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Abstract

There are many processes in cell biology that can be modelled in terms of an
actively switching particle. The continuous degrees of freedom of the particle
evolve according to a hybrid stochastic differential equation whose drift term
depends on a discrete internal or environmental state that switches according
to a continuous time Markov chain. Examples include Brownian motion in
a randomly switching environment, membrane voltage fluctuations in neur-
ons, protein synthesis in gene networks, bacterial run-and-tumble motion, and
motor-driven intracellular transport. In this paper we derive generalized Dean—
Kawasaki (DK) equations for a population of actively switching particles,
either independently switching or subject to a common randomly switching
environment. In the case of a random environment, we show that the global
particle density evolves according to a hybrid DK equation. Averaging with
respect to the Gaussian noise processes in the absence of particle interactions
yields a hybrid partial differential equation for the one-particle density. We
use this to show how a randomly switching environment induces statistical
correlations between the particles. We also discuss methods for handling the
moment closure problem for interacting particles, including dynamical dens-
ity functional theory and mean field theory. We then develop the analogous
constructions for independently switching particles. In order to derive a DK
equation, we introduce a discrete set of global densities that are indexed by the
single-particle internal states, and take expectations with respect to the switch-
ing process. However, the resulting DK equation is no longer closed when
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particle interactions are included. We conclude by deriving Martin—Siggia—
Rose-Janssen—de Dominicis path integrals for the global density equations in
the absence of interactions, and relate this to recent field theoretic studies of
Brownian gases and run-and-tumble particles.

Keywords: hybrid stochastic differential equations, active switching,
statistical field theory, path integrals, Dean—Kawasaki equation

1. Introduction

There are a diverse range of processes in cell biology that can be modelled as an actively
switching particle [1]. The continuous degrees of freedom of the particle evolve according to
a hybrid stochastic differential equation (hSDE), whose drift term depends on a discrete state
that switches according to a continuous time Markov chain. Let (X(#),N(¢)) denote the state
of the system at time ¢ with X(f) € R? and N(¢) € T', where T is a discrete set. f N(t) =n €T
then X(¢) evolves according to the SDE dX = A,,(X)dt + +/2DdW(t), where W(t) is a vector
of independent Wiener processes and A, is an n-dependent drift term. (For simplicity, we take
the diffusivity to be independent of n.) Finally, the matrix generator Q of the continuous time
Markov chain N(f) may itself depend on X(¢). In the limit D — 0, the dynamics reduces to a
so-called piecewise deterministic Markov process [2].

One well-known example of an hSDE arises within the context of membrane voltage fluc-
tuations in a single neuron that are driven by the stochastic opening and closing of ion channels
[3-10], see figure 1(a). The continuous variable X(¢) € R is the membrane voltage, whereas the
discrete state N(¢) specifies the conformational states of the ion channels (and hence the ionic
membrane currents). The ion channels evolve according to a continuous-time Markov process
with voltage-dependent transition rates. Applying the law of large numbers in the thermody-
namic limit recovers deterministic Hodgkin-Huxley type equations. On the other hand, in the
case of a finite number of channels, noise-induced spontaneous firing of a neuron can occur
due to channel fluctuations. Another example of an hSDE is a gene regulatory network, where
X(#) is the concentration of a protein product and the discrete variable represents the activation
state of the gene [11-16], see figure 1(b). Stochastically switching between active and inactive
gene states can result in translational/transcriptional bursting. Moreover, if switching persists
at the phenotypic level then this provides certain advantages to cell populations growing in
a changing environment, as exemplified by bacterial persistence in response to antibiotics.
Yet another example is active intracellular transport on microtubular networks, where motor-
cargo complexes randomly switch between different velocity states according to a special type
of hSDE known as a velocity jump process [17-21], see figure 1(c). Velocity jump processes
have also been used to model the ‘run-and-tumble’ swimming motion of bacteria such as E.
coli [22-24]. This is characterized by periods of almost constant ballistic motion (runs), inter-
rupted by sudden random changes in the direction of motion (tumbling), see figure 1(d). For
velocity jump processes, X(f) represents the particle position and N(¢) specifies the velocity
state.

In the above examples the stochastic variable N(¢) represents an internal or intrinsic state
of the system. Another class of hybrid system is overdamped Brownian motion in a randomly
switching environment, in which X(#) represents the spatial position of the particle at time ¢
and N(¢) is the current environmental state. In particular, suppose that A,,(X) = —y =1 VV,(X),
where + is a friction coefficient with vD = kT and V,,(X) is an external potential. Switching
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Figure 1. Examples of systems in cell biology modelled using hSDE:s. (a) Ion channels.
(b) Genetic switches. (c) Bidirectional motor transport. (d) Bacterial run-and-tumble.
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between different environmental states results in the particle being driven by different external
potentials. It is also possible to have a combination of environmental and intrinsic states.
Examples include an external chemical gradient regulating the tumbling rate of a run-and-
tumble particle (RTP) during chemotaxis [25, 26], an external electric field regulating the
opening and closing of a neuron’s ion channels, and phenotypic switching of bacterial popula-
tions in randomly switching environments [1]. Conversely, an overdamped Brownian particle
can intrinsically switch between different conformational states. This may modify its effective
diffusivity (possibly by temporarily binding to some some chemical substrate [27-29]) or how
it interacts with other particles (as in the case of soft colloids [30, 31]). Mathematically speak-
ing, at the single particle level, the analysis of an hSDE holds irrespective of whether N(¢) is
interpreted as a discrete internal state (intrinsic switching) or an external environmental state
(extrinsic switching). However, for a population of actively switching particles, the two scen-
arios differ significantly, even in the absence of particle-particle interactions.

In this paper, we explore the differences between intrinsic and extrinsic switching by con-
sidering a population of particles that either independently switch or are subject to a com-
mon randomly switching environment. (For simplicity, we assume throughout that the mat-
rix generator Q is independent of X(7).) In both cases we derive ‘hydrodynamic’ evolution
equations for the global particle density by extending the classical derivation of Dean [32],
see also [33]. The Dean—Kawasaki (DK) equation for non-switching systems is a stochastic
partial differential equation (SPDE) that describes fluctuations in the global density p(x,7) =
N1 Zjvz , 6(x —X(r)) of N over-damped Brownian particles (Brownian gas) with positions
X;(¢) € R? at time ¢ [32, 33]. It is an exact equation for the global density in the distribu-
tional sense, and is of considerable current interest within the context of stochastic and numer-
ical analysis [34—40]. The DK equation is also used extensively in non-equilibrium statistical
physics, where it is combined with dynamical density functional theory (DDFT) in order to
derive hydrodynamical models of interacting particle systems [41—44]. Such models arise in a
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Figure 2. Hierarchy of model equations for the density function of a population of
non-interacting particles in a randomly switching environment. (For the sake of illustra-
tion, we assume that there are two environmental states labelled n = 0, 1.) The hybrid
DK equation has two sources of noise—Gaussian noise and environmental switching.
Averaging with respect to the former results in a hybrid PDE for u(x,t) = (p(x,)) that
still depends on the random environmental state. This results in statistical correlations
between the particles even in the absence of particle interactions, which can be shown
by taking moments of the corresponding functional CK equation of the hybrid PDE.
Particle interactions can be incorporated into the hybrid DK equation, but result in a
moment closure problem when averaging with respect to the white noise.

variety of studies of active matter [45—49]. These focus on models of motile actively switch-
ing particles whose velocity state either randomly switches between different discrete states
(run-and-tumble motion) or undergoes rotational diffusion (active Brownian motion). In the
former case, a coarse-graining procedure is used to approximate the single-particle dynamics
by a drift-diffusion process, which is then extended to multiple interacting particles. A major
application of these studies is to motility-based phase separation [50].

