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EXPLOITING LOCALITY IN SPARSE POLYNOMIAL APPROXIMATION OF
PARAMETRIC ELLIPTIC PDES AND APPLICATION TO PARAMETERIZED
DOMAINS

WOUTER GERRIT VAN HARTEN* AND LAURA SCARABOSIO

Abstract. This work studies how the choice of the representation for parametric, spatially distributed
inputs to elliptic partial differential equations (PDEs) affects the efficiency of a polynomial surrogate,
based on Taylor expansion, for the parameter-to-solution map. In particular, we show potential advan-
tages of representations using functions with localized supports. As model problem, we consider the
steady-state diffusion equation, where the diffusion coefficient and right-hand side depend smoothly but
potentially in a highly nonlinear way on a parameter y € [—1,1]". Following previous work for affine
parameter dependence and for the lognormal case, we use pointwise instead of norm-wise bounds to
prove fP-summability of the Taylor coefficients of the solution. As application, we consider surrogates
for solutions to elliptic PDEs on parametric domains. Using a mapping to a nominal configuration, this
case fits in the general framework, and higher convergence rates can be attained when modeling the
parametric boundary via spatially localized functions. The theoretical results are supported by numeri-
cal experiments for the parametric domain problem, illustrating the efficiency of the proposed approach
and providing further insight on numerical aspects. Although the methods and ideas are carried out
for the steady-state diffusion equation, they extend easily to other elliptic and parabolic PDEs.
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1. INTRODUCTION

Our growing demand for more efficient and accurate devices induces a need for computational prototyping
in multi-query [63] or outer-loop [61] scenarios, such as optimization, inference, and uncertainty quantification.
These tasks often involve the evaluation of a mathematical model for many values of an input parameter, for
instance, the quantity to be optimized or an uncertain quantity. The model evaluation is often the computa-
tional bottleneck in these frameworks, and surrogate models are a key tool to reduce the computational cost
dramatically.

In this paper, we focus on scenarios where the system’s behavior can be modeled by a partial differential
equation (PDE) of elliptic type with spatially distributed, parametric inputs. More precisely, we consider the
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parametric model problem
-V (A(y)Vu(y)) = F(y) inD,
u=0 on 0D, (1.1)
for every y € Y = [—1, 1],

where y is the high-dimensional parameter and D C R is a bounded, connected domain for d € N (usually
d =1,2,3 in applications) with Lipschitz boundary. We require that, for every y € Y, A(y) € (LOO(D))dXd and
F(y) € L*(D), with a parameter-independent bound on their norms. Furthermore, A(y,-) is positive definite,
uniformly with respect to the spatial coordinate and the parameter.

The parameter dependence of the input, entering (1.1) via the PDE coefficient and right-hand side, propagates
to the solution u, with u(y) € Hg(D) for every y € Y, and possible output functionals depending on it. We
are interested in constructing efficiently a surrogate, that is an approximant, for the parameter-to-solution map
y — u(y). We focus on sparse polynomial surrogates, and in Section 5 we highlight potential implications
for approximation properties of other surrogates and quadrature. A consistent part of this work addresses the
application to elliptic PDEs on parameter-dependent domains (with fixed coefficients and right-hand side),
which, as we will see, can be recast in the setting (1.1). Motivated by the application to parametric domains,
among many others, we are particularly interested in the case that A and F in (1.1) depend smoothly but
possibly in a highly nonlinear way on the parameter y.

The first results on convergence rates for polynomial surrogates of the parameter-to-solution map considered
the case of a finite-dimensional parameter, see for instance [3,4,73]. Convergence results for a parameter with
a countable number of entries, in other words, dimension-independent rates, were first obtained in [72] and
improved in [18,19]. These works study the model problem (1.1) when the right-hand side is independent
of the parameter and the coefficient depends on it in an affine way, that is A(y) = a(y)Il4, where I, is the
identity matrix and a(y) = ag + ;5 y;1;, for given aq, {’(/Jj}jzl € L*°(D) such that a is uniformly positive
and bounded (extension to matrix-valued coefficients is straightforward). From estimates on Taylor coefficients
(with respect to the parameter), the aforementioned works obtain convergence rates on polynomial chaos and
collocation-based surrogates.

A significant step forward was taken in [15], where convergence rates for Legendre instead of Taylor coefficients
were proved to hold for a much larger class of problems, namely (1.1) with smooth but potentially highly
nonlinear dependence of A(y) and F(y) on the parameter, and a broader class of PDEs. We refer to [17]
and Chapter 24 of [1] for a review of the so-far mentioned results.

All these works are based on the fact that the solution to the PDE, as a function of the parameter, admits a
smooth extension on sets of the form O = ®;>10; such that [—1,1] C O, and O; is an open set on the real line
or in the complex plane, and the sizes of the sets O; are determined by the sensitivity of the parametric input
with respect to y;, when sensitivity is measured using Banach space norms. More concretely, if the coeflicient
and right-hand side in (1.1) depend on a parametric input p(y) = po + >_;5; y;9; taking values in a Banach
space X, where p(y) = A(y) in the affine case but could also be something more involved such as the boundary
of a domain [12,39, 45|, then, in the works mentioned so far, the size of O; depends on the decay of ||¢;]|x
as j — oo. In particular, they do not take into account the support of ;, j > 1. Results in the same spirit,
although requiring quite different proof techniques, hold in the lognormal case, that is when A(y) in (1.1) is the
exponential of a Gaussian random field, and the parameter gy, taking values in the whole RN with underlying
Gaussian measure, corresponds to the image of the Gaussian random variables in the field expansion, see for
instance [31,46].

In the last years, starting from [6], it has become clear that using pointwise instead of norm-wise bounds on
the decay of 1; as j — oo can lead to a faster decay of the Taylor or Legendre coefficients of the PDE solution
when the supports of 1;, j > 1, are localized. The main idea is that, in this case, using norms to measure the
effect of each parameter coordinate on the variability of the output might be too pessimistic. One should exploit
instead that, at a specific location in the domain D, only few functions contribute significantly to changes of the
input p (and so, in some way, to changes in the PDE solution). The work [6] considers the model problem (1.1)
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and an affine dependence of the diffusion coefficient on the parameter (and fixed right-hand side). Similar results
have been shown in the lognormal case [5,29]. For a more general class of PDEs, pointwise bounds are also
considered in [75], on which we comment in Section 2.

This paper builds upon [5,6]. Our main contributions are: (a) we extend the results in [6], which are for the
affine case, to the case that the coefficient and right-hand side in (1.1) depend nonlinearly, but smoothly, on
the parameter; (b) we show how our results can be applied to treat elliptic problems on parametric domains,
and in particular advantages, in terms of convergence rates for surrogates, of using functions with localized
supports to represent the parametric boundary, or more generally domain variations; (c¢) for the application
to parametric domains, we present numerical results that, apart from illustrating the theory, provide further
insight on computational approaches to handle the parameter-dependent geometry.

In the application to parametric domains, we adopt the mapping approach developed within the framework
of uncertainty quantification by Tartakovsky and Xiu [71,74]. This involves transforming the PDE on the
parameterized domain to a parameterized PDE on a nominal (reference) domain. Such technique is often used
in shape optimization [40,41,44,58] and provides a framework for which theory and discretization algorithms are
well established. In particular, when applied to a stationary diffusion equation, the resulting PDE on the nominal
configuration fits into the framework (1.1). The smoothness of the solution on the reference configuration with
respect to the parameter has been analyzed in [12,39,54] for the linear elliptic equation, in [45] for a low-
frequency Helmholtz transmission problem, in [11] for the linear parabolic equation, in [20] for the stationary
Navier—Stokes equations, and in [48] for Maxwell’s equations in frequency domain.

While all these works prove smoothness in terms of the global properties of the parametric boundary, in the
spirit of the general results in [3,15], the present work relies on pointwise properties, in the spirit of [5,6,29,75],
showing that parametrizing the boundary, or, more generally, the domain mapping, using functions with localized
supports leads to higher convergence rates for surrogates based on truncated Taylor expansions. Our proofs are
based on what in [29] is referred to as “bootstrap” arguments, that is iterated differentiation, which, for the
application to parametric domains, are in the spirit of the proofs in [39], although using different estimates. We
highlight that, in the case of parametric interface problems, one might also be interested in the solution on the
physical, not the nominal, configuration. In that case, the dependence of the solution on the parameter is not
smooth [53,64,65].

The literature mentioned so far is for variational formulations on the domain, for analysis with boundary
integral equations we refer to [26,42,62]. Other approaches different from the mapping are possible to handle
parameter-dependent geometries. The fictitious domain approach [10] and level set methods [56,57,60] embed
the parameter-dependent domain in a larger, hold-all domain, and level set methods can handle both geometrical
and topological changes. However, since these techniques recast a problem on a parameter-dependent domain
to a problem with a parametric interface, the issue raised in [53, 64, 65] appears. Namely, the solution depends
non-smoothly on the parameter in a neighborhood of the boundary, affecting the convergence of algorithms
for polynomial-based surrogates. In uncertainty quantification, when one is not interested in the surrogate, but
in moments of the quantities of interest only, and when the shape variations are small, it is possible to adopt
perturbation methods [22,37,38].

When discussing the smoothness of the solution on the nominal configuration, we analyze theoretically and
compare numerically two approaches to construct a domain mapping starting from the boundary parametriza-
tion, namely an explicit expression using a mollifier and the harmonic extension [50,74]. The latter shows better
localization properties in the numerical results, and it is better suited for complex geometries. We analyze it as
a prototype for other PDE-based methods, such as those based on elasticity equations, see for instance [16,30].
Another possibility, acting on the discretized PDE, is to use isogeometric analysis (IGA), possibly with boundary
elements [27,28].

