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Abstract We construct classes of homogeneous random fields on a three-dimensional
Euclidean space that take values in linear spaces of tensors of a fixed rank and are isotropic
with respect to a fixed orthogonal representation of the group of 3 x 3 orthogonal matrices.
The constructed classes depend on finitely many isotropic spectral densities. We say that
such a field belongs to either the Matérn or the dual Matérn class if all of the above densities
are Matérn or dual Matérn. Several examples are considered.

Keywords Homogeneity - Isotropy - Group representation - Spectral density

Mathematics Subject Classification 60G60 - 62M40

1 Introduction

Random functions of more than one variable, or random fields, were introduced in the 20th
years of the past century as mathematical models of physical phenomena like turbulence,
see, e.2., [9,20,39]. To explain how random fields appear in continuum physics, consider the
following example.

Example 1 Let E = E? be a three-dimensional Euclidean point space, and let V be the
translation space of E with an inner product (-, -). Following [43], the elements A of E are
called the places in E. The symbol B — A is the vector in V that translates A into B.

Let B C E be a subset of E occupied by a material, e.g., a turbulent fluid or a deformable
body. The temperature is a rank 0 tensor-valued function T': B — R!. The velocity of a fluid
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is a rank 1 tensor-valued function v: B — V. The strain tensor is a rank 2 tensor-valued
function ¢: B — S2(V), where S%(V) is the linear space of symmetric rank 2 tensors over
V. The piezoelectricity tensor is a rank 3 tensor-valued function D: B — S?(V) ® V. The
elastic modulus is a rank 4 tensor-valued function C: B — S2(S%(V)). Denote the range of
any of the above functions by V. Physicists call V for ranks 2 or 3 or 4 the constitutive tensor
space. It is a subspace of the tensor power V&, where r is a nonnegative integer. The form

(X] ®"'®ery1®"'®Yr):(leyl)"'(xrvyr)

can be extended by linearity to the inner product on V®” and then restricted to V.

At microscopic length scales, spatial randomness of the material needs to be taken into
account. Mathematically, there is a probability space (€2, §, P) and a function T(A, w): B x
€ — V such that for any fixed Ap € V and for any Borel set B C V the inverse image
T~!(Ao, B) is an event. The map T(x, w) is a random field.

Translate the whole body BB by a vector x € V. The random fields T (A 4+x) and T(A) have
the same finite-dimensional distributions. It is therefore convenient to assume that there is a
random field defined on all of E such that its restriction to B is equal to T(A). For brevity,
denote the new field by the same symbol T(A) (but this time A € E). The random field
T(A) is strictly homogeneous, that is, the random fields T(A + x) and T(A) have the same
finite-dimensional distributions. In other words, for each positive integer n, for eachx € V,
and for all distinct places A, ..., A, € E the random elements T(A;) ® --- ® T(A,) and
T(A; +x)®--- D T(A, + x) of the direct sum on n copies of the space V have the same
probability distribution.

Let K be the material symmetry group of the material body B acting in V. The group K
is a subgroup of the orthogonal group O(V). For simplicity, we assume that the material is
fully symmetric, that is, K = O(V). Fix a place O € B and identify E with V by the map
f thatmaps A € Eto A — O € V. Then K acts in E and rotates the body 5 by

g-A=f"'gfA, geO(V), AeB.

Let U be the restriction of the orthogonal representation g — g®” of the group O(V) to the
subspace V of the space V®". The group K acts in V by v > U(g)V, g € K. Under the
action of K in E, the point Ag becomes g - Ag. Under the action of K in V, the random tensor
T(Ap) becomes U (g)T(Ap). The random fields T(g - A) and U (g)T(A) must have the same
finite-dimensional distributions, because g - A is the same material point in a different place.
Note that this property does not depend on a particular choice of the place O, because the
field is strictly homogeneous. We call such a field strictly isotropic.
Assume that the random field T(A) is second-order, that is

ELTA)[*] <o, A€E.
Define the one-point correlation tensor of the field T(A) by
(T(A)) = E[T(A)]
and its two-point correlation tensor by
(T(A), T(B)) = E[(T(A) — (T(A))) & (T(B) — (T(B))].

Assume that the field T(A) is mean-square continuous, that is, its two-point correlation tensor
(T(A), T(B)): E x E — V ® V is a continuous function.

Note that [35] had shown that any finite-variance isotropic random field on a compact group
is necessarily mean-square continuous under standard measurability assumptions, and hence
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its covariance function is continuous. In the related settings, the characterisation of covariance
function for a real homogeneous isotropic random field in d-dimensional Euclidean space
was given in the classical paper by [40], where it was conjectured that the only form of
discontinuity which could be allowed for such a function would occur at the origin. This
conjecture was proved by [7] ford > 2. This result was widely used in Geostatistics (see, i.e.,
[13], among the others), who argued that the homogenous and isotropic random field could
be expressed as a mean-square continuous component and what they called “nugget effect”,
e.g. a purely discontinuous component. In fact this latter component should be necessarily
non-measurable (see, i.e., [18, Example 1.2.5]). The relation between measurability and
mean-square continuity in non-compact situation is still unclear even for scalar random fields.
That is why we assume in this paper that our random fields are mean-square continuous, and
hence their covariance functions are continuous.

If the field T(A) is strictly homogeneous, then its one-point correlation tensor is a constant
tensor in V, while its two-point correlation tensor is a function of the vector B — A, i.e., a
function on V . Call such a field wide-sense homogeneous.

Similarly, if the field T(A) is strictly isotropic, then we have

(T(g-A) =U(@)(T(A),
(T(g-A), T(g-B)) =UQU)T(A), T(B)). ey

Definition 1 A random field T(A) is called wide-sense isotropic if its one-point and two-
point correlation tensors satisfy (1).

For simplicity, identify the field { T(A): A € E } defined on E with the field { T'(x): x €
V } defined by T'(x) = T(O + x). Introduce the Cartesian coordinate system (x, y, z) in V.
Use the introduced system to identify V with the coordinate space R3 and O(V) with O(3).
Call R3 the space domain. The action of O(3) on R3 is the matrix-vector multiplication.

Definition 1 was used by many authors including [36,42,46].

There is another definition of isotropy.

Definition 2 [46] A random field T(A) is called a multidimensional scalar wide-sense
isotropic if its one-point correlation tensor is a constant, while the two-point correlation
tensor (T(x, T(y)) depends only on ||y — x]||.

Itis easy to see that Definition 2 is a particular case of Definition 1 when the representation
U is trivial, that is, maps all elements g € K to the identity operator.

In the case of r = 0, the complete description of the two-point correlation functions
of scalar homogeneous and isotropic random fields is as follows. Recall that a measure p
defined on the Borel o-field of a Hausdorff topological space X is called Borel measure.

Theorem 1 Formula

_ [ sin@]ly —x]D
(T(x), T(y) = — 0 du®) ()
0 Ay — x|l
establishes a one-to-one correspondence between the set of two-point correlation functions
of homogeneous and isotropic random fields T (x) on the space domain R3 and the set of all

finite Borel measures  on the interval [0, 00).

