Moment convergence in a class of singularly perturbed stochastic
differential equations
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Abstract— We consider a class of singularly perturbed
stochastic differential equations with linear drift and nonlinear
diffusion terms. We obtain a reduced-order model that approx-
imates the slow variable dynamics of the original system when
the singular perturbation parameter ¢ is small. In our previous
work, it was shown that, on a finite time interval, the first
and the second moments of the slow variable dynamics of the
original system are within an O(c)-neighborhood of the first
and the second moments of the reduced-order system. In this
paper, we extend this result to show that all moments of the slow
variable dynamics of the original system are within an O(¢)-
neighborhood of the moments of the reduced-order system. We
illustrate the application of this approach on a biomolecular
system modeled by the chemical Langevin equation.

I. INTRODUCTION

Time-scale separation is a common feature of many phys-
ical systems. It allows the system dynamics to be separated
into slow and fast, employing a small parameter € to capture
the separation of the time-scales. The first step in analyzing
such systems is to obtain a reduced-order model that approxi-
mates the dynamics of the slow variables. There are two main
methods for obtaining such a reduced-order model: singular
perturbation and averaging [1], [2]. The singular perturbation
approach involves setting ¢ = 0 in the fast variable dynamics
to obtain an algebraic equation describing the slow manifold,
which can then be used to derive an approximation for the
slow variable dynamics. In the averaging method, the fast
dynamics are averaged out by taking the time average of
system functions.

Multi-scale stochastic differential equations arise in many
applications, such as chemical reactions, population models
and financial models. In particular, chemical reactions with
multiple time-scales modeled by the chemical Langevin
equation take the form of an SDE, where the diffusion term
is of the order /€. For this type of systems, the existing
singular perturbation approaches for stochastic systems in
[11, [3], [4], [5] cannot be applied. The averaging method in
[6] can be applied in this case, and it provides a reduced-
order model to which the slow dynamics of the original
system converge in distribution as € becomes small. However,
averaging methods require explicit integration of the system
vector field, while singular perturbation methods only require
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the local solution of an algebraic equation. Here, we therefore
pursue the singular perturbation approach.

In our previous work, we considered a class of singularly
perturbed systems with linear drift and nonlinear diffusion
terms, including the case where the diffusion term is of order
/€ and obtained a reduced-order model via singular pertur-
bation. The first and the second moments of the reduced
system were proven to be within an O(e)-neighborhood of
the first and second moments of the original system [7]. In
this paper, we show that, for the same class of systems,
all moments of the reduced system are within an O(e)-
neighborhood of the corresponding moments of the original
system. We then apply the results to a biomolecular system
modeled using the chemical Langevin equation.

This paper is organized as follows. In Section II, we
introduce the system considered. In Section III, we present
the reduced system and derive the moment dynamics of both
the original and reduced systems. In Section IV, we prove
the convergence result. Section V includes an application
example.

II. SYSTEM MODEL

Consider the system

&= fo(z,2,t) + 0p(x, 2, 0)T 4, z(0)=z¢o (1)
€2 = f.(x,2z,t,e) +o.(x,2,t, )T, 2(0) =20 (2)

where x € D, C R" is the slow variable and z € D, C
R™ is the fast variable. I',, is a d,-dimensional white noise
process. Let I'y be a dy-dimensional white noise process,
while I', is a (d, + dy)-dimensional white noise process.
We make the following assumptions on system (1) - (2).

Assumption 1: The functions f,(x,z,t) and f.(z,z2,t,€)
are affine functions of the state variables x and z, i.e., we
can write f.(x,z,t) = Ajx + Asz + As(t), where Ay €
R™*"™ Ay € R™™™ and Ajs(t) € R™ and f,(z,z,t,€) =
le —+ BQZ —+ Bg(t) —+ OZ(E)(B4$ —+ B5Z —+ Bﬁ(t)), Where
By,B; € R™*"™ By, B; € R™*™, Bg(t),BG(t) € R",
As(t) and Bs(t) are continuously differentiable functions,
and «(e) is a continuously differentiable function with
a(0) = 0.

