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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 e — 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 fluctuations 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 methods MsFEM, and HMM with a
choice of parameter 6 = h, correctly capture the random fluctuations both for short-range and long-
range oscillations in the medium. The less expensive method HMM with § < h 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.
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neous multi-scale method, corrector test, correlation ranges.
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1. Introduction. Differential equations with highly oscillatory coeflicients arise
naturally in many areas of applied sciences and engineering from the analysis of com-
posite materials to the modeling of geological basins. Often, it is impossible to solve
the microscopic equations exactly, in which case we can either solve macroscopic mod-
els 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 sta-
tionary 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 estima-
tion 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 assumptions necessary to the applicability of homogenization theory may not be
met [18, 20, 22]. Several numerical methodologies have been developed to find accurate
approximations of the solution without solving all the details of the micro-structure
[1, 10, 12]. Examples include the multi-scale finite element method (MsFEM) and the
finite element heterogeneous multi-scale method (HMM). Such schemes are shown to
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perform well in the homogenization regime, in the sense that they approximate the
solution to the homogenized equation without 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 (probability) 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 equation. 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, 14].
In this paper, we initiate such an analysis in the simple case of the following one-
dimensional second-order elliptic equation:

d x

d
- Ea(g,w)aug(:v,w) = f(z), x € (0,1),

ue(0,w) = u.(1,w) = 0.

(1.1)

Here, the diffusion coefficient a(f ,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 are constructed. The correlation length e 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(z,w) is stationary, ergodic, and uniformly elliptic, i.e., A < a(z,w) < A
for almost every x and w, then the solution u. converges to the following homoge-
nized equation with deterministic and constant coefficient (this generalizes to higher
dimensions as well [20, 22|):

- %a*%uo(a@) = f(x), z € (0,1),

’U,O(O) = UQ(l) =0.

(1.2)

The coefficient a* is the harmonic mean of a(z,w). Furthermore, if the deviation of
1/a(z,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 (SRC), then the corrector theory
in [6] shows that

Ue — UQ distribution .
7 (x) i U(x; W), (1.3)
where U(x; W) is a Gaussian random process that may be conveniently written as a
Wiener integral; see (2.13) below. The convergence above is in the sense of distri-
bution in the space of continuous paths, which will be denoted by C([0,1]). When
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the deviation 1/a — 1/a* does not de-correlate fast enough, the normalization fac-
tor /€ is no longer correct. In fact, for a large class of random processes with long
range correlation (LRC) 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 €%, where 0 < a < 1 describes the rate of de-correlation. The
limiting process is then Uy (z; WH), which is defined in (2.14) 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 (1.2) is denoted by uf(z). Our goal is to
characterize the limiting distribution of u” — ul! as a random process after proper
rescaling by £%5". Here and below, we use ¢ A d to denote min{e, 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 it passes the corrector test when the following diagram commutes:

h _ ,h _
Lol (aw) SN o (aw)
£ 2 (7) e 2
s%OJ{(ii) (m‘)lsﬂo (1.4)
h—0

ug/\l(.fb; Wa/\l) ﬁ) ua/\l(I; Wa/\l).

Here, W! = W is the standard Brownian motion whereas W = W is the frac-
o

tional Brownian motion with Hurst index H = 1 — . Similarly, Una1 is defined so
that Uy = U(x; W) and U, = Ug(z; WH). We use this notation to include both
random processes with SRC and those with LRC. In the above diagram, there are
four convergence paths to be understood in the sense of distribution in C([0, 1]). The
convergence path (iil) is the corrector theories in [6, 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)
[16, 17, 15], and the finite element heterogeneous multi-scale method (HMM) [9, 10].
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 possibly smaller patches. HMM
thus involves heterogeneous computations on domains of size § < h.

The analysis of MSFEM in random settings is done in [7, 11]. HMM in random
media was considered in [10]. These works 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 and HMM with the parameter choice ¢ = h (these two methods are
then the same in dimension n = 1), 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~'(z/¢) — a* !, and U",, is explicitly
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characterized as a Gaussian process. The expression for this process is complicated
but converges to the right corrector as h — 0.

For HMM with § < h, path (i) does not hold 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 U”,; a Gaussian process.
HMM with 6 < h then performs differently for SRC and LRC. In the first case, the
limit process as h — 0 in (iv) is (h/8)2U: the limit is an amplified version of the
theoretical corrector when § < h. In that sense, HMM with § < h does not pass the
corrector test. In the LRC case, however, and somewhat surprisingly at first, HMM
passes the corrector test for all 0 < § < h. As a consequence, HMM with § < h
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 not valid or not known.

We consider a modification of the MSFEM and HMM schemes that is computa-
tionally more expensive than HMM with § < h but passes the corrector test inde-
pendent of the underlying random structure. The proposed corrector test and our
analysis, in spite of the limited scope of the one-dimensional equation, thus provide
some guidance on the accuracy one may expect from a multi-scale algorithm based
on a given computational cost and a given level of prior information about the het-
erogeneous medium (such as, e.g., its correlation properties) 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? — uf . 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 (1.4) commutes in this case. In section 6, we consider HMM
in both media with SRC or LRC. We emphasize where the amplification effect comes
from in the case of SRC 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. Some
conclusions are offered in section 8 while technical lemmas on fourth-order moments
of random processes are 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.(z) = a(z/e). For a function g in LP(D), we denote its norm
by [|g]lp,p- When D is the unit interval we drop the symbol D. The natural space for
(1.1) and (1.2) is the Hilbert space Hi. By the Poincaré inequality, the semi-norm
of H} defined by |u|g1 p = ||du/dz|2,p, is equivalent to 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 frequently used: 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 » € R. The coefficient a(Z,w) in (1.1) is
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obtained by rescaling the spatial variable.

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

iﬁ_E{ ! }, dzw) = — — L (2.1)

a* a(0,w)

*

Since a is stationary, a* is a constant and ¢(z,w) is a stationary process with mean
Z€ro.

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

R(x) = E{q(y)a(y + =)} = E{q(0)q(x)}. (2.2)

We find that R is symmetric, i.e., R(z) = R(—z) and is a function of positive type
in the sense of [25, §XI]. By Bochner’s theorem, the Fourier transform of R is non-
negative. Let us define

2 = xX)ax. .
J_ARUd (2.3)

Then o2 is in [0, 00], and we assume here that o > 0. We say that ¢(x,w) has short
range correlation (SRC) if R is integrable. In this case, o is a positive finite number.
We say ¢ has long range correlation (LRC) if the correlation function is not integrable.

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

[E{&n} — E{E{n}
¢eL? nel? Var{{}%\/ar{n}% < p(d(4, B)). (2.4)

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 [8].
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(x) is stationary and uniformly elliptic with constants
(A, A). Clearly, a* is uniformly elliptic with the same constants.
(S2) The random process ¢(x) has SRC and we assume o > 0 in (2.3).
(S3) The mixing coefficient p(r) of (x) is decreasing in 7, and p2 (1) € L*(R}).
The above assumptions are quite general. In particular, (S3) implies ergodicity of
q(x), 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 ¢.(x) as in (3.29).
For random media with LRC, there is no general central limit theorem. A special
family of random media investigated in [3] is based on the following assumptions:
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(L1) The process g(x) is constructed as

q(Iaw) = (I)(g(xawDa (25)

where g, is a stationary Gaussian random process with mean zero and vari-
ance one. Further, the correlation function R4 of g, has the following asymp-
totic behavior:

R, (1) ~ kg™, (2.6)

where 14 > 0 is a constant and « € (0,1).

(L2) The function ®(x) satisfies || < go for some constant gg, so that the pro-
cess a(x, ), constructed by the relation (2.1) for some positive constant a*,
satisfies uniform ellipticity with constants (A, A).

(L3) The function ® integrates to zero against the standard Gaussian measure:

/ O(s)e~ T ds = 0. (2.7)
R

The process g(x) is stationary and mean-zero. More importantly, its correlation func-
tion R(z) has a similar asymptotic behavior to that in (2.6) with k, replaced by x,
where

K= Ky (\/%/qu)(s)efds)z. (2.8)

The integral above is assumed to be non-zero. Consequently, R(x) is no longer inte-
grable and ¢(z) has LRC. We note that when o > 1, the process constructed above
has SRC 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 € L2 C H~ 1.
The weak solution to (1.1) is the unique function u. € H}(0, 1) such that

Ac(u,v) = F(v), Yove€ H(0,1). (2.9)
The associated bilinear and linear forms are defined as

! du dv !
Ac(u,v) :z/0 aa(:zc)@-%d:v, F(v) ::/0 fu du. (2.10)

Existence and uniqueness of u. are guaranteed by the uniform ellipticity of a.(z).
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 V. The standard FEM approximates Hi by V.
The idea of MsFEM is to replace the hat basis functions by multi-scale basis functions
{¢2}. 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
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by V. Then, the MSFEM solution, denoted by u!, is the unique function in V* so
that (2.9) holds for all v € V. The well-posedness of this weak formulation is a
consequence of the uniform ellipticity of a..

