ON EXPONENTIAL INSTABILITY OF AN INVERSE PROBLEM
FOR THE WAVE EQUATION
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ABSTRACT. For a time-independent potential ¢ € L°°, consider the source-to-
solution operator that maps a source f to the solution u = u(t, ) of (O+q)u = f
in Euclidean space with an obstacle, where we impose on u vanishing Cauchy
data at ¢ = 0 and vanishing Dirichlet data at the boundary of the obstacle.
We study the inverse problem of recovering the potential ¢ from this source-to-
solution map restricted to some measurement domain. By giving an example
where measurements take place in some subset and the support of ¢ lies in the
‘shadow region’ of the obstacle, we show that recovery of g is exponentially
unstable.

1. INTRODUCTION

Let T > 0 be arbitrary and consider the strictly convex, compact obstacle
O = B1(0) C R™ with analytic boundary. Here and throughout, for any ro > 0 and
xo € R™, By, (x0) denotes the open ball of radius rg about zy in R™. Define U :=
Br14(0)\ O (this choice being motivated later on) and introduce X = (=T,T) x U
and X = (0,T) x U, where the definitions made so far remain fixed throughout
this document. The wave operator in X is denoted by [ = 92 — A,.

Let ¢ € L*>(U). We consider the forward problem of finding a solution v = u(t, x)
to

(1.1) Ou+qu=f in X, uli<o =0, ul_r1)x00 =0

for any f € L?(X,). In fact, as shown in the appendix, Lemma there is a
continuous linear operator

Syt LA(X1) = C(=T.T); Hy(U)) N C' (=T, T}; L*(V))

so that S(f) is the unique solution to (L.1)).

The aim of this note is to show that the inverse problem of determining g from S, is
exponentially unstable in certain partial data settings. This is achieved by appealing
to the machinery in [20] and imposing support conditions on potentials ¢ that induce
Gevrey smoothing of S, — Sp. Throughout this document e; = (1,0,...,0) € R®
refers to the first standard basis vector, r € (0,1) is a fixed constant, and for sets
A, B we use the notation A € B to mean that the closure of A is a compact subset
of B.

Theorem 1.1. Let r € (0,1) be fized as above, ¥ € B,(2¢1),E € B,(—2ey) be
open, T" € (0,T), and define Q :== (0,T') x 2. Let u € R,§ > 0 be fized so that

w40 >n/2 and define K = {q € H*(U): suppgq C f],||q||Hu+5(U) < 1},
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If w is a modulus of continuity so that

”CZI - q2||HM(U) fw (H/I]Q(Sm - qu) © /]]QHLZ(Q)_)L2(Q)) ; q1,92 € K,

_§8nt7
then w(s) 2 |logs|™ " ™ for s small.

That S, is well-defined for ¢ € K follows from the Sobolev embedding and
Lemma For a graphical representation of the sets O, B,.(+2e1) and the notion
that B,.(2e1) lies in the ‘shadow region’ of O from the perspective of B,.(—2e1), we
point to Fig. [T below.

The set U was chosen so that for sources f € L*(X,) with supp f C [0,7] x
Bs(0), by the finite speed of propagation, Sq(f) vanishes identically near (—T,T) x
0Br14(0), the ‘far’ boundary of X. Thus, the extension of S,(f) by 0 outside of U
solves

O+ @S, (f)=f in (-T,T)xR"\O, S¢(fllico=0, Se(H)l-11)x800 =0,

when supp f C [0,7T] x Bs(0), where we recall that T' > 0 was chosen freely. This
clarifies that the only significant geometric feature of the space X is the subset of
its boundary (—=7,T) x 00. Because B,.(+2e1) C B3(0), considering only sources f
satisfying supp f C [0, 7] x B3(0) is no restriction in the context of Theorem |1.1

