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Abstract

This paper concerns the homogenization of a one-dimensional elliptic equation
with oscillatory random coefficients. It is well-known that the random solution
to the elliptic equation converges to the solution of an effective medium elliptic
equation in the limit of a vanishing correlation length in the random medium. It is
also well-known that the corrector to homogenization, i.e., the difference between
the random solution and the homogenized solution, converges in distribution to
a Gaussian process when the correlations in the random medium are sufficiently
short-range. Moreover, the limiting process may be written as a stochastic in-
tegral with respect to standard Brownian motion. We generalize the result to a
large class of processes with long-range correlations. In this setting, the correc-
tor also converges to a Gaussian random process, which has an interpretation as
a stochastic integral with respect to fractional Brownian motion. Moreover, we
show that the longer the range of the correlations, the larger is the amplitude of
the corrector. Derivations are based on a careful analysis of random oscillatory in-
tegrals of processes with long-range correlations. We also make use of the explicit
expressions for the solutions to the one-dimensional elliptic equation.

1 Introduction

Homogenization theory for second-order elliptic equations with highly oscillatory coef-
ficients is well developed, both for periodic and random coefficients; see e.g. [2, [6]. The
analysis of correctors, which measure the difference between the heterogeneous solution
and the homogenized solution, is more limited.

In the periodic setting, the solution of so-called cell problems allow us to obtain
explicit expressions for the correctors. Denoting by e the size of the cell of periodicity
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of the oscillatory coefficients, the amplitude of the corrector for a second-order equation
is typically of order ¢ [2, [6].

In the random setting, the situation is complicated by the fact that the local problems
are no longer defined on compact cells. And as it turns out, the amplitude of the
correctors is no longer of size € in general, where € now measures the correlation length
of the random heterogeneities. Relatively few general estimates are available in the
literature on the size of the correctors; see [I3]. For the one-dimensional second-order
elliptic equation (see () below), much more is known because of the availability of
explicit expressions for the solutions (see (B]) below). The analysis of correctors was
taken up in [4], where it is shown that the correctors” amplitude is of order /¢ provided
that the random coefficients have sufficiently short-range correlations so that, among
other properties, their correlation function is integrable. Moreover, the corrector may be
shown to converge in distribution in the space of continuous paths to a Gaussian process,
which may be written as a stochastic integral with respect to Brownian motion. This
result is recalled in Theorem below. The work [4] also proposes error estimates for
the corrector in the case of longer-range correlations, when the correlation function of
the random coefficients is no longer integrable. The limiting behavior of the corrector
is however not characterized.

This paper reconsiders the analysis of correctors for the one-dimensional equation
when the correlation function of the random coefficients is no longer integrable, and
more precisely takes the form R(7) ~ 7% as 7 — oo for some 0 < a < 1. Longer-range
correlations are modeled by smaller values of . A prototypical example of a continuous,
stationary process with long-range correlation is a normalized Gaussian process g, with
a correlation function R,(7) = E{g,0.+-} that decays as 77. The random coefficients
for the elliptic equation we consider in this paper are mean zero stationary processes
that can be written as p(z) = ®(g,), where ® is a bounded function. Under appropriate
assumptions on ®, the correlation function of ¢ also decays as 77 as 7 — o0.

For the random coefficients described above, we show that the corrector to homog-
enization has an amplitude of order €* and converges in distribution to a Gaussian
process that may be represented as a stochastic integral with respect to a fractional
Brownian motion W/ with Hurst index H = 1 — 4. The limit @ — 1 thus converges
to the case of integrable correlation function. Note however that in the limit of very
long-range correlations as a — 0, the influence of the corrector becomes more and more
important. The main tool in our derivation is a careful convergence analysis in distri-
bution of oscillatory integrals of the form fol K(z,t)e"2p(L)dt to a stochastic integral
with respect to fractional Brownian motion, where K (x,t) is a known kernel and ¢(?) is
a random process with long-range correlations. This analysis extends weak convergence
results obtained for sums of random variables or for integrals of random processes with
long-range correlations in [12} [9].

The paper is structured as follows. Section [2] presents the heterogeneous and homo-
geneous one-dimensional elliptic equations and describes our hypotheses on the random
coefficients. The section concludes by a statement of Theorem 2.5, which is our main
result. The analysis of random oscillatory integrals of the form fol F(t)e 2 p(L)dt is car-
ried out in section Bl Theorem [B.1] shows their convergence to stochastic integrals with
respect to fractional Brownian motion W/. Section ] shows how the results of section

B extend to the analysis of the processes of the form fol K(z,t)e"2p(L)dt that arise in
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the analysis of the correctors to homogenization. The convergence in distribution in
the space of continuous paths of such processes to a Gaussian processes is summarized
in theorem [4.Il The theoretical results are backed up by numerical simulations in sec-
tion Bl After a detailed description of the construction of random processes with given
long-range correlations, we demonstrate the convergence of random oscillatory integrals
and of homogenization correctors to their appropriate limits as stochastic integrals with
respect to fractional Brownian motion. Some concluding remarks are given in section [7].

2 Omne-dimensional homogenization

2.1 Homogenization problem

We are interested in the solution to the following elliptic equation with random coeffi-
cients

—%(a(?w)%uﬁ = f(z), 0<z<1, weq,
u(0,w) =0, u®(l,w) = q.

(1)

Here a(r,w) is a stationary ergodic random process such that 0 < ag < a(z,w) < ag*
a.e. for (z,w) € (0,1) x Q, where (Q, F,P) is an abstract probability space. The source
term f € W=1°°(0,1) and q € R. Classical theories for elliptic equations then show the
existence of a unique solution u(-,w) € H'(0,1) P—a.s.

