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On the Physical Origin of Long-Ranged Fluctuations
in Fluids in Thermal Nonequilibrium States
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Thermodynamic fluctuations in systems that are in nonequilibrium steady states
are always spatially long ranged, in contrast to fluctuations in thermodynamic
equilibrium. In the present paper we consider a fluid subjected to a stationary
temperature gradient. Two different physical mechanisms have been identified
by which the temperature gradient causes long-ranged fluctuations. One cause is
the presence of couplings between fluctuating fields. Secondly, spatial variation
of the strength of random forces, resulting from the local version of the fluctua-
tion-dissipation theorem, has also been shown to generate long-ranged fluctua-
tions. We evaluate the contributions to the long-ranged temperature fluctuations
due to both mechanisms. While the inhomogeneously correlated Langevin noise
does lead to long-ranged fluctuations, in practice, they turn out to be negligible
as compared to nonequilibrium temperature fluctuations resulting from the
coupling between temperature and velocity fluctuations.

KEY WORDS: Fluctuating hydrodynamics; long-ranged correlations; nonequi-
librium fluctuations; nonequilibrium steady states; temperature fluctuations.

1. INTRODUCTION

Equal-time (or static) correlation functions of fluctuating dynamical
variables in fluids in thermodynamic equilibrium states are generically spa-
tially short ranged, except in the vicinity of a critical point. On the other
hand, in nonequilibrium steady states, correlations of thermodynamic
fluctuations become spatially long ranged,’ typically encompassing the
spatial size of the system.®
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A theoretical treatment of fluctuations in nonequilibrium states is com-
monly based on fluctuating hydrodynamics. Fluctuating hydrodynamics
was originally formulated for dealing with fluctuations of hydrodynamic
variables in fluids in thermodynamic equilibrium states. The ordinary bal-
ance equations of hydrodynamics are transformed into a set of stochastic
partial differential equations by assuming that the dissipative fluxes contain
an average part (related to the corresponding forces by the usual linear
laws), plus an stochastic part (which averages to zero). Since fluctuations in
equilibrium are small, the resulting equations for the fluctuating fields are
linearized, yielding a set of coupled Langevin equations where stochastic
dissipative fluxes play the role of random-noise terms.*® The autocorrela-
tion functions of the different components of the random dissipative fluxes
are then related to the relevant thermodynamic and transport properties by
application of the fluctuation-dissipation theorem” (FDT).

In nonequilibrium steady states one is interested in the fluctuations of
the dynamical variables around their local equilibrium values. For this
application fluctuating hydrodynamics is extended by applying a local
version of the FDT.® A consequence of this extension is that the noise
correlation functions in inhomogeneous steady states now, in principle,
may become dependent on the position through the spatial dependence
of the corresponding physical quantities. Thus, in nonequilibrium states,
the correlations of the noise appearing in the fluctuating hydrodynamic
equations are in many cases inhomogeneous.

A review of the literature indicates that nonequilibrium constraints
may cause long-ranged nonequilibrium fluctuations by two different
mechanisms:

1. A first mechanism results from the spatial dependence of the noise
autocorrelation functions,® ! specified in accordance with a local FDT, as
explained above.

2. A second mechanism is the generic existence of nonequilibrium
hydrodynamic couplings between fluctuating fields.®'*'” This generates
long-ranged nonequilibrium fluctuations even in the absence of any spatial
dependence of the noise correlation, as in the case of an isothermal fluid
subjected to shear,®?® or isothermal reaction-diffusion problems. 2>

The nonequilibrium hydrodynamic couplings (second mechanism)
usually arise from the advection terms in the hydrodynamic equations.
Since these same terms cause the equilibrium long-time tails in the correla-
tion functions,™ it is not a surprise that the importance of such mode-
coupling effects for generating long-ranged fluctuations was initially dem-
onstrated within the framework of kinetic theory by researchers familiar
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with long-time tails.®*? Generally the two mechanisms mentioned above
have been investigated independently: some authors have focussed on the
spatial dependence of the autocorrelation function of the Langevin forces
and others have focussed on the effect of mode couplings. As a conse-
quence, the relative importance of these two physical mechanisms for
originating long-ranged fluctuations in actual systems has remained unclear.

