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GLOBAL GEOMETRICAL OPTICS APPROXIMATION TO THE HIGH
FREQUENCY HELMHOLTZ EQUATION WITH
DISCONTINUOUS MEDIA*

CHUNXIONG ZHENGT

Abstract. The global geometrical optics method is a new semi-classical approach for the high
frequency linear waves proposed by the author in [33]. In this paper, we rederive it in a more concise
way. It is shown that the right candidate of solution ansatz for the high frequency wave equations is
the extended WKB function, distinct from the WKB function used in the classical geometrical optics
approximation. A new and the main contribution of this paper is an interface analysis for the Helmholtz
equation when the incident wave is of extended WKB-type. We derive asymptotic expressions for the
reflected and/or transmitted propagating waves in the general case. These expressions are valid even
when the incident rays include caustic points.
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1. Introduction

Numerical simulation of high frequency waves is a ubiquitous task in many applied
fields such as laser optics [26], underwater acoustics [27], and seismic tomography [22].
The feature of high frequency presents a great numerical challenge to any domain-based
direct method, mainly because a large number of grid points are necessarily involved
to ensure the basic accuracy requirement. The pollution effect [3] due to numerical
dispersion makes this situation even worse. The key ingredient to successfully applying
a direct method is to design good preconditioners for the resulting indefinite algebraic
system. However, it turns out that most preconditioning techniques, which work ef-
ficiently for the discrete elliptic equations, generally perform poorly for the discrete
time harmonic wave equations, especially in the high frequency regime [6]. Designing
a preconditioner whose performance is independent of both mesh size and frequency
parameter has become an active research topic over the last decade. The readers are
referred to [6] for a review and to [4, 5, 23, 29] for some successful examples.

There is another class of methods used to compute the high frequency wavefield.
These methods resort to some asymptotic ansatz and present approximate but simpler
models valid in the high frequency regime. The simplest such kind of method is the
geometrical optics method [13]. Tt is intended to seek a solution of the following WKB-
ansatz:

o0

u(x)=A(x)exp[iS(x)/€], A€:Z(—ie)jAj, (1.1)

=0

where 1/e relates to the large frequency parameter, S is the real-valued phase func-
tion, and the A; are the amplitude functions. Inserting (1.1) into the governing wave
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equation, say,
H(z,—ieV)u=0, x €R", (1.2)

and equating the different powers of ¢, one derives a Hamilton—Jacobi equation for the
phase

H(2,VS(z))=0 (1.3)

and a sequence of transport equations for the amplitudes A; which can be solved suc-
cessively after the phase is uniquely determined. In principle, the Hamilton—Jacobi
equation (1.3) can be solved by the method of characteristics. However, this solution is
not ensured to be valid in a sufficiently large domain that encloses the region of physical
interest. Caustics, around which rays collapse and amplitudes blow up, would generally
come into being. In this case, the classical geometrical optics method fails to present a
globally valid asymptotic approximation.

Actually, the caustics problem stems from the rigid choice of position representation
for the wavefield. When projected to the real space, the Lagrangian manifold induced
by the Hamiltonian flow becomes singular at caustics. Equivalently, the real space is no
longer a valid representative coordinate Lagrangian plane in the presence of caustics. It
is known that for each point of a given Lagrangian manifold, there exists a neighborhood
which admits a representative coordinate Lagrangian plane. Based on this fact, Maslov
developed the canonical operator method [19]. This method presents an asymptotic
approximation of the wavefield with uniform accuracy and thus theoretically overcomes
the difficulty of caustics. However, a practical but inevitable issue in Maslov’s method
is setting up a specific partition of unity which fulfills the requirement of single-valued
projection. This is, of course, case-dependent, and to solve it, one needs to understand
the structure of the associated Lagrangian manifold. This task is by no means a trivial
matter in multiple dimensions. From the computational point of view, a method blind
to the Lagrangian manifold is much more preferable.

Along this line, the Gaussian beam approach is a successful class of semi-classical
methods which resolve the high frequency wavefield with uniform accuracy. This ap-
proach was initiated in 1960’s (see [2]). Historically, this approach can be classified into
two subcategories, thawed-type (see [8]) and frozen-type (see [9]), depending on whether
the beam width is tunable or not during the time evolution. A common point shared by
all Gaussian beam approaches is that the central curve of each Gaussian beam is exactly
a specific classical ray which obeys the Hamiltonian system. The difference lies in their
methodology of function approximation. In the thawed-type approaches, each individ-
ual beam is an asymptotic solution of the governing wave equation. This renders the
beam summation as a suitable asymptotic solution in a large domain. Comparatively,
in the frozen-type approaches, each individual beam is not an asymptotic solution. The
accuracy of the beam summation is achieved by a delicate choice of prefactor which
balances the contribution of each single beam. The Gaussian beam approach is easy
to implement, straightforward to obtain higher accuracy [24, 12], and elegant from the
methodological point of view. In recent years, there have been many papers addressing
the accuracy analysis of this method [20, 14, 15, 16]. Besides, the Eulerian formulation
of Gaussian beam approach has been systematically developed [10, 11, 28].

From the computational point of view, Gaussian beam approaches have shortcom-
ings. For thawed-type methods, the beam width expands as the rays evolve. For a long
time or large domain simulation, re-initialization is generally needed to ensure the accu-
racy of numerical solutions, and so far this treatment can only be performed numerically
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(see [1, 25, 31]). For frozen-type methods, the approximate solutions are expressed as
an oscillatory integral defined on a manifold of much higher dimension. For example,
the dimension of the integral manifold involved in the well-known Herman—Kluk ap-
proximation [9] to the Schrédinger equation is 3N for a problem with N degrees of
freedom. Rousse [21] proposed a new frozen-type semi-classical approximation to the
Schrédinger equation. However, the dimension of his integral manifold, though smaller,
is still 2/N. Similar things happen in the frozen-type Gaussian beam approach for the
wave equation and strictly hyperbolic system studied by Lu and Yang [17, 18].

