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Abstract We show that a non-equilibrium diffusive dynamics in a finite-dimensional space
takes in the Lagrangian frame of its mean local velocity an equilibrium form with the de-
tailed balance property. This explains the equilibrium nature of the fluctuation-dissipation
relations in that frame observed previously. The general considerations are illustrated on few
examples of stochastic particle dynamics.
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1 Introduction

In the last decades, non-equilibrium statistical mechanics has been a subject of intensive
studies. One of the multiple aims of the research is the understanding of essential differ-
ences between the equilibrium and non-equilibrium dynamics. This is the question that we
shall address below. In the modelling of statistical-mechanical dynamics, an important role
has been played by stochastic Markov processes. Although largely idealized, they often
provide a sufficiently realistic description of experimental situations and have tradition-
ally served as a playground for both theoretical considerations and numerical studies. The
Markov processes corresponding to the equilibrium dynamics are characterized by the de-
tailed balance property assuring that the net probability fluxes between micro-states of the
system vanish. On the other hand, in the non-equilibrium Markov dynamics, the detailed
balance is broken and there are non-zero probability fluxes even in a stationary situation.

In the present paper, we shall consider only diffusive processes, discarding Markov
processes with discrete time or random jumps. For such systems, the detailed balance can be
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expressed as the vanishing of the probability current that is non-zero in the non-equilibrium
situations. It is convenient to represent the probability current in a hydrodynamical form as
the instantaneous probability density of the process multiplied by the mean local velocity.
The latter is the average instantaneous velocity of the process conditioned to pass through a
given point. It will play the main role in what follows.

In the past, there have been many attempts to apply ideas from statistical mechanics
to the hydrodynamics of turbulent flows. The success was limited by the fact that most
methods of statistical physics had been developed for systems in or close to equilibrium
whereas developed turbulence is a far-from-equilibrium phenomenon. Here we shall fol-
low a reversed strategy, applying an idea from hydrodynamics to non-equilibrium statistical
mechanics. There is a long tradition (going back to Lagrange) to describe the evolution of
hydrodynamical fields in the Lagrangian frame that moves with fluid particles [22]. It is be-
lieved that such a description makes the intrinsic features of fluid dynamics at small scales
more directly accessible than in the Eulerian (i.e. laboratory) frame. This is particularly true
about the hydrodynamical advection that gains a simple representation in the Lagrangian
frame. The main result of the present paper consists of a simple observation that the non-
vanishing probability current in a Markov diffusion may be decoupled from the stochastic
dynamics by passing to the Lagrangian frame of the mean local velocity. More exactly, in
the latter frame, the stochastic dynamics, although non-stationary, satisfies the detailed bal-
ance condition and the instantaneous probability density of the process does not change in
time. The equilibrium-like Lagrangian-frame process does not contain information about
the non-vanishing probability current of the original Eulerian-frame process but, if that in-
formation is provided independently, the Eulerian-frame process may be reconstructed from
the Lagrangian-frame one. In short, the passage to the Lagrangian frame of the mean local
velocity re-expresses a non-equilibrium diffusion process as an equilibrium-type one plus
the decoupled probability current. To our knowledge, this rather straightforward observa-
tion about non-equilibrium diffusions has not been discussed in the literature, although a
similar idea was recently employed in the quantum many-body dynamics [35].

The paper consists of seven Sections and four Appendices. Section 2 sets the stage and
notations by briefly stating the basic definitions relevant for the diffusion processes that
we consider. We introduce the notions of the probability current and of the mean local
velocity and recall the concept of detailed balance. The crucial Sect. 3 is devoted to the
Lagrangian picture of diffusions. We define the Lagrangian frame of the mean local veloc-
ity and compute the instantaneous probability density of the Lagrangian-frame process. By
working out the stochastic differential equation satisfied by this process, we show that it
is a non-stationary diffusion with the detailed balance property. Two simple examples il-
lustrate the general considerations: a diffusion of a particle on a circle in the presence of
a constant force and a linear stochastic equation describing a Rouse model of a polymer
in shear flows. We also discuss the reconstruction of the original Eulerian-frame process
from the Lagrangian-frame one. Section 4 is devoted to the Langevin equations with both
Hamiltonian and non-conservative forces. In this case, it is convenient to modify the defin-
ition of the probability current and the mean local velocity to assure that they vanish in the
absence of the non-conservative drift. The main properties of the Lagrangian-frame process
are unaffected by this modification. We illustrate the general discussion by the example of
a harmonic chain. Section 5.2 discusses the extensions of the Fluctuation-Dissipation The-
orem to the non-equilibrium situation in the light of the results about the Lagrangian-frame
process. These results provide a deeper reason for the observation made in [7], see also [29],
that the fluctuation-dissipation relations takes the equilibrium form in the Lagrangian frame
of the mean local velocity. In Sect. 6, we point out that important non-equilibrium diffu-
sion processes in infinite-dimensional spaces, like the one-dimensional KPZ equation or the

@ Springer



892 R. Chetrite, K. Gawedzki

processes describing the large-deviations regime of fluctuations around the hydrodynamical
limit of the boundary-driven zero-range particle processes do not possess global Lagrangian
picture. Finally, Sect. 7 presents our conclusions. Appendices collect some more technical
arguments.

2 Eulerian Picture of Diffusions
2.1 Diffusion Processes

We shall begin by considering a general diffusion process x; in a d-dimensional (phase-)
space X with coordinates (x), of the same type as in [6] that was devoted to the study of
fluctuation relations for such processes. The examples we shall have in mind include various
types of Langevin dynamics used to model equilibrium and non-equilibrium dynamics as
well as the Kraichnan model of turbulent advection [11]. Of the rich theory of diffusion
processes, see e.g. [25, 27, 32], we shall need only few basic facts that we collect below.
The process x; is assumed to satisfy the stochastic differential equation (SDE)

X =u () + & (%), (2.1)

dx;

where x; = T and, on the right hand side, u,(x) is a time-dependent deterministic vector
field (the drift), and &, (x) is a Gaussian random vector field with mean zero and covariance

()] () =28 — $)DY (x, y). 2.2)

Note that ¢; (x) is a white noise in time so that (2.2) requires a choice of a stochastic conven-
tion. As in [6], we shall interpret it in the Stratonovich sense to assure that u;'(x) and ;“f (x)
transform as vector fields under a change of coordinates.! The single time expectations of
functions of the process x; evolve according to the equation

%(f(x,» = (L f)(x))), where L, =i0; + 8;d,d; (2.3)
with
d’(x)=D{(x,x), @@ =u(x)—rix), ri@)=0;D/@ Ve (24

are the instantaneous generators of the process x;. Note the presence of the term r, correcting
the drift and due to the dependence of the covariance of ¢, on the points in X. The time
evolution of the instantaneous (i.e. single-time) probability density function (PDF) of the
process

pr(x) = (8(x —x;)) (2.5)

is governed by the formal adjoints L] of the generators L,:

o =Lip =8l p, —d’ 9. (2.6)

n probabilists’ notations, (2.1) would read dx; = u; (x;)dt +Y_,, X, (x;) odW}' where X, are vector fields
such that 2D/ x,y=3,X ,’; x)X ,/, (y) and W/" are independent Wiener processes.
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The transition PDF’s of the Markov process x; given by the conditional expectations
P(s,x;1,y) = ps(x) " (8(x —x)8(y — x,)) withs <t 2.7

satisfy the Chapman-Kolmogorov composition rule f P(r,x;s,y)P(s,y;t,z)dy =
P(r, x; t, z) and the Kolmogorov differential equations

dP(s,x;t,y) =—Ly(x) P(s,x;t,y), 8 P(s,x;t,y)=LI()P(s,x;t,y). (2.8)

The latter, together with the condition P(t,x;¢,y) = 8(x — y), determine the transition
probabilities under appropriate regularity assumptions [32].

