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We investigate numerically the momentum correlations in a two dimensional, harmonically
trapped interacting Bose system at T = 0 temperature, by using a particle number preserving

Bogoliubov approximation.

Due to particle number conservation, interaction induced quantum

fluctuations of the quasi-condensate lead to a large anti-correlation dip between particles of wave
numbers k and —k for |k| ~ 1/R., with R. typical size of the condensate. The anti-correlation
dip found is a clear fingerprint of coherent quantum fluctuations of the condensate. In contrast, for
larger wave numbers, |k| > 1/R., a weak positive correlation is found between particles of wave
numbers k and —k, in accordance with the Bogoliubov result for homogeneous interacting systems.

I. INTRODUCTION

As demonstrated first by Hanbury Brown and Twiss,
quantum statistics are efficiently probed through de-
tecting noise correlations. In their seminal experi-
ments Hanbury Brown and Twiss observed positive cross-
correlations in the shot noise of photons emitted by in-
dependent light sources [2]. As understood later, this
photon bunching originates simply from constructive in-
terference between indistinguishable particles, obeying
Bose-Einstein statistics, and has lately been also demon-
strated by interferometry of bosonic atoms [3]. An anal-
ogous phenomenon is observed for fermions, where the
antisymmetry of the wave function results in an anti-
bunching behavior [4]. Quantum-statistics related corre-
lations play an important role in solids, too, where they
lead to the emergence of Pauli correlation-hole [5], or
can conspire with interactions to lead to the emergence
of magnetism [6].

Measuring Hanbury Brown Twiss-like noise correla-
tions in time of flight (ToF) images has also been pro-
posed as an efficient tool for detecting correlated states
in ultracold atomic systems [7]. Following this sug-
gestion, density correlations in expanding atomic clouds
have been used to demonstrate the emergence of ordered
phases in interacting Bose-systems [8] [9], proving that
noise detection can also be used to reveal interaction-
induced strongly correlated structures.

Trapped cold atomic systems should provide an ideal
test ground to study quantum correlations in isolated
bosonic and fermionic systems, and the influence of inter-
actions on these correlations. Time of flight experiments
grant direct and controlled access to the observation of
the number ny of particles with momentum fk as well as
to the correlation function C'(k,k’) = (dnxdny) [TIHI4).

For a very long time [I5HIS], theoretical predictions re-
garding the nature of momentum space correlations and
ToF correlations remained somewhat controversial. Two
and three dimensional weakly interacting homogeneous
systems are quite well-described by a Bogoliubov mean

field approximation, where the ground state is found to
be a squeezed state generated by the pair creation oper-
ators, ZA)LIA)T_k, with IA)L denoting the creation operator of a
boson [20]. This squeezed structure would imply perfect
positive correlations between particles of wave numbers
k and —k [I5]. However, in a one dimensional Luttinger
liquid, both correlations and anti-correlations have been
predicted [I5] [I8], and anti-correlations have also been
predicted between particles with opposite momenta [16]
in harmonically confined noninteracting Bose gases.

Very recently, experiments on one-dimensional inter-
acting bosons — corroborated by detailed theoretical
calculations — managed to clarify somewhat this con-
troversial situation [I9]: they confirmed the predic-
tions of strong anti-correlations of Ref. [I8] at the
momentum scale corresponding to the thermal length,
ly = pthQ/mk‘BT7 with p1p the density of the one-
dimensional gas.

The purpose of the present work is to understand
the role of interaction-induced quantum fluctuations of
higher dimensional condensates. To be specific, we focus
on d = 2-dimensional interacting (quasi) condensates,
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FIG. 1. Sketch of the origin of quantum fluctuations in-

duced quasiparticle correlations in a trap. Even at T = 0,
interaction-induced quantum fluctuations of the condensate
induce virtual quasiparticle excitations, and amount in fluc-
tuations and correlations, measurable through ToF experi-
ments. The pair structure of excitations induces positive cor-
relation between particles with opposite wave numbers k and
—k.
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where the correlation function C(k,k’) is still directly
accessible experimentally, while a mean field approach
is still reliable. Extensions to d = 3 dimensions are
straightforward. Focusing on interaction-induced quan-
tum fluctuations, we consider the case of T' = 0 temper-
ature only [IJ.

In the presence of interactions, quantum fluctuations
deplete the condensate wave function just as thermal fluc-
tuations do in an ideal gas (see Fig. . Anti-correlations
appear due to the conspiracy of particle number conser-
vation and confinement: particles removed from the con-
densate create a correlation hole in the condensed atoms’
distribution in momentum space, ultimately appearing as
an anti-correlation dip in the ToF image.

To capture this physics in a trapped gas, we shall em-
ploy a particle number preserving Bogoliubov approxima-
tion, similar to the one described in Ref. [2I]. For suffi-
ciently weak interactions, most of the atoms condense
into a single wave function, thereby forming a single-
mode condensate @g(x). Correspondingly, the bosonic

field operator T/AJ(X) can be decomposed as

P(x) = @o(x)bo + 09b(x) , (1)

where by annihilates a particle from the condensate. Pro-
vided that the average number of particles in mode g (x)
greatly exceeds the expectation value of non-condensed
particle number, the operator 51[1(x), describing quan-
tum fluctuations of the condensate, is small, and can be
accounted for by applying a mean field approach respect-
ing particle number conservation, essential to obtain the
anti-correlation dip.

