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Method to describe stochastic dynamics using an optimal coordinate

Sergei V. Krivov
Astbury Center for Structural Molecular Biology, University of Leeds, Leeds, LS2 9JT, United Kingdom
(Received 1 October 2013; published 16 December 2013)

A general method to describe the stochastic dynamics of Markov processes is suggested. The method aims
to solve three related problems: the determination of an optimal coordinate for the description of stochastic
dynamics; the reconstruction of time from an ensemble of stochastic trajectories; and the decomposition of
stationary stochastic dynamics into eigenmodes which do not decay exponentially with time. The problems are
solved by introducing additive eigenvectors which are transformed by a stochastic matrix in a simple way — every
component is translated by a constant distance. Such solutions have peculiar properties. For example, an optimal
coordinate for stochastic dynamics with detailed balance is a multivalued function. An optimal coordinate for a
random walk on a line corresponds to the conventional eigenvector of the one-dimensional Dirac equation. The
equation for the optimal coordinate in a slowly varying potential reduces to the Hamilton-Jacobi equation for the

action function.

DOI: 10.1103/PhysRevE.88.062131

I. INTRODUCTION

The description of a complex, multidimensional, stochastic
process is often simplified by projecting it on one or a few vari-
ables [1-9]. During such dimensionality reduction one may
lose some information; hence the variables should be optimally
selected to preserve the information of interest. Here we
are interested in the selection of variables that preserve
the information about the dynamics. One aims to select a
coordinate such that the dynamics projected on the coordinate
is approximately Markovian, i.e., it is independent from the
dynamics along other degrees of freedom. In other words,
the current value of the coordinate alone determines the future
dynamics of the coordinate. Such dynamics are often described
as diffusion on a free-energy profile with a position-dependent
diffusion coefficient, which can be determined from the
coordinate time series [10].

The folding (splitting or committor) probability is consid-
ered to be an optimal coordinate [10-12] for the description of
transition dynamics between any two chosen boundary states,
i.e., areaction. The name comes from the protein folding field,
where this coordinate is equal to the probability of reaching the
folded state before reaching the unfolded state starting from the
current configuration [1]. The projection on the coordinate pre-
serves some properties of the dynamics, in particular, the equi-
librium flux between the boundary states, and the committor
probability, by construction. These properties can be computed
exactly by simulating diffusive dynamics with the determined
free-energy landscape and diffusion coefficient [10].

The coordinate, however, is exact only for the description
of the equilibrium transition dynamics between two boundary
states. The dynamics inside the boundary states, or dynamics in
general, without defining two end states, cannot be described.
It may seem unlikely that a single coordinate, even though
optimally selected, can give a complete description of multidi-
mensional complex dynamics. Classical mechanics, however,
provides an example. The action or the Hamilton principal
function S(x;,t) gives a complete description of the dynamics
of asystem governed by the deterministic equations of classical
mechanics. Here we suggest a class of optimal coordinates
for the description of stochastic dynamics in general. We
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show that under some conditions the equations for the optimal
coordinate, suggested here, are reduced to the Hamilton-Jacobi
equation for the action function. In other words, the suggested
optimal coordinate can be considered as a generalization of
the action function to stochastic dynamics. The problem of the
determination of such an optimal coordinate is closely related
to two other problems.

A. The eigenmodes for stochastic dynamics

The decomposition of the dynamics of a multidimensional
harmonic oscillator on normal modes is an example of a
Markovian projection on coordinates. Each mode evolves
independently. The phase of each normal mode can be consid-
ered as an optimal coordinate. A quantum mechanical wave
function, which is alinear combination of basis eigenfunctions,
is another example. Can one introduce analogous concepts for
equilibrium stochastic dynamics? The conventional decompo-
sition of the probability distribution on the eigenvectors of the
master equation is not appropriate. Since all the eigenvalues
(but the first) have negative real parts [13], the projections
on each eigenvector exponentially decay with time. Thus
after a finite amount of time only the equilibrium eigenvector
survives. The latter does not describe dynamics. However, if
one observes a particular dynamical trajectory of the process,
the dynamics becomes stationary but never stops. Which leads
us to the second problem. Can one define such eigenmodes
that can be used to describe stationary stochastic dynamics?

The folding probability optimal coordinate which monitors
the progress of the folding reaction, increases as the system
comes closer to the folded state. It is natural to expect that an
optimal coordinate that monitors the progress of the dynamics
in general, without any relation to boundary states, steadily
increases. In particular, it should increase whenever the system
changes its state. A variable which always increases, whenever
the system changes its state is time, which leads us to the third
problem.

B. The reconstruction of time

Assume that we observe a stochastic process, generated by
an unknown transition probability or transition rate matrix.
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We have access to all the variables representing the state of
the system apart from the time variable (which is external
to the system). For example, one is given a trajectory of the
system sampled with random unknown time intervals. Can
one reconstruct the time variable? Such a reconstruction can
be useful, for example, if one wants to determine the transition
probability matrix.

Let W(x) be such a function of coordinates that can be
used to reconstruct the time interval as t, — t; ~ W(x(ty)) —
W (x(t)), where x(t) is a trajectory. Since the dynamics is
stochastic, such estimates fluctuate around the true value. Thus,
to determine time accurately, one needs to average it over an
ensemble of trajectories. The time interval can be estimated
more precisely ast, — 11 ~ 1/N D" [W(xo(12)) — W(xo(t1))],
where the average is taken over an ensemble of trajectories
Xq(t) (@ = 1,N) leading from an initial distribution x,(#;) to a
final distribution x,(#;) and N — 0.

Any such function that allows accurate time reconstruction
can be considered as an optimal coordinate. The trajectory
projected on such a coordinate has simple dynamics. There is
no need to compute the free-energy profile and the diffusion
coefficient. Starting from the current position ¢, its position
after a time interval At is equal (on average) to r + Af, i.e., it
depends only on the current position.

While the optimal coordinate W (x) describes the stochastic
dynamics in a simple way, it might be useful to be able to map
this description back to the original dynamics. In principle,
one can invert the relationship. Given x,(#;) and #, — t;, one
may attempt to determine x,(#;). Since we have just a single
equation to determine the final distribution x,(#,), the problem
is ill defined. It can, however, be solved in the following cases.
The first case, when one is interested in a single parameter
of the distribution, for example, an average of some operator
like the mean position. The time dependence of a single param-
eter can be determined from the single equation. The second
case, if the initial distribution is an eigenmode of the dynamics,
then (by construction) the distribution does not change with
time. The only changing parameter is the “phase,” which can
be determined from the single equation. The general solution
is then obtained as a superposition of all such eigenmodes.
This case corresponds to the conventional way of solving a
linear equation by decomposing it onto a sum of eigenmodes,
i.e., it provides the solution to the second problem.

Here we introduce a general method to solve the three
problems. Briefly, the main difference between the proposed
method and the conventional one is to seek the solution of
the master equation in the form S = W — vz, instead of the
conventional S = ye*. The proposed solution has a number
of interesting, peculiar, and counterintuitive properties. For
example, the optimal coordinate is a multivalued function. To
familiarize the reader with these concepts we extensively use
illustrative examples. We start by deriving the equations for
the optimal coordinate by requiring it to be an ideal clock.

II. OPTIMAL COORDINATE AS AN IDEAL CLOCK

A. Equilibrium optimal coordinate

To illustrate counterintuitive properties of the optimal
coordinate we first consider the more straightforward case of
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an equilibrium optimal coordinate. Consider an ideal system
where a point performs a random walk along x with a
constant diffusion coefficient and zero mean displacement.
In this case the mean square displacement grows with time
as (Ax*(At)) =2DAt. If one is given snapshots of the
position of the point (trajectory) x(z;), one may estimate the
time intervals between the snapshots (reconstruct the time)
as i1 — t; = At ~ Ax?/2D = [x(ti11) — x(:)]?/2D. Since
the process is random such an estimate fluctuates around
the true value. To improve the accuracy one may consider
an ensemble of identical systems. Given an ensemble of
trajectories x,(f) (¢ = 1,N) sampled at the same (unknown)
time points #;, the time interval between the snapshots can be
reconstructed with arbitrary accuracy as

tis1 —t; = At = (Ax?) /2D
= 1/@DN) Y [xa(ti11) — xa(t)]”.

For areal system where the diffusion coefficient or the potential
energy surface depends on the coordinate, (Ax?) does not grow
strictly linearly with time. However, for any such system one
can find a coordinate W (an optimal coordinate) such that the
mean square displacement of the coordinate (A W?), computed
for an equilibrium ensemble of trajectories, grows linearly with
time [10].

