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DYNAMICS OF ELECTROMAGNETIC FIELD AND ITS CORRELATIONS IN
A MEDIUM CONSISTING OF TWO-LEVEL EMITTERS

Kinetics of electromagnetic field in a medium of motionless emitters is considered on the basis of
reduced description method with using as its parameters the average value of the transversal
electromagnetic field, its binary correlations, and energy density of the emitter subsystem. Material
equations for such a medium are obtained. Electromagnetic waves existing in it are considered. Equilibrium
correlations of the field and their connection with the material equations are investigated. The concept of
binary correlation waves existing in a non-uniform case is developed. The description for waves of binary
correlations with using the field mode correlations and compact designations are proposed. Four types of
correlation modes in the equilibrium medium of emitters are found. Two of them correspond to a damped
oscillation process and other two ones correspond to decaying waves. The connection between the energy
density of the emitters and field correlations is shown. Modes of the non-equilibrium medium coupled to
field correlation modes are investigated near the equilibrium. The phenomenon of creation of field
correlations (correlation wave emission) in the process of emitter medium evolution is predicted.

Keywords: medium of emitters, transversal electromagnetic field, correlation modes, decaying waves
of correlations, nonequilibrium medium, coupled oscillations.

PaccMoTpeHa KHHeTHKa 3J1eKTPOMATHHTHOIO MOJsi B cpefe, 00pa30oBaHHON HeNMOABH:KHBIMH
JABYXYPOBHEBbIMH HM3/Iy4aTe/IsiIMH, HA OCHOBe MeTOJe COKPAIIEHHOr0 ONMMCAHMSA € HCNO/1b30BAHHEM B
Ka4ecTBe ero NapaMeTpoB CPeJHUX 3HAYCHHUN NONEePevYHOro 31eKTPOMArHUTHOIO 110151, ero OMHAPHBIX
KOpPpeJsiiHii ¥ IJIOTHOCTH JHEPIUH NoACHCcTeMbl H3ay4areseii. [loayyeHnl MaTepuaibHble YPABHEHHA
IJis Takoii cpeabl. PaccMOTpeHBI 3JIeKTPOMATHHTHbIE BOJIHBI B Heil. HMcciegoBaHbl paBHOBeCHBIE
KOPpeJsiMH 10/ H UX CBA3b ¢ MATEPHAJbLHBIMY YPaBHeHUsIMH. Pa3BuTa KOHLeNMs BOJIH OMHAPHBIX
KOppeJsiiuii, CyIIecTBYIOIMX B HEOAHOPOAHOM ciydae. IIpensoskeHbl onucaHue BOJIH OMHAPHBIX
KOppeJsiiuii ¢ MOMOIBLI0 KOppeJsinuii MoA MoJisi 1 KoMnakTHasi ¢popma 3anucu. Haiizeno yernipe
THIIA MO/l KOppe/siliMii B PAaBHOBECHON cpefie W3 m3Jy4arteseii. [Ba U3 HUX OTBeYalOT 3aTyxalouieMmy
KoJIe0aTeJJbHOMY Mpolieccy, ellie ABa — 3aTyxalomuM BoJjHaM. ITokazana cBsSI3b NMJIOTHOCTH HEPIHH
H3JIy4aTeseii ¢ KoppeasuusiMu moJjs. M3ydeHbl MOl CBSI3AHHBIX KOJIe0aHN HepaBHOBECHOIl cpebl U
KoppeJasuuil mojs BOau3M paBHoBecus. IIpencka3ano siBjieHHe BO3HHKHOBEHHMSl KOPpPeJAlMil 1moJis
(M3J1yyeHHs1 BOJIH KOppeJsiiuii) Npu IBOJIIOLUM CPeAbl U3 U3JIy4yaTeJsiei.

KarodeBble coBa: cpefa U3 u3mydaTeneil, monepeyHoe 3MeKTPOMArHUTHOE T10J1€, MOl KOPPEAIHH,
3aTyXalollhe BOJIHBI KOPPEIAINii, HEpaBHOBECHAS CPEZIA, CBS3aHHbBIE KOJIEOaHMHs.