As we shall see, the spatial extension of the conden-
sate (R.) takes over the role of [, in one-dimensional
condensates [19], and determines the region of anti-
correlations in momentum space. However, in addition to
anti-correlation between small momentum particles with
k ~ -k’ and |k| ~ 1/R., a clear forward correlation
appears for particles of similar momenta, k ~ k’. Mo-
mentum space correlations thus exhibit a p-wave struc-
ture. As already explained, these structures are due to
interaction induced coherent quantum fluctuations of the
condensate, present even at zero temperature.

The expected positive correlations, predicted by Bo-
goliubov theory, only appear at large wave numbers,
|k| > 1/R., where C(k, —k) displays a slowly decaying
positive tail of d-wave structure in momentum space. In
this large momentum regime, short distance correlations
at a scale A\ ~ 27 /|k| are probed, where correlations can
be well approximated by those of a homogeneous system.
The observation of Bogoliubov squeezing and the corre-
sponding positive pair correlations would thus require in-
vestigating the tails of ToF images with high resolution.

The paper is organized as follows: In Sec. [[, we out-
line the particle number preserving Bogoliubov approxi-
mation following the treatment of Ref. [21], and provide
details on the numerical solution of the corresponding
equations (Sec.[ITB)). Our results are discussed in Sec.

Our conclusions are summarized in Sec. [Vl

II. METHODS

A. Particle number preserving Bogoliubov
approximation

We consider a closed, interacting quasi-two-
dimensional Bose gas in a harmonic trap. Such
quasi-two-dimensional gases can be experimentally
realized in highly anisotropic harmonic potentials, where
the transverse confinement, w,, is much stronger than
the trapping frequencies in the remaining two directions
[13]. In this strong vertical confinement limit, the motion
of the particles is frozen along the z direction, and the
system is described by an effective d = 2 dimensional
Hamiltonian

H = / d’x (zﬁ* (%) (Ziw + U(x)) P (x)

+2 01608 ()P (x)(x)) - @

Here ¢)(x) denotes the bosonic field operator, and m is
the atomic mass. The harmonic potential
L 5 2

Ux) = MW x
is responsible for the weak confinement of the atoms in
the lateral direction, and the interaction between the
atoms is described by a repulsive Dirac-delta potential,
V(x —x') = gd(x —x') [22]. Here the effective inter-
action g depends sensitively on the vertical confinement,
w,, and the three dimensional scattering length asp [10].
It depends, however, only logarithmically on the local
chemical potential of the Bose gas, and can therefore be
replaced by its value at the center of the trap for our
purposes.

For sufficiently weak interactions, the majority of the
atoms condenses into a single wave function, and the sys-
tem can be analysed by using a Bogoliubov mean field
approximation. This approach is justified if the expec-
tation value of the number of non-condensed particles,
(6N), is only a small fraction of the total particle num-
ber N,

(6N) < N. (3)

Condition represents a sufficient but not necessary
condition. In finite temperature calculations for d = 2
dimensional systems, e.g., the Bose gas can be consid-
ered weakly interacting even in the vicinity of the crit-
ical temperature T,., where 6N ~ N, provided that the
dimensionless interaction strength ¢ satisfies [10]

_ m

g= gh—Q <1
At T = 0, however, condition is satisfied even for
slightly larger values of g.

To account for correlations between the condensate

and non-condensed particles, we shall use a particle num-
ber conserving Bogoliubov approach described in Ref.



[21]. For that purpose, we decompose the field opera-
tor z/;(x) according to Eq. , and separate the single
mode part ~ @o(x). The remaining part of the field
operator, 51[)(x), describes interaction induced quantum
fluctuations of the condensate (see Fig. , and can be
chosen to be orthogonal to the wave function pg(x),

[ Exisie = 0.

Next, following Ref. [2I], we introduce a new, particle
number preserving field operator
A 1 - ~
A(x) = —73bh 0v(x), (4)
Ny

with Ny = I;BBO denoting the number of particles con-
densed into the single mode part of the condensate. The
field A(x) satisfies the commutation relations

[[\(x),f\(x’)] ~0,
[A(x), AT(x)| = 8(x = x') = po(x) 5 (') = (xIQo[x')

with Qo = Id — |¢o)(po| denoting the projection onto
the subspace orthogonal to |pg). The operator A trans-
fers one particle from the non-condensed fraction to the
condensate, while keeping the total particle number con-
stant. Notice that, in contrast to 9(x), A(x) conserves
the particle number, and is therefore more appropriate to
describe fluctuations in a closed (microcanonical) trap.

