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Efficient least squares discretizations for Unique
Continuation and Cauchy problems

Rob Stevenson

Abstract We consider least squares discretizations of Unique Continuation and
Cauchy problems for the Poisson equation based on ultra-weak variational formu-
lations. The dual norm that is present in the (regularized) least squares functional
cannot be evaluated exactly, and so has to be discretized which leads to a saddle-point
formulation. For uniformly stable pairs of ‘trial’ and ‘test’ finite element spaces, ap-
proximations are obtained that are quasi-best in view of the available conditional
stability estimates.

Compared to standard variational formulations, conditional stability estimates that
corresponds to ultra-weak formulations result in better convergence rates with the
same error-norm. Globally C! finite element test spaces to accommodate the ultra-
weak formulation will be avoided by the application of nonconforming test spaces.
Thanks to the ultra-weak formulation, both Neumann and Dirichlet boundary con-
ditions are natural ones, which in particular enables a convenient discretization of
the Cauchy problem.

1 Introduction

This work is a continuation of the research from the joint papers [DSW22, DMS23]
with Wolfgang Dahmen on the numerical solution of ill-posed boundary value
problems Au = f that are conditionally stable.

The latter means that for some Hilbert spaces X, V, and H, where A € L(X,V),
and some L € L(X, H), for all u € X that satisfy an a priori bound ||Lu|ly < C,
there is a continuous dependency of the solution on the data in the following sense.
For some j: X — R, and = nc: R* — R* with lim, ;o 57(z) = 0, it holds that
j(u) < n(||Aully). In applications j(-) is a (semi-) norm that is weaker than the
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norm on X, and, e.g., n(t) = t* or even only n(¢) = (—1/logt)* for some s € (0, 1].
Examples of conditionally stable problems will be given in Sec. 2

For a family of finite dimensional subspaces (X Nser C X (‘67 refers to
‘discrete’), the approach that was developed in [DMS23] is to approximate u

by the minimizer u$ over X° of the regularized least-squares functional z

\/llAz — flI3 +&2||Lz||%. Tt was shown that for a suitable selection of &, both

IL(u — u8)||y is uniformly bounded, so that j(u — u?) < n(|lf — Aul|ly), and
| f = Aul]|ly is bounded by an absolute multiple of || f — Aul|y +min,cxs ||u—z|lx,
being the sum of the consistency error and the error of best approximation. Con-
sequently, the bound on the error quantity j(u — u?) that is realized is, in view of
the available conditional stability estimate, qualitatively the best possible one for an
approximation from X°.

In applications, V is a Cartesian product of the form Y’ x W. The norm on the
dual space Y’ cannot be evaluated and has to be replaced by the dual norm on a finite
dimensional subspace Y¢ c Y. By realizing uniform inf-sup conditions for the pair
(X9,Y?) of trial and test spaces, this can be done whilst retaining above optimality
results.

The conditional stability estimates that were applied in [DMS23] are the common
ones derived from standard variational formulations of the PDEs. In this work, we
will apply ultra-weak variational formulations, which will result in qualitatively the
same conditional stability estimates in terms of a weaker || + ||x-norm. Consequently,
the resulting least-squares approximations are shown to converge faster as function
of a decreasing mesh-size. A price to be paid for an ultra-weak formulation, however,
is that Y will be a subspace of H>(Q), with Q c R” being the domain on which
the PDE is posed. In order not being forced to apply C! finite element spaces as
test spaces, we will extend the analysis of the least-squares method to the use of
nonconforming test spaces.

2 Examples of conditionally stable, ill-posed PDEs

In this work, we consider the following two problems: The Unique Continuation
(UC) problem of finding #: R" D Q — R that for some w € Q satisfies

{—Au:é’onQ,

i, =g on w,

and the Cauchy problem of finding u: Q — R that for some X c 9Q satisfies

—Au ={ onQ,
u=gonx,
%:zponZ.
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For the moment we assume that the data, (¢, ¢q) or (¢, g,¥), is consistent so that
solutions exist. Because with our numerical approximation all equations will be
imposed in a least-squares sense, this will automatically accommodate the relevant
case of having inexact data.

