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Finite-temperature theory of superfluid bosons in optical lattices
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A practical finite-temperature theory is developed for the superfluid regime of a weakly interacting Bose gas
in an optical lattice with additional harmonic confinement. We derive an extended Bose-Hubbard model that is
valid for shallow lattices and when excited bands are occupied. Using the Hartree-Fock-Bogoliubov-Popov
mean-field approach, and applying local-density and coarse-grained envelope approximations, we arrive at a
theory that can be numerically implemented accurately and efficiently. We present results for a three-
dimensional system, characterizing the importance of the features of the extended Bose-Hubbard model and
compare against other theoretical results and show an improved agreement with experimental data.
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I. INTRODUCTION

Bosonic atoms confined in an optical lattice are a remark-
ably flexible system for exploring many-body physics
[1-11], in which strongly correlated physics can be explored,
for example, through the superfluid to Mott-insulator transi-
tion [12]. In the superfluid regime, a Bose-Einstein conden-
sate exists and experiments have explored its properties, such
as coherence [6,7,13,14], collective modes [15], and trans-
port [2,16,17]. To date, few experiments have considered the
interplay between the condensate and the thermal compo-
nents that occurs at finite temperatures [13,15]. Indeed, quan-
titative experimental studies of the finite-temperature regime
have been hampered by the lack of an accurate method for
performing thermometry in the lattice. Recent experimental
work has overcome this issue [18] (also see [19]) and finite-
temperature properties will undoubtedly receive increased
interest in the near future.

A unique feature of many-body physics with ultracold at-
oms is the opportunity to start from a complete microscopic
theory and perform ab initio calculations that can be directly
compared with experiments. In the deep lattice and low-
temperature limits, bosonic atoms in an optical lattice pro-
vide a precise realization of the Bose-Hubbard model [20],
originally proposed as a toy model for condensed-matter
physics [21]. However, there is a wide regime of experimen-
tal interest in which the approximations central to the Bose-
Hubbard model (nearest-neighbor tunneling, local interac-
tions, and neglect of excited bands) are not valid. In such
regimes it is necessary to go beyond the Bose-Hubbard
model to furnish an accurate description of the physical
system.

Theoretical understanding of the properties of bosons in
optical lattices is still emerging, and accurate modeling is
made difficult by the combined harmonic lattice potential
used in experiments, which leads to a complex spectrum,
even in the absence of interactions [22-25]. One approach is
to use quantum Monte Carlo calculations which, in principle,
fully include thermal fluctuations and quantum correlations.
Applications of this approach have mainly been to the Bose-
Hubbard model [26-28], although recently a continuous
space algorithm has also been developed for the full lattice
potential [29]. Mean-field methods provide an approximate
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treatment that is much simpler to use and are applicable in
the superfluid regime where only weak correlations arise
from interparticle interactions. Extensive studies of the har-
monically trapped gas have demonstrated that the Hartree-
Fock-Bogoliubov-Popov (HFBP) mean-field theory [30] pro-
vides a capable description of thermodynamic properties
[31], which agrees well with experiments [32,33]. The devel-
opment of similar mean-field theories for the lattice system
has been much more limited: HFBP calculations have been
performed for one-dimensional (1D) lattice systems in the
continuous [34,35] and Bose-Hubbard limits [36,37], and
Duan and co-workers developed a local-density version for
the three-dimensional (3D) Bose-Hubbard model in [38,39].
To obtain a theory suitable for direct experimental compari-
son over a broad parameter regime, it is necessary to go
beyond the approach in Refs. [38,39] to obtain a formalism
valid for shallow lattices and when excited bands are
occupied.

In this paper we develop a HFBP formalism, based on an
extended Bose-Hubbard model that includes beyond nearest-
neighbor tunneling, excited band occupation, and interac-
tions between bands and we discuss an approximate treat-
ment of off-site interactions. An important aim of our work is
to provide a formalism suitable for efficient numerical imple-
mentation. To achieve this we make use of a local-density
approximation (LDA) that accounts for beyond nearest-
neighbor tunneling and excited bands, and we develop an
envelope approximation that simplifies the treatment of a
general anisotropic harmonic confinement to a problem with
one independent spatial dimension. When combined, the
LDA and envelope approximations allow us to realize an
efficient and practical numerical formulation. We show under
what conditions it reduces to the simplified theory in Refs.
[38,39] and we numerically investigate the features of our
formalism.

In Sec. II we derive the many-body Hamiltonian for
bosons in an optical lattice with two body interaction, which
we convert to the extended Bose-Hubbard Hamiltonian. We
make HFBP mean-field approximations to this in Sec. III.
We diagonalize the mean-field Hamiltonian in the LDA and
compare our implementation to that of [38,39] in Sec. IV. We
derive results on the rich structure of the LDA combined
harmonic lattice density of states in Sec. V, which we com-
pare to the full diagonalization of the noninteracting Hamil-

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.80.033620

D. BAILLIE AND P. B. BLAKIE

tonian. In Sec. VI we show some important features of our
numerical implementation and present numerical results
from our model in Sec. VII. We compare our predictions of
thermal properties with results from the full diagonalization
for the ideal gas and with limited experimental results avail-
able. We consider the significance of beyond nearest-
neighbor hopping and excited bands and illustrate the prop-
erties of our model. In the Appendixes, we consider the
extended Bose-Hubbard parameters, including an approxi-
mate interpolative scheme for off-site interactions.

II. BOSONS IN OPTICAL LATTICES
A. Lattice potential and units

We consider an optical lattice formed by orthogonal
standing waves, created by two opposing lasers in each di-
rection. The laser wavelength \; (in direction j) is off reso-
nant with respect to an atomic transition. The resulting po-
tential in d dimensions, up to an additive constant, is

d
Vi®) = 2V, sinZ(ﬂ'), (1)
j=1 aj

where V; is the lattice depth and a;=\;/2 is the lattice spac-
ing in d1rect10n Jj. Most of our results can be generalized to
the nonseparable lattice by adjusting the density of states we
introduce in Sec. V. We avoid doing this for notational
simplicity.

Except where specifically stated otherwise, our results are
generally valid for noncubic lattices and lower-dimensional
systems By a cubic lattice, we mean that the underlying
Bravais lattice has cubic symmetry (or the equivalent in
lower dimensions, such as the square case) and that the lat-
tice spacings a; and depths V; are the same in each axial
direction. ThlS is the regime of most 3D experiments
[3,12,40-46]. We will generally present results in recoil
units, with the unit of length being a;/ and the unit of
energy bemg Er=h?*/8ma*, where m is the atomic mass and
a= Hjaj

B. Harmonic-trap potential

Experimentally, atoms are subjected to a crossed optical
dipole [45,46] potential (due to the focused lasers used to
make the lattices) and often a magnetic trap also [3,40].
These effects are well described by introducing an additional
potential that is approximately harmonic in form, i.e.,

—mE : (2)

Vi(r) =

where w; is the harmonic-trap frequency in direction j. In 3D
experiments, the trap is often spherical or cylindrically sym-
metric (e.g., w,=w,# w,). We consider the general aniso-
tropic case in d dimensions. We consider both the lattice with

"However, we do not consider quasireduced-dimensional systems,
where some directions are partially accessible, i.e., kT is on the
order of the level spacing.
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V,(r)=0, which we call the “translationally invariant lat-
tice,” and the experimentally relevant combined harmonic
trap and optical lattice potential, which we call the “com-
bined harmonic lattice.” In typical experiments [3,12,44-46],
we find the harmonic trapping frequencies to be generally
between 27X 18 and 27X 155 Hz, giving w/wp between
0.005 and 0.02, where wEij}/d and wg = Ey/# is the recoil
frequency.

C. Many-body Hamiltonian

In this work we consider only bosons, with field operator
W(r), such that [47]

[P(r), ¥(r)]=0, [P@),¥'@x)]=or-1"). (3)

In the ultracold regime, a dilute gas of bosons is described by
the Hamiltonian [48]

fi= f e i+ Vi + f e T, (4)

where H, =-h*V2/2m+V,(r), g=4mh%a,/m, and a, is
the s-wave scattering length.

