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Decay of hydrodynamic modes in dilute Bose-Einstein condensates
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Expressions for the speed and lifetimes of the sound modes in a dilute Bose-Einstein condensate are obtained
using Bogoliubov mean field theory. The condensate has two pairs of sound modes which undergo an avoided
crossing as the equilibrium temperature is varied. The two pairs of sound modes decay at very different rates,
except in the neighborhood of the avoided crossing, where the identity of the longest-lived mode switches. The
predicted speed and lifetime of the longest-lived sound mode are consistent with recent experimental observations

on sound in an 3’Rb Bose-Einstein condensate.
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I. INTRODUCTION

At very low temperature, the dynamical description of a
dilute Bose gas involves a kinetic equation for the dynamics
of thermal excitations coupled to the equation of motion of the
macroscopic phase of the Bose-Einstein condensate (BEC)
[1,2]. The thermal excitations of this system are found from
Bogoliubov mean field theory and can be interpreted as an
ideal gas of weakly interacting excitations or “bogolons.” The
bogolon energy spectrum is phononlike at low momentum and
particlelike at high momentum, with the extent of phononlike
region increasing at lower temperatures.

Spatial variations in the macroscopic phase of the conden-
sate determine the local value of the superfluid velocity, which
influences the dynamics of the bogolon gas. Correspondingly,
spatial variations in the density, which are partly determined by
distribution of bogolons, act to accelerate the superfluid flow.

The existence of a macroscopic condensate phase (or
superfluid velocity) adds an extra degree of freedom to the
BEC, allowing it to have six hydrodynamic modes. In terms of
plane-wave disturbances, two of the hydrodynamic modes are
transverse and associated with shear effects. In Refs. [1,3], we
used these modes to obtain values for the shear viscosity of a
condensed Bose gas as a function of equilibrium temperature
and density.

The remaining four modes are longitudinal propagating
modes or sound modes. The condensed Bose gas can support
two pairs of sound modes, which are analogous to first and
second sound in a superfluid [4]. First sound consists of in-
phase oscillations of the thermal excitations and superfluid
velocity while second sound is an out-of-phase oscillation.
The primary mechanism for decay of sound modes is collision
between the bogolons. Since each mode involves a different
amount of motion in bogolon gas, the sound modes may decay
at strikingly different rates.

The kinetic equation derived in Ref. [1], and used here,
differs from the Zaremba-Nikuni-Griffin (ZNG) kinetic equa-
tion [5,6] and is closer to the KD kinetic equation derived
by Kirkpatrick and Dormann [7]. The ZNG kinetic equation
simplifies the description of the thermal component of the BEC
by using an approximate particlelike Hartree-Fock excitation
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spectrum. This approximation creates problems for ZNG
predictions for transport properties at low temperature. For
example, the ZNG kinetic equation does not give the correct
sound speeds at 7 = 0 [8].

A further difference with both the ZNG and KD kinetic
equations is the collision operator used in these kinetic
equations. In both ZNG and KD theories, the collision
operator includes 2 <> 2 and 2 < 1 type collisions between
excitations, but does not include 3 < 1 type collisions, which
may sensibly affect transport properties. In [2], we show that
3 < 1 collisions give a large contribution to the decay rate of
excitation number. In the sections below, we compute transport
properties for the BEC using the full spectrum of the linearized
collision operator with no approximations made to its form. To
our knowledge, this level of calculation has not been performed
with either the ZNG or KD kinetic equations.

In the following sections, we calculate the decay rates
of the sound modes as a function equilibrium temperature,
density, particle mass, and interaction strength. This requires
the computation of all of the current correlation functions that
normally determine transport coefficients [9]. Computation
of these correlation functions requires solving the eigenvalue
problem of the linearized collision operator [2]. We obtain
expressions for the decay rates of sound modes that can
be applied to any monatomic dilute Bose gas and we also
explicitly compare our results to a recent experiment on a
BEC of 3Rb atoms [10].

We begin in Sec. II by deriving the form of the kinetic
equation that will be used in subsequent sections. In
Sec. III, we solve the kinetic equation to second order in
the wave vector (a small parameter) for spatial variations
of thermodynamic variables in the BEC. In Sec. IV, we
obtain expressions for the decay rates in a form that can be
compared to a variety of monatomic BECs, and plot them as
a function of equilibrium temperature and density. In Sec. V,
we compare our results to a recent experiment. Finally, in
Sec. VI, we make some concluding remarks on possible tests
and applications of this calculation.

II. BOGOLON KINETIC EQUATION

Mean field theory describes the dynamics of a Bose-
Einstein condensate in terms of excitations (bogolons) and
in terms of the macroscopic phase that results from the broken
gauge symmetry. In a BEC, particle number is conserved
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but bogolon number is not conserved. The linearized (about
equilibrium) kinetic equation for a dilute atomic BEC in a box
can be written [1]

N _ b (et D)

ar . E, —g Mdan

+iq-vy(q, 0N — Gilh}, (D
where £ is Planck’s constant, 7k is the bogolon momentum,
ek hz— A is the equilibrium condensate order parameter,

= /(e + A)* — A? is the bogolon energy, and N ! =
(eEk/ kT _ 1)~1 is the equilibrium Bose-Einstein distribution
for bogolons at temperature 7. The distribution A" is a
stationary state of Eq. (1). The quantity Ni(q,?) gives the
deviation of the bogolon distribution from equilibrium for
spatial variations with wave vector q. It can be written in
the following form:

SN(k,q,0) = N Fh(k,q,0), 2)

where h(k,q,?) is a small quantity that decays to zero as the
gas relaxes to equilibrium. The linearized collision operator
Gk{h} is defined in terms of A (k,q,?) (see Appendix A). In the
hydrodynamic regime where spatial variations have very long
wavelength, the wave vector ¢ = |q| is a very small parameter.
The broken gauge symmetry in the Bose-Einstein conden-
sate gives rise to a macroscopic phase ¢(q,r) whose spatial
variation determines the superfluid velocity. As shown in [1],
the equation governing the dynamics of the microscopic phase
takes the form
22¢(q.) g

1 g
=—iZ dkq-ks 1) —iSq-v(q,tn,
o2 lm(27t)3/ q-kéNk(q,1) i qvi(gq.0n
3)

where g = 4 ha/m is the coupling constant, a is the s-wave
scattering length of the atoms in the gas, and n°? is the total
particle-number density.