Theorem [I.1] will come as a consequence of the qualitative statement of the
propagation of singularities (Proposition together with facts from functional
analysis to get a quantitative statement. Briefly: we have access to a complete
description of the propagation of smooth singularities via [I7, Thm. 24.5.3] if ¢ € C*°.
Furthermore, due to [23] (in particular [22], and see also [14, Thm. 2.1]), together
with [I5, Thm. 7.3], we have a complete description of the Gevrey-o singularities for
o > 1if g € C¥. We reduce to the case ¢ = 0 by considering S; — Sy so that these
propagation results become applicable. The existence of the obstacle O prevents
(Gevrey-3-)singularities of sources supported in (0,7) x ¥ from propagating and
giving rise to singularities of the solution in 2. The machinery of [20] will turn this
smoothing behavior into an instability statement.

The significance of Theorem [I.1] lies in the fact that the Boundary Control
method, pioneered by M. Belishev in [4] and extended to Riemannian manifolds in
[5], see also [19], implies that one can indeed recover ¢ uniquely from the knowledge
of S, (on ) for T' < oo sufficiently large: in the setting of a closed manifold and
with ¢ € C*°, this is shown in [32] (see Remark 1.2 therein), whereas for ¢ € L,
in Euclidean space without the presence of an obstacle see [I2, Thm. 1.1]. In the
setting without an obstacle, [I2, Thm. 1.2] proves log-log stability of the solution
operator S,. For emphasis we point out that in the situation of Theorem despite
the fact that measurements take place in a bounded domain for a large period of
time, recovery is shown to be exponentially unstable.

For a different choice of measurement set (2, recovery of ¢ from S, can be
proved by reduction to the closely related inverse problem using the Dirichlet-to-
Neumann (DN) map as data, which we briefly elaborate on here (see also [I§] for a
discussion of various equivalent inverse problems). For W C U open, ¢ € L*> (W)
and Hi ((0,T) x W) == {p € H*((0,T) x OW): ¢(0,-) = 0} one considers the
operator Ag: H} ((0,T)x0W) — L*((0,T)xdW) defined via Aq: ¢ — 9,00, 1)xow
where v is the outward pointing unit normal at OW and v € C([0,T]; H*(W)) N
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CL([0,T); L?(W)) is the unique solution of
Ov+qu=0 in (0,7)x W, vli=0 = 0= 0pvli=0, vl T)xoW = ¥ -

That A, is well-defined is guaranteed, for example, by [6], Lem. 1.2]. One then asks
whether the knowledge of the map A, uniquely determines ¢, which is answered
positively in [29] if T' > diam W. Here we note that in the case of data on the full
boundary as we have here, the Dirichlet-to-Neumann and Neumann-to-Dirichlet
data formulations are equivalent.

If we denote by n: {¢ € C*°((0,T) x OW): suppp € {t > 0}} — C((0,T) xU)
an extension operator (that is 7(¢)|0,7)xow = ¢ for all ¢), then a calculation shows
that for all ¢ € C*°((0,T) x OW) with supp ¢ € {t > 0},

Aqg(p) = 0 () — Se((B + @)nle)))lo,1)yxow -

We conclude (using a density argument) that if W C U is open, suppg C W, and
the measurement set {) contains a neighborhood of the boundary (=T, T) x OW,
the inverse problem for the source-to-solution map with data on €2 can be reduced
to that with the DN map as data, which admits a large body of literature. In
particular, for the DN-map formulation with W = Br(0) \ O with R fixed (so one
has measurements on both the outer and inner boundaries of W), [36] shows that
recovery of ¢ is Holder stable if T is sufficiently large, see also [6]. We refer also
to [26] [7, [3] and the references therein for further stability results for the case of
DN-map data.

Another related case is where one has access to measurements on the full outer
boundary OBr(0), but there is a vanishing Dirichlet boundary condition on 90. In
this case, if T' is sufficiently large, the DN-map determines Holder stably the integrals
of ¢ over line segments not touching O via geometrical optics solutions [35]. From
these integrals one can determine ¢ Holder stably when n > 3 (e.g. by inverting the
X-ray transform on two-dimensional slices), whereas for n = 2 one would also need
to use broken lines reflecting on 0O [10]. Theorem [1.1|corresponds to a setting where
one has measurements in a smaller region, thus leading to exponential instability of
the inverse problem.