2.2 Probability Current and Mean Local Velocity

Some other basic notions concerning Markov diffusions will play a central role below. The
evolution equation (2.6) for the instantaneous PDF (2.5) of the process x;, has the form of
the continuity equation

o +V-ji=0 29
with the probability current

ji=1at—d’d;1p, (2.10)
whose flux through the boundary of any region V' gives the rate of change of the probability

that x; belongs to V. A more transparent interpretation of the current j, (x) is given by the
formula:

jj(x):}ii%<%a(x—x,)>z (xX8(x — x,)) (2.11)

that is proven in Appendix A. For it to hold, it is essential to use the symmetric derivative
over time of x, because the left and right time derivatives lead to different results, with the
difference coming from the white noise contribution to X, [23].

The probability current j (x) may be written in the form borrowed from hydrodynamics
as p; (x)v! (x) where

(X:8(x —xp))
(8(x —x1))

has the interpretation of the time ¢ mean velocity of the process conditioned to be at point x
(once again, the velocity should be defined by the symmetric time derivative). Accordingly,
the quantity v,(x) is called the mean local velocity. Geometrically, v, is a time dependent
vector field on X, as we show in Appendix B. The continuity equation (2.9) takes now a
hydrodynamical form of the advection equation

) = o0 ) = =i —di W np () (2.12)

0 +V-(pv)=0 (2.13)

for the density p,(x) transported by the velocity field v, (x).

The vanishing of the probability current j; (x) for densities p,, or of the related mean local
velocity v, (x), is usually taken as the definition of the detailed balance for the process x;,. It
assures that the instantaneous PDF of x; is time-independent: p, = p. Assuming the detailed
balance and introducing the Hamiltonian H (x) = —B~'1In p(x) + const., where f~! is the
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temperature in the energy units, the SDE (2.1) may be rewritten as the equilibrium-type
Langevin equation

&= —Bd (x)(3; H)(x) + 1] (x) + ¢ (x), (2.14)

with the notations of (2.4). Conversely, a dynamics governed by (2.14) satisfies the detailed
balance relative to the Gibbs density Z~'e ##®) where Z (the partition function) is the
normalization factor. Thus the equilibrium form (2.14) of the dynamics is equivalent to the
vanishing of the mean local velocity, the property independent of the choice of coordinate
system. The presence of the correction 7, in (2.14) assures that the drift term transforms as
a vector field under a change of coordinates if e ## transforms as a density, see (B.10) in
Appendix B.

The above general considerations carry over, at least on an informal level, to diffu-
sion processes in infinite-dimensional spaces described by stochastic partial differential
equations. Nevertheless, as explained in Sect. 6, in few important examples of infinite-
dimensional non-equilibrium diffusions there are obstructions to the realization of the part
of our program that we discuss in the next section.

3 Lagrangian Picture of Diffusions
3.1 Lagrangian Frame of Mean Local Velocity

Recall that in hydrodynamics the motion of fluid particles in the Eulerian velocity field v, (x)
is described by the ordinary differential equation

X =v(x) (3.1)

that generates the flow x — &, (x) assigning to the initial condition x of the fluid particle at
time f, its position at time ¢ (we suppress the fy-dependence in the notation). One has:

0P, (x) =v,(®P;(x)) and P, (x)=x. (3.2)

We assume below that @, is well defined for all times, see, however, Sect. 6. The passage
to the Lagrangian frame of the velocity field v, is realized by the family of inverse transfor-
mations x CD,’I (x) retracing back the flow. We have assumed that the Lagrangian and the
Eulerian frames coincide at time ;.

Let us apply the above hydrodynamical idea to the diffusion process x;, describing it in
the Lagrangian frame of the mean local velocity v, (x). In this frame, the process x; becomes

%= (x). (3.3)
In words, X, is the point that the particle of the hypothetical fluid moving with the mean local
velocity occupied at time 7, if at time ¢ it is at x,. We shall show that the Lagrangian-frame
stochastic process X, is again a diffusion by finding the SDE that it obeys.

3.2 Instantaneous Densities in the Lagrangian Picture

Let us start by addressing the question what are the instantaneous PDF’s of the Lagrangian-
frame process X;. These are defined as

fi(X) = (3(X — %)) = (8(F — &, (1)) (3.4)
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Changing variables inside the delta-function on the right hand side, we may rewrite the
above relation as the identity

P1(X) = ¢ (X)(8(Py(X) — x1)) = 1 (%) pr (P (X)), (3.5)
where ¢, is the Jacobian of the transformation @, :
@i (%) = det((3; )" (¥)) = (det(d; @; )’ (@, (1)) " (3.6)

On the other hand, it is well known (and easy to check) that the solution of the Cauchy
problem for the advection equation (2.13) may be written in the form

pi(x) = / 8(x = D)oy (Ndy = 91 (F) ™ o1y (F) (3.7

for X = (x). In words, (3.7) states that p,(x) is equal to the density Pr, (%) at the initial
point of the Lagrangian trajectory passing through x at time ¢, divided by the factor ¢, (¥)
giving the volume contraction around that trajectory. Comparing (3.5) and (3.7), we infer
that

Bi(®) = piy (). (3.8)

This shows that the instantaneous PDF’s freeze in the Lagrangian frame to the time ty
value of the Eulerian-frame density. Since the process X, itself is, in general, non-stationary,
this might come as a surprise, although it is a direct consequence of the advection equa-
tion (2.13).

3.3 Stochastic Equation for the Lagrangian-Frame Process

There are further surprises in the Lagrangian frame resulting in a simplification of the non-
equilibrium dynamics. Let us find the stochastic equation obeyed by the process x,. This is a
straightforward, although somewhat tedious, exercise. By the standard chain rule, that holds
for the Stratonovich stochastic equations,

=00 (x) + (3D (x) 1. (3.9)

Differentiating over time the identity <1>j1 (®,(x)) = x and setting x = ®,(X), we infer the
relation

(B P, (x) = = (@®, ) (x) v (x) = = (3@, () [af (x) — dF (x)3 Inp, (x)]. (3.10)
The substitution of the last equality and of (2.1) to the identity (3.9) gives:

F = 0D () [—f (x) + df ()0 In oy () + af () + £ (x0)]
= (%@, ) () [r] (x0) 4+ df (x) 3 In i (x) + & ()], G.1D)

where the second equality follows from (2.4). Note the disappearance of the drift #, from
the right hand side. Let us introduce the Lagrangian-frame white-noise vector field

& @) = @) (¢ (x) (3.12)
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for x = ®,(x). It has mean zero and covariance
(€@ & () =28(t —5)D} (&, 5) (3.13)
with
D} (%, 3) = 0 ®; ") (x) D} (x, ) (2, 1) () (3.14)

for x = ®,(x) and y = ®,(¥). Observe that the covariances 57 and ij are related by the
standard tensorial rule of transformation under the map ®,!. We shall need two identities
that may be obtained from the change-of-variables relations (B.8) and (B.9) of Appendix B
if we set W = @;! there. They are:

FiLE) = 05 DY (%, ) lss = @@ (0 [rF () + (0,0 (D)dX () @,9,97) (0] (3.15)
and
(@@, (0)(3;1n 5,) () = (3 In p,) (x) — (3; )" (F) (39, D; ") (x). (3.16)

Adding the first of the latter equations to the second one multiplied by (3; ®; )’ (x)d* (x),
we obtain the identity

FHE) + i (3) (0510 5) () = (0D () [rf () + d! (x) (@ 1n o) ()], (3.17)

Recalling that o, = p;, for all # and defining the Lagrangian-frame Hamiltonian by the rela-
tion

H(%) = —B "I p, (X) + const. (3.18)

for an arbitrary constant, the identity (3.17) permits to rewrite the stochastic equation (3.11)
in the form (2.14):

§ = —Bd ()0, H) (%) +F (F) + T (%) (3.19)

This is the main result of this section: the Lagrangian frame process X, satisfies the equilib-
rium Langevin equation with detailed balance relative to the density p,(X) = Z~'e P1®
that stays invariant in the Lagrangian frame.

