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Nonequilibrium mode-coupling theory for uniformly sheared systems
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We develop a nonequilibrium mode-coupling theory for uniformly sheared systems starting from micro-
scopic, thermostatted Sllod equations of motion. Our theory aims at describing stationary-state properties
including rheological ones of sheared systems, and this is accomplished via two steps. First, a set of self-
consistent equations is formulated based on the projection-operator formalism and on the mode-coupling
approach for the transient density correlators which measure the correlations between the density fluctuations
in the initial equilibrium state and the ones at later times after the shearing force is turned on. The transient
time-correlation function formalism is then used which, combined with the mode-coupling approximation,
expresses stationary-state properties in terms of the transient density correlators. A detailed comparison of our
theory is also presented with the related mode-coupling theory which is based on the Smoluchowski equation

for Brownian particles under stationary shearing.
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I. INTRODUCTION

Nonlinear rheological behavior of glassy materials under
stationary shearing has attracted considerable attention in re-
cent years since it provides additional insight into the physics
of glass transition [1-8]. For such systems driven far from
equilibrium, the shear rate should be regarded as a relevant
control parameter rather than as a small perturbation [9]. In
this paper, we develop a nonequilibrium statistical mechani-
cal theory for glass-forming systems in which the shear rate
as well as temperature and density can be handled as external
control parameters. This will be done by extending the
projection-operator formalism [10] and the mode-coupling
theory (MCT) [11] to nonequilibrium systems.

MCT has been known as the most successful microscopic
theory for the glass transition. Indeed, extensive tests of the
theoretical predictions carried out so far against experimental
data and computer-simulation results suggest that the theory
deals properly with some essential features of glass-forming
systems [12,13]. It is therefore natural that extensions of
MCT have been attempted to stationary sheared systems.

At present there exist two different approaches in such
nonequilibrium extensions of MCT: one based on steady-
state fluctuations [14,15] and the other based on the transient
time-correlation function (TTCF) formalism [16,17]. In the
former approach, basic objects are the steady-state density
correlators defined with fluctuations around the stationary
state. Rheological properties such as the shear stress are then
expressed within the mode-coupling approximation in terms
of these steady-state correlators. With the same spirit as
MCT for quiescent systems [11], the structure factor st of
the stationary state, which now depends on the shear rate as
well as on the wave “vector” (, enters as input into the
equations describing the dynamics. At first sight, such an
approach looks quite reasonable, but in fact it possesses a
conceptual problem. For example, the following exact rela-
tion holds between the interaction part of the steady-state
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shear stress o' and the steady-state pair-correlation function
8ss(r)

2

o'isng _r xy du(r)
2

Tdr

drgss(r) (1)

for a uniform shear with velocity along the x axis and its
gradient along the y axis [18]. Here p denotes the average
number density and u(r) the pair-interaction potential. Since
Sis is related to the Fourier transform of ggs(r), Eq. (1) states
that Sis and ogg should be handled on an equal footing, but
this aspect is missing in the steady-state fluctuations ap-
proach of Refs. [14,15], where st is treated as the input
while ogg is the output. In addition, it is assumed in Ref. [14]
that the fluctuation-dissipation theorem (FDT) holds also in
the nonequilibrium stationary state. The use of such an as-
sumption is unjustified since the violations of the FDT have
been reported in the computer-simulation study of sheared
systems [4].

On the other hand, no such problems arise in the theory
developed by Fuchs and Cates (FC) [16,17] which is based
on the TTCF formalism [19]. Starting from the Smolu-
chowski equation for interacting Brownian particles under
stationary shearing, the FC theory aims at describing steady-
state properties via two steps: first, the MCT equations for
the transient density correlators—the correlators between the
density fluctuations in the equilibrium starting state and the
ones at later times after the shearing force is turned on—are
formulated, and then the TTCF formalism is used which,
combined with the mode-coupling approximation, expresses
stationary-state properties in terms of these transient correla-
tors. In this approach, only equilibrium static structure factor
is required as input, whereas the steady-state structure factor
§55 as well as the shear stress s are the output of the
theory. Thus, the aforementioned conceptual problem in
Refs. [14,15] does not apply here. Furthermore, it is in prin-
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ciple possible using the FC theory to investigate the viola-
tions of the FDT, although this issue has not yet been ad-
dressed.

It is expected on physical grounds that the microscopic
dynamics does not matter as far as the long-time glassy dy-
namics is concerned. Indeed, it was argued that the equilib-
rium MCT leads to the same glass transition scenario for
both Newtonian and Brownian microscopic dynamics
[11,12,20], and this was confirmed by computer-simulation
studies [21,22]. However, it is not a priori obvious whether
such an equivalent long-time dynamics holds true also for
nonequilibrium sheared systems.

In this paper, we develop a nonequilibrium MCT starting
from the Sllod equations [19]—Newtonian equations of mo-
tion under stationary shearing—which have been widely
adopted in simulation studies of homogeneously sheared sys-
tems (see, e.g., Refs. [4,23]). Our theory follows the FC for-
mulation in that the MCT equations for the transient density
correlators are derived first, and then the TTCF formalism is
used for describing stationary-state properties. However, we
found that, although it is not difficult to adapt the FC formu-
lation in Refs. [16,17] to the Sllod equations at the formal
level, the resulting equations are too cumbersome to be use-
ful in practice. We therefore developed an alternative formu-
lation to be presented in the following. It is found that a new
memory kernel enters into our nonequilibrium MCT equa-
tions reflecting the non-Hermitian nature of the relevant
Liouville operator, which is absent in the FC theory formu-
lated with the Brownian microscopic dynamics. In what cir-
cumstances this additional memory kernel from our theory
matters is an open question. We shall elaborate on this at the
end of the paper.

The paper is organized as follows. In Sec. II, we derive
exact microscopic equations and relations for systems sub-
jected to stationary shearing. These exact results serve a ba-
sis for the development of our nonequilibrium MCT. We will
then derive a set of self-consistent equations for the transient
density correlators based on the projection-operator formal-
ism (Sec. III) and on the mode-coupling approach (Sec. IV).
It is then described in Sec. V how the steady-state properties
can be evaluated within the mode-coupling approximation
based on the knowledge of the transient density correlators.
The paper is summarized in Sec. VI, where a detailed com-
parison of our theory is also presented with the FC theory.
Appendix A is devoted to a summary of miscellaneous ma-
terials which are necessary in the main text, and to various
technical manipulations in the derivations of some equations.
Appendix B describes details of the isotropic approximation
which is useful in practical applications of our theory to sys-
tems where anisotropy in the density fluctuations is small.

II. MICROSCOPIC STARTING POINTS

In this section, we derive exact microscopic equations and
relations subjected to stationary shearing along with thermo-
stat. These exact results serve a basis for developing a non-
equilibrium MCT for sheared systems to be presented in later
sections.
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A. Sllod equations of motion

We shall consider a system of N atoms of mass m in a
volume V subjected to stationary shearing characterized by
the shear-rate tensor #. For a simple uniform shear with ve-
locity along the x axis and its gradient along the y axis,
which we consider throughout this paper, the shear-rate ten-
sor is e, =¥6\6,, with y denoting the strain rate. It is
postulated that the applied shear induces a homogeneous
streaming-velocity profile u(r)=#-r at position r, assuming
that no spontaneous symmetry breaking takes place. New-
tonian equations of motion describing such a homogeneously
sheared system are the thermostatted Sllod equations [19]

i'i=&+K'ri, (2a)
m

pi=F,—x-p;,—ap;. (2b)

Here r; and p; refer to the position and momentum of the ith
particle, F;=—dU/ dr; with the total interaction potential U is
the conservative force exerted on the ith particle by other
particles, and ap; is the thermostatting term which prevents
the system from heating up due to the work done on it by the
shearing force. The momenta {p;}, referred to as the Sllod
momenta, are peculiar with respect to the streaming velocity
u(r;)=k-r; at the particle position r;, and satisfy =p,;=0.

The thermostatting multiplier « controls the kinetic tem-
perature or some other quantity such as the internal energy.
There exist various types of thermostats—stochastic or de-
terministic and reversible or irreversible—considered in the
literature. Among them, the Gaussian isokinetic thermostat
has acquired a respected status and a special importance [19].
However, from a fundamental point of view, there is no
privileged thermostat, and one should not attribute a funda-
mental role to special assumptions about such models since
they simply describe various ways to take out energy from
the system. Indeed, it has been conjectured that different
thermostats may lead to the same steady-state properties, in
the usual sense of the macroscopic equivalence of equilib-
rium ensembles [24]. Although no proof is yet available, it is
at least reasonable to expect that steady-state properties do
not significantly depend on the types of the thermostats, and
this has been tacitly assumed in simulation studies where
various models have been used as practical means to control
the temperature.

In the present work, we shall adopt a constant-« thermo-
stat in which the multiplier « can be regarded as a “friction”
constant. As we will see later, this thermostat greatly simpli-
fies the equations to be handled compared, e.g., to the corre-
sponding equations under the Gaussian isokinetic thermostat
whose multiplier a; reads [19]

aGZEPi'(Fi_K'pi)/Epiz- (3)

How the steady-state temperature can be controlled with the
constant-a model will be discussed in Sec. II G.
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B. The Liouville equation

For nonequilibrium systems described by the Sllod equa-
tions, the form of the Liouville equation commonly used for
Hamiltonian systems should be properly generalized to take
into account the effect of phase-space compression [19]. The
Liouville equation for the nonequilibrium phase-space distri-
bution function f(I', ), where I'=(r", p") stands for a phase-
space point, is given by

af(I',z) . J o
P [I‘ T + A(F)]f(l’,t) iL'f(,r). (4)
The operator iL" is called the f Liouvillean, and A(I") de-
fined by

A(T) = air 5 (5)

is referred to as the phase-space compression factor. For the
Sllod equations (2) with constant «, one obtains

J J
AT) = — .f;+—-p;| =-3Na. 6
I ;(ar,- rz+&pi P,) a (6)
The formal solution to the Liouville equation (4) reads
J(.1) =exp(=iLT1)f(T,0), (7)

where exp(—iL 1) is called the f propagator.

The time evolution of phase variables, which by definition
do not depend on time explicitly and whose time dependence
comes solely from that of the phase I', is determined by

d . J .
EA(F) =T EA(I‘) =iLAT). (8)

The operator iL is referred to as the p Liouvillean. The for-
mal solution to this equation can be written in terms of the p
propagator exp(iLt) as

A(, 1) =exp(iLH)A(T). 9)
Let us summarize here for later use relations between f

and p Liouvilleans and corresponding propagators. It follows
from Eqgs. (4) and (8) that

iLY () =iL(T) + A). (10)

One can show that i£ and i£" are adjoint operators, and this
is why the notation i£" is used for the f Liouvillean:

f dT'[iLA(I)]B(T) =— f dTAD[LTBD)].  (11)

This property can be proved from the integration by parts.
By a repeated use of this property, the following relation for
the propagators can be derived:

f dT[“'A(T)]B(T) = f dTA(D)[eE"B(T)].  (12)

If the phase-space compression factor A(I") is identically
zero, then iL£T=iL holds, and the Liouvillean becomes self-
adjoint, or Hermitian. In general, this is not the case for
nonequilibrium systems.
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C. Nonequilibrium distribution function

Let us consider an equilibrium system of temperature 7 to
which a constant shear rate y is applied at time =0, and
thereafter the system evolves according to the Sllod equa-

tions (2). The p Liouvillean is given by
lEO (l = O),

L= 13

! {i£0+i£7+i£a (t>0). (13a)

Here, an unperturbed adiabatic or quiescent part (iL), a
shear part (i£,), and a thermostat part (iL,) are, respectively,
given by
;0 J
i£0=2{&-—+Fi-—}, (13b)
i Lm or; p;

d d
[.:= K~l‘,--—— K- il | 13C
172[( )ar,-(p)ap,} (13¢)
9
ap;
Since the phase-space distribution function at =0 coincides

with the equilibrium one, which we choose to be the canoni-
cal distribution

iL,=2 (- ap)- (13d)

1
feg() = f(F,0)=§e‘ﬁH0(F), Z= f dleBHo0)