We close the introduction by mentioning that in the setting of the Calderén
problem, it follows from [I] and [24] that recovery of a potential for the Schrodinger
operator using the Dirichlet-to-Neumann map is logarithmically stable, and that
this stability is optimal, see also the discussion in [20, § 1.1]. In the absence of a
potential g, the Gel’fand problem of recovering properties of a manifold (such as its
metric) from spectral data of the Laplacian is discussed in [2] 8, [9], the first of which
establishes an abstract stability result and the latter two show log-log stability.
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2. THE PROOF

Let p(t,z,7,&) = —72 + |£|? be the principal symbol of [, which will remain
fixed throughout. We begin with two purely geometric statements that can be
summarized informally as: generalized bicharacteristic arcs of p with a point in
T*((0,T) x B.(—2e1)) cannot have ‘originated’ from a neighborhood of T%*({0} x
B,(2e1)). The following two statements are immediate when one draws a picture
(see Fig. , but we give the full details nevertheless, first fixing some terminology.
If H is a hyperplane in R™ defined by H = {x: (z — 2°) - ° = 0} where z° € R" is
some point, we say that a point € R™ lies above (resp. below) H if (x —z°)-2° > 0
(resp. < 0).

Lemma 2.1. Let t° > 0 and v: [0,t°] = U be a line segment with v(0) € B,.(—2e1),
~v(t°) € 0O, and H the tangential hyperplane of 0O at the point ¥(t°), oriented so
that the origin lies below H. The set B,.(2e1) lies below H.

Proof. Denoting z° = ~(t°), the normal of dO at z° is given by z°, so that H is
defined as H = {z: (z — 2°) - 2° = 0}.

Because any line segment below H intersecting H at z° must pass through O
and ~ describes a line segment in U, all of v(¢) and thus v(0) must lie above (or on)
H. Let v(0) = 29 € B,(—2¢1), which can be written as o = —2e; + yo for some
lyo| < 7. Because xq lies above (or on) H, we conclude that

0<(zg—2°) - a°=—-22] —1+yo -2°<—22]—-1/4,

where we used that |2°| = 1 and the Cauchy-Schwarz inequality, and z9 is the first
component of £°. We conclude that 7 < 0.
Similarly, any point = € B,(2e;1) can be written as x = 2e; + y with |y| < r so
that
(x—2°)-2°<22ir—1<r—1,
where we used 2§ < 0. This shows that B,(2e1) lies below H, completing the
proof. ([

Lemma 2.2. For every v* = (t*,2*,7%,&*) € T*((0,T) x By(—2e1)) \ {0} with
|7*] = 1 and v* € p~1(0), the forward generalized bicharacteristic arc y (according
to [I7, Def. 24.3.7] or [25]) on R x U with initial condition v(t*) = v* satisfies
v(t) € T*({t} x (U \ By(2¢1))) \ {0} fort € [0,t*]. Here, forward means that the

projection of v onto the t component is an increasing function.

Proof. The following general remark will be used throughout the rest of the proof.
Because v travels with unit speed forward in time (|7v(¢)| = |[7*| = 1,t € [0,¢*])
and the ‘far’ boundary R x 0Br.4(0) was chosen far away, and 7,v(t*) € B.(—2e7),
we have m,7v(t) & OBr44(0) for all ¢t € [0,t*]. We make a case distinction, see also
Fig. [I] for a pictorial view of the behavior of the ray m,~.