In order to obtain the dispersion relation for the hydrody-
namic modes of the Bose-Einstein condensate, we consider
one frequency component of the kinetic equations and write

SNk(g,1) ~ €' S Nk(q, ). “4)

Then, the bogolon kinetic equation (1) takes the form

h (ex + A)

wSNk(q,w) = mk £ ———8MNk(q, @)

— iaq2¢>(q,a))/\/f§q + iGk{h}, ®)

where we have used the fact that v,(q,w) = —i%qd)(q,w).

Equation (3) takes the form

Po(q.0) =i 5 / akq SN (@.0) + 4 glgom®.

(6)

Equations (5) and (6) are the bogolon kinetic equations that
describe hydrodynamic behavior of a dilute BEC.

If we eliminate the phase between Egs. (5) and (6),
the kinetic equation for the bogolon distribution can be

1
m (2m)}
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written
wh(k,q,w)
9> gh 1

= qkBih(k,q0) + ———— —=5
q k ( q ) wz—v%qzmz}':q

1 ,
X Gy / dk gk N FIR (KL q.0)
Ti / ak, [ as. quigak,kl)h&l,q,w), ™)

where C(k,k;) can be expanded in spherical harmonics Y7' (R)
and takes the form

4

Clokp) =Y > Colk k)Y, (R)Y 7 (k). ®)

t=0m=—¢

This form of the collision operator is discussed in Appendix A.
The collision operator C(k,kK; ) is a symmetric operator and has
a complete set of orthonormal eigenfunctions. Also, we have
introduced the quantities

eq h A
g d B &N ©)
m m Ep

Up =
The equilibrium particle density, in the so-called Popov
approximation (see [6], Chap. 5) can be written

1 (ex + A)
n® ~ g dk s 10
ny + (2n)3/ £ M, (10)

where ng! is the density of particles that have condensed into
the state with k = 0. We will use this relation between the
particle density and the condensate density in our computations
of equilibrium quantities. There is some experimental evidence
[5] that the approximation in Eq. (10) limits our theory to tem-
peratures below about 0.67¢ . In order to simplify notation, and
without loss of generality, we shall assume that the superfluid
velocity v, and the wave vector q are directed along the z axis.

The definition of hydrodynamic modes is determined by
properties of the collision operator. This becomes clear if we
consider Eq. (7) for a spatially homogeneous gas (¢ = 0). Let
us expand h(K,q,) in the form

0o 14
! DO hk.g.)Y] (k). (11)

ENAF Y Com=—e

Then, for ¢ = 0 and Eq. (7) reduces to

h(k,q,w) =

o0
wh! (k,0,w) = i/ dkyCo(k k)R (k1 ,0,0).  (12)
0

The right-hand side of Eq. (12) behaves as a linear operator,
and we denote its eigenfunctions and eigenvalues as g (k)
and Ag ¢, respectively (Appendix A). Since the eigenfunctions
Yg,¢(k) form a complete set, hy(k;,0,0) can be expanded in
terms of them. For the case when h(k,0,w) = g ¢(k), where
Y ¢(k) is an eigenvector of C;(k, k) with eigenvalue Ag ¢, then
w = iAg  and the mode A}’ (k,0,1) ~ 1p,g,g(k)e’kﬁ-f’ decays ata
rate determined by the eigenvalue of the collision operator. The
hydrodynamic modes are modes with eigenvalue A5 , = 0 and
to zeroth order in ¢, they do not decay at all. The decay rate of
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the hydrodynamic modes is determined by terms that depend
on q. The derivation of the decay rates of hydrodynamic modes
is the topic of subsequent sections.

III. EXPAND KINETIC EQUATION IN POWERS OF ¢

The hydrodynamic modes in a BEC describe the dynamics
of quantities that are conserved during collisions (bogolon
momentum and energy in the BEC) and they describe the
dynamics of the macroscopic phase. The wavelength of
hydrodynamic modes is long compared to the microscopic
scattering lengths in the gas and, for a hydrodynamic mode, the
rate of decay depends on the wavelength of the inhomogeneity.
For long-wavelength inhomogeneities (small g), we can obtain
the speed and lifetime of a hydrodynamic mode by expanding
the dispersion relation for the mode in powers of ¢. Thus, we
write w and h(K,q,w) in the form

o=0+g0" +¢*0? + - (13)
J
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and
h(k,q,0) = ——[VOk,0) + g ¥ V(k,w)
KRNGAF

+* VP (ko) + - 1. (14)

Since the hydrodynamic modes are fourfold degenerate for
g = 0, the zeroth-order term W (k,w) will, in general, be a
superposition of all four hydrodynamic eigenfunctions of the
collision operator C(k,k;) discussed in Appendix A. Consider-
ing only hydrodynamic modes (the nonhydrodynamic modes
decay on a faster timescale), the zeroth-order term takes the
form

1

4
DY ToemVorOYP k), (15

=0m=—¢

VOK,w) =

where

V0,0(k) = Do o Exy/ KENGUFY and o1 (k) = Do, 1k KPNIFS. (16)

The coefficients I'y ¢ ,, are determined by the perturbation theory and Dy ¢ and Dy ; are normalization coefficients. When Eqgs. (13)

and (14) are substituted into Eq. (7), we obtain

(@2 + gV + - HVOKk,w) + gV P (k,w) + - -]

= qk.B YOk w) + gV (kw)+ -1+

(@@ + gD + .

x [WOk,0) + gV (k;,w) + -]+

We can now examine this equation at each order in g.

