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APPROXIMATIONS OF ELLIPTIC PDEs WITH RANDOM DATA*
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Abstract. We construct stochastic Galerkin approximations to the solution of a first-order
system of PDEs with random coefficients. Under the standard finite-dimensional noise assumption,
we transform the variational saddle point problem to a parametric deterministic one. Approximations
are constructed by combining mixed finite elements on the computational domain with M-variate
tensor product polynomials. We study the inf-sup stability and well-posedness of the continuous and
finite-dimensional problems, the regularity of solutions with respect to the M parameters describing
the random coefficients, and establish a priori error estimates for stochastic Galerkin finite element
approximations.
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1. Introduction. The numerical approximation of solutions to elliptic PDEs
with random data is a topical research area (see, e.g., [2], [3], [11], [12], [14], [19], [25]).
In particular, stochastic Galerkin approximations have been extensively studied, and
a priori error estimates are provided in [3]. Relatively little work has been done on
saddle point problems with random data (although see [10], [17], and [20]) and a priori
error analysis for such problems is much less well developed.

To begin, consider the abstract problem: find q € V and u € W such that

a(q,r) +b(r,u) = ¥(r) VreV,
(1.1) ! bla,v) = t) VueW,

where a(-,-) : VXV — R and b(-,-) : VX W — R are bounded bilinear forms,
£:V = R, t: W — Rare bounded linear functionals, and V and W are Hilbert spaces
of vector-valued functions and scalar functions, respectively. The general theory of
saddle point problems (see [9]) guarantees that a unique solution exists if a(-,-) is
coercive on the null-space of b(-, ), and if

b
(1.2) 38 >0 such that  sup blr, v) > Blvllw Yo e W.
rev lrllv

Now, let D € R? (d = 2,3) be a Lipschitz domain with polygonal (d = 2) or
polyhedral (d = 3) boundary 9D and let dDp;, and 0Dye, be disjoint open subsets
of OD such that dDpji, # () and dDnew = 0D\ODpji,. A commonly studied example
of (1.1) arises from the mixed variational formulation of the boundary value problem
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A7lq+Vu = 0 in D,

divg = f in D,
(1.3) u = g on dDnpjr,
n-q = 0 on O0DNey.

Other examples arise from mixed variational formulations of, e.g., the Stokes and
Navier—Stokes equations. In the case of (1.3), V := Hy(div, D), W := L*(D),

a(q,r) := / A7 lq -rdx, b(r,u):= —/ udivrdx, t(v) = / fvdx,
D D D
and ¢(r) = 0, where, as usual,
Ho (div, D) := {r € L2(D); divr € L2(D), (r, Vo) + (divr,v) =0 Vv e H(}’Dir(D)}

and H&7Dir(D) contains H'(D) functions having vanishing trace on dDp;,. For V =
Hy(div, D) and W = L?(D), the inf-sup condition (1.2) is satisfied (see [9]) and there
exists 5 > 0, depending only on the domain D, such that

(1.4) sup  ApvdTax Iolliepy Vv € LA(D).
reHy(div,D) Hr”H(div,D)

Galerkin approximations to the solution (q,u) of the saddle point problem (1.1)
can be obtained by replacing V and W with finite-dimensional subspaces V C Vand
W C W that satisfy the discrete analogue of the inf-sup condition. For (1.3), we need
V C Hy(div, D) and W C L?(D) for which there exists § > 0, such that

divrd
(L5) qup 4 v divrdx

ZB”’UHLz(D) VUEW.
rev Hr”H(div,D)

Suitable pairs of finite element spaces, defined with respect to a partition of D, include
the well known Raviart—-Thomas (RT) and Brezzi-Douglas—Marini (BDM) spaces.

Suppose now that A~! in (1.3) is not known at every point in the computational
domain; this is common in engineering applications. To accommodate such data
uncertainty we can model A~! as a random field, i.e., as a random variable at every
x € D. To that end, we introduce a complete probability space (2, F,P), where Q
denotes the set of outcomes, F is a o-algebra of events, and P : F — [0,1] is a
probability measure. Now, if A7! = A7} (x,w), x € D, w € §, the solution to (1.3) is
a pair of random fields (q,u) = (q(x,w), u(x,w)) such that, P-a.e. in ,

A7 (x,w)q(x,w) + Vu(x,w) = 0 in D,

(1.6) divg(x,w) = f(x) in D,
' u(x,w) = g(x) on 0Dpj,
n-qx,w) = 0 on dDyey.

The mixed variational formulation of (1.6) is also a saddle point problem of the form
(1.1). However, the bilinear form a(-, -) contains a random coefficient, and the solution
and test functions are random fields.

Approximations of (1.6) are sought via stochastic collocation methods in [20]
and [21] and via stochastic Galerkin methods in [18] and [17]. The emphasis in the
latter works is on linear algebra and fast solvers, although a partial error analysis and
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discussion of inf-sup stability is provided in [17]. An interesting saddle point problem
arises when solving PDEs on random domains using a fictitious domain approach,
where randomness enters via the bilinear form b(-,-) and not via a(-,-). Stochastic
Galerkin approximation of this problem is discussed in [10]. Here, we provide a full a
priori error analysis for stochastic Galerkin approximations of (1.6), as has been done
for second-order elliptic PDEs with random coefficients in [3].

The paper is organized as follows. In section 2 we derive a variational formulation
of (1.6), introduce appropriate solution spaces, and verify well-posedness. We then
approximate the random input A~! using a spectral expansion in M random vari-
ables. We derive a perturbed saddle point problem, prove well-posedness, and convert
to a deterministic problem with M parameters. In section 3 we construct stochas-
tic Galerkin approximations to the solution of the parametric deterministic problem,
combining inf-sup stable deterministic finite element spaces on D with M -variate ten-
sor product polynomials. Our main results appear in sections 4 and 5. In section 4, we
extend the work in [3] to show that both components of the solution to the parametric
saddle point problem are analytic with respect to the M parameters describing the
random data. In section 5, we derive bounds for the error introduced by approximat-
ing the random data and the error in the stochastic Galerkin approximation arising
from the choice of finite element and polynomial approximation spaces. We conclude
our presentation in section 6 with some remarks and perspectives. The final section is
a technical appendix. It contains auxiliary results needed for completeness but that
disturb the flow of the discussion when included in the text.

2. Saddle point problem with random data. In order to set up the mixed
variational formulation of (1.6), we first provide some notation and define suitable
spaces of functions on D x Q (random fields) as well as bilinear forms.

For an integer ¢ > 1, L{(€2) denotes the set of real-valued random variables on
the probability space (Q, F,P) with finite gth moment. If £ € L1(Q), the expectation
E[¢] is well defined, and if the probability density function pe : R — [0, +00) exists,

Blg)i= [ €w)dP@) = [ ypelw)dy.
Q R
In addition, the covariance of two random variables £,1 € L3(12) is defined as

Cov(&,n) = E[(f —E[&])(n— E[Tl])] :

We use boldface to denote vector-valued functions and spaces of such functions
(e.g., H*(D) = (H*(D))%). As usual, the associated norms and inner products are
defined componentwise. The L?(D) inner product and norm of scalar functions on D
are denoted by (-,-) and || - ||, respectively, and we use the same notation for vector-
valued functions u € L?(D). Standard notation is used for the differential operators
V = (8/0x1,...,0/0xq), div =V -, curl = Vx, and the Laplace operator A = div V.

