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Model reduction for a class of singularly perturbed stochastic
differential equations

Narmada Herath!, Abdullah Hamadeh? and Domitilla Del Vecchio?

Abstract— A class of singularly perturbed stochastic differ-
ential equations (SDE) with linear drift and nonlinear diffusion
terms is considered. We prove that, on a finite time interval,
the trajectories of the slow variables can be well approximated
by those of a system with reduced dimension as the singular
perturbation parameter becomes small. In particular, we show
that when this parameter becomes small the first and second
moments of the reduced system’s variables closely approximate
the first and second moments, respectively, of the slow variables
of the singularly perturbed system. Chemical Langevin equa-
tions describing the stochastic dynamics of molecular systems
with linear propensity functions including both fast and slow
reactions fall within the class of SDEs considered here. We
therefore illustrate the goodness of our approximation on a
simulation example modeling a well known biomolecular system
with fast and slow processes.

I. INTRODUCTION

Many dynamical systems evolve on multiple timescales.
Examples include chemical reactions, climate systems and
electrical systems. This separation in time-scales allows the
state variables to be categorized into “fast” and ‘“‘slow”
variables. Such systems can be modeled using the singular
perturbation framework, where a small parameter € is in-
troduced to capture the separation between the time-scales.
The standard approach in analyzing such systems is to
approximate the original system by a system with reduced
dimension. For deterministic systems, this process is well
established, most notably by the Tikhonov’s Theorem [1],
which quantifies the error between the trajectories of the
original and reduced systems in terms of e.

Several works have extended this approach to systems
modeled by stochastic differential equations [2], [3], [4], [5].
However, these methods cannot be applied to quantify the
approximation error in the slow variable for systems with
nonlinear diffusion terms when the diffusion term of the fast
variable is of the order /€, as is the case in systems modeled
by chemical Langevin equations [6]. Another approach that
can be used to analyze systems where the diffusion term of
the fast variable is of the order /€, is the averaging principle
for stochastic differential equations pioneered by R. Z. Khas-
minskii in [7], where an approximation is obtained to which
the slow variable dynamics of the original system converge

*This work was in part funded by AFOSR grant # FA9550-14-1-0060
and NIGMS grant P50 GM098792.

INarmada Herath is with the Department of Electrical Engineering and
Computer Science, Massachusetts Institute of Technology, 77 Mass. Ave,
Cambridge MA nherath@mit.edu

2:3Abdullah Hamadeh and Domitilla Del Vecchio are with the De-
partment of Mechanical Engineering, Massachusetts Institute of Tech-
nology, 77 Mass. Ave, Cambridge MA ahamadeh@mit.edu,
ddv@mit.edu

weakly, as e becomes small. However, this approach requires
the integration of the vector field, which may be undesirable
for systems with a large number of states.

In this work, we consider a class of singularly per-
turbed stochastic differential equations with linear drift and
nonlinear diffusion terms that exhibit timescale separation.
The class of systems we consider includes models where
diffusion of the fast variable is of the order /¢, as is the
case in biomolecular systems modeled by chemical Langevin
equations. For this class of systems, we aim to obtain
a reduced model that provides an approximation to the
slow variable dynamics via a method that does not require
integration of the vector field. To quantify the error in the
approximation, we use the first and second moments of the
slow variable as they provide a quantification of the mean
and the variance of a random variable. We first prove that
the moment dynamics of the original singularly perturbed
system are also in singular perturbation form. This allows the
application of Tikhonov’s theorem to the moment dynamics
on a finite time interval. This way, we show that the first
and second moments of the reduced system are within an
O(e) neighborhood of the first and second moments of the
slow variable in the original system. Next, we demonstrate
how the results can be applied to biomolecular systems with
multiple time-scales modeled using the chemical Langevin
equations, where an example corresponding to the model of
a phosphorylation cycle is considered.

This paper is organized as follows. In Section II, we
introduce the multiple timescale SDE model class of interest.
In Section III we use singular perturbation to arrive at a
reduced order model of this system class, and in Section IV
we show that the reduced model is an O(e)-approximation
of the original system. In Section V, the results are applied
to a biomolecular system modeled by the chemical Langevin
equation.