Recently, the author proposed a new semi-classical approximation, the global ge-
ometrical optics method [33], for solving general scalar linear equations in the high
frequency regime. This method can be viewed as an improvement of the classical geo-
metrical optics method. It is blind to the structure of underlying Lagrangian manifold
and presents a semi-classical approximation of the wavefield with uniform asymptotic
accuracy. Analogous to the Gaussian beam approaches, the wavefield given by the global
geometrical optics method is expressed as an integral of Gaussian functions parameter-
ized by some manifold. However, this new semi-classical method owns the merits of both
thawed-type and frozen-type methods. On the one hand, the width of Gaussian func-
tions is fixed in frozen-type methods; thus there is no difficulty from beam spreading.
On the other hand, the dimension of the integral manifold is minimal in the thawed-type
method: it is NV for problems with N degrees of freedom.

In this paper, we rederive the global geometrical optics approximation for general
linear wave equations in a manner analogous to, but more concise than, our deriva-
tion in [33]. We introduce a new concept—the extended WKB function which includes
the classical WKB function as a subset. We show that the right candidate of solution
ansatz for the high frequency wave equations is the extended WKB function instead of
the classical WKB function which results in the difficulty of caustics. Another new and
the main contribution of this paper is an interface analysis for the Helmholtz equation
when the incident wave is of extended WKB-type. This research is fundamental when
extending and applying the global geometrical optics approximation to more compli-
cated piecewise smooth media problems such as seismic migration in computational
geophysics. In the case when the wave is totally reflected, or partially reflected and
partially transmitted, we show that the split waves are also of extended WKB-type. A
subtle issue in this interface analysis is determining geometric factors related to the ge-
ometries of the incident and split manifolds when the incident rays include some caustic
points. These geometric factors are needed to determine the amplitudes of split waves.

The rest of this paper is organized as follows. In Section 2, we introduce basic
notation and collect some results from [33] which are necessary for the later derivation.
In Section 3, we rederive the global geometrical optics approximation for the scalar wave
equations. In Section 4, we perform an asymptotic interface analysis for the Helmholtz
equation, and in Section 5, we discuss some miscellaneous issues related to the global
geometrical optics approximation. Finally, in Section 6, we conclude this paper.

2. Preliminaries
We start this section with a brief explanation of notation and definitions.

- We use Iy to denote the identity matrix of dimension N. The canonical symplectic
matrix is denoted by

0 I
JQN{_[N év]

The dimension parameter will be omitted whenever it is clear from context.
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- Any plane can be represented by a matrix whose columns vectors constitute a basis
of the plane. We do not distinguish a plane from its specific matrix representation.

- The symplectic inner product in R?V is defined as
[2,2] = (2,J2'), Vz,2' € R*V.

A plane is Lagrangian if any two column vectors of its representative matrix are
symplectic orthogonal.

- Throughout this paper, unless explicitly specified, we use the subscripts ; and 5 to
indicate the upper and lower parts of an N-plane in the 2N-dimensional phase space.
This implies that given any N-plane C' € R2V*V | we have

C= {gl] Cy,Co e RNXN,
2

If detC; #0 and C,C; ! is similar to a real diagonal matrix, the following definition

M(C)=dety/ Iy —iCCyt (2.1)

is appropriate since there is no ambiguity in the branch choice of the square root func-
tion. In particular, if C' is Lagrangian and C is invertible, then CoC !is symmetric,
and thus M(C) is well-defined.

- Any N-dimensional Lagrangian plane in R?" admits a unitary matrix representation.
Suppose C € RZVXN ig a matrix representation. Let C'=QP be the polar decomposi-
tion and set U=Q1 +iQ3. Then U is unitary.

2.1. Heisenberg group and Weyl quantization. = The Heisenberg Lie group
Hy is R2V+! equipped with the group law

(2,8)(',8") = (247 ,s4+5 +[2,2]/2), V2,2 €R*N | Vs s €R.
The unitary representation of Hy is defined by
pe(,5) =expli([z, W] —s) e}, W =(z,~ieV).

Throughtout this paper, we make the convention that p.(z) = p.(z,0). For any
feL?(RY), it is straightforward to verify that (or consult Page 21 in [7])

[pe(2) fl(z) =exp[—ip(x+q/2) /e| f(x+q). (2.2)

For any H = H(w)=H(z,£) € S"(RY x Ré\') with w=(z,£), the Weyl quantization
of H, denoted by H(W), is a linear operator determined by

H(W)=H(z,—ieV) = (2m) 2 /I:I(z)pe(ez)dz,
where H indicates the symplectic Fourier transform of H defined by

H(z)= /H(w) exp (i[w, z]) dw.
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2.2. Unitary representation of unitary matrix group. The Bargmann
transform B, is defined by

[B:f1(s) z/exp [—(22% — ez +¢?) /4e] f(2)dz, Vs € ch.
The transform B, is an isometry from L?(RY) into the Fock space
Fn= {F entire ||| F|? :2N/2(27T€)73N/2/\F(§)|Qexp [—[s|?/2¢€] ds < oo}.
The inverse Bargmann transform B- ! from Fy to L2(RY) is given by
B F)(x) =2N/2(27TE)73N/2/6XP [—(22% —4¢w + %) /4e] exp [—[c|? /2€] F(<)ds.

Let Uy denote the unitary matrix group acting on CV. For any U €Uy, we define
[TuF)(s)=F(U's), YF € Fu,
and
pe(U) =BTy Be.

Here and hereafter, the symbol T indicates the real transpose operator. Since 7 is a
unitary representation of Uy on the Fock space Fy, u is a unitary representation of
Z/{N on L2 (RN).

In the following, we list some properties of the representation operators p. and fu.
Their proofs can be found in [33] with some slight formulation differences.

LEMMA 2.1. Define the fundamental coherent state function as
be(w) = (2me) N/ 2exp (—a?2¢) .
For any unitary matric U €Uy, it holds that pic(U)pe = de.
LEMMA 2.2. For any U=Ug+iUr €Uy, z€R*N, and H € S'(RY XR?), it holds that

pe(2)H(W)pe(—2z) = H(W +2), (2.3)
pe(US)H(W)pe(U) = H(Ry W), (2.4)
where Ry is an orthogonal symplectic matriz defined by
_|Ur —U;
Ry= [Ul o }

LEMMA 2.3. Suppose z=z(t) is a smooth curve in RN and U=U(t) is a smooth curve
i Un. Then it holds that

—icthpe(2) = (15, V]~ [2,1/2) pe(2),
—1€0 e (U™) = (WOW —etrTy) e (U™) /2,
1e(U) pe(2)(—i€dy) [pe(—2)pe (U)]| = =[2, RuW ] —WOW /24 [2,2] /2 +etrT /2.

