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Abstract

We analyze a mathematical model of elastic dislocations with applications to
geophysics, where by an elastic dislocation we mean an open, oriented Lipschitz
surface in the interior of an elastic solid, across which there is a discontinuity of
the displacement. We model the Earth as an infinite, isotropic, inhomogeneous,
elastic medium occupying a half space, and assume only Lipschitz continuity of
the Lamé parameters. We study the well posedness of very weak solutions to the
forward problem of determining the displacement by imposing traction-free bound-
ary conditions at the surface of the Earth, continuity of the traction and a given
jump on the displacement across the fault. We employ suitable weighted Sobolev
spaces for the analysis. We utilize the well-posedness of the forward problem and
unique-continuation arguments to establish uniqueness in the inverse problem of
determining the dislocation surface and the displacement jump from measuring the
displacement at the surface of the Earth. Uniqueness holds for tangential or normal
jumps and under some geometric conditions on the surface.

1. Introduction

In this paper, we analyze a mathematical model of elastic dislocations with ap-
plications to geophysics, see for example [13,18,42,43,54]. An elastic dislocation
is an open, oriented surface in the interior of an elastic solid, across which there is a
discontinuity of the displacement. It describes a fault plane undergoing slip over a
limited area, a thin intrusion such as a dyke, or a crack the faces of which slide over
one another or separate by the action of an applied stress. An elastic dislocation
for which the displacement discontinuity varies from point to point of the internal
surface is called a Somigliana dislocation, while in the particular case of a constant
displacement discontinuity it is known as a Volterra dislocation (see [18,50]).
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We model the dislocation by an open, oriented Lipschitz surface S with Lip-
schitz boundary 9§ such that ScR.In particular, we assume that the disloca-
tion is at positive distance from the surface of the Earth, identified with the plane
{x3 = 0}. We orient S by choosing a unit normal vector n. In geophysical applica-
tions, one can assume that the closure S is compact. We assume the Earth’s interior
to be an isotropic and inhomogeneous infinite elastic medium. In the regime of
small-amplitude deformations, we are led to study a boundary-value/transmission
problem in a half space for the system of linearized elasticity:

div A(((ﬁu) =0, inR3\5,
(CVu)e; =0, on {x3 =0},
[uls = g,

[(CVu)n]s =0,

ey

where C is the Lamé tensor with non-constant coefficients of Lipschitz class, satisfy-
ing the usual strong convexity assumption, « is the displacement field, e3 = (0, 0, 1)
is the unit normal vector on {x3 = 0}, and g the displacement jump across the dis-
location S. As customary, we denote the jump of a function or tensor field f across
Sby[fls := f — f_, where & denotes a non-tangential limit to each side of the
oriented surface S, S; and S_, where S is by convention the side determined by n.
The direct or forward problem consists, knowing C, S, and g, in finding u solution
of (1). The inverse problem consists in determining S and g from measurements
made on u. In seismology and geophysics, the data is typically in the form of mea-
surements taken at the surface of the Earth. For the dislocation problem, since the
solution is traction-free at the boundary, this data consists in measurements of the
displacement at the surface induced by the jump g at the dislocation. To be more
specific, we investigate the inverse problem of determining dislocations S caused
by a tangential slip along the dislocation surface (the case of a purely normal jump
across the surface can also be included in our analysis) from surface measurements
of the displacement u on some bounded open portion ¥ of {x3 = 0}. One of the
main results of this work is the unique determination of the dislocation surface S
and the slip strength g from knowledge of # on X, under some geometric con-
ditions on S. These conditions are satisfied, for example, by polyhedral surfaces.
The inverse problem investigated in this paper is of particular interest in and moti-
vated by applications to geophysics. In fact, the analysis of coseismic deformation
through the inverse slip and dislocation problem might enhance the understanding
of failure at faults and microseismicity; see for example [19] and references therein.
Understanding the earthquake source process and how earthquake sequences evolve
requires accurate estimations of how stress changes due to an earthquake. Mod-
els of stress change induced by earthquakes have been performed using solutions
that assume homogeneous slip [40]. Cohen [15] introduced simplified formulas
in the case of a long dip—slip fault that ruptures the surface. To mitigate the error
from the assumption of homogeneous slip, faults have commonly been divided into
many smaller patches with different slip [19,24]. A recent triangular fault patch
slip solution [39] has triggered studies with more general fault morphologies. The
basic model—assuming a patched fault but a generally heterogeneous surrounding
medium—analyzed in this paper has been widely used in the analysis of different



Analysis of a Model of Elastic Dislocations in Geophysics 73

Fig. 1. Geometrical setting

earthquakes over the past 2 decades [14,17,19,24,25,44-46,51]. Here, we note
that the inverse coseismic slip problem is often combined with the analysis of seis-
mic data to colocate ruptures and faults. Furthermore, we note that Simons et al.
[45] consider also a layered half space containing discontinuities while we assume
smoothly varying Lamé parameters.

In order to investigate the inverse problem, one needs to have a good well-
posedness theory for the forward problem. This problem is less studied than more
classical transmission problems in bounded domains, and there are some additional
technical difficulties that need to be overcome. For starters, the solution is discon-
tinuous across the interface and the quadratic variational form needs to be properly
augmented to obtain coercivity for weak solutions. In addition, the problem is natu-
rally posed in an unbounded domain, a half space, which leads us to employ suitable
weighted Sobolev spaces. Here, and throughout the paper, we denote standard L2-
based Sobolev spaces with H*, s € R. The notation for the weighted spaces is
discussed in Section 2.

If g belongs to the space H'/2(S) and has compact support in S, then the
transmission problem (1) admits a unique variational solution z on R \ S in a
suitable weighted Sobolev space that takes into account the conditions at infinity
(see [49] for the case of constant coefficients). In fact, u# can be expressed as a
double layer potential on the dislocation S, i.e.,

u(y) = —/S [(C(x)VeN(x, y))n(x)]T g(x)do(x),

where N is the matrix-valued Neumann function

div ((C(x)ﬁN(x, y) =3d8y(x)I, in R3,

(Cx)VN(x, y)es =0, on {x3 =0},
satisfying certain decay conditions at infinity. The solution has then locally H'-
regularity from standard regularity results for potential theory on Lipschitz surfaces
(see e.g. [37] and references therein). For the application to the inverse problem, we



74 A. ASPRI ET AL.

cannot restrict the support of g, which may coincide with S. In this case, even when
g € H'/?(S), the existence of a variational solution with H' regularity locally in
the complement of the dislocation is not guaranteed anymore. For example, if Sis a
rectangular Volterra dislocation, the double layer potential blows up logarithmically
at the vertices of the rectangle, as already observed in [40].

Hence, establishing the well-posedness of Problem (1) in full generality is
rather delicate and not covered by results in the literature. We devote the first half
of the paper to investigating this problem. We find it convenient to reformulate the
transmission problem as an equivalent source problem in the whole half space R :

div (CVu) = f5, inR3,

~ (2)
(CVu)e; =0, on {x3 = 0},

with the source term given by

fs =div(C(g ® n)ds), 3

where §g represents the Dirac measure concentrated on S. In the first part of the
paper we show well-posedness of this problem in the weighted Sobolev space
Hl/f/;f E(Ri) with ¢ > 0, that is in the context of very weak solutions. For a def-
inition of this weighted space, see Section 2. We stress that this elliptic regularity
result is optimal, as the source (3) is a distribution with compact support belonging
to H3/27¢(R3)). The above result leads to a mathematically rigorous analysis of
the elastic dislocation model in the geophysical framework with minimal assump-
tions on the elastic coefficients. We follow the approach of [31] for the case of
regular coefficients on bounded domains, which is based on duality arguments and
interpolation, adapted to the framework of weighted spaces in a half space in [23]
and [3] when the source terms are integrable on R3 . We extend it to the case of
more singular source terms for the system of linearized elasticity with Lipschitz
coefficients. We also extend the representation formula of the solution as a double
layer potential. From regularity results for potential theory on Lipschitz surfaces
(see again [37]), it follows that the displacement lies in H*(R> \ S) locally for
s < 1, although it may fail to belong to H' even locally near the dislocation sur-
face. The analysis of the forward problem and, in particular, the hypothesis that
supp(g) = S are essential in the second part of the paper to investigate the inverse
problem of determining dislocations S caused by a tangential or normal slip along
the dislocation surface from surface measurements of the displacement # on some
bounded open portion ¥ of {x3 = 0}. We prove, by using unique-continuation prop-
erties of solutions to the Lamé system with Lipschitz parameters (see [30]), that
one surface measurement of the displacement field is sufficient to recover uniquely
both the dislocation surface and the slip, assuming some geometric conditions on
S—for instance S can be piece-wise linear and a graph with respect to a fixed, but
arbitrary, coordinate frame—and assuming the slip field is either purely tangential
(corresponding to the case of a fault, the two sides of which slide one over the other)
or directed in the normal direction (corresponding to a crack, the two sides of which
separate from one another). It is important to note that in three space dimensions,
the unique continuation property may not hold for a second-order elliptic operator,
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if its coefficients are only in Holder classes C%% o < 1,and not Lipschitz continu-
ous (see [34,41]). In the framework of the Lamé operator with Lipschitz continuous
coefficients, very recent results on unique continuation are in [26,30]. Therefore,
the regularity assumption on the Lamé parameters that we impose appears optimal
in this context.

