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1. Introduction

The theory of isotropic random vector fields was originated by H. P. Robertson [1]
in his theory on isotropic turbulence. He defined the covariance bilinear form of random
vector fields which corresponds to Khinchin’s covariance function in the theory of sta-
tionary stochastic processes. Although in the latter theory the essential point was made
clear in connection with the theory of Hilbert space and that of Fourier analysis, we have
no corresponding theory on isotropic random vector fields.

Robertson obtained a condition necessary for a bilinear form to be the covariance bi-
linear form of an isotropic random vector field. Unfortunately his condition is not suffi-
cient; in fact, he took into account only the invariant property of the covariance bilinear
form but not its positive definite property. A necessary and sufficient condition was ob-
tained by S. Itd [2]. Although his statement is complicated, he grasped the crucial point.
His result corresponds to Khinchin’s spectral representation of the covariance function
of stationary stochastic processes.

The purpose of this paper is to establish a general theory on homogeneous or isotropic
random vector fields, or more generally the homogeneous or isotropic random currents
of de Rham [3]. In section 2 we shall give a summary of some known facts on vector
analysis for later use. In section 3 we shall define random currents and random meas-
ures. The reason we treat random currents rather than random p-vector fields or p-form
fields is that we have no restrictions in applying differential operators d and é to random
currents. These operators will elucidate the essential point. In section 4 we define homo-
geneous random currents and give spectral representations. Here we shall explain the
relation between homogeneous random currents and random measures. In section 5 we
shall show a decomposition of a homogeneous random current into its irrotational part,
its solenoidal part and its invariant part. In the next section we shall give a spectral repre-
sentation of the covariance functional of an isotropic random current. The result here
contains S. Itd’s formula as a special case. The spectral measure in this representation is
decomposed into three parts which correspond to the above three parts in the decomposi-
tion of a homogeneous random current. This relation was not known to S. Ité. In [4] we
have shown that the Schwartz derivative of the Wiener process is a stationary random
distribution which is not itself a process. A similar fact will be seen in section 7 with re-
spect to the gradient of P. Lévy’s Brownian motion [5] with a multidimensional param-
eter,
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2. p-vector

We shall here summarize some known facts on vector analysis which will be used in
this paper. Let X = R" be the Euclidean n-space and {e;} be an orthonormal regular
basis, that is,

(2.1 (i €5) = b45; 5, j=1,2,-,m,
and the vectorse;," * -, e, in this order, give a positive orientation. Then any point x of X
is expressed uniquely as

(2.2) x=2x.-e,-.

The tangent space T, and its dual space T3, that is, the space of differentials at any
point x of X, are both isomorphic to the space X itself by the following correspondence,

(2-3) de,'(—)e‘-, i=1,2,...,”.

ax,-

Therefore, we may identify both the space of p-vectors at x and that of p-forms with the
space X! of p-vectors with complex coefficients in X. X may be considered as a real

part of X1,
Any p-vector a, € X!?] is expressed uniquely as
(2.4) ap=zae,---¢,e¢/\-~-/\c.-p,

where the coefficients a;, - .., are complex numbers and {7} means that the summa-

tion sign refers not to all systems of suffixes, but to those which satisfy 4; < 4s <+ - -
g Y

< ip.
The following notation will often be used in this paper:
2 (0%
(2.5) B

is equal to 1 or —1 according to whether {,} is an even or odd permutation of {4,}, and
is equal to 0 in all other cases. We shall state the definitions of exterior product a, ~ 8,
adjoint multivector o}, inner product (a,, 8,) and generalized inner product a,\/ 8,
which are independent of the choice of the orthonormal regular basis,

i} W g Y
(2.6) ap N\ ﬁq = “”Z][k‘a‘-l e "PBil e iq6 (kl . ’: . k?-*-:) ekl/\ N ka_'_!’
. } 12 - - + n
2.7 a’=2 a"l""'pc"l/\.“/\e-’.n—pa RERE A PRER in—?)’

