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Abstract

We analyze the random fluctuations of several multi-scale algorithms such as the
multi-scale finite element method (MsFEM) and the finite element heterogeneous multi-
scale method (HMM), that have been developed to solve partial differential equations
with highly heterogeneous coefficients. Such multi-scale algorithms are often shown to
correctly capture the homogenization limit when the highly oscillatory random medium
is stationary and ergodic. This paper is concerned with the random fluctuations of
the solution about the deterministic homogenization limit. We consider the simplified
setting of the one dimensional elliptic equation, where the theory of random fluctuations
is well understood. We develop a fluctuation theory for the multi-scale algorithms in
the presence of random environments with short-range and long-range correlations.

For a given mesh size h, we show that the fluctuations converge in distribution in
the space of continuous paths to Gaussian processes as the correlation length ¢ — 0.
We next derive the limit of such Gaussian processes as h — 0 and compare this limit
with the distribution of the random fluctuations of the continuous model. When such
limits agree, we conclude that the multi-scale algorithm captures the random fluctua-
tions accurately and passes the corrector test. This property serves as an interesting
Benchmark to assess the behavior of the multi-scale algorithm in practical situations
where the assumptions necessary for the theory of homogenization are not met.

What we find is that the computationally more expensive method MsFEM captures
the random fluctuations both for short-range and long-range oscillations in the medium.
The less expensive method HMM correctly captures the fluctuations for long-range
oscillations and strongly amplifies their size in media with short-range oscillations. We
present a modified scheme with an intermediate computational cost that captures the
random fluctuations in all cases.

1 Introduction

Differential equations with highly oscillatory coefficients arise naturally in many areas of
applied sciences and engineering from the analysis of composite materials to the modeling of
geological basins. Often, it is impossible to solve the microscopic equations exactly, in which
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case we can either solve macroscopic models when they exist or devise multi-scale algorithms
that aim to capture as much of the microscopic scale as possible. When the coefficients are
periodic functions or stationary and ergodic processes, the solution to the heterogeneous
equation is often well approximated by the deterministic solution to a homogenized equation.
This is the well known homogenization theory. In many applications, such as parameter
estimation and uncertainty quantification, estimating the random fluctuations (finding the
random corrector) in the solution is as important as finding its homogenized limit.

Finding the homogenized coefficients may be a daunting computational task and the as-
sumptions necessary to the applicability of homogenization theory may not be met [17, 19,
21]. Several numerical methodologies have been developed to find accurate approximations
of the solution without solving all the details of the micro-structure [1, 9, 11]. Examples in-
clude the multi-scale finite element method (MSFEM) and the finite element heterogeneous
multi-scale method (HMM). Such schemes are shown to perform well in the homogenization
regime, in the sense that they approximate the solution to the homogenized equation with-
out explicitly calculating any macroscopic, effective medium, coefficient. Homogenization
theory thus serves as a Benchmark that ensures that the multi-scale scheme performs well
in controlled environments, with the hope that it will still perform well in non-controlled
environments, for instance when ergodicity and stationarity assumptions are not valid.

This paper aims to present another Benchmark for such multi-scale numerical schemes
that addresses the limiting stochasticity of the solutions. We calculate the limiting (prob-
ability) distribution of the random corrector given by the multi-scale algorithm when the
correlation length of the medium tends to 0 at a fixed value of the discretization size h. We
then compare this distribution to the distribution of the corrector of the continuous equa-
tion. When these distributions are close, in the sense that the h—dependent distribution
converges to the continuous distribution as h — 0, we deduce that the multi-scale algorithm
asymptotically correctly captures the randomness in the solution and passes the random
corrector test.

The above proposal requires a controlled environment in which the theory of correctors
is available. There are very few equations for which this is the case [2, 3, 13]. In this paper,
we initiate such an analysis in the simple case of the following one-dimensional second-order
elliptic equation:

d d
- —a(Z,w)zu(ew) = f(2), @ € (0,1),

e (0,w) = ue(l,w) = 0.

(1.1)

Here, the diffusion coefficient a(%,w) is modeled as a random process, where w denotes the
realization in an abstract probability space (€2, F,P) in which the random process and all
limits considered here is constructed. The correlation length € is much smaller than L = 1,
the length of the domain, which makes the random coefficient highly oscillatory.

We chose this equation for two reasons. First, many multi-scale numerical schemes
have been developed to solve its generalization in higher dimensions. Second, both the
homogenization and the corrector theory for this elliptic equation are well known. When
a(x,w) is stationary, ergodic, and uniformly elliptic, i.e.,

A <a(x,w) <A, for almost every z and w, (1.2)



then the solution wu. converges to the following homogenized equation with deterministic
and constant coefficient (this generalizes to higher dimensions as well [19, 21]):

— L0 ug(e) = (@), v € 0,1),

UO(O) = ’LL(](l) = 0.

(1.3)

The coefficient a* is the harmonic mean of a(z,w). Furthermore, if the deviation of 1/a(x,w)
from its mean 1/a* is strongly mixing with integrable mixing coefficient, a notion that will
be defined in the next section and which in particular implies that the random coefficient
has short range correlation, then the corrector theory in [5] shows that

Ua\/guo (ZE) dlst:ilz]tlon U(ﬂj‘, W), (14)
where U(x; W) is a Gaussian random process that may be conveniently written as a Wiener
integral; see (2.14) below. The convergence above is in the sense of distribution in the space
of continuous paths, which will be denoted by C([0, 1]). When the deviation 1/a—1/a* does
not de-correlate fast enough, the normalization factor 1/ is no longer correct. In fact, for a
large class of random processes with long range correlations defined more precisely later, it
is proved in [3] that a similar convergence result holds with the following modifications: The
normalization factor should be replaced by E%, where « describes the rate of de-correlation.
The limiting process is then Uz (x; W), which is defined in (2.15) and has the form of a
stochastic integral with respect to fractional Brownian motion.

Let us assume that we want to solve (1.1) numerically. We denote by h the discretization
size and by u/(z) the solution of the scheme. The standard finite element solution of the

deterministic limit (1.3) is denoted by ul(x). Our goal is to characterize the limiting

distribution of u? — ug as a random process after proper rescaling by e 2 . Here and below,

we use ¢ A d to denote min{c, d}. Obviously, this normalization parameter is chosen to be
consistent with the aforementioned corrector theories.

We say that a numerical procedure is consistent with the corrector theory and that is
passes the corrector test when the following diagram commutes:

hooh B
e ) B e e ()

e 2 (@) e 2

e—>0l(z’i) (m’)lg_m (1.5)

0 UYna (WAL,

(v

Z/{h,\l(x; WQM)

(87

Here, W' = W is the standard Brownian motion whereas W = W is the fractional
Brownian motion with Hurst index H = 1 — §. Similarly, U1 is defined so that U; =
U(z; W) and U, = Ug (z; WHT). We use this notation to include random processes with both
short range and long range correlations. In the above diagram, there are four convergence
paths to be understood in the sense of distribution in C([0, 1]). The convergence path (iii)
is the corrector theories in [5, 3]. In (i), h is sent to zero while ¢ is fixed. To check (i) is a

numerical analysis question without multi-scale issues since the e-scale details are resolved.



Convergence in (i) can be obtained path-wise and not only in distribution (path (iv) may
also be considered path-wise). The main new mathematical difficulties we address in this
paper, therefore lie in analyzing the paths (ii) and (iv).

Our main results are stated for the multi-scale finite element method (MsFEM) [15, 16,
14], and the finite element heterogeneous multi-scale method (HMM) [8, 9]. The main idea
of MsFEM is to use multi-scale basis functions constructed from the local solutions of the
elliptic operator in (1.1) on domains of size h < 1. The main idea of HMM is to construct
these basis functions on significantly smaller patches. HMM thus involves heterogeneous
computations on domains of size § < h.

The analysis of MSFEM in random settings is done in [6, 10]. HMM in random media
was considered in [9]. These work show that both MsFEM and HMM pass the test of
homogenization theory in the sense that as ¢ — 0, the limiting solution is a consistent
discretization (i.e., with error converging to 0 as h — 0) of the homogenized limit. This
paper analyzes the corrector theory of both multi-scale methods.

For MsFEM, the above diagram commutes. Path (i) holds as a result of standard finite
element analysis. Path (ii) holds due to the self-averaging effect of integrals with oscillatory
integrand a~!(x/e) —a* ™', and U",, is explicitly characterized as a Gaussian process. The
expression for this process is complicated but converges to the right corrector as h — 0 .

When § = h, HMM reduces to the MSFEM method. For HMM, path (i) does not
hold when 0 < h because there is no homogenization effect when h < e. Passing the
corrector test then means that (ii) followed by (iv) yields the same result as (iii). Path (ii)
is obtained with L{QAI a Gaussian process. HMM then performs differently for short-range
and long-range correlations. When h — 0 in (iv) and the random medium has short range
correlations, the limit process is (h/0) 2U: the limit is an amplified version of the theoretical
corrector. In that sense, HMM fails the corrector test. However, and somewhat surprisingly
at first, HMM passes the corrector test in the case of long-range correlations 0 < o < 1. As
a consequence, HMM finds the corrector up to a rescaling coefficient that depends on the
structure of the random medium and whose estimation may prove difficult for environments
in which the corrector theory is no longer valid.

We consider a modification of HMM that allows the modified scheme to pass the cor-
rector test independent of the underlying random structure. This modification, however,
increases the computational cost of HMM. The proposed corrector theory, in spite of the
limited interest of the one-dimensional equation, thus provides some guidance on the accu-
racy one may expect from a multi-scale algorithm based on a given computational cost and
a given level of prior information about the medium one is willing to make.

The rest of the paper is organized as follows. In the next section, we present our models
for the random medium and formulate the main results of the paper. The derivations rely
on establishing explicit expressions for u? — ug . In section 3, we derive such expressions for
a general numerical scheme satisfying specific assumptions on the structure of the associated
stiffness matrix. We show how to prove (ii) using these formulas. In section 4, we show how
to prove (iv) in the general setting. Both convergences in (ii) and (iv) can be viewed as weak
convergence of measures in C, which can be shown as usual by obtaining the convergence

of finite dimensional distributions and establishing tightness. In section 5, we apply the



general framework to MsFEM and prove that diagram (1.5) commutes in this case. In
section 6, we consider HMM in both short and long range media. We emphasize where
the amplification effect comes from in the case of short range media and why this effect
disappears in the case of long-range media. In section 7, we discuss methods to eliminate
the amplification effect of HMM. A technical lemma on fourth-order moments of random
processes is postponed to the appendix.

2 Main results on the corrector test

In this section, we introduce our hypotheses on the random media, describe the multi-scale
algorithms MsFEM and HMM and formulate our main convergence results.

To simplify notation, we drop the dependency in w when this does not cause confusion.
We define a.(x) = a(x/e). For a function g in LP(D), we denote its norm by ||g||, p. When
D is the unit interval we drop the symbol D. The natural space for (1.1) and (1.3) is the
Hilbert space Hol. By the Poincaré inequality, the semi-norm of H& defined by

du
[ulgs,p = [l 2,0, (2.1)

is equivalent with the standard norm. We use the notation C' to denote constants that may
vary from line to line. When C' depends only on the elliptic constants (A, A), we refer to
it as a universal constant. Finally, the Einstein summation convention is used throughout
this paper: two repeated indices, such as in ¢;d’, are summed over their (natural) domain
of definition.

2.1 Random media models

We model a(z,w) as a random process on some probability space (2, F,P), with parameter
x € R. The coefficient a(Z,w) in (1.1) is obtained by rescaling the spatial variable.

