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The cycle current is a crucial quantity in stochastic thermodynamics. The absolute and net cycle currents
of a Markovian system can be defined in the loop-erased (LE) or spanning tree (ST) manner. Here we make
a comparative study between the large deviations and fluctuation theorems for LE and ST currents, i.e., cycle
currents defined in the LE and ST manners. First, we derive the exact joint distribution and large deviation rate
function for the LE currents of a system with a cyclic topology and also obtain the exact rate function for the ST
currents of a general system. The relationship between the rate functions for LE and ST currents is clarified and
the analytical results are applied to examine the fluctuations in the product rate of a three-step reversible enzyme
reaction. Furthermore, we examine various types of fluctuation theorems satisfied by LE and ST currents and
clarify their ranges of applicability. We show that both the absolute and net LE currents satisfy the strong form of
all types of fluctuation theorems. In contrast, the absolute ST currents do not satisfy fluctuation theorems, while
the net ST currents only satisfy the weak form of fluctuation theorems under the periodic boundary condition.
Finally, the fluctuation theorems for cycle currents are applied to study the fluctuations in entropy production

along a single stochastic trajectory.
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I. INTRODUCTION

Over the past two decades, significant progress has been
made in stochastic thermodynamics [1-3], which has grown
to become an influential branch of nonequilibrium statistical
physics. In this field, a thermodynamic system is usually mod-
eled by a Markov process. Markov chains, whose state spaces
are discrete, are the most fundamental and important dynamic
model since any Markov process can always be approximated
by a Markov chain. Along this line, an equilibrium state is
defined as a reversible Markov process and the deviation from
equilibrium is usually quantified by the concept of entropy
production, which can be represented as a bilinear function
of thermodynamic fluxes and forces [4,5]. It has long been
noted by Kolmogorov [6,7] that the reversibility of a Markov
chain can be characterized by its cycle dynamics: the system
is reversible if and only if the product of transition probabil-
ities along each cycle and that along its reversed cycle are
exactly the same, which generalizes the Wegscheider con-
dition for detailed balanced chemical reaction networks. An
incisive observation is that the entropy production can be
decomposed along cycles, with the thermodynamics fluxes
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being the cycle currents (also called cycle fluxes or circu-
lations) and with the thermodynamic forces being the cycle
affinities [8].

The cycle representation theory of Markov chains has
found wide applications in physics, chemistry, and biol-
ogy [9,10]. In fact, the current of a cycle can be defined in
several different ways. Two common definitions are based
on the spanning tree (ST) and loop-erased (LE) methods.
Hill [11-14] and Schnakenberg [8] developed a network the-
ory and defined the currents for a family of fundamental
cycles. In this theory, a ST is associated with the transition
diagram of a Markov chain, which is a directed graph. Each
edge of the graph that does not belong to the ST, which is
called a chord, will generate a fundamental cycle. The current
of a fundamental cycle is defined as the number of times
that the associated chord is traversed per unit time. Qian and
coworkers [15—17] further developed the cycle representation
theory and defined the currents for all simple cycles of the
graph, i.e., cycles with no repeated vertices except the be-
ginning and ending vertices. In this theory, the trajectory of
a Markovian system is tracked. Once a cycle is formed, it
is erased from the trajectory and we further keep track of
the remaining trajectory until the next cycle is formed. The
current of a simple cycle then is defined as the number of
times that the cycle is formed per unit time. Recently, another
type of cycle current has been proposed based on the idea of
sequence matching [18-20]. In this theory, the currents are
defined for all cycles of the graph, i.e., directed paths with the
first and last vertices being equal.

All types of cycle currents can also be defined along
a single stochastic trajectory. One of the major advances
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in stochastic thermodynamics is the finding that a broad
class of thermodynamic quantities such as entropy produc-
tion and cycle currents satisfy various types of fluctuation
theorems [21-32], which provide nontrivial generalizations
of the second law of thermodynamics in terms of equali-
ties rather than inequalities. For cycle currents defined in
the ST manner, Andrieux and Gaspard [33] proved that the
fluctuation theorem holds for net cycle currents in the long-
time limit. Moreover, Polettini and Esposito [34] showed that
the transient fluctuation theorem at any finite time holds if
the definition of cycle currents is slightly modified. For the
cycle currents defined in the LE manner, Andrieux and Gas-
pard [35] and Jia et al. [36] proved that all types of fluctuation
theorems and symmetric relations are satisfied for both the
absolute and net cycle currents. For cycle currents defined in
the sequence matching manner, the corresponding fluctuation
theorems and symmetric relations have also been developed
recently [20]. The fluctuation theorems for cycle currents
have also been developed for some stochastic processes
with continuous state space, such as Langevin dynamics on
circles [37].

From the mathematical perspective, another important
question is whether various thermodynamic quantities defined
along single stochastic trajectories satisfy the large deviation
principle [38,39]. The large deviations are concerned with the
long-time fluctuation behavior of a stochastic process with
small probability and it is closely related to the fluctuation
theorem in the long-time limit. For Markovian systems, the
large deviations for empirical measures, i.e., the number of
times that each vertex of the graph is crossed per unit time,
and for empirical flows, i.e., the number of times that each
edge of the graph is traversed per unit time, have been exten-
sively studied, while the large deviations for empirical cycle
currents, i.e., the number of times that each cycle of the graph
is formed per unit time, have received comparatively little
attention. For cycle currents defined in the ST manner, the
large deviations have been established since, in this case, the
empirical cycle currents are exactly the empirical flows of
chords [40,41]. For cycle currents defined in the LE manner,
the explicit expression of the large deviation rate function
is still unknown, even for systems with a simple topological
structure.

In this paper, we make a comprehensive comparative study
between cycle currents defined in the ST and LE manners,
and clarify the connections and differences between them.
The structure of this paper is organized as follows. In Sec. II,
we recall the definitions of the two types of cycle currents
and make a brief comparison between them. In Sec. III,
we investigate the large deviations for the two types of cy-
cle currents. We obtain the exact joint distribution and rate
function for LE currents of a monocyclic Markovian sys-
tem using the so-called cycle insertion method, and also
obtain the exact rate function for ST currents of a general
Markovian system. In Sec. IV, we state and compare var-
ious types of fluctuation theorems and symmetric relations
satisfied by the two types of cycle currents. We clarify the
ranges of applications of these fluctuation theorems and show
that all the results for ST currents can be derived naturally
from the relevant results for LE currents. We conclude in
Sec. V.

II. MODEL AND TWO TYPES OF CYCLE CURRENTS
A. Model

Here we consider a thermodynamic system modeled by a
discrete-time Markov chain & = (&,),>0 with state space S =
{1,2,---, N} and transition probability matrix P = (p;;); jes,
where p;; denotes the transition probability from state i to
state j. The transition diagram of the Markov chain £ is a
directed graph G = (S, E), where the vertex set S is the state
space and the edge set E contains all directed edges with
positive transition probabilities (Fig. 1). In this paper, we use
(i, j) to denote the edge from state i to state j. With this
notation, the edge set E can be written more clearly as

E={(ij)eSxS:pj>0}

and we assume that |E| = M, where |E| denotes the number
of elements in E. Here we assume that the Markov chain £ is
irreducible, which means that G is a connected graph. Since
the transition from a particular state to itself is allowed for a
Markov chain, graph G may contain an edge from a state to
itself, i.e., a self-loop (Fig. 1).

A special case occurs when the transition diagram G has
a cyclic topology (except all self-loops), as illustrated in
Fig. 1(c). Such systems will be referred to as monocyclic
Markov chains in this paper. Specifically, the Markov chain
& is called monocyclic if p;j =0 for any |i — j| > 2, where
i and j are understood to be modulo N. In fact, mono-
cyclic systems are of particular relevance in the biological
context. Many crucial biochemical processes such as con-
formational changes of enzymes and ion channels [42,43],
progression of cell cycle [44—46], phenotypic switching of
cell types [47,48], phosphorylation-dephosphorylation cy-
cle [49,50], and activation of promoters due to chromatin
remodeling and transcription factor binding [51,52] can all be
modeled as monocyclic Markov chains. In what follows, we
mainly focus on monocyclic systems, while most of the results
can be extended to general systems.

B. Cycle currents defined in the loop-erased manner

In this paper, we will investigate and compare two types
of cycle currents. We first recall cycle currents defined in
the LE manner [17,53]. A circuit of the Markov chain & is
defined as a path iy — i; — .-+ — iy — i in graph G from
a state to itself, where i, i», - - - , iy are distinct states in S. Let
j1 = j» = -+ — j, — Ji be another circuit. The above two
circuits are said to be equivalent if r = s and there exists an
integer k such that

J1= kg1, Jo = b2, 0 Jr = bkgss

where kK + 1, --- , k 4+ s are understood to be modulo s. The
equivalence class of the circuit iy — ip — -+ — iy = i
under the equivalence relation described above is called a
cycle and is often denoted by ¢ = (i1, ip, - - - , is). For ex-
ample, (1,2,3), (2,3,1) and (3,1,2) represent the same cycle.
The reversed cycle of ¢ = (i1, ip, - - - , iy) is defined as c— =
(i1, i, - -+ , i2). The set of all cycles is called the cycle space
and is denoted by C.

The trajectory of a Markov chain constantly forms various
cycles. Intuitively, if we discard the cycles formed by & and
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FIG. 1. Transition diagrams and the associated spanning trees for various Markov chains. (a) A Markov chain with a general transition
diagram. The green arrows show the spanning tree 7" with root vertex 4, and the red arrows show all the chords of 7. (b) A fully connected
Markov chain with four states, where each state can transition to both itself and any other states. (c) A monocyclic Markov chain with N states.
Each state can only transition to itself and its two neighbors. (d) A monocyclic Markov chain with N states. Here the transition from state 1 to
state N is forbidden. In (b)—(d), the green arrows show the spanning tree 7.

keep track of the remaining states in the trajectory, then we
obtain a new Markov chain & = (£,),>0 called the derived
chain. For example, if the trajectory of the original chain & is
{1,2,3,3,2,3,4, 1,4, - - - }, then the corresponding trajectory
of the derived chain £ and the cycles formed are shown in
Table 1.

More rigorously, a state of the derived chain § is a fi-
nite sequence iy, ip, - - - , i of distinct states in S, denoted by
[i1, i2, -+ -, i]. Suppose that §n_1 =li1, i, - ,ig] and &, =
Igr1- igy & {iy, 02, - -+, ig}, then £, is defined as (see Table I
for an illustration)

Sn = [ih i21 T, is, is+1]'

On the other hand, if i, = i, for some 1 < r < s, then &, is
defined as (see Table I for an illustration)

él‘l = [ila i2’ T ir]'

In this case, we say that the Markov chain & forms cycle ¢ =
(iy, iy41, -+ -, iy) at time n. Let N be the number of times that
cycle ¢ is formed up to time n. Then the empirical (absolute)
current of cycle ¢ up to time n is defined as

[y

c __ _pnJ€
Jn—nNn,

and the empirical net current of cycle c up to time n is de-
fined as J¢ = J¢ — J¢~. Intuitively, J¢ represents the number
of times that cycle c is formed per unit time and J¢ repre-
sents the net number of times that cycle ¢ is formed per unit
time.

As n — oo, the empirical cycle current J; — J¢ and em-
pirical net cycle current J° — J¢ will both converge with
probability one. The limits J¢ and J¢ are called the current and
net current of cycle c, respectively. The explicit expressions
of J, and J. can be found in Ref. [17]. The well-known cycle

TABLE I. An example of the derived chain and the cycles formed.

n 0 1 2 3 4 5 6 7 8
&, 1 2 3 3 2 3 4 1 4
£, [1] [1,2] [1,2,3] [1,2,3] [1,2] [1,2,3] [1,2,3,4] [1] [1,4]
Cycles formed 3) (2,3) (1,2,3.4)
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current decomposition theorem [17] states that

mpij =y J (1)
(i, J)

where 7; is the steady-state probability of state i and the sum

on the right-hand side is taken over all cycles ¢ which traverses

edge (i, j) (the symbol ¢ > (i, j) means that cycle c traverses

edge (i, j)). This shows that the probability flux between any

pair of states can be decomposed as the sum of cycle currents.

C. Cycle currents defined in the spanning-tree manner

The current of a cycle can also be defined in the ST man-
ner [8,53]. Let T be a directed subgraph of the transition
diagram G, i.e., all the edges of T are also edges of G, and
let T denote the undirected graph associated with 7. Recall
that 7 is called a ST (or maximal tree) of G if the following
three conditions are satisfied [53]:

(a) T is a covering subgraph of G, i.e. T contains all the
vertices of G;

(b) T is connected;

(¢) T has no circuits, where a circuit of an undirected
graph is defined as an undirected path from a vertex to itself.

In the following, we use T to represent both the ST itself
and its edge set. The meaning should be clear from the con-
text. In general, the choice of the ST is not unique, which
means that a graph may have many different STs. It is easy
to see that any ST T must contain all the vertices of G and
must have N — 1 edges (see the green arrows in Fig. 1) [53].

