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Summary: Using higher-order ray theory, we derived exact elastodynamic Green functions for
three simple types of homogeneous anisotropy. The first type displays an orthorhombic symmetry,
the other two types display transverse isotropy. In all cases, the slowness surfaces of waves are
either ellipsoids, spheroids or spheres. All three Green functions are expressed by a ray series with
a finite number of terms. The Green functions can be written in explicit and elementary form similar
to the Stokes solution for isotropy. In two Green functions, the higher-order ray approximations
form a near-singularity term, which is significant near a kiss singularity. In the third Green
Sfunction, the higher-order ray approximations also form a near-field term, which is significant near
the point source. No effect connected with the line singularity was observed.

1. INTRODUCTION

Vavryduk and Yomogida (1995) showed that the elastodynamic Green function for isotropic,
homogeneous and unbounded media can be calculated using higher-order ray theory and can be
expressed in the form of a ray series. The ray series is finite and has only three non-zero terms
including the zeroth-order term. The ray formula is exact and coincides with the closed-form
solution found by Stokes (see Aki and Richards, 1980, Eq. 4.23; Mura, 1993, Eq. 9.34). In contrast
to isotropy, the problem is much more complicated for anisotropy. In this case, the exact Green
function is calculated by an integral over the slowness surface (Buchwald, 1959; Lighthill, 1960,
Burridge, 1967, Yeatts, 1984, Every and Kim, 1994; Wang and Achenbach, 1994) and cannot be
generally expressed in closed form. In using higher-order ray theory (Cerveny et al, 1977,
Vavryéuk, 1997, Vavryéuk, 1999b; Cerveny, 2000), the Green function for general anisotropy is no
longer expressed by a finite ray expansion. The higher-order ray theory may even fail to describe the
Green function correctly, specifically in the directions of conical points or triplications of
wavefronts. Nevertheless, it is worth finding at least some simple types of anisotropy for which the
Green function can be described by the ray series. This is essential for understanding the
applicability of the higher-order ray theory. Obviously, this is also important for a better
understanding of the behaviour of waves in anisotropic media and for testing the accuracy of various
approximate formulas for the Green functions in anisotropic media.

In this paper, we shall apply higher-order ray theory to calculating the exact Green functions for
three special types of anisotropy. The Green functions for the first two types of anisotropy are
already known being previously studied by Payton (1983) and Burridge et al. (1993) by using other
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methods. The form of the Green function for the third type of anisotropy has not been published yet.
The anisotropy under study is very simple in all three cases. It is physically realisable, but still rather
artificial with no experimental evidence to support its existence. Nevertheless, it is worth to study
this anisotropy because it simplifies the problem while still preserving some essential features of
wave propagation in anisotropic media. The first type displays an orthorhombic symmetry, the other
two types display transverse isotropy. In all cases, the slowness surfaces of waves are either
ellipsoids, spheroids or spheres. Polarization vectors of waves are also very simple: they have either
a constant direction irrespective to the phase normal or they behave in the same way as in isotropy.
Since the slowness surfaces have no parabolic points, we cannot study effects connected with a
triplication of the wavefront. However, we can study effects connected with an intersection or
contact of the slowness surfaces called singularities (Crampin and Yedlin, 1981; Crampin, 1991).
The singularities are frequent in anisotropy but not known in isotropy. In particular, we shall study
the effects connected with the line and kiss singularities (Vavrycuk, 1999a). We shall discuss the
properties of the Green function for the mentioned types of anisotropic media and compare them
with the Green function for isotropy.

2. HIGHER-ORDER RAY THEORY

The Green function for anisotropic, homogeneous, unbounded and elastic media
satisfies the equation

PGin = ijuiGrn» j1 = 18XV () , 1

where G, =G, (X,t) is the symmetric Green tensor, p is the density, c;j is the elasticity

tensor, &y, is the Kronecker delta, and &¢) is the Dirac delta function. The Einstein

summation convention is applied. The point source is located at the origin of coordinates.
Three waves propagate in anisotropic media. We denote them W1, W2 and W3, For

each wave we seek a solution in the form of a ray series (Cerveny et al., 1977, Eq. 5.2)

[s.e}
Gux,n =2 U 0w -0, @
K=0

where K denotes the order of the ray approximation, U l(clK) (x) is the ray amplitude tensor,

7(x) is the traveltime and f5(f) is the time function.
The zeroth-order term of the ray expansion reads (Vavrycuk, 1997, Egs 8 and 9)

1 1
U= EEL L Om = . ©)
amp K, v?

