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We derive a Feynman-Kac formula for functionals of a stochastic hybrid system evolving according to a
piecewise deterministic Markov process. We first derive a stochastic Liouville equation for the moment generator
of the stochastic functional, given a particular realization of the underlying discrete Markov process; the latter
generates transitions between different dynamical equations for the continuous process. We then analyze the
stochastic Liouville equation using methods recently developed for diffusion processes in randomly switching
environments. In particular, we obtain dynamical equations for the moment generating function, averaged with
respect to realizations of the discrete Markov process. The resulting Feynman-Kac formula takes the form
of a differential Chapman-Kolmogorov equation. We illustrate the theory by calculating the occupation time
for a one-dimensional velocity jump process on the infinite or semi-infinite real line. Finally, we present an
alternative derivation of the Feynman-Kac formula based on a recent path-integral formulation of stochastic hybrid

systems.
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I. INTRODUCTION

An increasing number of problems in biological physics
involve the coupling between a piecewise deterministic dy-
namical system in R¢ and a time-homogeneous Markov chain
on some discrete space I' [1], resulting in a type of stochastic
hybrid system known as a piecewise deterministic Markov
process (PDMP) [2,3]. Probably the simplest example of
a PDMP is a velocity jump process where the “velocity”
of some continuous process randomly switches between
different values. This could be the position of a molecular
motor on a filament track [4], the length of a microtubule
undergoing catastrophes [5], or a bacterium displaying run
and tumble [6]. Another example at the single-cell level
concerns membrane voltage fluctuations in a neuron due to
the stochastic opening and closing of ion channels [7-16].
The discrete states of the ion channels evolve according to a
continuous-time Markov process with voltage-dependent tran-
sition rates, whereas the membrane voltage evolves according
to a piecewise deterministic equation that depends on the
current state of the ion channels. In the limit that the number
of ion channels goes to infinity, an application of the law
of large numbers recovers classical Hodgkin-Huxley-type
equations. On the other hand, channel fluctuations in the finite
case can lead to noise-induced neuronal spiking. Another
important example is a gene regulatory network, where the
continuous variable is the concentration of a protein product
and the discrete variable represents the activation state of
the gene [17-21]. Yet another example arises in a stochastic
formulation of synaptically coupled neural networks that has a
mathematical structure analogous to stochastic gene networks
[22].

In many of the above examples, one finds that the transition
rates between the discrete states n € I' are much faster than
the relaxation rates of the piecewise deterministic dynamics
for x € R<. In other words, there is a separation of time scales
between the discrete and continuous processes, so if ¢ /€ is the
characteristic time scale of the Markov chain, then ¢ is the
characteristic time scale of the relaxation dynamics for some
small positive parameter €. In the limit € — 0, one obtains
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a deterministic dynamical system in which one averages the
piecewise dynamics with respect to the corresponding unique
stationary measure of the Markov chain (assuming it exists).
An important problem is then characterizing how the under-
lying stochastic process approaches this deterministic limit in
the case of weak noise, 0 < € < 1. A rigorous mathematical
approach to addressing this particular issue has recently been
developed for stochastic hybrid systems using large deviation
theory [23-25]. Such a theory provides a variational or action
principle that can be used to solve first-passage time problems
associated with the escape from a fixed-point attractor of
the underlying deterministic system in the weak noise limit.
This involves finding the most probable paths of escape,
which minimize some action with respect to the set of all
trajectories emanating from the fixed point. In addition, a
variety of complementary techniques in applied mathematics
and mathematical physics have been used to solve first-
passage time problems in biological applications of stochastic
hybrid systems. These include WKB approximations and
matched asymptotics [10,14,15,18-21] and path integrals
[26,27].

In this paper, we address a different aspect of stochastic
hybrid systems, namely how to derive a ‘“Feynman-Kac”
formula for functionals of a continuous variable x(¢) € R
evolving according to a piecewise deterministic dynamics.
The original Feynman-Kac formula was derived for Brownian
functionals [28]. Suppose that X(f) € R represents pure
Brownian motion. A Brownian functional over a fixed time

interval [0,¢] is formally defined as a random variable 7 given
by

T=/ UlX(v)ldx, (1.1)
0

where U(x) is some prescribed function or distribution such
that T has positive support. Two common examples are as
follows [29,30]: (i) U(X) = 8(x — a) for the local time density
at x = a, which characterizes the amount of time that a
Brownian particle spends in the neighborhood of a point in
space, and (ii) U(x) = ®(x) for the occupation or residence
time in R™. Since X(¢), t > 0, is a Wiener process, it follows
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that each realization of a Brownian path will typically yield a
different value of T, which means that T will be distributed
according to some probability density P(T,t|xo,0) for X(0) =
xo. The statistical properties of a Brownian functional can
be analyzed using path integrals and lead to the following
Feynman-Kac formula [28]: Let Q(s,z|x,0) be the moment
generating function (or Laplace transform of) P(T,t|x¢,0),

oo
OC(s,t|xg,10) = / e T P(T,t|x0,0)dT. (1.2)
0
Then Q satisfies the modified backward Fokker-Planck equa-
tion (FPE)

2
2 _ T8 v,

= 1.3
dty 2 3)63 (1.3)

which is supplemented by the “final” condition Q(s,?|x,t) =
1. For a general review of Brownian functionals and their
applications, see Ref. [31].

The goal of this paper is to derive the analog of Eq. (1.3)
for the functional T of Eq. (1.1), with X(¢) the continuous
component of a stochastic hybrid system rather than Brownian
motion. In Sec. II we define a stochastic hybrid system and
introduce our notation. In Sec. Il we carry out the detailed
derivation of the Feynman-Kac formula for a stochastic
hybrid system. We first consider a particular realization o
of the discrete Markov process n(¢) and derive a stochastic
Liouville equation for the moment generator Q. An analogous
result was obtained in a recent study of stochastically gated
Brownian functionals [32]. Following along similar lines
to this previous study, we analyze the stochastic Liouville
equation using methods recently developed for diffusion
processes in randomly switching environments [33]. We thus
obtain a Feynman-Kac formula in the form of a differential
Chapman-Kolmogorov (CK) equation. We illustrate the theory
in Sec. IV by considering the occupation time for a velocity
jump process. Finally, in Sec. V we relate the analysis to our
recent path-integral construction of stochastic hybrid systems
[26,27].

II. ONE-DIMENSIONAL STOCHASTIC
HYBRID SYSTEM

We begin by defining a stochastic hybrid system and, in
particular, a PDMP [2,23,25]. For the sake of illustration,
consider a system whose states are described by a pair
(x,n) € £ x{0,...,Nyg — 1}, where x is a continuous variable
in ¥ C R and n a discrete stochastic variable taking values in
the finite set I = {0, ..., Ny — 1}. (Note that one could easily
extend the analysis to higher-dimensions, x € R¢. However,
for notational simplicity, we restrict ourselves to the case
d = 1. Itis also possible to have a set of discrete variables, but
one can always relabel the internal states so they are effectively
indexed by a single integer.) When the internal state is n, the
system evolves according to the ordinary differential equation
(ODE)

X = F,(x), 2.1

where F,, : R — R is a continuous function. For fixed x, the
discrete stochastic variable evolves according to a homoge-
neous, continuous-time Markov chain with generator A(x).

