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CAUCHY PROBLEM FOR ULTRASOUND-MODULATED EIT

GUILLAUME BAL

Ultrasound modulation of electrical or optical properties of materials offers the possibility of devising
hybrid imaging techniques that combine the high electrical or optical contrast observed in many settings of
interest with the high resolution of ultrasound. Mathematically, these modalities require that we reconstruct
a diffusion coefficient o (x) for x € X, a bounded domain in R", from knowledge of o (x)|Vu|*(x) for
x € X, where u is the solution to the elliptic equation —V -0 Vu =01in X withu = f on 9X.

This inverse problem may be recast as a nonlinear equation, which formally takes the form of a
0-Laplacian. Whereas p-Laplacians with p > 1 are well-studied variational elliptic nonlinear equations,
p = 1 is a limiting case with a convex but not strictly convex functional, and the case p < 1 admits a
variational formulation with a functional that is not convex. In this paper, we augment the equation for
the 0-Laplacian with Cauchy data at the domain’s boundary, which results in a formally overdetermined,
nonlinear hyperbolic equation.

This paper presents existence, uniqueness, and stability results for the Cauchy problem of the O-
Laplacian. In general, the diffusion coefficient o (x) can be stably reconstructed only on a subset of
X described as the domain of influence of the space-like part of the boundary 0 X for an appropriate
Lorentzian metric. Global reconstructions for specific geometries or based on the construction of
appropriate complex geometric optics solutions are also analyzed.

1. Introduction

Electrical impedance tomography (EIT) and optical tomography (OT) are medical imaging modalities that
take advantage of the high electrical and optical contrast exhibited by different tissues, and in particular,
the high contrast often observed between healthy and unhealthy tissues. Electrical potentials and photon
densities are modeled in such applications by a diffusion equation, which is known not to propagate
singularities, and as a consequence, the reconstruction of the diffusion coefficient in such modalities often
comes with poor resolution [Arridge and Schotland 2010; Bal 2009; Uhlmann 2009].

Ultrasound modulations have been proposed as a means to combine the high contrast of EIT and OT
with the high resolution of ultrasonic waves propagating in an essentially homogeneous medium [Wang
2004]. In the setting of EIT, ultrasound-modulated electrical impedance tomography (UMEIT), also
called acousto-electric tomography, has been proposed and analyzed in [Ammari et al. 2008; Bal et al.
2011a; Capdeboscq et al. 2009; Gebauer and Scherzer 2008; Kuchment and Kunyansky 2011; Zhang and
Wang 2004]. In the setting of optical tomography, a similar model of ultrasound-modulated tomography
(UMOT), also called acousto-optic tomography, has been derived in [Bal and Schotland 2010] in the
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so-called incoherent regime of wave propagation, while a large physical literature deals with the coherent
regime [Atlan et al. 2005; Kempe et al. 1997; Wang 2004], whose mathematical structure is quite different.
The 0-Laplacian model also finds applications in thermoacoustic tomography. For this and other hybrid
imaging modalities, see, for example, [Bal 2013; Scherzer 2011].

Elliptic forward problem. In this paper, we aim to reconstruct an unknown coefficient o (x) from knowl-
edge of a functional of the form H (x) = o (x)|Vu |2(x), where u(x) is the solution to the elliptic equation

—V.o(x)Vu=0 in X, u=yf ondX. (D)

Here, X is an open bounded domain in R" with spatial dimension n > 2. We denote by dX the
(sufficiently smooth) boundary of X and by f(x) the Dirichlet boundary conditions prescribed in the
physical experiments. Neumann or more general Robin boundary conditions could be analyzed similarly.
We assume that the unknown diffusion coefficient o is a real-valued, scalar function defined on X. It is
bounded above and below by positive constants and assumed to be (sufficiently) smooth. The coefficient
o (x) models the electrical conductivity in the setting of electrical impedance tomography and the diffusion
coefficient of particles (photons) in the setting of optical tomography. Both EIT and OT are high-contrast
modalities. We focus on the EIT setting here for concreteness, and refer to o as the conductivity.

The derivation of such functionals as H (x) from physical experiments, following similar derivations in
[Bal et al. 2011a; Bal and Schotland 2010; Kuchment and Kunyansky 2011], is recalled in Section 2. For
a derivation based on the focusing of acoustic pulses (in the time domain), we refer the reader to [Ammari
et al. 2008]. This problem has been considered numerically in [Ammari et al. 2008; Gebauer and Scherzer
2008; Kuchment and Kunyansky 2011]. In those papers, it is shown numerically that UMEIT allows for
high-resolution reconstructions, although typically more information than one measurement of the form
H(x) =0 (x)|Vul?*(x) is required.

Following the methodology in [Capdeboscq et al. 2009], where the two-dimensional setting is analyzed,
[Bal et al. 2011a] analyzes the reconstruction of o in UMEIT from multiple measurements at least equal to
the spatial dimension . The stability estimates obtained in [Bal et al. 2011a] show that the reconstructions
in UMEIT are indeed stable with respect to perturbations of the available measurements. Such results are
confirmed by the theoretical investigations in a linearized setting and the numerical simulations proposed
in [Kuchment and Kunyansky 2011]. In this paper, we consider the setting where a unique measurement
H(x) = o (x)|Vu|*(x) is available.

The inverse problem as a p-Laplacian. Following [Ammari et al. 2008; Bal and Schotland 2010; Gebauer
and Scherzer 2008], we recast the inverse problem in UMEIT as a nonlinear partial differential equation;
see (7) below. This equation is formally an extension to the case p = 0 of the p-Laplacian elliptic

equations
H(x)

[ Vuf2-r

’

posed on a bounded, smooth, open domain X C R", n > 2, with prescribed Dirichlet conditions, say.
When 1 < p < oo, the above problem is known to admit a variational formulation with convex functional
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J[Vu] = f x H((x)|Vul?(x) dx, which admits a unique minimizer (in an appropriate functional setting),
this being a solution of the above associated Euler—Lagrange equation [Evans 1998].

The case p = 1 is a critical case, as the above functional remains convex but not strictly convex.
Solutions are no longer unique in general. This problem has been extensively analyzed in the context of
EIT perturbed by magnetic fields (CDII and MREIT) [Kwon et al. 2002; Nachman et al. 2007; 2009],
where it is shown that slight modifications of the 1-Laplacian admit unique solutions in the setting of
interest in MREIT. Of interest for this paper is the remark that the reconstruction when p = 1 exhibits some
locality, in the sense that local perturbations of the source and boundary conditions of the 1-Laplacian do
not influence the solution on the whole domain X. This behavior is characteristic of a transition from an
elliptic equation when p > 1 to a hyperbolic equation when p < 1.

The inverse problem as a hyperbolic nonlinear equation. When p < 1, the above functional J[Vu] is
no longer convex. When p =0, it should formally be replaced by J[Vu] = f x H(x)In|Vu|(x) dx, whose
Euler—Lagrange equation is indeed (7) below. The resulting 0-Laplacian is not an elliptic problem. As
we mentioned above, it should be interpreted as a hyperbolic equation, as the derivation of (8) below
indicates.

Information then propagates in a local fashion, provided that compatible boundary conditions are
imposed in order for the hyperbolic equation to be well-posed [Hormander 1997; Taylor 1996]. We thus
augment the nonlinear equation with Cauchy boundary measurements. As we shall see in the derivation
of UMEIT in the next section, imposing such boundary conditions essentially amounts to assuming
that o (x) is known at the domain’s boundary. This results in an overdetermined problem in the same
sense that a wave equation with Cauchy data at time + = 0 and at time ¢t = T > 0 is overdetermined.
Existence results are therefore only available in a local sense. We are primarily interested in showing a
uniqueness (injectivity) result, which states that at most one coefficient o is compatible with a given set
of measurements, and a stability result, which characterizes how errors in measurements translate into
errors in reconstructions. Redundant measurements clearly help in such analyses.