To elucidate the relative importance of the two mechanisms we
consider here an incompressible fluid with a nonzero thermal expansion
coefficient (o # 0) subjected to a stationary temperature gradient. This
situation can be realized in practice by confining the fluid between two
horizontal plates that are maintained at two different temperatures. We
shall refer to this case as the Rayleigh-Bénard problem® with the under-
standing that we only consider stationary nonequilibrium states below the
onset of convection. This condition is satisfied for states with negative
Rayleigh numbers (the density gradient induced by the temperature gra-
dient coinciding with the direction of gravity) and for states with positive
Rayleigh numbers (the density gradient induced by the temperature gra-
dient being opposite to the direction of gravity) below the critical Rayleigh
number R.. The Rayleigh-Bénard problem, thus defined, is of special
interest, since for this problem we are able to evaluate the autocorrelation
function of the nonequilibrium temperature fluctuations taking into
account both mechanisms so as to obtain an assessment of their mutual
importance. Moreover, for this case the theoretical predictions can be
readily tested by light-scattering experiments®®3" or shadowgraph experi-
ments. ®%3%

Our calculation of the contributions to the long-ranged nonequilib-
rium temperature fluctuations from the two mechanisms will proceed in
two steps. First, in Section 2, we neglect the hydrodynamic coupling
between temperature and velocity fluctuations, so that the Rayleigh—
Bénard problem reduces to a simple heat-conduction problem. Specifically,
we show how the spatial dependence of the autocorrelation function of
the random heat flux leads to the presence of long-ranged temperature
fluctuations. Next, in Section 3, we consider the same Rayleigh—Bénard
problem but no longer neglect the hydrodynamic coupling between tem-
perature and velocity fluctuations. Specifically, we show how the existence
of a coupling between temperature and velocity fluctuations further con-
tributes to the generic long-ranged nature of the equal-time autocorrelation
function of the temperature fluctuations. For mathematical simplicity we
do not include any effects from gravity, which for negative Rayleigh
numbers turns out to be a good approximation.®® Finally, in Section 4, we
analyze the relative importance of the nonequilibrium fluctuations arising
from both mechanisms. We conclude that the effects due to the spatial
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inhomogeneity of the noise correlations in the Rayleigh-Bénard problem
are completely negligible as compared to the long-ranged nonequilibrium
fluctuations induced by the coupling between temperature and transverse-
velocity fluctuations. We also discuss in Section 4 how this conclusion may
be understood in a more general context.

2. NONEQUILIBRIUM FLUCTUATIONS DUE TO
INHOMOGENEOUSLY CORRELATED RANDOM HEAT FLUX

We consider a system bounded by two horizontal plates located at
z=0 and z= L and maintained at different temperatures. The local tem-
perature in the system between the plates can be decomposed as:

T(x,t) =Ty(r)+6T(x, 1), €))

where 7, (r) is the average temperature at position r. If the temperatures of
the two plates are kept constant, the system reaches a steady state and 7;(r)
does not actually depend on the time ¢. If we assume the thermal conduc-
tivity A of the sample to be constant in the relevant range of temperatures,
the average temperature 7, will vary linearly with the vertical coordinate z:

15(2)=1_5[1+ﬂ(%—%>], @

where T, =T,(L/2) is the average temperature in the layer and f =
L(VT,)/T,, with VT, being the magnitude of the uniform vertical tempera-
ture gradient.

In this section we consider only temperature fluctuations 67'(r, t) and
disregard any possible fluctuations of the fluid velocity. As mentioned in
Section 1, we do so as to concentrate here only on nonequilibrium effects
arising from inhomogeneously correlated noise, but the analysis can also be
considered as applying to heat conduction in a solid. If we neglect the
coupling between velocity and temperature fluctuations, the spatiotemporal
evolution of the temperature fluctuations 67(r, t) will be governed by the
heat-conduction equation:

9 6T (x, 1) = D;V? T (r, t)—L V-0Q(r, 1), 3)
ot pCp

where D; is the local thermal diffusivity, p the local density, and c, the
local isobaric specific heat capacity. In Eq. (3), 6Q(r, t) denotes a random
heat flux in accordance with the principle of fluctuating hydrodynamics.*®
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The average value of (JQ(r,#)) =0, and the correlations among their
components are given by: 17

(007 (r, 1)-0Q;(x', ')y = 2k AT(r) O(r—1") 6(t —1') J

=2kpiT," [ 1+8 (%—%) ]2 S(r—r') 8(1—1') 9,

4)

where kg is Boltzmann’s constant. Equation (4) is the fluctuation-dissipa-
tion theorem (FDT) for fluctuations around equilibrium, but the equilib-
rium temperature has been replaced with its local value 7;(r) as given by
Eq. (2) In applying a local equilibrium version of the FDT we are making
an assumption which, ultimately, requires justification from microscopic
nonequilibrium statistical mechanics.® 3 We interpret Eq. (3) as a linear
Langevin equation where the term V-JQ(r, ) plays the role of an inho-
mogeneously correlated random force. This random force is expressed as
the divergence of a vector to assure that fluctuations preserve local energy
balance.

