THE SOLID-FLUID TRANSMISSION PROBLEM

NIKOLAS EPTAMINITAKIS AND PLAMEN STEFANOV

ABSTRACT. We study microlocally the transmission problem at the interface between an isotropic
linear elastic solid and a linear inviscid fluid. We set up a system of evolution equations describing
the particle displacement and velocity in the solid, and pressure and velocity in the fluid, coupled
by suitable transmission conditions at the interface. We show well posedness for the coupled system
and study the problem microlocally, constructing a parametrix for it using geometric optics. This
construction describes the reflected and transmitted waves, including mode converted ones, related
to incoming waves from either side. We also study formation of surface Scholte waves. Finally, we
prove that under suitable assumptions, we can recover the s- and the p-speeds, as well as the speed
of the liquid, from boundary measurements.

1. INTRODUCTION

The analysis of waves meeting an interface between a solid and liquid body is of great interest
in seismology, where it is of importance to understand the behavior of seismic waves in the interior
of the Earth. It is well known that the Earth’s outer core is liquid, and of course the same is
true of the oceans, whereas the crust, mantle and inner core are solid. Earthquakes occur in the
crust or upper mantle, so it is desirable to investigate their behavior when they encounter a liquid
medium. The purpose of the present work is to study microlocally the transmission problem at the
interface between an isotropic linear elastic solid and a compressible inviscid fluid. We assume that
the interface is smooth and that the Lamé parameters Ag, s in the solid, the bulk modulus A¢ in
the fluid, and the two respective densities ps and pr are spatially varying. We construct and justify
a parametrix (an approximate solution up to a smooth error) for a coupled system describing the
pressure and particle velocity in the fluid side and the particle displacement and velocity in the
solid. The pressure-velocity in the fluid is coupled with the displacement-velocity in the solid via
two transmission conditions: the kinematic condition requires that the normal component of the
velocity at the interface must match for the two bodies; unlike the case of a solid-solid interface,
tangential slipping is allowed. The dynamic transmission condition requires that the vector valued
traction across the interface must be continuous across it and normal to it. Those transmission
conditions determine how parametrices constructed separately in the two sides of the interface must
be combined to yield a parametrix for the full system.

In seismology, the oceans and the outer core are often treated as inviscid fluids: it is mentioned
in [ARO2, p.128] that the assumption of zero viscosity is reasonable for wavelengths and periods
typical of seismic waves. Models assuming a viscous outer core have also been studied by some
authors, see e.g [GMZNO04] and the references there. In a solid, the main quantity one is interested
in describing is particle displacement. In a fluid, one is generally more interested in the fluctuations
of hydrostatic pressure and not as much in the displacement (see [SG95|, §2.4.3]), so our primary
model (2.1a52.1¢g]) below involves a linear first order system of coupled velocity-pressure equations in
the fluid. This system can be easily decoupled into second order equations for the velocity and the
pressure, though the transmission conditions at the solid-fluid interface for a displacement-pressure
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or displacement-velocity system do not appear to be very natural from a physical point of view, at
least in the time dependent formulation of the problem. This is our reason for using the coupled
first order velocity-pressure system in the fluid, which leads to naturally expressed transmission
conditions. The velocity-pressure system in a fluid was studied, e.g. in [BKPRIS§|, and, coupled
with a solid via transmission conditions, in [BGLI§|, [LZ19] (with constant Lamé parameters and
densities). Displacement-pressure systems for a solid-fluid in the stationary formulation have been
studied e.g. in [LM95], [CQ20]. Regarding our assumptions in the solid side, we use the classical
model of linear elasticity describing the displacement in an isotropic linear elastic body (see e.g.
[ARO2], [MH94]).

In order to simplify the presentation, our setup consists of a fluid occupying a bounded domain
M~ C R3, enclosed by a solid occupying a bounded domain M+ C R3, such that M~ and M :=
M~ U M™ are diffeomorphic to a ball (see Fig. below); we write I'= M+ N M~ for the interface
between the two. If one wished to use a model more closely resembling the Earth structure, one
might work on a manifold diffeomorphic to a ball which contains a number of layers, each occupied
by a solid or fluid, with transmission conditions imposed at the various interfaces between layers; see
[DT9g|, [(HHP17] and [SUV21], with only solid layers in the latter. Since the microlocal analysis of
the transmission systems is local in nature and the solid-solid and fluid-fluid transmission problems
are handled, for instance, in [SUV21], our study of the transmission problem does not become
less comprehensive by our choice of a simplified setup. We mention that within the regime of
linear elasticity it is also possible to use more involved models taking into account factors such
as self-gravitation and rotation of the Earth (see e.g. [DT98], [dHHP17]). One may also work
with anisotropic solids; the transmission problem at the interface between anisotropic elastic solids
was analyzed microlocally in the recent paper [Han22| as part of a study of the propagation of
polarizations for geometric systems of real principal type.

The first question we address is the well posedness of our system of evolution equations. For
this purpose, in Section [3] we turn the initial system for displacement and velocity in the solid,
and pressure and velocity in the fluid, into a system of second order equations for the particle
displacement fields in both the solid and fluid, subject to transmission conditions. This results
in a PDE system of the form 0?u = Pu, where u = (u™,u™) is the pair of the displacements
in the solid and fluid region respectively, and P = diag(P*, P~) with PT second order matrix
differential operators. We show that P with an appropriate domain D(P) is a self-adjoint operator
on L?(M™T) x L?(M~) (with suitable measures) and produces a solution for given initial Cauchy
data using functional calculus. Well posedness for solid-fluid systems is also shown in e.g. [LZ19],
[dHHP17]. We actually take the extra step of identifying the domain of the self adjoint operator P
explicitly. Although this is not strictly necessary to show well posedness, it is helpful for justifying
the parametrix, i.e. showing that our parametrix differs from an actual solution by a smooth error.
For the case of an interface between two fluids, with acoustic equations satisfied on both sides, the
justification of the parametrix follows from [Wil92]. Identifying the domain of P takes substantial
effort; one needs to show regularity estimates closely resembling elliptic regularity estimates for
solutions to a transmission problem for a pair of elliptic differential operators with smooth coeffi-
cients up to an interface (see e.g. [McL00, Ch. 4]). However, the operator P~ is not elliptic, thus
such regularity results do not appear to be immediately quotable and we had to adapt the proofs
to our situation; as they are somewhat lengthy and technical we included them in the Appendix.

Next, we need to construct a parametrix for our solid-fluid system. The study of the elastic
wave system with constant Lamé parameters is often simplified using potentials (see e.g. [SG95]).
In this way one obtains a decomposition of elastic waves into shear (s) and pressure (p) waves,
which are transversal and longitudinal respectively. In [SUV2I], it was shown that the elastic
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system with non-constant Lamé parameters can be decoupled microlocally, up to lower order matrix
pseudodifferential operators. In this way, from a microlocal point of view, its study reduces to the
study of potentials satisfying principally scalar hyperbolic pseudodifferential systems. For those,
the construction of a parametrix via geometric optics is standard (see e.g. [Tay81]). One also
obtains a decomposition of an elastic wave into a microlocal s and p wave up to lower order terms.
In the fluid side, we similarly use a potential to reduce the study of the evolution of the “momentum
density” pfv~, where v~ is the velocity in the fluid, to the study of a scalar hyperbolic equation
with a source supported away from the interface at all times. For such an equation we can again
construct a parametrix away from the interface and boundary.

The parametrices constructed on the two sides of the interface between the solid and fluid must
be matched using the transmission conditions. Suppose that we have solutions of the elastic and
acoustic wave equation on the solid and fluid side respectively, consisting of incoming and outgoing
waves (incoming/outgoing waves propagate singularities only in the past/future respectively, in
their respective domains). The Dirichlet and Neumann data of those solutions at the interface
I' x R are coupled by the transmission conditions. To show microlocal well posedness for the
transmission problem, it suffices to show that the Dirichlet data of the outgoing waves at I' x R
can be uniquely produced from Dirichlet data for the incoming ones. If this is the case, then the
geometric optics construction can be used to yield parametrices for the outgoing waves; combining
them with parametrices for the incoming ones, we can obtain a parametrix for the full system
near the interface. With the aid of appropriate incoming and outgoing Dirichlet to Neumann maps
relating Neumann and Dirichlet data, the system induced by the transmission conditions can be
reduced to a pseudodifferential system on I' x R for the Dirichlet data of the outgoing waves, in
a conical neighborhood of the Dirichlet data of the incoming waves. In this way, microlocal well
posedness of the transmission problem is reduced to the microlocal solvability (ellipticity) of this
system.

It turns out that the form of those microlocal systems and their solutions (i.e. of the waves
produced) depends on the traces of the incoming waves, and we have to study six cases separately
(we do not investigate the case of wave front sets in the glancing regions, see below). In some of
those cases, evanescent waves are produced on either or both sides of the interface, that is, waves
which decay exponentially fast away from I'. Those do not propagate singularities into the interior
of the solid or fluid region. Of particular interest are surface waves which are evanescent on both
sides of I' x R and propagate singularities along I' x R. In the geophysical literature, surface waves
at the interface between a solid and a fluid are known as Scholte waves. For constant densities and
Lamé parameters and a flat interface between two solids, the analogous surface waves (known as
Stoneley waves), do not always exist; however, in the constant parameter case, Scholte waves are
known to always be possible (see [Sch47], [SG95) §2.5.3], [AR02, p. 156], [Ans72]).

We will always assume that the Dirichlet data of our solutions at I' x R are away from the
glancing regions in T*(I" x R) with respect to the wave speed of the fluid and the microlocal p
and s waves in the solid (see Sections and . The projections to M of bicharacteristic rays
emanating from glancing covectors are tangential to the hypersurface I'. The construction of a
parametrix for the acoustic or elastic wave equation given Dirichlet data with wave front set in the
glancing region corresponding to the acoustic or s/p wave speed respectively is more delicate (see e.g.
[Tay81], [SV95, [Yam09]) and we do not consider it here, partly to avoid lengthening the exposition
further. Besides that, it follows from the arguments in Section [7] that a detailed analysis of the
behavior of glancing rays is not necessary for the study of the inverse problem (see next paragraph),
essentially because they constitute a set of measure zero within the set of all bicharacteristics. We
should also mention that in order to construct a full parametrix for our system, one also needs to
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consider the behavior of singularities of elastic waves meeting the outer boundary M. We do not
pursue this here, since it has been studied in detail in [SUV16l Section 8].

We apply the analysis above to study the inverse problem of recovering the densities and the
Lamé parameters of the solid and fluid from the Neumann to Dirichlet map at the boundary OM.
In Theorem [2] stated in Section [7] and somewhat informally summarized here, we prove that we

can recover the shear and the pressure elastic speeds ¢s = v/(As + 2us)/ps and ¢, = /ps/ps in
M™, and the liquid speed ¢t = y/A¢/pg in M~ under a foliation condition. The density ps is also
recoverable under an additional technical assumption. The main idea is to reduce this problem to
the lens/boundary rigidity one and use the result in [SUV16], see also [SUV18, [SUV21, I(CAHKU21].
We do not recover A¢ and ps separately though; the recovery of the density below the interface
requires recovering all material parameters as well as their higher order derivatives at the interface,
and for this one typically needs information about the full amplitude of the reflected waves (not
just its principal part). Interface determination of the material parameters from such information
has been studied in the solid-solid and fluid-fluid case in [BAHKU22b], and it is plausible that in
our case the density in the fluid region can be recovered using techniques similar to those there and
in the subsequent paper of the same authors ([BAHKU22al), but we have not pursued this question.

The paper is organized as follows: in Section [2| we describe our geometric setup and main model
and elaborate on the various physical quantities appearing in it. In Section [3]we show well posedness
for the coupled system of evolution equations in the solid and fluid and identify the domain of the
self-adjoint operator P mentioned before. In Section [ we transform the system to one involving a
potential in the fluid region and in Subsections and we discuss some necessary background
on the geometric optics construction for the acoustic and elastic equation respectively. Section
is perhaps the most central of the paper. There, we study the transmission systems and show
microlocal well posedness of the transmission problem, that is, we show that a parametrix can
be constructed for the solid-fluid system near the interface, away from the glancing region. The
most important results of the section are summarized in Theorem In Section [6] we justify the
parametrix, i.e. we show that it differs from an actual solution by a smooth error. The inverse
problem is studied in Section [7], where Theorem [2]is stated and proved. In Appendix [A] we explain
how well posedness and parametrix justification work for the solid-solid and fluid-fluid case, quoting
some readily available results. In Appendix [B] we present two lengthy proofs omitted from Section

Bl
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2. THE SETUP AND MAIN MODEL

Suppose M C R3 and M~ CC M are precompact domains diffeomorphic to an open ball, and g
is a smooth background Riemannian metric on M, whose purpose will be to help us conveniently
change coordinates whenever necessary. Let M* = M \ M (see Figure . We assume that M+
is occupied by an isotropic elastic solid and M~ is occupied by a compressible inviscid fluid. Let v
be the outer pointing unit normal to M, and set I' = OM_. We will study the first order system
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(2.1a) out =vT in MT xR,
(2.1b) ot = p Tt Eut in MT xR,
(2.1c) o~ = —pf_IVp_ in M~ xR,
(2.1d) Op~ = —Aedivoe™ in M~ xR,
(2.1e) vtev =0T v onI' x R,

(2.1f) Nu")=—-pv on I’ x R,

(2.1g) N@ut)=0 on OM x R,

with prescribed Cauchy data
(21h) ( +7 +7p , U |t 0 (U(J)rWo’vaUO)

We will later place assumptions on the data as needed. The densities ps, pr are assumed to be
smooth and positive spatially varying functions, and the same is assumed for the bulk modulus A¢
of the fluid. In and throughout, - denotes pairing with respect to the metric g. Physically,
the vector fields u* and v™ stand for the displacement and velocity field in the solid respectively,
whereas v~ and p~ stand for the velocity and pressure in the fluid, respectively. In ,

Eut =divo(ut),
where o is the Cauchy Stress tensor, see (2.2) below. We denote by
Nu") =o") v

the traction across I' and OM. The transmission condition indicates that the normal compo-
nent of the velocity is continuous across the interface, allowing tangential slipping. indicates
that the tangential components of the traction at the interface vanish, whereas its normal compo-
nent is continuous. At the interface between a solid and vacuum (or air, by approximation) one
requires vanishing of the normal traction, i.e. (2.1g). Those transmission and boundary condi-
tions for the interface between a solid and a fluid are physically reasonable and widely used in the
geophysical literature, see e.g. [SG95, Problem 2.10], [AR02], Section 5.2].

Given u™ € O (HJr; TM), the Cauchy Stress tensor is a symmetric (2,0)-tensor field, given by
(2.2) o(ut) = A(divut)g™! + 2usdut.
In (2.2)), As, ps are the Lamé parameters, which are assumed to be smooth, positive and spatially

varying on M but constant in time. We denote by d°u the symmetrized covariant differential of
a vector field u, with a raised index, becoming a (2, 0)-tensor field. In local coordinates,

1 1
(23) (dsu)ab — 5(vaub + vbua) — 2(gakubk +gbkua " -l-gakgbggke il )

where repeated indices indicate summation and for a vector field v we write V*u’ = ¢?*V,ub =
g% (ub j, + T ,u’) with I'?, denoting the Christoffel symbols of g (also see Remark [2.1| below). Thus
Ewu can be written in local coordinates as

(2.4) (Bu)®* = V*(AsVit") + Vi (us(VOuF + VFu®)).

Note that in the first term above, the covariant derivative of a scalar function, with a raised index,
agrees with the gradient V = grad, and this is the interpretation we will place on V f for f scalar,
i.e. Vf will be an (1,0) tensor field.
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Remark 2.1. Following [MH94|, Section 4.3], u™ is considered a vector field, but it is also possible
to treat it as a covector field, as done in [SUV21]; one can switch between the two by lowering or
raising an index with respect to g. A slight advantage of viewing u™ as a vector field is the natural
interpretation of the strain tensor as 3£,+g, where £ denotes Lie derivative (see [MH94]). On
the other hand, a disadvantage is that the notation d® is more commonly used in the literature to
denote the symmetrized covariant derivative of a covector field w, with no indices raised. Denoting
the latter by d°, we can see that it is related to d°® as defined in in a natural way. In

local coordinates we have (djw)as = %(wa;b + Whia — 2F’;bwk), thus a computation shows that
dut = (cl§(1ﬁ)b)jjﬂ = %(L’w g)%, where # and b indicate raising and lowering of indices respectively.

