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The absence of a simple fluctuation-dissipation theorem is a major obstacle for studying systems that are not in
thermodynamic equilibrium. We show that for a fluid in a nonequilibrium steady state characterized by a constant
temperature gradient the commutator correlation functions are still related to response functions; however, the
relation is to the bilinear response of products of two observables, rather than to a single linear response function
as is the case in equilibrium. This modified fluctuation-response relation holds for both quantum and classical
systems. It is both motivated and informed by the long-range correlations that exist in such a steady state and
allows for probing them via response experiments. This is of particular interest in quantum fluids, where the
direct observation of fluctuations by light scattering would be difficult. In classical fluids it is known that the
coupling of the temperature gradient to the diffusive shear velocity leads to correlations of various observables,
in particular temperature fluctuations, that do not decay as a function of distance, but rather extend over the
entire system. We investigate the nature of these correlations in a fermionic quantum fluid and show that the
crucial coupling between the temperature gradient and velocity fluctuations is the same as in the classical case.
Accordingly, the nature of the long-ranged correlations in the hydrodynamic regime also is the same. However,
as one enters the collisionless regime in the low-temperature limit the nature of the velocity fluctuations changes:
they become ballistic rather than diffusive. As a result, correlations of the temperature and other observables are

still singular in the long-wavelength limit, but the singularity is weaker than in the hydrodynamic regime.

DOI: 10.1103/PhysRevE.109.044140

I. INTRODUCTION

In a classical fluid in equilibrium at a temperature 7¢q and
far from any critical point, correlations are generically short-
ranged, i.e., they decay exponentially on an atomic scale. In
a coarse-grained description this corresponds to a §-function
correlation. Specifically, the correlations of the spatial tem-
perature fluctuations 87 (x) = T (x) — Teq, with T'(x) the local
temperature, have the form [1]

]‘;:2
(8T (x)8T (x')) = C—qS(x—x/). (1.1a)
14
Here (...) denotes an equilibrium statistical mechanics aver-
age, and cy is the specific heat per volume at constant volume.
In wave-vector space, the same result is

2
“. (1.1b)

(8T (k1)ST (k2)) =V 8,y —
Cy
where V is the system volume.

In a nonequilibrium steady state (NESS) characterized
by a constant temperature gradient VT the nature of this
correlation changes drastically. There is a nonequilibrium
contribution quadratic in V7 that diverges as 1/k* in the limit
of small wave numbers k = |k| [2-4],

Here T is the spatially averaged temperature, and p, Dr, and
v are the spatially averaged mass density, thermal diffusion
coefficient, and kinematic viscosity, respectively, of the fluid
[5]. k 1 is the unit wave vector perpendicular to k in the plane
spanned by k and VT. In the configuration sketched in Fig. 1,
T=(T+T1)/2, and VT =20.T with 0,T = (T, — T )/L
and Z the unit vector in the z direction, so (IAc L -VT)? =
(3T )*(k? + k2)/k?; see Eq. (A2a) [6].
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FIG. 1. A fluid subject to a constant temperature gradient in the
z direction between two parallel confining plates a distance L apart.

2 Lo 2 A -
l (8T (k)T (—k)) = T_ + w. (1.2) The three vectors k, k,, and k(f) form a right-handed system that
14 Cy pDr(v+Dr)k spans the wave-vector space.
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We note at this point that an arguably more physical choice
of fluctuations than 87 to discuss in the presence of a tem-
perature gradient would be the fluctuations of the entropy
per particle, §(S/N), which constitute the hydrodynamic heat
mode in both classical [7] and quantum [8] fluids. However,
in the absence of pressure fluctuations §(S/N) is proportional
to 8T, and historically the correlations of §7 have been
considered. See Appendix A for the relation between these
fluctuations.

The remarkably strong singularity expressed by Eq. (1.2)
has been derived theoretically using various techniques, in-
cluding kinetic theory [2,9], mode-coupling theory [2,9], and
fluctuating hydrodynamics [4,10]. This effect, as well as
closely related ones, have been observed by many experi-
ments; see Ref. [11] and references therein. It has various
physical consequences and interpretations. In real space, it
implies that correlations in a bulk fluid scale with the linear
system size L and decay on the same scale; see the discussion
in Ref. [4]. This in turn implies a generalized rigidity of the
fluid that is reminiscent of the effects of a spontaneously
broken continuous symmetry in an equilibrium system, where
Goldstone modes lead to long-ranged correlations [12]. By
contrast, in a NESS rigidity is present even in the absence of
any broken symmetries. This has been discussed in Ref. [13].
This reference also showed that the second spatial moment of
a localized temperature perturbation that is accompanied by a
perturbation of the shear velocity spreads ballistically, rather
than diffusively, as a result of the generalized rigidity. That is,
the root-mean-square displacement of a temperature perturba-
tion grows linearly with time for long times ¢, rather than as
t1/2 as for a diffusive process. The time scale associated with
this ballistic spread is inversely proportional to the product of
the temperature gradient and the initial shear velocity [14].

The goal of the current paper is twofold. First, we will
explore the question of how these effects manifest themselves
in a quantum fluid. Second, we will show, for both quantum
and classical fluids, that the long-ranged correlations can be
probed via the system’s response to macroscopic external
perturbations, even though the usual fluctuation-dissipation
theorem does not hold in the NESS. This is of particular
interest at low temperatures, where fluctuations become small,
or in systems where the nonequilibrium correlations dominate
over the equilibrium contributions only at very small wave
numbers.

For the first goal, we will restrict ourselves to fermionic
quantum fluids, but we note that analogous effects must
be present in bosonic fluids [15], as the equations of hy-
drodynamics apply to those as well; see, e.g., Ref. [16].
There are several crucial differences between the classical
and quantum cases. First, in the quantum regime one needs
to distinguish between symmetrized, or anticommutator, and
antisymmetrized, or commutator, time correlation functions.
If A and B are operators that correspond to two observables,
then these two types of correlation functions are defined as

T )
S (e, x5t — 1) = (184G, 1), 8B, 1), (1.30)

| BN «
Xag(x, x5t —1") = ﬁ([A(x, £),B(x',tH]-).  (1.3b)

Here [, ]+ denotes a commutator or anticommutator, respec-
tively, the average includes a quantum mechanical average in
addition to the statistical mechanics one, and A = A — (A).
x” is the customary notation for the commutator correla-
tion function [7], with the double prime indicating that it is
the spectrum, or spectral density, of a causal function. Sfém
describes the correlations of spontaneous fluctuations. In equi-
librium, yx, describes the linear response of the system to
external perturbations, and the temporal Fourier transforms of

the two correlation functions are related by [7,17]

Sy (x, x'; ) = hi coth(fiw/2T) xi5(x, x'; ), (1.3¢c)

which is a manifestation of the fluctuation-dissipation theo-
rem [18,19]. For nonequilibrium systems Eq. (1.3¢) does not
hold, no exact relation between the two correlation functions
is known, and x5 in general is not a linear response function.
Despite this lack of a relation, one expects any long-range
correlations that are present in S*¥™ to also be displayed in
x”. In particular, in a NESS S;;" and x/; should both contain
the quantum analogs of the long-range correlations present in
Eq. (1.2). Indeed, to leading order in the effects of the tem-
perature gradient Eq. (1.3c) still holds with T representing the
spatially averaged temperature [5]. If a method for observing
X7 can be identified, then this will provide an independent
way of observing the long-range correlations. Identifying such
a method is our second goal. In Sec. IV we will show that
at least for the special case of the NESS considered here the
commutator correlations describe the bilinear response of the
system to a field conjugate to the shear velocity and is thus
measurable via response or relaxation experiments.

In addition to these considerations, in a quantum fluid one
needs to distinguish between the hydrodynamic regime that
is dominated by collisions between quasiparticles and the
collisionless regime at asymptotically low temperatures where
all collision processes are frozen out [20].

For an educated guess of the results for the correlation
functions in the quantum regime we recall the origin of the
effect in the classical case. The crucial term, in this context, in
the Navier-Stokes equations is the streaming term that couples
the spatial temperature fluctuations to the fluid velocity u be
means of a bilinear term # - VT'. In an equilibrium system this
term is quadratic in the fluctuations. However, in a NESS that
is characterized by an externally fixed temperature gradient
it is linear in the fluctuating quantity u. The transverse, or
shear, velocity is diffusive, and the solution of the coupled
equations effectively results in a product of two diffusive
contributions to the temperature correlation function, each of
which scales as 1/k%. In the quantum hydrodynamic regime
the structure of the equations of motion is the same as in
the classical case [21], which implies that the anticommu-
tator, or symmetrized, temperature correlation function will
still diverge as 1/k*. The commutator, or antisymmetrized,
correlation function in the hydrodynamic regime, to leading
order in the effects of the temperature gradient, is proportional
to the anticommutator one [see Eq. (1.3c) and the comments
following that equation] and will also diverge as 1/k*. In the
collisionless regime there are two modifications. First, the
relevant velocity mode is ballistic rather than diffusive, which
changes the 1/k* divergence to 1/k%. Second, one needs to re-
member that the temperature prefactor in the nonequilibrium
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term in Eq. (1.2) is actually (hw/2) coth(hw/2T), which
essentially is the greater of the temperature and the shear
mode energy. In the part of the collisionless regime where
the temperature is greater than the ballistic mode energy the
anticommutator correlation function is thus expected to still
show the 1/k2 behavior, whereas in the regime where the
temperature is the smallest energy scale it should diverge as
1/k. The commutator correlation function, which to leading
order in the effects of the temperature gradient is related to the
anticommutator one by means of the same factor, is expected
to diverge as 1/k> everywhere in the collisionless regime.
Since these effects are due to the shear velocity coupling
to the temperature they will be present in both neutral and
charged Fermi fluids, as the Coulomb interaction affects only
the longitudinal fluid velocity.

As we will show below, these expectations are borne out.
For the technical derivation we will use a generalization of the
fluctuating quantum kinetic theory developed in Ref. [21].

The organization of this paper is as follows. In Sec. 1I
we consider the nonlinear version of the fluctuating
Landau-Boltzmann equation that was discussed in Ref. [21]
and derive nonlinear fluctuating Navier-Stokes equations for
a fermionic quantum fluid. In Sec. III we simplify these quan-
tum kinetic theories and use them to describe a Fermi liquid
subject to a fixed temperature gradient. In Sec. IV we establish
a relation between the commutator correlation functions and
the bilinear response of the fluid to external perturbations and
we discuss the anomalously fast propagation of a temperature
perturbation in a NESS. We conclude in Sec. V with a dis-
cussion of our results. Various technical details are relegated
to appendices. A brief account of some of our results has
previously been given in Ref. [22].

II. QUANTUM HYDRODYNAMICS

In this section we derive and discuss the relevant kinetic
equations for our problem. Underlying all of them is the
Boltzmann-Landau kinetic equation for the single-particle
phase space distribution function, or p-space distribution
function in the terminology of Ehrenfest [23], from which one
can derive Navier-Stokes equations by means of a Chapman-
Enskog expansion. The Navier-Stokes equations are valid in
the hydrodynamic regime, which is dominated by collisions.
In order to study the collisionless regime one has to consider
the underlying kinetic equation directly [24]. To calculate dy-
namic correlation functions Langevin forces need to be added
to all of these equations.

A. Kinetic equations for averaged variables
1. The Boltzmann-Landau and Uehling-Uhlenbeck equations

Consider the single-particle phase space or u space
spanned by the position x and the momentum p of a par-
ticle [23] (we will consider only fermions). Let f (p,x,t)
be the operator-valued single-particle distribution function
[25], let fp(x,t) = (f(p,x,t)) be its average, where (...)
denotes a quantum mechanical expectation value plus a sta-
tistical mechanics average, and let 8f,(x, 1) = fp(x,1) — ;q
be its deviation from the equilibrium distribution. Further,
let é(p,x,t) be the single-particle energy, and €,(x,t) =

(€(p, x, 1)) its average. The time evolution of f, is governed
by the Boltzmann-Landau kinetic equation [26]

atfp + (fop) : Vpep - (fop) : Vpr = C(f)p‘

Here and in the remainder of this subsection we drop the real-
space and time arguments as long as they are the same for
all quantities in a given equation. The terms on the left-hand
side of Eq. (2.1) represent the total time derivative df,/dt,
which is balanced by the collision integral on the right-hand
side, i.e., the temporal change of f,, due to collisions between
quasiparticles. The latter is given by [26]

1
V3

2.1

> WP P+ ep — €y —€p)
P .p1.p
x8(p+p —p —p)
X [fp fp, (L= fp)(X = fp,) = fpfp, (1= fp ) (A= fp)]
2.2)

C(f)p =

with V the system volume. The transition rate W is positive
and has the symmetry properties

W(p.p:p'.p) =W(=p,—p;:—p’.—p})) (232
=W piip. p) (2.3b)
=W(p.. p:p}. P, (2.3¢)

which express invariance under spatial inversions, time rever-
sal, and interchange of particles.

