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Number-conserving approaches to n-component Bose-Einstein condensates
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We develop the number-conserving approach, which has previously been used in a single-component
Bose-Einstein condensed dilute atomic gas, to describe consistent coupled condensate and noncondensate
number dynamics, to an n-component condensate. The resulting system of equations is comprised, for each
component, of a generalized Gross-Pitaevskii equation coupled to modified Bogoliubov—de Gennes equations.
Lower order approximations yield general formulations for multicomponent Gross-Pitaevskii equations, and
systems of multicomponent Gross-Pitaevskii equations coupled to multicomponent modified number-conserving
Bogoliubov—de Gennes equations. The analysis is left general, such that, in the n-component condensate, there
may or may not be mutually coherent components. An expansion in powers of the ratio of noncondensate-to-
condensate particle numbers for each coherent set is used to derive the self-consistent, second-order, dynamical
equations of motion. The advantage of the analysis developed in this article is in its applications to dynamical
instabilities that appear when two (or more) components are in conflict and where a significant noncondensed

fraction of atoms is expected to appear.
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I. INTRODUCTION

Modern experimental apparatuses allow a Bose-Einstein
condensate consisting of a single species of atom to be realized
at ultralow temperatures (typically of the order of nanokelvins
[1]). Thermal effects are then frequently considered negligible,
to the extent that a Hartree-Fock mean-field approach is often
utilized [2,3]. In this zero-temperature limit, the resultant
dynamical description of the condensate is provided by the
Gross-Pitaevskii (GP) equation (a cubic nonlinear Schrodinger
equation), which propagates a classical field with a form
reminiscent of a Schrodinger wave function [2]. One of the
basic assumptions in justifying this mean-field description is to
assume that effectively all particles have Bose-condensed. Yet
interatomic interactions between the individual atoms directly
implies the existence of a small noncondensate fraction,
for any finite total atom number, even at zero temperature.
Such a noncondensate fraction can become non-negligible,
particularly at a finite temperature [4,5], or when there is a
dynamical depletion of the condensate [6—17], such as occurs
when the condensate exhibits nonequilibrium dynamics [5,16].

There is increasing interest in multicomponent condensates,
where in general the noncondensate fraction is likely to be
a quantity of experimental significance. It is by now fair
to say that single-component Bose-Einstein condensates can
be created relatively readily. A large number of different
alkali atoms (and many of their isotopes), as well as some
nonalkali species, have been condensed [1], and we understand
well, both experimentally and theoretically, the effect of
an applied magnetic field on the s-wave scattering length
through Feshbach resonances [18-21]. When one considers
the experimental realization of a multicomponent condensate,
for instance, of two-component condensates [22-26], then
the situation becomes more involved. The scattering lengths
must be determined for each atomic species pair, as has
been accomplished, for example, for 85Rb-87Rb [25], #Rb-
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133Cs 271, ¥Rb-133Cs [28], and *'Rb-¥ K [29] mixtures.
Variation of these scattering lengths can lead to miscible or
immiscible (phase-separated) condensates, and a number of
theoretical works have looked to establish the equilibrium
density profiles [30-32] and criteria for phase separation
[33-35]. However, there may be a difference in the temperature
at which the condensed components are initially held (if
condensed separately), and there can easily be situations in
which nonequilibrium dynamics are prevalent. A number
of studies have reported the development of fundamental
instabilities in two-component condensates, such as collective
oscillations in colliding condensates [36,37], Rayleigh-Taylor-
type instabilities [38—40], Kelvin-Helmholtz-type instabilities
[41,42], counter-superflow instabilities [43,44], and crossovers
between Kelvin-Helmholtz-type instabilities and counter-
superflow instabilities [45]. A separate line of studies has
focused on “exotic” condensates, such as the spin-orbit con-
densate [46—48], the two- or three-component condensate with
aRabi coupling [49,50], spin-orbit together with Rabi coupling
[51], and dipole-dipole interactions in two-component conden-
sates [52]. However, while these studies are often driven by an
applied external field such as a potential gradient or a rotation,
they are, in general, carried out in the mean-field limit; i.e.,
formally they assume that there is no noncondensate fraction
present in any of the components.

Our primary interest in this article is thus to develop a
consistent description of the dynamical interaction between
condensed and noncondensed fractions of multicomponent
Bose-condensed systems in order to facilitate an understanding
of the dynamics present in the leadup to instabilities. As such,
our description of the condensate-noncondensate dynamics
concentrates on situations where the origin of the nonconden-
sate fraction is mainly dynamical, rather than thermal. This
approach is particularly suited for a dynamical depletion of
the condensate parts [ 16], however, small thermal fractions can
also be incorporated [16]. As such, application of our results
to study the effect of spin squeezing in finite-temperature
condensates is entirely possible [53—55]. The approach we take
builds on the work of Gardiner and coworkers [15,16,56], who
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developed a self-consistent second-order number-conserving
formalism for single-component condensates, which itself
owes its origin to the works of Gardiner [57] and Castin and
Dum [58]. The starting point in any such number-conserving
description is through the Penrose-Onsager criterion, in which
a single-body density matrix is defined in terms of quantum
field operators. The subsequent analysis then proceeds by
splitting this quantum field operator into a condensate and a
noncondensate part, which allows one, through an expansion
in terms of powers of the (low) ratio of noncondensate-to-
condensate particle numbers, to develop a set of coupled
equations, describing the condensate with a generalized
Gross-Pitaevskii (GGP) equation and the noncondensate with
modified Bogoliubov—de Gennes (MBdG) equations. The
formulation that we develop in this article requires a nontrivial
generalization of this procedure. We must first define the
single-body density matrix, but since our system contains in
general n components, this definition needs to be adapted to
account for those components that are mutually coherent or
incoherent. To separate the components into mutually coherent
and incoherent sets is merely a formal bookkeeping; each
set contains the components which are all coupled through
the same one-body term, such as a Rabi coupling term (the
elements are mutually coherent), but there are no coherences
with respect to all the other sets. The resulting analysis collects
the quantum field operators into distinct coherent sets, which
is crucial for our partitioning of each operator into condensate
and noncondensate parts and for our definition of the expansion
parameter.

Through this expansion parameter we are able to derive a
set of self-consistent second-order equations which comprise,
for each component, a GGP equation coupled to MBdG
equations. In the process of doing so, we also provide general
derivations for multicomponent time-dependent GP equations
and multicomponent equivalents to the non-self-consistent,
but nonetheless useful, system of the GP equation coupled to
MBJG equations.

Despite our concentration on a number-conserving ap-
proach, it is pertinent to remark on other possible theories
that could be employed, particularly if one were to look
at a multicomponent condensate in which thermal effects
were expected to play a large part in the dynamics. The
number-conserving approach explicitly partitions the system
into orthogonal condensate and noncondensate parts. In
contrast, one could employ a symmetry-breaking approach
in which the U(1) global phase symmetry is broken by
describing the quantum field operator as a sum of a (c-number)
finite expectation value and a fluctuation term around this
expectation value. The expectation term is thus, in general, not
orthogonal to the fluctuation term. We note that symmetry-
breaking formulations can only conserve the mean particle
number, as the grand canonical ensemble is required to give
the field operator a finite expectation value. The Hartree-Fock-
Bogoliubov-Popov or Zaremba-Nikuni-Griffin descriptions of
the single-component condensate are specific examples of
symmetry-breaking approaches [5], the former of which have
recently been applied to two-component condensates [59,60].
They both rely on a perturbative expansion about a mean field,
which is philosophically similar to the number-conserving
approach taken in this paper.
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Another line of description, for example, those that lead
to a stochastic GP equation, a projected GP equation, or a
stochastic projected GP equation, relies on a c-field method
whereby highly occupied modes of the system are described in
terms of a classical field. At present, however, these methods
are limited: particularly, the latter two “projected” descriptions
are only applicable in a high-temperature regime since they
do not consider a quantum treatment of the pair-excitation
process, a process that drives condensate depletion (see [5] for
an overview).

Development of these theories to describe the multicom-
ponent condensate is certainly warranted, however, we are
concerned with a self-consistent treatment of the number
dynamics within a multicomponent condensate. Our paper is
thus organized as follows. Section II begins by introducing
the effective Hamiltonian and the n quantum field operators
and fluctuation operators (expansion parameters). Section III
then presents an expansion of the effective Hamiltonian in
terms of the expansion parameters, while in Sec. IV we derive
the time-evolution equations of the particle operators and the
fluctuation operators. Sections V and VI then proceed to derive
the equations of motion that describe the condensate and
noncondensate dynamics of the multicomponent condensate.
This is followed (Sec. VII) by specific examples for two- and
three-component (mutually coherent or incoherent) conden-
sates. Section VIII comprises the conclusions and is followed
by five technical Appendices.

II. FORMULATION

A. Overview of the chosen formulation

In this section we introduce the effective Hamiltonian
that describes our n-component condensate. This Hamiltonian
will be written down, and developed, in its most general
form, i.e., to include the possibility of there being coherent
couplings between any of the components, such as a Rabi
coupling or a synthetic gauge coupling. A consequence of
including this generality into the Hamiltonian is the need
to carefully establish a suitable notation in the subsequent
formal development. This takes the form of a partitioning of
the sample space of components into coherent subsets and an
associated mapping that takes any given collection of mutually
coherent components into a specific subset.