In this paper, we do not tackle the problem of determining quantitative sta-
bility estimates for the inverse problem, which we leave for future work. For non-
quantitative stability estimates in the setting of constant Lamé coefficients, see [48].
However, we expect to be able to prove Lipschitz stability estimates for piece-wise
linear dislocations in terms of the boundary data, thanks to the presence of sin-
gularities at the corners of the dislocation and generalizing quantitative unique
continuation estimates obtained in [38]. In fact, in [10] the authors are able to
prove a Lipschitz stability estimate for linear cracks in a two-dimensional elastic
homogeneous medium, taking advantage of the presence of singularities at the end-
point of the crack. We refer to [11] for a reconstruction algorithm in this setting.
Concerning the reconstruction of dislocations and tangential slips in three space
dimensions, several algorithms have been proposed, mostly related to the case of
rectangular dislocations and homogeneous Lamé parameters. In the mathematics
literature, we refer to [49], where the authors implement an iterative method for
detecting the plane containing a fault and the tangential slip, supposed to be uni-
directional, in the presence of only a finite number of surface measurements, via
a constrained minimization of a suitable misfit functional. In the geophysics liter-
ature, we mention [7], where a two-step algorithm is discussed, first assuming a
uniform slip and using a nonlinear, quasi-Newton method to locate the dislocation
surface, and then recovering a non-uniform slip along the surface. We mention also
the works [22,53], [19] (and references therein), where a Bayesian framework and a
sparsity-promoting, state-vector regularization method are employed, respectively.

The paper is organized as follows: in Section 2 we introduce needed notation,
and recall the definition of certain weighted Sobolev spaces and their relevant
properties useful for our analysis. Section 3 is devoted to the study of the well
posedness of problem (2) and to an analysis of the regularity of the solution in
a neighborhood of the dislocation surface. Section 4 concerns the double-layer
representation of the solution. Finally, in Section 5 we prove a uniqueness result
for the inverse problem of determining a piece-wise linear dislocation surface and
its slip. We present an explicit calculation of the singularities in the displacement
for the Volterra dislocation in the Appendix.

2. Notation and Functional Setting

In this section we introduce the weighted Sobolev spaces used for the analysis
of the forward problem. We begin by recalling some standard, but needed, notation.

We denote scalar quantities in italics, e.g. A, i, v, points and vectors in bold
italics, e.g. x, y, z and u, v, w, matrices and second-order tensors in boldface, e.g.
A, B, C, and fourth-order tensors in blackboard face, e.g. A, B, C.
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We indicate the symmetric part of a second-order tensor A by
K:%@+Aﬂ,

where AT is its transpose. We use the standard notation for inner product between
two vectorsu and v, u - v = Zi u;v;, and between second-order tensors A : B =
Zi‘ jai ibij. The tensor product of two vectors u and v is denoted by [ ® v];; =
u;v;. With [A| we denote the norm induced by the inner product between second-
order tensors, that is,

Al = VA Al

The vectors eq, e, and e3 represent the standard orthonormal basis of R3, and we
denote the lower half space by

(x=(1x,x3)eR :x3<0=R3.

We canonically identify its boundary {(x1, x2, x3) € R? : x3 = 0} with R?, and
denote a point in R2 by x’ = (x1, x2). The set B, (x) represents the ball of center x
and radius r and B, (x), B;} (x) the lower and upper half balls, respectively. With
B/ (x") we mean the disk of center x’ and radius r, namely

B.(x")={y eR*: (y1 —x1)* + (2 —x2)* < r?}.

Finally, we follow the standard multi-index notation for partial derivatives and
throughout the paper, we use the notation (, )(x’ x) to denote the duality pairing
between a Banach space X and its dual X’.

Weighted Sobolev Spaces. We next define the weighted Sobolev spaces utilized in
our work. We briefly recall their main properties, referring the reader for instance
to [2—-6,23] and references therein for a more in-depth discussion.

As usual, we begin by defining Sobolev spaces of integer regularity index, and
we deal only with L?-based spaces to avoid unnecessary technicalities. Throughout,
we denote D(2) = C°(2) for any non-empty set 2. For our purposes, it will be
sufficient to consider the cases 2 = R3, Q = R3, or Q = R? \ K, where K is a
compact set.

Definition 2.1. (Weighted Sobolev spaces). Let
o) = (1 +[x/)"2. “

Let Q be a domain in R3. For m € Z4,a € R, we define
H'(Q) = {f eD(Q); 0= k| <m, ™y f e L2(9>}, )

where D' (2) denotes the dual space of D(2), that is, the space of distributions on
Q.
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These function spaces are Hilbert spaces equipped with the inner product

m
(f, g)Hg’(Q) = Z /ng(a—m'f‘lkl)akfakgdx,

[k|=0

which induces the norm

m
1 Wiy = D M™% £l75 g
|k]=0

If u is a vector function, then we will say u € H}' if each component belongs to
that space. We similarly define weighted spaces in R?, replacing x with x" and o
with o’ := (1 + |x/|%)!/2. With slight abuse of notation, we will refer to p, p%, or
simply to «, as the “weight”.

Remark 2.1. If Q is a bounded domain, then the weighted spaces coincide with
the usual Sobolev spaces.

We also stress that the spaces H)' do not fall into the typical framework of
weighted spaces for the analysis on singular spaces, such as conormal Sobolev
spaces [33]. In particular, it does not seem possible to reduce to standard Sobolev
spaces by conjugation with an appropriate power of the weight.

From this point on, we focus on the cases, 2 = R3 and Q = R3, given that
in a neighbourhood of the fault we can utilize the machinery of standard Sobolev
spaces by the above remark. As with the standard Sobolev spaces, one can show
that the space D(R?) is dense in H]}! (R3), while D(R?) is dense in H (R3). We
hence define the space

o ——=— Il ym 3
H'"(R®) =D®R>) ") (6)

which is a proper subset of H' (R3), while H]} (R = H(;" (RY).

We define H " (R?) as the dual space to H”" (R?). Similarly, we define H~" (R3)
as the dual space to Ht;" (R3). Both are spaces of distributions.

Before introducing fractional spaces and discuss trace results, we recall some
basic properties of the spaces H)'. For simplicity, we state most of these properties,
such as Poincaré’s and Korn’s inequality only for the spaces H' that we actually
employ in our work, which are HO1 (R3) and H12 (R3). The following weighted
Poincaré-type inequality holds (see for example [5,23]):

||f||1-1(; (R3) < ”Vf”LZ(Rz), o
1F 123y < C2ll0d” £l 2ges -

Similarly, if a vector field u has square-integrable deformation tensor Vu and be-
longs to the space H 1 (R3), thenu € HOl (R3) by a weighted Korn-type inequality
[3, Theorem 2.10] (see also [27]) and the Poincaré’s inequality above:

”u”HOI(]RE) <C ”Vu”LZ(]Ri) <C ||Vu||L2(R{)~ (8)
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Forany y € Rsuchthat (3/24+a—y) ¢ {1, --- ,m},withm € N, the mapping
ueH!R) - o'ueH (R) ©)

is an isomorphism; for any £ € N3, the mapping
ueH"R?) - 8‘u e H" I(R?) (10)

is continuous. For more details and extention of all the previous properties in R?
see for example [6,23].

We next define fractional spaces on R> for 0 < s < 2. We stress that the same
definition applies in R? for 0 < s < 1 with the obvious change of notation (e.g. o
is replaced by @’). In both cases, we assume & > —l and d/2 +a # s,d = 2, 3.

For 0 < s < 1, we define the weighted fractional space H, (R3) as

Hy(RY) = {f e D'®); ¢ f e )R, Ifls < oo}, (1n
where | - | denotes a weighted Gagliardo seminorm:

o _ 2
fls = // 0% (x) f(x) —o%(y) f(¥)I dx dy.
R3xR3

|x _y|3+2s

For 1 < s < 2, we define H} (R3) as
HE(R) = {f eD'(R%); 0 < i < [s]—1, o* Tl f e L2RY),
by e Hé‘m(RS)}, (12)

with [s] the greatest integer less than or equal to s.

Remark 2.2. In general, a logarithm correction to the weight is needed to properly
define the spaces unless some conditions on the indices s and « for a given dimension
d are satisfied (see e.g [3]). These conditions are met if s and « are taken as assumed
above.

Fractional spaces on R3 can be defined by restriction, that is,

HY(RY) = {f eD'(RY): Ig e HRY), = gLRs}, (13)
equipped with the norm

1f sy = inf(lglly: 8 € HY®). f = glgs ).

Then, there exists a continuous restriction operator R and extension operator E such
that R E is the identity map on H; (R3) (see e.g. [47, Lemma 7], [23, Theorem
L.4)).
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We also define the spaces Hof (R3),0<s<2,0<a, by the analog of formula
(6), where there is a canonical extension operator given by the extension by zero
to the whole R>. Lastly, we denote by H-, (R3) the dual of H(fl (R3).

Fractional spaces can also be obtained by means of real interpolation of integer-
order spaces. This result will be needed in Section 3. We will exploit the interpola-
tion results in [47]. (In that work, more general spaces w;, p are studied; by Theorem
2 there, the spaces H (R3) agree with the space wé o (R3) forany 0 < s < 2 and
any o € R). By formula (59) in [47], which is a particular case of Theorem 3 (a),
using Formula (15) in that same work, the following result holds:

[H;g R3), H;;(R%]m — H(RY),
s=s501-0)+510, a=ay(l-0)4+a;1®, Oe(,1), (14)

for any ag, a1 € R, 59, 51 € [0, 2], as long as 5o # s1 and s is not an integer. The
identification (14) holds also for weighted spaces on R . In fact, by the definition
of interpolation space (see e.g. [12, Definition 2.4.1]), the restriction and extension
operators map between corresponding interpolation spaces, so
| RO @), RUGIER)| = RO @),

but the restriction operator R : HS(R®) — HS(R3), s > 0, acts surjectively
(see also Section 3.3 in [47]), so that R(H (R3)) = H; (R3). We specialize the
interpolation formula to two cases of interest:

I:HEI(R:S—)v H()I(R:;—)]G) 2 - H91+@(R3_), (153)
[Ho1 (RY), HE(RE)]@) L= Ho O ®). (15b)

Next, we extend the interpolation analysis to negative spaces using duality. It
is clear that (15) holds for the spaces H‘fl (R3), which are (not necessarily proper)
closed subspaces of H; (R3). We then recall the following standard fact about
real interpolation (see e.g. again [12, Definition 2.4.1]), which applies since the
intersection of any of the spaces Hoj (R3) contains the dense subspace D(R3),
specialized to the weighted spaces

—QQ —a]

—50 /3 —s1 3 7S /m3
[Ho20®), 1 (R_)]M_H_Q(R_),

using that (I-olg)/(]Ri) = H_}(R3). Finally, using that
[Ao, A1le,2 = [A1, Aoli—e 2,
(see e.g. [12, Theorem 3.4.1]) we conclude that

| Hy ' ®D), HY )| H R, (16)

1-0,2 -
(A7 @) @] = HIO®). (16b)

We close this section by recalling a trace result which we present only for spaces
H} (R3), where m is a positive integer and o € R.
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Proposition 2.3. ([3], Lemma 1.1). Let m > 1 and « € R. Then, there exists a
continuous linear mapping

m—1
Y =G0 yme) t HE®RY) — [T HZV2®R). (17)
j=0

In addition, y is surjective and

Kery = I:’I&"(Ri).