A. Zeroth order

When we obtain the dispersion relation of the hydrody-
namic modes as a perturbation expansion in powers of g, we
must take into account the fact that at zeroth order the modes
are fourfold degenerate. To zeroth order in ¢, Eq. (17) takes
the form

o OU Ok, 0) =i / dk, / dQ; CkkDV Ok ,0). (18)
0

The degeneracy of the zeroth-order dispersion relation is lifted
by terms of higher order in ¢ in the perturbation expansion. We
will find that the matrix that is needed to lift the degeneracy
at first order in g is not symmetric. Therefore, we need
to introduce “left” and “right” zeroth-order eigenstates. We
denote the zeroth-order right eigenstates as

1

4
SOS TR Y, (19)

(=0m=—¢

WO (k,w) =
and the left eigenstates as

1 V4
3 rEavedoYid.  20)

L=0m=—¢

WO (k,w) =

ghk / / 2 o
/ dky | d21ky ;4 /k FA
— 2 6] m2 ]:eq (27.[)3 1 151, 'N;q ki

i/ dklfdszl Co, kDY Ok, 0) + gV VK, w)+ -] (17)
0

(

In Eq. (18), ¥O(k,0) = ¥ (k,w), and we find that

/ dklfdlec(k,kl)\lfg))(kl,a)) =0 (21)
0

because the states g (k) (for £ =0,1) are eigenstates of
Co(k,ky) with eigenvalues Ao, = 0. Therefore, @w©® =0 for
these hydrodynamic modes, as expected.

B. First order

If we keep terms that are first order in ¢ in Eq. (17), we
obtain

A7 .
oMW O(k,w) = kBy [‘ / T”Y?(k):| w0 (k,w)

1 ghk
(@D =12 m?

(2;1)3/ dk1k1/d§21 [,/ Yo(kl):|
x JIRNZ W (k. 0)

+i / dk, /dQIC(k,kl)\D(”(kl,w), (22)
0

[d_ Y5(k)]

043615-3



ERICH D. GUST AND L. E. REICHL

where we used the fact that k, =k %”Y?(f() and 1=

v/ 4nY8(R). We can then use the orthonormality of spherical
harmonics to simplify subsequent calculations.

J
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If we multiply on the left by \Dg))(k,a)) and integrate over
dk and d€2, we can use the orthonormality of the spherical
harmonics and of the states 4 ,(k) (see Appendix A) to
obtain

1 L R L R L R L R
' )[F000F000+F010F010+F011F01 LT 06

= I/f01|Bk|WOO>F(€1()Féeoo‘l'

\/_
1

|
+ _
\/§2n2 (D)2 — v2

NI

where (k|E) = ,/Z& and (Yol BkIYoo) = [y~ dk o1 (k)

Biko o(k). Note that the terms involving By require an
integration over a product of three spherical harmonics.
We can now write Eq. (23) in the form

—oM o + ((U)—sz 0 0
~ o —w 0 _
I 0 —o® 0 |Tp=0, (24
0 0 0 —w®

where

= _ (L L L L
I = (FO,O,O’FO,I.O’FO,I,I’FO,I,—I) 25)
ol _ (1R R R R T

and I'p = (Fo,o,Ovro,LmF0,1,1»F0,1,71)

are row and column matrices (7' denotes transpose), respec-
tively,

a= %m,néla%,ox (26)
and

_gh1 1 o 1

=2 — (Yo.0lk|E )5 " 27)

It is clear from Eq. (24) that the longitudinal modes (I'y ¢ ¢ and
I"o,1,0) decouple from the transverse modes (I'g 1 +1).

If we set the determinant of the matrix in Eq. (24) to zero,
we obtain

(@My? |:(w(1))2 - Yo

o R

The two solutions with ") = 0 correspond to the transverse
modes and indicate that transverse modes are nonpropagating
modes. In addition, there are four solutions to the equation
yo

S S e R—— 29)

(@) -
(D)2 — 03

These give the speeds of the two pairs of longitudinal modes. It
is straightforward to show that the speeds of the “slow” modes
are

o 1 _

Wy, = —w — a2)2 + 4ay

\}i\/sz-l—oﬂ—\/(vé

(30)

1 L R
(Wo.0l BEIYo.) T80 0T 0

7

1
i| (1ﬂoo|k| > Féoor(l)elo, (23)

(

and the speeds of the “fast” modes are

1
- Jsire el

- a2)2 +day.

€19

In Appendix B, we obtain the limiting value of these sound
speeds at low temperature. At 7 =0 K, a)(l) !

= 7B and
o\ = vy, where vz = /gn®/m is the Bogoliubov speed of
sound.

From Eq. (24), we see that the zeroth-order modes ¥/ 4
decouple from the zeroth-order modes o and ¥ o. The
modes v, 1) are zeroth-order transverse hydrodynamic modes.
The decay rates for these transverse modes are straightforward
to obtain and have been discussed in [1,3]. The decay rates for
the longitudinal modes are derived and analyzed in subsequent
sections.