Case 1: the generalized bicharacteristic arc defined by «(t), when projected
onto the z-component, does not intersect O while ¢ € [0,¢*]. This means that
(1), t € [0,1*] describes a line segment with 7,v(0) € B,.(—2e1), and if it were to
intersect B,.(2e1), some point m,(¢) must lie on 90, a contradiction. We thus find
that m,v(t) ¢ By(2e1) for all ¢ € [0,¢*], which completes the consideration of this
case.
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Br(261)

FIGURE 1. A pictorial representation of B,.(+2e1), O in U consid-
ered the ambient space with Br4 C OU outside of frame. The
following discussion is in the context of the proof of Lemma [2.2)
The dotted line represents case 1: a line segment with endpoints in
B, (+2e1) must pass through the obstacle O (in particular intersect-
ing 00); a ray cannot follow this path. The continuous lines are the
two possible cases 2a, 2b: a ray starting in B,.(—2e;) intersects 90
either glancingly and continues as the same line segment, staying
away from B, (2e1). Or, the ray intersects 9O transversally, being
reflected according to Snell’s law off the tangential plane H at the
intersection point, represented here by the dashed line. In the latter
case one sees that the ray always stays on one side of H, whereas
B,.(2¢7) lies on the other side of H.

Case 2: there is t° € (0,t*) so that 7, ,)7(t°) € (0,T) x 90. We remark here
that the normal of R x 0O at any (¢,z) € (0,T) x 9O is given by (0, z).

Case 2a: the generalized bicharacteristic arc v intersects the boundary (0,7") x 9O
tangentially (glancingly) when ¢ = ¢° (which is to say that lim,_,+ m(; yy(t) L
(0, v(t°))). Due to the fact that O is strictly convex and the remarks before [I7,
Def. 24.3.2], any glancing intersection of v with the boundary (0,7") x 9O must be
diffractive. By the definition of a generalized bicharacteristic arc, v is unperturbed
by diffractive intersections and continues as the same line segment. This implies that
mY(t),t € [0,t*] intersects OU only at t = t°, so that m,7: [0,¢*] — U describes a
line segment, which, as in case 1 implies that 7,y(t) € B,(2e;) for all ¢ € [0,¢*].

Case 2b: the generalized bicharacterisitc arc 7 intersects the boundary (0,7") x 9O
transversally at t = t°. We are thus in the case of an intersection in the hyperbolic
region. Let v(t) = limy ,+400 y(¢) = ((t°,2°),04) and let H = {y € X: (y —
(0,2°)) - (0,2°)} be the tangential hypersurface of (0,7) x 0O at (0, z°).

We decompose o4 into tangential and normal components with respect to H:
o+ = ol + 0}, where 07t € R(0,2°) and o} # 0 by assumption of transversal
intersection. In fact, because hyperbolic intersections are isolated (and there cannot
have been a glancing intersection) we must have o7 - (0,2°) > 0 since 7(; ;)7(t) € X
for t € (t°,t° + ¢) for some € > 0 (ie. v ‘comes from inside the set X’). By the
definition of a generalized bicharacteristic arc, we must have o;” = o, , and because
v(t3) € p~*(0), we find that o™ = —o” so that o™ - (0,2°) < 0.

We conclude that 7(; ,)(t) lies above the hypersurface H for ¢ near but unequal
to t°. Further (using that (0,7) x O lies below H aside from at R x {z°}), we see
that 7,7(t) does not intersect QU for t € [0,*]\ t°, so that 7(; ;)7 always lies above
the hypersurface H for t € [0,¢*] \ ¢°.
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However, (0, T) x B, (2e1) lies below the hypersurface H by Lemmal[2.1] completing
the proof. ([

Recall the definition of Gevrey spaces.

Definition 2.3. For d € N,o € [1,00) and W C R? open, we let G°(W) be the set
of all f € C(W;C) so that for every compact K C W there is some C > 0 so that
for all multi-indices o one has

max 0% f| < C1Hlel g7l
K

We remark that G'(W) is the set of analytic functions on W. The definition of
the Gevrey-o wavefront set, an analogue of the smooth wavefront set in Gevrey-
o-regularity, can be found in [16, § 8.4] and [31]; we shall not directly require this
notion.