Space-like versus time-like boundary subsets. Once UMEIT is recast as a hyperbolic problem, we face
several difficulties. The equation is hyperbolic in the sense that one of the spatial variables plays the usual
role of “time” in a second-order wave equation. Such a “time” variable has an orientation that depends on
position x in X and also on the solution of the hyperbolic equation itself, since the equation is nonlinear.
Existence and uniqueness results for such equations need to be established, and we shall do so in Sections
3 and 4 below, adapting known results on linear and nonlinear hyperbolic equations that are summarized
in [Hormander 1997; Taylor 1996].

More damaging for the purpose of UMEIT and UMOT is the fact that hyperbolic equations propagate
information in a stable fashion only when such information enters through a space-like surface, that is, a
surface that is more orthogonal than it is tangent to the direction of “time”. In two dimensions of space,
the time-like and space-like variables can be interchanged so that when n = 2, unwanted singularities can
propagate inside the domain only through points with “null-like” normal vector, and in most settings, such
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points have (surface Lebesgue) zero measure. In n = 2, it is therefore expected that spurious instabilities
may propagate along a finite number of geodesics and that the reconstructions will be stable otherwise.

In dimensions n > 3, however, a large part of the boundary 0 X will in general be purely “time-like,”
so that the information available on such a part of the surface cannot be used to solve the inverse problem
in a stable manner [Hérmander 1997]. Only on the domain of influence of the space-like part of the
boundary do we expect to stably solve the nonlinear hyperbolic equation, and hence reconstruct the

unknown conductivity o (x).

Special geometries and special boundary conditions. As we mentioned earlier, the partial reconstruc-
tion results described above can be improved in the setting of multiple measurements. Once several
measurements, and hence several potential “time-like” directions are available, it becomes more likely
that o can be reconstructed on the whole domain X. In the setting of well-chosen multiple measurements,
the theories developed in [Bal et al. 2011a; Capdeboscq et al. 2009] indeed show that o can be uniquely
and stably reconstructed on X.

An alternative solution is to devise geometries of X and of the boundary conditions that guarantee
that the “time-like” part of the boundary d X is empty. Information can then be propagated uniquely and
stably throughout the domain. In Section 4, we consider several such geometries. The first geometry
consists of an annulus-shaped domain, to ensure that the two connected components of the boundary
are level sets of the solution u. In such situations, the whole boundary d X turns out to be “space-like”.
Moreover, so long as u does not have any critical point, we can show that the reconstruction can be stably
performed on the whole domain X.

Unfortunately, only in dimension n =2 can we be sure that # does not have any critical point independent
of the unknown conductivity o. This is because critical points in a two-dimensional elliptic equation are
necessarily isolated, as used in [Alessandrini 1986], for example, and our geometry simply prevents their
existence. In three dimensions of space, however, critical points can arise. Such results are similar to
those obtained in [Briane et al. 2004] in the context of homogenization theory, and are consistent with the
analysis of critical points in elliptic equations, as in [Caffarelli and Friedman 1985; Hardt et al. 1999].

In dimension n > 3, we thus need to use another strategy to ensure that one vector field is always
available for us to penetrate information inside the domain in a unique and stable manner. In this paper,
such a result is obtained by means of boundary conditions f in (1) that are “close” to traces of appropriate
complex geometric optics (CGO) solutions, which can be constructed provided that o (x) is sufficiently
smooth. The CGO solutions are used to obtain required qualitative properties of the solutions to linear
elliptic equations, as was done in the setting of other hybrid medical imaging modalities in, for example,
[Bal and Ren 2011; Bal et al. 2011b; Bal and Uhlmann 2010; Triki 2010]; see also the review paper [Bal
2013].

The rest of the paper is structured as follows. Section 2 presents the derivation of the functional
H(x) = o (x)|Vu|? from ultrasound modulation of a domain of interest and the transformation of the
inverse problem as a nonlinear hyperbolic equation. In Section 3, local results of uniqueness and stability
are presented, adapting results on linear hyperbolic equations summarized in [Taylor 1996]. These results
show that UMEIT and UMOT are indeed much more stable modalities than EIT and OT. The section
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concludes with a local reconstruction algorithm, which shows that the nonlinear equation admits a solution
even if the available data are slightly perturbed by, say, noise. The existence result is obtained after an
appropriate change of variables from the result for time-dependent second-order nonlinear hyperbolic
equations in [Hérmander 1997]. Finally, in Section 4, we present global uniqueness and stability results for
UMEIT for specific geometries or specific boundary conditions constructed by means of CGO solutions.

2. Derivation of a nonlinear equation

Ultrasound modulation. A methodology to combine high contrast with high resolution consists of
perturbing the diffusion coefficient acoustically. Let an acoustic signal propagate throughout the domain.
We assume here that the sound speed is constant and that the acoustic signal is a plane wave of the form
pcos(k - x + ¢), where p is the amplitude of the acoustic signal, k its wavenumber, and ¢ an additional
phase. The acoustic signal modifies the properties of the diffusion equation. We assume that such an
effect is small but measurable and that the coefficient in (1) is modified as

o.(x) =0 (x)(1 +ecos(k-x +¢)), ()

where ¢ = pI' is the product of the acoustic amplitude p € R and a measure I" > 0 of the coupling between
the acoustic signal and the modulations of the constitutive parameter in (1). For more information about
similar derivations, we refer the reader to [Ammari et al. 2008; Bal and Schotland 2010; Kuchment and
Kunyansky 2011].

Let u be a solution of (1) with fixed boundary condition f. When the acoustic field is turned on, the
coefficients are modified as described in (2), and we denote by u, the corresponding solution. Note that
u_, is the solution obtained by changing the sign of p or, equivalently, by replacing ¢ by ¢ + 7.

By the standard continuity of the solution to (1) with respect to changes in the coefficients and regular
perturbation arguments, we find that u, = ug + eu; + O (g%). Let us multiply the equation for u, by u_,
and the equation for u_, by u., subtract the resulting equalities, and use standard integrations by parts.
We obtain that

/ (0 —0_¢)Vuy-Vu_.dx = / G,g%ue — ae%u,g do. 3)
X ax av av
Here, v(x) is the outward unit normal to X C R" at x € 0X, and as usual d/0v :=v - V. We assume that
o0y, is measured on dX, at least on the support of u, = f for all values ¢ of interest. Note that the
above equation still holds if the Dirichlet boundary conditions are replaced by Neumann (or more general
Robin) boundary conditions. Let us define

1 ou_g oug 3
Jo == O ¢—U—0—u_cdo =¢eJ;+ 0(g). 4
2 Jox v v
The term of order O (¢2) vanishes by symmetry. We assume that the real-valued functions J; = J; (k, ¢) are
known. This knowledge is based on the physical boundary measurement of the Cauchy data (u., 0.0,u.)

ondX.
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Equating like powers of &, we find at the leading order that
/X[a(x)Vuo - Vug(x)] cos(k - x + @) dx = Jy (k. ¢). (5)
This may be acquired for all £ € R" and ¢ =0, /2, and hence provides the Fourier transform of
H(x) = 0 (x)|Vuo[*(x). (0)

Upon taking the inverse Fourier transform of the measurements (5), we thus obtain the internal func-
tional (6).

Nonlinear hyperbolic inverse problem. The forward problem consists of assuming o and f(x) known,
solving (1) to get u(x), and then constructing H(x) = o (x)|Vu|*(x). The inverse problem consists of
reconstructing o and u from knowledge of H (x) and f(x).

As we shall see, the linearization of the latter inverse problem may involve an operator that is not
injective, and so there is no guarantee that # and o can be uniquely reconstructed; see Remark 3.4 below.
In this paper, we instead assume that the Neumann data o v - Vu and the conductivity o (x) on 0 X are also
known. We saw that measurements of Neumann data were necessary in the construction of H (x), and so
our main new assumption is that o (x) is known on 9 X. This allows us to have access to v-Vu on 0X.
Note that for x € 3 X, with the notation V,u =u—v-Vuv, we find that H (x) =0 |Vou|>+(1/0)|ov-Vu|?,
which provides a quadratic equation for o when u and v - Vu are known at x.