Po3rnsinyTo KiHeTHKY e/IeKTPOMArHITHOIO MOJA B cepeJOBHINi, sike YTBOpeHe HepPyXOMHMH
JABOPiBHEBMMH BHIIPOMiHIOBAYaMH, HA OCHOBi MeTOy CKOPOYEHOI0 ONHCY 3 BUKOPUCTAHHAM Yy SIKOCTI
iHoro mapameTpiB cepeAHiX 3HAYeHb MONEPEYHOI0 €JeKTPOMATrHITHOTO TOJIsl, HOro OiHapHUX
KopeJisiliii i rycTunu eHeprii miacucremu BunmpomiHoBaviB. OTpuMaHo MaTepiajbHi piBHSIHHA IS
TaKOro cepeloBHINA. Po3risiHyTo eleKTpOoMArHiTHI XBWIIi B HboMY. JlociiakeHO piBHOBAaKHI Kopesauil
nojiss Ta ix 3B’A30K i3 MarepiaJbHMMH piBHAHHAMH. PO3BMHYTO KOHUeNUil0 XBWIbL OiHAPHHX
KopeJisiliii, 10 iCHYI0OTh Y HEOHOPIAHOMY BHIIAKY. 3aPONOHOBAHO ONMMC XBUWJIb OiHAPHUX KOpeasuii
3a IONOMOroI0 KopeJsimiii Mo Mojsi Ta KOMNAKTHY ¢opmy 3amucy. 3HaliieHO YOTHPH THIH MOJ
KOpeJisiliii y piBHOBa:KHOMY cepeJOBHUILI 3 BUIPOMiHIOBaYiB. 3HAl1eHO YOTUPH TUIIM MO/ KOpeJsilii y
PiBHOBa)KHOMY cepe/loBHIIi 3 BUNIPOMiHIOBayiB. /IBa 3 HUX BiINOBiIal0Th 3racaro4yoMy KOJIHMBAJIBLHOMY
npoiecy, a e JABa THIIM MOJ Kopeisuii — 3racarouuM xBujiaM. [loka3aHo 3B’A30K I'yCTHHHM eHeprii
BUNPOMiHIOBa4iB i3 KopesuisMu noJisi. BuBueno 3B’s13aHi KOJIMBAHHS HEPiBHOBAKHOIO cepeloOBUINA
Ta KopeJsinii mons mo6um3y Bin piBHoBaru. IlependauyeHo siBule BMHUKHEHHSI KOpeJsniil moss
(BMIPOMiHIOBAHHS XBUJIb KOpeIflliil) y npoueci eBo/onii cepeoBHINa 3 BHIIPOMiHIOBaYiB.

KmrouoBi ciioBa: cepemoBuile 3 BHIPOMIHIOBAYiB, IONEPEYHE ENEKTPOMArHITHE TII0Jie, MOAM
KOpeJIsILiii, 3racaioun XBHJII KOPEJALii, HEepiBHOBaYKHE CEPEeIOBHILIE, 3B 13aHi KOJIMBAHHSL.

© S. F. Lyagushyn, Yu. M. Salyuk, A. I. Sokolovsky, 2013
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Introduction

The necessity of taking into account binary field correlations as additional
independent variables together with the average field was pointed out for the first time in
the paper [1]. This idea was put into life in the paper [2] where the field kinetics in the
equilibrium entirely ionized plasma was investigated. In that paper the idea of field
correlation waves existing was also expressed. In the paper [3] the kinetics of
electromagnetic field in non-equilibrium plasma at the hydrodynamic stage of evolution
was studied. In the approximation of a small correlation radius coupled oscillations of
field correlations and hydrodynamic variables of plasma were investigated.

In our paper [4] the kinetics of electromagnetic field in a medium consisting of
motionless two-level emitters distributed in the space with the density Nn(X) was

developed. The interaction between emitters and field was supposed to be weak (4 is its
weakness parameter). The directions of dipole moments of emitters were considered to be
equiprobable. Non-equilibrium field state was described by its average value
B, (x,t)=¢&,(x,t), E (x,t)=¢&, (xt)and binary correlations (&X,&X),  defined for
arbitrary local quantities a(x), b(x) by the general formula

(a",b"), =Sp p(H){&(x),b(x)} /2 ~Sp pHAX)Sp p(HD(X) (1)
(4(x) and 6(X) are the quantity operators, p(t) - a statistical operator of the system). A state
of the non-equilibrium system of emitters was described using their energy density £(X,t).

