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Abstract. The applications of R L Stratonovich’s formula [1] for  probability density of the distribution W(4),
the exact transition from dynamic measurements to probabil-
istic or thermodynamic measurements are considered. The con- W(4) = Jé (A - B{Z}) p{Z}dZ, (1)

nection of this formula with known expressions for operations
on probability density functions of random variables is given.
The application of the formula to the problem of determining
the observed physical parameters —fields, potentials, mo-
ments — produced by (stochastically moving) charged parti-
cles of different multipolar types is demonstrated.

Keywords: delta-function, probability density, microfield distribu-
tion

1. Introduction

R L Stratonovich’s original formula describes the transition
from measurements of the stochastic dynamics of many
particles (with the total number N) in the phase space of
coordinates and momenta {Z} = (r,...,rN;p;,.-.,Py) tO
distributions of some thermodynamic (observable) variables
A [1]. Tt is written as a definition of the transformation from
the probability density of the distribution p{Z} to the
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where B{Z} is some function defining a physical variable.!
All B{Z} and p{Z} that we are interested in should be known
to make formula (1) useful. Formula (1) is the generalization
of the identity

WA(A):Jé(z—A)WA(z)dA (1a)

or, in the generally accepted formalism with angle brackets
used to denote the direct averaging for the random variable A4,
which depends on the coordinate x,

W) = (oA(x) - 4]) (1b)

4
Formula (1b) allows generalizations to K-point distribu-
tion functions

K
Wa(Ar, Az, ..oy Ag, X1, X2, XK) = <H5[AK(XK) _A]>
i=1 4

and, respectively, the distribution functions of different
random variables

K

Wi(A1,As, ... Ag) = <H5[AK - A]> .
i=1 A

This formalism extends that of R L Stratonovich’s and

has been used, e.g., in Ref. [2] to establish connections

! This variable can be, for example, the magnetic dipole moment My,
My = (1/2¢) 2N (ei/m;) [tip;] for a system of stochastically moving
charged particles with coordinates (ry,...,ry), momenta (pi,...,pn),
and charges (e, ..., ey).
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between the Lagrangian and Eulerian statistical descriptions
of hydrodynamic random fields, allowing one to find
analytical expressions for probability densities, velocity
spectra, etc. in the Eulerian representation.

It is obvious that (1) connects the probability densities of
random variables. To see this, it is sufficient to integrate (1)
over A4 in order to obtain the coinciding normalizations for
the probability densities p{Z} and W(A4). Furthermore,
formula (1) defines the transition from the instantaneous
probability density p{Z} in the phase space to the instanta-
neous probability density for (thermodynamic quantities)
W(A). The study of the dynamics of p{Z} and W(A) [1] is
beyond the scope of this methodological note.

The first part of this note (Sections 2 and 3) will
demonstrate how to work with (1) in practice. It will be
shown how the known formulas for the probability density of
the distributions of sum, difference, product, and quotient of
independent random variables can be reduced to R L Strato-
novich’s formula. For a practically important case of sums
and products of functions of an arbitrary number of random
variables, the performance of formula (1) will be illustrated as
applied to finding probability densities of random variables
that are the above-mentioned sums and products of these
functions. The results obtained in this way will be exact, in
contrast to the asymptotic approximation of the A A Markov
method [3, 4].

In the second part (Sections 4 and 5), devoted to
applications of (1) for finding observable physical quanti-
ties— fields, potentials, moments created by stochastically
moving charged particles— we will deal with instantaneous
probability density functions and moments of distributions,
i.e., instantaneous observations will be described.

We also note that (1) can be considered a theorem — one
must prove that W(A4) is a sought-after probability density
function for the random variable B{Z}. The proof is
elementary — we multiply both sides of (1) by 4%, where k is
an arbitrary natural number, and integrate both sides over
dA. By definition, the left side contains the kth moment of 4.
On the right side, by virtue of Dirac’s d-function, we obtain
the kth moment of B{Z}. Since k is arbitrary, it follows that
all moments of the probability density of the distribution of
B{Z} coincide with the corresponding moments of W(A4),
which is one of the definitions of the equivalence of
probability densities [5], i.e., it is proved that (1) defines the
probability density of the distribution B{Z}.

2. Description of arithmetic operations
on random variables which are reducible
to R L Stratonovich’s formula

In addition to the change from phase variables to thermo-
dynamic variables, it turns out that formula (1) allows
convenient calculation of probability densities for random
variables (there is a strong motivation to consider them to be
thermodynamic) which are the sum, difference, product, and
quotient of an (arbitrary) number of independent random
variables. This need not be restricted to the random variables
in the phase space (i.e., random coordinates and momenta of
some particles) and can be of an arbitrary nature. It is
sufficient that they be independent.