Combining (1) and (6) with the above hypotheses, we can eliminate o from the equations and obtain
the following Cauchy problem for u(x):

H (x)
VUl
where (H, f, j) are now known while u is unknown. Thus the measurement operator maps (o, u) to
(H, f, j) constructed from a solution u(x) of (1). Although this problem (7) may look elliptic at first, it is
in fact hyperbolic as we already mentioned, and this is the reason why we augmented it with (redundant)
Cauchy data. In the sequel, we also consider other redundant measurements given by the acquisition
of H(x) = o (x)|Vul|?(x) for solutions u corresponding to several boundary conditions f(x). A general
methodology to uniquely reconstruct o (x) from a sufficient number of redundant measurements has
recently been analyzed in [Bal et al. 2011a; Capdeboscq et al. 2009].

9
u=0 inX, wu=f and a—”:j on 9X, 7
vV

The above equation may be transformed as
(I-2Vu®Vu):Vu+VInH -Vu=0 inX, u=f and 2-3:1' on 9 X. (8)
Here Vu = Vu/|Vu|. With
¢ =g (Vu) = =87 +2(Vu);(Vu); and k' =—(VInH);, )
(8) is recast as

ij 2 i . u
gJ(Vu)aiju—Hc bu=0 1in X, u=f and P =j ondX. (10)
v
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Note that g/ is a definite matrix of signature (1, n — 1), so that (10) is a quasilinear strictly hyperbolic
equation. The Cauchy data f and j then need to be provided on a space-like hypersurface in order for
the hyperbolic problem to be well-posed [Hormander 1983b]. This is the main difficulty when solving (7)
with redundant Cauchy boundary conditions.

3. Local existence, uniqueness, and stability

Once we recast (7) as the nonlinear hyperbolic equation (10), we have a reasonable framework to perform
local reconstructions. However, in general, we cannot hope to reconstruct u#(x), and hence o (x) on
the whole domain X, at least not in a stable manner. The reason is that the direction of “time” in the
second-order hyperbolic equation is ﬂ(x). The normal v(x) at the boundary d X separates the (good)
part of 90X that is “space-like” and the (bad) part of 0 X that is “time-like”; see definitions below. Cauchy
data on space-like surfaces such as t = 0 provide stable information to solve standard wave equations,
where, as in general, it is known that arbitrary singularities can form in a wave equation from information
on “time-like” surfaces such as x = 0 or y = 0 in a three-dimensional setting (where (¢, x, y) are local
coordinates of X) [Hormander 1983b].

In the two-dimensional setting n = 2, the numbers of space-like and time-like variables both equal 1
and “¢” and “x” play a symmetric role. Nonetheless, if there exist points at the boundary of 9 X such that
v(x) is “light-like” (null), then singularities can form at such points and propagate inside the domain. As
a consequence, even in two dimensions of space, instabilities are expected to occur in general.

We present local uniqueness and stability results for the reconstruction of # and o in the next subsection.
These results are based on the linear theory of hyperbolic equations with general Lorentzian metrics [Taylor
1996]. In Section 3B, we adapt results in [Hormander 1997] to propose a local theory of reconstruction
of u(x), and hence o(x), by solving (10) with data (H, f, j) that are not necessarily in the range of
the measurement operator (u, o) — (H, f, j), which to (u, o) satisfying (1) associates the Cauchy data
(f, j) and the internal functional H.

3A. Uniqueness and stability. Stability estimates may be obtained as follows. Let (1, o) and (i, 6) be
two solutions of (1) and the Cauchy problem (10) with measurements (H, f, j) and (I:I , f , f). Note that
after solving (10), we then reconstruct the conductivities with

(x), o(x)=

(x). (11)

“) = ap

|Vii|?
The objective of stability estimates is to show that (u —ii, 0 —&) are controlled by (H—H, f — f, j — J),
that is, to show that small errors in measurements (that are in the range of the measurement operator)
correspond to small errors in the coefficients that generated such measurements.

Some algebra shows that v = iz — u solves the linear equation

H v Vu+ Vi H—H
v. (-2 {1— u® (Vu+ ”)}Vv+ “vi)=o.
|Vii|? |Vu|? |Vii|?
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with Cauchy data f — f and i—J, respectively. Changing the roles of # and &z and summing the two
equalities, we get

Vi Vu
[(Vu+ Vi) ® (Vu+ Vii) — (|Vul® + Vil >’}V”+5H<|va|2 " |Vu|2)> -

v <|Vﬁ|2|vM|2
The above operator is elliptic when Vu- Vit < 0 and is hyperbolic when Vi - Vi > (0. Note that Vu - Vii > 0
on 3X when j — j and f — f are sufficiently small. We obtain a linear equation for v with a source term
proportional to 8 H = H — H. For large amounts of noise, Vi may significantly depart from Vi, in which
case the above equation may lose its hyperbolic character. However, stability estimates are useful when
8 H is small, which should imply that # and # are sufficiently close, in which case the above operator is
hyperbolic. We assume here that the solutions u# and # are sufficiently close that the above equation is

hyperbolic throughout the domain. We recast the above equation as the linear equation

g . . - P .
g”(x)aizjv-l—flaiv+8,'(l’8H):0 in X, v=f—f, a—v:j—j on X, (12)

%
for appropriate coefficients g'/, & and I'. Now g is strictly hyperbolic in X (of signature (1, n — 1)) and

is given explicitly by

g(x) = W{(VHW)®(w+va)—<|w|2+|vm2)1}
=a(x)(e(x) ®e(x) — B2 (x)(I —e(x) @ e(x))), (13)
where o v P,
u u u
) = (), B0 = oo o) (14)
and
a(x) (IVu + Val* — (\Vul® + |Vil%)

VP vuP
is the appropriate (scalar) normalization constant. Here, e(x) is a normal vector that gives the direction of
“time” and B(x) should be seen as a speed of propagation (close to 1 when u and & are close). When e is
constant, then the above metric, up to normalization, corresponds to the operator 33 — ,Bz(t, XAy

We also define the Lorentzian metric h = g~! so that b; ; are the coordinates of the inverse of the
matrix g”/. We denote by (-, -) the bilinear product associated to h so that (u, v) = b;ju’v/, where the
two vectors u and v have coordinates ' and v’, respectively. We verify that

1
B2 (x)
The main difficulty in obtaining a solution v to (12) arises because v(x) is not time-like for all points

of dX. The space-like part ¥, of 0 X is given by the points x € X such that v(x) is time-like, in the
sense that h(v(x), v(x)) > 0, or equivalently,

b(x) =

(e(X)®e(X) - ( —e(X)®e(X))>- (15)

o(x)

w(x)-ex)]> > x€dX. (16)

1+ B2(x)’
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In (16), the dot product is with respect to the standard Euclidean metric and v is a unit vector for the
Euclidean metric, not for the metric ). The time-like part of 9 X is given by the points x € 9 X such that
h(v(x), v(x)) < 0 (that is, v(x) is a space-like vector), while the light-like (null) part of dX corresponds
to x such that h(v(x), v(x)) = 0 (that is, v(x) is a null vector).

When j = f on dX so that Vu(x) = Vii(x) and B(x) =1 for x € 9 X (see also the proof of Theorem 3.1
below), then the above constraint becomes

) -Vu@)? > 1, xedX. (17)

In other words, when such a constraint is satisfied, the differential operator is strictly hyperbolic with
respect to v(x) on X,. Once X, is constructed, we need to define its domain of influence X, C X, that is,
the domain in which v can be calculated from knowledge of its Cauchy data on X,. In order to do so, we
apply the energy estimate method for hyperbolic equations described in [Taylor 1996, Section 2.8]. We
need to introduce the notation used there; see Figure 1.