The aim of the present paper is to investigate the dynamics of such a system near the
equilibrium in terms of the average field and its correlations. Preliminary results of the
investigation were presented at the conference SPMTA-2012 [5].

The proposed research is relevant to the investigation of properties of emitted
electromagnetic field in a superradiant state described by the Dicke type model. The
quantum properties of the field are described by a binary and more complicated
correlation functions. Our correlation functions (1) are one-to-one correspondent to ones
discussed in quantum optics.

Hereafter the review of the theory developed in our paper [4] is given. The
development of the theory of transversal modes of electromagnetic field started in the
paper [6] is continued. On such a basis equilibrium correlations of electromagnetic field
are calculated. Then the investigation of field correlation modes in the equilibrium
medium of emitters is expounded. The last section is devoted to the discussion of coupled
electromagnetic field correlations and non-equilibrium emitter medium. Presented here
theory is the further development of our research in [6].

Basic equations of the theory

We restrict ourselves with considering transversal field dynamics. Average

electromagnetic field obeys the usual Maxwell equations
0,B,(x,t) =—crot, E(x,t), 0,E,(X,t)=crot, B(x,t)—4xJ,(X,1),
divB(x,t)=0, div E(X,t) =47mp(X,t) ()

where J,(X,t) and p(X,t) are current and charge densities. The material equation
connecting the current density and field with accuracy of order A* takes the form

J,(x,t)= J'd Xo(x—X,e(X1)E, (X, 1)+ cId X p(x=X,e(X,1)Z,(X,1) 3)

where Z_(X)=rot, B(X).
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Fourier components 0, (&), y, (&) of the included kernels o(X,&), y(X,&) (they

are supposed to be known functions) are non-equilibrium generalization of the
conductivity and magnetic susceptibility of the medium with taking into account spatial

dispersion. In the developed theory the quantities o, (&), , (&) are of A° order and do
not depend linearly on the energy density & . Equilibrium values of material coefficients
are given by formulas o, =0, (), . = 1. (&™) /[1-4my, (&*)] since the definition
B, =uH,, 1 =1+4xy, (4, is magnetic permeability) is usually applied.

The Maxwell equations can be written more compactly in the form

atgin(xﬂt) = iZJ.dX'Cin,i’l (X - X’)é:i’l (ert) - 477'-"]in (X’t) (4)

where we use the notations: f,n(x) = én(x) , fzn(x) = Ién(x) , 4,(X)=0, J,.(X)=J,(X).
Then the material equation (3) takes the form

‘]in (Xat) = Zj'd 3X'O-in,i'l (X - X',S(X))éq (X"t) . (5)

Non-zero matrix components C;(X—X'), o;(X—X',&), according to Egs. (2) and (3), are
given by formulas for their Fourier images

Cinar (K) =~k € Coun(K) =ik e

m=nml » mCnmi >
oK, e)=0(e), o,,,(K.e)=ice K r.(e). (6)
The temporal equation for binary correlations (they are independent variables) has the form

Ou(En ) =12 [ X (K= X&)+ 07Xy (X=X 60—

~47(3p. &) —4m (&0, 30) (7)
The material equation for correlation current-field functions is given by the formula
(Jiﬁﬁgi)fl’)t = Zjd 3X”Gin,i"m (X - X”a‘g(x))(égifl;’gi)’(lv)t + Sin,i'| (X - X', n(x)) (8)

that matches the Onsager principle. The last term in (8) does not depend on time and is
proportional to the emitter quantity density Nn(X). Note that only the following its

components differ from zero

S2n,l| (k,n) =e,.k, S (), S2n,2| (k,n)= (5, - IZn l2| )T (n) )

where S, (n), T, (n) are known functions of A> order and k, =k, /K .

The temporal equation for the emitter energy density has the form

060 = (3, Ep) + 3,06 DE, (61 + R(N(X)) (10)
where the last term correspond to the full dipole emission of the emitters under consideration
R(n) =—2w*nd*/3xcC’. (11)

Proposed in this section description of the electromagnetic field with using the
relevant compact notation for the field, its correlations, and all material equations allows
to conduct general investigation of the considered system.

