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KINETICS OF SYSTEM OF EMITTERS AND
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A new step in research into the Dicke model kinetics is proposed on the basis of the Bogoliubov
reduced description method. A more precise description of the emitter subsystem and electromagnetic
field is considered. New reduced description parameters — emitter energy density and binary correla-
tion functions of electric and magnetic field amplitudes — open the way to investigating nonuniform
systems of two-level emitters and nonequilibrium electromagnetic field with its correlation properties.
Kinetic equations for such systems have been obtained in terms of electrodynamics of continuous
media consisting of two-level emitters. Material equations for corresponding media are analyzed.

PACS: 11.10.-z
INTRODUCTION

Theoretical investigations of superfluorescent systems are based traditionally
on the concept of a dynamic system of emitters interacting with the electromag-
netic field considered as an equilibrium one [1]. Different approaches lead to
the same description of the dynamic system kinetics [2-4]. A superfluorescent
pulse is detected through the behavior of the total quasi-spin of the subsystem
consisting of two-level emitters which is described with the Rehler—Eberly equa-
tion [5]. Nowadays, correlation properties of near-coherent emission generated by
the Dicke system of emitters are of interest due to quantum optics development.
The consequent way of kinetics construction on the basis of the Bogoliubov re-
duced description method [6] used in our previous papers [4,7, 8] allows one to
obtain a more precise picture of the process in the system under consideration
including nonequilibrium states of electromagnetic field and various excitations
in the emitter subsystem. Thus we come to electrodynamics of nonequilibrium
medium consisting of emitters.

1. REDUCED DESCRIPTION PARAMETERS
FOR A NONUNIFORM AND NONEQUILIBRIUM SYSTEM

We proceed from the following generalization of the Dicke quasi-spin mo-
del [9]:

= Ho+ Iy, o= honefycna+tw Y funy I =— / BBl (2) By (x)
ko 1<as<N
(1)
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(Tan 1S a quasi-spin operator; a is emitter’s number; n is vector sub). Electro-
magnetic (EM) field modes are described with boson operators cg, c;a, and
operators of transversal EM field are expressed via them as

R _ omhw \ /2 ,
El(z) = ZZ ( WV k) ean(k)(Car — czﬁk) ethe
ka

2
Bn(z) =iy (27T7wk>1/2 [k, ea(k)]n(cak +cf i) €™ (ki = ki/k)
ka v 7
with standard commutation relations
B (2), Ef ()] = 0, [Bu(), Bi(a')] = 0,
(B, (x), B ()] = enlm4wihcw. )
Formula (1) contains density of dipole moment (polarization) of emitters
Po(a) =2 ) danfasd (v —z0). 4)

1<a<N

Operator evolution equations for operators of the field and emitter polarization

EL(2) = crot, B(z), Bu(z) = —crotn(E(x) — dnP(z)), Po(z) = Jo(z)

, &)
~ R 2 2 A
(Jn(z) = —Qw;danrayé(x —x,), A= %[H,A])
give us operator Maxwell equations:
En(x) = crot, B(z) — 4mJ,(x), én(x) = —crot, B(z)
(6)

(E,(z) = E (z) — 47 P, (z)),

where the operators of complete electric field £, (z) and current density J,(z)
are used. Emitter energy density &(x) obeys the evolution equation

£(x) = Jo(2)EL (2)  (é(z) = hw Z Faz0(T — x4)) @)

1<a<N
which is the Joule heat exchange between the emitter and field subsystems.
Since the operators E' (z), B, (z), £(x) satisfy conditions
[Ho, E! ()] = —ichrot, B(z), [Ho, Bn(x)] = ichrot,Et(z), [Ho,é&(z)] =0,
(8)
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their average values can be the basis for building the system kinetics in the
framework of the Peletminsky—Yatsenko scheme [6].

Let us define correlation functions (a®b*"); of local values a(z), b(x) by the
formula

(a"b") = 5 Sp p(t){a(x), (')} — Sp p(t)a(x) Sp p(t)b(a"). 9

1
2
More precise description of the system kinetics should be based on the reduced

description parameters (RDP) é(x), 4,, where 4, notes the following set of
operator variables:

: 5 {EBh(2), Bf()}  {Eh(2),Bi(@))}  {Bu(x), Bu')}
2 ’ 2 ’ 2 '

Analogously to (8), operators 7, satisfy the Peletminsky—Yatsenko condition
[Ho,%] = hzcmﬂﬁ/;ﬂ-
M/

2. KINETIC EQUATIONS FOR THE GENERALIZED DICKE SYSTEM
AT THE REDUCED DESCRIPTION

The quantum Liouville equation

g

Orp(t) = = [H, p(t)] = Lp(t) (10)

supplemented with the Bogoliubov functional hypothesis [10]

p(0) —— ple(0),7(1) (with Sp, p(1)2(2) —— e(,1),
Spp(t)ﬁ’u—"}’u(t)) (11

t>7o

(1o is synchronization time depending on an initial state of the system) dictates
the general structure of the quantum Liouville equation at the reduced description
of the system

The Bogoliubov boundary condition of the complete correlation weakening

pe,1) — Vs (Do (Ewa(da@) (Lop =~ 3[Hopl), (13)

T—400

eTLo
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where we use a quasi-equilibrium statistical operator (SO) of the field

ps(y) = exp {@(v) =Y 2.(7) %} (14)

possessing the properties Spyps(v) = 1, Sp;ps (7)Y = Yu» @ quasi-equilibrium
SO of the internal degrees of freedom of emitters

pmlE) = exp {Q(e) _ / dx Z(x, 6)é(x)} (15)

satisfying the conditions Sp,,pm(e) = 1, Sp,,pm(e)é(x) = e(z) (T(z,e) =
1/kpZ(x,¢e) is a local temperature of the emitter system), an isotropic distrib-
ution function of orientations of the dipole moments of the emitters wq, and a
phenomenological accounting of nonresonant interaction of emitters with electro-
magnetic field,

+oo

/dwwa(w)zl (a € wp),
0

W (w) = C(a)m,

results in the integral equation for SO of the system p(e,~)

p(e,7) = pr(7)pm(e)wawa+
0

+ / dTe_TLO{Lm(E,V) - Z%Mu(&ﬁ’)_

o o

— /dxégii;j;)M(x,e,’y)} (16)

’y%eiCT;y

to be solved in the iteration scheme.
This is our way to kinetic equations of the generalized Dicke system.

