MULTISCALE MODELING OF FLUCTUATIONS IN STOCHASTIC
ELLIPTIC PDE MODELS OF NANOSENSORS

CLEMENS HEITZINGER'¢ AND CHRISTIAN RINGHOFER}Y

Abstract. In this work, the multiscale problem of modeling fluctuations in boundary layers in
stochastic elliptic partial differential equations is solved by homogenization. Homogenized equations
for the covariance and variance of the solution of stochastic elliptic PDEs are derived. In addition
to the homogenized equations, a scaling law for the covariance and variance as the cell size tends to
zero is given. For the homogenized problems, existence and uniqueness results and a priori bounds
are given and further properties are proven. The multiscale problem stems from the modeling of the
electrostatics in nanoscale field-effect sensors, where the fluctuations arise from randomly distributed
charge concentrations in the cells of a boundary layer. Finally, numerical results and a spectral
approximation are presented.
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1. Introduction. The motivation for the present study of stochastic elliptic
PDE stems from the desire to model field-effect nano-sensors and hence to understand
their physics. Elliptic equations, such as the Poisson equation and the linearized
Poisson-Boltzmann equation, are the basic equations for their electrostatics, and the
stochastic equations considered here make it possible to study fluctuations and noise
in nanostructures. Furthermore, a multiscale problem is inherent in these nanoscale
structures and it is solved by homogenization.

First, we introduce the physical problem. Recently, nanoscale field-effect biosen-
sors [19-21, 24] and gas sensors [16,22] have been demonstrated experimentally. A
schematic diagram of such a sensor structure is shown in Fig. 1. The length scale of
the biomolecules is in the Angstrom or nanometer range, whereas the length of the
nanowire is in the micrometer range. This gives rise to a multiscale problem, since it
is not possible to resolve both the boundary layer and the whole simulation domain
using a single numerical grid.

This simulation problem also gives rise to a stochastic problem, since binding and
unbinding events (in the case of biosensors) or chemical reactions (in the case of gas
sensors) occur in the boundary layer. Additionally, the movement of the molecules
in the boundary layer can be modeled by calculating their electrostatic free energy
and by using a Boltzmann distribution [11]. These effects imply that the charge
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Fic. 1. Schematic diagram of a typical structure considered in this work. A nanowire field-
effect sensor consists of a semiconductor nanowire with two contacts at the left and at the right,
a boundary layer split into cells containing random charge distributions due to biomolecules or gas
molecules, and a bulk liquid or atmosphere. Here the r- and z-azes of a cylindrical coordinate system
are shown. In a DNA sensor, shown here, the immobilized probe molecules are single-stranded DNA
and the target molecules are the complementary strands. After hybridization of the two strands at
the sensor surface to form double-stranded DNA, the charge distribution in the biofunctionalized
boundary layer is changed and hence it modulates the conductance of the semiconductor transducer.
The conductance is measured between the two contacts on the left and on the right.

concentration in the boundary layer should be modeled by a random variable.

In previous work, we used deterministic PDE models and solved the multiscale
problem for the deterministic Poisson equation —V - (AVu.) = p. in [12]. There,
homogenization made it possible to replace the fast varying charge concentration p,
in the boundary layer by two interface conditions for the electrostatic potential and
field. The interface conditions are essentially determined by the surface charge density
and the dipole moment density of the boundary layer. Of course the homogenization
problem —V - (A.Vu,.) = p can be treated by the method of two-scale convergence
resulting in a homogenized equation and a cell problem [1,18].

In this work, we consider the stochastic Poisson equation

—V - (A(z)Vue(z,w)) = p(, %,w)

and generalizations thereof [4,15,17]. Here w is a random variable and € < 1 is ratio
of the size of a cell in the boundary layer to the size of the simulation domain. The
ultimate goal, when the model equation is a stochastic PDE, is to calculate the ratio

FEu

)
o2y

where u is the solution of the stochastic PDE and FE and o2 are the expectation and
variance operators with respect to w. Hence this ratio of expectation and standard
deviation is a dimensionless quantity and it is often called the signal-to-noise ratio.
In engineering applications such as, e.g., field-effect sensors, the stochastic PDE is
the stochastic linearized Poisson-Boltzmann equation and the signal-to-noise is to be
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maximized. The results in §3 show that it is straightforward to find a deterministic
PDE for the expectation Eu.

The main result of this work given in §4 is a deterministic equation for the covari-
ance of u after homogenization. This equation immediately yields a way to calculate
the variance and hence the signal-to-noise ratio. As a corollary, we also obtain a
scaling law for the variance and the covariance as ¢ — 0+. The scaling law has
implications for the design of field-effects sensors, since it allows to calculate noise
levels.

Based on these results, an approximation of the variance and covariance of the
solution is derived in §5 based on a spectral expansion [2]. The quality of the ap-
proximation is investigated in the leading example of the Laplace operator and an
improvement is proposed.

This paper is organized as follows. In §2, the general operator for stochastic
Poisson-type equations is introduced. In §3, a result for the expectation of weak
solutions is given. In §4, the homogenization problem is defined and solved. The main
result is the limiting equation for the covariance after homogenization; corollaries are
given and some important properties of the limiting equations are shown. In §5, a
spectral approximation for the covariance is given. Then, in §6, numerical results are
presented and the spectral approximation in investigated. Finally, §7 concludes the

paper.