In order to fully define Eq. (2.1) we also need to specify €.
Within Landau Fermi-liquid (LFL) theory one has [17]

1
Q=6+ Y F(p.p)sfyx.t).,  (24)
p/

where €, = p*/2m, with m the bare fermion mass, is the equi-
librium single-particle energy [27] and F(p, p’) is Landau’s
interaction function. At zero temperature it can be expanded in
spherical harmonics on the Fermi surface and parameterized
in terms of the LFL parameters Fy, Fi, etc. LFL theory relies
on linear variational arguments and in general is compatible
only with the linearized version of the kinetic equation (2.1).
If one uses the full nonlinear equation one obtains a consistent
theory only if one replaces the function F (p, p’) by a constant.
This is tantamount to keeping only the Landau parameter Fy
and is equivalent to treating the quasiparticle interaction in
Hartree-Fock approximation. For our purposes the interaction
makes no qualitative difference since it does not change the
nature of the crucial soft modes. For our explicit calculation
we will therefore ignore the interaction altogether, which
amounts to dropping the last term on the left-hand side of
Eq. (2.1) and replacing V ¢, by p/m = v,. We then have

8tfp + Uy - (fop) = C(f)p- (2~5)

In this form the kinetic equation is known as the Uehling-
Uhlenbeck equation [16,28,29]. Consistent with these simpli-
fications, we ignore the spin degree of freedom.

2. The local Fermi-Dirac distribution

The Boltzmann-Landau equation (2.1) allows for an H-
theorem in analogy to the classical Boltzmann equation; see,
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e.g., ch. 10.3.5. in Ref. [16], or Appendix D in Ref. [21]. The
H-theorem shows that the entropy change as a function of
time is positive semidefinite, and zero if and only if the distri-
bution f, is equal to the equilibrium Fermi-Dirac distribution

fo - (2.6)

T e/ L1’

with p the chemical potential. (We use units such that kg = 1.
We will also put & = 1; however, see Ref. [30].) This form
of the equilibrium distribution results from the fact that the
entropy production vanishes if and only if log(f,/(1 — f)) is
a collision invariant and hence a linear combination of the five
basic collision invariants, viz., particle number, momentum,
and energy. The equilibrium distribution solves the kinetic
equation since it is independent of space and time and has
the property C(f°?) = 0. The latter property remains true if
we consider a local Fermi-Dirac distribution

1

exp [ (L= — yi(x, 1)) /T (x, )] +(12'7 |
./a

[0, 1) =

Note that f1” is not a solution of either Eq. (2.1) or (2.5). It
satisfies C(f©)) = 0 for arbitrary functions u, u, and T, but
the concept of a local equilibrium distribution is most useful if
one chooses these functions to be the physical fluid velocity,
chemical potential, and temperature, respectively. That is, we
require

1
v 2L ) = .0 (2.7b)
P
with n(x, t) the physical number density, and
(2.7¢)

1 0)
7 PRI = ple Dux, 1),
14

with p(x, t) = mn(x, t) the physical mass density.

3. Balance equations

The kinetic equation yields balance equations, in complete
analogy to the classical case, for the five collision invariants:
particle number or mass, momentum, and energy [4,16,31].
For a discussion of these balance laws in terms of conservation
laws, the fluid flow, and forces acting on a volume element in
the fluid, see Ref. [4].

Mass balance. By summing Eq. (2.5) over the momentum
p we obtain the mass balance equation

0 px,t)+ V- [plx, Hulx,t)]w =0, (2.8)

which expresses the local conservation of mass.

Momentum balance. By multiplying Eq. (2.5) with a com-
ponent p; of the momentum and summing over p we obtain
the velocity equation

px, 1)

ui(x, 1) + [w(x, 1) - Viui(x, 1) = 3P (x, 1),

(2.92)

with

Pix, 1) = g 3 (vl — e, 0][v) — (e 0)] ol 1)
14
(2.9b)

the kinetic part of the pressure tensor. Here d; = 9/ dx/, and
summation over repeated indices is implied.

Energy balance. Finally, by multiplying with m[v, —
u(x,1)]?/2 and summing over p we obtain a balance equa-
tion for the kinetic energy density

1
e(x,1) = % o 2wy — . OF fx.1) (2.10)
p

in the form
ore(x,t)+u(x,t)-Ve(x,t)
= —e(x, )V -u(x,t) — V- j,(x,1) — PY(x, 1)o;u;(x, 1),
(2.11a)
with
jexn =72 é > vy — ule, O1[v, — ule, OF fyx. 1)
’ (2.11b)

the kinetic energy current density or heat flux.

It is useful to rewrite the energy balance equation as an
equation for the temperature 7. To this end we consider T a
function of e and n. Then variations of these three quantities
are related by

oT oT
8T = | — de+ | — én.
de NV on EV

But (07 /de)yv = 1/cy, and general thermodynamic identi-
ties yield [32]

aT LT ou
ey — = — —
\on)p, =" 0T )y

We thus have

2.12)

—i. (2.13)

cydT (x,t) = de(x,t) — i dn(x,t). (2.14)

Together with the mass balance equation (2.8) this yields

[0; +u(x,t) - V]e(x, 1)
=cylo +ulx,t) - VIT(x,t) — pinx, )V -u(x,t),
(2.15)

which can be used to rewrite Eq. (2.11a) as an equation for 7
instead of e. Note that all thermodynamic derivatives, and in
particular fi, are in principle space and time dependent. If we
replace the derivatives by their average values [5], as is usually
done in nonlinear hydrodynamics [4], we can make use of
another thermodynamic identity that relates fi to the average

energy density e and pressure p and another derivative:
niit=e+p—T@Op/oT )ny. (2.16)

Finally, we drop all other nonlinearities except for the crucial
coupling between the temperature fluctuations and the fluid
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velocity. We then obtain the temperature equation in the form
CV(at + u(xs t) : V)T(x3 t)

d
= V.iwn-T(Z) v.uxon, @17
T )y
where 7T in the second term on the right-hand side is the

average temperature.

B. Navier-Stokes equations

The Navier-Stokes equations can be derived from very
general arguments, and hence clearly are valid for quantum
fluids as well as for classical ones. However, for completeness
we derive them in this section from the quantum kinetic equa-
tion. As in the classical case, the Navier-Stokes equations are
actually more generally valid then the derivation suggests; see
Appendix D.

1. Chapman-Enskog expansion

To derive closed fluid-dynamics equations we employ the
Chapman-Enskog method in the same way as in classical
fluids [16,33]. The basic idea is to introduce a small parameter
o = O(¢/L) on the order of the ratio of the mean-free path
between collision, £, and a macroscopic length L that scales as
the inverse spatial gradient in the kinetic equation. This small
parameter does not appear explicitly in the kinetic equation;
rather, it is introduced by hand by multiplying the right-hand
side of the kinetic equation (2.1) by 1/«,

1
atfp + (fop) ' Vpep - (fop) : Vpr = & C(f) (21,)
Expanding f, in powers of o,

=12 +afd + 0@, (2.18)

yields a hierarchy of equations for the flﬁ"), order by order in
«. After truncating the expansion at the desired order one puts
a=1.

2. Euler equations

To zeroth order in the Chapman-Enskog expansion we have
C(£”) =o. (2.19)

The solution of this equation is not unique: as we saw in
Sec. IT A2, both the global and the local equilibrium distribu-
tions satisfy Eq. (2.19). Following the usual procedure in the
classical case, we choose the latter [34]. From Eq. (2.9b) we
see that in this approximation the pressure tensor is diagonal
and given by

Pijx.t)~ P = 8, p(x.1) (2.20a)
with
(2.20b)
J

ple,1) = Fe(x.1)

AP S = £ (1= f;‘”){ 7 cicl = i(a—p) [
N,V

T Cy aT

+1—1 op +1m
T| n\oT )Ny T

1 /m
T\2

the hydrostatic pressure. Note that this is the exact relation
between the pressure and the energy for an ideal Fermi gas
(or any nonrelativistic ideal gas). This specifies the right-hand
side of the momentum balance equation (2.9a). For the heat
flux we obtain from Eq. (2.11b)

Jox, 1) = 0. (2.21)

For the hydrodynamic equations at this order in the
Chapman-Enskog expansion we thus obtain Euler’s equa-
tions, viz., the mass equation as given by Eq. (2.8), the

momentum equation reads

du(x, 1)+ [u(x,t) Viu(x,t) = Vpx,t), (2.22)
px, 1)
and the energy equation is
dre(x, 1)+ [u(x,t)- Vle(x,t) = p(x,t) V -u(x,t). (2.23)

Alternatively, we can write the energy equation as an equa-
tion for the temperature. From Eq. (2.17) we have

cyo T (x,t)+cylu(x,t)- VT (x,t)

9
=—7(22) Vv.u@o.
0T )y

Note that the energy equation in the form of (2.23) is exact
to this order, whereas in the temperature equation (2.24) the
thermodynamic derivatives have been replaced by their aver-
age values, and this includes the T prefactor on the right-hand
side [5].

In addition to u(x,t) and T (x, t), which are governed by
the Euler equations, f;o) depends on p(x,t), which is given
implicitly by the requirement (2.7b).

(2.24)

3. Navier-Stokes equations

To first order in the expansion in powers of « we have

O 4 v, - VO [, 1) = Ap) 3P (x, 1), (2.25)

with A(p) a linearized collision operator that is given by
C(f), expanded to linear order in f{V. Note that the third
term on the left-hand side of Eq. (2.1’), which is omitted in
the Uehling-Uhlenbeck equation, does not contribute to this
order.

p-space distribution to first order. f,” depends on x and
t through u(x,t) and T(x,?), as well as u(x,t), which in
turn depends on u# and T through Eq. (2.7b). By calculating
the derivatives of flgo), Eq. (2.7a), with respect to u, T, and
1, and using the Euler equations, we obtain a linear integral

equation for f"). If we define
c(x,t)=p/m—u(x,t), (2.26a)

the latter can be written

2 o i n i
ccF—ul+|— o — ———— 'y
oT Jyv T@n/dpw)ry

2 I
(), o]

(2.26b)
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where we have omitted the obvious dependences on space and time. In classical kinetic theory the equivalent of the relative

velocity ¢ is sometimes called “peculiar velocity.”

Pressure tensor and heat flux to first order. The terms on the right-hand side of Eq. (2.26b) that are even in ¢ yield the
first-order contribution to the pressure tensor via Eq. (2.9b). We find

m? 1 _ 1
3,(].“ =7 @' + Bluk)v Z cicj A ](p)<ckc1 -3 sk,c2>f;°>(1 - ).
14

Here we have used Eq. (2.20b) as well as the identity

pw—T@u/dT vy — 2 n@u/dn)ry =0,
which follows from the fact that the chemical potential as a
function of n and T has the form p = n?/3 fM(T2 /n*’3), with
fu a scaling function. Equation (2.27) can be cast in a more
standard form by realizing that Pi(jl) is a traceless symmetric
tensor that is linear in the symmetric tensor d;u; + 9;u; and
therefore must be proportional to the traceless version of the
latter. Restoring the dependence on space and time we find, to
first order in the Chapman-Enskog expansion,

Pij(x, t) = 5,‘jp(x,l) - n[aiuj(x,t) + 3ju;(x,t)
— 368,V ux, 1], (2.29%)

(2.28)

where the shear viscosity 7 is given by

m? 1
n= v daa AT @acn 01— ). (2.29)
14

T

Note that f{?, and hence also A, depend on p only via the
combination p/m — u = c, so the space-time dependence of ¢
drops out via the sum over p. However, n does depend on x
and ¢ via u and T'; we consider 7 in Eq. (2.29a) the averaged
value [5].

The terms on the right-hand side of Eq. (2.26b) that are
odd in ¢ determine the heat flux to first order in the Chapman-
Enskog expansion. Equation (2.11b) yields

Je(x,t) = -k VT (x,1) (2.30)

with the thermal conductivity « given by

-m 1
C= s e T AT e (1 - 1),
p

2.31)

Here ¢ = |¢|, and

m ,
Yn(e) = 50 - = —, (2.32)

n
with s the entropy per volume, is the heat mode [35]. The
asymmetric form of the integrand in Eq. (2.31) is seemingly at
odds with the Kubo formula for the thermal conductivity. The
resolution of this problem is the observation that Egs. (2.7b)
and (2.7c) imply ) ¢ f{"’ = 0. One can therefore add an

arbitrary term independent of ¢ to the factor of mc?/2 in
Eq. (2.31), and this allows us to rewrite the expression for «
in the symmetric form

Yo cvn@ AT P ey 101 = f).
p

231

—m 1

32 Y

2.27)

(

This argument leading to the symmetric expression for « is
the same as in the classical case [16].