We begin by briefly reviewing the case of a single actively switching particle, whose state
X(#) evolves according to an hSDE with drift term A,(X(¢)) that depends on the current
discrete state N(¢) (section 2). We also write down the differential Chapman—Kolomogorov
(CK) equation for the corresponding probability density p,(x,t), where p, (x,1)dx = P[X(f) €
[x,x +dx],N(t) = n]. In section 3, we consider a population of identical, non-interacting
particles subject to a common randomly switching environment. We first derive a hybrid DK
equation for the global density p(x,1) = >_,6(X;(r) — x), where X;(1) € R¢ is the position of
the jth particle at time ¢. The hybrid DK equation has both Gaussian noise and discrete noise
due to environmental switching. Averaging with respect to the former yields a hybrid PDE
for u(x,1) = (p(x,1)) that still depends on the random environmental state. We use the corres-
ponding functional CK equation to derive moment equations for the one-particle density, and
thus show how a randomly switching environment induces statistical correlations. The various
versions of the model equations for non-interacting particles with environmental switching
are summarized in figure 2. We conclude section 3 by discussing methods for handling the
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Figure 3. Corresponding hierarchy of model equations for the global density functions
of a population of non-interacting particles that independently switch between different
internal states. We now have a system of DK equations for the indexed global densit-
ies wn(x,t) that only has Gaussian noise. Averaging with respect to the latter results in
a deterministic PDE, and hence there are no statistical correlations in the absence of
particle interactions. Particle interactions can no longer be incorporated into the sys-
tem of DK equations, since taking expectations with respect to the switching processes
results in a moment closure problem.

moment closure problem due to particle interactions, including hybrid versions of dynamical
density functional theory and mean field theory. In section 4, we develop the analogous the-
ory for a population of independently switching particles. We now introduce an indexed set of
global densities defined according to 1, (x,t) = >, 8(X;(t) — X)E[dn,()=n], where N;(7) is the
discrete state of the jth particle at time ¢ and expectation is taken with respect to the continuous
time Markov chain. This allows us to derive a closed system of DK equations for the densities
L, (X, 1) in the absence of particle interactions. The various versions of the model equations for
non-interacting particles with intrinsic switching are summarized in figure 3. However, it is no
longer possible to obtain closed DK equations when particle interactions are included, since
averaging with respect to the switching process results in a moment closure problem. One way
to handle the latter is to take expectations with respect to the switching and Gaussian noise
processes and applying a mean field ansatz. Finally, in section 5 we derive Martin—Siggia—
Rose—Janssen—de Dominicis (MSRJD) functional path integrals for the DK equations in the
case of non-interacting particles. Again, we emphasize the differences between environmental
and intrinsic switching.

2. Single actively switching particle

Consider a particle whose states are described by a pair of stochastic variables (X(z),N(1)) €
R? x {0,...,K —1}. When the discrete state is N(¢) = n, the particle evolves according to
the SDE

dX (1) = A, (X (1)) dt +V2DdW (1), 2.1
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where W is a vector of d independent Wiener processes. The discrete stochastic variable N(7)
evolves according to a K-state continuous-time Markov chain with a K x K matrix generator
Q that is taken to be independent of X(7). It is related to the corresponding transition matrix T
according to

K—1
Onn = Tum — 6}1,m Z Tin- 2.2)
k=0

We also assume that the generator is irreducible so that there exists a stationary density o for
which } 0,0, = 0. Given the initial conditions X(0) = xo,N(0) = ny, we introduce the
probability density p, (X, #/Xo,19,0) with

P[X(?) € [x,x+dx|, N(t) = n|xo,n0] = pn (X, |X0,19,0) dx.

It can be shown that p evolves according to the forward differential CK equation [1, 51]

Opn K—1
5 =~V A X)pu(x0] + DV?p, (x,1) + ;)Qnmpm (x,1). (2.3)

(For notational convenience we have dropped the explicit dependence on initial conditions.)
The first two terms on the right-hand side represent the probability flow associated with the
SDE for a given n, whereas the third term represents jumps in the discrete state n.

In the case of the hSDE (2.1) for the pair (X(#),N(¢)), the stochastic dynamics is the same
whether N(¢) is interpreted as a discrete internal state or an external environmental state.
However, for a population of non-interacting actively switching particles, the two scenarios
differ significantly. First, suppose that there are N particles with continuous states X;(z),
j=1,...,N, and subject to independent white noise processes W, (). If each particle has
its own internal state N;(z), then the population version of equation (2.1) is

dX;(t) = A, (X; (1)) dt + V2DdW; (1), N;(t) =n;. (2.4)

We can treat the full system as the product of N independent hSDEs (X;(7),N;()) (assuming
that the initial conditions are also independent). On the other hand, if each particle is subject
to the same discrete environmental state N(¢) then

dX; (1) = A, (X (1)) dt+ V2DdW; (1), N(t)=n. 2.5)

Since N(t) is a global variable that is experienced by all members of the population, it follows
that the particles are statistically correlated, even in the absence of particle-particle interac-
tions. One way to interpret equation (2.5) is as a single hSDE for the high-dimensional system
(Z(1),N(z)) with Z(t) = (X;(¢),...,X (). The corresponding CK equation for the probab-
ility density P,(z,t) takes the form

oP N N K—1
= —;v,- [An (X)) P (2,0)] + DY VP, (2.1) +m§::anum (z,1), (2.6)

0

Jj=1
where z = (x1,...,Xx), V; = Vy, and N(t) = n. The presence of the final term on the right-
hand side means that we cannot factorize the solution according to P,(z,t) = H,Ail P, (x;,1),
where P,(x,1) satisfies the CK equation (2.3). This reflects the existence of statistical cor-

relations. In the following sections we explore these differences in terms of hydrodynamical
equations for the global particle density.
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3. Population of particles with environmental switching

3.1. Global density (non-interacting particles)

Consider a population of non-interacting particles in the presence of a randomly switching
environment. A typical example would be a population of overdamped Brownian particles
subject to a common randomly switching external potential. A more compact description of
the population dynamics of equation (2.5) can be obtained by considering a ‘hydrodynamic’
formulation that involves the global density

ijxt pi(x,1) =6(X; (1) —x). 3.1)

In particular, following along identical lines to Dean [32], we can derive an It6 SPDE for p(x, )
that depends on the environmental state via the drift vector Ay(,). For completeness, we sketch
the basic steps. Suppose that at time ¢ the environmental state is N(¢). Consider an arbitrary
smooth function f: RY — R. Using Itd’s lemma to Taylor expand f(X; (¢ + df)) about X;(¢) and

setting f(Xi(1)) = [pa pi(X,1)f(x)dx, we find that

df(Xi) ) p; (x,1)
dt R dxf(x) ot

- / dxpi (1) [VIDVS() £, () + DY) + V) -Avy ()] . B2
R1
We have formally set dW;(r) = &,(¢)dt where &, is a d-dimensional white noise term such that

(&) =0, (&0 (") =50=1)8000" (3.3)

Integrating by parts the various terms on the second line and using the fact that f is arbitrary
yields a PDE for p;:

dp; (x,1) B

5 —V2DV - [p; (x,0) &; (1)] + DV p; (x,1) — V - [pi (x,) Ay (X)] - (3.4)

Summing over the particle index i and using the definition of the global density then gives

N
8'05?’) = —@EV- [0 (%,1) & (D] + DV2p (x,1) = V- [p(x,) Ay ()] . (3.5)

As it stands, equation (3.5) is not a closed equation for p due to the noise terms. Following
[32], we introduce the space-dependent Gaussian noise term

