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Abstract

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.

1 Introduction

Over the past two decades, significant progress has been made in stochastic thermodynamics [1H3]], which has
grown to become an influential branch of nonequilibrium statistical physics. In this field, a thermodynamic system
is usually modelled 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 noticed by Kolmogorov [6l 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 probabilities
along each cycle and that along its reversed cycle are exactly the same, which generalizes the Wegscheider condition
for detailed balanced chemical reaction networks. An incisive observation is that the entropy production can be
decomposed along cycles, with the thermodynamics fluxes being the cycle currents (also called cycle fluxes or
circulations) 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
biology [9}110]]. In fact, the current of a cycle can be defined in several different ways. Two common definitions
are based on the spanning tree and loop-erased methods. Hill [11H14] and Schnakenberg [8] developed a network
theory and defined the currents for a family of fundamental cycles. In this theory, a spanning tree 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 spanning tree, 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. The Qians [15H17] 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 beginning 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 currents is proposed based on the idea of sequence
matching [[18H20]. 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 in
stochastic thermodynamics is the finding that a broad class of thermodynamic quantities such as entropy production
and cycle currents satisfy various types of fluctuation theorems [21H32]], which provide nontrivial generalizations
of the second law of thermodynamics in terms of equalities rather than inequalities. For cycle currents defined
in the spanning tree 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
loop-erased manner, Andrieux and Gaspard [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 closed
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 extensively 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 spanning tree 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 loop-erased 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 spanning tree
and loop-erased manners, and clarify the connections and differences between them. The structure of this paper is
organized as follows. In Section 2, we recall the definitions of the two types of cycle currents and make a brief
comparison between them. In Section 3, we investigate the large deviations for the two types of cycle currents. We
obtain the exact joint distribution and rate function for loop-erased currents of a monocyclic Markovian system
using the so-called cycle insertion method, and also obtain the exact rate function for spanning tree currents of a
general Markovian system. In Section 4, we state and compare various 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 spanning tree currents can be derived naturally from the relevant results

for loop-erased currents. We conclude in Section 5.



2 Model and two types of cycle currents

2.1 Model

Here we consider a thermodynamic system modelled by a discrete-time Markov chain { = (§,,)n>0 With
state space S = {1,2,--- , N} and transition probability matrix P = (p;;); jes. where p;; denotes the transition
probability from state 4 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 F contains all directed edges with positive transition
probabilities (Fig. E]) 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={<i,j>ESX52pi]‘>O},

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, the graph G' may contain an edge from a state to itself, i.e. a self-loop (Fig. [I).

A special case occurs when the transition diagram G has a cyclic topology (except all self-loops), as illustrated
in Fig. [[[c). Such systems will be referred to as monocyclic Markov chains in this paper. Specifically, the Markov
chain ¢ is called monocyclic if p;; = 0 for any |i — j| > 2, where 7 and j are understood to be modulo N. In fact,
monocyclic systems are of particular relevance in the biological context. Many crucial biochemical processes such
as conformational changes of enzymes and ion channels [42, |43]], progression of cell cycle [44}45]], phenotypic
switching of cell types [46, 47]], phosphorylation-dephosphorylation cycle [48]49], and activation of promoters
due to chromatin remodeling and transcription factor binding [50} 51]] can all be modelled as monocyclic Markov
chains. In what follows, we mainly focus on monocyclic systems, while most of the results can be extended to

general systems.
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Figure 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 1" with root vertex 4, and the
red arrows show all the chords of T'. (b) A fully connected Markov chain with four states, where each state can
transition to both itself and any other states. (¢) A monocyclic Markov chain with NV states. Each state can only
transition to itself and its two neighbours. (d) A monocyclic Markov chain with N states. Here the transition from
state 1 to state IV is forbidden. In (b)-(d), the green arrows show the spanning tree 7.



2.2 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 loop-erased manner [17,152]]. A circuit of the Markov chain £ is defined as apath i1 — 15 — - -+ — 15 — 11
in the graph G from a state to itself, where 41,145, - - , %, are distinct states in S. Let j; — jo — -+ = j,. — j1 be
another circuit. The above two circuits are said to be equivalent if r = s and there exists an integer k such that

J1 = k41, J2 = k42, 5 Jr = lkts,
where k+1, - - - | k+s are understood to be modulo s. The equivalence class of the circuiti; — io — -+ — @5 — i1
under the equivalence relation described above is called a cycle and is often denoted by ¢ = (i1, 42, - ,is). For
example, (1,2,3), (2,3,1) and (3, 1, 2) represent the same cycle. The reversed cycle of ¢ = (iy1,i2,- - ,is) is
defined as c— = (41,145, - ,42). 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 keep track of the remaining states in the trajectory, then we obtain a new Markov chain £ = (én)nzo
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

n 0 1 2 3 4 5 6 7 8

&n 1 2 3 3 2 3 4 1 4

& (11 11,21 1[1,2,31 [1,2,3] [1,2] [1,2,3] [1,2,3,4] [1] [1,4]
cycles formed 3) (2,3) (1,2,34)

Table 1. An example of the derived chain and the cycles formed.

Moreover rigorously, a state of the derived chain 5 is a finite sequence i1, 49, - - - , 45 of distinct states in S,
denoted by [i17 i2a T 7i8}' Suppose that €n71 = [ila i2) T ais] and gn = Zb8+1' Ifis+1 ¢ {ila i2a T ais}’ then gn
is defined as (see Table[I]for an illustration)

gﬂ = [ilaiQa T 7isais+1]~

On the other hand, if 751 = %, for some 1 < 7 < s, then én is defined as (see Tablefor an illustration)

g’ﬂ = [i17i27 e 7i7“]'
In this case, we say that the Markov chain £ forms cycle ¢ = (i, %541, - ,is) at time n. Let NS be the number of

times that cycle c is formed up to time n. Then the empirical (absolute) current of cycle c up to time n is defined as
1

and the empirical net current of cycle c up to time 7 is defined as jfi = J. — J5~. Intuitively, JS represents the
number of times that cycle c is formed per unit time and jﬁ represents the net number of times that cycle c is
formed per unit time.

As n — oo, the empirical cycle current J. — J¢ and empirical net cycle current jﬁ — 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 jc can be found in [17]. The well-known cycle current decomposition theorem [[17]]
states that

mpig =y J° ()

e3(i,5)
where 7; is the steady-state probability of state ¢ and the sum on the right-hand side is taken over all cycles ¢ which
traverses edge (i, j) (the symbol ¢ 5 (i, j) means that cycle ¢ traverses edge (7, 7)). This shows that the probability

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



2.3 Cycle currents defined in the spanning tree manner

The current of a cycle can also be defined in the spanning tree manner [8} 52]. Let 7" 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 T'. Recall that T is called a spanning tree (or maximal tree) of G if the following three conditions
are satisfied [52]:

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

(c) 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 7' to represent both the spanning tree itself and its edge set. The meaning should be clear
from the context. In general, the choice of the spanning tree is not unique, which means that a graph may have
many different spanning trees. It is easy to see that any spanning tree 7" must contain all the vertices of G' and must
have N — 1 edges (see the green arrows in Fig. [T) [52].

