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ABSTRACT. In this work we construct a well-posed first order system least
squares (FOSLS) simultaneously space-time formulation of parabolic PDEs.
Using an adaptive wavelet solver, this problem is solved with the best pos-
sible rate in linear complexity. Thanks to the use of a basis that consists of
tensor products of wavelets in space and time, this rate is equal to that when
solving the corresponding stationary problem. Our findings are illustrated by
numerical results.

1. INTRODUCTION

After pioneering earlier work in [BJ89, BJ90], in recent years one witnesses a
renewed and growing interest in simultaneously space-time solvers for evolutionary
PDEs (e.g. [And14, MST14, Stel5, LMN16, ECD16, DFW16]). Instead of reduc-
ing the problem to a coupled system of ODEs, as with the method of lines, or to a
sequence of stationary PDEs, as with time marching schemes like Rothe’s method
([CDD"14]), one aims to solve the problem as a whole. The motivations to do so
are to obtain a reduction in the computational complexity or storage requirements
by exploiting the product structure of the space-time cylinder for tensor product
approximation (see [GOO0T]); to construct meshes that are optimally adapted to
singularities that are local in space and time (improving upon the rather limited
possibilities of local time stepping); and, finally, to use the additional time dimen-
sion to enhance the possibilities for a massive parallelization (e.g. [GN16]).

When aiming at a convergent or rather optimally convergent adaptive solution
method, a major obstruction is that a space-time variational formulation does not
lead to a bilinear form that is symmetric or coercive. In [SS09, GK11, KSU16],
considering parabolic PDEs, this problem was tackled as follows: By equipping
the (Bochner) spaces w.r.t. which the bilinear form is well-posed with (wavelet)
Riesz bases, the variational problem has an equivalent formulation as a well-posed
bi-infinite matrix-vector formulation. By now forming normal equations one arrives
at a well-posed symmetric positive bi-infinite matrix-vector problem whose solution
can be approximated at the best possible nonlinear approximation rate using the
adaptive wavelet scheme developed in [CDDO01, GHS07].
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For both the evaluation of the a posteriori error estimator, and for solving the
arising Galerkin systems, a key ingredient of these schemes is, for the current finite
approximate solution vector, the approximate evaluation of the residual of the infi-
nite system of equations within a tolerance that is equal to a fixed multiple of the
current error, and at a cost such that the overall scheme has optimal computational
complexity. In the original scheme this was performed by approximating separately
both the right-hand side vector and the matrix-vector multiplication each within
half this tolerance. For the second task an ingenious scheme was constructed, the
so-called apply-routine, that approximates each column of the matrix with an ac-
curacy dependent on the modulus of the corresponding entry in the input vector.
To have a proper decay of the matrix entries away from the diagonal, it requires
that the wavelets have sufficiently many vanishing moments dependent on their
order. Even for linear operators the apply routine is non-linear, and unfortunately
it turned out to be quantitatively quite demanding.

In [RS18a] we developed an alternative for the apply routine. It is based on
the observation that if the wavelets are sufficiently smooth, then each entry of the
residual vector equals the residual of the equation in mild form integrated against
a wavelet. Now it can be shown that if the current approximation is from the
span of the wavelets up to some level, then a sufficiently accurate residual vector
approximation is obtained by ignoring all entries of this vector that correspond
to wavelets whose levels exceed that level by a fixed constant. This observation
also applies to non-uniform, adaptive settings as long as the approximate solutions
are sought in spans of wavelets whose indices form trees. For this scheme, the
number of vanishing moments of the wavelets does not have to grow with their
order, and often one vanishing moment suffices. To compute the remaining entries
of the residual vector in linear complexity, i.e., those that cannot be ignored, the
current approximate solution is first written in a locally finite single-scale basis,
then its residual is integrated against single-scale basis functions, after which the
transposed multi-to-single scale transformation is applied. Without difficulty the
scheme applies to semi-linear PDEs as well.

The key idea behind this alternative residual evaluation scheme is not to split
the residual functional into two terms and to approximate them separately, but to
represent both terms in one common dictionary before integrating their difference
against a wavelet basis. In this way one benefits from the fact that the norm of
this functional decreases proportionally to the error in the approximation, meaning
that one is allowed to make a fixed relative error in the second step. The approach
requires that the application of the PDO to any wavelet lands in Lo, for operators
of 2nd order meaning that the (piecewise polynomial) wavelets have to be globally
C!. To avoid this unpleasant condition, in [RS18a] we showed that any well-posed
semi-linear 2nd order PDE can be written as a well-posed First Order System Least
Squares (FOSLS) problem to which the whole machinery can be applied. In this
case, it suffices to have bases of globally continuous (piecewise polynomial) wavelets
which are available on arbitrary polytopes.

In the current paper we apply the approach introduced in [RS18a] to parabolic
evolutionary PDEs written in a well-posed simultaneously space-time variational
formulation. We transform this problem to a well-posed FOSLS formulation, and
equip the arising Bochner spaces with bases that are tensor products of temporal
and spatial wavelet bases. The advantage of tensor product approximation is that
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it allows to solve the full time evolution at an order of computational complexity
that is equal as when solving the corresponding stationary problem.

This advantage, however, does not come for free. As a counterpart for the
tree approximations with non-tensor product wavelet approximation for station-
ary problems studied in [RS18a], here we will allow only approximate solutions
from spans of tensor-product wavelets whose index pairs form multi-trees (more
particular, double trees). With this restriction, we will be able to show that a suf-
ficiently accurate residual vector approximation is obtained as follows: Drop each
entry of this residual vector that corresponds to a tensor-wavelet for which one or
both its levels exceed by more than a fixed constant the corresponding level of any
tensor-wavelet in the multi-tree with which it has an overlapping support.

To compute the remaining entries of the residual vector in linear complexity,
we will rely on a generalisation from [KS14] of an algorithm originally developed
in [BZ96] in the (non-adaptive) sparse-grid setting. Note that now we cannot rely
on a residual evaluation by writing the current approximation in a locally finite
single-scale representation, since the complexity of such a representation generally
will not be of the order of complexity of the tensor-wavelet representation. The
unavailability of such a locally finite single-scale representation has the consequence
that we are not able to handle non-linear PDEs.

In a non-FOSLS setting, we studied adaptive tensor product wavelet methods for
solving simultaneously space-time variational formulations of parabolic PDEs al-
ready in [SS09, CS11]. In those works, we considered unconstrained approximation,
i.e. no multi-tree constraints, and relied on the apply-routine for the approximate
residual evaluation. In [SS09] quantitative aspects were not considered, and in order
to get a reasonably fast implementation in [CS11] we considered custom designed
wavelets that for a PDO with constant coefficients on rectangular spatial domains
yield a stiffness matrix that is truly sparse, and therefore can be applied exactly in
optimal complexity.

This paper is organized as follows: In Sect. 2 we give a well-posed FOSLS formu-
lation of a parabolic PDE. One of the residuals in this system will be measured in
a dual norm. To circumvent its evaluation, we replace this norm by an equivalent
sequence norm of this residual integrated against a wavelet basis.

In Sect. 3 we recall some relevant facts about the adaptive wavelet Galerkin
method (awgm) for solving general well-posed operator equations.

In Sect. 4 we apply the awgm to the FOSLS formulation of the parabolic PDE.
We construct tensor product bases for the arising Bochner spaces, specify the multi-
tree constraint on the index sets of the bases, and investigate the best possible
approximation rate that can be achieved. Most of our efforts will be devoted to the
construction of an approximate residual evaluation such that the overall scheme
converges with the best possible rate in linear complexity. A number of technical
decay estimates will be postponed to the appendix.

In Sect. 5, we test our awgm on the heat equation on a two-dimensional L-
shaped spatial domain with homogenous Dirichlet boundary conditions. In two
examples where the initial condition satisfies the usual condition to vanish at the
lateral boundary, we observe the best possible converge rate. In an example where
the initial condition violates this lowest order compatibility condition, and thus the
exact solution is discontinuous along a two-dimensional manifold, a reduced rate is
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observed. We envisage that the ‘full’ rate will be restored by replacing the isotropic
spatial wavelets by (piecewise) tensor product wavelets.

A short conclusion and a brief discussion of issues that are open to further
investigations are presented in Sect. 6.

In this work, by C' < D we will mean that C can be bounded by a multiple of
D, independently of parameters which C and D may depend on. Obviously, C = D
is defined as D < C,and C =< D as C < D and C 2 D.

For normed linear spaces &7 and %, L(</, %) will denote the space of bounded
linear mappings &/ — % endowed with the operator norm || - || £(r,). The subset
of invertible operators in L(%7, %) with inverses in L£(%, o/) will be denoted as
Lis(o, B).

For countable sets V1, Va, the norms on ¢3(V;) and on L(£2(V1), £2(V2)) will often
simply denoted as || - ||.

2. WELL-POSED FOSLS FORMULATION OF A PARABOLIC PDE

For a bounded domain Q C R™, I := (0,7) for some 7' > 0, and A = AT €
Loo(I x Q)%™ with €TA()E = ||€)2 (€ € R?, ae. on I x Q), we consider the
semi-linear parabolic time evolution problem

%—V1~Avxu+N(u):g onIxQ,
(2.1) u=0 onlxdf,
u(0,-) =h onQ,
Multiplying this equation by smooth test functions v of time and space that

vanish at [0,7] x 012, integrating both sides over time and space, and, applying
integration by parts in space, we arrive at the variational problem of finding

we| U = Lo(I; HY () N H' (I, H(2),

such that for all

VeV =N x H 1= Lo(l; HY () x La(€2),

it holds that
(Gu)(v) := // (%{: +N(u) — g)vi + AVyu-Vyuy dodt+ / (u(0,-) = h)vgdx = 0.
1JQ Q

‘We assume that

e a solution wu exists,
e (G, i.e., N, is two times continuously Fréchet differentiable in a neighbor-
hood of u,
e DG(u) € L(%,V") is a homomorphism with its range,
i.e., that conditions (i)-(iii) from [RS18a, Sect. 2] are satisfied.
Remark 2.1 (linear case). In the case that for some b€ Loo(I x Q)" and ¢ €
Loo(I x ),
(2.2) N(u) = Nu:=b- Vyu+ cu,

these conditions are known to be satisfied even with DG(u) € Lis(%,V"), see
e.g. [DL92, Ch.XVIII], [SS09]. In this linear case, G is affine and so DG(u)(v) =
G(v) — G(0), and the solution u is unique.

For the verification of the conditions in semi-linear cases, we refer to e.g. [Tem97].
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Using the general framework outlined in [RS18a, Sect. 2], we write our second
order PDE as a first order system least squares (FOSLS) problem: With

P = Ly(L; Loy(Q)™) |,

it holds that
P ((v1,02) = // 7-Vevdr) € L(P, V'),  uws AVou € LU, P).
1J/Q

Consequently, for any solution u of G(u) = 0, it holds that (u,p) := (u, AV,u) €
U x & is a zero of the least squares functional

(2.3) Q(u,p) = %(||H1<ua@‘|gi/l’ + | Ha(u, )70 + [ Hs(w, 9)11%),

where
Hl(uﬁ)fvlra// —+N —g)v1 + P Vyuy dz dt,
Hy(u,p) :=u(0,-) — h, Hg(uﬁ) =p— AV,u,

and so a solution of DQ(u,p) = 0. This latter operator equation is well-posed in
the sense that

o DQ: U xP > dom(DQ) — (% x P)' is continuously Fréchet differentiable
in a neighborhood of any solution (u, p),

e 0< D2Q(u,p) = D*Q(u,p) € Lis(% x P, (% x P)'), so that any solution
is (u, p) locally unique,

e for (u,p) being a zero of @, it holds that

(2.4) Q(w,q) = lu — w3 + 17~ 7%
in a neighborhood of (u, p).

Remark 2.2 (linear case cont’d). If N is linear, and thus G is affine, then DQ is
affine, and therefore D2Q(u, p)(v,q) = DQ(v,§) — DQ(0,0); in particular, D2Q is
constant. The equation DQ(u, p) = 0 is uniquely solvable, and therefore its solution
(u, p) is the zero of @ and w is the solution of G(u) = 0. The relation (2.4) holds
globally.

Remark 2.3. In [MS01, MS02] a least squares functional similar to (2.3) has been
studied with, essentially, ||-|| + being replaced by II- ||%2(I.L2(Q)n). As a consequence,

a norm equivalence as in (2.4) could not be demonstrated, but on the other hand
the evaluation of the dual norm is avoided.

To deal with the dual norm in the definition of ), we equip #; with a Riesz basis
M= {7,/);{/1 A EVy t
meaning that the analysis operator
Fyy 19— g(\If’/l) = [g(w;\i/l)]AEVvl € Eis(’y/lI7£2(\/7/1))v
and so its adjoint, known as the synthesis operator,

Fy v v 0= Z o)t € Lis(la (V) 1)

AEVy,
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In the definition of the least squares functional @), we now replace the standard dual
norm on ¥y by the equivalent norm || Fy; - [l¢,(v,, ), which yields that

DQ(%ﬁ)(vaf) :<DH1(u7m(wvd)(q]"yl)aH1<u7ﬁ)(\117/1)>g2(\/1/1)+
<DH2(uvﬁ)(w767)7HQ(uaﬁ»LQ(Q) + <DH3(u’m(w’q)7H3(uvm>g§'

To solve this operator equation DQ(u,p) = 0 we are going to apply the adaptive
wavelet Galerkin method.

3. THE ADAPTIVE WAVELET GALERKIN METHOD (awgm)

In this section, we summarize findings about the awgm from [Stel4, CS15,
RS18a]. Let

(I) F:.or D dom(F) — S, with S being a separable Hilbert space;

(1) F(z) =
(III) F be contlnuously differentiable in a neighborhood of z;
(IV) 0 < DF(2) = DF(2) € Lis(2#,#").
In our applications, the triple (F, 27, z) will read as (DQ,% X P, (u,p)), so that
we already know that (I)-(IV) are valid.

Let ¥ = {¢x : A € V} be a Riesz basis for 2, with analysis operator F : g —
g(¥) € Lis(H#"',45(V)), and so synthesis operator F' : v+ v U € Lis(lo(V), ).
For any A C V, we set

la(A) :={v € l3(V): suppv C A}.

For satisfying the forthcoming Condition 3.4 that concerns the computational cost,
it will be relevant that ¥ is a basis of wavelet type.
Writing z = F’z, and with

F:=FFF: £2(\/) — fg(\/),
an equivalent formulation of F'(z) = 0 is given by

F(z) = 0.

We are going to approximate z, and so z, by a sequence of Galerkin approxima-
tions from the spans of increasingly larger sets of wavelets, which sets are created
by an adaptive process. Given A C V, the Galerkin approximation z,, or equiv-
alently, zy := 2z, ¥, are the solutions of (F(zx),va)e,v) = 0 (va € £2(A)), ie.,
F(zp)|a =0, and F(zp)(va) = 0 (va € span{ey : A € A}), respectively.

In order to be able to construct efficient algorithms, it will be needed to consider
only sets A from a certain subset of all finite subsets of V. This collection of so-
called admissible A will specified later. For the moment, it suffices to know that
the union of any two admissible sets is again admissible.

To provide a benchmark to evaluate our adaptive algorithm, for s > 0, we define
the nonlinear approximation class

(3.1)
A= {z elo(V): ||z)lae ==
in {(#A)*: A is admissible, inf |z—7|| <&} < oob.
ig}gsxmm{(# ) is admissible zelzg(/\) |z —z|| < e} oo}

A vector z is in A® if and only if there exists a sequence of admissible (A;);, with
lim; o0 #A; = 00, such that sup; inf,, cp,(a,) (#A:)°]|z — 2| < oo.
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The adaptive wavelet Galerkin method (awgm) defined below produces a se-
quence of increasingly more accurate Galerkin approximations z to z. The, gen-
erally, infinite residual F(z,) is used as an a posteriori error estimator.

This a posteriori error estimator guides an appropriate enlargement of the current
set A using a bulk chasing strategy, so that the sequence of approximations converge
with the best possible rate to z. To arrive at an implementable method, that is even
of optimal computational complexity, both the Galerkin solution and its residual
are allowed to be computed inexactly within sufficiently small relative tolerances.

Algorithm 3.1 (awgm).

% Let 0 < pg < pup < 1, 8,7 > 0 be constants, Ay C V be admissible,
% and zp, € l2(No). Let Z be a neighborhood of z € £2(V).

fori=0,1,... do

(R) ¢:= %Hf‘z_ln % (Read ||F-1|| as some scalar = ||z]|.)
do ¢ :=(/2; Compute T; € £5(V) such that ||F; — F(za,)|| < ¢.
until ¢ < 1%”&”.

(B) Determine an admissible Ai1 D Ay with ||T5|a, || > pol|Fi]| such that
#H(Nir1 \ Ni) SH#AN\N;) for any admissible A D A; with ||T;]5|| > pa||T4]]-

S éQ(Ai-ﬁ-l) NZ with HF(ZAi+1)|Ai+1 || < rY”f'ZH

(G) Compute zp

i1
endfor

In step (R), by means of a loop in which an absolute tolerance is decreased, the
true residual F(zy,) is approximated within a relative tolerance d. In step (B), bulk
chasing is performed on the approximate residual. The idea is to find a smallest
admissible A; 11 D A; with [[T5[a,,, || > pol|Ts. For reasons of computational effi-
ciency, the condition of having a truly smallest A;; has been relaxed. Finally, in
step (G), a sufficiently accurate approximation of the Galerkin solution w.r.t. the
new set A;11 is determined.

Convergence of the adaptive wavelet Galerkin method, with the best possible
rate, is stated in the following theorem.

Theorem 3.2 ([Stel4, Thm. 3.9]). Let pu1,7,6, infy, ety (a0) 12— Vao ll; [F(Zao)[a I,
and the neighborhood Z of the solution z all be sufficiently small. Then, for some
a = afug] < 1, the sequence (zy,); produced by awgm satisfies

< ol|z — 2, .

HZ —ZA,
If, for whatever s > 0, z € A%, then #(Ait1 \ Ao) < ||z — za, || 7Y%,

The computation of the approximate Galerkin solution z, , can be implemented
by performing the simple fixed point iteration

= , ,
(32) zg\Ji+l) = zﬁ\{lrl — wF(Z&Ji)Jrl )|/\i+1 .
Taking w > 0 to be a sufficiently small constant and starting with ZE\(?H =1Z),, &

fixed number of iterations suffices to meet the condition ”F(ngjiﬁ)”/\ul | < ~lIF;]]-

This holds also true when each of the F(-)[a,,, evaluations is performed within an
absolute tolerance that is a sufficiently small fixed multiple of ||T;]].

Optimal computational complexity of the awgm —meaning that the work to
obtain an approximation within a given tolerance € > 0 can be bounded on some
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constant multiple of the bound on its support length from Thm. 3.2,— is guaranteed
under the following two conditions concerning the cost of the “bulk chasing” process,
and that of the approximate residual evaluation, respectively.

Condition 3.3. The determination of A;y; in Algorithm 3.1 is performed in
O(#suppt; + #A;) operations.

Condition 3.4 (Cost condition). For a sufficiently small, fixed ¢ > 0, there exists
a neighborhood Z of the solution z of F(z) = 0, such that for all admissible A C V,
zZ € lo(A)NZ, and € > 0, there exists an T € (V) with

IF(z) — || <<z —2] +e¢,
that one can compute in O(¢~/* +#A) operations. Here s > 0 is such that z € A®.
Under both conditions, the awgm has optimal computational complexity:

Theorem 3.5. In the setting of Theorem 3.2, and under Conditions 3.3 and 3.4,
not only #zn,, but also the number of arithmetic operations required by awgm for
the computation of zy, is O(||z — za, ||~ /).

In the setting of F' = D@, and @ being the FOSLS-functional associated to our
parabolic time evolution problem, we will be able to verify Condition 3.4 only when
DQ is affine, i.e., when our PDO is linear, i.e., N(u) = Nu as given in (2.2). In
this case where

0 < DF(2)" = DF(z) = DF: Z — F(%) — F(0) € L({2(V), £2(V)),

first of all the conditions in Theorem 3.2 of infy, er,(ao) [1Z — Vaoll, [F(za0)]a,ll;
and the neighborhood Z being sufficiently small can be dropped.

Secondly, for any A C V and € > 0, our approximate residual r as meant in
Condition 3.4 will be of the form A .Z+b,, where Ay . = AX’E € L(La(A), la(N)).
The construction of ¥ will show that, in addition to ||F(Z) — (AxcZ + b.)| <
S[|F(Z)|| + & for all z € ¢3(A), and thus ||F(0) — b.|| < e, it holds that ||[DF —
AA,EHL(ZZ(A),ZQ(\/)) 5 C”DFHE(&(\/),ZQ(\/))' Consequently, by taking C sufﬁciently
small, this A . can be used for solving the arising Galerkin problems by a Krylov
iteration assuming that the initial residual is computed sufficiently accurate (see
[GHS07, Thm. 2.5] for details). This method is much more efficient than the simple
fixed point iteration applicable in the general nonlinear case.

4. APPLICATION TO THE FOSLS FORMULATION

4.1. Expression for the residual. As announced before, we apply the awgm
to solving DQ(u,p) = 0 where, in order to be able to satisfy the cost condition
Condition 3.4, we take N(u) = Nu as given in (2.2). Besides the Riesz basis ¥

for ¥ introduced earlier, let U% := {¢ : A € Vo } and U7 := {4y : A € V 5} be
Riesz bases for % and 9’7, respectively. Then

(U7 ,05)U (02, 07) = {(7,0,5): A€ Vg, } U{(0%, ¥ ): A€V 5}
is a Riesz basis for % x 2, with analysis operator F € Lis((% x ), la(Voyy o 5))s
with V,, 3 = Vg UV . Since with & := Ly(L, L»((2)), it holds that & = 2",

we select U7 of the form {¢{¢: (\,i) € V5 = Vo x {1,...,n}} with ¥7 :=
{¢¥: X € Vo } being a Riesz basis for 2. We write (u,p) = F'[u’ p']T.
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For the application of the awgm, for each [w q"]" supported on an admissible
(and thus finite) subset of V,, 5 we have to construct a computationally efficient

approximation for the residual DQ([w' q']T), where DQ := FDQF'. For that
goal we impose the condition that ¥ C Lo(I; H*(R)), so that

(4.1) U7 ¢ Ly(I; H(div; Q).
Then with (w, ) := (W—F\Il%,q—'—\lfﬁ)7 we obtain that

DQ(w'q']") =
(& +N)w?, \I/%>L2(I><Q):| v, Ow .
7 U — 4+ Nw—-V,-¢—
(4.2) (\I/y,vm\lf’/l)h(lxmn { ot q g>L2(I><Q)
+ |:<\I/% (0’ ‘)7 U)(O, ) - h>L2(Q)] + |:<_AV£E_}IJ%7 (7_ Avmw>L2(I><Q)"
0 <\Ijgjvqﬂ_ Avxw>L2(I><Q)"

where we applied (4.1), and the zero boundary conditions satisfied by 71, to write
<Vz\I/A’/1,cj'>L2(IXQ)n as (U1, -V, - (7>L2(1x9)' Note that the residual consists of
three terms, each of them being essentially one of the three terms of the least
squares functional (2.3) in strong form integrated against a wavelet basis.

In view of (2.4), for the current application of awgm the cost condition can be

reformulated as follows.

Condition 3.4*. For a sufficiently small, fixed ¢ > 0, for all admissible A C Vv, ,

W' q"]"T €l2(A), and £ > 0, there exists an T € £5(V,, ,, ) with
IDQ(w'q"]") -7 <

(4.3) ow N .

(157 + Nw = Vo - 7= gllsg + 0(0,) = Bl ooy + |17 = AVl 5) +e.

that one can compute in O(¢~/* + #A) operations, where s > 0 is such that
mTpT]T e A5

4.2. Tensor product bases. In view of the definitions of %, 77, and & as being
Bochner spaces, their bases will consist of tensor products of functions of collections
of temporal and spatial functions, apart from a normalisation in case of %. For
x e {U, M, P}, let
0" ={65: X € <.}
be collections of ‘temporal’ wavelets on I, such that
0”1, ©7 are Riesz bases for Lo(I).
We assume that ©% ¢ H(I), and that
% %

10|,y 197 |2y

respectively. Here with ©% /||©%||y, ), and similarly for other normalisations or

collections, we mean the collection {87 /[|6% ||1,1): A € <o }.
For « € {%, 71, 2}, let

are Riesz bases for Ly(I), H*(I),

¥ = {UZ: we Ot
be collections of ‘spatial’ wavelets on €2, such that,
"1 7 are Riesz bases for H} (Q), La(Q),
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respectively, ©% C H3(Q), and
n% n%
15 || g-1)" 1% ||
respectively. An interpolation argument shows that, consequently, 3% /|| 2% || L2(Q)
is a Riesz basis for Ly(Q).
Under the above assumptions, we have that

(4.4) are Riesz bases for H1(Q), H}(Q),

(4.5) N =gy, ¥ =07 wx?, T¥% .— M
’ ’ |0% @ X%||4

are Riesz bases for 71, &, and % with index sets V, = <, x {, for * being %1, 2,
or % , respectively. For the last statement we refer to [GO95].

4.3. Piecewise polynomial spatial and temporal wavelets. For x € {%, %, 71},
we collect a number of (standard) assumptions on the spatial wavelet collections
Y ={o}: A € 0.} on Q. To each A € O,, we associate a value |A| € Ny, which is
called the level of \. We will assume that the elements of ¥* are locally supported,
piecewise polynomial of some degree m, w.r.t. dyadically nested partitions in the
following sense:
(s1) There exists a collection Og := {w: w € Oq} of closed polytopes, such that,
with |w| € N being the level of w, meas(w Nw’) = 0 when |w| = |w’| and
w # W' for any £ € Ng, Q = Ujw|=¢w; diam w =~ 2-1«l: and w is the union of
w’ for some w’ with |w'| = |w| + 1. We call w the parent of its children w’.
Moreover, we assume that the w € Oq are uniformly shape regular, in the
sense that they satisfy a uniform Lipschitz condition.
(s2) suppoy is contained in a connected union of a uniformly bounded number
of w’s with |w| = |A|, and restricted to each of these w’s is o} a polynomial
of degree m.
(s3) Each w is intersected by the supports of a uniformly bounded number of
o3’s with [\ = |w].
(s4) X* has the cancellation property of order 1 meaning that

|/QO':U dl‘| 5 2_|#||‘U?||L1(Q)|U|W§C(suppo';) (U € <>02/a S Wolo(Q) N H&(Q))

Generally, the polynomial degree m will be different for the different bases, but
otherwise fixed. The collection Og, is shared among all bases.

In addition to (s1)—(s4), we assume that X% has the cancellation properties of
order 2:

(SZ[> ‘fQ U;?de|§4_‘u‘||0'Z/|‘L1(Q)|U‘W§o(suppaf'f/) (U € O%’ v e W;(Q)QH&(Q))

Wavelets of in principle arbitrary order that satisfy all these assumptions can be
found in e.g. [DS99, NS09].

Remark 4.1. Tn both (s4) and (s¥), supp oy, could be read as a neighborhood of
this support of diameter 271#! which requires an only minor adaptation of some
proofs.

Definition 4.2 (tiling). A collection 7 C Ogq such that Q@ = Uye7w, and for
w1 # wy € T, meas(w; Nws) = 0 will be called a tiling. With P,,(T), we denote
the space of piecewise polynomials of degree m w.r.t. 7. The smallest common
refinement of tilings 77 and 73 is denoted as T; & Ts.
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To be able to find, in linear complexity, a representation of a function, given
as linear combination of wavelets, as a piecewise polynomial w.r.t. a tiling we will
impose a tree constraint on the underlying set of wavelet indices:

Definition 4.3 (trees). To each A € ¢, with [A| > 0, we associate one p € O, with
lu| = |A] — 1 and meas(supp o} Nsuppo},) > 0. We call i the parent of A, and so A
a child of p.

To each A € ., we associate some neighbourhood S(c%) of supp o}, with diam-
eter < 271 such that S(o%) C S(o},) when A is a child of p.

We call a finite A C Q4 a tree, if it contains all A € {. with |[A\| = 0, as well as
the parent of any A € A with |A] > 0.

Remark 4.4. Note that we have parent-child relations on the set Og of polytopes
as well as on the index sets (. (and similarly later on the index sets <1.). We trust
that no confusion will arise.

For some collections of wavelets, as the Haar or more generally, Alpert wavelets
([Alp93]), it suffices to take S(o}) := suppoy in order to satisfy the nestedness
assumption made in Definition 4.3. The next result shows that, thanks to (s1)-
(s2), a suitable neighbourhood S(o}) always exist.

Lemma 4.5. With C' := sup, ¢, 21A diam supp o3, a valid choice of S(o%) is given
by {x € Q: dist(x,suppo}) < C2-1}.

A proof of the following proposition, as well as an algorithm to apply the multi-
to-single-scale transformation that is mentioned, is given in [Stel4, §4.3].

Proposition 4.6 (tree-to-tiling). Given a tree A C O, there exists a tiling T (A) C
Oq with #T (A) S #A such that span{cy: A € A} C P, (T (A)). Moreover, equip-
ping P (T (A)) with a basis of functions, each of which supported in w for one
w € T(A), the representation of this embedding, known as the multi- to single-scale
transform, can be applied in O(#A) operations.

Conversely, given a tiling, we define an element-tree and, given an integer k, a
wavelet-tree:

Definition 4.7 (tiling-to-tree). Given a tiling 7 C Ogq, let t(T) C Oq be its
enlargement by adding all ancestors of all w € 7. Given a k € Ng, we set the
k-neighborhood of T in {. by

Ou(T k) == {\ € Ox: meas (S(a}) N U w) > 0}.
{wet(T): |w|=max(|A\|—Fk,0)}

Proposition 4.8. The set 0. (T, k) is a tree, and #0.(T, k) S #T (dependent on
ke No)

Remark 4.9. The idea behind the definitions related to tilings is the following: With
the application of the awgm to FOSLS formulations of PDEs where the wavelet
bases are of non-tensor product form as studied in [RS18a], the residual consists of
terms of the form (¥*, g) 1, ), where, for some tiling 7, g € P,,(T) because it is

from the span of a set of wavelets with indices from a tree. Now estimates of the

j 1(=%.9) Ly @) |0\ 0x (.0
form limg_, o SUPo£geP,, (T) Mgl

in order to approximate (X%, g)1,(q) within some given relative error it is sufficient
to compute this vector on a k-neighborhood of 7 in (., where k is a suitable

= 0 were shown, meaning that




12 NIKOLAOS REKATSINAS AND ROB STEVENSON

constant. Furthermore, with the aid of multi- to locally single-scale transformations,
(X%, 9) o). (7,k) can be exactly evaluated in S #0.(7T,k) < #7T operations.

Such results, together with analogous ones for temporal wavelets, will be the
basis for the residual approximation in the current setting of the application of
tensor product wavelets, where will restrict to approximations from spans of sets
of wavelets with indices that from multi-trees.

Moving to the temporal wavelet collections, for x € {%, 2,71} we assume that
©* = {0}: A € <.} satisfies conditions (¢1)-(t3) analogous to (s1)-(s3) with Ogq
reading as Op = {[i27/T, (i + 1)27T): £ € Np, i = 0,...,2¢ — 1}, and the level |w|
of w = [i27T, (i + 1)27*T] being defined as ¢. In addition, we assume that ©* has
the cancellation property of order 1:

(t4) |f19:;“ dx‘ < 2_MHaZ”Ll(I)W‘W;O(SuppH;) (U €dy,veE Wolo(I))

Remark 4.10. Compared to (s4), note that (¢;) is imposed for all v € W1 (I) instead
of for only v € WL (I) n H}(I).

To each A € <1, with |A| > 0, we associate one p € <, with |u| = |A\| — 1 and
meas(supp 65 N supp 9;) > 0. We call p the parent of A\, and so A a child of u. To
each A € <, we associate some neighbourhood S(63) of supp 6%, with diameter
< 271 such that S(0%) C S(07;) when A is a child of u. We call a finite A C <. a
tree, if it contains all A € <, with [A\| = 0, as well as the parent of any A € A with
|A] > 0.

Finally in this subsection, we add one more assumption on our PDE: We assume
that its coefficients

(4.6) A, 5, and ¢ (cf. (2.2)) are piecewise polynomial w.r.t. the coarsest pos-
sible tiling {wr X wq: (wr,wq) € O1 x Oq, |wi| = |wa| = 0} of T x Q.

4.4. Alpert wavelets. Recall the least squares functional @ from (2.3). It consists
of three ‘residuals’ %—?—l—Nw—Vm-cj’—g, w(0, -)—h, and §— AV w (not to be confused
with the residual DQ([w ' q']")), whose norms are minimized. A main ingredient
of our approximate evaluation of DQ([w' q"]") will consist of representing all
terms in each of the three ‘residuals’ in a common dictionary. If w and ¢ were
from spans of sets of non-tensor product wavelets whose index sets form trees, then
such a dictionary can consist of the piecewise polynomials of some degree w.r.t. a
tiling whose cardinality is of the order of the sum of the cardinalities of both trees.
This is the setting considered in [RS18a] for the solution of stationary PDEs. In the
current setting of tensor product approximation, such a ‘single-scale’ representation
of optimal cardinality does not exist unless we put conditions on the wavelet index
sets that are so restrictive that the advantages of tensor product approximation
concerning favourable approximation rates are lost.

Instead, focussing to the first and third ‘residual’, we employ a representation in
terms of tensor products of temporal and spatial Alpert wavelets. Unfortunately,
this procedure does not apply to nonlinear terms being the reason for our restriction
to N(u) = Nu from (2.2).

Definition 4.11 (Alpert wavelets [Alp93]). We let ©% = {6¢: A € <,} denote
an orthonormal basis for Lo(I) such that suppf§ = w for some w C O with
|w| = max(|A| — 1,0), and span{0%: |A\| < £} = P,({w € Or: |w| = £}).
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Similarly, we let ¢ = {0}, : 1 € 0.} denote an orthonormal basis for L3(£2) such
that supp of, = w for some w C Oq with |w| = max(|u| —1,0), and span{oj;: [A| <
0} =Pp({w e Oq: |w| = £}).

We set 0% := 0% @ 2.

4.5. Multi-tree approximation. We need a definition of admissible subsets of
the index set of our basis for % x 2 that on the one hand is sufficiently restrictive
to allow for the evaluation of the approximate residuals in linear complexity, and on
the other hand yields the favourable approximation rates known from unconstrained
tensor product approximation. For that goal we consider multi-trees as a substitute
for the concept of a tree in the non-tensor product case.

Definition 4.12 (multi-trees). For x € {%, %1, Z,a}, A C Vi := < X Oy s
called a multi-tree when for any (A, p) € A, A2(A) := {y: (A\,y) € A} and Ay (p) ==
{7: (y,p) € A} are trees in O, and <., respectively. We set Ay := Upeq, Aa(N),
Ay = UMEO*AI(M)~

If A C V. is multi-tree, then A; and As, being unions of trees, are trees in <, and
O, respectively.

Simple examples of multi-trees, suited for approximation of functions without
local singularities, are sets {(A\, ) € V.: (|A,|p|) € S} for finite @ # S C N3
with the property that if (i,7) € S then {(max(i — 1,0), 5), (i, max(j — 1,0))} € S.
Examples of such multi-trees are index sets corresponding to ‘full’ or ‘sparse-grids’,
see [BGO4].

Concerning the efficient computation of residuals we recall the following result
from [KS14] that builds on earlier work from [BZ96] dealing with sparse-grids: Let
a be a bilinear form such that for u(t,z) = uy(t)uaz(z) and v(t, z) = vy (t)ve(x), it
holds that a(u,v) = a1 (u1,v1)az(ug, v2), where the a; are local, i.e., a;(u;,v;) =0
when | supp u; Nsupp v;| = 0, and such that for w € Oq or w € O and p,q € Py, (w)
the evaluation of a;(p,q) can be performed in O(1) operations. Then for *,0 €
{%, 11,2, a}, multi-trees A, C Vi, Ay C Vo, and w € f2(A,), the matrix-vector
product

(4.7) (a(T°, T)w)|a,

can be evaluated in O(max(#A*, #A°)) operations.

Although the definition in [KS14] of a tree and therefore that of a multi-tree are
slightly different from the current definitions, the results from [KS14] carry over to
the current setting without much difficulty. For details we refer to [Rek18].

Recalling that the solution of our operator equation DQ(u, p) = 0 lives in % x ,@',
being the Cartesian product of % and the n-fold Cartesian product of &2, and
which has been equipped with Riesz basis (\II%,(_):@) U (0%, ¥?) with index set
Vv = Vo UVg = Vg U(Vap,1)U--- U (Vap,n), the following definition is
natural.

Definition 4.13 (admissible index sets). A set A C V,, 5 is called admissible
when Ay = ANVy and, forall 1 <i<n, Ag :={A: (A\,i) EAN(Vm,i)} C Ve
are multi-trees. We set A 5 := ANV 5.



14 NIKOLAOS REKATSINAS AND ROB STEVENSON

Definition 4.14. For x,0 € {%, V1, Z,a}, a multi-tree A C V,, and k € Ny, we
define its k-neighborhood in V, by

Vo(A k) == {(\N, 1) € Vo: I(\, ) € A with |A| = max(|\'| — k,0),
|l = max (|| — k,0),and meas (S(6%,) x S(o5,) NS(63) x S(a},)) > 0}.
We set V (A k) := UL (Vo (A, k), 0).

Proposition 4.15. The k-neighborhood Vo (A, k), defined in Definition 4.14, is a
multi-tree, and # Vo (A, k) S #A (dependent on k).

Proof. Thanks to A being a multi-tree, the definition of V(A k) would not change
if the conditions |A| = max(|N| —k,0), |u| = max(|u'| — k,0) read as |A| > [N| —k,
|| > || — k. One infers that Vo (A, k) is a multi-tree. The statement # Vo (A, k) <
#A (dependent on k) follows from the locality of the wavelets. O

4.6. Best possible rate. Let the bases %, ©%, ©7 and 2 be of orders
doy, > 1,dg, > 1,ds, >0, and dg, > 0, respectively. Recalling the definition of
the approximation class A%, the largest value spay of s for which [u” pT]T € A® can
be expected, and for sufficiently smooth (u,p) € % x P actually [u'p']" € A%,
is given by

. doy, —1
Smax = 1111 (dOZ/t -1, tn ad.@m

)

dgzm)

see [SS09, Sect. 7]. This holds true assuming the minimum is not attained for
do,

simultaneously dz, and , in which case this maximal rate is attained up to a
log-factor.

Note that when limited by the orders of the spatial wavelets, the value sy,ax for
the approximation rate of the time-dependent problem is equal to the approximate
rate for the corresponding stationary problem, being the major advantage of tensor
product approximation.

The value of symax has been derived using ‘sparse-grid type’ multi-trees assuming
sufficient smoothness of the solution. Using multi-trees that are adapted to local
singularities of the solution, it can be expected that this rate can be attained to
a much larger class of functions. Characterizations of approximation classes corre-
sponding to unconstrained tensor-product approximation (no admissibility condi-
tion) as anisotropic Besov spaces can be found in [Nit06, SU09]. Based on results on
non-tensor product tree approximation ([CDDDO01]), we anticipate that the multi-
tree constraint on the index sets makes the approximation classes only ‘slightly’
smaller. See also [DS10] for results on multi-tree tensor-product approximation of
the solution of elliptic PDEs.

Although Besov regularity theory for the heat equation can be found in [AG12],
to the best of our knowledge corresponding anisotropic Besov regularity results
suitable for tensor product approximation are yet not available.

4.7. Constructing the approximate residual. Given a fixed ¢ > 0, for all ad-
missible A C V,, 5, [wlq']" € ¢3(A), and € > 0, we construct an approximation
Fely(V,y, ) to DQ(w' q']") that satisfies the error bound (4.3) from the cost
condition Condition 3.4%*. B
The first statement of the following lemma shows that with (w, §) := (wT¥% qT¥?)
it holds that %—1;’ +Nw—V,-q € span U¢ | Va(A0)" The second and third statements of
this lemma will imply a similar statement for the third ‘residual’, being §— AV w.
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Lemma 4.16. Let A C Vo5 be admissible. Then

Va(A,0) :=V4(Agy,0) UUL, V, (Aggi, 0)

is a multi-tree, # Vo (A, 0) S #A and

span(— + N)U¥ |A% +span 'V, - \Il‘@|

C pe
5 span |

Ay Va(A,0)

€,

n
SpanAV:,[;\I/%}AW + span \I/‘W|A _C Hspan \I/a‘
=
i=1

Va(A,0)

spanATAVm\I/%|A% spanAT\IlL@|A C Hspan\Il | L(0,0)©
i=1

Proof. The first statement follows by the Ls-orthogonality of the Alpert wavelets

and the fact that, using assumption (4.6), the element of the collections (< +
N)\I/%|A% and spanV, - \I!'@|A _ are piecewise polynomials. The proofs of the
“ >

second and third statements are similar. O

The term (¥#(0,-),w(0,-)—h) ,(0) in DQ([w ' q"]"), resulting from the second

. ) zz u .
‘residual’ w(0, -) — h, reads as E(m (ETW)THE%EIW — h)1,(q), with the
Var X Qg-matrix E defined by

O0F Olle Iy . r_
E(A,#)»M:{ 10 @0 || if (A ) € Vo, 1" =

0 ifu#p €dg.
Its transpose ET represents the trace mapping at ¢ = 0 w.r.t. to the bases
Oy XX Doy 1
6,550 and = i) for 7 and Lo (), respectively.

Since w is finitely supported, ETw can be computed exactly in optimal com-
plexity. The function w(0,-) = (ETW)Tm
some tiling 7. Given an ¢ > 0, h will be approximated within tolerance € by a
piecewise polynomial h. w.r.t. some tiling 7 (g), so that w(0,-) — h. is piecewise
polynomial w.r.t. the tiling 7 & T (¢). Now (m w(0,-) = ), 0) € L2(0z)
will be approximated by restricting it to a k-neighborhood of T@7T (g) (cf. Def. 4.7).
The remaining issue how to approximate the application of E is dealt with in the
following lemma.

is piecewise polynomial w.r.t.

Lemma 4.17. For k € Ng define Ey by

_ By i [N =20l <k,
(Be) o = { 0 otherwise.

Then E,Ey, € LI(Ow ), l2(Va)), |TE—Eg| < 27k/2 and # supp Exv < #supp v
(dependent on k).

Proof. By the inequalities

(4.8) 107 ||y S 2M00% | uay SN0 e s

(4.9) o o) S 270 @), o/ L. S 2™ o [ 5-1(),
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which will be demonstrated below, |07 (0)|2 < 07,0 || 1y by the trace
inequality, and, finally, the definition of %, we obtain

, , w w
921(0)”03/&2(9)‘2 < (||9?||L2(1) o W2y 110 gy o -1y -

0¥ @ ofllae U N0 ey I 17,0y 10X Loy o112, )
< (2-|M4\u\ + 2|>\\4—|M|)*1 <2 M
when ¢ := |\| — 2|u| € Z. From this result, one easily infers the statements of the
lemma.

From (s4), we have
74 - 4 w
low 17,y S 2 o @l Tw @)
S 2722 g || ) 2120 | 11 ),
which shows first inequality in (4.9). The second one is a consequence of HO’Z/ ||iQ(Q) <

o e @llo -1y < 290 I a@llof m-10)-

The first inequality in (4.8) is the inverse inequality for polynomials. Thanks to
(t4), the second one in a consequence of ||Gf/||%2(1) < 2")"||9?\/||L1(I)|Gf/|wolo(1) ~
27 M0% || £, 1) |0% |1 (1) Note that here (t4) has been used also for v & Hg(I), cf.
Remark 4.10. O

We are ready to specify our approximate evaluation of DQ([w '™ q']T):
Algorithm 4.18 (approximate residual evaluation).

Input: data g € Ly(I; H-*(2)), h € L2(R), an admissible A C V,, 5, [w' q']" €
KQ(A), e >0, and ko, ks, k4, ks, k¢ € No.

Output: T:=7F1 + T2+ 73~ DQ([w' q']") defined as follows:

(S1) Find a multi-tree Vq(€) C V4 such that

inf g = gell Lo () < e
ge €span \I/“|\/a(5)

Find a tiling T (¢) € Oq such that

inf  |[h—h <e.
ety o I~ ella <€

(S2) With V(A €) := Va(A,0) U Vu(e) and (w,q) := [w' q"]¥, approzimate

ow .
rii= (U, — + Nw— V-7~ 9)1,01x9)

ot
by £y = (971, G+ Nw — Vo - §— 9e) Lo (1x9) [V, (vVa (i) k) -
(S3) With FLo= F1 U approzimate
2
. <(%+N)‘I/%af%>L2(1xQ)
1= 5 .
<\I/9, va%>L2(I><Q)"

by 1 = rl‘v%(vyl (Va(A8),k2),k3)UV 5 (Vo (Va(Ae),k2),ks) -
(S4> With A‘L = U{)\E(Aﬂ\/%h: 0:{/(0)7&0}(/\ n \/%)2()\) - 0%7 set T(A‘L,E) =
T(e) ®T(Ay), and approzimate

E%
rpom (20
2 17| Ly 0)

w(0

B h>L2(Q)
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=

— x¥
by £y = <HE%HL2<Q) »w(0,) = hE>L2(Q)|O%(T(A¢’E)’k4)'

S5) Approzimate ro 1= Er% by Ty = Eksr% '
0 0
(86) Approzimate

rg = |: <vw\II%LAT(Ava} — q_>>L2(IXQ)n :|
(U7, §— AV,w),1x0)n

by T3 = T3(ke) = T3]V, (va(A,0),k6)0V 5 (Va(A,0)k6) -

Theorem 4.19. For g € Lo(I, H1(Q)), h € La(Q), let s > 0 be such that the
solution of DQ([u” p"]T) = 0 satisfies [u' p'|" € A°. Let V() and T(e) from
(S1) satisfy max(# V4 (), #7T (€)) < e~5. Then given an admissible A C Vo« 5
[whq']T €ly(A), and e > 0, T produced by Algorithm 4.18 satisfies

- _ ow .
||DQ([WT qT]T) -7 <2 k/2 [”E + Nw—-V,-q— g||L2(I;H*1(Q))+

[w(0,-) = hllLy) + 17— AVew| Ly@izo)m)] + 6,

(4.10)

where k = min(ko, k3, k4, ks, k), and its computation requires O(#A +e=/*) op-
erations. So by taking k a sufficiently large constant, Assumption 3.4% is satisfied.

Remark 4.20. Collections V,(g) and T (¢) as in the statement of the theorem exist,
and so the condition about them concerns their actual construction.

Indeed, when [u” p']T € A*, then given an € > 0 there exists an admissible
A. C V,,, 5 with #A. < e7V/* and a [u] pl]T € f3(A.) with, for a constant
C > 0 determined below, |[[u’ p"]" — [u] p]]"|| < &, and thus with (u,p) :=
(u"e?, pT¥7) and (ue,pt) = (W97, plO7), lu - uello + [I0 = p:ll 5 < e
Using that g = %u + Nu — V, - p, we infer that, by selecting a proper C, with
ge 1= %ug + Nue — Vg - p, it holds that [|g — gel|z,1;m-1()) < €. Since as shown
in Lemma 4.16, Span(% + N)\Ij%|(A5)% + spanV, - \I/L‘O??|(AE)@ C span \Il“|
and # V, (A.,0) < #A. < e /5 we conclude that a suitable V,(¢) exists.

Similarly, since h = u(0, ), with (A;); defined similarly as in (S4), by taking
he == (u8|(Aa)l)TZ% and possibly adjusting C, it holds that ||h — hc|/z,q) <
e. The collection (A.), is a tree in Oy, and so h. € P, (T (¢)) with, thanks to
Proposition 4.6, #7 () < #(A.); S #A. Set/s.

Proof of Theorem 4.19. The expression for DQ([w' q']") given in (4.2), and the
definitions of r; and T;, for i € {3,1,3,2,3}, show that

DQ(w'q']") —F=
(GO 07" ) 1)
(U7, V07 L yn

Va(Ae,0)

rl—i"1+ (I‘ -r )—|—I’2—f’2+E(I‘%—f'%)—|—I’3—f'3.

N

1
2

The boundedness of E (cf. Lemma 4.17) and, by the Riesz basis properties of
U% U” and U7, that of <\I’(@,VI\I]%>L2(IXQ)7L and <%\II%7\I]%>L2(IXQ), show
that

IDQ(w a"|") —E+ T+ ) S D, r—E
i€{3$,1,2,2,3}



18 NIKOLAOS REKATSINAS AND ROB STEVENSON

Below, we will show that all five terms at the right-hand side are bounded by a
multiple of the right-hand side of (4.10).

For g. € span \I/“|V () We write

ow .
= bz — vz
=Ty = (U, St Nw=Vo G=02) L2 |y vy (va iy T8 =90 Lo

1—Ir1
2 2

From the first statement of Lemma 4.16, we know that %w +Nw—-V,-7—ge €
span W’y (a,c). An application of the forthcoming Theorem A.3 shows that conse-
quently the norm of the first term is < 2_k/2||%w +Nw =V §— gell po:m-1(0))-
From U”% being a Riesz basis for Ly(I; H} (), it follows that the norm of the
second term is < ||g — gell 1, ;51 (). From (S1), we infer that

= _ ow .
ey =F4l S 272150 + Nw = Vo - G = gll a1 +

Applications of the forthcoming Corollaries A.7 and A.9 show that ||r; — F1|| <
2H/2|je, |, whereas [lry]| < [lry — 7]l + I|Fy || and 7)) S 122 + Now — ¥, - g
9l L, @ m-1(0))-

For he € P (T (¢)), we write

N

E%
rs—rs = <7,
z 3 1% 1,0

w(0,)~he) ‘ +<7,h—h> :
(0,)=he oo B e

Note that w(0, -) € span X% |A¢’ and that A is a tree in Q. Using that ¥ % satisfies
(s1)-(s4), analogously to [RS18a, Prop. A4 (first statement)] one shows that that
the norm of the first term is < 27%/2||w(0,-) — he1,(0). From % /|S%| 1, @)
being a Riesz basis it follows that the norm of the second term is < [|h — he||1,(q)-
From (S1), we infer that |[rs — 3| 27F/2||w(0,-) — hl|, ) + €.

An application of Lemma 4.17 shows that ||ry — Fa|| < 2_k/2||f'%H, whereas
T2 || < w0, ) = hllLoo)-

From the second and third statements of Lemma 4.16, we know that §— AV w,
AT(AV,w — q) € [T, span %, (s 0)€i. Now an application of the forthcoming
Corollary A.11 shows that |rs — 3| < 27%/2||¢— AV, w| 1, (1xq)n, which completes
the proof of (4.10).

The computation of ¥ 1 ry, T 3, T'; or 3 requires a number of operations that is
of the order

# Vo, (Va(Av 5)’ k)v

# Vo (Vo (Va(A,€), k), k) +# V5 (Vi (Va(A, €), k), ),

#Ou (T(Aiv 5)7 k) + #A,

k#O% (T(A¢7 €>7 k)»

#Va (Va(A,0),k) +#V 5 (Va(A,0),E),
respectively. Each of these numbers can be bounded by a multiple (dependent on k)
of #A +e~1/% which proves the statement about the total complexity of computing

T.

The statement about the cost of computing r 1 follows by expressing %w +
Nw — Vg - ¢ — g- in terms of ¥?|, (r.), and then by applying the statement
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about the cost of the evaluation of (4.7). A similar argument applies for the com-
putation of ¥; when (N\I/%,f%hz(lxg) is written as (0%, W)} .0)d for some
d € Vo(Vy (Va(A,€),k),0), as well as for the computation of F3. The evalu-
ation of f'% requires first the computation of ETw, which takes O(#A) opera-
tions, then h. needs to be subtracted taking O(#A| + #7 (¢)) operations, and fi-

= D) —
nally <HZ“Z‘HL2<Q>’w(O’ ) h€>L2(Q)
O(#O0#% (T (A, e),k)) operations (cf. Remark 4.9). The statement about the cost
of the evaluation of r9 follows directly from the definition of Eg. O

Oa (T(Ay,e),k) Deeds to be evaluated which takes

Finally, recall that in addition to the cost condition Condition 3.4* that has
been verified in Theorem 4.19, another condition, Condition 3.3, is required to
conclude by Theorem 3.5 that the awgm is optimal. This condition requires the
determination of an admissible A D A with essentially quasi-minimal #(A \ A)
such that ||F|5|| > pol/T|. Unfortunately in our setting of multi-tree approximation,
we are not aware of an algorithm that is guaranteed to yield such a A. In our
numerical experiments, as a first step we constructed some set A > A with quasi-
minimal #(A \ A) such that IIT|4]l = mollF|| by applying a bucket sort procedure on
the entries of ¥. Secondly, we enlarged A to an admissible set. In experiments we
observed that #(A \ A) is at most a small multiple of #(A \ A) which means that
Condition 3.3 is satisfied, but we do not have a proof of this.

5. NUMERICAL RESULTS

We consider the heat equation, i.e. A =1d and N = 0, on the L-shaped domain
Q=1(0,1)\ [3,1)* and I = (0,1). For our convenience we take g = 1, and consider
three different initial conditions h = 0, h = 1, and h(z,y) = 50z(z —1)(z — $)y(y —
D(y — %) The resulting solutions will exhibit a spatial singularity caused by the
re-entrant corner, as well as, for the last two initial conditions, temporal-spatial
singularities caused by the incompatibility of the initial and boundary conditions
(most severely for h = 1) at the intersection of the bottom and lateral boundary.

We select the spatial wavelet collections ¥* for x € {%, %, 2} st. o} for
|A| = ¢ is piecewise polynomial w.r.t. the triangulation of € indicated in Figure 1,
which specifies the collection Og. We take £ to be the continuous piecewise linear

a2

FIGURE 1. Partition of € on level £ € Ng.

three-point wavelet basis from [Ste98], satisfying homogenous boundary conditions,
and normalized such that it is a Riesz basis for H}(2), and for £ we select this
three-point wavelet basis, now without boundary conditions, and normalized such
that it is a Riesz basis for Ly(£2). For ©% we take a continuous piecewise quadratic
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wavelet basis that will be described in [RS18b], and that when normalized in H(£2)
or in H~1() is a Riesz basis for H}(Q) or H~1(2), respectively.

For 6”71 and ©7 we take a discontinuous Ly (I)-orthonormal piecewise linear
wavelet basis, and for ©% the continuous piecewise linear three-point wavelet basis
(without boundary conditions).

These collections satisfy all conditions (s1)-(s4), (sZ), and (t1)-(t4), and using
them we build the tensor product wavelet bases U1, U? and U# as in (4.5).

It holds that do, = do, = d», = 2 and d¢, = 3, meaning that the best possible
rate Smax = 1.

The auxiliary temporal and spatial Alpert wavelet bases ©% and % were taken
of degrees m = 1 and m = 2, respectively, which are the smallest values such that
the inclusions from Lemma 4.16 hold.

Recall that DQ is affine, so that its (symmetric positive definite) linear part
is given by D?Q: [w' q']"T — DQ[w" q"]" — DQ[00]". We have approximated
the condition number of this system matrix by restricting it to the square block
corresponding to all wavelets with indices A € Vg, (i, 1) € Vo x {1,2} with |A|, |y
less than some integer. Even these Galerkin matrices cannot be evaluated exactly
because they are of the form A] A; + Ay + A3 where the rows of A; run over
the infinite index set Vy,. Similarly to Step (S2) in Algorithm 4.18 we made an
approximation by omitting all rows corresponding to indices v € V+, for which |v|
exceeds any value of |\| or |u| by more than a constant k that was taken sufficiently
large so that it hardly affected the computed condition numbers. These numbers,
illustrated in Figure 2 indicate that the condition number of the infinite system
matrix can be expected to be of the order of 700.

N w IS @ @
S 8 ] 3 3
3 3 3 3 3
T T T T
*

Condition number of Galerkin matrices

3
3

¥

0 L L L L L L L L

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
#N

F1GURE 2. Approximate condition numbers of the Galerkin ma-
trices vs. their dimension.

In [RS18a] for an analogous FOSLS formulation of the corresponding stationary
operator, i.e. the Laplace operator, and with the same spatial wavelets (and thus
without temporal wavelets), we found a condition number of the order of 550.

We applied the awgm given in Algorithm 3.1. In step (R) of this algorithm,
instead of performing a loop we simply computed the approximated residual by one
application of Algorithm 4.18. In step (B) we applied bulk chasing as explained in
the last paragraph of the previous Section 4 with parameter u = 0.5. The Galerkin
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matrices in step (G) were approximated using Algorithm 4.18; and approximately
solved with parameter v = 0.2 using CG iteration as explained in the last paragraph
of Section 3.

The parameters ko, k3 and kg in Algorithm 4.18 were chosen to be equal to 1.
Furthermore, (kq4, k5) was taken to be equal to (1,3), (4,7) or (1,5) for h =0, h =1,
and h(z,y) = 50z(z — 1)(z — 3)y(y — 1)(y — 3), respectively. Since g, and in all
three cases, h are global polynomials, ¢ in (S1) equals 0, where V,(0) corresponds
to the Cartesian product of the indices corresponding to the temporal and spatial
‘scaling functions’, and 7(0) is the initial triangulation of Q. For details about the
implementation we refer to [Rek18].

In the left pictures in Figures 3-5, for right-hand side g = 1, and initial conditions
h=0,h=1,and h(z,y) = 50z(z—1)(z—1)y(y—1)(y—3), respectively, the fr-norm
of the (approximate) residual is given vs. the number of wavelets from the basis for
U x P = Ly(I; HYQ)NHYT; H Y(Q)) x La(1; L2(2)?).  This norm is equivalent

10 102 10° 10* 10° 10°

FIGURE 3. Norm residual vs. number of wavelets (dashed line has
slope —1), and centers supports of the selected 4500 wavelets for
h=0and g =1.

to the % x Z-norm in the error of the approximation to (u,) = (u, Vyu). In the
right pictures one finds the centers of the supports of the tensor product wavelets
that were selected by the adaptive method.

For h =0 and h(z,y) = 50z(z — 1)(z — 3)y(y — 1)(y — 3), one observes that the
awgm converges with the best possible rate s = 1. Moreover, thanks to the tensor
product approximation not only the rate but also in an absolute sense the results
are rather close to the results we found in [Rek18, Figure 4] for the corresponding
stationary problem with errors in (u, V,u) measured in H}(Q) x Ly(2)2. This
means that one obtains the additional time dimension nearly for free.

For h = 1, the observed rate indicates that the exact solution is only in Az,
This reduction in the best approximation rate can be understood as follows: With
this initial condition, the solution w is discontinuous at the full intersection of the
lateral boundary and the bottom of the space-time space cylinder, inducing strong
refinements near this intersection, as illustrated in the right picture of Figure 4.
Although the solution is smooth in the direction tangential to this intersection, since
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10-2 L L L L L
10’ 102 10° 10* 10° 10°

FIGURE 4. Norm residual vs. number of wavelets (dashed line has
slope —%), and centers supports of the selected 4131 wavelets for
h=1and g=1.

10
10

FIGURE 5. Norm residual vs. number of wavelets (dashed line has
slope —1), and centers supports of the selected 4345 wavelets for

h(z,y) = 50x(x — 1)(z — $)y(y —1)(y — 3) and g = 1.

the spatial wavelets are isotropic the method cannot benefit from this smoothness
causing the reduced best approximation rate.

We expect that if we had applied a spatial piecewise tensor product wavelet
basis as constructed in [CDFS13], this reduction would not have occurred, and
also for this problem we would have obtained rates as if we would solve a one-
dimensional problem. We have however chosen for the current isotropic spatial
wavelets because their (relatively) easy construction, and because they apply to
any polygon. Moreover, parabolic problems are usually studied assuming that the
data satisfies the lowest order compatibility condition of a vanishing initial condition
at the homogenous Dirichlet boundary.

Note that the initial condition h(z,y) = 50z(z — 1)(z — L)y(y — 1)(y — %) does
vanish at 99, but does not satisfy the next compatibility condition of —Ah = g(= 1)
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at 0. Nevertheless, it seems to give rise to the best possible rate allowed by the
polynomial orders that were applied.

6. CONCLUSION

In this paper an optimal adaptive wavelet solver has been developed for solving
a simultaneously space-time FOSLS formulation of parabolic PDEs. Thanks to the
use of tensor products of wavelets in space and time the whole time evolution can
be solved at a complexity of solving the corresponding stationary problem, which
has been illustrated by numerical results.

A theoretical issue that has not yet been satisfactorily solved is that of bulk
chasing under a multi-tree constraint (cf. last paragraph of Sect. 4). It may require
a generalisation to multi-trees of the tree approximation routines given in [BD04].

Other than in our preceding paper [RS18a] dealing with stationary PDEs and
non-tensor product approximation, in order to construct an approximate residual
evaluation of linear complexity we had to restrict ourselves to linear PDOs. It
would be interesting to circumvent this restriction.

In [SS17], we constructed well-posed simultaneously space-time saddle-point for-
mulations of instationary Stokes and Navier-Stokes equations. Using the approach
from [RS18a], these formulations can be recast as well-posed FOSLS so that, mod-
ulo the treatment of the nonlinear term in NSE, the adaptive scheme from the
current work applies.

Adaptive finite element (afem) schemes usually have better quantitative prop-
erties than adaptive wavelet schemes. To the best of our knowledge, for simulta-
neously space-time variational formulations, currently there are no afem schemes
available that are proven to converge, let alone to be optimal or to give rates as for
stationary problems. Our FOSLS formulation might give an opening towards such
results because it gives a well-posed symmetric positive definite problem.

APPENDIX A. DECAY ESTIMATES

In this appendix we prove the technical results Theorem A.3, Corollaries A.7,
A.9, and A.11 that were used in the proof of Theorem 4.19.

The following lemma is an application of Schur’s lemma that is often used to
bound the spectral norm of a matrix whose the row and column indices run over
index sets of multi-level bases.

Lemma A.1. Forindex sets J, J', let |-|: JUJ" — No, and let M := [mx ] (v ayer xs
be such that for some & >0, o > 0,
#{Nmaa # 0, (V= A+ &} S2°F (A€ J, ke N,
#{Nmu N #£0, N =|N+k} ST (VN ed,keNy),
and
Imava] < 208=IVD(eHE)  (IN] > |A|).

Then

—ok
|||M‘{(>\/,>\): |)\’|>|>\|+k}|” <279,
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mx x  when |N| > |\ +k
L R { 0 Otheruljisla e
notes the matriz spectral norm, i.e., here the norm on L({(J),l3(J")). The abso-
lute value refers to taking entry-wise absolute value. (Similar notations will be used
at other occasions.)

and || - || de-

Proof. With Iy o := me,,\H{()\@)\): [N |=07 | A|=0}, We have

M oy s 1P S max D (1Zeell x max D [Tl
1<l —k 0 >0+k

where £, ¢’ run over Ng.

The number of non-zero entries in each column or row of Iy, is S 26('=0) op
< 1, respectively. Using || - |2 < || - [[1]| - loo, We infer that [[Ip > < 260 .
o(§+0) (=) 1. 9(5+0) (1) — go(t—t') .

The next lemma concerns near-sparsity of a generalized mass matrix correspond-
ing to two temporal wavelet bases.

Lemma A.2. For k € Ny, ©%,0° € {8"1,07,0°,0% /|0%||,1)} we have

* o —k/2
|||<@ , 0 >L2(I)|{()\/’)\): |)\’\>\)\|+k}H| 52 :
Proof. Using that ©* satisfies (t1)—(t4), being the counterparts of (s1)-(s4) for the
spatial wavelets, we split the matrix into B” + B?®, where B" contains all its entries
(03,05) L, for which supp 63}, is contained in w for some w € Op with |w| = |}
(the ‘regular’ entries), and where B*® contains the remaining (‘singular’) entries.

The number of non-zero entries with |\'| = ¢/ and |\| = £ in each column or row
of B is < 27~ or < 1, respectively. Thanks to (t4), for each of these entries we
have [(6%,,0%) L. | < 10512, m2~* 103w (suppoz,) S 23(0=£9/2 " An application of
Lemma A.1 with £ = o = 1 shows that |||B"||| < 27*.

The number of non-zero entries with |\'| = ¢ and |A| = £ in each column or row of
B? is < 1. For each of these entries, we have |03/, 03) £,y < |03 o, 10 .c ) S
2(t=6)/2 " An application of Lemma A.1 with £ = 0, o = 1 shows that [|[B*[|| <
27k/2, 0

The following theorem provides the main ingredient for bounding ||r% —T1 .

Theorem A.3. Let A® C V, be a multi-tree, and r € span \I/“|Aa For k € Ny, it
holds that
(A1) 270, 7) Ly (12 [y \viyg (Ao i | S 272 r || Ly ()

Proof. We write r = Z(A’H)GAQ bl @ oy, and let

)

Sa(y) = 0 |u] < max{|pu|: p€ AZ(N), meas(S(UZ/}) Nsuppoy,) > 0} +k
A 1 elsewhere
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Writing A”* 1= Vy, (A%, k), from 1 (a +b)? < (a® + b?), we have that

§||<\I’7/17T>L2(IXQ)|V~VI\A"”1 I? <

3 D B SR (N S TN N S SV DR

(AQ) nEO, )"€<1'1/1\A;V1(H') IN >\ |+k HEAG(N)
2 b2 2
Yoo 2 X @R nes )il Y] e i)
WEG Y, )\/647/1\1\'11/1 () IAIZ>|N | =k HEAS(N)

Here we could insert the factor ,(u') in the second sum because of the following
reason: Let (N, /) € Vo, \ A7t and A € AY with [A| > |N| — k. If meas(S(6)}) N
supp %) = 0, then the value of 05(y) is irrelevant. If meas(S(G:\’/}) N supp %) > 0,
then the definition of A”* = V. (A%, k) shows that |p/| > |u| + k for all g € AZ(N)
with meas(S(aZ/}) Nsuppoy;) > 0, meaning that d(u') = 1.

Using Lemma A.2 for (©*,0°) = (671,0%), the first sum can be bounded on a
multiple of

IR DD SR N |

WED, A€, REAL(N)
_ oy, o
Y S el X bl = 1Y il
A€o WEQY, HEAZ(XN) AE<a  pEAL(N)
=270 Y0 D mwoillLwme) =27 I q oy
AE<a peEAg(N)

where we used that $”% is a Riesz basis for H}(Q), and that ©% is a Riesz basis for
Lo (D).
To bound the second sum, recall that for p € Qq, it holds that suppoj; = w,,
for some w, € Oq with |w,| = max(|u| — 1,0). Define the tiling 7 (X) € Oq
as the union, over the leaves p of the tree A3()), of the children of w, when
|| > 0, or of w,, itself when |u| = 0. Then span{of,: u € A§(\)} = P (T (N)), and
{1 €0y (1) =1} = Oy \ O (T(N), k), cf. Definition 4.7.
Since ©® and ©”1 are Riesz bases for Lo(I), and so (071, 0%) 1, 1) € L(¢2(<a), l2(<;)),
invoking [RS18a, Prop. A.1] using that ¥.”* satisfies (s1)—(s4), the second sum can
be bounded on a multiple of

Z Z |5>\(M/)<UZ/}, Z TAuO >L2(Q)|2

WEQy AELa HEAS(N)
»1/1 a
=2 2 e 3 el S 304 Y il
A€, ' €O HEAZ(N) AE, HEAZ(N)
~ 47| Z 0% ® Z T)\Maz”%g(I;H*l(Q)) = 4_k||r||2L2(I;H*1(Q))v
AEda HEAZ(N)
where we used that ©% is a Riesz basis for La(I). O

If ©% was a Riesz basis for H~1(£), then in the proof of Theorem A.3 it would
have been natural to write (o Z/, ,ZMGAQ(/\) TAUO,) La(Q) 88 (7%, ne VL) [Pl peas (-
In this case the approach of the insertion of the factor (') would have given the
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bound
%\/i||<W%’WG>L2(IXQ)|\/~V1\A“’/1 (Aa,k)anH =

(07,0 Lol v ny: v s iarerd 10574 B Loy |+

10072, 0%) Lo [ {7 2 2@ [ (s 115 oy I

Although in the current setting where (5”1, 5% ) & L(£2(0a),€2(0v;)), this
estimate makes not much sense, for other collections this result, formulated in the
next proposition, is going to be useful.

Proposition A.4. Forx,o € {%, 7, P,a}, let Mg := [mf/,x](,\/,x) € L(l(<y),02(<0)),
My := [mﬁ’,u](#”#) € L(02(0+),42(00)), where m% \ = 0 when meas(S(63,) N
suppfy) =0, and mﬁ,’ﬂ = 0 when meas(S(oy,,) Nsuppoy,) = 0. Then for a multi-

tree A* C V., and k € Ng, it holds that

1
V2 Mg ® MQ’(\/O\AO(A*,k))xA* I <
1 al vy v 10N+ I QMO 1y sy -

The remaining of this appendix will consist of various applications of Proposi-
tion A.4 for which in several lemmas we estimate norms of type || My

or | M4

‘{()\’,A): |>J|>\A|+k-}||
’{(A, N: VIS AR l. The next lemma deals with the first task.
Lemma A.5. For k € Ng, it holds that

=¥ 2'1/1 < 27k/2
HK ||E%||H_1(Q)’ >L2(Q)‘{(H"M)? |u’\>|u|+k}‘H ~ ’

[ o ) |2
”E%”Hl(Q L) L om) |/ [ >l +R} ]| ~ .

Proof. For proving the first inequality, we split the matrix into B” + B*, where B”

U

contains all its entries <# 07/1> for which supp o is contained in w
o =1 # /Ly .
for some w € Oq with |w| = |p| (the ‘regular’ entries), and where B® contains the

remaining (‘singular’) entries.
Thanks to (s¥), for the regular entries we can estimate
g w —|u' )+
0H1>L2(Q)‘ S.z ||Up,’ ||L1(Q)4 I ‘|J 1|W2 suppadl/)
< 4~ W 19— 1K1 ||0 / HLZ(Q)Qlulglulg HJ% s

= o(ul=lw'D+5) ||U;l/ 1™

(o

(D)

where we used [0} |1y ~ 1, and ||Uf{||%2(9) < ||0’Z{HH1(Q)HUI?{||H71(Q) <
2"“"'”0';&/HLZ(Q)”O'Z{HH—I(Q). An application of Lemma A.1 with £ = n and o =1
shows that |||B7||| < 27°F.

Since the wavelets az/l are piecewise polynomial functions in H*(f2), they are
contained in WL (Q2). Using (s4), for the remaining singular entries we estimate

U N
|<U;L 7Up, >L2 Q)| S HU ||L1(Q)2 I’ lIU |W1 (suppo’”)

= o(ul=1n]) ZHJ | - (@)
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again by o7 [lim(0) = 1 and [o% @ S 290 |y (cf (49)). An
application of Lemma A.1 with € =n — 1 and ¢ = 1/2 shows that |||B®||| < 27%/2.
Moving to the second inequality, we split the matrix into B" 4+ B®, where B"

220"
contains all its entries <%, U“> for which supp O’ % is contained in wN{2
HO-M/HHI(Q) Kl
for some w € Oq with |w| = |u| (the ‘regular’ entries), and where B® contains the

remaining (‘singular’) entries.
Thanks to (s4), for the regular entries we can estimate
0 o o 0
|<87xio'u’ 7UZ>L2(Q)| = |<Uu/’87xi >L2(Q ‘ ~ ||U / HL1(Q 2" W ‘|U |W2 (suppa )
< 41— 15 HJ ,||H1(Q glulolpl s ||UaHL @ ~ o(lul=Iu’ |)(2+7)||0-Z'{||H1(Q)7

where we used that [0 iy S 27 I’ ‘”UOZ{HHI(Q) ((4.9)). An application of

Lemma A.1 with £ =n and ¢ = 2 shows that |||B"||| < 4.
For the remaining singular entries we estimate

9 4 4
|<8$Z O UZ>L2(Q)| S ||0,u’ ”Wll(Q)HO—z”LDQ(suppo'Z/,)
| Y
5 2(‘#‘ [']) 2 ||U;1/ ||H1(Q)||0'3HL2(SHPPUZ/I).

An application of Lemma A.1 with £ = n — 1 and ¢ = 1/2 shows that |||B?||| <
27k/2, 0

Lemma A.6. Fork € No, it holds that

[raerr—0"),.| |52
I @% HLz(I Lo(n) LV A) 2 IV[>A[ R} ~ .

Proof. We split the matrix into B” + B®, where B" contains all (‘regular’) entries

( 2/)’ “//1> . Y - . .
<7\|(9”7/) Mm% ) o for which supp @37 is contained in w N I for some w € O
with |w| = |A| (so that in particular 6% vanishes on 9I), and where B® contains

the remaining (‘singular’) entries.
For the regular entries, we can estimate

|<(ef{)/50;{/1>l/2(1)‘ = |<9%7 (9;\1/1)/>L2(I)| 5 ||ef/’||L1 2_|)\ |||941/1||W2 (supp 0 %)
S 27122 (0 Y ||,y 27X 1422033 1) = 23 XEIND 621,
where we used (t4), Poincaré’s inequality, an inverse inequality, and ||¢9/\1 llL,m ~ 1.

An application of Lemma A.1 with £ = 1 and ¢ = 2 shows that |||B"]|| < 47F.
For the remaining singular entries, we estimate

MY 62 o] < NEEY s 16 ooy £ 27 2P0V 2,0
An application of Lemma A.1 with ¢ = 0 and o = £ shows that ||| B*|| < 27%/2. O
The following Corollary will be used to bound ||(r1 — F1)|v,, |-
Corollary A.7. Let A"t C V+, be a multi-tree. Then for k € Ng,
(5w, w™)
[{bi 52 W% W7

"z, Lo(IxQ) (Vo \Va, (A*1,k)) x A1 |
[{(cU?, ")

Lo (IxQ) |(\/%\\/% (A”"1,k))x A" ||
< 27’6/2.

La(IxQ) | (Vo \Vay (A1 ,k)) x A% I
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Proof. (a). From |07 @ 0|l > 0% | @ llo7 |r-1 (e, for the first inequality it
is sufficient to prove that
(@%)/ %
||< X4 ® DA
0% Ny — 1% lm-1(e)
From ©% /||0% || g1y, ©71, £% /||S% || jg-1(q), and 71 being Riesz bases for H*(I),
Ly(I), H=1(Q), and H}(Q2), we have
< )
19% | 1 (1)’
<L 2%> € L(L2(09), 2 (O )
A= La() 2(071), L2(0% ).

The proof of the first inequality is completed by applications of Proposition A.4
and Lemmata A.5(first statement)—A.6.

(b). From span a%ibﬂﬂ/l [an1 C span WO, (y# ¢y (similar to Lemma 4.16), for
c € l3(A”1) there exists a d € £3(V4(A”1,0)) such that

# ez —k/2
O ®Y 1>L2(I><Q)’(VW\VW(A“”I,k))xA“”l IS 272

v
%), 1 € LUa(<n), (<)),

5] Y 1V _ 4 T 9 7
<bia7;i\y ) Laxey© = (T e %(biqj R
= <\D%7dT\Ila>L2(I><Q) = <\I/7/’ \I/a>L2(I><Q)d7

where

0
") e S el
7

From |0 ©0.7 |2 > 10 |, lloy |11 (), and Va, (A7 k) = Va, (Vo (A7, 0), k)
it remains to be proven that
Q% 88 U
Z; a a <
IK 19| Loy ¥ 1% (e O DX} L 1x) | (var \ar (va a7 00 v a1 ,0) | 52

Id] = a7 ¥ 1, ax0) = llc’

—k/2.

Indeed, this gives
8 % 2
”(<b187x1\11 ¥ >L2(I><Q)C)

= (07,0, od)

showing the second inequality.
From ©% /(0% 1,1, ©7, % /||S%|| 1 (q), and 57 being Riesz bases for Ly(I),
Ly(1), H(Q), and Lo(f2), we have
@%
<||®%HL2(I)’
68 E?/
—_ ¢ € L(U(0,), L2(Ox))-
(o™ ) iy © £E0%).602)

The proof of the remaining inequality is completed by applications of Proposi-
tion A.4, Lemma A.2 for (©*,0°) = (L ©%), and the second statement

©%Lym)’

VW\VW/ (A’Vl ,k)

IS 272 )a)l < 272 |ell,
Vay \Va (A1 ,k)

01), o € L), fo(<)),

from Lemma A.5.
(c). A subset of the arguments that showed the second inequality gives the third
one. O
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Lemma A.8. For k € Ny and 1 < i <n, it holds that

(e 22

s | S
Lo(@)n L) s W/ > ul+k} ]| ~

Proof. We split the matrix into B"+B?*, where B” contains all its entries <af,$, @UZ/l >L @
()"
for which supp a;f;z is contained in wN$? for some w € Oq with |w| = |u| (the ‘regular’
entries), and where B*® contains the remaining (‘singular’) entries.
For the regular entries using (s4) we can estimate

|< ¢ 80 >L2(Q |< ||U ’||L1 "2 W“O- |W2 (suppo’ff)

— o(lul—lu'(1+2)
An application of Lemma A.1 with &€ = n and ¢ = 1 shows that |||B"||| < 27".

Since the wavelets O'Z/l are piecewise polynomial, and functions in H'(Q), they
are contained in W1 (Q). For the remaining singular entries we estimate

|<U?767;UZ/1>L2(Q)” 5 ||U/?||L1(Q)"‘ |W1 suppa 7Y~ S 2(W‘ I’ o .
An application of Lemma A.1 with £ = n — 1 and ¢ = 1/2 shows that |||B?||| <
27k/2, 0

The following Corollary will be used to bound |[|(r1 —F1)|v ;|-
Corollary A.9. Let A”* C Vy, be a multi-tree. Then for k € Ny,

(w7, v,07 <2k,

>L2(I><Q)" |(v3,7\v3,7(A“’/1 k) XA

Proof. Using Lemma A.2 for (6%,0°) = (06%,0”1), Lemma A.8, (67, @7/1>L2(I) €
L(<y,, <o), and <ZW,81-E7/1>L2(Q)" € L(Ov;, 0 %), the proof follows from Propo-
sition A.4. a

Lemma A.10. For k € Ng, 1 < i <mn, it holds that
T =205 e s 5
||E%||H1(Q) Lo(@)n L) s W > ul+kF ]| ~

=7, =

—k/2
b

. ) < o—k/2
)L2() |{(u’,u): |u’\>|u|+k}H ~ '

Proof. For proving the first inequality, we split the matrix into B” + B*, where B"

U
a
2 a
——,0%e;
HUZI/ “HI(Q)’ p Lo(O)™
wNQ for some w € Oq with |w| = |p| (the ‘regular’ entries), and where B® contains
the remaining (‘singular’) entries.

For the regular entries, using (s4) and the first inequality in (4.9), we estimate

(ond e
—_—., 0
||O'Q{HH1 TR L)

||L1

contains all its entries < for which supp 03 is contained in

(2 o)
‘<||0'Z{||H1(Q) R L)

) | e < o= IWlg=I'In/29=I1' I9|nln/292|u|

1 1% a
2 . (5uppaf,)w

o Nz o
o(@+n/2)(I'|~ m|>.

An application of Lemma A.1 with £ = n and o = 2 shows that |B"|| < 47,
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For the singular entries, we estimate

~ o%

(1 1=luhn/2,
il (@)

81-035 a a
(; ot S 2

)
|Uff{ 1 () HlLa()n
An application of Lemma A.1 with ¢ = n—1 and ¢ = 1/2 shows that ||| B*||| < 27%/2.
The proof of the second inequality proceeds along the by now well-known steps.

Using assumption (s4) on ©Z one shows that ||[B"||| < 27%, whereas [||B?||| <
27k/2, 0

The following Corollary will be used to bound ||rs — F3]|.

Corollary A.11. Let A* C V, be a multi-tree. Then for k € Ny,

% . —k/2
H<Vz\If W ei>L2(I><Q)"|(V%\V%(A“ak))></\a 52 .
G e, e
H<\II 7\I/an>L2(I><Q)" (V@ \V g5 (A% k) x A || ~ 2 -

Proof. ¥rom ||0¥ @0/ o > 10 || L, llo% |1 (o), in order to prove the first result
it suffices to show that

H< o “ vE%
0% L,y I2% | a1(e)’

This and the second result follow from applications of Proposition A.4, Lemma A.2,
and Lemma A.10. (]

0°® zaei> < 9Hk/2,

Lo(IxQ)™ IV \Va (A®, k)X A
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