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Apresentacao

Desde a sua criacgo, a PETROBRAS tem investido recursos consideraveis na
formacao e desenvolvimento de seus empregados, através de treinamento interno e
externo, incluindo iniciativas em parcerias com Universidades brasileiras. Através
do seu Programa de Editoracao de Livros Didaticos, a Universidade Petrobras se
associa & Universidade Federal da Bahia para possibilitar a edi¢do deste livro. A
Empresa expressa assim apoios decisivos ao desenvolvimento cientifico. A idéia
para a publicagao deste livro surgiu em 1996, quando o Dr. Popov atuava como
Professor no Curso de Pés-Graduagao em Geofisica do Instituto de Geociéncias da
Universidade Federal da Bahia. O livro representa uma importante contribuigao
para o estudo do chamado método dos feixes gaussianos, onde o autor é um reno-
mado pesquisador. Este método tem importantes aplicagoes em geofisica de ex-
ploracao, particularmente no processamento dos dados de reflexdo sismica, essen-
ciais para a investigacao de jazidas de petroleo.
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Foreword

Since its foundation in 1954, Petrobras has invested large amount of resources in
its employees’ education, both through internal /external training and partnerships
with Brazilian Universities. Through its Books Publishing Program, the Petrobras
University joins the Universidade Federal da Bahia—Brazil, to support the publi-
cation of this book. The Company thus establishes a positive support to scientific
development.

The idea to publish this book arose in 1996, when Dr. Popov was working as
a Professor in the Graduated Course in Geophysics at Universidade Federal da
Bahia. This book plays a significant contribution for the study and applications
of the so-called method of Gaussian beams, in which the author is a renowned
researcher. That method is widely applied in exploration geophysics, particularly
in the processing of reflection seismic data, which are of prime importance to the
exploration of oil and gas accumulations.
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Preface

This book is based on a course of lectures delivered to postgraduate students in
Geophysics at the Federal University of Bahia, Salvador, Brazil (CPGG, UFBa).
In 1997-1998 these lectures were delivered at the Karlsruhe University, Germany.
It is devoted to high-frequency approximation methods of the theory of wave prop-
agation widely used in geophysical exploration, vz, the ray and the Gaussian beam
methods. My main goal is to offer a consistent and reasonably detailed descrip-
tion of these methods which could provide their deeper understanding, enabling
the reader to use them for solving geophysical exploration problems. Along with
the classical results known in the ray theory since 1950s recent investigations on
validity of the ray method are also included. As for the Gaussian beam method
suggested in 1980s, I do not know of any monograph so far, which provides its
consistent description.

I address this book to students and young scientists not very experienced in
the field of high frequency propagation. That predetermines the methodological
approach to the material of the book, which should be regarded as a textbook.
I tried to follow some basic methodological requirements. Firstly, all material
was put into strict order from simple to more complicated topics, and this order
contains and preserves the main thread of the subject. Secondly, there should be
no gaps in the mathematics underlying the topics, and detailed descriptions of
basic technical tricks were consistently given.

For this reason the ray theory is described first for the reduced wave equation
and then for the elastodynamic equations. The leading thread in the case of the
ray theory which I accept and follow is to consider the ray method as an extension
to inhomogeneous media and curved interfaces, with smoothly and slowly varying
properties on the wavelength scale, of the theory of plane waves in homogeneous
media with plane interfaces. I hope and believe that such a look about the ray
theory should help the reader to build ‘common sense’ and a clearer understanding
of the theory, in particular when reflection and transmission are discussed.

The Gaussian beam method stands aside this thread and is actually a more
specific extension of the ray theory. It has the main advantage of enabling one to
overcome caustic problems. However, the paraxial ray method acts as a bridge to
the Gaussian beams, especially if we take into account the mathematical technique
underlying the Gaussian beam method with, perhaps, one exception. A problem of
decomposition of an initial wave field into Gaussian beams (or a problem of initial
amplitudes for Gaussian beams) requires knowledge of asymptotic calculations of
integrals of oscillating functions. At this point, in order to help the reader the

ix



basic ideas of the stationary phase method are described in the Appendix.

It becomes clear at first sight that both the ray and the Gaussian beam methods
require at least some knowledge of advanced mathematics. I think that the only
way to provide a deep understanding of the methods is simply to present the
required mathematics in detail. So the reader will find auxiliary information on
mathematics and most calculations are given in detail . It should be noticed that I
do not use very modern and sometimes formal mathematical language, and try to
simplify it as much as possible in accordance with the traditions of St. Petersburg
Mathematical School. Therefore a refined specialist, perhaps, will be unsatisfied
and will even find it outdated.

Obviously, the material in this book should be regarded as a tool for geophysical
applications. Therefore, I try to illuminate the algorithmic essence of the methods
under consideration and to supply examples where corresponding calculations are
carried out analytically. They should also help the reader to master the subject.

Being conceived as a textbook, it differs from other books dealing with the ray
method. In some of them numerous applications of the ray theory are described,
while the mathematics underlying the theory is omitted. In others, the stress is
made on modern mathematical language and technique, what seems to be rather
complicated for a first study of the ray theory. Thus, I hope this book will suit a
first detailed study of both the ray and the Gaussian beam methods.

It may be mentioned that the idea to present my lectures in the form of a
book germinated during my second visit to CPGG in 1996. Being instrumental
for my two previous visits, Prof. E. Sampaio acted as an editor helping me very
much in preparing the book, and provided the opportunity and the facilities for
its publication. I express my deep gratitude to him for that. Worth of mention
are the contributions of Prof. O. Lima and Prof. M. Porsani for my present visit,
which enabled the completion of the work. I am also kindly indebted to them.

I am also thankful to Mr. J. Lago for his hard and tedious work of typing the
text and drawing the figures, and to Prof. H. Sato for improving the final version
of the book. My former students have corrected several mistakes in the formulas
and I am thankful to all of them, especially to Sergio Oliveira and Julian Celedon.
I express my deepest gratitude to everyone in the staff of CPGG/UFBA, where I
had the opportunity to work in a warm and friendly atmosphere. I also cordially
thank Dr. I. Mufti for his valuable recommendations which helped in improving
the presentation of the material. This work has been supported largely by the
Brazilian Council of Scientific and Technical Development (CNPq) and partly by
PETROBRAS.

Mikhail M. Popov
Universidade Federal da Bahia, Instituto de Geociéncias
on leave from V. A. Steklov Mathematical Institute, St. Petersburg, Russia.

Salvador, Brazil
February, 2002.



Contents

Apresentacao
Foreword
Preface

List of Figures
Introduction

1 Basic equations of the ray theory for the reduced wave equation
1.1 Main ideas leading to the ray theory . . . ... ... ... ... ..
1.2 Eikonal and transport equations; the problem of validity of the ray

SETIES . . . . o e e e

2 Solution of the eikonal equation
2.1 Fermat’s principle . . . . . .. ... o
2.2 Variation of a functional; Euler’s equations . . . . ... ... ...
2.3 Hamiltonian form of the functional and Euler’s equations . . . . .
2.4 Solution of the eikonal equation in the case of a point source
2.5 Solution of the eikonal equation when an initial wave front is given

3 Solution of the transport equation
3.1 Raycoordinates. . . . . . . .. .. ...
3.2 Auxiliary formulas . . . ... oL oL oo
3.3 Geometrical spreading . . . . .. ... L oL
3.4 Solution of transport equations . . . . . .. ... ... ... ...

4 Energy relations in the ray theory (in the wave equation
perspective). Caustic problems of the ray method
4.1 On propagation of energy along ray tubes . . . . . ... ... ...
4.2 Energy relations for the wave equation and the vector of energy
flow. Law of energy conservation . . . .. ... .. ... ......
4.3 Caustic problems in the ray theory . . . . . ... ... ... .. ..

Xi

vii

ix

XV

(94}

19



xii

4.4

The
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8

5.9

5.10
5.11
5.12
5.13

The
6.1
6.2
6.3
6.4

The
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

The
The
8.1
8.2
8.3
8.4
8.5
8.6

On the computational algorithm of the ray theory . .. ... ... 39
paraxial ray theory 41
Ray centered coordinates . . . . . .. ... ... L. 41
Euler’s equations in Hamiltonian form . . . . ... ... ... ... 42
Equations in variations . . . . . .. ... oL oL 46
Properties of the solutions of the equations in variations . . . . . . 48
An algorithm for the computation of the geometrical spreading . . 51
Point source, initial data for Qand P . . . . . . ... ... ... 55
Reductiontoa 2D case . .. ... ... ... .. ... .. ... o7
An example of a constant gradient velocity model: a point source
problem . . . ... 58
Solution of the eikonal equation in a vicinity of the central ray . . 60
Reductiontoa 2D case . . . . .. ... ... ... .. 64
Reduction to 2.6D . . . . ..o 66
Solution of the transport equation in a vicinity of the central ray . 69
How can the initial data for the amplitude be found? . . . . . . . . 72
ray method in a medium with smooth interfaces 75
Equations for the eikonals; Snell’'s law . . . . . . . ... ... ... 77
Equations for the amplitudes, reflection and transmission coefficients 78
Initial data for the geometrical spreading on an interface . . . . . . 80
Initial data for the geometrical spreading on an interface in 3D: the
mainresults . . . . ... 87
ray method in elastodynamics 89
Plane waves in a homogeneous isotropic medium . . . . . . .. .. 89
Reflection/transmission of plane waves on a plane interface . . .. 92
Reflection coefficients . . . . . . . . ... ... L. 94
Basic equations of the ray method in elastodynamics . . . . . . . . 97
The eikonal equation . . . . . . . . ... ... 100
Transport equations . . . . . . . . ... . Lo Lo 101
Point sources; initial data for P and S waves . . . ... ... ... 105
The ray method in a medium with smooth interfaces . . . . . . . . 109
Second term of the ray series and the problem of validity of the ray
theory . . . . . . e 111
Gaussian Beam method in elastodynamics.

frequency domain 115
Construction of a Gaussian beam . . . . . . . . ... ... ... .. 115
How to choose suitable solutions for the equations in variations . . 118
Example 1: a 3D homogeneous medium . . . . ... ... ... .. 121
Reductiontoa 2D . . . ... . ... . 123
Complex point source and a Gaussian beam . . . . . .. ... ... 124
Gaussian beams in a medium with smooth interfaces . . . . . . . . 125



8.7 Gaussian beam integral . . . . .. ... L oo
8.8 Initial amplitudes ¢,(c, () for the Gaussian beam integral . . . . .
8.9 Numerical algorithm of the Gaussian Beam method . . .. .. ..
8.10 On the role of the Gaussian beam free parameters . . . .. .. ..
8.11 Numerical examples . . . . . . .. ... ... ..

9 The Gaussian Beam and the ray methods in the time-domain
9.1 Correlation between non-stationary and stationary wave fields . . .
9.2  The Fourier transform: high frequency and smoothness. . . . . . .
9.3 The ray method in the time domain . . . . .. ... .. ... ...
9.4 The Gaussian Beam method in the time domain . . . .. ... ..

Appendix A Integrals of oscillating functions
A.1 Geometrical interpretation . . . . . . .. ...
A.2 Contribution of the critical point . . . . . .. ... ... ... ...

References

Index

139
139
142
143
144

147
147
149

151

155






List of Figures

1.1
1.2

2.1
2.2
2.3
2.4

3.1
3.2

4.1

4.2

5.1
5.2

6.1

6.2

7.1
7.2

8.1

A surface of constant phase p =0ina3Dcase. . . . ... ... .. 6
Typical behavior of terms in an asymptotic series as a function of

NUMDETr 7. . . . . v o e e e e e e e e e 9
A curve [ along which a signal propagates . . . .. .. ... .... 11
Variation of the curve [ with fixedends. . . . . .. ... ... ... 12
The central ray field regular in a domain Q. . . . . . . ... .. .. 18
The ray field caused by a given initial wave front 7=79. . . . . . . 20
Cross section of a ray tube by wave front r=179. . . . . .. .. .. 25

Calculation of A7. A piece of a ray tube cut by two close wave fronts. 27

Vector of energy flow S and the law of energy conservation in a
volume V bounded by a closed surface o. . . . . . ... ... 34
On a caustic surface eikonal 7 becomes a function of the ray param-
eters «, 0; 71 and 7o are the eikonals of incident and outgoing rays,

respectively. . . . . . ..o 36
The ray centered coordinates in the vicinity of a ray 7,(s). . . . . . 41
Rays in a medium with constant gradient velocity. . . . . . .. .. 59

Reflection on an interface S. £ and ¢ (") are unit vectors tangent

to the incident and the reflected rays, respectively. . . . . . .. .. 77
Local coordinates in a vicinity of a point of incidence M, on the

interface S. . . . ... 81
Reflection of an incident wave on a traction free plane interface. . . 93

Reflection of an incident P-wave on the traction free plane interface
S and the position of the polarization vectors. . . . . .. ... ... 95

Structure of rays and caustics in the wave guide. A point source is
located at the origin. . . . . . . .. ... oL 134

XV



XVi

8.2

8.3

8.4

8.5

9.1

Al

Modulus of the P-wave in a vicinity of the cusp of the caustic com-
puted by the ray method (dashed line) and by the Gaussian Beam
method (solid line). . . . . .. .. ... ... Lo
Modulus of the P-wave computed in a vicinity of a simple branch
of the caustic for 10Hr (solid line) and 5Hr (dashed line). . . . . .
Structure of rays and caustics after reflection from a concave bound-
ary. P-rays are depicted by solid lines and S-rays by dashed lines. .
The wave field reflected by a concave traction free boundary. The
incident wave field is generated by the center of dilatation. . . . . .

Scheme of wave propagation in the space-time domain caused by a
point source located at the origin. . . . .. ... ... ... . ...

Fast oscillations of the integrand cause compensation of areas with
opposite signs. . . . ... Lo



Introduction

Undoubtedly, the ray method remains one of the most powerful and broadly used
methods for investigating both forward and inverse wave propagation problems in
modern exploration geophysics. Some fundamental ideas of the ray theory have
been known in physics for a long time. Probably, the first consistent description of
the ray method, as a mathematical tool for studying wave propagation problems
in electrodynamics, was given by R.K. Luneburg in his lectures in the mid 1940s.
Unfortunately, his Lecture Notes were published much later - see Luneburg (1966),
and, in fact, they remain inaccessible in scientific libraries.

In 1956, V.M. Babich suggested the ray method for the elastodynamic equa-
tions in the case of isotropic inhomogeneous media. Though this three-paged-
article was published in a famous Russian journal, it has never been translated
into English.

In 1959, F.C. Karal and J.B. Keller, succeeding Luneburg’s Lecture Notes,
published a consistent description of the ray method in isotropic elastodynamics.
Thus, starting from the late 1950s the ray method begins its triumphal path in
geophysics. Many important aspects of the ray theory and its applications can be
found in monographs by Cerveny and Ravindra (1971), Cerveny, Molotkov and
Psencik (1977), Hunyga (1984), Kravtsov and Orlov (1990).

The ray method has two main advantages. It provides a physical insight to
the wave propagation phenomena in rather complicated geophysical models, by
describing the total wave field as a sum of different types of waves generated
in the problem under consideration. It gives rise to rather effective and not so
time consuming numerical algorithms when compared to the finite difference and
finite element methods. On the other hand, the ray method suffers the so-called
caustic problems, which means precisely that if the rays associated with the wave
propagation problem under investigation touch a surface in 3D (or a curve in 2D),
the geometrical spreading vanishes and the ray amplitude becomes singular on
it, while the real wave field remains finite and smooth. This surface is called the
envelope to the ray field, or the caustic surface. Therefore, the ray method does not
correctly describe the wave field in the vicinity of the caustics. Unfortunately, in
geophysical models of elastic media the behavior of rays is complicated and they
normally form many caustics of different geometrical structures. Thus, the ray
method faces serious and unpleasant caustic problems in geophysical applications.

In 1965, V.P. Maslov suggested a new method, which provides a uniform mathe-



matical representation for high frequency asymptotics of the wave field everywhere
including caustics of arbitrary geometrical structures. This method is known now
as Maslov’s method, or the method of canonical operator - see Maslov (1965) and
Maslov and Fedoryk (1976). Being elegant from the mathematical point of view
and efficient in pure theoretical investigations, it leads to a numerical algorithm
that strongly depends upon the geometrical structure of caustics formed by the
rays, and therefore can hardly be regarded as a technological one.

On the other hand, the Gaussian beam method gives rise to a numerical al-
gorithm for the calculation of the high frequency wave field independently of the
position of an observation point. Briefly, it can be explained as follows. To calcu-
late the wave field at an observation point M, we have to cover the vicinity of M
by a fan of rays distributed in this vicinity more or less uniformly. For each ray we
have to derive a Gaussian beam propagating along the ray and then to sum the
contribution of each Gaussian beam to the point M over all rays from the fan. As
every Gaussian beam has no singularity on caustics, the numerical algorithm does
not depend on the position of M with respect to a caustic and on the geometrical
structure of the caustic. The Gaussian beam method, as a new approach for the
computation of wave fields in high frequency approximation, was suggested by
M.M. Popov in his theoretical papers - see Popov (1981, 1982). The results of the
first numerical experiments were presented in works by Kachalov and Popov (1981)
and Cerveny, Popov and Pgencik (1982). The survey article by Babich and Popov
(1989) contains the review of the main ideas and numerical results concerning the
Gaussian beam method and its relation with other asymptotic methods.

This book contains a consistent description of the ray theory and the Gaussian
beam method for inhomogeneous isotropic elastic media with smooth interfaces,
and includes also the paraxial ray theory which, in fact, makes a bridge between
them. The material of the book is supposed to be presented in a self-sufficient
form in such a way that the reader could master it without constantly looking
at manuals on mathematics. Auxiliary mathematical details, necessary for the
understanding, are included into the main text.

In Chapter 1 the main ideas of the ray theory and its mathematical technique
are demonstrated on, perhaps, the simplest example of the scalar wave equation
when they are not hidden under heavy mathematics. It also includes a relatively
new approach to the problem of validity of the ray method, based on the asymp-
totic character of the ray series. This approach was suggested and examined on
some model problems by Popov and Camerlynck (1996).

Chapter 2 contains a complete theory of the eikonal equation based on the vari-
ational calculus. This theory underlies the ray method both for the acoustic wave
equation and for the elastodynamic equations. Auxiliary material on variational
calculus are included in the text.

Chapter 3 is devoted to the theory of transport equation. Though the theory
is not universal and requires additional development in the case of elastodynamic
equations, it contains the basic concept of the ray method, namely the ray coordi-
nates and geometrical spreading. The chapter is important for understanding the
ray theory in elastodymanics presented in Chapter 7.



The essence of Chapter 4 is to illustrate the physical statement that the energy
of the wave field in ray approximation propagates along ray tubes. It also contains
a discussion on the caustic problem, which turns out to be the main obstacle for
the applications of the ray method.

The main idea of the paraxial ray theory presented in Chapter 5 can be for-
mulated as follows. If we consider a narrow ray tube surrounding a fixed central
ray of the tube, we may linearize Euler’s equations for the rays from the tube
because they are close to the central one. This results in a significant simplifi-
cation of Euler’s equations, and therefore of the whole ray theory built on them.
These equations are known in classical mechanics as equations in variations. Of
course, that theory remains valid only in the vicinity of the central ray. In fact,
the paraxial ray theory was used and developed by specialists in optical resonators
for lasers in the 1960s. In particular, the ray centered coordinates, broadly used in
the paraxial theory and in the Gaussian beam method, were introduced by Popov
(1969) in studies on self oscillations in opened resonators. In geophysics the parax-
ial approach was firstly used by Popov and Psencik (1978), see also Popov (1977),
for the dynamic ray tracing problem. The chapter includes the solution of the
latter problem presented in a slightly different way from the original paper. Re-
duction to 2D and to 2.5D and the example of constant gradient velocity model
accompanies the main material in order to facilitate understanding.

Chapter 6 starts with a preparatory material for the successive chapter devoted
to the ray method in elastodynamics. It also contains the solution of the initial
problem for geometrical spreading on a smooth interface, which completes the
dynamic ray tracing problem from the previous chapter.

Chapter 7 constitutes the main body of the book, and concerns the ray theory in
elastodynamics. Started with the auxiliary topic of plane waves in a homogeneous
elastic medium, it contains the derivation of the eikonal and transport equations,
and the solution of the initial data problem for the ray amplitudes in the case
of point sources for general isotropic inhomogeneous elastic medium. In the last
section, the validity problem of the ray theory is discussed. A simple example
shows that the second term of a ray series may increase with an increase in distance
between a source and an observation point, thus leading to a strong limitation in
the use of the ray method.

Chapter 8 is devoted to the theory of the Gaussian Beam method and its
applications to direct wave propagation problems. Individual gaussian beams as
asymptotic solutions to Maxwell’s equations and Helmholtz’s wave equation were
developed by specialists in optical resonators for gas lasers in the 1960s. As for the
elastodynamic equations, N.Ya. Kirpichnikova (1971) developed Gaussian beams
in inhomogeneous isotropic media. The integral over Gaussian beams as an asymp-
totic representation of a scalar wave field in the high frequency approximation was
firstly suggested by Babich and Pankratova (1972) in pure mathematical studies.
The consistent description of the Gaussian Beam method in elastodynamics was
given by Popov (1983). The material of the previous two chapters allows for sig-
nificant simplification of the theory of an individual Gaussian beam. This theory
is illustrated by a simple example and by a reduction to 2D case. The results of



numerical experiments are taken from papers by Kachalov and Popov (1985,1988).
More applications of the Gaussian Beam method can be found in the review papers
by Cerveny (1985) and by Babich and Popov (1989).

The main aim of the conclusive Chapter 9 is to discuss the relationship between
the asymptotics of the wave field in the frequency and time domain and to point
out some of its peculiarities. It has been known for a long time that the Fourier
transform is the proper tool for making a bridge between them. However, there
is another approach based on the use of the so-called space-time Gaussian beams.
This approach, suggested by Popov (1987), is briefly discussed in the chapter. But
the full theory turns out to be more complicated and therefore is not presented in
the book.

In the Appendix, the main ideas of the stationary phase method are illus-
trated by an example of a single integral having one non-degenerate critical point.
For more a detailed description of the method and complicated cases of manifold
integrals see Smirnov (1964), Bleistein and Handleman (1986) and Wong (1989).



Basic equations of the ray theory
for the reduced wave equation

1.1 Main ideas leading to the ray theory

Consider the wave equation
1 0*W

“czoe T

AW

where t means time,

02 0?92

—— + =5 + = is the the Laplace operator,
ox2 = Oy 022 ' P perater

C is the velocity of propagation of the wave field W. Suppose that C' is constant.
Let us seek a solution in the following form

W =¢% =cosp+ising, i°=—-1, ¢=—wt+ka+ky+ksz,

where w, ki, ko, k3 are constants.
In this case we have
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6 Basic equations of the ray theory

Due to W # 0 it necessarily means that

UJ2

E:k%kgwg. (1.1)

Definition: w is called the circular frequency, k= ki + k2;+ kg];/ is the wave

vector and 5
kK| = /k2+ k3 + k2= TW

where A is the wavelength.
Now from (1.1) we get

2
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Thus we obtain a solution in the form of a plane wave

W = Aei(—wt+k11+k2y+k3z)

where A is the constant amplitude of the plane wave, and ¢ = —wt+kiz+koy+ksz
is the phase of the plane wave.

Why is it called plane wave?

Let us introduce the radius-vector ¥ = zi + yj'—i— 2k , then

(P:_Wt"i_(];a?#)

where, as usual, (E, 7) means the scalar product between the vectors k and 7.
Consider a surface on which the phase is fixed (Fig. 1.1), say,

0 =0— (k,7) =wt,

so for each moment ¢ this is a plane in 3D with vector k being orthogonal to it.

N

z

Figure 1.1: A surface of constant phase ¢ = 0 in a 3D case.



Eikonal and transport equations; the problem of validity of the ray series 7

If we consider further ¥ = (k/|k|)s, then (k,7) = wt takes the form |k|s = wt.

It follows now that
- ds ds w

M@ =v~ & =
Thus, the surface of constant phase moves in space with a velocity C in the fixed
direction by the vector k.

Plane wave solutions play a remarkable role in mathematical physics because
many types of solutions can be presented as a superposition of plane waves. Obvi-
ously, a plane wave solution does not exist if the velocity varies. But suppose that
the velocity varies slowly. In this case it is natural to seek a solution for the wave
equation in a form of the so-called deformed plane wave W = A(t, x, y, z)e'?(t:=9:2)
where now the amplitude A is no longer constant, but depends on coordinates,
and the phase function ¢ is not a linear function. We arrive at a special analytical
form of an approximate solution of the wave equation which is called now the ray
series, and we may assert that the ray method is an extension of the plane wave
theory to slowly varying media.

=C.

1.2 Eikonal and transport equations; the problem
of validity of the ray series

‘We shall consider further a wave field harmonic in time. It means that we assume
W(t,xz,y,z) = e*i“tU(:E,y, z) .

By inserting the latter expression into the wave equation we get for U the
reduced wave equation or Helmholtz equation

w2
<A+E)U=0.

Let us derive the eikonal and transport equations. Now C = C(z,y, z) and we
seek a solution in the form

U = T Az, 2)

where 7 is called eikonal, A is the amplitude and the circular frequency w is
supposed to be a large parameter. By differentiating U with respect to x we get

U ., o, 04
or ¢ ! ’

0*U . o or (. Or 0A _ 07 0T A 924
— = " liw— Ww—A+ — | + A+ + == =

Ox? Oz Ox Oz “w Oz “w Ox dx = Ox?

, or\? or0A Ot 92A
TwT _ 2 i . il i z
¢ { v (81) Atiw (25‘x Ox +8m2A>+ 8x2} '
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Let us introduce additional notations

grad 7 = VT:—Z'—i——j—i——k_;7
x

or\*  (or\*  [or\?
s - o= () + (2 + (8]
or0A 0Tt 0A 0T 0A
d d A == A = — R _—
(grad 7, grad A) (Vr, v4) Ox Ox + Oy Oy * 0z Oz
By inserting U = €7 A into the reduced wave equation and by taking into
account previous formulas we obtain

2 ] 1
<A+%> U =etr {w2 (E(VT)Z) A+’LW(2(V7_3 VA)+ATA)+AA} .
We suppose w is a large parameter of the problem and impose the following
equations
1
(Vr)? = —5 (eikonal equation) ;

2(Vr,VA) + AAT =0 (transport equation),

in order to eliminate larger terms. But AA remains and we have no chance to
eliminate it. Thus, in this case we are not able to satisfy the equation exactly!

In order to decrease the discrepancy, we introduce an infinite series to U as
follows

U ~ ein(l‘ﬂ,Z) - An(x,y,z) (ra series)
;0 iy Y

By inserting this series into the reduced wave equation we obtain the eikonal

equation

1
(V’T)2 = E
and a recurrent set of transport equations
2(v7‘, VAn+1)+An+1AT:AAn, n = 71,071"' , A_1 =0.
For n = —1 we get the transport equation for the main term of amplitude

Q(VT, VA()) + A()AT =0.

Let us dwell on the asymptotic character of the ray series and on the problem
of validity of the ray method.

Definition of asymptotic series.

Consider a function f(z) and let z be large, i.e. 2 — oo

We say that >~ a,/2" is an asymptotic series for the function f(z) as z — oo
if for an arbitrary fixed N the following inequality holds true

N

OEDBE- =

n=0

const
SN+1”
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Qn
on

e -0

o |-—------®
P e i .

Figure 1.2: Typical behavior of terms in an asymptotic series as a function of
number n.

where the const does not depend on z.

We write in this case
oo

fe~ Y

n=0

an

Thus, by increasing z we can achieve on the right-hand side of the latter in-
equality a value as small as desired and therefore the approximation of f(z) by
the sum of N terms will be as precise as necessary. Suppose now that the value of
z is restricted from above, which is exactly what we face in most applications. In
this case the question of applicability of the asymptotics of f(z) is rather different
from the one discussed above. Indeed, a typical behavior of terms of an asymp-
totic series as a function of its number n is depicted in Fig. 1.2. There are some
decreasing terms while all other terms usually increase. Of course, the position of
the minimum on Fig. 1.2 depends upon the particular value of the argument z. In
order to approximate the function f(z) we have to take only the decreasing terms
of the asymptotic series. If, for example, n, is the number of the smallest term of
the asymptotic series, then one cannot expect to achieve a better accuracy than
|an, /2™ | in approximating f(z) by the asymptotic series and, to this end, one has
to take the sum of (n, — 1) terms. If however, there is no descending branch on
Fig.1.2 for a given value of z the asymptotic series cannot be used for approxima-
tion f(z) at all. Thus, the criteria of applicability of an asymptotic series should
be linked to the existence of a descending branch of the asymptotic series.

Let us come back to the ray series.

Normally the ray series in the frequency domain does not converge and we may
expect it to be an asymptotic series for a certain exact solution with respect to w
tending to infinity (Note: it is still a difficult mathematical problem to prove such
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a theorem!). If it is so, we may expect that, by using only the main term of the
ray series, the following inequality holds

const

U - eZ-Wt140| < )
w

where the const depends on geometrical parameters of the problem under investi-
gation, i.e. the distance between a source and an observation point, curvatures of
interfaces and so on (but not upon w).

Unfortunately, it is very difficult to obtain an analytical expression for the const
and therefore the latter inequality cannot be used for studying a region of validity
of the ray method. By dealing with the ray series we are not able to study the
behaviour of its coefficients as a function of the number, not even in simple model
problems, because well-known formulas for the coefficients are given in implicit
form and their analytical investigation seems to be an unrealistic problem.

Nevertheless, a quite reliable criterion of validity of the ray method can be
given on the basis of two terms of the ray series.

If the ratio |A1/(wAp)| is less than one for a given w and other parameters
of the problem under consideration, then we can approximate an exact solution
U by the main term Ape™” because in this case we will get decreasing terms of
the ray series. But if this ratio is equal to one, the main term cannot be used for
approximating U for a given frequency w and other parameters at all.

Thus, to study a region of validity of the ray method on the basis of the
criterion mentioned above we need to develop a computational algorithm for the
second term of the ray method. We shall discuss this problem in more detail in
Chapter 7.