If the original process x; is stationary with u’(x), D (x,y) and the single-time PDF
p(x) time independent then the corresponding mean local velocity field v(x) is also time-
independent. The Lagrangian-frame process X,, however, is non-stationary if v does not
vanish, although its single-time PDF is equal to p(x) and does not change in time. The
stationary non-equilibrium dynamics becomes in the Lagrangian frame a non-stationary
equilibrium one with the same invariant probability density.

In the case where the original process has time-independent instantaneous PDF’s with
vanishing probability current, the Eulerian and the Lagrangian frame processes coincide.
However, for a non-equilibrium Langevin dynamics

= —pd (x) (0 Hy) (x,) + 7} () + F (¥) + ¢/ (x) (3.20)

with a time-dependent Hamiltonian H, or/and an additional non-conservative force F; that
generate non-trivial probability current, the passage to the Lagrangian frame of mean local
velocity v, recasts the dynamics into the equilibrium form (3.19) with a time-independent
Hamiltonian and no non-conservative force. The same is true for the process satisfying the
equilibrium Langevin equation (2.14) but with non-Gibbsian instantaneous densities (relax-
ing to equilibrium or not).
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3.4 Examples
3.4.1 Colloidal Particle on a Circle

The simplest example of a non-equilibrium Langevin dynamics is provided by the over-
damped motion of a particle on a circle with its angular position satisfying the stochastic
equation

6, =—@H)O)+F+¢ (3.21)

with a periodic potential H(0) = H(6 + 2m), a constant (non-conservative) force F, and
a white noise ¢, with covariance (¢ ¢;) =2Dé8(¢t — s). Equation (3.21) has a stationary
solution with the invariant PDF p given by the formula:

0 . 2;
p(0) = z-%-#”“”-“”(/ e%W(l”—”)daJrez”T’/ ﬂe%(H(ﬁ)‘”)dz?), (3.22)
0 X

where Z is the normalization factor. The current corresponding to this density is constant:
j=1-(@8H)©®) + F — D31p(0) = DZ "7 — 1), (3.23)

The one-dimensional dynamics becomes simpler in the variable

0
x:/ o(®)dv (3.24)
0

taken modulo 1. Note that j—g = p(0) = jv(#)~! sothat j~'x is the time that the Lagrangian
trajectory 6y () of the mean local velocity starting at 6 = 0 takes to get to 8. In the variable x,
the invariant density p(x) = 1 and (3.21) takes the form

Xo=Jj+rx)+&(x), (3.25)
where ¢, (x) = p(8)¢; for & =6, (j~'x) and
r(x) = Dp(0)d,p(0) = D(3p)(0) =[—(0s H) (@) + Flp(0) — j. (3.26)

In the variable x, the mean local velocity v(x) = j. The corresponding Lagrangian-frame
process X; = x, — j(t — tp) and it satisfies the equilibrium-type Langevin equation

X =7 E) + &) (3.27)

with 7, (¥) = r (¥ + j(t — 1p)) and £,(¥) = (X + j (t — tp)) and a constant Hamiltonian.
Figures 1 and 2 represent the invariant density and the mean local velocity with its La-
grangian trajectory, both for the process 6, satisfying (3.21) with H(6) = 0.87 s~! x sin(8),
F =0.85s"" and D =0.036 s~!. Such process models the dynamics of a colloidal particle
kept by an optical tweezer on a nearly circular orbit in the experiment described in [12].

3.4.2 Linear Stochastic Equations

A general class of explicitly soluble examples of non-equilibrium dynamics, with multiple
applications, is provided by stationary linear SDEs in d dimensions of the form:

Xp=Mx; + &, (3.28)
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Fig. 1 (Color online) Left: theoretical invariant PDF p(6) (blue solid line) compared to the histogram of
30000 time values on 1500 trajectories of the processes 6;. In the insert the same figure for §; undistinguish-
able with bare eye from the one for x;. Right: the same figures for the process x; obtained by the change of
variables (3.24)
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Fig. 2 (Color online) Left: mean local velocity (blue solid line, everywhere positive) as compared to the
deterministic velocity equal to the drift term in (3.21) (black dotted line changing sign, with a repulsive and
an attractive fixed points well visible in the blowups). Right: Lagrangian trajectory 6y (t) of the mean local
velocity with 67 (0) =0

where M is a matrix whose eigenvalues have negative real part and where

(¢/¢])y=2D"s(t —s) (3.29)
with a positive matrix D = (D). Here, the invariant density has the Gaussian form [6]
p(x)=Z e PHW (3.30)
with
1 -1 > My M7
H(x)=ﬁx~C x forC=2 e De'™" dt. (3.31)
0

The time-integral in the formula for the covariance C converges due to the assumption on
the eigenvalues of M. The mean local velocity corresponding to p(x) is

v(x)=(M + DC Hx (3.32)

so that it depends linearly on x. The Lagrangian-frame process

~ _ Y
i=e (M+DC™)(¢ fo)xr (3.33)
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satisfies the time-dependent equilibrium-type linear Langevin equation

% =—BD,VHE) +1¢, (3.34)

. . = -1 .
where the white noise ¢, = e~ M+PC")(~) ¢ has the covariance

(E:E;ﬂ =28(t — S)D;j with Dr — e—(M-%—DC—l)(t—to)De—(M+DC—1)T([_[0). (3.35)
3.4.3 Sheared Suspensions

Stochastic equations of the type (2.1) may be used to model the dynamics of suspensions
of colloidal particles [15] or of a polymer, undergoing an overdamped motion driven by
conservative forces and opposed by friction, see [30] for a recent discussion. An example is
provided by the set of equations for the three-dimensional positions r; of N particles:

yi = =8, H(r) + yul (r) + &, (3.36)
where y is the friction coefficient, r = (ri)f\’: 1» H(r) is the potential energy and u(z, r) is
the velocity field of the solvent. ¢, are the components of the white noise with the covari-
ance

(¢,67) =2yB~188,;8(t —5). (3.37)

For a diluted colloidal suspension, assuming only 2-body isotropic interactions, one may
take

H(r)=) UGryj)+ ) Up(r) (3.38)
i<j i
for r;; = |r; — r;| and for the polymer modeled as a chain of beads with nearest neighbor
interaction (Rouse model [28]),

H(r)=Y Ulriwn) + Y Us(ro). (3.39)

i<N i

If the solvent is at rest, and the external potential U, is confining then the detailed bal-
ance holds for the normalized Gibbs density po(r) = Z~'e ##® which is left invariant
under evolution. If, however, the solvent undergoes a shear flow with u,(r) = f(e; - r)e,,
where e; are the vectors of the canonical basis of R?, or a vortical motion with u,(r) =
g(les x r|)es x r, then the detailed balance is broken and the mean local velocity becomes
equal in the stationary state to

v (r)=—y 0 H(r)+uf(r)) — (yB) ' dalnp(r), (3.40)

where p(r) is the non-Gibbsian invariant density.

