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Abstract

The dynamics of a confined fluid of Bose atoms is treated within the linear response regime, with a view to establishing
a current-density functional formalism for an inhomogeneous superfluid state. After evaluating in full detail a simplified
case of an external coupling to the density and phase of the condensate, the theory is extended to include the coupling to
the total current density. The Kohn—Sham response functions of the condensate and all the exchange-correlation kernels
for the superfluid are introduced from the microscopic equations of motion and are expressed in a physically transparent
way through functional derivatives of correlation functions. A microscopic formula for the superfluid density is derived
and used to introduce a generalized hydrodynamic approach for a weakly inhomogeneous two-fluid model in isothermal
conditions. Local-density expressions are thereby derived for the velocities of first and second sound in the weakly
inhomogeneous superfluid and for visco-elastic functions describing the transition from the hydrodynamic to the
collisionless regime. Landau’s hydrodynamic theory and known results in Green’s functions language are recovered in
the limiting case of a homogeneous superfluid. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

A considerable experimental effort is currently
being devoted to the elucidation of the dynamical
behaviour of dilute alkali vapours which have
undergone Bose—Einstein condensation in magnetic
traps. These experimental studies have concerned
the excitation of low-lying shape-deformation
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modes [1-3], the propagation of sound waves in
both the condensate and its thermal cloud [4,5,39]
and antisymmetric oscillations of the condensate
and the thermal cloud corresponding to second
sound [5]. The experimental progress has stimu-
lated a number of theoretical approaches involving
quantal hydrodynamic descriptions of confined
Bose-condensed fluids [6-11,40]. The relationship
between the dynamics of such inhomogeneous
fluids and the well-known dynamic behaviour of
a homogeneous Bose superfluid [12-14] also is of
considerable interest.
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The developments that we have recalled above
have motivated the present theoretical study. We
bring forward the proposal made in our earlier
work [7] to extend to a superfluid of neutral Bose
particles the recent progress made in developing
a time-dependent current functional theory for the
dynamics of inhomogeneous electron systems. For
a many-electron system in the normal state the
basis of the theory comes from a set of theorems by
Runge and Gross [15], showing that the problem
of its dynamical behaviour in an external time-
dependent potential can be mapped into that of
non-interacting electrons in a self-consistent effec-
tive potential. These general theorems have been
extended to inhomogeneous superconductors [16],
the central result being a set of time-dependent
Bogolubov—de Gennes equations which include
exchange and correlation (xc) effects. In actual
applications to electronic systems in the normal
state (for reviews see Gross and Kohn [17]
and Gross et al. [18]) low-frequency phenomena
have been usefully described by means of the so-
called “adiabatic local density approximation”
(ALDA), in which the dynamic xc potential is
evaluated as in the corresponding static problem
from the xc energy density of the homogeneous
electron gas at the local time-dependent density.
More recently the search for a fully dynamic local-
density approximation has led Vignale and Kohn
[19,20] to develop a current-density formulation of
the theory. In brief, these authors have shown that
the linear response of a weakly inhomogeneous
electron system to an external time-dependent po-
tential can be expressed in terms of (i) a dynamic xc
vector potential built from xc kernels which are
taken from the homogeneous fluid at the local
equilibrium density, and (ii) a Kohn—Sham current
response matrix to be evaluated from a suitable
set of single-particle orbitals. Such a frame-
work supplements the ALDA in embodying not
only the electron-gas compressibility but also plas-
mon dispersion and damping as well as transverse-
current fluctuations [21,22] and allows a unified
treatment of the damping of collective excitations
from the Landau and mode-coupling mechanisms.
The formalism can be readily reduced to yield
generalized hydrodynamic equations showing that
the xc kernels have the meaning of frequency-

dependent viscosity coefficients and elastic moduli
[23].

In the case of a normal fluid at zero temperature
as treated by Vignale and Kohn [19] the only
relevant dynamical variable is the current density.
For an extension of this approach to a superfluid of
neutral Bose particles in isothermal conditions at
finite temperature it is immediately realized that the
set of basic dynamical variables must include, in
addition to the total current density, the density of
the condensate and its phase, the gradient of the
latter giving the superfluid velocity field below thre-
shold for vortex generation. In Section 2 we present
in full detail the theory of the linear response of the
two dynamical variables of an inhomogeneous con-
densate to a dynamic gauge-breaking external field,
starting from the microscopic equation of motion
for the order parameter in terms of the condensate
self-energy. This response is explicitly shown to
have the Hohenberg-Kohn—-Sham structure com-
patible with a mapping of the interacting system
into a single-particle reference system. We thus
identify the Kohn—Sham response functions of the
condensate as well as the relevant xc kernels, the
latter being expressed in the form of functional
derivatives of correlation functions. The connection
between the condensate kernels and the Green’s
functions which are more commonly used to de-
scribe the dynamics of homogeneous superfluids
[12,24-27] is exposed in Appendix A.

The response of the noncondensate and of the
total current density, and the cross-couplings be-
tween condensate and noncondensate are then
evaluated in Section 3 and in Appendix B. A useful
result which emerges from this treatment is
a microscopic expression for the superfluid density.
This introduces a two-fluid model for the generaliz-
ed hydrodynamics of an inhomogeneous superfluid
in the linear-response, weak inhomogeneity regime,
which is developed in Section 4. The crucial step is
an extension of Landau’s linearized hydrodynamic
theory for the homogeneous superfluid [13] to
finite-frequency phenomena, on the basis of the
memory function formalism [28]. The basic as-
sumption of such a theory is that both the equilib-
rium density profile and the external perturbing
fields are slowly varying in space, on length scales
set by the interatomic distance and by c¢/w where
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¢ is the local speed of sound and w is the excitation
frequency. Section 4 also presents a brief discussion
of the evaluation of the xc kernels for a weakly
inhomogeneous superfluid in a collisionless regime.
Finally, Section 5 gives a summary of our main
results.