We make the following assumption on our initial data, whose relevance will become clear in
Section [3] below.

Assumption 2.2. We have fM, Do /At dvg = fr ug -vdA, where dvg, dA are the natural measures
induced by g on M~ and I respectively. Note that v is inward pointing with respect to M ~.

Jr
M solid

FiGURE 1. The geometric setting.

3. WELL POSEDNESS OF THE ACOUSTIC-ELASTIC WAVE EQUATION

In order to prove well posedness for the system (2.1aH2.1g)) we consider an auxiliary system,
which physically corresponds to equations for the displacement in the solid and fluid. As we show

below, the system (2.1al{2.1g]) with initial conditions (2.1h]) satisfying Assumption [2.2|is equivalent
to the system

(3.1a) O*uT = p7 Eut in M xR,
(3.1b) Ofu~ = p; 'V Ardivu~ in M~ xR,
(3.1c) utv=u v on I' x R,
(3.1d) N(u") = M\(divu™) v on I' x R,
(3.1e) Nut) =0 on OM x R,
for u = (u™,u ™) with initial data

(3.1f) u=uy, OJu=vy att=0
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chosen as follows: given sufficiently regular initial data as in (2.1h)) satisfying Assumption we
choose initial data (ug, vo) = (ud,ug, vy, vy ) by choosing uy such that

3.2 py = —Xedivug on M~, ul-v=wu; -vonl.
0 0 0 0

We find such a v, as follows: solve
(3.3) Awy = —po/Afon M~ Jywy = uar -vonT,

and take u, = Vwy. Assumption guarantees the existence of a solution to , unique up
to a constant, for appropriate regularity of the initial data. Moreover, if is satisfied (as is
the case for a reasonable simple model for a fluid, see e.g. [AR02, (8.2)]), then Assumption is
automatically satisfied.

The choice of initial data wu, satisfying is not unique. Any other such choice u;’ will
differ from wu, by a divergence free vector field zp with zp - » = 0 on I'. The solution u’ of
with initial data , where v, is replaced by u,’, satisfies u — u’ ‘ 0 = (0,29) and
O(u —u')| —o = (0,0). By the energy conservation below, u — u’ has vanishing energy for
all time (since this is the case for t = 0). Therefore, d;(u — u’) = 0, implying that u — u’ = (0, 2o)
for all time, thus constant (as before the pair stands for the + and — component of u — u’).

Now to produce a solution of the original system (2.1al2.1g) given one of (3.1alf3.1¢)), set v+ =
O™, v- = O and p~ = —A¢divu~. The solution of (2.1al{2.1g) obtained using those substi-
tutions is independent of adding a pair (0, zp) to u = (u™,u~), where 2y is constant, divergence
free and satisfies zg - Z/‘F = 0, since such a term does not alter p~ or v~. Moreover, Assumption
is satisfied automatically by the divergence theorem and . Conversely, given a solution
to (2.1al2.1g) with Assumption in effect for the initial data, one can produce a solution for
taking v~ = uy + fg v~ (7)dr with u; chosen as described above (the solution is
not unique due to the ambiguity in the choice of uy ). To verify , one needs to use that

OPu~ = O~ = —ptTle_, and the fact that gyp~ = —A¢dive™ implies O;(p~ + A¢divu™) = 0, to
obtain p~ = —A¢divu~ for all time by (3.2). Note that since the initial data are chosen so that

ug v =ug v, follows from . In summary, solutions (u™, v+, p~,v™) of (2.1afl2.1g)) with
initial data subject to Assumption are in 1-1 correspondence with solutions u = (u*,u™) of
(3.1aH3.1€e)) with initial data chosen as described before, modulo the addition of a pair (0, zg) with
the aforementioned properties.

We would like to show that (3.1af3.1€]) has a unique solution given initial data (3.1f) lying in an
appropriate space; consider the unbounded densely defined matrix operator Py on

(3.4) HY := L2 (M, psdvg; C @ TM) x L*(M ™, prdvg; C @ TM),

given by
Pt 0 pi'E 0
Py = — | = -1 : )
0 P 0 pr VAgdiv
with domain

D(Py) = {(u",u") € C®(M " ;C@TM) x C*(M ;C & TM)

- N(uﬂ‘r = A(divu™) v, N(u")=0ondM}.
Note that P~ = p{lE with E as in (2.4) but with the Lamé parameters given by A = A\¢, u = 0.
The operator P~ is not elliptic. In (3.4) and (3.5) we view u® as sections of the complexified

tangent bundles, so that H? becomes a complex Hilbert space. Once we have shown well posedness
for the system (3.1al{3.1¢]) with initial data which are real vector fields in a subset of H°, we will be

(3.5)

with qu-z/‘F =u v
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able to produce real vector fields satisfying (3.1a43.1€|) by taking real parts of the a priori complex
vector field valued solution associated with the given data.

Remark 3.1. One can equivalently let the measures in the L? spaces in be the Lebesgue
measure on R3; the specific choice of measures is only relevant for the definition of the corresponding
inner products. Similarly, below we will use L? based Sobolev spaces, all of which are defined using
smooth measures on precompact domains. To avoid cluttering the notation, we will often not
indicate the measure explicitly when writing them, but we will indicate the target space, when it is
different from C; for instance we will write v~ € L*(M~;C®TM) to mean that [,, |u™|2p¢ dvg <
oo; we will also write ||u_||%2(M,) < o0 in this case. On the other hand, when writing inner
products we will specify the measure, e.g. we will write (u, UE)H(M—,pfdvg) = fM, uy - Uy pr dug.
We henceforth assume everywhere that we have fixed Sobolev norms on M*, I" and M.

Below we write

(ur,u2) 2 = (ur,u2)p0 = (U, u3) L2(0r+ podvg) + (U5 U3 ) L2001~ prdug)»
and
laliZ = lallZe = w1200+ pudog) + 1 172000 prav,)-
Using the identities

/ Eut - wtdv, — / ut - Ewtdv, = N -w" —u® - Nw")dA,
M+ M+ oM+

and
V(Ardivu™) - w dvg — / u” - V(Ardivw ™ )dug

M-

= /F (=Xe(divu)w™ v+ A(u™ - v)div(w™)) d4,

valid for u*, w® € C® (Mi; C®TM) (recall that v is inward pointing for M ™), one sees that Py is
symmetric on D(FPy). By a similar computation using the transmission conditions and the identity

Eut - wtdv, = —/ As(divu® divao ™) 4 2us(dPut - d*wt)dv, + N(u™) - wtdA,
M+ M+ oM+

we find
(u,—Pou);2 >0, ue€ D(F).

By the Friedrichs extension construction (see e.g. [Lax02]), Py can be extended to a self-adjoint
operator P with domain D(P). In Section below we investigate D(P) in more detail; this will
be useful for showing well posedness for the system (3.1aH3.1e) and for justifying our parametrix.

3.1. The domain of P. We briefly recall the Friedrichs construction, which produces a self-adjoint
extension of Py. The first step in the construction of the domain D(P) consists of completing
D(Py) with respect to the norm [[ul|2 = (=Pou,u)zpo + |lufl3,. This norm is induced by the
positive definite quadratic form go(u,w) = (—FPou, w)yo + (u,w)yo with domain D(Fp). Then
the completion of D(F) in || - ||4 is the domain of the closure of gp; we denote this closure by ¢
and its domain by D(q). We note that D(q) can be identified with a subset of H° (the inclusion
v (D(P), |l - llq) = (HO || - |lg0) extends to an injective bounded linear map ¢ : (D(q), || - [l;) —
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(H || - |lg0))- The operator Py subsequently extends to a bounded operator P : D(q) — D(q)* by
letting (—Pu, v)yo = ¢q(u,v) — (u,v)yo, u, v € D(g). Then one takes

(3.6) D(P) ={w € D(q) : q(u,w) < C||lul|yo for all u € D(q)}.

Hence for w € D(P), q(-,w) extends to a bounded linear functional on H°, and by the Riesz

representation theorem there exists a unique w € H? such that g(u,w) = (u, W)yo; set Pw =
—w + w, which is a self-adjoint extension of Pj.

We first identify the domain of the quadratic form ¢. Below we set, for integer k > 1,
HY (M~;CoTM)={u" € L*(M~;C®TM) :divu~ € H*1(M™)},
where the divergence is with respect to g, and divu™ is a priori defined in a distributional sense.

Ifu™ € HL (M—;C®TM), then the trace 7(u™ - v) of the normal component of u~ can be weakly
defined as an element of H~1/2(I) via

(37) _<T(u7 ’ V)7 ¢>L2(F,dA) = (le U, ¢)L2(M*,dvg) + (U,i’ vé)[ﬁ(M*,dvg)v ¢ € Hl/Z(F)v

where ¢ € H'(M™) is an extension of ¢ off I' depending continuously on ¢l g2 (ry (it can be
shown that the choice of extension does not affect the result). Moreover, |7(u™ - v)|g-1/2(r)

depends continuously on the norm Hu_HHjiV(M‘) = (||u_\|%2(M,’dUg) + || div u_||%2(M,’dvg))1/2.

Lemma 3.2. We have
(3.8)

The subscript “tr” in stands for “transmission”. The proof of Lemma is contained in
Appendix [Bl We also include there the proofs of Proposition [3.3] and Corollary 3.5 below, which
employ standard arguments used to show regularity estimates for the transmission problem for
elliptic operators (see e.g. [McL00Q]).

Proposition 3.3. Let u € D(P). We have the estimate
59 lut | Fr2apy + [ dive™ 13 -
< C<||P+U+||%2(M+) + HP_U_H%%M*) + ||U+H%Il(M+) + [ div U_”%Q(M*))
By Proposition [3.3
D(P) C 3y = {(uh,u7) € HA(MT5C @ TM) x HE, (M~5C o TM) :

Twh) - v=7(u -v)onT, N(u')=X(divu )vonT, N(u")=0ondM}.

The regularity follows directly from the estimate (3.9)), whereas the transmission conditions follow
since (Pu,v) = (u, Pv) for u € D(P), v € D(F). Conversely, if w € H%,_ .., an integration by
parts and Cauchy-Schwarz imply that g(u, w) < C||u||z2 for all u € D(gq). Thus we have:

(3.10)

Proposition 3.4. The domain of the self-adjoint operator P is given by D(P) = %(21iv,tr'
The following corollary will be useful in the justification of the parametrix.
Corollary 3.5. If u € D(P) with P*u* ¢ H*(M*;C ® TM), then for k = 0,1,2... we have
||U+quk+2(M+) + || div ui”%{k+l(M—)
< C(||P+u+\|qu(M+) + HP_u_H?{k(M,) + ”u+||12L11(M+) el diVU_H%%M—))'

Ifu=(u",u") € D(P™), m>1then ut € H*"(M*;C®TM) and u~ € Hi"(M~;C®TM).

(3.11)
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3.2. Well posedness. Since (—Pu,u) > 0 for u € D(P), there exists a unique non-negative self-
adjoint square root of — P, written as /— P, and its domain is the completion of D(P) in the graph
norm, which implies that D(v/—P) = D(q) = Hclﬁvytr. Moreover, by the functional calculus we can

define the operators cos(v/—P t) and % V__Ppt) = tsinc(v/— P t), which are strongly continuous in

t and satisfy cos(v/—P t)D(P) C D(P), %D(\/—P) C D(P). Now set
in(v—Pt

(3.12) u(t) = cos <\/ -P t) up + Sm(\/j)vo € D(P),

where ug € D(P) and vg € D(v/—P), which solves

2 _ _ _
Ofu = Pu, u‘tzo—uo, atu‘tzo—vo

subject to transmission conditions satisfied by elements of D(P), i.e. it solves (3.1a53.1¢). We also
have 9yu € D(v/—P) C H° for each ¢, thus the energy

E(t) = (u,—Pu)p2 + [[9pu]72
(3:13) = 1AV () IT2ar+ rcdvg) + 1L @T2 00+ 2psavg) + 1AV U 12000 Agny) + 100072

is well defined for all time. Moreover, since u € D(P) and dyu € D(v/—P) = Héiv’tr, we can check

that € is constant upon differentiating € in time and substituting 9?u = Pu in &'(t).
Returning to the original system ([2.1a{2.1g) with the substitutions mentioned earlier, (3.13])
implies that the energy

(3 14) H diV(u+)||%2(M+a)\stg) + HdS(UJr)H%Q(M_‘_vQNdeg) T HerH%2(‘]\/‘,-~_7Psd1’g)

+HU_H%2(M7,pfdvg) + Hp—”i%M—,,\;ldvg)

is constant. Now call H the image of D(P) x D(v/—P) under the map

(3.15)  D(P) x D(v=P) > ((ut,u™), (v, v7)) = (ut, v, = Aedivu=,v7) = (ut, 0", p,07).
Since D(v/—P) = ’H}hv’tr, by Proposition and Lemma it follows that H is contained in

{(u+,u+,p—,u—) € H*(MT;,C®TM)x HY(M";CoTM) x H'(M™) x HY (M—;C®TM) :
(3.16) 7(v")-v=71(v"-v)and N(u")=—p vonT, N(u") =0 on OM,

/ P~/ Ardug :/qu . I/dA}.
M- r

It turns out that H is actually equal to : given (ut, v, p7,v7) as in , one can produce
u™ € H% (M—;C®TM) such that ((u*,u), (vT,v7)) € D(P)x D(v/—P) is in its preimage under
the map by solving Aw = —p/Af on M~, O,w = u' -v on I and taking u~ = Vw (just like
in ) The last condition in guarantees the solvability of this problem and the various
transmission conditions are not hard to check. Note that the map (3.15) has non-trivial kernel;
however, any element in its kernel has 0 energy. Therefore any solution of (3.1aji3.1e) produced
by an element in the kernel as initial data via will be of constant 0 energy and will thus be
constant, staying in the kernel for all times. We have shown the following;:
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Proposition 3.6. The system subject to initial conditions contained in the space H
given by has a unique solution in C(R;H). The solution is given by the image of (u,du) as
n under the map , where the initial data ug, vo are produced by given initial data in
H using the procedure described after . The energy of such a solution is constant.

4. THE SOLID-FLUID TRANSMISSION SYSTEM AND GEOMETRIC OPTICS

Our goal in this section will be to review the geometric optics construction and show how it can
be used to construct an approximate solution for the equations describing the evolution in the solid
and the fluid. In the fluid region it will be convenient (and, as we will show, sufficient) to work
with potentials. We start by explaining this point.

Let (u™,v",p~,v™) be the solution to subject to initial data (2.1h). To simplify
the notations, henceforth we assume that the vector fields and functions we use are sections of
appropriate regularity of TM and M x R respectively, instead of their complexified counterparts.
As mentioned earlier, the existence of real solutions of is justified since we can find them
by taking the real part of complex ones. Then we can pass to real solutions of . If in the
initial data we have prvg € HY, (M ~;TM) and vy € H'(M™;TM), there exists a potential
Yy € H*(M™) and a divergence free vector field Zy € L2(M~;TM) with 7(Zp-v) =0 on I (in a
weak sense) such that

(4.1) prvy = Zo — Vg .
They can be found by solving up to a constant
(4.2) Ay = —div(prvg ) on M~, 9y = —pgvg - v on T,

and taking Zy = prv, + Vi), . Here (4.2) is solvable because of the transmission condition ((2.1e])
which guarantees that [,,_ —div(psvy )dvg = [1 prvg - v dA. Setting

t
(43) w0 = v + [ p (),

we find that psv™ + V1)~ is constant in time by , so by ,
(4.4) prv(t) = Zo — Vi (1).