Here K, is the Gaussian curvature of the slowness surface, g is the unit polarization vector
calculated as the eigenvector of the Christoffel tensor

Iy = ajupip; “4)

and v is the group velocity. Components of the group velocity vector are expressed as
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Vi = Q8 j8k PL 5 &)

where a;;; = cy / p is the density-normalized elasticity tensor, p =p(n) is the slowness

vector, and n is the unit phase normal. In (3) we consider the positive Gaussian curvature,
hence the slowness surfaces under study are always convex. For other shapes of the
slowness surface, formula (3) should be modified (see Burridge, 1967, C'erven)?, 2000).

To calculate the complete ray expansion of the Green function (2) we have to specify
higher-order time functions and higher-order ray amplitudes. The higher-order time
functions are expressed as follows

tK—l

(K -1!

fPo=Hr, o= H(t) forkK>1, (6)

and the higher-order ray amplitudes can be calculated recursively by differentiating the
lower-order ray amplitudes (Vavrycuk, 1997, Eq. 7):

WIK) _ 1y WHK)L WK
ypil g JIEOL L g MIUOL = ks 0, (72)

WIK)L WI(K-1 Wi(K-2 ngng gwagwa
— - 13 14
Ukn( =[Min(Ukn ))'Lin(ukn( ))]{Gwz _kGWl = GW3 _gm} » (79)

w1
WI(K)HI T WIK)L WHK-1 w1l Wi
U - (M, [ HEOL) - FIK-D] g1 oW1 (7¢)

where differential operators M , (U ,(cf )) and L, (U ,if)) are defined as follows:

K K K K
Mj"(Ul(m ))= aijkl[piul(cn,l) + P[U,(m} + pi,lUlEn ) ’

K K
U= amufl) - ®

L, kn

n

Quantities U kaI(K Moand U kW”l(K)" are called the additional and principal components of

amplitude U z'(K), and quantities "1 =1, G2 and G"3 are the eigenvalues of the

Christoffel tensor Ij. Note that the formula (7¢) was obtained by solving the transport
equation for point sources in homogeneous media (see Vavrycduk and Yomogida, 1996).
For simple types of anisotropy, we can perform recursive differentiation (7)
analytically, and thus we can obtain an explicit analytical ray expansion of the Green
function. Since the calculation of higher-order ray amplitudes is rather extensive and
tedious, we shall not present it in detail. In Appendix B we present some auxiliary
formulas necessary for the calculation and in Sections 3-5 we present the final formulas.
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3. ANISOTROPIC MEDIUM I (A-I)

A. Definition and basic quantities

Let us consider a special type of orthorhombic medium with the following density-
normalised elastic parameters:

[ay

—ae66
an

—ass
— 044
as;3

0
0
0

Q44

S O O O

ass

o O O O

0

ae6

) )

where the two-index Voigt notation has been used. This anisotropy must satisfy the
following stability conditions to be physically realisable (Helbig, 1994, Egs 5.3, 5.16 and

5.17):

2
ap ZO, aso ZO, ass _>_0, a4 ZO, dss ZO, agg ZO, da|1aqn > 4agg,

2 2
apiass >4ss, dppdsz > adyy

2 2 2
a11G22033 — 2044055066 — A4441| — A5502) — a3z >0 . (10)

The basic quantities for this medium are summarised as follows:

Christoffel tensor

2 2 2 _ 2 2 2
Iy =aypi tagepy +asspy, Iy =agepi +axnps +asp3,

2 2 2
Ty3=asspi +agaps +azzpy, I'p=0, I3 =0, I';3=0. (1

Phase velocities

_ 2 2 2 _ 2 2 2
q —\/055"1 +agny tasshy , ¢ —‘/011”1 +dagehy +assny ,

2 2 2
] =\/066"1 tanny tayny

where n is the unit phase normal.