(14)

where = 1/kgT with kp denoting Boltzmann’s constant and
HOEEip?/2m+ U, a formal solution to the Liouville equa-
tion (4) for >0 is given by

A0 = (). (15)
With the identity
1
et +J dse“[“(— iL", (16)
0

whose validity can easily be verified by differentiation with
respect to £, Eq. (15) can be expressed as

S0 = foo(D) + f dse E5(=iLNfo (D). (17)
0

Since iLyfeq(I')=0, we get from Egs. (6), (10), and (13a)-
(13d)
L7 fo(T) =L 4fog(T) +iL of o(T) = 3Narf o (). (18)

The first term in this expression is given by

iL3f (1) = B [(n- r) F+ (o p)- %]fe(m

= pre.0fy(D) = 7 fofD)ory. (19)
B

Here k:0=2, ,k),0,,, and o denotes the stress tensor
whose elements are
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o= 2 [piptm+ Y] (Lp=xy.2)  (20)
i

and in the final equality of Eq. (19) we used the specific form
Kynu=VOnO,y Tor the shear-rate tensor and the symmetry
0y, =0, of the stress tensor (see Appendix A 1). The second
term in Eq. (18) is given by

iLofeq(I') = Tf (IMK(T) 21
in terms of the kinetic energy K(I')=X,p?/2m. We therefore
obtain

iL feq(F)—_Tf Mo, () + Tf (IeK(I), (22)

where we have introduced the kinetic energy fluctuation
OK(I") defined as

SK(T') = K(T') - %NkBT. (23)

Substitution of Eq. (22) into Eq. (17) then yields

S(T,0) = fog(T) = fdse-'ﬁ‘f[feqm (D]

ot @ eI £ (D) SK(D)]. (24)
B

This expression for the nonequilibrium phase-space distribu-
tion function plays a fundamental role in the following. No-
tice that the last term in this expression vanishes if the
Gaussian isokinetic thermostat [see Eq. (3)] is used for con-
straining SK(I') to zero.

D. Transient time-correlation function formalism

In contrast to equilibrium quantities, the nonequilibrium
ensemble average (A(r)) of a phase variable A depends ex-
plicitly on the time ¢ past since the start of shearing. Simi-
larly, the time-correlation function (A(z+7)B(¢)*) depends
not only on the time difference 7 but also on ¢. Using the
nonequilibrium phase-space distribution function f(I',7),
(A(1)), and (A(t+7)B(1)*) can be expressed as

(A(t)>=def(F,0)A(t)=fde(F,t)A(O), (25)

(A(t+ 7)B(1)*) = J dU'f(I',0)A(r + 7)B(1)*

= f dTf(I,1)A(7)B(0)*. (26)

The two representations in terms of f(I',0) or f(I',r) are
equivalent because of the relation (12). Hereafter, we shall
reserve the notation (- ) for representing the averaging over
the initial canonical distribution function f(I',0)=f(I"):

PHYSICAL REVIEW E 79, 021203 (2009)

<"'>EJdeeq(F)"' : (27)

It should be remembered, however, that the dynamics inside
the brackets (---) is governed by the thermostatted Sllod
equations, and only averages such as (A(0)) and (A(0)B(0)*)
coincide with equilibrium quantities.

Substituting Eq. (24) into Egs. (25) and (26) and then
using Eq. (12), one obtains

(A1) =(A(0)) - ——

kBT dS<A(S) +(0))

ds(A (5)6K(0)), (28)
kB

(A(r+1)B(0)") = <A(T)B(0)*>

kBT ds(A(s+ 7)B(s)*0,,(0))

kBT ds(A (s + 1) B(s)*0K(0)).

(29)

The expression (28) relates the nonequilibrium value of a
phase variable A at time ¢ to the integral of transient time-
correlation function (TTCF) (A(s)o,,(0))—the correlation
between o, in the initial equilibrium state 0,,(0) and A at
time s after the shearing force is turned on—and another
integral of TTCF (A(s)8K(0)) formed with SK(0). Equation
(29) is a generalization of this TTCF expression to the time-
correlation function.

The system is said to be in a nonequilibrium steady state
if the ensemble averages of all phase variables become time
independent. Let us notice that the long-time limit of Eq.
(28) becomes constant if the system displays mixing [25].
This feature can be shown by taking a time derivative of Eq.
(28):

d

A0 =- —<A(t)trw(0)> —<A(t)5K(0)> (30)
If the system displays mixing [25], then all the long-time
correlations between phase variables vanish. We therefore
obtain for t—o

4 " _2a -
A0 — - kBT<A(t)><<rxy(0)> kBT<A(t)><5K(0)> =0,

31)

since the equilibrium ensemble averages (o-Xy(O)> and
(5K(0)) are zero [see Egs. (A7) and (23)]. This indicates that
the long-time steady state average of an arbitrary phase vari-
able becomes constant, i.e.,
lim(A(7)) = (A)ss. (32)
1—0
where the steady-state average, denoted by (- --)sg hereafter,
is obtained from the r— o limit of Eq. (28):
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(A)ss =4O - =

or wmm@m»

2—a ds(A(s) 0K (0)). (33)
ksT

Similarly, the ¢— oo limit of (A(z+ 7)B(¢)*) becomes indepen-
dent of 7 since the time derivative of Eq. (29)

A+ D80 == LA+ 900, 0)

2a
- leT(A(t+ 7B(1)*5K(0))  (34)

becomes zero for r— o if the system exhibits mixing. The
steady-state time-correlation function defined as

(A(7)B*)gs = lim(A (¢ + 7)B(2)*) (35)

—©

is then given by

(A(7)B*)ss = (A(1)B(0)") - k_yTJ ds(A(s + 71)B(5)*0,,(0))
B 0

kZB;'; ds{A(s + 7)B(s)*5K(0)). (36)

The TTCF expressions (33) and (36), relating the steady-
state quantities to the integrals of TTCFs, can be considered
as the generalized Green-Kubo relations [19].

In deriving the nonequilibrium Zwanzig-Mori-type equa-
tion of motion to be presented in Sec. III, it is necessary to
know how the p-Liouvillean iL behaves inside the time-
correlation function. To this end, we first notice from Eq. (9)

%(A(t + 1)B()*) =([iLA(t + 7 ]B()*) + (At + D[iLB({)]*).
(37
Combined with Eq. (34), this yields the desired result
(iLA(t+ 7)B(1)*) = —(A(r + D[iLB(1)]*)

a .
- kBT(A(t + 7)B()*0,,(0))

20
_ KTWH 7B()*5K(0)). (38)

For systems exhibiting mixing, there holds for t— o

([iLA(7)]1B*)ss == (A(7[iLB]")ss. (39)

i.e., the p Liouvillean becomes Hermitian in the steady state.
This is expected since the time-translation symmetry is re-
covered in the stationary state.

E. Implication of translational invariance

Since we are dealing with amorphous systems, the equi-
librium distribution function f,(I") is assumed to be transla-
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tionally invariant and isotropic. In this subsection, it is
shown that the nonequilibrium distribution function f(I',7)
under shear becomes anisotropic, but remains translationally
invariant. We then discuss an implication of this property.
Our treatment here follows the one presented in Ref. [17].

To this end, we shall consider global translation of all
particle positions

I' > I, where r/ =r;+a for all i, (40)

which amounts to the shift a of the coordinate origin. Under
this shift, the nonequilibrium distribution f(I",#) given in Eq.
(24) transforms to

ﬂFhﬁﬁgﬂU—f%fdw4ﬁWWﬁ4D¢AFH
B 0

2a ! e A
- = | dse T (D) sK(D)). (41)
B 0

Here we used

feq(F,)=feq(F)v ny(F,)= 6K(F,)= 6K(F)

(42)
These hold since f,q, 0y, [see Eq. (A6)], and 6K depend on
momenta and particle separations only. How the f propagator

transforms under I' = T"' is discussed in Appendix A 2 with
the result [see Eq. (A17)]

U-Xy(F)7

. , . Jd
e IE N il Dt kP i p = > o (43)

i i

Here « denotes the transposed matrix of #. Because of Eq.
(42), we have Pf.(I)=0, Po,(I')=0, and PSK(I")=0, so
that

I () (D] = e O£y (D), (D] (44)

and a similar equation holds in which o, is replaced by oK.
Therefore, the nonequilibrium distribution function f(I",?)
remains translationally invariant:

S0 =f(I,1). (45)

We next consider how the wave-vector-dependent phase
variable of the form

Ag(T.0) = 0 Xa(T)eid, (46)

transforms under the shift of the coordinate origin. It is as-
sumed that XA a(T") is a function of momenta and particle
separations only, so that XA‘I(I") XA a(I"). For example,
XPa=1 for density fluctuations, X’q =p; N/ m for current dens1ty

)\
fluctuations to be introduced below, and X/a =p; P, “lm
—(1/ Z)Eﬂt,(r r“/ r; )P ;) for the wave- Vector—dependent
stress tensor []see Eq. (A4 ]- Using the result

eiL(I")t= eiL(I‘)rea-x Pt (47)

for the p propagator which is also derived in Appendix A 2
[see Eq. (A16)], one obtains
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Aq(F,,t) — eiL(I")tz leflq(l-‘/)eiq-(r,-+a)

— eiL(l“)zea-xTPzE XAq(F)eiq~(r,-+a)
1
i

= el@ranag (Tp), (48)
where we used X?‘I(F’) =Xf‘q(F), PX?‘I(I‘)=0, and
ea~kT~Pteiq~(r,-+a) :eiq~k~azeiq~(r,~+a).

Since the integral over the phase space must agree for
either integration variables I' or I'’, there holds

(Ag()) = f AT f,(D)AG(T,1) = f AT fo (AT 1),

(49)
Using foo(I'")=fc(I') and Eq. (48), one obtains
(A1) = Ty (1)), (50)

This means that the nonequilibrium ensemble averages of
phase variables, including steady-state averages, are nonva-
nishing for zero wave vector only:

(Aq(1)) = 0q,0(Ag=o(1))- (51)

Similarly, there must hold for nonequilibrium
correlation functions

time-

(Ag(t+ DB (1)*) = f dTA(T,0)A(T, DB(T,0)*

=fdF’f(F’,t)Aq(l"’,T)Bk(F’,O)*.

(52)
Using Egs. (45) and (48), one finds
(At + DB (1)) = WA (14 DB(D¥). (53)

This means that A(r+ 7) is statistically correlated with By (¢)*
only if k=q(7) with the advected wave vector q(7)=q
+q- k7 during the time 7, i.e.,

<Aq(t+ T)Bk(t)*> = 51(,q(7)<Aq(t + T)Bq(r)([)*>~ (54)

Thus, as in equilibrium systems, a time-correlation function
characterized by a single wave vector can be defined as

CoP(t+ 7.1) = (Ay(1 + DBy (1)) (55)

Fpr the shear-rate tensor k,,=7¥4),0,,, the explicit expres-
sion for the advected wave vector reads

(1(7'):(1+(I' KT= (qx’Qy+ ‘j/qu’qZ)' (56)

Equivalently, one can introduce a time-correlation of the fol-
lowing form:

CoP(t+ 7,0) = (Aqn(t+ DB (D). (57)
This also follows from Eq. (53) by noting that
q- T+x)=k—q=k-I+x)'=k-I-xr), (58)

since the shear-rate tensor satisfies k- xk=0. In this paper, we
shall mainly use the convention (55) for time-correlation
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functions, and the convention (57) will be used only for the
discussion in Sec. III A. Finally, we notice for later use the
following relation for time-correlation functions involving
three phase variables:

(D *Dy(1)*) = i o{Ag (1 + T)By (1) *Di=o()™),
(59)

(Aq(t+ DB,

which can be derived in the same manner as Eq. (54).

