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UNIQUENESS OF THE DENSITY
IN AN INVERSE PROBLEM
FOR ISOTROPIC ELASTODYNAMICS

LIZABETH V. RACHELE

ABSTRACT. We consider the unique determination of the density of a nonho-
mogeneous, isotropic elastic object from measurements made at the surface.
We model the behavior of the bounded, 3-dimensional object by the linear,
hyperbolic system of operators for isotropic elastodynamics. The material
properties of the object (its density and elastic properties) correspond to the
smooth coefficients of these differential operators. The data for this inverse
problem, in the form of the correspondence between applied surface tractions
and resulting surface displacements, is modeled by the dynamic Dirichlet-to-
Neumann map on a finite time interval. In an earlier paper we show that the
speeds ¢,/ of (compressional and sheer) wave propagation through the object
are uniquely determined by the Dirichlet-to-Neumann map. Here we extend
that result by showing that the density is also determined in the interior by
the Dirichlet-to-Neumann map in the case, for example, that ¢, = 2cs at only
isolated points in the object. We use techniques from microlocal analysis and
integral geometry to solve this fully three-dimensional problem.

1. INTRODUCTION AND MAIN RESULT

One purpose in studying dynamic inverse problems for bounded objects is to
describe the material properties of the object using only measurements made at
its surface. In the case of anisotropic elastodynamics the material properties of
the object are modeled by 22 parameters. We may ask, then, how many of these
22 parameters may be determined by surface measurements. As a first step in
addressing this question we show in [R_III] that those parameters needed to describe
paths of wave propagation (in the setting of rather general hyperbolic systems)
are determined, to a certain extent, by surface measurements. In particular, the
metrics, whose geodesics model the paths along which wave propagation occurs, are
determined by surface measurements, up to pullback by a diffeomorphism. An open
question is whether these metrics are determined exactly by surface measurements,
and whether the other material parameters (parameters other than those needed
to describe the paths of wave propagation) are also determined.

As an indication of what might be expected to be true for the dynamic inverse
problem for general hyperbolic systems (using Dirichlet-to-Neumann-type data),
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here we consider the remaining uniqueness question in the case of isotropic elas-
todynamics. In [R.I| we have shown that the (compressional and sheer) speeds
cp =+ (A+2u)/p and ¢; = \/p1/p of wave propagation through the object, writ-
ten in terms of the elasticity parameters A and p and the density p, are uniquely
determined in the interior by surface measurements. In this paper we extend that
result by showing that the third parameter, the density p, is also determined (in
the case, for example, that the compressional wave speed ¢, is twice the sheer wave
speed ¢, at only isolated points in the object). That is, we show that if two isotropic
elastic objects differ only in their densities, then the surface measurements of those
objects will also differ.

It is interesting that “top-order” boundary data, in the form of the boundary po-
larization, does not determine the (smoothly varying) density (cf. Section 3). (We
have made this observation in [R1], Section 5.3, in the case of constant wave speeds
Cp/s-) Rather, it is necessary to consider “lower-order polarization”. We conclude,
then, that in more general settings we may expect to determine parameters other
than those describing the wave paths, but that in determining other parameters, it
will likely be necessary to use “lower-order” data.

A problem which has some of the features of elastodynamics is the problem solved
by Rakesh and Symes in [Ra-Sy]. In [Ra-Sy| a disturbance that propagates through
an object is modelled by a solution of the wave equation, [63 — A+ q(m)] u =
0in Qx (0,T), where Q is a bounded region. Rakesh and Symes show that the
integral of the potential, ¢(z), over any path along which wave energy propagates,
is determined by surface measurements. Knowing these integrals of the potential
is enough to recover the potential itself inside 2. In this model problem the paths
along which energy propagates are straight lines, and the differential equation is
scalar.

In elastodynamics, though, the paths along which wave energy propagates are
not straight lines, and the elasticity equation is a system of three equations in three
unknowns.

Tkehata, Nakamura, and Yamamoto [[EN-Y] use modified Carleman estimates
to show that the density p € C?(Q) of a bounded, isotropic elastic object in n-
dimensional space is determined by n pieces of data (fi,:,g:;), where f; is the
surface displacement, 1; is the initial displacement, and g; is the corresponding
surface traction. (The n initial stresses corresponding to the initial displacements
t; must be uniformly linearly independent on Q. No condition is placed on the
initial velocity.) Note that v; is the initial displacement of the entire object, and
so the data (f;,%i,¢;) do not correspond to measurements that are made only
at the surface of the object. In addition, the time interval for data collection
must be longer than the greatest travel time of both compressional and sheer wave
propagation through the object.

In comparison, in this paper we use techniques from microlocal analysis and
integral geometry to determine the density p € C°°(Q), but using only surface
data of the form (f,g), where f runs through every (sufficiently regular function
modeling the) surface displacement, and g = Ay, ,f is the corresponding surface
traction. This Dirichlet-to-Neumann-type data is non-invasive or non-destructive
in the sense that it corresponds to measurements that need be made only at the
surface of the object. (The initial displacements and velocity are taken to be zero
for each measurement.) Also, the time interval [0,T] for data collection is taken
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to be the greatest travel time of just the compressional wave propagation through
the object. See Uhlmann’s review article [U] on inverse problems using Dirichlet-
to-Neumann-type data.

In Sections 1.1 and 1.2 we state the main result and give a sketch of the proof.
In Section 2 we present preliminaries to the proof of the main result. In Section 3
we show that the polarization at 92 does not have information about p in Q. In
Section 4 we use “lower-order polarization” to show that p is determined in .

1.1. Statement of the Main Result. Let 2 be a bounded region in R® with
smooth boundary. €2 represents a linearly elastic, nonhomogeneous, isotropic object
if the function p(z) representing the density is positive on Q, if the Lamé parameters
A(z) and p(zx), representing the elastic properties of the object, satisfy p > 0 on
Q and 3\(x) + 2u(z) > 0 on Q (the strong convexity condition), and if the vector
u(x,t), which represents the displacement of the object, solves the initial-boundary-
value problem (@) associated with the hyperbolic system of operators P for isotropic
elastodynamics. The operator P for elastodynamics is given by

(1) (.P’U,)z =p (9t2uz — Z?,k,l:l 81,] (cijklaxluk) = 0, 1= ]., 2, 3,

where ¢ = X001+ pdindj; + 116;10 51 is the elasticity tensor for an isotropic elastic
medium. The initial-boundary-value problem is (for 0 < T' < 00)

Pu=0 in Q x (0,7),
(2) ulon = f for t € [0,T],
u|t=0 = 0, (8tu)|t=0 =0 in Q.

The Dirichlet-to-Neumann map Ay, , models surface measurements in that it
models the correspondence between a displacement f(z,t) at the surface and the
applied surface traction Ay, ,f that would generate this displacement. (See [U]
for a review of the use of the Dirichlet-to-Neumann map in modeling surface mea-
surements in inverse problems.) The Dirichlet-to-Neumann map Ay ,, , is defined
in terms of solutions u of the initial-boundary-value problem (2) by

3

(A f)i = ( Z Vjcijklaxluk) |an(o,T)a 1=1,2,3,
3k, =1

where u|gox 0,7y = f, and v is the unit outer normal vector to 9.

We introduce the following notation and terminology, following [Sh_TI], Sections
3.1, 3.2, and 3.4. Given a Riemannian manifold M with boundary M and given a
point € OM, the second quadratic form of the boundary is defined by II(§, &) =
(Vev, &) on & € T,(OM), where v = v(x) is the unit outer normal vector to the
boundary. We say that the boundary is strictly convex if this form is positive-
definite for all z € OM. We say that a compact Riemannian manifold (M, g)
with boundary is a compact, dissipative Riemannian manifold (CDRM) (1) if the
boundary OM is strictly convex, and (2) if there is no geodesic of infinite length in
M.