Conversely, define the optimal coordinate as a coordinate
whose mean square displacement grows linearly with time. Let
us introduce some notation [10]. Consider a Markov process
with transition matrix P, where P;;(At) is the probability of
transition from state i to j after time interval At:

Pi(t + Aty =) Pi(AOP;(1). e)
Jj

The transition probability matrix for the time interval n At
is P(nAr) = P"(At). Consider a stationary (steady-state) en-
semble of trajectories x,(¢) (@ = 1,N), generated by a Markov
process [Eq. (1)]. We assume that the configuration space of the
system is discrete and is represented by a (possibly infinite)
set of integer numbers, i.e., indices. If the original system’s
dynamics is defined in a continuous configuration space,
we assume that the space has been discretized. Thus, each
trajectory x,(#) is just a sequence of such indices denoting the
current state. Such a representation is manifestly invariant with
respect to the choice of the coordinate system. If trajectories are
sampled with a constant time interval A one can determine
the transition matrix n;;(At), which equals the number of
transitions from state i to state j.n; = Zj nj = Zj n;j is the
number of times state i has been visited, which is proportional
to P, the stationary (steady-state) probability distribution
P = Zj Pij(At)P;’. Based on n; and n; (At), the transition
probability matrix can be estimated as P;;(At) = n;;(At)/n;.
Let the superscript T denote properties associated with the
ensemble of time-reversed trajectories, i.e., trajectories that are
read in the opposite direction, from the end to the start. These
trajectories can be considered as a realization of a Markov
process with Pﬁ(At) = nfi(At)/ni, where njri(At) = n;;(Ar)
and n! = n; [14].
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If W is such that for every i
> Pi(ADN(W; — W) =0, )
J
then
(AW (A1) = n(AW?(At)) = 2DnAt. (3)
We prove this by induction. Assume that the statement is valid
for n; then
(AW2[(n + DAL])
=Y Pii(nAt + AP (W, — W)
ij

= > Pu(ADP(nAD P (W) — Wy + Wi — Wi )?
ijk
=Y Pu(ADP(nAD P (W) — W)
ijk
+2(W; — W)Wy = W) + (Wi — Wi)?]
=Y Pu(ADP(W; — Wi)?
jk
+2) " P AP (Wi = W) Y Pi(AD(W; — W)
ik j
+ ) Pi(nADP (Wi — W;)?
ik
= (AWX(AD)) + n(AW?(Ar)).
Analogously, from Eq. (2) it follows that for all n

> Pii(nAD(W; — W) =0, (4)
J

i.e., the optimal coordinate is the same for the dynamics
sampled with a different constant sampling interval. We prove
this by induction. Assume that )~ ; P;;(nA)(W; — W;) = 0;
then

> Pii(nAt + AW, — Wy)
J

=" Pi(AD PG AW, — Wi+ Wi — W)
IT:

= Z Pk,»(nAt)Z ij(At)(W] - Wk)
k J
+ Y Pi(nAt)(Wi — W) = 0.
k

The transition matrix for a trajectory sampled with random
intervals is the average (P;;) = >, p(n) P;j(nAt), where p(n)
is the probability of having an interval of nAr. Averaging
Eq. (4) with p(n), one finds that the optimal coordinate can be
found from

D (P (W — W) =0. )
J
In summary, given a stationary ensemble of trajectories
Xe(t) (¢ =1,N), sampled at unknown time points #;, one
can determine the averaged transition matrix (Pj;) and thus
the optimal coordinate W with Eq. (5). Using the optimal
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coordinate, the time interval between two time points can be
reconstructed (up to a constant factor determined by D):

2
tj—t; = (AW?)o/2D = 1/(N2D) > [We,ap — We,an] -

a=1,N
(6)

Here W, denotes the value of the optimal coordinate
W; at state i = x,(¢;), which is attained by trajectory o at
time instant ¢;. Note that given both direct and time-reversed
trajectories, Eq. (6) predicts only increase in time, which is
in agreement with equilibrium statistical mechanics, where
there is no difference between forward and time-reversed
processes.

B. The optimal coordinate can have neither a maximum
nor a minimum

The equation for the optimal coordinate [Eq. (2)] can be
satisfied for every i, only if for every i there are such j
that W; < W; and such j that W; < W; because Pj; > 0.
For systems with infinite configuration space this does not
seem to be a problem, e.g., for a random walk on the (infinite)
line W = x, whereas systems with finite configuration space
require special consideration, because they have a finite set
of values of W; and hence have maximum and minimum W;.
Consider a random walk on a ring, with probability 1/2 to
jump left or right. The transition matrix is p; ;41 = pii—1 =
piv = pn.1 = 1/2. Consider the optimal coordinate as a
function of the angle ¢ for ¢ = [0,27). Then the equation
for the optimal coordinate is W; — W;_; = W;; — W;, which
means that points W; are placed equidistantly on the ring
Wi 1 — W; = const = 2/ N. If one starts from W; = 0 and
uses the equation to consequently determine W;,; from W;
along the ring, then when one completes the loop and returns
to the first node one obtains W = 2. After the second loop
W, = 4nm and so on. Thus, to satisfy Eq. (2) for all i, the
optimal coordinate has to be a multivalued function. For the
ring W = ¢, where ¢ = (—00,00) is the phase angle that
covers the ring periodically. The inverse function, the mapping
from the optimal coordinate to the states, is periodic.

Equation (2) can be rewritten for a single-valued function
W; restricted to any branch as

> Pi(ADW; +dj — W) =0, (7)
J

where d;j; denotes the increment in the coordinate between
two branches of the multivalued function. For a random
walk on a ring di v = —dy,1 = 27 and otherwise d;; = 0.
Equation (7) is the conventional system of linear equations on
a single-valued function, and can be solved by linear algebra
methods. Note that, since the equation defines the solution
up to a constant W; = W, + ¢, to solve it on a computer, one
should supplement it with an equation which fixes the constant,
for example, W; = 0.

A similar construction can be made for the dynamics on
a segment between two boundary states A and B. Using the
folding probability ( pro1q) as an optimal coordinate the segment
is mapped onto the [0, 1] segment, so that Eq. (2) is satisfied
for all the points but A and B, which are mapped to 0 and 1,
respectively [10]. To make the equation valid at points A and B,
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FIG. 1. (Color online) (a) Construction of an optimal coordinate
with ring topology by joining the pyoq coordinate and its mirror image
at the boundaries. (b) The resulting (periodic) profile along an infinite
periodic coordinate of the ring. For such coordinate Eq. (3) is valid
for all n. The red lines show a model free-energy profile.

the [0, 1] segment and its mirror copy [1,0] are joined together
to form a ring, the O ends are joined together and the 1 ends
are joined together. Figure 1(a) visualizes the construction
as a drawing on the surface of a cylinder; the joint profile
wraps the cylinder. Equation (2) is satisfied for nodes A and B
due to symmetry. Figure 1(b) shows a schematic realization of
the mirroring construction along an infinite periodic optimal
coordinate of the ring. For such a coordinate Eq. (3) is valid for
all n. A practical realization of the procedure during an analysis
of areaction coordinate time series is as follows. Whenever the
system reaches either A or B, a new current branch is selected
out of the two with equal probabilities of 0.5. An alternative
way to make Eq. (3) valid is to modify the counting scheme by
considering the transition paths [10], which is not discussed
here.

On this we finish the discussion of the equilibrium optimal
coordinate and switch to a more powerful method which can
be applied to nonequilibrium ensembles of trajectories and
can estimate the change of time in both positive and negative
directions.

C. Nonequilibrium optimal coordinate

Consider an ideal system where a point performs random
jumps to the right with distance a and with rate r. In this
case the average distance the system transits during time Az
is Ax = raAt. Accordingly, the time interval between two
snapshots of the trajectory separated by distance Ax can be
estimated as Ar = Ax/(ra). For a realistic system, where the
rate and jump distance can vary, At = Ax/(ra) is no longer
valid. Again, for any system an optimal coordinate W can
be constructed so that time intervals can be determined as
At = (AW) /v, where v is a constant, with the dimension of
frequency; W is dimensionless.

PHYSICAL REVIEW E 88, 062131 (2013)

D. Left additive eigenvector

Let WL and v be a solution of

> nj(An(WE - WE—vAr) =0 ®)
j

> Pi(An(WE - WE —var) =0, 9)
j

which can be considered as the definition of the left additive
eigenvector
D Pi(AOW) = WE 4+ vAL, (10)
J

where VAt = A is an additive eigenvalue. For a system with n
states Eq. (8) consists of n equations, which together with
the equation that fixes the origin of the eigenvector (e.g.,
WE = 0) makes it n + 1 equations for n + 1 variables. The
multiplication by (the transpose of) the matrix P changes the
components of the vector WX in a simple way by adding a
constant. It is easy to see that

Y Pi(nAOWS =) PLAOWF = W) +nvAt
j i

or

3 Pynan(WE Wi ) <0 D
J

For example, for n = 2,

> Pu(ADPa(AOW]
jk
= Z Py(AD(WE +vAt)
k
= Z Pi(ADWE + Z Pui(AtvAr = WE 4 2vAs,
k k

If the transition matrix (Pj;) = ), p(n)P;;(nAt) is the aver-
age of the transition matrices with random distribution of steps
o(n) (a trajectory sampled with random intervals), then W is
also the solution of

Z(Pj->(WjL — W —(At)y) =0, (12)
J
where (Af) = Y p(n)nAt is the average sampling interval.
Multiplying Egs. (11) and (12) by n;, one obtains

> njimAn(WE - WE —nvAt) =0 (13)
i

and

> i) (WF = WE — (Aryv) =0. (14)
J
Thus, given an ensemble of trajectories x,(¢) (¢ = 1,N),
sampled at unknown time points #;, one can determine

the averaged transition matrix (n;) and thus the optimal
coordinate W’ with Eq. (14).
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E. Right additive eigenvector

It is useful to define the right additive eigenvector as a
solution of the equation

> (AW - WE—vAr) =0 (15)

or, equivalently,

> Py An(WE—wE—var) =0 (16)

and
Z Py(AnWE = WE —vAr,
J
where P;j(Ar) = nij(At)/n; = Pj(ADP]' /P Tt is easy to
see that
Z JnAD(WS = W —nvar) =0

and

Zn,-j(nm)(wf — W —nvAr) =0. a7

Note that Isij is not a stochastic matrix, i.e., Zi f’,j #*1;
however, Zj f’,-j = 1.If detailed balance holds, i.e.,n j; (At) =
Pj[(At)n,- = P,-,-(At)n, = }’l[j(Al), then P,‘j = Pj,‘.