A process a(z) is called stationary if the joint distribution of any finite collection of
random variables {a(x;,w)}1<i<y, is translation invariant. Let E denote the mathematical
expectation with respect to P. We define

-l:E{—i—},q@wp: L1 (2.2)

a* a(0,w) a(rz,w) a

Since a is stationary, a* is a constant and ¢(x,w) is a stationary process with mean zero.

The (auto-)correlation function R(z) of ¢ is given by:

R(z) == E{q(y)q(y + )} = E{q(0)q(x)}. (2.3)

We find that R is symmetric, i.e., R(z) = R(—x) and is a function of positive type in the
sense of [24, §XI]. By Bochner’s theorem, the Fourier transform of R is non-negative. Let
us define

2 = x)ax. .
U—ARUd (2.4)
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Then o2 is in [0,00], and we assume here that o > 0. We say that ¢(z,w) has short range
correlation if R is integrable. In this case, o is a positive finite number. We say ¢ has long
range correlation if the opposite holds.

The decay of R(z) at infinity describes the two-point decorrelation rate of the process
q. We also need the notion of mizing. Consider a Borel set A C R. Let F4 denote the
Borel sub-c-algebra of F induced by {g(z);z € A}, and L? the space of F4—measurable
and square integrable random variables. A random process a(x,w) is said to be p-mizing
if there exists some non-negative function p(r) : Ry — R4 with p(r) — 0 at infinity, such
that for any Borel sets A and B the following holds.

¢er? ner?,  Var{&}2Var{n}>2

(2.5)

Here d(A, B) is the distance between the two sets. The function p(r) is called the p-mixing
coefficient, and it reflects, roughly speaking, how fast random processes restricted on A and
B become independent. More details on the notion of mixing can be found in [7].

Our first set of assumptions on a(z) and ¢(z) are the following. We note that the third
assumption below implies the second one.

(S1)  The random process a(z) is stationary and uniformly elliptic with constants (A, A),
i.e., (1.2) holds. Clearly, a* is uniformly elliptic with the same constants.

(S2)  The random process g(z) has short range correlation, i.e., R(z) € L'(R). Assume
also that ¢ > 0 in (2.4).

(S3)  The mixing coefficient p(r) of g(z) is decreasing in r, and p%(r) € LY(Ry).

The above assumptions are quite general. In particular, (S3) implies ergodicity of ¢(z),
and (S1) plus ergodicity is the standard assumption for homogenization theory; (S3) is the
standard assumption to obtain central limit theorem of oscillatory integrals with integrand
q=(z) (3.33).

For random media with long range correlations, there is no general central limit theorem.
A special family of random media investigated in [3] is based on the following assumptions:

(L1) The process g(z) is constructed as

Q(:va) = @(g(x,w)), (2'6)

where g, is a stationary Gaussian random process with mean zero and variance one.
Further, the correlation function R, of g, has the following asymptotic behavior:

Ry(T) ~ kgT ™€, (2.7)

where 4 > 0 is a constant and « € (0,1).

(L2)  The function ®(x) satisfies |®| < gg for some constant g, so that the process a(x,¢),
constructed by the relation (2.2) for some positive constant a*, satisfies uniform
ellipticity with constants (A, A).



(L3)  The function ® integrates to zero against the standard Gaussian measure:
2
/ P(s)e” 2ds =0. (2.8)
R

The process g(x) is stationary and mean-zero. More importantly, its correlation function
R(x) has a similar asymptotic behavior to that in (2.7) with s, replaced by &, where
Kg _s2
ki=—— [ s®(s)e” 2ds. (2.9)
21 JR
Therefore, R(z) is no longer integrable and ¢(z) has long range correlation. We note that
when o > 1, the process constructed above has short range correlation and provides an
example satisfying (S2).

2.2 The multi-scale algorithms MsFEM and HMM

We briefly introduce MsFEM and HMM and leave some details to later sections. Assume
f € L? C H'. The weak solution to (1.1) is the unique function u. € H}(0,1) such that

Ac(u,v) = f(v), Yo e H0,1). (2.10)

The associated bilinear and linear forms are defined as

1 1
A (u,v) ::/0 ae(:n);l—z . Z—;dzn, F(v) ::/0 fv dx. (2.11)

Existence and uniqueness of u. are guaranteed by the uniform ellipticity of a.(x). MsFEM
and the HMM are finite element methods and so the ideas are to approximate H& by finite
dimensional space and, when necessary, to approximate A. by an auxiliary bilinear form.

We partition the unit interval into N small intervals of size h = 1/N. We use this
partition for MsFEM, HMM, and the standard FEM. The FEM basis functions are piece-
wise linear “hat functions”, each of them peaking at one nodal point and vanishing at all
other nodal points. Denote these hat functions by {¢}} and denote the subspace of H& they
span by Voh. The standard FEM approximates H, 6 by Voh._ The idea of MSFEM is to replace
the hat basis functions by multi-scale basis functions {¢%}. For instance, ¢! is constructed
by solving the elliptic equation (1.1) locally on the support of ¢; see (5.1) below. Denote
the span of these multi-scale basis functions by Vah. Then, the MsFEM solution, denoted
by u?, is the unique function in Veh so that (2.10) holds for all v € Veh. The well-posedness
of this weak formulation is a consequence of the uniform ellipticity of a..

HMM aims to reduce the cost of MsFEM by computing heterogeneous solutions on
smaller domains. Solutions and test functions are still sought in Voh. The bilinear form A,
is then approximated by

N

k=1 k




where I,‘z is a small sub-interval of size § < h of the kth interval in the above partition. The
operator .Z is defined below in (6.1). This linear operator optimally uses the micro-scale
calculation on I,‘z in the same way that ¢ does in MsFEM. HMM solution is the unique
function u in Vi so that (2.10) holds when H{ is replaced by V' and A. is replaced by

Al ©° The well-posedness of this formulation is less immediate and will be proved below.

2.3 Main theorems

We state our main convergence theorems in the setting of MsFEM and HMM although they
hold for more general schemes.

The first theorem analyze MsFEM in the setting of short-range correlations.

Theorem 2.1. Let us and ug be solutions to (1.1) and (1.3), respectively. Let ul be the
solution to (1.1) obtained by MsFEM and let ug be the standard finite element approximation
of ug. Then we have:

(1) Suppose that a(x) satisfies (S1) and f is continuous on [0,1]. Then
h h?
o — el < ol — el < ] (2.12)
Assume further that q(x) satisfies (S2). Then

sup
z€[0,1]

E (1) - (@)’ | < CEIRI&(+ 171 (213)

where C' is a universal constant and R is the correlation function of q as defined in (2.3).
(ii) Now assume that q(x) satisfies (S3). Then,

U?(l’) - Ug (33) distribution

\/E e—0

The constant o is defined in (2.4) and W is the standard Wiener process. The function
LMz, t) is explicitly given in (3.20). The convergence is in distribution in the space C.

0/1 LM, t)dW, =: U (a; W). (2.14)
0

(iii) Now let h goes to zero, we have

C . 1
UM (2 W) % Uz W) = a/ L(z, t)dW,. (2.15)
- 0

The Gaussian process U(x; W) was characterized in [5]. The kernel L(x,t) is defined as
1 1
L(z,t) = 10,4 (t) (/ F(s)ds — F(t)> +x (F(t) —/ F(s)ds) 1jo,1)(2)- (2.16)
0 0

Here and below, 1 is the indicator function and F(t) = fot f(s)ds.

Remark 2.2. Equivalently, the theorem says the diagram in (1.5) commutes when ¢ has
short range correlation and that MsFEM passes the corrector test in this setting.



To prove (iv) of the diagram, we recast L(z,t) as

L 0 L 0
L(z,t)=a a—yGo(x,t) a %uo(t). (2.17)

Here G is the Green’s function of (1.3). It has the following expression:

a*_lx(l - y)v € é Y,

Go(z,y) = { (2.18)

A=)y, x>y
In particular,Gg is Lipschitz continuous in each variable while the other is kept fixed. [J

The next theorem accounts for MSFEM in media with long-range correlations. We recall
that the random process g(x) below is constructed as a function of a Gaussian process with
long-range correlation.

Theorem 2.3. Let u., ug, u? and ug be defined as in the previous theorem. Let q(z,w)
and a(x,w) be constructed as in (L1)-(L3). Then we have

(i) )
sup |E (u?(m) - ug(a:))

2€[0,1] <C (%)0‘7 (2.19)

for some constant C' depending on (A\,A), K, a, and f.
(ii) As e goes to zero while h is fized, we have
U?(l‘) - ’ng (117) distribution

5% e—0

1
s UN (o W = aH/ LMz, t)dwi. (2.20)
0

Here H=1- 5, and WH is the standard fractional Brownian motion with Hurst index H.
The constant oy is defined as \/k/H((2H —1). The function L"(x,t) is defined as in the
previous theorem.

(iii) As h goes to zero, we have

distribution
_—

Uy (s W) ===

1
U (z; W = O'H/ Lz, t)dWH. (2.21)
0

Remark 2.4. As before, this theorem says the diagram in (1.5) commutes in the current
case. In particular, o < 1, and the scaling is €2. Thus MsFEM passes the corrector test
for both short-range and long-range correlations.

The stochastic integrals in (2.20) and (2.21) have fractional Brownian motions as inte-
grators. We give a short review of such integrals below. A good reference is [22]. [J

The next theorem addresses the convergence properties of HMM.
Theorem 2.5. Let u. and ugy be the solutions to (1.1) and (1.3), respectively. Let ul® be
the HMM solution and ug the standard finite element approrimation of ug.

(i) Suppose that the random processes a(x) and q(x) satisfy (S1)-(S3). Then

Ug76(x) - Ug(x) distribution h.o distribution h
> UV (2, W) ——

NG =0 ho0 5 Ul@w). (2:22)




Here, UM (x; W) is as in (2.14) with L™ replaced by L"°(x,t), which is defined in (6.7)
below. The process U(x; W) is as in (2.15).
(ii) Suppose instead that the random processes a(x) and q(x) satisfy (L1)-(L3). Then

h,o . h o ) o )
Ue (l’) g Ug (ZE) distribution L{z’&(l’; WH) M UH(l’; WH) (2'23)
€2 e—=0 h—0

Here, Z/{I};é(:n; WH) is as in (2.20) with L" replaced by L™, and U (x; WH) is as in (2.21).

Remark 2.6. HMM is computationally less expensive than MsFEM when ¢ is much smaller
than h. However, the theorem implies that this advantage comes at a price: when the ran-
dom process ¢(x) has short-range correlation, HMM amplifies the variance of the corrector.
We will discuss methods to eliminate this effect in section 7. In the case of long-range
correlations, however, HMM does pass the corrector test.

Intuitively, averaging occurs at the small scale § < h for short-range correlations. Since
HMM performs calculations on a small fraction of each interval h, each integral needs to be
rescaled by h/d to capture the correct mean, which over-amplifies the size of the fluctuations.
In the case of long-range correlations, the self-similar structure of the limiting process shows
that the convergence to the Gaussian process occurs simultaneously at all scales (larger than
¢) and hence at the macroscopic scale. HMM may then be seen as a collocation method
(with grid size h), which does capture the main features of the random integrals.

