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SPACETIME FINITE ELEMENT METHODS FOR CONTROL
PROBLEMS SUBJECT TO THE WAVE EQUATION

ERIK BURMAN, ALI FEIZMOHAMMADI, ARNAUD MUNCH, AND LAURI OKSANEN

ABSTRACT. We consider the null controllability problem for the wave equation,
and analyse a stabilized finite element method formulated on a global, unstructured
spacetime mesh. We prove error estimates for the approximate control given by
the computational method. The proofs are based on the regularity properties of
the control given by the Hilbert Uniqueness Method, together with the stability
properties of the numerical scheme. Numerical experiments illustrate the results.

1. INTRODUCTION

We consider the classical null controllability problem for the wave equation, both
with distributed and boundary control. Let 7' > 0, and let 2 C R", with n > 2, be
a connected bounded open set with smooth boundary. We write

M=(0,T)xQ, I'=(0,T)x 05.

For a fixed initial state (ug,u;) € H}(2) x L*(€), the distributed null control
problem on M reads: find ¢ € L?*(M) such that the solution u of

Du = x9¢,
(1) ulp =0,

uli—o = o, Opuu|i—o = u1,
satisfies
(2) U=y =0,  Oyul=r = 0.

Here [0 = 9? — A is the wave operator, and y is a cutoff function that localizes the
control in a subset of M. More precisely, we consider a cutoff of the form

X(t,2) = xo(t)x} ()
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where xo € C5°([0,7]) and x; € C*(2) take values in [0, 1].
Our main assumption is that

(A) x =1 on open (a,b) x w C M satisfying the geometric control condition.

The geometric control condition means that every compressed generalized bichar-
acteristic intersects the set (a,b) x w, when projected to M. We refer to [4] for
the rather technical definition of a compressed generalized bicharacteristic. Roughly
speaking, all continuous paths on M, consisting of lightlike line segments in its inte-
rior and reflected on I' according to Snell’s law, must intersect (a,b) x w. However,
projections of compressed generalized bicharacteristics may also glide along I' under
suitable convexity.

For our main result we assume, furthermore, that (ug,u;) € H*™(Q) x H*(Q)

for some k = 2,3, ..., and that the following compatibility conditions of order k are
satisfied
. , k
(Cl) (AJUO)L?Q =0 for J= 0717-"7 \‘EJa
, , kE—1
(C2) (Aug)ogn =0 for 7=0,1,..., {TJ

Here [-] is the floor function that gives the greatest integer less than or equal to its
argument. We recall that the compatibility conditions guarantee that, for smooth
enough ¢, the solution u of (1) is in H*™1(M), see e.g. [22, Theorem 6, p. 412].

Under these assumptions, we show that the stabilized finite element method in-
troduced below gives such an approximation ¢ of a certain minimum norm solution
¢ to the control problem that

(3) X (= D)lz2ary S hY,

where A > 0 is the mesh size and ¢ < k — 1 is the polynomial order of the finite
element space. The implicit constant in the above inequality is independent of h and
the functions ¢, and ¢. This notation is used in the paper when confusion is not
likely to arise. See Theorem 2.5 for the precise formulation. In this result both v and
¢ are assumed to be at least H?(M)-smooth, corresponding to the above constraint
k > 2. We prove also a weak convergence result for our method assuming only the
smoothness u; € L?(2) in the case that ug = 0, see Theorem 3.5. The case with
general rough data is left for future work.

Let us now sketch our result in the case of the boundary null control problem of
the following form: given an initial state (ug,u;) € Hi(Q) x L*(Q), find ¢ € L*(T)
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such that the solution u of
Cu = 0,
(4) U|F = va

U|t:0 = Uo, atu|t:0 = Uq,

satisfies the final time condition (2). Under a geometric control condition analogous
to (A), and the above regularity assumptions on the data (ug,u1), we introduce a
finite element method that converges as

(5) Ix(¥n = V)|l2ry S RT3,

with notations analogous to (3) and ¢ < k4 1. See Theorem 4.6 for the precise
formulation. Observe that, although there is a loss of order 1/2 in (5) in comparison
to (3), if the highest possible polynomial orders are used, the order in (5) becomes
k+1/2 versus k — 1 in (3). We can also rescale the method in the distributed case
to get the order ¢ — 1/2 for ¢ < k, leading to k — 1/2 for the highest possible order.

N

1.1. Literature. This work is a contribution to the finite dimensional approximation
of null controls for the linear wave equation. The seminal work is due to Glowinski
and Lions in [26] where the search of the control of minimal L? norm is reduced
(using the Fenchel-Rockafellar duality theory) to the unconstrained minimization of
the corresponding conjugate functional involving the homogeneous adjoint problem.
Minimization of the discrete functional, associated with centered finite difference
approximation in time and P! finite element method in space is discussed at length
in [26] and exhibits a lack of convergence of the approximation with respect to the
discretization parameter h. This is due to spurious high frequencies discrete modes
which are not exactly controllable uniformly in h.

This pathology can easily be avoided in practice by adding to the conjugate func-
tional a regularized Tikhonov parameter, but this leads to so called approximate
controls, solving the control problem only up to a small remainder term. Several
cures aiming to filter out the high frequencies have been proposed and analyzed,
mainly for simple geometries (1d interval, unit square in 2d, etc) with finite dif-
ferences schemes. The simplest, but artificial, approach is to eliminate the highest
eigenmodes of a discrete approximation of the initial condition as discussed in one
space dimension in [40], and extended in [38]. We mention spectral methods initially
developed [5] then used in [36]. We also mention so called bi-grid method (based
on the projection of the discrete gradient on a coarse grid) proposed in [26] and
analyzed in [39, 31] leading to convergence results. One may also design more elab-
orated discrete schemes avoiding spurious modes: we mention [25] based on a mixed
reformulation of the wave equation analyzed later with finite difference schemes in
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[11, 12, 3] at the semi-discrete level and then extended in [44] to a full space-time
discrete setting, leading to strong convergent results.

The above previous works, notably reviewed in [50, 21], fall within an approach
that can be called “discretize then control” as they aim to control exactly to zero
a finite dimensional approximation of the wave equation. A relaxed controllability
approach is analyzed in [10] using a stabilized finite element method in space and
leading for smooth two and three dimensional geometries to a strong convergent
approximation. The controllability requirement is imposed via appropriate penalty
terms. We also mention [46] based on the Russel principle, extended in [14] and [27, 2]
for least-squares based method. One the other hand, one may also employ a “control
then discretize” procedure, where the optimality system (for instance associated with
the control of minimal L? norm ) mixing the boundary condition in time and space
and involving the primal and adjoint state is discretized within a priori a space-time
approximation. The well-posedness of such system is achieved by using so called
global or generalized observability inequalities. Such approach avoids the numerical
pathologies mentioned above and is notably well-suited for mesh adaptivity. On the
other hand, the numerical analysis, within a conformal approximation is delicate since
it requires to prove inf-sup stablity that is uniform with respect to h. We mention [15]
where this approach has been introduced within a conformal approximation leading
to convergent numerical results for the control of minimal L? norm. It has been
extended in [43] where the wave equation is reformulated as a first order system,
solved in the one dimensional case with a stabilized formulation allowing to bypass
the inf-sup property issue. We also mention [13] in the 1d case where the optimality
system associated to cost involving both the control and the state is reformulated as
a space-time elliptic problem of order four, leading to strong convergent result with
respect to the discretization parameter. The present paper falls into this category
and aims, in the spirit of [8] devoted to the dual data assimilation problem, to provide
some convergent results, including rate of convergence, with respect to the discrete
parameter. We mention a growing interest for space-time (finite element) methods
of approximation for the wave equation, initially advocated in [30, 23, 32] and more
recently in [33], [1], [16], [17], [48].
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2. DISTRIBUTED CONTROL

We recall that, assuming (A), the distributed control problem can be solved by
finding v and ¢ such that

Uu = xo,
(6) u|z€89 = 07 D¢ = 07
U|t=0 = Uy, atu‘tzo = Ui, ¢‘IGBQ =0.

U|t:T =0, atu|t:T =0,

Moreover, if (ug,u1) € H*1(Q) x H*(Q) satisfies the compatibility conditions of
order k, then the unique solution (u, ¢) to (6) satisfies

(7) Oli—r € H*(Q), Oyolier € H* (),

and this initial data for ¢ satisfies the compatibility conditions of order k —1, see |20,
Theorem 5.1]. It follows that ¢ € H*¥(M), and this again implies that u € H**1(M).
The convergence proof for our finite element method is based on the fact that the
solution of (6) has this regularity.

The control given by ¢ can be characterized also as the control with the mini-
mum norm on M with respect to the weighted measure ydtdz. The fact that (6)
has a unique solution follows from this characterization, however, we give a short
independent proof for the convenience of the reader.

Lemma 2.1. Suppose that (A) holds. Let u,¢ € L*(M) solve (6) with ug = u; = 0.
Then u = ¢ = 0.

Proof. The lateral boundary traces on (0,7') x 02 are well-defined due to partial
hypoellipticity, see Lemma A.7 in Appendix A. Typical energy estimates, see e.g.
[34], give

u € C(0,T; Hy(Q) N CH0,T; L*(R)),
and Lemma A.3 in Appendix A implies that
€ C0,T; L*(Q)NCH0,T; H1(Q)).
In particular, we may parametrize ¢ by ¢|,—o and d,¢|i—o. Let ¢, ¢5 € C5°(Q) satisty
@) = ¢li—o in L*(Q) and ¢j — Dypli—o in H~'(Q). Write (uy, ¢;) for the solution of
Ou = o, e =0,

u|x€8§2 =0, (b‘xeaﬂ =0.
U|t:0 =0, atu|t:0 =0, ¢|t:0 = ¢?, 8t¢’t:0 = ¢}-
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Then
(X®5, 05) 2y = (Oug, &5) 2y — (w5, O05) r2(an

= (Owusli=r, djli=r)r2(0) — (Wsli=T, Os®jli=T) 3 -1 (00)-

Taking the limit 7 — oo shows that ¢ = 0 in supp(x). The distributed observability
estimate, see Theorem A .4, implies that ¢ = 0 in M. It follows that also u = 0 in
M. O

2.1. Notations. We write (¢,z) = (2¥,z',...,2") for the coordinates on R'*". Let
g stand for the Minkowski metric on R and denote by g¢(-,-) the scalar product
with respect to g. The wave operator can be written as [1 = — div grad u, where the
divergence and gradient are defined with respect to g. Let K C M be an open set
with piecewise smooth boundary, and let N = (N, ..., N,) be the outward pointing
unit normal vector field on 0K, defined with respect to the Euclidean metric on
R We write

O,u = N -gradv = —NyO,ov + N1Opiv + -+ + N,Opnv.