In the above equations, Tt and ® are given by

Tr+iT;=U*U, <1>_[ Ty TR}

—Tr Tt
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2.3. Extended WKB function.
DEFINITION 2.4. A (standard) WKB function is an asymptotic series of the form

u(z)=[A(z) + (—ie) A1 (z)+---|exp[iS(z) /e], z €RN.

The Lagrangian manifold associated with a WKB function is the graph of the differential
dS in the phase space R?N. We use the same notation dS to indicate this Lagrangian
manifold; i.e.,

dS={(¢,p)lp=VS(q)}.

A WKB function is said to admit the vanishing derivatives property if
VS(0)=0, V2S(0)=0.

The geometric interpretation of the vanishing derivatives property is that the La-
grangian manifold of a WKB function is tangent to the real plane at the origin.
The following formula plays a fundamental role in the classical WKB analysis:

o

HW){A(w)expliS(z)/e]} =exp[iS(x)/e], (—ie) R;[A]. (2.5)

7=0
Here H(W) is the Weyl quantization of the symbol H = H(w)= H(x,£). The operators
R; are linear differential operators of order j, with the first two given by

Ro[A]=HA, R\[A]=VH VA+tr(ViHV?S+V,VcH)A)2.
In the above equations, the function H and its derivatives are evaluated at the phase
point (z,VS(x)).

DEFINITION 2.5. An extended WKB function is an asymptotic series of the form
u(z) :/ [A(2) 4 (—i€) AL (2) + - |exp[iS(2) /€] [pe (—2)pc] (z)dvol, z RN,
zEN

where A is a Lagrangian manifold in the phase space R*N. The amplitude A (and
A;) and the (real) phase S are only defined on A. Additionally, S is assumed to be a
generating function of the differential 1-form pdq—d(pq)/2 on A.

Throughout this paper, we are merely concerned with the first order approximation
of the relevant quantities. In most cases, only the leading order term of the amplitude
series is important. For brevity of notation, we simply use O(e€) to denote the higher-
order terms. The following theorem reveals that the extended WKB function is indeed
an extended concept of the standard WKB function. Its proof combines Theorem 3.2
and Lemma 3.3 in [33], and we omit it here.

THEOREM 2.6. Given an extended WKB function
U(w)Z/ [A(2) +O(€)] exp [iS(2) /] [pe(—2) &c] () dvol.
z€EA

For any z=(q,p) €suppA, let U be a unitary matriz representation of the tangent plane.
Then pe(U*)pe(2)u is a local WKB function with the vanishing derivatives property, and
it holds that

[1e(U")pe(2)ul(0) = [A(2) + O(€)]exp[iS(2) /€]
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Furthermore, if A admits a local one-to-one projection onto the real plane, then we have

¢(q) = [A()M(C(2)) + O(e)|exp{i[S(2) +pg/2] /e}-

Here CO(z) € R2NXN s any matriz representation of the tangent plane of A at the point
z.

3. Global geometrical optics approximation
In this section, we derive the global geometrical optics approximation to the high
frequency scalar wave equation in its general form

HW)u=0, W=(z,—ieV). (3.1)

Here H(W') denotes the Weyl quantization of the symbol H(w) = H (x,§) with w = (z,£).
The zero level set of H is denoted by N. Suppose Ag CA is an isotropic manifold
of dimension N —1 in the phase space R?V. If the Hamilton vector field JVH(z) is
transversal to Ay, then the Hamiltonian system

2=JVH(z), (3.2)
equipped with the initial data
2]t=0 =20 € Ao,

renders a Lagrangian manifold embedded in AV. Let us denote this Lagrangian manifold
by A. Suppose the Hamiltonian H is specified in a way such that A is topologically
isomorphic to Ag x R. Let y be a coordinate of Ag. Then A is parameterized by (¢,y).
Therefore, the Jacobian C'=090z/9(t,y) determined by

C=JV?H(2)C, Climo=[JVH (20) 0yz0] (3.3)
forms a matrix representation of the tangent plane of A at the point z=2z(¢,y). Let
C=QP, QeR*N*N peRN*N (3.4)

be the polar decomposition of C} i.e.,

1/2 —1/2

r=(ctc)’", Q=c(c'C)

Set

U=Q1+iQs. (3.5)

Then U is a unitary matrix.
Given a generating function Sy of pdg—d(pq)/2 on Ay, if S is the solution to the
following ODE problem

S+[z2,2]/2=0, Sl|i=0=350(20),

then S is a generating function of pdg—d(pq)/2 on A. Let us introduce the operator K
as

(KA (z) = A(S)exp[iS(S) /€] [pe (=) ¢e] (z)dvol.

SEA
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This is an extended WKB function with the Lagrangian manifold A. Let (z,U) be any
moving frame induced by the underlying Hamiltonian flow and positioned on A; i.e.,
z=2(t) solves the Hamiltonian system (3.2) and U=U(z(t)) is determined by (3.3),
(3.4), and (3.5). Applying Lemma 2.2 and Lemma 2.3, we derive

1e(U")pe(2) H(W)KA= pe(U") pe(2) [H(W) —icd] KA
1e(U")pe(2) [H(W) —i€0y] pe(—2) p1e(U) pe (U™ ) pe (2) KA
H(W,t)+etrTr /2 —iedy | e (U*)pe(2) KA,

€
€

where

H(w,t)=H(Ryw+2z)—VH(z) Rpyw—wdw/2+[z,2]/2. (3.6)

By Theorem 2.6, 11.(U*)pc(2)K.A is a local WKB function with the vanishing derivatives
property. Suppose

[1e(UT)pe(2) KA](,1) = [Ao (1) + O(€)] exp 15 (2, 1) /€] - (3.7)
Then we have
Ap(0,8) = A(z), (3.8)
and
S(0,6)=8(z), VS(0,t)=0, V25(0,t)=0. (3.9)

For any smooth function ¢ =p(x,t), applying the fundamental formula (2.5), we
derive

[M]8

[A(W,t) + Ty /2~ i€dy | [pexp (iS /)] =exp(iS/€) Y (~ie) T ]

J

I
<

where

Tolgl=(S+H) .

