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Abstract. An extended Bose-Einstein condensate (BEC) in an optical lattice provides a kind of periodic
dielectric and causes band gaps to occur in the spectrum of light propagating through it. We examine
the question whether these band gaps can modify the spontaneous emission rate of atoms excited from
the BEC, and whether they can lead to a self-stabilization of the BEC against spontaneous emission. We
find that self-stabilization is not possible for BECs with a density in the order of 10** cm™3. However,
the corresponding non-Markovian behavior produces significant effects in the decay of excited atoms even
for a homogeneous BEC interacting with a weak laser beam. These effects are caused by the occurrence
of an avoided crossing in the photon (or rather polariton) spectrum. We also predict a new channel for
spontaneous decay which arises from an interference between periodically excited atoms and periodic
photon modes. This new channel should also occur in ordinary periodic dielectrics.

PACS. 03.75.Fi Phase coherent atomic ensembles; quantum condensation phenomena —
32.80.-t Photon interactions with atoms — 42.70.Qs Photonic bandgap materials

1 Introduction

It is well-known that the radiation properties of atoms
can dramatically be manipulated by changing the environ-
ment where atoms emit photons. For micro-cavities it has
been demonstrated [1] and for periodic dielectric media
predicted [2,3] that a suppression of spontaneous emis-
sion (SE) can be achieved. In the case of a micro-cavity
this happens because its geometry reduces the radiation-
mode density, whereas in a periodic dielectric medium SE
is suppressed due to the formation of photonic band gaps
(PBG).

The recent achievement of Bose-Einstein condensation
in magnetic traps [4] has provided a new state of mat-
ter where all atoms share a single macroscopic quantum
state. Such a state of matter offers great opportunities to
explore and test new phenomena related to macroscopic
quantum coherence. Recently several authors have theo-
retically studied spontaneous emission in a trapped BEC.
In this case the continuous center-of-mass momentum dis-
tribution leads to an increase of SE [6,7]. In addition, the
stimulated emission can be increased by the Bose enhance-
ment in a BEC [8]. In the case of two BECs, interference
effects can be important [9].

The present work is focused on the case of an extended
BEC and was motivated by the following idea. If an ex-
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tended BEC is placed in an optical lattice it will become
periodic. Since such a BEC does provide a (quantum) di-
electric it affects the properties of photons propagating
through it and phenomena similar to PBGs do occur [10].
Since then the photon mode density around the resonance
frequency is reduced one can expect that SE is suppressed
by non-Markovian effects. We thus are led to the follow-
ing question: can a BEC in an optical lattice stabilize itself
against spontaneous emission?

A large part of this paper is devoted to the answer
of this question. However, we also have studied what will
happen for a homogeneous extended BEC interacting with
a weak running laser beam. Surprisingly, non-Markovian
effects similar to that in a PBG do occur even in this non-
periodic situation. This happens because in the presence
of such a BEC photons and excited atoms do form su-
perpositions called polaritons [5]. The spectrum of these
polaritons contains an avoided crossing which has a simi-
lar effect on the SE rate as a PBG.

The paper is organized as follows. In Section 2 we will
present the theoretical model on which our calculations
are based. The general derivation of the SE rates in laser
fields will be done in Section 3. The results for the case of
a BEC in a traveling wave laser beam or in a 1D optical
lattice beam are discussed in Sections 4 and 5 respectively,
and are summarized in Section 6. The details of the cal-
culations are given in two Appendices.
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2 The theoretical model

We consider a BEC composed of two-level atoms which
is coupled to the electromagnetic field. The interaction
is described by using minimal coupling in rotating-wave
approximation under neglection of the term quadratic in
the electromagnetic field. The interaction Hamiltonian is
then given by

Hin = / BPEdPK (k) a, (k) (K] (k + k') + Hee.,
(1)

with (5 (K) := wresd - €4 (k) [/ (2(27)3gowy]'/? for an elec-
tromagnetic mode with frequency wy = c|k| and polar-
ization vector €,(k). The vector d denotes the atomic
dipole moment and wyes is the resonance frequency. The
Heisenberg equations of motion for the photon annihila-
tion operators a, (k) and the field operators ¥, and ¥, for
excited and ground-state atoms can be derived easily and
are given by

) 27,2
ihi, (k) = {7; ka

/d%'Zg, Jao (KW (k — k') (2)

+ mz} UAQS)

_ 21,2
iy () = X (k)
/d%'Zg (K)al (K )W (k +K) (3)
ihg (k) = hwgay (k)
o) [ ERR IR, @

We have neglected the interatomic interaction terms.

To address the question of self-stabilization consider
the following situation: the atoms in the internal ground-
state have formed a BEC which is described by a macro-
scopically occupied coherent collective wavefunction WgCOh.
They interact with a traveling wave or standing wave laser
which is described by a coherent c-number field ac°" (k).
Due to this interaction a part of the BEC is coherently ex-
cited. We denote the wavefunction for coherently excited
atoms by ¥<°!. Since both the ground-state BEC and the
laser beam are described by c-number fields it is easy to
see from equation (2) that ¥¢°® must be a c-number field,
too. It is only through the spontaneous decay of these
coherently excited atoms that g-number deviations from
c-number solutions to equations (2—4) can appear. The
corresponding SE rate determines the stability of the
macroscopic solution.

Let us start with the assumption that the BEC can in-
deed stabilize itself against SE. In that case a stationary
macroscopic solution (¥, W&t a¢°h) of equations (2-4)
should exist. The problem then can be divided into two
separate parts. We first search for the stationary macro-
scopic coherent solution which includes all interaction ef-
fects between atoms and photons beside SE. Having found
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this solution we can perform a stability analysis to an-
alyze the quantum fluctuations (SE) around it. Sponta-
neous decay will make the coherent solution unstable and
the corresponding quantum corrections will become im-
portant on a time scale comparable to the atomic lifetime
(which is to be calculated). For times shorter than this
lifetime the deviations from the coherent solution will be
small (i.e., there are only few non-condensed atoms and
non-laser photons).

Given a stationary macroscopic solution of the
Heisenberg equations of motion the stability analysis can
be performed by applying Bogoliubov’s method. This is
done by writing the quantum field operators in the form

Wy (k) = expl—iut] {¥g™" (k) + 60, (k)} (5)
i(p+ )T () + 6% ()} (6)

as(k) = exp[fith]{a‘(;Oh(k) + da,(k)} (7)

and retaining in equations (2-4) only terms linear in 0%;
and da,, which describe the quantum fluctuations around
the coherent solution.