Furthermore, one can conveniently, in many cases
analytically, calculate the probability density of random
quantities that are functions of other random variables. This
is especially productive in physically important situations

where the observable is a sum of similar functions of other
random variables (see the example in the footnote in the
Introduction).

Let us consider the well-known formula describing the
probability density F(x) of a random variable {, which is the
sum of two independent random variables [5, 6] £+ y with
probability density functions f(x) and g(x), respectively,

h(x) = [ﬂx—y)g(y) dy, 2)

with the integration over the entire definition domain of the
functions f(x) and g(x). In the following, we will assume for
simplicity that all our distribution functions are defined for
variables? varying from —oo to 400, leaving more compli-
cated cases to the reader. Furthermore, we will avoid
introducing new notations for values, variables, and func-
tions that differ from those already in use, assuming that for
each new mathematical operation these quantities can be
quite different and have different meanings.
The elementary transformation

fle=n) =] 8- (=) S dz.
where 0(x) is Dirac’s delta, converts (2) into the expression
(we rely on the delta function being an even function)

w) = [ otv—z =)@ et vz, (3)

—00

i.e., into form (1). Here, the role of the ‘thermodynamic’
variable is played by x, and y and z are phase variables,
although it is obvious that they can be arbitrary random
variables.

For the sum of three random variables { = & + y +  with
probability densities f(x), g(x), and /(x), respectively, the
probability density /(x) of the random variable { will be

h(z) = JOO F(z —1)l(r) dt

- jc I(1) dt f flz—1—y)g(y)dy

|| 06| o= 1-y =0 p ) dravar

—00 —00

]| reemmnoe—x—y—navavar. @)

Here, F(x) is the probability density of the distribution of the
sum of two random variables & + y. Thus, by induction, we
arrive at the expression for the probability density f(x) for
the random variable {, which is an arbitrary sum of
independent random variables &; + &, + ... + £y with prob-

ability densities fi(x1), f2(x2),. .., fa(xy):
00 00 N
f = . 5( X — j>
N
X { f,(vcl)} dx;dx,y...dxy. (5)
i1

2 For the phase space variables, this usually holds for momenta, while the
spatial coordinates are usually restricted to a finite volume. This does not
affect the derivations further.
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The probability density function /(x) for the distribution
of the difference of two random variables ¢ and y with
probability densities f(x) and g(x) is essentially the same,
the only difference being the sign,

h(x) = J £+ )20 dy.

Correspondingly, formula (1) for the difference in random
variables will be

ho) = || otz 40 St dyaz.
—00

The generalization of (5) to the case when some number of

random variables enter the random variable { with a plus sign

while all others enter with a minus sign is clear: they will

appear in the argument of the delta function with opposite

signs.

The result given by (5) is quite obvious so far. If we take
the Fourier transform of both sides of (5), the characteristic
function of the random variable, which is the sum of
independent random variables, appears on the left. On the
right, taking into account

o(x—4)= —JOO exp (iK(x — 4)) dK

—00

and having computed ecach integral of the form
f_ x;) exp (—iKx;) dx;, which is the characteristic func-
tion of the random variable &;, we obtain that the character-
istic function of the sum is simply the product of the
characteristic functions of these random variables —a classi-
cal result [5-8]. R L Stratonovich’s formula enables opera-
tions not only with the sums of independent random variables
but also with functions of them, as well as with quantities
which are the result of other mathematical operations.

For the product { of independent random variables & and
1> the probability density 4(x) of the former is expressed via
the probability densities f(x) and g(x) of the latter as [3]

o = [ i 7(3)stmar. )

The form of (6) causes great inconvenience in calculating the
probability density for a random variable that is a product of
a large number of random variables. The same formula (1)
makes this task an easy one. With a methodological aim, we
will carry out the proof in a ‘reciprocal way,” i.e., by
transforming an expression like (1) into the form (6). Indeed,

0 = || otv =22 r2detr) dzan
[ erar | ate-ra () ana
= _iﬁ (g)g(y)dy- (7)

For the probability density /(x) of the random variable {,
which is the product of three random variables &y with
probability densities f(x), g(x), and I/(x), respectively, we
write

i = || ez ss@mn aazar. 9

—00

If we denote s = z#, then the probability density /;(x) of the
product of two independent random variables y and y is
expressed by the first line of expression (7),

hy(s) = JJOO o(s — zt)g(z)l(¢) dz dt,

—0Q

and the probability density of the independent random
variables & and i is

hx) = ”m 5(x — ys) £()as) dy ds.