HMM aims to reduce the cost of MSsFEM by computing heterogeneous solutions
on smaller domains. Solutions and test functions are still sought in V{*. The bilinear

form A. is then approximated by

N
AR uy0) =3 (% / a.(r) 820 AZY) dx) h,

5
k=1 k

where ,‘3 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{ in the same way that ¢! does in MsSFEM. HMM solution
is the unique function u9 in VJ* so that (2.9) holds when H{ is replaced by Vg and
A, is replaced by AQV‘S. The well-posedness of this formulation is less immediate and
will be proved below.

Throughout this paper, for simplicity in presentation, we assume that the micro-
scale solvers in MsFEM and HMM, i.e., equations (5.1) and (6.1), are exact.

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 analyzes MsFEM in the setting of SRC.

THEOREM 2.1. Let u. and ug be solutions to (1.1) and (1.2), respectively. Let u”
be the solution to (1.1) obtained by MsFEM and let ull be the standard finite element
approzimation of ug. Then we have:

(i) Suppose that a(x) satisfies (S1) and f is continuous on [0,1]. Then

h h?
ul = ue| < 3o Il lul — ez < oz If Iz (2.11)
Assume further that q(z) satisfies (S2). Then
2 5
sup B (ul () — uf(@))’| < O |1 Rlz(1 +1f]2), (2.12)

z€[0,1]
where C' is a universal constant and R is the correlation function of q as defined in
(2.2).
(ii) Now assume further that q(x) satisfies (S3). Then,

ul(z) — uf(z) distribution
VE e—0

The constant o is defined in (2.3) and W is the standard Wiener process. The function
L(z,t) is explicitly given in (3.20). The convergence is in distribution in the space

C.

0/1 LMz, t)dWy = U"(x; W), (2.13)
0

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

P 1
UM (a5 W) LEDRYOR, g ) ;:a/ L(z,t)dW,. (2.14)
0

h—0

The Gaussian process U(x; W) was characterized in [6]. The kernel L(x,t) is defined
as

L(z,t) = 110, (t) ( /0 1 F(s)ds — F(t)> e (F(t) - /0 1 F(s)ds) 1oy (). (2.15)
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Here and below, 1 is the indicator function and F(t) = fg f(s)ds.

Equivalently, the theorem says the diagram in (1.4) commutes when ¢ has SRC
and that MsFEM passes the corrector test in this setting.

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

.9 .9
L(z,t) =a 6—yG0(:17,t) -a %uo(t). (2.16)

Here G is the Green’s function of (1.2). It has the following expression:

a*_lx(l_y)v IS%

Go(r,y) = { (2.17)

a M1 -a)y, >y

In particular,Gy is Lipschitz continuous in each variable while the other is kept fixed.
The next theorem accounts for MsFEM in media with LRC. We recall that the
random process ¢(x) below is constructed as a function of a Gaussian process.
THEOREM 2.2. Let u., ug, u® and ul! be defined as in the previous theorem. Let
q(z,w) and a(z,w) be constructed as in (L1)-(L3). Then we have

(i)

1 «
sup }IE (ul(z) — ug(x))Q‘ <C- (E) , (2.18)
z€[0,1] h \h
for some constant C' depending on (\,A), k, o, and f.
(ii) As e goes to zero while h is fized, we have

R, _ ok o 1
U, (x) guo (x) distribution U?I(CC,WH) — UH/ Lh(I,t)thH. (2'19)

£2 e—0 0

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

(iii) As h goes to zero, we have

. . . 1
ULy (; WH ) distibution, 3 (o WHY = aH/ Lz, t)ydw}. (2.20)
0

h—0

As before, this theorem says the diagram in (1.4) commutes in the current case.
In particular, o < 1, and the scaling is 2. Thus MsFEM passes the corrector test
for both SRC and LRC. The stochastic integrals in (2.19) and (2.20) have fractional
Brownian motions as integrators. We give a short review of such integrals in the
appendix. A good reference is [23].

The next theorem addresses the convergence properties of HMM.

THEOREM 2.3. Let u. and ug be the solutions to (1.1) and (1.2), respectively.
Let u?"s be the HMM solution and ul the standard finite element approximation of
Uugp -

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

ugﬁ(;p) —ug(x) distribution Z/Ih";(:c' W) distribution \/Eu(x W) (2.21)
\/E e—0 ’ h—0 0 ’ ' '
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Here, U™ (x; W) is as in (2.13) with L" replaced by L"%(x,t), which is defined in
(6.7) below. The process U(x; W) is as in (2.14).

(ii) Suppose instead that the random processes a(x) and q(x) satisfy (L1)-(L3).
Then

h,s h
u’(z) —ug(x) distribution , s Hy distribution H
e U (@ W) == U (W) (2.22)

Here, Z/{Z’é(x;WH) is as in (2.19) with L" replaced by L™°, and Uy (x; WH) is as in
(2.20).

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 random process ¢(z) has SRC, HMM with 6 < h amplifies the variance of the
corrector. We will discuss methods to eliminate this effect in section 7. In the case of
LRC, however, HMM does pass the corrector test even when § < h.

Intuitively, averaging occurs at the small scale 6 <« h for SRC. 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 cor-
rect 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 assumptions, the definition of such a rescaling coefficient might be diffi-
cult. In section 7, we present a hybrid method between HMM and MsFEM that is
computationally less expensive than the MsFEM presented above while still passing
the corrector test.

3. Expression for the corrector and convergence as ¢ — 0. The starting
point to prove the main theorems is to derive a formula for the corrector u” —ul. This
is done by inverting the discrete systems yielded from the multi-scale schemes. The
goal is to write the corrector as a stochastic integral linear in the random coefficient,
plus error terms that are negligible in the limit; see Proposition 3.2 below.

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 (2.9), 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 z; denote the kth grid
point, with g = 0 and xx = 1, and I the interval (xg_1, ). To simplify notation
in the general setting, we still denote by Vsh the finite space and by {¢! ;V;ll the basis
functions. They do not necessarily coincide with those in MsFEM.

In a general scheme, the bilinear form in (2.9) might be modified. Nevertheless,
to simplify notations, we still denote it as A.. The solution obtained from the scheme
is then u” € V" such that

Ac(ul v) = F(v), Yve Ve (3.1)

e
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Since V! is finite dimensional, the above condition amounts to a linear system, which
is obtained by putting u” = Uj(bg, and by requiring the above equation to hold for
all basis functions. The linear system is:

AlUE = F®. (3.2)

Here, the vector U*® is a vector in RV !, and it has entries Us. The load vector F*© is

also in R¥~! and has entries F(¢7). The stiffness matrix A" isan N —1 by N —1

matrix, and its entries are A-(¢,¢?). Our main assumptions on the basis functions
and the stiffness matrix are the following.

(N1) For any 1 < j < N — 1, the basis function ¢/ is supported on I; U I, and

it takes the value (5;i 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. € R with entries {b*}{, so that A", | = —pit!

forany i =1,--- ,N — 2 and
Agii - —(Ah

eii—1

+AL), i=1,- N-1. (3.3)

In other words, the ith diagonal entry of A" is the negative sum of its neigh-
bors in each row. Here, A% and A"y | are not matrix elements and are
set to be bl and bY, respectively.

(N3) On each interval I; for j = 1,--- , N, the only two basis functions that are
nonzero are ¢J and ¢/~ and they sum to one, i.e., ¢J + ¢/~1 = 1. Equiva-
lently, we have

(152(17) = ]‘Ijég(x) =+ 11j+1('r)[1 - (5]4_1 (I)]v (3'4)

for some functions {¢¥ ()} N_,, 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 symmet-
ric. 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

(A"U), = -DT('D"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 — Ug_1, (D+U)k =Uk+1 — Ug. (3.6)

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 [17]. 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 !, the standard FEM solution to (1.2).

The function ufl(z) is obtained from a weak formulation similar to (2.9) with a.
replaced by a*, and H} replaced by Voh7 the space spanned by hat functions {¢7}.

Clearly, these basis functions satisfy (N1) and (N3). Let A} denote the associated
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stiffness matrix; then one can verify that it satisfies (N2). In fact, the vector b is given
by b = a*/h. Now uf(z) is simply U?¢y), where U? solves

ArU° = FO. (3.7)
Subtracting this equation from (3.2), we obtain:
Al(US —U%) = (F° — F%) — (Al — AU=.
Let G} denote the inverse of the matrix A?. We have
Us —U° = G)(F° — F°) — Gh(Al — AlHue.

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

(P =P, = =DV E; - ), Ff = [ f0doa
I

Using these difference forms, we have

N—-1
Us = U0 = = 3 (Gh)sm (DF(F= = FO) — D (07 = 5D U,))

m=1

(3.8)

] =

DGl ((F= = FO) — (o — 0D~ UF )

el
Il

1

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

{61}
PROPOSITION 3.1. Let U¢ and U° be as above. Let the basis functions {¢1} and
the stiffness matriz A" satisfy (N1)-(N3). Suppose also that

sup |D™Uf| < C| f||zh?, (3.9)
1<k<N

for some universal constant C'.
(i) Suppose further that for any k =1,--- ,N, and any x € It, we have

- - 2 c
E (@)~ é6(@)) < Ol Rl (3.10)
and
E (b —b5)" < CﬁHRHLR, (3.11)
for some universal constant C'. Then we have

E[[U° = U°|[;, < O 1 Bllia( + [1£1l2), (3.12)
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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 C7% (%)a Then the estimate in (3.12) should be changed to
C (7).