D. Wannier basis

We expand the boson field operators in a basis of the
Wannier functions of the noninteracting translationally in-
variant lattice, w;,(r—R;), where b is the band index and R; is
the lattice site position (see Appendix A), so that we have (as
in [49])

W(r) =2 d,w,(r-Ry), (5)
b,i

where d,,; is the bosonic destruction operator for an atom in
band b at site i. We note that b and i are discrete
d-dimensional vectors. For convenience, we shall refer to the
ground band as »=0. The Wannier basis is a localized basis
for sufficiently deep lattices but, for a given lattice depth,
there is less localization for excited bands (see Appendix A).
Using a localized basis significantly simplifies the treatment
of interactions when off-site interactions are ignored.

The Wannier states are “quasistationary,” since they are

not eigenstates of fllan, so that there are transitions between
the different Wannier states in the same band due to the
single-particle evolution. In particular, the matrix element for
hopping from site R;/ to site R; for band b is defined as

Jp i =- f dr wi(r = R) Hyywy(r = R;)). (6)

There is no interband hopping [see Eq. (B2)] with the (non-
interacting translationally invariant lattice) definition of the
Wannier functions we are using. A change of variables in Eq.
(6) shows that this formula is dependent on R; and R;; only
through the difference R;—R;/. Considering the importance
of beyond nearest-neighbor hopping, we note that the
ground-band next-nearest-neighbor hopping matrix element
is as much as 25% of its nearest-neighbor counterpart at V;
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=0, but decreases rapidly with increasing V;, and that beyond
next-nearest-neighbor hopping is less significant, as shown
in Fig. 16 in Appendix B.

E. Extended Bose-Hubbard Hamiltonian

We now express the Hamiltonian in terms of the operators
ay,,; by inserting Eq. (5) into Eq. (4) and we consider the
resulting terms in this section. We assume that the trap is
slowly varying relative to the lattice spacings a;, so that

f dr Vy(r)w,(r = R)w, (r = R;)

= Ul‘f dr WZ(I‘— Ri)Wbr(r— Rir)

=06 Gjir» (7)

where v;= V(R;). In this work, we will always use the local
energy form (7) to represent the harmonic trap. However,
there are approximations involved in Eq. (7), which we con-
sider in Appendix C. We define the total number operator

f= [ ar i =3 4, ®
b,i

where ﬁb,izd}t,[&b’i. Then, expressing the Hamiltonian in the
grand-canonical distribution to conserve total particle num-

ber, K= I:I—,LLN,
K=, {— > (Jb,i,i’d;;,iéb,i’) + 1 (v;— )
bi

Y]
1

1
_ AT AT A A S
+ ) E a}’l’ilahziza”3’i3a”4’i4U’1”2”3”4 > 9)
11213514 by,byby.by
by,by,b3,by
where
. % %
Uijiyigi, = gfdr Wbl(l‘ - Ril)wbz(r - Riz)
hl,bz,b3,b4

wa3(r - Ri3)Wb4(1' - Ri4)'

If we restrict to on-site interactions (justified in a deep lattice

by the Wannier state locality), Eq. (9) reduces to K=3K;,
where

]
l

K= [— > (Jb,i,i’dz,i&b,i’) +7, (v, — )

+5 2 by U (10)
by1.by,b3,by by.by.bsyby

(this interaction term has previously been stated by [50]). We
retain a smaller set of interaction parameters, i.e.,

%, (11)

Upyr = gJ drwy,(r)wy(r)

which is a good approximation in the typical experimental
regime, where the interaction parameters are small compared
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to the band-gap energy scale, so that we may ignore colli-
sional couplings between bands in the many-body state. This
approximation would need to be revised in the vicinity of a
Feshbach resonance (e.g., see [51]), but this is beyond our
scope here.

We derive an approximation scheme for off-site interac-
tions in Appendix D. The result is a modification of the in-
teraction coefficients. As discussed in Appendix D, if we use
the all-site interaction coefficients in our model at V]:O,
with appropriate interpretation of the number densities, our
model is exactly the same as existing no-lattice models. For
the noncondensate, we find that the effects of off-site inter-
actions are negligible for V;= 5E. Formulating a consistent
theoretical description in the shallow lattice limit is fraught
for a Wannier state approach, because these states are delo-
calized in this regime; some work in the shallow lattice has
been reported [52]. However, our off-site interaction coeffi-
cients provide a useful interpolation scheme, which is accu-
rate in the no-lattice case and for moderate to deep lattices.
For the condensate, interference between sites, mediated by
the tails of distant Wannier states, can reduce the interaction
coefficient as discussed in Appendix D. All of our work other
than Appendix D uses on-site interaction coefficients.

Other extended Bose-Hubbard works have used various
simplifications of Eq. (9): the use of nearest-neighbor hop-
ping and nearest-neighbor interactions [49]; the use of
ground band only, nearest-neighbor hopping, and nearest-
neighbor interactions in a homogeneous system [53]; the use
of ground band only and nearest-neighbor interactions [54];
and the use of nearest-neighbor hopping and on-site interac-
tions in a homogeneous system [55].

Limiting to the ground band of a cubic lattice, nearest-
neighbor hopping (and adding the energy offset J;,,), and
on-site interactions, the Hamiltonian reduces to the Bose-
Hubbard model [21,56], which is

Jra . U<, .
- JE a(T),iao,i' + 2 Ao (v;— ) + EE Ay (g = 1),

(ii") i i
(12)

where (i,i’) restricts the sum to nearest neighbors i and i’,
JEJOJ'J-!, and U= Uoo.

II1. MEAN-FIELD APPROXIMATION
A. Mean-field approach: Condensate and noncondensate

We assume that the local number of condensate atoms is
either macroscopic or zero [57,58], so that the field operator

\f’(r) can be separated into a c-number condensate compo-
nent (the order parameter) ®(r) and a noncondensate field
operator @(r) defined by the usual broken symmetry ap-
proach, ®(r)=(¥(r)), J{r)=V(r)-d(r) so that {¢{(r))=0.

The assumption that ®(r) is a ¢ number is inaccurate near
the edges of the condensate, where the local condensate den-
sity |®(r)|? is small and just below the critical temperature,
since fluctuations are important in such regions.

We expand the condensate amplitude and the nonconden-
sate field operator in a Wannier basis as follows: ®(r)
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=X zwo(r-R;), gZ(r):Eb,iéb,iwb(r—R,-), where we have re-
stricted the condensate amplitude expansion to the ground
band. For an ideal gas this assumption is exact and, with
interactions, the approximation is justified by our assumption
that interactions are perturbative relative to the band-gap
energy scale.

From Egq. (5), orthogonality (A3), and completeness of the
Wannier functions (from the completeness of the Bloch func-
tions), we get

7= (ﬁo,i>,

for b above the ground band. The operators c?)‘b/,i satisfy stan-
dard bosonic commutation relations. The condensate density
is

G0, =Go;i=2 Op; =y, (13)

|(I’(l')|2 = 2 Z?Zi'W(’;(r -R)wy(r-R;), (14)
allowing for the nonlocality of the Wannier states, with
condensate number

N.= J drl®(r)*= 2 [z (15)

For the noncondensate, we assume that the thermal coher-
ence length is sufficiently short (long-range coherence is ab-
sorbed by the condensate) that the noncondensate one-body
density matrix is diagonal in lattice site indices, so that the
noncondensate density is then given by

AL CIEDATS
bii

(16)

with 71, ;= (3;;[-3&,-). The total noncondensate population is
N= f dl'(lZT(I') gZ(r)) => s (17)
bi

and we define the b band noncondensate population as ]\7,,
=2,y .