A directed edge | ¢ T is called a chord of T (see the red arrows in Fig. [I(a)). Since |E| = M and |T'| = N —1,
any spanning tree 7' must have M — N + 1 chords. Since T is connected and has no circuits, if we add to 7" one
of its chord [, then the resulting undirected subgraph m must have exactly one circuit. Let ¢; be the cycle
obtained from this circuit with the orientation being the same as the chord [. For example, for the system illustrated
in Fig. [[a), if we add the chord I = (2,1) to the spanning tree 7', 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
Qn = > Lenrem)=}-
m=1

Intuitively, Q¢ represents the number of times that chord [ is traversed per unit time. Unlike the loop-erased
technique which can be used to define the currents of all cycles, the spanning tree technique can only be used to
define the currents of cycles in the fundamental set.

Similarly, we can define the empirical net current in the spanning tree manner. The empirical net current of
cycle ¢; up to time n is defined as Qfl’ = Q% — Q%™ . If ¢; is composed of one or two states, then ¢; = ¢;— and
thus be’ = 0. For any chord | = (i, j), if ¢; is composed of three or more states and if ¢;— is in the fundamental
set, then [— = (34, 4) must also be a chord and ¢;— is exactly the cycle generated by the chord [—. As n — oo, the
empirical cycle current ) — (Q“ and empirical net cycle current ij — Q¢ will both converge with probability
one. The limits Q¢ and Q' are called the current and net current of cycle ¢, respectively. For any chord | = (i, j),
it follows from the ergodic theorem of Markov chains that Q“ = m;p;;.

We emphasize that most previous papers focused on net cycle currents defined in the loop-erased [35] and
spanning tree [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, 133} 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 [[17,152]], 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 Section 3] below.

2.4 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 loop-erased manner will be called LE currents and those defined in the spanning tree 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 fundamental set £. Hence LE currents provide a more complete description of the
cycle dynamics than ST currents. Moreover, since the spanning tree is in general not unique, different choices of
the spanning tree correspond to different ST currents. Clearly, LE currents are independent of the choice of the
spanning tree.

A natural question is how much the fundamental set £ is smaller than the cycle space C. Since each chord
corresponds one and only one element in £, we have |£| = 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 7,j € S, as illustrated in Fig. b). In this case, the number of
cycles with k states is given by N(N — 1) --- (N — k + 1)/k, and thus

N
|C‘:ZN(N71)~];(N7k+1)

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), (3,4),
(1,2,3),(1,2,4),(1,3,2),(1,3,4), (1,4,2), (1,4,3), (2,3,4), (2,4,3),
(1,2,3,4),(1,2,4,3),(1,3,2,4),(1,3,4,2), (1,4,2,3), (1, 4,3,2) }.

If we choose the spanning tree tobe T'=1 — 2 — 3 — 4, then |£| = 13 and the fundamental set is given by

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

For a fully connected system, the number of ST currents is much smaller than the number of LE currents.
We next consider the monocyclic Markov chain illustrated in Fig. [[[c), where each state can only transition to

itself and its two neighbours. In this case, we have |C| = 2N + 2 and the cycle space is given by
C= {(1)a 7(N)7(172)a 7(N_ 17N)5(N71)7(1a25"' aN)v(laNa"' 72)} (2)

The first N cycles are one-state cycles, i.e. self-loops, the middle NV cycles are two-state cycles, and the last two
cycles are N-state cycles. If we choose the spanning treetobe T'=1 — 2 — --- — N, then |£| = 2N + 1 and

the fundamental set is given by
L={1),---,(N),(1,2),---,(N=1,N),(1,2,--- ,N), (1, N,--- ,2)}.

For a monocyclic system, there is only one cycle, i.e. cycle (IV, 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 Q$, we use the convention
of periodic boundary condition, i.e. £, = &,,, which is a standard assumption in the literature [39]. With this
assumption, for any chord [, it is easy to see that

Q=i 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.

3 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]. However, 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 Section [3.I} we use methods in combinatorics and graph theory to compute
the explicit expression of the joint probability distribution for LE currents. In Section [3.2] 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 Section we study the large deviations for ST currents using
the existing large deviation results for empirical flows.

3.1 Joint distribution for LE currents of monocyclic Markov chains

We first focus on the joint distribution for empirical LE currents (J¢).cc. 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. [T(c). All possible cycles formed by the system are listed in (Z). Without loss of generality,
we assume that the system starts from state 1. For each cycle ¢ = (i1,92, - ,4s), let Y© = DiyisDisis - Piniy
denote the product of transition probabilities along this cycle. For any sequence of negative integers k = (k) .cc
satisfying ) | . [c|k® = n, since we have assumed the periodic boundary condition, the joint distribution of

empirical LE currents is given by

P(JS =1°, Yee ) =P(NS =k, Vee C) =G (k)| [T (09"
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 that each cycle c is formed k¢ times. Such trajectories will be called allowable trajectories in
what follows. For convenience, we write k¢ as k' if ¢ = (i) is a one-state cycle, as kT if ¢ = (i,i + 1) is a
two-state cycle, as k™ if ¢ = (1,2, - , N) is the clockwise N-state cycle, and as k~ if ¢ = (1, N, --- ,2) is the
counterclockwise N-state cycle (Fig. c)). For example, for a three-state system, if the sequence k = (k) .cc is

chosen as
B=k?==k =1, 'l=k=k?=k"=0, )

then there are eight allowable trajectories up to time n = 8, and all of them are listed in Table[2| Similarly, we
write ¢ as v, v5*t pt and v, and write J¢ as J¢, J@ T JT and J .

m 0 1 2 3 45 6 7 8
€m 1 3 3 2 3 2 1 2 1
€m 1 3 2 3 3 2 1 2 1
&m 1 3 3 2 1 2 3 2 1
€m 1 3 2 1 2 3 3 2 1
&w 1 2 3 3 2 1 3 2 1
€m 1 2 3 2 1 3 3 2 1
€m 1 2 1 3 3 2 3 2 1
&m 1 2 1 3 2 3 3 2 1

Table 2. An example of allowable trajectories for a monocyclic system. All the eight allowable trajectories for
a three-state system up to time n = 8 so that each one of the four cycles (3), (12), (23), and (1, 3, 2) is formed
once, while the remaining four cycles (1), (2), (13), and (1,2, 3) are not formed, i.e. k3 = k2 =k =k~ =1
and k' = k2 = k3 =kt =0.

We will next compute the number |G, (k)| of allowable trajectories. The basic idea is to insert all cycles
into the trajectory 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.