Theorem 1 is a translation of the result proved by [40] to the language of random fields.
This translation is performed as follows. Assume that B(x) is a two-point correlation function
of a homogeneous and isotropic random field 7' (x). Let n be a positive integer, let X, ..., X,
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be n distinct points in R3,and letcy,...,c, ben complex numbers. Consider the random
variable X = Z}}:l c;j[T (x;) — (T (x;))]. Its variance is non-negative:

ELX*1= ) ¢je(T(x), T(xx)) = 0.
jok=1

In other words, the two-point correlation function (7' (x), 7 (y)) is a non-negative-definite
function. Moreover, it is continuous, because the random field 7'(x) is mean-square continu-
ous, and depends only on the distance ||y — x| between the points x and y, because the field
is homogeneous and isotropic. [40] proved that Eq. (2) describes all of such functions.

Conversely, assume that the function (7 (x), T'(y)) is described by Equation (2). The
centred Gaussian random field with the two-point correlation function (2) is homogeneous
and isotropic. In other words, there is a link between the theory of random fields and the
theory of positive-definite functions.

In what follows, we consider the fields with absolutely continuous spectrum.

Definition 3 ([17]) A homogeneous and isotropic random field 7 (x) has an absolutely
continuous spectrum if the measure p is absolutely continuous with respect to the measure
4722 dA, i.e., there exist a nonnegative measurable function f(X) such that

/oosz(k)dk<oo
0

and du()) = 4722 £ (1) dA. The function f (1) is called the isotropic spectral density of the
random field 7 (x).

Example 2 (The Matérn two-point correlation function) Consider a two-point correlation
function of a scalar random field 7' (x) of the form

l—vo.2

<T(X)’ T(Y)) = Mv,a (X, y) = T (1))

(allx—ylD" Ky (alx -y, 3)

where 62 > 0,a > 0,v > 0 and K, (z) is the Bessel function of the third kind of order
v. Here, the parameter v measures the differentiability of the random field; the parameter
o is its variance and the parameter a measures how quickly the correlation function of the
random field decays with distance. The corresponding isotropic spectral density is

o’r (V + %) a®

=, A>0.
273/2 (a2 +A2)V+z

F)= fv,a,02 ) =

Note that Example 2 demonstrates another link, this time between the theory of random
fields and the theory of special functions.

In this paper, we consider the following problem. How to define the Matérn two-point
correlation tensor for the case of r > 0? A particular answer to this question can be formulated
as follows.

Example 3 (Parsimonious Matérn model, [12]) We assume that the vector random field
T®=MTN®K,.....Tn(x) . xeR’
has the two-point correlation tensor B (X, y) = (B;; (X, ¥))1<i, j<m- It is not straightforward

to specify the cross-covariance functions B;; (x),1 < i,j < m,i # j, as non-trivial,
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valid parametric models because of the requirement of their non-negative definiteness. In the
multivariate Matérn model, each marginal covariance function

Bii (X,y) =0/ My, o, (X,y), i=1,....m,

is of the type (3) with the isotropic spectral density f;; (L) =
Each cross-covariance function

Jvia;, 02 ()‘)
Bij (Xay)=le (X,Y)=bijUinMv,-j,a,~j (XsY)s 151,]5771, l#]

is also a Matérn function with co-location correlation coefficient b;;, smoothness parameter
v;; and scale parameter a;;.The spectral densities are

ﬁ] (X)=f11,'/,a,‘j,b,'j0,'0/ (X)7 1 517] val #]
The question then is to determine the values of v;;, a;; and b;; so that the non-negative

definiteness condition is satisfied. Let m > 2. Suppose that

1 o .
E(v,'—i—vj), 1<i,j<m, i#],

and that there is a common scale parameter in the sense that there exists an a > 0 such that

Vij =

aj=---=ay=a, andag;; =afor 1<i,j<m, i#].
Then the multivariate Matérn model provides a valid second-order structure in R3 if

= Bi; [F(“i +3) I (v +§)}1/2 r (3 (vi+vj))
YTy (v I (3 (vi+vj) +3)

m has diagonal elements g;; = 1 for

for 1 <i,j <m,i # j, where the matrix (8;;), =
1 <i,j <m,i # jso thatitis symmetric

i =1,...,m, and off-diagonal elements S,
and non- negatlve definite.

Example 4 (Flexible Matérn model) Consider the vector random field T(x) € R™,x € R3
with the two-point covariance tensor

(T;(0), Tj(y)) = Bij(x,y) = Bij(y —x) = 0ijMy;.a; (X,¥), 1 <1, j <m,

where again

1—v 2
Mya (%) = — o) (ally —xID" Ky (ally —xI).
Denote by A the set of all nonnegative-definite matrices. Assume that the matrix ¥ =
(Uij)lfi,jfm = (O‘ij) € N, and denote 0i2 =oji,i=1,...,m.
Then the spectral density F' = (fij)1<i, j<m has the entries
1

fi®) = 553 /R 3 e 'MW B (h) dh

, 1 I'(vjj+ 3
= Gija»z?)l" ( el 2)

, 1<i,j<m, rAeR%.
Y (aij + ||M|2)wj+% I'(vij)

We need to find some conditions on parameters a;; > 0, v;; > 0, under which F € N.
The general conditions can be found in [2,8].
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Recall that a symmetric, real m x m matrix ® = (;;)1<i, j<m, is said to be conditionally
negative definite [3], if the inequality
m

m
Z Z C,'Cj@,'j <0

i=1 j=1
holds for any real numbers c1, ..., ¢, subject to

m

In general, a necessary condition for the above inequality is
9l1+9//§291j5 ivjzla"'am»

which implies that all entries of a conditionally negative definite matrix are nonnegative
whenever its diagonal entries are non-negative. If all its diagonal entries vanish, a condi-
tionally negative definite matrix is also named a Euclidean distance matrix. It is known that
©® = (6;j)1<i,j<m is conditionally negative definite if and only if an m x m matrix S with
entries exp{—0;;u} is positive definite, for every fixed u > 0 (cf. [3, Theorem 4.1.3]), or
S = ¢7"® where ¢” is an Hadamar exponential of a matrix A.

Some simple examples of conditionally negative definite matrices are

() 6;j =6; +0;;
(ii) 6;; = const;
(iii) 6;; = |6; — 0;];
(iv) 6;; = |9i —9]"2
(v) 0;; = max{6;, 0;};
(Vi) Qij = —91'9]'.

Recall that the Hadamard product of two matrices A and B is the matrix A o B =
(Ajj - Bij)1<i,j<m. By Schur theorem if A € N, B € N/, thensois A o B.
Then
F=Y0AoBoC(C,

where one need to find conditions under which

1 1
A = 2 > 3 Z 0, B = (3> Z 05
(L + A2 fa2) 3 % ) \<iojm

1<i,j<m

Tvi: + 2
I (vij) i, j<m

We consider first the case 1, in which we assume that

g =--=ay=a, 1<i,j<m.

Ao [IA]l%
=e 2 |expy—y;log|1l +— >0,
a 1<i,j<m

if and only if the matrix

Then

Y = (_‘)U)15i,j§m
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is conditionally negative definite (see above examples (i)—(vi)), then for such (—v;;)1<i j<m,
we have to check that the matrix C = (I"(v;; + %)/F(v,-j)lf,-,jgm > 0. This class is not

empty, since it includes the case of the so-called parsimonious model: v;; = v‘;v" (see
Example 3).
Recall that a Hermitian matrix A = (a;;);, j=1,..., p is conditional non-negative if x| Ax* >

0, for all x € C? such that Zp x; =0, and x* is the complex conjugate of x.