Navier-Stokes equations. We are now in a position to
assemble the hydrodynamic equations to first order in the
Chapman-Enskog expansion. The mass equation is still given
by Eq. (2.8), which is exact. For the velocity equation we have,
from Egs. (2.9a) and (2.29a),

Orui(x, 1) +uj(x, 1)du;(x, t)

8i p(xv t) +

Ui
9;
px, 1) px, 1)
X |:8ij(.17, 1)+ 8ju,-(x, t) — %3,']' V- ux, f):|, (2.33)

with p(x,t) the hydrostatic pressure from Eq. (2.20b) and
n the shear viscosity from Eq. (2.29b). Finally, for the heat
equation we obtain, from Eqgs. (2.17) and (2.30),

o, T(x,t)+u(x,t)- VT (x,1)

Cy oT

Equations (2.8), (2.33), and (2.34) are simplified versions of
the standard Navier-Stokes equations familiar from classical
hydrodynamics [7,36,37]; the fermionic nature of the fluid
is reflected only in the explicit expressions for the transport
coefficients n and «. This was to be expected, since the be-
havior of a fluid in the hydrodynamic regime depends only
on very general physical principles that are independent of
the microscopic nature of the fluid. We note again that we
have replaced the transport coefficients 1 and «, as well as the
thermodynamic derivatives in Eqgs. (2.33) and (2.34), by their
average values [5].

- _—T(a—p) Voule, )+ —V2T(x,1). (234
NV Cy

C. Fluctuating quantum Navier-Stokes equations

The Navier-Stokes equations contain many nonlinearities
that make them notoriously hard to solve. For fluctuations
about an equilibrium state, the bilinear u - VT term in
Eq. (2.34) is one of these nonlinearities. In a NESS charac-
terized by a constant temperature gradient, VT is no longer a
fluctuation, and the leading contribution to this term is linear
in the small fluctuation u. We can thus linearize the theory
by replacing VT (x,¢) in the u - VT term with the externally
fixed temperature gradient V7', which makes this term linear,
and also dropping all other nonlinearities. Furthermore, for
our purposes we are not interested in the coupling of the
temperature gradient to sound waves, which occur on a time
scale that is much faster than the slow fluctuations of the trans-
verse fluid velocity, whose dynamics are diffusive. The sound
modes are linear combinations of fluctuations of the longi-
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tudinal part of the fluid velocity u# and pressure fluctuations;
see Eq. (A5), or Eq. (3.25) in Ref. [8]. Accordingly, we work
at constant pressure and keep only the diffusive transverse
components #, of the fluid velocity in the u - VT coupling
term in Eq. (2.34). For the latter, the linearized Eq. (2.33)
simplifies to a diffusion equation

du, (x, 1) =vVu, (x,1), (2.35a)
with v = n/p the kinematic viscosity. The longitudinal part
of the fluid velocity scales linearly with the wave number, and
hence the V - u term on the right-hand side of Eq. (2.34) is of
the same order in a gradient expansion as the V2T term. At
constant pressure it effectively turns the « /cy coefficient of
the V27 term into « /c,, and we find

T (x,t)+u,(x,t)- VT = DrV>T(x,1), (2.35b)
with Dr =« /c,, the heat diffusivity; see Appendix C for a
derivation. We note that the heat equation (2.35b) can be
written as an equation for the entropy per particle, i.e., the
heat mode proper, using Eq. (2.2).

Equations (2.35), when supplemented by initial conditions
8T (x,t = 0) and u (x,t = 0), describe the time evolution of
macroscopic perturbations about the NESS characterized by
VT = const and u; = 0. They remain valid if we replace
the averaged quantities 7 and u, by their operator-valued
fluctuating counterparts 7' and &, that are moments of the
operator-valued p-space distribution f(p.x, 1) instead of its
average f,(x,t), provided one adds appropriate fluctuating,
or Langevin, forces [38]. The linearized fluctuating quantum
Navier-Stokes equations in the absence of a temperature gra-
dient were derived in Ref. [21] from a linearized quantum
kinetic equation by means of projector techniques. The above
discussion provides the desired generalization to a NESS. Per-
forming Fourier transforms in space and time, and choosing
the coordinate system as in Appendix A (see Fig. 3), the
equations read

(=i + k)i, (k, ) = Py (k, w),
(2.36a)
(—iw + Dk Tk, 0) + (k1 - VT, (k, 0) = Ok, ).

(2.36b)

Here and in what follows we write k| = IAc(ll), with I}T)
as defined in Appendix A, and u; = u, -k, . The fluctuating
force operators P, and Q have zero mean and are assumed
to be Gaussian distributed. The second moments of the distri-
butions can be determined from the correlations of the more
general p-space Langevin operator that were determined in

Ref. [21]. O is related to the fluctuating heat current §; defined
in Ref. [21] by
Ok, w) = —ik - §; (k, ®)/cp. (2.37a)

Similarly, the fluctuating force operator P, is related to the
fluctuating stress tensor 7, in Ref. [21] by

Pk w)=— kK (3L)i(k, o). (2.37b)
P

The anticommutator ([, ].) and commutator ([, ]_) cor-
relations, respectively, of O are obtained from Eq. (3.24b) in
that reference, and those of P, from Eq. (3.24a). We find [30]

| N a
§<[Q(k1, 1), Qlky, w2)]+)

= 2301+ 02) Vk, iy K n s /27),
' (2.382)
%([ﬁi(kl, 1), P (ky, 0)])
= 278(w; + w2) Vi, i, % 12 wics(w1/2T),  (2.38b)

where T is the spatially averaged temperature and

coth for +

() = (2.38¢)
for —
The cross correlations vanish,
([QUky1, 1), Py (ky, 0)]:) = 0. (2.39)

Here we assume that the fluctuating force correlations in a
NESS have the same form as in equilibrium. For arguments
supporting this assumption see, e.g., Refs. [39] and [40], and
the discussion in Sec. V.

D. Kinetic equation for the collisionless regime

As written, with frequency and wave-number independent
transport coefficients Dr and v, the linearized fluctuat-
ing quantum Navier-Stokes equations (2.36), together with
Egs. (2.37)-(2.39), are valid in the hydrodynamic regime
vpk < 1/t, with t the relevant relaxation time, that is dom-
inated by collisions between the quasiparticles, as is made
explicit by the Chapman-Enskog expansion (see, however,
Appendix D). Since 7 diverges as T — 0, the hydrodynamic
regime shrinks with decreasing temperature. In the collision-
less regime in the opposite limit, vgk > 1/t, which governs
the asymptotic low-temperature behavior, we need to go back
to the Uehling-Uhlenbeck equation (2.5) with the right-hand
side replaced by zero. The corresponding equation for the
operator-valued distribution f is

Afp.x. )+ v, - Vif(px.t) = FL(p.x.1).  (2.40)

Here £ L is an operator-valued Langevin force that is related
to the fluctuating force Fi. from Eq. (2.6a) in Ref. [21] by

Fr(p,x,t) = w(p) FL(p, x, ) (2.41)

with

1
w(p) = _af;q/aep =

e 2.42
4T cosh?(£,/2T) (242)

with £, = €, — u. Fy, is Gaussian distributed with zero mean;
the second moment of its distribution was determined in
Ref. [21] and is given again in Egs. (2.48) below.

Now consider the local equilibrium distribution from
Eq. (2.7a) and write

fp.x. )= 00 1)+ 8 (p.x.1). (2.43)
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We next anticipate that (1) the full distribution function de-
pends on p only via the combination ¢(x, ) = v, —u(x, )
[see Eq. (2.26a)], and (2) we will eventually sum over p
in order to calculate observables. This suggests writing the
streaming term in Eq. (2.40) as

v, Vof(pox, 1) =c(x,1)- Vo f(m(c +u),x,1)

+u(x,t)- fo(m(c +u),x,t).
(2.44)

The u - V term is already linear in the fluctuations, so to linear
order we can replace f in that term by the local equilibrium
distribution with u = 0, the fluctuating chemical potential
replaced by its average value u, and T (x, t) replaced by the
externally imposed linear temperature profile. If we again
neglect pressure fluctuations [41] the V, f term evaluated at
constant pressure becomes

! 1
Vi e g = W@ a® 5 VT,

with a,(p) =&, — sT/n from Eq. (Alf). We see that the
kinetic equation contains the same # - VT term as the Navier-
Stokes equations, and we again keep only the coupling to the
transverse velocity fluctuations. That is, we ignore all other
effects of the temperature gradient and write f p,x,t) =
5+ 8 f(p,x,t) in all other terms in the kinetic equation.
Defining a function ¢ by

§f(p.x,t) = w(p)d(p,x,1),

and linearizing the kinetic equation, we find a linearized
version of Eq. (2.40) appropriate for a fluid in a NESS char-
acterized by a constant temperature gradient:

(& +vp - Vi)p(p, x,1)

(2.45)

(2.46)

(k. -VT)

=F(p.x,t)— i, (x,1) — as(p).

Equation (2.47) generalizes Eq. (2.6b) in Ref. [21] to the
case of a constant temperature gradient while neglecting the
LFL interaction. The correlations of the Langevin force 2
were given in Sec. II.C of Ref. [21], and we list them here
again for completeness:

HE(py ki, o), B(py ko, w0)]s)
=218(w; + ©2)V 8k 4.0 V= (Py, P23 k1, @1),

(2.47)

(2.482)

where

Wi (py, prik, ) = ;—]‘i’ c+(@/2T)[A(P) + A(p,)]

X Vy, p, (2.48b)

T
w(p;)’
with c1 from Eq. (2.38c). Here A(p) is the same linearized
collision operator as in Eq. (2.25).

II1. A FERMI LIQUID IN A NESS I:
CORRELATION FUNCTIONS

We now are in a position to calculate the temperature
correlation functions for a quantum fluid subject to a con-
stant temperature gradient, i.e., the quantum counterparts of

| Hydrodynamic regime | Collisionless regime #1 | Collisionless regime #2 R

| W ~ k2 | [
0 1/t

w~k w~k w

FIG. 2. Relevant frequency/energy regimes.

Eq. (1.2). As mentioned in the Introduction, we need to
distinguish between anticommutator ([, ];), or symmetric,
correlation functions S*Y™ that are also referred to as fluctu-
ation functions, and commutator ([, ]_), or antisymmetric,
correlation functions x”; see Appendix B for a summary of
definitions. They are defined by

1 (BA Ky, 1), 8B(k2, w2)]4)

= Vk,,—k, 271 8(w1 + w2) S35 (ky, w1),  (3.1a)
1 ~ ~
b ([6A(ky, w1), §B(ky, w2)]-)
= V8, —k, 208(w1 + w2) x4pk1, w1),  (3.1b)

where the observables A and B can stand for either 7' or
it) . For the purpose of Eq. (3.1b) we have restored 7 (see
Ref. [30]). Within the approximations that we are employing
throughout this paper [5], $*¥™ and x” are related by the factor
from Eq. (2.38¢):

Sy (k, w) = xjp(k, ) coth(w/2T). 3.2)

The symmetrized correlation functions S}" are observable by
means of scattering experiments [7]. The physical meaning
of the antisymmetrized correlation functions y,, is a priori
less obvious. In an equilibrium system, where the correlations
are generically short-ranged, they describe the linear response
of the system to external fields. That is, the equilibrium
fluctuations determine the linear response, which to second
order in the external field yields the energy dissipated by
the system. This is the content of the fluctuation-dissipation
theorem [18,19]. In a NESS, the relation (3.2) between com-
mutator and anticommutator correlations still holds, but the
commutator correlations functions no longer describe the lin-
ear response and the usual fluctuation-dissipation theorem
breaks down. We will discuss the physical meaning of the
commutator correlation functions in Sec. IV B.

In addition, we need to distinguish between the hydrody-
namic regime wt < 1 (or, equivalently, vgkt < 1), where the
Chapman-Enskog derivation of the quantum Navier-Stokes
equations is valid, and the collisionless regime wt > 1, where
one has to work with the w-space kinetic equation [24].
Figure 2 illustrates the various frequency/energy regimes. In
an ordinary Fermi liquid the relaxation rate is 1/t ~ T2 /e
[17], with €F the Fermi energy. In more exotic Fermi systems
the rate can scale as a smaller power of T, but there are
good arguments for 7 being an upper bound on 1/t [42], so
1/t < T always. The collisionless regime thus is divided into
two subregimes where w < T and w > T, respectively. The
frequency scales quadratically with the wave number & in the
hydrodynamic regime, and linearly in the collisionless regime.
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A. Correlation functions in the hydrodynamic regime

To find the desired correlations in the hydrodynamic
regime we solve Egs. (2.36) for §7 and i, in terms of the
fluctuating forces. This yields

iy (k, w) = e Py (k, w), (3.3a)
" 1 . (k. -VT) .
Tk, 0) = —————| Ok, ) — ————2 P (k
k) = = [Q( o) = — s P ,w)}
1 A (ky -VT)
= Ok 0)— ———— i, (k, ).
Zio 1 o 2 T o e )
(3.3b)

We see that the equilibrium contribution to the temperature
fluctuations is given by the fluctuating force O, whereas the
nonequilibrium contribution is given in terms of the shear-
velocity fluctuations. The correlation functions of the latter
are given by their equilibrium expressions [43], viz.,

2T vk?
Si}f;l(k w) = P m, (34a)
* dw
s3m, ) = / Sk =T/p,  Gab)
—00
wvk?
Xuyu, (ks @) = (3.4¢)

o w2 + (vk2)?’

