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Abstract

Deformation in the lithosphere-asthenosphere system can be accommodated by
faulting and plastic flow. However, incorporating structural data in models of
distributed deformation still represents a challenge. Here, I present solutions
for the displacements and stress in a half-space caused by distributed anelas-
tic strain confined in a tetrahedral volume. These solutions form the basis of
curvilinear meshes that can adapt to realistic structural settings, such as a man-
tle wedge corner, a spherical shell around a magma chamber, or an aquifer. I
provide computer programs to evaluate them in the cases of anti-plane strain, in-
plane strain, and three-dimensional deformation. These tools may prove useful
in the modeling of deformation data in tectonics, volcanology, and hydrology.

Introduction

Earth’s deformation encompasses physical processes that spread widely across
space-time. The deformation of the lithosphere-asthenosphere system is largely
accommodated by localized (faulting) and distributed (e.g., plastic flow, multi-
phase flow) deformation. Because of the urgency of understanding seismic haz-
ards, a large body of work is dedicated to describing brittle deformation (Chin-
nery, 1963; Iwasaki and Sato, 1979; Jeyakumaran et al., 1992; Meade, 2007;
Nikkhoo and Walter, 2015; Okada, 1985, 1992; Sato and Matsu’ura, 1974; Sav-
age and Hastie, 1966; Steketee, 1958; Wang et al., 2003). Recently, Barbot et al.
(2017) described how distributed plastic deformation induces displacement and
stress in the surrounding medium, opening the door to low-frequency and time-
dependent tomography from deformation data (Moore et al., 2017; Qiu et al.,
2018; Tsang et al., 2016) and to more comprehensive forward models of de-
formation in the lithosphere-asthenosphere system that include the mechanical
coupling between brittle and viscoelastic deformation (Barbot, 2018; Lambert
and Barbot, 2016).

Increasingly accurate images of Earth’s internal strain and strain-rates re-
quire incorporating morphological gradients (e.g., Barnhart and Lohman, 2010;
Dieterich and Richards-Dinger, 2010; Furuya and Yasuda, 2011; Li and Liu,
2016; Marshall et al., 2009; Murray and Langbein, 2006; Qiu et al., 2016; Steer
et al., 2014; Walter and Amelung, 2006). A familiar approach in fault mechanics
is to discretize faults in triangular elements, as they can conform to curvilinear
surfaces at least to first-order approximation (Comninou and Dundurs, 1975;
Gosling and Willis, 1994; Jeyakumaran et al., 1992; Maerten et al., 2005; Meade,
2007; Nikkhoo and Walter, 2015; Ohtani and Hirahara, 2015; Yoffe, 1960). It is
natural to extend the approach to tetrahedral volumes for distributed anelastic
strain to conform volume meshes to structural data. Rectangular and trian-
gular fault elements and cuboidal and tetrahedral volumes can be combined
to represent various physical processes of deformation in a realistic geometry.
Figure 1 illustrates how different types of fault and volume elements can be com-
bined to represent the kinematics or quasi-dynamics of a regional block of the
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Figure 1: Schematic view of the modeling approach. Localized deformation is
discretized with triangular or rectangular boundary elements representing fault
slip. Distributed deformation is discretized with tetrahedral or cuboidal volume
elements representing plastic deformation. The surrounding elastic material
is not meshed but its effect is included in the Green’s functions. Curvilinear
surfaces and volumes can be approximated with triangular and tetrahedral ele-
ments.

lithosphere-asthenosphere system. Fault processes can be represented by trian-
gular or rectangular boundary elements and distributed deformation processes
can be discretized with tetrahedral or cuboidal volume elements.

In this paper, I focus on anelastic deformation confined in a tetrahedral vol-
ume for three-dimensional problems and triangular surfaces for two-dimensional
problems. More complex deformation can be reproduced by a linear combination
of these elementary solutions. In the next two sections, I describe the governing
equations and derive a simple general expression for the displacement kernels
for arbitrary volumes of quasi-static anelastic deformation. Then, I derive the
displacement and stress kernels for the cases of anti-plane strain, plane strain,
and three-dimensional deformation. In the last section, I derive numerical so-
lutions based on fast Fourier transforms that are more amenable to large-scale
problems.

Eigenstrain and equivalent body forces

The deformation of materials can be broadly categorized into elastic and anelas-
tic deformation. Elastic deformation is reversible, implying that the mate-
rial spontaneously recovers its original configuration when the loads are re-



moved. Until then, the material remains under stress, following the constitutive
stress/elastic strain relationship

o=C:€, (1)

where o is the Cauchy stress, C is the elastic moduli tensor, assumed indepen-
dent of anelastic strain, and €€ is the elastic strain tensor. Anelastic deformation
requires additional work to place the material back into its original configuration
and is thermodynamically irreversible. Many deformation processes within the
Earth, such as poroelasticity, viscoelasticity, and faulting are anelastic (Barbot
and Fialko, 2010a,b). Therefore, manipulating the total strain in the medium
as the sum of the elastic and anelastic contributions (e.g., Andrews, 1978)

e=€"+¢€, (2)

where €’ represents the cumulative anelastic strain, is a useful approximation. In
practical applications the anelastic strain or its time derivative is known, either
provided by the constitutive behavior of the material under a given stress (e.g.,
Barbot, 2018) or inverted for (e.g., Qiu et al., 2018). The conservation of linear
momentum at steady state leads to the following governing equation for the
total strain

V- (C:e)+f=0, (3)

where the anelastic strain has been associated with the equivalent body-force
density
f=-V.-m, (4)

and the moment density m = C : €. The total displacement u(x) due to
anelastic strain and the elastic response of the medium can be obtained by
solving the momentum equation (3). The total strain follows as

€= % (Vu+vVu) | (5)

where Vu! is the transpose of the displacement gradient. Finally, the stress
field is derived by removing the anelastic strain contribution combining (1) and
(2), as follows

o=C:(e—¢€) . (6)

Navier’s equation (3) applies to quasi-static deformation due to an arbitrary
distribution of anelastic strain under the infinitesimal strain approximation and
is valid as long as plastic deformation does not affect the elastic moduli in the
medium and inertia can be ignored. As a numerical approximation, I assume
piecewise uniform anelastic strain distributions, called transformation strain,
within closed volumes 0, so that the displacement can be written as

ux)~ Y [ Gxy) fily) dy, (7)
PEEALS



where fj is the equivalent body force for a homogeneous anelastic strain in
the domain Q) and G(x;y) are the Green’s functions for a point force. The
displacement kernels in (7) form the basic ingredients for forward (Barbot, 2018,;
Lambert and Barbot, 2016) and inverse (Moore et al., 2017; Qiu et al., 2018;
Tsang et al., 2016) modeling of deformation. The closed-form analytic solution
of (7) for cuboid volumes of transformation strain is provided by Barbot et al.
(2017). To facilitate the meshing of curvilinear surfaces and volumes, I now
make the assumption that the transformation strain is confined in a tetrahedral
volume.