Note that div coincides with the FEuclidean divergence, and we can apply the Eu-
clidean divergence theorem to obtain

(8) / uJv dz = / g(du, dv) dx—/ ud,v ds,
K K oK

where ds is the Euclidean surface measure on 0K, and du is the spacetime differential
of u, that is, the covector with the components d,;u, 7 =0, ..., n.

2.2. Discretization. Consider a family 7 = {7, : h > 0} where 7, is a set of
1 4+ n-dimensional simplices forming a simplicial complex. To keep the discussion as
simple as possible, we assume in this section that |J ke, = M for all h > 0. This
is a restrictive assumption since we also assumed that the spatial boundary 0 is
smooth. We will explain later, see Remark 4.7, how this issue can be avoided by
allowing the simplices adjacent to the boundary to have curved faces, fitting 2. This
fitting technique is also described in detail in the context of the boundary control
problem below.

If the set w in assumption (A) is a neighbourhood of the boundary 92 then the
distributed observability estimate in Theorem A.4 holds in the case of piecewise
smooth 02 and large enough 7" > 0. In particular, we can consider polyhedral (2
and then [ ker, = M is straightforward to arrange. The multiplier method can also
be used to derive the distributed observability estimate for polyhedral €2 and more
general observation regions w, however, this method can not reproduce the sharp
geometric control condition in the case of smooth boundary [42].
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We assume that the family 7 is quasi uniform, see e.g. [18, Definition 1.140], and
indexed by

h = max diam(K).
KeTy

Then we define for p € NT = {1,2,...} the H'(M)-conformal approximation space
of polynomial degree p,

(9) VP ={ue€ H'(M):ulr =0, ulg € P,(K) for all K € T},

where P,(K) denotes the set of polynomials of degree less than or equal to p on K.
Occasionally we write also V}, = Up€N+ VP
For any h > 0, the control problem (6) can be formulated weakly as

(10) a(u, ) = h’c(¢,v) + L(¥),  a(v,¢) =0,
for all v,1 € C°°(M) vanishing on I', where

(11) a(u, ) = /Mg(hdu, hdy) dx — h(u, hd,¥) L2an\1)

L(d’) - h(hula ¢|t:0)L2(Q) - h(Um h3t1/1|t:0)L2(Q)7

and ¢(¢,v¢) = (xé, %) 2. Indeed, it follows from (8) that if smooth (u, ¢) solves
(6) then (10) holds for all smooth (v,%) vanishing on I'.

The bilinear form a is scaled so that there is C' > 0 such that for all 4 > 0 and
u,v € H*(M) + V}, there holds

(12) a(u, v) < Cllull g2z [0l 12(7),
where the broken semiclassical Sobolev norm is defined for any £ € N by
k

j=0 KeTy

Here D’u is the tensor of order j that gives the jth total derivative of u. The
continuity (12) is consequence of the following trace inequality, see e.g. [6, Eq.
10.3.9]: there is C' > 0 such that for all h > 0, K € T, and u € H'(K) there holds

1
(13) P o < Cllullzzqe + AV ulzz).
For u € H"*(M) the broken semiclassical norm ||u|| g (7;) reduces to the usual

semiclassical norm defined by

k

||U||§{;§(M) = ZH(hD)jU”iZ(M)-

J=0
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Moreover, there is C' > 0 such that for all A > 0 and u € V}, there holds
[ull ey < Cllullr2qan.

This is due to the discrete inverse inequality, see e.g. [18, Lemma 1.138]: there is
C > 0 such that for all h > 0, K € 75, p € N and u € P,(K) there holds

(14) WV ul|p2x) < Cllullp2x).-

We will systematically use a scaling so that all the bilinear forms in the paper satisfy
the bound (12).
Our finite element method has the form: find the critical point of the Lagrangian

L(w0): VX Vi 5 By L, 6) = 5he(6,6) + L) — 5R(w,0) — a(u,0),
where, writing U = (u, Oyu) and Uy = (ug, u1), the regularization is given by
(15)  R(u,¢) =h™"S(u) — h*S(¢) + h"E(Ul—g — Up) + h™"E(U|;—1)

+ (@) + 207 p(u, ),
E(Uy) = h||U0||%2(Q) + h||hul||%2(9),
S() = Y IW*Cullfewy + Y bllhdsu]llZz(r),

KeTy FeF,
C() = X872y P, d) == Y (h*0u, X&) 12x0),
KeTy

where k < 2 is a fixed constant. We have R(u, ¢) = 0 for a smooth solution (u, ¢)
to (6). Indeed,

S(u) +20%p(u, @) + h*C (@) = D 10 (Tu—=xO) 7o) + Y BlIThO] |2 = 0,
KeT, FeFy,

and also S(¢) =0 and E(Ul|i=o — Up) = E(Ul=r) = 0.
The equation dL(u, ¢) = 0 can be written as

(16)  Allw, 0), (v,0)] = he(Up, Vlimo) + L(¥) for all (v,) € V¥ x V}.,
where the bilinear form A is given by

Al(u, ), (v,0)] = h™"s(u,v) = Bs(p, 1) — B*c(¢, ) + h ™" > e(Ul=r, Vli—r)

7=0,T
+a(v,¢) + a(u, )
RS, ) + B p(o, 6) + BT plu, ).

Here s is the bilinear form associated to the quadratic form S, and this lowercase—
uppercase convention is systematically used also for other quadratic and bilinear
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forms in the paper. Let us emphasize that all the bilinear forms s, ¢, e, ¢ and p
satisfy the same bound (12) as a.
We define the residual norm by

(17) 1 (w, Q)I” = h7"S(u) + h*S(¢) + h*C(¢) + h™" Y E(Uli=s).

7=0,T

’Lemma 2.2. Suppose that (A) holds. Then |||||| is a norm on Vi, x Vj,. ‘

Proof. Suppose |||(u,¢)||| = 0. Then Ou = 0 elementwise and [0,u] = 0 for all
internal faces. It follows that Ou = 0 in the weak sense. Asu|r = 0 and E(Ul;—) = 0,
it follows that v = 0. Similarly OJ¢ = 0 in the weak sense. As ¢|r = 0 and 5(@5) =0,
the distributed observability estimate, see Theorem A.4, implies that ¢ = 0. U

Lemma 2.3. For all sufficiently small h and all u, ¢ € H*(M) + V}, there holds
l(u, I S Allw, ¢), (u, —¢)].

Proof. By the definition of A, we have
Al(u, 9), (u, =) =ll(u, 9)I|[* = h*~C(9).

As k <2 and x < 1, h**C(¢) can be absorbed by h2C(¢) for small h > 0. O

The previous two lemmas imply that (16) has a unique solution. Indeed, (16) is
a square system of linear equations and the lemmas imply that (u,¢) = 0 is the
only solution when the right-hand side is zero. The right-hand side being zero is
equivalent with Uy = 0.

2.3. Error estimates. Equation (16) defines a finite element method that is consis-
tent in the sense that if smooth enough u and ¢ satisfy (6), then (16) holds for (u, ¢).
This follows from the weak formulation (10) of (6) together with the regularization
vanishing for (u, ¢). In particular, if (us, ¢n) € V¥ x V)7 solves (16) then the following
Galerkin orthogonality holds

(18) Al(u —up, ¢ — én), (v,9)] =0 for all (v,9) € VP x V1.
It is straightforward to see that for all u, ¢, v,v € H*(M) + V}, there holds
(19) Al(u, ¢), (v,9)] = (a(v,¢) + a(u,¥)) < [l (w, §)|[[[[|(v, V)]

We will need the following continuity estimates for a.
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Lemma 2.4. For all u, ¢,v,vp € H*(M) + V}, vanishing on T there holds
1
a(v,9) S 52 (D)ol (),

a(u, ) S <5§(U) + ) Eé(UltT)> ¥l 2(7)-

7=0,T

Proof. Recalling (8) we see that

alv, 6) = / g(hdv, hd$) da — h(v, hd,d) oanmy

M
— /th2ng dr+ ) h/Fv[[hayqﬁ]] ds

KeT, FeFy,

and the first claimed estimate follows from the Cauchy—Schwarz inequality and the
trace inequality (13).
Let us now turn to the second estimate. We have

a(u, ) = / g(hdu, hdy) dx — h(u, hO,) 201

M
=3 [ 0w aes 30 [ o,ade as

KeTy, FeFy,
+ h(hdyu, V) r2@aanry — h(w, RO L2(00n\1),
and the second estimate follows. [l

Let us recall estimates for the Scott—Zhang interpolant i} taking functions in
H'(M), that vanish on T, to V', see [47]. For all p € N" and k = 1,...,p+ 1
there is C' > 0 such that for all h > 0 and u € H*(M)

(20) lu = dhull ez < Cll(AD) ullz2ary.

Theorem 2.5. Suppose that (A) holds. Let k < 2, p,q € Nt and let (up, ¢p) in
VP x VI be the solution of (16). Let u € HP™ (M) and ¢ € HIT (M) solve (6).
Then

(e = uny & = )l S WP |ull ovaany + A2 aravaan) -

In particular,
(21) IX(& = @n)llzany S PP 2 Nl s any + WO 2|l pravs ary.

Proof. We write

(22) wW=u,— U, N=Qp— @, wp=up —ihu, N = ¢p — i}
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By Lemma 2.3 and the Galerkin orthogonality (41),

1w, mII* S Al(w,n), (w, =n)] = Al(w, n), (w = wp, 7, — 1)].
We write

w; =dhu—u, n=1itp—o.

Observing that w — wy, = w; and n, —n = —n;, it follows from (19) and Lemma 2.4
that

o, Ml Mz, )l + 22wl ey + B2 il 27

Recalling the scaling in (17) and using the bound (12), with a replaced by s, ¢ and
e, we see that

(i, m)lll S ™2 llwill 2y + h2 0l 2 -
Finally, using (20),

W2 |willm2ery + B2 il g2y S BPT 2 |l meen + AT || g .
]

Recall that if (ug, u1) € H*(Q) x H*(Q) satisfies the compatibility conditions of
order k, then the unique solution (u, ¢) to (6) is in H*™ (M) x H*(M). Hence we
can take p < k and ¢ < k — 1. Choosing k = 0 and p = ¢ < k — 1 leads to the
convergence rate (3) stated in the introduction.