Let Y = (=T,T) x B.(—2e1) C X. We exploit our knowledge of the propagation
of singularities together with the geometric statement Lemma [2.2] to give

Proposition 2.4. For any open ¥ € B,(2e1) and any g € L*(U) with suppg C
[0,T] x &, if w e H'(X) satisfies

w=g m X, wlt<o =0, w|—rr)xov =0,
then wly € G3(Y).

Proof. From [I7, Thm. 24.1.4], the fact that ¥ is away from OU, and a compactness
argument we know that there is some € > 0 so that w = 0 in XN (({0} x 9U)+ B:(0))
(Minkowski sum). Combined with an application of [I7, Thm. 23.2.7] together with
a compactness argument over U \ ((OU + B.(0)) U B,.(2e;)) implies that

(2.1) Je > 0: w|xr(({0}xU\ By (261))+B.(0)) =0

In particular, we have already shown that for the same € > 0 in , we have
0= w‘(—T,s)XBT(—Qel) € G?’((—T, g) X Bp(—2€1)) = GB(Y N{t <e}).

Now assume that v* = (t*,2%,7%,£*) € WF(w) NT*(Y N {¢t > 0}) where we may
assume that |7*| = 1 by renormalizing and we know from [16, Thm. 8.3.1] (and
suppg C [0,T] x ¥) that v* € p~1(0). By Lemma the forward generalized
bicharacteristic arc v from Lemma[2.2) with (¢*) = v* satisfies v(¢) € T*({t} x (U \
B.(2¢1))) \ {0} for all t € [0, ¢*].

We note that the support condition we assume on g implies that g € N(X)
(defined in [I7, Def. 18.3.30]), and according to [I7, Cor. 18.3.31], we may assume
w € N(X). Note further that the Hamiltonian H,, is never radial because 0, ¢yp # 0
for (1,€) # 0 (see e.g. [27, Rem. 2.1]).

Therefore, from an application of [I7, Thm. 24.5.3] (or combination of [I7]
Thm. 23.2.9, Thm. 24.2.1, Thm. 24.4.1]), we find that v(0) € WF(w) (because
y(t*) € WF(w), and suppg C [0,T] x 2, & € B,(2¢1)). However, and the fact
that 7, 4)7(0) € {0} x U \ B,(2e1) then leads to the desired contradiction so that
U)‘y e 0> (Y)

Further, because [23, Thm. 1.4] states that Gevrey-3 singularities for w propagate
precisely the same as smooth singularities near the analytic boundary (=7, T)x 90U C
0X (since g vanishes there), replacing the application of [16, Thm. 8.3.1] with [16]
Thm. 8.6.1], and using the propagation of Gevrey-3 singularities in the interior ([I5]
Thm. 7.3]), we have completed the proof. a
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The reason we do not hope to achieve better that Gevrey-3 regularity for w
above comes from the fact that Gevrey-o singularities for o € [1,3) do not behave
like the smooth ones at the boundary 00O; instead, they behave like ‘analytic rays’
(see [23,133]). According to [33] and [34, Thm. 0.5], analytic rays can and do bend
around the boundary of the obstacle and penetrate into the ‘shadow region’, in
which the non-regular ¢ is supported (see also [30]).

Since we will appeal to [20, Thm. 4.2(b)] in order to prove Theorem |1.1} we
will have to replace the domain Y by some closed manifold. We will also have to
show mapping properties of S, into some Banach space rather than G2. We thus
recall the definition of Gevrey spaces on closed manifolds from [20] § 2.6] and their
decomposition into a union of Banach spaces.