3. The Direct Problem: Formulation and Well-Posedness

In this section, we formulate the direct problem and study its well posedness.
We begin by discussing in more detail the assumptions we make on the geometry of
the dislocation surface S, on the displacement jump g across S, and on the elasticity
tensor C, which form the data for the direct problem.

3.1. Main Assumptions and a Priori Information

We recall that we model the dislocation surface S by an open, bounded, oriented
Lipschitz surface such that

SCcR3. (18)

We assume that the interior of the Earth is an isotropic, inhomogeneous elastic
medium. The associated elasticity tensor C = C(x), x € R3 , is then of the form

Cx) = r)I@T+2ux), VxeR3, (19)

where A = A(x) and u = pu(x) are the Lamé coefficients. We suppose the Lamé
parameters to have Lipschitz regularity, that is, there exists M > 0 such that

”/’L”CO,](@) + ”)"”Co,l(@) S M’ (20)
with || - ”COJ(@) =l lpeo@zy + IV - ll poor3 )- Moreover, we require that there
exists a constant C > 0 such that

C C 3
|VA| < > Vil < . ae. inR3, (21

where o is the weight defined in (4). Finally, we assume the strong convexity
condition for the elasticity tensor, i.e., there exist two positive constants ¢, Bo
such that

nx) >ag >0, 30(x) +2u(x) > Po >0, Vx e R3_. (22)

This condition implies that C defines a positive-definite quadratic form on sym-
metric matrices; for all A € R3*3, we have

Cx)A:A >clA?, VxeR}, (23)

for ¢ = c(ag, Bo) > 0.
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3.2. The Transmission Problem as a Source Problem

The presence of a non-trivial jump g for the displacement u across the disloca-
tion leads to reformulate the transmission-boundary-value problem (1) as boundary-
value problem with rough interior source. In this way, we are able to prove an
existence and uniqueness result for the solution globally in R3 . This approach has
been proposed in [16] for a similar transmission problem, but in the case of the
Laplace operator.

We recall Problem (1) here for the reader’s sake:

div(CVu) =0, inR3 \ 5,
(CVu)e; =0, on {x3 =0},
[uls = g,

[(CVu)n]s =0,

(24)

where e3 = (0, 0, 1) is the outward unit normal vector on {x3 = 0}, n is a unit
normal vector on S, and g is a vector field on S such that

g € H?(S). (25)

We rewrite this problem in the form

divA(C%) = fg. inR3, 26)
(CVu)es =0, on {x3 = 0},
where
fs=div(C(g ® n)ds). 27)
Above, §g is the distribution on R3 defined by
(s, ) = /S¢(x)d0(x), V¢ € D(R?), (28)
and, if h € L'(S), the distribution % 8 is defined by
(hds, @) = /Sh(X)d)(x)dU(x), Vé € D(R). (29)

We show the equivalence between (24) and (26) later in Lemma 3.12. Next, we
establish the validity of Formula (27) and investigate the regularity of the source
term.

Proposition 3.1. The source term fg € H™3/27¢(R3).

Proof. It is sufficient to show that C(g ® n)ds is a distribution in the space
H~1/2=¢(R3), forall ¢ > 0. To this end, we introduce the function ¥ := C(g ®n),
and observe that it lies in L2(S), since n € L°°(S), C is bounded and continuous on
S by Assumption (20), and g is assumed to be in HY2(8). Next, we fix a bounded
Lipschitz domain € such that @ ¢ R? and S C 9. The existence of this domain



82 A. ASPRI ET AL.

is guaranteed by the assumed regularity on S and the hypothesis that S is at positive
distance from {x3 = 0}. For all ¢ € H'/?*¢(R3), we have

‘/S\I’(x)(o(x) do(x)| < ||‘I’||L2(5)||(0||L2(5) <c ||(1)||L2(89)
= clellas @) = clellgizews ),

where the fourth inequality follows by the Trace Theorem. Therefore, by definition
Wss € H-'/275(R3), which implies that fg € H3/27¢(R?). O

The well-posedness of Problem (26), with source term given by (27), will be
obtained by duality and interpolation, once we have regularity for the source prob-
lem with source term in spaces of positive regularity. To do so, we study the general
source problem:

div (C/V\u) =f, in R3,

~ (30)
(CVu)e; =0, on {x3 =0}.

We follow the well-known approach of Lions and Magenes [31] to establish reg-
ularity for this problem. This approach was already adapted to the framework of
weighted spaces in a half space in [23] and [3] for the Dirichlet and Neumann
problems. However, our source problem is more singular, and we assume lower
regularity on the coefficients.

Our strategy involves strong, weak, and very weak solutions, duality and in-
terpolation. To introduce the proper functional setting, we need to define some
auxiliary spaces.

Definition 3.1. Let V (R?) be the closed subspace of H{(R? ) given by

VR3) = {v e HX(RY) / (CVv)es = 0 on {x3 = 0}}, G1)
with norm ”””va&i) = ||v||le(Rz). We denote the dual space of V(R3) with
V/(RY).

Remark 3.2. We note that if v € V(R?) then in particular v € H° 1 (R3) which

implies that no infinitesimal rigid motion v = Ax + ¢, where A € R3*3 is a skew
matrix and ¢ € R3, can be an element of V (R3).

Definition 3.2. Let
Eo@®®) = {u e HO\(R?) / div(CVu) € v’(Ri)}, 32)
equipped with the norm
il gyt = Nl o, a3y + VYR |y -

For the reader’s convenience we give here a sketch of the strategy we use to
establish well-posedness of (30):
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(i) we prove that, for any f € (Hol)’ (R3), there exists a unique weak solution

u € Hy(R);

(i) if f e H 10 (R3), we show that the weak solution in (i) is, in fact, a strong
solution u € HIZ(RZ);

(iii) from (ii) by a duality argument, we establish that, for any f € V/(R3), there
exists a unique solution u € HEI(Ri ), thatis, u € Eq(R3);

(iv) the well-posedness of (26) with source term (27) follows by interpolating the
results obtained in (i) and (iii).

3.3. Well-Posedness

In this section we prove the well-posedness of Problem (26) with f ¢ given by
(27). Following the strategy presented in the scheme of the previous section, we
start by proving (i).

Theorem 3.3. (Weak solution). Under Assumptions (20), (23), for any f € (Hol)’
(R3) there exists a unique solution u € H(} (R3) of Problem (30) such that

”u”H(;(Ri) = C”f”(H(})/(R{y (33)

Remark 3.4. Above and in Theorems 3.5, 3.8, and 3.11, the constants generally
depend on the constants in Assumptions (20), (21), and (22), such as M and c, but
are independent of S and g.

Proof. We introduce the bilinear form a : HO1 (R3) x H(} (R3) — R associated to
the Lamé operator:

a(w, v) = / \ CVw : Vodx. (34)
R

Since D(R3) is dense in H(} (R3), we can assume in the calculations below that

w € D(R3). We test the first equation in (30) with v € HO1 (R3), and temporarily
substitute w for u, we then integrate by parts once with respect to w over R3 on
the left-hand side, using the traction-free boundary condition, to obtain

o CVw: Vodx = —(f, V)l @R YV E Hy (RY).

For the density result of D(@) in HO1 (R3), the previous expression also holds for
u e HO1 (R3), hence the weak formulation associated to (30) is

f]R3 CVu : Vvdx = —(f, v)((HJ)’(Ri),H(}(Ri))’ Yv € H(}(RS_).

We have hence the following variational formulation of Problem (30):
find u € H}(RY) such that

a(u,v) =1(v), Yve H}(R),
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where [ : Hé (R3) — R is the linear functional given by
1) = = (/- V) aly @)1 ®2))- 33)

The assertion of the theorem then follows by applying the Lax-Milgram theorem,
once the continuity and coercivity of the bilinear form a and the continuity of the
functional / are established. We stress that, due to the weighted Poincaré and Korn
inequalies (7), the coercivity of the bilinear form a(u, v) with respect to the inner
product in the Hilbert space HO1 (R3) is equivalent to the usual coercivity of a with
respect to the standard H'-seminorm, if C is strongly convex.

Continuity and coercivity of (34): From (20), we have

la(u, v)| = ‘/ CVu : Vvdx < c||§u||Lz(R3)II§vIILz(R3)
R3 - -

=< C”””H&(Ri)”v”HJ(Ri)‘

Coercivity follows from the strong convexity of C (Assumptions (22) and (23)), by
applying the weighted Korn’s inequality (8):

a(u,u) :/ CVu : Vudx > c||Vu||L2(R3
R3

> c||Vul|; > clull}

L2(R3) = HI(R3)

Continuity of (35): [ is by definition an element of the dual of H(} (R3), hence it
defines a continuous linear functional on HO1 via the duality form.
The conclusion now follows from the Lax-Milgram Theorem. O

Next we establish (ii), i.e., the fact that the unique weak solution is actually a
strong solution, if the source term in (30) belongs to H 10 (R3).