II. SYSTEM MODEL

Consider the following set of stochastic differential
equations in the singular perturbation form

5. &= fo(z,2,t) + 0x(x, 2, )Ty, 2(0) = zo(1)
. { €2 = fz($,27t,€) +UZ(CC,Z,t,6)FZ, Z(O) = 20(2)

where £ € R" is the slow variable, z € R™ is the fast
variable, I'; is a d,-dimensional white noise process. Let Iy
be a dy-dimensional white noise process. Then, I, is a (d, +
dy)-dimensional white noise process that can be expressed in
the form [ T, T’y ]7. The functions f, : R* x R™ x R —



R" f, : RPXR™"XRXR—=R™ 0, : R" xR™" xR —
R™"*d= and o, : R" x R™ x R x R — R™*(datds) are
continuous functions in their arguments and we assume that
there exists a unique solution to system (1) - (2). We further
assume that the system . satisfies the following assumptions.

Assumption 1. The functions f,(z,z,t) and f,(z,z,t,€)
are linear functions of the state variables z and z, i.e., we
can write

fo(z, 2,t) = A1z + Agz + As(t), 3

where 4; € R"*"™, Ay € R™™ and A3(t) € R™ and there
exists a scalar function «/(e€) such that,

fz(1‘7 z,t, 6) = Bz + Baz + B3(t)
+ a(e)(Bax + Bsz + Bg(t)), 4)

where By, By € R™*", By, By € R™¥™  By(t), Bg(t) €
R™ and «(0) = 0.

Assumption 2. The matrix-valued functions o, (x, z,¢) and
o.(x,z,t,€) are such that, there exists matrix valued func-
tions ®(z,z,t) : R™ x R™ x R* — R"™*" A(x,z,t,¢€) :
R*" X R™ x R xR = R™*™ O(z,z,t,€) : R" X R™ x R x
R — R™*™_ that satisfy

oz, 2, t)0, (x, z,t)T = ®O(x, 2,t), 5)
o.(x,z,t,€)0,(x, 2, t, e)T = eA(z, 2, t,€), (6)

o.(x,z,t,€)] ox(x,2,8) 0 ]T =0O(z,z,t,¢), (1)

where the elements of the matrix-valued functions ®(z, 2, t),
Az, z,t,€), O(x,z,t,¢) are affine in = and z, ie., we
can write E[®(z, z,t)] = ®(E[z], E[z],t), E[A(z, 2, t,€)] =
AE[z],E[z], t,¢), E[O(z,zt,¢)] = O(E[z],E[z],t,c¢).
Also, we have that lim.,oA(z,2,t,) < oo and
lime_,0 O(x, z,t,e) =0 for all z, z and ¢.

Assumption 3. The matrix By is Hurwitz.

Assumption 4. The derivative of B3(t) with respect to ¢ is
continuous.

We will next analyze equations (1) - (2) in two ways. In
Section ITII-A we will first take ¢ = 0 to arrive at a reduced
model of (1) - (2) and then derive the moment equations of
this reduced model. In Section III-B we derive the moments
equations of (1) - (2) and then take € = 0, to obtain reduced
moment equations. By comparing the systems obtained via
these two procedures and applying Tikhonov’s Theorem on
the finite time interval, Theorem 1 in Section IV will show
that the moment dynamics of the reduced system of (1) - (2)
are an O(e)-approximation of the moment dynamics of (1)

- (.
III. PRELIMINARY RESULTS

A. Reduced System
When € = 0 in system (1) - (2) we obtain

fo(x,2,t,0) = Byz + Baz + Bs(t) =0 (8)

since, from (6), we have that o, (z, 2,t,0)0.(x, 2,t,0)T =0
and therefore, o, (z,2,t,0) = 0.