In general, the form of p(r) is difficult to access in realistic situations. One of exceptions
is the idealized case leading to the linear stochastic equations describing the simplest realiza-
tion of the Rouse model of a polymer suspension with U (r) = %Kr2 and Uy(r) = %kr2 and
with linear velocity field u,(r). For the vortical velocity u,(r) = %we3 x r, the stochastic
equation (3.36) takes the form (3.28) with

1
M} ==y 716" (—ie Aij + k8iy) + S0 €y, (3.41)
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where A;j =3 ;- (8i7; — 8i), and with the matrix
DY = (yB)~'8"s; (3.42)

in the noise covariance (3.29). In spite of the vortical motion of the solvent, the Gibbs density
po(r) independent of the vorticity @ remains invariant for the symmetry reasons. Neverthe-
less, for w # 0, the detailed balance is broken and the mean local velocity is given by the
solvent velocity

1
vi(r)= S@wes XTi. (3.43)

The Lagrangian frame just rigidly rotates around the third axis with the angular velocity %a)
and the Lagrangian-frame process 7;, satisfies the stochastic equation (3.36) with u, set to
ZeTO0.

Keeping the same harmonic potentials but replacing the vortical solvent motion by the
shear flow with u,(r) = s(e; - r)e, at a constant shear rate s, we obtain the linear stochastic
equation (3.28) with

MY = —y '8 (—k Ajj + k;j) 4 587878, (3.44)

and the noise covariance as before. The N x N matrix —A = (—A;;) (representing a discrete
Laplacian on the interval) has the eigenvalues w, = 2[1 — cos(%e)] corresponding to the
normalized eigenvectors

12 .1
(0h) = ((%) COS(W» for €=0,1,...,N — 1. (3.45)

The passage to the Fourier modes 7, =r; gaf (sum over j) diagonalizes matrix M into 3 x 3
blocs with the entries M = 8%y, + 589281 for ju, = kw, + k. The invariant density p(r)
is Gaussian. Its covariance depends quadratically on the shearing rate s and is composed of
the 3 x 3 blocs

1
ceb = ﬂ—[aa” + 0¢ (84187 4 892810 + 20782871, (3.46)
e

for o, with the blocs of the inverse covariance:

=Y _—_¥S
T 2ug ~ 2(kwgtk)’

2
Cc-1yab — Y Ot (galglh _ sazs2by _ _ 9t salg2h 4 ga2giby | 3.47
(€% ﬁue[ —1+o£2( ) —1+o£2( ) (3.47)
The mean local velocity has the Fourier components
0(r){ = (M + DC™ {7y, (3.48)

see (3.32), with

2
(M +DC ™y = K [ % o

7t Salalb _ 8a282b _ 801(32!7 + 8a281b + 2 8[1281}’)
St ) Ty ) + 20
(3.49)
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Fig. 3 Ellipses followed in the

xy-plane under the Lagrangian 64 — sigma=0
flow of mean local velocity by 1 =~ sigma=1
the Fourier modes Fy startingat | sigmaz2
(1, 0) for different values of the 47 'g B
parameter { " sigma=3
PO 7 E— 5.
i (1—cos(Ef))+2k

o

-2

—4

—61

——T— T T T

and is incompressible. Its Lagrangian flow is linear. It factorizes for different Fourier modes
and takes place along ellipses in the planes orthogonal to ej:

~ r—1
¢t(£)z — (Sa%’ag 4 ((Salle +(Sa2f§) COS< S( 0) ) + |:((3"le1 _ 8:12fZ2) Oy

2,/1—#—042 1/l—l—(rz2

o sy : in( 20 =10)
— P2+ —— + 28“2}"1\/1—0—7] sm(7>a 3.50
(8" ry ) L+ o2 ¢ ¢ 2T+ o, 30

see Fig. 3. The ellipses are more and more elongated in the direction of the flow with in-
creasing shearing rate s and decreasing Fourier mode £. The formula for the time-dependent
covariance D, of the noise in the Lagrangian-frame process is given in Appendix C.

3.5 Back to Eulerian Frame

When passing to the Lagrangian frame, a part of the information about the system contained
in the probability current or mean local velocity is lost. If we want to reconstruct the original
Eulerian process x;, we have to supply the forgotten information. A convenient way to do
that is to provide the local velocity transformed to the Lagrangian frame:

() = (P, ) (1) vf () = =@ P, ) (x) (3.51)

for x = @, (). Given the vector field 3, (X), consider the flow of transformations x > @, (x)
such that

3D, (x) = —0,(P,(x),  P,(x)=x. (3.52)

The comparison of (3.51) and (3.52) shows that d,(x) = CIJ;l (x). This permits to reconstruct
the original process as

X =® (%) (3.53)

and the original mean local velocity as

Vi) = (0,97 (H) 3 (F) = — (3,9, (F) (3.54)
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902 R. Chetrite, K. Gawedzki

for ¥ = @, (x). In the special case when the mean local velocity is time-independent (for
example when x; is a stationary process),

U(X) = =09, (1) = =3P (x) =0 (D) (x) = v' (%) (3.55)

so that the velocity field v, coincides with the mean local velocity of the Eulerian frame and
is time-independent.

As we see, the knowledge of the non-equilibrium diffusion x, is equivalent to the knowl-
edge of the equilbrium diffusion X, and of the (deterministic) velocity field v,.

4 Diffusion Processes with Hamiltonian Forces
4.1 Modified Probability Current and Mean Local Velocity

In many applications, one deals with non-equilibrium diffusions in the presence of Hamil-
tonian forces. It is then useful to single out their contribution and to replace the SDE (2.1)
by

&= ul(x) + T () (8 Hy) () — B7HO T ) () + ¢ (x0) (4.1)

where the term Hij 0; H, with Hij = —l'[,j " stands for the Hamiltonian force. Geometrically,
the antisymmetic tensor field l'[ﬁj represents a (possibly time dependent) Poisson structure
but we shall not need its property that assures the Jacobi identity of the Poisson bracket. The
subtraction of B7'9,T1; on the right hand side of (4.1) assures that the terms involving IT,
transform as a vector field under a change of coordinates if the Gibbs factor e ## transforms
as a density. An example of dynamics (4.1) is provided by the Langevin equation

&l = —pd () (@ H) (x) + 7} (x) + F (x,)

+ 117 (k)3 H) (x) = B~ 0,1 ) () + & (x0), (4.2)
compare to (3.20). In the presence of Hamiltonian forces, it is convenient to redefine the
probability current as

Ji =i+ 117 @ H) = /911, (4.3)
where b/ = d/’ — B~'T1Y. The new expression for the current j, differs from the one pre-
scribed by (2.10) by the addition of the term 8~'9;(IT/ p,). The continuity equation (2.9)
still holds since the added term is divergence-less so that the flux of j; through the boundary

of any region V still gives the rate of change of the probability that x, belongs to V. For the
case of the Langevin equation (4.2), the new expression for the current reduces to

jl=1-Bbld;H, + F —b/3;1p. (4.4

In particular, if H, = H is time-independent and the additional force F, =0 then the mod-
ified probability current (4.4) associated to the Gibbs density p(x) = Z~'e ##®) vanishes
and p is preserved by the evolution. It is then natural to extend the notion of equilibrium
dynamics to such a case.