As the scale of the micro-structure e converges to 0, the solution u®(x,w) converges
P-a.s. weakly in H'(0, 1) to the deterministic solution @ of the homogenized equation

_i<a*ia) —flz), O0<z<l,
a(0) =0,  u(l)=q.

(2)

The effective diffusion coefficient is given by a* = (E{a™*(0, -)})_1, where E is mathe-
matical expectation with respect to P. See e.g. [0, [7, [10].

The above one-dimensional boundary value problems admit explicit solutions. In-
troducing a°(x) = a(%) and F(x) = [ f(y)dy, we have:

: )/Ox - _/Ox P (w) = Q+/01 @f;gi)dy’ (3)

u(z,w) = (w ; il
as(y,w) as(y,w) 1
/0 )

u(z) = o2 /Ox Fa(f)dy, ¢ =a"q +/0 F(y)dy. (4)

Our aim is to characterize the behavior of u¢® — @ as € — 0.

2.2 Hypothesis on the random process a

In order to characterize the behavior of the corrector u® —u as ¢ — 0, we need additional
assumptions on the random process a(x,w). Let us define the mean zero stationary



random process
1 1

Pl w) = a(z,w) a*

Hypothesis [H]. We assume that ¢ is of the form

p(x) = ©(g2), (6)

where ® is a bounded function such that
g2
Jo@e a0, 7)

and g, is a stationary Gaussian process with mean zero and variance one. The autocor-
relation function of g:

Rg(T) = E{gacg:v-i-T } ’

is assumed to have a heavy tail of the form
Ry(T) ~ kgT™% as T — 00, (8)
where k, > 0 and a € (0, 1).

Remark 2.1. This hypothesis is satisfied by a large class of random coefficients. For
instance, if we take ® = sgn, then ¢ models a two-component medium. If we take
® = tanh or arctan, then ¢ models a continuous medium with bounded variations.

The autocorrelation function of the random process a has a heavy tail, as stated in
the following proposition.

Proposition 2.2. The process ¢ defined by (Bl is a stationary random process with
mean zero and variance Va. Its autocorrelation function

R(r) = E{p(z)p(z + 1)} (9)
has a heavy tail of the form
R(7) ~ KT™% as 7 — o0, (10)

where k = K, V2,
Vi = E{g®(g)} = \/%—W/gé(g)egjdg, (11)
Ve = B{®w)} - o= [ @ iy, (12)

Proof. The fact that ¢ is a stationary random process with mean zero and variance
Vs is straightforward in view of the definition of . In particular, Eq. (@) implies that
© has mean zero.
For any x, 7, the vector (g, gz+-)" is a Gaussian random vector with mean (0,0)7 and

2 X 2 covariance matrix:
_ 1 Rg(T)
“= ( Ry(r) 1 ) |



Therefore the autocorrelation function of the process ¢ is

RID) = B{0(0)000.00)} = 5 [ [ o0l exo (- 52) g
B G+ g5 — 2R, (T) 192

1
2my /1 — R2(7) // 2(1)2(50) exp ( 2(1 = R3(7))

>d91d92 .

For large 7, the coefficient Ry(7) is small and we can expand the value of the double
integral in powers of R,(7), which gives the autocorrelation function of ¢. O
To simplify notation, we no longer write the w-dependence explicitly and we define

() = p(%).

2.3 Analysis of the corrector

The purpose of this section is to show that the error term u® — u has two different
contributions: integrals of random processes with long term memory effects and lower-
order terms. The analysis of integrals of the random processes with long term memory
effects is carried out in the next sections. The following lemma, whose proof can be
found in Section [4.2] provides an estimate for the magnitude of these integrals.

Lemma 2.3. Let p(x) be a mean zero stationary random process of the form (@8). There
exists K > 0 such that, for any F € L>(0,1), we have

sup Ef| / eF@d] ) < K| (13)

z€[0,1]
As a corollary, we obtain the following:

Corollary 2.4. Let p(z) be a mean zero stationary random process of the form (@) and
let f € W=1°°(0,1). The solutions u® of [@B) and u of (@) verify that:

wa) = ile) =~ [ FOPWy+ (= )Z e [ Fdi @, ()

sup E{|r(x)|} < Ke“, (15)
xz€[0,1]

for some K > 0. Similarly, we have that

¢ —c=a /01 (F(y) - /01 F(z)dz — a*q) ¢ (y)dy + p°, (16)

where

E{|p*|} < Ke*, (17)

for some K > 0.



Proof. We first establish the estimate for ¢® — c. We write

1
& —c = Jo F(y)<aeiy) _ %)dy + <q+%/01 F(y)dy)( 1 1_ - %),

1
Jo w=pdv

which gives (I6]) with

(a*q + /01 F(y)dy) (/01 wa(y)dy)

Since fol a%y)dy is bounded from below a.e. by a positive constant ag, we deduce from
Lemma 23] and the Cauchy-Schwarz estimate that E{|p®|} < Ke® The analysis of
u® — u follows along the same lines. We write

S| v TF
ut(z) —u(z) = cs/ dy — / ) dy — c*% +/ (g)dy,
0 0 a o a

a(y) a*(y)

% 2

B a
S -
Jo =y

£

p

—/01F(y)soe(y)dy/O1 wa(y)dy] :

which gives (I4]) with

xT

r(2) = (¢ — ) / o (y)dy = 14(z) + r5(2),

0

where we have defined

ri(z) = {@* /01 (F(y)—/o1 F(Z)dz—a*q%f(y)dy} onws(y)dy},
ry(x) = o [/Oxsf(y)dy}-

The Cauchy-Schwarz estimate and Lemma 23] give that E{|r{(z)|} < Ke®. Besides,
©° is bounded by ||P||s0, so |r5(z)] < [|®|leo]pf|- The estimate on p° then shows that
E{lr(2)]} < Keo.