=

Thus, for the case 1, the following multivariate Matérn models are valid under the following
conditions (see, [2,8]):

(A1) Assume that

) a=--=ap=a,1=i,j<m;
i) —v;; ,1 <1i, j < m; form conditionally non-negative matrices;
j J y g
I'(vij+3 .. . . .
(iii) oy % 1 < i, j < m; form non-negative definite matrices.
ij

Consider the case 2:
vij=v>0, 1<i,j<m.

Then the following multivariate Matérn models are valid under the following conditions [2]:
(A2) either

(a) —aizj ,1 <, j < m, formaconditionally non-negative matrix and a,-jaizj", 1<i,j<m,
form non-negative definite matrices; or

(b) —ai;z ,1 <i, j < m, form a conditionally non-negative matrix and a,-j/a?j, 1<i,j<

m, form non-negative definite matrices.

These classes of Matérn models are not empty since in the case of parsimonious model
they are consistent with [12, Theorem 1]. For the parsimonious model from this paper (v;; =
V”Jr# 1 < i, j < m), the following multivariate Matérn models are valid under conditions

(A3) either

2 2
Vii4vi; a:.+a“. .. 2v;j PR
@ v = %,afj =54, 1<i,j<m, and a,-jal.j"’/l"(vij),l <i,j < m,form
non-negative definite matrices;
or
2, -2
_ vitvy =2 _ %14 . 3 .
(b) vij = 7 a;t = 5,1 <i,j <m,and aij/al.j/l"(vij),l <i,j < m, form

non-negative definite matrices;

The most general conditions and new examples can be found in [2,8]. The paper by [11]
reviews the main approaches to building multivariate correlation and covariance structures,
including the multivariate Matérn models.

Example 5 (Dual Matérn models) Adapting the so-called duality theorem (see, i.e., [10]),
one can show that under the conditions A1, A2 or A3
1 )
S — / AW dn, 1<i,j<m,
(1 +[InHyvts e

where

sij(A) = MDY Ky, (XD, A eRP, 1<, j <m,

2m)32% T (v + )
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is the valid spectral density of the vector random field with correlation structure ((1 +
B2~ %i+3)) 2 o = (Dij (W) <. j<m. We will call it the dual Matérn model.
Note that for the Matérn models

/éi,(x)dx<oo.
R

This condition is known as short range dependence, while for the dual Matérn model, the
long range dependence is possible:

3
/ D,’j(h)dh:OO, if0<v,-j < =
R3 2

When m = 3, the random field of Example 3 is scalar isotropic but not isotropic. How
to construct examples of homogeneous and isotropic vector and tensor random fields with
Matérn two-point correlation tensors?

To solve this problem, we develop a sketch of a general theory of homogeneous and
isotropic tensor-valued random fields in Sect. 2. This theory was developed by [30,33].
In particular, we explain another two links: one leads from the theory of random fields to
classical invariant theory, other one was established recently and leads from the theory of
random fields to the theory of convex compacta.

In Sect. 3, we give examples of Matérn homogeneous and isotropic tensor-valued random
fields. Finally, in Appendices we shortly describe the mathematical terminology which is
not always familiar to specialists in probability: tensors, group representations, and classical
invariant theory. For different aspects of theory of random fields see also [24,25].

2 A Sketch of a General Theory

Let r be a nonnegative integer, let V be an invariant subspace of the representation g > g&”
of the group O(3), and let U be the restriction of the above representation to V. Consider a
homogeneous V-valued random field T(x), x € R3. Assume it is isotropic, that is, satisfies
(1). It is very easy to see that its one-point correlation tensor (T(xX)) is an arbitrary element
of the isotypic subspace of the space V that corresponds to the trivial representation. In
particular, in the case of r = 0 the representation U is trivial, and (T (x)) is an arbitrary real
number. In the case of r = 1 we have U(g) = g. This representation does not contain a
trivial component, therefore (T(x)) = 0. In the case of r =2 and U (g) = s? (g) the isotypic
subspace that corresponds to the trivial representation is described in Example 12, we have
(T(x)) = CI, where C is an arbitrary real number, and I is the identity operator in R3, and
SO on.

Can we quickly describe the two-point correlation tensor in the same way? The answer is
positive. Indeed, the second equation in (1) means that (T (x), T(y)) is a measurable covariant
of the pair (g, U). The integrity basis for polynomial invariants of the defining representation
contains one element /| = ||x||2. By the Wineman—Pipkin theorem (Appendix A, Theorem 6),
we obtain

L
TE.TE) = Y erllly = xIHTily — ).

=1

where T;(y — x) are the basic covariant tensors of the representation U.
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For example, when r = 1, the basis covariant tensors of the defining representations are
d;j and x;x; by the result of [44] mentioned in Appendix C. We obtain the result by [39]:
i =x)(yj —x))
(T, T) = @i lly — xI)8i; + e2(lly — xﬁW.

When r = 2 and U(g) = Sz(g), the three rank 4 isotropic tensors are ;;k;, 6;xd i,
and §;;8 jx. Consider the group ¥ of order 8 of the permutations of symbols 7, j, k, and [,
generated by the transpositions (ij), (k/), and the product (ik)(jI). The group X acts on the
set of rank 4 isotropic tensors and has two orbits. The sums of elements on each orbit are
basis isotropic tensors:

L[ljk[ = 8i S, Lizjkl = 0ikdj; + 8i1djk-

Consider the case of degree 2 and of order 4. For the pair of representations (g®4, (R3)®%)
and (g, R3) we have 6 covariant tensors:

8i1X j Xy, 8 jkXiX], 8j1XiXic, SikXjX1, Sy XiXj, 8;jXpx.

The action of the group X has 2 orbits, and the symmetric covariant tensors are

I|X||2Li3jk1(x) = 8i1x jxp 4 8jpxixg 4 8j1xixk + Sikxjxy,

”XHZL?J‘]([(X) = SpXiXj + 8ij Xk X
In the case of degree 4 and of order 4 we have only one covariant:

X[ * L7 (%) = xixjxpxr.
The result by [28]
5
(T, T = D enllly = xID) L] (y — %)
m=1

easily follows.

The case of r = 3 will be considered in details elsewhere.

When r = 4 and U(g) = S?(5%(g)), the situation is more delicate. A linear relations
between isotropic tensors, called syzygies, appear. There are 8 symmetric isotropic tensors
connected by 1 syzygy, 13 basic covariant tensors of degree 2 and of order 8 connected by
3 syzygies, 10 basic covariant tensors of degree 4 and of order 8 connected by 2 syzygies,
3 basic covariant tensors of degree 6 and of order 8, and 1 basic covariant tensor of degree 8
and of order 8, see [31,32] for details. It follows that there are

B@-D+1A3-3)+(10-2)+3+1=29

linearly independent basic covariant tensors. The result by [29] includes only 15 of them and
is therefore incomplete.
How to find the functions ¢, ? In the case of r = 0, the answer is given by Theorem 1:

o1y —xI?) =/ sinlly =xID 5
o Ay —xI

In the case of r = 1, the answer has been found by [46]:

1 o0 o
ei(lly —xI*) = P (/0 J2(Ap) dP2 (1) — /0 J1(Ap) dd’l(k)) ,
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wz(uy—an):/ J100) da>1<x)+/ <j0(?»/0)— i m) ddy(), (@)
Y 0 Ap

where p = |y — X||, j, are the spherical Bessel functions, and &; and @; are two finite
measures on [0, co) with @1 ({0}) = &,({0}).

