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A multi-scale projection operator method is developed and applied to study coarse-graining of covariant
Fokker-Planck theory and the associated Ito-Langevin dynamics. Explicit expressions for the renormalized
kinetic coefficients are obtained. It is also proved that the property of detailed balance is preserved by coarse-
graining. These results demonstrate that covariant Fokker-Planck dynamics and covariant Ito-Langevin dynamics
emerge naturally as a consequence of coarse-graining of microscopic dynamics. We illustrate our theory using

several concrete examples.
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L. INTRODUCTION

One of the most important tasks of nonequilibrium statis-
tical physics is to derive macroscopic, irreversible dynamics
from microscopic, reversible dynamics, and thereby obtain
a first principle understanding of macroscopic irreversible
phenomena. For this purpose, one must integrate out a vast
number of fast variables whose dynamics is fast comparing
with experimentally relevant timescales, a procedure usually
called coarse-graining. As a result, one obtains an effec-
tive, low-dimensional dynamic theory for the slow variables.
The effective slow dynamics is parameterized by a set of
macroscopic transport coefficients, which are functions of pa-
rameters in the microscopic dynamics. Coarse-graining is also
frequently applied to stochastic models, which yields lower-
dimensional models that can be more efficiently studied. More
generally, classical thermodynamics may be understood as a
coarse-graining of statistical mechanics, where all variables,
except a few thermodynamic variables, are integrated out.
Renormalization group transformation may also be under-
stood as a special case of coarse-graining, where the theories
before and after coarse-graining are related to each other by a
scaling transformation.

One popular coarse-graining method, known as the pro-
Jjection operator method, was developed by Nakajima [1],
Mori [2], Zwanzig [3-6], and many others [7—11]. Whilst the
method was initially developed for classical systems, it has
also been generalized to quantum systems [12-17]. It yields
integrodifferential equations for slow variables with colored
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noises, which are called generalized Langevin equations. With
a further Markov approximation, generalized Langevin equa-
tions can be reduced to usual Langevin equations with white
noises. Such an approximation is, however, justified only if
there is a wide separation of timescales between fast and slow
variables. Otherwise, one has to tackle much more challeng-
ing integro-differential equations. The situation was greatly
improved in the “time-convolutionless projection operator for-
malism” [18-20], where the probability density function (pdf)
of slow variables obeys differential equation even without
timescale separation. Whilst this formalism has been success-
fully adapted to the quantum systems [21,22], its application
to classical systems has been rather limited.

In recent decades, methods of stochastic processes have
been successfully applied to study basic problems in nonequi-
librium statistical mechanics. Many exact results such as
fluctuation theorems and work identities have been discov-
ered, and their relations with time-reversal symmetry have
been clarified [23-31]. These exact results, which capture im-
portant and universal features of nonequilibrium fluctuations,
have been derived using either Hamiltonian dynamics, or
stochastic dynamics at different levels, such as Fokker-Planck
dynamics, Langevin dynamics, or master equations. Study of
these important issues leads to the emergence of a new field
called stochastic thermodynamics [32-40]. More recently,
it was discovered that, in some situations [41-46], entropy
production is not invariant under coarse-graining. Whilst it
is generally believed that this is due to the nonequilibrium
nature of some hidden variables, which are not taken into
account in the theory, the precise mechanism is far from clear.
Entropy production is a key concept in nonequilibrium sta-
tistical physics, yet the above results seem to impose serious
challenge on the objectivity of this quantity in nonequilibrium
settings. Stochastic thermodynamics is a diversified field,
where different models and methods are often applied to the
same problem, resulting theories at different levels of coarse-
graining. Regardless of many recent studies [35,42,45-60],
it is not yet fully understood how thermodynamic quantities
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at different levels of description are related to each
other.

The preset paper is the fifth of a sequel dedicated to a
unified theory of thermodynamics and stochastic thermody-
namics for nonlinear Langevin systems. In the first paper
[61], Langevin equation was formulated in a covariant fashion
using Ito-calculus. The most salient feature of this theory is
that it is parameterized by a generalized potential and a kinetic
matrix, both behaving as tensors under nonlinear transform of
variables. The detailed balance conditions are also formulated
in a covariant fashion. In the second paper [62], stochastic
thermodynamics was formulated using covariant Ito-Langevin
equation for systems in contact with a single heat bath and
driven by conservative forces. All thermodynamic quanti-
ties are expressed in terms of the generalized potential, the
kinetic matrix, and the probability distribution of system vari-
ables. Using concrete examples, it was demonstrated that
for systems with multiplicative noises or with curvilinear
coordinates, this theory should be used in replacement of
the conventional theory of stochastic thermodynamics and
stochastic energetics. In the third paper [63], it was shown that
the theory remains applicable even if the system is strongly
coupled to the bath, and there is no need to revise definitions
of thermodynamic variables, as long as the Hamiltonian of
mean force is identified as the fluctuating internal energy of
the system. In the fourth paper [64], the theory was gen-
eralized to systems driven by nonconservative forces. This
results in a unified theory of thermodynamics and stochastic
thermodynamics for classical nonequilibrium systems, which
exhibit nonequilibrium steady states. The theory also provides
a statistical mechanical foundation of Glansdorff-Prigogine
stability theory of nonequilibrium steady state [65] as well as
the steady-state thermodynamics of Sasa and Tasaki [66].

In the present paper and another paper, which will follow
immediately [67], we will construct a systematic coarse-
graining method for stochastic thermodynamics of nonlinear
Langevin systems. Starting from a fine-grained theory with
both slow and fast variables, we integrate out fast variables
and obtain a coarse-grained theory, which is an effective
theory for slow dynamics. The task of the present paper is
to find the generalized potential and the kinetic matrix of the
coarse-grained theory in terms of the corresponding quanti-
ties of the fine-grained theory. Accomplishment of this task
automatically proves that the covariant Langevin dynamics
is the natural formulation of nonlinear-Langevin dynamics.
Whilst the generalized potential of the coarse-grained theory
can be obtained from the fine-grained theory using elementary
probability theory, calculation of the kinetic matrix of coarse-
grained theory is much more nontrivial, and should be deemed
an important and challenging problem in nonequilibrium sta-
tistical mechanics. In the next paper [67], we will apply these
results to derive relations between thermodynamic quantities,
in particular, entropy productions, in the fine-grained theory
and the coarse-grained theory.

Besides working out the effective dynamics of the slow
variables, we would also like to know how the probability
distribution of fast variables evolve over time in the middle
of nonequilibrium processes. The latter information is much
needed when we try to relate thermodynamic quantities at
different levels of coarse-graining. For this reason, we find

that the convolution-less projection operator theory [18-20] is
not directly applicable. Hence we will develop a systematic
multi-scale expansion method, which yields at every order
simultaneously the pdf of fast variables and the effective FPO
of the slow variables. Our multi-scale projection operator
method is a systematic generalization of the method devel-
oped in Ref. [68]. Multi-scale expansion methods have been
applied to study coarse-graining of Fokker-Planck dynamics
and Langevin dynamics, as well as some associated ques-
tions of stochastic thermodynamics [45,46,52,53], such as
overdamped limit, anomalous entropy production, and Mar-
tingale structure. These works do not use covariant theories of
Langevin dynamics and Fokker-Planck dynamics, and hence
do not yield results that we seek, i.e., the relation between the
kinetic coefficients of the fine-grained theory and those of the
coarse-grained theory.

The remaining of this paper is organized as follows. In
Sec. II, we combine projection operator theory with multi-
scale analysis to develop a systematic expansion for the
effective slow dynamics of a general Fokker-Planck theory,
with the ratio € between fast and slow timescales treated as a
small parameter. At each order of €, we obtain the probability
distribution of fast variables and the renormalized FPO of the
slow variables. These results show that, starting from the first
order in e, fast variables are driven away from the steady
state due to their coupling with the slow variables, and it
is this deviation that causes renormalization of the FPO of
the effective slow dynamics. In Sec. III, we apply the result
to covariant Fokker-Planck theory, and obtain, with certain
assumption made on the kinetic matrix, explicit expression
for the first-order renormalized kinetic matrix of the effective
slow dynamics. We also show that the coarse-grained theory
inherits the detailed balance of the fine-grained theory.

In the latter part of this paper, we demonstrate the power
of our coarse-graining method using several examples. In
Sec. IV, we consider a Hamiltonian system interacting with
a large bath, which is also a Hamiltonian system. By integrat-
ing out the bath variables, we obtain underdamped Langevin
equations, which describe the Brownian motion of the system,
with friction coefficients expressed as integrated correlation
functions of collision force acting on the Brownian particle.
Unlike in the traditional projection operator formalism, there
is no need to take further Markov approximation. More im-
portantly, we show that the noises acting on the Brownian
particle are generically multiplicative if the bath lack transla-
tional symmetry. This happens, e.g., whenever the Brownian
particle is near an interface. In the presence of multiplicative
noises, our theory automatically yields the covariant form of
Ito-Langevin dynamics. In Sec. V, we specialize to the case
where the bath consists of a large number of harmonic oscil-
lators. Our coarse-graining method, whilst yielding identical
results as the classical projection operator method [5], demon-
strates clearly the connection between timescale separation
and Markov approximation. In Sec. VI, we study the over-
damped limit of Langevin equations for Brownian motion. For
the case of spatially varying friction coefficient, our analysis
yields the correct form of spurious drift, which was derived
previously using more complex method [69]. For the case of
spatially independent friction coefficient, we go to third order
in the multi-scale expansion, and also work out the short-scale
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details of the effective slow dynamics. In Sec. VII, we study
the Brownian motion of a rod-like particle in two dimension
in the limit where rotational dynamics is much faster than
translation dynamics. We show that at the first order in e,
the renormalized FPO of translational motion is a fourth-
order differential operators. Finally, in Sec. VIII we draw
concluding remarks and project future research directions. In
the Appendix, we discuss the mathematical structure of co-
variant Fokker-Planck theory, which are useful for systematic
understanding of projection operator formalism.

II. MULTI-SCALE PROJECTION OPERATOR THEORY
A. Fokker-Planck dynamics of the joint system

We consider a set of slow variables x that is interacting
with a set of fast variables y. The fast variables are in contact
with a stochastic environment, which is modeled as a set of
independent Wiener noises. The slow variables may or not be
in contact with a stochastic environment. The timescales of
fast variables y and slow variables x are respectively 7, and
Ty, which satisfy the assumption of timescale separation,

e:t—y<<1.

Tx

2.1)

Note that we are not assuming that the environment is an equi-
librium system. Neither do we assume that the fluctuations of
fast variables are small.

The dynamics of the joint system consisting of slow and
fast variables, collectively denoted as z = (x,y), can be de-
scribed by Fokker-Planck equation. We consider the following
generalized Fokker-Planck type of dynamic equation for the
pdf p(z, t):

ap(z,t) = Lpa, 1) = (L) + ¢ LK)p(z 1), (2.2)

where .Z is the Fokker-Planck operator (FPO) of the joint dy-
namics. Note here we assume that %y is a differential operator
of the fast variables y only, which may depend parametrically
on x. %, with the subscript S meaning slow, is a differential
operator of both x and y. The factor €~! in front of % is
introduced to make the timescale of y of order O(¢), whereas
the timescale of x is of order O(1), so that Eq. (2.1) holds
[76]. We shall further assume that %y is independent of time,
whilst .%Z5 may depend on time, due to the variation of some
external control parameter. For usual Fokker-Planck dynam-
ics, Zs, £y are both of second order. Our theory developed
in this section, however, is applicable even if these operators
are of higher order.

It is useful to study the following reduced Fokker-Planck
dynamics of the fast variables:

p =€ "' Ap, (23)
where the slow variables x serve only as fixed parameters.
€714 may be understood as the FPO of the fast variables
conditioned on the slow variables. (Recall .4y does not in-
volve derivative over x.) Equation (2.3) can be obtained from
Eq. (2.2) by neglecting .%s. Hence it is a good approximation
of the joint dynamics in the short timescales At < 7, ~ O(1),
since within this timescales, the slow variables barely change.

We shall assume that for any given x, Eq. (2.3) has a unique
steady state,

L e~ Yo 0,

/eiUY =1.
y

This means that e~Y¥ is the unique eigenfunction of % with
eigenvalue zero. The operator %y is not invertible.

Fokker-Planck dynamics must preserve the total probabil-
ity, which means that if we integrate Eqgs. (2.3) overy, we must
get zero for arbitrary p,

2.4)

2.5)

/ L =0. (2.6)
y
Similarly, probability conservation of Eq. (2.2) implies
/ Z =0. 2.7
xy

The main goal of this section is to integrate out the fast
variables y and obtain the renormalized slow dynamics. The
main results are as follows. In the timescales much longer than
7,, the marginal pdf px(x, t) for the slow variable x satisfies a
renormalized Fokker-Planck equation,

d
—px = LEpx, 2.8
2 Px X Px (2.8)

where X is the renormalized FPO, expanded as
LE=LP+e L +ELP+-. (29)
L0 = | L (2.9b)
y

L =~ | B Lyt Loe . (2.9¢)

y

The operator L‘_{L is defined in Eq. (2.24), Sec. IIC. The
third term in the expansion (2.9a) is presented in Sec. IID 4.
The renormalized dynamics of slow variables in the short
timescale ¢ < Ty is discussed in Sec. IIE.