Besides for the Poisson problem, UC and Cauchy problems can also be formulated
for the heat and wave equations.

A key ingredient in deriving conditional stability results is the following “Propa-
gation of smallness result” [ARRV09, Thm. 5.1] for harmonic functions, which is a
corollary of the “three balls estimate”, e.g., see [ARRV09, Thm. 2.1].

Theorem 2.1 (Propagation of smallness) For a bounded domain Q c R", and

subdomains w € G € Q, there exists an a € (0, 1) such that for all harmonic
w € Ly(Q),

lwllzaG) S NlIE, o Il - )

The common variational formulation of the UC problem reads as seeking u €

H'(Q) that satisfies

{/QVwVvdx = £(v) (veHé(Q)), )

Ul =q onw.

Following arguments as e.g. given in [BNO23, Sect. 2.2], we write u = ug + u where
ug € H)(Q) solves

/ Vug - Vodx = £(v) (ve Hy(Q)),
Q

so that

-Au =0 on Q,
Uy =q—Uolew on w.

Repeated applications of the triangle-inequality, and an application of Theorem 2.1
to u shows that

lullz, 6y < luollLy ) + lllLy ) S luolg (@) + 1l 6)

111zt (@ + I, o 111}

A

S 1ll-1(0) + (lellzaco) + lollzaien) * (lellzacey + uollae) ™ @)
< Mellg-1) + (1gllzow) + luole @) (lullLy @) + |u0|Hl(Q))l—af

< (14llzae) + 1€l @) * (lullzac@ + €010 + l4llzacw) '~
Above estimate can be formulated as follows.

Theorem 2.2 (Conditional stability UC) With A € L(H'(Q), H"'(Q) X Ly(w))
defined by

Az=(v / Vz-Vudx, zlo),
Q
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for subdomains w € G € Q and « € (0, 1) from Theorem 2.1, it holds that
Izlla(6) < ||AZ||Z_1(Q)xL2<w)(||Z||L2(Q) + ||AZ||H—1(g)xL2(w))l_" (z € H(Q)).

The estimate from this theorem is a conditional (Holder) stability result. Indeed,
provided that ||z]|z,(q) < 1, it shows that

l2llzao) < IAZNE -1 ety (ALl @xcacw) = 0.

Notice that on several places in above derivation, we applied Friedrich’s inequality
I+ lzy(w) S |+ |m1(q) on H(l) (€2). For the application to estimate the error in our
least squares approximations, this has the consequence that we need to estimate
approximation errors in H'(Q), although in the end we arrive at an error estimate
in Ly(G)-norm. To avoid this discrepancy, we consider the following ultra-weak
formulation of the UC problem to seek u € L;(€2) such that

{—fQuAvdx = £(v) (v € H3(Q)), )

uleo =q onw,

and redefine A correspondingly.
Theorem 2.3 (Conditional stability UC ultra-weak) With
A€ L(Ly(Q), H*(Q) X La(w))

defined by
Az= (v —/z~ Avdx,z|w),
Q

Jor subdomains w € G € Q and a € (0, 1) from Theorem 2.1, it holds that

1-
||Z||L2(G)S”AZ”;—Z(Q)XLz(w)(”Z”Lz(Q)+||AZ||H‘2(Q)><L2(w)) * (z € Ly(Q).
Proof. It holds that
I N2y = N2+ li,@ on Hy(Q). )

Indeed, consider a ball Z > Q. From the H>-regularity of the Poisson problem on Z
with homogeneous Dirichlet boundary conditions, for ¢ € D () we have
lellaz) = lellu2z) S 8¢l z) = 12¢llL,@)-