The assumption (3.9) essentially says that u? should have a Holder regularity.
Suppose the weak formulation associated to the multiscale scheme admits a unique
solution u” such that ||u?||zn < CJ/f|l2. Then by Morrey’s inequality [13, 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'5% in case
(i) and O} (£)” in case (ii).

Ttem (i) of this proposition is useful when the random medium a(x), or equiva-
lently ¢(z), has SRC, while item (ii) is useful in the case of LRC. The constant C' in
the second item depends on (A, A), f and Ry, but not on h.

Proof. To prove (i), we use a super-convergence result, which we prove in section
5.1, to get |D‘G8jk| < Ch. Using this estimate together with (3.9) and (3.8), we
have

N N
E|Us - U0 < ChZ]E‘F,f —F£‘2+OhQZE\b’§ i
k=1 k=1

For the second term, we use (3.11) and obtain
ol 2 L e €
D E[pE - 0f" <Y CrsliRlve = Crpl Rz (3.13)
k=1 k=1

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

~ ~ 12 ~ ~
| B2 = B[ <113 0105 — 613,

Using (3.10), we have
Tk Tky2 7 7K\’ €
B0k 51, = [ B (3 - b) (@do < OF - hlRIe = CelRIg (314
k

Therefore, we have

N
2 13 &
E|U5 - UJQ| < <th | fll2,r.€ + Ch2ﬁ> |R|l1r < OﬁHRHLR(l + 1 fll2)-

=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 esti-
mates. O
Now, the corrector in this general multi-scale numerical scheme is:

ul(z) — uf(z) = Ui pl(x) — UL} (x)

= (U* = U%;¢}(x) + U1 — ¢4)(z) + (U = U°); (8L — 6}) ().
(3.15)
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We call the three terms on the right hand side K;(z), i« = 1,2,3. Now Kj(x) 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
K5 () contribute to the limit when & — 0 while h is fixed, but only a part of Ki(x)
contributes to the limit when h — 0.

Due to self-averaging effect which is made precise in Lemma A.1, 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 ¢g., and a remainder term which
contains multiple oscillatory integrals.

PROPOSITION 3.2. Assume that ul is the solution to (1.1) obtained from a multi-
scale scheme, which satisfies (N1)-(N3) and has basis functions {¢1}, and that ul} is
the solution of (1.2) 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 any k=1,--- N, we have

B ) - () =1+ Al ( [t - =t [ qs<s>ds> ,

k—1

) (3.16)
~ a* Ty
b]; — blg = [1 + ’l"gk] (— 72 / qa(t)dt> y
Tr—1
for some random variables 711 and Tay,.
(i) Assume that q(x) has SRC, i.e., satisfies (S2), and that
- - €
sup max{E[fix|*, Elfze[*} < C[|R]1m, (3.17)
1<k<N
for some universal constant C'. Then, the corrector can be written as
1
ul(z) —ul(z) = / LMz, t)q- (t)dt + vl (). (3.18)
0
Furthermore, the remainder r*(x) satisfies
€
sup E[rl ()| < Co=r IRl R+ [ £]l2), (3.19)
2€[0,1] h

for some universal constant C. The function L"(z,t) is the sum of L¥ and L} defined
by:

N *l)—(;h *l)—[IO T Tk -
L t) = ;]“Ik(t)a }(L)(:E,:Ek) (a 3 k _|_/t f(s)ds — /wkl f(s)¢§(s)ds> ,

h a’ ok L~ Tj)—1
Ly(x,t) = ID Voia) (1[%‘(@1@] (t) - fl[%(z)lv%(m](t))

(3.20)
Given x, the index j(x) is the unique one so that xj)—1 < & < ;). The function

Gl (x,z1) is defined as

N-1
Gg(‘ru‘rk) = Z ngk¢%(x)' (3.21)
j=1
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Gh 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’hg/2 (—)a.

Due to the super-convergent result in section 5.1, the function G§(z,z}) above
is exactly the Green’s function evaluated at (z, ). 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 (3.10)
and (3.11) thanks to Lemma A.1.

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

2

-1

22

N
> D GH(F — B = (bF = b6) D™ UR) i (x)
1 k=1

<.
Il

D~ G (w, zi)(Ff — F — (b — b§) D™ UY).

I
NE

>
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~U°. The error is

i (z) ZD Gl () (b — BEYD ™ (UF — U)y. (3.22)
k=1

Estimating |[D~G{| by Ch and using Cauchy-Schwarz on the sum over k and (3.13)
and (3.12), we verify that E|rf (z)| < Ceh™>/2||R||1 z(1 + || f]|2)-

Using the expressions of an and b., and the estimates of the higher order terms
in them, (3.16), we can further approximate K;(x) by

N o T a* t t— Th_1 T
R~ ZD G (z,zy) f(ﬂf qe(s)ds — — qe(s)ds| dt
k=1 Tp—1 Tp—1 Tp—1

a*2 - T
Tk—1

The error in this approximation is:

N

i (x) = ZD_Gg(x,xk) <7~°1k /wk f(t)a—f: [/ q-(s) — t_% /Cﬂk Qa(s)l dt

k=1 k—1 k—1 Th—1

a*2 Th
)]

Tp—1
(3.23)
Using Lemma A.1, (3.17) and Cauchy-Schwarz, we have

E

Flk/ qs(s)ds’ < Ce.
Iy
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Using this estimate, we verify that the mean of the absolute value of the first term
in 77, is bounded by Ce| f|l2||R|l1,g- A similar estimate with [D~Up| < Ch (due to
super-convergence) shows that the second term in 77, has absolute mean bounded by
Ceh™Y||R||1 g. Therefore, we have E|rfy(z)| < Ceh™*(1 + ||f||2)|| R|l1.g- We remark
also that in the case of long range correlations, we should apply Lemma A.2 instead.

Moving on to Kj(x), we observe that for fixed x, K>(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 = € (2(z)—1,%;(z)]. We have

N
=YD UYL~ &h)(@) = D Ujjyy (1) — ) (@)

a* & T — Xi(g)—1 Zj(x)
~ D Uo(ac) h </z qe(t)dt — %A QE(t)dt> :

J(z)—1 J(z)—1

In the second step above, we used the decomposition of (;58 again. The error we make
in this step is

(L*DiUQw & T — Ti(z)—1 Tj(x)
(@) = o —— 2 g (P)dt — —— a:(B)dt | . (3.24)
h ; h z
J(z)—1 J(z)—1
We verify again that E[r%(z)| < Ce|| R|1 g
Now for K3(z), we use Cauchy-Schwarz and have
N-1 PN 3 -
E|Ks(a)| <E | Y UL — U P Z ¢L— ¢b)° < Co5lRIir(+ [ f2)-
j= j=1

(3.25)

The last inequality is due to (3.12) and (3.10).
In the approximations of Kj(z) and Ks(x), we change the order of summation
and integration. We find that Kj(x) is then fol L(z,t)q-(t)dt plus the error term

i+, and Ka(x) is fo Lh(x t)qs( )dt plus the error term . Therefore we proved
(3.18) with r'(x) = iy +rly + 75 + K3(x). The estimates above for these error terms
are uniform in z, verifying (3.19). O

3.3. Weak convergence of the corrector of a multiscale scheme. In this
section, we characterize the limit of the corrector ug — ug, with proper scaling, in the
multiscale scheme when ¢ is sent to zero. As we have seen, the scaling depends on
the correlation range of the random media.

PROPOSITION 3.3. Let u” be the solution to (1.1) given by a multi-scale scheme
that satisfies (N1)-(N3). Suppose (3.9) holds. Let ull be the standard FEM solution

o (1.2).

(i) Suppose that q(x) satisfies (S1)-(S3) and that the conditions of item one in
Proposition 3.2 hold. Then,

R b 1
U Uy distribution o Lh(I,t)th. (326)
\/E e—=0 0

(ii) Suppose that q(x) satisfies (L1)-(L3) and that the conditions of item two in

Proposition 3.2 hold. Then,

h_oh 1
Ug N Uqp  distribution OH / Lh(l', t)thH- (327)
0

£72 e—0
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The real number o is defined in (2.3) and op is defined in Theorem 2.2.

These results allow us to prove the weak convergence in step (ii) of the diagram in
(1.4) for fairly general schemes. A standard method to attain such weak convergence
results is to use the following Proposition; see [19, p.64].

PROPOSITION 3.4. Suppose { M.} with € € (0,1) is a family of random processes
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 < a1 < --- < ap < 1, the joint
distribution of (Mc(x1), -+, Mc(zx)) converges to that of (Mo(z1),---, Mo(xr)) as
e — 0.

(ii) (Tightness) The family {M:}.c(0,1) is a tight sequence of random processes in
C(I). A sufficient condition is the Kolmogorov criterion: 38, 3,C > 0 such that

E{|Ma(s) —Mg(t)|6} <Ot — s+, (3.28)

uniformly in € and t,s € (0,1).

The standard Kolmogorov criterion for tightness requires the existence of t € [0, 1]
and some exponent v so that sup, E|M.(t)]” < 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 3.3 in detail; proof of item two follows in the
same way, so we only point out the necessary modifications. Recall the decomposition
n (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 (3.26). The strategy in
the case of SRC is to show that {2 I.} converges in distribution in C to the target
process Z", while {27} converges in distribution in C to the zero function. Since
the zero process is deterministic, the convergence in fact holds in probability; see [5,
p-27]. Then (3.26) follows.

