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The problem of parameters, which are necessary for nonequilibrium electromagnetic field description, is investigated

on the basis of the Bogolyubov reduced description method establishing the necessity of binary correlations in the

minimal set of parameters taken into account in evolution equations. The corresponding theory can be built in terms

of one-particle density matrices, Wigner distribution functions, simultaneous correlation functions of field operators,

and generating functionals. The obtained results can be analyzed with the help of approaches elaborated in quantum

optics. Various methods in theoretical and experimental research into field correlations are compared.

PACS: 05.20.Dd, 51.10.4+y

1. INTRODUCTION

A statistical operator gives the most general de-
scription of field states, but from the point of view of
experiments only reduced description of electromag-
netic fields is possible. In all the cases it is necessary
to choose physical quantities providing an adequate
picture of nonequilibrium processes after transfer to
averages. In our previous investigations several ap-
proaches to the construction of kinetic equations have
been outlined. The used methods can be connected
due to relatively simple relations expressing their key
quantities through one another. At the same time
quantum optics introduces non-simultaneous correla-
tion functions and requires advanced methods.

2. REDUCED DESCRIPTION AND
NECESSARY SET OF FIELD
PARAMETERS

The Bogolyubov reduced description method (see, for
example, [1]) can be a basis for the general consid-
eration of the problem. Its starting point in this
approach is the quantum Liouville equation for the
statistical operator p(t) of a system including elec-
tromagnetic field (subsystem f ) and a medium (sub-
system m)

Ouplt) =~ H,p(0), (= Hi + Fip o+ Hie). (1)

The method is based on the functional hypothesis de-
scribing a structure of the operator p(t) at long times

p(t) —— p(&(t, po);n(t, po))  (po = p(t=0)) (2)

t>70
where reduced description parameters of field
€.(t,po) and matter 7n,(t, po) are used. The set
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of parameters &,(t, po) is determined by the pos-
sibilities and traditions of experiments as well as
by theoretical considerations. The development of
the problem investigations has resulted in finding
the main approximation for the statistical operator
p(€,m), so called a quasi-equilibrium statistical oper-
ator pqe(Z(€), X (n))(though it describes states which
are far from the equilibrium) defined by the relations

pg(Z, X) = pt(Z) pm(X);

pi(Z) = exp{@(Z) - Z Zﬂéﬂ}v

Spepe(Z) =1, Spepe(Z(8))€n = Eps
Pm(X) = eXp{Q(X) - Zxaﬁa}a

SPmpm(X) =1, Sp,pm(X (1) = Na- (3)

Practically all the electrodynamics of continuous me-
dia operates with average values of electromagnetic
field &on(z,t): &in(z,t) = En(z,t), &on(z,t) =
B, (x,t). In this case operators &, in (3) are &, ():
fin(x) = En(z), &an(x) = Bp(z) which in the
Coulomb gauge are given by expressions

. . 2rhwy )1/2 ;
En(.’b) =1 E % eakn(cak - C;‘t’_k)elkwv
ak

B, () = epim X

1/2

+ ikx
Vi kieakm(cak + ¢4 _p)e

(4)
ak
(we use standard notations of quantum electrody-

namics; k; = k;/k). Nevertheless in paper [2] it has
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been pointed out that for this choice of operators éﬂ
the statistical operator pf(Z) does not exist because
of containing a linear form on Bose field operators
Cak, czk in the exponent. The situation can be cor-
rected with the availability of a quadratic form of the
operators in the exponent; hence the statistical oper-
ator has a structure

pi(Z) = exp{®(2) = > 2 cfican—

ak,a’k’

— (Y Zid el +Zchak+hC 2
ak:ock:'

®)

In fact, it means that the minimal set of reduced de-
scription parameters of electromagnetic field contains
its binary fluctuations (correlations) besides its aver-
age strength though the average field can be absent.