Given an ensemble of trajectories x,(¢) (¢ = 1,N), which
describes the stationary dynamics of the system, one can define
the following averages to measure time intervals. Averaging
over the entire ensemble of trajectories,

1/N Z Wei) = Wi |- (18)

Averaging over the subset of trajectories starting from a
particular state at time #; (or a subset of states),

o [Waator = Wi ) Ava)
> e Axuin) ’

where A is the indicator function of the subset of states,
i.e., A, =1 if x is in the chosen subset of states and zero
otherwise. For a single state i, A, = §,;, the Kronecker
symbol. Averaging over the subset of trajectories ending in
a particular state at time #, (or a subset of states),

19)

o W) = Wein Ao (20)
ZC{ Axu(tz)
Equations (19) and (20) reduce to Eq. (18) for

A, = 1forall x.

Multiplying Eq. (13) by A; and summing over i, one finds
that the left eigenvector can be used to measure time for
trajectories starting from a set of states

Za [WxLa(tz) - WXLL,(tl)]Axa(l‘l)
2o Axu)

Multiplying Eq. (17) by A; and summing over i one finds
that the right eigenvector can be used to measure time for

th—t1=1/v

2L

PHYSICAL REVIEW E 88, 062131 (2013)

trajectories ending in a set of states
R R
Za [Wxa(tz) - Wxn(tl)]Axa(fz)
Do Axai)

For stationary processes, the averaging in Egs. (18)—(22) may
include averaging over time, e.g., for Eq. (21) one has

Za,t [W;é(urm) - Wé(z)]Axa(r)
Dt A

lz—h:l/l) (22)

At =1/v

(23)

F. Time-reversed trajectories

The equation for the left eigenvector of time-reversed
trajectories is

ani(m)(wju

J

W't —vAr) =0,

which can be transformed to Eq. (15) with negative At,

> nan[wit -

J

Wit —u(=An] =0,

i.e., the right eigenvector for forward trajectories can be taken
as the left eigenvector for time-reversed trajectories, and vice
versa.

G. Time-dependent reaction coordinate

By introducing SF(r) = W — vt and S*(r) = WR —
Egs. (8) and (15) can be written as

> g[Sk + an - SHo)] =0
J

24)
D ny[SEa + An - sE@)] =

J

These equations can be considered as a generalization of the
equation for the pgoq reaction coordinate [Eq. (2)] to time-
dependent reaction coordinates S* and S®. For v = 0, when
the coordinates do not change with time and n;; = n; the
single-valued solutions equal S* = S® = pg.14. The equations,
as well as Eq. (2), mean that the average change of the (time-
dependent) optimal coordinates along a trajectory is zero.

So far we have assumed that the optimal coordinate is a
function of the state index i. Such a description is invariant
with respect to the choice of the coordinate system. As shown
in the illustrative examples below, it might be useful to embed
the index in spatial coordinates, so that the optimal coordinate
becomes a function of position W(x). For example, in the
one-dimensional case, one assigns position x; to state i and
assumes that W; | — W; = kAx,where k = k/2m = 1/Ahas
the meaning of the wave number and X is the wavelength; the
dimension of k is the inverse of x to keep W dimensionless. In
this case the change of the optimal coordinate can be written
in a form where space and time are on an equal footing:

Scinax(t + At) — Sx(t) = kAx — vAtL.

062131-5
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H. Symmetric or relativistic coordinate

According to Eqgs. (21) and (22) one needs to use two
different optimal coordinates S® and S% (or two additive
eigenvectors) to describe incoming and outgoing or forward
and time-reversed subsets of trajectories. It might be useful to
introduce a single coordinate to describe all the subsets. The
procedure is analogous to the symmetrization of the transition

probability matrix P;; — P;;,/P;'/P" in the conventional

case, which leads to the left and right eigenvectors being equal.
Let

> Pu(AD[SEE + A — SHD)] =0,
J

Y Pi(AOP;/P[SF(t + Aty = SF6)] =0

J

be two optimal coordinates that describe a stationary solution.
Let R; = / P;; then

D Pi(ADR:/R)(R; /R)(SE(t + Ar) — S}(1)) = 0,
J

> P(AD(R;/R)(R;/R)(SF(t + An) — SF()) = 0.
J

Introduce
SH(t + Aty = SF = Ri/R;[Si(t + Ar) — S] (1)),
SK(t+ Ar) — Sf = R;/R;[S5(t + At) — S7(1)],

i.e., the change of S* is the geometric mean of the changes of
ST and S®. Then

> Pi(ADR;/R;[S3(t + A1 — Si(1)] = 0,
J

> Pi(ADR; /R[St + An) — Si(1)] =0,
J

or, if f’,-j is known,
D Pi(ADR/R;[S3(t + A1) — S{(1)] = 0,
j
> Pi(ADR/R;[Si(t + A1 — Si(1)] =0,
j

or

D Pi(ADR;/R[S3(t + A1 — S{(1)] = 0,
J

> PH(ADR; /R[St + Ar) — S5(1)] = 0.
J

Introducing W — vt = S7(¢) one obtains
> Pi(ADR; /R (W) — W —v'Ar) =0,

’ (26)
Z Py(ADR; /R (WS — Wi —v'Ar) =0,
J

PHYSICAL REVIEW E 88, 062131 (2013)

or
Z Pii(ADR;/R; (W5 — WS —v'At) =0,
’ @7)
Z Py(ADR;/R; (WS — Wi —v'Ar) =0,
N j
Z Pii(ADR;/R; (WS — W) — v Ar) =0,
’ (28)

> Py(ADR;/Ri(W) — W = v*Ar) = 0.
J

W* is not an additive eigenvector, meaning that Egs. (25)—(28)
are valid only in the limit of Az — 0. They are not valid for an
arbitrarily large At, as we show later, since the symmetrized
matrix is not a stochastic matrix. However, such a coordinate
can be used in the limit of small Az to measure time for both
starting and ending subsets of trajectories as

S S -1 —1
Yo (Wi = Wi Ason Re iy Rein) / S

h—h= N p—
Za Axa(tl)qu(tg)qu(ll)
(29)
and
-1 p-1
Yo Ve = Wen) AR R /.
h—tHh = =) =) V.
Za Axu(tz)Rxa(zz)Rxa(tl)

(30)

Equation (25) can be used to determine S* and R from S*
and S¥.

I. Equations for the rate matrix

To derive the equations for the rate matrix we let Pj;(At) =
e?Kii 8, + AtK j;, where K j; is the rate of going from state
i tostate j and ) _; Kj; = 0; then

> i+ KjAn(WE— W —vAr) =0,

J
Z KjiAt(WF = WE) —vAr =0, (31)
J

D Ki(Wi =wl)—v=o0.
J
Similarly one obtains

Y KW -wf)—v=o, (32)
J

where K;; = K;;j(At)P}'/P;". For the symmetric coordinate
one obtains '
> (i + KjiADR: /R (W) — W —v*'At) =0,
J

S KiRi/Ri(W) = W) —v |1+ At Y KjiRi/R; | =0,
j j

J
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which shows that W* and v° become independent of At in the
limit of At — 0, where Eq. (26) reads

D KR /Rj (W) — W) —v' =0,
J

(33)
X:I(UR]/RI(VVIY — W;) ' = 0,
J
or, if K, ;j is known,
Y KR /R (W) — W) —v =0,
‘ (34)

j
Zkini/Rj(WiS —Wj)—v' =0
J

J. Illustrative Example 1

To illustrate the introduced concepts, consider the following
example. Consider a system that moves to the right with rate
Kiy1; = ri. For a small At only n;; and n;4;; are nonzero.
For such a system the number of transitions from i to i + 1
is constant: n;1;; = const = JAt = r;Atn;, and n; = J/r;,
where J is the flux. For the number of transitions from i to
i one has n;; = (1 —riAt)n; = J(1 — r;At)/r;. For the left
eigenvector optimal coordinate one finds [Eq. (8)]

nii(Wh—Wh —vAt) +ni (Wh — WE—vAr) =0,
—v+r(Wh - W) =0,
wh, - Wl =v/r. (35)

For the right eigenvector optimal coordinate one obtains
[Eq. (15)]

n,-,i(WiR — WiR — UAI) + ni,i_l(Wl-R — Wilil — UAI) =0,
—v/ri + Wr—WE, =0,
WR—wR, =v/r,
W =W =v/ri,
i.e., it is different from that of the left eigenvector. ~
The same result can be found using Eq. (32). K;1;; =
Kit1i PP =ri(J/r)/(J/rigy1) = riy1. Hence,

rin (Wi = W) —v =0,

R R
WR, —WE =v/rip.