J —00
Inserting /i, (s) from the previous expression, we find

JJ o(x —ys) f(»)ha(s)dyds
o0

o0

|l

Exchanging the order of integration and performing one
integration over ds, by the relation

S—Zt

(2)i(t) dzdr.

5(x — yet) = J 5(x — ys) 3(s — =) ds

we obtain formula (8). Using induction, we write the general
form (similar to the form of (5)) for the probability density
f(x) for the random variable {, which is now the product of

any number of independent random variables &, &, . . . &y with
the probability densities fi(x1), f2(x2),..., fa(xy):
00 00 N
fx) = J J (3(x - Hx,)
-0 -0 i-1
N
X {H ﬁ(xi)} dx;dx;y. .. dxy. 9)
i1

For the quotient { of independent random variables & and
1> the probability density A(x) of the former is expressed in
terms of the respective probability densities f(x) and g(x) as
[5, 6]

h(x) = Joo

—00

vl f(xy)g(y)dy. (10)

On the other hand,
= [ o(x-2) roerare:

—00

Jros ()

S NCICETCLE

which coincides with (10). The form of the general expression
for the probability density of a random variable that is a
combination of products and quotients of a set of independ-
ent random variables is obvious.

Thus, the calculation of probability densities for random
variables that arise as a result of arithmetic operations on a set
of other independent random variables is much more
convenient using R L Stratonovich’s formula than using the
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expressions in classical textbooks [5-8]. We will see further
that the utility of this formula is not limited to the calculation
of distributions of random variables obtained as a result of
arithmetic operations on independent random variables.

3. Operations on functions of random variables
using R L Stratonovich’s formula

The transition from calculations of probability densities of
random variables that are the result of arithmetic operations
on independent random variables to those of functions of
random variables is based on the relation for the probability
density of a function of random variable [5]. Writing (1) in the
form

W(A4) = r@ 0(A4 - B(z)) f(z)dz,

—00

we derive it directly from the definition of the J-function. The
f(z) is now a ‘usual’ probability density function of the
distribution of the random variable &; B(z) is the ‘usual’
function of the argument z, whose values are those of the
random variable ¢, i.e., Bis also a random variable. Assuming
for simplicity that B is a strictly monotone function? of z, we
introduce the function »(B) = z, the inverse of B(z). Then,
dz = (dz/dB)dB = b'(B)dB [6]. The probability density
F(B) of the random variable B is connected to f(z) as
F(B) = f[z(B)]b'(B). Expressing f(z) and dz by F(B) and
dB, we get
Wi = |

o0 oo

0(A - B(2)) f(z)dz,

—00

5(A — B)F(B)dB = [

—00

which is the original R L Stratonovich’s formula with
p(z) =1 (2).

Itis obvious that (1) cannot be computed in a general case,
so we move on to practically important special cases. The use
of (1) becomes especially convenient when B{Z} is the sum of
functions Z, 1 &i(x;) = G(x) of independent random vari-
ables ¢; with probability densities fi(x). We start from
relationship (5) assuming that g; is a random variable with
the domain (to be denoted by Q), which need not to be from
—00 to 400,

v -, | (o~ 350)

X {H fi(gi):| dgidgs ... dgy

Jy (o o)

X {Hf (&i(x)

i=1

e ZM)
x{ﬂf,x,}dxldxz Cdxy

i=1

] dgidg, ... dgyl

(11)

3 Once again, we leave the case of simple, but tedious, manipulations for
nonmonotonic B(z) to the reader. In this case, one should use the ‘point’
properties of the J-function.

Here, it is convenient to turn to the Fourier transform of the
J-function. As a result, we get

W(G) = %r exp {iK{G _ Ii:g,-(x,-)”

—00

xro JOO H‘v[ j}(x,-)} dKdx, dxs ... dxy

—oo Li=1

1 (= .
:EJ exp (IKG)dK

—00

» ﬁ [ ewCikaesman]. 02

which is another proof of the theorem that the characteristic
function of the sum of independent random variables is equal
to the product of the characteristic functions of these random
variables. When all fi(x;) and g;(x;) are equal, only the
integral [ exp (—iKgi(x;)) fi(x;) dx; needs to be calculated.
Examples of the use of this formula are given below.

Among other arithmetic operations on functions of
random variables, one can choose only to calculate the
probability density of a function of random variables that is
a product of independent random variables &; with prob-
ability density functions f;(x). In this case,

W(G) = J% Ji 5(G - ﬁ&(n))

N
X {H f,-(x,-)} dx;dx, ... dxy
i=1

One cannot proceed further with the Fourier transform of the
J-function, since the integrand cannot be factorized as in
expression (12). However, another approach can be used.