This work starts with the introduction of Taylor approximations to the parameter-to-solution map for prob-
lem (1.1) in Section 2. In the remainder of the latter, we prove ¢P-summability of the Taylor coefficients via
a weighted £2-summability argument. In Section 3, we introduce the stationary diffusion equation on parame-
terized domains, and we use the results from the previous section to investigate the summability properties of
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the Taylor coefficients for the solution on the nominal configuration. There, we also discuss different mapping
approaches. In Section 4, we finish the core of our paper with numerical experiments illustrating our theoretical
results for the parameterized domain problem. We end with some final remarks and conclusions in Section 5.

Throughout the paper, we use the following conventions. We denote the spectral norm of a n-tensor by |- |, 5,
and, for the special case n = 1, we use the short notation |-|. For parameter- and space-dependent quantitiés,
when using the aforementioned norms in proofs, in order to lighten the notation we will omit explicit dependence
on the space coordinate. For instance, for the diffusion coefficient in (1.1), |A(y)|,, will denote the spectral
norm of the matrix A(y, ), for given y € Y and & € D. For the norm on an infinite-dimensional Banach space
X, instead, we use || - ||x.

2. SUMMABILITY OF TAYLOR COEFFICIENTS

We are concerned with problem (1.1) when the solution map y — u(y) from Y to V := H}(D) is analytic,
as better specified below. In this case, we can introduce a polynomial expansion mapping y to u(y), and in
particular we can use the Taylor series

u(y) =Y tuy”, (2.1)

HEF
where t,, € V are the Taylor coefficients, defined by
Lo
t, = m@ 1(0), (2.2)

and F is the set of all finitely supported multi-indices:

F ={p= (w1, p2, 13, ---), pi € No,supp(p) < oo},

with Ny := N U {0}. The support of a multi-index p is defined by supp(p) := max{k € N : yu; > 0}. In (2.1),
yH = szl yé”, and in (2.2) p! = HjZI ;! Other mathematical operations can be extended to multi-indices in a
similar manner [18]. For example, we have the binomial coefficient () = [] i1 (‘;; );ordering p < v <= p; <vj
for all j € N; strict ordering p < v <= p < v and p # v; and the order |u| = 2]21 -

A surrogate for the parameter-to-solution map can be obtained by selecting, in (2.1), a finite-dimensional
subset of F corresponding to the Taylor coefficients with largest V-norm. The convergence rate of such surrogate
can be derived using Stechkin’s lemma, as we will also recall in Corollary 2.7, which relies on the fP-summability
of ([t |lv)ver-

Following [6], to show ¢P-summability of

(tullv) pe s (2.3)

we will first formulate a variational formulation for the Taylor coefficients in Section 2.1.
With this formulation at hand, in Section 2.2, we will show the summability of

(P tull¥) e r (2.4)

with a positive sequence p = (p;);>1 and p** defined elementwise, similarly to y*. From the weighted ¢2-
summability, we will conclude the (P-summability of (||t,||v).es in Section 2.3.

2.1. Variational formulation for the Taylor coefficients

Before we can derive a variational formulation for the derivatives of u(y) with respect to y, we need to ask for
analyticity and boundedness of the diffusion coeflicient and the right-hand side of equation (1.1) in the following
assumption:
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Assumption 2.1. The functions A(y;x) and F(y;x) in (1.1) are such that:

(a) the quantities ||A(y,)||L~(py and [|F(y,-)|z2(p) have y-independent upper bounds, for y € Y;

(b) they are analytic as maps from O = Q;-, O; to (L (D)™ and L%(D), respectively, where each O; CR
is an open interval containing [—1,1];

(¢c) there exists a constant Amin > 0 such that, for a.e. * € D and all y € O, it is an lower bound of the
smallest singular value of A(y; ).

Assumption 2.1(a) guarantees that u € L (Y, V). Now, we derive the variational formulation for the deriva-
tives OHu(y).
First, we obtain an important lemma, giving us a variational formulation for the Taylor coefficients in (2.1):

Lemma 2.2. Let Assumption 2.1 hold. Then, for every u € F, the Taylor coefficient t, € V defined in (2.2)
s the unique solution to

1 1
A(0)Vt, - Vvdx = — 7/ 5‘“*”140Vt,,'Vvder—/@“FOvdw,
R o KA L AP Y £t

for allv €'V, (2.5)
with S, ={v e F:v<pu}

Proof. Thanks to Assumption 2.1, fore; = (0,---,0,1,0,---) € F and every y € Y the quotient w €
V is well-defined, for |h| small enough. By argumentations similar to those in [18], passing to the limit |h| — 0,
one can show that the derivative 9% u(y) € V is well-defined as the unique solution to the variational formulation

/ A(y)Vo%u(y) - Vode = Lo(v), forallveV,
D
with
Lo(v) = f/ 0% A(y)Vu(y) - Vo de +/ 0% F(y)v de.
D D

By repeated application, we arrive at the variational formulation for the general derivative:

/ A(y)Voru(y) - Vodx = L(v), forallveV,
D

Lw)y=-Y (‘V‘) /D MY A(y) Vo u(y) - Vo dz + /D O F(y)v da.

veS,

Equation (2.5) is then obtained by evaluating the formulation above at y = 0 and dividing both sides
by u!. O

With these results in our toolbox, we are interested in the convergence properties of the Taylor coeffi-
cients (2.3). The goal of the next subsection is to show that we have summability of the weighted sequence (2.4).

2.2. Weighted summability of Taylor coefficients

The weighted ¢2-summability of the Taylor coefficients is given by Theorem 2.3, which we will prove in the
rest of this section. We note that, differently from Lemma 2.2, where we were only concerned with the existence
of the Taylor coefficients, here, in order to obtain the bounds required for the weighted summability, we need
restrictions on the growth of the derivatives of the diffusion coefficient and right-hand side with respect to the
parameter.
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Theorem 2.3 (Weighted ¢2-summability). Let Assumption 2.1 hold and let there exist a positive sequence
(pj)i>1 and 0 < Kp < 1 such that

sup Y p;b;(®) < Kr, (2.6)

where the function sequence (b;j(x));>1 is such that, for a.e. € € D, bj(x) > 0 and the derivatives of A and F
are bounded by

0" A0, @)|2,2 < ((b(2));=1)" fallpul), — [0"F(0,2)] < ((bj(2));>1)" fr(|ul), (2.7)

for all |p| > 0. Here, fa, fr : N — R are such that the series
ga(e) = 30 LA (2.8

n>1 ’

has a convergence radius p4, and fF—(‘n) has a monotonic, non-decreasing magjorant fi(n), such that the series
n:

gr(@) =Y fi(n)%a"

n>1

has a convergence radius pg. Moreover, let Kp be such that

Ky <min{papr,pa}, (2.9)
and
ga(K1) < Amin. (2.10)
Then, we have
> Pty < B < o0, (2.11)
pneF

for B= B(Kr,94,9F, Amin, D).

Proof. This proof follows the general ideas put forward in [5], adapted with different intermediate bounds. To
aid our efforts, we define o as the weighted sum of all k-th order Taylor coefficients with positive weights
(pj)j=1, k > 0:

o) = Z P Ntull3,

HEAK
where Ay = {p € F, |u| = k}.
For oy, k > 0, we have, by Lemma 2.2,
op < AL / >y i |6#7" A(0)Vt, ||Vt | da + A / > ﬂ|aMF(0)\|tﬂ| de .
" ()] min Jp 2l

HEAL VES, HEAL

=(I) =(IT)

First, we bound (I) with the help of the Cauchy—Schwarz inequality:

WAk [ 55 L0 Al [0 (90 do

nEAL vES, (1~
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1
2

< AZL / S )@ 19602 | | 3 et ) (0 1V)? | da, (2.12)

HEA VES/‘ vES,

[N

with

e(ju,v) = p”—l/|(8:—_v ;4)(!0)|2,2.

To bound }_, g (p,v), we first define Sy, ; :={v € 5, : [v — pu| =1} for | > 1 and, using (2.7) (and omitting
explicit x-dependence), we estimate:

HV|OH ™Y A(0)]2,2 K= jj>1
Z e(u,v) = Z P _V)(! )|, Z P )!)

veES,,1 veES,,1 ('u vESL,1

pn—v

l

l l
= ff}!() Y opibi| < fal )Ké“a

-
Jj=1

where, in the last step, we have used equation (2.6) in the assumptions. From this, remembering that p € Ag,
we can bound the complete sum as

D <l

ves, I=1veS,,

= ga(Kr) = 0Amin, (2.13)

M?r

6 l/) < f: fA(l)
=1

where § = QA(KT) < 1 by (2.10). We insert estimate (2.13) into equation (2.12) and apply the Cauchy—Schwarz

Apin

inequality to obtain

2

Vi [ |2 S cwnterwn? | | S @1ve)? | de. (214)

nENL VES, HEAL

N

In order to treat the first double sum, we introduce, with v € Aj for I <k—1land k> 1, R,y ={pu €A, : v €
S, }, such that, analogously to the estimates for S, ,

#gkg(u,u) < WK@R (2.15)

Using inequality (2.15) and equation (2.14) leads to

1 1

<o [ (ng*k(’“ Lk V|Vt|> > (Ve | da

veEN; HEAL

Nl

1
2

< SA;}H<ZWK§—IZ/D(pv|vty|)2da;> ZA/ PVt ) da

K1 3
= 5A.1< f"‘(k_l)Ki’;laJ of. (2.16)
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The term (II) can by bounded wia the Cauchy—Schwarz inequality and using (2.7) (and that |||z < |- |le),
obtaining

1
2

m<ah [ [ |Gl || X oinr) a
D\ yen, LH pEAL

1

2

< AmmfF / Z p2/t|t |2 de.