1

For the symmetrized (relativistic) optimal coordinate one finds

using Eqs. (33) (R; = /T/1})

r,-R,v/R,-H(Wlf:_l — W-x) ' = O,

1

R R (Wi, — W) = =,

I (Wi = W) = v =0,
Wiy = Wi =o'/,

PHYSICAL REVIEW E 88, 062131 (2013)
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FIG. 2. (Color online) Reconstruction of time from system
snapshots (configurations) of an ensemble of (a) forward trajectories
starting from x = 50, (b) forward trajectories ending at x = 50, (c)
time-reversed trajectories starting from x = 50, and (d) time-reversed
trajectories ending at x = 50. Reconstructions using W, W&, and
W* are shown by red, green, and blue lines, respectively. The plots
show the reconstructed time vs the actual time.

or, if one knows K ji» then Eq. (34) can be used to find both R;
and W}:

riRi/Risi (Wi — W) —v* =0,
ri+1Ri+1/Ri(W;+1 - Wb) —¥ = O,

1
riRi/Riy1 = riz1Riv1/R;,
Ri =/ J/ri,
Vriria (Wi, — W) —v* =0,
VViS+1 - W =v'/riria.
Equation (35) defines the optimal coordinate as a function
of the index i. The index i can be embedded into a spatial
coordinate, i.e., each state (i) can be given a position x;, SO
that the optimal coordinate is a function of the position. For
example, if x; are selected as x;.1 — x; = ¢/r;, where c is
a constant with the dimension of velocity, then WL = kx,
v=ck,and § = W — vr = const describes a wave moving
to the right with constant velocity of c. For the right coordinate

one has x;+1 — x; = ¢/ri+1, i.e., both coordinates cannot be
simultaneously embedded to keep ¢ constant.

1. Numerical example

Consider a system with r; = [mod(Z,5) + 5]/25. 10 000
trajectories have been simulated by the Monte Carlo method
(with time step of dt = 0.1) starting from i = 1 until the
system reached i = 100. Figure 2 shows time reconstructed
from the trajectories using left, right, and symmetric optimal
coordinates for nAr = 1,...,10 by applying corresponding
variants of Eq. (23). Figure 2(a) shows that time reconstructed
for trajectories starting from i = 50 agrees with the actual
time if reconstruction is performed with the left coordinate and
disagrees significantly if performed with the right coordinate.
Figure 2(b) shows that time reconstructed for a subset of
trajectories ending in i = 50 is accurate if the right coordinate
is used and not if the left one is used. The relativistic coordinate
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reconstructs time accurately for both sets of trajectories
but only for relatively short time intervals. At longer time
intervals the reconstructed time deviates from the actual one.
To accurately reconstruct time for long time intervals using
the relativistic coordinate, the trajectory needs to be divided
into short segments, the times for which can be accurately
reconstructed, and then the total time can be found as their sum.
The left and right coordinates reconstruct times accurately
for their corresponding sets of trajectories for arbitrary long
trajectory segments. Figures 2(c) and 2(d) show results for
time-reversed trajectories, where the left and right coordinates
exchange their functions.

III. DYNAMICS WITH DETAILED BALANCE

From now on we consider only systems with stationary
dynamics where detailed balance holds, n;; i =Nji, and where,
correspondingly, ],(At) = P;j(At) and K;; = K;;. For such
systems, as can be easily seen, straightforward computation of
right or left additive eigenvectors leads to v = 0. For example,
by summing up over i, Egs. (8), one obtains

> ny (W= Wi —var) =0,

VAt Znij = ZI’L,‘j(VViL — W]L) =0.
ij ij

Thus, solutions with nonzero v, necessary for the estimation of
time intervals, are not possible (in the space of single-valued
functions).

Solutions with v £ 0 become possible, however, if one
assumes that W; is not a single-valued function, i.e., that the
next time the system visits the same state i, W; can be different.
One can suggest multiple reasons for that. For example, if a
system moves on a line, it has to move in the reverse direction to
return to the same point. The optimal coordinates that describe
the motion in the backward and forward directions should not
necessarily be the same. So each time the system changes
direction, it may be described by a new coordinate. For systems
moving on a ring the situation is more familiar. For example,
for a random walk on a ring, considered above, the optimal
coordinate equals ¢, the angular position (phase) on the ring,
which covers the ring periodically. When the system returns
to the same point by completing a cycle around the ring, the
change in W; is analogous to the increase in ¢ by 2w. The
classical action function is yet another example.

Note that the multivaluedness may lead to the following
counterintuitive property:

Wi = W) +(W; —W;) #0,
(Wi —W;) #—(W; — W),

(36)

if the W; in different parentheses belong to different branches.
It seems that (to the best of my knowledge) the theory of such
multivalued solutions for left and right additive eigenvectors
has not been developed. I will present below some examples
where particular solutions can be found in a straightforward
manner.

PHYSICAL REVIEW E 88, 062131 (2013)

A. Reducing equations to a particular branch
of a multivalued function

While the equations for optimal coordinates are just simple
systems of linear equations, they cannot be solved with
conventional linear algebra methods because the coordinates
are multivalued functions. Assume that, for example, based
on physical intuition, one knows where the transition between
different branches of the multivalued function happens and that
the difference between the branches is always the same (the
solution is periodic). For example, if a new branch is reached
at the transition from i to j and the value on the new branch
is related to the value of an old branch as WiV = W; + d;;,
then Egs. (9) and (16) can be rewritten for values at one (old)
branch as

Z W(AD(WE+dj; —WE —vAar) =0, (37)

Z JAD(WE +d; —wE—var)y=0,  (38)
where d;; are the differences (in phase) between different
branches of the multivalued functions. The values at any
branch can be taken since the solution is invariant to a constant
shift W; = W; 4+ ¢. Assume further that any solution with
many nonzero d;; can be represented as a linear combination
of basis solutions with few or even a single nonzero d;;. Since
the solution is defined up to a factor, for the latter case we can
set the nonzero d;; = 1.
For the rate matrix one obtains

S Ki(Wh+dii —wh) —v =0, (39)
J
Z Kij(Wr +d;; —
J
For a relativistic optimal coordinate, for example, Eq. (34),
one obtains

WF)—v=0. (40)

ZK,-/‘R[/RJ‘(W; +dji — W[S) —' =0,
J

Y KiyRi/Rj (WS +dij —
J

, 41
WJ‘) - =0.

Alternatively, one can explicitly introduce multivaluedness
by introducing a variable / that describes the current branch.
The optimal coordinate becomes a function of two variables
W, i, where one further assumes W;; = [d 4+ W;. For such
defined optimal coordinates Eq. (36) is no longer counterintu-
itive:

Wi =W )+ Wi — W) #0,
Wi = Wi )+ W ; — Wi;) = 0.

B. Illustrative example 2: Transitions between two states
with different rates

Consider a system with dynamics described by the follow-
ing master equation:

dp1/dt = —rip1 +r2pa,
ap2/ot = —rapy +ripy.
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We assume that an optimal coordinate changes branches when
the system makes the transition 2 — 1. The coordinate is taken
in the form W; ; = [ + W;. For the left additive eigenvector one
obtains [Eq. (31)]
n(Wh-wh)—-v=0,
(Wi — Win) —v =0,
[Wy — W] —v/r =0,
(W +1—-Wy]—v/ra=0,
v=1/1/r+1/r),
Wl =0,
W =v/r.
Thus, one has Wi — WE =v/r, WE—WfF =v/r), and
(WE —why+ (WL — Wk) =10 because Wl in the sec-
ond set of parentheses belongs to the next branch.
For stationary (equilibrium) populations one has Pl =

1/r; and PSt = 1/ry, and K12 =Ky =rnr, K21 =r. Forthe
right addltlve eigenvector one finds [Eq. (32)]

VZ(WII,ez - Wll,el) —v=0,
n(Wh, —wS)—v=o,
v=1//r1 +1/r),
W =o,
WE =v/r.

Thus while v for both coordinates is the same, W% # WR,

1. Explicit symmetrization

For the symmetric rate matrix one obtains K5, =

21\/W =r113/12/71 = /T1r2 = K{,. W* can be found

as a left or right eigenvector of the symmetric rate matrix

M(Wﬁz - Wlb;l) —v' =0,
V(Wi = Wip) = v =0,
v = V2,
wi =0,
Wi =1/2.

2. Implicit symmetrization
The equation for the relativistic coordinate, Eq. (34), reads
riR/Ry(W, — W) —v* =0,
r2R2/R1(WlS+l,l -w 2) —v' =0,
rRy/Ri(WSy — W}y) — 0,
riR /R Wiy — W) —

After the substitution Wi, =1+ W} one finds both W} and
R,‘i

riR/Ry(W3 — W) —v* =0,
I‘sz/R[(VViY +1-— W;) - = 0,
rRy/Ri (W5 — W) —v* =0,

PHYSICAL REVIEW E 88, 062131 (2013)
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FIG. 3. (Color online) Reconstruction of time from system
snapshots (configurations) from ensembles of (a) forward trajectories
starting from x = (10,1), (b) forward trajectories ending at x =
(10,1), (c) time-reversed trajectories starting from x = (10,1), and
(d) time-reversed trajectories ending at x = (10,1). Reconstructions
using WE, WR, and W* are shown by red, green, and blue lines,
respectively. The plots show the reconstructed time vs the actual
time.

riR/Ry(W) +1—=Wj)—1v* =0,

rRy/Ry =riR/Ry,
Ry =1/, Ry=1/{n,

VA (Wy = Wi) = v =0,

VI (Wi 41 - Ww;) —v* =0,
Vvh= J/rir/2,

Wi =0,

Wy =1/2.

3. Numerical example

1000 trajectories (time series of /,i) each of length 107d¢
were simulated by the Monte Carlo (MC) method with time
steps of df = 0.01 and saved with time intervals of At = 1.
The transition rates are r; = 0.1 and r, = 0.2. Figure 3 shows
the reconstructed time vs the actual time. For forward trajecto-
ries, starting from x = (10, 1), time can be reconstructed only
by the left coordinate and conversely for forward trajectories
ending in the state, time can be reconstructed only by the
right coordinate. The relativistic coordinate can be used to
reconstruct time in both cases but only for short time intervals.

