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So far many theoretical considerations for experiments of Bose-Einstein condensation
(BEC) of alkali atoms in harmonic traps are based on the Gross—Pitaevskii (GP) equa-
tion . In this report, we attempt to formulate the BEC in the language of quantum field
theory in order to go beyond the approximation of GP equation. First the formulation
at zero-temperature is presented, and then it is extended to finite-temperature case by
means of Thermo Field Dynamics. Numerical calculations, which are inevitable even
in the unperturbative formulation of our approach, are performed. For illustration, the
corrections at one-loop level to the original GP equation are given. We also calculate
the effects of quantum and thermal fluctuations to the distribution of condensed atoms
numerically.

1 Introdunction

Since the first experiments of Bose-Einstein condensation (BEC) [1, 2, 3], BEC of atomic
gases trapped by a confining potential has attracted much attention among many experi-
mental and theoretical physicists. Experiments of BEC are being performed in laborato-
ries all over the world, and are giving us various interesting results. One can expect that
the experiments will be improved further and that experimental results, more accurate
and belonging to more wide ranges of physical parameters, will be acquired.

From the viewpoint of theoretical study, the BEC phenomena appearing at the present
experiments is rather simple: The interaction between trapped atoms is weak and has a
simple structure of two-body contact type, meaning that the potential can be described
by a delta function. This situation is a contrast to other phenomena in condensed matter
physics, e.g., superfluid. Our main concern is in the fact that the BEC offers us a clean
field to check fundamental aspects of physics, i.e., the foundation of statistical physics,
quantum field theory which is an ultimate one to deal with quantum many-body systems,
and thermal field theory.

As the first approximation the approach using Gross—Pitaevskii equation (GP eq. ) [4],
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which is a mean-field theory, explains the behaviors at the BEC experiments consistently.
This is because the most part of trapped atoms are condensed and the effects of non-
condensed (fluctuating) atoms are very small. But, as was pointed above, for future
experiments in which physical quantities will be measured more accurately, or in which
fluctuations (quantum as well as thermal) will play an important role, we will need more
sophisticated theoretical considerations. For example, during the last few years, many
attempts had been made to describe behaviors of the atomic system at finite-temperature
in a trapping potential [5).

Our strategy is to start from an original quantum field theory, which is believed to be
the most fundamental for description of quantum physics of many-body problems. We
first formulate a quantum field theory for the BEC problem in this report. As will be
shown below, we do not employ a plane wave expansion for the field operators, because the
presence of trapping potential breaks space-translational invariance explicitly. Instead we
expand the field operators by a complete set of appropriate wave functions, which can not
be obtained analytically. We perform necessary numerical estimations to obtain physical
results.

Our formulation above is limited to zero-temperature case. But, as is well-known, the
formulation of quantum field theory can be readily extended to include thermal effects,
that is, to thermal field theory. We will take Thermo Field Dynamics [6] for this purpose.

As an exemplar calculation we demonstrate one-loop correction to the GP eq. at zero-
temperature and at finite-temperature cases. While the former involves only quantum
corrections, the latter does thermal corrections as well as quantum ones. We also study the
modification of the distribution function of condensate part numerically after fluctuation
effects at one-loop level are taken account of.

2 Model and Notations

2.1 Action

We start with the following action for the self-interacting bosonic fields ¢(x, t) and ¥'(x, t)
trapped by a confining potential V (x),

2
S, ¥l /dtd3 [1[)1 {mﬁ — (——h—v ) - V(x)+ [L} P — %1/)11/)71/)1/}] (1)

where 4 is the chemical potential, and the coupling constant g is given in terms of the
scattering length a

4rhla
= 2)

In the recent experiments, the confining potential V(x) is of harmonic-oscillator type:
m
V(z) = Bl (w z* + wiy® -i—w2~2> . (3)

Let us consider a stationary situation in which Bose-Einstein condensation takes place.
Then 1 is divided into two parts.