B. HFBP Hamiltonian

To express the Hamiltonian in terms of the amplitudes z;

and operators (?)‘b,,-, we substitute Eq. (13) into Eq. (10) [59].
However, the Hamiltonian still includes up to fourth powers

in the operators éh,i. We make a quadratic Hamiltonian sim-
plification by making a mean-field approximation motivated
by Wick’s theorem [30,60]. This is valid in the weakly inter-
acting regime; therefore, our work is not valid in the strongly
correlated Mott-insulator case. In a 3D cubic lattice, the
Mott-insulator transition occurs for the unit-filled system
when U/6J>5.83 at T=0 [20,61]. For typical experimental
parameters, the transition occurs in *’Rb when V=13E
(where V=II, V”d) but can be V=16E; for **Na [46] (the
scattering 1ength of *Na is smaller than ®’Rb, and [46] used
a large lattice spacing). The lattice depth for the Mott-
insulator transition is increased for higher filling factors.
Making the usual HFBP approximation [30,62,59], we
obtain a quadratic Hamiltonian. Separating this Hamiltonian
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by the number of depletion operators 3} and 3, appearing and
by band,

Ko = E (KO,i +K;,;+ K11-,i+ E Kz,b,i)» (18)
i b

with

> Jo,iirSiri+0;i—

- *
Koi=1z (_
.1
1

E‘]OU’St ,+U _IU’+UOO|ZI +22 UObnbz>Zl’

U,
o+ %Izilz)zi, (19)

.1
i

(20)
f{z,b,i =4 ﬁ Ab it _(51';2, 12 52,1'1?2)’ (21)
where
ﬁb,i =-> Jb,i,i'gi',i +v;— p+ 20Uz + 22 Uppriig: s
I-’ b’
(22)

and S,/i is the shift operator from the site R; to R;/, e.g.,
i/,i5h,i—5h,i’-

C. Gross-Pitaevskii equation

By minimizing the energy functional d(IA(Q>/ dz; =0, using
(33,.):(30,,-):& we obtain the generalized Gross-Pitaevskii
equation

’

(‘ > JO,i,i’Si',i +v;— p+ Upglz > +22 UObﬁb,i>Zi =0.
b

(23)
We note that if z; satisfies the generalized Gross-Pitaevskii

equation, then the terms K 1; and IA(J{J- are zero and the next

contribution comes from IA(zvb,i.

When the interaction and the trap energy are much more
significant than the hopping energy, Eq. (23) has the
Thomas-Fermi solution

1
|zif* = U—max(O p=v;=22 UObﬁb,i)’ (24)
00 b

where u is determined by N=3|z|*+3,, I}, ;.

D. Hartree-Fock

The Hartree-Fock treatment is obtained by ignoring the
terms 3},21112 and 31331-1?2 in IA(MJ» which can then be diagonal-
ized by a single-particle transformation, setting Sb,
=3! Ui @ (where the symbol E’ indicates a sum over

modes excluding the condensate). The operators & ; are cho-
sen to satisfy usual bosonic commutation relations
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[db,j,dzgjr]= Oy jjrs Ly s dyr j1]1=0, (25)

and the Up;j modes are an orthonormal basis, i.e.,

Sy ; Uy =0, satisfying

Z:b,i”b,i,j =Epjup ;s (26)

so that EiIA{z,b,i:E;Eb’j&; ;ap ;- Taking the condensate to sa}t-
isfy the generalized Gross-Pitaevskii equation, we have K

R ] R U,
Kyr= EZ;<_EJO,i,irSir,i+Ui_/'L+ 200|Zi|2)zi
i =

l

! A A
+ 2 Ey iy s . (27)
b.j

Since the Hamiltonian is diagonal in band b and mode j, we
can treat the Hartree-Fock modes as noninteracting, so that
the noncondensate is given by 7z, ;= |uy, ; |*7igg(E}, ;), where
nge(E) = (ePF-1)7"

E. Quasiparticle treatment

In general, it is desirable to go beyond the Hartree-Fock
treatment when the condensate is present to more fully in-
clude the effect of the condensate on the excitations of the
system (the lattice makes this more important; see Sec. VII).
To do this, we retain the terms 3;21212 and 32 2% in the Hamil-
tonian, which can be diagonafized usin;g a quasiparticle
transformation [57]

. , i .
Opi = > (Ui jGpj + vb,i,jaIL,j)’ (28)
J

where we refer to &, ; as the quasiparticle operators and

up;j» Up;; as the quasiparticle modes. We require that Eq.

(25) holds, as for the Hartree-Fock case so that
*

E,"(Mh,i,juz,ir,j—Uz,i,jvb,i',j)=551" and [5b,is 5b,i']=2}(ub,i,jvb,ir,j
—vzyi’jub,i,,j)=0. The quasiparticle modes are normalized ac-
cording to 2;(|u; [*~[v,;;/*)=1. We choose the modes to
satisfy the Bogoliubov-de Gennes equations

P 2
Ly ij+ Uopzivpij=Ep jUpj» (29)

. R
Ly vpij+ Uopz; upij=—Ep vy (30)

The Hamiltonian IA{Q is diagonal with these solutions [59],

N ; A U,
Kq= E i (‘ E JoiirSiri+Ui— p+ %kip)zi

1

+ EIEb,j<&Z,j&b,j - |Ub,i,j|2)’ (31)
by i

and we can treat the quasiparticles as noninteracting which
leads to
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My ;= Z,(|ub,i,j|2 + v | DsE(E, ) + s . (32)
J

References [62,63] explain that, for a general potential, Egs.
(29) and (30) give quasiparticle functions, which are or-
thogonal to the condensate only in a generalized sense,
Sz up; +20p,;;=0. To be orthogonal in the sense Z;z;uy; ;
=2;z7ip,;,;=0, adjustments are required, e.g., Eg ju;; is re-
placed with [36,64]

Eq jug,;j+ Uno 2 |z (zfug,j — zi0,,)zi- (33)
i

We do not follow this approach since, in our LDA solution
below, we approximate by using an orthogonal Bloch form
for the modes.

IV. LOCAL-DENSITY APPROXIMATION

The LDA has been extensively used for (nonlattice) har-
monically trapped Bose gases. The essence of this approxi-
mation is the replacement —A2V2/2m— p*/2m in the Hamil-
tonian with r and p treated as classical variables. The
extension of this approach to the lattice case is made by the

replacement H,,,— K,,(k), where K is the quasimomentum, b
is the quantized band index, and K,(Kk) is the Bloch spec-
trum. In what follows, we present our assumptions in making
this replacement.

A. Bloch approximation

We set j to be the quasimomentum k and make the LDA
by seeking solutions where u and v have the Bloch form

ik (R;-R) KRRy ke (34)

Upirk =€

Upik> Upitk=¢€

This assumption is exact for the translationally invariant
case, and we justify it in general by comparing the noninter-
acting density of states obtained using this approximation to
the numerical diagonalization of the full combined harmonic
lattice problem in Sec. V C.

To make progress, it is useful to consider the Bloch waves

'/’b,k(r) of I:IIatt

Hiathp 1 (1) = Ky(K) (1), (35)

which serves to define the energy Kj(k). We find from Egs.
(34) and (B3) that —Eirjb,i’irub’ir,k=Kb(k)ub’i’k, so that

Ly = (Kb(k) +0;— u+ 20Uz * +22 Ubb’ﬁb’,i)ub,i,k
b/

(36)

B. Envelope functions

We define a function 77,(r) which is a proxy with the
continuous variable r for the number of noncondensate at-
oms per site: 71,(R;) =71, ;. Introducing this envelope function
greatly simplifies our formalism by allowing us to use con-
tinuous functions to exploit the symmetry of V,(r), which is

033620-5



D. BAILLIE AND P. B. BLAKIE

broken on short length scales by the lattice. Then, for a suf-
ficiently small lattice spacing,

l

i f dr iiy(r) ~ 2 w(R) = 2 i, ;= N, (37)

where a? is the volume of a unit cell of the optical lattice.
Similarly, we define the condensate mode envelope z(r),
where z(R;)=z; and n.(r)=|z(r)|?, so that

1
a_dJ dr n(r) = E lz(R)[* = E lzlP=N..  (38)

We also define the envelope functions u,(k,r) and v,(K,r),
with u,(k,R;)=u,,;\ and v,(k,R;)=v,;, and from Eq. (36)

we have ﬁb!iﬂﬁb(k,r), where

Eb(k,r) = Kh(k) + Vtr(r) - Mm+ ZUOan(r) + 22 th/ﬁh/(r).
b/
(39)

Envelope functions represent the discrete functions and do
not contain the fast Wannier state variation. However, apart
from exceptional imaging techniques [65], normal optical
imaging techniques would not distinguish density variation
at the order of one site. If we require the detailed spatial
density, rather than just site occupation, once we have the
envelope  functions, we can calculate |P(r)[?
=3, 7 (R)z(R;)wy(r—R)wy(r-R;) from Eq. (14) and

() (1)) ==, i1, (R)|w,(r—R,)? from Eq. (16).

