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STRONG CONVERGENCE OF PRINCIPLE OF AVERAGING FOR
MULTISCALE STOCHASTIC DYNAMICAL SYSTEMS*

DI LIUT

Abstract. In this paper, we study stochastic differential equations with two well-separated time
scales. We prove that the rate of strong convergence to the averaged effective dynamics is of order
0(51/2) , where € < 1 is the parameter measuring the disparity of the time scales in the system. The
convergence rate is shown to be optimal through examples.
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1. Introduction
Consider the following stochastic dynamical system with a time scale separation
measured by € < 1:

Xi=a(X[, Y7 ) +o(X5,YE €)W, X5 =,

. 1 1 .

VS = gB(Xf,yf,e) + \fC(Xf,Yf,e)Wt, Y5 =y,
where X7 € R", and Y, € R™ are variables in vector spaces and W, is a standard d-
dimensional Wiener process. a(-) €ER", B(:) €R™, o(-) eR* x R? and C(-) eR™ x R4
are all functions of O(1) magnitude. Systems in the form of (1.1) arise from a wide
range of applications including chemical kinetics, material sciences, fluid dynamics,
and finance. We have assumed that the phase space can be decomposed into slow
degrees of freedom x and fast degrees of freedom y. Under appropriate assumptions
on B(-) and C(-), the dynamics for Y7 with X{ =2z fixed is ergodic with a unique
invariant measure pg(dy). In this case, the Principle of Averaging has been proved
such that in the limit of e -0, X converges to a stochastic differential equation of
the following form:

(1.1)

Xi=a(X)+o(X)W,, Xo=u, (1.2)
where

a(x)=lim [ a(z,y,e)ps(dy),
e—0
(1.3)
o(2)o" (x)=lim [ o(x,y,e)0" (z,y,2)p5 (dy).
e—

From the point of view of numerical analysis, an important question is in which
sense, as well as how fast, the system will converge to the effective dynamics. The
recent motivation for this problem is the progress on numerical methods for dynam-
ical systems with multiple time scales. In [12], a multiscale integration scheme was
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1000 MULTISCALE DYNAMICAL SYSTEM

proposed to deal with systems in the form of (1.1) by solving the effective dynamics
(1.2). Fitting into the framework of Heterogeneous Multiscale Methods (HMM) [1],
the scheme consists of a macro solver to evolve (1.2) and a micro solver for the fast
dynamics in (1.1). An estimator is chosen to estimate the coefficients a(-) and & ()
on-the-fly at each time step of the macro solver using data obtained from the fast
simulations with the micro solver. Without having to resolve all the details of the
fast process on the O(e) time scale, the method is able to overcome the numerical
stiffness induced by the time scale separation. To fully justify this strategy, we need
an accurate quantitative estimate on the validity of the effective dynamics (1.2). The
convergence in probability for (1.1) to (1.2) has been proved in [11, 3] with no explicit
convergence rate given. The weak convergence has been proved using the asymptotic
expansion of the the backward operator [5, 7], which implies that the convergence
rate is O(g). What is of further interest is the convergence in the strong sense, which
provides pathwise asymptotic information for the dynamical trajectories of the sys-
tems.

The problem of the strong convergence rate for (1.1) has been studied in previous
literature under the condition that the diffusion in the slow dynamics is independent
of the fast variable, i.e.,

o(z,y,e)=0(x,e). (1.4)

Assuming (1.4), the strong convergence rate was proved to be O(¢'/6) in [9] and
O(e'/*) in [4]. In this paper, we will show that the strong convergence rate is O(c'/?)
in this case. We will also show through examples that the rate is not only sharper but
also optimal. The result here is a generalization of the theorem proved in [2] when
o=0. We also discuss the fully coupled systems for which assumption (1.4) is not
true and the slow diffusion does depend on the fast variables. For this situation, it can
be seen through simple examples that although the weak convergence of (1.2) is still
valid, the strong convergence does not hold in general. In this paper, we provide a
closed form effective dynamics in terms of the slow variables, which takes the form of
the slow dynamics with the fast variable being replaced by a quasi-stationary process
depending on the slow variable z and parameter ¢, i.e.,

Xe=a(X5,6(X5,e)0) +o (X5 6 (X5 e),e)Wi,  Xo=g, (1.5)

where the process &;(x,¢) has a stationary distribution of xS(-). The strong conver-
gence rate for this case is proved to be also O(g'/?).

Throughout the paper, we denote C to be a generic constant that does not have
to have the same value. In chains of inequalities, we will adopt C, C’, C”, ... or Cy,
Cs, C3 to avoid confusion.

2. A simple example

In this section, we want to illustrate the main result of the paper through a simple
example, for which the effective dynamics can be explicitly obtained and the strong
convergence rate can be easily calculated.