The resulting linearized equations of motions are
given by

1how, (k) = —hALW, (k)
+ / PR (kK )da(k)¢ (k') (8)

U, (k) = exp[—

1how, ( / d3E'TE (k 4 K)dal (K)¢(K) (9)

ihda(k) = h(clk| — wr)da(k)
+¢(k) / K {w (k + K)owl (K)

+ 6, (k + K)o ()} . (10)

Here wr, is the laser’s frequency and Ay, := wr, — wyes its
detuning. The linearized equations are valid as long as the
photon-atom quantum fluctuations remain small enough,
i.e., there are only few non-condensed atoms and non-laser
photons. This is certainly the the case for short times. Fur-
thermore several other approximations have been made.
First, it is not difficult to see that for a BEC of density
10'* em~3 the chemical potential Au, the kinetic energy
h%k2/(2M) of an atom, and the laser’s Rabi frequency
2 = a*°"¢,,(ky)/h are typically much smaller than the
interaction energy Cg(k)u'/g"h(k) if |k| is of the order of
wres/c. We thus have neglected all terms in which these
quantities do appear.

In addition, we have introduced two specific polariza-
tion vectors for the electromagnetic field. A “non-coupled”
polarization vector exc(k), which is perpendicular to the
photon momentum k and the atomic dipole moment d,
and a coupled polarization vector ec(k), which is per-
pendicular to k and enc(k) (see Fig. 1). Since the in-
teraction is proportional to the scalar product of the po-
larization vector and d only electromagnetic modes with
polarization ec(k) do interact with the atoms. We asso-
ciate with these modes the quantum fluctuation operator
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Fig. 1. The polarization vectors can be chosen in a way that
only one of them, e (k), is not orthogonal to d. In this case the
three vectors d, k, and ec (k) are in the same plane. The second
polarization vector exc (k) is perpendicular to this plane.

da(k) := da,—c(k). It is easy to see that the scalar product
ec(k)-d, which appears in the definition of {, (k), is given
by |d|sin ¥y, where Jy is the angle between k and d. For
notational convenience we have defined ¢(k) := (,=c(k).

It is possible to derive equations (8-10) from an effec-
tive Hamiltonian for the quantum fluctuations,

Hyyer = Hpol + Hspont~ (11)

The first part,
Hpol = h/d3k {~ALSTI 6%, + (c[k| — wi)da'da}

+ / PEd®K ((k)TE" (k — k')

x {0a(k)o¥] (k') + daf (k)W (k) } (12)

conserves the number of photons plus excited atoms,

Npol = / APE{oW] oW, + datda}. (13)

The first integral in Hp describes the energy of free inco-
herent photons and atoms. The second integral represents
the excitation of atoms from the ground-state BEC and
the reabsorption of incoherent photons by the BEC. Its
eigenmodes |q, ) = 732;7T|0) are generally superpositions of
photons and excited atoms, i.e., polaritons [5]. They are
characterized by a continuous, momentum-like quantum
number q and discrete quantum numbers r (see below)
and can generally be written as

Pl = / P h{Eq.r (k)0F (k) + Aq.r (K)da' (k) } (14)

50, (K) = / g Eqr(k)Pqy (15)

Sa(k) = / #q Y Ag (k) Pq (16)

The form of the expansion coefficients Eq (k), Aq,» (k) de-
pends on the particular physical situation and is derived
for a traveling and standing-wave laser in Appendices A.2
and B.2, respectively. The second part of the effective
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Hamiltonian is given by
Hapons = / A kK (KW (k + K)
x {6a’ (K)o (k) + da(k') 0%y (k)}. (17)

It does not conserve Ny, and describes the spontaneous
decay of coherently excited atoms. If this term would van-
ish the macroscopic coherent state would be stable against
spontaneous decay.

3 General derivation of SE rates

The stability analysis essentially comprises to solve the
time evolution of the polariton modes for relatively short
times during which the occupation of the macroscopic co-
herent solution does not change very much. This will allow
us to derive the initial SE rate of coherently excited atoms.
We assume that initially all atoms and photons are in the
state determined by the macroscopic coherent solution,
or in other words, the quantized polariton field (photon-
atom quantum fluctuations) is initially in the vacuum |0).
This state then evolves under the action of the fluctuation
Hamiltonian (11) into the time dependent state [1)(t)).

To describe this time evolution we rewrite the polari-
ton Hamiltonian (12) in the convenient form

Hoo = / g S hwqr — ALPL, Par,  (18)

where wq,» — AL are the eigenfrequencies of Hyq1. Using
equations (15, 16) one also can derive

Hspont = /d?’k/quZ{(s@g(k)'qu gqﬂ’(k)

+ 0w} ()P, g4, (k) } (19)
with
Jar(k) == / BE K" (k4 K ) Ag - (K). (20)

To describe the evolution of the state |1)(t)) we make the
following ansatz, which corresponds to the one-photon ap-
proximation,

(1)) = R(t)|0)

+ / d’k / d®¢ " Sq.(k,t)PL, 07 (k) [0). (21)
The Schrodinger equation iﬁ|1b> = Hpyct|tY) then can
be solved by using the Laplace transform R(s) =

fooo exp[—ts]R(t)dt and similarly for Sq s(k,t). The result-
ing equations,

ih(sR(s) — R(0)) = / &k / 43" Sqr (K, 5)gq(K)
' (22)

ihsS'qyr(k, s) = Alwg,r — AL)S}M (k,s) + R(s)g;,r(k),
(23)
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have the solution

5 R(0)
R(s) = ———- 24

©)= =15 (24)
The dependence on the particular physical situation is
completely determined by the integral

fdkmq (k)?
1= g [ B

B (25)
For notational convenience we have defined the complex
variable

zs i=1s + AL. (26)
The most important aspect of I is its complex analytical

structure. This is because the inverse Laplace transform
is defined by

R(t) = (27)

1 e+ioco B
— / e'*R(s)ds,

27T1 —ico

where € is chosen so that the path of integration lies to
the right of any branch cuts and poles of R(s). From equa-
tion (24) it becomes clear that the branch cuts of R(s) are
those of I and that the poles of R(s) essentially depend on
the form of 1. Assuming that all poles of R(s) are simple
poles we then find for R(t)

Zets‘Res +Z 271_1/ e R(s

(28)

where s; denote the poles of R(s) and B; the branch cuts.
Each pole corresponds to a fraction of the coherently ex-
cited atoms which decays (or increases exponentially) with
a SE rate of

~vi = —2Re(s;). (29)
The integration contours around the branch cuts corre-
sponds to a fraction of coherently excited atoms with a
non-exponential time evolution.

