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We calculate the intensity of spontaneous radiation of a system of non-linear quantum field, where the non-
linearity is due to deformations of the Poison brackets of the generalized coordinates and momenta.
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1. Introduction

Starting from the seminal works by [1] and [2], quantum systems with deformed Poison brackets
have attracted much attention in various fields of theoretical physics. Of special interest is the so-
called space with the “minimal length,” which means that the deformation of the Poison bracket
is quadratic in momentum for both coordinates and momenta. This has originally been introduced
in [3,4]. Such a deformation leads to a non-zero minimal root-mean-square value of the coordinate.
There is an increasing number of papers on the subject, and the literature review would require a
separate article.

The deformation with the minimal length can in principle be extended to an arbitrary space
of generalized coordinates and momenta which are natural for the description of various models.
In particular, one can study the electromagnetic field represented as a set of oscillators with the
deformed commutator relations for coordinates and momenta, which generates the minimal length.
Obviously, in this case we have the deformation of the field itself rather than the deformation of
the real space. This model of electromagnetic field has been considered in [5,6]. The Casimir effect
in such a deformed field has been studied in [7], where the Casimir energy was calculated for the
one-, two, and three-dimensional cases. It has been shown that the deformation suppresses the
interaction between the confining boundaries.

In the present work, we study the interaction of the deformed electromagnetic field with atomic
systems in the coordinate undeformed space. We shall not discuss the properties of the field equa-
tions (which are non-linear) or the problems related to their Lorentz and gauge invariance which
will be considered in a separate paper. We shall rather propose a model of interaction of such fields
with atomic systems. We shall also calculate the intensity of spontaneous radiation as a function
of the deformation parameter.

2. Basic equations

We study the interaction of an atomic system with the electromagnetic field, whose Hamiltonian
after the decomposition into a set of oscillators is given by:
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where k is the wave-vector, o denotes the polarization, wy = ck is the frequency (where ¢ is the
speed of light in the Vacuum) Qk s Pk o are the generalized coordinate and momenta operators
with the deformed Poison brackets:

Qw0 Pia — PeaQuo = iﬁ(l + 51513,&)7 (2)

where 3 > 0 is the deformation parameter, and all the remaining commutators are equal to zero.
As it is Well—known such commutation relations lead to the “minimal length” in the coordinate

space, 1/(Q %.a) = nV/B [3,4]. Since in this case we do not deform the ordinary “physical” space (in

which our field lives) but rather the commutation relations of the dynamical variables (fields), we
have the deformation of the field itself rather than the space-deformation.
Let us introduce new operators Gk, and Pk, as follows:

. A A 1 .
Ik,a = Qxay  Pra = NG tan(pr,qv/A). (3)
It is easy to show that they are canonically conjugated operators:

Jk,0Pk,0 — Pk,afk,a = ih. (4)

The Hamiltonian (1) becomes

I-Y _ zk:z <wqua tan (Z;za\/ﬁ)> . (5)

[e%

The equation of motion of such a field has been studied in [5,6], where the Hamiltonian was
presented as an expansion in ordinary annihilation and creation operators. The field equations are
non-linear but can be treated perturbatively.

As it is usual for oscillatory systems, we present the magnetic vector potential A as follows

_ [4me? 1. Pr.o er Pea\ _ikr
= % zk:za:ek,a [5 <Qk,a - E) € <Qka W ) € . (6)

In terms of the new, canonically conjugate operators (3) we have:

A=,/ 47;/62 zk: za: €k, |:(jk,oz cos(kr) — %jﬁ\/ﬁ) sin(kr)} : (7)

As usual, the operator of the interaction of the field with an atom is:

2

. e e
V= (Af 2
mc( p)+2m02 ’

(8)

where p is the momentum operator (of the electron in an atom), e = —|e| is the electron charge
and m is the mass.

Therefore, we propose the following model of the interaction of the deformed field with an atomic
system: we assume that all the expressions of the ordinary theory of the electromagnetic field are
valid, except that there are deformed commutation relations for the operators Qk,a and pk,a. Such
a non-linear field is a simple model which allows us to study the effects of the deformation of the
Poison brackets on the properties of physical systems.

3. Wave function and energy levels of the deformed field

The eigenvalue problem for the Hamiltonian (5) has an analytic solution. In momentum repre-
sentation the wave function is as follows:

Voo N o Peas ) = [T ] ¥ (1) 9)
k o
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where 1, ., (Pk,«) is the eigenfunction for the (k,a) mode of the Hamiltonian

2¢* | tan®(pv/p)
> T2

a="2 (10)

which can be calculated using the standard methods, for instance, the factorization method [8].
For brevity, we drop indices k, o from operators gk «, Pk, frequency wy, quantum number Ny o, =
0,1,2,... and other quantities:

0 0
Pk,a — D, dk,a :mapT —>iha—p7 wE — W, Ngo—n=0,1,2,---. (11)
e

We have, therefore, for the wave function in the momentum representation:

o I(a+n+1)0(n+ 2a)
UYn(p) = B /4\/n!r(1/2)f‘ (a+n+1/2)T(2n + 2a)

d d
X (_d_ﬁ + atanp) . (_d_ﬁ +(a+n-— 1)tanp) cos®™" p, (12)

where p = p+/3 is the dimensionless momentum, with the domain of definition of the momentum
p being

—7/2¢/B <p < 7/21/8. (13)

The quantum number is n =0,1,2,..., and
_l 2y (B (14)
4T3 Bhe 2 '
The wave-function (12) is normalized as usually,
/2B
Y (P)Yn(p)dp = Gnrpn. (15)
—7/2VB

A few first wave-functions read:

Yo(p) = ﬁ1/4\/F( Dla+1) cos® P,

1/2)T (o +1/2)

. oD (ar + 2) .
Yi(p) = /4\/F(1/2)F(a Yo cos™ psin p,

2« + 3)

_ 3l/4

valp) =8 \/Q(a T 1D(1/2)(a + 3/2)
Let us calculate the wave-functions for 8 = 0. In this case, there is no deformation and the

Hamiltonian (5) reduces to the Hamiltonian of a harmonic oscillator with the mass equal to unity.
Because @ — 1/8hw — oo for 8 — 0, we obtain

p2ﬁ 1/Bhw 2 o
- = |1——+... = e P/, 1
cos®(py/B) ﬁﬂo( 5 + ) it (17)

[(2a+1)—2(a+1) cos? p| cos® p. (16)

Noticing that T'(z + a) ~ v2me™?2*+t2=1/2 for z — oo, we obtain from equation (12), as expected,
the wave-fucntion of the harmonic oscillator in the momentum representation:

1 1 d o
Un(p) = (eha) 73 g (_d_n +77) e /2, (18)
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where n = p/vhw is the dimensionless variable, with —oo < p < 0.
It is convenient to rewrite equation (12) using the Gegenbauer polynomials C%(x) [9,10]. To do
this, we change the variable z = sin p to obtain, after simple transformations,

() = || Gt s T @)1 — )/ A o), (19)

cf:(:c)()”n!?m_{?(ro(j?(zz)n T (%) [a—ayree2] . )

The wave-functions have the following normalization

/ Do ()P () A = By - (21)

Our change of the variable is not a unitary transformation; the Jacobian of the transformation is
1/ cosp = (1—x2)_1/ 2. Hence, for instance, the coordinate operator in the coordinate representation
is as follows:

G=ih/B(1 —x2)1/4di(1 — )4, (22)

T

The energy levels of the harmonic oscillator with the commutation relations (2) are eigenvalues
of the Hamiltonian (5). They are well-known [4,11]. Then the energy levels of the deformed field
read:

1 Bhwg\* | Bhwy, 1
E. Ne,..= Z Z hwy, l <Nk,a + §> 1+ < 5 ) + 5 Nﬁ,a + Nk o + 3
k «@

where the quantum numbers Ny o = 0,1,2,... . We note that the deformation parameter may
depend on k and «. In our work, however, we restrict our considerations to the case 3 = const.

o (23)

4. Spontaneous radiation

Let us assume that an atom is in the excited state |2) (with the energy E5) while the field is in the
ground state |...,0,...). As a result of the interaction of the atom with the field, the atom jumps
to a level with the lower energy F; and radiates a light quantum with the energy hw = E5— E7. The
field, therefore, jumps to the state with one phonon, ie., |...,0, Nk, = 1,0...). The transition
probability rate of a “field-plus-atom” system to jump from the initial state |¢) = |2)|...,0,...) to
the final state |f) = |1)|...,0, Nk ,a,0,...) is given by:

2

= ) (FIABI) 2 6(Es — Ey — hQ 24
wimy = 20 () (FIABINN® 6(Ez — Er — he), (24)

where the energy of the field quantum, according to equation (23), is
2
hwy,
My = E. oNe.=1,0,..—E. 0., Q= wg 1+ <5T> + Bhwy | . (25)

We take into account the first term of the interaction operator (8), which is linear in the vector
potential.
The matrix element (f|Ap|i) in equation (24) is

47c?

%

1

wiVPB

(fIABli) = (<Mm — Udkeal0pz ~ —= (Nica = 1 [tan(pic.ar/B)| o>pi2) ,
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Py = (1] cos(kr)ek oP|2), Py = (1] sin(kr)ex oP|2). (26)

Using the wave functions (16), we get for the matrix elements of the field operators:

26(a + 1) [ Do +1) ]2
200, + 1 F(ak+1/2) ’

(Nk,a = 1]dk,a|0) = =ik

2(ax +1) [ F(akJrl))]Q’

(Nio =1 ‘tan(pk,a\/g)‘ 0) = ap(2ap +1) [T(ap+1/2

(27)

here ay; = o, which is defined by (14) at w — wy.