Solution of the eikonal equation

2.1 Fermat’s principle

Consider a 3D medium with a given velocity of wave propagation C' = C(z,y, 2).
Suppose a signal or wave field propagates along a smooth curve [

x = z(0)
l:q y=y(o)
z = z(0)

from a point A to a point B (Fig. 2.1). Let us compute the time necessary for the
signal to travel from A to B along [.
Obviously, dt = ds/C where ds is an element of length along [. By integrating

(B) ds
T[] :/ a
Jiay C©

over | we get

Figure 2.1: A curve [ along which a signal propagates

11



12 Solution of the eikonal equation

This integral is called Fermat’s integral or Fermat’s functional.
It is a curvilinear integral, although it can be reduced to an ordinary integral.
Indeed, we have

ds = \/da? + dy? + dz2 = \/i2(0) + §%(0) + 22(0)do

where & = dz/do. By taking into account the latter expression we get the ordinary
integral

_ [P VE%(0) +92(0) + 2%(0)
oa  c((0),y(0),2(0))

oB
(] do / L(@. 3, 2 2,9, 2)do |

A

where L is Lagrangian.

Fermat’s principle: a signal (either light or a wave field) propagates along such
a curve [ between A and B that the integral T' reaches a minimum on [.

Finding this curve [ is a crucial issue in variational calculus.

2.2 Variation of a functional; Euler’s equations

Consider the simplest case of Fermat’s integral

(B)
T[] —/( L(z(0),z(0))do .

A)

N

A OB
Figure 2.2: Variation of the curve [ with fixed ends.

Let us compare T on different curves, i.e., consider curves [ + 6l close to [
(Fig. 2.2):

—~

o) + dx(o)
= d(0) + 0i(o)

r =2

where as usual e means d/do and variation dz of the curve [ is supposed to be
small.
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Let us develop T'[l + 6] as follows

B
T+ = / L(i + &, 2 + dx)do =
A
B B(oL .. oL )
= /AL(x,ax)da—i—/A {%&U—F%&J—FO(&U) }da,

where O(dz)? implies the terms of second and higher order with respect to the
variations dx, 0.
Further we get

B B
B B oL .. 0L 5
ATy =Tl + 6l - T[] = /A (892; ot + 9 §x) do +/A O(dz)“do

where the first integral describes the main linear part of the difference AT[l] with
respect to small variations dz, .

Definition: The linear part of the difference AT is called variation (or first
variation) of the functional and is denoted by 07

Thus, in our case
B
OL_. OL
0T = /A (%M + %M) do .

Note d& and dz are not independent. By integrating in parts the first term
under the integral, we get

oL . B BroL  d oL

This is the formula for the first variation of the functional with mobile ends (it
means that 5m|A and (51“3 may be arbitrary).
The first variation in the case of fixed ends reads

BroL  d OL

because in this case
6:c|A:§:c|B:O.

Theorem. If T[l] gets min (max) on the curve [, then the first variation §7'[(]
on ! vanishes, i.e., T[l] = 0.

Ezplanation : the proof of this theorem is very similar to the proof of a well-
known theorem in classical analysis which deals with the necessary condition of
max (min) at a point z = z, for a smooth function f(z). Indeed, in the latter
theorem we study the difference

Af = f(xo+ dx) — f(z0)
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d
for a small dz and arrive at the conclusion that df’m =0 (or %‘z =0).

In case of a functional T'[I] the first variation 67[l] is the main linear part of
ATl (like differential df for Af!) and changes its sign together with the sign of
variation dz. But AT][l] preserves its sign in a vicinity of max (min), therefore
0T[l] must be equal to zero on the curve .

Note: if f'(xzg) = 0 we may have max, min or flex point at = xo. For the
functional we can also have these possibilities!

Consider the problem with fixed ends. Suppose T'[l] attains a minimum on the

curve [, then
B
oL d 0L

for an arbitrary dx (but small). It follows from here that on the curve ! the
following differential equation must hold

oL oL _
do 8&  Ox

This is called Euler’s equation (it is an ordinary differential equation of second
order with respect to function z = z(0)).

Eztension to a 3D case.

Let us consider the previous problem in 3D. Now the functional reads

B
T(I) = / L(é,j, 2 .y, 2)do
A

We introduce variations through the formulas

r—x+d0xr, y—y+dy, z—z+0z,
T—i+0x, y—oy+dy, 2—2+0z,

and by almost repeating the previous calculations we arrive at the following ex-
pression for the first variation of the functional

B
ST = / { (a—L(s:'c + a—L(sx)+<8—L5y + 3—L5y)+<8—Laz + a—L52> } do =

A ot Or oy y 0z 0z
= a—L5m+a—L5 +6—L6z B+/B oL _ d oL dx+
~ \ o a5 Tz )|, T )y \\ox  do 0

+ ai_iai 5 + ai_iai 5 d
ay doay )Y T\ doaz) Y

To derive Euler’s equations we have to apply the previous theorem to §7'[!] and
to take into account that all variations dx, dy, dz are independent.
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Euler’s equations for the case of L = &+/42 + 2 + 32 take the form

do 0  Ov do \ /&2 + 424 32C Y g

d OL 0L d U 1 01
o s = — 7 ) i a2 =
do 0y 0Oy dg< /¢2+y-2+7320> ety +z 5y C

d 0L 9L

d Z 1 01
Loy S T N/ RS R N
do 02 0z 0_)dcr< x'2+y2—|—220> Tty +28ZC’ 0

where o is a parameter along a curve x = z(0), y = y(0), z = z(0).

Definition: Any solution of Euler’s equations is called an extremal in variational
calculus and a ray in geophysics.

Example 1. Let us take an arc length s along a ray instead of the arbitrary
parameter o, then

d d
ds =+\/12+ 92 + 22do — — =
Y ds  \/i%+ 9%+ 22do

and we obtain

4Ly 21y
ds \ C ds Ox C ’
ﬁ(l@>_£l_o
ds \ C ds oy C ’
i(l%>_£l_o
ds \ C ds 0z C ’
or in vectorial form ~
d [t
E(@) — grad — =0,
where e J "
=it d—Z; +

is a unit vector tangent to a ray.
Example 2. Homogeneous medium:

o1_o01_01
oxrC  oyC 0z2C

and therefore we get the general solution to Euler’s equations

C =const —

0

1d

6£ =a; =const, z=a1Cs+ z(0);
1d

Ed_z = as = const, y=asCs+y(0);
1dz

e const, = a3zCs+ 2(0).
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Thus, rays in a homogeneous medium are straight lines. According to the
definition of the arc length s we get

s = V(e—2(0))+ (y—y(0)2 + (= — =( ))2—

Csy/a3 + a3 + a3 — \/al—l—az—ﬁ—asf

2.3 Hamiltonian form of the functional and Eu-
ler’s equations

Consider for the sake of simplicity an 1D case, i.e.

T= /B L(z,x)do

A

We introduce a generalized pulse or generalized slowness through the formula
p = 0L/0% and from here we must find & as a function of p, i.e. & = Z(p).
The Hamiltonian function is defined by the formula

H = (pt — L)‘i::b(p) = H = H(p,x).

Inversely, L = p&— H. In mechanics H means usually the energy of the mechanical

system under consideration.
The expression for the functional now takes the form

T:/BL(a’c,x)daz/B(p;ic—H(p,x))dU:/dex—H(p,a:)da

A A A

First variation of T. We introduce both variations of x and p
r—x+dx, p—p+op

and after calculations, very similar to the ones presented in the previous section,

we obtain
B
/ (§px + pdt — a—ép — aHéa:) do =
A dp 0

B OH OH
= el [ { (55 ) (55 )orfor

Euler’s equations in Hamiltonian form follow from the latter expression for 6T

orT

. OH . 0H

T T e
Thus, in Hamiltonian form we have a system of two ordinary differential equations
of first order with respect to x = (o) and p = p(o). In Lagrangian form, we had

only one second order ordinary differential equation with respect to x = z(o):
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The extension to a 3D case is straightforward. For the Lagrangian L =
L(&,9,%;x,y,2) we introduce three slownesses p1, p2, ps corresponding to the
coordinates x, y, z, respectively,

oL 0L oL

p1:%7 Pzia—y, psig-

This usually nonlinear system of equations has to be solved with respect to &, ¥,
z. By inserting the solution into the formula

H=p1&+py+p3z—L

we obtain the Hamiltonian function H = H(p1, pe, ps; ¢, Yy, 2). The functional T
takes the form of a curvilinear integral

B B
T:/ L(z,9,2;x,y,2)do :/ p1dx + pady + psdz — Hdo
A A

and its first variation reads

B
B H
6T = (p16x + pady + p3dz +/ {(9’6—)5 +
(pl P20y + P3 )|A " an P1

+ Y — a_H ) + S 8_H ) _ . + 8_H or —
O P2 z O P3 P1 o x
oOH oOH
—(pe+—)0y—(ps+——)dz;do.
Jy 0z

Euler’s equations in Hamiltonian form derive from the above formula for 67T

. oH 0H
9528—1)17 plz—%,
. OH . OH
y_a_pgv p2__a_y7
L_oH OH

_8—])3’ p32—5~

2.4 Solution of the eikonal equation in the case of
a point source

We can describe a ray as a vector function
(o) = 2(0)i +y(0)] + 2(0)F

where z(0), y(o) and z(o) satisfy Euler’s equations.
Consider a family of rays emanating from a point A, where a point source is
located.
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Figure 2.3: The central ray field regular in a domain €.

To this end we have to solve Euler’s equations with the following initial data

L, . dr -
’I"(O’)|U:0:7’A; £|o‘:0:t7

where t is a tangent vector to the ray at the point A, (if ¢ = s then |[f] = 1, if o
is arbitrary then |f] # 1). Suppose we solved the initial value problem for Euler’s
equations for an arbitrary direction of vector . We then obtain a family of rays
which covers some region nearby a point A.

Definition: We say that this family of rays forms a regular field of rays in a
domain  if for each point M € Q there is one and only one ray which starts at A
and reaches M.

Suppose the family of rays is regular in €. In order to construct a solution of
the eikonal equation in this case (in domain §2) we have to perform the following
procedure:

i) for each point M € Q we must find the ray which reaches M,
ii) then we must compute Fermat’s integral T = fj/l ds/C along this ray be-

tween points A and M. We thus obtain a function of position M which we
denote by 7(M) = 7(z,y, ), (z,y, z are coordinates of M). Evidently,

L Mas M JEiEeE
0= =], S

This function 7(x,y, z) will satisfy the eikonal equation.

Proof. To this end we must calculate 97/9dz, 07/0y, 07/0z and substitute them in
the eikonal equation (V7)% = 1/C?.
Consider the variation of T' when A is fixed but M is mobile:

L L L MraL  d oL
T = (= i e et
) <3i6x+ ayéy—&- ‘%62)‘M+/A {(ax daax,)éx—&-

oL d OL oL d 0L
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As each time we compute T" on a ray, Euler’s equations are satisfied and because
of that integral in (2.3) vanishes. On the other hand dr = ¢T and therefore

or or or oL oL oL
dr = —d —dy+ —dz= | =0 —0y+ =0
TE o T W 5 <a¢ Tt oz Z) o
Further,
dx—5x|M, dy:5y|M, dZ—(SZ‘M7
therefore
or_oL_ &
O0r  0F O\ + g2 + 22
or 0L y 2 4 g2 + 22 1
or O\ (g PHUEE 1oy
dy Y C\/i2 4 2 + 22 C2(2 + g2 + 22) C2
or 0L z
0z 0% C\/iZ+ 2+ 22

Definition. Surfaces in 3D, defined by equation 7 = const, are called wave-
fronts.
Wave fronts and rays are mutually orthogonal. Indeed, for 7 = const, evidently,
dr =0, i.e.
or or or

= —dx + —dy+ —dz = d
0 9 x+8y y+azz (V,dr)

where dr’ belongs to a tangent plane to the surface 7 = const. It follows from here
that gradr is orthogonal to 7 = const, but taking into account (2.4) we get, for

instance,
or 1 dx 1 dx

o - 6,/¢2+92+Z'2dg - Cds
and similarly for 07/0y and 07/0%.
Therefore

Or- Or- 1 (de- dy- dz-\ 1.
= &b

_87’—,» s /
gradT:£l+0_yj+$k =G El+£‘7+%k

where s a vector of unit length \ﬂ = 1 tangent to the ray.

2.5 Solution of the eikonal equation when an ini-
tial wave front is given

In this case, the ray field is formed by rays starting from each point of the surface
T =T, = const in an orthogonal direction.
If this ray field is regular in some domain, then the solution of the eikonal
equation 7(M) = 7(x,y, z) in this domain reads
M s

My=[ =
(M) MDC-FTO,
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T = 79 = const

Figure 2.4: The ray field caused by a given initial wave front 7 = 7.

where the integral is a curvilinear integral along that unique ray which starts at
M, and reaches M.
In a homogeneous medium this procedure coincides with Huygen’s principle.
Each point on a wavefront ¢ = t¢ is considered as a secondary source, which
irradiates a spherical wave front that propagates during a time-interval At. An
envelope to these secondary spherical waves describes the position of the wavefront
at the moment ¢ = ¢, + At.



Solution of the transport equation

3.1 Ray coordinates

Suppose that the parameter o along a ray is the eikonal 7, thus

[:2 L 52 1 32
dr ds_—x ty e do

C c

and respectively
d d 1 d

ds — Cdr  Ji2+ 2+ 22do
Taking this into account, Euler’s equations for rays can be rewritten in terms
of the new argument 7.

A family of rays in this case depends upon two parameters «, 3, say, the angles
of the spherical system of coordinates. So we can present them in the form

7 =7(1,a,0) .

For fixed o and 3 we have the ray given by the vector function

-

T= .’E(T,Oé,,@)Z-F y(ﬂ%ﬁ)] + Z(Ta Oé,ﬁ)k;;

where 7 indicates the position of a point on this ray. Now each point M in
can be described by its Cartesian coordinates x,y, z and by appropriate values of
T, a, (.

Definition. We say that 7, «, 8 form the ray coordinates in a domain 2, where
the central ray field is regular.

We can follow the same rationale in developing the ray coordinates if an initial
position of the wave front is given. This time the parameters o and 3 specify the
position of a point on the initial wave front 7 = 7,, from which the ray 7(7, o, 8)

21
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starts in an orthogonal direction to this wave front. As previously, T specifies the
position of a point on the ray.

In a domain € where this ray field is regular 7, c, 8 form the ray coordinates.

Ray coordinates are formed in 2D by one parameter, say, o and eikonal 7:
7= 7(T, ).

Obviously, instead of 7 we can take the arc length s along the ray or even an
arbitrary parameter o.

3.2 Auxiliary formulas

Functional determinants.
Consider two coordinate systems z,y, z and &, v, (:

z=x(§v,()
y=y(& v, Q) (3.1)
z=2(&v,Q)
Let us set the following question: is it possible to solve (3.1) in order to find inverse
functions
§=¢(x,y,2)
v=uv(z,y,2) ? (3.2)
¢ =((,y,2)

Assume that x = y = z = 0 corresponds to £ = v = ¢ = 0, then in a vicinity
of the origin we can present (3.1) approximately as follows

~ %5 + % + aﬁ
NN
~%Ye 9y 9y
Y 8§§+8vv+3c (3.3)
~ %5 + % + %C
e 0 aC
Definition. The determinant of the system (3.3)
o0& OJv  0OC
A_| % 9y Yy
Tl os v ¢
o0& Ov 0OC
is called functional determinant and is denoted as follows
D(z,y,z2)
A= —7""7
D(&,v,()

We know from linear algebra, that if A = D(z,y,z)/D(&, v, () # 0 then the system
of linear equations (3.3) can be solved solely with respect to &, v, ¢.
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Thus, it turns out that the functional determinants regulate the possibility to
solve system (3.1) with respect to &, v, (, i.e., to find inverse functions (3.2). Note
that the complete answer to the question is known in mathematics as the theorem
on a function given in implicit form.

Geometrical sense of the functional determinants.

Let us denote by (@,[b,é) the mixed vector product. We know from vector
algebra, that the absolute value of the mixed product is the volume of the paral-
lelepiped formed by the vectors @, b and ¢,

Let us present a system of scalar equations (3.1) in vector form 7 = #(&, v, ().
Obviously, if we fix, for instance, v, { and vary only & we shall get a curve in 3D
space: T = (&, v, o), (vo, (o are fixed), and the differential of this vector function
dr' = (0r/9€)d¢ is a vector tangent to this curve.

Thus we can construct 3 vectors

dg_giz(@?+@f+gw>@

23 o¢' ¢’ T ve
L _or.  (0x- Oy- Oz
dvr—a—vdv—(avz+avj+avk>dv
O (Pnp, 0y 0sg
der aCdC <6C +3C +8Ck>dc

Now for the element of volume dV in coordinates &, v, ( we obtain the following
expression

9z Oy 0z
0§ 95 0¢
v = |(deT, [dor, dei)| = % % % dédvd(| =
9z Oy 0z
aC 9 o
9z Oz Oz
9 v OC Doy
— || % 9y 9y dddzlix’y’z‘ddd
% 30 oc || %M=D v, o) | Bdve
9z 0z 0z
9 v oC

Thus, the functional determinant D(x,y, z)/D(&, v, () appears as a scalar fac-
tor for the element of volume dV in the new coordinate system &, v, (. This can
be regarded as the geometrical sense of functional determinants. Note that in the
analysis, such a scalar factor is usually called Jacobian.

Definition of divergence.

Suppose we have a vector field

Az, y,2) = Avi+ Agj + Ask!,  Ap = An(z,9,2), n=123.
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Then in the Cartesian coordinates and only in these coordinates we have

. » 0A1 0As 0A4;
divA = Or + dy 0z
The definition of divergence, which does not depend upon a system of coor-
dinates is the following. Consider a small body bounded by a closed surface S.
Denote by AV the volume of the body and let ¥ be the outgoing unit normal
vector to the surface S. Then, by (/Y, ¥)|s we denote the scalar product of vectors
A and 7 calculated at points on S. Now the definition of divA follows

.= ) ff(S)(gv v)|sds
A= T Ay

The integral over the surface S in the numerator [, ( S)( 1,7)|.ds is called the
flux of vector field A through the closed surface S.

3.3 Geometrical spreading

Suppose a ray field is given in the form 7 = (7, «, 3), where 7 is the eikonal, and
«, B are ray parameters which specify the ray field.
Definition. We say that a set of rays for which the ray parameters «, 8 vary in
the intervals
a)<a<agtda, [o<B<Py+dp

forms a ray tube.
Consider a cross section of a ray tube by wave front 7 = 79 and let us evaluate
an area of this cross section d
or or

d) " =|[ds7 doil| = H%, %} ‘ dadfB = Jdadf,

or or
[35 ’ 30J
is called the spreading of the ray tube, or geometrical spreading.

Geometrical sense of the spreading.

If the ray tube becomes wider J increases. If the ray tube becomes narrower
and rays are focusing, for example, at a certain point J decreases and J = 0
precisely at that point.

Ezpression for J via the functional determinant.

Consider a piece of the ray tube cut by the wave front 7 = 79 from one side
and by 7 = 19 + d7 from the other side.

For the volume of this part of the ray tube we have the following formula via
the functional determinant

D(z,y, z)
D(r,a, )

where

J =

’ drdadp = ‘—D (2,9,2)

1
Dm0, B) —dsdadf3

d =
v-| !
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d

Figure 3.1: Cross section of a ray tube by wave front 7 = 7¢.

because d7 = ds/C and s is the arc length along the rays.

On the other side, dV = d > ds due to ds being the height of that piece of
the ray tube (note, rays are orthogonal to wave fronts!). Here d ) is the area
of the cross section and d)_ = Jdadf in accordance with the definition of the
spreading J. Therefore we finally get

dV = Jdadfds .
By comparing both expressions with dV we obtain

C
Ezxample: An homogeneous medium.

Consider, for the sake of simplicity, a 2D homogeneous medium and a point
source. In this case the rays are straight lines, the wave fronts 7 = const are
circles. Let the ray parameter a be the angle of the polar coordinate system. By p
we denote the radius of the curvature of the wave front 7 = 7.

Then, bearing geometry in mind, for an arbitrary wave front 7 = 71, 71 > 7,
we obtain

D(7,a, 3)

>  Jda [p+C(r — 70)]da _ p+C(11 —10)

dy = Jodox - pda P
due to T = s/C + const, where s is the arc length of the rays.

It follows from the above that the following formula for the spreading J(7) as
a function of 7 holds true

p+C(t—19)
—

Similar calculations can be carried out in a 3D homogeneous medium. A final
result in the case reads

J(1) = J(70)

7(7) = sy =l 2 Cr =]

where p; and p, are the main radii of the curvature of the initial wave front 7 = 7.
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3.4 Solution of transport equations

Consider first the transport equation for the main amplitude Ay
Q(V’T, VA()) + A()AT =0.

This is a partial differential equation, but it can be presented as an ordinary
differential equation along a ray. To this end, we have to recollect a definition of
the derivative along a given curve. Let

x=x(s),y =y(s),z = z(s)
be a curve in 3D (or we can simply imagine a ray) and consider a function f =
f(z,y, z). Derivative along the curve is defined by the formula
d of de  Ofd of dz
f _0fde  0fdy , Ofd

ds  dxds  Oyds 0zds = (V1.1

where ¢ is a unit vector tangent to the curve.
Now we have to take into account that V7 = ¢/C, where ¢ is a unit tangent
vector to a ray, therefore

1 dAo

_1
B C ds

C(VA[)?E) =

t
(V’T, VA()) = (VA(), 6)

Instead of s, we can use the eikonal 7 as a parameter along the ray. In this
case we get

d 1d

dS = OdT — % = 6%

and therefore 1 dA L dA
_ - %40 2 B0
(VrVA) =G5 ~ar
Thus, finally we obtain
2 dA
Q(VT, VA()) + A()A’T = @d—TO + A()A’T =0

which is a first order ordinary differential equation along the ray.

Subsequently, we have to calculate A7 on the ray.

We know that A7 = div grad 7. So this time the vector field is formed by
grad 7 = f/C. Then, we take a small body AV made of a piece of a ray tube and
denote by 7 the external normal vector of unit length to the surface S of the body.
Apparently, on the lateral surface of the ray tube 7 L ¢ and therefore

1

(iﬁ)—c(uﬁ):o.

o - 1
On the low bottom 7 1] t and (4, 7) = -C while on the top section of the ray
tube
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Figure 3.2: Calculation of A7. A piece of a ray tube cut by two close wave fronts.

) dadf .

Hence,

- 1 1 1
A9 dS ~——d5 + L4 — (L
//<s>( s dS = =)+ G rsar (c‘]

Then, for the element of volume dV we have

1
_aj

T4+dT

| D(z,y, 2) _
dV = ‘D(T,a,ﬁ) drdadf = CJdrdad(
and therefore
1 1
Ar— lim (6']|T+d7' - 6‘]|7‘> B Li i
ERN ot CJdr T CJdr \C

Thus, finally we arrive at the following expression

B 9 dAy Ay d [J\
2<VT7VAO)+AOAT_O:>@?+EE(6)_0'

The solution of this ordinary differential equation reads

ddy 1 1
= f%dln(J/C) —InAy = f% In(.J/C) + Inconst — Ay = COTt .
a7

We present the general solution of the transport equation for the main ampli-
tude A of the ray series in the following form
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where ¥, (a, 3) is a constant of integration with respect to 7, so it may only depend
upon «, 3!
The transport equations of a higher order read

2(VT, VA1) + Ap1Ar = AA, ,n=-1,0,1---; A1 =0,

and can be presented in the form

2 dAny1 | Apr d (T
c:ar T dr <0>_AA”’

and dA d C?
ntl 1.1 d - =

The general solution reads

T 2
An+1 = \/g (djnJrl(aaﬁ) +/ %\/%AAnL‘h') . (35)

Ezxplanations to formula(3.5). We have already got the general solution of the
homogeneous equation (3.4). Indeed, it is

i const _ Yni1(a, B)
An+1 = 1 = 1 .
¢’ c’

Now we have to find an arbitrary solution for the inhomogeneous equation (3.4)
(i.e. with non zero right-hand side) in order to develop the general solution of this
equation. To this end let us seek it in the form

Ani1 = U(1) Apia(7)

where U(7) is an unknown function.
By inserting the latter formula in (3.4) we obtain

1d C?

dU . dA, i, B
57 (1/C) = 5 Ad,.

App1— +U—F=+UA
"dr * dr + YA
Due to A, satisfying the homogeneous equation (and therefore canceling the
two last terms on the left-hand side of the latter equation) we obtain for U the
following result:

o, C?

~ dU Cc? T
—=—AA, - U= A —AA .
T 2 " /T() et 2 ndT

n+1 d

This solution satisfies the following initial condition U(7,) = 0. But we have to
get any solution, therefore we may take this one with const = ¢, 11(, 8) =1 in
the expression for A,,+1. The general solution then will take the form of (3.5).
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Remark. The main problem in computation of A; is caused by the term
«a
AAO :AwO( 75) ,
! J
C
under the integral in equation (3.5) for n=0.
In the numerical computations we face the problem of finding the second deriva-
tives of the geometrical spreading on the ray under consideration.
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Energy relations in the ray theory
(in the wave equation
perspective). Caustic problems of
the ray method

4.1 On propagation of energy along ray tubes

We consider the wave equation
1 0°W
Cc? ot2

and, within zero-order approximation of the ray method, have its approximate
solution in the form

— AW =0

W = €7iw(t7T)A0 )

The wave field density of energy pg for the wave equation is defined by the formula
1 1
= = W:? W) .
e =5 (GalWil + VW)
Consider a ray tube

ogLa<agtda, By<B<By+db

and its elementary volume cut by the wave fronts 7 = 79 and 7 = 79 + d7 at a
moment ¢ = ty. Let us calculate its position at a moment ¢ > tg.

Obviously, the equation of a wave front in the time domain is ¢ — 7 = const.
So, if at the moment ¢y we have tyo — 79 = const, then at the moment ¢ we get
t — 7 =ty — 19 and therefore 7 = 19 +t — tp.

31
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Respectively, if tg — (79 + d7) = const at ¢t = tg, then for this wave front we
have t — 7 =ty — (70 + d7) and consequently 7 = 79 + d7 + ¢ — t¢ at the moment
t =t. Denote these volumes by dV;, and dV;, respectively.

By calculating the energy of the wave field in these volumes in the main ap-
proximation we have

|Wt|2 — | _ Z-we—iw(t—-r)AO|2 — w2|A0|2 ,
VIV = | +iwe @ AVTr + e @V A2 ~ w?(V7)?| A |?
2
w
= 514
CQ

and therefore for the density of the energy we obtain the following approximate
formula

2
w
pE ~ E'AOF .
Hence, by taking into account that dE = ppdV, we obtain

2 2

w w
dE‘to = 2 |A0(M0)|2dvto = =5 ‘Ao(MO)‘QCMOJMOdeadﬁ,
Clnte) Clate)

where all terms on the right-hand side are calculated at a point M, in the elemen-
tary volume dV;,.
Respectively, we obtain at the moment ¢ at the corresponding point M in dV;

2
w

dE‘t = 02—|A0(M)|20MJMdeadﬂ.
(M)

By substituting the expression for the amplitude Ay, we obtain

w? a, B)]?
dE|, =~ = W?( A C o) (aayydrdadf3

(Mo) J(Mo)
(Mo)

and ) )
w a,

dBl; = = MC(M)J(M)deadﬁ

(M) —Jn

Coar

and therefore
dE|y, = dE|; = w*|tho(a,p [*drdads .

Note that the function 9g(4,5) is constant along the rays with the possibility
of varying only from one ray to another.

The latter result demonstrates the following well known statement in the ray
theory: the energy of the wave field in the zero order ray approximation propagates
along ray tubes and it has no transversal diffusion across the ray tubes.
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4.2 Energy relations for the wave equation and

the vector of energy flow. Law of energy con-
servation

Consider first, for the sake of simplicity, the 1D wave equation

18w PW
C? o oa?

and assume that W is a real solution of this equation, then for the density of
energy pgp we have by definition

11w L (oW 2
PE=502 o 2\ oz ) -
By differentiating pp with respect to time ¢ we obtain

Opp _ L OW QW OW W
ot  C2 at o2 dr dzot

Further, after multiplying the wave equation by OW/0t we can develop it as
follows

1 oW &*W oW O*W B
C2 ot o2 ot 0z
_LOWEW  OWPW WO oW oW _
C?2 ot Ot2 Ox OxOt  Ox OxOt Ot Ox2
_Opg O [OWOW
=0 s (W%)
Apparently, for 3D we have

11 /ow\> 1
PE =5 (W) +§(VW,VW)

202
and get
e 0 (WOVY_ 0 (DVOVY_ 0 (OWINY_Doe 5
ot Ox \ Ot Ox Oy \ ot Oy 0z \ Ot 0z ot ’
where by vector S we denote
S = —68—‘/1/ grad W .

Definition. S is called the vector of energy flow.
Thus, from the wave equation

1 9*°W
2o AW =0
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g

Vv

Figure 4.1: Vector of energy flow S and the law of energy conservation in a volume
V bounded by a closed surface o.

we deduce the following result
% +divS=0.
Let us take a body of volume V bounded by a closed surface o, and integrate
both sides of the latter equation over it:

// apEdV+///dledv_at///pEdV+///dlv5dV—0

Now we have to use the following auxiliary formula (Gauss-Ostrogradskii)

///dedV // D)lodo

where 7/ is the unit vector of the outgoing normal to the surface o and do is the
element of area on o.
Then we finally obtain

%///pEdV:—//(g,ﬁ)\gdU.
v o

The expression on the left-hand side of the latter equation describes the energy
variation in the volume V for a unit interval of time, while on the right-hand side
we have the total energy flow through a closed surface o which bounds the volume.
It follows from the equation that the increase (or decrease) of energy inside the
volume is caused by the total flow of energy through the surface of the volume.
This statement is known as the law of energy conservation.
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In frames of the zero order approximation of the ray method we have for a real
approximate solution W of the wave equation

W ~ Agcosw(t — 1),
ow
ot

VW ~ 4wAoVTsinw(t — 1)

~ —wAgsinw(t — 1),

and therefore

= ow 242
S = 5 grad W ~ w?A2 sin? w(t — 7)gradr = w0

sin?w(t — 7)1,

where 7 is the unit vector tangent to a ray. Thus, the direction of the energy
flow vector coincides with the direction of the propagation of rays. It illuminates
the important conception of rays of high-frequency approximation in the theory
of wave propagation.