Now one checks that (u™,1 ™) satisfies the following system of hyperbolic equations subject to
transmission conditions and Cauchy data:

(4.5a) 2T — ptEut =0 in M xR,
(4.5b) Oy~ — A div(p; 'Vy~) = F in M~ xR,
(4.5¢) vt = —p{l oY~ on T xR,
(4.5d) Nu") = -0~ v on ' x R,
(4.5e) Nu™) =0 on OM x R,
with

(4.5f) (w*, 0t ™, 87| g =(ug s v %5 1o

where F(z) = —\(Vp; ') - Zo(z) is constant in time and Assumption applies to the initial
data in (4.5f). Note that by the construction of the initial potential vy, Zy has no effect on the

transmission conditions. Moreover, the fact that ¢, is determined by v, up to constant is of no
serious consequence. Indeed, if (u*,9 ™), (ut’,9~’) are two solutions of (4.5al4.5¢|) for which the
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initial data (4.5f) differ by (0,0, c,0) for some constant ¢, then their difference (u*, QZ*) satisfies a
homogeneous version of (4.5 , i.e. with F' = 0, for which the energy

| div(ﬂ+)||2L2(M+,>\sdvg) + ||ds(ﬂ+)||%2(M+72/—Lsdvg) T HataJr”%Q(M*,psdvg)
~_ 12 T2
+[|9r ”L?(M—,A;ldvg) +[Vy HLQ(M—,pf’ldvg)

is constant in time. Therefore, (ah, 1) = (0, ¢) for all time.
Conversely, we can produce a solution of (2.1a{2.1g)) with initial conditions (2.1h|) by first de-
composing pv, using (4.1]), then solving (4.5all4.5€) subject to (.5, and finally setting

(46) (U+,U+,p_,U_) = (U+aatu+,at¢_>/’f_l(zo - V¢_))

Note that the fact that ¢, is only determined up to constant does not affect (4.6]).
For the construction of our parametrix we will make the following assumption:

Assumption 4.1. The initial data (2.1h)) are supported away from I' and oM.

Note that this assumption implies that v, is smooth near the interface I', by and elliptic
regularity (notice that the Neumann condition becomes homogeneous under Assumption . Thus
by , Zy is also smooth near I'. Now let x € C2°(M ™) be 1 in a neighborhood of the singular
support of Zy and v, . With the techniques we use in Section |§| to justify the parametrix, it can
be shown that the difference of a solution of from one of the same system, but with F’
replaced by xF' and 1, replaced by X1, , is smooth up to I' and OM. Hence for the purposes of
studying the transmission problem microlocally, it can be assumed without loss of generality that
Yy and F are supported away from I' (for all time in the case of the latter, since it does not depend
on t), and we henceforth assume that this is the case. If the fluid is initially at rest (i.e. v, = 0)
then ¢y = 0 and Zy = 0, hence F' vanishes, leading to being homogeneous.

The following lemma justifies that, with Assumption in effect, it suffices to use the system
— to study the transmission problem microlocally, in the sense that the singularities
of the quantities v~, p~ in the original system are the same as those of the potential
1~ away from the singularities of Z (also see the discussion before regarding traces at the
interface I'):

Lemma 4.2. In any conical neighborhood U in T*(M~ x R) with U N WF(Zy) = 0 we have
WE(4) = WF(p) = WF (v ).

Proof. Note that WF(F) € WF(Zy) C {(,t,£,7) € T*(M xR)\ 0: 7 = 0}. By (4.5b) and the
analogous hyperbolic equation 92p~ — A div(p; 1¥p~) = 0 for p~ it follows that

UN(WF(p )UWF(7)) C = {(z,t,&7) € T*(M~ x R)\ 0: ¢ > = [¢]2},

where we set ¢t = /Af/pr for the speed of the fluid. Since p~ = 9~ and 0, is elliptic in a

conical neighborhood of ¥f, we conclude that in U we have WF(p~) = WF(¢~). By (4.4), on

U we have WF(v™) = WF(Vy~) € WF(¢)7). Since the metric is non-degenerate, in terms of

local coordinates in a conical neighborhood of a covector ( = (z,t¢,&,7) € 3¢ at least one of the

ek = Z?:l g"¢;, k =1,2,3, is non-zero. Assume that &3 is non-zero (without loss of generality).

Then write V¢p~ = A(0,0,v7)7, where A is a matrix differential operator with principal symbol
1 0 ¢

i{0 1 ¢&2]. Then A is elliptic in a conical neighborhood of ¢, in the Douglis-Nirenberg sense,
00 &

which shows that WF(¢~) = WF (V4 ™), proving the claim. O
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4.1. Geometric optics for the acoustic wave equation. We will use the geometric optics
construction to produce solutions up to a smooth error to the acoustic equation in the
fluid region near the interface I'. We focus on what happens near the interface; away from it,
the construction of a parametrix for (4.5bf) given initial data 1~ ‘ gy O™ ’ 1o can be carried out
using geometric optics and Duhamel’s formula (see e.g [GS94], [Tay81]). Choose local coordinates
(2',x3,t) = (21, 22, x3,t) near a point (pg,tp) € I' X R such that the interface I' x R is given locally
by z3 = 0 and the unit normal is v = — 0, ‘F (so the solid region M™ is locally given as z3 > 0).
This can be done by using semigeodesic normal coordinates for I' centered at pg. We further assume
that the metric is Euclidean at py with our choice of spatial coordinates and below, we compute
various symbols at that point; this simplifies the notation.
Suppose we are given f € £'(I' x R) in a small neighborhood of (pg, ty). A covector (2/,t,&',7) €

WEF(f) lies in one of the following three regions with respect to the acoustic speed of the fluid:

(1) Hyperbolic: {(2',t,¢,7) € T*(I' x R)\ 0: ¢f >72 — [¢']2 > 0},

(2) Elliptic: {(z/,¢,&,7) € T*(I' x R)\ 0: ¢; 272 — €'2 < 0},

(3) Glancing: {(2',t,&,7) € T*(T x R)\ 0: ¢; >72 — €']2 = 0}.
In the three sets above ¢f is always evaluated at x = (2/,0). In everything below we assume that the
wave front set of f is disjoint from the glancing region. As an intermediate step towards constructing
a parametrix for the transmission problem, we seek approximate solutions up to smooth error for
in the fluid region using f as Dirichlet data on the interface; their form depends on whether
WEF(f) is contained in the hyperbolic or elliptic region. We will also need to relate Dirichlet data
with Neumann data at I' x R using the Dirichlet to Neumann (DtN) map for an incoming or
outgoing solution, see below.

First suppose that WF(f) is contained in the connected component of the hyperbolic region
where 7 < 0 (in the 7 > 0 component the arguments are similar). We extend A¢ and pf smoothly in
a neighborhood of py and use the geometric optics ansatz to produce an outgoing/incoming solution

- which solves, in some neighborhood U of (pg,ty) in M x R,

out/in
(4.7) O jim — M div(pr 'V ) =0 inU mod C,
(4.8) 1,/10_ut/in|er =f mUN(xR) mod C™,
(4.9) Youtfinltcctojrsry =0 M UNM~ mod C*.

The defining property of the outgoing (resp. incoming) solution is that its singularities propagate to
the future (resp. past) in the fluid region, along the null bicharacteristics of 0;272 —1¢ \f} Note that
the equation is taken to be homogeneous because we can assume without loss of generality that
the source in is supported outside of U, by Assumption Taking a trace in makes
sense, since WF(¢_ . . ) is disjoint from the conormal bundle of I' x R. The outgoing/incoming

out/i
parametrix has the form (see [Tay81])
— 1 (Pt /i /’ it /77- - N
(410) ¢out/in = W / eﬂpout/ln(z z3,t,§ )GOUt/in(x/’ xg,t,fl,T)f(f/,T)dfldT,

where the phase function solves an eikonal equation and satisfies

(411) Sogut/in(xlv x3,1, g/’ T) =z fl +1ITF 23 \/ 6%7_2 - ‘£/|52] + O(ZL‘%),

the amplitude a;ut/in solves a transport equation with a_ (2',0,t,&',7) = 1. In (4.10), - denotes

out/in

the Fourier transform. In (4.11) and in what follows, when we write “out/in” and “+” (resp. “F”)
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in the same equation, we mean that the “+” (resp. “—") sign corresponds to the outgoing object,
whereas the “—” (resp. “4”) sign corresponds to the incoming object. We remark that the signs
of the square root term in (4.11)) are switched for the outgoing/incoming solution when WF(f) is
contained in the component of the hyperbolic region where 7 > 0.

Differentiating ¢_ . Jin in the direction of v = —0,, we obtain the outgoing/incoming DtN map

associated with our parametrix, which is defined by

A;ut/inf = auw(;ut/in|F><R
and is a pseudodifferential operator of order 1 on I' x R with principal symbol

Now suppose that f € £(T' x R) has wave front set in the elliptic region for the fluid, with
7 < 0. One can produce a parametrix for
Ofbey — M div(p; 'Viie,) =0  inU mod C™
w;,‘er =f imUN(T xR) mod C™
in the form but the phase function ¢, will now not be real. To avoid exponentially growing

waves we require that Im ¢, > 0, which leads to evanescent waves. The phase function can be
constructed asymptotically up to O(x5°), having an expansion

o0
_ . _ o~
(pev(l',7 xs3, t7 5/7 7_) ~ :Z:/ : gl +iT — x30 \/ |£/|3 — G 27—2 + Z x3+jwj($/a ta 5,7 T)7
7=0

where 1) are symbols of order 1, that is, they satisfy locally uniform estimates of the form
10%0maB k| < O(1 + |¢/] + |7|) - 1BI—*

for all multi-indices «, 8 and integers m,k > 0 (recall that we are interested in constructing an
evanescent wave in the region z3 < 0, which dictates the negative sign in the square root term).
For more details on the construction see [Tay81], [SUV21]. The corresponding microlocal DtN map

Aot = 0¥ee|pon

is a pseudodifferential operator on I' x R with principal symbol

op(Asy) = =/ 1€'12 — ¢ 72

4.2. Geometric optics for the elastic wave equation. On the solid side we follow [SUV2I]
to simplify the analysis. A body wave in an isotropic elastic solid with constant Lamé parameters
splits into a sum of a longitudinal wave (p-wave) and a transversal one (s-wave). The wave speed of
the former is given by ¢, = \/(As + 2us)/ps whereas the one of the latter is given by c¢s = /ts/ps.
Note that ¢s < ¢p, since Ag, s > 0. A p-wave (resp. s-wave) propagates singularities along the null
bicharacteristics of 72 — ¢2[¢[2 (resp. 72 — ¢Z[¢[2). In our case the Lamé parameters and density are
not constant, however as shown in [SUV2I], in this setting one can decouple the system defined
by the elastic wave equation up to smoothing operators. By constructing a parametrix for the
decoupled system one obtains a microlocal splitting of elastic waves into microlocal s- and p-waves
at leading order, for which the statement on propagation of singularities still holds. We let

S ={(x,t,&,7) € T*(MT xR)\0: 7% = Z|¢[2},
Sp={(x,t,6,7) e T*(MT xR)\ 0: 7% = 2|¢[2}.
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Note that ¥, N Xg = (). Using local coordinates, one can identify a neighborhood of a point in the
domain M or a neighborhood of a point p € OM* with R3, and, upon extending s, ps and pq
past the boundary in the latter case, view Y, as subsets of T*(R? x R). We do so in the statement
of the following proposition.

s/p

Proposition 4.3 ([SUV2I]). Assume that local coordinates have been used to identify a neigh-
borhood of a point in M with R3, as above. Let ut be a solution of the elastic wave equation
O2ut — p;tEut =0 on an open set in R3 x R in the metric setting, and let uP and u® be microlo-
calizations of u™ near Xy, Xg respectively. With respect to coordinates (x,&,t,7) € T*R3 x T*R, in
any conical set with {3 # 0 there exist a scalar function ¢° and a vector valued function ¢® = (q3, ¢5)
such that microlocally u™ = u® + uP, where

w* = (—icurl +V5)(q},¢3,0)",  uP = —iVg® +14(0,0,¢7)", Vi, V; € WUR?),
and ¢°, q° satisfy
(4.12) 02¢° = (AA + A ¢ + Ro(¢*, ¢P)7,
(4.13) 07 q° = (A + Ap)g® + Ry(q°,¢°)"
with matriz valued pseudodifferential operators As, A, € W1(R3), Ry, R, € $=°°(R3). The curl, gra-
dient V and Laplace-Beltrami operator A are in the Riemannian sense and A is acting component-
wise in (4.12)).
Note that the characteristic variety corresponding to (4.12)) (resp. (4.13)) is X (resp. Xp).

We use the semigeodesic local coordinate setup introduced in the beginning of Section
Moreover, extend smoothly the functions ps, s and Ag near pg in order to make sense of a solution
ut of O?ut — p;'Eut = 0 in an open set containing (po,tp). Then by Proposition in a conic
neighborhood of T(’;m to)(M x R) where &3 # 0, we can write microlocally u* = u® + uP and

(4.14) ut =U"(q},45,0)7, wP=U"(0,0,¢")",

where U™ is an elliptic matrix valued pseudodifferential operator of order 1 with respect to the
spatial variables. Its principal symbol at a covector in T M is

0 —& &
Opo (U+) =1 & 0 &
& & &3

Recall our assumption that the initial data in the solid region has support disjoint from oM.
Then away from OM ™ one can locally use geometric optics for principally scalar hyperbolic systems
to construct a parametrix for the potentials ¢°, ¢° with Cauchy data at ¢t = 0, see [Tay81], [SUV21],
yielding parametrices for the microlocal s and p waves by . In the discussion below we focus
on the transmission problem in a neighborhood of a point at the interface I' x R. As before, we
describe the construction of a parametrix to the boundary value problem with Dirichlet data at the
interface I' x R, as an intermediate step towards constructing an parametrix for the transmission
problem. We also relate Neumann data at I’ x R to Dirichlet data using the DtN map for the
incoming/outgoing parametrices. The geometric optics construction near the outer boundary oM
with homogeneous Neumann boundary condition can be done using the tools described in this
section, and is discussed in detail in [SUV21l Section 8].

So suppose that we are given Dirichlet data f(a2/,t) € £'(I'xR;R3). Similarly to the acoustic case,
the parametrix construction for the elastic equation depends on the location of the singularities of
f- A covector (2/,&',t,7) € WF(f) can lie in one of the following regions:
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(1) Hyperbolic: {(z/,¢,&',7) € T*(T' x R)\ 0: 72 > ¢2[¢/[2},
(2) p-glancing: {(2/,t,&',7) € T*(T x R)\ 0: 72 = c§|§’|§},
(3) Mixed: {(2/,t,&',7) e T*(T' xR)\ 0: cglf'\g > 72> cg\fl\g},
(4) s-glancing: {(2',t,¢,7) € T*(I x R)\ 0: 72 = c§|£’|§},
(5) Elliptic: {(/,¢,&,7) € T*(T x R)\ 0: 72 < Z|¢'|2}.
We will always assume that our data have wave front set disjoint from the two glancing regions.
First assume that f has wave front set in the component of the hyperbolic region where 7 < 0.
In a neighborhood U of (po,tp) in M we will use the geometric optics representation to construct
approximate outgoing/incoming solutions to the elastic wave equation, i.e. one satisfying

82 1Eu =0 mod C* on U,
=f mod C* on U N (I' x R),
=0 mod C® onU N M+.

out/ln o out/ln

(4.15)

uout/ln

ul
out/in lt<ty /t>>t0
In (4.15)), outgoing (resp. incoming) means that the solution propagates singularities to the future
(resp. past) in the solid region x3 > 0. Since WF(f) is in the hyperbolic region and WF(u' . ) C

¥, U, with respect to our coordinates we have &3 # 0 on WF(u, Ut fin ) sufficiently near (pg,to). So

— 7t : :

=U (qout/in’qout/in) - Since qout/m7 qout/in satisfy "‘ ) 10
suffices to determine data q]’out/imb, q}))ut/in,b € & '"(T'xR), j =1,2 in terms of f at the interface and
use them as Dirichlet data for the geometric optics construction for a principally scalar acoustic
system (see [SUV21l Section 3]). As shown in [SUV2I], there exist elliptic matrix pseudodifferential

operators Ujut Jin O I' x R which can be microlocally inverted to produce boundary values ¢ , Jin,b?

out/ln

as before we can write U
out/m

P
Dot in b such that

(416) f Uout/m(qout/ln b 4 oput/ln b)T'
The subscript b stands for “boundary”. The principal symbols of these operators take the form
0 & & 0 -& &
(4.17) Ot Un) = (=6 0 & |, 0puu)Uo) =| & 0 &
—&o & & & & &

at the fiber of T*(T" x R) over (po, to), where

(4.18) G=yJatr2 g G=ya - l¢k

Then our solutions corresponding to potentials for p-waves will have the form

1 ioP (2 w3t T
(419) q})Jut/in = (27.[.)3/6@011“111( s )agut/in(x $3’t£ ) out/lnb(€ )df dT

where the phase function solves an eikonal equation and satisfies

gogut/in(x/, w3, 1,8 1) = - & + i1+ a3/ cp T2 — 1€'12 + O(x3),

and the amplitude a®

out/in is a scalar valued classical symbol which solves a transport equation with

agut /m(x 0,t,¢,7) = 1. For qOut Jin the geometric optics solution is the same as (4.19)) with all

p superscripts replaced by s and with the difference that the amplitude a? , /in has now values in

Out/m(a: ,0,t,&',7) = Id. One subsequently obtains the
desired parametrix as u:ut Jin = Out i+ ud Jin’ using (4.14).