Now, let X(D) be a normed vector space of real-valued scalar functions on D
with norm || - ||x . We can define the Bochner space

L2, X(D)) = {v (x,w) : D x Q= Ri | v |20, x(0))< 0}
of second-order scalar random fields, where

(2.1) o 2o, x oy = (E[l0I%]) "
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Spaces of vector-valued random fields are analogously defined. In particular, we will
work with the spaces

V= L(Q,Hy(div, D)) and W :=Li(Q,L*(D))

with the corresponding norms

et i= (EDlan]) and oy i= (E[I0l]) .

where Hr||%1(div)D) = ||z||? + ||div e
We make the following assumptions on the input random field A~! in (1.6).
Assumption 2.1. A7 (x,w) : Dx Q = R is a second order random field, i.e.,
A7Y(x, ) € LE(Q) Vx € D, with given mean E[A = [ A7 (x,w)dP(w) € L*(D)
and covariance function

(2.2) ClAY(x,%) == cov(A—l(x, ), AN, -)) € L2(D x D).

Assumption 2.2. A7 (x,w) € L>®(D x Q) is uniformly bounded away from zero,
i.e., there exist positive constants Chyn and Cpax such that

(2.3) 0 < Cimin < A7 (x,w) < Crax <00 ace. in D x Q.

We now define two bilinear forms,
(2.4) alq,r) = E[ [ A7 a0 e dx] Carev,
D

(2.5) b(r,u)::-]EUD( ) divr(x, )dx} reV, vew,

and, for simplicity, assume g = 0 on dDp;; in (1.6). Then, for a given f € L?%(D), the
variational formulation of problem (1.6) reads as follows: find q € V and u € W such
that

a(q,r) +b(r,u) = 0 VreV,
(26) 4 b(q’ ’U) = — E[<f,1)>] YveW.

The well-posedness of (2.6) is established in the next lemma.

LEMMA 2.1. If A=Y(x,w) satisfies Assumption 2.2, then problem (2.6) admits a
unique solution pair (q,u) € YV x W. Moreover,

(2.7) lallz,L2(py) < ﬁgr::HfH
1/2
Conax \’ c
. < _ —max
@8 lalv < ((Cmmﬁ) +1) I Ty < oo g

where Cryin, Crmaz are as in (2.3) and B > 0 satisfies (1.4) and is also the inf-sup
constant for (2.6).

The proof follows the general theory of saddle point problems in [9, Chapter IT].
We skip it here as is it essentially the same as the proof of Lemma 2.3, given later.
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Remark 2.1. Tt is possible to guarantee the existence and uniqueness of the
solution to problem (2.6) under a weaker assumption on A~!. More precisely, one can
assume, instead of (2.3), that P-a.e. in 2 there holds

0 < Ciin(w) < A7Hx, W) < Cpax(w) < 00 a.e. in D

(80 Cpnin and Cyyq. are random variables). An assumption of this type is advantageous
when A~! is an unbounded (e.g., Gaussian or lognormal) random variable at x € D.
(We do not consider that case here.) See [2, Lemma 1.2] and [11, 12] for a discussion
of a similar assumption for primal formulations of elliptic PDEs with random data.

2.1. A perturbed saddle point problem with random data. In order to
transform the saddle point problem (2.6) into one that is amenable to solution by
deterministic numerical methods, we use a spectral expansion of A~!(x, w) to separate
out the dependence on x € D and w € . Several such representations are available
(see [25] for a survey). Herein, we focus on the Karhunen-Loeve (KL) expansion

(2.9) AT w) = E[AT00 + ) VA ()8 (@)

(see [26]), where {&;}32; is a family of uncorrelated random variables with mean
zero and unit variance, and {(/\j,goj)};il, with Ay > Ao > ... > 0, are the ordered
eigenpairs of the integral operator C4-1 : L?(D) — L?*(D), defined by

(2.10) (CA_1w)(X):/DC'[A_l](X,x’)w(X/)dX/.

The first step in discretizing (2.6) is to approximate A~! by truncating (2.9) after
M terms:

M
(211) A (xw) ~ Ay (xw) =EATx) + Y Ve (%)W), MeN.
j=1

Using the truncated coefficient A} (x,w) instead of A~ (x,w) in (2.6), we arrive
at a perturbed problem: find g™ € V and u™) € W such that

aM(q(M),r)—i—b(r,u(M)) = 0 Vrey,

(2.12)
b(@™,v) = —E[(fv)] Yoew,

where now the leading bilinear form in the first equation is defined by
213 avlan) =8| [ A6 al ) )] arev.
D

It follows immediately from Lemma 2.1 that (2.12) is uniquely solvable if A;j is
uniformly bounded almost everywhere in D x €, i.e., if there exist positive constants
C; and C)r (depending on M) such that C), < Ay (x,w) < Oy ae. in D x Q.
However, it is possible to bypass this requirement if [[A~! — A]T/[1||Lm(DXQ) — 0 as
M — oco. To ensure this, we need the following assumption.

Assumption 2.3. The family & = {¢; };";1 of random variables in the KL expansion
(2.9) is uniformly bounded, i.e., 3C¢ >0 such that ||| peo) <C¢ Vi > 1.
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Now, for KL expansions with bounded random variables, the rate at which the
error |[A™! — Ay} | Lo (D x0) converges to zero depends on the decay rate of the eigen-
values Aj. Studies of decay rates of eigenvalues of integral operators such as the one
in (2.10) and the dependence on the regularity of the kernel (here, the covariance
function) date back to [31] (see also [24], [28], and [19]). In general, the smoother
the covariance, the faster the eigenvalues decay, and the faster the truncation error
|A=L - A;j | Lo (Dx ) converges to zero. In particular, [19] shows that piecewise ana-
lytic covariance kernels lead to exponential convergence (with respect to M), whereas
piecewise smooth covariance functions ensure only algebraic convergence. This re-
sult is formulated precisely in Lemma 2.2, which we quote from [19, Proposition 4.2].
First, we need the following definition.

DEFINITION 2.1. The function C[A™Y] : D x D — R is piecewise analytic (resp.,
piecewise smooth) on D x D if there exists a finite family {D;}E, C R of mutually
disjoint open subdomains of D such that D C UL | D; and for any pair (i,i'), the
restriction C[A™Y]| p, x p,, has analytic (resp., smooth) continuation in a neighborhood
Of Dz X Di/ .

LEMMA 2.2. Let Assumption 2.3 hold. If C|A™1] is piecewise analytic on D x D,
then there exists a constant ¢ > 0 such that for any ¢ > 0 there holds

_ _ —ec _ 1/d
(2.14) [A™" — Ayl (pxay < C e c(/2=0M VM eN

with a positive constant C' depending on d, ¢, c, C¢, and L.
If C[A™1] is piecewise smooth on D x D, then for any t,f > 0 there holds

(2.15) A7 — Ayt (pxoy < CMITH=0/4 yAreN

with C' > 0 depending on d, t, ¢, C¢, and L.

COROLLARY 2.1. Let A7'(x,w) satisfy Assumptions 2.1, 2.2, and 2.3. If the
covariance function C[A™1] is piecewise smooth on D x D, then there exists My € N
depending on Cuin, Cimax in (2.3) and on C[A™Y] such that for any M > Mo,

(2.16) Omin = %Cmin < A]T/Il (x,w) < Chax + %Cmin =: Qmax @.€. 1 D X Q.
Hence, problem (2.12) admits a unique solution (q(M),u(M)) €V x W satisfying

2

9 1/2
(217 [la®l,, < ((j‘“—ﬁ) +1> 1 w0l < o,

where > 0 satisfies (1.4) and is also the inf-sup constant for (2.12).

2.2. Parametric deterministic reformulation. We are now going to write
problem (2.12) in an equivalent parametric form. This is straightforward under the
following assumption on the random variables {; in the KL expansion (2.9).

Assumption 2.4. The random variables {; : @ — R (j = 1,2,...) in (2.9) are
independent, I'; := £;(Q) is a bounded interval in R, and the density function p; :
I'; = R* of each ¢; is given.