Example 1. Let us consider the following linear equation:

X:=Y7+B,, Xo=1,
1

\/tha %:y

. 1
Yts:—gyts"'
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The above equation can be solved analytically such that

t

Xf:er/ Yids+ By,

0 L (2.2)

YE = —t/e 7/ _(t_s)/EdWS.
. =€ y—f—ﬁ ; e

Since the fast process is an Ornstein-Uhlenbeck process which admits a unique invari-
ant measure with mean zero, the effective dynamics prescribed by (1.2) can be simply
written as

)L(t:Bt, ‘Xv():l'7 (23)
or equivalently,
The strong rate for X{ to converge to X; can be obtained through
- t
E|X: - X,| :E’/ des’. (2.5)
0
Notice that the process Y is a Gaussian process. Therefore its time integral, as a
limit of sums of Gaussian random variables, is also Gaussian with mean
t t
IE/ des:y/ e */fds=0(e). (2.6)
0 0

We can calculate its variance such that

t 9 t t
E(/ des) :QE/ Y:ds/ Yedr
0o 0o s

t t —(r—s —(T+s
:2/ ds/ dT(e ( )/E;e ( )/s_|_€—(7'+5)/€y2)
0 s

=te+0(e?), (2.7)

which, together with (2.5), implies that
E|X; - X;|=0(e). (2.8)

The above example shows that the O(s'/2) convergence rate is optimal in the
sense that any sharper rate can be counter-exampled by (2.1). It can also be seen
from this example that it is the exponential decay of the correlation function of the
fast dynamics that is guaranteeing the 0(51/ %) standard deviation of the time average
of the fast process, which leads to the O(c'/?) strong convergence of the effective
dynamics.

3. The strong convergence rate

In this section, we want to prove the theorem for the strong convergence of the
multiscale dynamics (1.1) to the effective dynamics (1.2). We will first make some
assumptions on system (1.1) and provide the theorem for the strong convergence.
Then we will elaborate on the proof.
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3.1. Assumptions and the convergence theorem. Define C;° to be the
space of smooth functions with bounded derivatives of any order. We assume the
following conditions for system (1.1):

ASSUMPTION 3.1. The coefficients a(-), o(-), B(-), and C(-), viewed as functions of
(x,y,€), are in C°. Moreover, a(-) and o(-) are bounded.

ASSUMPTION 3.2. There exists a constant a>0 such that for any (z,y,),
y" C(,y,e)C (2,y,e)y > alyl*. (3.1)
ASSUMPTION 3.3. There exists a constant >0 such that for any (x,y1,y2,£),

2

<y1 — Y2, B($>yl>5)_B($ay275)>+HC(%ylyf)—C(%y%g)H (3 2)
) :

§*5|Z/1*y2| )

where ||-|| denotes the Frobenius norm.

Suppose X¢ and X; are solutions to (1.1) and (1.2), respectively. We will prove
the following theorem for the strong convergence rate:

THEOREM 3.4. Suppose that Assumptions 3.1-3.3 hold and the following is true:
oc=o(x,e). (3.3)
Then for any Ty >0, there exists a constant C >0 independent of € such that

sup E|X7 —X;[?<Ce. (3.4)
0<t<Ty

Condition (3.3) in Theorem 3.4 implies that the effective dynamics (1.2) takes a
simpler form such that

)L(t :d(Xt)+U(Xt)Wt7 X() =7, (35)

in which the diffusion term is obtained simply by taking the limit of ¢ — 0, without
averaging with respect to the equilibrium of the fast dynamics:

o(z)=limo(z,e). (3.6)

e—0

As we will see later in section 4, the condition (3.3) is necessary for the strong con-
vergence of Principle of Averaging in the form of (3.4). In section 4 we will discuss
the case of fully coupled systems when o depends on the fast variable y such that
o=o0(z,y,e). The main purpose of Assumptions 3.2 and 3.3 is to guarantee the ex-
ponential convergence of the fast processes to the equilibrium. Based on the recent
progress on the theory for stability of Markov processes [10], we believe Assumptions
3.2 and 3.3 can be relaxed. It can be seen from the examples in section 2 that As-
sumption 3.1 is also not necessary for Theorem 3.4. We will leave finding necessary
conditions for Theorem 3.4 to future investigations.
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3.2. Proof of the strong convergence theorem. Under Assumptions 3.2
and 3.3, it has been shown [6] that for each fixed (x,e), the following dynamics

Z.tZEB(l‘,Zt,e?)+L€C(x7zt7€)wta ZO:Z? (37)

NG

is exponentially mixing with a unique invariant probability measure pZ (). To facili-
tate our proof, we define

awe)= [ alepenii) (39
and

o(2,)07 (z,6) = / o (2,,6)07 (2,5, )15 (dy). (3.9)

m

Notice that the following relations hold between the above functions and those defined
by (1.3):

a(x)=lima(z,e), (3.10)
e—0
and
a(x) :Eh_r%a(x,a). (3.11)
Let Z; ,, denote the solution of (3.7) with initial condition z and parameter (z,¢).
We define the following function:
a(z,z,t,e)=Ea(x,Z5 , ,€). (3.12)

We also define the following axillary process which is a modification of the process
defined in [3]. Partitioning [0,7] into subintervals of the same length A, we construct
for te[kA,(k+1)A), k>0, the process (X§,Y;?) such that

Xf = a(XZA,fff,E) —|—U(Xf7€)Wt,

= LBt 7.0 + (i T i o
€ Ve
with the continuity condition at the left end of each subinterval
X(EkH)A:t_)(%Tll)A_va 37(61@+1)A:t_,(112111m_57t57 (3.14)
and also the initial condition
X =u, Y§=y. (3.15)

Denote |z | to be the largest integer less than or equal to z; we can also write (3.13)—
(3.15) in the integral form

t t
Xi= 1‘—|—/ a(XfS/AJA,}Nf,«s)dsﬁ—/ U(Xj,e)dWs,
0 0

- 1 [t - 1 [t N
Y- y+g/0 B(XfS/AJA,YSis)dsﬁ—%/O C( Xty a0 VEse) AW, (3.16)
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By Assumption 3.1 on the smoothness of the coefficients a and o, E’XﬂQ is
bounded over finite time intervals. Here we want to show the stability of the fast
processes implied by Assumption 3.3 on the dissipative structure of the fast processes.