The amplification of the random fluctuations might be rescaled to provide the correct
answer. The main difficulty is that the rescaling factor depends on the structure of the
random medium and thus requires prior information or additional estimations about the
medium. For general random media with no clear scale separation or no stationarity as-
sumptions, the definition of such a rescaling coefficient might be difficult. In section 7,
we present a hybrid method between HMM and MsFEM that is less expensive than the
MSsFEM presented above while still passing the corrector test. [

3 Expression for the corrector and convergence as ¢ — (

The starting point to prove the main theorems is to derive a formula for the corrector
ul — uf for multi-scale schemes such as MSFEM and HMM. For a large class of multi-
scale schemes, we derive such a formula and characterize the limiting distribution of the

normalized corrector when € goes to zero while the discretization size h is fixed.

3.1 General finite element based multi-scale schemes

Almost all finite element based multi-scale schemes for (1.1) have the same main premise:
in the weak formulation (2.10), we approximate H} by a finite dimensional space and if
necessary, also approximate the bilinear form.

To describe the choices of the finite spaces, we choose a uniform partition of the unit
interval into N sub-intervals with size h = 1/N. Let zj denote the kth grid point, with
zg = 0 and zy = 1, and I} the interval (zy_1,xx). To simplify notation in the general

10



setting, we still denote by V" the finite space and by {qﬁé ;-V:_ll the basis functions. They do
not necessarily coincide with those in MsFEM.

In a general scheme, the bilinear form in (2.10) might be modified. Nevertheless, to
simplify notations, we still denote it as A.. The solution obtained from the scheme is then
ul € V!* such that

Ac(ul,v) = F(v), YveVh (3.1)

Since Veh is finite dimensional, the above condition amounts to a linear system, which is
obtained by putting u? =U jqﬁ, and by requiring the above equation to hold for all basis
functions. The linear system is:

AhUE = Fe. (3.2)
Here, the vector U¢ is a vector in RVN~1, and it has entries U ]5 The load vector F* is also

in RV~! and has entries F(qﬁg) The stiffness matrix A" is an N — 1 by N — 1 matrix, and
its entries are A.(¢%, ¢Z). Our main assumptions on the basis functions and the stiffness
matrix are the following.

(N1) For any 1 < j < N — 1, the basis function ¢Z is supported on I; U I; 1, and it takes
the value 5;- at nodal points {z;}. Here 5;- is the Kronecker symbol.

(N2) The matrix A" is symmetric and tri-diagonal. In addition, we assume that there
exists a vector b, € RY with entries {b¥}{ |, so that A", , = —biF! for any i =
1,---,N —2and

Al = —(Abi 1+ ALy, i=1,- N1 (33)

€1l £11—

In other words, the ith diagonal entry of A” is the negative sum of its neighbors in
each row. Here, A% and A" | are not matrix elements and are set to be b} and
bév , respectively.

(N3)  On each interval I; for j = 1,---, N, the only two basis functions that are nonzero
are qbg and qbg_l, and they sum to one, i.e., QS? + ¢£‘1 = 1. Equivalently, we have

$L(x) = 11,6L(x) + 11, (2)[1 — ¢ ()], (3.4)

for some functions {¢¥(x)}¥_,, each of them defined only on I; with boundary value
0 at the left end point and 1 at the right.

As we shall see for MsFEM, (N3) implies (N2) when the bilinear form is symmetric.
The special tri-diagonal structure of A” in (N2) simplifies the calculation of its action on a
vector. Let U be any vector in RN~!, we have

(AMU); = -DYOiD"U;),  i=1,---,N—1. (3.5)

Here, the symbol D~ denotes the backward difference operator, which is defined, together
with the forward difference operator DT, as

(D_U)k =U, —U_1, (D+U)k = Upy1 — Ug. (3.6)
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The equality (3.5) is easy to check, and to make sense of the case when i equals 1 or N,
we need to extend the definition of U by setting Uy and Uy to zero. This formula has been
used, for example, in [16]. It is a very useful tool in the forthcoming computations.

3.2 The expression of the corrector

Now we derive an expression of the corrector, i.e., the difference between u?, the solution

to (1.1) obtained from the above scheme, and uf, the standard FEM solution to (1.3).

The function uf () is obtained from a weak formulation similar to (2.10) with a. replaced

by a*, and H& replaced by Voh, the space spanned by hat functions {(b%}. Clearly, these
basis functions satisfy (N1) and (N3). Let A" denote the associated stiffness matrix; then
one can verify that it satisfies (N2). In fact, the vector b is given by bf = a*/h. Now ul}(x)
is simply U ]Qqﬁj , where U? solves

AU = FY, (3.7)
Subtracting this equation from (3.2), we obtain:

AY(U® - U = (F° — F°) — (AL — AD)US.

Let G! denote the inverse of the matrix A}. We have

U —UY = Gh(F — F%) — Gh(Ah — AlU".

Since both A" and Al satisfy (N2), the difference Al — Al acts on vectors in the same
manner as in (3.5). Since both {¢Z} and {¢]} satisfy (N3), we verify that

(F = 1) = ~D*(F ~ ), By = | j@dlnar

Using these difference forms, we have
N-1
U = U9 = = 3 (Gh)jm (DF(F2 = FO) = DF (02"~ 0§)D7U))
N (3.8)
= 3" DGl (= FO) — (oF = o) D7UF ).
k=1

The second equality is obtained from summation by parts. Note that we have extended the
definitions of U¢ and UY so that they equal zero when the index is 0 or N. Similarly, (G%);o
and (Gh);n are zero as well.

The vector U —U? is the corrector evaluated at the nodal points. We have the following
control of its 2 norm under some assumptions on the statistics of {b¥} and {¢Z}.

Proposition 3.1. Let U¢ and U be as above. Let the basis functions {qﬁ} and the stiffness
matriz AP satisfy (N1)-(N3). Suppose also that

1
sup [D™Ug| < C|[[f|2h2, (3.9)
1<k<N
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for some universal constant C'.

(i) Suppose further that for any k =1,--- N, and any x € Ij,, we have

B (k) — 35@) < 5|1, (3.10)

and )
€
E (blg - blg) < C5lIRl1r, (3.11)

for some universal constant C. Then we have
e 0112 S
E||Uf =0, < O IRl + [1f]2), (3.12)

for some universal C.

(ii) Suppose instead that the right hand side of (3.10) is C (%)a, and the right hand side
of (3.11) is C’% (£)". Then the estimate in (3.12) should be changed to C'+ (£)".

Remark 3.2. The assumption (3.9) essentially says that u? should have a Hélder regularity.
Suppose the weak formulation associated to the multiscale scheme admits a unique solution
ul such that ||u?||g1 < C||f|l2. Then by Morrey’s inequality [12, p.266], ul* € C%2 in one
dimension. Consequently, (3.9) holds.

For MsFEM, we have a better estimate: |D~Uf| < Ch due to a super-convergence
result; see (5.3). Therefore, the estimate in (3.12) can be improved to be C% in case (i) and
C(£)" in case (ii). O

Item (i) of this proposition is useful when the random medium a(x), or equivalently ¢(z),
has short range correlation, while item (ii) is useful in the case of long range correlations.
The constant C' in the second item depends on (A, A), f and R, but not on h.

We remark also that throughout our analysis, the basis functions are assumed to be
exact; that is to say, we do not account for the error in constructing {¢%}.

Proof of Proposition 3.1. To prove (i), we use a super-convergence result, which we prove
in Remark 5.1, to get |D_ngk| < Ch. Using this estimate together with (3.9) and (3.8),
we have

N N
. 12 2
E|U; - U9 < On? Y B[ Fp - FY| +CnP SRk — o]
k=1 k=1
For the second term, we use (3.11) and obtain
N s N -
S EpE -t <Y ORIz = ORIz (3.13)
k=1 k=1

For the other term, an application of Cauchy-Schwarz to the definition of ¢ yields

~ ~ 12 ~ ~
|F2 = B < 17130 16E = G615,
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Using (3.10), we have
~ ~ ~ ~\ 2 €
Bt — b, = [ B (%~ ) (@do <CF hIRIg = CelRIiz.  (314)
k

Therefore, we have

N

2 £

ElU; - Ul < <0h2 >l fllzse + 0h4ﬁ> |Rlz < CelRliz(1+ I£1).
k=1

Note that this estimate is uniform in j. Sum over j to complete the proof of (i).

Proof of item (ii) follows in exactly the same way, using the corresponding estimates. [

Now, the corrector in this general multi-scale numerical scheme is:
u?(w) — ug(x) = U]Egbg(x) — U]ng%(x)
= (U° = U");0(x) + U (S = ¢p) () + (U = U°) (gL — d) ().
We call the three terms on the right hand side K;(x), i = 1,2,3. Now Kj(z) is the
piecewise interpolation of the corrector evaluated at the nodal points; Ka(x) is the corrector
due to different choices of basis functions; and K3(x) is much smaller due to the previous

proposition and (3.10). Our analysis shows that K;(z) and Ks(x) contribute to the limit
when ¢ — 0 while h is fixed, but only a part of Kj(x) contributes to the limit when h — 0.

(3.15)

Due to self-averaging effect which are made precise in Lemma 3.5, integrals of ¢.(z)
are small. Therefore, our goal is to decompose the above expression into two terms: a
leading term which is an oscillatory integral against ¢., and a remainder term which contains
multiple oscillatory integrals.

Proposition 3.3. Assume that ul is the solution to (1.1) obtained from a multi-scale
scheme, which satisfies (N1)-(N3) and has basis functions {¢2}, and that ul} is the solution
of (1.3) obtained by the standard FEM with hat basis functions {¢}}. Let b. and by denote
the vectors in (N2) of these methods. Suppose that (3.9) holds and that for anyk =1,--- | N,

we have

GE(t) — dp(t) = [1+ flk]%* ( / g=(s)ds — t—$ /mmkl qg@ds) :

Tp—1 k—

(3.16)
a*2 T
WY — b = [1 4 7o) | — 2 / qe(t)dt |,
Tk—1
for some random variables 71y and Tof.
(i) Assume that q(x) has short range correlation, i.e., satisfies (S2), and that
- _ €
sup max{E| ;| E|Fo|*} < CEHR”LRa (3.17)
1<k<N
for some universal constant C'. Then, the corrector can be written as
1
ul(z) —ul(x) = / LMz, t)q.(t)dt + vl (z). (3.18)
0

14



Furthermore, the remainder r"(x) satisfies

sup Elrh(z)) <0=

rlBllLr(L+f12), (3.19)
z€[0,1]

for some universal constant C. The function L"(x,t) is the sum of L}f and Lé‘ defined by:

al *D~G} DUP [ Y
o) = 1) e ) ( b [T poas- /x“f(swo“(S)ds),

h _ At L~ Tj)-1
L2 (:E?t) - ZD UO](:(:) <l[l‘j(x)1,x}(t) - b 1[Ij(x)17xj(x)](t)> .

(3.20)
Given x, the index j(z) is the unique one so that rj,)—1 < ¥ < xj). The function
Gl (z,zy) is defined as
N-1

Gh(w,zp) = > Glpdh(x (3.21)

7j=1
Gl is the interpolation in V' using the discrete Green’s function of standard FEM.

(ii) Assume that q(z) has long range correlation, i.e., (L1)-(L3) are satisfied, and that
the estimate in (3.17) is C (%)a Then the same decomposition holds, the expression of
L"(x,t) remains the same, but the estimate in (3.19) should be replaced by C (£)“.

Remark 3.4. Due to the super-convergent result in Remark 5.1, the function Gg(x,xk)
above is exactly the Green’s function evaluated at (z,zy). This can be seen from the facts
that they agree at nodal points and both are piece-wise linear and continuous.

Proof. We only present the proof of item (i). Item (ii) follows in exactly the same way.
We point out that the assumption (3.16) and the estimates (3.17) imply (3.14) and (3.13)
thanks to Lemma 3.5.