Upon establishing this notation, we can write down the
single-body density matrix for the n-component condensate.
Our analysis relies on our establishing condensate and noncon-
densate representations for each component in order to track
their dynamical evolution, and so we proceed by partitioning
each of the field operators into a condensate and a nonconden-
sate part. We then need to introduce an expansion parameter
allowing us to develop a third-order effective Hamiltonian
(established in Sec. III). In Sec. ITE we define the fluctuation
operators, equivalent to small expansion parameters, one for
each component, that are used throughout this paper in order
to develop the self-consistent set of dynamical equations
describing the n-component condensate. We conclude this
section by looking at two- and three-component condensate
examples in order to clarify the preceding development of the
general effective Hamiltonian.
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B. Effective Hamiltonian

Our system consists of an n-component Bose-Einstein
condensate described in terms of n particle-field operators
U, (k=1,...,n) that are subject to the usual bosonic
commutation relations

(&), $l()] = 868G — 1), (1a)
[F;(r), B(r)] = (91, ¥ ()1 =0, (1b)

where the index of the particle-field operator may refer to
different internal states of the same atomic species or to
entirely different species of atom. Here §; is the Kronecker
8. We consider the system to contain N bosons that undergo
pairwise interactions with bosons in the same component and
with bosons in different components. As such, we replace
the true interaction potentials V"™ with energy-independent
contact potentials (pseudopotentials), defined as

VRN —r) = Upd(r — 1), )
where, for a three-dimensional cold dilute Bose gas,

2r hzajk

) 3
M 3)

ik =
where £ is Planck’s constant, the s-wave scattering lengths are
aji, and My is the reduced mass, given by Mj_k1 = Mj_' +
M !, with M the atomic mass of a boson in component k.
We call the Uy, the intracomponent coupling and the U
(j # k) the intercomponent coupling. In general a j; = a;; and
so Ujx = Uyj. We note here that the local pseudopotential must
be regularized (renormalized according to various quantities
appearing in the subsequent development of the theory) in
order to avoid ultraviolent divergencies [56,61].

We restrict ourselves to considering only condensates
where there are no spin-changing collisions, i.e., the magnetic
sublevels must be resolved, for example, through the appli-
cation of a small-bias magnetic field [62]. As such, the only
interactions between different components that we consider
here are density-density interactions or coherent couplings
between internal atomic states. We can then write down the
binary interaction effective Hamiltonian for the n-component
condensate as

H(t) = / Z [\v () HE ()W (r)
Ukk s 4 . N a
+ = YO U W) ) | dr

+ / S Ul W) (¥ dr
j,<kk

+ / > WlHL oY) dr. @)
jj;k

The first term in (4) contains kinetic and external potential
energy terms, so that a typical single-particle Hamiltonian [64]
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for component k is given by

2
Hi(r.1) = —h—v2 + Vi(r 1) + huy, Q)
2My
where Vi(r,t) is an external potential (in general taken to be
time dependent) applied to component &, and v, accounts for
energy differences between different atomic internal states.
The terms involving Uj; in the above Hamiltonian [(4),
second and third terms] account for density-density (two-body)
interactions within and between components.

The final term in the Hamiltonian represents any coherent
(one- body) coupling of atomic internal states; the precise form
of H; ik , (1) is not of concern to us in our subsequent treatment
of thls effective Hamiltonian, however, a simple example is

: h o
HI(r,1) = S @ik explsgn(j — k)ibel. (6)

This describes Rabi couplings, where the wj; denote the
respective Rabi frequencies between the different component
internal states and 6 accounts for any phase (both of which
may, in general, be time dependent), and the sign function is
defined by

+1 if j >k,

Sg“(j_k)z{—l it <k @

Note that w;; = wy; and 0j; = 6;; so that the matrices Q2 =
(wjr)and ® = (0x) are symmetric (hence Hermitian). We note
that, by definition, 6;; = 0 always. Another possibility would
be to consider a synthetic gauge field, such as a spin-1/2
Rashba coupling [47], in which case one would also expect
extra terms, beyond those considered in (5), to appear in

Hskp(r,t).

C. Mutually coherent and incoherent components

The effective Hamiltonian has, for generality, included
a term determining the internal coupling between all
components—manifested by the one-body term H‘fb (r,n).
However, in the theory that we formulate, we do not impose
coherence between any specific components. We need to
include a mechanism by which the precise nature of the
condensate can be easily input into the system while leaving
this precise nature unspecified. To this extent, we denote the
sample space of component field operators ¥ = {\¥;}, where
k € [1,n]. Now define a subset p; of W as a set whose elements
are all coherent. We thus have [ ([ € [1,n]) subsets of LIAJ,
labeled p;, such that

pi =W s the sample space,

-

Il
-

ﬂ pi =@ isthe empty set,

where |_J represents the union of all subsets and (") represents
an intersection of all subsets, i.e., the p; are pairwise mutually
exclusive and exhaustive for W, forming a partition of V.
We define |p;| = m; so that Zi:l m; = || = n. Note that
if we were to choose an n-component condensate in which
all components were mutually coherent, then / =1 and
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m = n, or conversely, if we were to choose an n-component
condensate in which all components were mutually incoherent,
then/ = n and m; = 1 for all i € [1,n]. There are, in general,
C distinct ways to realize the subsets p;.

At this stage we introduce notation concerning the subset
that each component belongs to. We choose component k, with
field operator \ilk, to be in some subset p;, where we leave the
choice of the index i undetermined. Similarly, we say that
component k' (k" being different from k), with associated field
operator \i'kr, is in some subset p; (j € [1,n]). The case in
which i = j corresponds to component k and component k’
being in the same subset; i.e., component £ and component
k" are mutually coherent components (and are necessarily the
same isotope of an atomic species with different internal spin
states). Conversely the case in which i # j corresponds to
component k and component k' being in different subsets,
i.e., component k and component k' are mutually incoherent
components (they are different atomic species, or different
isotopes of the same atomic species, or even a mixture of
different spin states which are not mutually coherent). To
account for the structure of ¥ we define p(k) to be a mapping
for component field W, to the subset p; containing component
k,i.e.,

pk) : W — p;. (8)

The above is a formal way of stating that we order our
component field operators into sets which have elements
(component field operators) that are all mutually coherent to
one another. In the following we often make the equivalence
pi; =i for convenience.

D. Density matrix and condensate or noncondensate parts

Our analysis proceeds as in [56] and [58] and we define
a single-body density matrix, of form g (r,r',t), for the
particles, given as pg (r,r',t) = (\f/,ﬁ,(r/)\ifk(r)). For our mul-
ticomponent case, we choose to include a Kronecker §-type
term to account for the fact that components can be mutually
coherent or incoherent. Thus we define the single-body density
matrix by

e (r.r 1) = (Y W(r)s] ., ©)

where 8, is a Kronecker 8 “mapping” term defined by [65]

8/57,]{/ - {

This single-body density matrix is Hermitian, and so it can be
decomposed into a complete set of eigenfunctions with related
real eigenvalues. Since we suppose that each of the individual
components is Bose-Einstein condensed, we are free to assume
that each component has a single distinct “large” eigenfunction
¢ (r,t). Then each subset p; has a corresponding eigenvalue
significantly larger than all the other eigenvalues associated
with that subset. We define these eigenfunctions to have unit
norm and thus write

1, mappings p(k) and p(k’) are identical,
0, mappings p(k) and p(k’) are different.

3 / P (ror D (' ) dr' = No, (De(r.1),  (10)

k'=1
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where N, (¢) is the eigenvalue associated with the subset

containing component k. We call the ¢ (r,t) the condensate
parts, and similarly define noncondensate field operators
8W(r,1)foreach component, such that the field operator P (r)
is partitioned as [66]

Bi(r) = de, (OPe(r 1) + 8By (r,1). (11)

Here, the ac,, (t) are annihilation operators for particles in
¢ (r,t) with associateq mapping p(k), and s\, (r,t)is the part
of the field operator W, (r) that is orthogonal to ¢ (r,t). As
such, the CAILT-,,(,()(I) are creation operators defined as

al (=Y 68 / Gl (r.1)dr, (12)

k=1
and the noncondensate field operators are defined as
s (r.=>" / Qu(r.r' Wy dr',  (13)
k=1
where the projector Q. (r,r’,t) is defined as
Oue(r.r',1) = [8u8(r — ') — g (r, 0 (r' D18, . (14)

This means that the only nonzero commutation relations that
involve dc,,, (¢) and §W,(r,1), and their Hermitian conjugates,
are [67]

0] =8

89, 0), 60", 0)] = Que(r,r 1)

[, (1).a (15a)

pk")
(15b)

Introducing the single-body density matrix, (9), and par-
titioning of the field operators into a condensate and a
noncondensate part [(10) and (11)] means that we can define
Neo @ = al, (Dac,, (1), from which it follows that

(al , 0ac,, ) = (Ne,, () = Ney, (). (16)

Cpik)
It is then clear that the eigenvalue N, (¢) is the mean number
of particles in the condensate part with associated mapping
p(k). We note that
(@l @8 bpr.n))=0 VkkK, (17)

Cp(k)

stating that there are no simple coherences between the
condensate part with mapping p(k) and (any of) the non-
condensate parts. For our system of N bosonic atoms, we
suppose that the total number of condensed atoms is N, (¢), so
that Zé:l Nc,,, () = N(1). It follows that the total number of
noncondensed atoms is N,;(#) = N — N,(¢). At this point one
can define the number of noncondensed atoms: Let N, (7)
be the number of noncondensed atoms associated with the
subset containing component k. Then Zﬁzl Ny, (1) = Ni(2).
By assumption we have, for all k and k', N, (t) > Ny, (t).