PHYSICAL REVIEW E 95, 012138 (2017)

We make the further assumption that the chain is irreducible
for all x € X, that is, for fixed x there is a nonzero probability
of transitioning, possibly in more than one step, from any
state to any other state of the Markov chain. This implies the
existence of a unique invariant probability distribution p(x) on
I" for fixed x € ¥, with components p,,(x), such that

> Aun(X)pm(x) =0, VneT.

mel’

(22)

The above stochastic model defines a one-dimensional (1D)
PDMP. It is also possible to consider generalizations of the
continuous process, in which the ODE (2.1) is replaced by
a stochastic differential equation (SDE) or even a partial
differential equation (PDE). In order to allow for such
possibilities, we will refer to all of these processes as examples
of a stochastic hybrid system.

The generator A is related to the transition matrix W of the
discrete Markov process according to

Anm = Waum — Sum Z Win.
k

Suppose that we decompose W by writing
Wom(x) = Py (X) @ (X),

with >, Am P, (x) =1 for all x. That is, for a given x, the
jumps times from state m are exponentially distributed with
rate w,,(x) and P, (x) is the probability distribution that when
it jumps the new state is n for n # m. The hybrid evolution of
the system with respect to x(¢) and n(¢) can then be described
as follows. Suppose the system starts at time zero in the state
(x0, ng). Call xo(¢) the solution of (2.1) with n = ng such that
x0(0) = x¢. Let 0; be the random variable such that

P <t)=1—exp {—/ wno[xg(t’)]dt’}.
0

The exponential is the probability that no jump occurs in the
interval [0,7] so P[6; < ¢] gives the probability that the jump
does occur before time f. Then in the random time interval
s € [0, 8y) the state of the system is (xo(s),n0). We draw a
value of 6, from P(6, < t), choose an internal state n; € I
with probability P, ,,[xo(61)], and call x;(¢) the solution of
the following Cauchy problem on [6;,00):

x1(t) = F, [x1(0)],
x1(01) = x0(61).

Iterating this procedure, we construct a sequence of increasing
jumping times (6;)k>0 (setting 6y = 0) and a corresponding
sequence of internal states (7 )r>o. The evolution (x(¢), n(t))
is then defined as

(x(@®),n(1)) = (xx(1),n1)

Given the above iterative definition of a PDMP, let X(¢)
and N(t) denote the stochastic continuous and discrete
variables, respectively, at time ¢, f > 0, given the initial
conditions X(0) = x¢,N(0) = ny. Introduce the probability
density p,(x,t|x0,n0,0) with

t >0

ifo, <t < Ok+1- 2.3)

P{X(t) € (x,x +dx), N(t) = n|xo,no} = pn(x,t|x0,70,0)dx.
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It follows that p evolves according to the forward differential
Chapman-Kolmogorov (CK) equation [1,34]

opn
ot

with the operator I (dropping the explicit dependence on
initial conditions) defined according to

= Lpa, 24

X)pn(x,0)

JdF,
]Lpn(x’t) = - ( 9x + Z Anm(x)pm(x’t)~ (25)

mel

The first term on the right-hand side represents the probability
flow associated with the piecewise deterministic dynamics for
a given n, whereas the second term represents jumps in the
discrete state n. Now define the averaged function F : R — R
by

F) =) o) Fa().

nel’

Intuitively speaking, one would expect the stochastic hybrid
system (2.1) to reduce to the deterministic dynamical system

X(t) = Flx(1)]

x(0) = xq (2.6)

in the fast switching limit w, — oo. For the Markov chain then
undergoes many jumps over a small time interval A during
which Ax =& 0, and thus the relative frequency of each discrete
state n is approximately p,(x). This can be made precise in
terms of a law of large numbers for stochastic hybrid systems
proven in Refs. [24,25].

In the following we will take either ¥ = R or ¥ = Rt =
[0,00). In the latter case we will impose the no-flux boundary
condition J(0,7) = 0 with

No—1

J(x.t)= Y F,()pa(x.t), x€X.
n=0

@.7)

Note, however, that from a PDE perspective, the CK equation
is an Nyth-order quasilinear equation on X. In general, well-
posed boundary conditions for a quasilinear PDE have to be
determined using the theory of characteristics. In particular,
for certain choices of the functions F,(x) it is necessary
to supplement the no-flux boundary condition at x = 0 by
auxiliary boundary conditions. For example, suppose that the
functions F,(x) do not change sign within the interval X. In
particular, there exists an integer m, 1 < m < Ny — 1, such
that for all 0 < x we have F,,(x) <Ofor0 <n <m — 1 and
F,(x) > 0 for m <n < Ny — 1. Assume that F,(0) = 0 for
O0<n<m—1and F,(L)=0 form <n < Ny — 1. In that
case, the no-flux boundary condition can only be satisfied if
pn(0,1) = O0forallm < n < Ny — 1. This issue does not arise
for the velocity jump process considered in Sec. IV.

III. DERIVATION OF FEYNMAN-KAC FORMULA

Let o(t,t9) = {n(t) € ', tp < t < t|n(ty) = np} denote a
particular realization of the discrete Markov process in the
interval [fo,t]. For a given realization o, Eq. (2.1) reduces
to a deterministic, nonautonomous ODE. Suppose that the
initial state of the continuous variable, x(¢p) = y, is randomly
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generated from a density po(y). Let

P(x.1) = / Plx(t) = x|x(10) = ylpo(y)dy
T

denote the probability density of the state at time ¢ for fixed
o . The probability density evolves according to the stochastic
Liouville equation

iP(x,t) = [—iFn(t)(x)} P(x,t), 3.1)
0x

at

with P(x,fy) = po(x). Note that the density P(x,t)is arandom
field with respect to realizations of o . [For notational simplicity
we drop the explicit dependence on o from P(x,?).] One could
numerically estimate P(x,t) for a given o by running multiple
trials with initial conditions generated by py—the important
point being that each trial has the same fixed realization o. The
corresponding solution p,(x,?) of the CK equation (2.4) would
then be recovered by setting po(x) = §(x — x¢) and averaging
over different realizations of the discrete process, that is,

Pu(x,t) = ]EU[P(xat)ln(t)zn]a

where the subscript o denotes expectation with respect to .

Following our recent analysis of stochastically gated Brow-
nian functionals [32], let X, () denote a sample trajectory of
the continuous process for a given realization o and introduce
the analog of the Brownian functional (1.1),

(3.2)

T(t,t0) =/ UlX,())dt'.

t

(3.3)

(For ease of notation, we suppress the explicit dependence of
T on ¢.) The process X, (¢) is not time homogeneous so the
lower limit cannot always be set to zero. Let P(7 ,t,ty) be the
corresponding probability density for 7. Since 7 > 0, we can
introduce the analog of the moment generating function (1.2):
oo
O(s,t,19) = / e T P(T 1,10)dT . (3.4)
0

We will proceed by first deriving a Feynman-Kac formula for
Q and fixed o, which takes the form of a stochastic Liouville
equation. We will then obtain the corresponding Feynman-
Kac formula averaged with respect to different realizations o,
which takes the form of a differential CK equation.