Assumption 3 ensures the existence of a unique global
solution z = 7, (z,t) to (8), given by

Y1 (ZL’, t) = 7B2_1(Bll' + Bg(t)) (9)
Substituting z = 1 (x,t) into (1), yields the reduced system

= fx('fa’yl(i‘7t)at) + O-l‘('fa’yl(i‘vt)at)rxv .f(O) = Zo-
(10)

Next, we derive the first and second moment equations of
the reduced system (10). To this end, define the functions
Y2, g1, and go for a € R™ and b € R™*™ such that

Yo(a,b,t) = —By Y(Byb+ Bs(t)a®), (11
gi(a,71(a,t),t) = Ara + Azxyi(a,t) + As(t), (12)
ga(a,b,v1(a,t),va(a,b,t),t) = A1b + Ayya(a,b,t) + bAT
+ As(t)aT + y2(a, b, )T AT + aAs()T + ®(a,y1(a, 1), 1).

(13)

We can now make the following claim:

Claim 1. The first and second moment dynamics of the
reduced system (10) can be written in the form

Pl _ o0 ®# (B 0.0, EEO)] =20, (49
dE[zzT)

a

g2(E[z], E[zz7], 1 (E[Z], t), v (E[z], E[zZT], 1), 1),

Proof. As in [8], we can write the moment dynamics of the
reduced system (10) as

dlfz?] = E[f2(z, (2, 1),1)], (16)
zzT
% = E[fo (2,711 (z,1),)z7] + B[z fo (2,71 (2, 1), )]

+Elos(z, 2, t)on(z, 2, )] (17)

Using the linearity of the expectation operator and equa-
tions (9) and (11), we have that

Elvi(z,t)] = =By "(B:E[z] + Bs(t)) = n1(E[z], t),
Ely(z, )" = —B; '(B1E[zz"] + Bs(t)E[z"]),
= v (E[z],E[zz7],1).

Since E[zv,(7,t)T] = (E[y1(Z,t)zT])T, we can also write
E[zv,(2,t)T] = v (E[z], E[z2T],#)T. The initial condition
xg is deterministic, and therefore, we have that E[Z(0)] =
and E[z(0)Z(0)7] = zoxl. Then, under Assumptions 1 - 2,
and the function definitions (12) - (13), the moment dynamics
(16) - (17) can be written in the form (14) - (15). O]



B. moment dynamics of the Original System 3.
In this section we analyze the moment dynamics of the
system (1) - (2). To this end, let us define the functions gs,
g4, g5 for a € R™ , b € R*™™, ¢c € R™, d € R™*™, and
e € R™*"™ guch that
g3(a,c,t,€) = Bia+ Bac + Bs(t)
a(e)(Baa + Bsc + Bg(t)),
gala,b,c,d, e t,€) = eBI +dBT + ¢Bs(t)T
+ afe)(eBf +dBEY + cBs(t)") + Bie® + A(a, c,t,€)
+ Bad + By(t)e" + a(€)(Bae” + Bsd + Bs(t)e"), (19)
gs(a,b,c,d, e, t,€) = e(eAT + dAT + cAs(t)T) + Bib
+ Bye + Bs(t)a” + O(a,c, t,€)
a(e)(Byel + Bsd 4 Bg(t)cT).

Then, we make the following claim :

(18)

(20)

Claim 2. The first and second moment equations for Y. in
(1) - (2), can be written in the singular perturbation form:

dlggx} = Elfo(z,2,t)] = 91(E[z], E[¢], 1), @1
%:j} =E[fo(z, 2, )27 ] + Blzfo(z, 2, 1), 1)T)
+ Elox(z, 2, t) 0 (2, 2, )]
= 92(E[2], Elza"], E[e], E[z2"], 1), (22)
d%z] =E[f.(z, 2,1, ¢)] = g3(E[z], E[z], t,¢),  (23)
edE[;:T} =E[zf.(z, 2, t,€)T] + E[f.(x, 2,t, )27 ]
+ %E[az(x, 2, t,€)o.(x, 2, t,€) 7]
= g4(E[2], E[za”], E[2], E[z2"], E[22” ], t,€), (24)
edESth] Elzfo(z, 2,t) ] + E[f.(z, 2, t, €)2" ]
+E[o.(2,2,t,¢) gu(w,2,1) 0]7]
= g5(Elz], E[zz"], E[2], E[227], E[z2"], t,¢). (25)

where g1 and go are defined in (12) and (13), respectively,
and g3, g4 and gs are defined in (18) - (20).