E. Fluctuation operators

We choose to perform a perturbation expansion on the
effective Hamilton, (4), using “fluctuation” operators [35,56]
defined as

al  ®sU(r,1). (18)

Ak(rat) = _NC (k)(t) Cp(k)
P
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These operators scale as /Ny, (¢) [since dc,, (1) ~ /Ne,, ()
and 8Wy(r,1) ~ ./ N1, (£)], which, under our assumptions, are
all small. This choice of fluctuation operator allows us to make
an expansion of the Hamiltonian in terms of the number of
condensate atoms, rather than the total number of atoms, i.e.,
we are not restricted to the assumption N.(¢) ~ N [however,
we must still satisfy N, (£) > Ny, (1)]. In addition, while
the quasiparticle operators corresponding to A;(r,t) are only
approximately bosonic, from (17) we see that the expectation
value is exactly equal to O [56]. These properties mark A(r,t)
as an appropriate (although not perfect) expansion parameter.
For a more in-depth discussion on appropriate choices for
fluctuation operators, we refer the reader to [56] and references
therein.

Through this choice of fluctuation operator, higher-order
self-consistent equations of motion can be developed. This was
precisely the case considered in [56] for a single-component
condensate, where the authors noted that the pair expectation
values (Al (r',1)A(r.1)) always have a finite (and in general)
nonzero value in an interacting gas. We call A® (without
a subscript) any member of the set of the (annihilation or
creation) fluctuation operators, where it is not important which
one it is. An implication is that all equations of motion should
be consistently taken to quadratic order in products of the
fluctuation operators A and Af.

For future use we note that the normal A(r) pair is related
to the normal 8 (r) pair (similarly to above we define s ¥ to
be any member of the set of all noncondensate field operators)
by

AL DA (r.1)
A ~ )4
— (acp<k/>(t)acmk)(t) + Sk,k’) 8@2(',/
VNeiy ONe,,0 (1)
and the exact commutation relation is given by
N (1)
NCP(k) (t)

DU (r,), (19

[Ac(r,0), AL 0] = Quw(r 7' 1)

8l nsW(r,0),  (20)

Ch(k)( )
where we have been able to state that N () = Ne St (1)
[and similarly, N, (f) = pr (t)] because of the presence

of the Kronecker § mapping term 8/ ,,, which enforces that
components k and k' are in the same set and hence have
the same eigenvalue [see the definition of Qup(r,r’,t) in
Eq. (14)]. Note that in the second term in Eq. (20) we must still
explicitly keep this Kronecker § mapping term to account for
the presence of the other terms S\iﬁ,(r/,t) and 8, (r,1), which
contain explicit k and &k’ index dependencies.

F. Two- and three-component examples
1. Overview of key examples

The above analysis has been kept entirely general. At
this stage it is useful to summarize the analysis by means
of a couple of specific examples, the first involving a two-
component condensate and the second a three-component
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condensate. In the following we make use of the short-hand
notations, Wj; = (\i}j(r/)\i/k(r», bk = ¢;(r,H)p;(r' 1), and
8y = 8(r — r’), and drop the arguments from the projectors,
writing Qjx = Q jk(r,r',t). In Sec. VII we explore each of
these examples in more detail.

2. Two-component condensates

For the two-component condensate we have n =2 and
C =2, which correspond to the cases of (i) two mutually
coherent components (/ =1 with |p;| =2) and (ii) two
mutually incoherent components (I =2 with |p;| =1 and
|p2l = D).

Mutually coherent condensates: | = 1. When both compo-
nents are coherent we can write out the single-body density
matrix, in the form of a 2 x 2 array of operator expectation
values, as

/ W Wy
,r,t) = . 21
o(r.r'.1) (‘1’12 \1122> 2n

As both components are coherent, there is only one eigenvalue
N,,, so that

Wi o\ (D) é1(r.1)
/(‘1’12 q’zz)(@("’ﬁ)dr _NC'(I)(qu(r,t))' (22)

We thus have a partitioning of the field operators defined by

¥ ,1 s, (r,t
Aw>=%m@w>)+ o)y
Wy (r) ¢a(r,1) S\ (r,1)

where the creation operator is defined as

ﬂm=/@hwmw+@m@mmw,(M)

and the noncondensate field operators are defined as

k) \ill(r,t) 1(r)
. 2
Q%mQ fawr t% ) 2
with the matrix projector

Qror't) = (5rr —¢n —¢12 ) 26)

—¢21 S — 90/

Finally we can quote the fluctuation operators:

Z\](r,t) 1 AT 8\i[1(r7t)
N = RG] . 27
Rarty) = UNa@ 0 st

Mutually incoherent condensates: | = 2. In the incoherent

case, we note that there are two subsets, p; and p;, so that
31P , = 0. Our single-body density matrix then reads

=t 0 28
Q(rvr ’t)_ ( 0 ‘D22>- ( )

There are now two eigenvalues, N,, and N,, so that

/(‘Pn 0 )(qbl(r’,t)) dr — (Ncl(t)¢1(r,t)). (29)
0 Wn/\¢a(r'n) Ne,(t)o(r 1)
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We thus have a partitioning of the field operators defined by

Ui\ fae )i (r.0) + 8811 30)
W)  \aeO¢a(r.0) +88a(r.0) )"
where the creation operators are defined as
o (7 v t
(a It )) / ( (g1, )) a1
ac, (1) Wl (r)a(r.0)
and the noncondensate field operators are defined as
SWy(r,t ’
Al(" ) /Q( 1 @y () ’ (32)
SWy(r,t) Oy ()
with the (now diagonal) matrix projector
/ _ S — @11 0
Q(r,r',t) = ( 0 5, — ¢22). (33)
Finally, we can quote the fluctuation operators:
Aurt ——al, (0891 (r.1)
(J(’ )> _ «/W (34)
As(r,t) Mavz(t)éwz(r,t)

3. Three-component condensates

Instead, if we have a three-component condensate, then
n = 3 and C = 3, which corresponds to the cases of (i) three
mutually coherent components (/ = 1 with |p;| = 3); (ii) two
mutually coherent components and one incoherent component
(I =2 with |p;| =2 and |py| = 1); and (iii) three mutually
incoherent components (I =3 with |p;| =1, |p2| =1, and
|p3| = 1). At this point we concentrate only on case (ii) (the
other two cases are similar to the two-component condensate
cases above). We say that components 1 and 2 are mutually
coherent (subset p;) and component 3 is incoherent with
respect to the other two components (subset p,), i.e.,

P = {0, 0o} U5 1) (35)
— =
pP1 P2
Our single-body density matrix is then
Uy Wy 0
or,r' )= ¥ W¥yn 0 (36)
0 0 WUs

There are two eigenvalues—
associated with p,—so that

N,,, associated with py, and N,,,

Vi Wy 0 d1(r',1) N, (D@1(r,1)
Y Yy 0 $o(r',1) | dr’ = | Ne,(t)a(r.1)
0 0 W33/ \¢s@'.0) N, (t)ps(r,1)
(37
We thus have a partitioning of the field operators defined by
@y(r) ac, (1)1 (r.1) 8 (r.1)
o) | = [ ae, om0y | + | 882 |, (38)
W3 (r) A, (1)3(r 1) §Ws(r.1)
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where the creation operators are defined as

At 3l i
(a;-,a)) _ / (wl(rm(f{mwz(r)qbz(r,r)) ir. (39)
b (1) B(r)gs(r.)

and the noncondensate field operators are defined as
s () ()
sUh(r,t) | = | Qur,r' )| ba(r') | dr,
85 (1) W)

(40)

with the (block-diagonal) projector

— ¢11 —¢12 0
—¢21 S — @22 0
0 0 8rr’ - ¢33

Finally, we can quote the fluctuation operators:

Q(r,r't) = 41

acl(t)(S\IJI(r 1)
aC, (t)8‘-112(r 1)
cAzCz(t)(S\IJg(r,t)

[\](l‘,l)
[\z(r,t) =
As(r.,1)

Q/N 0]
,/N (1)
«/Nﬂzm

III. PERTURBATIVE EXPANSION OF THE EFFECTIVE
HAMILTONIAN

(42)

A. Overview of expansion

We wish to reformulate the effective Hamiltonian, (4),
in terms of the fluctuation operators, (18). This will allow
us to construct a perturbative expansion of the reformulated
Hamiltonian in powers of the fluctuation operators (the small
expansion parameters). This section analyzes in detail the
form of the fluctuation operators and of the number operators,
allowing us to make a consistent cubic approximation to the
reformulated Hamiltonian. The cubic approximation is then
further developed in Sec. V and onwards.