As before, we may introduce the velocity field by the relation

vi=p il =al+ 117 (3, H,) — b7 9;In p,. 4.5)

@ Springer



Eulerian and Lagrangian Pictures of Non-equilibrium Diffusions 903

Since now
v (x) = Bl =) + B o ()70, (I o) (x), (4.6)
(6(x — x))
we shall call v,(x) the subtracted mean local velocity. The continuity equation (2.9) still
takes the form of the advection equation (2.13).

If we realize the passage to the Lagrangian frame of the velocity v, of (4.5) as described in
Sect. 3.1, using the flow of v, that we shall still denote by ®, and introducing the Lagrangian-
frame process X, = ®; ! (x,), then the considerations of Sect. 3.2 go unchanged because they
only use the advection equation (2.9), not the explicit form of v, (x). As before, we infer that
the instantaneous PDF of the process X, is frozen to the time ¢, value p,, of the PDF of the
Eulerian process x;.

On the other hand, in the derivation of the SDE for the Lagrangian-frame process in
Sect. 3.3, the explicit form of v,(x) was used in (3.10). As a consequence, the SDE for )Zt’
will pick now the additional term

— (@@ (x) B pi () AT o) (x,)
=B @%®; ") ()T () (3 In o) () + (B TTE) (x,)]
= =B @@, ) (x) B2, (x,)(3;01) (Fo)
+ I (x) (0 )" (X)) (3,9, D) (x,) + (T (x)], 4.7)

where the second equality follows from (3.16) and the identity p, = p,. Introducing the
Lagrangian-frame antisymmetric tensor field

I (%) = @@, (T () (3@, ) (x) (4.8)
where x = @, (¥) and observing that
@, T17) (&) = [ ;) I (0) (3D, (1) + (B @) () (3 T () (3D, (x)
+ @@ T () (349, (0)1(9; )" (3)
= (%@, )@ T (x) + (0D, ()T (x) (0,0, D, (x) (0, D))" (3),

4.9)
we may rewrite the additional term (4.7) as

—B7I ()0 piy) (Fr) — BN T ) (R =TT (), H (%) — BB, T (F).  (4.10)

Altogether, the Lagrangian-frame process X, satisfies now the equilibrium-type time-
dependent SDE with a Hamiltonian force:

5 = —Bdy (F)0; H)E)di + T (80, H) () — B~ @) ) +F () + ¢/ (R,
4.11)
Clearly, the modified probability current associated with the conserved density p,, =

Z~'e~PH vanishes for the Lagrangian-frame process.
4.2 Example of Langevin-Kramers Dynamics

The particular case of Langevin dynamics with Hamiltonian forces is provided by the 2nd
order Langevin-Kramers SDE

myGl = —viigl — Vi) + fi(q) + & 4.12)
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904 R. Chetrite, K. Gawedzki

with the positive mass m = (m;;) and friction y = (y;;) matrices that, for simplicity, we
assume independent of ¢ and g, with a potential V;(g) and a non-conservative force f;(g),
and with a white noise &, with the covariance

(&1,i&;,j) =2,3_10ij5(l —5). (4.13)

We keep the matrix o different from y to allow noises modeling environments with non-
homogeneous temperature that violate the Einstein relation o = y. The 2nd order equa-
tion (4.12) may be rewritten as the Ist order SDE (4.2) in the phase space of points
x =(q, p) if we set

d=<8 ﬁga)’ H=(_01 (1)> Ht:%P'm_IP‘FVt(‘]),
Fi=0.—ym™'p+ fi@),  &=108).
The subtracted mean local velocity in the phase space has here the form
v=m"'p+B7'V,Inp,—VV,—ym~'p+ f,—B7'V,Inp, — oV, Inp,) (4.14)

and it vanishes for the Gibbs density p(g, p) = Z~'e ##P) in the equilibrium case where
o =y, the potential V; is time-independent, and the non-conservative force f; is absent.

4.2.1 Harmonic Chain

An example of a Langevin-Kramers dynamics is provided by a Fermi-Pasta-Ulam chain [10]
with ends coupled to a friction force and a white noise. Such chains were often used in the
theoretical studies of the Fourier law [3]. Here ¢ = (v{) withi =1,...,N,a=1,...,d,
and

J/,-(}h = 108 (8:181; + Sindn))s U;j-b = Y08 ((1 +n)8:181; + (1 — n)dindn)),

, N (4.15)
m:’j :mOB“bS,-j, V(q):ZU(ri(i+1))+ZU0(ri)'

i<N i

The dynamics in the bulk (i.e. for i # 1, N) is purely Hamiltonian, whereas the boundary de-
grees of freedom r and r y are exposed to the thermal noise at temperatures 8~' (1 1), re-
spectively, and to friction. The harmonic case (that does not lead to the Fourier law [26]) with
U(r) = %rz and Uy(r) = %rz corresponds to the linear stochastic equation of the type (3.28)
with the matrices

M = gab 0 g 3y
Y —(—kA+k)i;  —yomy' (8181 +8indnj) )

(4.16)
0 0
quih :ﬂ—lyo(sab .
' 0 (I+mditéij+ (1 —n)dindn;
The covariance matrix of the invariant Gaussian measure has the form
(—x7)ij 0 Xij  Zij
C.a.b — —laab —Kk A+k 7t + -1 aab J J 4.17
ij =P 0 o B~ 7. v, (4.17)
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with matrices X, Y, Z that may be calculated exactly [26] (for n = 0, it reduces to the co-
variance of the Gibbs measure). The subtracted mean local velocity is

v(g, p)= M+ DC™' —g7'tIc™h (Z), (4.18)

where the matrix on the right hand side has, up to terms quadratic in the relative temperature
difference 7, the entries

—(Z(—k A+ k)i malY-j
nmy 8 | —(Y (—kA+K)i; —(—kA+K)Z)ij — yomy (81 Y1j +SinYu) |- (419
+ v0(8i181; — Sindn;)

The Lagrangian flow of v is obtained by the linear action of the matrix

-1 —1 —1 . . . . . .
eM+DC™ =p=IC™)(—10) wwhich is straightforward to calculate in the linear order in 7.

5 Fluctuation-Dissipation Relations
5.1 Equilibrium Fluctuation-Dissipation Theorem

The equilibrium Fluctuation-Dissipation Theorem [5, 20, 24] relates the spontaneous dy-
namical fluctuations in an equilibrium state to the relaxation dynamics after a tiny perturba-
tion out of the equilibrium. It holds for a wide class of equilibrium systems including the
ones described by the equilibrium Langevin equation

&= —Bd (x) (@ H) (x) + 1 (x) B H) (x0) — B7HO T ) (x) + 7 (x) + ¢ () (5.1)

of the type discussed above. We assume that the process x, has the time-independent Gibbs
instantaneous PDF p(x) = Z~'e 7™ and denote by (—) the dynamical expectation. The
FDT asserts that [21]

3,(0" (x,) 0*(x))) Zﬂ_li (0> (X)) (5.2)
8hy |-

for s < t, where O“(x) are functions (well behaved at infinity), that we shall call (single-
time) observables, and where on the right hand side the expectation (—);, involves the
process obtained by replacing the Hamiltonian H (x) in the original dynamics (5.1) by its
time-dependent perturbation H (x) — h, O'(x) within some time interval. The left hand side
is the time derivative of the 2-time correlation function in the dynamics determined by (5.1)
and the right hand side is the response of the single-time correlation function to a small
dynamical perturbation of the Hamiltonian of the system. The temperature 8! appears as
the coefficient relating the two functions. It is often more convenient to consider the time-
integrated version of the FDT:

(0'(x) 0*(x1)) — (0" (x,) O*(x,)) = B 0

9 2
o h0=0(0 () .5 (5.3

where (—);,,s corresponds to the expectation where the original Hamiltonian H (x) is re-
placed starting at time s < ¢ by its time-independent perturbation H(x) — hyO'(x). For
reader’s convenience, we give a proof of the FDT (5.2) in Appendix D.
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906 R. Chetrite, K. Gawedzki

5.2 Modified Fluctuation Dissipation Theorem

We may immediately apply the FDT to the Lagrangian-frame process X; obtained from the
process x; satisfying the Langevin equation (4.2). Indeed, as was shown in Sect. 4.1, the
process X, = d>[‘1 (x;), where @, is the flow of the subtracted mean local velocity (4.5), sat-
isfies the equilibrium stochastic equation (4.11) and has the time-independent instantaneous
PDF p,, (%) = Z 'e #7®_ We infer that for observables O°(¥),

3,(0'(F,) 0*(%))) =ﬂ*‘i~ (O*(E)); (54)
8hs h=0

where (—); involves the process obtained by replacing the Hamiltonian H(X) in the
Lagrangian-frame dynamics (4.11) by its time-dependent perturbation H (%) — k, 0" (%) dur-
ing a time interval. Observe that this perturbation corresponds to the replacement of the
Hamiltonian H,(x) in the original equation (4.2) for x, by H,(x) — h, 0" (®, ' (x)). Indeed,
the latter replacement adds the term

Bhiby ()8, 0 (@] (1)) i—, (5.5)
on the right hand side of (4.2) and, in virtue of (3.9), results in the additional term
@D, ) () [Bh b} (x,)8,1] 5=y, O (D] ()]
= Bh, (0@, ") (x)by (x) (3,D; ) (x)(3;,0") (%)
= Bh,by (#)(3;0") (%) (5.6)

with l;ij = c?,” — B! l:[ij in (4.11) for X, = QD;' (x;) (with the same transformations ®; as in
the unperturbed process). Upon defining the Eulerian-frame time-dependent observables

0% (x) = 0%(®; ' (x)), (5.7)

the Lagrangian-frame FDT (5.4) may be rewritten as the identity

8
3500, (x;) O} (x:)) =ﬂ—157 (0P (5.8)

s 1h=0
Note that the time-dependent observables Oy (x) are constant along the Lagrangian trajecto-

ries of the velocity (4.5): O7 (®,(x)) = 0° (x). In other words, they obey the scalar advection
equation

3,0 +v,-VO! =0 (5.9)

and are frozen in the Lagrangian frame of the subtracted mean local velocity v,. Since the
values of the time-dependent observable O' may be chosen arbitrarily at time s and that of
O? at time ¢, the only trace of time dependence of the observables O¢ in the identity (5.8)
for fixed pair of times s < ¢ enters through the time derivative d; on the left hand side that
differentiates also the explicit time-dependence of O'! determined by (5.9). We may then
rewrite (5.8) using observables frozen in the Eulerian frame as the Modified Fluctuation-
Dissipation Theorem,

3,(0" (x,) 0% (x))) — ((vs - VO (x) 0 (x,)) = ﬂ_'% (07 (X)), (5.10)
s 1h=0
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Fig. 4 (Color online) Left: the bottom coinciding curves: LHS (continuous black) and RHS (dashed red) of
the integrated MFDT (5.11) for 0% (0) = sin(8), the upper (dot-dashed green) curve: the first two terms on its
LHS, the middle (dashed blue) curve: the corrective integral term. Right: RHS (dashed red curve) and LHS
(continuous black curve) of the integrated-in-time Lagrangian-frame FDT (5.4) with O%(9) = sin(0)

where the expectation (—), on the right hand side refers now to the process obtained by
replacing the Hamiltonian H, in (4.2) by H,(x) — h,0'(x). In the time-integrated form,
(5.10) becomes

(0'(x) 0 (x))) — (0" (x,) O (x,)) —/ (Vs - VO (x,) O (x)))do
0
=B"'—|  (O*(x))nys> (5.11)

with a corrective integral term with respect to (5.3). An experimental check of the time-
integrated MFDT for a colloidal particle has been described in [12]. Figure 4 shows the
numerical check of this relation and of its Lagrangian-frame counterpart for the stationary
process solving the SDE (3.21) for O“(0) = sin(#). See also the related earlier works [2, 29]
about a generalization of the Einstein relation to such a system and its experimental verifi-
cation.

The MFDT was proven directly in [7] in the stationary setup and shown to be equivalent
to identity (5.8) similar to the equilibrium FDT (5.2) but for observables frozen in the La-
grangian frame of mean local velocity. In the present paper, we unravel the deeper reason
for that equivalence, namely the fact that the non-equilibrium diffusion process observed
in the Lagrangian frame of the (subtracted) mean local velocity evolves according to an
equilibrium dynamics with a time-independent instantaneous PDF.

5.3 Links to Fluctuation Relations

Reference [7] also discussed fluctuation relation extending the MFDT to non-stationary sit-
uations. It was shown there that the Hatano-Sasa version [14] of the Jarzynski equality [16,
17] reduces close to stationarity to the MFDT for special observables and that one need
Crooks’ extention [8] of the Jarzynski-Hatano-Sasa equality to extract at stationarity the
MEFDT for general observables. The results of the present paper permit to propose yet an-
other extension of the MFDT.
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908 R. Chetrite, K. Gawedzki

For the process x, evolving accordingly to the Langevin equation (2.14) but with a time-
dependent Hamiltonian H;(x), the Jarzynski equality reads

Z
— (5.12)

Zy,

(e*ﬁwfov') =

where
t
Wy = / (3,H,)(x,)ds and Z, = / e P gy, (5.13)
fo

provided that the PDF of x,, is Z e PHo . Applied to the case with Hamiltonian H, (x) =
H(x) — Za:l,Z h{ O%(x) and expanded to the second order in functions A{, (5.12) reduces
to the FDT (5.2). The proof goes as in [6] where it was written for a less general case.

The above observations apply to the case of the Lagrangian-frame dynamics. For the
process % satisfying the SDE (4.11) but with the Hamiltonian H replaced by H (¥) + H/ ()
with ﬁ/ =0 for t <1y, we have for t > ty the Lagrangian-frame version of the Jarzynski
equality:

) 7 3 S
(e_ﬁWr[)J) — é for Wlo,l :/ (ag H;)(i;)ds (514)
o

and Z, = fe‘f’(ﬁJrgf/)(f)d)E, provided that the PDF of %, is Z-le Pl — p1- The perturbed
process x; such that x, = CID[' (x;), with @, standing for the Lagrangian flow of the mean
local velocity v,(x) of the unperturbed process x;, satisfies the SDE (4.2) with the original
Hamiltonian H,(x) replaced by H,(x) + H,’(<I>t’1(x)). This follows by the same argument
as around (5.5) and (5.6). In terms of the perturbed process x;,

7 ! 384 -1 Zt —BH/(x)
Wi = | (3H) (@ (x,)ds and Z= e ry (X)dx. (5.15)
fo

For H "(X)=— Za:m h¢ 0° (X), one obtains the Lagrangian-frame FDT (5.4) equivalent to
the MFDT (5.10) by expanding the identity (5.14) to the 2nd order in h{. Not very surpris-
ingly, there exist different fluctuation relations that may be viewed as an extension of the
MFDT to more general situations.