IV. DECAY RATES FOR LONGITUDINAL MODES

Although there are only two longitudinal eigenfunctions of
the collision operator, due to the presence of the macroscopic
phase there are four longitudinal hydrodynamic modes whose
dispersion relations, to second order in ¢, are given by w =
+0'q + Pg? with j = 1,3 [see Egs. (30) and (31)]. To

2 , we first must solve

compute the second-order contribution w;
for YD (k,w).
Let us return to Eq. (22) and write \Ilg)) (K,w) in terms of the

zeroth-order longitudinal modes so that

W (k) = TR w00 YYK) + TX (w01 (0YI(K). (32)

Expressions for F(I)e,o.o and F(Ifl’o are given in Appendix C. If
we note the form of the collision operator given in Eq. (8),
we see that the state WV (Kk;,w) has contributions from three
different spherical harmonics and can be written

WD (k,w) = W (ko) Y)K) + Wi (k,w)Y) (k)
+ W) (k) Y)(K). (33)

We now proceed to obtain these three contributions.
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To obtain \D((),l())(k), first multiply Eq. (22) by dQ2 1Y8*(R) and integrate to get

1 ghk Neq 1 1 R o )
f T A f g+ [ dCo) ¥ 0. Ga

It is useful to write lI'(()}())(k,w) and the equation for \I/ (k ) in abstract notation so that \I/(l) ok,w) = (k|\ll(l)(a))) Then, Eq. (34)
takes the form

@0 (T o0 = —=Biek o 1 (T o +

1 .. 1 ghl 1 . A 1l
%Bk|1ﬂ0,1)[‘§170+ WWTFDO KIE)DE, o + iCol Wi (@)). (35)

Note that C()Wo o) = 0, so the expression for |‘~II(])(a))) takes the form

[ 1 4. 1 gh 1 1 1 4
= | —Bk — = ¥ 36
) = 0|:\/§ |1/f0,1)-i-(w(]))2 o2 m? 3 Doy 270 I >:| 0,1,0° (36)

Next, we obtain an expression for |\IJ%(w)). Multiply Eq. (22) by f a2 Y?*(k) and follow steps similar to those used to obtain
W' (@)). We obtain

o P1Y0.0)T o0 =

"-Ij(l)

i1 44
i) = [—B k1o.0)TE } (37)
i ) 1 ﬁ k 1ﬁO,O 0,0,0
Finally, multiply Eq. (22) by [d2 Yg*(f() and integrate to obtain
(o —[—B k ] (38)
| ) Cz \/— k |¢O l) 0,1,0

Note that the operators é[ ! in these expressions, always act on states that are orthogonal to the hydrodynamic eigenfunctions so
the expressions are well defined. We can now use these results to find v®.

A. Solve for ©®

If we retain terms of order g2 in Eq. (17), we can write

a)(z)\l’(o)(k,w) + a)(l)\l’(l)(k,w)

AT e ) 1 1 ghk N4
= /?Yl(k)kBk\I/ (k,a))+( DY — ol 223 o YO (k) ]:eq

* P e 1)@ 1 N
Q Y(] k 2 eq ?'equ(l) k —_ W w
X/(; dkl/d i) klN}(] “ () [(a)(l))z—UZB] 272/3 m2 O( ) feq

00 00 [e'e) 4
x | dk / A2k YOk /NI FIW Ok, w) + i / dk Colk k)Y (KW (ky,). (39)
/0 1 1K1 Y (K 1V, Tk 1 A 12 Z ¢ 1Yy 1

L=0m=—¢

We now multiply Eq. (39), on the left, by From the definition of the first-order states in Eqs. (36),
) L 0k 1 L 0k (37), and (38), we then obtain
V(K w) =T 0 %o.0k)Yy (k) + Ty oo 1 ()Y (k) (40)

and integrate over [dk d2. Since we require that the zeroth-

order states be orthonormal, we have i
Lk L w(z)_l-i——S{ (0.0l Bs kC Bk|o.0)

To0.0l0.00 + L0000 =1- (41) ]
Also, note that ool &Koo =T610T& =3 and (¢01|Bkkc Blk|vo,1) 3 (lﬁo 1|Bkkc Biklyo,1)
ThooT& o= 12" (see Appendix C). The last term in L ° | )
Eq. (39) drops out because Cg|1/f0,g) = 0for £ = 0,1. The term + 272 D Y 5 (Wo,l \By k— l€|E)}
that involves w", on the left-hand side of Eq. (39), makes no 7% Doy (@) — Co
contribution for the same reason. 42)
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where

my Bl
@) ] 8 S WolkIE). (43)

5= [[<w<l>)2 — 3| ma /3272 Dy

The quantity (@®¢?)~! gives the lifetime of the sound modes
in the BEC. The lifetimes depend on the speed of the sound
modes and generally will be different for the two different
types of sound that can propagate in a BEC. The first three
terms on the right-hand side (rhs) of Eq. (42) are correlation
functions of a type similar to those that appear in lifetimes
of gases above the condensation temperature T¢. Above T¢,
they determine the thermal conduction, bulk viscosity, and
shear viscosity, respectively [12]. The last term on the rhs is
a consequence of the macroscopic phase due to broken gauge
symmetry in the BEC below the condensation temperature.

B. Lifetimes and speeds in dimensionless variables

In order to obtain numerical values for the sound speeds
and lifetimes, we rewrite Eqgs. (42) and (43) in terms of
dimensionless variables. We introduce a dimensionless mo-

1/2'"’“"Tc Then, Ey = kpTE,,

where & = /(c? + b?)? — b? and b = ==. Also, note that

the collision operator and its elgenvalues have units of inverse
time. Ir.1 [2] it was shown that Ag, = Vd)‘g,e’ where )‘%,é are
dimensionless eigenvalues and

mentum vector ¢ so that k =

8ma’(kpT)?

e (44)

Yd =

In order to preserve the normalization of the eigenfunctions,
we must have

/ dk g o(k)Yrp (k) = / dc g e()Yp e(c) = p.p.
0 0
(45)