3. VARIOUS APPROACHES TO
CONSTRUCTING THE KINETIC
EQUATIONS WITH BINARY
CORRELATIONS ACCOUNT

In order to describe binary ﬂuctuations of the field,
normal n$ (1) = Spp(t)el, cary and anomalous
A% (t) = Spp(t)cancarrs one-particle density matri-
ces (DM) can be used (a T-1 theory) as well as con-
nected with them normal

£ (2, 1) = Spp(t)fge

and anomalous

(z)

’
L20Q

£ (x,t) = Spp()f, ()

Wigner distribution functions (WDF) (a T-2 theory)
where

fao/

_ + iqx
K () = E :Ca,qu/2ca’7k+4/2e )
q

’
jxe7e?

B () =) Camta/2Car—kiqe™.
q

(6)

The anomalous DM and WDF are absent in a state
with the statistical operator ps(Z) at Z2& = 0 and
average electromagnetic field equals zero at Z* = 0.
The terminology “normal-anomalous” is connected
with the concept of spontaneous break of symmetry;
herewith from this point of view a nonzero average
field value is also a consequence of some symmetry
breakdown.

Electromagnetic field fluctuations can be de-
scribed also with average values of field operators

(€€ = 53000 Ean(@).Eanla)}, (7)

or corresponding correlation functions

(E2,650)¢ = (2,650t — Ean(@, D)Ean(, )
(a T-3 theory).
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The unique relationship of such theories proceeds
from the formulas (4) and their consequence

Cak = __ Cakn — zEn(x)] etk

d3
87kahv 1/2 /
(8)

(Zn(z) = rot, B(z)). T-2 and T-3 theories allow de-
scribing a spatial behavior of the electromagnetic field
in medium. Temporal equations for one-particle DM
and WDF are called kinetic equations for photons in
medium.

In the paper [3] a theory of T-1 type has been
built for electromagnetic field in equilibrium plasma
medium. The corresponding kinetic equations have a
form

Brgpe = i(Q — Q) gy —
— (vi + v ) (955
—(iQk + I/k)l‘ak + (l/k + ikak)x;_k

- nk(saa’ 5kk’ )a

9)

atxak =
where
i (t) = ngir (1) — 25, (O)Tarr (1),
Tak(t) = Spp(t)car,
Q= wi(1 — 2mxk), (10)
(Qy, is a photon spectrum in the medium, ny is Planck
distribution with a medium temperature). The sec-
ond equation (9) is actually a Maxwell equation with
account of a material equation, at that o and xg
are conductivity and magnetic susceptibility of the
medium expressed via the Green function of currents.
In terms of WDF in the case of weakly nonuniform
state of the system such kinetic equation takes the
form

VL = 210y,

o poe _ O o 1 Py 9P
Yk T T Ok, Oxn | 4 0k, 0k, 0,01,
—2I/k(f;€la, — nkékk/éaa/). (11)

4. KINETICS OF ELECTROMAGNETIC
FIELD INTERACTING WITH
NONEQUILIBRIUM SYSTEM

OF EMITTERS

In our papers (see [4]) electrodynamics in a medium
consisting of two-level emitters has been built. Such
a theory emerges in the course of research into the
Dicke superfluorescence [5] on the basis of the Bo-
golyubov reduced description method. A standard
approach lies in the framework of a theory of T-3
type.

Emitter subsystem is regarded as nonuniform and
it is convenient to describe it with a density of emitter
energy

fo :  E(x) = hw Z Faz0(T — Tqg)-

1<a<N

(12)

Operators of the reduced description parameters of
the field subsystem in the developed theory are

b fanle), HEan@) b},



Maxwell equations in terms of averages have the form

OEn(z,t) = croty, B(x,t) — 4w, (x,e(t), &(1)),

OBy (z,t) = —crot, E(x,t) (13)
with a material equation
Jn(x,6,6) = /dx’a(x — 2 e(z)) B, (z")+
—|—c/dm’x(x — ' e(x) Zn(2) (14)

where Fourier transforms of functions o(z,¢), x(z,¢)
are conductivity ox(e) and magnetic susceptibility
Xk(€) of the system. Equations for field correlations
acquire the form

O(EXE}Y) = crot, (B*EF ) 4 crot)(EXB* )—

—Ar(JL B — 4An(ELT}),
0, (E*BY') = crot, (B*BYF ) — crot)(E*E® )—
—Ar (i BY),
8, (BE}Y) = —crot, (E*E}F') + crot)(B*B* )—
—4m(BLJ),
8,(BB}') = —crot, (E*BY') — crot)(BEE™). (15)

Current-field correlations are expressed via field cor-
relations by material equations obeying the Onsager
principle.