Under the assumptions of Theorem 2.5, it is possible to show that

1w — wnl oo 0,m:02(0)) + 100w — un) || 20,0 5-10)) S PP |lull gorrary + W7Dl ot (any-

We do not detail the proof here, but refer to [8, Theorem 4.4] for a similar analysis.
The weak norms reflect the fact that the forward problem does not enjoy the classical
energy stability of the wave equation. Instead error estimates are derived using
continuum estimates on a level dictated by the regularity of O(u—uy). This quantity
is in H~'(M), and not likely in a better space, resulting in the above estimate.
Continuum theory at this energy level is reviewed in an appendix below, see Remark
A.2 in particular.

Remark 2.6. Observe that the corresponding stability estimates for unique con-
tinuation given in [9, Theorem 2.2], [8, Theorem 1.1] are inaccurate, claiming
control of ||Qul|zec(o,r;-1(0) wWhen the best quantity that can be controlled (as
shown in appendix below, Theorem A.4, Remark A.5 and Proposition A.1) is
|0su| 20,7 5-1(2)) + ||Octsli=o|| r-1(0) + ||Osttle=r|| r-1()- The results in the above ref-
erences are nevertheless correct without further modifications after correction of the
stability norm for the error analysis.
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However, we obtain a better approximation simply by solving

Hu = f,
(23) u|z€8§2 - 07
U|t=T =0, atu|t:T =0,
with f = x¢n. We will detail the arguments in an abstract setting below.

Let [, denote a stable discrete wave operator with vanishing initial and boundary
conditions such that the following standard stability estimate holds for the solution
uy, to Upup, = f,

lunlll e = llunll Lo, + [Osunl oo, ri220)) S I l22any-

We also assume that the following optimal error estimate holds: if u is the solution
to (23), then there holds

[l = unlll < AP
For a high order scheme satisfying these assumptions see for instance [24]. Let now
u be the solution to (23) with f = x¢, vy the solution to Oyv, = x¢ and wy, the
solution to Cuy, = x¢p. It then follows by the above inequalities that

Il = unlllz < lllw = wvallle + llon — unllle S B+ [Ix(& = on)ll 2y S B + A

Here we used the properties of the method [, and Theorem 2.5.

3. DISTRIBUTED CONTROL WITH LIMITED REGULARITY

In this section we will study the finite element method (16) in the case that the
continuum solution (u, ¢) to the control problem (6) is in the natural energy class
HY(M) x L*(M). We make the standing assumption that (A) holds, so that (16)

has a unique solution.

Lemma 3.1. Let (up, ¢n) € Vi’ x VI be the solution of (16) with k= 0. Then
R IR*Onll -1y S h2 [Pl 2y + [l (un, én)l,
B Ol any S b [[woll oy + I Can, Sl

Proof. To establish the first claimed inequality, we will show for v € H} (M) that

/ g(hdv, hdgy) dx S (B2 || hua | 2oy + (s &0) D IRV 0] 2an.
M

We have
2
= g E Oy :
/Mg(hdv,hdgbh) dz /th Oeyp, dx + h/FU[[h on] ds

KeTy FeF,
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Let vy, € V/ be the Scott—Zhang interpolant of v, and apply the above equation with
v replaced by v — vy,. Then

[;gwd@—~%%h¢%)deHKQ¢0HWhVWM%M%

Moreover, using (16)

—/ g(hdvy, hdgy) dz = h™"s(up,vp) + A" Z h(hOyup|i=r, hOyUR|i=r) 2(02)
M

7=0,T"
+ 1?7 p(vn, dn) — B h(huy, hdyvp|i—0) 12(q)-

Hence, using k = 0,
/Mg(hdvh, hdgy) dx S (b b | 2() + [l (un, 1) 1DV onl 2.
Let us now show for ¢ € Hg(M)
/Mg(hduh,hdw) dz < (h%HUOHLQ(Q) + [[[(uny o)) PNDN £ 2y

Let ¢, € VP be the Scott—Zhang interpolant of ¢. Analogously with the above, we
have

AﬂwmeW—wmd$§W%ﬁWMVMBw»
Moreover,
- /M g(hdur, hdiy) Az = (un, hO, ) aonnsry — B"s(6ns ) — B2, )
+ B (n, n) + B2 pun, n) + h(uo, hOitnli—o) 120

and the second claimed inequality follows. 0
Lemma 3.2. Let (up, ¢n) be the solution of (16) with k= 0. Then
(24) 1 Cun, o)l S h2luollL2() + Rlluollmy () + hlluallr2 (@)

Proof. By Lemma 2.3 there holds
1 Cuns d)I1P S Al(un, @) (un, —n)] = e(Us, Unli=o) — L(6n)
< 2 (|[uo | (@) + I1hun |l 2(0) B2 (Unlimo)
+ h2(luoll oy + lluall @) (lonle=oll 2 (@) + 110dnli=oll r-1())-
By the distributed observability estimate, see Theorem A.4 in Appendix A,
I6nli=ollz2(@) + 10—l 1@y S C7(6n) + 106l -1ar)-
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Recalling that hC'z(¢p) < |[1(0, #1)||[, and using Lemma 3.1, we obtain

Pl @li=oll 20 + 19:lemoll 1) S B2 B 220y + 1 (uny o)
As also E2(Up|i—o) < |||(un, én)|||, we have

1 Cen, o)
1 1
S (B2 ||uoll L2 (o) + Plluoll gy + Alluillz) (h2[[hua | L2(q) + (Il (un, d0)1D,
leading to (24). O

Lemma 3.3. Let (up, ¢p) be the solution of (16) with k=0 and ug = 0. Then

||Uh||L2(M) + ||¢h||L2(M) S ||U1||L2(Q)-

Proof. Lemma 3.1 implies
1Bunllz-1a0) + [1Bnll =) S Nuallz2e)-
Moreover, it follows from (24) that
1 : 1 .
C2(dn) S llurllzzey, 10 unli=ollz2@) S h2 7 flurllize), 7 =0,1.

The bound ||¢s]| 22y < C|lus|| follows from the distributed observability estimate,
see Remark A.5 below. It remains to show the same bound for u;. We face the
complication that the above estimates do not allow us to conclude that Oyup|i—¢ is
bounded.

To overcome this, we will employ u, € V} that coincides with u; on dM and
satisfies (25) and (26) below. We have

106 -1 ar) S lluallz2 (-

Indeed, for any v € H(M) there holds, using (14) and (26),

(hZDth,U)[p(M) = / g(hdﬂh, hd’U) dx

M

S / g(hduh, hdl)) dx + ||hV(l~Lh - uh)||L2(M)||th||L2(M)
M

S IP?0unll g 10l 2 ar) + 12 | h(Opunli—o — w) | L2 | RV 2 any.
< W2 (|l r2) + P2 0vunlimollz2) < B2Jluallzzo)-
Moreover, using (25),
|Otin|e=ol| -1() < [|Ortin]i=o — urllm-1(0) + [lu1]lm-1(0)

1
S hllOvunli—o — wrll2) + [uallm-10) < h2[Juallz2@) + ludllz-1(0)-
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Recalling that 1, coincides with u, on OM, we conclude that

inllz2any < lluallze o

follows from an energy estimate, see Proposition A.1 in Appendix A. Finally, using
(26),

lunllzzary < llun — nllLzan + |l L2
1
S Rz [[h(Opun =0 — w1) || 2) + luill2i) S w2 o)
O

Lemma 3.4. Let p € N* and consider a family up, € V¥, h > 0. Let u; € L*(Q).
Then there is a family u, € V', h > 0, such that o = unlon and

(25> h_1||atﬂh|t:0 - UlHH*l(Q) 5 ||6tuh|t:0 - UlHL?(Q)a

- 1
(26) [un = nllzzn S B2 1A (Brunlizo — w)ll2()-

Proof. Let us consider the trace mesh at ¢t = 0,
]—"h70:{8Kﬂ{t:O}:K€771}.

We decompose Fp into a set of N, disjoint patches OP;, @ = 1,..., N, such that
each patch contains several element faces but their area and diameter satisfy

R <|0P;| S A", h S diam(P;) < h.
Then we define disjoint patches P; consisting of elements of 7, so that
oP; =P;N{t=0}

and that h"t1 < |P;] < A", Now we define the functions p; € V;! such that
supp(p;) C P; and p;(xz) = 1 for every node x in the interior of P;. We require that
the patches OP; are large enough so that, writing

o = / 8tpi|t:0 ds, fBi= Hatpi|t=0HL2(8P¢)a Vi = HpiHLQ(Pi)a
aP;

there holds A" < oy <AL b=t < B < hEL and h2( D) < 5 < pa(ntD),
We set

Np

. -1

Up = Up + § WP, Wi = —Q; / (Opup|i=0 — u1) ds.
=1 oP;

Then
(27) / (8tah|t:0 - Ul) ds = 0.
oP;
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To establish (25) we let v € H(2) and show that
(8t1”lh(-, O) — Uy, U)Lz(Q) 5 H@tuh(-, O) — U1 HLQ(Q) HhvaLQ(Q)
Let v € L*(2) be equal to the average of v on each patch 0F;, that is,

@|3Pi = |8P,|_1/ v ds.
IP;

Now (27) implies (0ytip|i—o — u1,7)12(q) = 0, and
(Oytip =0 — u1,v)r2(0) = (Oplin|i=0 — U1,V — V) 12(0)
< Ovtin =0 — ur| 2@ llv — Ol 200y S |0ktin]i=0 — w1l L2 [|AV V]| L2 (.-

Here we used the Poincaré inequality as stated for example in [19]. To establish (25)
it remains to show that

|0stinli=0 — url[z2) S [ Ounli=o — url|z2(e)-
Using the fact that the patches 9P; are disjoint, we have
Np
Hatah|t:0 - U1||L2(Q) < ||3tuh|t:0 - U1||L2(Q) + Z |wi|||atpi|t:0“L2(873¢)'
i=1

Recalling that a; behaves like A”~! and 3; like h2~!, we obtain using the Cauchy-

Schwarz inequality
/ (@uh\t:o — ul) dS
P

S hl_nh%_lh%Hatuh\t:o — w1 20p,) = |0t li=0 — w1 || L2(ap,)-

Let us now turn to (26). Note that

‘wl| Hatpi|t:0HL2(a73i) = 05;1/81

Np
lun = @nlZean) = D il Ipillzep,.
=1

Recalling that v? behaves like A", we obtain
|wi|2||pi”%2(7?¢) = |wz‘|2%'2 . hn+1h2(1_n)hn||5tuh|t:0 - ul”%ﬁ(&ﬂ)v
leading to
lun — @nll7200) S W2 0iunli=o — |72
U

Theorem 3.5. Suppose that uy = 0 and u; € L*(Q). Let (up, ¢n) be the solution
of (16) with k = 0, and let (u, ) be the solution of (6). Then there is a sequence
hj — 0 such that (us,, ¢n,) converges weakly to (u,®) in L*(M).
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Proof. By Lemma 3.3 both u, and ¢, are bounded in L*(M). Thus there is a sequence
h; — 0 such that (up,,ds,) converges weakly to a function (us, ¢.) in L*(M). By
Lemma 2.1 it is enough to show that (u., ¢.) satisfies (6).