Displacement kernels

To develop the solution for the displacement kernel (I drop the subscript & for
the sake of clarity)

u(x) = /Q G(xy) - f(y) dy (8)

associated with a uniform transformation strain confined within a elementary
volume 2, I write the moment density as

m(x) = (x) my , (9)
where ®(x) is a single-variate function that represents the location of the trans-

formation strain,
1 ifxeq
P(x) = (10)

0 otherwise ,

and mygq is a constant tensor. With this definition, the equivalent body force
becomes
f= —Img - Vo . (11)

As ®(x) is uniform within €, I can write

—n ifx €N
Vo = . (12)
0 otherwise,

where n is the outward-pointing unit normal vector to 2. Combining (8), (11),
and (12), the displacement kernel simplifies to the surface integral

u(x) =mg - G(x,y) -n(y) dy . (13)

a0
The stress can be obtained by differentiation of the Green’s function G(x,y)
itself or of the resulting displacement field, following (5) and (6). Equation (13)
represents a convenient framework to evaluate the deformation due to transfor-
mation strain confined in volumes of arbitrary shape as the integral equation
simplifies to a path integral in two dimensions or to a surface integral in three



Figure 2: Deformation of a half-space in anti-plane strain due to anelastic strain
confined in a triangular element ABC. The vertices A, B, and C have the coordi-
nates x4, x%, and x©, respectively. The normal vectors are pointing outwards,

such that n(©) . (x¢ — x4) <0 and n(©) . (x¢ — xp) < 0.

dimension, whereas the form (8) requires a surface integral in two dimensions
and a volume integral in three dimensions. In the next sections, I develop solu-
tions for these kernels for triangular surfaces in the cases of anti-plane strain and
plane strain and for tetrahedral volumes in the case of three-dimensional defor-
mation. The solution for more complex shapes can be obtained by superposition
using the approximation (7).

Distributed deformation of triangular shear zones
in anti-plane strain

Two-dimensional models of stress evolution may capture the main features of
a mechanical setting (Savage, 1983; Savage and Prescott, 1978; Thatcher and
Rundle, 1979) and their reduced complexity is more amenable to sensitivity
analyses (Daout et al., 2016a,b; Muto et al., 2016). The anti-plane strain ap-
proximation is relevant to transform plate boundaries (e.g., Barbot et al., 2008;
Erickson et al., 2017; Lambert and Barbot, 2016; Lindsey et al., 2014; Nur and
Israel, 1980; Nur and Mavko, 1974) and curvilinear elements may represent
shear zones (e.g., Takeuchi and Fialko, 2013) or lower-crustal flow within a
realistic stratigraphy.

Problem statement

Consider the elastic deformation in a half-space of rigidity u in a situation of
anti-plane strain caused by distributed anelastic strain confined in an elementary
triangular area. In the case of anti-plane strain we have u;; =0 for i =1,2,3
and us = ug = 0. The transformation strain is confined in a triangular area
delimited by three points A, B, and C (Figure 2). The surface is subjected to
two independent transformation strain components €%, and €%, associated with



the moment density mi2 = 2uety and my3 = 2uet5. Using (13), the deformation
simplifies to the nontrivial component

uy (22, 23) = Ghi(x2, 3, Y2, y3) (M12ne + mazng) dys dys , (14)
o0

where the Green’s function for a line force centered at (y2,ys) is obtained by
solving Poisson’s equation with a Neumann boundary condition and is given by

1
Gri(wa,23) = T [ln (w2 — y2)® + (w3 — y3)2)+ln ((z2 — y2)® + (3 + y3)2) }
(15)
The outward normal vector is different on each side, so we can write
uy (2o, x3) = (munéc) + m13n§c)) G11(x2,73,y2,y3) dy2 dys

AB
+ (mmnéA) + m13n§,A)> G (22, 23, y2,y3) dy2 dys (16)

BC

+ (m12néB) + mlSIrLéB)) Gll($27$37y271/3) dil/2 dil/3 ’
AC

where n(?), n(®) and n(©) are the unit normal vectors to the sides BC, AC,
and AB, respectively.

Analytic solution

The line integrals (16) are path independent and only depend on the coordinates
of the end-points. For any end point A and B, the closed-form solutions can be
found using

Gh1(x2, 73, Y0, y3) dyz dys = I'(xP) — I'(x*)
AB (17)

+I(x?) —T(xY),

where x4 and x? are the coordinates of points A and B (Figure 3), A’ and B’
are the images of points A and B about the surface, and T'(r) is given by

1

I(r) = a2

C(x— 1) ((x— 1) (x— 1)
a-(x—r)} (18)

+ X n. (x—r)arctan Ll.(xr)

4
with the unit vector a aligned with the segment AB and n a unit vector normal
to the segment AB, such that n-a = 0, and where I have removed the terms
that cancel out upon integration over a closed path. The solution to (16) is
found by evaluating (17) once for each segments and multiplying the result by
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Figure 3: The line integration of the Green’s function G1; along the segment
AB only depend on the coordinates of the end-points x# and x?. The unit
vector a is parallel to AB and the unit normal vector v is perpendicular to AB.
The image points A’ and B’ are defined to satisfy the free-surface boundary
condition. The local angle is given by tanf =a-(x—r)/n- (x —r).

the respective tractions. The displacement gradient is obtained in a similar way
using

VI(r) = ia In((x—r) (x—r))

8

n 1 ton | & (x—r) (19)
— narctan | ———=
4 n-(x—r)]’

where I have again removed the terms that cancel out upon integration over a

closed path. The expressions (18) and (19) are only singular at the end-points

A and B.

Semi-analytic solution with the double-exponential and the
Gauss-Legendre quadratures

I obtain the solution semi-analytically by solving the line integrals using high-
precision numerical quadratures. The Gauss-Legendre quadrature (Abramowitz
and Stegun, 1972; Golub and Welsch, 1969) provides accurate solutions away
from singular points. The double-exponential quadrature (Haber, 1977) is more
robust to the presence of singularities. To proceed, I consider the line integral

I(xo,x3) = Gi1(w2, z3;y2,y3) dy2 dys , (20)
AB

which I write as a parameterized line integral and in the canonical form of the
double-exponential or the Gauss-Legendre quadrature, i.e., within the bounds



of integration —1 and 1, to get

Hazag) =5 [ Guilanasn(t). ) dr 21)

where R is the length of segment AB, ¢ is a dummy variable of integration, and

yz(t)=m§+x§+tx§_x9
2 2
ot 2
ys(t) = 22 2x3 4158 2x3

The displacement field for a combination of horizontal and vertical shear strain is
shown in Figure 4. The numerical solution with the double-exponential quadra-
ture agrees with the analytic solution (17) within double-precision floating-point
accuracy (about twelve digits) but takes about 50 times longer to evaluate. The
Gauss-Legendre quadrature with just 15 integration points provides high pre-
cision in the far-field and can be evaluated almost as fast as the analytic solu-
tion. Therefore, switching from the double-exponential to the Gauss-Legendre
method when the distance from the circumcenter exceeds 1.75 times the circum-
radius provides optimal performance without sacrificing accuracy. Two triangles
can be combined to form a rectangle. In this case the analytic and semi-analytic
solutions agree with the closed-form solution of Barbot et al. (2017).

Stress and strain

The stress field can be obtained using (6). For a triangular region with vertices
A, B, and C as in Figure 2, the location of the transformation strain is given by

o i
o(x) =H (X_gx—x>~n(c)
- B c _
“H (X;X_X)nm) (23)
o a :
“H (><;><_x>.n(m 7

where H(z) is the Heaviside function. An example of the spatial distribution
of the shear stress around a triangular strain volume in shown in Figure 5.
When two triangles are combined to form a rectangle, it creates the stress field
derived by Barbot et al. (2017). The semi-analytic solution agrees with the
analytic expression based on (19) to double-precision floating point accuracy
and takes a similar time to evaluate. This indicates that combining the double-
exponential and the Gauss-Legendre quadratures is a viable approach when a
closed-form solution is otherwise unavailable.
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Figure 4: Displacement field in anti-plane strain due to anelastic strain confined
in triangular elements (triangles). A) A single triangular element and B) two
triangle elements forming a rectangle. The strain volumes are subjected to the
transformation strain e;o = 107% and €15 = 4 x 1076. The contours (dashed
lines) are every 5 mm.