Assumption 2: The matrix-valued functions o,(z,z,t)
and o.(z,z,t,€) are such that, there exist continuously
differentiable functions ®(z, z,t) : R" x R x R"™ — R"*",
Az, z,t,e) : R* x R™ x R x R — R™*™ O(x, z,t,¢) :
R™ x R™ x R x R — R™*"™ that satisfy

0u(7,2,t)05 (2, 2,0)T = ®(2, 2, 1), 3)



o.(z,2,t,€)0.(x, 2,t,€)T
o.(z,z,t,€)] op(z,2,t) 07

= el(z, z,t,€), 4)
=0(z,2,t,¢), (5

where the elements of ®(z,z2,t), Az, z,t,¢€), O(z, 2,1, ¢€)
are affine functions of x and 2z, i.e., we can write
E[®(z,z,t)] = ®E[z],E[z],t), E[A(z,z,t,e)] =
A(E[z],E[z],t,€), and E[O(x, z,t,€)] = O(E[z], E[z], ¢, €).
Also, we have that lim._,o A(z, 2,t,€) < oo and

lime_,0 O(z, z,t,¢) = 0 for all z, z and ¢.

Assumption 3: Matrix By is Hurwitz.

We assume that there exists a unique well-defined solution
to system (1) - (2), on a finite time interval. Sufficient
conditions, i.e., Lipschitz continuity and bounded growth
of system functions, for the existence and uniqueness of
solutions to stochastic differential equations can be found
in [8]. The class of systems defined by Assumptions 1 -
2 includes the case where the diffusion term is given by
a square-root function of the state, which does not satisfy
the Lipschitz continuity condition. For this case, the work in
[9] gives conditions that guarantee the existence of a unique
solution.

First, we define the reduced system by setting € = 0 in (2).
Next, we derive the moment dynamics of both the reduced
system and original system, and show that setting ¢ = 0
in the moment dynamics of the original system yields the
moment dynamics of the reduced system. Then, by applying
the Tikhonov’s theorem to the moment dynamics of the
original system, we show that all moments of the reduced
system are within an O(e)-neighborhood of the moments of
the original system.

III. PRELIMINARY RESULTS

Setting ¢ = 0 in system (1) - (2) under Assumption 2,
yields the algebraic equation

fZ(Z,Z,t,O) =

Assumption 3 ensures the existence of a unique global
solution z = «(z,t) to (6), given by

Y(Biz + Bs(t)). (7

’Y(Z‘,t) = _BQ_

By substituting z = 7(x,t) into (1), we obtain the reduced
system

T = fo(Z,7(Z,t),t) + 0.(Z,7(Z,t),t)[,, Z(0) = zo. (8)

We assume that there exists a unique solution to system
(8), on a finite time interval.

In order to derive the moment dynamics of this system,
we first introduce the notation used to represent the moments
(notation adapted from [10], [11]). For given vectors x =
[21,...,2,]7 and k = (k1,..., k,) of length n, let (%) =
o xs? ...k Then, the moment of x corresponding to the
vector k, is given by E[z(®)], where the order of the moment
is D11 ki

Similarly, we can write the Pt order moments for all P €
N. To this end, we also define the sets KF' = {(k1,...,k,) €

Nn|2?:1 ki = P}, gP = {(917"'agm) € Nm‘ Z?:1gi =

PH NP =A{(lh,....l,) e N*|>" Il; < P} and CF =
{(e1,...,cm) €N ¢; < P} for P e N.

Next, we proceed to derive the moment dynamics of the
reduced system in (8). Denote the state vector by & =
[Z1,...,Z,)T and let v(7,t) = [v1(Z,1), ..., Ym (7, 1)]T.