We note that Eq. (2.2) is not the most general form of
Fokker-Planck equation with separation of timescales. It is
possible to generalize our theory to the more general and
complicated case, where the FPO of the joint dynamics has
the following form:

L = gsyo + 6_1/292%'__1/2 + 6_1.;2”]@ (2.10)

This will be explored in a future publication.

B. Projection operators

Fokker-Planck theory studies the dynamic evolution of
probability density functions p(x,y). We first define the real
Hilbert space 7% spanned by all probability density func-
tions p(x,y). An element ¥ (x,y) in the space g will be
called a distribution. The slow projection operator Ps is
defined as

Py (x,y) = e VO / Yx,y), (2.11)
g
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which has two defining properties: (1) &s preserves the
marginal pdf of x,

f Py (x.y) = / Ve, (2.12)

Y Y

and (2) the fast variables achieve steady state conditioned
on the slow variables x in the state Psyr(x,y). It is easy
to prove that s is involutive, i.e., PsHs = Hs, and is a
Hermitian operator according to the inner-product structure
defined in Sec. IIIB. Hence s is a legitimate projection
operator. It projects the Hilbert space 7% onto the slow
subspace J3, where the fast variables achieve steady state
conditioned on slow variables. An distribution in .72, will be
called a slow distribution, and can always be written in the

form of f(x)e 0% [cf. Eq. (2.11)]. Hence we have
Ay = PsHia = (f(x) e MOD), 2.13)

The fast projection operator P is defined as the orthogo-
nal complement of s,
P =1— P, (2.14)

where I is the identity operator. When acting on a generic
distribution ¥ (x, y), it yields

Pe(x,y) = Y (x,y) — e OO / Yy, (215
!

which can be understood as the fluctuations around the slow
distribution Zg¢ (x,y). Using Eq. (2.5) we easily see

/%Wx,y) 0.

y

It then follows that £2r projects the Hilbert space % onto
the fast subspace %”fsw defined as,

Koy = Pe Mg = {W(x,y)

/1//(x,y) = 0}. (2.16)
y

Any distribution 1 (x, y) can be decomposed into a slow com-
ponent ¥s(x, y) and a fast component Yr(x,y),

Y(x,y) = Psy(x,y) + Pry(x,y)
= Ys(x,y) + Yr(x,y).
The Hilbert space of distribution .73 is decomposed as

_ S F
Hiise = L;éﬁgist @ “;iigist'

2.17)

(2.18)

Below we summarize the useful properties of &5, Pg:

P =Ps, Pir= Py, (2.192)
Ps+ Pr =1, (2.19b)
Py = Ps, P = Py, (2.19¢)
P Pp = PpPs = 0. (2.19d)
For any function f(x) of slow variables, we have
Ps(fx)e ™) = fxye ™, (2.20a)
Pre(f(x)e ™) =0. (2.20b)

C. Solubility condition

Because £y does not contain x derivative, it always returns
zero when acting on a slow distribution,

L fx)e™ N = fx)Lye ™ =0. (2.21)

Since the function f(x) is arbitrary, we have the operator
identity %y #s = 0. Reciprocally, if Zy¥(x,y) =0, then
¥ (x,y) must be a slow distribution, since by assumption %y
has no steady state other than e~Y¥. The slow subspace ./},
is therefore the kernel of the operator %y . Additionally, com-
bination of Egs. (2.11) and (2.6) implies the operator identity

P Ly = 0. Summarizing we find

Py = LK Ps =0, (2.22)
Using Egs. (2.19b) and (2.22), we have
Ly = (Ps+ Pp)Ly(Ps + Pr)
= Pr Ly Pr. (2.23)

The operator %y is not invertible, since it has a zero eigen-
value with eigenfunction e~UY. But we can define an operator
.ZY_ L, which behaves as the inverse of .% when confined in
the fast subspace S

ist?

Lot = P L Py, (2.24)

Lty = InSyt = Py (2.25)

When acting on a distribution ¥ = ¥ + ¥, £y L returns a
fast distribution,

Lt (s + yr) = Ly e € AL

Note that by definition (2.24) £y~ s = 0.
When carrying out multi-scale analysis, we will repeatedly
solve the following linear equation:

fYP(x,.Y) = 1/f(x,y)

Let ps = Psp and pr = Pgp be the slow component and
fast component of p. Since %y ps = 0, we see that pg cannot
be determined from Eq. (2.27): it is arbitrary. Hence Eq. (2.27)
can be rewritten into

(2.26)

(2.27)

Lpr =Y. (2.28)

We apply & to Eq. (2.28) from the left. The left-hand side
(1.h.s.) vanishes because of Eq. (2.22). Hence we find

0= P = s, (2.292)

or equivalently,

/ Y(x,y)=0. (2.29b)
¥

This imposes a necessary condition in order for Eq. (2.27)
to be solvable. Equations (2.29) shall be called the solubility
condition. Now taking the fast component of Eq. (2.28), we
find

Apr =Y, (2.30)
whose solution determines the fast component of p,
pr =2y V. (2.31)
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With the solubility condition (2.29) satisfied, the general so-
lution to Eq. (2.27) is

p(z) = ¢s + Ly Vr,

where ¢g is an arbitrary slow distribution. Two terms in the
right-hand side (r.h.s.) of Eq. (2.32) are, respectively, the ho-
mogeneous solution and the particular solution of Eq. (2.27).

In summary, the slow component of Eq. (2.27) gives the
solubility condition, whilst the fast component of the equa-
tion determines the fast component of p, finally the slow
component of p remains arbitrary.

(2.32)

D. Multi-scale expansion of effective slow dynamics

We aim to derive the effective dynamics of the slow vari-
ables from the Fokker-Planck dynamics for the joint system,
Eq. (2.2). We shall first carry out a multi-scale expansion
of the solution to Eq. (2.2), and obtain a hierarchy of equa-
tions for each terms in the expansion. We then project these
equations into the slow subspace and obtain effective Fokker-
Planck equations for the slow components of distributions at
each order.

Pedagogical discussion of multi-scale analysis can be
found in the classical monograph on asymptotic analysis by
Bender and Orszag [70]. Our method is generalization of
the method developed in Ref. [68], which studies the over-
damped limit of harmonic oscillator with friction and noise.
Multi-scale techniques have also been applied to more general
(but also more abstract) coarse-graining problems, both by
mathematicians [52,71-73] and by physicists [45,46,53].

We introduce a set of timescales t; = et,t, = €%t, - - -, and
treat the pdf as a function of x, y and all these timescales. We
consider the following multi-scale expansion:

) =p Oyt 0,0,
+epP,yit t )
+epPyit )
o (2.33)

The dependence of p)(z;t, 1,5, ---)ont,t;, 1, --- will be
constructed such that the expansion exists, i.e., the functions
p(k)(x, y;t, 11,1, ---) can be found at each order. When writ-
ing down Eq. (2.33), we are already assuming that the joint
pdf does not depend on the fast-time variable z_; = /€. This
may sound strange since the fast dynamics as determined
by Eq. (2.3) has a characteristic timescale of O(¢). Indeed,
assuming the dynamics starting from the initial time #, with
generic initial conditions, if we can resolve the dynamical
details of for p(x,y, t) in the short period ) < ¢ < fy + O(e),
we would see that p(x,y;) also depends on 7_;. In longer
time, however, this fast dynamics quickly decay, and the long-
scale asymptotic dynamics of p(x, y;¢) only depends on the
slower-time variables fy = ¢, t; = €t,t, = €2t, - - -. Qualita-
tively speaking, in longer timescales, fast variables are slaved
by the slow variables, so that we do not need to explicitly
keep track of the fast variables. This point will be explained
in greater details in Sec. II E.

The time derivative in l.h.s. of Eq. (2.2) now should be
understood as the full-time derivative, which can be expressed
in terms of partial derivatives with respect to ¢, t1, f,, - - - via

plx,y;t, t, b, -

the chain rule
0 d 0

— —>
ot dt

dtl 0 dt2 0

dt at1 dt 81‘2
:8,—}-68,,—}-6 O, + . (2.34)

Substituting Egs. (2.33) and (2.34) into Eq. (2.2), expanding

both sides in terms of €, and comparing coefficients at each
order of €, we obtain

HAp® =0, (2.35a)
Sp = 3,p© — .Zsp(o) (2.35b)
DiﬂYp(Z) =9, p( ) + 9 p gsp (2.35¢)

These equations have the same structure as Eq. (2.27). We
will solve them order by order using the method developed in
Sec. IIC. As demonstrated in Sec. II C, the slow component
of every p® remains arbitrary. For convenience, we impose
the convention for all £ > 1, p(k) has no slow component,

Zsp® =pg’ =0, pP=pp. (2.36)
Equivalently we have
(k) _
/p =0, Vk>1. (2.37)
¥

This means that the slow component of p is exclusively con-
tained in p®. As we will see, this convention will greatly
simplify the multi-scale analysis. The marginal pdf of x can
be obtained from Eq. (2.33) by integrating out y, or projecting
out the slow component,

px(x;t,---

=> e /(k)(x yit, o). (2.38)
k=0

Only the first term in the r.h.s. survives since p® for k > 0
have no slow component. Hence we have

px(x;t,--~)=/ PO =p ey, (2.39)
y
POt ) = px(er, - ) e (2.40)

1. Zeroth order

At the zeroth order, the r.h.s. of Eq. (2.35a) vanishes, hence
the solubility condition is trivial. Hence the general solution
to Eq. (2.35a) is

© _ O _ ~Uy

ps =pxe "V, (2.41)

p

where px = px(x;t,t, ---) remains an arbitrary function of
x,t,t. Its dependence on various time-scales will be deter-
mined as we go to higher orders in perturbation analysis.

2. First order
The solubility condition of Eq. (2.35b) is

0= f @p® = Zsp)
y

/3zPX€ Uy /fse Ypx.

(2.42)
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where used was Eq. (2.41). The first term in r.h.s. of Eq. (2.42)
can be simplified as

/&px e =4, px /e‘UY = 0;px,
y y

where in the last equality we have used Eq. (2.5). Let us define
an operator .Z” of sl iabl
perator £y of slow variables,

(2.43)

A = / Ly, (2.44)
y

It acts only on x but not on y, since y are already integrated

out. We can then rewrite Eq. (2.42) into

3 px = LVpx, (2.45)

which determines the ¢ dependence of px.

Now take the fast component of Eq. (2.35b). Using
Eq. (2.41) and noticing that e~% is independent of time, we
see that the fast component of 9, p® vanishes, hence the fast
component of Eq. (2.35b) becomes

AP = — P Lspxe™N, (2.46)
whose solution is
p=pl = Ly (=P Lse N px),
= - L Le Wpx, (2.47)

where we have used the convention that the slow component
of p! vanishes. Note that in the last step we have used
Eq. (2.24) as well as P P = Pr. Hence p' is fully de-
termined by px at the same instant.

3. Second order

Using Eq. (2.47) and p(SI) = 0, we see
Pt pV = = P50, Ly~ Lse N px
= —f@sg{latgse_u‘(px
=0, (2.48)

where in the last step we used 5.2y 1 = 0. Further using
Egs. (2.41) and (2.47), the solubility condition of Eq. (2.35¢)
becomes

0= / d,pxe N + / L Lyt Lse Bpx.  (2.49)
Yy y

Defining another operator

L =~ / L Ly Lse ™, (2.50)
y
we can rewrite Eq. (2.49) into
3 px = 244 px 251)

which determines the #; dependence of px.

Let us now take the fast component of Eq. (2.35c). Again
we can easily see that 9, p® has no fast component, and
hence we find

e =0,y — PrLspy (2.52)

whose solution is
PR = L o~ L L e px)
+ QFXSX{LXS eiUpr].
_ X{L[_XQL(&B%N—UY _ DiﬂY—LXge—UYB?}EO)
+ L L Ls e W px. (2.53)

which fully determines p}z)(t) in terms of px ().

Inspecting the structure of Eq. (2.51) we can now under-
stand why it is necessary to introduce the slow timescales
t1,t, .-+ in the multi-scale expansion Eq. (2.33). Without
these slow timescales, Eq. (2.51) would lead to 0 = f,ﬁl)px,
an inconsistency.

4. Effective slow dynamics

This above process can be continued indefinitely. For ex-
ample, the solubility condition at the third order is

3, px = L& px, (2.54)

where the operator ‘,5,”,((2) is given by

LY = / LT L L L
y
— / L L Lt L L e
y

— / L LT Ly (0. L)e™ Y, (2.55)
y

which determines the #, dependence of the marginal pdf px.
Note that the time derivative of .5 appears in the last term.
Taking the fast component of the third-order equation, we find
that the fast component pg) is completely determined by px at
the same instant. The results become more and more complex
as one go to higher and higher orders, so we stop here.

The sequence of equations (2.45), (2.51), and (2.54), as
well as their higher analogues, are mathematically equivalent
to the following renormalized Fokker-Planck equation of the
slow variable pdf px:

d
—px = LR px,
dtPX x PX

where d/dt is the full time derivative defined in Eq. (2.34),
and .Z¥ is the renormalized FPO, expanded as

LE=LO e+ LD+

(2.56)

(2.57)
= f Lse N —¢ f L Lyt Lse N 4
y y

To see this, we insert Egs. (2.34) and (2.57) into Eq. (2.56),
expand both sides of the equation in terms of €, and compare
coefficients of each power, we obtain Egs. (2.45), (2.51),
and (2.54), as well as all higher-order conditions. Hence by
carrying our the multi-scale expansion, we obtain the renor-
malized FPO of the effective slow dynamics. These results
have already been summarized in the end of Sec. ITA.

f;l) and higher-order terms in Eq. (2.57) characterize
renormalization of the effective slow dynamics due to the de-
viation of fast variables from conditional equilibrium/steady
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state. As we have seen above, in the limit € — 0, the fast
component of p vanishes, which means that the fast variables
remain strictly in conditional equilibrium/steady state. The
FPO of the effective slow dynamics is then precisely given
by .,5,”,20), the zeroth-order term in Eq. (2.57).

