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Abstract

Reverse time migration (RTM) is the cutting-edge imaging method used in seismic explo-
ration. In earlier RTM publications, density was often used to balance a medium with velocity
variation, such that the acoustic impedance — the product of velocity and density — stays
constant. Thus, reflections from sharp boundaries are avoided. In order to be more complete,
consistent, realistic, and predictive, density variation is intentionally included in our study so
that we can test its impact on the Green’s theorem-based wave-theory RTM algorithms.

The major objectives of this article are to advance our understanding and to provide con-
cepts, added imaging capabilities, and new algorithms for RTM. Although our objective of
extracting useful subsurface information from recorded data is not different from that of well-
known previous RTM publications, our approach is different: we use wave theory as much as
possible to maximize the benefit from the Green’s function and Green’s theorem, rather than
use the more popular methodology of running finite-difference modeling backwards in time.

A significant artifact in RTM is caused by the fact that numerous subsurface seismic events
necessary for backward propagation never return to the measurement surface. This unwanted
phenomenon also exists for the wave-field-prediction method formulated from Green’s theorem:
Green’s formula (in its general form, i.e., equation (2.5)), which links the wave field on the
entire outer surface with interior field values, also requires data from everywhere on the surface.
Weglein et al. (2011a) and Weglein et al. (2011b) proposed a special Green’s function with
vanishing Dirichlet and Neumann boundary conditions at the deeper boundary to cope with
that issue. This article provides a natural extension of the two aforementioned papers, into a
medium with density variation and more complicated geological structures.

The major advantage of RTM over many other seismic imaging methods is its additional
ability to handle two-way propagation without assuming that the events in the input data
are only up-going and that all multiples have been removed. This article demonstrates with
numerical examples that both up- and down-going waves can be precisely predicted from the
data (including internal multiples) on the top surface only. In our example, the contribution of
the transmission events that never return to the measurement surface is deliberately eliminated,
and it is not necessary for those events to enter the calculation.
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The Green’s function with vanishing Dirichlet and Neumann boundary conditions at the
deeper boundary demonstrates many remarkable properties. For example, it vanishes if the
receiver is deeper than the source, it violates reciprocity, and its value is not affected by any
heterogeneity outside the region between the source and receiver. The double vanishing bound-
ary condition also leads us to a wave-theory solution for a model that has many reflectors and
lacks internal multiples.

In this paper, two approaches have been used to derive the Green’s function with vanishing
Dirichlet and Neumann boundary conditions at the deeper boundary. The first is an analytical
boundary-matching method in the frequency domain, and the second is the numerical finite-
difference approach identical to many current finite-difference forward-modeling procedures in
the industry. The second method can be extended to multiple dimensions with lateral variation
in the medium properties. We find these two methods agree with each other with regard to the
intrinsic accuracy issue of the finite-difference approximation to differential equations.

In this paper, we also have some very early and very positive news on the first wave theory
RTM imaging tests, with a discontinuous reference medium and images that have the correct
depth and amplitude (that is, producing the reflection coefficient at the correctly located target)
with primaries and multiples in the data. That is an implementation of Weglein et al. (2011a;b)
with creative implementation and testing and analysis.

1 Introduction

One of the major early objectives of Reverse Time Migration (RTM) is to obtain a better image of
salt flanks through diving waves than is obtained by directly imaging through the complex overbur-
den. The key new capability of the RTM method compared with one-way migration algorithms is
to allow two-way wave propagation in the imaging procedure. This article follows closely the idea
established in Weglein et al. (2011a;b): achieving a Green’s function with vanishing Dirichlet and
Neumann boundary conditions at the deeper boundary, to eliminate the need for measurement at
depth.

To achieve the two-way imaging, we study the behavior of our Green’s function in three examples:
(1) a homogeneous model, (2) a single reflector model, and (3) a two-reflector model with internal
multiples. In order to get two-way propagation without complexity and approximation, we study 1D
examples with both up- and down-going wave propagation. We provide the details to demonstrate
the underlying physics.

As stated in Whitmore (1983); Baysal et al. (1983); Luo and Schuster (2004); Fletcher et al. (2006);
Liu et al. (2009) and Vigh et al. (2009), accurate medium properties above the target are required for
the RTM procedure discussed in this article. The major difference is that in most RTM algorithms in
the industry, a smoothed version of the velocity is used in the imaging procedure to avoid reflections
from the velocity model itself, while the exact velocity models (often discontinuous) are used in all
three examples in this article.

To apply the firm footing and math-physics foundation established in Weglein et al. (2011a;b) in
an arbitrary medium, we first study in detail the properties of the Green’s functions with vanishing
boundary conditions at the deeper boundary 2’ = B. The understanding of the aforementioned
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properties provides us with a straightforward procedure for constructing a Green’s function with
the double vanishing boundary condition for a 1D medium with arbitrary complexity. We adopt
the notations of the aforementioned articles as much as possible while introducing some minor
modifications to allow smooth expansions into new territories.

