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Hybrid Sound Modes in One-Dimensional Quantum Liquids
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We study sound in a single-channel one-dimensional quantum liquid. In contrast to classical fluids,
instead of a single sound mode we find two modes of density oscillations. The speeds at which these two
sound modes propagate are nearly equal, with the difference that scales linearly with the small temperature
of the system. The two sound modes emerge as hybrids of the first and second sounds, and combine

oscillations of both density and entropy of the liquid.
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Small oscillations of density propagate through fluids in
the form of sound waves. At long wavelengths the
compression and rarefaction of the fluid are adiabatic,
and the speed of sound is determined by the adiabatic

compressibility,
oP
vy = (a—p) ) (1)

where P, p, and o are the pressure, mass density, and
entropy per unit mass of the fluid, respectively. Importantly,
there is only one type of sound in the system.

A well-known exception to the above picture is the
superfluid “He. It can be viewed as consisting of two fluids:
the superfluid component and the normal one [1,2]. The
latter is the gas of elementary excitations, which can move
with respect to the center of mass of the fluid even in
thermodynamic equilibrium. As a result, the superfluid “He
supports two types of sound waves. The first sound is
predominantly an oscillation of the fluid density p. It is
similar to the sound in ordinary fluids; in the low temper-
ature limit its velocity is given by Eq. (1). The second
sound is a wave of entropy, which is for the most part
decoupled from the oscillations of density. Its speed is

ps0”
"=\ oo, ?

where p, and p, = p — p,, are the densities of the normal
and superfluid components, respectively. The velocities of
the two sound waves are different. In the most important
case of low temperature 7, when the excitations are
phonons with linear dispersion, v;/v, = v/3.

The calculation of v, /v, can be easily generalized to the
case of space of any dimension d, resulting in v, /v, = Vd
at T — 0. This raises an interesting question regarding the
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fate of the first and second sounds in one dimension, where
v = v,. Indeed, Egs. (1) and (2) give the speeds of the two
sounds only if v; # v,. Their derivation [1,2] reveals the
existence of coupling between the first and second sounds,
resulting in corrections to Egs. (1) and (2), which disappear
when T/(v; — v,) — 0. In one spatial dimension, where
vy — vy, = 0 at T — 0, the coupling between the first and
second sounds and the physical nature of the resulting
acoustic modes are open questions.

One-dimensional quantum fluids do not undergo super-
fluid transition. Nevertheless, many of their properties
mirror those of superfluid “He. In particular, their low
energy excitations, typically described in the framework of
the Tomonaga-Luttinger liquid theory [3,4], are bosons,
which are analogous to phonons in “He. Because of the
absence of superfluidity, in thermodynamic equilibrium the
velocity of the gas of excitations of a one-dimensional
quantum fluid must equal that of the center of mass of the
system. However, the relaxation processes leading to
equilibration of these two velocities are exponentially slow,
with the corresponding relaxation rate scaling as 77! «
e~P/T [5,6]. (Here D is the energy bandwidth of the model.)
This is in contrast to the much faster rate 7, of collisions of
the excitations with each other, which scales as a power of
temperature [7—10]. Thus, in a broad range of frequencies

<<y, (3)

the excitations form a gas that can move as a whole with
respect to the fluid. In this regime the one-dimensional
system behaves as a superfluid and supports both first and
second sounds [11].

It is important to point out that the theory of one-
dimensional quantum fluids developed in Ref. [11] focused
on systems of fermions with spins, which support excita-
tions of two types, corresponding to the charge and spin
degrees of freedom. Because they propagate at different
speeds, the aforementioned result v, /v, = \/3 does not
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apply, and in this system »; # v,. On the other hand, a
system of spinless bosons (or that of fermions with spins
polarized by an external magnetic field) has only a single
channel of bosonic excitations propagating with velocity v,
which depends on the strength of interactions between the
constituent particles. For such a liquid, Egs. (1) and (2)
predict v; =v, =v at T — 0. This leads to strong
enhancement of coupling between the first and second
sounds, which changes dramatically the nature of the
acoustic modes in the system. The study of this phenome-
non is the main goal of this Letter.