In the general case, we proceed in steps. The main idea is simple. We describe all homoge-
neous random fields and throw away those that are not isotropic. The homogeneous random
fields are described by the following result.

Theorem 2 Formula

T T = [ aup) )

establishes a one-to-one correspondence between the set of the two-point correlation tensors
of homogeneous random fields T(x) on the space domain R with values in a complex finite-
dimensional space V¢ and the set of all measures |1 on the Borel o-field %(R3 ) of the
wavenumber domain R? with values in the cone of nonnegative-definite Hermitian operators
inVc.

This theorem was proved by [22,23] for one-dimensional stochastic processes. Kol-
mogorov’s results have been further developed by [4—6,27] among others.

We would like to write as many formulae as possible in a coordinate-free form, like (5).
To do that, let J be a real structure in the space V¢, that is, amap j: V¢ — V¢ with

- JX+y)=JX + J(), X,y e V.
— J(@x) =aJ(x),x € Vc,a € C.
- J(JX) =x,xe V.

Any tensor X € V¢ can be written as X = X* + X~, where
x+—1(x+1x) x‘—l(x JX)
) ’ ) ’

Denote
VF ={xeVc:Jx=x}, V ={xeVc:Jx=—x}.

Both sets VT and V™ are real vector spaces. If the values of the random field T(x) lie in V*,
then the measure p satisfies the condition

pw(—A) = ' (A) (©6)

for all Borel subsets A C ]1@, where —A ={—p:pe A}.
Next, the following Lemma can be proved. Letp = (A, ¢p, 6)) be the spherical coordinates
in the wavenumber domain.

Lemma 1 A homogeneous random field described by (5) and (6) is isotropic if and only if
its two-point correlation tensor has the form

1 o0 .
T0. T = 1 /O fs PTG gy, 0y) sinby dp, dydu(), ()

where v is a finite measure on the interval [0, 00), and where f is a measurable function
taking values in the set of all symmetric nonnegative-definite operators on V" with unit trace
and satisfying the condition

fep) =S W) f(P. peR’, ge0®). ®)
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When A = 0, condition (8) gives f(0) = S2(U)(g) £(0) for all g € O(3). In other words,
the tensor £(0) lies in the isotypic subspace of the space S*(V™T) that corresponds to the
trivial representation of the group O(3), call it H;. The intersection of H; with the set of all
symmetric nonnegative-definite operators on V* with unit trace is a convex compact set, call
it Cy.

When A > 0, condition (8) gives f(A,0,0) = SZ(U)(g)f(A, 0,0) for all g € O(2),
because O(2) is the subgroup of O(3) that fixes the point (1, 0, 0). In other words, consider
the restriction of the representation S2(U) to the subgroup O(2). The tensor f(A, 0, 0) lies
in the isotypic subspace of the space S?(V*) that corresponds to the trivial representation
of the group O(2), call it Hy. We have H; C Hy, because O(2) is a subgroup of O(3). The
intersection of Hy with the set of all symmetric nonnegative-definite operators on V' with
unit trace is a convex compact set, call it Cp.

Fix an orthonormal basis TO-1:0 .. T0:70.0 of the space H;. Assume that the space HyoH;
has the non-zero intersection with the spaces of n copies of the irreducible representation
U?8, ny copies of the irreducible representation U*S, ..., n, copies of the irreducible rep-
resentation U?"$ of the group O(3), and let T2bmm  _2p < m < 24, be the tensors of the
Gordienko basis of the nth copy of the representation U2¢. We have

r ny
f()\', 0,0) = Z Z f[n()\)TZZ,n,O ©)

{=0 n=1
with fp,(0) =0for¢ > 0and 1 < n < ny. By (8) we obtain

r

ne 2¢
S, $p> 99) = Z Z fen(X) Z Ui%g ((/Jp, QP)TN‘”””_

{=0n=1 m=—2¢
Equation (7) takes the form

rny 20

1 o0 ) 1
— i(p,y—x)
(Tx), T(y)) W E E E /O /Sze Jen () T

{=0n=1m=-2¢
X S5 (@p, Op) T2 sin 6, dgp dBp dv (1), (10)

where we used the relation

20 4
Um()g(‘pp’ ep) =4/ msﬁ(%, ep)-

Substitute the Rayleigh expansion

00 4
e ®0 =dm Y N il Ge(llpl - IX1)SY Gp, 9p) ST Br or)
=0 m=—¢

into (10). We obtain

roong 20 1

Tx), T(y) =2 /00—1" MDD fon () — =
(Tx), T(y) ﬁg;mgl \ (=D jae( III‘II)fz()m

X ST (@r, Op) T4 du(1),
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where r = y — x. Returning back to the matrix entries U,%g (¢r, Or), we have

oo T ny
(Tx), Ty) = /O DD G2 Y fenGIM (g, 6) dv(2), (1)
=0 n=1

where

20
2@
M2[,n((pr, 9]') — Z g(‘Pr’ Hr)TZZ Jm
m=—2(

It is easy to check that the function M 2Z’”((,or, 6r) is a covariant of degree 2¢ and of
order 2r. Therefore, the M-function is a linear combination of basic symmetric covariant
tensors, or L-functions:

L Gir 2k,
L9 (y — x)
M (o, 60 = 33 g =™
Sy X

where g, is the number of linearly independent symmetric covariant tensors of degree 2k
and of order 2r. The right hand side is indeed a polynomial in sines and cosines of the angles
¢r and 6. Equation (11) takes the form

(Tx), T(y) = f Z( ) Jzz(klll‘ll)me()»)

o Grr 2k
L=4( )
X DD enka gy e )

k=0 g=1

Recall that fy, (1) are measurable functions such that the tensor (9) lies in C; for A = 0
and in Cp for A > 0. The final form of the two-point correlation tensor of the random field
T(x) is determined by geometry of convex compacta Cy and C;. For example, in the case of
r = 1 the set Cp is an interval (see [33]), while C; is a one-point set inside this interval. The set
Co has two extreme points, and the corresponding random field is a sum of two uncorrelated
components given by Eq. (12) below. The one-point set C; lies in the middle of the interval,
the condition @1 ({0}) = @, ({0}) follows. In the case of r = 2, the set of extreme points of
the set Cp has three connected components: two one-point sets and an ellipse, see [33], and
the corresponding random field is a sum of three uncorrelated components.

In general, the two-point correlation tensor of the field has the simplest form when the set
Co is a simplex. We use this idea in Examples 6 and 8 below.