This requires that the dimensionless eigenfunction g ¢(c)
satisfy the relation vrg o (k) = (kasT )1/4’(#’4;’(5(6‘). If we note that

vo.(k) = Do‘lkz\/w and o,0(k) = Do,okEkW

(see Appendix A), then the normalization condition gives

2mkpT \ '
D0,1=(mB> D,

2
00 —1/2
with D, = [ / dc c4J\/'C"q_7-'fq] (46)
0
and
2mkpT\
Do = ( = ) (ksT)™'Dy
0 —1/2
with Dy = [ / dc czgfj\/quffq] : (47)
0
The critical temperature is Te = 222 (22 )2/3 (we use the

. . ‘mky T (3/ 2)
ideal gas relation).
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1. Sound speeds
The sound speeds are given in Egs. (30) and (31). We can

write
Vg 1 a? AN
= — 1+ 5+ (1——2) + 2V )
v A2 Vg vy vy

and

v 1 a? a2\?  da
dow _ 1 1+——\/(1——2> + 22X (49)
v V2 v vy v

From the definition of « and y, it can be shown that
ur oo 4 Aed Fed
o = ﬁDoDl | de B.c"ENAF? (50)

and

1 UTUB DO

_ 2 el
V_fneqk3 D1\/_/ dcc*ENZ, (D

where vy = /2kpT/m is a “thermal” speed and B, = <.

The ratio of vy to the Bogoliubov speed vg can be written as

% _ 1 T 52
v~ TGP T 2

These dimensionless sound speeds in Egs. (48) and (49) are
plotted in Fig. 1 for three different densities: (a) n°9a> = 1074,
(b) n%a*® = 1072, and (c) n®a> = 107°. The speeds in Fig. 1
are scaled in terms of the Bogoliubov speed vp = /gn®d/m.

2.5 : x :
2.00 ]
1.5 ]
Lo .
0.5 ]

O.G 1 1 1
25 T T T

2.0 ]
15
10—
0.5 ]

(b)
O.G 1 1 1

25 : , ,
2.0F ]
1.5 ]
) AR ]
0.5 :

000 0.05 0.0 015 020

T/Tc

Mode Speed

FIG. 1. Propagation speeds of the fast (solid line) and slow
(dashed line) longitudinal modes at (a) na® = 107, (b) 1073, and
(c) 107 in units of vz = /gn/m.
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The sound speeds undergo an avoided crossing which moves
to lower temperature as the density decreases.

2. Decay rate
We can write Eq. (42) in the form

o [;(3/2)}2/3 Tc [1 1

ci+lctle
1+ S 8m | n4a3 T AT

w

1 2n%4q’ T \? ,
Ty 23w c<3/2>< ) C‘)}’ ©3)

where now

(12
W v (54)
o

= [(a)(]))Z _ U%]2

and we have introduced the four dimensionless correlation
functions

(&) oo 2
Cl:zko [ 2 / dCWBC&c%,m} . (55)
= 0

[\”18 ?Mg

00 2
L[D% / dc\//\/ququcc3¢,s,z(C)] ., (56)
0

0
o M2

00 2
L[Df / dcw\/:C'fqucc%,o(c)], (57)
0

0
=1 "B.0

and

Ms

[ / N chff‘*fqucc%/fﬂ,o(c)}
0

B=1
00 q
x [ /0 de /%cwﬂ,o(c)]. (58)

Above the condensation temperature, C; and C, determine
the thermal conductivity and shear viscosity, respectively, and
Cy determines the bulk viscosity. The correlation function C|,
does not contribute above the transition temperature. In Fig. 2,
we plot these four correlation functions for density n®a’ =
1073. We find that C; and C, are two orders of magnitude
greater than Cy and C; in the condensate. Therefore, decay
processes in the condensate appear to be dominated by the
shear viscosity and thermal conductivity.

In Fig. 3, we plot the dimensionless lifetime of the sound

modes, scaled to the parameter “ h , which has units of time.
The dimensionless lifetimes are plotted for the same three
densities as the sound modes, and exhibit very interesting
behavior. At the temperature of the avoided crossing in the
sound speeds, the lifetimes are comparable and at a minimum.
On each side of the avoided crossing, one of the modes has
a much larger lifetime than the other. We note that the mode
with the longest lifetime is always the mode with its speed
closest to vp.

One can gain insight into the behavior of the lifetimes by
considering the character of each mode. In Fig. 4, we show the
relative amplitude of four hydrodynamic quantities: density,
superfluid velocity, bogolon energy density, and bogolon
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FIG. 2. Dimensionless correlation functions for the BEC. Shown
in panel (a) are C, (solid line) and C; (dashed line). Shown in
panel (b) are 10° x Cy (solid line) and 10* x C;, (dashed line).

momentum density, for both the fast mode (solid line) and
the slow mode (dashed line). In order to show quantities on
a comparable scale, they are measured in natural units: n®
for density, (vg) for superfluid velocity, g(n®9)? for bogolon
energy density, and mn®lvg for bogolon momentum density,
and they are normalized so that the sum of all four amplitudes
adds to one for each of the two types of sound mode (fast and
slow). Negative values indicate out-of-phase motion for that
quantity.

The amplitudes shown in Fig. 4 are calculated by inserting
the expression for SN (k,q,w) given by \Il;?)(q,a)) for each
sound mode [see Eq. (32)] into the expressions for bogolon
momentum density [J(g,0) = f dk hké N (k,q, )], bo-

[ dk ExSN (k,q,0)],

(27r>3

golon energy density [E(g,w) = (271);

2.07
1.5¢

5 L L e N —

- ot
- -
,,,,,

s
-
s
-
-

0.10 0.15 0.20
T/Tc

FIG. 3. Dimensionless lifetimes t} = (hg?/m)t, for fast lon-
gitudinal modes (solid line) and slow longitudinal (dashed line)
modes. Curves are shown for three values of density (na®). Physical
relaxation times may be obtained by t; = m/(hg*)t;. For 8Rb at
g = 0.35 um~™!, the coefficient is m /(hig*) = 11.18 ms.
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Jbog.A