2. The model equations. We consider linear stochastic PDE of the form
Lu(z,w) = plw,w) 1)

on a domain U C R%, where z is the spatial variable, w is a random variable defined
on the probability space (2,X, P), p is a given function, u is the unknown, and L
is a linear differential operator with respect to . An important special case is the
Poisson-Boltzmann equation

-V (A(m)Vu(x)) = pr(x) + pm(z), (2a)
pm(x) = zjcj(x)qexp(—zq(ulx) — ¢r)/(ksT)), (2b)
jeI

where A is the permittivity, u is the electrostatic potential, p¢ is the concentration of
fixed charges, and p,, is the concentration of mobile charges according to a Boltzmann
distribution. I is the set of charge species (ions in liquids or electrons and holes in
semiconductors), z; € Z is the valence of species j, ¢; is the bulk concentration
of species j, g is the elementary (proton) charge, ¢ is the Fermi level, kg is the
Boltzmann constant, and 7" is the temperature. Here the bulk concentration depends
on the position x meaning that only certain sub-domains are accessible by the mobile
charges. For physical systems like 1:1 electrolytes and positive and negative charge
carriers in semiconductors, we set I := {—1,+1} and z; := j and we assume c_;(x) =
c1(z) =: ¢(x). This yields

@)= S ke(@)gexp(—kq(u(e) — 6r)/(ksT)). (3)

ke{—-1,+1}

It is well-known that the following result holds for the semilinear Poisson-Boltzmann
equation (2).
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PROPOSITION 1 (Poisson-Boltzmann equation). Suppose that the domain U C R?
is open and bounded, that A is uniformly elliptic, that ¢ € RT, that ¢r € R, and that
pr € L>(U). Then the boundary-value problem

—V - (AVu) + C(e(u*m“)/(kBT) _ e*(“*(ﬁF)/(kBT)) —p;=0 inU,
U =up on OUp,
du/on =0 on U

has a unique solution uw € H*(U) N L (U). Furthermore, the estimate
min(inf up, o + k Tsinh_l(infﬂ)>
aul up, ¢ + B %

< u(@) < maX<SUP up,¢r + kpTsinh ™! (wD
Up 2c

holds for all x € U.
The Poisson-Boltzmann equation for arbitrary Fermi levels can be linearized as
follows. Taylor expansion of (3) in ¢ around ¢, yields

pm(x) = a(z) = y(2)u(z) + O(u(x)?)

with
a(z) := 2¢(x)g sinh Q(CZSII:B;%) + 20(]2(?% cosh q(qSZB}%), (4a)
2c(x)q” -
~(z) = 2(;;;? cosh q(‘z’zB T%). (4b)

The advantage of this general form is that the expansion point ¢( is not necessarily
equal to the Fermi level ¢ [11]. Now the choice

Lu(z,w) := =V - (A(z)Vu(z,w)) + y(z)u(z,w), (5a)
o(,) = py () + a(z) (5b)

corresponds to the stochastic linearized Poisson-Boltzmann equation

-V (A(x)Vu(x,w)) +vy(z)u(z,w) = p(x,w) inU x Q, (6a)
u(z,w) =0 on OU x ) (6b)
for arbitrary Fermi levels. Much of the following pertains to general linear stochastic
PDEs of the form (1), while the leading application is equation (6). Whenever further
assumptions on the operator L are necessary, they include the physical situation of (4)
and (6).
A variational form of (6) is to find u € H := H}(U x Q), H being a Hilbert space,
so that a(u,v) = (p,v) for all v € H, where a is the bilinear form

a(u,v) = /Q/[JA(CL‘)V’LL(%,W) -Vo(z,w) + v(z)u(z, w)v(z, w)ded P(w)

and p € H~!. Using this weak formulation, it is straightforward to obtain the follow-
ing result.



MULTISCALE MODELING IN STOCHASTIC ELLIPTIC PDE MODELS 5

PROPOSITION 2. Suppose U is an open and bounded subset of R? and (2, %, P)
is a probability space with bounded €. Suppose further that A € L°°(U,R4*9) is
uniformly elliptic and that v € L*(U) is nonnegative. Then the boundary-value
problem (6) has a unique weak solution v € H and it depends continuously on p €
H1.

Proof. Based on the assumptions, the bilinear form a(u, v) is coercive and bounded
uniformly with respect to w almost everywhere on U x 2. Thus the existence and
uniqueness of the weak solution w of (6) in H follows from the Lax-Milgram theorem
and its continuous dependence on the data follows from usual estimate for ||u||z. O

This weak formulation is an extension of the theory of deterministic elliptic equa-
tions to random fields with finite variance [3-6,8, 14,23]. Different choices for the
Hilbert space H are possible and other theories for stochastic elliptic equations have
been developed. There are also different (modeling) choices for the definition of the
multiplication of random fields such as the Wick product [13].

In the following, we consider only operators L that do not depend on the random
variable w, i.e., A depends only on position. Regarding the physics of the problem,
this means for Poisson-type equations that random fluctuations in the permittivity A
are negligible compared to the random fluctuations in the charge distribution p.

3. Calculation of the expectation. We denote the expectation operator with
respect to w by F and are interested in finding an equation for the expectation Fu of
the solution u of (1). Since the expectation operator E is linear, it formally commutes
with the linear differential operator L, i.e., ELu = LEu holds on U x €1, and therefore
the expectation Fu is the solution of the equation

L(Eu)=FEp onU.

It has the same form as the original equation (1) and the expectation Ep is known.
Thus the calculation of the expectation requires the same computational effort as
solving the associated deterministic equation.

In the proposition below, the formal calculation is verified for the linearized
Poisson-Boltzmann equation.

LEMMA 3. Suppose U C R%, U is open, w is a random variable on the probability
space (2,5, P), L = Z|a\§n a,0% is a differential operator, and u : U x Q — R is
measurable. Suppose further that

/U/Q|u(m,w)|dP(w)dx<oo or /Q/U\u(x,w)|da?dP(w)<oo_
Then

LEu(z,w) = ELu(z,w)

holds on U.
Proof. Tt suffices to show that

aa/ﬂu(ac,w)dP(w):/Qé)o‘u(x,w)dP(w).