The previous corollary shows that the error term u®(x) — @(z) involves integrals of
random coefficients of order /2 up to lower-order terms of order £®.

2.4 Homogenization theorem

The results we obtain in the following sections allow for the following characterization
of the correctors.

Theorem 2.5. Let u® and u be the solutions in [B) and (@), respectively, and let p(z)
be a mean zero stationary random process of the form (@). Then u® — u is a random
process in C(0,1), the space of continuous functions on [0,1]. We have the following
convergence in distribution in the space of continuous functions C(0,1):

Us(x) - ﬂ(f) distribution K
€2 H(2H — 1)

u'(z), (18)



where

Ui (z) = /RK(x,t)de, (19)

K(et) = Loa)(e — F0) +2(F@) - /0 P(2)dz —a'q) Lo(t).  (20)

Here 1y 4 is the characteristic function of the set [0, z] and W/ is a fractional Brownian

motion with Hurst index H =1 — %

The proof of this theorem is postponed to Section 4.3l For the convenience of the
reader, we present a rapid overview of the integration theory with respect to a fractional
Brownian motion. The fractional Brownian motion W/ is a mean zero Gaussian process
with autocorrelation function

E{WWITY = S ([ + [ — |s — t[*7). (21)

N | —

In particular, the variance of W/ is E{|W/|?} = [¢/*!. The increments of W/ are
stationary but not independent for H # % Moreover, WH admits the following spectral
representation

1 et — 1 .
WH = dW R
t QWC(H) /RZf|f|H_% (5)7 t € ) (22)

where
1

CU) = <2H sin(wH)F(QH))l/Q’

(23)

and W is the Fourier transform of a standard Brownian motion W, that is, a complex
Gaussian measure such that:

E{dW ()dW (&)} = 2m6(¢ — &) déde’ .
Note that the constant C(H) is defined such that E{(W{¥)?} = 1 because we have that

2 1 e — 1P
C*(H) = o ). Wdf :
The integral with respect to the fractional Brownian motion is defined for a large class of
deterministic functions F' (see [11] for an extensive review). Functions in L'(R) N L*(R)
are in the class of integrable functions when H € (1,1), which is the range of values of
H considered in Theorem 25 Using the representation (22]), we have, in distribution,
for any F' € L'(R) N L*(R),

[ rwawt = s | |§fgg—)% W),

where the Fourier transform F'(§) of a function F(t) is defined by

F(e) = /R SR (t)dt (24)
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When F,G € L'(R) N L*(R), the random vector ([, F(£)dW/, [ G(t)dW) is a

mean zero Gaussian vector with covariance

E{ /R F(t)dw} /R G(t)thH} =5 Cl(H)2 /R }]SL@@

As a consequence, in Theorem 5] the limit process U (x) is a mean zero Gaussian
process with autocorrelation function given by

E{UH(Q;)Z,{H(y) 27‘(‘0 /K |§|2H 1 )df, (25)

where K (x,€) is the Fourier transform with respect to t of K(z,t). Finally, using the
notation

/Ox F(s)thH _ Al[o,x](S)F(S)thH,

the limit process U (z) defined by (IJ) can also be written as

T 1 1
U (z) = cwh —/0 F(t)dawH + I/o Ft)yawH —z (/0 F(z)dz — a*q) wi.

The result of Theorem should be contrasted with the convergence result for
processes with short term memory:

Theorem 2.6. Let u® and @ be as in Theorem[Z] and let p(x) be a mean zero stationary
random process of the form (@). If the correlation function R, of g is integrable (instead
of being equivalent to T-* at infinity), then R is also integrable. The corrector u® — u is
a random process in C[0, 1] and we have the following convergence in C(0, 1)

UE(@\/—EE(@ distribution <2 /0 h R(T)dT) 1/22/{(95), (26)

where
_ / K(z, )W, (27)
R
K(x,t) is given by @20), and W, is standard Brownian motion.

The limit process U(z) can also be written in the form

1 1
U(x) =W, — / th—l-x/ F(t)th—x(/ F(z)dz—a*q)Wl.
0 0

Such a result is based on standard techniques of approximation of oscillatory integrals [§]
and was first derived in [4]. In the next sections, we focus our attention to the analysis of
random variables or random processes defined in terms of integrals of random processes
with long-term memory.



3 Convergence of random integrals

In this section, we aim at proving the following theorem.

Theorem 3.1. Let o be of the form (@) and let F € L*(R) N L=(R). We define the
mean zero random variable M7, by

Me =¢2 / O (t)F(t)dt . (28)

Then the random wvariable My converges in distribution as € — 0 to the mean zero
Gaussian random variable My defined by

MO — ‘/ﬁ /R Flyawt (29)

&

where W[ is a fractional Brownian motion with Hurst index H =1 — 3

The limit random variable M is a Gaussian random variable with mean zero and
variance R
K 1 F(&))?
H(2H —1)  2rC(H)? Jg [P
In order to prove Theorem 3.1l we show in Subsection [3.1] that the variance of M7,
converges to the variance of MY as e — 0. In Subsection 3.2 we prove convergence in
distribution by using the Gaussian property of the underlying process g..

de . (30)

3.1 Convergence of the variances
We begin with a key technical lemma.

Lemma 3.2. 1. There exist T, K > 0 such that the autocorrelation function R(T) of
the process ¢ satisfies

|R(T) — V2R,(T)| < KR,(1)?, forall |7| >T.
2. There exist T, K such that
[E{9:®(gutr)} — ViRy(T)| < KRy (1)  forall |7[>T.

