LINEARIZING NON-LINEAR INVERSE PROBLEMS
AND AN APPLICATION TO INVERSE BACKSCATTERING

PLAMEN STEFANOV AND GUNTHER UHLMANN

ABSTRACT. We propose an abstract approach to prove local uniqueness and conditional Holder
stability to non-linear inverse problems by linearization. The main condition is that, in addition
to the injectivity of the linearization A, we need a stability estimate for A as well. That condition
is satisfied in particular, if A*A is an elliptic pseudo-differential operator. We apply this scheme
to show uniqueness and Holder stability for the inverse backscattering problem for the acoustic
equation near a constant sound speed.

1. INTRODUCTION

Non-linear inverse problems are often linearized, and reduced to the problem of the injectivity
of their linearization. If that linearization is an injective map with a closed range, then this
implies local uniqueness and Lipschitz stability, see Theorem 1 below. Most inverse problems in
Mathematical Physics however are ill-posed and do not fall in this category. The mere fact that
the linearization is injective, if it is, is not enough for local injectivity of the original problem when
the closed range condition fails. The closed range condition is also equivalent to a linear stability
estimate, see (11) below. The main purpose of this work is to propose a systematic approach to treat
inverse problems for which the closed range condition may still hold if we replace the original spaces
with new ones satisfying interpolation estimates, see (11). A typical example is to replace C* or H*
by C*¥', respectively H®', with different &/, s’. A sufficient condition for the linear stability estimate,
besides the injectivity of the linearization A, is A*A to be an elliptic pseudo-differential operator
(IDO). The later is a standard consequence of the theory of elliptic WDOs and elliptic ¥DOs. Our
main result in this direction is Theorem 2 that states, roughly speaking, that linearization plus an
appropriate stability estimate of the linearized map imply local injectivity and a conditional Holder
stability for the non-linear map.

We recently used this approach for studying boundary rigidity/lens rigidity questions for compact
Riemannian manifolds with boundary [17, 18, 20]. Some of these ideas have been used before, on a
case by case basis, for proving local uniqueness with or without a Holder stability, see for example
[6, 10, 11, 15, 16]. Our goal is to systematize this approach, and in particular to understand what
makes (at least a large enough class of) ill-posed inverse problems ill posed, and in what cases
one can get local uniqueness by linearization. In particular, we show why many severely ill-posed
inverse problems cannot be treated this way — the linearization is unstable in any pair of Sobolev
spaces. The most famous example of this type is Calderén’s problem [4, 22, 25].

We give an application to the inverse backscattering problem for the acoustic equation. In this
problem, we are trying to determine the sound speed or, equivalently, the index of refraction, of
a medium by measuring the scattering amplitude with the direction of incidence of a plane wave
opposite to the direction of the reflected wave. In other words, we are measuring the echos produced
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by plane waves. This problem arises for instance in ultrasound tomography. We prove injectivity
near constant sound speeds and we give a Holder type conditional stability estimate, see Theorem 4.
Conditional Lipschitz stability estimates in different norms were given in [26] based on the local
uniqueness proof in [16].

In section 2 we prove the main result — Theorem 2. In section 3, we give sufficient conditions
for the stability of the linearized inverse problem required by Theorem 2. Those conditions are
based on standard elliptic ¥DO theory and Fredholm theory. Finally, in section 4, we give the
application to the inverse backscattering problem.

2. AN ABSTRACT INVERSE PROBLEM

We describe our abstract inverse problem now. Let A : B; — By be a continuous non-linear map
between two Banach spaces. Consider the “inverse problem”:

(1) Given h € Ran(A), find f so that A(f) = h.
Here, we study only the (local) uniqueness and stability questions for (1).

Definition 1. We say that there is a weak local uniqueness for (1) near fo € B, if there exists a
neighborhood of fo so that for any f in that neighborhood that solves

(2) A(f) = A(fo),
we have f = fy.

Definition 2. We say that there is a strong local uniqueness for (1) near fo € By, if there exists
a neighborhood of fy so that for any f1, fo in that neighborhood with

3) A(f1) = A(f2),
we have f1 = fs.

Besides uniqueness, we are often interested in stability estimates. By a classical argument, if
A :U — V is injective, where U and V are open, and K C U is compact, then A~!, restricted to
A(K), is continuous. The compactness assumption is one of the ways ill-posedness of many (but
not all) inverse problems manifests itself. The continuity of A~! is viewed as stability, and such
kind of results are called conditional stability. One of the central problems in Inverse Problems is
to estimate the modulus of continuity of A~! (restricted appropriately). In other words, we want
to find a function ¢(t), t — 0, so that ¢ — 0, as t — 0, and

11 = falls, < ¢ (IACS) — A(f2)ll,)

for all f1, fo in some neighborhood of a fixed fj, and possibly also, restricted to a compact subset
K of By (hence the stability is conditional). The estimate is of Holder type, if one can choose
o(t) = Ct*, 0 < a < 1, and of Lipschitz type, if ¢(t) = Ct. We view in this paper inverse problems
that allow Holder estimates as “stable” (Lipschitz stability occurs rarely); while any other are
viewed as “unstable”. Recall that for the Electric Impedance Tomography problem, see [4, 22, 25],
o(t) = C (log(1/t))™*, u > 0, see [2], that tends to 0, as t — 0, much slower than ¢*.

The choice of the compact set K also matters. If it is “too small”, the conditional stability is
trivial and not interesting. For example, if K is finite dimensional, and A is smooth enough, one
always has a Lipschitz stability estimate under the assumption that A has an injective differential,
see below. If By is H*(M) or C*(M) with a compact set (or manifold) M, we are interested whether
one can choose K to be H* (M) or C* (M) with s; > s, or k; > k. A subspace K consisting of
real analytic functions only, for example, will be considered “too small”.
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2.1. “Inverse Problems” in R". We start with the trivial case when B; = R", B = R™. Then
the problem is reduced to solving (1) with A : R® — R™. Assume that A € C? (A € C! actually
suffices, see Theorem 1 below). Let A, be the differential of A at z = z. Then

(4) A(z) = A(wo) + Agy (x — 20) + Rag(z)  with [Ra, ()] < Cap |2 — 20/,

for x near zp. Assume now that A, is injective (which can happen only when m > n). This
immediately implies the estimate

(5) |h| < Co|Ag,h|, Vh eR".

The easiest way to prove (5) is to note that one can choose 1/Cj to be the minimum of |Ah| for
h on the (compact) unit sphere. Then the local uniqueness question about the number of possible
solutions of A(x) = A(xg) near x = x( can be answered as follows. We have

[z —x0|/Co < [Aay(z — 20)| < |A(z) — Alz0)| + | Ra ()]
< |A(z) = A(zo)| + Cap |2 — o[,
Therefore, if |z — 20| < (2CoCy,) ™!, one gets
(6) |z — mo| < 2Co| A(z) — A(zo)].

We therefore have local uniqueness and a Lipschitz stability estimate. Moreover, one can choose
Cy, to be locally independent of z, if A € C?, and the same applies to Cy. Thus one gets that there
exists a neighborhood U of zp in R™, so that for any x1 € U, x9 € U, the equality A(z1) = A(z2)
implies 1 = x9. Moreover, similarly to (6), one has

(7) |:E1 — :E2| < 200|.,4(:E1) — A(ZE2)|, 1 €U, xo €U.