04t E(d) i
0.00 0.05 0.10 0.I5 020 0.00 0.05 0.10 0.15 020
T/Tc T/Tc

FIG. 4. The relative amplitudes of the (a) density (in units of n°9),
(b) superfluid velocity (in units of vg), (c) bogolon energy density
[in units of g(n®9)?], and (d) bogolon momentum density (in units of
mn®lvyp) for the fast mode (solid line) and the slow mode (dashed line).
For each mode, the sum of these four amplitudes is normalized to one.
Positive values indicate in-phase motion and negative values indicate
out-of-phase motion. The density in these plots is n®a® = 1075,

and condensate phase [Eq. (6)]. Superfluid velocity amplitudes
are then calculated from the relation v;(g,w) = —%qq&(q,a))
and density amplitudes are given by dn(q,w) = — %’wq}(q,a)),
which can be derived from the Hugenholtz-Pines relation [1].

At temperatures below the avoided crossing, the fast mode
(solid lines) consists of approximately 50% density waves
and 50% superfluid velocity waves, and there is very little
participation from the bogolon gas. The fast mode is also very
long lived in this region of temperatures with a speed very
close to vg. We interpret this as Bogoliubov sound which is
the interplay between density and phase that can occur at zero
temperature with no decay.

In contrast, the slow mode (dashed lines) at temperatures
below the avoided crossing involves significant bogolon
motion in addition to density and superfluid velocity waves.
Collisions between bogolons are the primary method of
relaxation for the BEC, and so we expect this sound mode
to decay rapidly. Indeed, the slow mode has a much smaller
lifetime below the avoided crossing, as can be seen in Fig. 3.
The slow mode is more similar to classical sound in this region,
involving waves in density, momentum density, and energy
density.

At temperatures above the avoided crossing, the fast and
slow modes essentially exchange characters, the slow mode
becoming like Bogoliubov sound, and the fast mode becoming
like classical sound. Note however, that in the fast mode, all
waves are in phase, while in the slow mode, the bogolon
momentum is out of phase with the superfluid velocity, and the
bogolon energy density is out of phase with the density. This
fact allows one to distinguish the modes at all temperatures.
This result, at temperatures above the avoided crossing, is
consistent with ZNG theory which is applicable at these higher
temperatures (see [6], Chap. 15, and [11]).

The presence of a separate “density” wave and “temper-
ature” wave, such as occurs in superfluid “He, is not found
in the dilute BEC. In superfluid “He, the clear separation in
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characteristics of the two types of sound is a consequence
of the small compressibility of liquid “He. In the highly
compressible gaseous superfluid, we find instead a separation
into “Bogoliubov sound” and “classical sound.”

V. COMPARISON TO EXPERIMENT

We now compare our results for the sound speed and life-
time of sound modes to those observed in a ¥’Rb BEC [10,13].
The wavelength of the sound mode observed in [10] was about
18 x 107° m (¢ = 0.35 wm™") while the scattering length of
87Rb atoms is about 5.6 x 1072 m [14]. We will assume the
particle density of the 8’Rb gas is n® =9.71 x 10" m™3
which, using the expression for the critical temperature of

an ideal BEC in a box, gives T, = Z’Zkzz [#72)]2/3 =3.90 x

10~7 K (this is the condensation temperature reported by [13]).
The mean field theory used here is expected to give good results
for T < 0.3T,. [1].

Given the value of the density n°d and the scattering
length a, the Bogoliubov speed is vp & 1.887 mm/s. This
agrees with sound speeds observed in the experiment [10],
although the dependence of sound speed on temperature was
not investigated in the experiment.

The lifetime t; of hydrodynamic modes is given by t; =
i /(0@ g?). The lifetimes of the longitudinal modes for the 8’Rb
BEC are plotted in Fig. 5 as a function of temperature. The

dashed line shows the lifetime for modes with speeds w(ll) and

a)(zl) (the slow modes). The solid line shows the lifetime for

modes with speeds a)gl) and wil) (the fast modes). We find that
the lifetime of one sound mode (dashed line) ranges from 18 us
to 11 ms over the temperature interval 1.0 nK < 7' < 80 nK,
while the lifetime of the other sound mode (solid line) ranges
from 60 us to 14 ms in that same temperature interval. The
lifetimes of both sound modes drop in the neighborhood of the

14 150
2100

12 %: 50

10 e =
g 8 T (nK)
B

4

2

0

10 20 30 40 50 60 70
T (nK)

FIG. 5. Physical lifetimes 7, for ®Rb at ¢ = 0.35 um™! in
the fast longitudinal (solid line) and slow longitudinal (dashed
line) modes. Uncertainty bands are obtained by assuming density
n® = 9.757 x 10" m~® with a 10% uncertainty, a = (103 % 5)ay,
and assuming a 1% error in the total correlation function. Note
the experimental value of 9 ms was obtained for a temperature of
T = 21 £ 20 nK. Given our assumed uncertainties, this corresponds
toeither T =11+ 1 nKor 7T =67 £ 5 nK.
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sound speed avoided crossing and in that temperature regime
the identity of the long-lived mode switches.

The lifetimes obtained here for a dilute ’Rb Bose-Einstein
condensate use the condensation temperature 7¢ = 3.90 x
10~7 K reported in [13] and assume the condensate has a
spatially uniform density at equilibrium. That is the only
input, other than the mass and scattering length of 8’Rb. The
identity of the longest-lived longitudinal mode switches at
temperatures in the neighborhood of the avoided crossing in
the sound speeds.