Proof. Convergence of {e"21.}. We first check that the finite dimensional dis-
tributions of I.(x) converge to those of Z"(x). Using characteristic functions, this
amounts to showing

i [ . e I ,
Eexp <%/0 qe(t) >25—, §th(x3,t)dt) =29 Bexp (ZO’/O D e §th(a:J,t)th>,

for any positive integer n, and any n-tuples (x!,---,2") and (&1,---,&,). We set
m(t) =37, &; L"(27,t). The convergence above is proved if we can show

dlS ribution
\[/ g (t tributi m(t)dWy, (3.29)

E‘)

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
{e 21}

Next, we establish tightness of {¢~2I.(z)} by verifying (3.28). Consider the
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fourth moments and recall L' = L 4+ L% in (3.20); we have

B (o) - L) < 8{E( 72 [ a0thie.n - i)’
(3.30)

+B(2 [ ahen - i)'}

We estimate the two terms on the right separately. For the first term we observe that
L%(x,t) is Lipschitz continuous in . This is due to the fact that G&(x, ) is Lipschitz
in x with a universal Lipschitz coefficient. Since the other terms in the expression of
L"(z,t) in (3.20) are bounded by C, we have

C
LY (2,1) = Lo (y, )] < —lo =y,

We use this fact and apply Lemma A.4 to deduce
1/t 1 O
E(2 / (0L (1) — L, 0)dt) < 1l — (3.31)

The constant C' above depends on A, A, and ||p= l1,R, -

To estimate the second term in (3.30), consider two distinct points y < x. Let
j and k be the indices such that z € (z;_1,2;] and y € (zx—1,2x]. Then one of the
following holds: j—k > 2, j—k = 0or j—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 (3.31) applies, and the second term in (3.30) is bounded
by C|z — y|*/h* in this case.
When |j — k| =0, z and y are in the same interval (x;,2;+1). We can write

1 a*D~ h. T T —
/ qs<t><L3<x,t>—L§<y,t>>dt—%< [ a2 qsu)dt). (3.32)

I;

Since = and y are in the same interval, the function (x —y)/h is bounded by one. Now
Lemma A.4 applies and we see that the fourth moments of the members in (3.32) are
bounded by

(3 o)+ (552 f o)

When j — k =1, we have

! a*D-UY._ v Lo [T
/ q=(t) LY (y, t)dt = — St (/ go(t)dt — L—9=2 hJ 2/ qs(t)dt>
0 xTji_2 €

G-

a*D~ U Tj—1 s Tj1
= % <_/ QS(t)dt - yi}:f]_l/ QE(t)dt> :
Yy Tj—2

c < Clz —y|*
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Let x;_1 play the role of z in (3.32) and notice that LE(z;_1,t) = 0. We get

(\[/ g (t) L1 (y, t )dt) <oly=zial xﬂ i

Similarly, in the interval where x lands, let z;_; play the role of y in (3.32). We have

\/_/ qe(t tht)dt) <C———F>x—

We combine these estimates and see that in this case, the second term in (3.30) is

bounded by
E <\if / L tde) '+ 5 (=] (e t)dt)4>

o =y e =P =yl
h? h?

|z x] 1|2

<C

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 z,y € [0, 1], the second term
in (3.30) is bounded by C|x — y|?/h?. This, together with (3.31), shows

| —yl2
\f/ g (t ~ Lh(y, ))dt) <ol 90 (3.33)

In other words, {2 I.(z)} satisfies (3.28) with 8 = 4 and § = 1, and is therefore a
tight sequence. Consequently, it converges to Z" in distribution in C.

Convergence of {5’%7"?}. For the convergence of finite dimensional distributions,
we need to show

Eexp< fzj L girh (xa)) 1,

for any fixed n, {27}7_, and {¢;}7_,. Since |¢? — 1| < |0] for any real number 6, the
left hand side of the equation above can be bounded by

1 1
—2E| S Gt )] < 51612 swp Elrtay)

The last sum above converges to zero thanks to (3.19), completing the proof of con-
vergence of finite dimensional distributions.

For tightness, we recall that 7/ (z) consists of 7} in (3.22), 77, in (3.23), K3()
in (3.18) and r#(z) in (3.24). In the first three functions, z appears in Lipschitz
continuous terms, e.g., in D~ Gh(x;21) or ¢2(z) — ¢} (). Meanwhile, the terms that
are x-independent have mean square of order O(g) or less. Therefore, we can choose
B =2and § = 1 in (3.28). For instance, we consider 77, (z) in (3.23). Since ¢. is
uniformly bounded, the integrals of g. on the interval I}, are bounded by C'h. Recall
that |[D~Up| < Ch also; we have

@) — rla)] < 371D (Gl ) — Gy 1) <|m| / c|f|dt+c|r2k|>

k=1
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By the Lipschitz continuity of D~G% and the estimate (3.17), we have

h h 2 2
— 1 —
(TR R)) < ol -y sw (il + ) <

Similarly, we can control % and K3. For v} in (3.24), we observe that it has the
form of the main part of Ka(x), which corresponds to L%(x,t) and the second term
in (3.30), except the extra integral of g.. Therefore, the tightness argument for the
second term in (3.30) can be repeated. The extra g. term is favorable: we can choose
B=2and éd =11in (3.28).

To summarize, {27 /\/z} can be shown to be tight by choosing 8 = 2 and
d =1 1in (3.28). Therefore, it converges to the zero function in distribution in C. We
have thus established the convergence in (3.26).

The case of LRC. In this case, the scaling is e~ 2. The proof is almost the same
as above and we only point out the key modifications.

Let us denote the right hand side of (3.27) by IZ. To show the convergence of
the finite dimensional distributions of {e~2 I}, instead of using (3.29), we need the
following analogue for random media with LRC:

1 ! istribution !
— [ q(t)ym(t)dt L=rution, 5 / m(t)dW}H (3.34)
€2 Jo e—0 0

where oy is defined below (2.19). The above holds only for ¢(x,w) constructed as
n (L1)-(L3), and m € LY(R) N L>°(R). This convergence result was established in
Theorem 3.1 of [3]. Assumptions on ¢(z) in item (ii) allows us to use this result and
conclude that the finite dimensional distributions of {¢ =% I.(z)} converge to those of
Th. For the tightness of {¢~2I.(x)}, we can follow the same procedures that lead
to (3.31) and (3.32). We only need to consider second order moments when applying
the Kolmogorov criterion thanks to Lemma A.2, which says

y 2
E(Lg/ qg(t)dt) < Clz —y*e. (3.35)
ez J,

In the SRC case, since « equals one we only have |x — y| on the right. To get an extra
exponent §, we had to consider fourth moments. In the LRC case, « is less than one,
so we gain a = 1 —a from the above estimate. With this in mind, we can simplify the
proof we did for (3.26) to prove that {e¢~% 1.} converges to Z%. Similarly, {¢=%r/}
converges to the zero function in distribution, and hence in probability, in the space
C. The conclusion is that (3.27) holds. This completes the proof of Proposition 3.3. O

From the proofs of the propositions in this section, the results often hold if the
conditions in item (i) or (ii) of Proposition 3.2 are violated in an e-independent man-
ner. For instance, if the second equation in (3.16) is modified to

*2
bE — by = c(h)[1 + 7o) (— ‘;2 /D q5<t>dt) : (3.36)

for some function ¢(h) and for region Dy C I}, then this modification will be carried
to L"(z,t) and following estimates, but the weak convergences in Proposition 3.3 still
hold.
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4. Weak convergence as h goes to 0. In the previous section, we established
weak convergence of the corrector u” — uf 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 (3.26) and (3.27) have the following

limits in distribution in C:
! distrib
a/ Lz, t)dW, Mu( W), (4.1)
0
where U is the Gaussian process in (2.14). Similarly,
! distributi
JH/ LMz, t)awH %UH(I;WH), (4.2)
0 —

where Uy 1is the Gaussian process in (2.20).

We consider the case of SRC 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 L7 (z,t)
into two pieces:

*D’Gg(ac xk) *DfUO
lek h : )

Liy(2,t) = ZN:,k aDGoa:a:k</f ds——/ HOEHE )

(4.3)

Lh (z,t) =

Then define Z!(z) by

1 1
Izh(x;W)zo/ Lz, t)dW,, i =1,2. Ig(:c;W)za/ LAz, t)dW,.  (4.4)
0 0

As it turns out, Z!'(x; W) converges to the desired limit, while Z} (x; W) and Z} (z; W)
converge to zero in probability.