To generate the Gross-Pitaevskii (GP) equation de-
termining the condensate wave function ¢g(x), we use
the ansatz (1) and approximate the Hamiltonian (2)) by
expanding up to second order in the operator A~ 61&.
Particle number conservation is imposed by the exact re-
lations

N =Ny + 6N,
6N = / d%x 6T (x)d9)(x) = / d?x Af(x)A(x),

which we also assert in course of the expansion. Requir-
ing the disappearance of terms linear in A yields the usual
Gross-Pitaevskii equation for ¢

(_va2 + U(X)> (PO(X) +gN\g00(x)|2g00(x) = ILI’SDO(X)7
(5)

with the Lagrange-multiplier x introduced to ensure that
o remain normalized. Second order terms in A generate
the equation of motion of the field operator,

i ( AAT((XQ)) ~ Lor() ( AAT((’%) ,

with the Bogoliubov operator Lgp expressed as

Lop — (Qo (H + gN|pol?) Qo gN Qo 3 Qf )
—gN Q5(5)* Qo —Qf (H+gNl|wol?) Q5
(6)

and

2
H(x) = — 2V 4 U)o+ gN o) (7)
denoting the mean field single particle Hamiltonian. The
Lagrange-multiplier u appears here as a chemical poten-
tial, expressing that the condensate serves as a particle
reservoir for the non-condensed fraction of the gas.

The eigenvalues and eigenvectors of the non-Hermitian
operator Lgp determine the excitation modes of the con-
densate. The Bogoliubov operator Lgp has a pair of
zero-modes [21], 23]

(#0(x),0), (0, 5(x))

corresponding to — physically meaningless — global phase
rotations of the condensate. All other, nonzero eigen-
values of Lsp come in pairs, +e,, and correspond to
quasiparticle excitations. By denoting the eigenvector of
positive eigenvalue €5 > 0 (s = 1,2, ...) by (us(x),vs(x)),
we find that (v¥(x),uf(x)) is also an eigenvector of eigen-
value e_; = —e,. The positive eigenvectors of s,s" > 0

satisfy the orthogonality condition

/ x (17 (%)t (X) — 07 (X) 01 (X)) = G-

Moreover, together with the condensate wave function
they form a complete basis, expressed by the relation

Y (us(x)ui(x') = ol (x)os(x))

€s>0
+o(x)@5(x") = d(x — x'). (8)

These eigenfunctions of Lgp can then be naturally used
to expand the field operator A(x) as

M) = 37 b0 + 0L 02 ()] (9)

es>0

where the by’s satisfy bosonic commutation relations and
annihilate quasiparticles of (positive) energy 5. In terms
of these quasiparticle excitations, within the Bogoliubov
approximation, the Hamiltonian takes on a simple diag-
onal form

H=Fo+ Y ebib,.
es>0

The ground state of the system is thus simply the vacuum
state of the annihilation operators bs.

Let us now turn to the computation of the expectation
value (7 ) and the correlation function (fix ). The par-
ticle number operator ny corresponding to wave number
k is defined as

fne = Ol e,
where ﬂk is the Fourier-transform of the field operator,

Uy = /dzxe_ikxqﬁ(x).



In order to calculate the expectation value and correla-
tion function of the operator 7y, we use Egs. and
to express fix in terms of the operator A, to find

— |po(k)|2 0N + VNyj(k) Ak (10)

ALAx + 0N P N-1/2),

e = Nlpo(k)|?
+VNgo(k) Al +

with Ay denoting the Fourier transform of A,

I DTN

£s>0

Notice that the usual and heuristic identification,
Nk ALAk is not appropriate for a trapped micro-
canonical condensate, where correlations between the
single mode part of the condensate and &ZJ(X) cannot
be neglected. For a homogeneous condensate, however,

J

C(k,X) (1/3111/3@ (Wl ) =

)+ @o(k)v

=<z&£zﬁkz&£,zz?k/> -

NZ‘PO

«(=K)) (o (k)

4

phom(k # 0) = Q and Eq. . ) reduces to the simple

relation, ﬁﬂ‘;‘g =Al Ak

The ground state expectation value of ny is thus given
in terms of eigenfunctions (us(x), vs(x)) as

(me) =Npo(K)[* + > Jvs (L[
es>0
— o (k)[? EPxvx)2. (1)
SOO EZ>:O/

Here the first term is simply the Gross-Pitaevskii result,
describing a situation when all particles belong to the
single-mode condensate. The sum Y. |vs(—k)|? takes
into account the contribution of the non-condensed frac-
tion of the gas, while the last term originates from the
depletion of the condensate due to particle number con-
servation. Similarly, the correlation function of ny and
Ny operators can be expressed as

ug (k) + o5 (k) v (=)

+ Z (551784682753 +5817836527S4) (vsl( )usz( ) ‘()00 |2/d XUSI usz( )) ’

51,852,583, 54

Ve, (CKug, (K) = po () [ d®x v}, (x)uz, (x) ) -
( / )

This equation can be rewritten in a form more conve-
nient for numerical calculations, using the completeness
relation Eq. (8)). Expressing > ug(k)uf(k’) from the
Fourier transform of Eq. allows us to separate the
singular, ~ d(k — k’) terms appearing in the diagonal
correlation function C'(k,k). As a result, the correlation

J

Clyo .00 (k, k)

NZ‘PO

)0 ( k/ ) us (k)