70

(12)
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A-I: slowness surfaces

X, 1

w2

line singularities

/

Fig.1: The xj — x3 section of slowness surfaces under anisotropy I. Parameters of the medium
are: ay = 28, apy =23, a33 =32, agq = 12, as5 = 4, age = 10. Dots show the line singularities.

Group velocities

2.2, 2.2 2 2 2.2, 2 2 2 2
v = Jassnl +a44h) +az3hy vy = \/011’11 +agehs +assny

2 2 2 2 2 2
assh| +agqahy +azsng ap\ny +agghy + assng

— [ a626”12 + a%z”% + 024'132

. (13)
2
066'112 +022"% + ayqn3
Polarization vectors
0 1 0
g=|0]|, g,=|0|, g3=|1]. (14)
1 0 0
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Gaussian curvatures of the slowness surface

a31a448 ajpiassa arya44a4
Kl — £33%44 55 , Kz = 11455966 , K3 = £22%44%66 . (15)
4 4 4
4] Vs V3

The stowness surfaces of all three waves are ellipsoids (see Fig. 1). The polarization of
waves is exceptionally simple: polarization vectors are constant irrespective of the
position of the observation point. The slowness surfaces can intersect along curves, which
form a line (or intersection) singularity (Crampin and Yedlin, 1981).

B. Green function and its properties

The exact analytical formula for the Green function can be expressed as follows:

1 1 9,
Gty = ——{ %301 5/ _1,) 4 OOl s~ 7,y +
4mp 1Ja33a44055 7 J a119s5a66 T2
1 890,
. k291 5(,_,3)} , (16)
Vanaguae T3
where
2 2 2 2 2 2 2 2 2
N N N N N N N N
n=r A LY SNEAL , Tp =T — =23 » T3=T _L+_2—+N_3
ass a44 433 a1y O 4ss 466 A2 Q44

are the traveltimes of the three waves, r = \/xlz + x% + x32 is the distance from the source

. . X . o
to the receiver, & is the Kronecker delta, and Ny = 2k is the unit direction vector to the
r

receiver.

The Green function (16) is extremely simple. It only consists of the zeroth-order terms
of the W1-, W2- and W3-ray series. All higher-order terms of the W1-, W2- and W3-ray
expansions are zero. The zeroth-order terms correspond physically to far-field waves.
Their time function is the Dirac delta function, hence their amplitude is non-zero only at
the times of their arrival. The amplitude depends on distance r from the source as 1/r.
Interestingly, no near-field terms known from isotropy are present in the wavefield. Also
no effects connected with the intersection singularity are observed. The reason is that the
polarization vectors of the waves behave regularly in the singularity as well as at the point
source. The Green function is probably the simplest Green function, which can be found
for anisotropic media.
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4. ANISOTROPIC MEDIUM 1 (A-II)

A. Definition and basic quantities

Let us consider a transversely isotropic medium with a vertical axis of symmetry and
the following density-normalised elastic parameters expressed in two-index notation:

[a1) ay—2a66 ~a44 O 0 07
ap -a44 0 0 O
az a3 0 0 O an
agy O 0
Q44 0
L age

This medium represents a special type of transverse isotropy, obtained from general
transverse isotropy by substituting parameter a;3 by value —a,4. This transverse isotropy
must satisfy the following stability conditions to be physically realisable (Backus, 1962,
Eq. 20):

a3320, g4 20, ag6 20, a1 —age20 and ass(a; —agg) Zait . (18)
We summarise the basic wave quantities as follows:

Christoffel tensor

2 2 2 2 2 2
I'yy=anpi +ageps +aaap3 » 'y =agepi +ay1p3 +agps ,

F33=a44(P12+P%)+a33P32 » Ta=(ayy—agg) prpa s T'13=0, I'3=0. (19)

Phase velocities

a =\/a44("12+"§)+a33"32 » € =\/011("12+"%)+a44"§ )

c3 = \/ agg (n,2 + n% )+ a44n§ . (20)

