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A system consisting of an equilibrium medium formed by charged parti-
cles and electromagnetic field is considered in the classical case at weak
interaction between subsystems. The field is described with all the statis-
tical moments of electric and magnetic fields. The moments are reduced
description parameters of the herein developed theory based on the Bo-
golyubov reduced description method of nonequilibrium states. The gen-
eralized Bogolyubov condition of the complete correlation weakening be-
tween the subsystems is used as a boundary condition to the Liouville
equation. Distribution function of the system is calculated up to the third or-
der in electromagnetic interaction. Time equations for the reduced descrip-
tion parameters are written in a compact form using a generating function-
al for the field moments and a generating functional for field correlations
(centered moments, fluctuations). The obtained equations generalize the
nonlinear electrodynamics in equilibrium media for the case of fluctuations
of electromagnetic field being taken into account.
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1. Introduction

Almost all the observed phenomena are connected with electromagnetic interac-
tions. Therefore, deep understanding of electromagnetic phenomena and their ade-
quate description will always attract the theoretical thought. The rapid development
of quantum optics with special attention to new states of electromagnetic field and
the advances of plasma physics have urged the researchers to take into account hi-
gher correlation functions of the field (see, for example, [1]). The idea to consolidate
the modern directions of nonlinear, stochastic, and fluctuation electrodynamics in
the media in a more general theory taking into account all correlations and having a
microscopic basis seems to be an important goal. Substantial steps have been made
in this way by Klimontovich [2]. However, he studied only binary correlations of the
field. Balescu and other representatives of the Brussels school have applied a power-
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ful diagram technique to generalize the equations of nonlinear electrodynamics, but
they did not study the own degrees of freedom of the field in detail [3]. Phenomeno-
logical nonlinear electrodynamics is based on the idea of expanding the average
electric current in powers of small electric and magnetic fields. The coefficients of
this expansion (generalized conductivities) remain indefinite in this approach. It is
obvious that such material equations do not take field correlations into account.

In the present paper an electromagnetic field in equilibrium medium is described
with all the moments of electric and magnetic fields based on the Bogolyubov method
of reduced description of nonequilibrium processes [4,5]. The analogous problem for
hydrodynamics was considered in [6]. This way the correlation contributions to mate-
rial equations are studied and microscopic expressions for generalized conductivities
are obtained (about these problems see [7]).

2. Construction of the system distribution function

We consider an electromagnetic field (f-subsystem) interacting with charged and
neutral particles (m-subsystem, medium). The Hamilton function of the system
f 4+ m in a quasi-relativistic approximation takes the form

o (pi - e—A(%))Q 2 2 2 1 3 2 2
H = c Hi + Hyy Hi=— [ &°2(F B?);
% o, + Hf + Hint f / z(E” + B?)

A

B(x) = rotA(z), E(x) = —4wcP(z). (1)

Here Hf is free electromagnetic field contribution, ﬁmt corresponds to a direct inter-
action between particles which is additional to the interaction via the field. There-
fore, we have

2
H=H + Hy+ Hy, =S Lt A,
2mi
~ ~ ~ “ 1 N
Hor = Hy + I, = = [ded (@), = 5 [aei@) AP
@) =S Prese - n), t@) =3 Do ). @)
PR 7 P

Here ]:.Imf is the interaction between electromagnetic field and particles, ]:Im is the
Hamilton function of particles. We use the Hamilton gauge of electromagnetic field
with ¢ = 0 and consider vector potential An(as) as a generalized coordinate of the
field. P,(x) is a corresponding generalized momentum. Hereinafter we mark the
functions of the system phase variables with a cap (except the coordinates and
momenta of particles). We also assume that some values are vectors but we reflect
this in notation only someplace. In this paper the Hamilton technique with the
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following definition of the Poisson brackets is used

o of 95 of 9y

s (_0f % of &
+/ d (Mn(x)aﬁn(x) 5Pn<:c>6/1n<x>>’ )