To solve Eq. (3), we perform Fourier transforms in time and in the
horizontal X'Y-plane. However, to incorporate boundary conditions for the
fluctuations 67'(r, t) =0 at z=0 and z = L, we do not Fourier transform in
the z-coordinate, but instead expand the solution in a Fourier sine series:

0

T (, q, z) = 21 Ty (o, q;) sin (% z>, ©)

where o is the frequency of the fluctuations and q; = {q,, ¢, } is the wave
vector of the fluctuations in the horizontal XY-plane. Substituting Eq. (5)
into Eq. (3), assuming that all the thermophysical properties are constants,
we readily solve for the coefficients 7y (w, q;) and obtain:

—Fy(o, ‘l||)

: 2 , (6)
peplio+Dr("F+4qi)]

Ty (o, q”) =

where qﬁ =q +qi, and where Fy(w, q;) are the Fourier sine series coeffi-
cients of the random force V- 6Q(r, ?):

2 L . [N
Fy(o, q”)=zj0 dz sin <Tnz>[V-5Q](a}, qp 2)- %
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In Eq. (7),

[VéQ](CO, q||’ Z) = qu 5Qx(w5 q||’ Z)+1qy §Qy(60, q||9 Z)+az 5Qz(w’ q||’ Z)

is the Fourier transform of V-0Q(r, ¢) in time and in the horizontal x
and y coordinates. To calculate the correlation function {67*(w, qy, z)-
0T (@', q), z')) of the temperature fluctuations we need the correlation
functions <{Fy(w, q;)- Fy (@, q)> of the Fourier components of the
random force [V-0Q](w, q, z). These correlation functions can be com-
puted from the definition (7) of Fy(w, q;) by applying a double Fourier
transform in ¢ and ¢’ and in the horizontal variables x and y, to the right-
hand side of Eq. (4). We then find that these correlation functions can be
expressed as:

8ky AT, b
<F (o, q||) FM(CD"]”»——(Z ) o(w— a))é(q” q||)ANM(q||)9

®

where the dimensionless functions A ,, (gy) are given by:

Ayr(q) = Lj j dz dz’ sm<¥z>sm<1\in >

x(qﬁ+6zaz,)~{[l+ﬂ<——l>] o(z— z)} Q)

To evaluate the double integral of the derivatives of the delta function
contained in Eq. (9), we perform a couple of integrations by parts to move
the differential operators from the delta function to the preceding sine
functions. The resulting integrals can be readily evaluated and the final
expression for 4 ~u(qy) is presented in the Appendix (see Eq. (28)).

We now have all the information needed for the calculation of the
autocorrelation function {07*(w, q;, z)-0T(®’, q, z')) of the temperature
fluctuations. In view of Eq. (8) it is evident that it will be expressed as:

<5T*(CO, q||9 Z) : 5T(CO’, (Iﬂ, Z’)> = F(CO, q||’ z, Z’)(27.L.)3 5(60_60,) 5(q|| _Qﬂ),
(10)
which is expected, since translational symmetries in time and in the

horizontal plane make the correlation function {67*(r, z, 1) - 0T (x|, z’, ')
to depend only on the differences —¢" and r| —r).. In Eq. (10) the function
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F(w, q, z, z') is represented by a double Fourier series in the variables z
and z"

8k /ITO 2, <N7r > . <M7r >
F(w, gy, z,z") = sin({ —z |sin| — 2’
( % )= p CP NZ= Z=1 L L
I‘INM(QH)
[_iw+DT( +q”)][1w+DT(M +q”)]

X

(11)

Our goal here is to calculate the equal-time (or static) autocorrelation
function, {0T*(qy, z, t)-0T(q|, z', ). Applying a double inverse Fourier
transform in @ and ' to Eq. (10), we obtain:

<5T*(‘I||a z,1)-0T(qy, z', 1)) = F(qy, z, z)(2n)? o(q;—qy), (12)

where F(qy,z,z')=(2n)™" j do F(w, q,z,z'). The ® integration of
Eq. (11) for F(w, g, z, z') yields:

8kaTy & Ay ()
F(qy,z,2)=
Il pcp NZ=: Zl (N27z2+M27z2+2q”)
M
X sin <¥z>sin< an > (13)

where g, = ¢, L is a dimensionless wave number, and where we have made
use of the definition of the thermal diffusivity D; = 1/ pcp. With the help of
Egs. (30a) and (30b) presented in the Appendix, the sum of the trigonome-
tric series above over the index M can be performed exactly, and we finally
obtain:

k
F(q||a z,2') = pTB T%(Z) o(z—z2") +FNE(q||’ z,2), (14)
P

where we have collected the nonequilibrium contribution into the function:

2kpTy. & B Nn Nr
h )= ) —z'). (5
~e(qy» 2, 2) perl N2n2+~ﬁ sin I —z |sin z (15)

We observe in Eq. (14) that the equal-time autocorrelation function for
the temperature fluctuations is expressed as a sum of a short-ranged local
equilibrium contribution and a long-ranged nonequilibrium contribution,
the latter given by Eq. (15). The local-equilibrium contribution is the same
as the one obtained from the theory of equilibrium fluctuations,®®3" but
with the uniform equilibrium temperature replaced with the local nonequi-
librium value, 7;(r), which in our case is given by Eq. (2).
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It is evident that the nonequilibrium contribution (15) to the tempera-
ture fluctuations arises from the fact that we have used a local version of
the FDT, so that the right-hand side of Eq. (4) has become dependent on
the coordinate z.

Since we have neglected here the presence of velocity fluctuations, the
problem of fluctuations in a fluid subjected to a stationary V7, reduces to
that of fluctuations in the nonequilibrium heat-conduction equation, which
case has been considered by a number of other authors. Actually, if we
take ¢, =0 in Eq. (15), we reproduce previous results of Garcia er al.'V
and of Malek Mansour et al.,"'? for the horizontal average of the tempera-
ture fluctuations. Alternatively, taking ¢, = 0 in Eq. (15) can be interpreted
as reducing the original problem to one spatial dimension, in which case we
reproduce the result of Breuer and Petruccione,"® obtained by solving the
one-dimensional Fokker-Planck equation corresponding to the Langevin
equation considered here.

The sum of the series in Eq. (15) may be performed exactly, yielding:

202 ~ _ === ~ _z4z
FNE(q”aZ’ z') =k137:) B {COSh[‘Iu(l 13 )]_COSh[‘Iu(I L )]} (16)

2pcpL d sinh((j”) d sinh((j”)

The nonequilibrium contribution to the equal-time correlation function in
real space is obtained by applying a double inverse Fourier transform to
OT*(qy, z, 1)-0T*(qy, z', )). As is to be expected from the translational
symmetry of the problem, it will depend on the difference r;—rj.
Specifically, separating (T *(r, ¢)- 6T (r', t)) into an equilibrium part and a
nonequilibrium part, we obtain for the nonequilibrium contribution to the
intensity of temperature fluctuations:

6T*(x, t)- 0T (r', ) >ng

2Ty B2 (o, & 2ngdo(qyry) . (Nm \ . [Nz
=228 (4 ST sin | —— =z, a7
perL L q k2 N2n2+qﬁ sin 17 Z |sin 7 z a7

where 7| is the distance in the horizontal XY -plane between the two points
r and r’ at which the correlation function is evaluated. Equation (17)
diverges when r =r’, indicating that, in three-dimensional heat conduction,
some short-range nonequilibrium contribution is present in addition to the
long-ranged contribution.

We emphasize that some previous results in the literature'? refer
to averages over the horizontal plane, while we have obtained here the
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complete expression for the temperature fluctuations as a function of the
wave number g;. The divergence of {dT*(r, t)-0T(r', t))yg in real space
when r =r’, is eliminated by the averaging procedure used elsewhere.!!!?
Such horizontal averaging makes the three-dimensional problem equivalent
to one-dimensional heat conduction in the segment [0, L], studied by
Breuer and Petruccione,™ where such a divergence does not exist. Pro-
bably the presence of a short-range contribution manifested as a divergence
in real space when r =r’, is the cause of the disagreement found®? with the
results of Liu and Oppenheim,®® the latter referring to the actual correla-
tion function, as considered here.

It is also interesting to note that, in the heat-diffusion problem con-
sidered here, the long-ranged nonequilibrium contribution to the tempera-
ture fluctuations is proportional to V7T'; in contrast to a nonequilibrium
correction proportional to V In(7;) found for the mass-diffusion problem
by Tremblay et al.'” The reason for that is the fact that in the FDT for the
random heat flow the temperature appears squared, while in the FDT for
random diffusive fluxes considered by Tremblay et al.,"'” the temperature
itself appears as a multiplicative factor.