In usual Fokker-Planck dynamics, %5 is second-order dif-
ferential operator in slow variables x. As one can see from
Egs. (2.9) and (2.55), higher-order terms in the expansion
(2.9a) involve more and more powers of 5. As a conse-
quence, if we truncate the expansion at a finite order, we
may get differential operators in x, which are of order higher
than two. Then according to the Pawula theorem [74], the pdf
px is no longer necessarily positive definite. Note, however,
the violation of positivity is controlled by small parameter
€ = 1,/T,. As long as € is sufficiently small, the truncated
theory may still provides accurate approximation to the renor-
malized dynamics of slow variables. An example is discussed
in Sec. VII where the first-order renormalized slow dynamics
involves fourth-order differential operators in slow variables.

E. Including short-timescale details

To take care of the fast dynamics happening in short
timescale, we introduce a fast timescale,

(2.58)

There is no need to introduce even faster timescales € ~2¢ etc.
The expansion of the pdf, Eq. (2.33) now becomes

p(xsy;tst11t27 "') = p(O)(xay;t711t9tls "')
+€p(1)(x7y;t—]7t’tla ”')
+e? pP @ ystoit,n, )

+ - (2.59)
The full-time derivative Eq. (2.34) should be replaced by
4 _ 2
7 =€ 0, +0+e€d +€0+- - (2.60)

Inserting these back into Eq. (2.2), expanding in terms of e,
and comparing coefficients order by order, we obtain

-0, p” + A p =0, (2.61a)
—az,lp(l) + gYp(l) — atp(O) _ Dipsp(O)’ (2.61b)
—a[_]p(2) +$Yp(2) — 3t1p(0) + atp(l) _ gsp(l). (2.61C)

The main difference with Egs. (2.35) is the appearance of 9;_,
term on the l.h.s., which brings additional details in a very
short time window after the initial time.

Let us first try to solve a generic equation

-0 p+LHp=1,

where neither %y nor ¥ depends on ¢_;. First of all, taking
the slow component of this equation, we obtain

(2.62)

=0, ps = Vs. (2.63)
If s is nonzero, we would obtain
ps = —Vst_1 + pS, (2.64)

which increases linearly with 7_;. This is a secular term, which
will eventually make the expansion breaking down. Hence we

must impose the solubility condition
vs =0, (2.65)

i.e., the r.h.s. of Eq. (2.62) must be a fast distribution in
order for the solution containing no secular term. With this
condition satisfied, the general solution to Eq. (2.62) is then
given by

plt_1) = p(x)e™ N 4 1% g0
[
_ / e(t—lft_l)gY Vr dl/,l,
0

where ¢ is a fast distribution. The first two terms are the
homogeneous solution, whereas the last term is the particular
solution. According to our assumption, v is independent of
t_1, hence can be pulled out of the integral in the r.h.s. of
Eq. (2.66). Further noticing that %y is also independent of
t_;, we can make variable transformation: 7_; — ¢’ | — s, and
rewrite Eq. (2.66) as

(2.66)

plt_)) = px)e™N 4 1%l — [ /0 } esg‘{ds:| Yr. (2.67)

Let us define a new operator

Dt =Py [ /0 - efi”vds}%, (2.68)

which has the following limiting properties:
Jim Pyt) =0, (2.69)
lim Zyte) =2t (2.70)

t_1—00
The solution Eq. (2.67) then can be rewritten as
plt1) = )™ N + NG + L )r. (2.71)
Equation (2.71) satisfies the initial condition

p(t_1 = 0) = p(x)e™ ¥ + 9.

Hence ¢ is the fast component of p(t_;) at the initial
time. Since %y is a negative operator for fast distributions,
Eq. (2.71) says that the initial fast component qbf% decays
rapidly, with characteristic timescale 7_;. As t_; — 400,
Eq. (2.71) approaches to the following asymptotic behavior:

(2.72)

plt_1) = px)e™ N + Ly,

where the neglected terms are exponentially small in 7_;.
Equation (2.73) has the same form as Eq. (2.32).

Let us now try to solve Egs. (2.61). As in Sec. IID, we
adopt the convention that for £ > 1, i.e., p(sk) =0, i.e., the
slow part of p is completely allocated to the zeroth order.
Furthermore, we shall assume that at the initial time, the pdf as
given by Eq. (2.59) only has slow component. These impose
the following initial conditions on p*):

(2.73)

POU =t=-=0)=py0e . (274

PP =t=---=0)=0, k>1. (275

Let us now inspect Eq. (2.61a). The solubility condition is
trivially satisfied. Its solution is given by the first two terms of
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the r.h.s. of Eq. (2.71). Because of the initial condition (2.74),
there can be no fast component of p® at the initial time, hence
we have

PO =pY =px(t. 11, ., (2.76)

i.e., there is no fast component of p® in any time.
Let us now move on to Eq. (2.61b). The solubility condi-
tion is

25(3,p" — Lp) = 0. (2.77)
Applying Eq. (2.76), we obtain
dpx = / FseVpx = 20, (2.78)
¥

which is identical to Eq. (2.45).
Taking the fast component of Eq. (2.61b), we obtain

—0,, PV + APV = —2p Lp?, (2.79)

which as the same form as Eq. (2.62), with the r.h.s. indepen-
dent of 7_;. Using the initial condition (2.75) and convention
that p“) has no slow component, we fix the solution,

P = -t )P Lsp©.

Now let us go to Eq. (2.61c). Since p" has no slow com-
ponent, the solubility condition is

8,1p§0) = ysgsp(l) = ys!fsp;l).

(2.80)

(2.81)
Inserting Eqgs. (2.76) and (2.80) into the preceding equation,
we obtain

e = [ Pl = B0 82
y

2P = - / LDyt Le™ Y, (2.83)
¥

where 7_; is related to ¢ via Eq. (2.58). Note that Eq. (2.82)
is formally identical to Eq. (2.51). The operator defined in
Eq. (2.83) is almost the same as Eq. (2.50), with the only
difference that j{ L(t/€) replacing 7 L

It was pointed out in end of Sec. IID that the physical
significance of .,Sf)g) and higher-order terms is the renormal-
ization of the effective slow dynamics due to the deviation
of fast variables from conditional equilibrium/steady state.
Since the system starts from conditional equilibrium/steady
state, it takes time for the fast variables develop these devia-
tions. The relevant timescale is precisely the that of the fast
dynamics. This is the physical origin of 7_; dependence of
.,2”)21) we discussed here. In Sec.VIB, we will illustrate this
point using a concrete example.

F. Comparisons with previous theories

In the traditional projection operator theory [5], one first
formally solves Eq. (2.2) for the fast component of p(x,y) in
terms of the slow components, and then plugging it back into
the slow component of the same equation. This results in an
integral (in time) equation for the effective slow dynamics.
Additional Markov approximation is needed in order to trans-
form this integral equation into a differential equation. The
fact that px obeys an integral equation instead of a differential

equation means that the effective slow dynamics is non-
Markovian, or hidden Markov. This is generally understood
as an inevitable cost for integrating out dynamic variables
from a Markov process. The associated Langevin equation is
characterized by colored noises with correlation functions
delocalized in time. These equations are commonly known as
generalized Langevin equations and have been the subjects
of intensive studies in the past decades [3-5,11,15,17,40,73].
Since the fast variables are invisible in the effective slow
dynamics, distribution of x at the present time is no longer
sufficient to fully determine the the evolution of px in all
future time.

By strong contrast, our multi-scale projection analysis
yields Eq. (2.56), which is a first-order differential equation
(with respect to time) for the marginal pdf of slow variables.
This seems to suggest that the effective slow dynamics is
Markovian. Note that as we go to higher and higher order
in the multi-scale expansion (2.57), we obtain more accurate
expression for the renormalized FP operator ¥, without
changing the first-order nature of time derivative in the Lh.s.
of Eq. (2.56). Hence our multi-scale coarse-graining leads
to great conceptual simplification as it provides directly a
Markov description of the slow dynamics. To resolve this
apparent paradox, we note that it is known [39] that the
pdf of a non-Markovian process can always be expressed
as the solution to differential equation. In the present case,
by inspecting Egs. (2.47) and (2.53) (and their higher-order
analogues), we see that at each order, the fast components of
pdf are completely determined by the slow component, i.e., by
the marginal pdf of the slow variables. The reason underlying
these results was already pointed out in Sec. II D: in the long
timescales, the fast variables is completely slaved to the slow
variables, and hence the history of the former is no longer
relevant. The simplification, however, does not come without
a cost. As we go to higher order in the expansion (2.57), there
are more and more derivatives in slow variables, and hence we
need to specify more and more boundary conditions in order
to fix the solution to Eq. (2.56).

1. The approach of Laplace transform

An interesting coarse-graining method based on Laplace
transform was discussed in Gardiner’s classic monograph
[75], for the particular problem of overdamped limit of one
dimensional Brownian motion. Here we reformulate this
method using our notations for a more general problem, so
that a systematic comparison with our own method can be
carried out.

The FP equation in Gardiner’s theory has the form

ohp =W + Z)p, (2.84)

where y = 1/€ is a large parameter. We shall further assume
that both % and %% are time independent.
We decompose the pdf into fast and slow components,

p=rpr+ps=Prp+ Psp, (2.85)
and further using Eq. (2.22), which we rewrite below
Py = L Ps = 0. (2.86)
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We can rewrite Eq. (2.84) into

o ps = Ps(y Ly + ZLs)(pr + ps)

= P Lspr + PsLsps; (2.87a)
opr = Pr(y Ly + Zs)(pr + ps)

=y PrLypr + PrLspr + PrLsps

=y Lypr + PrLspr + PrLsps. (2.87b)

For the overdamped limit problem with constant friction
coefficient, there is an additional relation X% P =0,
which makes the second term in Eq. (2.87a) vanish.

Now recall the Laplacian transform and its inverse are

fis) = / e f(t)dr; (2.88)
0

T (2.89)

Applying the transform to Eqs. (2.87), we obtain (this is the
place where we need %y and %% to be time independent)

o0 B [df N
/ e =2dt = sf(s) - f(0).
0

sps(s) — ps(0) = PsLspr + PsLsps;  (2.90)

spr(s) — pr(0) = (v & + Pr L5)pr + PrLsps. (2.91)

As before, we assume that at the initial time p(0) has no fast
component, i.e., pr(0) = 0, then we obtain from Eq. (2.91),

pr= (s —yL — PrLs)" PrLsps. (2.92)
Substitute this back into Eq. (2.90), we obtain
sps(s) = ps(0) + PsLsps
+ PsLs(s —y Ly — PpLs) ™ PrLsps. (2.93)
If y is large, we may take the approximation

(s—yG — Pr L)'~ —y Lt (2.94)

and obtain
sps(s) = ps(0) + Ps.Lsps — v~ PsLs Ly - Lsps. (2.95)

This is in fact the Laplace transform of our first-order
multi-scale expansion without taking into account the short-
timescale details, see Eqs. (2.44) and (2.50).

Note that this method of Laplace transform is no longer
applicable if %5 depend on time.

2. Time-convolutionless projection operator formalism

A projection operator method without time convolution
was developed by Chaturvedi and Shibata [18-20] more
than forty years ago. The formalism is based on interaction
picture of Fokker-Planck dynamics, which makes it readily
adaptable to quantum systems [21,22]. Nonetheless, it has
not been widely applied to classical problems, probably due
to its very compact and abstract structure. Even though the
notations in the theory of Chaturvedi and Shibata are very
different from those in the present theory, there seems close
connections. If initially the fast variables are in conditional
equilibrium/steady state, their formalisms yield equivalent re-
sults up to the second order. This connection will be discussed
in great detail in Sec. VIB, where we study the overdamped

limit of a Brownian motion. This connection may persist to
infinite order.

III. COARSE-GRAINING OF COVARIANT
FOKKER-PLANCK DYNAMICS

It must be admitted that Egs. (2.56) and (2.57), which are
the main results of the preceding section, are no more than
mathematical formulas. They can acquire physical meaning
only if the operators .Z5 and %y have physical meanings.
This is achieved in the present section by specializing to the
covariant theory of Fokker-Planck dynamics [61]. Within this
theory, the FPO is of second order and is parameterized by a
generalized potential and a matrix of kinetic coefficients, both
bearing clear physical meanings [77]. Applying Eq. (2.57),
we will establish the connection between detailed balance
property of the joint Fokker-Planck dynamics and that of the
effective slow dynamics. Additionally, further assuming that
the kinetic submatrix L is independent of the fast variables
y, we will find that the first-order renormalized FPO of the
effective slow dynamics is also a second-order operator with
covariant form. The renormalized kinetic coefficients are ex-
plicitly expressed as functions of those of the joint dynamics.
In a future publication, these results will be applied to study
coarse-graining of stochastic thermodynamics, a theory of
nonequilibrium statistical mechanics tailor-designed for small
systems.