Claim I: There exists continuous functions Cy;(t) : R —
R and Cyi(t) : R — R for ie NP, 1 eCl, je NP!
and P = 1,...,N where N € Nyg, such that under
Assumptions 1 - 2, the moment dynamics of the reduced
system in (8) are given by

= > Ccu@ER"

iENP

+Y > CouWEN(

lect jeNP—1

)Wz, vk e k”.
)
Proof: See Appendix A-1. [ ]
Next, we derive the moment dynamics of the original
system in (1) - (2). Denote the state vectors by =z =
[#1,...,2,])7 and z = [21,...,2,]T. Then, we make the
following claim.
Claim 2: Under Assumption 1 - 2, the moment dynamics
of the original system in (1) - (2) can be written in the
singular perturbation form:

i > Cu(ER"Y

ieENP
+3 > CoaEEVED),VE e KT (10)
lect jenP-1
(g)
I _ = > Du(t,E[z"]
iecP
+ Z Z Doji(t, e)E[z" 2], vg € G
leNT jecP—1
(11)
(kz) (k) )
6% = 3 Fu(t,oE™]+ Y Fu(t,0E[")]
ueNP iecP
P
T3> 30 DD DN SRR SR NES
q=2r=1keC"” seNa—T
for k, € KP» and k, € G-, where P, + P, = P, and

for appropriate continuously differentiable functions Dq;(t),
ngl(t), ng(t76), Flu(t,ﬁ) , ngrks(t,e), for i € CP ,l e

NLjecPYueNP ¢g=2,...,P,r=1,...,q, k €
Cr,se Ni= ", P=1,...,N where N € Ny (. Furthermore,

setting € = 0 in (12) implies
E[z(l)x(j)] - E[fy(x’t)(l)x(j)] (13)

forl € C', j e NP1,
Proof: See Appendix A-2. [ ]
IV. MAIN RESULTS

Lemma 1: Consider the original system in (1) - (2), the

reduced system in (8), the moment dynamics of the reduced
system in (9) and the moment dynamics of the original
system in (10) - (12). We have that, under Assumptions 1 -
3, the commutative diagram in Fig. 1 holds.



Original System

&= fo(m2,t) + 00(m,2,8) Ty €0

Reduced System

> izfx(jv’yl(jat)at)+01(f7’71(27t)7t) Iy

ei = fu(w 2 t,€) + 02 (3, 20t €) T

e—0

Moments of the Original System

See Claim 2.

Moments of the Reduced System

See Claim 1.

Fig. 1: Commutative Diagram.

Proof: In Section 2, the reduced system (8) is defined
to be the system obtained when € = 0 in the original system
(1) - (2). From Claim 1 and 2, we have that setting ¢ = 0 in
the moment dynamics of the original system in (10) - (12),
yields the moment dynamics of the reduced system in (9).

|
Although, Lemma 1 shows that setting ¢ = 0 in the
moment dynamics of the original system yields the moment
dynamics of the reduced system, it does not guarantee
that the trajectories of the moments of the original system
approach the trajectories of the corresponding moments of
the reduced system as € becomes small. Therefore, next we
apply the Tikhonov’s theorem and prove that the moments
of the reduced system are an O(¢) approximation of the
moments of the original system.
Theorem 1: Consider the original system in (1) - (2) and
the reduced system in (8). Then, under Assumptions 1 - 3,
there exists ¢; > 0 such that

IEZW] — Elz®]|| = O(e), VkeKkN, te[0,t].
(14)
where KV = {(ki1,...,k,) € N*| 37 | kj = N} and N €
N>O.

Proof: From the commutative diagram in Lemma 1,
it follows that setting ¢ = 0 in the moments dynamics
of the original system yields the moment dynamics of the
reduced system. Therefore, we can apply Tikhonov’s theorem
to the moment dynamics of the original system in (10)
- (12) to obtain the result (14). To this end, we prove
that the boundary layer dynamics of the system (10) -
(12) are globally exponentially stable. From equation (10),
it follows that the fast variables that appear in (10) are
of the form E[zz()] for j € NP~!. Thus, we define

the vector b; = [by,,.. .,bmj]T where b;; = E[z,;:c(j)] _
E[vy;(z,t)z)] for j € NP~" and i = 1,...,m. The
dynamics of the variable b;; for j € NFPlandi=1,...,m

are given by
db;;  dE[z;z)] B dE[vi(z, t)z D]
dt dt i .

