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We discuss the phase diagram of the Bose-Hubbard (BH) model in the leading-order auxiliary field (LOAF)
theory. LOAF is a conserving nonperturbative approximation that treats on equal footing the normal and
anomalous density condensates. The mean-field solutions in LOAF correspond to first-order and second-order
phase transition solutions with two critical temperatures corresponding to a vanishing Bose-Einstein condensate
T, and a vanishing diatom condensate 7*. The second-order phase transition solution predicts the correct order
of the transition in continuum Bose gases. For either solution, the superfluid state is tied to the presence of the
diatom condensate related to the anomalous density in the system. In ultracold Bose atomic gases confined on a
three-dimensional lattice, the critical temperature 7, exhibits a quantum phase transition, where 7, goes to zero
at a finite coupling. The BH phase diagram in LOAF features a line of first-order transitions ending in a critical
point beyond which the transition is second order while approaching the quantum phase transition. We identify
a region where a diatom condensate is expected for temperatures higher than 7, and less than Ty, the critical
temperature of the noninteracting system. The LOAF phase diagram for the BH model compares qualitatively

well with existing experimental data and results of ab initio Monte Carlo simulations.
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I. INTRODUCTION

The Bose-Hubbard (BH) model has been the subject of
broad theoretical [1-3] and experimental [4-6] interest. In
addition to being a challenge for many-body theories [7], its
realization in ultracold atoms [5] opened opportunities for
studying the BH model in a controllable and accurate way.
Approaches based on mean-field approximation [1,8], strong-
coupling expansions [9—-12], variational perturbation theory
[13,14], nonperturbative renormalization group [15], slave-
boson [16-18], and quantum rotor [19] descriptions, together
with diagrammatic Monte Carlo techniques [20,21] represent
only an incomplete list of theoretical efforts dedicated to this
problem. In this context, developing and improving mean-field
descriptions for the BH model has been an important task since
Fischer et al. [1] discussed the zero-temperature mean-field
phase diagram of the BH model. Studies of the BH model
have been summarized in many textbooks [22-24]. One may
also test various many-body theoretical techniques using the
BH model and benchmark those methods. Here we follow
this tradition and study the BH model using a well-developed
theoretical framework.

Recently we introduced a leading-order auxiliary field
(LOAF) theory for a homogeneous system of ultracold gas
of bosonic atoms [25,26]. To derive this formalism we used
the Hubbard-Stratonovitch transformation [27,28] to introduce
auxiliary fields related to the normal and anomalous density
condensates. Path integral methods were used to obtain a
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leading-order expansion of the partition function using the
auxiliary fields to organize the expansion method. The result-
ing nonperturbative mean-field theory produces a conserving
and gapless approximation that is applicable to a large interval
of coupling-constant values, satisfies the Goldstone theorem,
yields a Bose-Einstein transition that is second order, and
predicts a positive shift in the critical temperature 7, consistent
with other similar methods [29]. The relation of the LOAF
theory to the Goldstone theorem and the Higgs mechanism
was discussed in Ref. [30]. The behavior of the LOAF theory
near the critical point is discussed in Ref. [31] and the relation
to superfluidity and the Josephson relation is discussed in
Ref. [32], where we showed that the superfluid density in
LOAF is proportional with the square of the anomalous-
density diatom condensate. The latter is analogous with the
Cooper-pair condensate in the BCS mean-field theory of dilute
Fermi gases [33].

In this paper we develop the LOAF theory of the Bose-
Hubbard model, which has been used to study the physics of
ultracold Bose atoms in optical lattices [3,14,18,20]. Perhaps
the most salient feature of the BH model is the prediction
of a superfluid to Mott insulator phase transition. The latter
was demonstrated experimentally in three-dimensional optical
lattices by Trotzky et al. [6] by observing the suppression
of the critical temperature for superfluidity near the Mott
transition. These experimental results were showed to compare
nicely with theoretical predictions based on quantum Monte
Carlo simulations [20]. Monte Carlo also predicted the critical
interaction strength for which the critical temperature goes to
zero and the phase transition is purely quantum in character
[20].