Modes of transversal electromagnetic field in the equilibrium medium of emitters

According to Egs. (2, 3), the transversal electromagnetic field, obey the equations

. . C
0,B!, =—ic[k,E],, 0,E, =i—[k,B, ], —47cE}, . (12)
k
The temporal equation for the electric field here has the form
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O.E\ +0,E\ 4o +E, &} |y =0. (13)
Its general solution is given by the formula
E. (t)=a,e™" +b; e (14)

where a; and b, are vector fields independent of time, z, and z, are quantities
defined by the formulas

W= =7, 2, =-1Q =y ka\/a’kz/ﬂk_(zﬂak)za Vi =270, (15)
(@, =ck ). According to Egs. (12) and (14), the magnetic field is given by the expression
k(t)__ [k aJ,e"" - [k b J,e" (16)

Expressions (14) and (16) can be regarded as a set of equations for the functions a, e*'

and b}, €™, thus obtaining

nk (t)

a;kezlkt TN nk (t), b;kezzkt =T AN nk( )—

2iQ 2|Qk L, 2|Qk 200, 44, Qk,uk

Therefore right-hand sides of these relations are modes of the transversal electromagnetic
field in the equilibrium medium. For our purposes the functions

S (D =EQ (D) +Lzrt1k M, 0l ® =2, ® (18)

ik My
are convenient for using as modes (later only the transversal field and its correlations are
considered, that is why the upper index t is omitted for simplicity). For further
consideration it is convenient to introduce compact designations connecting the field
modes with the field itself

Z, . a7

é/ink = ZRin,i’l(k)gi’lk ’ |nk z Rmul(k)gi'lk . (19)
Appearing here matrixes have, according to (15), the followmg non-zero matrix elements
|n 1l (k) - enml km H Rin,2| (k) = 6n| ,
ik/uk
. i Zg
lnll(k) ( 1) k €ami m > RZr:,i’I (k)Z(—l) Iz_gi5nl : (20)

Now we substitute the formula (19) into Eq. (4) with the expression (5) for current and
take into account the temporal equation for modes (18). Bearing in mind that field and its
modes are arbitrary functions determined by the initial conditions, we come to the identity

z |n|m(k geq)le”(k) Rlnll(k)zi’k (21)
where the designation is used

&y, (K, &) =ic;, (k) — 470y, (K, €). (22)
From the relation (21) via a simple matrix multiplication we obtain the formula

Z Rin,i”m (k)ai”m,i’l (k,e*) = Rin,i'l (K)z; . (23)

These formula shows that R

in,i'l (k’geq)

determining the evolution of electromagnetic field in an equilibrium medium and

(k) is a left eigenvector of the matrix a,;,
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corresponds to an eigenvalue Zz;, . Similarly, Ri:i'l (k) is a right eigenvector of this matrix

and corresponds to the same eigenvalue z;, .

Equilibrium correlations of electromagnetic field

For simplicity let us consider equilibrium binary correlations of the transversal
electromagnetic field restricting ourselves with the case of a uniform distribution of
emitters in space. Since they do not depend on time, Eq. (7), with taking into account the
material equation (8) and the definition (22), gives the relation

28 (KNG 6% + 8y (KNG 50 =
=42V (S, i (k) +S;, ,in(k')]gk',-k (24)

(we use a periodical boundary conditions, V is a system volume). Now, taking into
account the formulas (19) and (23), herefrom we find field mode correlations

(Zik + Zi’k’)(é’ii’é’il’(l’)eq =
=47V z Rin,i]n1 (k)Ri’I,izn2 (k') {Si]nl,i2n2 (k) + Siznz,iln] (k’)}é‘k’rk . (25)
Actual expressions (9) and (20) for matrixes entering here give the following expressions
for the binary correlation functions

(éwilriaé’il'{l,)eq = (é’ilr:’é/i’_lk)eq 5k’,—k >
~n 2T (n) @S, (n
(h ity =V am(3, Kk k) 2
Zic * Zix  CHZyZiy
Here we make allowance that for the system under consideration [1] material coefficients
o0,(¢), x(&) appearing in the material equation (3) and functions S,(n), T,(n)

- (26)

appearing in the material equation for correlations (8) are even functions of K,

o (&)=0(8), x. (&)=x), S, (=5 (), T,(nN)=T.(n), 27)
thus providing, in accordance with the formulas (15), the evenness of all the functions
that are expressed through them

Zi =Ly Q, =0, Vo =%» Moy = My (28)
(see also (4) in the paragraph ahead). In fact, this result is connected with the rotational
invariance of the considered quantities from which their dependence on |k | follows.