Proof. The first point is a refinement of what we proved in Proposition 2.2} we found
that the autocorrelation function of the process ¢ is

i+ g5 —2Ry(1)9192

1
_ Qﬂm //cb(m)‘b(gz)eXP( 2(1 - R(7))

For large 7, the coefficient R,(7) is small and we can expand the value of the double
integral in powers of R,(7), which gives the result of the first item. The proof of the
second item follows along the same lines. We first write

R(7) >d91d92 :

_ Gi 95 —2Ry(T)9192

1
E{g:®(go+r) } = 2”\/% //g1<1>(gz)exp< 2(1 — R2(7))

>d91d92 ;

9



and we expand the value of the double integral in powers of R,(7). O
For F € L*(R) N L*(R), we define the mean zero random variable M7 by

Mz ze_g/ng(t)dt. (31)
R €

The purpose of this subsection is to determine the limits of the variances of the variables
M; and M3Y.

Lemma 3.3. Let F € L'(R) N L>*(R) and let g, be the Gaussian random process
described in Hypothesis . Then

r2 “T(5%) [ E©P
Vl(5)  Je €

Proof. We write the square of the integral as a double integral, which gives

B{| [ Foygsas| } = [ r(“ZE)P@F Gy

€
This implies the estimate

lim E{|M7]"} = de . (32)

Bl - [ PGl
< [ () - R Il P .

By (8), for any 6 > 0, there exists Ts such that, for all |7| > Ty,
}RQ(T) — KgT_a’ <o,
We decompose the integration domain into three subdomains Dy, Dy, and Ds:

Dl = {(y,Z) €R27 |y—Z| ST55} ’
D2 = {(y72)6R27T5€<’y_Z‘§1}7
D3 = {(y,Z)€R2,1<|y—Z|}

First,
—« y—z /‘ig
eoR - F F(z)|dydz
() — | F@E ey
-« y—z Y
S/D e Ry( 5 ) \F(y)HF(z)!dyder/D Kgly — 2|7 F(y)|| F(2)|dyd=
' 1

Tse Tse
<2 Ry [ [ I Ny 42, [ [y e )l )
RJO RJO

Tse Tse
<2yl F Il Fll [ dy+ 2, Flel Fl [y

0 0

Uk, TE— B
< IFl Pl (2738, 0) 4 22258 2 et
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where we have used the fact that R,(7) is maximal at 7 = 0, and the value of the
maximum is equal to the variance of g. Second,

—a y—=z Rg —a
[ =) - e iPwliFG s < 6 [ = FQIFEdy:
Do € ly — 2| Dy
1
< 28|FIlFls | yody
T5€
< DIFllFl
- I -«
and finally
—a y—=z Rg _a
| om0 - B W@ < 6 [y 2 F ) # G s
D3 € ly — 2| D3

< 5 [ IFOIFG)dyd:
D3
< 9| F7.
Therefore, there exists K > 0 such that
hmsup‘E{}Még’ } / ]y—z\o‘ (y)F(2)dydz SK(HFHngLHFH%)(S

Since this holds true for any ¢ > 0, we get

B{Mp} - [ -
We recall that the Fourier transform of the function |z|~® is

VAT

=0.

VF(2)dydz

lim
e—0

ly — 2|°‘

[273(6) = calél™ ; (33)
|t|a I'(3)
Using the Parseval equality, we find that
1 ca [ )
Fy)F(z)dydz = — dg .
R |y — 2[* W)F() 2m Jr €]

The right-hand side is finite, because (i) /' € L'(R) so that F(§) € L®(R), (i) F €
LYR)N L>®(R) so F € L*(R) and F € L*(R), and (iii) a € (0,1). O

Lemma 3.4. Let F € L'(R)NL>®(R) and let the process ¢(z) be of the form (@). Then
we have:
hr%E{(M; - VlM;’Q)Q} ~0.
Proof. We write the square of the integral as a double integral:

B{ (v Vit = | PP Dayas.

11



where
Qv 2) = B{ @(3,)2(3.) — Vi®(g,)g- — Vig, ®(9:) + Vig,9: }

By Lemma and (8), there exist K,T such that |Q(y,2)| < Kly — 2|72 for all
|z —y| > T. Besides, ® is bounded and g, is square-integrable, so there exists K such
that, for all y,z € R, |Q(y, 2)| < K. We decompose the integration domain R? into
three subdomains Dy, D, and Ds:

D, = {(y,z) cR?, |y — 7| STs} ,

Dy = {(y.2) €ER*, Te<|y—z[ <1},

Dy = {(y,2) eR* 1< |y—2}.