We conclude this section by pointing out that the validity of Eq. (17)
to describe the nonequilibrium temperature fluctuations, averaged over a
horizontal plane (g, =0), has been verified by numerically solving the
stochastic heat-conduction equation."

3. NONEQUILIBRIUM FLUCTUATIONS DUE TO HYDRODYNAMIC
COUPLING BETWEEN FLUCTUATING FIELDS

To evaluate the long-ranged nonequilibrium temperature fluctuations
that originate from the coupling between hydrodynamic modes, we con-
sider the same problem as in Section 2, but we now take into account that
velocity fluctuations are present in addition to temperature fluctuations.
We consider fluctuations around the steady-state conductive solution,
where the temperature distribution 7;(z) is again given by Eq. (2), and
where the local fluid velocity averaged over fluctuations is everywhere zero.
Specifically, we need to account for a coupling between temperature fluc-
tuations and the fluctuations of the velocity component parallel to the
gradient, the contribution of which was neglected in Section 2. To describe
the spatiotemporal evolution of fluctuations around (2) we shall use here
the Boussinesq approximation for the equations of fluctuating hydrody-
namics. Use of the Boussinesq approximation implies that we neglect the
sound modes responsible for the Brillouin component of the structure
factor and consider only contributions from the temperature fluctuations to
the structure factor.*?”
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To further simplify the calculations of this section, we shall neglect
gravity effects, which turns out to be a good approximation in the case of
negative Rayleigh numbers,® for which the conductive state (2) will always
be stable. Then the spatiotemporal evolution of the temperature and veloc-
ity fluctuations will be given by:

0 1
% 0T (r, t) = D;V* 6T (x, t) — VT, du,(r, t)_pT V-6Q(r, ), (18a)
P

% [V?6u,(r,t)]=v V[V Su,(r, t)] +% {VXVx[V-dII(r,1)]},, (18b)

where Jdu,(r, ¢) are the fluctuations in the Z-component of the fluid velocity,
and where v is the kinematic viscosity of the fluid. Equations (18) are the
linearized Boussinesq equations supplemented with random noise terms in
the absence of gravity.** In accordance with fluctuating hydrodynamics,
we now need to consider in addition to JQ(r, ¢) a second random dissipa-
tive flux, which is a random viscous stress tensor J/I(r, t), appearing in
Eq. (18b) for du,(r, t). The correlations among the components of dII(r, t)
are again obtained by applying the FDT locally, so that:

oI y(x, 1) - oIy (', 1))
= 2kgnT(2)(9ndy +0,0;) (xr—1") 6(t —1')

= 2kpnT, [ 1+ < %)] (0uby+040;) 6(xr—r") o(t—1), 19

z
L
where 7 is the shear viscosity (7 = vp). As regards a comparison with the
classical work of Landau and Lifshitz,*'” we note that we are using here
the FDT for an incompressible fluid, so that the contribution of the bulk
viscosity { is neglected. Just as in Eq. (4) for the random heat flux, Eq. (19)
contains the local average temperature 7,, which depends on z in accor-
dance to Eq. (2). Regarding the boundary conditions, like in Section 2, we
continue to use perfectly conducting walls for the temperature fluctuations:
oT(x,,0,1) =06T(xy, L,t) =0. For the fluctuations in the vertical compo-
nent of the velocity we adopt here, for the sake of mathematical simplicity,
stress-free boundary conditions. These allow us to look for the solution of
the Fourier-transformed Eqs. (18) in terms of a Fourier sine series:

i . [N
OT(@,q1,2) = Y, Tu(w, q)) sin <—L” )
v (20)

i . (N=n
ou(w,q,z)= Y, WN(a),q”)sm(Tz>.
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Fourier transforming Egs. (18) in time ¢ and in the horizontal coordinates
x and y, representing the random-forces in a Fourier sine series, we readily
deduce for the functions Ty (w, q;)) and wy(w, q;):

Fy(o, q”) VT, WN(CU q”)

(21a)
PCP[WH‘DT(N 3 +q")]

Ty(w, ‘l||) =

wy(e, q,) = — —Gy(o, q))

(21b)
p( I +CI||)[150+V(NL2 +CI||)]

In Eq. (21a) Fy(w, q;) are again the coefficients of the Fourier sine series
for the Fourier-transform [V-6Q](w, qy, z) of the random force V-9 Q(r, t)
given by Eq. (7), while Gy(w, q;) in Eq. (21b) are the coefficients of the
Fourier sine series for the corresponding Fourier transform {VxV x
[V-6IT]}, (w, qy, z) for the second random force {Vx V x [V-dII(r, t)]}.:

Gy(o, q;) =% '[OL dz sin <¥ z> {VxVx[V-oIT]}, (w, q;, 2). 22)

To determine the autocorrelation function for the temperature fluc-
tuations, we observe from Eq. (21a) that we need various correlation func-
tions: {(Fy(w, q) Fu(@', q})>, (Fy(o, q)) - wu (@', q)>, and wy(w, q1)-
wy (@', q))>. We first note that the random heat flux and the random stress
tensor are uncorrelated, so that {Fy(w, g;) - wy(®’, g|)> = 0. For the same
reason, the correlation function {F(w, q;) - Fy (@', q})) remains the same
as the one calculated in Section 2 in the absence of velocity fluctuations
(see Egs. (8) and (9): this is the main reason why we presented the calculation
in two steps). Finally, the correlation functions {w} (@, q;)-wy (@, q)>
can be calculated from the definition (21) of wy(w, q;), the definition (22)
of Gy(w, q;), and the multiple Fourier transform of Eq. (19) in ¢ and ¢’ and
in the horizontal variables x, x’, y, and y’. After some long algebra we
obtain

wi(o, q||) Wy (@, Qf|)>

_ SkBTO (277)3 d(w—w") 5(‘l|| _‘lﬂ) qﬁENM(qH)
PLY (4 gD gD B 1lioo+v( %

ol
(23)
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with
~ st Lt . (Nm . [(Mn
Byy(q) =L Jl) a’zj0 dz’ sin <_L z)sm <_L z
o T 62+62+426 +62 0?
NT9\ 02 027" " 0202 )T 022 027

Jion(z-Jee-s)

To calculate the coefficients BNM(q”) we follow the same procedure
described in Section 2 for the calculation of 4 NM(q”) The resulting expres-
sion is long and not very informative, so we give it in the Appendix (see
Eq. (29)).

We now have all the ingredients needed to actually calculate the auto-
correlation function of the temperature fluctuations. We first observe that,
since both Eq. (8) and Eq. (23) contain products of delta functions, the
autocorrelation {0T*(w, q;, z)-0T (', q, z')), as expected, can be cast in
the same form, Eq. (10), obtained in Section 2 in the absence of velocity
fluctuations. In addition, since <{Fy(w, ;) wy (', q,)> =0, the function
F(w, gy, z, z') will be the same obtained in Eq. (11), plus some contribution
from the coupling of the hydrodynamic modes. The expression is long, not
very informative, and can be easily obtained by the reader, so we skip it here.

As in Section 2, we focus our attention on the equal-time (or static)
autocorrelation function (6T*(qy, z, t)-6T(q|, z', t)). Since the frequency-
dependent correlation function is proportional to a delta function d(w— "),
the equal-time autocorrelation of the temperature fluctuations can be
expressed in a form as given in Eq. (12), where the function F(q, z, z') is to
be obtained by the integration in frequency of F(w, gy, z, z'). If we perform
the integration, incorporating Eqs. (4) and (19) for the correlations of the
random forces, and use some formulas presented in the Appendix, we
arrive at

k 2ky(VT)? L
F(qy, 2 2") =2 T2(2) 5(2—5)4-&
Pcp pcp
1 2L%,T, G2
XZ |: 2.2 ~2+ CPO 2?” ~2 3:|
v=1 LN +§  Dr(v+Dr) (N°7°+§j)
. [N . [N
X sin (Tn z) sin <Tn z'>, (25)

where we have neglected some higher-order terms that are cubic in V7.
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From Egs. (12) and (25) we observe that there are three contributions to
OT*(qy, z, t)- 0T (qy, z', t)): First the local-equilibrium correlation function.
The second contribution in Eq. (25) (in the form of a series expansion) is the
same already found in Eq. (14) and it accounts for the inhomogeneously
correlated random heat flux, in accordance with the local formulation of the
FDT. The third contribution in Eq. (25) (again in the form of a series
expansion) is due to the coupling between temperature and velocity fluctua-
tions; it is the same as obtained previously,® where T;(z) was identified with
T, in both Egs. (4) and (19). The Z-dependence of the correlation func-
tion (19) of the random stress tensor only contributes terms cubic in V7,
which we have neglected in Eq. (25). Our final result (25) shows how both
mechanisms mentioned in the Introduction yield contributions to nonequi-
librium fluctuations that are spatially long-ranged. To our knowledge, this is
the first time that both effects have been evaluated for the same system.