By the definition of the weak derivative, this is equivalent to

/[]Au(w,w)dP(W)5“¢dx=(—1)|a\/U/Q(’)‘Xu(%w)dP(w)qﬁdx Vo € C=(U),
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which holds due to
(—1)'“'/U/Qa“u(x7w)dP(w)¢dx:(—1)2|°“/U/Qu(x,w)ﬁaq’)dP(w)dm

after using Fubini’s theorem and partial integration. Fubini’s theorem can be applied
because of the assumption, because the Lebesgue measure is o-finite, and because
every probability measure is o-finite. O

PROPOSITION 4. Suppose u € HY(U x Q) is the weak solution of the linearized
Poisson-Boltzmann equation from Proposition 2. Then the expectation Eu is the
unique weak solution of the deterministic boundary-value problem

L(Eu) = Ep,
Eu=0 ondU.

Proof. Using the Cauchy-Schwarz inequality, we find

/ / fu(zr, )| dzd P(w) < Clfullz2wxay < oo,
QJU

since u € L?(U x Q) and U and 2 are bounded. Therefore Lemma 3 can be applied.
]

4. The multiscale problem and homogenization. The multiscale problem
and the boundary layer are described first. Then the main result is derived by giv-
ing a homogenization procedure. The resulting limiting equations are investigated
regarding their main properties.

4.1. The boundary layer and its fine structure. We choose a Cartesian
coordinate system with coordinates x = (21, z2,23) and the simulation domain U is
the bounded and open subset U := (—Ly, L) x (0, Ly) x (0, L3) C R? (cf. Fig. 1).
The boundary layer is located on the positive side of the plane x; = 0 so that z;
is the direction normal to the surface and x5 and x3 are parallel to the surface.
The boundary layer at z; > 0 is characterized by the charge concentrations p(z,w)
which exhibits a randomized and fast varying spatial structure. Since the fine spatial
structure cannot be resolved due to computational restraints — especially in view of
the stochastic nature of the problem —, the goal is to replace the original problem (6)
by a homogenized problem.

We proceed by dividing the two-dimensional interface at x1 = 0 into periodically
repeated two-dimensional cells Cy, by defining

Ck = C(kg,ks) = [Ek'g, 6(](12 + 1)) X [6[63, 6(k’3 + 1))

for k = (ka,k3) € Z x Z. The cells Cy are of size € so that they cover the whole
interface, i.e.,

[O,Lg) X [O,Lg) C U Ck

1<kg <Ky
1<k3z<K3

holds with Ky := [Lo/e] and K3 := [L3/e]. We use multi-indices k = (ko, k3) with
ky € {0,..., K5 — 1} and k3 € {0,..., K3 — 1} for the cells Cy, and we denote the
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total number of cells in the boundary layer by K := K3K3 and the index set of the
cell indices by K := {(0,0),..., (K2 — 1, K35 — 1)} so that || = K.
Three-dimensional cells are denoted by [0, L1] x Cx. The positive real number
€ < 1 denotes the ratio of the cell size to the whole simulation domain U. We
use a homogenization ansatz where we scale the boundary layer by introducing fast
variables. We stretch the z1-, zo-, and x3-coordinates at the interface x1 = 0 by a
factor of 1/e and hence obtain the fast variables x1 /¢, xo/€, and x3/€ in contrast to
the slow variables z1, xo, and x3. The idea of the multiscale ansatz is to write the
function p(x1,x2,x3) as a function p of both the fast and the slow variables, i.e.,

p($1,$2,$3)2/)(*,*7?7552,%3) (7)

The dependence on z9 and x3 includes slow variations in p in the boundary layer.
The function p(z1 /€, x2/€, x3/€, 22, x3) is quasi-periodic: it is 1-periodic in the second
argument zs/e and in the third argument z3/e, i.e.,

ﬁ (ﬁv Ea ﬁ,.’lﬁg,.ﬁg) = ﬁ (ﬂa g + k2a B + kg,.’I}Q,.fL'g)
€ € € € € €
holds for all integers ko and k3. This is consistent with the definition of the cells Ck.
Furthermore p decays to zero sufficiently fast as 7 — oo, i.e., the charges in the
boundary layer are concentrated close to the interface at 1 = 0. These considerations
motivate the following definition.

DEFINITION 5 (boundary-layer function). Suppose U C R3. A function p €
L2(U) is called a boundary-layer function if it can be written in the form

~(T1 T2 T3
p(:rl,xg,xg) =p (77 ) 77m27x3) 9
€ € €
where p is 1-periodic in its second and third arguments and lim,, oo p(x1, 22, 23) =0
holds.

We now describe the charge concentration p(z,w) in the boundary layer more pre-
cisely in terms of the random variable. For each cell Cy, there is a random variable wy
so that the charge concentration pj of cell Ci, depends on wy. In reality, the different
states of the random variable wj, correspond to the presence of different molecules and
to different orientations thereof the boundary layer. We define the random variable

w:i=(w1,...,wK)

that includes the states of all cells in the boundary layer. Using these definitions, we
write the charge concentration p of the whole boundary layer as

pla,w) = xu(@)pu(r,wp),

kex

where xi(x) = xx(x2,x3) is the characteristic function of the cell C, i.e., it equals 1
if (x9,z3) € Ci, and 0 otherwise.

4.2. Homogenization and the theorem for the limiting equation. We
start the homogenization procedure with some definitions.

DEFINITION 6 (centered random variable). Let X be a random variable. Then
X := X — EX is called the corresponding centered random variable.
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DEFINITION 7 (joint moment). Suppose a is a multi-index of dimension J :=
dim . The joint moment M, of the J random variables X; is defined as

Ma(Xy,..., X)) = E(f[l(xj - EXj)a-f).