A. Covariant Fokker-Planck dynamics of the joint system

In Ref. [61] it was shown that any Langevin equation can
be formulated in the following covariant form:

dz" + (L™ 3,U — 3,L*™)dt = b"*dW,, 3.1)

where 9, = 9/0z", and L*"(z) is the matrix of kinetic co-
efficients, whilst U(z) = U(x,y) is called the generalized
potential, related to the steady-state distribution via p35(z) =
e~Y®_ which is assumed to be unique, and is not necessary
a thermal equilibrium state. dW,, are Wiener noises, whose
dimension is irrelevant. The product in the r.h.s. is understood
in Ito’s sense. Note that repeated indices are all summed over.
The associated covariant Fokker-Planck equation is given by

8t p(z’ t) = g(z)p(zv t),
ZL(z) = 9,L"" (9, + (3,0)),

(3.22)
(3.2b)

where Z(z) is the covariant FPO, p(z,t) is the pdf of
variables z.

As shown in Ref. [61], the noise amplitudes b"**(z) are
related to the symmetric part of kinetic matrix L*"(z) via

> B = L' 4 L = 2B". (3.3)

The symmetric matrix B must be semipositive definite. The
probability current is given by

j*=-=L""(3, + (3,U))p+ 9,(Q"" p), (3.4
where Q"” is the antisymmetric part of L*”, so that
L* = B*Y + Q*". (3.5)
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Hence the Fokker-Planck equation (3.2a) can be rewritten as
conservation of probability,

dhp=—0,j". (3.6)

Note that in general Q*” # 0, and hence the probability cur-
rent does not vanish in the steady state p35(z) = e V®,

As in Sec. II, we write z = (x,y), where x,y are respec-
tively the slow and fast variables. We assume that the noises
acting on the fast variables and those acting on the slow
variables are completely decoupled. We further introduce the
small parameter € by writing the matrix 5** into the following
block-diagonal form:

b 0
(00

This also implies that the noises acting on the fast variables
are much larger than those acting on the slow variables. In
the above equation indices i, j, k, ---, and a, b, c, - - - refer,
respectively, to the slow variables x and fast variables y. The
greek letters p, v are used exclusively for z, and the index «
is used exclusively for noise components. These conventions
will be used throughout the paper. Substituting Eq. (3.7) back
into Eq. (3.3) we find

3.7

L+LT _ (biabia 0 )

0 bap/e

B 0
ZZB:<O Bab/6>.

We further assume that the antisymmetric matrix Q*" has the

following form:
. Ql] Qia
Q - (ij Qab/6>f

which implies that the conservative dynamics of the fast vari-
ables is much faster than that of slow variables. Substituting
the preceding two equations into Eq. (3.5), we see that the
kinetic matrix L can be written as

Bij+ ij ia
L=B+Q= ( ijQ (Bab anb)/e)

Lij Lia
- (Lﬂ’ L /e)'

The Langevin equation (3.1) can then be rewritten as

(3.8)

3.9)

(3.10)

dx* 4+ (LY9;U — 9;L%)dt

+ (L*9,U — 8,LF)dt = br*dw,, (3.11a)
dy* + (LY9;U — 3;L“ )dt
+e NLP3U — 3,LY)dt = €26 dW,, (3.11b)

whereas the FPO (3.2b) can be written in the form of
Eq. (2.2),

L =L+ e ' A, (3.12a)
S = Lx + Ly + Lix, (3.12b)
S =LY (3 + (;0)), (3.12¢)

Lxy = AL (0, + (3U)), (3.12d)

Lyx = 3,L@; + (3;0)),
A = 0,L 0 + (3,0)).

(3.12¢)
(3.12f)

Hence the parameter € indeed plays the role of 7,/7,. Note
that %y involves derivatives over y but not over x, as we
assumed in Sec. IT A. Note also that Eqs. (2.6) and (2.7) are
automatically satisfied by Eqs. (3.12). The kinetic matrices
LU, L%, L% L% may depend on both y and x. We shall see
below that the renormalized dynamics of the slow variables is
simpler if the submatrix LU [which enters % in Eq. (3.12¢0)]
is independent of y.
Let us further define Ux (x) and Uy (y; x),

Ux(x) = —log / e Uy, (3.13)
y
Uy(y;x) =U(x,y) — Ux(x). (3.14)

Note that Ux (x) depends on x but not on y. Defined as above,
e~Ux®) i the marginal pdf of x in the steady state, and e~¥*)
is the conditional pdf of y given x in the steady state,

p§s(x) = ¢ Ux®) (3.15)
Pyx (k) = e Ve, (3.16)
Uy — o=Ux®)-Uv(x) (3.17)
which satisfy the following normalization conditions:
/e—ux(x) _ fe—l/v@;o - 1. (3.18)
x ¥

This explicitly verifies Eq. (2.5). Since Ux is independent of
y, Egs. (3.12d) and (3.12f) can be rewritten as

Ly = 0L (0 + (9Uy)), (3.19)
Zxy = 0L (04 + (9aUy)), (3.20)
both of which annihilate the conditional steady state,
Fe N =0, (3.21)
Lye N =0. (3.22)

Hence Eq. (3.16) is the steady state of the conditional fast
dynamics, as we have required in Eq. (2.4).
The following operator identity can be easily proved:

(0 4+ B;U)e” = ™M (0, + (3;Ux)). (3.23)

Recall that the slow and fast projection operators are defined
in Egs. (2.11) and (2.15). Using Eq. (3.17), we can easily
verify we see

PeeV=eYV, Pre¥=0. (3.24)

which means that the joint steady state pdf e~ is a slow distri-
bution. In fact, every operator defined in Eq. (3.12) annihilates
the joint steady state,

.i”xe_U = fxye_u = .,iﬂyxe_u

= KeV = %e YV =0. (3.25a)
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These properties are peculiar to the covariant theory of
Fokker-Planck theory. Finally, since .23 Ly is a fast distri-
bution for any ¥ (x,y), we also have

/ Ly tyx,y) =0. (3.25b)
y

B. More on Hilbert spaces and projections

We need to define more mathematical notations. We define
three types of inner products,

(P, V) = / ¢, Y)Y (x,y)e, (3.26a)
X,y

(A, B) =[A(x,y)B(x,y)eiU, (3.26b)
x.y

A, ¢) = / A, y)P(x, ), (3.260)
X,y

where (¢, ¥) is the inner product between two distributions,
(A, B) is the inner product between two observables, whereas
(A, ¢) is the mixed product between observable and distribu-
tion. The precise meanings of distributions and observables
are explained in Appendix A 1. Roughly speaking, distribu-
tions are analogues of probability density functions, but are
not necessary positive. They converge to zero sufficiently fast
asx,y — 00, so that the inner product in Eq. (3.26a) is finite.
By contrast, observables are functions are x,y, which make
the inner product in Eq. (3.26b) convergent.

For a generic operator & acting on distributions, we define
0", 0+, (0")* using inner products,

W. 0'9) = (0V. ), (3.27a)
(OFA YY) = (A, OY), (3.27b)
(O A y) = (A G"Y). (3.27¢)
The following properties can be easily seen:
(0,0)) = 0}07, (3.28)
(0,0t = 0f 0y, (3.29)
(G0t = (@) o)* (3.30)

Note that &, &'t are operators acting on distributions, whereas
O, (0")* are operators acting on observables. It is easy to
verify that the projection operators &g and & defined in
Sec. III B, which act on distributions, are both Hermitian,
P =P, P =P (3.31)
The operators .7, £+, (£7)* associated with the FPO
Z, defined in Eq. (3.2b), can be calculated using the defini-
tions (3.27),

L =9,L" @3, + (3,U)), (3.32a)
LT =9,L"(0, + (3,U)), (3.32b)
LT = (8, —9,U)L"d,, (3.32¢)

(&N =@, — 8,U)L"3,. (3.32d)

Similarly we can work out the operators %y, £, (L))"
associated with the FPO %%,

Ly = 9,L°(8), + (3,Uy)), (3.33a)
L3 = 8,L7(3, + (3Uy)), (3.33b)
LF = (34 — (3,Uy))L" 0, (3.33¢)
(LT = (8, — (3,Uy )L™ 8. (3.33d)
It is also easy to verify the following relations:
L = L, (3.34a)
(Lt = He . (3.34b)

It is useful to define the various inner products associated
with the conditional fast dynamics Eq. (2.3),

(6. Yy = f ey (e e, (3352)
y

(A, B)y = f A(x,y)B(x, y)e Vv, (3.35b)
y

A, $)y = / A ), Y). (335¢)
y

Note that only y are integrated over in the above expres-
sions. Using Egs. (3.33) and (3.26), we can further prove

(L, o)y = (U, Lyd)y, (3.36a)
(LA, ¥y = (A, L)y, (3.36b)
(LA vy = (A, Liv)y. (3.36¢)

It is also useful to define the time-correlation functions of
the conditional fast dynamics,

ADBO))y = / (/e p)B
y

= (A, By, (3.37)

where the slow variables are fixed but the fast variables evolve
according to Eq. (2.3). Integrating this correlation function
over time, we find that the result is of order €,

o0 [o.¢]
/ dt (A(t)B(0))y = e/ dt (e’fﬁ?A, B)y, (3.38)
0 0
where we have rescaled the time variable in the rh.s..
Note that ¢'4¥/¢ can be understood as evolution operator in
Heisenberg picture. For detailed discussion on Heisenberg
vs Schrodinger picture of Fokker-Planck dynamics, see Ap-
pendix A 6.
Using Eq. (3.27b), we define operators 22§, 2/ via

(PSA ) = (A, Psy),
(PEA ) = (A, Pri).

(3.39a)
(3.39b)
These are slow and fast projection operators in the space of

observables. It is easy to verify that 22, 22 are involutive
and Hermitian, and hence are legitimate projection operators.
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Straightforward calculation leads to

PEAx, y)= f Ax,y )e U0, (3.40a)
g
PEAX, y)=Ax,y) — / Alx,y)e O (3.400)

y

Hence 5”; carries out conditional steady-state average over
fast variables, whereas 9}3“ projects out the fluctuations away
from conditional steady state. Note that s, 3”; , P, @;r
are all integral operators, which act only on the fast variable
y, but not on the slow variables x.

An arbitrary observable A(x,y) can be decomposed into a
slow component and a fast component,

Ax,y) = PSAx,y) + PFAKx,y)
= As(x) + Ap(x, y).

Note that the slow component Ag(x) is independent of the
fast variables y, whereas the conditional average of the fast
component Ar(x, y) vanishes identically. Correspondingly the
Hilbert space of observables % is decomposed into the
subspace of slow observables and that of the fast observables,

%bs =7 > @ A r

obs obs?

Ay, = (A},

(3.41)

(3.42a)
(3.42b)

Ay, = {A(x,y)

obs —

f A(x,y)e” O™ =0 } (3.42¢)
y

Using Egs. (3.40) and (2.11), (2.14), we can directly verify
@;’ = eV Pge Vv,

?};" =N PV,

(3.43a)
(3.43b)

These relations are clearly analogous to Eq. (3.34a). Combin-
ing these with Egs. (2.19) we obtain

(PSP =28, (P =P, (3.44a)
P§+ P =1, (3.44b)

(PH =28, (2D = P, (3.44c)
PP = PE P = 0. (3.44d)

C. Preservation of detailed balance

Stochastic processes with detailed balance play an impor-
tant role in nonequilibrium statistical physics, because they
(in the steady regime) correspond to reversible processes with
no entropy production. Any process violating detailed bal-
ance is irreversible with positive entropy production. This
essential connection between breaking of detailed balance and
dissipation can be deemed as the cornerstone of stochastic
thermodynamics and more generally of nonequilibrium sta-
tistical physics.

As in the previous papers of this sequel [61,62,64], we
always choose each component z* of system variables with

definite symmetry under time reversal,
> M= .7,

(3.45)

where ¢, =1, —1 for even and odd variables respectively.
The FPOs may further depend on certain external parame-

ter A, which is transformed into A* under time reversal. For
odd parameter, such as magnetic field or angular velocity,
we have L* = —A. We call the Markov process generated by
£ (z, ).) the forward process, and that generated by . (z, A*)
the backward process. A Fokker-Planck dynamics is said to
have time-reversal symmetry, if for any t, t,, the two-point
joint pdfs of the forward and backward processes satisfy the
following relation:

Pp (22, 1321, 11) = Pg(z], 0325, 1). (3.46)

As explained in Appendix A8, this relation automatically
implies that the both the forward and the backward processes
are in the steady regime. In Ref. [61], it was shown that time-
reversal symmetry is equivalent to the following conditions of
detailed balance:

Uz, ») =U(@", 1Y),
e LMV (2", 2 )e, = L™ (z, ).

(3.47a)
(3.47b)

In Appendix A8, it is shown that these conditions can be
expressed in an equivalent but compact form

Lz, 1) = Lz, \5),

where # is defined in Eq. (3.32b).

Assuming that the joint dynamics of fast and slow variables
possessing time-reversal symmetry, we would like to know
whether this symmetry is inherited by the effective slow dy-
namics. For this purpose, we only need to integrate out the
fast variables y directly from the relation (3.46). We obtain the
following relation for the two-point joint pdf of the effective
slow dynamics:

(3.48)

Pr(x2, 03x1, 1) = Pe(x], t; x5, 11). (3.49)

This shows that time-reversal symmetry is preserved by
coarse-graining. Following the same logic as one goes from
Eq. (3.46) to Egs. (3.47) and (3.48), we then see that the ef-
fective slow dynamics also satisfies the conditions of detailed
balance,

(28) . n) = LR 1), (3.502)

or equivalently
Ux(x, ) = Ux(x", A7), (3.50b)
(L) (", A)e; = (LY (e, ). (3.50¢)

In Appendix A9 we outline a direct proof of Eq. (3.50a)
using the explicit (perturbative) form of renormalized
FPO .ZE.