1) Since we have assumed that the system starts from state 1, as the first step, we select all the cycles containing
the initial state 1, i.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

A= (FAHEP RN T T (R R RN R 4 k)
1= Kl k12 ENU Et k- - B E12) kNI e+ =)

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

Je——m—1—>2

2\ \ \
3/4—1—>2—>3 3/4—1—>2—>3 / 1—’2—’3:)
3:’2:1—,/»3 C3:2:1—»3 3:2:173
2 22— 1—>3—=>2 22— 1—>3—=>2 22— 1—>3—>=

Figure 2. Schematic of the cycle insertion method of constructing all allowable trajectories. Here we use the
example given in (@). The cycle insertion method is divided into three steps: first we insert all the 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 the remaining one-state cycles into the trajectory. After the three-step cycle insertion, we find all the
eight allowable trajectories, which coincide exactly with those listed in Table 2}

2) We next insert the remaining two-state cycles (2, 3), (3,4),--- , (IN — 1, N) into the trajectory. Note that
when the system forms a two-state cycle (7,7 4 1), it may be formed at state ¢ or state ¢ + 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 (4,7 + 1), let [* and m® denote the number of times that it is formed at state i and
state 1 + 1, respectively. Clearly, we have [* + m? = k%!, When I* and m’ are fixed, the number of allowable
trajectories can be computed as follows. First we insert the I? cycle (2, 3) at state 2. There are k'? + kT 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 the 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

B2kt +012-1
< + kT + > 5)

12
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 ¢ in the cycles (i — 1,4) and (1,2,--- ;N ). The



number of possible insertions is given by

(l” +ET I -1

i > 3<i<N-1. (©6)

Thus far, we have inserted the I’ cycle (i,7 + 1) at state i one by one for 2 < i < N — 1. Combining (5) and (6)),

the number of possible insertions is given by

(e
It ’

=2

where [ := k'2,
Next we insert the m® cycle (7,7 + 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

R T e S P |
II . :

=2

N

where m” := k™1, Up till now, we have inserted all the two-state cycles into the trajectory. Summing over all

choices of I’ and m?, the total number of possible insertions in step 2) is given by
N—1 i 2 N-1 i i
P+t +kt -1 mt+mtt kT —1
-y o II(Y, 11 W)
124m2=FkK23 IN=-14mN=-1=N-1,N =2 1=2

For the example given in (@), all possible insertions in step 2) are shown in the middle panel of Fig. 2]
3) We finally insert the remaining one-state cycles into the trajectory. Specifically, we insert cycle (¢) into the
trajectory one by one for 2 < i < N. For each i, there are ) __, k¢ — K possible positions for the insertion, which

correspond to state 7 in all the cycles except cycle (7). Hence the total number of possible insertions in step 3) is

gy ﬁ <z: - 1).

For the example given in (@), all possible insertions in step 3) are shown in the right panel of Fig. [2]

given by

Combining the above three steps, we finally obtain the number of allowable trajectories, which is given by
|G (k)| = A1 A2 As.
Hence the joint distribution of empirical LE currents can be computed exactly as

P(JS =v°, Veel) = AiAgAs [[ (9" ()
cec

We have seen that most previous papers [8l 33} 35] mainly focus 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: (i) 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; (ii) only when all one-state and two-state cycles
are taken into account, it is 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.



3.2 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
probability [38,139]. 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 (J¢).cc must lie in the space

V= {(Vc)cec :v° >0, Z|c|uc = 1} ,
ceC
where |c| denotes the length of cycle ¢, i.e. the number of states contained in cycle c. Roughly speaking, (JS)ccc
are said to satisfy a large deviation principle with rate function I; : V — [0, 0o] if the joint distribution satisfies

P(J:. =v° Vee () x 67"1"(”), n — 0o, ¥

for any v = (v¢).ec € V. Clearly, the large deviation theory can capture the long-time fluctuation behavior of
cycle currents. Next we only present the main idea of the proof. The rigorous definition and proof of the large
deviation principle can be found in Section 1 of Supplementary Material.

To obtain the explicit expression of the rate function /7, we recall the Stirling formula

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

where h(x) = xlogx for any x > 0. For convenience, set k; = > o, k®and v; = >, v°. Note that the
definitions of k; and k* are different. It then follows from the Stirling formula that
k1!
tog Av =108 py NI e
= h(ki) — h(kY) — h(k'2) — h(ENY) — (k1) — h(k™) + O(log n) ©)

=n[h(n) — h(¥') — h(¥'?) — h("') = h(vT) — h(v7)] + O(log n).

Similarly, we have

N k-1 k!
N
=" [h(ks) — h(k') = h(k; — k)] + O(logn) (10)

N
= Zn [h(vi) — h(v*) = h(v; — v*)] + O(log n).

Finally, we estimate log As. Let D = {(I', m")a<ij<n-1: l},m' € N, I' + m’ = k**1} denote the set of all
possible choices of I* and m®. For any L = (I*, m") € D, let

B T (U U R Y (kT
L_H i mi
=2

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

maXBLSAQSnN_QmaXBL, (11
LeD LeD

10



where we have used the fact that Ay =}~ _, Br. Similarly to (T0), we have

N1
log B = Y [h(I' + 17" + k) — h(I') = (""" + k)]
i=2
Nil . . . .
+ Z [h(m® +m™ + k™) — h(m?") — h(m™ + k)] 4+ O(log n)
i=2
N1 (12)
= Z nlh(z + 27 +vt) — h(z') — (2"t + 1)
i=2
N-1 - ‘ A
+ ) nlh(y' +y "+ vT) = b(y') — h(y™ 4 v7)] + Ologn),
i=2
where 2° = ["/n and y* = m*/n. For any v € V), we introduce the space
Vv) = {(xiayi)zgigN—1 caty' >0, 2yt = b H_l}
and for any X = (27,y°) € V(v), we define the function
N-1 ‘
F,(X)= [h(z") +h (2" +vT) —h (2 + 27 + 0]
i=2
N1 13)
2 ) +h (T ) =R (y T )]
1=2
where 21 = v!2 and y¥ = vV It then follows from (TT)) that
log Ay = maxlog By, + O(logn) =n sup F,(X)+ O(logn). (14)
LeD Xev(v)
Combining (7) and (B)), we obtain
I;(v) =— lim flogIP’(J = Veel)
n—oo N
=— hm — |log A1 +log As + log A3 + chlog’y
n—oo
ceC
It then follows from (), (I0), and (T4) that
Lv)=[h(v"?)+h (VNl) +h (V+) +h (y_) —h (V12 + oV gt 4 v7)]
+ inf F,( Z —|—h( Zy log ~¢, as)

Xev
eviv) i€s ceC

where h(z) = zlogz and v; = ) -,

currents. Note that in (T3), it is difficult to compute the term inf y ¢y, F;,(X). A more explicit expression of this

v°. This gives the expression of the rate function [; for empirical LE

term can be obtained using the Lagrange multiplier method. In Section 2 of Supplementary Material, we have
proved that

inf F,(X)=F,(z"y"),
ot (X) (=',y")

where (2%, y")2<i<ny_1 is any solution (such solution must exist but may not be unique) of the following set of
algebraic equations:

pi=l 4 i 4yt gl it ot - yifl er“rV* yi+yi+1 4y’ (16)
e + yi — Tl

11
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with z! = v N1,

,eV =0,y' =0,and yV = v

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 distributions. In fact, we can prove that the rate function
is independent of the choice of the initial distribution. Note that this is a highly non-trivial result because in the
expression (T3), the status of state 1 and the status of other states are not equal. The proof is rather complicated and
is put in Section 3 of Supplementary Material.