We will show that below the critical temperature 7., where
the usual Bose-Einstein condensate vanishes, LOAF is identi-
cal with the Hamiltonian version of LOAF introduced recently
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by Kleinert, Narzikulov, and Rakhimov [34] and referred to as
the “two-collective” field theory for the BH model. Above T,
LOAF has two possible solutions corresponding to first-order
and second-order phase transitions, respectively. For both
solutions, the superfluid state is indicated by the presence of
an anomalous-density diatom condensate in the system. In
ultracold Bose atomic gases confined on a three-dimensional
lattice, LOAF predicts that the critical temperature 7, exhibits
a quantum phase transition (QPT), where T, goes to zero at
a finite coupling. The BH phase diagram in LOAF features a
line of first-order transitions ending in a critical point beyond
which the transition is second order while approaching the
QPT limit. We identify a region where a diatom condensate is
expected for temperatures 7, < T < Ty. Here Ty is the critical
temperature of the noninteracting system. Overall, the LOAF
phase diagram is very similar to the superfluid to Mott insulator
transition in systems of ultracold Bose atoms trapped in optical
lattices and compares qualitatively well with results of ab
initio Monte Carlo simulations [20] and available experimental
data [6]. We analyze numerically the properties of the LOAF
theory in the weak-coupling limit.

II. THE BOSE-HUBBARD MODEL

We consider the case of N bosonic atoms trapped in a
three-dimensional cubic lattice.

A. Real time formulation

The path integral for the boson field ¢(x,?) is given by

21 j*] = e WU = // DpD* ¢! S0-4"1-5"1/h
M
Slo.6™ j,j*] = /dth,d)*;j,j*],

where the Lagrangian is
Llg.¢";j.j"]
ih
= %/d3x{¢*(x,t)[8,¢(x,t)] —[8,:0%(x,)]p(x, 1)}

m

[RAvR
- / Px¢*(x.0) [— . +V(x)} )
_% / / PrdPx' ¢*(x,0¢*K .U XX )X ,)p(x.1)

+ / Ll ) + jxDH ], @)

Variation of the action yields a Schrodinger equation for the
field ¢(x,1). Here V(x) is the periodic potential created by the
optical lattice and U(x,x’) is the interaction energy between
atoms. The tight-binding approximation assumes that the field
¢(x,1) can be expanded in normalized eigenfunctions ¥ (x) of
an atom trapped in the lattice at positions x; = ali,

P10 =Y Hilt)Y(x — x), 3)
where a is the lattice spacing and v (x) satisfies
h*v?2
[— 5t V(X)} Vv (x) = EY(x), “4)
m
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where E is the ground state energy of a trapped atom of mass m.
Here i = (i,,i,,i;) are triplets of integers, each running from
1 to Ny. Inversion of (3) gives

¢i(t) = / d>xP*(x — X)P(x,1). )

So using expansion (3), and keeping overlaps with nearest
neighbors, we find

3 * hzvz
/ Pxé*(x,1) [— —— V<x>] p(x.1)

m

~ ) :E|¢i(t)|2 — T Y (B0 (1) + i (D (r)]} ,

(6)

where ¥k = (1,0,0),(0,1,0),(0,0,1) is the displacement by one
unit in the (x,y,z) directions, and J is the overlap integral,

J=— / Expx+ a)VEX)P(x) > 0. (7)

The particle-particle interaction is assumed to be a short range
contact interaction,

1

5 f / Bxd®x' ¢*(x,0)¢* (X ,0)U (X,X)p(X',1)p(X,1)

U
~ = laol ®)

So in the tight-binding approximation, the Lagrangian is given
by

Ll; .95 Ji - Ji']

ih
= T 300,601~ 19, 6016 )

=Y EIGOF — 1Y (6506, (0 + 6, (D (1)

U
=5 26O + 3 O O+ i 0#F @) )

which we can write as
Ll; .95 Ji 5 Ji']

ih
= 15 Y 7O, ¢ (D] = 19, 7 (D1 (1)}

U
=D (E=2aDIgF = = ) )l

—1 Y @GOP — (¢ Obry, () + ¢ (O D))

ik
+ Z i s (1) + ji; (D (D)]. (10)
Here d is the number of spatial dimensions. The constant

energy term proportional to E — 2dJ can be eliminated by
changing variables to

gi(t) = e ETHDIM G 1), (11)
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which simply changes the energy scale. Then in terms of these
new variables, (10) becomes

L[, ,cb, SioJi'
== Zw 010, G; (D] — [9, &; (O1; (1)}

—J Z{2|¢i(r)|2 — [$(DPir (1) + B (DG (D)
‘% Z Gi()1* + Xi:[fi*(r)«ﬁi 0+ J; OGO (12)

Equation (12) is the usual form of the Bose-Hubbard La-
grangian. From now on we drop the tilde notation.