Proof. [Proof of (4.1)] Convergence of {I1'(x)}. By Proposition 3.4, we show
the convergence of finite distributions of {Z!'(z)} and tightness. Since all processes
involved are Gaussian, for finite dimensional distribution it suffices to consider the
covariance function Ry (z,y) := E{Z}(x)Z}(y)}. By the Itd isometry of Wiener inte-
grals, we have

1
Ri(z,y) = 02 / Ll () L2 (9, £)dt.

For any fixed z, L% (x,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 (2.16). Therefore, L% (x,t)
converges to L(x,t) in (2.15) pointwise in t. Meanwhile, L% is uniformly bounded as
well. The dominant convergence theorem yields that for any = and y,

Jim, Rl (z,y) = 02/ L(z,t)L(y, t)dt = EU (xz; W)U (y; W)). (4.5)
- 0
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This proves convergence of finite dimensional distributions.
The heart of the matter is to show that {U}!(z; W)} is a tight sequence. To this
end, we consider its fourth moment

E(If(x) /0 oL H LM (x,t:) — L' (y, i IEHth (4.6)

Since increments in a Brownian motion are independent Gaussian random variables,
we have
4 4
B[ dWi, = [0(ts—t2)d(ts —ta) +0(tr —t3)d(t2 —ta) + 6 (s —ta)d(t2 —ts)] [ [ dti- (4.7)
- i=1
Using this decomposition, and the fact that the L%, is piecewise constant, we rewrite
the fourth moment above as three times of

(/1(L’;1 (z,t) — L (y, t))th)2 _ li (a*D(GS(x,xZ) — GGy, ) a*DhU£)2 h] 2.
0

k=1

Hence, we need to control ||[L}(z,-) — L% (y,-)||2. Since G} is the Green’s function
associated to (1.2), it admits expression (2.17) as remarked below Proposition 3.2. Fix
y < z, and let j; and js be the indices so that y € (zj,—1,2;-1] and = € (zj,_1, z;,].
Then we can split the above sum into three parts. In the first part, k£ runs from
one to j1 — 1. In that case, both z; and zj_1 are less than y. Formula (2.17) says:
a* (Gl (z,zr) — G (y, 1)) = 2k (y — ). Consequently,

a*D~ (G, z1) — Gl (y, x
D~ (Gl (x, Z) Gt (y, o)) — (-2 (4.8)

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

=l e — Ak _ vk 2 k=770 2 Jizl
Z<GD (GG (z, k) Go(%ﬂ))) (a Dh Uk) h§C|x—y|2Zh§C|x—y|2.

h
k=1 k=1

(4.9)
Another part is k running from js+1 to N. In that case, both z; and xx_1 are larger
than z. The above analysis yields the same bound for this partial sum.

The remaining part is when k£ runs from j; to jo. In this case, for some k, x
may end up in (y,z), and we have to use different branches of (2.17) when evaluating
Gl (z, 1) and Gf(y, zx). Consequently, the cancellation of h in (4.8) will not happen,
and we need to modify our analysis. We observe that, due to the Lipschitz continuity
of G} and boundedness of |[D~U°/h|, we always have

J2 «—((h h 2 * y— 770 2 J2
a*D™(G§(z,z) — G (y, xr)) a*D~ U} y|
<
> ( - - el i 1 § h. (4.10)

k=j1

If jo — j1 < 1, the last sum above is then bounded by 2C|x — y|?/h. In this case, it is
clear that |x — 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 jo — j; is very large.
Nevertheless, since |D~G% /h| is bounded by some universal constant C. We have

Z (a*D-<GS<w7wZ>—Gf;(y,xk)))? (G*DI;U;)) h<CZ b

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

3le —yl > 3(xj,—1 —x5,) =302 —j1 — Dh = (jo —j1 + DA +2(j2 — j1 — 2)h
> (j2 — j1 + 1)h.

Consequently, the sum in (4.11) is again bounded by Clx — y|. Combining these
estimates, we have

ILH (2, ) = Lis(y. )l < Clz —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 I, to zero function. For the finite dimensional distributions, we
consider the covariance function R (x,y) = E{Z}(x)Z}(y)}. By It6 isometry,

1
7 [ Pt Eh (.0 (4.13)
0

Now from the expression of L%y (z,t), (4.3), we see that L% (x,t) converges to zero
point-wise in ¢ for any fixed z. Indeed, in the above expression, |[D~G}/h| is uni-
formly bounded while the integrals of f(s) and of f(s)@k(s) go to zero due to shrink-
ing integration regions. Meanwhile, L%, is also uniformly bounded. The dominated
convergence theorem shows Ra(x,y) — 0 for any x and y, proving the convergence
of finite dimensional distributions. The tightness of {Z}(x)} is exactly the same as
{Z}(x)}; that is to say, the properties of D~G} can still be applied. We conclude
that {Z}(z)} converges to zero.

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

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

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

Recalling the expression of L% (z,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 < 2 without loss of generality. Consider three cases:
Jjx) =3(y), jly) = j(x) — 1, and j(x) — j(y) > 2. In the first case,  and y fall in the
same interval [z;_1, ;] for some index j. Then we have

1 1 z—y 2
/0 (Lg(xv t) - Lg(yvt))2dt < C/O (1[x7y] (t) - Tllj (t)) dt.

This integral can be calculated explicitly; it equals:
! 2
Xr — T —
/ Lay)(t) — 2Ty1[w,y] + %1@ (t)dt
0

L+ B e - 22

Since |1 — (z — y)/h| < 1 and |D~UP/h| < C, the above quantity is bounded by
Clz —y|.

=(z —y) -2
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In the second case, with j the unique index so that y < x; < x and using the
triangle inequality, we have

1L5 (. t) = L5 (5, 0)113 < 2 (|25 (2, 8) = L3 (5, 013 + 1L5 (5, 1) — L3 (5, )]13) -

For the first term of the right hand side above, let z; play the role of ¥ in the previous
calculation. This term is bounded by C(z — z;). Similarly, for the second term, let
x; play the role of =, and we bound this term by C(z; —y). Consequently, we can
still bound ||L%(z,-) — LA (y,t)||2 by Clz — y|.

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 (2, t) = Ly(y, )13 < Ch < Cla —y|.
Combining these three cases, the conclusion is:
E(Z§ (2; W) = I (y; W))* < Clz — y[*. (4.15)

This proves tightness and completes proof of the first item of Proposition 4.1. O

In the proof above, we used the fact that G!(z) defined in (3.21) is in fact the
real Green’s function defined in (2.17). However, the analysis follows as long as
|Dy, Gh(x,xx)/h| is piecewise Lipschitz in # with constant independent of h, and the
total number of pieces does not depend on h.

The fact that Z}(x) and Z%(z) do not contribute to the limit is quite remarkable.
It says the following. As long as the limiting distribution of the corrector u — ult
is considered, the role of the multi-scale basis functions is mainly to construct the
stiffness matrix, which is reflected by Z7(z); its roles in constructing the load vector
F¢ and in assembling the global function, which are reflected in Z}(x) and I} ()
respectively, are asymptotically not important.

Now, we prove the second part of Proposition 4.1.

Proof. [Proof of (4.2)] Recall that 77 (x) denotes the left hand side of (4.2). Using
the same splitting of L% in (4.3), we can split Z}; into three pieces Il (z), i = 1,2, 3,
as in (4.4). The only necessary modification is to replace o by op and to replace the
Brownian motion W; by the fractional Brownian motion W} . We show that Z7, (z)
converges to Uy while Z0, and Z#, converge to the zero function.

Convergence of finite dimensional distributions. For 1%, we consider the covari-
ance matrix R, (z,y) defined by E{Z%, (¥)Z}%,(y)}. Using the isometry (A.19), we
have

L (x,t)Lh
RY (x,y) —m/ / = Tt— 1 9) dtds. (4.16)

| a

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% 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 Upy (z; WH).
The convergence of finite distributions of II}?IQ and II}?B are similarly proved.

Tightness. Due to LRC, we only need to consider the second moments in 3.28.
For {Z%,}, we consider

E(Igl (CL‘) _ I?[l (y))2 _ ﬁ‘/]R2 (L}fl (‘Ta t) Lll(%ﬁ)j(‘;}l;l (‘Ta 8) — L}fl (y7 S))dtds,
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using again the isometry (A.19). Now we claim that
1
1LY (2,) = Ly (y, )l p < Clz = yl7, (4.17)

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 [21, p.75].

Now, we apply the Hardy-Littlewood-Sobolev lemma [21, §4.3] to the expression
of the second moment above. We obtain the bound

Cla)rl|LYy (2, ) = Ly (g, Ml 1L (2, ) = Ly (v, )

Therefore, the Kolmogorov criterion (3.28) holds with 8 =2 and § = 1 — «, proving
tightness of {Z!%,}. Tightness of {Z};,} follows in the same way because L%, has the
same structure as L}, as remarked before. Tightness of {Z%,} follows from the same
argument above and the control on || L%(x, ) — L%(y, -)||2 in the equation above (4.15).
This complete the proof of (4.2). O

| o < Cla— P

5. Applications to MsFEM in random media. In this section, we prove
Theorems 2.1 and 2.2 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 3.3.

5.1. The multiscale basis functions. We describe the MsFEM for (1.1) as a
special case of the methods developed in [16, 17]. We verify that this scheme satisfies
assumptions (N1)-(N3).

Recall that we have a uniform partition of the interval [0, 1] with nodal points
{1, where 29 = 0, and y = 1, and Ij, the kth interval (z_1,2)). The standard
hat basis functions are denoted by {¢6 (x) ;V:_ll. They span the space V. The idea
of MSFEM is to replace the hat basis functions by {¢?} which are constructed as

Ea¢£($)=0, relhULU---Uly_q,
¢é = %7 xr € {:Tk}lkvzo.