> d
Xusu, (k) 2/ %Xﬁlul("’ w)/w=1/p. (3.4d)

o0
Here we have used Eq. (2.38b) as well as the fact that in
the hydrodynamic regime the coth in Eq. (3.2) is effectively

coth(w/2T) ~ 2T /w. Using Eq. (2.38a) we find for the tem-
perature correlation functions

sym(k w)
2 [T e (k. -VTY vk
- w2+D2k4 Dr 0 w2+(vk2)2 ’
(3.52)
X;T (k9 CL))
_ w T Do 4 (k. -VT)? vk?
+ D3k* Dr 0 w? + (vk2)? |’

(3.5b)

Equations (3.5) demonstrate the @ ~ k? scaling that is
characteristic of the hydrodynamic regime. The corresponding
static correlation functions are

© dw T2 T ]} -VT)?
St (k) = / stk w) = EE ST
~ 2T Cp ,ODT(V + DT)k4
(3.6a)
© do T (k- VT)?
k) = — PR, N, Ry
xrr (k) /;w pn Xk, 0)/w = cp + oDr(v + Dr) k*
(3.6b)

This is the same result as in the classical case [2—4], where
the symmetrized correlation function S} becomes identical
with the van Hove function St7 [7]. This was to be expected
since the structure of the quantum Navier-Stokes equations is
the same as that of the classical ones. Note that the equilib-
rium contribution to Sy is T?/c,, rather than 72/cy [see
Egs. (1.1)], since we have neglected the pressure fluctuations.
If one keeps the latter, then the Brillouin, or sound-wave,
peaks in the structure factor contribute to the sum rule and
change ¢, to ¢y, just as in the classical case [7].

For the mixed correlation functions we obtain [6]

gym - vk2 2T
(k w) = (kJ_ VT) w? —|—(l)k2)2 1a)~|—DTk2
(3.7a)
S, (k. ) = S)7 (k. —w), G0
gsym Wm —k, - Z ;
ulT(k) ( k)= —(k_ VT),O (v + Dp)k2’
(3.7¢)
. wvk? 1
K ) =~k VT) p @+ K2 iw+ Drk?’
(3.7d)
XTuL(k w) = XMLT( —k, —w), G-79)
1
XMLT(k) = XTML(_k) _(kL VT) m
(3.7f)

Equations (3.7b) and (3.7e) reflect a general symmetry
property of anticommutator and commutator correlation func-
tions, respectively [44].

In all cases the static correlation functions are related by

Sis (k) =T xaptk) (A,B=T,uy), (3.82)
as must be the case given Eq. (3.2). For later reference we

write the left-hand side more explicitly, using Eq. (3.1a),

1 [0 do” ik w). 8B(—k. o')],) =

T x5 (k).
w | 27 2n Xap (k)

(3.8b)

One important consequence of the structure of Egs. (3.3)-
(3.7) is the following: Since the u, -correlation functions are
the same as in (local) equilibrium [see Eqs. (3.4)] quu
determines the linear response of the system to a field conju-
gate to u . Since the shear fluctuations completely determine
the nonequilibrium part of the temperature fluctuations, this
implies that all of the nonequilibrium effects expressed in
Egs. (3.6)—(3.7) can be probed via the linear response to an
initial shear perturbation. We will elaborate on this observa-
tion in Sec. IV.

B. Correlation functions in the collisionless regime
1. Approximate solution of the kinetic equation

We determine the behavior in the collisionless regime
by solving the linearized kinetic equation (2.47). A Fourier
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transform in space and time yields [see Eq. (2.46)]
8f(p. k. w) = w(p)d(p. k. o)
w(p) GO(pv k7 a)) |:FL(p7 k’ C())

(ky -VT)
T

— i, (k, w) as(p)] (3.9a)
with
i

Go(p,k,w) = ————
olp. k. ) w—k-p/m+i0

(3.9b)
a Green function. Here i0 indicates a positive infinitesimal
imaginary quantity. The temperature fluctuations are given
by Eq. (A4d). Substituting the solution (3.9a) of the kinetic
equation, we have

8Tk, ) = — —Zw(P)as(P)Go(P k. ) FL(p. k. )
(kl VT)ul(k, o)1k, ®), (3.10a)
where
Tk, w) = w(p)as(p)as(p) Go(p. k, w).

TV
(3.10b)

In the low-temperature limit this becomes

N]:T]T —1 | ( l—w/vpk—'

i0
o(T?),
cy 6 ka © —1—a)/ka—i0>+ 7
(3.10c)

with Ng the density of states at the Fermi surface. The func-
tions as and a, are defined in Egs. (A.1), and in Eq. (3.10c)
we have evaluated the integral to leading order for 7 — 0.
Again the equilibrium part of the 67 -correlation function is
given by the correlation of the fluctuating force, whereas the
nonequilibrium part is given by the correlation of the trans-
verse velocity; see Eq. (3.3b) for the analogous structure in
the hydrodynamic regime. To calculate the latter we combine
Egs. (A4c), (2.46), (3.9a), and (I1.48). To leading order as
T — 0 we find

Tk, w) =

1
E([ﬁj_(kl, wy), ity (ky, w2)]4)
b4 1 ~
= 2mé(@1 + o)V b 5 01 > w(p) iy - p)
p

X 8(wy — ki - p/m)c+(w1/2T).

Here we have used the low-temperature limiting procedure
given in Egs. (3.7) of Ref. [21]. For the temperature-
temperature correlations this yields

1
xirlk, @) = 5 = " w(p) las(p)l’w 8(w — k- p/m)
p

@3.11)

2
ey V

7 [k VTP kg 1
4

Z @)(1—(k - p))

vEk?
1—k-p

x [log? —Ap + 728w —k - p/m)
1+k-p

(3.12a)

and

Sym(k w) = xp7(k, w) coth(w/2T). (3.12b)

2. Static correlation functions

We can now determine the desired static correlation func-
tions. From (3.12a) we find, using the first equality in
Eq. (3.6b), and after some algebra,

1 3 2 (k, -VT)?
— |1+ =—@2r?=-3)———2|. (3.13
NFn2[+12(n ) (3.13)

Here we have used the fact that in the low-temperature limit
the specific heat is ¢, ~ ¢y ~ (7r2/3)NFT.

The nonequilibrium contribution has a weaker singularity
than in the hydrodynamic regime (1/k? rather than 1/k*) since
the transverse velocity modes are now ballistic rather than
diffusive.

For the symmetrized correlation function the additional
factor of coth(w/2T) forces us to distinguish between two
subregimes:

1/t < vpk < T. This regime exists provided 1/t < T.
Here coth(w/2T) ~ 2T /w, and we obtain the same relation
between S*¥™ and y as in the hydrodynamic regime,

Sir (k) =T xrr(k)

T 3 (k, -VT)?
1+5@ =" 3.14
NF w2 |: ts 6%]{2 ( a)

xrr (k) =

with

7.[2
s@ = - Qn? = 3). (3.14b)

T < vpk. Here coth(w/2T) =~ sgn w, and we find

sym UFk 3 (b) (I%J_ : VT)2
(k) = = 1+s —ae | (3.152)
where
2
s® — ”_8 (32 + 1610g2 — 4). (3.15b)

We see that in this asymptotic low-temperature regime
the relation between S*™ and x is, apart from factors of
0(1), S77 (k) ~ vpk xrr (k). Consequently, the nonequilib-
rium contribution to S diverges as 1/k.

As mentioned in Sec. IIC, these results reflect the cou-
pling of the temperature fluctuations to the transverse velocity
fluctuations only. All other soft modes in the low-temperature
limit are also ballistic and hence cannot change the leading
scaling behavior, but they change the prefactor of the k — 0
singularity. How many soft modes exist at zero temperature
depends on the values of the Landau Fermi-liquid parameters;
see the discussion in Ref. [8]. In particular we note that the
longitudinal velocity fluctuations are soft in a neutral Fermi
liquid (where they constitute longitudinal zero sound), but not
in a charged Fermi liquid, where they turn into the massive
plasmon. Our procedure, which ignores pressure fluctuations,
is thus better justified for conduction electrons in a metal than
for a neutral Fermi liquid.
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In Appendix D we show that the results obtained from the
Navier-Stokes equations are consistent with Egs. (3.13) and
(3.15) if one uses the fact that the diffusion coefficients Dt
and v effectively scale as 1/k in the collisionless regime. We
note, however, that in the hydrodynamic regime the Navier-
Stokes equations capture all of the relevant soft modes, while
in the collisionless regime they do not (and neither does our
approximate solution of the kinetic equation).

Static correlation functions that diverge in the limit of zero
wave number are familiar from systems with a spontaneously
broken continuous symmetry, where they represent Goldstone
modes [7]. Here, they appear as a property of the NESS, in the
absence of any symmetry breaking. In either case they signal
a generalized rigidity of the system that results in long-ranged
spatial correlations [12]. In the next section we discuss con-
sequences of this generalized rigidity, namely, the response to
an initial applied shear and the anomalous propagation of a
localized temperature perturbation.

IV. A FERMI LIQUID IN A NESS II:
RESPONSE FUNCTIONS

The symmetrized correlation functions discussed in
Sec. III are measurable by light scattering. This is how the
classical prediction expressed in Eq. (1.2) was confirmed ex-
perimentally; see, e.g., Ref. [11] and references therein. These
are difficult experiments even in classical fluids because of the
very small scattering angles required. As the temperature is
lowered, the fluctuation effects become weaker, which makes
the experimental task even more difficult. It therefore is de-
sirable to consider the effects of the long-range correlations
on the response of the system to external perturbations. In a
NESS this is a more difficult task than in equilibrium, since
there is no simple fluctuation-dissipation theorem that relates
the correlation functions to the response functions. In this
section we show that, remarkably, the commutator correlation
functions in a NESS are still related to response functions via
the bilinear response of products of observables to an external
field conjugate to the transverse velocity. This shows in par-
ticular that the long-range correlations discussed in Sec. III,
and the related generalized rigidity of the NESS, are encoded
in the averaged hydrodynamic equations and are not related to
fluctuating forces.

We then discuss another manifestation of the generalized
rigidity, namely, the anomalous propagation of a temperature
pulse that results from an initial shear and temperature pertur-
bation.

We finally discuss how response experiments allow for
the measurement of the commutator correlation functions via
macroscopic driving terms that are experimentally control-
lable and independent of the temperature.

A. Linear response to an external shear velocity perturbation

In order to study the linear response of the system we
consider the simplified Navier-Stokes equations (2.36) for the
averaged quantities u, = (@i, ) and 8T = (8T'). The averaged
fluctuating forces vanish, and we add an external field &,
conjugate to the shear velocity u, . This amounts to simply
shifting the transverse velocity by the field times the static u

susceptibility, which equals 1/p [45]. The equations then are

(—iw + v, (k, w) = % 2y, (k, o), (4.12)
(—iw + Drk>)ST (k, ) + (k1 - VT)u, (k, )
= %(icl -V T)h,, (k, w). (4.1b)

They are easily solved to obtain response functions X7y,

and X, ,, defined by (see also Appendix B)
MJ_(k, (l)) = Xuiul (kv Ll)) hlu (kv (1)), (423)
8T (k, w) = Xpy, (k, w) hy, (k, w). (4.2b)
We find
1 vk?
Xuu kb, 0) = — —, 4.3
Lu, (K, @) > T TR (4.32)
| N —iw
Xry, (k,w)=— (k. - VT .
ruk o) =k VT =5 8 i 1 k2
(4.3b)

In equilibrium the spectra, or spectral densities, of these
response functions, X"(k,w)=[Xk, v+ i) — Xk, w —
i€)]/2i, would be identical with the commutator correlation
functions X}’M (for X7, ) and x,/ , (forX, ). ForX, ,, this
still holds in a NESS, as we see by comparing Eqs. (4.3a) and
(3.4¢). We have

X! o o) =t o) = £ =2 (40
,w) = W)= — ——————, 4da
Uju quu 0 wz +U2k4
XuJ_llJ_(k) = qu_uJ_(k) = 1/10 (44b)
However, the spectrum of X7, ,
A vDrk? — »?
X! (k,w)=—k, -VT)w ,
o) = = (ks VT o
(4.5a)

is not identical with x7, , although the two functions show
the same scaling behavior. In particular, the static response
function vanishes,

do X! (k,w
XTui(k)zf—wuzo,

T w

(4.5b)

whereas xr,, (k) is nonzero; see Eq. (3.7).
As we will see, it is also useful to define an observable

hy, (k, )
(4.6)

- 1 .
Tk =Tk ——(tk,-VT)—
. 0) = Tk @) = (ki VT) —

that obeys the equation

(—iw + Drk®)sT (k, w) + (k1 - VT)u, (k, ) =0. (4.7)

Comparing Egs. (4.7) and (4.1b) we see that this is the
heat equation with a streaming term that contains the absolute
shear velocity, whereas the streaming term in the equation for
8T contains the shear velocity relative to the external field
hy, . The response of T to the external field 4, is given by

uy
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a response function

—1 vk?
—iw + D1k? —iw + vk?'

