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2 Laboratoire Kastler Brossel, ENS-Université PSL, CNRS,

Sorbonne Université, Collége de France, 24 rue Lhomond, 75005 Paris, France
(Dated: April 14, 2018)

Using the time-dependent Bogoliubov approach, we study adiabaticity for a two-component Bose-
Einstein condensate in a 3D time-dependent optical lattice with unit filling, in the superfluid and
weakly interacting regime. We show that raising the lattice potential height can couple the ground
state of the Bogoliubov Hamiltonian to excited states with two quasiparticles of opposite quasi-
momenta. In the symmetric case for interactions and density in the two components these represent
sound waves where the two components oscillate out of phase. We find an analytic expression of
the adiabatic time, its dependence on the fraction of atoms in each component and its scaling with

the system size.

I. INTRODUCTION

Spinor bosonic or fermionic atoms in optical lattices
are playing an increasingly important role at the crossing
of different fields such as statistical physics, condensed
matter, atomic physics and quantum technologies. Ac-
tively investigated in present experiments, these systems
display non trivial phase transitions and ground states
stemming from the interplay between the spin and the
external degrees of freedom of the atoms [1], and can
be used to investigate novel superfluidity mechanisms
[2]. Furthermore, they constitute a powerful platform for
quantum computation [3, 4], and offer fascinating per-
spectives for entangled state preparation and quantum
metrology [5, 6]. Among the different proposals using
cold atoms in an optical lattice, several protocols require
the possibility to adiabatically ramp up the optical lattice
in the multi-component cold atoms system.

In close relation with the first experimental realiza-
tions, adiabaticity has been mainly studied, both experi-
mentally [7, 8] and theoretically [8-10] for a single species
and in the presence of an external harmonic potential
that brakes the translational symmetry of the lattice. In
this paper we concentrate on the case of a uniform op-
tical lattice, that is now possible to prepare in the labo-
ratory thanks to the development of flat-bottom poten-
tials [11, 12]. We shall consider a single-component or a
two-component condensate in the superfluid regime and
study the adiabaticity condition when raising the lattice
within the time-dependent Bogoliubov approach.

_For a quantum system with a discrete spectrum
HVY = E; ¥y, initially in its ground state Wy, the adia-
baticity condition when a parameter of the Hamiltonian
is varied in time starting from ¢ = 0 takes the form [13]

(e (®)] 3 Po ()]
|E3(t) = Eo()]

<1 VE#0, ¥Vt>0 (1)

(Ur(t)|LWo(t)) is the coupling between the instanta-
neous ground state and other eigenstates, and Ej(t) —
Ey(t) is the energy difference. The condition (1) can be

equivalently rewritten as

(U (6)|in 4 [ wo (1))
[E(0) — Eo(t)]?

<1 VE#0, ¥t>0 (2)

We will use this last formulation to interpret our re-
sult. Our paper is structured as follows: after recalling
the Bose-Hubbard model and introducing all notations,
the adiabaticity criterion for a single component Bose-
FEinstein condensate is derived in section II. The analysis
is extended to the case of a two-components system in
section III, where we derive the expression of the adia-
batic time and investigate the influence of a density im-
balance between the two components. Conclusions are
drown in section IV.

II. ADIABATICITY CRITERION FOR A
SINGLE COMPONENT

In the adiabatic evolution, when an external parame-
ter of the Hamiltonian is changed in time, the quantum
state remains an instantaneous eigenstate of the time-
dependent Hamiltonian at all times. On the contrary, if
the change is too fast, the state will contain an admixture
of excited states. For a Bose-Einstein condensate in an
optical lattice in the weakly interacting regime, when the
system is superfluid, the excitations are well described as
Bogoliubov quasi-particles. We will regard the evolution
as adiabatic as long as the total density of excited quasi-
particles remains much less than one at all times.

A. Single component Bose-Hubbard model

We describe a system of N ultra-cold atoms, all in
the same internal state and subject to an optical lattice



potential, by the Bose-Hubbard Hamiltonian [14]

A1) = I Y al 0, (1) + S a0l - 1),

(4,4) 1

(3)
where dI(t) creates a particle in the single-particle Wan-
nier state w;(r,t) of the lowest energy band (I = 1) lo-
calized on the i-th site. The Bose-Hubbard model (3)
considers only states in the lowest energy band, which is
justified as long as the excitations energies to the higher
bands are much larger than the energies involved in the
system dynamics. The Wannier states w;(r,t) are con-
veniently constructed from the lowest band Bloch states
1=1,q(r,t) in the following way

w;(r, t) L

- —iqR; o 4
\/M qEZBZ € 1Z)l_l,q(ra t)v ( )

with Ry = d(izuy + iyuy, + i.u;), where d = \/2 is the
lattice spacing that we assume identical in the three spa-
tial directions (A is the optical lattice wavelength), u
are unit vectors and i,1,,7, are integers. Summation
in Eq. (4) extends over wave vectors belonging to the
1st Brillouin zone and M is the number of lattice sites.
The Bloch states 1 q(r,t), labeled by the band index [
and the quasi-momentum q, are eigenstates of the single-
particle Hamiltonian