As the embedding H (M) C L*(M) is compact for ¢ > 0, by passing to a
subsequence, we may assume that (up,,¢n,) — (us, ¢x) in H=°(M). By Lemmas
3.1 and 3.2 we may further assume that (Ouy,, O¢y,) — (Ou,, 0¢,) in H=1(M).
For € < 1/2 it follows from Lemma A.7 that

0= (un,|r, 6n,Ir) = (walr, dulr).

Thus (us, ¢.) satisfies the homogeneous lateral boundary conditions in (6).
For any ¢ € C*°(M) with ¢|r = 0 and any v € C§°(M) there holds

(28) h™%(a(un, ) — h*c(¢n, ) — L(1)) — 0,
(29) h~2a(v, éy) — 0,

as h — 0. Before showing (28)—(29), let us show that they imply that (u., ¢.) satisfies
(6). The equation ¢, = 0 follows immediately from (29). Observe that

h2a(up, ) = (wn, OU) 2aar) = (we, OV) r2(ar).
It follows from (28) that for any ¢ € C'*°°(M) vanishing on I' there holds
(3()) (U*, D¢)L2(M) = C(¢*7¢) + <U17¢|t:0)L2(Q) - (Uo, 3t¢|t:o)L2(Q)-

In particular, taking ¢ € C§°(M) we see that Du, = x¢..
To show that (u., ¢.) satisfies (6), it remains to verify the initial and final condi-
tions for u,. We have u, € L*(M) and

Ofu. = Au, + xo. € L*(0,T; H2(Q2)).
Now [37, Theorem 3.1, p. 19] gives
u, € C(0,T; H 2(Q)), 0O, € C(0,T; H 2(Q)).
Taking ¢ (t, z) = o(t)ynr(x), with ¢y € C*(0,T) and ¢y € C5°(€2), we integrate by
parts

T T
(1, ) 201 = / (ttes 1) 020t — / (1, Aty

T
= /0 (XBs, 1) r2ytho dt + (e, V1) 0o — (Dptts, Y1 )tho)i—y

where (-, -) is the pairing between distribution and test functions on €. Comparison
with (30) shows that ., satisfies the initial and final conditions in (6).
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Let us now show (28). Denote by v, the Scott—Zhang interpolant of ¢). By (16)
a(up, ) = h*c(én, ) — L()
= a(up, ¢ — Yn) — 2c(Pn, 0 — n) — Lt — ¢n)
+ 5(¢n, ¥n) — h'&(dn, ¥n) — B2 plun, n).

Using the continuity of @ in Lemma 2.4, the interpolation estimate (20), and the
bound (24) for the residual norm, we obtain

|a(un, ¥ — n)| S s &) NI (RD)* || L2ary S lluall 2 n | (RD)* 0| L2

Recalling that hC'z(¢y) < [[|(0, é3)||l, we use the continuity (12) for ¢ and the inter-
polation estimate (20) to get

B2 |e(dn, ¥ — n)| < h2C3 (¢n)C 7 (v — tn) S B[O, ¢ (RD)?|| L2an)-

Using once again (20),

|L( — tn)| = h2|(ur, (¥ — ¥n)li—o) r2@)] S 12w || 120y | (BD)* % L2 (ary -

Turning to the first term related to regularization, we have
|8(&n, ¥n)| < S2(dn)S2 (Yn),
where the first factor is bounded by [[[(0, ¢p)l| S hl|u1]|z2(q), and the second satisfies

Sn) S URP30W = V)20 + 1200132 00) + > hlITEO (W — )11 72

KeT, FeFy,
S N(hD)* 1220
Finally,
heE(dn, n)| S RO, ¢) 1| L2cany,
W2 p(un, ¥n)| S W2 (un, OV I 2 ary S B2l [l 2 as)

and (28) follows.
We turn to (29). Denote by v, the Scott—Zhang interpolant of v. By (16)

a(v, ¢n) = a(v — vn, dn) — s(un, vn) + 02 p(vn, ¢n).
Similarly to the bounds above, we have
|a(v = va, dn)| + [s(un, va)| S Bllwrllzzi@ | (RD) vl r2ary,
R p(on, én)| < RO, o) R*00] 22 ary.
and (29) follows. This finishes the proof that (u., ¢.) satisfies (6). O
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4. BOUNDARY CONTROL

Let us begin by formulating our assumptions on the cutoff function y in (4). We
consider a function of the form

X(t, ) = xo(t)xi(2),
where xo € C5°(]0,7]) and x; € C*°(I") take values in [0, 1], and suppose that
(A’) x =1 on open (a,b) x w C I satisfying the geometric control condition.

In the case of boundary control, the geometric control condition means that every
compressed generalized bicharacteristic intersects the set (a,b) X w, when projected
to M. Moreover, the intersection must happen at a nondiffractive point and the
lightlike lines must have finite order of contact with I'. We refer again to [4] for the
definitions.

We let V € C*°(Q2) and consider the boundary control problem for the following
operator

(31) P=0+V.

Let (ug,uy) € L?(Q) x H7*(). Then the distributed control problem for P can be
solved by finding (u,¢) € L?*(M) x H'(M) such that

Pu =0,
= Y0, 9, Py =0,
U|t=0 = Uy, atu‘tzo = Uy, ¢’F = 0.

U|t=T =0, 8tu|t:T =0,

If (ug,u;) € HEFL(Q) x H*(Q) satisfies the compatibility conditions of order k, then
the unique solution (u, @) to (32) satisfies

(33) (b’t:T € Hk+2(Q)7 at¢|t=T € HkJrl(Q)a

and this initial data for ¢ satisfies the compatibility conditions of order k+1, see |20,
Théorem 5.4]. It follows that ¢ € H**2(M) and v € H*1(M), and the convergence
proof for our finite element method is again based on this regularity.

Although uniqueness of the solution (u, ¢) to (32) is implictly contained in [20],
we give a short proof. This illustrates the difference in natural regularities between
the distributed and boundary control cases.

Lemma 4.1. Suppose that (A’) holds. Let (u,¢) € L*(M) x H*(M) solve (32) with
up=uy =0. Then u= ¢ = 0.

Proof. For the convenience of the reader, we show first that
(34) ¢ € C(0,T; Hy(Q) N CH0, T; L*(Q)),  dp¢lr € L(T).




20 BURMAN, FEIZMOHAMMADI, MUNCH, AND OKSANEN

The proof of this fact is very similar to the proof of Lemma A.3. The standard
energy estimate implies that for all s € (0,7),

[@le=oll (@) + 0lizoll2(@) S 1@le=sll a1 () + 101l e=sl| 220 -
Integration in s gives
[@li=ollrr1() + [[0cdli=oll2(0) S (1@l 7120
and the regularity (34) follows now from [34]. It also follows from [34] that
u € C(0,T; L*(Q)) N CY0,T; H1()).
In the case that v and ¢ are smooth
0= (Pu, ®)r2(ar) — (u, PO)r2(ary = — (X009, 000) L2(1),

and for (u,¢) € L*(M) x H'(M) this can be justified by approximating u and ¢
with smooth functions as in the proof of Lemma 2.1. It follows from the boundary
observability estimate, see Theorem A.6, that ¢ = 0 identically, and hence also u = 0
identically. 0

4.1. Discretization. Let us consider a family 7 = {7, : h > 0} where T is a
set of 1 + n-dimensional simplices forming a simplicial complex. The family T is
parametrized by

h = max diam(K).
KeTh

Writing M, = UKei'h K, we assume that M C M;,. We define
Thn={KNM:KeT,}, T={Tn:h>0}

and require that:

(T) There is C' > 0 such that for all A > 0 and all K € 7T, letting K € Tj, satisfy
K = K N M, there are balls By C K and By D K such that the radii r; of
Bj, j = 1,2, satisfy

(35) C7lry <h < Cry,
and that
(36) v(y) - p(y) > C~', forally € OK,

where v is the outer unit normal vector of 0K, and p(y) = (y — x)/|y — |
with x is the centre of Bj.
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If M was polyhedral, then we could choose T so that M, = M for all small enough
h > 0. In this case (T) follows if T is quasi-uniform, see [18, Definition 1.140]. In
the case of smooth Q, we can construct 7 so that (T) holds for all small enough
h > 0 by choosing polyhedral sets M; D M that approximate M in the sense that
the Hausdorff distance between OM), and OM is of order h'*¢ for some € > 0, and
meshing M}, in a quasi-uniform manner.

We define for p € N* = {1,2,...} the H'(M)-conformal approximation space of
polynomial degree p,

(37) VP ={ue H' (M) : ulx € P,(K) for all K € T;},

where P,(K) denotes the set of polynomials of degree less than or equal to p on K.
We write also Vi, = (J,en+ Vi - Note that, contrary to (9) no boundary condition is
imposed on T'.

The following two lemmas are proven in Appendix B.

’Lemma 4.2. The trace inequality (13) holds for the family T . ‘

Lemma 4.3. There is a family of interpolation operators it : H'(M) — VP satisfying

(38) lw — Bl geery S Pl gean-

For any h > 0, the control problem (32) can be formulated weakly as

(39) a(u, ) = —c(h™'¢,¢) + L(¥), a(v,¢) =0,
for all v,¢ € C*°(M), where
(40) a(u, ) = /Mg(hdu, hdy) dx + h*(u, V) 2 (an

— h(u, hauw)m(aM) — h(ho,u, w)m(r)
C(¢7 ¢> = h(XhaV¢7 hayw)LQ(F)y

and L is as in (11). Indeed, it follows from (8) that if smooth (u, ¢) solves (32) then
(10) holds for all smooth (v,1). We emphasize that a and ¢ are chosen here so that
they satisfy the continuity estimate (12).