If { is a product of independent random quantities

E1é ...y, wehaveIn{ =Iné; +1Iné&, + ...+ 1Inéy. Then,
00 00 N
W(lnG) = J J (5<1nG - Zlngi(xi)>
—o0 —00 i=1

N
X [H fi(xi)} dx;dx, ... dxy,
i=1

where the probability density functions f;(x;) are related to
the random variables &; (11). In this case, the probability
density W(G) is easily determined from [6],

wW(G) = W(lg %) = ﬁrc exp (iK1ln G) dK
x H UOO exp (—iK1Ingi(x;)) fi(x:) dx; | - (13)
i1 L) =00

For mixed operations with functions of probability
density of a random variable resulting from combinations
with arithmetic operations on independent random variables
(subtraction or division), such simple formulas cannot be
obtained, but in most cases they are not needed.

4. Application of R L Stratonovich’s formula
to calculations of random fields and potentials

Historically, the first work on calculations of (electric)
microfields of various multipole multiplicity was that by
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J Holtsmark [9]. At the time it was written, only A A Markov’s
method [3] for calculating random walks in the description of
Brownian motion (see also [4]) was known from the
apparatus of probability theory, and the characteristic
function had not yet been introduced by P Lévy. As a result,
calculations of the probability density for the electric field
distribution were accompanied by significant difficulties — it
was later found to hold for microfields of an ideal plasma [10].
Calculations of the probability density distribution for a
(gravitational) microfield [4] in practice already used an
analog of (1). The simplest method of applying (1) was done
in [11], and we describe it here. Briefly, the steps of computing
the final probability density of a concrete physical quantity
are as follows: the general form of R L Stratonovich’s formula
is written, then, in the integrand, one moves to the Fourier
representation of the d-function. The subsequent change in
the integration order leads to the resultant form of the
probability density as the Fourier transform of the character-
istic function, where, in an overwhelming number of cases,
one can exploit the equality of the characteristic function for
the sum of independent random variables and the product of
individual characteristic functions of random variables. We
first compute the electric microfield in an ideal plasma: in this
case, the kinetic energy of charged particle motion is much
larger than that of Coulomb interaction between the particles.

The charges in an ideal plasma are located independently
from each other, their total number being N. We will measure
the electric field at the coordinate center, E = YN eir;/r?. In
turn, the probability density of finding any of the charges e; is
simply 1/V, where Vis the volume of the (ideal) plasma. From
(11), the probability density of the distribution of a (random)
variable E is

W(E)—LJ J(s(E—zN:@)ﬁdr
VN V..A ; - }"1-3 1 i

1 o .

[ o )]

For example, we determine the electron microfield in an ideal
plasma where all the charges are the same and equal to e. To
compute the only integral

J exp (—iKr %) dr,
v r-

we use the following approach. Since [, dr = V, we add this
integral and subtract it in the integral in the product to obtain

W(E) = éjjjﬁ; dK exp (iKE)

fiob] o (o)

or, moving to the limit N — oo,

W(E) =~ 8—; J”_O;dK exp {iKE —n JV {1 —exp (—iKr r%)} dr}.

We assume here that both the volume 7 and the number of
particles N can go to infinity, but their ratio n, the density, is

(14)

finite. In the integral over volume, one changes to polar
coordinates with the axis directed along the vector K. After
the standard procedure of angular integration, the integration
over the radius from 0 to infinity is performed twice by parts
[4, 11], meaning the old condition V' — oco. As a result, we get

W(E) =

! ”J dKexp (iKE — K2E)?)
where Ey = 2rt(4/15)*3en?/. For the density of the distribu-
tion of the absolute value of the random field at zero, using
the obvious field isotropy and the relation W(E) =
4nE>W(E), and also assuming E/Ey = B, we get the Holts-
mark distribution

W(p) = —rc xsin (fx) exp (—x¥/?)dx. (15)

T Jo

This elementary derivation (15) can be compared to the
volumetric calculations in [9].#

A very similar result follows for the distribution of the
magnetic microfield in an ideal isotropic plasma, in this case
B = H/Hy, Hy =1 qum?3/2%3¢ [15, 16]. In addition to
the electric field, an obvious relativistic factor ~ vy/c appears
here (vr is the mean thermal velocity of charged particles and
¢ is the speed of light in a vacuum), because in probability
density calculations the phase coordinates are now not only
space coordinates but also momenta (velocities) of particles.