When using A3/ (x,w) in (2.12), we restrict the variability of A~' to the M
random variables &;,...,&y. Since @) and u(M) exist, and are measurable with
respect to the o-algebra generated by (&1,. .., &), the Doob-Dynkin lemma (cf. [27])
says that @™ and u(™) are functions of these same M random variables. With a
slight abuse of notation, we can write q™)(x,w) = q™)(x, & (w),...,En(w)) and
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uM) (x,w) = u)(x, £ (W), ..., & (w)). Now, let y = (y1,...,yn) € T be the vector
whose components are y; = &(w), j = 1,...,M, with T' := Ty x --- x I'jy € RM.
By independence of the ;, the joint probability density of (51, o€ s p( ) =

Hj]\il p;(y;), and for any measurable function g of &1,..., &y, Elg] = [1 p(y) 9(y) dy.
We can now write the parametric variational formulation equlvalent to (2 12) as
follows: find (g, u(™)) € V x W satistying

ar (@™, 1) +b(r,u™) = 0 VreVv,
b(@™,v) = - /<f,v> p(y)dy Vvew,
r
where V:=L2(T; Ho(div, D)), W:=L2(T; L?(D)) are the Bochner spaces with norms

], = ( P >dy), ol = ( / |v<-,y>|iz<p)p<y>dy).

The bilinear forms in (2.18) are now rewritten as

(2.18)

(219)  an(aqr) = / o(y) /D AT} (xy)a(xy) r(x,y)dxdy, qreV,

(2.20) b(r,v) = —/Fp(y) /Dv(x, y)divr(x,y)dxdy, reV,veW,

where ap(+,-) contains the parameterized coefficient
M

(2.21) Ap (6 y) =E[AT(x) + Y VAjei(x)y;
j=1

In what follows, we assume M is sufficiently large that A,/ (x,y) is bounded as in
(2.16), i.e

(2.22) min < Ay} (X,¥) < Qmax  ace. in D x T

with apmin = %Cmin and apmax = Chax + %Cmin, where Chin, Cmax are as in (2.3). (See
Corollary 2.1 for the necessary assumptions for (2.22) to hold.)

The following lemma establishes the well-posedness of (2.18).

LEMMA 2.3. If A~ satisfies the assumptions in Corollary 2.1and Assumption 2.4,
then problem (2.18) admits a unique solution pair (q(M),u(M)) €V xW. Moreover,

9 1/2
@29 a0y < (22 ) s 0], < ey,
where > 0 satisfies (1.4) and is the inf-sup constant for (2.18).

Proof. In order to apply the general result for saddle point problems (see Lem-
ma 7.1), one needs to verify the continuity of both bilinear forms (2.19)-(2.20), the
coercivity of aps (-, -) on the null-space associated with b(-, -), and the inf-sup condition.
The proof of the continuity and coercivity properties is standard (see [6, Lemma 2.3]
for details). To verify the inf-sup condition, for any v € W we use Lemma 7.2 to
find z € V such that divz = v in W and ||z|v < Cpl|v||lw, where Cp is a constant
depending only on D. Then, the inf-sup condition follows:

_ di d
(2.24) sup b(r, v) > b(z,v) _ Jplv.diva)p(y)dy  |vlliy
eev ey = llzly v v

>Blvllw YVveW
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with the constant 8 := 1/Cp. Following the arguments in Lemma 7.2 for the deter-
ministic spaces (i.e., V = Hg(div, D), and W = L?(D)), it is possible to show the
deterministic inf-sup condition (1.4) is satisfied with this same choice of 3.

The above conditions ensure the existence and uniqueness of a solution to problem
(2.18). Inequalities (2.23) are then established by using the standard techniques for
saddle point problems (see [6, Lemma 2.3]). 0O

3. Galerkin approximation. Our goal in this section is to construct inf-sup
stable Galerkin approximations of the solution (g(*),u*)) to problem (2.18). To do
this, we build finite-dimensional subspaces Vi, C V and Wy, 1« C W by tensorizing
standard finite element functions of x € D and M-variate polynomials of y € T'. In
what follows, h > 0 and p > 1 will always denote discretization parameters associ-
ated with the finite element approximation on D, whereas k € N} will denote the
discretization parameter for M-variate polynomial approximations on I'.

Let 7 be a family of quasi-uniform shape-regular meshes A;, on D. Each mesh
is a partition of D into d-simplices (triangular or tetrahedral elements) K; such that
D =UJ_K;, and K;NKj (i # j) is either a common vertex or an entire edge/face or
is empty. The parameter h refers to the maximal diameter of elements in the mesh.

We start by choosing finite-dimensional subspaces of Hg(div, D) and L?(D) that
are inf-sup stable for the deterministic discrete saddle point problem (i.e., so that
(1.5) holds). Denote by P,(K) the set of polynomials in x of total degree < p on a
generic element K. We use two families of H(div, D)-conforming elements: the RT
and BDM elements. (See Remark 5.1 regarding other types of mixed finite elements.)
The corresponding spaces of degree p > 1 on the element K are denoted as follows
(see, e.g., [9, 29]):

Py (K) = (Ppa(K))! @ xPpa(K);  PRUM(K) = (Pp(K))™.

We use the unified notation P, (K) to refer to either the RT or the BDM space on K
for p > 1. Then, we set

(3.1) X := {r € Hy(div, D); r|x € Pp(K) VK € Ap}.

Note that only one of the RT or BDM spaces is used in (3.1) for all simplices. Now,
a compatible subspace of L?(D) (in the sense of (1.5); cf. [9]) is defined as follows:

Xy, ={veL*D); vlg € Ppo1(K) VK €A}

Since ™) and ™) depend on 'y = (y1, ¥, ..., yar), we also need suitable finite-
dimensional subspace(s) of L2(I'). We will use the same subspace of L2(I") for both
components of the solution. Given a multi-index k = (k1,k2,...,ky) € N} of
polynomial degrees k; € No, we introduce the space of tensor product polynomials:

(3.2) Sk = Sk(l—‘) = Skl (Pl) X Skz(rg) R...Q SkM(FM) C LIZ)(F),

where S, (T';) = spanf{y;”’; 0 <oy <k;} C L2 (T;), j =1,2,..., M.
Now, choosing

(3.3) Vhp7k = X%;V ® Sk and Whp7k = X?Ip ® Sk,
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we arrive at the stochastic Galerkin FEM (sGFEM) formulation for problem (2.18):
find (th KU 211\)41)() € Vipx X Why i satisfying

3.4 an (qg\ﬁ,r) +b (r u%\fz{) = 0 vVr € Vi,
3.4
b(qm« ) = - /F<f, v) p(y)dy Vv € Whp .

For convergence and error analysis, we now restrict ourselves to two spatial dimensions

i.e., we assume that D C R%. (See Remark 5.1 on extensions to three dimensions.)
LEMMA 3.1. Let D C R?. Foranyh >0,p > 1, and k € Néw, the discrete

problem (3.4) is uniquely solvable, and the sGFEM converges quasi-optimally, i.e.,

max 1
35 el < (1522 (14 )t fla® oy

min reViap k

1 .
0 — w2l < (14 5) [ =

(3.6) “?" [a® — g -

Here, (q(M),u(M)) €V x W is the solution of (2.18), (qép Z(, ugjb € Vipx X Whp
is the solution of (3.4), aumin and aumax are the positive constants in (2.22), andﬁ~ >0
is the discrete inf-sup constant for (3.4) and is independent of h, p, and k.

Proof. Analogously to the proof of Lemma 2.3, we verify continuity of the bilinear
forms (now on the discrete subspaces), coercivity of aps(+, ) on the discrete null-space
of b(+,-), and the discrete inf-sup condition.