+ @5 (K)po (k') v7 (k)

vi(—=K') + po(k)po (k')

vs(—K')] =

(

function can be written as a sum of three contributions

C(k, k') = (2m)%6(k — K')(fy)
+ Cyo .59 (K, K') + Coy s (k, k'), (12)

with () given by Eq. , and

vs(=k) v (=K

S

vs(=Kk) ug (k) + po(k)p5 (k')

Nlo(K)[? |00 (k) [?,

Coopn( 1) = 3 (00 (R0~ a0 P00, 00s 0 ) (42,00, (0) = LoalW) P [Pt 00, )

81, 82

3 (o (100,10~ o9 / 0, (005,09 ) (45,0 (1) = alP [ e, (o))

— po(k)wp(

K) S o(—k)u (k) — [po(k
T lpo ) Plpo ()P S / a2 fua(x) .

Here, besides Eq. , we have used that the eigenfunc-

| Z|vs kl

—leo(&)* Y los(~K)?

(

tions us and v} are orthogonal to the condensate wave



function g.

The first term in Eq. denotes the shot noise. The
second term, Cly, sy (k, k'), is proportional to the parti-
cle number N, and describes correlations between the
single mode condensate and the non-condensed part of
the wave function. The other contribution, Csq 5y (k, k'),
takes into account correlations inside the non-condensed
cloud and subleading corrections to Cly, sy, generated by
particle number conservation, leading to the depletion of
the single mode part of the condensate.

B. Numerical solution

To evaluate the expectation value and the correla-
tion functions , we first need to compute g by solv-
ing the inhomogeneous Gross-Pitaevskii equations (5
numerically, and we then have to determine the spec-
trum of Lgp. For this purpose, we shall expand all wave
functions in terms of two dimensional harmonic oscillator
eigenfunctions [24].

As a first step, we introduce the dimensionless vari-
ables [25]

hw T;

= Za Yi = Ea
with R, = y/2u/mw? denoting the size of the conden-

sate, and rewrite all equations in terms of dimensionless
parameters. The dimensionless condensate wave function
¢o of N bosons can then be expressed as

do(y) = \/NRC vo(y Re)-

This function is normalized to N and, by Eq. , mini-
mizes the dimensionless energy functional

&= [E¥(CV,00(3)7 + (5 = Dlon(y)F

¢

g 4)

+ 3 o).
We can therefore determine it by expanding ¢o(y) in
terms of d = 2 dimensional harmonic oscillator eigen-

functions,

Kcut 2 2
do(y) =Y are” % Ly <y> ;
k=0 <

with Ly the k’th Laguerre-polynomial and k. finite cut-
off introduced for numerical calculations, and then by
determining the coefficients ay, via the gradient method.

Having the condensate wave function ¢y at hand, we
determine the Bogoliubov eigenfunctions us(x) and vs(x)
by solving the eigenvalue equation of Lgp. In order to
take into account the projection Qg in Eq. @, we modify
Lap by a 'Lagrange multiplier’

) <H+9N|wol2+APo

_ ' 9N ¢y )
Gr —g N (¢5) ’

—H — g Nlpol* + AP
(14)

5

with Py = |o)(po| denoting the projection to the con-
densate wave function and H the mean field Hamilto-
nian, given by Eq. @ The parameter \ is chosen to
be large enough to ensure that the low energy eigenfunc-
tions of L[, p, orthogonal to ¢y, be clearly separated from
the high energy spectrum, having finite overlap with the
condensate wave function. By keeping only the eigen-
functions of low eigenvalues, annihilated by Py, we can
determine the excitation spectrum and eigenvectors of
the original projected Bogoliubov operator Lgp.

Similar to ¢g, we determine the eigenfunctions us(x)
and vs(x) from the eigenvalue equation of Ly, by ex-
panding them in terms of oscillator eigenfunctions. The
calculation can be simplified by making use of the rota-
tional symmetry of the condensate, and treating sectors
with different angular momenta m separately. Eigenvec-
tors can then be classified using radial and angular mo-
mentum indices, s = (n,m), and the eigenfunctions can
be expanded in polar coordinates as

() -

’i (a(T)> , y Im| T ,2
nky ) et () L () e,
=\ g NG LN
(15)

with LLm‘ denoting the generalized Laguerre polynomial
of indices k and |m|. Substituting this expression into

the eigenvalue equations allows us to determine the

coefficients afﬁ;) and ﬁf;,?). Finally, as a last step, we can

now take the Fourier transform of the functions ¢o(y),
us(y) and v, (y) numerically and evaluate the expectation
value (fi) and the correlation function C'(k,k’) [26].

III. RESULTS
A. Wave functions

Typical examples of the condensate wave functions
and the radial parts of the Bogoliubov eigenfunctions
are shown in Fig. The anomalous component of the
quasiparticle wave function, vy, ., (y), originates from the
interaction with the single-mode part of the condensate,
and its support is determined by the extension of the
latter. In contrast, the normal component wy, ., (y) is not
constrained to the regime g # 0, and for high energy
quasiparticles it resembles to a harmonic oscillator wave
function. Furthermore, as the corresponding excitation
energy €, increases, the interaction energy becomes
negligible compared to the kinetic and potential energies,
leading to a decrease in the amplitude of v, ., (y).