In [10], a one-dimensional (1D) sound mode was created
in a harmonic trap with frequencies f; = f, = 224 Hz and
f3 = 26 Hz. There were about (N) =5 x 10° atoms in the
trap giving a critical temperature To = (AMNJf3)1/3

= m\ 1202

3.9 x 1077 (the value used here). The sound mode, in the
experiment, that we consider here ([10], Fig. 5) had a wave
vector ¢ = 0.35 um~! and a lifetime of about 7; ~ 9 ms. The
temperature of the BEC was T = 21 20 nK [15], which
places the experiment within the temperature regime shown in
Fig. 5. The peak density was 3.05 x 10%° particles/m® [15],
which is slightly higher than that used in our calculation (we
chose a density consistent with T¢) for a gas with uniform
density). Based on the theoretical results, We estimate that the
temperature of the experiment was either 7 = 11 £ 1 nK or
T =67+5nK.

Because our computations are done for a BEC in a box
with uniform density 7% =9.71 x 10" m~* (and critical
temperature T¢ = 3.90 x 1077 K), while the density of a
BEC in a trap varies slightly in the region that supports the
sound wave, we estimated the change in our decay rates if the
density were changed by 10%. The uncertainty in our result,
due to a 10% uncertainty in the density, is shown in Fig. 5
by the faint dashed lines that on either side of out result for
n =9.71 x 10" m~3. The uncertainty in the density does
not significantly change our prediction for the temperature at
which sound waves in [10] were measured.

The value of the sound mode lifetime, predicted by the
bogolon kinetic equation (1), is consistent with that reported
in [10]. It would be of great interest to explore this temperature
regime more thoroughly to determine if there is a variation in
lifetime similar to that predicted by the theory. Such a variation
could provide a sensitive measure of the temperature fora BEC
with a small thermal fraction [15].

VI. CONCLUDING REMARKS

We have used Bogoliubov mean field theory to obtain the
speed and lifetime of first and second sound in monatomic
BECs. The speeds of the two types of sound undergo an
avoided crossing at low temperature and attain limiting values

of vg and \@ vp atT = 0K, in agreement with results obtained

by Lee and Yang in [8]. We find that the two types of sound have
very different lifetimes and that the identity of the long-lived
sound mode switches at the temperature of the sound speed
avoided crossing.

We find that the two sound modes in the BEC can be
interpreted as either a Bogoliubov sound mode that consists
primarily of a density wave and a phase (superfluid velocity)
wave, or a classical sound mode that consists of waves
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in density, superfluid velocity, bogolon energy density, and
bogolon momentum density. The sharp distinction between a
density mode and a temperature mode that occurs in a liquid
superfluid is not seen in the gaseous and compressible BEC.

Below the temperature of the avoided crossing, the fast
sound mode is similar to Bogoliubov sound and has a long
lifetime, while the slow sound mode is similar to classical
sound and decays quickly. Above the temperature of the
avoided crossing, the fast sound mode is similar to classical
sound and, at these low temperatures, has a short lifetime,
while the slow sound mode is similar to Bogoliubov sound
and, at these low temperatures, is longer lived. We also find
that the slow sound mode involves out-of-phase motion at all
temperatures, and the fast sound mode consists of in-phase
motion.

As the temperature is increased beyond the avoided cross-
ing, the slow sound speed continues to decrease, reaching
zero at the transition temperature T¢. The fast sound speed
continues to increase as the temperature rises, becoming equal
to the speed of sound of a monoatomic Bose gas [12] at
temperatures above T¢.

The values of the sound speed and lifetime of the long-lived
sound mode are in agreement with those measured in a
recent experiment on a 8’Rb BEC, although there is a large
uncertainty in the temperature of the experiment. The fairly
rapid variation that we find in the lifetime of the sound modes
with temperature may provide a new means of estimating
temperature for systems with very small thermal fraction.

It would also be interesting to see if any of the signatures of
the avoided crossing could be observed as the temperature of
the BEC is varied. Most prominent would be a sudden inability
to sustain any sound modes at the temperature of the avoided
crossing. More difficult, although feasible, is the possibility of
resolving the two sound-mode frequencies directly by using
periodic driving forces.
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APPENDIX A: LINEARIZED BOGOLON
COLLISION OPERATOR

From Ref. [2], the collision operator can be written

j\/—eq
G, {h} = —NTIF [M(kl)hkl + dkz—zK(kl,kz)hk2]

]_-]eq

(Al)

with
Neq ]_-eq
Mk = dk3%{2A0TA(1,3)+A0A%TB(1,3)
1 7!
+ Bo0a(1,3) + BoQp(1,3) + ngc(lﬁ)},
(A2)
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K(k,ko)
<

Tp(1,2) — 249 Neq

= {ZAOTA(l,Z) — 2A0ﬁ Tp(2,1)

Nﬂ]

+ By0a(1,2) - 2By—%5 RA(1 2)+2By0p(1,2)

Neq
]:'eq f-eq
- Boﬁ 0c(1,2) — Boﬁ Qc<2,1>}. (A3)

The functions appearing in the above expressions are
defined as

477 Nog? 4w g?

0T 2nprv T° T Qn)eh

Ta(k ko) = /dk3A(1 +2-3)(W)3,) A
Tp(ky,ky) = /dk3A(1 —2- 3)(W3'Y22Y1)2]-‘3eq,
Tuto k) = [dkaa@—1- 3wl )7
04k ko) = / dkadky Al +2 =3 = 4)(WE, ) SIS,
Rp(ki,kp) = /dkgdk4A(1 +2—3—4) (W3 24)2A/3eq}—:q’
Qs ko) = fdk3dk4A(1 +243 (WL, 1)2A/3eqf§q,

Octhie) = [ diadiiat =2 =3 = H(W3h , ) £

(A4)
where A(l +2—3—4)E(3(k1 +k2—k3 —k4)5(E1 +
E, — E5 — E,) [with similar definitions for A(1 + 2 — 3) and

A(l14+2+3—4),etc.],

12
W1,273 = U UU3 — U VU3 — VUU3 + UIVV3

+ Viuav3 — V1v2L3, (AS)