Xp,, (k) = % (k. -VT) (4.8)

Finally, we define the shear velocity relative to the field #,, ,

1
IZJ_(k9 CU) = MJ_(k, (U) - hul(ks C()), (49)
P
which obeys
1
(—iw + viH)iiy (k, w) = iw — h,, (k, ®), (4.10)
0
and whose response to the field is given by
X )= £ 4.11)
A (6 @) = o —iw+ vk?’ ’

Note that the field &,, can be experimentally realized by
means of an imposed initial shear velocity. Suppose the field
is switched on adiabatically in the distant past and switched
off discontinuously at time t = 0:

B, (k, 1) = hy, (k) e ©(—1) (4.12a)

with € > 0 infinitesimal. Then the field produces a shear ve-
locity at t = O [see Egs. (2.5) and (4.4b)]

ui(k,t =0) = %h k). (4.12b)

B. A relation between response functions
and correlation functions in a NESS

We now show that in a NESS there still is a relation
between the response functions and the antisymmetric, or
commutator, correlation functions. In this subsection we re-
strict ourselves to the hydrodynamic regime.

Consider the product of a temperature fluctuation and a
shear-velocity fluctuation, and its response to the external field
hy, . We have

8T (k, w)u, (—k, —w)
= Xru, (k, @) Xy, (=K, —)|h,, (k, ©)|*
—iwvk?

2
—iw +DTk2 w? 4+ v2k4 |htu(k, )|

1 .
=;(k¢'VT)

i,
=2 X, (k, @) |y, (k, @) (4.13)

Here we have used Egs. (4.3) and (3.7). The product 87 ii
yields the same result, except for an overall minus sign. We
see that the commutator correlation function x7, ~describes
the bilinear response of §7 u, to the field &, . Similarly, we
have

ST (k, w) 8T (—k, —w)
= XTML (k’ (,()) XTML(_k’ _a))lhuL (k7 (1))|2

1 iwvk?

hy, (k, o)
o+ DI g vagd e e @)

1 .
= — (k.- VT)
1

i /7 et
PRk Uk, w) |h, (k, o), (4.14)

with x7, % the nonequilibrium part of the correlation function
x77 from Eq. (3.5b). We finally observe that the bilinear
response of the product i, u, is given by

ﬁl(kv a)) ML(_ka —(l))
= Xi,u, (k. 0) Xy, u, (—k, =) |hy, (k, ©)]?
1 iwvk? 5
= pEp T |hy, (k, ®)]

i
= Xiru, (ks @) [, (K, )] (4.15)

That is, although x/ , is, of course, equal to the spectrum of
the linear response function X, , , it can also be written as a
bilinear response. We also note that the products on the left-
hand sides of Eqgs. (4.13)—(4.15) all involve one observable
(8T, or ii; ) whose hydrodynamic equation contains a shear
velocity relative to the external field, and one (u,, or 8T)
whose equation contains an absolute shear velocity.

Equations (4.13)—(4.15) contain one of our main results:
The commutator correlation functions in a NESS can be ex-
pressed as products of linear response functions, and hence are
observable, as we anticipated in the remarks after Egs. (3.7).
Note that the Egs. (4.13) and (4.14) involve the nonequilib-
rium parts of the commutator correlation functions only. In
the limit of a vanishing temperature gradient xy, vanishes
and xj; reduces to its equilibrium part that obeys the usual
fluctuation-dissipation theorem.

The field £,, can be realized by enforcing an initial shear
flow on the system. Alternatively, one can eliminate the
field in favor of initial conditions and express the correlation
functions in terms of the response of the system to initial
perturbations 87 (k,t = 0) and u, (k,t = 0); see Eqgs. (B.8)
and Sec. IV C below.

C. Time evolution of external perturbations

Another way to probe the generalized rigidity of the system
is via the relaxation of initial perturbations of the temperature
and the shear velocity. In this subsection we determine the
relevant relaxation functions, and in the following one we dis-
cuss the resulting propagation of a temperature perturbation.
We note that the response to initial conditions is equivalent to
the response to external fields, and the relaxation functions
can be expressed in terms of the response functions; see
Egs. (BY).

1. Hydrodynamic regime

We consider again the averaged simplified Navier-Stokes
equations, but in the absence of external fields. We then have
homogeneous equations

(3 + vk*) uy (k1) = 0,
(3 + Drk*) 8T ke, t) + (ki - VT)u, (k,1) = 0,

(4.16a)
(4.16b)

where we have transformed back to time space. They are eas-
ily solved by means of a temporal Laplace transform defined
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as in Eq. (B4a). With z as the complex frequency we find [46]

uy(k,z2) =My, (k,z2)u(k,t =0), (4.17a)
8T (k,z) = My, (k,z)u, (k,t =0)
+Mrr(k,z)8T (k,t = 0). (4.17b)

The response or relaxation functions M are related to the
functions that describe the linear response of the system to
fields conjugate to the shear velocity and the temperature,
respectively; see Eqgs. (B.8). For Imz > 0, they are given by

My k,2) = —, 4.18
w2 = ———05 (4.18a)
N 1
Mr, (k,z)=—(k, -VT ,
a6 2) = (ks VT) s
(4.18b)
1
Mk, 7)) = ———. 4.18
rr(k, 2) it Dk (4.18c)
Note that M, ,, and Mrr are the same response func-

tions as in equilibrium; [43] they are simple diffusion poles.
My, vanishes in equilibrium, but is nonzero in a NESS due
to the coupling of the shear velocity to the temperature in
Eq. (4.16b). It is a product of diffusion poles or, equivalently,
a linear combination of diffusion poles with a prefactor pro-
portional to 1/k>. There is no response of the shear velocity to
an initial temperature perturbation since the temperature does
not couple into Eq. (4.16a). Transforming back to time space
we have

My (k1) = e, (4.19a)
k,-vT
Mry, (k,1) = ﬁ(wkz’ —e PRy (4.19b)
— uUT
Myr(k,t) = e Pk, (4.19¢)

2. Collisionless regime

In the collisionless regime we need to consider the kinetic
equation (2.47) for the averaged distribution function ¢ =
(qg). Here the procedure is more involved, and we consider the
equilibrium and nonequilibrium contributions to the response
separately.

Equilibrium contribution. Consider Eq. (2.47), averaged
and in the absence of the temperature gradient. It can be solved

by a Fourier-Laplace transform:

o, k,z) =Go(p, k,2)p(p, k,t =0), (4.20a)
with
Go(p.k,2) = m. (4.20b)
Transforming back to time space yields
o(p.k,t) =Go(p, k,t)p(p,k,t =0), (4.21a)
with
Go(p. k. 1) = e~ 4.21b)

a real-time Green function. In terms of this solution the tem-
perature fluctuations are given by [8,21]

11
STk, t) = — — Y w(p)as(p) p(p, k. 1)
Cy \% 7
1
= — (as(P)(p. k. 1)) (4.22)
cy
with as(p) from Eq. (A1d) and
1
C@hP) =3 Y wP e k() (4.23)

p

the scalar product from Ref. [8] with w the weight function
defined in Eq. (2.42). If we multiply Eq. (4.21a) from the
left with (as(p)| and project the initial condition onto the
temperature by inserting a projector

_ las(p))(as(p)|
> las(plas(p))

we obtain for the equilibrium part of the temperature fluctua-
tions

(4.24)

{as(p)le”* " as(p))
{as(p)las(p))

Nonequilibrium contribution. For the nonequilibrium con-
tribution we consider again the kinetic equation (2.47) without
the fluctuating force, but with the temperature-gradient term
taken into account. The solution now reads

1 N
¢(p9 k, t) = GO(P» k, t)¢(p7 ka r= 0) - ? as(p)(kl : VT)

8Toq(k 1) = 8T (k,t = 0).

(4.25)

t
X / dt Go(p, k,t —t)u,(k, 7). (4.26)
0
The transverse velocity u; is given by Eq. (A4c), which can
be written

ur(k,t) = — (a3(p)l(p. k., 1)), (4.27)

1
P
Multiplying Eq. (4.26) from the left with (as(p)| we obtain
the temperature fluctuation in a NESS,

| ‘ k. VT
8T (k,t) = o (as(p)e P 1p(p, k.1 = 0)) — %

x f dt {as(p) e P* "l (p))uy (k, 7). (4.28)
0

The first term, if projected onto 87 (k,t = 0), is the equi-
librium contribution given in Eq. (4.25). The second term is
the nonequilibrium contribution. It is explicitly proportional
to VT, so we can take the equilibrium expression for u, .
The latter is obtained by multiplying Eq. (4.21a) from the left
with (a3(p)|. Projecting the initial condition on the transverse
velocity, as we did for the temperature in Egs. (4.22)—(4.25),
we find

1 ,
urll,1) =~ (@xple” " as(p)) us (k.1 = 0).  (4.29)
Here we have used the fact that the projection operations that
lead to Egs. (4.25) and (4.29), respectively, reflect the fact
that we restrict the space of modes to the temperature and
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transverse velocity fluctuations. Using Eq. (4.29) in (4.28)
yields the nonequilibrium contribution to §7':

k. -vT) 1
(STneq(ks t) = (L,O—T ‘ﬁpzpj w(py) w(py) as(py)as(py)
) efipykt _ efipz»kt
——u,(k,t =0).
x (a3(p>)) k- (o, —0,) uy(k,t =0)

(4.30)

Comparing Egs. (4.30) and (4.25) we see that the nonequi-
librium contribution scales as the equilibrium one with a 1/k
prefactor, in analogy to the behavior in the hydrodynamic
regime, where the extra prefactor scaled as 1/k.

Combining our results we now know the response func-
tions defined by Eqs. (4.17) in the collisionless regime:

1 )
ngkn=;wxmhww@@» (4.31a)
k,-VT) 1
My, (k1) = % W;Z:m w(p) w(p,)as(p)
5 —ip, -kt __ e—ipz-kr
x ag(p)las(p,y)] m, (4.31b)
Myrr(k, 1) = — (as(p)|e”* " as(p)). 431c)
CvT

D. Propagation of a temperature perturbation

As another illustrative example of the dynamical conse-
quences of the long-range correlations discussed in Sec. III
we consider the response of the system to initial perturbations
as expressed by Egs. (4.17)—(4.19). For a classical fluid this
problem has been discussed in Ref. [13]. Suppose the temper-
ature in a small subvolume V is changed, at time ¢ = 0, by
an amount 87 ?, and the transverse velocity u, is changed
from zero to a value u(f). Let ¥ be small enough that these
initial perturbations can be described by spatial § functions
in a coarse-grained macroscopic description. The initial con-
ditions in Fourier space are then independent of the wave
number [47]:

8T (k,t =0)= VT, (4.32a)
uy(k,t =0)=Vul, (4.32b)

and we are interested in §7 (x, ) at times ¢ > (0. As a measure
of the propagation of the perturbation we consider the second
spatial moments of 87 (x, ), which we define by

1
(9] = o3 [ et BToge, 1) + 8Thege, )1

= (F)eq + (7 neq (4.33)
where xi, x,x3 = x,y,z. Here we have split (xiz) into an
equilibrium contribution and a nonequilibrium contribution,
determined by Eqgs. (4.19¢) and (4.19b), respectively. For the
nonequilibrium contribution we take the absolute value, since
8T eq can be either positive or negative, which has no physical
significance.

1. Hydrodynamic regime

In the hydrodynamic regime we use Eqs. (4.19). They are
based on the Navier-Stokes equations, which have the same
form as in the classical case. We therefore obtain the same
result as in Ref. [13]: The propagation of the temperature
perturbation is given by

ST (k,t) = VST g Drkt

7 0
v —Dr

The first term is the equilibrium contribution, which has the
usual diffusive form and is isotropic in k space. The second
term is the nonequilibrium contribution, which is anisotropic.
It is given by a linear combination of diffusive terms with
a prefactor that scales as 1/k”. This is consistent with the
scaling of the nonequilibrium part of the commutator corre-
lation x77; see Egs. (3.5b) and (3.6b). Since the wave number
squared scales as k> ~ 1/¢, this must lead to an extra power
of ¢, compared to the equilibrium contribution, in (xiz). Indeed,
the calculation yields, with VT in the z direction,

(4.34)

2 2 2 sT®
(-x )eq = <y )eq = <Z )eq = 2DT t, (4353)
) ) 1 t?
(x )neq =(y >neq = ﬁ v+ DT)E» (4.35b)
where
to="T/|ud,T] (4.35¢)
is a timescale characteristic of the NESS, and
(Z)neq = 0. (4.35d)

The equilibrium contribution has the form expected for
a perturbation that spreads diffusively and isotropically. The
nonequilibrium contribution, in the plane perpendicular to
VT, grows quadratically as a function of time, as expected
from the above scaling argument. This anomalously fast prop-
agation, which is consistent with a propagating transport
process rather than a diffusive one, is a consequence of the
same generalized rigidity that causes the long-ranged corre-
lations in the static correlation functions, Egs. (3.6). (zz)neq
vanishes as a result of the angular dependence of the nonequi-
librium term in Eq. (4.34).