B. Exact reformulation in terms of fluctuation operators

In the following we give the (exact) reformulation, ac-
cording to (11) and (18), of the Hamiltonian, (4), defining
Uy = UyN, . and Ujk =Ujr/Nc,, N, and removing time

pk) Cp(j) le(k)’
arguments for brevity. We thus write H = HA) + AA) 4+
HA 4 AA 4+ AAY | where the expressions for A", and
brief calculational details to obtain each term, are given in
Appendix A. The terms of this reformulated Hamiltonian are
arranged in orders of powers of products of the fluctuation
operators, so that the term H") contains products of A of
order i (where i < 4). Our aim is to reduce this Hamiltonian
so that we obtain a lowest-order consistent dynamical repre-
sentation of the n-component condensate. We see later that this
implies a reduction of the above Hamiltonian to a third-order
Hamiltonian (as in the case of a single component [56]), but
before we do, we first need to find an approximation to the
number and fluctuation operators.

C. Approximations to number and fluctuation operators

The reformulated Hamiltonian, (A2), can be reduced to a
third-order Hamiltonian by means, first, of the expansion of
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the condensate number operators and, second, of a Gaussian
approximation to the fluctuation terms. Each subset of ¥ is in a
number eigenstate, having particle number N, [with associ-
ated mapping p(k)]. This implies that the number fluctuations
of the condensate and noncondensate components within each
subset must be equal and opposite (see Appendix B). To zeroth
(and first) order in the fluctuation operators, I\A/C,,m = Ne,w»
whereas to second order we have

Ne, =N

Cp(k) Cp(k)

+ Z 57 / (AL Ap(@)
k'=1

We can now use (43) to express the commutation relation
[Ag (r),[\,t,(r’)] (20) in terms of the condensate numbers and
expectation values of Ay(r) and 1~\,t,(r/): to a Gaussian level
of approximation we may replace pairwise products of the
fluctuation operators A(r) and Af(r) by their expectation
values [56]. We thus write (see Appendix B)

(ALG)Ar))
N,

Cp(k)

— AL Ap()]dr. 43)

[Ak(r). AL ()] ~ Que(r.r) — 8. (44)
whereas to zeroth and first order, the commutator may be

approximated by

[Ac(r), AL ~ Qui(r,r). (45)

D. Reduction to a third-order Hamiltonian

The final step in constructing a third-order Hamiltonian
from the full Hamiltonian, (A2), is to consistently deal with
the cubic and quartic powers of products of the fluctuations
operators. It turns out that the quartic terms can be safely
neglected (see an equivalent discussion in [56]), whereas the
cubic terms require a Hartree-Fock factorization. In general,
the Hartree-Fock factorization is written as [56,68]

A A () A (r") = (AL ) A () Ry (77
+ (AL A (F") A (')
+ (A (YA (") AL(r), (46)

i.e., the cubic products are re-expressed as linear terms
modified by a pair average.

We can now substitute, consistently, (43), (44), and (46) into
(A2) to give the third-order Hamiltonian I:I3. For convenience
of notation, we split this Hamiltonian into a sum of terms in
orders of the powers of the number eigenvalues (again, we
denote the set of number eigenvalues N.). So we write A =

A (N A 71/2 A (NO
H;N ) + H(N‘ R + H(N ) + H(N’ and further Split H;Nf) =
H(N )a + H(N )b and H(N H(N ), + H(N 2y, _ These

expressions, and further detalls of the calculatlon are given in
Appendix C. Note that H = Hz + O(A*(r),N7 1.

IV. EVOLUTION EQUATIONS

A. Overview of approach

The rather unwieldy cubic Hamiltonian, (C1), forms the
basis of our approach to obtain a consistent set of dynamical
equations for the mutually coherent and incoherent condensate

PHYSICAL REVIEW A 89, 043617 (2014)

and noncondensate parts. To develop these, we first require
expressions for the time evolution of the fluctuation and
number operators. We derive these in the next two subsections.

B. Evolution of the fluctuation operators

In general the Heisenberg time evolution of the fluctuation
operators is given by

L d ~ A L0 -
lhEAk(r) = [Ax(r),H] + lthk(")a (47
where (see Appendix D)

9 - - Ay (r'
i A=Y (—\/Nc,,m / Qi (r ) [ih%} dr'

k'=1

+akk,{ mmf[ ]Ak( ydr'
oPr (" 1
+ A / [ ]qsk,( ar'

y / [ina"”gf’/)}<Z\,L<r’>Ak<r)> dr/}) 48)

and where we have used (43) to approximate the number
operators in terms of expectation values of the fluctuation
operators. Equation (48) gives us the explicit time evolution
of the fluctuation operators.

¢kz( )

C. Evolution of the number operators

Similarly, we require the time evolution of the number
operators, which can be found from

d A N
lhENcnm = [prm ] + lha Cpiky? (49)
where NCM(t) = dc,q, (1)ac,, (7). Following a procedure simi-
lar to that above, invoking (D3), we obtain
o . . ¢ (r)
Neyo = /Ny, D 8L k,{ / AL [lh o }
k=1
97, -
n [ih%] Ak/(r)dr}. (50)
We thus see that (iid N, -/ 0t) =0, and so
d d . . N
ZHZNCW) = <lhaNc'p<k>> = <[Ncp(ka]> C}))

is our equation for the time evolution of the component number.

V. ZEROTH-, FIRST-, AND SECOND-ORDER
APPROXIMATIONS TO THE HAMILTONIAN

A. Overview of resulting dynamical equations

Following the derivation of the evolution equations for
both the fluctuation operators, (48), and the condensate
numbers, (50), this section analyzes the Hamiltonian, (C1),
up to a second-order approximation. This provides, in the
first-order approximation, a derivation for the time-dependent
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GP equations as the sole equations governing the multi-
component condensate dynamics (so not capturing any out-
of-condensate dynamics). The second-order approximation
provides a derivation for equations governing the out-of-
condensate dynamics—called MBdG equations (together with
their complex conjugates), in multicomponent form—which

J

PHYSICAL REVIEW A 89, 043617 (2014)

are coupled to the multicomponent GP equations. The con-
densate and noncondensate dynamics yielded by this system
of equations are, however, not self-consistent with regard to the
particle numbers. We therefore require a third-order (i.e., full)
treatment of the Hamiltonian, (C1). The third-order treatment
is considered in Sec. VI.

B. Zeroth order

The lowest order approximation to the cubic Hamiltonian, (C1), is to neglect any terms involving the fluctuation operators. In
the zeroth order we then take H3; and neglect any fluctuation terms. This gives the zeroth-order Hamiltonian, which is identical

AN ]
to H3(N") but here denoted Hjy, where

n U n 5 n .
Hy= / > Ncmz(r)[ﬂs’;(r) + %wk(r)ﬂ}pk(r) 3 Uiy Neyoy Neyoo [, PIeIP + D Neyy 65 Hiy (R)i(r) | dr
k=1

j=1
j<k

j=1
J#k

(52)

and is purely classical (hence we write Hy = Hp). In terms of a mean-field theory in which the n-component condensate
is assumed to be at absolute zero and with all bosons condensed (i.e., strictly zero noncondensate bosons), the appropriate
Hamiltonian [noting that it is common to scale the condensate mode(s) to be normalized to the number of condensate particles]
is given by this zeroth-order Hamiltonian [30,31]. Noncondensate particles are not accounted for in this Hamiltonian and our
analysis by consequence then proceeds to higher-order approximations.

C. First order

To the next order of approximation, a first-order approximation on Hj, we consider terms up to linear order in the fluctuation

N A (N N2
operators. At this level of approximation the appropriate Hamiltonain is given by H; = H;N") + H3(N" ). Working with this
Hamiltonian and Eq. (47) we obtain GP equations describing the evolution of the condensate modes. Details of the calculations

are given in Appendix E and we note that the set of time-dependent GP equations reads

/ d (I‘) 7 - NCI’ D ¥ 4 - i

zh‘l’g—t = [ Hyr) + Oudn(r)P + 3 [T Upelgy (0l = 1Y | dulr) + 3 Hyl (1) (), (53a)
j=1 Cptk) j=1
J#k J#k

where

n ) _ . 3 n . Nc, n i} L
WO = / D1 i) | Hyw) & Oiwlp 0OF =it 32 Uger [ 18500 |+ D0 87,85 (0 Hiy () | due(r)
Cpk’)

k=1 j=1 j=1
J#K J#K

(53b)

System (53) is the GP equation for the condensate-part ¢, with an associated nonlinear eigenvalue Ag ® that has the appearance

of a chemical potential. Note that an identical set of equations would result from the zeroth-order Hamiltonian Hy, (52). There
are then n GP equations (one for each condensate part) and the number of distinct nonlinear eigenvalues depends on the number
[ of subsets of . Note that these Ay ® are real.

However, while this system of equations is often used as the lowest order representation of the multicomponent condensate
[30,31], it does not capture any of the noncondensate dynamics (in fact one can show, see [56] for details, that to this order there
is no time dependence on the non condensate components). We are thus required to go to higher order approximations.