The idea is to extract the terms in the expression (3.15) that are linear in ¢.. For K (x),
we use (3.8) and write

=

-1 N
> DG (F; — F — (b = 05) D UY) g ()
1 k=1

<.
Il

D™G(w, ax)(Ff — F = (b — b)) D™ UY).

I
] =

B
Il

1

Note that the expression above is an approximation because we have changed D~U*® on the
right hand side of (3.8) to D~UY. The error is

i () ZD Gl (x, z3,) (BF — bf)D™(UF — U, (3.22)
k=1

Estimating |[D~G#| by Ch and using Cauchy-Schwarz on the sum over k and (3.13) and
Lemma (3.12), we verify that E|r}y (z)| < Ceh™2||R||1r(1 + || f]l2)-
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Using the expressions of (55 and b., and the estimates of the higher order terms in them,
(3.16), we can further approximate Kj(z) by

t

N N B T a* t—xk_ T
i)~ 3D Gloan) ( [ ro% [ [ aas === [ s

k—1 k—1

CL*2 0 T
+ 23D Uk/ g-(t)dt | .

k—1
The error in this approximation is:

t

N Tk a* — T Tk
iy () :kZ:lD_Gg(a;,xk) (flk /x - F()5 [ /x q-(s)ds — ’5% /x qE(s)ds] dt

k—1 k—1

a*2 T
+ ngﬁD‘U,g/ g=(t)dt | .
Tk—1
(3.23)
Using Lemma 3.5, (3.17) and Cauchy-Schwarz, we have

E

flk/ qg(s)ds‘ < Ce.
Iy,

Using this estimate, we verify that the mean of the absolute value of the first term in 7%, is
bounded by Ce||f|l2||R|l1r. A similar estimate with |D~U?| < Ch (in Remark 5.1) shows
that the second term in rf, has absolute mean bounded by Ceh~!||R||yg. Therefore, we
have E|rfy(z)] < Ceh™ (1 + ||fll2)||R|l1g- We remark also that in the case of long range
correlations, we should apply Lemma 3.6 instead.

Moving on to Kj(x), we observe that for fixed x, Ky(x) reduces to a sum over at most
two terms, due to the fact that ¢! and ¢} have local support only. Let j(x) be the index so
that z € (2(2)—1,7j()]- We have

N
Ka(z) =Y DUYGL — d)(x) = DU, (31 — 3“)(x)
j=1

_ a* r T— Tiy—q [Ti@
~D Uf(xﬂ < / qe(t)dt — % / qa(t)dt> :

J(x)—1 j(x)—1

In the second step above, we used the decomposition of <;~SE again. The error we make in
this step is

a*D_UQm z T — Xi(p)— Tj(x)
rh(z) = flj(x)TJ” ( / g-(t)dt — % / g-(t)dt | . (3.24)

J(x)—1 j(x)—1

We verify again that E|ri(z)| < Ce||R||1 g
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Now for K3(x), we use Cauchy-Schwarz and have

D=
N

N— N-1
E|Ks(x)| <E D |UL - U3l (62 = 60)*(@) | < ColIRIr(1+Ifll2)- (3.25)
— o
The last inequality is due to (3.12) and (3.14).

In the approximations of Kj(z) and Ks(x), we change the order of summation and
integration We find that Kl(x) is then fol Lz, t)q:(t)dt plus the error term iy + rly
and Ks(x) is g L2 Lh :17 t)q=(t)dt plus the error term r%4. Therefore we proved (3.18) with

ri(x) = 7‘11 +rhy + rl + K3(x). The estimates above for these error terms are uniform in

x, verifying (3.19). O

3.3 Weak convergence of the corrector of a multiscale scheme

In this section, we prove the weak convergence of the corrector u?—ug in the general setting.

We first record two key estimates on oscillatory integrals, which we have used already. The
first one accounts for short range media.

Lemma 3.5. Let q(z,w) be a mean-zero stationary random process with integrable corre-
lation function R(x). Let [a,b] and [c,d] be two intervals on R and assume b —a < d — c.

Then b d
‘E/ / q=(t)q-(s)dtds

Proof. Let T denotes the expectation of the double integral. It has the following expression:

bord 4 t—s
= / / R(—)dtds = / / R( )1[a,b} (t)l[qd](s)dtds.
a Je € R JR €

We change variables by setting ¢t — ¢ and (¢ — s)/e — s. The Jacobian of this change of
variables is €. Then we have

T <e / / IR(3) Lo (t)dtds = (b — a) | Rl .
R JR

<e(b—a)||R[1r- (3.26)

This completes the proof. O

The second one accounts for a special family of long range media. The proof is adapted
from [3].

Lemma 3.6. Let q(z,w) be defined as in (L1)-(L3). Let F' be a function in the space
L>(R). Let (a,b) and (¢,d) be two open intervals and assume b—a < d —c. Then we have

b pd S
‘E/a /C q(é)q(g)F(t)F(s)dtds < Ce*(b—a)(d—c)' ™. (3.27)

The constant C above depends only on K, a and || F|/so k.
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Proof. By the definition of the correlation function R, we have

- / / (OF(s)tds} = [ RO P01 (0 F(5)1 e (s)dtds.

As shown in [3], R(7) is asymptotically x7~¢ with x defined in (2.9). We expect to replace
R by k77 in the limit. Therefore, let us consider the difference

J.

By the asymptotic relation R ~ k7%, we have for any d > 0, the existence of Ty such that
|R(T) — kT~ < 077, Accordingly, we decompose the domain of integration into three
subdomains:

S

eUR(T) -

[F ()1 1a,0) () F(8)[L[c,q (8)dtds.

|t - !O‘

—Q

Dy = {(t,s) € R? |t — 5| < Tse},
Dy = {(t,S) € R27T5€ < |t - 8| < 1}7
D3 = {(t,s) e R* 1 < |t — s|}.

On the first domain, we have

/ e RS R () gy (1) ()| Lo () dds
Dy € It — |
< [ R IR @I+ [ RO s

Here and below, we use the short hand notation F1(t) = F/(t)1(,)(t) and Fa(s) = F(s)1q(s)-
The above integrals are then bounded by

t+Tse Tse
e R ook / F ()| / |Fy(s)|dsdt + / F(t)) / Kls|® [yt — s)|dsdt

Tse Tse

2kT5~
SR e (251 Rl e+ 20t

On domain D5y, we have

Jo,

o t—S
e “R( - )_|t pE

(FL(0)| Fa(s)|deds <5/ 1t — 8| Fy (8)]| Fa(s)|deds

b 1
< 25/ |F(t)| |s|~*|Fo(t — s)|dsdt < ma + T3 %),
a Tse 11—«

On domain D3, we can bound |t — s|~“ by one, and we have

Jo,

—ap t—S
e “R( - )_|t pE

FL(0)| Fa(s)|deds <5/ 1t — 8| Fy (8)]| Fa(s)|deds

b 1
< 25/ F)] [t — s)dsdt < 26]|F|% (1 + Tse).
a T(;E
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Therefore, for some constant C' that does not depend on ¢ or §, we have

b d t
Jim sup e—© ‘E / / oDV F () P (s)dtds — / _F () Fy(s)dtds| < C|[FI x5,
e—0 a Je € € R2 |t - S|a ’
Sending § to zero, we see that
lim e~°E / b / a0 Fa(s)dtds = / () Fa(s)dtds (3.28)
S acq€q€ 1 2 _R2|t—s|0‘1 2 . .

Finally, from the Hardy-Littlewood-Sobolev inequality [20, §4.3], we have

Fi(t)F o
[ B0F) 2(s)dtds' < CIF el Pallgmay1 i < CIFIZ(b— a)(d— o)™ (3.29)
R

|t — sl

This completes the proof. O

Now we are ready to characterize the limit of the corrector in the multiscale scheme
when € is sent to zero. As we have seen before, the scaling depends on the correlation range
of the random media.

Proposition 3.7. Let u? be the solution to (1.1) given by a multi-scale scheme that satisfies
(N1)-(N3). Suppose (3.9) holds. Let ul be the standard FEM solution to (1.3).

(i) Suppose that q(z) satisfies (S1)-(S3) and that the conditions of item one in Proposi-

tion 8.8 hold. Then,
h

h 1
Uz — Uy  distribution h
L t . .
i din, /0 (2, )WV, (3.30)

(ii) Suppose that q(z) satisfies (L1)-(L3) and that the conditions of item two in Propo-
sition 3.3 hold. Then,

h_,h 1
Ug Ug dlstrlbuthH\ O'H/ Lh(x,t)thH- (331)

a
E‘E e—0 0

The real number o is defined in (2.4) and oy is defined in Theorem 2.3.

These results are exactly what we need to prove the weak convergence in step (ii) of the
diagram in (1.5). Note our assumptions allow for general schemes other than MsFEM. A
standard method to attain such weak convergence results is to use the following Proposition;
see [18, p.64].

Proposition 3.8. Suppose {M:}.c(0,1) is a family of random processes parametrized by
e € (0,1) with values in the space of continuous functions C and M:(0) = 0. Then M,
converges in distribution to My as € — 0 if the following holds:

(i) (Finite-dimensional distributions) for any 0 <z < --- < x < 1, the joint distribu-
tion of (Mc(x1),--- , M:(x)) converges to that of (My(x1),--- , My(zy)) as e — 0.

(ii) (Tightness) The family {Mc}.c(0,1) is a tight sequence of random processes in C(I).
A sufficient condition is the Kolmogorov criterion: 39, 8,C > 0 such that

E {yME(s) - Ma(t)lﬁ} < Ot — 5|+, (3.32)

uniformly in e and t,s € (0,1).
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Remark 3.9. The standard Kolmogorov criterion for tightness requires the existence of
t € [0,1] and some exponent v so that sup, E|M.(¢)]* < C for C independent of ¢ and v.
In our cases, since M.(0) = 0 for all €, this condition is always satisfied.

We will prove item one of Proposition 3.7 in detail; proof of item two follows in the same
way, so we only point out the necessary modifications. Recall the decomposition in (3.18).
Let I. denote the first member on the right hand side of this equation, i.e., the oscillatory
integral. Let Z" denote the right hand side of (3.30). The strategy in the case of short

range media is to show that {6_%15} converges in distribution in C to the target process Z",
while {5_%7"?} converges in distribution in C to the zero function. Since the zero process is
deterministic, the convergence in fact holds in probability; see [4, p.27]. Then (3.30) follows.

Proof. Convergence of {E_%Ia}. We first check that the finite dimensional distributions
of I.(z) converge to those of Z"(x). Using characteristic functions, this amounts to showing

1 1
E exp (z . %/0 q=(t) 227, ijh(a:j,t)dt> 0% Eexp (ia/o > i1 ijh(a:j,t)th> ,

for any positive integer n, and any n-tuple (z!,---,2") and n-tuple (&,---,&,). We set
m(t) =37, & L"(27,t). The convergence above holds if we can show

\/7 / qa dlstrlbutlon m th, (333)

8—)

for any m(t) that is square integrable on [0, 1]. Indeed, this convergence holds as long
as ¢(x,w) is a stationary mean-zero process that admits an integrable p-mixing coefficient
p(r) € L*(R). This result is more or less standard, and a proof can be found in [2, Theorem
3.7 and its proof]. Our assumptions (S1)-(S3) guarantee the existence of such a p(r).
Therefore, we proved the convergence of the finite distributions of {a_%la}.