2 x 2 matrix valued classical symbols with a
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ut

From the solution u' . we obtain the traction across the interface I, given by N( ).
out/in out/in

Define matrix valued operators on I' x R by
T _ . T _ .
(4‘20) Mi—;(QiSn,b’ qu;,b) = ZN(U{E)‘FXR, M:ut(qgut,bv qgut,b) = ZN(u:ut)‘rXR’

where u:ut Jin solves (4.15) with f and (¢}, Jinp> qgut /in’b) related by (4.16). The ¢ factors in ([4.20))

are there to ensure that the principal symbol of M:ut /in at (po,to) € I' x R is a matrix with real
entries: it is shown in [SUV21] that with our choice of local coordinates
2_Ms€12€2 ) ,U«s(2§% + f%) - psT2 _2Ms§1§§
Tporte) (M) = | —us(E 4 283) + psT ps€182 —20€285 ;
(4 21) 2:“/5625; _2/1155155 _2/115(5% + é‘%) + psT2
Q_Hsfl?g? ) Ns(2§% + 5%) - psT2 2/155155
O (porte) (M) = | —1s(€7 +2863) + ps7 pséiée 20288 ;
—2pu56263 21586183 —2p5 (&7 + &3) + ps7?

with &, & given by (4.18).

Assume now that f has wave front set in the mixed region, with 7 < 0. Then the p-wave is
evanescent; we construct ¢ Jin 85 before but now the potential for the p wave will be evanescent,

i.e. gb has complex valued phase function of the form
0 .o~

(422) Sogv(m/7 z3, t7 fla 7—) ~ :E/ ' g/ +itr+ $3i \/ |£/|52] - 61;27-2 + Z x?;rjwj (x,’ t, £/> 7_)7
j=0

where Jj is a symbol of order 1. Note that the choice of the first order term in the expansion at
x3 = 0 in ([4.22)) is chosen so that Im @b, > 0 in M*. When the solution with Dirichlet data f has
outgoing (resp. incoming) shear waves, we have

(423) f = Ue—;,out(qgut,bv qgv,b)T (resp. f = U;\_uin(qisn,b’ qsv,b)T)>
where
0 =& & N .
(4.24) Tpoto) Umwou) = | & 0 &|, &= Z\/m
—& & &

orin Teplace &5 by —£3 in (4.24)), with Eg unchanged. Note that
in (4.23), the boundary value of an evanescent p-wave potential appears, regardless of whether the
shear wave is incoming or outgoing. Similarly, let

and for the principal symbol of U

+ T _ +
Mev,out/in(qgut/in’ ng) - ZN(uev,out/in) ‘FXR'

The principal symbol of M:wout at a covector in T/ (T x R) is given by

(po,to)
. —psé1&a ps (263 + €3) — pet? 216185
(4‘25) U(po,to)(Mev,out) = _Ms(g% + 25%) + ,037'2 Msfl§2 2,U€2§§
— 246965 2115185 —2us(E + £3) + ps7?

To obtain a(pmto)(M;, ) again one only needs to replace &5 by —&5 in (4.25).
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Finally suppose that f € & (I' x R;R?) has wave front set in the elliptic region, and with 7 < 0.
Then we only have evanescent potentials (g5, gov) written as described in ([4.19)) and the subsequent

discussion, with complex valued phase functions ¢b,° having asymptotic expansions at x5 = 0

PR (g, 1,8, m) = 2 €+t iwa €2 — ¢ 7 4 O(3).
We can still produce a solution in the form ud, = uS, + uby, as before, with u3, = U™ (¢3,,0),
uby = UT(0,¢5). We have an operator U, on I' x R analogous to U with principal symbol

out/in’?
0 -§ &

U= & 0 &, G=ifler-c

—& & &

This operator has the property f = U;’,(qzv by qgv »)- Moreover, writing

M;(QZV,IN qgv,b)T = Z.‘]\/v(u—i_)’Fx]R’

one has
—psé1a 115 (267 + €3) — ps7 21156165
Opo (M;,) = _Ms(£% + 25%2:" ps7—2 stlgz 2“&5?
_2Ms§2€§ 2#5{15:%, _2/JJS(§% + 5%) + ps7—2

5. MICROLOCAL WELL-POSEDNESS OF THE TRANSMISSION PROBLEM

In this section we study microlocally the transmission problem at the interface between a solid
and fluid. Given waves on the two sides of the interface in a neighborhood of a point pg € T’
and for time near a fixed tp, their Dirichlet and Neumann data at I' x R must match according
to the transmission conditions; a covector in the wave front set of those data can lie in one of 15
possible regions, depending on whether it is in the hyperbolic/p-glancing/mixed /s-glancing /elliptic
region for the solid and the hyperbolic/glancing/elliptic region for the fluid. For instance, given an
incoming microlocal p-wave u} in the solid, the wave front set of its restriction to I' x R will lie in
the hyperbolic or glancing region for p-waves and in the hyperbolic one for s-waves. With respect
to the acoustic speed in the fluid it can be in any of the elliptic, glancing or hyperbolic region,
depending on the value of the acoustic speed in the fluid at the point of interest. In this section we
consider all possible cases for the location of wave front set of the boundary values of the various
incoming, outgoing and evanescent waves, except the cases when the wave front set is contained in
any of the glancing regions.

To construct the reflected and transmitted waves generated by the arrival at I' of various combi-
nations of incident p- or s-waves in the solid, or acoustic waves in the fluid, it suffices to determine
Dirichlet data at I' x R for their potentials, as discussed in Section[dl For this purpose we use the
transmission conditions at I" and the microlocal DtN maps introduced in Sections and and
set up systems for the principal amplitudes of the interface values of outgoing potentials; we then
show that those systems can be solved in terms of the principal amplitudes of the incoming ones by
proving ellipticity. Then they can be solved to any order as well. We also investigate the question
of control, namely whether every configuration in the solid (resp. fluid) side can be produced by
choosing appropriate waves in the fluid (respectively, solid) side. This is needed for the inverse
problem.

Throughout this section we will work near a point (po,tp) € I' x R, with semigeodesic local
coordinates chosen as described in the beginning of Section [£.I} Our full local coordinate system
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(', x3,t) induces local coordinates (2/, x3,t,&, &3, 7) on T*(M x R) 2 T*M x T*R, and (2/,t,&', 1)
are coordinates on T*(I" x R).

5.1. The hyperbolic-hyperbolic case (Figure . Suppose that we have incoming body waves
in the solid and in the fluid. We may assume that the elastic wave in the solid side and the potential
in the fluid side solve (4.5al) and (4.5b|) respectively in a neighborhood of a point (pg,tp) € I' x R
in M x R, by extending s, As, ps, Af and pr smoothly near pg from their respective initial domains
of definition. We first consider the case where the wave front sets of the traces of all waves are
contained in the hyperbolic region for all three speeds ¢, ¢p, ¢f, with 7 < 0 (the case 7 > 0
is similar); using a microlocal partition of unity if necessary, it suffices to assume that they are
contained in a small conical neighborhood 3 of a covector ((posto), (&), 70)) € T*(I' x R) \ 0.

We recall from Section [4.2| that the boundary trace of the incoming wave u+ can be written as

U b UJrqln »» Where the prlnClpal symbol of Ul at (po, to) is as in and - b= (qm b qln b)T.
Moreover, the boundary value of the traction at the interface is given by N(u z/\/lmqm bs

Uin ‘FXR
where the principal symbol of MIJ; is given by (4.21] . The discussion regarding outgoing waves in

the solid region is similar, except the subscripts are now replaced by “out”. On the fluid side, the
normal derivative of v, is 8,,1/1;1} rxr = An¥inp and similarly for 45, Hence by the transmission

out*
conditions (4.5c))-(4.5d))

~1 —1pA— -
(518‘) v 8Tf(l’J’—~_611n b T Uoutqout b) =P Alnwm b P Aoutwout,b
(51b) _Z(M—’—ql—; pt Moutqout b) == a'5¢in,lzy - 8two_ut,b v.
Rewrite ((5.1a})-(5.1b|) as a system for the traces of the outgoing solutions:
q t,b hh qmb
o () (182).
out wout b wln b
where

qh . (Ov- out) A mh . (O UR) oA
) —iME, vo, )’ m iME —vo )’

m

and the superscripts stand for hyperbolic-hyperbolic. We would like to show that the system
is solvable microlocally, i.e. that the matrix operator AM on the left hand side is elliptic.
Slnce the matrix operators in the first column of AMM are of order 2, whereas the ones on the
right column are of order 1, the homogeneous principal symbol of degree 2 of the operator is not
invertible. However we can seek ellipticity in the Douglis-Nirenberg sense ([DN55]), which in this
case amounts to computing the matrix whose entries are the principal symbols of the individual
operators appearing as entries in , and checking that its determinant is non-zero for (¢, 7) # 0
in the hyperbolic-hyperbolic region.
By and the fact that v = —0,, in terms of our local coordinates, we have

GPO(V out) (52 _51 _f?lf)a Jpo(y U+) (62 _51 65)

By the invariance of the principal symbols of U M

n/out’ in/out
&2 plane observed in [SUV2I], Section 7.2] (this uses the specific choice of local coordinates made so

that g is Euclidean at pg), the problem of showing the requisite ellipticity at (£, 7) € T(’;O to)(F X R)
of

reduces to showing it under the assumption & = 0. Compute the principal symbols o, (A

and A Jou . under rotations in the ;-

out/ln)
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Agﬁt Jin? in the Douglis-Nirenberg sense described before, with & = 0:
0 —17&) —iT&y iﬂf%
. Wb 0 —i2uséd = psT?) 206y 0
(5.3a) U(po,to)(Aout) = Z.(Msg% — Ps7-2) 0 0 0 ’
0 —2ipsidy i2ull —p?) it
0 iTé) —ir€h ip; €5
~ hhy _ 0 i(2us€T — psT?) —2ips§1€3 0
(5.3b) T (po,to) (Ain ) = —i(s€? — ps7?) 0 0 0 ’
0 —2ip&a&y  —i(2psl? — per?) T

celr? — €']2 for @ = p, s, f, evaluated at ' = (&1,0).
Using (5.3a)-(5.3b)), we can rewrite (b.1al)-(5.1b|) at the principal symbol level as a system for

the boundary values of the amplitudes of g, ;.. We write (with F the Fourier transform)
(5.4a) (07 out/in (€' 7); Z,out/in<f/77)’bgut/in(flﬁ)) = f(x/,t)(q:ut/in,b)(flyT)’

(5.4b) b(f)ut/in(fla 7) = Flarp)( O_ut/in,b)(f/ﬁ),

b3 outs Dony) and bf b3 i, 0h)) and b . Once this has

2,0ut’ Yout out 2,in’ Yin

given (bs

and we seek to determine (bs Lins

1,out>
been done, can construct parametrices for q;rut, oy Using the geometric optics ansatz.
We remark here that in the case where the direction of propagation of the wave u:ut /in is given

by (£1,0,&3) (i.e. & = 0) and the metric is taken to be Euclidean at pg, the amplitudes biin/out

correspond to microlocal shear horizontal (SH) waves at I, in the sense that the corresponding wave

uf)}l‘lt Jin = —1 curl(qiout Jin? 0,0) is tangent to the interface I" at pg, up to lower order terms. On the
other hand, the amplitudes b3 . Jout correspond to microlocal shear vertical (SV) waves at I in the

sense that the corresponding wave ugl, . = —i curl(0, g3 ¢ Jin> 0) satisfies (curlul. /in) -v=_0atI.
In our case where the Lamé parameters are non-constant, the decomposition into shear horizontal
and shear vertical waves only makes sense at I'; for details see [SUV21, Section 7.2].

It now follows from — that the system for the outgoing amplitudes at the principal

symbol level decouples into the following two systems:

Tél ng _pf_lfg %,out
2#55% - psT2 2#55155 0 bgut
(5 5 ) 2Ms§1€§ _2/~Ls§% + ps7—2 T bgut
.Ha
—7&1 a3 AN
= | —2m&E + o™ 258} 0 ba |
2#551&8’) 2Ms£% - psT2 -7 blfn
and
(5.5b) (=s&f + psT) (B i + B o) = 0.
The determinant of the 3 x 3 matrix on the left hand side of (5.5a)) is given by
(5.6) (70s88 + 168 (2183 — pu7)? + 412636568) ) #0

for (¢',7) = (&1,0,7) # 0. Thus (5.5a)-(5.5b)) is solvable for the outgoing amplitudes. Moreover, it
follows from ([5.5bf) that the microlocal shear horizontal waves are totally reflected. Notice that this
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total internal reflection of the microlocal SH waves takes place without creation of evanescent waves
on the fluid side (unlike the case of total internal reflection of acoustic waves meeting an interface
between two fluids in the hyperbolic-elliptic region, see e.g [SUV21l §3.3.2], where evanescent waves
are created on the other side). This can be explained by the transmission condition: the kinematic
transmission condition imposes no restriction on the SH waves at the interface (at the prin-
cipal symbol level), since they are tangent to it. Moreover, the dynamic transmission condition
forces the tangential components of the traction at I' to vanish, which, as one can check,
implies F (N (uf? +ul,)) (1,0, 7) = 0 modulo lower order terms for uf};t/in =—i culrl(qiout/i][17 0,0),
which is equivalent to . In other words, at the leading order the interface behaves like a “hard
boundary” with respect to the SH waves, i.e. like an interface between the solid and vacuum; with
that observation, the full reflection of the SH waves without transmission of singularities to the
fluid side is to be expected, as shown e.g. in [SUV21, §8].

sv 5 h
\um usy u?rlxl Ugnt
b N Ou’t M+ \"\ ’ M+
N . N /
um X{\ x v b A\/\' yed
h . ’ P N 7
a \‘\\\‘ Do '/'/A’ Uout <« bo -
SENW / 4 /
- Y
¢ A §
/ R ‘, ;
- FARA \ Ysis 1 A= A LM
in
/7 4

FIGURE 2. The hyperbolic-hyperbolic transmission system. The solid occupies the
top region M ™, whereas the fluid occupies the bottom one, M~. On the left hand
side we see the p waves and the microlocal shear vertical (SV) waves, as well as the
acoustic waves in the fluid. The microlocal shear horizontal (SH) waves are totally
reflected and are pictured separately, on the right.

Given a solution of the acoustic equation on the fluid side whose Cauchy data at I' x R has
wave front set in the hyperbolic-hyperbolic region, one can choose suitable waves on the solid side
to produce them: finding appropriate amplitudes at the boundary for the incoming and outgoing
waves in the solid reduces to solvability of the system

bs
T& 3 761 €5 gﬁom
2”85% - ps7—2 2#55165 2/‘55% - ps7—2 _2Ns€l€‘§ bgl‘lt
2#551&5; *2Ms§% + Ps7'2 *2Ms§1§§ *Zusﬁf + ps7—2 b21’3m
(57) in
_p;1£§ p;1£§ bE
= 0 0 m
(i)
—T —T out

which is underdetermined as a system for (b3 4> bouts U3 n» T
(recall that 7 # 0 in the hyperbolic-hyperbolic region).