N
=Y V- lpi(x,0& (1) (3.6)

i=I

with zero mean and the correlation function

N
(ExNE(y,1") =b(t—1' Z v (pi (%,1) pi (1)) - (3.7)
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Since p;(x,1)pi(y,t) = 6(x — y)pi(y,?), it follows that

(€ (X, 1)E (y,1) =6 (1—1) V- Ty (5 (x —¥) p(x,1)).. (3.8)

Finally, we introduce the global density-dependent noise field

o~

f (th) :V'(n(xvt)\/ﬁ(xat))a (3.9)

where 7)(x, ) is a global white noise field whose components satisfy
n” (x,0n° (y,t')) =8 (t—1') 5 (X~ ¥) 05 0. (3.10)

It can be checked that the Gaussian noises & and §A have the same correlation functions and are
thus statistically identical. We thus obtain a closed hSPDE for the global density that couples
to the environmental state N(7):

Op (x,1)
ot

:@V~[ p<x,t)n(x,t)} +DV (1)~ V- [p(x,0) Ay ()], B.11)

Note that the N(#)-dependence of the drift vector A, introduces another level of stochasticity
due to the randomly switching environment. As we show below, this introduces statistical
correlations between the particles. On the other hand, if the drift term is independent of the
environmental state, then statistical correlations will only occur if there are particle-particle
interactions [32], see also section 3.3. We refer to equation (3.11) as a hybrid DK equation for
the global density p(x,1).

3.2. Statistical correlations and moment equations for the one-body density

In order to investigate statistical correlations induced by the random environment, we average
the hSPDE (3.11) with respect to the independent Gaussian noise terms to obtain a closed
hPDE for the one-body density

u(x.1) = (p(x.1)). (3.12)

(If pairwise particle interactions were included then {p(x,)) would couple to the second order
moment (p(x,7)p(y,?)) etc. Hence, moment closure would no longer hold [32], see below.)
Between jumps in the environmental state, the density u(x,7) evolves according to the drift-
diffusion equation

Ou (x,1)
ot

=DV2u(x,1) — V- (u(x,1) Aygy (%)) - (3.13)

This type of stochastic hybrid model can be analyzed along similar lines to reaction-diffusion
equations with randomly switching boundaries [52—-54]. We proceed by spatially discretizing
equation (3.13) in terms of a d-dimensional regular lattice with nodes £ € Z¢ and lattice spacing
h. Let I'y denote the set of nearest neighbours of £:

Iy={tte,0=1,...d}, (3.14)
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where e, is the unit vector along the o-axis. Setting uy (1) = u(£h,t) and A7 , = A7 (€h), £ € Z°,
we obtain the piecewise deterministic ODE

d
du 1
7; =D[AW]— 7> [uere, A pre, —1eAT e, (3.15)
o=1
where N(t) = n and A is the discrete Laplacian
1
(AW, =4 > fupr —ug. (3.16)

2'ely

Introducing the infinite-dimensional vector U = (ug, £ € Z%) and the corresponding probabil-
ity density

Py (u,f)du = P{U(f) € [u,u+du] ,N(t) = n}, (3.17)

we write down the following CK equation for the spatially discretized system:

P ) 1<
o = _ZGZZ, s (D [A(u)], - ﬁ; [Uere,Af oy, — ugA,,,e]> P, (uJ)]
+> QP (1), (3.18)

Finally, we take the continuum limit # — O of equation (3.18). This yields a functional CK
equation for the many-body probability functional P, [u, 7] with

Pofu, 1] | [ du(x) = lim P, (u, ) du. (3.19)

That is,

Tt = [ g [(OF000) — 9 ) A, 0] Pafe]
+> Oun P [u1]. (3.20)

m

Equation (3.20) can now be used to derive various moment equations. For example, the first
moment is defined as

Uy (x1,1) = E [u(x1,1) Ingy—n| = /D[u] u(x1) Py [u,1]. (3.21)

We take E[-] to denote expectation with respect to the switching process in order to contrast it
with (-), which denotes averaging with respect to the Gaussian noise, that is, u(x,t) = (p(x, 1))
etc. Also note that in the final functional integral the time-dependence is specified by the many-
body probability functional P,[u,]. Multiplying both sides of equation (3.20) by u(x;) and
functionally integrating with respect to u gives
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0 g 2
§/D[u]u(x1)77n[u,t} :—/D[u}u(xl){/wdxéu(x) [(DV?u(x)

—V - [u(x) Ay (%)) Pa [, ] + Y Qum P [u,t]} . (322)

m

Functionally integrating by parts and using the functional derivative identity du(x;)/du(x) =
0(x —x1), we have

/D u(xy)Pylu,t] = /D { [(DViu(x1) = Vi [u(x1) Ay (x1)]) Py [u,1]]

+ " OunPa [u,t]} : (3.23)

which is equivalent to the first moment equation

al/{n
ot

=DVl (x1,1) — Vi - [Uy (x1,1) Ay (x1) +ZQnm L (x1,1). (3.24)

Note that equation (3.24) is identical to the CK equation (2.3) for the single particle hSDE (2.1)
under the mapping P,(x,7) = U, (x,1) = N'P,(x,7). On the other hand, the second-order
moments

C, (X] ,Xz,l‘) =E [l/l (X] ,[) (Xz, ) IN(I) n} . (3.25)
evolve according to the equation

oC,

o = DV%CH (X17X2,I) —I-DV%CW (X17X27Z‘) -V [Cn (X17X27l) A, (X])]

7V2 [ (X17X23 XZ +ZQnm m X13X27) (326)

The latter can be derived from equation (3.20) after multiplying both sides by the product
u(x1)u(x;) and functionally integrating by parts along similar lines to the first moments.
Interestingly, the second moment equation (3.26) takes the form of a CK equation for an effect-
ive single particle hSDE with 2d continuous coordinates (X(7),Y(7)): if N(f) = n then

dX (1) = A, (X (1)) di+ V2DdW, (), (3.27a)
dY (1) = A, (Y (1)) dt +V2DdW (1), (3.27b)

where (W, W;) T is a vector of 2d independent Wiener processes.

One of the major implications of the moment equations is that the common randomly
switching environment introduces statistical correlations between the particles, even in the
absence of particle interactions. For example, the two-point correlation function is non-
zero since C,(X1,Xo,1) 7# U, (X1,8)U,(X2,1). We establish the latter using proof by contra-
diction. Suppose that C,(X1,X2,t) = U,(X1,1)U,(Xz,1). Substituting this trial solution into
equation (3.26) gives
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U, (x1,1)
ot
= DU, (Xz,I)V%Z/[n (x1,1) + DU, (x1, )V Uy, (X0,1) — Uy (X2,8) V1 - [Uy, (X1,1) Ay (X1)]

_Z/{n (let)VZ'[un (X27 XZ +ZQnm m Xla (XZ;t)

un (X27t)

aun )b
1ty (xg,0) 020

Applying the first moment equation (3.24) then implies that

OZZ/{ Xz, ZQnm m X17 )+u Xl» ZQnm m XZ»)

+ZQnm X17 m (Xz,t),

which is clearly false. Hence, C, (X1, X2, 1) # U, (X1, 1)U, (X2,1). Similar results hold for higher-
order moments.