Next, we establish tightness of {6_%15(33)} by verifying (3.32). Consider the fourth
moments and recall L" = L? + L% in (3.20); we have

4
E(L(2) - L(y))" < 8] 4-(t)(Lh (2, t) — LA (y, 0))dt
\[/ 1 ) (3.34)

4
+E — O)(LE(z,t) — LA (y, t dt) }
ﬁ/o () (T4 (1) — L3y, 1))
We estimate the two terms on the right separately. For the first term we observe that
L%(z,t) is Lipschitz continuous in z. This is due to the fact that GI(z,zy) is Lipschitz in
x with a universal Lipschitz coefficient. Since the other terms in the expression of L{L (z,t)
in (3.20) are bounded by C', we have
C
|L§L($vt) - Lg(yvt” < E|x - y|
We use this fact and apply Lemma A.2 to deduce

1
B(Jz [ a0t — L)) < 5lo =o' (3.35)
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The constant C above depends on A, A, and Hp% 1R, -

To estimate the second term in (3.34), consider two distinct points y < x. Let j and k
be the indices such that x € (xj_1,z;] and y € (z_1,2x]). Then one of the following holds:
j—k>2j—k=0o0rj—k=1. In the first case, since |D~U°| < Ch for some C depending
on A\, A and || f]|2, we have the following crude bound.

C

The same analysis leading to (3.35) applies, and the second term in (3.34) is bounded by
C|z — y|*/h* in this case.

When |j — k| =0,  and y are in the same interval (z;,2;41). We can write

1 a*D~ h T T —
/ %axLwaw—Ly%wnu=—4gfﬁi<L %aMt——zé{Lgawa>. (3.30)

Since z and y are in the same interval, the function (z — y)/h is bounded by one. Now
Lemma A.2 applies and we see that the fourth moments of the members in (3.36) are

bounded by
(3 o)+ (552 2 f )

When j — k =1, we have

1 a*D_Uh-_ Y — i Tj-1
L/%@w@ﬁwz——fﬂi</ s = qwmQ
0 Tj_2 Tj—2

J J

a*D_Uh- Tj—1 I Tj1
S — 0j—1 (—/ ’ qe(t)dt — Y= o1 If]_l / ’ qs(t)dt> .
Yy Tj—2

J

< Clz -yl

Let z;_1 play the role of x in (3.36) and notice that Li(z;_1,t) = 0. We get

y—x;
(\/_/ qe(t) LA (y,t )dt> <C’| h; 1|.

Similarly, in the interval where = lands, let z;_; play the role of y in (3.36). We have

k2 — Lj— 1|2

h
\/_/qe t)Ls( mt)dt) < C—FF— e

We combine these estimates and see that in this case, the second term in (3.34) is bounded

by
E <% /lqa(t)Lg(y7t)dt)4 +E<% /Olqa(t)LS(x,t)dt)4>

Yz —wia Ll -yl

|21 —
SC h2 h2
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In the last inequality, we used the fact that a® +b* < (a+b)? for two non-negative numbers
a and b.

Combine these three cases to conclude that for any =,y € [0,1], the second term in
(3.34) is bounded by C|z — y|?>/h?. This, together with (3.35), shows

|z — yl2

f/ g () (L (1) — Lh(y, 1 ))dt) <0t (3.37)

In other words, {6_%15(:17)} satisfies (3.32) with 5 = 4 and 6 = 1, and is therefore a tight
sequence. Consequently, it converges to Z" in distribution in C.

1
Convergence of {¢ 27/}. For the convergence of finite dimensional distributions, we
need to show

E exp (Z . % S grg(xj)) 1,

for any fixed n, {:ztj};‘zl and {{;}7_;. Since le? — 1| < |0] for any real number 6, the left
hand side of the equation above can be bounded by

h
Z2E| T 6rte)| € 110z s Bl
\/_ 1<j<n
The last sum above converges to zero thanks to (3.19), completing the proof of convergence
of finite dimensional distributions.

For tightness, we recall that 7" (z) consists of r in (3.22), %, in (3.23), K3(z) in (3.18)
and rg(x) in (3.24). In the first three functions, 2 appears in Lipschitz continuous terms,
e.g., in D™Gh(x;x) or ¢L(z) — @} (z). Meanwhile, the terms that are z-independent have
mean square of order O(e) or less. Therefore, we can choose f =2 and ¢ = 1 in (3.32). For
instance, we consider rf,,(x) in (3.23) and bound the terms that are not #1j or 7y in the
parenthesis by some constant C. Using Lipschitz continuity of D~G#, we have

h h 2 2
_ 1 _
E <—T12($)\/Er12(y)> <C-lz - y|251]1€pE{|7:1k|2 + |7k} < ol hyl ;

thanks to the estimate (3.17). Similarly, we can control 7}y and K.

For v in (3.24), we observe that it has the form of the main part of Ks(x), which
corresponds to Lg(x,t) and the second term in (3.34), except the extra integral of g..
Therefore, the tightness argument for the second term in (3.34) can be repeated. The extra
¢- term is favorable: we can choose =2 and § =1 in (3.32).

To summarize, {6_%7‘2‘/\/5} can be shown to be tight by choosing 8 = 2 and § = 1
n (3.32). Therefore, it converges to the zero function in distribution in C. We have thus
established the convergence in (3.30).

o

The case of long range media. In this case, the scaling is ¢~ 2.
the same as above and we only point out the key modifications.

The proof is almost
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Let us denote the right hand side of (3.31) by II@. To show the convergence of the
finite dimensional distributions of {¢~2 1.}, instead of using (3.33), we need the following
analogue for random media with long range correlations:

1 1 o . 1
L[ e tyme)ar Lstrivsion, / m(t) AW, (3.38)
£2 0 e—0 0

where oy is defined below (2.20). The above holds only for g(z,w) constructed as in (L1)-
(L3), and m € L'(R) N L*(R). This convergence result was established in Theorem 3.1
of [3]. Assumptions on ¢(x) in item (ii) allows us to use this result and conclude that the
finite dimensional distributions of {a_%fa(x)} converge to those of Z7. For the tightness
of {e 2 I.(z)}, we can follow the same procedures that lead to (3.35) and (3.36). We only
need to consider second order moments when applying the Kolmogorov criterion thanks to
Lemma 3.27, which says

y
B(y [ i) < Clo -y (3.39)
€2 Ja
In the short range case, since « equals one we only have |z — y| on the right. To get an
extra exponent §, we had to consider fourth moments. In the long range case, « is less than
one, so we gain a 6 = 1 — « from the above estimate. With this in mind, we can simplify
the proof we did for (3.30) to prove that {¢~2I.} converges to Zh. Similarly, {e~2r0}
converges to the zero function in distribution, and hence in probability, in the space C. The
conclusion is that (3.31) holds. This completes the proof of Proposition 3.7. O

Remark 3.10. From the proofs of the propositions in this section, the results often hold if
the conditions in item (i) or (ii) of Proposition 3.3 are violated in an e-independent manner.
For instance, if the second equation in (3.16) is modified to

*2
B — b = ()1 + o (—‘;L—Q / q€<t>dt) , (3.40)

for some function c¢(h) and for region Dy C Ij, then this modification will be carried to
Lh(a:, t) and following estimates, but the weak convergences in Proposition 3.7 still hold.

4 Weak convergence as h goes to 0

In the previous section, we established weak convergence of the corrector u? —ug of a general
multi-scale scheme when the correlation length e of the random medium goes to zero while
the discretization h is fixed. In this section, we send h to zero, and characterize the limiting
process. We aim to prove the following statement.

Proposition 4.1. Let L"(x,t) be defined as in (3.20). As h goes to zero, the Gaussian
processes on the right hand sides of (3.30) and (3.31) have the following limits in distribution
n C:

1 L .
a/ LMz, t)dw, L2on, 70 w), (4.1)
0

h—0
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where U is the Gaussian process in (2.15). Similarly,

1 L. .
oH / Lh(z, t)dwH dsrbution, gy (o W), (4.2)
0

h—0

where Ugr is the Gaussian process in (2.21).

We consider the case of short range random media first. Recall that Z"(z) denotes the
left hand side of (4.1). It can be split further into three terms as follows. Let us first split
LY (x,t) into two pieces:

*D‘Gh T, T a*D—U0
k=1

aDGOxxk< / f(s dS——/ JOLHE >

(4.3)
LY (x,t)

|M2

Then define Ilh(:n) by

1 1
T W) = O'/ L (2, )dWy, i =1,2. T (a; W) = 0/ L (z, t)dW;. (4.4)
0 0
As it turns out, Z'(z; W) converges to the desired limit, while Z}(x; W) and Z§(x; W)
converge to zero in probability.

Proof of (4.1). Convergence of {Z}(z)}. By Proposition 3.8, we show the convergence
of finite distributions of {Z}'(x)} and tightness. Since all processes involved are Gaussian,
for finite dimensional distribution it suffices to consider the covariance function Ry (x,y) :=
E{Z}(x)Z}(y)}. By the Ito isometry of Wiener integrals, we have

1
R?(.’L’,y) = 02/() L}lll(x7t)L?l(y7t)dt

For any fixed =z, L?l (z,t), as a function of ¢, is a piecewise constant approximation of L(z,t).
This is obvious from the expression of L(x,t) in (2.17). Therefore, L (z,t) converges to
L(z,t) in (2.16) pointwise in t. Meanwhile, L?, is uniformly bounded as well. The dominant
convergence theorem yields that for any = and v,

1
li Rl (e,) = 0% | Lo )L (. )t = B W)U W) (4.5)
- 0
This proves convergence of finite dimensional distributions.

The heart of the matter is to show that {UJ!(z; W)} is a tight sequence. To this end, we
consider its fourth moment

4 4
B(zi@) - W) = [ T[ht) - L. a)E]J v, (4.6)
0.1 521 i=1
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Since increments in a Brownian motion are independent Gaussian random variables, we
have

4 4
EJ[dWe, = [6(ts — t2)d(ts — ta) + 6(ts — t3)d(ta — ta) + 6(ts — ta)d(ta — t3)] [ [ dti. (4.7)

i=1 i=1

Using this decomposition, and the fact that the L? is piecewise constant, we rewrite the
fourth moment above as

1 2 N D= (G (. x1) — GP . D10 2 2
3(/0 (Li‘1<x,t)—L?1(y,t>)2dt> :3[2< D~ (G (z, Z) Gh (v, xr)) Dh Uk> h]

k=1

Hence, we need to control || L}, (x,-)— L% (y,-)||2. Since G§ is the Green’s function associated
to (1.3), as commented in Remark 3.4, it admits expression (2.18). Fix y < z, and let j;
and jp be the indices so that y € (zj,-1,2j-1] and = € (zj,—1,2;,]. Then we can split the
above sum into three parts. In the first part, k£ runs from one to j; — 1. In that case, both
xy and xp_; are less than y. Formula (2.18) says: a*(Gh (v, x1) — G (y, 71)) = xx(y — ).
Consequently,

a*D~(GMx, z) — GM(y, ©
D~ (G} (=, Z) Go(y, k) = (y — ). (4.8)

Since |D~UY/h| is bounded, we have

=l = (ch h 2/ xy—770\ 2 il
a*D~(G§(z,z) — Gi(y, x)) a*D~U, 9 9
h < — < —yl*. (4.
321( A . < Clz—y| g:lh_clw ylI*. (4.9)

Another part is k£ running from jo + 1 to V. In that case, both x; and z;_, are larger than
x. The above analysis yields the same bound for this partial sum.

