contained in the tables (4.332) — (4.338) are the best known for us at present.
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