A directed edge [ ¢ T is called a chord of T [see the red
arrows in Fig. 1(a)]. Since |[E| =M and |T| =N — 1, any
ST T must have M — N + 1 chords. Since T is connected
and has no circuits, if we add to 7 one of its chords [, then
the resulting undirected subgraph T U {/} must have exactly
one circuit. Let ¢; be the cycle obtained from this circuit with
the orientation being the same as chord /. For example, for the
system illustrated in Fig. 1(a), if we add the chord I = (2, 1)
to the ST T, then we obtain the cycle ¢; = (2, 1,4, 3). The
family of cycles £ = {¢; : [ ¢ T} generated by the chords is
referred to as the fundamental set. Since there is a one-to-one
correspondence between the chord set and the fundamental
set, the number of times that cycle ¢; is formed is simply
defined as the number of times that chord [ is traversed. Along
this line, the empirical (absolute) current of cycle ¢; up to time
n is defined as

1 n
o= D e en=n-
m=1

Intuitively, Q) represents the number of times that chord [ is
traversed per unit time. Unlike the LE technique which can be
used to define the currents of all cycles, the ST technique can
only be used to define the currents of cycles in the fundamen-
tal set.

Similarly, we can define the empirical net current in the
ST manner. The empirical net current of cycle ¢; up to time
n is defined as Q;’ = Qi — Qu~. If ¢; is composed of one
or two states, then ¢; = ¢;— and thus Q;’ = 0. For any chord
I = {i, j), if ¢; is composed of three or more states and if ¢;—
is in the fundamental set, then /— = (;j, i) must also be a chord
and ¢;— is exactly the cycle generated by the chord /—. As

n — oo, the empirical cycle current Q¢ — Q° and empirical
net cycle current Qﬁf — Q¢ will both converge with proba-
bility one. The limits Q and Q“ are called the current and
net current of cycle c;, respectively. For any chord [/ = (i, j),
it follows from the ergodic theorem of Markov chains that
Q" = mipij.

We emphasize that most previous papers focused on net
cycle currents defined in the LE [35] and ST [8,33] manners,
and absolute cycle currents have received much less attention.
Clearly, the net currents vanish for any one-state and two-state
cycles. Hence, in previous papers [8,33,35], the net currents
are only defined for cycles with three or more states. In this
paper, we focus on both absolute and net currents. Here,
following Refs. [17,53], we extend the definition slightly to
include cycles with one or two states. This extension turns out
to be useful, as can be seen in Sec. 111 below.

D. Comparisons between two types of cycle currents

Next we make a brief comparison between the two types
of cycle currents. In what follows, cycle currents defined in
the LE manner will be called LE currents and those defined
in the ST manner will be called ST currents. We have seen
that LE currents are defined for all cycles in the cycle space
C, while ST currents are only defined for cycles in the fun-
damental set £. Hence, LE currents provide a more complete
description of the cycle dynamics than ST currents. Moreover,
since the ST is in general not unique, different choices of the
ST correspond to different ST currents. Clearly, LE currents
are independent of the choice of the ST.

A natural question is how much the fundamental set £
is smaller than the cycle space C. Since each chord corre-
sponds to one and only one element in £, we have |L| =
M — N + 1. It is difficult to provide a unified expression for
|C|. To gain deeper insights, we focus on two special cases.
We first consider a Markov chain whose transition diagram is
fully connected, i.e., p;; > 0 for any i, j € S, as illustrated in
Fig. 1(b). In this case, the number of cycles with k states is
given by N(N — 1)--- (N — k + 1)/k, and thus

NNN=1)---(N—k+1
P SL LU T)

k=1

In particular, when N = 4, we have |C| = 24 and the cycle
space is given by

C={1),(2).,3),4),(1,2),(1,3),(1,4),(2,3), (2, 4),
x (3,4),(1,2,3),(1,2,4),(1,3,2),(1,3,4), (1,4, 2),
x (1,4,3),(2,3,4),(2,4,3),(1,2,3,4), (1,2, 4, 3),
x(1,3,2,4),(1,3,4,2),(1,4,2,3), (1,4, 3,2)}.

If we choose the STtobe T =1 — 2 — 3 — 4, then || =
13 and the fundamental set is given by

L={(1),(2),(3).#),1,2),(2,3),3.,4)
x (1,2,3),(1,3,2),(2,3,4),(2,4,3), (1,2, 3,4,),
x (1,4, 3, 2)}.

For a fully connected system, the number of ST currents is
much smaller than the number of LE currents.
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We next consider the monocyclic Markov chain illustrated
in Fig. 1(c), where each state can only transition to itself and
its two neighbors. In this case, we have |C| = 2N + 2 and the
cycle space is given by

CZ{(I),,(N),(I,Z),,(N—I,N),(N,l),

x({1,2,---,N),(1,N,---,2)}. 2)

The first N cycles are one-state cycles, i.e., self-loops, the
middle N cycles are two-state cycles, and the last two cycles
are N-state cycles. If we choose the STtobe T =1 — 2 —
.-+ — N, then |£| = 2N + 1 and the fundamental set is given
by

L=A{M), -, (N),(1,2),--- ,(N=1,N),(1,2,--- ,N),
x (1,N, -+, 2)}.

For a monocyclic system, there is only one cycle, i.e., cycle
(N, 1), that is contained in C but is not contained in L.

To further understand the relationship between the LE
current J; and the ST current Qf, we use the convention of
periodic boundary conditions, i.e., & = &,, which is a stan-
dard assumption in the literature [39]. With this assumption,

for any chord [, it is easy to see that

Qi =>"J,

=l

3)

where the sum is taken over all cycles c that traverse chord /.
Both sides of the equation represent the number of times that
chord / is formed per unit time. This shows that ST currents
can be represented as the sum of LE currents.

II1. JOINT DISTRIBUTION AND LARGE DEVIATIONS
FOR CYCLE CURRENTS

Previous studies about cycle currents mainly focused on
the fluctuation relations, i.e., the symmetry relations satisfied
by the probability distribution of cycle currents [35,36]. How-
ever, very little is known about the explicit expression of the
probability distribution. Here we will address this problem
and then use it to study the large deviations for cycle currents.
In Sec. IIT A, we use methods in combinatorics and graph the-
ory to compute the explicit expression of the joint probability
distribution for LE currents. In Sec. III B, using the exact joint
distribution and the Stirling formula, we investigate the large
deviations for LE currents and give the explicit expression
of the corresponding rate function. In Sec. III C, we study
the large deviations for ST currents using the existing large
deviation results for empirical flows.

A. Joint distribution for LE currents of monocyclic
Markov chains

We first focus on the joint distribution for empirical LE
currents (JS)cec. In general, it is very difficult to obtain
the explicit expression of the joint distribution for a general
Markov chain. Here we focus on the monocyclic system
illustrated in Fig. 1(c). All possible cycles formed by the
system are listed in Eq. (2). Without loss of generality, we
assume that the system starts from state 1. For each cycle ¢ =
(i1, i, -+, ig), let y© = pii, Piris * - * Piiy denote the product of

TABLE II. An example of allowable trajectories for a mono-
cyclic system. All eight allowable trajectories for a three-state system
up to time n = 8 so each one of the four cycles (3), (12), (23), and
(1,3,2) are formed once, while the remaining four cycles (1), (2),
(13), and (1,2,3) are not formed, i.e., k* = k> =k*® =k~ =1 and
K=k=k3=kt=0.

m 0 1 2 3 4 5 6 7 8
En 1 3 3 2 3 2 1 2 1
£ 1 3 2 3 3 2 1 2 1
Em 1 3 3 2 1 2 3 2 1
En 1 3 2 1 2 3 3 2 1
En 1 2 3 3 2 1 3 2 1
Em 1 2 3 2 1 3 3 2 1
En 1 2 1 3 3 2 3 2 1
En 1 2 1 3 2 3 3 2 1

transition probabilities along this cycle. For any sequence of
negative integers k = (k°).cc satisfying Zcec |c|k¢ = n, since
we have assumed the periodic boundary condition, the joint
distribution of empirical LE currents is given by

IP’(J,f = Vc e C) = ]P’(N,f =k° Vce C)
=GN,

ceC

where v¢ = k/n is the frequency of occurrence of cycle ¢ and
G, (k) denotes the set of all possible trajectories up to time
n so each cycle c is formed k¢ times. Such trajectories will
be called allowable trajectories in what follows. For conve-
nience, we write k€ as k' if ¢ = (i) is a one-state cycle, as k"'*!
ifc = (i,i+ 1)is atwo-state cycle,as kT ifc = (1,2, --- , N)
is the clockwise N-state cycle, and as k™ if c = (I, N, --- ,2)
is the counterclockwise N-state cycle [Fig. 1(c)]. For example,
for a three-state system, if the sequence k = (k) ¢ is chosen
as

P=k"==k =1, K'=kK=k"=k"=0, 4
then there are eight allowable trajectories up to time n = 8§,
and all of them are listed in Table II. Similarly, we write v¢ as
v, vhF yt and v and write J€ as J¢, JAHH gt and J.

We will next compute the number |G,(k)| of allowable
trajectories. The basic idea is to insert all cycles into the tra-
jectory in some appropriate order. The number of all possible
insertions will then be the number of all allowable trajectories.
The calculation is divided into the following three steps.

Step 1. Since we have assumed that the system starts from
state 1, as the first step, we select all cycles containing the ini-
tial state 1,1.e., (1), (1,2), (N, 1), (1,2,--- ,N),(1,N, --- ,2),
and insert them into the trajectory. Since each cycle c is
formed k¢ times, the total number of possible insertions in
step 1, i.e., the number of all permutations of these cycles,
are given by

k' + k"2 kN kT ke
A= k' K12 kN ke k-
A S L A i AP
T kM ER2U RN ) k)

013207-5
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FIG. 2. Schematic of the cycle insertion method of constructing all allowable trajectories. Here we use the example given in Eqgs. (4). The
cycle insertion method is divided into three steps: First, we insert all cycles containing the initial state into the trajectory, next we insert all the
remaining two-state cycles into the trajectory, and, finally, we insert all remaining one-state cycles into the trajectory. After the three-step cycle
insertion, we find all eight allowable trajectories, which coincide exactly with those listed in Table II.

For the example given in Eqgs. (4), all possible insertions in
step 1 are shown in the left panel of Fig. 2.

Step 2. We next insert the remaining two-state cycles
2,3),(3,4),--- ,(N—1,N) into the trajectory. Note that
when the system forms a two-state cycle (i, i 4+ 1), it may be
formed at state i or state i + 1. For example, for the trajectory
{1, 3,2,3, .-}, when cycle (2,3) is formed, the derived chain
becomes [1,3]. In this case, we say that the cycle is formed
at state 3. On the contrary, for the trajectory {1,2,3,2,---},
when cycle (2,3) is formed, the derived chain becomes [1,2].
In this case, we say that the cycle is formed at state 2.

For any two-state cycle (i, i 4+ 1), let I’ and m’ denote the
number of times that it is formed at state / and state i + 1,
respectively. Clearly, we have I’ + m' = k"'*!. When I’ and
m' are fixed, the number of allowable trajectories can be com-
puted as follows. First, we insert the [ cycle (2,3) at state 2.
There are k'> + k* possible positions for the insertion, which
correspond to state 2 in the cycles (1,2) and (1,2, -, N),
which have been arranged in step 1. Note that these positions
do not include state 2 in cycle (1, N, - - - , 2). This is because
if we insert cycle (2,3) here, then the cycle will be formed
at state 3 rather than state 2. Hence the number of possible
insertions is given by
12 4 3+ 4 72
(k +k 12+l l>. )

Then we insert the I’ cycle (i,i+ 1) at state i one by one
for 3 < i < N — 1. For each i, there are /'~! +k* possible
positions for the insertion, which correspond to state i in
cycles (i — 1,i) and (1,2, ---,N). The number of possible
insertions is given by

(li—‘ +hT I~
li

), 3<iISKN-1. 6)

Thus far, we have inserted the [’ cycle (i, i + 1) at state i one
by one for 2 < i < N — 1. Combining Egs. (5) and (6), the
number of possible insertions is given by

ﬁ (zi + 1k — 1)
i ’

i=2

where [ := k'2.

Next we insert the m' cycle (i, i + 1) at state i + 1 one by
one for 2 <i < N — 1 in a similar way, and the number of
possible insertions is given by

ﬁ m +mt 4k —1
m' ’

i=2

where m" := kN'. Up till now, we have inserted all two-state
cycles into the trajectory. Summing over all choices of /' and
m', the total number of possible insertions in step 2 is given

by
Z H(l’+l”+k+ )

A=)
IN=1_fpN=1—fN—=LN j=2

P24m?=k3
i+1 k=1
xn@+m+ )

For the example given in Egs. (4), all possible insertions in
step 2 are shown in the middle panel of Fig. 2.

Step 3. We finally insert the remaining one-state cycles
into the trajectory. Specifically, we insert cycle (i) into the
trajectory one by one for 2 < i < N. For each i, there are
> ..; k¢ — k' possible positions for the insertion, which cor-
respond to state i in all the cycles except cycle (i). Hence the
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total number of possible insertions in step 3 is given by

Ao ﬁ (Z b 1>'

i=2
For the example given in Eqgs. (4), all possible insertions in
step 3 are shown in the right panel of Fig. 2.