D. Renormalization of covariant FPO

Zs as given by Eq. (3.12b) is in general a second-order
partial differential operator of x, the first-order correction
as given by Eq. (2.50) is a fourth-order differential. Hence
the resulting first-order renormalized FPO of the effective
slow dynamics is also a fourth-order operator, which does
not correspond to Langevin dynamics with usual Gaussian
white noises. This point was also pointed out in Ref. [53].
In this section, we will assume that the submatrix of kinetic
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coefficients LY [which parameterizes %, c.f. Eq. (3.12¢)] is
independent of the fast variables y. With this assumption, we
will find that the first-order renormalized FPO is a second-
order differential operator in x, and has the covariant form
Eq. (3.2b). Several equivalent expressions will be derived for
the kinetic matrix of the effective slow dynamics expressed.
One particularly useful form involves integrated correlation
functions of the conditional fast dynamics. In Sec. VII, we
will discuss an example where L/ depends on fast variables
y. We will show explicitly that the first-order renormalized
FPO contains fourth-order derivative of slow variables. This
implies that the effective slow dynamics is not usual Markov
process with Gaussian white noises.
We use Eqgs. (2.44) and (3.12b) to calculate 2" px,

g)go)l’x = /(fx + Ay + Ax)e Vpx.  (3.51)

y

J

Using Eqgs. (3.12d) and (3.12¢) it is easy to see that
Zxye Npx =0,

/gYX...:()_
y

Hence Eq. (3.51) can be simplified to

(3.52)

(3.53)

g}({O)pX = /85Lij(8j + 8jU)€7UYpX
y

:/a,-Lije_UY(Bj—i—ajUX)px, (3.54)
y

where in the second step we used Eq. (3.23). Since LV, Ux, px
are all independent of y, the integral over y can be trivially
carried out, yielding

L0 = 3L (3; + (3;Ux)). (3.55)

Now let us calculate the first-order renormalization. Using Eq. (3.12b) in Eq. (2.50), we have

g)gl)PX = - /(efx + iy + fo)o?Y_J‘«iﬂse_vax
y

= -9, [L”‘ e / Lt Ly e Npx +L* / (U Lyt Ls e Wpx + f L9, L+ Lse W px
Yy y y

+ / Ll’“(aaUY)asf;Lzse‘Upr],
y

(3.56)

where in the second step we have pulled LV out of the integral, since they are independent of y. Inside the square bracket in
Eq. (3.56), the first term vanishes because of Eq. (3.25b). The second term can be simplified as

L* / Uy) Ly Lse ™ px + L*(Ux) / Ly Lse Ppx = L" / (O Uy) Ly Lse™ ™ px.
y y y

(3.57)

again using Eq. (3.25b). The third term in the square bracket in Eq. (3.56) becomes — fy (9,L )Ly L Zse=U px upon integration

by parts. Summarizing, we can rewrite Eq. (3.56) as

LVpx = b, / [LH@Uy) — (0,L7) + L0,Uy)] L5 L e py

y

=9 / N [L*(ke™ ) + (3, L e M) Ly - Ly e P px.

y

(3.58)

Let us now calculate .%s e~ px. Using Eq. (3.12b), (3.12¢), and (3.12¢), we have
Lse Wpx = (K + Lix + Zy)pxe
=LY (3; + (3;U))pxe™ ™ + 8,L% (3; + (3;U))pxe™™™

(3.59)

=LY e (@; + (3;Ux))px + LY e (3; + (3,Ux))px,

where in the second step we used Egs. (3.52), in the last equality we have used Eq. (3.23). Note that 9;, d;, d; act on everything
to the right. Expanding the derivatives, we further obtain

Lse W px = e YL 9 + Q;Ux))px) + [LY (3e™) + L ")) + (3,Ux))px- (3.60)
Let £y L acting on Eq. (3.60) from left, the first term in r.h.s. disappears, again because L' are independent of y. Hence we find
Lyt Ly e N px = Ly [LY @) + (LY )] (35 + (8;Ux))px-

Inserting this into Eq. (3.58), we see that .Z,gl) can be written as a covariant FPO,
L = 85L7 (x)(3; + 3,Ux), (3.61)
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where 8L (x) can be understood as the first-order renormalization of kinetic coefficients due to fluctuations of fast variables,
and is defined by

SLY(x) = f N[ (Oke™™) + (8L e ™)Ly (e LY + (0L ™) (3.622)
y
= ([L*(he™™) + (0,L7 ™)), Lyt 1(@e7 LY + (3L e ™))y, (3.62b)

where (, )y is the inner product defined in Egs. (3.35).

Because %y is invertible and negative in the fast subspace ) , the following operator identity can be established:
oo
Lyt = Pe Ly P = — P / dt & ¥ Py (3.63)
0
Using this, we can rewrite Eq. (3.62b) as
oo
SLY(x) = — / dt (IL*(3ke™) + (8,L1 ™)), Pre' 4 Pp((de™")LN + (8,L7 ™))y (3.64a)
0
oo
= — / dt (Pe[L* (™) + (8,L7¢ )], Y Pe[(81e V)L + (8,L% e UV)])y, (3.64b)
0

we we have used the fact that &% is Hermitian with respect to the inner product (, )y.
Furthermore, using the definition of &, Eq. (2.15), we can explicitly verify

Pe(e Vo Ly = Pp(e=o,LY) = 0. (3.65)
Hence we have

PrIL* (e ™) + (3,L )] = Pl e ) + (.L"e™ )] = Pp(d, L7 e ™),

(3.66a)
Pel@e MLV + (LY ™)) = Pe[(re”NLY) + B,LY e V)] = Pp(3,L ™), (3.66b)
where repeated indices @, v mean summations over components of z = (x, y). Hence Eq. (3.64) can be rewritten into
o0
SLY(x) = — [ dt([Ps(3,L" e, e LY [ Pp(d,L" e )]y (3.67a)
0
00 . .
= / dt /eUY[@F(a,LLme*UY e L[ Pr(d,L" e UY)]. (3.67b)
0 y
Further using the following identity [which follows from Eq. (3.36b)]
/ yete = / (@) g, (3.68)
¥ y
as well as Egs. (3.43b), we can rewrite Eq. (3.67b) as
oo
SLY(x) = — /0 dr(e' N PE@H,L" — L"™8,Uy), 2 (0,1 — L"8,Uy))y (3.69a)
o0 + . . . .
= —/(; di(e' ¥ PO, L™ — L"9,U), 2+ (0,L" — L"9,U))y, (3.69b)
where in the second equality we have used
PELMY,Ux = PTL*9Ux = 0, (3.70a)
PELY,Ux = PTLYUx =0, (3.70b)
which follows directly from Eq. (3.40b).
Now with £+, (Z7)* defined Egs. (3.32), it is easy to show
Lx = (0,L") — L"(3,U), (3.71a)
(LN = (8, L") — LM (3,0). (3.71b)
Hence we can rewrite Eq. (3.69b) as
SLY(x) = — / di(d N P LK, PHLY )y (3.72)
0

013193-14



MULTI-SCALE PROJECTION OPERATOR METHOD AND ... PHYSICAL REVIEW RESEARCH §, 013193 (2023)

The inner product in Eq. (3.72) has a clear physical meaning. It is the correlation function of two observables 25 Lty and
@;r (Z")*x/ of the conditional fast dynamics. (Recall that 9; Z*A is the fluctuation of observable A around its conditional
average.)

Finally, using Egs. (2.15) and (3.71), we can explicitly verify

PELTN = —L*(QUy) + (3,L™™) — L“(3,Uy),
PHLYX = —L"(@Uy) + (L") — L (3Uy).

Hence Eq. (3.72) can also be rewritten into

o0
SLV(x) = — f dt / e (e A LM 0 Uy) — 3,L7 + L“3,Uy)DILY (3, Uy) — 8,LY + LY (8,Uy)].
0 y

Equations (3.62), (3.64), (3.67), (3.69), (3.72), and (3.74) are
all equivalent to each other.

Summing up Egs. (3.55) and (3.61), we obtain the first-
order renormalized FPO of effective slow dynamics, which
assumes the covariant form

LR = 9LV + € SLY)(3; + (3;Ux)). (3.75)
Several important implications can be inferred. Firstly it
shows that if the effective slow dynamics is described by
covariant Fokker-Planck theory, as long as the joint dynam-
ics is so. Hence the covariant Fokker-Planck theory is the
natural formalism for effective slow dynamics of classical
nonequilibrium processes. Secondly, we have supplied ex-
plicit formulas for the renormalized kinetic coefficients of the
effective slow dynamics. These formulas are highly nontrivial
and have never been obtained previously. Furthermore, as we
have shown above, if the joint dynamics has detailed balance,
the effective slow dynamics also has detailed balance. In fact
it can be explicitly verified, using, e.g., Eq. (3.74), that the
first-order correction to kinetic coefficients satisfy detailed
balance conditions,
ei8LY (x*, A*)e ;i = SLY (x, 1). (3.76)

Finally, if we want to take into account short timescale
details as in Sec. IIE, we should replace the operator .25 4
which is given by Eq. (3.63), by ,fY’L(Ll) as given by
Eq. (2.68) with r_; =t/e. This amounts to replacing the
upper bound of the integrals in Egs, (3.64), (3.67), (3.69),
(3.72), and (3.74) by ¢ /€. For example, Eq. (3.72) should be
replaced by

5 /e . . L
SLY(x;1) = — / ds(e' N PE X, 2L )y
0

(3.77)

IV. HAMILTONIAN SYSTEMS

Consider a Hamiltonian systems with canonical vari-
ables x = (¢, p) interacting with another Hamiltonian system
canonical variables y = (Q, P). A typical example is a colloid
interacting with a large number of fluid molecules. q, p are
then the coordinate and momentum of the colloid, whereas
Q=(0Q1,Q2,--+),and P = (P, Py, - - - ) are the shorthands

(3.73a)
(3.73b)

(3.74)

(

for collections of all coordinates and momenta of fluid parti-
cles. The total Hamiltonian is given by

H" = Hx(q,p) + Hy(Q, P, q), 4.1)
p2

Hx(q,p) = - + Vx(g), 4.2)
m
P2

HY(Q7 Pv ‘I) - ﬂ + VB(Qv Q)» (43)

where Vx(q) is the potential energy of the colloid, which may
also be externally controlled, whereas Vg (Q, ¢) is the interac-
tion between fluid particles and also between fluid particles
and the colloid.

The dynamics of a generic many-body Hamiltonian system
is chaotic and ergodic, which means that the pdf of the total
system converges to an equiprobability distribution on the
energy hypersurface. It is also well known that if the system is
large, an equiprobability distribution is statistically equivalent
to a canonical distribution,

p(Q,P, g, p) = e PH" ) — U, (4.4)

px(q, p) = e PHT = o7x, (4.5)

where F'', Fx are the equilibrium free energies of the total
system and of the large particle, which are related to the
generalized potentials U, Ux via

U = B(H™ — F'Y, (4.6)
Ux = B(Hx — Fx). 4.7
Likewise, the conditional equilibrium pdf of y given x is
pyix(Q.Plg. p) = e PN =" 48
Uy = B(Hy — Fy) =U — Ux. (4.9)

Note that pyjx and Uy are independent of p. As in Ref. [63]
and in Sec. IIT A, the total Hamiltonian (4.1) is split such that
the equilibrium distribution of the colloidal variables has the
Gibbs canonical form (4.5).

013193-15



MINGNAN DING AND XIANGJUN XING

PHYSICAL REVIEW RESEARCH §, 013193 (2023)

The Hamiltonian equations of the combined system can be
written as the following matrix form:

dq 0 -T 0 0)/[dU/oq 0
dp | |7 0 o o fousap|, _|0
dQ o o o -T|lavQ|*=|o
dP o o T o0 )\eusop 0
(4.10)

This has the same form as the covariant Langevin equa-
tion (3.1), but with vanishing noise amplitudes. Accordingly
the kinetic matrix L*¥ only has antisymmetric part,

0O -7 0 O

T 0 0 0
L=|y, o o -7 @11
0 0 T 0

Strictly speaking, 0 and T in the above matrix mean subma-
trices with various dimensions. But we will not worry about
these notational subtleties as they make no difference in the
final results. Note that L is a constant matrix, so the spurious
drift 9, L*" vanishes identically. The FPO associated with
Eq. (4.10) can be obtained,

dH 0 JdH 0 oH 0
F e — - ——

opdq oq dp oP IQ
I N
I S P
95 Pap %30 Top

OH 9
9Q 9P
4.12)

which is a first-order partial differential operator, known the
Liowville operator in classical mechanics. This operator can
be decomposed in the form of Eq. (3.12a),

oH o oH o

L= —m T 4.13

S 3p 9q + 5q 9p ( )
9Hy 8  9Hy 0

R ia. S e Sy 4.14

Y 3P 9Q ' 9Q 9P .19

The operators £, £+, (£7)* can be easily calculated. They
are different from . only by a sign,

F =L =2 =(LH (4.15)
Similarly we have
L = -A. (4.16)
We apply .+ on ¢, ith component of g.
. . 8H ;
Sy = —pg = L P (4.17)
ap! m

We use Egs. (3.40) to project out the slow component of
Ry

752t =), =

m m

(4.18)

where the second equality follows from the fact that the
conditional equilibrium distribution of the fast variables is
independent of the momentum p of the colloid. The fast com-
ponent of #*¢' is then

PrLTG = 2L =o. (4.19)

Let us now calculate £+ p/,
_0H
=9
AL ALY
aq' aq'
The physical meaning of this term is negative the force acting
on the colloid, which consists of two parts. The first part is
due to the external potential, whereas the part is due to the
interaction with all fluid particles. The slow component of
Z*p' can be similarly calculated,
aVx 8VB> aVx
37 T ad . T e
dq¢' ~ 9q'[y  9q
which is solely due to the external potential. The fast compo-
nent is

D%eri — _gpi

(4.20)

PrLTp = < 4.21)

Vg ;
a_qi = —feon- (4.22)
which is solely due to interaction with fluid particles. In an-
other word, — 2 £+ p' is the collision force acting on the
colloid. In a homogeneous fluid, the conditional average of
collision force vanishes identically, due to the translational
symmetry of the environment.