C. Bogoliubov spectrum

By making use of the envelope functions from the previ-
ous section, the Bogoliubov-de Gennes equations (29) and
(30) take the algebraic form

Lykr)  Upz*(r) || uyk,r) uy(K,r)
% = Eb(k,r) .
- U()bz (l‘) - Lb(k7r) vb(k’r) vb(k7r)
(40)
Solving the characteristic equation yields
Ey(k,r) = \Lj(k,r) = [Ugyn(r) P (41)

From Eq. (40), choosing the normalization condition
|up(k,1)|>=[v,(k,r)[>=1 (as in [60] for the no-lattice case),
we have
L"b(k’ r) + Eb(k’r)

2E,(k,r)

Ju (1) = ; (42)

> Lypk.r) - Ey(Kk.r)
loy(kr)?= k) (43)
Setting v,(k,r)=0, we find |u,(k,r)?=1 and E,(k,r)
=L,(k,r), yielding the LDA envelope form of the Hartree-
Fock solution (26).
It has been stated that the Thomas-Fermi approximation is
necessary to be consistent with the LDA [66]. We use the
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Thomas-Fermi solution for all of our interacting calculations,
which we restate using the envelope functions, starting from
Eq. (24) to find

n(r) = Uimax[o,u V0) =23 Upiiy(r) |- (44)
00 b

For the noncondensate, using Eq. (32) and the envelope
functions, we have (BZ is the first Brillouin zone)

2 \d
ip(r) = (;T) fBZ dk{[u,(k,r)|* + [v,(k, 1) [1ige  Ey(k,1)]

+ [v,(k, 1)} (45)

From Eq. (41), if n(r) is zero (e.g., above T, or outside the
Thomas-Fermi radius), we have the Hartree-Fock result.
Otherwise, for the ground band, from Eq. (44),

Ly(k,r) = Ky(k) + Ugpn,(r), (46)

Eg(k.r) = VK3(k) + 2Ko(k) Ugon (1), (47)

which is a useful simplification and is automatically self-
consistent with n.(r).

If we rearrange the equation for the noncondensate enve-
lope (45), we obtain

o (a)! Ko(k) + Ugone(r) _
iiy(r) = (277') fBZ dk{ Eo(k.r) e[ Eg(k,r)]

Ky(k) + Upon(r) = Ey(k,r)
2E0(k, I‘)

_ (i)df dk | Ky(k) + Ugon,(r)
- 277 BZ 2 E()(k,l‘)
Xcoth{%} - 1}, (48)

If Ky(k) is restricted to nearest-neighbor hopping, then this
result is consistent with that given by Lin et al. [39]. We note
that they do not make the envelope approximation [the dis-
crete LDA sum in their Eq. (15) should have been divided by
the number of sites]. Additionally, their theory is restricted to
the ground band and is stated for a cubic lattice and a spheri-
cal harmonic trap.

V. DENSITY OF STATES

The theory we develop relies on the detailed knowledge
of the density of states of the translationally invariant lattice.
A. Definition and usage

By “density of states,” we refer to the per-site density of
states for the noninteracting translationally invariant lattice
which we define as [67]

1
8n(K) = @T)deZ dk 5[K - K,(K)], (49)

where we take K,(k) from its definition (35). When an inte-
grand depends on k only through K,(k), we can change vari-
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FIG. 1. (Color online) Density of states for the 3D cubic lattice:
b=0 (black solid curve), 001 (red dashed curve; the integers specify
the components b,,b,.b.), 011 (green dashed-dotted curve), and
002 (blue dotted curve) for (a) V=5ER and (b) V=10Ek.

ables to K=K,(k) since we then have, for any function

Qi Kp(k),r],

J dK g,(K)Q,(K,r) = (2;_){1[ dk Qy[K,(k),r].
BZ

—o0

(50)
Applying this to Eq. (45),

(a) (b)

O " " " " " " " " " "
0 0.05 0101502025 0 01 02 03 04 05
[K — Ko(0)]/Er [K — Ko(0)]/Er

FIG. 2. (Color online) Tight-binding (black solid curve) and
actual (red dashed curve) density of states for V=5Ey for (a) the 1D
and (b) the 2D square lattice.
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[K — Ko(0)]/ERr

FIG. 3. (Color online) Tight-binding (black solid curve) and
actual (red dashed curve) 3D cubic-lattice ground-band density of
states for (a) V=2Ey and (b) V=5Ej

[K — Ko(0)]/Er

KD LEKr)]
Ey(K, )nBE pUL,T

L, (K,r) — E,(K,r)
2E,(K,r)

i, (r) = a f dK gb(K){

(51)

We emphasize that this is making no additional approxima-
tions. Similarly, in the Hartree-Fock approach, or above the
critical temperature, 71,(r)=a[”, dK g,(K)iigglE»(K,1)]. To
calculate the density of states, we first need the energy dis-
persion K,(k), which is easy if the lattice potential is sepa-
rable (the well-studied Mathieu’s equation [68-70]), but
separability is not required. We numerically calculate the
density of states and show the results in Fig. 1.

B. Limiting results for the translationally invariant lattice
1. Tight binding

From Eq. (B6), the dispersion can be written as a Fourier
cosine series, with the hopping matrix elements as coeffi-
cients,

K, (k) =— E JO +22]bjcos(l a;) (52)

j=1

for a separable lattice, where we define the band b hopping
between neighbors [ sites apart in axial direction ] to be J. b
(e.g., JbV—J;, 000,00 and, for the cubic lattice, J=J, j)

In the tight-binding limit, beyond nearest-neighbor hop-
ping is ignored (for the importance of beyond nearest-
neighbor hopping, see also Sec. VII B and Appendix B). In
one dimension, the density of states is then, from Eq. (49),
go(K)=1/{2malJy N1-[(K+J] )/ 2J5 J*}. which has infinite
van Hove singularities at the maximum and minimum ener-
gies of the band, which can also be seen from the zero de-
rivative in Eq. (52). In two dimensions, the square-lattice

>When we use this notation, we are implicitly assuming that the
energy spectrum is invariant under inversion of quasimomentum, in
view of (B1).
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FIG. 4. (Color online) 3D cubic-lattice density of states for V
=15E (black solid curve); the free-particle density of states shifted
by the minimum-energy eigenvalue (fx [K-K(0)]/Eg, blue dashed
curve) and by the spatially averaged energy of the Ilattice
[FV(K- %Z ;V;)/ Eg, red dashed-dotted curve].

density of states’ has an infinite van Hove singularity at the
band center and nonzero density at the band edges. The den-
sities of states for one and two dimensions are shown in Fig.
2. In three dimensions, we compare the tight-binding density
of states to the actual density of states in Fig. 3 for the
cubic-lattice ground band. For V=5Ej, the effect of beyond
nearest neighbors is much reduced, except for very low
energies.

2. Effective mass

If, at the minimum energy of a band [K}""=K,(k,)], we
have VK,(k,)=0, then from the quadratic Taylor series, we
get the effective-mass approximation K, (k)= K,(k,)
+Ejh2k2'/2m”f, where m’ is the effective mass at Kk in direc-
tion j and 1/m;=[Ky(k)/ ok; lxx,/#* [67]. If, due to the
second derivative test, we have m,* >0 for all j and assuming
that the effective-mass approximation applies for all K in
some region near K, (for excited bands and deep lattices,
there is only a small region around k, for which this is a
good approximation), then for that region of K, from Egq.
(49),

max(K — KJ",0)4/!
T dR)m*(HhHm*)?*’

gy(K) = (53)
where m*EHjm;”d. We note that this shows that the van
Hove singularities at the minimum energy are qualitatively
the same for the effective-mass assumption as for the tight-
binding assumption: infinite in one dimension, a finite jump
in two dimensions, and an infinite derivative in three
dimensions.

3 By convolution we can express it as a complete elliptic integral
of the first kind as go(K)=K{1-[(K+2J])/2J; 114}/ (27>
o D-
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3. High energies

For high energies, K> 2V, the most significant effect of
the lattice on the density of states is the spatially averaged
energy of the lattice potential %E ;V; as shown in Fig. 4.

C. Limiting results for the combined harmonic lattice

In this section, we consider the LDA density of states for
the combined harmonic trap and optical lattice potential
(some features of the combined harmonic lattice density of
states in the 1D tight-binding case, and the two-dimensional
(2D) case, numerically, are discussed in [22]). We introduce
the LDA density of states for comparison with the full nu-
merical diagonalization as justification of the validity of the
LDA approach.