4.3 Caustic problems in the ray theory

The ray method solution in zero order approximation in the frequency domain
reads
U= einAo — eiw‘r wO(a,ﬁ)
1
—J
C

and for the geometrical spreading J we have the following formulas

)

7-1 = &1 i)

C

D(r, a, 5)

which are convenient, if a family of rays is given in the form

1 ‘D(w,y,z)

7 =71, a, )

Definition. A geometrical object in which at each point the geometrical spread-
ing J vanishes is called caustic.

Thus, the amplitude Ay gets singular on caustics, while the real wave field
remains to be finite on the caustics. This means that the ray method does not
properly describe the real wave field in a vicinity of caustics. This is precisely
what we call caustic problems in the ray theory.

Point source. Suppose the corresponding family of rays is given in the form

7 =7(r,a,f0) .
For each ray of the family we have

Tlr=o =745
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Figure 4.2: On a caustic surface eikonal 7 becomes a function of the ray parameters
«, 3; 7 and 75 are the eikonals of incident and outgoing rays, respectively.

where 74 denotes the position of the source. By differentiating the latter formula
with respect to the ray parameters o and 5 we get

Tal—g = Tﬁ|‘r:0 =0

and therefore J = 0 at the point source. Hence, in general the ray method is not
valid in a vicinity of a point source! There are few exceptions of the ray formula
coinciding with the exact solution.

Caustic surface. Assume now that the family of rays ¥ = 7(7, @, §) in 3D has
an envelope surface. It implies that each ray of the family, specified by the ray
parameters « and 3, touches the envelope surface at a point which corresponds
to a certain value of the eikonal 7. Obviously, this value of 7 varies from ray to
ray and therefore on the surface the eikonal 7 is a function of the ray parameters,
i.e. 7 = 7(a, 3). By inserting this function into the equation of rays we obtain the
vectorial equation of the envelope surface in the following form:

7:': F(T(Oéﬁ),a,ﬁ> .
It is clear now that the three vectors
oF i _oror of  dr_oror oF
or’ da  9rda  Oa’ d3 0T 9B O

are located on a tangent plane to the envelope surface and therefore their mixed

product vanishes, i.e.
o [dr dry _
or’|dg dal|)

Note that the vector O7/07 is tangent to the ray and therefore it is tangent to
the envelope, while the two others belong to a tangent plane to the envelope by
definition.
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The left-hand side of the latter equation can be developed as follows

L |.or L L or
(7"-,—, [TT% + 73, rTa_Oé +Ta:|> =
. .. _.0TOT . _.,0r . .0 ..,
= (TT, [rﬂrT]%% + [TT,TQ]% + [7"5,7‘7]£ + [rg,ra]> —

or . .. or ., .. . I, LoL
= % (7, [Fr7al) + dar (7, [T, 77]) + (77 [, Ta]) = (rﬂ [7”[377“04])

due to three other mixed products being identically equal to zero.

It follows immediately from here that J = 0 at any point of the envelope surface
and therefore the ray method is not valid in its vicinity.

Quite often an envelope of a family of rays is called caustic. Our definition is
then more extended, but there is no contradiction between them.

2D case. Now we have & = x(7,a); y = y(7, @) or in vector form 7 = 7(7, ).

Then,
D(z.y)| _
D(r, )
Let « specify a point on an envelope line of a family of rays, and 7 as usual

specifies a point on a ray. It is clear that vectors 7. and 7, are tangent to the
envelope line and therefore at each point of the envelope we have

Try Yr
T, yoz

‘ el

[y 7o) =0= J =0.

Several methods have been suggested and developed in order to overcome the
caustic problems of the ray theory. Historically the first one is known now as the
method of wave catastrophes used in the wave propagation and scattering theory
rather than in Geophysics. In Geophysics it is called the modified ray method.

To illustrate the main ideas of the method let us consider a smooth branch of
a caustic (simple caustic!). Denote by 71 the eikonal of the incident rays and by
79 the eikonal of the outgoing rays to the caustic, see Fig. 4.2. It can be proved
that in a vicinity of the caustic, they can be presented in the form

2 2
n=¢-gu?, m=g+ oyt

3
where £ = &£(x,y,2) and p = u(x,y, z) are regular functions (they have no singu-
larities near the caustic!) Obviously, 71 = 72 exactly on the caustic and therefore
w =0 on it.

A wave field W in a vicinity of the caustic is constructed in the form of an
asymptotic series with respect to the large frequency w

A1(x,.y,Z) + ] v(—w3/2u)+
—w

Bl(xvyvz) + vl(_w3/2lu’)
—jw e wl/3

b |Boley) + (4.1)
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where v(t) is an Airy function (v(t) = /7A;(t) and v'(t) = dv/dt). Regular

functions Ay, Bg, k = 0,1,2,... have to be found by inserting the series into the

reduced wave equation (compare with the ray method). The asymptotic expansion

(4.1) was first suggested and developed by Kravtsov (1964) and by Ludwig (1966).
Remark. The Airy function v(t) satisfies the following equation

’

v —tv=0

and can be presented by the integral

v(t):%/ooocos&y—i—g) dy .

The asymptotic behavior of v(t) is the following.
For a large and positive ¢ we have

1 2
v(t) ~ §t_1/4 exp <—§t3/2> ast — 400, (4.2)
while for a negative ¢, it oscillates

2
v(—t) ~ ¢t~ sin (3t3/2 + Z) ast — +o0. (4.3)

It follows from here that for a positive large p (it means the point of observation
is far from the caustic but on the light-side of it!) v can be replaced by its
asymptotic (4.3), resulting in two ray series for the incident and outgoing rays.
On the contrary, for u < 0 and || — 400 when the point of observation is located
in the caustic shadow the wave field (4.1) exponentially decreases according to the
asymptotics (4.2).

Thus, the asymptotic series (4.1) allows the development of an approximate
solution of the reduced wave equation, which has no singularity on the caustic.
But to this end we have to know what kind of special function has to be involved in
the asymptotic series (the Airy function corresponds only to a simple caustic and,
actually, it is the simplest function among the functions of wave catastrophes).

In the mid 1960s another method was proposed and developed by Maslov
which is now known as Maslov’s method - see Maslov (1965), Maslov and Fe-
doryuk (1976). In fact, this method provides a regular procedure for choosing
a particular function of wave catastrophes, which corresponds to the particular
geometrical structure of the caustic, and gives an expression for the wave field in
terms of manifold integral. The method requires a good knowledge of Hamiltonian
mechanics and does not seem to be easy for application. Presently, there are many
papers in theoretical geophysics dealing with Maslov’s method.

In the beginning of the 1980s, Popov proposed a new method for the compu-
tations of wave field in high-frequency approximation which is now known as the
Gaussian Beam method - see Popov (1981,1982). This method provides a uniform
computational algorithm which does not depend on a particular structure of the
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caustic. It does not require any special function to be used in the computations.
This method will be discussed later in Chapters 8 and 9.

For more details concerning these methods and comparisons among them see
the review paper by Babich and Popov (1989).

4.4 On the computational algorithm of the ray

theory
We start with the scalar wave equation
1 0*°W
—— AW =0
C? ot?

and construct approximate solutions in the form of ray series

oo

W ~ e—iw(t—‘r)

where the eikonal 7 satisfies the eikonal equation (V7,V7) = 1/C? and for the
main amplitude Ay we get the transport equation

2(Vr,VAy) + AgAT =0

What kind of computations should be carried out in order to apply it to geo-
physical problems?

Firstly, we have to construct rays, i.e. to solve Euler’s equations for Fermat’s
functional.

This is a system of ordinary differential equations and apart from a few par-
ticular cases it can be solved only numerically. Then we have to find the eikonal
(or travel time) by integrating along these rays

ds
o
Here we face the so-called two point problem:
How can that ray which connects a source and a point of observation be found?
In order to solve the problem we can use, for example, the trial and error
method, which is a time consuming procedure.
The next step consists in the computation of the amplitude Ay, i.e., the geo-
metrical spreading J due to

T =17+

AO _ ¢0(O;a ﬁ) ]
\ =
C
For J we have different analytical expressions:

1

~ & | DS = S 1 D)
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If we take into account that

L _dr_drds _ dF

=4 " dasar s

and that the vector di/ds is orthogonal to 7, and 7z and has unit length, we also
get
J = |[Far 73]

Obviously, to compute J we have to know the vectors 7, and 3 as functions
of 7 or s.

One of the old but direct approaches to the problem consists in estimating the
area of the cross section of a ray tube (in 2D it is the distance between two close
rays). But normally, this problem requires special algorithms.

All these computations may fail, if the observation point is situated on a caustic
or in a vicinity of a caustic. In that case the ray method itself requires improve-
ments.

Note: there are a number of papers in theoretical geophysics in which the
eikonal and the transport equations are treated as partial differential equations
and finite difference methods are applied to them.



The paraxial ray theory

The main aim of this chapter is to study the eikonal and the amplitude of a ray
series in the vicinity of a given ray, i.e., in a ray tube.

5.1 Ray centered coordinates

Assume, we have a given ray in the form

— —

F = () = (s)i + y(s)] + =(s)

ol

where s is the arc length of the ray.

Let us introduce two mutually orthogonal unit vectors €;(s) and é2(s) which
at any point s belong to the plane orthogonal to this ray. We subject them to the
following differential equations as functions of s

Figure 5.1: The ray centered coordinates in the vicinity of a ray 7,(s).
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dgl - de —
— = Kk1(8)t(s — = Ka(s)t(s
@i, 2 =it
where t = dry /ds is a unit vector tangent to the ray 7, (s) and the functions 1 (s)
and ko(s) are so far unknown. We shall fix them later.

Then, in the vicinity of this ray we can introduce local coordinates s, q1,¢qo
through the formula

v = 70(s) + q1€1(8) + g2€2(s) ,

where 7 is the radius-vector of a point M in a vicinity of a given ray 7,(s).
Let us calculate the element of length dS in this coordinate system. According
to the definition
dS? = (ding, diar)

and
dr de dé:
dry = T;is) ds + dq1€1(s) + dgaéa(s) + ¢1 %ds + g2 %ds =
= 2?(1 + q1k1 + QQﬁz)dS + é1dqq + exdqgs .
Hence,

dS? = h?ds* +dq? +dqs, h=1+r1(s)q + k2(s)qa .

This coordinate system is regular and orthogonal in some vicinity of the central
ray 70(s). The latter fact follows from the expression for dS2.
Now we can describe the rays which form a ray tube around this central ray
70(s) by the following equations
@ =q(s) and g2 =qa(s),

where functions g1 (s), ¢2(s) have to satisfy Euler’s equations.

5.2 Euler’s equations in Hamiltonian form

We can now present Fermat’s functional 7" in the following form

T_/(B)ds_/(B) /h2+q%+q%d87
( (

A C 4 C6aq1,02)

where ¢; = dg;/ds, i = 1,2, and velocity C' is supposed to be a function of s, g1,
q2.

In order to write Euler’s equations in Hamiltonian form we need to introduce
the slownesses p1, po with the formulas

10 \/7 1 d; .
R4+@E+¢3=———e——, i=12 5.1
VAR i

" Cag,
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Now we have to solve (5.1) with respect to ¢;, ¢ = 1,2. It follows from (5.1)
that

G(1—C%1) —¢C%*p1 = C*pin®
—GiC°ps + ¢5(1 — C?p3) = C*p3h*.

Suppose that the determinant of this linear system is not equal to zero, i.e.,
A=1-C*pi+p3) #0 ,

then the unique solution reads

2 = C?pt B2 _Cpih
1 A \/Z ’
2 C?p3 B2 _ Cpah

For a Hamiltonian function H we get

2
H = (Zpiqz- —L) =
i=1 4i=qi(p1,p2)
Ch 1 C2h?
= i) - Sy S ) =
Ch h
= ﬁ(p% +p3) — WZ\/l —C%(p? +p3) + C?(pi +p3) =
h

- -t £23)) = /1= O3 +73)

Fermat’s integral in Hamiltonian form now reads

(B) ds B)
/( : prdqr + p2dgz — H(s,q1,q2,p1,p2)ds
(A

and Hamiltonian equations have the form

d, o8 d _ OH
dsqz—api> dspl_ an’,

i=1,2. (5.2)

Note: the functions k;(s), ¢ = 1,2, involved in the coordinate system s, q1, g2
are not fixed yet. In order to fix them we have to take into account that 7(s) is a
ray. That means, on one hand, that its equations in the ray centered coordinates
are the following

a1(s) =0, qz(s)=0 (5.3)

for an arbitrary s. By differentiating them on s we get ¢1(s) = 0, ¢2(s) = 0 and
therefore p1(s) = 0, p2(s) = 0.
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On the other hand, being a ray, 75(s) has to satisfy Euler’s equations and
therefore the functions

q1(s) = q2(s) =0 and pi(s) = pa(s) =0

are solutions of Hamiltonian equations (5.2). By inserting them into equations
(5.2) we conclude that the following formulas hold true along the central ray

on
8qj

o0H

= O’ e
Gpj

qi=0,p;=0

=0, 7=1,2. (5.4)
qi=0,p;=0

By inserting expression for H into (5.4) we obtain

o SR (s -
8qj q;=0,p;=0 Caqj qi=0 c? 8(]]‘ qi=0
oC
_(p2 2\
(n (p +p2)08qj -
C\/1-C%(pf +p3)
q;=0,p;=0
1 1 oC
ki) + —— —— =0, ) =1,2
0(57070) J( ) 02(5’050) aq] q1=q2=0 !
and therefore . oc
ki(8) = ——~ — , j=12. (5.5)
! C(s,0,0) 0q; 1, _4—0

Thus, functions k1 and ks are fixed now by equations (5.5).

Remarki1. Connections between Frenet’s formulas and the ray centered coor-
dinates.

Suppose we have an arbitrary smooth curve in 3D in the form 7 = 7(s) with
s being the arc length of the curve. We can introduce three unit and mutually
orthogonal vectors £, 7, l_;, where ¢ = dF /ds is a tangent vector to the curve, 7 is a
vector of the main normal to the curve and b = [t,7] is a vector of the binormal
to the curve.

For derivatives of these vectors with respect to s the following Frenet’s formulas
hold

dt’ . di - . db .

where K = K (s) is the curvature of the curve and T' = T'(s) is its torsion. Based on
these vectors we can introduce other local coordinates, say, s, n, b by the formula

ar = 7o(s) + nii(s) + bb(s) . (5.7)

Assume now that the smooth curve is a ray. With the formula (5.7) we then
obtain new coordinates in the vicinity of the ray, but unlike the ray centered
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coordinates s, ¢1, g2 this coordinate system will not be orthogonal! Indeed, we get
from (5.7)

. - d db
diyy = tds +7(s)dn + b(s)db + nd—”ds +bods =
S S

= ds[t+ n(Tb— Kt) + b(=T)] + i(s)dn + b(s)db
and further

dS? = (difyr, diyy) = (1 — nK)?ds? + (nTds + db)* + (dn — bTds)? =
(1 = nK)? 4+ n*T? + b*T?]|ds” + db* + dn® + 2nTdsdb — 2bTdnds .

Because of the presence of the two last terms in this formula the coordinates
s,n,b are not orthogonal in the vicinity of the central ray, simply per definition.
But a non-orthogonal system is much less convenient for theoretical investigations.

We have introduced two other unit and mutually orthogonal vectors € (s),
€>(s) on the normal plane to the central ray 7y(s). Let us find the connection
between them and 7i(s), b(s).

Introduce s

0(s) = / T(s)ds + 6y,
so

where T'(s) is the torsion of the ray, and then consider

-

£1(s) = 7i(s) cos B(s) — b(s)sin6(s)

(5.8)
E5(s) = 7i(s) sin(s) + b(s) cosb(s) .

[N~}

By differentiating the equations (5.8) with respect to s and taking into account
Frenet’s formulas (5.6) we obtain

i
ds
= —iisinO T + cosO(Th — Kt) —beosO T +sin0 Tii = —Ki'cos 6

ds

an -
—ﬁsin@T—!—cos@d—: —bcosOT —sinf

and, respectively,
des -
— =—Ksinft.
ds
It follows from the latter formulas that derivatives of €; and &3 have nonzero
projections only on vector t. This means precisely that during propagation along
the central ray, both vectors €7, €5 do not rotate unlike vectors 77 and b!
By comparing the latter formulas with equations (5.5) we arrive at the following

result

ki (s) = % 270 — _K(s)cosB(s)
1lg1=g2=0
(5.9)
1 ac .
Ko(s) = ¢ on — = —K(s)sinf(s),
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which hold true along the ray. For example, the curvature of the ray depends upon
velocity and its derivatives as follows

wo=|(Gam) + (65m)

5.3 Equations in variations

q1=g2=0

Consider now rays which form a ray tube centered on the ray 7(s). They should
be close to it and therefore ¢;, g along with p; and p; have to be small. Hence,
we can simplify Hamiltonian equations (5.2) just by saving only the linear terms
in decomposition its right-hand sides in power series on ¢ and p. To this end let
us expand H by using Taylor series.

We have, obviously,

1
1/1—02(p%+p§)zl—icg(pf—i—p%)—i-...,

and
1 1 1 oC 1 oC n
N~ = A~ — 9 o N — 3 7 q
¢ Co C§ om q1=q2=0 ' C§ 9 q1=¢2=0 ’
1 92C—t 2 9?C—1 N 1 92C—t 2
5 q1 a. a9 9192 — 5 —3 35 o T .-,
gt q1=q2=0 99102 q1=¢2=0 2 0g3 q1=¢2=0

where by C, we denote velocity C' computed on the central ray 7,(s), i.e., C,
Clgi=ga=0 = Co(5).
Then,

h
—aV1- Ol +p3) =
1 1

1 1
=—(1 1—C?(2 +p2)+ ... - _ -
(1+ K1q1 + K2g2) ( 5 o(py +p3) + Co  Co K141 Co Kaga+

q1=q2=0

=
[

1 92C—t

1 02C! N
q1492 2 8(]%

T2 o
1

_ 1 2 2 1 2
=G + 200(191 +p3) + Co(mch + Kag2)

BYE , | 0PC
2\ oqf

L, v
' 9g10s

q1=g2=0 q1=q2=0

92C—1
192 + 3—q§

+2
q1=q2=0 o aql 82

q1=q2=0

q1=g2=0
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Now we have to develop second derivatives of C~! with respect to ¢; and gy:

0C~1 _ o200 9CT s (@)2_0_2020 N
Oq oq’ 3‘]% oq 3‘1%
0?C1! 2 5 1 0?°C
- - — S g2 T
aq% q1=q2=0 CO ' Cg 3(1% q1=q2=0
Accordingly,
0?C1! 2 2 1 0%C
z - = K- =
aq% q1=4q2=0 Co Og 6(]% q1=q2=0
and
PC! _ aeedCC| 1 e _
091092 | 4, — 4o =0 O dq1 O a1=¢2=0 C3 9910q2 41=¢2=0
2 1 9°C
= —K1K2 — —5
Co " CZ Oma d1=q2=0
By taking it into account, we obtain
1 Co, 4 9
H=—_—1+29
o, T i)t
+ L 82_0 q2 + 2 82—0 q1q + 62_0 q2 +
2Co 8q% ¢1=4¢2=0 ' 991942 ¢1=¢2=0 12 8q% ¢1=4¢2=0 ’
+--=Hy+Hy+---,

where Hy = —1/Cj and H, is the second order polynomial on ¢, g2, p1, pa.
Thus, for the rays from a ray tube we obtain a linear system of ordinary
differential equations

d - 8H2 d 3H2

—q = , =P = — , i=1,2. 1
dsq Ip; dsp dq; ! (5.10)

This system is called the equations in variations for the initial Hamiltonian
system (5.2). By taking into account the expression for Hs we ultimately get

d e 1 _oc
2= Copr , 2P = TC2 o G1=q2=0 " C3 09104 q1=42=0 w

) . 50 e 1)
P Copz , PR —Cfg m - a1 — 073 87(]% d1=q2=0 q2 -
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5.4 Properties of the solutions of the equations in
variations

The properties of the solutions of the equations in variations listed below actually
underlie the paraxial ray theory and the Gaussian Beam method as well. They
are known among specialists in Hamiltonian mechanics but are not popular in
geophysics yet. So one can find in geophysical literature, for instance, a description
of the features of the Gaussian Beams without any mathematical basis, causing
these features to be rather mysterious and not too reliable.

Let us write the equations in variations in matrix form. To this end we intro-
duce the vector-column X

q1

X = q2

4!

P2

The derivative of X is defined by

G
x-dx_| @
ds p1
D2

Further, let us introduce the following matrix of second order

02C 0%C
0q10q1 |1=0  0q10q3 |91=0
q2=0 q2=0 82C
C= or Cj, = ———— , i, k=1,2.
920 92C 940k | 4, —g,=0
0q10q2 |1=0  0q20q3 |01=0
q2=0 q2=0

Then the equations in variations can be presented in the following form

0  GE
X = 1 X
——C 0 )

&5

where

i.e. a unit matrix of second order. Indeed, in order to verify this formula it is
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sufficient to write it down in detail:

0 0 Co O
Q1 0 0 0 Cy q
Go 1 -1 [ip)
. = . 5.12
P —C—SCM 0—3012 0 O D1 ( )
P2 1 -1 D2
——C —C 0 0
Cg 21 002 22

Now we see that equations (5.11) coincide with equations (5.12) and therefore
with equations (5.10).

In order to present equations (5.12) in a more convenient form let us introduce
a matrix J of the fourth order

0 0 10

0 0 01 0 E 10
T=1 -1 0 00 _(—E 0)’ E_(o 1)

0 -1.00

It has the following properties:

. (0 -E\_ B
J—(E 0 >_ J, detJ=1.

[
[\v]
Il
7N
|
o
=
=N
N~~~
7N
|
o
=
=NcS
N~
I
7N
|
o
&=
lO
=
N~
I
|
[
=
Il
O O O
OO O
OO O
—_= o O O

JJ=-3JJ=-J=1I.
Denote by H the following symmetrical matrix
L
H=| &
0 CoE

Cc 0
H " =H.

Then the system of equations (5.11) can be written down in the desired form

d

—X =JHX. 5.13
R (5.13)
To check this result, it is enough to calculate the matrix product JH
1
0 CoE
JH = 0 = 1
-E 0 -—C 0

0 CE c2
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and to compare it with formula (5.11) or (5.12).
In order to complete the list of additional notations, let us introduce the J -
scalar product of two arbitrary solutions X () and X of equations (5.13).
Define

2
(xM, x@) Z g 1)qz(2 _|_pl 1) 52)) ’

then for the J-scalar product (JX( ) X( )) we get
(IXD, X)) =pi® +pfaf —gi"p? — giVpl?

Theorem. Let X and X® be two arbitrary solutions of the equations in
variations (5.13), then the J - scalar product of these solutions does not depend
on s, i.e.,

d

S

d dx® dx®
Z(IxW x@) = [ x@ x® = )
d (J ’ ) J ds ’ {7 T d

—(JIxM x®y=0.
Proof:

s s
= (IPHXW, x@) + (IxW JHX®) =
= *(HX(I) X(2)) (J*JX(l) HX(2)) =

(HX(l) X(2)) (X(l) HX(Q))
=-(HXD, Xx®) + (H XD XP) =0

due to H* = H, see definition of H.

Consequence. Denote by W (s) the fundamental matrix of the system (5.13),
i.e., its columns are formed by linearly independent solutions of the system and
at an initial point s = sp equation W(sg) = I holds. Then W(s) satisfies the
following condition

W*(s)JW(s)=J.

Proof. Let us take two arbitrary vector-columns Z) and Z(® formed by arbi-
trary real numbers, then X (s) = W(5)Z™1) and X = W(5)Z?) are solutions
of the system (5.13):

iX(j)(s) _ dW(s)

ds ds

Hence,

ZU) = JHAW (5)Z20) = JHX ) j=1,2.

IXD, X@)) = const = (IWZWD, Wz3?) = (W IWzWV 22 =
= (W*(s50)JW (s0) 2V, z?) = (13120, 2@ = 3z 2()
and it holds for arbitrary Z() and Z(®). It follows from here that
W*(s)IW(s)=J.
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Remark 1. Reduction of the equations (5.11) to a 2D case.

To reduce this system to 2D we may simply assume that, for instance, go =
p2 = 0 and make ¢; = ¢, p1 = p.

Thus we obtain the following system of differential equations

4 gy, ®__10C
dSQ* op dSi Cg aq% quOQ7

which is valid in a 2D case.

Remark 2. Reduction to a 2.5D case.

Assume the vector €3(s) is orthogonal to a plane on which a central ray is
placed and the velocity C' does not vary in this direction, i.e., C = C(s,q1). In
this case we have 92C/9q10q2 = 0 and 9>C/dq3 = 0 and therefore equations (5.11)
take the form

d d

2= Cop1 = Cops
dpp _ 1 0CI d
ds C2 0¢? =0 L 2=

It means that we get two independent systems for ¢; and p; and for g2 and po.
The second one can be solved immediately

pas) = pa(s0) = const and az(s) = pa(su) | Cods + aa(so).

S0

5.5 An algorithm for the computation of the ge-
ometrical spreading

We have the following formulas for the amplitude A and the geometrical spread-
ing J

_ 1/J0(0475) _ i D(.T,y,Z)
%‘_fqﬂ J‘cbmmm'
C

Let us introduce the ray centered coordinates s, q1,q2. By using the chain rule
for functional determinants, we obtain

‘D(I7yvz) :’ D(I7yvz) D(SaqlaQQ)
D(T7Oé,ﬁ) D(&Qla(h) D(T7a7ﬂ) D(T,Oé,,@)

The reason why h appears in (5.14) can be explained as follows. The modulus
of the functional determinant is the Jacobian. But in orthogonal coordinates the
Jacobian is equal to the square root of the product of Lame’s coefficients in the
expression for dS2. The ray centered coordinates are orthogonal and there is only
one coefficient h? which is not equal to one.

. (5.14)

‘D(57q15 QQ)
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Suppose we know the solutions of equations (5.11) for the rays in the form

q1 :ql(svavﬂ)a q2 :q2(570476)7 (515)

where s is the arc length of the central ray. Assume that for the central ray
a = aqg, B = Py. In order to calculate the functional determinant remained in
equation (5.14), we have to find s as a function of 7,«, 3. To this end, consider
the eikonal 7:

/hz
= / VIt i+ dg q2 (5.16)
C(s,q1,q2)
By inserting in equation (5.16) formulas (5.15) we get
T=1(s,0,03) . (5.17)

In a vicinity of the central ray (o = ag, 8 = (o) the latter equation can be solved
(in principle!) with respect to s:

s=s(r,a,0).

By taking it into account, we rewrite equations (5.15) in the following form
q1 :ql(S(T,a,ﬂ),a,,@) 5 q2 :qQ(S(T?aaﬂ)aaalg) . (518)

It follows from (5.18) that ¢;,j = 1,2, are now compound functions of the ray
parameters « and 3. Therefore for the derivatives we get

dq; _0q; Os _ . Os

ar _ 8s or Yor’
dq;  0Oqj Os aqj . 0s  0q;
Jq, 0s 8q] =12

B % 8" 0B’

Bearing in mind equations (5.19) we obtain for the functional determinant in
(5.14) the following expression

or Oa 0B
D(s,q1,q2) | . 0s . 0s Oq . O0s Oq

D(r,a,() “or q18a+8o¢ (h%—i_—ﬂ
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which can be developed as follows

1 1 0
Jospsos| L) 00| g g O |
“oroaop| D Dt 55, o8
@2 G2 G2 .. Og
a2 q2 BY
1 0 1 1 0 0
9s s |, Odn . 0s | ¢ On O s D( )
55| aa Dt | Ba 9 | =5 i
I R Y P
a2 o a2 a2 da 0p
Thus equation (5.14) takes the form
D(r,«, 3) or | D(e,B) |7 01 01/0s  \/R2+ @+ @ '

Now we have to calculate the determinants in (5.20) on the central ray o = «,
8 = Py , where g1 = g2 = 0 and ¢; = ¢o = 0, therefore h = 1 and

9s =(C(s,0,0) = Co(s)
or

Obviously,
‘D(x,y,z) :OO D(q17QQ)
D(T,Ck,ﬁ) a=ag,B=00 D(OZ,/B) a=agp,B=00
and the final expression for the amplitude Ag reads
AO _ 1/’0 (Oé, ﬂ)

V7o) Dlar. ) /D D)l | .. oo

For the sake of simplicity, let us introduce additional notations

0 5]
Q1,1 = a;ﬁ 5 Q1,2 = % ;
& la=ag,8=00 B a=ag,B=Po (5 21)
_ 0go , _ O
21 = 50 ;o Qo2 = 98
& la=ag,8=80 & a=ao,B=P0

and define
_( Qi1 Qe
Q_(Qm Qa2 )
so Q is the second order matrix. Then the equation for amplitude Ay can be
rewritten in the form
A() _ QZ}O(O" ﬁ)

: . (5.22)
\/ Fo' det Q|



54 The paraxial ray theory

Note that this is the expression for the amplitude Ag calculated on the central
ray of the ray tube!

Thus, to compute Ay on a particular ray we have to know the matrix Q along
this ray.
Let us now derive differential equations for the elements of matrix Q.
We start with Euler’s equations in Hamiltonian form
d OH d OH

s = = —— i =1,2. 5.23
ds qj apj 5 dSpJ aqj y ] s ( )

Suppose we know the solutions for the rays from the ray tube:

qj:qj(s’a’6)7 pj:pj(s,a,ﬂ) =12

By inserting them in (5.23) we obtain identities with respect to s,a, 3. Let us
differentiate (5.23) on the ray parameters a,( and put @« = ag, 8 = 0o, ie.
calculate the derivatives on the central ray. But on the central ray we have ¢; =
q2 = p1 = p2 = 0, therefore we eventually arrive at the following equations

d 0q; 0*H 0g,, 0°H Op,,
4 9 :Z(g_q +7_p> -
dS 304 a=ag,B=0Fo m=1 6p.76qm 60( ap]apm 804 a=ao,8=PFo
2
d 0°H 0’H
—Qj1= Oy Qmi+ 75— Puil,
ds ™’ mz::l Opj0dm | 4—p—o pjOPm | 4—p—o
where we use additional notations
0 0
P1,1 = # 5 P1,2 = % ;
o a=ap,B=0Fo ﬂ a=ao,B3=0o
0 0
Py = % ;0 Pap = % .
& la=ao,6=00 B la=ao,6=p0
Obviously,
0’H B 0°H, 0°H B 0%°Hy
0pj0¢m | gy OPjO0Um |y’ OPiOPm |y OPiOPM |y

and therefore we can replace H by Hs. Clearly, similar calculations can be carried
out for the second part of equations (5.23). Thus, we just arrive at the equations
in variations!