On the other hand, we generally cannot control the solid side from the fluid one. Eq.
implies that microlocal shear horizontal waves in the solid side are structured and independent of

the waves in the fluid one. Arbitrary shear vertical and pressure waves in the solid side also cannot

. This can be seen by row reduction
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be created by an appropriate choice of waves in the fluid side: to do so we would have to solve ([5.7)

for (b ,bL,), and this system is overdetermined; for instance it is solvable when

T
(2/155% - ps7—2 2Ns§1£§ 2#56% - psT2 _2NS§1€‘§) (bg,out bgut b%,in bf)n) =0
in the small conical neighborhood ¥ of interest containing WF(u™).

5.2. The mixed-hyperbolic region (Figure [3). This case can happen only if ¢t(po) < ¢p(po).
We have incoming s-waves in the solid and acoustic waves in the fluid, but no p-waves in the solid;
we seek the latter as evanescent waves. The transmission conditions (4.5c)), (4.5d) yield

+ o+ + o+ N P -
v 8t(Uev,inqev,in,b + UeV,Outqev,out,b) = P Ainwin,b — P Aoutwout,b’
gt + _ - -
_Z(Mev,inqev,in,b + Mev,outqev,out,b) - atwin,bl/ - 8twout,b v.

As in "‘ , let (bi,out/imb;,out/in’bg"> - ‘F(q;,out/in,b)' We also let bf)ut/in = ‘F(wo_ut/in,b)'
Again we wish to solve a system of the form (5.2)), where now A" _ are replaced by

out/in
mh at(u ’ UeJ\r/ out) pfilAc:ut mh _at(y ’ Uet/ in) —p;lAi;l
Agut = At , Ap = gt :
_ZMev,out 14 (9t ZMeV,in -V 8t

The principal symbol of the AM (vesp. APP) will agree with the one of AR in (5.3a]) (resp.

out out
A in (523B)), with the difference that occurrences of €5 (resp. —&F) will now be replaced by
P
in/out
up. Hence, with & = 0 as before we reach the decoupled system

gg =1y/|¢ |3 —cp 272 Moreover, there is no pair of b but only one b8 in the system we set

7—51 27—%1 —Pf_lf:f), b%,lgut
2/‘55% - psT2 4M2S§1€§ ) 0 bfev
(5.8&) 2156183 —4pgly + 2Pi71' f T bout
—7&1 —p; &3 b ;
= | —2u+pm* 0 ( bfm) :
I B A
and
(58b) (_Msg% + pSTQ)( ?,in + biout) = 0.
The determinant of the 3 x 3 matrix on the left hand side of (5.8a)) is given by
(5.9) 2(r*psl + pr 1L (2187 — pe7)? + 4u2E13ED)),

with real part 2p;1§§(2usf% — ps72)%2. When the real part vanishes, that is, when ps7% = 2usé?, the

imaginary part of becomes —4ius%’§%(72 + 2uspf_1§§§§) > 0, thus the system can be
solved for (b3 ., bev, b.)T. In addition, by (5-8B)), the microlocal shear horizontal waves experience
full internal reflection.

In order to produce an arbitrary acoustic wave in the fluid side whose Cauchy data at I" x R has
wave front set in the mixed-hyperbolic region, using appropriate s waves in the solid and with a
possible creation of evanescent p waves, we have to solve the system

7'51 27'%:-2/ 7—61 b%,}())ut _P;1£§ P;lfg bf
(5'10) 2NS§% - ps7—2 4#56155 2/155% - psT2 bev = 0 0 <bfmt>
ou

2”551&% _4/155% + 2PST2 _2Hs€1§§ b%,in -7 -7
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FiGUurE 3. The mixed-hyperbolic transmission system. On the left we see microlocal
SV waves in the solid and acoustic waves in the fluid, with creation of an evanescent
p wave. As pictured on the right, the microlocal SH waves are totally reflected.

A computation shows that the determinant in the left hand side of equals —8usp373§1§§§~§ .
Since &7 # 0 in the mixed region, the determinant is nonzero there and the system is elliptic.

As in the hyperbolic-hyperbolic case, implies that we cannot produce every configuration
in the solid side by appropriately choosing the waves on the fluid side. However, given incoming
and outgoing microlocal shear vertical waves in the solid side, we can construct them (up to lower
order) using waves in the fluid side, and with creation of evanescent p-waves, if we can solve for
(bifn, bf bby) the system

out»
—pi'eh pte —2rdd o 6 i 3
0 0 —4ps6165 B | = | 20662 — ps7® 20561 — ps7” < s’o,ut>
-7 -7 4NS£% - 20s7'2 bgv 2,LLS£1£§ _2“85153 2,in

The determinant of the matrix on the left is 8p; 1us7'§1£§£~§ # 0, so this system is microlocally
solvable and we can control the microlocal shear vertical waves from the fluid side.

5.3. The elliptic-hyperbolic case (Figure . This case can happen only if ¢ < ¢ in a neigh-
borhood of the point at the interface we are interested in. We have waves on both sides whose
traces have wave front sets in the elliptic region for ¢, ¢, and the hyperbolic region for ¢f. We seek
to determine Dirichlet data for an outgoing acoustic wave in the fluid region and an evanescent
wave in the solid in terms of Dirichlet data for an incoming acoustic wave in the fluid. We have
the system

b 1A= 1A=
v at(U;_/qu) — P Ainwin,b — Py AOutwout,b
—iME(6e) = — Oy v — Oty v

Its solvability reduces to the ellipticity in terms of the outgoing and evanescent amplitudes of

71 S G (e [eE)
(5.11a) 2uf — psr? 2pus&1E5 0 boy | = 0 bin;
2us6185  —2usET + peT? T Dot -7

and

(5.11b) (—ps€f + ps7?) B oy = 0,
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53 = ‘51’2 _ 08—272’ p = ‘51’52] _ 0527'2, E§ _ /Cf—27_2 _ |§/ 37
all evaluated at &' = (£1,0). From Lev = 0, so there exist no microlocal “SH” evanescent
waves (note here that there is no propagatlng wave in the solid region, so a distinction between

microlocal “SH” and “SV” evanescent waves is only made by analogy to the case were the wave
front set of the elastic waves is in the hyperbolic region for the solid). The determinant of the

matrix in (5.11a)) is

s f€ — p2r 4 pp e 22 — (el - pr?)? — 426\ E - 2 [ - 6r2),

and it has positive imaginary part (note that 7 # 0 since we are in the hyperbolic region for the
fluid and 7 can vanish only in the elliptic region for any of the three speeds) so the system is elliptic.
Therefore the principal amplitude of the outgoing acoustic wave in the fluid and the evanescent
wave in the solid are uniquely determined by the one of the incoming acoustic wave in the fluid.

with

M
p sV
U uev Po

ev?

- ~

7/1‘_/// A

FiGURE 4. The elliptic-hyperbolic system. The acoustic waves in the fluid expe-
rience total internal reflection, with creation of evanescent p and evanescent “SV”
waves. No microlocal “SH” waves are created.

5.4. The hyperbolic-elliptic region (Figure . In this case we the wave front set of the traces
of the various waves is in the hyperbolic region for ¢, and ¢y and in the elliptic region for ¢¢ (by
assumption in the connected component of the elliptic region in which 7 < 0); this case can only
happen if ¢t > ¢, at pg. We thus seek solutions in the fluid region as evanescent waves; we obtain
the following system:

J N
v at(U+qln Uoutqout b) — Pt Aevwev,b’
7Z(M1nq1n b + Moutqout b) at¢«;v,b v.

We write b, = F (¥ ,) and, as before, at the principal symbol level our system becomes

T&1 €S —Pf_lng), b5 out
2 2 2 2 1% 0 bp
/J/sgl PsT ,usflég ) ofut
(5 12&) 21“’85153 _2HS€1 + pST T bev
—7'51 T£3 S
= _2Ms§% + /057_2 2#551‘5?13 ( b2151n>
2156183 2NS§% - PST2 m
and

(512b) (_,U's§% + pSTz)( 1,in + bl out) = 07
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& =in/Ig -’72

Using with §§ replaced by §~§, it is easy to see that the real part of the determinant is given
by T4pS£§ # 0 (recall that 7 < 0), demonstrating the ellipticity of the system and the
microlocal well-posedness of the transmission problem in this case. The microlocal shear horizontal
waves experience total internal reflection.

where

sV 5 sh sh
I{in uz‘ﬁt uin\ Uout
N v Mt N « M+
U \\ /' \\ 7/
\ \\ N /"U;p N P e
< Po .- AY out N 0o ./
So. //’_/' , SN !/
ov \/ : VY M-
14 ' M~ !

FiGURE 5. The hyperbolic-elliptic transmission system. We have p and SV waves
in the solid and evanescent waves in the fluid. Microlocal SH waves are totally
reflected.

5.5. The mixed-elliptic case (Figure @ This case can happen only if ¢5 < ¢ at pg. We have
incoming s waves in the solid meeting the interface at an angle greater than the critical angle for
p waves. The wave front set of the trace at I' x R is by assumption contained in the elliptic region
for the fluid, with 7 < 0. We seek p waves and body waves in the fluid as evanescent modes. Our
transmission system takes the form

S R
v- 8t(Ue—~\_1,in q;;/,in,b + Ue—i\_l,out q(:/,out,b) = Ps Aevwev,b7
_i(M:v,in qz:/,in,b + M:V,out q:v,out,b) == 8We_v,b v.
Then at the principal symbol level and for & = 0 we find the decoupled system
43 27l —pp R\ (03 out —7é1
(5.13a) | 2usé? — ps7? Aps&r &3 0 bev | = | =2us&F + ps7? | B 1
U165 — A2 4 2p7> T oL, 2156163
and
(5.13b) (—ps€% + psm2) (b3 i + b3 out) = O,

where €& = i,/ €2 — ¢ 272, The determinant of the square matrix in (5.13a]) takes the form
2(rpsy + pp 1G5 ((2usET — ps7?)? + 42EEGET)),

(cf. (B.9)). Its real part is given by 8uZp; 1§%§§E§ Eg, which does not vanish (recall that one cannot

have £ = 0 in the elliptic region for ¢, or ¢f). We reach the conclusion that the matrix on the left

hand side of ((5.13a)) is elliptic, showing microlocal solvability of the system. Again the microlocal

shear horizontal waves experience total internal reflection. Notice also that by (5.13al), in the

absence of incoming SV waves, i.e. if b5,, = 0, or if there are no SV waves at all, no evanescent
b
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waves are created on either side of the interface. In other words, in such a case we do not obtain
surface waves as we do in the elliptic-elliptic case, see below.

€ s h sh
/U/?I‘ll USyt uisn u?)ut
N + N « +
N « M N , M
N / N 4
S ‘/\ 54 pd
N s N e
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FiGURE 6. The mixed-elliptic transmission system. We have only s body waves in
the solid (SV on the left, SV on the right); the p waves and the acoustic waves in
the fluid are evanescent.

5.6. The elliptic-elliptic case (Figure . Any nontrivial solutions to the system —4.5d
whose traces at the interface I' x R have wave front set in the elliptic region for both ¢ and ¢ (thus
also automatically for c¢,) cannot be produced by body waves on either side. The only possibility
is that they are produced by sources at the interface. We seek such solutions as evanescent waves,
which decay exponentially away from I'. As mentioned in the introduction, surface waves at the
interface between two media are generally referred to as Stoneley waves and in the particular case
of a solid-fluid interface they are often called Scholte waves. We look for solutions of the system

S
v 875(ng q:;z,b) =P Aevwev,b
—i(MG ad, ;) = — O, v

As before, we let (B oy, b5 0y, bbv) = F(qd,) and b, = (15,). With notations as before, at the
principal symbol level we obtain the system (with £ = 0 as usual)

5 v 0 71 e '
(5.15a) Ay bie)V =10], A% = 2:“/55% _BST2 2/’/5515{? 0
bey 0 1€y —2usliHpsm? T
and
(5.15b) (—ps€3 + ps7?) b v = 0.

We immediately obtain b3 ., = 0 and the determinant of AL becomes

S
1,ev

[T /& — 2 + o & — 2 ((2usd - 0o - 428 - 2\ & - i) .

Setting z = 72/£2 (recall that & # 0), the vanishing of the determinant is equivalent to the secular
equation for Scholte waves S, (z) = 0, where

(5.16) Sp,(2) = & [zQpS\/ 1—cp?z+prhy/1 - cf_Qz((QMS — ps2)? = Ap2\/1 — 521 — CEQZH.

Equation (5.16)) has been studied in the geophysical literature, see e.g. [SG56], [Ans72]. It follows
from the analysis in [Ans72] that for any positive values of the Lamé parameters and the densities at
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po there exists a positive simple root z := c2_(po) with 0 < c2.(po) < min{c2(po), ¢?(po)} (along with
possibly other real and complex roots, upon appropriately interpreting the square roots). This root
can be viewed as the only positive zero of a complex valued function Si(ps, ps, At, As, s, 2) Which is
holomorphic in z in a neighborhood of cgc(po) in C and depends smoothly on the rest of its entries,
as long as they are positive. In the invariant formulation we can now replace &; by |¢'|4, and also
multiply the third column of AS by a homogeneous real valued elliptic symbol «(¢’, 7) of order 1
in order to make AS homogeneous of order 2 (this has the effect of turning into a system
for (b5 o, bEv, a1 (¢, 7)bL,)). Denote this modified matrix valued symbol by A%. Then Ace (¢ 1)
fails to be elliptic at (po,to,&’,7) € T*(I' x R) \ 0 when 72 = & (po)|¢'|2. In fact, for (a/,t) near
(po, to) this symbol fails to be elliptic when 72 = C%C($/)|£/|§, where 2. is a smooth and positive
function near pg. This can be seen by changing to semigeodesic coordinates with the metric being
Euclidean at 2/, setting up a system as , and defining cgc(x’ ) as the unique positive zero of
the function S; mentioned earlier corresponding to the Lamé parameters and densities evaluated
at o’ (this zero is also a simple zero of S,/). Then smoothness of ¢2.(z') can be shown using the
implicit function theorem for z + S (pt, ps, At, As, s, 2), viewed as a function from a subset of R?
to one of R? by writing z = 2 + vi.

Now in a conical neighborhood of the characteristic variety Y. := {(2,t,¢',7) € T*(UxR) : 72 =

C%C|§/’§} write Sy (7'2/|£’|3) = (72 —cgc\g’|§)§(x’, t,&', 1), where S is an elliptic real valued symbol of
order 3. The adjugate matrix adj (Zgg) is a matrix valued symbol which is homogeneous of order 4,
and —i adj(A®) A% = a(¢,7) (12— C%C|f/|3)§(3},, t,&,7)Id. This shows that Op(A) is an operator
of real principal type as defined in [Den82|, in a suitable open conical set in T%*(I" x R), which
propagates singularities along the null bicharacteristics of 72 — c%c(x’)|§’\g. Using it to propagate
Cauchy data given at a spacelike hypersurface in I' x R such as I x {t = ¢y}, we obtain microlocally
non-trivial solutions of . Those can then be used as Dirichlet data for evanescent waves on
both sides of the interface.

M+

P S
uev ) ev

FiGURE 7. The elliptic-elliptic transmission system, with only evanescent waves on

both sides.

For the convenience of the reader we collect some of the findings of this section in the following
theorem, whose proof consists of a summary of the arguments already presented.

Theorem 1. Suppose we are given solutions of the coupled system of evolution equations
2.1q), with Cauchy data supported away from the interface I', and satisfying Assumption . Then
provided that the wave front set of the boundary data of incoming solutions to the interface I' x
R is disjoint from the glancing regions, the transmission problem for the solid-fluid interface is
microlocally well posed, in the sense that geometric optics parametrices can be constructed near
the interface from both sides, matched at the interface via the transmission conditions .
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Scholte surface waves propagating singularities along the interface I' X R are always possible and
can be created by sources at the interface, for instance by Cauchy data on I' x {tg} for some ty € R.