2. Response of the condensate

We treat in this section the linear response of an
inhomogeneous condensate to an external per-
turbation described by the Hamiltonian

H'(1) = jd3r [, O () + (e (1)1, 2.1)

where () is the field operator and #(r, t) is a sym-
metry-breaking scalar field. An account of the res-
ponse of the noncondensate is deferred to Section 3.

2.1. Coupling to fluctuations in condensate density
and superfluid velocity

As a first step in making explicit the physical
meaning of the Hamiltonian (2.1), we follow
Hohenberg and Martin [12] in introducing the
transformation

Y'(r) = [Ar]"? exp[ — ip(r)], (2.2)

with 71(r) the density operator and @(r) the phase
operator of the condensate. Then, writing y(r) =
{Y(r))eq + 0Y(r) and with the definition ny(r) =
[<Y(F))eql* for the equilibrium density of the con-
densate, Eq. (2.1) can be rewritten as

H'(t) = Jd3r [olr, t)on(r) + Kr, t)op(r)], (2.3)

where 6 (r) = 2 Re[{Y(r) Y0¥ (1] and o(r) =

— Im[oy' (/<Y1 (r))eq]. The fields ofr,t) =
] Re [ >eq 0] and 1) =
2 Im[<Y(r)Deqn(r, )] in Eq. (2.3) evidently repres-
ent external couplings to fluctuations in the density
and phase of the condensate. We use the symbol
{...» to denote expectation values on the equilib-
rium ensemble at given temperature, with the suffix
eq added to denote properties of the unperturbed
fluid.

The superfluid velocity operator d(r) is introduc-
ed as

b(r) = m™ ' V,00(r) (2.4)

with m the particle mass [12]. We are assuming
that the superfluid velocity vanishes everywhere at
equilibrium. The perturbing Hamiltonian (2.3) is
then rewritten as

H'(t) = Jd3r [olr, t)on(r) + Ar, t)- d4r)], (2.5)

where

1
A ) = 2 a3 V.9, 1). (2.6)
47 |r — 7|

In summary, the Hamiltonian (2.1) describes
external fields acting on the density and phase fluc-
tuations of an inhomogeneous condensate, the
gradient of the phase fluctuations being related by
Eq. (2.4) to fluctuations in the superfluid velocity.

2.2. Linear response functions and their connection
to Green’s functions

A two-by-two matrix of (time-ordered) response
functions for the condensate density and phase is
introduced through the definitions

o{p(1)y
o)

etcetera. Here, 1 = (r, t;) and the operators are in
the Heisenberg representation.

With the notation (1) = (1) and ¥'(1) =
V»(1), we introduce symmetrized and equilibrium-
weighed single-particle Green’s functions G'5(1, 1)
for the noncondensate as

G (1, 1) =3[ — (Plr1)eqGap(1, 1)

Yooll, 1) = = (TLp(1)op(1)]), 2.7)

X (1 )deq F ], (2.8)
where
Gul(1, 1) = — H{<KTIY ()1

— D)) PHL ) (2.9)

The following expressions are then obtained
for the time-ordered response functions from the
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definitions of d71.(r) and o@(r):

Loo L 1) = il20r ()] ™!
x[GHL 1) =GR 1), (210)
Toa(11) = 2A[GEL 1) + GH(L 1YL, (@11
Tnol 1, 1) = = [nr 17 TG 1) — G 1),
(2.12)
and
Zon(1, 1) = [n(r)] 7 [GY(L, 1) + G351, 1],

(2.13)

Of course, the expressions (2.10), (2.12) and (2.13)
can be converted with the help of Eq. (2.4) into
expressions for response functions involving the
superfluid velocity.

In the present case the off-diagonal response
functions coupling the superfluid velocity to the
condensate density reflect the non-conservation of
the number of particles in the condensate: by excit-
ing fluctuations in the condensate one changes
its density and hence induces a superfluid flow.
Whereas in standard treatments of superfluid hy-
drodynamics the amplitude fluctuations of the con-
densate can be neglected (see e.g. [ 14]), all the four
response functions (2.10)«2.13) are taken into ac-
count in our treatment, which is not restricted to
low frequency.

The symmetry properties of the response func-
tions introduced above are easily assessed by
a standard analysis of the spectral functions asso-
ciated with the causal analogues of the Green’s
functions (2.8). Assuming a time-inversion-in-
variant unperturbed state, one can in particular
prove the symmetry relation Im y,,(r, ¥;w) =
— Im y, (¥, ; — w), both functions being purely
imaginary and even in .

2.3. Microscopic expressions for the response func-
tions

We proceed to evaluate the response functions
from the microscopic equation of motion for the
expectation value <y/(1)) of the field operator in the

presence of the perturbation H'(t). This is

JdZGol(l, 2)P(2)y = n(1) + a(1), (2.14)
where G is the free-particle Green’s function,

o 1
Gy i(1,1) = [1 +5 Vi

3 Vir) + H:|5(1> 1)

(2.15)

with V(r) the confining potential and u the chem-
ical potential, and

a(l) = sz o(ry, )Y TRWEW)) (2.16)

is the condensate self-energy, with v(ry, r;/) the in-
terparticle pair potential.