Let ¥ be an open connected component of X,. We assume here that all coefficients and geometrical
quantities are smooth. By assumption, X is space-like, which means that the normal vector v, is time-like
and hence satisfies (16). Now let ¥, (s) C X be a family of (open) hypersurfaces that are also space-like
with unit (with respect to the Euclidean metric) vector v, (x) that is thus time-like, that is, verifies (16).
We assume that the boundary of X;(s) is a codimension-1 manifold of ;. Let then

o) = | =20, (18)
O<t<s
which we assume is an open subset of X. In other words, we look at domains of influence O(s) of X,

that are foliated (swept out) by the space-like surfaces X,(t). Then we have the following result:

Theorem 3.1 (local uniqueness and stability). Let u and i be two solutions of (7) sufficiently close in
WL-2°(X) norm and such that |Vul, |Vi|, H and H are bounded above and below by positive constants.

Figure 1. Construction of the domain of influence O (hatched area). The unit vectors e
indicate the “time” direction of the Lorentzian metric ). The surface >, (s) has a normal
vector vy (x) that forms a sufficiently small angle with e that X, (s) is a space-like surface,
as is Xy C X, with an angle such that |v; - e| is also sufficiently close to 1.



760 GUILLAUME BAL

This ensures that g constructed in (13) is strictly hyperbolic and that «(x) and B(x) in (14) are bounded
above and below by positive constants.

Let 31 be an open connected component of X, the space-like component of 90X, and let the domain of
influence O = O(s) for some s > 0 be constructed as above. Let us define the energy

E(dv) = (dv, 12)* — 3{dv, dv)(v2, v2). (19)

Here, dv is the gradient of v in the metric Y, and is thus given in coordinates by g/ djv. Then we have the

local stability result

/E(dv)dxfc(/ |f—f|2+|j—j|2do+/ |V3H|2dx>, (20)
0 % O

where dx and do are the standard (Euclidean) volume and (hyper)surface measures on O and X1,
respectively.

The above estimate is the natural estimate for the Lorentzian metric V). For the Euclidean metric, the
above estimate may be modified as follows. Let vo(x) be the unit (for the Euclidean metric) vector to
X € Xr(s), and let us define c(x) := vy(x) - e(x) with e(x) as in (14). Let us define

1
—min 2y L
0 :=min [C ) 1+ﬁ2(x)]‘ D

We need 6 > 0 for the metric h to be hyperbolic with respect to vo(x) for all x € 0. Then we have that
C ~ ~
/|v2|+|Vv|2+(a—6)2dx§6—2( |f—f|2+|j—j|2d0+/|V8H|2dx>, (22)
0 i 0

where o and & are the reconstructed conductivities given in (11). Provided that data are equal in the
sense that f = f, j = j,and H = H, we obtain v = 0 and the uniqueness result u = ii and o = 6.

Proof. That h is a hyperbolic metric is obtained, for instance, if # and u are sufficiently close in the
W% (X) norm and if |Vu|, |Vii|, H and H are bounded above and below by positive constants. The
derivation of (20) then follows from [Taylor 1996, Proposition 8.1] using the notation introduced earlier
in this section. The volume and surface measures dx and do are here the Euclidean measures and are of
the same order as the volume and surface measures of the Lorentzian metric . This can be seen in (15),
since « and B are bounded above and below by positive constants.

Then (20) reflects the fact that the energy measured by the metric f is controlled. However, this “energy”
fails to remain definite for null-like vectors (vectors v such that h(v, v) = 0), and as x approaches the
boundary of the domain of influence of ¥,, we expect the estimate to deteriorate.

Let x € O be fixed and define v = v;(x) and e = e(x). Let us decompose v = ce + s'e*, where ce is
the orthogonal projection of v onto e and s’e* := v — ce the projection onto the orthogonal subspace of
R" with e a unit vector. For a vector v = vje + vhel + w’ (standing for dv) with w’ orthogonal to e and
e (and thus vanishing if n = 2), we need to estimate

E()=h*(v,v) — $h(v, v)h(v, v) = %[mc —v2s)” — $(v] — (V3 + [w?)) (* —sH)].
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where we have conveniently defined v, = B~ 'v), w=B~'w’, and s = B~ 1s’. After some straightforward

algebra, we find that
1+ p?

EO) =g

1 14 p2 v? 402
2 2 0 212 42 2, Ui TY% 2

0w —I-;(%(c + 53 (v} +v3) — 2vjvacs) > a2—,329|w| +7(c—s) .

Since B is bounded above and below by positive constants, we need to bound (¢ — s) from below, or

equivalently, (B¢ — s’)? from below. Some algebra shows that

/
9 <c?_ 1 :,30+s
1+,32 1+,32

(Bc—s").

Since 6 < 1, this shows that
E(v) > CO*v|?,

for a constant C that depends on the lower and upper bounds for 8 and « but not on the geometry of v.
Note that the behavior of the energy in 62 is sharp, as the bound is attained for v; = v, with w = 0. This
proves the error estimate for v = Vv. Since v is controlled on X, we obtain control of v on O by the
Poincaré inequality. Now o — & is estimated by H — H and by Vu — Vii = Vv, and hence the result.

In other words, the angle ¢ (x) between e(x) and v,(x) must be such that 8(x) —tan¢ (x) > 62 in
order to obtain a stable reconstruction. When § H is small, then Vu — Vu is small, so that 8 is close to 1.
As a consequence, we obtain that the constraint of hyperbolicity of b is, to first order, tan ¢ (x) < 1, which
is indeed the constraint (16) that holds when Vi = Vi on 0 X.

For the uniqueness result, assume that u and # are two solutions of (7). We define e(x) = Vu and
B% = 1. Then v =0 on X; implies by the preceding results that v = 0 in a vicinity of ¥ in 0, so that
u = u in the vicinity of ¥. This shows that # = i in 0, and hence in all the domain of dependence of X,
constructed as above. |

Remark 3.2. In two dimensions, we can interchange the roles of space-like and time-like variables, since
both are one-dimensional, and find, at least for sufficiently simple geometries, that the complement of
the domain of influence of ¥, in X is the domain of influence of the complement of ¥, in 9X. We thus
obtain stability of the reconstruction in all of X except in the vicinity of the geodesics for the metric g
that emanate from 0 X in a direction v(x) that is null-like, that is, a vector such that h(v(x), v(x)) =0, or
equivalently such that |v(x) - e(x) 12 = %

In three (or higher) dimensions, however, no such interchange of the roles of time and space is possible.
All we can hope for is a uniqueness and stability result in the domain of influence of ¥,. The solution v
and the conductivity o are not stably reconstructed on the rest of the domain without additional information
from, say, other boundary conditions f(x). The case of redundant measurements of this type is considered
in Section 4B below, and is analyzed in a different context in [Bal et al. 2011a; Capdeboscq et al. 2009].

Remark 3.3. Assuming that the errors on the Cauchy data f and j are negligible, we obtain the following
stability estimate for the conductivity:

- C ~
lo =02 < §||H — Hll g1 x)- (23)
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Figure 2. Geometry of the domain of influence in Euclidean geometry, with o = 1 and
u = x1, on a domain X given by an ovoid. In a three-dimensional geometry, we can
regard the picture as a cross-section at y = 0 of a three-dimensional domain of revolution
about the axis e; := Vu. The vector v(x) is a “null vector” making an angle of 45 degrees
with Vu. In two dimensions, X, is the union of two connected components, whereas
in three dimensions, X, is composed of a unique connected component in dX. The
hatched domain corresponds to X \ X, the part of the domain X that is not the domain
of influence of X,. In two dimensions, Vu' = e, may also play the role of “time”, so
that X \ X, is the domain of influence of X \ X,. In three dimensions, the hatched region
is not accessible with the techniques developed in this paper.