HEAL

Finally, to complete the bound of (II), we apply the Cauchy—Schwarz and Poincaré inequalities, and we use the
assumption on fp, resulting in

2

(I) < AL SRR ERIDIEC, [ D 2”/ VtuPde | < AL FE()EEIDIECyof (2.17)

HEAL

where C, denotes the Poincaré constant, depending on the domain D. Now, combining equations (2.16)
and (2.17) yields

k—1 fA(k l) 2 ?
/5 4-1 - k—1 —1 px k7L
Ok < 5Amin <§ (k’ _ l)' KT Ul) + Am1an(k)KT|D| 2 Op . (218)
To show the final part of the proof, we will bound oy, & > 0, by
o < Cy(k 4 1)0"% f1(k)?, (2.19)

where C,; := Y max(og, A |D|C2) with T € R such that

min

4
T > max 751

N2
(1-9)
and where we choose d such that % < 0 < min{pp, 1}, the existence of such § being ensured by the hypothe-
sis (2.9).

We proceed by induction. The base case for £ = 0 is shown by noting that o9 < C,. The inductive step is
proven by expansion of equation (2.18). For k > 1:

k—1 k—1
5 - . falk=1) (K
o < <M<C’gf1«“(k)25kk;&_l)!<;> >
1 2
< <(500f;(k)26kk) T+ AL f;(k)5k|p|écp>

< 5C, 1 (k)20%k + A2 f(k)26%|D|C2 + 255 C2 fi(k)20" kAL

: (2.20)

1
2

2
+ A;%nfm)mm%cp)

|D| CP;

min

where we remlnd that the last inequality follows from § < 1. Now, we simplify the term O A
bounding it by < il and using that T > 1:

LID|zC, by

min

o) < 0C, [ (k)26%k + %Wak \;c fi(k)* %k < Cgékf}(k;)Q((S + f}%)k + 1>,
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which advances the induction due to (2.20). Finally, we are able to conclude our proof by summing over k and
employing equation (2.19):

S0k < Co Y (k1) f7()6F = Cogr (8) + 89 (5)) < oo,

k>0 k>0
which converges by the choice of 4. O

Remark 2.4. As we will see also further in Section 3, what matters is not much the maximal amount of
variation (with respect to the parameter) in the coefficient A per se, encoded in the constant Kr, but rather
the amount of variation relative to A, and its relationship with the amount of variation in the right-hand
side, encoded in the relationships (2.10) and (2.9), respectively (although the bound B in (2.11) can depend on
K7, and the relationship between A and F).

Remark 2.5. Theorem 2.3 introduces a balance between ps and pg, where, for given Kp, large pa allows
for small prp and wice-versa. This inverse relationship is not surprising, as it follows from the underlying PDE
structure.

2.3. Summability of Taylor coefficients

As a direct consequence of the weighted summability proved in Theorem 2.3, we have the following ¢P-
summability result:

Theorem 2.6 ((P-summability). Let the assumptions of Theorem 2.3 hold with p; > 1, j > 1, and (p}l)jzl €
(9(N), where q = ;fpp for some p < 2. Then we have (||t,||v).er € P (F).
Proof. The proof follows closely the one of Corollary 2.3 in [6]. By Theorem 2.3 and Holder’s inequality,

y3 2—p 2—p

2 2

_2p _2p
Dot < [ D2 PNty > ot <B p 7" ;

HEF neF neF HEF

with B as in (2.11). Moreover,

e

HEF i>1 i>1
and the last product converges precisely when (,0;1) j>1 € L4(N). O

From the ¢P-summability of the Taylor coefficients of the solution, convergence rates for truncated Taylor
expansions follow:

Corollary 2.7 (Best N-term approximation). Let the assumptions of Theorem 2.6 hold. Then, for the best
N-term approrimation

) = Z t“'y#,

neAL

where AL} is the index set corresponding to the N Taylor coefficients with largest V -norm, there holds

1 1

1
=iy S OO0 0= D 1= g =5 €= )],

w(F)
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Proof. This results, as usual, from the application of Stechkin’s lemma [24,35], combined with the summability
properties of Theorem 2.6. O

Remark 2.8 (Comparison with [6]). Theorem 2.6 is a generalization of Theorem 1.2 in [6] to non-affine
parameter dependence (and parameter-dependent right-hand side). Specifically, when taking A(y) = a(y)ls =
(d+zj>1 yj¥;)1a, Iq being the d x d identity matrix, and F' independent of y, the main result in [6] is recovered
by choosing b; = ||, fa(n) =1 for n =1 and fa(n) = 0 otherwise, and fr(n) = 0. The difference between the
two results is that, in the present work, g4 (z) in (2.8) is more general than for the affine case, where g4(z) = x.
For this reason, equation (2.10) gives a slightly stronger condition than the one needed in [6], referred there as
(UEA*) assumption.

Remark 2.9 (Sharpness of Thm. 2.6). On the basis of the previous remark, the sharpness of our summability
result in Theorem 2.6 follows from the example in Section 4.2 of [6].

Remark 2.10 (Comparison with [75]). We note that similar results have been obtained in [75] for a more
general set of PDEs with a more restrictive set of assumptions. The result in [75] exchanges our explicitness and
sharpness in the obtained bounds for generality in the applicability of their results, see Remark 2.3.8 in [75].

3. APPLICATION TO PARAMETERIZED DOMAINS

To show the relevance of Theorem 2.6, we consider the elliptic diffusion equation on family of open Lipschitz
domains D(y) C RY, parameterized by y € Y:

V- (aVu)=f inDy),
u=0 on 0D(y), (3.1)
for every y € Y,

where a € L>®(Dy), f € L?*(Dy) are analytic functions from the hold-all domain Dy = UyeyD(y) to R, fixed
and independent of y € Y. We take care to distinguish u, the solution on the parameterized domain, from
u, which later will be the solution on a fixed domain. Finally, we assume a satisfies the following regularity
assumption:

Assumption 3.1. Both a and f in (3.1) are analytic functions from Dy to R. Next to this, we have that the
coefficient a is uniformly bounded by

0< Amin S a(a:) S Umax < OO,

for some constants amin, Gmax > 0.

For each y € Y, the variational formulation of (3.1) reads:
find u € H}(D(y)) such that

/ aVu-Vvdx = / fvde, foralvelV. (3.2)
D(y) D(y)

Thanks to the assumptions on a and f, well-posedness for every y € Y is ensured by the Lax-Milgram lemma.
We model the parameterized domain as a deformation of a Lipschitz reference domain, which we call D. In
the spirit of [12,39,45], we apply a mapping approach [71,74] to pull the variational formulation (3.2) defined
on D(y) back onto the reference domain D using a parameter-dependent diffeomorphism ®(y) : D — D(y).
Following [20], and motivated by similar approaches in shape optimization [40], we consider maps that depend

affinely on the entries of y:
O(y;xz) =x + Z ®;(x)y;, xeD. (3.3)

Jj=1
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In the uncertainty quantification framework, one could arrive at this representation considering it as a vector-
valued version of the Karhunen—Loéve expansion, see, for example, [39]. However, (3.3) could also be a parametric
representation used, for instance, for optimization purposes [43,44,51].

For these maps, we formulate the following assumption:

Assumption 3.2. The sequence (®,),;>1 satisfies the following smoothness and decay properties:

- ®(y;-), ®;(-) € WH(D), for all j > 1, and @' (y;-) € WH(D(y)) for ally € Y;
— there exist constants Cg,Cp-1, independent of y € Y, such that we have the bounds
[®(y; ) lwrepy < Co and |21 (y; ) lwr(Dy)) < Co-1 forally €Y.

We can take derivatives of ®(y,x) to obtain the Jacobian matrix D,®(y;x).
As a consequence of the Courant—Fisher theorem for singular values ([47], Thm. 3.1.2), applied to D,®(y)
and D, ®1(y), we have:

Lemma 3.3. Let Assumption 3.2 hold. We have that, for the singular values of D,® (y), o =
o1(y;x), -+ ,0q4 = 04(y; x), there exist constants opmin, Omax > 0, independent of y € Y, such that

Omin < 01(y; ), ,04(y; ) < Omax, for a.e. ¢ € D(y) and for all y €Y.
With the mapping ®(y; x) at hand, we can write the following variational problem on the reference domain:

for every y €Y, find u(y) € V such that,

/ A(y)Vu(y) - Vodz = / F(y)vdex, forallveV, (3.4)
D D
where V = H{ (D),
Aly;a) = (a0 ®(y;2)) Dy® ' (y;2) D@ (y; ) det(D, @ (y; 2)), (3.5)
and
F(y;z) = (f o ©(y:x)) det(Dy @ (y; x)). (3.6)

Under Assumptions 3.1 and 3.2, the problem (3.4) is well-posed and ||u(y)|v is bounded independent of y € Y.

To efficiently compute evaluations of u(y), we are interested in a polynomial approximation for the mapping
y — u(y) from Y to V. The holomorphy of an extension of the map y — u(y) from Y to V to complex
poly-ellipses, under Assumptions 3.1 and 3.2, was shown in [15,20,45]. Therefore, we can expand the solution
to (3.4) in terms of a Taylor series (2.1). We will investigate the summability properties of the Taylor coefficients
by employing Theorem 2.6 in the following section.