Let H(Q) := ran A""oz(g) C Ly(Q). As a consequence of (5), we have that

H (L) is closed, and therefore is a Hilbert space. From H(%(Q) being a proper
subspace of HlA 0(Q)={z¢€ Hé (Q): Az € Ly(Q)} equipped with graph norm, and
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Ae L(H i 0(€), L2(Q)) being boundedly invertible, we infer that (L) is a proper
subspace of Ly (Q).
The bilinear form (z,v) — — /Q zAv dx on H (L) X Hé(Q) is bounded,

ZAU dx ZAU dx
sup fg— ~  sup /Q

==zl (z€ H(Q),
0#veH2(Q) lollfr2(q) 0#veH2(Q) 20llE2 (o)

and

/QZAvdx B B 5
sup  —=—— = [[20||p2(q) = IVlla2(q) (v € Hy(Q)).
o2zer(@ 1ZllLy @)

We conclude that for any £ € H=%(Q), there exists a unique i € H (Q) with
- / urvdx =L(v) (ve HX(Q),
Q

and [lull, @) < I1€llg-2(q)-

We set i := u — u. Then fg urpdx =0 (p € D(Q)), and according to Weyl’s
lemma ([Wey40]) this means that & is harmonic.

As before, repeated applications of the triangle-inequality, and an application of
Theorem 2.1 to u show that

lllzs 6y < NlleyG) + Ny ) S 1€l + NIE, (o) 1811 (L )

S Nl + (1l (w) + 17l ) (ullzy@) + Nl @)~
S (1glla(w) + 1€ll-20)  (ullzy@) + 1elz-2@) + gl (w) '™
which is the estimate to be proven. O
The common variational formulation of the Cauchy problem reads as seeking
ue{we H(Q): wls = g in H*(X)} such that
/Vu - Vodx = £(v) +/lpvds (v € Hy 5. (Q)), (©6)
Q z ’
where X¢ := 4Q \ X. The following conditional stability result was shown in
[ARRV09, Theorem 1.7].

Theorem 2.4 (Conditional stability Cauchy) With A € L(H' (Q),H(l)’zc (Q) x
H1(X)) defined by
Az= (v / Vz-Vodx,zlz),
Q

for a subdomain G C Q that has positive distance to X there exists an a € (0, 1)
such that
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a 1-
lzllL.6) s 1Azl L (el @Az, ) " (ze HY(Q).

1
Hy se (QxH 2 () bse (Q/XH? ()

So as with the standard variational formulation (2) of the UC problem, there
is a mismatch between the H'(Q)-space in which the solution is sought, and the
L, (G)-norm in which the error in the approximation for # will be measured.

By integrating the left hand side of (6) once more for smooth v with supp v € QUZ,
we obtain the problem to find u € L, () such that

—/ urvdx = f(v) := f(v)+/wv—g% ds (ve H&ZC(Q)). @)
Q b

This formulation has the additional advantage that also the Dirichlet boundary
condition is natural, so that its imposition will be effortless.

A proof of the following conditional stability result for this ultra-weak formulation
is given in [MS24].

Theorem 2.5 (Conditional stability Cauchy ultra-weak) With the operator A €
L(Ly(Q), (Hé s (Q))’) defined by (Az)(v) = — /g zAv dx, for a subdomain G C Q
that has positive distance to ¢ there exists an a € (0, 1) such that

Izllzzc6) < 142l (g (2l + 14zl g2, @)™ (2 € La(Q)).

3 Least squares approximations

We discuss the least squares method from [DMS23] for approximating the solutions
of the ultra-weak formulations (4) and (7) for the UC and Cauchy problem, respec-
tively. Let (X%)s¢c; be some (infinite) family of finite dimensional subspaces of
L, (). Writing A from Theorem 2.3 as A = (B, C), where (Bz)(v) := — fQ zAv dx,
and Cz := 7], the idea of this least squares method is to approximate u by the
minimizer over X ¢ of the regularized least squares functional

z ||Bz - 5”%;4(9) +[|Cz - qlliz(w) + 52”1”22(9)’ (®)
or

[ ||BZ - f”(zHch (Q))’ + 82”2”22(9)7

respectively.