The measurements are of the form H (x) = o (x)|Vu|*(x), which imposes reasonably restrictive assump-
tions on o ensuring that Vu is a solution in H?(£2). Under additional regularity assumptions on o, for
instance assuming that H € H*(X) for s > 2, we find that

1-1/s

Tl
ooV H + H g (24)

- C ~
llo _U”LZ(@) = EHH —H| H5(X)®

by standard interpolation. We thus obtain a standard Holder estimate in the setting where the error in the
measurements is quantified in the square integrable sense.

Remark 3.4. The linearization of (7) in the vicinity of o = 1 with only Dirichlet data is an ill-posed
problem when X is a two-dimensional disc. Indeed, assume Dirichlet data of the form f(x) = x; in (1),
so that the unperturbed solution is ug = x| in X. This shows that e(x) = e; in the definition (13), so that
h=e ®e; —ex Qe in (15). In other words, the linearized problem consists of solving

0%u 9%u

9x12  9x;2

=0 inX={x7+x3<1}, u=f ondX.

The general solution to the above equation is of the form F'(x; —x2) + G (x1 4+ x2), and there is an infinite
number of linearly independent solutions to the above equation with f = 0. The linearization of the
UMEIT problem without full Cauchy data and in this specific geometry provides an operator that is not
injective.
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3B. Reconstruction of the conductivity. The construction of the solution u, from which we deduce the
reconstruction of o (x), requires that we solve the nonlinear equation (10). Let us assume that g'/ is given
as in (9) and that the vector field / and the source terms f and j are smooth given functions. Then we
can construct a unique solution to (10) locally in the vicinity of the part of d X that is space-like. In this
section, we assume that the geometry and the coefficients of the wave equation are sufficiently smooth.

Let x° be a point in X, the space-like part of d.X, so that g(v(xo), v(x%) > n > 0. In the vicinity of
x°, which we now call 0, we parametrize d X by the variables (yy, ..., y,—1) and denote by yq the signed
distance to X. In the vicinity of x® = 0, the map y = F(x) is a diffeomorphism from a neighborhood
U of x = 0 to the neighborhood V = F(U) of y = 0. Moreover, locally, DF is close to the identity
matrix (after an appropriate rotation of the domain if necessary) if U is sufficiently small. We denote by
Jr = det(DF) the Jacobian of the transformation.

Let us come back to the equation

H(x)

—VO'(X)VM:—VW

9
Vu=0 inX, u=f and a-”:j ondX. (25
v

We define v(y) = u(x), that is, v = F,u, and then verify that (Vu)(x) = DF' o F‘l(y)Vv(y). In the y

coordinates, we find that
—V.-F.oVv=0, FU),

where we have the standard expression in the y coordinates:
F.o(y)=6(y)DFDF' o F7(y), g=JylooF .
We may thus recast the above equation as the nonlinear equation

v.gPEPFoFTo o g F.(J:'H)y=J;'"Ho F~! (26)
— . V= y = = (o) .
|DF!Vv|? OF F

Note that the boundary conditions are now posed on the surface ygp = 0, where

v(0,y)=F, f(0,y) and 8y,v(0,y) =a(Y)Fif(0,y)+BO)F.jO, ),

with & close to 0 and B close to 1 on V = F(U). It remains to differentiate in (26) to obtain, after
straightforward but tedious calculations, the expression
gRaZv+h =0,  F(U), @7
with the above “initial” conditions at yy = 0, where
g = —(DFDF")i8/% + 2(DF DF*Vv) (DF'Vv)/, %)
h'y = —(VIn H - DFDF') — (V- DF DF')' +2(DF DF'Vv)! (DF'Vv)3* DF; .

—

When F = I, we recover (8). The nonlinear terms now involve functions of DF'Vv.

Note that gr = DFgDF" if we set DF'Vv := Vu, and thus transforms as a tensor of type (2,0). As a

1

consequence, the metric (a tensor of type (0, 2)) g}l = DF~'gDF~", since g~' =g, as can be easily
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verified. Let vp = F,v = DFv o F~! be the push-forward of the normal vector seen as a vector field. At
x0, the change of variables is such that

a 0
—1 _ 1 — o1 —
8F F@0) (8—y0 8_y0> = 8p 0y (VFs VE) = 80 (V, V) = gro (v, v) =1 > 0.
This shows that g remains hyperbolic in the vicinity of F(x") since DF DF' = I at y = 0 by construction
and DF is smooth. Moreover, the above is equivalent to

n—1

- B 82 82

1) 2_ 17 2 = — 7 /=

grd;=0+yYe;, O= o A M =y PEIE
j=1

where Zi’j ly'/| < (1 —n)/2. The above is nothing but the fact that g5 is hyperbolic in the vicinity of
y = 0. Note that y'/ =y (x, ﬁv).
We thus have a nonlinear hyperbolic equation of the form

(O+7" (x, DF'Vv)d;; + I (x, DF'Vv)d;)v =0,  y,>0, y e R"",
v(0, y) = vo(»), Ay (0, ¥) = jo(y). (29)

Since propagation in a wave equation is local, we can extend the boundary conditions for y = (0, y’)
outside the domain F(U) by vp =0 and d,,v = 1 and the functions y"/ and h' by 0 outside of F(U).
This allows us to obtain an equation posed on the half-space yy > 0.

The nonlinear functions y*/ (x, DF'V v) and A’ (x, DF'V: v) are smooth functions of Vv except at the
points where Vv = 0. However, we are interested in solutions such that Vv does not reach 0, to preserve
the hyperbolic structure of g/. Note that |Vv| is bounded from below by a positive constant on yo = 0 by
assumption. We obtain a bound on the uniform norm of the Hessian of v, which implies that at least for
a sufficiently small interval yo € (0, ), |Vv| does not vanish and ¥/ and A’ can then be considered as
smooth functions of x and Vv.

Using [Hormander 1997, Theorem 6.4.11 and remark following (6.4.24)], the above equation satisfies
the hypotheses to obtain an a priori estimate for

M(yo)= Y 119%u(yo, )llz2@e1),
loe| <k +2
with k the smallest integer strictly greater than (n — 1) /2. By Sobolev embedding, this implies that the
second derivatives of v are uniformly bounded so that for at least a small interval, |Vv| is bounded away
from O.
Once v, and hence u, is reconstructed, at least in the vicinity of the part 3, of 9.X that is space-like for
Vu, we deduce that

Note that Vu cannot vanish, by construction, so that the above equality for o (x) is well-defined. We
already know that a solution to the above nonlinear equation exists in the absence of noise, since we have



CAUCHY PROBLEM FOR ULTRASOUND-MODULATED EIT 765

constructed it by solving the original linear equation. In the presence of significant noise, the nonlinear
equation may behave in a quite different manner than that for the exact solution. However, the above
construction shows that the nonlinear equation can be solved locally if the measurement H (x) is perturbed
by a small amount of noise.

4. Global reconstructions of the diffusion coefficient

The picture in Figure 2 shows that in general we cannot hope to obtain a global reconstruction from a
single measurement of H (x) even augmented with full Cauchy data. Only Cauchy data on the space-like
part of the boundary can be used to obtain stable reconstructions.

Global reconstructions have been obtained from redundant measurements of the form H;; = §; - S,
with S; = \/o Vu; and u; the solution of (1) with Dirichlet conditions f = f;, in [Capdeboscq et al. 2009]
in the two-dimensional setting and in [Bal et al. 2011a] in the two- and three-dimensional settings; see
also [Kuchment and Kunyansky 2011].