By TM = {(z,§) |z € M, € T, M} we denote the tangent bundle of a manifold
M, and by QM = {(z,&) € TM | |¢] = 1} we denote the unit tangent bundle. Let
C>*(0+QM) be the space of smooth functions on the manifold 0 QM = {(,&) €
QM | z € OM and =+ (§,v(x)) > 0}, the outward/inward unit tangent bundle at
the boundary.
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Given a Riemannian manifold M, any point x € M, and a two-dimensional
subspace ¢ C T, M, we denote by K(x,0) the sectional curvature of the section
o. For (z,6) € T°M = {(z,&) € TM | £ # 0} we set K(z,§) = SUpiecqy K(z,0)
and K1 (z,¢) = max{0, K (z,£)}. For a CDRM (M, g) we define

T+ (2,8)
FOLg) = s [T () (o)) d
(z,£)e0_QM JO
where v, ¢ : [0, 74 (2, )] is the maximal geodesic in M U M satisfying the initial
(i.e., entry) conditions (v4,¢(0),%2.¢(0)) = (z,£) € 0_QM.
Our main result is the unique determination of the density p in Q by surface
measurements:

Theorem 1 (Main Result). Let Q2 be a bounded region in R® with smooth boundary.
Suppose that the coefficients \i, ui, pi € C>(Q) satisfy pi, i >0, 3\ + 2u; >0
(strong convexity) for i = 1,2. In addition, suppose that (i) the metrics g; =
(pi/(Ni +2u3)) e, gt = (pi/pi)e, where e is the Euclidean metric, do not give
rise to caustics, (i) the geodesics of g;/s all exit Q before some time T < oo,
and (iii) the geodesics of g;/s do not graze the boundary. Finally, suppose that
(Q,g;,) is a compact, dissipative Riemannian manifold with 3k (M, gzi,) < 1.
Then Ax, o0 = Mrgpsp, 0on 0Qx (0,T) implies

pPL = P2
in the closure of an open set C in ) (defined in (B8)) where \; # 2p;. In particular,

if Ai =2u;, 1=1,2, only at isolated points in §2, then py = pa on S

Remark 1. The condition 3k (M, g) < 1 is satisfied if the curvature of (€2, (1/c2)e)
is bounded above and is small enough along each geodesic, relative to the length of
the geodesic. For example, in the case that the wave speed ¢, is constant, the man-
ifold (€2, (1/c2)e) is flat (zero curvature), and thus satisfies 3k (M, g) < 1. Also, in
the case that (Q, (1/012))6) has negative curvature (e.g., the hyperbolic disk), the con-
dition 3k (M, g) < 1 is easily satisfied due to the fact that K (v,¢(s), ¥z,¢(s)) <0,
and s0 K (72,¢(5), Yo,e(s)) = 0.

Other upper bound conditions on k* (M, g) may be used to describe classes of
CDRM. For example (cf. [Sh1I], Section 3.4), if a CDRM (M, g) has k™ (M, g) < 1,
then M is diffeomorphic to the ball, and (M, g) is simple; that is, (i) the boundary is
strictly convex, and (ii) any two points x,y € M are joined by a unique geodesic in
a way that depends smoothly on z and y (that is, the mapping exp, ! : M — T,,M
is smooth).

Remark 2. In this paper we consider (€2, g,) with g, = (l/cf))e; so we find
K(Va:,i(s)v ;YI,E(S))
17, . . .
= Sup C_Q{nt(l()gcp)mn + 7x,§(5)t(10gcp)xx7z,£(s)
i Cp
- (1/2)([%675(5) -(logcp)z]? + [ii - (logcp)a)® + [(log Cp)x|2)],

where the supremum is taken over 7 with 7 orthogonal to 4,.¢(s). It follows that
3kt(M,g) < 1 is satisfied, for example, if logc, is concave on  (that is, if
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log cp(ax +[1 — aly) > alogey(x) + [1 — a]log ¢y (y) for any constant o € [0, 1] and
z,y € Q).

Remark 3. The result of Rakesh and Symes [Ra-Sy] for the wave equation
[02 — A+ g(x)]u = 0 applies to media with a constant wave speed and so curvature
K(z,&) = 0; that is, k*(M,g) = 0. In this paper we consider a generalization to
elastodynamics and to the case of media with k* (M, g) not necessarily zero. (See
the introduction of this article for a description of Rakesh and Symes’ result.)

Remark 4. Conditions (i)—(iii) of Theorem [l are imposed in order to apply [R],
Theorem 1, which finds that the wave speeds c;) /s are determined in . This re-
sult is preliminary to proving uniqueness of the density in Q (cf. Section ZH).
The conditions that (£2, gzi,) be a compact, dissipative Riemannian manifold with
3kT(M,g;) < 1 are imposed in Theorem [ in order to apply Sharafutdinov’s in-
version of the ray transform for a tensor field (cf. Section H2). We restrict the
conclusion of Theorem [I] to the region C due to the need to guarantee uniqueness
for the fourth-order, linear, elliptic differential equation (53)). The singular points
of (B3), that is, the zeros of the leading coefficient v, are the points in  where
Ai = 244, i.e., where ¢, = 2¢,. (Compare ¢, # 2¢, i.e., 012) # 4c2, with the strong
convexity condition 3\ + 2u > 0, i.e., 3012) > 4c2.)

1.2. Sketch of the Proof. In elastodynamics, wave energy from a disturbance
propagates through the medium along paths that are determined by the density
and elasticity. In fact, these paths are, in the isotropic case, geodesics, curves along
which travel time is minimized; so they are given in terms of the wave speeds ¢, and
¢s of the medium, which, in turn, are given in terms of the density p(z) and elastic
parameters, A(z) and p(z). We derive explicit descriptions of these wave paths (cf.
Section 2.3) in terms of A, u and p.

We then apply the boundary determination (Theorem XTN): if Ay, .y
A, a0, then it follows that 92\ = dINo, Oy = dus, and dp; = dips on
o, 7 =0,1,..., where 9, is the normal derivative at 9Q2. We conclude in [R7I] that
the object may be viewed as being embedded in a medium of infinite extent with
smoothly varying density and elasticities at the interface of the surface of the object
and the surrounding medium. In particular, we show that the displacement of the
medium is uniquely determined outside the object by the Dirichlet-to-Neumann
map (cf. Section 2.1). In [RI] we conclude that asymptotic expansions of the
displacement of the object and the surrounding medium may be written, in this
case, in terms of global Fourier integral operators on R2. We have applied results
on the propagation of singularities and results from integral geometry to conclude
in [RI] that the compressional and sheer wave speeds ¢/, associated with the
medium are determined in ) by the Dirichlet-to-Neumann map.

We now consider the determination of p in the interior. We remark that a
consequence of the determination of the density p, given the determination of the
wave speeds ¢, = /(A +2u)/p and ¢s = /p/p, will be that each of the three
parameters A, i, and p is determined.

In Section 3 we show that polarization boundary data contains no information
about the (smooth) density in the interior.

In Section 4 we show that the boundary values of “lower-order polarization” do
determine p in 2. In particular, we consider the decomposition of the displacement
vector as the sum of terms, graded by the strength of their singularities. In fact,
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the displacement vector is represented in terms of Fourier integral operators (FIOs)
acting on initial (¢ = 0) data (an FIO for each of the forward/backward p/s-waves).
The amplitudes of the FIOs are written as the sum of terms ag,a_1,a_o,... of
homogeneity 0, —1,—2,... with respect to the frequency. The top-order terms ag
describe the most singular behavior of the displacement vector (the polarization).
The lower-order terms a_1,a_s, . . . describe less singular behavior. For the forward
p-wave FIO we write ag = aoN, with N the (unit) vector in the direction of
the gradient of the phase, i.e., parallel to the direction of displacement of the p-
wave, and we write a_1 = hy + a_1 N, with h_; orthogonal to N. (Similarly,
a_jy=h_j+a_jN.) We refer to the term «_1 N as the lower-order polarization.

The a_; solve ODEs (the transport equations) along the bicharacteristics of P.
Therefore, we write the (lower-order) polarization in terms of line integrals along
rays in order to derive a ray transform defined on ray segments between boundary
points of the object. It follows from the fact that (lower-order) polarization is
determined at the boundary (and outside the object), that this ray transform is
determined by the Dirichlet-to-Neumann map. We invert the ray transform by
applying results of Sharafutdinov. It follows that the tensor field appearing in the
integrand of the ray transform is determined (modulo its potential part) at each
interior point. We filter the integrand (via use of the Saint-Venant operator) to
derive a fourth-order, linear, elliptic partial differential equation E3~ = 0 which
has solution involving the difference between p; and ps. Then, applying uniqueness
results, we conclude that the density is, in fact, determined in a part of the interior
described in terms of the topology of the singular points of F.