One of the remarkable properties of the Green’s function in this article is that, although both the
causal Green’s function Gg and the anti-causal Green’s function G, vary with the medium below
the source, the Green’s function with both vanishing Dirichlet and Neumann boundary conditions
does not. The implications are that if we want to predict the wave field at depth z, the medium’s
properties deeper than z are not required. Such a property is very difficult to visualize if GSF or Gy
is used to make the prediction, since both of them will change with the medium’s properties deeper
than z. It is worthwhile to note that this property of the Green’s function with vanishing boundary
conditions is also demonstrated by the WKBJ Green’s function used in the derivation of FK and
phase-shift migrations. While the WKBJ Green’s function is an approximate solution for a medium
with smooth variations, and the Green’s function with double vanishing boundary conditions in
this report is exact and for a discontinuous medium, nevertheless we find their similarity worth
reporting.

The property that allows an easy iterative procedure for constructing a Green’s function with double
vanishing boundary conditions is the following: the field values of the Green’s function vanishing
at the deeper surface are not affected by heterogeneity beyond the region between the field point
and the source. Consequently, we can start the calculation from a field location sufficiently close
to the source that the medium in between is homogeneous. In this case, the initial field value
(for all time and frequency values) can be calculated from a much simpler medium obtained by
extending the homogeneity to the entire space®. This initial field value contains two parts: the
first part! is the out-going Gar and is produced by the actual source, and the second term is the
downward propagation portion® that will cancel with the downward propagation energy of Gg .
Consequently, it will give a solution that vanishes completely below the source, satisfying both
Dirichlet and Neumann boundary conditions. For the solution of the wave field above the initial
field, standard analytic boundary-matching methods or discrete finite-difference procedures can be
used to iteratively extrapolate the function values to locations further and further away from the
source location.

Another property of the Green’s function with both Dirichlet and Neumann boundary conditions
vanishing is that it contains no multiples or reflections from the energy produced by the source,
even for models with an arbitrary number of reflectors. This property, derived from precise Green’s
theory, agrees with many methodologies in the current seismic imaging procedures (which are often
derived with some approximation to the wave equation): a smooth model is preferred, in order to
exclude reflections and multiples caused by the velocity model.

The major contributions of this article are:

*For example, equation (14) of Weglein et al. (2011b) or equation (3.1) in this paper.
TThe second term of equation (14) of Weglein et al. (2011b).
iThe first term of equation (14) of Weglein et al. (2011b).
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e [t provides two methods to calculate the Green’s function with vanishing Dirichlet and Neu-
mann boundary conditions for arbitrary 1D medium.

e [t incorporates the density variation for Green’s theorem RTM.

e [t provides the finite-difference scheme for calculating the Green’s function that vanishes at
the deeper boundary.

e [t provides a two-way propagation and downward continuation of wave fields, by using Green’s
function with double vanishing boundary conditions.

e [t demonstrates remarkable properties of the precise analytical Green’s function that coincide
with many existing seismic imaging ideas derived with different degrees of approximation.

The following notations are worth mentioning at the beginning: Gar and G, are used to denote
causal and anti-causal Green’s functions, respectively. Gé}' is used to denote the Green’s function
with vanishing Dirichlet and Neumann boundary conditions at the deeper boundary. k = w/cq
where ¢y is the constant velocity of the reference medium, and w is the angular frequency.

Although Green’s theorem and Green’s functions are more often discussed in the frequency domain,
in this paper the Green’s functions and wave field prediction examples are always graphed in the
time domain since this domain is more easily accessible (without expressing the values in complex
numbers). A very straightforward Fourier transform is sufficient to make the domain change:

f(t):% / Flw)e “dw. (1.1)

The Green’s function, resulting from an ideal impulsive source, contains frequency information of
an arbitrary frequency. For display, we convolve it with a band-limited wavelet (the first derivative
of a Gaussian function®) to avoid aliasing beyond the Nyquist frequency.