Continuity of the bilinear forms is established easily:

(3.7) lanr(q,1)] < amaxlallv(rllv Vaq,r € Vi,
(3.8) |b(r,v)| < |lr|lvv]w Vr e Vipk, Voe Wik

Now, we introduce the discrete null-space associated with b(,-):

Vo= {re Vi b(r,v) =0 Yve Wy}

Recalling that b(r,v) = — [ (v(-,y),dive(,,y)) p(y)dy and observing that
(3.9) div I‘(X, y) S Whp,k Vr e Vhp,k7
we have

el = [ Iy pdy Ve Vi

The coercivity of ay(-,-) on V} | follows by making use of the lower bound in (2.22):

an(r,1)= / o(y) / A7, y) Ie(x, ) ? dxdy

(310) > amm/ H H2 )dy = O'min HI‘H%/ Vr e Violp,k'
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It remains to prove the discrete inf-sup condition. To that end, for any v € Wy, x C
L?(D) ® Sk(I') we use Lemma 7.2 to find z € (H*(D) NHo(div, D)) ® Sk(I) for some
€ > 0 such that divz = v and

(3.11) 201 Z2 (1 2= ()) = /F |12l () P(¥)dy < Ceg 0]y

Next, we employ the H(div, D)-conforming hp-interpolation operator H%ipv :He(D)N
Hy(div, D) — XY (see section 7) to define 7, (x,y) = va(x,y) € X0 © S, =
Vip k. Using the properties of Hﬂ;v (see Lemma 7.3) and recalling that divz = v, we
find

divzy, = div(H%;’z) =10 (divz) =) v =v Vv € Wiy,
and the following estimate holds:
lznoly = NznlEace ssqaiv.oy) < Ce (232w pae(oy) + Iiv iy )
@I 2 2
(312) S C'int: (1 + Crog) ||UHW7

where Cin > 0 is the stability constant (independent of i and p) for TI}}Y (cf. prop-
erty (1) in Lemma 7.3). Now, the inf-sup stability follows in a standard way:

(313) sup b(I’,’U) > fF<v’diVZhP> P(Y)dy o ||’UH12/V

> = > Bllvllw Vo€ Wiy,
reVipe [Tllv 1z v 1z |[v

where B =(Cine /T+CZ,)"". This finishes the proof of well-posedness.

Having identified the continuity, coercivity, and discrete inf-sup constants (see
inequalities (3.7), (3.8), (3.10), and (3.13)), the estimates in (3.5)—(3.6) immediately
follow from the abstract theory of saddle point problems (cf. [9, section II.2.2]). O

Remark 3.1. The fact that S (I') C L2(T) is used for both components of the
solution (see (3.3)) ensures that div Vi, k = W) k. Consequently, the discrete inf-sup
constant (see (3.13)) for (3.4) also satisfies (1.5) when we employ X{¥ C Ho(div, D)

and X} C L*(D). That is, 3 is identical to the discrete inf-sup constant for the
corresponding deterministic problem. Note also that the well-posedness proof does
not depend on the choice of subspace of L%(l"). Polynomials of a fixed total degree
can be used instead of tensor product polynomials.

4. Regularity of the solution. Before deriving error estimates for the sGFEM
solution, we study the regularity of the solution (q(M),u(M)) to (2.18) with respect
to y1,...,ym. In the analysis below, we follow the notation conventions from [3].
Note that the regularity of (q*),u*)) with respect to x € D for a fixed y € T
follows from the theory of deterministic elliptic boundary value problems (see, e.g.,
[13, 22]). Specifically, if E[A~!] € C1(D) and C[A~!] is smooth on D x D, then the
samples A}/ (x,y) € C*(D) a.e. onT' 2y, and hence there exists s > 0 (depending
on the geometry of D and on the regularity of the right-hand side function f) such
that (q0 (-, y),u™)(.,y)) € H*(div, D) x H*(D) a.e. on I'. Recall here

H*(div, D) := {r € H*(D); divr € H*(D)}.

Hence, (@™, ™)) € L2(I'; H*(div, D)) x L4(I'; H*(D)).
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The next lemma states that both components of the solution to problem (2.18)
are analytic with respect to the M parameters describing the random data. To prove
this result we show that for any j € {1,..., M}, q™) and uM) can be represented as
power series in y;. The corresponding coefficents in these series are coupled through
a set of deterministic saddle point problems, which define the coefficients uniquely.
Using upper bounds for the coefficients, we establish the convergence interval for each
series (in fact, this is the same for both of them). Thus, the power series representation
allows us to extend q™) and u(*) analytically (as functions of y;) to a region in the
complex plane.

We will assume, without loss of generality, that I'; = [—1, 1] for any j € {1,..., M}.
The proof of Lemma 4.1 for other bounded intervals I'; C R follows easily by using
an affine transformation [—1,1] — I'; and standard scaling.

LEMMA 4.1. Let the random coefficient A~ (x,w) satisfy Assumptions 2.1-2.4,
and assume that the covariance function C[A™] is piecewise smooth on D x D. Let
(q(M),u(M)) be the solution to problem (2.18). Then, for each j € {1,...,M}, the
functions g™ and u™) | as functions of the variable y;, can be analytically extended
to the following region in the complex plane:

infy A (x, 9,y
(4.1) I = {zE(C; |z—y?|< ep (Ayr O 4 yj)) Vy?eFj},

\/)\j H@j”Lm(D)

where y;‘ = (yl,...,yj_l,yj+1,...,yM) S F; =I'1 x...x Fj—l X Fj+1 X ...x Iy
Proof. Without loss of generality we consider only j = 1. Let us fix an arbitrary
yi €l =[-1,1JM~L For any ) € [-1,1], consider two formal power series in y;:
o0 o0
(4.2) ar(y) =Y W —y)"an  and  up(iy) =Y (11 — 1)) un,
n=0 n=0
where the coefficient pairs (q,, u,) for n = 0,1,..., are determined in a recursive way

by solving the following deterministic saddle point problems:
(n=0) find (qo,uo) € Ho(div, D) x L?(D) such that

/ Ayt (%00, ¥7) qo(x) - r(x)dx — / uo(x)div r(x)dx = 0,
(4.3) b D

[ vxivaniax = [ peoueeix

for any r € Hy(div, D) and v € L?(D);
(n>1) find (qu,u,) € Ho(div, D) x L?(D) such that

/ A6, 42, 37) a4 (%) - T(x)dx — / un ()div () dx = Q) (),
(4.4) P p

/ v(x)div gy (x)dx =0
D
for any r € Ho(div, D) and v € L?(D), where

Q) == —v/Mr /D 1(%) @t (%) - £(x)dx.
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Under the assumptions of the lemma, the coefficient A}/ (x,y) is bounded as in (2.22).
Hence, the well-posedness of both (4.3) and (4.4) is established using standard argu-
ments (see Lemma 7.1 and the proof of Lemma 2.3). Moreover, the following estimates
hold for the solution (qo, ug) of problem (4.3) (cf. (2.23)):

1
SUDxep ("41\_/[1 (X7 y?vYI)) :|2+1> 2 ||f||
ﬁ infoD (AI\_/[l (Xa y107}’f))

(45) <([ Ol ]2+1)%||f||7

||qo|H<div,D)<([

B Qmin

(0% (o7
(4.6) luoll2(py < —= llaoll < === ||q0 | t1(div, D)

B B

where min, Qmax satisfy (2.22), and (3 is the inf-sup constant satisfying (1.4).
Similarly, for (4.4), we use Lemma 7.1 to estimate

VAL o1 q"*1||H(div7D) .
7,0 an—lHH(div,D)a

(4.7) llan|laaiv,py < - — <
HAD) = e (A (6,00, y7)) — 4

A—l
|2 (py < 1 (supxeD( M

= ﬁ 1

infxeD (A&

(%, y?’YT)))) + 1) H\/x\—ﬂm Un-1 H

(x, y?, vi H(div,D)

200max
(4.8) 3 Tytlilan—lHH(div,D)a

IN

infen (A3 (e.u.37))
m”%’l”Lm(D)
Inequality (4.7) is recursive and yields

where Tyo 1=
1

(4.9) llan e (aiv, D) < r;?anO”H(div,D) Vn > 0.