Theorem 3.5. (Strong solution). Under the assumptions of Theorem 3.3 and As-
sumption (21) on the decay of the Lamé coefficients, if the source f € H? R3),
Problem (30) admits a unique solution u € H12 (R3_), satisfying

”u”le(Rz) = C”f”]—]{)(Ri)‘ (36)
Proof. We begin by observing that, if f € Hl0 (R3), then f € (Hol)’ (R3). In fact,

using that o(x) > 1 and that f is now a locally integrable function, we can estimate
(35) as follows:

1(v)] = V f-vdx

= ||f||H]0(R3_)”v”HOl(R3_)' 37

oSl |5 e,

By the uniqueness of weak solutions, it is enough to show that we can bootstrap
regularity for the source problem, if f is more regular. To bootstrap, we will prove
that suitable weighted derivatives of the solutions satisfy a similar source problem.
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To be specific, we study the source-boundary-value problem formally satisfied by
odiu, fori = 1, 2. Since we take only derivatives that are tangent to the boundary,
we can show that this problem is in a form similar to the original problem (30)
(see (40)). Theorem 3.3 then gives, again by uniqueness of solutions, that pd;u €
HO1 (R3), which in turn means by (9) that dju € H 11 (R3) or, equivalently, that
oV (d;u) € L>(R3) . Lastly, by using the specific form of the Lamé system, we are
able to prove that the regularity of the tangential derivatives implies Q832u e L*(R?)
as well. Therefore, we can conclude that Q82u e L3(R3).

First Step: We seek to find the problem satisfied by pd; u, fori = 1, 2, knowing that
u satisfies (30). We proceed formally first. The manipulations below are justified a
posteriori, given the regularity on u, o, and the data. We have that

div(CV (0diw)) = 0d; f + div(C(Vo ® dw)) + (CV(3iu)) Vo — o div (3;CVu),

and, since
0 div(3; CVu) = div(03;CVu) — 8;CVu Vo,
we find that
div(CV(odu) — G;) = F;, inR>, (38)
where

F; =00 f + (CV(3;u))Vo + 3;CVuVp, and
G; = C(V@u) - gal«c%.
Next, from the Neumann boundary condition on u in (30), it follows that
CV(0'du)e; = C(Vo' @ dim)es — o (3;CVu)es,  forxs =0,
where o’ = g|p2. That is,
(CV(0'9;u) — Gi)es =0, on{xz =0}. (39)
Hence, by combining (38) and (39), we obtain the problem

. Srdu) — G — F. inR3
{dlv((CV(Qalu) G)=F,; inR3, “0)

(CV(0'd;u) — Gi)es =0, on{xz =0}

We write the weak formulation of this problem. The quadratic form associated to
the left-hand side of the equation above is

/ (CV (o) — Gi) - Vo dx, @1)
R

for ¢ € HO1 (R3). This expression is justified by the fact that u € HO1 (R3) and
G, € L>(R?) by the regularity and decay conditions on C (in particular, the fact
that oVC € L®(R3) from (21)).
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We further observe that F; € (H}) (RY). In fact, taking again ¢ € HJ(R?),
by the hypothesis f € HlO (R3), Theorem 3.3 and (37), we have

‘<98if’ Py ®), HE®))

= ‘<af @f) = faie. ‘/’>«Hg>/<RZ>,Hg(Rz»)

42
’ﬂ (42)
O llL2Rr3)

We point out that, in the first inequality above, there are no boundary terms, because
we take tangential derivatives. Next, from (21), Theorem 3.3 and (37) it follows
that

=C <||f||1-110(R3)”V¢”L2(R3) sl MAIPTRER

<C ||f||H|O(R3_)”¢”HOI(R3_)'

((C/V\aiu)va ¢>((H01)’(R3,),H01 (Ri))‘ = ‘<§u’ 0;(C(Vo ® 9)))
< CVul gy lol s, @3
<C ||f||H10(R3_) ”‘P”Hd (R3)-

where the first inequality comes from the fact that ¢ 9; Vo are bounded in R3 , for
i = 1,2. Again we stress that there are not boundary elements because we take

tangential derivatives. Finally, using again the fact that Vo and o 9; C are bounded,
and Theorem 3.3 and (37), we get
‘ 4
0

< ClIVull 2y 0l ) g3y

<(VQT81'(C/V\u)a ¢>((H(})/(R3_)7H(} (R3)) = C”/V\MHLZ(RZ)

L2(R3)
(44)

<C ”f”Hf)(Ri)”(o”Ho'(Ri)'

By (41) then, we can write Problem (40) in weak form as
/R3 (C/V\(Qaiu)) -Vodx = /R3 G; - Veodx — (F;, ¢>((H01)/(R37)’H01 (R3))> (45)

for ¢ € Hj(R3). Since G; € L*(R?), it is clear that the right-hand side of the
equality above defines a continuous functional, which we call 4;, i = 1,2, on
HOl (R3). In fact, we have already explicitly estimated the terms containing F;. For
the term containing G;, we note that, using (20), Theorem 3.3 and (37), we obtain

‘/H@ C(Vo ® o) : Vo dx| < Cllogul 2z IV0l 22

46
< Cllgull 2z 10 g1 o (46)

= Clf o)l p w2
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and by (21),

‘/ s Qai(c,v\u :Vedx| < C||Vu||L2(R3_)”V(P”LZ(]R3_)
RZ

< CIVal 2 1910 2 “n
= Clfllgo@sylelg) @3-
We therefore study the following variational problem:
find w; € Hy (R>), fori = 1,2, such that
a(wi, @) = hi(¢). Vo € Hy(RY), (48)

where a is the bilinear form defined in (34), and h;,i = 1, 2, is the linear operator
on HO1 (R3) defined by the right-hand side in (45) as a function of ¢.
If this problem has a unique solution, then necessarily w; = odju,i =1, 2.

As proved in Theorem 3.3, the bilinear form a is continuous and coercive, and
we have shown above /; is continuous. Hence, the Lax—Milgram Theorem then
ensures the existence of a unique solution w; = pd;u of (40) in H(} (R3), satisfying

”Qaiu”HOl(]R3_) =< C”f”[{?(]}@_)a
where the last inequality comes from (42), (43), (44), (46) and (47).

Second Step: From the previous step, by the isomorphism (9) we have that, for
i=1,2,0iue Hl1 (R3) and satisfies the estimate

||aiu||H11(Ri) <C ||Qaiu||Hg(Ri) . C”f”HfJ(Riy (49)

If d3u € H}(R®), then Vu € H|(R?), thatis, u € H?(R3), given that u €
HO1 (R3) by Theorem 3.3. In fact, it is enough to prove that Qagu e L2(R3). To
this end, we use equation (30), written as follows:

pAu+ (A + w)Vdiva + Vadive +2VaVu = f. (50)
From this equation, it follows, in particular, that
pdiu' = —puA'u’' — O+ p)V'dive — Vadiva — 2(Vu)'Vu + f/,
(r +2)03u3 = — A uz — O + p)dz diva’ — 832 diva (51)
—2(Vu)3 - Vi + fi,

where we used the prime notation to denote projection onto the first two variables.
From (51), since the tangential derivatives are in H 11 (R3), we have that

opndiu’ € L*(R®), and oA +2u)d3u3 € L*(R%). (52)

From (52), the bounds on the Lamé parameters (see (20)), and the strong convexity
condition (22), we obtain that

0d3u € L*(R%). (53)

The regularity estimate (36) then follows from (49), the assumed regularity of the
source and the coefficients, and (51). 0O
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We now tackle (iii), that is, the existence of a very weak solution for Problem
(30). More precisely, we will prove the existence of a unique solution u € Eq(R>)
for f € V', where, we recall, the space V is defined in (31) and Eg (R3) is
given in (32). To do so, we first establish the validity of integration by parts, when
div((Cﬁu) € V'. This result will be a direct consequence of standard integration by

parts provided D(R3) is dense into Eo(RR3). The density follows from an exten-
sion to the case of weighted Sobolev spaces of results in [31] and from some ideas
contained in [3]. We include the proof of this density result for completeness.

Lemma 3.6. The space D(@) is dense in Eo(R3).

Proof. By the Riesz Representation Theorem, for every functional T € (E (Ri))’
there exist u; € Hl0 (R3_) and u; € V(R3_) such that, for every v € EO(R3_),

(T,v) = /u@ up - vdx + (divCV, 1) gt )y @3 - (54)

Next, we suppose that T is the zero functional when restricted to D(@):
(T.9) =0, Vg eDR) (55)
We will show that T is then the zero functional on Eg:

(T,v) =0, VoveEyR).
Since ¢ € D(@), there exists ¥ € D(R?) such that
‘/’|@ =9
Following the approach of Lions-Magenes (see [31] p. 173), we let ) and u;
denote the extension by zero of u| and u; to Ri respectively. We also extend the

isotropic elastic tensor C to an isotropic tensor C on R, satisfying

Cec™(®*» and (c]@ =C.