With equation (29) we have found a general expres-
sion for the SE rates that can appear in the presence of a
BEC. We now want to study the different physical situa-
tions of a BEC in a traveling or standing wave laser and
to derive the corresponding values of ;. To do so we have
to find closed expressions for the polariton eigenfrequen-
cies wq,» and the functions gq (k) in order to derive I(s).
These quantities in turn require the knowledge of both
the polariton eigenmodes and the fields (", ¥t atoh)
comprising the macroscopic coherent solution. Since the
calculations leading to a closed expression for I are quite
involved we present them in the appendices. In the next
two sections we analyse the results and give physical in-
terpretations of the effects involved.
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Fig. 2. A homogeneous BEC induces an avoided crossing in
the polariton spectrum. Far away from the avoided crossing the
polaritons describe excited atoms or photons. Thus, if one fo-
cuses on the photons, the avoided crossing provides an effective
band gap.

4 Spontaneous emission rates for a BEC
in a traveling wave laser

In the case of a BEC interacting with a traveling wave
laser, the polariton dispersion relation derived in Ap-
pendix A.2 does contain an avoided crossing around the
resonance frequency of the atoms (see Fig. 2).

Since nearly resonant photons provide the dominant
contribution to SE, it is physically evident that this
avoided crossing in the dispersion spectrum will produce
an effect on the SE rate which is similar to what a PBG
can do.

This effect can be studied by analysing the closed ex-
pression for the renormalized value of I(s) which we have
derived using the generalized Wigner-Weisskopf approxi-
mation presented in Appendix A.3 We find

IRen — (1= 4 IRen
525

+ (1 + 4;?) (1 - z_;)sm arcoth Q/%) } . (30)

In this expression Yyae = d%w?,/(3mheoc?) denotes the
SE rate in free space and N, := V p, the number of coher-
ently excited atoms (V' is the quantization volume). The
frequency

5mi 3,

NeYvac 47vy 8z
152z, 3 vy

|d|29g

31
2h€0 ’ ( )

Vg 1=

with pg being the density of atoms in the ground-state,
determines the strength of the interaction between pho-
tons and excited atoms mediated by the BEC. Typically
we have Einteraction = Ny/VgWres (see Appendix A.2).
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Fig. 3. Spontaneous emission rate of a partially excited BEC
in a running laser wave for detuning Ar, > 4vg (solid lines)
and Ar, < 0 (dashed lines). The atoms break up into different
fractions with different decay rates. The dominating fraction
is the one whose decay rate asymptotically approaches ~vac.

As already mentioned in Section 3 the time evolution
of the macroscopic coherent solution depends essentially
on the analytical structure of R(s) of equation (24). In
general, R(s) has several poles and a branch cut origi-
nating from the term including the arcoth in I®". This
cut lies between z; = 0 and 25 = 5. Another important
property of 8" is that it depends on z, only through the
ratio zs/vg so that the magnitude of the SE modification
depends on this ratio, too. In addition, a numerical eval-
uation of equation (30) shows that it is a slowly varying
function of the order yyacNVe unless z, /v, is close to zero.
This has the following consequences.

In free space z5 can be taken to be close to the pole of
R(s), i.e., of the order of yyacNe. Hence, the magnitude
of non-Markovian effects is essentially determined by the
ratio
1672 N,

- - (32)

Zs Nevvac
3 pgAd

Vg Vg

This ratio is proportional to the total number of excited
atoms divided by the number of condensed ground-state
atoms in a cube whose edges have the length of the optical
wavelength A. The request that this ratio should be small
has important consequences when applied to BECs of a
density in the order of 10" cm™3. In this case the BEC-
induced effects can only be relevant if there are very few
coherently excited atoms (in the order of one). However,
for higher densities significant effects can occur also for a
higher number of excited atoms.

The request that N, is of order one also implies
|Ap| > (2, since otherwise the Rabi frequency would be
large enough to excite many atoms. As discussed in Ap-
pendix A.1, the macroscopic coherent solution implies in
this case for Ay, > 0 the additional constraint Ay, > 4v,.
In Figure 3 the real part of the two dominating poles s1, s2
of I(s) is shown as a function of Ay, for the case N, = 1
and vy = 2.59yac (corresponding to an atom density pg of
5 x 10 cm~3). For Ay, > 0 a third pole appears with
a very small negative decay rate (< 10737y,c). The oc-
currence of negative decay rates is consistent within the
range of validity of the linearized equations for the quan-
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tum fluctuations and may indicate the formation of an
atom-photon bound state [13]. Obviously the change in
the SE rate can be quite large for small | Ay, |. According to
equation (28) the fraction of atoms belonging to the poles
can be easily calculated by determining the residue at the
poles. It turns out that the pole whose real part asymp-
totically approaches 7ya. always dominates and that the
fraction of atoms belonging to other poles is significant
only for small |Ay,|. The same holds for the fraction cor-
responding to the branch cut.

If |Ar| > “vac holds the dominant pole s; can be cal-

culated by perturbation theory. Its real part (the decay
rate) is then given by

T 5A. (33)

Fr(a0) = NI (1= 25 ) v oga?),
We see that the SE rate is altered by a factor of 1 —
4v,/(5A1). It depends on the sign of Ar, whether SE is
increased or decreased. We remark that the reason why
SE depends on the detuning is that the coherently excited
atoms are driven by the laser field and thus oscillate at
the laser frequency wy, instead of the resonance frequency
wres (see Eq. (6)).

We shortly summarize the results that we have found
for a BEC interacting with a running laser beam. For evo-
lution times smaller than the atomic lifetime and for a
weak laser beam which only excites a number N, = O(1)
of excited atoms (for BEC densities of 1014 cm™2), the
spontaneous emission rate is significantly modified by non-
Markovian effects. These effects result from an avoided
crossing in the polariton spectrum caused by the extended
homogeneous BEC in the internal ground state.

In the next section we will examine the corresponding
results for a spatially periodic (lattice) BEC in a standing
wave laser beam.

5 Spontaneous emission of a BEC
in a standing wave laser

A BEC in an optical lattice formed by a standing wave
laser beam becomes spatially periodic and thus provides
a kind of periodic dielectric. The polariton spectrum will
therefore contain band gaps. We have derived the corre-
sponding dispersion relation in Appendix B.2. As is well
known from PBGs a band gap around the resonance fre-
quency will lead to non-Markovian effects in the spon-
taneous emission of an atom. The examination of these
effects will answer the question whether a periodic BEC
in an optical lattice can stabilize itself against SE.