Definition 2.5. Let d € N,o € [1,00). For a closed smooth manifold (M, g)
of dimension d and any p > 0, for (p;)jen C L*(M) an orthonormal basis of
eigenfunctions for —A, we introduce the subspace A%*(M) of L?(M) defined as
those u € L%(M) so that

1/2

& 1
4 9
el aoocary = | D €7 I, 05)] < 0.
=0

Furthermore, if (M, g) is analytic, we let G7(M) be the set of all w € C*°(M;C) so
that for all £ € N and some C' > 0,

Hvku||L°°(M) < CMHRE,
with the convention that 0° = 1.

If (M, g) is a closed analytic manifold and u € G7(M) for some o € [1,00), then
in each coordinate chart, the function u is of class G? according to Definition [2.3
see [13].

The importance of the spaces A% lies in the fact that (J,., A" (M) = G (M)
for closed analytic manifolds (M, g), see [20, § 2.6, § B]. There it is also shown that
each A%?(M) is a Banach space when (M, g) is a closed smooth manifold.

We shall only need a select amount of properties of the spaces A%, which we
state for the readers’ convenience.

Lemma 2.6 ([20, § 2.6, Lem. B.1]). Let 0 € [1,00) and (M, g) be a closed analytic
manifold. If u € G° (M), there is some p > 0 so that uw € A%?(M). Furthermore, if
for some C,R >0, u € L?>(M) satisfies

2t 2to
(2.2) ||(ng)tu||L2(M) < CR*(2t)*
for all t € N, then for some pg > 0 and any p < py, we have u € A”P(M).

Proof. The first statement is a consequence of [20, Lem. B.1]. For the second, let
u € L*(M) satisfy . Once we have shown that u satisfies for all t € [0, 00),
not just the integers, the proof is completed by [20, Lem. B.1]. The proof of the
sufficiency statement in [20, Lem. B.1(a)] only requires for integers ¢, which we
use to conclude that u € G7 (M), so that the necessity statement of [20, Lem. B.1(a)]
gives for possibly different C, R > 0 and all ¢ € [0, 00), which completes the
proof. [
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Recall that we defined Y = (=T, T) x B,(—2e;1). We set up a functional analytic
result that will allow us to replace Y by some closed manifold N D Y. It will also
later be used to show that S, — Sy maps into A%* for some p > 0. We will rely
on [21], where for any ¢ > 1, our notation G° corresponds to £{M»} in that paper,
where M), is the sequence My =1, M, =p!? ,p € N.

Proposition 2.7. Let ¢ > 1 and N be a closed analytic (n + 1)-dimensional
manifold with N Y. Let F: L*(X1) — G°(Y) be linear with F: L*(X,) — L*(Y)
continuous.

For every x € G°(N) N CX(Y) there is some p > 0 so that xF: L*(Xy) —
A%P(N) is continuous.

Proof. Because F': L?(X,) — L?(Y) is linear and continuous, it has closed graph.
Because F: L?(X,) — G°(Y) ¢ H™*tV/2+1(Y) and the following inclusion map
v: HHD/24H1(y) 5 L2(Y) is continuous, the closed graph theorem implies that
F: L*(X,) — H™D/241(Y) is continuous and the dual map
- H—(n+1)/2—1(y) N LQ(X+)/,
is well-defined. In particular, we may define
H:Y = LA(X,), zw x(@)F*(,),
and for all u € L?(X,), applying Lemma to x,
(H(z),u) = x(z)(Fu)(z) € G°(Y) as a function of x.

Thus, [2I, Thm. 3.10] implies that in fact H € G°(Y, L?(X,)’), where the meaning
of this space is explained in [21I] Def. 3.9], which in our case reduces to: for every
compact K C Y there are constants C, R > 0 so that for all multi-indices «,

sup 105 H ()| 12(x, y < CRIa1”.