Distributed deformation of triangular strain re-
gions in plane strain

The dynamics of the lithosphere-asthenosphere system around subduction zones,
normal faults, and spreading centers may be investigated under the plane strain
approximation (Barbot, 2018; Biemiller and Lavier, 2017; Cohen, 1996; Dinther
et al., 2013; Goswami and Barbot, 2018; Govers et al., 2017; Hirahara, 2002; Liu
and Rice, 2005; Muto et al., 2013; Romanet et al., 2018; Sato and Matsu’ura,
1974; Savage, 1998). In particular, Glas (1991) derived the closed expression for
the displacement and stress due to a cuboidal inclusion aligned with the free sur-
face and Barbot et al. (2017) expanded the results for a rotated cuboidal source.
In this section, I develop closed-form analytic and semi-analytical solutions for
triangular elements of arbitrary orientation to conform with curvilinear meshes.
This type of element may prove useful to capture the geometry of the mantle
wedge corner, of shear zones below volcanic arcs, or weak regions surrounding
dykes and sills.

Problem statement

I consider the elastic deformation in plane strain caused by distributed anelastic
strain in an elementary triangular area (Figure 2). In plane strain, we have
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up; =0 for i =1,2,3, and u; = 0. I consider a triangular area delineated by
the vertices A, B, and C and subjected to the transformation strain components
€ho, €h3, €45 and €45, with €55 = €4,. Using (13) again, the deformation simplifies
to the nontrivial components

us(za,23) = | Gao(x2,x3,Y2,y3) (Maana + mazns)
29

+ Gsa2(2, 23, Y2, Y3) (M32n2 + masng) dys dys (24)

U3($279€3) = / G23($273€3»y27y3) (m22n2 + m23n3)
o0
+ G33(x2, T3, Y2, y3) (Mazng + mazng) dya dys ,

where G2 and Ga3 represent the displacements at (x2, z3) induced by a line force
in the ey direction centered at (ya,y3) and Gs2 and G33 represent the displace-
ments induced by a line force in the ez direction. They are given by (Dundurs,
1962; Melan, 1932; Segall, 2010)

-1 [3-4v 802 — 120+ 5 (23 — y3)?
= 1 1 e J87
G2z 27 (1 —v) g n + 4 nrat 4792
+ (B8 —4v) (w3 +y3)* +2u3 (w3 +ys) — 23 ysw3 (v3 +3)°
47“22 7“24
Gas = . _(1 —20)(1 - v) tan !+ 222 (x5 = ys) (2 = y2)
% 2np(l —v) | T3 + Y3 47,2
+(3—4v) (z3 — y3) (x2 — Y2) . y3w3(r2 —y2) (23 +y3) |
47’22 7,_24 ] )
1 [ w2 —y2  (x3—y3) (w2 —u2)
Gso = —(1-2v)(1 —v)tan™"
32 (1) | ( v)(1—v)tan T3+ ys 472
+(3—4v) (13 —y3) (12 — Y2) 4 ysr3(r2 — y2) (73 + y3)
47“22 1"24
e L[ 3mawy o sRoimes
37 on u(l —v) 4 ! 4 2
 (z2 —y2)? n 2ysw3 — (3 —4v) (w2 —y2)®  yaw3 (22 —10)°
41“12 41'22 7"24 ’
(25)
with the radii 5 ) )
ri = (22 —y2)" + (23 — y3) (26)

3 = (zo —y2)? + (z3 +y3)? .

11



Breaking down the path integral along the three triangle segments, it becomes

ug(x2,23) = (mzzngc) + m23n§0)) / Gaa(x2, 235 y2,y3) dy2 dys
AB

+ (mszné " tm 371(0))/ G32(w2, 2352, y3) dy2 dys
+ <m22n2 + mzsnéA)> / Gaa(w2, 23392, y3) dy2 dys
(27)
+ <m32n2 + masn A)> G3a(w2, 23392, y3) dy2 dys
+ (m22n§ +m23n5 )> Gaa(x2, 235 y2,y3) dy2 dys
+ (m:szn; +m33n3 ) G2(x2, 235 y2,y3) dy2 dys
and
ug(za, x3) = (mzzné ) + mzsﬂ;(gc)) Gas(x2, x3;y2,y3) dy2 dys
AB
+ mszn( )+ m33n3 ) ng (22,233 92,y3) dy2 dys
+
(28)

(A)
m22n2 A 4 mzsn ) G23 (w2, 35 y2,y3) dyz dys
) Gsa (72,35 y2,y3) dy2 dys

m22n2 + m23n3 G23 $2,$3,y2,y3) dys2 dys

maans®) + m33n§3)> G33(w2, w35 y2,y3) dy2 dys
AC

where n(?), n(®) and n(©) are the unit normal vectors to the sides BC, AC,

and AB, respectively.

Analytic and semi-analytic solutions

The displacement field can be evaluated analytically or using a numerical quadra-
ture using the path integral of the form (21). The closed-form expressions for
the line integrals

Uij :/ Gij(22, 735 y2,93) dy2 dys , (29)

AB
for the plane-strain Green’s functions (25) and ¢ = 2, 3 are provided in Appendix
A. Examples of displacement fields occasioned by distributed anelastic strain

confined in the triangle surface ABC are given in Figure 6. In Figure 7, I
show how triangles can be combined to approximate a disk in dilatation. I

12



have checked that combining two triangles to form a rectangle conforms to the
analytic solution of Barbot et al. (2017) and that the numerical integration with
the double-exponential and the Gauss-Legendre quadratures agrees with the
closed-form solution of (29) up to double-precision floating point accuracy for
all combinations of sources and displacement components.

Stress and strain

The strain can be obtained by differencing the displacement field analytically
or with a finite-difference approximation. An alternative is to directly integrate
the Green’s functions for the displacement gradient, given below

G T2 Y2 3 —4v 81/2—12u+5_(w3_y3)2
22 2rG(1 —v) | 4r? 41y2 274
B (s + y3)? + 2ys(z3 + y3) — 2y3°
2T24
4yszs(ws + ys3)?
+ —6
T2
223 2rG(1 —v) 472 Ary?
LT3 Ys (z3 —y3)3 n (B3—4v)(xs+ys) +ys
27’12 27‘14 21-22
3—4 219 9 a2
— (z3+y3) ( v) (x5 +ys)” + 4y3 (z3 +y3) Y3
27“2
Y3 (x3+ yg)2 _ 9 ys 3 (T3 + y3)
rot ro
3
14 Tava (@ tys)
r2

13
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where the comma in expressions like G 5, indicates differentiation of the tensor
component G;; with respect to x;. Importantly, in all the terms forming the
Green’s function (25) and their derivatives (30-33), the only singular point is
at x = y. This guarantees that the displacement and stress solutions based
on numerical integration of the Green’s function will be numerically stable at
any point away from the source. This property provides an appealing reason to
resort to numerical quadratures because, contrarily to many analytic solutions
(including the one in Appendix A), all points away from the contour of the
source region are numerically stable.