ﬁ(t)z—;—mv2+%(t) > sin®(ka), (5)

a=w,y,z

where k = 27/X and Vj(¢) is the lattice potential height.
If Vo(t) is varied in time, the Wannier states and hence
the creation and annihilation operators in the Bose-
Hubbard Hamiltonian (3), as well as the hoping J(¢) and
interaction U (t) parameters, depend on time

2
U(t) = M d3r |w(r,t)|4, (6a)

m

() = / &r w(r, 1) {—%W

+Vo(t) Z sinz(ka)] w;(r,t), (6b)

a=w,y,z

where as is the s-wave scattering length characterizing
binary short range interactions between cold atoms and
m is the mass of an atom. In the limit in which Vy > FEg
where Ep = h?k?/(2m) is the recoil energy, the depen-
dence of U and J on the lattice height Vj can be approx-
imated by [15, 16]

3 Vo \ ¥4
U(VO) = ER\/;kGS (E—R> N (7&)
3/4 -
ER\;L_ ( ;/;) e WV, (7h)

For brevity, we shall omit in the following to mark the
band index [ = 1 for the Bloch states of the lowest band.

J(Vo) =

B. Number-conserving Bogoliubov approach

We start from the Bose-Hubbard Hamiltonian (3) writ-
ten in the quasi-momentum representation

. e U(t) .
H(t) = Z eq(t)al;aq + EWa Z aLl kagﬁkaqlaqw
q qi,92,k
(8)

contrarily to the homogeneous case, the kinetic energy in
the lattice takes the form

eq(t) = —2J(t) Z cos(q

a=w,y,2

-duy,). (9)

In Eq. (8) and further we omit the explicit time depen-
dence of the creation and annihilation operators to sim-
plify the notation, but we keep in mind that, even in the
Schrédinger picture, dil and aq depend on time.

In the number conserving Bogoliubov approach the
amplitude of the field in the condensate mode is finally
eliminated, and the interacting system is described as an
ensemble of quasiparticles in the modes orthogonal to the
condensate mode. The small parameter of the theory is
the non-condensed fraction, and to the lowest non-zero
order, that is the Bogoliubov order, the quasiparticles do
not interact. The first step to find the Bogoliubov quasi-
particles is to quadratize the Hamiltonian with respect
to the non-condensed field. One then obtains

H(t) ~ N [eg(t) ] > g [eq(t) — p(t)]
q#0
Ul(t) .
+ o ; [agagaqa_q + aododl al q+4Nalaq| (10)
a

where n = N/M is the total atom density and the chem-
ical potential is defined as

wu(t) = eo(t) + U(t)n. (11)

To obtain Eq. (10), the relation dgdo = N — 0N, where
ON = ZQ#Q i iq, was used. We now introduce the num-
ber conserving operators

I
Aq = —Nag)aq (12)
in terms of which the Bogoliubov Hamiltonian (10) takes
its final form

Hisog(1) = Ho(t) + 5 3 (Al A q) 02 < RS ) |
q#0 13)
where the ground state energy is
Hilt) = N o) + 4 0] =5 3 Leal®) - ) + 2001

q70



the non-hermitian matrix £q has the form

o ( <alt) — u(t) + 20 ()
. ~U(t)n ~ [eq(t) — u(t) + 20 (t)n]
(15)
and o is the third Pauli matrix. In the derivation of (13)
we used the following approximation
NP
P Gy, AqQ0 0, o
AI{AC1 = k970 aLaq, (16)
consistent with the fact that we retain only terms that
are at most quadratic in the non-condensed field. The
Bogoliubov transformation 7q(t)

(e )= (%0 o) (). o

Ta(?)

diagonalizes the quadratic Hamiltonian (13) in terms of
the Bogoliubov operators bq and bl; that satisfy bosonic

commutation relations [b, BL/] =dq.q'

N 1 PN
Hpog(t) =Ho + 5 D hwg(t) + D hwa(t)bba,  (18)
q#0 q#0

where the Bogoliubov energy has the form

huq(t) = \/AEq (1) [ABg(t) + 2a(t)],  (19)
AEq(t) = eq(t) — colt). (20)
jilt) = u(t) — eolt) = Ut)n, (21)
and the Bogoliubov modes are
: (L ABg) N\
iq(t) + Ta(t) = (m> e

N - V21O N
Ug(t) — vq(t) = (m) : (23)

In the limit of a small quasi-momentum dg < 1 and
for AEq < U(t)n, the Bogoliubov energy (19) has a
phonon-like dispersion

hwg (t) = he(t)q (24)
where ¢(t) = dy/2J(t)U(t)n/h is the sound velocity. The

Bogoliubov spectrum for a condensate in a uniform lat-
tice was already found in [17] within the usual symmetry-
breaking approach.