For a general monocyclic system, the expression (I5) 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 IV is forbidden (see Fig. [T(d)

for an illustration). For a three-state system, the rate function reduces to (see Appendix [A]for the proof)

Lw) =% [yi log <3§;) + (v; — ') log <m>} + Y vlog (;Z) A

i€S ceC,|c|#1
where
. Z Ve =12 18 )2t
c€eC,|c|#1
J= Y J=JR T BTt T
ceC,|c|#1

For an N-state monocyclic system with the transition from state 1 to state /N being forbidden (Fig. [T(d)), the rate
function reduces to (see Appendix[A]for the proof)

. Vi v; i phitl v; i1 vi—bi ot v;
IJ(V) = Z |‘1/Z ]Og (J’;JZ) +v +1 log (M) + (l/ 1, + V+) log (((Jil,i T JJF)) ;JZ> ‘| . (18)

€S

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 (I3). Clearly, both expressions have a symmetric form with respect to each state and
thus is 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 Section [3.3] for details). Interestingly, we find that
the rate functions given in and also have a functional form similar to relative entropy.

The large deviations for empirical LE currents (.J£).cc can be directly applied to establish the large deviations
for empirical net LE currents ( jf;)cec- Since the empirical net LE currents vanish for any one-state and two-state
cycles and since jﬁ[ = —jn_ for the two N-state cycles (1,2,---, N) and (1, N, - - -, 2), we only need to focus on
the empirical net currents j;[ of cycle (1,2, --- , N). By the contraction principle, we have

P(j:[:x) = P(Jf—J; =a)
> P(J;=1°Veel)

vt—v—=zx (19)
x Z e M)y o
vt—v—=x
This shows that the empirical net LE current ,]N;LL satisfies a large deviation principle with rate function
I;(x) = inf I;(v). (20)

B {vev: vt—v—=z}

3.3 Large deviations for ST currents of general Markov chains

We next focus on the large deviations for empirical ST currents 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

12



obtained in [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

RN AR
Ry (i,5) = - Z Le =i gm=3}-
m=1

Intuitively, R, (i, j) represents the number of times that edge (4, j) is traversed per unit time. Note that under the
periodic boundary condition, the empirical flows (R, (i, j)) (i jyer must lie in the space

M = {(Rn@',j)m@ : Ru(i,5) >0, Y R(i,j) =1, Y R(i,j) = ZR(M}-
i,5€8 jes jes
It is well known that the empirical flows (R, (7, j)) i, j)e e satisfy the following large deviation principle:

P(Ry,(i,7) = R(i,j), ¥(i,j) € E) ox e ™Mo () 0,

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

R(i, j)
R(i)pij ’

Inow(R) = > R(i,j)log
(i,j)EE

with R(i) = >, g R(i,j). Clearly, the rate function for empirical flows has the form of relative entropy. For any
chord [ of a fixed spanning tree T, let H“ be a function on F defined by

1, if () (4,4) € T and (3, j) € ¢ or (i) (i,5) =1,
H(i,j) =< —1, if(i,j) € T,{i,j) ¢ ¢, and (j,i) € ¢, 2D
0, otherwise.

In fact, the empirical flow R, (i, j) can be represented as the weighted sum of H® (7, ) with the weights being all
empirical ST currents [52], i.e.

Ru(i,5) = Y Qi HY(i,5), (i,j) € E.
el
It was further proved in [52] that this representation is unique. In other words, if R,, = Zq cr M H® for some

coefficients 1, then we must have u“ = Q¢ for any ¢; € L. It then follows from the uniqueness of the above
representation that

P(QY = pu®, Yo, € L) = P(Rn(i,j) =3 pH (i, j), (i, j) € E)
c €L

“nlnow (L yep nTH D)
¢ Mo (Zeec , N — 00.

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

I (1) = Itow (Z e H) . (22)

c €L

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
is the relationship between the two rate functions. To see this, recall that ST currents can be represented by LE
currents as Q5! = > -, J5;. It thus follows from the contraction principle that

P(Q5! = pu, VZEE)=P<ZJ5=MC% Vleﬁ)

(=1
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= Z P(JS =v° Veel)
Ecslycz'ucl

x Z e W) .
D VO=pcl

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

f J(V).

I = i 1
Q(:U/) {vev: ZICI; ve=pcl}

It is straightforward to prove that the rate function I given above coincides with the one given in (22) for
monocyclic systems.

The large deviations for empirical ST currents (Q%).,c. can also be used to establish the large deviations
for empirical net ST currents (Q%).,c. 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 ¢;,, ¢;,, - - - , ¢, be all cycles with three or
more states in the fundamental set so that any two of them are not reversed cycles of each other. By the contraction
principle, the empirical net ST currents (chi )1<i<s of these cycles satisfy a large deviation principle with rate
function

I5(z) = inf Io(p). (23)

{pneM: pfli —pt " =a;, V1<i<s}

3.4 Applications in single-molecule enzyme kinetics

As an application of our theoretical results, we consider the following three-step mechanism of a reversible
enzymatic reaction [10} [53]:

K} k2 k3
EF+S=FES—=FEP=FE+P,

k—1 k_o KO,

where F is an enzyme turning the substrate S into the product P. If there is only one enzyme molecule, then it may
convert stochastically among three conformal states: the free enzyme E, the enzyme-substrate complex E.S, and
the enzyme-product complex E P. For simplicity, we assume that the enzyme reaction is in an open system with
the concentrations of S and P sustained by an external agent [48]]. Then from the enzyme perspective, the kinetics
is stochastic and cyclic with pseudo-first-order rate constants k1 = k9[S] and k_3 = k° ;[ P], where [S] and [P]
are the sustained concentrations of S 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 7, then the
system can be modelled as a three-state discrete-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. a). Then
the transition probability matrix of the discrete-time system is given by P = (p;;) = e7@ [54]. 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 C* = (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 .S into P per unit
time, is exactly the net LE current jﬁ{ = J,¥ — J, . Previous studies [10] mainly focus on the long-time mean

product rate

lim j;[:j’L:fy 7

n—o00 T’
where 7" = p1opasps1, 77 = pi3psap2i, and
3
C= Z[(l - pifl,ifl)(l - pi+1,i+1) _pifl,i+1pi+1,i71]~

i=1
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Figure 3. Three-step mechanism of a reversible enzymatic reaction. (a) Kinetic scheme of a three-step reversible
enzyme reaction. Here kY and k° ; are second-order rate constants, and k1 = k?[S] and k_3 = k° ;[ P] are pseudo-
first-order rate constants. From the perspective of a single enzyme molecule, the reaction is unimolecular and cyclic.
(b) Noise 7 in the product rate versus the rate constants k_;. The parameters are chosen as 7 = 0.01, n = 15,
KO =2k 1, ko =1,k_o=1,ks =1, k% = 0.1, [P] = 1, and [S] is tuned so that (.J;) remains invariant.
(c) Noise 7 in the product rate versus the rate constants k_s. The parameters are tuned as 7 = 0.01, n = 15,
B9 =12,k 1 =0.6,ky=Fk_9, ks =1,k%; = 0.1, [P] = 1, and [S] is tuned so that (.J;) remains invariant. (d)
Distribution of the product rate j;f 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 (7), and the black curves are the
ones obtained using the exact rate function and large deviation approximation (8). The parameters are chosen
asT =01,k =4k 1 =2,ky =5k o=1,k3 =6,k =0.1,and [S] = [P] = 1.