3.3. Interacting Brownian particles and mean field theory

So far we have ignored the effects of particle interactions. In the case of overdamped Brownian
particles, such interactions are typically taken to be pairwise so that equation (2.5) becomes

dX; (1) = dt+V2DdW;(1).  (3.28)

Ay (X5 (1) + Z F(X k(1))

If the forces are conservative, then A,(x)=—8DVV,(x) and F(x) = —SDVK(x), 8=
1 /kgT, where V,, is an environment-dependent potential and K is an interaction potential. The
latter could also depend on the environmental state N(¢). The derivation of equation (3.11) can
be extended to include particle interactions along analogous lines to [32]. The global density
now evolves according to the hybrid DK equation

Ip(x,1)
o

=V2DV - { (x,t)n(x,t)} +DV?p(x,1)
= Vp(x,1) <AN(t) (x) + /Rd p(y,)F(x—y) dy> : (3.29)

When particle interactions are included, averaging equation (3.29) with respect to the Gaussian
noise no longer generates a closed equation for u(x,t) = (p(x,1)):
Ou (x,1)
ot

=DV2u(x,1) — V- [u(x,1) Ay (X)]

-V. Rd<p(x,t)p(y,t)>F(X—y)dY- (3.30)

That is, u(x, ) couples to the two-point correlation function

u® (x,y,1) = (p(x,1) p(y,1)), (3.31)

which, in turn, depends on the three-point correlation function etc.
One way to achieve moment closure for the one-body density is to use DDFT [41-44]. A
crucial assumption of DDFT is that the relaxation of the system is sufficiently slow such that

1
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the pair correlation can be equated with that of a corresponding equilibrium system at each
point in time [44]. This allows one to approximate equation (3.30) by the closed hPDE

a”g;’t) = V.J,(x,1), N@#)=n (3.32)
where
Jo (x,0) = =D{Vu(x,t) + Bu(x,1) V [V, (x) + = (x,0)] } . (3.33)
Here
ex ~ OF u(x,1)]
p (X, 1) = Touxg) (3.34)

and F**[u] is the equilibrium excess free energy functional with the equilibrium density profiles
replaced by non-equilibrium ones. One of the features of DDFT is that F**[u] is independent
of the actual external potential, and is thus independent of the environmental state. In order to
apply DDFT, it is necessary to take account of the fact that there is another time-scale, namely,
the rate of environmental switching. How this affects the validity of the adiabatic approxima-
tion remains to be determined, and is the subject of future work. Intuitively speaking, in the fast
switching limit one could first average with respect to the switching process along analogous
lines to previous studies of single particle hSDEs, and then apply DDFT. More specifically,
suppose that there is a separation of time scales between the discrete and continuous processes,
so that if 7 is the characteristic time-scale of the relaxation dynamics then et is the characteristic
time-scale of the Markov chain for some small positive parameter . We define the averaged
vector field A : R — R by

K—1
AX) =D onAn(x), (3.35)
m=0

where o, is the stationary distribution of the Markov chain, that is, Zm Qnmom = 0. Intuitively
speaking, one would expect the hSDE (3.28) to reduce to the non-hybrid SDE

N
dX; () = A(X; (1) dr+ > F(X; (1) — X, (1)) + V2DdW; (1), (3.36)
k=1

in the fast switching limit € — 0. This can be made precise in terms of a law of large numbers
for stochastic hybrid systems [55-58]. On the other hand, in the slow switching limit one
could apply DDFT for fixed N(f) = n and then consider switching between the n-dependent
1-particle density equations. However, since the hPDE (3.32) for fixed n takes the form of a
nonlinear Fokker—Planck equation, it is no longer possible to obtain closed moment equations
using the corresponding functional CK equation for P, [u, f]. Even assuming that both limiting
cases are well-posed, it is unclear what happens at intermediate switching rates.

An alternative way of deriving a closed hPDE for an effective one-particle density is to use
mean field theory. In the case of non-switching, weakly-interacting Brownian particles, there is
an extensive mathematical literature on the mean field limit (or propagation of chaos), see for
example [59-62]. More specifically, suppose that both the external and interaction potentials

12
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are independent of the environmental state, and take K = K/ N where K is a smooth function.
Equation (3.28) then takes the form

N
dX;(t) = —DBVV(X; Wﬁ > VK —X; (1)) +V2DdW; (). (3.37)
k=1

Introducing the normalized global density (or empirical measure)

1 /\/
(x,1) =V 2 (3.38)
the classical DK equation becomes
T - WV [ PN (XJ)TI(XJ)] +DV PN (Xut)
D6 o k) (VY0 + [ x50 VKo (x-y)dy). 639
Rt

Furthermore, suppose that the joint probability density at r =0 takes the product form
p(x1,..x0,0) = [ oo (%)) (3.40)

It can then be proven that, as ' — 0o, pyr converges in distribution to the solution p of the
so-called McKean—Vlasov equation [63]

Ip(x,1)

5 =DV?p(x,1)+ DBV - p(x,1) (VV(X)+/ p(y,t)VKo(x—y)dy>, (3.41)
R4

with p(x,0) = po(x). Recently, this classical result has been extended to the case of weakly-
interacting Brownian particles in a common randomly switching environment [64].

4. Population of particles with intrinsic switching

4.1. Global density (non-interacting particles)

The derivation of an evolution equation for the global density differs significantly for a pop-
ulation of particles that independently switch between a set of internal states along the lines
of equation (2.4). Examples include regulatory gene networks, run-and-tumble particles, soft
colloids, and molecular motors. In contrast to the case of a randomly switching environment,
it is necessary to keep track of the pair (X;(f),Nj(r)) for each particle. The appropriate global
or empirical measure is now

N N
xt):Zﬁj(x,nt EZ& X) 0N, (1) - 4.1)
j=1 j=1

13
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In order to derive an equation for fi,, we introduce an arbitrary set of smooth functions f, (x)
such that

o (X Z/ 7y (%,m,1)f, (%) dx 4.2)

‘We then note that

K—1
fN;(t+At) ( t+ At fn t+ At 5;1,N,»(z+At)
n=0
K—1
= [ (X)) + VA (X (1)) - AXi () + O (X3 (1)) | B0
n=0
“4.3)
Applying It6’s lemma and setting p;(x,1) = 6(X;(r) — x), we have
fNi(tJrAt) (Xi (t+ At))
—1
=3 bueran [ dxor(x.0) {10+ At [VIDYS, ()&, (0 + DV, (0
n=0 R
V4 A +0 ()}
= f(r) (Xi (1))
+Ar2/ dxpi (%) [VIDVS, (5) & (1) + DV, () + Vi (x) - A ()]
n=0
K—1
3 [uirean = dav] [ dxorlx) () + 0(A0} @4
n=0 Re
Rearranging this equation, dividing through by At and taking the limit Az — 0 gives
dfy, ) (Xi 2
T Z [ axpi () [\/zzwf,,( x)-& (1) + DV, (x)
K=1g 5
VS, (%) - A, (x)] + lim §7 2 T / dx p; (x,1) (x).
A0 At Rd
(4.5)

(Note that in order to average with respect to the switching process (see below), we do not
simply write down the continuous time Ito formula.)
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Substituting for f, ;) (X;(#)) using equation (4.2), we then take expectations with respect to
the Markov chain. Setting p;(x,n,t) = E[p;(x,n,1)], and using the fact that'

(5n n
E |: lim i (I+At allt :| Z Qnm m JNi( (46)

At—0

where Q is the matrix generator, we find that
8 ; 1)
Z/ axf, (x) 221t Z/ dx p; (x,1,1) \/ZDan( )& (1) + DV, (x)

V(%) A (%) +Zan/ dxp (xm 0y (x).  (47)
Integrating by parts the various terms on the right-hand side, and exploiting the arbitrariness
of the functions f;, yields the following hSPDE:

Ipi (x,n,1)

ot /R dx { V2DV - [pi (x,n,1) & (1)] + DV’ p; (x,n,1)

K—1
=V (o (%,1,0) An ()] D Qo (x,m.1). 4.8)
m=0

Finally, summing over the particle index i and defining w,, (X, 1) = E[f,(x,1)] = Zj\il pi(x,n,1)
gives

N
aunT(tX,t) = _@ZZ:;V “[pi (x,n,1) & (1)] "‘szﬂn (x,8) = V- [ (X, 1) A,y (x)]
K—1
+> " Qunptm (x,1). 4.9)
m=0

As in the analysis of environmental switching, see equation (3.5), we do not have a closed
equation for p,. However, we can generalize the construction of [32] by explicitly taking into
account the discrete index n. More specifically, we introduce the space-dependent Gaussian
noise terms

N

& (%0 ==Y V- [pi(x,n,0& () (4.10)

i=I

with zero mean and the correlation function

N
(G (1) En(y,1") =6 (t—1) Z v (pi (%,n,1) pi (y,m, 1)) . (4.11)

I The numerator in equation (4.6) is equal to 1 if N;(t) # n and N,v(t + At) = n, that is, there is a transition m — n
for some m # n in the time interval [7,7 + Af], which occurs with probability Ty, Az. Similarly, it is equal to —1 if
Ni(1) = n and N;(t + Ar) # n, that is, there is a transition n — m for some m 7 n with probability T, Az.