The choice of the L,()-norm in the regularizing terms is determined by its
appearance in the conditional stability estimates.

The dual norms in both least squares functionals cannot be evaluated, and have
to be replaced by discretized dual norms. From here onwards we will focus on the
Sfunctional (8) for the UC problem. Obvious modifications (the replacement of H 8 (Q)
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2
by Ho,zc
problem.

Let (Y°)se; be a family of finite dimensional (or closed) subspaces of HS(Q),

which will be referred to as fest spaces, such that

(Q), and the removal of ||Cz — q||]2d2 (w)) will give the results for the Cauchy

B
inf inf (BILI )
€l {zeX?: Bz#0} opeys ||1Bzllm—2 (o) llVllm2()
Then by replacing || - [|z-2(q) by SUPgpey s AT TR (8), an approximation to u is

loll2 )
obtained that is qualitatively equally good. Specifically, we have the following result.

Theorem 3.1 ((DMS23, Thm. 4.1]) Assume (9), and let (£, q) € H>(Q) x Ly(w).
Then for € > 0,

5. . |(Bz = 0)(v)*
u —argmm{ sup ——————

& - B +||Cz — fﬂliz(w) +52”Z”iz(g)} (10)
zeX9 0#veYy ¢ ”U”HZ(Q)
satisfies, for u € Ly(Q),

A = ) lg-2(@)xLa(w) + €l = uSllL1(Q) S Edata + Eappr(0) + &llull, ). (11)
where
Sdata = [[Au = (€, Dla2 (@) xLs(w), Cappr(6) := ng}l(l}s lle =zl (0)-
Corollary 3.1 In the setting of Theorem 3.1, let € > 0 be such that
ellulle, (@) = Edata + Sappr(9). (12)
Then with a € (0, 1) from Theorem 2.1 it holds that
= u2lls(6) S (Edata + Eappr(6)) " Max (Eaata + Eappr (), lutllLy@)) ™. (13)

Proof. Substituting (12) in (11) shows that

|M||L2(Q),

lu — ulllL, @
8data + aappr(fs)a

A = ud)l-2(QxLs (w)

IZANR%Y

so that an application of the conditional stability result from Theorem 2.3 gives the
result. o

The approximation u¢ defined in (10) is computed as the first component of the
pair (u%,v%) € X% x Y° that solves the saddle point problem

:(Avg, ADY 1, () +(Bu?) (%) £(D) (5 eY?), (14)

(B2)(v3) —(Cul, C3) 1, (w) — 5US, D) 1y(0)=—{q: CE 1, (w) (Z € X?),
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(see e.g. [DMS23]).

Remark 3.1 (Optimality of a in (13)) For (X%)se; with User X6 = Ly(Q), an
estimate as (13) with an exponent @ > @ := sup{a: (1) is valid for @} cannot be
valid for any scheme (£, q) — (u%®)sc; C [1sc; X© that maps zero data £ = 0 = ¢
onto % = 0. Indeed, suppose such a scheme does exist, and consider £ = 0 = ¢ and
harmonic u € L,(). Then

. . G 1 G 1
Iuleacr < I s+ min lhe = 2leace) ol = Il g 150

in contradiction to the definition of @.

Remark 3.2 (Discussion) To compare with results from the literature, let us choose
the regularization parameter € such that ||u||z,(q) = Eappr(6) assuming Eappr(5) #
0, which corresponds to the choice made in Corollary 3.1 as long as Exppr(6) 2 Egata-
With this choice of g, (11) shows

8 ata
e = ugllio@) < (1+ 55 ) el @)
IA(u - ug)HH-Z(Q)xLZ(w) < Edata + aappr(é)-

Assuming that Egaa + Eappr(0) S llullz, (@), substituting these bounds in the condi-
tional stability result from Theorem 2.3 gives