The analytical results derived in previous sections allow us to investigate the finite-time fluctuation behavior of the
product rate JN,J[ . In experiments, the size of fluctuations, also called noise, in the product rate is often measured by
the coefficient of variation 7 = o/, where 1 = (j,‘f ) is the mean and o is the standard deviation [55]]. Note that
we have obtained the exact joint distribution of empirical LE currents in Section |3} Using the joint distribution, it is
easy to calculate all moments, including the mean and standard deviation, of the product rate jﬁ[ .

In Fig. b),(c), we illustrate noise 7 as a function of the rate constants £_; and k_». Here k_; and k_» are
varied while keeping k?/k_1 and k2 /k_ as constant, and the substrate concentration [S] is tuned so that the mean
product rate ;1 remains invariant (examining protein noise while fixing the protein mean is a common strategy
in molecular biology experiments [56]). 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 £ + S = ES will reach rapid pre-equilibrium and this is widely known as rapid equilibrium assumption
in enzyme kinetics [49]]. Our results show that rapid equilibrium between the enzyme states £ and .S 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 k5 and k_o increase (while keeping their ratio as constant). Note that when ks and k_o are both large,
the two enzyme states £'S and F P will reach rapid pre-equilibrium and thus can be combined into a single state
[57,158]. In this case, the three-step enzyme reaction reduces to the classical two-step Michaelis-Menten enzyme
kinetics

E+S=ES=FE+P
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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 Section[3.1]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 (7)), especially when time n and the number of states NV are large. Fortunately, the
large deviations for LE currents studied in Section [3.2|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 and then
apply (8) to construct an approximation of the joint distribution. In Fig. [3(d), we compare the distribution of the
production rate jj[ 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 perfectly with
stochastic simulations. Interestingly, we find that the approximate distribution obtained based on the large deviation
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.

4 Fluctuation theorems for cycle currents

Next we investigate the fluctuation relations satisfied by the two types of cycle currents. In Section[d.T] using
trajectory 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 Section4.2] we generalize the fluctuation
relations to a general system, and reveal their connection with the second law of thermodynamics. In Section[4.3]
we explore the fluctuation relations for ST currents of a general system and compare them with the fluctuation

relations for LE currents.

4.1 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 fluctuation theorem for net LE currents has been investigated in [35,159]]. 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 Ct = (1,2,--- ,N)and C~ = (1, N,--- ,2). Let N,
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
E*P (N, =kT N, =k™ —1,N: =k, Ve £CT,C7)

AN B B B 24)
= <7>k P(NS =kt —1,N, =k™,NS =k°, Ve #£CT,C7),
where ¥ = p1apas - - py1 and ¥~ = pa1psa - - - p1 are the product of transition probabilities along cycles CF
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 (24) for LE currents. Under the periodic
boundary condition, it follows from that

P (N, =k",N, =k~ —1,NS =k°, Ve £ CH,C7)

+ N — k€ _
=) T 9 GaE T = 1 () e oo )]
cAC+H,C-
where G, (k™, k™ — 1, (k) 20+ - ) is the collection of all possible trajectories up to time n so that cycle C is
formed k™ times, cycle C~ is formed £~ — 1 times, and any other cycle ¢ # C*, C~ is formed k¢ times. For
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simplicity of notation, we rewrite the above equation as

P(N =kt,N, =k~ —1,---) = (") (37)F ! 11 () NGk k™ = 1,---)].
c£C+,C-

Similarly, replacing k* by k* — 1 and replacing k= — 1 by k™~ in the above equation, we obtain

_ _ Y1, g o kC _
]P)(NYT:kJr_laNn =k 7"'):(7+)k 1(7 )k H (’Y )k |Gn(k+_17k 7)|
ctCH,C-

Hence, to prove (24)), we only need to show that
KOGk k™ =1, )| = k7 [Gu(k™ = 1,k7, ). (25)

For any trajectory {&o, &1, -+, &} lyingin Gy, (T, k= — 1, - ), since cycle C is formed k™ times, there are k™
beginning 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 7" denote the ith beginning and ending times for cycle C'*, respectively. For
example, for the trajectory given in Table 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 {0, &1, -+ , &, } between TZ-bcgin and T¢"9, then we obtain a new
trajectory {&o, &1, - - -, &n }, which is given by

. begin d
Sppesinypena TG B <m < TP

gm =

&m, otherwise.

Clearly, the reversed trajectory must lie in G, (k™ — 1,k=,---). Since cycle CT is formed k™ times, there
are kT|G,(kT,k~ — 1,---)| possible reversed trajectories. Among these reversed trajectories, k™~ trajectories
are exactly the same and are counted repetitively. For example, if Ct = (1,2,3) and C~ = (1, 3,2), then
the trajectories {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 G, (k™ — 1,k™,---) is given by

+ - kT + -
|Gr(k™ =1,k ,-~-)\:k—_|Gn(k kT =1,

which is exactly (25). Thus we have proved the strong symmetric relation given by (24). Applying the symmetric
relation |l<:+ — k| times, we obtain the transient fluctuation theorem for LE currents

4\ kT—k~
P(N,j:/ﬁ,N;:k—,---):P(N,j:k—,N,;:kt---)(7) : (26)

v

Thus far, we have proved the symmetric relation (24) and transient fluctuation theorem (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 other two types of fluctuation theorems. To see this,
recall that the moment generating function of empirical LE currents is defined as

gn()\+’ )\_7 C ) — <6A+N3+A7N;+Ec;ﬁc+,c— ACN5> ,
where (A) denotes the mean of A. Then the following Kurchan-Lebowitz-Spohn-type fluctuation theorem holds:

gn()\+’)\77...) — Zezcec)\ckc]}b (N+ — k‘i”N* — ki,‘”)
k

kT —k~
— Zezcec/\ckcp (N-‘,- — k_,N_ — k+,"') <W>
k
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_ Zg...«%(}ﬁ',log %)k‘*ﬂr()\_flog %)k_]P)(NJr _ ki,Ni _ kJr’ B )
k
_ <e(>\—log i)NrI+(>\++10g_'f_r)Nn+"'>
+ +
= 0n <>\ —log’y_,/\+—|—10g7_7...> ,
Y 0

where log(y™ /v7) is the affinity of cycle C* [2]]. We next consider the long-time limit behavior of a monocyclic
system. As n — o0, it is easy to see that
e () (JF=vt g, =v,-)
'Y+ n(vt—v7)
:P(ﬁjzy—ﬂa-zy+,”)<>
v
—n {I‘](V_ R72 )— (log ;’—t) (u+7u_)] .