Note that By can be infinite dimensional here, and the arguments do not change. In particular,
if A € CY" > 0, and Az, is injective, then one always has local uniqueness and the stability
estimate (7) of Lipschitz type. If B; is infinite dimensional, then A|x has that property for any
finite dimensional K.

2.2. A well posed inverse problem. The local injectivity theorem in Banach spaces. We
return to the case where By 7 are finitely dimensional Banach spaces. Consider now a truly infinitely
dimensional version of our abstract inverse problem under assumptions that make it well-posed,
and therefore, not typical. The main assumption is that A,, : By — Ag,(B1) is an isomorphism,
i.e., that the differential A, is not only injective but also has a closed range. Then we have the
following theorem that is closely related to the inverse function theorem and the implicit function
theorems in Banach spaces (A, is assumed to be an isomorphism from B; to Bg then).

Theorem 1 (Local Injectivity Theorem, [1]). Let A: U C By — By be Ct, with U > fy open, let
Ay, be injective and let it have a closed range. Then there ewists a neighborhood V-C U of fo, on
which A is injective. Moreover, the inverse A~' : A(V) — U is Lipschitz continuous.

This theorem shows that we have the same conclusions as in the finitely dimensional case, with
a Lipschitz stability of non-conditional type.

We refer to [1] for the definition of the differential Ay, of A at a fixed fy and for a definition of
(a Fréchet) differentiable map. In particular, if the Gateaux derivative (the directional derivative
in all directions) exists in some open set and it is continuous there, then A is Fréchet differentiable
as well and the two derivatives coincide. Then A is said to be C?.
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2.3. An abstract ill-posed inverse problem. We turn out attention now to an abstract inverse
problem that may not be well posed. In order to study the inverse problem (1) by linearization,
we assume that the differential Ay, of A exists at f = fo with some fy. Actually, we will assume
something slightly stronger — a quadratic estimate on the remainder, that roughly speaking means
that A is Cb!. Namely, we assume that

(8) A(f) = Alfo) + Agy (f = fo) + By (f),  with | Ry, ()]s, < Crollf — follB,.

for f in some neighborhood in B of some fy € B;.
It may happen that we have the weaker estimate

9) 1R, (F)llg, < Crllf = foll,

for f in some neighborhood in Bi of some fy € By, where By C By, By D By. Here and below,
B1 C Bi, Bs D By mean also that

(10) - lls, < Cll- g, -1z, < Cl- s,

In such case, we can simply replace By by Ba; and By by Bi. In the boundary rigidity problem
[18], actually B; = C1 (M) D By = C%(M), i.e., (8) is even stronger. Keeping B;, By and assuming
appropriate interpolation estimates would improve a bit the exponent g1 in the Holder exponent
in Theorem 2 below but for the sake of simplicity, we will not pursue this. In other words, we have
some freedom how to chose our spaces Bj 2, and we choose them in a way that makes (8) true. This
choice might not be the optimal for the analysis of Ay, however.

Assume now that Ay, is injective. This does not imply automatically a stability estimate of the
type (5), of course. Assume in addition, that such an estimate holds in some norms, i.e.,

(11) Ills; < CllAghllgy, h € By,

with some Banach spaces B, C B, B} D B;. In applications, we want not only such B/, B, to exist
(they always do, one can set B = By, || Ay, k|, = ||h]ls, on Ran Ay,) but we also want they to be

“reasonable” spaces independent of fy, typically some H® or C* spaces. Then, if B; = By, By = B,
one can apply Theorem 1 to prove local injectivity and a Lipschitz stability estimate of the type
(7). The inverse problem is well-posed then.

If the pairs of spaces in (8) and (11) cannot be chosen to be the same, and often that is the
case, one can still prove local uniqueness and a stability estimate but of a Holder and conditional
type, if certain interpolation estimates are satisfied, as we show below. Then the inverse problem
is ill-posed but we think of it as mildly ill-posed.

Before formulating this as a formal statement, we will give an example where (11) does not hold
(in any Sobolev spaces), and there is no local uniqueness.

Ezample 1. Let I be the Hilbert space of sequences x = {74}, with norm ||z||? = Y |xx|?. The
Sobolev spaces h® are defined through the norms ||z||2, = Y k%¢|zj|?. We think of the components
of  as the Fourier coefficients of a 2m-periodic function, which explains why we call h® a Sobolev
space. Define the non-linear map A by

(12) A(z) = Ex — (z,a)x,
where
a={1/k}, E =diag{e*}.

Clearly, A(0) = 0, the linearization of A near z = 0 is Ay = FE, and the latter is an injective
map. Moreover, there is an inverse E~! with a dense domain, but E~! is unbounded as an
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operator from any Sobolev space to any other one, thus (11) does not hold in such spaces. Since
[A(2)]x = e Fap — 21 Y 2 /m, we get that

™ =(0,... ke7*,0,...),

where the non-zero entry is the k-th one, is a solution to A(x) = 0. Therefore, in any neighborhood
of 0 in 2 there are infinitely many solutions of A(x) = 0 despite the fact that the linearization
Ap is injective. Moreover, for any s, in any neighborhood of 0 in h®, there are still infinitely
many solutions. Therefore, there is no local uniqueness in this case, neither weak nor strong, in
any Sobolev space. One can still get local uniqueness for ||z||, < 1 by choosing an h* type of
norm || - ||, with an exponential weight, namely |z|« = ||[E~'z|]. This however translates into a
neighborhood of the origin of 27-periodic functions that involves certain real analytic functions
only. We think of such topology as “unreasonably restrictive”.

Based on that example, one can consider the following map in L?(R")
A(f) == f—=(f,a)f

Choose (Jg(f) = D X{k—1<|¢|<k} (€)e M€l where y stands for the characteristic function of K. Also,
fix a € L? with |a(&)| > (1+]¢|)~™ for some m. Then f = 0 solves A(f) = 0, and A has an injective
differential at f = 0. Also, if f is supported in {k —1 < |¢| < k}, and f solves (f,a) = (2r)"e¥I¢l,
such an f would also solve A(f) = 0. This gives us a sequence of such solutions, converging
exponentially fast to 0 in any H*.

Our main abstract theorem for linearizing inverse problems with a “stable” linearization is the
following.

Theorem 2. Let A be as above, and assume (8), (11) with By C B}, B, C By as above. Assume
also that there exist Banach spaces By C By, B C By so that Ay, continuously maps BY into BY
and the following interpolation estimates hold

1— 1—
(13)  lullsy < Cllullgllullg", 18l < Clibllg 1Plg"™ p, p2 € (0,1], pape > 1/2.

(a) For any L > 0 there exists € > 0, so that for any f with

(14) 1f = folla, <€ N fllsy < L,
one has the conditional stability estimate
(15) If = folls, < CDA(F) — Alfo)lIB>,  C(L) = CL*Hke,

In particular, there is a weak local uniqueness near fo, i.e., if A(f) = A(fo), then f = fo.