Our finite element method has the form: find the critical point of the Lagrangian

Ll 6) VP X ViR, L(w,0) = 3¢(6,6) + L(6) — 5R(w,0) +a(u,0),
where, writing U = (u, dyu) and Uy = (ug, uy), the regularization is given by
R(u, @) = h™"S(u) = h*S(¢) + h"E(Ul=o — Uo) + h™"E(Us=r)
+yh " B(u) — h*B(¢) + vh"C(¢) + 29h~"p(u, ¢),
B(u) = hljul|72 ), C(¢) = MIxhd,dllzewy,  p(u, ) = —h(u, xhd,d) L2y,
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where k < 0 and v € (0,1) are fixed constants. Here E and S are as in (15) except
that [J in S is replaced by P.
We have R(u, h~'¢) = 0 for a smooth solution (u, ¢) to (32). Indeed,
B(u) +2p(u, h™'8) + C(h™'6) = hllu = x0,0l[ 3y = 0,
and also S(u) = S(¢) = B(¢) =0 and E(Uli=o — Uy) = E(Ul|s=r) = 0. The equation
dL(u,¢) = 0 can be written as (16) where the bilinear form A is now given by

Al(u, @), (v, )] = h™"s(u,v) = h¥s(d, 1) — h2c(¢, ) + h™* > e(Ulimr, Vli=r)

7=0,T
+7b(u, v) = b(d, 1) — alv, ¢) — a(u, 1))
TR (¢, ¥) 4 29h " p(v, @) + 29h7 " p(u, 1)).
We define the residual norm by
1 (w, I = h="(S(w) + B(w)) + h*(S(¢) + B(¢)) + C(¢) + h™" > E(Uli=r).
7=0,T

This is indeed a norm on V}, x V}, as can be seen by following the proof of Lemma 2.2.
Observe that in this case the vanishing boundary conditions on I' are not imposed
in the spaces V}, but follow if B(u) = B(¢) = 0.

Lemma 4.4. For all u,¢ € H*(M) + V}, there holds
[l (w, O)II* < Al(u, 9), (u, —9)].

Proof. By the definition of A, we have
Al(u, ), (u, =) =[ll(w, ))[II* = ¥h™*C(9).
Ask<0,vy<land xy <1, ”yh"‘é(@ can be absorbed by C(¢). O

The previous two lemmas imply that the finite dimensional linear system (16) has
a unique solution, and thus defines a finite element method.

4.2. Error estimates. Equation (16) defines a finite element method that is consis-
tent in the sense that if smooth enough u and ¢ satisfy (6), then (16) holds for (u, ¢).
This follows from the weak formulation (10) of (6) together with the regularization
vanishing for (u, ¢). If smooth enough u and ¢ satisfy (32) and if (up, ¢n) € V¥ x V}!
solves (16) then the Galerkin orthogonality

(41) Al(u —up, R — ¢p), (v,4)] =0 for all (v,v) € VP x VL

Analogously to the case of distributed control, this is due to (u,¢) satisfying the
weak formulation (39) and the regularization vanishing at (u, h=1¢).
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It is straightforward to see that for all u, ¢, v, € H?(M) + V}, there holds
Al(u, 9), (v,9)] + (a(v, ¢) + alu, ¥)) S [ (u, P[0, V)]

We will need the following analogue of Lemma 2.4. We omit the proof, this being a
modification of the earlier proof. The only difference is that the boundary terms on
I' need to be kept track of.

Lemma 4.5. For all u,¢,v,vyp € H*(M) + V}, there holds
a(v,9) S (54(6) + B(@)) vl

a(u, ) S (55(U)+B(U) + ) E%(U|tr)) 191l z2(75)-

7=0,T

By repeating the proof of Theorem 2.5 we obtain:

Theorem 4.6. Suppose that (A’) holds. Let k < 0, p,q € N* and let (up, dp) in
VP x Vi1 be the solution of (16). Let uw € HP™' (M) and ¢ € HT (M) solve (32).
Then

(= wp, h 7' — )l S R 2 ||wfl gosr ary + B2 {|R T | prass (any-

In particular,

_ k1 £_ 1
(42) X0, (¢ — hpn) || L2y S AP72 72 ||ull gorrary + T2 72| @] mravr (any.-

As discussed above, if (ug,u;) € HFT(Q) x H¥(Q) satisfies the compatibility
conditions of order k, then the solution to (32) satisfies

(u, ¢) € H (M) x H*2(M).

Hence we can take k =0, ¢ < k+ 1 and p = ¢ — 1 in the above theorem, leading to
the convergence rate (5) stated in the introduction.

Remark 4.7. A finite element method for the distributed control problem can be
formulated using the spaces V}” defined by (37) and the bilinear form a in (40). With
these choices replacing V¥ and a in the Lagrangian in Section 2.2, and with B(u) —
B(¢) added in the regularization R(u,¢) there, we obtain a method satisfying the
estimates in Theorem 2.5. This method works for smooth €2 whenever the geometric
control condition (A) holds. We omit proving this, the proof being very similar with
those above.

5. NUMERICAL EXPERIMENTS

We discuss some numerical experiments performed with the Freefem++ package
(see [28]).
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We address the distributed and boundary case in the one dimensional case and
emphasize the influence of the regularity of the initial condition on the rate of con-
vergence of the finite element method with respect to the size of the discretization.

We use uniform (unstructured) meshes and the cut off functions yo € C§°([0,7]) and
x1 € C§°(]0,1]) defined as follows

1 _ 1 _ 1 _ 1
e 2te 2(T-1) e 5@—a)e 5(b-z)
(43> Xo (t) = 1 1 X1 (:B) = __2 5 1[a,b] ($)
e rTe T e 5(t—a)e 5(b—a)

for any 0 <a <b < 1and T > 0. In particular, xo(7/2) =1 and x1((a +0)/2) = 1.
Figure 1 depicts the function yq for 7' = 2.5.

1

0.8}

0.6

0.4r

0.2}

0 0.5 1 " 1.5 2 25

FIGURE 1. The C§°([0,T]) function t — xo(t), t € [0,T] with T" = 2.5.

5.1. Distributed case : initial condition in H*"1(Q) x H*(Q) for all k£ € N.
We consider the simplest situation for which

(Ex1) (ug,uy) = (sin(mz),0) € H*(Q) x H*(Q) Vk € N.

Compatibility conditions (C1)-(C2) are satisfied for any j. Moreover, we use the
cut-off functions xo € C§([0,77]) and x1 € C§°(]0, 1]) defined by (43) with 7" = 2,
a = 0.1 and b = 0.4. The null controllability property (A) holds true for this set of
data. Since explicit solutions are not available in the distributed case, we define as
“exact” solution (u,¢) the one of (16) from a fine and structured mesh (composed
of 409 000 triangles and 205 261 vertices) corresponding to h ~ 4.41 x 1073 and
(un, on) € VP x VI with (p, q) = (3,3).

Figure 2-left depicts the evolution of the relative error for the variable ¢ with
respect to the L?-norm

err (@, én, X) = [Ix(@ — én) |l L2y /XD £2(an)
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with respect to h for various pairs of (p, ¢). Table 1 collects the corresponding numer-
ical values. We observe the convergence of the approximation w.r.t. h. Moreover,
the figure exhibits the influence of the space V! used for the variable ¢ while the
choice of the space V) for the variable w;, has no effect on the approximation. We
observe rates close to 0.5, 2 and 3 for (p,q) = (1,1), (p,q) = (2,2) and (p,q) = (3,3)
respectively, in agreement with Theorem 2.5. For comparison, Figure 2-right depicts
the evolution of the relative error err(¢, ¢p, x) for xo(t) = 1 and x1(x) = Lop (@),
i.e. when no regularization of the control support is introduced. Table 2 collects the
corresponding numerical values. The corresponding controlled pair (u, ¢) is a pri-
ori only in C([0,T]; H3(2)) x C([0,T]; L*(?)). Thus, if we still get the convergence
with respect to the parameter h, we observe that the approximation is not improved
beyond the value ¢ = 2. As before, the choice of the approximation space V;¥ for
up, does not affect the result. The rate is also reduced: for (p,q) = (2,2), the rate
is close to 1.5. This highlights the influence of the cut off functions, including for
very smooth initial conditions. Table 3 collects some L? norms of u; and ¢, with
respect to h for the pair (p,q) = (2,2): in particular, the relative error err(u,uy, 1)
associated with the controlled solution u is order of h*® for h small enough.

3

_ QR QR

a2 elelele el
LI | | T ||
A~ S~~~
=W NN =

Ll W W=
RGNS

h 101 107 h 107t

FIGURE 2. (Ex1); [[x(¢—on)| 2/ || X®| L2(ar) vs. h; Left: xo(t) and
x1(x) given by (43); Right: xo(t) =1 and x1 () = L(ap(2).

5.2. Distributed case : initial condition in H'(Q) x L*(Q). We consider the
initial condition

(EX2) (Uo, ul) = (4.T1(071/2) (.T) + 4(1 - I>1[1/271)<I>, 0) € Hl(Q> X H(](Q)

for which the compatibility conditions (C1)-(C2) are satisfied for any j. If the cut-
off functions are introduced, the controlled pair (u, ¢) belongs to H'(M) x H°(M).
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1.57 x 107 ¢

8.22 x 1072

4.03 x 1072

2.29 x 1072

1.25 x 1072

9.81 x 107!
4.96 x 107!
2.45 x 1071

9.58 x 107!
3.15 x 107!
6.41 x 1072

8.81 x 107!
2.09 x 1071
7.93 x 1073

6.83 x 107!
6.05 x 1072
1.81 x 1073

4.31 x 1071
1.00 x 1072
1.38 x 10~*

TaBLE 1. (Ex1); [Ix(¢n — @)llr2an)/[Ix@l 2(ary; x from (43).

1.57 x 1071

8.22 x 1072

4.03 x 1072

2.29 x 102

1.25 x 1072

9.55 x 1071
1.71 x 1071
2.58 x 102

8.71 x 1071
1.57 x 1072
1.17 x 1073

6.74 x 1071
5.20 x 1073
5.28 x 1073

3.58 x 1071
2.24 x 1073
2.24 x 1073

1.24 x 1071
7.47 x 1074
747 x 1074

TABLE 2. (Ex1); [[x(én — &)llz2v /Il z2a) 5 Xo(t) = 15 x1(2) = Liap) (7).
h 157 x 107" 822x 102 403 x102 229x 102 125 x 1072
err(¢, g, 1) 6.22 x 1071 3.92 x 107" 233 x 107" 6.45 x 1072 1.04 x 1072
err (0,0, 0,0n,1) | 8.11 x 1071 6.84 x 1071 4.85 x 107! 1.64 x 107! 4.57 x 1072
err(u, up, 1) 429 x 1071 1.36 x 107! 5.00 x 1072 1.08 x 1072 1.10 x 1073
err(¢, én, X) 496 x 1071 3.15 x 107! 2.09 x 10! 6.05 x 1072 1.00 x 102

TABLE 3. (Ex1); (p,q) = (2,2) and x from (43).