We consider a Galilean invariant system of identical
interacting spinless particles of mass m. The low energy
properties of such quantum systems are described by the
Luttinger liquid theory [4]. In this approach the excitations of
the system are bosons with momenta k that are multiples of
2zh/L, where L is the system size, and periodic boundary
conditions are assumed. The energy € and momentum p of
the system per unit length may be expressed in terms of the
occupation numbers N, of the bosonic states and two
additional zero-mode variables: the total number of particles
N and the integer quantum number J [12],

mv? n’h? 1
=——(N—-N,)? NJ? +— Ny, (4
€ ZNOL( 0) +2mL3 +L;€k ko (4)
wh 1
=—NJ+— E kNy. 5
P L2 +L - k ( )

In Eq. (4) vis the speed of sound at zero temperature, €, is the
energy of the bosonic excitation with momentum k, and the
number of particles is assumed to be near some reference
value N.

The first term in the expression (5) for the momentum
density accounts for the fact that even in the absence
of bosonic excitations the system can move as a whole.
Instead of the quantum number J it will be convenient to
quantify the momentum associated with this motion by the
velocity

zhJ
The bosonic excitations in the Luttinger liquid theory are
usually assumed to propagate with the velocity v, resulting
in the energy spectrum ¢, = v|k|. It is important to note
that this is appropriate only at J = 0, i.e., in the reference
frame moving with velocity u,. The energy spectrum in the

stationary frame,
€x = vlk| + upk, (7)
can be obtained by the Galilean transformation.

To study sound modes, one has to account for the
relaxation processes in the system. Collisions between

the bosonic excitations occur at the relatively short time
scale 7.,. Thus at frequencies w < 7z, the distribution
function has the equilibrium form

1
N = Temmrr —1- (8)
Collisions of the bosonic excitations conserve their total
momentum, given by the second term in the right-hand
side of Eq. (5). As a result, the equilibrium state can be
realized with an arbitrary value of the velocity u.,. At the
much longer time scale 7 the bosonic excitations exchange
momentum with the zero mode J, and only the total
momentum [Eq. (5)] is conserved. This gives rise to the
slow relaxation u., — uy — O.

In the frequency range (3), in addition to the number of
particles, momentum, and energy, the quantum number J is
also a conserved quantity. As a result, the state of the fluid
is characterized by two velocities, uq and u.,. This enables
one to develop a two-fluid hydrodynamic description of the
system [11] analogous to that of superfluid “He [1,2]. In this
theory, u, and u., play the roles of the velocities of the
superfluid and normal components, respectively.

Similar to the superfluid “He, one-dimensional quantum
fluids support two sound modes. Equation (1) is the
standard expression for the speed of sound in a fluid.
Because the parameter v in the Luttinger liquid theory is the
speed of sound at zero temperature, by definition v; — v at
T — 0. To obtain the speed of the second sound, we need to
determine the values of the normal and superfluid densities
p, and p,. To this end we evaluate the momentum density
of the system at low temperatures using Egs. (5) and (8) and
find it to have the expected form p = p,uy + p, Uy, Where

- xT?
- 3hapr

Ps=P—=Pns  Pu=PX X 9)

We then evaluate the entropy per unit mass ¢ in the
equilibrium state with uy = u.,, = 0 and find

aT
o= .
3nhpv

(10)

Substituting these expressions into Eq. (2), in the limit
T — 0 we obtain the expected result v, = v.

The equality of the speeds of the first and second sounds
enhances the effect of interaction between them. To study the
consequences of this interaction, we use the equations of
the two-fluid hydrodynamics, which express the conserva-
tion laws of the number of particles, momentum, energy, and
J. These four equations can be either derived microscopi-
cally, following the procedure described in Ref. [11], or
simply obtained by adapting the hydrodynamic equations for
superfluid “He [1,2] to one spatial dimension. The state of the
fluid is described by four dynamic variables, e.g., p, o, u,
and u.. In the frequency range (3), one can neglect
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dissipative processes. In this case it is possible to reduce the
system of four first-order differential equations of two-fluid
hydrodynamics to two second-order equations by excluding
the two velocities. This yields [1,2]

Oip = 03P, (11a)

06 = &azafT.

n

(11b)

In the theory of superfluid “He, the sound modes have been
studied [1,2] by using 7" and P as independent variables in
Eq. (11). In order to elucidate the nature of the sound
modes in one-dimensional quantum systems, it will be more
convenient to choose p and ¢ as independent variables, and
treat pressure and temperature as their functions, P(p, o)
and T'(p, o).