5. ENERGY FLUXES IN MEDIUM AND
CORRELATION FUNCTIONS

In kinetics of electromagnetic field the energy fluxes
in medium is a problem of interest. An operator of
energy flux is given by the formula

C

8W5nlm{El(x)7 Bm(x)}

Gn () (16)
According to the reduced description method, in the
theory taking into account only binary field correla-
tions exact averages of binary field functions are de-
termined by the quasi-equilibrium field distribution.
Therefore the energy flux is expressed exactly via one-
particle DM or WDF. For example, if the average

field is absent, we come to an exact formula

(@) —hc2Z/ Pl oot 0 ypaol () (17)
TR L | e T e
where the notation is used
o2 (kyq) = ot (k — q/2,k + q/2),

(6nl6ms - 5ml5ns)(k1 k2)1/2 X

N =

o2 (b1, ko) =

7 * 7. *
X{kllealkl‘geagkgm + k2lea1k1me(¥2k2s}' (18)

In a weakly nonuniform state this formula leads to a
well-known elementary result

d3k OWk o0
q"(x)zz/ G g, (@)

Formula (17) should be put in the basis of the the-
ory of radiation transfer. The simplest consideration
is based on approximate expression (19). Radiation
transfer can be described by specific intensity of ra-
diation

(19)

3
w°h aa’

IS (n,z) = W k

()

k=n<¥
c

(20)

(In|] = 1). This definition gives formulas for energy
flux of the electromagnetic field

q(x) = Z/Ija(n,m)mdwdﬁn (21)
and its energy density
1
=- 5 dwd,, 22
@)= 3 [ (22)

which are in common use in the radiation transfer
theory [6].
Equation of the radiation transfer follows from
definition (20) and kinetic equation (11)
oI (n, z) oI (n, x)
BT - o

8@
—QVM{Iga' (n,z) — I,0ga }+
9219 (n, x)

WM, 4 by Oim 23
+{awniNm + byoim } D10 (23)
where the notations
L =coni, Vgl =y,
8kl kzﬂn_ wllly k k=2n = Vw,
a2l/k
E4 w m bu(sm b)
Tedhom o {awniNm + byoim}
3h 1
L= — (24)

(27)3¢2 ehw/T — 1
are introduced. Usually this equation is written for
stationary states and without correction given with
the last term.

6. FIELD CORRELATION PROPERTIES
IN QUANTUM OPTICS

The most general approach of quantum optics to the
statistical properties of light is based on the technique
of photon counting and the concept of an ideal quan-
tum detector. Its operation analysis by Glauber [7]
has led to the conclusion that the simplest observable
correlation quantity describing electromagnetic field
is

Sp{pB{ ) (2, B (2, 1)} (25)
It can be measured in the experiments of the first or-
der (for example, in the Young scheme). Here p is a

statistical operator of the field; E(f)(m, t), E(f) (z,t)
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are positive-frequency and negative-frequency parts
of the electric field operator (4) in the interaction
picture:

Ey(x,t) = S (2,t) + B (1),

Efl_)(x,t) = E7(1+)(m,t)+, Eff)(m,t) =
Ithw )1/ 2 .
= Z _( WV(;)/]Z) CoknCok pilkz—wit) (26)

ka

In experiments of the second order (for example, the
Hunbury Brown-Twiss scheme based on photon de-
tection coincidence) observable correlation quantity
describing electromagnetic field is

Sp{pEﬁL:) (l‘1, tl)ET(L;)(JZQ, t2) X

X B (2,1) B\ (21, 11) ).