W12’22,3’4 = UUU3U4 + U1 VU3V, + UTVaV3U4 + VUL U3V,
—+ ViU V3U4 + V1 V2V3 Vg, (A6)
and
W13’12,3!4 = U UYU3V4 + U ULV3U4 + U VU3U4 + V1V V3U4
—+ V1 VU3V4 + VUL V3 V4. (A7)

The Bogoliubov factors u; and v, are given by u; =

%2 (1+ (ekE—JrkA)) and v = (‘&2 _ 1), The function

V2 Ey
Mi(ky) = Ml(kl) and the function K(k,k;) depend on ki,
k>, and k;-k;. Because of the properties of K (k;,k;) [2], we
can write

G{oN, (q.0)} = —NF / dk, / d< kzNequq

x C(ky,kp)hy, (q,), (A8)

where C(Kkq,Kk;) is symmetric under the interchange of k;
and k,.
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The eigenvalues Ag, and eigenstates g ¢ ,,(k;) of the
operator C(ky,K;), satisfy the conditions

/ Ak C K1 kW em(K2) = ApUpemk) (A9
and
/ k5 om(kDCK1ka) = 2p g em(ka).  (AL0)

The eigenvalues Ag ¢ are independent of m due to the angular
symmetry of the collision operator.

The collision operator Gy, {h}, acting on four conserved
quantities h = Ey, h = k¢, h =k, and h =k, gives zero.
We can combine the expressions for k, and k, and write the
eigenfunctions with specific values of £ and m. Note that k, +

ik, = —k\/%Y}(k) and k, — ik, = k./22 Y7 (k).

The four hydrodynamic eigenfunctlons of C(k;.kp)
can be written V0.0(ki) = Vo0(K)Y)(K)), vo100ki)=
Vo1 ()Y, Yo.1.1ki) = o 1(K)Y1(k)), and Y1 1 (k) =
Yo,1(0Y 7 k), where ,0(k) = DooExvVK>NUF? and
Yo.1(k) = Do ok~ k2./\/keqffq. The quantities Dg ¢ are normal-
ization constants, and the corresponding eigenvalues Ag ¢ are
independent of m and degenerate so that 1o = A9,; = 0 and
Ao.1 1s threefold degenerate.

More generally, all the eigenfunctions of C(k;,k;) can be
written in the form

VpemK) = Yp (k) Y7(K).

The eigenstates can be orthonormalized so that

(A11)

o0
/ dky / A5, 11 KOV 2 (K1) = S5, 501025 s
0
(A12)
and fooodkll/fglye(kl)}[/f;z‘((kl) = 85, 5,- We can also write

14

Clkiky) =Y > Culki k)Y (k)Y (ko)

{=0m=—¢

oo 00 4
= 33N e Vpem DV (Ka),

B=0¢=0m=—¢

where Cy(k1,kz) = Y5~ orpep.e(k)¥j (ko).
We can express the operator Cy(ky,k») in “bra-ket” notation
as

(A13)

Co = hpelvpo)(Wpel, (Al4)

B=0
so that (k] |ég|k2) = C@(k[,kz) and (khﬁﬂ}\g} = Wﬂ{(k), where
(kilko) = 6(ki — k») and fooodk|k) (k| = 1, where 1 is the unit
operator.

APPENDIX B: DIMENSIONLESS VARIABLES AT VERY
LOW TEMPERATURES

At very low temperature, most particles have thermal
wavelength much longer than the scattering length a. If

we let E, =kpT, = 2 denote the energy of a particle
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with wavelength a, and let 7, denote the corresponding
temperature of those particles. The coupling constant g can
be written g = % = 8nkgT,a*and A = gng! = kgT, X =
8mkpT,0,where ngq are the density particles in the condensate,

o = a’ny', and X = 87o. The bogolon energy can be written

in terms of dimensionless units as E; = kgT,v/k* + 22X,
where k = ka and X = 8na3n8q.

At very low temperatures, only the lowest-energy bogolons
contribute to the dynamics of the BEC. For these bogolons,
k < X, and the bogolon energy spectrum is approximately
linear in k. We can expand the bogolon energy for ¥ < X to
obtain E;, >~ kpT, V2Xk. Using this approximation to Ej we
can compute the sound speeds in Egs. (30) and (31) in the limit

T—0. We find @ = %UB + O(T?) and y ~ O(T*). Thus, at

T =0K, a)(zl) = %UB and wil) = vp, where v = /8 |

£ s
the Bogoliubov speéd of sound.

APPENDIX C: EIGENVECTORS OF FIRST-ORDER
EQUATIONS

It is useful to look at the first-order eigenvalue equation
from another point of view. The solutions to Eq. (24) give the
eigenvalues of the matrix

Y
W _ ( 2 o + [(a();l))va%;] ) . (Cl)

This matrix is not symmetric so its left and right eigenvectors
will be different, although the eigenvalues will be the same
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for “left” eigenvalue problem and for the “right” eigenvalue
problem. The eigenvalues of WV are

Jayfalvy — @DP] -y
vé — ()2
+ﬁ\/a[v§; — (@) —y

vi — (@M)?

{

(C2)

and A,

Since the matrix W is not a symmetric matrix, its left and
right eigenvectors

_ _ rk
Mt=(F 1) and M= (FR> (C3)

ii

will not be the transpose of each other. We can solve the
eigenvalue problem for the matrix WV to obtain the left and
right eigenvectors, and we find

1=L_1 o r_ 1 (5, 4
_E(T 1) and F =5(7) ©

The left and right eigenvectors are normalized so I'XT'R = 1.
It is straightforward to show that when (0")? = (w(11))2
@52, then A;=0|" and A, =0} . When (o) =

(wgl))2 = (w{")2, then A| = wgl) and A, = o).
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