Indeed, by taking into account expression for Hs we obtain, for example,

d
EQj,l =CoPj1.

Let us introduce the following second order matrix

P Py
P= , ,
( Py1 Py
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then the desired equations can be presented in a matrix form

d d 1
2Q=0cP: ZP=-_CQ. 24
Q= CoPs o C? Q (5.24)

Clearly, they coincide with equations (5.11).

5.6 Point source, initial data for Q and P

In the case of a point source, the initial data for the rays read

F(O'7()é,ﬁ)’ 0: _‘A7

o=

where 74 is the radius vector of the source, and

dr(o, a, 5)

{0
- (@.5).

o=0

where t (©)(a, 3) is a unit vector tangent to a ray fixed by the ray parameters o,
8. We denote here by o the arc length along each ray and preserve s as the arc
length along the central ray of a ray tube. Then for the central ray field we have

o, a, B8) = 7o(s) + q1(s, a, B)€1(8) + q2(s, 0, B)€a(S) (5.25)

and o now has to be considered as a function of s, «, 3:

do =1\/h?+ ¢} + ¢3ds, cr:/ \/h2+¢f +d3ds. (5.26)
0

Due to the fact that all rays start from the same point A, we immediately get
that
q1(07a,ﬁ> :07 QQ(Oaaaﬁ):O7 (527)

and by differentiating the latter equations on «, § we obtain the following initial
conditions for the matrix Q

Q|,_,=0. (5.28)

So, the next step now is to find the initial conditions for the matrix P.

To this end, let us differentiate equation (5.25) with respect to o and put o = 0.
(We assume that at the point A we have o = 0 and s = 0). Note that according
to equation (5.26) we can consider s as a function of o as well, i.e., s = s(o, «, ).
Thus, now we get consistently

dif(o, a, B) () diy(s) ds (. ds  dé ds
i St et Nol =t _ 0\2) ™2 et Rl Ml
do o (o 6) ds do|,_, + Z %% 4o 4 ds do ) |,_,
o s j=1 s
2 ds
= [to + Jz:; q]‘ (O, a, ﬁ)é} (0) % Y (529)
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because ¢;(0,a,3) =0, j =1,2.
From equation (5.26) we get

ds 1

do WP+t + i3
and according to the definition of slowness p; we have
oL 4 VI 4@t +d5
Pi= g = e | L= |
94  CyR2+@E+ ¢ C
By taking it into account, we rewrite equation (5.29) as follows
1 2
=) Op;(0,a,$)¢;(0). (5.30)
NGET =Y ; ’ ’
By multiplying both sides of equation (5.30) by €1(0) and €5(0) we obtain

1
C(0,0,0)

£ O (a, B) = t9(0)

p;i(0,a, 8) = (e, 8),8(0), j=12, (5.31)
where C(0,0,0) means the velocity value at the point source.

By differentiating equation (5.31) with respect to the ray parameters a, 5 and
by considering o« = g, 8 = [y we obtain the desired initial data for the elements
of the matrix P:

ap;(0,a, B) 1 ot ©) .
P. = 2\ P — . 32
51(0) dax acangpe C0,0,0) \ Do |,_, 55 G0 ). (532
9p;(0, 2, B) 1 ot _ ,
P; = B\ = ; =1,2.
7,2 (O) (‘)ﬁ e G0 C(O, 0, O) 8ﬁ oo 5t , €5 (0) yJ )

Let us look at the computational algorithm for the geometrical spreading once
again. Suppose, we know the ray connecting a source and an observation point.
How can the amplitude Ay be computed?

The answer can be formulated as follows:

1. We have to construct two unit vectors €;(s) and €3(s) in order to compute
derivatives of velocity with respect to ¢; and ¢». To this end, we have to
solve a differential equation, e.g., for €;(s), then €5(s) can be found as a
vector product of €; and a tangent vector ¢ = di*/ds to the ray.

2. Next, we have to construct two solutions of the equations in variations (5.11)

Q11 Q1,2
v _ | @2 4 x@ _ | @22
Py an P

Py Py
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specified by corresponding initial conditions, in the case of a point source by
conditions (5.28), (5.32).

Then the absolute value of the determinant of the matrix

Q- Qi1 Q12
Q2,1 Q22
gives us the geometrical spreading.

3. The final expression for the amplitude is given by formula (5.22)

1/}0(04,5)
T
\/Fo|detQ|

5.7 Reduction to a 2D case

Ap =

1. There is no need to solve any differential equation to find a vector €(s) of
the ray centered coordinates. It can be chosen as the normal to the ray.

2. Equations in variations now read (Q1,1 = Q and P, = P):

d d 1 6°C
EQ_COP7 EP__O_OQa—QQ 'Q7

q=0

and we have to find one solution of this system specified by a certain initial
conditions. For the point source problem we have
N
a=a,

1 ot ©)
= P e
Q‘s:O 0 ’ |s:0 0(070) ( O

3. Formula for Ag takes the form

Ay = 7/’0(04)

= - .
Vo Q)

Ezxample. A homogeneous medium, C' = Cy = const.

Let the ray parameter o be an angle ¢ between axis x and vector ¢ (9 tangent

to the ray, so that
£ = tcosp + K'singp.

Suppose that the initial orientation € of vector €(y) is chosen as follows

€0) = —fsingo + K cos .
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The equations in variations take the form

d d Q(s) = CoP(0)s + Q(0)
EQ = GoF, EP =0= { P(s) = P(EO) = const

The initial data in the case of the point source are the following

1 (ot® |
Qo =0, Ploa= (5 a0)) -

1, - . - . 1
= C—O(fisingaJrk’cosga, —ising + k' cosp) = G

therefore Q(s) = s and
Yo(a)

=

wlO—OS

5.8 An example of a constant gradient velocity
model: a point source problem

Ao =

Assume a velocity C(z) given by the formula
C=a+bz, a>0, b>0.

In this case, the rays are circles with their centers being placed on the straight
line z = 2y, where velocity is equal to zero, i.e.,

C:a+b20=O—>zo:—%.
Let the central ray of a ray tube be given in the form

z:Rsin<%+9>+Zo

xr = —Rcos (%—1—9) + x0

where R and 0 are some parameters (see Fig. 5.2) and s is the arc length along
the ray. We specify these parameters by the condition in which this ray passes the
origin z =0, z = 0 when s = 0, therefore

. R—__2
{O_Rsm9—|—20 N Y "
0= —Rcosf + o 29 = Rcost = —z ctg‘G:gcth

We choose vector €(g) as follows

—

€0) = —cosfi+sindk .
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Ve z0 = —a/b

Figure 5.2: Rays in a medium with constant gradient velocity.

The initial tangent vector £ (9)(a) to a ray will take the form
O (a) =sinai+ cosa k/

so « has the same geometrical sense as # and we consider further o = 6, see
Fig. 5.2.
Equations for @ and P take the following form

d d 9°C
Yo=c,p, Lp= 25 —0) .
dsQ CoP, 75 0 ( due to 0 O)

The general solution reads

P(s) = P(0) = const ,
Qs) = PO) | Cols)ds + Qo).
0

Let us calculate integral fos Co(s)ds. We have for the central ray

Co(s) = a—l—b[Rsin (%4—9) —i—zo} =a+ bzp + bRsin (%4—9) =

bRgnC%+9),

therefore

/08 Co(s)ds = bR/Os sin (}% + 9) ds = bR? [COSH — cos (% + 9)} .

Initial data for @@ and P in the case of the point source are the following

Q. ~ 0—QW) 0.
1 ot (0) _
Pl = g (G| @) co=a.

and we have to calculate the scalar product

1 - - - . —cos?f —sin?0 1
P(0) = —(cos i — sin Ok’, — cos 0i + sin Ok') = TS TR
a a a
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Hence, we get, for our particular solution, the following result

Pl = -,
Qs) = %bRQ {cos@—cos(%—&—@)}.

Thus, for the geometrical spreading J we obtain the following formula

J=1Q(s)| = @ cos § — cos (%4—9)’ .

5.9 Solution of the eikonal equation in a vicinity
of the central ray

In a vicinity of the central ray 75(s) of a ray tube we use the ray centered coordi-
nates s, q1,q2. Let us seek a solution of the eikonal equation as a power series in
¢ and g2
12
T(S,ql,QQ):To(S)+§4Z Fij(s)~qiqj+... . (533)
i,j=1
There are no linear terms in ¢; and ¢o because the wavefronts 7 = const and
the rays are orthogonal. Indeed, for example,

or
oq

q1=q2=0

means the derivative along €1 which is orthogonal to the central ray. This implies
that we differentiate along 7 =const and therefore

or

— =0.
oq

q1=q2=0

We may say that the coefficients I';;, ¢, 7 = 1,2 form a matrix I" of the second order
and this matrix has to be symmetrical, i.e., I'15 = I'y; (because g1g2 = ¢2q1).
If we introduce vector ¢ by the formula

- q1
! <Q2)

the second order terms can be presented in the form

2
1 1,
5 > Tijgig; = ;T

,j=1

Now we need to write the eikonal equation in the ray centered coordinates. It
is known that
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and therefore

1 /or\? or \? ar\? 1
_ 1 S .34
(V7,V7) h? (85) * (3Q1> ’ (3%) C2(s,q1,42) >3y

In order to insert expression (5.33) for the eikonal in equation (5.34), we have
to decompose 1/h? and 1/C? into power series on q; and g also.
Obviously, we have

2

2 2

1 1

—:—zl—qu—i— ZKJ'Q‘ +...
2 745 345

h 1+Zj:1 Kjd; j=1 j=1

and therefore )

2 2

1

ﬁzl—QZquj“i‘?) Zﬁzjqj +.o...
j=1 j=1

For 1/C we already had the following formula (see section 5.3)

2
2

2
1

j=1 ij=1

2
111 1
= KiGi + —
C~C G J_Z:l 19T,

It follows from here that

2
2 2 2
1 1 2 3 1
o = 3~ E Hj(]j + =) E Iijq]‘ ~ A3 E Cquqj + ...
c C; Cp = Cs = Cs P
By taking into account equation (5.33), we obtain

or ’ 1 2 ’ or 2 ) ’ 2 ’
£:T()+§Zrijquj+"'; 55 ) = (1) +70 Y Tigtidy + - 3

i,j=1 i,j=1

where by ' we denote derivative d/ds, and

or\° 2 or\? ?
Er = (C11q1 + Ti2g2)” ErN = (T12q1 + T222) "

We get the following result from the two last equations

or\’ or \?
(3(11> + <8q2> = (T2, 4+T1%,)¢? +2(T'11T12 + T1al90)quge + (T3, +T3,)¢3 =

2
=Y ()40
ig=1



62 The paraxial ray theory

because

r2— < ' T2 > ( i T ) _ < 1?1 +F%2 Il +Tiale2 >
Iz Too Tz Tao Iilig +Tiele2 2, + 13, '

Now we are able to insert all these expressions in the eikonal equation (5.34)
and to equate those terms which contain the same power of ¢; and g2 in both sides
of the eikonal equation.

For the terms, containing ¢ and ¢§ we easily obtain

’

1
(7'0)2:@_’7'6:i

2 Co
and for the wave propagating along the central ray we have to take +, i.e.,
1 °ds
Th=—= —To= — +70(s0)
OO so

Linear terms in ¢; and gy give us the following equality

2 2
2
—2(79)* ) kjq5 = e > ki
j=1 0 j=1

which is already fulfilled due to equation for 7.
Second order terms lead to the following equality

2
2 2 2
() | Do kias | +70 > Thgias + > (T)ijaiq; =
i=1 ii=1 ij=1
2

3 (& 1<
=2 > kg | - o3 > Cijaig; -
0 j=1 0

ij=1

This equation can be presented as follows

2
1
Z qiq; {Téf;j + (F2)¢j + 0301‘3‘} =0
0

ij=1
and to satisfy it we have to impose

1 d

1
2 ..
FO—SI ’Lj—"_(I )”—FC—OSC” _—0, for 1,] = 1,2

This is a system of ordinary but nonlinear differential equations because of the
term I'?. In matrix form it can be written as follows

d 1
—T r’+ _—-.C=0. .
Is + CoI'” + C’g 0 (5.35)
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This is called Ricatti’s matrix equation. How do we integrate this equation?
It can be reduced to a system of linear equations by means of the following
substitution. Let us seek matrix I" in the form

r=pQ! (5.36)

where matrices of the second order P and Q are so far unknown.
Further, we have obviously

d dp d
—TI'=—Q'+P—Q'.
ds ds Q+ ds Q
In order to find the derivative of Q! we can differentiate the identity QQ ! =
E. Indeed,

d oy do
E(QQ )= dsE =0
but )
d o dQ. | dQ-
E(QQ )= s Q +Q i
and therefore )
Q™" 1dQ
ds Q ds Q.

Now we can substitute matrix I" in Ricatti’s matrix equation (5.35) by the left
hand side of equation (5.36)

[ P 1dQ 4 R
LQ-PQRQ raPQ P -
_dP - 1 a1 (dQ 1
= Tt re (ds COP>Q =0

and in order to satisfy the latter equation we may simply put

dQ dp 1
o~ CP =@ (5.37)

But now we recognize that equations (5.37) coincide with the equations in
variations (see formulas (5.24)).

So, to solve Ricatti’s equation (5.35) for matrix I' we may use some solutions
of the equations in variations, i.e., the linearized equations for the rays from a ray
tube around the central ray!

But an important question arises on the way. Will matrix I' be symmetrical?

In order to get the answer to the question, we have to check the following
equality

r"-r=0-®PQH"-PQ'=0—- QN 'PT-PQ '=0.
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Let us multiply the latter equation by Q7 from the left side and by Q from
the right side, then we get the following equation

P'Q-Q'P =0,

which is equivalent to the initial one (if det Q # 0). By substituting here the
matrices P and Q we obtain

Py Py ) Q11 Q12 )

Py Py Q21 Q22

_ Ql,l Q2,1 Pl,l P1,2 —
Q1,2 QQ,Z P2,1 P2,2

_ (_( 0 +(JX(1),X(2)))

P’Q-Q'P

JXM, x@) 0

where by X and X we denote the following vector-columns

Q1,1 Q1,2

1 _ | @21 @ _ | Q22
XY = P and X% = Pia
Py, Py

Thus we obtain the following result: if the J-scalar product of two solutions
X® and X® of the equations in variations is equal to zero, the matrix I will be
symmetrical.

Remark 1. Notice that the matrix Q cannot be singular, i.e., det Q # 0 at least
identically with respect to s. Otherwise the matrix I' will not exist. However,
precisely as regards to caustics, det Q = 0 and therefore the elements of matrix T’
become singular on caustics.

Remark 2. For a point source we had Q11 = Q21 = Q1,2 = Q2,2 = 0 at the
initial point s = 0, therefore (JX ), X)) = (JX(l)(O)7 xX® (O)) =0andI'" =T.

5.10 Reduction to a 2D case

In this case we can simply assume ¢ = 0 and put ¢; = g, therefore for the eikonal
T we have

1
T(qu) = TO(S) + §Fq2 + (538)
where I" now is not a matrix but a scalar function. It must satisfy Ricatti’s equation

1 0%°C
I+ Col*+ — —| =0.
Cg an q=0
Now we simply make

P

'=—

Q
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and obtain the equations in variations

1 9%C

Q' =GP, P=-z5sl0Q.

(5.39)
Example 1. A homogeneous medium, point source.
Initial data for Q and P are the following

therefore for the eikonal (5.38) we get

s 1 ¢?
T(s,q) = >+ -+
(s, q) a2t
Consider now wave fronts 7 = const in a vicinity of the central ray. Make const
= 7, and let s = s,, ¢ = 0 be the point of intersection between the central ray and
the wave front. So 7. = s,/Cy and we get

(5,9) S 4 1 ¢? n Sy
7(8,q¢) = =— + =— = —
4 CO 2 008 C'O
It follows from here that approximately
L1
§— 8y X —=—
2 s,
and therefore
P 1 1

Cos| =—==,
Q S=5, Sx R*
where R, is the radius of curvature of the wave front on the central ray at the point
s = s4. This example illustrates the geometrical sense of CyI' as the curvature of
the wave front at a point of intersection with the central ray of a ray tube. It also
holds true in 3D, but in this case the matrix CyI' describes the main curvatures
of the wave front and their orientation with respect to vectors €; and €.
Example 2. Constant gradient velocity model, point source problem.
As above we assume velocity C to be given in the form C' = a + bz; a,b > 0.
In this case we had
1 -1 s
P(s)=——, s) = —bR? [cosﬁ—cos(——i—&)}
(5)=—=. Qs)=— = +0)] .
hence, for the eikonal we obtain now
. v
2bR? [cos  — cos (1% +6)]

7(s,9) = 70(s) o
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where
T0(s) = /S ds _i/s—ds —llnt i—l—g
T )y Cols) T bRy sin(m+0) b S\2R T2
S 0
9} 1 tg(ﬁ"‘i)

D ngg (2 4+ 2) “te
Dintg (24 2) —1ntg 2
b \2R T 2 &2 tg 2

5.11 Reduction to 2.5D

s§=s8

s=0

In this case velocity C' does not depend on ¢z and matrix C takes the form

[ Cu O _820

q1=0
The equations in variations in matrix form read
Qi1 Qi B CoP11 CoPip .
Qz,l Q2,2 CoPs 1 CyPap
. . Cn Cn
P Py _ _C—ng’l _C—ng’Q
Pz,l P2,2 0 0
and then for the elements of the matrices we get
: : Cn .
Quj=CoPrj; Pj=-"170@u, j=L2 (5.40)
0
QQ’J‘ = COPQJ' 5 PQ’J‘ = 0, j = 172. (541)

Equations (5.40) and (5.41) are independent systems of ordinary differential
equations. The latter one can be integrated immediately and its general solution
reads

Pg’j (S) = Pz’j (0) = COIIS‘C7 QQ,J‘(S) = Pg’j (0) As Co(S)dS + Qz,j (0) .

Now let us consider the initial data in detail. It is convenient to use the
spherical angles # and ¢ as the ray parameters. For the unit vector ¢ () tangent
to the ray we have in this case

£ (0, p) = sinfcosi+sinfsing j + cosO k.

Then, let us choose an initial orientation of the unit vectors €1(0) and é>(0) as
follows

ot (©) . 1 ot
€1 0) = 90 s 62(0 =
p=p0,0=00

9

sinfly  0p |,_ 9—0,
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where g, 0y correspond to the central ray of a ray tube.

Further, we shall consider the rays from z, z plane only and assume that the
velocity does not depend on y. This is precisely what provides simplification.

Make then ¢y = 0 and for the central ray of a ray tube we get
5(907 0) = sin 6y i+ cos b K

For the unit vectors €1(0) and €5(0) we obtain respectively

ot (0) - -
e1(0) = — =cosbyi—sinfy k',
80 0:90,@:0
ot (© 1 -
e>(0) = - — =37.
2(0) ¢ |g—py,p—0 Sinboy J

The initial data for Q; ; in case of a point source are the following
Q:;(0)=0, 4,j;=12.

In order to obtain the initial data for P; ; we have to carry out some calcula-
tions.

We had the following expressions for slownesses p;

pj(0797 Lp) = (f(O) (9, (p)>€J(O)) 3 .7 = 17 27

C(0,0,0)

where a = 6 and 8 = ¢ are considered. By differentiating the latter formulas with
respect to # and ¢ we obtain

op; 1 (8f(0) - )
P (0) = =L = ,€;(0 =
Jl( ) a0 =00 =0 C(0,0,0) o0 j( ) 0=00,0=0

1
= 0 € O

05 @050,

- | (af«» 50)
P.o(0) = 22X = ,€;(0 =
J,Q( ) dp 6= 1p=0 C(0,0,0) Oy j( ) 0=0,=0

SiIl90

_ m(é'2(o),€j(0>>-
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Now we get the final results for column-vectors X 9)(0), j = 1,2,

a0 8
WAy 2,1(0 . )
X0 = Pii(0) | m ’

Py (0) W

0 (5.42)
e [
0

X®@(0) = Pfj(()) = ; 1?00

P 5(0) €(0,0,0)

Note, that (JX®(0), X (0)) = 0 and matrix T will be symmetrical!
Based on initial data (5.42) we can present X and X for arbitrary s in
the following form

Q1,1(s) 0
W () — 0 @y — | Q22(5)
X0@=| 5l | x¥P@=]
0 P272(S)
where 0
sm v
P, =P5(0) = ———
5,2(8) = P»,2(0) C(0.0,0)
and

s sin g s
QM@Qw%%@Cmméwm

As for 1,1(s) and Py 1(s) we only know that they satisfy equations (5.40) and
do not equal to zero identically with respect to s.

These results follow from the systems of equations (5.40),(5.41) and from initial
conditions (5.42) almost straightforward. Indeed, both systems of equations (5.40)
and (5.41) are homogeneous, so the unique solution of such a system, specified also
by homogeneous initial conditions, is equal to zero identically.

Thus, we obtain the following structure for matrixes Q and P

0 = (MY ol ) == o)
m@=(%®g%ﬂ-

Hence, we get for matrix I' = PQ ™! the following expression

P171(8)

T = Ql,l(s)

0 Png(S)

Q2,2(s)
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Eventually, the eikonal 7 in the 2.5D case takes the form

(s o 5 ds lpl,l(s) 2 EPQ,Q(S) 2
( 7Q15q2) _/0 C()(S) + 2 Ql,](s) q1 92 Q2’2(3) q2

FEzample. Constant gradient velocity model, a point source, 2.5D case.
We assume that C' = a + bz. The equations (5.40) and (5.41) take the form

Ql’j = COpLj ,Pl’j = O ) .] = 17 2 )

Q2,j = CoP; ,P;=0, j=12.

Now we have to take into account initial conditions (5.42).
For Q1,1 and P;,; we obtain

1 1
171( ) C(0,0,0) a 5 Ql,l( ) 5
and therefore
1 1 [° bR [* s
P — . — = — 1 — =
1,1(8) = Q1,1(8) a/o Co(s)ds ; /0 sm(R + 6)ds
bR? s
= [cos@ - COS(E + 0)} .

For Q)22 and P> 2 we obtain

sin 6, sin 0
P 5(0) = = ¢, Q2,2(0) =0

C(0,0,0) a
therefore
sin 6 s
Paal®) = TP Quals) = Paal0) | Cols)ds =
0
sin 0

= SO0, p2 s h — cos(-
= - bR [(coa@ cos(R—FG)}.

Finally, we get the following result for the eikonal 7:

i+ a6

(5@, 02) = mo(s) + 2bR? [cos§ — cos(% + 0)] o

5.12 Solution of the transport equation in a vicin-
ity of the central ray

The transport equation for the main term of amplitude A reads

2(VAy, V1) + AgAT =0. (5.43)
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We seek a solution of this equation in the form of a power series on ¢; and gs

Ao(s,q1,q2) —l—ZA(j) s)qj + . (5.44)

But this time we shall look only for A(()O)(s) which is precisely the amplitude
Ay computed on the central ray of a ray tube.
In the ray centered coordinates s, g1, g2 we have

L 0 0
+e€ + é—

t
V= h s aq 0qs ’

and for the Laplace operator

A LB (10N 0 (L orN 0 ( or\Y_
" h |1 8s \hds oq oq 0qo 0qa

Vo Lonor o7 or 1onor 10w or
h29s2  h390sds 0q¢F 05 hdqp O  hdg Og

For the eikonal 7 we may use the following formula

2
1
T(S, q1, (]2) = To(S) + 5 Z Fij(s)qiqj + e (545)

i,j=1

Now we have to insert formulas (5.44), (5.45) into the transport equation (5.43)
and to gather the terms of the same order with respect to ¢; and ¢2. But for the
main term A(()O)(s), it is enough to calculate the left-hand side of (5.43) precisely
on the central ray. Let us conduct this program step by step.

Evidently,

ds ds Cy ds

(rdro dAY\  dA dr 1 dAY)
(VAO, v’7’)|q1:q2:0 = (t E,t dS = i R

and

o*r 0%t O*r or or
AT|ql =0 — \ 952 + ¢ + £ +“1_ + R

where trI'' = Fll + FQQ.
Hence, it follows now from equation (5.43) that

2 dAéo) (0) 1 dCO
244 g0 (_ L dCo oy
Co as 0o \Tegas T =0
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and we can develop the latter equation as follows

1 dAY 114dc, C,

— - T0 Moupo
A0 ds  2G0ds 2

d o 1d 1

L mA® = 221Gy — =CotrT
dsn 0 2ds nCo 2C0r =

I AQ = 1n/Co %/ Cols) tr T(s)ds + In by,

where by Iny we denote a constant of integration.
Eventually,

1 S
Aéo) = 19/ Cp exp {2 / Cotr I‘ds} . (5.46)
50
Next we have to calculate the integral in equation (5.46). To this end, consider
the equations in variations in matrix form
d 1

inCOP, —P =
ds

=P =@ (5.47)

The first one can be rewritten as follows
d
—.Q=GPQ'Q=0rQ, I=PQ™". (5.48)

Suppose, matrix Q satisfies equation (5.48). Let us calculate the derivative on
s of the determinant of Q and insert the result in equation (5.48)

d
— det
dseQ

%(Ql,lQZQ - Q1,2Q2,l) =

= Co(T11Q11 +T12Q21)Q22 — Co(T'11Q1.2 + T12Q2,2)Q2.1 +
+ CoQ1,1(T'21Q1,2 + T'22Q22) — CoQ1,2(T21Q1,1 + '22Q2.1) =

= CotrI' detQ,
and therefore
1 ddtQ = CotrI'=dIlndetQ = CytrI'ds =
dethse = (Cptr ndetQ = CotrI'ds
IndetQ = /Cotrrds+const.
S0

By inserting the latter formula into equation (5.46) we obtain the final result

A© _ 1 Yo ,
— | det
Jerldera
which we have already established.

Remark. The latter formula proves that det Q = 0 on caustics and only on
caustics where the geometrical spreading vanishes.
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5.13 How can the initial data for the amplitude
be found?

A problem with the initial amplitudes in the ray theory arises in the case of point
sources because the geometrical spreading for the central ray field vanishes at the
source point (it is a caustic!). But point sources are in broad use in theoretical
and applied geophysics. The problem has been solved by means of matching of
asymptotics. The basic ideas of this method can be explained as follows.

In some small vicinity of the point source under consideration we can develop
a perturbation method for the equations of motion (in our case the reduced wave
equation) which provides asymptotics to the problem in closed analytical form.
Then we have to derive the long distance asymptotics (in terms of the wavelength)
from those analytical formulas and that asymptotics has normally the form of a
ray series. On the other hand, we can construct a ray method series for the wave
field and then simplify it in that small vicinity of the point source because the
rays can be regarded there as perturbed straight lines. Finally, by comparing both
these asymptotics, the desired formulas for the initial amplitudes appear. We
demonstrate this procedure below for the main amplitude of the ray series. For
more details see Babich and Kirpichnikova (1979).

Consider first the point source problem in an inhomogeneous medium, 2D.

In this case we have to consider the central ray field with the center at the
source and to construct the eikonal 7 and amplitude Ag.

Eventually, we obtain the following formula

U= Age™™ = ﬂl‘)‘)em . (5.49)
CJ

In some small vicinity of the source, we may assume velocity C' to be constant
and equal to its value at the source C' = C(0,0) = C(0), (we assume that the
source is located at the origin of Cartesian coordinates). But in such a case we
arrive at the corresponding problem for homogeneous medium and therefore

*ds s
o ¢ C(0)°
where s is the arc length along the rays. Evidently, s ~ vz2? 4 22.

If we denote r = v/x2 + 22, then in this vicinity of the source we get

T= J=1Q|~s,

Yo(a) W
U~ Oilexp {ZC(O)T} . (5.50)
c(0)

On the other hand, corresponding mathematical formulation of the point source
problem is the following

w2
<A+E)G:—6(M—MO),
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where Mj is the position of the source (we omit here an important question about
behavior of desired solution as the observation point M tends to the infinity which
actually provides uniqueness of the solution). Here also in a small vicinity of the
source we may set a value for velocity by C(Mj) and consider the problem for the
homogeneous medium

w2
<A + 02—(())) G = —5(x)(2). (5.51)

(M is put at the origin).
Solution of the latter problem (5.51) is known and reads

w

b (1)
= —H =
G 4 0 (k?”) ) k C(O) )

where Hél) is Hankel’s function of zero order and of the first kind.
Suppose now that we are far from the source, precisely, that kr > 1. It implies

that 5
kr = Tﬂfr >1

and we are far from the source in terms of numbers of wavelength!
Then we may replace H(()l)(kr) by its asymptotics

1 2 i(kr—%
Hé ) (kr) ~ 1/%6(16 1)

je—i3 leikr i [o(0)exp [i%r}
4 7k r o o2v2r VY w NG '

By comparing expressions (5.50) and (5.52) we obtain the following formula
for 1o(c) in the case under consideration

and obtain

G

1

(5.52)

Yo(a) = SN (5.53)

Note that for the point source problem, ¢y does not depend on the ray param-
eter!

Consider now a 3D case.

In this case the Green’s function G, i.e., solution of equation (5.51), is the

following
1 .
G=—c*, k= 70?0) s r=a?Fy? 422, (5.54)

4mr

On the other hand, for the central ray field in 3D and for a homogeneous
medium we have

W eikr
U~ Y00 o (iC(O) s) _ M —. (5.55)
C(0) C(0)

sin 0
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where 6 and ¢ are the angles of the spherical coordinates.
By comparing (5.54) and (5.55) we obtain the following formula for 1 (¢, ¢)

1 sin 0

Yo(0, ) = 1w\ c0)

and the initial amplitude 1y does depend upon the ray parameter 6.



The ray method in a medium with
smooth interfaces

When we study the wave propagation in a compound medium consisting of two or
more different media with different characteristics, e.g. with different velocities,
separated by smooth surfaces, we say that we are dealing with a media containing
smooth interfaces. In this case, special type of boundary conditions on the wave
field has to be imposed on the interfaces in order to describe the wave propagation
in the whole medium. For the wave equation under consideration the classical
boundary conditions on a smooth interface S are the following;:

Dirichlet’s condition

Ulg=0 (6.1)

Neumann’s condition
oUu

—| =0, (6.2)

S=0

where n is a coordinate along a normal vector to the surface S, and U means
the total wave field.