15
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Since

pi (x,n,1) pi (y,m, 1) = 8 (x = X; (£)) 6 (y — X (1)) E [, (1)) E [Ow, (1) m]

=6(x—
=0(X=Y) Onmpi (¥,1,1), (4.12)

it follows that
N
(6 (D) & (¥,1) = 6amb (1 =)D Vx-Vy (6 (x—y) pi (x,n,0)).  (4.13)
i=1

Finally, we introduce the global density-dependent noise fields

&, (x0) =V (m,(x0) Vit (%)) (.14
where 7,(x,7) is a global white noise field whose components satisfy

(7 (5,1) 57, (3,0)) = O (1= 1) 8 (X = ¥) 8. (4.15)

It can be checked that the Gaussian noises &, and E,, have the same correlation functions
and are thus statistically identical. We thus obtain a system of DK equations for the global
densities fi,:

W %0) a5 [ 0, 50)] DV (5,0) ~ 9 [ (5,0) A ()
K—1
+ " Qunttm (X,1). (4.16)

m=0

There are a number of significant differences between equation (4.16) and the correspond-
ing DK equation (3.11) for a randomly switching environment. First, equation (4.16) involves
an indexed set of global densities u, (X, ) rather than a single global density p(x,?). Second,
the only source of noise in equation (4.16) is the spatiotemporal Gaussian noise, whereas
equation (3.11) also depends on the stochastic environmental state N(f). The latter depend-
ence explains why there are statistical correlations between non-interacting particles in the
case of environmental switching but not intrinsic switching—equation (4.16) has already been
averaged with respect to the intrinsic switching. Third, taking expectations of equation (4.16)
with respect to the Gaussian noise and setting u,, (X, ) = (u,(x,)) yields a deterministic PDE
rather than the hPDE (3.13):

Oty (X,1) —
= DV u, (x,1) — V - [y (x,1) A, (X)] + ”;Q,,mum (x,1).  (4.17)

Equation (4.17) is identical in form to the CK equation (2.3) for a single actively switching pro-
cess, whereas equation (4.16) is a stochastic version of the CK equation with density-dependent
multiplicative noise.
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4.2. Interacting Brownian particles and mean field theory

Further differences between environmental and particle switching arise when particle interac-
tions are included. Let us return to the example of interacting overdamped Brownian particles
considered in section 3.3, but now assume that each particle independently switches between
different conformational states. Moreover, suppose that the pairwise interaction between the
particles (X;(#),N;(¢)) and (X(t),Nk(1)) is given by —DBV Ky (w1 (Xj(t) — X (2)). That is,
the interaction potential depends on the internal conformational states of the particle pair. (For
simplicity, we assume that the effective external potential V(x) seen by a particle is independ-
ent of its internal state.) The hybrid SDE of an individual particle takes the form

N
VV(X; (1) + > VEy o (X () = X ()| dt +V2DdW; (1) (4.18)
k=1

de ([) =-Dp

As before, we introduce the global densities (4.1) and follow the various steps used in the
derivation of the density equation (4.8):

W = _\/@V : [pl (X,I’l, t) €i (t)} +DV291 (X,I’l,l) +D6V * Pi (Xynat) VV(X)
N K—1
+DBE V-@(x,n,z)/ SN 5 (y.m,t) VK (x —y)dy
R 521 m=0
K—1
+ > Ounpi (x,m,1), (4.19)

m=0

where expectation is taken with respect to the discrete Markov process. Summing over the
particle index i along identical lines to the non-interacting case then gives

W"T(t"v’) = V2DV - [\l (%0, (%.0)| + DV (x,1) + ; Quntin (%,1)

+DBE

V- i (x,2) (VV(X)Jr/RJZﬁm (v,) VK (XY)dyﬂ- (4.20)

In contrast to the non-interacting case, we no longer obtain a closed DK equation for i, (x,?)
when taking expectations with respect to the discrete stochastic process. Consequently, aver-
aging with respect to the white noise process yields a PDE for the one-particle density

Uy (X,0) = (ptn (X,0)) = <IE lZux —X; (1) 5Nj(,)$n] > , (4.21)

which couples to the two-point correlation function

o2 (x,9,1) = <E

> 5 (x =X (1) 6 (y — Xi (1) 5M(,),,,5Nk(t),m] > . (422)
Jjik
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That is,

Ay (X, 1)

-
BT =DV~ u, (x,1) + Xm: Qumittm (X,1)

v- HNVV(x )V K (Xx—Y)d
( X, /Rdz ot (X, ¥, 1) (x—y) y)

This has a completely different structure compared to the corresponding hPDE for and
interaction potential K, that depends on the state of a randomly switching environment. In
particular, replacing A,(x) and F(x —y) in equation (3.30) by the terms —DSVV(x) and
—DpSVK,(x —y), respectively, we have

+Dp (4.23)

Ou (x,1)
ot

= DV2u(x,t) 4 BDV - [u(x,1) VV(X)]

1 6DV - /R {p(60)p(3.0) VK, (x - y)dy. 4.24)

One recent example of an active binary switching system of interacting particles involves
a one-component soft colloidal system in which every particle can individually stochastically
switch between two interaction states [30, 31]. The two states correspond to a ‘small’ (n =0)
and ‘big’ (n = 1) conformational state, respectively, such that the interaction potential is given
by an indexed Gaussian:

Ko (x) = @yme ™ /%m, n,m=0,1. (4.25)

The discrete state N(7) € {0,1} evolves according to a two-state Markov chain with matrix
generator

(7«
Q—< ., _a>. (4.26)

In [30, 31] it is assumed that the mean field limit holds in the case of weakly interacting
switching particles, which then leads to a closed system of equations for u,(x,?):

W — LV Jo (%) — o (%, )+ s (%,1), (4.27a)
W ==V -J1 (x,1) + yuo (X,1) — oy (X,1), (4.27b)

where

J. (x,t) = —=DVu, (x,t) — BDu, (x,1) V

+Z/ wm (X =)t (y,1)dly | .

m=0

(4.28)

Finally, as also shown by these authors, substituting equation (4.28) into the CK
equations (4.27a) and (4.27b), and taking the fast switching limit yields a single

18
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equation for the scalar density u(x,t) = oguo(xX,t) + oju; (x,7), where o9 = a/(a++y) and
or=7/(a+7):