The remaining part is when k runs from j; to js. In this case, for some k, x; may end
up in (y, ), and we have to use different branches of (2.18) when evaluating G?(z, z;) and
Gl (y,x1). Consequently, the cancellation of h in (4.8) will not happen, and we need to mod-
ify our analysis. We observe that, due to the Lipschitz continuity of GSL and boundedness
of |[D~UY/h|, we always have

J2 * — / ~h Ak 2 £ 770N 2 o2 J2

h h B2

k=j1 k=j1

If jo — j1 < 1, the last sum above is then bounded by 2C|z — y|?/h. In this case, it is clear

that | — y| < 2h; as a result, the sum above is bounded by C|z — y|.

If jo —j1 > 2, the above estimate will not help much if js — j; is very large. Nevertheless,
since |D~Gl/h| is bounded by some universal constant C. We have

f: <a*D_(G8($,:EZ) - Gg(y,:nk))>2 <a*Dh—U;9>2 h<C i h. (4.11)

k=j1 k=j1
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Meanwhile, we observe that in this case

3‘% — y\ > 3(96]-2_1 — le) = 3(j2 —J1 — 1)h = (jg — 71+ 1)h + 2(j2 —J1 — 2)h
> (j2 —Jj1+ Dh

Consequently, the sum in (4.11) is again bounded by C|z — y|. Combining these estimates,
we have
131 (2, ) = Ly (y, )13 < Cle —yl. (4.12)

It follows from the equation below (4.7) that {Z]:(z)} is a tight sequence and hence converges
to U(x, W).

Convergence of 7}, to zero function. For the finite dimensional distributions, we
consider the covariance function R%(x,y) = E{Z}(x)Z%(y)}. By Ito isometry,

1
7 [ Ll Lt (4.13)

Now from the expression of L% (x,t), (4.3), we see that L7, (x,t) converges to zero point-
wise in ¢ for any fixed x. Indeed, in the above expression, |[D~Gh/h| is uniformly bounded
while the integrals of f(s) and of f (s)&g(s) go to zero due to shrinking integration regions.
Meanwhile, Lffz is also uniformly bounded. The dominated convergence theorem shows
Ry(z,y) — 0 for any = and y, proving the convergence of finite dimensional distributions.
The tightness of {Z}(z)} is exactly the same as {Z]'(x)}; that is to say, the properties of
D~G} can still be applied. We conclude that {Z%(x)} converges to zero.

Convergence of Z}(z) to zero. For the finite dimensional distributions, we observe
that L(z,t) is uniformly bounded and for any fixed x, it converges to zero point-wise in ¢,
due to shrinking of the non-zero interval I;,). The covariance function of Th(z), therefore,
converges to zero, proving convergence of finite dimensional distributions.

For tightness, we consider the fourth moment of Z!(z) — Z(y). By (4.7), it equals

1 2
E<I§<x;w>—1£<y;w>>4=3< / <L3<x,t>—L3<y,t>>2dt) | (4.14)

Recalling the expression of L%(x,t) in (3.20), it is non-zero only on an interval of size h
and is uniformly bounded. Let j(z) be the interval where L%(x) is non-zero, and similarly
define j(y). Assume y < x without loss of generality. Consider three cases: j(z) = j(y),
jly) = j(x) — 1, and j(x) — j(y) > 2. In the first case, x and y fall in the same interval
[j_1,x;] for some index j. Then we have

1 1 o 2
r—y
/0 (Lg(l‘,t) - Lg(yyt))2dt < 0/0 <1[:c,y} (t) - h ]-Ij (t)> dt.
This integral can be calculated explicitly; it equals:

1 T —y z—y)?
/ l[x’y] (t) — 271[1@} + %ljj (t)dt
0

(z —y)?

h2

x—y]

h=(@—yll-—

Y-y +
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Since |1 — (z —y)/h| < 1 and |[D~UQ/h| < C, the above quantity is bounded by C|z — y|.
In the second case, with j the unique index so that y < z; < x and using the triangle
inequality, we have

125G, t) = LGy 013 < 2 (I LS (e, t) — LG, )13 + |12 (s, t) — L. )13)

For the first term of the right hand side above, let x; play the role of y in the previous
calculation. This term is bounded by C(x — x;). Similarly, for the second term, let x;
play the role of z, and we bound this term by C'(z; — y). Consequently, we can still bound
IL5 (2, ) — Ly, 1)3 by Cla —yl.

In the third case, we have h < |z — y|. Meanwhile, since L% is uniformly bounded and
is nonzero only on intervals of size h. We have

IL5 (,t) = L3 (y, t)|3 < Ch < Cla —yl.
Combining these three cases, the conclusion is:
(T4 (a; W) — T3 (y; W))* < Cla — y. (4.15)
This proves tightness and completes proof of the first item of Proposition 4.1. O

Remark 4.2. In the proof above, we used the fact that GP(z) defined in (3.21) is in
fact the real Green’s function defined in (2.18). However, the analysis follows as long
as |D; G(x,zy)/h| is piecewise Lipschitz in z with constant independent of h, and the
total number of pieces does not depend on h.

The fact that Z0(x) and Z%(x) do not contribute to the limit is quite remarkable. It says
the following. As long as the limiting distribution of the corrector u* — ug is considered,
the role of the multi-scale basis functions is mainly to construct the stiffness matrix, which
is reflected by I{‘(m); its roles in constructing the load vector F¢ and in assembling the
global function, which are reflected in Z4 (z) and Z%(x) respectively, are asymptotically not

important. [

Now, we prove the second part of Proposition 4.1. Before doing so, for the convenience
of the reader, we briefly review some essential properties of fractional Brownian motion
(fBm), and stochastic integral with fBm integrator.

A fBm WH(t) with Hurst index H is a mean-zero Gaussian process with W (0) = 0,
stationary increments and H-self-similarity, that is, for a > 0,

(WH (at) her Z {aWH () }rer, (4.16)

where Z means the equality in the sense of finite dimensional distributions. From this simi-
larity relation, we deduce E[(W ())?] = [¢t|* E[(W (1))2]. In particular, if E[(W(1))?] =
1 we say the fBm is standard. It follows from the stationarity of increments that the co-
variance function of W (t) is given by

RH(t,s) = E{WH()WH(s)} = = (|t|* + || — |s — t|*). (4.17)

| =
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When H = 1/2, the increments of WH are independent and the fBm reduces to the usual
Brownian motion. For H # 1/2, the increments are stationary but not independent.

Stochastic integrals with respect to fBm can be defined on many functional spaces. Note
that H = 1— § is in the interval (%, 1). In this case, a convenient functional space to define
stochastic integral is

|r|H={f: /] |f<:c>||f<y>||:c—y|2<H—1>dmdy<oo}. (4.18)

It is easy to check, for instance from Hardy-Littlewood-Sobolev lemma [20, §4.3], that
LYR)NLA(R) ¢ LV < |12, Stochastic integrals against fBm do not satisfy It6 isometry;
instead, we have

IE{ /]R F)dw /]R ()dWH} H2H - 1) / %dtd (4.19)

For a nice review on stochastic integral with respect to fractional Brownian motion, we
refer the reader to [22].

Proof of (4. 2) Recall that Z%(z) denotes the left hand side of (4.2). Using the same
splitting of L in (4.3), we can split Iﬁ, into three pieces Iﬁ,i(x), i=1,2,3, asin (4.4). The
only necessary modification is to replace ¢ by oy and to replace the Brownian motion W;
by the fBm W/ . We show that Z% (x) converges to Uy while Z%, and Iﬁrs converge to the
zero function.

Convergence of finite dimensional distributions. For I}‘Il, we consider the covari-
ance matrix Rl (z,y) defined by E{Z%, (z)Z%,(y)}. Using the isometry (4.19), we have

Ry (z,y) = /{/ / iy (@, )L (v, 5) dtds. (4.20)

|t — s|@

As before, the integrand in the above integral converges to L(x,t)L(y, s)/|t — s|* for almost
every (t,s). Meanwhile, since L?l is uniformly bounded, the integrand above is bounded by
C|t — s|~* which is integrable. The dominated convergence theorem then implies that R,
converges to the covariance function of Uz (x; WH). The convergence of finite distributions
of 11@2 and Iﬁrs are similarly proved.

Tightness. Due to the long range correlations, we only need to consider the second
moments in 3.32. For {Z%}, we consider

E(Ij}fll(x) _Ijisl(y))2 — K/RZ (L?l(‘%t) — L?l(y7’?z(§i;1(wvs) — L?l(:% S))dtds,

using again the isometry (4.19). Now we claim that
1
LY (2, 8) — LYy (y, e < Clo —yl?, (4.21)

for any p > 1. Indeed, for p = 2, this is shown in (4.12); the analysis there actually shows
also that the above holds for p = 1. For p = oo, this follows from the uniform bound on
L%,. For other p, this follows from interpolation; see [20, p.75].
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Now, we apply the Hardy-Littlewood-Sobolev lemma [20, §4.3] to the expression of the
second moment above. We obtain the bound

= —

Cle)sl| Ly (2, ) = Ly (y, ) [1E5 (2, ) = Ly, M, 1y < Cla =yl

Therefore, the Kolmogorov criterion (3.32) holds with § = 2 and § = 1—a, proving tightness
of {Z%,}. Tightness of {Z%,} follows in the same way because L%, has the same structure
as L7, as remarked before. Tightness of {Z,} follows from the same argument above and
the control on || L% (z,-) — L%(y,-)||3 in the equation above (4.15). This complete the proof
of (4.2). O

5 Applications to MsFEM in random media

In this section, we prove Theorems 2.1 and 2.3 as an application of the general results
obtained in the preceding two sections by verifying that the multiscale finite element method
(MsFEM) satisfies the conditions of Proposition 3.7.

5.1 The multiscale basis functions

We describe the MSFEM for (1.1) as a special case of the methods developed in [15, 16].
We verify that this scheme satisfies assumptions (N1)-(N3).

Recall that we have a uniform partition of the interval [0, 1] with nodal points {z) }Y_,,
where z9 = 0, and zy = 1, and I} the kth interval (xg—1,2k). The standard hat basis
functions are denoted by {¢}(x) ;V: _11. They span the space VJ'. The idea of MSFEM is to

replace the hat basis functions by {¢Z} which are constructed as

{ﬁeqﬁg(a:) =0, xzelLULU---Uly_y, 5.1)

¢l = @), x € {z -

Here L. is the differential operator in (1.1). Clearly, ¢Z has the same support as qﬁ% and
thus satisfies (N1). Note that the {¢!} are constructed locally on independent intervals,
and are suitable for parallel computing.
For any k = 1,--- , N, we observe that the only non-zero basis functions are ¢* and
k=1 Further, they sum up to one at the boundary points x;_; and zj. Since equation
(5.1) is of linear divergence form, we conclude that ¢F(z) + ¢F~1(2) = 1 on the interval.
This shows that MSFEM satisfies (N3). In fact, the functions {¢¥}Y_| for MSFEM are
constructed by solving (5.1) on I with boundary values zero at x;_; and one at 2. Once
they are constructed, {(bé} is given by (3.4). We can solve ¢]§ analytically and obtain that

-1
/ a;l(t)dt> : (5.2)
Iv

J

&z‘:bz’/w oTl(0dt, b= (

Consequently, (N1) and (N3) indicate that MSFEM also satisfies (N2). To calculate the
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entries of the stiffness matrix A", we fix any i = 2,--- , N — 2, and compute

~.\ 2 N 2
det det _ :
(AL)ji = — /Iz e < dx€> do = — (a\E d;) /L azt(s)ds = —bL.

The last equality can be verified from the fact that (52 solves (5.1) and integration by parts.
For i = 1 and N, we verify that (3.3) holds for b and b given by (5.2).