The Fourier transforms of the radial parts of the eigen-
functions are plotted as a function of the dimensionless
wave number |k| R, in Fig. The normal component
Un.m (k) involves many momenta, and is therefore quite
extended in Fourier space. The Fourier transform of the
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FIG. 2. Radial part of the dimensionless Bogoliubov eigen-
functions Retn,m(X), Retn,m(x) plotted as a function of
the dimensionless radial coordinate y = |x|R. for (n,m) =
(50,0) (top) and (n,m) = (40,20) (bottom). Here R. =

211/ (mw?) is the typical size of the condensate, (™' =
24/ (hw) = 100 and pR2/g = 1250, corresponding to N =
1962 particles and (5N) = 608. In the top figure, the di-
mensionless single-mode condensate wave function ¢¢ is also
displayed. The anomalous part v, is nonzero only in the
regime of the condensate, while the normal part wnm, of
the wave function can be more extended. For m # 0 both
Un,m — 0 and vy,;m — 0 at the center of the trap.

anomalous component v, ., (k), however, exhibits a well-
defined peak at kpeak. This is explained by the fact that
Un,m(y) is constrained to the regime where the conden-
sate is present, and there it oscillates with an approxi-
mately constant radial wave number, k ~ kpeak.

B. Particle number distributions

The expectation values of the particle number 7y, de-
termined from Eq., are plotted in Fig. 4] for different
dimensionless interaction strengths g. The contribution
(071) of the non-condensed particles is separately shown.
The expectation values are dominated by the single mode
part of condensate, giving rise to a large and narrow peak
at small wave numbers, |k| < 1/R.. Increasing inter-
action strength amounts in more extended condensate
wave functions in real space, and thereby a narrower peak
in (7k). The non-condensed fraction, (dfy), gives only
a negligible correction for small momenta, k| < 1/R..
However, it decays much more slowly than the central
condensate peak, approximately as 1/|k|, and dominates
the large wave number behavior, |k| > 1/R.. For even

03 —
5 n=50

Fourier transformed eigenfunctions
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FIG. 3. Radial part of the dimensionless Fourier transformed
Bogoliubov eigenfunctions wn,m(k)/Re¢, vn,m(k)/R. as a func-
tion of the dimensionless wave number |k|R. for (n,m) =
(50,0) and (n,m) = (40,20). Here R. = +/2u/(mw?) typ-
ical size of the condensate, (™' = 2u/(hw) = 100, and
uR2/g = 1250, corresponding to N = 1962 particles and
(§N) = 608. The anomalous component v, (k) has a well
defined peak at wave number \kpcak| and vanishes for lower
|k|, while the normal part s, (k) is extended in momentum
space.

larger values |k| > \/mp/h = {;1, with &, denoting the
healing length, (07) goes rapidly to zero in a univer-
sal fashion as 1/]k|, in agreement with general expec-
tations [28, 29]. Although small in amplitude, this tail
hosts about ~ 30% of the particles for the interactions
considered here. Increasing g depletes the condensate
further and leads to a gradual increase in (Jn).

Decreasing the trapping frequency w, while keeping the
density of the condensate at the center of the trap and the
interaction strength (or, equivalently, the healing length
&n = h/\/mpu) constant, amounts in a slowly varying con-
densate wave function in a wide central region. There-
fore, in this limit, a homogeneous system is expected to
yield a good approximation for the non-condensed frac-
tion (dnk). To make a precise comparison, however, we
need to keep in mind that ny is dimensionful, and scales
as ny ~ (length)?. In our case, the size of the condensate
R, plays the role of the system size L of a homogeneous
system. Therefore, to recover the homogeneous result, we
need to investigate the dimensionless expectation value
(6fuc)/R2. Since the density of the condensate at the cen-
ter of the trap, p(0), scales as p(0) ~ N/R? ~ N¢?/&2,
we calculated (57 )/ R? for different ¢ values, while keep-
ing N(¢2 constant. As shown in the inset of Fig. [4] with
decreasing w, the height of the peak in (57 )/R2 scales
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FIG. 4. Dimensionless expectation values (7 ) /I3 as a func-
tion of |k|lp for N = 1962 and for dimensionless interaction
strengths § = 1 and § = 4, corresponding to (§N) = 145
and (§N) = 608. Dotted lines represent contributions of
non-condensed particles (57 /13, with lo = \/h/(mw), mul-
tiplied by a factor of 50 for better visibility. The extension of
the condensate increases with increasing g, and the peak in
(7k) gets narrower. The long tail quasiparticle contributions
(67k) get more pronounced with increasing §. Inset: Scaling
collapse of (§7u)/R2, plotted as a function of k &, for differ-
ent ¢ = hiw/(2p)’s, while keeping § = 4 and p(0) constant.
Here R. = +/2p/(mw?) is the typical size of the conden-
sate, &, = h/\/mp is the healing length with 4 = gp(0), and
we used ¢! = 25, ¢! = 50 and Cff = 100, correspond-
ing to (N, (N)) = (121,34), (N, (6N)) = (489,145) and
(N, (6N)) = (1962, 608) respectively.