For the harmonically trapped case, in the noninteracting
LDA, when we wish to calculate some function Q[K,(K)
+V,(r)] of the energy, such as the total number of noncon-
densate atoms (37) and (45), we have

1
(2m)¢

Efmjcmdm®+wm1
b BZ

=de Q(E)g1pa(E) (54)

from Eq. (50) where g pa(E) is given by the convolution

wmmziquwfdhm%mw—mm
(2m) b BZ

E
= E f dVlr gtr(vtr)gb(E - Vtr)’ (55)
b 0

with

dr
@2m 12-1

gu(Vy) = f dr 8V, — Vi (r)] = W tr

(56)

Since the combined density of states, gipa(E), has a rich
structure, we consider what we expect at various energies. In
a region where the effective-mass approximation (53) ap-
plies, the contribution to g;pa(E) from band b is

1

R

where the effective trap frequencies are defined by

[
w; = - w;, (58)

J

as in [24] and w*:ij;”d. We therefore expect the initial
contribution from each band (just after K;"") to the combined
density of states to scale like a harmonically trapped particle,
with power d—1.

If we assume that the bands are rectangular with width W,
and minimum energy K}, so that g,(K)=1/(W,a‘) for
K" <K<K,"+W, and g,(K)=0 otherwise, then
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FIG. 5. (Color online) Combined harmonic cubic-lattice density
of states in three dimensions for [(a),(b)] V=5Ej and [(c),(d)] V
=15Ey from the full diagonalization (black dotted curve), LDA (red
solid curve), and E,, (dashed-dotted curve). Shown are [(a),(c)] the
ground to the first excited bands with the LDA ground band (lower
red solid line) for reference; [(b),(d)] many bands and the high-
energy approximation (63) (dashed curve). The LDA is so good that
it is obscured by the full diagonalization results in all cases.

gLpa(E)

B 2(277 d2
dT(d2)(mw’a®)¥?
©S max(E — K7™, 0)%? — max(E — K™ — W,,,0)%?

b W,
(59)
242 W\

=~ ( 22d/22 E_szn__b
I'(dr2)(mwa”)" 7, 2
1 . Wb>

== gl E- K- L, 60
adg gu( b ) (60)

for E> K™+ W, using Eqs. (55) and (56). So, we expect the
eventual contribution of the band to the combined density of
states (far after K;""+W,) to scale like the trap, with power
d/2—-1. The high-energy contribution is therefore like the
density of states for a particle in a harmonic trap with no
kinetic energy, we call this the “trap-only” region.

For energies beyond the effective-mass region, but with
K" <E<K;"+W,, the combined density of states depends
on the detailed structure of the band g,(K) with an approxi-
mation given by Eq. (59).* So, the initial contribution from

*For K" < E<KP™+W, the rectangular assumption implies that
the contribution to g;ps(E) from band b is proportional to (E
—K"™@2. For three dimensions, this is a blend between the
effective-mass (power d— 1) behavior near the start of the band and
the trap-only (power d/2—1) behavior far after the band. For lower
dimensions, the rectangular assumption is poor from Fig. 2.

PHYSICAL REVIEW A 80, 033620 (2009)

the band is effective-mass-like and the high-energy contribu-
tion from the band is trap-only-like. We estimate the cross-
over point between these two regimes by equating the single-
band contribution from Egs. (57) and (60). In three
dimensions there is no intersection for the first excited bands
for V=5Ey and, for the ground band,

W 1

min m~a2 ’ miny4
E,-K, = 7 + o5 12872 (Ecr Ky )*. (61)
Using the tight-binding approximations (B7) and m/m;
~ 7T2J0 J/Erj [24] (where Eg ,—h2/2m)\2) for the cubic lat-
tice, and assuming that the crossover is near the middle of

the band E,— K"~ W,/2,

£ _ g (1 27 )W
— = —+
er 0 2 25672) 0

~0.51W,, (62)

as shown in Fig. 5. This result has the same scaling, but is
slightly lower than E . — K"~ 0.86W, given in [71].

For high energies, once there have been many bands, we
consider the assumption that the bands start at the free-
particle positions, adjusted by the average energy of the lat-
tice (as shown in Fig. 4), K'"=3 ( V; +ﬁ2772b2/2ma2) We
keep the other assumptions leadlng to Eq (60) and approxi-
mate the sum in Eq. (60) by an integral over the region of
bands b such that 0<K}"<E, then we recover the density
of states for a trap with no lattice [Eq. (57) with m=m"].
Evaluating this integral in band space, we find

1 1 !
(E—EE V,) . (63)

(d-1)! (hw)?
so, the eventual contribution of all bands has power d—-1,
like the density of states of a harmonically trapped particle.

gLpa(E) =

D. Comparative results

We compare the density of states obtained from the full

diagonalization of Hi+ V,(r) (see [71]) to the LDA density
of states in Fig. 5. For the low-energy LDA results, we also
show the contribution from the ground band. We plot the
product g; pa(E)w? since, for the LDA case, g;pa(E)w? is
independent of w from Eq. (56). For the full diagonalization,
we can see no dependence of the full density of states mul-
tiplied by w® for varying w apart from granularity due to the
few discrete energies for large w at low energy. The LDA
results show excellent agreement with the full diagonaliza-
tion. We note that approximation (63) becomes valid in the
V=15Ey case only for E> E™"+40E}, beyond the region of
this plot. The effective-mass region is not visible on the plot
for V=15E} due to the scale.

VL. NUMERICAL IMPLEMENTATION
A. Translationally invariant density of states

We find the translationally invariant energies K,(k) from
the noninteracting Bloch solutions to find the density of
states, by diagonalizing the tridiagonal (since the lattice po-

tential is sinusoidal) Hamiltonian H),, in momentum space
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[67]. We calculate the density of states by binning the
energies.

B. Scaled units

From Egs. (44) and (45), i1,(r) and n.(r) depend on r only
through V,(r)=3m(wi’+ wry?+@22%), so we define the
scaled coordinates ¥=xo,/w, y=yo,/0, I=z0/0, 7
=+72+7%, so that Vy(A=imw’? and d¥dydz=dxdydz.
Our formulas then become

1
n(F) = —max| 0,u = Vi(7) = 22 Upyitp(P) |, (64)
Uy b

Ly(K,F) =K + Vi(F) = o+ 2Ugun(F) + 22 Uity (),

h!
(65)
Ey(K,7) = VL2(K,F) - [Uppn (T, (66)
* L,(K,7)
i (r) = adf_w dK gb(K){ E:(—K’;)ﬁBE[Eb(K, 7]
Eb(K’F) - Eb(K’ﬂ
+ 2B, (K7 } . (67)

We can then calculate the total number using

__27711/2 R
NC_I‘(d/Z)adf dr ™ 'n,7), (68)

0
_ 2’7Td/2 jw
Ny=—— | dr #'a, (), 69

which is now a problem in the two dimensions K and 7 and
is fundamental to our development of an efficient numerical
algorithm.

C. Interaction parameters

We calculate the 1D Wannier functions and use their sepa-
rability (from the separability of the Bloch functions) to get
the interaction coefficients. For the cubic lattice in three di-
mensions, the densities of the three bands 001, 010, and 100
must be equal, i.e., 7y (F)=1y;o(F)=0,09(F). Thus, we can
use this symmetry to simplify our calculation of higher
bands. For a given one of these bands, % of the atomic popu-
lation is in the same band and % is in one of the other first
excited bands, so that

Uoo1,0017001(7) + Ugor.0107010(F) + Ugor, 1007 100(7)

7001 (7) + 7110(7) + 12100(7)
3 b

= (Uoo1,001 + 2Uoo1,010)

(70)

since Upgy 010=Uoor1.100- We therefore treat the three excited

PHYSICAL REVIEW A 80, 033620 (2009)

bands together and use (Upg; 001 +2Ugo1.010)/3 for their self-
interaction parameter.

D. Procedure

We fix the parameters N, Vi, a;, a;, w), and m throughout
the entire calculation. For the cubic lattice, we calculate the
density of states g,(K) and the interaction parameters U,
once for each V and use them for any cubic-lattice calcula-
tion. For the noncubic lattice, we calculate the density of
states and interaction parameters for each case.