By analogy with the definitions of the external
fields entering Eq. (2.3), we introduce the excess (ex)
potentials

2ex(1) = [nelr)] ™" Re[YT(r1)eq a(D)], (2.17)

and

Gex(1) = 2 Im[ Y (1)) eq a(1)]. (2.18)

The ex kernel «,, may be viewed as the shift in
chemical potential due to the interactions in the
fluid away from equilibrium. On the other hand,
9., determines the violation of the continuity equa-
tion for the condensate through couplings to the
noncondensate, as may be seen from the micro-
scopic equation of motion for the condensate den-
sity fluctuations (see also Ref. [12]).

Eq. (2.14) can then be written as

(1)) = fdf Go(L, )Y (1) eq{[4(2)

+ aex(z)] + %l[nc(ri)] - 1[‘9(2) + l96)((2)]}
(2.19)

This form of the equation of motion for the field
operator can now be used to evaluate the response
functions by taking functional derivatives with re-
spect to the external fields in the linear response
limit.
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Let us consider first the phase-phase response
function y,,(1, 1'). From its definition we have

ool 1. 1) = [ing(ri)] ™" |42 {; 1G5 (1, D [n(rs)]

X [5(2 1)+ 55‘9‘;("?))] +GY7(1,2) 5(;;("?))}, (2.20)
where
G671, 1) = 5 [P (r1)Deq Go(1, 1)
X {P(ry))eq £ cC]. (2.21)

It is evident from Eq. (2.20) that G4 is related to an
ideal phase-phase response function y\, aside from
weighing factors determined by the equilibrium

density of the real fluid:
oL 1) = i2ny(r)nr )] 7' Go™ (L, 1),

A similar calculation for the phase-density response
function attributes to G’ in Eq. (2.21) the meaning
of an ideal phase-density response function,

Zon(1, 1) = [ndr)]”'GH(L 1),

Eq. (2.20) can therefore be written in its final form,

(2.22)

(2.23)

0Fex Olex
o= 10+ 12850 +20%2 |@ran
09, oo
YOI 4 0 @ ex (224
+ [m(p@ only Ton®5 - (p]@xw (2.24)

In Eq. (2.24) we have omitted the arguments of all
the functions involved and indicated with the sym-
bol ® an integration over intermediate variables.
Of course, Eq. (2.4) immediately yields

ool 1) =m™ 2V, V, 7,,(1, 1). (2.25)

The microscopic structure of the matrix of re-
sponse functions is now clear. With the further
definitions

Thon(1,1) = — [n(r )] GG (1, 1), (2.26)
Tnn(1, 1) = 21G67(1, 1) (2.27)
we construct an ideal response matrix y®:
©) . (0)
chnc Xnu
P =< © (Jf) (2.28)
Lon. Koo

We also have the matrix K of excess kernels arising
from the interactions:

. <5aex/5nc|¢ 5aex/5<o|,,c>_

= (2.29)
09ex/0nc|y 0 9ex/OPa,

Then the desired form of the matrix y of response
functions in the real Bose fluid is given by

1=71"+1"®K®y (2.30)
or
1= —729K] '@, (2.31)

As a final remark we explicitly note that, at vari-
ance from what is customary for electron fluids, the
kernels d0.,/0n|, and do.,/d¢l, in Eq. (2.29) include
Hartree contributions in addition to the exchange
and correlation terms.

The relevance of Eq. (2.30) to a density-func-
tional treatment of the dynamics of an inhomo-
geneous superfluid will be discussed in Section 2.4
immediately below. An alternative derivation of
Eq. (2.30), which highlights the meaning of the
excess kernels (2.29) as single-particle self-energies
for the real fluid and relates the present treatment
to the work of Wong and Gould [25] on homo-
geneous Bose fluids, is given in Appendix A.

2.4. Connection with time-dependent density
functional theory

The structure of the microscopic equations (2.30)
for the response of the condensate at fixed noncon-
densate is a consequence of the fact that the self-
energy a(1) is a function of only one space-time
variable. In our derivation of these equations in
Section 2.3 we chose to use the response functions
(2.28) as built from the ideal-gas Green’s function
Gy, in order to facilitate comparisons with earlier
work on the homogeneous fluid. Hence, the form of
Eq. (2.30) is that appropriate for a Hohenberg—
Kohn—Sham treatment, with a Kohn—-Sham refer-
ence fluid which is, however, an ideal Bose gas
except for weighing factors determined by the true
equilibrium condensate density.

A more appropriate set of Kohn—Sham response
functions for a time-dependent density functional
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treatment of the condensate response can be ob-
tained from a single-particle Green’s function
Gks(1, 1) defined through

Ged(l 1) = Go (1, 1) — 24" 50 1y (232

<W(r1)>eq
The equilibrium self-energy term which has been
included in Eq. (2.32) needs to be subtracted from
the RHS of Eq. (2.14), which now reads

sz Gis (L, 2)P(2)) = n(1) + Aa(1), (2.33)

where

Ao(1) = o(1) — aeq(r)<Y(1))/<Y(r1))eq (2.34)

contains only dynamical effects. All other equations
of Section 2.3 remain formally the same, after re-
placement of G, with Ggg and of (1) with Ag(1). In
particular, the matrix of Kohn-Sham response
functions yks is to be built from the Green’s func-
tions

GKs'(1, 1) =3[P (r))eq Gis(1, 1))
X {Y(ry))eq £ cC] (2.35)

and is in general non-diagonal. We also remark
that a static mean-field potential due to the interac-
tions has been included in earlier treatments of the
dynamics of an inhomogeneous condensate in the
random phase approximation [29,30].