3 Examples of Matérn Homogeneous and Isotropic Random Fields

Example 6 Consider a centred homogeneous scalar isotropic random field 7' (x) on the space
R3? with values in the two-dimensional space R?. It is easy to see that both Cy and C; are
equal to the set of all symmetric nonnegative-definite 2 x 2 matrices with unit trace. Every
such matrix has the form

Xy

(y - X>
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with x € [0, 1] and y% < x(1 — x). Geometrically, Cg and C; are the balls

12+2_1
b 7 y—4.

Inscribe an equilateral triangle with vertices

(00 s _l( 1 £V3
01/’ 4\+/3 3

into the above ball. The function f(p) takes the form

3
f® =) an(lplhC",

m=1

where a,, (]|p||) are the barycentric coordinates of the point f(p) inside the triangle. The
two-point correlation tensor of the field takes the form

(TX).T(y) = Z / Sl“;ﬂﬂy_ Y= XD e g, 2,

where d®,,, (1) = a,;(A)dv(A) are three finite measures on [0, 00), and v is the measure of
Eq. (7). Define d@®,, (A) as Matérn spectral densities of Example 2 (resp. dual Matérn spectral
densities of Example 5). We obtain a scalar homogeneous and isotropic Matérn (resp. dual
Matérn) random field.

Example 7 Using (4) and the well-known formulae

sin ¢ sint  cost 3 sint  3cost
jo(t) = —, Wt =—— — —, () == —1 _——
Jo(®) ; Ji(@) 2 ; J2(t) <t2 ) p 7

we write the two-point correlation tensor of rank 1 homogeneous and isotropic random field
in the form
_ pM (2
(vx).v(y) = B (1) + B (1),

wherer =y — x, and

gD ¥ = /'OO |:(_3sin(k||r||) n sin(Alr|) n 3cos(kl|r||)) rir
i V= | TS il AT EATIE

SHOID 0D,
— Sii | dD1(A
+ (it~ G ) ] do

Bi(f)(x,y) _ /OO [(3 sin(Arf)  sin(Afrl)) 3COS(k||r||)> rir
0

(AIr ()3 Al GlieD -/ )2
sin(A[r[]) — sin@r|) =~ cos(Afr])
- 8ij | dDPa(A). 12
( Al (ir ()’ * (k||r||)2) j] 2 42

Now assume that the measures @ and @, are described by Matérn densities:

2 3) ,2vi
peollits)a™

273/2 (“i2 +)L2)Vi+%
It is possible to substitute these densities to (12) and calculate the integrals using [37,

Eq. 2.5.9.1]. We obtain rather long expressions that include the generalised hypergeometric
function | F>.

do;(0) =2

@ Springer



Matérn Class Tensor-Valued Random Fields and Beyond 1289

The situation is different for the dual model:
1
(m)22vi=1T (v +3/2)

Using [38, Eqgs. 2.16.14.3, 2.16.14.4], we obtain

37T (2w - I

(k) Vi

B (x,y) =Ci | — P ——
& ( O 1 o e I WA 2
pve [ lrl L 2EE 0 +3/2)
! 1+ [r]? (1+ [r||2)m+3/2

329N /m (v +1/2)\ rirj
(1 + [[p|2)veti/2 NS

do; (V) = 2K,

+

Le x " Qug) pk [Ix]|
AP+ 22 | T 2

_pw [ rl _2MEL e+ 1/2) o
K VA e (1+ [|r|2yet32 ]

1
Cr = L k=12
T 222 (g + 3/2)

where

Example 8 Consider the case when r = 2 and U(g) = S*(g) . In order to write down
symmetric rank 4 tensors in a compressed matrix form, consider an orthogonal operator t
acting from S?(S2(R3)) to S?(R®) as follows:

f-1-1-1-1 S=1-100 foictn V2 oici-10 V2f-i—i00 V2 oo
Soo-1-1 foo0o Soor V2 foo-10 V2 fooor V2 foo1-1
Tfiin = fii-1-1 fi100 S V2fi1-10 V2 fi01 V2fii-1
Y V2f-t0-1-1 ~V2f-1000  V2f-1011 2f-10-10 2 f-1001 2f-101-1 ’
V2 for-1-1 V2 for00 V2 foin 2fo1-10 2 foto1 2 fori-1
V2ficicict N2ficio V2fi—in 2fi-1-10 2 fi—101 2 fi—11-1

see [16, Eq. (44)]. Itis possible to prove the following. The matrix z f;x; (0) lies in the interval
Cy with extreme points C Iand C2, where the nonzero elements of the symmetric matrix C!
lying on and over the main diagonal are as follows:

1
1 1 1 1 1 1
Cll = C12 = C13 = C22 = C23 = C33 = g’

while those of the matrix C? are

Ch=Ch=Ch=ro Ch=Ch=Ch=1.
1

T

The matrix 7 f;jx; (A, 0,0) with A > 0 lies in the convex compact set Cy. The set of extreme

points of Cp contains three connected components. The first component is the one-point set

{D'} with

I
Ch=Ci3=Cx=

1 1 1
Dyg = Do = 5.
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The second component is the one-point set { D?} with

1 1 1
2 2 P
D11=D33=Z’ D55=§» Dy =—-.

4
The third component is the ellipse { DY:0 <6 <27} with
L.
D}, =Dy =D}y = 5 sin*(6/2), DY, = cos*(6/2),
1
DY, = DY, = ——sin(9).
12 375 NG

Choose three points D3, D* D3 lying on the above ellipse. If we allow the matrix
Tfijki(A,0,0) with A > 0 to take values in the simplex with vertices D', 1 < i < 5,
then the two-point correlation tensor of the random field &(x) is the sum of five integrals.
The more the four-dimensional Lebesgue measure of the simplex in comparison with that of
Cp, the wider class of random fields is described.

Note that the simplex should contain the set C;. The matrix C' lies on the ellipse and
corresponds to the value of & = 2arcsin(4/2/3). It follows that one of the above points,
say D3, must be equal to C!. If we choose D* to correspond to the value of = 2(r —
arcsin(4/2/3)), that is,

1

2
Dl—Dzz—Dm—g, D22=§, Di, = Dy3 = —7

then

2 1
c?= g(Dl + DY)+ §D4,

and C? lies in the simplex. Finally, choose Ds to correspond to the value of @ = 7, that is

1

2

The constructed simplex is not the one with maximal possible Lebesgue measure, but the
coefficients in formulas are simple.

Dll_DSS_DIS_

Theorem 3 Let e(X) be a random field that describes the stress tensor of a deformable body.
The following conditions are equivalent.

L. The matrix T fijr (X, 0, 0) with A > 0 takes values in the simplex described above.
2. The correlation tensor of the field has the spectral expansion

(e(x). £¥)) = Z / Zqu(x Il LY () by (1),

where the non-zero functions qu (A, r) are given in Table 1, and where @, (1) are five finite
measures on [0, 00) with

21({0}) = ®2({0}) = 224({0}), Ps5({0}) = 0.