(b) Assume in addition that there is a Banach space K C BY so that (11) holds for fo replaced
with f close enough to fo in K, and Ay : BY — BY is uniformly bounded for such f. Then there
exists € > 0, so that for any f1, fo with

(16) 1fi=follk <€ |f2—folk <
one has the conditional stability estimate
(17) Ifr = falls, < CIA(f) — A(f2) 15,

In particular, there is a strong local uniqueness near fo, i.e., if A(f1) = A(f2), then fi = fo.
A theorem of a similar type has been proven by Pagani [10, 11].
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Remark 1. Typical choices of the Banach spaces above are C* or H® spaces. Interpolation estimates
for those norms are well known. In R", for example, one has

(18) lulls < Cllullfs llullffe, s =s101+ 202, a14+az=1, a1 >0, az >0.

This can be easily verified by using the Fourier transform. Similar estimates hold for Sobolev spaces
and the C* spaces in domains/manifolds, see [24]. For example, if M is a compact manifold with
boundary, then

(19) ||u||ck(M) < Cllul] k=kai+ keas, aij4+as=1, a3 >0, asg > 0.

% a8
Interpolation estimates that include an H® and a C* norm can be obtained by using Sobolev
embedding theorems.

Remark 2. Assume, for example, that all spaces above are Sobolev spaces. Then one can make
the exponent pype in (15), (17) arbitrary close to 1, thus making the stability estimate “almost
Lipschitz 7. The price to pay for that is to assume that f is a priori bounded in H® with s > 1,
see (18). Alternatively, one may try to choose Bf, K close to Bi, which is the natural limit but
that will decrease py. Since py > 1/(2u2) > 1/2, this puts a limit on how close BY, K can be to
By. If B, = H®, B} = H¥, for example, s' < s, then we will have at least B! = H*" with s” so
(s’ +5"”)/2 > s. Therefore, we cannot take s” > s arbitrary close to s unless s’ = s. The choice of
s” in this case is further restricted by po.

Remark 3. The second inequality in (14) is a typical compactness condition, when we work with
Sobolev spaces or C* spaces in a bounded domain or on a compact manifold. It may seem strange
that there is no such explicit condition in (b). It is actually there, since (16) implies such a condition
with BY replaces by K. Actually, using interpolation estimates, one could write (14) in the form
(16), and vice -versa, with a slight change of the Banach spaces (i.e., small change of k in C*, etc.).
We formulated (16) in a form different than (14) in order to avoid introducing yet another Banach
space. What makes (15) and (17) conditional estimates is that in the conditions (14), respectively
(16), there is at least one norm stronger that the norm in the Lh.s. of (15), respectively (17). Note
also that (15), (17) can be formulated with different choices of the norms.

Proof of Theorem 2. We start with (a). By (8) and (10),

1A%, (f = follls, < IACF) = A(fo) s, + CIIf = follB,
By (11) and the Holder inequality (a + b)* < a* 4 b* for a > 0, b > 0, we get
45(F = fllsg < CL2 (JLACE) — AU + 11F - foll2)
The constant CL'™#2 comes from estimating the term || Ay, (f — f0)||}3§“ * that is bounded by the
assumption on Ay, and by the second inequality in (14). By (11), and the second interpolation
inequality in (13),

15 = folls, < CL*7 70 (JLAGH) = AGIE™ + 1 = fol?).

Since 2ujpue > 1, for € < 1 we get (15). Note that the condition on e has the form e <
(CL* #~#2)~1 where C' depends on A only. This proves (a).

To prove (b) we note that the same proof can be applied under the assumptions of (b). Indeed,
we start with

147 (f2 = f)lls, < IMA(f2) = A(f) s, + Cllf2 = fill, -
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Then we proceed as above under the condition ||f; — follx < €1 < 1 that would guarantee (11)
with fp replaced by fi. Then (17) holds if ||fo — fil|s, < e2 < 1. Those two conditions certainly
hold if € in (16) is small enough. O

Remark 4. The variety of norms in the theorem above is typical. For example, consider the
boundary rigidity problem, where one has to recover a Riemannian metric g on a compact manifold
M, up to a group of isometries, from the distance function p(z,y) restricted to OM x OM, see e.g.,
[17, 21]. Linearizing, we get a tensor tomography problem: recover a symmetric 2-tensor field f
from its integrals

(20) If(y) = / £ (1) (03 (1) dt

along all maximal geodesics in M. Since this transform vanishes on potential tensors (symmetric
covariant derivatives of vector fields v vanishing on OM ), we restrict I on solenoidal (i.e., divergence
free) tensors that form an orthogonal complement to potential ones.

The role of Ay, then is played by I related to gg. We apply the adjoint operator I* taken in L?
spaces with respect to suitable measures. The role of A, now is played by I*I, and we made the
following choices, see [21]:

(21) B, =C*M), B;=L*M), V= H (M), s>1, K=C*M), k> s,
(22) ‘82 = LOO(Ml)v 8/2 = Hz(Ml)v 8/2// = Hs_l(Ml)v

where My ® M, and H?(M,) is an appropriate Hilbert space such that H?(M;) ¢ H>(M;) C
H'(My). Here and below, A € B means that the closure of A is contained in the interior of B; and
B 3 A means that A € B. There are other complications there, coming from the fact that we have
to work with equivalence classes of isometric metrics. Then I*[ acting on symmetric tensors in
H*(M), extended as zero to My, is not a bounded operator with values in H*~1(M;) even though
I*I is a UDO of order —1. The reason is that f € H*(M), extended as zero, belongs to H*(M)
only if the first s normal derivatives of f (assuming that s is integer) vanish on 9M. This is the
reason for introducing the space H2. A stable recovery of the derivatives of the metric on M from
the boundary distance function is used in [21] to deal with this problem. As a result, we prove a
Hoélder type of stability estimate for the boundary rigidity problem, using ideas similar to those in
the proof of Theorem 2.

3. STABILITY OF LINEAR INVERSE PROBLEMS

Most of the material in this section is based on the theory of elliptic ¥DOs and on the theory of
Fredholm operators, see e.g., [23]. We give proofs for the sake of completeness of the exposition.

Let A : By — Bs be a bounded linear map between two Banach spaces. Assume in addition, that
A is injective. We are interested whether one has the stability estimate

(23) 1flls, < CllAf]5,

with some constant C' > 0. It is well known, that if A is smoothing, and B; and By are among C*
or H® with finite k, or s, then there cannot be such a stability estimate. We will quickly review
those arguments below.

First, note that (23) is not equivalent to invertibility, because (the closure of) the range Ran A
of A can be much smaller than By. One the other hand, one can replace By by B, = Ran A, and
then (23) is equivalent to the invertibility of A : By — Bj, as the next proposition shows.

Proposition 1. (23) holds if and only if A is injective and Ran A is closed.
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Proof. Assume that Ran A is closed and A is injective. Then A : By — B has range that coincides
with B). Since A is injective, then A~! exists with domain the whole Bj. By the open mapping
theorem, A~! is bounded, hence (23) holds.

Assume (23). Then the injectivity and the closedness of Ran A follow easily. O

Proving that Ran A is closed is not always straightforward. Proving that it is not (when it is
not), is usually easier. As an example, suppose that B; = By = L%(£2), where ) is a domain in R"
with smooth boundary, or Q = R". If there exists s > 0 so that Af € H*(Q) for any f € L?(Q),
then (23) cannot be true. Indeed, if we know that A has a trivial cokernel (for example, because
it is injective and self-adjoint, as the operator N,, below), then Ran A cannot be closed. In the
general case, assume that Ran A is closed. Then the latter is a Banach space as well, and A is
invertible on it. But A is compact, so we get that the identity on L?(Q) is compact, that is not
true.