Theorem 2.5 does not provide a convergence rate in this case. The strong convergence
is however observed: figure 3 displays the relative error wrt h for (p,q) = (1,1),
(p,q) = (2,2) and (p,q) = (3,3) with rates close to 1/2.

h 157 x 1071 8.22x 1072 4.03x 1072 229 x 1072 1.25x 1072
(p,q) = (1,1) [9.89 x 107T 9.66 x 10°T 8.99 x 10°T 7.34 x 10~T 5.30 x 107!
(p,q) = (2,2) [ 5.90 x 1071 4.31 x 1071 3.38 x 107! 2.98 x 107! 2.22 x 107!
(p,q) = (3,3) [3.51 x 1071 3.14 x 1071 2.28 x 107! 1.54 x 10~! 8.08 x 1072

TaBLE 4. (Ex2); [Ix(¢ — ¢n)ll 20 /[Ix@ 2ar); x from (43).

A similar behavior is observed with the condition ug = 0 and u; = 1(g.4,0.6)(2) in
L*()) in agreement with Theorem 3.5

5.3. Distributed case : initial condition in H?*(2) x H'(Q). We consider the
initial condition

(Ex2b) (uo, u1) = (p() /Ox ug(t)dt,0) € H*(Q) x H'(Q)
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1001 * 10°1 " e
/ 4/ {
{
3

1075
+( aq):(lvl) +(p7q):(171)
‘Q—EP7Q§ i E?;; —4—(p7q) = (272)
o p,q) = (3, | (p,q) = (3,3)
o ‘ 102+ |
10—2 h 10'1 10-2 h 10—1

FIGURE 3. (Ex2) and (Ex2b) ; [[x(¢ — &n)| 20/ || XP| L2y V. h; X
from (43).

where u? is the initial position defined in (Ex2) and p € C5°(Q) is introduced in
order to preserve the compatibility conditions (C1)-(C2). Figure 3-right displays the
convergence of the approximation for (p,q) = (1,1), (p,q) = (2,2) and (p, q) = (3, 3).
Theorem 2.5 still does not provide a convergence rate in this case. However, with
respect to the previous example, smaller relative error with rates close to 1 are
observed for (p,q) = (2,2) and (p,q) = (3, 3).

5.4. Boundary case: initial condition in H*"1(Q) x H*(Q) for all £ € N. We
consider again the simple situation given by the initial condition (Ex1). Compati-
bility conditions (C1)-(C2) are satisfied for any j. In contrast with the distributed
case, explicit exact solutions are available in the boundary case when cut-off func-
tions are not introduced. Precisely, the corresponding control of minimal L?(T") norm
with I' = (0,7 = 2) x {1} is given by v(t) = §sin(n(1 —t)) = 3 sin(nt) leading to
|v]|]2 = 1/2. The corresponding controlled solution is given by

Luo(z 4+ 1) 4+ uo(z — t)) v+t <1,
(44) u(t,z) = Tug(z — 1), r+t>1l,z—t>-1,
0, r—t<—1,

leading to ||u|| z2(ar) = 1/2. The corresponding adjoint solution is given by ¢(t,z) =
— o= sin(7t) sin(7z) leading to ||@||z2(ar) = ﬁ and ||0,0|| L2y = ﬁ

Tables 5 and 6 collects some relative errors w.r.t. h for (p,q) = (1,2) and (p,q) =
(2, 3) respectively including

err(v, up) := |lv — up(-, 1)||L2(0,T)/||U||L2(0,T)a
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and err(v, hx0,¢,) while Figure 4-left depicts the relative error on the control w.r.t.
h for several pairs of (p,q). Since compatibility conditions hold true here, the intro-
duction of the cut off function x # 1 is a priori useless. However, we observe that the
term 0,¢(+, 1) is not well approximated near ¢t = 0 and ¢ = 7. This somehow pollutes
the approximation ¢, of ¢ inside the domain (precisely along the characteristics in-
tersecting the points (¢,x2) = (0,1) and (¢,x) = (7, 1) and affects the optimal rate.
We observe rate close to 0.75 for (p,q) = (1,1) and close to 1.5 otherwise. Imposing
in addition ¢ = 0 on the boundary 0f) slightly improves the approximation.

h 157 x 1071 822 x 1072 4.03x 1072 2.29 x 1072 1.25 x 1072
err(é, g, 1) 717 x 1071 1.97 x 1071 4.54 x 1072 1.53 x 1072 4.50 x 1073
err(0, ¢, Opbp, 1) [ 9.21 x 1071 3.05 x 107! 9.40 x 1072 5.41 x 1072 2.47 x 1072
err(u, up, 1) 1.88 x 107! 573 x 1072 1.92x 1072 9.29 x 10™% 4.09 x 1073
err(v, up) 2.16 x 1071 5.83 x 1072 1.94 x 1072 7.21 x 10~ 3.10 x 1073
err(v, hxOudp) | 2.71 x 1071 841 x 1072 2.79 x 1072 1.22 x 1072 5.31 x 1073

TABLE 5. (Ex1) - Boundary case - (p,q) = (1,2) - x = L.

h 157 x 1071 822 x 1072 4.03x 1072 229 x 1072 1.25 x 1072
err(é, dn, 1) 409 x 1071 1.15 x 1071 2.82 x 1072 929 x 1073 2.81 x 10~*
err(0, ¢, Oppp, 1) | 6.73 x 1071 2,10 x 107! 6.13 x 1072 2.91 x 1072 1.24 x 1072
err(u, up, 1) 729 x 1072 281 x 1072 9.02x 107% 3.45x 1073 1.28 x 1073
err(v, up) 1.00 x 107! 3.74x 1072 1.13x 1072 4.16 x 103 1.43 x 1073
err(v, hx0,¢n) | 1.05x 107! 3.89 x 1072 1.23 x 1072 4.61 x 10~ 1.65 x 1073

TABLE 6. (Ex1) - Boundary case - (p,q) = (2,3) - x = L.

With y # 1, the explicit control of minimal L?(x'/2,(0,7)) norm is not available
anymore. As for the distributed controllability, we define as “exact” control the one
obtained from a fine and uniform mesh (composed of 648 000 triangles and 325 261
vertices) corresponding to h ~ 3.92 x 1072 and (p,q) = (2,3). We take T large
enough, precisely T" = 2.5, to ensure the null controllability property of the wave
equation. Figure 4-right displays the evolution of ||hx0,¢n(-,1) —v||L2(0,0)/ |||l 20,1
w.r.t. h. For (p,q) = (1,1) and (p,q) = (1,2), we observe rates close to 0.5 and 1.5
in agreement with (42) of Theorem 4.6 with x = 0. For (p,q) = (2,3), we observe
a rate close to 3, which is a bit better than the value 2.5 from (42). Those results
also show that the boundary control can be approximated both from the quantity
ho.¢n(+, 1) obtained from the adjoint dual variable and from the trace u,(-, 1) of the
primal variable.
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10° j ‘ ;
k /
1 1
1071 ’
107?
102 —¥—(p,q) = (L,1)| | ——(p,q) = (1,1)
—G—Ep, q; = 5172; - (p,q) = (1,2)
p,q) = (2,3 ] (p,q) = (2,2)
o (p.q) = (2.2)| | 107 - (p.0) = (2.3)
-8B (pv Q) = (373)
1073 v
1072 h 107! 1072 h 1071

FIGURE 4. (Ex1) - Boundary case - ||hx0.%n (1, -)—=v| 20,1/ ||| 200,17
vs. h with x =1 (left) and x = xo from (43) (right).

5.5. Boundary case: initial condition in H'(Q2) x H°(2). We consider the initial
data (Ex2). The corresponding control of minimal L?(T") norm with T' = (0,7 =
2) x {1} (corresponding to x = 1)is given by

v(t) = 2t Lo1/2)(t) + 2(1 — 1)1 (1/2,3/2)(t) + 2(t — 2) L3/2,1)(1)-

The corresponding controlled solution is explicitly known as follows:
1 1 1
(45) U(t, ZL') = 5@60(%’ — t)]-(t—x§0) + §U0<.T + t)]-(t—i-xSl) — EU()(t — x>]—(t—1’20)]—(t—w§1)'

The corresponding adjoint solution is given by ¢(t, z) + ¢(t, 1 — x) where ¢ is defined
in (47) with the following initial conditions

(qbo, g251) = (O, —2x 1(071/2)(5(3) + 2(1’ — 1) 1(1/271)($)) € H2(Q) X H1<Q)

Compatibility conditions are satisfied.

Figure 5-left displays the evolution of ||x0,¢n(1,-) — v 20,1/ ||V]| 2(0,) W.x.t. D
for various pairs of (p,q) and y = 1. We observe a rate close to 0.75 for (p,q) = (1,1)
and close to 1.5 otherwise. Remark that a priori u € H'(M) and ¢ € H*(M) so that
the choice (p, q) = (2,3) does not lead to a better rate than the choice (p, q) = (1,2).
Moreover, as expected, the introduction of the cut off x # 1 does not improve here
the rate of convergence: see Figure 5-right where similar rates are observed.

5.6. Boundary case: initial condition in H°(Q) x H~!(Q). We consider the
following stiff situation given by

(Ex3) (uo, u1) = (4al(o,1/2)(2),0) € H'(Q) x H ().
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h 1.57x 1071 822 x 1072 4.03x 1072 229 x 1072 1.25 x 1072
err(¢, dp, 1) 783 x 107t 253 x 107t 582x%x 1072 1.97x 1072 5.64 x 1072
err (0, Oppp, 1) | 1.12 x 10°  5.03 x 107! 2.02 x 107% 1.12 x 1071 5.04 x 1072
err(u, up, 1) 1.91 x 1071 4.94x 1072 242x 1072 1.17x 1072 5.04 x 1073
err(v, up) 220 x 107! 6.48 x 1072 2.87x 1072 1.16 x 1072 4.95 x 1073
err(v, hxOudp) | 249 x 1071 6.41 x 1072 2.97 x 1072 1.40 x 1072 6.06 x 1073
TABLE 7. (Ex2) - Boundary case - (p,q) = (1,2); x =1
h 1.57 x 1071 822 x 1072 4.03x 1072 229x 1072 1.25x 1072
err(¢, op, 1) 4.90 x 1077 1.35 x 1071 3.28 x 1072 1.07 x 1072 3.41 x 107?
err (0,0, 0,0n,1) | 9.79 x 1071 3.75 x 107! 1.35 x 107! 6.76 x 1072 3.21 x 1072
err(u, up, 1) 6.70 x 1072 260 x 1072 934 x 1073 3.78 x 1073 1.44 x 1073
err(v, up) 861 x 1072 325x 1072 1.10x 1072 4.19x 1073 1.59x 103
err(v, hx0,¢p) | 857 x 1072 3.23 x 1072 1.10 x 1072 4.45 x 10~* 1.71 x 1073
TABLE 8. (Ex2) - Boundary case - (p,q) = (2,3); x =1

10° 10° ‘
3
1|
10_1 F ]lo'l
10° ey TR VIE R
< (p.g) = (1,2) :8 Z; - 8’3
(p,q) = (2,3) s B 3
——(p,9) = (2,2) _Q_En q; = gz;
—&-(p,q) = (3,3) , p,q) = (2,
1073 103 —¢& |
107 h 107 1072 B 10

FIGURE 5. (Ex2) - Boundary case - |hd, x¢n(1

vs. h with x = 1 (left) and x = xo from (43) (right).