b(@,t) = v(x) + p(x,1), )
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where v and ¢ describe condensate and non-condensate (fluctuating) parts, respectively.
In what follows, v is assumed to be real and time-independent. (This implies that the
possible existence of vortex is neglected.) This expression is substituted into (1), and the
action is rewritten in terms of v and ¢ as follows:

S = Sp+ 51+ 52+ Sine

2
So = /dtdsx [v {—— (—;—VQ) -V —l—u} v — %1)4]
s | - 2 t - 2
Sl=/dtd:c ve—|——V |- V+pu—gviip+¢'{—|——V)| -V +pu—gv
i 2m 2m

ngfdtd3 — tland _ —EV2 —V+u cp—ﬁ(4c,ofc,0+<p2+<pf2))
ot 2m 2

St = / dtd®z _—gv (0+¢") olo - % («p%ﬂ -

The Sj, linear in ¢, is dropped if the equation for v holds,
i ,
{—l—vz +V(x)—p+ gvz(a:)} v(x)=0. (6)

This is the GP equation [4].
The integration of the square of v is interpreted as the condensate particle number
N01

No = /d3x lv(x)]?. (7)

2.2 Hamiltonian

Under the condition in (6), we have the Hamiltonian given by

f{= ffo‘*“flmt (8)
/d3 [ (~—V2+V u)<p+%(4¢"¢+¢>2+¢*2)] 9)
1 2
3 o+ = (ot
lm——g/d [ (p+¢)@lo+5 (¢ sO)]- (10)

For the field operators in the Heisenberg picture, the equal-time canonical commutation
relations are

(6@, 1), ¢H(@', )] = 6%z — o) (11)

and [p(x, t), p(a',0)] = (¢ (. t), '(a', 1)] = O.
Now we move to the 1nteract10n picture in which Ho and Hmt are considered as un-

perturbative and perturbative Hamiltonians, respectively. The H,,,, may include possible
renormalization counter terms, but they will be suppressed in this report.

2.3 Experimental Parameters

We list for later convenience the typical energy and length scales (Table 1) (for 8’Rb case)

(7).
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Table 1: Energy and Length Scale

Energy Scale

Length Scale

harmonic oscillator

oscillator length

-32
level spacing hw 6.59 x 107 |J] Uho = 2_%0_) 6.47 x10[pm]
limiting temperature 1 [mK] scattering length 5.77 [nm)]

for S-wave scattering = 2.09 x 10%hw a

= 8.92 x 10 3ay,

thermal de Broglie

BEC transition 300 [nK] wavelength 5.94 x 10[pm]
temperature 7T, = 6.28 x 10Aw A = [ 2R = 0.919ay,
dB = \/ mksgT

3 Formulation and Numerical Calculation of Unper-
turbative Part

3.1 Diagonalization of Unperturbative Hamiltonian

It is crucial in the formulation of the interaction picture to find an appropriate unpertur-
bative vacuum. To do this, we expand the unperturbative field operators as

(12)
n=1
Here the orthonormal complete set {u,} (n =0,1,2,---) are eigenfunctions of
h2
[——Vz +V(x) — p+ g’ (@) | un() = enun(z), (13)
with

/d3x Un (X )Un/ (T) = Opp (14)
Z Un(T)un(x') = 3z — ). (15)

Note that the eigenfunctions are chosen to be real. The operators @, and @/ are subject
to

[an(t), a8 (t)] = nm (16)

and (4, (), an (t)] = [a}(t), L, (t)] =
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From (6) and (13), it is seen that v is proportional to ug with a vanishing eigenvalue
Eo = O, (17)

and from (7)
v(z) = / Nouo(z) . (18)

Put (12) into (9) and organize the expression :

HO - Zgna a'n + Z {20' Unn’an’ +anUnn’an +a Unn’a' } ) (19)

n nl__

with the notation of
Uppr = /d3£ v (x)up (). (20)
The unperturbed Hamiltonian is not diagonalized in terms of the a,-operators. As is done

in [8] (see also [9]), we introduce the generalized Bogoliubov transformation

oo

bo = Y [Crmm + Snmél,]