Combining the above three steps, we finally obtain the
number of allowable trajectories, which is given by

|Gn(k)| = A1A2A3‘

Hence, for a monocyclic system, the joint distribution of em-
pirical LE currents can be computed exactly as

P(J5 =", Ve e C) = A1AAs [ [ (Y.
ceC

@)

We have seen that most previous papers [8,33,35] mainly fo-
cused on cycles with three or more states since the net currents
for all one-state and two-state cycles must vanish. Here, we
extend the definition slightly to include cycles with one and
two states. This extension has the following two advantages:
(1) in this paper, we not only focus on net cycle currents
but also focus on absolute cycle currents; it is clear that the
absolute currents for one-state and two-state cycles do not
vanish and thus cannot be ignored; and (ii) only when all one-
state and two-state cycles are taken into account, is it possible
to recover all the allowable trajectories from empirical cycle
currents using the three-step cycle insertion method; in this
way, the joint distribution of empirical cycle currents has a
simple closed-form expression.

B. Large deviations for LE currents of monocyclic
Markov chains

The large deviations are concerned with the long-time
fluctuation behavior of a stochastic process with small prob-
ability [38,39]. We next investigate the large deviations for
empirical LE currents of a monocyclic Markov chain. Note
that under the periodic boundary condition, the empirical LE
currents (J5 ).cc must lie in the space

V={0%ec: v°>0, Y |ch=1¢,
ceC

where |c| denotes the length of cycle c, i.e., the number of
states contained in cycle c. Roughly speaking, (J).cc are
said to satisfy a large deviation principle with rate function
I; : V — [0, oo] if the joint distribution satisfies

P(JS =1, YeeC)oce ™™, ®)

for any v = (V°).cc € V. Clearly, the large deviation theory
can capture the long-time fluctuation behavior of cycle cur-
rents. Next, we only present the main idea of the proof. The
rigorous definition and proof of the large deviation principle
can be found in Appendix A.

To obtain the explicit expression of the rate function I;, we
recall the Stirling formula

n— oo

logn! =nlogn —n+ O(logn) = h(n) — n+ O(logn),

where log represents the natural logarithm throughout the
paper and A(x) = xlogx for any x > 0. For convenience, we

setk; = ) ..;k“and v; = ), v°. Note that the definitions of
k; and k' are different. It then follows from the Stirling formula
that

k!

KUV K12 ENLY et !

= (ki) — h(k") — h(k"?) — h(K"")
— (k™) — h(k™) + O(logn)

= n[h(v) — h(") — k(") — hO"") — (V™)
— h(v7)] + O(logn).

logA; = log

®

Similarly, we have

Nok—1 l ki
0843 ogQ( ki ) ; 8 Kk — ki)

N

=Y [h(ki) — h(K') = h(k; — k')] + O(log n)
i=2

N
=Y alh(v;) — h(v') — h(v; — V)] + Olog n). (10)

i=2

Finally, we estimate logA,. Let D = {(',m)cicy-1:
I'meN, I't+m = ki+ly denote the set of all possible
choices of I' and m'. For any L = (I', m') € D, let

N—1 ,; ; ; ;
P4l 4kt — 1\ /m +mt +k —1
=1L

mi
i=2

be the number of insertions in step 2 when I’ and m’ are fixed.
It is clear that [D| < n¥~2. Thus, we have

max B; < A; < 72 max B;,
LeD LeD

an

where we have used the fact that A, = ZLE p Br. Similarly to
Eq. (10), we have

N-1
log B, = Y [h(I' + 1" + k%) — h(l') — h(I'™" + k)]
=2
N-1
+ ) [h(n' +m™ k7)) — h(m')
=2
— h(m™' + k7)] + O(log n)
N—1
=Y nh( + x0T —h(x) — (T 4+ 0]
i=2
N—1
+ Y nlhGf + YT vT) = hG) — R +07)]
=2

+ O(logn), (12)

where x' = [/n and y' = m'/n. For any v € V, we introduce
the space

V() = (X, y)acien—1 2 x,y =0, x' +yF = viiF
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and for any X = (x, ') € V(v), we define the function
N-1
Fy(X) =Y [h(x) + h(x™" +vF) — h(x' + x4+ v1)]
i—2
N-1
+ Y [hOD + G +07) = hGH YT 7)),
i—2
(13)
vM1 It then follows from Eq. (11)

where x! = v!? and YV =

that
logA; = max log B+ O(logn) =n sup F,(X)+ O(logn).
Xev(v)
(14)
Combining Egs. (7) and (8), we obtain

1
L(v)=— lim —logP(J =1°, Vc € ()
n—oo n

1 . .
= — lim —|:logA1+ log Ay +log A3+ Zk‘ log y‘:|.

n—oo n -
CcEl

It then follows from Egs. (9), (10), and (14) that

L) = [hO") + N + hO1) + h(v7)
— AW+ 0Nyt 7))
+ 1nf F X)+ Z h(v; — v + h(V") — h(v)]
ieS
— Zv“ log y¢, (15)
ceC

where h(x) = xlogx and v; = ) ___, v°. This gives the expres-
sion of the rate function I; for empirical LE currents. We
emphasize that the explicit expressions of the joint probability
distribution and the rate function for empirical LE currents,
i.e., Egs. (7) and (15), are only applicable to monocyclic
Markov chains and cannot be applied to general systems. For a
general Markov chain, the process of cycle formation is much
more intricate and cannot be computed using the three-step
cycle insertion method.

Note that in Eq. (15), it is difficult to compute the term
infxev ) F,(X). A more explicit expression of this term can
be obtained using the Lagrange multiplier method. In Ap-
pendix B, we have proved that

3 ) 1
Xg&{v)Fv(X) =F' )y,
where (x', ¥ )2<;<y—1 is any solution (such solution must exist
but may not be unique) of the following set of algebraic
equations:

x! x vt
Xl xi vt x4 x4t
Vv yi
Vil 4y b o= yi oyl oo
x4yt =i (16)
with x! =12, x¥ =0,y' =0, and yV = V1.

Thus far, we have assumed that the system starts from
state 1. A natural question is whether the rate function

will change when the system starts from other initial dis-
tributions. In fact, we can prove that the rate function is
independent of the choice of the initial distribution. Note that
this is a highly nontrivial result because in the expression
Eq. (15), the status of state 1 and the status of other states
are not equal. The proof is rather complicated and is put in
Appendix C.

For a general monocyclic system, the expression Eq. (15)
of the rate function is very complicated. This expression can
be greatly simplified in two special cases: (i) the case where
the system has only three states (any three-state system must
be monocyclic) and (ii) the case where the transition from
state 1 to state N is forbidden [see Fig. 1(d) for an illustration].
For a three-state system, the rate function reduces to (see
Appendix D for the proof)

L) =Y [”i toe (B;J ) + (= vlog (Hﬂ

ieS
C/U
+ vlo 17
> viog(517). an
ceC,|cl#1
where
b= Z =02 B Pt 4T,

ceC,|c|#1

= > S =TI T
ceC, lcl#1
For an N-state monocyclic system with the transition from

state 1 to state N being forbidden [Fig. 1(d)], the rate function
reduces to (see Appendix D for the proof)

) vi V; o vi,i-H/vi
L(v) = Z |:ut log (Ji/‘]‘) + vt Jog (W)

ieS

i—Li )
FM 4 v h) log (wﬂ (18)

(Jz 1,i +J+)/Ji

Note that the expressions of the rate function in the two
special cases are much simpler and more symmetric than the
general expression given in Eq. (15). Clearly, both expressions
have a symmetric form with respect to each state and thus
are independent of the choice of the initial distribution. It is
well-known that the empirical flows of a Markov chain, i.e.,
the number of times that each edge is traversed per unit time,
also satisfy a large deviation principle and the associated rate
function has the form of relative entropy (see Sec. IIIC for
details). Interestingly, we find that the rate functions given
in Eqgs. (17) and (18) also have a functional form similar to
relative entropy.

The large deviations for empirical LE currents (J5)cec
can be directly applied to establish the large deviations for
empirical net LE currents ( “)eec- Since the empirical net
LE currents vanish for any one-state and two-state cycles
and since J,- = —J~ for the two N-state cycles (1,2, --- , N)
and (1, N, ---,2), we only need to focus on the empirical
net currents f;r of cycle (1,2,---,N). By the contraction
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principle, we have

PUJr=x)= PUS—J =x)
= Y P@i=v.Vcel)
(o4 Z e 0. (19)
vt—y—=x

This shows that the empirical net LE current J; satisfies a
large deviation principle with rate function

I;(x) = { inf }I,(v). (20)

eV:ivt—v—=x

C. Large deviations for ST currents of general Markov chains

We next focus on the large deviations for empirical ST cur-
rents of a general Markov chain. In fact, the large deviations
for empirical net ST currents have been investigated and the
symmetry of the rate function has been obtained in Ref. [40].
Here we focus on the large deviations for empirical (absolute)
ST currents. To this end, we first recall the large deviations for
empirical flows [39].

Recall that the empirical flow of edge (i, j) up to time n is
defined as

R
R j) = - ) I—

m=1

Intuitively, R, (i, j) represents the number of times that edge
(i, j) is traversed per unit time. Note that under the periodic
boundary condition, the empirical flows (R, (i, j))(, jyeg must
lie in the space

M = R, )i jyee + Ra(i, j) 20, ZR(i, n=1

i,jes
Y RG.j)= ) RG.DY.
Jjes jes

It is well-known that the empirical flows (R, (i, j));, jieE sat-

isfy the following large deviation principle:
P(R.(i, j) = RG, j), V{i, j) € E) occ e " ® - o0,

where the rate function oy : M — [0, 00] is given by

- R, j)
hoo(R) = Y R(. j)log pi.
ek (Dpij
with R(i) = Z_,' <5 R(, j). Clearly, the rate function for empir-

ical flows has the form of relative entropy. For any chord / of
afixed ST T, let H be a function on E defined by

H(, j)

—_

, if@) (i, j)eTand(i,j) €cor(il,]j) =1
. if (i, ) €T, (i, j) & c, and (j, i) € ¢
0, otherwise.

—

1)

In fact, the empirical flow R, (i, j) can be represented as the
weighted sum of H¢ (i, j) with the weights being all empirical

ST currents [53], i.e.,

R, j) =) QUH(, j), (i, )) €E.

C[GE

It was further proved in Ref. [53] that this representation is
unique. In other words, if R, = che  WTH for some coef-
ficients p“, then we must have pu“ = Q¢ for any ¢; € L. It
then follows from the uniqueness of the above representation
that

P(QY = u“, Ve, € L)

= ]P’(Rn(i, =Y utHYG, j), Vi, j) € E)
C/Eﬁ

(e 1)
b

X e n — oQ.

This shows that the empirical ST currents (Q' ). satisfy a
large deviation principle with rate function

lo(u) = Ihow | ) nH ). (22)

C[E[,

Thus far, we have obtained the explicit expressions of
the rate function for empirical LE currents of a monocyclic
system and the rate function for empirical ST currents of a
general system. A natural question is what the relationship
is between the two rate functions. To see this, recall that ST
currents can be represented by LE currents as Q7 =) _, J¢.
It thus follows from the contraction principle that

P(Qy =pu“, YVl e L) = }P’(ZJ;' =u“, vl e E)

3l

= > P@g=1 Vcel)
Yoo Vo=t

x Z e s 0.
Desy VE=p

This shows that the rate functions for empirical LE and ST
currents are connected by

Ip(p) = ; inf I;(v).

{veV: Y . ve=p}
It is straightforward to prove that the rate function Iy given
above coincides with the one given in Eq. (22) for monocyclic
systems.

The large deviations for empirical ST currents (Q¢)¢e.
can also be used to establish the large deviations for empirical
net ST currents (Q;’ )e,ec- Since the empirical net ST currents
vanish for all one-state and two-state cycles, we only need to
focus on cycles with three or more states. Let ¢;,, ¢j,, -+, ¢y,
be all cycles with three or more states in the fundamental set so
any two of them are not reversed cycles of each other. By the
contraction principle, the empirical net ST currents (¢ )i<i<s
of these cycles satisfy a large deviation principle with rate
function

Ip(x) = inf
{eM: i —pfli” =x;, VI<i<s)

Iw.  (23)
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FIG. 3. Three-step mechanism of a reversible enzyme reaction. (a) Kinetic scheme of a three-step reversible enzyme reaction. Here k¢ and
kY, are second-order rate constants since they are the rate constants of the second-order reactions E + S — ES and E + P — EP, respectively,
while k| = k? [S]and k_5; = k%[P] are pseudo-first-order rate constants since they are the rate constants of the effective first-order reactions
E — ES and E — EP, respectively (here we have assumed that the system is open and [S] and [P] are sustained by an external agent).
From the perspective of a single enzyme molecule, the reaction is unimolecular and cyclic. (b) Noise 7 in the product rate as k_; varies. The
parameters are chosenas v = 0.01,n = 15, k? =2k_1,kh =1,k =1,kz =1, k93 = 0.1, [P] = 1, and [S] is tuned so (fn*) remains invariant.
(c) Noise 1 in the product rate as k_, varies. The parameters are chosen as t = 0.01,n = 15, k? =12,k 1 =06,k =k_r, k5 =1, k93 =0.1,
[P] =1, and [S] is tuned so(f,j’) remains invariant. (d) Distribution of the product rate as time n increases. The blue squares are the ones
obtained using stochastic simulations, the red circles are the ones obtained using the exact joint distribution Eq. (7), and the black curves are
the ones obtained using the exact rate function Eq. (17) and large deviation approximation Eqgs. (8). The parameters are chosen as t = 0.1,
K=4k,=2k=5k,=1,k=6k,=0.1,and[S]=[P] = 1.