6 Diffusions Without Global Lagrangian Picture

In the preceding sections, we have discussed diffusion processes in a finite dimensional
phase space. The basic assumption underlying the discussion of the Lagrangian-frame pic-
ture of diffusions was the existence of the Lagrangian flow x > &®,(x) of the mean lo-
cal velocity satisfying (3.2). This is guaranteed if the velocity v;(x) is smooth and the
(phase-)space X' is compact, like in the circle example, but may be not assured if X is
unbounded in which case the Lagrangian trajectories of v, may blow up in finite time. The
idea of the decoupling of probability flux by the passage to the Lagrangian frame of the
mean local velocity can, in principal, be applied to infinite-dimensional diffusive processes.
It appears, however, that a number of known examples of diffusive processes described by
stochastic PDEs do not allow a global flow of mean local velocity and, hence, do not admit
a global Lagrangian-frame equilibrium-like description. Let us illustrate this phenomenon
in specific cases.
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6.1 One-dimensional Kardar-Parisi-Zhang Equation

The KPZ stochastic PDE [18] describes the fluctuations of a d-dimensional interface with
the height function /4, (x). It has the form

1
hy (x) = vV2h, (x) + 5?»(Vflz()€))2 + & (x) (6.1)
where ¢;(x) is the white noise with the covariance

(G (X)8s(y)) =2D5(1 — 5)8(x — y). (6.2)

The adjoint generator of the process /4, in the (infinite-dimensional) space of the height
functions /4 has the form

. 8 A 8
: 2 2
L _/_Sh( )|:—UV h(x)——z(Vh(x)) +D8h( )]dx. (6.3)

A straightforward (although somewhat formal) calculation [13] shows that in one space-
dimension with periodic boundary conditions (where Vi = 9,h), the Gaussian density in
the space of height functions

p[h] — Z—le—% [(Vh(x))?dx (6.4)

is annihilated by L' (for all values of A) and thus stays invariant. The corresponding mean
local velocity given by (2.12) has the form

1
v[r](x) = Ek(Vh(x))2 (6.5)

and the Lagrangian trajectories of v[] should be solutions of the equation

1
dh, = 5A(Vht(x))2 (6.6)
that becomes for u,(x) = —AVh,(x) the inviscid Burgers equation [4]
ou; (x) +u, (x)Vu, (x) =0 6.7)

with the solutions satisfying the relation
Uz (.X + (t - to)ut() (X)) = uTO (x) (68)

and developing discontinuities (shocks) for the first time #; > #y such that ¢, = #) +
W for a pair of points (x1, x,). The corresponding height function /,(x) looses
at t = t, the differentiability and, although weak solutions of the inviscid Burgers equation
exist beyond the time z, there is no unique global invertible Lagrangian flow of the mean

local velocity v[4] and no global Lagrangian-frame picture of the KPZ evolution.
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6.2 Diffusive Hydrodynamical Limits

Similar problems obstruct the existence of the Lagrangian picture in the effective equations
describing the large-deviations regime of fluctuations around diffusive hydrodynamical lim-
its of some lattice particle systems. The evolution of the particles consists of random jumps
to nearby sites. On the scales of the order of the size of the system L, and for times of the
order L2, such stochastic evolution gives rise to an effective diffusion in the space of macro-
scopic densities n,(x) [19, 31]. The dynamics of the densities is given by the continuity
equation d,n, + V - j, =0 for

¥ 1 i
Ji(x)= _EDJ(nt(x))ajnt(x) + & (x|ny) (6.9)
where ¢;(x|n) is the density-dependent white noise in time and space with the covariance

(& (Im & (yIn)) = €8(1 — )8 (x — ) x” (n(x)), (6.10)

where € 7! oc L? is the total number of microscopic particles assumed to be large. In partic-
ular, in the limit where € = 0, the density n,(x) satisfies the deterministic hydrodynamical-
limit diffusion equation

o, = %&(D”(:e,(x))ajnt(x)). ©.11)

One considers such systems with periodic boundary conditions or with Dirichlet ones where
one fixes the boundary values of the density n,(x) on the boundary of a finite domain
A C RY. The first case corresponds to an equilibrium evolution whereas the second one
(with non-constant boundary values) to a non-equilibrium boundary-driven one. The adjoint
generator of the process n, has the form

f_l . 5 i i
L _2/(8, —5n(x))|:D/(n(x))8 n(x)+ex J(n(x))aj(S a )]dx (6.12)

up to terms of higher orders in €. To the leading order, the stationary PDF in the space of
density functions takes the semi-classical form

pln] == ¢S (6.13)

with the functional S[n] satisfying the Hamilton-Jacobi equation

88 , B ; | B
/(aim)[ i(n n0) 5 e Df(n(x))ajn(x):ldx =0 (6.14)

and a certain stability condition [1]. According to (2.12), the mean local velocity in the space
of densities has the form

58S
v[n](x) = > [3 (DY (n(x))o; n(X))—3< ”(n(X))?i,S = )>] (6.15)

up to terms that vanish at € = 0. The functional S[n] is explicitly known in few boundary
driven non-equilibrium situations for which one may study the existence of the Lagrangian
trajectories of v[h].
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6.2.1 Zero Range Processes

Here, DY (n(x)) = ¢’ (n(x))8" and x"/ (n(x)) = ¢(n(x))8" for an increasing function ¢ > 0
of n > 0 related explicitly to the jump rates of the zero-range particle dynamics [19]. The
hydrodynamical-limit equation (6.11) reduces to the form

1
0, (x) = Evzw(n(X)) (6.16)
and the functional S[n] satisfies the relation [1]

8—5 =Ing(n(x)) —Ini(x), 6.17)
on(x)

where A(x) = ¢(n(x)), with n(x) providing the stationary solution of (6.16) so that A(x) is
a harmonic function on the domain A with prescribed boundary values. In virtue of (6.17),

88
< ”(n(x))als = )) =V @) Ving(n(x)) —Inix)]
= V2p(n(x)) — V- (p(n(x))VInA(x)). (6.18)

One infers that in this case
1
v[n](x) = EV (e (x))VIni(x)). (6.19)

The equation for the Lagrangian trajectories of v[n] has the form

0n, (x) = —§0 "(n(x)(Vn(x)) - T()) - % (n(x)) (V)ﬁ)( ()x) (6.20)
which is a quasi-linear 1st-order PDE whose solutions may be composed from character-
istic curves. The existence of global solutions will again be obstructed by caustics, i.e. by
crossings of the projection of the characteristics to the space. That this phenomenon takes
really place may be easily seen in one dimension where A(x) is a linear function. Besides,
the solutions of (6.20) will not preserve the Dirichlet boundary conditions for #;.

6.2.2 Symmetric Simple Exclusion Process (SSEP)

Here D'/ = 8" and x"/ (n) = n(1 —n). The functional S[n] is explicitly known in one space-
dimension [9]. It satisfies the identity [1]
S n(x)
=In
Sn(x) 1 —n(x)

where ¢ (x|n) is the solution of the ordinary differential equation

—@(x|n) (6.21)

V2p(x) 1
(Vo) T+er®

n(x) (6.22)
with prescribed boundary values. The mean local velocity has the form
1
v[n](x) = EV(H(X)(l —n(x))Ve(x|n)). (6.23)
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We do not know if there are obstructions to the existence of the corresponding Lagrangian
flow.

In [33], a non-local mapping of the diffusive process describing the large-deviation
regime of the non-equilibrium boundary-driven SSEP to the equilibrium dual version of a
similar process was described. This was further extended and elucidated in [34]. The method
of [33, 34] uses hidden symmetries of special lattice particle systems and it does not seem
to be related to the Lagrangian ideas developed here.