Let 7 = t/e be the time variable in the fast time-scale.
Then we have that

dbL] (dE[ZiJZ'(j)]
=€
dr

_ dE[’Y@(l’: t)x(j)}
dt dt '

Note that ~;(, t)z") can be written in terms of P" or lower
order moments of x, since () contains moments of order
up to P — 1 and from (6) we have that ~;(z,t) is a linear
function of x. Therefore, for an appropriate function Q(t)
for k € AT, and employing the linearity of the differential
operator, we can write

dbij — ZZ (J>]
dr

Substituting from (10) and using the expansion of
dE[z;z9)]/dt, (see Appendix A-2), yields

dbi,
dr
+ EZjIE[fml (z, 2, )zt .ol T2l

=1

> @ ”)-

keNP

=E [fzi (z, 2, t, e)xm}

+672]p — DE[bpp(z, 2, )zt .. alr ™2 alr
+ Z ImE [qlm (z,2,t e) B 55#]
n m—1 )
+e€ Z ijjpE[bpm T, 2,t) z,xl . J” ! Lgim Tl cozar]
m=2 p=1
P
-3 % 00 I cnoes
s=0 keks ieENP
DY Czjz(t)E[w(w,t)(l%(j)]), (15)
lect jenP-1
where by(x,2,t) = S0 0 (x,2,t)0i%(x, 2, 1), and
gij(T, z,t,€) = ,id:””;_df) oF(z,2,t,€)[on(z,2,t) 0PF, in

which [0, (z, z,t) 0] denotes a matrix-valued function R" x
R™ x R — R™*(d=+ds) To obtain the boundary layer
system for the vector b;, we set ¢ = 0 in the equation
(15). From Assumptions 1 - 3, we have that the functions
fz(‘r7 2, t)7 fz(xa Z, ta E)’ bij (xa 2, ta 6)’ Qk(t)’ Cli(t)’ Cle(t)
are continuous and therefore are bounded on any compact
interval ¢ = [0,¢]. Under Assumption 2, we also have that
Gim(x, z,t,0) = 0. Furthermore, due to the linearity of the
system (10) - (12), the solutions E[z(")] and E[y(x, t)Dz()],
exist and are bounded on any compact interval ¢ = [0, ¢1].
Therefore, the boundary layer system is given by

% =E [fz(m, z,t, O)ﬂc(j)]

Elz2()]=b;+E[v; (z,)a()]



Under Assumption 1 and using equation (6), we have that

db.; . . )
CTTJ = BiE[zz"] + Ba(b; + E[y(z,t)z]) + Bs(t)E[z"],
= Bob; + B1E[zz"] + By(B; ' (B1E[zz"]
+ Bs()E[z7])) 4+ Bs(t)E[z"],

— Bub,. (16)

Therefore, under Assumption 3, we have that the bound-
ary layer system in (16) is globally exponentially sta-
ble. We next verify that the remaining assumptions of
the Tikhonov’s theorem are satisfied. Note that the sys-
tem (9) has a unique solution on a compact time interval
t € [0,t1], due to its linearity. From Claim 1, we have
that C4;(t), Cq;(t) are continuous functions with respect
to time, and from Claim 2, we have that the functions
DM (t, E), Dle(t, 6)7 Fli(t, 6), in (t, E), FSq'r‘ks (t, 6) in (10) -
(12) and their partial derivatives with respect to ¢ and
€ are continuous. Furthermore, we have that the function
E[y(z,t)z)] for j € NP~' has continuous first partial
derivatives with respect to its arguments E[:z:(k)J fork e NP
and the elements of the Jacobian %W have con-
tinuous first partial derivatives with respect to their arguments
E[zz@)], E[z)] and ¢. Therefore the assumptions of the
Tikhonov’s theorem on a finite time-interval are satisfied and
applying the theorem to the moment dynamics of the original
system in (10) - (12), we obtain the result (14).

|
Remark: For the class of systems in Assumption 1 where
o.(x,z,t,€) is of order \/e and a(e) = 0 for all €, we

can also prove that the diffusion process described by the
slow variable x(t) of original system (1) - (2) converges in
distribution to the diffusion process described by reduced
system (8), as e tends to zero, by using the averaging
principle developed by Khasminskii in [6]. We omit the proof
here due to space limitations.