We get the estimates

/D FFEQY Dayds| < K [ 1F@)|1F(:)dydz

Dy

Te
< QK// Py + 2)|dy| F(2)|d2
RJO
< 2K||F|l|FIhTe,
| Fwreel | < & [ L2 PwIIFEdy:
Do € € D, 1€ €
1
< oK / / Y2 Py + 2)|dy| F(2)|d=
R JTe
1
< OK|F||IF ™ / Y dy
Te
1 1
T 2y i
1—2046 I a< 9
< 2K|FILl|F]w{ |In(Te)leif a = >
T1—2a
2@_151fa>—
Yy z Y Z|~
[ Foreed | < & [ -2 FG)IFCw:
D3

Dy 1€ €
< ok / / Y2 F(y + 2)|dy| F(2)|d=
RJ1

2R / / Py + 2)|dy| F(2)|d2
RJ1
2K||F||te*,

IN

IN

which gives the desired result:

lime™™ =0.
e—0

| Pwre 2y

0
The following proposition is now a straightforward corollary of Lemmas and 3.4]
and the fact that k = r, V.

12



Proposition 3.5. Let F € L'(R) N L>®(R) and let the process p(x) be of the form ().
Then we find that:

. 9 I€27QP1_TO£ F 2
ime(ui) == [ e

Remark 3.6. The limit of the variance of M% is (B4) and the variance of MY is
(B0). These two expressions are reconciled by using the identity 1 — o = 2H — 1
and standard properties of the I' function, namely I'(H)I'(H + 3) = 2'72#/7['(2H)
and I'(1 — H)I'(H) = w(sin(7rH))~*. We get

de | (34)

2-oT(L52) 2 2T(H — 1) 272P2AD(H + 1) ['(2H) sin(7H)

(5% _ _ _
VA3 | VAU-H)  VAH-DI0-H) @A
By (23) this shows that

1_01)27TZ 1

27T (15
VAT(3) " HEH - DOH)?

and this implies that the variance ([B0) of M% is exactly the limit (34]) of the variance
of Mp:

tim B[ 117"} = B{|M[*).

3.2 Convergence in distribution

We can now give the proof of Theorem [B.1l
Step 1. The sequence of random variables Mz? defined by (31) converges in distri-
bution as € — 0 to

MY =\ [t /R F()dw?

Since the random variable M3? is a linear transform of a Gaussian process, it has

Gaussian distribution. Moreover, its mean is zero. The same statements hold true for
0 o . 0

M7?9. Therefore, the characteristic functions of M7z? and MY are

E{eM7) = exp (_A;E{(M;g)z}) E{e) — e (_A;E{(Mgg)z}) ,

where A € R. Convergence of the characteristic functions implies that of the distribu-
tions [0]. Therefore, it is sufficient to show that the variance of Mz? converges to the
variance of Mp? as e — 0. This follows from Lemma B3]

Step 2: M% converges in distribution to My as e — 0.

Let A € R. Since M% = Vi My?, we have

’E{eiAM;} B E{eiAMgH < ’E{eiAM;} _ E{eiAle;’g}’

+ Bt _pfemairl) o (3s)

13



Since | — 1| < |z| we can write

1/2

[E{ei ) — B{MME | < AE{IME - ViME I} < AE{(Mp - i)},

which goes to zero by the result of Lemma [3.4. This shows that the first term of the
right-hand side of (33]) converges to 0 as ¢ — 0. The second term of the right-hand

side of (BH) also converges to zero by the result of Step 1. This completes the proof of
Theorem [B.11

4 Convergence of random processes

Let Fy, F5 be two functions in L>°(0, 1). We consider the random process M¢(z) defined
for any = € [0,1] by

M(z) = &3 ( /0 "R d+ o /0 1 Fg(t)ws(t)dt) | (36)

With the notation (28)) of the previous section, we have

Mé(z) =M =<2 / F, (1) (t)dt,
R
where

Eo(t) = Fu(t) Lo (1) + 2 F5(8)10,(?) (37)
is indeed a function in L'(R) N L*=(R).

Theorem 4.1. Let ¢ be a random process of the form (@) and let Fy, Fy € L>(0,1).
Then the random process M¢(x) defined by (38) converges in distribution as € — 0 in
the space of the continuous functions C(0,1) to the continuous Gaussian process

“\VH 2H—1 / UGS (38)

where F, is defined by (37) and W/ is a fractional Brownian motion with Hurst index
H=1-2.
2

The limit random process M is a Gaussian process with mean zero and autocorre-
lation function given by

~

0 0 K 1 Fx(g)Fy(g)
EQAE@AM W)} = g —1) % 27TC(H)2/R eprt % (39)

The proof of Theorem [Tl is based on a classical result on the weak convergence of
continuous random processes [3:

Proposition 4.2. Suppose (M*®).c(,1y are random processes with values in the space of
continuous functions C(0,1) with M#(0) = 0. Then M® converges in distribution to M°
provided that:
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(i) forany0 < xy < ... <z <1, the finite-dimensional distribution (M*(x1), -+, M*(x))
converges to the distribution (M°(zy),..., M°(xy)) ase — 0.

(ii) (M*®)ec0,1) is a tight sequence of random processes in C(0,1). A sufficient condition
for tzghtness of (M?)zc(0,1) is the Kolmogorov criterion: 36, 3,C > 0 such that

€ e\ |8
E{|M*(s) — M°(t)|"} < CJt — s|'*°, (40)
uniformly in e,t,s € (0,1).

We split the proof of Theorem [4.1] into two parts: in the next subsection, we prove
the point (), and next, we prove (ii).

4.1 Convergence of the finite-dimensional distributions

For the proof of convergence of the finite-dimensional distributions, we want to show
that for each set of points 0 < z; < --- <z <1 and each A = (A\,...,\;) € R*, we
have the following convergence result for the characteristic functions:

E{exp <ii)\j]\/[€(xj)>} =29, E{exp (ziAjMO(xj))}. (41)

Convergence of the characteristic functions implies that of the joint distributions [5].
Now the above characteristic function may be recast as

Bew (o 00w)} = Blewi(= [cwnom)}, @
where

<i 1[Ox > Fi(t) + (Zi: )\jxj> 10, (t)Fy(t) .