(We point also to the remarks near [37, Thm. 27.1,§ 40] for an explanation as to what
differentiation of a topological-vector-space-valued function means.) In particular,
since suppx =t K C Y C N is compact, we find that

sup [0 (xFu)llpovy = sup  [(OUH(), w)ll Loy

Hu”L2(X+):1 u L2(X+):1

<’ sg}g 102 H ()l p2(x,y < C'CRI*l a7 |

where C’ > 0 is the volume of N. With an application of Lemma the proof is
complete. (I

The above result has immediate consequences for S; — Sp. In the following proofs,
for any set W, 1y will both denote the multiplication by the characteristic function
of W in L? as well as the restriction to L?(W) of some function defined on a larger
set.

Lemma 2.8. Let X € B,.(2¢1),2 € B,(—2¢1) be open, T' € (0,T) and Q =
(0,T")xZ. There is a closed (n+1)-dimensional torus N D § (thus an analytic closed
manifold), a function x € G}*(N)NCX(Y), p > 0, and a continuous t': [0,00) —
[0,00) so that the following is true.

For every q € L>=(U) with supp g C S, the map

Fy=1x,x(8 — So) oxTx, , u— Tx, x(Sg — So)(xTx, u)
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satisfies

(23)  Fyi LA(N) = A%2(N) with [ Fyll ey avoin < (lal~o)
and

(2.4) ﬂQ(Sq—SO)O/]]Q =1lagF,01n.

Before we move on to the proof, we remark that in the definition of F,, we
post-compose with 1x, at the end only so that the adjoint operator of F, (which
can be determined using Lemma [2.9 below) will be well-defined.

Proof. Consider the torus N C R'*" defined by identifying opposite sides of the
cube [—R, R]'*" C R where R > 0 is chosen sufficiently large so that Y =
(=T,T) x B.(—2e1) € N (see also [28, Lem. 3.1.8]). With the euclidean metric,
N is a closed analytic manifold. We take xy € G3(R**") to be identically 1 in an
open neighborhood of Q and supported in a compact subset of Y C N (that Gevery
cut-offs exist follows from [31], § 1.4] or [I6] § 1.4]).

For any g € L*(X4) and g € L*>®(U), (S; — So)(g) is the unique solution of
for f = —S;5(g9) and ¢ = 0, whereas So(—GS5(g)) is also a solution of for the
same f and ¢, so that Lemma [A.T] guarantees that So(—GSz(g)) = (S3 — So)(g). In
particular, for any ¢ € L*°(U), we have

(2.5) Fy=1x,x(Sg — So) o xTx, = Tx, xS0 0 (—qSq) o xTx, ,
and because 1x, x = 1 on , this proves (2.4)).

From Lemma and Proposition we know that Sp o 1 7yxs: L*(Xy) —
H'(Y) is continuous and maps Sy o 1o 1yxs:: L*(X4+) — G*(Y), so that Proposi-
tion [2.7] implies that there is p > 0 so that the map

XS0 0 Voryxs: LX(Xy) = A (N), [ xSo(10,1)xf)

is continuous, and its operator norm is independent of g. Thus, using (2.5) and
noting that 1x, xSo = xSo and supp q C X, we have

”FfIHLz(N)%As,p(N) < ||XSO o /I](O,T)XZHLz(XJr)ﬁAa,p(N) =S o X||L2(X+)~>L2(X)
<C'lallz=0(llall )
for b from (A.1)) and some C’ > 0 independent of ¢, which gives ([2.3)). O

As it will be required later, we introduce an adjoint operator, see also [12]
Lem. 3.1].

Lemma 2.9. Let ¢ € L*°(U) and define
Sr: L*(X4) — HY((0,2T)xU), S = RoSeoR, where Ru(t,z) :=u(T—t,z).
The L*(X)-adjoint of Ix, Sqolx, is 1x, S; o lx,.

Proof. Let us first point out that by construction, for any g € L?(X,), we have
Si(g) € H'((0,2T) x U), which satisfies

(2.6) (O+q)S;(g) =g in (0,2T)x U, Si(gle>r =0, S;(9)l©.2r)xov =0.
Let f,g € L*(X). Using (2.6), we have

/XSq(ﬂXJ)ﬂXﬂd(t,m):/ Sq(Mx, ) (B +a)S;(1x, 9)d(t, ),

Xt
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where the RHS can be understood as the pairing between an H! and an H~!
function: by construction, S,(f) and S;(g) vanish in ¢t < 0 and ¢ > T' respectively
(and S,(f) vanishes in (0,T) x OU), and thus this pairing makes sense.