Tilpl=¢+VeH -Vo+ {Vgﬁzvzs—i—tr(vmvgﬁ)—l—itrﬂ ©/2.
In the above equations, the function H and its derivatives are evaluated at the point
(x,VS(x,t),t).

Recalling the definition of H (see (3.6)) and the definition of Ry (see Lemma 2.2),
we have

H(0,t)=1z,2]/2, VH(0,t)=0, (3.10)
~ [ QIVEH(2)Q —-QTVZH(2)JQ T T
VZH(0,t) = {QTJVQH(Z)Q —QUVzH(z)JQ} - [_%R T’j . (3.11)

By (3.9) and (3.10), we have

Tolellemo = (8 +[2,21/2) 0(0,) =0.
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Considering Tg is skew-symmetric and 77 =QTV2H (2)Q, recalling (3.9), (3.10), and
(3.11), we have

Tilellamo = £(0,8) +tr [QT (T +J)V2H(2)Q] (0,1) /2 £(15(0,1)).
Therefore, recalling (3.7) and (3.8), we derive
[1e(U") pe(2) H(W)K A |20 = [(—ie) L(A) +O(e*)] exp (iS /e).
Applying Theorem 2.6, we arrive at
HW)KA=(—ie)K[L(A)+O(e)]. (3.12)

The formula (3.12) implies that if A is such that £(.A)=0, i.e.

A+t [QT (I +)V2H(2)Q] A/2=0, (3.13)
then we have

H(W)KA=0(e?).

For a short conclusion, given an isotropic manifold Ay transversal to the Hamil-
ton vector field JVH (z) and embedded in the null manifold of the Hamiltonian H, a
generating function Sy of pdg—d(pq)/2 on Ay, and a smooth function Ay on Ay, if we
determine a Lagrangian manifold A by

2=JVH(z), z|i=0=20€ Ay,
a generating function S of pdg—d(pq)/2 on A by
S+[2,2]/2=0,  S|i=o=3S0(0),
and an amplitude function A on A by
C=JV?H(z)C, C=QP, Cli—o=[JVH(z) dyzo],
A+t [QT(I+T)V2H(2)Q] A/2=0, Ali—o=Ao(20),

then the extended WKB function
u(x) :/ A(2)exp[iS(2) /€] [pe(—2)de| (x)dvol (3.14)
zEA

gives an asymptotic solution of first order to the wave equation (3.1). We call this
approximation the global geometrical optics approximation since it is globally valid and
analogous to the classical geometrical optics method. The main tool we used is merely
WKB analysis, although we performed it with a moving frame technique in the phase
space.

4. Helmholtz equation with discontinuous media
We consider the Helmholtz equation

—Au—s*u=0, (4.1)
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where e=w™! is the inverse of angular frequency and s is the slowness field, the inverse
of the velocity field. The Helmholtz equation (4.1) is a special instance of the general
wave equation (3.1) with

H(z,6)=[€* - s* ()] /2.

Suppose standard WKB Cauchy data is specified on a smooth manifold I" of codimension
1 in the spatial domain

ur(x) =[Ar(z)+O(¢)]exp[iSr(z) /€], Yz €T. (4.2)
By a standard WKB analysis, we know that if
|VrSr ()| #s(x), Vzel,
there are two local WKB solutions uy around T" which satisfy (within O(e))

ut(z)=ur(z), Ve el (4.3)
(—ie)Vu (2) = [VrSr(z) £((z)n(z)| ur(z), VzeT. (4.4)

In the above equation, n is the normal direction of T" and ((z) is the impedance deter-
mined by

((2) = [s2(x) — |VrSr(@)[2]/*, Yz eT.

Note that if s(z) <|VpSr(z)|, the impedance ((x) is purely imaginary with a positive
imaginary part.

Now suppose the slowness field s is piecewise smooth with an interface I' dividing
the spatial domain into two parts, 23 and 5. Let us denote the slowness fields on €24
and s by s1 and ss, respectively. At the interface I', the wavefield is assumed to satisfy
the connection conditions

ulp 0, —ulr,0, =0, nTVu|p192 —nTVuhﬂ,Ql =0. (4.5)

We consider an incident wave of extended WKB-type which propagates in 2; and
is initiated from an isotropic manifold Ay (parameterized by y) of dimension N —1
embedded in the null manifold of the Hamiltonian H (z,£). That is to say, we suppose
the incident wavefield is given as

uI(a:):/ Ar(zr)expliSr(zr) /€] [pe(—z1)Pe) (x)dvol, (4.6)
zr=(qr,pr)€A1

where the incident manifold A; and other relevant quantities are determined by

Z]:JVH(Z[), 2,“[‘75:0:2’061\07 (47)
Sr+(z1,21]/2=0, Sili=0 =So(20), (4.8)
Cr=JV?H(z1)Cr, Cr=Q: Py, Cilimo=[JVH(z0) dy20], (4.9)
Ap+tr [Q}(i]ﬂ)wﬂ(g,)@[} A7/2=0, Arli—o=Ao(z0)- (4.10)

In the above equations, Sy is a generating function of the differential 1-form pdg—
d(pq)/2 on Ay and Ay is a prescribed smooth function on Ag. Suppose the interface I’
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is specified as the zero-level set of the function ® =®(q). Then the time T=7(y) for a
ray indexed by y to impinge I' satisfies

®(q1(7,y)) =0.
Differentiating the above equation with respect to y yields
n'0rqr (7,y)0y T +n'9,q;1 (T,y) =0.
Therefore, we have
Oy7=—[n'0ar(ry)] " [n' 0,0 (r9)] .
4.1. Reflected and transmitted waves. Let us set
ar=q1(1,y), prr=p1(1,y), zr,r=(qr,prr), Crr=Cr(zrr).