2. PRELIMINARIES TO THE PROOF OF THE MAIN RESULT

2.1. Embedding the object in an unbounded elastic domain. The author
shows in [R.II] that A, u, p, and their normal derivatives are determined to infinite
order by the Dirichlet-to-Neumann map at the boundary. In fact,

Theorem 2.1 (Rachele [RI1], Theorem 1). Let Q be a bounded region in R® with
smooth boundary. Suppose that the coefficients Ai, pi, pi € C* (Q) satisfy pi, pi >
0, and 3\; + 2u; > 0 (strong convexity) on 2. Then Ax, 1.0 = Axg ps.ps O7
0 x (0,T) for any T > 0 implies
M =N, Hp =0 pz, A1 =D po on 0%

for j=0,1,....

Theorem [Z] is applied in [R ], Section 3, to extend A, u, and p smoothly to all
of R? so that each is determined by A ,, , outside . As in [S-UJ, we then approach

the question of uniqueness in the interior from the point of view of the Cauchy
problem for elastodynamics on R3 x (0, T),

PU = 0 on R3 x (0,7T),
(3) Uley = %o onR3

8tU |t=0 == wl on Rgv

rather than the initial-boundary-value problem (@) on Q x (0, 7). We may view the
elastic object as being embedded in a larger (unbounded) elastic domain, due to
[R 1], Theorem 3.1, which we state below. In [R 1], Theorem 3.1, we show that the
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displacement vectors U that solve the Cauchy problem (B) on R? for the operator P
for isotropic elastodynamics are determined outside €2 by the Dirichlet-to-Neumann
map, given fixed boundary data and fixed initial data that is supported outside €.

Theorem 2.2 (Rachele [R 1], Theorem 3.1). Suppose that the conditions of Theo-
rem[21 hold. Let P; = P(\j, uj, pj), j = 1,2, be the hyperbolic system of operators
of the form (@), but defined on all of R®, and suppose that A1 = MXa, 1 =
Mo, p1 = p2 outside Q. In addition, suppose that U; (j = 1,2) solves the
Cauchy problem @) on R3 x (0,T), where (suppwy) NQ =0 for k=0,1, and

U |an(0,T) = U |an(0,T)-
Then Ay py,pr = Ay pia,pe 01 (0,T) implies
Ui(z,t) = Us(z,t) outside Q, for t € (0,T).

2.2. Constructing Fourier integral operator representations of the elastic
displacement wave. In [R7l] we construct asymptotic expansions of certain solu-
tions U; of the Cauchy problem (B). These solutions U; have wave front set that
is minimal in the sense that it is generated by initial data with wave front set at
a single point along a single ray (cf. [R.I], Lemma 4.3). The construction of these
asymptotic expansions is central to the main result of this paper and is summarized
below.

We construct solutions U of the Cauchy problem (3) on R? x (0,7) by writing

(4) U = Eoypg + E1¢1,

in terms of the initial data 1,1 and solution operators Ey, E1(t,z,D,). These
solution operators solve

P.E, = 0 onR®x(0,T) fork=0,1,
Eoliey = 1, Ei|,_,=0, mod smoothing,
8tl?() |t:0 = 0) 8tE1 |t:O =1

and, in fact, may be written in terms of the Fourier integral operator Ansatz

iot m ~ k=0,1
(5) (B = / e ey s (k) m(n) di, (;—1,2,3 )

(]

p/s,m,+

In [R1), Section 2, we derive conditions on the phase functions golf/s(t, x,n) and
: Lm
amplitudes €p/s

of the solution operators Ej. We find, for example, that the phase functions gozf/s are

(k)(t, z,n) that appear in this oscillatory integral representation ()

homogeneous of order 1 in |n| and solve the eikonal equations det p(t, z, 6t7x<p;t/s) =
0, i.e.,

+ +
(6) 81530[)/3 = :Fcp/s|v$§0p/sl'

The eikonal equations are noncharacteristic, first-order nonlinear equations which
can be solved by Hamilton-Jacobi theory (cf., for example, [Gr-Sj]), with initial
values

(7) Pryslt=0 =T 1]

given in terms of the parameter 1 € R? ~ 0. It follows that the gradient of ©p/s
takes on the following simple form at ¢ = 0:

+
v393010/3 |t:0 = .
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The amplitudes e,/ (k) can be written in the form

J=0,-1,...

m  m (o) ;N k=01

®)  (eha®), = (hJ0),+ { (@) 7 N; + (o) ;N /s, +
m=1,2,3

where (ep/s(k))J is the part of e,/;(k) that is homogeneous of order .J in [n|. In

addition, the (a2%);(k) and (a]»m’i)J(E)(t,x,n) are scalars, (h;70)o =0, (h)/0)
is in the cokernel of p(t, z, O; 2 pp/s) for J = —1,-2,..., and N and Ny, N form an

orthonormal basis of the kernel of p(t, z, 0¢ z¢) for ¢ = ¢, and ¢ = @;, respectively.

That is, N = Vabp , and Ny, Na, Yoie
Ve Vs

The amplitudes solve algebraic equations:

are mutually orthonormal.

N k = O7 1
p(t7x,8t,;c80p/s) (ep/S(E))Jfl _p/S,i

9)
= By/s(epsk); + Cyss (ep/s(@)JH’ J=0,-1,...

where
pt,2,7,6) = (=p7° + plé ) + A+ p) (€ €)
= —p|(r* = AP - (& - A @¢)
is the principal symbol of P(t,z, D), pi(t,x,7,£) is the sum of the lower-order
terms in the symbol of P,
By M = iaf,gp(tvxﬁt,x@;t/s) < Oy M+ i(ipl)(tax7at,x<p;t/5)M
3
+ 5D 02 (3, ey, - (O )M,
la=2 I=1
Cp/eM = T)g(ipl)(t,:c,amg?/s) - OpaM
+ 53 D02t 3, e, ) - OF M,

|la|=2 =1

(10)

and, for ease of notation, we set

(ep/s(@)1 =0.
In Section 1] we reduce the compatibility conditions for (@),
J=0—1,...

(1) Npsa|Boss(enss () 5 + Cppalensl®)) ;| = 0 ps.x

to the transport equations, first-order ordinary differential equations in (a™); along
p-wave characteristics of P, and systems of two first-order ordinary differential
equations in (af*); and (a3*); along s-wave characteristics of P. Here N, = N
spans ker p(t, x, Oy 5 pp) and Ny € {N1, No}, which span ker p(¢, z, 0 4 ¢s). It follows
from (@) that the h and « defining the e(k) at one level are given in terms of the e(k)
from the two previous levels. We can therefore choose the lower-order (h;/ms’i) J—1
to solve the (algebraic) equations (), and we can define the (@)1 and (aj*) ;-1
to be solutions of the transport equations for J — 1.
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Assuming that the initial data 1,1 are both homogeneous of order zero in |7,
and taking
+ _ N— + _ nN— _
N" = Nj and Ny = N, at t =0,

we find that there is a unique choice at ¢t = 0 for the scalars (o) and (") for
each J =0,—1,... (see [R_I], Section 2.4). In the case J = 0, for example, we have

(@m%)o = Fembpo- N = 72050,
(Oéim’:t)o = %6m570~Ni = %(Ni)m(sko, i:1,2.

It follows that the principal term (e, 4+)o (at ¢ = 0) of ep + = e, +(0)(0,z,7n) is
given by

_ 1 2 3 _ 1
(12) (ept)g = ((@0N, (@®)oN, (@*)oN ) = 1 Lo
since (at t = 0) V4,(0,2,17) =n by @) and so (at t =0) N = % by (B). (Recall

that (v®w);; = vsw;.) That is, (ep 4 )oli=0 = 3Proj, where Proj, = ‘—Z‘ ® ﬁ is the
projection onto the space spanned by 7. Similarly, es +(0)|;=0 = %ProjnL, where
Proj,. =1 — ‘—Z‘ ® % is the projection onto the space orthogonal to 7.