V. APPLICATION EXAMPLE

In this section, we consider an example of a biomolecular
system with multiple time-scales and apply our results to
obtain a reduced model.

Fig. 2: The upstream transcriptional component takes protein U
as the input, and produces the output protein X. The downstream
transcriptional component takes protein X as the input.

Consider the system in Fig. 2, where an interconnection
of two transcriptional components are shown. Transcriptional
components make up gene transcriptional networks, which
carry out fundamental processes in a cell for cell survival
and growth [12]. The processes in transcriptional components

exhibit time-scale separation and previously singular pertur-
bation methods have been employed to analyze deterministic
models of transcriptional components [13]. In Fig. 2, Protein
X, the output of the first component binds to the promoter
p in the downstream component. We denote by k(t) the
production rate of X, and by J the decay rate constant
of X, which includes both degradation and dilution. The

chemical reactions for this system can be written as follows
k() Eon .
= X, X 4+ p = C, where the total concentration of
9 koff
promoter is conserved and is given by p; = p+ C. Denoting
by 2 the cell volume, the chemical Langevin equations for

the system are given by

X = k(t) — 6X — konX (pi — C) + kot C + %(\/k(t)lﬁ

— V6XTs — \/kan X (pr — C)T'3 + kot CT4), (17)

C = kX (p: — C) — kottC

+ %(\/konx(pt — O)T's — VkatCT'4), (18)
where I'; are white noise processes.

As binding and unbinding reactions are much faster that
protein production and decay, we have ko > §. Denote by
ka = kofr/kon, the dissociation constant between the binding
and unbinding reaction rates. Then, we can write € = §/kofr,
where € < 1. We assume that the binding is weak, which
gives p; > C. Then, with kot = 0/€, kon = 0/ (kq€) and the
change of variable y = X + C' we can write the system (17)
- (18) in the singular perturbation form as

J = k() — 8(y — C) + —— /RO — —— /30y — )

19)
ec'—i( -0) —5c+i\/£( — O)p:T
= ke Yy Pt AV ka Y pil3

1
mx/ﬁm (20)
It should be noted that the system (19) - (20) does not
satisfy the sufficient conditions for existence of a unique and
well-defined solution given by [9]. The problem of existence
of well-defined solutions for chemical Langevin equations
is an ongoing area of study [14], [15]. In this example, we
choose the parameter values that give sufficiently high con-
centrations of X and C, such that the argument of the square-
root terms are always positive. Note that sufficiently high
molecular concentrations is also a necessary requirement for
the chemical Langevin equation to be a good approximation
of the stochastic dynamics of a biomolecular system [16].
To obtain the reduced system, we set € = 0 in equation
(20) which yields v(y) = p:/(p+ + kq). Then, the reduced
system is given by




Applying Theorem 1 to systems (21) and (19) -
have that

IE[5*] - E[y"]l| =

The simulation results performed using the Euler-Maruyama
method [17] for p =1, 2, 3, 4 are given in Fig. 3.

(20), we

0(6), te [O,tl], Vp € Nyo. 22)

100
Time

1515 —

TII'I]L.

Tum.

Fig. 3: Errors in the first, second, third and fourth order moments.
The parameters used are k(t) = 1040.5sin(0.05¢), 6 = 0.1, kq =
1000, p; = 2000, 2 =1, y(0) = 100 and C(0) = 50. Moments
are calculated using 100,000 simulation runs.