When z; 1 is a regular point of the projection map from the Lagrangian manifold A;
to the real plane, the matrix Cyp 1 (the upper half part of C;p by our convention)
is invertible, and M(Cyr) is well-defined. According to Theorem 2.6, the incident
wavefield u; is a local WKB function around ¢r, and within O(e) the following holds:

ur(qr) =Ar(qr)exp[iSr(qr)/e], (—i€)Vur(gr)=prrAr(qr)exp[iSr(qr)/e], (4.11)
with
Ar(qr) = A(zr,r)M(Crr), Srar)=Si1(z1,r) +prrar/2. (4.12)
Note that by setting the normal and tangent projection operators to
T.=ntn, Ty=1-TL,

and the normal impedance (; in €4 to

1/2
¢ = [s3ar) - 1Tjprrl] 2,
we have

VrSr(qr)=Typrr, n1¢=Tiprr, prr=VrSr(qr)+nii,

where n; denotes the normal direction of the interface I' exterior to £2;. Suppose that
when confined to I', the reflected wave ur and the transmitted wave up are expressed
as

ur(qr)=FrAr(qr)exp[iSr(qr)/e|, wur(qr)=FrAr(qr)exp[iSr(qr)/e],  (4.13)

where Fr and Fr are the reflection and transmission coefficients. Then based on the
analysis at the beginning of this section, it holds that

(—ie)Vur(gr) =[VrSr(gr) —n1G] FrAr(gr)exp[iSr(qr)/€], (4.14)
(—ie)VuT(qp) = [VFSF(QF) —|—’I’L1C2]]:TAF (qp)eXp [iSF(qF)/e] : (415)

where

Co=[s3(qr) — |7ﬂp1,r|2]1/2
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is the normal impedance in €25. Note that when (5 is purely imaginary, the transmitted
wave ur is evanescent along the normal direction ny.

The wavefield on 2 is a combination of the incident wave u; and the reflected wave
up, and the wavefield on 29 consists solely of the transmitted wave up. Applying the
connection conditions (4.5) and recalling (4.11), (4.13), and (4.14)—(4.15), we derive

1+ Fr=Fr, G(1-Fr)=GCFr,
which leads to
Fr=(G—-C)/(C1+¢), Fr=20/(C1+C).
For any g€ {I,R,T}, let us set
psr=(Tj+agTL)prr, 250 =(ar.psr), (4.16)
with
ar=1, ar=-1, ar=0/G.

The reflected wave is always propagating. If (5 >0, then the transmitted wave is also
propagating. In either case, we determine and parameterize the reflected manifold Ay
and the transmitted manifold A7 by

23=JVH(z3), 28|t=r =28,
Therefore, the matrix representation Cg =0z5/9(t,y) of the tangent plane satisfies
Cs=JV?H(25)Cs, C5=QpPs, Cpli=r =Chyr,
where
Car=0z3/0(t,y)|i=r = [JVH(Zﬁ’F) Oy2p,r — JVH(ZB,F)ayT] . (4.17)

By recalling (4.12), (4.13), and applying Theorem 2.6, the global geometrical optics
approximation to the reflected and transmitted waves is then given by

up(z) = /  As(z)expliS ()€l [pe(—2)6) (wdvol, VB € {R.T),

where the phase Sg and the amplitude Ag are determined by

Sp+ 28,48 /2=0, Sgli=r =S1(z1,r) +pr.rar/2—ps.rar/2, (4.18)
As+tr |QLT+ )V H (26)Qp] Ap/2=0, Aslimr = FoGaAi(21r),  (4.19)

and the geometric factors G are defined as
Gg=M(Crr)/M(Csr).

The denominator M(Cjp ) in the definition of Gg is well-defined if and only if
M(Cr,r) is well-defined. Equivalently, zg r is a regular point of Ag if and only if z; p
is a regular point of A;. Actually, considering n'd,qr =0, by (4.17) and (4.16) it holds
that

1 0,7

10
Cora {0 I;_J = (Tj+asT) e dyar]=(Tj+as7T1) Crra {0 I;_Tl] ’
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which yields
Cpra=(Tj+asTL)Crr1- (4.20)
This implies that Cg 1 and C; r; are simultaneously invertible or non-invertible since
detCsr1=agdetCrr.

In the case that z;r is singular with respect to the projection map onto the real
plane, the incident point ¢; is a caustic and the above interface analysis ceases to be
valid. However, since

9 MQ(C]I) . det (0171“,1 —iC[,RQ) . detCB,m —u det (CI,F,l _iCI7F,2)

g — = - = 3 )
A MQ(CB,F) det (CB,F,l — ZCﬁ’F’Q) det CI,I‘,l s det (Cﬁ,I‘,l _'LCB’F72)

(4.21)

we see that G as an entirety is always well-defined regardless of whether z; r is regular
or not. In the following two subsections, we will deduce an expression of Gg which is
valid for all incident cases.

4.2. Geometric factors Gg in the case of a planar interface. Analogous
to the derivation of (4.17), it is straightforward to verify that

1 oyt prr Oyqr ]
C vl = i Y .
Lr {O IN_J lesl Oyp1.r

Since C7r is a matrix representation of a Lagrangian plane and 0,¢r lies in the tangent
plane of I" at qr, we know that the matrix

I— n 8yqp
07—\|ayp1,I‘

also represents a Lagrangian plane. Set

- 1/2
P— {(aqu)T ayQF + (3yp1,r)TT||3ypI,r} c ]R(Nfl)x(Nfl)’

and let L=QP be the polar decomposition. Then we have

/2 [10 _[n 8yqp]3_~1
P (L L) |:0P » Q OlTHayp[,FP_l '

Note that the matrix
V=Q1+iQ2=[n T} (dyqr +idyprr) P~] (4.22)

is unitary since @ is both orthogonal and Lagrangian.

Now suppose that the interface I' is planar. In this case, n, 71, and 7| are constant.
Let O be any orthogonal real matrix which transforms the normal direction n to the
first Cartesian basis vector, i.e.,

On=e; =[1,0,---,0]".

For an arbitrary but fixed choice of y, let us consider the following canonical transfor-
mation in the phase space:

z—2=%(2) =Ry~ (2—2), 2= (qr,Tp1r)- (4.23)
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The associated unitary transformation in the function space is
u— e (V) pe(2e)u=pe((OV) ") e (O) pe (2c)u
Since
OV =0 [n T} (yqr +idyprr) P =[e1 (I —e1e})O(dyqr +id,prr) P~'],

we see that the unitary transformation u.((OV)*) keeps the first real variable un-
changed. Consequently, p.((OV)*) commutes with any linear operator that only acts
on the first real variable. In particular, if u satisfies the connection conditions (4.5),
then e (V*)pe(2e)u satisfies

[/ie(v )pe(zc)u“ [NE(V*)pe(Zc) ]|f‘Q =0, (4'24)
e[V [ne(V* )pe(zaunf,@ — eV [ne(V*)pe(ze)ull7 6, =0, (4.25)
where
Q=01 —qr), Q=0 —qr), T=0T —qr)={(z1,...,2x5)|z1 =0}.