(f, g denote arbitrary functions of phase variables). Therefore, the following formulae
for the Poisson brackets of the vector potential and electric field

{An(a:), fll(x’)}:O, {En(x), Al(x')} = 4d7c 0,0 (x — 2'), {E,(x), Ei(z)}=0

are true. The relation of electrodynamics

(f = {f, H}) is obviously true, too. Distribution function p(t) of the phase variables
of the system satisfies the Liouville equation

O (1) = Lo(t):  Lp(t) = [, (1)}
L=Lo+Ly, Lo=Ln+Li Lps=Li+ Lo, (6)

where contributions to the Liouville operator correspond to contributions to the
Hamilton function.
We will study the states of the system for which relations

Hy~H,,  Hy>H, Hy  B(x) ~ E() (7)
are valid. Formulae (1), (2) give the following estimates

Hy, ~ nV'T, H; VE? FE ~EA, w ~ kc;

2

2

. 9 5 Q
; Hy ~nVT—, Hy ~nVT—;. (8)
w w

Jr~envp, X~

9]
3‘3“

Here n, T are density and temperature of the medium, w, k are frequency and wave
number of the field, V' is volume of the system f + m. Characteristic velocity vp
and plasma frequency {2 are given by the expression

3T 4re?
or=1/ = Q= (9)
m m

(m is the electron mass and e is the module of its charge). Therefore, such relations

QZ
Lm ~ W, ~ Lf ~ W, L1 ~ Q, L2 ~ — (10)

w
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are valid (wy, is a characteristic frequency of medium processes). This allows us to
study the system in a perturbation theory in g with estimates
W Wm

Lm ~ 907 Lf ~ _907 Ll ~ 91, L2 ~ _927 9= Q/wm (11>

Let us describe the electromagnetic field in the equilibrium medium by all the
moments of electric £,(z) and magnetic B,, (z) fields. In order to simplify the con-
sideration, we will use cumulative indices a (b, ), and cumulative notation for
electromagnetic field

a= (.. ps), = (4,n,1);
§u=&n(@): &) = Bu(x), &u() = Eu();

77“ - 77#1 s 5#1 """ éﬂs (1 < s < OO>;
o _
EDIND RN L ] .

In a general case the mentioned description of the field is possible at long times
t > 19 where a characteristic time 7y depends on the initial state pg of the system.
Our consideration is based on the Bogolyubov idea of the functional hypothesis [4,5]

p(t) ——p(n(t, po)), (13)

t>710

where the reduced description parameters (RDP) n,(t, po) are defined by the formula
Spp()ila < 1alt: po),  po = p(t=0), (14)

(Sp denotes the integration over phase variables). The distribution function of the
system p(n) in (13) does not depend on its initial state py and time ¢. For the system
under consideration the following relations

Loéu = —1i Z Cuu’éuU LOﬁa = -1 Z Cabﬁb (15)
W b

are true because they are a matrix form of the microscopic Maxwell equations for a
free electromagnetic field

A

LoF(z) = —crotB(z), LoB(z) = crotE(z). (16)
Non-zero elements of matrix ¢, are

06(x — ')

i = Cingin (2,2); cina(z, ) = ic epy———=,

Cinau(z, ') = —ic enmzm- (17)

m
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Matrix ¢, has only diagonal elements and, for example,

Crrpzpipy = Cuipf 5#2#’ + 5u1u1 2y (18)

We call a nonequilibrium theory with the property (15) of 7, the Peletminskii-
Yatsenko model [5].
The RDP’s 1,(t, po) satisfy the following time equation

8tnat(t7 pO) = La(n<t7 pO))a

La(m) = i) cam+La(m),  La(n) = SpiaLnep(n). (19)
b

For the system distribution function p(n) we have the following equations

e = e 2
Z 8% ), SPP(M)ila = N (20)

a

According to Bogolyubov [4], to find their unique solution one has to add to equati-
ons (20) a boundary condition. We shall use the boundary condition of the complete
correlation weakening

e p(n) ——e 0 wpq(n), (w = eFfTHm> : (21)
>70

where w is the Gibbs distribution for the equilibrium medium with temperature 7',

pq(n) is a quasi-equilibrium distribution function of the field

pa(n) = exp{Q(n) Z Za)ia} . SPtpg(Mia =10, Spep(n) =1,  (22)