Proof. Note that system X in (1) - (2) can be written in the
form

&= folz,2,t) + | ox(x,2,t) 0T,
ez = f.(x,2,t,€) + 0.(x,2,t,€)l,,

x(0) = xo
2(0) = 2o
where [ o(x,2,t) 0 ] is a matrix-valued function R"™ x

R™ x R — R"**(detds) Then, we write the dynamics for
the first moments [8] as

dE[z] 1
dt - ]E[fz(xvzvt)]a dt - EE[fz(xazvta 6)]

Similarly, from Proposition III.1 in [8], the second moment
dynamics are given by

dIE{ xaxl  x2T ] _ [xfz(a;,z,t)T

dt T T 2fe(z,2,t)T

dE|[z]

(26)

%xfz(ac,zj?e)T

zzl 2z Lafu(z, 2t e)T

fo(z, 2, t)2T
1f(z, 2t €)a”

o

_|_

folz, 2,t)27 ]

%fz(z,z,t,e)zT

ou(z,2,t) 0, (2, 2, )T
(2t €)] ou(z,2,t) 0T

L op(z,2,t) 0)ou(z,2,t,€)T ]

€

E%JZ (z,2,t,€)0.(z, 2,t,€)T

27

Summing the corresponding entries of the matrices in (27),
multiplying both sides by ¢, using Assumptions 1 - 2 and the
linearity of the expectation operator, we can write the system
(26) - (27) in the singular perturbation form in (21) - (25),
where we have eliminated the equation for the dynamics of
E[z2T] since E[zzT] = (E[zzT])T. O

Next, we derive the reduced model for the system (21) -
(25), when € = 0.

Claim 3. The reduced system of moments equations (21) -
(25), obtained when € = 0, can be written in the form

Bl @ nERL 0.0, EeO] = 8
dE[zzT]
dt
2B, ], (B 1), 22 BT o], ), ),
E[z(0)2(0)"] = wozg, (29)

where gy is defined in (12) and gs is defined in (13).

Proof. From Claim 2, setting ¢ = 0 in system (23) - (25),

under Assumption 1, we obtain the equations
B1E[z2”] + ByE[z2T] + Bs(t)E[2T

(30)

]=0. (31

We do not consider the dynamics of the fast variable E[227]
as they do not appear in the slow variable dynamics. Un-
der Assumption 3, we have that E[z] = hy(E[z],¢) and
E[z2T] = ho(E[z], E[zzT], t) are the unique global solutions
to (30) and (31), given by

hi (Ela],t) = — By [BiE[z] + Bs(1)], (32)
ha(E[z], Elva™],t) = =By '[BiE[z2"] + Bs(t)E[z"]].
(33)
By substituting E[z] = hy(E[z],t) and E[zz?] =
ha(E[z], E[zzT],t) in (21) - (22) we obtain the reduced
system

dlif] = 1(E[z], hn (B[], 1), ), (34)
dE[z2T]

a
92(E[z], E[zzT], hi(E[z], t), ho(E[z], E[zzT],¢),t). (35)

From equation (9), we have that ~i(E[z],t) =
—B; ' (B1E[z]+ Bs(t)), and comparing this expression with
(32) it follows that hy(E[z],t) = ~1(E[z],t). Therefore,



equation (34) takes the form of (28). Comparison of (11) and
(33) shows that ho(E[z], E[z2T],t) = 2 (E[x], E[zzT],t),
and therefore equation (35) takes the form of (29).

O

IV. MAIN RESULTS

Lemma 1. Consider the original system Y given in (1) -
(2), the reduced system in (10), the moment dynamics of the
original system in (21) - (25), and moment dynamics of the
reduced system in (14) - (15). Then, under Assumptions 1 -
3, the commutative diagram in Fig. 1 holds.

Proof. Setting e = 0 in the original system given in (1) - (2),
we obtain the reduced system (10). Then taking the moment
dynamics of the reduced system we obtain the system (14)
- (15). From Claim 2, the moment dynamics of the original
system can be written in the singular perturbation form given
in (21) - (25). From Claim 3, it follows that setting e = 0 in
the moment dynamics of the original system in (21) - (25),
yields the system (28) - (29), which is equal to the system
of moment dynamics of the reduced system given by (14) -
(15).