The benefit of the above phase space transformation technique is that in the new
frame the manifold Z(Ag) for any S€{I,R,T} admits a local one-to-one projection to
the new real space around Z(zg,r). This point can be verified in the following manner.
Recalling that

psr=(Tj+asTL)prr,
we have
Oypp,r =T 0ypr,r +T10y(apprr).

The transformed tangent plane Ry «C3 1 corresponding to the phase point zs  satisfies

nt 0
19,77 _| P 0yar) P (0yprr) T
Ry-Cyr [O INl] = 0 nt

P 1)’ T P (Oyar)’

agniprr 0

(’T| +a,371)p[r 8yqr * P
sVs T Oyp1,r +T1L0y(appr, r)| = * * |

>k *

From the above equations, we see that the upper half part of Ry«Cjs r is always non-
singular. Therefore, the new real variable forms a local coordinate of Z(Ag) around

Z(zp,r)-
Recall that the incident, reflected, and transmitted waves have the following ex-
pression:

uﬁ(x)=/ N Ap(2p)expiSp(25)/ ] [pe(=2p)de|(w)dvol, V€ {I, R, T}.

In the new phase space frame (4.23), we have

[Me(V*)Pe (Zc)uﬁ} (l‘)
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:/ A A@(Zﬁ)eXp[iS[g(ZB)/E] [ﬂe(V*)pe(zc)pe(_Zﬂ)Qse](x)dVOI

=/ . Ap(zp) exp{i[Sp(2p) + [2e,25]/2] €} [pe(= Ry~ (25 — 2c))¢e] (x)dvol

/  Ap(zp)exp{i[Ss(zp) + [2c, 28]/2] / €} [pe(—Z) pe] (x) dvol.
Z=Ry~«(23—2.)€Z(Ag)

These are still extended WKB functions since the transformation zg— Z=2(z3) is
canonical. Considering

nt 0 0
_ pt (ayQF)T Pil(aypl,F)Tﬂ\ 0 _ 0

Ry-(zp,r —2c) = 0 nt agTiprr|  |agniprr|’
—p! (8ypI,F)T7ﬂ P! (8qu)T *

we know that at =0 the following holds within O(e)
[1e(V7)pe(ze)upl(0) = Ag(z8,0) M(Ry - Cp r) exp{i[Sp(z.r) + [2c, 2,01 /2] / €}
(=ie)e] V[pe(V*)pe(ze)us)(0) = agn'pr v e (V*)pe(ze)us](0).
Note that since
Sp(zpr)=S1(zrr)+ (1 —ag)grTiprr/2,
and
[2¢,28,1] = [2¢, 28,0 — 2] = [(ar, Typ1,r),(0,a5Tpr r)] = agqrTiprr,
we have
[1e(V7)pe(ze)up](0) = Ag(z5,0) M(Ry-Cpr)exp{i[Si (zr,0r) +qr Toprr /2] /€} -
Applying the connection conditions (4.24)(4.25) yields
Ag(zpr)M(Ry-Cpr)=FgAr(zrr)M(Ryv-Crr), V8e{R,T}.
Recalling
Ap(zsr) =Fs9pAr(z1r), VBe{R,T},
we then derive
Gs=M(Ry-Crr)/M(Ry-Cpr), V€ (R,T).

4.3. Geometric factors Gz in the general case. When the interface is not
planar, the geometric factors Gg cannot be determined in the way explained in the last
subsection. As shown by (4.20), Cs 1 is independent of the curvature information of
the interface I' at gr, thus so is Cy ;1. However, since

10
Core {0 INy_TJ = [sVs dypsr], VBE{R,T},
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and

ppr= (7ﬂ +Cl,371)p1,1“7
by a direct computation, we derive

apR,F
dy

= (7} —T1)0yprr —2(n'psr +np;r)8qnayqp,

and

8PT,F
Jy

= (TH Jra;lﬁ) Oyprr+ (C1C2)*171p1,p8y(s§ — S?)/Q
+ {(GT —Un'pro+(az' —1) np}r] Dgndyqr,

which implies that the tangent planes Crr and C7r indeed depend on the curvature
information of T'.
For an arbitrary but fixed y, let us set

®y.0(q) =2(gr)+Ve(qr)-(¢—qr),

and
Py o(q)=(1-0)Py0(q) +0P(q), Yo [0,1].

The zero-level set of ®, ,, denoted by I';, defines a smooth family of interfaces con-
taining the incident point ¢r. Let us denote the normal direction of I', by n, and
set

TJ_,a:njynaa 7],021_71,0~
Then for any o € [0,1], it holds that

ne(qr)=n(qr), T1.o(qr)=TL(ar), T,-(ar) =Tj(ar), Vne(qr)=0Vn(qr).

Since the ray indexed by y penetrates through the interface I' at gr, so does it for any
I';. The geometric factor Gs , determined by replacing I" with I', thus defines a smooth
family with respect to o €[0,1]. Let us set
o) _ i i 1 —9,7
rr2=|8Vs (T =T1)0yprr—20(n"pr,r+np; 1)0gndy,qr 0In_1|’

(o) (Ty+ar" T1) ypro +(C1G) " Tiprrdy(s5—s1)/2| 11 _g. ~
C = |sVs Y
71,2 5

+o [(GT —Un'prr+(ap' —1) np}’r} 0qnOyqr 0N
o O,B,F,l
5=l |- vBE{RTY,
B.T,2

Note that we have

O =Csr, VBE{R,T}.
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Recalling (4.21), we have

det (CI,F,I —7;0]7F72)
det (Cﬁ)p’l —icgjl)ﬂg)
det (C]7F71 —iO[ T 2)

det (Cp 1 —iCLY, ) det {(cﬁ v —iC,) - (Cora 10(7372” '

g,@,o’ =ag

:a6

Since C’( T is the matrix representation of the tangent plane when the interface is planar,
applylng the result in the last subsection, we have

Gp.o=M(Ry-Crr) /M(Ry-CL), VB {R,T}. (4.26)