C. Illustrative example 3: Stochastic model
of the telegrapher’s equation

Consider a particle that jumps in a constant direction, and
changes direction with rate r. The model can be considered as
a discrete version of the stochastic model of the telegrapher’s
equation [15]. We assume that every time the direction is
changed the dynamics is described by a new coordinate. The
dynamics in the positive direction is described by coordinates
Wars1,i, while that in the negative direction is described
by coordinates Wy, ;. Thus we have the following set of
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transitions: Wy 41; — to Wy ;41 with probability 1 — r At
or to Wopyoi-1 with probability r At; Worsoi — to Worgo iy
with probability 1 — r At or to Wy43 ;4 with probability r At.
For the left additive eigenvector one has [Eq. (9)]

(1= rAD[Wyi i1 — Waigy — vAL]
+r AWy iy — Wiy — vAI] =0,

(1= rAD[Wyi i, — Wiy, — vAL]
+rAt[W2LI+3,i+1 - W2L1+2,,» — vAt] =0.

We assume that the (basis) solutions are periodic, i.e.,
W, = W} + md; in particular, we consider the case where
m=2 Let Wy, =21+ 1+iAxk +w;, Wy, =2+
2+ (@(+ DAxk 4+ wy, i.e., the index i is considered to be
embedded into coordinate x as i Ax ~ x and W ~ k x. After
substitution one finds

(1 —rAHkAx +rAtfwy, +1 — w;] —vAt =0,
—(1 —=rAHkAx +rAtlw; + 1 — wy] — vAr = 0,
V=r.

We assume that Ax = c¢At, where c¢ is a constant, so that the
limit At — 0 exists. We let w; = 0 and find

wy = —(1 —rAt)ck /v,
Wy =21+ 14 kiAx,
Whooy =20+ 24 kG + DAx — (1 — rAt)ck /v.

In the limit A — 0 and, correspondingly, Ax — 0,

Wy, =2+1+kx,
Wiin, =20+2+ kx —ck /v.
For the right additive eigenvector
(1 =rAD[Wg o — Wi o — vAL]
+rAt[Wi, — Way,_y —vAL] =0,
(1 =rAD[Wyl o, = Wity 4y — vAL]
+r AWyl — Wai e — vAI] =0,
one analogously finds
(1 —rAnkAx +rAtfw; + 1 — wy] —vAr =0,
—(1 =rAkAx +rAtflw, + 1 —w ] — vAt =0,
vV=r,
w; =0,
wy = (1 —rAt)ck /v,
Wy =214+ 1+FkiAx,
Wyini =242+ kG + DAx + (1 —rAt)ck /v,
Wy, =21+1+kx,
Wyoe =242+ Fkx+ck/v,
ie., WL £ WR. Note that the equations for the left and

right additive eigenvectors allow more complex solutions with
quadratic dependence on x, but we do not consider them here.

PHYSICAL REVIEW E 88, 062131 (2013)

1. The relativistic coordinate

Since the left and right additive eigenvectors are different,
it is useful to find the relativistic coordinate. Note, however,
that the situation is slightly different from the one considered
before. Here the transition matrix is symmetric and the left
and right additive eigenvectors atk = 0O (in the rest frame) are
equal. They differ in a moving frame. We proceed analogously.

Let the left and right optimal coordinates be

> Pi(An[SE(e + Ar) — SED)] =0,
J

> Py(An[Sf@ + A — SF0)] =0,
J

where P;; = Pj;. We introduce the symmetric (relativistic)

reaction coordinate as
SH(t + At) = SF() = R /R[St + Ar) — S (1)], @)
SE@ + A — SF@) = Rj/Ri[S]( + Ar) — S5(0)].

Such a definition makes the comparison with the conventional
relativistic equations of physics more straightforward. The
equation is identical to Eq. (25) if one makes the substitution
R; — 1/R; (or exchanges S* and S¥). One obtains

> Pi(ADR;/R[S3(t + At — S{(1)] = 0,
J

> Pi(ADR; /R[St + An) — Si(1)] =0,
J

(43)

or
> Pii(ADR;/Ri(WS = W —v*Ar) =0,
' (44)
> Py(ADR;/Ri (W — W — v Ar) = 0.
j
The time intervals can be estimated as [substitute R; — 1/R;

in Egs. (29) and (30)]

S W2 i = Wi i A Reyn) Reyian) / "

Hh —1 =
>0 At R 0) Ry 1)
(45)
and
bt — Yo [V = Wi i) Ava R Ry / "
> o Axat) Ryt Ry

(46)
From Egq. (43)

Ryyvivtp. g s P
(1- rAt)—ZI - [Wsiirivm1 — Wi — V' At
+1,i

Ryy2i-1 [

+rAt Waioimr — Warg — VSAI] =0,

20+1,i

Rop2,i-1
(1- "At)—2l y [(Wariaio1 = Wappn; — v At]
+2,i

R .
—i—rAt 2043,i+1 [

s s s _
Waisivt = Wan; — v At] =0,
242,i
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Roryticip s s P
(- rAt)—zzH —[ Wi — Wappy oy — V' A
N

Ry i

+rAt [War1 — Wa oy — v AL] =0,

214+1,i

Rora,i+t1 1o s s
(- VAI)—sz_ [Wariai — Wapsoien — v* A
¥

R .
+rAf 2041,i+1 [

s s s _
Warsoi = Woriiipn — v At] =0.
2042,

Assume that optimal coordinates are periodic for index !/
with period 2, meaning Ry4+1,; = Ry, Ray42; = Ry;. Since
the system is translationally invariant R;; = Ry, Ry, =
Ry. We assume, again, that Wy, ; =2/ + 1 +iAxk + wy,
Wi =20+24+ G+ 1)Axk + wa, and Ax = cAr. After
substitution and taking the limit A¢ — 0 (the equation for the
relativistic coordinate is valid only in this limit),

kc+rRy/Ri(wp+1—wy)—v=0,
—kc+rRi/Ry(wy+1—wy)—v =0,
kc+rRy/Ri(wi+1—wy)—v=0,
—kc+rRi/Ry(wy+1—wy)—v=0.

We dropped the superscript s to simplify the notation. By
subtracting the third equation from the first, one finds that
wy = wj, which we can set to 0, since the coordinate is defined
up to a constant. Then one finds

kc+rRy/R —v =0,
—kc+rR/Ry—v =0,
V2 =r? 4 2k 2, 47)
Ry/Ri = /(v — ck)/(v +ck),

Ri=+1+ck/v, Ry=+1—ck/v,

i.e., the infinite set of solutions, parametrized by k with the
relativistic relation between v and %, which is the reason
behind naming the coordinate relativistic.

The stochastic dynamics projected on the optimal rel-
ativistic coordinate is described by S = W — vt = const,
which describes a plane wave running in (/,x) space with
the phase velocity along x of v/k. To compute the group
velocity, we consider a “wave packet”—two solutions with
close but different values of k [16]. Let their phases be
equal at some point, kix +[ — vit = kpx + 1 — vot. The
equation for the phase agreement at the new position
(x 4+ dx) at the next time instant (¢t + dt) is ki(x + dx) +
I —vi(t+dt) = ky(x +dx)+1— vy + dt). Hence (k| —
k))dx = (v — vpy)dt,orv = dx/dt = - Uz)/(kl — k) =
dv/dk = kc?/v. Thus, one obtains v = r/\/1 — (v/c)?, k =
(vr/c®)//1 = (v/c)?, and R, = /T +v/c, Ry = /T —v/c.
By introducing E = hv, p = hk, mc* = hr, where h has the
meaning of the Planck constant, one obtains the more familiar
E? = m?c* + p*c*, v = pc?/E, E = mc?/y/1 — (v/c)?, and
p=mv/y/1—(v/c)>.

Interpreting R; = +/P;, where P; are the stationary prob-
abilities, one can compute the mean velocity v = (cP, —
cPy)/(P; + P,) = kc?/v, which equals the group velocity.

PHYSICAL REVIEW E 88, 062131 (2013)

The relativistic coordinate can be found from the left and
right additive eigenvectors using Eqgs. (41). From

v=r,
Wy =20+ 1+ kiAx,
Whoo =20+ 2+ k@ + DAx — (1 — rAD)Ck /v,
Wi, =2l+1+ kiAx,
WE =20+ 2+ k@ + DAx + (1 — rArCck /v,

one computes

SzL/H,,-H - SZL,HJ- = kAx —vAt = —(v — ko)A,
Shiiaio1 — Shsrs =1 =1 —rAnck /v —vAt
=1 -=rAn —ck/v),

Sy — S =—(+ ko)At
Shietivn — S5 = =rAn(1 +ck /v),

S§+1,i+l - S§+l,i = —(v— ko)At

Sy i1 = Sni=—(v+ ko)At
Sinio1 — Sy =1 —=rAD +ck /v),

S itict — Sapi = (L= rAn(l —ck /v),

where we used the shorthand notation §; — S; = §;(t + Ar) —

Si(t). P =P, since (S2L1+1,i+1 - S2Ll+1,i)/(S21§+l,i+l -
Sy.1)=Prit1/Pri=1, and hence 5., — S5, =
Stitis1 — Sty =—(0 —kc)Ar, where v=r. Anal-
ogously, P,; =P, and S;l,i—l - S;Z,i = SZLl,i—l - Ssz,i =

—(v 4+ k c)At. For transitions with reversal of direction

P/ P = (52L1+2,i—1 - SZLZ+l,i)/(S£+2,i—1 - S21§+l,i)
=0 —=ck/v)/(1+4+ck/v),
i1 = Syy1i = (L =rADV1 = (ck /v)?,

Syprivr — Sy = (L =rAn1 —(ck /v)2.