On the other hand, (23) may still hold with By = H*(Q2), if Ran A is closed in H*(Q2). Take for
example A = (1 — A)~! on L?(R"), and s = 2. Then one can ask the more general question: is
there a stability estimate of the type

(24) [fllz2 < CllAf ||

for some s > 07 If so, it will be a weaker substitute for (23), if the latter does not hold but it will
still allow us to apply Theorem 2. For (24) to be true, A must map L? into H*, therefore, this is
the same question as before, with By = H”.

Ezample 2 (the weighted X-ray transform). In R, let I, be the weighted X-ray transform

(25) Ipf(z,0) = / w(z +16,0)f(x+t0)dt, = cR" e S" 1
R

where w is a continuous function'. Let us restrict I,, to functions supported in Q, where Q C R”
is a strictly convex domain with a smooth boundary. One can assume then that (z,0) € 0_SQ,
which means that z € 99, and § € S™ ! points into Q. We equip 0_5 with the measure
d¥ =16 - v(z)| dS; df, where dS, is the measure on 0f2 induced by the Euclidean measure in R",
and d@ is the measure on S”~!. Then one can show that I,, : L?(Q) — L?(0_SQ, dX) [14], see also
the remark following (28) below. Let

(26) Ny = I3 1, : L*(Q) — L*(Q)

be the “normal operator”. We can think of the lines through  as a manifold, and 9_S then is
a global chart for them (singular at the lines tangent to 9€2). The measure d¥ remains invariant if
we replace J€ by another strictly convex surface encompassing ). Thus one can expect that N,
will not depend on 9f2. Indeed, on can easily get that (see [17])

(1) Nuf(e) = e [ T2 gy

with

I O = =) R O M =

Now we think of N,, as the operator defined by the formula above, with w(x, 8) extended for all x.
It is easy to see that N, maps L2, (R") into L? (R"). In particular, N,, is bounded on L?((2).

comp loc

That shows that I, : L%(Q) — L?(0_SQ, d¥) is bounded.

n the published version, the weight in (25) wrongly appears as w(z,0).



LINEARIZING NON-LINEAR INVERSE PROBLEMS 9

Let Q1 © Q be another domain with the properties of Q. Then N, : L?(Q2) — L?() is also
bounded, and I,, is injective if and only if N, : L?(Q) — L?(€) is injective, where one can replace
Q1 by Q as well, see Lemma 1 below.

If w € C*°(€), then N, is a YDO of order —1, as we will see below. Thus N,, maps L?(Q) into
H'(Q) and a stability estimate for N,, of the kind (24), with By = By = L?(Q2), or By = L*({y),
is not possible. If w € C1(2) only, then one can still show that N,, maps L*() into H'(f2) using
the theory of operators with singular kernels, see [8] for details. We then change By and replace it
with H(M;). The question we ask now is the following: assuming that I,, (and therefore N,,) is
injective for some class of w’s, what conditions on w would guarantee the stability estimate

(29) £l < ClINwfllmi,),  Vf € L*(Q).

We will show below that a sufficient condition for that is that N, is elliptic, that can be easily
formulated in terms of w.

We return to the general case and the estimate (23). In the example above, if Ny, is elliptic,
then it is also a Fredholm operator. Recall that F' : B — Bs is called Fredholm, if there exist
bounded operators A : By — By and B : By — By so that AF —1d and F'B —1Id are compact. Then
Ran F' is necessarily closed, and F has a finitely dimensional kernel Ker F' and a finitely dimensional
cokernel Coker A = B3/ Ran A . Equivalently, F' is Fredholm if its kernel and cokernel are finitely
dimensional.

In case the inverse problem is over-determined, we cannot expect that A would have a finite
cokernel, as in the example above. For this reason, if By is a Hilbert space, we will study whether
N = A*A is a Fredholm operator, and the consequences of that. In the applied literature, applying
A* is viewed a “back-projection” that, in inverse boundary value problems, returns our data form
the boundary back to the domain. Another reason to study A*A instead of A is that, as in the
example above, A might be a Fourier Integral Operator (FIO) but A*A is a ¥YDO, thus easier
to study. The latter is not alway true for any FIO, so some conditions are needed. In case of
integrals along geodesics, see (20), this is guaranteed by the assumption of no conjugate points,
see sections 3 and 5 in [17], where the injectivity of the exponential map is used to guarantee that
the Schwartz kernel of A* A has singularities on the diagonal only. If the metric is Euclidean, there
are no conjugate points, of course. Again the example above shows that we may need to restrict
N to a subspace L of H in order to avoid working with YDOs on manifolds with boundary. Then
F|, may not have finite cokernel anymore. For this reason, we will only study operators F' that
are upper semi-Fredholm, i.e., Ker F' is finite dimensional, and Ran F' is closed. Equivalently, F' is
upper semi-Fredholm, if there exits a bounded left inverse A modulo compact operators (AF — Id
is compact). Note that if N = A*A is Fredholm, then A itself is upper semi-Fredholm.

We are not losing generality when replacing A by N = A*A as the next lemma shows. Note that
also stability estimates for NV of the type (29) and (31) below imply stability estimates for A of the
type (23), (24) as well.

Lemma 1. Let A : By — By be bounded, where By o are Hilbert spaces, and let £ C By be a (closed)
subspace. The following statements are equivalent.

(a) A: L — By is injective;

(b) A*A: L — By is injective.

(¢) UpA*A : L — L is injective, where Iz is the orthogonal projection to L.
Proof. Let f € L. Then

(30) (A*Af, f)B, = |AfI%,-
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This proves the implication (a) = (b). If Af = 0 with f € £, then A*Af = 0 as well, therefore
(b) = (a). The equivalence of (¢) and (a) follows in the same way. Indeed, assume (a) and let
M A*Af = 0 with some f € £. Then by (30), Af = 0, hence f = 0. Assume now (c) and let
Af =0 with f € L. Apply IIA* to get II;A*Af =0, hence f = 0. O

Proposition 2. Let N : By — By be upper semi-Fredholm. Assume in addition, that N is injective
on some (closed) subspace L C H. Then:
(a) There ezists C > 0, so that

(31) 1fll. < CINflls,, Vf €L

(b) Estimate (31) remains true for any other bounded operator close enough to N with a uniform
C > 0.

Clearly, one can always take £ = (Ker N)t if B; is a Hilbert space. The way we formulated
the proposition above however is intended to underline the fact that if we can prove injectivity
on some explicitly given subspace that is of interest to us (L?(£2) in the example above), then we
automatically have stability.