Such as extension can b~e done by even reflection, and, hence, we can assume that
there exist &y > 0 and By > O such that
Ax)>a >0, and 3i(x)+20(x)>pBy>0, VxeR,

and we can also assume that

VAl < =, VIl < (56)

SR
SR

almost everywhere in R3.
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Therefore it follows that
(T, ¥) = / % [@ - ¥ +div(CVy) - 2] dx
R;

= / , [u1 -@+ diV(C%(ﬂ) . uz] dx =0,
R

where we used that div(@%:ﬁ) is a bounded function with compact support and
that %5 is a locally L? function. Consequently, for any ¢ € D(R?),

(@1, ¥) + (divCVis, ¥) =0,
from which it follows that
div(CViip) = —ii; in D'(R). (57)

We next show that , € le (R3) by using the well posedness and regularity for the
equation
div(CVi) =

on all of R3. The decay condition at infinity imposed on # as an element of H IZ(R3 )
(orjust HOl (IR?)) ensures the global coercivity of the quadratic form from the strong
convexity of the Lamé tensor. Therefore, since f =—-u e€H 10 (R3), we can first
prove that the solution belongs to H(} (R3) proceeding as in the proof of Theorem 3.3.
Then following a similar approach as to that of the proof of Theorem 3.5, we are
able to establish that the unique solution, which must agree with %>, is in HZ(R?).
Now, since U, € H12 (]R3) is an extension by zero of u»> in R3, uy and Vu, must
have trace zero on {x3 = 0}, that is,

u, = ﬁ2|R3 € ﬁIZ(Ri)
Exploiting identity (57), we can rewrite (54) as

(T, v) = —/ div (CVu) - vdx + (div (CVD), 12) w3 ) v -
R3 T

Since D(R?) is dense in le (R3) by definition, there exists

¢, € D[R®) suchthat ¢, =3 wy in H2(R). (58)

Hence we find that, for every v € Eo(R3),

(T, v) = lim |:—/ div ((C§¢k) -vdx + (div ((C?v), gok):| =0.
k— 00 RrR3

We conclude that D(@) is dense in Eo(R3) from the Hahn-Banach Theorem.

In fact, setting, for notational convenience, E1 := D(R>), we suppose by con-
tradiction that E; is a proper closed subset of Eo(R3). Therefore, there exists
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fo € Eo(R3) such that fo ¢ E 1, and we can define a continuous functional T on
EyU{fo} by
T(f)=0 VfeE
T(fo)=1.

Then by the Hahn—Banach theorem the operator T can be extended to a non-zero
functional T € (Eo(R3)), a contradiction, since we proved that any functional
that is zeroon E; is zeroon Eg. O

By the previous lemma and results in [3], we can prove the following Green’s
formula:

Proposition 3.7. Letu € Ey (R3). Then forany ¢ € V(R3), we have
(dVCVR), @) ) v e )

= / \ u- diV((C§¢) dx + ((C%u)ey &)
R

¢><H:f/2<R2>, H?(R2))

Proof. From Lemma 3.6, it is sufficient to prove (59) for u € D(@). Therefore,
for any u € D(R?) and ¢ € V(R?) we have

/ div(CVu) - ¢ dx =/ u-div(<c§¢)dx+/ (CVu)es)-¢pdx’.  (60)
R3 R3 R2

Next we prove that, if u € EO(R3_ ), then
 Eo(RY) — H *(R? ,
yn  Eo(R2) L (R7) 1)
ur> (CVues,

is a linear and continuous functional. Let { € H ]3 2 (R?). By the Trace Theorem,
there exists a lifting function ¢ € H12 (R3) such that ¢ = ¢ and (CV¢)e3 = 0 on
R? (generalizing [3, Lemma 2.2]); hence ¢ € V (IR3). From (60), we obtain
/ (CVw)e3) - & do(x) = (div(CVu), ) @3 ) v )
R? T
— (u, divCV)) (o ®3) o @2 ))-

The functional on the left-hand side is, therefore, well-defined on Hl3 /2 (Rz) as
u € D(R3). Moreover, the lifting function ¢ satisfies

19128y =< € 181320

so that
[{yn (), &)

<C |:||div((CVu)||V/(R3_)||¢||V(R3_) + ||u||H91(R3_)||diV(CV¢)||HP(R3_)]
=< C”””EO(RE)”¢”H12(R37) = C”””E@(Ri)”;||H13/2(]R2)‘

That is, (61) holds and the statement of the proposition follows. O
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Next, we prove the existence and uniqueness of a very weak solution.

Theorem 3.8. (Very weak solution). For any f € V'(R>), there exists a unique
solution u € Hgl(Ri) to Problem (30) such that

lull o @3y = ClUflly @3-

Proof. Thanks to the Green’s formula (59), for any f € V/(R>) Problem (30) is
equivalent to the following variational formulation:
find u € Eq(R>) such that

f 3u-div«c%)dxz Fo0) s ye Yve VR (62)
- VRS

We first note that, from the well-posedness of (30) in le (R3) (Theorem 3.5),
for any f € Hl0 (R3) there exists v € V(R3) satisfying (30) with f replaced by

f such that
”E”V(Ri) = ”5”1-112(]1{5 =c ||f||H?(Ri)-
The linear functional
Pr(H) =LV wm), ve)
is then continuous, as
|<Df(f)| =<C ”f”V’(]Ri)”i”V(]Ri) = C”f”vf(Ri)”f”H?(Rzy

Consequently, from the Riesz Representation Theorem there exists a unique u €
Hgl(Ri) such that

Or(f) = (. o @), mo@y.  Vf € HPRY).
Since the solution operator of Problem (26) for strong solutions
d:HYRY) — V(R?)
? — v
is an isomorphism, the assertion of the theorem follows. O

We lastly address the well-posedness of the source problem, Problem (26), by
means of interpolation. We recall Formula (16b):

[H:1 ®3), H(;‘(Rb] = H-O®R3).

1-0.,2

The above result is relevant in view of the following auxiliary result:

Proposition 3.9. If f € H:lz (R3) has compact support, then f € V'(R3).
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Proof. We define v/, a regular cut-off function in R3 | such that ¢/ = 1 on a compact
neighborhood of the support of f. Then

(f)veyvesy = FEDem) vesy =6 V0 @@ ) m2e )
is well defined and satisfies
(f, v>(V’(R3_),V(R3_)) =< ||f||H:|2(R3_) ||‘ﬁv||H12(R3_) = C”f”H:]z(R'J'_) ||v||H12(R3_)
The assertion follows. 0O

Remark 3.10. By Proposition 3.9, Theorem 3.8 also holds for any f € H:lz (R3)
with compact support in R? .

We are now in the position to establish the well-posedness of (26).

Theorem 3.11. Problem (26) with source term given in (27) has a unique distribu-
tional solution u € Hl/lz/;fa (R3), forall ¢ > 0.

Proof. We specialize the interpolation Formula (16b) to the case ® = 1/2 4 ¢ to
obtain

—3/2— — —
HZI7 (B = THZI @D, H D) . (63)
and similarly, Formula (15a) to the case ® = 1/2 — ¢ to obtain
HI B = [HL (R, HyBD] . (64)

From Proposition (3.1), fs € H3/>7¢ and, since it has compact support in R>
by (27), we deduce that

fse€ H—l//2fe€(R3*)'
By Theorems 3.3 and 3.8, and Remark 3.10, we have a bounded solution operator
@, where ©(f) = u, mapping
:V'R) - H (RY),  @:(Hy)R) - Hy(R?).

From the hypotheses on the dislocation surface, we can assume that § C €2, where
Q is a bounded open set such that @ C R . We then restricts all source terms f
to have compact support in &, and we denote by H__;’Q(Ri ) the closed subspace
of H= (R3) of distributions with support in Q. Then f 5 € H:13 //22:: Q(Ri). Fur-
thermore, since V/(R3) D H:E,Q(RS_) and (Hj))'(R%) > Hy §(R3), from (63)
we have

—3/2— _ -
o R = THZ B, Hog(R))

C [V/(R), (H(})/(Ri)]%_

£,2

g2’
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By interpolation, ® extends as a continuous solution operator

@ IVRD, (Hy DYy, = [HL®D), Hy ROy,

so that, using (64), we also have

32— o3 1/2-6 3
Q:H 1 o) = H)p  [(RD)

as a continuous operator, which gives the conclusion of the theorem. 0O

We close the discussion of well-posedness of the direct problem by showing
the equivalence of the transmission problem to the source problem.

Lemma 3.12. Problem (24) and Problem (26) are equivalent.

Proof. We first observe that both solutions of (24) and (26) satisty diV(C%M) =0,
for all x € R3\S, and ((C%u)eg = 0 on {x3 = 0}. Hence we have only to verify
that the jump relations on the dislocation surface S are satisfied.

We take a point ¥ € § and a ball B;(x), with n sufficiently small, such that
(B;(x)NS) C S, since S is an open surface. We indicate with B,;r () (B, (%)) the
half ball on the same (opposite) side of the unit normal vector n on the boundary
of S.

To simplify notation, we define D, := S* N B/ (x), D, := S~ N B, (x) and
D, :=5NB,(X).

Let ¢ € D(B,(x)) and let u be the solution to (26). We recall that u € H1/?¢
in a neighborhood of S and that its trace can be defined in H ~¢(S) in a weak sense.
Then, since u is a solution to div((C%u) =0in B;“ (x¥) and B, (x), by means of
Green’s formulas as in [31, Chapter II], we have

PN _ PPN
/ ) div(CVe) -udx = =™, (CVQIn) (- p+) pepiy)
B (@)

(65)
+ ((CVu)m)™, @) (5-1-¢(D}), B+ (D))"
Analogously,
/ le(C%(ﬂ) -udx = (u_, (C’V\(p)n)(Hﬁ(Dn—)’ He(Dy))
By (¥) (66)
— ((((CVu)n)_, (p>(H—1—£(Dn—), H1+5(Dn—))~
Summing (65) and (66) gives
/ div(CVe) - udx = —([uls. (C/V\‘P)n)(H*S(D,,), HE(Dy))
By (®) (67)

+ ([(CVu)n], ¢ )(H-1=#(D,), H'*#(D,))"
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where [-]s denotes the jump on S. Since u is a solution of (26) with source term
(27), it follows that

/ div(CVe) - udx + / div(CVe) - u dx
B ®) By ()

= / div(C§(p) ~udx
B,(¥)

oS 68
= <d1V((CVu), (0)([_]—3/2—5(3"(;)), H3/2+S(B'7(f))) ( )

—(C(g ® n)ds, V@) (-1 (B, ), HI/>+¢ (B, ®)))
= —/ Vo :C(g ®@n)do(x).
Dn

By the symmetries the tensor C satisfies, we also have that
Vo :C(g®n) =g (CVo)n.