The coordinate obtained differs from the relativistic coordinate
found before by an overall factor of d = /1 — (ck /v)?, as can
be seen by, e.g., computing S5,,,; — S5, ;- By rescaling the
coordinates S* — S*/d, k — k/d, and v — v/d one finds
that

v=r/v1—(ck /v)?

r?2 = V1 — (ck /v)*]1 = v — (ck)>.

2. Numerical example

1000 trajectories (time series of /,i) each of length 10°dt
were simulated by the MC method with time steps of dt =
0.01 and saved with time intervals of At = 1. The reversal
rate is r = 0.1. Figure 4 shows times reconstructed with the
optimal coordinates with k& = 0.05. Relativistic coordinates
with larger values of k correctly reconstruct the time at shorter
time intervals. Figure 5 shows the dynamics of a wave packet.
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FIG. 4. (Color online) Reconstruction of time from system
snapshots (configurations) from ensembles of (a) forward trajectories
starting from the positive direction, (b) forward trajectories ending
in the positive direction, (c) time-reversed trajectories starting from
the positive direction, and (d) time-reversed trajectories ending in
the positive direction. Reconstructions using WX, WX, and W* are
shown by red, green, and blue lines, respectively. The plots show the
reconstructed time vs the actual time.

IV. THE RELATION BETWEEN THE ADDITIVE
AND CONVENTIONAL (MULTIPLICATIVE)
EIGENVECTORS

An additive eigenvector is modified by matrix multipli-
cation as AWR = WX + A, where A = {A,...,A}is a vector
where all components equal A. An additive eigenvector is
a multivalued function of position, meaning that j as a
function of W; is a periodic function similar to exp(i27 W;). A
conventional eigenvector is modified by matrix multiplication
as Ay® = Ay R. Eigenvectors of the master equation are
often periodic functions. All this suggests that there might

30
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FIG. 5. (Color online) The dynamics of a wave packet. Sur-
faces of (relativistic) S(/,x,t;) =1+ kx —vt; =const for t;, =
0,10,20, ...,300 are shown for three solutions with k = kg, k =
1.1%¢, and k& = 0.9%, for ky = 0.05. The region where the phases
are in agreement starts at (! = 0,x = 0, = 0) and moves with time
along x with the group velocity v = & /v.
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be a relation between an additive eigenvector and a phase (or
logarithm) of a conventional eigenvector. Indeed, as we show
below, under certain conditions it is possible to establish the
correspondence. It requires, however, a certain modification
of the acting operator and correspondingly the underlying
dynamics. The correspondence is similar to that between the
classical action function and the wave function in quantum
mechanics.
Let ¥R and ¥ be the solutions of the equations

vEe+an =" PianyRo),
J

v =)
J

(48)
Pii(ADYT(t + A1),

where ) j Pji(At) =1, or the corresponding continuous-
time equations. If ¢ (1) = 2757 ®) = 27 =0 where 3 =

e~127VAl 5 the corresponding eigenvalue, then

exp [iZn SiL (t)]
- Z Pji(Atyexp [i27 SE(t + An)],

1—2

i(Ar)exp {i2n[SF(t + A — SF(1)]}

Assume that S7( + Ar) — S} (1) are always close to 0 or some
other integer number, i.e., |SjL(t + At - SEo +dji| < 1,
where d;; is an integer; then one can expand the exponent
and obtain Eq. (37):

Z i(AD{1 + 27 [ S5 + Ar) — SF@) + dji]}.

0% 2 PuanlS]a+ An = SO+ dy

Z (A (W

— Wk +dj; —vAr) ~ 0.

For the right eigenvector wf ) = Pjeiz’T $7® one obtains
Eq. (38):
Prexp[i2nSf(t + An] =Y Pij(ADP;exp [i2nSF ()],
J
1= Z Py(At)P;/Prexp{ —i2n[Sf(t + A — SF )]}

> P,-,-(At)Pj/P,»[SiR(t + A = S¥@) — dyj] ~ 0,
J

> Pi(AOP; P(WS — W —dij — vAL) ~ 0.

Numerical analysis of the eigenvectors and eigenvalues of
the system from illustrative example 1 shows that the relation
is accurate for small eigenvalues and becomes inaccurate for
large eigenvalues. To investigate the reason we consider the
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case r; = r analytically:

exp{i2n[W; — v(t + AD)]}
=(1—-rAr) exp[iZn(Wj —vt)]
+r At expli2n (Wj_l —vt)],
exp(—i2mvAt)
= (1 —rAt)+rAtrexpli2n(W;_; — W;)],
—i2mwv = r{expli2n(W;—1 — W;)] — 1}.

The equation reduces to W; — W;_; = v/r only in the limit of
W;_i — W; = Oorv — 0.One way to make it work for finite
v is to make the transition from j — 1 to j gradual by introduc-
ing intermediate states j 4+ k/n, where k =0, ...,n — 1, so
that the corresponding W +1y/n — Wj4x/n — Oforn — oo,
while W; and v stay the same. Let the time interval At be
further divided into n subintervals. Instead of making a single
jump from j —1 to j with rate r during At, the system
makes n jumps from j + (k — 1)/n to j + k/n with (a yet
unknown) rate a each during Ar/n. The equations for the
additive eigenvector are

alAt/n(Wiige+1ym — Wiskm) — vAL/n = 0.

Summing the equations for k =0, ...,n — 1, one finds that
a = rn. The master equation is

Pjvk/n(t + At/n) = (1 —rnAt/n)pji/a(t)
+rnAt/npjig—1)/n(t)

for k=0,...,n—1. Let x = Ax(j + k/n); then in the
limit » — oo one can approximate the finite differences by
derivatives and obtain

Pjtk/m + (At/n)dpji/n/0t
= —rAD)pjtigm +rAt[pjsim — (1/0)Opjsisn/0j],
(A1/n)0pjtksn/0t +r(At/n)opjik/m/3j =0, (49)
Opj+k/n/0t +10pjk/n/0] =0,
ap(x,t)/dt 4+ cop(x,t)/dx =0,

where ¢ =rAx. The eigenfunction of the equation is
expli2m (vx/c + vt)) = exp(i2w (W, — vt)]. Thus, we have
found an equation with (multiplicative) eigenfunctions and
eigenvalues, which correspond exactly to additive eigenvec-
tors and eigenvalues. However, in order to do that it was
necessary to modify the underlying dynamics of the system.
First, the dynamics is no longer stochastic. The differential
operator describes a deterministic running wave. Second, the
configuration space of the system has been extended. Instead
of being integer, j € Z, it became real, x € R. It seems
reasonable to name operators like those in Eq. (49) virtual
operators, since they describe virtual dynamics, not the actual
dynamics of the system, and are just a mathematical tool to
obtain (multiplicative) eigenfunctions and eigenvalues, which
correspond exactly to additive ones.

For the relativistic coordinate the correspondence is estab-
lished analogously. Let P;;(At) be such that the solutions of
Egs. (48) can be expressed as

w}R — w}L — Rjei2rrSj.(t) — Rjeinr(W;fut)'
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Then
i s : s ; s
e i2mv AtRl‘Elan‘ — § Pij(At)Rje’2”Wf ,
J

e = 3 P(ADR [ Rie VD,
J

1 —i2mvi At
~ Z((Sij + AtKij)Rj/Ri[l - izn(Wis _ W; +dij)],
J
D KijR;/Ri(WS = W; +dyj) —v* ~0,
J

where, in the last line, we took the imaginary part (K j; is real).
For the left eigenvector one obtains

D KR /Ri(WS — W +dj;) —v~0.
J

The two equations are the multivalued rate matrix versions of
Eq. (44).

Consider a system with dynamics described by the follow-
ing master equation:

pi(t + At) = (1 —rAt)p; +rAtps,
P2t + At) = (1 —rAf)p, +rAtpy,

where p; and p, are the probabilities of being in states 1 and
2, respectively, which is equivalent to the system considered in
illustrative example 2 if one sets r; = r, = r. For this system,
the left, right, and relativistic coordinates are the same, W; | =
I,Wi,=14+1/2,andv =r/2.

The equation has two eigenvalues A = land A = 1 — 2r At,
which correspond to [A = exp(i2wvAf)]v = 0and v = ir/m.
The eigenvector of the second eigenvalue is ¥y = 1 = €270 =
e Wiandy, = —1 = €2711/2 = ¢271™2 in agreement with the
additive eigenvectors.

The second eigenvalue is not in correspondence because
W, — W, is not small and the exponent cannot be expanded
just to linear terms. Since after two steps the systems returns to
itself, each step corresponds to rotation through  rad. To make
the linear exponent expansion accurate, for the correspondence
to be valid, each step should be made infinitesimally small.
Analogously to the above, one way to do this is to make the
rotation gradual, i.e., instead of rotation about 7 rad withrate r,
make n rotations through w /n rad with rate nr where n — oo.
Let the time interval At be further divided into n subintervals
and let py ;,, represent the intermediate values, representing
rotation by an angle of w/n. The equation for the additive
eigenvector is

rnAt/n(Wig(yiym — Wisjm) —vAt/n =0

for j =1, ...,2n. The master equation is
Pi+jmt + At/n) = (1 —rnAt/n)piy j/u(t)
+rnAt/npiyi—1ya(®).