A. Stochastic Liouville equation for fixed o

The first step is to introduce a path-integral representation
of the sample paths X, (¢), that is, the solution trajectories of
the Liouville equation (3.1) generated by the distribution of
initial conditions pg. First, discretize time by dividing the
given interval [fy,7] into N equal subintervals of size At
such that  — 1) = NAr and set x; = X,(jAt),n; = n(jAt)
for j =0,...,N. The probability density for x¢,xy, ...,xy,
given a particular realization of the stochastic discrete variables
nj,j=0,...,N —1,is

P(r(xo,xl,n-axN)E/ P(xo,x1,...,xy5|n0,...,nN_1)
z

N-1
= po(xo) l_[ 8[xj+1 —Xj— F,,/.(xj)At].

Jj=1
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We define corresponding discretized versions of the functional
T and moment generating functional Q according to 7 =
> Vo U(X))At, and

[ee) N
Q(s,t,t):/ e*sT/ S| T =) UX)At
0 0 TN+ ]g(:) J

N
X Py(x0,X1,...,XN) l_[dx_,- dT

j=0
N
=/ exp | —s Y U(X;)At
SN+I =0
N
XP(,(XQ,)C],...,)CN) l_[de 5 (35)
i=0

where ©V¥*+! denotes the N + 1-dimensional product space
¥ x ¥ x...x ¥ C RN Now taking the continuum limit
At — 0,N — oo such that NAt =1t — 1y yields the for-
mal path-integral representation of the moment generating
function Q:

x(t)=x t
Q(Satvt()) = / |:/ exp (—S / U[.X(T)]df)
= x(to)=xo fy

x Py [x]D[x]} po(xo)dxo dx, (3.6)

where

x(t)=x
/ Pylx]Dlx]

(t)=xo

N-1
= lim P, (x0,x1,...,% dx;.
At%O,Naoo/ZN G( 0> N) l_[l /
=
The next step is to introduce the propagator G according to

0Gs.1.10) = / GGl ptodxds,  (37)
x

with

G(s,x,t]x0,%0)

x(t)=x t
|:/ exp (—s/ U[x(r)]dr)Pg[x]D[x]:|
x(to)=xo Iy
t x(t)=x
= <exp <—sf U[x(t)]dt>> )
to x(to)=x¢

where (- - - ) denotes averaging over realizations of X, (¢). Note
that G satisfies the initial condition G (x,#y|x,%) = §(x — Xo).
We can now proceed along analogous lines to the derivation
of the Feynman-Kac formula for Brownian motion. That is,

(3.8)

G(s,x,t + Atl|xg,to)

1At x(t+At)=x
= <exp <—s/ U[x(r)]dt>>

x(to)=xo
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4 x(1)=x—Ax
A <exp <—s/ U[.X(T)]d‘[)> e SUMAL
to

x(to)=xo

_ e_SU(X)AtG(ng — Ax,t|xo,t).

We have split the time interval [fo,f + Af] into two parts
[to,t] and [f,f + At] and introduced the intermediate state
x(t) =x — Ax with Ax determined by Ax = Fyu)(x —
Ax)At. Expressing Ax in terms of At and Taylor expanding
with respect to At yields the following PDE in the limit
At — 0:

G A Fy(x)G

=-——7——sUX)G.

3.9
ot 0x (3.9

In contrast to the standard Feynman-Kac formula (1.3) for
Brownian motion, Eq. (3.9) is in the form of a stochastic
PDE (SPDE) due to the dependence of F on the discrete state
n(t). More precisely, Eq. (3.9) is a piecewise deterministic
PDE.

Having solved for G, the moment generating function
is obtained from Eq. (3.7). From the definition of Q, see
Eq. (3.4), we can then determine the kth moment of the func-
tional (3.3) averaged with respect to the continuous process
X, (1):

<Tk>E/ TP(T ,t,t — 0)dT
0

PN _
= (="~ Q.11 = 1) (3.10)

s=0

(In the case of a PDMP, stochasticity for fixed o arises from the

random distribution of initial conditions.) However, in order to

determine statistics of the doubly stochastic process, we also

need to take expectations with respect to realizations o of the
gate:

dk
(TH)) = B (T = (=1 —ZEo[QGs.tt = D),
s=0

3.11)

assuming we can reverse the order of expectation and
differentiation. Hence, calculating the moments of 7 with
respect to the doubly stochastic process requires determin-
ing E,[Q]. The latter is the generator of moments of 7
averaged with respect to realizations of the discrete Markov
process.

For calculational purposes, it will be simpler to fix the initial
state X(0) = xo by taking po(y) = 8(y — x9) and working
directly with the corresponding SPDE for Q = Q(s,t|x¢,%).
Setting ty) = t — 7, itis straightforward to show that Q satisfies
the “backward” SPDE

Y

= (3.12)

ad
= Fn(tfl—)()C())a—g) —sU(x0)0,

which is supplemented by the “final” condition Q(s,?|xg,t) =
1. That is, from properties of the propagator G we can
write

Q(s,tlxo,to):/dx/dx’G(s,x,t|x’,t’)G(x’,t/|x0,t0).
® b
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Differentiating both sides with respect to the intermediate time
t" and using the forward equation for G yields

0= / dx/dx’[alzG(s,x,t|x/,t’)G(x’,t’|xo,tQ)
) T

+ G(s,x,t|x",1)9, G(x',t'|x0,10)]

= / dx/dx/[aﬂG(s,x,t|x/,t/)G(x/,t’|xo,to)
) s

+ G(s,x,tx" 1 )=y Fuy (X)) — sUGNIG 't [x0, 1)

Integrating by parts with respect to x’, reversing the order of
integration, and using the relationship between Q and G shows
that

/ X' G 100 0) 3y + Fan (&) — sUG)] Q.1 1.
>

Finally, setting ' =ty =t —t and using G(x',t'|xo,t’) =
3(x" — xo) yields the backward equation for Q.

The next step is to average over different realizations o. As
in our study of stochastically gated Brownian functionals [32],
we will proceed by adapting our recent work on stochastic
diffusion equations in randomly switching environments [33].
Since Q is a random field with respect to realizations of
the discrete Markov process n(t), there exists a probability
density functional o that determines the distribution of
the densities g(xo,7) = Q(s,t|xo,t — 7) for fixed s,t. The
expectation E,[Q] then corresponds to the first moment
of this density functional. (This is distinct from the first
moment of 7 generated by Q.) Rather than dealing with the
probability density functional directly, we spatially discretize
the piecewise deterministic backward FPE (3.12) using a
finite-difference scheme and use this to derive corresponding
differential equations for E,[Q]. More precisely, we will
derive equations for E,[Q] conditioned on the initial state
n(ty) = n.