B. Imaginary time formulation

The imaginary time action is obtained from the real time
action by the mapping ¢ — —iht and L — — Lg. The partition
function Z for the BH model is then written as

ZLj.j*] = e = //D¢D¢*e—s5[¢¢*u]
(13)

SE[¢7¢*’]7.]*] = [ dt LE[¢9¢*3]7]*]1
0

where the Euclidean Lagrangian is

LE[¢$¢*; ]9]*]
1
-y <§{¢i*(r)[8,¢i(r)] — 1347 (DIi(D)

+ 1 3 RIGOP — (87 (@i (0) + 51D (D))
Y 4 2 « . *
+ 3|¢i(f)| — w0l — Jji (0)¢; (r) — Jj; (1) (ﬂ)-
(14)

Here we have dropped the tilde notation and introduced a
chemical potential p.

III. LOAF FORMALISM

In the leading-order auxiliary field (LOAF) method we
introduce two auxiliary fields x;(7) and A;(7) by means of the
Hubbard-Stratonovitch transformation [27,28]. In our case, the
auxiliary-field Lagrangian density takes the form

1
Lax[®,A] =) {E|Ai(r) ~ Ui’
e (2P
55 @ Uﬁwr)u}, (15)

which we add to Eq. (14). We show in Ref. [26] that this
choice, in the weak coupling limit, agrees with Bogoliubov
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theory [35,36]. Then, the action becomes
Sg[®,A; J,K]

1 B B , B , ,
— 5/0 dtfo dt Z ®}(1)G;; (. T)Pi(x")

2
_/ dr Z{x.(r) 4O | Jie o)

+ K (D)4, (r)} : (16)
with
1 N , hi,j + Si,ja,, —Si,j,Ai(‘L'))
gi’j (T,T ) = 8('[,'[ )< _ Si’jA;k(‘[)’ hi’j . Si’jar , (17)
where
hij = JVij+ 8 ;[V2x (1) — ul, (18a)
[8ijric + irejl}- (18b)

Vij = Z {281 —

Here we have introduced currents which we write as Jj(t) and
K;(7) and a notation,

¢i(7) Ji(t)
Oi(1) = , Jitoy=|( " 19
(v) ((Pi*(r)) () <Ji*(f)) (19)
for the particle fields and currents, and a notation
Ai(f) ki(l')
Ai(m)=| xi(v) |, Ki(r) =] koi(7) (20)
AX(T) ki (7)

for the auxiliary fields and currents. The generating functional
for the fields is written as a path integral over all the fields

Z[J,K] = e POUK] ://D@DAe‘SE[‘D’A;J’K]. (21)

The action is now quadratic in the ¢;(7) which can be integrated
out, giving

ZIJ,K] = /DAe* el ALK, (22)
where now
Sert[A; J, K]
1 B
-T2 // drdr/z I (©)Gij(x, TN
0

_ 2
_/ dr Z(x,(r) |Ai(7)] + KA (D)

— ETr{]n[gi}](r,r)]}> ) (23)
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Expanding the effective action,

) 5t A: J.K
Sett[A; J,K] = eff[AQJ»K]—i_/ dr Z( fc;[A(r) ]>

A

x [Ai(T) = Aj(D)] + = // drdt’
2JJo

82 Seri[A; J,K] .
<2 (Faiopai), 140 =500

x [Aj(T) = Aj(TH] + - - 24
about the stationary points A = A, defined by
8Sei[A; J, K
of [ N _ 0. 25)
§Ai(T) A

and computing the remaining path integral by the method of
steepest descent, we find

BRI, K] = Ser[A; J, K]
B
+ %/0 dt ZTr{ln[D;i‘(r,z)]} 4o
1 g / T —1 N\ T /
- _5//0 drdt Z ®[(1)G;; (x.7)P;(x")
ij
2 2
_/ iy Z <xl (r) — IA( )l + KA
—ETr{ln[gi;l(r,rm - ETr{ln[Di,il(r,r)]}),
(26)
where
_ 82 Se[A; J,K
1 n o
bij(t.r) = |:8Ai(r)8Aj(r’):|A @7
Here ®;(7) is defined as the solution of
(28)