Proof of Proposition 2. The operator N : L — N(L) is bounded, injective, and has a closed range.
By Proposition 1, (31) holds. This proves (a).
To prove (b), it is enough to write

(32) 1115, /C < INFll, < (N = N)flls, + INfl5,-
O

Remark 5. In the tensor tomography problems, see (20), one has to use a finer version of Proposi-
tion 2(b). Then N = N, depends continuously on the metric g, and N, : H'(M) — H?(M), where
M, 3 M and tensors in M are alway extended as 0 outside M. The space H2(M) has the property
that H2(M;) C H?(My) C H'(Mi). On the other hand, H?(M) is “too large”, and Ran N, is not
closed there. It turns out, that one can construct a left parametrix @, so that Q,N, = Id + K|,
where K, is a smoothing operator. However, Q, : H*(M;) — H'(M) is not bounded; we can show
only that Q, : H?(M;) — L?(M) is bounded. On the other hand, Q,N, is bounded on H'(M), of
course. This requires some modification of the arguments above, and the resulting estimate is

120 20y < ClINgfll g2agys VI € HY (M)

with C' > 0 locally uniform in g. Here f?® is the orthogonal projection of f onto a certain space,
called solenoidal tensors, where N, is injective by assumption. Note that (32) does not apply with
By = L*(M) and By = H?(M;) because N, is not bounded as an operator between those two
spaces. On the other hand, one cannot replace By by H'(M) because Ny(H(M)) is not closed in
H?(M). For more details, and for the needed modifications in the arguments, we refer to [17, 18].

The following proposition is well known, see e.g., [23]. We define Sobolev spaces on a compact
manifold by fixing a finite atlas. We assume in the proposition below that N is of order —m < 0
in view of applications to tomography problems. The order —m does not need to be non-positive,
and one can study N as an operator mapping H*® into H*T™ for s not necessarily 0 by the usual
technique — applying powers of 1 — A to the left and right.

Proposition 3. Let N € V™" (M), m > 0 be an elliptic WDO on a compact manifold M.
(a) Then for any 1l > 0, one has

(33) 11 z2an < Co (1N Fllmean + 1l -rany)
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(b) Assume in addition, that N is injective on some (closed) subspace L C L*(M). Then there
exists C > 0, so that

(34) Iflle2ny < CINfllgman,  Vf € L.

Proof. Part (a) follows directly from the existence of a parametrix. Indeed, there is @ € U™ so
that QAf = f + Kf, where K has a smooth kernel. Note that for this proof it is only enough
to have a parametrix @ of finite order [, i.e., to have K that maps L? into H'. Then (33) follows
directly.
Note that the inclusion L? — H~! is a compact map. Part (b) follows from Proposition 2 above.
An alternative way to prove (b) is to notice that it follows directly from (a), by [23, Proposi-
tion 5.3.1]. O

Recall that =™ (M) is a Fréchet space with semi-norms pg(A), k = 1,2,... given by the semi-
norms (they are actually norms) of its amplitude in the finitely many charts (Uj, x;) of M. The
norms py are given by

pe(a) = max  sup (1 + (€)™ oza) 0t as(w, y, €)l,

max
I zel;, cerrn lal+HBl+HyI<k
where a; is the full symbol of A in the j-th coordinate chart.

Proposition 4. There exists k > 1, depending only on dim M with the following property. Let
A = Ay € U™ satisfy the assumptions of Proposition 3(b). Then (81) holds for any A € U~
close enough to Ag in the norm pi with a constant C independent of A.

Proof. Note that W~™ equipped with the norm pg, k > 2n + m + 1, is a subspace of the space
of linear bounded operators mapping L?(M) into H™ (M), see the appendix in [16]. Now the
proposition follows from Proposition 2(b). O

Remark 6. Proposition 3 can be applied to compact manifolds M with boundary; then we require
the symbol to be defined and to satisfy the symbol estimates for = in the closed M. One can then
extend it as an elliptic symbol to some extension of M without boundary, and treat L?(M) as L.
The same remark applies to Proposition 4 because on can choose the extension of the symbol in a
way that is continuous in any fixed py norm.

Finally, we formulate a direct corollary of these statements.

Corollary 1. Let A : L>(M) — H, be a bounded linear operator, where M is a compact manifold
without boundary, and H is a Hilbert space. Assume that N = A*A is an elliptic VDO of order
—m < 0. Assume also that A is injective on a (closed) subspace L of L*(M).

(a) Then N : L — L is onto, and

(35) [ fllz2ary < CUN fllamary,  Vf € L.

(b) Estimate (35) remains true with an uniform C' > 0 if N is replaced by any other operator
close enough to N in the operator norm L*(M) — H, and in particular for all WDOs in a small
enough neighborhood of A in the norm py, k> 1.

Proof. The only statement left to prove is that N : £L — L is onto. This follows from the fact that
N is injective and self-adjoint, hence it has a trivial cokernel. Next, since IV is Fredholm, its range
is closed. O
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In particular, by Lemma 1, Corollary 1(b) implies that A remains injective under a small per-
turbation (which also follows from the fact that A|, is upper semi-Fredholm). Also, (35) implies
an estimate of the kind ||f|| < C||Af||« with a suitable norm || - ||..

Note that Corollary 1 can be applied to manifolds with boundary as in the example below.

Example 3. We return to Example 2. Let Q; 5 2 as before. Assume that N,, = I} I,, is an elliptic
UDO (of order —1) in ©;. To apply Corollary 1 directly, one can embed €3 into a compact manifold
and extend NV, as an elliptic operator there in a way independent of w. Alternatively, on can work
with the parametrix in €; and eventually restrict to Q. By (28), the principal symbol of Ny is
given by (see [17, 18, 8] for a derivation in even more general cases)

no(Na)(,§) =27 [ Jula 0)P3(E - 0) a0,
Sn—

where ¢ is the Dirac delta function, and clearly, op,(Ny,) is homogeneous in £ of order —1. The

singularity at £ = 0 can be cut-off. Since w is at least continuous, we see that the ellipticity

assumption is equivalent to the following:

(36) Y(z,¢) € Qx 8™t 30 e 8"L, 0 L ¢; so that w(x, ) # 0.
In invariant terms, (z,§) € S*Q, while (z, 0) € SQ. Another way to express the same is to say that
(37) N*(supp’ w) D T*Q,

where §upp0w is the open set where w # 0. Under this condition, using the continuity of w in
SQ = Q x S™1, one can get the same with Q replaced by Q. By Proposition 3, we then get

(38) 1 £llz2() < ClINw Iz,

under the assumption that I, is injective on L?(Q). Since N,, is elliptic, it is enough to assume
only that I,, is injective on C§°(Q2). Without that assumption, one has (33); and (38) on (Ker I,,)*.

To analyze the continuous dependence on w, let us note first that given k > 0, one can construct
a bounded extension operator extending functions in C*(Q) to C*(€);). With the aid of this
operator, one can map a neighborhood of some wy € C*(€2) to some neighborhood of an extended
wo in C*(€Qy). Then we can apply Corollary 1 to get the following.

Theorem 3. Let w € C1(Q x S"1) satisfy (36). Assume that I, is injective on C§°(2). Then
Ny : L3(Q) — L?(Q) is onto, and there exists a constant C > 0 so that

(39) 1fllr20) < ClINwfll12(0,), VS € L*(Q).
Moreover, (39) remains true under small C*(Q) perturbations of w.

The transform I, is injective for a dense open set of weights satisfying (23), including real
analytic ones, see [8]; but not for all positive smooth weights, see [3].