D. Applications in single-molecule enzyme Kinetics 7, then the system can be modeled as a three-state discrete-

As an application of our theoretical results, we consider
the following three-step mechanism of a reversible enzyme
reaction [10,54],

kY k k

1 2 3
E—}—S:ES:EP?E—FP,

k3

—1 k_p

where E is an enzyme turning the substrate S into the product
P. Here k{ and k°, are second-order rate constants since they
are the rate constants of second-order reactions, while k_q,
k17, and k3 are first-order rate constants since they correspond
to first-order reactions. If there is only one enzyme molecule,
then it may convert stochastically among three conformal
states: the free enzyme E, the enzyme-substrate complex ES,
and the enzyme-product complex EP. For simplicity, we as-
sume that the enzyme reaction is in an open system with the
concentrations of § and P sustained by an external agent [49].
Then from the enzyme perspective, the Kinetics is stochastic
and cyclic with pseudo-first-order rate constants k; = k?[S]
and k_3 = kg3[P], where [S] and [P] are the sustained con-
centrations of § and P, respectively [Fig. 3(a)]. Note that the
time variable of the enzyme reaction is continuous. However,
in experiments, we are only able to observe the system at
multiple discrete time points. If we record the conformal state
of the enzyme molecule at a series of time points with interval

time Markov chain, which coincides with the model studied
in this paper. Let Q = (g;;) be the transition rate matrix of
the continuous-time system shown in Fig. 3(a). Then the tran-
sition probability matrix of the discrete-time system is given
by P = (pij) = ¢"2 [55]. The discrete-time system serves as a
good approximation of the continuous-time system when the
interval 7 is small.

Note that for the cyclic kinetics illustrated in Fig. 3(a), a
substrate molecule S is converted into a product molecule P
whenever the clockwise cycle CT = (E, ES, EP) is formed,
and a product molecule P is converted into a substrate
molecule S whenever the counterclockwise cycle C~ =
(E,EP,ES) is formed. Thus the rate of product formation,
also called product rate, of the enzyme reaction, i.e., the net
conversion of § into P per unit time, is exactly the net LE
current J,” = J+ — J . Previous studies [10] mainly focus on
the long-time mean product rate

+

vy v

lim JF =J% =
n— 00 C

where y ™ = piopa3psi, ¥~ = pi3p3pai, and

3
C = [0 =piri0)(0 = pirriv1) = pi-riv1Pistioil-

i=1
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The analytical results derived in previous sections allow us to
investigate the finite-time fluctuation behavior of the product
rate J:f . In experiments, the size of the fluctuations, also called
noise, in the product rate is often measured by the coefficient
of variation n = o /u, where u = (f;r ) is the mean and o is
the standard deviation [56,57]. Note that we have obtained the
exact joint distribution of empirical LE currents in Sec. III.
Using the joint distribution, it is easy to calculate all moments,
including the mean and standard deviation, of the product rate
i

In Figs. 3(b) and 3(c), we illustrate noise 1 as a function
of the rate constants k_; and k_,. Here k_; and k_, are
varied while keeping k) /k_; and ky/k_ as constant, and the
substrate concentration [S] is tuned so the mean product rate
@ remains invariant (examining protein noise while fixing
the protein mean is a common strategy in molecular biology
experiments [58]). From Fig. 3(b), we see that noise in the
product rate becomes larger as k? and k_; increase (while
keeping their ratio as constant). Note that when k¥ and k_,
are both large, the reaction E 4+ § = ES will reach rapid
pre-equilibrium and this is widely known as rapid equilibrium
assumption in enzyme kinetics [50]. Our results show that
rapid equilibrium between enzyme states £ and ES leads to
large fluctuations in the product rate. Similarly, from Fig. 3(c),
we find that noise in the product rate also becomes larger as
ky and k_, increase (while keeping their ratio as constant).
Note that when k, and k_, are both large, the two enzyme
states ES and EP will reach rapid pre-equilibrium and thus
can be combined into a single state [59,60]. In this case, the
three-step enzyme reaction reduces to the classical two-step
Michaelis-Menten enzyme kinetics

E+S=ES=E-+P.

This implies that compared to the two-step Michaelis-Menten
kinetics, the three-step kinetics results in smaller fluctuations
in the product rate.

While the exact joint distribution for LE currents derived
in Sec. Il A can be used to study the fluctuations in the
product rate, it is computationally very slow because we need
to calculate a large number of factorials and combinatorial
numbers [see Eq. (7)], especially when time »n and the number
of states N are large. Fortunately, the large deviations for LE
currents studied in Sec. III B can be used to provide a much
more efficient computational method of the joint distribution.
Specifically, we only need to compute the rate function I;(v)
using Eq. (17) and then apply Egs. (8) to construct an ap-
proximation of the joint distribution. In Fig. 3(d), we compare
the distribution of the production rate J obtained by using
stochastic simulations (blue squares), the analytical solution
(red circles), and the large deviation approximation (black
curves). As expected, the analytical solution coincides per-
fectly with stochastic simulations. Interestingly, we find that
the approximate distribution obtained based on the large devi-
ation theory is in good agreement with the analytical solution
when n > 15 and they become practically indistinguishable
when n > 30. According to our simulations, when n = 30,
compared with the analytical solution, the large deviation
approximation can save the computational time by over 99%.
This suggests that the large deviation principle studied in this

paper is very useful because it enables a fast exploration of
large swaths of parameter space.

IV. FLUCTUATION THEOREMS FOR CYCLE CURRENTS

Next we investigate the fluctuation relations satisfied by
the two types of cycle currents. In Sec. IV A, using trajec-
tory reversal method, we obtain a symmetric relation for LE
currents of a monocyclic system that is even stronger than
the classical transient and integral fluctuation theorems. In
Sec. IV B, we generalize the fluctuation relations to a general
system and reveal their connection with the second law of
thermodynamics. In Sec. IVC, we explore the fluctuation
relations for ST currents of a general system and compare
them with the fluctuation relations for LE currents.

A. Fluctuation theorems for LE currents of monocyclic
Markov chains

An important question is whether empirical cycle currents
satisfy various fluctuation theorems. In fact, the transient fluc-
tuation theorem for net LE currents has been investigated in
Refs. [35,61]. Here we will prove a symmetric relation for
a monocyclic system that is even stronger than the transient
fluctuation theorem. For convenience, we write the two N-
state cycles of a monocyclic system as C* = (1,2,---,N)
andC~ = (1,N,---,2). Let Nn+ and N, denote the number
of times that cycles C* and C~ are formed up to time n,
respectively. The strong symmetric relation for LE currents
is given by

KTP(NF =k* Ny =k~ — I, NS =k, Ve #£C*,C)

7/+
= <—)k]P>(Nn+ =kt —1,N; =k ,NS =k,
Y

Ve #£CT, C_), (24)
where y* = piopo3 - pyi and ¥y~ = pyipss - - - pai are the
product of transition probabilities along cycles C* and C~,
respectively. In fact, a similar equality has been obtained
recently for another type of cycle currents defined in the
sequence matching manner [20]. We next give the proof of
Eq. (24) for LE currents. Under the periodic boundary condi-
tion, it follows from Eq. (7) that

P(N; =k*,N; =k~ —1,N =k, Ve # C*,C")
=@H !
< [T &Gt k™ =1 (K )ezcr o)l
c£C+,C~

where G, (k*, k= — 1, (k)cxc+ ¢ ) is the collection of all pos-
sible trajectories up to time n so cycle C* is formed k™
times, cycle C~ is formed k= — 1 times, and any other cycle
¢ # C*,C™ is formed k¢ times. For simplicity of notation, we
rewrite the above equation as

PWN, =k",N, =k  —1,---)

=H ! l—[ (POXIGukt k™ —1,--)].
c£CH,C-
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Similarly, replacing k™ by k* — 1 and replacing k= — 1 by k~
in the above equation, we obtain

PNt =kt —1,N =k ,--)

=D T ¢OIGGKT =1k,
c#Ct,C~

Hence, to prove Eq. (24), we only need to show that

KYG, (kT k™ — 1, )| =k7|G, (kT — 1,k ---)]. (25)
For any trajectory {&, &1, -+ ,&} lying in G,(k*, k= —
1,---),since cycle C* is formed k™ times, there are k™ begin-
ning times (the times that C* begins to form) and k" ending
times (the times that C * has been formed) for this cycle. Let
T"#™ and T denote the ith beginning and ending times for
cycle Ct, respectively. For example, for the trajectory given
in Table I, the first beginning time for cycle ¢ = (1, 2, 3,4)
is n = 0 and the first ending time is n = 7. If we reverse the
trajectory {&, &1, - - , &,} between 7™ and T2, then we
obtain a new trajectory (&0, &, - En} which is given by

gm _ %-Tibegm""T,-e"d—m’ if Tibegn.l <

Ems otherwise.

m < Tiend

Clearly, the reversed trajectory must lie in G,(kT —
1,k=,---). Since cycle C* is formed k* times, there
are kT|G,(k*, k= —1,---)| possible reversed trajectories.
Among these reversed trajectories, k~ trajectories are ex-
actly the same and are counted repetitively. For exam-
ple, if C*=(1,2,3) and C~ =(1,3,2), then the tra-
jectories {1,2,3,1,2,3,1,3,2} and {1,2,3,1,3,2,1,2,3}
in Gg(2,1,---) can both be reversed to the trajectory
{1,2,3,1,3,2,1,3,2} in Gg(1, 2, - - - ), and thus are counted
twice. As a result, the number of possible trajectories in
Gu(kt —1,k,---)1is given by

k+
1Guk™ = 1 k™, )] = F|Gn(k+vk_ -1,
which is exactly Eq. (25). Thus we have proved the strong
symmetric relation given by Eq. (24). Applying the symmetric
relation |kt — k™| times, we obtain the transient fluctuation
theorem for LE currents:

PWNf =k",N, =k=,---)

K+ —k
—PN* =k~ N =k*, ... )(’/—> . Q6
14

Thus far, we have proved the symmetric relation Eq. (24)
and transient fluctuation theorem Eq. (26) under the periodic
boundary condition. Without the periodic boundary condition,
these two equalities are also valid for monocyclic systems; the

proof is similar and thus is omitted.
The transient fluctuation theorem can be used to prove the
other two types of fluctuation theorems. To see this, recall that

the moment-generating function of empirical LE currents is
defined as

gn()ﬁ’ AT, )= <ek+Nj+/\*N;+Z#C+,C_ A‘Nl‘x')’

where (A) denotes the mean of A. Then the following
Kurchan-Lebowitz-Spohn-type fluctuation theorem holds:

gn()\-+’ )"_’ e )
=) el "EP(NT

=kt N =k, -0)
— ZeZFGc MEP(NT =k, NT = kT,

xIP(N*:k’,N’:k*,---)

A* log— k*-&-(k —log +)k

— <e(r—log %)N;-&-(M.Hog %)N;+...)

+ +
=g,,()F—logy—,k++1ogy—,-~->, 27
14 14

where log(y ™ /y ™) is the affinity of cycle C* [2]. We next
consider the long-time limit behavior of a monocyclic system.
As n — 00, it is easy to see that

efnl./(lﬁ.v

_’)O(P(.]l:r ,Ji— — ...)

n

4\ n(vT—v7)
—pu; =gy = ()

—n[l;(v™ v,

+ _
xe )—(log Z2)(v 7))

This yields the Gallavotti-Cohen-type fluctuation theorem:

— V).

(28)
Similarly, we can also obtain the fluctuation theorems for
net LE currents. For a monocyclic system, we only need to
focus on the empirical net LE current J+ of cycle C*. Let
g,(1) = (") be the moment-generating function of J+ and
let I;(x) be the rate function of fj given in Eq. (20). The var-
ious types of fluctuation theorems for net LE currents follow
directly from Egs. (26)—(28) and are summarized as follows
(these identities were first obtained in Ref. [61]).
(1) Transient fluctuation theorem:

P =x) . <ﬁ>m
PUf =—x) '

+
Lowt,v,-- ) =L vt ...)— <log —)(v
14

14

(2) Kurchan-Lebowitz-Spohn-type fluctuation theorem:

y+
(1) =§n<—<?»+10g y—))

(3) Integral fluctuation theorem:
—log(y*/y ™) in the above equation yields

Taking A=

(eMi'y = 1.