To determine the SE rate of a BEC in a 1D optical
lattice we have again to evaluate the integral I of equa-
tion (25). This task is quite involved and is presented in
Appendix B.3. Our final analytical form of the renor-
malized integral I®" is given by the somewhat lengthy



246

IRen _ Ne’Yvac {2+1n( A )}
i Wres
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e { e e e e (e e )
el Ty [ e {(v2+1)1/4—(U2—1)1/4—h(v)arctanh [T aretann [7@2(;))”4]}

s nelle e [7 i {(v2—|—1)1/4—(1—v)1/2
0

h(v) h(v)

— h(v)arctanh {M] + h(v)arctanh [m] } - (34)

expression

see equation (34) above.

In this result we have introduced a couple of new nota-
tions. For notational convenience we have defined

Zs + Wres Wres Vg
= — — 35
Jo(zs) 2cky, 2ckr, zs (35)
Dg Wres
= —=— 36
fl (ZS) Zs 2CkL ( )

as well as the abbreviation

=V fo(zs) = fi(zs)/(fo(zs) —v).

We also introduced a cut-off A ~ mec?/h to regularise
the integral (m, is the electron’s mass). Two important
physical quantities are given by

e = 27T 7.3 Z g%};n+1 (37)
Ne = 27T 9-\3 Z g%};n 1@5,%};;1-&-1 (38)

where V' denotes the quantization volume and the sum

runs over the (real) momentum components We“;]g of co-

herently excited atoms. NN, is simply the total number of
excited atoms in the macroscopic coherent field, and N,
describes how these atoms are distributed in momentum
space and is always smaller than N,. It is a measure for
the degree of periodicity of the density of excited atoms,
very roughly we have Vp.(z) ~ N, + N, cos(2zky,).

The influence of the BEC in a standing wave laser on
the SE rate is determined by the frequencies

o Clkn) g Ped?
o= S oy B (39)
_ Clkr) . 5 pgd?
Uy 1= o pe(27)® ~ 2260- (40)

In the polariton dispersion relation 7y produces a contri-
bution similar to that of v, in the case of a BEC in a
traveling wave laser beam (avoided crossing). g produces

a real PBG close to the resonance frequency due to the
spatial periodicity of a BEC in a 1D optical lattice. The
two frequencies define the strength of the interaction me-
diated by the mean density p, and the periodic part pg of
the ground-state BEC,

= . coh 2
Pg - 271' 9.3 Z g, 2m (41>
m
h h
g = 271' 79.\3 Z g%mg;g,on—i-Q (42>

These densities play a similar role to what N /V and
N./V do for coherently excited atoms. For a mean density
of pg =~ 10 ¢cm™3 we find 7y ~ 4 x 10° Hz. The magni-
tude of 7y can vary between 7, for a very strong optical
potential and 0 if the laser beam is switched off.

Although equation (34) has a complicated structure it
allows to analyze the main features of I®°™ and hence of
the time evolution of the macroscopic coherent solution in
the presence of (small) quantum fluctuations. It is even
possible to estimate the influence of the band gap with
some simple arguments.

5.1 General structure of the result

A very important feature of the integral (34) is that all
parts of IR are proportional to Ngvyyac OT Nevvac. In
addition, it becomes obvious that I®°™ depends on the
ground-state BEC and on the complex variable z, essen-
tially through the ratios z;/7 and z/0s. The only excep-
tion to this is the first term containing z in equation (35),
but this term is negligible compared to wres and does only
serve to keep book on which side of the branch cut z, is
placed (see remarks below Eq. (76)).

These facts can be exploited to estimate under which
circumstances the influence of the BEC on the SE rate is
significant. Since for a BEC in a traveling laser beam the
contribution of the poles of R(s) usually dominates (see
Sect. 4), we will focus on this part. The denominator of
R(s) is of the form s — IR°"(s), see equation (24). Since
a numerical analysis of equation (34) shows that I%¢%(s)
is of the order of its pre-factors Ngvyyac Or Ne'yvac unless
zs/Vg O zs/Uy are small, a pole s; must be of the order
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of these pre-factors (if the detuning Ay, is not very large).
In analogy to the case studied in Section 4 one can again
infer that the magnitude of the BEC-induced effects es-
sentially depends on ratios of the form Neyyac/ Ug, for in-
stance. As in Section 4 this allows the conclusion that
for a BEC with a density in the order of 10 ¢cm™2 non-
Markovian effects can only be relevant if there are very
few coherently excited atoms (in the order of one).

In the case of a BEC in an optical lattice this re-
striction has additional implications: the Rabi frequency
{2 of the coherent standing wave laser has to be very
small since otherwise too many atoms would be excited.
The number of excited atoms is approximately given by
Ne ~ (£2/Ar)?N,, where N, denotes the total number
of condensed ground-state atoms. Since N, is very large
the ratio £2/A;, must be very small in order to achieve
N, ~ 1. This, in turn, means that the optical potential
(x £22/A1) provided by the standing laser beam is very
weak and thus 7, is much smaller than 7,. A small value
of 7y simply means that the polaritonic band gap that is
formed in the presence of a BEC will be small and there-
fore will not have a significant effect on the SE rate.

5.2 Interference channel for spontaneous emission
in PBG

Another observation deals with the dependence of IRen

on the wavefunction WS°" of coherently excited atoms. It
is known that in free space the shape of the spatial wave-
function of an excited atom does only have a tiny influence
on its SE rate [11]. These small corrections are mainly due
to the atomic kinetic energy which we have neglected in
the Hamiltonian (11) for the quantum fluctuations. In this
sense, one would expect that the SE rate in equation (34)
does also not depend on the shape of the wavefunction
for coherently excited atoms and is proportional to total
number N, of excited atoms in which this shape does not
enter. However, equation (34) does also include the terms
proportional to the quantity N, which clearly depend on
the shape (for instance, N, vanishes for a spatially homo-
geneous wavefunction ¥¢°h). Principally, this contribution
can be as large as that depending on N,.

This new dependence on the shape of ¥°! is an ad-
ditional effect of the BEC on the SE rate and no con-
sequence of the polaritonic dispersion relation. To un-
derstand its origin it is useful to look at equation (67)
where N, appears first. This contribution obviously does
vanish if Ag(q,r) or A_1(q,r), which are momentum-
components of the photon modes belonging to momen-
tum q and q — 2Ky, is zero. This is the case for photons
interacting with a homogeneous BEC, for instance. The
new effect therefore can be considered as arising from the
interference between different momentum-components of
the photon modes and the wavefunction of coherently ex-
cited atoms.