Here L. is the differential operator in (1.1). Clearly, ¢ has the same support as (;56
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 (bf_l. Further, they sum up to one at the boundary points x;_1 and xj. Since
equation (5.1) is of linear divergence form, we conclude that ¢¥(x) + ¢*~*(z) =1 on
the interval. This shows that MsFEM satisfies (N3). In fact, the functions {¢F}N
for MSFEM are constructed by solving (5.1) on I with boundary values zero at xj_1
and one at x. Once they are constructed, {¢!} is given by (3.4). We can solve ¢F
analytically and obtain that

-1
égzbg/_ aZl(tydt, b= (/l a;l(t)dt> : (5.2)

J J

(5.1)

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

~. 2 ~. 2
dot dot B )
hy 3 — _ € 1 — _p
(Aa )z—lz /Il Qe < dx ) dx (aa dr ) ~/Il 2 (S)ds be.
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The last equality can be verified from the fact that g?)é solves (5.1) and integration by
parts. For i = 1 and N, we verify that (3.3) holds for b2 and bY given by (5.2).

We record here a well-known super-convergence result: When dimension 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) = uo(xx), where ug solves (1.2) and
ug is the FEM approximation. We observe that this property is preserved by MsFEM.
Indeed, let Pu. be the projection of u. in V., i.e., Pu. = us(x;)¢l(x). Then, using
integrations by parts, (5.1), and the fact that Pu. — u. vanishes at nodal points, we
have

A (Puz,v) = Ac(ue,v) = F(v), YoVl

Since the second equality is also satisfied by u”, it follows that A.(Pu. —u" v) =0
for any v in V*. 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”(z) of
MSFEM coincides with the true solution u.(x) at nodal points. Note that u. can be
explicitly solved analytically and that |u-(z) — u-(y)| < Clz — y| for some universal

C'. We then have
|D™U;| = [ul (zx) — ul(zx—1)| < Ch. (5.3)

This improves the condition (3.9) in Proposition 3.2 and hence improves several sub-
sequent estimates. Second, a fact which we have used extensively before, we have
|D=Gp| < Ch and for any fixed zy, GE(x;21) defined in (3.21) equals the continuous
Green’s function Go(z, xy) for (1.2). This is because the functions agree at the nodal
points due to super-convergence and they are both piece-wise linear in x.

5.2. Proof of Theorems 2.1 and 2.2. 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 5.1. Let ¥ and b5 be the functions in (N1)-(N3) for MsFEM defined in
(5.2). Let (;3’5 and bk be the corresponding functions for FEM.

(i) Suppose a(zr,w) and q(z,w) satisfy (S1)-(S3). Then (3.16) and (3.17) hold
and the conclusion of item one in Proposition 3.2 follows.

(i) Suppose a(z,w) and q(z,w) satisfy (L1)-(L3). Then the conditions and hence
the conclusions of the second item of Proposition 3.2 hold.

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

1 \*' 1 \*' a*
bE — pF = /—dt - /—dt :—bk—/ t)dt.
= 0 (Ikaa ) <Ika* “h qus()

Comparing with the second equation in (3.16), we find that it is satisfied with
Fop i= bE / qe (t)dt. (5.4)
Iy,

Similarly, we have

0% () — db () = bt (/ @-(s)ds — =+ /:“lqa«s)ds). (5.5)

k—1
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This shows again that (3.16) holds with 715 having the same expression as 795 defined
above. In (5.4), since 0 < b¥ < Ah~!, we can apply Lemma A.1 in the case of SRC or
apply Lemma A.2 in the case of LRC to conclude that E|fy;|? < Ch~'e in the first
setting, while E|fo;[? < C(eh™1)® in the second setting. This completes the proof. O

Note that the estimates (3.10) and (3.11) follow directly from this lemma. There-
fore, we can apply Proposition 3.1 directly. Now we prove Theorem 2.1. Estimates
(2.11) and (2.12) do not follow from Propositions 3.3 and 4.1 directly and need addi-
tional considerations.

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

{Eg(ug—u?)zf, in I;,

5.6
ul —u. =0, on 01;. (5:6)

Using the ellipticity of the coefficient and integrations by parts, we obtain

d d
Aul — usﬁlle < /1 aE%(ui} —ug) - %(uf__} —ug) dr = /1 (ul —u)Lo(ul —u.) da

J

o, l[ul = uella,z,.

_ /1 F@) (" — uo)(z) de < ||f]

J

Now recall that the Poincaré-Friedrichs inequality says that

h
el = uellor, < —fud = el - (5.7)

Combining the inequalities above, we obtain

h

h

|us - u8|H1Jj < A_ﬂ'Hf| 2,15

Taking the sum over j, we obtain the first inequality in (2.11). To get the second
inequality, we first apply the Poincare-Friedrichs inequality to the equation above to
get

h2
[ul = ucll2.1; < WHsz,Ij, (5.8)

and then sum over j. This completes the proof of (2.11) in item one of the theorem.

Energy norm of the corrector. By energy norm, we mean the L?($, L?(D)) norm.
Recall the decomposition of the corrector into K;(x) in (3.15). For Ki(x), we apply
Cauchy-Schwarz to get the following bound for |K7|?

S (U UOR X, (6h(a))? < (U5 - U2 (55, 64(@)) " = U7 — vO|l%.

In the above derivation, we used the fact that ¢6 (x) is non-negative, and > j ¢6 () =1.
Now we apply (3.12) to control this term. The function Ka(z), as in the proof of
Proposition 3.2, can be written as D*U]Q(m) (éﬁ(w) - q%@)). Then from (3.10), we have
E|K2(z)]? < C¢||R|l1g. For K3, we have controlled E|K3(z)| in (3.25). To control
E|K3(z)|?, we observe that |K3(z)| < C||f]|2- Note that all three estimates concluded
in the three steps are uniform in 2. Combining them, we complete the proof of (2.12).
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Convergence in distribution as € to zero. To prove item two of the theorem, we
apply (3.26) of Proposition 3.3. 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 (2.13).

Convergence in distribution as h to zero. To prove (2.14), we apply the first result
in Proposition 4.1. This completes the proof of the theorem. O

Proof. [Proof of Theorem 2.2] In this case, the random processes ¢(z) and a(x)
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® — U°||%, in Ki(z) and use Lemma A.2 to control the terms in K(z)
and Ks(x).

To obtain the results in (2.19) and (2.20), we verify the conditions in item two of
Propositions 3.3 and 4.1, applying the second case in Lemma 5.1 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 ap-
proximate 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 uy can be solved by minimizing the

functional
1 2 1
Tu) == %Ao(u,u) — F(u) = %/0 a” (%) dx —/O fu de.

In numerical methods, the first integral above can be computed by the following
mid-point quadrature rule:

Ao(u, ) %i (a*(:vj)%(:vj)>2 .

Here 27 = (xj_1 +;)/2 is the mid-point of [;. In HMM, a* is unknown, and the idea

is to approximate (u’a*u’)(x?) by averaging in a local patch around the point z7. For

instance, we can take

(a*w‘%(ﬂ)f ~3/ ; (act 22 <s>)2 ds.

Here, IJ‘-S denotes the interval 27 + %(—1, 1), that is, the small interval centered in I;

2

with length 6. The operator .2 maps a function w in V{, i.e., the space spanned by
hat functions, to the solution of the following equation:

(6.1)

L.(ZLw) =0, relRU---UIY_y,
Lw = w, xe{@[j ;V:_ll.

The idea here is to encode small-scale structures of the random media into the con-
struction of the bilinear form. The key difference that distinguishes HMM and MsFEM
is that the above equations are solved for HMM on patches I ,‘3 that are smaller than
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1. We check that £ is a linear operator; therefore, the following approximation of
Ap(+,-) is indeed bilinear:

(w,v) := Z /Ij Ziiv) dzx. (6.2)

With this approximation of the bilinear form, HMM consists finding

1
ul® .= argmin = A (w, w) — F(w).

wEVOh
This variational problem is equivalent to solving ug"; = U; ’5¢6(x), where U9 is
determined by the linear system

AlSgred = 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", Tt has entries A‘S(gbd, ).
From the defining equation (6.1), we see that Z ¢} is non-zero only on I? U1, 1+17 which
implies that A™? is again tri-diagonal. Further, we verify that .Z¢} + f(bo =1on
the interval I f, which can be obtained from integrations by parts and which implies
that A9 satisfies (3.3). Therefore, HMM satisfies (N2).

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

h AL\’
(Ah’ls)sifli =75 15 ac(s) ( (df )) ds.

Now from (6.1), we verify that a.(-Z¢})" on I? is a constant given by

= (/IS a;l(s)ds)ﬂg% zi - (/I(s a;l(s)ds)ﬂ%

Therefore, we have

—1
h ) .
R (52 —1 i -1 . i
(A )Eiiu =—(c}) 5 /16 a; "ds = N (/16 a; (s)ds) P —bg s (6.4)

We extend the definition of bZ s to the cases of i = 1 and ¢ = N, and check that
the (1,1)th and (N —1,N — l)th entries of the stiffness matrix also satisfy (3.3). I
particular, the action of Al% on a vector satisfies the conservative form as in (3.5).
In the sequel, to simplify notation, we drop the § in the notations A"9, U9 and bé,é'

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

Al w,v) = WALV = =S, WiDT (WD V;) = 3, D-WibiD™ V.