F. Implication of spatial inversion symmetry

Let us notice that the Sllod equations (2) are also invariant
under spatial inversion I'——I", and hence, the f and p Li-
ouvilleans have even parity, iL'(-I)=iL7(I') and
iL(-I")=iL(T"). Since f(I"), 0,,(I'), and SK(I') also have
even parity, so does the the nonequilibrium distribution func-
tion according to Eq. (24)

ST =£AT,0. (60)

We next consider how the wave-vector-dependent phase
variable A(I",7) of the form given in Eq. (46) transforms
under spatlal inversion. It is assumed that X a(T") satisfies

XM(=T) = p,X-4(T) = pXa(D)*, (61)

where p, denotes the parity of the variable A. Three ex-
amples introduced below Eq. (46) satisfy these relations with

p,=+1, pp==1, and p,u=+1. Then, it follows from Eq.
(46) and zE( I')=iL(T) that

Ay~ T,0) = paA_g(T,0) = pAy(T, 0% (62)

Let us consider an implication of Egs. (60) and (62) for
the time correlation function C:;B (t+7,1) defined in Eq. (55).
Since the integral over the phase space must agree for either
I" or —I', there holds

CgB(l‘ + 7, I) = f de(F,t)Aq(F, T)Bq(T)(F,O)*

- J d(=T)f(=T,)Ay(~ T, DBy (- T,0)*.

(63)
Using Egs. (60) and (62) and noting that [dI'---
=fd(_F) o [e'g°7 fiooodxi. o Hf;md(_xi) T =fiooodxi' -+ under
x;— —x;], one finds
C‘:B(t +7,0)= pApBC';‘B(t + 7,0)*. (64)
In particular, the autocorrelation function is real:
Colt+m0)=Cl(t+ o). (65)

G. Steady-state properties

Among various stationary-state properties, we shall spe-
cifically be interested in this paper in the steady-state shear
stress, kinetic temperature, and density fluctuations. Here we
summarize the TTCF expressions for these quantities.

The steady-state shear stress shall be defined via
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Tss = —(0yy)ss/V. (66)

Since the equilibrium ensemble average of o, is zero,
(0,,(0))=0 [see Eq. (A7)], one obtains from Eq. (33) the
following TTCF expression for ogg:

f ds(oy ()0, (0)) + —— f ds,,(s) 9K (0)).

T8 LTV kg TV
(67)
The steady-state temperature shall be defined as
Tss = 7——(K)ss, (68)

3Nk

in terms of the kinetic energy. Let us show that T is con-
nected to ogg via a simple relation. To this end, we notice
that the rate of the change of the internal energy Hy=K+U is
given by

Hy=3 [% i, F,} =-j0,-2aK,  (69)

where the specific form «,,=yd,,9,, for the shear-rate ten-
sor and Eq. (20) for the shear stress have been used in the
final equality. Since there is no internal-energy change in the

steady state, i.e., (H,)ss=0, one finds from Eqs. (66), (68),
and (69) that

Y
Teg=—""0gs, 70
SS 3kBanss (70)

where p=N/V denotes the average number density. Thus, it
suffices to know ogg to obtain T'gg. This relation can also be
used to control Tgg by varying the thermostatting multiplier
a. However, a self-consistent treatment is necessary in order
to set Tgg to a desired value since ogg also depends on a.

In view of Egs. (35) and (55), the steady-state correlator
F(Sls(t) of the density fluctuations

py(t) = D el _ Nég0 (71)

shall be defined via

1
F.S,S(t) = }E?c ;,(Pq(s +1)pg(n(8)*). (72)

One understands from Eq. (65) that F Ss(t) is a real function
of time. From Eq. (36), one obtams the following TTCF
expression for Fis(t)

)

FX(t) = F4(0) - ds{pq(s + 1) pq()($)*0,,(0))

NkT

2a (7
_NkBTfo ds{pq(s + pg(s)"9K(0))  (73)

in terms of the transient density correlator defined by
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Fi) = ~{pa0pq0 0, (74)

and other transient cross correlators formed with o,,(0) and
S8K(0). As a corollary, one gets for the steady-state “static” or
equal-time structure factor Sis =F (Sls(t:O)

SS
=5, g o1, 0)
a (7 }
T R OO N
where S,=F,(t=0) denotes the equilibrium static structure

factor. While S, depends only on the wave-vector modulus

=|q| reflecting the isotropy of the initial equilibrium state,
the steady-state structure factor S5° also depends on the di-
rection of the wave vector due to the anisotropy of the
sheared stationary state. It is also clear from Eq. (75) that S(SIS
should be considered as a dynamic object in the sense it 1s
given by the time integrals of the transient time-correlation
functions.

Finally, let us show the connection between the TTCF
expressions for the steady-state shear stress ogg and the
structure factor SSS given by Egs. (67) and (75), respectively.
For this purpose, we first write o,(s) appearing in the inte-
grands of Eq. (67) as [see Eq. (A6)]

E D (s)p,y(s) 1E r(s)rl; (s)

2i¢j l](s) (rl]( ))

2 pi (S)p, (s)

—ngdr%u'(r)f

where we have used f(r;)=[drf(r)é(r-r;) and &(r-r;)
=(1/2m)3[dqe 4" Ti) with r; ;=r;—r; in the final equality.
Substituting this into the mtegrands of Eq. (67), one obtains

1 pipi P xy
O-SS:_‘_/<E +5 dl'_bt (l")
Pom [ r

d ,
X f (2—:)3e-’q-r(sgs -S,). (77)

d |1
(2:)3€_lq'r|: X,Pq(S)Pq(S)* - 1:| s
(76)

Here, the definition (33) for the steady-state average has been
exploited for the first term, and Eq. (75) for the steady-state
structure factor $55 has been used for the second term. Notice
that (SSS—Sq) in the second term can be replaced, e.g., by
(555—13 since isotropic terms do not survive after spatial
mtegral involving the anisotropic term xy. Equation (77)
simply expresses that anisotropic density fluctuations are re-
sponsible for the steady-state shear stress. Since the steady-
state pair correlation function ggg(r) is related to S(Sls via
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d
pgSS(r)=J (2:)39

one understands that the interaction part of Eq. (77) is
equivalent to Eq. (1). Such an equal handling of ogg and SCSIS
based on the TTCF formalism is expected since no approxi-
mation has yet been introduced.

In the following sections, we will first derive a set of
self-consistent equations for the transient density correlators
F(1) using the projection-operator formalism (Sec. III) and
the mode-coupling approach (Sec. IV). We will then argue
that the mentioned TTCF expressions for the steady-state
properties can be evaluated within the mode-coupling ap-
proximation based on the knowledge of Fy(#) (Sec. V). In
this way, we construct the nonequilibrium MCT for station-
ary sheared systems.

TS5~ 1), (78)

III. ZWANZIG-MORI-TYPE EQUATIONS

In this section, we derive exact Zwanzig-Mori—type equa-
tions of motion for the transient density correlator F' q(t) for a
system that is initially at equilibrium and subsequently sub-
jected to stationary shearing along with thermostat. A “stan-
dard” approach [10] for a quiescent system is that a
Zwanzig-Mori equation for a correlator (A(z)A(0)*) of some
phase variable A evolving with a time-independent p Liou-
villean is derived based on the static projection operator onto
the subspace spanned by A. As we will see below, due to the
presence of the time-dependent wave-vector advection q(z),
this standard approach should be appropriately generalized
for sheared systems. We start our discussion by pointing this
out.

A. Difficulties in applying previous formulations

Recently, McPhie er al. [26] developed a projection-
operator formalism which generalizes the standard approach
to nonequilibrium systems and allows one to derive a
Zwanzig-Mori-type equation for a transient correlator
(A(1)A(0)*). Their formalism is also based on the time-
independent p Liouvillean and on the static projection opera-
tor. Using the convention (57), one can introduce the tran-
sient density correlator of the form

Fy)= a0y (79)

Thus, apparently, there seems no problem to apply the for-
malism developed in Ref. [26] by setting A(f)=pgy(1).
However, py_,(?) is not a phase variable since its time evo-
lution is also affected by the wave-vector advection q(—¢)
and its equation of motion cannot be written solely in terms
of the time-independent p Liouvillean as in Eq. (8). Their
formalism, therefore, cannot be directly applied to derive the

equation for fq(t). Nevertheless, we mention here that our
equations of motion derived below resemble those presented
in Ref. [26] in that new memory kernels enter in addition to
the one familiar in the equilibrium Zwanzig-Mori equations.

More recently, Fuchs and Cates [17] derived the Zwanzig-
Mori-type equation for F,(z), starting from the Smolu-

PHYSICAL REVIEW E 79, 021203 (2009)

chowski equation for interacting Brownian particles under
stationary shearing. It is not difficult, at least formally, to
adapt their formulation to the Sllod equations, and we briefly
summarize its consequences here.

Because of the equivalence of the particles, the transient
density correlator F(¢) defined in Eq. (74) can be written as

1 S5 i ;
Fy(n)= ]V(Pq(z)(o)*pq(m =(p, € arnieiipy),  (80)

where p{ =¢'9"s denotes the density of a single tagged par-
ticle (labeled s), which is identical to the others. Hereafter,
the absence of the argument ¢ implies that the associated
quantities are evaluated at t=0. By this trick of singling out
a particle, the motion of the collective density fluctuations pg
can be described by one, but time-dependent, p Liouvillean
iL(t) defined via

aﬁte—iq«-rszeict = iﬁs(l‘)e_iq""r~"ei£[. (8 1)

Based on the p Liouvillean i£L for the Sllod equations, the
operator iL(t) can be worked out explicitly,

iL(t)=iL—iq Kk-r,+iq- K- (p/m)t. (82)
Integrating Eq. (81) in time, one obtains
S LTl (7
Fy(0) = (p, et py). (83)

Here e, denotes the time-ordered exponential, where earlier
times appear on the right. This expression also explains why
the formalism developed in Ref. [26], which is based on the
time-independent p Liouvillean, cannot deal with Fy(z).
Equation (83) can be handled by manipulations based on
the static projection operator Py= pg)(1/ Sq)<p;* , and one
can derive the following exact Zwanzig-Mori—type equation

of motion for Fy(¢) in the same manner as detailed in Ref.
[17]:

J 1 d !
—F,(t)——|q-k-—S, |F,(t dsK,(t,s)F =0.
p a0 sq[q K 7 q] q()+J0 sKy(1,5)F(s)

(84a)

Here the memory kernel is given by

[,d7iQ L (70
.

1 g .
Ky(t,1") =- S_<p§ iLy(1)Q,e QL (1")py)
q

(84b)

in which Q,=/7-"P,; with [ denoting the identity operator.
Equations (84a) and (84b) serve as the starting equations for
Brownian particles exhibiting overdamped dynamics, since
in this case the velocity entering into QiL(f)p, is propor-
tional to the force, and hence, K(z,t") essentially describes
the fluctuating-force correlations. Such an incorporation of
the fluctuating-force correlations is essential in developing
self-consistent equations for Fy(z).

On the other hand, we need an additional Zwanzig-Mori—
type equation for K(z,#') in constructing a self-consistent
theory since the time derivative of the (peculiar) momentum
is proportional to the force in the Sllod equations (2). For
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this purpose, one needs to introduce a time-dependent pro-
jection operator onto the subspace spanned by QiL(t)pg.
We found that the resulting equation of motion for K(z,¢') is
too cumbersome to be adopted as our starting equation. (See,
e.g., Ref. [27] for the application of the time-dependent
projection-operator formalism.)

Here we shall take an alternative route. Adopting the
original definition

1 (I
Fo(t) = 1{pq(0pgn(0)) = N([e"’pq]pq(,p (85)

of the transient density correlator, we will first derive an
exact continuity equation which relates Fy(#) to the transient
cross correlator

1 1. By
Hy(t) = (Ga0pgn(0)*) = (e “gleye)  (86)

for N=x,y,z, formed with the current density fluctuations jz
defined by

P,
Jo= 2 et (87)
i m

Here it is necessary to take into account all the A components
of jf; due to the anisotropic nature of the sheared system. We
will then derive a Zwanzig-Mori-type equation of motion for
Ha(t), which can be done via a partial use of the static pro-
jection operator as we will see below.