Combining (4.8) and (4.9) we find

20max  _p
(4.10) unllL2(py < 5w laollm(aiv,.p)y ~ Vn>1.

Note that due to (4.6), the inequality in (4.10) is valid for n = 0 as well. Using
estimates (4.5), (4.9), and (4.10) we prove the bounds for the series in (4.2)

o Clflnyg

Y1 — Y1
. =y — |y1 — Y|

HqF”H(dimD) < O(O‘minaamaxaﬁ) HfH Z

n=0

and

C(Oémin, Qmax, ﬁ) ”f” ’f'y?

ryo = |y1 — 37|

lurllLz(py < < 400

provided that [y1 — y7| < ry0. Therefore, for any yi € [~1,1], both power series in
(4.2) converge in the open ball B(y?,ryg) ={y eR; [y — 39| < ry?}. (Convergence
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here is understood in the corresponding norm: the H(div, D)-norm for qr and the
L?(D)-norm for up.) On the other hand, it is easy to check that for any y1 € B(y?,7,0)

and for arbitrary fixed y% € [-1,1]M =1 (qr,ur) € Ho(div, D) x L?(D) satisfies

/ Ayl (%91, ¥7) ar(x,41) ~r(x)dx—/ up(x,y1) divre(x)dx = 0,
(4.11) b

[ vxdivartemx = [ foux

for any r € Ho(div, D) and v € L?(D). Indeed, observing that

M
Ayt (.1, ¥7) = E[AT(%) + VA o1 (x) 1 + Z VA 5(x) y;

= Ay (5,0, ¥7) + VA o1 (x) (v — o)

and using (4.3), (4.4), we have
/A (%, y1,¥7) (%, 1) - T(x)dx
- Z / Geufoyh) (= 90)" + (i — )" VAL 910 ) () - ()
:/D o(x) divr(x dx—l—z y1 — oY) /Dun(x)divr(x)dx
— — " X)Qpn—1(X) - r(x)dx
n;(yl ) JAT/D%( ) a1 (x) - (%) d
#3° (=) VA [ o1 au0) - ) dx
n=0 D

= Z (y1 —y1)" /D U (x) div r(x) dx = /D up(x,y1)divr(x)dx Vr € Ho(div, D)

and
[ v divar (e = 32 (o) ] vx)diva, (o) dx

= / v(x) div qo(x) dx = / f(x)v(x)dx Vv e L*(D).
D D

Comparing (4.11) and (2.18), we conclude that g (-, y1,¥%) = qr(-,y1) (in the
Hy(div, D) sense) and «™) (-, y1,y%) = up(-,y1) (in the L?(D) sense) for any y; €
B(y?, ry?) and for arbitrary yi € [~1,1]~1. Then

o0 oo

ar(2) =) (1 —9)"an  and  up(nz) =) (20— )" un

n=0 n=0
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are the analytic extensions of ™) (-, y1,y%) and u™) (-, y1,y7), respectively (for ar-
bitrary but fixed y; € [—1,1]*71), to the following region of the complex plane:
{z1 € C; |21 — 9| < ry?}. Repeating the above procedure for any ¢ € [—1,1], we
find the region ¥ in the complex plane (see (4.1)) such that both g and u™)| as
functions of y1, admit analytic extensions to ;. O

Remark 4.1. The analyticity of (q(M),u(M)) with respect to y1,...,ynr is cru-
cial as it leads to fast, exponential convergence of the M-variate polynomial ap-
proximation in I' 3 y (see Lemmas 5.4 and 5.5). It is the size of the analyticity
domain (i.e., the region in the complex plane into which ¢ and ™) admit an-
alytic extensions) which determines the precise rate of exponential convergence: the
larger the analyticity domain, the faster convergence. We emphasise here that in
Lemma 4.1, both ¢ and «™) are analytically extended to the same region in the
complex plane. This fact yields the same convergence rates (with respect to the chosen
polynomial degrees k = (ki,...,kn)) for both components of the solution
(cf. Lemma 5.5).

We also note that for any j € {1,..., M}, the coefficient A]T/Il(x,yj,y;f), as a
function of y;, admits a natural analytic extension to the whole complex plane:

Ayt (%, 25,5 =EATN®) + Y Vi) yi+ VA pi(x)z Yz €C

1<i<M

i#j

We use this fact in Corollary 4.1, below. In this result only, L?(D) and Hy(div, D)
denote spaces of complex-valued rather than real-valued functions.

COROLLARY 4.1. For any j € {1,..., M}, let ¢ (x, zj,y;) and uM)(x, 2j,¥5)
be the analytic extensions of g™ (x,95,y;) and u(M)(X,yj,y;), to the region X; in
the complex plane, as constructed in Lemma 4.1, for arbitrary but fized y; € I';.

Then, for any zj € £, (qM) (-, z;), u™) (-, 2;)) € Ho(div, D) x L*(D) solves

/ AT 2y a0 (x, 25) - F()dx — / W™ (x, 2;) div E(x)dx = 0,
D D

/ o(x) div qr(x, zj)dx :/ f(x)o(x)dx
D D

for any r € Ho(div, D) and v € L*(D). Moreover, the estimates
Clfl [

a(z)’

Clfl

a(zj)

<

(4.12) ||q(M)("Zj)||H(div,D) = ("ZJ’)HB(D)

hold provided that

a(z;) = inf {E[A‘l](x) Y Vhelx) y}
li;fj]\l
(4.13) —V N 65l (p) | Re{z;} > 0.

The constant C > 0 in (4.12) depends on the upper bound aumax in (2.22) and on the
inf-sup constant B satisfying (1.4).

Proof. Corollary 4.1 immediately follows from the proof of Lemma 4.1 (cf.
(4.11)) and from the result for a generic saddle point problem (see Lemma 7.1).
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In particular, inequalities (4.12) follow from the bounds in Lemma 7.1 by observing
that

‘ / At (x, 2j, ;) q™ (x, z;) - aM(x, z;j)dx
D

= [ Rei4z ey} a0 )

=/D (E[Al](x)+ ST Ve yi + VA @ Re{Zj}) [a™) (x, z)|"dx
> a(zj) ||q(M)(-,zj)||2 > 0. O

5. Error analysis. We are now ready to establish bounds for the errors that
were introduced at each of the discretization steps in the previous sections.

First, recall that we approximated A~!(x,w) by a truncated KL expansion (2.11)
and replaced (2.6) with the perturbed problem (2.12). In section 5.1, we derive
bounds for the corresponding perturbation errors || q — g™ ||y and || u — u®) ||y
in terms of the discretization parameter M. After converting (2.12) to the equiva-

lent deterministic problem (2.18), we then approximated (q(M) , u(M)) by the sGFEM

solution (qgfzc, UELI,\;[Z{) In section 5.2 we first show that the corresponding discretisa-

tion error can be decomposed into the sum of two errors: the error due to the chosen
hp-approximation on the spatial domain D, and the error due to the M-variate poly-
nomial approximation (associated with the chosen degree vector k) on I'. We then
establish bounds for the total sSGFEM error, in terms of the mesh parameter h, the
scalar polynomial degree p, and the vector of polynomial degrees k.

5.1. Estimating the perturbation error. First, we make a standard modifi-
cation of Strang’s lemma in order to relate perturbation errors in the data to pertur-
bation errors in the solution.

LEMMA 5.1. Let (q,u) € V x W be the solution to (2.6) and let (@), uM)) €
V x W be the solution to the perturbed problem (2.12). Then,

Cmax — —
— [F1 147" = Ajf = (pxay,

g™
(5.1) la—a ||v§50minamm

1 Cmax Qmax — —
62 Ju-uly < 25 2 (14 225 ) A7 = A e e

where Cpin and Ciax (T€Sp., Gmin and aumax) are the lower and upper bounds in (2.3)
(resp., in (2.16)), and B is the inf-sup constant from Lemma 2.1.