B. Dynamical equations for [E,[ Q]

Introduce the lattice spacing £ and set x; = j¢,{ € Z. Let
0,(r) = Q(s.11jt.t — 1), U; = U(j0), and F;, = F(j.n),
Jj € Z. (For the moment, we take ¥ = R. If X is a proper
subset of R, then j will be restricted to some subset of the
integers. Also note that here we are discretizing the continuous
variable x rather than time.) Equation (3.12) then reduces to
the piecewise deterministic ODE (for fixed s,?)

dQ; .
d_Qt = Fin Z KijQ; —sU;Q;, ifnt—1)=n (3.13)
JjEZ
with
1
Kij = J18ij-1 =81 (3.14)

Let Q(r) ={Q(z), j € Z} and introduce the probability
density

Prob{Q(7) € (Q,Q +dQ),n(t — 1) = n} = 0,(Q,7)dQ,
(3.15)

where we have dropped the explicit dependence on initial
conditions. The resulting CK equation for the discretized
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piecewise deterministic PDE is [1,34]

90n 3
Py :_Za_Qi Fin ZKiij 2n(Q.7)
ieZ JjezZ
+ Y AL0m(Q.1). (3.16)
mel

Since the Liouville term in the CK equation is linear in Q,
we can derive a closed set of equations for the first-order (and
higher-order) moments of the density o,.

Let

Qin(s,7) = E[Qk(s, D) r—r)=n] = /Qn(QJ)deQ,
(3.17)

where

[ F@ie=|T][ a0, |r@
J

for any F. Multiplying both sides of Eq. (3.16) by Q; and
integrating with respect to Q gives [after integrating by parts
the right-hand side and assuming that 0,(Q,7)—0 as Q— o0]

dQ j,n
d;’ =Fjn Z KjQin—sU;Qj,+ Z Ay Qi
leZ mel
(3.18)
If we now retake the continuum limit £ — 0 and set
Qn(X;Svt) :]EU[Q(S’”-XJ - f)ln(tfr):n] (319)

for fixed ¢, then we obtain the system of equations

8 n a n
Q = Fn(x) Q
ot dx

—sUMQn+ Y Apy(x)Q. (3.20)

mel’

We have dropped the subscript on the initial position xy. Also
note that taking expectation with respect to realizations o
eliminates the dependence on the final time . Equation (3.20)
is the desired Feynman-Kac formula. In the above derivation,
we have assumed that integrating with respect to Q and taking
the continuum limit commute. (One can also avoid the issue
that Q is an infinite-dimensional vector by carrying out the
discretization over the finite domain [—L,L] and taking the
limit L — oo once the moment equations have been derived.)
Finally, applying the final condition Q(s,t|x,t) = 1 implies
that Q,,(x;s,0) = 1.

IV. OCCUPATION TIME OF A TWO-STATE VELOCITY
JUMP PROCESS

As an illustration of the above analysis, consider the
velocity jump process

B ey = [vs + v-In0)
— = =[v v_]n(t) —v_,
dt -

The term £(¢) is often referred to in the physics literature

as dichotomous noise [35]. The discrete state n(t) evolves

n@t) € {0,1}. (4.1)
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according to a two-state Markov chain with matrix generator

_(~B «
A= ( . _a).
If P,,,(t) = P[N(t) = n|N(0) = no], then the master equation

for n(t) takes the form

dP,
% = Z AnumnU'
m=0,1

4.2)

Using the fact that Py, () + Pi,,(t) = 1, we can solve this
pair of equations to give

Pons(t) = So e 4 k(1 — &%), 1= ——
a+p
We deduce that 7. is the relaxation time of the Markov chain
with P,,,,(t) — p in the limit t — oo and
o B
- a+p’ pr= a+ B
Suppose that the dichotomous noise term £(¢) is unbiased

so in the stationary state (£(¢)) = 0. One then finds that the
stationary autocorrelation function is

00 4.3)

’ D —|t—t'|/7,
(EMEE) = —e le=tl/ze, (4.4

with noise amplitude D = aBt>(v4 + v_)>. This shows that
dichotomous noise is a form of colored noise.

In terms of the piecewise deterministic ODE (2.1), we
have Fi(x) = vy and Fy(x) = —v_. The corresponding CK
equation (2.4) reduces to

apo apo

—_— = v_— — , 4.5
57 = U ox +ap1 — Bpo (4.5a)
d 0

P o Py Bpy —apy. (4.5b)
ot ax

Similarly, the backwards CK equation (3.12) for Q,, reduces
to the pair of equations

9 9
9 _ 3D )00 — By + BO1, (460)
ot ox

39 _ 99 )0 + @0y — a0y, (46b)
at dx

Laplace transforming these equation with respect to t by
setting

@n(X;S,Z) = / e_”Q,,(x,s,t)d‘r
0

00 oo
— / / efzrfs'f
0 0

X Eo[P(T . t|x.t = T)lyg_ry—nldT dt, (4.7)

50 ~ ~ ~
1= —v,% —sU®) Ty — (2 + B30 + BO,, (4.82)

90 ~ ~ ~
1= v+% CsUWD, + a8 — ¢+ a3y, (4.8b)
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A. Infinite line

Suppose that x(¢) € R and consider the occupation time
T defined by Eq. (3.3) with U(x) = O(x). For the given
choice of U(x), we have to solve Eqs. (4.8) separately in
the two regions x > 0 and x < 0 and then impose continuity
of the solutions at the interface x = 0. In order to determine
the far-field boundary conditions for x — 00, we note that
if the system starts at x = %00, then it will never cross the
origin a finite time t in the future, that is,

P(T tloo,t — 1) =6t —T), P(T,t|]—oo,t—1)=2517).
Substituting this into the definition of O, shows that

~ 1 ~ 1
Qn(00;5,2) = ——, Qu(—00;5,2) = —. 4.9)
Z+s z
Therefore, setting
~ 1
O0,(x;8,2) =u,) (x;8,2) + ——, x>0,
Z+s
~ 1
0,(x;8,2) =u, (x;8,2)+-, x <0,
z
we have
dug + +
0=—U—W—(Z+S+,3)MO + Bui, (4.10a)
a”T + +
0=v+g +auy —(z+s+ou, (4.10b)
and
dugy _ _
Oz—v_g—(zjtﬂ)uo + Buy, (4.10c)
duy _ _
O=vy—+4au, —(z+ou, (4.10d)

0x

with corresponding boundary conditions u:f(00;s,z) = 0.
Equations (4.10) can be rewritten in the matrix forms

o (uf ut
— (L) +MGz+s)[ 9) =0, xe(,00 (4.11)
ox \U; uy
and
() s me("0) =0, xe(-00.0, @12
ox \uy uT ’ T ’
with
Z+B _ B
M(z) = ("i ZL) (4.13)
The matrix M(z) has eigenvalues
2
AL(z) = _Fi\/rz_,_w, (4.14)
V_V4
where
r— (z+o)v_ —(z+ ,3)v+. @.15)
2v_vg
The corresponding eigenvectors are
N Z:—a +A+(2)
w @@= " |, . (4.16)
vy
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+

In order that the solutions u;,

they have to take the form

vanish in the limits x — $o00,

w(x;5,2) = Aw, (z 4 8)e Ty €(0,00), (4.17a)

u, (x;5,2) = Bw, (2)e 9, x € (—00,0). (4.17b)

We thus have two unknown coefficients A,B, which are
determined by imposing continuity of the solutions QF,
n = 0,1, at x = 0. This yields the two conditions (n = 0,1)

1 1
Awl(z+$)+—— = Buwy(2)+~, (4.18)
Z+s z

1 1
Awf(z+s)+ —— =Bw; (@) +-. (4.18b)
Z+s Z

Adding and subtracting these equations gives

AD,(z+5) = BD_(z)

2 2
AS{(z+s)=BS_(2)+ - — ,
Z Z+s

where

S:(z) = wy(z) + wi(z), Dx(z) = wi(z) — wi(2).