[“)ug:t) = DV?u(x,t) + DBV - u(x,1) (VV(X) + [ VK(x—y)u(y,?) dy> 7 (4.29)
R4
where
k(x - y) = Z TnOmKyum (X - Y) . (4.30)

n,m

5. Nonequilibrium statistical field theory (non-interacting particles)

The analysis of the stochastic global density equations derived in this paper is nontrivial even
in the absence of pairwise interactions. In the case of a randomly switching environment, the
density equation is given by the hybrid DK equation (3.11), whereas for particle switching
it takes the form of the system of DK equation (4.16). One approach is to recast the dens-
ity equations into a field theory. This provides a framework for performing perturbative series
expansions and, in certain cases, yields non-perturbative approximations to various correlation
functions. As a first step in this direction, a field theory for a non-interacting, non-switching
Brownian gas has recently been constructed for the global density [65]. The basic idea is to
apply a MSRIJD path integral construction [66—68] to the DK equation obtained by setting
A,(x) = 0in equation (3.11). (For a complementary approach based on a Doi-Peliti path integ-
ral formulation [69-71], see [72]. Note, however, that care has to be taken when comparing
Doi-Peliti and MSRID field theories since the actual fields have different physical interpreta-
tions.) One of the interesting features of the MSRIJD path integral representation is that, even
though the particles do not interact, the resulting field theory contains an interaction term. The
presence of a 3-vertex reflects the original particle nature of the gas, and ensures that the dens-
ity field is strictly positive, in contrast to a Gaussian free field. In this final section, we indicate
how to extend the MSRJD path integral to the more general DK equations obtained in previous
sections for non-interacting particle systems.

5.1 MSRJD path integral: particle switching

In order to simplify our derivation, we consider a 1D model with two internal states n = 0, 1.
Equation (4.16) reduces to the form

O C0) /0 [ ot (5.0)] + D (1) = el ()4, 1)
+ D Quntim (x,1), (5.1)
m=0,1

with the matrix generator given by equation (4.26). The first step in the MSRIJD procedure is
to discretize equation (5.1) by dividing the time interval [0, #] into M equal subintervals of size
At and setting

oo (x) = po (x,AL), g (x) = g (x,LAL). (5.2)

19
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with fixed initial densities ¢ (x) and vy (x). Equation (5.1) becomes

G2 () = 600) + [Lage () + e (x) — 76 (9] Ar 4 VIR ALIRTOLE) (53

et (9= (9 [y () — e () + 60 (9] A 4 VDD LLIAWLLD) s gy

with ¢ =0,...,M — 1, and L,, are the linear operators

a4 () | )

Laf(x) = = dx dx?

54

Moreover AW, ;(x) is a Gaussian random variable with zero mean and two-point correlation
<AWn’g (x) AWn/’g/ (y)> = 54’51(5,,’”/(5 (x —y) At. (5.5

Consider a particular realization of the spatiotemporal Gaussian noise processes, which we
represent by the symbol 2. Defining the vectors ® = (¢1,...,¢u) and ¥ = (¢y,...,%y), we
introduce the conditional probability density functional

P2, Vo, o, ]
=1TI1]¢ (c{)ul (x) — e (x) — [Lode (x) + by (x) — b (x)] At — V2DAW ¢ (x))

=0 x

M—1
< TTTI5 (WH (x) — by (x) — [Lahe (x) — by (x) + vy (x)] At — V2DAW, (x)) .
=0 x
(5.6)

We have used the compact notation

AW 4 (x) = d\/@lﬁ%’z O AT () = IV (x;fwl’z ) (57

Introducing Fourier representations of the Dirac delta functions gives

P [®, 7|0, o, :/D [&nﬂ (5.8)

M—1
XeXP{lZ/dx¢e+1( ) [@e41 (x) = de (x) — (Lode (x) + oty (x) — by (X))Af]}

xexp{z

X exp{@Z/dx [3): {inSz (x)} vV e (X) AWp ¢ (x)
=0

§(\
_o

/dXWH ) [Wer1 (x) = e (x) — (Lyte (x) — athe (x) 4y e (x))Af]}

o~

=0

[”/)é+l } Vo1 (X) AWy 4 ( } } (5.9)

20
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where D[(f), ﬁf] = 24:_01 IL doy (x)d@ (x). We have integrated by parts in the final exponential
factor. The final steps are to integrate with respect to the Gaussian processes and then to take
the continuum limit Az — 0 and M — 0o with MA? =t and ¢(x, A1) = ¢y (x) etc. After per-
forming the Wick rotation (g, 1;) — (ig, i) we obtain a formal path integral representation of
the probability density functional

Plo.)= [ D[3.9] exp(~5[0.60.5]) (5.10
where
s[6.6v.9]
— [ar [ a{3m10.66um) #2007+ 0o () 657)] ~ DO 57
+ 0 (0, 7) [0r0 (4,7) + ath (%, 7) + D [A (x) 9 (x,7)] = DO (x,7)]
~[adtnvn) < B ) otn)] - Do) (2360m)

v (e,7) (0 (xm)ﬂ } +Sic [6,6,1,0)] (5.11)

We have incorporated the initial conditions into the path integral by adding the following terms
to the action (5.11):

Sie= [[ar [~ e {3n) 6 00r) — po ]+ 8730 6 (1) - 1 (0]}
(5.12)

5.2. Moment generating functional

One typically uses path integrals to calculate expectations of the various fields and their com-
posites. In particular, important quantities such as two-point correlations can be obtained by
taking functional derivatives of the moment generating functional

z [h,ﬁ}

~ [ P[50 exp (=5 [5.80.3] + {Bo} + {Fum} + o} + {w}).

(5.13)
where h = (ho, k), h = (ho,h;) and
{a,b} = /OldT/oo dva(x,7)b(x,7). (5.14)
For example,
| #Z[nh|
(¢ (x,1) 9 (y,00)) = 5 (5.15)

Z iy (x,1) Sho (v;:%0) O
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etc (Note that the normalization of the path integral measure cancels in the definition of expect-
ations such as (¢ (x,#)¢(y,1)).) Suppose that we decompose the action (5.11) according to

)

S[6:60.9] =006, 9] - 51 [6,6,6,9] (5.16)

where

So[6. 00, 0] = {80 +7-Lo) o} + {d. @ +a-Lw}, 61

with L, given by equation (5.4), and

si[.6w.9] =a{dv}+y{do}+D HQ% (3@2} - {w, (3)‘7})2”

~Sic 6.0 9] (5.18)
The generating functional (5.13) can then be rewritten as
z [h,ﬂ} — exp (S, (5/5}10, 5/5h0,5/5ﬁl,5/5h1)) Z [ho,ﬁo] Z [hl,zl} : (5.19)

where
2 [fu.io] = [ D[6,3]exp ({60 + v~ Loy} + {a.m} + {ohu}). G200
7 [h1 ,ZI} - /D [mﬂ exp (— {J (0r +a— Ll)w} n {J,h] } n {Wil }) . (5.200)

We have used the standard field theoretic trick of taking the interacting part of the action
outside the path integral by replacing each field by its dual functional operator. For example,

{;5,1/;} - {5/5ho,5/5%1} _ /0th/de i fm) = Zm)’ (5.21)

and

(il ] - [ oy L

15 [ee) ~ ~ ~
_ / dT/ dx UD [qﬁ,ﬂ g(x’T)e—{¢,(af+7—Lo)¢}+{¢,ho}+{¢,ho}}
0 —o0
% |:/D [w,&] Y (x,7) e{’lZ’(aq—JraLl)¢}+{$7h1}+{¢j1}:| ) (5.22)
Assuming that we can reverse the order of the functional and ordinary integrals, we have