2.3. Modeling wave paths by bicharacteristics of P. We apply Dencker’s
ID€] propagation of singularities result ([De], Theorem 4.2; see also [De], Defini-
tion 4.1 and equation (3.4)) for systems of real principal type (cf. [RI], Section
4.1) to conclude that singularities propagate along bicharacteristics of P. That
is, bicharacteristic curves of P can be used to model the paths along which wave
propagation occurs. Bicharacteristic curves, for flow out of ¢ = 0, are integral
curves (t(s),z(s),7(s),&(s)) of Hamilton vector fields VH;:“, with the restric-

tion that the (null) bicharacteristic curves lie in the characteristic set {(t,xz,7,€) |
det p(t,z,7,§) = 0} of P. The Hamilton vector field Vi of any (smooth) Hamil-
tonian function H(t,x, T, &) is defined by

(13) Vi = (8, H)d; + (VeH) -V, — (8;H)d, — (V.H)- Ve.
The Hamiltonians
Hpi/s(taxﬂ',f) = T:l:Cp/S|£|

are factors of the determinant of the principal symbol p(¢,z,7,&) of P (cf. ([I0)).
(See Hormander [H3| for a description of bicharacteristics in terms of the Hamilton
flow in the scalar case; replace Hy by Hj.t opr(P) in the proof of Hormander’s
Theorem 6.4.3 in the case that P is a system.) That is, bicharacteristics have
direction

14 at_ de _ £€ dr _ode
(14) 5 = oy ds W ds 0 s T Tuesea)ll
and satisfy det p(t,z,7,€) = —p*(7° — |€*)(1? - ¢}|€?)* = 0.
The component z(s) of the bicharacteristic curves corresponds to position along

the wave path, and is in fact a geodesic with respect to the metric g;; = C%éij
/s

(cf. [RI], Proposition 4.1). The component t(s) of the bicharacteristics of P
corresponds to the travel time of the wave, i.e., geodesic distance.
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Given the eikonal equations det p(t,z, 0t 2,/s) =0 (cf. (B)), we conclude that
wave paths are described in terms of the phase functions ¢/, by bicharacteristics
(t,x,7,&) with 7 = 040,/ and € = V,p /5.

2.4. The bicharacteristics of P are determined outside (2 by the Dirichlet-
to-Neumann map. We denote by

(15) Fp/s,i = Fp/s,i(@a é)

the (forward or backward) null bicharacteristic of P that passes through (¢, z,7,£) =
(0,2, Fcp/sl€], §) where s =0, z = x(s) € Q, £ =E(s).

Theorem 2.3 (Rachele [R71], Theorem 4.2). Suppose that the conditions of The-
orem [21] hold. Suppose further that the coefficients X;, wi, p; do not give rise to
caustics for i =1,2. Then for any x ¢ Q and § € R3 0 the bicharacteristics
Lpys+(z,§) are determined by Ay ., outside Q fort € (0,T).

Proof. For (A, p1,p1) and (Ag, po, p2) with Ax, 40 = A, s, We construct
solutions U; of the Cauchy problem (@) as in the proof of [R_I], Theorem 3.1, with
initial data 1" and 1! (to be chosen later) supported outside Q2. By [RI], Theorem
3.1, these U; are determined outside {2, and so their wave front sets agree outside

Q:
(16) WFU;, = WFU, outside Q.

We now choose initial data 19 and 1 with “minimal” wave front set, so that the
wave front sets of the corresponding solutions U; and U will consist of only a few
null bicharacteristic strips of P. In fact, we choose

o =h(x)§op and 1 =0

where & - £ #0, & x £ #0, and h(x) is a scalar function on R* with WF h(z) =
{(z, af) : a>0}. (See [RI], Remark 4.1 on the existence of such distributions

h(z).)

Given these initial values, we write the components of U; as U]l- = Ep/s,:tEé/s’iha

1=1,2,3, where E;l)/s 4 (t,x, D) is the scalar Fourier integral operator (cf. @) and
(E)) given by

E;)/s,i(tvvaI) h = /eitpp/s,:t(t,z,n) [e;’)s,i(o)&)] }Al(ﬂ)dn

Then, given the initial values (@) for the phase, we describe the wave front set
of the pseudodifferential operators E}l) /s, 4 |t=0 acting on h. In particular, we ob-
serve that the principal symbol of E,/, i |i=o is given by (E, /s +)o(t,2,1)|t=0 =
(ep/s,+)0(d, 0)(t, 2,1m)&]|t=0, which is %Projnfo in the case of p-waves, and
%ProjnL &o in the case of s-waves by (IJ) and the text that follows. Therefore,
by the choice of &, (z,£) € WF (Ell)/s +|t=0h) # 0 for some I € {1,2,3}. In addi-
tion, by [Eg], Corollary 4.1, p. 141, for example,

(17) WF (E;f)/s,i |t:0 h) - Tr(%i) |:WF (E;f)/s,ih)} |t:07
and so

(18) WF (Ef)/s,ih) is not empty for some [ € {1,2,3}.
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On the other hand, WF (Ezl) /s ,h) can be written in terms of the canonical trans-

formation associated with the scalar Fourier integral operator Ezl) ok

WF (B, h) C Cpseof(a,§): >0}

(19) = conic-closure(ri)/s L (2,9)

by [Tt], Theorem 4.1, for example.

We note that the wave front set of Uj is the union of the wave front sets of
its components, and that the bicharacteristic strips I',/, + are disjoint. Also, by
Dencker [D¢], Theorem 4.2, (see also Section 6.1), the wave front set of U; is invari-
ant under the Hamilton flow for P and thus equals a union of null bicharacteristics

for P. Therefore, by (I8) and (19,
WFU; = Conic—closure(I‘i)+ UI‘;, U I‘i+ UI‘i,), for j=1,2.

The bicharacteristics I',/s + are distinguishable (the p-wave is faster than the
s-wave), and the forward and backward waves for each j are distinguishable. (The
“forward” wave is on the light cone {7 < 0} and the “backward” wave is on the
light cone {7 > 0}.) It follows from (I6) that T}, =T, , T} =T2 Tl =T2,,
and I'l_ =T2_ outside Q2 for ¢ € (0,7). O

2.5. The wave speeds c,,, are determined in the interior by the Dirichlet-
to-Neumann map.

Theorem 2.4 (Rachele [R.I], Theorem 4.4). Suppose that the conditions of The-
orem [Z.3 hold, and suppose that there are unique distance-minimizing geodesics be-
tween boundary points with respect to the metrics (1/ 012) / )dxtdxz®  for wave speeds

S

p = VA+2u)/p and cs = \/p/p; these geodesics all exit U before time T <
oo; and they do not graze Q. Then Ax, i pn = Axg ps,p, 00 0% (0,T) implies

A1 +2u1 A2 + 29 p 142 .
= = =  and = o= = in Q.
P1 P2 P1 P2

3. THE BOUNDARY POLARIZATION IN ISOTROPIC ELASTODYNAMICS
HAS NO INFORMATION ABOUT THE DENSITY IN THE INTERIOR

3.1. Definition of the polarization set WF,, U and polarization vectors w.
To define the polarization set WF,1 U of a distribution U € D'(R*,R*) we consider,
following Dencker [De], 1 x 3 systems F' of pseudodifferential operators of order zero.
The polarization set of U is the collection of (t,z,7,£) € T*(R*) together with
the polarization vectors w(t, x,7,£) that make up the intersection of the kernels
(that is, the orthogonal spaces) of the principal symbols f(¢,x, 7, ) of such F with
FU € C°°. That is, we define

(20) WFpa U = (N {tz7&w) : weker f(t,2,7,8)}
FUEC>(R3)

The product FU is given by the usual inner product.

Dencker |[De|, Theorem 4.2, characterizes the polarization set (for solutions U
of systems of differential equations of real principal type) as a union of sections
w(t, z,7,&) over bicharacteristics ' € WF U of P, that solve

(21) Vow = Aw on I
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Here V,, is the Hamilton vector field of the principal symbol p of P (cf. (I0) and
([@)); and A = —%{ﬁ,p} — ipps,_, is defined in terms of p,
(22) ﬁ(tv z,T, 5) = - [(7—2 - 612)|£|2)I + (012) - Ci)(f & f)]v
the subprincipal symbol p2, ; of P, and the Poisson bracket {-,-}.