Group velocities

2(,2,.2Y, .2 2 2(2,.2 2 2
- 1044("1 +”2)+033"3 _ all(”l +"2)+a44n3
1= 7. 2 20 V27 72 2

a44('l1 +"2)+ azznz a;\ny +”2)+ agany

2 (.2 2 2.2
a ny + Ny |+ agan
Vs ___‘/ 66(1 2) 443 (21)

ag6 (”12 + 'l% )+ a44n32
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Polarization vectors
0 . N | N,
-N{|. 22)

g =0|, gp=—F7——==|N2|, g3 =77
1 VNE+N3| ¢ INE+NZ| o

Gaussian curvatures of the slowness surface

2 2 2
aqad ap1a Aeed
Kl - 44433 , K2 - 11444 , K3 - 66444 ) (23)
Vi va V3

A-II: slowness surfaces

4 o .
X3 kiss singularity

/

line singularities W3

AN

Wl
w2

Fig. 2: The x| - x3 section of slowness surfaces under anisotropy II. Parameters of the medium
are: ay) = 23, a3z =16, agq = 4, age = 10. Dots show the singularities.
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W3 wave W2 wave
X - X2
/ — N \ | / /
/ / \ ~ N\ S
L |—.— | _ = _51/_ ~
— ~ 7N~
\ N / -~/ / B N
AN / AN
N — 2 A R SN
Xy X4
Fig.3: Polarization vectors near a kiss singularity in the xy — x5 plane.

Slowness surfaces of all three waves are spheroids with axis of rotation along the
z-axis (see Fig. 2). For agg = ay4, the slowness surface of the W3 wave becomes a sphere.
The W1 wave has a constant polarization vector parallel to the symmetry axis. The
polarization vectors of the W2 and W3 waves are always perpendicular to the symmetry
axis. The slowness surfaces of the W1 and W2 waves intersect each other along two
circles. The slowness surfaces of the W2 and W3 waves touch tangentially in the
symmetry axis direction, and thus form a kiss singularity (Crampin and Yedlin, 1981,
Vavryéuk, 1999a). The behaviour of the W2 and W3 polarization vectors is quite
anomalous in the vicinity of this singularity (see Fig. 3). For the strictly singular direction,
the polarization vectors of the W2 and W3 waves are not defined.

B. Green function and its properties

The exact analytical formula for the Green function can be expressed as follows:

1 g]kgu S(t—1)+ 824821 St

Gu(x.t) = { — —Ty) +
47p | agqasz a|vass 2

-+

73
[ 83k 831 1 8282 — 834831 ¢
SN+ 1751 TPRR S(t-1ydr b , (24)
ageNa4q 73 Vay R? '[

72

where

a
Nl +N2+ “N32 »

{rm rm ass
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a
Nj +N§+ 26 N2,

’31/’" »

are traveltimes of the W1, W2 and W3 waves, r = \/xlz + x% + x32 is the distance from the

source to the receiver, R = 1)x12 +x% is the distance of the receiver from the symmetry

axis of the medium, and Ny = 2k s the unit direction vector to the receiver.
r

The Green function (24) consists of the zeroth-order term of the Wl-ray expansion and
of the zeroth- and first-order terms of the W2- and W3-ray expansions. The zeroth-order
terms physically mean the far-field waves, the first-order terms of the W1 and W2
expansions couple into the fourth term in (24) called the near-singularity term (see
Vavrycuk, 1999a). The time dependence of the far-field waves is the Dirac delta function.
The near-singularity term couples the W2 and W3 waves, being non-zero between the
arrivals of these waves (see Fig. 4). Interestingly, no coupling between W1 and W2, or
between W1 and W3 waves is present. Also, no near-field term is observed in this
medium. The reason for the absence of the near-field term lies in the exceptionally simple
polarization of the W1 wave. Since the W1-polarization vector is constant irrespective of
the position of the observation point, it displays no singular behaviour at the source. The
near-singularity term is caused by the existence of the kiss singularity in the symmetry
axis direction of transverse isotropy. Near this direction, the behaviour of the polarization
vectors is anomalous (see Fig. 3). The amplitude of the near-singularity term decreases
with distance R from the singularity as 1/R%. Therefore, the near-singularity term is
significant in the vicinity of the singularity but negligible far from the singularity. In the
singularity direction (R = 0), the amplitude of this term diverges and the waveform of the
near-singularity term becomes the Dirac delta function, similarly as the far-field waves.
Also the amplitude decrease becomes the same as for the far-field waves (see Vavrycuk,
19994).