D. Second order

As a second-order approximation to the cubic Hamiltonian Hsz, we keep terms up to and including those quadratic in the
fluctuation operators. In the same vein as the first-order calculations above, we can use the second-order approximation to (48),
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which means we should calculate

dA A q . oy (r' 90" (r' _
i dkt(r) = ). Bl + Z(_\/Fm/ O (r,1') |:lﬁ$:| ar’' +8,ik,{ - ¢k(r)/ [zh%} Ae(r)dr’

k'=1
+ A / [ih%} 650 dr’}). (54)

As before, it is relatively straightforward to obtain the expression for the commutator [[\k(r),I:Iz]: using (45) the terms linear
and quadratic in the fluctuation operators can be dealt with as previously, while the terms cubic in the fluctuation operator reduce
to linear form. We do not provide the explicit expression for d A;(r)/dt, instead choosing to skip to the expression that results
after having taken the expectation value of (54). We are then left with the same GP equations of (53a) and associated nonlinear
eigenvalues, (53b). We can use this fact to substitute the GP equations, (53a), into the right-hand side of (54). Doing this, we get

ihdAk(r) _
dt

HE(r) + Ol ()l + > Uji
Jj=1
J#k

N

NCP(/ )

Cpk)

16,1 = 28C | K@)+ Hy (A (r)

j=1
J#k

+ f D Qe r,r) { Oewlgi (P Aw (') + Heel + ) Ujlg(rHA (') + Heell ¢ go(rhdr'. (55)

k'=1

j=1
K

This and its Hermitian conjugate form the MBdG equations [69]. With this, we can calculate the evolution of the noncondensate
parts: we note that, from (B1), N, =N — [ >, (A,t,(r)ﬁk/(r))zi,‘zk, dr, so that

dN,

d k'=1

where we have used the MBdG equations from above.

Our second-order system thus comprises the GP equations,
(53a), with associated nonlinear eigenvalues, (53b), together
with the MBdG equations, (55). There are two key issues,
however, that one must highlight before proceeding. The first
is the appearance of terms quadratic in the fluctuation operators
in the evolution of the condensate number of (56), which
we have, up to now, consistently neglected when dealing
with the second-order Hamiltonian. This “inconsistency” [if
we are to retain (56)] leads us to the second key issue,
which is the possibility, in an out-of-equilibrium evolution,
for unconstrained growth of the noncondensate part without
there being any corresponding effect on the condensate
evolution. This unconstrained growth is a result of the
one-way condensate-part and noncondensate-part dynamics
involved in the coupled system of the GP equations, (53a),
and the MBdG equations, (55): the GP equations (derived
through a first-order treatment of the effective Hamilto-
nian), which evolve the condensate parts, explicitly contain
only condensate-part terms, whereas the MBdG equations
(derived through a second-order treatment of the effective
Hamiltonian), which evolve the noncondensate parts, contain
both condensate and noncondensate parts. This allows for
unconstrained growth in the noncondensate-part terms through
evolution of the MBdG equations, without any corresponding
effect on the condensate parts in the GP equations (see [16]
and [56] for more details concerning unconstrained growth
in a single-component condensate). We are thus left with a

zh—t'“’ = / Z e 3 Orw [¢;§? (M(Ap(r)) —He] + Z Ujwlg; ()i (r)(Aj(r)Ap(r)) —Hel ¢ dr, (56)

j=1
J#

(

non-self-consistent set of dynamical equations. To what extent
this system can be considered appropriate depends very much
on the actual dynamical configuration. Irrespective, a treatment
of the cubic Hamiltonian, (C1), will enable us to form a
self-consistent set of dynamical equations for the condensate
and noncondensate parts.

VI. SECOND-ORDER EQUATIONS OF MOTION

In light of the inconsistent nature of the first-order ap-
proximation to the dynamical equations resulting from a
second-order Hamiltonian, we proceed with a third-order
approximation to the Hamiltonian. This is the highest order that
we are required to go to in order to achieve a self-consistent set
of dynamical equations for the condensate and noncondensate
parts: we will find that the equation governing the condensate
parts [the GP equation in a first- and second-order treatment,
(53a), with only condensate-part dependence] is, in this
third-order treatment, generalized to be dependent on both the
condensate and the noncondensate parts. This higher order GP
equation we refer to as the GGP equation. It will be shown to be
coupled, in a self-consistent manner, to the MBdG equations,
(55), which, in the third-order treatment, remain unchanged.

To a third-order approximation, the effective Hamiltonian
has already been written down, and referred to as the
cubic Hamiltonian Hs, in (C1). In dealing with the cubic
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Hamiltonian, we must use the full form of (48), which means that we need to consider

dA _ N " A (r’
inf o) [Ak(r>,H3]+z(—‘/Nw / i (1) [ih%} d
8 (r’ 8 !
kkf{ mmf[ dulr )}Ak/(mdr +Ak(r>/[ delr )}qbkf( "Ydr'

8¢/(I‘ N X ’
N [ K }Az,(r)Ak(r))dr}) (57)
—1/2)'

As explicitly written down in the cubic Hamiltonian (C1) and in the above equation, we now consider terms of order O(N,
Calculation of [Ax(r), H3] is only slightly more involved than before: the only additional terms that result from use of the cubic,
rather than the second-order, Hamiltonian are all of order O(A / NC1 / 2), i.e., they are linear in the fluctuation operators, which
makes calculation of the commutator rather straightforward. The analysis using (57) becomes fairly cumbersome, although
straightforward, and so we do not report it in its entirety here. Instead we skip to the resultant expression: this is obtained by
taking the expectation value of (57) and inserting the GP equation, (53a), on the third line of (57). After some calculation we
arrive eventually at an equation for the evolution of the condensate parts, called the GGP equation:

i) - Al(MA
in? %0 Hs’;(r>+Ukk[<1— Cp(k))|¢k(r)|2+2—< "(Qmj(’”]

CRX))prr)

[ [Ny 87 AR,
+ZU_,-{ N—'““(l—N”">|¢j<r)|2+ | - ¢(>+N
j=1

i Cpik) Cptk) Cp(j) Y Epli) Cpk)
J#k
+Z{ L ARG + (B Aerdi (] + HY (r>¢,<r>}
yo
2
-/ 387, '¢1"V(' W G LA ) R0 + (RLED R )]
k=1 Cpi
+ 3 T lR AN + (AL A 01§ ar (582)
j=1
J#K

k) . . . .
where AY ® is a nonlinear eigenvalue given by

N . d
—<A,L<r)Akr(r)>} — il

k'=1 Cpk’ Cpik

, - 1
kﬂ(k) /Z 8£k,¢k,(r) HS];)(I') + Uppe |:(1 N

) | (1) +

N, 8t (AL)A ;(r)) " L
n Zu,k,{ N"“ [1 - N’*" }|¢j<r)|2+% Gu(r)+ > 88 dH ) Hly (1 (r)

Cpk') Cpk') NCp(/) Cpik j=1
]#k' J#K
U
ol ARl <r)+26kk/ V195 R) + 0, AR NG ) [ dr. (58
Cpky =1 Cpky
J#K
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Equations (58a) and (58b) constitute our GGP equation. This
should be contrasted with the lower order GP equation of (53a).

The above expression for A5 ® is also to be contrasted with the

expression for the (real) nonlinear eigenvalues Ag(k), (53Db).
The following calculation shows that they have a nonzero
imaginary part,

/ Zak v 3 Ow[or (n(AL(r) — He!]

C p(k)

+ ZUW @15 (r) (A () Ap(r) —Hel ¢ dr,

for
(59)
which gives that, using (56),
dN, ) )\
Tp“{) = E[ g - ()‘g ) ]Ncmk)' (60)

We can now state the final form of our self-consistent
dynamical set of equations for the condensate and noncon-
densate parts. The condensate parts (one for each component)
are governed by the time-dependent GGP equations, (58a),
with associated nonlinear eigenvalues given in (58b). A higher
(third-) order treatment of the Hamiltonian to obtain the
noncondensate-part evolution shows that the form of the
evolution is the same as that given by the MBdG equations,
(55). Thus, the GGP equations are coupled in a consistent way
to the MBdG equations, (55), with the associated nonlinear
eigenvalues, (53b). In the next section we give specific
examples of the use of these expressions for n =1, n = 2,
andn = 3.

VII. EXAMPLES

A. Overview of chosen examples

It is instructive to present a few example systems, the first
a trivial reduction to a single-component system, then two-
component systems, and, finally, a three-component system.
In each case we consider possible subsets of W, for which we
write down the (i) coupled GP equations and (ii) the coupled
GGP equations and the MBdG equations (these examples
correspond to the examples given in the discussion of the
density operator in Sec. I F).

B. Single-component condensates

The number-conserving approach to a single-component
condensate has been considered in detail in [56]. We show that
the formalism presented for the n-component condensate in
this paper recovers the single-component condensate system
of [56]. In the case where there is only a single component,
n = 1,wedefine p(1) = 1, and the lowest order approximation

PHYSICAL REVIEW A 89, 043617 (2014)

to the equations of motion results in the GP equation, (53):

0 -
ih "b(;t(') = [HL0r) + Onln ()

— Ap|pr(r), (61a)

with nonlinear eigenvalue

Ao = /¢T(r)[ (1) + Onlgi () — ih— ]qﬁl(r)dr
(61b)

This GP equation and associated nonlinear eigenvalue are
identical to (57) and (58) in Ref. [56]. Note that this system is
the commonly used GP equation applied to a single-component
condensate when in the zero-temperature limit [2].

To the next order, the resulting dynamical equations of
motion are the MBdG equations, (55),
dA(r)

dt

= [HL(r) + Unila ()]

ih

— 2] A1)
+ / O (r.r)Onlgi(rH A (r') + He g (r') dr', (62)

coupled to the above GP equation, (61). Finally, the second-
order (consistent) dynamical equations of motion couple this
MBJG equation, (62), to the GGP equation, (58a), written for
n=1as

8
"gt(’) (H (")+U11{|: Nq]wn(rn2

<Ai(r>&(r>>} - x;>¢1(r>

L2

N,
U11
Nq

+ (A (YA ()P ()] dr’

/|¢1(r)| (AR i ()

O -
+ - Rle)ie. (63a)

C1

with nonlinear eigenvalue

Aéz/[qﬁi‘(r)( (r)+UnH

<Z\I<r)i\1(r)>} —ih— )qsl(r)

} 1 (r))?