Assume that all measures @, are absolutely continuous and their densities are either the
Matérn or the dual Matérn densities. The two-point correlation tensors of the corresponding
random fields can be calculated in exactly the same way as in Example 7.
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Table 1 The functions

Nug (A, 1)

Introduce the following notation:

nlny,na]
where ENIN, Ny

n q Nug(\, 1)
: ! — 1 jor) = F jo () — 55 ja(ar)
! 2 %]0()»7) + 1412(Ar) 35]‘4(”)
! 3 — S0 + S jaar)
! 4 Lia0ry + s
! 5 —jaGr)
2 ! — 500 + 22 () + iy aGur)
2 2 T joGr) = 3 () + g aGr)
2 3 %jz()»r) - %M(kr}
2 4 ~2 () = S jahr)
2 5 LisGr)
3 ! LioG)
! ! — 35 J0Gr) = 31 2Or) + 7 ja ()
4 2 a5 JoGr) + () + 5 ja(hr)
4 3 — 5 20r) = £ jaGr)
! 4 2j26r) = £5iaGer))
4 5 3JaGr)
> ! Ljoar) = 3 jp(r) + 5.jaGur)
i 2 30J0r) + 3 2 0r) + 7 ja(hr)
> 3 L Gr) = {7 jaGir)
5 4 S () = 1 ja )
> 5 LisG)

Tlojlll ;5ij5kz,

LR Sp

P

Tzz;lilm = 7(5ijg;n[[1]fil]] + Sklggn[gl”{]]), 2<m<2,

T?J’%lm = Z g2[2 2] g2[1 1]8 —2<m<2,

n q_—2
T = Y e azm s

n,q=—4

are the so called Godunov-Gordienko coefficients described in [14]. Intro-
duce the following notation:

GoLmm = /U + D2 + g

Um'p

m[m’,m"”] 0[0,0]
[Z/ Z// g [Z/ e//]'
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Consider the five nonnegative-definite matrices A", 1 < n < 5, with the following matrix
entries:

O'm"kl1 T02 'm0 Z 22m [”mm Z 41m l”m”m
al’m’ij - [ ijkl @m’O 5«/7 ijkl 'm'2 ijkl K’m’4 ’

m—74
"'m"kl,2 0,2 Z” ”0 22m "'m"m 4lm "m"m
al, —TrrGhm Z rGhmm 4 —— Z LGl mm )
Um'ij (ﬁ 3 Sfm,_ ij m 9 /— ij

"m"kl,3 2"'m"”0
lekl G

Um'ij {m’0
¢kl 4 1 102 'm0 T2.2m G U'm"m ThLm (”m”m
gt (9\[ i1 Gemo — Z ik Gomn + Z ik Gu
m* -2 m* —4
2 2 &
'm"kl,5 __ 0,1 0,2 'm"0 2 1,m 22,m "'m"m
pij = Tz]kl+ ——=Tii ) Gemo +\ o Z [ Z i | Gomn
3[ 9m:72 -

Z 4 I m (/Im//m
f z]kl ’

and let L" be infinite lower triangular matrices from Cholesky factorisation of the matrices
A"

Theorem 4 The following conditions are equivalent.

L. The matrix T fijem (A, 0, 0) with A > 0 takes values in the simplex described above.
2. The field e(x) has the form

(00,00 = Coy 20T Y Y Y / jep) dZE IS O, ),

n=1£=0 m=—¢

where
(A = z8 (A
kaij( ) - Z Z’m’kl( )’
' \m" k,=<(lm,i,j)
and where Z, ., is the sequence of uncorrelated scattered random measures on [0, 00)
with control measures @,,.

‘The idea of proof is as follows. Write down the Rayleigh expansion for el®X) and for
e~ i(P-Y) separately,substitute both expansions into (10) and use the following result, known
as the Gaunt integral:

26 + 126 + 1)
47 (205 + 1)

m3[my,mz] _0[0,0]
X 8u3t1,65] 8e30ty,62]°

/2 S{ (0. 9)S[2 (0, 9)S[ (0, @) sin 6 dg d = \/
N

This theorem can be proved exactly in the same way, as its complex counterpart, see, for
example, [34]. Then apply Karhunen’s theorem, see [19].

In order to simulate such fields numerically, one can use simulation algorithms based on
spectral expansions. One of such algorithms is described in [21] and realised using MAT-
LAB®, see also references herein. Other software, like R, may be used as well. In comparison
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with [21], only one new problem appears, that is, calculation of the Godunov—Gordienko coef-
ficients g;’\,[["l\l,lnlz\}z] An algorithm for calculation of the above coefficients is given in [41]. It
was realised by the second named author using MATLAB and used for calculation of the
syzygies and spectral expansions.

The significance of the Matérn class of tensor-valued random fields follows from the fact
that scalar random fields with such a correlation structures are solutions of the fractional anal-
ogous of the stochastic Helmholtz equations and hence they are widely used in applications
of isotropic random fields on Euclidean space as well spherical random fields obtained as
the restriction of isotropic random fields onto the sphere, see [26, Example 2]. For an appli-
cation of spherical tensor random fields to estimation of parameters of Cosmic Microwave
Background one can also propose an analogous of the Matérn class tensor-valued correlation
structure, a paper by the authors is currently in preparation.
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Appendix A: Tensors

There are several equivalent definitions of tensors. Surprisingly, the most abstract of them is
useful in the theory of random fields.

Let r be a nonnegative integer, and let Vi, ..., V, be linear spaces over the same field
K. When r = 0, define the tensor product of the empty family of spaces as K!, the one-
dimensional linear space over K.

Theorem 5 (The universal mapping property) There exist a unique linear space Vi ®- - -Q V.
and a unique linear operatort: Vi x Vo x-- - x V. > V1 ®---®V, that satisfy the universal
mapping property: for any linear space W and for any multilinear map B: Vi x Vo x -+ x
V. — W, there exists a unique linear operator B: Vi ®---® V, — X suchthat p = Bot:

VixVax XV, V@@V,

\l“

w

In other words: the construction of the tensor product of linear spaces reduces the study
of multilinear mappings to the study of linear ones.

Remark 1 In mathematical jargon, the above diagram is commutative: all directed paths with
the same start and endpoints lead to the same result by composition. Thatis: § = Bo t.

The tensor product v ® - - - ® v, of the vectors v; € V;, 1 <i < r, is defined by

V1®"‘®Vr=‘[(vl7""vr)'

@ Springer


http://creativecommons.org/licenses/by/4.0/

1294 N. Leonenko, A. Malyarenko

Let Vi,..., V., Wi, ..., W, be finite-dimensional linear spaces, and let A; € L(V;, W;) for
1 <i < r. The tensor product of linear operators, A| ® - - - ® A, is a unique element of the
space L(VI® ---Q V., W1 ® - - - ® W,) such that

AR - ®A)IVI® - ®V,) =A1(V) ® - QA (V,), Vi EV,.

If all the spaces V;, 1 < i < r, are copies of the same space V, then we write V& for the
r-fold tensor product of V with itself, and v®" for the tensor product of » copies of a vector
v € V. Similarly, for A € L(V, V) we write A®" for the r-fold tensor product of A with
itself. Note that A®? is the identity operator in the space K!.

Appendix B: Group Representations

Let G be a topological group. A finite-dimensional representation of G is a pair (p, V),
where V is a finite-dimensional linear space, and p: G — GL(V) is a continuous group
homomorphism. Here GL(V) is the general linear group of order n, or the group of all
invertible n x n matrices. In what follows, we omit the word “finite-dimensional” unless
infinite-dimensional representations are under consideration.

In a coordinate form, a representation of G is a continuous group homomorphism p: G —
GL(n, K) and the space K".