We now linearize Eq. (11) in small deviations of p and ¢
from their equilibrium values. Substituting the deviations
in the form &p cos[g(x — ut)] and S cos|g(x — ut)] into
Eq. (11), we obtain

(u? = v})6p — Ao = 0, (12a)

—Bsp + (u? — v3)606 = 0. (12b)

Here v; and v, are given by Eqgs. (1) and (2), respectively,

and
(0P _Ps o 6_T
=) p=ne(y), 0

The system of linear equations (12) has nontrivial
solutions at

24,2
2:1)14—1)2
2

1
2 V=3 +44B. (14)

This expression gives the speeds of the two sound modes in
a one-dimensional quantum liquid.

Equation (14) also applies to superfluid “He. In that case,
it was shown [1,2] that AB — 0 at T — 0, while v; — v,
approaches a nonzero value. Therefore at low temperatures
u becomes either v; or v,, corresponding to the first or
second sound, respectively. This is also the case for a one-
dimensional system of fermions with spin considered in
Ref. [11]. In contrast, for a spinless one-dimensional
quantum liquid, v; — v, — 0 at T — 0, and the analysis
of sound modes requires accounting for finite temperature
corrections.

We start by determining the temperature dependence
of the quantities A, B, v?, and v} in Eq. (14). Using
the thermodynamic Maxwell’s relation (0P/Jo), =
p*(0T/dp), and Egs. (9), (10), and (13), we find

pT

A=—0,(pv) B—U3—18( ) (15)
_1} /J/)U’ _/)T p/)U-

Both A and B scale linearly with the temperature.

To leading order in 7, the temperature dependence of the
free energy of a Luttinger liquid can be easily obtained
from Eq. (4). This is sufficient to evaluate the correction to
the pressure P, which is proportional to 72. As a result, the
correction to speed of sound [Eq. (1)] appears in the same
order,

xT?
= v+ ————32(p0). 16
Uy U+12flpl)3 p(p U) ( )

This approach yields only the leading temperature depend-
ence for the entropy [Eq. (10)] and is thus insufficient to
obtain the temperature-dependent correction to the velocity
v, from Eq. (2).

On the other hand, corrections to v, can be obtained in
some important cases. For noninteracting spinless fer-
mions, the Sommerfeld expansion of the free energy
involves only even powers of 7, resulting in

73772

_ b 17
YT 30mp0? (17)

Uy =

For the model of one-dimensional bosons with short-range
repulsion [14], the thermodynamics can be studied by
means of the thermodynamic Bethe ansatz [15]. The
Sommerfeld expansion of the free energy of this system
also contains only even powers of 7 [16,17], yielding a
correction to v, that scales as 72. These examples strongly
suggest that the quadratic temperature dependence of the
corrections to v, is a generic property of one-dimensional
quantum liquids. For systems with interactions that decay
with distance faster that 1/x3, this property can be
demonstrated by a careful treatment of irrelevant perturba-
tions to the Hamiltonian of the Luttinger liquid [18].
Taking into account the temperature dependences v? —
v3 o« T? and AB o T2, we approximate the square root in

Eq. (14) by V4AB. This results in linear in T splitting of the
sound velocities,

U :vigap(pv), (18)

where we applied Eq. (15).

Importantly, the physical character of the two sound
modes that propagate at the speeds (18) is very different
from those of the first and second sounds. To demonstrate
this, we obtain the relative magnitudes of the oscillations of
p and o by substituting u; into Eq. (12) and find
6p/6c = £1/A/B. 1t is instructive to express this result
in terms of variations of the particle density n = p/m and
entropy density s = op,
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s V3
—_— =t —. 19
o AR (19)

Here K = znhn/mu is the usual Luttinger liquid parameter.
Equation (19) shows that the ratio of the amplitudes of
oscillations of s and n remains finite at 7 — 0. This is in
contrast with the usual first sound, which is predominantly
a density wave, with 8s/6n « T, and the second sound—
the wave of entropy, with 6n/8s « T. Thus the two sound
modes in one-dimensional quantum liquids are qualita-
tively different from the first and second sounds, but
combine the essential characteristics of both. This hybrid
nature of sound in one dimension is our main result.