as ~ 1/w, and the peak position shifts to smaller wave
numbers, such that the high momentum part traces out a
common envelope function. We have verified that — apart
from an overall numerical factor — this envelope agrees
with the momentum distribution of a homogeneous sys-
tem, <6ﬁk>hom/L2-

C. Correlation functions

Similar to (fik), it is instructive to divide the correla-
tion function C(k,k’) = (070 ) into two parts, and
separate the contributions of the quantum fluctuation
induced quasiparticles, and their cross-correlations with
the condensate. These contributions, given by Eq. ,
are plotted in Fig. for wave numbers k' = k and
k’ = —k for various interaction strengths §. The vari-
ance of the particle number 7n(k) is given by the sum of
the singular shot noise term and the diagonal correlations
C(k, k), so the diagonal part C'(k,k) is not necessarily
positive. However, the off-diagonal part C(k, —k) devel-
ops a more pronounced anticorrelation dip, due to the

depletion of the condensate by quasiparticle excitations.

The non-connected part (ny)(fue) of the correlator
(M) does not distinguish between diagonal and off-
diagonal correlations, and follows readily from Fig. [
Although this large signal is subtracted in the correlation
function, Eq. , it still provides a large background in
an experiment and may therefore be hard to separate it
from the more interesting part of the signal (see Fig. @
Similar to (ny), the product (fi)(fx/) exhibits a sharp
peak with typical width |k’| ~ |k| ~ 1/R., originating
from the single-mode condensate, also shown in Fig. [
The expectation values (7)) being invariant under rota-
tions, (7ik) (N ) is clearly also independent of the relative
directions of k and k', and is ’cylindrically’ symmetrical.

The leading contribution Cly, sy, shown in the top
panels of Fig. [f| accounts for correlations between the
single-mode condensate and the non-condensed fraction
of the gas. Consequently, similar to ¢g(k), Cy, 54 is con-
strained to small wave numbers, and decreases rapidly for
k| > 1/R.. The function Cly, sy exhibits an anticorre-
lation dip in the off-diagonal k/ ~ —k for wave numbers
|k| ~ 1/R.. This dip dominates the small momentum
behavior of C'(k,k’), and gets more pronounced for in-
creasing interaction strength. The negative correlation
observed is a trivial consequence of particle number con-
servation: the interaction g creates quasiparticle pairs
from the condensate, and therefore each excess boson of
momentum k is accompanied by a hole of momentum
~ —k in the single particle condensate. As mentioned
in the Introduction, finite temperature calculations for
trapped ideal bosons with a fixed total particle number
revealed the presence of a similar anticorrelation peak in
the offdiagonal correlation function [I6].

Finally, the contribution Csy sy, shown in the bottom
panels of Fig. |5, describes correlations within the non-
condensed (more precisely, non single-mode condensed)
cloud, but also incorporates a contribution due to particle
number conservation. This latter contribution gives rise
to a pronounced central peak of width ~ 1/R,., yielding a
small correction to the leading order correlations between
the single-mode condensate and the non-condensed par-
ticles, contained in Cy, sy. Correlations within the non-
condensed fraction result in a slowly decaying positive
correlation tail both in the diagonal, k’ = k, and in the
offdiagonal, k' = —k. This positive correlation is quali-
tatively similar to the simple Bogoliubov result, valid for
weakly interacting homogeneous condensates [I5]. Albeit
small compared to the amplitude of the central peaks in
Cyy,5v, the quasiparticle contribution dominates the cor-
relation function for wave numbers |k| > 1/R., showing
that the fluctuating part of the ground state consists of
pairs of quasiparticles, as visualized in Fig. The ampli-
tude of this tail is sensitive to interactions, and is further
enhanced by increasing interaction strength g.

To gain further insight into the structure of C(k,k’),
we have plotted in Fig. [7] the correlation functions
Cyo.50(k, k') and Csy 54 (k, k'), as functions of k while
keeping k' fixed. For |k’| of the order of 1/R.., opposite to
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Different contributions to dimensionless diagonal and offdiagonal correlation functions C'(k,k)/l§ and C(k, —k)/I¢,

plotted as a function of dimensionless wave number |k|lo for fixed N = 1962 and for two different interaction strength g = 1
and § = 4. Here Iy = y/h/(mw) is the oscillator length, and the interaction values correspond to (JN) = 138 and (§N) = 608
respectively. The condensate-quasiparticle contribution Cy,,s¢ gives a positive peak in diagonal correlations, but gets negative
in the offdiagonal, expressing that quantum fluctuations deplete the condensate. As in a homogeneous system, the quasiparticle-
quasiparticle correlation Csy sy is positive both in the diagonal and in the offdiagonal. However, this contribution is much
smaller than Cly, sy for wave numbers of the order of 1/R.. The amplitude of the correlations Cy, sy and Csy sy increases
with increasing interaction strength, as the hybridization of the condensate with virtual excitations gets more pronounced.

the positive peak at k = k’, an anticorrelation dip arises
around the wave number k = —k’ in the condensate-
quasiparticle contribution Cly, sy, in accordance with the
results plotted in Fig. [f] This structure, reflecting cor-
relations between the quasiparticles and the condensate,
disappears for wave numbers |k’| > 1/R. (bottom row
in Fig. [7)), where positive correlations appear for wave
numbers k opposite to k’.