This section analyzes geometries in which a unique measurement H (x) or a small number of measure-
ments of the form H (x), augmented with Cauchy data ( f, j), allow one to uniquely and stably reconstruct
o (x) on the whole domain X. These reconstructions are obtained by (possibly) modifying the geometry
of the problem so that the domain where o (x) is not known lies within the domain of dependence of X,.
We consider two scenarios. In the first scenario, considered in Section 4A, we slightly modify the problem
to obtain a model with an internal source of radiation f. Such geometries are guaranteed to provide a
unique global reconstruction in dimension n = 2, but not necessarily in higher spatial dimensions, where
global reconstructions hold only for a certain class of coefficients o (x). In the second scenario, analyzed
in Section 4B, we consider a setting where reconstructions are possible when the Lorentzian metric is the
Euclidean (Lorentzian) metric, that is, « = 8 = 1 in (15). We then show the existence of an open set of
illuminations f for three different measurements of the form H (x) such that the global result obtained
for the Euclidean metric remains valid for arbitrary, sufficiently smooth coefficients o (x).

4A. Geometries with an internal source. From the geometric point of view, the Cauchy data are suffi-
cient to allow for full reconstructions when X, = 9X, so that the whole boundary 9.X is space-like for the
metric g, and X is the domain of dependence of X,. This can happen, for instance, when 0X is a level
set of # and the normal derivative of u either points inwards or outwards at every point of 9 X. When X is
a simply connected domain, the maximum principle prevents one from having such a geometry. However,
when X is not simply connected, such a configuration can arise. We will show that such a configuration
(with X the domain of dependence of %) is always possible in two dimensions of space. When n > 3,
such configurations hold only for a restricted class of conductivities o (x) for which no critical points of
u(x) exist.

Let us consider the two-dimensional case n = 2. We assume that X is an open smooth domain
diffeomorphic to an annulus and with boundary 0 X = dXqU dX; see Figure 3. We assume that f =0 on
the external boundary d Xy and f = 1 on the internal boundary 0 X;. The boundary of X is composed of
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Figure 3. Geometry of an annulus in two space dimensions with boundaries ¥y and X1,
the level sets where u = 0 and u = 1, respectively. The four curves correspond to four
integrals of the flow of the gradient vector field Vu.

two smooth connected components that are different level sets of the solution u to (1), which is uniquely
defined in X.

In practice, such a domain X may be constructed as follows. As we do in the geometry depicted on
page 769, we embed X, the domain where o is unknown, into a larger domain X with, say, o (x) = oy
on X \ X and with a hole where we impose the aforementioned boundary conditions. Then we have the
following result:

Proposition 4.1. Let X be the geometry described above with n = 2 and u(x) the solution to (1). We
assume here that both the geometry and o (x) are sufficiently smooth. Then |Vu| is bounded from above
and below by positive constants. The level sets ¥. = {x € X, u(x) = c} for 0 < ¢ < 1 are smooth curves
that separate X into two disjoint subdomains.

Proof. The proof of the first part is based on the fact that critical points of solutions to elliptic equations
in two dimensions are isolated [Alessandrini 1986]. First of all, the Hopf lemma [Evans 1998] ensures
that no critical point exists on the smooth closed curves Xy and X;. Let x; be the finite number of points
where Vu(x;) = 0. At each x;, the level set of u with value 0 < ¢; = u(x;) < 1 is locally represented by
n; (n; even) smooth simple arcs emanating from x; that make an angle equal to 27 /n; at x; [Alessandrini
1986]. For instance, if only two simple arcs emanate from x, then these two arcs form a continuously
differentiable curve in the vicinity of xy. Between critical points, level sets of u# are smooth by the inverse
function theorem.

Let us assume that there is a point x; with more than two simple arcs leaving x;. Let y;, 1 < j <4, be
such arcs. If y; meets another critical point, we pick one of the possible other arcs emanating from this
critical point to continue the curve y;. This is always possible, as critical points always have an even
number of leaving simple arcs. The curve y; cannot meet Xy or X1, and therefore must come back to the
point x;. Let us assume the existence of a closed subloop of y; that does not self-intersect and does not
wind around X (that is, is homotopic to a point). In the interior of that closed subloop, u is then constant
by the maximum principle and hence constant on X by the unique continuation theorem [Hormander
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1983a]. This is impossible, and therefore y; must wind around X;. Let us pick a subset of y;, which we
still call yy, that winds around ¥ once. The loop meets one of the other y; to come back to x;, which we
call y, if it is not y;. Now let us follow y3. Such a curve also has to come back to x;. By the maximum
principle and the unique continuation theorem, it cannot come back with a subloop homotopic to a point.
So it must come back also winding around X;. But y; and y3 are then two different curves winding
around X;. This implies the existence of a connected (not necessarily simply connected) domain whose
boundary is included in y; U y3. Again, by the maximum principle and the unique continuation theorem,
such a domain cannot exist. So any critical point cannot have more than two simple arcs of level curves
of u leaving it.

So far, we have proved that any critical point x; sees exactly two arcs leaving x; at an angle equal
to 7T, since by the maximum principle, critical points cannot be local minima or maxima. These two arcs
again have to meet winding around X;. This generates a single curve that we call y;, with no possible
self-intersection. Moreover, since all angles at critical points are equal to 7, the curve y; is of class C'
and piecewise of class C2. Let X, be the annulus with boundary equal to ¥; Uy;. On X_, u satisfies an
elliptic equation with values u =1 on ¥; and 0 < u =¢; < 1 on y;. Since y; is sufficiently smooth now
(smooth on each arc with matching derivatives on each side of each critical point), it satisfies the interior
sphere condition and we can apply the Hopf lemma [Gilbarg and Trudinger 1977, Lemma 3.4] to deduce
that the normal derivative of u on y| cannot vanish at x; or anywhere along y;. There are therefore no
critical points of u in X. By continuity, this means that |Vu| is uniformly bounded from below by a
positive constant. Standard regularity results show that it is also bounded from above.

Now let 0 < ¢ < 1 and X, be the level set where u = ¢. Such a level set separates X into two subdomains
where 0 < u < ¢ and ¢ < u < 1, respectively, by the maximum principle. We therefore obtain a foliation
of X into the union of the smooth curves X, for 0 < ¢ < 1. Now let x € X, and consider the flow of Vu
in both directions emanating from x. Then both curves are smooth and need to reach the boundary at a
unique point. Since any point on X is also mapped to a point on X; by the same flow, this shows that
3. is diffeomorphic to Xy and X;. O

The result extends to higher dimensions, provided that |Vu| does not vanish, with exactly the same
proof. Only the proof of the absence of critical points of u was purely two-dimensional. In the absence of
critical points, we thus obtain that e(x) = Vu = v(x), so that v(x) is clearly a time-like vector. Then the
local results of Theorem 3.1 become global results, which yields the following proposition:

Proposition 4.2. Let X be the geometry described above in dimension n > 2 and u(x) the solution to (1).
We assume here that both the geometry and o (x) are sufficiently smooth. We also assume that |Vu| is
bounded from above and below by positive constants. Then the nonlinear equation (10) admits a unique
solution and the reconstruction of u and of o is stable in X in the sense described in Theorem 3.1.

Remark 4.3. The above geometry with a hole is not entirely necessary in practice. Formally, we can
assume that the hole with boundary X shrinks and converges to a point xo € dX at the boundary of the
domain. Thus, the illumination f is an approximation of a delta function at xo. The level sets of the
solution are qualitatively similar to the level sets in the annulus. Away from xg, the surface 0 X is a level
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set of the solution u, and hence the normal to the level set is a time-like vector for the Lorentzian metric
with direction e(x) = v(x). Away from x(, we can solve the wave equation inwards and obtain stable
reconstructions in all of X but a small neighborhood of x¢. This construction should also provide stable
reconstructions in arbitrary dimensions provided that u# does not have any critical point.

In dimensions n > 3, however, we cannot guarantee that u does not have any critical point independent
of the conductivity. If the conductivity is close to a constant where we know that no critical point exists,
then by continuity of u with respect to small changes in o (x), u does not have any critical point and the
above result applies. In the general case, however, we cannot guarantee that Vi does not vanish, and in
fact can produce a counterexample using the geometry introduced in [Briane et al. 2004] (see also [Melas
1993] for the existence of critical points of elliptic solutions):

Proposition 4.4. There is an example of a smooth conductivity such that u admits critical points.