3
I

I
M8

A

Cnmd:n + Snmdm . (21)
| ] |

3
I

The canonical commutation relations
[ ( ) (t)} = Unn', (22)

and [b, (), b (t)] = [bt (¢), BL, ()] = 0 require the relations among the coefficients Ciy,, and
Sn.m’ '

Cnan 'm SnmSn’m] = 6nn’ | (23)

[CmnSn 'm Snmcn’m] =0. ' (24)

ﬁMS ||M8

To fix the Cy, and S,y let us define

Gn = \/% (an +al,)
bo= =i/ 2 (@ —al)  (n#0), (25)
which satisfy the commutation relation
[Gn, P} = 67 - (26)
The H, is written in terms of dn and p, as
> /1 1

. o<
Bo=Y (57~ 560 = V) + 3 (@aWani) (27)
n=1 .

nn'=1
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where
Wan = 6'fzénn’ + V2, Unn vV 260 . (28)
The symmetric matrix W, can be diagonalized by an orthogonal matrix O :
Z (Oanmm’ On'm’) = E7215mz.’ . (29)
m,m’=1

Using this O-matrix, we introduce a new pair of canonical operators by

©0
Qn = Z Onn"jn’

n'/=1
f)n = Z Onn’ﬁn’ y (30)
n/=1
with [Qn, f’n/] = 0. Thus we have
A X /1 .4 1 A 1
Hy = —P2 _E2 2'__n'_ nn)
0 nz::l (2 n + 2 nQn 25 U
R "T -~ ]. 1
-3 [Enbnbn + (—E,, — Zen— U,m” . (31)
n=1 2 2 i

In the last equality, we have related {Q, P} to {B, b} as

o [ 1 A N
Qn = 2 En (bn + b;)

P, = —i % (b —01,) - (32)

The manipulations above lead to

1 / En [ En
Cnm - 'é ( g + En) Onm
1({ |E, [€n )
Snm - 5 ( E - E.: ‘Onm- (33)

From these expressions, the relations in (21) can be inverted as

[Cmn?)m - Smnbzn]

:Q)
I
]8

1

3
i

£
I
™8

[Cmngln - Smnl;m] . (34)

1

3
I

The expression (31) is a digonalized one, so that the operator b can define the unper-
turbative vacuum, denoted by [€):

bna|Q%) = 0
(]! = 0. (35) -
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‘We thus obtain field operators composed of b" and b, which properly represent quasi
particles in the situation of the BEC experiments,

s t) =S anltyun(@)

= i (b, (£) Crnntin (%) — bin (£) Syrntin(®)] - (36)

3.2 Unperturbed Propagator

We now calculate the unperturbative propagator for the field operator ¢. Introduce the
column notation as

- | ¢ (fori=1)
i = { Pt (fori=2) ° (37)
At o
st _ ) ¢t (fori=1)
;= { ¢ (fori=2) ° (38)
and define a 2x2-matrix propagator by
Goyj(z, z';t —t') = —i(Qb|T[(i>i(:1:, t)@}(m', %) - (39)

Then we obtain the unperturbative propagators with the field operators (36) and the
vacuum (35),

Goi(m, '3t — ') = —i(Q| Tp(z, t)w*( )] 1)
= ——’Le t — t/ Z CnlCnmUI( )U;f,n(m )e TLE" (t=t")

Imn=1

_29 ¥ —t Z SnlSnmUl /)um(m)e——%l‘?‘n(t’_t) (40)

l,mn=1
= GO’QQ(:EI, T, t, — t) s (41)
Goz(x, it — t') = (| Tlp(a, t)p(x', ¢')]|)

=0t —1) D CuSamt(®)um(z)e” REn(t=t)

lmmn=1

+19t —t Z SnlCnmU'l( )um(a:)e hEln(t - (42)

lmmn=1

= Gosgl(w,w,t—t). (43)

These propagators depend on « and ¢’ separately due to the absence of space-translational
invariance, but are functions of ¢t — ¢’ since the stationary situation is under consideration.