O

Definition 1. Consider the original system ¥ defined in (1) -
(2) and the reduced system in (10). We say that the reduced
system (10) is an O(e)-approximation of the original system
(1) - (2) if there exists t; > 0 such that

[E[z(t)] — E[z(®)][| = O(e), t € [0,t1],
IE[z(H)z(t)"] — Elz(t)z(t)"]||r = O(e), t € [0,t1],

where ||.|| 7 is the Frobenius norm.

(36)

From Lemma 1, we see that setting ¢ = 0 in the moment
dynamics of X leads to the moment dynamics of the reduced
system. However, it does not guarantee that the trajectories
of the moments E[z], E[zx”] will approach the trajectories
of E[z], E[zzT] as € — 0. Therefore, the following theorem
proves that under Assumptions 1 - 4, the moments E[z] and
E[zxT] approach E[z] and E[zzT], respectively, as € — 0,
and therefore the reduced system is a good approximation
of the slow variable dynamics of the original system.

Theorem 1. Under Assumptions 1 - 4, the reduced system
(10) is an O(e€)-approximation of the original system (1) -
(2).

Proof. Consider the commutative diagram in Lemma 2. We
see that the moment dynamics of the reduced system can be
obtained by setting ¢ = 0 in the moment dynamics of the
original system. As the moment dynamics are deterministic,
under Assumption 3, we can apply Tikhonov’s theorem on
the finite time interval [1] to the moment dynamics of the
original system given in (21) - (25) to obtain (36). To
do so, we prove that under Assumption 3 the boundary
layer dynamics for the system (21) - (25) are globally
exponentially stable. To this end, define the variables

by :=E[z] — 11 (E[z], ?),

by := E[22T] — v (E[z], E[zzT], 1),
where 1 (E[z], 1) and  Yo(E[x], E[zzT],t) are
solutions to the equations gs3(E[z], [ ,t,0)0 = 0
and  g5(E[z], E[z27], E[2], E[22"], E[z27],£,0) = 0,

respectively. The dynamics of the variables b1 and by are
given by

by dEE]  m(ER]D) 9 (El].0) Bl
dt dt at OE[z]  dt
(37
6@ _ ed]E[ZIT} _ 6672(]E[$]vE[sz]vt)
dt dt ot
~ Oa(E[z], ElzzT],t) dE[z]
OE|[x] dt
Ov2(Elz], E[zzT],t) dE[z2T)
~ ¢ OE[zzT] dt (38)
where %ﬁ]t} is the Jacobian of the function v; (E[z], t),
—GVQ(E[QEE? L) js a third order tensor, and 222E[IElzz"].1) Gggggﬁ?f]’t)

is a fourth order tensor.

Let 7 := t/e, be the time variable in the fast time scale.
Then, using equation (23) in (37) and equation (25) in (38),
the dynamics of b; and by in the 7 timescale are given by

dby O (Elz],t) O (Elz],?) dE[z]
dr Elf:(@.2,t,0)] - or B OE[x] dr '’

(39)
(gf = B[z f.(z, 2,t)T] + E[f.(x, 2,t, €)2T]

+ Elo.(z, z,t,€)] 0z(x,2,t) 0O ]T}

B 0v2(E[z], E[zzT), t) dE[z] 3 0v2(E[z], E[zzT], t)
OE|[z] dr or
02 (Elx], E[zzT],t) dE[zaT]
- OE[z2T) dr (“40)
where
d]gf] — g1 (E[z], B[], ), 1)
%fﬂ — egs(Efa], ElzaT), B[2], E[z2T],1),  (42)

from equations (21) - (22), and using equations (9) and (11)
we have

On(Bla 1) _ L,y dBy(t)

or —eBy dt ’ “3)
072 (Elx], E[zzT],t) B _1dBs(t) T
= = By T ERT. @4)