) ')—UHL2(0,T)/HUHL2(0,T)

and extensively discussed in [15, 44] and T" = 2. The corresponding control of

minimal L2((0,7") x {1}) norm is given by v(¢)

= 2(]. — t)1(1/273/2)(t) leading to

vl z20m) = 1/ V3. The corresponding controlled solution is explicitly known as
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follows:
4x 0<z+t< %,

(46) u(t,z) =4 2(x—t) —3<t—z<3, x+t>1,
0 else,

y =1/ V3. The corresponding initial conditions of the adjoint
(0, =22 10,1/2)(z)) € H' () x H(Q?) leading to

leading to ||ulr2(m
solution is (¢, ¢1) =

—2xt 0<z+t<si, x>0,t>0,
2
(i) 1 T<z+t<d, —%<x—t<%,
(47) d(t,r) =< 2(x—1)(1—1) S<z+t, —3<z—t,
(x+t-2° 1 3 5 5 1
- 3 +§ §<£B+t<§, —§<$—t<—§,
2x(2 — 1) r—t< =3,
leading to ||@||z2(m) ~ 9.86 x 10% and H8x¢||L2(M 4.08 x 107!, In particular,

we check that 0,¢(t,2)z=1 = 2(1 — t) 1 23/2)(t) = v(t). Both u and ¢ develop
singularities (where u and V¢ are discontinuous).

Figure 6 depicts the evolution of ||hx0,¢n(, 1) — v||L2(0.0)/ ||V L2(0,r) W-r-t. h with
x = 1. We observe a rate close to 0.5.

Let us also emphasize that the space-time discretization formulation is very well
appropriated for mesh adaptivity. Using the V;! x V;? approximation, Figure 7-left
(resp. right) depicts the mesh obtained after seven adaptative refinements based on
the local values of gradient of the variable ¢, (resp. uy). Starting with a coarse mesh
composed of 288 triangles and 166 vertices, the final mesh on the right is composed
with 13068 triangles and 6700 vertices and leads to a relative error err(v, uy) of the
order of 1073. The final mesh follows the singularities of the controlled solution

starting at the point (0,1) of discontinuity of w.

h 157 x 10T 822x 102 4.03x 102 229 x 102 1.25 x 102
err(¢, o, 1) 638 x 10T 435 x 10T 2.85x 101 1.84x 10T 1.05 x 101
err(0,6, ,0n,1) | 8.38 x 1071 6.23 x 1071 4.85 x 10~1 3.97 x 10~' 3.17 x 10~
err(u, up, 1) 578 x 1071 4.40 x 10~! 3.59 x 107! 2.93 x 10~1 2.27 x 10~
err(v, up) 767 x 1071 5.69 x 1071 5.04 x 107! 4.05 x 10~} 3.15 x 10~
err(v, hxOydp) | 841 x 1071 6.47 x 1071 5.08 x 1071 4.09 x 1071 3.16 x 10~}

TaBLE 9. (Ex3); (p,q) = (1,1) -

X = 1 - Boundary case

5.7. Boundary case: the wave equation with a potential. To end these nu-
merical illustrations, we report some results for the wave equation with non vanishing
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h 157 x 1071 822 x 1072 4.03x1072 229x 1072 1.25x 1072
err (¢, dn, 162x10° 633x10 T 272x10 ! 145x10° " 7.36 x 102
err(0,0, Oppp, 1) | 2.33 x 10°  1.52 x 10°  1.22 x 10°  1.08 x 10°  1.05 x 10°
err(u, up, 1) 3.93x 1071 3.00 x 107! 227 x 107! 1.74 x 107! 1.30 x 10!
err(v, up) 5.03 x 1071 343 x 1071 241 x 1071 1.89 x 107t 1.48 x 107!
err(v, hx0,¢n) | 4.73 x 1071 3.41 x 1071 2.64 x 1071 2.08 x 1071 1.60 x 107!

TaBLE 10. (Ex3); (p,q) = (1,2) - x = 1 - Boundary case

h 157 x 107! 822 x 1072 4.03x1072 229x 1072 1.25x 1072
err(, on, 125 x10° 501 x10 " 2.02x10 " 958 x10 2 4.52 x 102
err(0,0, 0un, 1) | 3.44x 10° 234 x 10°  1.88 x 10°  1.57 x 10°  1.45 x 10°
err(u, up, 3.12x 1071 222 x 107! 1.60 x 107! 1.24 x 107! 9.01 x 1072
err(v, up) 3.52x 1071 236 x 107! 1.71 x 107! 1.30 x 107! 9.64 x 1072
err(v, hx0,¢n) |3.40 x 1071 2.36 x 1071 1.66 x 1071 1.37 x 107! 9.56 x 1072

TABLE 11. (Ex3); (p,q) = (2,3) - x =1 - Boundary case

10°

>
1]

—%—(p,q) = (1,1)

+ (pa Q) = (17 2)

(p,q) = (2,3)

——(p,q0) = (2,2)
101} & (p.g) = (3.3) ]

1072 h 10t

FIGURE 6. (Ex3); ||hx0:¢n(-,1) — v|[200,m)/ ||Vl 200,y Wor-t. h (rate = 0.5).

potential V', see (31). Non zero potentials notably appear from linearization of non-
linear wave equations of the form Cu + f(u) = xv (see [45]). Actually, we want to
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FIGURE 7. (Ex3); Locally refine space-time meshes with respect to
on (left) and wy, (right). (p,q) = (1,2)

emphasize that this spacetime approach, based on the resolution of the optimal con-
dition associated with the control of minimal L? norm is very relevant for potential
with the “bad” sign for which V (¢, x)u(t,z) < 0. Indeed, in this case, the usual “a
la Glowinski” strategy developed in [26] is numerically inefficient and requires adap-
tations, since the uncontrolled solution (used to initialize the conjugate algorithm)
grows exponentially in time, leading to numerical instabilities and overflow. Recall
that the observability constant behaves like T NMANL o 0,7:1mc) (see [49]) and ap-
pears notably in the constant in the a priori estimate (42). We consider the initial
condition (Ex1), T = 2.5 and constant negative potentials V(t,z2) = V < 0. Ta-
ble 12 collects the relative error on the approximation of the boundary control with
respect to h for several negatives values of V. In particular, for V = —40, the L*°
norm of the corresponding uncontrolled solution is of order 10°. We approximate u
and ¢ in V}! and V}? respectively and observe a rate close to 1.5. The value of V
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only affects the constant. We refer to [41] for a semi-discrete (in space) approxima-
tion of exact boundary controls for a semi-discretized wave equation with potential,

including experiments for small and potentials with good sign.

h 1.6 x 1071  8x 1072 4 %1072 2% 1072 1x 1072

V=—10]711x 107" 243 x 107" 691 x 1072 248 x 1072 797 x 1073
V=-20|706x10"" 281 x 107" 1.57x 107" 6.13 x 1072 1.65 x 1072
V=-30]954x10"" 691 x 107" 2.07x 107" 721 x 1072 227 x 1072
V =—-40|1.01 x 107" 9.44 x 107" 5.05 x 107" 1.13 x 10°! 3.18 x 1072

TABLE 12. (Ex1) - Boundary case - (p,q) = (1,2) - x from (43);
Hhx&pgbh(, 1) UHLQ(O,T)/HUHLQ(O,T) w.r.t. h and V S
{-10,—20, —30, —40}.

6. CONCLUSION

We have introduced and analyzed a spacetime finite element approximation of
a controllability problem for the wave equation. Based on a non conformal H!-
approximation, the analysis yields error estimates for the control in the natural
L? -norm of order h? (resp. hq_%) where ¢ is the degree of the polynomials used to
describe the adjoint variable in the distributed (resp. boundary) case. The numerical
experiments performed for initial data with various regularity exhibits the efficiency
method. The convergence is also observed for initial data with minimal regularity.

We emphasize that spacetime formulations are easier to implement than time-
marching methods, since in particular, there is no kind of CFL condition between
the time and space discretization parameters. Moreover, as shown in the numerical
section, they are well-suited for mesh adaptivity (as initially discussed in [30]).

Similarly to the formulation proposed in [13, 15], the present formulation fol-
lows the “control then discretize” approach. However, contrary to [13, 15], the
H'-formulation of the present work does not require the introduction of sophisti-
cated finite element spaces. On the other hand, the formulation requires additional
stabilized terms which are function of the jump of the gradient across the boundary
of each element. The analysis is then inspired from [10] and also from [8] where an
analogous spacetime formulation for a data assimilation is considered.

The implementation of the stabilized terms is not straightforward, in particular, in
higher dimension, and is usually not available in finite element softwares. A possible
way to circumvent the introduction of the gradient jump terms is to consider non-
conforming approximation of the Crouzeix-Raviart type as in [7]. A penalty is then
needed on the solution jump instead to control the H!-conformity error. Another
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possible way, following [43] devoted to the boundary case, could be to consider the
controllability problem associated to a first order reformulation of the wave equation:

(48) vy —divp =0,
pt—VU:().

with v := u; and p := Vu. A H' conformal stabilized approximation is employed
in [43] leading to promising numerical experiments in the one dimensional case. A
rigorous numerical analysis however remains to be done.

APPENDIX A. CONTINUUM ESTIMATES
Proposition A.1 (Energy estimate). There holds
(49)  Mullzooo,msz20)) + 10sull 20,11 (02)) + |00l 10,1y x00)
S lule=oll2) + 10uli=oll -1y + [|ull 2((0,)x09) + [|Bw]| -1(0,1)x0)-
Proof. The estimate
(50)  Nullzo.riz2()) + 10kull Lo 0.1 () + 1O tull -1 (0.1 x 00
S ule=oll 2 + |0uli=oll -1y + ||l L2¢0,m)x00) + 1B L1 0, 5-1(02))

follows from [34, Theorem 2.3|, see also Remark 2.2 there. Thus it is enough to
consider the equation

Cu = f,
(51) Ulzean = 0,
u|t<0 - 07
and show that its solution satisfies
|ul| Lo 0,522 (0)) + 10sul| L2 0,751 () + 1000l 10,7y x00) S 1 f |1 ((0,1)%9)-

Let us use the shorthand notations M = (0,7) x Q and (¢t,x) = (2°,...,2"). We
recall that for any f € H~*(M) there are f; € L*(M), j = —1,0,...,n, such that

(52) fzf—1+zaxa‘fja

=0
and that

||f||%[-1(M) = inf Z ||fj||%2(M)7

=1
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where the infimum is taken over all f; € L?(M) satisfying (52), see e.g. [22, Theorem
1, p. 299]. Thus it is enough to show that

|l oo 07522000y + 10| 220,22 (02)) + |00l -1 0.1y x00) S | fill 22(0,17)x92)

where u satisfies (51) with f replaced by 0,, f; when j > 0 and by f_; when j = —1.
The cases j = —1 and j > 0 are contained in (50).