The ®(x) function that describes the location of transformation strain is the
same for anti-plane and in-plane strain problems, so the stress and strain compo-
nents can be obtained using (5), (6), and (23). Figure 8 shows the combination
of the 3 stress components obtained by deformation of a triangular source with
3 different components of transformation strain. I have checked that the results
from the finite-difference and the numerical quadrature methods converge for
these 9 cases.
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Figure 8: Stress field in plane strain strain due to anelastic strain confined in
triangular elements (dashed triangles). The top panel with a), b), and c) show
the horizontal stress. The middle panel with d), e), and f) show the shear stress.
The bottom panel with g), h), and i) show the vertical stress. The left column
with a), d), and g) are for the horizontal transformation strain ey = 107°.
The middle column with b), e), and h) are for a shear transformation strain of
€23 = 107, The right column with ¢), f), and i) is for a vertical transformation
strain of ez3 = 1076,
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Figure 9: Three-dimensional deformation of a half-space due to anelastic strain
confined in a tetrahedral element with vertices A, B, C, and D at coordinates
x4, xB, x¢, and xP, respectively. The normal vectors are pointing outwards,

such that n?) . (xP —x4) <0, n(?) . (xP —xP) <0, and n?) - (xP —x%) < 0.

Distributed deformation of tetrahedral strain vol-
umes in three dimensions

The development of three-dimensional deformation models has afforded an in-
creasingly accurate description of the mechanics of the lithosphere (Aagaard
et al., 2013; Barbot et al., 2017; Landry and Barbot, 2016; Mansinha and Smylie,
1971; McTigue and Segall, 1988; Meade, 2007; Nikkhoo and Walter, 2015; Okada,
1985, 1992; Sato and Matsu’ura, 1974; Wang et al., 2003). The expressions for
the deformation induced by uniform transformation strain confined in a cuboid
have been developed for a full elastic medium by Faivre (1969). Chiu (1978)
derived the solution for certain components of displacement and strain at the
surface of a half-space. Barbot et al. (2017) derived the displacement and stress
everywhere in a half-space. The development of realistic rheological models of
Earth’s interior requires curvilinear meshes that conform to structural data, so
in this manuscript I derive solutions for the case of transformation strain con-
fined in a tetrahedral volume in a half-space, extending from the work of Nozaki
and Taya (1997, 2001) for a full space.

Problem statement

I now consider deformation in a three-dimensional half-space (Figure 9). I con-
sider a tetrahedral volume delineated by the vertices A, B, C, and D at coordi-
nates x4, x%, x¢, and xP, respectively, and subjected to the six independent

transformation strain components
€11 €12 €13

€ = €12 €29 €93 . (34)
€13 €23 €33
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Using (13), the deformation simplifies to

wi(wy, w2, 23) = [ Gri(v1, 22, 23,91, Y2, y3) (M11n1 + miang + mizng) dy dyz dys
80

+/ Gai(21, T2, 23, Y1, Y2, ¥3) (M12n1 + maang + mazna) dy; dyz dys
o0

+/ Gsi(z1, T2, T35 Y1, Y2, Y3) (M1zny + maang + masng) dyr dya dys
a0

(35)
for ¢ = 1,2,3, where G;;(x;y) represents the displacement component u;(x)
induced by a point force in the e; direction located at y. The Green’s functions
for the u; component are given by (Mindlin, 1936; Okada, 1985; Press, 1965;
Segall, 2010)

1 3—4v 1 T — Y1 2

Gu = Wrp(l—0)| R Ra (ng)

n (8- 41’)(%31 —y)?

R
4 2a3y3 (R2” — 3 (21— 11)?)
Ry’
. 4(1 = 20)(1 —v) (Re® — (z1 — y1)% + Ro (23 + ys))]
Ry (Ry + 23 + y3)° ’
o — (r1 — 1) (w2 — y2) [1 3—4dv  bxsys 4(1—2v)(1 —v) ]
16mp(l —v) R Ry® Ry° Ry (Ry + x3 + y3)2
Gy — (1 — 1) {Ccs ~Us (3 —4v) (z3 —y3)
167u(l—v) | Ry® Ry®
+ 6z3ys (w3 +ys) 41 -2v)1-v) ] .
RY® Ry (R + x5 + y3)
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For the us component, they are

Gy — (x1 — 1) (2 — y2) [1 3—4dv  6zzys A1 -2v)(1-v)
167p(l —v) R? Ry? Ry® Ry (Ro + x5 + y3)2
1 3—4v 1

Ga2 = 167p(l —v) [ Ry + Ry

. (w2 — 52)° n (38— 4v) (z2 — o)’

R13 R23
21‘3:(/3 (R22 -3 (.1?2 - y2)2)
—+ =

Ry’
41 —-2v)(1 —v) (R22 — (z0 — yQ)2 + Ry (23 + y3))]
Ry (R + 3 + y3)° ?
G (x2 — y2) [963 ~Us (3 —4v) (z3 —y3)

+

27 16mu(l—v) | R® Ry®
n 6x3ys (w3 +y3) 4(1—-2v)1-v) ]
Ry’ Ry (Ry + 3 + y3)
(37)
For the displacement component ug, they are given by
_ (@i—w) [w3—ys | 3—4v)(v3 —ys)
Giz = 7+ 3
16mp(l—v) | Ry R,
_ 6asyz (e tys) | 40 -2v)(1-v) |
Ry’ Ry (Ry +a3+ys)| '
G = @2 —y2) [25—ys 4 B4 (@5 —ys)
23 16mu(l —v) | Ry® Ry
_ Gasys(wstys) | 4(1-20)(1—v) ]
Ry’ Ry (R2 + w3 + y3) |
1 3—4dv 5—120+82  (x5—1ys)’
G = G
3 167u(l —v)| Ry + Ry * R:?
+ 6 23y (x5 + y3)2 + (3 —4v) (x5 + y3)2 —2x3y3
Ry’ Ry®
(38)
All involve the radii
Ry = (w1 = 9)" + (22— y2)* + (ys — 23)*)'/? (39)

Ry = ((z1 — 1)’ + (22 — y2)° + (w3 + y3)") /2 .
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Semi-analytic solution with the double-exponential and the
Gauss-Legendre quadratures

The integral (35) involves surface integrals of the form (no summation implied
over the indices 7 and j)

K;; = / Gij(x1, 2, 3:Y1, Y2, Y3) (Mi1n1 + miang + miznz) dyi dyz dys ,
a0

(40)
that can be broken down into the four faces ABC, BCD, CDA, and DAB of
the tetrahedron, as follows

Kij = (milngD) + mi2ngD) + mi3n§D)) Gij(x1, 22, 391, Y2, y3) dy1 dyz dys
ABC
A A A
+ (mi1n§ )+ magnS + mz‘3n§ )) Gij(x1, 22, 391, Y2, y3) dy1 dy2 dys
BCD

B B B
+ (mimg ) + mizng ) + mizng )) / Gij(x1, 22, 3;y1,Y2,y3) dy1 dy2 dys
CDA

(@)

-+ (milngc) -+ mi2Ny (©)

+ Myang )/ Gij(x1, 22, 23;91, Y2, y3) dyr dy2 dys .
DAB

(41)
Following the approach described in the previous sections, I obtain solutions to

the surface integrals (41) using the double-exponential and the Gauss-Legendre
quadratures. To do so, I consider the individual surface integral

Jij(x1, 29, 23) = Gij(x1, 22, x3;91,Y2,y3) dyr dyz dys | (42)
ABC

which I write as a parameterized surface integral and in canonical form, to get

A 1 1
Jij(Il,l’z,l’:s) = Z/ / (1*1)) Gij(mlax%x?);yl(uvv)ayQ(uvv)vyS(uvv)) dudv,
—1J-1

(43)
where A is the area of the triangle ABC and u and v are dummy variables of
integration. The parameterization

y(u,v) = ixA(l—u) (1-w)

+ixB(1+u)(1—v) (44)

+ 1 x% (1+v).
2

maps the triangle ABC in three-dimensional space to a right isosceles triangle
in the uv space (e.g., Beer et al., 2008; Pozrikidis, 2002), where x4, xB, and x¢
are the spatial coordinates of vertices A, B, and C in integral (42), respectively.