Without the injectivity assumption, (39) holds on (Ker Iw|cgo(9))l. Theorem 3 is a weaker

version of the results in [8] and is presented here just to illustrate the method. Note that w € C*
with £ = 1 is not enough to guarantee that operator convergence in the pg(IN) norm implies
convergence in the norm || N[ z2()—m1(q,), viewing N = N,, as a WDO. On the other hand, N,, is
also an operator with singular kernel, see (28), and w € C" is enough for L? — H' continuity. We
refer to [8] for details.

We show finally that for an injective WDO, ellipticity is a necessary and sufficient condition for
the estimate (35) in Corollary 1 to hold.
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Proposition 5.

(a) Let N be a DO of order —m < 0 on a compact manifold M. Then (34) holds for any
f € L3(M) if and only if N is injective and elliptic.

(b) Let M be a compact manifold with boundary and let My be another compact manifold so that
My > M. Assume that N is a VDO of order —m < 0 defined on some neighborhood of M. Then

(40) Iz < CIN fllgmany,  Vf € L*(M)
if and only if N is injective on L*(M) and elliptic on 7= (M); more precisely,

inf liminf [£]™|po(x, &) > 1/C,
it tn i ez, €)| > 1/

where pg is the principal symbol of N.

Proof. To prove (a), we will work locally near a fixed point on M. In fixed local coordinates near
xg, let p(x, &) be the symbol of N, multiplied by a standard cut-off supported near some zy. We
will study p(x, D) in R first. Fix & # 0 and apply N to the normalized “coherent state”

f)\($) _ ()\/,n_)n/4ei)\mv§0—)\|m—mg|2/2'

Then
fA()\f) — ()\/71-)"/4(271-/)\)"/2€—i>\(§—§0)'ro—A|§—§0|2/2'
Then we get

[p(x, D) fil () = X700 (A /m)"/4(2mA) /2 / ) A2 (1 26) dAe.

For any C' > 0, the contribution to the integral above coming from integrating over |£ — &y| > 1/C
is O(A™N), VN > 0. To estimate the effect of replacing p(z, An) by p(x, A&) in the integral above,
notice first that p(x, A§) — p(z, A\o) = ((x, &, &0, A) - (€ — &) with ¢ = O(1), therefore

(41) / € — Gole N80l 20 = (A7)
[§—Eol<C
(pass to polar coordinates rw = £ — §p). Thus we get
[p(z, D)fA](z)
= A0 () /2m)" (A /)4 [/ ) €GO 2 (2, Agy) dE + ou‘")]

= 0o /2m) (A /m)M pla, Ago) (2 /A 2N o 0= lemmol /2 (x|
= p(x, Ao) fr(z) + O™,

Assume now that (34) holds. It is enough to consider the case m = 0. Then, choosing f = fy, we
get

(42) 1/C < [[p( A A G + O™,

The function ¢y (z — ) = | fr(z)|? = (A/m)"/2e~e=20l* is normalized so that it has L' norm equal
to 1. Therefore,

(43) Ip(, o) fa()I1? = /%(SE — x0)|p(x, Ao) | dz = |p(wo, Ao)|* + O(A ™)
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by the argument already used above, see (41). Relations (42) and (43) show that p is elliptic at
(z0,&0). More precisely, we get

(44) Ip(z,€)| > 1/C — C1l€| ™", V(x,€) € T*M,

where C' > 0 is the constant C' in (34), and C;7 > 0 depends on p only.

To relate N and p(z, D), note that in a fixed coordinates system near some xy, R = N — p(z, D)
is smoothing when acting on distributions supported near zy. Consider then (N — p(x, D))x/f,
where y is a standard cut-off near xy. Then

p(x, D) fx=p(x, D)(1 = x)fx + p(z, D)xfr = p(z, D)(1 = x) fr + (N — R)x[x.

Now, (1 —x)fr = O(e ), Nxfy = O(A\~) as can be seen by integrating by parts and using the
smoothness of the kernel of R. Therefore, Nxfx = p(z, D) fx + O(A~°), and this completes the
proof of (a).

To prove (b), we proceed in the same way in a neighborhood of any zo € M™* but we apply
p(x, D) to xfx instead to fy, where y is a standard cut-off near xy supported in M. As xy gets
closer to OM, the derivatives of x will have larger norms. This will affect the constant C; in (44)
that nay not be uniform in x. The conclusion (b) is still true, however. Note that if N has a
polyhomogeneous symbol, then the sub-principal symbol must be uniformly bounded for z € M,
because we assume that N is a DO in the larger M. Then (] is actually uniformly bounded for
reM. U

3.1. Non-sharp linear stability estimates. In view of the analysis in Section 2, we are also
interested whether an estimate of the type (11), weaker than (35) can still be proven when N is
not an elliptic YDO. In other words, what conditions would imply (35) in different H?® spaces?
Ellipticity of NV is not necessary anymore, and for certain classes of hypoelliptic operators, one can
still have (35) with a loss of one derivative, for example. We are not going to review those classes
of operators. Without a proof, we will only mention that if the full symbol of N vanishes on some
open conic set, (35) cannot hold in any Sobolev spaces. This is well known and used in tomography
to determine subsets of lines/curves on which the X-ray transform can or cannot determine the
function we integrate in a stable way, see e.g., [12]. In particular, in Example 2, if 7%\ N*(supp w)
contains an open conic set, see (37), then no H' — H?®2 stability estimate of the type (38) is
possible.

3.2. Injectivity of the differential Ay . In this section so far we were trying to find sufficient
conditions that would guarantee a stability estimate under the assumption that the differential
Ay, is known to be continuous. It is not the scope of this work to study in detail the typical
approaches to prove that the differential is continuous. We will only briefly mention some of them:
smallness of the coefficients is often used when the constant coefficient case is easy to study directly.
Another technique is the use of the Analytic Fredholm Theorem [13] that, when can be applied,
gives injectivity of Ay for generic f’s. When the unknown coefficient is in the principal symbol, as
in the boundary rigidity question and related hyperbolic inverse problems [19], the calculus of the
analytic ¥DOs can be applied, see e.g., [18].

4. AN EXAMPLE: THE INVERSE BACK-SCATTERING PROBLEM FOR THE ACOUSTIC WAVE
EQUATION

Consider the acoustic wave equation

(45) (07 —A(x)A)u=0, teR,zeR?
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with a variable speed c¢(z) > 0 that equals 1 for large z, i.e.,
(46) c(z)=1 for|x|>p

with some p > 0. Let S(s,w, #), where (s,w, ) € R x §% x S2, be the scattering kernel associated
with ¢, see below. In [16] we showed that if ¢ is close enough to 1 in the C® norm, then the
back-scattering kernel S(s, —6, ) determines ¢ uniquely.

We recall some facts about the time-dependent scattering theory for (45), see [16]. For simplicity,
we work in space dimension n = 3. Given 6 € S?, we denote by u(t, z,0) the distorted plane wave
defined as the solution of (45) satisfying

(47) ’LL|t<<(] = 5(t — X - 9)
Then we set use = u — §(t — x - 0). In the Lax-Phillips scattering theory [9], see also [5], the
asymptotic wave profile uf of u is defined by

ul (s, w,0) = tlim (t + s)Oyuse(t, (t + s)w, 0),
where s € R, w € S2. The scattering kernel S(s,w,6) is given by

1
S(s,w,l) = —%ugc(s, w,0).

Then S(s' — s,w’,w) is the Schwartz kernel of R(S — Id)R~!, where & is the scattering operator,
and R is the Lax-Phillips translation representation.