L2
N,

C1

Ui, - >
+ N” (R3m))pr (r)] dr. (63b)

This system of the GGP equation, MBdG equation, and
associated nonlinear eigenvalue is identical to (75), (63), and
(73), respectively, in Ref. [56].

C. Two-component condensates
1. Possible cases for two-component condensates

Two-component condensates have been frequently realized
in experiments (for example, [22], [25], and [26]). They
provide rich systems in which many different ground and
excited states can exist, and have the potential to offer insights
into instabilities [43,45] and the transition to turbulence in
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quantum systems [44,70]. In all possible cases, we have n = 2
with C = 2; i.e., either the two components are mutually
coherent or they are incoherent. The three experimental
realizations of two-component condensates that we have
reported above contain the three possible combinations of
components, although from our formal point of view there
are only two distinct cases. The first, Ref. [22], has realized an
8Rb condensate where the only difference between the two

J
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components is their internal spin state; the second, Ref. [25],
has realized a condensate with two isotopes (®Rb and ¥Rb)
of the same atom; and the third, Ref. [26], has realised a
condensate with different atoms, 3’Rb and '33Cs. Of these three
experimental examples, the first one has coherent components,
whereas the last two have incoherent components. When we
consider each of these two cases in the following subsections,
we expand all summation terms for explicitness.

2. Mutually coherent components

In the case when the two components are mutually coherent, we have [ = 1 with |p;| = 2. In the remainder of this section we

define p(1) = p(2) = I sothat N, =
read
3¢k(r) — [#
ot

with nonlinear eigenvalue

L) + Ol ) + Unalgsi(r)* — 2] (r) + Hyy ™0 (r)si(r),

N, and the lowest order equations of motion are the coupled GP equations, (53), which

(64a)

?»(1)=/{¢T(r)[ L)+ Unli () + Uralgn(r)? — ih— }¢>1(r)+¢2(r)[ L) + Unldo(r))* + Una |y ()| — ih— ]tbz(r)

+ 5 (r) Hyy (N (r) + ¢i‘<r)HJ§(r)¢z<r)} dr, (64b)
where k = 1, 2.
To next order we have the MBdG equations, (55), which read (for k = 1, 2)
ihdﬁd"f” = [HE®) + Tuldne () + Unalgsi () — 1) Ax) + Hyy () A3 (r)
+ / Qui(r, k) U [pF(r)A 1 (r)) + Hee] + Upnlgi(r)Ax(r') + Hel}gi (r')
+ Qua(r r) Ul (X Rao(r) + Heell + Ul (r) A (r') + Heligo(r) dr, (65)

coupled to the above GP equations, (64). Finally, our second-order (consistent) dynamical equations of motion for the mutually
coherent two-component condensate are given by these MBdG equations, (65), coupled to the GGP equation, (58a),

a 2 .
ih ¢gt(r) =< (r)+Ukk” N‘l]ldﬁk(r)l + (1<A1L(7)Ak(r))}

1 . -
+U12{[ Nu}m WP + ¥ <A£k<r)A3k<r>>}—A;)¢k(r>

C1

Ui | - U
N"k (R i)+

C1 C1

/ U111 ()2 + Uialgor )P IA L ) A(r)pa () + (A () A(r) 67 ()]

+

U
2 (Ar(r)As i (r)pt_ k<r>+[ HES P ) + N”

C1

<A§k(r)zik(r>>]¢3_k<r)

NC]
+ [Onlo () + Traleps () PIHAL ) A @) a(r') + (Ra(r) Ri(r) g3 (r)] dr

with nonlinear eigenvalue

:fl:qﬁf(r)(H )+ O, {[

9 .
—ihE~I—U12H: ]I¢z(r)| + —

+¢;‘(r)<H3p(r) +Uxn {[

0 -
—ih—+U 1—
1 8t+ 12{|:

(66a)

161()P + — (AT () A1)
N 1

C1

< £<r)ixz(r>>} >¢1(r)

2
}|¢z(r>|2+ ~

C1

<A£<r>ix2(r>>}

1 . -
} g1 (r)* + <Ai(r>A1<r>>} )¢2(r>+¢;<r)H§;(r>¢>1<r>+¢f(r>H;§(r>¢z<r>

Cl

043617-12



NUMBER-CONSERVING APPROACHES TO n-COMPONENT ... PHYSICAL REVIEW A 89, 043617 (2014)

(A1) Aa(r) g (13 (r) + (AL A ()7 (Nga(r) + Heell)

(@]

1 ~ ~ *2 ~ ~ *2
+ [On(AT())gT () + Un(A5(r))e3 (r)]] dr. (66b)
(5]
3. Mutually incoherent components
In the case where the two components are mutually incoherent, we have [ = 2, with |p;| = 1 and | p,| = 1. In the remainder
of this section we define p(1) =1 and p(2) =2 so that N.,,, = N, and N, = N, (we often write N.,, , = N.,_, and
Ne,, = N, as well). The lowest order equations of motion are then the coupled GP equations, (53), which read
3¢k(r) Ne,_
o7 Hy(r) + Uil u(r)* + U N3 Ll w (PP = Ag [du(r), (67a)
ck
with nonlinear eigenvalues
k * k 7 2 17 NC371< 2
o = | (M| Hy(r) + Unil ()" + Urz N |3k (r)|” — lh Gr(rydr, (67b)
Ck

where, as in the previous section, k = 1, 2. System (67) describes a mutually incoherent two-component condensate in the
thermodynamic limit at zero temperature. There have been extensive studies regarding this system in the recent literature (see,
for example, the review in [30] and a study on the ground and excited states in [31] as well as [43—45] and [70]).

To next order we have the MBdG equations, (55), which read (for k = 1, 2)

dAi(r)
dt

ih———

NCS—k 2 k| X
[ (")+Ukk|¢k(")| +Un N |3k ()| _)\()i|Ak(r)

+ / Qu(r ¥ )N Uilgf(rA(r') + Heelgw(r') + Unal @i, (X As_(r') + Heclu(r")} dr, (68)

coupled to the above GP equations, (67). Finally, our second-order (consistent) dynamical equations of motion for the mutually
incoherent two-component condensate are given by these MBdG equations, (69), coupled to the GGP equation, (58a):

3¢kt(l‘) (Hk (r)+ Ukk{ |:

2
N ]kbk(r)l + 5

Ck Ck

<i\1(r)ixk<r)>}

- 1 . .

+ 0, N:* [|¢3_k<r>|2+ N <A§_k(r>A3_k(r>>] —xk)m( )+ A K (R2(r))gr(r)
0, - 3 _ )

+ AL (M)A D1 (F) + (Ao (N A(P))pE_ (1)

N,

|¢k(r,)|2 o KT/ N K ’ X "X %o/
- N, (Ui (A (r ) A (r) i (r') + (Ar(r) Ar(r)) ¢ (r')]

+ Onl(AL_ () Ar) s i) + (A3 () M) g3, ()1} (692)

with nonlinear eigenvalues

- ~ il
= ¢7:<r)< <r>+Ukk{[ chwk(r)ﬁ Nq(Ai(r)Ak(r»}—ihE

+ O, | =2 [|¢3_k<r>|2+ . <A§k(r>ﬁ3_k<r>>])¢k<r>+ v LARZ)pE ()
U - X . i
+ N” AL (M)A )3k (r) + (Ao () A(r)) % (Pgr(r) dr, (69b)

Ck

again, for k = 1, 2.

4. Comparison

We provide a brief overview of the differences between the system of equations developed for the single-component condensate
[(62) and (63)] and those developed for the mutually coherent [(65) and (66)] and incoherent [(68) and (69)] two-component
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condensates. In a comparison of the GGP equation for the single-component condensate, written in (63a), with the GGP equations
for the coherent or incoherent two-component condensate, written in (66a) and (69a), respectively, the only additions that appear
for the two-component condensate are those that involve Uj,. These involve a density-density interaction term of type ¢3_;(r)
and a fluctuation pair average of A;_,(r) and combinations thereof. The latter pair average term is always modified by a factor
(NL.H)‘1 and so can be expected to be much smaller than the former condensate density-density term. Note that the GGP
equations for the two-component condensates, whether they are mutually coherent or mutually incoherent, differ only by the
appearance of the one-body H,, term for the coherent case. This is in contrast to the MBdG equations, (65) and (68), which,
under the integrals, contain the projectors Q, and it is here that one must recall their definition from Eq. (14), importantly the
appearance of a Kronecker § mapping term. This leads to two extra terms (although formally they are of the same form) in the
case of the coherent components given in Eq. (65) compared to the case of the incoherent components given in Eq. (68).

D. Three-component condensates

The last example is that of the three-component condensate. While experimental realizations of such condensates are few, the
following example is worthy of inclusion since it represents a further component configuration not possible in the two-component
condensate; in principle, one will have a three-component system whenever there is a Rabi coupling within one of the species of
a two-species condensate mixture experiment.