VI. CONCLUSION

We considered a class of singularly perturbed stochastic
differential equations with linear drift and nonlinear diffusion
terms and obtained a reduced-order model that approximates
the slow variable dynamics of the original system. In [7],
it was shown that the first and second moments of the
reduced system are within an O(e)-neighborhood of the
first and second moments of the original system, where
e is the singular perturbation parameter. In this work, we
extended this result to show that all the moments of the
reduced system are within an O(e)-neighborhood of the
corresponding moments of the original system. We also
note that, by using the averaging principle in [6], we can
prove convergence in distribution. In future work, we aim at
extending this analysis to obtain a reduced-order model for
the fast variable and we will consider systems with nonlinear
drift terms.

APPENDIX

A-1: Denote the drift and the diffusion terms of the
reduced system in (8) by the vector f,(z,v(z,t),t) =

[for (T, (2, ),8), ..oy [, (T, (2, 1),8)]T and  matrix
0o (Z,7(7,t),t) = [09(Z,v(%,t),t)] for i = 1,...,n and

j=1,....d,, respectively. Then, from [10, p. 86] we have
that the moment dynamics for each k € K are given by

dE[z™™)] ki1

=D kiE[fs, (7, 7(,1), t)27"
i=1

%Z (ky — DE[byp (7, 7(Z, ), )7 ... 55072 zkn)]

n -1
ZZ kik;Ebji(Z,v(Z, 1), ) 71...1’1 -

(23)

where b;; (7, ¥(Z,t), t) = S0, 0 (7,7(Z, 1), )oiF (7, 7(Z, 1), t).

Using Assumptions 1 — 2 we have that the functions
fu, (Z,v(Z,%),t) and b;;(Z,v(Z,t),t) are affine functions of
Z and ~y(Z,t). Therefore, we observe that the dynamics of
the P order moments will depend only on moments of
order less than or equal to P. Furthermore, from Assumption
1, A3(t) and Bs(t) are continuous. Thus, for appropriate
continuous functions Cy;(t) and Caj(t) for i € N¥, 1 € C!
and j € N'P~1, equation (23) can be written in the form of
).

A-2: To find the moment dynamics E[z(¥)], we use Claim
1 with z = Z and z = ~(Z,t). Then, the moment dynamics
for E[z(*)] for all k € K¥ takes the form

= Z Cu(t)E[m(i)}—l— Z (l)a:(j)].

iENP

> Co(t)E[z

lec) jeNP-1

To find the the dynamics of the moment E[2(9)], denote
the drift and the diffusion terms of equation (2) by the vector
(/) fo(z,2,t) = (1/)[fe (@, 2,t0€), . fo, (2, 2,8, €)]T
and matrix (1/€)o,(x, z,t,€) = (1/€)[0¥ (z, z,t,¢€)] for i =
1,...,nand j =1,...,(dy + dy), respectively. Then, from
[10, p. 86] we have that the moment dynamics for z(9) for
each g € G are given by

(g>]

Zgz { fa(x,2,t,€)2]
+35 ng(gp

m 1—1
+Zzgzgp [ dpi(z, 2, t, €)29" . zgp_l...zfl* Z%n}

=2 p=1

gi—1 gm
Lz Zm }

{ dpp (T, 2, t,€) 27" ...zip_Q...zfnm]

where d;(x,2,t,€) = Y.¢_, 0¥ (x, 2,1, €)aiF (z, 2,1, €).
From Assumption 2 we have that there exists \;;(x, z,t,€) €
R such that d;j(x,2,t,e) = e\j(z,2,t€) where
Aij(x, z,t,€) is affine in x and z and lim._,o A;j(z, 2, ¢, ¢) <
oo. Using Assumptions 1 we also have that the function
fz(x,2,t,€) is an affine function of x and z. Therefore,
we observe that the dynamics of the P order moments
do not depend on moment of order higher than P. Further-
more, from Assumptions 1 - 3, we have that the functions
fa(z,2,t,€) and X;j(x,z,t,€) are continuously differen-
tiable in their arguments. Thus, multiplying by €, we can
write the dynamics of the moments E[2(9)] for each g € G¥
in the form of (11) for appropriate continuously differentiable
functions D1;(t) and Do (t) fori € CP 1 e N1, j e CP~L.