As shown in the bottom row of Fig. |7} for |k’| > 1/R.
two narrow positive peaks can be observed in Clsy sy
around wave numbers k = k’ and k = —k’. These
positive contributions originate from pair correlations
inside the non-condensed fraction of the gas, and are
related to the slowly decaying positive tail of the di-
agonal and off-diagonal correlation function, plotted in
Fig. These pair correlations should thus dominate
the tails of ToF images of the condensate. For small
momenta, |[k’| ~ 1/R., however, the correlation func-
tion Csy.s54 is dominated by a central peak of typical
width ~ 1/R,, originating from subleading corrections
to the condensate-quasiparticle correlations contained in
Cyy .50, determining the structure of ToF images at small
momenta.

D. Simple model for correlations

The structure of the correlation function C(k,k’),
discussed above, provides detailed information on the
ground state of the system. The slowly decaying pos-

itive tail around k = —k’ for [k| > 1/R. is a sign of
excitations created in pairs k and —k, characteristic to
the familiar two-mode squeezed structure of the Bogoli-
ubov wave function. On the other hand, the negative
off-diagonal correlations found for |k| <« 1/R, show that
these pairs of excitations are created coherently from the
single mode condensate by quantum fluctuations.

To illustrate the latter point, let us consider the corre-
lations present in two different simple model states, both
showing a pair structure of excitations. We first consider
a pure state with coherently created excitations, then we
calculate the correlations for a mixed state as well, where
this coherence is lost. We show that a p-wave like struc-
ture of the correlation function only emerges in the first
case, for coherent quantum fluctuations.

Let us first take the following pure state, with excita-
tions created in pairs,

)= (i) - ailit |0

Here Z;Er) denotes a bosonic creation operator, correspond-
ing to the condensate with the cylindrically symmetric
wave function @o(r) = ¢4(r). Similarly, b represent
bosonic fluctuations (dv), orthogonal to yg. By orthogo-
nality they must have a p-wave structure in the simplest
case: p4(r) = @,(r)e*™, with (r,p) denoting polar co-
ordinates. Indeed, we verified numerically that the exci-
tations with p-wave structure, s = (n,m = 1), give rise
to the dominant contribution to Cy, sy -
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FIG. 6. Different contributions to dimensionless offdiagonal
correlation function C'(k, —k)/I, plotted as a function of di-
mensionless wave number |k| o for particle number N = 1962
and interaction strength § = 4, using logarithmic scale on
vertical axis. Here lo = \/h/(mw) is the oscillator length,
and the interaction corresponds to (6N) = 608. The back-
ground signal (fu)(f_x)/l§ shows a steep decrease due to
the disappearance of condensate wave function, followed by
a slower decay as an effect of non-condensed particles. The
condensate-quasiparticle contribution Cly,.sy is constrained
to the regime of the single-mode condensate, and converges to
zero rapidly for |k| > 1/R.. The quasiparticle-quasiparticle
correlation Cjsy 59 gives a slowly decaying tail, dominating
the correlation function for k| > 1/R..

For a small admixture of the i states, ¢ < 1,
the state |A) can be used as a simple model captur-
ing the +k pair structure of the Bogoliubov ground
state, with fixed particle number 2. Let us now cal-
culate the correlations induced by |A), Ca(k, k') =
(AT (k)T (K)eh(k)p(K')|A), and inspect the different
contributions ordered according to the power of g.

Using cylindrical coordinates k + (k,0), we can ex-
press the Fourier transforms of the wave functions ¢, +
as

ws(k) = ps(k) = 27T/d7“7“gas(r)JO(kr)7
o1 (k) = —ip,(k)er = —i 27r/drr<pp(r)J1(kr)eiw,

with Jy and J; denoting Bessel functions. By using these
relations, it is easy to see that the ~ g% contribution to
Ca(k,k’) will be cylindrically symmetric. However, the
terms proportional to g will give a contribution

~ gs(k)ps (k) op(k)pp(K') cos(6 — 0). (16)

This term has the same p-wave symmetry, as the
condensate-quasiparticle correlation function Cy, sy, and
corresponds to positive correlations for k = k’, but re-
sults in an anticorrelation dip for k = —k’.

The terms proportional to g can be divided into a
cylindrically symmetric contribution, and an additional

term

~ g% op(k)?0p(K')? cos(2(0 — 6")). (17)

As expected from the pair structure built into |A), the
d-wave symmetry of this contribution is consistent with
the large wave number behaviour of the quasiparticle-
quasiparticle correlation function Cjy 5y, resulting in
positive correlation for k = +k’.