Remark 5.1. (Super-convergence in one dimension) It is well know that when dimen-
sion d = 1, the standard finite element method is super-convergent, in the sense that it yields
exact values at nodal points. In our case, ul(zy) = ug(w), where ug solves (1.3) and u is
the FEM approximation. We observe that this property is preserved by MsFEM. Indeed,
let Pu. be the projection of u. in Veh, ie., Pu. = ug(x])qﬁé(x) Then, using integrations by
parts, (5.1), and the fact that Pu. — u. vanishes at nodal points, we have

A (Pug,v) = Ac(uz,v) = F(v), Yve VD

Since the second equality is also satisfied by u?, it follows that A.(Pu. — u?, v) = 0 for any
v in Veh. In particular, by choosing v = Pu. — u? and by coersivity of A.(-,-), we conclude
that Pu. = u. The super-convergence result follows.

Several useful results follow from this super-convergent property. First, u?(x) of MsFEM
coincides with the true solution u.(x) at nodal points. Note that u. can be explicitly solved
analytically and that |us(x) —u-(y)| < Clax — y| for some universal C. We then have

|D™UR| = [ug (xx) — ul (1) < Ch. (5:3)

This improves the condition (3.9) in Proposition 3.3 and hence improves several subsequent
estimates. Second, a fact which we have used extensively before, we have |[D~G!| < Ch and
for any fixed zy,, G (z; z),) defined in (3.21) equals the continuous Green’s function Go(x, x)
for (1.3). This is because the functions agree at the nodal points due to super-convergence
and they are both piece-wise linear in z. [J

5.2 Proof of Theorems 2.1 and 2.3

Since MsFEM is a scheme that satisfies (N1)-(N3), in order to apply (3.12) and (3.20) in
previous propositions, we only need to check that (3.16) and (3.17) hold.

Lemma 5.2. Let oF and b¥ be the functions in (N1)-(N3) for MsFEM defined in (5.2). Let
qﬁ'g and blg be the corresponding functions for FEM.

(i) Suppose a(z,w) and q(x,w) satisfy (S1)-(S3). Then (3.16) and (3.17) hold and the
conclusion of item one in Proposition 3.3 follows.

(ii) Suppose a(x,w) and q(z,w) satisfy (L1)-(L3). Then the conditions and hence the
conclusions of the second item of Proposition 3.3 hold.

Proof. From the explicit formulas (5.2), we have

1 \! 1\t a*
bE — vk = </ —dt> - (/ —dt) = —bk—/ t)dt.
: Ik aE Ik CL* c h Ik qa( )
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Comparing with the second equation in (3.16), we find that it is satisfied with
For == bY [ q.(t)dt. (5.4)
Iy,

Similarly, we have

F(w) — () = ( [t e [ qa<s>ds> . (55)

k—1 k—

This shows again that (3.16) holds with 75 having the same expression as 79 defined above.
In (5.4), since 0 < b¥ < Ah™!, we can apply Lemma 3.5 in the case of short range media or
apply Lemma 3.6 in the case of long range media to conclude that E|fy,|? < Ch~le in the
first setting, while E|fg|? < C(eh™1)* in the second setting. This completes the proof. [

Note that the estimates (3.10) and (3.11) follow directly from this lemma. Therefore, we
can apply Proposition 3.1 directly. Now we prove Theorem 2.1. Estimates (2.12) and (2.13)
do not follow from Propositions 3.7 and 4.1 directly and need additional considerations.

Proof of Theorem 2.1. Finite element analysis. We have seen that u” super-converges
to ue; see Remark 5.1. From (1.1) and (5.1), we observe that the following equation holds
on [j for j=1,--- ,N:

; (5.6)

U, —

Ea(ua—u?) =/, in I,
ue =0, on 0I;.

Using (1.2) and integrations by parts, we obtain

d d
At~ el < [ gt =) Tl ) do = [ (@ = w)Cu(ul <) do
J J

= [ 1@l = w)@) o < 1o ol = el
j
Now recall that the Poincaré-Friedrichs inequality says that
h h h
= ety < 2l = el g, (57)
Combining the inequalities above, we obtain

h
lul — Ue|p g, < —W”f”lfj'

Taking the sum over j, we obtain the first inequality in (2.12). To get the second inequality,
we first apply the Poincare-Friedrichs inequality to the equation above to get

h2
[ul = ucll2,r, < 2 Il (5.8)

and then sum over j. This completes the proof of (2.12) in item one of the theorem.
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Energy norm of the corrector. By energy norm, we mean the L?(€2, L?(D)) norm.
Recall the decomposition of the corrector into K;(x) in (3.15). For Kj(x), we apply Cauchy-
Schwarz to get the following bound for | K |?

S (U — U9 (64 ()2 < (U7 — U202 (S, 63(@) = |[vF — 0%

In the above derivation, we used the fact that qﬁ% () is non-negative, and (bé(a:) = 1. Now
we apply (3.12) to control this term. The function Ks(x), as in the proof of Proposition 3.3,
can be written as D‘Uf(m)(q;g(x) - QN%(“T)). Then from (3.10), we have E|K»(z)|? < Ce||R||1 k.
For K3, we have controlled E|K3(x)| in (3.25). To control E|K3(x)|?, we observe that
|K3(x)| < C||fl|l2- Note that all three estimates concluded in the three steps are uniform in
x. Combining them, we complete the proof of (2.13).

Convergence in distribution as ¢ to zero. To prove item two of the theorem, we
apply (3.30) of Proposition 3.7. We need to verify (3.9) in addition to (3.16) and (3.17),
which we already verified in the previous lemma. But this is implied by (5.3), and hence
we obtain (2.14).

Convergence in distribution as h to zero. To prove (2.15), we apply the first result
in Proposition 4.1. This completes the proof of the theorem. O

Proof of Theorem 2.3. In this case, the random processes ¢(x) and a(z) are constructed by
(L1)-(L3). To prove the estimate in the energy norm, we follow the same steps as in the
proof above, but use item two of Proposition 3.1 to control the term ||[U® — Ung2 in Kq(x)
and use Lemma 3.6 to control the terms in Ky(z) and K3(z).

To obtain the results in (2.20) and (2.21), we verify the conditions in item two of
Propositions 3.7 and 4.1, applying the second case in Lemma 5.2 and following the steps in
the previous proof. This completes the proof of the theorem. O

6 Applications to HMM in random media

In this section, we adapt the general approach described in Sections 3 and 4 to the case of
heterogeneous multiscale method (HMM).

6.1 The heterogeneous multiscale method

The goal of HMM is to approximate the large-scale properties of the solution to (1.1)
without computing the homogenized coefficient first. Suppose we already know this effective
coefficient, i.e., a* in our case. Then the large-scale solution ug can be solved by minimizing

the functional
1 1Y, (du)\? !
Iu] := §A0(u,u) — F(u) = 5/0 a <%> dx —/0 fu dzx.
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In numerical methods, the first integral above can be computed by the following mid-point
quadrature rule:

N du 2
A ~ (7)) — (2 .
o)~ Y- (@) @) )
Jj=1
Here 2/ = (zj_1 + x;)/2 is the mid-point of I;. In HMM, a* is unknown, and the idea is to

approximate (u'a*u’)(27) by averaging in a local patch around the point 2/. For instance,

we can take <a*(xj)Z—Z($j)>2 N %/I? <aa(3)d(ﬁ“) (3)>2 ds.

Here, I]‘-S denotes the interval 7 + g(—l, 1), that is, the small interval centered in I; with

length 4. The operator . maps a function w in Voh, i.e., the space spanned by hat functions,
to the solution of the following equation:

{Eg(.i”w)zo, rellU---UIY_,,

6.1
Lw = w, a;e{(“?[]‘-s ;V:_ll. (6.1)

The idea here is the same as MsFEM, namely to encode small-scale structures of the random
media into the construction of the bilinear form. The key difference that distinguishes HMM
and MsFEM is that the above equations are solved for HMM on patches Ig that are smaller
than I. We check that .Z is a linear operator; therefore, the following approximation of
Ap(+,-) is indeed bilinear:

T h d(Lw) d(Lv
A% (w,v) ::;5/15 as (Lw) d(Lv) dx. (6.2)

dx dx
With this approximation of the bilinear form, HMM consists finding

ul? = argmin 1Ag(w, w) — F(w).
wEVOh

This variational problem is equivalent to solving u?’5 = U;’éqz%(x), where U9 is determined
by the linear system

Ahoged = O, (6.3)
Therefore, the above HMM can be viewed as a finite element method. The finite dimensional
space here is V{'. Therefore HMM clearly satisfies (N1) and (N3). To check (N2), we
calculate the associated stiffness matrix A”?. It has entries AS(oh, (bé). From the defining
equation (6.1), we see that ¢}, is non-zero only on I, f UI{S ', 1, which implies that Ag’é is again
tri-diagonal. Further, we verify that £¢} + & QSé_l = 1 on the interval If , which can be
obtained from integrations by parts and which implies that A? 0 satisfies (3.3). Therefore,
HMM satisfies (N2).

In fact, we can calculate the b. vectors. Let us consider the (1 — 1,4)th entry of Al ’5,
where i can be 2,--- , N — 1. Since (L 1) = —(L¢h) on I?, we have

ho _h d( L)\
(A )ei—u__g If%(s)( dx >d8'
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Now from (6.1), we verify that a.(Z¢}) on I? is a constant given by

- (/I? a;l(s)ds>_1%.

i

& = (/J(s a;l(s)ds) _13% j !

i

e Nl

Therefore, we have

1
h 1) ,
o s\2 1 -1 i
(A )si_li =—(c}) 5 /15 a; ds = N (/16 a; (s)ds) =: —b 5. (6.4)

We extend the definition of b’ 5 to the cases of i = 1 and ¢ = N, and check that the (1,1)th
and (N — 1, N — 1)th entries of the stiffness matrix also satisfy (3.3). In particular, the
action of A" on a vector satisfies the conservative form as in (3.5). In the sequel, to
simplify notation, we drop the § in the notations Al ’5, U9 and b; s

The well-posedness of the optimization problem above, or equivalently of the linear sys-
tem (6.3) is obtained by Lax-Milgram. We show that the bilinear form A%(-,-) is continuous
and coercive. Consider two arbitrary functions w = W;¢} and v = quﬁé in Voh. Then:

Al(w,v) = WALV, = =S WD (EDV;) = 3, D-Wibi D™V

€1j

Estimating the entries of vector b, by its infinity norm and use Cauchy-Schwarz, we obtain
AL (w,v)] < < sup bi) D™ Wle2l| D™V le2 < Alwlg[v]pn.
1<i<N

In the last inequality above, we used the fact that Ah~! < b2 < Ah~!, which can be seen
from its definition in (6.4) and the uniform ellipticity of a., and that |D~W||;2 = |w|g VR
for w € Voh. This proves continuity. Taking w = v, we have

Aw.0) = (i, 8 1D Wl D Wl > Mol

This proves coercivity. Therefore, by the Lax-Milgram theorem for the finite element space
[23, p.137], there exists a unique u?’5 € Voh that solves the optimization problem. Further,
we have

1 F(w)
h6
Uy — sup — f 2. 6.5

An immediate consequence is that |[D~U¢?| < C’\/E by the argument in Remark 3.2.