A three-component condensate has n = 3 with C = 3; i.e., either the three components are mutually coherent, or there are
two mutually coherent components and one incoherent component, or they are all mutually incoherent. We concentrate only
on the second of these three possibilities (the other two are straightforward generalizations of the two-component cases present
above). In the case where there are two mutually coherent components (say, component 1 and component 2) and one incoherent
component (component 3), we have I = 2 with |p;| = 2 and | p,| = 1. Henceforth in this section we define p(1) = p(2) = 1 and

p(3) =2sothat N, = N.,,, = N, and N, = N,,. The GP equations, (53), then read
. d¢i(r) " " Ne, -~ -
i = = [H:p(n + Ol + Ualga(r) + [ 2 Uil — Aé}qsk(r) + Hy () i(r), (70a)
Cl
fork =1, 2, and
., 0¢3(r) ~ N. - .
ih 33[ = {ng(r) + Usslga(nI” + [ T Uil (0] + Uasl¢2(r)]*] = xé} ¢3(r), (70b)
2

with nonlinear eigenvalues

- - N,, - L9
Ay = f {¢T(r)[Hglp(r)+U11|¢1(")|2+U12|¢2(1‘)|2+ v U|3|¢3(r)|2—1h5}¢1(r)

C1

* 2 7 2 17 2 NCZ 7 2 . 0
+¢2(")[Hsp(")+U12|¢1(")| + Unléa(r)|” + N Uns|g3(r)| —lh5:|¢2(")

+ [¢3(rHG (r)gi (r) + ¢T(r>HJ§(r>¢2<r)]} dr, (70c)
and

N,

- - - ad
M= f ¢3(r) [prv) + Ussls(r))” + (U311 (r)1* + Usla(r)?) — ihﬂ pa(r)dr. (70d)

(&)
To next order we have the MBdG equations, (55), which read

di\k(l‘) _

. . . |N,,
= [prm + Ul () + Uil o))’ + Ui, | ==

N

in |3(r) > — Aé} Ki(r) + HP P As ()

+ / [Qui(r U (r)AL(r) + Heel 4+ Unnl@s (r)Ax(r) + Heel + Uis[¢; (r)As(r') + Hee 1} ()

+ Qua(r,r){Unls(rAsx(r') + Heel + Unalgi (r YA (') + Hee] + Unsldi (r ) As(r') + Hee 1}a(r))1dr,
(71a)
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fork =1, 2, and

dAs(r)
dt

ih

Ne | ~ 27 2 2| &
{ (")+U33|¢3(")| + N [U13|¢1(")| + Uns|a(r)] i|—/\o}A3(")

/ O3 (r, r ) Usslp5(r)As(r') + Heel + Upslgi(r) A1 (r') + He.l + Uaslgs (r ) Aax(r') + Hee 1} s (r') dr,
(71b)

coupled to the above GP equations, (70). Finally, our second-order (consistent) dynamical equations of motion for the three-
component condensate are given by these MBdG equations, (71), coupled to the GGP equation (58a),

a 1
"”‘f’) (H"(r)+Ukk{[1 » }|¢k(r>|2+2

+

N, N,

+

N,

~-’- ~
<Ak<r;3Ak<r>> } T { [

N., - AlMA U
s (|¢3<r)|2 + M))mm o

i i i i 0
BIAL A b3 i(r) + (Bs i (r)Ar(r)t_, ()] + N“

(AL (A3 i (r)) }

N ]|¢3 () + N,

C1

(K2 (r) + HA P (s i)

(AL Aer)d3(r) + (A3 () Ae(r)) 5 (r)]

C1

_/{[N o1+ — N |¢>z(r)|} (AR 1) + (A () Ar(r) 7 ()]

|:Nc| 1 (")) + N,
[ N 1910F 4 Un %
fork =1, 2, and
ih3¢a3t(r) _ (pr(r) + 033{ [1 - N_cj lp3(r)|* + l\iz
+ N: [013|¢1(r)|2 + Uslpa(r))* + 101 (]\I(r)[\l(r)) +
+ ?3 [AT(MA3)) 1 (r) + (A1) A3(r) g7 ()] +

I

2 o) } (AR ps(r') + <1~\3(r/)1~\k(r))¢§(r/)]} dr'

Z1a(r')] } (AL A o) + (o) Ki(r) 3 ()]

(72a)

<fx§(r>A3<r)>} -3

J B -
N (A;(r)Az(r)>])¢3(r)+ N (A3 (r)

C1 2

U - - . 5
N” AL AS(P)da(r) + (Aa(r)As(r) i (r)]

|¢3(r,)|2 e AN / X AW Py
- N, {Uss[{A3(r)As(r) s (r') + (Az(r)As(r))¢3(r')]

+ OilA A1) + (A Rs(r) g ()] + On[(AS () A3 o) + (Aa(r) Rs(r) g3 (r )1} dr,

where the nonlinear eigenvalues )Lé and A% follow from (58b).

VIII. CONCLUSIONS

We have extended the number-conserving formalism
developed for single-component Bose-Einstein condensed
systems in [56] to general multicomponent configurations. In
the number-conserving approach, the system of equations is
derived from approximations to the governing Hamiltonian,
written generally to encompass any number of components,
in a wide variety of mutually coherent and incoherent
configurations. Differing levels of approximation in the
Hamiltonian generate dynamics described by multicomponent

(72b)

(

equivalents to the GP equation, the number-conserving
MBAG equations, (55), coupled to the GP equation, and
the GGP equation, (58a), coupled to the MBdG equations.
The last of these yields self-consistent equations of
motion with regard to the condensate and noncondensate
number. We have looked specifically at two-component
condensates, both where the components are mutually
coherent (two internal states of the same atom) and where they
are mutually incoherent (most obviously two completely dif-
ferent atomic species), and at a three-component configuration
where two of the components are mutually coherent with
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respect to each other but not with respect to a third component This provides the essential framework for detailed study of
(e.g., two internal states of one species of atom, and another specific multicomponent condensate configurations, within a
species of atom, all within the same experimental setup). canonical, or number-conserving, formalism.
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APPENDIX A: REFORMULATED HAMILTONIAN

Our n-component condensate is described by n field operators, one for each component. The effective Hamiltonian is then
given by [Eq. (4), rewritten here for convenience]

A() = / > [@(r)pr(r,r)wk(rH %\D&rw,l(r)wk(r)wk(r)] dr + / > U e dr
k=1 ik

j<k

+ / S Wl H .Y dr. (A1)
j.k
J#k

In order to obtain a set of dynamical equations to describe the n-component condensate, we must, as the first step, reformulate
this effective Hamiltonian in terms of the fluctuation operators, (18). In this Appendix we show the details to obtain this exact
reformulation.

We first write each of the field operators in terms of the condensate and noncondensate parts, (11): W (r) = Qe (DPr(r 1) +
8Wy(r.,1). This gives us an effective Hamiltonian that is given in terms of the annihilation (and creation) operators of the
condensate and noncondensate parts. By suitable rearrangement of each of these terms, using the commutator relations, (15), and
I\A]Cp(k) (1) = &IW) (1)ac,, (1), we are able to write each of these terms solely as a product of annihilation operators and noncondensate
parts (or equivalent Hermitian conjugates). This means we can replace each of these products with a fluctuation operator, (18).

After collecting terms in products of A, this exact reformulation gives A = HA" + AAY + A 4 gAY 4 AAY where

(A Sl |4 Ney — 1) On L Ny, (R, — 87)
AR = / 1Mo [m(r)Hs’;(r)d)k(rH(;\,“#7|¢k(r>|“}+Zujk M 16, Ik ()P
k=1 Cpk) j=1 NC/:U) Cpik)
j<k
+ Y Ny @5 (N Hy (Ngu(r) ¢ dr, (A2a)
j=1

j#k
[N

o d " ) e —1]
" = / > Ne [0 OHE O A + He] + O {qs;:(r)“T]Ak(rHH.c.} 2P
k=1 Cp(k)

SR [Nc'mk) - S;k] ~ 2
+ Y Ui ¢j(")T’A_,-(r) +He Vo)l

j=1
J#k

+ 3 N [03 HYy (D A(r) + KL Hy (ngu(r)] § dr, (A2b)
j=1
J#k
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s " ) 204 (R, — Ot
H<A>=/ Al )[ O HE(r )+—( = )|¢k(r)|2} Ak<r)+—[¢k (r)A;(r) + He]

Cp(k) Cp(k)

" . N, 1 - .
+ 3 Al B A + Z Uje { 5167 (BL(R () Ai(r) +Hel
j=1 Cp(k) j=1
J#k J#k
AT 9 P 1 NL‘p(j) X 1 Y ®
+ AL (Ney, —870) | = —— () j(r) + ——¢;(r)A(r) | (r) ¢ ¢ dr, (A2c)
Ncp(,) Ncli(k) Ncp(k)
R - JNe, /Ne o
AN = / Usi |:¢k(r)Ak(r) 5 P2 AR + Hc:| + Z Ui |:¢ (rAjr) 5 Y2 A Ak(r) + H ci| dr, (A2d)
k=1 Cptk) j=1 Cpk)
j#k
n ad n a 1 A-i— a~ A
Ak Ui ~ N, SV (r)dW, (r)dW;(r)dW(r
H(M) =/ —kkA}:z(r) _ pk) A%(")‘FZ j( ) ( ) ( ) k( ) dr. (A2e)
k=1 Cn(k)( Cpty ) N Cp(j) N, Cpik)
| j<k