Since F)y € L*°(R)NLY(R) when Fy, F, € L>(0, 1), we can apply Theorem [3.1] to obtain

that:
E{ exp (i;)\jﬂ/[s(xj))} =2 E{ expz'(‘ /ﬁ /RFA(t)thH>}

which in turn establishes (4I]).

4.2 Tightness

It is possible to control the increments of the process M*®, as shown by the following
proposition.

Proposition 4.3. There ezists K such that, for any Fy, Fy, € L*(0,1) and for any
x,y € [0,1],

€ (3] 2 4
sup B{[M*(y) = M*(0)|*} < K (IR 2y — 2l + | BlZly - ol?),  (43)

€€(0,1)

where M is defined by (30).

15



Proof. The proof is a refinement of the ones of Lemmas and 3.4 We can split
the random process M*® into two components: M®(z) = M®!(z) + M*?(z), with

M o) =5 /OxFl(t)goe(t)dt, M2(2) = ae —%/0 Fy(t)g (t)dt.
We have
E{|Me(y) — M°(2)[*} < 2B{|M*"(y) — M=\ (2)[*} + 2E{ | M2 (y) — M=*(2)|*} .

The second moment of the increment of M#? is given by

E{|Me2(y) — M*2(2)[*} = [z — y|?e® /[O . R R Bo(t)dzdt

Since there exists K > 0 such that |R(7)| < K7~ for all 7, we have

-t
e_a/ R(Z Vo (2) Fy(t)dzdt < K/ |z — t| 7Y Fa(2)|| Fo(t)|dzdt
[0,1]2

3

IN

KIm [ eds = 2R,
which gives the following estimate
€ (3] 2 2K
E{|M=*(y) — M**(z)|"} < mHFzﬂgo!l“ —yl*.
The second moment of the increment of M®! for x < y is given by

3 3 2 — z
T N
x?y
We distinguish the cases |y — 2| < e and |y — 2| > ¢.
First case. Let us assume that |y — x| < e. Since R is bounded by V3, we have
€ € 2 —a
E{[M(y) = M= ()"} < VallFallSe ™"y — 2l”
Since |y — x| < g, this implies
€ € 2 —«
E{|M*(y) — M= (@)} < Vel Al ly — ="~

Second case. Let us assume that |y—x| > €. Since R can be bounded by a power-law
function |R(7)| < K7~% we have

; t)Fl(z)Fl (t)dzdt .

B )~ V@) < KIRIL [ i

< 2K||F1H2// 1O dtd:

2a
2Ry -«

IN

which completes the proof. O

This Proposition allows us to get two results.

1) By applying Proposition [4.3 with F» = 0 and y = 0, we prove Lemma 2.3

2) By applying Proposition 3] we obtain that the increments of the process M¢
satisfy the Kolmogorov criterion (40) with § = 2 and § = 1 — a > 0. This gives the
tightness of the family of processes M¢ in the space C(0,1).

16



4.3 Proof of Theorem

We can now give the proof of Theorem 2.5 The error term can be written in the form

€

wlQ

(uf(z) — T(z)) = &3 ( /0 Rt ()dt + 2 /0 IFQ(t)¢€(t)dt) +i(a),

where Fi(t) = ¢* — F(t), Fp(t) = F(t) — fol F(2)dz — a*q, and 7°(z) = e~ *2[r¢(x) +
pfa*~'x]. The first term of the right-hand side is of the form ([B36). Therefore, by applying
Theorem 1] we get that this process converges in distribution in C(0,1) to the limit
process ([9)). It remains to show that the random process 7°(x) converges as € — 0 to
zero in C(0, 1) in probability.

We have

E{|7(x) = ()"} < 2e°E{|r*(z) — ()"} + 20" " E{ |}z — yI?,

From the expression ([I8) of 7%, and the fact that ¢ can be bounded uniformly in ¢ by

a constant ¢y, we get
y 2
/ & (1)t } |

Upon applying Proposition 1.3, we obtain that there exists K > 0 such that

e °E{|r*(z) — r°(y)|*} < 2€acoE{

e B{|r*(x) — r*(y)|’} < K|z —y*~*.

Besides, since p° can be bounded uniformly in € by a constant py, we have E{|p°|*} <
poE{|pf|} < Ke® for some K > 0. Therefore, we have established that there exists
K > 0 such that

E{[F(2) = )"} < K|z —y[*",

uniformly in €, x,y. This shows that 7°(z) is a tight sequence in the space C(0, 1) by the
Kolmogorov criterion (40). Furthermore, the finite-dimensional distributions of 7*(z)
converges to zero because

sup E{ [ ()|} == 0

z€[0,1]
by ([IH) and (7). Proposition 2] then shows that 7*(z) converges to zero in distribu-
tion in C(0,1). Since the limit is deterministic, the convergence actually holds true in
probability.

5 Numerical results for Theorem

In this section, we numerically study the convergence of the error term in the case where
F =0, ¢ =1, and the driving process ¢(x) has an integrable autocorrelation function.
The solutions of the random elliptic equation ([Il) and of the homogenized equation (2)

are given by
1 71
—dy ; ulx)==x.