{s] (4]
(2.8) (ap B) =D i i fiy e iy = (@ ~PH *,

[O)]
(2.9)  apvB= (—1) @ =9 (a,~ B *, qzp.
The product \~ is dual to A in the following sense
(2-10) (apv ﬂq, 'Yq—p) = (ﬁq, %A‘Yq—p) .
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Now we shall consider a p-vector field or equivalently a p-form field a(x). Although
a(#), in its proper sense, maps each point x of X respectively to a p-vector or p-form
at #, it is also considered as a mapping from X to X! by the correspondence (2.3).
Therefore, a(x) will be expressible as

(2.11) 0 (x) =D i (®) €, A A,

[4]
where the coefficients a;, - - - ;,(*) are complex-valued functions of x. The following oper-
ations are common in the theory of p-forms.

Differential operators d and 5,
(2.12) dﬂ.p(x) =E% gk/\e..l/\.../\e'_’
K, [‘.]axk D
(2.13) da, (x) = (—1)nptnt1 (da.;) *
Inner product,
(2.149) {ap, By =fn(“m By) A%y -+ d%.
R

3. Random current and random measure

In this paper we shall treat only complex-valued random variables with mean 0 and
finite variance. The totality of such random variables constitutes a Hilbert space which
we shall denote by H. The inner product of two elements in H is the covariance between
them. We shall always refer to the strong topology in H.

A random current is an H-valued current of de Rham. Let S, be the set of all
C,, p-vector fields with a compact carrier. S is nothing but the Schwartz 9 space.
D is isomorphic to the ,Cpth power of o, so that it is a linear topological space. A
random current of the pth degree is a continuous linear mapping from ., into H. A
continuous random p-vector field U,(x) induces a random current of the pth degree as
follows,

(3.1) Up (fnsp) =fR,,(U,,A¢n_,,) *duy - doty.

A sequence of random currents {U{™} is said to converge to U, if
(3.2) Uz(am) (Pr—p) = Up (¢n—0) » bn—p € Dn—p .

The operations on random currents are defined in the same way as in the case of the cur-
rents of de Rham,

(3.3) Ui () = (=122 T (),

3.4) AUp(n—p-1) = (= 1)?*1 Uy (ddp—p-1)
(3.5 U= (—1)meint1 (GUY) *,

(3.6) ag () AUy (Pn—p—g) = (—1) 72 Uy (ag A\ dn—p—y) »
3.7 g (%)  Up ($n—pte) = (— 1) 900 Uy (0, dn—pty) .

For a random current U, we shall define (U, a,) as a random Schwartz distribution,
(3.8) (Up, 0)(9) = Up($-ay) .



128 THIRD BERKELEY SYMPOSIUM: ITO

A random Schwartz distribution M(¢) is called a random measure with respect to a
measure m if we have, for any pair ¢, ¢ € ,

3.9) (M (¢) ,M(¢)]H=j;,,¢ (%) x (%) m(d=),

where [M(¢), M(¥)]z denotes the inner product in H. Putting M(E) = M(xz), where
xz is the characteristic function of the set E, we get a random set function which is
additive in E. Further, we have

(3.10) [MEBE),ME)Ig=m(EE), M) =fR,,¢ (2) M (dx) .

Particularly, if m satisfies

m (dx)

(.11 Je T e o
that is, m is slowly increasing, then M(¢) is also said to be slowly increasing. Under this
condition, any rapidly decreasing function ¢ in Schwartz sense [6] belongs to L*(R", m),
so that M(¢) can be defined.

A random current M,(¢n—p) is called a random measure (of the pth degree) if there
exists a complex-valued locally finite measure m(dx; a,, b,) for every pair (a,, b,) such
that we have

(3.12) [ (My, a)) (@), (M, bp) W) 1 g = [ (%) ¥ (2) m (x5 a5, by) .

If m(dx; aya,) is a slowly increasing measure for every a,, then M, is also said to be
slowly increasing.

4. Homogeneous random current: spectral representation

A translation 7,: # — x -+ % induces a translation o3 of p-vector fields in the follow-
ing usual way,

(4.1) (or+dp) (2) =dm [dp(x+h)].

By the identification (2.3), we can easily see that dr, is just the identity mapping. Thus
we have

(4.2) (on-¢p) (2) =¢p(x+h).
Let U, be a random current. Then we shall define ¢3U, by
(4-3) (on Up) (¢n—p) = Up (0';,_14),._;,) = Up (6—h¢u—p) .