Formula (1) allows calculations not only for equilibrium
ideal plasma but also for nonequilibrium plasma [16]. Instead
of coordinates of particles in plasma, one can also deal with
elementary microcurrents in corresponding media (e.g., in
plasma screens or microchips) [17]. In many such media, the
microcurrents can be considered to be noninteracting. For the
probability densities, the result depends on the geometry of
the system generating the magnetic field—in three dimen-
sional geometry, one gets the distribution

(L R || e 1 e

N N
Btoeilviri]
X(S(B— él T) | |l dr; dv;

1 o .
= STV I J” dKexp (iKB)

—00

AL I o (o 2 v

where f = B/B,, the measured quantity is now the magnetic
field B, By = 2533 [ (7/4)*° o (13723 )15*3¢, T is the
Euler gamma function, u is the medium magnetic perme-
ability, y, is the vacuum magnetic permeability, and (/3/?) is
the mean of the half cube of the current element. In the two-
dimensional geometry of a microchip layer, the result is
different (see [17]).

R L Stratonovich’s method allows one to calculate the
microfields not only of charged particles and microcurrents
but also, for example, of two stochastically and independently

4Note that these calculations for the probability density of the electric field
are valid if there are no charges at the origin of the coordinates (see
discussions in Refs [12—14]). The same is also true for the calculations of
magnetic fields below and for potentials.
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located parallel point dipoles [18, 19].°> The component of the
field of random dipoles along one of the coordinate axes (e.g.,
z) ¢ has the probability distribution

16 =z | ex ko)

—00

(] oo )

Here, N is the total number of dipoles, 7 is the volume where
they are located, as before N — oo, V' — oo, but the density
n = N/Vis finite, e, is the unit vector along the z-axis, and dis
the magnitude of the dipole moment of one point particle.
The calculations follow the method that is analogous to the
calculations of the microfield (14), (15) and give

JL O P — (16)

T (c—G.)* +G?
where G = 4v/2mnd/9+/3,

Gc:4(3+ﬁ%>”d.

Inv3+1 27

Thus, using R L Stratonovich’s formula, we obtain the
Lorentz-shifted distribution (see also the result (17) for
D/a=1).

Another ‘application point’ of (1) in the form of (12) is the
computation of the fluctuations of the potential generated by
particles at a neutral point in space. Here, one can turn to the
idea of Holtsmark [9] to compute fluctuations of (a field) of
different multipolar types. Applied to the potential, the
problem is posed in the simplest case as follows [20]: suppose
there are N point particles which generate potentials of the
form ¢/r{, which are independently located in the domain
with volume V. We assume, as before, that N — oo, V' — oo,
but the density of the particles n = N/V remains finite.

The problem can be generalized to a space of arbitrary
dimension [20]. Particles (without loss of generality, they can
be taken to be the same) generate at the coordinate origin the
potential

@(0) = Z %—&- const .

i=1 1

~

Calculation of the potential distribution density by formula
(12) (we assume const = 0) gives

W(p) :%Jmcos (Bx) exp (—xP/) dx. (17)

Here, f = ¢/,

nd P
90 = 4<2D Sin <nD/2a>F(D/a>) ’

D is the dimension of the space, and dis the total solid angle in
the space of the respective dimension (d = 1, 2, 4n, 4n> for
one-, two-, three- or four-dimensional space and so on).
Distribution (17) is the standard Lévy function [21] and
exists only for 0 < D/a < 2. This means, for example, that in
three-dimensional space it is impossible to calculate the

3 Note that these papers use the formalism of averaging with the help of
angular brackets. This is followed by lengthy calculations of the arising
integrals.

probability density distribution of Coulomb (and gravita-
tional) potential of randomly placed noninteracting particles.
If interactions between particles are taken into account, this
turns out to be possible in a certain approximation of the
collective potential [22]. In this case, the Lévy distribution is
transformed into a truncated Lévy distribution (see, e.g., [23,
24)).

Thus, R L Stratonovich’s formula is a powerful tool in the
calculation of random microfields and micropotentials of
stochastically and independently located (and moving) parti-
cles of various multipole types. In a number of cases it is
possible to perform such calculations not only for independent
but also for interacting particles. The most interesting result
here is a principal difference in the derived probability density
distributions for microfields and micropotentials from the
Gaussian distribution, despite the fact that the number of
formally considered particles forming the random field
(potential) tends to infinity. All these distributions of micro-
fields and micropotentials are related to a wider class of
infinitely divisible distributions [5, 21].