2 Green’s theorem wave-field prediction with density variation

In many migration methods, density variation is often left out of the acoustic wave equation since it
does not affect the travel time. In reverse time migration, however, density serves a very important
role even in the early stage: in order to have a reflectionless medium with velocity variations, a
counterbalancing density variation is introduced to make sure the acoustic impedance is constant.
Therefore in our derivation of Green’s theorem-based RTM, we explicitly incorporate the density
variations in the acoustic medium. First, let us assume the wave propagation problem in a volume

V bounded by a shallower depth A and deeper depth B:

$The wavelet is iwe™*"/# in the frequency domain or % %e*ﬂﬁ/‘l in the time domain, where 8 = (207)?
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where 2’ is the depth, and p(z’) and ¢(z’) are the density and velocity fields, respectively. In
exploration seismology, we let the shallower depth A be the measurement surface where the seismic
acquisition can be accomplished economically. The volume V is the finite volume defined in the
“finite volume model” for migration, the details of which can be found in Weglein et al. (2011a). We
measure P at the measurement surface 2/ = A, and the objective is to predict P anywhere between
the shallower surface and another surface with greater depth, 2’ = B. This can be achieved via the
solution of the wave-propagation equation in the same medium by an idealized impulsive source or
Green’s function:

o 1 0 w? , B , ,
{(%’p(z’)@z'+p(z’)02(z')}G0(z’Z’w)_5(2_2) ) A< 2 <B, (2.2)

where z is the location of the source, and 2z’ and z increase in a downward direction. It can be
achieved as follows:

e Multiply equation (2.2) by P(2/,w).
e Multiply equation (2.1) by Go(z, 2/, w).

e Integrate the difference of the two aforementioned products (both are functions of z’) over the
variable 2 from A to B.

The right-hand side of the operation above is:

B
/P(z',w)é(z —2NdY = P(z,w), (2.3)
A

where in the derivation above we assume z is inside the volume V' (i.e., A < z < B). Omitting the
arguments of the following functions: P(z',w), Go(z,2',w), ¢(2') and p(2’), since their arguments
will not be changed in the derivation process, the left-hand side of the operation above is:
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Equating the results obtained by the left- and right-hand-side operations, and restoring the specific
arguments of each function, we have:

Z'=B
, (2.5)
z/=A

1 0Go(z, 2, w OP (7w
Plaw) = o { P PO a1 P

where A and B are the shallower and deeper boundaries, respectively, of the volume to which the
Green’s theorem is applied. It is identical to equation (43) of Weglein et al. (2011a), except for the
additional density contribution to the Green’s theorem. Similar density contributions can be found
in many seismic imaging procedures, such as equation (21) of Clayton and Stolt (1981).

In the arguments of Gy, z is the location of the source, and 2’ is the location of the receiver. The
Green’s theorem given in equation (2.5) predicts the data P(z,w) in an arbitrary location using the
data P(2’,w) at the measurement surface. In this specific application, z is the depth at which the
wave-field prediction is carried out.

Note that in equation (2.5), the field values at the surface of the volume V' are necessary for
predicting the field value inside V. The surface of V contains two parts: the shallower portion
7' = A and the deeper portion 2/ = B. In seismic exploration, the need for data at 2’ = B is often
the issue. For example, one of the significant artifacts of the current RTM procedures is caused by
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Figure 1: Green’s theorem predicts the wave field at an arbitrary depth z between the shallower
depth A and deeper depth B.

this phenomenon: there are events necessary for accurate wave-field prediction that reach 2/ = B
but never return to 2z’ = A, as is demonstrated in Figure 1. The solution, based on Green’s theorem
without any approximation, was first published in Weglein et al. (2011a) and Weglein et al. (2011b),
the basic idea can be summarized as the following.

Since the wave equation is a second-order differential equation, its solution is not unique. In other
words, for a wave equation with a specific medium property, there are an infinite number of solutions.
This freedom in choosing the Green’s function has been taken advantage of in many seismic-imaging
procedures. For example, the most popular choice in wave-field prediction is the physical solution
Gg . In downward continuing an up-going wave field to a subsurface, the anti-causal solution G, is
often used.

If both Go and 0G(/dz’ vanish at the deeper boundary 2z’ = B, where measurement is often much
more expensive than acquiring data at the shallower boundary 2z’ = A, then only the data at the
shallower surface (i.e., the actual measurement surface) is needed in the calculation. We use GJ"
to denote the Green’s function with vanishing Dirichlet and Neumann boundary conditions at the
deeper boundary.

3 The vanishing property of G}’ and its independence of the medium’s prop-
erties below the source

First, let us look at some properties of the Green’s function detailed in equation (14) of Weglein
et al. (2011b):

T -1 . o . o
GOD\ (z,z',w) _ ﬂ (e ik(z—2") ezk|z z |> ’ (31)
where k = w/cp and the quantity ¢ is the unchanged homogeneous velocity in the entire space,
and z and 2z’ are the locations of the source and receiver, respectively. This Green’s function is
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Figure 2: The construction of G([)W for a homogeneous medium with constant velocity 1500m/s.
The source depth is 500m. The left panel is the causal solution (if we denote k = w/co and H is
the Heaviside function, the causal Green’s function is G (z, 2/,w) = === /(2ik) in the frequency
domain or G (z,2/,t) = =2 H(t — |z — 2’| /co) in the time domain). The middle panel shows the
homogeneous solution (—e**(#'=2) /(2ik) in the frequency domain or QL H(t— (2 —2)/co) in the time
domain) that cancels with the left panel below the source. The right panel results from summing the
two panels on its left and is the desired Green’s function with double vanishing boundary conditions.
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for a whole-space homogeneous medium with ¢y as its velocity. It also satisfies the Dirichlet and
Neumann boundary conditions at the deeper boundary B:

GV (2,7, w) _5=0,
OGY (2,7, w)
o =28 2,
0z o

The construction of equation (3.1) (i.e., G§ in a homogeneous medium) is detailed in Weglein et al.
(2011b); we only provide its graphic version in this article in Figure 2.