2. Collisionless regime

In the collisionless regime we must use Eqs. (4.31). The
equilibrium contribution is again isotropic and we find

-1
— V,%

(xz)eq = <y2>eq = (Zz)eq =37y .

8Teq(k, 1)
0

! 1
- sTO ____ ) s e
3T (as(p)|as(p)) (as(P)|vpa5(p)> t ( )

In the low-temperature limit this becomes
(rP)eq ~ 6TV /T) Vi 12, (4.37)

where > = x2. This is the expected result for a ballistic mode
with velocity vg.
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The nonequilibrium contribution scales as the equilibrium
one with a 1/k prefactor; see Eq. (4.30). Since k ~ 1/t in the
collisionless regime we again expect this to result in an extra
power of ¢ in the nonequilibrium contribution to (r?). Indeed,
the calculation yields

1

2y
(X )neq = <y )neq 3CV,0T

1
7z 2 W) wp:)
PP

3 3
() = () ) 2

X as(pl)as(pl)(p)é)z

Up, ~ Vp, o
(4.38a)
with ¢y from Eq. (4.35c), and
(@*)neq = 0. (4.38b)

We see that the temperature perturbation in a NESS prop-
agates faster than ballistically as a result of the generalized
rigidity that is reflected in the long-ranged spatial correlations.
v, and p’ in Eq. (4.38a) are the x and y components of v, and
D, respectively, in an arbitrarily chosen cartesian coordinate
systems. <Zz>neq vanishes for the same reason as in the hydro-
dynamic regime.

E. Response versus fluctuations: The absolute size of the effect

A very interesting aspect of the response formulas derived
in this section is that they allow for the observation of the
commutator correlation functions with a prefactor that is, (1)
much larger than the one in the corresponding fluctuation
formulas, and (2) does not go to zero as T — 0. To make
this point, consider the fluctuation formula (3.8a). S¥™ is
directly observable by light scattering, while x is not, and
the proportionality factor between the two is a microscopic
energy, viz., the temperature. We wish to compare this with
the response formulas given by Egs. (4.13)—(4.15). Since the
driving field A, is proportional to the shear velocity pertur-
bation [see Eqgs. (4.12)], a properly defined bilinear response
function must be proportional to the anticommutator correla-
tion with the proportionality factor given by a macroscopic
kinetic energy. To find the response function analogous to
the symmetrized correlation function, consider the linear re-
sponse to an initial shear-velocity perturbation, Eqs. (4.17).
The initial condition u) (k,t = 0) = [dx e **u, (x,t = 0)
is a Fourier transform of a macroscopic velocity and hence
scales as a macroscopic volume, and its square scales as a
volume squared. Now consider the corresponding equations of
motion (2.36) for microscopic fluctuations and write them as
an initial-condition problem. The initial microscopic velocity
it(k,t = 0) vanishes on average, and the average of its sym-
metrized square is

s(laL(k, t =0), a(=k,t =0)]) =V T/p; (4.39)
see Eq. (3.4b), which scales as a volume. If we want to com-
pare the response formulas with the fluctuation formulas we
therefore should divide the bilinear products in Egs. (4.13)—
(4.15) by a volume to compensate for this difference in the
scaling of the initial conditions with the volume. Accordingly,

we define bilinear response functions analogous to the corre-
lation functions S¥™ as

Yrrk) = : /d_a) wdTk, ) T(—k, —w), (4.40a)
\% T
Yy, (k) = %l / de wdT (k, w)u, (—k, —w), (4.40b)

S, (k) = — / 99 i (e, ) (—k, o). (4400)
Vv T

The volume factor is motivated by the above consider-
ations, and the frequency factor in the integrand replaces
one of the frequency integrations in the fluctuation formula
(3.8b). From Egs. (4.13)—(4.15) together with (4.12) we see
that the energy that replaces 7 in the fluctuation formula
isT=p & |uy (k,t = 0)|>. But the Fourier transform of the

initial shear velocity is on the order of u, (k,t = 0) ~ V ujf)),
with V the volume affected by the external perturbation and
u(f) the magnitude of the externally imposed shear velocity.
We thus obtain response formulas

ETT(k) = TX;?(IC), (4413.)
Zru, (k) =T Xru, (k), (4.41b)
Euiul(k) = TXullu(k)~ (4’41C)

Here ;7 (k) is the nonequilibrium part of the static an-
ticommutator correlation function xrr, Eq. (3.6b), and xr,,
and x, ,, are given by Eqgs. (3.7f) and (3.4d), respectively.
The energy factor is

T=MuPV/Vy, (4.42)

with M the total mass of the fluid. 7 thus is the kinetic energy
added to the fluid by the perturbation times a factor of V/V.

There are several remarkable aspects of this result. First,
T is a macroscopic kinetic energy, which is large compared
to the microscopic energy 7 (roughly the internal energy per
particle) by many orders of magnitude. Second, Eq. (4.41a)
provides a way to measure the nonequilibrium part of xrr
directly, with no equilibrium background. Third, Eq. (4.41b)
shows that the mixed correlation function xr,, is observable.
Finally, Eq. (4.41c) provides a way to measure x, ,, via a
response experiment, even though it has the same form as in
equilibrium.

V. SUMMARY AND DISCUSSION

In this section we first summarize our procedures and re-
sults, with an emphasis on how the various sections of the
paper are connected. We then discuss various points that re-
ceived only cursory mention in the main text.

A. Summary

The main purpose of this paper has been to consider the
quantum analogs of the extraordinarily long-ranged correla-
tions that are known to generically exist in a classical fluid
in a nonequilibrium steady state (NESS) characterized by a
constant temperature gradient, and to identify methods for
observing them. The main challenges were, (1) the different
nature of soft modes that cause the long-range correlations in
the hydrodynamic and collisionless regimes, respectively, of a
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quantum fluid, (2) the necessity to distinguish between com-
mutator and anticommutator correlation functions, and (3) the
lack of an established relation between correlation functions
and response functions. Conceptually, the most interesting and
consequential point is the last one, which applies to classical
fluids as well as quantum fluids.

In Sec. II we considered a fluctuating quantum kinetic
theory for fermions and used an adaptation of the classical
Chapman-Enskog method to derive fluctuating Navier-Stokes
equations for the hydrodynamic regime. This was done mostly
for completeness, as the Navier-Stokes equations must have
the same structure as in a classical fluid. In order to describe
the collisionless regime we used the underlying kinetic equa-
tion. In equilibrium this theory reduces to the one developed in
Ref. [21]. We simplified both the Navier-Stokes equations and
the kinetic equation by keeping only the essential fluctuations,
namely, the heat mode and the shear velocity, and linearizing
about the NESS.

In Sec. III we calculated the temperature and shear velocity
correlation functions in both the hydrodynamic and collision-
less regimes. In the hydrodynamic regime the temperature
correlations display the same long-rangedness as in a classical
fluid. In the collisionless regime they are still long-ranged,
but the singularity is weaker due to the ballistic nature of
the soft velocity modes, in agreement with an educated guess
presented in the Introduction. The shear velocity fluctuation
functions have the same form as in equilibrium. All of these
results rely on the premise that the correlations of the fluctuat-
ing forces are the same as in equilibrium. We will discuss this
point in Sec. V B.

In Sec. IV we added a force conjugate to the shear velocity
and calculated the related response functions. We then showed
that, for the problem under consideration, all of the commuta-
tor correlation functions can be expressed in terms of products
of response functions. That is, the long-range correlations
can be observed by probing the system’s linear response to
a macroscopic external perturbation, as an alternative to mea-
suring correlation functions. The resulting response formulas
relate a product of linear responses to a commutator correla-
tion function via a macroscopic energy that is on the order
of the kinetic energy transferred to the fluid by the perturba-
tion. By contrast, the energy in the corresponding fluctuation
formulas is the temperature, which is smaller by many orders
of magnitude. We also discussed another manifestation of the
long-ranged correlations, namely, the anomalous propagation
of an initial temperature perturbation that is accompanied by
an initial shear perturbation. The temperature perturbation
spreads faster than expected for diffusive processes in the
hydrodynamic regime, or ballistic ones in the collisionless
regime, which is indicative of the generalized rigidity that
accompanies the long-ranged correlations.

B. Discussion
1. The relative size of the effect

In Sec. IVE we discussed the absolute size of the long-
ranged correlations in the framework of either spontaneous
fluctuations, or the response to a macroscopic perturbation.
Here we give a semiquantitative discussion of the size of
the effect relative to the equilibrium correlations for various

systems. We consider the hydrodynamic regime and rewrite
Eq. (3.6b) as [60]

T
xrr () = —[1+ (k* /k)*1, (5.1a)
p
where
k* = (kexpkmat)l/zo (5.1b)
Here
kexp = (ki - VT)/T (5.1¢)

is a wave number that can be controlled experimentally, and
kmae = [¢,T/pDr(v + Dp)]'? (5.1d)

is a wave number that is material dependent. For T, — T} ~
T (see Fig. 1) and L ~ 1 cm, one has ke, ~ 1 cm~!. In the
collisionless regime we have [see Eq. (3.13)]

xrr(k) = 1% %[1 + 59T /er) (kep/K)’]T  (5.2)
FTT
with s & 13.8 from Eq. (3.14b).

In what follows we give rough estimates for the values of
kmat and k* in various materials. The relevant parameters are
listed in Table I.

a. n-hexane. This is the fluid used in the experiment in
Ref. [48]. keyp ranged from 0.2 to 0.5 cm~!. With the pa-
rameters given in Table I one finds kyy ~ 4 x 10’ cm™! and
k* ~ 4,430 cm~!. For the smallest wave number in that ex-
periment, k = 1, 607 cm™!, this yields (k* /k)4 ~ 58. That is,
the nonequilibrium contribution to 77 is larger than the equi-
librium one by a factor of about 60, in agreement with Fig. 6
in Ref. [48] [see, e.g., Eq. (8b) in Ref. [13] for an expression
of the factors A, and A7 in terms of the material parameters].

The numbers for other classical liquids (e.g., water; see
Table I) at room temperature are similar.

b. Classical gases. The corresponding parameters for
air and Ar, respectively, at room temperature yield k* ~
300 cm™'. This smaller value compared to liquids is largely
due to the transport coefficients being larger by a factor of
about 100, which reflects the larger mean-free path.

c. Liquid Hes. In liquid Hes at T = 1 K the specific heat
per mass and the transport coefficients are comparable to
those in classical liquids, which leads to k* = 1500 cm~!.
The smaller value of k* is due to the lower temperature. For
k ~ k* this still means that the nonequilibrium contribution
is on the same order as the equilibrium one. However, one
needs to remember that a scattering experiment measures S,
which is suppressed by an overall factor of 7' due to the low
temperature, which makes a response experiment attractive. In
the collisionless regime the relative size of the nonequilibrium
effect is still smaller; see Eq. (5.2) (eg = 1.5 K for Hes.)

d. Solid metals. 1t is interesting to estimate k* in met-
als, even though xr7 in metals cannot be measured by light
scattering. In a typical good metal the Fermi wave number
is kg ~ 10% cm™!, the Fermi velocity is vg & 10% cm/s, and
er ~ 10° K. At temperatures low enough that electron-phonon
scattering can be neglected, the electrons are well modeled as
free fermions. The specific heatis ¢,/p = 72T /2meg, with m
the fermion mass, and the diffusion coefficient and the shear
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TABLE I. Material parameters relevant for the long-range correlations.

System Temperature Mass density Specific heat Thermal diffusion Kinematic kpat cm™')  k* (cm™!)
T (K) o (g/cm?®) cp/p (erg/g K) coefficient viscosity [1] 2]
Dy (cm?/s) v (cm?/s)
n-hexane 298 0.655 [3] 2.264x107 [3] 8.195x107* [3] 4.517x1073 [3] 3.93x107 4,432
H,O 298 0.997 [4] 4.19x107 [4] 1.45x1073 [4] 0.89x 1072 [4] 2.88x107 3,795
Air 300 1.16x1073 [4] 1.00x107 [4] 0.23 [4] 0.160 [4] 1.82x10° 302
Ar 300 1.60x 1073 [4] 5.21x10° [4] 0.21 [4] 0.142 [4] 1.4%x10° 267
Liquid He; 1 8.17x1072 [5] 1.43x107 [6, 5] ~Tx107*[7, 6] 3.49x107*[8, 5] 4.4%10° 1,485
Liquid Hg 298 13.53 [4] 1.40x10° [4] 43%x107% [4] 1.1x1073 [4] 4.69%x10° 484
Liquid Ga 303 6.09 [9] 3.99%10° [10] 0.17 [10] 3.23x1073 [9] 2.02x10° 318
Solid Al 298 2.70 [4] 8.97x10° [4] 0.98 [4] 200 [11] 3,900 60
Cold atoms  ~5x1078 [12] 1.7x107° [13] 1.0x10° [13] 6.7x107*[13] 4.0x1074[13] 270 12
Graphene 300 2.25 [14] 3x10° [14] 30 [14] 500 [15] 238 11
References [1] From Eq. (5.1d); [2] for keyp = 0.5 cm™!; [3] Ref. [48]; [4] Ref. [49] [5] Ref. [50]; [6] Ref. [51].
and [7] From thermal conductivity data at various pressures, Ref. [52], extrapolated to T = 1K.
Notes [8]1 Ref. [53]; [9] Ref. [54]; [10] at 313 K, Ref. [55].