Proof. Let us denote eq = q — q™ € V and e, = u — u™) € W. Then we
deduce from (2.6) and (2.12) that

bleq,v) =0 VveW @3 diveq =0 ae. in DxQ

a(q,eq) = —bleq,u) =0 and aM(q(M),eq) =— b(eq,u(M)) =0.

Hence, recalling the definitions of a(-,-) and aa(+,-) in (2.4) and (2.13) and using the
Cauchy-Schwarz inequality and the lower bound for A,} (x,w) in (2.16), we have

aminHeq”% = O‘minE[HeqHQ] <am(eq,eq) = an(q,eq) —a(q, eq)

< HA’l - AX41HL°°(D><Q) |E[<Qa eq>” < HAil - AX;HLOO(DXQ) ||q||LD2)(Q7L2(D)) leqllv-
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Therefore,

1 _ _
(5.3) leqllv < - A7 = A [ L by el L2z

Combining (5.3) and the upper bound for [|q||z2(0,L2(p)) in (2.7) gives (5.1).

(M)

Now, let us estimate the error e, = u —u Using the inf-sup condition for

(2.6) (i.e., the inequality similar to (2.24)) we have

1 b(r, ey)
5.4 ey < — sup .
o4 leulw < 5 228 Tl

In order to estimate b(r, e, ) for any r € V, we use, once again, the variational formu-
lations (2.6) and (2.12) and the definitions of a(-,-) and aa/(-,-). We have

b(r,e,) = —alq,r) + aM(q(M),r) = —ap(eq,r) — (a(q,r) — an(q,r)).

Then, making use of the upper bound for A, (x,w) in (2.16) and applying the
Cauchy—-Schwarz inequality we obtain

(5:5)  [b(r,en)| < (Oémax leqllv + HAil - AX;HLOO(DXQ) ||q||LD2,,(Q,L2(D))) [[x][v.

Combining (5.4), (5.5), and (5.3) gives

1 [ amax _ _
leulw < 5 (22 4 1) A7 = A5} = ey Dillzinsocon

Finally, substituting the upper bound for [|lq|12(q L2 (p)) from (2.7) yields (5.2). O

Combining Lemmas 5.1 and 2.2, we now derive upper bounds for the perturba-
tion error in terms of M. The convergence rate with respect to M depends on the
smoothness of the covariance function of A~ (x,w).

THEOREM 5.1. Suppose that A~1(x,w) satisfies Assumptions 2.1 and 2.2 and is
represented by the KL expansion (2.9). Let (q,u) € VxW and (q(M),u(M)) eVxWwW
be solutions to problems (2.6) and (2.12), respectively. Then, under the assumptions of
Lemma 2.2, the following error bounds hold for sufficiently large M: if the covariance
function C[A™1] is piecewise analytic on D x D then 3¢ > 0 such that

(56)  Jla=a®™ |, + [lu— w0, < C| e for any ¢ >0

and if C[A™1] is piecewise smooth on D x D,

(5.7) Hq—q(M)Hv—l— ||u—u(M)HW < C||f|| mr—ta-0/d for any £,t > 0.
The positive constant C' in (5.6) and (5.7) is independent of M but depends on Crin

and Cpax in (2.3) as well as on the inf-sup constant 8 in Lemma 2.1.

5.2. Estimating the stochastic Galerkin error. Consider now the paramet-
ric variational formulation (2.18) and the sGFEM approximation (3.4). Our goal is
to establish a bound for the approximation error

M M M M
(5:8) B = [[a™ — ai il + ™ =il
Here, we only consider uniformly distributed random variables ¢; in (2.11) and assume,
without loss of generality, that I'; = [~1,1] so p(y;) = 5 on I'; for each j = 1,..., M.
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Our first result concerns the decomposition of the total error Ep) k.

LEMMA 5.2. There exists a positive constant C' independent of the discretization
parameters (h,p,k) but depending on the constants cmin and amax i (2.22) and on
the discrete inf-sup constant B such that

= afaidlly + (4 = w2
< CLGXJP;B(F ||q(M) — r||V nggp( ||u(M) _ UHW

(M) _ . i (M) _ .
" Z <"J€Ho le D)®Sk (') Hq rJHV + ijLQ(l%I)léSkj (r;) ||u " ||W>:|

(5.9)
Proof. Let us introduce the orthogonal projections
le 1 iv
I, Ho(div, D) — X5, Iy, : L*(D) — X},
Iy : L2(0 )%sk( ), I 7PJ L2 (Ty) = Sk, (Ty) (G=1,...,M)

with respect to the inner products in H(div, D), L*(D), L2(T), and L? (T';), respec-
tively. Then, for the vector-valued component of the solution we have

it fla = xfly < [l = a0l I (@ = 5 )
(5.10) < rexi%f%(r) a™ —x||, + [|a® — 1107 (M) v

where we used the boundedness of TI}” in L2(T) and the minimisation property of
the orthogonal projector Hi;V’J‘ on Xg;’.

Similarly, for the scalar component of the solution, we employ the L?(D)-ortho-
gonal projection II}) | to estimate

(5.11) inf ||u( —’UH inf ||u(M

(M) _ 70.0,,(M)
'UeWhp,k EXO ®L2( + Hu Hk u HW

_”HW

Observe that H?{’p = Hg’lp ! Hg;p 2. Hg’ﬂ’;M . Hence, due to the boundedness of each
projector Hg;pj in L%j (') (=1,..., M), we estimate the second term on the right-
hand side of (5.10) as follows:

a0~ a0 = (a0 T a0) 4 I (@)~ )

ST () 1 g D)

M—1 knt
M

i (M) _ 4.
(5.12) S;rjeHo<diJ?zf)®skj<pj>||q rly

Here, we also used the minimizing property of each projector ng on Sy, (I').

Now we combine estimates (5.10) and (5.11) for both components of the solution
and use inequality (5.12) together with the corresponding bound for the scalar com-
ponent of the solution. Then the desired estimate in (5.9) immediately follows due to
quasi-optimal convergence of the SGFEM (see (3.5), (3.6)). O



2056 A. BESPALOV, C. E. POWELL, AND D. SILVESTER

The errors due to hp-approximation in the spatial domain D C R? (see the first
two terms on the right-hand side of (5.9)) can be estimated by applying Lemma 7.3
(see inequality (7.7)) and Lemma 7.4. Thus, the result below employs the available
Sobolev regularity of the solution (q(M ) uM )) with respect to the spatial variables
and states convergence rates in terms of the discretization parameters h and p.

LeMMA 5.3. Let D CR? and let (™), ™)) € L2(T'; H*(div, D)) x L2(I'; H* (D))
(s > 0) be the solution to problem (2.18). Then there holds

. (M) _ ; (M)
rexgiVn@ng(r) la rHV + venggL/%(r) lu

< [|a"™ — 1M

_”HW

iy ™ =5,

< ¢ pminiend s (||q(M)||L§(r;Hs(div,D)) + HuMHLg(r;Hs(D))) :

To estimate the error in the polynomial approximation used on I', we will exploit
the analyticity of (q(M),u(M)) with respect to each y; (see Lemma 4.1). Since the
corresponding errors (for both components of the solution) can be decomposed as in
(5.9), our arguments will be essentially in one dimension. Moreover, all arguments for
q™) carry over without essential modifications to u(™). Thus, we present technical
details only for the vector-valued component of the solution q(*). We will prove that
analyticity of (™) with respect to the variable y; yields exponential convergence for
the corresponding polynomial approximation on I';. To that end, we need to make the
following assumption on AX; (x,y), which is a slightly stronger requirement than the
uniform lower bound for A}/ (x,y) in (2.22) (cf. Assumption 6.1 in [3]).