— 1042 —



(4 8 [ [IEEHROFEWH] & v RI Y 4

3.3 Numerical Calculations in Perturbative Formulation -

According to the unperturbative formulation in the previous subsections, we summarize
the steps to numerically obtain all the parameters in the unperturbative formulation at
zero-temperature.

1. Solve the nonlinear equation (6) numerically.

2. Relate the integration of the square of v to Ny. This relation determines p as a
function of Nj.

With the known v and u, obtain wu, and &,.
Perform the integration in (20).

Obtain the orthogonal matrix together with E, according to (29).

A A

Calculate C,,, and S,,,.

The series of the steps demand troublesome numerical calculations. This price must
be paid for precisely estimating physical quantities of our system which is very much
complicated, nonlinear many-body one.

We have actually done the calculatinos for v, g, un, €n. Epn, Cam and Spy, with pa-
rameters: m(8"Rb) = 1.42 x 10~%kg, the frequency of the spherical trap w = 2r x 200Hz,
S-wave scattering length a = 5.77nm, the number of atoms Ny=2000.

Our results for €, and E, are given below (Table 2). Note that they are close to each
other as n grow.

: Table 2: ¢, and E,
n 1 2 3 4 5 10 20 30 40 50

En 1 14 268 440 6.22 808 17.73 3748 57.36 77.30 97.25
E,}183 339 507 684 866 18.16 37.78 57.61 77.51 97.49

We also have C,,, and S,,,, for example, 5x5 matrices are shown for 1 to 5 of n,m.

0.996 0.250 482 %1072 —1.21x10"3 —2.88x 1073
—0.248 0.938 0.259 —7.25x 1072 1.15x 1072
C=] 228x10"%2 —0.270 0.929 —0.248 8.38 x 1072
1.19 x 1072 3.32 x 1078 —0.271 —0.930 0.234
420x107% 1.39x 1072 —1.50 x 1072 0.263 0.935
0.231 580 %1072 1.12x 1072 —2.81 x 107* —6.69 x 10~4
—2.91 x 1072 0.110 3.04 x 1072 —852x107% 135 x107?
S=] 161x10"% —-191x10"2 657x102 —1.75x10"% 593 x 1073

564x 1074 158 x 104 —1.20%x 1072 —-442 x 1072 1.11 x 1072
144 x 1075 475 x 107* —5.15x10"* 9.04 x 1075 3.21 x 1072

The behavior at large n can be seen below (Table 3).
We have C,, — 1 and S,,, — 0 with n — o0,as should be.
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Table 3: C,, and S,,

n | Cp ~ Snn

1 | 0.996 0.232

10 | -0.955 | -1.14x10~2
20 | -0.973 | -3.96x10°3
30 | -0.981 | -2.13x10°3
40 | 0.985 | 1.38x1073
50 | 0.992 | 1.21x1073

4 Quantum Correction

With the unpertubative formulation, we are now ready to develop Feynman diagram
method as usual. Then the unperturbative propagators are 2x2-matrix ones Go;; in
(40) ~ (43) and the interaction Hamiltonian is in (10). It should be remarked that the
Feynman diagram method is formulated not in momentum space, but in configuration
space, due to absence of space-translational invariance.

Let us demonstrate a loop calculation of quantum corrections to the GP eq. as an
example of utilizing the Feynman diagram method. We calculate tadpole diagram at
one-loop level: The Feynman diagrams to be evaluated are

o——@—}—o————@ =0.