[11] Calculated as v = vpl/5 with vp &~ 2x10% cm/s and £ &~ 50 nm [56].
[12] Ref. [57]; [13] calculated values, Eq. (5.3), for noninteracting K* atoms with er ~ 0.5 uK.
[14] Measured valued from Ref. [58]; [15] calculated value from Ref. [59].

velocity are Dy = v3t/3 and v = vit /5, respectively, with
T = 2¢p/m T? the relaxation time. This yields

2 3V5

kma =T 1172

3
<1>ka01ﬂTk@%p (5.3)
€F
With the parameters given above, and at, say, 7 = 1 K, kpat
and k* are too small to be observable by many orders of
magnitude.

At higher temperatures (say, 7 = 300 K) the system can be
considered a two-component fluid, consisting of the electrons,
which are still highly degenerate, and phonons. A typical elec-
tronic mean-free path then is £ ~ 107 cm [56]. To estimate
kmat We use the observed values of the specific heat and the
thermal diffusion coefficient; the values for Al are given in
Table I. The kinematic viscosity one expects to be dominated
by the electrons, so we use v & vgpf/5 200 cm?/s. With
kexp ~ 0.5 cm~! as in n-hexane this yields k* ~ 60 cm~!.

This relatively small value of k* brings up a complication
that has to do with impurities. The electron-impurity scatter-
ing rate 1/7; = vpf; gives the velocity a mass, and in order for
the shear velocity to remain diffusive one must have 1/7.; <
vk? v%te_ekz, with 7. the electron-electron scattering time.
This implies that the relation

ket > 1 (5.4)

is a necessary condition for the Navier-Stokes equations to be
valid in an electron fluid. Together with the general condition
k€ < 1 this means that the Navier-Stokes equations are appli-
cable only in a wave-number window

/et <k <1/¢. (5.5)

The existence of the window requires only ¢; > ¢, but the
lower bound is quite restrictive even for ultraclean metals.
A residual resistivity p; ~ 10~*u2 cm [61] corresponds to
£; ~ 0.1 cm. With £ as above this yields the requirement k 2>

1000 cm~!. Atlower temperatures the lower bound is smaller,
but so is kn,,e and hence k*.

e. Liquid metals. The lower limit on the hydrodynamic
window does not exist in a liquid metal, which can be consid-
ered a two-component plasma, with the electrons again highly
degenerate. The parameters for mercury at room temperature
and gallium just above the melting point yield &* ~ 500 cm™!
and k* &~ 300 cm™!, respectively.

f. Cold atoms. In a typical fermionic cold-atom system,
kg 2~ 10° cm™' and T/egp & 0.1 [57]. Equation (5.3) then
yields kpa & 250 cm™! and k* &~ 10 cm™'; see Table 1. The
low density of these systems leads to a small kg, which sup-
presses the effect.

g. 2D electron systems. An interesting 2D electron system
is provided by graphene, where the hydrodynamic condition
(5.4) is easier to satisfy than in metals. Using the observed
values for the specific heat of graphene at 7 ~ 300 K [58] and
the calculated value for the kinematic viscosity [59] one finds
kmat ~ 240 cm™!, and k* &~ 11 cm™!, which is about the same
as in a cold-atom system.

These rough estimates indicate that the effect in quantum
systems becomes sizable only at substantially smaller
wave numbers than in classical ones, with liquid He; and
liquid metals the most promising systems. This makes the
manifestations of the effect as a response to macroscopic
perturbation that were discussed in Secs. IV B-IV E attractive
for experimental purposes. In this context we mention again
that the response formula (4.41a) allows for measurements
of the nonequilibrium part of the correlation function xrr
separately, with no background provided by the equilibrium
contributions.

2. General discussion

We finally discuss in more detail several aspects of our
procedure and our results.
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(1) An important question that has not been emphasized
in the past is whether the long-ranged correlations we have
discussed throughout this paper are due to thermal fluctuation
effects, or whether they are more generic and reflect a gen-
eralized rigidity, in the sense of Ref. [12], that is inherent to
the NESS. Recent work on classical fluids [13] suggested the
latter. This conclusion is supported by the fact that the corre-
lation functions are long-ranged even though the correlations
of the fluctuating forces are not; see Eqs. (2.38) [62]. This is
consistent with the fact that the results for classical fluids are
the same irrespective of whether they are obtained, as in the
original derivations [2,9], by using kinetic theory and mode-
coupling theory, or by using fluctuating hydrodynamics with
short-ranged random-force correlations [10,63]. This implies
that the long-rangedness is encoded in the averaged hydrody-
namic equations. Indeed, as we have shown in Sec. IV, the
solution of the initial-value problem for the latter contains the
long-rangedness and the related generalized rigidity.

(2) A related issue is the use of random-force correlations
that are the same as in local equilibrium. Strictly speaking
this represents an assumption, although various plausibility
arguments have been given; see Refs. [39,40]. The calcula-
tion of the correlation functions nevertheless reveals strong
long-ranged correlations and associated generalized rigidity.
This is true both classically and quantum mechanically, and it
indicates that long-ranged correlations are an inherent aspect
of hydrodynamics in a NESS; see above. The experimental
results in classical fluids are in very good agreement with the
theory, which lends further credence to the assumption. Mea-
suring the response functions, in addition to the correlation
functions, would provide another check on the validity of the
assumption. The development in Sec. IV makes such a check
possible; previously a direct connection between long-ranged
correlation functions and some type of response theory had
been lacking.

(3) A major obstacle for establishing a relation between
correlations and response had been the absence, in any
system that is not in thermodynamic equilibrium, of a sim-
ple fluctuation-dissipation theorem that relates correlation
functions to response functions. Specifically, commutator cor-
relation functions no longer are equal to response functions
and their physical meaning is a priori unclear. Substantial
work has been done on fluctuations in systems far from
equilibrium (see Refs. [64,65] and references therein), on
nonequilibrium linear response [66], and on the relation be-
tween these topic [65,67,68]. However, there has been no
prescription for probing fluctuations via the system’s response
to external perturbations. We have studied a very simple
nonequilibrium state, viz., a fluid in a NESS characterized
by a constant temperature gradient, and have employed var-
ious simplifications [5]. For this system we have shown, in
Sec. IV, that there still is a connection between the correlation
functions and the response functions: The former are related
to the bilinear response of products of observables to a field
conjugate to the shear velocity. The fluid’s response to exter-
nal perturbations thus contains the same information about the
generalized rigidity as the correlation functions. This unex-
pected relation between correlations and response opens an
alternative way for experimentally probing the long-ranged
correlations. It is important to keep in mind that the relation

holds due to the structure of the hydrodynamic equations in
the NESS, and in particular to the fact that the shear-velocity
correlation functions still describe the linear response to a
conjugate field, as they do in equilibrium; see the remarks
after Egs. (3.7). We also note that it is true for causal functions
that represent simple resonances, in particular diffusion poles,
but not for causal functions in general.

(4) It is illustrative to compare Egs. (4.2, 4.3) and (3.3).
The expression for §7 in Eq. (4.2b), with the response func-
tion given by Eq. (4.3b), is the same as the nonequilibrium
contribution in the first line of (3.3b), with the fluctuating
force P, replaced by a macroscopic driving force proportional
to the field A, . This makes it plausible that the nonequi-
librium part of the commutator correlation function xj; is
related to the bilinear response of a product of two §T factors,
as Eq. (4.14) demonstrates. In some sense this is a more
plausible structure than in equilibrium, where the commutator
correlation function is a linear response function.

(5) The light-scattering experiments that have been used
to experimentally confirm the long-range correlations in clas-
sical fluids in a NESS (see Ref. [11] and references therein)
are difficult since they require very small scattering angles.
This is even more relevant in quantum fluids, since the fluc-
tuation effects become weaker with decreasing temperature.
Our predictions in Sec. IV B open another route to measuring
the long-ranged correlations, namely, via the response of the
system to macroscopic perturbations. Alternatively, they can
be probed via the propagation of an initial temperature pulse
that is accompanied by an initial perturbation of the shear
velocity, as was discussed for classical fluids in Ref. [13] and
in the present context in Secs. IV C, IV D. Such experiments
will also test the prediction of the theory that, while the fluctu-
ation effects become weaker with decreasing temperature, the
generalized rigidity does not.

(6) Light-scattering experiments actually measure the cor-
relation function of the fluctuations of the dielectric function,
which are largely proportional to the density fluctuations (the
contribution of the temperature fluctuations is small); see,
e.g., Appendix A.4 of Ref. [7]. The fluctuations of interest,
namely, those of the temperature or the entropy per particle,
are reflected in the central Rayleigh peak of the density-
density correlation function. The sound modes are reflected
in the Brillouin peaks. Neglecting the latter, as we have done,
changes the specific heat cy in Egs. (1.1) and (1.2) to ¢, as
the sound modes give an additional contribution to the sum
rule; see Ref. [7] for a discussion. This is why the equilibrium
contributions to Eqgs. (II.5) contain c,,.

(7) Our results hold a fortiori for charged Fermi liquids,
i.e., for conduction electrons in metals, since the Coulomb
interaction renders massive the longitudinal sound modes,
which we have neglected, but has no effect on the other soft
modes. In particular, for a metal in the collisionless regime our
results hold without the caveat that the pressure fluctuations,
which we have neglected, have an effect that is qualitatively
the same as the effect of the shear modes, which we have
kept; see the remarks after Eqs. (3.15). However, all other
zero modes, to the extent that they exist (this depends on
the values of the Landau Fermi-liquid parameters), still yield
contributions that scale the same as those from transverse zero
sound.
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FIG. 3. The three vectors spanning k-space and the temperature
gradient.

APPENDIX A: FLUCTUATIONS OF OBSERVABLES
AND HYDRODYNAMIC MODES

Here we recall how various observables are represented in
the kinetic theory. For derivations see Ref. [8]. The notation is
the same as in that reference unless noted otherwise.

Define the functions

ai(p) =1, (Ala)

a(p) =k - p, (Alb)

a4(p) =k p, (Alc)

as(p) =€, —u+T o , (Ald)
P T )y

as in Ref. [8], and in addition

_1(o op
ap(p) = — ( 8T>N,Va5(p)+ ( an>wal(”)’ (Ale)

T (0
as(p) = €p —n —sT/n=as(p) — ;(a—§> ai(p).
NV

(A1)

A Al A (2 .

Here £, ki), and ki) form a right-handed orthogonal sys-
tem of unit vectors, with k = k/k the unit wave vector. All
other quantities are as defined in Sec. II. For our purposes
. . . ~(2
it is convenient to choose a coordinate system such that ki)

is orthogonal to both k and VT, and IAcS) lies in the plane

spanned by k and VT; see Fig. 3. With this convention only

~(1 A A .
ki) =k, and u; =k, -u contribute to the scalar product

VT -u,.If we choose VT to point in the z direction we have
explicitly

~(1) 1 2 2
k| = ——— (—kiky, —kyk,, k; + k), (A2a)
kJk2+ K2 Y
. 1
B = —— (k. —k,. 0). (A2b)
/K2 + k2
We will also need the normalizations [8]
(ar(p)lai(p)) = (On/0w)r,v, (A3a)

{a2(p)laz(p)) = (a3 (p)laz(p)) = (as(p)las(p)) = p,

(A3b)
{as(p)las(p)) = cvT, (A3c)
(as(plas(p)) = ¢, T, (A3d)

with ( | ) the scalar product from Ref. [8] (see also Eq. (4.23).
Equations (A3a) and (A3b) hold for noninteracting electrons
only.