B
Bi(1) = f v’ Gi(r, R
0 -
J

and is a functional of the currents (J,K). Explicitly, the
stationary points are defined by the solutions of the equations

Xil(]'f) = %&)g(f)a’i(f) + %Tr[gi,i(t,r)] + koi(T), (29a)
Aztg) — %q_);r(f)o'-q—é)i(f) + %Tr[o_g“(f’f)] —_ ki(‘L’), (29b)

and are functionals of the currents and o4 are the Pauli
matrices. Introducing the Legendre transformation,

B
BVer[®,A] = / d Y [ @®i(0) + K () Ai(0)]

0

— B[/, K], (30)
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we obtain the thermodynamic effective potential,

f/ drdr’ Z ®}(1)G;; (z.7)Pi(x")
N 2
+l/ de Z(x,(t) | Ai(T)]

+ %Tr{ln[gijl(r,r)]}),

Vert[@,A] =

€2y

where we have dropped the trace-log term involved in the
D propagator, which is higher order in our expansion. The
currents are now given by derivatives of V[P, A] with respect
to the fields,
O Vege[ D, A 4 0 Vert[D, A
JiT(.[) — ,BNL, Ki(r)= ,BNL
Adi(1) dA;i(tT)

The thermodynamic potential is evaluated at zero currents,
which is at the minimum of V.g[®,A]. The average particle
number is given by

Vet [P, A]
o
evaluated at the minimum of the effective potential.

N=-— (32)

IV. HOMOGENEOUS SYSTEMS

For homogeneous lattice systems in equilibrium, the fields
are independent of t and i. Expanding the inverse Green
function in a three-dimensional Fourier series,

L pil2mk-(i=j)/ Ny~ (t— r)]
:8 ’% Zg

S Kk,n

Gil(r.7) =

(33)

where w, = 27 n /B are the Bose Matsubara frequencies. Here
k = (ky,ky,k;) is a triplet of integers, each running from
—N;/2 to Ng/2 — 1. The total number of sites in the cubic
box is N2 and the filling factor v is defined to be the number
of particles per site v =N /Nf. From Eq. (6), the Fourier
transform of the Green function is given by

- e+ x —iw, —A
gk;=< K ] o ) (34)
' —A ek + X' +iwy

where we have put x’ = +/2x — u, and the kinetic energy is
written in terms of the lattice momentum K as

a=JK =3 > [1-cosQrk/N))l (39
Using standard technique: o
# /Oﬁ dr ZTr{ln (G5 (. 0]}
=§§NM%H
:%kznln[det(gk,, = %:m o} + o]
_ Z{ ln[l p f‘wk]} (36)
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where

wp = V(e + x)* — |AP%. (37

The effective potential (31) for the homogeneous case then
becomes

Verr[®,A]/N?

./ 2_1 *2 * 2 _(X,+/’L)2 |A|2
=X1¢1" = JlA¢™ + A" — —— +

: : Tt Liat — et 38
+m E[wk_ek_X]+Bn[ —e P (38)

s

Here we have renormalized the effective potential by subtract-
ing the zero-point energy. The coupling constant is finite and
does not need to be renormalized. Minimizing the effective
potential with respect to the fields gives

(X' — A"¢ =0, (39a)
x' +u 2 1 e+ x' 1
2n
U =9+ — N { [2n, + 1] — 3
(39b)
A A [2n; + 1]
7 =¢*+ — N3 2 T (39¢)

where n; = 1/[ef® — 1], and with the filling factor given by

N 1 0Ver[®,A '
b N el Al X A1 40)
N} N3 ou 2U

Because of the U(1) invariance of the Lagrangian, at the
minimum of the potential we can choose ¢ to be real. Then,
from (39a) A is also real since x' is real. We interpret |¢|? as
the number of condensed particles per site, and put

No
91> = ¢* = Vom = vny, (41)

with the condensate fraction ny = Ny/N. The sums over k
then omit the k = 0 mode. The gap equations then become

1 " e+ x’ 1
UZUHO+N_,32 { Yo [2nk+1]—§}, (42a)