To derive the moment dynamics of
E[z(#<)z(k=)], consider the dynamics of the vector

(21, Zm,T1,. .., 2] for which the drift and
the diffusion terms can be written as the vector



me(x z,t,€) /€, far (T, 2,1) - .« fu, (2, 2, t)]T
and matrix [(1/€)o¥ (z, 2, t, e) [o2(z, 2, 1) ] ]respectlvely,
for i = 1,...,m, 3:1,..., df),kzl,...,n,
in which [01($727t) 0] denotes a matrix-valued function
R” x R™ x R — R®»*(&+ds) and [o,(x,2,t) O]
denotes the elements of the matrix. Then, from [10, p.
86], we can derive the moment dynamics of z(#=)z(*=) for

[f21 (I7Zat7€ /67 .

k.= (c1,...,cm) €GT= and ky = (k1,...,ky) € K= as
T -

;—1 k k
E GE [fz (x,2,t,€)z7t .20 Lz xll...xn"]

k ki—1
+E kiE[fxi(m,z,t)zfl...z,ﬁ{”xll...mil Ty

z
bii(‘rv Z7t7 6) cy
762 217

Jr

N[ =

<
Il
-

asles = 1) |

+
MM—'

1

moi—
{L’ 2 t E) c1 cj—1 cifl cm k1
Tzl Y T X
=2 j=1
n m (l‘ z)
b (x thve) c1 C],71 cm k1
+E E kic;E %21 > 2 Ty

i=1 j=1

+ZZME[MH> sopat b g

=2 j=1
:c’;} (24)

(de+dy)

where b7, (z, 2, t,€) = Y, 2 olF (2, 2,1, €)0dF (x, 2, 1, €),

bi; (@, 2,t) = ZZ“ Lok (@, 2, )00k (2, 2, 1), apd
2,0 = S e, 2 1 o) O

Under Assumption 1 - 2, we have that the func-
tions f, (7, z,t,¢€), fz,(, 2,t), bj;(x, 2,1, €), bf; (w, 2, t) and
bg’z)(x,z,t,e) are linear functions of z and z and are
continuously differentiable in their arguments. Therefore,
we can write the moment dynamics E[z(*=)x(k=)] in the
form of (12), for appropriate functions Fy;(t,€), Fi,(t,€)
, Fsqris(t,€), for i € Cl,ue NP ¢g=2,...,P,r =
1,...,q, keC,se N7,

To prove (13) we consider the dynamics of E[z;2()] for
j e NP~land i = 1,...,m, which can be derived from
(24), by considering the vector k, = (c1,...,¢n) € Gt
which gives ¢; = 1 and ¢; = 0 for [ # ¢ for each i =

1,...,m. Then, the dynamics for E[z;z()] can be written in
the form

dE[zzD] _ )
e~ = E [fzi(x,z,t,e)x ]

+e€ Z KB [fa, (z, 2, t) zizh* . . xf’_l Lz

=1

ki(k; — 1) [bfi(m,z,t,e)zfl cooaimgh g2 xﬁ"}

+ €5 Z Ep( DE[bE, (z, 2, t)zixh? LT zkn]
Z kmE [bgf,f> (z z,t,e)xlfl oghml A.xﬁ"]
+e Z Z ik BbE (x, 2, 1)z . 1;,,—1 afth ke

=2 p=1

(25)

Using Assumption 2, we have that bg’z)(m, 2,t,0) = 0 for
i=1,...,mand j =1,...,n. Therefore, setting ¢ = 0 in
the dynamics of the vector E[zz()] yields

E[f.(z, z,t,0)z] = 0. (26)

Using Assumption 2 - 3, we obtain the unique solution to
(26) as E[z2)] = =By ' (B1E[zz)]+ B3 (t)E[z()]). From
equation (7) we have that E[y(z,t)2\)] = E[-B; ' (B +
Bs(t))x))] = E[z2()]. Therefore, it follows that setting € =
0 in (25), yields E[z;2)] = E[y;(z, t)2)] fori = 1,...,m,
which results in (13).
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