Taking a sequence of smooth functions v; € C*°(X) vanishing on (0,2T) x oU
and in t > T, with v; = S} (1x,g) in H'(X), the definition of S, as the solution
operator gives (essentially by partial integration, or rather the definition of a weak
solution, see [19, Eq. (2.67)]),

Su(Tx, O+ )S; (1x, g)d(t.2) = Tim [ S,(1x, O+ quyd(t. )

X, IS X,
= Jim [ gt = /X Tx, 187 (1x, g)d(t,7)
which completes the proof. O

Finally, we shall introduce one additional piece of notation from [20, Thm. 3.16].
For o € [1,00),p > 0 and s € R, and some closed smooth manifold M we let
WoP(H?,H™®)={T € B(H*,H™®): T(H®) C A®P(M), T*(H®)C A”"(M)},
where we wrote H® for H*(M) and B(H?®, H~*?) is the set of bounded linear operators
between H®*(M) and H~*(M), and for any T € B(H®*,H™*®), T* € B(H®,H®)
denotes the formal adjoint of T'. It is shown in [20, Thm. 3.16] that W°(H®, H*)
is a Banach space with the norm

TN wow s mr-y = max T o aoir s [T s a0} -

We now have all tools in hand to provide the

Proof of Theorem[1.1. We set up notation to apply [20, Thm. 4.2(b)]. For N, F,
from Lemma define the operator

Fi K > BUAN), LX), q Fy,
where B(L?(N), L?(N)) denotes the set of bounded linear operators between L?(N)
and L?(N).
As a consequence of Lemma (in particular (2.3)) and Lemma F maps

K into a bounded set in W3 (H", H°) for some p > 0. By an application of [20,
Thm. 4.2(b)] we conclude that if w is a modulus of continuity so that

(2'7) HQI - QQ”HM(U) <w (”F((h) - F(Q2)||L2(NHL2(N)) , q1,q2 € K,

s 6n47
then we must have w(s) 2 |log s| "5 for s small.

Due to " [1a(Sq, — Sg) © T |L2(Q)—>L2(Q) < [[Faq1) - F(Q2)||L2(N)~>L2(N)7
so that (2.7)) completes the proof. O

A. Existence of Solutions.

Lemma A.1. There is a continuous function b: [0,00) — [0,00) so that for every
q € L*>®(U) there is a continuous linear operator

Sy: L3(X1) = C(-T.T); Hy(U)) N C([-T.T); L*(U)) € H'(X),
with
(A1) 1Sall 2y < b (Il o)
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so that in C([-T,T); HY(U)) N C*([-T,T); L*(U)) the unique solution to is
u=54(f).

Proof. Translating the condition ul¢<p = 0 in into vanishing Cauchy data at
t = 0, the uniqueness and existence of the solution u = u{; as well as the continuity
of S, are guaranteed by [19, Thm. 2.30] (via extension by 0 to ¢ < 0 of the solution
constructed there).

We turn to finding the explicit norm bound on S, assuming at first that g € C HO).
One can directly verify that the solution u constructed above is also a weak solution
according to the definition given in [II}, § 7.2], and by inspection of the proof of
11, § 7.2, Thm. 2] (see also [II, § 7.2, Thm. 5(i)]), one finds the bound in
for ¢ € CY(U). On the other hand, if ¢ € L>®(U) and we let (qx)ren € CH(U)
converge to g in L°°, by direct verification of the definition of a weak solution
(see [19, Eq. (2.66)]), we will see that S, — S, as operators L?(X;) — H'(X),
completing the proof. O
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