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The theorz of systems of interacting particles with noncentral interaction law is con-

sidered on t

e basis of Bogoliubov’s method.

Successive approximations are obtained for

the distribution functions in the two simplest cases: for a gas consisting of axially sym-
metric diatomic neutral molecules and for a dipole crystal |provided the condition (32) holds] .

T HE theory of systems with a noncentral in-

teraction law between thedparticles is charac-
terized by a number of special difficulties; however,

in certain cases it can be constructed rather easily
on the basis of Bogoliubov’s method.

Let us consider the simplest possible case of a
classical system, in which the interaction law be-
tween the particles differs only slightly from the
law of central short range forces. Such is the case
for systems consisting of neutral diatomic molecules
when their weak orientation interaction with each
other is taken into account.?

We introduce the distribution function Fs so nor-

malized that

(4WV)_S FS (ql’ AR ] qS; 917 (Pla L] ’9\5?3) (1)

Xdqy...dqdQ, .. .dQ;

determines the probability of the location of the

centers of mass of a chosen group of s molecules in

the respective volumes dq1 s+ - -, dq_ for orien-

tations of these molecules determined by the ele-
ments of solid angle dQ,, ..., dQ, , where

q9; , ..., qg are vectors determining the position
of the centers of mass of the molecules and the
angles J |, ¢,.. .9, ¢ determine the orientation of
the axes of the molecules relative to the chosen system

of coordinates. The distribution functions thus determined

characterize a system consisting of identical, sym-
metric diatomic molecules and satisfy the equality
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e qQns By, 9,
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is a Gibb’s configuration function and
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where Lij is the interaction potential and
Qn = \exp(— Ux/ 8)dq, . ..dQ; © = kT.
Beginning with the identities
0DN/Ogy + (Dn/B)0UN/Og; =0, (x=1,2,3),
0DpN/09) + (Dn/B)0U /0% =0, (x=1,2),

in the usual way, considering equalities of the type
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4z--- q,» qs+2;31, 0. Vs, ) Fstas ®s42)
p. ¢ dqs+2dQs+2y

we get to the equations

ZZ; é‘g%g— Fs -+ Z-T-iﬁ_’l-)gg dl(;;,;-l-l Fs+1dqs+1dQS+1
=0, a=1,2, 3.
OFs ﬁ_a_lis_p
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+ 413(*)’0 SS =

097 Fs+1dqs+1dQS+1 =0, a=1,2

(v=V/N ). We limit ourselves here to a considera-
tion of an interaction potential of the following

type:
Lia=2(q—q.]) (3)
X1 4 2dy,5 (34, P15 g, ?2)],

where @ is the interaction potential which corre-
sponds to short range central forces and ¢, , are
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terms taking into account the dependence of the
interaction on the orientation of the particles. Al-
though we have written explicitly only the dependence
of ¥, , on the pairs of variables o 1 ¢, and

d 4, ¢, which determine the orientation of the
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Fi=FO 2 Ft 4 WeF2 L (8)

i=0,1,...

The corresponding systems of equations in this

axes of the molecules in space, this function actually case are described in the following way:

d d t i i
epends on the pairs of variables ¢ 127 P19

also. These latter determine the orientation of the
line of centers of the pair of particles under con-

sideration; A denotes the parameter whose smallness
determines the weakness of the orienting effects in

the system under consideration.?

Limiting ourselves to a consideration of systems
with sufficiently low density, we employ an ex-
pansion in powers of the latter:

- (4)
Fe=F)4-vFg+v2F24 ...
The corresponding groups of the systems of equa-
tions will have the form
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and so forth. Here,
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can be written in the form of a sum U = Us0 + )\Usl,
where
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Now, for each of the systems, we consider an ex-
pansion in powers of the small parameter A :
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and so on. The solution of the system (5a) is,
evidently,

FP = Csexp (— UY0), )
where C ¢ is a constant which is determined by the

condition of the decay of the correlation

¥s, @) (10)

Fs(qy... Qg 99, P1 e -
- H Fl(air 31': <~Pl)‘90
1<i<s

for all |q i— 9 | =® and the normalization condi-

tion
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lim SSFI (9,9,¢)dqdQ = 1. 11)

V-»ool‘m:v

We find from the second of the equations of (5b)
that

Ft = —(Uy/8) FY. (12)

This expression automatically satisfies the first
equation of (5b).