B. Continuity equation

We start with the time-evolution equation for the number
density fluctuations. Since [see Egs. (13a)—(13d)]

) P
iLpg=(iLy+iLly+iL,)py=iq-jq+q- K- %pq, (88)

one finds the following continuity equation for the sheared
system relating the partial time derivative of py(r)=e'“p, to
N () — Hilt N,
.] q(t)_e .] q

J J

—-q- K- 1) =iq-jq(1). 89

[ar q &q}pq() q-jq() (89)

On the other hand, the density fluctuation at the advected
wave vector p:(t) obeys the equation

d d * . —iq(r)-r;
[at_qlk'r9q}pq<t)‘lq-’(.$(m).rie -

(90)

since the shear-rate tensor satisfies «-x«=0. One can readily
obtain from the above two equations that the transient den-
sity correlator Fq(t)=(pq(t)p:(t))/N and the transient cross
correlator Hfl‘(t)=(ja(t)p:(t))/N is connected via

J J
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C. Exact equation for the transient cross correlator

We next derive an exact equation of motion for the tran-
sient cross correlator Ha(t). We start from

iLjy=(iLo+iLly+iLy)]y

d . :
=iLlojy+q- K- ajz— (k- —ajy.  (92)

One therefore gets for ja(t)= oLt i

d d |, ict . .
[5 -q- K- %}]3(0 =e™iLyjy — [re- jo(0T = ajy(0).

(93)

It is straightforward to obtain from this equation and Eq. (90)

N /N )
for the correlator Hq(t)—Qq(t)pq(l)W N

1 . .
Lo o= i) e o

- aH)(1). (94)

It is already clear at this point that one cannot derive a closed
equation for the “longitudinal” component q-Hg(#) alone due
to the presence of the second term on the right-hand side of
Eq. (94). This reflects the anisotropic nature of the sheared
system. We also notice that the thermostatting multiplier «
can be taken outside of the ensemble average in the last term
of Eq. (94) since we have adopted the constant-a model. If,
for example, the Gaussian isokinetic multiplier a; were used
[see Eq. (3)], then one would have to consider an additional
equation of motion for (1/N)<[ei£’acj3]pz(t)>. Thus, a con-
siderable simplification is achieved via the adoption of the
constant-a model.

D. Projection-operator formalism

In the following, we shall apply a projection-operator for-
malism, but only to the first term on the right-hand side of
Eq. (94). As will be shown below, this can be done via a
static projection operator, and thereby the aforementioned
difficulty connected with Eq. (84b) can be avoided. In this
way, we complete the derivation of the Zwanzig-Mori—type
equation of motion for Ha(t), which together with the conti-
nuity equation (91) provides our starting equations for devel-
oping a nonequilibrium MCT for transient density correla-
tors.

For this purpose, let us introduce the static projection op-
erator P onto the subspace spanned by p, and j§ (u

=x,y,2). Since {pup, )= i NSp Gy, )= S S Nv* with
v=\kgT/m denoting the thermal velocity, and (pk]:,*> =0 (re-

member that the averaging is over the initial canonical dis-
tribution), the projection operator P is given by

1 1
PX =D, (Xp ) —p, + Xy — 95
% < pk>NSkpk % % < ‘]k sz.]k ( )

The complementary projection operator is defined by Q=1
—P. One can easily show that P and Q are idempotent and
Hermitian.
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The time evolution of iﬁoja appearing in the first term on
the right-hand side of Eq. (94) shall then be separated into
parts correlated and uncorrelated with {py,ji'}:

eFiLyjy = e PiLojy + e QiLyjy. (96)
As derived in Appendix A 3, one obtains

2
73l‘c()]q lq}\S Pq> (97)

and hence, the first term on the right-hand side of Eq. (96) is
given by
: \ v? .
e’EZPiEqu = iq)\sfe’&pq. (98)
q
The second term on the right-hand side of Eq. (96) shall
be handled using the identity

t
Lr_ eQiﬁt + J dseiﬁ(l—s)fpicegiﬁs' (99)
0

Applying this to QiLj} and exploiting the relation ¢<*'Q
=¢"Q which holds due to the idempotency of the operator Q,
we obtain

t
eiL[Qi'COjZ;:eiQLQlQi'Csz'Ff dseiﬂ(l—.v)PiﬁeiQﬁQ.tQiﬁojz.
0

(100)
Let us introduce
Ry(1) = €"9C9R;, (101)
with
Y x x v’

Rq = Ql‘c(l]q = l‘c().]q - iQ)\S_Pq’ (102)
where we have used Eq. (97). Since Qp o= Q]q(t) 0, there
holds

A * _ A E N

(Rq(t)p (t)> =0 and (Rq(t)] (t)> =0. (103)

Thus, R} q(1) is always uncorrelated with {py. ji}, and we fol-
low the usual convention to call this phase variable the ran-
dom or fluctuating force.

In terms of the fluctuating force R();(t), the second term in
Eq. (100) can be expressed as

! t
f dseiﬁ(t—s)fPiERa\(s) — f dSE <[i£R()i(s)]pk>_Sezﬁ(t—s)pk
0 0 Kk X

o[ 633 qierone
0 k u

1 .
X Wezﬂ(z—s)jﬁ

N

q(s)

f ds([iLRy(5)]p,
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1
X
NSq(r)

) pys)
+ > f ds([tCR)‘(s)]]q(v)

1

X]We’ﬁ(’ Djh (104)
where the last equality holds since (Rf]‘(s) f*k) is nonzero only
for k=q(s) [see Eq. (54)]. We also noticed that the ensemble
averaged terms are independent of the phase and are unaf-
fected by the propagator. The evaluation of the ensemble
averaged terms in the integrands of Eq. (104) is presented in
Appendix A 4, and the results are given by

GLRY(5) oL ) = k—yT<Rg<s>Q[p;}S)axy]>
-KTW(S)Q[,) K1), (105)
([LRY) 1) == (Ry()RE ) = #@@Qm@mb
- —<R*(s)QDq(S) SK1). (106)

Let us notice that Eq. (106) has been simplified due to the
adoption of the constant-a model for the thermostat [see the
comment below Eq. (A32)]: otherwise, e.g., when the Gauss-
ian isokinetic thermostat is used, one has to add a term

<R2(s)Q[anf; ’;]} to the right-hand side of Eq. (106).
With Egs. 2100)—(102) and (104)—(106), we now obtain

t
eiLlQi,CQ]'Z; =Ra‘([) - 2 j dSle‘"(S)eiL(t—s)jg(S)
w Jo
4 .
+7 f dsiLy(s)e™ "y
0
_ ’yE f der}\,u(s iL( t—Y) IL
t .
+ af dsiNa(S)elﬁ([_S)Pq( )
0

> f dsN”‘“(s)e’aH) - (107)

Here we have introduced the following memory kernels:

M) = (R"(t)Rq(l)) (108)
Q@—W%mmmmmmﬁgm (109)
LM () = N T)2<R“( 0 QLYo (110)
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No(t) =i NkBTS (Ry(1)Qlpy KD, (111)

N M () = (RY(QLjt OKT). (112)

N(k T)2 a0

Substituting Egs. (96), (98), and (107) along with Eq. (103)
into the first term on the right-hand side of Eq. (94), we
finally obtain the following Zwanzig-Mori-type equation for
Ha‘(t):

Fo(t) = [re- Hy()]* - aHy(1)

d d v?
——q-k-— |H\¢
{&t q-K ﬁq] o= lCIA

-2 f dsMyH(s)HE (1 = 5)
u YO0
t
+y f dsiLy(s)F ot = 5)
0
-y f dsL')‘“(s)Hq(v)(t— s)
1
afo dsiNa(s)Fq(S)(t —-s)

—aX f dsNM(s)HE (1= s).

(113)

Here, we have noticed (1/N){[¢'“(~ V)pq@]pqm) Fy)(t=5)
and (1/N)([e£- Uq(s)]p (r)> HY (t=s). One can easily con-
firm that these are con51stent with the definitions (85) and
(86).

The memory kernel Ma"‘(t) describing the fluctuating
force correlations is already familiar from the equilibrium
Zwanzig-Mori equation of motion for the density correlator
[11]. The additional memory kernels Lz(t) and L(’l)“’“(t) are
due to couplings between the fluctuating force and the shear
stress and Na(t) and N‘;)"‘(z‘) are associated with couplings
between the fluctuating force and temperature fluctuations.
In the following section, we introduce mode-coupling ap-
proximations for these memory kernels to obtain a set of
self-consistent equations of motion for the transient density
correlators.

IV. MODE-COUPLING APPROXIMATION

We have encountered five memory kernels in the
Zwanzig-Mori-type exact equations of motion for the tran-
sient correlators. We need to invoke approximations for these
memory kernels in order to obtain closed equations for F(z).
In this section, we apply the mode-coupling approximations
[11] to these memory kernels.

The basic idea behind MCT is that the fluctuation of a
given dynamical variable decays, at intermediate and long
times, predominantly into pairs of hydrodynamic modes as-
sociated with quasiconserved dynamical variables. It is
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therefore reasonable to expect that the decay of the memory
kernels at intermediate and long times is dominated by those
mode correlations which have the longest relaxation times.
The sluggishness of the structural relaxation processes in
glass-forming systems suggests that the slow decay of the
memory kernels is basically due to couplings to pair-density
modes. The simplest way to extract such a slowly decaying
part is to introduce another projection operator P, which
projects any variable onto the subspace spanned by pypp, i.e.,

PX= 2 Xpepy)m o (114)

= N2S s, PxPp-
Here we already used the static version of the factorization
approximation introduced below [see Eq. (120)]. It is readily
verified that P, is idempotent and Hermitian.

The first approximation in the mode-coupling approach
thus corresponds to replacing the propagator ¢/¢“<! govern-
ing the time-evolution of the memory kernels by its projec-
tion on the subspace spanned by the pair-density modes
/9L ~P,!2L2P, Under this approximation, the memory
kernel Ma“‘(t) defined in Eq. (108) is given by

MyH(1) = <[732€ ‘OLAP,RYIRE

q(t

([e’QCQ’PQR)‘:W%R (115)

q(t)
The expression for the projected random force Psz is de-
rived in Appendix A 5 within the convolution approximation
for triple correlations

(PaPyPy) = By kspNS SIS, (116)
and is given by
7’2"’3 = E Sqxplhnc + Prcplokpp.  (117)
k>p
Here ¢, is the direct correlation function defined via
1 : (118)
c,=1-—.
pCy S

q
Substituting Eq. (117) into Eq. (115), we obtain

EE

k>P k'>p’

M}\'u(t) = k+p q(t) k'+p’ [k)\ck + PGy ]

X [kycwr +pyey K pupylo e ). (119)
The final approximation in the mode-coupling approach is to
factorize averages of products, evolving in time with the
propagator ¢/2£<", into products of averages formed with the
variables evolving with e’“’ (factorization approximation):

<[eiQLQt iLt iLt

pkpp]p:,p:,>~<[e pilpy, Xle pp]p:)
= S’ ()9,

p’,p(t)Nsz(t)Fp(t) .
(120)

Here the translational invariance of the sheared system is
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taken into account [see Eq. (54)]. Applying this approxima-
tion to Eq. (119), we obtain

pv’
2027)3

X [k/_L(t)Ck(t) + pﬂ(t)cp(t)]Fk(t)Fp(t) P

Maﬂ(f) = f dk[kyci+ prc,]

(121)

where the wave vector p in this and the following expres-
sions for the memory kernels abbreviates p=q-k, and
should not be confused with the momentum variable.

In the absence of shear, the MCT expression (121) re-
duces to the one familiar from the equilibrium MCT [11]
describing nonlinear interactions of density fluctuations,
called the cage effect, relevant for structural slowing down.
The matrix structure as well as the wave-vector dependence
in MM(¢) can be simplified, i.e., it can be decomposed into
longitudinal and transversal components which depend on
the modulus g=|q| only, and this is possible because of the
isotropic nature of the quiescent equilibrium system. In the
presence of shear, on the other hand, the “dephasing” of the
vertex function in Eq. (121) occurs, which reduces the non-
linear interactions, and hence, enhances the structural relax-
ation. In addition, the structure of Ma“(t) cannot be simpli-
fied in a mentioned way due to the wave-vector dependence
of the vertex function and of the transient density correlators,
which are associated with the anisotropic nature of the
sheared system.