Concept of binary correlation waves
In the spatially uniform case the nonequilibrium correlation function (£X,&X), depends
only on the difference of coordinates, therefore their Fourier components possess the property

(E,E0), ~ Oy - Hence, the spatial non-uniformity of correlations is connected with the

dependence of Fourier components (&? e & prk/2 ), ona vector k; that can be regarded as a

wave one and indexes i,n,i’,1, p, should be considered to be component numbers. Obviously,
correlation functions of field modes f7;, (k,t)=(£P"%,&;,""*/?), can be used instead of

correlation modes of field itself. Low-amplitude motions of electromagnetic field
correlations can be described by deviations from their equilibrium values

S & = Ens&in ) — (Ens &)™, (29)
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According to Egs. (7) and (8) and the definition (22), in the equilibrium medium of
emitters such quantities obey the evolution equation

0,6( iﬁ > é:lkl)t = Z[ain,i”m (k,&™ )5(§|km ) fukl)t + &y o (K, &™ )5(;‘; > Ggukm )il (30)
Applying (19) and (23), we find from here an evolution equation for field mode correlations
0:8(Gin 6 ) = (T + 2y )G S )i (31)

i.e. they are also modes of correlations. The dispersion law for the modes of correlations
in an equilibrium medium is evident from the relation

0,0t (K, D)= (Zi poxsa T 2 p+k/z)5fir?,i'| (k,t) (32)
where 5" (k,t) = (S, 80P 7). (33)
At small wave vectors we have, according to the formulas (15) and (28):
mode dispersion law
ot (K1) 20 -2y, +0(k%),
Ot (K1) -i2Q, -2y, +0(k?),
fip (K1) ic(p) Pk, =27, +O(k*),
St (k.0) —ic(p) Pok, =27, +O(k*) (34)

(c(p)p, =0Q,/0p,). Thus, in the limit of small wave vectors, the first two modes of

correlations are damped oscillations and the next two modes describe decaying waves
with the propagation velocity +C(p)p, depending on the direction of the vector p, .

Coupled oscillations of field correlations and a medium consisting of emitters

Let us consider coupled oscillations of field correlations and medium near the
equilibrium. Coupled oscillations of an average field are absent according to (4) and (5) since

in equilibrium the average field equals to zero &' =0 . To derive an equation for correlations
we proceed from the relations (7), (8), (22), thus obtaining the generalization of Eq. (30)
615(§ilr(1 ) §Ik| h = Z[ain,i”m (k,&" )6(§i|:m > ég.k| ) + g o (K, &% )5(§|l:1 > gil’(’m )+

1 D
+—— 08,0, o (K, ENEL E)+
8qu |Z" K+k"™"in,i m( )(é m §|| )

1 e - e
+8eqv izggk+k'6i'l,i”m(_k78 (&) (35)

where the proportionality of o, ;,(K,&) to & is taken into account. Eq. (10) for the

density of emitter energy near the equilibrium Je(X,t) =&(x,t)—&* acquires the form
taking into account Eq. (5)

1 r e ! —k'\e 1 r e ' g
0,06, =W§gkzain,i'l(k ) (- +Vz<7m,n(k £ ) - (36)
ik ik
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In terms of mode correlations, these equations, according to the formulas (19) and (23),
can be rewritten as follows

até‘(é,ilr(vé’il’(ll)t =(Zy + Zi’k’)é(é/ilrj’é/il’(lr)t +

qu 258k+k in,ijn (k)o-ilnI ,i"m( , eq)RI m,i,n, ( k )(é/u N, ° é’l| )eq

258k+k |I|n(k )Umlm( k geq)lelznz( k)(é’m’é:lnz)eq

qu ijipi”
até“gk 6‘qu 6gk Z Glnll(k’ eq)Rll iy (k )Rln |2n2( k’)(é’lrl';] 7é/i;:2’)eq +
INIING
+_ Z O-Inll(k, eq)Rll o (k )Rln Sy (k k' )é‘(éllln1 ézlzn2 ) : (35)

i’k
Herefrom with taking into account the definition (33), we obtain the coupled set of
equations for correlations of field modes S f;};, (k,t) and medium energy density J¢, (t)

a 5frr1)|l(k t) {ZI p+k/2 + ZI p+k/2}5 Ell(k t)+ M " (k)é‘gk(t)

in,i'l

0,06, (t) = Zjd PN (K) S P, (K, D) +v g, (t). (36)
The equations 1nclude coefﬁc1ents defined by the formulas

k kK & k
|n||(k) qu Z |n,i,n1(p+5)o-ilnl,i”m(p__ & q)R|m|2n2(p_5)><

ijiyi”