In order to show, that the contribution given by Eq.
can indeed be identified as a sign of coherent quan-
tum fluctuations, let us now consider a mixed state, ex-
hibiting a pair structure similar to |A), described by the
density matrix

p=|B)(B|+g*|C)(C],

with |B) = (b})2[0) and |C) = bibUO). The calculation
of the correlation function Tr (p @@T(k)zﬁ’f(k’)@ﬁ(k)@ﬁ(k’))

shows, that the first order contribution Eq. disap-
pears, while the quasiparticle-quasiparticle term, given
by Eq. , persists. Thus the relative phase between
the two terms in |A), i.e. the coherence of the interaction
induced quasiparticle pairs, is crucial for the anticorrela-
tions observed here and in Ref. [19].

IV. CONCLUSION

We have studied the momentum distribution and the
density correlation function of a two-dimensional, har-
monically trapped interacting Bose gas. Concentrating
on the interplay of quantum fluctuations, confinement
and particle number conservation, we performed the cal-
culations at zero temperature, using a particle number
preserving Bogoliubov-approach.

To characterize the system, we have first calculated
the momentum distribution function for various interac-
tion strengths g, which is dominated by a central peak
originating from the single-mode condensate. The am-
plitude of the non single-mode condensed fraction of the
gas is clearly overwhelmed by this central peak. How-
ever, this latter contribution is much more extended in
Fourier space, giving a slowly decaying tail. Therefore, it
can possibly be disentangled from the single-mode con-
densate peak experimentally.

By studying the correlation function C(k,k’) =
(0T 0T ), we showed that the anti-correlations between
opposite wave numbers k and —k, experimentally ob-
served for one-dimensional quasi-condensates [19], also
appear for higher, d = 2 dimensional systems, due to the
interplay of particle number conservation and harmonic
confinement. Moreover, by separating C(k,k’) into two
parts, we identified two distinct contributions to the cor-
relation function, exhibiting different symmetries.

The first contribution, Cy, sy, describing correla-
tions between the single-mode condensate and the non-
condensed fraction of the gas, is responsible for the de-
velopment of the anti-correlation dip around k' = —k,
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FIG. 7. Dimensionless correlation functions Cy, s (k, k') /1§ and Csy sy (k, k') /1§ plotted as a function of dimensionless wave
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Cyo,6%- Second row: k'lp = (2,0). The dominant contribution here is the quasiparticle-quasiparticle correlation Csy, sy, giving
negative values for small wave numbers, and narrow positive peaks around k = k’ and k = —k’, expressing correlations in the

non-condensed fraction of the gas.

due to the holes left behind by the particles removed
from the single mode condensate. For this higher di-
mensional system at 7' = 0 temperature, the spatial
extension of the condensate, R., takes over the role
of thermal wave length 4, determining the region of
anti-correlations in a one-dimensional quasi-condensate
[19], thus the momentum-space extension of the anti-
correlation dip is set by 1/R..

In addition to the anticorrelations between nearly op-
posite wave numbers, k &~ —k’, mentioned above, we
found forward correlation for particles of similar mo-
menta, k =~ k’. The momentum space correlations be-
tween the single-mode condensate and the non-condensed
fraction of the gas, Cy,. sy, thus exhibit a characteris-
tic p-wave structure, and determine the full correlation
function C(k,k’) in the region of small wave numbers
kI, K| ~ 1/R..

The other part of the correlation function, Clsy sy,
stems from correlations within the non-condensed frac-
tion of the gas. It decays slowly as ~ 1/|k| with a pos-
itive tail around the offdiagonal k/ ~ —k, similarly to
the Bogoliubov result for homogeneous systems. This

contribution exhibits a d-wave symmetry with positive
correlations both in the k’ &~ k and k/ ~ —k regimes,
and dominates the full correlation function in the large
wave number region |k|,|k’| > 1/R., where the short
distance correlations at scale A < R, are probed.

The anticorrelations observed seem to rely on three
important ingredients: (a) particle number conservation,
(b) the dominant p-wave character of the quantum fluctu-
ations, supported by a careful analysis of the interaction-
induced quantum fluctuations [30] and, finally, (c) the
coherent nature of these fluctuations. Indeed, all impor-
tant features discussed in the previous two paragraphs
can be captured by a simple toy model incorporating
these three ingredients (see Section . The contri-
butions Cy, sy and Cjsy 5y reveal important information
about the structure of the initial state of the system.
The d-wave symmetry of Csy sy reflects that excitations
are created in pairs £k from the single mode conden-
sate, while the p — wave structure of Cy, sy, shows the
coherence of these quantum fluctuations.

In actual experiments, one measures the full correla-
tor (NxMy ) instead of the connected part C(k, k'), yield-



ing a large, cylindrically symmetric background signal
(fye) (fger). This results in a background ~ N'/2 times
larger than the anti-correlation dip in the connected part
around 7/R.. However, Cy, sy exhibits a different, p-
wave symmetry, making the experimental detection pos-
sible.

On the other hand, the positive d-wave-like tail of
C(k,K’) scales as ~ (Ng)2. Being of the same order
of magnitude as the background, it could be experimen-
tally accessible. To observe these correlations, however,
one needs to investigate the tails of the ToF image with

11

momenta |k| > 7/R,.
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