To show the spatially long-ranged nature of the correlations more
clearly, we plot in Fig. 1 the third contribution to Eq. (25), denoted
G(z,z"), as a function of z’, for two values of z. Figure 1 shows the non-
equilibrium contribution in real space, so it is actually obtained by applying
a double inverse Fourier transform to Eq. (25) in the variables q; and q.
The real-space correlation function depends on the horizontal distance 7,
between the two points at which is evaluated. The data shown in Fig. 1 cor-
respond to 7 = 0. In addition G(z, z’) has been normalized, so as to make it
dimensionless. A simple inspection of the figure shows that the nonequilib-
rium contribution to the correlation function is spatially long-ranged, does
not involve any intrinsic length scale, and encompasses the entire system.

0.05 ~

G(z17')

0.00 =
zZ'/IL

Fig. 1. Normalized nonequilibrium contribution to the structure factor arising from the
hydrodynamic coupling between temperature and velocity fluctuations, G(z, z’), as a function
of z' for z=L/4 (solid curve), and for z= L/2 (dashed curve). The spatially long-ranged
nature of the nonequilibrium fluctuations is evident.
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The long-ranged nature of nonequilibrium fluctuations can be probed
by light-scattering experiments performed at different scattering wave
vectors q (different scattering angles). As discussed elsewhere,®*3? the
intensity of light scattered by a fluid with scattering wave vector q =
{q. g, } is determined by a structure factor S(q), defined by:

«*p?S(q)(27)* o(q; —qy)

1L L ' —ig,(z—2") * ’ ’
=ZL dzjo dz' e~ (§T*(qy, 2, 1) - 6T (), 2/, 1)) (26)

If we substitute in Eq. (26) the local-equilibrium contribution to
{0T*(qy, z, 1)-0T(qy, z', 1)), which is proportional to the first term in the
right-hand side of Eq. (25), we find that in equilibrium the intensity of
the scattered light does not depend on q; hence, it is independent of the
scattering angle. However, both nonequilibrium contributions in Eq. (25)
depend on the wave number g, and, hence, yield contributions to the
scattered-light intensity that will depend on the scattering angle. In this
way, the spatial long-ranged nature of the fluctuations may be probed
experimentally. It should be noted that the divergence in real space of
the nonequilibrium fluctuations due to the inhomogeneously correlated
random heat flux, mentioned at the end of Section 2, does not cause any
problem in real experiments. Integration over z and z' of Eq. (16), as
required by Eq. (26), yields a convergent result for any value of q.

In the discussion above we have assumed that the fluid has a nonzero
thermal expansion coefficient . When o = 0, the temperature fluctuations
do not contribute to the structure factor S(q) (see Eq. (26)) so that the
scattering function will only contain contributions from the sound modes
yielding two Brillouin lines neglected here.

As noted at the end of Section 2, the contributions to the long-ranged
temperature fluctuations from inhomogeneous correlated noise have to
some extent been verified by computer simulations.'”? We do not know
of any computer simulations of the contributions due to hydrodynamic
coupling. However, the dependence of the Rayleigh component of the
nonequilibrium structure factor on ¢* implied by Eq. (25) for large ¢ has
been verified experimentally.* 3"

4. DISCUSSION

Our initial motivation was to compare the contribution from the
inhomogeneity of the thermal noise with the contribution from the non-
equilibrium coupling between temperature and velocity fluctuations to the
Rayleigh component of the nonequilibrium structure factor of a fluid in the
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presence of a temperature gradient. Previous studies®*” have not con-
sidered the effect of the inhomogeneity in the thermal noise. As far as we
know, we have performed for the first time a complete calculation for a
case where both mechanisms, namely inhomogeneity of the noise correla-
tion and coupling of hydrodynamic modes, are present. The resulting
expression for the equal-time autocorrelation {6T*(q, z, t)-0T(q, z', 1))
of the temperature fluctuations is given by Egs. (12) and (25). From
Eq. (25) we observe that the contribution from a nonequilibrium coupling
between temperature and velocity fluctuations (proportional to the second
term inside the square brackets) relative to the contribution from the
inhomogeneously correlated noise terms (proportional to the first term
inside the square brackets) is determined by the dimensionless ratio:

-
g 2Lel @7)
Dr(v+Dr)

If we consider a liquid layer with height L =2 mm and if we adopt values
of the physical quantities for toluene“” at 25°C, we find % =6x 10",
While long-ranged correlations due to inhomogeneously correlated random
forces exist in principle, they are totally negligible in practice as compared
to the long-ranged correlations resulting from a coupling between the
temperature and velocity fluctuations. This conclusion is also supported by
measurements of the nonequilibrium temperature fluctuations obtained
from light-scattering experiments,®*3? which could be interpreted as
arising exclusively from the mode-coupling effects.