U () = —77—
folédy 0 Qe

17



Using the decomposition ¢, = a—ls — ai and assuming that a, = 1, we have

_wt [y pedy

ue(z) =
1+ fol 0. dy

We study the the convergence of the process at the point x = %, where we have

1 1
1 :w =9 lza(l)'
1+ [, ¢edy 2 2

5.1 Generation of the driving process

We carry out numerical simulations in the case where the random process ¢(x) is of the
form ®(g,) with g, a stationary Ornstein-Uhlenbeck process and ®(z) = $sgn(z) (see
Figure [I]). This is a simple model for a two-component random medium.
The Ornstein-Uhlenbeck process is the solution of the stochastic differential equation
[5]
dgy = —godz + V/2dW,

where W, is a standard Brownian motion. If we suppose that gq is a Gaussian random
variable with mean 0 and variance 1 independent of the driving Brownian motion, then
(9z)z>0 1s a stationary, mean zero, Gaussian process with the autocorrelation function
E{9:9s+-} = exp(—|7|). Moreover, it is a Markovian process, which makes it easy to
simulate a realization of the Ornstein-Uhlenbeck process (gras)r>0 sampled at times
(kAx)g>o by the following recursive procedure:

- 90 = Go,

- Jk+1)Az = eiAxgkAx +vI1-— e72AIGk+17

where (G})r>0 is a sequence of independent and identically distributed Gaussian random
variables with mean 0 and variance 1. Note that the simulation is exact independently
of the value of the grid step Ax.

Lemma 5.1. If g, is the stationary Ornstein-Uhlenbeck process and p(x) = 3sgn(9s),
then o(x) is a stationary, mean zero, random process with the autocorrelation function

R(1) = E{p(x + 7)p(x)} = ! (1 2 arctan(v/ el — 1))

4 T

Proof. Since g — sgn(g) is an odd function, it is obvious that ¢(z) has mean zero.
Denoting a, = e”I"l and b, = /1 — e27[, the autocorrelation function of ¢(z) can be

18



Figure 1: Simulation of the Ornstein-Uhlenbeck process g, (picture (a)) and the induced
bounded process ¢(z) = 3sgn(g,) (picture (b)).

computed as follows:

R(r) = E{@(go)é(gr)}ziE{sgn(go)sgn(gf)}

1 1 _m2+y2

- — sgn(x)sgn(a,x + bry)e” 2z  daxdy

4 21 R2

12 _a?4y?

- — sgn(x)sgn(a,x +by)e” 2 dady
4 2m R+ xR

—7r/2+67-
= / / —1)pe~ T d@dp—l——/ / 1 pe” 2d0dp
—7/2 0=0,
= b=t (1-20
s " 4 T )
with 6, = arctan(22) = arctan(ve? —1). 0O

5.2 Convergence of the corrector

We now study the convergence of u.(3) to @(3). The value of the integral fo )oe(s)ds
is approximated by the standard quadrature formula

/01 F(s)p:(s)ds = /01 F(s)p (S) ds =¢ /01/8 F(ey)o(y)dy ~ ¢ Zj: F(ieAx)p(iAx)Ax,

with n = [1/(e¢Az)] and Az = 0.1 in our simulations.
We first estimate the convergence order of the variance of (u. — @)(3) when e — 0.
The following values are given to ¢:

e € {0.0001, 0.0002, 0.0005, 0.001, 0.002, 0.005, 0.01, 0.05, 0.1}.
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Figure 2: Picture (a): Variance of (u. — u)(3) as a function of ¢, in log-log scale.
The convergence rate of the variance in log log scale has a slope equal to one, which
proves that the convergence is proportional to e. Picture (b): Normal QQ plot for the
distribution of e~z (uf — @) () with e = 0.0001, which confirms the Gaussian behavior
of the error.

For each e, we perform 10* simulations and compute the empirical variance. The results
are shown in Figure Ph. The asymptotic theory predicts that the convergence is linear
in e:

1 1 o
Var{ue(é) - ﬂ(i)} = 0%+ o(¢), o = 2a*/ R(1)dr =~ 0.0865.
0

The computation of a linear regression of the empirical variance with respect to €, with
the two, three, etc.. first points give 0.0865, 0.0875, 0.0870, which is different from the
theoretical prediction by less than 1%.

We now check the convergence in law of % (ue(3) — @(3)). Theorem predicts

2
that

% (ue(z) — () 2 (2 /0 TR dT) @)

with U(z) = a,. W, — a,xW7i, so that in our case

1 1 _ 1 law
ﬁ(%(a) - U(é)) — G,
where G is a Gaussian random variable with mean zero and variance

[e.o]

— 2/ R(T)dr Var{bl(%)} = 2a*/ R(7) dr =~ 0.0865
0 0

In Figure b, we compare the distribution of % (us(3) — u(3)) for e = 10~* with the
one of G by plotting the normal QQ plot which shows perfect agreement (a normal QQ
plot is a scatter-plot with the quantiles of the sample on the horizontal axis and the
expected normal quantiles on the vertical axis).
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6 Numerical results for Theorem

6.1 Generation of the driving process

To test the result of Theorem P.5 we need to generate a Gaussian process with a
heavy tail. We choose to generate the increments of a fractional Brownian motion:
Jr = W;ﬁl — WH_ Since fractional Brownian motion is not a Markovian process, it
cannot be generated iteratively. Many different methods have been developed to simu-
late fractional Brownian motions based on integral representations in terms of standard
Brownian motions, spectral representations, or wavelet decompositions (see the review
[1]). In this paper we use the Choleski method because it is the simplest method to
implement. It is based on the following facts:

1) the fractional Brownian motion WX and the process g, are Gaussian processes,

2) the autocorrelation function of the fractional Brownian motion is known (see (21I)),
so that it is possible to calculate the covariance matrix C' of the Gaussian vector
(9kaz)k=0,..N,

3) if X is a vector of independent and identically distributed random variables with
Gaussian distribution, mean 0, and variance 1, then M X is a mean zero Gaussian
vector with covariance matrix M M7 .

The Choleski method consists in
1) computing a square root v/C of the covariance matrix C' of the Gaussian vector
(gkAx)k:O,...,Na
2) generating a vector X of N + 1 independent and identically distributed Gaussian
random variables with mean 0 and variance 1,

3) computing the vector VOX.