Anisotropy I Isotropy
5([-1'2) 5(t—Ts)
4 5(t-1;)
w2 Iy , S
S-1) W3 s-1")
WII f P f
2 7, / T, K z* / 7 t
near-singularity term near-field term

Fig.4: Comparison of waveforms of the Green function for anisotropy II and isotropy.
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5. ANISOTROPIC MEDIUM III (A-IIT)

A. Definition and basic quantities

Let us consider a transversely isotropic medium with a vertical axis of symmetry and
the following density-normalised elastic parameters:

'al 1 a1 — 2066 apn — 2044 0 0 07
ap a — 2044 0 0 0
_ a 0 0 0
a= (25)
27V} 0 0
aqq 0
L g6

This transverse isotropy is very similar to isotropy. For agg =a44, the medium
becomes strictly isotropic. The stability conditions for this medium are expressed as
follows (Backus, 1962, Eq. 20):

a4 20, age 20, aj) —ags 20 and ajy(ay; —agg) 2 (agy -—2044)2 . (26)

We summarise the basic wave quantities as follows:

Christoffel tensor
2 2 2 2 2 2
Ny =ayp{ +ageps +asupy » 'p=agepi +a11p) +asp3 ,
2., 2 2
I'33 =a44(P1 + P2)+anp3 v Ty =(ay —ags) p1p2 s
I3 =(ay —ag) p1p3, I3 =(ay —as) paps3 - 27
Phase velocities

a=vay . cy=vay 03=‘/a66(”12+n%)+a44”32 : (28)

Group velocities

2(2,.2), 2,2
v = (—al vy = /_a44 . vy = \/‘166(”1 +"2)+a44'l3 ' (29)

ase (”12 + ”% )+ 444'132

Polarization vectors

N, —-NiN; Ny
_1 1 N (30)
g =(Na2|, g2= =NyN3 |, 83= -Ny .
N3 VN{ +N3 | N2 + N} VN +N3 | o
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Gaussian curvatures of the slowness surface

2
= %66%44 G1)

4
V3

Ki=ay, Ky=a4 , K3

The slowness surfaces of the W1 and W2 waves are spheres (see Fig. 5), the slowness
surface of the W3 wave is a spheroid whose rotation axis is along the z-axis. The
polarization vectors of the W1, W2 and W3 waves are identical to those of the P, SV and
SH waves under isotropy. The W1 wave is longitudinal, the W2 and W3 waves are
transverse. The W2 wave is polarized in the plane defined by the symmetry axis and a ray.
The W3-wave polarization vector is always perpendicular to the symmetry axis of the
medium. The slowness surfaces of the W1 and W2 waves or W1 and W3 waves cannot
intersect. Similarly to the A-II medium, the slowness surfaces of the W2 and W3 waves
touch in the symmetry axis direction forming a kiss singularity. The behaviour of the W2
and W3 polarization vectors is again anomalous in the vicinity of the kiss singularity.
Moreover, the polarization of the W1 wave is anomalous in the vicinity of the source,
displaying a similar pattern as the W2 wave near a kiss singularity (see Fig. 3).

A-IIT: slowness surfaces

kiss singularity
w2

w1 D
NN

IN\NS /ANy E

Y

kiss singularity
Fig.5: The x| — x3 section of slowness surfaces under anisotropy III, Parameters of the medium

are: ay| =25, asa = 10, age =4 (left-hand plot), and ayy =25, aqs =4, agg = 10 (right-hand plot).
Dots show the kiss singularities.

78 Studia geoph. et geod. 45 (2001)



Exact Elastodynamic Green Functions for Simple Types ...