We denote by
(23) wp/s,:t(a) = wp/s,:l:(a) (ta Z,T, E)
(with @ > 0) the smooth section of the cotangent bundle T*(R x R3) that solves
&1 on I'y /s 4+ (z,af). In particular, wy,/s + = w5 +(1) denotes the polarization
vector with a = 1. Given £ # 0 and él with gL -§ =0, we denote by

wj)_/s (a) (tv z,T, 5)

the polarization vector wy,/,(a)(t, z,7,§) with initial values w;‘/s L(a) = §L at
(0,2, Fcpsalél, af). In Section B2, wy,s +(a)(t, 2, 7,&) denotes the polarization
vector with initial values w, /s + (o) = £ at (0,z, Fcp/salf], af). We write wy,/, =

Wy s+ and wj/S = wj/s 4 for the polarization vectors over forward bicharacteristics
of P.
3.2. Uniqueness of the polarization vectors w,/, ; and w;-/s 4 outside Q.

We show in [RI], Theorem 5.1, that the s-wave polarization vectors wi 4 are de-

termined outside €2 by the Dirichlet-to-Neumann map:

Theorem 3.1 (Rachele [R1], Theorem 5.1). For any x ¢ 2, any initial direction
£ # 0, and any initial polarization §L # 0 with él £=0, let wj’Jr (t,z,7,&) denote
the solution of I) on T 4 (z,) with initial values wy, = gL at (0, z, —cs(z)[¢], §).
If T ¢ Q with (1,7, —cs(T)|¢],€) € Ts 1 (z,£) for some T,&, then the polarization
vector wsl’Jr is determined by the Dirichlet-to-Neumann map at (£, T, —c4(Z)|€|, ).

Below we modify the proof of [RI], Theorem 5.1, to arrive at the analogous
result for p-waves:

Theorem 3.2. For any x ¢ Q and any initial direction § # 0, let wy (L, z,7,§)
denote the solution of on Tpy(x,&) with initial values w,y = & at

(O,E, _CP(£)|§|a§)' If T ¢ Q U)’Lth (%ﬂ f? _Cp(f)|z|7z) € F;DHr(gﬂ é) fOT some Ea zv
then the polarization vector wy 1 is determined by the Dirichlet-to-Neumann map

at Ga fa _Cp(f)|z| ) E)

Proof. For (A, p1,p1) and (Ag, po, p2) with Ax, 40 = A, pus,p, We construct
solutions U; of the Cauchy problem (@) as in the proof of [R_I], Theorem 3.1, with
initial data 1" and 1! (to be chosen later) supported outside 2. By [RI], Theorem
3.1, these U; are determined outside {2, and so their polarization sets agree outside

Q:
(24) WFpol U1 = WFpol U2 outside €.

We now choose initial data 1y and 11, as in the proof of [RI], Theorem 5.1,
again with “minimal” wave front set so that the wave front sets of the corresponding

solutions Uy and Us will consist of only a few null bicharacteristic strips of P. In
fact, we choose

(25) Yo =nh(x)§ and ;=0
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where WF h(z) = {(z, af) : a>0}. (See [RI], Remark 4.1 on the existence of
such distributions h(zx).)

We compute upper and lower bounds on the polarization set of U; in terms of
the polarization vectors wy, s + (cf. 23))). In fact, we show in Lemma B.3] that the
polarization set of U; does contain the polarization vector wy, 4, but contains at
most the span of the polarization vectors w5 +(c), o > 0. It follows from the fact
that the bicharacteristics FZ /5,4 are disjoint and distinguishable (for each j) and
from the fact that the polarization sets WFy,o U; agree outside Q (cf. (24)) that the
polarization vectors making up the polarization set of U; are determined outside
Q. In particular, the polarization vector wp 1 is determined. This completes the
proof of the theorem. O

Lemma 3.3. For the U; constructed in the proof of Theorem and for polariza-
tion vectors wy _ , (a) solving 1) on I, with initial values wy ,_ ,(a) = & at
(0,2, Fep/sal€l], af) we hqve

{ (vvwl (7)) + v=(ta,r€& el (.8}
C WFpo U

c /Ui{ (v, 8w, (@) : a,8>0, yeT, (2,08 }.

(26)

Proof. To show that the upper bound of (26) holds, we describe the polarization
set of U; by referring to Dencker’s characterization (21)). In particular, we observe
that the polarization vectors in the polarization set WFo U; of U;

e lie over bicharacteristics in the wave front set of U;, and
e have initial polarization that agrees with some polarization
vector of the initial data Uj|i=¢ = 0.

Therefore, to describe WFo1 U;, we describe WF U; and WF o1 (Uj|e=0)-
We have observed in the proof of Theorem Iﬂl‘that the wave front set of Uj;
is contained in the union of the bicharacteristics I‘; /s 4 (z,af) that pass through

(O;Q; :Fcp/s(i)a|§|7a§), that iS7
WF U; © U {F;/S’i(gvaé) Ca>0).
p/s,

We show below in Lemma [3.4] that the polarization set of the initial data Uj|i=¢ is
restricted to the span of £ over the points (z, a&), o > 0. It follows that the upper
bound in (6) holds.

Lemma 3.4. For the U; constructed in the proof of Theorem[33,

(27) WFpo1 (Ujli=0) = { (z,a§;8) : a>0,€R }.
Proof. We recall that Uj|i—o = o = h(x){. We first show that
(2) WFpoitho C { (z,0£0¢) + a>0, R}

by considering the pseudodifferential operators F' with (principal) symbol f(z, &) =
[I —(x, f)é;l ® é;l v(z,€), where 9(z, &) is any smooth function on R? x R? that

is homogeneous of order 0 in £ and has values ¢ = 1 on {(z,af) : « > 0}, and
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v(z,€) is any smooth vector field on T*R? that is homogeneous of order 0 in £ and
has values in R3.

To show that (Z8) holds, we will apply the definition (20) of the polarization set.
We note that the intersection, over all ¢ and v, of {(x,&,w) : w € ker f(x,&)} is
actually equal to the right side of (28). Then, to see that each Fq) is smooth, we
notice that each of the (scalar) amplitudes f(z,&)¢ of

hz) — (F(z, Ds)E)(h(x))

= [e®Ef(x,E)E(E)dE
= F(h(x)) = Fio

vanishes in a conic neighborhood of WF h = {(z, af) : a > 0}.

To show that WF 41 ¢ is actually given by the upper bound in (28], we observe
that for any zeroth-order pseudodifferential operator F' on R? with (F¢&)h = Fibg €
C™ it is the case that -

WE(h) © WEF((FOR) U {(@.8): f(z. )¢ = 0},
that is,

{(&, O‘é) : Oé>0} - {(xvg)f(xag)ézo}v

where f(x,&) is the principal symbol of F. It follows that f(z,af)§ = 0; that is,
§ € ker f(z,af) for any a > 0. O

To show that the lower bound in (26) also holds, that is, that the initial data
19 does induce compressional-wave polarization of the form wg, 4 in Uj;, we show
that it is enough to prove that Fé,+ C WF (Uj). In fact, by [De], Proposition
2.5, (1,76 (WEFpor Uj) N 0 = WFUj. It follows that if I') , € WF (U) holds,
then some part of (WF 1 U;) \ 0 lies over Fi,, 4. The polarization set over F?), Lisa
union of solutions of (2I)) that have initial polarization contained in WF o1 (Uj|¢=0).
By (27) the initial values 1)y of U; have polarization only with direction 3¢, 3 € R
(at (z,af), o> 0). This implies that the (p, 4)-polarization of Uj is, in fact, the
span of the polarization vectors wg) 4 (@), a > 0. Therefore, the lower bound in

(26) holds.