The memory kernel La(t) defined in Eq. (109) can be
handled in a similar manner under the mode-coupling ap-
proximation, and its detailed derivation is presented in Ap-
pendix A 6 with the result

v2
22m)3

k& (£) Sk L)
x{—L‘ ) 2ko | P A1) ()ﬁ]Fk(z)Fp(z).
k() Siwy  p@) Sy

L?,(t) =- J dk[kyc + prc,]

(122)

Here S;E&Sq/&q. It is anticipated that this memory kernel
becomes relevant only if significant anisotropy is developed
in the density fluctuations. This is because the shear stress
o,, entering into its defining equation (109), which is re-
flected in the quantities in the second square brackets in Eq.
(122), is intrinsically an anisotropic quantity. For example,
one finds from Eq. (122) that L3(0)=0 reflecting the isotropy
of the initial equilibrium state.

The other memory kernels defined in Eqs. (110)—(112) are
found to vanish under the mode-coupling approximation as
demonstrated in Appendixes A 7 and A 8:

LM(1) =0. (123)

Ny =0, NM(1)=0. (124)
Thus, only the memory kernels Mz"(t) and La(t) survive
under the mode-coupling approximation formulated with the
projection operator P,.
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V. STEADY-STATE PROPERTIES

In this section, we provide the TTCF expressions for the
steady-state properties (see Sec. II G) under the mode-
coupling approximation. This enables one to obtain the
stationary-state properties based on the knowledge of the
transient density correlators F(7).

A. Remarks on TTCF expressions

Let us first notice that the transient time-correlation func-
tions appearing in the TTCF expressions in Sec. II G can be
abbreviated as

Gx(1) = ([¢“X]o,), Hx(r) = (["“X]6K). (125)

For example, the TTCF formed with o, (0) in Eq. (67) is
given by ([¢**o,]o,), and the one in Eq. (73) by
(oo o

As discussed in Appendix A 9, the functions Gy(f) and
Hy(t) evolve in time within the subspace orthogonal to
{p1-Ji1, i.e., there hold

Gx(t) = (['9°?'QX]Qa,), (126a)

Hy(1) = {[/2“Y' OX]Q5K), (126b)

in terms of the projection operator Q complementary to P
defined in Eq. (95). This feature is exactly the one sheared
with the memory kernels [see Egs. (101), (103), and (108)—
(112)]. Thus, no additional approximation than those intro-
duced in Sec. IV is necessary to deal with Gy(¢) and Hy(z).
The only difference here is that, since both o, and K are
“zero wave-vector’” quantities, the second projection operator
P, given in Eq. (114) has to be replaced by P9 defined via

1 ;
PIX = 2 (Xpkpy)— 3 PkPy - (127)
N2

k>0

We thus obtain under the first mode-coupling approximation,
in which the propagator ¢’9“9" is approximated by the pro-

jected one PYe! 2P,

Gy(1) = [ 2“2PIOXTPS o). (128a)

Hy(1) = ([¢"9“9"P3QXTP)5K). (128b)

Here we have noticed Qo,,=0,, and Q6K=0K [see Eq.
(A73)].
The evaluation of Pgo'xy is presented in Appendix A 10

with the result

y

kT < kkyS;
Phoy === == oy

(129)

In view of Eq. (23), one easily understands that <5kap;:>
=0, and hence,

P)SK = 0. (130)

Thus, under the mode-coupling approximation, only those
contributions abbreviated as Gy(r) survive in the TTCF ex-
pressions for the steady-state properties.
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B. Steady-state shear stress

With the results in the previous subsection, the TTCF ex-
pression (67) for the steady-state shear stress under the
mode-coupling approximation is given by

iQL
Ogs = kBTVf ds{[¢'C QéPOO'Xy]P o) (131)
Substituting Eq. (129) into this expression yields
kgTy kk, S|k k! Spr
Oss= B_2 2 2 - k_,‘v‘ 2
VN S0 kS K S
X <[e’Q‘QSpkp];]pkrpk,>- (132)

Applying the factorization approximation (120), one gets

<[eiQ£Qs ils *

]Pk'>
(133)

o dewon,,) = (e il X(e
= S k(N Fil9)?,

where in the final equality we have noticed that Fy(s) is a
real function of time [see Eq. (65)]. This leads to the follow-
ing MCT expression for the steady-state shear stress ogg in
terms of the transient density correlators

kT Kok ki (5) SiSi
Oss = By3f f Kk (s) ];k Fi(s)*.
2(27) kk(s)  SiSis)

(134)

The steady-state kinetic temperature 7gg can then be ob-
tained via Eq. (70).

C. Steady-state density fluctuations

With the remarks in Sec. V A, the TTCF expression (73)
for the steady-state density correlator F’ 2S(t) under the mode-
coupling approximation is given by

R0 =Fyln) - ﬁ;fcmwﬂ%q%mpgw%m

(135)
Here we do not apply P} to Q{pq(t) Py } since it already has
the form of the density product Let us notice that, since

pr=0=0 [see Eq. (71)] and j§_,=(1/m)Z;p¥=0 [see the com-
ment below Eg. (2b)], it follows from Eq. (59) that

<pq(t q(t)pk> 5k0<Pq(f)P )pk 0> 0 and <Pq(f)P t}lk>

—5k0(pq(t)p ) 0. One therefore obtains P{pq(t)pq(t)}
=0 [see Eq. (95)] and hence, Q{pq(t)pq<t)} pq(t)pq(l) Thus,
we have for the integrand of Eq. (135)
([ Q{p, (p JPhory)
kT kb S oros
N go k S <[€ Pq( )Pq(t)]PkPk>
(136)

where we have used Eq. (129). Here we apply the factoriza-
tion approximation [see Eq. (120)]
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([ py(Dpy oy = (e Py lp e py v

= 5k,q(r+s)N2Fq(t + S) q(z)(s)’
(137)

where in the final equality we have noticed that Fy,(s) is a
real function of time [see Eq. (65)]. This yields the following
MCT expression for the steady-state density correlator F’ (S]S(t)
in terms of the transient density correlators:

. 9:9,(1+5)S (t+v)
Fzs([) = Fq(l) + ’yf ds——Fr———— 2 (l+ S)Fq(r)(S).
0 q(t+s) Sq(tﬂ)

(138)

As a corollary, we obtain for the steady-state structure factor
Se=F33(1=0)

N s
S(sls:Sq_'_ f ds qqu( ) q() q(S)z-

PERCH (139)

Let us see the connection between ogg and Ss}s under the
mode-coupling approximation. By comparing Egs. (134) and

(139), one finds

kgT kiky Sk s

75= 00m)? P SkSk ’ (140)
where we have noticed that the isotropic term in SSs does not
contribute to the integral. Thus, ogg and Sfls are handled on
an equal footing naturally under the mode-coupling approxi-
mation. Compared to Eq. (77), the kinetic part is missing
here since only the interaction part is dealt with under the
mode-coupling approach. In addition, since S,'C/S,%:pc,i [see
Eq. (118)], the bare potential in Eq. (77) is replaced by the
“renormalized” [10] direct correlation function in Eq. (140).
Finally, we notice that Eq. (140) can directly be derived from
Eq. (129) by approximating o-ssz—(chrxy)ss/V and using
the definition S3°=(1/N){pkp, )ss

VI. SUMMARY AND DISCUSSION

In this paper, we developed a nonequilibrium MCT for
uniformly sheared systems starting from microscopic, ther-
mostatted Sllod equations of motion. Our theory aims at de-
scribing stationary-state properties including rheological
ones, and this is accomplished via two steps. First, a set of
self-consistent equations of motion is formulated for the
transient density correlators Fg(7) based on the projection-
operator formalism and on the mode-coupling approach,
which enables the calculation of Fq(t) provided the static
structure factor S, of the initial equilibrium state is given as
input. The transient time-correlation function formalism is
then used which, combined with the mode-coupling approxi-
mation, expresses stationary-state properties in terms of

Fy(t). Thereby, steady-state quantities such as the shear
stress ogg, temperature Tgg, density correlators Fss(t) and
the structure factor Sfls can all be calculated in terms of §,.
We also addressed how the steady-state temperature Tgg can
be controlled using the constant-a model for the thermostat:
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this can be done via a self-consistent treatment of the ther-
mostatting multiplier & based on Eq. (70). Our theory is able
to treat ogg and SSS on an equal footing, which is missing in
the steady-state- ﬂuctuatlons approach of Refs. [14,15]. In ad-
dition, we need not assume the validity of the fluctuation-
dissipation theorem in sheared states, which was necessary in
Ref. [14].

The transient density correlators Fy(z) thus play a distin-
guished role in our approach. Let us collect here all the rel-
evant MCT equations for Fy(t) derived in Secs. Il and IV to
highlight new features of our theory compared to the equi-
librium MCT [11] and to the nonequilibrium MCT developed
by Fuchs and Cates (FC) for sheared Brownian systems
[16,17]. The exact Zwanzig-Mori-type equations consist of
the continuity equation

{ﬁ-q-,« i]Fq(z)=iq.Hq(t), (141a)

ot aq

and the time-evolution equation for the transient density-
current cross correlator H()i(t)

[ﬁ i]m()—' ()= e (0 - a0
at—q-lc-aq qt—lq)\s ql) — LK Hy(z —aqt

—EJ dsM}‘“(sH(Y)(t s)

ftdSlL ($)Fy(t=s). (141b)

In this equation, we already omitted those memory kernels
which vanish under the mode-coupling approximation (see
Sec. IV). The MCT expressions for the memory kernels
Ma"(t) and Lz(t) are given by

2
2(2 N
X[k (O + P (D, ]F(OF (1), (142a)

M)"‘(t) = f dk[kycy + pyc,]

2
)\( )=- 2027 fdk[kxck"'P)\Cp]
k(1) Sky  papy(8) Spio
X{ k() Sy p() Sp(t)‘|Fk(t)Fp(t).

(142b)

Here p=q-k. Compared to the equilibrium MCT [11], new
features entering here are (i) the replacement of d/dt by
[9/dt—q- k- (d/dq)], (ii) the presence of the second (shear)
and the third (thermostat) terms on the right-hand side of Eq.
(141b), (iii) the matrix structure of the memory Kkernel
Ma“(t) describing the fluctuating-force correlations which
cannot be decomposed into the longitudinal and transversal
parts, and (iv) the presence of the additional memory kernel
L>‘(t) Furthermore, when compared with the FC theory
[16 17], we see in addition to those rather trivial differences
reflecting the Newtonian and Brownian short-time micro-
scopic dynamics (v) the memory kernel in the FC theory
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describing the fluctuating-force correlations, to be denoted as
MFC(t t'), has a different mathematical structure in that it
depends on two times ¢ and ¢’ after the shearm% force is
turned on, while only one time enters into our M “(t) and
(vi) the memory kernel corresponding to Lf]‘(t) is absent also
in the FC theory.

The first and second features just mentioned arise from
the shear part (i£;) and the thermostat part (i£,) in the p
Liouvillean for the Sllod equations [see Egs. (13a)—(13d)],
which are absent in the p Liouvillean for quiescent systems.
The third feature reflects the anisotropic nature of the
sheared system: in the presence of shear, the longitudinal and
transversal current density fluctuations cannot be separately
handled as in isotropic systems since their cross correlators
do not vanish. In this connection, we notice that the second
term on the right-hand side of Eq. (141b), which cannot be
expressed in terms of the N component Ha(t) alone, also
reflects the anisotropy of the sheared system. Therefore,
without introducing any further approximation (see below),
Egs. (141a) and (141b) cannot be combined to yield a single
second-order integrodifferential equation for Fy(z) as in the
equilibrium MCT [11]. The fourth feature originates from the
non-Hermitian nature of the p Liouvillean describing non-
equilibrium dynamics [see Eq. (38)], i.e., the presence of the
additional memory kernel La(t) is expected on general
grounds.

The fifth feature, when compared with the FC theory, is
due to different strategies employed in deriving the Zwanzig-
Mori-type equations for F (t) the two-time structure in
M EC(I t") is an exact consequence of the Zwanzig-Mori-type
equations (84a) and (84b) for Fy(#) upon which the FC
theory is based (see Ref. [17]), while the one-time structure
in our Ma‘“(t) follows from another exact equation (94) to
which the projection-operator formalism is applied (see Sec.
III D). One therefore cannot judge which of the memory ker-
nels is superior at the formal level: we can only state that
ours has a simpler mathematical structure. Furthermore, both
the memory Kkernels M();"(t) and Mﬁc(t,t’) under the mode-
coupling approximation describe essentially the same phys-
ics concerning the competition between the cage effect and
the shear advection of density fluctuations (see also below).