X e

This yields the Gallavotti-Cohen-type fluctuation theorem

')/+
IJ(V+,V_, )= IJ(U_,V+, ce) — (log ’Y) (vt —v7). 27

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;7 of cycle CF. Let §,(\) = (e’\"jI )

function of jﬁ[ and let I () be the rate function of jﬁ[ given in (20). The various fluctuation theorems for net LE

be the moment generating

currents were first obtained in [59] and are summarized as follows. The proof is similar and thus is omitted.
1) Transient fluctuation theorem:

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

o) =i (- (11 22))

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

<6Anj::> — 1

4) Gallavotti-Cohen-type fluctuation theorem:

’Y+
Ij(z) = I5(—x) — (log 7_) x.
4.2 Fluctuation theorems for LE currents of general Markov chains

We have seen that various symmetric relations and fluctuation 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, 42, - ,s) and ca = (j1,j2, - , jr) be two
cycles. Then ¢; and ¢ are called similar if s = r and {i1,42, - ,is} = {j1,72, - ,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.
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We first focus on empirical LE currents (JS).cc, where J¢ = N /n. For a general Markov chain, if cycles ¢q

and ¢, are similar, then the following symmetric relation holds:

FOP(NG =k N =k — LNS =k, Ve cr,c0) 7™ (28)
keeP(Ngt = ket — 1, N2 = k2, Ng = k¢, Ve # c1,¢9) 72

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

FYP(NF =kt N7 =k~ —1,N¢ =k°, Ve £C+,C™) 4+

E~P(N;S =kt —1,N;, =k=,Nc =ke¢, Ve £ C+H,C~) ~~

This can be viewed as a generalization of in the monocyclic case. Applying repeatedly gives the following

transient fluctuation theorem for LE currents:

P(NS = k&1 N¢ = k2 N¢ = k¢, V c1\ KR
( n 5 4V 3 4V ) 07&61702) o ('Y ) ‘ (29)

P(Ng' = k2, Ng2 = ket , N¢ = k¢, Ve # c1,c2)  \ 72

This shows that if the cycles c¢; and co 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 (29) has been given in [36] under the
restrictions that all cycles under consideration pass through a common state ¢ € S and the Markov chain also starts
from state <. Fortunately, this technical assumption can be removed and the result holds generally (manuscript in
preparation).

We next consider empirical net LE currents (jfi)cec. Let ci,co,--- , ¢, be all cycles with three or more states
in the cycle space so that 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 (29) that

P (j,il = ml,jﬁm =Ty, V2<m < r)

=P (NS — N3~ =nxy, Ni" — Nem ™ =nay,, V2<m <r)

- > P (NS =k, NS~ = k7 Ngm =k NS~ =k, V2 <m <r)

k¢ —k¢~ =nx,;, V1<i<r

c1 nri
_ Z P(Nfll = k9T NGO~ =k Nm = om Nem~ = km~ V2 <m < 7”) ( Zl_>
k¢i—k¢i~=nx;, V1<i<lr v
_ _ 1 log 22
=P (N2 = N$'~ = —nzy, Nom — No»~ = na,, V2 <m <r) e %5
~ - 1 ~°1
=P (J,fbl =—21,J;" =T, V2<m < r) R
Hence we have obtained the following transient fluctuation theorems for net LE currents:
P(JTCLI =, J,gm = Tm, V2 <m< 7") _ enzl log 7’1?17 ) (30)

]P)( ~'rcll = —I1, jflm = Tm, V2 <m< T)

This shows that the joint distribution of empirical net LE currents satisfies a symmetric relation when any x; is
replaced by —z;. In fact, this result which was first found in [S9] for a monocyclic system and further generalized
in [35] to a general system, while the proof is not totally rigorous. If we change x; to —x; one by one for 1 <1¢ < r
in the above equation, then we obtain

P(Jf; =11, 0% = ag, -, IO :xr)

n T . x;lo %
~ ~ ! _ i miloe e G1)
P (J,? — ), J = g, JO = f:cr)

Note that (3T)) is much weaker than (30). In what follows, we term (30) the strong form and term (Z1)) 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
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theorems; the weak form can be obtained similarly. Let g,, () = (" 2cec AiJ?} and g, ()\) = (e"2i=1 /\ijf?i> be

the moment generating functions of (J5*).,ec and (J)*)1<i<r, respectively. Moreover, let 1;(x) and I ;(x) be the

rate functions of (J5).,ec and (J5)1<i<r, respectively.

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

2

gn()‘lv"')zgn <_ </\1+10g,;;1)’“.>'

2) Integral fluctuation theorem: for any subset {cy,ca, -+ , ¢} C {c1,¢2,- -+ , ¢}, we have

7 v
gn()\la)‘Qv"') = 0gn (AQ_longc 7)\1 +10g/_y627) .

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

C1

Iy(x1,22,--) = Lj(z2, 21, ) — <1og 102) (z1 — x2).

c1
Ij(xy,-) =1;(-21, ) — <log JC]_> x7.

The fluctuation theorems for net LE currents have important 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]
110 (§0)Peosi Peres -~ " Penne 1o(%) | N Peniss
Stet = 1o et = log + Z SR
/’[/n(é—n)pfngnflpgnflgnf2 “Péigo Mﬂ(gn 0 Pért1én

where g = (110(%))iecs is the distribution of &y and 1, = (1n (2))ies is the distribution of &,,. Under the periodic
boundary condition, it is clear that 110(£o) = pn(€5). Moreover, we have

N¢ NE™
PeoesPeies Penren = L IO Penen Pen sen o Peeo = [ (V)N
ceC ceC
Combining the above two equations, we obtain
tot 7 n F ve - v
Sit=nY_Jtlogn© = 3 > Jglog == > Jgilog ond (33)
ceC ceC i=1

where we have used the fact that jfl'— = _chL in the second 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 njfl log(v¢/~°) can be understood as the entropy product along cycle c. It is well known as the total
entropy production of any Markovian system satisfies the integral fluctuation theorem (e*SfL°t> =1 [29], which
implies the classical second law of thermodynamics (S%°") > 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 ¢1, ¢, - - -, ¢; (see (32)). In particular, for any cycle ¢, we have

—nJe o
<€ nJ; log S > -1

This much stronger than the classical result for the total entropy production. Moreover, applying Jensen’s inequality

to the integral fluctuation theorem (32)), we find

t o
<Z J¢ log ;,_ > > 0. (34)

=1
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where ¢, co, - - - , ¢4 are any finite number of cycles. In particular, for any cycle ¢, we have

<j,§ log 7> > 0.
/yc

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.