Next, we observe that F?H— C WF (U;) holds if (z,&) € WF (uf];=0), where
o+ o N
uh, = 3 [t e o)t Gomn) dy

are terms in the sum (d) making up U;. In fact, as in the proof of Theorem
(cf. (@) and ([@7)), we have WF (uf]i=0) € Tz e)(WF uf)|;=0 and WF uff/s -
{Tp/s+(z,af) : > 0}. Thus, if (z,£) € WF (u |;=0) holds, then 0 # WF (u;}) C
{Tp 1 (z,af) : @ > 0}. Again, referring to the proof of Theorem [Z3] we note that

the Fi/s,ﬂ: are disjoint (for each j =1,2), and so WFU; = Up/s,i WF upi/s. Also,
WEF (Uj) is a union of bicharacteristics of P, and so WF (u;}) = {T' 1 (z,af) : o >

0}, and {T', 1 (z,af) : @ > 0} € WF (Uy).
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Now, to show (z,§) € WF (u;} |1=0) we observe that

) e 0) () (o)) dn |

U;’;|t=0 =

m

/ [ Oz —yn] et (0)(0,2,m) (to)m (y) dydn
¢ilel

sam=val o (0)(0,z,m)¢ h(y) dydy

e e, 1 (0)(0,2,m) h(n) dn,

I
\ \\3

with the last equality holding due to the initial values w;t/s (0,z,m) = x - n of goz",‘
given in (@). By ([I2) u;|t:0 = %Pn(x,Dx)ﬁ(h), where P, (z, D;)§(h) = fe“”'”[‘—:]"
® %]g 71(77) is the 1 x 3 system of pseudodifferential operators with symbol

Py (z,n)€ = (ﬂ ® ﬂ) (acting on the scalar h).

For each component (I = 1,2,3) of the amplitude P, (x,n)¢, we have
WFh C WF ((P,,(:c,Dm)g)lh) U {(x,n) : (P, m)é), :0}.

The wave front set of h is the ray through (z,§), and (P (z, &) ) =¢ # 0 for

some [. Therefore, (z,€) is, in fact, in WF (Pn(:c, Dm)é(h)) = WF (uf |1=0)-
This completes the proof of the lower bound in (26]). O

3.3. Conclusion: Boundary polarization contains no information about
the density in the interior. We first compute the terms involved in the ODE

(1) which describes the propagation of the polarization vectors w;r/s. To shorten

the calculation of A we follow Dencker [De|, Example 4.3. We define P to be
the pseudodifferential operator with (principal) symbol p given in ([22)). Then the
pseudodifferential operator Q = PP has principal symbol ¢l with ¢ scalar and of
real principal type. That is, by (I0) and 22J),

q(t,z,7,8) = pp = p(r* = P> = c2lE?).

For w € kerp(t,z,7,&) we have A = A, where A, = —i¢® with ¢° the subprincipal
symbol of Q). That is, for Q; = Q(Xj, uj,p;), the polarization vectors of U; solve

(29) Vow = Aqw,

where V is the Hamilton vector field of ¢ (cf. ([@3)). In fact, writing ¢3 = \/p,
we have

10)
V:Z|T=¥cp/s\§\ = :F(+/ )2pcp/s(c —cC )|£|3 |: L |€| V :F(logcp/s) |£|v§:|7
p1(t, x, 7, &) consists of the lower-order terms of the symbol of P and is given by
pi(t,z,7,8) = _i[)\x @& + (pe- &I + €®Mx]

30
(30 = —ip[ch(log pcd) 9 + 2log ped) €)1 + (o8 pcd)s]
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where
u@m%[u@v + v®ul.
In addition,
A, = —ig® = —ipp1 — ;(35j@(8x,.p) %(2%5@ a)I
= X261 - 25— D) [~ - D0
aogp)xj(( — Gl — (¢~ 2)(ERE)) — ()¢ |
+ o[ = G + (& - B)Ew o)
(2 —2c2)[log p(cz —2¢2)] @&
+ & [(og pe). €] + e og o),
= o3 (0w [ = Py + 0% i
+()a, (72 = ElEP)E + (D), (72 = IE1P)E
- PG — AP )T
= (I + 2E@E + £ou + 1Y),

for
m = [€- (logp)alep(cy — EPdramczier — [€-(c2)alcplél?
+ € (2 [(2 = )ePdramcgie — e,
v = (€ (ogp)al 23S~ 2)] ~ [ (- A2,
B vy = —(logp)a(c? = )2 [(¢2 = 262)072—c2)e)2]
+ (62)96(012;_6 NEP[2 — dra—cigp],
v = (logp)a( — ANEPR0razie] + 2)a(c — R)ER6raigpo

+ (0;12))1’(0;0 - Cs)|£|2572=cg‘5‘2'

We denote by ’ and by % the derivative with respect to arclength in the direction
of the bicharacteristic sz/s(g, §) (cf. ([@); that is,

(32) 4 =2 4 L.V, F (logepys)alé]- Ve.

Cp/s

It follows that the ODE (29]) reduces to

dwys (| RE@O + @ + wogl

(w:t )/ _ _ w:t ]
p/s ds QCp/S(C2 — )P p/s
In the case of a forward p-wave (i.e., 7 = —¢p|{|]) we have w, = aN where
N = é—l = %. Therefore, the ODE in this case reduces to
2
d 71+ 2l + v N+ vl
N + aN' = &0 = «

2c3(cg — R)IEP ’
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that is, given (BTI),
/

o = aGlcp,cs),

where G(c¢p, ¢s) does not depend on p. (Note that by (L4,

N = (é—|) = (logcp)s + (logep)'N,

while vo|€|/(2¢2(c2 — ¢2)|¢]?) = (logey)e). It follows that the p-wave boundary
polarization does not contain any information about the value of the density p in
the interior.

In the case of a forward s-wave (i.e., 7 = —c4|€|) we have w; L &; so the ODE
reduces to
dws(tax77—7£) | _ _[’ylws + (Ul wS)g]
B el T TR - e
It follows that
d 2w,  dw, -M
33 — (1 ) = e S
9 T T A Y s
and
d w;(0) . w(0)
34 —(ws' ) = [row w’}
(34) s\ Tws (0)] PO s ] " T (0)]

where w,(0) is the polarization vector at the boundary.
Each of these ODEs, (83)) and (B4), has right-hand sides that do not depend on

p(x) with € Q, when 7 = —¢4/¢|. It follows that |ws| and Arccos (‘z‘ . ﬁzég;‘)

do not depend on p in the interior. Therefore, the s-wave boundary polarization
also contains no information about the value of the density p in the interior.

4. UNIQUENESS OF THE DENSITY

4.1. Using the transport equations to describe the propagation of “lower-
order polarization”. Here we return to the representation of the elastic displace-
ment wave in terms of solutions of the Cauchy problem (@), in particular, in terms
of the Fourier integral operators described in Section[ZZ2 The amplitudes of these
Fourier integral operators solve algebraic equations ({) and satisfy compatibility
conditions (ITI).

We reduce the compatibility conditions () (for top-order and lower-order terms
of the p-wave FIO amplitudes) to the transport equations (1) and (B9), ODEs along
the bicharacteristics of P. Writing ag for (o/™)o(t,z,n), we have by @), (I0), (B0,
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for forward p-waves (i.e., 7 = —c,|¢]) :
Orp = —2p7l,
Og;p = 2p[6§§j1 + (¢ )(ej@é)}
0¢,0e,p = Zp[cgéijl + (cg—c)(ez@ej)}

iNOrep - O [aoN}
zp{20p|§|( + |§| Vx>a0 + (2 - c§)|§|(VI~N)a0},

—NpilagN] = i<[§~)\ | + 2[§'ux])ao = ipcg[f'(logpcg)x]ao,
3

N -(i/2) > E( Tgp) ( tx@p)[O‘ON]

|a|=21=

- Z’p(—c%aog )€+ A(V.-) — NV 0N )

(35)

due to the fact that
2NNt - 8t(NN) = 8t

(1) =0,
! 1
2

B gttt Byt N V] = [1ogcp o+ v O ON].
Ve Vo= T T

Given (), it follows from the compatibility condition (IT) for J = 0, N B, (e;™(k)),
=0, that

(37) oh = —[ogvam) + %(v )],
Therefore, for z = xz(s) ¢ Q, t = t(s), £(s) = Vapp(t(s),z(s),n), and ag =
aO(t( )7x(s)an)

Rl

\/ﬁ ?

Gz 1] i
(38) g = ao(ﬁ;&;n)T exp( —§S/Vx'Nd8) =

where H = H (t(s), z(s),n) depends on ¢, but not p(z) for z € Q.