(Sps denotes the integration over phase space of the f-subsystem). The second and
the third formulae here yield the function Z,(n) and £(n). The distribution function
pq(n) satisfies the Liouville equation for free subsystem f

0 .
prq(n) = Z pa(;](n) 1Caby (23)
a,b a

(see [5]) and has the following property

TL() icT

n)- (24)
The boundary condition means that the free evolution of the system breaks all the
spatial correlations between particles and field because the distance between these
subsystems increases. The idea of spatial correlation weakening by means of the free
evolution operator e™ belongs to Bogolyubov [4]. Using the free evolution operator
in the boundary condition does not mean that it is correct only approximately. In
fact here we do not need a concrete expression for distribution function p,(n) due
to the of relation 7,7, = 7, and the second formula in (22).

Pqa(n) = pyle
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It is convenient to rewrite the boundary condition (14) as follows:

7ho 1) = wpe(n) (25)

lim e T
T—+00

ple
proceeding from the formula (24). Using the standard procedure [5] we get the
following integral equation for the system distribution function p(n)

+o0

p(n) = pg(m)w + / dremto (mep(n) - Ziﬁ—giam)) o (26)

For the case of a closed system this equation was first obtained by Peletminskii and
Yatsenko [5]. The obtained equation is solvable in a perturbation theory in small
parameter g but it is not very convenient to study high order approximations with
it. Therefore, let us introduce an auxiliary distribution function

). (27)

Simple considerations show that it satisfies the following integral equation

—7 Lo

p(n,7)=¢e " p(e

T

p(n,7) = py(n)w + / dr’ <me(7’)p(n, WEDY Mza(m T’)) 7 (28)

a
—00

where

La(”» 7—) - Spﬁame(T)P(U’ 7—); me(T)f = {f{mf(T)’ f}a f(T) = e_TLUJE' (29>

f denotes an arbitrary function of the phase variables; therefore, f (1) gives the
corresponding value at the time moment 7 after free evolution. This equation is also
solvable in the perturbation theory at a small parameter g introduced in (11)

p(n,7) = Y _pDm.7),  pn 1) =wRi(n,7),
s=0

Ri(n,7) ~ ¢°,  Ro(n,T) = oq(n)w. (30)

Moreover, in this paper we restrict ourselves to the consideration of the nonrelati-
vistic approximation taking into account that the value vy /c is an additional small
parameter. We shall also assume that the average equilibrium current is equal to
Zero

Spmwj’n(a:) =0, (31)

(Sp,,, denotes the integration over phase space of m-subsystem; Spfl = SpmSpfA).
Let us note that contributions fIl and ﬁg to [:[mf are of the order 1/¢, 1/c2

respectively. There are two origins of ¢ powers in numerators of the considered

expressions for p(n, 7). The Hamilton functions H, , H, contribute to p(n, 7) through
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the Poisson brackets. One Poisson bracket can give only ¢! in a numerator because
formulae

{A,(2), E)(z')} = —4mcdpd(x — o), DA, (1) = —cE,(x,1). (32)
Therefore, we have to omit a ﬁg contribution to the Hamilton function [:[mf in

the considered approximation. Taking into account (32), we can rewrite our typical
expression in the perturbation theory as

T

/dT{ffl(T’),p(s)(n,T’)}f(T’)

—00

- % // de{wRs(n, Tl)aﬁn(% T/)An(‘r’ ) ()
_ % / W / drw (_%{ﬁm, Y RoAn + {Roy ju}An + {R, An}in)ﬂf’)

_ / a7 / dzw Mz, 7)Ra(n, #) f(7) + O (vr/e). (33)
Here f(7) is an arbitrary function. A useful operator in the phase space

Me,0)f = o) (1. Aule 0} + 1B, (34

was introduced (we denote operators in the phase space with bold letters).