2
_—Vn0+_ M’

42b
U 1\/3 Zwk ( )

where wy is given in Eq. (37) with ¢; given by Eq. (35).
For comparison purposes, we note that the LOAF effective
potential per unit volume for the continuum case is

Vert[ @, A1/ V

, | X' +w? AP
=x|¢|2—5[A¢2+A 4’2]‘T+7
k(1 |A|?
<2n)3{2[ G +7}
1 _
+E1n[1 —e ﬂwk]}. (43)
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which gives the equations

X'+
/_A* =O, —
(x )¢ P 7
1

X+ Pk (e + x'
IR =2
2A Q2m) 2wy
(44b)

| L JEE .
A_ k[ L
Y Q)3 |20 F 2 |’

(44c)

, (44a)

where the kinetic energy is the usual €, = i?k?/(2m). The
differences between the two theories reduce to the naive
substitution of the integral with the sum over the allowed
momenta, an extra term in the renormalization of the effective
potential, and the kinetic energy modification on the lattice.
The continuum coupling constant A = 477i%ay/m corresponds
to the Hubbard parameter U on the lattice. Here aq is the
s-wave scattering length in the dilute atomic Bose gas. The
solutions II(i) and II(ii) correspond to first-order and second-
order phase transitions, respectively.

V. RESULTS AND DISCUSSIONS

The numerical analysis of the solutions space for Egs. (42)
leads to three distinct regions in the Bose-Hubbard model
phase diagram.

(I) The broken symmetry case where ¢ # 0 and x' =

A. Then w = /er(ex +2x’). In this region we solve the
equations [37]

€+ x’
v—vno+N3Z{ o [2k+1]——}, (45a)

2 1
X py s Xy Pt 11

U ]V3 K 2a)k

(45b)

(IT) The case when ¢ = 0 so that ny = 0, and either
(i) A = 0 so that wy = ¢, + x’ and

1 /
Sk

This solution corresponds to a first-order phase transition.
Equation (46) does not depend on the interaction strength
and applies for temperatures T > T,, where T, is the critical
temperature defined by the zero condensate faction limit
no — 01in Egs. (45).

(i) Or 0< A = Ve + x)? — A2,
and

< x/ so that wy

v:Naz{
%=N3Z

This solution corresponds to a second-order phase transition.
(IIT) The normal case where ¢ = 0 and A = 0. In this case
we solve Eq. (46) as in case II(i) above.

[2 k—f—l]—l}, (47a)

[2nk +1 (47b)
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We note that the LOAF solutions for the cubic lattice are
identical with the LOAF solutions for the continuum system
[25,26,30].

To make contact with Refs. [20,34] we seta = 1 and convert
the finite sums over k to integrals by defining q = 2k/N;, so
that formally in Eqs. (42) we substitute

1 +1 d3q_ +1 ;
w= IS e

This substitution is exact in the limit Ny — oo. In the
following, all quantities other than the filling factor v and
the condensate fraction ny can be scaled by J without loss of
generality.

We define the critical temperature 7, as the point in region I
where the usual condensate fraction ng vanishes. The second
critical temperature 7* is the temperature where the diatom
condensate A vanishes in region II(ii). In the noninteracting
limit U — 0 we have T* — T..

The critical temperature 7, and fields x, = A, are given by
the solution of Egs. (46) in region I when ny = 0:

v_/// {q+xc

+1 g2t 1l 1
/// w0 M T Gegn 1
wy e®alle — 1

with o, = \/€,(e, +2x/) [38]. From Egs. (49) the critical
value of the Hubbard parameter (U/J), is obtained by taking
the limit 7, — 0. For v = 1 we obtain the critical Hubbard
parameter value (U/J), = 56.076, to be compared with the
critical value of 29.34(2) obtained by ab initio quantum Monte
Carlo simulations [20].