The intensity of spontaneous radiation Iy , is defined in a usual way as the amount of energy
with the given polarization « radiated by an atom in unit time on the resonance frequency w =
(E2 — E1)/h per space angle, i.e.,

v

(o)
Ixa=—7— E*hQpw; ¢ dk. 28
o = e |, KU (28)

By inserting equations (24)—(27) into equation (28) we obtain, after integration:

T = e2h <2ﬁ(ak+1) [ Ilag +1) r 20) dwy, 2) .
Qp=w

T m2nw \ Qo+ 1)2 | T(on + 1/2)] ¥ Faqy,
Taking into account equation (25), we finally get, after simple transformations,

Py — ;ps
12 ﬂakhwk 12

)

2

e2w? _ , .. 1 [2a+1
I = Wg(w) Pia — 1Pi25 o ) (29)
where
@)= Sathea- hs' r@a+1 1* (30)
T = Bat1+2oda—_1)]2at )52 |[Ta+1/2)]

_ 3w
Tl e Vitserdz 2
and the dimensionless deformation parameter is
phw
2

(31)

In the limiting case of no deformation (8 = 0) we have g(0) = 1 (see equation (29)), and,
therefore, one gets for the intensity

w =

e2w?

_ 2 _ ik .
Io = W|p12| ;P12 = (1e"™ (ex,aP)|2), (32)
which is a well-known expression for the intensity of radiation for the non-deformed field.

In the opposite limit of large deformation parameter (o > 1), the term ~ sin(kr) vanishes (see
equation (29)), and hence the quadrupole radiation vanishes too. The reason is that the sin(kr)
term is the main contribution to the quadrupole radiation in the long wavelength limit. Finally,
we note that the function ¢g(@) in the case of considerable deformations (@ = 1) has the following
asymptotic form:

128 1

@) S T Vi 33)
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5. Intensity of the dipole radiation

Within the dipole-transition approximation, the wave-vector k — 0 (cos(kr) — 1 and sin(kr) —
0), hence p§y = (ex.oP12) and p5, = 0 (see equation (26)). Therefore, we get:

e?w?

2m2c3
Equation (34) leads to equation (32) for @ = 0 with k = 0, while for large values of the deformation
parameter the intensity of the dipole radiation is (after making use of equation (33))

e2w’/? 2\"? 1 4\°
Lo = 2(2) " L (2} 35
o T orm2ed [eapiz| (3) VBh (w) (35)

Therefore, we conclude that with the increase of the deformation parameter the intensity decreases
as f~1/2.

Ixo = lex.api12|9(®), (34)
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Figure 1. The intensity of spontaneous dipole radiation of the deformed field (see equation (34)),

divided by the intensity for the undeformed field, as a function of the dimensionless deformation
parameter (31).

The intensity of the dipole interaction as a function of the dimensionless deformation parameter
@ is shown in figure 1.

6. Conclusion

We have considered a theory of spontaneous radiation taking into account the creation of one
photon. Since the field is non-linear, the transitions between any two states are allowed, not only
between the two neighboring states as in the case of an ordinary oscillator. In order to study
such processes in the case of more then one photon, but in the linear approximation (in the
vector potential A in the interaction operator (8)) and neglecting all the higher order terms in an
expression for the quantum transition rates, we take the following matrix elements instead of (27):

n.n' = lhﬁ[1 @n(fﬂ)(l - x2)1/4 % 1/_)7# (l‘)(l - x2)1/4:| (‘L’C, (36)
V1—22

It is obvious that these integrals are not equal to zero only at even n + n'.

In a general case, the integrals in equation (36) cannot be expressed in terms of elementary
functions. For some particular values of n and n’, however, the integrals can be easily evaluated,
as for instance for n = 1 and n’ = 0 (see equation (27)). Evidently, many-photon processes are
absent for 8 = 0 while their role increases with the deformation parameter 3 increasing.

(tan p),., = | @)1=t B (@)(1 - 22)14 da. (37)
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Teopiss BUNPOMiHIOBaHHS | NOrMMHAHHA KBaHTIB Ae(dOpPMOBaHOIo
nons

[.0.Bakapuyk

J1bBiBCbKMIA HaUioOHaNbHWIA yHiBepcuTeT iM. |.(PpaHka, JbeiB 79005, Byn. Kupuna i Medogis 8

OTpumaHo 5 TpaeHs 2008 p.

Po3paxoBaHO iHTEHCUBHICTb CMIOHTAHHOIO BUNPOMIHIOBAHHS @TOMHUMM CUCTEMaMU KBaHTIB NOSs 3 Heni-
HIMHICTIO, WO 3yMOBeHa aedopmauieto ay>ok NyaccoHa ons Moro ysarasbHeHUX KOOPAMHAT Ta iMnysb-
ciB.

Kniou4oBi cnoBa: HesniHitiHe none, aegopmoBaHi ayxku lNyaccoHa, MiHiMaibHa 4OBXUHA, CITIOHTaHHEe
BUMPOMIHIOBAHHS1, ANMO/IbHE BUMPOMIHIOBAHHS

PACS: 03.70.+k, 12.20.-m
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