Substituting the above results into Eq. (3.72), we obtain the
first-order renormalization of kinetic coefficients,

(@;$+ i _gz;r(j*frpi —

. ;i o0 +aV aV
TyY=8Lr" = / dt<ef$v—‘?,—‘3.> (4.23)
0 g’ 9q’ [y
oo ) )
:/ at(feon®), feon Oy (4.24)
0

which is the integrated correlation function of collision force
acting on the colloid. There is no renormalization of other
kinetic coefficients. The corresponding nonlinear Langevin
equation can be written as

dHx

dg' = —dt, (4.25)
ap
. 9Hx - 9Hy .
dp = — I — i X g L paw,,  (4.26)
aq' ap’
where ¥/ and b’ are related to each other via
Ty =2b%b", 4.27)

In the above, y'/ is the matrix of friction coefficients of
the effective slow dynamics, and reflects the symmetry of the
background fluid. If the fluid is homogeneous and isotropic,
y" is independent of ¢ (and of p), and is proportional to
the identity matrix. By contrast, the fluid is a nematic liquid
crystal with broken orientational order, ¥/ is anisotropic. If
the colloid is confined near the boundary of the fluid, y%/
depends on the position ¢, which means that the noises acting
on the colloid are multiplicative.

Two important results can be inferred here. Firstly co-
variant Fokker-Planck theory and the associated covariant
Ito-Langevin dynamics emerges naturally as the coarse-
grained effective theory of unitary Hamiltonian dynamics,
in the limit of timescale separation. Secondly, multiplicative
noises naturally arise in systems with heterogeneous back-
ground.
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V. THE HARMONIC BATH MODEL

In this section, we apply the results developed in Sec. IV
to the famous toy model of harmonic oscillator bath. We will
see that our theory supplies a more natural perspective to the
problem.

A. Conventional treatment

Here we use notations in accordance with Zwanzig [5]. The
total system consists of a Brownian particle with canonical
position x and momentum p, and a bath of harmonic oscilla-
tors with coordinates and momenta {g;, p;}. Throughout this
section, p refers to the momentum of the Brownian particle,
not the pdf of system variables. The total Hamiltonian is
decomposed as

H™ = Hyx + Hy, (5.1)
P
Hx = — +V(x), (5.2)
2m
N ) 2
L, @ Vi
Hszj: Epj—i-?(qj-—w—?x (5.3)
The Hamiltonian equations are
dx p
—_—=—, 54
dt m (5-42)
N 2
dp , Y;
= —V'(x)+ Z <yjqj - —12x>, (5.4b)
t ; CF
dqi
— = pi, 5.4
7 =P (5.40)
dpi 2
== —0?gi + . 5.4d
ar ;i qi t Vix (5.4d)

In the traditional treatment, one solves for the motion of
oscillators in terms of the Brownian particle,

sin(w;t)

q;(t) = q;(0)cos(w;t) + p;(0)

+Vj/ dssin(a)j(t—s))
0 )

w;

J

x(s), (5.5

where ¢;(0), p;(0) are the initial data of the oscillators. Inte-
grating by parts, we can rewrite g;(t) as

v,
q;(t) — J%x(t)

= <C]j(0) - %x(0)> cos(w;t)

J

+p;(0) .(5.6)

j m

sin(w;t) b p(s)cos (wj(t — 5))
J
Substituting this back to Eq. (5.4b), we obtain

dz 5’) = —V'(x(t)) — /0 dsK (s)

p=s) , Fy(t), (5.7)
m

where F,(t) behaves as colored noises and is defined as

sin(w;t)

Fy() =) vpi(0)
J

wj

@j

+Y <q,-(0) - %x(0)> cos(@;1),  (5.8)
I 2
whilst K (¢) behaves as the kernel for time-lagged friction,
y?
K@t)y=>Y_ w_j2 cos(w;t).

j J

(5.9)

We assume that the oscillator bath is initially in equilib-
rium conditioned on the Brownian particle, which means that
p;(0), g;(0) are Gaussian distributed with variances given by

(pj(0)?) = kT, (5.10)
rj 2 T
<<qj(0) - —’x(0)> > =, .11
wj a)j
(p;(0)gi(0)) = 0. (5.12)
We can directly verify
(Fp()Fy(t")) =TK(t — 1), (5.13)

which is generally known as the second Fluctuation Theorem
Relation. It can be understood as the condition of detailed
balance for non-Markovian Langevin dynamics.

If the frequencies of oscillators are densely distributed, we
may approximate the summation in Eq. (5.9) as an integral,

(5.14)

2
Y (a;) cos(wt)dw.
w

K@) = / p(w)
By properly choosing the functions p(w), y(w), one may
let K(¢) approaching a § function, then Eq. (5.7) becomes
the usual underdamped Langevin equation with white noises
[5]. In reality, however, we can never fine tune the functions
p(w), y(w). Hence the above argument is too restrictive, and
does not explain why Langevin dynamics with white noises is
so successful in so many different physical systems.

In fact, as we have learned in this paper, the effective
dynamics of the Brownian particle approaches the Markov
limit if its dynamics is much slower than that of the oscil-
lators. To see this point, we introduce a large parameter « and
scale up the oscillator frequencies w; and the coefficients y;
simultaneously,

(wj, yj) = (awj, ayj). (5.15)

The kernel K(¢) then becomes

2
K(t) — K, (t) = Z % cos(awjt) = K(atr). (5.16)

wj J

In the limit « — +o00, the width of K, (¢) reduces to zero, and
the kernel converges to

+00 2
al[/ dt’/p(w)yz’;) cos(wt’)dw]a(z) (5.17)
0

in the sense of generalized function. Consequently, F,() be-
haves as white noises.
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B. Multi-scale coarse-graining

Let us apply the rescaling Eq. (5.15) to Hamiltonian equa-
tions (5.4) and further introduce rescaled coordinates § = «q,
we obtain

d
“_ P (5.18a)
dt m
N 2

dp , N Vi
=V > (y,qj - —sz); (5.18b)

t 7 (Uj
dg;
i LU 5.18
o =P (5.18¢)
dp;
d_’Z = —awl§; + ayx. (5.18d)

These equations are of the form as Egs. (3.11), if « is iden-
tified as 1/€, {G;, p;} are identified as fast variables, and the
kinetic matrix identified as

0O -7 O 0
T 0 0 0
L=10 o o —ar) (5.19)
0 0 «oT 0
and finally, the generalized potentials identified as
U = Ux + Uy, (5.20)
P
TUx = — +V(x), (5.21)
2m
N 2 y 2
T Uy = - g - 5.22
Y ; iR (q, wjx) (5.22)

Hence it becomes clear that the results in the preceding sec-
tion are fully applicable. In particular, if we apply Eq. (4.23)
and work out the correlation function of the conditional fast
dynamics, we obtain

SLPP = / dthos(a),t) L

[af et

which is consistent with Eq. (5.17).

cos(a)t Yo, (5.23)

VI. OVERDAMPED LIMIT OF BROWNIAN MOTION

In this section we discuss two aspects of the overdamped
limit of Brownian motion. In the first part, we discuss the
case where the friction coefficient varies with position. Naive
treatment, e.g., throwing out the internal term in the under-
damped Langevin equation, fails in this case, because it does
not capture the spurious drift. In the second part, we study the
influence of the fast scale details on the effective dynamics of
the coordinate.

A. Position-dependent friction

We consider a Brownian particle in a heterogeneous
background with position dependent friction coefficient. The
underdamped Langevin equations are

dx = pdt, (6.1a)

dp = —V'(0)dr — ”(x:pdt y 2y(x)TdW(t) (6.1b)

where we have set the mass to unity and have divided the
friction y(x) by a small parameter €. We are interested in
the overdamped limit of the dynamics where € — 0. It was
shown in a preceding paper [62] that this limit is very subtle.
The naive treatment, where one simply delete the inertial term
dp in Eq. (6.1b) is erroneous. Here we use our multi-scale
projection operator theory to carry out a systematic expansion
in terms of €. To the first order, we rederive the result of
Sec. VI C of Ref. [62], and also in Ref. [69]. These earlier
results were obtained using very different methods. To the
third order, we discover higher-order derivatives in the renor-
malized FPO.

Equations (6.1) can be written in the covariant form (3.11)
with L and e~ given by

0 -T
L= (T eH/()c)T)’ 62)
e = ﬁe_ﬁ"’z/z. (6.3)
2
Various FPOs in Eq. (3.12) are

Zxy = —0,T (9, + Bp); (6.4b)

Lyx = 3,T (3 + BV'); (6.4¢c)

Ly =Ty (x)d; + y(x)0pp. (6.4d)

Using the first-order result Eq. (3.72), we obtain
SL —f dt/( T8,Uy)e e~ (~Td,Uy)
dt / pe ¥ (pe™) = (6.5)
/ By (x) ( )

Hence the renormalized covariant FPO of the overdamped
theory is

od
Lip=ete ( Ty B BV @),

which agrees with the results in Ref. [69] and Ref. [62].

We can also apply the multi-scale expansion developed in
Sec. II to higher orders. We will simply present the results
without supplying details. Due to symmetry reasons, there
is no correction to the second order. To the third order, the
renormalized FPO is

(6.6)

T T
LU = €9, — (0 + BV) + €0,—V" (3 + BV")
FP ” /3

Jr€33xZ <3xl)(3x + ,BV/)l(ax +BV). (6.7
14 14 Y

The last term contains third-order differential operator.
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FIG. 1. The variance o2(¢) of coordinate, starting from initial
condition Eq. (6.9). Red: Exact result Eq. (6.10) of the underdamped
theory. Blue: long time asymptotics of Eq. (6.10); green: overdamped
result Eq. (6.14). The temperature and friction coefficient are set as
T =1and y = 10.

B. Short-time analysis of overdamped theory of
Brownian motion

In this part, we discuss the short-time details of the
overdamped Langevin equation, for the case where y is in-
dependent of position. We shall first discuss the simpler case
of free particle, i.e., V = 0, and then come back to the case
V # 0. The mass is again set to unity. We also absorb 1/¢ into
¥, S0 y becomes a large parameter.

The underdamped Fokker-Planck equation, popularly
known as the Kramers equation, is given by

dp(x, p.t) = (Ty 3+ v 8,p — pds)p(x, p.1).  (6.8)

Note that we use p instead of p to denote the pdf, to avoid
confusion with the momentum variable. We are interested in
the initial conditions where x is completely fixed, and p is

Maxwellian,
P, p.0) = | L b5 ),
2

The exact solution to Eq. (6.8) is known,

(6.9)

2,2 2 —yt
_ Y x42p (yt—1)—=2y px+2pe” "' (yx+p)
v exp ( 2T Qyi—3+de 7 —e27) )

2xT 2yt — 3 +de V1 — =21

px, p,t) =

(6.10a)

This result captures both the long-timescale properties and the
short-timescale properties correctly. From this, we can easily
derive the marginal pdf of x,

1
px (X, 1) = ————e ¥ /27, (6.10b)
V2o (t)?
2 2T —yt
o°(t) = F(yt —1+e 7). (6.10c)

Hence x is a Gaussian variable with variance o%(#) mono-
tonically increasing with time, which is plotted in Fig. 1. Its
short-time asymptotics is

yi?

Gz(t)~T<t2—T>, vt <L 1; (6.11)

4 XZ
N

FIG. 2. Schematics of Brownian rod.

which clearly corresponds to ballistic motion. The long-time
asymptotics is

2 2t 2
A ~T(=-35). yi>1, (6.12)
vy Y
which corresponds to normal diffusion.

For the case we are studying, the overdamped FP operator
(6.7) becomes the usual Laplacian. The overdamped FPE then
becomes

T
px = —0;p. (6.13)
I4
It yields a Gaussian solution with variance, which is propor-
tional to time,

2Tt
o2ty = "—.

(6.14)
At t =0, the variance vanishes identically, hence px(0) =
8(x). As illustrated in Fig. 1, this differs from Eq. (6.12) by
a constant —27 /y2. The difference is evidently due to the
ballistic motion in the short timescales, which is captured by
the underdamped theory but not the overdamped theory. To
capture this effect in the overdamped theory, we may use a
“renormalized initial condition” 03(0) = —27/y?. The value
of 02(0), however, can be determined by comparing the long-
time asymptotics of two theories.