The mixed boundary conditions describing a contact of two media read

1 90U
and ——*

| 1 90,
S p1 On

U :U fr— —
1|S 2 R on

; (6.3)
s
where Uy, Us are the total wave field values, and p1, po are physical properties, e.g.
density values, in the first and in the second medium, respectively.

These conditions have a different physical sense but our main goal now is to
study how to satisfy them within the frames of the ray theory.
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Suppose, that the Dirichlet’s condition is imposed on an interface S. Assume
we have an incident wave given in the form

Ulin) = eiomin g™ (6.4)
To satisfy (6.1) we suppose that the wave process near the boundary gives rise
to a reflected wave U(") which can be presented in the form of the ray series too

U™ = e A (6.5)

Now a new problem arises. How can the reflected eikopaL 7r, and amplitude,
A(()T), be constructed when the incident eikonal 7, and Aém) are known?
By inserting (6.4) and (6.5) in equation (6.1) we get

(eemnaf™ e af’)| =0, (6.6)
In order to satisfy this equation we impose the requirement that separately
Tin|s :TT|57 (67)
and (i) "
(AS™ + A7), =0. (6.8)

Similarly we get in the case of Neumann’s condition

iorin (4, 27in qim) 9AL™ o (1,97 400 oA’
{6 ( an Yo an )€ Won Aot 5,

and the corresponding requirement takes the form

S

Tm|s :7'7"5

<8Tzn A(”L) + or, A(r)) —0.
0 on S
Observe that we omitted the term dAq/dn for both the incident and the reflected
waves. Because they are not multiplied by the large parameter w, they are sup-
posed to be small.

In the case of conditions (6.3) we suppose that there are three waves: the
incident and the reflected one in the first medium and a transmitted wave in the
second medium. Hence, we get

and

(eiwnn A(()”l) + einTA(()T)) ‘S _ eiUJTtrAétr)|S

and

1 s . 87'7" (m) 6A(gm) . . aTr (r) GA(T
_ TWTin A TWTp A
o {6 < on on | 7€ Y on

1 TWTt ( aTtT ( T) 8A(tr ) |
= —e"™tr | jw
02 on
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In the ray theory we substitute them by the following equations
Tinlg = Tr|g = Ter g
and
(in) (r) _ (tr)
(Ao + 4 )’s = A

iaTtrA(tr) ]
S p2 On 0 S

It should be emphasized once again that, while deriving the boundary condi-
tions within the zero-order term of the ray theory, we take into account only the
main terms, i.e., the terms which contain the large parameter w, and omit others.
Hence, we satisfy the original boundary conditions only approximately in the ray
theory.

And finally, as it follows from the theory of the eikonal and transport equations
described above, in order to find the eikonals and amplitudes for the reflected and
the transmitted waves, we have to construct proper families of rays.

6.1 Equations for the eikonals; Snell’s law
Let us introduce in a vicinity of the incident point M three mutually orthogonal

unit vectors 7, fl, l_; where 77 is a normal to the surface S and fl, fg are placed on
the tangent plane to S at the point M, see Fig. 6.1.

Figure 6.1: Reflection on an interface S. ¢ (™) and £ (") are unit vectors tangent
to the incident and the reflected rays, respectively.

By differentiating equation (6.7) for the eikonals in the direction of I, and s
we get
67'7;n

a1,

o7y
s 9l

= (V7in, i) = (V7 ;) 5 =1,2. (6.9)
S

Note that we cannot differentiate equation (6.7) along the normal 7, because
this equation is valid only on S!
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It follows from (6.9) that the projections of V7, and V7, onto the tangent
plane are equal and, hence, we get

VTin — V1. = X7, (6.10)
where y is a scalar factor, y # 0. Taking into account that
{ (in) £

VTin = T and VTT = C ,

we get from (6.10) the first statement of the Snell’s law. The three vectors i)
£ (") and 7 are placed on one plane. This plane is called the reflection plane.
By multiplying (6.10) by 7 we obtain the following expression for x

&0 /)y (£ i) COS Qi COS

C c c c

From the eikonal equation (V7)? = 1/C? we derive

1

E - (VTi’ruﬁ)Q = (VTiTL)l_i)Q + (VTinv f?)2 - (VTT'yl_i)Q + (V7—7'7 Z_,Q)Q -
1 I
= E — (VTr,n)Q
and then
1 (0 i@)? 1 FEM,@)?2  1-cos?pi 1—cos?p,
¢z~ ¢ ¢ e T e T ez 7
sin @iy, sin ;.

Equation (6.11) is the second statement of Snell’s law.
Let us denote by € and C5 the velocity in the first and second media, respec-
tively, then for the transmitted wave we obtain quite similarly
Sin @in, Sin ¢

= . 12
. s (6.12)

If, for instance, Cy > C7 we may get a situation when ¢ = 7/2. In this case
sin i, = C1/C> and angle @, is called the critical angle. We shall see later that
in this case the transmitted wave cannot be described by the ray series.

6.2 Equations for the amplitudes, reflection and
transmission coefficients

For Dirichlet’s boundary condition we get

AE)T) ’S = _Aém)fs = RA((Jm)|S
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where R = —1 and is called a reflection coefficient.
For Neumann’s condition we obtain
™ (Vi) ny; 4 (in)
AO |S - (VTT,’r_i) AO |S - AO |S’
because
1 1

(VTinvﬁ) = 6({@”)’ ﬁ) = _C({(T)vﬁ) :

A more complicated system of equations appears in the case of a contact be-
tween two media

(A(()m) + Aér))’s = A(()tr) ‘s )
1 (£0) 7)
p2 Oy

1 (F) )

(in) (] —
A - A =

(tr)
A" -
It can be written in the form

Agtr) _A(()r) _ A(()zn)

COS Pty , (tr) COS Pin ,(r) COS Yin , (in)

OSPur pltr) | COSPin p(r) _ COSPin 4

paCy 0 mCp ° p1Cy " °
If the determinant of the system is not equal to 0, i.e.

COS Qin, | COS Py

A= + 0
P101 chz 7&
we obtain the unique solution of the system
in) 1 €OS ; i 1
A(tr) _ 2A(zn) 2 in _ (in) 7
0 O A pCy 0 1 p1C1 cos 4
+ -
,0202 COS QYin
PG (COS Pin _ €OS sotr) 1
0 0 pCh p2Cy ) A

[P C1 cos iy

NGO p2C2 cos pin
0 p1C1 cos gy

14—

p2Cs cos vin

By introducing reflection R and transmission T coefficients through the formu-
las
AT = RAT™  and A =TA™ |
we get from the latter results

1_ p1C1 o8 iy
p2C5 €OS Yin T 2

) - .
p1C1 cos i, 14 p1C1 cos g,
p2C2 cos gin p2Cs cos in

R:

1+
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Note that 1 + R=1T.

Thus, to construct either the reflected or the refracted wave arising on the
interface, we have to find either the reflected or the refracted ray for each incident
ray and extend the eikonal continuously along it. This procedure is based on Snell’s
law - see equations (6.11), (6.12). To find the amplitude of the corresponding wave,
we have to know either the reflection or the transmission coefficient which is caused
by a particular boundary condition imposed on the interface.

6.3 Initial data for the geometrical spreading on
an interface

To complete the computational algorithm for the geometrical spreading, we have
to find the initial data for the solutions of the equations in variations along the
reflected and the refracted central rays of a ray tube. There are several ways to
approach the problem. We use a way based on the following conditions for the
eikonals on an interface S:

Ti’n}S:T’r’|S:TtT‘|S’ (6.13)

The main idea of the approach can be described as follows.

In a vicinity of the central ray of a ray tube, the eikonal can be presented in
the form

12
T(S,ql,QQ) :T0(8)+ 5 Z F”(s)qlqur . (614)
7,7=1

If now we satisfy equations (6.13) for 74, 7 and 74, within accuracy up to the
second order term in a vicinity of the incident point on the interface S, we shall
find the relations among the matrices T'.

But we know that I’ can be presented as PQ ™" and | det Q| is the geometrical
spreading. Then by transforming the I' relations into P and Q relations, we shall
find the desired initial data for the matrices P and Q for the reflected and the
transmitted central rays at the point of incidence.

For the sake of simplicity, we consider this problem in detail for a 2D case.
Final results in a 3D case are presented in the last section of this chapter.

Instead of equation (6.14) we have for a 2D case

(s,0) = o(s) + 5T + - (6.15)

and a similar expansion holds for 7. and 74 but in local coordinates connected
with the reflected and transmitted central rays.

Suppose that for s = s, the incident central ray 7(s) intersects the interface
S at the point M,. Point M, is called the point of incidence.

Let us introduce local coordinates v, at the point M, where v is directed
along the normal to S and 5is tangent to S at M,, see Fig. 6.2.
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Figure 6.2: Local coordinates in a vicinity of a point of incidence M, on the
interface S.

We shall suppose further that the interface is given in the form
1
V= §D(2+-~ (6.16)

because only second order terms will be involved in the calculations.

We shall have to calculate 7 in a small vicinity of point M,, meaning that s—s.
is small along with other coordinates ¢, v, (.

Hence, we can re-expand 7 in power series on s — s, as well

d*1o|  (5—5.)?
ds? 2

dr
7(s,q) =7o(s.) + 2| (s—s.)+

1
+ 5F(s*)q2 +- . (6.17)

Sx Sx

The first step on our way consists of studying connecting formulas between s, g
and v, ¢ in a vicinity of M.,.
To this end let us expand 7 (s)

> L dr A2 5 — 8,)2
To(s) = To(sx) d—so (s —5.) + d320 ( 5
)2
= o) + () (s — ) — () e 4
due to B
de - dto S
% = H(S)to and E = —,‘{(s)e

Thus, for the radius-vector 7 we obtain from the above

7= 7o(s) +qé(s) = Tolss) +to(s:)[(5 — 85) +q(s — su)r(se) + -]+

(s —54)°

k() 4| (6.18)

+éels«) |a—

Evidently, at the same time we have

7= 7y(s.) + CC+ v (6.19)
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where 7 (s4) corresponds to the position of the origin of coordinates ¢,v. Now
from equations (6.18), (6.19) we obtain

I — s+ (5 — s2)an(ss) + - = C(C Bo(5.) + (7. Fofs)) =
2H(3*) o B (6.20)
0= (5= 522 (€ e)) + (55 )) =

where by €1 and €2 we denote the right-hand sides in the above equations.
Bearing our aim in mind, we need to know s — s, and ¢ as functions of { and
v, so we have to solve the system (6.20) with respect to s — s, and ¢ for small &;
and e5.
It is clear, that in the first approximation s — s, ~ ¢; and ¢ =~ €2, so we may
consider

§—58,=¢€1+02,

(6.21)
q=¢&2 + Y2,
where d2 and o contain the second order terms which have to be found. By
inserting equation (6.21) into the system (6.20) we obtain after some algebra

1
0y = —k(sx)e182 and 7y = 5&(5*)5%
and, eventually, we get

S— 8¢ = €1 —KI(S«)E1E2+ -
1= A(s)erss (6.22)
q = et (s ) 4

Let us now come back to expansion (6.17) for 7. As we have ¢ only in square,
we may save for ¢ the first order terms in equation (6.22) while for s — s, we
have to save the second order terms as well. Then, according to equation (6.16),
the coordinate v is of a second order, so we can simplify the right-hand sides of
equations (6.22) on the interface S.

(6.23)

The system (6.23) is precisely the connecting formulas between the coordinates

(s,q) and (¢,v) we are looking for. The connecting formulas have already been
computed on the interface S by substituting v = 1 D¢?.

Now we are able to accurately calculate the eikonal 7 on the interface up to
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the second order terms

s = )+ G| | (Ehs) + ¢ (50006
— () (Co(s0) (Cets)] + S| 2 ol +
3¢ (Gl oo = (6:21)
= mo(s) 400 (5,*0<s*>>+<;2{r<s*> .8l
Pro|  (CTo(s:))? > .\ dn
o, 2 T HeICRENE ) T

Let us then carry out similar calculations for the refracted and the reflected
central rays and the corresponding eikonals. But, in fact, we may write the final
results down based on equations (6.23) and (6.24) because the computations are
quite similar.

Let us supply by ~all terms corresponding to the reflected (or refracted) central
ray, so that, for instance, ¢, § are the new ray centered coordinates. Based on
formulas (6.23), the corresponding equations for coordinates ¢ and § — s, can be
written immediately

i = C({(s0),€(s2)) + -, (6.25)
S = <<i£*o<s*>>+<2[ <ﬁ,to<s*>>a(s»(d%(s*))(&é(s*»]+---

Accordingly, either for the reflected or refracted eikonal 7(3,§) we get

e ~ dT . - 1 -+
59|y = Fols)+¢o=| (Clols0)) + 2 T(s.)5(C Els.))*+
ds s 2
A7 1 -2 - o dTy

o } (6.26

Now we are able to accurately satisfy the basic equations Tm|s = TT|S = Ttr|s
up to the second order terms.
By comparing equations (6.24) and (6.26) we obtain for the main terms

To(s«) = To(s4) - (6.27)
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From the linear terms we get

(¢ to(sx)) - (6.28)

= yaglier 2% - -5 > = T
P )5 (G807 + S| 2 Ro(s0))? — K(s2)(C Rols)(E Es)) T2
~ % 2 - o
DYoo) G| =TepE A+ G| SR (6.29)
Tl HEICHENE ) + Dy |

Comments on equations (6.27) - (6.29).

Equation (6.27) means, quite naturally, that the eikonal has to be continuous
on the central rays.

Let us check that equation (6.28) is already satisfied due to Snell’s law. To
this end consider, for example, the case of refraction.

Introduce 7;y, = ™ — @in, and 7y, = T — @y, then, obviously,

- o ™ )
(to(ss),¢) = cos(m — 5 Yin) = SinYin
Accordingly,
5 - v )
(Fo(s).0) = cos(F ) = sim i,

and, hence, equation (6.28) takes the form

1 . 1
mn vy =
Co(ar,) "M

701(M*) Sin ¥in
which is precisely Snell’s law.

Consider further equation (6.29) in the case of a reflection. For that matter
see also Fig.6.2.

According to the orientation of the local coordinates chosen at the point of
incidence s = s, and the definition of the incident angle ~;,, we get the following
formulas for the scalar products involved in equation (6.29)

!

(CvFO) = ( ’ 0) = Sin’%n
(ﬁat_é)) = - ﬁa _E)) = COS%Yin

—
[

I

|

—~ o~
&

I

Q

@}

wn

2

3
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By inserting them into (6.29) we obtain

~ 1 d2~ 1 d~
F(S*)§ cos” Yin + KZO L2 sin® Y, — (84 SN Yin COS Vi % ) +
1 dTy
=D in 7 =
> cos 7, is |
1 d? d
F(S*)§ cos® Vi + KT; . 3 sin® i, — K(84) 8in i (— cOS Yin) % . +
1 d
§D(_ COS Yin) % .
Then, after some algebra we get
~ 1 1 1 d2 dg,,
F(S*>§ c0s” Yin = F(S*)§ cos® Yin + B sin® i (KZO . - KZO S*> +
b i (6(s) + As.))s D L (6.0)
————(Kk(8+) + R(84)) sin Vi, cos Vin — D cosvip ———~ . (6.
C(M*) i g 7 C(M*)

Now let us take into account that ' = P/Q, where P and @ are to be solutions
of the equations in variations, and let us derive the initial conditions for them on
the interface, i.e. at the point s = s, = §.

It is obvious, that all incident and reflected (refracted) rays remain to be con-
tinuous on an interface. In the ray centered coordinates they are described by
the functions ¢ = ¢(s,7) and ¢ = §¢(8,7), respectively. It follows from equations
(6.23) and (6.25) that in order to achieve continuity for the rays on S, in the first
approximation, ¢ and ¢ should satisfy the following condition

q

({5 éls4))

q

=(= ———

S (E) 5(5*))

S

Now, taking into account that () and Q are derivatives of ¢ and § with respect
to a ray parameter v, we arrive at the following equation

_ Geed) gy (6.31)

which provides a natural initial condition for Q(é) at the point § = s, on the
interface S.
In the case of reflection, equation (6.31) yields

Q(s+) = —Q(s4) (6.32)

and therefore we get from equation (6.30) the following relationship between P
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and P
P(S*) = _P(5*> — tan® Yin (% - C(l;;;o ) Q(S*) - (6'33)
1 - 1 1
_ mQ tan v, (K(s«) + R($4))Q(s4) + 2DCOS’me(s*)C(M*) .

Thus, equations (6.32) and (6.33) are the desirable initial data for Q(s), P(s)
at the point of incidence on the interface. If we solve the equations in variations
along the reflected central ray with the initial data given by equations (6.32),
(6.33) we shall obtain the geometrical spreading on this ray.

It is convenient to present the final result in a matrix form

(5) (%)

with the 2x2 matrix M having the following form
-1 0
M= 5

2D K(s«) + R(sx) 9
My = - 2t in —t in
T O cosy,  CQL) e

where

ds? ds?

d2’7'(] d27~'0>

Sx

Note that in the case of a tangent incidence v;, = m/2 and cos~;, = 0 and
therefore My, becomes singular. That means that the ray method cannot be used
in this situation.

Remark. J-scalar product in 2D.

In case of a 2D problem, matrix J should be written as follows J = ( —01 (1) >

and column-vector X takes the form X)) = ( %ﬂ ), j=1,2.
j

Let us make sure that the reflection matrix M is a symplectic matrix, i.e
M”IJM = J. Indeed, for the left-hand side of the latter equation we obtain
consistently

T _ -1 Mgl 0 1 -1 0 -
MPIM = < 0o -1 -1 0 My -1 )
_ —M21 -1 -1 0 _ M21 — M21 1 _
o 1 0 My -1 )7 -1 0/
0 1
- ( ol ) -7
It follows from that fact that the J-scalar product of two arbitrary solutions

of the equations in variations is preserved for the reflections. It is not difficult to
see that this result holds true for refraction as well.
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6.4 Initial data for the geometrical spreading on
an interface in 3D: the main results

A 3D medium equation of the interface in a vicinity of the point of incidence can
be written in the following form

2
1
=3 Z Di;GiG+ -+, (6.34)
i,j=1
where n is the distance to the interface along the normal and (;, (> are some

orthogonal coordinates on the tangent plane.
Instead of equation (6.17) we get, in this case, the following one

7(8,q1,q2) = To(s«) + (6.35)
dro 0| (s— s*
E (S - 8*) + F + = Z F’L] qz%
S s i,j=1

The next step consists of deriving connecting formulas between two coordinate
systems: the local coordinates n, (y, (> in a vicinity of the incident point on S and
the ray centered coordinates s, q1,qe. These formulas come out from the vector
equation = .

7o(s) + q1€1(s) + q2€2(s) = To(sx) + nii + (1G1 + (2, (6.36)

after accurately expanding the left-hand side into a power series with respect to
s — 84 up to the second order term.

After that we have to calculate 7 on S for the incident, reflected and trans-
mitted rays. By comparing these formulas for the eikonals, we obtain relations
between the matrices T', T' at the incident point M,. To get initial data for Q(s*)
and P(s,) we have to add the condition in which the rays from the ray tube are
to be continuous on the interface.

Final results can be presented in a matrix form.

Let us denote by X@), 7 =1,2, solutions of the equations in variations on the
reflected (transmitted) central ray, then at the point s = s, we get

X0 (s,) =MXU)(s,) (6.37)

where under X ) (s) we understand the solutions of the equations in variations
on the incident central ray, and M is a matrix 4x4. It contains derivatives of the
velocities and coefficients D;; from equation (6.34). It can be verified that M is a
symplectic matrix and therefore the J-scalar product is preserved for the reflected
and refracted rays, i.e.

(JX(U’X'(Q)) - (JX(l)’X(Q)) )

Example. Reflection on a curved interface in a homogeneous medium; a 2D
case.
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Assume the interface is given by equation (6.16) in local coordinates in a vicin-
ity of the point of incidence

1
— D2y
v 5 ¢+

The initial conditions on the interface take the form

{ Qlse) = —Q(s.)

P(s.) = —P(s:) + =22 —Q(s4)

C cos Yin

due to d?7y/ds® = d/ds(1/C) = 0 and k = 0 in a homogeneous medium.
The equations in variations are the following

d d ~ -
£Q=CP £Q:CP
J and J

~p= ~p=

ds 0 ds 0

In the case of a point source we had before P(0) = 1/C, Q(0) = 0 and therefore
Q(s) = s, P(s) = 1/C. The general solution for ) and P reads Q(5) = CP(5 —

S«) + Q(s4); P(3) = P(s.) = const.
Hence, on the interface we obtain

Qs.) = —Qls.) = —s.
1 2D

P(s. ——t———s,.
(5) C+Ccos'yms
Finally,
x Sx -
s)=|—-1+4+2D — 84) — S«
Q@) = (-1+20 2 ) -5

and for the geometrical spreading on the reflected central ray we obtain the fol-
lowing formula

oA | e 54(5 — s4)
T= 100 = |6 -5 = 5. 4 207




The ray method in elastodynamics

7.1 Plane waves in a homogeneous isotropic

medium

Plane waves can be regarded as the simplest solution of the equations of motion
which, at the same time, illuminate the main peculiarities of those equations in

elastic homogeneous and isotropic media.
Let us start with the equations of motion in the form

o oU, 02U 02U

A+ ) m—5—+ = j=

0x; Oy | ' Ozn0x, L 02
and seek a solution in the following form

U, = Ape'® . o =—wt+ knTm ,

1,2,3,

(7.1)

(7.2)

where the vector-amplitude A is constant, and the phase function ¢ is a linear
function of all arguments. This implies that w,kq, ko, k3 are also constant. It

follows from formula (7.2) that

02U,

, By
OYi _ f.piv; P _
Ox,, i€ Zaxn " 9x,0T,

o oU, s g Op Op
= AP (i) .
Oxj Oz, ne'(0) Oz, Ox;

ip 2 Op Op
o =A@ g

By inserting the latter results into equations (7.1) we obtain

dp 8g0A Oy 879014_7 dp Oy

b — 27y,
0x; Oz " MOy 0z, 0 Pot ot 0

89

j:17273a
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and then
(/\ + u)k]knAn + (:uknkn - pWQ)Aj =0, j=123. (73)

Let us introduce an additional notation
A = pkpkn — pw? = plk> — pw?.

Then a linear system of equations (7.3) for vector-amplitude A can be written in
the matrix form

NA=0 (7.4)
where
A+ wkiki + A (AN + p)kiks (A + p)kiks
N= | (A wkky A+ wkoky + A (N4 p)koks
(A + p)ksky (A + p)ksks (A + wksks + A

It is well known that a linear system of homogeneous equations (7.4) has a
nonzero solution if and only if det N = 0. We must then calculate det N.

Evidently, we can decompose det N as 22 determinants, but only the following
four of them do not vanish

kiky 0 O AN kiky O
detN=(A+p)| kaki A 0 |+ (A+p)| 0 keka O |+
kski 0 A 0 kska A
A 0 kiks A0 O
+A4+p)| 0 A keks |+]0 A 0 |=
0 0 ksks 0 0 A

= A+ WETA% + (A + w)k3A% + (A + p)k3A% + A% = A% + A (A + )|k .
Hence, the characteristic equation det N = 0 takes the form
detN = A2(A+ (A + p)|k>) =0
and gives rise to the following two possibilities.

1. A compressional wave:

A+ A+ kP =0= A +2p)kf* - p® =0=

- 2 A+ 2 [A+2
:>|k“2:w—2, 0422 +U’ o = +M7
« P P

where « is the velocity of the compressional waves.
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2. Shear waves:

2
M0slif=ty, #eb o 2
g B2 p p

where 3 is the velocity of the shear waves.

Next, we have to construct eigenvectors A for both cases 1) and 2).

Evidently, in case (1) we have only one eigenvector apart from the normalizing
factor. Suppose further that A is constructed. By multiplying equation (7.4) by
A we obtain:

-,

(NA,A) = > NomApAm = (A + m)knkm + Adpm) AnAp,

= > [+ wknkm — A+ 1) K00 ] An A,

= A+ ) [k A)F A) kP4 4] =0.
Due to A + p # 0 we get
(k, A)(k, A) = [k[*| A7,

which implies that the wave vector k and the amplitude A are collinear, i.e. k T A
or k |] A.

Definition: We say, in this case, that the polarization of the compressional
plane wave coincides with its direction of propagation fixed by the wave vector k.

In case (2) we can construct two mutually orthogonal eigenvectors A due to
matrix N being symmetrical. This fact is well known in linear algebra. =

Suppose now that A satisfies equation (7.4), then by multiplying it by A and
taking into account that A = 0, we obtain

(NA,A) =Y NoumAn A = A+ 1) Y knkmAn A = (A + p)(k, A)(k, A) =0

n,m n,m

and therefore .

(k,A) =0
which means that the polarization of the shear plane waves is orthogonal to the
direction of propagation.

Hence, in this case we get two shear plane waves having orthogonal polarization.

Definition: The slowness vector p is defined by the formula k= wp.

Due to k]2 = w?/c? we get [p]2 = 1/c2.

Let us now formulate the main results of the section.

In a homogeneous isotropic medium three plane waves may propagate in any
direction fixed by the wave-vector k. The fastest one is a compressional wave, or P-
wave, its polarization being colinear with the direction of propagation. Two shear
plane waves, or S-waves, have the same velocity of propagation, but mutually
orthogonal polarization. Their polarization, in both cases, is orthogonal to the
direction of propagation.
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7.2 Reflection/transmission of plane waves on a
plane interface

Similar to the plane wave propagation in an unbounded medium, the plane wave
reflection/transmission on a plane interface is an important phenomenon not only
for tutorial reasons, but also for important applications in geophysics. It should
also be emphasized that the mathematical technique used for studying this phe-
nomenon, in the case of plane waves, underlies, in fact, investigations of corre-
sponding problems both in the ray theory and in the Gaussian Beam method.

If a medium under consideration contains interfaces some boundary conditions
should be imposed on them.

The most typical and widespread boundary conditions in the theory of elasticity
are the following:

1. an interface between two media,

2. a traction free surface.

In the first case, boundary conditions result usually from the wedded contact
of both parts of the medium separated by an interface. This contact prevents
diffusion of the material across the interface and the sliding of two solid media
along the separating interface. In the second case, we may consider a contact
between a solid medium and vacuum.

For the sake of simplicity, consider a traction free surface. We assume the
interface to be a plane. The corresponding boundary conditions can be precisely
satisfied by means of plane waves.

We consider the special Cartesian coordinates 1, 2, 3 with the origin located
on interface S and x; directed along a normal to S.

We shall denote the normal to S by 7 following our former notations. The
incident plane wave U is assumed to be given in the x1, x5, 3 coordinates.

The boundary conditions on a traction free interface S can be formulated as
follows. Traction T'(77) acting on the interface S with normal 7 is equal to zero,
ie. T; = 7;m; = 0 for ¢ = 1,2,3 where 7;; are elements of the stress tensor. In
our case 7 = (1,0,0) and therefore T; = 71; = 0. This means that

T11|S:0, T12|S:O, T13|S:0. (75)

In order to satisfy equations (7.5) we suppose that two reflected waves appear on
S, namely, reflected S and P waves.
Let us introduce the following notations:

gln) = An)eivin  for the incident wave,
U® = P for the reflected P-wave,
U = §Meiers  for the reflected S-wave,

where, of course, the phase functions ¢ are linear functions of their arguments, for
instance,
— in
Pin = —wint + k;"z; and so on.
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Incident wave Reflected S and P waves

Trs

Yin
Yrp

Y

T

Figure 7.1: Reflection of an incident wave on a traction free plane interface.

The total displacement vector U takes the form
G = 0 1 g0 4 7). (7.6)
For the stress tensor 7; we have the following formulas

_ oU
7'11:)\(11VUY—|—2/J,—17 le:M(

Uy, aU;
81‘1 ’

i LS (7.7)

Now we have to insert equations (7.6) and (7.7) into equation (7.5). Note that
the equation of the interface S has the form

To this end let us look at any derivative of the displacement vector, for example,

O yytim) — glim) g 0Pin _ jiein gl pin

0xy Lo,

Thus, after inserting such expressions into the boundary conditions we get e’ for
each wave and in order to satisfy equation (7.5), identically with respect to time
and coordinates zs, x3 on the interface, we have to impose

4‘01'”‘11:0 = @Tp‘zlzo = SOTS’xl:O . (7.9)

It follows immediately from equation (7.9) that

1. win = wrp = wrs = w, l.e. circular frequency w is preserved for the reflected
waves.
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2. The projection of the wave vector k onto the T9,x3- plane is the same for
each wave, i.e.

R — (K )i = R — (R, = R — (K@i (7.10)

giving rise to Snell’s law.

Indeed, Ei”, ke , ks and i belong to the same plane. Then, taking into account
that |k| = w/C, where C;, is the velocity of the incident wave, and

- - - -

k]2 — (B, )2 = (F,i2)? + (K,i5)?

where 52,2?3 are unit vectors directed along xo,x3, respectively, we obtain from
equation (7.10)

2 2 w2

w_2 sin? (K, i) = w_2 sin?(K"P, 1) = — sin® (k" 1) . (7.11)

Ccz, « 32
In equations (7.11) we denote by (k, ) the angle between the wave vector k and
the normal 7 to the interface. By introducing the incident angle ~y;, and the
reflected angles v,p, 7rs we can rewrite equations (7.11) as follows
Siny,  sinvyy,  sinvys

e (7.12)

Note that equations (7.12) hold true both for the incident P-wave and the S-wave.
To this end we have to replace velocity Cy;, by « or 3, respectively.

7.3 Reflection coefficients

It is clear now that all exponents e’ can be canceled out in equations (7.5) and
therefore the equations lead to a linear system of algebraic equations for unknown
vector-amplitudes of the reflected waves.

Consider first

TllediVﬁ+2u%.
1

After some mathematics we obtain

7'11‘5 =0— )\(Pér)kr(fp) + S,(LT)kfITS)) + 24 (Pl(r)kgrp) + Sy)kgrs)) =

Then, from 74 |S =0 we get
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Using the scalar product, the first equation can be written in the form
M (ﬁ(r), k0P 4+ (80 E(TS))} + QM(Pl(T)kIp) + SY)kYS)) _
= (A Y 2 AT R
where, obviously, (g(r), E(TS)) = 0 for the shear wave.

Let us consider further a particular case when the incident wave is a P wave
and the incident plane coincides with the x1, x5 - plane, see Fig. 7.2.