Hence, equation (68) becomes

/ div((C/V\go) cudx = —/ g- ((C’V\(p)n do (x). (69)
B, (¥)

Dy

Comparing (67) and (69), we have that

[ & @Pomdon = (1l €Fombn-oy. neo,
b, (70)

—+ ([((C%u)n], (] >(H—1—5(Dn)’ H1+8(Drl))

forany ¢ € D(B,(x)). By taking ¢ constant near X, we conclude from the identity
above that [((CVu)n] = 0 in Dy, and hence it follows [((CVu)n] = 0in S. Then,
[u] = g in S. We have shown that, if u is a solution of (26) , it is also a very
weak solution of (24). The converse implication follows by simply reversing all
arguments in the proof. O

From Theorem 3.11 and the previous lemma, we finally have the well-posedness
of the direct problem in R3 .
Corollary 3.13. There exists a unique very weak solution u € Hi/lz/;f R (R3) of the
boundary-value/transmission problem (24).

4. The Solution as a Double Layer Potential

In this section, we prove the existence of a Neumann function in the half-space,
for an isotropic, non-homogeneous, elastic tensor satisfying (20) and (23). The
Neumann function is utilized to give a representation of the solution u to Problem
(24) as a double layer potential.
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4.1. The Neumann Function

In this subsection, we prove the existence of a distributional solution to the
problem

div ((C(x)%N(x, y) =3d8y(x)I, in R3,

pe (71)
(C(x)VN(x, y))e3 =0, on {x3 = 0},

where §y,(-) is the Dirac distribution supported at y € RR3 . To prove the existence
of the Neumann function, we work column-wise and consider the system

div (Cx)VN® (x, y)) = exdy(x), inR3, (72)

for k = 1, 2, 3. We observe that, by freezing the coefficients of the elastic tensor
at x =y, we formally have e;6,(x) = div ((C(y)’V\N(k) (x,y)), where N(k) is the
k-th column vector of the Neumann function for the Lamé system with constant

coefficients. Therefore, subtracting diV((C(x)§]V ® ) from both sides in Equation
(72) gives

div (Cx)VM®P (x, y)) = —div [((C(x) —Cy)VNDx, y)] . inR3,(73)

where M® .= N® _ N ® , for k = 1, 2, 3. We next recall the decay estimates
satisfied by the Neumann function N in the case of constant coefficients. In par-
ticular, it is not difficult to see from Theorem 4.9 in [9] that there exists a positive
constant C = C(«g, Bo, M), such that for all x, y € R? with x # y,

IN(x, y)| < Clx — y|7',
IVeN(x, y)| < Clx — y| %

We recall that «g, B9, M are the constants appearing in the assumptions on the
elasticity tensor C in Subsection 3.1.

Next, we establish rigorously the existence of the Neumann function N, by
showing that there exists a unique variational solution M for the vector problem
(73) in Hy (R?). This result also implies that, as expected, the singularities of
N(x, y) near y are those of the constant-coefficient Neumann function obtained by
freezing the coefficient at y. This fact will be used in Subsection 4.2.

(74)

Proposition 4.1. Assume that (20) holds, and let
=k
Fyr(x) = [(C(x) — CONVN . 1, k=1,2.3. (75)

Then Fy ;. € L2(R3) for any y € R3. Moreover, for any y € R the boundary
value problem

div (Cx)VM® (x, y)) = —divF,, inR? 76)
(C(x)%M(k)eg, = —(C(x)%ﬁ(k)e& on {x3 = 0},
admits a unique solution, satisfying
1M g3y < CIFy el 23 - (77)

In particular the matrix M = (MDD M MO belongs to HO1 (RY).
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Proof. We start by showing that Fy ; € L2(R3). We choose r sufficiently small
so that B,(y) C R> . From the regularity assumption on the elasticity tensor (20),
it follows that there exists a positive constant C independent of y and r such that,
forx € B,(y),

ICx) —C(»I = Clx — yl.

By (74), we then have that,
S 1
[[C(x) —C(»)IVN " |7dx < C ———> dx < o0.
B (y) B.(y) 1* — ¥l

On the other hand, (20) also implies the elastic parameters are uniformly bounded
and, again by (74), we find that

1

—4dx < 00,
BE(yNR3 X — ¥

ICx) — C(»IVNY2dx < €
BE (y)NRE

where Brc (y) is the complementary set of B, (y). Combining these two results gives
that Fy 4 (x) € L2(R?) forany y € R3.
Recalling that

(C(y»)VN(x, y))es =0, on {x3 =0},
we can rewrite (76) in the equivalent form:

{div (CE)VMP (x, y) +Fy i) =0, inR3, 78)

(C@x)VM®P +Fy;)e3 =0, on {x3 = 0}.

Proceeding as in the first step of the proof of Theorem 3.5 (cf. Problem (40)), the
existence and regularity of M® as the unique solution of (76) follows from the
well-posedness of the variational formulation of (78), i.e., find w € H(} (R3) such
that

a(w,v) = Gr(v), Vve H}R),

where the functional

Gir(v) = — f (€@ = CoNINYx, y) 1 Vo) dx. (79)
R>

By Lax—Milgram, it is enough to show that Gy is continuous on HOl (R3). Since
Fy « was shown to belong to L2(R3_ ), we have that

|Gr(v)] < /‘H@ |Fy,k :Voldx < ||Fy,k||L2(R3_)||Vv||L2(R3_)

=< ||Fy,k||L2(Ri)||”||H3(Ri)'
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Remark 4.2. If dist(y, {x3 = 0}) > dy > 0, then from (77) it follows that

1Ml g g3y < C,
where C does not depend on y € R .

In the next section, to provide an integral representation formula of the solution
u of Problem (24) as a double layer potential, we need to prove higher regularity
than H(} on the Neumann function once we are sufficiently far from the singularity

y.
Proposition 4.3. For any r > 0 such that B,(y) C R>, we have that
N e H{(R* \ B, ().

Proof. We fix r > 0 such that B,(y) C R3, and define a cut-off function S
D(R3) with the property that

o= 1, inB,p(y),
0, inR3 \ B.(y).

We also let

0, in Br2(y),

N®_  inR3\ B.(y) (80)

N = (1 - pN® = {

fork = 1, 2, 3. From thg definition of ¢ and the fact that N &) solves the homo-
geneous equation div(CVN®) = 0 for x # y, it is straightforward to find the
equation solved by N frk), that is

div(CVNY) = _div(C(Vog @ N®Y) — CYN®)WVg,

with homogeneous Neumann boundary conditions. We observe that the source term

h .= —div(C(Vg ® N®)) — (CYND) vy

has compact supportin B, (y)\ B,/2(y) and, moreover, N© € H' (B, (y)\B,/2(»)),
which follows from the result in Proposition 4.1 and the representation N® =

M®© — N(k) . Therefore, h € L?(B, (»)\B;/2(y)) and, since h has compact support,
heH P (R3) as well. We then consider the problem

div(CVYN®) = h, inR3,
(CYNP)e3 =0, onfx; =0}
for given h € Hl0 (R3). Following the steps in the proof of Theorem 3.3 and

Theorem 3.5, one can prove that there exists a unique N (Tk) € Hf(Ri), that is,
N® e HYXR? \ B, (y)) from (80), fork = 1,2,3. O
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4.2. A Representation Formula for the Solution to (24)

In this subsection, using the Neumann function defined in (71), we give an
integral representation formula for the solution to Problem (24). Then we take
advantage of this integral representation to study the regularity of the solution in
the complement of the dislocation surface S in R3 . In fact, we will determine the
singularities of the solution, when S is a rectangular dislocation surface parallel to
the plane {x3 = 0} and g is a constant vector, in the special case that the medium
is homogeneous.

This explicit example shows that, if g € H'!/2(S), but without assuming that g
has compact support in S, generically solutions to (24) are not in H& R3\S). We
begin with a preliminary result proved by following an approach similar to that in
[16] and using also results in [20] on growth properties of Neumann functions in a
neighborhood of the singularity.

Proposition 4.4. The unique solution to (24) can be represented as a double layer
potential on S, that is,

u(y) = —/S [(C(x)VeN(x, y))n(x)]T g(x)do(x), 1)

where N is the Neumann function satisfying (71).

Proof. We recall that the transmission problem (24) is equivalent to the source
problem (26), so we provide the integral representation formula starting from (26).
From regularity results for elliptic systems (see e.g. [29]), it is immediate that the
solution  is pointwise regular in R3 \ § and has traction zero on {x3 = 0}.

We fix y € R3\S and we consider a ball B,(y) such that B,(y) C R3 with
B.(y) NS = @.

From Proposition 3.1, f ¢ € H~3/>~¢ and has compact support in R . Without
loss of generality, we assume the support of fg lies in an open set @ C R3, the
closure of which does not meet R? nor the boundary of the ball B, (y). We then
have from Proposition 3.9 that

_3/2— _
fseH [ g CH g C(HYY CV/,

where H:&Q are the spaces of distributions with compact support in Q. Then, u
also solves the source problemin V', thatis, u € Eq (R3). Moreover, fork = 1, 2, 3,
N® e H2(R3 \ B, (y)) from Proposition 4.3,and (CVN®))e; = 0 on {x3 = 0} by
hypothesis. We observe that we can then apply Green’s formula (59) in R? \ B, (y)
with N® ag test function. (That formula is derived in R3, but it can be extended

to R3. \ B;(y)) in this case, since both u and N are regular near 9 B, (y).)
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As a result, we obtain that
/ (CE)VNB(x, y)n - u(x)do (x)
B, (y)

— v . N®
/8Br(y)(C(x)Vu(x))n N (x, y)do(x) (82)

k
= (£ NOC ) 2y @\ B, 22 Brom
k
= —(C(g ®@m3s, VNC, 1)) 1y (e2 \B 30 1} 82\ By
where we used that div(C%N(k) (x,y)) = 0in R3 \ B,(y) and the traction-free
boundary condition. The last equality above follows from the fact that

Clg ®@m)ds € H |5 (R \B, ()

172 - ey
C (H /59 ®3\ B (y) € (H]) ®*\B, ().
As discussed in [20,21], the Neumann function admits the decomposition
N@x,y) =T(x —y) +HP (x, y),

where I' denotes the fundamental solution for the Lamé operator with constant
coefficients (we freeze the coefficients at y) and H  is a more regular remainder.
Using the Lipschitz continuity of the Lamé coefficients, it is possible to prove that
there exist Cy, Ca, C3, C4 > 0, which depend on the constants in the a priori
assumptions (20) and (23) on C, and on the distance of the fixed point y from
{x3 = 0}, such that

INO @, ) < Cilx -y ' + 3
Ve N®(x, y)| < C3lx — y|72 + Calx — y| 7.