The boundary layer system is obtained by setting € = 0
in (39) - (40). Due to the linearity of the system (21) - (25),
the solutions E[z], E[z2T], E[z], and E[227] exist and are
bounded on any compact time interval ¢ € [0, ¢;]. Therefore,
when ¢ = 0, we have that dE[z]/dT = 0 and dE[zzT]/dT =
0 from equations (41) - (42). Using Assumption 4, we
have that dB3(t)/dt is continuous on ¢, and therefore, it is
bounded on any compact interval ¢ € [0, t1]. Thus, it follows
that setting ¢ = 0 in (43) - (44), yields 9v1/07 = 0 and



Original System ¥

Reduced System

P = 0 .
A o AR A I - b= L@ (@ 0.0 +0u(@ (@ ). T,
e—0

Moments of the Original System - = Moments of the Reduced System
Ex] 91(E[z], E[2], t)
EezT] 92(E[z], E[za”], E[2], E[za"], 1)

4| B[] = | gs(E]E[2], L, 0)

E[227] 94(E[x], ElzaT], E[2], E[z27), E[zaT], ¢, ¢)
eE[zzT) g5 (Elz], E[za™], B[], E[z2T], E[z2T], ¢, €)

Efz] ) _ ( o1 (Bl7], 1 (E[z]. 1), )
E[zz"] 92 (B[], Bz 7], 71 (E[z], ), 72 (B[],

E[zzT],t),t) )

Fig. 1: Commutative Diagram.

072/07 = 0. Therefore under Assumption 1 - 2, we obtain
the following boundary layer dynamics for b;:

db
= BiE[a] + Baby + Ba(= By (BiE[z] + Bs(1))
+ Bd(t) = Bsb;. (45)

The dynamics of b in the boundary layer system are given
by

% = B1E[za”] + Byby + Bo(—By (B E[za”]
+ B3(t)E[zT])) + B3(t)E[z] = Byb,.
Let by = [ bo1 bon, ], so that
dbai _ Bobai, fori=1,...n (46)
dr

From (45), (46), and Assumption 3 it follows that the
boundary layer system is globally exponential stable. Since
the functions ¢g; and go are linear, the solution of the
system (14) - (15) exists and is unique on any compact
time interval ¢ € [0,¢1]. We also have that the functions
g1, 92, g3, g4, and gs in Lemma 1 are continuous, and
from Assumption 2 and Assumption 4, the first and the
second partial derivatives of g1, g2, g3, ¢4, and gs with
respect to their arguments are continuous. The functions
v1(E[z],t) and o (E[x], E[xzT], t) also have continuous first
partial derivatives with respect to their arguments. Therefore
the assumptions of Tikhonov’s theorem on the finite time
interval are satisfied, and relationship (36) holds. O]

A. Illustrative Example

The singular perturbation approach used in this paper to
approximate the dynamics of the slow variable does not
provide a valid approximation for the dynamics of the fast
variable, as discussed in [4]. From the reduced system in
(10), we observe that the noise in the fast variable does not
affect the slow variable, which leads to a good approximation
of the slow variable even though the fast variable is not well
approximated. To provide a physical interpretation as to why
this occurs, we consider the system

T =—a1x + asz,

€t = —2+ v V/el,

where aq,as > 0. As the system is linear, we can calculate
the second moments at the steady state using the autocorre-
lation function. To this end, let S;;(w), S.,(w) and Sp(w)
be the power spectra of x, z and T, respectively. We first
calculate S, (w). Let H,r(jw) be the frequency response
from I'" to z. Then, we have that

(v1/Ve)®
(w? +(1/€)?)’
where St(w) = 1 since I' is a white noise process. Then,
the autocorrelation of z, R..(7), is given by

(v1/Ve)?
2(1/e)

so that the steady state second moment of z is given by

2 2
E[:2] = R..(0) = (/YO _ i

To calculate S, (w), note that z appears as an input to

the slow variable. Then, letting H,,(jw) be the frequency

response from z to x, we have that

Spa(w) = |HIZ(jW)|2SZZ(w)7
_ (a3v}/e)/(—ai +1/¢%) n
(w2 + af) (w?