The functional p(¢p, ¥o) = [Un(es), Up(¥5)]g is called the covariance functional of U,.
The function defined by

4.4) p (b, ¥; 85, bp) = [ (Up, 85) (), (Up, b)) (W) 1

is called the covariance bilinear form of U, and is a generalization of the form Robertson
used in his theory of turbulence. If the covariance functional of ¢,U, is independent of
k, then U, is said to be homogeneous. If this condition is satisfied, the covariance bilinear
form of ¢,U, is independent of &. The converse is also true.

As in the theory of stationary stochastic processes we have the following theorem
of spectral representation,
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TaEOREM 4.1. The covariance bilinear form of any homogeneous random current is
written as

(4.5) p (b, V5 Gy b)) = fR Q¢ () G (3) m (dy; ap, by

where m(A; ap, by) is a positive definite bilinear form in (by, a,) and m(A; ap, a,) is a slow-
by increasing nonnegative measure. Conversely the p defined by (4.5) is the covariance bilinear
form of a homogeneous current.

Remark. 4 ¢ is the Fourier transform of ¢, that is,

(4.6) @) ) = [ e 0g (3) dy.
R
For a p-vector field ¢,(y), we define
(4.7) (@60 (9) = D Db, -5, () e, A" ~Nes.

4]
THEOREM 4.2. A homogeneous random current U, is the Fourier transform of a slowly
increasing random measure M ,, which is called the spectral measure of U,, that is,

(4.8) Up ($n—p) =Mp=M, (@0 .

We can prove this theorem easily by remarking that (U, ¢,)(¢) is a stationary ran-
dom distribution [4] with a multidimensional parameter.

5. Homogeneous random current: canonical decomposition

In this section we shall discuss a decomposi%ion of a homogeneous random current U,
into an irrotational current, a solenoidal current and an invariant current. This de-
composition will be called the canonical decomposition of U,. We shall start from the
spectral representation. By using this, we can show the existence of the limit

.1 4 4
5. MUy =Jim [ [ aUp by dby - dh

We say that U, is invariant or unbiased according to whether J#U, = U, or 0. An
unbiased homogeneous random current is called irrotational or solenoidal according to
whether dU, = 0 or §U, = 0. We set

(5.2) M) =M,(An {0}), M;Q) =M, (A—{0}).
Then we have MU, = @M},
THEOREM 5.1.

(a) A homogeneous random current U is irrolational if and only if M) =0 and
y N M3(dy) = 0.
(b) U is solenoidal if and only if M3 = 0 and y ~ My(dy) = 0.
The essential point of the proof is as follows.
(5.3) AUy ($a—p-1) = (— 1) PH1U, (ddnp1) = (— 1) PY1M, (P dGn—p—1)
= (—1)#+ M, (i21ry/\ 4¢n——p—1) .
Now we shall introduce two random measures M} and M}, by

(5.4) Mi@dy) =22 [y\l’ylll’:(dy)l L ML(dy) =2 [y/l;Lllf(dy)]
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THEOREM 5.2. Ui = @M}, U, = @M, and US = @M = MU, are respectively
irrolational, solenoidal and invan'ant and we have
(5.5) Up= U+ Up+ Uy

By using the following identity

we can prove the theorem.
Now we shall define W,(¢,—,) by the following procedure,

e~ 2@ V) — 1 4 2iw (x, ¥)

(5.7 G(x,9) = )
e"'2ﬂ'(2, v) .
(5.8) G (62 ) =‘[Vi_], UG (x,9) ¢s,-- 4, (%) dx] e~ -~ ey
1
(5.9) Wy (¢n—p) =In M3 (G (¢n—2, ) 1.
THEOREM 5.3.
(5.10) dosW,=U,, sdW,=U,.
Therefore the canonical decomposition is wrillen as
(5.11) Up=dsWp+ 3dW,+ Uy .

6. Isotropic random current

To begin with, we shall introduce some preliminary notation. Let G be the whole
group of orthogonal transformations (with determinant +1) in X = R». We can carry
out the same procedure for g € G as we did for the translation 7, in section 4. Corre-
sponding to (4.1) we have

(6.1) (oy0p) (%) =d 7o [$p(g-2)].