Therefore, we arrive at

—1/2

Gs.0 =050 {det [(Cg,m —iCé?%z) B (C'B,F,l —ic,g,fr),z)] }

In the above equation, the branch of the square root function is chosen to ensure the
continuity of Gg , with respect to o.
As a matter of fact, we can determine gﬂ U, and thus Gg =Gz 1, without resorting

to the above continuity argument. Since CB7F,2 is linear with respect to o, we know
that

d -1 (o
W ef(Cﬁ,Fl Cé?%,g) (le,F,l*ZC,é,lZ,z)

—T+i (Cﬁr,l - icé?%’2) -1 (Cé L= O 2) =I—io (Cg,r,l —iCé%Q) %Cé‘fﬂz,

where 7= C’[(;IZ 5 does not depend on o. This implies that the eigenvalues of the matrix
W, would never appear on the negative real axis, the branch cut of the square root
function, since, otherwise, there must exist some o € [0,1] such that W, is singular, and
this is in contradiction to the assumption that the ray is transversal to the interface at
qr. Based on this fact, we have

(detW,) 2= [ VA< Vdetw,, (4.27)

AESpW,

where SpW,, denotes the set of eigenvalues of W, (accounting for their multiplicities).
Combining (4.26) and (4.27) we finally derive

g570 B M(RV* CI,F)
= —1 )
VAL gy 00 Vet [(Oﬁ,m ~iCf1s)  (Cora—iCar.)

Gg=

5. Miscellaneous issues
In this section, we discuss some issues related to the global geometrical optics ap-
proximation and the numerical implementation.
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5.1. Phase modification. In the definition of extended WKB functions, we
have assumed that the phase S is a generating function of pdq—d(pq)/2. If we mod-
ify S to S—pg/2, then an equivalent definition of the extended WKB function is an
asymptotic series of the form

u(x) Z/EA[A(Z)+(—i6)A1(Z)+~~]eXP [iS(2) /€ [pe(—2)¢c] (x)dvol, xRN,
where

ﬁe(_z) = exp(—ipq/Qe)pe(—z),

and S is a generating function of pdq of the Lagrangian manifold A. Accordingly,
the global geometrical optics approximation to the general wave equation (3.1) is an
extended WKB function

u(@)= [ A expliS(:)/d () @)l
z€
where S solves the ODE
S= Dq.
The new phase function S has an explicit physical meaning since it is simply the classical

action function, also called travel time in geometrical optics. In addition, the ODE (4.18)
satisfied by the travel time is modified into a more handy form,

Ss=ppds, Spli=r =Sr(zrr).

This recovers a known fact that the reflected and transmitted waves have the same
travel time as the incident wave at the impinging time point.

5.2. Other connection conditions. In Section 3, we specified the C*-
continuity connection conditions at the interface. Actually, the reflected manifold and
the transmitted manifold (if they exist) only depend on the slowness fields, and the
connection conditions only affect the reflection and/or transmission coefficients. Some
other connection conditions can be considered analogously. For example, if the interface
is sound-soft or sound-hard, i.e., a homogeneous Dirichlet or Neumann boundary con-
dition is specified, then only the reflected manifold exists and the reflection coefficient
Fr is +1. If the Cl-continuity connection (4.5) is modified to

r,o, =0, (5.1)

ulr.0, —ulr,0, =0, O'QTLTV’U,|["Q2 —ontvau
then the reflection and transmission coefficients are

0101 — 022 201G

TGt T o1 +oals

The connection conditions (5.1) will appear if one considers the time-harmonic acoustic

equation
2 1
{“+v- (v)] u=0,
K P

where p is the density, x is the bulk modulus, and w is the pressure. If k is piece-
wise smooth and p is piecewise constant with the interface I', then s=+/p/k and the
connection conditions are of the form (5.1) with

R

or=p! Ir,0., 02 =p! 1,0,
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5.3. Conservation property. The ODE (3.13) satisfied by the amplitude
function can be rewritten into a more handy form. Put U=QQ;+iQ2. Then U is
unitary. It is straightforward to verify that

QIUI—-i)Q=U*U=U"'U.
From the ODE (3.3), we have
QP+QP=JV?H(2)QP.
Thus,
V2H(2)Q=J"" (QP+QP) plogt (Q+QPP—1).
Therefore, we have
tr [QT (il + J)V2H(2)Q] = tr [QT(I—U) (Q+QPP*1)}

— [QT(I 'J)Q+PP—1} =t (U—lU+PP—1) 14 wp) 52

- ! - ~det(UP) dt ’
In the last equality, we have used the Liouville formula; i.e., for any smooth family of

nonsingular matrices ® =®(t), it holds that

d dd
—det®=tr | ®'— ) det®.
dt r( dt) ¢

Substituting (5.2) into the amplitude ODE (3.13) yields
d . d
7 [A?det(UP)] = o [A?det(Cy —iCs)] =0, (5.3)

which implies that A% det(U P) is a conserved quantity along each bi-characteristic. Thus
the amplitude A can be determined either from the ODE (3.13) or from a continuity
treatment.

5.4. Constant slowness case. = When the slowness field is constant, the ODE
system determining the global geometrical optics approximation can be integrated out
explicitly. In this case, the solution of the Hamiltonian system

q=p, p=0
is simply
q(t) =q(ts)+(t—ts)p(ts), p(t)=p(ts),
where ¢ is the starting time point. The travel time satisfies
S(t)=8(ts)+ (t—ts) p(ts) I,
and the tangent plane satisfies
Ci(t)=C1(ts) +(t—t5)Ca(ts), Ca(t)=Cats).

Applying (5.3) and performing an argument analogous to that in the Subsection 4.3,
we derive the amplitude

At)

_ Alt)
Vet ([Ca(t) —iCa(ta)] 1[C1(D) —iCa(D)])
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5.5. Point source. The wave stimulated by a point source is actually an ex-
tended WKB function. To illustrate this, let us consider the two-dimensional Helmholtz
equation

—e2Au—sPu=—2ie¥/ %5 (x — x0).

First, we seek a local asymptotic solution around the source point xy which admits the
following ansatz (see [32, 30])

u() = 517 [B() + OO H (6e). (5.4)

Here H(()l) indicates the zeroth order Hankel function of the first kind. The use of an
asymptotic technique analogous to the WKB analysis results in

[VO|=s, O(xz) =0,

and
2
2V@~VB+<A6—|V§|>B:0, B(xzg)=1. (5.5)

Away from the source point xg, we have the local asymptotic approximation

. 1/2
u(x) ~ % <7r®2/e) expli(©/e—m/4)] = B(z)(21i0©) " 2exp(i© /€).