We want to emphasize that this effect is not tied to the
presence of a BEC. The only conditions for its existence
are the periodicity of both the wavefunction ¥°! for ex-
cited atoms and the eigenmodes for the photons. Since in
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an ordinary PBG material the photon eigenmodes are pe-
riodic, this new contribution to the SE rate can be present
in ordinary PBG materials, too. In an ordinary periodic
dielectric the new interference channel for SE even could
produce large contributions since the periodicity of the di-
electric is produced by, e.g., mechanical forces but not by
the light that is used to excite the atoms. Only in the case
of a BEC do the standing laser beams play a double role,
excitation of atoms and production of a periodicity in the
BEC, which results in a suppressed influence of both
the polaritonic band gap and the interference channel on
the SE rate.

6 Conclusion

We conclude this paper by summarizing the results that
we have found. We have examined the self-stabilization of
a BEC against SE by performing a stability analysis of a
macroscopically occupied state for photons and two-level
atoms, which describes a BEC that is coherently coupled
to a laser beam. The presence of the ground-state BEC
thereby leads to the formation of polaritons and intro-
duces non-Markovian effects in the spontaneous decay of
excited atoms.

In the case of a BEC in a traveling-wave laser, the
polariton spectrum displays an avoided crossing around
the resonance frequency which causes similar changes in
the SE rate as a PBG in periodic dielectrics. Its magnitude
depends on the ratio No/(pgA? ) between the total number
of excited atoms N, and the number of BEC-atoms inside
a cube of the size of an optical wavelength Ar,. If this ratio
is much larger than 1 the SE rate will essentially remain
unchanged. Otherwise the change can be significant as the
numerical examples shown in Figure 3 demonstrate. The
change of the SE rate displayed in Figure 3 depends on
the detuning of the laser because the coherently excited
atoms are driven at the laser’s frequency wr,.

For a BEC in a 1D optical lattice two new effects do
appear. Being a kind of periodic dielectric the BEC then
produces a real polaritonic band gap. The size of this band
gap is determined by 7. As in the case of a traveling wave
laser, SE is only significantly altered if there are very few
excited atoms. This in turn does imply that the optical
lattice must be very weak and therefore produces only a
small band gap which has only a very small influence on
the SE rate. The second new effect in a periodic BEC is
the appearance of a new channel for SE which arises from
the interference between different momentum components
of the excited-state wavefunction and the photon modes.
Though its effect in a BEC is as small as that of the band
gap it should also be present in the case of a PBG in an
ordinary periodic dielectric where it can be large.

It should be pointed out clearly where exactly the dif-
ference between an ordinary periodic dielectric and a BEC
in an optical lattice comes into play. In an ordinary di-
electric medium the periodicity is produced by whatever
forces determine the stability of the medium. The excita-
tion of an atom inside such a medium is done by a light
beam, i.e., a completely different physical system. In the
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case of a BEC in an optical lattice, however, the excitation
of the atoms and the potential that produces the period-
icity of the BEC both are provided by the same device:
the laser beams of the optical lattice. These lattice beams
have to achieve two competing goals: to provide a strong
periodic potential (to produce a large band gap) and to
cause only a weak excitation (to have few excited atoms).
As the achievement of both goals is impossible the peri-
odicity of the BEC will only have a tiny influence on the
SE rate and it will essentially cause the same effect as a
homogeneous BEC in a running laser wave.

This argument also provides the answer to the question
whether self-stabilization of a BEC against SE is possible.
Since the SE rate is only significantly changed if there
are very few excited atoms, and since a large PBG does
only form for strong laser beams, a self-stabilization is not
possible for BECs with a density in the order of 1014 cm—3.

We finally remark that for two reasons our results are
not applicable to BECs confined in a micrometer-sized
trap, a case discussed in the literature [6,7]. The first rea-
son is that we did not include a trapping potential in our
calculations. While principally a potential could be in-
cluded it would lead to mathematical complications which
would make an analytical treatment impossible. Secondly,
our work is concerned with BECs which are extended
enough to allow the formation of polaritons. This is not
the case for current BECs in a relatively small trap. The
necessary extension of the BEC can be estimated by con-
sidering the typical interaction energy for the formation of
polaritons which is given by h, /glres (see Appendix A.2).
For a BEC with a density of 10'* cm™3 this energy is in
the order of A x 10'! Hz. For the formation of polaritons
a photon must therefore be inside the BEC longer than
10~ s. Since it travels at the speed of light the BEC
must therefore be larger than about 3 mm.

This work has been supported by the Australian Research
Council and the Optik Zentrum Konstanz.

Appendix A: BEC in a running laser wave
A.1 Derivation of the macroscopic coherent solution

We are interested in finding a particular solution

(u'/g"h, weoh qeoh(k)) of macroscopically occupied fields to

equations (2—4) which describes a BEC coherently coupled
to a running laser wave. We thus make the ansatz

Tt (k) = (2m)%/2/pg6 (k) exp|—ipt] (43)
aS°" (k) = exp[—iwrt]6(k — ki)
X 8oy 2L[2(270) 2 heowig |2/ (|d |wres)  (44)

U (k) = (21)* /ped(k — ko) exp[—i(p +wL)i] - (45)

which corresponds to a homogeneous ground-state BEC
of density pg, a laser beam with frequency wy, Rabi
frequency (21, > 0, polarization oy, and wave-vector
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k;, = kpe, (inside the BEC), and coherently excited
atoms of density p. and of momentum #ky,. Inserting
these expressions into the Heisenberg equations of mo-
tions leads to a set of algebraical conditions which fix
the chemical potential Au, the laser wavenumber kr,, and
the density of coherently excited atoms p, which we as-
sume to be smaller than pg. If we neglect the kinetic
energy the density of excited atoms is given by ,/pc =
NI Y /(p+ Ap). The wavenumber ki, is fixed by cky, =
wr/2 4+ /(w/2)? — w2 /(1 + AL), where vy is defined
in equation (31). Note that kj, generally is different from
the free-space value wy,/c. For A, <0 (Ay, > 0) the chem-
ical potential is given by pu = —Ap/2 + \/(A/2)? + 27
which implies p + Ay, > 0 (p + AL < 0), respectively.
Note that for A;, > 0 the expression for ckr, implies the
additional constraint yu + Ar, > 4v,.