C. Time evolution in the Heisenberg picture

The column vector composed of Bogoliubov quasi-
particle annihilation and creation operators

no-(B)

U(t)n ) 7

evolves according to the Heisenberg equation of motion

& Balt) = 1 [Hsog(1), Ba(1)] + ("’BTf“L (26)

The first part on the right-hand side of (26) represents
the free evolution of the quasi-particles

[Hpog(t), By(t)] = —wq(t)o By(t) - (27)

According to the Bogoliubov transformation (17), the
second part on the right-hand side of (26) reads
0Ba(h))  dTa(t)
ot B
H

— ® [\q(t)
T g wsa+ 700 41 )

AT ()

(28)
By using the identity ag(t) —v2(t) = 1 one can show that
dTq(t
Talll 721y = ~0q(t)oe, (29)
where
_ d _ _ d
Qq(t) = “q(t)ﬁvq(t) - Uq(t)%“q(t)u (30)

and o, is the first Pauli matrix. The coupling (%) can
be expressed in terms of the quasi-particles energies, and
takes the form

Q4 (t) = %log(ﬁq +og) = %% log (g:&?) e

Let us now deal with the second term on the right-hand
side of Eq. (28). The time derivative of the number-
conserving operator (12) is

8t[\q(t) = \/LN

By using the definition of the creation and annihilation
operators in the first Bloch band

0ab(1), 1 1 ot Dialt)
0 aq(t) + ) ()2

] . (32)

fq(t) = / & () B (), (33)

and expanding the field operator on the complete set of
time-dependent Bloch states

\if(r) = Z (v, t)ax (t) + Z Yi(r,t)a k() (34)
k

1#1,k

one obtains

Oriq(t) = Cy q®a(t) + Y Cliq(®)ai(t), (35)
k

1#1,k

where

Cuoalt) = [ Er vin 0 e, (30

0
Clx.q(t) :/d3r ﬁk(r,t)gwq(r,t). (37)



the first sum on the right-hand side of Eq. (35) runs
within the lowest energy band, while the second one runs
over all the other bands. For ramping times that are
long with respect to the inverse recoil frequency h/FEg,
one can neglect all inter-band couplings, i.e. Cjx q = 0.
Moreover, from the conservation of quasi-momentum we
know that Cik q(t) = 0q,kCq,q(t) (see Appendix A). The
time derivative (32) of the number conserving operators
is then

o ( ﬁqj&) — CL () < /(‘T‘*q(ft)) ) (39)

where we used the relations C'_ g, _q(t) = Cgq 4(t) and
Co,0(t) =0 [18] for the Bloch states in (36).
Gathering all the terms, the Heisenberg equation (26)
for Bq(t) takes the form
L d - . A
ZhEBq(t) = [hwq(t)o= — ihSdq(t)os] Bq(t)
+ihCY (1) Bq(t). (39)

Notice that the second term in the above equation gives
a global time-dependent phase factor, which can be re-
moved by a gauge transformation. Finally, the solution
of the Heisenberg equation (26) can be cast in the simple
form

Ba() = (o) ) i@+ ( 520 ) iLa0) @0

where

od At fwg(t)  —ihQq(t Aq(t

b (440) - 230 (85).
41

with the initial conditions Aq(0) = 1 and Bq(0) = 0.

D. The adiabaticity parameter

During time evolution some Bogoliubov quasi-particles
will be excited with respect to the quasi-particle vacuum
state. The number quasi-particles created in mode q is
determined by the coefficient Bq(t):

g (1) = (VBog (0)[0% (1)bq (1) WBog (0)) = By (t)[*, (42)

where |¥gog(0)) is the Bogoliubov vacuum state at time
t = 0. Excitations are avoided by suppressing the cou-
pling between Aq(t) and Bq(t) in Eq. (41), which brings
us to the adiabaticity condition

| ()
oall) = 'mq(t)

' <1, Vaq, (43)

where (g is the coupling (31) and wq is the Bogoliubov
energy (19). Since both |Afq(t)] and 1/7uwg(t) are mono-
tonically decreasing functions of ¢, the left-hand side of

Eq. (43) reaches its maximum value for minimal quasi-
momenta |Qmin| = Gmin- We thus introduce the adia-
baticity parameter « as:

o= OS?%atfimp A Gumin (t)’ (44)

h d [AE, .
o a Amin | | 45
aqmln( ) 4AEqmin dt ( h'o‘}qmin ) ‘ ( )