Let W C V be a linear subspace of the space V. W is called an invariant subspace of the
representation (p, V) if p(g)w € W for all g € G and w € W. The restriction of p to W is
then a representation (o, W) of G. Formula

QW+ W) :=p(@v+W

defines a representation (t, V /W) of G in the quotient space V/W.
In a coordinate form, take a basis for W and complete it to a basis for V . The matrix of
p(g) relative to the above basis is

o(g) *
= . 13
p(s) ( 0 t(g)> (13)

Let (p, V) and (zr, W) be representations of G. An operator A € L(V, W) is called an
intertwining operator if

T(g)A=Ap(g), g€0C. (14)

The intertwining operators form a linear space Lg (V, W) over K.

The representations (p, V) and (t, W) are called equivalent if the space Lg(V, W) con-
tains an invertible operator. Let A be such an operator. Multiply (14) by A~! from the right.
We obtain

1(g) = Ap(9)A™!, geG.

In a coordinate form, 7(g) and p(g) are matrices of the same presentation, written in two
different bases, and A is the transition matrix between the bases.

A representation (p, V) with V. # {0} is called reducible if there exists an invariant
subspace W ¢ {{0}, V}. In a coordinate form, all blocks of the matrix (13) are nonempty.
Otherwise, the representation is called irreducible.

Example 9 Let G = O(3). The mapping g — g®’ is a representation of the group G in
the space (R3)®". When r = 0, this representation is called frivial, when r = 1, it is called
defining. When r > 2, this representation is reducible.
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From now on we suppose that the topological group G is compact. There exists an inner
product (-, +) on V such that

(p(@)V, p(Iw) = (v,wW), v,weV.

In a coordinate form, we can choose an orthonormal basis in V. If V is a complex linear
space, then the representation (p, V') takes values in U(n), the group of n X n unitary matrices,
and we speak of a unitary representation. If V is a real linear space, then the representation
(p, V) takes values in O(n), and we speak of an orthogonal representation.

Let (7, V) and (p, W) be representations of G. The direct sum of representations is the
representation (7 @ p, V @ W) acting by

Tdp)g)vew) =rn(g)vdp(gw, geG, veV, weW.

In a coordinate form, we have

0 p(g) (15)

Consider the action 7 ® p of the group G on the set of tensor products v ® w defined by

T®pg= (n(g) 0 )

TRP)DVOW) =r1(@v®p(@Ww, ge€G, veV, weW.

This action may be extended by linearity to the tensor product of representations (t @ p, V&
W). In a coordinate form, (7 ® p)(g) is a rank 4 tensor with components

Tiju(g) = mij(@pu(g), ge€G.

A representation (o, V) of a group G is called completely reducible if for every invariant sub-
space W C V there exists an invariant subspace U C V suchthat V. = W@U.Inacoordinate
form, any basis {wy, ..., w,} for W can be completed to a basis {wy, ..., Wy, uj, ..., uy}
for V such that the span of the vectors uy, ..., u, is invariant. The matrix o (g) in the above
basis has the form (15). Any representation of a compact group is completely reducible.

Let (p, V) be an irreducible representation of a group G. Denote by [p] the equivalence
class of all representations of G equivalentto (p, V') and by G the setof all equivalence classes
of irreducible representations of G. For any finite-dimensional representation (o, V) of G,
there exists finitely many equivalence classes [p1], ..., [pk] € G and uniquely determined
positive integers my, ..., my such that (o, V) is equivalent to the direct sum of m copies
of the representation (p1, V1), ..., my copies of the representation (pg, Vi). The direct sum
m;V; of m; copies of the linear space V; is called the isotypic subspace of the space V
that corresponds to the representation (p;, V;). The numbers m; are called the multiplicities
of the irreducible representation (p;, V;) in (o, V). The decompositions V = Y m; V; and
o = > m,p; are called the isotypic decompositions.

Assume that a compact group G is easy reducible. This means that for any three irreducible
representation (p, V), (o, W), and (7, U) of G the multiplicity m, of T in p ® o is equal
to either 0 or 1. For example, the group O(3) is easy reducible. Assume m, = 1. Let
{ ef : 1 <i < dim p } be an orthonormal basis in V, and similarly for o and t. There are two
natural bases in the space V ® W. The coupled basis is

{ef@e(}: 1<i<dimp,1<j<dimo}.
The uncoupled basis is

{ef:my=1,1<k<dimt}.
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In a coordinate form, the elements of the space V ® W are matrices with dim p rows and dim o
columns. The coupled basis consists of matrices having 1 in the ith row and jth column, and
all other entries equal to 0. Denote by cf%’pj []r] the coefficients of expansion of the vectors of
uncoupled basis in the coupled basis:

dim p dim o

_ kli, J]
- Z Z Ct[p 1€ t (16)
i=1 j=1
kli, j]

The numbers Crlpol

are called the Clebsch—Gordan coefficients of the group G. In the

coupled basis, the vectors of the uncoupled basis are matrices c’;[p.a] with matrix entries
Cﬁ 0.0] , the Clebsch—Gordan matrices.

Example 10 (Irreducible unitary representations of SU(2)) Let £ be a non-negative integer
or half-integer (the half of an odd integer) number. Let (o, C) be the trivial representation,
and let (p1,2, C?) be the defining representation of SU(2). The representation (py, C2+L
with€ = 1,3/2,2, ..., is the symmetric tensor power p; = s2t (p1/2). No other irreducible
unitary representations exist.

We may realise the representations py in the space P2¢(C?) of homogeneous polynomials
of degree 2¢ in two formal complex variables & and 5 over the two-dimensional complex
linear space C2. The group SU(2) consists of the matrices

—-Ba
The representation p, acts as follows:
(Pe(®M)(E. 1) = h(@E — fn. B§ +am). h e P*(V).

Note that pg(—E) = E if and only if £ is integer.
The Wigner orthonormal basis in the space P> (V) is as follows:

e (_1\{tm 2+ 1)! L+m  L—m _ .y
en(§,m) = (—1) —(f—i-m)!(ﬂ—m)!g "M om=—4,—L+1,.... 0 (18)

The matrix entries of the operators p¢(g) in the above basis are called Wigner D functions
and are denoted by DY, (g). The tensor product py, ® pg, is expanding as follows

g=<"‘—’3>, a,peC, Jaf+IB*=1. (17)

L1+

P ®pu (@)=Y Spe(g)
=t —L2]

Example 11 (Irreducible unitary representations of SO(3) and O(3)) Realise the linear space
R3 with coordinates x_1, xo, and x; as the set of traceless Hermitian matrices over C2 with

entries
X0 X1 +ix_q
X]—ix_1 —xo ’

The matrix (17) acts on the so realised R as follows:

7(2) X0 ST b A X0 X1 +ix_
g x]—ix_; —xp =8 x] —ix_;  —xp g

The mapping 7 is a homomorphism of SU(2) onto SO(3) . The kernel of 7 is =E. Assume
that (p, V) is an irreducible unitary representation of SO(3). Then (p o, V) is an irreducible
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unitary representation of SU(2) with kernel £E. Then we have p o w = p, for some integer
£. In other words, every irreducible unitary representation (p¢, V) of SU(2) with integer ¢
gives rise to an irreducible unitary representation of SO(3), and no other irreducible unitary
representations exist. We denote the above representation of SO(3) again by (p¢, V).