Although dr, here is not the identity mapping, we can easily see that dr, = g, There-
fore, we have

(6.2) (go-¢p) (2) = g1+ p (g %),
where g1¢, is defined by
(6.3) g = D b1, 8 e A A g e

[4]
Generalizing this transformation ¢,, we define o, on a current u,,
(6.4) (aaup) (d’n—p) =Up (0'0—‘¢n—y) = Up [g¢n—p (g—lx) 1.

o, is clearly commutative with the differential operators d and 4.
Now we shall define an isotropic random current. A homogeneous random current is
said to be isotropic, if the covariance functional of ¢,U, is independent of g € G. Even
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if we replace the covariance functional by the covariance bilinear form in the above
statement, we shall obtain an equivalent definition. ’

Let U, be an isotropic random current. Since U, is homogeneous, the covariance bi-
linear form is written as

(6.5) e (9, ¥; ap, b)) =f4¢%m (d=; ap, by
by theorem 4.1. Since U, is isotropic, we obtain
(6.6) m(g-dx; g-ay g-by) = m(dx; ap by) .

By making use of this property we obtain the following theorem.
THEOREM 6.1. In an isotropic turbulence the m(dx; a,, by) in (6.6) is expressible as

6.7 m(dx; ap, by) = (6~ by, 0N a,) dOF;(dr)
+ (0 bp,0~a,) dOF,(dr) + (by, a,) Fy (dx) ,

where r = |x|,0 = x/r,x 5~ 0,d0 is the surface element of the unit sphere, Fy and F; are
both slowly increasing nonnegative measures on (0, ), and Fq is a nonnegative measure
such that Fo(A) = 0 for 0 € A.

Conversely, p(¢, ¥; ay, by), if determined by m(dx; a,, by) of the form (6.6), is the co-
variance bilinear form of a certain isotropic random current.

Remark. According to whether p = 0 or p = m, the first or the second term in (6.7)
will disappear.

We shall sketch the proof. First we consider the case in which m(dx; a,, b,) has a
continuous density f(x; ¢p, by). Here f(x; a5, by) is a positive definite bilinear form in
(bp, a,) and is invariant in the sense f(gx; ga,, gby) = f(x; @y, b,). If we introduce
F(x; &, 5 £y my 05 10) = S5 0~ A £y m N\ mp), for real 1-vectors £;, 1,
we obtain a function which is linear in £; and in 5; and skew symmetric in each of {£;}
and {5;}. Since F is invariant under orthogonal transformations, it is a function of
(zi’ Ei): (&, 17:')’ ("h’, "IJ')’ (x, &), (%, n;) and (%, x). USing these properties Wwe can prove
that f can be written in a form similar to (6.7).

We can discuss the case of general measure by approximating it by measures with
continuous density in Helly’s sense.

The following theorem shows that the decomposition in (6.6) corresponds to the
canonical decomposition (5.5).

THEOREM 6.2. In the case of an isotropic random current Uy, U, Us and U} are all iso-
tropic and orthogonal to each other in H. The m-measures corresponding lo these three
parts are respectively the three paris in the decomposition (6.7).

7. Thecaseof p =1
In the case of p = 1, the decomposition (6.7) becomes simpler,

(7.1) m(@dx; e, B) = 2 GuBr [0.0,d0 F;(dr) + (8w — 0,0,) F, (dr) +Fo (dx) ],

By v

where a = E aue, and B = E Buts.

In the case of isotropic 1-vector fields the measures F; and F, will be bounded.
(a) Robertson’s isotropic turbulence. This is an isotropic random 1-vector field in 3-
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space. Our decomposition (7.1) is essentially the same as S. It6’s formula (2) but is some-
what simpler.

(b) The gradient of P. Lévy’s Brownian motion with a mullidimensional parameter.
Let B(x) be Lévy’s Brownian motion with an n-dimensional parameter [5). Then we have

(7.2) B@®),BM]lg=tUxl+lyl=lz=y]).

Therefore, by simple computation we can obtain the following expression of the covari-
ance bilinear form of the gradient dB of B,

(7.3) p (%, ¥, 0, B) = fR B () GV (x) m (dz; o, B)
where
(7.4) m(dz; a, B) =Ca Y 0,8:0,0,d07r=C-Ddr,

where r = |x|, 8 = x/7, and C, is a positive constant. This is the special case of (7.1)
in which :

(7.5) F;(@dr) =Cp-r—»0dr, F,=Fy=0.

Since C,+r~(*1dr is an unbounded measure, dB is a random proper current, that is, a
random current that is not itself a random 1-vector field. Since F, = Fq = 0 we see that
dB is irrotational.
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