The critical temperature 7* and field x'* are defined by the
solution of Egs. (47) whennyp = 0and A = O:

+1 3 1
V= ff/ d qng, ng = ewq/T—"_]’ (50a)
20, + 1]

>

with w, = ¢, + x™*

In Fig. 1 we illustrate the temperature dependence of the
condensate fraction vng, scaled auxiliary fields x’ and A,
scaled chemical potential w, and effective potential Vg for a
Hubbard interaction parameter value U/J = 10 at unity filling
v = 1. We find that in region II we have two possible solutions
of the LOAF equations, as discussed above. The solution I1(i)
gives rise to discontinuities in the temperature dependence
of the auxiliary fields and chemical potential that lead to a
discontinuity in the effective potential as well. This behavior
is characteristic to a first-order phase transition. In contrast, the
solution II(ii) corresponds to a second-order phase transition,
because the temperature dependence of x’, A, u, and Vg is
smooth across 7.

For convenience we denote by Xc/‘(i) the value of the
normal-density auxiliary field corresponding to the first-order
phase transition solution II(i) [see Eq. (46)] for T = T, and
we introduce the notation x/;, = X, to indicate the value of
x' at T, corresponding to the second-order phase transition
solution II(ii). We have, Xc/(i) - X! @iy in the noninteracting

[2n, + 1] = ;}, (49a)

(49b)

) (50b)
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0 : :

18 | 1

. solution II(i)

16 Seel |
T 14t 1
=1

12 ¢ 1

fr/ N

0 1 2 3 4 5
T/T,

FIG. 1. (Color online) Temperature dependence of the condensate
fraction vny, scaled auxiliary fields x’ and A, scaled chemical poten-
tial u, and effective potential V.g for a Hubbard interaction parameter
value U/J = 10, at unity filling v = 1. Here the temperature T is
scaled by Ty, the critical temperature of the ideal (noninteracting)

Bose-Hubbard model. Solutions II(i) and II(ii) corresponds to first-
and second-order phase transitions, respectively.

limit U — 0. We recall that Eq. (46) is independent of the
Hubbard parameter U and is restricted to temperatures T > T..
In the noninteracting limit we have T, — T, where Tj is
the critical temperature of the noninteracting lattice Bose
system, and the noninteracting limit corresponds to x" — O.
So we find that Xc,(i) — 0 in the limit {U — 0,T. — Tp}.
Therefore a first-order phase transition may occur at 7, only
for an interaction strength U that gives a critical temperature
T, > Ty. Furthermore, the solution II(i) is only possible for a
temperature T > Ty. We will use this important observation
next.

The coupling constant dependence of the LOAF critical
temperatures 7, and T*, the corresponding scaled normal-
density auxiliary fields X/, X/, = X.» and x'*, and the cor-
responding effective potentials at T, are deplcted in Fig. 2. We
find that the critical temperature 7* increases monotonically
with the BH model coupling constant (U/J), whereas the
critical temperature 7, increases with the interaction strength
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10
8T To — | |
T* -----

6 J
(=1 .
—
— 4+ J
—~

56.076

x' /]

x' /7

Vegr / N

-50 L L L L L
0 10 20 30 40 50

FIG. 2. (Color online) LOAF scaled critical temperatures 7, and
T* and the corresponding scaled normal-density auxiliary fields
Xo = Xiay» X and x4, and effective potentials, as a function of the
Bose-Hubbard model coupling constant (U/J) at unity filling v = 1.
We note that only the critical temperature 7, features a downturn
with the interaction strength and leads to a quantum phase transition
(QPT) for (U/J). = 56.07, where T, goes to zero. In addition, the
normal-density auxiliary field x; for solution II(i) is not defined
for T, < Ty, where Ty = 5.59 is the critical temperature of the
noninteracting Bose system. Therefore, LOAF predicts a critical point
(CP) at coordinates Tcp = Ty and (U/J)cp = 46.02. For coupling
values (U/J)cp < (U/J) < (U/J)., the transition is second order
and LOAF predicts a diatom condensate A # 0 in the absence
of the usual Bose-Einstein condensate fraction for temperatures
T. < T < T,. Because T* > Ty, the system is in the normal phase
for T > T in this region. For coupling constants (U/J) < (U/J)cp
the transition is first order because Ve oy < Vefr,cqiy in that region.

for U/J < 10 and then decreases with (U/J). At unity filling
v = 1, the critical temperature 7, goes to zero for a critical
value (U/J), = 56.076. It is important to note that in the
continuum case of a homogenous system of ultracold Bose
atomic gases neither of the two critical temperatures 7, and
T* goes to zero in LOAF [31]. It appears that in LOAF
the presence of a quantum phase transition is related to the
reduction in the allowed momentum-vector phase space. The
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FIG. 3. (Color online) Interaction strength dependence of the
zero-temperature condensate fraction vny and the corresponding
scaled normal-density auxiliary field x; at unity filling v = 1.

latter is a consequence of the bosonic atoms being spatially
confined on the lattice.