To illustrate the unusual properties of the hybrid sound
modes, let us discuss the evolution of a local initial
perturbation of density én(x) = f(x), assuming that the
entropy is not perturbed, 8s(x) = 0. In a classical fluid, the
perturbation propagates in both directions at the speed of
sound, 8n(x, 1) =1 [f(x — v;1) + f(x + v;1)], while to first
approximation the entropy density remains undisturbed.
The evolution of density perturbations in the one-
dimensional system of fermions with spin is qualitatively
similar. The behavior of spinless quantum liquids is dra-
matically different: the density perturbation splits into four
pulses,

sn(x, 1) = % Fx = vst) + flx+ v41)
+f(x—v_t) + fx+ v_t)]. (20)

These density pulses are accompanied by the entropy
disturbance of the form

8s(x.1) = ﬁTK [F(x = vt) + fx + v10)
—flx—=wv_t) = f(x + v_1)]. (21)

Let us now comment on the evolution of an entropy
perturbation created by a local heating of the system.
In this case all three kinds of fluids behave very differently.
In a classical fluid the entropy spreads diffusively, in
accordance with Fourier’s law of heat transfer. In a quantum
fluid of fermions with spin, the entropy disturbance prop-
agates as two pulses moving in opposite directions at the
speed of the second sound. In a spinless quantum fluid, such a
disturbance again splits into four pulses of both entropy and
density, in analogy with Egs. (20) and (21).

Propagation of density pulses in one-dimensional quan-
tum liquids can be studied experimentally in long quantum
wires [19,20] or in atomic traps [21,22]. Electron spins in a
quantum wire can be polarized by applying magnetic field,
whereas density pulses can be both created and detected by
short gates. In atomic traps the detection of density pulses
can be performed using the techniques of Refs. [23,24].

In summary, we studied sound propagation in single-
channel one-dimensional quantum liquids. In the frequency
range (3), the system may be described by two-fluid
hydrodynamics and supports two sound modes. In contrast
to superfluid “He and one-dimensional systems with spin,
the two modes are qualitatively different from the first and
second sounds, which correspond to predominantly density
or entropy waves. Each of these hybrid modes combines
comparable in magnitude oscillations of both density and
entropy, Eq. (19). The difference of speeds [Eq. (18)] of the
hybrid modes scales linearly with the temperature.

Work at Argonne National Laboratory was supported
by the U.S. Department of Energy, Office of Science,
Materials Sciences and Engineering Division. Work at the
University of Washington was supported by the U.S.
Department of Energy Office of Science, Basic Energy
Sciences under Award No. DE-FG02-07ER46452.

[1] L. D. Landau, The theory of superfluidity of helium II,
J. Phys. USSR 5, 71 (1941).

[2] I. M. Khalatnikov, An Introduction to the Theory of Super-
Sluidity (Perseus, New York, 2000).

[3] S Tomonaga, Remarks on Bloch’s method of sound waves
applied to many-fermion problems, Prog. Theor. Phys. §,
544 (1950).

[4] EED.M. Haldane, ‘Luttinger liquid theory’ of one-
dimensional quantum fluids. I. Properties of the Luttinger
model and their extension to the general 1D interacting
spinless Fermi gas, J. Phys. C 14, 2585 (1981).

[5] K. A. Matveev, A. V. Andreev, and M. Pustilnik, Equilibra-
tion of a One-Dimensional Wigner Crystal, Phys. Rev. Lett.
105, 046401 (2010).

[6] K. A. Matveev and A.V. Andreev, Equilibration of a
spinless Luttinger liquid, Phys. Rev. B 85, 041102 (2012).

[7] A. Imambekov, T.L. Schmidt, and L.I. Glazman, One-
dimensional quantum liquids: Beyond the Luttinger liquid
paradigm, Rev. Mod. Phys. 84, 1253 (2012).

[8] M. Arzamasovs, F. Bovo, and D. M. Gangardt, Kinetics
of Mobile Impurities and Correlation Functions in One-
Dimensional Superfluids at Finite Temperature, Phys. Rev.
Lett. 112, 170602 (2014).

[9] 1. V. Protopopov, D. B. Gutman, and A.D. Mirlin, Relax-
ation in Luttinger liquids: Bose-Fermi duality, Phys. Rev. B
90, 125113 (2014).

[10] Z. Ristivojevic and K. A. Matveev, Relaxation of weakly
interacting electrons in one dimension, Phys. Rev. B 87,
165108 (2013).

[11] K. A. Matveev and A.V. Andreev, Second Sound in
Systems of One-Dimensional Fermions, Phys. Rev. Lett.
119, 266801 (2017).

[12] The parity of J depends on the statistics of the physical
particles constituting the quantum liquid: J is even for
bosons [13], whereas for fermions N + J is odd [4].