€ij
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Estimating the entries of vector b, by its infinity norm and use Cauchy-Schwarz, we
obtain

A (w0, 0)] < ( sup bé) 1D Wil | DVl < Aol o]
1<i<N

In the last inequality above, we used the fact that A\h~! < bé < AR, which can be
seen from its definition in (6.4) and the uniform ellipticity of a., and that ||D~W||,2 =
|w| g1 v/h for w € V. This proves continuity. Taking w = v, we have

Aw) = (g 8 ) 1D Wl D7 Wl > Nl

This proves coercivity. Therefore, by the Lax-Milgram theorem for the finite element
space [24, p.137], there exists a unique u € Vi that solves the optimization problem.
Further, we have

F(w)
|wl g

Hfl\z (6.5)

1
ul® g < < sup
/\MGV

An immediate consequence is that |[D~U¢| < Cv/h by the argument following Propo-

sition 3.1.

6.2. Proof of Theorem 2.3. To prove Theorem 2.3, we apply Proposition 3.2
to write the corrector u/ o ul as an oscillatory integral plus a lower order term. To
apply Propositions 3.3 and 4.1 and~ obtain the weak convergences, we need to cons1der

the difference b* — bf since (;53 = ¢} in HMM. From the expression of b* in (6.4), w
have

h a*2
b — bk = —ph L 5 / c(t)dt = —(1 + o) < e / q-(t)dt,
where 79, is a random variable defined by

_ h
Tol = ——b’;/ qe(t)dt.
6 16

k

We verify that in the case of SRC, i.e., when ¢(x) satisfies (Sl)—(S?)), we have

~ € 2
Elfa|* < CslIBlle, E (bE—b5)" < IRl x, (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 LRC, 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. [Proof of Theorem 2.3]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 3.2 and 3.3 directly. However,
due to the remark at the end of section 3.3, similar conclusions still hold. The same
procedure as in the proof of Proposition 3.2 shows that the L"(x,t) function for HMM
is:

a*D- Gl *D-U°
LM (z,t) 2115 IS(I’I’“)“ —*. (6.7)
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The first weak convergence in (2.21) holds with this definition of L"? as an application
of a modified version of Proposition 3.3. 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 (2.21). Indeed, tightness can be proved in exactly the same way. All
that needs to be modified is the limit of the covariance function of /"% (z; W), which
is defined to be o fol Lh";(ac, t)dW;. This covariance function, by the Itd isometry, is
as follows:

1
Rh"s(:zr,y) D= 02/ Lh"s(x,t)Lh"s(y,t)dt
0

o h? al a*D~ Gl (z;25) a* D~ Gl (y; 1) (a*D~UY ?
§2 ¢ h h h

(6.8)

Recall the expression of L}, in (4.3). We verify that the above quantity can be written
as

h 1
7% [ Pt orha.

Now the convergence in (4.5) implies that R converges to the covariance function
of \/gbl(x; W). This completes the proof of (2.21).

Long range media. The expression for b¥ — bk are given above. Therefore, we
can apply Propositions 3.2 and 3.3 (with modifications), to show that as € goes to
zero while h is fixed, the HMM corrector indeed converges to L{Z’é(x; WH) defined in
(2.22). When h is sent to zero, we can follow the proof of Proposition 4.1 and show
that L[Z"é converges in distribution to some Gaussian process. To find its expression,
we calculate the covariance function of UI};";. Thanks to the isometry (A.19), it is

given by
Lh é t Lh &
h5 (z,y) = n/ / x|t— . 5 )dtds. (6.9)

Using the expression of L"?, and the following short-hand notations:

a*D~Gh(z;21) a* DU

Ji(x) == h - ,

the covariance function can be written as

h? dtd dtd
: (Zka D+in@nw) [ [ 2 () [ :
Pl 1 ), |t—$|°‘ 13 )13 |t—5|°‘
The integral of |t — 5|~ can be evaluated explicitly:

S S el ) + (@) (0] o (O — -+ 6274

k—
(l—a )(2 - )
k 1m=1

—9[(k — m)R)2~ + [(k — m)h — 5]2*6*) + m Z 2 () T () = 5 ey

k=1
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When m < k, the quantity between parentheses together with the 62 on the denom-
inator forms a centered difference approximation of the second order derivative of
the function 72~ evaluated at (k — m)h, i.e., at t — s. This derivative is precisely
(1—a)(2—a)|t—s|~®. Meanwhile, the h? on the nominator can be viewed as the size
of the measure dtds on each block I}, x I,,,. Furthermore, Ji.(z) is precisely L (z,t)
evaluated on I. The conclusion is: those terms in the above equation with m < k

form an approximation of
/ / Ly (z, )L (y, 5 )dtds
[t — 5| '

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

5> ha. R]}f converges to the covariance function of Uz (x; W), finishing the proof
of (2.22). O

7. A hybrid scheme that passes the corrector test. We now present a
method that eliminates the amplification effect of HMM with § < h exhibited in item
one of Theorem 2.3 when the random media has SRC. Such an effect arises because
the fluctuation in the short-range averaging effects occurring on the interval of size h
are not properly captured by averaging occurring on an interval of size § < 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
0 < 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 Dbe the size of the small patch I,f for 1 < ¢ < M. Define bl;z by

bE, = <%>2 (/ﬂ asl(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 ﬁ by:
Lo(wg)=0, xeUl, Ul L
{ k N M ¢ (7:2)
wy = w, x € Up_y Upz, 01},
where wf denotes this local projection. Recall that gi;’g is the left piece of the hat
basis function. Integrations by parts show that b¥, = A.((dF)e, (9)e), where A,
is the bilinear form defined in (3.2). HMM choose one small patch I,f* and uses
Ac((PE)e., (B5)e.) = b, to approximate the value A, (¢, dk). Of course, the scaling
h/d is needed. This scaling factor turns out to amplify the variance as h goes to zero
when the random medium has SRC.
We modify the method of HMM by constructing b. as b’g = Zé\il blgg. In other
words, we define the stiffness matrix element A% |, by — 5207 A_((¢§)e, (65)¢). With
this definition, we verify that

=3 (0 1 o0 (o) ]
=S Y[t (fto)*( [ )]
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Rewriting the sum of the first terms in the parenthesis, we obtain

N
Ay /qs(s)ds—l—rf,
h I
k

where 77 accounts for the sum over the second terms in the parenthesis. Clearly,
E|rk| < Ce(hd)~!. This decomposition of b. — by and the estimate of ¥ shows that we
can apply Proposition 3.2 to obtain the decomposition of the corrector. The L"(z,t)
function in this case will be L% (z,t) in (4.3). Then it follows from Propositions 3.3
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 {I}}2, 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/d subdomains is necessary in MsSFEM. It is no longer necessary in the modified
method, which significantly reduces is complexity.

8. Conclusions and perspectives. This paper analyzes the theory of random
fluctuations for several multi-scale algorithms such as MsFEM and HMM in the sim-
plified setting of a one-dimensional elliptic equation. One of our main results is that
MsFEM and HMM with 6 = h correctly capture the random fluctuations beyond
the homogenization limit when the random media satisfy the short-range correlation
(SRC) assumptions or the long-range correlation (LRC) assumptions considered in
this paper. Such schemes pass the corrector test we have introduced and are therefore
likely to be reliable in the analysis and the assessment of uncertainty quantifications
even in settings where a well-understood theory of random fluctuations is not avail-
able.

We have also shown that less expensive schemes such as HMM with § < h still
capture the random fluctuations in media with LRC but may fail to capture them in
media with SRC. The reason is that media with LRC display self-similarities across
scales. As a consequence, the properties of the random fluctuations are correctly
captured at the macroscopic scale h. On the other hand, media with SRC display av-
eraging effects at the scale ¢ < h. Numerical schemes thus need to solve the equation
at the microscopic scale on the whole domain in order to capture such effects. This
forces the choice 6 = h in the standard HMM scheme and led us to the modification
of the MSFEM and HMM schemes presented in section 7 to pass the corrector test
for both LRC and SRC media.

The random fluctuations considered here all have a Gaussian structure and fol-
low from an application of the central limit theorem for SRC media and a different
but similar averaging procedure for LRC. Random fluctuations corresponding to rare
events have to be analyzed with different methods. We refer the reader to [4] for the
one dimensional elliptic equation in the setting of large deviation theory.

The theory presented in this paper is restricted to the one-dimensional case. The
main reason is that the theory of random fluctuations is well understood only in one
dimension; see [3, 6]. In this setting, the random elliptic solution can be written as a
stochastic integral whose analysis follows from fairly standard techniques. Note that
the discretized solution solves a discrete system whose inversion is not explicit. This
explains in large part why the results presented in this paper are rather long and
technical.

In higher dimensions, only specific equations are amenable to fluctuations anal-
yses; see [2, 14]. For such equations, the homogenization limit is trivial. Unlike the
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case considered in this paper, purely deterministic discretizations and basis functions
based on the unperturbed elliptic equation provide accurate numerical solutions. Such
models thus do not capture the difficulties inherent to the simulation of elliptic equa-
tions. They do not allow us to analyze, for instance, the resonance effects observed
for MsFEM schemes and the over-sampling techniques designed to eliminate such ef-
fects [12, 16, 17]. The theory of fluctuations and its effect on multi-scale algorithms
remains an open problem in such a setting.