Following the same calculations as, for example, in [8, Theorem 3.3] and employing
the local estimates (83), it is straightforward to prove that

‘ / (CVu)n - N® do(x)| — 0, asr — 0, (84)
9B, (y)

and

f (CYN®)n - udo(x) = ug(y), as r — 0, (85)
B, (y)

where uy is kth component of the displacement vector . To handle the last term
in (82), we use the density of the space D(R? \ B,(y)) in H(R> \ B,(y)). By
density, there exist

k) =

1} € DR \ B, (»)) such that 1 =5 N® (. y) in HZ®® \ B, ().
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hence V¥ — VN® (. y) in H'/2(S), for k = 1,2, 3. Therefore,

Jim / CE)(gx) @ nx) : V' x) do(x)
_ / C)(g(x) @ n(x) : VN®(x, y)do (x), (86)
S

where we have used that, by (29),
(C(g ®n)ss. Vi) = / (CEom): Vydo),

From (86), (85), (84) and (82), taking the limit » — 0, we obtain the representation
formula (81) exploiting the symmetries of the tensor C. O

Remark 4.5. It is possible to show that u € 1OC(R3 \ S), with o < 1, when
g € H'/2(S). In fact, we can assume that S is part of the boundary of a compact
Lipschitz domain D with D ¢ R3. Since 85 is assumed also Lipschitz, we can
extend g by zero to the complement of S in dD and have that g € H®(dD)
for s < 1/2. Then, from regularity results for layer potentials in the case of a
Lipschitz surface (see [37 Theorem 8.7]), it follows that u € H'/2T$(D), and
ue HY/?s (D) where D is a compact Lipschitz domain, the boundary of which
contains 9D and which is contained in the complement of D in R3 .

An explicit example. We consider now the particular case of the an isotropic
homogeneous half space. We denote the constant elasticity tensor with Cy and its
Lamé coefficients with wg and Ag. These satisfy the strong convexity condition g >
Oand3Xp+2uo > 0. In this setting, taking S to be a rectangular Volterra dislocation
(which, we recall, means a constant displacement jump distribution on ), in [40]
Okada gives an explicit expression of the solution to Problem (24), highlighting the
presence of singularities on the vertices of the rectangular dislocation surface. This
solution is well known and applied in the geophysical literature (see for example
[43,54] and references therein).

We denote the Neumann function for a homogeneous and isotropic half space
by No(x, y). Its explicit expression can be found, for instance, in [8,32,35,36].
Moreover, we assume S is a rectangle parallel to the plane {x3 = 0}, that is,

S={0nLyny)eR a<y<b c<y<d, y3=—lal}, (87

with a, b, c,d,« € R, and we assume that g := g. = (ki, k2, k3)T on S, with
ki € R,i =1, 2, 3. This choice for S and g can be seen as a particular case of the
rectangular dislocation surface considered by Okada in [40], and it is the simplest
case in which the source has support on the whole of S.

In this setting, we show that the solution u of (24) is not in HO1 (R3 \'S). The
representation formula (81) becomes

u(x) = — / (€T 0026y g do () (88)
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Again, we use that N9 = T + R, where T is the fundamental solution of the
constant-coefficient Lamé operator, also known as the Kelvin fundamental solution
(see [28]), and R is a regular function in R3 (see e.g. [8]). The singularities of u
are then contained in the term

uri= [ (€906 -y g do).
s
From straightforward calculations we find that

M(@Jru i «mp&) Adiv PO 4 2,9

93 ayi ay3 ay2
o v T _ a4 3T Ty 4 903 ; 2) 3
2= (CoVles)” = | p 3y132 + 3y312 s Byi2 + 3;22 adiv @ + 24 8y332 ’
3 4 833 9l 4 833 . NE)) 33
ay3 o ) H s + dy2 Adiv I +2p dy3
where T'D fori = 1,2,3, represents the i-th column vector of the matrix T.
Therefore
b pd 3 b pd
wr= [ [ 2w-yedom=3 [ [ 26 ykdo.
a C ]=1 a C
i=1,2,3. (89)

We find that ur (x) has logarithmic singularities as x approaches the vertices of the
rectangle S, which comes exclusively from the entries 231, E3» (and E13, E»3 due
to the symmetries of I') of the matrix E. (See Appendix A for explicit formulas of
these terms.)

Remark 4.6. Because of the nature of the entries in E from which the singularities
originates, we stress that these singularities are present both for tangential as well
as normal (and hence oblique) jumps g.

5. Formulation of the Inverse Problem: A Uniqueness Result

In this section, we formulate and study an inverse dislocation problem. To be
more precise, we are interested in the following boundary inverse problem:

Let u be solution to Problem (24) with unknown dislocation surface S and jump
distribution g on S. Assume that u = uy is known in a bounded open region ¥ of
the boundary x3 = 0, then determine both S and g.

In particular, we want to establish under which assumptions the displacement
uy determines S and g uniquely. To prove uniqueness, we will need an extra
geometrical assumption on S and supplementary assumptions on g, but we allow
the elastic coefficients to be only Lipschitz continuous by adapting the proofs in
[1] (valid for scalar equations) to the Lamé system. Generically, we expect this
regularity to be optimal for the inverse problem, unless further assumptions on
the form of the coefficients is made, such as assuming the Lamé parameters to be
piece-wise constant on a given mesh. We reserve to address this point in future
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work. We remark again that the unique continuation property may not hold for a
second-order elliptic operator, if its coefficients are only in Holder classes C*¢,
a < 1, and not Lipschitz continuous (see [34,41]).

To prove that the dislocation surface S is uniquely determined by the boundary
data, we restrict S to the class S of open, bounded, Lipschitz, piecewise-linear
surfaces that are graphs with respect to a fixed, but arbitrary, coordinate frame.
This assumption is not overly restrictive in the case of faults as they are frequently
nearly horizontal. Note that we do not specify the frame, so vertical faults are
allowed too.

Our uniqueness result is the following theorem:

Theorem 5.1. Ler S1, S» € S such that S1,S> C R3, and let g; be bounded

tangential fields in H'/*(S;) with supp g = Si, fori =1,2. Letu;, fori = 1,2,

be the unique solution of (24) in Hi/lz/;fg (R3) corresponding to g = g; and

S = §;. Let ¥ be an open set in {x3 = 0}. If u =u_ ,then S = S and
z

81 = &2

2

1

Remark 5.2. We first note that by local regularity results, since C € C 0.1 (@),
the displacements u;, for i = 1, 2, are regular in a neighborhood U/ of {x3 = 0},
more precisely u; € Cle@) with 0 < « < 1 (see e.g. [29]), so that u, can

z
be interpreted as the trace of u; pointwise. The same conclusion holds for the
traction-free boundary condition (CVu;)e3 = 0 on R

We denote by G the unbounded connected component of R3 \ S U S5 contain-
ing X. Since S and S are bounded, there exists only one such components. By
definition, G C (R3_\S 1 U S»). In addition, we define

G :=0G\ {x3 =0}. (90)
Before proving Theorem 5.1, we need an auxiliary result.
Lemma 5.3. Let Sy, S» € S such that El, §2 C R3. Then G=51US.

Proof. We begin by observing that, if G = R? \ §; U S, then clearly G = S; U S5.
If G ¢ (R3\S;US,), then by definition G C S; U S,. We prove the reverse
inclusion, i.e., S| U S C G, arguing by contradiction. We hence assume that there
exists a point x € S; U S, (for instance, without loss of generality, x € El) such
that x ¢ G. Given any vector v 7~ 0, we consider the line  through x parallel to v.
Since G is closed and x ¢ G, line r must intersect G in at least two points X1, X».
Therefore, x, x1,x> € r and x1, x> € G. Now, choosing v in the direction along
which S} and $> are graphs, we have that

(1) either x or x, belongs to S, hence we reach a contradiction, given that Sy is
a graph.
(2) x1 and x> belong to S», which is also a contradiction, since S is a graph.

Therefore G = S1US,. O
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We are now in the position to prove the uniqueness theorem.
Proof of Theorem 5.1. We let w = u; — u,, defined on R3_\S1 U S,. Then
wy = (CVw)esy =0, and div(CVw) =0 in B> \ §;US,.

From the homogeneous boundary conditions, it follows that also the Cauchy data
are zero. Hence,

ow

z

Without loss of generality, we assume that ¥ = B}e (0) (see Section 2 for notation).
We define w, extension of w, in Bg(0) by

0, inB}(0). ©2)

_ {w, in B (0)U 3,
w =
Clearly by the continuity property of W we have that % € H'(Bg(0)). We also
extend the elasticity tensor C to B; (0) in such a way that the resulting tensor is
Lipschitz continuous and strongly convex in B (0) (for example, by even reflec-
tion). We will show that W is a weak solution to the Lamé system in B (0). We let
Qe H& (Bg(0)), and test the equation with ¢:

/ div(CV®) - odx = —/ (CVw) : §<p dx =0,
Br(0) B (0)

where in the last equality we have integrated by parts, and used the fact that w
satisfies the Lamé system in B (0). Consequently, w € H 1(Bg(0)) is a weak
solution to

div(CV®) =0,  in Bg(0).