One can formulate this problem with stationary data in mind. The scattering amplitude a, that
is also defined through the stationary scattering theory, is essentially just a Fourier transform (a
stable and invertible operation) of S in the s variable, more precisely,

(48) ;ia(/\,w,ﬁ) = /e‘is’\S(s,w,G) ds,
™
see [16].
Set w = —0. Then
(49) Supp S(v _07 0) - (—OO,2p]

Let Py be the plane = - @ = —p, and let “dist” be the distance function in the metric ¢~2dz?. Fix
T so that

(50) T > 2max{dist(Py, z); = € B(0, p), 6 € S*} — 2p,

where B(0, p) is the ball with center 0 and radius p, see also (61). We use the information contained
in S for s > —T only. We will denote by h the Heaviside function (the characteristic function of
R,). Our data now is

(51) St(s,—0,0) :=h(s+T)S(s,—0,0).

Instead of working with Sp, we will work with its stationary analog ap defined by
2 .

(52) ar(\, —0,0) = IA—Z /e_ls’\ST(s,w,H) ds, A>0.

The extra factor A=2 there, compared to (48), is there for convenience. Clearly, A2ar = St % X,
where the hat indicates Fourier transform w.r.t. s. Getting a stability estimate in terms of ap
instead of a is even stronger because it uses less information. Since ar is analytic in A, we can
throw away any finite interval without losing information. Our next theorem shows that we are
not losing stability, either. We fix A\g > 0 and restrict A to the interval A > .
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Theorem 4. There exist e > 0, k > 2, p € (0,1) with the following property. For any two ¢, ¢
satisfying (46) and
(53) le=1ler +lle = Lo <,

and for any \g > 0, we have

n
(54) 6 —clle < C ( sup (14 X)7?|(ar —ar)(A, —0, 9)!) :
A>Ng,0€S2

where T is fized so that it satisfies (50) w.r.t. both ¢ and c.

Proof. We start with standard geometric optics arguments, see also [16, Prop. 3.1]. Let h;(t) = t//;!
for t > 0, and h(t) = 0 for ¢t < 0; then h;» = hj_1, j > 0, with the convention hg = h, h_1 = 4.
Proposition 6. Ifc € C*°, and ¢ < 1, then VN,

N
(55) U= Z aj(z,0)h;(t — ¢(z,0)) +rn(t, z, 0)

j=—1
for |x| < p, where ¢ solves the eikonal equation
(56) F@)VolP =1, @looc—p=1"0;
o solve the corresponding transport equations; and rn € CcN.

Proof. The construction of «; is standard, we will focus our attention on ry. The latter solves

(07 — cz(m)A) rn = (Aan)hy(t — ¢(x,0)), rN|i<—p=0.

By standard energy estimates, ry € HIJXCH

ry € CN71. To prove that ry € CN, we apply this to ry;1; then ayi1hyi1(t—o(z,0)) +ryi1 €
cN. O

Note that p+ ¢(x, 0) = dist(Py, x). The expansion (55) is valid in B(0, p) if the eikonal equation
has a smooth solution there. The latter is guaranteed by the following geometrical condition. Let
7.0(t) be the geodesic in the metric ¢2dz? issued from z in the direction of §. Then we want

, see also [16]. By Sobolev embedding theorems, we get

z € Py, and t to be coordinates in B(0, p). The is certainly true if ¢ is close enough to a constant
in C? that we assume. The leading coefficient or_; solves a homogeneous transport equation, and
in particular, «_; > 0. If c=1,then a_; =1, a; =0 for j > 0, and ¢ =z - 0.

Note that (55) remains true if ¢ € C*, k > 2 but for some N = N(k), and N (k) > 1 if k> 2.
Moreover, {aj}jy:_l depend continuously on ¢ € C*¥. Therefore, under the assumptions of the
theorem, for any fixed IV,

(57) lacs —1llen < Cz, llaglow <Ce, j=1...N, |rallon < C,

if k > 1. The CV norm of a; is taken in B(0, p) x S?, while the norm of ry is taken in for

(x,0) € B(0,p) x S2, and t in any fixed finite interval (under the assumption ¢ < 1). Similarly,
(58) |6 —z-Olon < Ce,

see also [16]. )
Let ¢ and ¢ be two sound speeds, and denote by S, @ the scattering kernel S and the solution u
related to é. The following formula is proven in [16]:

(59) (5= 8)(s,w,0) = #aﬁ / / (&2 — c=2)a(t, 2, O)u(—s — 1, 7, —w) dt da.
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The integral above makes sense even though w and @ are distributions.
By the finite speed of propagation for (45), see e.g. [7],

(60) supp u(t, -, 0) C {z; ¢(x,0) <t}, suppu(—s—t,-,0) C{z; ¢(z,0) < —s —t}.
Therefore, for s > —T', on the support of the integrand in (60), we have
tST—QS(JE,Q), —S—tST—(JS(ZE,Q),

see (60). This gives an upper bound for ¢ and —s — ¢ for |z| < p. We want that upper bound
to be so that the singular front of both waves involved in (48), with w = —@ there, would pass
through the whole ball B(0, p). Physically, this is equivalent to the requirement that we make our
measurements for an interval of time so that the front of the wave u(t, z,#) would have enough
time to pass through the whole B(0, p), and then return back a scattered signal. This explains the
choice of T: we want T to be so that T'— ¢(x,0) > ¢(z,0), YV € B(0, p), i.e.,

(61) T > 2max{¢(z,0); |z < p, |0] = 1}.

This is equivalent to (50). Therefore, we study S restricted to =T < s < 2p (the upper bound
is not a restriction actually, see (49)), and the length of that interval, assuming for a moment
equality in (50), equals twice the length of the longest geodesic issued from some support plane
Py ={x-0 = —p}, and staying in B(0, p).

For x € B(0,p), s > =T, and t > T + p, we have that —s —t < —p, and then u(—s —t,x,6) =0,
see (60). Similarly, for z € B(0,p), s > =T, and —s —t > T + p, we have that ¢ < —p, and then
u(t,z,0) = 0. This shows that in the integral (59), the solutions @ and u can be replaced by the
same solutions restricted to t < T + p, and this will not change the l.h.s. when s > —T'. Let x be
a smooth function so that

(62) x(t)=1for —p<t<T+p, xe€CFR).
Set
(63) ur = x(t)u(t, z,0),

and we define 47 in a similar way. Note that the subscript 7" in S and v has a different meaning.
The cut-off for ¢ < —p in (63) does not change u for = € B(0, p) because u = 0 there. Then

(64) (51— S7)(s, —6,68) = #ag / / (&2 — =) iip(t, 2, O)ur(—s — t, 2, 0) dt da.
Take Fourier transform of both sides to get

(65) (ar —ar)(X, —0,0) = —% / (7 %(z) — ¢ 2(2)) Or(z, 0, \)vr(z, 0, A) dz,
where

(66) v, 0, ) = / Myt 2, 0) dt.