Proof. Consider the geometry in three dimensions depicted in Figure 4. The domain X is a smooth,
convex domain, invariant by rotation leaving e, invariant and by symmetry z — —z, and including two
disjoint, interlocked tori 77 and 7». The first torus 77 is centered at c¢; = (0, 0, 1), with base circle

{e:+2e +a(cospes+singey), 0<¢ <2m}

rotating around c; in the plane (e, e;) (top torus in Figure 4) for o« = % say. The second torus 73 is

centered at ¢ = (0, 0, —1), with base circle
{—eZ +2e, +a(cospe,+singey), 0<¢ < 2n}

rotating around c¢; in the plane (e, e;) (bottom torus in Figure 4).

We consider the boundary condition ¥ = z on 9.X.

We assume that o (x) = 1 4+ A¢(x) in (1), where ¢(x) is a smooth, nontrivial, nonnegative function
with nonvanishing support inside each of the tori 7 and 7, that respects the invariance by rotation and the
symmetries of the two tori. We normalize ¢ (x) by 1 on the circles {eZ +2(cospe,+singey), 0<¢ < 271}

Figure 4. Geometry of a critical point: X is the ball of radius 4; the interlocked tori are
the top torus 77 and the bottom torus 75.
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and {—eZ +2(cospe; +singey), 0<¢ < 27r} at the center of the volumes delimited by the two tori.
When A = 0, so that o (x) = 1, then u = z is the solution of the problem (1). As A, and hence o inside
the tori, converges to 400, the solution u is such that # converges to a constant C; > 0 on the support
of ¢ inside 77 and C, < 0 on the support of ¢ inside 7T,. For A sufficiently large, by continuity of the
solution u with respect to o, we obtain that (0, 0, 1) < 0, since (0, 0, 1) is inside 7>, and u(0, 0, —1) > 0,
since (0, 0, —1) is inside 7;. Since the geometry is invariant by symmetry x — —x and y — —y, then
so is the solution x, and hence 9,u(0, 0, z) = d,u(0, 0, z) = 0 for all (0, 0, z) € X. Now the function
z — u(0, 0, z) goes from negative to positive to negative back to positive values as z increases, and so
has at least two critical points. At these points, Vi = 0, and hence the possible presence of critical points
in elliptic equations in dimensions three and higher. g

Note that the above symmetries are not necessary to obtain critical points, which appear generically
in structures of the form of two interlocked rings with high conductivities, as indicated above. At an
intuitive and informal level, small perturbations of the above geometry and the boundary conditions
make it so that the level sets X, = {u = c} for c sufficiently large and c sufficiently small are simply
connected codimension-1 manifolds with boundary on 0 X. When o is sufficiently large, u converges to
two different values c¢; and c¢; inside the two discs (say one positive in 7} and one negative in 7>). Thus
for o sufficiently large, the level set u = ¢, assuming it does not have any critical point, is a smooth
locally codimension-1 manifold, by the implicit function theorem, that can no longer be simply connected.
Thus, as the level sets ¢ decrease from high values to ¢, they go through a change of topology that can
only occur at a critical point of u [Morse and Cairns 1969].

4B. Complex geometric optics solutions and global stability. Let us now consider a domain X, where
o (x) is unknown and close to a constant o. Let us assume that X is embedded into a larger domain X
and that we can assume that o (x) is known and also close to the constant 0. Then it is not difficult to
construct X so that X lies entirely within the domain of dependence of ¢> see, for instance, the geometry
depicted in Figure 5.

] o

2
Figure 5. Geometry of a domain where the reconstruction of the unknown o on X is
possible from a single measurement. The geometry of the Lorentzian metric is represented
when o (x) = 0¢. By continuity, the domain of influence of X, includes X for all smooth
conductivities o (x) sufficiently close to oy.
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For the rest of the section, we show that global reconstructions can be obtained for general sufficiently
smooth metrics, provided that three well-chosen measurements are available. This result is independent of
spatial dimension. The measurements are constructed by means of complex geometrical optics solutions.

Let k be a vector in R” and k* be a vector orthogonal to k of the same length. Let p =ik +k* be a
complex-valued vector so that p - p = 0. Thus, e”~ is harmonic and Ve”* = pe”*. The latter gradient
has a privileged direction of propagation p, which is, however, complex-valued. Its real and imaginary
parts are such that

eIV = [k|O(x), e F TRVer T = k|0t (x), (30)

where 0(x) = k cos k-x + kt sink-x and 0L (x) = —ksink-x + kL cosk-x. As usual, k= k/\k].

Consider propagation with Cauchy data given on a hyperplane with normal vector k e S"'. We want
to make sure that we always have at our disposal a Lorentzian metric for which k is a time-like vector so
that the available Cauchy data live on a space-like surface for that metric. For the rest of the section, we
assume that k = |k|e; and that k- = |k|e, so that

0(x) =k cos |k|x; + kT sin|k|x; and O (x) = —k sin |k|x; + kT cos |k|x;. (31)

For a vector field with unit vector 6(x), we associate the Lorentz metric with direction 8 given by
ho =206 —1.

The Lorentzian metrics with directions 6 (x) and 6+ (x) oscillate with x;. A given vector k therefore
cannot be time-like for all points x. However, we can always construct two different linear combinations
of these two directions that form time-like vectors for a given range of k - x = |k|x;. Such combinations
allow us to solve the wave equation forward and obtain unique and stable reconstructions on the whole
domain X. The above construction with e¢”* harmonic can be applied when o (x) = o a constant. It
turns out that we can construct complex geometric optics solutions for arbitrary, sufficiently smooth
conductivities o (x) and obtain global existence and uniqueness results in that setting. We state the
following result.

Theorem 4.5. Let o be extended by o9 = 1 on R" \ X, where X is the domain where o is not known.
We assume that o is smooth on R". Let o(x) — 1 be supported without loss of generality on the cube
(0,1) x (—% %)n_l. Define the domain X = (0, 1) x B,_1(a), where B,_1(a) is the (n — 1)-dimensional
ball of radius a centered at 0 and where a is sufficiently large that the light cone for the Euclidean metric
emerging from B,_1(a) strictly includes X. Then there is an open set of illuminations ( f1, f2) such that if
uy and uy are the corresponding solutions of (1), then the measurements

Hi1(x) =o()|Vu1[*(x),  Han(x) =c@)|Vua*(x),  Hpx)=o@)|Vu+u)* (32

with the corresponding Cauchy data (f1, j1), (f2, j2) and (fi1+ f2, j1+ j2) at x1 =0, uniquely determine
o (x). Moreover, let H; ;i be measurements corresponding to o and ( f], fl) and ( fz, fz), the corresponding
Cauchy data at x; = 0. We assume that o (x) — 1 and 6 (x) — 1 (also supported in (0, 1) x (—%, %)n_l)
are smooth and such that their norms in H"/?13+¢(R") for some ¢ > 0 are bounded by M. Then for a
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Figure 6. Extended geometry where complex geometric solutions are constructed.

constant C that depends on M, we have the global stability result

lo =612z, < C(lldc —dellw2s, @yt + Y IVHy = VH; ||Lz<x>). (33)
(i,j)el

Here, we have defined I ={(1, 1), (1, 2), (2,2)} and dc = (f1, j1, f2, J2), with c?c being defined similarly.