To derive the transport equation for a—1 = (a)_1 (¢, z,n) from the compatibil-
ity condition (1) for J = —1, N[B,(ep)—1 + Cp(ep)o] = 0, we first observe, as in
B3) and the calculations that follow, that

NBy(a1N) = 2ipdlél(ay + [(og ) + %(vx.m] o).

It follows that this compatibility condition reduces to the transport equation

(39) oy + [(log/pcy) + %(VE'N)]a,l = G,
where
(40) G = 71[NB h-1 + NCp(aoN)].

2ipc2lE]
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We solve the transport equation (B39):

(41) go_ = / 4G + C.

where C is a constant, the integration is over p-wave bicharacteristic segments (cf.
Section .3)), and

_ @ — pep(®) ex 1 S : §
(42) PTH T st G p(28/vx "

has ¢’ = [(log \/pc;) + 5(Va-N)]g.
We compute G, given ([I0), (B3), (B8], and [B8):

NCp(aoN)

= p(Q(Cf, —2c%) [log \/p(c2 —2c2) }I {Vm(%N)}

#203(log yen)s [V & (ZEN)| N = 0 (2N

+ QCEN[VQL»@(%N)} (log v/pcs)a + cﬁA(%N).N

H
» F(@E-AN[V, eV, (%N)>
= —Hp (ci(A log /p) + (2~ )N (log /p)szN]

+ &(log yP)al? + (2~ A)[(log yp)']2
+ (10g )’ [2(c2 = ¢2)(log /3 = 2)' = (2 —3¢2)(V. - V)]
+ (log \/p)a - [(¢2 = 3¢2)(Vo @ N)'N + 2c2(logcy). |

+ terms that do not depend on p>
since, by (30) and B3,
0 (i) = p 263 — 2630y} —263), ]
+ 2¢2(l0g \/pe,), I + 263 [ej®(1og\/ﬁcs)xD,
W) /plao)e = H[-(log /) + (log H)a),
VA(@0)ar = H [(l0g \/p)s9(10g B): = (0§ p)ea + (108 H)so

~2(log /)@ (log H), + (log H), & (log H).|.
We note, by (32) and @7), that ag = (¢, x,n) solves
O §

.

1
Cp E'v’”}ao = ap = —[(log/pg)" + §(V;c-N)]ozo;
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so, by the definition of H in (38,

(45) O logH = —cp[(log\/@)' + %(Vx-N) + [N-(logH)x]]

It follows, given the algebraic equations (@) with J = 0, given that N is in
kerp(t, x, 0 2¢p) (cf. @), and given that h_y is orthogonal to & (cf. (§)), that

-1

"= g o)
—1
= &R -iplé] (20p8t(oz0N) + 2¢2 V. ® (ozoN)]tN
D s

+ (& —c) [[Vm ® (aoN)|N + [Va- (aoN)]N}

+ [2(012J —2c%) (10g \/plca — 20?));8 + 4c(log \/ﬁcs)/N

_Bery 2By e o Va0d ]%)

€] €] P [3
iH

“@-aEve

especially due to (1), (), @), B5), B6), BY), @), @),

ON(t,2,m) = [(é') (V2 ® N)'N]
= —|(Va ® N)'N + (loge,)e — (loge,)' N,
(V. ® N)IN = %N - [Nt%N]N.
Here we use the notation
Vo= 2N@[(c ) log\/_m}N,
W= 2N@[ 4c(logey), + (2 — )(logH)x}N

+ (2 —c2)(Ve ® N)'N,

[u@uw = %([u@v]w - [v®u]w) = %(u[vw] - v[u'w]).

Therefore, given that N - h_; = 0, we have

NBp:ip|£|<—20p(8tN)-h_1 + (3 +E)N' Ve @ hq]N
+ (C — &) (Ve -hoa) + 203[(10g\/508)x'h—1]

+ (2 - c?)Nt%hA)
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i1H
= ikl 7 6+ )ox A V)

= (e =3c2)[(log /p)a (V + W)] + (¢ = 2)(Va V)

+ (E+ )NV, ®V)N] + 2E[NYV, @ N)V]
+ (2~ A)[(log H),-V] +4c2[(log es), V]
(46) + terms that do not depend on p)

00 (tog VAL — [hox vA) ) (€ - 36

(IN*(10g v/B)22 N] = Allog V7)) (¢} = €2)(c} — 3¢2)

(1og V)’ ((c} = e2)(c2 = 362)(V,, - V)
(e - s

— (log /) - ((¢ = (2 = 3¢2)(V, & N)'N

(@@ — 8A(),)

aCar

+
+

+ terms that do not depend on p} .

It follows from (@Q), (), (@2), [@3), and @8] that

goa_1 = /gG—l—C’

. _ g.ﬁ;ﬂ.(—]{\/ﬁ)[Nt-A(x)-N] +C
%/[Nt.%‘f)w] el

where the rank-2 tensor A(x) depends only on x and is given by
A) = (log\/p)es |22 —262)]

+ [z y7)s @ (og V7).l 463 5

+ (o 7). |2 -

cz —c?
— I'| A(log\/p)(c; —4c2)
~[(log yP)af? (3~ 162) + 5"25)

2 _ o2
¢y — 3

- (log vp), - (~(c2)s + %@ih)].

2
Cp S

It follows from the fact that N = V,¢,/|Vpp| is the unit tangent vector to the
spatial component x(s) of the bicharacteristics (cf. Section [Z3]), and from the fact
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that the spatial components 2(s) are geodesics with respect to the metric (1/¢3)e,
that these line integrals (@7), when taken over all p-wave bicharacteristics (cf. ()
(that is, for all z ¢ Q, £ € R3 0, cf. (I]Z])) make up a ray transform of the
symmetric tensor field A (cf. (BI) and Theorem [£2) over the family of geodesics
with respect to (1/¢})e.

The Dirichlet-to-Neumann map determines the value of the ray transform (1)
over geodesic segments between boundary points of . (In fact, the Dirichlet-to-
Neumann map determines the wave displacement U; outside Q (cf. Theorem 2.2))
and thus it determines ga_1 at 9§2.) We conclude, for any pair of boundary points
z,T € 0N, that

(48) /Nt-B(x)-Nds = 0,

where v is the p-wave geodesic segment between z and T with respect to (1/ czz))e,
and

A A
o=
= B2 (B1)e = () (3)] - ar + |(1og [22) v
p2/w
(49) + (log %)x@(V—FQ(cp)I) + 2(0?,—20?)(10g \/g)m,
- 4c? (05—203)
TG @)
Bi = IOg\/P_ia i=1,2,
o ( ;:2;_ 462) P1 2 2
o« = L—=A(log, /2] —w|(log vpr). | — |(log v/p2). .
P P2
_ (c2 —4c2) 4c?
YT T, (2 — 2)’
Vo= e - —S (),

ep(cf — €3)

4.2. Inverting the ray transform. We begin with some preliminary notation,
following [ShTI], Sections 2.1-2.4. Let C°°(77 M) denote the r-times contravari-
ant and s-times covariant tensor fields on a manifold M. Let C*°(S™7},) denote
the symmetric tensor fields of degree m on M, i.e., the C°°(M)-submodule of
C*> (729 M) that consists of the tensor fields invariant with respect to every trans-
position of the indices. Let o : C®(t9,M) — C*(S™7},) denote the canonical
projection (symmetrization) defined by o(v) = %Zwenm Vjotyedmimys  Where
II,, is the group of permutations of the set with m elements.

We define inner differentiation d : C*°(S™7},) — C°(S™T17r},) as in [ShI],
Section 2.4, by

(50) d=oV,

where V denotes the Levi-Civita connection associated with the Riemannian man-
ifold (M, g). The divergence operator § : C°°(S™¥17] ) — C>(S™7),) is defined



UNIQUENESS OF THE DENSITY FOR ISOTROPIC ELASTODYNAMICS 4803

in coordinate form by (§v)i, .. = vi,..i.5:k9°F, where ¢g/F is the inverse matrix
of the metric tensor g;; on the Riemannian manifold (M, g).

Let H*(S™7},), for any integer k > 0, be the completion of C°°(S™7},) with
respect to the Sobolev norm || - || corresponding to the scalar product (-, ), that
is defined inductively in k by (u,v); = (Vu,Vo)p—1 + (u,v)r,. In particular,
HO(S™7h,) = La(S™7},).