The fluctuations of the particle number density 7, the lon-
gitudinal fluid velocity u, the relevant component of the
transverse velocity, u , and the temperature T are given by

on(x,t) = ‘l/ Xp:al(p) Sfp(x, 1), (Ada)
11
Sup(x,t) = ; v Zaz(p) Sfp(x,1), (A4b)
P
(Adc)

11
bue =3 D ax(p)sfylx, 1),
p

11
8T (x,1) = . Za5(p) 8fp(x, 1), (Add)
14

and those of the pressure p and the entropy per particle s/n by

1
op(e, 1) = & > ay(p) s fpx. 1), (Ade)
p

11
8s/mx, 1) = 7 Y adp)sfyx.t).  (A4D)
P

The complete transverse velocity fluctuation is

11 A A
L= > las@k + as(pik 18 fp(x. 1).
14
(Adg)

Of these fluctuations, only &(s/n) and du, are hydro-
dynamic modes, viz., the heat mode and the shear modes,
respectively. They are all diffusive. The remaining hydrody-
namic modes are two propagating longitudinal sound modes,
given by the linear combinations

SpCx, 1) % c1p Sup(x,t) (A5)

with ¢ the speed of (first) sound. The temperature fluctuations
can be written as linear combinations of entropy fluctuations
8(s/n) and pressure fluctuations § p by combining Egs. (A1d),
(Ale), and (A1f). After using some thermodynamic identities
we find [69]

oy T (0n A6
as(p) = E as(p) — ;(ﬁ)p’vap(p) (Ab6a)

or

Tn T (on
8T (x,t) = — 8(s/n)(x, 1) — —(—) dp(x,t). (A6b)
cp nc, \ 0T oV

Note that the two contributions to the longitudinal sound
modes in Eq. (AS) are mutually orthogonal, so Eq. (2.2)
expresses the temperature fluctuation as a linear combination
of two hydrodynamic modes plus a contribution that is orthog-
onal to both of these modes. Similarly, we can write density
fluctuations as linear combinations of entropy and pressure
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fluctuations. We find [69]

an(x,t)zE on 3(s/n)(x, 1)
cp \0T oV

cy (on
+ —V<—> Sp(x,1).
cp\0p /1y

APPENDIX B: CORRELATION FUNCTIONS, RESPONSE
FUNCTIONS, THE FLUCTUATION-DISSIPATION
THEOREM, AND THE INITIAL-VALUE PROBLEM

(AT)

Here we recall the definitions of various correlation
and response functions, with emphasis on a crucial differ-
ence between equilibrium and nonequilibrium systems. See
Refs. [44] and [7] for detailed discussions of the equilibrium
case. In contrast to the main text, we explicitly keep /i. We also
discuss the equivalence between linear response to an external
field and an initial-value problem.

1. Correlation functions

Let A;(x,t) (i=1,2,...) be observables. Then the van
Hove function

Saa, (6, x50 —1') = (8A;(x, 1) 8A;(x', 1)) (BI)

with 8A; = A; — (A;) describes correlations between the fluc-
tuations of two observables at different points in space-time.
Related correlation functions are the symmetrized or anticom-
mutator correlation function

S (x5t — 1) = J{[8Ai(x, 1), 84, 1)) (B2a)

and the antisymmetrized or commutator correlation function
" / / 1 N n /oL
Xaa, (X X510 — 1) = ﬁ([A;(x, 1),A;x,1)]-).  (B2b)

Here [, ]+ denotes an anticommutator and commutator,
respectively, and (. . .) indicates a quantum mechanical expec-
tation value plus a statistical mechanics average. The relation
between the symmetrized and antisymmetrized correlation
functions in nonequilibrium systems is not known in general.
However, for the particular NESS we consider in this paper
one can, to leading order in the effects of the temperature
gradient, replace the temperature by its spatially averaged
value everywhere except in the crucial coupling term between
the temperature gradient and the shear velocity. Within this
approximation, the temporal Fourier transforms two correla-
tion functions are related by the same factor as in equilibrium,

erj (x,x"; w) = h coth(hw/2T) XX/_A/_ (x,x;w). (B2c)

We stress, however, that this does not imply that x” is a
linear response function.

2. Response functions and the fluctuation-dissipation theorem

Let hy, be an external field conjugate to A;. Then the re-
sponse function Xy, A; is defined via

t

S(Ai(x,t))zf dt' Xpn, (6,5 1 — 1Yy, (', 1)), (B3)

—00

Let

oo

Xpa,(x,x'52) = :I:/ dt O(+t) ™ Xpa,(x,x', 1)

—00

[+ for Im(z)>0], (B4a)

with ® the step function, be the temporal Laplace transform
of Xa,a,, with z the complex frequency [70], and

, 1 , .
XAiA/_(x,x/;w) =5 [Xpa,(x, X'; 0 4 70)

— Xaa,(x, %" 0 — i0)] (B4b)

its spectral density, which is related to the Laplace transform
via the Hilbert-Stieltjes relation

© da Xga,(x, x5 0)
Xpa,(x, x5 2) =/ 40 Zaa w70 7 (B4c)
oo T w—2z
The response functions in Egs. (4.2) and (4.3) are
Xpa,(x, x's0) = lim Xpa,(x, X2 =0 +i€).  (B4d)
: e—>0+

The spectral densities X 4, determine, at bilinear order
in the external fields, the energy dissipated due to the work
done by the fields [7]. In equilibrium, X', = x 1, . and hence
Eq. (B2c) implies

SZTX @, xw)="h coth(ha)/ZT)XXiAj (x,x;0). (B5)

This is a manifestation of the fluctuation-dissipation theorem
[18,19], which relates correlations of the equilibrium fluctua-
tions, described by SZ{X‘/_, to the energy dissipated, described
by X, a1t holds only in equilibrium, where Eq. (B2c) is
" o Titage "
exact, and XA.I, 4; = X4a,- In a nonequilibrium s.ystem. Xaa,
and X, are in general not the same, and there is no simple
general relation between correlation functions and response
functions.

3. Linear response as an initial-value problem

Now consider a spatially homogeneous system for sim-
plicity, perform a spatial Fourier transform in Eq. (2.8), and
consider an external field that is adiabatically switched on at
time t+ = —oo and discontinuously switched off at# = 0:

ha, (k, 1) = ha, () e ©(—1), (B6)

where € > 0 is infinitesimal and positive. Then at time ¢t = 0
the field leads to a nonzero expectation value of A; given by

8(Ai(x,t = 0)) = Xya, (k) hy, (k). (B7)

with X4, (k) = Xa,4,(k, z = 0) the static response functions.
Now one can use Eq. (2.5) to eliminate the fields from
Eq. (2.8). Let X (k, z) be the matrix of response functions
Xa,a,;(k, 2), and let X (k) = X (k, z = 0) be the corresponding
matrix of static response functions. Then a straightforward
calculation yields

8(Aik, 2)) = ZMij(k, 2)8(A;(k,t = 0)),
j

(B8a)

where

1
Mk, z) = E[X(k’ DX (k) — 11; (B8b)
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with 1 the unit matrix. This result, and its derivation, is verba-
tim the same as for equilibrium systems, where X = x; see,
e.g., Sec. 3.1 in Ref. [7]. It holds in complete generality as
long as X is taken to be the response function; with X replaced
by yx it holds only in equilibrium.

4. Nonhydrodynamic initial condition for the shear velocity

In the case of the initial condition for the shear velocity,
Eq. (4.17a), the following complication occurs, which was
noted in Ref. [71]. The pressure tensor for the fluid is

Fijk,1) = 68;; ptk, 1) — oij(k, 1), (B9a)
with p(k, t) the hydrostatic pressure and
oijlk, 1) = —n [ — iku;(k, t) — ikju;(k, t)
+28;; ik - ulk,1)] (BYb)

the stress tensor. Note that Eq. (B9b) is just a fancy version
of Hooke’s law: the generalized force (stress) equals a gener-
alized elastic constant (shear viscosity) times the generalized
displacement (strain). Consequently, an initial shear velocity
u, (k,t = 0)leads to a nonzero initial shear stress, viz.,

okt =0) =k k] oi;k,t =0)=niku,(k,t =0).
(B10)

This is not true at strictly ¢+ = 0, as one can, in principle, pre-
pare initial conditions for the velocity and the stress tensor that
are independent of each other. However, after a few collision
times the relation will get established and Eq. (B10) will hold
as an effective initial condition with # = 0 to be interpreted
as t = a few collision times. The shear velocity is part of the
hydrodynamic subspace, but the shear stress is not. To see how
it enters the hydrodynamic equations one must consider the
underlying kinetic equation as an initial-value problem and
project onto the hydrodynamic subspace. This procedure was
carried out in Ref. [71]. The result is that Eq. (4.17a) becomes

uy(k,z) = My, (k, 2) (1 + vk 0)uy (k, 1) (B11)
with 1 on the order of a few collision times and T a relax-
ation time associated with the shear viscosity via n & nur.
Here we have ignored factors of O(1) as well as a temperature
dependence of the nonhydrodynamic initial condition. Note
that the latter is small compared to the hydrodynamic one by
a factor of vk?t < 1, but of the same order in the gradient
expansion as the viscous term in the equation for the shear
velocity.

APPENDIX C: THE HEAT DIFFUSION COEFFICIENT

Here we show how to obtain Eq. (2.35b) from Eq. (2.34).
Consider fluctuations of the pressure,

8p(x,t)=<§—5> 8T(x,t)+(§—£) Spx,t). (C1)
NV T.V

If we ignore the fast pressure fluctuations, §p = 0, density
fluctuations become proportional to temperature fluctuations,

and if we use the mass balance equation (2.8) we have

V. ulx,t)= %l[at +u(x,t) - V]px,t)

_ @p/oT )Ny

(dp/3p)r.y [6; +uCe,t)- VIT(x,1). (C2)

Using this in Eq. (2.34) we find that the coefficient of the V2T
term becomes

-1
T (dp ap>2

+— = — . C3

K|:CV P(aP>T,v<3T N,V:| )

Finally, if we use the thermodynamic identities [see
Eqs. (A20b) and (A27b) in Ref. [8]]

1(8,0) _—1(8V>
p\op /)y vV \ap T,N’

T (9V ap\>
cv—cp=—|— — ,
YT v ap ) \ot )y

we obtain Eq. (2.35b).

(C4a)

(C4b)

APPENDIX D: THE COLLISIONLESS REGIME AS
DESCRIBED BY THE NAVIER-STOKES EQUATIONS

The Chapman-Enskog derivation of the Navier-Stokes
equations is valid only in the hydrodynamic regime, vgk <
1/t. However, the Navier-Stokes equations can, and histori-
cally have been, derived from much more general arguments
[4,7], which suggests that they are more generally valid. Here
we show how the results in the collisionless regime can be
obtained from those in the hydrodynamic regime, at least in a
scaling sense.

As one enters the collisionless regime from the hydrody-
namic one, a crucial change is that the diffusive modes, i.e.,
heat and shear diffusion, get replaced by pairs of propagating
modes, see the discussion in Ref. [8]. That is, a generic diffu-
sion coefficient D that can represent either Dy or v effectively
becomes a singular function of the wave number, D — +ic/k,
which turns a generic diffusion pole D into a propagating
mode,

1 1

Dik. w) =
ko)="—pz

, D1
w F ck ©h

with ¢ &~ vr the propagation speed. In what follows we per-
form a power-counting analysis, assuming that the diffusion
coefficients scale as D ~ vg/k. A much more complete anal-
ysis, especially of the fluctuating force correlations, is needed
to resolve issues regarding reality and signs.

Consider the commutator correlation xrr from Eq. (3.6b),
which has the structure

T (k. -VT)?
XTT(k)’\’—%—(L )

T (D2a)
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Using D ~ vg/k, dropping all constants of O(1), and using
the low-temperature result for the specific heat, we obtain

(e, - VT)2j|

(D2b)

k —1
xrr (k) — NF|: + 212

which is Eq. (3.13).
For analogous arguments concerning Sy, consider the
integral in Eq. (3.6b):

S m d(!) Sym 9 m Sym
y (k) / " S y (k a)) TyT,eq(k) + STyT’neq(k),

0o 2T
(D3a)
where
Drk? “ dw wcoth(w/2T)

S (k T — ———=, (D3b
Sr7.eq0) = p /(; T @+ Dik* (D3b)

g vk? [®dw

P ea) = - VTP 2 /O =
w coth(w/2T) (D3c)

(@ + DAY (@? + vk

The equilibrium contribution requires an interpretation: the
integral diverges logarithmically in the ultraviolet and must
be cut off. The integrand is diffusive only up to frequencies

OIS Drk?, so as written the cutoff should be wy ~ Drk?.
At larger frequencies the integrand should be replaced by
the free-electron propagator from Sec. III B that leads to the
first term in Eq. (3.15a). Combining these arguments, we
see that in the long-wavelength limit, Drk> <« T, we recover
Egs. (3.14). In the opposite limit, the two contributions men-
tioned above yield, apart from prefactors of O(1),

T v
— DTk2 + i
P

ST1eq®) = + Ol (vgk)?]}.

(D4)
Upon using Dy ~ 1/k, both contributions are of the same
order and we have

STT,eq(k) - ka/NF’ (DS)

in agreement with Eqs. (3.15). For the nonequilibrium part we
find, in the same limit,

(k. -VT? v 1
57 7meq®) = log(v/Dr) .,  (D6)
TT.neq np  v:—D2 k2
and the scaling argument yields
o vek (k| - VT)?
S g k) = = (D7)

Ne k>
again in agreement with Egs. (3.15).
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