To capture the short-time behaviors in the overdamped
theory, we need to use the formalism developed in Sec. IIE,
where the fast timescale 7_; is retained. The operator j{ 4
defined in Eq. (2.68), can be calculated exactly, which is
presented below without supplying derivations. Let f(p) be
an arbitrary function, we have

P f ) = / G(p. 111 V(PP (6.15)

G(P’ I_g |p/’ t/)

1 1 p— p/e_V(t—l—f/) 2
= exp—— | —~— | .
\/ZHT(] — e—z)/(hl—f’)) xp 2T | 1 — e~ 2v@t—t)

(6.16)
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We substitute this back into Eq. (2.83), and obtain the first-
order renormalized Fokker-Planck equation,
3 px (x) = €(1 — e‘V’/e)gafpx. (6.17)

It is interesting to note that Eq. (6.10b) is actually the ex-
act solution of Eq. (6.17). Hence at least for the case of
free Brownian particle, our projection operator theory devel-
oped in Sec. IIE captures the short-time details correctly.
Equation (6.17) was also derived in [18] using the time-
convolutionless projection operator formalism.

We can in fact extend the multi-scale method to more
general case, where the potential is nonzero, and the initial
momentum distribution is an arbitrary Gaussian,

/ 1 2
)O(xa D, O) = me‘PZ/ZU(O) 8()(?), (6]8)

After a much more complicated analysis, we find the follow-
ing FPE for the marginal pdf px (x, 7):

__ ,—Vt/e
dpx =€ d(0?(t/€)dy + V' )px;

o(t/e)* =T (1 —e (1 —6(0)*/T)). (6.19)

This equation is homogeneous, and give correct results both
in short timescale and in long timescale, up to the first order
in €. Such a result has never been derived previously, to the
best of our knowledge.

VII. BROWNIAN ROD

In Sec. III, we assumed that the kinetic matrix for the
slow variables LV in Eq. (3.12¢) does not depend on the fast
variables Y. This assumption makes it possible to derive an
explicit expression for the first-order renormalized FPO. In
this section, we discuss a simple example where this assump-
tion does not hold, and hence the results of Sec. III are no
longer applicable. The method developed in Sec. II, however,
remains applicable. We will see that the resultant first-order
renormalized FPO of the slow variables contains higher-order
derivatives at the first order.

We study the Brownian dynamics of a two dimensional
symmetric rod in the overdamped regime, as illustrated in
Fig. 2. The coefficient of friction is y; along its long axis and
y, in the perpendicular direction. Let (x1, x;) be the coordi-
nates of the center of the mass of the rod, and 6 the angle
between the rod axis and x; coordinate axis. The overdamped
Langevin equations are

vij(0)dx; + 3,V (x)dt = b dW,,
Yo dO = b’*dw,,

(7.1a)
(7.1b)

where 0; = 9y, are the spatial derivatives. The matrix of spatial
friction coefficients y;; is given by

(i) = (ry + Ay cos(26)/2
ij) —

—Ay sin(20)/2
—Ay sin(20)/2 )’ (7.2)

y — Ay cos(20)/2

with ¥ = (yy +y1)/2 and Ay =y — y.. The rotational
friction coefficient is assumed to be constant. The amplitudes
of noises satisfy b'*b/* = 2Ty;; and BB =2Ty,. Tt is

assumed that the potential V (x|, x») is independent of 8. The
corresponding FPO is

L =T (y;'8:0; + B@;V)) + 7, 92).

We consider the limit where y, is much smaller than y
and y, so that the rotational dynamics is much faster than the
translational dynamics. (We do not worry how such a limit can
be realized in an experimental system. This will be addressed
in a future publication.) For convenience we introduce a small
parameter € such that the FPO (7.3) assumes the form of
Eq. (2.2),

(7.3)

P =L+ e\ A. (7.4a)
S =Ty, ' (7.4b)
Ls =Ty 90, + BO;V)). (7.4c)

Note that the conditional steady state e~YY is flat. The
methods developed in Sec. II then becomes applicable.

Using Egs. (2.44) and (2.50), we obtain the renormalized
FPO to the first order,

g)‘? = /gse—Ua —G/Qgng_lfs €_U6
6 2

= TT—“(al(al + B@IV)) + 020 + B(B:V)))
4 an
Ty Ay?
+ 0210100 + BOIV)) + 9202 + B(3V)))
2yivi
+ 8L (3 + B@AV)) + B2((3:V)d2 — (8:,V)d1)*].
(7.5)
where the matrix §L;; is defined as
LBV 81V
(8L;j) =28 (alaiv —afv) (7.6)

For the case V = 0, Eq. (7.5) reduces to
eTyyAy?
S (97 a2

Yty (
32yyt

LE=T
2yv.

O +87) +
Note that there are fourth-order derivatives at the first order
of €.

VIII. CONCLUSIONS

In the present paper, we have shown that the covari-
ant formulation of Fokker-Planck theory naturally emerges
as a consequence of coarse-graining of microscopic unitary
dynamics. Furthermore, even though the fast variables neces-
sarily deviate from equilibrium, detailed balance is preserved
by the process of coarse-graining. The kinetic matrix of the
effective slow dynamics is expressed in terms of integrated
correlation functions of fast variables, conditioned on the
slow variables. These results not only establish the connec-
tion between reversible dynamics at the microscopic level
and stochastic irreversible dynamics at the mesoscopic level,
but also demonstrate that the covariant Fokker-Planck theory
(and the associated covariant Ito-Langevin dynamics) is the
universal description for all continuous classical nonequilib-
rium small systems. In the future, we will apply this method
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to study effective slow dynamics of many concrete nonequi-
librium classical systems, including those with biological
significances.
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APPENDIX: MATHEMATICAL STRUCTURE OF
FOKKER-PLANCK DYNAMICS

In this Appendix, we discuss some mathematical structures
of Fokker-Planck dynamics, which will be useful for our
analysis. We shall assume that the Fokker Planck operator .#
is fixed, with e=V® the steady-state pdf.

1. Hilbert spaces of distributions and observables

Here we elaborate on the inner products defined previously
in Egs. (3.26).

In the study of Fokker-Planck dynamics, there are two
distinct types of functions. We define an inner product of two
functions v (z), ¢(z) as [c.f. Eq. (3.26a)]

(¥ (2), ¢(2)) = / dz (z) p(z) e’ ™. (A1)
A distribution r(z) is a function, which satisfies
W, ¥) = / ¥ (2)* "™ < 0. (A2)

All distributions form a real Hilbert space, which we will call
Hist- According to this definition, a distribution is generically
neither normalized nor positive. The set of all positive nor-
malized distribution (which has the meaning of pdf) form a
convex subset of ;.

We define another inner product between functions [c.f.
Eq. (3.26b)],

(A(z), B(z)) = / dzA(z)B(z)e Y@, (A3)
An observable A(z) is a function, which satisfies
A,A) = /A(z)2 e V® < . (A4)
z

All observable form a real Hilbert space, which we will call
Hops- Physical quantities such as Hamiltonian, momenta, co-
ordinates, etc., are all observables.

We need to distinguish %5, and 5 because the phase
space of classical Hamiltonian dynamics is unbounded. (Mo-
menta are always unbounded. Furthermore, coordinates are
also unbounded if we consider free boundary conditions.) In
general, the effective potential U(z) is bounded from below
but not from above. Hence % is a subspace of %, but
not vice versa. There is a 1-1 correspondence between two
Hilbert spaces,

Az) € Hyps <« A@e V™ € Ay,  (AS)

which preserves the inner product

(A,B) =(Ae YV, BeY). (A6)

It is also useful to define the “mixed product” between an
observable and a distribution as [c.f. Eq. (3.26¢)]

A, )= fdzA(Z)lﬁ(Z), (A7)

we see that each distribution ¢(z) € 7, can be understood
as a linear functional on 5%, and each A(z) € 77, can
be understood as a linear functional on 7%;. In this sense,
Hops and s, are dual spaces to each other. The following
relations can be easily proved:

(A,B) = (A,BeY)=(AeV,BeY), (A8a)
(@.¥)=(pe”, ¥)=(pe”, ¥ e"), (A8b)
A ) =@Aye')y=@e" ). (A8c)

If p(z) is a pdf, then Eq. (A7) becomes the average of A(z) in
the state described by the pdf p(z),

(A, p)= / dzA(z)p(z). (A9)
2. Fokker-Planck and related operators

Here we elaborate on the { conjugate and + conjugate of
operators defined previously in Egs. (3.27).
The covariant FPO is [c.f. Eq. (3.2b)]

L =8,L" D, + @,U)) = 3,L"e Ve,
which is understood as an operator in the space of distribution

it According to Eqgs. (3.27a), its Hermitian conjugate %"
is defined using the inner product as

W, L) = (LY, $).

Hence both .# and .Z" are operators in .%5;,;. Simple calcu-
lation leads to [c.f. Eq. (3.32b)]

LT =2,L"@, + 3,U)) = d,L" e Vd,ev.

(A10)

(Al1)

(A12)

Note that the steady-state pdf e~ is a common eigenfunction
of . and " with eigenvalue zero,

ZLe V=LV =0.

Generically L*¥ is neither symmetric or anti-symmetric,
hence .Z is neither Hermitian nor anti-Hermitian, and may
not have a complete set of eigenfunctions.

The matrix L*” can be decomposed as follows:

(A13)

L* = B* + o, (Alda)
BM = BYM, (A14b)
oM = — QY. (Aldc)

Hence .7, £, as given by Eqgs. (A10) and (A12), can be
decomposed into a Hermitian part and an anti-Hermitian part,

L =09,B" (0 +U)+9,0"" (0, +0,U), (Al5a)
L= 8,B" @, + 0,U) — 3,0 (3, + 3,U). (Al5b)

According to Egs. (3.27b) and (3.27¢), £+, (ZL7)T as
operators in .#ps are defined as

(LA, p) = (A, Zp),
(LA, p) = (A, LTp).

(A16a)
(A16b)
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Simple calculation leads to [c.f. Egs. (3.32c) and (3.32d)]

L = (8, — 0,U)L"d,, (A16¢)

(&N = (8, — 8,U)L""d,. (A16d)

It is easy to see that constant functions are common eigen-
functions of .+ and (ZT)* with eigenvalue zero,

LT1=(LHr1=0. (A17)
Through direct calculation, it is easy to verify
Lt =V eV,
(LHT =V Ze Y.

(A18a)
(A18b)

Using Eqgs. (A8) and (A16a), we further prove

= (L%A, e YB)= (A, LeUB)
= (A, eV’ ZeVB)

= (A, e V(LN ¥B)

= (A, (Z)"B).

(L*A, B)

(A19)

Finally using Eqs. (A16c) and (A16d) it is straightforward
to verify

Lrxt = —L*(3,U) + (3,L*"),
(LHTat = —L"™(B,U) + (3,L"").

(A20a)
(A20b)

Using Eq. (A20a), the covariant Langevin equation (3.1)
can be written into the following compact form:

dxt — (LTxM)dt = b dw,,. (A21)

3. Decomposition of 77

It is known that two operators that are Hermitian con-
jugates of each other, such as % and £ . share the same
set of eigenvalues. On the other hand, from Eq. (A18) one
easily see that .Z and (Z7)*, as well as T and .7, also
share the same set of eigenvalues. Hence all four operators
L, LT, LT, (L) share the same set of eigenvalues. They
have a common eigenvalue zero. These operators cannot have
positive eigenvalue. Otherwise, the solution to the Fokker-
Planck equation would blow up, which leads to violation of
either positivity or normalization, both of which are necessary
for p(z, t) to be interpreted as the pdf of z.

According to our assumption, the zero eigenvalue of .Z is
nondegenerate, i.e., . has no stationary state other than =Y.
This excludes all systems with spontaneous broken symmetry.
It then follows that the kernel of . is one dimensional, and is
expanded by e~V. We shall use 7%, to denote this subspace
of %istv

Ker.? = Ay, = (¥ € Hiw| Ly =0}
= {ce Ylc is real}. (A22)

Now define the subspace .7, as the orthogonal complement
of AL,

Ao =W € Higl(p, e V) =0}, (A23)

where the inner product is defined in Eq. (Al). Hence the
space %y is the direct sum of 20 and S

dist dist®
0 1l _ .
‘%‘iiist @ ‘%fiist - %15“

Any distribution 1 (z) can be uniquely decomposed into a part

. 0 . L
in 72, and another part in 7},

Y(@)=ce '™ +yt.

Note that c = (v, e U). If Y is a normalized distribution, ¢ =
1, and v+ describes fluctuation away from the steady state.

Now consider a nonvanishing ¥ %féw we have
LYyt #£0, since ¥+ is not a stationary state. On the other
hand, using Eqgs. (A12) and (A13), we easily see

Lyt e =t L) =@, 0)=0, (A26)

which means £y~ is orthogonal to e7Y, i.e., LY+ € H,.
Hence %, is an invariant subspace of .#. The kernel 2},

is of course also an invariant subspace of .Z.

(A24)

(A25)

Let &, &, be the projection operators onto 7}, and
jfjifgt respectively. For any ¥/ (z) € s, we have

PY(@) = (f,e)e '@ (A27a)

= e—U<Z>/ v(z),

P1y(2) =Y (2)— PY(2)
=y (@) —e ' / v(@).  (A27b)

For any ¢ given in Eq. (A25), we have

Py () = c(¥)e ', (A282)
P1y(2) = Y (2). (A28b)

In another word, & projects out the component of steady-state
distribution, whereas &2, projects out fluctuations away from
steady state.