Thus, the autocorrelation of x is given by

Sex(w) = |HzF(jw)|25F(w) =

R..(1) = e~ (/all,

(agvl/G)/(a? —1/€)
+1/e?)

G%U%/E —a1|‘r\ + G“Q’U%/E e—%\ﬂ
(—a?+ =) 2a) (af — =)(3)
so that the second moment of z is given by

2,2
azvy €

2a1 (1+aze)’

Therefore as ¢ — 0, E[z%] — 0, that is, noise I' does
not affect the x-subsystem as € tends to zero. This can be
explained by visualizing the power spectrum S, (w) and the
frequency response |H,,(jw)|. Consider S,.(w), illustrated
in Fig. 2. We see that as ¢ — 0, S,,(w) at low frequencies
decreases while at high frequencies it increases. However,
H,.(jw) is a low-pass filter with a cut-off frequency of

R, (1) =

El2?] = Ryu(0) =



a; that does not change with e (Fig. 2). Therefore, the -
subsystem selects only the low frequency components of z,
which decrease with e, leading to a decrease in power of
signal = as e decreases.
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——¢c =0.00%
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T
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Fig. 2: Power spectrum of z and frequency response from z to x.
The parameters used are a1 = 10, a2 = 1.5 and v; = 1.

V. APPLICATION TO THE CHEMICAL LANGEVIN
EQUATION

In this section, we demonstrate how the results devel-
oped in this paper can be applied to analyze the stochastic
properties of a biomolecular system. Biological systems
are inherently stochastic due to randomness in chemical
reactions. There are several tools that have been developed
to capture the stochastic behavior of biological systems, such
as the chemical master equation, the Fokker-Planck equation
and the chemical Langevin equation. The chemical Langevin
equation is a stochastic differential equation that provides
an approximation to the chemical master equation under the
assumption that the number of molecules in the system is
large [6], [9].

Time-scale separation is a common feature in biomolecular
systems where reactions can be categorized as slow reac-
tions and fast reactions according to the reaction rate. In
this section, we demonstrate the application of the results
to chemical Langevin equations with multiple time-scales,
using a one-step reaction model for a phophorylation cycle
as an example. Furthermore, we validate through numerical
simulations that indeed the reduced system is an O(e)-
approximation of the original system.

A. Application Example

Phosphorylation is an important mechanism in the regu-
lation of many intracellular events [10]. It has been further
demonstrated that phosphorylation cycles can insulate bio-
logical circuits from loading effects arising from connection
to downstream targets, such as protein substrates or promoter
sites controlling gene expression [11], [12]. We consider
a cycle in which the phosphorylated protein X* binds to
promoter p. Since binding/unbinding reactions are much

faster than phosphorylation/dephosphorylation reactions, this
system exhibits multiple time-scales [13].

We can write the following chemical reactions for the
system considered X+ 7Z LIRSS + 7Z, X* +Y LEN

X+Y, X*+p

kinase Z at rate k:l and dephosphorylated by phosphotase Y
at rate ko. Phosphorylated protein X* binds to promoter p
producing the complex C. We consider the input Z to be of
the form Z(t) = k + Asin(wt) where k is a constant bias
and A and w are the amplitude and the frequency of the
input signal, respectively. The total concentration of X and
promoter p, are conserved, hence X + X* 4+ C' = Xy, and
p+ C = pior. Let I'; be white noise processes and €2 be
the cell volume. Letting 2 = 1 for simplicity, the chemical
Langevin equation for the system is given by
ax* X" C
dt B klZ(t)Xtot (1 Xtot Xtot

- konX*(ptot - C) + koffc

X* C
k1Z(t) Xeor | 1 — r
+\/ ! () tt( Xtot Xtot) 3

— VEY X*Ty — \/kon X* (ptor — C)T'5 + \/ kot CT,

C. Protein X is phosphorylated by the

) — kY X*

(47
dc «
o= kon X*(ptot — C) — kotC + \/kon X * (ptor — C)T
— VkoCTg (48)

We assume that the cycle is weakly activated [14], giving
X* < Xiot, that the concentration of X is much larger than
that of the downstream binding site, giving Xt > piot, and
that binding of X* to promoter p is weak, giving pyor > C.