Applying the mentioned ideas, we obtain the following expressions for functions
Rs(n, 7) defined by (30)

Ri(n,7) = /Tdf’/dxM(x,T/)pq(nL

R2(7777-) = /dT /dx< z, 7— Rl 7]7 ZapqunawM(:c T)R1<7]7 ))7

Ry(n.7) = / ar [ d:c( 5Bl 7) = Y SPSpiuM(e. 7 R, )

aR 9 ~ / !
-3 T M, 7). 7 >) , (35)

Na

(for simplicity we omit here and further the estimations O(vr/c)).
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3. Equations for the generating functional

In order to make the obtained result more visible, let us introduce the generating
functional (GF) F(n,u) for all the moments of electromagnetic field [6]

=1 + Z Z u#l u#snML-#w (36)

:ul Hs

where u, = u;,(x) are auxiliary functions. Formulae (12), (20), (22) show that the
following relations

F(u) ZaF AR :epouuéu;
m

a

F(n,u) = Spp(n)F (u)ISppq(n)F(U) (37)

are true.

It is easy to derive a closed time equation for F'(n(t),u) (we omit po from n,(¢, po)
for simplicity). Statistical operator p(n(t)) satisfies the Liouville equation (6) and
therefore we have

OF (n (t),u) = SpF(u Z u Spp(n(1) E(u)é,, (38)
Value é u = —Léu is given by the microscopic Maxwell equations
g,u = iz C,uu’é,u’ - 47Tju - LZé,u; 3,u = jm($) = 51‘2571(37)’ (39)

(see (6), (15), (16)). Here the term L€, ~ 1/c must be omitted in the considered
approximation.

Note that the calculation of the trace Sp,, over the phase space of the medium
gives a formula

Spo(n) E'(u)jn() = Spepg(n) E () I (z, u, €) (40)

with a certain function of a microscopic electromagnetic field I,(z, é) Therefore,
using (38)—(40), we have

OF Z uSPpq(n(t) F(u) Ly, (u, ), (41)

where the notation

Lu(u,€) =1 eyl — AL (w,€),  Lu(u,§) = Lin(w,4,€) = dinlo(z,u,€) (42)
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is introduced. The RHS of equation (41) for F(n(t),u) can be expressed through
F(n(t),u) using the formula

~

F(u)f(€) = Flu+ )f(ﬁ)‘ (43)

which follows from (37). Really, (37), (43) give the necessary closed equation for the
generating functional F'(n(t),u)

O (1(0).0) = Fln(t).u+ 50 S wuLy,6) (44)

£—=0

This equation is the equation of fluctuation electrodynamics (FED) in the equilib-
rium medium, i.e. the equation for all the moments of electromagnetic field.

Instead of the GF for moments F'(n, u) a GF G(g, u) for correlations (fluctuations,
centered moments) g, = g,,..., of the field can be introduced [6] so that

Z 8' Z Upy - Uy Gpir s F(n,u) = exp <Z w, €y + G(g,u)) .(45)

MH1..-HUs

Simple calculation based on the formula

F(n(t). u+ —)f(é)’ - 5““)““(26;(9“)7“*%)]?(5)] (46)

£—0 £—¢€(t)

gives the following equations for an average value of electromagnetic field and its
correlations

0,6.(t) = e“OBIL (u=0,¢) ‘

E—E(t), g—g(t)

0G(g(t),u) = Zuu {eG(g’“Jras) (g’“)Lu(u,f) — eG(gva%)LM(u = 0,5)}

m

£=£€(1), 9—g(t)
(47)
(compare with [6]). Contribution to (47) from linear in £, terms from (42) (con-

tribution of free electromagnetic field) can be easily calculated using a method of
differential equation. Really, function