We solve Egs. (64)—(67) self-consistently, finding u so

that N=N,+3,N, from Eqgs. (68) and (69). We present our
algorithm for doing this in Fig. 6. We note that, once we have
a choice for the chemical potential, the calculation is com-
pletely local. Therefore, in contrast to the Gross-Pitaevskii
equation approach of [60], we do not check the target for the
total number N until the calculations at every site are self-
consistent.

For the ground band we use simplification (48), with
scaled units and the density of states (this is not shown in
Fig. 6). For the translationally invariant lattice, we use al-
most the same calculation, with V,(r) set to zero, and use
only one spatial point 7. However, due to the importance of
the low-energy states in that case, we make the substitution
u*=K and use [dK— [4udu, so that the integrand is not
divergent.

E. Finite-size effect

For the noninteracting gas in a combined harmonic lattice,
we allow for the effect of a positive chemical potential at
condensation, equal to the minimum energy ,u,fszgﬁc?)*,
where w; are the effective trapping frequencies, defined in
Eq. (58), and @" is their arithmetic mean. We limit the do-
main of integral (67) to K+ V,(7)> g, which has a negli-
gible effect on results compared to the effect of increasing
the chemical potential.

For the interacting gas, it is normal to consider the finite-
size effect and mean-field interaction shift as independent
additive corrections, which we do in [73], but additional
work is needed to find a consistent way of treating them
together. We do not consider the finite-size effect due to fac-
tors other than the positive chemical potential.

VII. NUMERICAL RESULTS

In this section we present results demonstrating the appli-
cation of our mean-field theory to experimentally realistic
regimes of a Bose gas in a 3D combined harmonic lattice
potential. Our results quantify lattice and interaction effects
on the thermal properties of the system. We refrain from
discussing the critical temperature here, which we deal with
in detail in [73].

A. Finite-size effect

We consider the effect on the noninteracting condensate
fraction of a nonzero ground-state energy. We plot the con-
densate fraction for @=0.02wy and V=15E} in Fig. 7 (results
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FIG. 6. (Color online) Procedure for LDA calculation.
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FIG. 7. Condensate fraction for a noninteracting combined har-
monic cubic lattice in three dimensions with N=1000, w=0.02w,
and V=15E, comparing full diagonalization (solid curve), LDA
with u= ug (dashed curve), and LDA with u=0 (dashed-dotted
curve).

at other lattice depths and trap frequencies are similar, except
for scaling due to the different critical temperatures). We
chose a small number of atoms, N=1000, to accentuate the
finite-size effect.

We see that the saturated chemical-potential adjustment
describes the bulk of the finite-size effect well, and the LDA
calculation is in excellent agreement with the full diagonal-

ization (by diagonalization of H,,+ V,(r) to obtain the ideal
spectrum which is used solve for the condensate fraction
using a grand-canonical approach, see [71]). We note that the
LDA result shows a phase transition (i.e., discontinuous be-
havior) at the critical temperature, whereas the full diagonal-
ization shows a more gradual change.

B. Beyond nearest-neighbor hopping

Here, we consider the effect on the noninteracting con-
densate fraction of beyond nearest-neighbor hopping (we use
all neighbors for our numerical calculations in all other sec-

1 —
i (a)
0.8 >
\.
= 0.6 N
= N
Z 0.4 \
\
0.2 .\.
0 \
0 01 02 03 040 0.1 0.2 0.3
kT/Er kT/ER

FIG. 8. Noninteracting condensate fraction for N= 10°,
=0.01wg, (a) V=2Eg, and (b) V=5Eg. The full diagonalization
curve (solid curve) is almost obscured by the all-neighbor result
(dashed curve) and is appreciably different from the nearest-
neighbor result (dashed-dotted curve).
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FIG. 9. Ratio of number of noncondensate atoms in first three
(solid curve) and beyond first three (dashed curve) excited bands to

noncondensate atoms in the ground band at the critical temperature
for the experimental setup of [12].

tions). We show the condensate fraction for N=10° and w
=0.01wg in Fig. 8. We see that beyond nearest-neighbor hop-
ping is significant for V=2E} and much less so for V=5Ej.
For V=10E} (not shown), the condensate fractions are barely
distinguishable on an equivalent plot. The decrease in sig-
nificance of beyond nearest-neighbor hopping with increas-
ing V/Eg agrees with what we expect from Fig. 3 (see also
Appendix B).

C. Excited bands

In this section, we consider the significance of excited
bands. We do not compare to the full diagonalization since
the separation into bands for that calculation is not well de-
fined. The higher the temperature, the more important are

FIG. 10. Quantum depletion of »Na in a 3D optical lattice. The
data points with error bars give the experimental quantum deple-
tion. The curves give quantum depletion calculated by [46] (solid
curve) and our calculated quantum depletion (dashed curve).

033620-12



FINITE-TEMPERATURE THEORY OF SUPERFLUID ...

=< @] ~<- ®)
2038 AN NS
2 X N O
+ . N
£0.6 AN NI
= N AN
5 O 4 \ \ .\
—'é \ \
. “
£0.2 \.\ “
0 \
0 0.05 01 015 02 0 0.02 0.04 0.06

kT/Er kT/Eg

FIG. 11. Condensate and quantum depletion fractions for the
parameters of [12]; (a) V=5E and (b) V=10E}. Results are for the
HFBP method for the condensate only (solid curve), for the con-
densate plus quantum depletion (dashed curve) and for the Hartree-
Fock method (dashed-dotted curve).

excited bands, since they are more thermodynamically acces-
sible. We therefore consider the significance of excited bands
at the critical temperature. It is clear (e.g., see Fig. 1) that
increasing the lattice depth decreases the occupation for a
given temperature, and hence the significance, of excited
bands.

We show the number of noncondensate atoms in excited
bands as a proportion of the noncondensate number in the
ground band in Fig. 9. The calculations are for *’Rb using
HFBP with a;=5.77 nm and the parameters of [12] with an
optical lattice wavelength of A=2a=852 nm and a spherical
trap with frequency w=27X24 Hz. We used their maxi-
mum number of atoms, N=2X 10°. We see that excited
bands become insignificant for V=3Ey. The significance of
excited bands at condensation would increase for an in-
creased number of particles or a tighter trap due to the in-
creased critical temperature.

D. Quantum depletion

The quantum depletion consists of the atoms promoted
out of condensate due to interactions rather than thermal ef-
fects, thus leading to a reduction in the condensate fraction at
T=0. The number of atoms in the quantum depletion is given
by the temperature-independent part of Eq. (45) as follows:

(@) (b)

——t——t— S P U DD U D .

40 60 0 20 40 60
r/a r/a

0 te e o o o o

0 20

FIG. 12. (Color online) Spatial densities for the parameters of
[12] at T=0.8T,, (a) V=5Eg, and (b) V=10E. Results are for the
HFBP method: total (black solid curve), condensate (cyan dashed
curve), quantum depletion (green filled circles) and the Hartree-
Fock method: total (blue dashed-dotted curve) and condensate (red
dotted curve).
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1
NQ=WI drfBde|vb(k,r)|2. (71)

The quantum depletion is significantly enhanced by increas-
ing the lattice depth which provides a convenient physical
system to explore the crossover from a weakly to a strongly
interacting Bose gas. The experimental measurement of
quantum depletion in an optical lattice was reported in [46].
In that work, atoms were loaded into a lattice, which was
linearly ramped up to a depth of V=20E; and linearly
ramped back down. By observing the diffuse background
peak of the momentum distribution of time-of-flight images
during this sequence, the populations of the condensed and
the noncondensed atoms were estimated. The complete
ramping procedure led to the production of ~20% thermal
depletion (heating), and “linear interpolation was used to
subtract this small heating contribution (up to 10% at the
maximum lattice depth)” to obtain the quantum depletion
[46]. Their results are presented in Fig. 10. We have calcu-
lated the zero-temperature quantum depletion to compare
with their experimental results. We have reproduced their
calculations [46] with fixed peak density to a level indistin-
guishable on the plot (solid black curve), confirming that our
microscopic parameters agree with theirs, and we found that
their results imply N>107 at V=20E. We used our LDA
calculations with fixed total number’ rather than fixed peak
density to give improved agreement with experimental re-
sults with no fitting parameters (dashed curve).® The agree-
ment is improved over the entire range, most noticeably at
higher lattice depths. More precise experimental measure-
ments at intermediate lattice depths to better test theory
would be useful.