(é/lpnk/z éz p+k/2)eq+

L _p+K _E e _k
+6_qu %;Ri'l,ilnl( p+ z)o-i,nl,i”m( p € )R|m|n (-p 2)><
X(§|p+k/2 ézlnp k/2)eq (37)
| ) qu(2 ) %J.d ko_lnll(k’ eq)Rlnln( k)RI|Ir| (k’)(é/itr;pé’i:r:')eq’ (38)
K e k
|nll(k) 2 ) Z Oin,. |2n2(p+_ 3 )Rlznzln(p+ )Rllnlll(_p+5)‘ (39)
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Notice that equilibrium correlation functions, according to the expressions (9) and
(26), are proportional to the system volume and have the second order in interaction.
Therefore in the set of equations (36) coefficients are of the following orders

M ig,i’l (k)~ A%, Nig,i’l (k)~ 27, v~ (40)
and do not depend on volume in the thermodynamic limit. The solution of the set (36) can
be searched for in the form &f),(k,t)=Cp,(k)e™, S (t)=Ce™, it gives the
following dispersion equation

Mifin KONz (K)
-7 z

(41)

z=v+Zjd3pZ

i,p+k/2 — &i'—p+k/2

Its analysis can be based on the account of estimations (40) and on the detailed analysis
for the case of small wave vectors; this will be done in another place.

Here we restrict ourselves to the analysis of (36) in the elementary perturbation
theory in weak interaction. In order to simplify the formulas, we analyze a set of
equations that are similar to the set (36)

X =z +ay, y=2 bx+cy (42)

where coefficients have the following orderin A: a, ~A*, b ~ A%, ¢~ A*. We search for
a solution in the form of series in powers of 1. Quantities z, in Eq. (42) are analogues
to quantities Z; ,,,,, +7Z; ./, 10 the set (36), the last ones can also be expanded in 4

according to the formulas (15). However, we shall not expand z, in a series in A while

constructing perturbation theory for the set (42). It will allow avoiding partially time
secular terms arising in the perturbation theory. Simple calculations give

K =ne Y @ D +0), Y=y, + AR E D rggrou) @)

where X, =X |, Yo=Yl Secular term presence in the second expression is
physically connected with the fact that really corrections to the frequencies z; occur.

Some interesting conclusions can be made from (43). If at the initial time moment the
subsystem of field correlations is equilibrium and x;, =0, at the next time moments non-

equilibrium correlations take place

a .
X, =0 = xizyoz—_'(et'—l)+0(/16), y:yO+Z+cyOt+O(/16). (44)

1
It means that the medium of two-level emitters radiates waves of correlations.

Alternatively, if at the initial time moment the subsystem of emitters is equilibrium and
Yy, =0, it is excited under the impact of correlation waves
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=0 = x=xe 10, y=Y B e 110G, 45)

Obtained results show the non-trivial dynamics of the system of emitters and
electromagnetic field. Near the equilibrium emitters do not interact with an average field,
but interact with binary correlations of the field.

Conclusions

Modes of average transversal electromagnetic field and its correlations in a medium
consisting of two-level emitters described by the Dicke type model have been
investigated. Four types of correlation modes in the equilibrium medium of emitters have
been found. Among them two types of correlation modes correspond to a damping
oscillation process and two other correlation modes correspond to decaying waves. In this
connection the concept of electromagnetic correlation waves has been proposed. In some
sense these waves are close to secondary waves discussed in the condensed matter theory.
Particularly, we mean the second sound in a superfluid liquid that can be considered as
sound waves in the phonon subsystem (see, for example, [7]).

In the case of a nonequilibrium medium, its coupled oscillations with the oscillations
of the field correlations have been studied. The phenomenon of field correlations arising
(correlation waves radiation) in the process of emitter medium evolution has been
predicted. On the other hand, waves of correlations can break equilibrium state of the
emitter subsystem. The obtained dispersion equation (41) is similar to the one
investigated in the mode-mode coupling theory. An approach developed in the last theory
will be applied to our analysis of this equation in a subsequent paper.
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