I (27)
In more complicated experiments all correlation func-

tions of the form

ss’ / ’
Gnl...nﬁ,ll...lsl (yl"'y87 yl"'ys') =

= Sp{EL) () B () B () B (40))
(28)
can be considered as observables quantities in quan-
tum optics (y = (z,t)) [8]. Statistical operators built
with the Bogolyubov reduced description method can
be used in this formula as a statistical operator.

Note that appearance of operators Eﬁf)(m, t),
ES7)(2,t) in formulas (25), (27), (28) instead of the
total field operator E,(x,t) is a consequence of high
frequencies of electromagnetic field of visible spec-
trum.

Correlation functions of the first order G'! can
be expressed through the one-particle density ma-
trix nge exactly and those of the second order G22
can be expressed through it only approximately. The
most interesting quantum correlation effects (such as
photon antibunching, squeezing, sub-Poissonian sta-
tistics) are described with correlation functions con-
cerning different time moments [8].

Introduced correlation functions contain averages
over normal product of operators of electromagnetic
field. In this case it is very convenient to use the
Glauber formalism of coherent states. Statistical op-
erator of electromagnetic field can be represented in
the Glauber-Sudarshan form [7]

p= / 2P (2, 2) 2) 2], (20)

where {|z)} is basis of the coherent state representa-
tion

caklz) = zakl2) (2= {zak}),
1 2 2 2
— =1 - @
7r/d z|z){z| , d°z alklek

) s 1 2 — / "
Zak = Zgp T 120 A 2ok = dzopdzl. (30)
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In this formalism correlation functions take the form

ss’ / rN
Gnl...ns,ll...lﬁ/ (yl"'ysa yl"'ys/) -

- / 2P (2)E (1) B (92) Eny 2 () B - (4)

(31)
where

2mhw: )1/2 )
Enz (ZL', t) =i Z % Cakniak el(kajiwkt)~
ka

(32)

7. FORMALISM OF GENERATING
FUNCTIONAL

A generating functional can be introduced for a sta-
tistical operator

5 torcly 5 ulucon
2

F(u,u") = Sppet e , (33)

the functional giving possibility to calculate averages

+ + _
SPPCy &y -+ Car.k. CalkyCal K, =

, Ot F(u, u*)
OUqy ke --OUaq ke, 3u’;,1k,1 ...8u’;,/k,
.

s/ lu,u*=0

(34)

= -1y

and the Glauber-Sudarshan distribution

P(z,2") = %/dQUF(u,u*)eg’:ﬁ{uakzak vorsar)
(35)
Formalism of generating functions was widely dis-
cussed in the frame of the reduced description method
(see, for example, [1, 9]). In this theory (a T-4 the-
ory) the quantum Liouville equation is written in
the form of equation for the generating functional
F(z,z*) and integral equations of the reduced de-
scription method are formulated as equations for this
functional. In this theory generating functional for
the quasi-equilibrium statistical operator p¢(Z(n))

(see (5))

pe(2) =exp{®(2) — Y Zpf clpcarn s

ak, o'k’
Sppe(Z(n))egyCarrs = N (36)
is given by expression
- X nzs//u:;kua/k’
F(u,u*) =e¢ oke'* (37)

An example of the T-4 theory is given by the pa-
per [10] where kinetics of classical electromagnetic
field in equilibrium medium was studied with taking
into account all (not only binary) correlations of the
field as reduced description parameters.