Hence
- S_ @Dz 49772 2
A= S+(Z+S)_%:| |:Z_Z+sj|’
(4.19a)
) —1
B — Stz +95)D-(2) _ S(Z)] [E — Lj| (4.19b)
D+(Z +S) z ZFs

In general it is not possible to derive an exact analyti-
cal expression for the double-inverse Laplace transform of
O(xo; 5,z). However, we can determine the behavior of the
averaged probability density E, [ P(7 ,t|x, — 7)] in the large-
time limits 7,7 — oo; this corresponds to taking the limits
s,z — 0 in Laplace space. [Note that a natural time scale is
7. = 1 /a (fora < B) so the large-time regime is characterized
by T > 7..] For example, suppose that the mean-field version
of Eq. (4.1),

X
Tl (v4 +v_)p1 — V- = pivg — pov—,

represents unbiased motion. That is, fvy —av_ =0. In
particular, take vy = v_ = vando = Bsol' =0and A, (z) =

+A(z) with
(722 + 20z

In the asymptotic limit s,z — 0 we then find that A(z) —
V2az/v, S+(2) — 2a/v,and D1(z) — £A(z). Therefore, the
leading-order approximation of the coefficients is

R
a(WVzts+VD)lz z+s]

(4.20)
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The corresponding asymptotic solution for 0,(0; 5,z) becomes

0,(0;5,2) ~ /2 ! e 1
e Wits+VDz WWzits+JDz+s
1
=\ 421
V2(z +s) @20

Finally, inverting the double Laplace transform with respect to
s and then z gives

Eo[P(T . tlx,t —1)] ~ 0«7 <r,

1
aJTx =T)
(4.22)

which is independent of x,¢. This is identical to the well-known
“arcsine” law [29] for the probability density of the occupation
time for pure Brownian motion starting at the origin (see also
Sec. VO).

The asymptotic connection to Brownian motion is not
surprising, given the relationship of the two-state velocity
jump process to the telegrapher’s equation. Setting vy = v
and o = B8 and adding Egs. (4.5a) and (4.5b) shows that
the marginal probability density p(x,t) = po(x,t) + pi(x.t)
satisfies the telegrapher’s equation [36,37]

92 3 92
[— + 20— — vz—:|p(x,t) =0. (4.23)

ar? ot dx?
(The individual densities pg ; satisfy the same equation.)
One finds that the short-time behavior (for ¢t < 1. = 1/2w) is
characterized by wavelike propagation with (x(1))> ~ (vt)?,
whereas the long-time behavior (¢ > t.) is diffusive with
(x2(t)) ~2Dt, D = v?/2a. For certain initial conditions, one
can solve the telegrapher’s equation explicitly. In particular, if
p(x,0) = §(x) and 9, p(x,0) = 0, then

—aot

2

+ a;;at |:Io(a\/t2 — x2/v?)
+ ;Io(a\/tz — x2/v2)i|

12— x2/u?

x [O(x +vt) — O(x — v1)],

e

p(x,t) = [6(x —vt) + 6(x + vi)]

where I, is the modified Bessel function of nth order and ®
is the Heaviside function. The first two terms represent the
ballistic propagation of the initial data along characteristics
x = *£vt, whereas the Bessel function terms asymptotically
approach Gaussians in the large time limit. In particular,
p(x,t) — 0 pointwise when ¢ — 0.

Using similar arguments, we can also determine what
happens in the case of a biased velocity jump process for
x(0)=0. If Bvy > av_, then we expect the system to be
located in R™ at large times ¢ and so 7 A t, whereas if
Bvy < av_ then we expect the system to be located in R~
at large times ¢ and so 7 & 0. In order to construct a nontrivial
example of biased motion, we consider a velocity jump process
on the semi-infinite line R,
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B. Semi-infinite line

One well-known example of a two-state velocity jump
process on the semi-infinite line is the Dogterom-Leibler
model of microtubule catastrophes [5,38]. This is a prob-
abilistic model of the length x(¢#) of a microtubule, which
switches between growth and shrinkage phases according
to a two-state Markov process with generator (4.2), and
vy represent the corresponding elongation and shrinkage
velocities. A nontrivial steady-state solution can be ob-
tained on the semi-infinite line, x > 0, for vy # v_. This
can be established by adding equations (4.5a) and (4.5b)
and setting 9, po.1 = 0. This gives vy p(x) — v_p,(x) =0,
and thus v pi(x) — v_po(x) = const. Integrability of pg ;(x)
means that the constant must be zero and, hence, p;(x) =
P(x)/vy,po(x) = P(x)/v_ with P satisfying the equation

dpP Vv
W [ﬁ - 1}%) — 2P,
dx Vo vy K
where
Vv
V = pov_ — , = .
Pov P1V+, K o+ B

Here —V is the mean velocity and « has the units of diffusivity.
It immediately follows that there exists a steady-state solution,
P(x) = P(0)e™V*/*, 0 < x < 0o, if and only if V > 0. In
the regime V < 0, catastrophe events are relatively rare and
the microtubule continuously grows with mean speed |V|,
whereas, for V > 0, the catastrophe events occur much more
frequently so there is a balance between growth and shrinkage
that results in a steady-state distribution of microtubule
lengths.

Let us now introduce an occupation time for the interval
[L,00), L > 0, given by

1
T(@) = / O(Xy(r) — L)dr. (4.24)
0

Here 7 (¢) is the amount of time up to time ¢ that the continuous
variable X, (7) spends in the region x > L, given a particular
realization o of the discrete Markov process n(t) € {0,1}.
Following a similar argument to the analysis of Brownian
functionals in Ref. [39], we assume that in the large time limit
we can replace averaging over different realizations of the
stochastic process by averaging with respect to the stationary
density p,(x). That is, for large 7,

E[©(X, () — L)], (4.25)

— Z(L) = / [Po(x) + p1(x)ldx = e~ VE/* . (4.26)
L

Therefore, the average occupation time {7 (¢))) scales linearly
with time ¢ for t — oo:

(T = f TP(T,0)dT — Z(L)t, (4.27)
0

where

P(T,t) = E,[P(T ,t|x0,1)].

From the central limit theorem, we expect that in the large time
limit the probability density P will take the form of a Gaussian

PHYSICAL REVIEW E 95, 012138 (2017)

distribution of 7 around the mean value (7 ):

[7 - (T« ))>]2>

0 (4.28)

P(T,t) ~ exp (—
with the variance X% = (72)) — (7)>.