E. Effect of quasiparticles

In addition to the quantum depletion, which was consid-
ered at zero temperature in Sec. VII D, the Bogoliubov qua-
siparticles modify the energy dispersion as in Eq. (41). We
compare the quantum depletion to the residual Bogoliubov
effect in this section (using the parameters of [12], as dis-
cussed in Sec. VII C). In Fig. 11, we show the condensate
fraction and the condensate plus quantum depletion fraction.
At zero temperature, the only effect of quasiparticles is the
quantum depletion. The methods with and without quasipar-
ticles give the same results above the critical temperature and
the same critical temperature,’ since Egs. (66) and (67) are
the same when there is no condensate. In Fig. 11 we can see

>We have assumed N=1.7X 105 atoms, which is mentioned in
[46]. Although the number of atoms throughout is unclear, using
their maximum number of atoms, N=5 X 10, makes only a small
change to the results.

We note that our methods are not valid after the Mott-insulator
transition. Although the n=1 Mott-insulator transition is at V
=16.4ER, the “measurements were performed at a peak lattice site
occupancy number of ~7” [46], and the Mott-insulator transition is
at V>20Ey for n=3, which extends our validity regime somewhat.

"The critical temperature is the same if we define it as the lowest
temperature for which all particles can be accommodated as thermal
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the zero-temperature increase in quantum depletion due to
the increase in lattice depth (as in Fig. 10) and we can see
that the nature of the Bogoliubov quasiparticle spectrum (41)
also increases thermal depletion relative to the Hartree-Fock
prediction. In Fig. 12 we show the total spatial density and
that of the condensate and quantum depletion. The quantum
depletion follows the condensate density from Egs. (41) and
(43). A larger lattice depth increases the effective interaction,
decreasing the core density and, for the Hartree-Fock case,
forces all of the thermal depletion away from the condensate
region.

VIII. CONCLUSIONS

The main purpose of this paper has been the derivation of
an accurate computationally tractable theory for describing
experiments with finite-temperature Bose gases in optical lat-
tices. Based on an extended Bose-Hubbard model, derived
from the full cold atom Hamiltonian, our theory includes the
important physical effects needed to describe this system
over a wide parameter regime. We obtain a mean-field theory
for the system using the Hartree-Fock-Bogoliubov-Popov
approximation. Through the development of two key tech-
niques, a local-density approximation for the lattice physics
and an envelope approximation for spatial dependence of the
mean fields, we realize a formalism for calculation that is
efficient and accurate. By neglecting the extended features of
our formalism, we show that it reduces to a form equivalent
to the Bose-Hubbard mean-field theory of [39].

We have presented a range of results verifying the accu-
racy of our theory and demonstrating the regimes in which
extended features of our model, over the usual Bose Hubbard
model, are important. We have also compared to recent ex-
perimental results by the MIT group and find that our for-
malism provides an improved agreement with the experi-
mental data over previous calculations [46].

The methods outlined in this paper can be applied to other
thermodynamic quantities. For example, we have used our
numerical results to calculate the entropy

% = J dl'J dK g,(K){BE,(K,r)iige[ E,(K,1)]
b

—In[1 = e PEED]Y, (72)

and from that the specific heat and then the energy can be
obtained. Our formulation is amenable to analytical results as
we have done in [73].

Experimental work in optical lattices is continuing apace
and, with the recent development of thermometry techniques
[18], it is likely that thermodynamics will be measured in the
near future. For the purposes of developing a better under-
standing of lattice bosons and the emergence of beyond
mean-field effects, it is crucial to have a quantitative and
accurate mean-field theory for comparison. The theory pre-
sented here serves this purpose.

atoms. We note the consistency issues near the critical temperature
discussed in [72].
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FIG. 13. Ground-band Wannier functions (solid curve) com-
pared to the Gaussian approximation (dashed curve) for (a) V
=2Ey and (b) V=15E.
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APPENDIX A: WANNIER FUNCTIONS

We define the Wannier function for band b, localized at
site R;, as

wp(r—R)) = % > MRy, (), (A1)

VN keBz
where N, is the number of sites (we let N,— o0 for the com-
bined harmonic lattice). We have
N,

1 & .
ty x(r) = ?E ™ Riw,(r - R,).
VN i=1

(A2)

For R; on the lattice, EkeBze"k'R&NséR_’O, so we have
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FIG. 14. Wannier function for the (a) first and (b) second excited
bands for V=5FE} (solid curve) compared to the harmonic-oscillator
approximation (dashed curve).
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FIG. 15. (Color online) Fourier series for the 1D translationally
invariant lattice spectrum for [(a),(b)] V=Eg, [(c),(d)] V=5E,
[(a),(c)] ground band, and [(b),(d)] first excited band, using all
neighbors (black solid curve), nearest, and next-nearest neighbors
(red dashed curve) and nearest neighbors (blue dashed-dotted
curve).

f dr WZ(I' - Ri)Wbr(l' - Rir) = 51717’ 5ii’ . (A3)
For an optical lattice in one dimension, we show the Wannier
function for the ground band in Fig. 13 and for the first and
the second excited bands in Fig. 14. The harmonic-oscillator
approximation (the eigenstates of Vm(r)zE;:le(wrj/ a;)?)
overstates the peak height at the expense of the tails and
misses the detailed structure of the Wannier functions.

APPENDIX B: HOPPING MATRIX

Since Ifllantﬂb!k(r)=Kb(k)¢b’k(r), we have (as in [74])
Ifllauwb(r—Ri,)=—Ef,]';1Jb,i,,-rwb(r—R,-), where the hopping
matrix, defined as Eq. (6),

1 .
Jpiir=—"" > e RiRIE (k)

(B1)
NSkEBZ

is the Fourier transform of the energy. In particular, —J,, ;;
=2 cpzK,(K)/N, is the average energy in the band. So,

f dr WZ(I' - Ri)l:llattwbr(r - Rir)

= % e_ik.(Ri,_Ri)Kb(k)7

(B2)
N; Kepz

so that there is no interband hopping and the hopping matrix
depends only on the difference R;—R;,. We can invert Eq.
(B1) to write the dispersion relation as a Fourier series

NS N,T
Kyk)=- > Ty ire™ R = — > Jyioe i (B3)

i'=1 =1

For the 1D case, if the spectrum is even in k, then
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K, (k)=-J) .- 20 1L cos(lk,a,). (B4)
© >0

We demonstrate the Fourier cosine series for the translation-
ally invariant lattice spectrum in Fig. 15. For V=E,, we can
see that a few terms are needed for the series to approach the
nearly free-particle dispersion. By V=5FEj, the ground band
is well described by nearest neighbors. For the first excited
band, the approach to nearest-neighbor dispersion with in-
creasing V/Ep is somewhat slower.
The width of band b, is

‘K,, (E) _K, (0)‘ =43 27, (B5)
\ay * >0 "
so for a separable lattice
d
Ky(K)=- >, [J‘,Z] +22 7, ; cos(lkjaj)} ., (B6)
=1 7 >0 ’
and the width of band b is
Ky = Kyt=42 | X 05 (B7)
i |0 7

In the tight-binding case where /=1 dominates, the band-
width is 43|17, .

The ratio of the beyond nearest-neighbor to the nearest-
neighbor hopping is shown in Fig. 16 and we see that the
ground-band next-nearest-neighbor hopping matrix element
is as much as 25% of its nearest-neighbor counterpart at V;
=0, but decreases rapidly with increasing V;. The beyond
next-nearest-neighbor hopping is less significant. For the first
excited band, some of the ratios can increase initially.

APPENDIX C: HARMONIC TRAP

In this work, we will always use the local energy form (7)
to represent the harmonic trap. In this section, we consider an
exact treatment for the separable case by defining

Upp' ii" = f dr Vy(r)w,(r=R)w, (r—=Ry).  (Cl)

1. On-site variation

Here, we consider the accuracy of Eq. (7) to the diagonal
part of v, ;s ; ;. There are three components to the integral in
Eq. (7), one for each trap direction and the three components
are additive. Considering, e.g., the x component, we have
(using X; for the x component of R))

1
f drEmwfx2|w,,(r -R))?