The first diagram (at tree level) represents the propagator from &’ to & with GP term
at the end. The second diagram is the quantum correction. The sum of the contributions
at tree and one-loop levels leads to

Go,ij(x', z; ¢’ — t) [GP term(x) + loop(x)] = 0. (44)
Since &’ is arbitrary, this equation gives us

h2
"_V2 + V(@) — p+ gv*(x) + igGoj(%, ®) + 2igGou(x, )| v(z) = 0. (45)

Go,i(z, ) and Go;(x, x) are defined as

Goui(z, ) = "% Z [CriCrim + SniSnm] wi(T)um(x), (46)
lmn=1
G(),ij ({B,CD) =1 Z CnlSnmul(a:)um(w) . (47)
. lmmn=1
Put (46), (47) into (45), one can get
h? .
——2—;—V2 +V(z) — p+ gv*(x)

+g Z CruCrm — CriSnm + SniSnm)w(®)um(x) [v(z) = 0.  (48)

lommn
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This way GP eq. (6) is modified, the last term in (48) being quantum correction. Qur
calculation is neither Hartree-Fock approximation nor Thomas—Fermi one.

We comment that this procedure above amounts to calculating quantum correction to
the effective action, giving the one-loop order correction to the GP equation.

5 Finite Temperature Effect

Once the field-theoretical formulation at zero-temperature has been established, it is
formally straightforward to extend it to thermal situations, in particular, to fineite-
temperature case. (Here we use the expression “formally straightforward” with the reser-
vation that the physical situation under consideration is not so different from that at
zero-temperature that the same unperturbative formulation as at zero-temperature can
be applied. If thermal effects are very large, then one has to reformulate the unperturba-
tive formulation and the extension to thermal situation is never straightforward. In what
follows, we restrict ourselves to the situation in which the unperturbative formulation is
not so much influenced by thermal effects.) For the purpose to the extension from zero-
temperature case to finite-temperature one, we take TFD formalism [6].

Details of TFD formalism can be found in [6], and is not repeated here. The essence
of TFD is as follows : Each degree of freedom is doubled, an original operator called
“non-tilde” one, and a new operator called “tilde one”. Then “thermal Bogoliubov trans-
formation” between non-tilde and tilde operators in the unperturbative formulation is
introduced, so that “thermal vacuum” is defined without ambiguity. Physical thermal
averages are given by the pure-state averages of non-tilde operators, sandwiched with the
thermal vacua. Let us explicitly show the unperturbative propagators below.

5.1 Thermal Propagator

We introduce another column notation with respect to tilde and non-tilde field operators
(Do not confuse this column notation with that in (37) and (38).);

{ (plz(P ’ (p2=¢T (49)

@12301. ) 952:_(?

In our present case, the zero-temperature propagators in (40) ~ (43) form a 2x2-
matrix, so at finite-temperature, we have 4 x4-matrix propagator. The resultant unper-
turbative propagators become

G[m(:c x'; z‘—t'):ZGm]n(m,w’;t—t'), (50)

where the sum of the energy level n is taken. Each component Gg’;, is given by

Gﬁmn( ’wl;t_t,) ( 6 )GOan( t_f) ( 6)

(en) "S(Qn) Ozjn 5(0n)
B (fs(e ) c(an) ) ( 0 Dz]n ( c 'n) >
( A(0)GhLjn — 52(02) G5 c<9n>e<en)( G82,) )
c(62)5(6n) (G850 = G22,,) = (8%(0n) Gl — 2(62)GE, )
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where the parameters in the thermal Bogoliubov transformation are

C(en) = cosh(&n) = “\/ﬁ
s(6,) = sinh(8,) = _ePEnlz_ o (52)
n nt \/1—e—BEn
and Gg;,, and G§7%; , are, for example,
Gohp(m it —t) = -0t —t') Y C’nlCnmu;(w)um(:v')e‘%E"(t‘t')
lm=1
—i0( =) > SuSpmw(@um(x)e D (53)
l,m=1
Gg?u(:c,w’;t—t’) =0t —t) Z CriCrimuy () (x')e™ 7 En(t'=1)
lm=1
+i0(t — t) Z St Spmt ()t ()& FER L) (54)
l,m=1

5.2 Evaluation of Thermal Fluctuation to the GP eq.

The unperturbative thermal propagators were calculated. Then in TFD the interaction
Hamiltonian is given by H, — Hy,, where Hyy, is in (10) and H,, is obtained from
replacing all the non-tilde operators with the corresponding tilde ones.