8. CONCLUSIONS

Kinetic theory of electromagnetic field in media
has choosing a set of parameters describing non-
equilibrium states of the field as a starting point with
necessity. The minimal set of such parameters in-
cludes binary correlations of field amplitudes. The
corresponding mathematical apparatus uses different
structures of averages: one-particle density matrices,
Wigner distribution functions, and conventional si-
multaneous correlation functions of field operators.
All approaches can be connected with each other
due to the possibility of expressing the main cor-
relation parameters in various forms. The reduced
description method elucidates the construction of ki-
netic equations in electrodynamics of continuous me-
dia (plasma, complex of two-level emitters) and ra-
diation transfer theory. The obtained results can be
analyzed with the help of approaches elaborated in
quantum optics.
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OBJIACTBH ITPUMEHNMOCTMU PA3JINYHBIX I1OJXO0J0B K OIITMCAHUWIO
SQJIEKTPOMATHUTHOTIO IIOJIAd B CPEJE

C.®. Jlaeywun, A.U. Coxonoscxuii, F0.M. Canrox

IIpobiema mapamMeTpoB, KOTOPbIE HEOOXOIMMBI [IIsi ONMMCAHUS HEPABHOBECHOTO JJIEKTPOMATHUTHOTO ITOJIS,
HCCJIE/IyeTCsT HA OCHOBE METO/Ia COKPAIIEHHOro onucanus boromoboBa, ycTaHABIMBAIONIETO HEOOXOINMOCTH
OMHAPHBIX KOPPEIANnUil B MUHAMAJIHLHOM HabOpe MapaMeTrpoB, MIPUHUMAEMBIX BO BHUMAHHE B YPABHEHUSIX
spostonuu. COOTBETCTBYIOIIAA TEOPHUs MOXKET ObITh IOCTPOEHA B TEPMUHAX OJHOYACTHYHBIX MATPHIL ILJIOT-
HOCTH, BUTHEPOBCKUX (DYHKIINH pACIpeIe/eHns, OTHOBPEMEHHBIX KOPPEIAINOHHBIX (DYHKITHH TTOJIEBBIX OIe-
PaTOpOB ¥ MPOU3BOAAIMINX (DYHKIINOHATOB. [loydeHHbe pe3yIbTaThl MOTYT QHAJU3UPOBATHCS C MOMOIIBIO
[IO/IXO/I0B, Pa3pabOTaHHbIX B KBaHTOBOM onTuke. CpaBHUBAIOTCHA Pa3HbIE METObl TEOPETHYECKOIO M IKCIIE-
PUMEHTAJBHOT'O UCCEI0BAHNS KOPPEJIAINl TOJIs.

OBJIACTDb 3ACTOCYBAHHZ PISHUX IIIAXOAIB 40 OIINCY
EJIEKTPOMATHITHOTIO I10JIf1 B CEPE/IOBUITII

C.®. Jaeywun, O.H. Coxoroscoruti, F0.M. Caroxr

IIpob6ema mapamerpiB, HEOOXiIHUX [IJIsi OMHUCY HEPIBHOBAXKHOTO €JIEKTPOMATHITHOTO MOJIS, AOC/IIKYETHCS
Ha OCHOBI MeTOy CKOpodeHOoro omucy borosmoboBa, 10 BCTAHOBIIOE HEOOXiTHICTDH OiHAPHUX KOPEJIiilt y
MiriMaabHOMY HaAOOpPi mapaMeTpis, fKi 6epyThcd [0 yBaru B PiBHAHHAX eBoJionii. Binmosigmna Teopis mozxke
OyTy moOy/1I0BaHa MOBOIO OTHOYACTUHKOBUX MATPHUIlh I'YCTHHH, BirHEPIBCHKUX (PYHKITH PO3MIOILTY, OTHOIAC-
HUX KOPEJAMINHNX (DYHKIH MOJhOBUX OMepaTopis i TBipHux ¢dyHKIioHagIB. OTpuMani pe3yabTaTu MOXKYThb
OyTHu TpOaHAJII30BaHI 3a IOMOMOrOI0 IiIX0/IiB, pO3pobIeHnX y KBaHTOBIH onTuri. [lopiBHIOIOTBCS pi3Hi Me-
TOIU TEOPETUYHOTO i EKCIIEPUMEHTAIbHOIO JOCIiPKeHHS KOPEJIAIiil Mo,
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