Let us set sg=s(zp) and define the isotropic manifold
Ao ={z0=(q0,p0)|q0 =0,po = so[cosy;siny],Vy e R/Z}.
We determine a Lagrangian manifold A by solving the Hamiltonian system
q=p, qli=0=qo,
p=:sVs, pli=o=po,
with £ >0, and the travel time by
SZPCL Sli=0=0.

Note that Ay is a manifold with boundary Ag. Since S is the generating function of
pdq on Ay and A, admits a local one-to-one projection to the real plane, we have

S(2)=6(q).

Let us consider the extended WKB function

u(z) = (2)exp [iS(2) /€] [pe(—2) @] (z)dvol, (5.6)

zENL
where the amplitude function A is determined by
C=JV?H(2)C, C=QP, Cli—o=[JVH (20) 0yzo],
A+tr [QT(I+J)V2H(2)Q)A/2=0, Ali—o=(2m) /%55
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We will show that away from xg, within O(e), the function @ in (5.6) is the same as the
function u given in (5.4).

Away from the source point xg, @ solves the homogeneous Helmholtz equation.
Besides, locally within O(e), it holds that

i(q) =A(2)M(C(2))exp[iS(z)/e].
Let us set
B(q) = A(z)M(C(2))[27iO(g)]"/*.

It suffices to show that B solves Equation (5.5). First, it is straightforward to verify
that

B(qo) = lim A(z)M(C(2))[27iO(q)]*/? = lim {A|t:0(it)_1/2[2772‘1558]1/2}:1.

t—0t t—0t

Second, by Liouville’s lemma, we have
d .
< detCr =tr(C10 ) det Oy = tr(CoCy Y det Cp = ABdet O (5.7)

Since

g o 1 N det Cl
B2 2miA2M?  2miA2det(Ch —iCy)’

recalling (5.3) and applying (5.7), we derive

16,00
dt B2 B2
which leads to
V6)~V~g :A@g.
B2 B2

It is straightforward to verify that the above equation is equivalent to Equation (5.5).

6. Numerical experiments

The global geometrical optics approximation (3.14) to the high frequency wave
equations is an integral on the underlying Lagrangian manifold. In the numerical im-
plementation, this integral should be discretized with some quadrature scheme. In the
(t,y) coordinate, the approximate wavefield u is expressed as

u(w)= [ AC:)expliS(:)/el [p.(~2)0.) (o) det Psdy.

This integral is then approximated by the trapezoid rule. As suggested by [24, 20, 31]
and validated by our partial numerical evidences, the sampling resolution needs only to
be O(el/ %) to ensure optimal first order asymptotic accuracy. In all the numerical tests
shown below, we simply set the sampling resolution sufficiently refined.
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F1G. 6.1. Dirichlet interface. The source point is located at (0,0.5). Left: a line with z=5. Right:
a circle of radius 25 with the center located at (0,30).
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Fi1c. 6.2. Green function with a Dirichlet boundary. The angular frequency is w=20.

6.1. Sound-soft Green function. In this part, we evaluate the numerical
asymptotic accuracy of the global geometrical optics approximation to the Green func-
tion of the Helmholtz equation with a homogeneous Dirichlet boundary. The point
source is located at (0,0.5) and the slowness is set to 1. Two cases will be considered.
The interface of the first case is a line with z =5, and the interface of the second one is
a circle of radius 25 with the center located at (0,30). See Figure 6.1.

In Figure 6.2, we show the Green function approximated by the global geometrical
optics method with an angular frequency of w=20. In Figure 6.3, we plot the relative
maximum errors of the global geometrical optics approximation. For the first example,
the exact Green function is available by the mirror principle. For the second example,
we compute a reference solution by the separation of variables on the circular boundary.
In either case, a first order asymptotic accuracy can be observed.

6.2. Green function for multi-layered media. In this part, we consider the
application of the global geometrical optics approximation to the Green function of the
Helmholtz equation with multilayered media. The point source is located at (0,0.5), and
the computational domain is restricted to [—5,5] x [0,10]. In the first numerical example,
we consider a three-layered piecewise constant medium. The velocity on each layer is
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Fia. 6.6. Two-layered medium with variable slowness. Left: wavefield with frequency 15Hz. Right:
incident and transmitted rays.
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Fia. 6.7. Three-layered medium. Left: reflected and transmitted rays. Right: travel times for the
rays traveling to z=0.
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Fia. 6.8. Two-layered medium with variable slowness. Left: reflected rays. Right: travel times
for the rays traveling to z=0.



C. ZHENG 1973

2.0, 2.5, and 3.0 respectively. The two interfaces pass through the points (0,5) and (0,8)
and have a dip angle of 7.5 degrees. In the second numerical example, we consider a
two-layered medium with variable slowness. The interface is a curve determined by

z=5+exp(—x?/4).
The slowness in the upper part is
s(z,2)=0.5+0.2exp{—[2>+ (2 —3)?]/0.5},

and the slowness in the lower part is 1/2.5=0.4. See Figure 6.4.

On the left of Figure 6.5 and Figure 6.6, we show the real part of the wavefield
derived by global geometrical optics approximation with frequency 15 Hz, and on the
right, we show the incident rays and the first transmitted rays. Since the reflected waves
are relatively weak, the wave pattern is in good agreement with the wavefronts of the
incident and first transmitted waves. On the left of Figure 6.7 and Figure 6.8, we show
the reflected and successive transmitted rays, and on the right, we plot the travel times
for all rays which travel to the line z=0.

7. Conclusion

The global geometrical optics approximation is a new semi-classical approximation
of high frequency wave equations which was originally proposed in [33]. In this paper, we
rederived it in a more concise way. It was shown that the right ansatz for the asymptotic
approximation of the high frequency waves is the extended WKB function, as opposed
to the WKB function used in the classical geometrical optics approximation. The new
ingredient of this paper is an interface analysis of the Helmholtz equation when the
incident waves are extended WKB functions. Though this analysis is standard for the
regular incident points, it becomes more involved when the incident points are singular.
The key issue is to determine the geometric factor which relates to the incident and
reflected (or transmitted) manifolds. Instead of resorting to the continuity treatment,
we developed a method which only utilizes the local properties of the incident rays and
the interface geometry.
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