Proof. We recall that k = |k|e; and k*+ = |k|e,. The proof is performed iteratively on layers t;_; < x; <t
witht;, =i/N for 0 <i < N and N = N (k) (to be determined) sufficiently large but finite for any given
sufficiently smooth conductivity o (x). Here, k = |k|e; is the vector in R" used for the constructions of
the CGO solutions. We define y; = (#;,0, ..., 0) for 0 <i < N. Define two vectors close to e; as

p=we;++v1—w2e, q =we; —V1—wley,

with w < 1 sufficiently close to 1 such that the light cones (for the Euclidean metric) emerging from
B,_1(a) for the Lorentzian metric with main directions p and ¢ still strictly include X; see Figure 6. All
we need is that the radius a be chosen sufficiently large so that any Lorentzian metric with direction close
to er, p or q, has a light cone emerging from B,_;(a) that includes X. This means that any time-like
trajectory (geodesic) from a point in X crosses B,_;(a) for all metrics with direction close to ej, p or q.
See Figure 6, where the light cone for p is shown to strictly include X.

Now consider the slab 7y < x; < f;. We prove a result on that slab and show that the Cauchy data at 7,
are controlled so that the same estimate may be used on #; < x| < #, and on all of (0, 1) by induction.
Let a; and B; be the two angles in (0, 27) such that

cosa 0(yo) +sinay 0 (yo) = p,  cos B1 8(yo) +sin B1 6+ () =4¢,

where 6(x) € S"~! is defined in (31).
The complex geometric optics solutions are constructed as follows. We define harmonic functions
v = e’ and w = Ne”*. Then we find that

V= ek ¥ k|0 (x), Vw = ek ¥ |k|0+ (x),
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so that for the two harmonic functions v; = cos v + sina; w and w; = cos Bjv + sin 81 w, we have on
the slab 0 < x; < #; that

V1 = cosay 0(x) +sina; 0 (x) = p + O(k|/N),
V/Jl = cos B1 0 (x) + sin B; GL(x) =q+ O(|k|/N).

For t; = 1/N such that |k|t; = |k|/N is sufficiently small, ﬁ and V/u\)l, for all x such that 0 < x| < 11,
are two vector fields such that the associated Lorentzian metrics hg;, and by, have e; as a time-like
vector.

Let us now assume that ¢ is arbitrary but smooth. The main idea of CGO solutions is that we can
construct solutions for arbitrary o that are close to the solutions corresponding to o =1 for |k| sufficiently
large. We construct CGO solutions u, of (1) (and %, by replacing o by &) such that

1
U, = ﬁe”‘x(l + ),

with ||y, bounded in the C! norm, since o is sufficiently smooth by hypothesis. This result is proved in
[Bal et al. 2011b] following earlier work in [Bal and Uhlmann 2010]. These solutions are constructed on
R" and then restricted to X; their boundary condition f, is therefore specified by the construction. For
such a solution, we find that

1 .
Vup = ﬁepxlm(p +¢p)’

where |k||¢,| is also bounded in the uniform norm. This shows that
V3uy(x) =0(x)+dp.i, VRu,(x) =0(x)+ ¢, ,,

with |k[|¢, ;| and |k||¢, | bounded in the uniform norm. As a consequence, we have constructed solutions
of (1) with a gradient that is close to the prescribed 6 (x) corresponding to harmonic functions. Construct
now the two linear combinations

Vl,p =COSQ| Vp+Sinag Wy, Wi ,=C0s P v,+sinpw,, where v, :=3u,, w,:=NRu,. (34)

Knowledge of the Cauchy data for v; , and w , is inherited from that for v, and w,. Define v; , and
w1, , similarly with o replaced by 6. We choose |k| sufficiently large and then #;|k| sufficiently small so
that ¢, is a negligible vector that does not perturb the Lorentzian metric much and so that

Voi,=p+O0(kln)+OMIkI™") and  Vwi, =g+ O(kln)+ OMIk|™) (35)

are directions of Lorentzian metrics for which (i) e; is a time-like vector, and (ii) the light cone emerging
from B,_1(a) includes X. Here, M is the uniform bound of ¢ in H®/?+3+¢(R") [Bal et al. 2011b; Bal
and Uhlmann 2010]. Note that this means that #; should be chosen on the order of M|k|~2 once |k| has
been chosen, so that M|k|~! is sufficiently small.

The same properties hold for the vectors constructed by replacing o by ¢. Thus, the metric g in
(13) is given with o and B close to 1, and e(x) close to p for the function v , and close to g for the
function wi ,. Using Cauchy data on Xy := {x; = 0}, we can then solve the linear equations on the
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slab 01 := {0 =1y < x1 < 1} and get the solution at the surface X := {x; = #;}. For the solutions vy ,
and w ,, we obtain as a slight modification of (20) the stability result [Taylor 1996]:

|f—f|2+|j—i|2da+/E(dv)dxsc< |f = fIP+1j—jl*do + |vaH|2dx>. (36)
21 @1 20

01
The above measurements, 6H = H — I:I, are those for the functions (vy ,, v1,,) and (wy,,, w1,,). Such
measurements can be constructed from the three measurements for v,, w, and v, + w,. This is the place
where we use the three measurements stated in the theorem: we need to ensure that o (x)|u Vv, +vVw, |2
is available for any possible linear combination (u, v), since the values of «; and 8; will vary (and will
be called «; and B;) on each slab #; < x; < ;4. Since the measurements H for the 0-Laplacian problem
are quadratic in the elliptic solution, three measurements are sufficient by polarization to allow us to
construct o (x)|Vvy ,|? and o (x)|Vwy,|%.

On X, we have control on the Cauchy data of vy , and wy ,, and hence of v, = Su, and w, = Ru,
thanks to (36) and (34). Here, we need that p and g be not too close to one another (this is guaranteed by
w < 1), so that the inversion of the 2 x 2 system is well-conditioned. On each slab, we define the angles
o; and B; in order again to have Lorentzian metrics with directions close to p and g. We then obtain a
similar estimate to (36) and continue by induction until we reach the slab Oy := {ty_1 < x; <ty =1}

The stability results then apply to Ju, and NRu,, and we thus obtain a global estimate for o as in earlier
sections. So far, the illuminations f prescribed on X to solve the elliptic problem are of a very specific
type. In order for Su, and fu, to be the solutions to the elliptic problems on X, (f1, f2) needs to be the
trace of (Ju,, Nu,) on 0X. It is for these illuminations that the three measurements H;;(x) for (i, j) € 1
generate Lorentzian metrics that satisfy the above sufficient properties. Since o is not known, these traces
are not known either.

However, any Lorentzian metric that is sufficiently close to the Lorentzian metrics constructed with the
real and imaginary parts of u, will inherit the same light cone properties and, in particular, the fact that e,
is a time-like vector for these new Lorentzian metrics throughout X = (0, 1) x B,,_;(a). Therefore, there
is an open set of boundary conditions ( f1, f2) close to (Ju,|sx, Ru,lsx) such that the conclusion (36)
holds, as well as the same expressions on the other slabs O;. This concludes the proof of the result. [

Remark 4.6. The “three” measurements H;; for (i, j) € I in (32) actually correspond to two physical
measurements. Indeed, we can replace u, by uj., and u_, by uy._. in (3) and obtain in the limit
oVuy - Vuy, which, combined with Hy; and Hj;, yields Hy, defined in (32). The experimental acquisition
of Hy is in fact sufficient to also acquire o Vu, - Vuy, as demonstrated in [Kuchment and Kunyansky
2011].

Remark 4.7. Theorem 4.5 is a uniqueness and stability result for arbitrary, sufficiently smooth con-
ductivities. However, the boundary conditions f are quite specific, since they need to be sufficiently
close to nonexplicit, o-dependent traces of complex geometrical optics solutions. In some sense, the
difficulty inherent to the spatially varying Lorentzian metric h(x) in (15) has been shifted to the difficulty
of constructing adapted boundary conditions (illuminations).
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Note that the condition of flatness of the surfaces X; in the above construction is not essential. Surfaces
with a geometry such as that depicted in Figure 1 may also be considered. Such surfaces allow us to
reduce the size of the domain X on which the conductivity o = 1 needs to be extended. Unless the
domain X has a specific geometry similar to that of the domain O between X; and X, in Figure 1, it
seems necessary to augment the size of X to that of X as described above to obtain a global uniqueness
result.
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