Proof. Start with a solution of the original system for (u™,v", p~,v7) as in the statement
and follow the process described in the first part of Section 4] to obtain a solution (u™, ™) for the
system (4.5al{4.5¢)). By Assumption and the discussion immediately after it, Lemma implies
that we have WF(¢p~) = WF(p~) = WF(u"). As already mentioned, the restrictions w_‘er,

u™ ‘FxR are well defined, and with the aid of a microlocal partition of unity we can assume without
loss of generality that WF(¢_|FX]R), WF(u+|FxR) are contained in a conical neighborhood of a

covector ((po,to), (£),70)) € T*(T' x R) \ 0 which lies in one of the five neighborhoods listed in
the titles of subsections [5.115.5] Now extend the solid’s density and Lamé parameters in an open
neighborhood U of (pg,tp) in M and construct a geometric optics solution of the elastic wave
equation in U which has the same singularities as u* for t < ty via the process described in
Section [£:2] Similarly, extending smoothly the fluid’s density and bulk modulus in U, we construct
a geometric optics solution of the acoustic wave equation there which has the same singularities

as ¢~ for t < tg, as described in Section Then the ellipticity of the systems (5.5al5.5b)),

(5.8aH5.8b)), (5.11ak5.11b)), (5.12aK5.12b)) and .13b)) implies that the principal parts of the
Dirichlet data of the outgoing solutions and any evanescent waves are uniquely determined from
those of the incoming ones. Therefore, the amplitudes of the outgoing and evanescent solutions
can also be determined to infinite order by the geometric optics construction. By construction, the
incoming, outgoing and evanescent geometric optics parametrices on the two sides of the interface
microlocally satisfy the transmission conditions along it.

As already mentioned, Scholte waves along the interface cannot be produced from incoming
body waves from either the solid or the fluid side, since their wave front set is contained in the
elliptic region for the wave speed of the acoustic wave equation and the speed of the p and s waves.
However, if Cauchy data are given on a hypersurface of I' x R which is spacelike with respect to the
Scholte speed cgc, then they can propagated via the operator Op(ASS) mentioned earlier in Section
to create waves along I', and those waves can be used as Dirichlet data for evanescent solutions
of the system on both sides of T.

Finally, we can obtain a parametrix for the original system (2.1a}f2.1g) near the interface upon
using the process in Section [4| to transform the parametrix we constructed for (4.5§H4.5eb. ]

6. JUSTIFICATION OF THE PARAMETRIX

In this section we justify the parametrix constructed for (2.1aH2.1g) with initial data supported
away from the interface and boundary as described in the proof of Theorem [I] that is, by first
transforming it to the system (4.5ah4.5€) and then applying the techniques and results of Sections
and The term “justification” here refers to showing that the parametrix produced in that
way differs from an actual solution by a smooth function/vector field. The method we use is an
adaptation of one used by Taylor in [Tay79]. For a discussion on the justification of the parametrix
in the more standard solid-solid or fluid-fluid case, see Appendix [A]
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The difference (u™, 1) between a an actual solution of the system 1 ) and a parametrix
for it satisfies a system of the form

(02 — PHut = f+ in Mt xR,
0} —P )~ =f in M~ xR,
(6.1) V~8tg++pf_18,,y_:h1 onI' xR,
N(ut)+ 0~ v=hy onI' xR,
N(u"t) = hs on OM x R,
(ut,¥7) =0 for t < 0,

where Pt = p7'E, P~ = M\ div(p; 'V(), [T € Co(M" x RymiTM), f~ € C°(M  x R),
hy € C®(T x R), hg € C®( x R;w{TM), hg € C®(OM x R;niTM) and m : M x R — M is
the projection. To justify that the parametrix has the same smoothness properties as the actual

solution we need to show that u™, 1~ are smooth up to the interface and boundary.

The timelike hypersurfaces I' x R and M x R are non-characteristic for 92 — Pt and 92 — P~
and knowledge of N(uﬂL)’FX]R allows the recovery of Bywﬂer from wﬂer. With the Cauchy-
Kovalevskaya method and Borel’s lemma we can produce w™, ¥~ which are smooth up to M x R

and I' x R, vanish for t < 0, and satisfy

ok (2wt — Ptwt — f*)=0 fork>0o0on OM™T xR,

wt =0 onI' xR,
N(w") = hy onI' x R,
N(wt) = hs on OM x R,

and

(9’“(8?)(*—13*94*—]”*):0 for k>0onT xR,
x =0 onI' xR,
duX~ = ptha onT xR.

Then the difference (27, ¢7) := (™ —w™,¥~ — x7) satisfies

(6.2a) (02 — PPzt = f*  in M xR,
(6.2b) (P )¢~ =f inM xR,
(6.2c) v-0izt = —p; 1 0,¢" onT xR,
(6.2d) Nz =-0¢p" v onT xR
(6.2¢) N(zt)=0 ondM xR,
(6.2f) (zt,¢7)=0 fort <0,

where fi are smooth on M~ and vanish to infinite order at T x R and &M x R. We will show next
that 2+, ¢~ are smooth on M, M respectively, which will show smoothness of u™ and .
Pass to the displacement-displacement system we used to show well posedness in
Section 3} set u~ = 2y — fi o Pt Ve~ (z,7)dT, where zq is divergence free, constant in time and
v-zg = 0. Observe that by , the potential part of the displacement u~ vanishes for ¢ < 0 since



30 N. EPTAMINITAKIS AND P. STEFANOV

the pressure then is 0 by (4.3|) and (6.2f). Using that 0ju~ = —p; V8,6~ and

t ~
(6.3) g~ = —Xedivu~™ —I—/ f(z,7)dr,
which follows by (6.2b]) upon integrating in time and using the expression above for u~, we find
922t — pT LBzt = fT in M+ x R,
O~ — p 'V divu™ = F~ in M~ xR,
(6.4) z+'l/:u_-u. . on I x R,
N(z") = X(divu™) v onI' x R,
N(zt)=0 on OM x R,
(zT,divu™) =0 for t <0,

where F~(z,t) = —p;* ffoo V/~(z,7)dr. Note that f* and F~ are smooth and both vanish
to infinite order at I' x R and OM x R, thus for each s > 0, Proposition implies F(s) :=
(f*(-,8),F~(-,8)) € D(P*) for all k =1,2,.... Now (6.4) can be solved using Duhamel’s formula:

t .
(*,u7) (1) = (0, 20) +/ sin(V—P(t - 5))
s vV—P
By the functional calculus, (z*,u~) € C*®(R; D(P*)) for all k. Therefore, Corollary implies
that z+ € C®°(R; H?*(M™)) and divu~(x,t) € C®(R; H?*~1(M ™)) for all k > 0. Thus by Sobolev
embedding 2" (and hence also ut in (6.1))) is smooth up to I' x R and OM x R, and divu~ is
smooth up to I' x R. We conclude by (6.3)) that ¢, hence also ¢~ in , is smooth up to the
interface. B a
Once a parametrix (u",t ) has been constructed for (4.5a)-(4.5¢)), differing from an actual
solution by a smooth vector field /function, we can obtain a (justified) parametrix to the original
system l i by setting (ut,v",p~,07) = (a*,duT, 8tzfpv*,pf_1(Zo — V47)), where Z is the
solenoidal part of the decomposition of the initial data for the actual solution.

F(S)dS, div zg = 0, Oz = 0, =zo- V|I‘ =0.

7. THE INVERSE PROBLEM

In this section, we consider the inverse problem of recovery of the solid coefficients pg, As, ps and
the fluid ones pf, As from boundary measurements. As explained in the Introduction, we will use
the boundary rigidity result in [SUV16]. We will also quote some results from [SUV21], and for
this reason we will assume that the metric ¢ on M C R? is the Euclidean metric, since this is a
standing assumption in Section 10 there. To recover ¢; in M, we would need rays in M~ which
can be created by incoming ones from OM, eventually creating a ray back to OM; moreover, we
want all such rays in M~ to have such property. Hence, we have to exclude speeds ¢ allowing for
totally reflected rays in M ~. This happens only when ¢f|p- < ¢s|p+, where ¢|r, are limits from
M. Therefore, we assume
(7.1) Cs‘l’“‘r < Cf‘l"f.

Then the rays hitting I'_ would leave a trace on T™(I" x R) either in the hyperbolic-hyperbolic
region (excluding tangential rays), see Section or in the mixed-hyperbolic one, see Section

We assume the following foliation condition. Assume that there exist two smooth non-positive
functions xs and x;, in M with dx # 0, x1(0) = OM, and x 1(—1) = T', where x is either xs or
xp. Assume that the level sets x31(c), x51(c), ¢ € [~1,0], are strictly convex w.r.t. the speed cs, cp

P
in M, respectively, when viewed from I'g = M. Of course, we may have just one such function,
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i.e., Xs = xp is possible. Assume also that there is a smooth non-positive x; defined on M, so that
x~1(0) = T, and dx; # 0 except at one interior point, where x; attains its minimum. We require
that the level set xgl(c), ¢ < —1, is strictly convex w.r.t. the speed ¢; in M, when viewed from I'.

Recall that the foliation condition implies non-trapping as noted in [SUV16], for example. In
our case, in M7, this means that rays in M ' not hitting I, would hit &M both in the future and
in the past. In M ~, we have the usual non-trapping property.

We define the outgoing Neumann-to-Dirichlet map Ny as follows. Given f € C§°(OM xR ; C?),
let u be the solution to with the homogeneous condition replaced by N(u™) = f
on OM x R, and zero Cauchy data at ¢t = 0 zero instead of . Set Noutf = uon OM x R. Then
Nout measures the response to boundary sources related to waves propagating to the future.

Note first that Nyt is well defined since we can construct a solution to N(u™) = f near M x R
locally (not solving the PDE), subtract it from the actual solution, and reduce the problem to
one with homogeneous Neumann boundary condition but a non-trivial source. Then we can use
Duhamel’s principle to reduce it to a superposition of linear problems of the kind with
non-trivial Cauchy data of the kind .

Theorem 2. Assume g is Fuclidean and that we have two systems in M with coefficients ps, jis, As
and ps, [is, Xs in M+ and M*, respectively; and (pf, Af), and (ﬁf,S\f) imn M~ and M*, respectively.
Assume Nyyt = /\70ut is known for t € [0,T] with T > 1. Assume the foliation condition and
for each one of them. Then T =T, and ¢s = &, cp = Cp in M, and ¢g = & in M. Also, if
cp # 2cs in M, then ps = ps in M.

Proof. The first part of the theorem, concerning the recovery of I and the elastic parameters in M+
follows directly from [SUV21 Lemma 10.1]. The only difference is that we have the ND instead of
the DN map but Dirichlet data can be easily converted to Neumann and vice-versa, microlocally,
by ellipticity arguments.

We prove below ¢ = ¢ in M~. We follow the proof of [SUV21, Lemma 10.2] here.

Choose two points x, y, on I' connected by a unit speed geodesic g of c?g hitting  and y at
times t; and to, respectively, see Figure [, We chose a microlocal solution in M~ concentrated near
~0- The projected singularities near x are either in the hyperbolic-hyperbolic region, see Section [5.1

FiGURE 8. Illustration to the proof of Theorem Here, only an s waves hits x
from M™*, and s wave only reflects but we could have two p waves in addition as
well.

or in the mixed-hyperbolic one, see Section [5.2] with the exception of a set of geodesics of measure
zero (giving rise to tangential rays in M ). In either case, the fluid side is controllable from the
solid one: one can choose incoming and outgoing solutions at x to have the refracted fluid wave to
be the prescribed one at z, and no incoming one at x from M ~, on principal level. We extend the
outgoing waves back to M a bit outside M, where we extend the coefficients (of both systems,
equally) in a smooth way, and cancel possible reflections at 9M by sending outgoing waves with
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opposite Neumann data back to M ™, on principal level. The analysis in [SUV21] shows that this
is possible.

When the wave reaches y, it will create a reflected fluid wave back to M~ and two, or one
refracted waves into M ™. At least one will be non-zero. We kill possible reflections as above, in
other words, we may assume that they leave M.

Consider the second, “tilded” system now. We apply the same Neumann condition and assume
the same Dirichlet data. By [Rac00], (ps, s, As) and (fs, fis, A) coincide at M at infinite order.
By the first step, ¢, = ¢p, ¢s = & in M. The rays leading to x for both systems would be the same
(and therefore, the “tilded” ones would really hit x as well) but the amplitudes are not necessarily
equal. The energy of the two waves combined would be positive however. The ¢;g geodesic 7 in
M~ may not hit I again at y a priori but we can do time reversal from M back to I' to see that
in fact, it does; and that happens at the same time t5. There might be other rays hitting OM since
in M~ there is a reflected ray which will eventually refract; and some of them may even hit OM
earlier. This is not a problem since we can identify y on I' . as the first point at which a singularity
comes back.

This argument proves that the travel time between x and y is the same for both ¢; and ¢. This
is true for pairs (z,y) € I' x I away from a zero measure set. We can extend it for all (z,y) € ' x I’
by continuity. Therefore, ¢; = & in M~ by [SUV1E). O

APPENDIX A. WELL POSEDNESS AND JUSTIFICATION OF PARAMETRIX IN THE SOLID-SOLID
AND FLUID-FLUID CASE

Although the main focus of the present paper is the transmission problem at the interface between
a solid and a fluid, in this appendix we discuss how with similar methods to the ones used in Sections
and [6] one can prove the justification of a parametrix in the case of two solids or two fluids being
in contact. Such a parametrix for the solid-solid case was constructed in [SUV2I], but it was not
shown that the difference from an actual solution is smooth all the way to the interface. As an
intermediate step, we also discuss well posedness. The results in this appendix in the solid-solid
case were mentioned in [Han22], though without detailed proofs. The justification of the parametrix
again follows [Tay79]. In the fluid-fluid case (with the pressure satisfying an acoustic equation on
both sides of the interface), it also follows from [Wil92], which used different methods.

A.1. Well Posedness. Suppose that instead of our original system (2.1a42.1g)), we either had both
M¥ occupied by solids or had both of them occupied by inviscid fluids. Below we assume that
the setup regarding the geometry of the domains and the metric is as described in Section [2} So
suppose we had one of the following two systems with transmission conditions:

Ala O2ut = (pf)'Efuf  on MT xR,

t Uy 1 1
A.1b Ntw)=N"(u;) onI xR
( 1 1 )
Alc uif =u;y onI xR
( 1 1 )
(A.1d) Nt(uf)=0 ondM xR,
or
(A.2a) OpE = \Fdiv((pF)'Vps) on M* xR,
(A.2b) (p7) '0upy = (p3) '0p3  onT xR,
(A.2c) py =p; onl xR,
(A.2d) py =0 ondM xR,
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both subject to Cauchy data at t = 0, corresponding to the solid-solid and the fluid-fluid case
respectively.

Equations (A.1ajA.1d)) are a system for the (complexifications of the) vector valued displacements
in the two solids; by choosing global coordinates we assume for simplicity that u® is C3-valued.
In , the elastic wave operator is as described in Section I on each side of the interface
T, Wlth Lamé parameters )\1 , ,ul which are positive and smooth all the way to I" and M but
not necessarily matching at I'. The transmission conditions A 1c)) guarantee continuity of
traction and displacement across the interface respectively, Whereas stands for vanishing of
the tractlon across the surface of contact of the solid and vacuum (or air by approximation). The
densities p1 are positive and smooth up to the interface/boundary but might jump at I'.

The system 1A.25HA.2d} describes the scalar valued acoustic pressure for inviscid fluids on M=*.
The transmission condition (A.2c|) originates from continuity of traction at the interface I', whereas
A.2b|) from continuity of the normal component of displacement at I' (recall that according to
2.1(:? we have 3 = —(p3)~'Vpi, where vy stands for the velocity field of the fluid in M*).
A.2d)) stands for vanishing of traction across the surface of contact of the fluid and vacuum. Again,
Ay and péﬁ are smooth and positive all the way to M and I', generally not matching at T.

We unify the presentation by writing, for j = 1,2,

(A.3a) Oz =Pz on M* xR,
+
(A.3b) B2 =B, 2 J onI' xR,
(A.3¢) z]"' =z; onl' xR,
‘B zf=0o0rzf =0 ondM xR,
' corresponding to j = 1,2 in (|A.3a])-(A.3d),
where
i =uf, =i P =) B
Py =Xy div((py) V), By, =N, By, =(p3) 0y
Note that Pji is an elliptic operator for j = 1,2 (matrix valued for j = 1).
P
We view Pjo = ( 6 P‘) as an unbounded operator on
J

LX(M*,dpf;C™9) x LX(M ™, dp; ;C™9)),
where
d/~L1 =P dvg, dﬂét = (Azi)ildvga m(1) =3, and m(2) =1,
with domain
D(Pjp) = {(z;',z;-') € COO(M+'Cm(j)) x C®°(M ;C™9)) ] = z; and %;‘V ;=B sz on I,
%1 Vzl =0or 22 =0 on M corresponding to j =1 or j = 2}.