To simplify the calculations, we will use the centered potential % and the centered
charge concentrations py and p. For the centered quantities, the identities Eu = 0,
Ep=0, Epr =0, and

= xu(@)pr(x, w) (8)

ke

hold and we immediately find
Lia = p. (9)

The covariance of two random variables X; and X is defined as cov(X7, Xs) :=
M1,1)(X1, X2). To simplify notation, we write

(covu)(z,y) = cov(u(z,.),u(y,.))

for the covariance of u evaluated at = and y € U, and we denote the variance of u
calculated at z € U by

(02u)(z) := (covu)(z,z).

Of course the equations covu = cov @ and o?u = 024 holds for the centered covariance
and variance.
Suppose that G is a Green’s function of L on U, i.e.,

holds. Note that L and therefore G are independent of €. Using the Green’s func-
tion G, the solution @ of (9) is given by

amwzéammmmw

To calculate the joint moments of X; := 4(x;,w), we first write the integrand as

J
Hﬂ Tj,w A = /U\al H H 1“]?6]1/ 5]1/7 ))dgll 51(11 € ~--£J04Ja

j=1lv=1

where |a| = ijl o, and use (8) to find

M, (it ) /ﬁxw%wu

/LH (G &) S X (€D (€ 01,)) - €70, AP ().

j=1lv=1 ki €K
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We denote the characteristic function of the interval [0, 1) by x and hence we have

xro T3
Xk(T) = X (ks ks) (T2, T3) = X <? - kz) X (? - k3)
for the characteristic function yj of cell Cx. Now the moment M, is given by

Mo (i) //UQ(HHG%,@V)-

j=1lv=1

Z s Z Xk11 (511  Xkgag (gJaJ)ﬁku (511’ wkn) e 'ﬁkJaJ (gJOLJ’ waaJ)

k1€ kja ;€K
dé11 - §ya,dP(w)

Z Z / / / (K11, 2+1)/ (k11,3+1)
k11,2 k11,3 o

k11€EK ky
/ /e(kJaJ,z-i-l) /e(kJaJ,3+1)
k)JaJ 2 GkJaJ,S
J o
(H H x]’fju )ﬁku (§117wk11) e ﬁkJaJ (fJaJawaaJ)
j: v=1

d€sa;,385a,,287a,,1 - - - &11,3611,2611,1dP (w).

We use the multiscale ansatz for the boundary—layer function pg so that

v

_ r1
pr(x,wi) = k(*l, =2 k27 — = k3,wk)
e € e
- ﬁ(ﬂv ﬁ - k?; - = k376k276k37wk)
e € €

The function ﬁk depends on the cell index k, whereas /3 depends on the slow vari-
ables xo = €ky and z3 = €k3 instead of the cell index. To simplify notation, we write
Pk again for ﬁk

For the moment M, this yields

6(k11 2+1 6(1€11,3+1)
M( Ui, Z Z // / /6k113

ki1€K k11,2
E(kJaJ,Z"Fl) E(kJaJ 3+1)
/ A 191 )
kJaJQ ekJOtJ13 j=1lv=1
~ §111 §112 L 11,3 L ~ §tas1 a2 k §Jas 3 L
Pl e e T TR3 Wky ) " Pl e 0 e T TR3,Wka,

deaJ,stanfJa,,,l . . ~511,3§11,2§11,1dP(w)-
After substituting
1

§ju,1 = zfju,h

— 1

§jy,2 = zgjug - kju,2,
1

Ejv3 = zﬁjus —kjus
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and renaming, we find

Mo (i, w)) =€l 30 ) /9/000/01/01”'/000/01/01

ki1€EK k,]aJGIC

J  aj
(H H G(%‘, (€€ju1, €€ + kju2), €3 + kju,S)))) :
j=1

v=1
: ﬁk'll (gllvwku) U IakJaJ (fJO’J’ wk‘]c”)
d€ja,387a,,280a,.1 - - €11,3811,2811,1dP(w).

The product involving the Green’s function G on the right-hand side can be simplified
by noting that L and hence G do not depend on € (apart from the arguments above)
and by supposing that G is smooth enough, which is the case at least when L is a
Laplace-type operator. Since &;,; € [0,1], €£5,,; = O(€) holds for all i € {1,...,d}.
Furthermore, k;,,; = O(1/€) holds for i € {2,3} by the definition of K; and therefore
€k;,; = O(1). Hence Taylor expansion of the Green’s function G yields

G(wj, (€€v1,€(€v2 +kju2) €&z + kju,3)))
= G(l‘j, (O, Ekjy,Q, 6kjy,3)) + €§jy . VQG(.TJ‘, (O, ijy72, 6](5]‘,,,3)) + 0(62).

After dropping terms of order € and higher, we therefore obtain

N I Y

k11€K
J aj
(H H G(xja (07 eij,Qa 6kjv,3))>ﬁk11 (gllvwku) e ﬁkJaJ (fJavakJaJ)
j=1lv=1

désa, 3870, ,2800,.1 - - &11,3611,2611,1dP(w)

and further

Mai(r,) = 0 S 5 TTTL O 0ckn )

k11K kJaJEIC j=1lv=1

o] 1 1 o] 1 1
S T
0 0 0 0 0 0

This is a general representation of the joint moment M, (@(x;,w)) of G(z;,w) in terms
of the joint moment My (px;,) of the data p.