A.2 Derivation of polariton eigenmodes

Having found the macroscopic coherent solution we are
in the position to derive the polariton eigenmodes. Be-
cause of the delta distribution appearing in the macro-
scopic solution (43) the Hamiltonian (12) reduces to a
sum of two-level systems so that its eigenmodes are quite
easy to find. They consist of polaritons with momentum
hiq and frequency spectrum

A
=L 4+w,,

- (46)

Wq,+ =

where we have defined W, := \/(AQ/Q)2 + Vgres sin” ¥g

and A, = c|q| — wres. The coeflicients of the polariton
creation operator in equation (14) are given by

_ 0(a— k) /TgWres sinUq
2, W, A2

Eq,:i: (k)

_Ola-k)
so that we find for equation (20)
gar(k) = (2m)**((q)
X \/ped(k +q — ki) b (48)

2 in?
\/wq,r + VglWres SIN“ Vg

The polariton spectrum w4 4 clearly exhibits an avoided
crossing around A, = 0 of width |/TgWessindy (see
Fig. 2). It also contains a small gap whose edge is reached
in the limit |g] — 0 and oo [5]. This gap will play no role
for the SE rate since its edges are far away from the res-
onance frequency. This is physically reasonable since far
away from resonance the two-level approximation for the
atomic internal structure ceases to be valid.
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A.3 Calculation of I(s)

With the help of equation (48) the integral I(s) of equa-
tion (25) can be written in the form

— VVe res/d3

sin2 191(

. . vgwres sin2 Yy \
S—le—l-lwk—i-Lk)

S*iAL
(49)

where V' denotes the quantization volume. This integral
agrees with the one found in absence of a BEC (which
describes SE in free space) by setting vy = Ar, = 0. We
denote this free space integral by Iy := I(vy = Ay, = 0).
Both integrals are linearly divergent and can be treated in
the way pointed out by Bethe (see, e.g. Ref. [12]), i.e., we
renormalise the integrals by subtracting the free-electron
contribution,

IRen -

B Vye res/d3 sin 19k (50)

and I§e" = IRen(y, = Ap, = 0). These renormalized inte-
grals are only logarithmically divergent.

At this point it is customary in the calculation of
the free-space SE to perform the Wigner-Weisskopf ap-
proximation by neglecting the dependence of I}**®(s) on
s. In the presence of a band gap this is inappropriate
due to the strong variation of the mode density around
the gap [2,3]. Nevertheless, we can perform generalized
Wigner-Weisskopf approximation in the following way. We
expect that the typical timescale on which SE happens is
much larger than the optical cycle timescale 1/w;es. From
the definition of the inverse Laplace transform (27) it is
clear that the variable s plays more or less the role of a
Fourier-transformed time. We thus expect that only values
of s much smaller than w,es contribute significantly to the
SE. This implies that we can neglect (the imaginary part
of) s wherever it appears together with wyes or wy,. Thus,
we are allowed to set s — iwy, & —iwr, in the denominator
of I(s) while retaining the term depending on s — iAy,.

In the case of If*" this procedure immediately repro-
duces the Wigner-Weisskopf result 5" ~ Ne{(7yac/2) +
Ai;i‘l’b} where ~yac and N, are defined in Section 4. To
fix AZlev we follow the theory of Bethe (see, e.g. [12]) and
introduce a cut-off frequency of mec?/h in I}°", where m
is the electron’s mass. Calculating the principal value of
the integral then leads to A% lfr‘l’b /A 27yac. In contrast to
free space the SE rate in a BEC depends on A%V since
such a radiative frequency correction shifts the center of
the avoided crossing (or of a band gap [3]).

It remains to calculate a renormalized expression of
the integral I®°" in the presence of a BEC. Fortunately,
this task reduces to integrals proportional to I§*" and a
couple of convergent integrals and leads to equation (30).
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Appendix B: BEC in a standing wave laser
B.1 Derivation of the macroscopic coherent solution

Since in a running laser wave the BEC density is not pe-
riodic no PBGs can be formed. It is therefore of interest
to study a BEC interacting with a standing laser wave so
that the formation of photonic, or rather polaritonic band
gaps [10], is possible. The coherent laser field describing a
standing wave is given by

CLCOh(k) _

o

a$M, 50 {0(k — k) + 0(k + kp,) } exp[—iwrt].
(51)

We assume that the amplitude a$°" is real and that the
polarization og of the laser beam is parallel to the dipole
moment d of the atoms.

Since the laser field provides a periodic potential for
the atoms it is reasonable to assume that the macroscopic
atomic fields are periodic, too (at least for the ground-
state of the system). One also can make the ansatz that
LZ/gCOh has period 2kr, so that the coherent solutions can be
written as

WOt (k) = et Z S(k — 2nkp )W,

g (52)

WO (k) = e~ u+wL)t Z d(k — (2n + Dky,) ec,%}%+1'(53)

Inserting this into equations (2-4) leads to the matrix
equations

¢, (kr)
0= 0 Z LZ/COh WCOQ}’:LJ,-l

(wL - CkL) 72 g,2n*e (54)
hk co co co
(A0t 2 0208 Y wesh, = gt + vt o)
(55)
hk{ weo yeo co
(/J' - (271)2 2]&) 2n “Q{ 21::L—1 + L[/ 2n+1} (56)

We have assumed that ¢, (k) is real and does not depend
on the sign of k and introduced the real Rabi frequency
2 = a$§°*"(,, (k.)/h. For consistency with the assumption
that a{°" is a real quantity the coeflicients Llfgo,]{‘ and Llfecﬂf‘
must be real, too.

The system (54-56) of algebraic equations can easily
be solved numerically. To do so we assume that the Rabi
frequency of the laser beam is a given quantity. For a given
value of ki, the two equations (55, 56) then just describe
the well-known problem of a two-level atom moving in
a standing laser wave. This is a simple system of linear
equations and can be solved in a standard manner. The
solution then can be inserted into equation (54) which
then, because wy, and a$°® are fixed, determines the value
of kJL We then have relnserted the new value for kp, into
the system (54-56) and iterated the procedure until kf,
did not change significantly anymore.
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A (q 7") _ Wq,r \/Wa,r - UJq,'rAfl — VgWres (64)
o(q,r) = — A _
V202wies + (W2 r + Dgwres) (2wd r — wq,r(Ao + A1) — 20gwres)
A (q 7“) B wq,rﬁgwres/\/w%,r — Wq,rﬂfl — VglWres (65)
-19, = = — — .
\/2V§w?es + (w?lﬂ“ + ngl’es)(chQ{,'r - wq,r(AO + A—l) - 2VgCUres)

B.2 Derivation of polariton eigenmodes

In this case the periodic structure of the macroscopic so-
lution (52) leads to a more complicated structure of the
eigenmodes of Hy, than in the case of a traveling laser
wave. To find these modes we make in equation (14) the
ansatz Eqr(k) = >, czEn(q,r)d(k — q — 2mky) and
correspondingly for Ag (k). Now q denotes the quasi-
momentum of the polariton. For a single standing laser
wave along the z-axis ¢, is confined to [—kr, k1] whereas
=z, gy represent the real momentum of the polariton per-
pendicular to the laser beam. The index r is a collective
notation for discrete quantum numbers which include an
internal quantum number taking two values (since two
quantum fields da and 0¥, are involved) and the band
index. This ansatz leads to

Y9q,r (k) = Z Am (Qa )¢

m

(q + 2mky )T (k + q 4 2mky,).