(4) Gallavotti-Cohen-type fluctuation theorem:

]/+
Ij(x) = Ij(—x) — (10g y—)x
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B. Fluctuation theorems for LE currents of general
Markov chains

We have seen that various symmetric relations and fluctu-
ation theorems hold for LE currents of a monocyclic system.
A natural question is whether these results can be extended to
a general Markov chain. Before stating the results, we recall

the definition of similar cycles [36]. Let ¢; = (i1, ip, -+ - , i5)
and ¢; = (ji, j2, - -+, jr) be two cycles. Then ¢; and ¢, are
called similar if s = r and {iy, i>, --- , is} = {J1, j2, - -+ » Jr}-

In other words, two cycles are similar if they pass through the
same set of states. For example, the following six cycles:

(1,2,3,4), (1,2,4,3), (1,3,2,4), (1,3,4,2), (1,4,2,3),
(1,4,3,2)

are similar. Note that any cycle C and its reversed cycle C—
must be similar.

J

P(NO =k, N = k2, NE = k%, Ve # c1, ¢2)

U

We first focus on empirical LE currents (Jy).cc, Where
Jy = N;/n. For a general Markov chain, if cycles ¢; and c;
are similar, then the following symmetric relation holds:

kP (NG =k N@2 =k — 1, NS =k, Ve # ¢, ¢2)

kP (Ng' = ke — 1, Ny? =k, N¢ = k¢, ¥c # 1, ¢2)
J/cl
ye

If we choose c; and ¢, to be some cycle CT and its revered
cycle C~, then this equality reduces to

KTP(N =kT,N; =k= —1,Nf = k¢, Yc £ CT,C7)
k"P (N} =kt —1,N; =k=, NS = k¢, Yc# Ct,C7)
JF

(29)

Y|Y
I

This can be viewed as a generalization of Eq. (24) in the
monocyclic case. Applying Eq. (29) repeatedly gives the fol-
lowing transient fluctuation theorem for LE currents:

e

P(Ni' = ke, Ni?> = ko1, N¢ = k¢, Ve # ¢y, ¢)

(30)

k1 —k2
- (V”Z) '

This shows that if cycles ¢; and ¢, are similar, then the joint distribution of empirical LE currents satisfies a symmetric relation
under the exchange of k! and k2. Actually, the proof of Eq. (30) has been given in Ref. [36] under the restrictions that all cycles
under consideration pass through a common state i € S and the Markov chain also starts from state i. Fortunately, this technical
assumption can be removed and the result holds generally (manuscript in preparation).

We next consider empirical net LE currents (f,f )eec- Let ¢y, 2, - -+, ¢, be all cycles with three or more states in the cycle
space so any two of them are not reversed cycles of each other (the empirical net LE currents for one-state and two-state cycles

vanish and do not need to be considered). It then follows from Eq. (30) that

IP’(JN;‘ =x1, " =Xy, V2<m < r)

=P (NS =N~ =nxy, No" = NS~ = nxy, V2 <m<r)

2

ki —k¢i~=nx;, VI<i<r

2

kéi—k¢i—=nx;, VI<i<r

=P(N =N~ =
-
n

. 1
IP’( = —x, " =Xy, V2 <m < r)emc1 o8

Hence we have obtained the following transient fluctuation
theorems for net LE currents:

nxllog%
=% (3D

P(jn“ :)C1,fn0m = Xm, Y2 < m < r)
PJS = —x1, J5" =%, V2<m < 1)

This shows that the joint distribution of empirical net LE
currents satisfies a symmetric relation when any x; is replaced
by —x;. In fact, this result which was first found in Ref. [61]
for a monocyclic system and further generalized in Ref. [35]
to a general system, while the proof is not totally rigorous. If
we change x; to —x; one by one for 1 < i < r in the above

P(NS =k N{'™ =k No» =k N"~ =k, V2 <m < r)(

_ nxp lo,
—nxy, Ny" — N~ = nxy,, V2 <m < r)e 185

P(NS =k, NS~ = K47 NS = K, N~ = k™, V2 < m < )

ya
yar

>nx1

padl
S

pad!
yer

[

equation, then we obtain
P =x1,J¢ =x,- -

P (J;'

yéi
v~

jor
’ Jnr - xr) _ en Z::l Xi 10g

LI = —x,.)

7C
—x1,Jp° = —xp, -

(32)

Note that Eq. (32) is much weaker than Eq. (31). In what
follows, we term Eq. (31) the strong form and term Eq. (32)
the weak form of the transient fluctuation theorem.

Other types of fluctuation theorems for absolute and net LE
currents can be easily derived from the transient fluctuation
theorem and are summarized as follows. Here we only focus
on the strong form of various fluctuation theorems; the weak
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form can be obtained similarly. Let g, (1) = (" Zecc %'} and
2,(A) = (¢"Xi=1 %'y be the moment generating functions of
(J5)¢ec and (j;[)]gigr, respectively. Moreover, let I;(x) and
I;7(x) be the rate functions of (J;).ec and (J:f")lgig,, respec-
tively.

(1) Kurchan-Lebowitz-Spohn-type fluctuation theorem: if
cycles ¢ and c¢; are similar, then

ye I
gn(/\l,/\z,-~-)=gn(/\z—log —. A1+ log )

v J/Cz’.“

Y

&n(Ay, ) = g’n(—()w + log

(2) Integral fluctuation theorem: for any subset
{er, 2, ) Cler,ea, -+, ¢}, we have
<e‘” R o8 - > = 1. (33)

(3) Gallavotti-Cohen-type fluctuation theorem: If cycles c;
and ¢, are similar, then

re
L(xi,x0, -+ ) =1i(xp, x1, -+ ) — (10g VL.Z)(XI —X2),

ye
J/“‘)xl'

The fluctuation theorems for net LE currents have impor-
tant physical implications. To see this, recall that the total
entropy production of a Markovian system along a single
trajectory {&o, &1, - - - , &,} is given by [29]

Ij(_xl’ ...):Ij(—xl’ )_ (10g

/J/O(%'O)pﬁoﬁp&é?z C o DE g,
Mn(gﬂ)pgnénflpgnflénfz © D

n—1
wo(€o) P&
=log + ) log ——,
wn(€n) kZ:; Déi&

S = log

where o = (o(i))ies is the distribution of & and u, =
(n(i))ies is the distribution of &,. Under the periodic bound-
ary condition, it is clear that uo(&) = w,(€,). Moreover, we
have

> \N¢
PreiPeies - Peat = | |,
ceC

N¢—
P Perits Pa = | |V
ceC

Combining the above two equations, we obtain

- M ey Y
Stol — J¢1 c_ _ Je1
W=nYy Jlogy zznogyc,
ceC ceC
r . ]/C[
=n Zln‘ log —, (34)
i=1 v
where we have used the fact that J°~ = —J¢ in the sec-

ond identity. This shows that the total entropy production
can be decomposed as the weighted sum of net LE currents

with the weights being all cycle affinities, and the quantity
nJ¢log(y¢/y¢) can be understood as the entropy product
along cycle c. It is well-known, as the total entropy produc-
tion of any Markovian system satisfies the integral fluctuation
theorem (e=5*') = 1 [29], which implies the classical second
law of thermodynamics (S7") > 0. Our results indicate that
the integral fluctuation theorem not only holds for the total
entropy production but also holds for the entropy production
along any finite number of cycles ¢y, 3, - - - , ¢, [see Eq. (33)].
In particular, for any cycle ¢, we have

)=1.

This is much stronger than the classical result for the total
entropy production. Moreover, applying Jensen’s inequality to
the integral fluctuation theorem Eq. (33), we find

t ¢
<Zi;‘" log ~- >>o, (35)

ci—
i=1 Y

Vad
=

(e—nf; log

where ¢y, 2, - - -, ¢; are any finite number of cycles. In partic-
ular, for any cycle ¢, we have

c

4
128

<f,‘l' log > > 0.

This provides a much refined version of the second law of
thermodynamics, which shows that the entropy production
along any finite number of cycles has a nonnegative mean.
This reveals the hidden refined structure behind the underlying
system.

C. Fluctuation theorems for ST currents of
general Markov chains

We have seen that both absolute and net LE currents satisfy
various fluctuation theorems. A natural question is whether
similar relations also hold for absolute and net ST currents.
In fact, (absolute) ST currents do not satisfy any form of
fluctuation theorems, even for monocyclic systems. To see
this, consider a fully connected three-state system and let
T =1 — 2 — 3 be the ST. Then the fundamental set is given
by

L={1),(2),(3),(1,2),(2,3),(1,2,3),(1,3,2)}.

It then follows from Eq. (22) that the rate function for empiri-
cal ST currents is given by

RE(i, j)
RE(i)pij”

Ip(w)= Y R“G, j)log

(i.J)€E
where R*(i, j) = cheﬁ WAH (i, ) and R (i) =
> jes R, j). For simplicity of notation, let u* = u®>?
and let pu~ =pu*?. In Fig. 4(a), we illustrate the
difference between Ip(u*, u=,---) and Ip(u ", u*, ) —
log(yt/y)(ut — ™) as a function of ut and u~ under
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(a) | p (b)
i 40
20

b N
-20
-40

-10 -5 0 5 10
X;
FIG. 4. Some fluctuation theorems may be broken for absolute and net ST currents. (a) Heat plot of p =Ip(u*, pn=,---)—

Ip(u=, wt, -~ )+log(y™/y )(ut — ™) as a function of u™ and p~ for a three-state system. The fact that p %% 0 shows that the
Gallavotti-Cohen-type fluctuation theorem is broken for absolute ST currents. The parameters are chosen as u!' = 15, u? = 20, u’* = 3,
w'? =21, uB =37, p;; =0.28, p1a = 0.22, pj3 = 0.5, pa; = 0.1, pn = 0.6, pr; = 0.3, p3; = 0.3, p3» = 0.3, p33 = 0.4. (b) Change of
p = Ip(x1, X2, x3) — I(—x1, X2, x3) + log(y ! /¥ 7 )x; as a function of x; for a four-state system. The fact that p % O shows that the strong
form of the Gallavotti-Cohen-type fluctuation theorem is broken for net ST currents. The parameters are chosen as x, = 2, x3 = 3, p;; = 0.1,
P12 =02, pi3=0.3, piy = 0.4, psy =0.5, py =0.15, p3s =0.15, py = 0.2, p3; =0.1, p3, =04, p33 =0.25, p3y =0.25, pyy =0.2,

Pa2 = 0.2, Paz = 0.3, Paa = 0.3.

a set of appropriately chosen parameters. It is clear that the
difference is nonzero and thus we have

+
IQ(I’L+7 Hoy ) # IQ(M_s M+v e )_ (10g ]J:__>(M+ - M_)v
(36)
which means that the Gallavotti-Cohen-type fluctuation the-
orem is broken. Other types of fluctuation theorems must
also be broken since the Gallavotti-Cohen-type fluctuation
theorem is the weakest among all fluctuation theorems.

While various fluctuation theorems fail for ST currents,
they may hold for net ST currents [33]. To see this, note
that for a monocyclic system, we only need to consider the
empirical net current Q;F of cycle C*. Suppose that the ST is
chosenas 7 =1 — 2 — ... — N. With the periodic bound-
ary condition, it follows from Eq. (3) that Q) = J,- + J™D
and Q, =J; + J™D. These two equations imply that O =
JF, and thus the fluctuation theorems for net ST currents
naturally follow from those for net LE currents. Without
the periodic boundary condition, the Gallavotti-Cohen-type
fluctuation theorem still holds since it reflects the long-time
behavior of the system and assuming the periodic boundary
condition or not will not influence the large deviation rate
function, while the other three types of fluctuation theorems
are all broken. It has been shown in Ref. [34] that all four types
of fluctuation theorems are satisfied for a modified version of
net ST currents.

The above results can be extended to a general system. Let
¢y, cL, -+, ¢ be all cycles with three or more states in the
fundamental set so any two of them are not reversed cycles
of each other (the empirical net ST currents for one-state and
two-state cycles vanish and do not need to be considered). In
Ref. [33], the authors have proved the following weak form
of the Gallavotti-Cohen-type fluctuation theorem for net ST

currents:

IQ(X],XQ, e a-xs)

(37

c,
V i
= lp(—x1, —x, -+~ o

v

s _xs) - ixi IOg
i=1

This shows that the joint distribution of empirical net ST
currents satisfies a symmetric relation when all x; are replaced
by —x;. In fact, the above equality can be obtained directly
from the fluctuation theorems for net LE currents. For any
cycle ¢; € £ with three or more states, under the periodic
boundary condition, it follows from Eq. (3) that

Oy =3 Ji= 2 =20 = 3 =20 39
c3l c3l— =l ¢3! =l

This indicates that empirical net ST currents can be decom-
posed as the sum of empirical net LE currents. It then follows
from Eq. (32) that (see Appendix E for the proof)

~c; ~c o
]P( nl = X1,y nls sz) ”Z?:]Xil()g%
~Cl ~Ci =e i (39)
P( nl = X1, nS:_xs)

This shows that net ST currents satisfy the weak form of
the transient fluctuation theorem under the periodic boundary
condition. The weak form Eq. (37) of the Gallavotti-Cohen-
type fluctuation theorem holds generally since assuming the
periodic boundary condition or not will not influence the large
deviation rate function.