LEMMA 3.5.  For any To >0, there exists a constant C independent of (,4) such

that
E|Ye|?, BV <c. (3.17)

Proof. Fixing y; =y and y, =0 in Assumption 3.3 will give us
<y,B(fL'7y,E)—B(IE,O,€)>+||C((E,y,€)—0(1’70,€)H2§—5|y|2. (318)
By Assumption 3.1, we have for any v >0,
2 2
[C(z,y,6)||” <1 +)||C(2,y,6) = C(=,0,¢) |+ (1+1/9)[|C(,0,¢)
<[|C(@,y.€) — C(x,0,6) |+ Corly[> + Co(1+1/7) (Jal? +£2 +1), (3.19)

where C; and Cy are the Lipschitz and linear growth constants of function C(z,y,¢).
If we choose an appropriate value for v such that C;y<f3/4, by (3.18), (3.19), and
Assumption 3.1, we can obtain

(y, B(z,y,€)) +||C(,y,6)||* < (y, B(w,y,e) — B(2,0,8)) + (3, B(x,0,¢))
+||C(x,y,5)fC(:c,(),s)||2+§|y|2+C'(|z2\+62+1)
§—§|y|2+C”(|x|2+52+1). (3.20)
The Ito formula then suggests that

aE[ye[*

2 1 2
_ 7E<Yf, B(Xf,Yf)>dt+fEHC(Xf,Yf,e)H dt
3 9
C
g—ﬁ]E\m2+—E(|X§|Q+eQ+1), (3.21)
3 g

. Repeating the
d

which, by the Gronwall inequality, implies the boundedness of E’Yf |2
same argument, we can also obtain the boundedness of E|}7f |2.
The following Lemma describes how Y deviates from Y.

LEMMA 3.6. For any To >0, there exists a constant C >0 independent of (e,4) such
that

sup IE|YtE—l~/ﬂ2§CA. (3.22)

0<t<Ty

Proof.  For each k>0 and te€[kA,(k+1)A), direct computation with the Ito
formula gives that

dE|Yf—}7ﬂ2:§E(Yf—?f) : (B(Xf,Yf,a) —B(X;A,?f,g))dt

~ 2
+%EHC(X§,Y;E,E) fC(X,iA,Yf,s)H dt. (3.23)
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By Assumptions 3.1 and 3.3, we have
(v V) (BOGYE ) - B(XGa7.2) )+ o 0555 ) —0(xi 7.2 |
< (V7 =¥¢) - (B(X;,¥f.e) - B(X;, ¥ e) )
(v = V7) - (B(XFY7.0) — B(Xia Vi o2))
e vee) - e vze)| + o ¥ee) - (xia o) |
<—B|v = Ve[ e (| = V2| [X7 - Xial +1X5 - X5 ["). (3.24)

Note that since >0, we have

Cve-YeIX: - Xeal < golve —Tef + o IXe - Xels (329
which easily leads to
(v =¥5) - (B(X7. V) — B(Xi, 7o)
oty (g vee)|
<~ 5 BIYE ~ V7| 40 x7 - Xl (3.26)

By the boundedness of a(-) and o(-) and the quadratic variation of the Brownian
motion we have for t € [kA,(k+1)A),

E|X; - X;,|*<cA. (3.27)
Combining (3.23), (3.26), and (3.27), it follows that
. - A
dE|YS - Y¢|* < —§E|Yf —Yﬂth—i—C;dt. (3.28)
The Gronwall inequality implies that

(t—kA) (t—k4)

R O Rt o PSR )

By the continuity condition (3.14) we can take t=(k+1)A in the above inequality,
which gives
- 2 _ga ~c 12 _s
E’Y(Ek—f—l)A _Y(i—&-l)A’ <e % E|YkEA _Yk-EA| +C(1 —€ A)A' (3-30)
Applying the above inequality recursively for reducing value of k until k=0, we can
obtain by the initial condition (3.15) that
> 2 _B A —_/BA
E|Ysna —Yisnal SC(1-e2%)A Y7 e P2 <ca, (3.31)
0<t<k

which, together with (3.29), gives (3.22). ad

Lemma 3.6 easily gives the following asymptotic behavior of Xf
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PROPOSITION 3.7. For any Ty >0, there exists a constant C >0 independent of (e, A)
such that

sup E|X;—X:[°<cA. (3.32)
0<t<To

Proof. By the smoothness of the coefficients and Lemma 3.6, we can write
€ e |2 ! € ye € e 2
E|XF - X¢| :E‘ 0 (a(X2 2 0e) —a( Xy a0V ,s)ds’

t
gCE/O (126~ X g [P v~ 2 ) s
<CA. (3.33)

Now we want to give an estimate for the expectation ]E}Xf - X, |2

PROPOSITION 3.8. For any Ty >0, there exists a constant C >0 independent of (g, A)
such that

sup E|X{—X;[><C(A+e). (3.34)