1. Limit of large N

By expanding Eq. (9), (19) and (31) for a small wave
vector ¢ and non-zero interactions: one obtains

Qi (1) ™ 1 Jh(t) ‘% (hcégsz '

The expression of the minimum wavenumber in the lat-
tice

(46)

21

= N1/ (47)

Qmind
gives a scaling N'/3 to the adiabaticity parameter. In the
case of a linear ramp changing between Vi, and Vipax in
a time tramp

Vmax - Vmin
Vo(t) = —————t + Vinin, (48)
tramp
taking n = 1, and using the approximated formulas

(7a)-(7b) for a deep enough lattice, we deduce the adia-
batic time t,giap such that the evolution is adiabatic for
tramp > tadiab;

i Vmax -
Er Er

N1/3
64(v/2mka,)1/2

Vmin

tadiab =

5/4 o
X max <@) eV Tx, (49)
Vinin <Vo<Vmax \ V0
Note that the fact the formula gives a diverging time in
the limit Vo/ERr — oo (corresponding to J — 0) is not
relevant here as our analysis is restricted to the superfluid
regime were a condensate is present.

2. Ideal gas

When interactions tends to zero, i.e. U — 0 we cannot
linearize the dispersion relation of quasi-particles. One
rather has

hwq(t) — AEq(t), (50)
Qq(t) = 0. (51)

In the ideal gas regime all the particles occupy the in-
stantaneous q = 0 mode during time evolution and the
evolution is always adiabatic. This effect is a consequence
of quasi-momentum conservation, deriving from the fact
the although the lattice height increases, the periodicity
of the lattice is unchanged.



E. Interpretation of the adiabatic parameter

In this subsection we explicit the link between Eq. (43)
and Eq. (2), gaining some physical insight into our result.
Let us take the time derivative of the Bogoliubov Hamil-

tonian (18)
dH 1 s
— i hz ( - bgbq)

(dbE . db
+ hwq (t) [m <d—;bq+bgd—;>1 : (52)

The term in the first line of (52) cannot change the num-
ber of quasi-particles and will play no role. For the term
in square brackets in the second line, using Eq (39) we
find

L d
zhEHBOg (t)

bl . .. db ST
il <_qbq ot _q> = —ihfq (b,qbq + bLbiq) , (53)

showing that the time derivative of the Hamiltonian can
couple the Bogoliubov ground state to states with two
quasi-particles with opposite quasi-momenta

(I:q,1

the energy difference being 2fiwq. Using Eq. (2), we then
obtain the condition

: —albhb! 4l0) = 1. (54)

q " —q

h|$2
aq(t) = y < 1, (55)
q

that coincides with the adiabaticity condition (43).

III. ADIABATICITY CRITERION FOR
TWO-COMPONENTS

In this section we extend the reasoning presented in
section II to calculate the adiabaticity parameter for the
two-component system.

A. Two-components Bose-Hubbard model

We consider a two-component Bose-Einstein conden-
sate in an optical lattice potential that has identical
parameters (shape, periodicity and height) for the two
components. The tunneling parameter J(¢) of the Bose-
Hubbard Hamiltonian will then be the same for the two
components. The interactions between atoms may how-
ever be different for different components. For conve-
nience we introduce the interaction parameters

with o = a,b,ab, (56)

With ay—q.b.ap the s-wave scattering lengths respectively
for two atoms in the state |a), two atoms in the state |b),

or one atom in |a) and the other in |b), where U(¢) is
still defined by Eq. (6a). We note N, and N, the average
number of atoms in each component, and N = N, + N,
the total number of atoms.

B. Bogoliubov description for two-components

The Bose-Hubbard Hamiltonian for the two-
component system in the quasi-momentum repre-
sentation takes the form

Hac(t) = eq(t) [él;_’aéq_,a + ég7béq7b}

q

o
+ Z {2M Cq—k,aCqp+k,aCar.aas.a

q1,92,k
Up(t) ;i
+ oM q1 16Can 1, bCan bCaz b
Uab(t) .
+ M CLl ka Lz-i—k bcfh va2 b (57)
where CL » is the creation operator in the internal state

|o) and quasi-momentum q. Similarly as in the single-
component case, we introduce a set of number conserving
operators

~ 1 R R

Ag,a = ﬁcaacq,a, (58)

Aqb: . éT béqb- (59)
) \/m o0, )