In contrast to net LE currents, net ST currents do not satisfy
the strong form of fluctuation theorems; this fact has been
found in previous papers [62-65]. To give a counterexample,
we consider a fully connected four-state system illustrated in
Fig. 1(b). Suppose that the ST is chosen as T =1 — 2 —
3 — 4. In this case, we only need to consider the net ST
currents of the three cycles ¢; = (1,2, 3), c; = (2,3,4), and
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c3 = (1,2, 3, 4), since other cycles in the fundamental set are
either their reversed cycles or cycles with one or two states.
Recall that the rate function of empirical net ST currents

(Q<1, 0%, 0%) is given by

IQ(x) = inf
{neM:psi—pci—=x;, VI1<i<3}

Io(p). (40)

In Fig. 4(b), we illustrate the difference between 15 (x1, X2, X3)
and Ip(—x1,x2, x3) — log(y“'/y“' 7)) as a function of x,
under a set of appropriately chosen parameters. It is clear that
the difference is nonzero and thus

C1

Ip(x1, X2, x3) # Ig(—=x1, X2, X3) — <10g yycl_)ﬂcﬂ 41)
Hence the strong form of the Gallavotti-Cohen-type fluctua-
tion theorem fails for net ST currents.

We next discuss the connection between ST currents and
entropy production. Similarly to Eq. (34), under the periodic
boundary condition, the total entropy product along a single
trajectory can be also decomposed as the weighted sum of net
ST currents [8], i.e.,

s ¢
S =p Z QZ/,' log ;/c'z,vf . 42)
i=1
Hence within the ST framework, the quantity
nQ¢ log(y'/y“~) can be understood as the entropy
production along fundamental cycle c;. Note that this is totally
different from the quantity J% log(y“'/y“~) investigated in
Sec. IV B. We have seen that within the LE framework, the
entropy production along any finite number of cycles satisfies
both the strong form of integral fluctuation theorem Eq. (33)
and the refined version of the second law of thermodynamics
Eq. (35). Since the strong form of fluctuation theorems
fails for net ST currents, the entropy production along any
fundamental cycle does not satisfy the refined version of the
second law of thermodynamics. In other words, it may occur
that

cl
<Q§’ log VVC’> <0
for some fundamental cycle c;.

The reason why the strong form of fluctuation theorems
and the refined version of the second law of thermodynamics
are broken for net ST currents can be explained as follows.
From Eq. (38), it is clear that the net ST current Q;I of
fundamental cycle ¢; can be decomposed as the sum of the net
LE currents f,f of all cycles c that traverse chord /, i.e., Q;’ =
> .o J¢. Note that these cycles ¢ that traverse chord / have
different affinities, which may not be equal to the affinity of
fundamental cycle ¢;. Hence, even if (J¢ log(y¢/y 7)) > 0 for
all cycles ¢, we cannot conclude that (Qfl’ log(y“/y“™)) =2 0.
The weak form of fluctuation theorems holds for net ST cur-
rents since it is essentially the fluctuation theorems for the
total entropy production [see Eq. (42)].

In summary, we have seen that LE currents have much
better properties than ST currents; the former satisfies a much
more refined version of the second law of thermodynamics
while the latter does not. This demonstrates the advantage of
LE currents in dealing with complex thermodynamic systems

far from equilibrium (for simple monocyclic systems, the net
LE and ST currents are the same).

V. CONCLUSIONS AND DISCUSSION

In this paper, we make a comparative study of the large de-
viations and fluctuation theorems for empirical cycle currents
of a Markov chain defined in the LE and ST manners. LE
currents are defined for all cycles in the cycle space, while
ST currents are only defined for cycles in the fundamental
set generated by the chords of an arbitrarily chosen ST. The
fundamental set may be much smaller than the cycle space
for a general system. However, for a system with a cyclic
topology, there is at most one cycle that is contained in the
cycle space but is missing in the fundamental set. LE currents
provide a more complete and detailed description for the cy-
cle dynamics than ST currents. Under the periodic boundary
condition, the ST current of any cycle can be represented by
the weighted sum of LE currents.

Furthermore, we establish the large deviation principle and
provide the explicit expression of the associated rate function
for empirical LE currents of a monocyclic Markov chain. The
proof is based on deriving the joint distribution of empirical
LE currents of all cycles in closed form. When computing
the joint distribution, we propose the method of three-step
cycle insertion: (i) the first step is to insert all cycles that
pass through the initial state into the trajectory, (ii) the second
step is to insert all two-state cycles that do not contain the
initial state into the trajectory, and (iii) the third step is to
insert all one-state cycles that do not contain the initial state
into the trajectory. In addition, the rate function is proved to
be independent of the initial distribution of the system. The
analytical expression of the rate function is complicated for a
general monocyclic system. However, it can be greatly simpli-
fied for a three-state system and for a monocyclic system with
a certain transition between adjacent states being forbidden.
Whether the rate function of LE currents can be computed in
anonmonocyclic system remains an open question. Following
the method proposed in Ref. [40], which only focused on
empirical net ST currents, we also give the exact rate function
for empirical (absolute) ST currents of a general system. The
relationship between the rate functions of empirical LE and
ST currents is clarified.

The analytical results are then applied to investigate the
fluctuations in the product rate for a three-step reversible
enzyme reaction, which can be modeled as a three-state
monocyclic system. A single enzyme molecule can convert
stochastically among three conformal states: the free enzyme
E, the enzyme-substrate complex ES, and the enzyme-
product complex E P. The product rate of the enzyme reaction
is exactly the empirical net LE current of the monocyclic
system. Using the exact joint distribution for LE currents,
we find that rapid equilibrium between enzyme states £ and
ES and rapid equilibrium between enzyme states ES and EP
both result in larger fluctuations in the product rate. Moreover,
compared with the analytical solution, we show that the large
deviations for LE currents provide a much more efficient com-
putational method of the joint distribution, and thus enable a
fast exploration of large swaths of parameter space.
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Finally, we examine various types of fluctuation theorems
satisfied by empirical LE and ST currents and clarify their
ranges of applicability. We first show that the empirical ab-
solute and net LE currents satisfy all types of fluctuation
theorems and symmetric relations. In particular, we introduce
the concept of similar cycles and obtain the strong form of
the transient fluctuation theorem: (i) the joint distribution of
empirical LE currents satisfies a symmetric relation when the
currents of any pair of similar cycles are exchanged and (ii) the
joint distribution of empirical net LE currents satisfies a sym-
metry relation when the net current of any cycle is replaced by
its opposite number. Since empirical ST currents can be repre-
sented by the weight sums of empirical LE currents under the
periodic boundary condition, we further show that empirical
ST currents do not satisfy any form of fluctuation theorems,
while empirical net ST currents only satisfy the weak form of
the transient fluctuation theorem under the periodic boundary
condition: the joint distribution of empirical net ST currents
satisfies a symmetry relation when the net currents of all
cycles in the fundamental set are replaced by their opposite

J

numbers. As a corollary of the integral fluctuation theorem,
we show that LE currents satisfy a refined version of the
second law of thermodynamics: the entropy production along
any finite number of cycles has a nonnegative mean, while it
is broken for ST currents.

In the present paper, some results are only obtained for a
monocyclic Markov chain. We anticipate that these results can
be generalized to more general Markovian systems and even
to semi-Markovian or non-Markovian systems. In addition,
here we only make a comparison between LE and ST currents.
The relationship between these two types of cycle currents and
those defined in the sequence matching manner [18-20] is not
clear. These are under current investigation.
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APPENDIX A: LARGE DEVIATIONS FOR LE CURRENTS OF A MONOCYCLIC MARKOV CHAIN

Here we give rigorous proof of the large deviation principle for LE currents. Recall that the empirical LE currents (J).cc are
said to satisfy a large deviation principle with a good rate function I; : V — [0, oo] if [38]
(i) Foreach o > 0, the level set {x € V : [;(x) < «} is compact.

(ii) ForeachopensetU C V,

lim llog]P’((JC

n—-oo n

(iii) For each closed set F C V,

lim llogIP’((Jc

n—oo n

ecc € U) = = inf 1),

n)ceC

(A)

€ F) < —inf [;(x). (A2)
xeF

To prove the large deviation principle, we proceed in two steps. First, we examine the properties of the rate function and then
we give the rigorous proof of upper bound Eq. (A1) and lower bound Eq. (A2).

Proposition 1. The rate function I, is finite, continuous, and convex.

Proof. Recall that the rate function I; : V — [0, oo] for empirical LE currents in the main text is given by

L) =[hw?) + h") + R0 + h(v7) = R + 0V + 0T +07)

+ inf F,(X)+
XeV(v) -
ieS

=L)+ L)+ L) — L),

where h(x) = xlogx is continuous on [0, co) and

N-1
Fy(X) =) [hGx) + hGx™ +v7) = G + 271+ 0]+ Y (A6 + A +07) = hG + 3T 07
=2

D Th(vi = V) + h(v)) — h(v)] = Y v log y©

ceC
(A3)

N—1
(A4)

i=2

It is easy to see that I, is finite. We next prove that I; is continuous. Obviously, /;, 5, and I are continuous functions with respect

to v. Specially, I is a linear function. We still need to prove I, is continuous. Let Y (v) € V(v) be a solution of Eq. (B2) in

Appendix B. Since Eq. (B2) is a set of polynomial equations, it is easy to see that Y (v) is a continuous function with respect to

v. This fact, together with the continuity of F,, guarantees that infxcy(,) F,(X) = F, (Y (v)) is a continuous function of v.
Finally, we prove that I; is convex. Note that

12 N1 + _
L(v) =v'?log <VT> + vV log (vT) +vTlog <%) + v~ log (%),
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where © = v!2 + V¥ 4+ v+ 4 v~ Recall the following log sum 1nequa11ty For any a, ay, by, b, > 0, we have

(@1 +ax)log =3 . 2 <alog s +arlog 3 (A6)

For any «, B > 0 satisfying o« + 8 = 1 and v, u € V, it follows from the log sum inequality Eq. (A6) that
12 12 12
(aV'2+ﬂM'2)10g<—wA+ﬁlf )<avnlog( >+ﬂu'210g< )
ab+ B o

where 1 = u'? 4+ u¥' 4+ u* + . This implies that the first term on the right-hand side of Eq. (A5) is a convex function of v.
Similarly, it is easy to prove that the other three terms on the right-hand side of Eq. (AS5) are also convex functions of v. This
shows that I; is convex. Similarly, by the log sum inequality, we can also prove that /3 is convex. Since Iy is a linear function of
v, it is also convex. Finally, we will prove that infycy () F, (X) is convex with respect to v. To this end, we rewrite Eq. (A4) as

N-1

. x4t ; X!
FX)=Y [(xl“ +v")log (1—> +x'log <—,-1 ; )]

£ +xi 4 pt x4 xt 4+ vt

N-1 N it1 -

. _ yT o+

+ 1 + i+l +v7)lo (—>j|

,Z:[y g<y +y* 4= ) o o Yoyt v
N—1
= 3 [AL. X) + AL, X) + AL (0, X) + AL (0, X)]. (A7)
=2

Note that aX 4+ BZ € V(av + Bu) for any X = (x',y') € V(v) and Z = (7, w') € V(). Then by the log sum inequality, we
have

Al(av + B, aX + BY)

x4 Bz favt + But )
axi—l —i—axi + ﬂZi_] + ﬂZi —{-Otl)+ + ﬁu-ﬁ-
a(x ™+ vH) + B+ ut) )
a(xi‘l +xi + 1)+) + ﬂ(Zi_l +Zi + M+)
-1, o+ i1 +
. +v . FA oy

<a@ ™ 4+v") og(xl1 PR +BET +u)log S

= aAj (v, X) + BAI (1. ).
Similarly, we have A% (av + B, aX + BY) < @Al (v, X) 4 BA" (1, Y) for j = 2,3, 4. This shows that

Fovipp(@X + BY) < aF(X) + BEL(Y).