The general solution of (5b) can be written for-
mally as

o1

Fs' = —(Us/O)FS + Cge(q; - . . qy),
where g is determined upon substitution in the
first equation of (5b) and is equal to g = FSOO .
However, it is easy to prove directly that preser-
vation in the solution of terms of the type
Cgs (q1 s+« qg ), both in (12) and in all subse-
quent approximations, would reduce to the corre-
sponding determination of the normalization con-

stant; in what follows, we shall neglect these
terms.

Proceeding stepwise from one system of equa-
tions to the other, we find

02 —1 1 2 1,00
Fs /2 (Us/O)2F5". (13)

Further,

F¥ = exp (— Us/0) (14)
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+ atexp (— Uy0),

where

f(q;,—q,,,))=exp(—@(q,—aq,,,N/6)—1;

all and a!? are constants. Carrying forward

the computation, it is easy to determine a much
higher approximation. Knowledge of the first terms
of the series described here is sufficient that we

can, using unitary and binary distribution functions,
estimate the effect of noncentral forces on the
equilibrium properties of the system under consi-
deration.

Calculation of the mean and free energies of the
system can be carried out in the usual fashion and
can be compared with the results of the corre-
sponding calculation for purely central interaction
on the one hand, and with experimental data for
diatomic gases on the other.

As a second problem of known simplicity, we

consider a molecular crystal consisting of mole-
cules which possess a permanent dipole moment.*
Let us consider a dipole crystal of cubic struc-
ture, at the lattice points of which are located di-
pole molecules with moments p. (;=1,...,N).
The set of angular coordinates which determine
the orientation of each dipole ( ¢ ;, ¢, ) will be

denoted by 0, , the interaction potential of two

dipoles ‘I)ai a, is written in the form

k

Da;a;, = Pa;Paya;a, (17)
—3(Pa;Fa;ay) (PayTa;ap) r;zsah’
where the indices a; denote the types of mole-

cules. The type characteristics are introduced in
the following way. The dipole crystal, in which the
centers of mass of the dipole molecules are rigidly
fixed at the lattice points, will be considered as

a system of particles of different types. The type
of particle is determined by the lattice vector of
that point at which the center of mass of the mole-
cule is located. In Eq. (17) the type character-
istics appear in the form of numerical factors in
connection with the equality

1, 18
r“iah=lrai_rak|=dla’iah’ (18)

*The case of a gas consisting of molecules with con-
stant quadrupole moments can easily be considered if the
law of interaction of two quadrupoles is taken in the form

Dy = (3Q, Qp/167%)
X[1— 5cos?9, — 5cos?¥, — 15 cos® &, cos® 9,
4-2 ( sin 9, sin 9, cos (¢, — 9,) — 4cos P, cos )2,

where 9 is the quadrupole moment of a cylindrically
symmetrical molecule.



where d is the lattice constant, [ is an integer.
They also follow from the cosines of the angles
which determine the direction of the lines of cen-
ters of the two dipoles under consideration. In
such a model the dipole crystal is an ‘‘orientation’’

gas or liquid at the temperature which exceeds the
temperature of orientation flow.
We introduce the distribution function F, a
T
so normalized that

(4%)SFar a, (O, - .. 05)dQ, . . . dQ,,

in = Sin 'Sid's‘idc?i‘;
is the probability that the direction of the dipole
moments in the chosen group of s-dipoles lies
within elements of solid angles dQ, ... dQ  for

arbitrary orientations of the other dipoles.
Considering the functional defined on a class of

arbitrary regular functions Uy (0,)... Uy (Oy)
given on the surface of the unit sphere
LN(U]_, .. UN) (20)
= SDN I O +4xUs,0)de ... dQy,
Ia; N
and making use of the identity
Dy AUy Dy 1 4
a0 " or w0 Un=x¢ Pajap
ai, a]

(where p= kT, a=1, 2, 0,1= ¥, and 0;'2: Py )it

is easy to express the equations in functional
derivatives

0 3L 1

% 4 (21
00‘: 8Ua.0, dmy )

2 Otl)ala, 2L

66; 8Ua:918Uaael (l + 4ﬂUa’) sz - O.