4.3 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 7' = 1 — 2 — 3 be the spanning tree. Then the fundamental set is given by

£={(1),(2),3),(1,2),(2,3),(1,2,3),(1,3,2)}.
It then follows from that the rate function for empirical ST currents is given by

. RM (i, 5)
Io(p)= > R'(i,j)log 5>,
(i,j)eE R (@)pis

where RV (i, j) = >_, c n® H (i, j) and R*(i) = 3, g R"(i, j). For simplicity of notation, let y* = p1:2:3)

(1,3:2) In Fig. Ha), we illustrate the difference between Io(ut, u=, -+ ) and Ig(p =, u*, ) —

andlet u= = p
log(y* /v~ )(u™ — p™) as a function of 1+ and p~ under a set of appropriately chosen parameters. It is clear that
the difference is nonzero and thus we have

+
I, p= ) #Iop™ pwt, ) — (10g f:) (ut —pu), (35)

which means that the Gallavotti-Cohen-type fluctuation theorem 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 Qﬁ of cycle C'*. Suppose
that the spanning tree is chosenas 7' =1 — 2 — ... — N. With the periodic boundary condition, it follows
from @) that Q@+ = JF + JIVY and Q; = Jo + J™Y. These two equations imply that QF = J+, 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 [34] that all
the 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 ¢;,, ¢;,, - - - , ¢;, be all cycles with three or more
states in the fundamental set so that 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 [33]], the authors have

proved the following weak form of the Gallavotti-Cohen-type fluctuation theorem for net ST currents:
s "ycli
In(@y, @9, s) = Ig(—m1, —22, -+ ,—xs) — »_x;log o (36)
i=1

This shows that the joint distribution of empirical net ST currents satisfies a symmetric relation when all z; are

replaced by —xz;. In fact, the above equality can be obtained directly from the fluctuation theorems for net LE

21



210 5 0 5 10
X

Figure 4. Some fluctuation theorems may be broken for absolute and net ST currents. (a) Heat plot of
p=Iopt,pw )= Ig(p ,put, ) +log(y" /4~ ) ("t — p) as a function of 1 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 p! = 15, u? = 20, p® = 3, p'? = 21, u?* = 37, p;; = 0.28,
P12 = 0.22, P13 = 0.5, P21 = 0.1, P22 = 0.6, P23 = 0.3, P31 = 0.3, P32 = 0.3, P33 = 0.4. (b) Change of
p = I5(w1,22,23) — I5(—21,22,23) + log(y*' /y**7)z1 as a function of z; for a four-state system. The fact
that p # 0 shows that the strong form of the Gallavotti-Cohen-type fluctuation theorem is broken for net ST
currents. The parameters are chosen as x5 = 2, 3 = 3, p11 = 0.1, p12 = 0.2, p13 = 0.3, p14 = 0.4, po; = 0.5,
pa2 = 0.15, pag = 0.15, pas = 0.2, p3; = 0.1, p3a = 0.4, p33 = 0.25, p3a = 0.25, pyy = 0.2, pyo = 0.2,
Pa3 = 0.3, P44 = 0.3.

currents. For any cycle ¢; € £ with three or more states, under the periodic boundary condition, it follows from (3)
that

Qi = "Te = Te = Ti=Y T =Y T 37)
c3l col— c3l c3l c3l

This indicates that empirical net ST currents can be decomposed as the sum of empirical net LE currents. It then
follows from (31) that (see Appendix [B]for the proof)

NCly NCls <
P( n. =210, Wn —J)s) anzlxilog%
¥

P(Q0 = w1 QR = —a,) - (38)

This shows that net ST currents satisfy the weak form of the transient fluctuation theorem under the periodic
boundary condition. The weak form (36) 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 [60-63]]. To give a counterexample, we consider a fully connected four-state
system illustrated in Fig. [T(b). Suppose that the spanning tree is chosen as 7' = 1 — 2 — 3 — 4. In this case,
we only need to consider the net ST currents of the three cycles ¢; = (1,2, 3), co = (2,3,4), and ¢3 = (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 ( ) o ~ff , Qfﬁ) is given by

lglx) = {ueM:w—uci}lff:xi, v1<i<3) Io(w). (39)
In Fig. b), we illustrate the difference between 15 (21, 22, 3) and 15(—1, 22, x3) — log(v* /v 7)) as a

function of x; under a set of appropriately chosen parameters. It is clear that the difference is nonzero and thus

c1
I~(x1,x2,x3) 75 IQ(—I‘l,QL‘Q,LEg) — <]Og 'y’};l) ﬁcl, 40)

Hence the strong form of the Gallavotti-Cohen-type fluctuation theorem fails for net ST currents.
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We next discuss the connection between ST currents and entropy production. Similarly to (33)), 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.

i,

S
St =03 Q' log @1)
=1

Y
Hence within the spanning tree framework, the quantity an{ log(~© /4%~ can be understood as the entropy
production along fundamental cycle ¢;. Note that this is totally different from the quantity jfil log(ye /v ™)
investigated in Section We have seen that within the loop-earased framework, the entropy production along
any finite number of cycles satisfies both the strong form of integral fluctuation theorem (32)) and the refined
version of the second law of thermodynamics (34). 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
~ fycl
<Q7Cf log ’Y”_> <0,

for some fundamental cycle ¢;.

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 , it is clear that the net ST
current Q;l of fundamental cycle ¢; can be decomposed as the sum of the net LE currents jﬁ of all cycles c that
traverse chord [, i.e. Q?{ = s jﬁ. Note that these cycles c that traverse chord [ have different affinities, which
may not be equal to the affinity of fundamental cycle ¢;. Hence even if (.J¢ log(y¢/v°~)) > 0 for all cycle ¢, we
cannot conclude that (Q¢ log(y% /v%~)) > 0. The weak form of fluctuation theorems holds for net ST currents
since it is essentially the fluctuation theorems for the total entropy production (see (#1)).

In summary, we have seen that LE currents have much better properties than ST currents; the former satisfies
a much 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).

5 Conclusions and discussion

In this paper, we make a comparative study between the large deviations 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 spanning tree. 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 cycle
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, (iii) and 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
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greatly simplified for a three-state system and for a monocyclic system with a certain transition between adjacent
states being forbidden. Following the method proposed in [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 modelled as a three-state monocyclic system. A single enzyme molecule
can convert stochastically among three conformal states: the free enzyme F, the enzyme-substrate complex E S,
and the enzyme-product complex F 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 the enzyme states £ and E.S and rapid equilibrium between the enzyme states £/S and £ P 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 computational method of the joint distribution, and thus
enables a fast exploration of large swaths of parameter space.