”M - ug”Lz(G) < (8data + 8appr(5))a

8 ata l-a
(s Ety Ml + B + Epe(0))
appr

_ @ Sdata 1-a l-a

~ ((Sdata + Sappr(é)) (1 + Sappr(é)) ”””Lz(g)

_ @ Sdata l-a

~ (Sappr(5) + W)||M||Lz(g)~ (15)

This upper bound is proportional to Eyppr (8) “ |[|u]] Z(‘a) as long as Eqppr(6) 2 Egatas
and thus is proportional to (Ega) *||u||'~* when Eappr(0) = Eqata, and it increases
unboundedly for Eyppr () | 0 when Egppr(6) S Edata- |

Still for the purpose of comparison, let us consider X ¢ to be a finite element space
of degree k w.r.t. a quasi-uniform partition of Q with mesh-size % into uniformly
shape regular n-simplices.

For the primal-dual weakly consistent regularized finite element method studied
in [BNO23], where the UC problem is considered with forcing term ¢ = 0, it was
shown that

-1k
lu = u?llzac) < hgM lullgrss @) + 5™ lules = glliawr. (16)

! Our choice in Corollary 3.1 of &||u|lr,(@) = Eappr(6) + Edara prevents this latter increase, but it
results in a (qualitatively) equal minimal upper bound for [lu — uZ |1, (G)-
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and so
5 y 1-
[l —u ”Lz(G) S lulw — CI”(LYZ(Q))”“”H;L Q)

for the minimum
hs = lulw = glly(w) | L
el e (@)
It was shown that the value of « in the exponents in (16) is optimal, but below we
see that the value of k in these exponents can be improved.
Indeed, using that Eappe(6) < hEM |u|grn () when u € H¥*1(Q), and by substi-
tuting this upper bound into (15) shows

Sdat _
lu = ulllzy ) < ((h§+l|“|Hk+'(sz>)a + = 1_a)||“||i2<(b>~
hk+1|u| )
(s ulge o)

Solving h§+1|M|Hk+l @ = Edata gives

i = ullia(6) S (Eaaa) el (17)
for
h& - adata ﬁ
|M|Hk+l(9)

So thanks to the use of an ultra-weak formulation, our least squares method gives a
qualitatively similar bound, but for a larger mesh-size, and so at lower computational
cost (cf. [BNO23, Rem. 3]). Alternatively, by taking finite elements of one lower

1

degree k — 1, we find (17) for hs = (l‘c’&) K so with a mesh-size as in [BNO23],

Ul (q)
but under a relaxed regularity condition.

Finally, notice that our least squares method is not restricted to quasi-uniform
meshes, meaning that with appropriately locally refined meshes regularity conditions
can be relaxed even further. On the other hand, our least squares method requires
the construction of a family of pairs of trial and test spaces that satisfies the uniform
inf-sup condition (9).

An example of a uniform inf-sup stable family of pairs of trial and test spaces is
given by the following. Let 7°° be a conforming (uniformly) shape regular triangula-
tion of a polygon  c R2. Let X° be the space of piecewise constants w.r.t. 7 °. For
Y% we take the Hsieh—Clough—Tocher (HCT) macro-element finite element space
wrt. 7% ie.,

Yo={ve Hj(Q): vlx € {z€ C'(K): zlx, € P3(K;), 1 <i <3}(K € T°)}, (18)

where {K;: 1 <i < 3} is the subdivision of K obtained by connecting the centroid
of K with the midpoints of its edges. A proof of the following result is given in
[MS24].

Theorem 3.2 The pair (X%,Y%)se; satisfies the uniform inf-sup condition (9).
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Also for higher order finite element trial spaces appropriate corresponding test
finite element spaces in HS(Q) can be found. It is however fair to say that C'-finite
element spaces are not easy to implement. Therefore in the following section we
investigate whether nonconforming test spaces can be applied instead.