Gers)
pin) Brp)

To S

Y

T

Figure 7.2: Reflection of an incident P-wave on the traction free plane interface S
and the position of the polarization vectors.

Evidently, in this case we have
kP =0, k™M =0, k=0 P =0 A =0.

Hence, from 713 ’ g = 0 we obtain S§”)k;§”> = 0 and therefore S’:(,)T) = 0 which means

precisely that the vector S(r) belongs to the plane of incidence too!

Now let us consider the system of linear equations in more details in order to
find the reflection coefficients.

It is convenient to re-denote A(im) by P From T11]s = 0 we get

A(PD,EP) 4 2P + 87k ) = (7.13)
— _A(PO™) ) — 9y plm p{m)

Then, equation 713| ¢ = 0 is already satisfied.
Equation 7'12‘ s =0 takes the form

Pl(r)kérp) + P2(r)k](j"p) + S]{T)k;érs) + Sér)k](:rs)

- (7.14)
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Now let us introduce the incident angle «;, and the reflected angles 7,, and

Vrs-
For P - waves we get:

Yin = Yrp
[Fim| = g =2
«
(p’(in),];’(in)) — ’ﬁ(in)HE(m)‘ (7.15)
PE = B0 cos i P = PO s,
B = (R cosmns K7 = [R5 sy
For the reflected P-wave we obtain
(P F) = o)
P = <[P cosyy = =] B0 coni
B = B oy = [P s (710
P = [PO)]singny = PO s
kérp) _ V;‘(rm‘sm%p:\E(Msm%n.

For the reflected S - wave we get the following results:

SY) = ’5(7') ’ cos (g - %s) = ‘g(r)‘ Sin Y

kYS) _ 7|E(rs) | COS Vs (717)
S = 150 cos e

kg's) _ |E(TS)| sin Yrs -

By inserting equations (7.15) - (7.17) into equation (7.13) we obtain
|POYECP| (X + 2 c08® 3i) — | SO RS |psin 2y, = (7.18)
= —| P | K| (A + 24 cos? in,)
From equation (7.14) we get
| PO |EP) | sin 245+ | SO [ET) | cos 29,5 = [ PO |[K0 | sin 273, . (7.19)

Thus we arrive at the linear system of algebraic equations with determinant A
being equal to

A = |1§(rp) | |]_€'(T5){ (A + 2 cos® v, ) 08 2, + psin 2, sin 27, | =
2

= w_ﬂ [(A+2u 08 Yin) COS 27,5 + 1 8in 2,5 Sin 2Yrp] -
«
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By solving the linear system of equations (7.18) and (7.19) with respect to P
and S we obtain the following results

’ﬁ(r)‘ = Rpp‘ﬁ(m)’ ) ’g(r)| = Rsp‘ﬁ(m)| J (7.20)

where R, and R, are called the reflection coefficients and
2
w

Aaf
2

w .
R, = @2()\ + p) sin 2;,

Rpp =

[,u Sin 2y, sin 27,5 — (A 4+ 2u sin? Yin ) COS 2%5} ,
(7.21)

Thus, we observe that the traction free plane interface being impinged by a plane
P wave gives rise to two reflected plane P and S waves. They jointly and exactly
satisfy the boundary conditions on the interface. Clearly, the reflected P and
S-waves are uniquely constructed.

To summarize the final results let us introduce the following definitions:

a) The shear wave polarized in the plane of incidence is called SV - wave (its
polarization vector is on the vertical plane, i.e. V' - plane).

b) The shear wave polarized perpendicularly to the plane of incidence is called
SH - wave (its polarization is on the horizontal plane, i.e. H - plane).

Free surface reflection coefficients can be listed as follows

SH — SH, no critical incidence.
P — P and P — SV, no critical incidence.

SV — SV and SV — P, critical incidence can occur.

Apparently, the procedure described above can be extended to other boundary
conditions almost straightforward, though it will require bulkier calculations.

7.4 Basic equations of the ray method in elasto-
dynamics

Similarly to the wave equation, we can develop the ray theory in elastodynamics
as an extension to the theory of plane wave propagation in homogeneous medium
applied to a heterogeneous but slowly varying one. In the latter case we suppose
that the characteristics of the elastic medium remain to be almost constant on
the wavelength interval in all directions. Apparently, this has a heuristic rather
than precise mathematical sense, but it allows us to understand more clearly the
calculations necessary for deriving the basic equations of the ray theory.

We consider below an inhomogeneous but isotropic medium. The elastic pa-
rameters p, A, u are supposed to be smooth functions of the coordinates.
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The elastodynamic equations for the displacement vector U read

82Uj 82U1 oA 8U 8,u 8Ul an 62U1
At n) 0z;0x; +M8:rj8:cj " o dx; Ox; * O0x; ((’hj * 6‘12-) Poe > (7.22)
i=1,2,3.

If we take into account that
8u oU; % oU;
8£EJ ﬁxl al’j 8xj

then we can present the equations in the following vectorial form

[Vu, rot U]

.
A+ @)V div U + pAT + VA div U + [V, rot U] + 2(V, V)T = p% . (7.23)

In the case of a harmonic in time wave field, or in the case of the ray method
in the frequency domain, we seek a solution of the elastodynamic equations in the

form . o
U=Ae w0t 2=_1, (7.24)

where A is the amplitude and 7 is the eikonal.

Unlike the case of homogeneous media we cannot expect the amplitude A and
the eikonal 7 to be a constant and a linear function of the arguments z;, j = 1,2, 3,
respectively. Therefore for derivatives of the displacement vector (7.24) we get

Uk 0 misi=r) _ gmiclt=7) [Z o 4y 3Ak]

O0x; Ox; O0x; Oz
02U, ———y 5 0T 0T . or 0Ag L9 T 0Ag
Or;0r; axl dx; dx; dx; | Ox; Oxp

+ 827' A + 62Ak
8x18w]— k 8xlé)xj '
By inserting expression (7.24) into the elastodynamic equations (7.22) and by
canceling the exponents, we arrive at the following equality
or Ot or Ot
2
— A ——A; A
w {( 1) g 02,4 o aa, ’“}

or 0A4; Ot 8A- o?r
; Y —_ 7,y 2Ty T A
oW {( ) (8wk O0x; * Ox; Oxy, * Ox,0x; J> -

or 0Ay 0%t oX O
G (23—% B804 ) T B 0, 0 T
ou (Ot or
* g (e )+
024, 2Ar 0N OA;  Ou [0A,  0A;
* {()\—l—,u) O0x0x; +M83:j8xj o dxy, O o, Oz <3m] %)} B

= —w?pA,, k=1,2,3.
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By gathering the terms of the same order with respect to w, we can present
the latter equations as follows

—w?Np(A) + iwMy(A) + Li(A) =0, k=1,2,3, (7.25)
where
or Ot or or
Ny = (>\+M)87,kaTCjAj + {N (a%a%) P} A,
o or 0A; Ot 04; foats '
Me(d) = (A +p) (63% Ox; N Ox; Oz, Bxkﬁa:jA] *
or 0Ay 0%t o Ot
G (25737 B, 07, ) B 0, 0
ou (Ot or
+ 6—% (8—%14]6 + 6—a:kA7> R
and
%A, 0% Ay, ON 0A;  Ou (OAr OA;
Ly = J OA 045 | Op (04w, 04,
k (/\+u)8xk8xj +u8xj8xj 3xk 81']' + 8xj (8% axk)

Next, let us present the amplitude Ain equation (7.24) as an asymptotic series

A= i i (7.26)
n=0

(iw)"

and insert it into equations (7.25) for the amplitude. Due to the fact that Ny,
My, L, k= 1,2,3, in equation (7.25) are linear operators we can present the final
result in the following form

m=—2 m=—1 m=0

Indeed, for example, the corresponding calculations for the operator Nj are
the following

2 - ﬁn - . 2N ﬁn
—Ww Nk (Z (zw)”) = Z(zw) ﬁ =

n=0

By collecting terms with equal powers of iw in equation (7.27) and by equating
them to zero we arrive at the recurrent system of equations
Nk (ﬁo) = 0 9
N (1) + My (d,) =0, (7.28)
Nk(ﬂm+2)+Mk(ﬂm+1)+Lk(ﬂm):0, m=20,1,2,..., k=1,23.
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In principle, equations (7.28) can be solved step by step and we can construct
an arbitrary finite number of terms in the asymptotic series (7.26). Unfortunately,
corresponding formulas for i, are given implicitly and that causes difficulties in
their applications. It should also be noted that the mathematical procedure for
solving equations (7.28) possesses the following specific property. The first equa-
tion in (7.28) is actually a homogeneous system of linear algebraic equations with
respect to the coordinates of vector i, and we look for a nontrivial solution of
it. Suppose it is solved. The second equation then is already a non-homogeneous
system and we have to solve it in this case when the corresponding homogeneous
system has a non-zero solution. But it is known in linear algebra that the neces-
sary and sufficient condition for this reads (in case the main matrix of the system
is symmetrical): the right-hand side of the non-homogeneous system must be or-
thogonal to the solutions of the corresponding homogeneous system. It is precisely
this condition that gives rise to the transport equation. This property summarizes
all successive equations in (7.28).

7.5 The eikonal equation

Consider first the following equation
Ni(dp,) =0, k=1,2,3. (7.29)

Being a linear system of homogeneous algebraic equations, it can be presented
in the matrix form

Nu, =0,
where N is the following 3x3 matrix
or Ot
Nij = (A —_—— V)2 — p)ok; -
kj ( -|—,LL) 6l'k; 8.13] + (,u( T) p) kj

Hence, equations (7.29) will have a non-zero solution if and only if det N = 0.
By denoting by A the following expression A = u(V7)% — p we get (compare with
equations (7.4)!)

or Ot or ot or Ot
<A+“)a_xla—x1 +A ()\+’u)8—x18—x2 ()\+M)3—$18—x3
or or or Ot or or

d N: _— _— _— =
ot (>\ + /~L) 8.132 81‘1 ()\ + 'u) 8$2 61‘2 + A (>\ + M) 81‘2 6I3
or 4, or or or oOr
(/\+M)8—xg,‘9_wl (/\+M)6—x38—x2 (A M)a—xga—xg

RGN COIE

=AM+ (A +p)(V7)?).
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Thus, equation det N = 0 leads to the following possibilities.
1) Compressional waves:

A4 A+ (V)2 = +2u) (V)2 —p=0

and ) A4 2
2 _ 2 _ H
2) Shear waves:
1 %
A:u(VT)Q—pzo;s(vT)sz—w b2:;. (7.31)

Thus, similarly to the case of plane waves in homogeneous media we get two
velocities a and b for compressional and shear waves, respectively. But unlike that
case, in inhomogeneous media we obtain a partial differential equation (7.30) or
(7.31) for the eikonal .

7.6 Transport equations

Transport equations for the main term w, of the ray series arise from the second
equations in (7.28)
Ni(t1) = =M (d,), k=1,2,3. (7.32)
Further, it is convenient to write down operator M), in the vectorial form. If
we put, as usual, M(zﬁ_l') = Mk(/f)?k, where iy, k = 1,2,3 are the basis vectors of
the Cartesian coordinates, then after some mathematics we obtain

MA) = A+w){Vrdiv A+ V(Vr,A)} + u[2(V7, V)A + ArA] +
+ VAV, A) 4 (Y, VTV A + (Y, AV, (7.33)
or
MA) = \+p)[Vrdiv A+ V(A V7)] + pATA+20(V7, V) A +
+ VANV, A) + [V, [V7, A]] + 2(V, V) A . (7.34)
Compressional waves. .
In this case we may seek the amplitude A in the form
A =i, = p,aVT, (7.35)
where a = At 2 is the velocity of P-waves.

p

Further, we need to use the following auxiliary formulas:

div A = ©,aAT + 0o(Va, V) + a(V,, VT),
V(Vr,Ad) = V (ﬁ) :

a

—

1 1
(VI.V)A = a(V7,Vo) V7 +00(Vr, Va) V7 + 500V <§) |
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One can verify them by inserting equation (7.35) for amplitude A into the
left-hand sides of the latter equations.

Now let us check that @, given by formula (7.35) satisfies the homogeneous
equations N, = 0. Indeed, by inserting @, into equations (7.29) we consistently
obtain

. 3 or Ot or
Ni(lis) = gon Y2 |(A )z o+ Adyy | 5T =
n=1 n n

or or
= ol {(A + H)aixk(vﬂz + A(%J =

B or 9 B B
= gpoaaxk [(A+ (V) +A] =0, k=1,2,3,

due to A = —(\ + p)(V7)? in the case under consideration.
Therefore for that non-homogeneous system of equations (7.32) admitting a
solution with respect to 7, we must impose the following equation of orthogonality

—

(M(d,), 1,) = 0, which is equivalent to the following
(M(a,),Vr) =0. (7.36)

Then, by inserting the amplitude %, in the form (7.35) into equation (7.34)
and multiplying it by V7, we get

(M (), V7) = (A + ) [(V7)2{0oaAT + ¢0(Va, VT) + a(Vipo, VT) }
+ (V%,VT>} +uAT<p0a(VT)2+

1 1
+ 24 [a(VT, Vo) (VT)? 4 ©o(VT,Va)(VT)? + 5 Poa (Vﬁ’ VT)] +
+ (VA V7)0oa(VT)? 4+ 2(Vi, VT)poa(VT)? .

Finally, taking into account that (V7)? = 1/a® we obtain the following result
7 [ 2 o
(M(ii,), V7) = (A + 2u)%AT + = (Vo VT) A+ 20) + ‘% (V7 V(A +2p)) =
1
= —{2(V7, Vgo)a®p + a’ppo AT + 9o(V7, Va?p) }

due to A\ 4 2u = a’p.
Now the transport equation for ¢, follows from (7.36) and takes the form

2(VT, Vo )a’p + a? ppo AT 4+ ¢ (V7,Va?p) = 0. (7.37)

As a final step let us seek a scalar amplitude ¢, in the form

1

800 = m@o .
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Then we get
1 1 @
Voo=—"7==V@, — ————7>
v a?p 70Ty (a2p)3/2

and by inserting the latter formula in equation (7.37) we obtain

Va?p

2v/a?p (V7,V@,) — 2o (Va?p, VT) +v/a2p po AT + o (Vr,Va?p) =0.

Vazp aZp

Now it follows from the above that ¢, has to be a solution of the equation

2(VT,V@,) + o AT =0, (7.38)

which is exactly the same as we had in the case of the wave equation!
We know that a solution of the transport equation (7.38) can be written in the

form
2 Yo(a, ) g 1| D(x1, 2, 23)

D(r,«, 3)

o Y -
1y a

a

)

where 7, «,  are the ray coordinates and J is the geometrical spreading of a ray
tube.

Shear waves.

Let us seek amplitude #, in the form

i, =Bi"Y +cg® , (7.39)

where B and C' are some unknown scalar functions and §®), k = 1,2, are mutually
orthogonal unit vectors. Note that both of them are orthogonal to V7, i.e.

(Vr,g®) =0, k=12 (7.40)

It follows immediately from here that both BG™") and C§® satisfy the ho-
mogeneous equations (7.28). Indeed, in the case under consideration A = 0 and
therefore

or

Ne(@7) = A+ g (Vrg?) =0, k=123 j=12.

This time we must impose two conditions of orthogonality (1\7[ (Uo), g (k)) =0,
k =1,2, in order to make the non-homogeneous system (7.32) a solvable one with
respect to 7.

By using formula (7.33) for M (/T) and multiplying it by §*) we get

- -

(E(A), M) = 20((V7, V)A,§%) + Ar(4,§%) + (Vu, V7) (4,5D).

Then by inserting A = i, into the latter equations we obtain

-,

(M(A),5Y) = 2u(V7,VB)+ArBu+(Vr,Vi)B + (7.41)
+2u[B((Vr, V)gD, g0 + C((Vr, V)F®, 5D)] |
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and

-,

(M(A),5%) = 2u(V7,VO) + pArC + (Y, V7)C + (7.42)
+2u[B((Vr,V)gW,§®) + C((Vr, V)§®,5@)] .

Let us consider in more details the following operator

ar 0
Vr,V)= ——.
( T ) 6xj 8xj
If {'is a tangent vector to a ray of unit length and s is the arc length along the
ray, then we have

t - 1d
vVr,V)=(-,V | =-(V)=-—,
( 7_7 ) <b7 ) b( Y ) b dS
where b is the shear wave velocity and d/ds is derivative along the ray. Hence,
in equations (7.41) and (7.42) derivatives of vectors §*), k = 1,2, along the ray
appear, i.e. we have to calculate (d/ds)§® k =1,2.
Suppose, we choose vectors § %) as follows

M=, §¥9=6,

where €7, €5 are unit vectors of the ray centered coordinates. In this case

d d - 1 b
Gom _ 2o _ - -2 =1,2
dsg dsem K:m ) /{’m b aqm q1:q2:O 7m ) )
and formulas (7.41) and (7.42) take the form
(M(A),g W) = (M(A),&) =2u(V7,VB) + uBAT + (V7,Vu)B,
(M(A),&) = 2u(V7,VC)+ uCAT + C(VT, V),

and we obtain two independent transport equations of the same type

2(Vr,VB) + BAT + (V7,VInpu)B =0,
2(Vr,VC)+ CAT + (Vr,Vinpu)C =0.

By substituting B and C in the latter equations by

B C
= and C=— (= pb?
Vi Vi =eb)

we obtain the transport equations which coincide with the transport equation
derived in Chapter 1 for the scalar wave field

2(Vr,VB) + BAT =0,

o (7.43)
2(Vr,VC) + CAr=0.
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Finally, we obtain the following formulas for B and C

(1) (2)
B: o (a75)7 C,: o (avﬁ)’ le D("El,.’bg,l'g) , (744)
1 1 b| D(r,a, )
I i

where, in general, functions wc(,l) and wf,z) are different.

Summary

In elastodynamics we have a family of P - rays propagating with velocity
a = +/(A+2u)/p. The corresponding ray - method formula for P wave reads

77[10(0476) eiw(r—t)
(1/a)J +/a?p

Then, we also have a family of S - rays propagating with velocity b = \/u/p
and two shear waves

U= avr . (7.45)

(1)
g _ Yo’ (a, B) Gtz
ST/

(2)
U"(Q) _ ¢0 (Oé, ﬁ) eiw(T—t)gz )

NODINGT,

Note that vectors €7, €5 of the ray centered coordinates seem to be more conve-
nient for describing polarization of the shear waves then the normal and binormal
to the ray, because the polarization vectors rotate with respect to the normal and
binormal while propagating along the ray. Apparently, we can construct a shear
wave of arbitrary polarization as a linear combination of UM and U® in equations
(7.46).

In order to apply formulas (7.45) and (7.46) we have to find appropriate values
for the functions v, and here we face the problem of initial data for the ray series.
Within the frames of the leading (or main) term of the ray series this problem
can be solved quite easily by means of matching of asymptotics. But this requires
rather bulky mathematics even for the second term of the series in case of a point
source. For that matter see, for example, Babich and Kirpichnikova (1979).

(7.46)

7.7 Point sources; initial data for P and S waves

Consider now two types of point sources: the center of dilatation and the center
of rotation, which are described by the following formulas, respectively,

F=—-V§M—M, and F=—rot(I6(M—M,)), (7.47)

where [ is a constant vector of unit length. Both of the sources are widely used in
theoretical geophysics.
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Initial data, i.e. formulas for 1/)0,1/1(()1), (()2), can be obtained by matching the

main terms of the ray series in a vicinity of the sources and the exact solutions of
corresponding problems for a homogeneous isotropic medium.

As a first step, we have to freeze the density p and Lame’s parameters A, p by
their values p,, Ao, o at the source point M,. Then we arrive at the elastodynamic
equations for a homogeneous isotropic medium

- L. U
(Ao + o) V(div U) + poAU + f = Po gz - (7.48)
Equation (7.48) can be rewritten in an equivalent form
g S U
(Mo +2u0)V(div U) — porot(rot U) + f = Po g (7.49)

if the following identity is used
AU = V(div U) — rot(rot U) .

In order to obtain appropriate problems for equations (7.48) or (7.49) we have
to consider the harmonic in time wave field and substitute the density of body
forces f by one of the point sources (7.47).

The center of dilatation.

In this case we have

f=Vo(M — M,) (7.50)

and seek a solution of equation (7.49) in the form
U=e™va, (7.51)

where G is a scalar function.

By inserting formulas (7.50) and (7.51) into (7.49) and taking into account
the well-known identity rot VG = 0 we obtain the following equation for the
function G

V{(Ao + 240) div grad G + pw’G} = —=V§(M — M,) . (7.52)

Now this can be reduced to the point source problem for Helmholtz equation

2
1
AG+25G =

———45(M — M, .
G = g 0~ M), (7.53)

where a2 = (A, +24,)/po. Note that Sommerfeld’s radiation conditions have to be
added to equation (7.53) so that an appropriate unique solution can be obtained.
The radiation conditions mean that G must contain only the wave emanating from
the source, with a suitable decline of its amplitude with an increasing distance to
the source. Thus, we finally obtain from (7.53) that

1 . R
G= RO 20 2Mo)exp {zwa—o} , (7.54)
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where R = \/(z — 2,)2 + (y — Yo)2 + (2 — 20)2. By inserting formula (7.54) into
(7.51) we obtain a desirable result for the displacement vector U

F _ —iw(t—Rja,) _ % S
U=e InaZp, (%R wR2> VR. (7.55)

Due to VR = R/|R|, where R = (z — 2,)i + (y — yo)j + (z — zo)lg being the
radius-vector, formula (7.55) describes the compressional wave emanating from
the source. It has the form of a ray series, but it consists only of two terms. The
main term declines as R~! and the second one as R~2.

Now let us come back to the ray-method formula (7.45) for P-wave. In a small
vicinity of the source, the rays are almost straight lines, therefore in the first
approximation we have

T~ E : GOVT ~ — . (756)

Let angles § and ¢ (0 <0 <7m; 0< ¢ < 2m) of the spherical coordinates be
the ray parameters, then for the geometrical spreading J we have

J ~ s%sinf = R?sind . (7.57)

By inserting approximate formulas (7.56) and (7.57) into equation (7.45), we
get

—3 _ R =
B ) i Gt B
V(1 /a,)R?sin \a2p0 ||
By comparing the latter formula with the first item in equation (7.55) we obtain
the following expression for 1, (6, ¢)

e
o = %% : (7.58)
Ao \/p_o

Thus, the insertion of formula (7.58) into equation (7.45) completes the ray-
method expression for the displacement vector U in case of the center of dilatation
which can be used on an arbitrary but finite distance from the source.

The center of rotation.

Now we have - .

f=rot (l o(M — MO)) (7.59)

and seek a solution of elastodynamic equation (7.49) in the form
U =e ™ot ¢ (7.60)

with an unknown vector-function ¢. By inserting both (7.59) and (7.60) into
equation (7.49) we obtain consistently

rot {MOAJ—F pow21;} = —rot (fé(M - M,)),
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and

O =——I6(M—DM,), b= ps/po- (7.61)

Taking into account Sommerfeld’s radiation conditions (they must hold in this
case too!l) we get from (7.61)

=

b= jwR/b,} . 7.62
0= ook /b, (7.62)
Due to
- 1 ewh/bo w i 1 o
t — d l — - R.I iwR/bo
rot ¥ g [gra R ] AT 11, (boR wRQ) [VR.L]e

we obtain the following expression for the displacement vector (7.60)

U= 4:;0 (b:R - %Rz> [VR,1 Jexp [iw(R/by —1)] (7.63)

Note that the vector product [V R, ﬂ vanishes if VR is collinear with the vector
[. This means that the center of rotation does not irradiate along a straight
line fixed by the vector I. Polarization of the displacement vector U in (7.63) is
orthogonal to VR = R/|R]|.

Consider further the ray-method formulas (7.46) in a vicinity of the point
source. Apparently, equations (7.56) and (7.57) hold true in the case under con-
sideration if a, is replaced by the velocity b,. Let us set an initial orientation of
the unit vector €7 at the source point s = 0 by the formula

VR, R - 1
51 |s:0 = [ —’] = _—»71 = (764)
(VR LR ] [[VR]]
which is correctly defined when [VR,[ ] # 0.
Then UM in equations (7.46) can be rewritten in the form
Ha v (6.9) VR irpo
oM ~ ’ eiw(B/bo=t) (7.65)

V(b B2 sinby/Bp, [VR.T)|

By comparing now expression (7.65) and the first term in equation (7.63) we
obtain the final result

Y .
P50 (6, ¢) = %ﬁ| [VR,I]]. (7.66)

Clearly, we must consider w}f)(e, @) = 0 in this case.
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Remark.
Consider an unbounded homogeneous medium and assume for simplicity that
f =0. In this case we can introduce Helmholtz’s potentials © and ¥ as follows

—

U =grad ©, U=rot .

By inserting these formulas into the elastodynamic equations (7.48) or (7.49),
we can reduce them to the independent equations for © and T as shown above.
Then, in general, a solution of elastodynamic equations can be presented as the
superposition

U:grad®+rot 0.

If, however, there is an interface separating two different homogeneous media then,
usually, both © and ¥ should be taken into consideration in order to satisfy bound-
ary conditions on the interface. So, in such cases, problems for © and ¥ cannot
be split.

7.8 The ray method in a medium with smooth
interfaces

If an inhomogeneous medium contains smooth interfaces, some boundary condi-
tions should be imposed on the interfaces. They involve, in general, conditions
for the total displacement vector and the stress tensor. In order to satisfy the
boundary conditions we should follow the rationale used in the theory of plane
wave propagation in elastodynamics. But this time we have to take into account
only the main terms, i.e. terms which contain the large parameter w, if we work
with the leading term of the ray series. Normally, on the interface we obtain two
reflected and two transmitted elastic waves.

Let us consider a sequence of steps which should be taken to satisfy the bound-
ary conditions within a zero-order ray approximation.

Let us use the following notations

Ui, = ne' T for incident wave,

= 5 iwr®)

U® = PB.e“™"  for reflected P wave,

= & iwr(®

U® = S.e“"" for reflected S wave,

7(p) D iw‘rfp) .

Ug’' = P,e™™  for transmitted P wave,
. S (s) .

Ut(f ) = §,e®m  for transmitted S wave,

by omitting everywhere the time-dependent multiplier exp{—iwt}.

1. If we have only one incident wave in medium 1, we have to employ both
reflected P and S waves. Hence, the total displacement vector in medium 1
reads

— —

G0 g, 1 00 4 7
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In medium 2 we obtain

v =02 + 0.

. On the next step we have to gather the main terms of the stress tensor 7.

To clarify the situation, let us look at a derivative of the displacement vector.
For example,

div 0V = div (U’m + U;EP) + (jr(s)) _
T [iw(V i, /Ym) + div [fm] +
+ e [iw(Vr®), B) + divP.] +
+ e [iw(Vr), §,) + div 5] .

It is clear now, that the large parameter w appears as a multiplier if and only
if we differentiate the exponents, and amplitudes /T, S‘;, P. are not differen-
tiated in the main terms, i.e. they may be considered as constants (compare
with plane waves in homogeneous medial).

Such terms like div ff, div IBT, div §T do not contain the large parameter w
and because of that they may be omitted in the boundary conditions, if we
deal with the main term of the ray series. Thus, by introducing the wave
vector k through the formula k= wV T, we can eventually deduce that the
leading terms of the stress tensor will be precisely the same as in case of
plane waves in a homogeneous medium. But unlike the latter case, they
have to be calculated on a curved interface in an inhomogeneous medium
and therefore they remain to be functions of a point on the interface.

. By inserting the displacement vector and the stress tensor into the boundary

conditions we impose the following requirements on the eikonals

(p) |S (s) ’

Tin’s :Tr(p)|s :TT(S)’ = Tir = Tir

S S

which give rise to Snell’s law for the reflected and transmitted rays.

Now the exponents can be canceled from the boundary equations and we
arrive at a linear system of algebraic equations for the amplitudes of the
reflected and transmitted waves. Note that this system is precisely the same
which we had for the plane waves in homogeneous media with flat interfaces!
Hence, we can conclude now that the reflection and the transmission coeffi-
cients coincide with those known in the case of plane waves in homogeneous
media. But now they depend upon coordinates of the point of incidence on
the interface!
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7.9 Second term of the ray series and the problem
of validity of the ray theory

Let us derive the formula for the second term w; of the ray series in the case
of P-waves. To this end we have to consider the second and the third equations
in (7.28).

We seek the second term in the following form

i = ¢1aVT + ﬂ'l(o) , (7.67)

where Ul(o) is supposed to be orthogonal to V7. By inserting expression (7.67) into
the second equation (7.28) and taking into account that Ni(V7) =0, k = 1,2,3,
we obtain

Ny (@) = =My (it,) . (7.68)

In order to derive the transport equation for ¢ we have to consider equation
(7.28) for @s. Now, to make this equation solvable with respect to @y we must im-
pose the following condition of orthogonality of the right-hand side to the solution
of homogeneous equation

—

(- M(@) — L(a@,), V7) = 0. (7.69)

Let us develop equations (7.68) and (7.69) by employing expressions for oper-

ators Nj and M}, (see section 7.4). As the mixed term Ul(o) is orthogonal to V7
and A = —(\ + p)/a® in the case under consideration, we obtain the following

expression for it

) ad o

= 5 M), (7.70)

(o
Uy

Note that the right-hand side of equation (7.70) is orthogonal to V7. Indeed,
i, = po,aVT and the transport equation for ¢, was derived from the equation of
orthogonality (M (@,), Vr) = 0.

Consider further the scalar product (M (@), V7). Taking formula (7.67) into
account we get

—

(M (iiy), Vr) = (M(¢1aVT), V) + (M (@), V1), (7.71)

where the first term gives rise to the left-hand side of the transport equation
for ¢1 (see section 7.6). The second term in (7.71) should be regarded as an
inhomogeneous term for the transport equation.

By repeating the calculations in section 7.6, we get from the condition of or-
thogonality (7.69) the following equation for ¢,

]- v, o =g
{2V, Ver)a? o+’ por Ar 01 (V7 Va?p)} = — (M @)+ L(d,), V7). (7.72)
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Obviously, equation (7.72) is an inhomogeneous transport equation. By inte-
grating this equation by means of the procedure described in section 3.4, we arrive
at the final result

Y -t [ @ia) + L), veyr
‘Pl—m\/g{d)l( . B) 2/0 ﬁ\/;(M( N+ L(d,),V )d}, (7.73)

where 11 (o, 8) is a constant of integration, or initial value of ¢ at a point 7 = 0.