Thus, the sixth feature mentioned above, i.e., the presence
or absence of the memory kernel La(t) is the major differ-
ence between our and the FC theory. It is unlikely that this
difference originates from the different microscopic
dynamics—Newtonian or Brownian—adopted in these theo-
ries since, as we stated above, the presence of such a
memory kernel is expected on general grounds.

It is anticipated that the memory kernel La(t) becomes
relevant only if significant anisotropy is developed in the
density fluctuations. This is because the shear stress o,, en-
tering into the defining equation (109) of Lz(t) is intrinsically
an anisotropic quantity. We indeed confirmed from our pre-
liminary numerical calculations based on the MCT expres-
sion (142b) that the contribution from La‘(t) is quite small
under the isotropic approximation for the density fluctuations
to be discussed below. It will be interesting to pursue in what
circumstances this additional memory kernel becomes im-
portant whose presence is naturally expected for nonequilib-
rium sheared systems.
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To further facilitate the comparison of our theory with the
equilibrium MCT and with the FC theory, the MCT equa-
tions (141a), (141b), and (142) shall be simplified using the
isotropic approximation introduced in Appendix B 1. Such a
simplifying approximation is also useful in practical applica-
tions of our theory to systems where anisotropy in the den-
sity fluctuations is small.

The MCT equations (B13), (B19), and (B23) derived in
Appendix B 1 under the isotropic approximation shall be
rewritten in the following form for the normalized transient
density correlators ¢,(t)=F,(t)/S,:

b, (1) + Qb (1) + adp (1) + O J dsmiy*(s) 5 (1 = )
0

t
+ 90 fo dsIy°(s) i)t =) =0 (143)

Here all the functions depend on the wave-vector modulus
only; the dot denotes the partial time derivative; 02
=q%v?/ S, the square of the characteristic frequency relevant
for the short-time dynamics; and g(s) =g[1+(3s)?/3]"? the
modulus of the advected wave vector under the isotropic
approximation. The memory kernels, from which Q; is fac-
tored out following the convention in the equilibrium MCT
[11], are given by

m(t) = J ARV (1) (D) b, (1), (144a)
[5°(r) = f ARV (D D), (1), (144b)
with the time-dependent vertex functions
pS,SiS
V(0 = =520 q ke, +q - pe,]
2(2m)°q
X[q - kg +q - pesl, (144c¢)
) SSiS,
V()= ——2 “Lolq ke +q-pe,]
P 31+ (90213 2(27T)3 2 ¢ g
S8
AU 20} (144d)

Sk Sp

The resemblance of these equations to those in the equilib-
rium MCT [11] is apparent: the major differences are the
dephasing in the vertex function V%,(t) for milso(t), which
enhances the relaxation of the density fluctuations, and the
presence of the additional memory kernel l;‘“’(t).

Now, let us “derive” the MCT equations for sheared
Brownian systems, starting from Eq. (143) with the proce-
dure adopted in Ref. [28] for converting the microscopic
dynamics from Newtonian to Brownian. Assuming that the
“friction” constant « is large, the inertia term in Eq. (143)
shall be neglected. As a result, the generalized oscillator
equation (143) is specialized to generalized relaxator equa-
tion
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by(0) + T b, (1) + qu dsmiy®(s) by(s)(t = 5)
0

t
+ j/quO dsli;"(s) b5 (t=5)=0, (145)

where we have defined FqE 02/ a. This equation, combined
with Egs. (144a) and (144c) and neglecting Z;SO(I) which is
found to be small from our preliminary calculations, is for-
mally identical to the corresponding equation in the FC
theory. [See Egs. (4)—(6) of the second article cited in Ref.

[16]. There is a minor difference that (bq(s)(t—s) at the ad-
vected wave number g(s) enters into the third term in Eq.

(145), while éq(t—s) at the wave number ¢ appears in the
corresponding FC equation. Again, this reflects the differ-
ence of the starting Zwanzig-Mori—type equations.] In this
sense, our and the FC theory are equivalent. But, it should be
remembered that this holds only under the isotropic approxi-
mation: when anisotropy in the density fluctuations is signifi-
cant, one has to go back to Egs. (141a), (141b), and (142),
and the presence or absence of the memory kernel Lq(t) may
have significant consequences.

Finally, we notice that our exact formulation in Secs. II
and III based on the Liouville equation can find wider appli-
cations for nonequilibrium sheared systems than the one pre-
sented in this work. For example, it has been recognized that
long-range spatial correlations emerge in sheared systems via
anisotropic couplings between density and current-density
fluctuations [29,30]. So far, most of the studies on long-range
correlations have been based on a naive extension of fluctu-
ating hydrodynamics to nonequilibrium states, and we expect
that our formulation in Secs. II and III, into which aniso-
tropic couplings between density and current-density fluctua-
tions naturally enter, provides a microscopic foundation also
for the research in this direction.
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APPENDIX A: MISCELLANEOUS MATERIALS
AND DETAILS OF SOME DERIVATIONS

This appendix is devoted to a summary of miscellaneous
materials which are necessary in the main text, and to vari-
ous technical manipulations in the derivations of some equa-
tions. In these derivations, we repeatedly use the relation

((iLoA)B*) = = (A(iLoB)*), (A1)

which holds for the unperturbed or quiescent p Liouvillean
iLy given in Eq. (13b), and

(AFM = A& =— kT Ll
i a ] TP \ar )

where F}=—dU/dr} denotes the N component of the conser-
vative force acting on the ith particle. These relations, well

(A2)
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known from equilibrium statistical mechanics [10], hold here
since the averaging {---) in this paper is defined with the
canonical distribution function [see Eq. (27)]. Also, terms
involving odd number of momentum variables vanish under
such canonical averaging.

1. Microscopic expression for stress tensor

Here we summarize the microscopic expression for the
stress tensor. For simplicity, we deal with quiescent equilib-
rium system for which the p Liouvillean is given by il
=iL, [see Eq. (13b)]. In handling sheared systems, momenta
appearing in the following expressions should be understood
as peculiar or Sllod momenta [19].

The wave-vector-dependent stress tensor o“(\l“ is intro-
duced via the continuity equation for the current density fluc-
tuation ]q Sdp}/mexp(iq-r;)

i
iLajy =2 TEayr,
"

(A3)
and is given by [10]

N
Tiilij .
oyt =2 | piptim - > ~LHLP,(ry) {expliq - 1,).

i 2j¢i Tij
(A4)
—exp(—-iq-r
Py(r) = W(ﬁw, (45)

iq-r

in which u(r) denotes the pair-interaction potential; the total

interaction potential of the system is thus given by U

=(1/2)2;2;4u(r;). Obviously, o)"‘ is a symmetric tensor.
The “stress tensor” referred to in the main text is the

zero-wave-vector limit of 0“\":

W= 0= pp,/m——EJ—“u'(r)

(A6)
i 219&1 Tij

o\

Exploiting the isotropy of the quiescent equilibrium system,
one can show that [10]

(=0 (N # ).

The equivalence of expression (A6) and Eq. (20) in the
main text can be demonstrated as follows. Since F;
=2X,,F;;, where F;; denotes the force acting on the ith par-
ticle from the jth particle and F;;=-F;; due to Newton’s third
law, there holds

EriFi— 2 EFU"‘E EF = EErUFiJ"

1
i j# joi# 277 i

(A7)

(A8)

Expressing the force F;; in terms of the pair-interaction po-
tential as

F=- ;u(rij) == _l
i ij

M'(Vij), (A9)

one obtains
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EVKF#_—_EE_U_Z‘LM,(}”U

i jFi rij

(A10)
indicating the equivalence of Egs. (A6) and (20).

2. Propagators under the global translation

Here we discuss how the f and p propagators transform
under the global translation I' = T"" defined by Eq. (40). The
p Liouvillean corresponding to the Sllod equations is given
by [see Egs. (13a)-(13d)]

2
p;
(A11)

d
iL(l) =2, (p/m+ s =+ (= s py—ap) -~

and it transforms under I' —=I"" to

iL(I")=il(T)+a- &k’ P with P =, &ri, (A12)
since p; and F;=2;, F;; (where F,; denotes the force acting
on the ith particle by the jth pamcle and is a function of r;;
only) are not affected by I' = T"". Here &’ denotes the trans—
pose of k.

Let us notice that, when P(I') acts on a phase variable
X(I") that depends on momenta {p,} and particle separations
{r;;} only, there holds PX(I")=0. Therefore, the only term in
iL(T") that does not commute with P is the second term in
Eq. (All1), for which we have

PVE {(K'ri)'ari]

i

DI

+ 2 [(K.ri).ﬁ}pv. (A13)

We therefore obtain

PiL(T)—il(T)P E [P, (k1)

i
dr;

Jd d
S LS ) [
,E, lﬁr}’(% al )] é’r;‘

d
_;% K)\Vﬂr)\,

i

(A14)

and hence, there holds
(a-x"-P)iL(T)-il(T)(a- & -P)
=2 ayky [P, iL(T) —iL(T)P,]
N

J
= 2 ai\KmE E v 30 = E ay(k- K)\n\Py =0,
)\,,u i )\’

(?ri )\7)\’
(A15)

since the shear-rate tensor satisfies r- k=0. Thus, i£(I") and
a-«’-P commute. This means that f Liouvillean i£(I") and
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a-k’-P also commute since the difference between f and p
Liouvilleans for the Sllod equations with the constant-«
model for the thermostat is simply a constant [see Egs. (6)
and (10)].

Using the Campbell-Baker-Hausdorff theorem which
states that e”*B=¢“eB for commuting operators A and B,
one obtains from Egs. (A12) and (A15)

oL _ iL(D)+as P _ Lil(D)t i’ Pt (A16)
Similarly, there holds for the f propagator
oI _ =il (D)t - Pt (A17)

3. Derivation of Eq. (97)

Here we derive an expression for ’Piﬁajz. To this end, one
needs to evaluate the ensemble averages <[i£0ji‘l]p:) and
([iﬁdg]jf) [see Eq. (95)]. Using Eq. (A1) and the relation
iLopq=iq-jg, the former is given by

([iLojg)py) == SqxligliLopql®) = 84 xlglia - J))
= O xiqyNV”. (A18)
For the latter, we use Eq. (A3) to obtain
T [y, Ny
[Loiylit™) = 5(.@ Koy =0, (A19)

since only odd number of momentum variables are involved.
It thus follows from these results and Eq. (95)

2

1 v
7DZ‘COJq E <[l‘c(]]q]pk> =N

. (A20
Ns.” 5P (A20)

4. Derivation of Eqs. (105) and (106)

Using Eq. (38), the ensemble averages in the integrands
of Eq. (104) are given by

([LRY)Ipy ) = = (Ry()[iLpy (o]~ <R”(s)pq(s) Tyy)

- —<R”(s)p K), (A21)

q(s)

LRy V) == (RYOTL 1) = <R*(s>1 )

q(v) q(v

2a
- leT<R (5)j) OK). (A22)

Since QRZ;(S)=R3(S) [see Egs. (101) and (102)] and the op-
erator Q is idempotent and Hermitian, the above equations
can be written as
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([iLRY(5)]py ) = = (Ry()[ QiLpg(]*)
- —<R”(S)Q[pq(y) o))
- kB—T<RA(s)Q[p JOKD),  (A23)
[LRY() ) = = Ry QiL ) I
- RO )
leT<R)\( ) QL 0KD.  (A24)
In the following, we will show that
(RY(S)[QiLpg(s)]*) =0, (A25)
(Ry()[QILj)1*) = (RG(SIR). (A26)

Substituting these results into Eqs. (A23) and (A24) yields
Egs. (105) and (106), respectively.
To derive Eq. (A25), we first notice from Eq. (88)

lﬁpq(v) = lq(S) . jq(s) + 2 l[q(s) CK- rj]eiq(s)q-j
J

. . 1%
=iq(s) “jqs) + 4 K- " Pqs)» (A27)
aq
since k-k=0. We therefore obtain, since ng(s)zo,
Ry QL o= Ryo)| @ e <
q Pqs17) =\ 1g\8)1 q aqp‘I(S) .
(A28)

On the other hand, it follows by taking a partial time deriva-
tive of the first relation in Eq. (103) that

Lt

Jmonli) oz

= ([QILRy()]py )+ Ry(s) {q ke %P:w]
(A29)

where in the final equality we have used Eq. (90) for the
second term. The first term in this expression is zero since Q
is Hermitian and sz(s)zO. We thus obtain

(oo ]

Equation (A25) then follows from Egs. (A28) and (A30).
We next derive Eq. (A26). To this end, we notice from Eq.
(92) that, since k- =0,

(A30)
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N » o
iLjq)=iLofge) +q - K- g’ ™ [#- Jqio) ) = jg)-
(A31)

We therefore obtain, since Q ja(s):O,
(R () QLiLjt 1"y = (RY() QLi Lk %)

<R}\(S)[q K- i.]q(é)j|>

Notice that the thermostat term ajj,) does not contribute
here since we have adopted the constant-« model. If, e.g., the
Gaussian isokinetic thermostat is used, the contribution
(Ry (s)Q[aG]“ 1) cannot be discarded.