This method is exact, in the sense that the simulated vector v/CX has the distri-
bution of (graz)k—o.. v, Whatever the grid step Az may be. The method is, however,
computationally expensive. In fact, only the computation of the square root of the
matrix C is costly. Once this computation has been carried out, it is straightforward
to generate a sequence of independent and identically distributed random vectors with
the distribution of (gxax)k—o. .-

We apply the Choleski method to generate 10° realizations of the vector (9raz) k=0, N
with Az =1 and N = 2000. The Hurst parameter is equal to 0.8. The empirical auto-
correlation function is shown in Figure Bl and compared with its theoretical asymptotic
behavior 7 +— H(2H — 1)72#72 [ — oo]. When 7 becomes large, the fluctuations
become large compared to R(7) because R(7) — 0. A linear regression made on the
interval [10,100] gives the power law fit Kt°, with K = 0.4901 and 8 = 0.3964, which
is in agreement with the theoretical values K = 0.48 and § = 0.4.

We suppose that the random medium is described by the stationary random process

) = g + ; arctan(g, ). (44)

The asymptotic behavior of its autocorrelation function is theoretically given by (L))
with
+o0o a:2
Vi=—— —/ zarctan(z)e” 2 dx ~ 1.6694.

o0
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Figure 3: A series of 10° numerical simulations of the vector (raz)k—o,.. N is carried out
in the case where g, = W2, — WH H =0.8, N =2000, and Az = 1. Picture (a): The
empirical autocorrelation of ¢, is compared with the theoretical asymptotic behavior
7+ H(2H — 1)72#=2, Picture (b): The empirical autocorrelation of ¢(z) is compared
with the theoretical asymptotic behavior 7 +— V2H(2H — 1)72172.

The empirical autocorrelation function of the process determined by a series of 10°
experiments is shown in Figure [3] where we observe that the theoretical and empirical
curves agree very well.

6.2 Convergence of the corrector

We now study the convergence of the solution of the homogenization problem () as
e — 0. We choose F(z) = z* and ¢ = 1. For a(z) given by [{d), we find that a* = 2. A
solution obtained with a particular realization of the random process with € = 0.0033
is shown in Figure M and compared with the theoretical solution of the homogenized
problem.

We estimate the order of convergence of the variance of the corrector (u. — u)(5)

when € — 0. The following values are given to ¢:

N[

e € {0.0033, 0.0017, 0.0011, 0.00091, 0.00077, 0.00062, 0.0004}. (45)

For each value of €, we run 10* numerical experiments, compute the empirical variance
of the corrector, and compare with the asymptotic theoretical variance predicted by
Theorem 2.5}

Var{us(%) - a(%)} _ o222y (22 (46)

with 2 — 2H = 0.4 and

2 / K 1 H
= —— | K| = W ~ 0. .
o Var( H(2H—1)/R (Q,t) dw, ) 0.0553

The results are presented in Figure Bh and show good agreement. More quantitatively,
a linear regression of the logarithm of the empirical variance of the error with respect

22



O Exact 0.005
1 experiment

-0.005

-0.015

L L L L L L L L L ~0.025 L L L L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) (b)

Figure 4: Picture (a) compares the homogenized solution (solid line) with the solution
of () obtained for e = 0.0033 and for a particular realization of the random process ¢
(circles). Picture (b) plots the difference between v and .

T
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Figure 5: Picture (a): Empirical variance of (u.—u)(3) as a function of €, in log-log scale
(circles), compared with the asymptotic theoretical variance (46) predicted by Theorem
20 Picture (b): Normal QQ plot for (u® — @) (%) with € = 0.0004, which confirms the
Gaussian behavior of the corrector term.
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to loge gives:
1 1
Var{u€(§) - a(§)} ~ 0.0581¢%404 (47)
which agrees very well with ([46]). Finally, we can check that the distribution of the
limit process is Gaussian by observing that the normal QQ plot in Figure [Bb is indeed
a straight line.

7 Conclusions

We have shown that the corrector to homogenization, i.e., the difference between the
random solution to an elliptic equation with random coefficients and the deterministic
solution to the appropriately homogenized elliptic equation, strongly depends on the
statistics of the random medium. When the correlation function of the random diffusion
coefficient is integrable, such a corrector is of order /e, where € measures the correlation
length of the random medium. When the correlation function behaves like 77, which
measures long-memory effects, then the difference becomes of order €2 for 0 < a < 1.
The corrector to the homogenized solution may thus be arbitrarily large asymptotically
for very small values of o, which corresponds to pronounced long-memory effects.

Moreover, up to smaller terms of order €%, the corrector to homogenization is a cen-
tered Gaussian process, which may conveniently and explicitly be written as a stochastic
integral with respect to fractional Brownian motion. Such a random behavior of the
corrector may provide an accurate quantitative model for the statistical instability (i.e.,
the dependency with respect to the specific realization of the random medium) of practi-
cal and experimental measurements. This central-limit-type behavior may be extremely
difficult and costly to adequately capture by numerical simulations of the elliptic equa-
tion with random coefficients because of the very large number of random variables
involved in the modeling of a random medium with a small correlation length (¢ < 1).

The results presented in this paper are based on the explicit integral representation
@) of the solution to the one-dimensional elliptic equation (1). Such formulas are not
available in higher space dimensions. Although we are tempted to believe that similar
behaviors will remain valid in higher space dimensions, namely that long-memory effects
will trigger large random corrections to homogenization, this remains a conjecture at
present.
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