For each displacement component correspond twelve integrals such as (43)
due to the presence of three force components on four faces. Therefore, the dis-
placement field requires the evaluation of at most 36 surface integrals. Examples
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of surface displacements in map view caused by anelastic strain confined in a
tetrahedron are shown in Figure 10. The vertices are located at A = (=5, —5, 5),
B = (-5,5,5), C = (-5,5,15), and D = (5,5,5) expressed in km. Each panel
shows the displacement caused by a single transformation strain component
with an amplitude of one microstrain.

Six tetrahedra can be arranged to form a cuboid. In this case the semi-
analytic solution agrees with the analytical solution of Barbot et al. (2017) to
the limit of double-precision floating point accuracy. As the numerical solution
involves a surface integral, the computational burden is much larger than for the
two-dimensional case with only line integrals. The double-exponential quadra-
ture with 601 integration points takes about 2,500 times longer than the analytic
solution for a cuboid source. In contrast, the Gauss-Legendre quadrature with
7 and 15 points in both directions takes only 3 times and 16 times longer than
the analytic solution, respectively. As the solution based on the Gauss-Legendre
quadrature offers the same accuracy but is free of numerical artifacts away from
the surface of the tetrahedron, the small difference in computational cost makes
this approach more appealing than using the analytic solution.

Stress and strain

The stress field is essential to simulate forward models of deformation with the
integral method (Barbot, 2018) and to regularize inverse problems involving
distributed strain (Qiu et al., 2018). The strain can be obtained by differencing
the displacement field obtained with (35) but a more accurate approach is to
directly integrate the Green’s functions for the displacement gradient, as in

wi (21, T2, 23) :/ Ghrij(w1, T2, 233 Y1, Y2, y3) M g dyy dyz dys (45)
0
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Figure 10: Displacement field at the surface of the half-space due to anelastic strain
confined in a tetrahedral volume ABCD. The arrows indicate horizontal displacements
and the background indicates the vertical (positive up) displacement. The panels
corresponds to different components of transformation strain with an amplitude of
one microstrain: a) uniaxial strain €11, b) pure shear €12, c) vertical pure shear €13, d)
horizontal uniaxial extension €22, €) vertical pure shear €23, and f) vertical extension
e33. The contours (dashed lines) are every 0.05 mm.
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Figure 11: Uniaxial stress component 011 due to non-trivial anelastic strain compo-
nent €1 evaluated with a) the Gauss-Legendre quadrature throughout the domain with
152 integration points (15 points in each direction of integration of the 4 triangular sur-
faces) and b) the double-exponential quadrature within the circumsphere (horizontal
footprint in dashed white circle) using 6012 integration points and the Gauss-Legendre
quadrature outside the circumsphere. In both cases, the tetrahedron connects the ver-
tices A = (=5,-5,5), B = (-5,5,5), C = (=5,5,15), and D = (5,5,5) expressed
in km (horizontal footprint in dashed black profile) and the figure shows horizontal
cross-sections cutting through the tetrahedron at 10km depth. The intersection of
the cross-section and the tetrahedron is a triangle surface (contour in black profile.)
Numerical artifacts near the surface of the tetrahedron are evident with the solu-
tion based on the Gauss-Legendre quadrature. They are mostly eliminated with the
double-exponential quadrature.
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Figure 12: The stress component o;; in horizontal cross-section due to the nontriv-
ial transformation strain component €;; confined in a tetrahedron (self-stress). The
surface footprint of the tetrahedron is shown in the dashed profile. The intersection
of the cross-section with the tetrahedron is shown in solid black profile. The double-
exponential quadrature is used for points within the circumsphere (horizontal footprint
shown in grey circle) and the Gauss-Legendre quadrature is used outside. The panels
correspond to different components of transformation strain with an amplitude of one
microstrain: a) uniaxial stress 011 due to nontrivial transformation strain component
€11, b) stress component o12 due to pure shear €12 in the tetrahedron, c) stress com-
ponent 013 due to vertical pure shear €13, d) 022 due to horizontal uniaxial extension
€22, €) stress component o23 due to vertical pure shear €23, and f) vertical stress o33
due to vertical extension €33 within the tetrahedron. The contours (dashed lines) are
every 10 kPa. 26
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Figure 13: The stress field in horizontal cross-section due to the nontrivial trans-
formation strain component €23 (one microstrain) confined in a tetrahedron. The
surface footprint of the tetrahedron is shown in the dashed profile. The intersec-
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double-exponential and the Gauss-Legendre quadratures are used for points inside,
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uniaxial stress 011, b) shear stress component o1z, ¢) shear stress component o13, d)
horizontal uniaxial stress component o2, €) vertical shear stress component o3, and
F) vertical stress oss. The contours (dashed lines) are every 10kPa.
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The derivatives of the Green’s function are given in closed form below for com-
pleteness,

G = (x1 — 1) _(3_4V)_L+2R12—3(~T1—y1)2
7 16mu(1 —v) Ry? Ry® Ry®
2Ry? — 3 (21 — y1)°
Ry®
(I1-2v)(1-v)
Ry (Ry + a3 +y3)°
41 =2v)(1 -v) (x1 —y1)*  8(1—2v)(1 —v) (x1 — y1)2]
Ry® (Ry + x3 + y3)° Ry? (Ry + 23 + y3)® ’
Giio = (z2 — o) [_ B-4) 1  3(m — ) 3B —4v)(n —y)?
7 16mpu(l —v) Ry? Ry® Ry® Ry®
Ry?> —5(x1 —)?  4(1-20)(1—v)
Ry" Ry (Ry + 23 + y3)*
3Ry + 13 + Y3 }
Ry® (Ry + =3 + y3)3
_ 1 {_ (B—4v)(zs —ys) (23+ys) _3 (1 —p)° (w3 — y3)
2 16mp(l — v) R? Ry® R®
(3 —4v) (x1 — 11)° (w3 + 3)
Ry®
Ry® — 3x3(z3 +y3)
Ry°
Ry® — 5x3(x3 + y3)
Ry’

3Ry” — 5(x1 — y1)?
T3

+(3—4v) 7

—6ys

—12

—6yszxs

+4(1-2v) (1= v) (21— )

-3

+2y3

—6y3 (r1 —11)°

1-2v)(1-v)
Ry (Ro + 23 +y3)

+4(1=20)(1 =) (z1 —11)°

2R2 +£L’3 +y3

Ry® (Ra + x5 + y3)°
(46)
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R22 — 3(931 — y1)2

_ 2_3 _ 2
Ga11 = (@2 — y2) [Rl (@1 = y1) +(3—4)

T 16mp(l —v) R,® Ry’
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Continuing,

1 R12 — 3(%1 — y1)2
) (z3 —y3) R

Ry? — 3(z1 —uy1)?

Ry®
Ry? —5(x1 —y1)?