Remark 7. Note that if we replace ur by © on the r.h.s. above, we get the “distorted harmonic wave”
solution v = ™% 4y ., where vy is outgoing, i.e., it satisfies the Sommerfeld radiation conditions.
In our case, vy is a convolution of v with the Fourier transform of a certain characteristic function.
That convolution does not affect the high A asymptotic of v, so it is not surprising that below we
get the expansion familiar from the stationary theory. The advantage that we have here is that
we do not need to estimate the contribution of large t’s, and instead of using estimates of the
cut-off resolvent for non-trapping systems, we can just use the geometric optics expansion (55) that
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is more direct, easier to justify for ¢’s of finite smoothness, and easier to perturb near a fixed c.
Furthermore, we get an even stronger result by discarding information (¢ > 0) that is not needed.

Linearizing (65), we get the following.

Proposition 7. Let ¢, ¢ be two speeds satisfying the assumptions of Theorem 4. Then

(67) (a7 — ar) (), -0, 0) = / (6%(x) — ¢ *(2)) v3(x, 0, A) da + R(6, \)
where
(68) sup  (L+X) 2[R0, N)] < C|e? — 2|3

052, x>0

Proof. Let w be defined as u but satisfying wl|;«q = ha(t — - §), where, as above, ha(s) = 52/2, if
s >0, and ho(s) = 0 otherwise. Then h}' = §, u = 9w, and w € HZ_, wy € HL . The difference
w — w solves
(07 = AA) (@ — w) = (& = A)AD, (D —w)|i<o = 0.
By standard energy estimates, in any compact set,
[0y — wellp2 + |0 — wllgx < Cfle® = e -

The constant C' depends on ¢ and ¢ and is easy to see that it remains uniformly bounded, if ¢ is
bounded in C* that follows from the hypothesis (53). Then we get by (66),

(1)o7 = vrllze < €& = | .
Compare (65) and (67) to get
sup (14 02RO N)| < Cle? = e[, v,

where the L? norm is taken in any compact. O
We focus our attention now on the linear operator
(69) AfO0) = [ (w00 f (@) o, f € L2(BO.p).
The geometric optics expansion (55) yields
(70)  v3(x,0,\) = @0 (a—1(z,0,X) + ao(z, 0, \) + ...an(z,0,A) + Ry (z, 6, /\))2, A — 00,
where
0 = / Mo (2, 0)x (D) (t — d(z,0))dt, Ry = / () (t, 2, 0) dt.

Set 7 = 20, and extend ¢ by homogeneity (of order 1) w.r.t. to 8; then 2A¢(x,8) = ¢(x,n). The
leading term is
a2_1 = X2(¢($a 9))042—1'

We have that ¢(z,0) is O(e) close to x - 1, see (58). The natural choice for the space containing
Ran A is therefore L2(R:7L), that we will restrict to |n| > 2Xo. In terms of the original variables,
this space is isomorphic to Lz(()\o, o0) x S?; Azd)\dﬁ). Clearly, if ¢ € C*°, (70) implies that the
expression in the parentheses on the r.h.s. is a classical elliptic symbol. For ¢ € C*, k > 1 the
symbol satisfies the symbol estimates up to a finite order m only, with m > 1, when k& > 1. To
prove this, we first show that a; is a symbol of order —j (of finite regularity). The properties of ry
that we established do not prove that Ry satisfies the symbol estimate |\ 8§8§7GTN| < CA™N but
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it is clear that it satisfies |8§;8§‘797"N| < CA~N. We can replace N by N +m now and this argument
is enough to show that A*A is a YDO with symbol of finite regularity m. This is summarized in
the following.

Proposition 8. Let c € CK(R™) satisfy (46). Then

vr(z,n/lnl, nl/2) = > Ma(z, )

where ¢ and a belong to CN (B(0, p) x S?) with N = N(k) — oo, as k — oo; a(z,n) is a formal
elliptic symbol of order 0 satisfying the symbol estimates with all its derivatives up to order N.

We now consider A as the operator given by (69) in the following spaces
(71) A: B} = L*(B(0,p)) — By == L*((Ao, 00) x S%; A2dAd6).
Then

(72) A*Af(z) = /S 2 /A . /| § e MA@ =W G (2. 0, N)a(y, 6, A) f(y) dy A2 dA df.
>Ao Y x| <p

By a standard argument, define £ = £(z,y,n) by 2A¢(z,0) — ¢(y,0) = (x — y) - £, where n = 2\0
as above. The latter equation certainly has a solution for |z| < p if ¢ is close enough to a constant
in C*, k> 1, and that solution is close enough to & = 7 in C! with [ > 1 when k> 1. Then we
make a change of variables from 7 to £ to get that A*A is a DO of order 0 in a neighborhood of
B(0, p), and it is clearly elliptic.

To apply the results in section 3, and especially Proposition 3(b), we have to show that A*A
is injective. Set M = B(0, p1), where p; > p is close enough to p so that the construction above
remains valid on M. Then set £ = L%(B(0, p)). Assume first that ¢ = 1. Then

A Af(z) = / / / e @0 £(2) dy A2dX df = 73h(| D] — 2X0) £,
52 Ja>xo Jx|<p

where f is extended as zero outside B(0, p). It is easy to see that h(|D|—2)¢) is a Fredholm injective
operator on L%(B(0, p)), see [15] for any Ao > 0 (and it is the identity of A9 = 0). Therefore, the
conditions of Proposition 3(b) are satisfied for ¢ = 1 and we get

(73) 1l z2(B0,p)/C < NA*Af | L2(B0,R)) < CllfllL2(B(0,p))-

with some R > p. This show in particular that A : B] — B, is bounded, depending continuously on
c € C*, k> 1. That property is preserved if we increase p a bit. Therefore, A* : By — L%(B(0, R))
is bounded a well, and also depends continuously on ¢ € C*, k> 1. Thus

(74) 11l z2(B0.0)) < ClIAS |5y

This is the basic estimate that we need to apply Theorem 2. The spaces B; and By are determined
by the estimate in Proposition 7; set B; = L (B(0, p)), and let By be the Banach space determined
by the norm on the L.h.s. of (68). We need to show that the interpolation estimates (13) hold with
a proper choice of BY ,. Since

1 fllBy = I fllLoo(B(0,p)) < Cell fll grnsote,
Ve > 0, we use (18) to deduce that the second interpolation estimate in (13) holds with B} =
H*1(B(0,p)), where n/2 + ¢ = s1(1 — p1). Note that we can make py as close to 1 as we want by

choosing s; large enough. Next, we need to choose BY so that the first interpolation estimate in
(13) holds:

1—
(75) lullz, < Cllullig llull 5"
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The following estimate follows from the Holder inequality, and is actually a version of (18):

(76) / lu[2A2d) < ( / |u|2)\‘4d)\>a ( / |u|2)\25d)\>1_a,

with s = (1 4+ 2a)/(1 — a) for any 0 < a < 1. We therefore define B to be the Hilbert space with

a norm
1/2
lull g = ( / |UI2A232dA> |

with s > 1, and then (75) holds with ps = (s2 — 1)/(s2 + 2).
The condition pqpus > 1/2 is therefore equivalent to

—1
52 oy L
S + 2 281 2
This can always be achieved with s; > 1, s9 > 1. The condition (16) is then guaranteed by (53),

if k> s7.
This completes the proof of Theorem 4. O
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