(57)
and results in the eigenvalue equations
E(q,r)ém(q,r) = —hALEN(q,T)
+ Z u'/g%}; C(g+2(m—n)kn)An—n(q,7) (58)
E(q,r)An(q,r) = h(clq + 2mky| — wi)An(q,7)
Z Ug%C(a + 2mke)Emin(g, 7). (59)

These equations can be substantially simplified by not-
ing that the frequency difference fi(c|q + 2mky,| — wy,) is
huge compared to all other energy scales involved unless
m = 0,£1 and q is close to t+ki,. We thus can approxi-
mate the photon-part of all modes with |m| > 1 as free
photons and need only to retain the coefficients Ay(q, )
and A_1(q,r) for ¢, € [0, k1] and the coefficients Ao (q, )
and A;(q,r) for ¢, € [—kL, 0], respectively. We will focus
here on the case ¢, € [0, k] since the second case can be
treated analogously.

To solve the resulting equations we introduce the
two quantities Fy = > W% En(q,r) and F; :=
>, Y En—1(q,7) and make the approximation ¢(q) ~
¢(q —2ky,) ~ ¢(ky,) so that the problem is reduced to the

simple matrix eigenvalue equation

Fy
F_i ] _
(E(qa T) + hAL) AO -
Ay
0 0 ((kp)(2m)°pg (kL) (27)°pg Fy
0 0 C(k)@m)Ph C(k)2m)pg | | Fo
(k) O hAg 0 Ao
0 ((kp) 0 hA_4 A
(60)
Here we have introduced
Ap := c|q| — Wres (61)
A_q = c|q - 2kL| — Wres (62)

and the quantities p; and ps which are defined in equa-
tions (41, 42), respectively.

The problem of finding the eigenvalues and eigenvec-
tors of a 4 X 4 matrix is a basic one. The eigenvalues

wq,r = (E(q,r)+hAr)/kfulfill the relation Pe, (wq,r) =0,
where
Pch(z) = (22 —zA_ — Dgwres)
x (22 — 240 — DgWres) — l/gwfes (63)

is the characteristic polynomial of the matrix and the fre-
quencies 7y and 7 are defined in equations (39, 40).

Due to the periodicity of the ground-state BEC wq,,
as a function of the quasi-momentum q exhibits the phe-
nomenon of band gaps [10], see Figure 4. Though closed
expressions for the eigenvalues wgq,, do exist they are
rather cumbersome and not of much use for our problem.

We instead will use a theorem on the eigenvalues to
derive the physical quantities of interest. To do so we
assume that we already know the eigenvalues. For a given
eigenvalue wq,, it is easy to solve for the eigenvectors. For
the relevant components we find

see equations (64, 65) above.

The normalization has been done by requiring the particle
number (13) to be pseudo-normalized, i.e.,

> {lEm(@, )] + |An(a,r)P} = 1. (66)

The analogous equation for ¢, € [—kr,0] is obtained if
A_1(q,r) is replaced by A;(q,r) and A_;1 by Ay :=c|q+
2kL| — Wres-
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_Ne
T iR

¢(q)?

1 dq / dg.,dqy ——————
s2k e 2Zs —cla] + wres
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i

Zs / Ne((@)?[22 — 25 A1 — Dawres] + NeC(q + 2k1)[22 — 25 Ao — Fawres] + 2NeFawresC(@)¢(a + 2K,
v 24 — 23(Ao + A1) + 22(Ao A1 — 20gwres) + 2sPgwres(Ao + A1) + DRwies — VEwies

t i

Zs / dsquc (@)?[22 — 2s A_1 — Dgwres] + NeC(q — 2ki)?[22 — 25 A0 — Tgwres] + 2NeDgwresC(q)C(q — 2k1,)
Vi Zél - ZE(AO + A—l) + ZE(AOAfl - 2l7gwres) + Zsﬂgwres(AO + A—l) + DgW%es - Dgwlges

(73)

exdited atoms

photons — ™\ band gap

q

Fig. 4. A schematic drawing of the polariton spectrum for a
BEC in a 1D optical lattice. Because the BEC is periodic band
gaps do appear.

B.3 Calculation of I(s)

To calculate the integral I(s) of equation (25) we first need
to calculate the integral over k in the nominator which is
an easy task. With equation (57) we find for ¢, € [0, k]

/ Bklgar (k)] = Ne{A2(q,7)¢2(q)

+ A%, (q,7)¢* (q — 2ke)}

+2NeA-1(a, ) Ao(q, )¢ ()¢ (q — 2ke)  (67)

if 7 is in the lowest two energy bands. The numbers N,
and N, are defined in equations (37, 38), respectively. For
q: € [—k1,0] and the two lowest energy bands one has to
replace A_1(q,r) by A1(q,r) and {(q—2ky,) by ((q+2ky).
For all higher bands, which according to our approxima-
tion just describe free photons, the integral (67) has the
simple value No(?(q).

From equation (67) it becomes clear that to calculate
I of equation (25) we have to find closed expressions for
terms like >~ A_1(q,7)Ao(q,7)/(2s — wq,r). For the low-
est two energy bands, the sum over r now runs over the
four eigenvectors of the matrix (60). It would be extremely
tedious if not practically impossible to derive these sums
by simply inserting the complicated closed expressions for
Wq,r into them. Instead, we start with the observation that
the polynomial appearing in the denominator of equa-

tions (64, 65) can be written as

2l7g2w3es + (wé,r + Dgwres)
X 2wy, — wa,r (Ao + A1) = 20tres) = wa,r Pl (Wa,r),
(68)

where P/} (z) denotes the derivative of the characteristic
polynomial (63). This enables us to write the sum under
consideration in the form

./4_1 ,’I“.A , T ~
A0 T

- (2s — wq,r) — P

Wq,r )
wq,r)(2s — wa,r)
(69)

This can be further simplified by noting that the char-
acteristic polynomial can also be written in the form
Pa(z) = 1I,.(# — wq,r) so that we have P/ (wqr) =
[,/ (wq,r — wq,). Using this expression it is straight-
forward if still tedious to find

Z A_l(q, T)AO (Qa T) _ Zsﬁgwres )

o —war)  Panlz) (70)

T

We thus have been able to calculate this sum without ex-
plicit knowledge of the eigenvalues of equation (60). The
remaining sums which result from the insertion of equa-
tion (67) into equation (25) can be treated in a similar
way and are given by

Z A2(q,r) _ . 22 — 25 Ay — UgWres (71)
- (25 — wq,r) Pen(2s)

Z A2—1(qa T) = 2z, Z? - ZSAO - ﬁgwres (72)
(zs — wa,r) Pen(zs)

T

for the lowest two energy bands and ¢, € [0, kp]. Again the
corresponding expressions for ¢, € [—kr, 0] are obtained
by replacing A_1(q, s) by A1(q, s) and A_; by A;.