Ry’

1
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The derivatives of the G12 component are the same as for GGo; component
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The derivatives of the Ga2 have a symmetry with those of the G1; component
by permutation of the 1 and 2 indices

R,? _R723 R,® - Ry®
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The derivatives of the G32 term can be obtained from the G3; term by permu-
tation of the 1 and 2 indices,

(1 — y1)(z2 — y2) (3 — y3) (x3 —y3)
Gz = -3 —3(3 — dp) B Y3)
T Gm(1—v) A T
2R
—30y3x3L—’—7y3)+4(1—2u)(1—u) 3 2t T3+ ys
R, Ry (Ry + w3 + y3)?
1 R 2 _ 3(.%2 — y2)2
Gazo = m |:(IE3 —Y3) - R.°
Ry? — 3(zg — 2
+ (3 —4v)(x3 —y3) 2 ( g v2)
Ry
Ry? — 5(xg — 2
+ 6ys 23 (23 + y3) — ( ? 2
Ry
1
—4(1-2v)(1—v
( )( )RQ(R2+I3+y3)
2Ry + 3+ ys
+4(1—2y)(1—1/)(a:2—y2)2 ]
Ro*(Ro + a3 + y3)2
(22 —y2) [Ri® = 3(z3 — y3)? Ry® — 3(z3 — y3) (x5 + y3)
G = 3—4
33 7 J6mpu(1 — v) Ry’ @) Ry’
223 + + y3)? 1—20)(1 —
b Gyy 2Tt Us) 593) 505 s T3 33) 44l ”)g ”)} .
Rs Rs

(51)

33



The derivatives of the G135 component are
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The derivatives of the GGo3 can be obtained from the G113 derivatives by permu-
tation of the 1 and 2 indices
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Finally, the derivatives of the G33 component are
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In all the terms composing the Green’s functions (36-38) and their derivatives
(46-54), the only singular point is at x = y, guaranteeing that the numerical
integration of the Green’s functions or their derivatives will be numerically stable
at any point away from the surface compounding the source.

For a tetrahedral region with vertices A, B, C, and D as in Figure 9, the
location of the transformation strain is given by the product of four Heaviside
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functions

®(x) =H (X + %7 +x° x).nw)_
CH <XB+X +xP x)-n(A):
< H (x +xP 4+ x4 X>_n(B): %9)

The stress field can then be obtained using (5), (6), (45), and (55).

The numerical solutions for the stress field based on the Gauss-Legendre and
the double-exponential quadratures are compared in Figure 11 for the case of a
tetrahedron with the vertices A = (=5, -5,5), B = (—5,5,5), C = (—5,5,15),
and D = (5,5,5) expressed in km and a non-trivial transformation strain eq;
of one microstrain. Using 15 integration points in each direction of integration
with the Gauss-Legendre quadrature, some numerical artifacts scatter in the
near-field, close to the surface of the tetrahedron. A close inspection of the
residuals with analytic solutions shows that the numerical error decays away
from the surface with a radial dependence. In the far-field, a low-order quadra-
ture is sufficient to obtain double-precision accuracy, as noted by Segall (2010).
In the near-field, the error can can be eliminated with the double-exponential
quadrature using more integration points. With 601 integration points in both
directions of integration, the errors are less than can be represented with double-
precision arithmetics.

Based on these results a simple heuristic can be divised to eliminate numer-
ical errors and minimize the computational cost of these calculations whereby
the double-exponential or the Gauss-Legendre quadrature is used depending on
the distance from the center of the circumsphere. This approach guarantees
double-precision accuracy with a computational cost comparable to using ana-
lytic solutions, all the while avoiding all possible numerical artifacts away from
the surface of the tetrahedron. Some examples of stress interactions are shown
in Figures 12 and 13 where the double-exponential quadrature was used for
points within one radius from the circumsphere center.

Semi-analytic solution with a spectral method

I now derive numerical solutions compatible with the Fourier-domain semi-
analytic solver of Barbot and Fialko (2010b) implemented in the software Re-
laz that was recently optimized for parallel computing on GPU (Masuti et al.,
2014). The approach solves Navier’s equation (3) analytically in the Fourier
domain and provides the space-domain solution using a discrete Fourier trans-
form. This approach is numerically more efficient than employing an analytic
solution for large enough domains because of the scaling properties of the fast
Fourier transform (e.g., Liu and Wang, 2005; Liu et al., 2012). However, the
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numerical accuracy is limited to about 1% due to undesirable periodic boundary
conditions. At the heart of the method is the explicit sampling of the equivalent
body-force density (11). This is obtained with

r A B C 7 r B C D 7
_Vo(x) = n® s <X+X3+X_X).n<m H <X+X3+X_X).H<A>
g (X" Ext N ] [ XY o]
H | 5 || 3 |
r A B C 7 B C D
@y (XXX ) a@| s (XXX ) @
I 3 | 3
H_ xc—l—xD—l—xA_X ~n(B)- I XD+XA+XB_X a©)
| 3 || 3
r A B C 7 B C D
+n® H (X Txtx —X)-H(D) H (X rx X —X)-H(A)
3 3
s[(XHx2axt N o] g [ Lo
| 3 || 3
r A B C 7 r B C D
+n@H <X +X3 X —X> P H (X +X3 X —X) -n)
- C D A 1 ) D A B
H (X rx X —x>~n(B) 5[<X rx X —x) n(c)}
3 3

For the stability of the Fourier transform and to avoid Gibbs oscillations near
sharp discontinuities, the Heaviside function is replaced with an error function

1 T
H(x)~ = |[14erf| — 57
o~ e (25) o
and the Delta function is replaced with a Gaussian function
1 z?
5(x) ~ - 58
) )

Both approximations are exact in the limit ¢ — 0 and in practice I employ
o = Az, using the numerical sampling size as a smoothing factor. This choice
is appropriate to conserve linear momentum, i.e., (58) is the derivative of (57),
and to suppress singular points near the vertices of the tetrahedron. Figure 14
shows the displacement field and the pressure field induced by an isotropic
transformation strain, which may find some applications in hydrological studies.
The isotropic strain does not impact a change of pressure in the surrounding
medium except near the free surface, as remarked earlier (Barbot et al., 2017;
Faivre, 1969). This observation also serves as a sophisticated benchmark.
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Figure 14: Displacement at the surface and pressure in the half-space due to isotropic
transformation strain confined in a tetrahedral volume ABCD calculated with a spec-
tral method. A) The arrows indicate horizontal displacements and the background
indicates the vertical (positive up) displacement. B) The pressure field in the cross-
section P-P’. C) The pressure in the cross-section Q-Q’. The transformation strain is
€11 = €22 = €33 = 0.33 x 10~%. The vertical displacement contours are every 0.05 mm.
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Conclusions

I have presented solutions for the displacement and stress kernels in a half-space
associated with transformation strain confined in a tetrahedral volume. Numer-
ical and analytic solutions provide the same accuracy, can be evaluated with
commensurate computational costs, but numerical quadratures can be more
stable in some cases. This work may afford more accurate models of distributed
deformation that incorporate structural data. While I hope these results will
be useful, some key elements are missing, such as the stratification of elas-
tic properties, surface topography (e.g., Cayol and Cornet, 1997; Mayo, 1985;
McKenney et al., 1995; McTigue and Segall, 1988; Wang et al., 2018; Williams
and Wadge, 1998, 2000), in particular, Earth’s curvature (Pollitz, 1997; Yu and
Okubo, 2016), and coupling with gravity (Okubo, 1992; Rundle, 1982; Wang
et al., 2006). For more realistic models with laterial variations of elastic mod-
uli, fully numerical methods may be employed (e.g., Landry and Barbot, 2016,
2018).
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Appendix A. Analytic solution for line integrals
of the half-space elasto-static Green’s function in
plane strain

The closed-form solutions for the line integral (29) of the half-space Green’s
functions can be obtained using symbolic algebra with Maple®. The displace-

ment field only depends on the coordinates of the end-points of the line integral,
so that

R R
Uij :/ Gij($2,$3;92,y3) dys dyz = Iij (2) — I <—2> , (Al)
AB

for 4,7 = 2,3, where R is the length of segment AB. For increased clarity, I
define the mid-point coordinates