To obtain specific results for the covariance M(; 1) and then for the variance M s,
we assume that the molecules in each cell do not affect the molecules in the other cells.
This assumption is satisfied in realistic structures, since their distance is large enough
to ensure full electrostatic screening, and it is well supported by our Monte-Carlo
simulations of screening [7]. Thus we assume that g and j, are independent for
k # ¢ and hence uncorrelated. This means

k#l = cov(ﬁk(y,.)7ﬁg(z7.)) =0 Yy,ze U, VkleK,
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which implies

/ﬁk(yawk)ﬁé(zawf>dp(w) = 5ke/ Pr(y, wi) pr(z, wi)dP(w) Vy,z €U,
Q Q

where dy¢ is the Kronecker delta. Using this last equation and the definition

00 1 1
R(kawk) = / / / ﬁk($1,$2,x3,Wk)d$3$2$1, (]‘0)
o Jo Jo
the covariance simplifies to

(COV U)(y, Z) = M(Ll) (ﬂ(y, w), ﬂ,(z7 w))
= Z Z G(y, (0, €k, €k3))G(Z, (0, els, 663)) .

keK tek

o3} 1 1 %) 1 1
/ / / / / / /ﬁk(yaWk)ﬁ[(z,W£)dp(w)d232221y3y2y1
0 o Jo Jo o Jo JO

=0 Z G(y, (0, €kq, ekg))G(z, (0, €ko, ekg)) .
kex

oo 1 1 oo 1 1
' / / / / / / / Pr (Y, k) pre(2, Wi )AP(w)d2zs 2221 Y5Y291
o Jo Jo Jo Jo Jo Ja

= 66 Z G(y, (0, 6k27 Ekg))G(Z, (0, EkQ, Gkg)) / R(k, wk)2dP(wk).
kek @

We define

R(eky, ek3) := (/Q R(k,wk)zdp(wk)) v (11)

and convert the Riemann sum over k9 and k3 into a two-dimensional integral over y,
and y3 to find

Ls Lo
(covu)(y, z) ~ 64/0 /0 G(y, (0,22,23))Gz, (O,$2,$3))R($2,x3)2d$21’3. (12)

Here R is evaluated at the point (x3,23) that lies in cell k = (k, k3) determined by
the equations x5 = €ky and z3 = €ks.

Finally, we apply L,, i.e., the operator L with derivatives with respect to ¥, to
find

Ly(covu)(y, z)
Ls pLa -
= 64/ §(y1,y2 — m2,y3 — 23)G(2, (0, 22, 23) ) R(22, 23)*dwous,
o Jo
and we apply L., the operator with respect to z, to find
L,Ly(covu)(y,z)
Ls Lo —
= 64/ §(y1,y2 — T2, ys — 3)6(21, 22 — T2, 23 — w3) R(w2, w3) dzots
o Jo

= 645(y17 21,Y2 — 22,Y3 — Z3)R(y2,y3)2-



12 C. HEITZINGER AND C. RINGHOFER

In summary, we have (formally) proved the following result.

THEOREM 8 (limiting problem for the covariance). Let pi be boundary-layer
functions on U and L be a differential operator independent of € with a smooth Green’s
function G. Then the limiting problem for e — 0+ for the covariance covu of the
solution u of the boundary-value problem

Lu(z,w) = p(x,w)
is the boundary-value problem

LzLy(COV u)(y, Z) = 645@17 21,Y2 — 22,Y3 — 23)R(y27 y3)27 (13)

where R is given by (11) and (10).

Note that due to the delta distributions on the right-hand side, the equation is
symmetric in y and z.

COROLLARY 9 (limiting problem for the variance). Under the assumptions of
Theorem 8, the limiting problem for € — 0+ for the variance o?u of the solution u of
the boundary-value problem Lu(x,w) = p(x,w) is the boundary-value problem

L2(0%u)(x) = €*6(21) R(x2, 13)%.

Note that due to the factors d(y1,21) and d(x1) on the right-hand sides, the
covariance and the variance are concentrated at the interface 1 = 0. Regarding the
physics of the problem, R can be interpreted as the surface charge density of the
boundary layer as a function of the slow variables for a given value of wy. Then R? is
the variance (with respect to the random variable wy,) of the surface charge density R.

Equation (12) in the proof yields the following scaling law.

COROLLARY 10 (scaling law for the variance and covariance). Under the assump-
tions of Theorem 8, the variance o 2u and the covariance covii = covu scale
like €* as € — 0.

U=o0

4.3. Existence, uniqueness, and further properties. Having found the lim-
iting problems, the properties of their solutions are investigated here. It is expected
that their solutions, being interpreted as covariances or variances, are unique. A prior
bounds are also given. Furthermore, it is expected that the variance is nonnegative
and the covariance is symmetric.

We start by showing the existence and uniqueness of the solution of the limiting
equation for the variance given in Corollary 9. Suppose that L is an elliptic operator
in divergence form, i.e.,

Lu:=—-V - (AVu) +b-Vu+ cu.

This form includes, of course, the linearized Poisson-Boltzmann equation, i.e., the
case where L is given by (5a) and (4). Because of Corollary 9, we consider equations
of the form L?u = f such that the unknown w is the variance. Partial integration
yields that

/U(L2u)vdx = as(u,v)

holds for all u,v € H2(U) := {w € H*(U) | w =0 = (ATVw) - n on U}, where we
have defined the bilinear form as as

as(u,v) := /U(Lu)(L*v)da:
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and
L'v=-V-(ATVv) =V (bv) +cv

is the adjoint of L. Hence the weak formulation of L?u = f is to find u € HZ(U) so
that

ag(u,v) = <f7v> Vv € Hg(U),

where f € H2(U).
To show that the bilinear form as is coercive, we will need the following lemma.
LEMMA 11. Suppose U is a bounded, open subset of R® with a C? boundary and
suppose that

Lu:= -V (AVu) +b-Vu+cu

is a differential operator, where A € CY(U, R4 is uniformly elliptic with ellipticity
constant 0, b € L>®(U,R%), and ¢ € L>=(U,R). Suppose further that b =0 and ¢ > 0
for all x € U or that ||b]|2 < 40inf,cy c holds. Then

u |ullgzy  and  w i ||Lul| g2 @)

are equivalent norms on H2(U) N H(U).