In terms of the vector
R R T
AQC,q = (Aq,aaA qaaAq baA ) ; (60)

the two-component Bogoliubov Hamiltonian (57), once
quadratized, reads

Hoc og(t) = Hacol(t

Z Agcq D) AC2Cq A2C )
q750
(61)
where ¥, = 0, @ 0., and where the explicit form of the
ground state energy Hyco(t) and of the non-hermitian
matrix Loc,q, which are the two component equivalents
of (14) and (15) respectively, is given in Appendix B.
Equivalently to (17), the Bogoliubov Hamiltonian (61)
can be diagonalized using a Bogoliubov transformation:

BQC,q(t) = 7d20.,q(t) AQC,qv (62)

where we have introduced the vector
Bac,q(t) = (ba,+(£), b1 o 4 (t),bq,—(£), b7 4 ()T, (63)

gq,i being annihilation operators of Bogoliubov quasi-
particles, and the transformation matrix

ﬂ§,+(t) —_173.,+(t) ﬁ_b.,+(t) __’L_;grf(
Tealt) = | i) ) T tal)
—vs _(t) wl_ (1) —ob_(t) ab_(t



As in the homogeneous case without a lattice [19-22],
there are two excitation branches labeled =+:

7:[Bog( ) HQC O Z Z hwq o
q#0cc{+,—}
+D Y hwae(O)bl o (t)bae(t),  (65)
q#0oe{+,-}
of energies
hw2 |+ hw?
h'o')q)i = e 749b 5 b
5 1/2
(hwg o — hwg)?
i\/ q’f‘“’ +4AE2UZnany |,
(66)

where hwq ) are defined as in the single component
case (19)

hoga = \/ AEq(DEq +2Uana), (67)

hwg = \/ AEq(AEq +2Usm), (68)
with n, = N, /M. For single-particle unit filling M = N,
ng and np represent the fraction of atoms in component
a and b respectively. The corresponding Bogoliubov am-
plitudes which appear in the transformation (62) are [21]

’ﬁu’q)i 20U, b,/nanbAE (AE + hwq :I:)
’Dg.,:t 2Uab,/nanbAE (AEq hwq :I:)
b = Xq,ﬂ:u
Uqg,+ (h'wq.,:t )(AECI + h‘*"q,i)
Ug + (hwj+ — hwd o) (AEq — hwg,+)
(69)
with the normalization coefficient x4 + given by
Xq,+ = [4AE hb.)q +
—1/2
x (AAE2U2nany + (hwl . — hw? )?)] " o
70

C. Heisenberg equation of motion

Following the procedure and arguments presented for
the single component case in section II, the Heisenberg
equation of motion for the operator Bac q(t), defined in
Eq. (63) takes the form

i d Brcalt) =
[ + () (02 B 0ax2) + hwg,— (t)(02x2 @ 02)] Bac q(t)
+i Tch( ) QCq( )Bacq(t) + z‘hO;7qBQC,q(t). (71)

The last term on the right-hand side of Eq. (71) gives
a global time-dependent phase factor, which can be re-
moved by a suitable gauge transformation.

In general, the coupling term in the Eq. (71) is

T t)
Beallgo1 ) =
0 _Qq,-i-(t) _Qq,l(t) _Qq72(t)
—Qq,+(8) 0 —Qq2(t) —Qq1(t) (72)
Qq1(t)  —Qq.2(?) 0 —Qq,-(t) |’
—Qqg2(t) Qqu(t) —Qq,-(?) 0
with the following couplings
5 d_, 5 d_,
Qq i(t) - Z q,i(t)avq,i(t) q,i(t) dt q,i( )
o=a,b
(73)
Y d _, o d_,
Qai(t) = 3 050050 = 15O 750
(74)
5 d_, 5 d_,
Qqﬂ(t) - Z Ug —(t)ﬁvq,-i-(t) - Uq’_(t)dt q,+(t)
o=a,b
(75)

Based on the forms of the Bogoliubov amplitudes (69),
one can show that

Qqet) = 2L 10g <M) |

2dt hb.)q)i(t) (76)

and Qq,1,2(t) = 0 whenever U,(t), Up(t) and U,yp(t) share
the same time dependence. It follows that in the case of
the time-dependent optical lattice we consider, the Bo-
goliubov modes I;qi(t) evolve independently and they
can be cast in the form

Bq,i(t) = -Aq,i(t)i’q,i(o) + B:;,i(t)éiq,i(o)u (77)
where
L d Ag () ) _ +(t) _qu (t)
g (5 ) = ( Jnaly el
Aq,+(t)
X < () > (78)

with initial conditions Aq +(0) = 1 and Bq,+(0) = 0.

D. Two components adiabaticity parameter

Similarly as in the one-component case, the number of
Bogoliubov quasi-particle excitations in mode q created
by the ramp is

ng (t) = [Ba+ (D) + [Ba,~ ().