By the transmission and boundary conditions, —P; ¢ is symmetric and semibounded below on its
domain, hence Pjo admits a self-adjoint extension P; with domain D(P;). As before, to construct
the domain first complete D(Pj) in the squared norm

1= 270113, —||Z+H2++||Z+HL2 o) T 1125 ||2 + 25 1720 )



34 N. EPTAMINITAKIS AND P. STEFANOV

where || - Hq:.t are the seminorms induced on C*° (Mi; C™) by the quadratic forms
+ N T
¢ (2F, wf) = (div 2f, div wi )LQ(Mi’)\lidvg) + (&2, dPwf )LQ(Mi aptdug)
£+ * £ +
4z (Z2 ywy ) = (Vzy, Vay )L2(Mi,p§dvg)'

Lemma A.1. Denote the completion of D(Pjo) in | - |lg; by D(q;), j =1,2. We have

(A5a)  Dig) = Hly = {(z+,27) € HY(M*C%) x HY(M~C%) : 7(:) = 7(27)} and
(A5b)  D(q2) =Hyy :={(z",27) e H{(MT) x H' (M) : 7(25) = 7(23) and 7'(z3) = 0},
where T, 7' are the traces at T' and OM respectivelyﬂ The subscript “tr” stands for transmission.

Proof. The fact that D(g;) ¢ HY(M*;C™0)) x HY(M~;C™)) follows from the equivalence of

||zj||§j with the squared norm Hz;rH%{l(Mﬂ + ||zj_\|%11(M,), where we wrote z; = (z;r,z:;) (in the

case j = 1 the equivalence of norms follows from Korn’s inequality). The transmission/boundary
conditions in ([A.5a)-(A.5b)) hold by the trace theorem, since they do so for elements of D(Pj).

For the other inclusion, suppose that z; = (zj’,zj_) € H]1 ¢« 15 given and we seek an ele-
ment in D(Pjg) close to it. The transmission condition at I' guarantees that upon defining
zf on M™*

Zj = , we have 21 € HY(M;C3) and 29 € H}(M). Thus given € > 0 we can find

z]_ on M~

X1 € C®(M;C%), X5 € C°(M) such that ||z; — Xl g1 (ar) < €. Setting X; = (Xj}M+,Xj|M_)
2= Xl < C (I = Xy lmarsy 1257 = Xl lnqary) < Cllzs = Xllanary < Ce.
Finally, since X; does not generally satisfy the requisite Neumann type transmission conditions,

adjust it by finding X € C°(M ") with X[, = 0, B (X;| 4 + X)) = B, (X;|,, )on T

and By, ( Xl}MJr + )N(f) = 0 on OM if j = 1. By shrinking its support it can be arranged that

X |l 1 a4y < e, implying that |lz; — (X; + (X;,0))[lq, < Ce with X; + (X;,0) € D(P;) and

thus showing the claim. O

We now have:

Proposition A.2. Forj = 1,2, ifz; = (] 2, z;) € D(Pj) with Piui € H*(M®) fork=0,1,2.
then we have

||Zj+||%{k+2(M+) + ||Zj7||?'—[k+2(M7)
< C(”P+Z;“§{k(M+) + HF)]‘_Z]‘_H?{’C(M—) + HZ;‘FH%{l(Mﬂ + sz_”%il(M*))'
Ifz; = (zf,27) € D(P!), n > 1, then z € H™(M*,C™V)).

(A.6)

Proof. The operators P are all elliptic and coercive on H', with coefficients smooth down to
the interface I' and the boundary 0M. Now suppose that z] € D(Pj), j = 1,2, implying that

T(Z;_) —7(z;)=0and 7 '(z57) = 0 if 7 = 2. Moreover, the integration by parts property
(A7) > (=, w)reqare, aun) + @ (5,w5) =0, (z,2) € D(Py),  (w),wy) € D(gj)
o=+
1Stric‘cly speaking, for each j = 1,2 we have two trace operators corresponding to I', with different domains,

mapping C*°(M¥; (Cmm) — C> (T Cm(j)) and extending continuously H'(M%*; (Cm(j)) — Hl/z(F; Cm(j>). However,
we will not differentiate between them in the notation and it will be clear from the argument which one is used.
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implies ‘B;fy(zj*) — %, ,(2;) =0 and %fl,( *) = 0 (those quantities are a priori defined weakly

as elements of H~1/2(T; (Cm( )) and H~ 1/2(8M,C3) respectively, see e.g. [McL00, Lemma 4.3]).

Hence follows from Theorems 4.18 and 4.20 of [McL00].

For the second statement, if z = (2, € D(P}'), n = 2 then A.6|) for £ = 0 implies that

(PEY12E € H2(M*;Ccm0)), Then( Jusnig) ( for)k = 2 and zilaced by (Pi)E_in we
J j ’ ’ J j J

find that (Pjt)”*Qz“*L e HY(M=*;Ccm0)). Proceeding inductively for n — 1 steps, we find that

J
(2 j, +) € D(P}') implies Pjizjt € H>2(M*;C™). Then the claim follows from (A.6) again
applied for k = 2n O

As a corollary we obtain the following;:
Corollary A.3. The domain of the self-adjoint operator P; for j = 1,2 is given by

D(Py) ={(2,2) € H*(M*;C*) x H*(M~;C%) : 7(2{) = 7(2;) on T,

)
(A.8a) v o
B7,(2) =7 ,(2;) onI' and BT V(zl )=0o0ndM} and
Agh D(P2) = {(2,23) € H*(M™) x H*(M™) : 7(23) = 7(2;) on T,
(4.8b) By () = B, ,(z5) on I' and 7'(25) =0 on OM}.

)

Proof. The regularity of elements in D(P;) follows from Proposition[A.2] The transmission/boundary
conditions follow from the inclusion D(P;) C Hjl «r and the integration by parts property (A.7).

Conversely, any element (2} z; %, z: ) in the right hand side of (|A.8a m - A.8b) lies in 7—[] ¢ and satisfies
(A7) for ( ) € 'Hj tr» implying that

/2
+ +
‘q] (Z] )+q] ( » W )’ < C(H’UJ ||L2 M+ du+) + ”w ”L2(M dﬂ )) ’

thus (z;

T.27) € D(P). 0

Finally, the Sobolev Embedding Theorem and Proposition yield the following:

Corollary A.4. For j = 1,2, if z; = (2 zj,z;) € D(P}') for all n > 1, then z € C®(M Cm(J))

A.2. Parametrix Justification. Using the techniques described in Sections and one can
construct parametrices for (A.2al[A.2d) and (A.1al{A.1d) respectively (see [SUV21]). With the
combined presentation used in (A.3al)-(A.3d), the difference between an actual solution and a
parametrix satisfies

where for j = 1,2, F" € O (M x R;R™D), fi, g € C¥(T x R;R™W)) | h; € C®(OM x R;R™U))

+ o+ _
%171}21 = h1
Z;_ = hg
z“.—L =0

and we recall the notatlon m(1l) =3, m(2) = 1.

(022 — Pz = F) on M* x R,
+ o+ = - _r

B,z — B,z = on I' x R,
+ _

2 —z; =4j onI' xR,

on OM xR if j =1,
on OM x R if j =2,
for t < 0,
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As in Section [6 by the Cauchy-Kovalevskaya method and Borel’s lemma, our task reduces to
showing smoothness up to the boundary/interface for the solutions vji of the system

81521)]#—]?[1);[:}?? on M* x R,
B — B0 =0 onl xR,
v;-L—vj_:O onI' xR,
(A.9) B v =0 on OM xR if j =1
101 = J=154
vy =0 on OM x R if j = 2,
vE =0 for t < 0,

J
where l?‘ji are smooth and vanish to infinite order at I' and at dM. Therefore, by Corollary (A.3])
we have that f‘j(s) = (ﬁ;r(-,s),ff(-,s)) € D(P*) for all k > 1 and s € R. Thus (A.9) can be

J
solved using Duhamel’s formula, namely

_ t sin (/—Pj(t — s)
oo ;
The functional calculus implies that v € C*°(R; D(Pf)) for all integers k > 0, so by Corollary [A.4
we obtain that v;.c € C®°(M x R;C™).

ApPPENDIX B. PROOFS FOR SECTION [3.1]

In this appendix we prove Lemma [3.2] Proposition and Corollary It will be convenient
in what follows to decompose a given u~ € H}. (M ~;C ® TM) into a divergence free (solenoidal)
and a potential part. So for such a u, consider w € H'(M ™) satisfying
(B.1) Aw=divu~ e (M )on M~, Quw=1(u"-v)e HY*T)onT.

The requisite compatibility condition [y, divu~dvy = [ —7(u~ - v)dA for (B.I) is automatically
satisfied by (3.7)) (set ¢ = 1 there), so its solvability up to a constant follows from [McL00, Theorem
4.10], for example. Then we define an orthogonal projector on the subspace of divergence free vector
fields in L2(M~, dvy; C ® TM) by setting

My~ :=u" —Vwe LX(M;CeTM).
Note that ITu™ - v =0 on I' (in a weak sense), by construction.

If we are given a pair u = (ut,u”) € H}, . (see (3.8)), we obtain better regularity for the
potential part of u™: since 7(u~ -v) = 7(ut)-v € HY?(I'), we conclude that w € H*(M ™), e.g. by
[McL00, Theorem 4.18 (ii)]. So in this case we have the decomposition
(B.2) w=u +Iu", U =VweH (M ;CxTM), Tu cL*M ;CoTM).

Proof of Lemma([3.9. For u € D(P,) we have

a2 = || div(u+)“%2(M+,)\sdvg) + ‘|ds(u+)H%2(M+,2usdvg) + || div U_H%Q(M*,)\fdvg) + [lul|7-.
By Korn’s inequality, the squared norm || div(u™) H%Q(Mﬂ + |]d5(u+)||%2(M+) + ||u+\|%2(M+) is equiv-
alent to Hu*H%Il(MJr), therefore D(q) C H'(MT;C® TM) x H}, (M~;C® TM). The continuous
dependence of ||7(u™) - V|| /2y and [|[7(u™ V)|l g-1/2(r) on |u™ || g1 (ar+) and [ 72 (ar-y respec-
tively implies that the transmission condition in (3.8) is satisfied and hence D(q) C H(lhv ¢ (50 one
also has 7(u™ -v) € H'/3(T)).
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For the converse, assume u = (ut,u”) € Héiv’tr is given; we will show that we can find an
element of D(P) arbitrarily close to it in || - ||q. Let @~ and ITu™ be as in (B.2). Further, consider
semigeodesic local coordinates (x1,x2,x3) in a neighborhood U of a point in I' such that z3 = 0
on I, am\F = —v and Oy, -&vj‘r =0 for j = 1,2, and writeﬂ uj = dzj(ut), u; = daj(u”).
We deal with the potential and the divergence free part of u~ separately. To handle the former,
for 7 = 1,2,3 we will approximate (uj,ﬁj_) in HY(M*) x HY(M™) by pairs of smooth functions;
|F satisfied by (uj,uz) to
ensure that the approximating pair satisfies it too. For the latter, we will first approximate Ilu~ in
L? and then only use the divergence free part of the approximating vector field to build the vector
field approximating u ™.

Consider ¢ € C°(U) and write U* := U N M*. Then wu;’ € HY(U™), pu; € HYU™) for all j
pui on UT
¢pug on U™
[McIL00l, Exercise 4.5]. Thus given € > 0 we can find functions X35 € C°(U), in e CxUnN Mi),
7 = 1,2 such that

specifically for j = 3 we will use the transmission condition u;f|F = Uy

and they vanish on OU; moreover, the function defined on U as lies in H}(U), by

2 2
Xy =(XG, X5) = (D X 0u; + X300y, Y | X5 On; + X30u)
j=1 j=1

€ C?(Umﬁ*;C@aTM) x CE(UNM ;C®TM) with X7 -v|, = X; v,
and ||put — XLJ;”%Il(Uﬂ + ||ou — XE”?‘II(U_) < e. In coordinate neighborhoods which do not

intersect I' we can construct smooth approximations to (u*,u~) in a similar, though simpler,
fashion. Using a partition of unity, we find

X = (XJF,X*) S C’OO(M+;C®TM) X C’OO(M_;(C@TM) with X - V‘F =X V‘
such that

r

(It = X i arey + 17 = X Bpay) <=

To deal with the divergence free part of u~, we find Y~ € C®°(M ;C ® TM) which satisfies
| TTu~ — Y‘H%Q(M,) < e. Since II is an orthogonal projector, we have

[T = TV 230 = I = Y 2oy < T~ = Y~ gy ) <
Now set X; = X+ (0,IIY ~); by construction of IT we have that X - I/‘F = (X~ 4+10Y") ~1/’F. Now

Ju= X2 < € (It = XF N garey + 10 +T™ = (X~ + TV )3 )

<c (Hqu - X+||%{1(M+) +[lu” — X7||?{d1iv(M—) + [[Mu™ — HY?H%?(M—))
<cC <Hu+ = X ey F 18 = X ey + ™ — HY—H%%M*)) < Ce.

The vector field X; we constructed does not necessarily satisfy all of the requisite transmission
and boundary conditions to lie in D(Fy). Hence we adjust X by adding a vector field X+ €
Cc> (M+; C ® TM) satisfying

Xt =0ondM*, N(X* +X¥) = X(divX )vonT, NXT+X")=0ondM,

2Here we are not using the convention of writing upper indices for the components of a vector field.
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and supported in a sufficiently small neighborhood of M ™ to ensure that || X +H§{1( a+y S € We
find that Xo = (X* + X, X~ +IIY ") € D(Py) and |Ju — Xa|2 < Ce, as claimed. O

The proofs for Proposition and Corollary below closely follow those of elliptic regularity
estimates in [McL0O, Ch. 4], though the difficulty here is the lack of ellipticity of P~. We will use
difference quotients: for a function w € L?(R™) let

dppw(x) = %(w(m + heg) —w(z)), €=1,...,n,

where e, is the f-th standard unit vector. If d,,w € L?(R"™), then by [McL00, Lemma 4.13],
[6¢pwl L2@ny < Cl|Oz,wp2mny for h € R, and & pw h30 Oz,w in L?. Moreover, the fact that

(601, 0z, ] = 0 and interpolation imply that for any s € R, &5 : H*T1(R™) — H5(R") is bounded
for all h € R, uniformly in h.

Proof of Proposition[3.3. We will first assume that ITu~ = 0, i.e. that v~ =&~ in (B.2)), and show
that if (u*,u™) = (u™, %) € D(P) then we have the estimate
3 lut 2 arey + N div e 13 -y
B.3
<C (HP+U+H%2(M+) + HP_U_H%Q(M*) + HU—I—H%{l(M*) + HU_H%ﬂ(Mﬂ) , Hu™ =0.
Once (B.3) has been established under the assumption v~ = %~, the statement of the proposition
follows for general u € D(P); we now demonstrate how to see this. Let v~ = u~ + IIu~ and write
@~ = Vw, where w is determined up to constant by (B.I)) (with 7(u™ - v) = 7(u") - v) and it has
been chosen so that [|w|| g1 (ar-) = lw+Cl[g1(ar-)/c = inf.ec [|w+ 2] g1 (ar-) (the precompactness of
M~ implies that the infimum is realized for some complex number). Notice that if (u*,u™) € D(q)
then (ut,u™) € D(P) if and only if (u™,a~) € D(P) because (0,ITu~) € D(P) by (3.6).