B. Green function and its properties

The exact analytical formula for the Green function can be expressed as follows:

1 1
Gk,<x,t)=4:r { BBV 5y — 7y 4 ——— 828U 5 _1,) 4

' 3 ' 3
P aj 71 azs (%]

Lol
b L 8383 S(t—13) + 1 8383 —283k831 »
ageVasq T3 Q44 R
73
ja(t—r)dﬂﬂg”—‘s-'i jra(:—r)dr , (32)
1] r 7
where
N

1 1
g3 = N2 . Tl = 9 72—: ]
\/N,2+N22 0 vap Vayy

a
N} +N2+ =5 N32

feg=

Here 11, 1y and 73 are the traveltimes of the W1, W2 and W3 waves, r = \/x12 + x% + x32 is

the distance from the source to the receiver, R = \}xlz + x% is the distance of the receiver

from the vertical axis, and N = ka is the unit direction vector to the receiver.

The Green function for the A-III medium (32) is more complicated than for the A-I or
A-II media. It consists of the zeroth- and first-order terms of the W1-, W2- and W3-ray
expansions and of the second-order terms of the W1- and W2-ray expansions. The zeroth-
order terms represent the far-field waves (the first three terms in 32), the higher-order
terms yield the near-singularity term (the fourth term in 32) and the near-field term (the
fifth term in 32). The time dependence of the far-field waves is the Dirac delta function.
The amplitude of the near-singularity term is non-zero between the arrivals of the W2 and
W3 waves, and the amplitude of the near-field term is non-zero between the W1 and W2
waves (see Fig. 6). The near-singularity term has a form identical to that in the A-II
medium. The near-field term has the same form as for isotropy (see Fig. 6). The amplitude
of the near-singularity term decreases with distance R from the singularity as 1/R2. The
amplitude of the near-field term decreases with distance r from the source as 1/r2.
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Anisotropy 111 Isotropy
5(t-1,) 5(1‘—1‘3)
se-) waf o0 s
w3 s-<")
Wil

[ "
A DR e

near-field term near-singularity term near-field term

Fig. 6. Comparison of waveforms of the Green function for anisotropy III and isotropy.

6. CONCLUSIONS

Using higher-order ray theory we have calculated the exact Green functions for three
simple types of anisotropy. The first two Green functions were originally derived by
Payton (1983) and Burridge et al. (1993) by other methods. The third Green function has
not been presented yet. Correctness of the Green functions was verified by inserting them
into the elastodynamic equation. All three Green functions are expressed by a ray series
with a finite number of terms. The presented Green functions are probably the simplest
Green functions, which can be found for anisotropic media. They can be expressed in
explicit and elementary form similar to the Stokes solution for isotropic media. For the
first two types of anisotropy, the structure of the Green function is even simpler than that
for isotropy.

The first medium (A-I) is strongly anisotropic displaying an orthorhombic symmetry.
The slowness surfaces of all three waves propagating in the medium are ellipsoids. The
polarization vectors of the waves are constant irrespective of the position of the
observation point. The Green function is expressed only by the zeroth-order term of the
ray series. All higher-order terms are zero. No near-field wave known from the isotropic
Green function is observed. Also no coupling due to singularities is observed.

The second medium (A-II) is also strongly anisotropic displaying transverse isotropy.
The slowness surfaces of all three waves are spheroids. The Green function is expressed
by two non-zero terms of the ray series including the zeroth-order term. The Green
function contains no near-field term, but does contain the near-singularity term, which is
not present in the isotropic Green function. The near-singularity term is caused by the
presence of the kiss singularity, which occurs in the symmetry axis direction of transverse
isotropy. In this direction, the slowness surfaces of two slower waves touch and
polarization of the waves is anomalous near this direction. In the A-II medium, also a line
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singularity can exist, but no additional term connected to this singularity appears in the
Green function.