If n is large, one can expand the finite-difference equation and
obtain

(At/n)dpiyj/n/0t = —rn(At/n)opi4jm/0],
0pg/0t = —rmdpy /09,

where ¢ = 27/ /2n is the rotation angle. The equation has the
solution p = ¢!~ with eigenvalue u = irm corresponding
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to v = r/2. The eigenfunction e'? at the points ¢ = 0 and
¢ = m corresponds to W and W,. Thus, in order to obtain the
correct correspondence between the additive and multiplica-
tive eigenvectors and eigenvalues the stochastic process had to
be modified. The process now consists of infinitesimal jumps
instead of finite jumps and it describes deterministic rotation
instead of the original stochastic dynamics. In this process
the system can have any ¢, while in the original process only
¢ = 0 and ¢ = 7 are possible.

In the previous construction many intermediate py4 ;/, were
introduced to explicitly represent the rotation by a small angle
of w/n. The rotation can also be represented by a rotation
matrix in some (ex,e,) basis. As e, and e, one can take
unit vectors associated with p; and pi4,,. p» corresponds
to —e, and cannot be taken as basis vector because a rotation
cannot be represented as a linear sum of e, and —e,. Each
Plij/n = Xex +yey, is a linear combination of the basis
vectors with coefficients x, y. Since x and y are coordinates and
not probabilities, they can be negative. When the system makes
the transition from pi4(j—1y/» t0 pi4j/a, the x,y coordinates
are changed by the rotation matrix

cosm/n —sinm/n
sinm/n cosm/n )
So the master equation is
x(t + At t
( R
y(t + At/n) y()
cos T sin 7w t
+rnAt/n . /n in/n ) x( );
—sinw/n cosmw/n ) y(t)

the rotation matrix for the angle —m/n is taken to express
Di+(j—1y/n from piyj/,. Expanding the equation one obtains

x + (At/n)dx /ot = x —rn(At/n)x
+rn(At/n)x + rnr[(At/nz)y,
v+ (At/n)dy/dt =y — rn(At/n)y
+rn(At/n)y — rnm(At/n?)x,
ax/ot =rmy,
ay/ot = —rmx.

The equation is similar to the one-dimensional relativistic
Dirac equation for an electron in its rest frame. However, the
original system operates only with p; and p»; pi41/2 cannot
be observed. To alleviate this, the original cycle (1 — 2 — 1)
can be extended to the cycle | - 2 — 3 — 4 — 1, where
state 3 is identical to 1 and 4 to 2. The additive eigenvalue
and eigenvector are v =r/4, and W, =1, Wi, =1+ 1/4,
Wis=1+1/2,and W; 4 =1+ 3/4. In this system e; and e,
are associated with p; and p,, and the virtual operator is [the
rotation rate now is rn(w/2)/n = rm /2]

day/dt = rm/2a;,

day/dt = —rm/2ay,
(50)
as = —day,

as = —daj.

The eigenvalue p = iwr/2 corresponds to the additive eigen-
value of v = r/4, and the eigenfunction is ¥; = 1/2 = ¢°/2,
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Y =i/2=e7?/2, Y3 = —1/2,and Y4 = —i /2, which is in
correspondence with the additive eigenvector.

The dynamics described by the stochastic telegrapher’s
equations is the superposition of constant motion to the left
or to the right and change with rate r between the two motions
(directions). Hence the virtual operator for this equation is the
superposition of Egs. (49) and (50):

da, /ot + cda;/ox = rm/2a;,
day /ot — cday/dx = —rm/2ay,
as = —ai,
a4 = —daz,

which is equivalent to the one-dimensional Dirac equation, if
one denotes 77 /2 as mc?/h or mc?> = hr/4. The eigenvector
of the virtual operator

ay = /T + ck Jve2m ke,
a, = meih(kx—vu-lm)’
a3 = /1 + ck Jvei2m(ka—vi+2/4),
ay = meiZN(kx—u[+3/4)’

where v2 = (r/4)? + k2c2, is in agreement with the optimal
coordinate [Eq. (47)]. The factor of 4, compare to the solution
given by Eq. (47), is due to different normalization of the
optimal coordinates Wya; = Wi +1vs Wipo; = Wi + 2.

Note that two reversals of the direction, 1 — 2 — 3 (which
result in the original direction), lead to the change of sign
a; — a3 = —ay. It requires four reversals of the direction to
return to the original sign, analogous to the transformation of
a spinor under 27 or 47 rotation.

Thus, the change of direction during a random walk can be
transformed to the virtual continuous operator representing
rotation (in internal space). Every equilibrium stochastic
dynamics, by definition, contains movements in opposite di-
rections, meaning that virtual operators representing rotations
are ubiquitous.

The strategy of finding the virtual operator can be summa-
rized as follows. The correspondence holds if P(At) is such
that W; — W; ~ Oand v isreal. Ifitis not the case, then the con-
figuration space is expanded with intermediate states (denoted
by the fractional index i + k/n) on which virtual dynamics de-
scribed by a virtual operator A(At¢/n) is introduced, such that
Witk+1)/n — Witk — 0 with n — oo, while W; and v do
not change. For such an operator the correspondence between
the additive and multiplicative eigenvectors and eigenvalues
is exact. Hence, the correspondence is exact between the
additive eigenvectors and eigenvalues of the original P and
the conventional eigenvectors and eigenvalues of the virtual
operator A on the original configuration space (integer index).

A. Illustrative example 4: The telegrapher’s equation
in a slowly varying potential

Let the reversal rate now be a function of the position (r;),
corresponding to a random walk in a potential:

Roqvivip, s s s
(A =rian— [Waiiri1 — W — v At
2L

Ropy2,i-1 [

+ri At Waoiot = Wapni — "sAt] =0,

214-1,i
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Rypoic1p ;
(1= ri A ——=—[ W35, 1 = Wys; — V' At]
242,
A Ryi43,i41 W W sArl =0
+r; tR—[ 2A43,i+1 — Worg; —V t] =Y
242,
Ryy1i-1p. g 5 s
(I —ri A ——— W5, ; — Wosiio1 —v At]
241
Roricipo s s s
+rildt——[Ws,,,;, — W3,_, — V' At] =0,
241

Rora,it1ps 5 s
(1 - riAt)—21+2' [Watpai = Waiga,in — V' AI]
Ji

Roiy1,i41 [

+riAt Wiiia: = Wapprip — V' AL =0.

2142,i

Let Ryy1i = Riis Ruy2i = Rois Wiy — Wi, = k;Ax,
W5 =2+ Wy and Wy, =2+ Wy, ;. Assume that
r; changes slowly with i (fine discretization), meaning k; =~
kiv1 and Ry ;41/R1; = Ry i1/ Ra; = 1; then one arrives at

(we dropped the superscript s)

Ry
kic+r; Rl (Wari2i-1 — Wagr il —v =0,
1i
Ry s
—kic+ri——[Wayziy1 — Wagil —v =0,
Ry
Ry
kic+r; (Warp1,i — Wa il —v =0,
Ry;
Ryt
—kic+r; [(Wayo,i — Worgt,iy1]l —v =0,
Ry
Ry i1
kic+ri— —v=0,
i i Rl,i
Riin
—kic+r; RH —v =0,

2,0
r2 =2 — (ko).

Since k; changes slowly with i one can use the continuous
representation, where k (x) = d W(x)/dx and the last equation
becomes

r2(x) + oW (x)/ax)? —v? = 0.
Alternatively, for S = W(x) — vt
r2(x) + c2(38/9x)* — (35/3t)* = 0,

the (dimensionless) relativistic Hamilton-Jacobi equation with
mass that is a function of the coordinate.

In the derivation it was, again, assumed that Ax = cAt,
which can be considered as a property of the stochastic
model. If, however, one assumes that the stochastic model is
a microscopic model of (one-dimensional) general relativity,
then the speed of light is the universal constant only in local
inertial frames of reference. For small velocities, i.e., small
potential U; < r, where r; = r + U;, the relativistic effects
are negligible. In this case v = r + e, where e < r, and one
obtains for S = W(x) — et

2[9S(x)/0x1?/2r + U(x) + 8S5/9t =0,
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the classical (dimensionless) Hamilton-Jacobi equation. The
dimensionality can be restored by multiplying W and S by &
and replacing hv = E, hr = mc?, and kh = p.

B. Illustrative example 5: Random walk with rate r

Consider a random walk on a line, where a system jumps to
a nearby left or right state with rate r. The coordinate Wy, , ;
describes movement to the right or when the system stays in
the same state, and W5, Yy describes movement to the left or
when the system stays in the same state. In other words the
optimal coordinate changes together with the direction. The
equations for the relativistic coordinate are (the superscript s
is omitted)

R .
VAZM[WZhLI,Hrl — Wargr,i — vAt] + (1 = 2r At)
Ry
R i
X[V A+ At =2 Wy i = Wargri — vAL = 0,
21
Ra i1
rAt [Wz[ﬁ,;] — W21,i —VvAr]+ (1 —2rAt)
2.0
Ryy1,i41
X[—=vAt] +rAt————[Wa 1,41 — Wa i —vALI] =0,
20
Ropy1,i-1
rAt————[Way1i — Wagr,i-1 — vAL]+ (1 = 2rAt)
Ryq1,i
Royi1
x[—vAt] +rAt [(Wap1,i — Waio1 —vAL] =0,
21
R .
rAtM[szrz,i — Wapziv1 — vAL] + (1 = 2rAr)
Ryq2,i
R .
X[VAL + 1 At = [ Wy — Wapg a1 — VAL = 0.
242,
Analogously with the above, we assume Ry4;; = Ry,

Rojy2i = Ry, Wory1i = wy +ikAx + 20+ 1, and Wy ; =
wy + G+ DEkAx + 21 + 2:

rkAx +rRy/Ri[w, +1 —w;]—v =0,
—1rkAx +rRy/R;
rkAx +rRy/ R,
—1rkAx +rRi/Rylw, +1 —wi] —v =0.