Fa(N) = Glomtioe, (48)

has a derivative

. BE
fu()\) = eAG(g,UJFag < + Z Z H1eeefhs 97 85 85 ) fua
H1 - Hs

where
9°G(g,u)

Ouy, ... 0y,

Gy (9,0) = (49)
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Therefore, it satisfies the following differential equation

FuN) = Glg, W) fu(N) + Grlg,u) 99, £,(0) =&, (50)

Solution of this equation leads to identity
ut2)— u
eClout5¢)=Glo, )fu = &4 Goulg,u). (51)

So, equation (47) can be rewritten in the form

96.0) =15 car0) = 40050
0,G = 1ZCWIG ,u)

_i_zu# {e 9u+35) Ggu (u 5) G(g’a%)[u(u:(),g)} , (52)
“w

£=¢(1), 9—9(t)
where I,(u, ) is expressed through I,,(z,u,£) by the formula (42) and

j,u(&g) = jm(l’,g,g) = 5i2jn<xvfag)a jn(xafvg) = eG(g’a%)[n(xa U = 075) (53)

According to (12), (15), (16) the first formula (52) gives the Maxwell equations;
therefore, j,(x,&, g) is the average electric current in the system.

Equations (52) are equations of the FED in the terms of average electromagnetic
field ,(t) and its correlations (fluctuations, centered moments) g,, . (t). These
equations are completely defined by function I,,(x,u,§) which is introduced by the
formula (40). Therefore, the last step of our investigation is to calculate this function.
A typical value to be calculated is

~

Spwﬁjn(m)M(x',T)Rs = Spw]n( Vi,
1. - 1 -
(E{A z',T) F}—{—TEl(x T)F)

= TSpwjn(x)jl(x’,T)Rsozl(x',T,é—l—47TTu)F, (54)

where

an(z,7,u) = Z/dx'@ml(a:—x',T)u,-l(:E’),
Orni(z,t) = Aulz,t), Ooni(z,t) = pin(2,1);

Ak, t) = iepumkm sinwyt, i (k1) = Enky + 0, cOS wyt,

l%n k)n/k?7 gnl = 5nl — ljv'nl;?l . (55)
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Relations (54) also contain the solutions of equations for free electromagnetic field

Ap(z,t) = e ™A, (z) = /dx' (,unl(x — 2 ) A(L) + vz — x',t)El(x’)>,

~

E,(z,t) = e_tLOEn(;E) = /dx' ()\nl(a: —a, t)Bl($’) + p(z — 2, t)El(aj')),

vl t) = —Ffuct — 8 Si“]:"f’f (56)
which have the following properties
Eo(2,t) = an(x,t,€),  {Au(z,t), F(u)} = 4mc an(z, t,u)F(u),
{An(x,t), & (2 1)} = dme Oy (e — 2/t — t). (57)
From the obtained results one can see that
I(x,u, &) = I(x,u =0, + 4nTu), (58)

where function I,,(x,u = 0,&) is given by formulae:

]n(x,u = 0,5) - er(f)(x?u - 076)7

s

=2
. 0
n ($7U207§):f/dTl/dOCJnl(xl—%71)041@1,7'175),

0 T1
1
],(L?’)(x,u =0,§) = T3 / dTl/dl’l / dTQ/deInlm(xl — T, T;Ty — X, T2)

X [al(%ﬂ'hf)am(%ﬂ'%f) + 47TTMlm(=T1 — X2, T — 7’2)]7

0 T1 To
1
I,(f)(x,uzo,g):ﬁ/dﬁ/dxl/dTg/dxz/dTg/dﬁg

X [nlms(xl — X, T1;X2 — X, T2, T3 — %73)[041(351,Tl,f)Oém(JCQ,72,5)@3(5153,73,5)
+ 4AnT o (w2, T2, ) pus(x1 — 3, 71 — 73) + 47T 0y (21, 71, &) poms (T2 — T3, T2 — T3)