[13] F. D. M. Haldane, Effective Harmonic-Fluid Approach to
Low-Energy Properties of One-Dimensional Quantum
Fluids, Phys. Rev. Lett. 47, 1840 (1981).

026803-4


https://doi.org/10.1143/ptp/5.4.544
https://doi.org/10.1143/ptp/5.4.544
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1103/PhysRevLett.105.046401
https://doi.org/10.1103/PhysRevLett.105.046401
https://doi.org/10.1103/PhysRevB.85.041102
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/PhysRevLett.112.170602
https://doi.org/10.1103/PhysRevLett.112.170602
https://doi.org/10.1103/PhysRevB.90.125113
https://doi.org/10.1103/PhysRevB.90.125113
https://doi.org/10.1103/PhysRevB.87.165108
https://doi.org/10.1103/PhysRevB.87.165108
https://doi.org/10.1103/PhysRevLett.119.266801
https://doi.org/10.1103/PhysRevLett.119.266801
https://doi.org/10.1103/PhysRevLett.47.1840

PHYSICAL REVIEW LETTERS 121, 026803 (2018)

[14] E. H. Lieb and W. Liniger, Exact analysis of an interacting
Bose gas. 1. The general solution and the ground state, Phys.
Rev. 130, 1605 (1963).

[15] C.N. Yang and C.P. Yang, Thermodynamics of a One-
Dimensional System of Bosons with Repulsive Delta-
Function Interaction, J. Math. Phys. 10, 1115 (1969).

[16] X.-W. Guan, M. T. Batchelor, and M. Takahashi, Ferromag-
netic behavior in the strongly interacting two-component
Bose gas, Phys. Rev. A 76, 043617 (2007).

[17] X.-W. Guan and M. T. Batchelor, Polylogs, thermodynam-
ics and scaling functions of one-dimensional quantum
many-body systems, J. Phys. A 44, 102001 (2011).

[18] K. A. Matveev and A. V. Andreev (unpublished).

[19] A. Yacoby, H. L. Stormer, N. S. Wingreen, L. N. Pfeiffer,
K. W. Baldwin, and K. W. West, Nonuniversal Conductance
Quantization in Quantum Wires, Phys. Rev. Lett. 77, 4612
(1996).

[20] C.P. Scheller, T.-M. Liu, G. Barak, A. Yacoby, L. N. Pfeiffer,
K. W. West, and D. M. Zumbiihl, Possible Evidence for
Helical Nuclear Spin Order in GaAs Quantum Wires, Phys.
Rev. Lett. 112, 066801 (2014).

[21] T. Kinoshita, T. Wenger, and D. S. Weiss, Observation of a
one-dimensional Tonks-Girardeau gas, Science 305, 1125
(2004).

[22] H. Moritz, T. Stoferle, K. Giinter, M. Kohl, and T. Esslinger,
Confinement Induced Molecules in a 1D Fermi Gas, Phys.
Rev. Lett. 94, 210401 (2005).

[23] M. R. Andrews, D. M. Kurn, H.-J. Miesner, D. S. Durfee,
C. G. Townsend, S. Inouye, and W. Ketterle, Propagation
of Sound in a Bose-Einstein Condensate, Phys. Rev. Lett.
79, 553 (1997).

[24] L. A. Sidorenkov, M. K. Tey, R. Grimm, Y.-H. Hou, L.
Pitaevskii, and S. Stringari, Second sound and the superfluid
fraction in a Fermi gas with resonant interactions, Nature
(London) 498, 78 (2013).

026803-5


https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1063/1.1664947
https://doi.org/10.1103/PhysRevA.76.043617
https://doi.org/10.1088/1751-8113/44/10/102001
https://doi.org/10.1103/PhysRevLett.77.4612
https://doi.org/10.1103/PhysRevLett.77.4612
https://doi.org/10.1103/PhysRevLett.112.066801
https://doi.org/10.1103/PhysRevLett.112.066801
https://doi.org/10.1126/science.1100700
https://doi.org/10.1126/science.1100700
https://doi.org/10.1103/PhysRevLett.94.210401
https://doi.org/10.1103/PhysRevLett.94.210401
https://doi.org/10.1103/PhysRevLett.79.553
https://doi.org/10.1103/PhysRevLett.79.553
https://doi.org/10.1038/nature12136
https://doi.org/10.1038/nature12136