Thus, the Kohn—Sham reference system that we
are proposing for a density functional approach to
the dynamical xc effects in a superfluid explicitly
contains the interactions through the equilibrium
value of the condensate self-energy. Of course, ex-
pansion of the Kohn—Sham response functions in
an appropriate basis set will be needed (see, e.g. the
suggestion of a Bogolubov — de Gennes basis set
made by Wacker et al. [16] for a superconductor).
On the other hand, we should emphasize that we
are not advocating a density functional approach
to the evaluation of the equilibrium state of the
superfluid. In particular, a thermodynamic treat-
ment based on the Gross—Pitaevskii equation is in
quantitative agreement with experiment for con-
fined vapours of alkali atoms which have under-
gone Bose—Einstein condensation [31].

We conclude this section by recalling that simple
approximations on Ag(1), leading to a time-depen-
dent Gross—Pitaevskii equation, have been found
to be useful in the recent literature on collective
excitations of the condensate (see, e.g; Ref. [32]).

3. Response of the noncondensate and of the whole
fluid

Having dealt with the linear response properties
of the condensate in the preceding section, we now
extend the treatment to the linear response of the
whole Bose fluid. The perturbing Hamiltonian (2.1)
is supplemented by the perturbation

H'(t) = derchr’ VI U(r, v th(r), (3.1)

involving a non-local scalar potential U(r, r'; t) as
needed to describe the current response. We shall
first focus on the response of the noncondensate to
this potential, before turning to treat the response
of the whole fluid to the set of external perturba-
tions given by #(r, t) and U(r, r; t).

In earlier work on Bose fluids by the so-called
dielectric formalism [12,14,24,25], a diagrammatic
analysis has often been used to divide the proper
current response function into a “regular” part and
a “singular” part. The regular part is described by
the set of irreducible diagrams and may be identi-
fied with the response of the normal component.
The singular part can be expressed in terms of the
response of the condensate, multiplied by a vertex
function which contains off-diagonal (condensate-
noncondensate) kernels. The same vertex function
relates the condensate-noncondensate response to
that of the condensate.

Here, instead, we evaluate the total current re-
sponse as the sum of the response of the noncon-
densate at fixed condensate and of the response of
the condensate to the U field. Both contributions
are obtained by a functional-derivative technique
from the equations of motion of the single-particle
Green’s functions G. In our calculations we take
the single-particle self-energies as functionals of
G and of the order parameter (i), this approach
being the most general and naturally amenable to
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perturbative treatments [33]. The results can be
immediately compared with those of Griffin [14],
allowing us to identify the two contributions to the
total current response as coming from the irredu-
cible and from the reducible diagrams, respectively.

3.1. Linear response of the noncondensate

We define the response function for the current
density of the noncondensate through the func-
tional derivative of its Green’s function with respect
to the potential U at fixed condensate (i.e. with the
changes in condensate density and superfluid velo-
city set equal to zero):

;1,2 = i(2m) 2

6G1.(1, 1)
sU(2,2)

b
(e, v,)]l—l/.z—zf

(3:2)

X |:V1, Vs, o

where V; ;. = V; — V.. The equation for the gen-
eral four-point response function 5G~aﬂ/5U is ob-
tained by taking a functional derivative on the
Dyson equation for G,

6G,p(1,1) ~
m - Goc“/(ly 2)G}'l}(2 > 1 )
~ 202,033~ =
+ Go(1, 3) SUR.2) Gop(3, 1), (3.3)

where X, are the single-particle self-energies,

) 00l
= = Sl .

with o,(1) =0(l) and o,(1) =0*() [34]. The
convention of integration over repeated barred
variables and of summation over repeated Greek
indices has been used. Eqs. (3.3) and (3.4) are used in
Appendix B to derive a microscopic expression for
17 (see Eqgs. (B.1)+(B.3)).

Of special interest here is the relationship be-
tween y;7 and the noncondensate density—current
response y; From the Dyson equation for G we
find the equation of motion for the noncondensate
density #i(1) =iG, (1, 17), and hence by taking its
functional derivative with respect to U at fixed

condensate we get the Ward identity

21, 1) = (i) ' [Vi- A1, 1) + m™ ' Vip,(1,1)].
(3.5)

In Eq. (3.5) we have defined

Vipa(1,2) = Vi[a(1)d(1, 2)]

Sa(l
_ Re{ \72,2,[<W(1)>eq #é)z)lz} (3.6)

With the further definition
pd1,2) = n(1)3(1, 2) — py(1, 2), (37

Eq. (3.6) can be rewritten in terms of the vertex
functions introduced in Appendix B as

Vip(1,2) = —m3,(1,2) (3.8)

(see Eq. (B.9)). Egs. (3.6) and (3.8) extend to the
inhomogeneous Bose fluid an equation already de-
rived in the homogeneous case by Huang and Klein
[20]. It is easily shown that the function py(1, 2)
reduces for the homogeneous fluid in the static limit
to the microscopic definition of the superfluid den-
sity given by Griffin [14]. Evidently, the function
on(1,2) reduces to the normal-fluid density. We
shall make use of these functions in dealing with
a two-fluid model in Section 4 below.

As a final remark, we notice from Eq. (3.5) that in
the limit indicated above p, may be interpreted as
the so-called diamagnetic contribution to the irre-
ducible current-current response function y; (see
also the discussion given by Hohenberg and Martin
[12] for the homogeneous Bose fluid).