For any two distributions ¥, ¢, it is easy to verify

(P, ZY) = (Z¢. ¥) = (P, ZY), (A29a)
(@, PY) =(P1¢, V) =(P1¢, P1Y), (A29D)

which imply that &2, &, are both Hermitian operators. Sum-
marizing, &, &, satisfy all standard properties of projection
operators,

Pr=P, P =2, (A30a)

P+ P =1, (A30b)
P =2 P =2, (A30c)
PP, =P P =0. (A30d)

4. Solubility condition
Using Eq. (A30b), .Z can be decomposed as
L =P +2)LP+P))
=PLP+PLP + P LP+PLP,.
(A31)

Since £, 5=, are both invariant subspaces of .Z, two

cross terms in Eq. (A31) vanish identically: L%, =
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P, LP =0. Also since Le YV =0, we have ZL P = 0.
Hence we have

XZQLXWLEXL.

Further recall that .# is nonsingular in %ﬁfgl, we can define an
operator .~ as

(A32)

S rt=2 v '2,. (A33)
When acting on the distribution (A25), it returns
L eV +yhH =2yt e Ay (A3
Let us now consider a linear equation,
L@p@) =y @ =c¥)e '@ +y@. (A39)

It is a partial differential equation, since .# is an partial dif-
ferential operator. It has solutions if and only if the following
solubility condition is satisfied:

c=e )= /VI(Z) =0, (A36a)

or equivalently

Py =0, (A36b)

i.e., ¥ must be orthogonal to the steady-state distribution
e~Y. With this condition satisfied, we have ¥ = ¥+, and the
general solution to Eq. (A35) can be written as

pz)=c e’ + L @)yt (a), (A37)

where the first term in r.h.s. is the homogeneous solution with
¢’ an arbitrary constant, whereas the second term the particular
solution.

5. Decomposition of 75,

There is also a decomposition of the Hilbert space .775ps of
observables. We define projection operators 2+, 2T using
the following relations:

(PTA W) = (A, PY),
(PTA ) = (A, P1Y).

(A38a)
(A38b)

These operators act on observables, rather than on distribu-
tions. It is straightforward to verify

P Az) = (A, e’”):/A(z’)e*U@’)’

z

(A39a)

PTA(z) =1 - PTA@)=A@) — (A, e7Y).  (A39b)

Hence &% A(z) gives the steady-state average of A(z) (which
is a constant independent of z), whereas @jA(z) gives the
fluctuations. The subspaces #0 and s, are defined as

obs obs
A = Pt A = {c|c is real), (A402)

Ay = P T Hons =¥ € Hal (¥, ¢7Y) =0} (A40b)

obs

Combining Egs. (A27), (A39), and (A39), we can verify
the following operator identities:

P =eVPtdl, 2 = e_U@IeU,
Pt =PV, Pr=P2 Y.

(A4la)
(A41Db)

These relations are clearly the analogues of Egs. (A18). (Re-
call that &2, &, are both Hermitian. ) Using these we easily
establish the following properties:

(P =2, (2 =27, (A42a)
P+ 2T =1, (A42b)
(PN =%, (2H =27, (A42c)
PPt =2tPt =0, (A42d)
which are the counterparts of Egs. (A30).
The following identities can also be easily verified:
(A, PY) = (PTA, DY) = (PTA¥),  (Ad3a)

(A, P1Y) = (P[A, P1y) = (P[A, W), (A43b)
(PTA, PY) = (PTA, P1y) = 0. (A43c)

6. Schrodinger and Heisenberg pictures

The relation between distributions and observables in
Fokker-Planck theory is similar to that between wave func-
tions and observables in quantum mechanics. In particular,
the dynamic evolution can be ascribed either to distributions
or to observables. In the Schrodinger picture, observables
remain unchanged whereas distributions evolve according to
the Fokker-Planck equation (3.2a), whose solution can be
formally written as

p(z, 1) =e? @' p(z,0) = e“Pp2).  (A44)
In the Heisenberg picture, by contrast, distributions remain
unchanged whereas observables evolve according to the con-
jugate Fokker-Planck equation,

QA(z, t) = LTA(z, 1), (A45)
whose formal solution is given by
Az, 1) = eZ"'A(z,0) = e A(2). (A46)

Because of Egs. (A16a), the average of an observable A at
time ¢t can be calculated either in Schrodinger picture or in
Heisenberg picture,

(A, e?'p) = / Az)p(z, 1)

= (e”A, p) = /A(Z, 1) p(z) = (A(1)).(A47)

z

There are, however, important differences between Fokker-
Planck theory and quantum mechanics. In the former,
observables are functions of z, whereas in the later, ob-
servables are operators acting on wave functions. Also in
Fokker-Planck theory, average of an observable is linear in
p(z,t) whereas in quantum mechanics, the corresponding
quantity is bilinear in wave function and its complex conju-
gate. We shall use calligraphic letters £, &7, ... etc to denote
operators and capital Roman letters A(z), B(z), . . . denote ob-
servables in Fokker-Planck theory.
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7. Green’s functions and correlation functions
We define the Green’s functions for . and .,

0,G(z,2;t) = £(2)G(z,7;1), (A48a)
G(z,7;0) =8z — 2); (A48b)
0,GT(z,7;t) = LT (@2)GT(z,7;1), (A48c)
G (z,7;0) = 8(z —2). (A48d)

The physical significance of G(z, z';¢) is the conditional pdf
that the system variables take value z at time 7, given that it
starts from z’ atz = 0.

These Green’s functions can be formally written as

G(z.7;1) = ¥z — 7)),

Gt(z,7:t) = L @8z — 7).

(A49a)
(A49b)
The solution to FPE, Eq. (A44), can then be written as

e‘g(z)tp(z) — f ef(z)t(g(z — Z’)p(z/)

= / G(z,7;1)p@) (A50)

Consider the following equality:
GZ',Z;t) = 8(z—17"),G(z,7;1))
=(8(z—17"),d“ D8z 7))
= (L D5z —1"),8(z —7))).
= (G"(z,2";1),8(z— 7))
=Gt (,7';1). (AS1)
Hence we obtain the following symmetry property:
G 7t)=GT(Z,7';1). (A52)
The average of observable A(z), Eq. (A47) can be rewritten
in terms of Green’s function as

(A(M) =//,A(Z)G(Z, z;1)p(z)

- / / (GH. m0A@IE).  (AS3)
The correlation function of two observables, A at time ¢ and
B at time t = 0, can be expressed as

(A(1)B(0)) =//,A(Z)G(Z, Z;1)B(Z)p().  (A54)

_ / A@e” ™ Bz)p(a)

z

- f (%" O A B@)p(@), (A55)

where p(z) is the initial pdf. If the system start from steady
state, p(z) = e Y@, and (A(¢)B(0)) become the steady-state
correlation functions:

(A(t)B(0))ss = / eV D[eZ @ A(2))B(z)

= (eZ" D' A(2), B(z))

= (A(z:1), B(2)). (A56)

8. Time-reversal symmetry and detailed balance

A detailed discussion on detailed balance, i.e., time-
reversal symmetry of Fokker-Planck dynamics is given in
Ref. [61], as well as in Sec. II A of Ref. [62]. Here we
present a compact derivation of the detailed balance condi-
tions, Egs. (3.47) and (3.48).

As shown in Eq. (3.46), a Fokker-Planck dynamics has
time-reversal symmetry if

Pp(2p, 1,21, 1) = Pp(z], 2;25, 1y). (A5T7)

Note that integrating over z,, we obtain pp(z;,t) =
pe(z], t2), which implies that each side of the equation must
be independent of #, #,. This is possible only if both pro-
cesses are in the stationary regime, and hence pr(z;,t) =
pB(Z}, 1) = e V@M = U@ Thus we obtain

U(zi, ) =U(z], \"). (A58)

Since the process is Markovian, the two-point joint pdf
Pr(2p, 12521, 1) can be written as a product of the marginal pdf
pr(z1) = e~Y®» and the conditional pdf, which is precisely
the Green’s function G(z,, z;; At), where At = t, — t;. Using
Egs. (A49a), (A52), and (A49b) successively, we can further
write Lh.s. of Eq. (A57) as

Pr(z2, 0,21, 11) = Gr(Za, 213 At)e” V)

= G} (21, 22; At)e V™D

= e VmN AL @D (g — 75). (A59)
Similarly, we can write the r.h.s. of Eq. (A57) as

Py(Z}, 1r;75, 1) = Gy(z}, 73; At)e V@)
— etf(zf,k*)(S(ZT _ Zg)e—U(zﬁ.k*)
— ez,ff(zf,k*)a(zl _ zz)e—U(zz,A)

— etiﬂ(zf,k*)er(zl,A)(S(Zl . Zz),
where in the third equality we have used §(z*) = 6(z), and
U(z1, 1) =U(z], A*). In the last equality, we have used the
property of delta function to replace e V@ » by ¢~ U@A),
Note that ¢/ #-*") now acts on the whole product to its right.

Now substituting the preceding two equations into
Eq. (A57), and get rid of the delta function, we find an op-
erator identity,

e—U(z,A) eAtf*(z,)L) — eAtf(z*,A*)e—U(z,A). (A61)

We can expand both sides in terms of A. To the zeroth-order
we obtain Eq. (A58). To the first order we obtain

e_U(z’/\)f+(Z, 1) = L, )L*)e_U(z,k)7 (A62)

which is Eq. (A62). Further using Eq. (A18), we can rewrite
Eq. (A62) into an equivalent form

L2, ) =L@ 1), (A63)
or equivalent as

(LN, 1) = L@, 2. (A64)

013193-24



MULTI-SCALE PROJECTION OPERATOR METHOD AND ...

PHYSICAL REVIEW RESEARCH §, 013193 (2023)

Substituting the concrete forms of operators, Eqgs. (A10) and
(A12) into Eq. (A63), we obtain the conditions of detailed
balance,

Uz, )) =U(z", L"),
e L (Z*, X*)e, = L™ (z, ).

(A65a)
(A65b)

These results were derived in Ref. [61] using different method.
To make sure that e~ can be realized physically, of course, it
must also be normalizable,

fe_Uzl.
z

In fact, Egs. (A62), (A63), (A64), and (A65) are all equiv-
alent, and any of them can be used to define detailed balance.

(A65c¢)

9. Preservation of detailed balance by coarse-graining

Here we outline an equivalent proof for preservation of
detailed balance by coarse-graining. Assuming that the joint
dynamics has detailed balance, which means that Eqgs. (A65)
and (A62) are valid, we only need to show

e UBED (LR 1)) T EP = LR 7).

This is clearly the analogue of Eq. (A62) for the coarse-
grained dynamics.

Recall that the kinetic matrix of the joint system can be
decomposed via Eq. (3.7), whereas the generalized potential
can be decomposed via Eq. (3.14). We shall further assume
that the control parameter A does not appear in Uy (y; x). Equa-
tions (A65) can then be rewritten into the following equivalent
forms:

(A66)

Ux(x, A) = Ux(x*, A*), (A67a)
&L (z*, 1 *)e; = L' (z, 1), (A67Db)
Uy(y;x) = Uy(y";x%), (A67¢)
e L% (z*, Mgy, = LP(z, 1), (A67d)
&Lz, A e, = LY(z, 1), (A67e)
e L% (z*, M )e; = L%z, \). (A671)

Equations (A62) also implies that %" (z, 1) and % (z, 1)
have the same symmetry,

VN LE @ 0) = L@ a)e Y, (A6sa)
e VN L (2,0) = K@ ae VP (A68D)

Using Egs. (3.43) and (2.24), we can further show that
f{ l(z, A) also as the same symmetry,

VN (L@ n) =L@ a)e VD (A8

We will now show that the first operator %y in the ex-
pansion (2.57) satisfy detailed balance condition, if the joint
dynamics satisfy detailed balance. Firstly, using Eq. (2.44),
we have

_ +
e Ux(x,)»)(g)((o)(x’ )\‘)) eUX(x,)\.)

+
— erx(x,)\) [/ZS(Z, )\')eUy(Z,A)} eUx(x,)\)
y

— o Ux(xd) / e~ Ux(@h) L (z, 2)exER) (A69)
y

where in the last equality, we have used (AB)™ = BTA™
and (e")* = ¢, Further using Egs. (3.14), (A68a), and
(A67c), we have

Eq. (A.69) = / e V0D L (2, M)e! @H e
y

= f L@, 1F)e” @
Y

= / Ls(a*, )N
g

= 20", 0N, (A70)
where in the third equality we time reversed the dummy vari-
able y, and in the last step we used Eq. (2.44). Summarizing
we have

e D (L0, 1) NP = L0, 20, (AT

which is the detailed balance condition for f,ﬁo) , the zeroth-
order term in the expansion (2.57).
Using the same method, we can also prove

e_Ux(x’”(.,%él)(x, )\'))"reUx(x,)») — f;”(x*, )\*)’ (A72)

which is the detailed balance condition for 92”,20), the first-
order term in the expansion (2.57). The same proof may
be carried out for higher-order terms, even though in most
cases, we only need the first two terms in the renormalized
FPO. Summarizing, we find that the first-order renormalized
FPO of the effective slow dynamics satisfies detailed balance
condition,

BTN (LR, 1)) TEN = LR 0F). (AT3)
Hence detailed balance property is preserved by coarse-
graining.
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