In order to minimize the total amount of excitations dur-
ing the time evolution one needs to reduce the coupling

(79)



between the functions Aq +(t) and Bq 4 (t) in Eq. (78).
This leads to the adiabaticity conditions

g, (1)

FQq (1) ‘ ‘ ‘
— <1 and — < 1. (80)

‘ 2hwq, (1) 2hwq,~(t)
The adiabatic conditions are most stringent at the min-
imal quasi-momenta |qmin| = ¢min (47), and one intro-

duces the two adiabaticity parameters a4
at = OS?%%:[))p alhnin,i (t)7 (81)

h d [ AEq,,

()= — Gmin 82
afhnln7i( ) 4AEqmin dt (h/&]qmirhi ) ‘ ) ( )

corresponding to the two excitation branches in the two-
component system. In order for the evolution to be adi-
abatic the conditions a4+ < 1 must be satisfied.

1. Large N limit for two components

In the limit of a large particle number N — 00, ¢min —
0 and single-particle unit filling n, +np = 1

51 i (i)

where ¢4 (t) are the sound velocities of the two excitation
branches defined as follows

Gmin—0

; (83)

Qgmin, =

i\/ (@0) = 20 + g 2<t>c§<t>] ,

(5

alt) = 52T Tal0)ma (55)
olt) = V2T (50)

E. Illustration for a linear ramp

For a linear ramp (48), by changing variables from ¢ to
Vo in (81), the adiabaticity condition is tramp >> tadiab,+;
where

o =, BE%y,,, 00 o
h(Vmax - Vmin) d Aqu i (‘/0)

t+(Vg) = ——ri—— L | — | ——2——%)|. (88

:t( 0) 4‘AEQmin (VO) d‘/o (hwqmin;i(vo) ( )

Let us consider a situation in which Vi, = 4FER, Vinax =
13FER and the fraction n, of atoms in component a is
varied from 0 to 1, with ny, = 1 — n,.

In Fig. 1 we plot the times ¢4 (V)) in Eq. (88) as a func-
tion of Vy/FER, for different atom numbers and fractions
ng. Within the selected range of Vj, the maximum of ¢4+

is reached for Vi = Vipax. The maximum of the “minus”
branch (bottom row) is always larger than that of the
“plus” branch (top row), hence setting the minimal time
scale for adiabatic evolution.

In Fig. 2 we plot the adiabatic time t,4iap,— given by
Eq. (87) as a function of n, for different atom numbers
(colored solid lines). The black dashed line is the approx-
imation for large N:

qmil—>0
tadiab,+ — max
‘/min SVO S‘/max

h(Vmax - Vmin)
47 (Vo)

" (Vo), (89)

J(Wo)

t(Vo) = a7 (resvioamm) | 0

F. Discussion of the results

To gain physical insight in the low energy excitations
involved in the adiabaticty condition for the two compo-
nent system, let us first consider the homogeneous case
without the lattice [19, 22]. A clear physical picture is ob-
tained by linearizing the coupled Gross-Pitaevskii equa-
tions

2
0 = [~ 52+ Uulua P+ Ualtnf] v 01
2

. hA
ihdyy, = [—% + Up|tn|* + Uab|¢a|2} Yo, (92)
for the fields of the two components

t) = V/Nada(r,t) p(r,t) = /Nogy(r,1), (93)

around the uniform solutions ¥, = /na, ¥» =
with chemical potentials p, = n.Us, + npUapb, pp =
npUp + ngUqp, where ¢, = ¢p = 1/\/7 are the station-
ary condensate wave functions, n, = N,/V, ny = N, /V
are the uniform atomic densities, and U, = % for
o = a,b,ab are the interaction constants. Linearization
of Eq. (91)-(92) gives

2

00 = — D 5 a0+ 05)

+ Ve Uab (65 + 093, (94)
ihdLoy = — i&/;b + npUp (690 + 0y)

+ \/WUab(Wa + 0y), (95)

One then looks for eigenmodes in the form of plane waves
0o Ugq ) i(qr—wqt)
= Har-wat) 96
(s0e) -2 (&) 00
7 g#0 4

where ¢ = a,b. Note that in the density-phase point of
view where 1, = \/pae’% and 1, = /pre’® we obtain

o 1 P —0

6pq - g(uq + Uq), (97)
o 1Ug—7g

507 = . (98)

2 /g
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FIG. 1. (Color online) Times t4 (Vo) (top row) and t_(Vp) (bottom row) in equation (88) as a function of Vo/ER, for three
atom numbers: N = 10, N = 10* and N = 10° from the left to the right. In each panel we show the result for different
fractions of atoms in component a: n, = 0.5 (black line), n, = 0.1 (red line) and n, = 0.01 (green line). In each case the
maximum of ¢4 is reached for the largest value of Vo /Er. The plots where generated expanding the kinetic energy term AFEq_ .
for a low quasi-momentum dgmin < 1 and using the approximate formulas (7a)-(7b) for J and Ugp,qp with scattering lengths
Qaa = app = 100.47¢ and aqp = 95.0r9 where r¢ is the Bohr radius. The lattice wavelengths is A = 800nm.