3.2. Off-diagonal response and total current—current
response

In Section 3.1 we have treated only the irredu-
cible part of the current—current response. Detailed
calculations of the off-diagonal (condensate-non-
condensate) response and of the reducible contribu-
tion to the current—current response are given in
Appendix B. The final result for the current—current
response function y; can be cast in a form which is
equivalent to Eq. (6.38) in the work of Hohenberg
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and Martin [12]:

o
5j 5j ngug Xvsnc 51)5
i = 7T\ 5 39
AL +<5vs 5nc>®<xncv, />® oj (9)
on,
A comparison of Eq. (3.8) with Eq. (B.15), i.e.
9j(1)
< o =912 3.10
so)e 2 (3.10)
yields the result
9j(1)
1,2) =V, : 11
Vipdl,2) =V, 5020 (3.11)

The microscopic expressions (3.9) and (3.11)
should be contrasted with the results reported by
Hohenberg and Martin [12] for a two-fluid model
subject to slowly varying perturbations, upon ne-
glect of fluctuations in the condensate density (see
their Eq. (5.16)). These authors show that in such
a limit y; is the response of the current density j(r, t)
to an external field given by the normal-fluid velo-
city v,(r, t) and y,,, is the response of the superfluid
velocity vy(r,t) to an external field given by the
interdiffusion current j(r, t) = j(r, t) — n(r)v,(r, t) =
ps(r)[vs(r» t) - vn(r» t)]aps(r) and Pn(") = n(r) - ps(r)
being the equilibrium densities of the superfluid
and normal-fluid components. Furthermore, their
definition of superfluid density involves, as in Eq.
(3.11), the functional derivative of the current with
respect to the superfluid velocity at fixed normal-
fluid velocity.

In summary, the main results of this section are
the microscopic relations for the generalized nor-
mal-fluid and superfluid densities given in Egs. (3.6)
and (3.11), and the expression (3.9) for the total
current—current response. These are supplemented
by Eq. (B.1) for the irreducible current—current re-
sponse and Eq. (B.7) for the off-diagonal conden-
sate—irreducible current response. We have also
made full contact with the two-fluid model as dis-
cussed by Hohenberg and Martin [12], for what
concerns in particular the superfluid density and
the normal-fluid velocity. With regard to the latter
we also recall that Kane and Kadanoff [35] have
interpreted v,(r, t) as the local velocity of bodily
flow of the fluid within a microscopic Boltzmann

equation approach to the two-fluid hydrodynamic
behaviour.

4. Current functional formalism for the two-fluid
model of a weakly inhomogeneous superfluid

In contrast to the Hohenberg—K ohn—Sham struc-
ture that we have derived in Section 2 for the linear
response of an inhomogeneous Bose condensate,
the structure of the current response and cross
response functions given in Section 3 is quite com-
plex. However, in the last resort one may obtain
a practicable calculational scheme from the general
formalism only by (i) taking special limiting cases
and (ii) introducing approximations. An important
limiting case is that of weak inhomogeneity, in
which both the unperturbed density profile of the
fluid and the external fields acting on it are slowly
varying in space. Recent progress for the current
response of electronic systems in the normal state
[19-23] has been referred to in Section 1.

Egs. (3.5)—(3.7), introducing the functions p,(1, 2)
and p4(1, 2) which for the homogeneous fluid in the
static limit reduce to the densities of normal fluid
and of superfluid, can be taken as the basis for
developing a two-fluid model for the generalized
hydrodynamics of the inhomogeneous superfluid in
the linear-response, weak-inhomogeneity regime.
Specifically, we propose that Egs. (3.6) and (3.7)
may provide a reasonable definition of the equilib-
rium superfluid density py(r) in the weakly in-
homogeneous case, when we take its static limit
and the K = 0 component of its Fourier transform
with respect to r; — r,. The functional derivative
entering the RHS of Eq. (3.6) is a five-point correla-
tion function, to be evaluated on the equilibrium
state.

4.1. Generalized hydrodynamics of a homogeneous
superfluid

With this definition of the superfluid density, we
first proceed to extend Landau’s hydrodynamic
theory for the homogeneous superfluid [13] to
finite-frequency phenomena. We use for this pur-
pose the well-known memory function formalism,
as described, e.g., in the book of Forster [28]. We
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assume isothermal conditions, i.e. neglect the coup-
lings between density and temperature fluctuations.
The form of the generalized hydrodynamic
equations is in fact dictated by some general con-
siderations: (i) invariance under a Galileian trans-
formation and Onsager symmetry must hold; (ii) as
a consequence of the zero-force and zero-torque
theorems, the time derivative of the current density
Jj is driven by the divergence of a symmetric tensor
of the second rank; (iii) the time derivative of the
superfluid velocity v, is the gradient of a scalar
quantity, in view of its irrotational character below
threshold for vortex generation; and (iv) as already
recalled at the end of Section 3, the internal driving
forces are determined by the divergence of the nor-
mal-fluid velocity v, and of the interdiffusion cur-
rent j. =j — nv, = pvy —v,). The form that we
propose for the generalized hydrodynamic equa-
tions thus is

— imwdj(r, w) = —V -[op(r, )T ] +V -5, w),
4.1)

— imwdvyr, ) = —V[du(r, )] +V -7 r, w),
4.2)

where the stress tensors are given by

;5 = [nlw) — Po(")/iw]<avni + Oon; — géijV -vn>

or; or;, 3
+ 0yl La(@V - v, + Syl i, (4.3)
and
o8 = 0,[(3(@)Vji, + La(wl v,]. (4.4)

Here, py(n) is the ideal-gas pressure at the equilib-
rium density n, while dp(r, ®) and Su(r, w) are the
local pressure and chemical potential fluctuations.
These are given in terms of the density fluctuations
on(r, w) and of the entropy fluctuations ds(r, ) by
the linearized expressions

op(r, ) = (nKy) ™ 'on(r w), (4.5)
ou(r, w) = (N*Ky) ™ 1on(r, w) + (Ts/cy)ds(r, w), (4.6)

where, Kr, s and ¢y are the isothermal compress-
ibility, the entropy and the constant-volume speci-
fic heat (per particle). Of course, in isothermal
conditions the entropy fluctuations are associated

with fluctuations in the density of the nonconden-
sate.