5. Application of R L Stratonovich’s formula
to calculations of random moments
of bounded bodies

Consider a body filled with a moving substance — be it
continuous or discrete— held inside the body in one way or
another [25]. It is also assumed that the motion of this
substance is stochastic. We further assume that point charges
can be present inside this body. It is obvious that the
calculation of the mean value of any projection of the
angular momentum M in the absence of macroscopic motion
will yield exactly zero. According to the relationship for the
probability density function for the absolute value of the
random angular momentum W(M) = 4nM>W(M), the
expectation of this absolute value differs from zero. Simi-
larly, if there are point charges inside the body, they are
entrained by the substance inside it in a stochastic motion and
ensure the existence of a random magnetic moment.®
Formula (1) allows us to calculate these distributions and
their expectations.

We divide the volume of the body into physically small
parts (particles). In principle, it is not necessary that the parts
be identical, but we can further assume that their masses are
equal. Let there be N such parts with masses m;, with the total
mass of the body my, my = Zl}il m;. If we further find that
the model of a body composed of smaller parts is preferable to
the model of a continuous medium, N will have the sense of
the number of these smaller particles, but, in any case, the
number will be (physically) large. It can also be shown that a
small deviation of the body shape from the spherical one
(within 10-15% in radial size) [26]) does not change the results
qualitatively. The random angular momentum of such a body
is M= Zfil my[rv;]. It is distributed with the probability
density

T [y

N
><PN(rl,...,rN,vh...,vN)H dr; dv; . (18)
i=1

6 To simplify the calculations, we assume that the velocities of the masses
(but not of the point charges) inside the body are nonrelativistic.
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Here, Py(ry,...,ry,V1,...,Vy) is the probability density of
finding the first mass part (particle) at the point with radius
vector r; moving with velocity v, the second one at the point
r, with the velocity v,, and so on. It is obvious that the
distribution over velocities should be the equilibrium Max-
wellian one, which is further expressed through the total
energy U of (thermal) stochastic particle motion. To proceed
with the calculations of W(M), a Fourier transform is
performed on the J function in formula (18).

The integrals over the velocities are easy to calculate
[25]. We concretize the form of Py(ry,...,ry) by account-
ing for the incompressibility of the substance inside the
body. This does not impose any restrictions on the
substance to be considered later—be it continuous or
‘molecular,” similar to a fluid, i.e., consisting of the small
particles mentioned above (see above). In classical statis-
tical mechanics, the latter is associated with the model of
‘hard spheres’ in the simplest case. In the model considered
here, this means that positions occupied by some part of
body substance (or ‘hard sphere’) cannot be occupied by
other parts of the body (or remaining ‘hard spheres’).
Hence, Py(ri,...,ry) =[]~ d(r; —r/), where the prime
indicates the above condition that all the parts of the
substance (or small particles— ‘hard spheres’) occupy
different positions within the body. Integrating over the
Fourier vector components and taking into account the
expression for the moment of the inertia of (solid body) I,
we obtain the probability density of the distribution of the
absolute value of the random angular momentum of the
body containing stochastically moving parts (particles)
inside in the form [25]

442
W) =2 exp (-5,

(19)
i.e., the Maxwell distribution, f = M/M,, My = V2UI. The
first two moments of this distribution are

We will also need the expression for the mean velocity of
thermal motion of particles inside the body vy = (2U/my) 12,
We now turn to the magnetic moments.

In our model, the magnetic moment of the body is also a
random quantity. Physically, this moment is due to stochastic
displacements of charges. The charge carriers are considered
to be point ones. The relativistic motion of one or more such
particles is a physical interest.

The magnetic moment of a system of N point charges ¢;
moving with velocities v; in the relativistic case [27] is

1 N e;
My =— — [rip;] .
H zc;mi[rpl]

Here, r; is the radius vector of the point where the ith charge is
located, and m; are the masses of the particles carrying the
charges (they are assumed to be small compared to the body,
becoming point-like in the limit case). The probability density
function of the magnetic dipole moment generated by such a
system of moving point charges can be written in a form

analogous to (18),

o= -] [

N
><PN(r|7"'7rN7pl7"'7pN)H dridpi'
i=1

I (w503 em)

i=1

(1)

Here, the function Py has the same meaning as the function
encountered in angular momentum calculations: the quantity
Py(r1,...,tN, Py, -, Py) is the probability of finding the first
particle in the vicinity of point r; with momentum p,, the
second particle in the vicinity of r, and with momentum p,,
and so on. Note that this function Py for the magnetic
moment is different from the one introduced in (18) for
the angular momentum. Using the Fourier transform of
the o-function, the distribution function can be written as

(ZIT)gJ“_o; dK exp (iKMpy)

Syl I T (55 )

N
X Py(rr, o tn, Py py) [ ] dridpy. (22)

i=1

WMy) =

We calculate this function assuming that the body contains
only one charged particle with the rest mass m; and the charge
ey.