4 Least squares with nonconforming test spaces

As before, let (X%)s¢; be some (infinite) family of finite dimensional subspaces of
Ly (Q).Let (Y?)s¢; be afamily of (finite dimensional) Hilbert spaces, not necessarily
included in H(z)(Q), with Hilbertian norms || « [lys. Let B® € £(L2(Q), (H(z)(Q) X
Y°)’) be such that
(B®)(v) = (B)(v) (v € Hy(). (19)
and s
B
inf inf |(B22) ()]

: MBI (20)
o€l {zeX9: Bz#0} ozpeyo |1BZlla-2(q)llvllys

For (£%,q) € (Y%)" X Ly(w), where £° approximates £ € H>(Q), for £ > 0 we
define

5. ‘ [CRISVION
u —argmm{ sup ———m———

' +1Cz =4l o) + &2}, o)} 2D
©T exe lomers oI, L2() L2(@)

This u? is the first component of the pair (u%,v%) € X% x Y° that solves the saddle
point problem

{(vé,f»w +(BOug) (D) = O @er). o,

(B92)(v3)—(Cul, C2) 5wy — XS, D)1, 2)= (4, CE)1n(w) (Z € XO).

The following theorem generalizes Theorem 3.1 to possible nonconforming test
spaces. A proof can be found in [MS24].

Theorem 4.1 Assume (19) and (20). Let (£%,q) € (Y®)’ X Lo(w) and u € Lr(Q).
Let ES € L(Y9, H(Z)(Q)) be such that

sup [|E° || £y s m2q)) < o (23)
sel 0
Then for & > 0 the solution u’ € X° of (21) satisfies

NAu=ud) -2 @yxis(w) + €l = ulll, @) S Sagaa + llullL @)+
) [(B%z)(v — E®%v) + £(E®v) — £%(v)| (24)
min {||u-z||L2(g) + sup }
zeX9 0#veY S ||U”Y‘s

Consequently, if, in addition,
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[(B%2)(v — E%v) + £(E®v) — €% (v)]
sup <
0#vey? llvlly s (25)

€ = Bullg-2(o) + llu = zllL, @) +0s¢(6, 0),

where osc(0, €) is some ‘data-oscillation’ term, then

A = u) -2 (@)L (w) + €l = ulllLy@) <

(26)
Sdata + Sappr(é) +osc(d,0) + SHMHLZ(Q) .

For completeness we state the following analogue of Corollary 3.1.

Corollary 4.1 In the setting of Theorem 4.1, let € > 0 be such that
ellullLy (@) = Edata + Eappr () + 08c(6, £).
Then with a € (0, 1) from Theorem 2.1 it holds that

o
lu —uglli, ) <

-
(Sdata + aappr(é) +osc(0, 5)) “ max (Sdata + 8appr(‘s) +o0sc(0,0), ”u”Lz(Q)) ¢

As is shown in [MS24], an example of a suitable family of pairs of trial and
nonconforming test spaces is given by the following. Let 7° be a conforming
(uniformly) shape regular triangulation of a polygon Q@ c R?. Let X° be the space of
piecewise constants w.r.t. T°. Let YO be the Morley finite element space w.r.t. T°,
being the space of piecewise quadratic polynomials that are continuous at the internal
vertices of 779, and vanish at the boundary vertices of 779, and whose normal
derivatives are continuous at the midpoints of the internal edges of 7°°, and vanish
at the midpoints of boundary edges of 7°¢. We equip Y ¢ with the the Hilbertian norm

I +llys == [ZKkegs | |§{2(T). With (B%2)(v) == — Y kxegs fK zAv dx, the uniform

inf-sup condition (20) is satisfied, and uniformly bounded E° € L(¥°, H}(Q)) can
be constructed such that for €% := € € L, (Q), for arbitrary but fixed r € N, (25) is

valid for
osc(8, ) := “min AL |C-C))> ...

Since osc(8,£) is of higher order than &Egpr(6), we conclude that under the
condition that £ € L,(€), the error bound with the nonconforming Morley test
spaces is qualitatively the same as with the conforming HCT test spaces.

It can be envisaged that these results extend to n-dimensions forn > 3, cf. [WXO06].
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