The functions {; and # in Egs. (4.1)+4.4) are fre-
quency-dependent visco-elastic coefficients, whose
real parts express attenuation spectra. Within the
memory function formalism these spectra are re-
lated to the response functions of the system by the
following generalized Kubo formulae:

2
) — om
Re[{5(w) + 3 n(w)] = lim,_ 2 Im X}}(k, w),

4.7)
, — om? T
Re n(w) = limy o o Im y;(k, w), (4.8)
i —w
RC C3(w) = 11n’lkﬁO 7 Im Xv,.v,.(ka (U), (49)
Re[{(w)] = Re[{4(w)]
- nmkﬁo_T‘fm Im 7% (k, ), (4.10)

the equality {; = {, being due to Onsager sym-
metry. Of course, the imaginary parts of these
spectra, which have the meaning of finite-frequency
elastic moduli, are related to the real parts by
Kramers—Kronig relations.

The next step involves relating the visco-elastic
functions to ex kernels introduced from the long-
wavelength behaviour of the j—v, response functions
and of their single-particle equivalents. Within the
two-fluid model, ie. setting j= po, + p,v, and
n = ps+ pn, we use the results reported in Egs.
(4.24)-(4.26) in the work of Hohenberg and Martin
[12] and those given in Table 2.1 of the book of
Nozi¢res and Pines [36] to find the following limit-
ing behaviours:

limk_,o}{vavﬂ(k, w) = (p“)7 léaﬁ + Aaﬁ((l))kz + O(kz),

(4.11)
and
limy o 200,k @) = (p2) ™ 05 + Ap(@)k* + o(K?).
(4.12)

Here, the Greek indices refer to the superfluid (s)
and to the normal (n) component, XSM are the
single-particle response functions and the A4’s are
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frequency-dependent coefficients. The ex kernels
are then defined through the equation

2
- . w
f;zﬁ(w) = hmkﬁO F pzpﬂ[%vquﬁ(ka CU) - ngv/;(ka ('O)]

(4.13)

Use of the relations (4.7)—(4.10) and of their Hilbert
transforms yields the following expressions for the
visco-elastic coefficients in terms of the ex kernels
(4.13):

Lloyn, T) = — (0)”  [fu(@; {pa))

— Opex(n, T)/Onlr], (4.14)
Loy n, T) = — (i) 'Lfj(; {pa})

— 45,3 {pa})/3

— ndpey(n, T)/0nl1], (4.15)
G(sn, T) = — (10)” ' [fon(; {pa})

— Optex(nn, T)/Only

— (T's/cy)Opex(n, T)/OT ], (4.16)
la(oin, T) = — (i0) [ fu(e; {p})

— Opex(n, T)/Onlz], (4.17)
and
nw;n, T) = — (io)” f (0 {pa}). (4.18)

Here, p., and p., are the excess pressure and chem-
ical potential. We have denoted by {p,} = (ps n)
the densities in the equilibrium state and left impli-
cit the temperature dependence of the ex kernels.

4.2. Local—density theory of the weakly
inhomogeneous superfluid

The above results are easily extended to a weakly
inhomogeneous superfluid in isothermal condi-
tions. The general properties that we have used
above to derive the structure of the generalized
hydrodynamic equations in the homogeneous case
remain valid, while a Ward identity is essential to
relate the effect of a weak inhomogeneity on the
excess kernels to their density dependence. This
identity is obtained by modulating the densities

and comparing the long-wavelength behaviour of
the inhomogeneous response functions, to first or-
der in the inhomogeneity, with those of the
modulated homogeneous system [19].

Following the steps given in the derivation of
Vignale and Kohn [20] for the electron fluid, we
create a weak modulation of the densities of the
superfluid and normal-fluid components given by
0p,r) = 2&,p, cos (q-r) at long wavelengths ¢ — 0,
with &,«1. The ex kernels in such an inhomo-
geneous system can be written in the form

Foii(k, r; ) = f 5k, o; {p,})
+ 2 plk + ¢, k, :{p,}) cos (q-r) (4.19)

at long wavelengths k — 0. The Ward identity reads

limqqo‘ﬁ,}(k + q, k, @; {p.})
_ 0 .
=2 &Py g Sl 3 (i) (4.20)
v Py

and hence Eq. (4.19) yields
Tk, r; ) = iy, o {p (). (4.21)

Namely, the kernels in the weakly inhomogeneous
superfluid are given by those of the homogeneous
superfluid taken at the local equilibrium densities.