Let us consider the case j = 0. We denote by v the solution of (51) with f = fj.
Then u = dyv and it follows from [34, Theorem 2.1] that

||| o (0,1 2209)) + 10wl 10,1y x00) S 110 || oo 0, 2200)) + 11000 || L2((0,1) x002)
S foll ez2¢o,mx9)-
Moreover,
||atu||L2(0,T;H*1(Q)) = ||8t2v||L2(0,T;H71(Q)) S ||AU||L2(O,T;H*1(Q)) + ||f0||L2(O,T;H*1(Q)),
and using [34, Theorem 2.1] again,
AV 20,510y S Ivll20,mm @) S Il follz2o.m)x9)-

O

Remark A.2. Tt is not possible to improve the L*(0,T; H~'(Q2)) norm of d;u on the
left-hand side of (49) to its L*°(0,7; H~'(2)) norm.

Proof. To get a contradiction, we suppose that
10yl oo 0.750-1(2) S 1Bl =101y %)

for solutions u of (51). Let f € L?*(0,T), and denote by u and v the solutions of (51)
with sources 0, f and f, respectively. Then v = 0,v and

f=0% — Av=0u— Ave L®0,T; H'(Q)).

But this implies that f € L*(0,T). As f € L*(0,T) was arbitrary, we get the
contradiction L?(0,T) C L*(0,T). O

If Ou = 0 and u|zcpo = 0 then the norm on the left-hand side of (49) controls the
L>(0,7; H'(Q)) norm of dyu. In fact, we have:

Lemma A.3. Suppose that v € L*((0,T) x Q) satisfies Du = 0 and u|zean = 0.
Then

||| oo 0,7522(0)) + 1|0|| Lo 0,1 (02)) + |00l -1 0,y x00) S [|u]l 20,1 x9)-
Moreover, u € C(0,T; L*(Q)) N C(0,T; H ().
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Proof. Let x € C*(R) satisfy x(¢) = 0 near t = T and x(t) = 1 for ¢t € (0,7/2).
Applying Proposition A.1 to yu backwards in time, we obtain

[wll Lo 0,7/2:22(0) + 10l 207 /2:5-1)) S IS XJullmomyx) S llullz2o.r)xa)-
Applying (50) backwards in time on the interval (0, s) where s < T'/2, we get
[9rtloll 0y S Nl [y + 9kt s -
Integration in s gives
Hatu|t=0|ﬁ{fl(9) 5“””%2(0,T/2;L2(Q)) + HatuH%Q(O,T/ZH*l(Q))'
We conclude that
luli=ollz2) + [10suli=oll 1) S lullL2(0,1)x0)-

The claimed estimate follows from (50).
Let us now turn the claimed continuity. Let € > 0 and u; be a mollification in
time that satisfies u; — u in L?((e, T — €) x Q). Then u; converges in

C(e,T— e L*(Q)NCYe, T — e, H(Q))

and thus u is in this space. In particular, u]t:T/g and 8tu]t:T/2 are well-defined.
Solving the initial value problem starting from these gives the desired conclusion. [J

Theorem A.4 (Distributed observability estimate). Let T' > 0 and let an open set
w C § satisfy the geometric control condition. Then

| le=oll L2y + |0@li=olla—1() S Dl 2((0,1)xw) + |0l L2¢(0,1)x00) + 100 -1 ((0,1)x)-

Proof. Tt is classical that

(53) [Pli=oll 2 () + 191 li=0ll 1) S Nl 2(0.7)x0)

when
(Y =0,
Ylzecon =0,

Cu = O,

Ulzeon = @loecon,
U|t:0 =0, 8tu|t:0 =0,

see e.g. [35]. Let u solve
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and define ¢ = ¢ — u. Then using (53) and (49),

9li=ollz2@) + |0@li=0llz-1(0) = |¥]i=0llz2(2) + 10 ]i=0lla—1(0)
Sl 2o,y xw) < Pl e20,mxw) + 12l 2¢0,0)xw)
S el 2o, xw) + 1@l 20, x00) + 1B 510,17 x0)-

O

Remark A.5. By applying Theorem A.4 to the function (¢, z) — ¢(T —t,x) we obtain
the following variant
| Ble=r || 2) + 10:@le=r || -1 () S|Pl 20(0,m)xw) + Dl 200,17y x89) + |E0|| 5-1¢(0,1)x )
and by combining Proposition A.1 and Theorem A.4, we get
H¢HL°0(0,T;L2(Q)) + ”a@HLQ(O,T;H—l(Q))
S Dl 2o, xw) + 1@l 20,m)x00) + 150|210, x )5
assuming that 7' > 0 and w C (Q satisfy the geometric control condition.

Theorem A.6 (Boundary observability estimate). Let T' > 0 and let an open set
w C 0N satisfy the geometric control condition. Let V€ C*(2) and define P by
(31). Then

(54) 9le=oll z2() + 10eBli=oll r-1(e)
S 0voll a-1(0,1)xw) + |0l 22(0,1)x89) + ([ POll a-1((0,1)x02)-

Proof. Tt is well-known that

(55) []e=ollz2 (@) + 0] i=oll -1 () S N0\l -1 (0.7 xw)
for solutions v of

Py =0,
56
(56) {erm = 0.

However, we did not find this exact formulation in the literature, and give a short
proof for the convenience of the reader. It follows from (3.11) of the classical paper
[4] that

(57) 191 z2(0,myx0) S 1000 -1 (0,1) xw)

since the space of invisible solutions is empty in our case due to unique continuation.
Let 7 € C*°(R) satisfy 7(t) = 1 near t = 0 and 7(¢) = 0 near t = T". Writing u = 71
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and f = 0,7 Opp + O, there holds
Pu=f,

u|m€89 = 07
ulys7 = 0.

As ¢ € L*((0,T) x ), we have using Py = 0,
1070 20, 7:0-20)) = 1A || 20,0200 + IV 2012090 S 11 p20.1)%9)-
Now interpolation, see e.g. [37, Theorems 2.3 and 12.2], gives
10| 20,7 -19)) S 1€ 20,702(0))-
Hence also
HfHLQ(o,T;H—l(Q)) N HIPHLQ(O,T;LQ(Q))7
and (50), or rather its analogue backward in time, gives
[ufe=ollz2(0) + [|0ctli=oll 1) S ¥l L2(0,752(02))-

But the state of u at t = 0 coincides with that of ¢, and (55) follows from the above
estimate and (57).
Will now show (54). Let v be the solution of

Pv = P¢
U|z€89 - ¢’az€89
V]eco = 0.

Then ¢ = ¢ — v solves (56), and (55) and (49) imply

||¢|t 0||L2 ) + ||3t¢|t 0||H*1(Q) = ||77Z)|t o||L2(Q) + ||at¢|t:0||H*1(Q)
< ‘|&/¢HH (0,T)xw) T+ 10, UHH L(0,T) xw)
S 0vdll 10,7y xw) + 18] L2 0,1 x00) + [[PO| 510, %)
U

The analogue of Remark A.5 holds also in the case of boundary observations. We
need also the following classical result.

Lemma A.7 (Partial hypoellipticity). Let I C (0,T) be a compact interval. Suppose
that s € R and j € N satisfy s +1/2 > j. Then

107l S Mlellzsany + 1Bull me-1an)

H°™ i-3 (Ix0Q)
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Proof. We define a norm ||u||x by the right-hand side of the claimed inequality, and
set X ={u € H*(M) : ||u||x < occo}. It follows from the closed graph theorem that
X is a Banach space. In normal coordinates of R x 02, there holds

O=092+A,

where A is a differential operator in the tangential directions to R x 9€2, with coef-
ficients depending on all the variables, see e.g. [29, Corollary C.5.3].

We will use the spaces Hn, (I x Q), defined on p. 478 of [29], in the bound-
ary normal coordinates, and use the shorthand notation H,,, for them. Here m
measures Sobolev smoothness in all the variables and s additional smoothness in
the tangential variables. However, s can be also negative, corresponding to a loss of
smoothness in tangential directions.

Let v € X. It follows from [29, Theorem B.2.9] that u € H,,y when m+r < s—1
and m < s + 1. In particular, u € H(,1 _2) and the closed graph theorem implies

lull oy S llullx-
Moreover, using the assumption s + 1/2 > 7, [29, Theorem B.2.7] implies
185l

I3 (I1x00) S HUHH(st?)'

APPENDIX B. ESTIMATES FOR MESHES FITTED TO THE BOUNDARY

Proof of Lemma 4.2. Let u € C*(K). Let h > 0, K € 7T, and consider spherical
coordinates (r,60) € (0,00) x S™ centered at x where z is as in (T). It follows from
(36) that K is star-shaped with respect to . In particular, there is R : S™ — (0, c0)
such that

K={(r0):0<r<R(), 05"}

As 0K is piecewise smooth, it follows from (36) that R is piecewise smooth. Applying
[22, Theorem 6, p. 713] in a piecewise manner, we see that

/aKUQV-p ds = /n WA(R(0),0)R(0)" dO,

where df is the canonical volume measure on the unit sphere S™. It follows from
(35) that A < R(A). Hence, using (36) we have

R(0)
h/ u? ds < / u*(R(6),0)R(0)' " df = / / O, (u*(r, 0)r't") dr d
0K n n Jo

R(6)
< / / (a + [ullrdyul)r™ dr 0 < Jull% + 1AV ul%-
nJo



SPACETIME FEMS FOR CONTROL PROBLEMS 41

O

Proof of Lemma 4.2. We choose an extension @ of u so that ||@| grgi+ny S ||l g (ar)-

Let uy, € Vi be the Scott-Zhang interpolation of @ where

VP = {ue H' (M) : ulg € P,(K) for all K € T}

Clearly up|p € ViP, and the now classical result [47] says that the analogue

|4 — UhHHk(f‘h) < thﬂHHk(RHn)

of (38) holds. This implies (38) since 7}, is obtained from 7, via a restriction. O
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