1 1 -
- L+ L j d PP, ()

-0

since x|w,(x)|> is odd and w,(r) is normalized. For the
ground band, we can recover Eq. (7) by absorbing a constant
into the chemical potential. For excited bands there is an
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FIG. 16 Ratlo of beyond nearest neighbor to nearest- nelghbor
hopping. J7 ]/Jb ; (solid curve), Jb ! Jb (dashed curve), and J‘; ST} y
(dashed-dotted curve) for (a) ground and (b) first excited bands

error due to the difference %mwﬁ IZdx X[wy(x) P =|wo(x)[*1,
which is applied to 7i,; in the Hamiltonian. We plot the con-
tribution for the first excited band in Fig. 17(a).

2. Off-site contribution

Now, we consider the case with i # i’ and b=b". We note
again that the components of the trap contributing to the
integral in the three directions are additive. We only get a
potential error in the x component if components in the other

0.5
0.4t
0.37F
0.2}
0.1}

0

I
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0.3 \
0.2t

01\'\\\\ 1
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FIG. 17. Error due to (a) on-site variation of the trap, I,
=[7 dx(x/a,)[|w,(x)]>=|we(x)|?] (this form is chosen, so that the
error is in units of %mwﬁai), (b) contribution from adjacent sites,
L= dx(x/a)*w;(x)wy(x—a,)|, ground band (solid curve), and
first excited band (dashed curve), and (c) Wannier function

overlap between the ground and first excited bands, I3
= 7 dx (el a ) wix)w (2).
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directions of i and i’ are equal. Then, for X;# X,

1
f drzmwixzw;i(r -R)w,(r-R;)

= Smo; f T wywplx - (X =X)L (C3)

-0

since  wy(x—X;) and wy(x—X;) are orthogonal and
wy(x=X;)wy(x—X;s) is even about (X;+X;)/2 as wy(x) is ei-
ther even or odd. In Fig. 17(b) we plot this contribution for
nearest neighbors as a function of V.

3. Interband contribution

Now, we consider the case with b # b’ and i=i’. To allow
for this contribution, it would be necessary to include matrix
elements between bands in the Hamiltonian. To quantify the
error, we consider the additive component in the x direction.
There is only a contribution if the other components of bands
b and b' are equal. Then, with b, being the x component of b
and b, # b/,

1 .
f drzmwixzw;(r -R)w, (r-R))

mwzfm dx(x + Xi)zwzx(x)wbxr(x) . (C4)

—00

Considering, e.g., b,=0 (the ground band) and b;=1 (the
first excited band), wo(x)w 1(x) is odd so the above becomes
msz J7dx xwy(x)wy(x). In Fig. 17(c), we plot this contri-
butlon as a function of V.

APPENDIX D: INTERACTION COEFFICIENTS
1. Beyond the on-site interaction approximation

Here, we derive approximate results for interactions ex-
tending to all sites. To do this, we make the HFBP mean-field
approximations, as discussed in Sec. III, but starting from the
more general extended Bose-Hubbard Hamiltonian (9). As in
the on-site case, we ignore collisional couplings between
bands in the many-body state. For the noncondensate, we
also ignore collisional coupling that relies on coherences be-
tween sites (i.e., requiring two indices at two sites) in the
many-body state to find

SFOST O S S S
E 5bl,il5b2,i25b3,i35b4,i4U Lyslnsl3sly

i1:03.3.14 by.bybs.by
bibabyby
~4 2 802 iy o U it (D1)
ib.b’ i b.b' b,b’

We assume that the density varies sufficiently slowly that
;=1 ; for sites R; near R;. In the following, we will sum
over all sites, by assuming that where the approximation
iy =1y, ; s poor, due to the sites being far apart, these terms
will be suppressed by the negligible Wannier function over-

lap. Then we have
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by.by.bs,by

~4g E 3Z,i3b,iﬁb’,i2 f dl’|Wb(I‘)Wb'(l'—Ri')|2

i,b.b’'
_ NN = ,
—42 §b,i5b,inb',iUbb” (Dz)
i,bb'

which is the same as in Eq. (21) with U;b, substituted for
Uy, where

Upy =82 f dr|wy(r)wy (r = R;1)[*. (D3)

For the coherent condensate, we assume that z; =z, for sites
Rj near R;. As above, we assume that contributions between
sites far apart are suppressed by the negligible Wannier func-
tion overlap. Assuming that the phase factors are chosen so
that wy(r) is real, we have, for site R,-l,

2 Z Z Z,3Z,4U11121314

0213504 0,0,0,0
4
=g 2 Tauz, J dr] T wo(r - R;)
in,03,14 j=1
~gle; [* 2 f drH wo(r ~R,)
12 13 l4

= g|Zi1|4f dr wo(r) [N o(r) ] = |z; |*Ugo,  (D4)

where 2w, (r-R;)= \J’ﬁszpb,o(r) is the Bloch function normal-

ized over a single site, from Eq. (A2), and (r;)

«cey(r;mla;,q) (the Mathieu function) is real and periodic

on the lattice. The result takes the same form as above with
0o Substituted for Uy, where

Ugo = gf dr Wo(r)[\’/]vslﬂo,o(r)r- (D5)

Similar arguments could be used for the terms involving in-
teractions between the condensate and the noncondensate.
The above results are appropriate for the pure thermal gas,
e.g., for finding the critical temperature from above and for
the pure condensate at zero temperature. To quantify the ef-
fect of off-site interactions on the thermal depletion, terms
for interactions between the condensate and the nonconden-
sate would be needed.

2. No-lattice limit

When there is no lattice, the Hamiltonian (35) gives us
K,(k)=%2k?/2m and the Bloch states are plane waves. Using
these to evaluate the Wannier functions from Eq. (A1) and
then the all-site interaction coefficients, Uy, easily from Eq.
(D5) and U,,, from Eq. (D3), by splitting the sum into axial
components and recognizing the Riemann zeta sums we get

30 @ ®) B
18 ,
25 16 7
/ 7/
290 / 14
E l 12
515 0 10
10 /
g 6
st 47 4.
= 2
0 0
0 5 10 15

V/Er V/Eg

FIG. 18. Interaction coefficients in three dimensions. (a) Ground
band. On site (dotted curve). All sites: noncondensate U’ (D3)
(solid curve) and condensate U” (D5) (dashed curve). No-lattice
limit: all sites (D6) (X ) and on site (D7) (O). (b) Excited band. On
site: 000,001 (these integers specify the components by,by,b, of
each band) (solid curve), 001,001 (dashed curve), and 010,001
(dashed-dotted curve); corresponding all sites (dotted curve).

£, (Do)

Ugo=Ugo= Uéoo,oou = Uém,oou = U610,001 =
So that, if we use all-site interaction coefficients and also
treat n.(r) and 7,(r) as the condensate and the nonconden-
sate densities [rather than as envelope functions, with densi-
ties defined by Egs. (14) and (16), although the total conden-
sate and noncondensate numbers do not depend on this
distinction, from Egs. (15) and (17)] then all of our LDA
equations in Sec. IV would be the same as we would get
from a no-lattice calculation [60], in spite of our expansion
of the field operators in a Wannier basis. When only on-site
interactions are included, there is a shortfall using Eq. (11)

d
g(2 g5
U= 7(‘) s Uooo,00n = 327

g2 g 25
U ==-, U ==— D7
00n,00n — 3 9 0n0,00n a3 216 ( )
of, for example, 1—-(2/3)3=70% for the 3D ground-band co-
efficient. For reference in Fig. 18, a/Ega,=8a’/ g .

3. Comparison

The 3D ground-band interaction coefficients are shown in
Fig. 18(a). Both all-site interaction coefficients, U/, and Uy,
include their corresponding on-site component, Uy, in their
sums [Egs. (D3) and (D4)]. For the noncondensate interac-
tion coefficient, all other terms in the sum are positive (since
we have excluded interference), so that off-site interactions
always increase the interaction coefficient (relative to U).

The 3D excited-band interaction coefficients are shown in
Fig. 18(b). The results all tend to the expected limits at V
=0. The gap between all-site and on-site interaction coeffi-
cients is maintained for higher V/Ej than for the ground-
band since the excited-band Wannier functions are less
localized.
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