307 ‘ ‘ ' 30 e S
L 3 I L \ 1
— N=10 \
25 e ;
— N=10" »
= 1 — N=10° 1=
Z 201 —. linearized dispersi i 4 Z 20 .
= I linearized dispersion relation | =
~ ~
[~4 - - ~ 4
s, 15 o5 15
Tg 10+ B .'g 10 1
= =
oS L | o
5+ (\ /\ — 5
0 r ‘ ! ! ! ! ‘ \ ] m
0 0.2 0.4 0.6 0.8 1 0.?)001 0.001 0.01 0.1 1
n n
a a

FIG. 2. (Color online) Adiabatic time tadiab,— as a function of the fraction n, of atoms in component a, for different atom
numbers, in linear scale (left panel) or in semi-log scale (right panel). The solid lines are from Eq. (87): N = 10 (black solid
line), N = 10 (red solid line), N = 10° (green solid line), while the black dashed line is from the approximate expression (89)
that holds in the large N limit. The plots where generated expanding the kinetic energy term AEq, ;. for a low quasi-momentum
dgmin < 1 and using the approximate formulas (7a)-(7b) for J and Ugp,qp with scattering lengths aqa = apy = 100.47¢ and
aab = 95.0r9 where 7o is the Bohr radius. The lattice wavelengths is A = 800nm.

The linearized equations (94)-(95) decouple when taking  and similarly for b, where AEq = h?q?/2m, is the kinetic
the sum and difference. One then finds that energy, and the sum combination satisfies the eigenvalue




problem

{AEq

2
w
1—<h )
AL,

;A + Ha
H+2M} (1_‘3 fg) —0,
ug + Uq

(100)
with I the identity matrix and
IIUG/ a Ull
M=(" vitaltb Zab ) (101)
VianwUay Uy

The eigenvalues of M are

1
Ay = 3 [Uana + Upnp = \/(Uana —Upmp)? + 4nanbU3b] ’

(102)
and the two eigenenergies take the form

B+ = \/DEq [AEq +2)s] (103)

Looking for the eigenvectors of the 2x2 matrix M, one
finds the ratio between the density perturbations in the
two components for the two excitation branches

b b b
opy g4 +Uq 4

5[)(:7[: 'EL?Li + ﬁgi

o )\i - Uana
B Uab\/ TLa Ty

_ 1/2
=segn(Ay — Uyng) (M) . (104)

/\:t — Ubnb

In the limit of a small wave vector q, they correspond to
sound waves with the speed of sound given by

homo __ | /\i
C:l: —_— ——
m

The relations in this subsection, derived for a ho-
mogeneous system, hold in the lattice, provided one
reinterprets the kinetic energy term AFEqg according to
Eq. (20). In particular Eq. (103) for the spectrum co-
incides with Eq. (66), Eq. (104) can be easily deduced
by the modal functions (69), and Eq. (84) for the speed

of sound reduces to (105) by performing the substitution

2
L % that is the low energy equivalent of the cor-

m
respondence (20) for kinetic energy. Provided Uyn;, # 0,
we can rewrite in the lattice

(105)

A2 T (U (t
¢ = EIOUHne )h;’( L (106)
Usn Uing \ 2 ng U?
F=|(1+-"2) &4/ (1- 2= —<—a
< + Ubnb> \/< Ubnb> np sz
(107)

Note that when U,(t) and Up(t) have the same depen-
dence on Vj, the factor F'in (106) gets out of the deriva-
tive in (90), and gives the dependence of the adiabatic

time on the ratios between the atom numbers and scat-
tering lengths in the two components. For the linear
ramp one indeed has

t]in o th/g(Vmax - Vmin) li i
B 8w/ F Javo\V Uy’

which also shows that, for a linearized dispersion relation,
tadiab,— 15 always larger than tagiab,+-

(108)

1. Symmetric case

For U, = Uy and n, = np= 1/2, the factor v/n, F in the
denominator of the ti (108) is equal to (1 4+ Uup/U,)'/?
showing the divergence of ti* when U,, — U,. Equation
(104) shows that the “minus” solution corresponds to a
situation in which the two component oscillate out-of-
phase while the “plus” solution corresponds to in-phase
oscillations

5p® = —6p",
8p2 = bpb..

(109)
(110)

The out-of phase solution, whose speed of sound c_ tends
to zero as Uy, approaches U, from below, announces the
demixing instability for U% > U,U,.

2.  Asymmetric case

In the asymmetric case, with U, = U, but n, < ny, to
the lowest order in n,, that is zero order, one has

Fwq,— = AEq,
Mg, = \/ AE(AEq + 2Uyny).