Assumption 5.1. Assume that there exists a constant v > 0 independent of M
such that for any j € {1,..., M} there holds

g {BLA7100+ 3 VA | 20+ VA s lmco) o ]

xeD
1<i<M
i#]
uniformly in y% = (y1,. .-, ¥j-1,Yjt+1,- -, ym) € 5.
Now, let t € T = [—1,1] and denote by L, (t) for n = 0,1,2,... the Legendre
polynomials of degree n on I. These polynomials form an orthogonal basis in L?(I).
Since we assumed I'; = [~1,1] and p;(y;) = 3 on I'; (j = 1,..., M), it is natural

to represent q™) and u(*) as Fourier expansions of these Legendre polynomials.
Projections of q™) and «™) onto the discrete subspaces Sk, (I';) are then obtained
by truncating those expansions. For any j € {1,..., M} we have the expansion

adM (L y) = an; Laly;) Vy; €T)=[-1,1]M"
n=0

with Fourier coefficients

2n+1 i
(1) Qs = 25 [ @) £ul) duy € Ho(div, D),
J
Hence we find
o) 2

0,p; 2 .

Hq(M) - ijp q(M)Hv :/ / p(y) Z An,j Ln(y5) dy; dy;
3 Jr; n=k;+1 H(div,D)

> 1
14 = nen a1 .
(5.14) [ 1 p(y)< > gila ,J||H(d,V7D>>dyJ

j 1<i<M n=k;+1

i#]
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In the following lemma, we evaluate the Fourier coefficients q, ;.

LEMMA 5.4. Let 7 € (0,1) and j € {1,...,M}. Then, under Assumption 5.1
there exists a positive constant C depending only on amax in (2.22), on the inf-sup
constant B in (1.4), and on | f|| such that uniformly in y; € I'; there holds

2C N
(5.15) ldn,j | (aiv.0) < — —\ 5 (\/1 -2+ 0(n 1/3)) ), VneN,
h L — . 2 - . o _ (d-7mr
where 1; = | x; +4/xj — 1 € (0,1) with x; = \/_”%”LMD)

Proof. Let j € {1,...,M}. For simplicity of notation we will use the variable ¢

in place of y; € I'; = [—1,1]. Recall first that the Legendre polynomials £,,(t) can be
written as
L,(t) = ! d—n((t2—1)") n=0,1,2 te[-1,1]
n 2””! dtn b) ) ) Yyt ) M

Integrating by parts n times in (5.13) and omitting the subscript j, we obtain

on+1 !
an = / M (1) L, (t) dt
-1

2

_ (2"+1)(_1)n/1 2 1 9" ),
(5.16) el G TGO

where %q(M ) denotes componentwise differentiation of q*)
We now apply Lemma 4.1 to extend q™) (as a function of t € [~1,1]) to the
region ¥; (see (4.1)) of the complex plane. This allows us to use the Cauchy formula,

! (M)
gy - / ae)
8t”q (1) 2mi ), (z —t)ntt =
where v, := {2z € C; |z —t| = R(t)} for any t € [—1,1], v is positively oriented, and

the radius R(t) is selected such that v, C X; for any ¢t € [—1,1]. Hence, by making
use of (4.12), we estimate

o n! ||q(M)(7 Z)HH div,D
—(M)"fH <_/ (div.D) |,
H&t”q () H(div,D) ~ 27 |z — ¢ +1 |

C(amax, 8) n! " 1
< —rRoy M 5oy

where a(z) is defined in (4.13). Then we derive from (5.16) that

(2Tl + 1) Oémaxaﬁ / - 1- tQ !
1 n iv S f '
(5.18)  llanllercai.) St 171 ) { inf o Ry )

(5.17)

Due to Assumption 5.1, we can estimate a(z) in (4.13) as follows:

o) = 1t {ELA100+ 3 VEwG0u | - VA losllmio IRe(:)]
o

> v+ /A5 il oy ( e, 11] — [Re{2}])

(5.19)  >v+Ajllejllieem) (1= [t = R(t) Vzen, Vte[-1,1).
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Now, let 7 € (0,1) and select R(t) = 1 — |t| 4+ ¢ with § = % It is easy

to check that with this choice of R(t) we have v, C X; for any ¢ € [—1,1]. Then it
follows from (5.19) that infyc;_; q)inf.c,, a(z) > 7v and estimate (5.18) yields

2n + 1) Camax, 5 ! 1—¢2 \"
I sy < ZE By [ <— .

2" Ty 14+t+9

To complete the proof, it remains to apply Lemma 7.5 and recall the asymptotic
equivalence % ~ /5, n— oo. a

Since the scalar component of the solution admits an analytical extension to the
same region X; in the complex plane (cf. Lemma 4.1), we obtain the same upper bound
as in (5.15) for the L?(D)-norm of the Fourier coefficients u,, ; for any j = 1,..., M
and n € N. We now use our upper bounds for ||qn,;lle(div,p) and |[un;||lL2(p) to
prove exponential convergence of the chosen M-variate tensor product polynomial
approximations on I'.

LEMMA 5.5. Let 7 € (0,1) and (q*D,u™)) be the solution to problem (2.18).
Then, under Assumption 5.1 there exists a positive constant C independent of the
degree vector k such that for any j € {1,..., M} there holds

i (M) _ . (M) _
rjeHo(divl%E)(@Skj(Fj) la rilly + v €L2(D l?és ||“ Vil

<2 (e - 0

TV J J

with n; € (0,1) as in Lemma 5.4.
Proof. Combining estimates (5.14) and (5.15) we have for any je{1,..., M}

2
¢ (1 +(1- n?)—l/Z @(kjfl/a)f 2kt

||q(M) - rj||v = W j j

n
rj€Ho(div,D)® Sk, (T';)
(5.20)

Here, we also used our assumption that I'; = [-1,1]™~1 and pi(y;) = % for any j =
1,..., M. Since the same upper bound holds for infvjem(D)@Skj T;) ||u(M) - Uj”?/l/’
the desired result immediately follows from estimate (5.20). a

Finally, we can state an a priori error bound for the total error Ej, x in (5.8).
The next result is a direct consequence of Lemmas 5.2, 5.3, and 5.5.

THEOREM 5.2. Let D C R2. If (), u™)) € L4(I'yH*(div, D)) x L2(I'; H*(D))

(s > 0) and (thk,ugfb € Vipk X Wipi are the solutions to problem (2.18)

and (3.4), respectively, then under Assumption 5.1 the following error estimate
holds:

min {s —s 1 M 2
| — qEL]ZLHV + ||u®) — uhpkHW < C(h {sp} =s - 2775 +1)’
j=

-1
where C > 0 is independent of h, p, and k, n; = (Xj + ,/x? — 1) € (0,1) with

(1 )V _ 1 M 1
\/—II%I\LMD) forj = , and 7 € (0,1).

Remark 5.1. The results in Lemma 3.1 and Theorem 5.2 are formulated only
for D C R2. This is because the proofs of these results rely on the stability prop-
erty and on the optimal interpolation error bound for the H(div, D)-conforming hp-
interpolation operator Hd‘V (see Lemma 7.3). In three dimensions, the corresponding
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interpolation operator (on the master tetrahedral element T') was introduced and ana-
lyzed in [16, section 5.3]. This operator is stable as a mapping He (div, T') — H(div,T)
for any € > 0 (note the extra regularity requirement in comparison with the operator
Hﬂipv in two dimensions), which leads to the constant Ci, in (3.12) slightly depending

on h and p (more precisely, Ciny = O(h_spQE) for arbitrarily small € > 0). Further-
more, the p-interpolation error estimate for this operator in R? is suboptimal by an
order of € (cf. [16, Theorem 6]). Thus, the proof of an optimal p-error bound for
spatial approximations in R? (see Lemma 5.3) is an open problem.