From the Feynman diagram method in TFD, we can now evaluate the effect of thermal
fluctuation to the GP equation. The diagrams to be calculated is the same one in zero-
temperature, except that the number of diagrams becomes larger because of the indices
w,v. The result is

Gii(a x;t —t) [GP term(x) + igGy i, (x, T) + 2igGy(x, m)] =0. . (55

Since x’ is arbitrary, this implies

[—%V2 +V(z)—p+gv ( )+ igGg ZJ(:L' x)+ Zngﬁu(m m)] v(x)=0. (56)

Put thermal propagators into (56), one can get

h? ,
[—%v%w 2)— 1+ (a)

+g Z coth (ﬁE"> (CriCrim — CutSpm + S’ngSnm)ul(a:)um(m)] v(x) = 0. (57)

lmmn 2

Now we have the generalized GP eq. which contains quantum and thermal fluctuations,
and we will consider about this equation a little more. In Sec. 3.3, the behaviors of matrix
Cpm and Sy, are studied by numerical calculation, and we confirmed the asymptotic
behavior of these matrices as

{ Cnm - Onm (58)

,Mm-—00
S nmn 0
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We also see the asymptotic behavior of coth (%)

coth (ﬁ§n> Frogoq (59)

If there is the number n’ which satisfies asymptotic behavior (58) and (59), i.e., Cpry ~ 1,
Spme =~ 0 and COth(ﬁ BBat) ~ 1, one can approximate (57) as

[—I‘f—vz + V(x) — pu+ gvi(x)

+g Z > coth (

n=11lm

) CnlCnm - CnlSnm + SnlSnm)ul(w)um(m)

+g i Un(@)un(x)|v(x) =0, (60)

n=n'

or

[-——h——VQ +V(x) — p+ gvi(x)

+g Z > coth (

n=11{m

) Cnlcnm - C'nlSnm + SnlSnm)ul(m)um(m)

+g{ i Z Up () un(x) } —g nzoun(w)un(w) v(z) = 0.(61)

n=n'

From relation (15),

{——h—%—VQ +V(x) — p+ gvi(x)

+g Z ZCOth (IBE ) (Cnlcnm - CnlSnm + SnlSnm)ul(m)um(w)

n=1{m

+g8%(x) — g }: Un (@) un(x) [v(z) = 0.(62)
n=0
This equation is different from Hartree-Fock—Bogoliubov (HFB) approximated equa-
tion [10, 9] at the following points: First, the HFB approximation contains only {(¢'(z)p(x)),
{p(x)p(x)) terms, and doesn’t have (p(x)¢(x)), (¢! (x)p!(x)) terms. Second, (57) have
a delta function proportional to the coupling constant g as g63(x).

5.3 Numerical Evaluation of the Thermal Correction to the GP
Eq.

We solved (62) using the following parameters: m(3"Rb) = 1.42 x 10~%°kg, the frequency
of the spherical trap w = 27 x 200Hz, S-wave scattering length a = 5.77nm, the number
of atoms Ny=2000 and temperature T' = 100nK (FIG. 1). These parameters are the same
ones, used in [9].
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FIG. 1 This figure contains plots of the solution of the GP
eq.(solid line) and generalized GP eq. (62)(dotted line).

6 Summary

We formulate a quantum field theory, at zero-temperature and finite-temperature for
the BEC systems. In zero-temperature case it is essential to introduce the generalized
Bogoliubov transformation.

In order to treat finite-temperature case, TFD formalism is applied.

For illustration, we performed necessary numerical calculations and obtained quan-
tum corrections to the Gross—Pitaevskii equation at zero-temperature, and quantum and
thermal corrections to it at finite-temperature.
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