0<t<Tp

Proof. First of all, we notice that
. 2
E| X — X,|? <2E</0 (a(st/AJA,?f,s) —a(XS))ds>

+2u«:< /O t (o (x5.2) —a(Xj))dWs> ) (3.35)

For the second term on the right hand side of the above inequality, we have by Ito
Isometry

t _ 2 t _ N2
E(/ (o(x%,8) ~o(X2) )ams) :/ E(o0(X5e) ~0(X5)) ds. (3.36)
0 0
Proposition 3.7 and the smoothness of the coefficients gives the following estimate:
E(o(X5.0) - o(X9)) <c(BX5 - X[ +e)
§6’<E|)~(§—XS]2+A+52>. (3.37)

Therefore we have

u«:(/t (a(xg,g)_U(X;))dWS)QchtEyX;_XS 2ds+A+52>. (3.38)
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Now we want to give an estimate for the first term on the right hand side of (3.35).
Notice that

E( [ (ot ma7) —a(xs>)ds)2
s:ﬂE( [ (03 2175.2) —a(st/M))dsf
s [ o) ()i s [ (o) ot )]
By the smoothness of a(z,e) proved in the Appendix, we have
E< [ (4 a1072) _a<xs))d8)
con{ [/ oKty ) -0 1)) (808 [(1x55)

(3.40)

2

We can evaluate the above double integral in the above inequality as

E(/Ot (a(st/AJAv&E,E) —G(th/AJA)>d3>

((k+1)A)At 3 2
/ (CL(XZA,}/SE,E)—CL(XZA)>CZS>
k

A

2

< E

0<k<|t/A] <

((i+1) A)At )
+2E Y (/ (a(X7a V5 2) —a(X; ds>

o<i<j<|t/a] \7i4

i)
.</j(<j+1mm (a(X;A,?f,a)—d( ;A))d7>

jA
C A 124, (3.41)
For A, we have the following estimate:

(k1) A)At ) 2
E(/k (a(XZA,YSE,E)—a(XEA)>dS>

A

((k+1) A)At ~
§2/ E(a(ng,Y;,s)—a(X;A))ds
kA

(k+1)A )
/ E, (a(XgA,Y:,a) —a(XgA))dr, (3.42)

where E; denotes the conditional probability for information up to time s. By the
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smoothness of a(x,e), we have

E, (a(X;A,ﬁf,s) —a(X,iA))‘

IN

By (a(Xia V0) —a(Xia2) )| +

E.(a(Xia:e) _a(xgﬂ))‘

+Ce. (3.43)

< [ (a(XGa 2.2) ~ (X a:2))

By the exponential mixing (A.17) given in the Appendix and Lemma 3.5 for the
boundedness of IE’Yﬂ, we can write

s)

EES(CL(XZA,}}:,E)—ZL(X;A7€)> SCE(’X§’+‘YSE‘+€+1)6_ﬁ<T;

<Cle P, (3.44)
Therefore, by the Assumption that a is bounded, we have

(k+1) ANt (k+1)ANnt (res)
A <C Z / ds/ dT(e_ﬂ € —l—e)
o<k<[t/A]” kA s

<Cle.

To estimate Az, we define the auxiliary process Z; . for ¢A <7 such that it satisfies

(3.45)

(3.7) with parameter = = X¢, and initial condition Y5, i.e.,

2= B(Xip ,06) + = O(Xin 72 W,

] Ve (3.46)
Ziin=Yn.
Notice that by the above definition, we have
Z; =Y, when te[kA, (k+1)A), (3.47)
and continuity implies that
Zorny o =i iya =Y a- (3.48)

Using the boundedness of a(x,e), we obtain

E(o(Xia V5 ,0) ~a(X5a) ) (a(X52 ¥ ) —a 5A>)|

E(o(Xia V50) ~a(X2a)) -EiA(a(XjA,?f,e)a(XjA))'

<CE

EiA (a(X;’_A7i/f75) _a(X;A)) |

<CE

Eiaf{ (a(X54.75 ) ~a(X54)) — (a(Xia, f,ﬂe)—a<xsﬁ>)}|

+CE

]Em(a( e e) —a fA))‘. (3.49)
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By the exponential mixing (A.17) and the smoothness of a(x,e), we have

EEiA(a(XfA,ZiT,s)fa( ;A)) gc(efﬁ“‘!“#s). (3.50)

The smoothness of a(x,e) suggests that

ElEia{ (a(X5a, V5 2) —a(X; ))—(a(XfA,Zf,T,s)—aXa))}'
<EEiaf{ (a(X;a.V5.6) —a(XSas6) ) = (a(Xia Z0r00) —a(Xinse) ) }|+Ce
g;E Erad (0(XGeorya ZE1.r8) —0(Xe1y0:5))
—(a(XFa: 25 r0) —a(Xiase) ) |+ o (3.51)

From the definition of a(x,z,t,e) by (3.12), we can see that for i <k and (k+1)A <t,
Eiaa (X5 a, 25 406) :EiA&(X,‘zA,?,fA,t—kAﬁ)
:Ema(xgm?@ﬂm,tf(k+1)A,s). (3.52)

Let a(x,z,t,e)=a(x,z,t,e)—a(x,e). By the smoothness of a(x,z,t,e) given in the
Appendix, we can perform the following Taylor expansion:

EEra{ (a(Xfir1ya:Ziirre) ~a(Xirae) ) — (a(XiasZi0o0) —a(XliAﬁ))}‘

=E EkA{d<X(Ek+1)A7Y/(Ek+1)AaT_ (k+1)A75) —d<X1iA7Y/(Ek+1)AaT— (k+1)A75) }'

3
I
<E|Exs > via(x;A,Y@H)A,T—(k+1)A,g) : (X(EkH)A—X,iA)
1=1

+CA%. (3.53)

We can further have for any multi-index I,

~ I
E[EraVia(Xia Vo — U+ 1 Ae) (Xfna—Xia)

~ I
<E[RpaVia(Xia Viam— b+ 1)Ae) - (Xgina—Xia)

+E

Ekﬂvi{d(XzAvif(i-&-l)AvT_ (k"f'l)A,f)

_a(X,iA,f/,fAJ— (k:+1)A,5) } : (X(Eka —X;A)I . (3.54)
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Using independent increments and exponential mixing for the derivatives of a(x,e)
given by (A.19) in the Appendix and the fact that for any diffusion process z,

E(dzy)” :O(dt[‘”%J), (3.55)
we have
~ I
E[EpaVia(Xia, Viam— b+ 1)Ae) - (Xgoina—Xia)
<Al g EraVi{a(Xia Viam—(b+1)4¢) —a(XZA,E)}‘
<CAe PR (3.56)
and

EExaVi{a(Xia Vsnar—(k+1)A¢)

_CA‘(XZA’Y/I@EA’T_ (k—i—l)A,E) } ’ (kaJrl)A _XZA>I

[1]+2

<al*lgE v 3 VYa(Xia Viar—(h+1)Ae) | +CA2

|7]=1

gc/((Ae*ﬁi”“’?”A) +A2). (3.57)

Combining (3.53), (3.54), (3.56), and (3.57), we have

EEa{ (a(Xfina Zire) ~a(Xinar) ) — (a(XiasZiroe) —a(Xiae) ) }’

gc(m e ) (3.58)

Substituting the above inequality into (3.51) gives

Eia{ (a(X5a.¥7.6) ~a(X5a) ) — (a(Xia. 25 06) fA>)}|

E

j—1

<C<Z (A%Ae*ﬁw) +5>

k=i

<

B2

TS
<C<(j—i)A2+A1A+5>. (3.59)
Using (3.49), (3.50), and (3.59), we have

E(a(Xia V5 e) ~a(X5a) ) - (a(X5a,¥5,2) —a(X5a) )|

T—jA
e_B( EJ )

s 2 -
SC((] A"+ A P

e t(r=id) —l—s). (3.60)
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Therefore, by the boundedness of a, we have

_pglr=id)

G+nA G+na 2 e ¢ B(r—iA)
< T —S(r—i
Ay <C E / ds/ dr| (j—0)A +A1—e*ﬂ? +e +e

0<i<j<|t/A|

<c > <(j—i)A4+aA2+e‘B”E”A(l—@_ﬂ?)gA)

0<i<j<|t/A]

§C(A+5>. (3.61)

Combining (3.38), (3.40), (3.45), and (3.61), we have
¢
IE|X§—Xt|2<C</ E]X§—XS|2ds+A+e>. (3.62)
0

The Gronwall inequality then implies (3.34). d
Now we can finish the proof for the O(g'/?) strong convergence rate.

Proof. [Proof of Theorem 3.4] In Proposition 3.7 and 3.8, taking A=¢, we have
E|X; - X|* <2E|X; - X;|* +2E| X; - X,|* <cCe. (3.63)

0

4. Effective dynamics for fully coupled systems

The previous sections concern only the situation when o =c(x,). In this section,
we want to discuss the situation where o =o(z,y,), i.e., the diffusion term in the
slow dynamics does depend on the fast variable. It is easy to show that the weak
convergence of (1.2) is still true for this case [7]. But the strong convergence does not
hold. In the following, we will first show this by an example. Then we will provide the
effective dynamics for the fully coupled system and prove the the strong convergence
rate is also O(g'/?).

4.1. An illustrative example. Consider the following example:

X: =YW, Xo=1z,

. 1 1 . (4.1)
Yi=—-Y+—=W,, Yo=yv.
t c t \/g t 0=Y

According to (1.3), we have a=0 and 52 = 3. Then (1.2) takes the form
=GW,. (4.2)
Although the above effective dynamics is true in the weak sense, we are going to show

that strong convergence does not hold. Using Ito Isometry, we can easily calculate
that

t
E|X; - X;| 7]E‘/ < —5)dW, :/ E|Y7 —a|*dt=0(t), (4.3)
0

which implies that the strong convergence of effective dynamics according to (1.2) is
not valid.
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To give the effective dynamics for (4.1) in the strong sense, we define the following
stationary process £; with an Gaussian invariant measure of mean zero and variance
% satisfying the following SDE over the whole time domain ¢ € (—o0,00):

éf:—éfer\%Wt. (4.4)

The existence of the above process is provided in the Appendix. It is also shown in
the Appendix that

E[Y7 & < (2 +1)e 2%, (4.5)

The above estimate suggests the effective slow dynamics could be given in the following
form:

X:é'tewt, X():xa (46)

for which the strong convergence holds with the rate

_ t 2 ¢
E|X§—Xt’2=]E’/O (Y7 —&)aw, =/0 E|Y7 — & *dt=0(e). (4.7)