3.1. Setup for Theorem 2.6

By Assumptions 3.1, 3.2, and Lemma 3.3, Assumption 2.1 is satisfied. To apply Theorem 2.6, we need a
sequence (b;(x));>1 that verifies its assumptions. In this subsection, we will first show pointwise bounds on
|A(0;x)|2,2 and |F(0;x)| from (3.5) and (3.6) in terms of | D,®;(0;x)|22 and |®;(0;x)|, j > 1, and use these
bounds to choose (b;(x));>1 appropriately. We define the following bounds on the spectral norms of the total
derivatives of a and f:

Co(n) == sup |Dlaln2, Cy(n):= sup |Dyflne.
xz€Dpy xz€Dpy

Moreover, we let C,, and C’f be the monotonically non-decreasing majorants of C, and C¥, respectively.
Now, the desired bounds on |A(0;x)|2 2 and |F(0;x)| follow from direct computation and are given by the
following lemma:
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Lemma 3.4. For y € Y, let A(y) and F(y) be defined by equations (3.5) and (3.6), respectively, and let
Assumption 3.1 and 3.2 hold. Then, for a.e. x € D and for every u € F, we have the bounds

v

0" A0 )] 5, < Callul) D (5) W ((|Dz¢>j(o;m)|272)j21)“_yx/&"‘” ((125(0:2))),5,)

and

o ro0) < Colle X (1) v (Do) ) (te0i2,)"

v<p

We postpone the proof to Appendix B for brevity. Analogous results to Lemma 3.4 can be found, for example,
in [39] employing the Fad di Bruno formula. However, contrarily to these results, we employed a different proof
technique, and we only need to evaluate the derivatives at y = 0, which results in our bounds being slightly
sharper then the bounds in [39].

With these bounds at hand, we define (b;(x)),>1 in the following corollary:

Corollary 3.5. Fory €Y, let A(y;x), F(y;x) be defined by equations (3.5) and (3.6) respectively, and let
Assumptions 3.1 and 3.2 hold. Then, for a.e. € € D and p € F, we have the bounds

040 )]5 5 < ((b5@));00) Sallul), 10" F(O52)] < ((bs())2,) Fra),

with
1at) = Calm) "2 o) = Gy,
and
bj(x) = |®;(x)| + Vd| Dy ®;(x)l2,2- (3.7)

Proof. The result follows from the application of Lemma A.1 with N = 2 to Lemma 3.4, after we bound both
Vd| Dy ®j|2,2 and |®] by by, j > 1. -

To verify the assumptions of Theorem 2.6, we are left with the task to verify equations (2.9), (2.10) and to
find a positive sequence (p;);>1 with p; > 1 satisfying equation (2.6). To attain this goal, we need to bound
bj(x), j > 1, in order to determine K7 < 1 in (2.6), to finally show

. +3
1a(r) = 2 Cal) (") K < (33)

n>1
such that, by Lemma 3.3, we have
gA(K7) < aminot . = Apin and max{papr,pa} > Kr. (3.9)

Here opin is, following Lemma 3.3, the lower bound on the singular values of D,®~!. To bound b;(z), j > 1,
we are dependent on bounding ®;(x). To determine these partial transformations, we turn our attention to
star-shaped domains in the next subsection.

Remark 3.6. In the special case where Cy(n) is bounded, and therefore C, (n) = C,, is constant, we can expand
equation (3.8) explicitly into
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Remark 3.7. We observe that sharper constants in the convergence estimate could be obtained by adapting
the proof of Theorem 2.3 to the specific case of parametric domains considered in this section. This would
improve the constants whilst leading to the same summability exponent for the Taylor coefficients.

Remark 3.8. From equation (3.9), we observe that, as described in Remark 2.4, the important quantity here
is the amount of relative variation to ga(K7r)/(amin0m;, ), Where we see how different domain mappings have
an effect on the constants.

3.2. Star-shaped domains

Thus far, we have not considered an explicit expression for the parameterized domain D(y). We now illustrate
how the results of the previous subsection apply to a star-shaped reference domain D in R2. Due to this star-
shape property, we express the latter in polar coordinates as the region inside a simple, closed curve ry(9),
0 € [0, 2m):

D={xeR*:|z|<ro(0(x))},

where 7o € CD1.([0,27)) parameterizes the boundary of the nominal domain D and 6(x) denotes the argument
of x € R2.
Similarly, we assume all parameterized domains D(y) to be star-shaped as well. Hence, we describe, for every

y € Y, the parameterized domain D(y) by
D(y) = {z e R?: |z| < r(y;6(x))}.

We model the boundary r(y; #) as an affine combination of the nominal radius and basis functions {¢;(x)};>1,
namely

r(y;0) =7ro(0) + > _1;(0)y;,  forall 6 €[0,27), y €Y. (3.10)

j>1

To ensure, in the next subsections, the required regularity of the domain mapping ® and its inverse, we add the
following assumption and consecutive lemma:

Assumption 3.9. For all j > 1, ¢; € C%L([0,7)), and there exists v € (0,1), independent of y € Y, such that

per

ij(e)yj < ro(0), Zzﬁ}(e)yj < 00, for all 6 € [0, 27).

j>1 j>1
Lemma 3.10. By Assumption 3.9, we have
r(y;-) € C’gélr([o,%r)), for all y €,
and ||r(y,-)||co.r has a y-independent upper bound.

With the parametrization (3.10) at hand, we can find a bijective mapping ®(y;-) from D to D(y), which
depends linearly on r(y;-). Due to this linear dependence and the affine expansion (3.10), we can express the
domain transformation as in (3.3), and utilize it in Theorem 2.6.

One may use different techniques to obtain the mapping ®. One approach involves formulating an explicit
radial transformation between D and D(y), by mapping the boundary of D to the boundary of D(y) using a
mollifier. The use of such an explicit expression will offer several advantages when studying theoretical properties
of this mapping. In Section 3.3, we will further explore this, referred to as mollifier mapping later.

Another approach is to describe the mapping implicitly as the solution of a linear partial differential equation,
with (3.10) as boundary condition. One such partial differential equation is Laplace’s equation, applied to
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each component of the spatial coordinate separately. The resulting domain mapping is called the harmonic
extension [50, 74]. The smoothing properties of the harmonic extension bring numerical advantages compared
to the mollifier approach, as we will see in the numerical experiments. On the other hand, analytically proving
the bounds required to apply Theorem 2.6 is more challenging, due to the lack of a general explicit expression
of ®. In Section 3.4, we will delve further into the harmonic mapping.

The mollifier and the harmonic mappings, discussed in the upcoming subsections, allow us to illustrate,
analogously to the findings in [5,6], how the use of basis functions with localized supports can lead to faster
convergence of the Taylor coefficients for the parametric solutions to (1.1).

3.3. Mollifier transformation

In this subsection, we examine a transformation that maps the nominal domain D to the parameterized
domain D(y) by employing a mollifier x(x). Following [45], we define a mollifier on the nominal domain D such
that the following conditions hold:

Assumption 3.11 (Mollifier). The mollifer x(z) : D — [0,1], x € C%Y(D), has the following properties:

(i) The mollifier is, on its support, strictly monotonically increasing as a function of |x| for fized 6(x).
(ii) The mollifier is 0 in a neighborhood of the origin, and 1 on the boundary of D.

Consequently, we define the following transformation satisfying Assumption 3.2:
Definition 3.12 (Mollifier transformation). With a mollifier satisfying Assumption 3.11, we define the mollifer

transformation, mapping the nominal domain D to the parameterized domain D(y), for every y € Y, by:

®(y; @) = @ + x(@)[r(y; () — ro(t‘)(m))}%, z €D, (3.11)

From Assumption 3.11, we conclude that ®(y; x) is bijective. Also, it fits the framework (3.3) with, for j > 1,

0;j(x) = x(wmw(m»%, zeD.

To verify the assumptions of Theorem 2.6, we need to calculate an explicit bound on the Jacobian matrices
D,®;(x), j > 1, which is given by the following lemma:

Lemma 3.13. For the transformation given by equation (3.11) and the parameter-dependent radius as in equa-
tion (3.10), we have the bound

[D2®j(2)]y 5 < X1 |105(0(2))] + )22’1/15(9(1:)”, for a.e. x € D,
with
) 2 @) \/( 2 X($)2>2 Ix(x)? )
X1= sup —=||Vaex(®)|” + + Vx| + - Vex(z) - x
1 mesupp(x)\/i | ( )| |{E‘2 | | |ZB|2 |(E‘4 ( ( ) )
and

x(@)

X2 = sup
xcsupp(x) |.’1}‘

Proof. The proof relies on a establishing bound of the form
1D2®j(2)]y 5 < [ (0())]|AL()]5 5 + [5(0(2)) ]| A2()]5 5,

for a.e. & € D, and calculating the largest singular values of A;(x) and As(x), see Appendix C for details. O
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Several mollifiers could be used satisfying Assumption 3.11, and an important one is the affine mollifier,
outlined in the following example:

Example 3.14 (Affine mollifier). We define the affine mollifier by

=
__0
T4

— =0 for |o| > o,
x(x) = 7o (0(x))— 29 4 (3.12)
0 otherwise,
where 75 = infgejo2x)(70(f)) equals the minimal nominal radius. With the affine mollifier at hand, we can

calculate the supremum of x;(x) and y2(x) explicitly and obtain, for a.e. € D,

[ (R YRS NN S
X1=7— 5 |+ -——= |, Xe=5= )
3rg ( o 2 ) 4r, 3rg 4ry

where L, is the Lipschitz constant of r¢. For explicit calculations, see Appendix D.

Now, we expand on the special case where the functions ¢; in equation (3.10) are wavelets. Wavelet expansions
allow for localized perturbations in 7(y; 6), in contrast to the globally supported Fourier modes. For an overview
of wavelets, we refer to [52].

To find the optimal convergence rate of the Taylor coefficients (2.3) of the solution to (3.4), we propose
a sequence p; to verify the assumptions of Theorem 2.6. Let the wavelets {1;(0)};>1 be a frame of wavelets
generated by periodization of a mother wavelet ¥ € C%'(R) with ||¥|| =®) = 1, as introduced by Yves
Meyer [52]. As it is more natural, we denote the wavelets by their index A, which is a concatenation of their
space and scale levels, and using the notation |A| = [ > 0 for the scale level. At each given scale level [ > 0,
there are O(2!) wavelets and their supports are such that we can define

M = sup Z|\II(9—k)\, My = sup Z|\IJ’(0—k)|, (3.13)
06[0,1)k€Z 06[0,1)kGZ

for some M, M, € R independent of the level. We note that this condition is satisfied by the rapid decay of the
mother wavelet [52]. More explicitly, we define, for all § € [0,27) and a > 2,
ro U

¥a() = (1 - 2*“)2*@*“'@(2'”(9 - k)), (3.14)

where ¥ := Supgc(o 2x) 2 j>1 [¥(0)| is the overall maximal amount of shape variation. Wavelets are such that,
due to their localized support, we can sum them very efficiently, as expressed by the following lemma;:

Lemma 3.15 (Pointwise summability of wavelets). For a Lipschitz-continuous mother wavelet and o > 2
n (3.14), we have the following pointwise bound on the sum of the wavelets and their derivatives:

Md 1-27¢
Z"l/})\ | < TO ’l9 Z|Tl)>\ M W, for a.e. 6 € [0,27{')

In particular, the radius expansion fulfills Assumption 3.9.

Proof. Let A € {\:|A] =1}, 1 > 0. Using equations (3.14) and (3.13), we expand the first sum and obtain

Zm N <rgd(1 =273 27 < rgd. (3.15)

>0
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Similarly, expanding the second sum yields

1—-27«
S WAG) < rgo(1—27 Zz (=Dl < oy di. (3.16)

_ 9—(a—1
A >0 2 )

O

The previous lemma, together with Assumption 3.11, ensure that the domain mapping fulfills Assumption 3.2.
We turn our attention to the variational formulation on the reference domain, equation (3.4). We remind
that Assumption 3.2, when considered with Assumption 3.1, ensure the fulfillment of Assumption 2.1. the
aforementioned properties of the mapping guarantee that, for every y € Y, A(y;x) and F(y;x) as defined
in (3.5) and (3.6) are in W1°°(D) and L?(D), respectively, with y-independent norm bounds.

To verify the assumptions of Theorem 2.6, we remind that, on the basis of Corollary 3.5, the sequence
(bj(x))j>1 appearing in (2.7) is given by (3.7), provided we use A as index. Then, for the sequence (py)\ we
propose, for 8 < a,

BM(I _ Qﬁfa)g(ﬁfl)lk\
1—2@ ’

where

-1 4
gA (amingmin) 1
L+ V23 + V28Exa o 9 (3.18)

We need to ensure that By, > 0 by choosing a small enough value for the maximal shape variation ¢. In (3.18),
we remind the reader that o, is the lower bound on the singular values of the Jacobian matrix.
To check that (2.6) is fulfilled, we expand the sum in (3.3) and treat the resulting terms separately:

BM 1 _25 2(B=1)[A|
ZPA|Dx(I)>\ |22 Z|D P ( |22+Z )a) |Dw<I>,\(w)|2’2.
A

First, making use of Lemmas 3.13 and 3.15, we bound the first term

S 1D @)las < 3 (ks O] + el 0@ < i (%1 + % gt e )
A A

M1— 7(0471)

and the second term

Bas(1 — 28=)208-1DA
Z 1-2-2) | D@ ()22
A
_ (G M, o M
S;TOBM(1—2B )20 W( 12 l+X2M>2 (=Dl < ﬁBM<X1+><sz>-

Combining both, we get
_ My, 1-27¢ _ _ M,
z/\:P/\| Dy ®@x(x)|22 < 1g '19<X1 + X2 Md T o=@ T B <X1 + X2A;>)7

see also (3.15) and (3.16). In a similar manner, we bound ), px|®,| so that, altogether, we obtain

My 1—-27¢ M
Zmbx(m)gro (1+\fx1+fx2 d +BM<1+\/§X1+\/§X2Md>> = K,

a—1
S M 1—2-(a-1
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for 9 small enough to satisfy (2.9).

Because of our choice of By as from (3.18), we have K7 < g4'(aminol;,), so that equation (3.9), and
therefore, equation (2.10) are satisfied. We also have py ~ 2(8=DIM " which can be reordered [6] to obtain, for
all j > 1, p; ~ 1.

This sequence satisfies (pj_l)j21 € (9(N) with ¢ > (8 —1)71, so that we can use Theorem 2.6 to obtain
-_— -1 . . . .
(Itullv)per € P(F) for p > 22_5?5_12),1 = 2(5_21)“. This implies that (||¢,]|v)uer converges with rate s = 1% =
2(8-1+1 _
2

B-1)+ % =0- %, for any # < o and « > 2. Therefore, we have the following corollary:

Corollary 3.16. For the solution to the parameterized PDE (3.4) satisfying Assumption 3.1, and a mollifier
mapping (3.11) with a mollifier satisfying Assumption 3.11, and using wavelets as in (3.14) for the radius
expansion (3.10) with maximal shape variation ¢ such that By > 0 and K < max{papr,1}, we have that

(Ntpllv)per € £P(F), with rate 1% <a—3,a>2.

Remark 3.17 (General support basis functions). With a technique similar to Remark 2.4 in [6], we can show
that, for general support basis functions, we cannot improve over previous results [15,45], where a decay rate
of s < a —1 was shown.

3.4. Harmonic transformation

Next to the mollifier mapping discussed in the previous subsection, we introduce the harmonic extension to
map any Lipschitz domain D to D(y), defined implicitly through a Laplace equation per spatial dimension.
For spatial dimension d = 2, it is defined as the solution to:

Pr = ¢"(f) on dD, (3.19)

{Aqw -0  inD,
where ¢"(0) == f.(0)r(y;0) for k € {z,y} and f,(-) = cos(-), fy(-) = sin(-). By linearity of the Laplace equation,
we can conclude that, for r(y; ) given by (3.10), the mapping ® satisfies the decomposition (3.3). Moreover,
we can conclude that each partial mapping ®; = [@, @?]T solves the harmonic equation with ®§ = f,,(0)1;(0)
as Dirichlet boundary condition with ¢7 defined accordingly.

To show that we can use the harmonic mapping together with the bounds from Corollary 3.14 and satisfy
the assumptions of Theorem 2.6, we will focus our attention to the circular domain D = {x € R? : |z| < ro},
with rg € Rs¢ in the remainder of this section. Similar to the mollifier transformation, and in view of (3.7), we
look for pointwise bounds on the Jacobian matrices.

To bound the norm of the Jacobian matrix of each partial transformation ®;, we proceed in two steps:
(I) we bound the supremum of the Jacobian matrix by considering its value at the boundary only, applying
the maximum principle, and (II) we exploit the Dirichlet-to-Neumann map to estimate the derivatives at the
boundary in the tangential and normal directions.

(I) To bound the norm of the Jacobian matrix of the partial transformation, we bound it, for a.e. & € D, by
the pointwise 1-norm of the elementwise transformations:

1D, ® ()], , < Z |Ves(z)|,.
r€{z,y}

As ®; is a weakly harmonic function, the derivatives of ®; are weakly harmonic as well, and the absolute
value of the derivatives of ®; and their sum are weakly subharmonic. Hence, we can apply the maximum
principle [70] to conclude that:

sup Z |V<I>;”(a:)’1§ sup Z |V<I>;”(ac)’1. (3.20)

®eD e loy} ®€OD e oy}
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(IT) To evaluate the right-hand side of (3.20) at the boundary, we estimate, for a.e. € D,

Vo5 (z)], < V2|Vi(x)

where we remind that |-| is the Euclidean norm. Now, we calculate the derivatives explicitly at the boundary
in both the radial and the angular directions, that is, respectively the normal and tangential derivatives
at the boundary. For the angular derivative, we can just differentiate the boundary condition to obtain

(%J = (fw1py)'(0), for 6 € [0,27) and k € {z,y}.

To complete the computation of the gradient, we observe that the radial derivative of ®7 equals to the
Dirichlet-to-Neumann (DtN) map of ¢7.

For circular domains, the DtN map of the Laplacian is given by vV—Agp, the square root of the Laplace-
Beltrami operator on the boundary circle [34]. Because our domain is circular, we pick up a factor of %
due to the curvature of the circle, and we can expand using the symbol of the operator and the Fourier
transform F(-),

V=Bopdf = — / E1F(65) (€)e 6 de = — /R i€(—1) sign(€) F (5 ()e " dg

= [ (&))@)e-iﬁfﬁs:ld?{w;)’

To To

where H(-) denotes the Hilbert transform [36].

Now, we remember that for any signal f, the signal f4 = f + iH(f) is analytic, where analyticity is
meant in the signal processing sense; it has no negative frequency components. Moreover, we recall that the
instantaneous amplitude A(f4)(z) of any analytic signal f4 is given by the modulus of the signal itself.
Therefore, we observe that, for every 6 € [0,27) and & € {z,y},

|V¢’j(9)| < \/imax{l,ro_lﬂ(fﬁwj)’(ﬁ) + iH((fmwj)/)(aﬂ
= V2max{1, ro_l}A( fmwj )')(0)
<\[max{1 7"01}( +A(¢)(9)),

where we have used the definition of f, which have amplitude 1, and their derivatives as well. From this,
for a.e. 8 € [0, 27), we obtain the bound

1D,5(0)],, < 4max{1,r5 "} (A(;)(0) + A()(6)).

Moreover, the sum )., pj| Do®;(z)|2,2 is bounded from above by the weakly subharmonic function
251 nefayy | VT (@)1 and its maximum is attained at the boundary as well. Therefore, we can repeat
steps (I) and (IT) to obtain the bound

sup ZpJ|D ®j(x)]y, < sup 4max{1,ry"} ij (;)(0 +Zp] . (3.21)
zED 5 €[0,2m) i>1 i>1

Similarly, since ®; is harmonic, we can repeat the same argument and obtain

SUP ZPJ@ )| < sup ZP]W’J (3:22)

J>1 0€[0,2m)

Finally, combining equations (3.21) and (3.22), we arrive at the following lemma:
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Lemma 3.18. For the harmonic transformation given by equation (3.19), with bj(x) from equation (3.7), and
a positive sequence (p;)j>1, on a circular, two-dimensional reference domain, we have the bound

Sggijbj(w) < sup (4\/§max{1,ral} + 1) ijA(¢j)(9) + 4\/§max{1,rgl} ijA(wg)(G)

0€0,2m)

Similarly to Section 3.3, we will focus on the wavelet case, with « > 2, Lipschitz mother wavelet, and we
index the wavelets using A\ instead of j. To show the desired estimate on ), prbx(x), we set, similarly to
equation (3.13):

My = sup ZA(\I/)(H —k), Mgpy:= sup ZA(\II’)(G —k),
0€(0,1) k7, 0€[0,1) ez,

and we define ) similarly to (3.14), and proceed as in Section 3.3, replacing M and My with My, Mg g
whenever applicable. We have to be careful though, as the Hilbert transform does not preserve the locality
properties of U. However, if the mother wavelet ¥ has n vanishing moments, we have |[¥/(0)| < O(n=17") [13],
which gives us the required summability when we periodize to obtain a wavelet system on the circle. Hence, we
recover Lemma 3.15 with the aforementioned replacements.

Now, we take py as defined in equation (3.17), where Bj; is replaced by

By = 594" (@minohin) — 4vV2max{1,ro} — (4v2max{1,7o} + o) Aﬁ: T .
4v/2max{1, T0}<1 + 1‘;{;:) + 7

Similarly to Bjs, we should be careful in choosing 9 small enough such that we keep By positive. By repeating
the calculations from equation (3.17) to Corollary 3.16, we arrive at the following statement:

Corollary 3.19. For the solution to the parameterized PDE (3.4) satisfying Assumption 3.1, and a harmonic
mapping (3.19), and using wavelets as in (3.14) for the radius expansion (3.10) with mazximal shape variation
¥ such that By > 0 and Kp < max{papr, 1}, we have that (||t,||v)ucr € (P(F), with rate % <a—-1i a>2
Remark 3.20. The results leading up to Lemma 3.18 that have been obtained using the symbol of /—Asp
can be obtained via direct computations of the exact solution of equation (3.19) which, in turn, can be obtained
via separation of variables with Lipschitz boundary, see for instance [55].

Remark 3.21. For non-circular domains with Lipschitz boundary, we cannot rely on an explicit formula for
the DtN map similarly to the approach outlined in this section, see for instance [34].

Direct computations as outlined in Remark 3.20 do not seem to help drawing useful conclusions either. We
do believe that the general result should follow from quasi-local properties of the DtN map, but these are hard
to find in the literature which focuses more on global properties expressed in terms of norms.

However, for practical purposes, we note that the applicability of the harmonic mapping goes even beyond
the star-shaped setting presented here if one chooses an appropriate series expansion for the boundary, similar
to equation (3.10).

4. NUMERICAL ILLUSTRATIONS

To illustrate the theoretical results obtained in Section 3, we compute the Taylor coefficients of the solution
to the parameterized shape problem (3.4) and estimate their decay. In equation (3.4), we use a(z) = f(x) = 1,
and we take the circle with rg = 1 as the star-shaped reference domain.
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To calculate the Taylor coefficients, we have implemented the Alternating greedy Taylor algorithm introduced
in [17]. The algorithm iteratively builds up a downward closed index set A by determining its reduced set of
neighbors NV (A) C F [17]:

N(A) = {1/ ¢ A such that AU {v} is downward closed and supp(r) < mgi({supp(u)} + 1},
o

and adding alternatingly the largest Taylor coefficient and the Taylor coefficient that has been in the reduced
set of neighbors for the largest number of iterations. This way, all Taylor coefficients would be added to A
[17] if we did not put a limit on the number of iterations. In each test, we continue until we have added 1000
coefficients to A. To estimate the decay rate, we follow [6] and introduce the decreasing rearrangement (¢),>1
of (|tullv)uer- Then, (||t,]lv)uer € €°(F) implies that, for some C' > 0, we have ¢ < Cn~ 7, and, if tr < Cn~a
for some C,q > 0, we have that (||t,||v).er € ¢P(F) for any p > g. Hence, we can estimate the limiting decay
rate of (||t,|lv)uer from the largest s such that sup,,~, n°t} is finite. To estimate this largest s, we perform a
linear least squares regression on an exponentially distributed sample of n to find the decay rate in a log-log
scale. By sampling exponentially from the decreasing rearrangement (¢}),,>1, we mitigate the staircasing effect
introduced by the wavelet expansion. To make sure we do not include any pre-asymptotic phase, we skip the
largest coefficients in the pre-asymptotic behavior and, due to the alternating nature of the alternating greedy
algorithm, we exclude the smallest half of the coefficients, because these coefficients may be included due to the
alternating steps including the oldest coefficients instead of the largest ones.

We have implemented the alternating greedy algorithm in Python. To compute the Taylor coefficients, we
are using the finite element library Dolfinx [2, 68, 69], employing the linear system solver PETSc [9,21] and
the domain meshing library Gmsh [33] to generate the triangular, unstructured reference mesh in which we
resolve the (computational) interface at the kink of the mollifier when using equation (3.12). To evaluate the
wavelets and scaling functions efficiently, we have used the PyWavelet library [49]. Since our theoretical results
do not take the finite element error in the computation of the Taylor coefficients into account, we have, apart
from Section 4.3, chosen the mesh to be fine enough so that its effect on the decay of the Taylor coefficients is
negligible. To take the radial dependence of the mollifier mapping (3.11) into account, we are computing the
Taylor coefficients using a mesh with a mesh size decreasing linearly with the distance from the origin. When
using the harmonic mapping instead, we have used a mesh with a mesh size proportional to the inverse of the
distance to the boundary. Both meshes, when using either the mollifier or harmonic mapping, have been scaled
so as to have identical spatial discretization at their boundaries.

However, we mention that, although we have shown a possible convergence rate in the previous sections and
we observe good approximation of the expected decay in practice, we cannot prove theoretically to attain this
maximal convergence rate using the alternating greedy algorithm [17].

When calculating the required Taylor coefficients, we need to evaluate the derivative 9" A(0) at each step. Due
to the multiplicative structure of A(y), see (3.5), the computational size of 9" A(0) scales super-exponentially
with the order p, and, for memory reasons, we had to truncate F and discard any multi-index g with |g| > 7.
For all computations with maximal shape variation ¥ < 32%, this does not impact the downwards closed index
set A, as the corresponding Taylor coefficients do not enter A. For ¥ > 32%, the number of skipped coefficients
is very small, and therefore, this does not impact the obtained convergence rates either.

To verify the theoretical convergence rates when using (3.10), we define the Fourier basis {w]F }i>1 by

(%)76{ sin(%@) for j even,

vi0)~q .
(%) acos(%H) for j odd,

where ~ entails the constant we use to rescale the Fourier basis such that the total shape variation equals 9.
Next to the Fourier expansion, we use a wavelet basis by periodization [52] of the orthogonal Daubechies4 [23]
wavelet, obtained via equation (3.14). In both cases, the series expansion in (3.10) is scaled to have maximal
shape variation 9.
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FIGURE 1. Decay of the V-norm of the Taylor coefficients of the PDE solution for the Fourier
expansion with mollifier mapping (M-F), Wavelet expansion with mollifier mapping (M-W),
Fourier expansion with harmonic mapping (H-F), and Wavelet expansion with harmonic map-
ping (H-W), for & = 2 (a), « = 2.5 (b), and a = 3 (c¢), and with ¥ = 5% maximal shape
variations. We denote by n the index in the decreasing rearrangement (¢ ),>1.

In the remainder of this section, we present the numerical verification of our analytical results obtained in
Section 3.2. In Section 4.1, we present the numerical rates for fixed maximal shape variations of ¥ = 5%, in
Section 4.2 we discuss the effect of the maximal shape variations 9 on the rates, and finally, in Section 4.3, we
show the relation between the spatial discretization and the observed rates.

4.1. Illustrations of the theoretical rates for fixed maximal shape variations

We verify the convergence rates obtained in Section 3 by computing the Taylor coefficients when using
maximal shape variations 9 = 5%. We do this for both the mollifier-based and the harmonic mapping, where,
in the first case, we use the mollifier introduced in Example 3.14.

In Figure 1, we show the convergence graphs separated by value of the decay rate « for a € {2,2.5,3}.
Previous results for Fourier and our results for wavelets predict convergence rates of 1, 1.5, and 2 for the Fourier
expansion and 1.5, 2, 2.5 for the wavelet expansion, respectively. For the mollifier mapping, we recover the
expected and predicted convergence rates for o € {2,2.5}. For v = 3, we obtain convergence rates just short of
the expected ones, analogously to [6] . Although we do not obtain the full rates for all values of «, we observe
an improvement in the convergence rate of % between the Fourier and wavelet expansions under the mollifier
mapping, as expected by the theory.

Next to the results for the mollifier mapping, the decay in the norm of the Taylor coefficients obtained with
the harmonic mapping are also shown in Figure 1. We observe that, in the case of the Fourier expansion,
the decay rates are very similar for both mappings, where the harmonic mapping introduces a significantly
smaller constant when compared to the mollifier mapping. This difference can be attributed to the difference in
W1 norm between the mollifier and harmonic mappings.
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Contrary to the Fourier expansion, when considering the wavelet expansion for the radius, we observe different
decay rates for the two domain mappings. While the wavelet expansion together with the mollifier mapping
approaches the expected convergence rate, the harmonic mapping results in convergence rates exceeding the
expected ones consistently by approximately 0.3. This difference could be explained by the different locality
behavior of the two mappings. Since the mollifier mappings are axially supported corresponding to the support
of the wavelets, the support in the radial direction of the mollifier mapping is equal to the support of the mollifier
X- This is different for the harmonic mapping, where not only the support in the angular direction shrinks as
the support of the wavelet shrinks, but the support along the radial direction shrinks as well. Therefore, the
harmonic mappings are more local in area when compared to the mollifier mapping.

In order to investigate the effect of the decay parameter o, we show the same results as in Figure 1, separated
by mapping and expansion, in Figure 2. From this, we can see a clear difference between the mollifier and
harmonic mappings. While the first two graphs corresponding to the mollifier mapping show almost no pre-
asymptotic behavior, the equivalent graphs for the harmonic mapping show a pre-asymptotic behavior in the
50 largest coefficients.

4.2. Effect of maximal shape variations on the observed rates

Furthermore, we investigate the effect of the maximal shape variations on the obtained convergence rates. To
this extent, we let the maximal shape variations be ¥ € {4%, 8%, 16%, 32%}, and we calculate the decay rate
of the Taylor coefficients for each value of ¥, for both the linear mollifier and the harmonic mapping with the
wavelet basis expansion. Table 1 shows the results for different spatial resolutions, and in this subsection we
focus on the column for h = 1.

Here, we observe that the difference between the decay rates for the mollifier and harmonic mapping persists
for different values of ¥ and, for both of them, the decay rates degrade for larger values of 1. These observations
are consistent with those in [6] for the affine case. Moreover, the column for h = 1 in Table 1 shows us that,
for small values of 1, the decay rate when using the harmonic mapping approaches 3, which is a significant
improvement over the theoretical convergence rate of 2.5.

Additionally, we further investigate the structure of the active index set A for different values of J. For small
values of ¥, the active index set consists mainly of Taylor coeflicients of small order (|| < 2). On the other hand,
for large values of ¥, the alternating greedy Taylor algorithm prioritizes exploration of higher order coefficients.

4.3. Effect of the space discretization on the observed rates

Next to the effect of the maximal shape variations 1, the different columns in Table 1 show the dependence
of the rates on the spatial discretizations as well. In our experiments, h = 1 is equivalent to the mesh refinement
needed to resolve the wavelets in the 10th layer on the boundary, as these are the smallest wavelets that enter
the active set A for the first 1000 iterations of the alternating greedy Taylor algorithm. Due to this choice, we
do not expect any significant improvement for h < 1 and this is confirmed by the numerical experiments in
Table 1. We have not performed the corresponding computations for the mollifier mapping, as the mesh would
be prohibitively large due to the mesh size scaling decreasing linearly with the distance to the origin on the
support of the mollifier, resulting in a factor 16 difference between the number of vertices in the mollifier and
harmonic mesh.

Finally, we observe that the decay rates of the harmonic mapping decrease for larger values of h. This
degradation is clearly noticeable for both small and large values of ¥, but the effect is of different magnitude:
smaller values of ¥ imply larger degradation, and vice-versa. Contrary to the harmonic mapping, the decay rates
for the mollifier mapping degrade, but by a smaller amount. This could also be due to the strong damping of
the harmonic mapping inside the domain. Moreover, the degradation is not monotonic; if there is degradation,
the decay rates become larger for some, and smaller for other values of .



EXPLOITING LOCALITY IN PARAMETRIC ELLIPTIC PDES AND PARAMETERIZED DOMAINS

10°

1071 \\

1072

1073 |

104

1075 |

HtVHV

1076

1077

1078

1070 ¢

10—10 tH

—_— =2 -
—_—a=25-

- - rate =-0.981
- - rate=-1.43
a=3 --- rate=-1826

a=2 rate =-1.538
——a =25 --- rate=-2.029
a=3 --- rate=-2.396

10—11
10°

|
10!

|
10° 10!
n

(®)

102

litllv

e
o L“\:‘:\\:\¥
S

ol a=2 rate —1.167 — a=2 --- rato—1879 \\\
1070 H—a=25--- rate=1552 H a=25--- rate=2392 Y
Fl— a=3 --- rate=-1.879 F|]=—— a=3 --- rate=-2.855 B
1011 I | I I
10° 10* 10% 100 10* 102

FIGURE 2. The effect of both the mapping and the expansion on the observed decay rate for
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n

(D)

mapping with Fourier expansion. (d) Harmonic mapping with wavelet expansion.

5. DISCUSSION AND EXTENSIONS

1603

In this work, we have shown that the convergence rates of Taylor coefficients of solutions to a certain class
of elliptic PDEs can benefit greatly from using functions with localized support to represent function-valued
parametric inputs. Namely, this can lead to a theoretical improvement of % in the decay of the Taylor coefficients.
Due to Stechkin’s lemma, this translates to an improvement of % in the asymptotic convergence of the best-/N-

term truncation of the Taylor surrogate model.
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TABLE 1. Decay of the V-norm of the Taylor coefficients of the PDE solution for the wavelet
expansion with the mollifier (M) and harmonic (H) mapping, for different values of the maximal
shape variation 9 and fixed a = 3. Mesh sizes h are relative to the mesh size required to
adequately resolve the wavelets in Figures 1 and 2.

h=4 h=2 h=1 h=1/2
) M H M 31 M 0 0

4% 2,512 2376 2457 2.629 2.409 2.867 2.944
8% 2.341 2496 2320 2.729 2.408 2.858 2.877
16% 2.431 2491 2421 2.629 2376 2.700 2.720
32% 2.200 2.369 2.194 2489 2.193 2.507 2.507

In application to parametric domains, addressed in Section 3, we have discussed two different mapping
approaches, an affine mollifier approach and a mapping defined through a harmonic extension problem. Analyt-
ically, the mollifier approach has an advantage over the harmonic mapping because we can establish pointwise
bounds on the Jacobian matrix D,® by explicit calculations for star-shaped domains. This is in contrast to
the harmonic extension, where we have shown similar bounds only for circular domains. However, intuitively,
similar results for other classes of star-shaped domains are to be expected.

In contrast to the analytical preference for the mollifier mapping, the harmonic mapping has major numerical
advantages over the first one. First of all, the harmonic mapping is such that the spectral norm of the Jacobian
matrix D,® is relatively small compared to one for the mollifier mapping. Moreover, wavelets deep into the
wavelet structure are such that the support of D, ®; is strongly localized near the domain boundary. Therefore,
calculating the Taylor coefficients requires a fine mesh near the boundary of the computational domain to resolve
the fine details in the small wavelets and can be kept rough on its interior to reduce the computational burden.

Instead of calculating the transformation by solving a partial differential equation for each dimension sepa-
rately, other PDE-based approaches to build the mapping act on all coordinates simultaneously. One example of
such a mapping is defined through the linear elasticity equations [16,30], which one can interpret as elastically
stretching the nominal onto the parameterized domain. Elasticity equations offer even more control over the
smoothing properties of the transformation by using piecewise constant material properties. Although we have
focused on star-shaped domains in this work, a significant advantage of PDE-based mapping constructions is
their geometrical flexibility, including possible extensions to not star-shaped domains.

We have not investigated it here, but, because of similarities in the PDEs, we expect our approach to work
for the fourth-order equation A(aAu) = f on a bounded Lipschitz domain, or for the parabolic equation
Ou —V - (AVu) = f set on (0,T) x D. For these and similar equations, we refer to the discussion in [6].

The theoretical convergence rate obtained in Theorem 2.6 is supported by numerical results for the parametric
domain problem (3.4). The numerical experiments show that both the choice for the basis expansion and the
mapping approach majorly impact the observed convergence rate. Moreover, the crucial role of the mesh in
the process showcases the possible benefits of parameter adapted meshes, where the mesh is refined adaptively,
depending on the parameter.

As mentioned in the introduction, our results can be valuable in uncertainty quantification, when, adopting
a parametric approach, the parameter y is the image of independent, identically distributed random variables.
However, we stress that, in that case, the choice of the functions in the expansion of the spatially-dependent
input is a modeling choice: different expansions give rise to random fields with diverse statistical properties.

A possible extension of our work is to consider the summability of Legendre coefficients, for which we expect
the proof to be doable by building on the estimates in [6,29].

Finally, we want to mention the potential implications of our results. Since the summability properties of
Taylor (and Legendre) expansions have often been used to show convergence rates of other polynomial surrogates,
such as polynomial chaos- and collocation-based ones [7,8,14], their convergence rates may also benefit from
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expansions with localized support. For heuristic algorithms, this is not necessarily the case [32]. Next to this, they
are also used to prove convergence of quadrature [25,66,76] for the computation of moments, approximation
properties of neural networks [59, 67], and reduced basis and proper orthogonal decomposition [6,17]. The
performance of these methods may also benefit from locality, but sound theoretical and numerical investigations
for these frameworks are needed.

APPENDIX A. COMBINATORIAL LEMMA

Whilst proving Lemma 3.4, we expand the derivatives in |0#~*A(0)|2,2. When doing so, we need to apply
the general Leibniz rule several times, and this will result in sums of the type

N
Z (l,u),_,/% ’V(N)> Hl‘,/(z)

y(1)+...+y(N)=u

L.

To handle these sums, we introduce a combinatorial lemma.

Lemma A.1. Let p be a multi index with finite support and N € N. Now, we have:

N
Z (1/(1), . M 7,/(N)) H‘y(i)

V(1)+-<~+1/(N):# i=1

Ll (V1)
' (N —1)!

where (y<1>,..l.L,u<N>) is the multinomial coefficient.
Proof. Let n = argmax;>, uj. Now, let S be a stack of cards in n suits together with N — 1 indistinguishable
jokers. For each suit i, we have p; cards per suit. A natural question to ask is: “In how many ways can deck S
be ordered?”

First, we will calculate this directly. We can order |p| + (N — 1) cards in (Ju| + (IV — 1))! ways. To account
for the N — 1 identical jokers, we divide by (IV — 1)!, and we end up with

(pl + (N =)

#orderings of S = v = 1)1

Next, we calculate the number of orderings by summing over the number of cards per suit between the jokers.
To this extent, we denote by I/Z-(j ) the number of cards between jokers j — 1 and j of suit 7. To account for all
. . N () —
cards in the deck, we require ijl ) = p.
_(j))N

For each suit 4, we can divide the y; cards into the (v; j=1 sections in (u(l) Hi u(’”) ways. Then we linearly
i Y

order all cards before the first joker in (Vfl) +-+ 1/7(11))! = |[vM|! ways, the cards between the first and the
second joker in [v(?)|! ways, etcetera. Combining this, we can order all these card selections in Hj\;l lv)|! ways.
Combing this, we get

H1 Fn ‘ (1)‘1 ‘ (n)
e . l/ Lo V
<V§1)>"' 7V£N)> (Vr(Ll)v"' ayr(LN)>

Finally, by summing over all possible v 4 ... + v(N) = |, we get

N
#orderings of S = E ( i H (N)> I ”V(i)
1% “e e 1%
R i=1

y(1)+..-+1/(N):u

!

N
_ p (@)
| =
' (Vu),... ,Vuv)) Hl‘”

which shows the desired result. O
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APPENDIX B. PROOF OoF LEMMA 3.4

Here, we present the proof of Lemma 3.4.

Proof. We expand the derivative 0* A(y) using the general Leibniz rule and substitute y = 0 to obtain:

" o
0" A(0)],,5 < > (V(1)7 v(2), 13 @)
v 4 @) 4G )=y

o [(D.9)" (0)]

2,2

0" [(.@)" T (0)]

0" det(D,@)(0)]] -

)

i 0" [(ao @)(0)}‘. (B.1)

)

This leaves us with the task to estimate each norm on the right-hand side of the previous equation. First, we
tackle [0#[(D,®)~1(0)]|2,2, by computing the derivative explicitly. We do so instead of employing the Faa di
Bruno formula to exploit the affine expansion. We obtain:

1]

o [(D,0)7 )] = (D.9) ' (w) > [][Pr®e, (D) ()]

gepP(p)s=1

where P(u) is the set of all possible permutations of the derivatives in p, each counted with its multiplicity. We
can evaluate this at y = 0, where D, ®(0) = I, to obtain:

|

‘3# [(qu))_l(())ﬂm < > 1%, = |u|!((|qu>j|2’2)j21)“_ (B.2)

§eP(p)j=

Similarly, for the transpose, we obtain:

o[0T )] < |u|!((|Dz<I>j2,2)j>1>#’

because the spectral norm is transpose invariant. Next, we take a look at the determinant by evaluating the
derivative iteratively. For an arbitrary j € supp(u):

gi = 0"[det(D,2(y))]|
= |97 [det(D, ®(y)) tr((DP(y)) ™" Do®;)]|

|y (u—Vej>au[det(m(y))]tr(au—er“[(D@(y))‘l] D,;)

v<p—e;

< ) (M_uej)gﬂaﬂ—ef—”[(D@(y))‘l]lFlDw‘bj'F’

v<—e;
with | - | the Frobenius norm. Evaluating at y = 0 and employing (B.2), we obtain
= e; n—v
|0#[det(D,®(0))]| = g2 < Z ( y j)Qg(N —v|= 1)!((‘qu)j|F)j21) )
v<u—e;

and we claim this recurrence relation is solved by

92 < |M|!(|qu)j|F)u' (BS)
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To show this, we proceed by induction on |u|. For u = 0, we have g =1 = |0|!(] D, ®,|r)°, where we used the
convention that 0! = 1. Assuming (B.3) holds for |u| < n, for gg+ej, and any j > 1, we have

Bee, = ((0:2310),50)" 5 ()l = vl = 4 01 ((Da51),) "

where, in the last inequality, we used the case N = 2 of Lemma A.1 in Appendix A.
Finally, we bound |0"(a o ®)| by exploiting the affine dependence of ® on y

0"(@o ) < [Dlla] | ((120,51)" < CalliD((12s]),51)" (B4)

We finish the first part of the proof by expanding equation (B.1) using the bounds in equations (B.2)—(B.4) and
we obtain

o
H 1
|3”A(0)|2,2 < Z <u(1),u(2), V(3),y(4)> ’y( )‘!((|qu)j|2,2)j21)

W 4u@ 13 fu D=y

1)

(3) @)

) _ v v
S (T R Nl (CR N R [

e p—v®
)3 [(ji))@'“ ((p2s) )

v<p

_ @
H—v <1>M <2>H <3>‘|~ (4) ,
g 2 (u<l>,y<2>,y<3>>"’ [ O (01) (123D,1)

v 4@ G =y —v4)

IN

L@

L@

4 p—v™® 4
<ain ¥ () ('“'_‘”2()’”)!((wm@jb,z)jzl) va" (e ,.,)"

v <p

where, on the last line, we employed Lemma A.1 in Appendix A with N = 3.
To find the derivative |0*F(0)|, and finish the proof, we expand using the general Leibniz rule, such that
equation (B.3), and the analogous for f of (B.4), lead to

prols Y (o)

ICONINC)

< &gy X (1) (1aila) ) (0,20)"

v<p

o det(chp(o))]

0" (0 0(0)

AprPENDIX C. PROOF OF LEMMA 3.13

Here, we present the proof of Lemma 3.13.

Proof. We rewrite equation (3.11) to obtain

(wiy) =&+ Y Oj(x)y;

Jj=1
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with
x

0j(x) = x(@)y;(0(2))

Next, we take the derivative with respect to  and take the |- |2 2 norm:

]

1D ®; ()], , = \Dw [W)W(m”m] 22

||

_ ‘D [x<x>|z|]wj<0<w>> + X“‘“)%

< [ (0(@))[| A1 (@) 5,5 + |15 (0(2)) [|A2(@)],5, (C.1)

with matrix-valued functions A;(x) and Az(x). First, we expand Ay (x):

m] _ 1{ 21X, () + x(2)25 |2 Pmixa, () - X(w)fflfﬁﬂ

A(@) = Do {X(””)w = [P lleZraxe, (@) — x(@)rizs  |2raxe (@) + x(@)2?

where the partial derivatives 887"1 and % are denoted by x, and xg, respectively. To obtain the | - |2 2-norm
of Ay(x), we calculate the largest singular value o+ explicitly. First, we calculate the A; A :

AAT = 1 {Iwlexm( x) + x(z)z3 wlexmz(w)—x(w)mlfcz]

[0 [z Proya, (x) — x(@)z122  |2Peaxe, (2) + X(2)23
2221 X0, () + x(2)23  |2]2T2X0, () — X(T)T122
' [wxx (@) = x(®)z122  |2[22X0, () + X ()2 ]
1 [ |[* Xz, () + 23 x()? |2 Xy () X, () — $1$2X(m)2:|
et [ 2] X (2) Xan (2) — 2122 (2)? || Xz, ()2 + 2x(T)?

To calculate the largest eigenvalue, we calculate the trace:

T = tr(A1A]) = — (12| Vax]? + x(x)?) >0

1
||
and the determinant:

D = det (A, A]) = 1|4X(w)2(vwx(ac) -2)? > 0.

||*
Combining this, we obtain, for the largest singular value o,
1
ot = 5 (T+V1*—4D)

1 4

3 ( |2(\$\ [Vax|? + x(z) \/ i (|| Vax|? + x(2)2)* — Wx(w)Q(me(w)-xf),

from which we conclude

7= 25\ (eI + x(a \/ (8P IVax? + (@)% — Zx(@?(Vax(@) 2. (C2)

In a similar manner to our treatment of A;(x), we expand A (x):

Aa(@) = (@)= D, o) = X2 [I i } :

||
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For the determinant, we have

2
—T1x T
det(As) = x(z) det 122 Y=o
x|? —x5 T2
_ 2
Therefore, we calculate the singular values of B = { 5”3169232 mxglc } explicitly:
—&L9 142

_ 2 _ 2
0 = det(BTB — \I) det({ e xQ] [ teom } - )\I2>
1 T1X9 —Ty T1X9

which we expand to obtain

v2zd + a3 — N —afxe — 123
det

3

_y2 2 2\ 2
—x3ry — 1170 LL‘4+$2$2—)\:| =A )\(x1+o:2) '
142 142 1 142

From this, we arrive at two singular values, o1 = 0 and 03 = |z|? to get

x(z)
Az (@)]y 0 = 5=
2,2 |$|
Now, the result follows by combining equations (C.1)—(C.3).
APPENDIX D. PROOF FOR BOUNDS IN EXAMPLE 3.14
Proof. First, we expand and bound x1 (x):
x1(@) = = | o (@ Vax? + x(@ (122 Vax? + x(@)?)° ~ (@) (Vax(e) @)
V2 \ [z |2 [a]* |4 |z |*
< <=y pr(alVaxP + x(= (122 Vax + x(a Va2 +
V2 |93| |z |4
Next, we bound |V x|? with mollifier (3.12) for % < x| < ro(f(x)):
2 g\ o\ 2
_ 0 0
, el (ro(0@) %)+ (lel - %) r6(0(@) ! i (0()?
IVax|” = \4 < =\ 2 + 5 —\2
@2 (ro(0()) - % ) (5-%) wi(e-%)
16 0(0(x))?
1 (1 + <<>>>
9rg To
In a similar manner, we bound X(m; in the & < |z| < ro(f(x)) case:
N2
\(@)” ('””‘ - ) 16 (o
= < s -
- 4rg

T e (0@ - )" O

1609

(D.1)
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Combining equations (D.1)—(D.3), we obtain

2 2
16 rh(0(x))? 16 ry 4 L? o .
xi(x) < 1+ -0 + l——0) <—\|(1+—5|+|l-—%] =x1,
Irg 2 < To 2 Iry 2 47“3 3rg Ty 2 47”6r

for L,,, the Lipschitz constant of rq(#). Finally, we close the proof by employing equation (D.3), that is

4 o
)< — (11— -2 ) = ys.
xa(®) < 37“0_< 47“3') X2
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