Apparently, similar calculations can be carried out for S waves. A correspond-
ing expression for the second term will contain the mixed term as well. But in
that case the mixed term is collinear with V.

In order to study the possible behavior of the second term with respect to the
distance to a source let us explore the following particular case.

Consider a 3D homogeneous medium. Suppose we have initially a plane wave
front with varying amplitude along it. Let it coincide with the z,y-plane and
study its propagation along the x axis. A corresponding family of rays is formed
by straight lines parallel to the x axis. Let the ray parameters vy, 72 be the
coordinates on the y, z-plane, e.g. 73 = y and 2 = z, then the family of rays is
described by formulas

r=ar, Y=y, Z=172, (7.74)
where 7 is the eikonal. It follows from equation (7.74) that

D(z,y,2)
D(Ta ’717’72)

1
J=-

1
a a

a=1.

According to equations (7.26) and (7.45) we get

a, = Yol o Yoly:2)7 (7.75)

Vpa Vpa

Thus, %, depends upon coordinates only because of function v, which describes
the initial value of the amplitude.

Consider further the mixed term ﬁl(o) given by formula (7.70). For a homoge-
neous medium we deduce from equation (7.33)

M(A) = A+ p){Vr div A+ V(V7, A)} + u[2(V7r, V)A+ ATA] . (7.76)

In the case under consideration 7 = x/a which yields A7 = 0, (V7,V) =

(1/a)(0/0x).
Then, taking into account that i, does not depend on z and by inserting ,
into equation (7.76) we obtain M (@,) = [(A + u)/(a/pa)|Vi), and therefore

@) = \f Vi, = \[ (awo L o ) (7.77)

Note that Vi), is orthogonal to the direction of propagation, i.e. to the z-axis.
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Thus, we come to the conclusion that if distribution of the amplitude along the
initial wave front is not uniform, i.e. 1, does depend upon the ray parameters,
the mixed term 12'1(0) appears even in a homogeneous medium. In our particular
case it remains to be constant along each ray.

Consider now the integral in formula (7.73). By inserting expression (7.77)

into equation (7.76) we obtain

M@y = (A + N)VT\/E div Ve, ,
and therefore

(M ("), V) =

>\+/¢A A tu <82w0 81/10) (7.78)

ay/pa ' ° ay/pa 8y2+(‘322
For a homogeneous medium the expression for operator E( _') takes the form

(see section 7.4)
L(A) = A+ )V div A+ uAA. (7.79)

By inserting expression (7.75) for @, into equation (7.79) and taking into ac-
count that i, does not depend upon z we obtain

(L(i,), V) = - “pampo . (7.80)

Now we are able to derive the final formula for the first item of the second
term (7.67) of the ray series. Indeed, by inserting formulas (7.78), (7.80) into
equation (7.73) we obtain

p1 = \/La_p {1/)1 (1,72) — %G2A¢o7'} (7.81)
where Av, = 0%,/0y? + 9?1),/0z? because 1, does not depend upon z - see
equation (7.75).

Based on the final formula (7.81) we arrive at the following conclusion: if the
distribution of the amplitude on the initial wave front is not uniform, and A,
does not equal to zero identically, the magnitude of the second term increases
proportionally to the distance from the initial wave front. According to the crite-
rion given in Chapter 1 we obtain a limitation to the validity of the ray method
formulas with respect to the distance, if the frequency is fixed, or with respect
to frequency, if the distance is fixed. But is this the only instance when the ray
method fails with an increasing distance to the source?

The following interpretation to the result described above can be given. Being
within the frames of the zero-order ray approximation, we can construct a beam of
the wave field which propagates along a straight line without spreading. Indeed,
in the case under consideration we have a family of rays parallel to the z-axis. By
varying the amplitude along the initial wave front, this ray field can be bounded
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in lateral directions. To this end ¥,(71,y2) should be identically equal to zero out
of some domain on the initial wave front.

Due to the fact that the energy propagates along the ray tubes and it has no
transversal diffusion, all energy of the initial wave field will remain in that beam.
And this beam does not spread in lateral directions at all because the geometrical
spreading is constant and independent of x - see equation (7.75)!

But such type of wave propagation phenomenon seems to be unrealistic and
incorrect from the physical point of view. Evidence of that exists in the ray theory
too but only if the second term of the ray series is taken into account! We can
conclude that the ray method fails in this particular case because it does not
properly describe the transversal diffusion of energy.

Let us dwell on another phenomenon related to the second term of the ray
series. The second term contains the so-called mixed term. For example: in case
of P-wave 12'1(0) being orthogonal to VT - see equation (7.67).

This mixed term is responsible for a de-polarization phenomenon, which con-
sists of the following. If, for instance, we take into account two terms of the ray
series for a P wave, its polarization will not be exactly parallel to the direction of
propagation. The same happens to the S waves.

Note that such type of de-polarization phenomenon can be obtained in a
slightly anisotropic but homogeneous medium. Therefore, by observing the de-
polarization phenomenon in real geophysical explorations we have to decide wheth-
er it is caused by anisotropy or it can be explained in the frames of inhomogeneous
but isotropic models.

In order to investigate this problem we need an algorithm for the computation
of the second term of the ray series. Thus the problem of computation of the
second term of the ray series is becoming rather an actual and important one.

An algorithm for computation of the second term based on ideas of the paraxial
ray theory has been developed in the paper by Kirpichnikova, Popov and Psencik
(1997). For more results of its application to the problem of validity of the ray
theory see Popov and Camerlynck (1996) and Popov and Oliveira (1997).



The Gaussian Beam method in
elastodynamics. The frequency
domain

8.1 Construction of a Gaussian beam

Consider an arbitrary ray in an inhomogeneous elastic medium, which we denote
by 7, = 7, (s), where s is the arc length along the ray.

Let us formulate the following problem.

Consider a vicinity of this ray 7,(s) and let us try to construct an approximate
solution of elastodynamic equations which possesses the following properties

i) the solution should be concentrated in a vicinity of the central ray 7,(s) and
decline quickly with an increasing distance to the central ray,

ii) the solution should not have any singularity along the ray.

From a first glance, it is not evident at all that such type of approximate
solutions could exist, but they were discovered in the 1960s by specialists in the
theory of gas lasers. Those solutions were implemented later for elastodynamic
equations by Kirpichnikova (1971) (for more details see the Introduction).

We shall consider only the main term of such approximate solutions because it
provides a significant simplification in their constructions.

P - Gaussian beams.

We know now that we can satisfy the elastodynamic equations (approximately
as w — 00) by the following vector - function

U = Ae™ = 22 _ciwrqyr (8.1)

v a2p
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if the eikonal 7 satisfies the eikonal equation

(V7)? = % (8.2)

and ¢, is a solution of the transport equation
2(VT,V@,) + poAT =0. (8.3)

According to our first statement (i) we may consider equations (8.2) and (8.3)
in a vicinity of a given central ray 7,(s). To this end we use the ray centered
coordinates s, q1, g2 and seek the eikonal 7 in the form

2
1
7(8,q1,q2) = To(s) + 5 Ek lek(S)Qij +eee (8.4)
J,k=

Accordingly, for ¢, we consider
950(57(117@2) = @OO(S) + e (85)

In order to construct the main term of a Gaussian beam we may restrict our-
selves to two terms in equation (8.4) and the first term in equation (8.5).

Now we can apply the results obtained in the paraxial ray theory.

Suppose we have two solutions X (1) (s) and X®)(s) of the equations in varia-
tions

dgg _ OH dp _ OHy .,
ds — Op; = ds €9qj’3_’7

h
H = 2\l +p3) = Ho(s) + Ha + - .

By means of these solutions we can construct two matrices 2 x 2

1 (2 1 (2
q1 q1 Py P
Q= ( ) , P= ( ) . (8.6)
& )

If the det Q # 0, i.e. the matrix Q is not singular for all possible values of s, we
can construct a matrix I' = PQ~! which will satisfy Ricatti’s equation and hence
the eikonal (8.4) will be an approximate solution of the eikonal equation (8.2).

Accordingly, we obtain the following formula for the main term of expansion
(8.5) for the “amplitude” @,,

const

Ponls) = —
— detQ
V a,

(8.7)
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and we finally arrive at the following approximate solution of the elastodynamic
equations in a vicinity of the central ray 7,(s)

U=

- 2
const t . 1

- — exp |iw [7o + 3 g Lirgian] | (8.8)
— det Q V0P jok=1
ao

where #(s) = dF,(s)/ds is the unit vector tangent to the central ray and by a, and
po we denote the velocity of P-waves a and the density p calculated on the central
ray, respectively.
S - Gaussian beams.
In this case we have the following formula for S - waves in the zero-order
approximation of the ray theory
U; = B, geT, j=1,2. (8.9)

where €}, = 1,2, are unit vectors of the ray centered coordinates and 7 and Bj
should satisfy the eikonal

1
<VT)2 = b_2

and the transport equations

2(VT, VBJ) + BJ‘AT =0,

respectively. Then by simply repeating all calculations made in the case of P -
waves, we obtain two mutually orthogonal approximate solutions of the elastody-
namic equations

7, -

2
const €; . 1 .
—— exp |iw [To(s) + 3 Z Likgiqe] | » j=1,2. (8.10)
/& det Q VPopo k=1

Suppose we can now choose such solutions of the equations in variations that
the following properties of the matrices (8.6) and T will hold true:

1) det Q # 0 for arbitrary s,

2) the matrices T' are symmetrical, i.e. I'" = I, complex valued and their
imaginary parts are positive-defined.

Then both approximate solutions (8.8) and (8.10) will have no singularities for
arbitrary s and will be concentrated in a vicinity of the central ray 7,(s). The
latter result comes out from the equality

2 2
) 1 w
exp zw[To(s) + 5 ]% 1ijqjqk] =exp |~ ,% 1Irn Likgiqr| - (8.11)
k= k=
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Indeed, it follows from equation (8.11) that the modulus of the wave field
decreases exponentially with the increasing coordinates g1, g2 and therefore with
an increasing distance to the central ray.

8.2 How to choose suitable solutions for the equa-
tions in variations

Consider first some auxiliary formulas. Let us denote by X ) two complex valued
solutions of the equations in variations

o
() ()
2 I ) ) .

; - j ) J = 15 2 )
pgj) < p(J)

Py’

k)

x@) —

where ¢¢) and pU) now mean 2D column vectors

(4) (9)
q(j) = ( q{) > and p(j) = ( p{) ) .
QQJ p2]

By using these new notations we can present the J - scalar product in the form
(JX(U’X(Q)) - (p(l),q(2)) _ (q(l),p@)) ,

where as usual
1 2 1 2

Now we establish the first auxiliary formula for matrices Q and P

@XW, xMY (XM, x®) ) 512)

P'Q-Q'P=
Q-Q ((Jx(2)7X(1)) (JX(2)7X(2))

In fact, we have

(M, qM) = (¢, pM)  (pM),¢@) — (¢, p®) )

To_ oTp —
Pa-Qr ( (P®,qM) = (¢®,pM)  (»*,¢?) = (¢, p?))
which coincides with the right-hand side of equation (8.12).
_ Further, let us denote by P* the Hermitian conjugate matrix, i.e. (P*);, =
Py;. Then we get the following second auxiliary formula

JX® xM Jx® xM
( ) ( ) w13)

+p _pPtO —
QP -P7Q <(JX(1),X'(2)) (JX(2)7)_((2))
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where X (9) is a complex conjugate vector with respect to the vector - column X ().

Remark 1. Evidently, if X9) is a solution of the equations in variations, then
X0) also satisfies these equations because the equations do not contain complex
coefficients.

Remark 2. Due to (d/ds)(JX™, X)) = 0 for arbitrary solutions X" and
X @) of the equations in variations both PTQ — QTP and QTP — PTQ do not
depend upon s.

Then the third auxiliary formula reads

Re (JXUW XW)=0 forj=1,2. (8.14)
Proof : we have
(IXO) X@) = (XD Jx0)) = ITXD XD =
=—-(IXD x0)) = —(IJX@, X))

which means that the real part of this J - scalar product is equal to zero identically
with respect to s.
Assume now that X9), j = 1,2, are chosen in such a way that

(JX(I),X(Q)) = 0
(XM, x@) = o (8.15)
(IXD,XD) = iy?, Imy;=0, j=12.

It follows now from equation (8.12) and the first one from equations (8.15) that
P'Q-Q"P =0 (8.16)
due to (JX), XU)) = 0 for arbitrary j.
From equations (8.15) and (8.13), (8.14) we get
2
QP -PTQ :i< o0 ) . (8.17)
0 7
Now we are able to prove the following statement: if det Q # 0 and I' = PQ~!
is therefore well defined, then
i) T is symmetrical, i.e. T7 =T,
ii) the imaginary part of T', i.e. Im T' = L (I' = I'") is positively defined.
Proof: consider the difference I' — I'T, which can be developed as follows
r-T"=PQ~' - (PQ™)" =PQ™' - (Q")'P" =
=(@Q"H Q"P-P'Q}Q "' =0

due to equation (8.16) holding true. Hence, T' = T'7.
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Consider then I' — I'"| which can be developed as follows
r-r*=pPQ'-(PQ )" =PQ ' - (Q") 'P" =
=(@Q"){Q'P-PTQIQ .

Taking now into account equation (8.17) we obtain

1 1.2

ImT=_—(T-T")=(Q"H ' 2 = 8.18

mr= -1 =@ (37 1 )e (318)
which implies that Im T is a positively defined matrix.

So all that is left to be proven is that Q is not a singular matrix, i.e. det Q # 0
for each s.

Here is the proof.

Suppose that at some point s, we have det Q = 0. This means that the columns
of the matrix Q are linearly dependent, i.e. there are some constants a; # 0, and
a2 # 0 in which the following equations hold true

alqgl)(s*) + a2q§2)(s*) = 0, (8.19)
alqgl)(s*) + agqg)(s*) = 0.
We can rewrite the system (8.19) in the vector form as follows
a1qM (s,) + azqP(s.) =0. (8.20)
Let us come back to equations (8.15). We can present them in the form
(p(l)’q@)) _ (q(1)7p(2)> -0 (JX(1)7X(2)) =0
(p(Q)’q(l)) _ (q(2)7;5(1)) -0 (JX(Q),X(U) -0
(p(l)’q(l)) _ (q(l)ﬁ(l)) =i o (JX(1)7X(1)) =iy?
(p(2),q_(2)) _ (q(2)7]3(2)) =i o (JX@)’X(Q)) = i3
Let us multiply all equations by aias, aias, aia; and aqas, respectively, and
then summarize all of them. That results in the following formula
(alp(l), agq(2) + alq(l)) + (agp@), alq(l) + a,gq(2)) —
— (a1g"V + a2¢®, azp®) — (a2¢® + @14, a1pM) =
= ivila1]* +iv3lasf? .

By applying equation (8.20) to the latter formula and bearing in mind that

a1qM (s.) + a2q? (s,) = 0, we obtain

0 =i[v7las]® + 73|az|?]

which yields that a; = as = 0. This contradiction proves that det Q # 0 for the
arbitrary value of the arc length s along the central ray.
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Conclusion. Thus, if we choose two complex valued solutions X () (s) and
X @) (s) of the equations in variations in accordance with the formulas (8.15) and
insert them into expressions (8.8) and (8.10) for Gaussian beams, we shall obtain
approximate solutions of the elastodynamic equations which possess the properties
listed in the beginning of this chapter: they are concentrated in a vicinity of the
central ray 7,(s) and have no singularities all along.

Note that the parameters 71, and 7, in equations (8.15) remain arbitrary pa-
rameters of a Gaussian beam. They influence on the width of the Gaussian beam
and we shall discuss their role later in more details.

8.3 Example 1: a 3D homogeneous medium

In this case, vectors € (s) and €5(s) do not depend upon s due to
Kj = (1/0)(86’/8qj)|q1:q2:0 = 0 where C is the velocity of waves (for P - waves
C =aand C =b for S - waves).
The equations in variations read (Cy = C)
dpj

:Copj7 E:Oa ]:172

da;
ds

The general solution can be written as follows

Qj(s) = Copj(SO)(3_50)+QJ(SO) )
pi(s) = pj(so), ji=12.

Let us set two complex solutions X () (s) and X2)(s) by the following initial
conditions at the point s = s,

1 0
0 1
XD(g ) = ; . XP(s,) =
(o) =| i )=
0 573
It follows from the above that for s = s,
(JXD x@) = 0, (JXD XP)=0,
(XD, XU = iy, =12,
and, obviously, they hold true for all s.
Further, we get for an arbitrary s
Coévf(s—so) +1 . 0
1 _ 0 @ _ | Cozni(s—so) +1
X = in? v X = 0
0 5
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and therefore

o Coiyd(s—s0)+ 1 0
o= (7 1)

0 3%5—30

p- (2 %), duq s t1)-(Clyps—
= ia2 ; Co ’71 5—5,) + o5 Y2(5—80)+ 1) .
0 V2 2

The formula for T reads

i
ia2(e

r=pPQ'= Cozi(s —s0) +1 i
0 P2 22

Co575(5 —5,) +1

0

and for the exponent of a Gaussian beam we get

—s, 1 1
exp {iw [S COS + §F11(S)q% + §F22(S)qg] }

where

57 .
[i(s)= ——273 . j=1,2.
(%) ColnP(s—so)+17 7

After some algebra we get

4
v 1
COZJ(S — 50) 57]2
Re I'j; = 2.1 » Im Iy = 24
L4+ =5 (s = 50)° L4 =2 (s = s,)”

Width of a Gaussian beam.

There is an important characteristic of a Gaussian beam which can be in-
troduced by analogy with the Gaussian functions. Indeed, consider the function
gj = exp{ (w/2)Im F”q]} If we present g; in the form g; = exp{ q; /AQ}
then A; is called usually the half width of the Gaussian function g;. In our case

we get two half widths A, 7 = 1,2, with respect to the ray centered coordinates
q1 and o, correspondingly,

C2
1 1 + ’YJ (S — 80)2
A» = =
! w w2
—Im Fjj 4’yJ

2
It follows from the latter formula that

i) A; depends upon parameter v; and achieves the minimum at the point s =
So,
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Coyjs
o

Thus, in our particular case a Gaussian beam has two independent widths 2A;
in the g; direction, j = 1,2. By means of the parameters s,, 71 and v we can
regulate the widths and position of their minimum. The width of a Gaussian beam
increases monotonously and rather fast with the increase in distance s — s, along
the central ray. Evidently, in inhomogeneous media the behavior of the width
may be more complicated, but in any case a Gaussian beam will be narrower for
a higher frequency w

Consider, for example, curves on a g;, s- plane defined by the condition q]2- / A? =
K; = const. In the case under consideration this yields a family of hyperbolae
dependent on the constant K

ii) as s — oo the half-width tends to infinity, i.e. A; ~

q_Jz_(S_So)Z_l a2_g b2 — 4
a? b2 T _w'yjz’ _ng;l'

If we consider K = 1 we can conventionally say that the Gaussian beam is
concentrated in the vicinity of the central ray bounded by two branches of the
corresponding hyperbola.

By analogy with the ray method we may say that the term % Z?,j:l Re I'i;q:q;
in formulas (8.8) and (8.10) for the Gaussian beams describes the wavefronts of
the beams.

Note that Re I';; = 0 for s = s, and therefore the wavefront of the Gaussian
beam becomes flat at this point.

8.4 Reduction to a 2D

In a 2D case, unit vector é€(s) of the ray centered coordinates is parallel to the
normal of the central ray and it should be considered as known, if the central ray
is known. The equations in variations have the form
d o da 1 0%C
PR A 2\ 9¢?

) q, (8.21)
q=0

where C is the velocity of the waves under consideration. We denote by X )(s),
j = 1,2, two solutions of the equations in variations

XD(s) = ( ;Z;Ez; ) .

Let us set X (@) by the following initial conditions

xM(0) = ( . ) and  X®(0) = (

_ O

)
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then they are linearly independent for all s. Indeed, we can check that

e q(l)(s) Q(Q)(S) _ 1) v(2)
dt<p<1><s> p<2><s>) (X, X5

0 1
-1 0
does not depend on s and therefore (JXM(s), X (s)) = (IX1(0), X(0)) =
—1.

Now let us introduce the following complex valued solution of the equations in
variations

Qs) = 214 (s) + 224D (s) , P(s) = Zip'(s) + i Z2p' (s) (8.22)
where Z; and Z5 are arbitrary positive constants. Then we get

~ ZipW(s) + iZap (s)
 Z1gW(s) +iZoqP (s)

where this time J = < ) But the right-hand side of the latter equation

L(s) = P(s)Q™"(s)

It is easy to see that
—2i2,Z;(IXW, X3 7,7,
2i|QJ? Q2
Note that in the case under consideration Q(s) # 0 for all values of s. In
fact, if Q(s) = 0 then both ¢™)(s), ¢ (s) are equal to zero. But this means that
(XM (s), XP(s)) = 0 which is impossible!
Hence, we obtain the following formulas for a P - Gaussian beam

ow = \/a::; ) \/gi)(s) exp {iw {Té“)(s) + %Fa(s)tf]}

and for a S - Gaussian beam

U = const els) exp {iw |:To(b)(8) + 1Fb(s)QQ] }
\/bo(S)po(s) \/Qb(s) 2

where indices a and b indicate the velocities of P and S waves, respectively.
Thus, to construct Gaussian beams in a 2D case we have to extend two real

linearly independent solutions X (j)(s), j = 1,2, of the equations in variations

(8.21) along the central ray. Then a desirable complex valued solution can be

obtained by formulas (8.22), where parameters Z; and Zy (more precisely only

their ratio!) remain to be arbitrary ( compare with 1, v2 in equations (8.15) ).

Im I'(s) = >0.

8.5 Complex point source and a (Gaussian beam

Consider a homogeneous medium and the Green’s function problem for the reduced
wave equation (in 3D)

<A+Z—Z)G:—5(M—M0).
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For G we have the following expression

1 e
G= et R= /o=, + (= o)+~ 2)°
Now let us “plunge” the source with coordinates x,,¥,, z, into the complex
space, assuming for simplicity that y, = z, = 0 and z, = ia?, (i)? = —1, Ima = 0.
Suppose further that |x — x,|? > y? + 22, then we can expand R as follows

L S (T ==

1y?+ 22

. 9

= -+ = -
2x — i

If in the formula for G we substitute R by the latter expansion, preserving the
two terms under the exponent (because of the presence of w!) and only the first
term in the amplitude, we shall obtain some approximation to that exact solution

2, .2
w 2 F W ly +=
ec? €xp {ZC [:Z:+ 23c—ia2:|}

4 T — ja2

G~

which is exactly a Gaussian beam propagating along the x-axis. Indeed, this
expression coincides with the formula for a Gaussian beam if we take into consid-
eration that in this case

1 T a?
" 2T r—ia? 22+t 224ad
and y/det Q = = — ia?.
This example shows that Gaussian beams can sometimes be deduced from some
exact solutions under special conditions.

8.6 Gaussian beams in a medium with smooth in-
terfaces

The problem of reflection and transmission of a Gaussian beam on a smooth inter-
face has a lot in common with the corresponding problem of the ray method. In
fact, even analytical formulas for Gaussian beams are very similar to those known
in the paraxial ray theory. This enables us to use both our previous technique and
some results for solving the reflection/transmission problem for Gaussian beams.

Our main goal now is to describe a procedure for extending the two complex
valued solutions of the equations in variations along the reflected and transmit-
ted central rays and to prove that the extended solutions preserve fundamental
properties of the Gaussian beams.

The corresponding procedure is the following.
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1)

At a point of incidence of the incident Gaussian beam central ray we must
construct the reflected and transmitted central rays for the corresponding
reflected and transmitted Gaussian beams. Normally all types of rays should
be taken into account, i.e. P and S rays.

Let us denote by T the ‘eikonal’ of a Gaussian beam, i.e.

2
1
T = TO(S) + 5 ‘kzl FjlcQij .
JR=

On the interface S we impose the following conditions on the eikonals
a a b
T7;"|S:T7S )|S:T7"(b)|s:Tt(T)|S:Tt(7")|S (823)

which should be accurately satisfied up to the second order terms with re-
spect to ¢1 and go. Evidently, equations (8.23) give rise to the linear rela-
tionship between matrices T' for the incident and the reflected (transmitted)
Gaussian beams (see Section 6.3 in Chapter 6). Then we add to equations
(8.23) a requirement for q-components of the complex valued solutions X ()
to be continuous at the incident point. Both the latter requirement and
equations (8.23) give rise to the following results at the incident point s = s.

x ) s,) = MTX.(j) s) .
?j)( ) “(lj)( ) i=12 (8.24)

Xip' (84) = My X7 (54)

where M. and My, are 4 x 4 matrices which describe (in linear approxima-

tion!) reflection and transmission of the rays from the ray tubes around the

central rays.

It can be verified that M, and M. both for P and S rays are sympletic
matrices and, therefore the J-scalar product of these complex solutions X (/)
will be preserved at the incident point. This yields that the fundamental
properties of Gaussian beams are preserved after reflection and refraction.

If ¢;,, means the initial “amplitude” of an incident Gaussian beam then for
the initial “amplitudes” of the reflected and refracted Gaussian beams we
obtain the following linear relationship

¢r = Rr¢zn ) ¢tr = Rtr¢in ; (825)

where reflection R, and transmission Ry coefficients coincide, essentially,
with the corresponding coeflicients in the ray theory.

Conclusion. If the incident angle of the central ray of the incident Gaussian
beam is such that no critical angles appear (both for P and S rays!) then, by using
the algorithm described above, we satisfy approximately the boundary conditions
on the interface in a vicinity of the incident point by constructing the reflected and
refracted Gaussian beams. Note that the latter ones are uniquely constructed.
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8.7 Gaussian beam integral

Point source problem.

In this case we have initially the central ray field, i.e. a family of rays emanated
from the source in all directions, and the spherical angles 0, ¢ can be taken as the
ray parameters. We consider each ray of the central ray field as the central ray
7 = T(s,0,¢) and construct a Gaussian beam propagating along this ray. Let us
denote it by U(s, q1,92;0, ). We then, obviously, get

—

- 2
1 t 1
U(S7qlaq2;97@) = €xXp w [TO(‘S) + ijq]qk} (826)
Vs det Qv a5po 2 j,kzzl

for the case of a P-wave. Note that we consider here const=1.
Let us denote by ¢,(0, ¢) some initial amplitude of the Gaussian beam (8.26)
and construct the following integral over all rays from the central ray field

e 27
O= [ do [ dponf6.0(sm0i0.0). (8.27)

o

It is clear, that U given by equation (8.27) satisfies approximately the elasto-
dynamic equations. But in order to describe precisely the wave field irradiated by
the point source we have to find a suitable value for the initial amplitudes ¢, (6, ).
We shall discuss this problem in the next section.

Arbitrary initial data.

Certainly, we can use the Gaussian beam method in more general cases and
not only for point sources.

However, the initial data cannot be arbitrary. They have to preserve peculiar-
ities of the high frequency wave fields, that is, the wave front and distribution of
the amplitude along the wave front have to be given separately. In other words,
we may say that the initial data must have the form of a ray series, at least of the
leading term of a ray series, in order to propagate them by means of the Gaussian
beam method.

Suppose we know an initial wave front 7 = ¢(= const). Then we can construct
a family of rays orthogonal to the wave front and some coordinates «, 3 on this
wave front can be taken as the ray parameters. Next, we construct a Gaussian
beam for each ray from this family of rays. Let us denote it by ﬁ(s,ql, q2; @, B)
where «, 3 are the ray parameters. Further, we introduce the so far unknown
initial amplitudes ¢,(«, 3) of the Gaussian beams and present the wave field as
an integral

0= [[ dadss,(a. 50 s a1.0250.9) (5.29)
(r=t)
over the whole surface of the wave front 7 = ¢. This integral, clearly, satisfies

approximately the elastodynamic equations, but in order to describe exactly the
wave field caused by given initial data, the initial amplitudes ¢,(c, 3) should be
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specifically chosen. Note that so far we have not referred to distribution of the
amplitude on the wave front.

Along with integral (8.28) we can extend initial data by means of the ray
method. Indeed, in some vicinity of 7 = ¢ the family of rays will be regular and
this fact enables us to get the ray method formulas for the wave field. This implies
that we can obtain the amplitude and the eikonal in some vicinity of the initial
wave front. And it is enough to find ¢,.

8.8 Initial amplitudes ¢,(a, () for the Gaussian
beam integral

Let us insert expression (8.26) for a Gaussian beam in integral (8.27) or (8.28)
in order to illustrate the analytical nature of the corresponding double integral in
3D. Evidently, in 2D we obtain a single integral because in this case the family of
rays depends only upon one ray parameter. Thus, in the case of P-waves we get
the following formula

27 s
U':/ dg@/ dfAexp(iwf)t, (8.29)
where
1o Po(8, ¢)
f=7o(s)+ 35 Likgjqn; A= = (8.30)
2]-,%_:1 Y ao(8)po(s) det Q

and frequency w is the large parameter. It follows from equations (8.29) and (8.30)
that we get an integral with quick oscillating integrand and therefore asymptotics
of the integral as w — oo can be derived by means of the stationary phase method,
or being more precise, by means of some extension of this method because I" is a
complex-valued matrix.

It turns out that in a domain where the family of rays involved in the integral
is regular, the high frequency asymptotics of the integral has precisely the form of
a ray series. It holds true both for the point source problem and for the arbitrary
case as well.

On the other hand, in the domain where the family of rays is regular we can
obtain the ray method formula for the wave field and this formula is unique and
well-defined.

Then, by comparing both these expressions for the wave field we obtain the
final formula for initial amplitudes ¢,.

Unfortunately, all necessary calculations are not simple due to the fact that all
functions of the ray parameters in integral (8.29) are given in an implicit form. In
some particular cases they can be simplified.

Only the most important steps on that way are described. For more details,
see Popov (1981,1982).
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a)

Consider the point of observation M located in a domain where the family
of rays is regular. Hence, there is only one ray passing through it. Let it be
the ray given by equations 6 = 6, = ¢, and we denote it by 7,(s).

It is clear that the main contribution at M is given by the Gaussian beam
having this ray 7,(s) as the central one. Contributions from others Gaussian
beams to the point are smaller due to an exponential decrease of all of them
with an increase in distance to M.

This leads to the fact that the stationary point is 8 = 6,, ¢ = ¢, and that
it is a simple (non-degenerate) stationary point.