+AnToag(z3, T3, &) pum (€1 — T2, 71 — T2)]. (59)

e—tLo -

Here correlation functions of currents j,(x,t) = Jn()

fnz($177'1) = SpmijL() (95177'1>

Lo (21, 71520, 72) = SpmijL() ($1771)JM(5U277—2)7
Lntsm (21, 713 02, To5 T3, T3) = Spmij( )]l($7 )Jm($2,7'2)j (z3,73)
— S w]n (0)i(1, 71)SPytjim (42, 72) s (23, T3)
— SPwJn(0)Jim (T2, 72)SPwyi (1, 1)55( 73)
—Spmw]n(o)js(%,7’3)Spmw]l($1,ﬁ)5 (22,72) (60)
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are introduced. In the considered approximation (59) the function I,(u = 0,&) is
given by the formula

I(u=0,8) = S, + Zau &+ Z O pu,pir i & Spao

12

+ Z GMMMMS&M&/@&;@ +O(g ), (61)

H1p2 3

where according to (12) and (42) the values Sy, 0 1 s Oppipas O paps DAVE the struc-
ture

S# = Sm(I) = 0;25, Oppy = Uin,i1n1<=r7$1) = 6i20n,i1n1 (x - 1’1),
Oppipe = Oinginiiang (% xy, 1’2) = 032 Un,ilnlignQ(iU — X1, T — $2), cee (62)

For all of them we obtain concrete expressions

0 T
4
- % /dT/dJB/dT’/dx’]nlm(:)s,f;x'm')mm(x—:v',T—T')~|—O(g5),

On.ir(T /dT/dx"Inm — 2" 7) N (2" — 2/, 7) + O(g*), ... (63)

Formulae (58), (61) make it possible to calculate the values entering the equations
of FED (52). This can be done using the differential equation method (see (50)) for
functions

o (V) = GO g (64)

which leads to a chain of equations of the first order. This chain can be solved
successively starting from equation (50) for f,, (). This way we obtain

Cloute)= el = &6+ Gra + Gy + EG1 + G1Gs
1
eClonte)=Clo, Ve €y = 1695 + Ghag + G12(§G3 +&)+ c.p.]

1 1 1 1
G3(&1& + §G12 + §f1G2 + §§2G1 + §G1G2) + c.p} ,(65)

where for simplicity a highly reduced notation

g’i = f}ti ) Gl...s = Gﬂl--#s (66)

is used.
We will not substitute expressions (65) into equations (52) completely, and re-
strict ourselves to a final formula for average current in the system j,(&, g)

ju(fag) = S "’Z@mexﬂ + Zaumuz Guips +£m£u2)

1 ph2

+ Z Uu7u1u2u3(3gu1uzfu3 t Gurpaps T fmfuzgm) + 0(95)- (67)

M1 23

696



Classical fluctuation electrodynamics

This formula is a material equation for the FED. Values 0, 1, 0y 1105 Opps props €A1
be called generalized conductivities. According to (62) they take into account a
spatial dispersion. In equilibrium, the electric current in the considered system must
vanish

Ju(€=0,9") =0, (£=0). (68)

Therefore, the material equation (67) can be rewritten in the form

Ju(&9) = Z Opgr & + Z Opigirpn (OGprua + §pur )
I

p1p2

+ Z O pigirpiznis (3%puaaEies + 09z + Eun i) +O(9°), (69)

H1p2 3

where
OGps.pis = Gpiroopss — gzcll...#s . (70)

Let us compare the developed theory with the theories having a truncated set
of nonequilibrium correlations as independent variables. In usual nonlinear electro-
dynamics (NED) correlations g,,. ,, should be functions of electromagnetic field
G (§) and a function jo, (&) = ju(§, g2(€), g5(€) .. .) is material equation of the
NED (we use a more detailed notation j,(&, g2, 93,...) = j.(§, g)). Time equations
for all correlations (52) should be satisfied with functions g,, . (£(t)) (2 < s < 00).