3. MATERIAL COEFFICIENTS IN ELECTRODYNAMICS
OF MEDIUM CONSISTING OF EMITTERS. ONSAGER PRINCIPLE

Important convenience is provided by the structure of py(y) allowing one to
use the Bloch—Wick—de Dominicis theorem. Averages of linear and bilinear in
the field expressions can be put down via local field values and binary correlation
functions:

Spyos (1) En(z) = Ej(x),  Spsos(7) Bl (w) = B (),
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Spypr(V)En(2)Ef (2') = (E[ E[*) + B} (2) B (2'),
n a') = (B B") + B}, (2) B (2'),

o) = LB @), B + (BB + By @B,

_égn@gul<%?z@;@>::s@%

1<;Nln <2ch (h‘” (q, )))

where n(z) = > 0(z — x,) is spatial density of emitters.
1<a<N
Thus we come to evolution equations for average electromagnetic field, i.e.,
the Maxwell equations

OcEn(z,t) = crot, B(x,t) — 4w, (x,e(t), v(1)),
OBy (x,t) = —crot, E(x,t),

(17)

(18)

and material equation for the current density in terms of the complete electric
field

Jn(x,e,7) = /dm'a(m — 2 e(z))En (2" )+

+ c/dm’x(x — 2 e(2)) Zn(z) + O(N*)  (19)

(Zn(x,t) = rot, B(x,t)). Here we consider emitter-field interaction as a small
one Hy ~ A (A< 1) and

En(z,t) = EL (2, 1) + O\?), o(k,e) ~ X2, x(k,e) ~ 2. (20)

Material coefficients in (19) are conductivity o(k,e) and magnetic susceptibility
x(k, )

21 ed? 4ed?
olk,e) = ———Fwa(wk), x(k,e)=—-— / dw we, (w (21
3 h? 3 h? —w,%

Density of the dipole moment of the emitters depends on the same variables
P, (z,e,7v) = /d.’ElI{(ib — 1 e(x))En(2)+

+ c/dm'a(m — 2 e(2))Zn(z) + O(N?)  (22)
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with coefficients

o(k,e)

k(k,e) = x(k,e), alke) =~ w2

(23)

Evolution equation for density of energy (z,t) of the emitters is given by the
expression

Bta(m, t) = L('r’ 6(t)’ ’}/(t)),

L(z,e,7) = /dﬂi'a(ﬂc — o' (@) {(BL By ) + En(@)En(a)}+

e / da’x(w — o' (@) {(B5BY) + En()Ba(2')} + R(n(x)) + O(N?)  (24)
in which the last term describes dipole radiation of the emitters

2
3me3

—+oo

R(n) = / dw wwe (W). (25)
0
For small o wqo(w) — d(w — wp) and R(n) gives known expression

2d%wg
- n

3med
Evolution equations for correlation functions of the EM field in terms of the
complete electric field can be written in the form

R(n) =

O (EZEF) = crot, (B EF') + crotj(EXB®) — 4n(JEEF ) — An(E2JF),
8 (EZBY') = crot,(B*BY) — crot)(E2E”) — 4n(JEBY), .y
Oy (BEE}Y) = —crot, (E°E}') + crot)(BEB® ) — Ax(BLJY), .
8, (BB} = —crot, (E*B}') — crot)(BXE™).
Material equations for the current-field correlations in terms of correlations of the
complete electric field are

(B ) = / da"o(a’ — 2", (') (BB )+

+ec / da"x (@' — o e(@)ELZ7") + Smlx — 2/ n(2') + O(N%),
27
(B ) = / dao(x! — ", e(a))(BEEF" )+

+ c/dm”x(m’ — 2" e(2))(BEZE") 4+ Tz — 2/, n(2')) + O(N?)
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with

2w ~ -
Sni(k,n) = —?d2n (Ont — knkl)wiwa(wk),
+oo

4mi w
Tnl(k,n) = ?Cdzn enimkm / dw wﬂé(w)Pw2 _ w}% :
0

Comparison of relations (19) and (27) shows that the Onsager principle is valid
for the considered system.
Values Sy (k,n), Ty (k,n) define equilibrium correlations of the EM field.

CONCLUSION

The obtained equations (18), (24), and (26) completely describe nonuniform
nonequilibrium states of the emitters interacting with EM field. Equation (24)
is a generalization of the Rehler-Eberly equation. They will be applied to con-
sideration of the following phenomena: 1) waves of correlations of EM field in
equilibrium medium of emitters, which can be observed in the absence of average
field; 2) connected waves of EM field and emitters; 3) pumping of emitters by
EM field; 4) radiation of correlation waves by emitters; 5) super-radiance of emit-
ter system; 6) stability problem of equilibrium states of emitters and EM field;
7) scattering of EM field in emitter medium; 8) influence of spatial distribution
of emitters on phenomena in the system.

This work was supported by the state Foundation for Fundamental Research
of Ukraine (project 25.2/102).
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