For completeness, the proof is given in Appendix A.

PROPOSITION 12. Suppose U is a bounded, open subset of R with a C? boundary
and suppose that

Lu:= -V - (AVu) +cu

is a differential operator, where A € CY(U,R¥*%) is symmetric and uniformly elliptic
and ¢ € L (U,R) is nonnegative for all x € U. Then the boundary-value problem

L*u=f inU,
u=0 ondU,
ou

%—0 on OU

has a unique weak solution v € HZ(U) and there is a constant C' such that the estimate

lullgz@wy < Cllflla-2@)

holds.

Proof. The operator L is self-adjoint due to A = AT. First, we show that ay is
continuous, i.e., there is a constant C' so that |az(u,v)| < C||u| g2w)||v]|g2w). The
corresponding estimate

/U(Lu)(L*v)dx

g/ | Lu||Lv|dz
U

< N Lull 2 @n 1 vl 2y < Cllull 2@yl 220y

|az(u, v)| =

follows from the Cauchy-Schwarz inequality and Lemma 11.
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Second, we show that as is coercive. Since L is self-adjoint, we find

ax(u,u) = /U (L) (L*u)dz = /U (Lu)?dz = |Lul2a, > CllulZe,

due to Lemma 11.

Using the Lax-Milgram theorem now yields the existence and uniqueness of the
solution as well as the estimate. O

This proposition implies that the limiting problem for the variance given in Corol-
lary 9 has a unique solution o?u. Since the solution o?u is interpreted as a variance,
the question arises if we can show that the solution of the limiting problem is always
nonnegative. Under an additional assumption motivated by the physics of the prob-
lem, a positive answer is given by the following proposition. This assumption is that
far enough away from the finite support of p(z,w), the variance o?u and its derivatives
vanish since there is no uncertainty, i.e., L(c?u) vanishes.

PROPOSITION 13. Suppose that v := o?u € HZ(U) is the unique solution of the
limiting problem as in Corollary 9 and Proposition 12. Suppose further that Lv > 0
on OU. Thenv >0 inU.

Proof. We apply the weak maximum principle for elliptic equations to the limiting
problem

L*v = Lw = ¢*6(x1) R(w2, 3)* > 0,

where w := Lwv, to conclude that w > 0 in U due to w > 0 on dU. Since Lv > 0 and
v =0 on U, we use the maximum principle again to conclude that v > 0 as claimed.
0

Since the covariance is by definition symmetric in its two arguments, it is expected
that symmetry is preserved by homogenization, i.e., that the solution covu of the
homogenized equation (13) in Theorem 8 is symmetric in y and z. This is indeed the
case due to the following proposition. For notational simplicity we write u for cov u.

ProproSITION 14. Suppose that the boundary conditions of the boundary-value
problem L.Lyu(y,z) = f(y,z) and the right-hand side f are symmetric in y and z
and that u is a weak solution of this problem. Then u is symmetric a.e.

Proof. We denote the symmetric part of u(y, z) by v(y, 2) := (u(y, 2) + u(z,y)) /2
and its antisymmetric part by w(y, z) := (u(y, z) — u(z,y))/2. The weak formulation
of the problem is

[ £ty 122000.2) ~ £, 20600202 = 0 (14)

for all test functions ¢. Interchanging y and z yields

] autenisoen) - 1 wotziv: =0

and swapping L, and L, using their adjoints, using the symmetry of f, and replacing
o(z,y) by é(y, z) (since the equation holds for all test functions) yields

[ Brtenzot.2) - o210 21z =0, (15)
Finally subtracting (15) from (14) yields [[ Lyw(y, z)Li¢(y, z)dyz = 0 and hence

[ wtw2)zizzot. a0 =0
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holds for all test functions ¢. Therefore the antisymmetric part w vanishes a.e. O

PROPOSITION 15. Suppose that U C R? is a bounded domain and that OU is C?,
suppose that f € L*>(U x U), and suppose that L, = —V, - (A(x)V,) is an elliptic
operator with a;; € CY(U) and that A is uniformly elliptic with constant . Then the
boundary-value problem

L:Lyuly,z) = f(y,2)

on D x D with homogeneous Dirichlet boundary conditions has a unique solution
u € HY(U x U) and the estimate

2
lull r(xvy < ¥||f||L2(UxU)

holds.

Proof. We use the Lax-Milgram theorem twice. First, we consider the boundary-
value problem L,w(y,z) = f(y,z) for all y € U. It has a unique solution w(y,.) €
H?(U) for all y € U, since f € L*>(U x U), and the inequality |lw|lr2@wxvy <
o M fll L2y follows immediately.

Second, we consider the boundary-value problem Ly,u(y,z) = w(y, z) for all z €
U. It has a unique solution u(.,z) € H?(U) for all z € U and the usual estimate
lu(., 2) || 2y < @ Hw(., 2)|| L2y holds for all z € U.

The problem L,L.u(y,z) = f(y, 2) is equivalent to the original problem; we can
use the definition of the weak derivative and Fubini’s theorem to show that L, and L,
can be interchanged as in the proof of Lemma 3, since an iterated integral converges.
This yields the symmetric estimate [[u(y, )|l g2@w) < o Hw(y, )| 2w for all y € U.

Finally, the last two estimates yield the asserted estimate. O

5. Spectral approximation of the covariance and variance. The main idea
of the spectral approximation given here is to approximate the covariance or variance
by using only the most significant of the eigenvalues and eigenfunctions of G. This
eigensystem of G can be calculated using the well-known numerical procedures from
a discretization of L.