1<a <N

Carrying out the functional differentiation and re-
placing in the final calculation the derivative func-

tions Ua by zero, we obtain a system of equations

for the distribution functions introduced above
taking into account the relations

(8Lf3Uq, . . . aUase&.)o = Fa....as (0. ..6:].(22)

this system can be written in the form
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s S Foy e (23)
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where U, is the potential energy of the

system ofls chosen dipoles. All the calculations in
this case are entirely analogous to those used by
Bogoliubov for the distribution function of the
positions of molecules in a gas or liquid.?

We write the interaction potential in the form

(24)
(Dﬂxaz/f" = Tq)a,a,

and will consider the quantity y =p2 /d3u (p is
the dipole moment of the molecule; for simplicity
we assume that the magnitudes of the dipole mo-
ments of all the molecules are identical) as a
parameter which is characteristic for the system
under consideration.

If at first we do not consider the effect of the
external electric field, and assume the inequality
y << 1 to be satisfied, then the equation

U,
a a,...a (25)
—F TSR
60;‘ ay..ag + T 66: ay...ag
aq’al,a
+_4Y?S 2 '_%Ziﬂpa,...as+ldgs+l =0
1<ag <N 1

Ua,...as= 2 Pa;ar

can be solved with the help of an expansion in
powers of the small parameter y . Writing

F in the form
al. . .as

Fa,...as = Fg,...as -+ TFclll...aS +..., (26)

we find
0
Fa,..a, = const.

If the normalization condition is written in the
form

(43:)%5‘ S F;,...asdQI .. dQS = O) (27)

i=0,1,...,

= 1 follows from this equality.

then F ©
a S

1...0

has the form

. 1
The equation for Fal' . .ay
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0o g WU, ...a, (28)
oo Lavag +——=—
0] s 09;
!
1 Yaag, .
+ 7;;% Ny Prra dQg =0,
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and sin ce, for the dipole potential,
S ".)al s aH,ldQ&H = (), identically,
we get
(29)

41 —
Fly oo, =
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in agreement with the riormalization condition. The
second approximation is found in a similar way and
has the form

2 1 vz
Fllp--”g :‘g (Ual...as (30)
N s
1 ~

= 2 (> "ea[asﬂ)2dﬂs+1)+ A ag),

As+1 aj

where, in accord with the normalization condition,
the constant K must be given by

] s

11 .
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Here we have studied the properties of the dipole
potential ¢y . In similar fashion the constants for
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further approximations can be determined, but
their calculation is not so simple.

In the presence of an external homogeneous
electric field E and upon fulfillment of the condi-
tion

(32)

the computation scheme does not undergo any
change.

These expressions for the distribution function
permit us to construct a theory of the equilibrium
properties of the dipole crystals under considera-
tion. Numerical calculations and comparison with
experiment, and also comparison with other theories
which apply to the two very simple cases con-
sidered by us will be given in a subsequent paper.
Separate consideration is necessary forthe con-
struction of a theory in the case of violation of the
relation (32), while this case has the greatest
interest. We hope in the near future to publish
results which apply to this variant.

For the second of the problems considered by us
the considerations developed above can without es-
sential change be applied for the purpose of con-
structing a semiclassical theory of ferromagnetic
bodies without use of the *‘sphericalizing’ ap-

‘proximation.

IN.N. Bogliubov, Problems of dynamical theory in
statistical physics, Moscow, 1946.

2(. Zener, Phys. Rev. 37, 556(1931).

Translated by R. T. Beyer
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The relaxation between the electrons of a metal and the crystalline lattice (phonons) is
considered. The state of the electrons and the lattice is described by equilibrium Fermi and
Bose functions with different temperatures, The heat transfer coefficient connected with
the ‘“‘Cerenkov’’ radiation of sound waves by the electrons has been determined.

1 THERE have appeared recently several experi-
e mental1»2 and theoretical®:5 papers illumi-
nating the investigation of deviations from Ohm’s
law in metals. The departures from a linear rela-
tion betweenthe curent/ and the field £, noted by

*Work presented at the Scientific Council, Physico-
technical Institute, Academy of Sciences, Ukrainian
SSR, December 12, 1953. In the preparation of the
work for publication, papers were studied which ap-
peared in print during the subsequent two years.