In FED taking into account only binary correlations g,,,,, (FED,) triple and more
complicated correlations should be functions of electromagnetic field and binary
correlations g,,. ,.(€, g2) (3 < s < oo ). The material equation of the FED, in the
terms of function (67) is given by formula j1,(&, 92) = 7u(&, 92, 93(&, g2), - .. ). Time
equations for triple and more complicated correlations (52) should be satisfied with
functions g,,. .. (€, 92) (3 < s < 00).

Let us truncate the equations (47) of the FED taking into account only binary
correlations and construct the corresponding equations of the FED,. Note that the
FED, which describes the electromagnetic field with £, and g,,,,, can be built based
on our equations (19), (22), (26) with operator of RDP’s fl,= &, £,&,, (see [8,9]).
In this case p, is a Gauss distribution

Q=2 Zpéu=3 2,0y
pg=e¢ " ! (71)
and averages Sppqéu1 . .éus can be calculated in the terms of &, and g, using the
generating functional

. Zuuf;ﬂr% Z/ Uply, Gy,
Fy(u) = SpepgF'(u) = e* W : (72)

In order to compare FED and FED, we need g,,. .. (&, g2) which can be obtained
with a generating functional method. According to (30), (31), (37), (45) and using
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the reduced notation (66) we have

G(u) = InF(u)=1InSpp(n)F(u)=1InSp (pew + pM + p® + p® + 0(g")) F(u)

= InFy(u) + Fy(u)'Sp (0 + p¥) F(u) + O(g") = n Fy(u)

1
30 Z Ug UpU3SP (P( ) E16ols + — I Z U UpU3 U4 SP ( +p® ))

T 123 1234

1+ ZU5§5 + O(UZ)
5

-1

x E162€3Es + O(g%u°, g°u®, g*)

(32 = 20) because Spp®é; = 0,Spp®é€y = 0 for s > 1 (see (20), (22)). This

( i
relation leads to the following expressions for correlations

g123(&,g2) = Sp(p® + pf )515253 +0(g") ~ ¢°,
g1234(&,92) = Sp(p? + p®) [51525354 — (51525354 + Cp-)] +O0(g") ~ g*. (73)

Taking into account these estimates and formula (69) we obtain an average current
for FED2

J1u(&, 92) Zau €+ Z iz (Eua iz + 0Gpuapsz)

1,42

+ Z O pp1 papi3 (gmfuz + 3gu1u2) us + 0(95> (74)

H1,H42,143

and the averaged electromagnetic field £,(¢) satisfies the Maxwell equation
atgu = 12 cuu’gu’ - 47Tj1u(§7 g2)a (75)
w
(see (52)). According to (49), (52), (58) time equation of the FED for the binary
correlations has the form

. o 0 0
(9th/ = IMZCW”g“”“' — 471'60(9705) (Gﬂ(g7 a§> + 47TT8—§H)

X Lo(u=0,6) + (1 = 1)), (76)

Now using formulae (45), (49), (61) and estimates (73) we obtain the following
equation of the FED, for binary correlations

atg/ﬁl/ = ZZ CHM”gM”H/ — 47'{' Z (g“/lul + 47TT6M//M/)

"

1

w w!
X (Uu,u" +2 Z quu”mgm +3 Z O pi! pa pro (€N1€H«2 + Gy 1u2)>
M1 H1,H2
+(p = i) +0(g°). (77)
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Expressions (74), (75), (77) give equations of the FED,, i.e. the equations of the
FED taking into account only binary correlations.

Note finally that we cannot build the NED similar to our consideration of FEDy
because quasi-equilibrium distribution p, (22) does not exist. This probably indicates
that a reduced description of electromagnetic field only by average electric and
magnetic fields in a general case is impossible (see also [10]).

In the present work the classical FED is considered. This theory is a limit of
the corresponding quantum theory. In a quantum case the binary correlation func-
tion g, ., is closely related to the Wigner photon distribution functions. Therefore,
equation (77) is similar to the kinetic equation for photons in which square in g,,,,,
terms describe the photon-photon collisions in the medium.