PROPOSITION 16. Suppose that U is an open, bounded, and connected subset of
R? and that the differential operator L has the divergence form

Lu:= -V - (AVu) + cu,

where A is uniformly elliptic and symmetric and the coefficients A and ¢ are bounded.
Then the covariance cov u in Theorem 8 is given by

(covu)(y,2) = Y ) AAsth; ()voe(2) Ty, (16)
j=1k=1

where {\,} and {¢,} are the eigenvalues and eigenfunctions of the Green’s function
of the operator L and the coefficients T}, are defined as

L3 Lo _
Ty, := 64/ ¥;(0,m2,13)¥5 (0, 72, m3) R(12, 113)*dnjons. (17)
0 0

2

Accordingly, the variance o“u is given by

(@) (@) = > Nty (@) () Ty (18)

j=1k=1
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Proof. Due to the assumptions, L is self-adjoint. It is well-known that it then has a
countably infinite discrete set of eigenvalues that we call {1/\,,} and the corresponding
eigenfunctions {1, } are an orthonormal basis of H} (U); the minimum eigenvalue 1/\;
is simple and has a positive eigenfunction [10, Theorems 8.37 and 8.38].

Regarding the Green’s function G of L, the sets {\,,} and {1, } are the eigenvalues
and eigenfunctions of G, i.e.,

Pn (@) = AnLipn () (19)

holds. Since {1} is an orthonormal basis, the identity f(z) = > o0 (f, ¥n)¥n(z)
holds and we can apply it to f(z) := d(z — y) to find

LG(z,y) =d(z —y) i

and therefore, using (19), we have

n=1

Since the {1} are orthonormal, the last equation yields

(G2, ) = [ G0 0)dy = Ao 2.
To solve equation (13) for the covariance, we consider the right-hand side

f(yv Z) = 645(y1, 21,Y2 — 22,Y3 — ZS)R(y2793)2

and integrate it twice against the Green’s function G of the operators L, and L, to
find

(covur)(y / / F(0, )Gy, )Gz, )dnC
- /U /U 0SS Aty () () Mt ()6 ()

j=1k=1

_6422/\/\k¢J Vi (2) Tk,

j=1k=1

where the coefficients T}, are defined in (17). This concludes the proof. O

This proposition shows that the covariance and the variance can be approximated
efficiently by taking a finite double sum in (16) using only the largest eigenvalues A;
and ;. The details of such an algorithm are given in Appendix B. The quality of the
approximation depends on the separation of the first N eigenvalues from the rest. A
numerical example and a proposed improvement are discussed in §6.2 below.

6. Numerical verification. In order to verify the homogenization result in The-
orem 8 and the spectral approximation in Proposition 16 numerically, two numerical
calculations are presented here. Real-world calculations were presented in [11], where
the models and equations of the present work were used to calculate electrostatic
fluctuations in field-effect nanosensors.
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Fic. 2. The integral fU c2udx of the variance as a function of the number of realizations in
the case K = 162.

6.1. Numerical verification of the scaling law. For the numerical verifica-
tion, we consider a three-dimensional example. We set U := (0,1)> C R3, define
L := —A, and use an equidistant grid for the finite-difference discretization of L. For
symmetry, the boundary layer is located at z = 1/2 so that the cells are

Cr = C(kz,kg) = [eka, €(ka + 1)) X [eks, e(ks + 1)).

The number of cells in each direction is always chosen as ks = k3 and as a power of
two; the height of the cells is chosen as € in accordance with the multiscale ansatz (7),
i.e., the volume of a single cell is always 1/¢. The boundary conditions are zero
Dirichlet boundary conditions at 7 = 0 and x; = 1 and zero Neumann boundary
conditions at x5 =0, x5 =1, z3 = 0, and z3 = 1.

The charge concentrations p(z,w) are constant and uniformly distributed in the
interval [0,1] in each cell of the boundary layer; outside of the boundary layer, the
charge concentration vanishes. The numerical verification for a large number of cells in
the boundary layer is hampered by the fact that the direct or Monte-Carlo calculation
of the variance requires many solutions of Lu(z,w) = p(z,w) for randomly chosen w.
Calculations for total numbers of cells K € {22,42 82,162} were performed with a
grid size of 1/16 in the finite-difference approximation. To calculate the variance,
8192 realizations were used in all four cases.

To verify that the number of realizations is sufficient for the calculation of the
variance, the integral of the variance over the domain U is shown as a function of
the number of realizations in Fig. 2 for the case K = 162. Fig. 3 shows plots of the
variances for K € {2242 82 162} after 8192 realizations as the cell size is halved.

The results of the numerical calculations for the parameters described above are
summarized in Table 1. As the number of cells in each direction is doubled in ev-
ery refinement step, i.e., € is halved, the scaling factor for the variance is given by
Corollary 10 as 1/16. The numerically approximated values of 7.8, 13.3, and 14.0 in
Table 1 agree well with the theoretical value even for these small numbers of cells.
The computational requirements for larger numbers of cells would be enormous due to
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(c) K =82 (d) K = 162.

Fic. 3. The variances after 8192 realizations for the four cases K € {22,4%,82,162}. The plots
are two-dimensional ones for z=1/2.

the stochastic nature of the problem, which underlines the importance of Corollary 9
and the scaling law in Corollary 10.

6.2. Numerical results for the spectral approximation. We continue to
consider the Laplace operator and we define the domain to be U := (—1/2,1/2) x
(0,1)2 ¢ R3. The numerical grid is equidistant with m interior grid points and zero
Dirichlet boundary conditions on OU. Therefore the eigensystem of the discretization
has size m? and the eigenvalues are given by (i? + j2 + k?)7? with i, j,k € {1,...,m}.
We denote these eigenvalues by A, with € {1,...,m3} so that A\; > -+ > X\,,2. Due
to the distribution of the eigenvalues, the spectral approximation grows slowly and
usage of nearly the full spectrum in the approximation is necessary to achieve a good
approximation; this is observed in Fig. 4, where the results for m = 9 are shown.