Assume that the probability density of the distribution of
this particle is uniform over the volume. The distribution over
velocities of this charge should be Gaussian for an equili-
brium system. A good approximation for the function Py in
this case is therefore the function P; which, as mentioned
above, is written from the very beginning for relativistic
motion

C C
Py(ry, = _t . /n2 2.2
1(r1,p1) 4nmlT2VK2(m1c2/T)exP( TVP T mic

(23)

Here, T is the proper relativistic temperature of the
stochastic motion of the charge carrier, and K, is the
Bessel function of the second kind [28]. Again, without
loss of generality, we assume that the Fourier vector k is
directed along the z-axis. The dependence on angles
disappears due to isotropy, leaving only the dependence
on the absolute value k, and the probability density
function for the distribution of the absolute value of the
magnetic moment My, of the body containing a single
stochastically moving point charge after all possible
integrations can be conveniently written as

M2 mc?
Wi(Mp) = 5 H—
(M) 2VTKy(mic?/T)

2mc? e2r2sin® 0,
= M2 bl B i
exp( Temsin@\/ it 4 24
j dr, (24)
v

(611‘1 sin 91/2)3 .

X

Here, ¢, is the charge of the single particle and 6, is the polar
angle of the vector r;. It is easy to see that this distribution is
normalized to 1, fooo Wi(Mpm)dMy = 1.
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The expectation of this distribution

[e e}

(Mm) = J M Wi (M) dMm

0

is, provided the body is spherical with the radius R,

3ne RTexp (—mic?/T) 3T 377
M) = 1 . (25
(M) 8myc2Ky(myc?/T) myc? +m1404 (25)

Let us consider now the stochastic magnetic moment of a
(spherical) body with two opposite charges of equal absolute
value e;. Introducing the coordinates and the velocity of the
center of mass for the system positive-negative charges, the
magnetic moment of such a system is written as

e e
My = Z [rcmvred + 5 [rFeIVCm] : (26)

2c

Here, r. is the vector connecting two charges, v, is the
velocity of the center of mass of charged particles, rey is the
coordinate of the center of mass, and v, is the velocity of
relative motion. Since the particles inside the spherical body
are electrically connected and their velocities are actually less
than the speed of light, it is easy to see that the second term on
the right-hand side of (26) is much smaller than the first one,
as |Vem| < |Vrel|. Since in the first approximation the random
particle velocities v; and v, are independent (they are
governed by interactions with the material filling the
spherical body rather than by mutual interaction), the
distribution of the velocity difference v; —v; is the same as
the distribution of individual velocities, i.e., it is Gaussian.
Thus, the magnetic moment of the system is defined by an
effective particle. Using the properties of the Gaussian
distribution, it is easy to show that the effective temperature
of such a particle is 27. Comparing expression (26) with the
formula for the angular momentum of a system of two
particles of equal mass (as in the case considered), it can be
seen that the mass of the effective particle is 2m;. This means
that the distribution over energy of the effective particle is
exactly the same as for a single charged particle inside the
spherical body. Along with this, the distribution of the
random variable r., even if the probability densities for the
positions of each of the charged particles inside the body are
uniform, will not be uniform.

After some volumetric calculations it can be shown that
the probability density for the distribution of the projection
x = (x1 + x2)/2 of the vector rem = (r; +12)/2 i

6

H(¥) =555 [R°Fx° —5R*(R*Fx?) + SR (R* —x?)],

using the upper sign for x > 0 and the lower sign for x < 0.
Calculating the probability densities for the distributions of
the modules |r|, r2, and also |r?|, we find that the probability
density for the distribution of the vector r., can only be the
polynomial Ar3 4+ Br + c. It is easy to see that the probability
density normalized over the volume [}, f,(r) dr = ¥ (omitting
the index in repy) is

3
£o(r) :4(%—3%%).

Now, we can write the probability density for the distribution
of the relativistic magnetic moment of a spherical body

containing two charges of opposite sign:

2M2E myc?
Wr(Mpp) = 2
2(Min) VTKy(myc2/T)

2myc?

, | eir? sin® 0
H2 4

PN (m
Jo(Gsne) e

v R* R (eyrsin0/2)
(27)

(0 is the polar angle of the vector r¢y,), which differs from (24)
only by the presence of the additional multiplier f;(r) in the
integrand.

