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ABSTRACT. We develop and analyze a class of efficient algorithms for un-
certainty quantification of nonlinear operator equations. The algorithms are
based on sparse Galerkin discretizations of tensorized linearizations at nominal
parameters. Specifically, for a class of abstract nonlinear, parametric opera-
tor equations J(a,u) = 0 for random parameters a with realizations in a
neighborhood of a nominal parameter ag. Under some structural assumptions
on the parameter dependence, by the implicit function theorem, J(a,u) = 0
admits locally unique solutions u = S(«) for all values « in some neighbor-
hood of ap. Random parameters a(w) = ap + r(w), are shown to imply a
unique random solution u(w) = S(a(w)). We derive a multilinear, tensorized
operator equation for the deterministic computation of k-th order statistical
moments of the solution fluctuations u(w) — S(ap), provided that statistical
moments of the random parameter perturbation r(w) are known. We present
a sparse tensor Galerkin discretization for the tensorized first order perturba-
tion equation. We prove a shift theorem for the k-point correlation equation
in anisotropic smoothness scales and deduce that sparse tensor Galerkin dis-
cretizations of this equation converge in accuracy vs. complexity which equals,
up to logarithmic terms, that of the Galerkin discretization of a single instance
of the mean field problem. We illustrate the abstract theory for nonstationary
parabolic diffusion problems in random domains. We verify Fréchet differentia-
bility by means of shape calculus, and establish the Hadamard principle that
the first order, k-th moment equation is completely specified in terms of data
on the boundary of the nominal space-time cylinder. We perform boundary
reduction of this parabolic evolution problem and propose a novel sparse ten-
sor space-time Galerkin discretization. In conjunction with the sparse tensor
Galerkin approximation of the k-point correlation, it reduces the complexity of
the Galerkin discretization to O(N(log N)*~1) where N denotes the number
of degrees of freedom for a stationary problem on the boundary of the nominal
domain (rather than on the space-time cylinder), thereby generalizing [25] to
the boundary reduction of parabolic problems.
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1. INTRODUCTION

We consider uncertainty quantification for abstract, parametric, nonlinear prob-
lems: given a € Z, find u € X such that

(1.1) J(o,u)=0 inY’.

Here X,Y, Z are Banach spaces, Y’ is the dual of Y, u € X is the unknown solution
and a € Z represents the set of inputs (such as boundary conditions, operator
coefficients, shape of the physical domain of u, etc.). We allow the functional

J.{ZXX - Y

(1.2) (,u) — J(a,u)

to depend nonlinearly on both variables, but insist on it to satisfy structural as-
sumptions which render it locally, in a vicinity of a nominal parameter value oy € Z,
well-posed (these structural assumptions on (1.1) will be made precise later): there
exists a unique, “nominal” solution ug € X such that J(ap,ug) =0in Y'.

Well-posedness of problem (1.1) implies moreover that changes in the problem
data in some (usually sufficiently small) open neighborhood U C Z of the nominal
parameter value ag € U lead to a corresponding small change of ug € X such that
(1.1) is satisfied. We denote the solution operator of (1.1) by S: U — X

(1.3) u=S(a) inX, aeclU

and assume that S is injective in U.

In many practical applications, the effective values of the problem parameters «
are not known precisely, but are known (or assumed) to be close to certain nominal
values o so that the fluctuation

r=a—agy#0.

Uncertainty in the parameter values can be accounted for by probabilistic modelling
of the input’s fluctuation r = r(w) = a — o as a random field with known law or
statistical moments. We show that if a(w) = ag + r(w) belongs to U almost surely,
u = u(w) becomes a well defined random field (cf. Lemma 4.1 below). One goal
of this work to present deterministic strategies towards the efficient, deterministic
computation of its statistics. Our approach is based on the (formal, at this stage)
first order Taylor expansion of J at the nominal values (ag,ug): if J(a,u) is twice
Fréchet differentiable at the nominal values (ag,up), say, then for all (a,u) in a
vicinity of (cv,up) holds

J(a,u) = J(ao,uo) + J. (o, uo)(a — ag) + J, (o, uo) (v — ug)
+O([la = aollZ) + O(flu — uo|%) -

Here, the differentials J! (ag, up) € L(Z,Y") and J] (ap, ug) € L(X,Y”) are bounded,
linear operators which are assumed to be known. Using (1.1) and neglecting the
second order remainders yields the first order perturbation equation
(15) 0= J&(Oéo,Uo)(Oé*Olo) +J;(C¥0,U0)(U7UO) in Y’ .
Well-posedness of (1.1) implies that the differential J/, (o, u) is boundedly invertible
in a vicinity of the nominal pair (ag,up). Then

u—uo=S(a) = S(ao) = —[Ji(a0,u0)] " Ty (a0, uo) (e — ag) + O([|e — al|%)
= S'(ao)(a — ) + O(|la — o) -

(1.4)
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The aim of this paper is to develop fast, deterministic algorithms for the approx-
imate computation of the k-th statistical moment M*[u — ug] (also referred to
as “k-point correlation function”) of the random solution u(w) from known k-th
moment of the perturbation M*r. Our algorithms will be based on trading ran-
domness for high dimensionality: rather sampling (1.1) for numerous realizations
of o, we derive an abstract, deterministic tensor equation for the k-point correla-
tion function of the system’s stochastic response: in Theorem 4.8 we prove that
MP¥[u — up] can be approximated by M¥[S’(ag)r], where S'(ay) € L(Z, X) is the
Fréchet derivative of the solution operator (1.3) at ag. One main contribution of
the present paper are explicit bounds for the approximation error

(1.6) EF = MF[u — ug] — MF[S(ag)r].

The classical Implicit Function Theorem provides existence of a neighborhood U of
ag such that S is differentiable in U. However, this classical result does not allow
to control the size of U. With this we obtain only asymptotic estimates for the
approximation error £¥ when the size of U tends to zero.

In order to derive explicit non-asymptotic bounds for £¥ we prove in the present
paper variants of the classical Local Implicit Function Theorem with an explicit
relation between the size of U and the size of the differentials of the nonlinear func-
tional J. These results are Newton-Kantorovich-type theorems with quantitative
control of the constants which may be of independent interest. The local Lipschitz
continuity of J!, J!, and the local invertibility of J/, are the key properties allowing
to control the size of U. We provide a detailed regularity analysis for M¥[u — ug]
and M*[S(ag)r].

If the magnitude of £* is small P-a.s., we propose to compute MF¥[S"(ag)r]
instead of M*[u — ], which is a simpler task, since S’(ag)r can be characterized
as a solution of a linear operator equation with a random right-hand side. We then
apply the tensorization technique [21, 24] to characterize MF*[S’(ag)r] as solution
of a tensorized deterministic operator equation.

Ultimately, the success of this approach depends, however, on our ability to effi-
ciently solve the tensorized, deterministic equation for the k-point correlation func-
tion. To this end, we extend and generalize the approach of [21] to the present set-
ting by imposing further assumptions on the “sensitivity operator” Gy = J,,(«o, uo).-
We discuss this first in the particular case, when X =Y are separable Hilbert spaces
and when Gy is coercive. As we showed in the linear case in [21], under additional
assumptions on Gy such as bounded invertibility on scales of smoothness spaces
{Xs}szo C X and {Ys}szo cY

In Section 4, we consider random perturbations of the parameter « in (1.1) which
are formalized on a background probability space satisfying the Kolmogorov axioms
of probability: throughout, IP shall denote a probability measure on the probability
space (9, A). By capitals B, X,Y, Z we shall denote separable Banach spaces of
functions. Solutions to parametric random boundary value problems will be sought
in Bochner spaces LP(Q,P; B) of p-summable, measurable mappings from (2, .A)
to (B, B(B)) where B(B) denotes the sigma algebra of Borel sets on the separable
Banach space B.

The paper is organized as follows. We begin with a brief introduction to the
differential calculus in Banach spaces in Section 2. In Section 3 we study properties
of the implicit solution of (1.1) with a deterministic parameter a. In particular, we
obtain explicit bounds on the neighborhood U > oy where the solution operator
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u = S(a) is well defined and is Fréchet differentiable. The size of U depends
explicitly on smoothness properties of J and its Fréchet derivatives. In Section 4
we apply these results to (1.1) where « is a random field. In particular, we obtain
asymptotic and non-asymptotic bounds on the approximation error ¥ from (1.6)
in the natural tensor product norms, see Theorem 4.6, Theorem 4.8. In Section 6
we illustrate the developed abstract techniques on sparse space-time tensor BEM
for instationary heat equation in random domains. In particular, we propose a
sparse tensor Galerkin scheme for the approximation of the k-point correlation of
the random solution at any point in the space-time cylinder with complexity of
log-linear order in N, the number of degrees of freedom on the nominal boundary.

2. DIFFERENTIAL CALCULUS IN BANACH SPACES

In this section we recall definitions and results of differential calculus in Banach
spaces needed in what follows (see e.g. [2, 3, 15, 5]).

Suppose X, Y and Z are Banach spaces and U C Z is an open subset. We denote
C(U, X) the space of continuous (w.r.t. convergence in norm) maps U — X and
by £(Z,X) the space of linear continuous maps Z — X.

Definition 2.1. Let U be an open subset of Z and oo € U. A mapping F is called
Fréchet differentiable at « if there exists a linear continuous mapping A € L(Z, X)
such that for

(2.1) R(ry=F(a+r)— F(a)— A(r) there holds ||R(r)|lx = o(||"]l2),

that is ||R(r)||x/lIrllz = 0 as ||r]lz — 0. If it exists, A is uniquely defined and is
called Fréchet derivative of F' at o € Z and denoted by F'(a)). The mapping F is
said to be Fréchet differentiable in U C Z if F' is differentiable at all o € U.

Consider a function J(-,u) for some fixed v € X. Its differential with respect to
« at u is the Fréchet derivative J/, (o, u) € L(Z,Y’) at (o, u) with respect to a. It
is uniquely defined by the requirement
(2.2) [ (a + 7, u) = J(a, u) = Jo(a, w)rllyr = o(|[r]|z)-

for all » € U in a neighborhood of 0 € U.
We will also require the following differentiation rule for composite maps.

Lemma 2.2. (Chain rule) Let F : U — X be differentiable at « € U and G : V —
Y be differentiable at u = F(a) € V, where U and V are open subsets of Z and X
respectively. Then Go F : U — 'Y is differentiable at « and there holds

(2.3) (Go F)(a)r = G'(u) [F'(a)r], with u = F(a).
Theorem 2.3. Suppose F € C1(U, X) in an open, nonempty subset U C Z. As-
sume that « € U and r € Z such that [a, e + 7] C U. Then
1
(2.4) Fla+7r)— F(a) = / F'(a+7r0)rdo.
0
The following classical result gives sufficient conditions for local solvability of the
equation (1.1), cf. [15, X.§2], [3, Ch. 3.1], [2, Ch. 2].

Theorem 2.4 (Local Implicit Function Theorem). Suppose XY, Z are Banach
spaces and W is an open neighborhood of (cg,ug) in Z x X. Suppose J (g, up) =0
and
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(1) J!(a,u) exists in W and J, J], are continuous in (o, up)
(2) the “sensitivity operator” Go := J) (ap,up) € L(X,Y’) admits a bounded
inverse I'y € L(Y', X)
Then there exists neighborhoods U of ag and V' of ug and a unique mapping S :
U —V, such that
a. S(ag) = ug
b. J(a,u) =0 in Y’ is equivalent to u = S(a) in X for any o € U, i.e.

J(a,S(a)) =0 holds in Y' forany a€eU.

c. Se€CU,X) if (2) holds and if (1) is replaced with the stronger assumption:
(la) J € COWV,Y"), J)(a,u) exists in W and J), is continuous in (ao,up)
d. if (2) holds and if (1) is replaced with the stronger assumption
(Ib) J. (o, u), J! (o, u) exist in W and J, J., J., are continuous in (oo, ug)
then S is differentiable in oy and there holds

(25) S/(Oéo) = —FOJ(,X(O(O,UO) .

Slightly stronger assumptions on .J are needed to ensure Lipschitz continuity of
S in U. In particular, we have the following theorem.

Theorem 2.5. Suppose the assumptions of Theorem 2.4 are satisfied and assume
that S : U — X is the solution operator of (1.1). Assume in addition that
(1) J et (W, Y")
(27) the “sensitivity operator” Gy := J/ (a1,u1) € L(X,Y") admits a bounded
inverse 'y € L(Y', X)) for any aq € U and u; = S(aq).
Then S € C1(U, X) and there holds

(26) S’(Ozl) = —].—‘1;](;(0[1,5(061)) Val e U.

In what follows we utilize the following notations for closed and open balls in
Banach spaces: for o € Z and § > 0

(2.7) Blag,d):={a€ Z:|la—aollz <38}, Blagd):= B(an,d)\ dB(ag,d) .
In our notation, we do not mention the Banach space Z explicitly, since it is always
clear from the context.

3. THE SIZE OF NEIGHBORHOODS

The assumptions of Theorem 2.4 and Theorem 2.5 are not sufficient to control
the size of the neighborhood U of around o where the solution operator S(«) is well
defined and differentiable. Revisiting the classical proofs of this result, for example
in [15, X.§2], [3, Ch. 3.1], allows to find a direct connection between the size of
U and smoothness properties of J. The following result shows that the additional
assumption of Lipschitz continuity of J!, and J;, at (ag, ug) is sufficient for existence
of S(a) for a € U with quantitative bounds on the size of U. This result is inspired
by the Newton-Kantorovich Theorem in the form stated, for example, in [14, Ch.
XVIII], [26, Ch. 5].

Theorem 3.1. Suppose X,Y, Z are Banach spaces and W is an open neighborhood
of (ap,up) € Z x X. Suppose J(ag,ug) =0 and that

(1) Je CW,Y"), J.,J., exist in W and are Lipschitz continuous in (ag,uo),
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(2) the “sensitivity operator” Gy = J/ (ap,up) € L(X,Y”) has a bounded in-
verse 'y € L(Y', X).
Define
(3.1) € := [0, (a0, uo) ||z x
and 1y being the smallest constant satisfying

ICo{J} (a, u) — J., (0, w0) }ll 25 x

(3.2) , / <o (|l = aollz + [lu — uol| x)
T {7, (e, u) — J}, (a0, u0) } | x = x

for any (a,u) € W. Let

1 o(8) i L0 = VT2 &)
2n0(1 + &)’ . o

and assume that 6 < §qg is so small that B(ag,d) X B(ug,e0(d)) C W. Then the
following holds:

(33) 50 :

a. There exists a unique continuous mapping S : B(ag,d) — B(ug,eo(d))
satisfying J (o, S(a)) =0 for any a € B(ag,d) and for ug = S(ayp).
b. The mapping S satisfies

(34) [S(a) = S(ao)l[x < Molla —aollz  Va € B(ao, )
with Lipschitz constant My = 2&y + 1.

Proof. Define a nonlinear map A, : X — X by

(3.5) Aqu :=u —ToJ(,u).

We show first that 3¢ > 0 such that (i) A, is a contraction in B(ug,e) and (ii)
maps B(ug, ) into itself.
Define R(a,u) := J(o,u) — J) (a0, up)(u — up). Then from (3.5)

Aqu =ug —ToR(,u)
and hence by linearity of I'y
Agu — Aquy = —To(R(a, u) — R(av, u1)).
For the right-hand side we have by the definition of R and Theorem 2.3
To(R(a,u) — R(a,uq)) = To(J(a,u) — J(a,ur) — J, (g, uo) (uw — uy))

= /O1 PO{J;(a,tu + (1 —t)uy) — J;(ao,uo)}(u —up)dt

Then
A U—A Ul x 1
I o|iu_ma|xl| g/ 770{|Oé—ao||z+t||u—u0||X-|-(1_t)ul_uonx}dt
0
1 1

We have K < 1, i.e. A, is a contraction for any « € B(ayg,d) and u,u; € B(ug,e),
provided that
1—ngé
(3.7) m@+te) <l o e< U"O .
0
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For proving (ii) we need to show
(3.8) [Aau —uollx <e  Yu € Blug,e).
Using (3.5) and (3.6) we have for any u € B(ug,€)
[Aau —uollx < [|[Aau = Aauollx + [[Aato — uollx

(3.9)

€
< mo(0+ )+ [[Tod (o, uo)llx-
Recalling J(ap, ug) = 0 we estimate the last term via triangle inequality

Lo (e, u0)|[x <[IToJq (a0, u0) (e — ao)lx
+[|To{J (v, uo) — J(ao,u0) — J4 (a0, u0) (e — ag) } | x

The first term in the hight-hand side is bounded by &y||a — ap|| z, the expression in
the norm in the last term equals to

/01 FO{J&(SOA + (1 = s)ao, ug) — J&(@o,uo)}(a — ap)ds.

This gives
1
1o (s uo)llx < lla — aollz (50 + [ sl - aonzds)
0

= lla = ao]lz (€0 + ll = aollz) -
Denote 0 := || — apgl|, then (3.9) provides

(3.10) | Awts — || x < 70(5 + g)e + (6o + %5)5 .

Therefore A, maps B(ug, ) into itself if right-hand side of (3.10) is bounded by e,
i.e. the radii §,e > 0 satisfy
(B.11)  m(@+ e+ €+ Dad<e & E-21-8)i+265+82 <0,

Here 0 := 190, & := noe are the rescaled radii. Resolving (3.11) and using (3.7) we
find that € € U; := [€_,£,] N (0,1 — 0) where

Er=1-6+VD with D=(1-0)%—(260+0%)=1-20(1+&).

Basic calculations show that Us = [_,1 — 5) is nonempty as soon as D > 0, since
in this case £_ > 0 and

= 1 1
3.12 < s < 3=
(3.12) 2(1+&) 2
Herewith we have proven that if 6 =: 100 satisfies (3.12), i.e. if 0 < §p, « € U :=
B(ayg,d) and if q(d) := £_ /ng then the mapping A, from (3.5) is a contraction on
B(ug,e0(6)). Furthermore, (3.5) yields that A, (u) is continuous for all (a,u) € W,
because J € C(W,Y") and Ty is linear. Then the assumptions of [3, Corollary 3.1.4]
are satisfied and there exists a unique S € C(U, X) satisfying J(«, S(a)) =0in U
and ug = S(ao).
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Next, we prove the estimate (3.4). From the previous considerations, we know
in particular that o € 0B(ayp,d) implies S(a) € B(ug,e0(9)), if 6 < dg. Then

1—6—4/1—-25(1+¢ 5
(313)  [S(@) - S(ao)llx < c0(6) = _ SR %7; DL

Then (3.4) follows, since § = ||a — agl|z = /7. O

This result does not provide computable quantitative bounds on the size of the
neighborhood of «g in which S is differentiable. To obtain such bounds, we require
additional assumptions on J.

Theorem 3.2. Suppose that the assumptions of Theorem 3.1 are satisfied, that dy,
eo are defined as in Theorem 3.1 and that S : B(ag,0) — B(ug,e0(0)), § < do is
the solution operator. Assume in addition
(1) J e CY W, Z) and J., J!, are Lipschitz continuous in W.
(2) J/(a1,u1) with uy = S(ay1) has a uniformly bounded inverse I'y : Y — X
for any ay in the open ball é(ao,éo).
Define
(3.14) = sup [T} (ar,S(n))llz-x
a1€B(ap,00)
and n being the smallest constant satisfying
T {76 (v, u) — o (e, un) Iz x
(3.15) }Sn(lla—a1|z+|u—u1llx)-
T { T} (e w) = T (o, ua) bl x - x

)
uniformly for any (a,u), (a1,u1) € W. Let
1 1—0n—/1— 201+
3.16 Op i= ————, €x(0) ==
(3.16) (1 +¢) ©) U

and assume that § < d,/2 is small enough, such that B(ayg,d) x B(ug,e«(8)) C W.
Then

(a) S is Lipschitz continuous in B(ag, ), in particular for M := 2 + 1

(3.17) [I1S(e) = S(e1)l|x < M|l — 1| z Va, a1 € B(ao, 9).
(b) S is differentiable in B(ao,d) and

(3.18) S (1) = —=T1J. (a1, S(1)) Vai € B(ayg,d).
(¢) S" in Lipschitz continuous in ag

(3.19) 157 (a) — S ()| zx < K|la — apl| z Va € B(ayg, d)

with the Lipschitz constant K = 4no(1 + &)?.

Proof. (a) If we fix an arbitrary oy € B(ao, dp), then assumptions of Theorem 3.1
are satisfied with «; instead of ap. We resort to the uniform constants £,n and
obtain the estimate

(3.20) [|S(a) — S(a)|lx < Mlla— 1]z Vo € Blag, o), Va € B(ay,ds,).

with M = 2¢ + 1. Suppose a, 1 € B(ag,d) with § < 6,/2. Then a; € B(ag, &)
and o € B(aq,04), since

lon —apllz < 0./2 <69 and |la—oaillz <|la—aollz+ ||ox — aollz <26 < 6.
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which together with (3.20) yields (3.17).
(b) We prove differentiability of S in B(ag,d). To this end we fix an arbitrary
element oy € B(ag,d) and define

(3.21) Uy = S(al), Fl = [J;(al,ul)]_l, A1 = —I‘lJ&(ahul).
Recall J(oy,u1) =0 = J(,u). Then we have for u := S(«)
1S(a) = S(ar) = Ara — ar)llx = T2 {4 (o1, ur) (o — o) — Ty (e, un ) (w — u) f x

1
< [ I (atsat (1= s)arw) - Jyfarw) lz-xla - arflzds
0
1
[ I (it (0= ) = T, ) ol =
0

1 1 )
< §||Of—041||z+||u—u1HX ||a—041||z+§\|u—ul||x
< 21+ MPa—au

by Lipschitz continuity of S in B(ay,d), cf. (3.17). The right-hand side is O(||a —
a1]|%), thus by Definition 2.1, S is differentiable in any oy € B(ayg,d) and S’ (o) =
Ay

(¢) Finally, we prove that S’ is Lipschitz continuous in ug. Relation (3.18) is
equivalent to

J) (o, S()S (o) + J. (o, S()) = 0, Vo € B(ag,d).
Then for u = S(a), ug = S(ag) we have the identity
(T (e, ) = T (a0, 10)) S () + T, (@0, u0) (8" () = ' (a0))

+J (a,u) — J! (g, ug) = 0.
This yields with Ty = [.J/ (ag, ug)] "

15" (@) = §"(ao)ll zx <[To(Jy(a, w) = T (0, u0)) [ x - x 15" (a) |l 2 x
HTo (T (e, u) = T (a0, uo))ll z-x
< no(ller = aollz + [[S(@) = S(eo) [ x) (1 + 15 ()] 2 x)

< Olla —aolz(1+ 15" (a0)lz-x + [19'(a) = §'(a0) [ z-x)
with © = no(Mo + 1) = 2no(1 + &) = 1/6p. Assume o € B(w,6), § < d,/2. Then
Olla — apllz < §./(2d0) < 1/2. This implies

15" () = §'(a0)ll z—x < 20(1+ &)l — ] z-
The proof is complete. i

4. RANDOM FIELDS UNDER NONLINEAR MAPS

In this section we study properties of random fields and their characteristics
under nonlinear maps and apply it to solution operators of the implicit nonlinear
equation (1.1). We prove the basic abstract results on measurability (Lemma 4.1)
and summability (Lemma 4.2) properties of random fields under nonlinear maps. In
combination with Theorem 2.4, this yields existence of the moments of the solution
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in a sufficiently small neighborhood U about the nominal parameter value «y, cf.
Theorem 4.6 and the asymptotic approximation result (4.16). Theorems 3.1 and 3.2
from the previous section allow to control the size of U. Based on this, we obtain
non-asymptotic approximation bounds in Theorem 4.8 which allows for a € U a.s.
where U is not necessarily small. The key property here is Lipschitz continuity of
the solution operator, cf. Lemma 4.7.

We begin with basic definitions, see e.g. [8, 17, 16]. Let (92, .4, P) be a probability
space where Q2 is a sample space, A is a set of events being a o-algebra over €,
and P is a probability measure. If (X, F) and (Y, G) are measurable spaces, a map
f: X =Y is called F-G-measurable, if f~1(G) C F. For a complete metric space
E, we shall denote by B(F) the Borel g-algebra of E generated by all open subsets
of E. A mapping a : Q — E is called a random variable if it is F-B(E)-measurable.
In this paper we are interested in random variables with values in Banach spaces.
From now we assume that X, Y and Z are Banach spaces.

Under the above notations we introduce the set of all A-measurable functions

(4.1) LY Z) = {a:Q— Z: ais A-B(Z)-measurable}

that is the set of all random variables Q — Z. Suppose a € LY(, Z)and S : Z — X
is a general nonlinear map (in what follows, S shall be interpreted as solution
operator from Section 2). Sufficient conditions under which the composition S o «
is a random variable, are given by the following classical result.

Lemma 4.1. Suppose X, Z are Banach spaces, o € L°(Q,Z) and S : Z — X.
The mapping u := Soa : Q — X is a random variable if S is Borel measurable,
that is B(Z)-B(X)-measurable. A sufficient condition is S € C(a(Q), X).

Proof. We prove the sufficient condition. As S is continuous, S~!(V) is open in
a(Q) for any V € B(X), i.e. U € B(Z): ST1(V) = a(Q)NU. Then

(Soa) ' (V)=a ' (STHV) =a Ha(Q)NU) =a 1(U) € 4,
since a € LY(£2, Z) by assumption. O

A function « : Q — Z is called P-almost surely separable valued if there exists a
P-null set N such that the image of its complement a(€2\ N) is separable. In order
to introduce a Bochner-Lebesgue integral we resort to a subspace of P-measurable
random variables, which can be equivalently defined by

(4.2) L(QP;27Z):= {a € L°(9; Z) : a is P-almost surely separable valued} .
The space L°(Q,P, Z) is also called a Bochner space of strongly measurable func-
tions. For a Banach space Z we define

1/k
([lalsarw) " 1<k<u
Q

ess sup ||a(w)| z k=00
we

(4.3) Ha”Lk(Q,P;Z) =

where E[-] := [,,(-) dP(w) with the integral denoting the Bochner-Lebesgue integral.
Then

(4.4) LFQP; Z) = {a € LYULP; 2)  [|o nrpiz) < 00} /N

where N = {a € LY(Q,P;Z) : a =0 IP’—a.e.}. The Bochner-Lebesgue space
LE(Q,P; Z) is a Banach space with the norm (4.3).
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Throughout our analysis of random perturbations, we assume w.l.o.g. that the
nominal parameter value ag € U C Z in our linearization of the solution map S(«)
is the mean field of a(w) or, equivalently, that the parameter fluctuation’s mean
field 7(w) = a(w) — ap vanishes.

Lemma 4.2. Suppose X, Z are Banach spaces, o € L*(Q,P; Z) and that S : Z —
X is Lipschitz continuous at avg € Z: there exists an open neighborhood U C Z of
ag and a constant M > 0, such that

(4.5) 15(@) = S(a)llx < Mlla—aollz  VaeU.

Assume in addition that

(4.6) PlaceU}=1.

Then u = S(a) € L*(Q,P; X).

Proof. Suppose 1 < k < co. Then

(4.7) 1S(e) = S(ao)ll L p,x) < Ml — aol| (o p,2) VaeU P-ae.

since

/Q 15(a) — S(ao) |k dP(w) < M* /Q la — ol dP().
From (4.5) we infer that (4.7) holds also for k = cc. O

In what follows we shall introduce and study properties of k-th statistical mo-
ments. For that it is convenient to introduce the following abbreviations for tensor
products.

Definition 4.3. For any two Banach spaces X,Y we denote by X ® Y its tensor
product being a Banach space endowed with a reasonable cross-norm satisfying

(4.8) lu@vlxey = [lullx|olly , VueX, veY.

The k-fold tensor product X ® --- ® X 1is defined by induction and is denoted by
X&) Analogously for an element v € X we define its k-fold product u®) :=
u®---@ue X® and a linear map A € L(X,Y) we define its k-fold tensor product
AR =A@ @ Ac L(X®) yHE),

Definition 4.4. Let k > 1 be an integer. Then for a € L*¥(Q,P;2Z) its k-th
statistical moment is defined by

(4.9) MFa =T [a(k)} = / a® dP(w) e Zz™) .
)

Note that MF is well defined as a mapping L*(Q,P; Z) — Z*), since
(4.10) HMkaHZ(k) < ||04(k)HL1(Q,1P>;Z<k>) = ”O‘HIZ’C(Q,P;Z)'

Corollary 4.5. Suppose X,Y,Z are Banach spaces and W is a neighborhood of
(ap,up) € Z x X. Let a € L°(Q; Z) be a random variable and consider a mapping
J is defined in (1.2). Suppose J(ag,ug) =0 and
(1) J € C(W,Y") and its differential J, (a,u) € L(X,Y") exist in W and are
continuous in (ag, ug).
(2) the “semsitivity operator” Go = J (ag,ug) admits a bounded inverse T'g €
LY X).
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Then there is a neighborhood U of oy and a unique random variable u € LO(£2; X)
such that u = S(a) satisfies (1.1) if P{a(w) € U} = 1; and S(ag) = uo.
Suppose (1) is replaced with the stronger assumption:
(1Y JeCW,)Y"), J, € L(Z,Y"), J, € L(X,Y") exist in W and are Lipschitz
continuous in (ag, ug)
Then

(a) U can be chosen as U = B(«ag, ), § < o with §o from Theorem 3.1.
(b) If P{|la(w) — agllz < 6} =1, then o € L*(Q,P; Z) and u € L*(,P; X)
forany 1 <k < oo.

Proof. Existence of a unique solution operator S € C(U, X) follows from Theorem
2.4. Lemma 4.1 yields that u = S(«a) is A-B(X)-measurable. Theorem 3.1 yields
(a). Assertion (b) follows from

oo = ol Lr (o, p;2) < do, |u — uollLra,px) < Mdg
guaranteed by (3.4) and Lemma 4.2. O

We see from Corollary 4.5 that u € L*(Q,P; X) for any k, if J/,, J! are Lipschitz
continuous at (ag,up) and the random parameter a(w) belongs P-a.s. to a suffi-
ciently small (bounded) neighborhood of ag € Z. This assumption is however of
limited use in practice. In particular, o can not be modeled as a Gaussian random
field taking arbitrary large values with small but positive probability. This difficulty
cannot be overcome in general due to the nonlinear nature of J, e.g. the implicit
equation (1.1) might be not uniquely solvable for certain values of « far from «p.
Fortunately, for some classes of J unbounded values of o can be allowed, as we
show in Lemma 4.7 below.

Considering models with such unbounded random parameters is possible if J is
linear and continuous [21, 24, 6]. In this case the solution operator S is linear and

(4.11) My =E[S(a)®- @ S(a)] = (S® - ®@S)HM*a .
In the linear case we obtain from (1.5)
(4.12) Ju=-Ja < u=58>)=Sa=—-[J]" T,

where S', J! | J! do not depend on (a,u). If J is invertible, then o € L*(Q,P; Z)
implies u € LF(Q,P; X) and hence the k-point correlation function to first order,
MPFu, is well-defined in X by (4.10). In this case sparse tensor schemes can be
constructed for approximate numerical evaluation of S = —[J/,|71J! | see [21, 24, 6].

In what follows we shall generalize this idea to a class of nonlinear problems via
local implicit problems of the type (1.1). The starting point is to rewrite (4.11) in
view of (4.12) in the form

(4.13) MFy = MES'a = (S"®--- @ S )MFa .

Here both S and S’ are linear operators, and S’ does not depend on the evaluation
point g, see (2.1). If S is nonlinear, then S’ depends on the evaluation point ayg
and (4.13) is not true anymore. However, S'(ap) € L(Z,X) is still a bounded,
linear operator and the nonlinear version of (4.13) reads

(4.14) M"[u = uo] =~ MF[S" () (e = )] = (5 (ag) @ - - - @ 5" () ) M* [ — axg] -

In other words, M¥[S’(ag)(c — ap)] can be computed pursuing the same strategy
as in the linear case and requires only the knowledge of M*[a — ag] and of a
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numerical procedure of approximate evaluation of the first variation at the nominal
pair (ao,up),
-1
S/(Oéo) == _I:J;(OKO7U()):| J(;(a(),’u,o) = —F()J(;(Oém’U,Q) .

Since the exact inverse I'g is usually not available, we interpret (4.14) as first order
tensorized operator equation for the k-th moment M¥*[u — ug], i.e. we consider the
tensorized equation

(4.15) find ZM e Xx® . G ZH) = (“1)*[J" (i, u0)] P MF[a — ]

where Gy = J/ (g, ug). Based on (4.14), the solution Z*) = MF[S’(ag)(ar — ap)]
of (4.15) should be a good approximation of M¥[u — ug]. By the definition of the
Fréchet derivative (2.1) we infer that the approximation must be good at least if
« belongs to a sufficiently small neighborhood of g as the following asymptotic
result shows.

Theorem 4.6. Suppose that the functional J and its derivatives satisfy the as-
sumptions of Theorem 3.2 and P{||a(w) — agllz < 6} = 1. Then

(4.16) [ MF[u — uo] — MF[S" (ag) (o — ap)]|| x = 0(6%), & = 0.

Proof. Due to Theorem 3.2, the solution operator S exist and is differentiable in
B(ayg,0) for 6 < d,/2. According to (2.1) we have for u = S(«a), up = S(ap) and
r=oa—aq

u = ug + 5" ()7 + Ro(r), [Ro(r)llx = o(ll7]lz)-
Due to (4.9)
MFlu—ug] — MF[S' (ao)r] = E[(S' (o) + Ro(r)) )] — E[(S(aw0)r)P].

Hence, by property of the cross-norm (4.8) and the binomial theorem

k
k —1i [
M= o] - M8 (e < B[ 3 (F) 1 ol IRalr) |
ko ke - . , ,
<2| 3 (515 ol sl IRl
=1
k ~ i
AT [ Ro ()l x
<E[|r|% ()kl sup (~ .
[lIrl1%] 2 )5 e (R
If P{||r(w)||z < 6} =1 we have E[||r[|%] < 6* and
Ittt = ) = M el g 5
The proof is complete. U

The approximation (4.14) could be accurate even for large, possibly unbounded
values for «, provided such values occur with a small probability. For example, such
that the perturbation o — g is L™-summable for m > k sufficiently high. The
essential requirement here is local Lipschitz continuity of the Fréchet derivative of
the solution operator on the possibly unbounded set containing g in the sense of
(4.17). We give this result first for a nonlinear sufficiently smooth mapping F' in
the following Lemma.
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Lemma 4.7. Suppose X,Z are Banach spaces, ) # U C Z is open and g € U.
Let F € CY(U, X) be a nonlinear map for which F' is Lipschitz continuous at oy
in the following sense:

(417) 3K >0:  |F'(@ - F'(o0)|zox < Kla—aollz VYaeU.

Assume that B = ||F'(a)||z—x < oo and let a € L°(Q;Z) be a random field
satisfying ]P’{a )€ U} =1.

(1) If a € L**(Q,P; Z) for some k € N, then
[ME[F(a) — F(ag)] = MP[F'(a0)(a — ao)] [l xw

< ((B+K/2)* - B¥) me (e k) lor = ol 7m0 p;2) -

(4.18)

(2) If a € L*Y(Q,P; Z) then

[M*[F () = F(ao)] = MF[F'(ag)(a = a0)] || xa
(4.19)

k - k
< §KB>|]? 1Ha - O‘0||Lti1(g,]p;z)'

where By := sup ||F'(&)||z-x < o©.
aeu
Proof. (1) Let r := a — ap be a random increment such that r(w) € U — ag P-

almost sure. In particular large realizations r(w) are allowed, if U C Z is large. By
Theorem 2.3 we have in this case

F(a) — Flag) = /0 F'(ag + r0)rdé.

This yields
MF[F(a) - Flap)] = IE[ (/
_ [/O HF (a0 + r(w )(w)d91...d0k].

1]'Ll

1

a0 + r(w)f)rw) de)“”}

Thus
MF[F(a) = F(ag)] — M*[F'(ao)r]
(4.20) k
[/ {HF ap +r(w)b;)r(w) — HF/(ao)r(w)}dﬁl...df)k].
0,1]¥ 1
For any fixed w € Q and 6y, ...,60; € [0, 1] the term in the inner brackets equals to
k-1 k
Z (H F'(ag + r9i)r> (F’(ao +70;)r — F’(ao)r) < H F’(ao)r> =: A(w).
j=1 Vi=1 i=j+1

Recalling definition of K, B we find | F'(&)||z—x < B+ K||a—«apl|z for any & € U.
Thus we obtain by triangle inequality and by the definition (4.8) of the cross-norm

k-1 _
(421) [A@)]xw < @)k Z(H B+ K )l2) ) (K6, 1r) |2 ) B

Jj=1
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Inserting into (4.20) and integrating over 64, ..., 60 we conclude
(4.22)

HM’“ [F(Oz) — F(ao)] — MF [F’(ao)?"] ||X(k-) < E[/ ||A(W)||X(k) déq ... dek]
[0,1]*

k

<kl Y (5+ fnr(w)nz)j_lfnr(w)ZBH].

j=1

By the binomial theorem the right-hand side equals to

5|3 k“ZB’“ JZ ( Y(Errens) 5]
S (‘7 f 1) ()+ BYE [l

j=114=0

In this expression only the binomial coefficient depends on j. Interchanging the
summation order we find for any numbers g; € R

QRIS »(TEba 7SS s A2

Changing 7 + 1 — ¢ we obtain
(4.23)

M [F(a) — F(ao)] — MF[F ||X<k><2()( )Bk Wl 5.

The right-hand side is finite if @ € L?*(Q,P; Z) and admits the bound as in (4.18)
by the binomial theorem.

(2) The assertion (4.19) follows analogously. If F’ is uniformly bounded, then
the estimate in (4.21) can be replaced by

IA@) [ x < kKO BErw)]Z

Inserting this in (4.22) yields (4.19). Note that the right-hand side in (4.19) is finite
if « € LFF1(Q,P; Z), which is a weaker assumption as a € L?*(Q,P; Z) in (1). O

The following Theorem follows directly from Theorem 3.2 and Lemma 4.7.

Theorem 4.8. Suppose that the functional J and its derivatives satisfy the as-
sumptions of Theorem 3.2.

(1) IFP{fla(w) — aollz < 0} =1 then
IM*[S(r) — o] = MP[S(c0) (e — o) [l x 0
< 0% (&0 + 0K/2)F — £5) = O(o"*1).
(2) Suppose S’ satisfies the local Lipschitz condition
(4.25) [5"(@) = S"(a0)lzx < K& —allz  VaeUl,

(4.24)

where U C Z is an open (possibly large or unbounded) set. Assume that
a € L°(Q,P; Z) is a random field, such that P{a(w) € U} = 1.
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(a) If « € L?*(Q,P; Z), then
|IMF[S(r) = uo] — MF[S"(c0)(a — o) x

(4.26) m
< ((o+ K/2)% - £5) me{ﬁ?’%”%} la = ol 0p.2)-
(b) If « € LFTY(Q,P; Z) and &, = gug 1S (&) || z»x < oo, then
ac
| MF [S(a) — uo] — MF [S’(ao)(a — ao)] Il x %)
(4.27) L
< §Kffil||0‘ - aoulztil(g,]p;z)'

5. SPARSE TENSOR GALERKIN DISCRETIZATION

5.1. Formulation of k-moment equation. We address efficient sparse tensor
discretizations of the abstract first order k-th moment equation (4.15), that is

(5.1) G(()k)Z(k) = [T (0, uo)] P MFa in X*)

We recall that the solution Z(*) € X(¥) of (5.1) approximates M*u under smallness
assumptions on the fluctuation o — ag.

Throughout, we assume that X,Y, Z are reflexive Banach spaces and that the
sensitivity operator Gy € L£(X,Y”) is boundedly invertible. This implies bounded
invertibility of G(()k) € L(X® (Y#)). A necessary and sufficient condition for
bounded invertibility of Gy are the inf-sup conditions: there exists v > 0 such that

(5.2) inf v, Gow) >~ inf v, Gow)

sup ————— — = >,
0£veY ozwex [[vlly[lwlx 0£weX oxvey [[vlly [lwllx

Here and in what follows, (-, -) denotes the Y x Y’ duality. To facilitate the discus-
sion, we associate with the sensitivity operator Gy the bilinear form

(5.3) go(w,v) = (v,Gow) : X XY = R.

Based on the general assumptions made so far, the form go(-,-) : X XY — R is
continuous, and satisfies the inf-sup conditions (5.2). An immediate consequence of
(5.2) is the following quantification of well-posedness of the k-th moment equation
(4.15): with the stability constant v > 0 from (5.2), it holds

0 y o (v, [Go] M w) x o) ok
0£0EY® gzpex  [[Vllym wll xom ’
(5.4) . vy (v, [Go](k) k
inf sup  —————— ) xw[[vllyw lwllxwm > v

0AweX () ey (k) w

This shows bounded invertibility of the tensorized operator G(()k) arising in the first
order k-th moment equation (4.15), however with condition which deteriorates ex-
ponentially with respect to the moment order k. We next address efficient discretiza-
tion of (4.15). To keep technicalities and exposition simple, we shall occasionally
impose the (restrictive) assumption of coercivity of Go:

(5.5) X=Y and Fy>0:Yvec X :go(v,v) >7|v|% .
Clearly, (5.5) implies (5.2) and (5.4). Note that X =Y does not imply Gy = G.
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5.2. Abstract Multilevel Galerkin Discretization. We present an abstract
Galerkin discretization of (5.1). We start with the case & = 1, and assume the
stability condition (5.2). The Galerkin discretization of (5.1) for k = 1 is based on
two dense, nested sequences

(5.6) VY lec X, {(Wlicy
of equal and finite dimension, i.e. Ny = dimIQX = dingY < 0o . In the elliptic
case (5.5), we have V;X = V¥ and we write V; = VX = V'

We assume the discrete stability condition: there exists ¥ > 0 and ¢y > 0 such
that for all £ > ¢

(5.7) inf sup M >, inf sup M >q.
0£veVY ozwevx |[Vlly llwllx 0weVX ozvevy [[Vlly llwllx
Evidently, in the coercive case (5.5), the discrete stability conditions (5.7) hold with

ly = 0 and with 4 = ~ for any selection of subspaces V.
The following result on the stability and the quasioptimality of Galerkin approx-
imations of (5.1) follows from the Lax-Milgram Lemma.

Proposition 5.1. Assume (5.2), (5.7). Then, for any L > £y, and any k > 1, the
tensorized k-linear Galerkin equations: find

237 € VEIW o e (VW (0,607 21") = (=1)"(v, [Ta(ao, uo)] M MPa)

admit a unique solution Zék) € [V{¥] (&) which converges quasioptimally to the unique
solution Z*¥) € XK) of the first order, k-th moment equation (5.1). There holds

Goll* .

5.8 7% — z®) < (14 £ z® - :

(5.8) | i lxor < {1475 oo o4 I wr || x
Convergence rates can then be obtained in the usual fashion, once regularity of

Z®) in (5.1) available. To state this in an abstract fashion, we embed X and Y’

into two scales {X*}s>0 and {Y"*}4>¢ of smoothness spaces of Besov type such that

(5.9)

X=X"2X'52X?’>.0X*>.., YVV=Y">7'>57V?’>.0YV"*>...

Following [21, 24] we assume that the subspaces VZX admit the approximation prop-
erty: for u € X*® and for every £ > 0 holds
(5.10) min_|Ju — we|lx S P(Ny, s)||ul|x=
wpe GVZX

where ®(N, s) is a function tending monotonically to zero for every s > 0 (typically,
®(N,s) = N=5/% where s > 0 denotes a Sobolev resp. Besov smoothness order and
d > 1 denotes the dimension of the computational domain in which the operator
Gy is defined).

Based on (5.10) and on the quasioptimality (5.8), convergence rates for the
approximation of Z(*) (and, by Theorem 4.6), also for M*[u — uy).

To state the estimates, based on the smoothness scales (5.9), we introduce for
(k)

k > 2 two families of tensorized smoothness scales: the “isotropic” scale [X*];;/

and the “mixed” scale [X 5](k) as follows:

mix
(5.11) X% = x*extVnxex ox*In.nxtDegxe,
- [Xélfffm = X°®..(k—times)...® X°.
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Then, for £ > ¢y > 0, a tensor product argument implies the convergence rate

(5.12) 125 = 2w < CPFR(NL )1 2| 0

where dim[VLX ](k) =N f, i.e. the full tensor product approximation of Z*) con-
verges at the same rate for all k¥ > 1 (in particular, therefore, at the rate for the
mean field problem k& = 1). However, the number of degrees of freedom used in
the full tensor approximation increases superlinearly with respect to Ny, for second
and higher order moments. In addition, the convergence estimates (5.12) require
only the “isotropic” regularity of order s of Z(¥). However, the tensor structure of

the operator G(()k) implies, in fact, regularity of order s > 0 for Z(*) in the mixed
(k)

miz”

smoothness scales [X®]

Proposition 5.2. Assume (5.2) and that Tg := Gy* € L(Y'$, X*) for some s > 0.
Then T = (G171 € £y )8) 1x1%) ) boundedly.

mix’ mix

The mixed regularity Z®*) € [X*] gf;)m is well known to allow for sparse tensor ap-

prozimation at essentially the rate ®(Np, s), however, from sparse tensor subspaces
VX®) C [VX]®) with substantially fewer degrees of freedom than dim([V;X]*)) =
NE. Denoting for £ > 0 by

Wi =VAVE . W =V

with the convention that VX = VY, =0 , the sparse tensor spaces V X (k), VY (k)
1 1 L L
are

k k
(5.13) VEW = P O @QQwE. M= P Qwl.

L1+ +Hp <L j=1 i+ <L j=1

If N, = dim(V;X) = O(b%) for some basis b > 1 (in the context of multilevel or
wavelet methods considered below, b = Qd), it is easily verified that, as L — oo,

(5.14) dim (VX 9)) = dim (VY ) = O(N (log(N5))" ) .

To harness the (generically available) additional regularity Z(®) ¢ [X S]g;)x of the
solution of (5.1) and the superior approximation power of the sparse tensor prod-
uct spaces (5.13) in (nonadaptive) Galerkin approximation schemes, however, the
(fundamental) problem arises in the case X # Y that the stability (5.7) in general
does not appear to imi)b/ a corresponding discrete inf-sup condition on the sparse

tensor product spaces VLX(’“), VLY(]“), This stability problem does not appear in the
coercive case (5.5): there, coercivity and conformity of the Galerkin discretizations
are well-known to imply stability.

Theorem 5.3. Assume (5.2) and that Gy € L(Y'S, X?) for some s > 0. Assume
moreover that for k > 1 there exists Ly > 0 such that for all L > Ly the tensorized

sensitivity operator G((]k) is stable on the pairs of sparse tensor product spaces VLX(’“),
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—

VY (%) e that there exists ¥(k) > 0 such that

(k)
inf sup _ {0, Gow) A(k)
0AvEVY 9 20y X (1) [olly oo llwll x
(5.15)
a'F)
inf sup (v, Go_w) (k)

0£weVE® o spevy oo [y [wlxe
Then the sparse tensor Galerkin approzimations: find Z\ék) € 175(’“) such that for
allv e VY ®) holds
<v,Gék)2g€)> = (fl)k<v, [Jg(ag,uo)](k)./\/lka>

admits a unique solution Z\ék) € VLX(’“). This solution converges quasioptimally,
i.€.

|2 -2

A

~(k 1 inf
o (v(k)) e

(3(k)) ™ (log N1) T (N, 8) | 20

7 ]
X (k)

A

[Xs](k>

miz

with the number of degrees of freedom bounded by (5.14).

In the remainder of this paper, we illustrate the foregoing abstract theory with an
example of the random solution to a nonstationary diffusion equation in a class of
stationary, smooth and bounded (this could be weakened) random domains D C R<,
d>2.

6. NONSTATIONARY HEAT EQUATION IN RANDOM DOMAIN

A broad class of applications of the abstract theory which we developed in sec-
tions 2 - 5 consists of boundary value problems in random domains. Here, the
dependence of solutions on the domain is generically nonlinear, even for linear par-
tial differential equations. The sensitivity operator Go = J/, (o, up) is the shape
derivative of the random solution evaluated at the nominal domain. The idea to
use shape derivatives in first order second moment calculus was first proposed and
developed in [12]. The rather well-developed shape calculus as presented e.g in [19]
(see also [13]) immediately yields broad classes of applications. By the Hadamard
formula (e.g. [19, Thm. 2.27]), if the only source of randomness resp. uncertainty
in the problem of interest is the shape of the domain D, the shape derivative (and,
hence, all linearizations of the sensitivity operator Go) takes the form of a linear
boundary value problem without source terms in the nominal domain Dy. This,
and the necessity for sparse tensor spaces in the efficient Galerkin approximation
of k-point correlation functions mandate boundary integral equation reformulations
and their Galerkin discretization by multiresolution schemes on the boundary 0Dg
of the nominal domain. Such multiresoltion schemes have the additional advan-
tage that they allow for compression of the Galerkin discretization of Gy which,
in boundary integral formulations, is a nonlocal operator on dDy. For a station-
ary diffusion equation, this program was developed in [12]. Here, we extend this to
time-dependent diffusion in a random domain. We consider here only time indepen-
dent random perturbations of Dy (and thereby avoid having to introduce stochastic
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processes). We proceed along the lines of [12]: a) shape gradient and determination
of Gy, b) boundary reduction of the first order perturbation problem and c¢) sparse
tensor Galerkin discretization of the boundary reduced problem.

6.1. Shape Calculus. As reference for the shape calculus, we follow [19, Chapter
3.4] and let D C R? (d > 2) denote a bounded domain with smooth boundary
0D and with exterior unit normal vector field n, and with T" > 0 a finite time
horizon, I = (0,T) the time interval of interest, and denote by @ = D x I the
space-time cylinder. Of particular relevance in the following will be the “mantle”
¥ =0D x I of Q. In @, we consider the linear, diffusion initial-boundary value
problem with either Dirichlet- or Neumann boundary conditions: given f € L?(Q)
and yo € L?(D), find y = y(x,t) such that

N )
(61) 'yly = —y = O on Z’

on
y(x,0) =yo(z) in D.

Here and in what follows, 1 denotes the (co)normal derivative on the boundary of
the nominal domain, dD.

The weak form of (6.1) is as follows: find y(t) € H'(D) such that for all v €
H'(D) holds

(6.2) /l)(vgzz—i-Vy-Vv) da::/vad:v a.e. tel,
y(0) =yo in L*(D).

It is well-known that (6.2) admits a unique weak solution y € W (I; H'(D)) where,
for any H}(D) C H C HY(D), the Bochner space W (I; H) is given by

W(I; H) = {¢ c L*(I; H)‘g‘f c LA(I; H’)} )

Moreover, W (I; H) C C°(I; L?(D)) with continuous injection so that the initial
condition in (6.2) is well-defined.

Analogously, the Dirichlet problem reads: given f € L?(Q) and wg € L*(D),
find w = w(x,t) such that

%—Z}—Aw:f in Q,
(6.3) Yow = w‘z =0 on?X,

w(z,0) = we(x) in D.
In weak form: find w(t) € H}(D) such that for all v € H (D) holds
(6.4) /D (U?;z) + Vuw - Vv) dr = /D fvdx ae tel,
w(0) =we in L*(D).

Then (6.4) admits a unique weak solution y € W (I; H} (D)).
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To compute the shape derivatives of y and w, we use the speed method: we
transport the nominal domain D under a smooth flow and assume that the (de-
terministic) data f and yo are given in all of R? (rendering the diffusion prob-
lem meaningful on the perturbed domains). Specifically, for e > 0 sufficiently
small, given a velocity field V € C*°(R%;R?) and the one parameter family D, =
T,(V)(D) :={Ts(V)(x)|x € D} of transported domains under the flow T,(V'). For
¢ > 0 sufficiently small, D, is smoothly diffeomorphic to D = Dy under T, (V) for
s €[0,¢).

As shown in [19, Lemma 3.7], the shape derivative y’ of the solution y to the
Neumann problem (6.1) with domain perturbation in direction V' is the solution of
an instationary Neumann problem. With ; denoting the (distributional) conormal
derivative on X, it reads: find 3’ such that
(6.5)

!/
%—yt —-Ay =0 in Q,

1y =yslV-n] = (—
y'(2,00=0 in D.

9

5t + f) (V-n)+divep (V-n)Vapyoy) on X,

Using [19, Proposition 2.68], we obtain the alternative representation

2
(6.6) ys[V - n] =V0D(V~n)~V3D70u—(V-n)% on .
We remark that even for 9D € C*° and smooth f and yg, this Cauchy data develops
a singularity at ¢ = 0, unless f and yg satisfy certain compatibility conditions at
{t=0}NnaoD.

Analogously, the shape derivative w’ of the solution w of the Dirichlet problem
(6.3) solves the following nonhomogeneous, instationary Dirichlet problem (see [19,

Lemma 3.9]):

!
3811; —Aw' =0 in Q,
(6.7) Yow' = wg[V-n]:=—(V-n)yyw on X,

w'(x,0)=0 in D.

As already observed by J. Hadamard [10], the Cauchy data 3§ and w§, for both
shape derivatives, (6.5) and (6.7), depends linearly only on the normal component
a =V -n of the perturbation field. Accordingly, we assume in what follows that
random domain perturbations are defined by a speed field V' of the form V =
a(x,w)n where n denotes the exterior unit normal to the smooth, nominal domain
Dy = D, and where the scalar function « is a smooth random field on 9D with
mean zero and known two-point correlation function M?[a] = Ela(z, ) ® a(a’, )] :
0D x 0D — R. We also observe that both the Dirichlet and Neumann shape
derivative problems (6.5) and (6.7) have homogeneous source terms and initial
conditions.

6.2. Boundary Reduction. To develop optimal complexity Galerkin discretizations
for the k-point correlation functions, we reduce (6.5) and (6.7) in the space time
cylinder @ to first kind variational boundary integrodifferential equations on the
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lower dimensional cylinder ‘mantle’ X, following [7] (see also [1] and [4]). Denote
(6.8) E(t,x) := (4mt) ™% exp(—|z|?/4t)0(t)

the fundamental solution of the heat operator. Here 9(t) = (1 + sign(t)) de-
notes the Heaviside function. By k¢, we denote the time-reversal map given by
Kt U(t, ) := v(tg — t,x) . Then, for solutions u(x,t) of the homogeneous heat equa-
tion there holds the representation formula

(6.9) u= Ko(nu) — Ki(yu) in Q,

where, for (to,z¢) € Q the single layer heat potential Ky and the double layer heat
potential K1 is defined by

Ko(o)(to, o) := (@, Yokt,v) ,  Ki(w)(to, z0) := (V1kev, w)

with v(t,2) = E(t,zo— ). For the formulation of the variational boundary integral
equations, certain anisotropic Sobolev spaces on ¥ = 9Dy x I are required: for
r > 0, we denote by

Hr/2(8) = L*(I;H"(0D)) N H™/?(I;L*(0D))

(6.10) ~ L*(I)® H"(0D)n H'/*(I) ® L*(9D)

where ® denotes the usual tensor product of separable Hilbert spaces and where
H™(I) = {v e H (I)|o € H"(—o0,T)} with & denoting the extension of v by zero
to the negative real axis. Note that for r < 1/2 holds H"(I) ~ H"(I). The space
H"r/2 (Q) is defined analogously. To formulate the boundary integral equations,
we introduce for (z,t) € ¥ the weakly singular and the hypersingular boundary
integral operators:

(So)(z,t) = /0 /8D o(y, 7) (Yo E)(x —y,t — T)dsy,dr

(Hu)(@,t) = —ma / /a ) E)@ = it = 7)dsydr

Here, v, denotes the trace operator taken with respect to the spatial variable
y, and 71, denotes the (co)-normal derivative operator taken with respect to the
spatial variable x. It is by now classical that the operators S and H in (6.11) are
continuous and boundedly invertible in anisotropic Sobolev spaces on ¥ = dDg x [
[7, Theorem 3.7, Theorem 4.16]. Specifically, it is shown there that the following
operators are bijective for every |s| < 1/2:

(6.11)

S o HTV2s(C1249)/2(xy Ly f1/24s(1/249)/2(x%)

(6.12) H . HY20280205) 0 L o1z (c1/249/2(y))

The Sobolev range of bijectivity |s| < 1/2 can be enlarged to arbitrary s > 0 for
smooth 0D € C*°, according to [7, Proposition 4.3]. The boundary reduction of
the shape derivative problems (6.7), (6.5) is now straightforward (see [7, Corollary
3.16¢), 3.17d)]): the unique variational solution w’ of the Dirichlet problem (6.7)
can be represented as

(6.13) w' = Koy, where Sy =uwg[V - -n],
and the unique solution of the Neumann problem as

(6.14) y' = Ki(, where H(=—ys[V -n]
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with w§; and y§; asin (6.7), (6.5) respectively. The unique solvability of the bound-
ary integral equations (6.13) and (6.14) is ensured by the following coercivity prop-
erties of the weakly singular boundary integral operator S and of the hypersingular
boundary integral operator H (see [7, Corollary 3.13]): there exists a constant v > 0
such that

(6.15) Ve HHV2YAS) o (4, 59) 2 Y131/ 1/amy »
and, with (-,-) denoting the corresponding duality pairings,
(6.16) V¢ e HYPVAE) (¢ HS) = ISl ) -

For a given, smooth velocity field V € C°°(0Dg; R?), the unique solution w’ of the
Dirichlet problem (6.3) is given by w’ = Kyt where the unknown surface density
1 is the solution of the variational first kind boundary integral equation: find

(6.17) v e H Y27V (9, S¢) = (Y, wk[V -n]) Ve H VEHAE).

By (6.15), the BIE (6.17) admits a unique solution for every w4 [V -n] € HY/2/4(%).
Moreover, by [7] if w§[V -n] € HY/2+s/2:1/4+5/4(%)) with s > 0 this solution belongs
to H_1/2+3/2’_1/4+S/4(Z).

Analogously, the variational formulation of (6.14) reads: find
(6.18)  CeHVHZ): ((HO=—(ChlV n)) V(e HV2VY(T).

By (6.16), for every y4&[V -n] € H-Y/%=1/4%), the BIE (6.18) admits a unique
solution ¢ € HY2/4(¥) and if y&[V - n] € H~1/2+/2-1/4+s/4(5) for s > 0 we
have ( € H/2Fs/21/4+s/4(x),

6.3. Sparse space-time Galerkin discretization. The coercivity (6.15) and
(6.16) of the first kind boundary integral operators S and H implies stability and
quasioptimality of Galerkin discretizations of the BIEs (6.17), (6.18) (e.g. [18]) for
any closed subspace Vy, of V = Hil/Q’i1/4(2). For brevity of exposition, we develop
the sparse tensor discretization only for the Galerkin BEM for the BIE (6.18) of
the Neumann problem (6.5). Analogous results (and proof) hold for BIE (6.17)
for the Dirichlet problem (6.7). To connect to the abstract Galerkin discretization
framework in Section 5.2, we note that here X =Y =V = HY/21/4(%) and, due
to the ellipticity (6.16), for any closed subspace Vj, ¢ HY?*/4(%), the Galerkin
equations

(6.19) Ch € Vi (G, HG) = —(Gh,ys[V - 1)) VCh € Vi

are uniquely solvable and the Galerkin solutions (;, € V}, are quasioptimal, i.e.
(6.20) 1€ = Cull sz <771 oJnf 1€ = vrllgrr2racsy -

Key to efficient Galerkin discretizations is therefore the proper choice of V},. Owing
to the (Cartesian) product structure of 9D x I, finite dimensional subspaces V}, can
be constructed from tensor products of hierarchic multilevel subspaces of piecewise
polynomials of degree p > 1 which are continuous in case of V = H'/21/4(%) and
of degree ¢ > 0 which are possibly discontinuous in case of V = H_1/27_1/4(Z).
Our generic notation for these spaces is as follows:

VECcVEC..cVFCL?*0D), VicVic.. cVlcL*I)

Here, ¢ denotes ‘level of mesh refinement’, and we have in mind piecewise polynomial
functions on uniformly refined meshes of widths 2=% and 27, respectively.
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Starting point for sparse space-time tensor Galerkin discretizations of the BIEs
(6.17) and in (6.18) are multilevel decompositions of the hierarchies {V;*}2°, and
{V}}32,, respectively: for every level L > 1, we have
(6.21) VE=WieWfe..oWf, Vi=WleWle..0oW,
where we assume that we are explicitly given bases for the “detail” spaces W and
W/ (such bases are explicitly available, for example, in terms of hierarchic Finite
Element bases or in terms of spline-wavelet bases as e.g. developed in [4]).

We build the family {Ve}32, C HY/21/4(S) of sparse tensor subspaces from the
hierarchies (6.21) by

(6.22) V= @ WieWw, cVv=H/>V4D), L=12..

Lol <L
The corresponding (unique, by (6.16)) Galerkin solution of (6.19) with the sub-
space Vy, defined in (6.22) will be denoted by (. By the quasioptimality (6.20)
and our regularity assumptions, the rate of convergence will be determined by the
consistency of the family {‘7@}@21 for smooth (, i.e. we assume

(6.23) ¢ e HY?Hs/21/4+5/4(9Dy x I) forall s>0.

In order to bound the convergence rates, we use that the anisotropic spaces (6.10)
are intersection spaces and, therefore, are equipped with the sum-norms

1€ = Cellmrzasasy = M€= Cellrzoiy + 1€ = Cellgoa/a s

where the spaces anfx( ) of “square integrable, mixed highest derivative” are as

in e.g. [11] defined by the tensor products: H>! (¥) := H*(dDo)® H'(I). We may

therefore apply [11, Theorem 7.1] (witho =1, ¢1 =1/2,¢2 =0, =ro =p+1)
to obtain that for ¢ € H"**(2) there exists a (quasi)interpolant {;, € V7, such that

for every 1/2 < s, <p+1,1/4 < s; <p+1 holds

16 = Cellyyzo sy S 2752 e

mix

and

1€ = Cullgoraggy S 2 Em otV C
which implies that for 1/2 < s, <p+1,1/4<s; <p+1
(6.24) 1¢ = CLll v, Ay S 27 Lmin{ss=1/2, St_1/4}||C||H” () )
while, for d = 3 ([11, Theorem 4.1]), as L — oo we have
(6.25) Ny = dim(V) < 281 |

i.e. the number of degrees of freedom of the sparse temsor product space Vi on
Y scales, as L — oo, as O(hg 4 1)), i.e. of a boundary element spaces on 0D
with uniform mesh of meshwidth h, (equation (6.25) remains valid also for d = 2,
with a logarithmic factor). We sum up these results in the (slightly conservative)
asymptotic bounds for the Galerkin discretization error

< 2_L(P+1/2)H<H

”C_ELHHI/?’”“(E) T p+4(2)

(6.26) - (p+1/2)/(d-1)]

S NL ? HCHH3p+§,§p+%(Z)

which is, again, the convergence rate afforded by a Galerkin boundary element
discretization of a hypersingular boundary integral equation on a domain Dy C R?
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by continuous, piecewise polynomial boundary elements of degree p > 1 on 0Dy.
Given the rather high smoothness of the heat kernel E(¢,x) in (6.8), by choosing
wavelet bases for the detail spaces W and W/ in the decompositions (6.21) which
have a sufficiently high number of vanishing moments, the stiffness matrices of the
boundary integral operators H (and of S) can be compressed to O(Ny) many non-
vanishing entries without compromising the convergence rate (6.26). In addition,
with the wavelets being Riesz bases in the spaces L2(I) and L?(0Dy), respectively,
and, properly scaled, also in H'/4(I) and in H'/?(9Dy), the matrices of the Galerkin
discretized operator S and H have condition numbers which are uniformly bounded
with respect to L, allowing for optimal complexity solvers. In particular, if

{#% : X eV} c HY2(dDy), {6, e Vi) ¢ HYA(D)

are collections of functions being normalized Riesz bases for L?(0Dg) and L*(I)
respectively, then the collection

x 3
(z,t) — : 3 ()0, (2) 2
I3 20, + 1950301731y

is a Riesz basis for H'/21/4(%) (see, e.g. [9, 25, 23] for details).

Naturally, é 1 is only an approximate density on 3. Information on the solution
inside the space-time cylinder () must be extracted by inserting é 1, into the repre-
sentation formula (6.14); this, in fact, allows for superconvergent approximations of
u(zx,t) as follows by an Aubin-Nitsche duality type argument for the Galerkin BIE
(6.18). (see [22] for details on this in the elliptic setting).

(6.27)

t (A p) € Vg XV,

6.4. Sparse space-time Galerkin discretization for the k-th moment equa-
tion. Tensorization of (6.13), (6.14) yields

(6.28)  MFw] =K M), where S®MF[p] = (wl) P MF[V 0],

and

(6.29) My = K{P M), where HWMEC] = (—yb) D MEV )

As discussed in Section 5, the coercivity (6.15), (6.16) of the boundary integral
operators S and H implies well-posedness of (6.28) and (6.29) and stability and
quasioptimality of Galerkin discretizations of the k-th moment BIE. We again work
out the details for the Neumann problem (6.5) and (6.29). Analogous results also
hold for (6.7) and (6.28).

Suppose Vi isa family of sparse tensor subspaces defined in (6.22). We introduce

—~ k
6300  Vv.®= P QWi cv® = v=pgY2/(Y)
Li+..+Lp<L j=1

with the “detail” spaces
(6.31) Wi, =V \Vi,.1= @ Wi ew,.
ém-i-ét:Lj

Due to (6.16) the Galerkin equations

632)  ¢i7 evi®: (wHOGE) = (D)Mo, () PV on)) Vo e W
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are uniquely solvable and the Galerkin solutions C,gk) € V. (®) are quasioptimal, i.e.
for d = 3 (6.26) yields
(6.33)

[MF[C] - Cék)H[Hl/%lM(E)](k) —k

v inf | M*[C] = oLl e sy o
v €V ()

IA

< W,kL% 9—L(p+1/2) H./\/lk[d ||[HT=T/2(E)]E,’31

where r = 3p + % As L — oo, the cardinality of V%) scales as

dim(V;,®) ~ log(Np)* "INy, < LF—1told=1),

i.e. (up to a logarithmic factor) as the cardinality of the boundary element space
on 0D, with the uniform meshwidth h, ~ 27F.
The approximation )} to MP*[y'] is defined via the representation formula

(6.34) vy =K ¢®,
The mapping K, : H'/21/4(2) — HY/2(Q) is continuous, thus
k
|M*[y'] - Villigrareignew, < B IMEIC] = ¢ W2 smygem

Finally, we utilize (4.24) from Theorem 4.8 and obtain by the triangle inequality
the error estimate for the k-th moment:
(6.35)

Ys — Yo
||Mk[T] — yﬂ‘[}]l,l/?(Q)mzw

Ys — Yo
< HMk[T] - Mk[yl]||[H1,1/2(Q)](W’:'ZI + ||Mk[y/] - y/L||[H1,1/2(Q)}(W’;?m
kot
< (8/9)" (6o + 65/2)" = &) + CIE L 7F 27 H O MU v o)
where y, is the exact solution of (6.1) in the perturbed spatial domain D; =
Ts(V)(D), see Subsection 6.1. The constants £y, K and & were explicitly defined in

Section 4 and depend on the size of the random boundary perturbation «.

Remark 6.1. The bound (6.35) tells that the level L of the Finite Element dis-

cretization Vi, %) should balance the linearization error represented by the first term
in the right-hand side of (6.35) L = L°P'. For L > L°P' the linearization error
dominates the total error in (6.35) and further refinement will not provide a better
approzimation of the k-th moment MF[%—20],

The linearization error depends on &y, K and . In the next subsection we
exemplify the abstract linearization error bounds by giving explicit values of these
constants for the parabolic model problem under consideration.

6.5. Bounds on the linearization error. We recall definitions (3.1), (3.19) and
Theorem 4.8(1) of the constants &, K and 6. For the parabolic model problem
(6.1), the spaces X, Y, Z from Section 4 are given by

Xi=H3(Q 5 - 0)={ue B Q)| (§ - due *Q)},

(6.36)
Y= HY3(Q), Z:=CFRY
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with & > 1 being sufficiently large. Note that {u € W (I, H*(D))u(z,0) = 0} C
H'2(Q) by interpolation. In this setting we have

/
6@l 2.3 g

o = IToJ, (a0, o) | sup

CHRDSHYEQ) T eona  [ollonme

and

”y’ — y6||ck(Rd)_)H1,%(Q) < Kla— OéoHCk(]Rd).

To avoid ambiguity we denote here by y{, the solution of (6.5) in the nominal domain
D = Dq corresponding to the zero perturbation ag = 0 whereas 3’ the solution of
(6.5) on the perturbed domain Ds = Ts(V)(D) corresponding to the perturbation
parameter «. First, we derive an explicit bound for . By continuity of K; and
coercivity (6.16) of H we obtain

1K

I/ larr2) < NI 33 ) < P2 el g -1 o,

and by (6.6)

0%y
lylell 3.1 g < lallwion) (nvamyn},_;,_i@) + ||WHH_;._£@)) .
Thus
[ K| >y
(6.37) §o= T ||V8D’Yoy||Hf%,fi(E) + HWHH*%’*%@)

provided the nominal solution y is sufficiently regular.
Next, we identify the local Lipschitz constant K. If the second shape derivative
of y exists, then
K= sup

"
lall ok gay<é lv (a)||C’“(Rd)><Ck(Rd)—>H1% @

The second shape derivative of y” can be identified as a solution of the following
problem:

oy .
8yt - Ay = m Qs
1
(6.38) aay =&V -n,W-n] on X,
n
y"(x,0) =0 in D,
where
o3 0%y o
Wil B) = —aB2Y 4 Vo, 5 Von,y'la] - 210
on on?
(639 2y'[8
+Vop.a-Vaop. y'[B] — « )
on?

Similarly as above, we obtain
_ K /
K= R (1900 Wl s gy -3 o
%y'[] Py

(6.40)
H on? ||ck(Rd)—>H—%v—%(z) + HangHH‘%"i(z))'
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The value of k in (6.36) and (6.40) must be chosen so that the operator norms in
the right-hand side of (6.40) remain bounded. By (6.14) this task reduces to the
study of the mapping properties of non-classical boundary integral operators

82

— K

on2 !

which is beyond the scope of the present paper, see [7] for more details.

VBDKh and

7. CONCLUDING REMARKS

In this paper we provide the first order k-th moment analysis for nonlinear
operator equations with random data. In Section 3 we studied solvability of a
general nonlinear parametric equation in Banach spaces for varying parameters
and obtained precise estimates on the size of the neighborhoods where the solution
operator is well defined (Theorem 3.1, Theorem 3.2). These results are new and
provide a generalization of the classical Implicit Function Theorem.

In Section 4 this result has been applied to abstract nonlinear equations in Ba-
nach spaces with random parameters. We established precise non-asymptotic error
bounds with explicit constants for the magnitude of the linearization error for the
k-th moment equation (see Theorem 4.8 being a generalization of the asymptotic
estimate in Theorem 4.6).

In Section 5 we introduced an abstract multilevel Galerkin discretization for the
linearized k-th moment equations. As a result of Theorem 5.3, the k-th moment
equation in the k-fold product domain can be solved at essentially the same cost as
a single linearized problem in the original non-tensorized domain.

In Section 6 we applied the general methodology to model nonstationary non-
homogeneous parabolic equations in randomly perturbed domains. By means of
Shape Calculus for the underlying partial differential equations we obtain a for-
mulation for the shape derivative of the solution which does not contain source
terms. It can, therefore, be efficiently treated numerically via boundary reduction
to strongly positive first kind boundary integral equations on the boundary of the
space-time cylinder.

We introduce sparse tensor product Galerkin discretizations of these bound-
ary integral equations. Sparsity enters here on two levels: first, the space and
time discretizations are performed by sparse tensorization, thereby compressing
the Galerkin approximation unknown surface density to a format with complexity
equal to that of a boundary integral equation of a stationary problem.

Second, the hierarchic multilevel space-time tensor basis allows to exploit the
mixed regularity of the k-point correlations functions. This leads to a priori er-
ror estimates for the resulting nonstationary k-th moment equation which equal,
up to logarithmic terms, those for the mean field of a stationary diffusion prob-
lem on the boundary of the physical domain. In particular, we solve the second
moment problem for a three-dimensional nonstationary heat conduction, being an
eight-dimensional problem, with the same error versus number of unknowns as a
stationary diffusion problem in a two-dimensional domain. Finally, we derive a
bound for the total error (6.35) with explicit bounds for the linearization and the
discretization errors.

We solved the problems on the boundary of the space-time cylinder using bound-
ary reduction via first kind boundary integral equations. Their stability in parabolic
trace spaces is a result of the coercivity of the underlying integral operators. An
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alternative approach using boundary integral equations of the second kind is also
possible.
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