Equation (4.6) gives a closed form dynamics in terms of the slow variable z, but its
coefficient still depends on €. A natural question is whether there exists a closed form
dynamics in terms of only x such that (4.6) converges strongly when ¢ —0. We are
going to show that the answer is no. From the simple form of (4.6), we can see that
this problem can be reduced to the existence of a random process independent of &
to which the process fot E5dW s converges strongly. We want to show that this is not
possible. Direct calculation shows that

, I I ,
eee’ —(t—s)/e —(t—s)/e
“*ﬁi—E(¢aKwe ‘m5¢§/;f aw)

t

]E\/17/</ e_(t_s)(%"’ﬁ)ds)
e’ \J_oo

Vee

e4e’

2 we have

Letting ¢’ =¢
E&EE =0(/2) =0, =—0. (4.9)

The above inequality means that as Gaussian random variables, £ and ftSQ are asymp-
totically independent to each other when € —0. Ito Isometry then implies that

t t t
E( / gaw, / & aw,) = / B ds = O(c1/2). (4.10)
0 0 0
Suppose that there is a stochastic process 7; such that

t
E]/ AW, —m|> =0, e—o0. (4.11)
0
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Then we have

t t 5
Bl [ gaw.- [
0 0

t 2 t 2
ng]/ fdes—nt‘ +2E‘/ & aw, —n| =0, =0 (4.12)

This contradicts the fact (4.10) since by the stationarity of £, we have

/ AW, — / 5 dW

:IE /Oggdws +E /0£§2dWs>2+2]E</0t§§dWs/0t§§2dWS)
:/Ot]E(§§)2ds+/OtIE(§§2)2ds+2/otIE§§§§2ds

=t4+0(c'/?). (4.13)

4.2. Effective dynamics with strong convergence. Now we want to
establish the validity of effective dynamics of type (4.10) by proving its strong conver-
gence. For each (z,¢), the existence of a stationary process with invariant distribution
1 is guaranteed by Lemma A.2 provided in the Appendix such that for ¢ € (—o0,00),

€ (2,0) = éB(aj,ft(m‘,s),e) + \%C(z,gt(x,s),e) W, (4.14)

Using the integration by parts and the Ito formula, we obtain for any process X; with
quadratic variation

46 (X1,6) = £ B (X0 60(X0,0), )t + O (X 6u(X1,0), )it

\/g
(X1, dX, + %Ht(Xt,E) <dX,.dX, >
< dp(Xp,e),dX, >, (4.15)
where
Ne(x,e) =Vi&(x,e), 0i(x,e) =Va&i(z,). (4.16)

Let X{ and X{ be solutions of (1.1) and (1.5), respectively. The following theorem
says that when ¢ < 1, the difference between X7 and X¢ in the strong sense is O(c'/2).

THEOREM 4.1. Suppose Assumption 3.1— 3.8 holds. Then for any Ty >0, there exists
a constant C >0 independent of € such that

sup E|Xf— X7 <Ce. (4.17)
0<t<To

To prove the above theorem, we define the following process that is similar to (3.16):

t

t
X:= 1‘—!—/ a(XfS/AJA,ﬁ?,e)dH/ U(Xj,Yj,e)dWs,
0 0

. 1 [t . 1/t .
Ve y+g/0 B(XfS/AJA,YSis)der%/O C(XfS/AJA,Yj,s)dWS. (4.18)
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By the same proof for Lemma 3.5 and 3.6, we can easily have the following Lemmas.

LEMMA 4.2. For any Ty >0, there exists a constant C independent of (e, 4) such that

E|V:[* <cC. (4.19)

LEMMA 4.3. For any To >0, there exists a constant C >0 independent of (,4) such
that

sup E|Y7-Y¢|P<ca. (4.20)
0<t<Ty

We also easily have the following Proposition by the same argument as for Propositon
3.7.

PROPOSITION 4.4. For any Ty >0, there exists a constant C >0 independent of (¢,A)
such that

sup E|X7—X;|°<cA. (4.21)
0<t<Ty

Now we want to provide the counterpart of Proposition 3.8 for fully coupled
systems.

PROPOSITION 4.5. For any Ty >0, there exists a constant C >0 independent of (e, A)
such that
sup E|X?— X5 gC(A—i—e). (4.22)
0<t<Ty

Proof. By Assumption 3.1 and Ito Isometry, we have
A~ — t A — —
E|X{ - X{|” §21E</0 {a(Xty 000 Y8 02) —a(X560(X ) ) }ds)
t — —
+IE / {U(Xg,xf;,s) —U(Xj,gs(Xi,e),e) }dWs
0

2

2

2

2 ~ 12 ~ —
s e[ | Re-x

t
SCE/ ds{‘st/AJA—Xj
0

2

+ 1@5—53()’(5,5>‘2}. (4.23)

By the quadratic variation of Brownian motions, Lemma 4.3 and Proposition 4.4, we
have by the same argument for (3.26) that

T

2 .12 2
]E’st/AJA—XE ,E‘Xi—Xg E|YE—vE| <cA. (4.24)

By the Ito formula and Assumptions 3.1 and 3.3 , it is easy to show that
2 2
E|ne(z,e)|”, E|6:(z,e)|" <C. (4.25)