One can calculate the variance using Eq. (3.11) for k = 2,
with the Laplace transforms of Qy; satisfying Egs. (4.8) on
x € RT for U(x) = O(x — L). Modifying the analysis of the
infinite line case accordingly, we find that

@n(X;sz) = A wi(z+ §)e MEFOxr 4 ,L < x < 00,

Z+s
(4.292)
0 1
0,(x;5,2) = Byw(@)e O 4 Bwr (e O 4~
Z
(4.29h)

for 0 < x < L. Conditions on the coefficients A,,By are
obtained by a reflecting boundary condition at x = 0,

Biwg (2) + B_wy (z) = Byw{ (z) + B_w; (z), (4.30a)

and the two matching conditions at x = L forn = 0,1:

1
A-i,-w;:—(z _'_s)e—)ur(Z-FS)L +
z+s

1
= Byw, (2)e Ol 4 B w, (2)e™DF 4+~ (4.30b)
Z

In the asymptotic limit z — 0, we have

M@~ ~, M@~ a@~ -2
v 2[(’ J,»Z V’ -Z Ks

and

z _ B
= wy ~ 2

o
wS(Z)"‘E-FV o

while wf(z) = o /vy for all z, see Eqs. (4.14) and (4.16).
Hence, taking s,z — 0 in Eq. (4.30a) shows that

4.31)

whereas subtracting the pair of Egs. (4.30b) forn = 0,1 shows
that

B~ SZoViip, _ A, (4.32)

V2
Comparing Eqs. (4.31) and (4.32) yields the asymptotic
relationship

e VLKA,

By~ =1 =i

Finally, substituting for By in Eq. (4.30b) gives to leading
order

1 1
iA+ ~ (1 _e—VL/")<— - >, 5,2—>0
V4 z z+s

o 1 1
—B, ~ —ew‘/"(— — ), s,z — 0.
vy z z+s
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Combining these various results establishes that the
leading-order asymptotic behavior of the solution Q,(x;s,z)
is

~ 1— e*VL/K e*VL/K
Q,(x;5,2) ~ (4.33)
Z+s
for all x € RT and n = 0, 1. It follows that
80,(x:5.2) Z(L)  9*Qu(x:s.2) 22(L)
s 2 052 2
s=0 s=0
and hence
(T) ~ Z(L)r, (T?) ~ Z(L)7>. (4.34)
Therefore, the leading-order form of the variance is
»2 ~ Z(L)(1 — Z(L))7>. (4.35)

Note that this result differs from an analogous result obtained
for the occupation time of Brownian motion in an attractive or
stable potential [39]. In the latter case, one finds that both the
mean and variance of the occupation time vary linearly with 7.

V. PATH-INTEGRAL REPRESENTATION OF E,[Q]

In our derivation of the Feynman-Kac formula for a
stochastic hybrid system, see Sec. III, we considered a
particular realization of the discrete Markov process n(¢) and
obtained a stochastic Liouville equation for the continuous
process x(t). We then averaged over different realizations
of the discrete process by adapting the moments method of
Ref. [33]. Here we explore an alternative approach to the
analysis of functionals of stochastic hybrid system based on
our recent path-integral representation of PDMPs [26,27].

A. Construction of path integral

In order to derive the Feynman-Kac formula and introduce
notation, we first briefly recap the construction of the path-
integral representation of stochastic hybrid systems [26,27].
The first step is to discretize time and write down the path-
integral representation of Q(s,7,%) given by Eq. (3.5). We now
note that the joint probability distribution Py (xg,X], ...,Xy)
for a fixed realization o can be written as

N-1

P,(xp,x1,...,xy) = l—[ (S(Xj+1 —Xj— Fnl(Xj)Al).
j=0

PHYSICAL REVIEW E 95, 012138 (2017)

Inserting the Fourier representation of the Dirac § function
gives

N—1

« —ipj(x,»H—x,»—Fn,(xj)At)dpj
Py(xo.x1, .. oxn) = [ ] e J =L

2
j=0 =0T

In contrast to our previous approach, Sec. III, we now average
with respect to the intermediate statesn;,j = 1,N — 1 and fix
ny. This gives
P(xo,X1, ..., XN 0,1N)
N-1

[ %m0 | Pooxr, . xn), (5.1

ni,..., ny—1 Jj=
where

TnjH,n/(xj)
~ A11j+1,nj(x_j)At + 511j+1,nj |:1 - ZAm.n/(xj)At:|

F0(AD) =[S0, + Anyrn, (x)AL]:

For a fixed x, we introduce the matrix operator Q(x,¢) with
¢ a parameter and [26,27]

Qnm(x’d’) = Anm(x)+¢8n.n1Fm(x)- (52)

Let A, (x,9), r € I', denote the set of eigenvalues of Q with
corresponding eigenvectors R"(x,¢) and adjoint eigenvectors
£®(x,¢). That is,

D T4 () + 68, Fn (IR (x,0) = Ar(x, )RV (x,0),

mel

5.3)
for fixed x,¢ and

Z Eg)(xaqb)R,(f)(x»‘P) = ‘Sm,n

r

D EDEGIRY (x.¢) = 8.
Inserting multiple copies of the above completeness relation
with (x,¢) = (x;,¢;) at the jth time step, we have
XN N, T0)

N-1 oo ia)
= G,.on(Xiv1,xi,qi,0; 17
Z l_[ /oo J+1s ./( j+1:Xj,q ¢j) o

Nlyeney ny-y j=0 -

with [26,27]

P(xg,x1, ..

(rj) (rj) —ig;[xjs1—x;—F, . (x))A
Goyovon, (X j1%),0007) ~ Y R (0 008m" (0, ) T, (Yo~ B0 5= (61

ri,m

~ Zexp { |:Arj(~xj7¢j) —iq

rj) (rj)
X R (xj.9j)8n, (x.9)),

M] At} exp {[iq; Fu, (x}) — ¢; Fy, (x))] At}

At
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to leading order in O(Ax,At). Now integrating over intermediate states x; leads to

P(xy,nylxo,ng) = P(xg,x1, ..