Taking everything together the use of equation (67)
and the three sums (70, 71, 72) allows us to bring the
integral (25) into the form

see equation (73) above

where the areas of integration Vi are given by ¢.,q, €
(—o00,00) and g, € [0, k] for V. as well as ¢, € [—ky, 0] for
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_afl [ ((a)
— dg.d
/ 1= Qy |q| + Wres
L2 /”“L /d (@)?[22 — 2,41 — Pgwres] + 2NeTgwres¢(a)¢(q + 2k1) (75)
ih2 ¢zd zg — 2sA0 — Dgwres|[22 — 2s A_1 — Ugwres| — Ddwies
IRen _ Ne’}/\fac {2 +In ( A )} e;YvaCC / /dqquy [Zf —zsA_1 — DgWres]
27i Wres 4im2wres lql {[ 2 — 25 A0 — Dgwres[22 — 26 A1 — Dgres) — ngfes}
zSN l/gvvacc / /dq dg |q|*1/4|q+ 2kL|*1/4 78)
2im? T [ 2 — 2540 — Dgwres][ZE —zs A1 — Dgwres] - 5gw1ges

V_. The first integral in equation (73) represents the con-
tribution from the higher polaritonic energy bands where
the polaritons can be considered as free photons. Apart
from the restriction |q,| > 2ky,, which essentially means
that the photons are far off-resonant, it has the same form
as the integral

((q)?

Iy = _
C|q| + Wres

dqxdqydqz (74)
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which appears in the calculation of the free-space SE rate.
The second contribution arises from the two lowest energy
bands for negative quasi-momentum 0 > ¢, > —kr, and
the third integral represents the corresponding contribu-
tion for positive quasi momentum g,. It is not hard to see
that equation (73) reduces to the free integral (74) in ab-
sence of a ground-state BEC, i.e., for 7, = 7/, = 0 and to
equation (49) if the BEC is homogeneous (for 7y = 0 but
Ug # 0).

We now return to the evaluation of equation (73).
Shifting the integration variable g, and exploiting the
symmetries ((—k) = ((k) and A;(—q) = A_1(q) allows
us to combine the last two integrals into a more conve-
nient form. To simplify the process of renormalisation it
is also advantageous to calculate I — I instead of I alone

since in this difference the divergence appearing in Iy is
canceled. We then find

see equation (75) above.

To calculate these expressions we have to make one fur-
ther approximation by neglecting the angular dependence
in ¢(q) = sin(f)wres|d|[h/(2(27)320c|q]'/2, where 6 is the
angle between q and the atomic dipole moment d. Re-
placing sin() by 1/2/3 for all values of q leads to the
correct result in absence of a BEC and should produce
qualitatively correct results for the case under considera-
tion. Doing this approximation in the case of a homoge-
neous BEC just amounts in replacing a factor of 4/5 by
2/3 in the modifications of the SE rate (33). We remark
that neglecting the dependence of ¢ on sin(f) does only
symmetrise the integrand in the (g, gy) plane. This does
not correspond to an isotropic band model because the
asymmetry between ¢, and (g, ¢y) still persists.

The calculation of the first integral of equation (75),
which roughly corresponds to the contribution of —Ij, is

quickly done and results in

21Ne 2k1, /oo C(q)Q
dg., dg,dgq,—————— =
n? o Jo b —o0 ey zs — c|q| + Wres

Nefvac {2 +21n ( A ) +17rsgn(1m(zs))} - (76)

27 Wres

Here A is a cut-off which usually is taken to be A =
mec?/h, where me is the electron’s mass (see, e.g.,
Ref. [12]).

The dependence on the sign of Im(z;) originally comes
from a logarithm of the form In(—(wyes + 25)/A). This
expression can be reduced to the one presented in equa-
tion (76) by doing a generalized Wigner-Weisskopf approx-
imation as it was introduced above in the case of a running
laser wave. Though Im(z,) is also much smaller than any
other quantity in the above logarithm, it determines the
sign of the imaginary part of the logarithm’s argument.
Since the logarithm has a branch cut along the negative
real axis, this sign determines on which side of the cut we
are.

It is also worth remarking that equation (76) is loga-
rithmically divergent with A although we did not subtract
the free-electron part, a step which in the free-space calcu-
lation is done to remove a linearly divergent contribution
(see, e.g., Ref. [12]). This is because the integration over
q. does not extend to infinity, thus reducing the degree of
divergence by one.

As has been already mentioned, equation (76) very
roughly corresponds to the negative of the free-space inte-
gral Iy. As a consequence, its contribution will be mostly
canceled after the renormalisation of I. This renormalisa-
tion is easily done by noting that I — I = I®e" — [Ren g0
that IRe" = (I — Iy) + IF*® where the superscript “Ren”
denotes the renormalized integrals and the renormalized
free-space integral is approximately given by

l% {m (wA) +i7rsgn(Im(zs))} (77

This allows us to derive from equation (75) the expression

Ren __
Iyt =

see equation (78) above.

To reduce equation (78) it is convenient to introduce
the scaled variables of integration u := ¢./(2k) and
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(CkJL/(«Ures fO Zs \/ u— 1 +U]

pen _ Netvac {2+1n ( 4

w)} " %S;le d“/ UV T o [fo(ze) — V& + 0l[fo(ze) — /(@ - DZ T 0] — fi(zs)

2ri
+fyvaCN yg/ du/ do (u2+v)_1/4(( )2—1—1))_1/4 (79)
4 2 —
m [fo(zs) — VuZ +0)[fo(zs) — /(u— 1)+ 0] — fi(zs)
= (¢2 + ¢2)/(4k{) and the abbreviations (35, 36) for ~ 4. M. Anderson, J.R. Ensher, M.R. Matthews, C.E. Wieman,

the evaluation. Equation (78) then becomes

see equation (79) above.

This expression can be further reduced by switching to
the integration variable v" = /(u — 1)2 4+ v and exchang-
ing the sequence of integration so that one first integrates
over u. This allows us to reduce the integral I to a num-
ber of one-dimensional integrals and leads us to our final
analytical result (34).
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