For each r» > 0, we have the elliptic regularity estimate

@™ (| grer -y = V@l rerar-)y < Cllwll a2 ar-)
< O(lAwllraa—y + Nl sy + 10wl grsr/zgry)
< O([ldiv(@ ) ar ey + lwllar ey + ™ - vl greze)
(B.4) < C ([l div(w™ ) gra-y + b L+ +y)
using the trace theorem and the fact that [McL00, Theorem 4.10(ii)] implies
(B.5) lwll 1 ar-) = llw + Cllar-ye < C(I1divuTllzzar + 1wl g2r))-
So suppose that (u*,u™) € D(P) is given. Then (u™,u~) € D(P), so if is known to hold with
u~ replaced by u~, we obtain the original claim using that P~u~ = P~ u~, divu™ =divu—,
and for r = 0.

So now assume that u € D(P) and IIu~ = 0. To prove (B.3) we localize in neighborhoods where
we can choose coordinates conveniently. Assume that U is a neighborhood of a point in T" and
semigeodesic coordinates are chosen on U such that I' is given locally by x3 = 0 and such that
v = —0zy|p, and consider x € C°(U). With some abuse of notation we write xut = X‘Miui and
xu := (xyut,xu~). Note that if u € D(P) we have yu € ’H}hv’tr but generally not xyu € D(P).
(This is one of the reasons why we have to do the localization explicitly by multiplying by x instead
of assuming that v € D(P) and is supported in U; we would have some loss of generality with such
an assumption.) For £ = 1,2 we can form the difference quotient & (xu) := (d¢,n(xu™), drn(xu™))
(throughout this proof we assume that |h| is small enough that suppd,p(xu) CC U). Again, in
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general u € D(P) # 6p¢(xu) € D(P) due to the Neumann transmission condition (3.1d|), but
u € D(P) C Hljy i = denlxu) € H, -
For v*, w* € HY(M*;C® TM), we set below

g"(vhwh) =(dive™, divw™) 2+ adn,) + (@0, E0T) 20+ 2pd0,)»

g (v,w”) =(dive™, divw™) p2(ar- Aduy)-
By [McL00, Lemma 4.15] we then have (assuming v*, u* are supported in U N Mi)
(B6) I (G, w®) — (0% b0 puw)| < Clo nqars [0 mqarsy, |B] small, €=1,2
Inequality (B.3)) will be proved by means of the following coerciveness type estimates, which follow
from Korn’s inequality and :

1860 e M (ary + I div 8en (™) [7 2
< C(lg" (Ben(xu™), 8en(xu®)) + ¢~ Genlxu™), den(xu))] + [6en(xu )1 2200+))

<C (\q+(xu+, Se—nden(xu™)) +q~ (xu™, 6 —nden(xu™))|

+ lIxu™ g aro) 10e,n Ocw™) L (aaey + Ixw™ L ar—) 10e,n Ocw™) L -

(B.7) + "fsé,h(xu+)”%2(M+)>'

Eventually our goal is to let h — 0, thus turning the difference quotients into derivatives, once we
manage to move all of the expressions involving highest order derivatives and difference quotients
of u® to the left hand side. We will establish two claims that will allow us to further manipulate
(B.7): The purpose of Claim [1}is to estimate [|0¢,5 (X%~ )|t (as-), Which appears in the right hand

side of (B.7)), by || div(de,n(xu™ )l z2(ar—y + 1060 (xu™) |1 (ar+) (which appears in its left hand side)
plus controlled quantities. The purpose of Claim [2]is to show how integration by parts can be used
to replace the quadratic form terms in (B.7]) by expressions involving P¥u*,

Claim 1. If [lu” =0 and ¢ =1, 2,
[6,n(xu™ )l (a1
< Ol div(denOcw Nlzau—y + lu ey + e ey + 186 O™ e ars))-

To prove Claim [} write v~ = u~ = Vw, where w solves (B.1]) (with 7(u™ - v) = 7(u™) - v) and
satisfies [|w||g1(ar-) = |lw + Cl| g1 (ar-y/c. Below we write m,, for the operator of multiplication by
X. Using elliptic regularity estimates (e.g. [McL00, Theorem 4.18])

(B.8)

[6e,n(xu™ ) mr (ar-y =10e.nmy V| 12—y
<C ([|6epmywll gr2aa—y + 116e,amey, Viwll g ar-))
SC(HA((SZ,thw)”L%M*) + |
+ 1100 (e pmaw) | gr172(ry + 0enm: VIwll a1 (ar-))
<O (|| div(denmy V)l L2ar-y + | div([0enmy, Vo) L2y + 1wl 20

657hmxw”H1(M*)

+ 1100 (e.pmaw) | gr172(ry + 0enm: V1wl a1 (ar-))
<C ([l div(den(xu™ D2y + IVl a1y + lwllgan-)
(B.9) + 1100 (Be.hmaw)ll 1720y + 0enmy, Vel ar-))-
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Now one checks that if a € C°°(M ) and j =1,2,3
[6e,nmx, aOr,] = [00,hy Mixa) O, + a[miy, 0 p] 0y + ady p[my, O],
so by [McL00, Lemma 4.14(iii)], which describes the behavior of the first two commutators,
1[0y, Vol g ar-y < Cllwll g2y < C (IV@ll g ar-y + wll g ar-y)
(B.10) < C (lu™ -y + lwllgra-y) -

Further, using the trace theorem, the fact that d,w = u™ - v, and that [0y, d,] = 0 in our coordi-
nates, we check that

100 (8e. ) rirzry < Clwll 2y + 1en(xw™ - 2)l sz gry)
(B.11) < C (Il Narary + lwll mrar-y + 186 Ocw™ ) ars) -
Finally, estimating ||w|| 1 (a—) using (B.5) and the trace theorem, we obtain the claim by (B.9),
(B10). nd (B.11).
Claim 2. Given y € CZ®(U;R), u= (u*,u”) € D(P) with Ilu~ =0, and v = (v",v7) € HY ..
‘ [q+(Xu+a 1}+) +q (Xu_a U_)] - [(_P+u+a X”+)L2(M+,psdvg) + (_P_u_v XU_)LQ(M*,pfdvg)] ‘
< (I i (s + 7@l -vaqey)
(B.12) + llu™ g aa=) (1o~ | 20—y + ||7'(Uf)HH71/2(r)))-
To prove the claim, note that since u € D(P) and yv € Héiv,tr,

(B.13) (=P u™, x0™) 2(nr+ padug) T (=P 70T, X0 7) 1200 ppdvg) = ¢ (T x0) 4+ ¢ (w7, x07).

The result will follow from moving x from the second to the first argument of ¢ and estimating
the resulting additional terms: we have (recall that v is inward pointing for M ™)

q (u,xv) =(divu,div X0 ) 2 (pr- Ardv,)
=(xdivu™,divoT) 2 arde,) T (diVeT, V- 07) g2 avdy)
=q¢ (xu ,v") = (MVx - u,divoT ) po(ar- du,) T (dive™, VX 07 ) 207 Adog)
=q (xu",v") + (VAVX 4™ ), 07 ) p2(ardvg) + (TAVX - u™ ), v 7(07)) p2(1,a4)
+ (divu™,Vyx - U_)L2(M+,>\fdvg)
and, with S denoting symmetrization,
g (ut, xv™) =(dive™, div xo™) p2ar+ ddvg) + (U, Ex0T) L2000+ 2p0dvy)
=(xdivu®, divo™) 2+ adn,) + XU, 01 201+ 2p0d0,)
+ (dive™, Vx - v ") 2+ advg) + (0T, (VX @ 01)) 20+ 2pdvy)
=¢" (xu™, ") = (Vx - u™, divo™) p2 ot adog) — (S(VX @ ™), d*07) 20+ apdvy)
+ (dive™, Vx - vF) p2ar+ advg) + (0™, S(VX @ 01)) 20+ 2pd0y)
:qu(X?ﬁ, U+) +(V(AsVx - u*), U+)L2(M+,dvg) —(AsVx - U+a V- v+>L2(F,dA)
+ (div(2usS(VXx @ u™)), v ) 2 (st dvg) — (V- 2usS(Vx @ uF)),v™) p2(raa)
+ (dive™, Vx - vT) p2ar+ advg) + (@0, S(VX @ 01)) 20+ 200y -
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Hence we find, using Cauchy-Schwarz

511 g™ (™, xv™) =g (xu™, 0|
Nl
<C (Hui”Hl(Mi)HUiHLQ(Mi) + HTUiHHl/Q(F)“Tvi“H*1/2(F)) :

Combining (B.13)) with (B.14]) and estimating ||7'uiHH1/2(F) by |’UiHH1(Mi) via the trace theorem,
we obtain the claim.

Now substitute v* = &, e n(xu®) for £ = 1,2 into (B.12) and use the following estimates:
170¢,-nden (xu™) ) )

=120y = 106,17 000 (xU™) | g-172(r) < CllTen(xu

< 1800 (xu™) L (v
L2ty < Clloen(xu™)

lr1r2(r)

*)

and  [|0¢,—nden(xU | 1 (ar)-

Combining the resulting estimate with (B.7)) and Cauchy-Schwarz we obtain
18e. O™ I gy + 1 div e Ocu )Ty
< C(HP+“+HL2(M+)||5€,h(XU+)||H1(M+) + [1P7u" || p2(ar 1000 (xu™ ) 1 (v
(B.15)  + llut ey 10en Ocw ) L ary + lu™ = [16en ™) ar-y + HUJFHfm(Mﬂ)-
Using the inequality ab < %(5&2 + %bQ) for sufficiently small ¢ together with (B.8)), (B.15]) implies
182, O M (ary + I div 8o (xu ™) [T
< O(IP*ut Waqarsy + 1P~ Waqary + I I arsy + el ar-y)-
Sending h — 0 we find that for £ = 1,2
190 et ) 21 + 11l B, () 22 s
< C(\|P+U+||%2(M+) HP U 1 Fagnrmy + It ey + Hu_H%Il(M*))»
thus
)12 : 2
10 ) 21 + 10, div ) o s
(B.16) o o L .
< O(IP I arey + 1IP0I gy + I W arsy + o~ oy )
using that [|0y, div (Xu*)H%Q(M_) < C(|| div O, (xu ) L2y + Nl L (ar—y) -

For the derivatives normal to the interface, (u*,u~) € D(P) implies that PTut = ft €
L*(M*;C®TM). Since T is non-characteristic for PT, we have that

at(2)d2, (xu") = PH(xu®) + QF (u™) + xfT,

where det a™ # 0, QT is an operator of order 1 and Pt is a differential operator of order 2 in which
the order of normal derivatives appearing is no more than 1. Hence

2
(BAT) 0 O ) B gars) < C( D0 10w, O arey + 1P 0 Bagarsy + e s o))
j=1
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On the other hand,

125 div(xu ™) 725y < C <||3m3>\f divu” |72 (p-y + 1 dive [F2-) + ”u_H%{l(M*))
(B.18) . o -
<C (HP wl[f2n-y + I dive |72 + llu HHl(Mﬂ) )

where we used in the last step. Adding (B.17) and (B.18) and using to estimate the
terms appearing in the summation in , we find that also holds for ¢ = 3.

If suppx NT' = () the proof of for £ = 1,2,3 can be done in a similar way, though it is
simpler. Using a partition of unity we obtain , finishing the proof of Proposition ]

Remark B.1. Even though the proof is written assuming that M C R3, it would work in exactly
the same way for any dimension > 2.

We finally have:

Proof of Corollary[3.5. The estimate is shown for k£ = 0 in Proposition Suppose it is
known for some fixed & > 0. We will show that it also holds for £+ 1. Recall the notation &~ from
(B-2). By our inductive hypothesis and (B.4)), u*t € H*"2(MT;C®TM), u~ € H*(M~;CQTM).
We also have PTu* € H¥1(M*;C® TM). If V is a vector field on M tangent to I' and OM and
Ly denotes Lie derivative, [div, Ly], [d*, Ly] are operators of order 1 and [Ly, P*] are operators
of order 2 because the principal symbol of Ly is a scalar multiple of the identity. Note that
(Lyut, Lyu~) in general does not satisfy the transmission/boundary conditions in but the
fact that those are satisfied for (u*,u~) implies that

v (Lyut — Lyur)|, € H*S/AT;C@TM), N(Lyub)l,,, € H*2(0M;C o TM),
N(Lyu™) = Apdiv(Lya v, € HF/2(I;C @ TM).

Thus we can construct suitable extension operators off the boundary and interface (see e.g. [McL00,
Lemma 3.36]) to find w* € H*2(M*;C ® TM) which satisfies

v-wt =—v- (Lyut — Lyu) on T,
N(wt) = —=N(Lyut) + A div(Lya )y onT,
N(wt)=—=N(Lyut) on OM,
and
(B.19) ”w+”%{k+2(M+) < C(HUJFH%IkH(Mﬂ + Ha_szqk+2(M—))-

We now wish to use the inductive hypothesis, namely for our fixed k > 0. Notice that
(Lyu™ +wt, Lyu~) satisfies the transmission and boundary conditions in by construction.
Moreover, for all k > 0, the inductive hypothesis and the order of the commutators [Ly, P¥] imply
that PT(Lyut +wt) € H¥(M+;CoTM), P~(Lyu~) € H*(M*+;C®TM). Using those facts and
it can be checked that (Lyut +w™t, Lyu~) € D(P). Now use for the second inequality:

‘|£V“+H?{k+2(M+) + || Ly div “7”%%1(]\4—)
< C(ILvut + 0 PBresgarey + 1 div Loi e garey
o iy, L1 e ey + o ez )
< (1P (Lvut + wh) gy + 1P~ LV ey

HNevu® 0 s arey + 1Y LV T aqaroy + 17 Wpessqarey + " Bneoare)
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< (1Pt P ary + IP7T oy
I W aqary + 1 Wgneagarey + 10 caars )
<C (HP+U+H%11€+1(M+) + HPiUinch(M—) + ||u+‘|§-1k+2(M+) + || div ui”%—jk-!—l(M—)> )
using (B.4) and (B.19). Using the inductive hypothesis to replace the last two terms we find

(B.20) HEVUJFH?{kM(MJr) + 1Ly diV’U’_H%[k—O—l(M—)
. <C (||P+u+||§{k+l(M+) + HP_U_H?{/CH(M*) + HUJFH%P(MJr) + | diVU_H%?(M—)) :

For the derivatives normal to the interface and boundary we can use the same method as in the
proof of Proposition [3.3] to show that in local coordinates with respect to which x3 = 0 represents
the interface I" or OM, the expression \|8§j3(xu+)H%2(M+) + [|oF2 (x div u‘)H%Q(M_), where x is
supported in a neighborhood where the coordinates are valid, are estimated by the right hand side
of (B.20]). With a partition of unity we obtain (3.11]) for k£ + 1.

The statement regarding u € D(P™) follows for m = 1 by (3.11)). If m > 2, we use (3.11]) for

k 4+ 2 = 2m. One would like to estimate the resulting term ||P+u+||?{k(M+) + HP‘u_H%{k(M_),

by replacing u* by P*u* in (3.11)), and proceed inductively to show the claim. However such
an estimate doesn’t follow immediately from (3.11)) since the latter only gives an estimate on
|]P+u+||§{k(M+) + || div P_u_H?{k,l(M,). We can circumvent the issue by means of the following

estimate: for any r > 1 we have, using elliptic regularity estimates for the second inequality below,
1P~ lirqary = lor Ve diva ey < CllAedive e -y
<C (||(divp;1V)Af divu || ey + e diva [ + [l - VO div u—)”Hr,l/g(F))

<C H div P_U_HH'rfl(Mf) + H/\f divu_HHl(M—) + HV . V()\f diVU_)HHr—l/Q(F))

<C (I1div P7u” s arey + e dive laqary + I 7(P707) ooy

/N7 N 7 N

(B.21) <C (]| diVP_U_HH'r—l(Mf) + || A¢ diV’U,_HHl(M—) + v - T(P+u+)HHr—1/2(F)>
<C (Il div P~u | gr—1ar—y + s dive™ [ grar—y + 1PTu | grars)) s

where in (B.21]) we used the fact that if u € D(P™) for m > 2, then since (PTu™, P~u~) € D(P)
we have v - 7(PTu™) =v-7(P"u"). Hence for k > 1

HPJFUJFH%{k(Mﬂ + HP_U_H%VC(M—)
<C (|]P+u+||12qk(M+) + djVP*u*||§{k71(M7) + | diVUiH%II(M—)) )
and (3.11) can be used to push the induction through. This completes the proof of the corollary. [
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