However, when the polynomial degree p is fixed (i.e., only mesh refinements are
used for spatial approximations with, for example, the lowest-order RT or BDM ele-
ments), one can use the classical RT or BDM interpolation operators (see, e.g., [29,
Chapter II]), which are h-stable (but in general not p-stable) and satisfy optimal
interpolation error bounds in two and three dimensions. In this case the results in
Lemma 3.1 and Theorem 5.2 remain valid for D C R3. In fact, these results remain
valid for any other family of mixed finite elements (of fixed order), e.g., for Brezzi—
Douglas-Durdn-Fortin elements [7] and Brezzi-Douglas—Fortin—Marini elements [8].

6. Concluding remarks. Interest in developing stochastic Galerkin approxi-
mation methods for PDE problems with random data has exploded over the last
decade. While there exists a large body of literature on stochastic Galerkin approx-
imation of primal formulations of steady-state diffusion problems, the case of mixed
variational problems is not so well understood. This is the motivation for this article.
An important point is that our analysis framework is quite general-—although the
emphasis in this article is on steady potential flow problems, our theoretical results
are likely to be of use in many other applications.

Note that if stochastic Galerkin methods are to be competitive with traditional
deterministic methodologies based on sampling techniques, then we need fast and
robust linear algebra techniques to solve the large indefinite systems that arise. We
will use the results of this work to address this key issue in the future.

7. Auxiliary results. Several lemmas are collected in this section for complete-
ness. First, let us recall one of the main results from the general theory of saddle point
problems. This result concerns the well-posedness of the abstract problem (1.1).

LEMMA 7.1 (see [9, Theorem 1.1, Chapter II]). Let a(-,+) : VXV — R, b(-,") :
V x W — R are bounded bilinear forms, and £ : V. — R, t : W — R are bounded
linear functionals acting on Hilbert spaces V and W with the norms || - ||v and || - ||w,
respectively. Assume that a(-,-) is coercive on the null-space of b(-,-), i.e., there exists
ag > 0 such that

a(r,r) > agr|3 VreVl:={reV;br,v)=0 YvecW}

and the inf-sup condition (1.2) holds. Then the abstract problem (1.1) has a unique
solution pair (q,u) € V. x W. Moreover,

a 1
v + (' [ 1) 5 e

1
lallv < —| —
(7)) (7))

a 1 a a
lullw < <—| H + 1) = leflv + llal <| H + 1) tllw,
Qo B

B2\ ag

where V' and W' are dual spaces of V and W, respectively.
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In the next lemma we establish the result on the right inverse of the div operator.

LEMMA 7.2. For any weW (resp., we€ L?(D) @ Sk(T')) there exists a vector-
valued function z € V (resp., z € Ho(div, D) @ Sk(T')) such that z € L3(T';H(D))
(resp., z € HE(D) @ Sk(I")) for some € > 0, divz = w, and the following inequalities
hold:

(7.1) Izllv < Cp [[w]w,
7.2 2]l 22 (12 (D)) < Creg [wllw-

The constant Cp > 0 in (7.1) depends only on the domain D, whereas the constant
Creg > 0 in (7.2) depends on D and on ¢.

Proof. Given w € W, we solve the following problem: find u € L2(T; Hj p;, (D))
such that

13) [ (TuCy) ToCy) )y = [ w6y o6 y) plv)ay
for any v € L2(I'; Hj p;, (D)). The unique solvability of this problem follows immedi-
ately from the Lax—Milgram lemma, and there holds

(7.4) lull2r;m (py) < Ch llwllw

with a positive constant C; depending only on D. Furthermore, using the regularity
theory for deterministic elliptic problems in nonsmooth domains (see, e.g., [13, 22]),
we conclude that v € L2(T'; H'*<(D)) for some ¢ > 0 and

(7.5) [ull L2 (r; 142 (D)) < Co Jlw]lw

Now, we set z := —Vu. Then z € L,QJ(F; H?(D)) and using standard arguments (see,
e.g., [9, p. 136]) we prove that divz = w € W and

/F (<z, Vo) + (div z, v}) p(y)dy =0 Vo € LQP(F; H&)Dir(D)).

Hence, z € L2(I';H*(D) NHy(div, D)) and estimates (7.4) and (7.5) yield the desired
inequalities in (7.1) and (7.2):

1/2
|z[lv = (||VUH%/§(F;L2(D)) + ||w|\%/§(r;L2(D))) < Cpllw|lw

with Cp := /1 + C7 and

Izl 22 r e (p)) < Csllullrzr;m+ep)) < Cregllwllw,  Creg := C2Cs.

This finishes the proof of the statement concerning the function w € W.

For the case where w € L*(D) @ Sk(I'), the corresponding result is established in
a similar way: we define z := —Vu, where u € H (D) ® Sk(T') satisfies (7.3) for
any v € Hj ;. (D) ® Sk(T') and then repeat the same arguments as in the first part
of the proof. O

The next auxiliary result concerns H(div, D)-conforming (piecewise) polynomial
interpolation on a two-dimensional polygonal domain D. We employ the projection-
based interpolation operator introduced by Demkowicz and Babuska in [15] in the con-
text of Nédélec’s edge elements. (Note that due to the isomorphism of the scalar curl
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and the div operators in two dimensions, the H(curl)-conforming first (resp., second)
Nédélec family of edge elements is isomorphic to the H(div)-conforming RT (resp.,
BDM) elements.) We will denote by Hﬂipv the H(div, D)-conforming projection-based
hp-interpolation operator for RT (or BDM) elements. (The precise definition of this
operator is sketched in [5, section 3.2].) This operator enjoys several useful properties,
which are summarized in the following lemma. (We refer to [15, Propositions 1-3] for
proofs of the stability and commutativity properties and to [4, Theorem 4.2] for the
proof of the optimal interpolation error bound.)

LEMMA 7.3. Let D C R2. The H(div, D)-conforming projection-based hp-
interpolation operator Hﬁipv :H?*(D)NHy(div, D) — Xﬁipv (s > 0) satisfies the follow-
ing properties:

(1) For any s > 0, the operator Hﬂ;’ : H*(D) N Hy(div, D) — Hg(div, D) is

bounded, i.e., there exists a positive constant Ciny independent of h and p
(but depending on s) such that for any r € H*(D) N Ho(div, D) there holds

; . 1/2
HngngH(div,D) < Cint (Hr||§{5(D) + ||d1vr||2) )
(2) Hg;’ preserves piecewise polynomial vector-valued functions in Xg;’.
(3) For s > 0, we have the commutativity diagram

div

H*(D) N Hy(div,D) =%  L*(D)
(7.6) l Iy l Iy,
iv div
X = X7,

where H?LP : L2(D) — X,?p denotes the standard L*(D)-projection onto X,?p.
(4) Ifr e H*(div, D), s > 0, then there exists a positive constant C independent
of h, p, and r such that

(7.7) v = TI0Y vl s aiv, py < C R 5P p=* |1 gge aiv, ) -

In the next lemma we state the error bound for the L?(D)-projection operator
Iy, : L*(D) — X3, The result immediately follows from [1, Lemma 4.5] (cf. also
[30, Theorem 2.2]).

LEMMA 7.4. Let D C R? and u € H*(D), s > 0. Then there exists a positive
constant C' independent of h, p, and u such that

Ju —T05, ull p2(py < CR™™ 1P} p=* ||| e (.

The last lemma has been established in [23, pp. 581, 586] and is used in the
proof of Lemma 5.4 to prove the exponential convergence of multivariate polynomial
approximations on I'.

LEMMA 7.5. Let x < —1 and define 1 := (|x| + v/x* — 1)71 € (0,1). Then for
any n € N there holds

n ! t? -1 " _ n on+1 n! 2
[ () de= e G )

where ®,, 0(n?) is the Gauss hypergeometric function satisfying

Dp0(n?) = /1 —n2+0(n"?)

uniformly with respect to n € (0,1).
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