{5/5%,5/5’121}20 [ho,ﬁo] Z [hl,zl}

:/D {qﬁ,qz,w,ﬂ [/Otdr/_o;dxqz(x,r)w(x,r)}
xexp(=So 06w 0]+ {dho} +{dm}+{oh )+ {vn}). 623
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It immediately follows that

eCY{(s/(Sho’(s/(%}Zo {hoﬁo} Z; [hlj’;l}

— [P[o.00.0]exp (a{.0})
xexp (=50 [6,6,0. 6] + { Sk} +{Dm }+ {o o} +{w}). 24

The other terms in the action S; can be treated along analogous lines, and thus we establish the
validity of equation (5.19).
Evaluating the Gaussian integrals (5.20a) and (5.20b) gives

Z, [hn,h,,} = exp (/deT’dxdx’Zn (x,7) G (x,7|x",7") by (x’,7’)> , (5.25)

where G, (x,#|xo, ty) are casual Green’s functions. That is,
Gy (X, l‘|)C()7 to) = ei’Y(tito)p() (X, t|x0, I()) © (t — l‘()) s (5.26a)
G (X, t|X()7l‘0) = e_a(l_lo)pl (.)C?[‘)Co,lo) (C] ([ — l‘()) R (5.26b)

where ©(¢) is the Heaviside function, and p,(x, #|xo,%) is the solution to the Fokker-Planck
equation

3]?;1

2
0 [An (x)pn] _‘_D(9 Pn
ot

Ox ox?’

=Lopn=— (5.27)

under the initial condition p,(x,%|xo,%) = §(x — x¢). The exponential factors e~ (=) apd
e~ (=) appearing in equations (5.26a) and (5.26b) are the probabilities that there are no
transitions 0 — 1 and 1 — 0, respectively, over the time interval [fy, #]. One non-trivial example
for which p, can be calculated explicitly is an Ornstein—Uhlenbeck (OU) process with ran-
dom drift. This particular hSDE has been used to model an RTP with diffusion in a harmonic
potential [73, 74] and protein synthesis in a gene network [12, 13]. In the former case, X(¢) € R
represents the position of the RTP at time ¢ whereas N(t) =n € {0, 1} specifies the current
velocity state v, of the particle. If vo =v and v; = —v then the motion becomes unbiased
when the mean time spent in each velocity state is the same (o = ). On the other hand, in
the case of the gene network, X(¢) represents the current concentration of synthesized protein
and N(t) specifies whether the gene is active or inactive. That is, v, is the rate of synthesis with
vo > v1 = 0. In both examples, the variable X(7) evolves according to the hSDE

dX (t) = [~koX (t) + v,)dt +V2DdW (1), N(t) =n, (5.28)

where r represents an effective ‘spring constant’ for an RTP in a harmonic potential, whereas
it corresponds to a protein degradation rate in the case of a gene network. Comparison with
equation (2.1) implies that A, (x) = —kox + v,. One major difference between an RTP and a
gene network is that the continuous variable X(7) has to be positive in the latter case. However,
one often assumes that the effective ‘harmonic potential” for vo > v; > 0 restricts X() to pos-
itive values with high probability so that the condition X(7) > 0 does not have to be imposed
explicitly. (If D =0 then X(r) € ¥ = [vo/ko,v1/ko] and the CK equation can be restricted to
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the finite interval > with reflecting boundary conditions at the ends. In this case, the steady-
state CK equation can be solved explicitly [11-13].) In the case of an OU process with random
drift, one finds that

1 [x — xpe 0" — v, (1 — e~"0") /1o]”
P (5, 1}20,0) = —— o (— =0 >,<5.29>

with
S(t)=—(1—e ™). (5.30)

Equation (5.19) is the starting point for performing various diagrammatic expansions by
Taylor expanding the functional operator % . This has been carried out elsewhere for a non-
switching Brownian gas [65, 72] whose MSRID action is of the form

~ ~ 2 ~
s|6.6] = {.(0. - D)0} D {¢, (2.9) } +Sic 6,0 (53D
The cubic term on the right-hand side generates 3-vertices in any diagrammatic expansion of
the path integral, and these play a key role in ensuring positivity of the global density. On the
other hand, suppose that we first average the global density equation (5.1) with respect to the
spatiotemporal white noise. This yields a deterministic PDE for the first moments u,(x,#) =
(1n(x,1)) given by the CK equation

% = Loug (x,7) — yup (x,7) + auy (x,1), (5.32a)
% =Lyuy (x, 1) + yuo (x,1) — auy (x,1). (5.32b)

Although this is a deterministic system, it is still possible to carry out the MSRJID con-
struction~ to obtain tlle generating functional (5.13) with the action functional (5.16) such that
Sy = af{d, v} +v{),¢ } — Sic. An expansion of €5 now generates contributions involving a
fixed number of switching events. (Note that a Doi—Peliti version of this path integral con-
struction has recently been applied to the particular example of a single RTP with diffusion in
a 1D harmonic potential [74]. Analogous path integrals have also been developed for RTPs in
higher dimensions [75] and active OU particles [76].)

5.3. MSRJD path integral: environmental switching

Developing a corresponding MSRJD field theory for environmental switching is more
involved. For the sake of illustration, consider a 1D, 2-state version of the hybrid DK
equation (3.11). As a further simplification, we average with respect to the white noise to
obtain the hPDE

Ou ()C,t) Dazu ()C, t) 0 [u (X, t)AN(I) (x)]

(5.33)

ot Ox? Ox ’

where N(f) switches according to a 2-state Markov chain with matrix generator (4.26).
Following along analogous lines to the construction of section 5.1, we discretize
equation (5.33) by dividing the time interval [0,7] into M equal subintervals of size At
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and setting up(x) = u(x,¢Ar) with a fixed initial density up(x) that is twice differentiable.
Equation (5.33) becomes

uppr (x) = ug (x) + Lyug (x) Az, N(f)=n (5.34)

with £=0,...,M —1, and L, defined in equation (5.4). Consider a particular realization
of the discrete stochastic process N(¢At) =n, and set n = (ng,...,ny—1). Defining U=

(uy,...,up), we introduce the conditional probability density functional
P [Uluo,n] H H5 Uiy (x) —ug (x) — Ly ug (x) Ar). (5.335)
£=0 x

Inserting the Fourier representation of the Dirac delta function gives

P [Ulu,n /D exp{ Z/dxw+1 ) o1 (x) = ug (x) — anug(x)At]}.

(5.36)

If we now average over the intermediate discrete states ny,¢ = 1,M — 1 then

PIU, iyt |, 0] = / DIT] exp{iz_: / dfipy1 () e (x) — g (x)]}
=0

% [e[Q+K[§M7uM—1]Af ... elQtK[m 7"U]Af]nMn0’ (5.37)

where Q is the matrix generator of the Markov process, ny, and ng are the initial and final
discrete states, and

~ —i [ dxugqq (x) Loug (x) 0
K[Mg+1,ug] = < f f-‘rlo 04 7l'fdx'it'e+l (x) ]Llué (x) ) (538)

In order to obtain a meaningful action functional in the continuum limit, it is necessary to
diagonalize the matrix products on the second line of equation (5.37). One method is to use
coherent spin states along analogous lines to the study of hSDEs for gene networks [77-80].
This requires the introduction of auxiliary variables for the path integral action. For a two-state
hybrid systems, we first decompose the matrix H = K 4 Q using the Pauli spin matrices

170 1 1/0 —i 1/1 0
Ux—z(l 0>, O')v—z(l. 0 ), 0'2—2(0 1) (539)
That is

1 1 1 1
H= <2l+az> Ko+ (21—01) K —7(21+az> —04(21—02) +aoy +yo_,

where 04 = o & ioy and K, [u,u] = —i [ dxu(x)L,u(x). Next we define the coherent spin-1/2
state [81]

& e'?/2cos?6/2
e %/2sin*0/2

> 0<0<m 0< ¢ <2m, (5.40)
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together with the adjoint