Hence (47) - (48) simplify to
dX* * *
W - klz(t)Xtot - kQYX - konX Dtot + koffc
+ VELZ(t) XT3 — VE2Y XTIy — /kon X *prot s
+ kot Cl, (49)
dC
E - konX*ptot - koffC + \/konX*ptotFE) - \/koffCFG-
(50)

Since binding reactions are much faster than phosphory-
lation/dephosphorylation, we have kog > koY. Let kg =
koft / kon be the dissociation constant between X* and p, and
write € = koY /kog where € < 1. Letting a := ko /k; and
y = X* + C, the system (49) - (50) satisfies

d
= b Z() Xiot — kY + VI Z() Xyt s
— kY (y — C)F4, C}))
JAC _ kY kY
dt = ; Doty — C) — koY C + \/ kQ Prot(y — C)T's
-V €]€2YCF6, (52)

which has the structure of (1) - (2), with x =y, z = C and

fo(x, 2,t) = k1 Z () Xpor — kY (z — 2),



koY

fo(z, 2zt €) = k—dptot(x —2) — koY z,
oo(x,2,t) = [ k1 Z(t) X4t —/k2Y(x—2) 0 0],
(53)
o.(z,z,t,e)=[0 0 ek:gth;& —ekyYz |,
d
(54)
r=[T3 Iy I's Tg % (55)

From (53) - (54), we have that o, (z,z2,t)0. (7,2, t)T =
kiZ(#)Xior + koY (x — 2), o0.(w,2,t,€)0.(z,2,t,6)T =
koY piot(x — 2)/katekaY z and 0, (z, 2, )0, (2, 2, t, €)1 =
0. Therefore, Assumption 1 - 2 are satisfied. We also have
By = —(kaYpior/ka + koY), satisfying Assumptions 3
and Bs3(t) = 0 satisfying Assumption 4. We assume that
there exist X5 > 0 and Cp > 0 such that X* > X§
and C' > Cj, which will guarantee the necessary Lipschitz
continuity properties to ensure the existence of a unique
solution to system (51) - (52). Then, we can proceed to find
a reduced model for (51) - (52).

Setting € = 0 in (52), we obtain the slow manifold v (y) =
YPtot | (Prot + ka). Then the reduced system is given by

dy _ kq
— =k Z(t) Xor — kY y| ————
i 1 () tot 2 y</€d+ptot>

+ k1 Z X or + k:Qng<

kq >
—_\r,
ka + piot ) ¥

where we have used the fact that I'; are independent Gaussian
. . . _ 5
white noise processes to write v11'3 — vl'y = (/v + v3[y,.

Then applying Theorem 1, we have that

IE[g] = E[yl| = O(e), t € [0,t:]
IE[5%] - Ely’]ll = O(e) t € [0, t4].

Fig. 3 shows the errors in the first and second moments.
The simulations are performed using the Euler-Maruyama
method [15] for stochastic differential equations and takes
the average of 1000 simulation runs.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we considered singularly perturbed stochas-
tic differential equations with linear drift and nonlinear
diffusion terms. We obtained a reduced model that approx-
imates the dynamics of the slow variable of the original
system when the time-scale separation is large (e is small).
Therefore, these results allow the slow dynamics of the
original system to be approximated by a system with lower
dimensions, which will be useful in analysis and simulations
of stochastic systems. In particular, benefits in simulations
include reduced computation time and cost, especially for
stochastic differential equations in the chemical Langevin
form, modeling large biomolecular systems.

In future work, we aim to extend the analysis of the slow
variable approximation to obtain weak convergence, which is
a stronger convergence result than the convergence of the first
and the second moments. We also aim to extend the results
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Fig. 3: Errors in the first and the second moments. The parameters
used are Z(t) = 0.1 + 0.05sin(0.1¢), k1 = 0.1, k2 = 1, kg =
100, X0t =200, Y = 0.2, ptor = 200, y(0) =10 and C(0) =
5.

to the infinite time interval, consider systems where the drift
coefficient is nonlinear and determine an approximation to
the fast variables of the original system.
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