= (ax'"" + BZ + vt + BuT)log (

= (a(x" "+ v+ BE + 1)) log (

Optimizing over X and Y, we obtain

inf F, Z) < inf F,(X inf F,(Y).
ZeV(lo?quﬁu) avpul )\axg\}(u) v )+'3Yél\}(u) k()

This completes the proof of this proposition. |
We next give the rigorous proof of the upper and lower bounds for empirical LE currents (J} )cec-
Proposition 2. (J{)cec satisfy a large deviation principle with a good rate function I;. Moreover, the upper bound of the large
deviation principle can be improved as

HH_TOO ;logIP’(( e €T) < _i‘gb(”) (A8)

forany setI" C V.
Proof. Since V is compact, the level set {x € V : I;(x) < «} is also compact for any o > 0. Set

K, = {(kc)cec e N2V+2 Zk“|c| = n} (A9)

ceC

Without loss of generality, we assume that the system starts from state 1. For any k = (k°).cc € K, it follows from Eq. (7) in
the main text that

c __ k_c _ c\k¢
Py (Jn =—, Ve c) =GO [ (A10)

ceC
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Let w,(k) =k/n € V.Forany I' C V, let us put

kC
0,IMN= max P, <J,f =—, Vce C).
n

keK,:u,(k)el’
Then, clearly, we have
On(T) < P1(Jn € T) < [K|Qn (D). (A1D)

It is easy to see that |K,| < (2N + 2)(n + 1)>¥*+3. Combining Eqgs. (A10) and (A11), we obtain

1 logn 1
- IOg]Pl(.]n (S F) =0[— )+ - 10g Qn(F)
n n n

logn 1 ke .
=0 —log|G,(k —log y*
< » >+keK,f:r;lf,}é)eF [n 0g |G, ()l + Y " Ogy}

ceC
logn
= O( g )— min
n keK,:pu,(k)el’

1 (pn (k). (A12)

To complete the proof, it is easy to see that U,cn{u,(k) : k € K,} is dense in V. This fact, together with the continuity of I;,
guarantees that for each v € V, there exists a sequence (k,),cn With &k, € K, for all n, such that

lim ||, (ky) — v[l =0, lim 1; (e, (k) = I;(v).
n— o0 n— oo
Then, for any open set U C V, we have

Iim min  L(u, (k) <L), Yvel.
n—00 kek,:u,(k)elU

Optimizing over v € U, we obtain

lim min  I(u.(k)) < inf I;(v). (A13)
n—00 kek,,:ju, (k)eU velU

Combining (A12) and (A13), we obtain the lower bound (A1) of the large deviation principle. Similarly, for any I C V, we can
prove that

lim  min  [;(u,(k)) > inf [;(v). (A14)
n— o0 k€K :pun (k)ell vel

Combining Egs. (A12) and (A14), we obtain the upper bound Eq. (A2) of the large deviation principle. This completes the
proof. |

APPENDIX B: EXPLICIT EXPRESSION OF THE RATE FUNCTION I; FOR MONOCYCLIC MARKOV CHAINS

Recall that for a monocyclic system, the rate function I; for empirical LE currents is given by Eq. (15). Here the term
infxey) Fy(X) is not in closed form. Next we will use the Lagrange multiplier method to find the explicit expression of
infxey ) Fy(X). For any v € V, we defined the Lagrangian function

N-1
AX, ) =F(X) + Y il 4y —vhh,
i=2
where X = (x', y)a<icn—1 € V(v) and A = (A;)2<icy—1 € RY~2. Taking the derivative of A, (X, 1) with respect to the variables
x', ¥, and A;, we obtain the following equations:

log(x) —log(x ™" + x" +vF) +log(x’ + v") —log(x’ + x™ + v+ 4, =0,
log(y' +v7) —logy "+ +v7) +log(y") —logy +y™ +v7)+ 4, =0, x4y =v" 2<i<N-1. (BD
It is easy to check that Eqs. (B1) can be rewritten as

i P4yt i1p= i . . o
x X __ Y x4y =0 2<i<N -1 (B2)

xi71+xi+v+ xi+xi+l+v+ _yi*1+yi+v* yi+yi+1+v7 -

where x! = v!2, x¥ =0, y!' =0, and y¥ = vV!. Next we will prove that the set of algebraic equations Egs. (B2) has at least one

solution X = (x', ) € V(v) and this solution minimizes the function F, over V (v).
Proposition 3. There exists at least one solution X = (x', y') € V(v) of Egs. (B2).
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Proof. If there exists v©¥*! = 0 for some 2 < k < N — 1, then we have x* = y* = 0. Then Eqs. (B2) can be divided into two
equations in terms of the indices 2 < i < k — landk + 1 < i < N — 1. Thus, we only need to proof the lemma when phktl 5 0
for any 2 < k < N — 1. Next we will consider three different cases.

Case 1: v!2 = vt = vV = v~ = 0. It is easy to see that for each o € (0, 1),
xi — avi,i+l’ yi — (1 _a)vi.i+l’ 2 < i g N — 1’
is a solution of Egs. (B2).
Case 2: V2 =1t =0, VW +v™ > 00r vV =v™ =0,v2 + v+ > 0. When v!? = v+ = 0, VN 4 v~ > 0, it is easy to see
thatx' =0,y' = v+l g a solution of Egs. (B2). Similarly, when W=y~ =0,v24+ vt > 0,itis easy to see that x' = phitl

y' = 0 is a solution of Egs. (B2).

Case 3: v2 4+ vt > 0, VW! 4+ v~ > 0. We claim that for any 2 < k < N — 2, whenever x**! > 0, y**! > 0, and x**! 4
Kl kA2
= pk+L

y , there exists a solution of the following set of equations:
X x4t gt iy x= Xl 4t S . )
A VT T L Xy =it 2 < i<k, (B3)
yz xi 4 pt yl*l +yl + v yl +yt+1 + v
and the solution satisfies x’, y* > 0 for all 2 < i < k. We next prove it by induction. When k = 2, Egs. (B3) can be simplified as
e A e
VB3 2T 24t B 243y
It is easy to see that
) x? N o o i SRR VI b S S VA p!2 4
lim 5 = 0, Ilim > > > 0.
2o VB —x 20 x24+vt vB 2434y T B 4y oy
On the other hand, we have
; 2 i B 4vt 2424t VB 43 ot 2 4 )23 4t
im ——— = 00, im = < 00.
22 p23 — x2 e2p? x4 vt vB 24y 4y VB 4t ¥4

By the intermediate value theorem, we can find a solution of Egs. (B3) satisfying x?, y> > 0 and x> + y> = v?*. Suppose that the
claim holds for k = n — 1. Then we consider the equation

X" 3" +xn+1 + 1)+ vn,nJrl —x"+ v xnfl + X"+ v+
l)n,n-&-l — X" X" 4+ vt yn—l + vn,n+l —x"+ v Un,n+1 —xn +yn+l + v- ’

where x"~!, y"~! > 0 is the solution of Eqs. (B3) for k = n — 1, which depends on x" > 0. It is easy to see that

n

. x
lim o =0, (B4)
and
ot gt el yn oy X4 x4t
B% X" 4+ vt yn—l + vn,n+1 —x"+ v vn,n+1 —xn +yn+1 + v-
prrtl oy limy o x" 1 + v+

> > 0, B5
= limX"u)yn—] 4oyl o=yt +yn+1 4 op- (BS)

where we have used the fact that lim,» o x"~1' > 0 since x"~! is a continuous function of x". On the other hand, we have

n

. X
lim ——— =00 (B6)
Xyl anH’l — xn
and
i X +xn+l + l)+ l)n,n-'rl —x" + v xn—l _I_xn + l)+
m
xrpyntl x4 vt ynfl + prntl _ yn + v prontl _ yn + yn+1 + v

e G SRTRNE 11\ OSPRIEL  SR VAU S
vn,rH—l + vt yn+1 + v

< Q. (B7)
By the intermediate value theorem, we can find a solution of Eqs. (B3) satisfying x’, y > 0 and x’ + y’ = v’/*!
By induction, the claim holds for all k > 2.

Note that when k = N — 1, Egs. (B3) are equivalent to Eqgs. (B2). In this case, we have y**! = vV!. Since v¥! + v~ > 0, itis
easy to see that Eqs. (B4)—(B7) still hold. Similarly to the above proof, by the intermediate value theorem, we can find a solution
of Egs. (B3) satisfying x’, y' > 0 and x' + y' = v**! for any 2 < i < N — 1. This completes the proof of this lemma. [ ]

forany2 < i < n.
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Proposition 4. Let X = (x, y') € V(v) be any solution of Egs. (B2). Then X minimizes the function F, over V (v).

Proof. By the log sum inequality Eq. (A6), we have

a az by
aplo +alo > a lo +azlo . B8
! gal-l-az ? gal+az ! gb1+b2 g gb1+b2 (B8)
For any Z = (7', w') € V(v), it follows from Eq. (A7) that
N-1 214 pt Z
@ ;[( ) S T+t S Tyt
N-1 i i+1 -
. w . _ w +v
+Z|:w110g wi—|—wi+1 - +(wl+1 +v )logm],
i=2
where z! = v'2, w" = VN1, Combining Egs. (B2) and (BS), we have
N-1 i—1 + i
. X +v . X
F,(Z) > -l log ——— log————
( )/g[(z +v7) ST o T2 gx‘1+xl+v+:|
N—1 i i+1 -
i M i+1 - yrtv
+ w'log ———— + (W't +1v7)1o —i|
i_2|: Sy o
N-1 i—1 i i
:Z vT log al v Z'log X AT al
py xifl + xi + + xifl +xi + pt xifl +xi + vt
N-1 i+1 i - i
_ Y+ ; y+v y ]
+ v . + w'log — . . .
1_2[ SV STy v Yyt o
12 + N1 —
12 Vo4 N1 v+
lo log———F——
tvilee o T B ONT L N1 1 -
-1 i—1 + i+1 -
L X +v B y o+
= Attt log———— 4y log— ————
Py |: gxl—l +X’+U+ gyz+yl+l + v
12 + N1 —
12 Vo4 N v+
log———+—— log———i——
tvrlee s Y B ONT L N1 1 -
N-1 i—1 + i
i-1 4 o+ X tv i X
= +v)log———F+—— +x'log—————
122:|:(X ) gxl—l+xz+v+ X gxl—]+xl+v+]
N-1 i i+1 -
+ |:y logyi+yi+1+v—+(y T )logyi+yi+l+vi|
i=2
= Fv(X)a
where }; is defined in Egs. (B2). This gives the desired result. |

APPENDIX C: INDEPENDENCE OF THE RATE FUNCTION
WITH RESPECT TO THE INITIAL DISTRIBUTION

Here we will prove that for any monocyclic system, the rate
function /; is independent of the choice of the initial distribu-
tion. Before giving the proof, we introduce some notations.

J

G'(k) = {(50. &1, -

For any k = (k%)cecc € N?N*2_ set |k| = Y .. k°|c|. For
any state i € S, let G'(k) be the set of all possible tra-
jectories (with periodic boundary conditions) up to time n
with initial state i so each cycle ¢ is formed k¢ times,
ie.,

S E) €SN =k  forany Ve € C, & =i, n= |k|}.
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FIG. 5. The broken line graph for the trajectory £. Here we consider states i and N + i as different states. (a) The first type mapping of
trajectory: n(&) is the last time that trajectory & reach state 1. (b) The second type mapping of trajectory: « (&) denotes the first time that

trajectory & reaches state j.

For any state i € S and any cycle ¢ > i, let G*“(k) be the subset
of G'(k) so the last cycle formed by the trajectory is cycle c.
For convenience, in the following, if ¢ = C*, then G*¢(k) is
abbreviated as G'* (k); if c = C~, then G*°(k) is abbreviated
as G>~ (k).

We next give some nontrivial identities about |G'(k)| and
|G (k).

Lemma 1. Set

Bi(k) = |G"*(1,0, k)|,

where k = (k', -+ kN k"2,
and k € N2V we have

Bi(k) = B/(k) = Ci(k) = C/(k).

C'(k) = |G"(0, 1, k)|,
-, kN). Then, for any i, j € S

Proof. Without loss of generality, we assume i = 1. We
first prove that B'(k) = C'(k). Note that any monocyclic
Markov chain naturally corresponds to a nearest-neighbor
random walk (with the transition from a state to itself being
allowed). Hence, each trajectory of the monocyclic system
can be represented as a broken line graph illustrated in Fig. 5.
The horizontal movement of the broken line from state i to
itself corresponds to the formation of cycle (i). Each decrease
of the broken line from state i + 1 to state i above state 1
corresponds to the formation of cycle (i, i 4+ 1). Each increase
of the broken line from state —j to state 1 — j below state 1
corresponds to the formation of cycle (—j, 1 — j), where all
states are understood to be modulo N.

Let n=N+ |I;|. For any trajectory & = (§,)o<m<n €
G (1,0, k), let

nE)=max{m:0<m<n—1%,=1}

be the last exit time of the initial state 1 before time n.
Since the last cycle formed by & is CT, it is clear that &
must reach the set {N + 1, 1 — N} for the first time at time
n with &, = N + 1. Then we can construct another trajectory
§ = (§m)0<m<n corresponding to £ as [see Fig. 5(a) for an
illustration]

. Em,
Sm = {
Enin@)-m — N,

if0<m<n)
ifn€) <m<n,
where the original trajectory between time 1(£) and time n are

reversed and then translated to the initial state 1. Clearly, each

cycle formed by (&,,)o<m<y () s also formed by (ém)ogmgn(g).
In addition, the horizontal movement of the broken line from

state i to itself for (&,,),e&)<m<n corresponds to the horizon-
tal movement of the broken line from state i — N to itself
for (é'm)n@:)gmgn. Similarly, each decrease of the broken line
from state i + 1 to state i for (&,,),@)<m<n corresponds to an
increase of the broken line from state i — N to state i + 1 —
N for (,)y)<m<n- Then all one-state and two-state cycles
formed by & are also formed by £. Moreover, it is clear that
£ reaches the set {N + 1,1 — N} for the first time at time
n with £, = 1 — N. This implies that £ € G~ (0, 1, k) since
the last cycle formed by £ is C~. Hence the map & — &
gives a one-to-one correspondence between G *(1,0, l?) and
G"~(0, 1, k). This shows that B! (k) = C' (k).

We next prove that B'(k) = B/(k). For each k satisfying
lk| =n — N, let G'(k) be the set of all possible trajecto-
ries up to time n with initial state / so each edge (i, i) is
passed through k’ times, each edge (i, i + 1) is passed through
ki1 41 times, each edge (i + 1, i) is passed through k%!
times, and the trajectory reaches state N + i for the first time
at time n, where all states are understood to be module N. We
claim that |G' (k)| = |G/ (k)|.