For completeness in Fig. 3 we illustrate the scaled Hubbard
parameter U/J dependence of the zero-temperature conden-
sate fraction vn( and the corresponding scaled normal-density
auxiliary field x at unity filling v = 1.

As discussed above, the normal-density auxiliary field Xé(i)
for the first-order phase transition solution II(i) is not defined
for T, < Tp. That leads to the possibility of a critical point
(CP) at coordinates Tcp = Ty and (U/J)cp = 46.02.

Recalling that in LOAF the superfluid density is propor-
tional to the square of the anomalous-density auxiliary field
A (see discussion in Ref. [32]), it follows that the phase
diagram of the Bose-Hubbard model in LOAF features two
regions: First, for coupling values (U/J) < (U/J)cp, both
solutions II(i) and I1(ii) are possible and we may have either a
first-order or a second-order phase transition solution. Because
Vett.ciy < Vett.ciii), LOAF predicts a first-order phase transition
from the superfluid to the normal phase in this region. This
scenario corresponds to the solution II(i). Second, for coupling
values (U/J)cp < (U/J) < (U/J)., we have T, < T and
the solution II(i) is not possible for temperatures 7, < T <
To. Hence, the transition is second order as described by
solution II(ii). Because T* > T; for all couplings, solution
II(ii)) applies only for temperatures 7, < T < Ty. In this
temperature range LOAF predicts a diatom condensate A # 0
in the absence of the usual Bose-Einstein condensate fraction
and the system is in a superfluid state for all temperatures 0 <
T < To. As seen in Fig. 1, for all temperatures 7, < T < T*
we have Vegr iy < Verr i) Therefore at Tj the system undergoes
a first-order phase transition from the superfluid to the normal
phase.

The LOAF phase diagram for the BH model can be
compared with predictions of quantum Monte Carlo (QMC)
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FIG. 4. (Color online) Comparison of the coupling constant
dependence of the LOAF critical temperature 7, at unity filling
v =1 with experimental [6] and quantum Monte Carlo (QMC)
results [20]. The LOAF value of the critical Hubbard parameter
value (U/J). = 56.076 should be compared to the QMC critical
value (U/J). = 29.34(2) reported in Ref. [20]. LOAF also predicts a
critical pointat (U/J)cp = 46.02. The solid and dashed lines indicate
first- and second-order phase transitions predicted by LOAF theory,
respectively. The shaded area depicts the region where a diatom
condensate without the usual Bose-Einstein condensate is expected.

simulations [20]. The depression in the critical temperature
was observed experimentally in ultracold Bose atom systems
in three-dimensional lattices [6] and the QMC compares
well with experiments for couplings (U/J) < 20. The QPT
predicted by Monte Carlo occurs for (U/J), = 29.34(2), so
about half the critical value predicted by LOAF. In Fig. 4 we
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!
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FIG. 5. (Color online) Weak-coupling limit behavior of the
critical temperature 7, and corresponding critical value of the scaled
normal-density auxiliary field x, as a function of the Hubbard
interaction parameter value U/J at unity filling v = 1.
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FIG. 6. (Color online) Ideal gas critical temperature Ty, critical
value of the scaled Hubbard parameter (U/J )., and the corresponding
critical value of the scaled normal-density auxiliary field x, as a
function of the filling factor v.

show that our LOAF results compare qualitatively well with
existing experimental and ab initio QMC results [6,20]. The
shaded area in Fig. 4 is the region where a diatom condensate
is expected to be present in the system in the absence of the
usual Bose-Einstein condensate [39].

Just like in the continuum case, the LOAF results for the
lattice show that the critical temperature 7, departs from the
ideal gas result (see Fig. 1). Numerical results depicted in Fig. 5
show that in the weak-coupling limit (AT,) increases linearly
with the coupling (U/J) with a slope parameter =0.0737.
Furthermore, we find that the critical value of the auxiliary
field . is proportional with the square of the coupling (U/J)>.