Sharafutdinov shows in [Sh II], Theorem 2.4.2, that any symmetric tensor field
has a unique decomposition into the sum of “solenoidal” and “potential” parts.
That is,

Theorem 4.1 (Sharafutdinov [Sh II]). Let M be a compact Riemannian manifold
with boundary. Let k > 1 and m > 0 be integers. For every field f € H*(S™7},),
there exist uniquely determined *f € H*(S™7),) and v € H*TY(S™=171 ) such that

f=5f + dv,
where
0°f =0 and wlyy, = 0.

The fields °f and v are called the solenoidal and potential parts of the tensor
field f.

The ray transform on a CDRM M (cf. notation and terminology introduced in
Section 1.1 and in this section) is the linear operator I : C°(S™7},) — C*°(9+QM)
defined by

0
(51) If(z,§) = / - i (Y (1) e () - A7 () dit
7_(z,
where v, ¢ [T—(,§),0] is the maximal geodesic on M U OM satisfying the initial
(i.e., exit) conditions v ¢(0) = x and ,,¢(0) = &.
The ray transform may be inverted, modulo the potential part:

Theorem 4.2 (Sharafutdinov [Sh II]). If (M, g) is a compact, dissipative Riemann-
ian manifold with (m+ 1)kt (M, g) <1, m € {0,1,2,...}, then the solenoidal part
f of any tensor field f € HY(S™r},) is uniquely determined by its ray transform

If.

We define symmetrization with respect to two indices as in [Sh II], in coordinate

form, by
.. 1
U(leQ)MiLnizl = 5 Z Miﬂ(l)iﬂ(Z)i3i4’
wellz

where M is a symmetric (here, rank-4) covariant tensor. The Saint-Venant oper-
ator W is defined on the space of smooth, symmetric (here, rank-2) tensor fields,
mapping into the smooth, symmetric (here, rank-4) tensor fields, by

2

(WB)iyisjije = oliriz)o(jrjz) ZO(—l)p(;23)Bilia-pjljp,jp+1j2i2-p+1i2
p:

= 0(ini2)o(j172) [Bivisjiis = 2Bisjijuin + Bjijosiria]
where (12)) = #ﬁp)! are the binomial coefficients and B,; denotes partial differen-

tiation of B with respect to x;.
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Sharafutdinov [Sh I] has shown that the potential parts of the compactly sup-
ported, rank-2 symmetric tensor fields C2°(S%73) on Euclidean space (R?, e) form
the kernel of W:

Theorem 4.3 (Sharafutdinov [ShI]). The Saint-Venant operator
W2 C°(S? 1) — C°(S%Ths @ S%7ha)
has kernel
ker W = {dgs v | v e C™ (St hs)is compactly supported }.
Remark 5. We note that dgs v = V,@v (cf. notation (30)).

4.3. Proof of Theorem [I. In Section 2 we apply results from [R1] and [RII] to
show that the wave speeds ¢/, are determined in {2 by the Dirichlet-to-Neumann
map. In Section 4.1 we compute the “lower-order polarization” of the elastic wave,
and deduce that the ray transform (8] is identically zero if Ax, .y 00 = Mg ps,ps-

By Theorem [Tl we decompose the tensor B that appears in the integrand of the
ray transform as B = *B+dv, where v is a rank-1 symmetric tensor field on 2 and d
is the symmetrization of the covariant derivative. By Theorem we invert the ray
transform [@8)) to conclude that the solenoidal part °B of B(x) vanishes on . We
note that v involves derivatives of p;(x), i = 1,2, of order at most 1 since B involves
derivatives of p; of order at most 2. Here we have (M, g) = (€,e/c2); so we write
dv = V,®v + R(v), where R(v) depends on v and derivatives of ¢, (cf. notation
(EI[)) It follows from Theorem [£3] that W (B) = W (dv) = W(V.®v) + WR(v) =
W R(v) involves derivatives of p;(x) of order at most 3. We write Tju for the sum
of terms of u that involve the [th-order derivatives of p;, i = 1,2. Then

(52) T\W(B) = 0.

In the following we derive from this fact a partial differential equation whose solu-
tion involves the difference between p; and ps.

We compute the value of T,W(B) acting on certain input. In fact, we first
observe (cf. (#9) and Theorem 3] that

W ((log \/pi)ez) = W (Ve@®(log \/pi)z) = 0, i=1,2,
WD, ., = 0(i1i2)0(j1j2){&liz%m— 203y, O jaia T 5;‘1;'204,1‘”‘2}
1
= 5i1i2a96111j2 + 5j1j2axilﬂvi2 - 5 5i1j10‘1’121i2

+ 5i2j1a$j2$7:1 + 5i1j2a:cjlﬁc1:2 + 61'21'20‘%196111}7
[W(ﬂm ®6x)} 11125172 = U(i1i2)0(j1j2){aszamjl (ﬂzblﬂzg)
— 20,00, (Bur, Buy,) + O, O, (Buy, By, )}
= 8$j18$j2 (6:8716:872) + 8:87',18:87',2 (B:cjlﬁxh)
— 20(i1i2)0(j1J2) O, Oy, (Bas, B, )5
1 if i=j
0 if iy
golzgox-X and =9 Y

where §;; = { } is the Kronecker delta. Writing
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for any constant vectors X,Y and any smooth scalar function ¢, we find that
W(al)(X,X,Y,)Y) = |X[|?a-2(X -Y)d +|Y|?”,
(8927 + [(B7]" — 2(68)"

= 2[py - BB

We choose X =e; and Y = e;, where e; is the unit vector in R? with 1 in the
ith component and 0 elsewhere. We sum over ¢,5 = 1,2, 3 to conclude, given (3],
that

0 = ZT4W(B)[6“ €i, €5, ej]
0,J

W (B @ B2)(X, X,Y,Y)

= T Y [5W(Bre @ Bra) =W (Baa @ Ba) = W (aD) | [eis €3, 5, 5]
” 4(c? — 4c?)
= AT Aa = —piAQ(log\/p_l —log\/p2)

Cp
+ 4wA[(1og VPt +1og\/p2)s - (log \/p1 — log \/p2)a |-
Note that
cf) — 5012)(% + 8¢t
Cp(cz% —c?)
is never zero on €, and is bounded on Q, given the strong convexity condition

3N+ 2u >0, ie., 3(:12, > 4c2 on Q. Tt follows that the difference 8~ = log/p1 —
log /p2 solves the fourth-order, linear, elliptic partial differential equation

w =

(53) YA*(BT) = Al(BT)e - (B7):] = 0
in Q, where =31+ (2 =log/p1 + log/pz and
G-1d)e (G- D@4
B w ot =522+ 8¢t

Since ¢,/ are real, v is bounded on Q.

We apply strong uniqueness results for (B3) to conclude that 8~ vanishes on
parts of Q. In particular, we first note that 5~ vanishes to infinite order outside
02 by Theorem 2] and the extension of \;, u;, and p; to R? (see Section RI). We
then assume, without loss of generality, that \;, u;, and p; were extended to R3 so
that ¢, # 2c, in a neighborhood of dBr, where Br C R? is an open ball containing
Q. Writing

(54) Sp ={xz€Br : y=0} = {x€Br : ¢p=2¢}

for the collection of singular points of (B3) in Bgr, we conclude that Sk does not
intersect some neighborhood of 9Bg. Let Uy be any connected, open neighborhood
in Br of 0Br whose closure has empty intersection with the singular points Sg.
Then 1/~ is bounded on Uy. By (B3) and the fact that, outside 2, [~ = 0 solves
the PDE in (53)), we conclude that for any zq € Uy \ ,

(55) A%57 (20 —2)] < C ) |D*B (20— )]

o] <3
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on {zg} — Uy, where C' > 0 is constant. By the strong uniqueness result of [Pr],
page 90, for example, with u(z) = 8~ (z¢ — x), it follows that 3~ =0 on Uy. We
vary Uy and refer to the continuity of p; to conclude that 3~ = 0 on the closure
of the open, connected component Cy of B \ Sg that contains a neighborhood in
Bpr of 0Br. That is, p1 = p2 on the closure of

(56) C = ConA.
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