The third medium (A-III) displays transverse isotropy, which can be strong but also
weak. The slowness surfaces are spheres for two waves and a spheroid for the third wave.
The Green function consists of three non-zero terms of the ray series, similarly to the
Green function for isotropy. The Green function contains the near-singularity term but
also the near-field term. The near-singularity term has a form identical with that for the A-
II medium. The near-field term has the same form as for isotropy. If the anisotropy
vanishes, the Green function for A-III smoothly converges to the Green function for
isotropy.
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APPENDIX A: ELASTOSTATIC GREEN FUNCTIONS

From the elastodynamic Green functions (16), (24) and (32) we can derive the
elastostatic Green functions as follows:

G = [Gutxndr .

-
For the A-I medium
1 Sk3dp3 1 Sl 1 Sk2912

1y
Gia(x) = {
anp (Wapagass 71 Najassags T2 Vapagaes 73

}, (AD)

For the A-II medium

G,f,(x)=1J | Sudin, 1 1
a7p | Jagzass R ajjau Ry(1- N3

)[A2(5k1 —6k3013) — Bagorgal+

1 1
+
Vagsass Ry{l-N3

For the A-III medium

)[A3(5k1 —~0x363) —B3g3k831]} , (A2)

s 1|1 1 4N?
G === =N N +—— 0y + Ny Nj + ———-(8y = 8y363) -
8zp {ayr asar (I—qu)
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1+N?
S (NN, +N2Sy ~NaN Sy~ N3N, 5 ) |+
5 NNy +N3

~2
(1-n2)
1 2

+
Vagaass Rll- N2

2 2 2 2 2 2
N N N N N N
L TR Oy AL EE AL S
a4q  G33 a1 4des 955

a a a
R, =,\/N12+N22+_‘11N32 , R2=r\/Nﬁ+N§+AN§ , R3=r‘/N,2+N22+ﬂN32,
asy a4q d44

)[A3(5k1 ~8,3013) — B3gak gy ]} , (A3)

where

a a
Ay=NEZ+N3+2LLN2 Ay = NP+ N2+ 266 N2,
Q44 44

a a
B, =N} + N} +22L N2 By = NP+ N} +2785 N2,
d44 Q44

: Nl | N2 .

, 2 2 2 k
g2-—._._—_ N2 ’g3—___..__..._—Nl , r= xl+x2+x3’Nk_—'
VN12+N22 0 \/N12+N22 0 r

Correctness of formulas (A1)-(A3) has been verified by inserting these formulas into the
elastostatic equation.

APPENDIX B: AUXILIARY FORMULAS

For calculation of higher-order ray approximations we need the following relations
and derivatives:

T
N, N
n= 1 [ﬁaz%—ij, (B-1)
NE N} N} \Awo Bwo G
2ttt
Ay By Cy

1

= (Awn, Byny, Cyna)' | (B-2)
VAZ N + BYn3 + Con?

N
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T
1 1 (N N N
pW =—(ny, ny, ny )T = _"(—1, *2, —lJ ) (B-3)
Cw Yw AW BW CW
ON; &;—N;N;
O gy, Loy, LT (B-4)
Ox; Ox; Ox; r
(?_’i -an_]. @Lj=£v_v_(5lj—nlnj (52j—n2nj 53j—n3njj (B-S)
axl ' 6x2 ’ 6x3 w AW ’ BW ’ CW ’

where W = 1,2,3 means the type of the wave, n is the phase normal, N is the unit direction
vector to a receiver, ¢ and v are the phase and group velocities, p is the slowness vector, r
is the distance between the source and receiver, and 7 is the traveltime. Constants Ay, By
and Cy are defined as follows:

For A-1

A =ass, Bi=ay, Ci=a33,
Ay =ayy, By=uag5, Cy =ass ,

Ay=ags, By=ap, C3=ay , (B-6)
For A-I1
A =ayq, Bi=ay, Ci=a33,

Ay=ay, By=ay, Cy=ay44 ,

A3 =ag6, By =ags, C3 =044 , (B-7)
For A-I11
Ar=ay, Bi=ay, C=ay,

Ay =ays, By=ay, Cy=ay,

Ay =ae6, By =age, C3=ayy . (B-8)

When calculating higher-order ray approximations for a specified type of wave we
have to keep in mind that all calculations must be performed for a fixed phase normal, but
not for a fixed ray direction.
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