On the next step we have to expand the function f — see equation (8.30) —
in power series on 8 — 6, and ¢ — ¢,. This means that now we have to take
into account contributions from all other Gaussian beams from the vicinity
of the ray 7,(s) to the integral.

Let us denote by s, g1, ¢4 the ray centered coordinates referred to the ray 7,
(so now we write 7, (s)!).

It is possible to deduce by studying the connecting formulas between s, q1, g2
and s, q}, ¢4 that

94, _ %
90 0=0,,0=0, 90 0=0,,0=0, ’
(8.31)
45 _ 9
890 0="0,,0=o 690 0="0,,0=0

Further, eikonal 7, = [(1/C,(s))ds along the central ray of the Gaussian
beam being calculated for all rays of the family of rays under consideration
defines a global function in the domain where the family of rays is regular.
And this function can be investigated by means of the paraxial ray theory.
Hence, in a vicinity of the ray 7,(s") we get

2
1
T ="To(s') + 5 Zijq;qL 4 (8.32)

Note that in order to avoid misunderstandings we denote by G the matrix in
power series (8.32) for the eikonal 7 and preserve I for the Gaussian beams.
If now 7 = ¢t is precisely the wave front on which an observation point M is
located, then the equation of this wave front with accuracy up to the terms
of second order reads

=tm — 5 Z Gird;jqy, + (833)
J,k 1
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Then, following the paraxial ray theory we can present it in the form
G =G,G," (8.34)

instead of PQ ™! but with the same sense as P and Q (see Chapter 5). Thus,
we obtain the following expression for the function f in equation (8.29)

2

1
f=tu+g > T -G)ndjgp+- - (8.35)
jik=1

The last remark to this point should be that only coordinates qé., 7 = 1,2 have
to be differentiated with respect to the ray parameters, though I' depends
on the ray parameters too. It follows from this fact that for 8 = 0,, p = ¢,
we have ¢ = ¢4 = 0 and therefore the derivatives of T' vanish! And the
following derivatives

(‘3q§
00

j=1,2
,8(‘0 7] y =

Oopo 000

calculated on the central ray 7,(s’) form matrix G, which is responsible for
the geometrical spreading. In fact, J = |det G4| in our case!

Finally we get the following result

where a; =60 — 0, , as = ¢ — ©,.

According to the stationary phase method for double integrals we get the
following expression for the main term of the asymptotics (after introducing

new variables f1 = y/w/2(0 — 0,) and B2 = Jw/2(¢ — ¢,) )

. 2 . N
Uiy = —A(sp)e™™ H(sar) - 1, (8.37)
w
where A(sps) means the amplitude A — see (8.30) — calculated on the central
ray 0 = 6,, ¢ = @, at the point of observation s = s);. Integral I in equation
(8.37) takes the form

+oo 2
I= //exp i Z (G:";(I‘ — G)Gy)jnBiBr ¢ dp,dps,
49 jk=1

and can be calculated exactly by developing the quadratic form to the sum
of squares. Note that it converges because of the presence of Im T'.
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We eventually obtain on the right-hand side of equation (8.37) the following
expression

2 $o(0o, Po) exp(iwt ) "
W /et L(0) /ao(s11)po(521) det G, (sM)t( M) (8.38)

L_f(]\/j) ~

where L(0) is some matrix, which does not depend upon s.

Apparently, formula (8.38) has the form of the zero-order term of a ray series
with the eikonal 7 = ¢); and the geometrical spreading J = |det G4(sas)|. This
enables us to find ¢,(0,, ¥,) by comparing it with the ray method asymptotics of
the wave field under consideration.

8.9 Numerical algorithm of the Gaussian Beam

method

An algorithm for computation of the wave field by means of the Gaussian beam
method can be divided into the following three steps.

i)

ii)

iii)

In a vicinity of an observation point M we have to construct a fan of rays
(or a ray diagram) which covers this vicinity more or less uniformly.

We have to construct a Gaussian beam propagating along the central ray for
each ray of the fan.

The contribution of all Gaussian beams to the wave field has to be summa-
rized at the observation point M.

Consider each step separately.

i)

ii)

In order to construct the ray diagram in a vicinity of M we can use well-
known algorithms in the ray theory. The new moment consists in construct-
ing the ray centered coordinates for each ray from the fan. To this end we
have to solve the differential equations for one of the vectors €); along the ray
in case of a 3D medium (the second one can be found by means of algebra).
Note that in 2D we are not obliged to solve additional equations for €. Then
we have to find ray centered coordinates of an observation point M for each
ray.

To construct a Gaussian beam we have to know two complex valued solutions
of the equations in variations (in 3D). Actually, it implies that a full system of
linearly independent solutions of the equations should be known, or in other
words, the fundamental matrix of the equations in variations. And it is more
convenient to work with this matrix, say W(s). If we know it, we can retrieve
the complex valued solutions X U)(s) by the formula XU)(s) = W(s)Z\),
where Z\) are appropriate complex initial values for X ) (for example, at
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the point source). Note that in a 2D case the fundamental matrix W is
formed by two linearly independent solutions.

On an interface, an incident Gaussian beam gives rise to the reflected and
the refracted Gaussian beams. In order to construct them, the reflection
(refraction) matrices for the rays close to the central ones should be involved
along with the reflection (refraction) coefficients for the amplitudes of the
Gaussian beams.

iii) To summarize the contributions of all Gaussian beams to the wave field at
the observation point, we can use any approximate formulas for numerical
integration. The final result will depend upon the density of rays in the fan.
But it seems relevant to mention here that (a) we do not need to construct
the ray passing exactly through the observation point and (b) by using one
fan of rays we can compute the wave field at many observation points.

In order to minimize the contribution of Gaussian beams distant from M it
seems natural to use such values of parameters 71,y that provide a narrow
width of Gaussian beams in the vicinity of M.

8.10 On the role of the Gaussian beam free pa-
rameters

In order to illustrate the role of the free Gaussian beam parameters, consider the
point source problem in a 2D homogeneous medium

(A + KU = 6(x)d(y) .

The exact solution of the problem reads U = —(z’/4)Hé1)(kr). We have the
following asymptotics for U as kr — oo

1 2 w 1 1
U=_—,/ =2 i(kr—%) _ -
1\ 7k {1 8kr +0 ((kr)2>} ’ (8:39)

On the other hand we can apply the Gaussian Beam method to the problem, if
k is assumed to be large. In this case we have the central ray field with its center
located at the origin « = y = 0, and the polar angle ¢ is the ray parameter for the
family of rays. Denote by U,(s,n) a Gaussian beam propagating along the ray
fixed by the angle ¢, then

1 i (st 1 das 9
————— exp|itk|s+=——n
Vvai + tass P 2 a1 + tass
where a; and as are arbitrary parameters of the Gaussian beam (they both must

be positive to provide Im (P/Q) > 0).
The integral U over the Gaussian beams has the form

Uy(s,n) = (8.40)

0= [ olo)Uslssmlds,  pule) =~ var. (s.41)
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In order to estimate precision of the approximate solution U, we have to in-
vestigate the absolute value |U — U\ as a function of aj,as. It is not so easy to
analytically estimate the difference |U — U |, so we will proceed as follows. Assume,
that a; and ay are the same for all the rays, i.e. they are independent of ¢, and let
us calculate the asymptotics of the integral U as k — oo within the accuracy up
to the second term of the stationary phase method. By denoting r, the distance
to an observation point, we get after some calculations

N 7 2 . = ) a2
U=—- eilkro=1) {1 - (1 - 3r2—2) + O(k%} . (8.42)
4\ wkr, 8kr, °a?

By comparing the second item in equation (8.39) to (8.42) we come to the
following conclusions:

i) If ro,a2/a; are fixed and k — oo the second item will be as small as we wish
and the influence of the multiplier (1 —3r2(a3/a})) will be small. As this
turns out, the Gaussian beam integral U provides the asymptotics of the
exact solution U with respect to the wave number k.

ii) On the contrary, if k is fixed and we increase the distance r, between the
source and the receiver the second term in equation (8.42) will increase due
to the multiplier (1 —3r2(ay/ al)z). Hence, precision of asymptotic solution
U decreases. This means that, in general, the Gaussian beam asymptotics
is not uniform with respect to the distance!

Now let us choose the arbitrary parameters a1, as in such a way that the width
of the Gaussian beam in a vicinity of the observation point is as small as possible.
To this end consider I'mI' in equation (8.40)

r - iaz(ay — iazs) _ taias as .
(a1 +iags)(a; —iags)  a? + (a2s8)? a2 + (ags)?
a1a9 5 ag
ImT = —=

= ; g = .
a? + (azs)?  1+¢e2s2" ay

By differentiating Im I'" with respect to e and putting (d/de)Im T' = 0, we
obtain consistently
d 1—e2s? 1

Cml=———°  —0=e=—.
e T Ay VTR

This means that the minimum of the width of the Gaussian beam takes place
if e =1/r,, where r, is the distance between the source and the observation point.
If we assume further that as/aq = 1/7, the second term in equation (8.42) takes

the form ,
1 a 1
1-3r22) =-2
8kr, ( To a? ) 8kr,
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2/

1 T 1/ X

Figure 8.1: Structure of rays and caustics in the wave guide. A point source is
located at the origin.

and, hence, the error provided by the integral U, (8.41), and caused by the sec-
ond term in equation (8.42), does not increase when the distance to the source
increases.

Thus, this simple example shows that with a fixed wave number, the region
of validity of the Gaussian beam method can be extended by means of a special
selection of the arbitrary parameters. However, so far the question of an optimum
selection of such parameters is not entirely clear.

8.11 Numerical examples

We consider a wave guide formed by the velocity model a = a; + az2. The axis of
the wave guide coincides with the horizontal x-axis. Behavior of rays is depicted
in Fig. 8.1. The caustic is formed by two symmetrical branches of a curve (bold
lines on Fig. 8.1) and has a cusp located at the point z = ;.

Example 1

On Fig. 8.2, the modulus of P-wave |U] is calculated on interval 1 — 1/, which
includes the cusp of the caustic, by means of the Gaussian beam method (solid
line) and the ray method (dashed line). The ray method fails in a vicinity of the
cusp z = x1 but both methods provide a good coincidence apart from the interval
|z —x1| < 1,5\, where ), is the wave length of P-wave.

Example 2

On Fig. 8.3 the wave field is computed on the interval 2 — 2’ which intersects
the upper branch of the caustic under the angle 7 (see Fig. 8.1). Note that only
the rays reaching the caustic from below are taken into account in the calculations.
We can observe a typical transition of the wave field from the light where the wave
field is oscillating to the caustic shadow where it decays exponentially. Note that
the focusing phenomenon on the caustic becomes stronger with the increase in the
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frequency of the wave field.

1 104]

Figure 8.2: Modulus of the P-wave in a vicinity of the cusp of the caustic computed
by the ray method (dashed line) and by the Gaussian Beam method (solid line).

I I
1500 2000

|
0 500 1000

Figure 8.3: Modulus of the P-wave computed in a vicinity of a simple branch of
the caustic for 10Hr (solid line) and 5Hr (dashed line).

Example 3 Reflection from a concave traction free boundary.
Equation of the boundary is taken in the following form

1X?
R = 20 km. (8.44)

Z

A point source — center of dilatation — is placed at the origin. We consider
a homogeneous medium, a = 4000 m/sec, b = 2500 m/sec. The incident P-wave

[ji(fz) with frequency w = 20Hr excites on the boundary reflected S-wave (j,(-s) and
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v

Figure 8.4: Structure of rays and caustics after reflection from a concave boundary.
P-rays are depicted by solid lines and S-rays by dashed lines.

reflected P-wave U'T(p ) which have caustics B and A, respectively, (bold lines on
Fig. 8.4). The total reflected wave field |U] = |(7T(p) + C_fr(s)\ is depicted in Fig. 8.5

(line 1) and \U',(s)| is presented by line 2. The wave field is calculated by means
of the Gaussian beam method on an interval which contains both cusp points Z g
for S rays and Z4 for P rays.

In general, the behavior of the total wave field modulus is similar to the one
depicted in Fig. 8.2 and is typical for the vicinity of a cusp point.

The behavior of \ﬁ£5)| is not typical and line 2 on Fig. 8.5 follows the behavior
of the reflection coefficient of the S wave. On the axis x = 0, it is equal to zero
and grows monotonously with an increasing modulus of the incident angle.

It follows from these numerical experiments that the Gaussian beam method
does not face problems on caustics with a different geometrical structure.



Numerical examples 137

0.2

0.1

<B ZA /
|

e I I I z

-10A, 10X, 30X, 50,

Figure 8.5: The wave field reflected by a concave traction free boundary. The
incident wave field is generated by the center of dilatation.
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The Gaussian Beam and the ray
methods in the time-domain

9.1 Correlation between non-stationary and sta-
tionary wave fields

Wave propagation problems in elastodynamics in the time-domain can be formu-
lated as follows. The displacement vector U satisfies a non-homogeneous system
of elastodynamic equations

L 020 .

LU — p— =F(t,xz,y,2 9.1

P = F(t,2,y,2) (91)
where L means an operator containing derivatives with respect to the spatial
variables (its explicit form is given in Chapter 7). Vector F' has a sense of external
forces or a source of the wave field. We have to impose also an initial condltlons
for U at the initial moment, say, t = 0, the so-called Cauchy data U} 0 = =U, and

ou / 3t| = U,,. If we consider the wave field generated only by the source F we

have to assume that U, = 0 and Uy, = 0, or in other words, impose that U=0
for t < 0.
In geophysics the following point sources are used rather often. The center of
dilation
F = F, = f(t)grad (§(M — M,)) , (9.2)

and the center of rotation
F=F, = f(t)rot (I'6(M — M,)), (9.3)

where ['is a constant unit vector and f(t) is the temporal action or the wavelet.
In geophysical applications f(¢) can be described as a pulse modulated both in

139
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amplitude and frequency
f(t) = Re{A(t)eP" M} | (9.4)

where A(t) and 6(¢) are sufficiently smooth functions and A(¢) is substantially
different from zero on a finite interval of time. The derivative of 6(t) does not
vanish on this interval and describes an instantaneous frequency w(t) = —p6’(t)
(we assume that 6'(t) < 0). Now, if p is supposed to be large, we get quick
oscillations because of exp(ipf) and a smooth envelope given by A(t).

Let us denote by fr(w) the Fourier transform of f(t)

oo
Fo(w) = / ¢ (1)t | 9.5)

—00

Suppose further that we know the solution of the stationary problem

grad (6(M — M,))
M (9.6)

rot (I6(M — M,))

then the solution of the non-stationary problem (9.1) can be presented in the form

f/é+pwzé: {

- 1 [t -
U=— e fp(w)G(M, My;w)dw . (9.7)

27 J_ o
Hence, if we are able to construct the solution of stationary problem (9.6) in
the frequency domain, we shall solve non-stationary problem (9.1) by means of
formula (9.7).

Let us prove that the integral in equation (9.7) can be reduced to the integral
over 0 < w < +o0, i.e.

T o -
0= Re / =it £ (@) G(M, My, w)dw (9.8)
™ [}

for the real solution of the initial problem (9.1).
Proof. For the real solution we have

L = 1 foo o =
0=0=5 / T (@) G(M, My w)dw
By introducing a new variable of integration w’ = —w we obtain
. 1 fooo o =
U= Py e fp(—w)G(M, My; —w')dw' . (9.9)

By comparing the integrals in equations (9.7) and (9.9) we get

Fr(—"G(M, My; ') = fr(w)G(M, My; ') . (9.10)
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Consider now the integral over (—o0,0) in formula (9.7). It can be developed
as follows

[ G Mo = [ e (A, My~

— 0o o

_ / e tf ( ) (M me)dw _/00e—iw’th(w/)é(M,Mo§w’)dw/

due to equation (9.10) holding true (note that we actually used an equation which
is a complex conjugate with respect to (9.10)).
Taking into account the latter result we obtain

7= 5 T ()G, Moy o+

+ _/ e~ W't fr(w)G (M, M,;w')dw' =

- ;Re/ ¢ (W) G(M, My d!

which is exactly formula (9.8).

Thus, in order to construct the real solution for a non-stationary problem (9.1)
we have to know the solution for the corresponding stationary problem (9.6) only
for positive frequency w.

Let us dwell on some geometrical peculiarities of wave propagation caused by
the point source problem (9.1), (9.2) or (9.1), (9.3). We assume that U = 0 for
t < 0 and therefore the wave field is generated only by the source. For the sake of
simplicity, consider a 2D homogeneous medium.

At

e

Figure 9.1: Scheme of wave propagation in the space-time domain caused by a
point source located at the origin.

In order to present the wave field in the space-time domain x,y,t, we have
to draw a set of cones emanated from the source at each moment ¢y, € (0,7),
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where T' means the duration of the temporal action f(¢). These cones are called
characteristics and the wave field propagates along them. They themselves are
formed by straight lines

t—t, = x=scosp, y=ssingp;pe€(0,2m),t, €(0,T), (9.11)

S
6 9
where C'is the velocity of the wave and s is the arc length along the lines. Straight
lines (9.11) in the space-time ¢, x,y are called the bicharacteristics and their pro-
jections onto x,y space are called the rays.

Consider a plane t = ¢; in space-time orthogonal to t-axis (obviously, it is
parallel to the space x,y). This plane intersects each cone along a circle. The
projection of the circle onto x,y space gives the position of the wavefront at the
moment ¢ = t;. Thus, in the x,y-space we obtain a set of circular wavefronts
emanated from the source at each moment ¢t € (0,7).

In order to describe the wave field at an observation point M, we have to depict
the straight line starting at M in an orthogonal direction to the x,y - plane. The
wave field reaches M at the moment when this line intersects the first cone which
was emanated from the source at the moment ¢ = 0.

This picture becomes more and more complicated with the increase in time
because each interface of the medium will give rise to the reflected and transmitted
waves and because more extended domains will be involved into the process of
propagation of waves.

9.2 The Fourier transform: high frequency and
smoothness

Consider some features of the Fourier transformation:

+o0o
ft) 1 / e W fp(w)dw . (9.12)

:% .

The integral (9.12) will exist if

—+oo

/ |fr(w)]dw < const < co.

i) Assume first, that fr(w) # 0 if w € [a,b] and fr(w) = 0 for all other values
of w. In this case we have

1
o

b
£(t) / ¢ fio(w)d

and f(t) is a smooth function of ¢.

Indeed, by differentiating n times the function f(t) with respect to t we
obtain

" 1,

dt”f(t) = _7T/a e W (—iw)" fr(w)dw
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and the integral on the right-hand side does exist because of finite limits of
integration! This means that f(t) € C*, i.e. it can be differentiated an
arbitrary number of times.

ii) Assume now that the asymptotics of fr(w) as w — oo has the form

const ..
frlw) = o s integer, n > 1,

and let us observe the smoothness of the function f(¢) in this case. To this end we
have to investigate only the integral over the interval (£2, c0) where € is supposed to
be large enough so that f(¢) can be substituted in the integral by its asymptotics.
By differentiating (n — 1) times function f(t) we arrive at the following integral to

be studied ~
. const
/ e W) T dw, Q> 1.
Q wn

One can verify just by integrating in parts that the latter integral converges for
t # 0 and does not converge if ¢ = 0. This means that the (n — 1) order derivative
of function f(t) is singular at ¢ = 0 while the derivatives of a lesser order are
smooth.

Hence, in this case we obtain the following result: the asymptotic behavior of
fr(w) for large w is responsible for the smoothness of the temporal action f(t)
and singularities may appear when ¢ = 0.

9.3 The ray method in the time domain

A ray method series in the w-domain has the form

—

7 iWwT - k
U=e“"y" = (9.13)
k=0

One of the ways to develop the ray method in the time domain is simply
to replace @(M, M,;w) in equation (9.7) by its ray asymptotics (9.13) which is
valid for large w, and carry out the integration over w just formally (in fact, this
integration is being done in terms of distributions).

Consider in more detail the main term (or zero-order term) of the series (9.13).
For the main term U, (M, M,;t) we get:

—+oo
U,(M, M,;t) = % / e WITIT £ (W) Updw . (9.14)

If (jo does not depend upon w we obtain immediately
Uy(M, My t) = Uy f(t —7), (9.15)

where f is the temporal action at the source.
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A corresponding procedure with the second term leads to the following expres-
sion for Uy (M, M,;t)
Ur(M, Mo;t) = Urg(t — 7)

where ¢'(y) = dg(y)/dy = f(y) because of the presence of —iw in the denominator!
Thus, we obtain the following ray method series in the time domain

—

U(M, My;t) = > Un(M, M,)F™(t — 1), (9.16)
n=0

where the set of functions F(™)(y) satisfies the following conditions

d
F™ () = plr—1) =1.2. ..
a (v) (y), n=12,

Now we may forget the ray series (9.13) in the w-domain and work with the
expression (9.16) just by inserting it directly into the elastodynamic equations.
Expression (9.16) is called the ray method expansion in the time domain.

But now it is clear that since equation (9.13) holds true only for the large
frequency, formula (9.15) and respectively series (9.16) contain a systematic error
due to asymptotics (9.13) having been extended somehow on a small w during the
process of integration. Hence, along with an approximate expression (9.16) for
the wave field, we should have some background. Evidently, such background is a
smooth function of ¢ (see previous section), and it does not influence jumps of the
wave field precisely on the wavefront ¢t = 7.

Taking into account all these considerations we may say that the ray method in
the time domain is the asymptotics of the wave field with respect to smoothness.

9.4 The Gaussian Beam method in the time do-
main

A standard way of employing the Gaussian beam method for non-stationary prob-
lems is to replace the function é(M, M,;w) in equation (9.7) by the integral over
Gaussian beams. In this case it is necessary to compute the Fourier transform for
every Gaussian beam that contributes to the wave field at an observation point M.
This is precisely what a number of papers in geophysics has used- see the review
paper by Cerveny (1985) and Babich and Popov (1989).

There is a different approach based on the space-time Gaussian beams - see
Popov (1987). A brief description of its main ideas is as follows.

We have constructed some asymptotic solutions of non-stationary elastody-
namic equations which preserve the fundamental properties of Gaussian beams in
the frequency domain: each solution is related to a bicharacteristic and has no
singularities. Naturally, it depends upon time and space variables. These solu-
tions are called the space-time Gaussian beams (or quasi-jets). We remind that
in the case of a 2D homogeneous medium the bicharacteristics are straight lines
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- see section 9.1 formula (9.11). Next we construct the asymptotics of the wave
field in the time domain directly by integrating the space-time Gaussian beams
over the ray parameters just as we do in the frequency domain. This method is
adequate to situations when the wave field is formed by waves modulated both in
the frequency and the amplitude and the wavelet is given by formula (9.4). For
applications of the method see Kachalov and Popov (1988, 1990). Unfortunately,
the method requires a rather detailed description and therefore we do not present
it here.
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APPENDIX

Integrals of oscillating functions

Consider an integral
b
I:/ g(x)e @) dg

where w is supposed to be large, i.e. w — oo. Suppose, g(x) and f(x) are
sufficiently smooth functions, i.e. they can be differentiated on the interval (a, b)
as many times as we need.

Let us assume, that f'(z) # 0 for all 2 from the interval [a,b]. Then the
asymptotics of I as w — oo can be obtained by the integration in parts

b iwf(z) v=b b !
T :/ euuf(m) g((E) df _ e g(x) _ i/ ezwf(x) (g/(x) > dx
a vma W /g f'(x)

f'(x) iw  f(x)
If we integrate the latter integral in parts again we shall conclude that it is of
order O (w™2).
Thus, it follows from the above that the main term of the asymptotics of I for
a large w reads

I % {ewf(mf/(_(bb)) _ eiwf(a)%} 40 (%) .

A.1 Geometrical interpretation

By recollecting the geometrical sense of an integral as the area between the x-axis
and the graph of the integrand, we can present the following interpretation of
the result described above. Due to the fast oscillations of Re (g(z) exp(iwf(z))
and Im (g(z) exp(iwf(z)) as well, the areas with opposite signs compensate each
other except for those two, which join the end points of integration. But with the
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N Re geiwf

\ A~
DERVARE

Figure A.1: Fast oscillations of the integrand cause compensation of areas with
opposite signs.

increasing w those areas tend to zero too. Thus, the whole integral is almost equal
to zero for a large w.

Suppose now f’(z,) = 0 at the point z, € (a,b). In this case in a vicinity of
the point z = z, the integrand does not oscillate.

Indeed, we can present exp(iwf) as follows

exp(iwf) = exp (iw[f(zo) + f (o) (@ — 20) + - +])

and the oscillation period T' can be estimated by the formula T = 27 /(wf'(z,)).

Now, if f’(x,) is small, period T is large and, hence, there are no oscillations
(practically!) in a vicinity of x = w,.

Definition: A point = = x, is called the stationary point of a phase function
f(z) or, sometimes, the critical point of the integral I if f'(z,) = 0.

Suppose further that I has only one critical point x = x, distant from both
ends a and b.

To derive the asymptotics of I in this case we divide the integral into the
following three parts I = I, + I.p. + Iy, where

To—A ) To+A ) b )
I, = / ge™fdx Iop = / gefdx and I, = / ge™fdx
a To—A To+A

and A is an auxiliary parameter that separates an interval with the stationary
point.
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A.2 Contribution of the critical point

Consider the leading term of the asymptotics coming out from I. .. In a vicinity
of z, we expand f(z) and g(z) in power series

F@) = Fo)+ o o) —wof 4

glx) = g(xo)+---,
so that now
To—A
Ic.p. == / (g(xo) + .- )eiw[f(xo)+%f”(mo)(aﬁ—xo)Q-‘r"']dw ~
To+A

. :to+A ; " 2
~ g(xo)ewf(mo)/ G @) @) g L
To—A

o—

In order to get the main term of the asymptotics we have to take into account
only the first item in the latter expression.
Let us present a second derivative of the function f(x) in the form

(o) = sgn (f"(x0)) [ f"(wo)] -

Then we develop the integral

To+A .
/ ' exp {%f”(mo)(x - xo)ﬂ dx

o—A

as follows

Tot+A
[ e [igsen (7 @l oo~ )] do =

To—A

2
2 /Al " )
=\ | e [isen (F (@0)€?] de
w|f" (o)l J-a,
where ¢ is related to = by the formula & = \/(w/2)|f"(z,)|(z — z,). A new limit
of integration A is given by the expression Ay = /(w/2)|f"(z,)|A. Note that

A1 contains the large parameter w and tends to infinity as w — oo.
Let us introduce a new variable p by the formula

&= pexp i sen (/" (@o)] |
then

Ag 5

/ e [i sen (" (@0)) €2]dg = exp [i 7 sen (/" ()] / e " dp

—Aq —Ay
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where this time

1"

Ay = Aqexp [—Z% sgn (f (xo))} .

The last step in the development of the integral consists in extending the
integral f_AA?2 o dp over the whole real axis, i.e. over (—oo,+00), obtaining

o0 R
/ e P dp=r.
— 00

Now by gathering all auxiliary results we obtain the main term of the contri-
bution of the stationary point x = z,

. 27T . "
Lo & gz | 2T i/ sen (7 @)
p. = 9(%o) T @]

The subsequent term of the integral I.., will have a multiplier 1//w (after
introducing a new variable ¢ instead of x !) and therefore it will be of order
O (1/w), i.e. 1/4/w time less than the leading one.

The contributions of I, and I can be obtained by means of integration in parts
and will be of order O (1/w) (see the beginning of this Appendix).
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Index

Airy function, 38 eikonal, 7, 8
amplitude, 51, 53 in variation, 48, 54, 121
angle for the initial Hamiltonian
incident, 94 system, 47
reflected, 94 of motion, 89
asymptotic series, 9 transport, 7, 8
of a function, 8 Euler’s equations, 14, 15
of a wave field, 37 in Hamiltonian form, 16, 42, 54

in Lagrangian form, 16
Cauchy data, 139

caustic, 35 Fermat’s
problems, 35 functional, 42
surface, 36 integral, 12
center of dilation, 139 in Hamiltonian form, 43
center of rotation, 139 principle, 12
compound functions, 52 flux, 24
coordinates Fourier transform, 140
local, 80 Frenet’s formulas, 44
non-orthogonal, 45 frequency, 6
ray centered, 41 functional determinant, 22, 52
critical angle, 78 and geometrical sense, 23
critical point, see stationary point and scalar factor, 23

curvature, 44
Gauss-Ostrogradskii formula, 34

diffusion, 32 Gaussian beam
Dirichlet’s condition, 75 shear wave, 117
displacement vector, 93 space-time, 144
divergence, 23 width, 122-123
Gaussian Beam method, 38

eigenvectors, 91 Gaussian functions, 122
eikonal, 21, 52 geometrical spreading, 24, 35,
elastodynamic equations, 139 51-57, 80-86
energy on the reflected central ray, 88

density, 31-33

flow, 33, 35 Hamiltonian, 16

law of conservation, 34 Hamiltonian equations, 43
equation Hamiltonian function, 43
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Index

and Taylor series, 46
Hankel’s function, 73
Helmholtz equation, 7
Hermitian conjugate matrix, 118
Huygen’s principle, 20

incident central ray, 80

J-scalar product, 50
Jacobian, 51

Lagrangian, 12
Lame’s coefficients, 51
Laplace operator, 5

Maslov’s method, 38
Neumann’s condition, 75

paraxial ray, 116
theory, 3

phase function, 89, 92

point of incidence, 80

point source, 35

pulse, 16
ray
high-frequency approximation,
35
method
modified, 37
validity, 10
series, 7

in the frequency domain, 143
in the time domain, 144
tube, 24, 31, 54, 80
ray parameters, 52
reflected central rays, 83
reflection coefficient, 79, 97
refracted central rays, 83
Ricatti’s equation, 63

slowness, 16, 56
vector, 91
Snell’s law, 78, 94
stationary and non-stationary
problem, 140

stationary point
main term contribution, 150
of a phase function, 148
stress tensor, 92
symplectic matrix, 86

tangent incidence, 86

torsion, 44

traction free surface, 92
boundary conditions, 92

transmission coefficient, 79

vector-amplitude, 89-91

wave
amplitude, 6
catastrophes, 37, 38
compressional, 90
polarization, 91
velocity, 90
de-polarization, 114
equation, 5
field, 5
energy, 32
source, 139
phase, 6
plane, 6
deformed, 7
reflected, 76
shear, 91
polarization, 91
velocity, 91
transmitted, 76
vector, 6, 91
projection, 94
wavefront, 19, 20
wavelength, 6