In summary, the combination of the zero-force
and zero-torque theorems with the Ward identity
(4.21) determines the generalized hydrodynamic
equations of the weakly inhomogeneous superfluid
in the form

— imwdj(r, w) = — n(rWV (dn(r, w)/n*Ky)
+V -ar, w), (4.22)
— imwdv(r, w) = —V[(n*Ky) ‘on(r, o)

— (Ts/cy)ds(r, w)] +V -T9r, w).
(4.23)

The stress tensors entering Eqs. (4.22) and (4.23) are
given by Eqgs. (4.3) and (4.4), where the visco-elastic
functions are those of the homogeneous superfluid
at the local equilibrium densities, according to Egs.
(4.14)+(4.18), and can be calculated from the re-
sponse functions of the homogeneous superfluid
with the help of Egs. (4.7)+(4.10). The thermodyn-
amic coefficients entering the ALDA terms (the first
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term on the RHS of Egs. (4.22) and (4.23)) are
similarly given by the corresponding quantities for
the homogeneous fluid at the local equilibrium
density, as a direct consequence of the linearization
effected in Eqgs. (4.5) and (4.6) for the fluctuations of
pressure and chemical potential. These ALDA
terms are evidently responsible for the first and
second sound modes in the superfluid.

5. Summary and discussion

In conclusion it will be useful to briefly summar-
ize the main results that we have achieved in this
work and to indicate some directions for future
work.

The recent experiments performed on trapped
vapours of alkali Bose atoms, measuring their col-
lective excitations in wide ranges of frequency and
temperature from the hydrodynamic regime to the
collisionless regime, motivate the search for a uni-
fied theory of the dynamics of an inhomogeneous
Bose superfluid.

In developing the basic time-dependent density
functional framework for such a system in the lin-
ear response regime, we have focused our analysis
on quantities having an immediate meaning, i.e. the
condensate particle density, the superfluid velocity,
and the current density. We have thus recognized
that the essential building blocks of the response
matrix of the superfluid derive from the two-by-two
problem posed by the response of the density and
phase of the condensate and from the irreducible
part of the current response of the noncondensate.
The difference between the condensate and the
superfluid is evident from Eq. (3.9), showing that
the superfluid can be viewed as a condensate
coupled to the noncondensate.

We have used the equations of motion for the
density matrix and the condensate wave function to
microscopically define the Kohn—-Sham response
functions of the condensate and the interaction
kernels entering the whole linear response matrix of
the superfluid. The basic equations that we have
derived are Eq. (2.30) for the condensate response
and Eq. (3.9) for the total current—current response,
combined with Eq. (B.1) for the irreducible part of
the current—current response and Eq. (B.7) for the

condensate—irreducible current response. Two fur-
ther results of our analysis are worth emphasizing:
(1) the study of the dynamics of an inhomogeneous
Bose superfluid at finite frequency requires atten-
tion to the coupling between the amplitude and the
phase of the condensate, as related to the violation
of the continuity equation for this component; and
(i) the microscopic, space- and time-dependent ex-
tensions of the density of normal fluid and super-
fluid emerge naturally from the theory (see Egs.
(3.6), (3.8) and (3.11)).

The above definition of the superfluid density has
allowed us to introduce generalized hydrodynamic
equations for a weakly inhomogeneous two-fluid
model in isothermal conditions (see Egs. (4.22) and
(4.23)). We have shown that in this limit the visco-
elastic functions are related through Egs. (4.14)-
(4.18) to the interaction kernels of the homogene-
ous fluid taken at the local equilibrium densities.
We have also shown that local-density expressions
hold for the thermodynamic coefficients respon-
sible for first and second sound. As remarked in
Section 2.2, the fluctuations in condensate density
decay on a faster time scale than the hydrodynamic
fluctuations and accordingly we have not included
this variable in the basic set for our generalization
of hydrodynamic theory. This point may need fur-
ther study. An extension of the theory to include
couplings between density and temperature fluctu-
ations may also be of some interest.

With regard to approximate calculations for
a Bose superfluid, the visco-elastic spectra can be
calculated from correlation functions of the homo-
geneous fluid at the local equilibrium density
through Egs. (4.7)4.10). In particular, the sound
attenuation spectrum and the shear viscosity spec-
trum in Egs. (4.7) and (4.8) can be calculated in
a collisionless regime by means of the same two-
pair decoupling scheme which has been used for an
electron fluid in the normal state [22]. The results
for these spectra as functions of temperature will be
published elsewhere [37]. One recovers in this way
for the sound-wave attenuation spectrum in a di-
lute Bose fluid at zero temperature the results pre-
viously obtained by Wong and Gould [25]. One
can also show that in this approximation the
value of n(w) is simply proportional to that of {,(w)

[37].
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More generally, a second-order perturbation
expansion of the single-particle self-energies, com-
bined with mode renormalization as in the so-called
one-loop approximation introduced by Wong and
Gould [25] provides a simple scheme allowing one
to evaluate all the dissipation spectra in Egs.
(4.7)~(4.10) and the related mode-frequency shifts
[38]. It turns out that within this approximation all
these spectra can be expressed in terms of four
exchange-correlation building blocks: a condensate
kernel (the proper part of da.,/dn.), two noncon-
densate functions (the irreducible proper parts of
the longitudinal and transverse current—current re-
sponse) and a cross condensate—noncondensate
term (the antisymmetric combination of the vertex
functions A,). Actual calculation of these four func-
tions yields that at all frequencies they take the
same value aside from simple multiplying factors

[38].
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Appendix A. Relations between excess kernels of
the condensate and single-particle self-energies

We outline here an alternative derivation of Eq.
(2.30). We start from the expressions Eqgs.
(2.10)~2.13) for the response functions in terms of
the weighed Green’s functions introduced in Eq.
(2.8) and use the Dyson equations for the weighed
Green’s functions:

Gy =G9 +) GIRZ,;QGs, (A.1)
7,0
where
Z_aﬁ(l’ll) = [nc(rl)nc(rl')] - 1<¢I(rl)>eq
X Zyp(L1) P p(r1)) eq (A2)

are the weighed single-particle self-energies.
The equations of motions for the response func-
tions y are easily constructed from linear combina-

tions of the set of Eq. (A.1), and the structure of
Eq. (2.30) is recovered with the following identi-
fications:

09ex/Oplu, = 2nlr)nr)ISYY — 85 — ul,  (A3)
Ootes/Oncl = SLSYT + 815 — ul, (A.4)
39 /0n, = inr)[SY7 — S12], (A.S)
00tes/ Ol = ine(ry)[SYy + S12'], (A.6)
where

SYP(LT) =32 (L1) £ S5a(L1)], (A.7)
and

SHE,1) =4 [ZL(1L1) + 2,4(1,1)]. (A.8)

Eqgs. (A.3)+(A.8) make explicit the connection be-
tween the excess kernels and the combinations of
symmetrized self-energies which were introduced in
the homogeneous case by Wong and Gould [25].
Of course, for the homogeneous Bose fluid the
evaluation of the ideal-gas response functions and
the matrix inversion involved in Eq. (2.31) are easily
performed.

Appendix B. Microscopic expressions for the
current response

We start from the definition (3.2) for the irredu-
cible current response of the noncondensate at
fixed condensate. From Eq. (3.3) we obtain

111, 2) = 75751, 2)
+i2m)~'[ Vl,l’Gly(la 3)G51(3.1)]1 -
02,53,3)

—=——=—=—- A en? Z, Zl,z N B.l
5G£11(4» 4’) (nesvs) )(571/( ) ( )

where we have introduced the notations

711,2) =i(2m)"?

X [Vl, 1’ Vz, Z'Gla(la 2)6411(2/’ 1/)]1 =1,2=2"
(B.2)
and
_ 0G,4(1, 1)
. ’ ) — 1 T 7
Xocﬁ/(lz 1 5 2) (Zm) |:V2, 2/ 5U(2 2) :| _ (B3)
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We remark that the function in Eq. (B.3) reduces
in the case x = =1and 1’ =17 to the noncon-
densate density-current response function y;7 (1, 1').
A Ward identity relating this latter function to y5is
derived in the main text (see Eq. (3.9)).

We turn next to the off-diagonal (condensate—
noncondensate) response functions. These can be
expressed in terms of y;;7 and of the condensate
response matrix introduced in Section 2.2. In view
of the symmetry property

S 1>>| 3G,(2,2)
on*(1 |U
we discuss in detail only the dependence of the
density and phase of the condensate on the poten-
tial U at constant o and § We proceed by func-
tional differentiation of the equation of motion
(2.14), after supplementing its LHS by the term
[d2 U(1,2)<y(2)). We define a vertex function
A,(1, 2, 3) through

oY1)y
sUR,2),

This is related to the functional derivative entering
Eq. (3.6) by

oo (1
A(1,2,2) = (1, 2)Yolr2)Deq + |:5U(?;( ;)j|<l// 5

(B.4)

= G,4(1,3)443,2,2). (B.5)

(B.6)

We then find for the condensate-noncondensate
current response the result

v ong(1)
>3 5U(3, 3) B (chnca, 2 noll, 2))
5@(1) X(pnc(lﬂ 2) X(p(p(la z)
V3, 3’ ’
oU3,3)/3=3
2,3
y <“/1(_ )>’ (B.7)
3(2,3)
where

o4(1, 2) = [Me,eqr1)] ™ 'Re[A1(1, 2)Y (r1)eq]- (B.8)
and
9.1,2) =
with
A4(1,2) = 2mi) "'V, 5 [A4(1,2,2)]5 =2

2 ImA4(1, 2P (1) eq], (B.9)

(B.10)

These equations are the natural extension of those
given by Wong and Gould [25] for a homogeneous
Bose fluid (see, e.g., their Egs. (2.26) and (2.27); see
also Eq. (5.8) in the book of Griffin [14]).

The vertex functions introduced above in the
calculation of the off-diagonal response also enter
to determine the reducible contribution to the cur-
rent response. Starting from the definition

b
n:|1—1’.2—2/

(B.11)

0G4(1,1')

Xj/‘(la 2) = i(2m)_2[ ViV SUR,2)

where G (1, 1) = — KTy (1)y}(1')]), we have

6G(1, 1) 0G4(1, 1)
SUR.2) |, 0UR2) |nuw
0G14(1, 1)| 3¢y, 3)
505 vz ), B2

the first term on the RHS being the irreducible part
which is y;7(1, 2) in Eq. (3.2). The reducible part in
the RHS of Eq. (B.12), from the definitions of the
density and phase operators of the condensate in
Eq. (2.2), can be written in the form of a vector
product, yielding

oj(1)
ong(3

0j(1)
v 0903y

1591, 2) = 2m)” 1(

ong(3)

_ (B.13)
0¢(3)

VZ, 2’

The second vector has been calculated in Eq. (B.7).
Using Eq. (B.12) and Eq. (B.13) together with the
symmetry property in Eq. (B.4), we find the result

o I Xvw,  Xone v
w=w+ (v e ® |
51) 5nc chvs chnc (Sj

(B.14)

This is Eq. (3.9) in the main text.
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Finally, using Eqs. (B.7), (B.13) and (B.14) we
obtain the results

om)| _
500, ~ il (B.15)
oM | _
o)y ~ 22 (B.16)

This completes the evaluation of the current—cur-
rent response.

As a final remark, we point out that in the homo-
geneous limit our Egs. (B.10) and (B.14) reduce to
those found by Griffin in the dielectric formalism
(see Egs. (8.30)8.32) in Ref. [14]). This immediate-
ly allows a diagrammatic interpretation of our
results.
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