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 absolute 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; (ii) the joint distribution
of empirical net LE currents satisfies a symmetry relation when the net current of any cycle is replaced by its
opposite number. Since empirical ST currents can be represented 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 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 [[18520] is not clear. These

are under current investigation.
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Appendix A: Simplified expression of rate function /; in two special cases

We have seen that the rate function /; 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 V' is forbidden (see Fig. [I(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 (I7). When N = 3, it is easy to see
that the solution X = (22, y?) of is given by

- 1/23 (1/12 + I/+) ) V23 (1/13 + 1/7)

TR B gy Y TR B
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Note that the solution X = (2%, y?) minimizes the function F},. Then we have

23, VP 12, 13 4 v—v¥
L(v)=F,(X)=v log7+(y + v+ vt + 7)) log

Straightforward calculations show that

; vl - v — v v
I I I = *log — i — vt 1 : “log —. 42
1)+ L(v) + I3(v) Z {y og ” + (v; — V') log } + Z v log — (42)

: Vi
€S ceC,|c|#1

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

Lol i ilopionie |
Jt=at=, J =q7—, Jhitl=qbitt i 1<i<3 43
tivet st v c o 1=i<3, (43)
where C' = Zles[( piflﬁifl)(l — pi+1,i+1) — pifl’i+1pi+1’i,1]. It then follows from dI[) that
D = an(i,j) J (44)
ij = -
ani J
Combining (@3) and {@4), we have
L N ST Je
Z {yl log 7 + (Vi — Vl) log 7, ] + Z v¢log <j>
icS c€eC,|c|#1
J J’L Ji+1 Ji,i+1
= 1 ! 1-=)(1- E
Mol e (o 5) (- 50) 7))
1€ (45)

Jt J? J~ J?
1 —_ 11— — -1 _ 1— =
- °g(JE< 7)) (S I0-5))

= Zuc logy¢ = —I4(v).
cec
Combining (@2) and (@3) gives the desired result.
We next prove that for a monocyclic system, if the transition from state 1 to state [NV is forbidden (see Fig. [I[(d)
for an illustration), then the rate function is given by (I8). Since py1 = 0, the two cycles (1, N) and (1, N, - - ,2)
cannot be formed. Hence we can take vV! = v~ = 0 in (T6) and it is easy to see that z° = v>*Fl i = 0isa
solution of (T6). Then we have

i—1,i + 12 +
_ i\ oy il + v +v 12 ve4v
12(V)_FV(x?y)_ Z [ /\Zl/ +V log Vi*l,i_’_]/i,i%’l_’_y#» +V 1Og V12+l/23+l/+7
i=2
where o .
A 1 Vz,z+l V1,1+1 —|—l/+
i = — 108 pi—Li 4 piatl ot pidtl Lopitlit2 4o+ |

By the definition of v;, we have

1/1:V1+I/12+I/+,
_ i i—1i iit+1 + .
v, =v' +v +v +v", 2<i< N -1,
N-1LN |

VN:VN+1/ v,

Straightforward calculations show that

12 ot
I(v) = v*%log P + vt log

N _
Z |: 11+110g

=2

v’

z ,i41 i,i-‘rl + V+

z 1,2 +
-+t log 2 —W} + ZV’ Hlog (46)
v; — Ut v,

1 i1 — VT
1=
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I3(v)

>

[1/ log —|— vt log
i€S

It then follows from (@4)) that

Vi1 — Vit )

R
(log : + log
Vi Vi1

:|+ZV11+1

€S

i,7+1 . ) Ji—l,z' J+
Z V'log = J! + 4 log T + (Y ) log A
; Ji i J;i
€S
} i - i+l Jiitl 4 g+ N ivitl + Jt
_ |:Vz log i 4 it log J ( + )} Tt log Hz_l ( - ) (47
i€S g Jir1Ji Iz Ji
= ZVC logy¢ = —I4(v).
ceC

Combining (46) and gives the desired result.

Appendix B: Proof of the transient fluctuation theorem for net ST currents

Here we will prove (38) under the periodic boundary condition. It follows from that for any cycle ¢; € £

with three or more states, we have

52

1{l€Ci} - l{lECi*}]a

where 1 4 is the indicator function which takes the value of 1 when A holds and takes the value of 0 when A does

not hold. Then we obtain

~Clqy 1
P( n :Ila"'v né:xs>

>

YiciVillimee;y —Himee;—}1=2m,1<m<s

§ Jc Jer n3 i Yilog Z:—
= IP (Jnl = —Y1, 7Jn7 - _yr> € v
ZZ:l yi[l{lméci}_1{lm€u7;7}]:mmmlgm§3
er;
~ ~ ny 7 x;log L——
c cr i= !
= § P(Jnl =Y, s In ——y7~>€ v
Yic1¥illgimec;y —Himee; -3} |=2m,1<m<s
cl
~ ~ n S5 x; log L
§ C (N =1 1,
= P(Jnlzylj...7(]n7‘_yr)e o

Yicivillimee;y —Himee;—}]=—2m,1<m<s
k2

<ZJ 1{l1607 1{11601, } = =21,

~Cp ACls
:P(Qﬂl:xla”'a n  —

P(J,il:yl,--~,

l,
) ny ;_ x;log Lclvi
=uz,)e ~h

T
P <Z T [Mneery = Lneey] = 71, Z Tii [Lgeey = Lieey] = xs)
=1

J,

~£T = yr)

[
n3 iy wilog L=
ZJ 1{1 €ci} 1{ls€ci—}] = —xs> e ! i

c

where we use the fact that under the constraint of Y7, yi[1(,.cci} — Litcci—}] = Tm, V1 <m < s, we have

Z Yi log

= ij log

(48)

This identity is highly nontrivial and we next prove it. For any cycle c, let L¢ be a function on E' defined by

Lo(i, j)

L,
= 0,

if (i,j) € c,

otherwise.
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By the definition of the function H in (21)), it can be proved that [52]]

= Le()H".
I¢T
Let w be a function on E defined by

Dij
w(i,j) = log =.
j4

For any cycle ¢ = (i1, 149, - , i), we have

t
Y Pigigs ¢
]Og = 10g —_— = <’UJ,L >,
e Z

=1 Piky1,in
where i;11 = 41 and (w, L¢) = Z@A”eE w(t, 7)L°(4, §) is the inner product. Moreover, for any ¢; € L, it is not
difficult to prove that

A c
log o= (w, H).

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

S [EA() — 1 0)] log = = Y7 L0 log S

Jj=1 1¢T

Thus we finally obtain

Zx]

_ ZZy [Le(1;) — L%~ (1;)] log Zl_i

j=11:i=1 T
— Zyiz (L (1) — L (1;)] log 7_
i=1 j=1 v
= "y > L) (w, H*)

i=1 1¢T
= Zy <w > oL (l)Hcl>
i=1 1¢T

:Zyz w, L% Zyzl()g

This completes the proof of and thus completes the proof of the transient fluctuation theorem.
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