The VanlsTnng of the second term in Eq. (A32) can be
demonstrated as follows. Using the equation

(A32)

a d

e
0sJ‘1(S anre

et (A33)

a partial time derivative of the second relation in Eq. (103) is
given by

= _<R)\(S)]q(§)>

{amonle)-folzc)

= ([ QILRy(5)]i (x)>+<R*(s){q K- iq] )]
(A34)

The first term is zero since Q j::z ,=0, and this leads to

<R>\(s)[q K- iq]q(x)}> 0.

One therefore obtains from Egs. (A32) and (A35)
(Ry() QLiL ) I*) = (Ry(5) QliLyjy) 1) = (RG(IRL ),

q(s
(A36)

(A35)

where in the final equality we have used Eq. (102) for the
definition of the fluctuating force. This completes the deriva-
tion of Eq. (A26).

5. Derivation of Eq. (117)

Here we calculate the projected random force PzRa:

PoR} = E <qukp ) e PrPy- (A37)

NZS S,

To this end, we need to evaluate [see Eq. (102)]

2
¢ . v ¢
(Rypyp,) = <[l£ui3]pkp:>—lqAS—<pqp:pp>. (A38)
q

Using Eq. (A1) and the relation iLyp,=iq-jg. the first term is
given by

PHYSICAL REVIEW E 79, 021203 (2009)

(iLojqlopy) = = GaliLopid*py) = GapyliLoppl®)
= (g(ik -3 )py) + Ggp (P - 31)

= q,k+plNU [k)\Sp +p)\Sk:|' (A39)

For the second term in Eq. (A38), we use the convolution
approximation (116):

lfh (PquP ) = Sy xapiNU S, (A40)
One thus obtains from Egs. (A38)—(A40)
(Rypyp,) == SqupiNpU S S,lknci + prcy], (A4
in terms of the direct correlation function [see Eq. (118)].
Substituting this result into Eq. (A37) finally yields
Pth)i: e 2 k+p[k)\ck+P>\Cp]Pka- (A42)

N k>p

6. Derivation of Eq. (122)

Here we derive the MCT expression for the memory ker-
nel L)‘(t) defined in Eq. (109). Under the first mode-coupling
appr0x1mat10n 'L ~P,el%LoP, (see Sec. IV), one ob-
tains

L) =i ([ 2F O PyRP, QL pls 7))

NkBTS "
(A43)

Since PzRa‘ is already given in Eq. (A42), we only need to
consider

7D2Q2|:I)(](z‘)o-)q':| = 2 <{Q[pq(t)o'xy]}pkp >

PxPp-
Kop N2S S, P

(A44)

Let us start from Q[ pg (0], for which we need to know

the averages ([pq(,)oxy]pb and <[pq(t)0.xy]j]/:*> [see Eq. (95)].
The latter is zero, ([pq(t)oxy]j]‘: *)=0, since this term involves
odd number of momentum variables only. For the former,
one obtains using Eq. (20)

([Pg(1721P) = BucqoPa(TasPy )

au .
=- 6.(,q<t><2 x@e’q@'“ﬂ”>, (A45)

il J

since the kinetic-part contribution from o, vanishes. Here
we have expressed Fj in terms of the total interaction poten-
tial, F;=—-dU/dy;. Applying Eq. (A2) to this equation yields
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<[Pq(z)0'xy]P:> =- 51( (t)kBT<2 _x ge iq(1)- r,-—rl)>

ij,l J

- a(,q<t>kBTqy<z><E i x,>e"q<f>'<*f-*l>>
il

q(t)
9q.(t)

=~ Ok q(yNkgTq,(1)

(A46)

9:9,(1) _,
== bk qyNkT g Sty

since q,(1)=q, [see Eq. (56)] and S,/ dq,=(q,/q)S,,- We
therefore obtain from Eq. (95)

1 9:9,(t) P90
Plogool = 2 (PaTolpp) <o pu=—ksT——~p
q(1)%xy - q()YxylPy NS, B q Sq(t) q(1)
(A47)
and hence
2.:9,(t) Sq
Q[pq(t)o-xy] = Pq(1)Oxy + kBT_L_pq(t)- (A48)
q S
Now let us calculate
([ QpgIoepy) = [Py lopy)
qx4 (t) (1)
+kpT=—— Sq (PaPrPy)-
q(1)
(A49)

Using Eq. (20), the first term is given by

([Pq(z)(fx;]PkP ) == Oq(t) k+p

X < E e“l(f)'l‘,'
i

J

ou . .
X _2 e—tkr,E e Py
Jo"yj 1 m >

== Oq( kpksT

J . . )
X< E xj_(ezq(t)~rl-e—zk-r,e—zp~rm)>’
ijdm 0y

(A50)
where we have employed Eq. (A2) in the second equality.
The calculation of this term can be continued in the same
manner as in Eq. (A46) with the result

1% 1% v o

(Lpg()T ]PkP ) == g, k+pkBT<k kx+P>:a>(Pq(z)Pka>~

(A51)
Substituting this into Eq. (A49) yields

([P T 10ycP) = = Sq(o ok T
9 P X UL T
y(?k y(?px q Sq(t)
X{pq(PyPy)- (A52)
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This expression can further be simplified under the convolu-
tion approximation (116)

(PaoPiPy) = Byt kspNSqnSiSp- (A53)
Let us notice that, when q(z)=k+p, there holds
k.
ok, [ 0SKSp 1= ) q(,)SkS + kSq(,)SkS (A54)
Similarly, we have
(9 !
a[Sq(,)SkSp] = ( )Sq(t)SkS + » q(t)SkS (ASS)
It then follows from Egs. (A52)—-(A55) that
(g0 }]PkP ) == Oq() x+pVKBTS 4(1ySiS),
kk,S; s!
x{ 2k PPy2p b (a6
kS pS,
and substituting this into Eq. (A44) yields
P2QlPq()Twy] =~ 02 Sqkep
k>p
kk, S, S’
w{ B2k PabySOp PPy (AST)
k Sk P Sp

Substituting Eqs. (A42) and (A57) into Eq. (A43) and
then using the factorization approximation (120), we finally
obtain with p=q-k

2

1%
202m)?

LZ;(t) == J dk[kyci+ prey]

keky(0) Sy papy(0) Spio
[ k(1) Sk(t)+ p() Sy F(0)Fy(0).

(A58)

7. Derivation of Eq. (123)

Here we show that the memory kernel L’)‘“(t) defined in
Eq. (110) vanishes under the mode- couphng approximation
formulated with P,. We start from

L) = s (PR TP QL )
(A59)
under the first mode-coupling approximation e'@f<

~P,e'9L9P, (see Sec. IV). In the following, we demon-
strate ({Q[j4,) xy]}pkp )=0, ie., P,QLj4,0x]=0, which
completes the derlvatlon of L’)"‘(t) =0.

Let us start from Q[jq(,) , for which we need to know
the averages ([ja‘(t) ]pk> and (Dq(t) ]]V*) [see Eq. (95)].
The former is zero, ([]q@ ]pk> 0, since thls term involves
odd number of momentum variables only. Using Eq. (20),
the latter reads
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. S . Uk
Uaoolix ) = dawlan oy
7
Pi iq(t)-r;
= _e 13
5l«,q<z><§i: o
Xy v
XE (B./_p.L _xj_ﬂ])z &e—iq(t)n .
(A60)

In this equation, the kinetic-part contribution survives only
when (i) i=j=I, u=x, v=y, and (ii) i=j=I, u=y, v=x, and
the potential-term contribution survives only when i=[, u
=v. This leads to

(WY 1IV*> = O, (t)va4(5 Oy +
[OREA q wx Ovy

since the potential-term contribution vanishes after applying
Eq. (A2). We therefore obtain from Eq. (95)

Suy0u), (A1)

. . v L,
Plibnoal= 2 2 Unowliy ) N2k
k v

= m0*[Suafy(r + Susfacn] (A62)

and hence

QT = i Ty = MO8y + Spupig]- (A63)

Since the right-hand side of this equation involves odd num-
ber of momentum variables only, there holds

QLo liogp,) = 0. (A64)

8. Derivation of Eq. (124)

Here we show that the memory kernels Nz(t) and N('l)‘”(t)
defined in Egs. (111) and (112) vanish under the mode-
coupling approximation formulated with P,. We start from
the following expressions under the approximation e'@<

~P,e! LoD, (see Sec. IV):

Na(n) =~ im<[e@‘9’7>2kz]7>zg[p;(,) K1),
(A65)
N =~ 2m IQLAD RMP. O i** 8K
W) = N(kBT)2<[e R IP2 QL KD
(A66)

In the following, we demonstrate ({Q[pq;) 5K]}p:p*>=0 and
({ QL% K ypp’)=0. This means P>Qlpg3K]=0 and
PZQ[ja‘(,) S8K]=0, and hence, completes the derivation of
Ny(1)=0 and NM(1)=0.

Let us start from Q[ py()JK], for which we need to know
the averages ([pq(,>5K]p;) and ([ pg() 0K 'f*) [see Eq. (95)].
In view of Eq. (23), one easily obtains

([pqOK1p) =0, ([pgnKjg ) =0.
Thus, P[py()0K]=0, and hence,

(A67)
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Qlpg() K] = py() oK. (A68)
Likewise, one obtains
Qlign oK1 =jg» K. (A69)

It is then obvious that

({QLpq Kooy =0, ({QLjk) K }pypy) =0.
(A70)

9. Derivation of Eqs. (126)

Here we show that the functions Gy(r) and Hy(z) defined
in Eq. (125) evolve in time within the subspace orthogonal to
{px.J}, 1.e., there hold

Gx(1) = ([e"X]o,,) = (9“9 0X]Q0,,),  (AT1)

Hy(1) = ([¢™'X]6K) = (["¢“Y'QX]QK),  (AT2)

in terms of the projection operator Q complementary to P
defined in Eq. (95). Before embarking on the derivation, let
us notice

and Q6K=K. (A73)

Qoyy =0y

The first relation follows from (o, px) = & o TyPk=0) =0 [see
Eq. (71)] and (a'xyj]’:*>=0, and the second relation can be
derived in a similar manner. Thus, the presence of the opera-
tor Q in front of oy, and 6K in Eqs. (A71) and (A72) is
irrelevant.

In the following, we shall deal with the function Gy(z)
only, since Hy(#) can be handled in a similar manner. Apply-
ing the identity
t
eiﬁt — eiEQt + f dseiﬂ(z—s)ieiﬁgx (A74)

0

[notice the difference in the order of operators compared to
the identity (99)], one finds

t
eiﬁtX: eiﬁQtX+J dsei[,(t—s)ieiﬁQSX: eiﬁQIX
0

1 ! . .
+ NS f ds([e"X]p e il py
k kJ0

1 ! . o
+ 2> N ds([eF X1 e iLjit,
k u vJo

(A75)

where we have used the definition (95) of the operator P and
noticed that the ensemble averaged terms are independent of
the phase and are unaffected by the Liouvillean and the
propagator. Let us notice here that

iLpg—0 and iLjl{— 0 fork— 0. (A76)

The former is obvious in view of Eq. (88), while the latter
can be derived on the basis of Eq. (92) by noticing iﬁujﬁ
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=(1/m)= ik, 01" [see Eq. (A3)] and ji_o=(1/m)S;p}=
[see the comment below Eq. (2b)]. Equation (A76) simply
expresses the fact that the density and the current density, the
latter being defined for sheared systems in terms of the pe-
culiar momenta, are conserved variables.