The expectation of the magnetic moment of a spherical
body with two charges is calculated in the same way as in the
case of one charge, first by integration over Mpy,, and then
over dr. We obtain

(MH2> = & (MH1> = 06857<MH1> .

35 (28)

Thus, the difference in the mean magnetic moment of a
spherical body with two charges of opposite signs moving
stochastically differs from the magnetic moment of the same
spherical body with one charge by 0.6857 =24/35=
(4x6)/(5x7) times.” Let us recall that, in the model
considered here, magnetic moments in both cases are
random quantities, with direction distributed isotropically in
space and absolute values distributed according to formulas
(24) and (27). In experiments, the mean distributions of the
absolute values (25) and (28) are measured. The quantum
fluctuations of the magnetic moments [29] coincide with the
classical ones, calculated in the framework of the given model.
The difference between (28) and (25) is physically determined
only by the fact that the effective particle, which generates the
magnetic moment in a body with two charges, is distributed
inhomogeneously in space inside the body. This distribution
is maximal at the center and equals zero at the periphery,
resulting in a smaller ‘mean radius’ and a smaller magnetic
moment than in a body with one charge.

Note that an attempt to calculate in a similar way the
distribution of the electric dipole moment of a spherical body
with one or two charges in the framework of the present
model does not lead to success — the resulting probability
density function turns out to be of changing sign,® ie., a
definite electric dipole moment is missing. We see that
R L Stratonovich’s formula also gives a correct negative
result for the existence of certain parameters in physical
systems.

7 1f we consider bodies with stochastically moving matter and one or two
charges inside as a very rough model of the proton and neutron, this
number describes well the ratio of the experimentally measured magnetic
moment of the neutron, which is smaller by a factor of 0.68 than the
magnetic moment of the proton. In this case, the condition that the mean
of the angular momentum (20) is equal to half of the Planck constant 71/2
and the mean of the magnetic moment (28) is equal to the experimental
value for the magnetic moment of the proton 2.793¢/i/2myc (my, is the
proton mass) is fulfilled for the unique condition 7'= 60.5 keV. For
classical calculations (20), (24), and (28) to be applicable ‘inside the
nucleon’ [25], it is enough to assume that the matter of the nucleon has a
dielectric permittivity of ~ 1074 —1073,

8 It is known, for example, that nucleons do not have a definite electric
dipole moment. If the nucleons are described by the above rough model,
this means that the distribution function of the electric dipole moment has
no meaning because of the mentioned changing sign, and there is no
definite electric dipole moment.
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The problem of finding the electromagnetic moments of
bodies containing a large number of stochastically moving
particles is solved in an asymptotic approximation by
A A Markov’s method [3, 4], and in this case the electric
dipole moment can be found [26].

6. Conclusions

Formula (1) turns out to be a powerful tool for calculating
probability densities of distributions and moments of thermo-
dynamic quantities as proposed by R L Stratonovich [1] (see
Sections 4 and 5), as well as for operations on distributions of
independent random variables, regardless of their dynamical
or physical character (Section 3). This point turns out to be
particularly important for finding distributions of random
variables that are the sum or product of a large number of
independent random variables, which is difficult to do with
classical methods [5-8]. A significant result is that the obtained
probability densities are fundamentally different from the
Gaussian ones, and the fact that they belong to a larger class
of unlimitedly divisible distributions [5, 21].

Formula (1) also allows one to easily compute the
probability densities of random variables that are functions
of other random variables. This is done in the simplest way for
the sums of the same functions (Section 4), which is already
widely used in calculations of plasma microfields and
microfields of other objects [11-19]. Formula (1) also defines
the probability density of thermodynamic quantities in a
general form, but its calculations are possible only in
concrete cases [1].

Ruslan Leont’evich Stratonovich himself used his for-
mula exclusively as a working tool, e.g., in calculations of
conditional entropy or in the analysis of Markov processes
from the point of view of microscopic dynamics [1].

Note that the first analogs of formula (1) appeared
already in R L Stratonovich’s earlier work [30, 31]° in the
analysis of the distribution of random variables in the
representation space [30] (see also the introduction of virtual
spaces in Refs [21, 23]) and in the statistical treatment of the
quantum theory [31].

Formula (1) was mentioned for the first time as a formula
named after Stratonovich apparently in Ref. [12]. At the
beginning of the 21st century, formula (1) found wide use in
statistical physics, plasma physics, and other branches of
physics, chemistry, or related sciences, thus writing the name
of its author— Ruslan Leont’evich Stratonovich — forever
into the history of modern science and technology.'?
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