7 Conclusions

We have shown that non-equilibrium Markov diffusions become equilibrium ones when
viewed in the Lagrangian frame of their mean local velocity. More exactly, the diffusion
process transformed to that frame, although in general non-stationary, satisfies the detailed
balance and has instantaneous probability density that does not change in time and is equal
to the Eulerian invariant density if the original process is stationary. The passage to the
Lagrangian frame decouples the non-zero probability current from the non-equilibrium
process. The equilibrium nature of the Langevin-frame process explains on a deeper level the
equilibrium-like fluctuation-dissipation relations observed in the Lagrangian-frame of mean
local velocity in [7, 29]. Our analysis indicates that the equilibrium and non-equilibrium
diffusions are closer than usually perceived and the entire difference between them may be
encoded in the probability current that does not vanish in the non-equilibrium case. This
seems to be an interesting observation on the fundamental level. In practice, although the
passage to the Lagrangian frame may be realized numerically in simulations of small sys-
tems, its experimental realization is far from obvious and its use in the analysis of stationary
non-equilibrium dynamics may be hampered by the absence of knowledge of the invari-
ant measure that enters the expression for the mean local velocity. As we have also seen,
our arguments apply strictly only to diffusive systems with the global flow of mean local
velocity. Such global flow is absent in important examples of non-equilibrium diffusions de-
scribed by stochastic partial differential equations where Lagrangian picture can be at most
defined locally in the phase space. This is a serious limitation of our Lagrangian approach
to non-equilibrium dynamics. It remains to be seen to what extent the Lagrangian analysis
may be carried through for other models of such dynamics. In particular, the mean local
velocity may be also defined for continuous-time Markov processes with jumps but the pas-
sage to the Lagrangian frame of the latter does not fully restore the detailed balance in such
processes (for which the detailed balance implies the vanishing of the local mean velocity
but is not equivalent to it any more). This suggests that the violations of the equilibrium
features of the Lagrangian-frame dynamics in such systems could be used to quantify the
importance of jumps in Markov non-equilibrium processes. Such topics are left to future
investigations.
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Appendix A

We check here the formula (2.11) for the probability current (2.10). First note that for a
similar average as in (2.11) but with the right time derivative,
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. . -xi _xi
(i, 800 — x)) = ggnao<%8(x - x,)>

! , . .
=!£1(1)gpt(x)</ P(t,x;t+e,y)y’dy—X’>=pz(X)(LtX’)

= [@(x) + (3;d;) (x)1p, (x). (A.1)

On the other hand, for the left time derivative,

i

(% 8(x —x) = hng(%m - x[)>

1 ,
= hm <,o,(x)x - / Pi—e(V)Y' P(t —€,y;t, x)dy)
= (L] p)(x)x" — L] (p,(x)x")
= [l (x) — (8;d) (x) — 2} (x);1p, (x), (A2)

where the second equality combined the derivatives over € of p,_. and of P(t — €, y; t, x).
The addition of the relations (A.2) and (A.1) gives the identity (2.11).

Appendix B

Let us check that under the change of variables x +— x’ = W(x), the mean local veloc-
ity (2.12) transforms as a vector field. In new variables, the process x; = W (x,) satisfies the
Stratonovich stochastic equation

=l () + ¢ () (B.1)
with
w/ () = @Y @ uy(x), M) =@W) ()¢ x) (B.2)
for x’ = W(x). The covariance of the white noise ¢, (x') is
(¢ ()] () =28t =)D (v, y) (B.3)
for
DY (x'.y) = @ W) (x) D (x, ) () () (B.4)

and x’ = W(x), y' = W(y). The instantaneous PDF of the process x; is

-1
3(‘11(36))) ’ (B.5)

pj(x') = pt(x)< 5

LEIC(EI))
where 30

stands for the Jacobian of the change of variables. In the new variables, the
mean local velocity (2.12) is

Vi) =@l (x) — d7 (x")(9; In p)) (x), (B.6)
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where
d7 (=D (x',x) and @!(x)=ul(x") —r ). (B.7)
The deterministic correction
ri) = 0, DY (X, ) y—w = (3,97 () 0, [0 9) () D (x, y) (@3 9) (3)]]
= (%W) () D (x, )y=r + (@, ¥ D ) (@YY ()} (x) (3,8, ¥) (x)
= (OW) () [rf (x) + &} (x) (@3, ™" (&) (940, %) (x)]. (B.8)

On the other hand, using the standard formula for the derivative of the logarithm of a deter-
minant, we obtain

. . RIQY
@%) ()3, Tn p))(x') = (W) (1) (0,9~ (') 3y [mp,(x) 1 22D }

a(x)
= (@ 1Inp)(x) — @9~ (x') (3,0, W) (x). (B.9)
Hence
) 4+ ()@ p) () = @G W) () [rf (x) + df (2) (0,07 () (09,0 (x)]
+ @) (0)d)! (x) [(3;1n p,) (x)
— @97 () (@8, W) ()]
= (W) () [F (x) + " (x) (3 In ;) (x)]. (B.10)
Finally, using also the 1st of (B.2), we obtain the identity
o/ () = () = (&) = Y (@) (@ In ) )
= (W) (0)luy (x) = r (1) = df () (@ In o) ()] = (BW) (v (), (B.11)

which was to be shown.

Appendix C

We give here the explicit formula for the time-dependent noise covariance D, of the
Lagrangian-frame process corresponding to the harmonic Rouse polymer in linear shear-
ing flow considered in Sect. 3.4.3, keeping the notations of that section. D, is composed of
3 x 3 diagonal Fourier blocs

) t — I
Dea.bt =B {5a353b +5“181b|:1 - sin(s( 0) >]
\/1 +of \/1 +o?

t— 1
+30252”[1+ L sin<s( 0)>+4Gfsin2<¥>i|
Jiod N1+ 2./1+0?

2 t—t t—t
+ (59162 — 5“25”’)[ o sin( S —f) ) — 20, sin2<u)] } .1
\/1+og \/1+az 2/1+07
that are positive matrices with constant determinant equal to (y8)>.
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Appendix D

We give here a proof of the FDT (5.2) around the non-stationary equilibrium dynamics de-
scribed by the Langevin equation (5.1). On the one hand, the two-time dynamical correlation
function is

(0'(x)0*(x)) = / P(X)0' (X)P(s, x;1,y) O*(y) dx dy (D.1)

where p(x) = Z~'e ##™ is the Gibbs instantaneous PDF of the process x, satisfying the
SDE (5.1) and P(s, x;t,y) are the transition PDF’s. Using the first of the Kolmogorov
equations (2.8) and integrating by parts, we infer that

3,(0'(x,) 0% (x,)) = —[(Lj.polxx)P(s,x; t,y)0*(y)dxdy, (D.2)

where
Ly=[-BdY(3;H)+ 1Y@, H) — B~ (3,T1")]3; + 8;d" d; (D.3)
and Lj,o =0. Let
L' =L, +h[pd7(d;0") — 17 (3;0")]8;, (D.4)

be the generators of the process obtained by the replacement H — H — h;O'. Clearly,
(Lﬁ_’)*(,oeﬂhsol) = 0. Expanded to the first order in A, the latter equality implies that

(LM p. (D.5)
h=0

. 0
Li(p0)=——
B S(P 1) oh,

Asa consequence,

3,(0" (x,) 0% (x,)) =ﬁ—1/<

d
— (Lf)*p (x)P(s,x;t,y)Oz(y)dxdy
ohs |,

=5 [ (5
dhy

The right hand side is equal to ! % ln=0{O?*(x,));, so that the identity (5.2) follows.

Lf_')(x)P(s,x;t,y)Oz(y)dxdy. (D.6)
h=0
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