_N71 N -
l_[ f de
L=t

l oo |
/ dx,-
. —00 ’

N—
Jj=1

B N-1
1_[/00 dq;
i =0 /-0 2

X exp Z [Ar,(xj,¢j) — g,

J

By inserting the eigenfunction products and using the
Fourier representation of the Dirac § function, we have
introduced sums over the discrete labels r; and new phase
variables g;. Suppose that we can perform a so-called Wick
rotation in the complex g plane so g; becomes pure imaginary
and then perform the change of variables iqg; — ¢g; [40,41].
Noting that the discretized path integral is independent of the
¢;, wearefreetoset¢; = g; forall j, thus eliminating the final
exponential factor. This choice means that we can perform the
summations with respect to the intermediate discrete states 7
using the orthogonality relation

YRV b5 DE(xji1.9)) = 8 + O(AX, AP).

n

We thus obtain the result that r; = r for all j. Finally, taking
the continuum limit of equation (5.4), we obtain the following
path integral from x(0) = xp to x(7) = x,

P(x,n,t|x0,n0,0)

Z /x(r)=x
r Y x(to)=xo

exp {—ff[qx — A,(x,q)]dt}
0

x RV (x,q(0)E)) (x0.q(10)) DlgIDIx].  (5.5)
Finally, since the generator A of the Markov chain is assumed
to be irreducible, we can apply the Perron-Frobenius theorem
[42] to the linear operator on the left-hand side of Eq. (5.3).
That is, there exists a real, simple Perron eigenvalue labeled by
r = 0, say, such that Ay > Re(A,)forallr > 0. Moreover, &©
is the only positive eigenvector so it can be taken to determine
the initial distribution of ny and thus we restrict the sum over
r in Eq. (5.5) to r = 0. [Setting ¢ = 0 in Eq. (5.3), it can be
seen that R (x,0) and &\ (x,0) correspond to the right and left
eigenvectors of A. Hence, R (x,0) = p,(x) and £ (x,0) = 1
for all n € I".] We thus obtain the following path integral for a

J

exp {

XD=x,9(1)=q

Gono (5,X,G,1X0,G0,t0) = Rf,o)(x,q)[/
X

(t0)=x0,9(f0)=qo

S XN3NO,IN)

(), )E (xj,7)

2 X

----- AN—1705-s'N-1

N—1
(rj)
j=0

Jj+1

Xjy1 — X, )
T]}AI exp {liq; Fu,(x;) — ¢; Fy,(x))]At}. 5.4)
[
1D stochastic hybrid system [26,27]:
x(t)=x
Pentlronn0) = [ DixiDigle
x(0)=x¢
x RV (x,q(1)E (x0,q(t0)),  (5.6)
with the action
t
S[x.q] =/ [g% — Ao(x,q)ldt". (5.7)
fo

Although the above derivation uses formal path-integral
methods, it generates the same action S obtained rigorously
using large deviation theory, as detailed in the monograph by
Kifer [25]. Equation (5.6) is the starting point for obtaining
a variational principle that can be used to solve first-passage
time problems associated with the escape from a fixed-point
attractor of the underlying deterministic system (2.6) in the
weak noise (fast switching) limit (see also Sec. V C). This
involves finding the most probable paths of escape, which
minimize the action S with respect to the set of all trajectories
emanating from the fixed point. We now have a classical
variational problem, in which the Perron eigenvalue Ag(x,q)
is identified as a Hamiltonian and the most probable paths are
the zero-energy solutions to Hamilton’s equations [26,27]

. OH oH
¥ = -

= a—, _— H(X,LI) = AO(XaCI)~
q

(5.8)

Toax

B. Derivation of Feynman-Kac formula

Let us now return to the representation of Q(s,?|xo,%)
given by Eqgs. (3.7) and (3.8) with po(y) = 8(y — x¢). Taking
expectations with respect to the realizations o of the discrete
Markov process now yields a path-integral representation of
Qn(x0;5,7) given by

Qu(11:5.2) = Y- [ Gons..1000)dx dg d. (59)
X

nel’

with T =t — £y and

S[x,q]—s/ Ulx(t)]dt (5.10)

fo

}D[q]v[xl]é,52><xo,qo>.
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We can now proceed along analogous lines to the derivation of the Feynman-Kac formula in Sec. III. That is,

Gung(5,%,q,t + At|x0,q0,10) = e A HACDA=SUDAG | (5 x — Ax,t|X0,q0st0)
R Gung(8,X — Ax,t|x0,q0,20) + [Ao(x,q) — g A(x) — sUX)AL]Gn,(5,X,t1X0,G0,t0)
= gnno(ssx - AxJMOaQOJO) - [CI(I)AX + SU(X)At]gnno(S,x,Qat|x07907l0)

+ Z [Anm(x) + qan,mFm(x)]gmng(svxvq’t|x0aq09t0)Ata

mel

where we have used Eq. (5.3). Again, we have split the time
interval [y, + At] into two parts [#p,z] and [z,# + At] and
introduced the intermediate state x(t) = x — Ax with Ax
determined by x = x — Ax 4+ F,(x — Ax)At. Expressing Ax
in terms of At and Taylor expanding with respect to At, we
find that the two multiplicative terms in g cancel. Hence, we
obtain the following CK equation in the limit At — 0:
agnng aFn(x)gnno

a1 = 9x - SU(-x)gnno + mZe; Anm (-x)gmno'

.11

After integrating with respect to g and gy, this is precisely the
forward version of the CK equation for Q,,, see Eq. (3.20). Thus
our analysis of Sec. III is equivalent to deriving the Feynman-
Kac formula directly from the path-integral representation of
stochastic hybrid systems constructed in Refs. [26,27].

C. Gaussian approximation

In Sec. IV, we analyzed the occupation time for a simple
two-state velocity jump process. A major simplifying feature

J

G(s,x,q,t|x0,90,t0) = Z 5,50)(X,Q)gnno(8,x,61,f|x0790,t0)Rf,(3)(x0,40)-

n,ng

(

of this model is that the functions F,, and transition rates «, 8
are independent of x. Solving the Feynman-Kac formula given
by Eq. (3.20) or (5.11) for more general two-state stochastic
hybrid system is nontrivial. However, progress can be made
by carrying out a Gaussian approximation of the stochastic
hybrid system in the so-called fast switching regime.

In the case of the unbounded domain ¥ = R, there is no
natural scale for the continuous variable x [except possibly
from the particular structure of the functions F;,(x)]. Therefore,
we are free to fix the units of x by introducing a quantity
Xo such that the transition rates of the discrete Markov
process are much faster than v/X,, where v is a typical
value of the “velocity” x. (For the velocity jump process in
Sec. IV, we would have vy / Xy < «,8.) We can interpret the
choice of X, as defining a fast-switching regime, such that
AX/Xo < 1over atime interval At for which ¢ At >> 1. The
fast switching regime can be implemented by setting Xo = 1
and introducing the rescaling A — A /e with 0 < ¢ < 1 [26].
Repeating the derivation of the propagator (5.10), we obtain the
same expression except that S[x,q] — S[x,q]/e. Introduce
the modified propagator

(5.12)

After performing the rescaling ¢ — —iq/e€, Eqs. (5.10) and (5.7) yield the path integral

x()=x,q(t)=q

G(s,x,q,t1x0,90,10) = f

x(to)=x0,4(f0)=qo

D[q]D[x]exp {

—é/ [iegx — Ap(x,ieq)ldt —s/ U(x)dr}. (5.13)

fo fo

The Gaussian approximation involves Taylor expanding the Perron eigenvalue A to second order in &, which yields a quadratic

ing:

x(1)=x,q(1)=q

G(s,x,q,t1x0,q0,t0) ~ /

X(to)=x0,49(f0)=qo

Dlgq]D[x]exp (

where

2

10
» B) =2 o5 Molx.p)

0
A(x) = — Ag(x,
(@)= 5 Ao(x.p) 77

p=0 p=0

(5.14)

We can now perform the integration over the “momenta” by
defining

G(s,x,t]x0,t0) = /dquIO /D(Q)Q(S,quﬁflxo,q(),lo)

either directly or by returning to the discretized path integral,
Taylor expanding to second order in ¢;, and then performing

—/ {iq[)'c—A(x)]+8q23(x)}dr—s/

t

U(x)dt),

fo fo

(

the Gaussian integration with respect to g; before taking the
continuum limit:

x(7)=x

G(s,x,t|x,t0) = /

x(0)=x¢ T

X exp |:—s/ U(x)dr].