6.2 Proof of Theorem 2.5

To prove Theorem 2.5, we apply Proposition 3.3 to write the corrector u?’é — ug as an

oscillatory integral plus a lower order term. To apply Propositions 3.7 and 4.1 and obtain
the weak convergences, we need to consider the difference b* — blg since ¢ = ¢ in HMM.
From the expression of b¥ in (6.4), we have

L@ h a*?
b bl — 5/% Pt 1—|—r2k)5h2/qa(t)dt
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where 79, is a random variable defined by

Top = __b / QE

We verify that in the case of short range media, i.e., when ¢(z) satisfies (S1)-(S3), we have

. £
Bl < O5Rlhe, B (o —8) < CooclRlhe, (6.6)

h25 |
for some universal constant C'. Comparing this with (3.11) and (3.17), we observe that the
estimates have been multiplied by a factor % in the HMM case. Similarly, it can be checked
that in the case of long range media, i.e., when ¢(x) satisfies (L1)-(L2), these estimates will
be multiplied by a factor of (%)a. With these formulas at hand, we prove the third main
theorem of the paper.

Proof of Theorem 2.5. Short range media and amplification effect. In this case, the
difference of b¥ — bf and an estimate of it was captured in (6.6) and the equation above it.
We cannot apply Propositions 3.3 and 3.7 directly. However, as mentioned in Remark 3.10,
similar conclusions still hold. The same procedure as in the proof of Proposition 3.3 shows
that the L(z,t) function for HMM is:

a*D-Gh *D~UY
LM(z,t) = 2115 }S(:”’:”’f)“ k. (6.7)

The first weak convergence in (2.22) holds with this definition of L™% as an application of
a modified version of Proposition 3.7. Indeed, the proof there works with L™ playing the
role of L. The tightness is still obtained from the function D~G%, and the factor % does
not play any role at this stage.

When h goes to zero, we can follow the proof of Proposition 4.1 to verify the second
convergence in (2.22). Indeed, tightness can be proved in exactly the same way. All that
needs to be modified is the limit of the covariance function of ™9 (z; W), which is defined
to be o fol LM9(z,t)dW;. This covariance function, by the It6 isometry, is as follows:

1
R(ay) =0 [ 19,0, e
0

=0 —25 a*D~ Go(l’ x) a*D~ Go(ng;k) (a*D_U]g>2 (6.8)

h h h
Recall the expression of L7, in (4.3). We verify that the above quantity can be written as
b [ h
o g/o LYy (2, t) L, (y, t)dt.

Now the convergence in (4.5) implies that R™° converges to the covariance function of
\/gbl(x; W). This completes the proof of (2.22).
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Long range media. The expression for b — blg are given above. Therefore, we can
apply Propositions 3.3 and 3.7 (with modifications), to show that as £ goes to zero while
h is fixed, the HMM corrector indeed converges to Z/{Z’é(x; WH) defined in (2.23). When h
is sent to zero, we can follow the proof of Proposition 4.1 and show that Z/{I};é converges in
distribution to some Gaussian process. To find its expression, we calculate the covariance
function of L{Z’&. Thanks to the isometry (4.19), it is given by

h,o h,d
h53:y —m//L (2, )Ly, 5 )dtds. (6.9)

|t — s|@

Using the expression of L™% and the following short-hand notations:

a*D~ Gl (z;z) a*D~UY
h h

Jp(z) =

the covariance function can be written as
dtds dtds
52(;;J’f Y)+ I (@) Sy /15/16 s Z‘]’“ Wiy /15/15 )

The integral of |t — s|~% can be evaluated explicitly:

N k-1

2
T 2 L))+ Ju(o) Tl g ([0 = )+ 5+
k:lm:l
=2 = M)A [ = m)h =3 ) + s szk P

When m < k, the quantity between parentheses together with the 62 on the denominator
forms a centered difference approximation of the second order derivative of the function
r2=% evaluated at (k—m)h, i.e., at t —s. This derivative is precisely (1 —a)(2— )|t —s|~*.
Meanwhile, the h? on the nominator can be viewed as the size of the measure dtds on each
block Iy, x I,,,. Furthermore, Jy(z) is precisely L7, (z,t) evaluated on Ij. The conclusion is:
those terms in the above equation with m < k form an approximation of

/ / i Ttt—Llyi Y25) ads.

The second sum corresponds to the diagonal terms k = m. Since |Ji| is bounded, this sum

is of order O(hd~%) and does not contribute in the limit as h — 0, as long as 6 > ha. R};I’é
converges to the covariance function of Uy (x; W), finishing the proof of (2.23). O

7 A hybrid scheme that passes the corrector test

We now present a method that eliminates the amplification effect of HMM exhibited in item
one of Theorem 2.5 when the random media has short range correlations. Such an effect
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arises because the short-range averaging effects occurring on the interval of size h are not
properly captured by averaging occurring on an interval of size d < h.

The main idea is to subdivide the element I uniformly into M smaller patches and
perform M independent calculations on each of these patches. This is a hybrid method
that captures the idea of performing calculations on small intervals of size d < h to reduce
cost as in HMM while preserving the averaging property of MsFEM by solving the elliptic
equation on the whole domain.

Let 6 = h/M be the size of the small patch Iﬁ for 1 < /¢ < M. Define bfé by

b, = <%>2 </z,g a;l(s)ds> _1. (7.1)

This definition is motivated by (6.4). Given a function w in the space V', we define its
local projection into the space of oscillatory functions in the small patches I ,f by:

{ﬁé‘(w?) = 07 T € Uljcvzl Uﬁj‘il IIﬁ) (7 2)

wh = w, e Ul UM, orf,

where wé? denotes this local projection. Recall that NQNS'OC is the left piece of the hat basis
function. Integrations by parts show that b’& = Ag((qﬁo)lg, (QSO)?), where A, is the bilinear
form defined in (3.2). HMM choose one small patch Iﬁ* and uses A.((¢o)5 , (do)f ) = bF

el
to approximate the value A.(¢k, ¢F). Of course, the scaling h/J is needed. This scaling
factor turns out to amplify the variance as h goes to zero when the random medium has
short range correlation.

We modify the method of HMM by constructing b. as follows:

bf = 25{1 blgé-

In other words, we sum the pieces AE(&S, (5’5) to form the entries of the stiffness matrix.
With this definition, we verify that
-1
a;lds) — ( /
I

w-t=3-(2)1() |

Z ) ]
k

5 [y oo

14
k

a;lds)_ll

Rewriting the sum of the first terms in the parenthesis, we obtain

* 2
bf - b'g —_(Z / qe(s)ds +rf,
h I
k

where r¥ accounts for the sum over the second terms in the parenthesis. Clearly, E|rF| <
Ce(hs)~!. This decomposition of b. — by and the estimate of 7¥ shows that we can apply
Proposition 3.3 to obtain the decomposition of the corrector. The L"(z,t) function in
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this case will be L (z,t) in (4.3). Then it follows from Propositions 3.7 and 4.1 that the
corrector in this method converges to the right limit.

In this modified method, all the local informations on I, are used to construct b as in
MsFEM. The main advantage is that the computation on {If}}1, can be done in a parallel
manner. The calculation in MSFEM performed on a whole domain of size h is replaced by
h/§ independent calculations. Accounting for the coupling between the h/§ subdomains is
necessary in MsFEM. It is no longer necessary in the modified method, which significantly
reduces is complexity.
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A Moment bound for stochastic process

In this section we provide a bound for the fourth order moment of g(x,w) in terms of the
L' norm of the p-mixing coefficient.

Let P be the set of all ways of choosing pairs of points in {1,2,3,4}, i.e.,

P = {p= {p(1),p@}. {(3).p(}} | p() € {1,2,3,4}}. (A1)

There are CZ = 15 elements in P.

Lemma A.1. Let q(x,w) be a stationary mean-zero stochastic process. Assume E|q(0)[* is
finite and q(x,w) is p-mizing with mizing coefficient p(r) that is decreasing in r. Then we
have

4
1 1
E{] ] ale)} < Elg(0)[* > p2 (lzp(1) — 2p(2) )02 ([2p(3) — Tp(a)- (A.2)
i=1 peEP
Proof. Given four points {q(z;)}, i =1,--- ,4, we can draw six line segments joining them.

Among these line segment there is one that has the shortest length. Rearranging the
indices if necessary, we assume it is the one joining z7 and z9. Then set A = {x1, 22} and
B = {z3,24}. Rearranging the indices among each set if necessary, we assume also that
d(A, B) is obtained by |x; — x3]. Then by the definition of p-mixing, we have

4
E{] T a(z:)} — R(x1 — 2)R(as — 24)| < Var{g(z1)q(x2)} 2 Var{g(xs)q(x4)}2 p(lw1 — 23)).

i=1
(A.3)
We can bound Var{q(z1)q(x2)}, and similarly the variance of Var{q(zs)q(z4)}, from above
by (E|q(z1)|*E|q(x2)|*)"/2. Therefore, the above term is bounded by E|q(0)[*p(|z1 — x3|).

Since p is decreasing and |r1 — 3| > |x1 — 23|, we also have

4
E{] [ a(z:)} — R(z1 — 22) R(xs — z4)| < Elq(0)|*p(|z1 — z2). (A4)
i=1
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Now observe that min{a,b} < (ab)% for any two non-negative real numbers a and b. Ap-
plying this observation to the bounds of the two inequalities above, and using the triangle
inequality, we obtain

o=

4
!E{H g(a)}| < |R(z1 — x2)| - |R(z3 — 24)| +Elg(0)]*p2 (Ja1 — w2|)p? (jo1 — a3]).  (A.5)

Using the definition of mixing again, we obtain

|R(x1—22)| = [Eq(21)q(22)] < Varz (q(a:1))Var? (q(x2))p(|z1—22]) < (Elg(0)|*)2 p2 (|21 —2]).

In the last step, we used the fact that p < p% since p can always be chosen no larger than
1. We can bound R(z; — x3) in the same way. Therefore, we obtain

rE{Hq D < ElgO) [0 (o1 = 22l)p? (|25 — wal) + p¥ (J21 — wal)p? (lor — s)]. (A6)

This completes the proof. O

We now derive a bound for the fourth order moment of oscillatory integrals of ¢..

Lemma A.2. Let q(x,w) satisfy the conditions in the previous lemma. Assume in addition

that the mizing coefficient satisfies that ||P%H1,R+ is finite. Let (z,y) be an interval in R.
Then for any bounded function m(t), we have

4
1
( v / dt) < GOEIO)* - 3B n, Il [z — o (AT)

Proof. The left hand side of the desired inequality is

62/ / // H tl t;)d[t1tatsts]. (A.8)

Here and below, d[t; - t4] is a short-hand notation for dt; - - - d4. Apply the preceding lemma,
we have

Elq m|| 2,5 (2@ ~ et
1 < 290 Imile 9(0) H % ////pz p())pz(p()€ p())d[tp(l)"'tp(4)]-

peEP

Note that we did not write absolute sign for the argument in the p functions. We assume
p is extended to be defined on the whole R by letting p(z) = p(|x|). There are 15 terms in
the sum above that are estimated in the same manners. Let us look at one of them, with
p(1) =p(3) =1, p(2) = 2, and p(4) = 3. We perform the following change of variables:

tp —t t1 —t
1 2—>t2, 1—U3

— tg, t1 — tl, ty — ty.
g
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The Jacobian resulting from this change of variable cancels €2 on the denominator. The
integral becomes

t]—x

v v e -
/ dtl/ dt4/t - Pé(tz)dh/ - p2 (t3)dts. (A9)
z z ti—y iy

This integral is finite and is bounded from above by

1 1
lz —yPllp2 1T g = 4z — o2 |7 e, - (A.10)

The other terms in the sum have the same bound. Hence we have,

1
I < E|g(0)]* x 15 x 4|z — y[lp2 || & m]5- (A.11)

This verifies (A.7) and completes the proof. O
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