[
[wi +1—-w]—v =0,
[wi+1—w]—v=0,

[

Solving, one finds (v/r)?> = 1 4+ (kAx)?, i.e., the relativistic
spectrum of a particle with mass 1, where r and Ax define
the temporal and spatial scales. Or, analogously to the above,

v2 = r2 4+ k2¢? if one denotes ¢ = r Ax. Thus, the obtained
results are not a peculiarity of the telegrapher’s model.

V. DISCUSSION

The problem of determining an optimal coordinate that
describes dynamics in general has been considered. It has
been shown that the problem is closely related to the problem
of reconstructing time from a trajectory and to the problem
of defining the eigenmodes for stochastic dynamics. They are
solved by introducing additive eigenvectors. The eigenvectors
are modified under the action of a stochastic matrix in a
simple way, WP = WL 4+ A, Such left and right additive
eigenvectors can be used to reconstruct time from ensembles

062131-15



SERGEI V. KRIVOV

of trajectories starting or ending, respectively, in a set of states.
A symmetric or relativistic coordinate can be introduced.
It allows one to reconstruct time for both ensembles of
trajectories, but only for relatively small time intervals. For
dynamics with detailed balance the additive eigenvectors are
multivalued functions. It was shown that it is possible to
establish a correspondence between an additive eigenvector
and an eigenvalue and a conventional eigenvector and an
eigenvalue of a virtual operator. The virtual operator, however,
describes different dynamics in an extended configuration
space. In particular, the virtual operator for a random walk on
the line corresponds to the one-dimensional Dirac equation.

The close relation between the equations describing
stochastic dynamics and that of quantum mechanics is well
known [17,18]. In particular, analytical continuation, e.g., t —
it,is a straightforward way to obtain the Schrodinger equation
from the diffusion equation or the one-dimensional Dirac equa-
tion from the telegrapher’s equation [18]. The presented results
differ in the following ways. First, no analytic continuation is
performed. Second, the resulting Dirac equation is a virtual
operator, i.e., it does not describe the actual dynamics, it is just
amathematical tool to match the eigenvectors and eigenvalues.
Third, the results are valid for generic one-dimensional random
walks; no specific stochastic process is selected. Interestingly,
the [/ coordinate that explicitly keeps track of the branches
of the multivalued functions (or rather its continuous analog)
seems analogous to the action coordinate in the five-optics of
Rumer [19]. In five-optics all physical quantities are periodic
along the action coordinate and the period equals the Planck
constant (or 1 in dimensionless units).

Equations with detailed balance have no additive eigen-
vectors with v # 0 in the space of single-valued functions.
In order to obtain solutions with v £ 0 we postulate that
additive eigenvectors are multivalued functions, i.e., we have
enlarged the configuration space of the solutions, in partic-
ular, by introducing an additional variable which explicitly
describes the branches of the multivalued function. The whole
construction may seem artificial at first. However, it could
be viewed as being analogous to the introduction of complex
numbers. Complex numbers have real and imaginary parts
and are necessary to describe all the solutions of a polynomial
equation just with real coefficients. As illustrated above, W;
and R; can be considered as the polar representation of a
complex number.

The purpose of an optimal coordinate being multivalued
and the difference from the conventional description can be
illustrated as follows. Consider a system that stochastically
transits between two states 1 and 2 (illustrative example 2).
Let an ensemble of such systems be initially in state 1. With
time some systems will transit to state 2 and then some of
them will return to state 1. State 1 now contains two sets of
systems: the systems which came back there from state 2 and
the systems which never left state 1. The future dynamics of
the two sets are described by the same set of equations and,
conventionally, one considers them identical and counts them
together. However, after such mixing, the information about
the past dynamics (which was different) is lost; one cannot
reconstruct dynamics back in time. The multivaluedness (of
an optimal coordinate) is used to distinguish the two sets.
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The systems which came back from state 2 now belong to a
different branch and thus the two sets can be distinguished.

The branches of the optimal coordinate can be straightfor-
wardly computed from the system trajectory if it is known
with sufficiently fine temporal resolution. That is how it was
done in the numerical examples and how it can be done in
a real-life experiment. If an experimental system does not
allow the observation of a trajectory with sufficient temporal
resolution, then, in principle, one may attempt to infer the
branches from auxiliary variables. For example, the dynamics
of a molecular motor or an enzyme might be described
by an optimal coordinate with ring topology. The auxiliary
variables for such systems could be the position of the motor
along a track or the number of ATP, substrate, or product
molecules.

The transition to the next branch of an optimal coordinate
when a system returns to a state visited before can be compared
to the phenomenon of the geometric phase, i.e., the increment
of the phase acquired when a quantum mechanical [20]
or stochastic system [21-23] is undergoing adiabatic cyclic
evolution in parameter space. In the case of stochastic systems
one considers the dynamics to be described by the master
equation with detailed balance. The equilibrium net flux
between any two states is therefore zero. If the parameters
(rates) of the master equation are changing in a periodic
manner (while detailed balance is still satisfied at any time
moment) a system may exhibit a nonzero net flux. If the
change is adiabatic (slow), then the net flux does not depend
on the speed with which the parameters are changed and is
determined only by the trajectory in parameter space. While
the analogy is clear, there are the following differences. In
order to have a nonzero additive eigenvalue we postulate that
the phase increment may happen whenever the system returns
to a previously visited state. The parameters are kept constant.
An optimal coordinate is a multivalued function per se, not due
to a periodic evolution of parameters. The geometric phase and
the net flux are completely determined by the trajectory in the
parameter space. The equations for the optimal coordinate are
more flexible; they just specify that the optimal coordinate is
a multivalued function, without specifying the exact details;
any solution with nonzero v can be used.

The solutions presented in the illustrative examples rep-
resent a subset of all possible solutions for very simple
systems. For example, the equation for the optimal coordinate
for a random walk on a line allows other solutions, e.g.,
solutions with longer periodicity Wiy, ; = W;; for m > 2,
which were not considered. To fully appreciate the properties
of the derived equations, it is necessary to completely
develop a mathematical formalism similar to the conventional
eigenvector decomposition, which would allow one to obtain
all the solutions of the equations and to answer general
questions as to the completeness and properties of the basis
of additive eigenvectors and the definition of orthogonality or
of a scalar product. The correspondence between the additive
and multiplicative eigenvectors could be useful as a guiding
principle. Two other generic questions for the method are
obvious. What are the microscopic models for other relativistic
equations of physics and which virtual operators correspond
to various stochastic master equations?
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It seems that while the solutions using relativistic or
symmetric optimal coordinates are closer to the conventional
physical picture, the solutions using left and right eigenvectors
are more flexible. Consider for example a random walk in many
dimensions. To describe it one can partition the configuration
space and compute a transition matrix. One can expect that
while at very short time intervals the description by the
transition matrix may deviate from the actual dynamics, it
will closely approximate it at longer time intervals, when the
fine-grained structure of the partitioning can be neglected.
The partitioning can be done in many ways, provided that it
is sufficiently fine grained. Thus if one can use sufficiently
long time intervals the description of the dynamics should
be independent of the chosen partition. In particular, if a
system performs a random walk along the edges of a cubic
lattice, one should be able to accurately describe the dynamics
by using any other lattice, i.e., at longer time intervals the
space becomes isotropic. The description with the relativistic
coordinates, however, is exact only in the limit of At — 0,
when the original anisotropy of space partitioning is evident.

The fact that we were able to derive model relativistic
equations can be explained as follows. The description of
dynamics using Markov state models with master equations
is manifestly invariant with respect to the choice of spatial
coordinates, since the states are defined only by an index. The
method described here allows one to reconstruct time, meaning
now the temporal coordinate can also be represented just by an
index and the description becomes invariant with respect to the
choice of spatial-temporal coordinates. Such a description can
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be used to describe the dynamics of an arbitrary system using
an arbitrary moving frame of reference in an invariant way.
By observing a system’s trajectory, one can reconstruct time.
Having the trajectory as a function of time, one can reconstruct
the transition probability (or rate) matrix and thus obtain a
complete description of the system dynamics. Alternatively,
the dynamics can be described by an optimal coordinate, which
can be determined directly from the averaged matrix [Eq. (12)
or (14)]. To predict a future state of the system as a function of
time, one can use an auxiliary system as a clock. Note that the
equivalent description which uses two coordinates — the left
and right additive eigenvectors — does not exhibit any explicit
relativistic effects; in particular, v is independent of % .

Since the method is capable of reconstructing time intervals
from a trajectory without time stamps, it can be applied to
“reconstruct time” from inherently timeless objects.

In conclusion, we have suggested a general method for the
description of stochastic dynamics. The dynamics is described
by using optimal coordinates or additive eigenvectors. While
the mathematical formalism is not yet developed to completely
characterize the solution space, we believe that we have
demonstrated the self-consistency of the method and its
potential.
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