A B
m — % (A2)
and the azimuthal vector
X7 xt A3
= Tam] (43)

The expressions for I;;(t) are provided below.
I (t) =
—1 1 4 3
271'(—1—‘-]/){(2t( 3/4+V)a2 +1/2 ( 3/4+V)( $2+m2)a2
— 1/2 (—2t(—3/4 + V) as + (V - 5/4) (3?3 - mg)) as CL22

+1/2 (=1/4+v) as® (—x2 +ma) ag — 1/2 (x3 — m3 — azt) az® (—3/4 + 1/))

.In |:t2 + ((2 mo — 2.’172) as + 2asg (—.1‘3 + m3)> t+ (CL’Q — m2)2 + (.1'3 — m3)2:|

+ ((x3 — m3) az + ag (—x2 + m2)) (-1 +v) as® + (—1/2 +v) a32)
—ta22 + (—m2 + .’EQ) ag — as (a3 t— I3 + TTL3):|
(—x3 +mg3)az — az (—x2 +ma)

.arctan [

—((=3/4+v)a® + (-1/2+v)a3®)t }

5—12v 4 8v2

871‘(—1+U) {(1/2ta22+(1/2m2 — 1/2x2)a2+1/2a3 (x3+m3+a3t))

.In |:t2 + ((2 mo — 2$2) as + 2az (l‘3 + mg)) t+ (l‘2 — m2)2 + (l‘3 + m3)2:|

+ ((xg +m3) az — az (—x2 +m2))
ta22 + (—1?2 + m2>a2 + as (553 +mg + Cbgt):| Ly }
(x3 +mg3) ag — az (—x2 + ma)

.arctan [
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1
8m(—1+v)
— (—3/4 + l/) as (—1‘2 + mz) ag — 1/4 a32x3) (a3 (—mz + .IQ) + (1‘3 + m3) az)ag,

+ [—4(((1‘3+m3)V—$3—3/47”3)“22

In [tQ +((2mg —2x2) ag + 2as3 (z3 +m3))t + (xo — ma)? + (23 + m3)?

+ {(4 (—xo +mg)? v — 2232 — 3 (—a +m2)2)a34
—8@33((m3 +m3)v—3/4dms — 1/2x3) (=29 + m2) as
+4 ((m2+x3+m3—xQ)(—m2+x3+m3+m2)V
75/41732 — T3MmMs3 +3/4 (’ITLQ —ms 7I2) (m2 + ms3 Zg))a32(122

+8as (—x2 + m2) ((x3 + m3)v —x3 — 3/4m3) as’

—4 ((9&3 +m3)21/ —3/4ms® —2x3m3 — 3/4$32)a24}

tas? + (—x9 + ma) as + az (z3 +m3 + az t))

.arctan (
(x5 +m3) az — ag (—x2 + m2)

— 4t (a2® + a3?) (=3/4+v) (a3 (—ma + 22) + (x5 + m3) az) az’ ]

/(a3 (—ma + 22) + (x5 + m3) a2>

L3

— 47r(_1+y){(a3 (—m2 + x9) + (x3 + m3) ag)a33 (a32t2 + 2t (x3 +ms3)as

+ a22t2 + 2t (—3?2 + mg) as + (LL'g + m3)2 + (332 — m2)2)
In [tQ +2((my — x2) ag + az (x3 +m3)) t + (22 — ma)? + (z3 + m3)2:|
+ ( - CL34133 -3 (71’2 + mg) a CL33 + a22 (3 ms + 1’3) a32

- ay® (—z2 +ma)az + mg a24>

.(a32t2 + 2t (z3 + m3) az + ax’t?

+ 2t (—x2 + ma) ag + (w3 +m3)® + (z2 — m2)2)

tas? + (—w2 +m2) as + az (x3 +m3 + agt)}
(w3 +m3)az — az (—x2 +ma)

.arctan [

- ( - t(13413 + (73t (71’2 + mg) as — ’1232 — T3zms — (7.%2 + m2)2> CL33

+3a2 (t(.’Eg-l-mg) as — 1/3m3 (—$2+m2))a32
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—+ a3a22 (t (—ZL'Q —+ mg) ag —+ .’E32 —+ 3%3 ms + 2 m32 + (—.’EQ —+ m2)2>

— ms (123 (—(EQ + mo + ao t)) (a3 (—mg + LEQ) =+ (£E3 =+ m3) GQ)
(CL3 (77712 + 1’2) + (Ig + mg) ag)_l ((1‘3 + ma3 + as t)z + (1’2 — Mo — a2 t)z)_l

Ing(t) =
m {411((933 —mg)az —az (va — mg)) (ag — a3) (az + a3)
In (82 + ((2ma — 222) as + 2a3 (—23 + m3)) t+ (32 — m2)® + (23 — m3)?)

+ a2 a3((($3 —mg)az + a3 (—x2 + m2))

Ctan? 4+ (— _ B
.arctan( tag® + (—ma + x2) az —ag (ast mg—l—mg)) B 1/2t> }
(—x3 4+ m3)az — a3 (v2 +my)
1 1
b 3 (o () (5t ) )

In <_a?+a29€3+a2m3+a3x2—a3m2>2+1

as as (5133 +m3 +(13 t)

— (az (—ma + x2) + (x3 + m3) az) az
tas? + (—xo +m2) as + az (v3 + m3z + asz t)}
(x3 +m3) ag — az (—x2 + m2)
az (—ma + x2) + (3 + m3) as
+ (a3 (—mg + x2) + (3 +m3)as)asz In
(a3 (—ma + 2) + (x3 + m3) ag)as { paTIp——

.arctan [

a
+ (as (—ma + x2) + (z3 + m3) az) ag arctan (;’)
2

m2+m2+a2t> }

+ (3 + m3 + as t) arctan
(e + ms + a3 ) (Mmﬁm

m{((—l/llxg + 1/4m2)a33 —3/4 (333 + 1/3m3) a2a32
— 1/4@22 (—1‘2 +m2)a3 — 1/4&23 (1‘3 —m3))

Jn [tQ +((2my —2x2) ag + 2as3 (z3 +m3))t + (2o —mo)? + (23 — m3)2}

+ ( (032963 + (=22 +m2)azaz — a22m3)

fa? 1 (L o (5 +ms + ast
as® + (=3 + ms) az + ag (w3 +ms + ag )}+1/2a2t>a3}

.arctan [
(.233 + m3) as — as (—332 + mg)

1
m% {az (a32t2 + 2t (23 + m3) az + a2’t® + 2t (—x3 + ma) as
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+ m32 +2x3msg + .1332 + (—.TQ =+ m2)2 >a32
.In |:t2 =+ ((2 mo — 2.’172) as + 2asg (.’173 + m3)) t+ (.’L‘Q — m2)2 + (.’173 + m3)2:|
+ as (ag — G,g) (ag + (13) <(L32t2 + 2t (.’Eg + mg) as + a22t2

+2t(71’2 +m2)a2+m32 +2z3m3+z32+(7x2 +m2)2)

ta22 + (—.’EQ + mg) az + as (xg +ms3 + as t):|
(3 +m3) az — a3 (—x2 4+ my)
—t (—.’EQ + mg) a34 + (3t (.’Eg + 1/3 mg) a2 —Mms (—.’EQ + mg)) a33

.arctan [

+2a2 (3/2t(—$2 —|—m2)a2 + 1/2m32 —|—3/2x3m3 +1‘32 —|— (—1‘2 +m2)2> a32

- (122 (t (3 ma + 1’3) as + ms (71’2 + mg)) az —ms a23 (1’3 + m3) }

/<(x3 +m3 + azt)? + (vg —mg — aQt)2>
I(t) =
m {i((ff?» —m3)az — ag (x2 —mz)) (a2 — az) (az + as)
In (2 4 ((2ma — 222) az + 2a3 (—z3 +m3))t + (z2 — m2)® + (z3 — m3)?)