APPENDIX B: APPROXIMATION TO NUMBER AND FLUCTUATION OPERATORS

The number fluctuations of the condensate and noncondensate components within each subset must be equal and opposite,
ie.,

Ne,yy = Neyo, + Z T / (8 (s Ge ) — 8] (rs b)) dr

- Ne o -~ v Ney -
Now + Y004 / AL 22 Ri(r) ) = AL =22 Ap(r) | dr, B1)
k'=1 Ncmk’) NCp(k’)
where we have used (19). To zeroth (and first) order in the fluctuation operators, NCM = N> Whereas to second order we have
Nepyy = Neyy + Zak v f [AL(MAL(r) — AL A dr. (B2)

We can now use (B2) to express the commutation relation [[\k(r),f\T/(r’)], (20), in terms of the condensate numbers and
expectation values of A (r) and [\T,(r’): from (19), (20), and (B2) we have

T //~” " At //NH ” 8/’, . N
[Au(r). AL ~ Qkk(rr>{1+25kk, /[(Akf/(r A" ALERe(r )] dr/,}_ ﬁ LA,
Cplk)

k=1 N NCp(k)

Cpk)

(B3)

where we have written ]\A/Cp(k) =N, ey, and Ne, o = Nc .. We may replace the (1 + Ncm“)’ term with N . as the resulting
difference will only be to quartic order. Finally, to a Gaussian level of approximation we may replace pa1rw1se products of the

fluctuation operators A(r) and Af(r) with their expectation values [56]. We thus write

(AL A(r))
N,

Cpk)

[Ae(r). ALGD] > Que(r.r') — 80 (B4)

whereas to zeroth and first order, the commutator may be approximated by
[Akr), R ()] ~ Quie(r,r), (BS)
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APPENDIX C: CUBIC HAMILTONIAN

The effective Hamiltonian, written in terms of fluctuation operators in (A2), is an exact reformulation of the effective
Hamiltonian written in terms of the field operators, (4). To make progress with the reformulated Hamiltonian, (A2), we must
consistently deal with the terms of cubic and quartic order in A. To achieve this, we need to use the approximation to the number
operators NCP(M, given in (43). Note that, while (43) is a second-order approximation to the number operators, this is sufficient
to retain consistency. We can then substitute (43) into (A2), expand any terms cubic in the fluctuation operators according to

the Hartree-Fock factorization (46), and neglect terms quartic in the fluctuation operators. Our third-order approximation to the
N A 1
full Hamiltonian, (A2), is then found to be given by (after collecting terms in products of N.) Hz = H;N") + H (Ne") + H, g (N +

12 0 A (NO Arn—1/2 Arn—1/2 An—1/2
H (#e ) , where we further split H, N H;N“)“ + H;N“ " and HS(N" ) = H3(N" e 4 H3(N" " These expressions are

Ao f Z (r)[H;;(r>+ |¢k<r>|2]¢k(r>+20,k,/ ey Ney 19,1 ()

j=1
j<k

+ Y Neyo 3 (N Hiy (Ne(r) ¢ dr, (Cla)

j=1
J#k

A(Nl/z B /Z Ne,o {6 [ HE () + Ui (r)P]Ar(r) + Hee ) +ZUka[¢ (M)A ;(r) + Hellge(r)?

j=1
JFk

+ 3 N [@1O Hy (1 Ak(r) + AL Hy (r)gu(n)] | dr, (Clb)
j=1

j#k

Ui o«
H(N Ja fz L[ HE (1) + 20| e (r) ) Ar(r) + %[4’: (rAj(r) +He]

" N, ]
+ ) Un { [A (N Ar(r)g;(rgy(r) + Hee] + Al i) |:Ak(r)¢](r) + A (r)i(r), [ = N = }@f(r)}

j=1
Jj#k
U "o
+ZAT<r)Hgb(r)Ak<r> dr — f Z SO+ Y8 Tl (O lee(r) | dr, (Clo)
/;ék jjk

AN f Z S ([ HEE) + el ()] ¢k(r>dr28kk, / LALGDARE) — AL Ap)dr']

+ / > Ujklgj(r)lPig(r)Pdr | C"‘”Zakk, / (AL @A) — AL Ap ()] dr’
=1

= CW) k=1
J#k
/ Z¢ (r)HJﬁ(r)@(r)erakk/ / LA Re() — ALY Ae()] | dr', (C1d)
K'=1
/#k
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A / Uk
; =
k=1 vV NCp(k)

[or(M[20AL AP Ar(r) + AL(r)(A2(r))] + Hee )

dr

LALOA (M) Arr) + (AL K@) A (1) + (A () K@) K ()] + Hee

=
]
e,
<
*
—~
~

§ Usi N 2 . » Uj
- —— [ (r)Ar(r) + Hellge(m)|"+ ) 8¢ [
/ k=1 NCP(k> ‘ ¢ JXI: Ik vV Ncplk)

J#k

¢5(r)A;(r) + Hellgu(r)* ¢ dr,  (Cle)

|pe(r)? Zak v / {6 (AL @A) Ap () + (R () A () AL ()] + Hey dr’

AN, /
a =-
3
k=1 | Vv Ncmk)

2 n
- |¢k(r)| kk’/{¢ [ A (r )A (r))Ak (r)_|_ (Ak’(" )A (r))A,T(,(I‘ )] + H.c. }dr dr. (CIf)

V Lp(k) k=

APPENDIX D: EVOLUTION EQUATIONS

In general the Heisenberg time evolution of the fluctuation operators is given by

d - - . J -
ih— Ay (r) = [Ax(r), H] + ih— Ay (r), (DD
dt ot
where, from (18),
. At N
L0 - ih 0d, a8\, (r)
hi— Ap(r) = 20 5\, a5 | D2
i Ar) /T[ o O e, (b2)

noting that the partial time derivative of N, is 0 [as follows from (50)] [56]. We find, straightforwardly [from (12) and (13),

respectively], that

. ac,,(“ _ 25 /|: 3¢k (I'):| ‘ill,(r)dr, (D3a)
38U (r) 1, 0K Ul PR
in2% __I;{aw, [ owear ™) ar s [ (0250 | swrrar]. o)
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APPENDIX E: FIRST ORDER

The Hamiltonian, under a first-order approximation, is

. n U n 5 n .
A = / > Ncp(k,qs:(r)[pr(rH %m(rnz}mvw D T Neyy Neyo |6, P12+ Y Ne @1 HEy (1)) dr
k=1

j=1 j=1
j<k J#k

+ / D Newo {2 O[HEE) + Ol P]Ar(r) + Hee ) + Y Uil /Ny [950)A () + Hee I e (1))
k=1

j=1
j<k
+  Noyo [0EA(r) + Hedlgj (0P} + D o/ Neyo [#5V HE AL + K HEE (1)) | dr, (ED)
pot
where we have assumed that
n % . n % .
/;Ncm > | (r)|" dr >>/kZ=1: > | (r)|" dr (E2a)

and

/ 3 Ve Neyo Uil 0 1) dr > / > Uil ()P 1gu(r)P dr, (E2b)
J-k J-k
j<k Jj<k

7 A
i i is justi 5 — VO L g

which, under the assumptions that the N, are large, is justified. In other words H, = H; <" + H;"° °.
To progress, we can now use the expression describing the evolution of the fluctuation operators, (48), retaining terms up to

first order, to calculate
_ dA(r) ~ A - . 0 (r)
lhT = [Ax(r), Hi] — / > Neyo Quar(r.r'y |:lﬁ—8t dar'. (E3)

k'=1

It is straightforward to obtain the expression for the commutator [f\k(r),lfl 1]: the terms linear in the fluctuation operator drop
out immediately, while the terms quadratic in the fluctuation operator can be written, in this first-order approximation, as

[Ax(r), AL ()] = Qe (r,r’), (45). Thus we can rewrite (E3) as

L dA(r) - / ~ ., 0 = . Ne,,
ih d"t = / D\ Newy | Quetrr) | H () + Uil 0P — ik + 3 Ojer [ 1501 | o)
j=1 Cpt

k'=1
J#K

+ > Qur ) HY (X))o () t dr'. (E4)
j=1
J#k
We now note that the expectation value of the time derivative of the fluctuation operators is 0, ie., (dA(r)/dt) =
d(A(r))/dt = 0, so taking the expectation value of (E4) gives us the set of time-dependent GP equations reported in the main
text.
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[65]

[66]

(possibly time-dependent) rotation frequencies for each coor-
dinate, °(r) = (1), 2" (1), 2 (1)), and the angular
momentum vector L(r), containing the angular momentum
expressions for each coordinate, L(r) = r x [—iAV].

Note that in our Hamiltonian, (4), the one-body term H‘;’;‘(r,t)
does not need to contain such a Kronecker § mapping term since
this is implicitly accounted for through the elements of €.

If one were to consider a traditional symmetry-breaking
approach, then the wave function should be partitioned as
Ui(r) = W (r,1) + 38U (r 1), where Wi (r,t) = (Ui(r)) is a
finite expectation value for component k and S\il,ib(r,t) is a
noncondensate (fluctuation) term for component k.
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[67] Note that (15b) follows directly from the definition of S\ilk(r,t),
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Kronecker § mapping term 8, (and its indexed variants).
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