Using the above estimate and (4.15), we can have

dE|YE —¢, (Xg,s) ’2 < §E<Y —e, (Xj,s), B(Xf,Yf,s) —B(Xt,ft(f(t,e),s)>dt
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+4—5€]EHC(X§,}Q€,E) —C(Xt,ft(Xt,E),s) szt+6dt

B € Y E 2 C/ € Y E 2 "
g—gYs —&( XS e dt+? X:—X¢| dt+C"dt, (4.26)
which, by the Gronwall inequality, implies that
_ 2 _ 2
E|y:—¢, (Xa)’ gc( sup |XE— X¢ +g). (4.27)

0<7<s

Taking the supremum on both sides of (4.23), we obtain

L t f o2
sup E\X;-XSEPSC]E/ ds( sup |XE—X¢ +A+5), (4.28)
0<s<t 0 0<7<s
which gives (4.22). 0

Now we can finish the proof for the O(!/2) strong convergence rate for the fully
coupled system.

Proof. [Proof of Theorem 4.1.] In Proposition 4.4 and 4.5, taking A=¢ we have
E|X; - X;|* <2E|X; — X7 |* +2E| X7 - X;|* <Ce. (4.29)
0

Conclusion. We proved the strong convergence for the Principle of Averaging
for stochastic differential equations with two well separated time scales. The optimal
rate of convergence was provided. The effective dynamics for fully coupled system was
investigated. The analytical results will shed light on efficient and accurate numerical
schemes for systems of this type.

Acknowledgment. We want to thank Weinan E and Eric Vanden-Eijnden for

stimulating discussions.

Appendix A. Limiting properties of the fast processes. Here we want to
provide some properties for the fast process Z7 ; defined in (3.7) on the infinite time
horizon. The ergodicity and uniqueness of invariant measures of ZZ , for each fixed
(z,e) under Assumptions 3.1-3.3 have been established in [6]. We want to provide
some sharper estimates for the purpose of proving our theorems. First, we give an
energy estimate for Z7 ;, and its invariant measure.

LEMMA A.1. There exists a constant C such that for all t>0, we have
E|z: | ge’gt\z|2+(1(|m|2+€2+1), (A.1)
and the invariant measure u, has a finite second order moment
/zzui(dz)SC(|x|2+€2—|—1), (A.2)

where C is the same constant as in (A.1).
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Proof. By (3.20) and Ito formula, we have

08|25, = 2B(25 . B2, 22,) b+ TE|C(w, 72 ) [t
S—EE|Z;§¢]2+C(|$|2+52+1). A
The Gronwall inequality then suggests
E.|Z5,|* <e 222 +C (o> +£2 +1). (A.4)
Taking  — oo, ergodicity gives (A.2). O

Based on ergodicity and Lemma A.l, we can prove existence of a stationary
solution for Equation (3.7) satisfied by Z¢ ,

LEMMA A.2. For each fized (x,€), there exists a process st defined over the whole
time domain t € (—o0,00) such that it satisfies (3.7) with a stationary probability dis-
tribution that agrees with the invariant measure of (3.7), i.e

i,t:gB(xagi,tvg)+7C(x7£§:,t»€)wtv ['( ;,t)zﬂ'i' (A5)

NG

Moreover, we have

E|\Z:

8

- ;t|2gc(\z|2+|x|2+s2+1)e*2§f. (A.6)

Proof. Define the process Z7 ., to be the solution of the following equation on
the time domain (7,00):

ZE

z,7,t T

1 1
&_B(ZIJ Z;‘rﬂ )+%C(1’ Zth’ )Wt’ Z;TT . (A7)

For 75 <711 <0, by the Ito formula and Assumption 3.3 we have

2
dE’ x,T1,t Z; T27t‘ = EE<Z; T1,t Zi )T2,17 B(x’Z;Tht’E) _B(x’Z;,7'27t’€)>dt
—|——E HC T, 25 o 1€ )_C($>Z;,r2,t75)H
B
‘ z,71,t Z;TQJ’ ’ (A8)
Using Lemma A.1 we have
2 _o9glt=71)
]E’ T,T1,t »LT2t| <E| L7'27'1_2| € 2=
(t=71)
SC(:E +z +€2+1)672ﬁ = (A.9)
Therefore for any sequence {7, } such that 7,41 <7, —1, we have
1 2
{| T,Tn+1,t ‘L Tn7t| > |2 } < |Tn|2E| T,Tn+1,t _Z;ﬂ-n;t
(t=7n)
SC(JJ2+22+52+1)|T”|26_B = (A10)
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which implies that

0
Z|Tn|2€§‘r" < Z|Tn|2|7'n _Tn_1|e§m gc/ aczegtdt<oo7 (A.11)
n — 00

n

where we have assumed 79=0. By the Borel-Cantelli Lemma, we know that with
probability one, Z7 ., satisfies

(A.12)

| :v'rn_Ht m'rnt}—|

when n> N(w). Since 7, <—n by the way {7,,} is chosen, we know that {Z . .}
is a converging sequence when n—oo. By the arbitrariness of {7,} we know that

with probability one ZZ . ; is converging when 7— —oo. Otherwise with a nontrivial

probability, we have for some §(w) >0 such that for each 7, we can find 7, <7, — 1,

Ty <Tp—1 and |Zx rat — Loy, ¢| > 6. Picking up 7,41 such that |Zg p— _Zi,m+1,t’ >

§/2, we can construct a sequence Z; ;. + that contradicts (A.12). So we can define