While our analysis was specifically concerned with a fluid in the pres-
ence of a stationary temperature gradient, it is of interest to consider
whether one can draw some more general conclusions about the role of the
two mechanisms for generating long-ranged fluctuations in nonequilibrium
states in fluids. First we note that there are cases where one of the two
mechanisms through which nonequilibrium constraints cause long-ranged
nonequilibrium fluctuations may be absent. One example is the case of an
isothermal fluid under shear,®?® where the noise correlation is spatially
uniform (uniform temperature), so that the first of the two mechanisms is
absent. Nonequilibrium effects do appear in this case due exclusively to the
hydrodynamic coupling between the uniform shear rate (nonequilibrium
constraint) and the velocity fluctuations, through the advective term in the
Navier—Stokes equation. Hence, in this case only the second of the mecha-
nisms mentioned in Section 1 is responsible for the presence of long-ranged
fluctuations.

Another example, of the opposite kind, are nonequilibrium effects
in the Brillouin doublet. As mentioned earlier in Section 3, we have
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considered here the nonequilibrium Rayleigh component of the structure
factor of a fluid in the presence of a temperature gradient. In addition,
there are also long-ranged nonequilibrium fluctuations in the Brillouin
components (an asymmetry in the Brillouin doublet) that, if studied in the
simpler o =0 approximation, turn out to be exclusively due to the inho-
mogeneity of the thermal noise. ¥

Finally, we note that the ratio %, given by Eq. (27), is proportional
to L2 In molecular simulations with extremely small L the contribution
from inhomogeneously correlated noise could become more important.

We conclude that a complete theory of fluctuations in nonequilibrium
states requires that two different mechanisms need to be considered by
which the nonequilibrium constrains induce spatially long-ranged fluctua-
tions, as we have done for the Rayleigh-Bénard problem. However, as dis-
cussed above, in some particular cases one of the two mechanisms may be
absent. The possibility of long-ranged fluctuations generated by anisotropic
(but spatially uniform) correlated noise has been discussed by Maes and
Reding®"*? and is not considered here.

Our conclusions are based on the application of fluctuating hydro-
dynamics to nonequilibrium states. The validity of this approach has been
verified through microscopic simulations.*® Fluctuating hydrodynamics is
a mesoscopic theory which, ultimately, requires justification from micro-
scopic models (note that the FDT is only fully rigorous for global equilib-
rium states). Unfortunately, a rigorous implementation of such a program
is difficult, even for systems without dissipation.®> Very recently, advances
have been made by exactly solving some simple microscopic models. 4
Evidently, a fully rigorous justification of nonequilibrium fluctuating
hydrodynamics for real fluid systems continues to be one of the challenges
of nonequilibrium statistical physics.

APPENDIX

In this appendix we first present the expressions for ANM(q”) and
BNM(q”) obtained by evaluating the integrals contained in Egs. (9)
and (23), respectively:

. N2+ 2 ~2
ANM(qH):{ ) q”+ﬂ |:N27Z2+6+n2q]|{72(N2n2—6):|}5NM

(N°n*+ M1 +24})
EZ(NZ—MZ)Z
(N’ + M°n*+2§7)
7T2(N2—M2)2

+28NM [cos(N7) cos(Mm)—1]

+B*NM [cos(N7n) cos(Mm)+17(1 =3y ),

(28)
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- B N27Z2+~2 2
BNM(qll) = %5NM
N27,L,2+ ~2)(M27,L,2+ ~2)
+2ﬁNM( nz(]qV”z—Mz)z 9 [cos(N7) cos(Mm)—1].

(29)

Secondly, to obtain Eqgs. (14) and (15) for F(q, z, z) we need the sum
of two trigonometric series. For this purpose use has been made of the
following identities:

2 M[cos(Nn) cos(Mn)—1]
MZ=1 (M?—N?)?
_ n*(2z—1)
=—
® M[cos(Nn) cos(Mn)+1](1—35,,)
MZ=1 (MZ_NZ)Z
_[n2(622—6z+1) 1

AN +W] sin(Nnz). (30b)

sin(Mnz)

sin(Nnz), (302)

sin(Mnz)

Equations (30a) and (30b) are valid for nonzero positive integers N and
for ze [0, 1]. These expressions can be obtained from formulas 1.445 in
Gradstein and Ryzhik,“® after some lengthly algebra. They can be easily
verified numerically.
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