We can then apply Theorem 1.3 in [30] to obtain the strong unique continuation
property in B (0), which implies the weak continuation property. Since w = 0 in
B; (0) and the weak continuation property holds in Bg(0), we have that w = 0
in Bg(0). Thatis, W = w = 0 in B (0). Using the three-spheres inequality (see
Theorem 1.1 in [30]) in the connected component G of R3_\Sl U S, containing X
gives that w = 0 in G. We now distinguish two cases:

(i) G=R3\5USy;
(i) G C R\ S US,.
We start from Case (i), see Fig. 2 for an example of the geometrical setting. We

assume that S; # S, and we _ﬁx y € S| such that yé¢ 5. Then there exists a ball
B, (y) that does not intersect S;. Hence,

0 = [w]g,(y)ns, = [u1]B,(y»)ns, = &1,
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Fig. 2. An example of the geometrical setting in Case (i)

ASVQ

D
S1

Fig. 3. An example of the domain D in Case (ii) where the two surfaces close

and this equality leads to a contradiction, as supp g, = S. We can repeat the same
argument, switching the role of S and S», to conclude that §1 = S;. Therefore,

0 =[w]s, =[w]s, = [u1ls, = [u2ls, = g, = g».

We now turn to Case (ii), see Fig. 3 for an example of the geometrical setting. By
Lemma 5.3, we can assume, without loss of generality, that there exists a bounded
connected domain D such that D = S; U S,. Then w = 0 in a neighborhood of
3D in D€ NR3 , since w = 0 in G. The continuity of the tractions (CVu1)n and
((C/V\uz)n in trace sense across S and S, respectively, implies that

(C§w+)n =0 ae.ondD, 93)

where w indicates the function w restricted to D and n the outward unit normal
to D. Moreover, w satisfies

div(CVw™) =0 in D. (94)
We conclude from (93) and (94) that w™ is a rigid motion, i.e.,
wh =Ax +¢,

where ¢ € R3 and A € R3*3 is a skew matrix.
On the other hand, since w~ = 0 on 9 D, we have

e
[wlop =w; .

but on §; we have [w]s;, = [u1]s,, which is tangential by assumption; the same
argument can be repeated on S>. Therefore,

wt-n=0 ondD. 93)
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So

S1

Fig. 4. Component inside D

We will now show that (95) implies that A and ¢ are zero, which means that w = 0
in R3 \ S| U S,. Then, reasoning as for Case (i), S| = S» and g1 = g, Letxg
denote a vertex of S; U S,. This vertex is contained in at least three faces F, F>, F3

having independent normals 1, rny, n3. We pick three points x 1, x2, x3 on the faces
Fi, F>, F3. Then

(Ax; +c¢)-n; =0, Vi=1,2,3.

By continuity, there is a well-defined limit of (Ax + ¢) - n when x approaches x.
It follows that

(Axg+c¢)-n; =0, Vi=1,2,3,
which implies, by linear independence, that
Axo+c=0. (96)

An analogous argument can be applied to obtain a similar relation for any other
vertex in S; U S>. Now, observe that there exist at least three vertices that are not
co-planar. We denote them by x(l), x(z), xg. We assume that x(l) does not lie in the
plane spanned by x(z), xg. Then the vectors x(l) — x(z) and x(l) - x(3) are independent.

Combining by linearity all the relations of the form (96) for the three vertices gives

Ax}) —x}) =0,
A(x(l) - xg) =0.

The above relations give six independent scalar linear equations for the entries of
A. Since A is a skew-symmetric matrix, it follows that A = 0 and, therefore, ¢ = 0.
[}

Remark 5.4. The geometrical assumption on the faults, which requires that the two
surfaces are graphs with respect to a fixed, but arbitrary, coordinate frame, is needed
in the second part of the proof (case (ii)) to avoid the exceptional case where the
two surfaces, or one of the two, could have a component inside the closed domain
D, see Fig. 4 to visualize an example of the situation we are describing (the dashed
partis inside D). This hypothesis is sufficient, but certainly not necessary. However,
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without this assumption, a situation like that one in Fig. 4 could appear and in this
case our argument wouldn’t apply. In fact, we would have less information on w in
the disconnected component, namely, we would not know that the traction is zero
on this component but only that it is continous across it.

Remark 5.5. The first part of the proof (case (1)) still holds without any additional
assumptions on the fault surfaces S;, and slip vectors g;, i = 1, 2, beyond those
required for the well-posedness of the forward problem and the validity of unique
continuation. However, our approach does not allow us to treat the second case
(case (ii)). We observe, on the other hand, that even in this second case, uniqueness
holds up to an infinitesimal rigid motion, under the geometric assumptions on the
fault we make (we still need to exclude the special case of Fig. 4). Therefore, gener-
ically with respect to the slip vectors, we can prove uniqueness, since the space of
infinitesimal rigid motions is finite dimensional, while the space of slip vectors
g is infinite dimensional. Unfortunately, this case cannot be excluded a priori in
applications.

Remark 5.6. We observe that the statement of the previous theorem is true also in
the case of slip fields directed in the normal direction. Indeed, instead of (95), we
have wt -t = 0 on 3D, where T is any tangent vector to d D, so that we can still
derive three independent conditions at each vertex and repeat the same arguments
of the last part of the proof. In the oblique case, this condition cannot be guaranteed.

The condition that the surface § is piece-wise linear is mathematical restrictive.
However, it includes the important case in applications of surfaces that are exactly
triangularized by polyhedral meshes. In addition, we only use the fact that piece-
wise linear, closed surfaces have at least three vertices that are not co-planar and each
vertex is adjoined by three faces with normal vectors that are independent of each
other. Consequently, we can extend our result to more general surfaces that satisfy
these conditions. For example, we can consider surfaces that are exactly triangu-
larized by curvilinear meshes, as long as each element of the mesh is not co-planar
with any other element, so that vertices of adjoining elements form real corners.

The significance of effects originating from heterogeneity around and across
the fault (including damage zones) and the fault geometric complexity has been
recognized since the mid 1980s. These are still subject to active research; for a
recent study, see [52]. Fault geometric complexities have been shown to strongly
affect a fault’s seismic behavior at the corresponding spatial scales, while affecting
the dynamic rupture process.
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Appendix A. Singularities for a Rectangular Dislocation Surface Parallel to
{x3 =0}

In this section we give the explicit expression for ur defined in (89). To this end,
we define the following functions:

hO(x’va)Z\/x2+y2+Z2, hi(x,y, z) = arctan (L)

Zho(X,y,Z)
hy(x. y.2) = Al ha(x. v.2) = In(y + ho(x. v, 2))
2(x, y, Dot y.d) 3(x, Y, y +holx, y, 2)),
2
vz xyzho(x,y, 2)
ha(x,y,2) = , hs(x,y,z) = ,
A = T ety 0) S0 = G2 4 )
3
xXyz
he(x,y,2) =

(2 + 222 + 2D)ho(x, y,2)

We denotexll =X —a,xg =x1—0b, xf. =Xy —c, x§ =x—d, xg = X3+ o],
and define the constant C,, = —1/(8w (1 — v)). We calculate the integrals in (89)
(some of the calculations were performed using the computer algebra software
Mathematica©), and we find that

- 2k (A +2u1)
€y )y = =H=—2
+u
[hl(xé, xcz, xg) —hy(x}, xﬁ, xg) + hy (x;, xg, xé) —hy (xbl, xcz, xs,)]
+ it [k 23 43) — ho(ed 2,6 + a(eh, 12, xd) — o), x5 ]

+ kzxg

1 1 1 1
|:h0(xasx0v ) hO(xb»vaxa) hO(xb xdsxa) hO(xasxd’ )i|
k3
A+

1.2 1.2 1.2 1 .2
[13ids 22, 93) = haeh 2o + haeh 3 x3) — (el 53 x|

+ k3 [h4(xi, xﬁ, xg) - h4(x$, xg, xg) + h4(x,£, xg, xg) - h4(x,1, xﬁ, xg)] ,
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¢yl ur)n = kixd

1 1 1 1 + 2ky (A+210)
hO(xasxc’ ) hO(xbvxc’ ) hO(xb xds ) hO(xa’xdv ) At

[h](xa, xc,xa) — h](xa,xd,xa) —|—h1(xb,xd,xg) - h](xb,xc,xa)]

+ k2 [hz()ﬁ, X xd) — o2 x b 1) + ho(2 ) xd) — o (xd xL xg,)]

k3
A+

2 .1 .3 2 .1 .3 2 .1 .3 2 .1 .3
[hg(xc,xa, Xy) — h3(xy, x4, x5) + h3(xg, xp, x5) — h3(xZ, x5 xu)]

+ k3 [h4(x§, x;, xg) - h4(x3, xj, xg) + h4(xc2, x;, xé) - h4(x§, xbl, xé)] )

¢y Hur)s
kip
= ita [h3(xg,x62,xg) — 3, x2 2D + el 62, xD) —ha(xg,xﬁ,xé)]
e [haed 13, 1) — haed 2,33 + hated, 52, x3) — ha(eh, o3, ) |
ko
A+

2 .1 .3 2 1 .3 2 1 .3 2 .1 .3
[hg(xd,xa,xa) —h3(x;, x4, xy) +h3(xc,xb,xa) — hg(xd,xb,xa)]

+ ko [h4(x021, b xd) = hg 2, x b xd) 4 ha (2, x ) x3) — ha(x2, x), x3>]
k3(A +2u)
Pt

[hl(x;, xg,xg) - hl(xal,xg,xg) +h1(xb1,x§,x3,) - h1(x;},xc2,x2)]
3
+ ks [hs(x;, x2,x3) = hs(el, 22, x3) + hs (e, x2, x3) — hs(x), x2, x;)]

ks [o(ids 32, 53) = ho(eds 63 5 + he(eh. 13, x3) — he(xh, x2.xD)] .
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