Finally, in Fig. 6 we plot the ideal gas critical temperature
Ty, critical value of the scaled Hubbard parameter (U/J)., and
the corresponding critical value of the scaled normal-density
auxiliary field x/ as a function of the filling factor v.

VI. CONCLUSIONS

In this paper we developed the leading-order auxiliary
field approximation (LOAF) for the Bose-Hubbard model
corresponding to a system of Bose atoms confined in a
three-dimensional lattice. The auxiliary-field formalism treats
on equal footing condensates associated with the normal and
anomalous densities.

For temperatures T < T, we showed that LOAF is the same
as the “two-collective” field theory introduced by Kleinert
et al. [34]. Here T, is the temperature where the wusual
Bose-Einstein condensate vanishes. For temperatures T > T,
LOAF has two possible solutions corresponding to either
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a first-order or a second-order phase transition. For both
solutions, the superfluid state is indicated by the presence of
an anomalous-density diatom condensate in the system.

The BH phase diagram in LOAF features a line of first-order
transitions ending in a critical point at Tcp = Ty and a finite
coupling (U/J)cp. In the first-order phase transition solution,
the diatom condensate auxiliary field A vanishes at T, so the
system evolves from a superfluid to a normal phase. First-order
phase transition solutions are limited to temperatures 7' > Ty,
where Ty is the critical temperature of the noninteracting
system.

Beyond the critical point, the transition is second order.
In the case of the second-order phase transition, the diatom
condensate auxiliary field A goes to zero smoothly and
vanishes at the critical temperature 7*. For T, < T < T™,
the system is still in the superfluid phase, because in LOAF
the superfluid density is proportional to the square of A, and
not to the usual condensate fraction ng. For T > T* we have
A = 0 and the system is in the normal phase. This scenario
provides for the second-order phase transition known to take
place in liquid helium and dilute gases of Bose atoms. The
critical temperature 7* does not vanish either in the continuum
or the lattice cases. In the case of the BH model, T* is
always greater than Ty, so the system never reaches 7, but
rather exhibits a first-order phase transition at 7y from the
superfluid to the normal phase. Contrary to the conclusions of
Kleinert et al. [34], for couplings (U /J)cp < (U/J) < (U/J),
and temperatures T, < T < Ty, we have a region where a
diatom condensate is expected in the absence of the usual
Bose-Einstein condensate.

For Bose systems on a lattice the critical temperature 7
goes to zero for a finite value of the Hubbard interaction
parameter (U/J)., indicating a quantum phase transition
(QPT) similar to the superfluid to Mott insulator transition.
For continuum systems, 7, does not vanish [31] and LOAF
predicts no QPT in the case of infinite Bose matter. So in
LOAF the QPT is due to the spatial confinement of the Bose
atoms on the lattice. The LOAF phase diagram of the BH
model compares qualitatively well with existing experimental
and ab initio quantum Monte Carlo results [6,20].

It is clear that in order to understand the LOAF phase
diagram of strongly interacting systems of particles it is
necessary to extend this nonperturbative theory beyond the
mean-field level of approximation discussed so far.
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APPENDIX: NONINTERACTING CASE

The noninteracting case U/J = 0 is recovered by setting
x — 0and A — 0inEq. (38). Then ' = —u, wy — € — W,
and the effective potential becomes

1
Verrlz, T]1 = — Z]n[] — Ze—ﬂék]
ﬁ k

= i+ 23 it -z (Al
B B

where the primed sum omits the k = 0 term and the fugacity
z is defined by

z=eM 0<z< 1. (A2)
The particle number is

0 Veri[z,T] 0Verrlz,T1
_ JVeffle, 11 g lreme 7]
ou 9z

N =

! <
= No+zk: o
(A3)

with Ny = z/(1 — z). Dividing by Ns3 and replacing the sums
over k by an integral over d3g gives

v =vng+ F(z,T), (Ada)

FaT) = — Y & R
@T)= N3 Z a7 ; 1 pe,m — 5
sk

(A4b)
The critical point is where z — 1, in which case
v=vng+ F(1,T) (AS5)

is an equation giving the condensate fraction n( as a function
of T. The maximum value of T = Tj is when ng = 0, and is
the solution of the equation

v=F(1,Ty) (A6)

for fixed value of v. For v =1, we have Ty/J = 5.591
consistent with the tight-binding dispersion result [20].
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