Therefore we propose to improve the approximation by a geometric factor. In
view of (16), we define the geometric factor as

VN = (Zu—l Eu_v\i)\%) _ lo?un]l2

DDHID DYDY lo2ullz

where o?u denotes the truncated double sum defined in (20b). In the double sum, the
largest N eigenvalues are used. Therefore the factor 7,, n represents a correction for
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€ number of cells integral scaling factor
in boundary layer of variance for variance
1/2 K= 22 J o*u=17.0553-10"°
7.8
1/4 K= 4? J o%u =9.0360-10~°
13.3
1/8 K= 82 Jo*u=6.7742-10"7
14.0
1/16 K =162 Jo?u =4.8414-10"8
TABLE 1

Overview of the factors in the numerical verification. The predicted scaling factor for the
vartance is 16.
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Fic. 4. The spectral approzimation o2upn(0,1/2,1/2) (lower line) and the corrected approwi-
mation o2upn /Ym, n(0,1/2,1/2) (upper line) as a function of N for the case m = 9.

the L2-norm of the variance taking into account the (in this case) known distribution of
the eigenvalues. The improvement is shown in Fig. 4, where o2uy and ouy /Ym,N at
the middle point of the domain are shown as functions of N, the number of eigenvalues
used in the approximation.

7. Conclusion. In this work we treated the homogenization of boundary layers
in stochastic elliptic partial differential equations. The results are limiting problems
for the covariance and variance of the solution of the stochastic equation. From the
limiting problems we deduced scaling laws for the covariance and variance. Also for
the limiting problems, existence and uniqueness results and a priori bounds were
given, as well as results for definiteness and symmetry. Finally, numerical results
for the scaling law and a spectral approximation with a proposed correction factor
were presented. Applications of this work include the simulation of electrostatics in
nanotechnological devices such as field-effect sensors.
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Appendix A. Proof of Lemma 11.

We first prove that ||Lu||z2(yy is indeed a norm. We denote the bilinear form
associated with L by a1 (u,v). Due to the assumptions, a; is continuous.

To see that a; is coercive, we note the estimate

ar(u,u) > BHVUH%Q(U) — [[bll Lo (v <6||UH%2(U) + 6||VU’”%2(U)) + (ggEC)HUH%Z(U)
= (0 = 8118l e )Vl 2wy + (inf ¢ = ellbll e ) lull 72w

with de = 1/4. If b = 0 and ¢ > 0, the Poincaré inequality ||ul[z2) < Cl|Vul|r2)
for w € H}(U) establishes that a; is coercive. In the second case, i.e., if [|b]|7. <
40inf,cp ¢, we set € := (infyep ¢)/||b]| L) so that the coefficient of Hu||2L2(U) van-
ishes. Then ¢ = [|b|| (v /(4infep c), the coefficient of HVUH%Z(U) is positive, and
a1 is again coercive.

Having established the existence and uniqueness of the solution, we note that
| Lu|| 2y = O implies u = 0 a.e. Therefore ||Lu|z2() is a norm.

We now show that the two norms are equivalent. First, we show that there is a

constant C' so that ||Lul|p2¢,) < C|lullp2(v). Using Holder’s inequality for sums, we
find

d d
| Lul < [|All ooy D [ty | + Bl ooy Y [ | + el oo @l
ij=1 i=1
d d 1/2
< Ol 4 D+ 1l

i,j=1 i=1
and hence
[ LullZ 20y < CllullFre -

Second, we show that there is a constant C' so that |[u|| g2y < C||Lul|r2(y). This
follows from the regularity result

lull 2wy < Cllflle2wy  Yue H*(U)NHg(U).
for elliptic equations Lu = f with unique solutions (see, e.g., [9, Section 6.3]). O

Appendix B. Algorithm for the spectral approximation.
The procedure based on Proposition 16 that was used in the calculations in §6.2
is described here.

(i) Given the boundary-value problem (1), let u,f € RM and L € RM*M he
discretizations for the solution u, the inhomogeneity f, and the differential opera-
tor L. Then the discretization of the Green’s function G is given by G = L™}, since
u=L"f= G, fie; =3, £G ;~ [ f(y)G(z,y)dy = u(x). Since it is too compu-
tationally expensive to compute the Green’s function G = L~!, only the first N € N
eigenvalues and eigenfunctions are used. This yields the approximation

o'} N N
G(xvy) = Z AV¢V(x)wV(y) ~ Z Au¢u($)¢u(y) ~ Z )\VV;'/V;'/ = Gija
v=1 v=1 v=1
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where A\; > --- > Ay holds for the eigenvalues A\, and eigenvectors v¥ of G for all
v e {l,...,N}. Here the index i in v/ denotes the component of the vector v that
corresponds to the point x after discretization.

(i

i) Compute the largest N eigenvalues A, and their eigenvectors v” of G. These

are smallest N eigenvalues and their eigenvectors of the known matrix L.
(iii) Compute T}, for p,v € {1,..., N} in (17) by evaluating N? two-dimensional
integrals. This yields

(1]
2]
(3]
[4]

[5]

(6]

(7]

(8] M

(9]
[10]

(11]

(12]
[13]
[14]

[15]

Ls Lo B
Ty = 64/ / vH*(0,m2,73)v" (0,12, m3) R(n2,m3)*dnans.
0 0

(iv) Compute the covariance or the variance by summing the N? terms in (16).
The approximations are given by

G.

G.

] =
] =

(covu)(y, z) =~ XA VY () v (2) Ty (20a)
p=1v=1
N N
(02u)(z) = o’ un () := Z Z AV () vH ()T, (20Db)
p=1v=1
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