(s] = (e—i¢/2, efwz) . (5.41)
Note that

(s'|s) = el(9=#')/2 ¢os? 0/2+ e i(9=¢)/2in? 0/2, (5.42)
so that (s|s) = 1 and

(s+ As|s) =1— %iAqS cos+ 0 (Ag?). (5.43)

We also have the completeness relation

1 T 27

—/ sin@d@/ do|s)(s| = 1. (5.44)

27 0 0
It can checked that the following identities hold:

1 L . 1 s

(slog|s) = Ecos@, (sloy|s) = 5¢ sind, (s|lo_|s) = ¢ ' sinf. (5.45)

Hence,
(s|Hls) = H[0, §,u,u]

= (71— ] — Ko [iu]) 0

2

1 —cosf

([l —e "] — K [i,u]) >

(5.46)

We can now diagonalize the matrix product on the second line of equation (5.37) by inserting
multiple copies of the completeness relations (5.44). Introducing the solid angle integral

1 T 2T
/dsz 7/ Sin@dﬁ/ do, (5.47)
Q 271 Jo 0

/ o / di|so) (saa M= 13 sy _y) (s Pt =2l sy o)
Q Q

- sy [eHEnn0lA 50) (50 ]2 (0)). (5.48)

we have

In the limit M — oo and Ar — 0 with MAt = ¢ fixed, we can make the approximation
<Sg+1 |6HAZ|52> = <Sg+1 |Sg> {1 + H[eg, oo, Mg,ﬁg.;,_l] At} +0 (Alz) , (549

with H defined in equation (5.46). In addition, equation (5.43) and the restriction to continuous
paths in the continuum limit implies that

1 1
<S4+1 ‘S4> =1- Ei(¢g+1 — (Z)g)COSQ@ + 0 <A¢2> =1- EiAt% COSG@ +0 (At2> .
(5.50)
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Hence,

~ id
<Sg+1|eHAt‘Sg> = exp <|:H[95,¢g7ug,ug+1] — 2;?00594] At) . (5.51)

We can now take the continuum limit. After Wick ordering, integrating by parts the term
involving d¢/dt, and performing the change of coordinates z = (1 4 cosf)/2, we obtain the
following functional path integral:

P ] = / D8] D[] D [@]exp (~S[u7,2,6) (5.52)

where

t [ee]
Su,u,z,0] = / dr {/ dxu(x,7)0ru(x,7) — l(,ZS%
0 dr

— 00

+2z(7) [—7 (1 - ei‘b(T)) + /dx'zl(x,r) Lou (x,T)]
+(1—2(r)) [a (1 - e*l*f’(T)) + /dxﬁ(x,’r)]Llu(x,T)} } . (5.53)

6. Discussion

In this paper we derived global density equations for a population of actively switching
particles by generalizing the classical formulation of Dean [32]. In the case of a randomly
switching environment (extrinsic switching), we showed that the global density p(x,f) =
Zj d(X(r) —x) evolves according to a hybrid DK equation. Averaging with respect to the spa-
tiotemporal white noise process (and using mean-field theory or DDFT in the case of pairwise
interactions), resulted in a hybrid PDE for the 1-particle density u(x,t) = (p(x,1)). We then
derived moment equations from the corresponding functional CK equation (3.20), and used
this to highlight how statistical correlations are induced by the randomly switching environ-
ment, even in the absence of particle-particle interactions. Such correlations are absent when
the individual particles independently switch (intrinsic switching). In the latter case we derived
a system of DK equations for the indexed set of global densities j,(x,7) =3 ;6(X;(t) —
x)E[tSM(,):n]. However, the inclusion of particle interactions resulted in a moment closure
problem for the global densities with respect to the switching process. Finally, we construc-
ted MSRIJD field theoretic formulations of the global density equations in the case of non-
interacting particles.

For simplicity, we took the matrix generator Q of the switching process to be independ-
ent of the continuous process X(#), whereas many of the applications in cell biology involve
state-dependent switching. For example, in the case of membrane voltage fluctuations, the
opening and closing of the ion channels depends on the membrane voltage. Another important
example is a gene network with regulatory feedback [11]. The simplest type of a feedback
circuit involves a gene that is regulated by its own protein product (auroregulation), as shown
in figure 4. Suppose that the promoter has a single operator site OS for binding protein X. The
gene is assumed to be OFF when X is bound to the promoter and ON otherwise. If Oy and O,
denote the unbound and bound promoter states, then the corresponding reaction scheme is

Bx
0Oy \:01,
o
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0S4 0S4

Figure 4. An autoregulatory gene network with single operator site OS;. A gene is
repressed (or activated) by its own protein product X.

where x is the concentration of X. The concentration evolves according to the piecewise
deterministic equation

d
& _A,(x), forN(r)=n, 6.1)
dt
where Ag(x) =0 — kox, Aj(x) = —kox and discrete state transitions are generated by the
matrix
o o
Qx) = ( v W ) (6.2)

A third example involves switching diffusivities. Advances in single-particle tracking (SPT)
and statistical methods suggest that particles within the plasma membrane, for example, switch
between different discrete conformational states with different diffusivities [27-29]. Such
switching could be due to interactions between proteins and the actin cytoskeleton or due
to protein-lipid interactions. Interestingly, the switching rates between the different conforma-
tional states can also depend on the spatial location of a particle. For example, an experimental
and computational study of C. elegans zygotes showed that protein concentration formation
during cell polarization relies on a space-dependent switching mechanism [82]. This was inde-
pendently predicted in a general theoretical study of protein gradient formation in switching
systems [83, 84]. Note that state-dependent switching and switching diffusivities can be incor-
porated into the system of DK equation (4.16) as follows:

Optn (X, 1

8t ) = \/EV ’ [\/mnn (X’ t)] + Dnvz,uln (X’t) - V : [:un (X7t) A” (X)}

K—-1
+> " Oun (%) pn (%,1). (6.3)
m=0

Finally, in this paper we focused on the derivation and general mathematical structure of
global density equations for actively switching systems, highlighting the differences between
environmental and intrinsic switching. At least two theoretical issues are worth exploring when
considering specific applications.

(A) DDFT and meean field theory for actively switching particles. There has been signific-
ant progress in the rigorous mathematical analysis of mean-field limits and McKean—Vlasov
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equations for weakly-interacting particle systems without switching [59-62]. An extension to
a randomly switching environment has also been developed [64]. However, as far as we are
aware, analogous results for the mean-field limit in the case of intrinsically switching particles
has not been considered. As we showed in section 4.2, the inclusion of particle interactions
leads to a moment closure problem at the level of the generalized DK equation for the global
densities i, see for example equation (4.20). The effects of environmental switching on the
validity of the adiabatic approximation for DDFT also needs to be investigated. As highlighted
in section 3.3, in the fast switching limit one could average with respect to switching and then
apply DDFT, and vice versa in the slow switching limit. The difficulty arises at switching rates
comparable to the rate of relaxation to thermodynamic equilibrium.

(B) Weak noise limit. One important application of statistical field theory is to the derivation
of least action principles in the weak noise limit. For the given population model, there are two
distinct sources of noise at the single particle level: (i) the stochastic switching between differ-
ent internal states; (ii) external white noise with diffusivity D. The weak noise limit involves
taking D — 0 and Q,,, — oo. A typical feature of a stochastic path integral is that the sum-
over-paths has support over the set of paths that are continuous but non-differentiable with
respect to 7. In particular, any time derivative in the action functional is a formal symbol for
the appropriate difference term in the time-discretized path integral. Nevertheless, in the weak
noise limit, the path integral is dominated by paths that are arbitrarily close to the classical
least action paths, which are differentiable.
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