(111)

(112)

The “minus” branch hwg,— does not describe a sound
wave, but is purely quadratic for small q, see (9) [23].
Correspondingly, for n, = 0 (and symmetrically for n, =
1) Qg,— = 0 in equation (76) and the adiabatic time is
zero as shown in the right panel of figure 2. We note
however that the adiabatic time significantly increases
where 0 < n, < np. This feature can be simply explained
in the large N limit where, using equations (107) and
(108), one gets

(tl—in)na<<nb nq—0 1
_— ~

tlinn:n
() ng=ny Q(HUT?)

(113)

Na

IV. CONCLUSIONS

We found the adiabaticity condition when an opti-
cal lattice is raised in a uniform two-components Bose-
Einstein condensate at single particle unit filling. We
concentrated our analysis in the superfluid regime and



we used the time dependent Bogoliubov approach. We
find that the excitations that can brake adiabaticity are
pairs of Bogoliubov excitations (sound waves) with op-
posite quasi-momenta, where in the symmetric case the
two components oscillate out of phase. The scaling of
the adiabatic time with the system size is N'/3, given by
the minimal quasi momentum that can be excited in the
lattice. We show that the adiabatic time is significantly
larger in the strongly asymmetric case n, < n, with re-
spect to the symmetric case n, = np, the ratio scaling as
1/y/nq in the large N limit.
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Appendix A: Implications of discrete translational
symmetry

The single particle Hamiltonian (5) is invariant under
discrete translation R along any lattice vector. It fol-
lows that translation operator Tg commutes with the
Hamiltonian i.e. [h(t),Tr] = 0, at any time. Complete
set of commuting observables theorem implies that both
operators share the same set of eigenstates. The eigen-
states of the operator Tr are labeled with discrete quasi-
momentum g values [24]

Troq(r,t) = ¢ TRgqg(r, 1), (A1)
with eigenvalue e@R, Equation (A1) suggests the fol-
lowing form of the eigenstate

Pq(r,t) = "V Tug(r, t), (A2)
where function uq(r,¢) has the same periodicity as the
lattice. Thus, single-particle Hamiltonian eigenstates are
of the form ¥, 4(r,t) = €%y, 4(r,t), with additional
band index n. This is a statement of the Bloch theorem.

In a process where only the height of the potential
varies in time and the periodicity of the lattice stays con-
stant the time-evolution operator U(t) defined as

N 7ij'ds h(s)

Ut)=Te o , (A3)
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where 7" denotes time-ordering operator, also commutes
with Tr. Consequently, the time-evolving state ¢ (r,t) =
U (t)1)n.q(r) will remain an eigenstate of the translation
operator with the same eigenvalue as the Bloch state
Yn.q(r). In other words, quasi-momentum is conserved
during time evolution. It follows from

TRU (t)thn,q(r) = U()TRtn,q(r) = € YRU ()t q(r).
(A4)
Although the quasi-momentum needs to be conserved,
it does not exclude situation where other bands may be
populated. In general one can write

P(r,t) = Z Cm

with ¢, (0) = Iy
Another consequence of translational invariance is the
vanishing of the coupling term

() ¢m.q(r, 1), (A5)

Cosemal®) = [ & 64005 vmalrt)  (40)

when k # . This can be shown once we consider the
identity

J &7 030, 25 ()
Cn k m,q(t) Em,q(t) _ En,k(t) (A7)
and quasi-momentum conservation
Oh(t
020 ) = 2O 5,0
Oh(t
a0 ). (a9)
Eq. (A8) shows that
8h( )U)m q Cl 1/}l ,q I‘ t (Ag)

=1

This result combined with orthogonality of Bloch states
gives a non-zero coupling term only if the quasi-
momentum of both states is the same.

Appendix B: Explicit formulas for the
two-component system case

The non-hermitian matrix £ is defined as follows
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AE4(t) + Uy(t)ng Uy (t)ng Uab(t)y/Teantp Uab(t)/Teatty
—Ua(t)nq —[AEG(t) + Ua(t)na]  —Uab(t)y/Mamie —Uas(t)y/NaTty
£2C,q = (Bl)
Uab(t)\/m Uab(t) NNy AEq(t) + Up(t)ny Up(t)np
—Uab(t)y/namy —Uap(t)y/Mant —Up(t)np —[AEq(t) + Up(t)ns]
The energy introduced in Eq. (61) takes the form
I _ [ Ua(t)na Ub(t)nb Uab(t) _ 1
20.0(t) =Na |co(t) + =5 | + Ny |eo(t) + —— | + =7~ NaNy — o > [2AEq(t) + Ua(t)na + Us(t)ns) .

a#0
(B2)
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