§ou= lim Z7 (A.13)

T——00

Notice that for any s <t, Z7 ., satisfies the integral equation

t t
Z5 = Z;Ts+i/ B(z,Z; ;. ,.¢ )dw—i—é/ C(x,Z; 1 ,06) AW, (A.14)

Taking 7— —oc in the above equation implies that £, really satisfies (3.7). By
ergodicty, we have

lim £(¢5,) =g (A.15)

Meanwhile, the translation invariance of (A.13) suggests that &S, has a stationary
distribution. Therefore we have £=puS. Finally, taking 7 =0 and 75 — —o0 in (A.9),
by (A.2), we have

E|Z5,— &, |° <E|¢S o — 2 e 22 <C(|2)+ |a2+ 2 +1)e 25, (A.16)

d
Now we want to give the strong rate of convergence to the equilibrium for the
process Zg ;.

LeEMMA A.3. There exists a constant C such that for any function f with bounded
derivatives,

£1(2:0) - [ 1) <Couplr|(j + ol +o+1)e (A17)

Proof. Let &, be given by Lemma A.2. Suppose f is a smooth function with
bounded derivatives; we have

Ef (22 /f s (dz)| = [EF (Z5,) ~Ef (S|
<sup|f| B 25, — €5, |,

(A.18)
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which, together with (A.6), gives (A.17). |

The following Lemma describes the behavior of the solution Z7 ., of (3.7) at
equilibrium under the perturbation in z.

LEMMA A.4. Functions a(x,z,t,€) and a(z,e) defined by (3.8) and (3.12) are smooth

functions with bounded deriwatives. In addition, for any multi-index I=(Iy,---,I,),
we have
‘Vi (d(x,z,t,s)—&(x,a))‘SC;efgt, (A.19)
and for any multi-indices J=(J1,--+,Jm), we have
’VgVi (&(m,z,t,s))’gclﬂje_gt. (A.20)

Proof. Let us first focus on the first order derivatives V,a(-), V.a(-) and Va(-).
The differentiability of the solution of (3.7) with respect to the initial condition and
parameters under Assumption 3.1 is established in [8]. Therefore we have the smooth-
ness of a(-). Here we want to prove the boundedness of the derivatives. Letting
y1=y+0z and yo =y in Assumption 3.3, we have

1 1
<Z’5(B(x7y+9278)—B(x,yas))>+97H0(w,y+92,5)—C’(@y,g)”z
<—plz*. (A.21)
Taking # — 0 in the above inequality, we obtain
(z, VyB(z,y,6)z)+ HVyC(x,y,e)zHQ < Bz (A.22)

Note that Z; , ; denotes the solution of Equation (3.7) with initial condition z and
parameter (z,e). Define
U,=V,Z;

x,2z,t

(A.23)

then we have

dUy =V B(z,Z; . ;,e)Updt+ Vo B(x, Z;, , ;,€)dt

yHa,z, b

+VyC(x zZ° E)Utth+Vl-C(Z‘,Z;’Z7t,€)th.

1 Ha,z, b

(A.24)

Applying the Ito formula and Assumption 3.1, we have
dE|U, | :2E<Ut,vyB(a:,Z;,z,t,e)Ut>dt+2E<Ut,vx3(x,zg,z,t,s)>dt
2
JrEHVyC(x,Zj’Z’t,E)Ut+VIC’(x,Z§7zyt,s)H dt

§—2ﬂ{Ut‘2+2E<Ut,VmB(:c,Z§’Zyt,g)>dt—|—2IEHVIC(:C,Z§’Z’t75)Ut it

<—glu|*+c, (A.25)

where C is a constant that only depends on the Lipschitz coefficients of B and C. The
Gronwall inequality and the initial condition Uy =0 imply that

E|U* <cC. (A.26)
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The boundedness of V,a(-) follows from (A.26) and Assumption 3.1 since

V.Ea(z,z,t,e)= vaa(m, Z§7Z7t,€) —I—Evya(x, Z;,Z,t,s) U;. (A.27)
Letting
Vi=V.Z; .4 (A.28)

the boundedness of V.a(-) can be obtained by repeating the above argument for V;.

To prove (A.19), we notice that by the exponential mixing (A.17), the convergence
to the invariant measure is uniform for z in any compact set of R™. Therefore we can
interchange the following limits:

_ _ : €
Voa(r,e) =V, lim Ea(z, Z; . ,.€)

.y P P U (A.29)
_tl)rgovma(x, e 08)FVya(z, Z; . ,,e)Us.
Let &7 ; be the process defined in (4.14) and define
Net = Va4 (A.30)
Using (A.22) and (A.6), we can easily show that
Elns.|°<c (A.31)
and
e |2 —B4
E|Uy—nS |  <Ce <" (A.32)
At the same time, we have
Via(z,e)= lim VﬂE(a(m,E;t,a))
freo (A.33)

:tl’ggoE (an(z,git,s) + Vya(x,ffc’t,e)nfco )

Using (A.6) and (A.32), we have (A.19) for V a(-). (A.20) for V,a(-) can be proved
similarly as above by replacing U; with V; defined in (A.28).

Reiterating the same argument as above, we have have boundedness for higher
order derivatives of a(x,z,t,¢) and a(z,e), and prove (A.19) and (A.20) for arbitrary
I and J. 1]
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