Even though the one dimensional equation is of purely academic interest, the
analyses presented in this paper quantify the influence of using less expensive numer-
ical schemes on the accuracy of the numerical solutions. In the case of SRC, random
fluctuations are captured only by fairly expensive schemes that solve the elliptic equa-
tion on the whole domain of interest. In the case of LRC, self-similarity properties
allow us to use much coarser schemes without sacrificing accuracy. These guiding
rules should prevail for a large class of equations, elliptic and non-elliptic, linear and
nonlinear, and hopefully in practical settings where a well-controlled theory of random
fluctuations is not available.

Acknowledgments. The authors acknowledge very fruitful discussions with
Weinan E on multi-scale algorithms and thank the reviewers for a thorough read-
ing of the manuscript and remarks that helped with the presentation of the results.
This work was partially funded by NSF grant DMS-0804696.

Appendix A. Several useful lemmas.

A.1. Two moments. We first record two key estimates on oscillatory integrals,
which we have used already. The first one accounts for random media with SRC.

LEMMA A.1. Let q(z,w) be a mean-zero stationary random process with integrable
correlation 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)ge (s)dtds

Proof. Let T' denotes the expectation of the double integral. It has the following
expression:

b d _ _
T:/ / R(t—s)dtds://R(t )Ly ()1 e,y (5)ltds.
a c € RJR € ’

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

7| < E/R/R IR() Loy (t)dtds = £(b— a)|[ Rz

<e(b—a)| Rk (A1)

This completes the proof. O

The second one accounts for a special family of random media with LRC. The
proof is adapted from [3].

LEMMA A.2. Let q(x,w) be defined as in (L1)-(L3). Let F be a function in the
space L>°(R). Let (a,b) and (c,d) be two open intervals and assume b —a < d — c.
Then we have

b d
E / / d(D)a(S)F (1) F (s)dtds| < C=" (b~ a)(d — )~ (A.2)
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The constant C' above depends only on k, a and ||F||cor-
Proof. By the definition of the correlation function R, we have

g

Ea / / - Z )F(S)dtds} = /R2 g*aR(t - S)F(t)l[aﬁb] (t)F(s)1}ca)(s)dtds.

As shown in [3], R(7) is asymptotically k7~% with x defined in (2.8). We expect to
replace R by k7~ in the limit. Therefore, let us consider the difference

J.

By the asymptotic relation R ~ k7~ ¢, we have for any § > 0, the existence of Ts such
that |R(7) — k7| < 67~ . Accordingly, we decompose the domain of integration
into three subdomains:

EfaR(t__S) _

e W [F'(8)[ 11,5 (D) F'(8)[1[c,a)(5)dltdls.

—x

Dy ={(t,5) € R?,|t — s| < Tye},
Dy = {(t,s) € R* Tse < |t — s| < 1},
Ds ={(t,s) e R*,1 < |t — s]}.

On the first domain, we have

e RO = | PO OIF ()1 s it
—optTs _— s s
< [ RS InoRads + [ IR s

Here and below, we use the short hand notation Fiy(t) = F(t)1[,4(t) and Fa(s) =
F(s)1}c,q(s). The above integrals are then bounded by

t+T5¢e Tse
*“HRHOO]R/ F(1)] Fa(s |dsdt+/ Pt |/ k|5 | Ba(t — 5)|dsdt
—Tse a Tse

2/$T1 N
<P oo (2T Bllm oo + =2 )t~

On domain Ds, we have

Jo

t —
E*O‘R(TS) — W |Fy ()| Fa(s)|dtds < 6 [t — s|”|F1(t)||F2(s)|dtds

D

’ R 20]|F||%, &
<26 [ |F() |s| " Fo(t — s)|dsdt < ———==(1 + T3~ ™).
a Tse 1 —

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

Jo

E—aR(t__S) _

=) | B OB dds <o [ = s e R O] P 0t

b 1
< 25/ F@) [ 1R s)\dsdt < 26| F|% n(1 + Te).
a T5€

Therefore, for some constant C' that does not depend on ¢ or §, we have

2 [ [ i RORE - [ e RORE

limsupe™® < CO|F|% &0

e—0
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Sending ¢ to zero, we see that

b d
lim e °E / / q(é)q(z)Fl(t)Fg(s)dtds: /R zﬁFl(t)Fg(s)dtds. (A.3)

Finally, from the Hardy-Littlewood-Sobolev inequality [21, §4.3], we have

Fi(t)F:
/ %dtds‘ < C”Fl||17RHF2H(170¢)*11]R < OHF”iO(b _ a)(d _ C)lfa' (A4)
R2 -

This completes the proof. O

A.2. Moment bound for stochastic process. In this section we provide a
bound for the fourth order moment of ¢(z,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 i= {p= {{p(1),p)}, {p(3),p(O}} | p(0) € {1,2,3,43}. (A.5)

There are CZ = 15 elements in P.

LEMMA A.3. Let q(x,w) be a stationary mean-zero stochastic process. Assume
E|q(0)|* is finite and q(x,w) is p-mizving with mizing coefficient p(r) that is decreasing
in r. Then we have

4
1 1
B{] ] a(z:)} < Elg(0)* D p2 (J2p1) — 2p2) )P (2p(3) — Tp(ay)- (A.6)
i=1 peP
Proof. Given four points {q(x;)}, 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 x; and z2. Then
set A = {z1,22} and B = {w3,24}. Rearranging the indices among each set if
necessary, we assume also that d(A, B) is obtained by |21 —x3]. Then by the definition
of p-mixing, we have

BT atwe)}—Rla1—22) Rs—aa)] < Var{g(z1)q(z2)} 2 Var{q(z3)q(4)} 2 pl|a1 —a3]).

(A7)
We can bound Var{q(z1)q(z2)}, and similarly the variance of Var{q(x3)q(z4)}, from
above by (E|q(x1)|*E|q(x2)|*)/2. Therefore, the expression above can be bounded by

E|q(0)[*p(jz1 — 5]).
Since p is decreasing and |z1 — x3| > |21 — 22|, we also have

4
B{] ] a(x:)} — R(z1 — w2) R(xs — 24)| < Elg(0)|*p(|z1 — al). (A.8)
=1

Now observe that min{a,b} < (ab)? for any two non-negative real numbers a and b.
Applying this observation to the bounds of the two inequalities above, and using the
triangle inequality, we obtain

IE{H g(2:)}] < [R(w1— )| | R(ws —2a)|[+E|g(0)|*p? (Jw1 — 22])p? (Jo1 — w3]). (A.9)
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Using the definition of mixing again, we obtain that |R(z1 — x2)| = [Eq(x1)g(x2)]| is
bounded by

Vart (g(a1))Var® (q(e2))p(ar = w2]) < Ela(0)[*)* p* (o — 2a]).

In the last step, we used the fact that p < pi since p can always be chosen no larger
than 1. We can bound R(x; — z3) in the same way. Therefore, we obtain

E{[T @)} < ElaO)* [0} (l21 = 22l)p? (j25 = wal) + p? (j21 = wal)o? (fo1 = aa])]

i=1
(A.10)

This completes the proof. O
We now derive a bound for the fourth order moment of oscillatory integrals of ¢..
LEMMA A.4. Let g(x,w) satisfy the conditions in the previous lemma. Assume

in addition that the mizing coefficient satisfies that |p2 |l1,r, is finite. Let (x,y) be
an interval in R. Then for any bounded function m(t), we have

(\[/ dt)4 < 60E|q(0)[* -

Proof. The left hand side of the desired inequality is

= ////EHQ (ti)d[titatsts)]. (A.12)

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

Elq(0)[*|lm||5 |||mH4 1—t2 1 tp(3) = tpa
I< P() ()) 2(17()8 p())d[tp(l)"'tp(4)]-

p673

Imll% - o = yl*. (A.11)

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(x) = p(|z|). 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:

t1 —to " t1 —t3
2

—)tg, tl—)tl, ty — 4.

The Jacobian resulting from this change of variable cancels €2 on the denominator.
The integral becomes

t1—x

dt4 % t2 dt2/ ’ p% (tg)dtg. (A13)
751 Y -y

dtl

This integral is finite and is bounded from above by

1
ylP1p2 1%k, - (A.14)

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

|z —

1
I <E|q(0)]* x 15 x 4|z — y* |2 || g Iml%- (A.15)
This verifies (A.11) and completes the proof. O
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A.3. Fractional Brownian motion. 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)}rezx Z {a"WH (1) }ser, (A.16)

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

R (t,5) = BOWH (W ()} = o (27 + 15— |s — 12") (A17)

When H = 1/2, the increments of W 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 — 5 is in the interval (%, 1). In this case, a convenient functional
space to define stochastic integral is

Ty = {f [ 1@ - oDy < oo}. (A18)

It is easy to check, for instance from Hardy-Littlewood-Sobolev lemma [21, §4.3], that
LY(R) N L*(R) ¢ LYH < |T|H. Stochastic integrals against fBm do not satisfy It6
isometry; instead, we have

E {Af(t)thHAh(s)de} — H(2H —1) /R %dtd& (A.19)

For a nice review on stochastic integral with respect to fractional Brownian mo-
tion, we refer the reader to [23].
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