We now prove the claim. For any trajectory § =
(sm)Ogmén € Gl (k)» let

k(&) = min{m : 0 < m < n, &, = j}

be the hitting time of state j. Then we can construct another
trajectory & = (&, )o<msn corresponding to £ as [see Fig. 5(b)
for an illustration]

: !Ew@nm, if0<m<n—«!§)

ifn—«/(&) <m<n,

m =

Emtic (€)—n>

where the original trajectory between time «/(£) and time n
are moved before the initial time and then translated to initial
state 1. It is easy to see that £ has initial state j. In addition,
edge (i, i) is passed through k' times, edge (i, i + 1) is passed
through &' + 1 times and edge (i + 1, i) are passed through
k"*! times. Moreover, since £ reaches state j is the first time
at time «/(&), it is clear that £ reaches state j + N the first
time at time n. This implies that £ € G/ (k). Hence the map
& — E gives a one-to-one correspondence between G' (k) and
G/ (k). This shows that |G (k)| = |G/ (k).

In fact, for each trajectory &€ € G'(k), cycles (i), (i,i + 1),
(1,--+,N),and (I, N, - - -, 2) are formed k', k"1 — r r 41,
and r times, respectively. Here 7 < min,cs k**+! depends on £.
It is easy to see that & reaches state N + 1 for the first time at
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time 7. Then the last cycle formed by & is C* and thus

miniES ki.H»l
G'h= || G o+1nk - K k"
r=0
— e KV — ).

Since B' (k) = |G"*(1, 0, k)|, we obtain

min;eg kM
IG'®I =Y 1G" T+ Lk Y K
r=1
— 71, KV =) + B'(R). (C1)
Similarly, we can also obtain
minjeg k!
IGi®)l= Y G+ 1Lk KNk
r=1
—r - KN — 1) 4+ Bl(k). (C2)

Finally, we prove B'(k)= B/(k) by induction. When
min;eg K+ = 0, it follows from Egs. (C1), (C2), and the
claim that

B'(k) = |G'(b)| = |G/ (k)| = B (k).

Suppose that the equality holds for min;es k"' < 7. When
mines kK" =141, fix 1 <r <tr+ 1. Now we calculate

|GVt + 1,k o KV K — s KN =) Let £ €
G rr+1,rk', - kN, k' —r ... kN' —r), then trajec-
tory £ can be divided into 2r + 1 subtrajectories such that the
last cycle formed by each subtrajectory is cycle (1,---,N)
or (1,N,---,2). Note that the number of permutations for
inserting r + 1 cycle (1,--- ,N) and r cycle (1, N,---,2)
into state 1 such that the last cycle is (1, --- ,N) is (zr’) Fix
the partition of the rest cycles, i.e.,

2r+1

ko= KK = Y =),

s=1

Since B’ (IE)A =C (k) for all i and k, the number of insertions
is l‘[?:{le (ks). Summing over all choices of ks, the total
number is given by

IGM o+ Lk YK =

2 2r+1 -
= <r) Z ]‘[ B'(ky).

Y K= e Y K2 V1) S

SN — )

Similarly, we can also obtain

G (41, kY RN K =

2 2r+1 o
— J
- < ; ) > [ Bk

S Rk e Y K2 N =) 5=

SN — 1))

Note that milyeg(ki’i+1 —r) < minjeg kK7 — 1 < ¢, we have
B'(ky) = B/ (k) by induction. Then

[ G e N N AN
=G+ 1,k KK =

=)
M=)

It follows from Eqs. (C1), (C2), and the claim that B! (k) =
B/ (k). By induction, we complete the proof. ]
Proposition 5. Forany i, j € S, k € N?2N+2;
G ()| = 1G"T(R)I,  |G* (k) = |G (k). (C3)
Proof. Here we only prove the first identity of Eqgs. (C3);
the proof the second identity is similar. Now we calculate
|G"*(k)|. Suppose that the system starts from state i. We first
insert cycles C* and C~ into the trajectory. Note that the last
cycle formed by any trajectory & € G (k) is C™. Since cycle
C™ is formed k* times and cycle C* is formed k" times, the

number of insertions is (Hktlfl_ "

We next insert the remaining one-state and two-state cycles
into the trajectory. Since there are currently k* + k=~ N-state
cycles in the trajectory, we divide the remaining cycles into
k™ + k= groups and then insert those cycles that belong to

the sth group onto the sth N-state cycle. If we partition the

remaining cycles into k™ + k™ groups as Zf:k_ ks = k, then

it fgllqws from Lemma 1 that the number of insertions is
]_[I;Z]Lk B'(ky). Summing over all choices of k;, the total num-
ber of insertions is given by

. kT +k —1
|Gl~+<k>|=< 2 ) )

Zk++k* E=k

s=1

kt+k~

[1 B&.
s=1

Similarly, we have
K4k~

) kt+k—1 .
G+ (k)| =< 2 ) I B

k= 7 g s=1
Yot =kt

By Lemma 1, we complete the proof of this proposition. H
The next lemma gives the relationship between |G’ (k)| and
|G (k).
Lemma 2. Let k € N?N*2_j e §, and ¢ € C. Suppose that
¢ passes through state i. Then

ani ke

Proof. Without loss of generality, we assume i = 1. Recall
the three-step cycle insertion method of calculating |G! (k)| in
the main text. Let us fix the last cycle as c in the first step and
the number of permutations is given by

|G"(k)| = |G (k).

kC
A
kl+k12+kNl+k++k—

1-

Keep the second and third steps the same. In this case, the last
cycle formed by the trajectory will be ¢, which means

Cc

anl ke

This completes the proof of this lemma. |

Proposition 6. Under the periodic boundary condition, the
rate function I; is independent of the choice of the initial
distribution of &.

|G (k)| = |G (k).
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Proof. We only need to prove that the rate function when
the systems starts from state 1 is exactly the same as the the
rate function when the systems starts from state 2. For any
state i € S, recall that

Pi(Jg =v.Veel) =GR,
ceC

wheren =) . |c|k and v¢ = k°/n. It follows from Eqs. (6)
in the main text that we only need to prove that log |G' (k)| =
log |G*(k)| + O(logn). Letc = (1, - - - , N). By Proposition 5
and Lemma 2, we have

log |G' (k)| = log |G"* (k)| 4+ O(log n)
= log |G*™ (k)| + O(log n)
= log |G*(k)| + O(log n).

This completes the proof of this proposition. |

APPENDIX D: SIMPLIFIED EXPRESSION OF RATE
FUNCTION I; IN TWO SPECIAL CASES

We have seen that the rate function I; for empirical LE
currents of a monocyclic system can be simplified to a large
extent in two special cases: (i) the case where the system has
only three states and (ii) the case where the transition from
state 1 to state N is forbidden [see Fig. 1(d) for an illustration].
Next we will give the proof.

We first prove that for a three-state system, the rate function
is given by Eq. (17). When N = 3, it is easy to see that the

J

Z V¢ log (%)

N 4 Ji—J
ll v ; — ll 1
E [V OgJ[—i-(v V') log 7 :|+

L

i€S ceC,|cl#1
) Ji o Ji Ji+l Ji,i-H
= Z [v’ log = 4 v log ((1 — —)(1 — —) =
= Ji Ji Jiv1) J
= Z vilogy© = —L(v).
ceC

Combining Egs. (D1) and (D4) gives the desired result.

solution X = (x2, y?) of Egs. (16) is given by
\)23(1)13 + l)_)
V2 L pl3 oyt o=

5 \)23(U12+l)+) )
X = y =
V2 4B+

Note that the solution X = (x2, yz) minimizes the function F;,.
Then we have

L(v) = F,(X)

)23 5
=1Blog— 4+ W2+ B vt +v7)log
v

Straightforward calculations show that
Li(v) + L(v) + L(v)
L 4 v; — vl
= Z[u’log——f—(vi—v’)log ]
Vi

ieS '

1
])C
+ E v¢log —.
g v
ceC,|cl#1

(D)

Recall the following expression of the LE currents Ref. [17,
Theorem.1.3.3],

1 1
Jr=yt—, T =y =,
e e
- R .
Jl,l+l — l,l+l#, 1 < i g 3’ (Dz)
C

where C =) il = pic1imt)(I = pis1,iv1) — Pi-t,it1
Pi+1,i—1]. It then follows from Eq. (1) that

o ch(i,j) Je
D DV
Combining Egs. (D2) and (D3), we have

(D3)

>:|+v+10g<J7jrll€_C[<l —j—j))+v‘log (?];[(1 —§—>)

(D4)

We next prove that for a monocyclic system, if the transition from state 1 to state N is forbidden [see Fig. 1(d) for an
illustration], then the rate function is given by Eq. (18). Since py; = 0, the two cycles (1, N) and (1, N, ---,2) cannot be

formed. Hence we can take v¥! = v~ = 0 in Egs. (16) and it is easy to see that x' = v

Then we have
N—1
L) =F,&.y)=>" [—Aivi’i+1 +vT log
i=2
where
Qi1

Litl 3l = 0 is a solution of Eqs. (16).

vi—l,i + vt UIZ + vt

pi—Li + phi+l + vt

12
]+V 10gv12+v23+v+,

v
Ai=—10g<

l)i,i-ﬁ-l + U+ )

1)ifl,i + vi,i+1 + vt vi,i+1 + vi+1,i+2 + vt

By the definition of v;, we have

v=v! 402t

v = . + 1)171,1 + vl,l+1 4 U+,

2<Ki<N =1, vy=v¥ VNN 4t
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Straightforward calculations show that

o2 ¥
L(v)= vnlog—lz+v+log o
V1 —V VT —V
N it i—1i it 4t
_ i,i+1 Ve + v Qi+l +v
L(v) = ; |: log —— o -+ log } + Z vh log o =
+ ii+1 Vi — vl Vitl — v
L) = Z v log — + v log + Z v log + log . (D5)
- Vi Vit1
ieS ieS
It then follows from Eq. (D3) that
Ji i+1 ]z 1,i Jt
Z vlog —i—v”“log +(’“+v+)log—+
, Ji Ji Ji
ieS
Ji Jhitlgiitl 4 g+ N_ Jhitl g+
_Z[v log——i—v’”rl log ( + ):|+v+log iz ( 5 )
= Jiv1Ji [T, 7
= Z Vlogy© = —L(v). (D6)
ceC

Combining Egs. (D5) and (D6) gives the desired result.

APPENDIX E: PROOF OF THE TRANSIENT FLUCTUATION THEOREM FOR NET ST CURRENTS

Here we will prove Eq. (39) under the periodic boundary condition. It follows from Eq. (38) that for any cycle ¢; € £ with
three or more states, we have

X _ZJ Tyecy — lyec—y1s

where 1, is the indicator function which takes the value of 1 when A holds and takes the value of O when A does not hold. Then
we obtain

P(O) =xi,--, 0 =x,) = (ZJ thee) — liea—] = x1,- ZJ {lyec) — leci}]:xs>
= Z ]P](‘ilflzyl’...’jrfrzyr)

i1 Vil limeey = Limec;—1 1=Xm, 1<m<s

= Z ]P(J:‘l'l =y, -, j;, — _yr)enz,;ly,-log VVC:[_

Yoim Yillimeey = limee; -y 1=%m, 1<m<s

- > PO = —y1oe T = —p)e

i1 Vil limeey = Limec;—1 1=Xm, 1<m<s

s Ui
N Z P(f;l =V, J" = yr) n3im i log yyfl,--

Yoim Yillimeey = Vimec—y 1=—Xm, 1<m<s

. o
o ny i xilog L—
(ZJ theey — ey ] = —=x1, -+, ZL?[I{IXGQ} — leqy] = _xs)e T
i=1

('l.

s y i

C ~ . nyi_yxilog o—
—P( l_xls"'aQZ'J_Xs)e i i

¢

s i

ny i_;xilog -
Y

)

where we use the fact that under the constraint of Zle Yilly,een — Linee—}] = Xm, Y1 < m < s, we have

Zy,

= ij log (E1)
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This identity is highly nontrivial and we next prove it. For any cycle c, let L be a function on E defined by

o 1,
L(l,1)={0

if (i, j) € ¢
otherwise.

By the definition of the function H in Eq. (21), it can be proved that [53]

= Z LE(HH®

1¢T
Let w be a function on E defined by

w(i, j) = log 24

For any cycle ¢ = (i, iz, - - - , i;), we have

log
k=1

log y,

where i;.; = i} and (w, L¢) =
that
4]

1()
g
yc

Pir.ij

Pivirix

Ji

= (w, L),

> i jyee Wi, JILE@, j) is the inner product. Moreover, for any ¢; € £, it is not difficult to prove

= (w, HY).

Note that log(y¢/y¢~) = 0 for all one-state or two-state cycles. Then for any cycle ¢, we have

N

DI — L)) log

j=1

Thus, we finally obtain

ij log = ZZ)& (L) — L9 (U )]log

j=1 i=1
=Y vy LU{w, H) Zyl<

i=1  1¢T

_ZLC

I1¢T

= Zy, Z[L“’(l ) — L)) log
ZL""(I)H"’> = yilw, L) =)y
i=1 i=1

I¢T

This completes the proof of Eq. (E1) and thus completes the proof of the transient fluctuation theorem.
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