Finally, noting that £©(x,0) = 1 and R®(x,0) = p,(x), and
using Eqgs. (5.9) and (5.12), we can make the following

fre 2
[Xx — A(x)] dr}

DixJexp {_ 4B(x)

(5.15)
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identification under the Gaussian approximation:

Q(x03$.7) = Y Oy (X035, 7) oy (X0)

no

~ f G(s,x,t|xg,t — T)dx. (5.16)
)

The path integral in Eq. (5.15) is identical in form to the one

obtained in the derivation of the Feynman-Kac formula for

the Brownian functional (1.1) of a particle with position X(¢)

satisfying the Ito SDE [28,31],

dX = A(X)dt + /2e BOX)AW ().

Hence, we deduce that in the fast switching regime, the
moment generating function Q of the stochastic hybrid system
satisfies the Feynman-Kac formula

009(x;s,7) 009(x;s,T)
ot 0x

(5.17)

320(x;s,7)

= AWX) dx2

+ eB(x)

—sUx)Q(x;5,T).

Let us apply the above analysis to a two-state version of the
stochastic hybrid system (2.1) for which Ny = 2 and the matrix
A is given by Eq. (4.2), with possibly x-dependent transition
rates o, 8. The eigenvalue equation (5.3) can be written as the
two-dimensional system

—B(x) + pFo(x) a(x) Ro\ _, (Ro
B(x) —a(x)+pFi(x)|[\Ri ) "\ Ry )

(5.19)

(5.18)

It follows that the Perron eigenvalue [satisfying Ag(x,0) = 0]
is given by

Ao(x,p) = L[B(x,p) + VE(x,p)? — 4y (x,p)l,

where

(5.20)

X(x,p) = plFo(x) + Fi(x)] — [a(x) + B(x)]
and
y(x,p) = [pFi(x) — a()][pFo(x) = B(X)] — a(x)B(x).
A little algebra shows that
Z(x,p) = B(x,p)* — 4y(x,p)
= [p(Fo = F1) = (B — &)’ + 4ap > 0

so, as expected, Ag is real. In order to calculate the terms
A(x) and B(x) appearing in the SDE (5.17), we differentiate
Ao(x, p) with respect to p. First,

A _ Fo+ F Z 1

p 2 p 4/Z
_Fk+F F-F
2 2

y p(Fo— F))— (B —a) _
VIp(Fo — Fi) — (B — a)]? + 4ap

On setting p = 0, we have

A(x) = po(x) Fo(x) + p1(x)Fi(x),

(5.21)
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as expected. Similarly,
Ao [Fo— Fil?
p*  2/[p(Fo— F) = (B — )P + 4o

_[FO_F1]2 [p(Fo — F1) — (B — a)I?
2 {[p(Fo — F1) — (B — )] + 4aB}3/?’

SO
[Fo(x) — Fi(x)Pa(x)B(x)

[ee(x) + B(x)]? ‘
In the special case of the unbiased velocity jump process
considered in Sec. IV, with « = 8 independent of x and
Fi(x) = v = —Fy(x), we recover a diffusion process with
effective diffusivity D = ev?/2a and zero drift.

It is important to note that the fast switching regime is
distinct from the large-time regime ¢ > 7, = 1/2« considered
in Sec. I'V. In the former case, we fix the scale of the continuous
variable x by setting X, = 1. This means that any important
features of the functions F,(x) at finer spatial scales will be
lost. With this caveat, the usefulness of working in the fast
switching regime is that we have replaced a system of PDES
(3.20) by a scalar PDE (5.18). Such a reduction becomes even
more significant when the number of discrete states satisfies
Ny > 2. However, solving the scalar equation (5.18) is still a
nontrivial problem for general functions A(x) and B(x). On
the other hand, it might be possible to adapt recent work on
Brownian functionals [39] when B(x) is independent of x.
This would occur in the two-state model, for example, if «, 8
are independent of x and Fy(x) — Fj(x) is a nonzero constant.

B(x) = (5.22)

VI. DISCUSSION

In this paper we derived a Feynman-Kac formula for
functionals 7 of a stochastic hybrid system evolving according
to a piecewise deterministic Markov process. We considered
two complementary approaches. The first involved fixing
a particular realization o of the discrete process, deriving
a stochastic Liouville equation for the moment generating
function Q of 7 and then averaging with respect to o.
This generated a differential CK equation for the o-averaged
moment generating function Q. The second method derived
the CK equation directly by constructing the Feynman-Kac
formula for a path-integral representation of the full stochastic
hybrid system.

One immediate extension of our theory would be to develop
analytical and numerical tools for solving more complicated
examples of stochastic hybrid systems than the velocity jump
process of Sec. IV. Two simplifying aspects of the latter
were the small number of discrete states (n = 0,1) and the
x independence of the generator A and functions F,. As
highlighted in Sec, VC, one possible approach would be
to perform a Gaussian approximation in the fast switching
regime. In addition to considering more complicated 1D ex-
amples, other possible extensions include higher-dimensional
piecewise deterministic dynamics (x € R?) and stochastic
versions of the continuous process. In the last case, the
piecewise deterministic ODE (2.1) is replaced by the piecewise
SDE,

dX = F,(X)dt + 2B, (X)dW(t),
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where W (¢) is a Wiener process and B, (X) is an n-dependent
noise amplitude. The corresponding CK equation (2.5) be-
comes (assuming Ito calculus, say)

AF,(x)pn(x,t) 82Bn(x)pn(x,t)
— +
ax ax2

+ ) A () pu(x.0).

mel

]Lpn(xst) =

It is straightforward to extend the derivation of the Feynman-
Kac formulain Secs. IIl or V to include the intrinsic noise term.
For example, the stochastic Liouville equation (3.9) becomes
a stochastic Fokker-Planck equation, which after averaging
with respect to realizations of the discrete Markov process,
yields a generalization of the Feynman-Kac formula (3.20)
that includes diffusion terms.

PHYSICAL REVIEW E 95, 012138 (2017)

A final issue concerns identifying concrete applications
where functionals other than those associated with first-
passage time problems might be relevant. One important appli-
cation area of stochastic hybrid systems is to gene regulatory
networks. Hybrid models arise when a partial thermodynamic
limit of a biochemical master equation is taken. This yields a
piecewise deterministic or stochastic differential equation for
the concentrations of proteins and messenger ribonucleic acid,
while the remaining discrete variables represent the activation
states of one or more genes [17-21]. One quantity of interest
is the amount of time that a protein concentration remains
above some threshold, which can be formulated in terms of
the occupation time of a stochastic hybrid system on R+,
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