In equation (3.1), the second term is the causal solution for the same homogeneous medium, and
the first term is a specific solution to the homogeneous¥ wave equation, introduced to perfectly
cancel the causal solution at the deeper boundary. The major objective of this Green’s function is
to eliminate the need for measurement at the deeper surface: 2’ = B.

According to equation (2.5), for arbitrary values of the wave field P(z’,w), this objective implies

Go(z,2',w)|y_g = %j/’w) = 0, since normally the data are available only at the measure-
z'=B

ment surface: 2/ = A. The variable z is used to denote the depth to which we want to continue the

wave field downward. It is obvious that A < 2z’ < B. First, if z < 2/, this Green’s operator vanishes,

since

Z<_Z/ ;1 <eik;(z'—z) _ eik(z’—z)) (32)

According to equation (3.2), this Green’s function vanishes not only for the isolated location at B,
but also in the extended entire half-space below the source, which include 2’ = B.

Obviously this Green’s function satisfies the wave equation of the whole-space homogeneous medium
(i.e., equation (7) of Weglein et al. (2011b)):

d w? v ! /
@—I—C—Q Gy (2,7 ,w) =0(z—2'). (3.3)
0

If we have an inhomogeneous medium ¢(z’) such that ¢(z') = ¢g when 2’ < z, the Helmholtz equation
for this inhomogeneous medium is

9In this article the adjective homogeneous has different meaning when it acts on medium or equation. In the first
case it means medium with constant acoustic property in the entire space, while in the second case it means a wave
equation without the source term.
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Figure 3: The construction of G§" for a medium with one reflector (the velocities above and below
the reflector are 1500m/s and 2700m/s, respectively). The source depth is 500m and is above the
single reflector at 700m. The left panel is the causal solution G, and the middle panel shows the
homogeneous solution that cancels with the left panel below the source. The right panel results
from summing the two panels on its left and is the desired Green’s function with double vanishing
boundary conditions.

< o “2) Go(z 2, w) = 8(= — ). (3.4)

dz"? " 2(2)

When 2’ < z, wave equation (3.4) is satisfied by Green’s function (3.1) since it satisfies the homo-
geneous wave equation (3.3), which is identical to the inhomogeneous equation (3.4) when 2’ < z.

For the other possibility, that 2’ > z, wave equation (3.4) is also satisfied by Green’s function (3.1)
since it completely vanishes in this region. If we substitute GOD" for Gy, left-hand side of equation (3.4)
vanishes since the spatial partial derivative is zero, while the right-hand side vanishes due to the fact
that the source z is located outside the region of interest. Consequently, equation (3.4) is satisfied
by the Green’s function in equation (3.3).

As an example, introducing a single reflector below the source for the Green’s function in equa-
tion (16) of Weglein et al. (2011b) will not change the value of the Green’s function. The construc-
tion of G&” with its source located above the single reflector is detailed in Weglein et al. (2011b);
here we provide its graphical version in Figure 3. The equivalence of the Green’s function (3.1) to
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equation (39) in Weglein et al. (2011b) can be demonstrated as follows. Since a is the depth of
the reflector, and we consider the case in which the source is above the reflector, we have z < «a
and sgn(a — z) = 1. According to Appendix B of Weglein et al. (2011b), we have: D; = 0,
C) = —%eik‘a_de”kl“ = —%eik(a_z)e_ikla. Thus, the wave field below the reflector (i.e., 2’ > a,
the transmitted wave) can be simplified as:

l.eikm—z\eikl (z'—a) + Cleiklz’ + Dle—iklz’
2ik
T . . , T . —ikia ip. ot e
:ﬂezkmfz\ezkl(z —a) ﬂezk\afzk k1 RIGE +0x e~ tkiz (35)
T ikla—z| jik1 (2" —a) T ikla—z| Jik1(2'—a)
—— L = 0.
2ik” € 2ik” €

Obviously, this Green’s function vanishes if 2’ > a (is deeper than the reflector). The same vanishing
property is also displayed for GOD without the single reflector below the source; the details can be
found in equation (3.2).

Since A = ