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Erik Burman’ Guillaume Delay* Alexandre Ern®

October 16, 2023

Abstract

We are interested in solving the unique continuation problem for the heat equation,
i.e., we want to reconstruct the solution of the heat equation in a target space-time
subdomain given its (noised) value in a subset of the computational domain. Both
initial and boundary data can be unknown. We discretize this problem using a space-
time discontinuous Galerkin method (including hybrid variables in space) and look
for the solution that minimizes a discrete Lagrangian. We establish discrete inf-sup
stability and bound the consistency error, leading to a priori estimates on the residual.
Owing to the ill-posed nature of the problem, an additional estimate on the residual
dual norm is needed to prove the convergence of the discrete solution to the exact
solution in the energy norm in the target space-time subdomain. This is achieved by
combining the above results with a conditional stability estimate at the continuous
level. The rate of convergence depends on the conditional stability, the approximation
order in space and in time, and the size of the perturbations in data. Quite impor-
tantly, the weight of the regularization term depends on the time step and the mesh
size, and we show how to choose it to preserve the best possible decay rates on the
error. Finally, we run numerical simulations to assess the performance of the method
in practice.

1 Introduction

In the present work, we are interested in solving numerically a data assimilation problem
subject to the heat equation. In this problem, neither the boundary conditions nor the
initial data are known. In order to compensate for the lack of initial and boundary data,
we use the knowledge of the solution in a subdomain. We also investigate the influence
of noise on this additional datum. Specifically, we consider a bounded Lipschitz domain
Q Cc R de {1,2,3}, asubset @ C Q, and a time interval J := (0,Ty) with final time
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Ty > 0. Our goal is to approximate the function v : J x {2 — R that satisfies

L(u)::%—Au:f in J xQ, (1)

u=g¢ inJ xw, (2)

where f € L?(J x Q) is a given source term and g € H'(J; H' (w)') N L?(J; H'(w)) is the
restriction to J x w of a solution to the heat equation in J x 2. The model problem (1)-(2)
is ill-posed. Indeed, whenever a solution exists (this is the case whenever g satisfies the
heat equation (1) in J X w), it is unique, but there is no a priori estimate on the solution
in the usual Hadamard sense. Another difficulty is that we want to consider perturbed
data g5 instead of g to account for some noise in the measurements.

Although we do not have usual stability estimates, so-called conditional stability es-
timates are available. This type of estimate will play a key role in our error analysis.
Conditional stability estimates essentially allow one to control the norm of a function in a
target subdomain by means of weaker norms in a larger domain. Our analysis hinges on
the following result.

Lemma 1 (Conditional stability estimate). Let B be a connected subset of § such that
B C Q. Let0 < Ty <Ty, <Ty. There exist Cg, > 0 and a € (0,1] such that for all
ve HY(J; H Q)N L2(J; HY()), we have

1ol 22y 1o (y) < Cstb (10l 22722y + 1L 20 1-1(02)))

11—«
X (HUHL2(J;L2(Q)) + HL(U)HLQ(J;HA(Q))) . (3)

Lemma 1 with the additional assumption @ C B corresponds to Theorem 1 in [8].
This assumption can be removed by using the arguments of the proof of Theorem 1.1
from [23]; see also [24, 17, 1]. The conditional stability estimate from Lemma 1 will be
used to prove the convergence of our approximation method. The constant « therein
has an influence on the convergence rate. For instance, if A is the mesh size and 7 the
time step, if polynomials of degree k > 1 (resp., £ > 0) are used for the space (resp., time)
discretization, and provided the noise in the measurements is small enough, our main result
establishes an error bound with decay rate O((h* + T€+%)O‘) in the target subdomain B
(see Theorem 9). We also mention that Lemma 1 admits some interesting extensions.
First, in the case of known boundary conditions (i.e., if we add the assumption v = 0 on
09), then Lemma 1 remains valid with T = Ty, B = 2, and a = 1 (see Theorem 2 from
[8]). This setting will be considered in our numerical experiments as well. Moreover, in
the case of known initial conditions (i.e., if we add the assumption v(0,.) = vo in Q for
some vy € L?(€2)), then Lemma 1 remains valid with 77 = 0 provided |vg||q is added to
I L(v)[|2(;m-1(0)) in (3) [13]. Other stability estimates are available in the literature, for
instance using Cauchy data on the boundary instead of interior data [22]. For an overview
on analysis techniques of unique continuation for parabolic equations, we refer the reader
to [27].

Since the problem (1)-(2) is ill-posed, a regularization must be considered to devise
a reasonable approximation method. The usual approach is to regularize the continuous
problem before embarking on any discretization method. Several regularization methods



are available, for instance the quasi-reversibility method [3, 4, 16] or the Tikhonov regu-
larization [20]. These methods have already been applied to solve the data assimilation
problem subject to the heat equation in the one-dimensional case; see [26, 2]. Other nu-
merical approaches have also been proposed and analyzed for the one-dimensional heat
equation, see [21, 28|, but, to the best of our knowledge, none of the above-mentioned
references provides an error analysis balancing the stability of the regularization method,
the conditional stability estimate, and the approximation order of the discretization in
space and in time.

An alternative approach is to first discretize the ill-posed problem and then regularize
it at the discrete level. The main advantage of discretizing first and then regularizing is
that it makes it possible to design regularization terms that allow for a rigorous numerical
analysis, leading to error estimates with rates that match the best possible rates deduced
from the conditional stability estimates. The discretize-then-regularize approach has al-
ready been considered for instance in [5, 6, 9] for the stationary version of the present
problem. The analysis was extended to the data assimilation problem subject to the
Helmholtz equation using a high-order discretization in [11]. Data assimilation subject to
non-stationary problems was considered in [12] for the wave equation and in [8, 10] for the
heat equation with known Dirichlet boundary data for the numerical tests. In particular,
[8] considers the semi-discretization in space using lowest-order Lagrange finite elements,
discussing several stability situations, whereas [10] deals with the full discretization of the
problem using the backward Euler scheme in time and still lowest-order Lagrange finite
elements in space. In the latter reference, only the case of unknown initial data, but known
boundary data, is considered. In [15], a method minimizing the dual norm of the PDE
residual augmented by the least-squares error on data fitting was proposed, together with
error estimates for the reconstruction problem. Also in this latter work, the boundary
data are assumed to be known.

In the present work, we use higher-order methods for the discretization in space and
in time. Specifically, we employ a discontinuous Galerkin (dG) method in time and a
hybridized dG method in space (recall that such methods attach discrete unknowns to the
mesh cells and to the mesh faces). The use of a dG method in time is the natural way to
extend the backward Euler scheme to higher order. Furthermore, the use of a hybridized
dG method in space reduces the number of stabilization terms that are needed with respect
to standard finite elements (irrespective of the order of approximation). Indeed, as we shall
see below (see the inf-sup condition from Lemma 3), the hybridized dG method naturally
gives a control on the residuals without the need of any stabilization (which is needed
for standard finite elements). Notice that, at the algebraic level, the discrete unknowns
are globally coupled in time, as is anyway the case for all the methods to solve data
assimilation problems.

To sum up, the added value of the present work is that we consider the data assimilation
problem with unknown boundary conditions (and initial conditions) and that we devise a
higher-order method in space and in time to discretize the above ill-posed problem. The
salient feature of our approximation method is that the regularization term matches the
decay rates of the approximation method. We also emphasize that we rigorously derive an
a priori error estimate that decays at the best possible rate in view of the approximation
capacities of the discretization and of the conditional stability of the continuous problem.



Finally, we mention that the analysis entails various subtleties because some of the usual
arguments in the analysis of time dG methods cannot be applied here. The reason for this
is that, because of the ill-posed nature of the problem, we cannot invoke a plain coercivity
argument that gives control in the L?(J; H}(£2))-norm. As a consequence, we need to add
a stabilization term controlling the time jumps of the discrete solution (and of its gradient)
at all the discrete time nodes. Moreover, in addition to the main analysis arguments used
for well-posed problems (inf-sup stability, consistency), we need an additional, non-trivial
estimate on a suitable dual residual norm. This estimate is indeed key to invoke the
conditional stability estimate from Lemma 1 and prove an error estimate in the energy
norm.

The rest of this work is organized as follows. In Section 2, we present the high-
order discretization method in space and in time. In Section 3, we perform the error
analysis, which combines arguments relevant to well-posed problems (Sections 3.2 to 3.4)
with arguments specific to ill-posed problems (Section 3.5). These steps prepare the stage
for our main results, which are the error estimate (Theorem 7) and the devising of the
regularization to achieve optimal error decay rates (Theorem 9). Finally, in Section 4,
we present some numerical results that corroborate our theoretical results. Moreover, we
illustrate the benefits of high-order discretization methods.

2 Problem discretization

In this section, we describe the space and time discretization, and we present the numerical
scheme studied in the present work.

2.1 Time discretization

In what follows, for two integer numbers p < ¢, we use the notation {p:q} :={m € N, p <
m < q}. We discretize the time interval J using a uniform time step 7 := Ty/N (for
simplicity), where N € N* is the number of time steps. We then have 0 =ty <t} < ... <
ty = Ty where t, ;== n7 for all n € {0:N}. We define I, := (t,,—1,t,) for all n € {1:N}.

For a piecewise smooth function ®7 defined on the above partition of J, we use
the shorthand notation ®" := ®7|; for all n € {1:N}. We define ®7(t;)) := D" (¢,),
P7(t}) = ®"TL(t,) and [®7]" := &7 (,[)—®7(¢,,). For convenience, we also set [®#7]° := 0;
this convention is motivated by the fact that there is no initial condition to enforce in
the present problem. Finally, 9f ®7 denotes the broken time derivative of ®7 such that
(Of®7)|1,, := 0P for all n € {1:N}.

2.2 Space discretization

Let (Th)n>0 be a family of matching meshes of . In principle, the meshes can have cells
that are polyhedra with planar faces in R?, and hanging nodes are also possible. How-
ever, the analysis below requires the mesh to be such that the underlying discontinuous
polynomial approximation space has a global H'-conforming subspace with optimal ap-
proximation properties. For simplicity, we will therefore restrict the discussion to meshes
composed of simplices (one can also readily consider meshes composed of cuboids). The
mesh cells are conventionally taken to be open subsets of R%, and ny denotes the unit



outward normal to the generic mesh cell T € T;,. For a subset S C R? hg denotes the
diameter of S, and for a mesh 7, the index h refers to the maximal diameter of the mesh
cells.

The mesh faces are collected in the set Fj which is split into the set of the mesh
interfaces, f,ilnt, and the set of the mesh boundary faces, ]-";? . Any mesh interface F' € ]:,ilnt
is oriented by a fixed unit normal vector nr. Moreover, for a piecewise smooth function
v and any mesh interface F' € f}l“t, [v]F denotes the jump of v across F in the direction
of np. We also use the broken gradient and Laplacian operators, V7 and A7, which are
defined such that (Vyv)|r := V(v|r) and (A7v)|r := A(v|r) for all T' € T

To avoid technicalities, we assume henceforth that the mesh family (7,)n>0 is quasi-
uniform. Therefore, we will use h to measure the diameter of any mesh cell or any mesh
face. Moreover, we assume that all the meshes are fitted to the subset w.

2.3 Discrete spaces and bilinear forms

Let k£ > 1 be the polynomial degree of the hybridized dG method in space and let £ > 0
be the polynomial degree of the dG method in time. We denote by P¥(S) the set of
polynomials of total degree at most k£ on the subset S C 2. Moreover, for a linear space U
composed of functions defined on Q, we denote by P!(I; U) the set of U-valued polynomials
of degree at most £ on I C J = [0, Ty].

The discrete unknowns in space are piecewise polynomials of degree k attached to the
mesh cells and of the same degree k attached to the mesh faces. We define the discrete
spaces

UF .= Uk x Uk, Uk :=Xper, PX(T), Uk :=Xper,PF(F). (4)
For a generic pair 05, € U,'f, we write 95, := (vr,vF) with vy := (vr)re7, € UL and

vr = (vp)rer, € U}“_-. We denote by U/lfo the linear subspace of U,]f in which all the
degrees of freedom attached to the mesh boundary faces are null. For a generic pair
op €U, ,’f, its degrees of freedom associated with a generic mesh cell T' € T, are denoted by

o := (vr,vor = (VF)FeFyy) € Uy = P*(T) x P*(Far), (5)

where P*(For) := Xper, PE(F) and Fyr := {F € F;, | F C 0T} collects the mesh faces
composing the boundary of 7. We introduce the space-time discrete spaces

UP = {0] € L*(J;UF) | 7|1, € P'(1,; UF), ¥n € {1:N}}, (6)
Ul = {0 € UL | 7|1, € P (Ln; UFy), Vn € {L:N}}. (7)

Notice that we have U] = UF x U with

UF = {v} € L2(J;UR) | v} 1= o7 |r, € (s UR), ¥ € {LiN}), (8)
UL = {vF € L*(J; UY) | v% = v%|1, € PY(I1,;UR), ¥n € {1:N}}. (9)
For a generic function 9] € ﬁg, we write 9] := (v, v%) with vT- € UT and v} € UF.

We can now introduce the various bilinear jorms needed to formulate the discrete
problem. Let 97, W} be generic functions in U] (primal variables) and let ¢J, 7; be



generic functions in U 1o (dual variables). We use the subscript ; to indicate the bilinear
forms related to the space discretization, and the superscript ™ to indicate those related to
the time discretization. The two bilinear forms associated with the discretization of the
heat equation are

an(0F,7%) == Y {(VoF, Vi) sxr — (VVT-nr,nf — nhr) sxor
=n
— (v — vy, Vinpnr) xor } (10)
05 n) = Y {@wh ) e + (0F]" 0 ))a - (11)
ne{l:N}

The stabilization bilinear forms read as follows:

s Ok, @) = dn (07, 103) + d7 (v, wr), (12)
Uh(&l:v TA’Z) = (VTC%—" VTU;’)JXQ + dh(é;z—’ 77}7;)’ (13)
with
dp(0F,, wp,) - Z ht — Uy, W — w5T>J><6T7 (14)
TeT
I (rwy) = Y {F]" wH e + (Vo] [Vrwr] e} (15)
ne{l:N—-1}

(Notice that the stabilization bilinear form for the dual variable is only related to the
space discretization.) Finally, the bilinear forms associated with the regularization and
the measurements are

th (v, W) = vye(r, h)? (vF, wh)sxa, (16)

M (v, wr) = (U7, W) I, (17)

where v > 0 and the value of ¢(7, h) will result from the error analysis (we shall obtain
c(r,h) = h* + 73 see (56)). For later use, we define

10T e = Mo (W], wT). (18)

2.4 Lagrangian and discrete problem

We want to find the saddle-point of the Lagrangian defined for all (07, Ag) el n X U o by

1 1 1 I
LH(0F, ) = ||UT 9511 5xe + 2%(“%”7') + 532(@2752) - iﬂh(C}TL,C}:)
+ah(vh7Ch) +bT(U’T7 C’T) - (fa C’:Ir')Jxﬂa (19)

where g5 := g + 0 denotes the available perturbed measurement of g. Notice that there
is no boundary condition on the primal variable, whereas there is a Dirichlet boundary
condition on the dual variable. The motivation for looking for a saddle-point of the discrete
Lagrangian is to minimize the discrepancy with respect to data under the constraint of



the partial differential equation. This idea is classical, but the key point here is that
the Lagrangian is defined at the discrete level. This makes it simpler to enhance the
convexity /concavity of the discrete Lagrangian by suitable consistent stabilization terms;
see [9] for further discussion.

The discrete problem is derived by seeking a critical point of the Lagrangian and reads
as follows: Find (uh,gh) € Uh X Uh0 such that

M (uf, wh) + £, (ufr, wh) + 87, (07, 97) + an (5, 67) + b7 (wh, £7) = me(gs, wF), (20)
ah(a}—w ﬁi‘g) + bT(u%—’a 77”Tr) - Uh(ggv ﬁ}:) = (f’ 77'77——)J><Qa (2]—)

where the first equation holds for all @] € U} and the second for all 7} € UJ,. For all
(67,¢7) and (@F,77) in U] x Ul we define the bilinear form

T

((UmCh) (Wh, M) = M (v, W) + 1], (07, W) + sp, (0, W) + ap(dp, A}TL)
+ 07 (W], GF) + 67 (VT ) + an (07, 57) — on(SFL ). (22)

The discrete problem (20)-(21) can be rewritten as follows: Find (47, é,Tl) el X U 7o such
that

AT ((af, €5, (0], 7)) = M (g6, W) + (Fu ) gxas V(@] 75) € U x Ul

3 Analysis

This section is organized as follows. We first introduce a time reconstruction operator to
rewrite the bilinear form b”. This operator is classical in the context of dG methods in
time; see, e.g., [19, Section 69.2.3] or [25, Section 2.3] and the references therein. Then, we
study the stablity properties of A} in a suitable residual norm, we introduce interpolation
operators in space and in time, and we bound the consistency error. The second important
step, specific to ill-posed problems, is to bound a suitable dual residual norm. We combine
these bounds with the abstract conditional estimate from Lemma 1 to derive error esti-
mates in the target subdomain B introduced therein. Finally, we state the approximation
properties of the interpolation operator, we tune the size of the stabilization parameter
and we establish the convergence rates for the method.

In what follows, we use the convention A < B to abbreviate the inequality A < CB
for positive real numbers A and B, where the constant C' > 0 does not depend on h, 7, the
solution of the continuous and discrete problems. Unless explicitly specified, the constant
C' is also independent of the parameter ~.

3.1 Time reconstruction operator

For all v € UZ, its time reconstruction R™(v}) € CO(J;UX) is defined such that
R™(v})(t§) == vI-(ty) and such that, for all n € {1:N'}, R"(v%) := R7 (v])|1, € P“TL(1,; U%)
satisfies

(O:R™(v7), 47) <0 = (O, ) rox + (WP a6 _1))e (23)



for all ¢% € P“(I,; U%). Since the function R”(v7-) is continuous in time, its time derivative
is well defined in L?(J;UK). The main consequence of (23) is that the bilinear form b”
can be rewritten as

b (o, n7) = (O R7 (o), 1) sx02, - V(o 07) € U X UT- (24)
Moreover, it is well-known that the reconstruction operator can be rewritten as

(=1

5 (L¢ — Ley1) o T, 1 (2), (25)

R"(v7)(t, ) = vp(t,x) — [vr]" " (@)

for all (¢t,x) € I, x §, where Ly is the Legendre polynomial of degree ¢ defined on (—1,1)
and T, is the affine mapping from (—1,1) to I,,. A consequence of (25) is that

R0 (1) = v (7). Vn € {1:N). (26)

The following stability properties are useful for the present analysis (the proof is outlined
in Section 3.8.1).

Lemma 2 (Stability properties of R”). For all v}- € UT, we have
1 1
10] (R" (vT) — vp)llaxe S 77 2d" (v7,vT)2, (27)
1 1
IR (v7) — vrllixe + [IVT(RT(v7) — vp)llixe S 72d" (vr, 07) 2. (28)

Moreover, for all 07 = (vI-,v%) € Uy, we have

I
>
\]
>
3
S~—

(S

~—~
[\
Nej
N~—

-3 T ()T - T (0T
IR P e = (D2 BTNIRT ) El3r ) * S dnlo, o7
FeF

3.2 Residual stability

For all (07, é,:) el n X U 1o We define the residual norm
195, CGEl? == 10T IIR + 10T 15 < + (T 0F) + s7(07, 97) + on(Ch, G), (30)
with
1
o7 If = 1ADRT (vF) = A7) 5o + 152 [VOT] e g 17 o (31)

1
and ||z [[vvff]]f}f‘t'nfimuixf}f“ = ZFGJ:;Int h|[[VoF]p-np|%, r- We observe that -] de-

fines a norm on ﬁg x Uf,. Our key stability result is the following inf-sup condition.
Notice that this result implies the existence and uniqueness of the solution to the discrete
problem.

Lemma 3 (Inf-sup condition). The following holds for all (0}, ég) € [7; X [7;0,

ir ¢ A ((0F, CE), (@F, 7))
o7, Gl < sup h\\"h> Sh ho "k

(7 A7) €07 < T\ [(0.0)} o7 77

(32)



Proof. Let us denote by S the right-hand side of (32).

(i) We first use the test functions wj, := 0}, and 7}, := —f,j to get
10T 15w + th (0T v7) + 87 (0%, 7)) + on(CE, CF) = AR (97, €T, (87, —CF))
< S|lo7, G-

(ii) Let 7], := (0, (n}) per,) With 05 := h[Vul]pnp for all F € F™ and 5}, := 0 for
all F e F2. Since ||0,77 || = on(A7,77)2, we have
102 [Vo7] ez |3 e = an(07, )
= AR (87, ), (0,47)) + on(Ch, 1)
< Son (i )2 + onl(Ch, i)
<(S+ Uh(éﬁaéh) 2)on (M, M) 2

l\)\»—l

Moreover, we also have
o ar s _ 1
on (i ) = AT ) = 32 W Il cor < B3IV 07 L mpp |2, e
TeTh

This implies that
1 T ;T RT
172 [VUT] ine 12 e H(2]><]-‘}ilnt < 5%+ on(Ch, Ch)-
(iii) We now consider 7], := (17, 0) with 7 := h*(8,R™ (v}) — AgvT). We have

(O:R™ (vF), 1) axa + an(0f,0y)

= (O R (v7), 07 ) xa + Z {(VvT, Vo) yxr — (Vob-ne, nf) sxor
TET,

— (v — V%, Vpnr) sxor }

= (R (v]) — ATV, ) axe — Y (VF — v, Vpnr) sxor.
TET,

Using the definition of 7] and recalling the rewriting (24) of b, we have

1h(0R™ (v7) = A7v) e

= an(0f, ) + 0 (F,0F) + Y (vF — vhr, Viipnr) sxor
TeT)

AR7, G, (0,47)) + on(CEo k) + D (vF — v, Vipnr) sxor
=

S S10, 771 + (on(GF ) + dn(iF,, 87)) 2 on (il 7) 2

since a discrete trace inverse inequality implies that

l\’)\»—t

> WVarnrlior S IVarlica < onli, a;)-
TET
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Furthermore, invoking again inverse inequalities, we have

oni i) = 3 (190 3r + b~ IF o
TeTh
S I 073 = IRORT(0F) = A7) 3.
This implies that
IR@RT(0F) = Aqo7) [3eq S S+ dn(F, 0F) + on( T, 7).

(iv) Gathering the previous estimates leads to

2 AT A P 1 9
1075 <o + (07, 07) + SF (07, 97) + on (G, 6F) + B2 [VOT] gme i 17 1o
+ |h(O R (vF) — Arv) |5 wq S Sllo7. Gl + S*.

Recalling the definition (30) of the triple norm and using Young’s inequality gives the
expected inf-sup condition. O

3.3 Interpolation operator and error decomposition

In this section, we define the space-time interpolation operator used in the error analysis.
Its definition is motivated by orthogonality properties. To facilitate the reading, the
approximation properties of this interpolation operator are discussed later in Section 3.7.

Let us first consider the approximation in time. For all v € H'(J; H'(Q)) and all
n € {1:N}, we define It (v) € PX(I,; H'(Q)) by

E)(t7) = vltn), (33)
/ () —0,q"0 =0,  Vg" e P (I, HY(Q)). (34)

In

Furthermore, the approximation in space is realized by using L?-orthogonal projections.
Let y € HY(Q). For all T' € T, we define I1%(y) as the L2-orthogonal projection of y|r
onto P*(T), i.e., TI%(y), qr)r := (y,qr)r for all gr € P¥(T). For all F € F,, we define
I1%(y) as the L2orthogonal projection of y|p onto P*(F), i.e., (% (y),qr)r := (y,qr)F
for all gp € P*(F).

We can now define our space-time interpolation operator by setting, for all v €
H'(J; H'()), -

I (v) == (I7(v), I%(v)) € U,

where I7-(v) € UT and I%(v) € Ur are such that, for all n € {1:N}, all T' € Tj, and all
F e F,

Ii(v) = I7(0)l1, = (L, (v),  L3p(v) = I5(0)lr, = T (L (v)). (35)

We notice that the approximation operators in space and in time commute. Moreover,
proceeding as in [19, Lemma 69.16], we derive the following useful orthogonality property:
For all v € H'(J; HY(Q)) and all w} € PY(J; UL),

(at’l) — 8tRT(If77-—(’U)), w;—)JXQ =0. (36)
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Let us finally define the discrete and interpolation errors on the primal unknown.
Recall that u denotes the solution to the exact problem (1)-(2) and that (uj, ég) denotes
the solution to the discrete problem (20)-(21). The discrete and interpolation errors on
the primal unknown are then defined as

&, = af — If(u),  0f = (u,ulz,) — I (w), (37)
so that we have 971 = (07)reT,, (%) Frer,) with 07 := u|p — I7.(u) for all T € T, and
0% = u|lp — I(u) for all F € Fy,.

3.4 Consistency and a priori residual bound

We now bound the consistency error in the discrete formulation. To this purpose, we
consider the norm

1671 = V767 15 o + IBATOF |5 + 16715 0

1
+ ) {IR2VOFI2 cor + 720513 o + 1h 2057113 cor}
TET,

+ > AT G + V6T 18} + Tl1OF 07117 o (38)
ne{l:N—1}

Recall that the stability norm || - || is defined in (30)-(31). In what follows, we assume that
we HY(J; H(Q)) N LA(J; H*(Q)). (39)

Lemma 4 (Consistency and boundedness). Let (i, E,Tl) denote the solution to the discrete

problem (20)-(21). Let ¢} and éz be the discrete and interpolation errors on the primal
unknown defined in (37). Under the regularity assumption (39), we have, for all (W}, 7)) €

U x Uf,
AT (& €0), (@7, )] S (107l + 101l s + (I (w), T (w))2) 67, 0fl, (40)
AR (2R &R). (0,77))] < 167110, 27 11 (41)

Proof. (i) Proof of (40). Using (&},£7) = (4}, &) — (IF(u),0), the equation (20) in the
discrete problem, the definition (22) of A}, and g; = g + ¢, we have, for all wj € U],

A7 (&7, €0), (@, 0))
= M (g5, W) — me (I (w), W) — (I (u), wh) — sh(If (w), @)
= Mo (8, wF) +me (07, wi) — (17 (u), wi) — s} (I} (u), 0F).

The Cauchy—Schwarz inequality yields

M (6, wr)| + |me (07, wr)| < (10l 7xw + 107 |15 0T || 75
[47.(FF (), wF )| S (7 (), T (w) 25, (w0, w) 2,
S

|7, (17 (u), o) < sh (17 (w), I} (w)) 2 s}, (@, @) 2.
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Moreover, we have

Sh(Ih Zh Y (u) IgT(u)HQJXBT
TEeT,
+ > (TR + VoI IR ) S 16715
ne{l:N—1}

The bound (40) follows by gathering the above estimates.
(ii) Proof of (41). Proceeding as above and using now the equation (21) in the discrete
problem, we have, for all 7] € U},

AR (@R €0), (0,7)) = (fomi)axa — 0T (I-(u), nF) — an(If (u), o)
- - CLh(I]:(’U,), "72) - (AU, 77"7r’)J><Q7
where we used that f = 0yu—Aw in J x Q and (Osu, n7) xq = b7 (I7-(u), n}) owing to (36)
and (24). Recalling the definition (10) of aj, we infer that
Aq((er. &h), = > { = (VIFw), Vp)sxr + (VIF(u)nr, 17 — nhr) sxor
TeT),
+ (I7(u) — Iy (u), Vp-nr) sxor — (Au, n7)xr }

= > {(VOR. Vnp)sxr — (VO7-nr,nf — 157) sxor
TeTh
+ (057 — 07, V) sxor
where we used the assumed regularity of v and the fact that n = 0 for all ' € ]-',‘3 to

infer that ZTeTh (Vu-nr,nhp)sxer = 0. Using Cauchy-Schwarz and inverse inequalities,
we readily obtain (41). O

Lemma 5 (A priori residual bound). Under the regularity assumption (39), we have

t\)\»—‘

AT AT TioT T\ AT AT nT T
ler, &+ th(uir, w2 + s (i a7)% < 11071 + 10]l s xew + 17 (I (u), 7 (w)) 2.
Proof. Using inf-sup stability (Lemma 3) yields

2 Ap((é7,€0), (df, 7
I, &0 < sup bl 0), o),
(a7,7) €07 x T\ {(0,0)} Whoh
Moreover, owing to consistency (Lemma 4), we have, for all (w],7n]) € U r X U [y
AT AT NT T 1 AT A
AT (5, &0, (g, D] S (1071 + 1617 + 8, (T7(w), T7-(w)) 2) [, A -
Combining the two bounds gives
U A 1
lers Rl S NORIw + 101lyxew + th(I7 (), I7-(u))2.
Finally, observing that
T( T 1 T(TT T 1 7 1 1 AT AT
th(ur, ur)? < (I (u), I7(u))2 + th (e, e7) 2 <t (L7 (u), I () + |lég, &ill;
ot ar - SN 1
sp(ag,ap)? < (07 (u), I ()2 + sp(ef. ep)= < 1071 + ler, &1,

concludes the proof. O
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Remark 3.1. (Lemma 5) The a priori residual bound involves three terms, one de-
pending on the interpolation error of the exact solution measured in the ||-||x-norm, one
resulting from the presence of noise in the measurements, and one resulting from the
regularization.

3.5 Bound on dual error norm

In this section, we prove another important result bounding some dual norm of the error.
Recall the operator L := d; — A so that, for all v € H'(J; L2(Q)) N L*(J; HY(Q)) and
all n € L2(J; H}(Q)), we have (L(v),m) 21y, 23y = (Orvsm)axa+ (Vv, V) xq, where
()22 (1), 22(mp) stands for the duality product between L3(J; HY(Q)) and L2(J; HL(2)).
The operator L can be extended to space-discrete functions vi- € H L(T; Uéf—) by setting
(L7 (7)) 21y, 2(m2y = (O, m)axe + (Vror, Vi) sxa. (42)

The corresponding dual norm is

ILT)l 21y = sup {0, n)sxa + (V7u,Vn)sxa}-
neL?(J;HE ()
Vallsxe=1
It is also useful to introduce the data oscillation term

Of = f=1I"(f), (43)

where TI7(f)|7, := TT%(f|z,) for all n € {1:N}, and IT% denotes the L2-orthogonal projec-
tion from L2(I,; L%(2)) onto P*(I,,; L?(12)).

Lemma 6 (Bound on dual error norm). Under the regularity assumption (39), we have

L7 (R (ur) = w)ll 221
-3 T T(TT T 1
S (U +7720)[107 1% + 110]lrxe + t5.(I7(u), I7(u)2 + O] 7x0-
Proof. Let n € L*(J; H}(S2)) with |[Vn]|yxo = 1. Recalling the definition of ©, we have
(L7 (R (uT) — ), 77>L2(H—1),L2(H5)

= (O R™(uT),maxo + (VTR (uT), V) o — () m)axa — (Of, n)sxe
= (R (u7), 11" () s xa + (VTR (uT), V) yxa — (f, 117 () sxa — (Of,n)xas

where we used the L?-orthogonality properties of II". Let ), € U o be such that

b1, = (LI () re, s (LI (] p) rer,) € PX(In; Uly),s

for all n € {1:N}. Invoking the second equation (21) in the discrete problem and recalling
the rewriting (24) of b” gives

(R (uF), ) s + an(@h, 1) — on(Eh,0h) = (F,17) sxa-
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Subtracting this equation from the above expression, recalling that f = dyu — Au, and
re-arranging the terms leads to
(L7 (R™(uy) —w)sm) p2(g-1),r2(ap) = A1 + A2 + As,

with

Ay = (R (uF) =) = Ag(uy —u), 17 () = 17 ) s

Ay := (VTR (uT), V) yxa — an(if, q7,) + (Arug, I (n) — 7)<,

A3 = Uh( ;;777;) (@f777)J><Q'
A straightforward calculation using the definition (10) of the bilinear form a;, shows that

Ay = (V7 (R (uT) — uT), Vn)uxa + Z (up — ur, Vpmr)xor,
TeT,

since we have

(VruT,Vn) sxa — an(t, 177)
= (Vrug, Vr (" (n) — n7))sxo

+ Z {(Vupnr, nf — nhr)sxor + (W — uhy, Vop-nr) jxor }
TET,

= (FA7ur, () = n7) yxq

+ Y {(Vurnr, 7 (n) — ) axor + (U — whp, Vp-nr) sxor }
TET,

= (—AT”LL;—, HT(U) - 77;’)J><Q + Z (uﬂi-’ - UBT, Vﬁ%‘nT)JxaTy
TETh

where we used that (Vyul-, V(n —II"(n)))sxq = 0 in the first equality and the fact that
(Vulpnr)|n, xor € PY(1;P*(For)) and the definition of 77, in the third equality. It
remains to bound A, Ao, As.

(i) Bound on A;. This is the most delicate term. We observe that
OB (u5) — ) — A (W — ) = R (u — [3(u) — Ag(u — I (u))
+ 0i(RT(I7(u)) = u) = Ar(I7(u) — u).
Recalling the definition (31) of the ||-||g-norm, we have
(O RT (u = I3 (u)) = A7 (ug — I7(w)), 117 (n) = n7) sxel S lleTlRIVAllrxa;
where we used that
[T (n) = n7lloxe < AlIVallixe-

Owing to Lemma 5, we have |[e}|r < HG ll + [10]| 13w + t7, (L7 (u ),I}(u))% Moreover,
the triangle inequality, the estimate (27), and the above bound on [|II" (1) — 77| ;xq give

(2

|(8(R™ (I3-(w)) — u), II" () — 07 s x|
< (107 (R™ (I (w) — I7(u ))Hmz+ 107 (u — I (w)) |l1x2) Rl V1 llyxe
< (@7 (T (w), IH(w) 2 + 72|07 07 1xe) 7~ 2l Vil sxa-
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Finally, we have
(A7 (I (u) — ), 17 (n) — n7)sxal S PIATOT 1<l Villxa-

Gathering the above estimates gives
_1 A 1
Al S (L +772R) 10714 + 101y + 7 (T (u), T (w) ) [ Vel sxo-

(ii) Bound on Az. Owing to the Cauchy—Schwarz inequality and (28), we have

1 1
(V7 (R (uF) — uT), Vn)sxal S 72d7 (uf, ) 2|Vl xq.

Moreover, using Cauchy—Schwarz and inverse trace inequalities, we have

PPN §
| S (wF . Vnpnn) seor | S du(i i)Vl o
TeTh

Thus, we have
1 1 U |
|[Ao| S (T2d" (W, uT)2 + di (i, @3)2) |Vl sxo.

Using 7 < 1 and Lemma 5 yields
U | A 1
[A| S sp (i, @) 2 [ Valloxe < (107114 + 10]loxe + (17 (), I7(u)2) [ Vallixo.

(iii) Bound on As. Since o (7], 7},) = ”VTU’;’HQJXQ_'_dh(ﬁ}:? N}, ), we infer that o, (77, ﬁ;)% <
1 1 H ~ ANT AT AT 1 ANT AT l A’T AT 1
IVnll.sxq. This implies that |on (&7, ;)| S on(&h: &) 2 onliE, 7)< on(&f,61)2 IV lloxa
and oy, (€], &7 )2 is bounded in Lemma 5. Moreover, the bound [(©,7) sxa| S |1O¢]l7xallVallrxa
results from the Cauchy—Schwarz inequality combined and the global Poincaré inequality
in 2. Hence, we have

A 1
[As| < (10711 + [101lyxeo + th(I7(w), I7(w) 2 + 184 [l sx0) [Vl sxa-

(iv) Combining the above estimates and recalling that || V7| sxq = 1 gives the expected
bound. O

3.6 Main result: error estimate in the target subdomain

We are now ready to derive our main error estimate. The idea of the proof is to combine
the results of Sections 3.4 and 3.5 with the conditional stability estimate from Lemma 1.
We use the target (semi)norm

[vllteg == VTVl L2 (1) 102 02(B))

where T, Ty and B are defined in Lemma 1. Recall the quantities Cyyp, > 0 and o € (0, 1]
introduced in Lemma 1. Recall that the ||-||4-norm is defined in (38), the data oscillation
term O in (43), that 47 is the interpolation error defined in (37), and that the coefficient
(7, h) is used to weight the regularization bilinear form ¢} defined in (16).
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Theorem 7 (Error estimate in target subdomain). Under the regularity assumption (39),
we have

= uF g S Con(1+ 7 h) (14 7 by~ 2e(r, b))

. 1
< (10R 11 + 11011y xeo + th(I7(w), I7(w) 2 + [©]l1xa). (44)
Proof. (i) Using an averaging operator in space (see [7, Lemmas 3.2 and 5.3] or [18,
Chap. 22] and the references therein), we can build a piecewise polynomial function u7- €

{vT- € HY(J; HY(Q)) | v} 1, x7 € P71, PR(T)),n € {1:N}, T € Ty} such that
1~ ~ 1
Ih=1(@% = BT () laxe + V7@ — RT(uh))llaxe S 172 [RT ()] zinel| s pim

< dn(@f, )2, (45)
where the first bound results from the approximation properties in space of the averaging
operator and the second bound from (29) (see Lemma 2). Invoking the triangle inequality

yields
”U - U/S’Htrg S ”U;‘ - aTHtrg + ||u - aTT"trg’

and we are left with bounding the two terms on the right-hand side.
(ii) Bound on [[u}- — @7 ||trg. We observe that

[ = @Fllig < [[V7(ur = BT (uT))l[sx0 + IV 7 (a7 = BT (u7))]lsx0-

The first term on the right-hand side is estimated by invoking (28) (see Lemma 2) and
the second term by invoking (45). Owing to Lemma 5 and since 7 < 1, we infer that

N

luf = Wl < d7(u,w7)? + dn(if, i7)% S sh(aF, aF)
S N6kl + 101l sxe + th (17 (u), I7(u))?.

(iii) Bound on |u — @h|¢g. Since % —uw € H'(J;HY(Q)) ¢ HYJ;H1(Q)) N
L?(J; H'(£2)), we can invoke the conditional stability estimate from Lemma 1. This gives

D=

[0
[0 = ulleeg < Cstb(HuTT = ullyxew + ([ L(u7 - u)”L2(J;H*1(Q)))
-«
< (7 = ulsxo + 1L = Wll2gm@n) -

It remains to bound H;dg— — ullyxaw, |07 — ullsxq, and [|L(aF — w)|[z2(7.5-1(0)-
(iii.a) Bound on |[u]- — || jxw. We have

[uF = wllyxew < llu = I (u)llrxw + llug = I (W) 1xew + [[uF = 7[5,
where I7-(u) is defined in Section 3.3. We have

lv = I (W)l sxe = 167 1l7xw < 16770

4 = B ()llaxe = 5 lxe < I16F, &1L
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Furthermore, the bound (28) (see Lemma 2) and the bound (45) imply that

[ = @l < o = B () e + | BT () = Wl
S TR uR)® + hdy (i, 07)3 S s (i, i),

where we used the definition (12) of s} and 7 < 1, h < 1. Gathering the above estimates
and using Lemma 5 gives

(S

[0 = ullsxe S N0 l% + 10l rxe + ;I (w), I7(w))>.
(iii.b) Bound on [[u% — ul| sxq. Using the same decomposition, we have
[ = ullsxa < llu = I7(W)llixe + lur = I (W) <o + llur = uFllixo-

The terms ||u — I7-(u)|| jxq + ||u — WJ|| ;xq are estimated by using the same arguments as
in Step (iii.a). The bound on |[uf} — I7-(u)| sxo uses, however, a different argument since
we can only invoke here the regularization. Recalling the definition (16) of ¢}, we have

NI

_1 _
[uF = I (u)llsxa = leFllixa = 7~ 2e(r, h) ] (eF, €F) 2.

Invoking Lemma 5 gives

- _1 _ 5 1
3% = ullsxe S (L +y72e(m, ) ") (16714 + 1o + 1 (I (w), IF(w))2).
(iii.c) Bound on || L(u% — u)| z2(s,z-1(q))- Recalling that Ly denotes the extension of
L to H'(J; U%), the triangle inequality gives
L@ = 0)l2t1-+() < NEr (@ — B @) L2 st
+ | L7 (R (uT) — w)ll 27,51 (@)
For the second term on the right-hand side, we invoke Lemma 6 to infer
1 nT
L7 (R (u7) — w)lln2(m-1(0)) S (L + 7 2h)||0F ||
1
10ll7xe + th (I (), 17 (1)) 2 + [|Of[[1xq-

To estimate the first term on the right-hand side, we bound the dual norm by considering
an arbitrary test function n € L%(J; HE(Q)) with [|[Vn|lsjxq = 1. On the one hand, we
have

(0 (ug — R7(ur)), m)axal S 10:(ug — BT (up))oxallnllixe

_ R N 1
< 7 hdp(af, 47) 2 |V s xa,

where we used an inverse inequality in time, the estimate (45), and a global Poincaré
inequality in €2 for . On the other hand, using again (45) gives

~ T (T AT ATVE
(V7 (uF — R™(uT)), Vn)sxal S dn(ay, a;)2 ||Vl sxa-
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Combining the last two bounds and invoking Lemma 5, we infer that

(L+ 7 h)dn (it i) 2

L7 (a7 — R (u)ll L2 (rm-1 ) S
S @+ ) (10514 + 1101l g + 6 (I (w), I7(u))

N

Altogether, this gives
L7 — w2 (-1 (0))
— NT T(TT T 1
S @+ ) (107114 + 10l]rxe + 7 (17 (w), I7(w) 2) + O]l sxe-

(iv) Combining the bounds from the above steps proves (44). O

3.7 Weighting the regularization

The last step in our error analysis is to identify the weighting coefficient ¢(7,h) in the
regularization bilinear form. The interpolation operator defined in Section 3.3 fulfills the
following convergence properties (the proof is outlined in Section 3.8.2).

Lemma 8 (Approximation). The following holds for allm € {1:N}, all T € Ty, and all
v e H (I HY(T)) N H (I,; H¥(T)),

112 (v) = 0l S T 0l gress g, n2ry) + B0 g (e (. (46)

IVIZE0) = )| pxr S T N0l gesr . mrry) + B0 (11 () (47)

B2 V(I ©) = ) |1,xor S 027 ol e gy + B lolmmenmy, — (48)

MAIEW) = )l fyxr S D ol gesr g mzery) + DOl (11 (). (49)

10012 (0) = )l txr S TNVl ress rp2ry) + B 0N (1 () - (50)
Moreover, we also have for all s € I,

I3 @) = ) (&)l S 72 N0l e sy + R 0l gmv1 2y (51)

IV (I (0) = v)(s) |7 S 72 0l greer (g, (o)) + RE N a1, 01 (1)) - (52)

Finally, we have

B3| I(0) = vllruxor + B F |3 (v) = vllzxor
ST ol e gy + BENl i gy - (53)
We consider the functional space
U, == H2(J; L2(Q)) n HY(J; HX(Q)) N HY(J; H*H(Q)), (54)

equipped with its natural norm denoted by ||-||«. An important consequence of Lemma 8
is that, under the assumption u € U,, we have

1671 + 5 (I (w), I7(w)2 + [Ofloxa S (1 +h~'7) 275 4+ B 4 q3¢(r, b)) |[ulls, (55)

where we used that 7 < 1 and h < 1 to simplify the expression. Notice also that u € Ui,
implies that f € HT1(J; L2(Q)).
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Theorem 9 (Decay rates). Assume that u € U, and that 7 < h, h < 7. Set
c(r,h) == 73 + RE. (56)

We have the following decay rates on the errors:

AT & 1 AT ATy L 1

165, €50 + 61 wp)? + sh(@f, i)t S (42 4 Bl + [0y (57)
1 1 —

= 7l S Cun(r 4+ HE)2 (. + (7554 5] ). (58)

where the hidden constant scales as max(vy, 1)% in (57) and max('y,qlo‘*l)% in (58).

Proof. Plug (56) into (55) and invoke Lemma 5 for (57) and Theorem 7 for (58). O

Remark 3.2. (Choosing discretization parameters) The estimates of Theorem 9 indi-

cate that space and time refinements have to be stopped when (TH% +hE) |lulls = 16| 73
Hence, as the noise level diminishes, finer discretizations can be employed.

3.8 Technical proofs

In this section, we outline the proofs of Lemma 2 and Lemma 8. The proofs use standard
arguments from finite element approximation theory.

3.8.1 Proof of Lemma 2

Let o] := (v],v%) € U
(i) Proof of (27). For all n € {1:N} and all ¢% € P*(I,; U%), we have

(Ou(R"(vF) =01, ) 1. = (WF" ™ a-(6_1))e-
Invoking a discrete trace inequality in time implies
1
18:(R" (vF) — v raxe S 772 11071 e (59)

Summing over n € {1:N'} proves (27) since 3, c1.ny [[oF]" I3 < d7 (v, v7) (recall that
[]° = 0 by convention).

(i) Proof of (28). Since we have (R"(v}-)—v})(t;,) = 0 (see (26)), a Poincaré inequality
in time over I,, and the bound (59) yield

1 —
IR" (v7) = VI, xe S TI0(R" (vF) = vP)llrxe £ 72 [[v7]" e

Summing over n € {1:N'} proves as above that

N|=

Lo T
IR (v7) — vrllyxe S 72d" (v, v7)2. (60)

Moreover, (25) shows that the operators R™ and V7 commute. Hence, using the same
arguments as above shows that

1 S —
V7 (R (vF) = vD)l1.xe S 72 [IV7o7]" e
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Summing over n € {1:N} and since >, ce1.ny || [Vrur]" 3 < d7(vT, vT) gives

IVT(RT(0F) = 1) wq S 7d7 (07, v7). (61)

Summing (60) and (61) proves (28).
(iii) Proof of (29). For all F € Fi", the operators R™ and [] s commute. In particular,
we have, for all n € {1:N} and all ¢% € P/(I,,; P*(F)),

(O([R™(vF) — v F), a1 = (IIWFIED" Y gt 1) p,

and [R"(v}) — v}]r(t;,) = 0. Hence, using the same arguments as above shows that for
all n € {2:N},

IR (vF) = vilFll<r S TI0([R" (vF) = v7]p)lrxr
L T n— T
S A A" e S 17l ell, un)xr

Summing this relation over n € {2:N}, we get

_1 _1
1A IR (@5) — o]l e S 1B [0 Lo -

Finally, (29) follows from

_1 _1 _1
103 R )] e e < I B IR (0F) = 0F gy ne + 102 3 e i

_1 ~ Ay L
S I3 o o e S (5, 5F)3.

3.8.2 Proof of Lemma 8

Let v € H™Y(1,; HX(T)) N HY(L,; H**Y(T)). Recall that I(v) = T&(If(v)) for all
n € {1:N} and all T € Ty, (see (35)), where II%. is the L2-orthogonal projection onto P*(T)
and I is the approximation operator defined in (33)-(34). The stability and approximation
properties of 1% are classical (see, e.g., [18, Sec. 11.5.3]); those of I! are discussed in [19,
Sec. 69.3.2 & Ex. 69.7].

(i) Proof of (46). The triangle inequality gives

17 (0) = 0l < (I (0) = Ly(0)l| 1,7 + 115 (0) = 0|1, x7-
The first term on the right-hand side is bounded as
”Hl}(fﬁ(v)) - jﬁ(”)nlnxT S hk“\‘jﬁ(v)HL2(1n;Hk+l(T)) S hk+1HUHH1(In;H’“+1(T)):

where we used the approximation properties in space of H’% in the first estimate and the
H'-stability in time of I in the second estimate. Moreover, the second term on the
right-hand side is bounded as

4 ¢
17(0) = vl S 75 0l e 1,220y

where we used the approximation properties in time of I. Combining these two estimates
proves (46).
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(ii) Proof of (47), (48), (49), and (50). We can use similar arguments to those invoked
in Step (i) since we have

IV (I (0) = o)l rxr < IV (0)) = () nxr + 11(V0) = Vol r,xr,
100 (T7(v) = 0)llr,x7 < [T (B: L, (v)) = Oy (V) | + 10T (v) = V)1, 5,

because the operators ff; and V commute, as well as the operators Hl} and 0. A similar
argument can also be used when replacing V by A.
(iii) The proofs of (51), (52), and (53) employ similar arguments.

4 Numerical results

In this section, we present numerical experiments to check the convergence rates estab-
lished in Theorem 9. We also study the influence of the noise in the measurements, and
we illustrate the benefits of using a high-order discretization.

The space domain is  := (0,1)¢ with d € {1,2}. All the errors are computed as
the difference between the numerical solution and the L?(J; L?(€))-orthogonal projection
of the exact solution. These errors are measured in the L?(T%,Ty; H!(B))-seminorm,
with the subset (T7,73) x B specified below for each test case. Some noise is added to
the measurements in the following way: (i) the time-space domain is divided in 10%+!
subdomains; (ii) a random noise level ¢ := a * rand() is assigned to each subdomain, with
a > 0 the noise amplitude and rand() is a C++ function returning a random number in
[—1,1]. Thus, every subdomain has the same noise during the whole mesh-refinement
process. Moreover, the Tikhonov regularization coefficient is set to v := 1073.

All the tests are run with the DiSk++ library [14], and all the linear systems are solved
using the Pardiso solver from the MKL library. During the matrix assembly process, we
compute the value of the coefficients for the first time interval I; and for its coupling with
the next time interval I5. Then, since the time step is constant, the coeflicients associated
with the following time intervals are the same and therefore do not need to be recomputed.

4.1 One-dimensional test cases

In this section, we consider the following one-dimensional setting:
02:=(0,1), w:=(0.25,0.75), Tr:=2, wu(t,x):= cos(nt)sin(rz).
All the errors are estimated in the subdomain
(Th,T>) x B :=(0.2,1.8) x (0.125,0.875).

We consider two settings. First, we address the case with unknown initial data but with
known Dirichlet boundary data on J x 9€). In this situation, the boundary conditions can
be enforced in a  strong way on the boundary face degrees of freedom by searching i} in
Ur, no and not in Uh Notice that in this case, we have a = 1 in Lemma 1 (see Theorem 2
from [8]). We then expect the same convergence rates as for a well-posed problem, i.e., k
in space and ¢ + % in time. Then, we consider the case where both initial and boundary
data are unknown.
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Figure 1: L?(Ty, Te; H'(B))-seminorm errors with respect to the number of dofs for the
1d test case without any noise. Both cases with known or unknown boundary data are
considered. Left: space convergence (M € {16,32,64,128}, N = 128, ¢ = 3). Right: time
convergence (N € {10,20,40,80}, M = 256, k = 3).

We use a uniform mesh in space and in time (N cells in time and M cells in space).
Four levels of refinement are considered in space (M € {16,32,64,128}) and in time
(N € {10,20,40,80}). We run two convergence studies. At first, for a good precision
in time (N = 128, ¢ = 3), we study the error for several successive space mesh sizes
M € {16,32,64,128} and several polynomial orders k& € {1,2,3}. Then, for a good
precision in space (M = 256, k = 3), we study the error for several successive time mesh
sizes N € {10, 20,40, 80} and several polynomial orders ¢ € {0,1,2}. The results without
any noise are reported in Figure 1. We observe optimal space convergence at rate k for
k € {2,3}. Instead, we obtain superconvergence at rate 2 for k = 1. Moreover, we observe
time convergence at rate ¢ + 1, for £ € {1,2}, which is slightly better than the expected
rate ¢+ % from Theorem 9. (Recall that the errors are computed as the difference between
the numerical solution and a projection of the exact solution.) The errors in Figure 1 are
reported as a function of the total number of space-time degrees of freedom (dofs). This
gives a perspective on the efficiency of the method with respect to its cost. In particular,
we see that, for a given number of dofs, we can reach a better precision by employing a
high-order method. We also notice that the errors with known boundary data are always
smaller than those with unknown boundary data. For completeness, the number of dofs is
reported in Table 1. The numbers correspond to the case of known boundary data; those
for unknown boundary data are slightly higher due to the use of additional boundary
unknowns.

Let us now consider some noise in the measurements. In this situation, we obtain the
same results as above until the discrete error becomes small and then the convergence
stops. To illustrate this point, let us focus on the highest polynomial degree (which
generates the lowest error). The results are reported in Figure 2 for £ = 2 and k = 3. As
expected, the higher the noise, the larger the value at which the error stagnates. More
precisely, in the case of unknown boundary data, the error stagnates at about twice the
level of noise (2.107° for @ = 107> and 2.1073 for @ = 1073), whereas it stagnates at
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M k=1 k=2 k=3 N (=0 (=1 (=2
16 4.8-10* 6.5-10* 8.1-10% 10 2.6-10* 5.1-10* 7.7-10*
32 9.7.10* 1.3-10° 1.6:10° 20 5.1-10* 1.0-10° 1.5-10°
64 2.0-10° 2.6-10° 3.3-10° 40 1.0-10° 2.0-10° 3.1-10°
128 3.9-10° 5.2:10° 6.5-10° 80 2.0-10° 4.1-10° 6.1-10°

Table 1: Number of degrees of freedom (1d test case with known boundary data). Left:
space refinement for / = 3 and N = 128. Right: time refinement for M = 256 and k = 3.

6 BCknown:a=0 —+— ggﬁ'\"'"-».,,_,,_w BCknown:a =0 ——
10 BC known : a = le-5 —<— T B— BC known : a = le-5 ——
BC known : a = le-3 —@— ™ BC known : a = le-3 —@—
BCunknown:a =10 - —+ - 105 |- BC unknown :a =0 - —+ -
BC unknown: a = le-5 - =% - slope 3 | BC unknown : a = le-5 - =< - slope 3
BCunknown:a =1le-3 - @ - BCunknown :a = 1e-3 - @ - "
107 L 1 I L I L 3
1.6x10° 3.2x10° 6.4x10° 8.0x10% 1.6x10° 32x10°

Figure 2: L?(Ty, Ty; H'(B))-seminorm errors with respect to the number of dofs for the 1d
test case and various noise levels. Left: space convergence (M € {16,32,64,128}, k = 3,
N =128, ¢ = 3). Right: time convergence (N € {10,20,40,80}, ¢ =2, M = 256, k = 3).

8.107° for a = 1073 in the case of known boundary data. This means that the test case
with unknown boundary data is more sensitive to the presence of noise.

4.2 Two-dimensional test case

In this section, we consider the following two-dimensional setting:

Q:=(0,1)%, w:=0)\/(0,0.875) x (0.125,0.875), T :=2,
(Ty,Tz) x B := (0.2,1.8) x (0.125,0.875)2, u(t,z,y) := cos(nt) sin(wz) sin(my).

Notice that BN Q) = () and that @ ¢ B. Both cases with and without boundary data
are considered.

The space convergence is studied on a sequence of seven triangulations of increasing
refinement (h € {0.25,0.18,0.125,0.09,0.0625,0.045,0.03125}) and k € {1,2}. The first,
third, fifth, and seventh triangulations of the sequence are shown in Figure 3 Notice that
all the triangulations are fitted to the sets w and B. We use N = 40 time intervals and
the time degree ¢ = 2. The time convergence is studied using N € {5,10, 15, 20, 25,30},
¢ €{0,1}, and the space discretization using the finest time mesh and k = 2.

The L?(Ty,Ty; H'(B))-seminorm errors obtained without any noise are reported in
Figure 4 as a function of the total number of space-time dofs. The convergence in space
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Figure 3: First, third, fifth, and seventh triangulations used for the 2d test case; all the

triangulations are fitted to w and B.
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Figure 4: L?(Ty,Ty; H'(B))-seminorm errors for the 2d test case without any noise. Left:
space convergence (N = 40 except the curve with red bullets for which N = 80, ¢ = 1).
Right: time convergence (finest mesh, k = 2).

(left panel) indicates that the scheme has a convergence rate of k£ with and without the
knowledge of boundary data. (Since the number of dofs scales as h™%, the slopes in
the left panel of Figure 4 have to be multiplied by two to get the convergence rate.)
This convergence stops in the case of unknown boundary data when we reach the lowest
error enabled by the time refinement (this error can be extrapolated using the curve
corresponding to £ = 1 on the right panel). When this lowest error is reached, continuing
refining the mesh increases the error. To confirm that the obstruction comes from the
time discretization error, we also report in the left panel of Figure 4 the space convergence
error obtained with a finer time discretization (N = 80). We also notice that, since
the convergence rate for £ = 1 is indeed one in the case of known boundary data, we
conjecture that the superconvergence observed in the 1d test case was due to the fact that
the domain was one-dimensional. The convergence in time (right panel of Figure 4) seems
to correspond to a convergence at rate £ + %, even if the boundary data are not known.
(Recall that for the one-dimensional case, we got £ + 1 for £ € {1,2}.) An interesting
observation is that, in the case of known boundary data, space refinement has to be finer
since the error stops converging on the right panel for £ = 1 (which indicates a lack of space
refinement), whereas, for unknown boundary data, convergence stops on the left panel for
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h k=1 k=2 N (=0 (=1
251071 6.0-10* 1.1-10° 5 2.6-10° 5.2-10°
1.8.1071 1.2:10° 2.0-10° 10 5.2:10° 1.0-106
1.3-1071  1.9-10° 3.3-10° 15 7.810° 1.6-106
9.0-1072 3.6-10° 6.2-10° 20 1.0-105 2.1-106
6.3-1072  5.5.10° 9.7-10° 25 1.3-10 2.6-10°
451072 1.3-10% 2.2-109 30 1.6-10 3.1-10
3.1-:1072 2.4-105 4.2.106

Table 2: Number of degrees of freedom (2d test case with known boundary value). Left:
space refinement for = 1 and N = 40. Right: time refinement for h = 0.03125 and k = 2.

k = 2, (which indicates a lack of time refinement). For completeness, the number of dofs
is reported in Table 2. We see that we reach several millions of dofs, which is high for
the use of a direct solver like Pardiso. In fact, these numerical simulations use more than
100GB of RAM.

10° | 100 g
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-2 ‘ﬁ. -
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107 - g.' o B 107 -
4 o
e 4
102 i 102 |- k
slope 1 slope 2
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Figure 5: L?(Ty,Ty; H'(B))-seminorm errors for the 2d test case with noised data (a €
{0,0.05,0.1}). Left: space convergence (k = 2 and ¢ = 1). Right: time convergence (finest
mesh from Figure 3, k =2 and £ = 1).

Finally, we consider some noise at level a € {0,0.05,0.1}. The results are reported in
Figure 5 along with the solution without any noise for ¥ = 2 and ¢ = 1. In the left panel,
N = 40 (resp. N = 80) is considered for known (resp. unknown) boundary data. We
observe once more that the test case without the knowledge of boundary data is much
more sensitive to the presence of noise. Indeed, the presence of noise changes the result
only in this case.
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