Now let us consider the transient correlator ([¢’“'X]o Xy
formed with the *“zero wave-vector” quantity o,,. The trans-

lational invariance implies that
(A0 = Geolle™ Akl =0, (AT7)

for Ay=iLpy and iLj because of Eq. (A76). Thus, there is
no contribution to ([elL’X]O'Xy> from the second and third
terms on the right-hand side of Eq. (A75), and we obtain

GX(t) <[el£tX:| xy> <[ei£QIX]0-xy>- (A78)

Since the operator Q is idempotent and Hermitian, one finds
using Eq. (A73)

GX(t) = <[Qei£QtX] Qo-xy> = <[QeiQ£QtQX] Qa-xy>

=(['9F9'QX]Qa), (A79)
where in the second equality we have noticed
Q iLOr _ QetQﬁQtQ (ASO)

This completes the derivation of Eq. (A71), and Eq. (A72)
can be derived in a similar manner.

10. Derivation of Eq. (129)

Here we derive the expression for 79O ,- For this purpose,
we need to know the average (o ),pkpk> Usmg Eq. (20), this
average can be written as

CA T REEDY < ; pkpk> kBTE < [pkpk >

(A81)

where we have used Eq. (A2). Since dpy/dy,=ik,e™" and
Ipy/ Ok, =i x;e™Ti, we obtain

(ooppy)y=— kBT{zk <(§,: xieik.ri>p:>
wle)
- kBTky{<(a%pk)p:> + <pk<a%p:>>}

kk,
=— NkBT—kiSk. (A82)
It then follows from Eq. (127) that
1 kgT
Pz S (0ol = 2L BhS
Xy =0 XY k N2S2 k N =0 k S2 k-’
(A83)

APPENDIX B: ISOTROPIC APPROXIMATION

In this appendix, we shall introduce the isotropic approxi-
mation which considerably simplifies the wave-vector-
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dependent MCT equations (141a), (141b), and (142) for the
transient density correlators. Such a simplifying approxima-
tion is useful in practical applications of our theory to sys-
tems where anisotropy in the density fluctuations is small.
We also argue that the anisotropic nature of steady-state
quantities such as the shear stress can nevertheless be cap-
tured within such an approximation.

1. MCT equations for the transient correlators

The isotropic approximation consists of the following
three assumptions. First, it is assumed that Fy(z) depends
only on the modulus g=

Fy(t) = F(1). (B1)

Second, we introduce a corresponding approximation for the
transient cross correlator H)‘(t) formed with current density
fluctuations. Since Ha(t) is a vector correlator whose orien-
tational dependence comes also from the dependence on A,
one cannot introduce such a simple approximation such as
Ha(t) zH;‘(z‘). Instead, we assume that the following relation,
valid for isotropic quiescent systems, to hold:

H\D) ~ - l"
q

F (). (B2)
The third assumption concerns the modulus of the advected
wave vector q(z) [see Eq. (56)]:

q(1)* = g%+ 2(1)q,q, + (¥1)*q;. (B3)

We assume that ¢(r)*> can be approximated by its orienta-
tional average. This is equivalent to neglecting the aniso-
tropic term ¢,g, and approximating q)zc by ¢*/3 in Eq. (B3),
leading to V

q(t) = g\1 + (y)%3 = q(2). (B4)

In the following, we shall see consequences of these assump-
tions.
It follows from the approximation (B2)

Jd
5 a0 =iq-Hy(), (B5)

implying that q-Hy(#) also becomes an isotropic quantity.
Equation (B5) is consistent with Eq. (141a) under the isotro-
pic approximation. To see this, we first rewrite Eq. (141a) as

14
5 Fal) =74 ~Fq(t) +iq - Hy(1), (B6)
4 aq,
where the specific form «,,=¥6),6,, for the shear-rate ten-
sor has been used. The application of the approximation (B1)
then yields

q()_ . 4xqy

—F () +iq-Hy(1), (B7)
dq

because &Fq(t)/&qyz(qy/q)&Fq(t)/(?q. Since now the left-
hand side depends only on the modulus ¢, the orientational
averaging of this expression gives Eq. (B5).
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From a partial time derivative of Eq. (B5), we obtain
P 9
?Fq(t) =iq- ;th(l). (B8)

Substituting Eq. (141b) into the right-hand side yields
& { d } v?
—F (=i cac-— |HMN0) = P F4(t
ﬂtz q( ) % g\ q- K &q q( ) q Sq q( )

= 2 ig\[re- Hy(0]* - afiq - Hy(1)]
\
-> dsiq)\Ma”(s)Hfl‘(x)(t -5)
Au Y0
-y J dSC]ng(S)Fq(s)(l— 5). (B9)
x Jo

N
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Applying the approximation (B1) to the second and sixth
terms, Eq. (B2) to the fifth term, and Eq. (B5) to the fourth
term, we obtain

F.()=>i {q'K'i]H)‘(t)— 2v—zF (1)
q - ax aq ] qu q

- Y ig\lre-Hy(0] - aF (1)
A

- f ds[E qugf‘(s)qM(s)/q(sV]Fq@(t—s)

0 N

t

- 7f ds|:z q)\L();(S):|Fq(A)(t - S)a (Blo)
0 A

where the overdot denotes the partial time derivative. The

first and third terms on the right-hand side of this equation
can be manipulated as

> i%[q 3 %]Ham =§ [q K- i][iMﬁ(ﬁ]—% [q~ - iiﬂlx]Hz(l)

oq

= yq,—Liq - H,(N]- 2 [vqx—lq ]H“(t) = yq,—F,(t) - Wig H ()] =¥ [— - —}F (1),
aq, 1 . g, ]9 aq, * d q g’

N A

S gl HyOP =S iqA[E vo&x%ﬂg(r)] = Slia Hy(0)= ¥ FF, ),

in deriving which we have used the approximations (B2) and
(B5). Both of these terms are anisotropic, and vanish after
taking the orientational average. [Remember that the left-
hand side of Eq. (B10) depends only on the modulus g.] We
therefore obtain

2 t

. v . sor

Fq(t) + qZS_Fq(t) + an(l‘) + J;) dSMq (S)Fq(x)(l =)
q

t
+ j/fo dsLi;O(s)Fq(s)(t -5)=0, (B13)

where we have employed the approximation (B4) for the
modulus of the advected wave number in the fourth and fifth
terms, and introduced

M) = 2 My (0)q,(1)/q(0)?, (B14)
N
Ly(1) = 2 gLy(0). (B15)
N

Now, we are left with the kernels M i;o(t) and Li(;"(t) which
still depend on the wave vector. From Eqs. (B14) and (142a),

dq
(B11)

(B12)

one gets for Miqso(t) under the approximations (B1) and (B4)

pv’

is0 _ 1 -ke -DC
M0~ S o | b ps)

X [q(1) - k(t)cip + q(t) - p() ey JF (D F,(1).
(B16)

It is clear from this expression that the wave-vector depen-
dence of the this memory kernel stems from the terms
q(7)-k(z) and q(z)-p(r). Using Eq. (56), the explicit expres-
sion for the former reads

q(t) - k(t) = q -k + (3)(q,.k, + g ,k) + (¥1)%q k..
(B17)

and a similar expression holds for q(z)-p(z). With the same
spirit as in the approximation (B4), the anisotropic terms ¢k,
and gk, shall be neglected, and gk, approximated by
q-k/3, ie.,
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q(r) - k(1) = q- k[ 1+ (3)%3].

Substituting this and a similar approximation for q(z)-p(z)
into Eq. (B16) yields the following expression which now
depends only on the modulus g:

(B18)

2
2(2 )3 2
X[q - Keg + q - peplFit)F(1).

Concerning Liqs"(t), one gets from Egs. (B15) and (142b)
under the approximation (B1)

ME°(1) = f dk[q - key+q - pe,)

(B19)

v
22m)3

y [ k(0 Sk
k(t) Sy

Lyo(r)=- f dklq ke +q-pc,]

P20 ot
+ 7(? Sy :| Fk(t)Fp(t) .

(B20)
In this expression, the wave vector dependence comes from

kky(1) = ko, + (3)k; (B21)

and p,p,(t). Here again, the anisotropic term k., shall be
neglected, and k approximated by k?/3, i.e.,

ko, (1) = (7)k°13, (B22)

and p.p,() shall be approximated similarly. Along with the
approximation (B4), one then obtains the following expres-
sion which now depends on the modulus ¢ only:

v’ vt
202331+ (3943

St s’
x[k@w ’J“’]m) F, ().
Sk Spo

“°(t) f dk[q - ke, +q - pc,]

(B23)

2. Steady-state quantities

Under the isotropic approximation (B1) for the transient
density correlators and (B4) for the modulus of the advected
wave vector, the MCT expressions (138) and (139) for the
steady-state density correlator and structure factor are given
by

(9.9, + #t + )61 Sgiees)

FSS(t) F(t)+yf ds

_([ + S) Sc?(t+s‘)
XF (1 +5)Fg(s), (B24)
+ Vs 0
S5, + J ds(qxqv 5q%) Sis) S 62 (B2S)
0 q(s) S—

From a numerical point of view, it is not necessary to further
simplify these expressions since these steady-state quantities
are the final output of the theory rather than the ones in-
volved in the self-consistent calculations. Of course, it is
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instructive to consider their averages over the orientation
=q/q

FS(1) = J dGF>(1) = F (1)
w 2 S’
t+ q s
+f ds— (Nt +5) . 2‘1(’+)Fq(t+s)Fq(t)(s),
0 3VL+[Ht+9)]73 Sqiy
(B26)
1 * )2 qs_s
SSSZ — qu§S=Sq+f ds— (7) - ()F‘I(S) ’
4ar o 3V1+ ()73 Sq’(f)
(B27)

to which only those terms in Egs. (B24) and (B25) propor-
tional to qi contribute. However, it is more informative to
regard Eqs. (B24) and (B25) as the approximate expressions
in which the anisotropic nature of the steady-state density
fluctuations is retained to the lowest order: such anisotropy
arises from the terms in Egs. (B24) and (B25) proportional to
4xqy- Indeed, such a viewpoint is necessary to correctly un-
derstand “the isotropic approximation for the steady-state
shear stress,” adopted in Ref. [16], which sounds contradic-
tory since the shear stress is intrinsically an anisotropic quan-
tity and vanishes under isotropic density fluctuations. We
shall come back to this point in a moment.

Under the isotropic approximations (B1) and (B4), one
obtains from the MCT expression (134) for the steady-state
shear stress ogg

ksTy K2k, (k, + Fsky) SSi
Oss= . 3 dS dk - >
2(2m) Ki(s)  SESg,

Fk(S)2

(B28)

One easily understands that only the term proportional to

kzk survives after the integration over the orientation k
—k/k, yielding the following expression for ogg under the
isotropic approximation

, !

1
ds— f dkk* F()
o N1+(y5)%3J0o S252 &

K= k(s)
(B29)

This is essentially the same expression as adopted in Ref.
[16].

To connect such an isotropic expression for ogg with an-
isotropic density fluctuations, we rewrite the term in Eq.
(B28) which survives after the integration over k in the fol-
lowing form:

kgT f kk, S,
ogs=——— | dk—=—
570 02m)?

© kSt
K S]% '}’J;) S B 1(5)

k(s) Sy
(B30)
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The quantity in the curly brackets is exactly the aforemen-
tioned anisotropic term in Eq. (B25). Thus, the steady-state
shear stress ogg can be handled within the isotropic
approximation since its MCT expression takes a form of the

PHYSICAL REVIEW E 79, 021203 (2009)

product of two anisotropic terms, one from k.k, and the
other from the anisotropic part of the density fluctuations,
which altogether behaves as an isotropic term inside the
integral.
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