Let SO(2) be the subgroup of SO(3) that leaves the vector (0, O, DT fixed. The restriction
of pg to SO(2) is equivalent to the direct sum of irreducible unitary representations (e, Ch,
—¢ < m < £ of SO(2). Moreover, the space of the representation (ei’"*", (C]) is spanned by
the vector e, (¢, n) of the Wigner basis (18).This is where their enumeration comes from.

The group O(3) is the Cartesian product of its normal subgroups SO(3) and {/, —7}. The
elements of SO(3) are rotations, while the elements of the second component are reflections.
Therefore, any irreducible unitary representation of O(3) is the outer tensor product of
some (pg, V) by an irreducible unitary representation of {E, —FE}. The latter group has
two irreducible unitary representation: trivial (o, C!y and determinant (p_, C'). Denote
Pe.+ = pe®p4 and Op.— = pe®p_. These are all irreducible unitary representations of
0(3).

Introduce the coordinates on SO(3), the Euler angles. Any rotation g may be performed
by three successive rotations:

— rotation go(y) about the xp-axis through an angle ¥, 0 < ¥ < 2m;
— rotation g_1(0) about the x_1-axis through an angle 0,0 <6 < m,
— rotation go(¢) about the xg-axis through an angle ¢ , 0 < ¢ < 27.

The angles ¥/, 6, and ¢ are the Euler angles. The Wigner D functions are Df,m (¢, 0, ).

The Wigner D functions Df;lo do not depend on i and may be written as Dio(go, 0). The
spherical harmonics Y| are defined by

20+ 1

YO, 9) = D! (¢, 0). (19)

Let (r, 0, ¢) be the spherical coordinates in R:

X_1 =rsinfsing,
Xg = rcoso,

X1 = rsinf cos g. (20)

The measure d2 := sin@ d dé is the Lebesgue measure on the unit sphere §* := {x €
R3: |x|| = 1}. The spherical harmonics are orthonormal:

fsz Y0, 9V 0, 9) AR = 81y 638mums-

Example 12 (Expansions of tensor representations of the group O(3)) Let r > 2 be a non-
negative integer, and let X, be the permutation group of the numbers 1, 2, ..., r. The action

o-(Vi® - QV,) = Vo-1(1) ®--- ®Va*1(r)’ o€ X,

may be extended by linearity to an orthogonal representation of the group X, in the space
(R3)®", call it (p,, (R*)®"). Consider the orthogonal representation (t, (R3)®") of the group
0(3) x %, acting by

(g, 0)(T) := p® ()pr (0)(T), T e (RH®,
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The representation (t, (R>)®?) of the group O(3) x X is the direct sum of three irreducible
components
T = [p0,+(8)T+(0)] ® [p1,+(8)e(0)] & [ 2.+ (&) T+ (0)],

where 7 is the trivial representation of the group X, while ¢ is its non-trivial representation.
The one-dimensional space of the first component is the span of the identity matrix and
consists of scalars. The three-dimensional space of the second component is the space A2 (R?)
of 3 x 3 skew-symmetric matrices. Its elements are three-dimensional pseudo-vectors. Finally,
the five-dimensional space of the third component consists of 3 x 3 traceless symmetric
matrices (deviators). The second component is (Az(g), A2(R?)), and the direct sum of the
first and third components is (S%(g), S?(R?)).

In general, the representation (7, (R3)®") is reducible and may be represented as the direct
sum of irreducible representations as follows:

4
r N

(g, 0) =) Y @U(2)py(0),

=0 g=1

where ¢ is called the seniority index of the component U tx (g)pq(0), see [1], and where
x = g for even r and x = u for odd r. The number N/ of copies of the representation U
is given by

L(r—€)/32

E )

k=0

Appendix C: Classical Invariant Theory

Let V and W be two finite-dimensional linear spaces over the same field K. Let (p, V) and
(o, W) be two representations of a group G. A mapping h: W — V is called a covariant or
form-invariant or a covariant tensor of the pair of representations (p, V) and (o, W), if

h(o(g)w) = p(g)h(w), ge€G.

In other words, the diagram

W*h>

v
o lp
h
W—V

is commutative, as explained in Remark 1.

If V. = K' and p is the trivial representation of G, then the corresponding covariant
scalars are called absolute invariants (or just invariants) of the representation (o, W), hence
the name Invariant Theory. Note that the set K[W]C of invariants is an algebra over the field
K, that is, a linear space over K with bilinear multiplication operation and a multiplication
identity 1. The product of a covariant #: W — V and an invariant f € K[W]© is again
a covariant. In other words, the covariant tensors of the pair of representations (p, V) and
(o, W) form a module over the algebra of invariants of the representation (o, W).

A mapping h: W — V is called homogeneous polynomial mapping of degree d if for
any v € V the mapping w — (h(Ww), v) is a homogeneous polynomial of degree d in dim W
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variables. The mapping 4 is called a polynomial covariant of degree d if it is homogeneous
polynomial mapping of degree d and a covariant.

Let (o, W) be the defining representation of G, and (p, V) be the rth tensor power of
the defining representation. The corresponding covariant tensors are said to have an order r.
The covariant tensors of degree 0 and of order r of the group O(n) are known as isotropic
tensors.

The algebra of invariants and the module of covariant tensors were an object of intensive
research. The first general result was obtained by [15]. The author proved that for any finite-
dimensional complex representation of the group G = SL(2, C) the algebra of invariants
and the module of covariant tensors are finitely generated. In other words, there exists an
integrity basis: a finite set of invariant homogeneous polynomials /1, ..., Iy such that every
polynomial invariant can be written as a polynomial in /1, . . ., Iy. An integrity basis is called
minimal if none of its elements can be expressed as a polynomial in the others. A minimal
integrity basis is not necessarily unique, but all minimal integrity bases have the same amount
of elements of each degree.

The algebra of invariants is not necessarily free. Some polynomial relations between
generators, called syzygies may exist.

The importance of polynomial invariants can be explained by the following result. Let
G be a closed subgroup of the group O(3), the group of symmetries of a material. Let
(o, V), (p1,V1), ..., (pn,Vy) be finitely many orthogonal representations of G in real
finite-dimensional spaces. Let T: V; @ --- @ Viy — V be an arbitrary (say, measurable)
covariant of the pair p and p; & --- @ pn . Let { Ix: 1 < k < K } be an integrity basis for
polynomial invariants of the representation p, and let { T;: 1 </ < L} be an integrity basis
for polynomial covariant tensors of the pair p and p; @ - - - ® pn. Following [45], we call T,
basic covariant tensors.

Theorem 6 [45] A function T: V| @ --- @ Vy — V is a measurable covariant of the pair
pand p1 ® --- @ py if and only if it has the form

L
T(Tl,...,TN) = Z(pl(ll, ...,IK)T[(Tl,...,TN),
=1

where @y are real-valued measurable functions of the elements of an integrity basis.

In 1939 in the first edition of [44] Weyl proved that any polynomial covariant of degree d
and of order r of the group O(n) is a linear combination of products of Kronecker’s deltas
d;;j and second degree homogeneous polynomials x; x ;.
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