+ as a3((($3 —ms)as +as (—x2+ m2))

a2 4 (— 3 B
.arctan( tay” + (—=may + x3) a — as (ast $3+m3))_1/2t>}
(—23 +m3) az — az (z2 + mo)
1 1
b 3 (0 (et ) + (o ma)as)ay

.In

ao a2 T3 + a2 M3 + a3 T2 — a3z Mo 2
-—— + +1
as as (ac3+m3+a3 t)

— (ag (—mao + x2) + (z3 + m3) az) as
tCL22 + (7562 + mg) az + as (%3 +ms3 + as t):|
(3 +m3) ag — ag (—x2 + m2)

.arctan [

az (—mg + x2) + (x3 + m3) as
xr3 + ms + as t

+ (ag (=mg + x2) + (x3 + m3) ag)a3 In |:

a
+ (a3 (—=ma + x2) + (z3 + m3) az) ag arctan (QS)
2

—T9+mo +ast
+ (3 + m3 +agt)arctan | —
(w5 3 st) <x3+m3+a3t>}
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-3+ 4v

47r(_1+y){((_1/4332 +1/4msz) az® —3/4 (w3 +1/3m3) az as®

— 1/4@22 (—!EQ —|—m2) as — 1/4@23 (,Tg — m3))
In [t2 +((2my —2x2) ag + 2as3 (x3 +m3))t + (2o —mo)? + (23 — mg)ﬂ

+ ( (032!763 + (=22 +m2)azaz — 022m3)

tas? + (— "
arctan [ a2® + (—z2 +m2) as + a3 (z3 +ms3 + as )} n 1/2a2t>a3 }
(3 +m3) az — a3 (—x2 +my)
1
R TE L {az (a32t2 + 2t (z3 4+ m3) ag + a2’t® + 2t (—x2 + m2) as

+ m32 +2x3msg + .1‘32 + (—.1‘2 =+ m2)2 >a32
.In [tQ +((2mao —229)az +2a3 (x3+m3))t + (22 — mg)2 + (x5 + mg)ﬂ
2

+ as (ag — (13) (ag + ag) <a32t2 + 2t (.’[3 + mg) as + (122t

+2t(7$2 +m2)a2+m32 +2:173m3+x32+(7x2 +m2)2)

ta22 + (*%2 + ’ITLQ) az + as (xg +ms3 + as t):|
(3 +m3) az — a3 (—x2 4+ my)
—t (7.%2 —+ m2) a34 —+ (3t (.Tg —+ 1/3 mg) a2 —Mms (7.%2 —+ mg)) a33

.arctan [

+2as (3/2t (—z9 +ma) az + 1/2m3® + 3/2x3m3 + 23° + (—22 + m2)2> as’
—a? (t(3ms + x3) ag + ms (—x2 + m2)) az — ms ay® (z3 + ms) }
/((xg +m3 + azt)® + (w2 — ma — agt)2>
And finally,

I33(t) =

_ 83(1f1/1/{;(t_ (o —mo)as —az (3 —m3))

.In |:t2 —|— 2m2 — 2%‘2) as + 2asg (—333 + m3)) t+ (132 — m2)2 + (xg — m3)2:|
)

—t+ (—m2 +2x2)az —ag (—x3+m
+ ((xz3 — mg3) az + a3z (—x2 + my)) arctan (=m> 2) as — a3 (~ 73 3)] }

(_‘TS + mg) as — as (—IQ + mg)
+ &T(l—v){ —asaz ((1’3 - TTL3) as + as (—:L'g + m2))
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.ln |:t2 + ((2 mo — 21‘2) as +2ag (—.233 + m3)) t+ (.132 — m2)2 + (.233 — m3)2

+ (ag — a3) (ag + az) ((x3 — m3) as + az (—x2 + ma))
_t+(—m2+x2)a2—a3 (—1’3+m3):| —ta 2 }
(—x3 +mg3)az — az (—x2 +ma) ?

.arctan [

82 —12v+5(1
SW(_HU){Q (ta3 + (m2 — x2) as + as (w3 +m3 + azt))

In [tQ +((2mg —2x2) ag 4+ 2a3 (x3 +m3))t + (x2 — m2)? + (z3 — mg)Q}

+ ((x3 +m3) as — az (—x2 +m2))

t+ (—1‘2 +m2)a2 + as ($3 +m3):| }
(333 + m3) as — as (—$2 + mg)

.arctan [

+ 87_‘_(_:'-1_’_”){4&3 (($3 + TTlg) ag — as (—;172 + m2))
(((z3 + m3g) v — a3 — 3/4m3) as® — (—3/4 +v) az (—x2 + m2) az — 1/4a5’x3)

Jn [tQ + 2t ((mg — x2) ag + az (z3 +m3)) + (z2 — mo)* + (23 — mg)Q}

+ [—4<(m2+x3—|—m3—xg)(—m2+x3+m3+x2)y

- 5/4.’,832 — T3ms + 3/4 (mg —ms3 — 1‘2) (m2 + m3 — 1‘2) >a32a22

+ (4 (z3 +m3)21/— 3ms? — 8x3ms — 3:1032) as?
+as® (8 (x3 +m3)v —6mg — 4x3) (—x2 + m2) az

—8as (—x2 + ma) ((xs + ms3)v — x5 — 3/4ms3) as’

+ (—4 (—xo + m2)2 v4ax3? +3 (—ao + m2)2) a34]

ta22 + (—.IQ =+ mg) az + as (.133 + ms3 4+ as t):|

.arctan [
(x3 +m3) az — az (—x2 + m2)

+ (3 — 4v) t ((x3 +m3) as — as (—xa +mo)) az? }

/((mg +mg3)az —az (—x2 +m2))

1 {4a3 ((x3 +m3) az — a3 (—x2 + m2))

T
. (((1’3 + mg) V—x3 — 3/4m3) a22 - (73/4+ V) as (71’2 + mg) as — 1/4(1321133)
An (2 +2((m2 — x2) az + as (x5 +m3)) t + (z2 — m2)® + (z3 — m3)

+ [(4 (x3—|—m3)21/—3m32 — 8x3m3 —31732> as?
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—8as (—xy +my) (x5 +m3) v — x3 — 3/4m3) as®

—4 ((m2+x3+m3 — 29) (—mag + 23+ m3 + o) v — 5/4x3% — x3mM3
+ 3/4 (m2 —ms3 — :L‘Q) (77’L2 + ms3 — .TQ) >a32a22

+8as® (w3 +ms3)v —3/4msz — 1/21x3) (=2 + m2) az

+2 (—2 (=22 +m2)? v+ 232+ 3/2 (—a2 + mg)z) a34]

ta22 + (7.172 + ’IHQ) az + as (Ig +ms3 + as t):l

. arctan [
(1‘3 + mg) as — as (—xg + mg)

—4 (=3/4+v)t((x3 +m3) as — a3 (—x2 +my)) as® }

/((:c3+m3)a2—a3 (—CE2+TI’L2)) :

The equations for I35 and I35 are numerically unstable in the limit ag = 0. For
this special case, given that ||a|| = 1, T take the analytical limit for ap — 1 and
az — 0. The codes to evaluate these equations, as well as any other solution
presented in this manuscript, are available in an online repository (see the Data
and Resources section).
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