4. Conclusions

Thus, there has been built a fluctuation electrodynamics of classical electromag-
netic field in equilibrium medium as a theory which describes its nonequilibrium
states by average field and all field correlations. Equations of the fluctuation elec-
trodynamics are written in terms of a generating functional for moments of the
field and in terms of an average field and a generating functional for correlations
(fluctuations, centered moments). It was established that the right hand sides of
the corresponding equations are completely defined by an average electric current
calculated in the present paper up to the fourth order in electromagnetic interacti-
on. The dependence of the current on electromagnetic field and its correlations (the
material equation of the theory) is nonlinear, local in time and nonlocal in space
(spatial dispersion). The paper discusses the relation of the developed theory to the
description of the electromagnetic field with average field and its binary correlations.

This work was supported by the State Foundation for Fundamental Research of
Ukraine (project No. 2.7/418) and INTAS (project No. 00-577).
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KnacuuyHa ¢pnykryauinHa enekrpoanHamika

O.M.Cokonoscbkuin, A.A. CTynka

JHINponeTpoBCbKMA HaLUiOHaNbHN YHIBEPCUTET,
Byn. Haykosa 13, [IHinponeTpoBCbK, YkpaiHa, 49050

OtpumaHo 3 cepnHg 2005 p., B OCTaTOYHOMY BUMISO)
— 8 nuctonaga 2005 p.

CucTtema, sKka CknafoaeTbCs 3 PIBHOBAXHOMO CepeoBuLLa i3 3apsanxe-
HUX YACTUHOK i €NEKTPOMAarHiTHOro nons, po3rsHyTa B KJ1aCU4YHOMY
BMMNAAKY Ta Npu Manin B3aemMogii Mixx nigcuctemamu. MyHkuilo po3no-
Oiny CUCTEMM PO3PaxoBaHO 3 TOYHICTIO OO TPETLOro NoOpPsaKy 3a enek-
TPOMAarHiTHOIO B3aemogieto. [lone onmcyeTbCs yciMa MOMEHTaMu efnek-
TPMYHOrO Ta MarHiTHOro noss, ski obpaHi napameTpamMm CKOPOHEHOro
OonMcy B pamMkax MeToda CKOPOYEHOro OMMCY HEPIBHOBAXKHWX CTaHIB
BorontoboBa. fk rpaHnyHa ymoBa [0 piBHAHHA JliyBinns 3actocoBaHa
y3arasibHeHa ymoBa boronto6osa NoBHOro ocnabneHHs KOpensiuin Mix
nigcuctemamn. OgepxxaHi 4acoBi PIBHAHHA ANS NapamMeTpiB CKopo4e-
HOrO ONMCY 3anncaHi B KOMNaKTHIN GOpMi 3a AOMNOMOroK MOPOaAXYO-
4oro yHkLUioHany ons MOMEHTIB Mo Ta NOPOAXYKHOro OYHKLIOHaNy
ons kopensauii nons (LEHTPOBAHMUX MOMEHTIB, ¢nykTyauin). OTprmMaHi
PIBHAHHSA y3aranbHIOTb HENIHINHY eNnekTpoauHaMikKy B PiBHOBaXXHOMY
CcepenoBULLi Ha BUMNALOK BpaxyBaHHS yKTyaLin enekTPOMaHITHOro
nons.

Knio4oBi cnoBa: meTog CKOpo4YeHOro onucy HEPIBHOBAXHUX CTaHIB
BoronwboBa, y3arasibHeHa rpaHnYHa yMoBa roBHOIro 0C/1ab/1eHHS
Kopesisuin, paykTyaliiHa enekTpoanHamika y piBHOBaXHOMY
cepenosuLLi, MOPOIKYYNI QYHKLIOHAN

PACS: 05.20.-y, 05.40.-a, 11., 52.40.Db
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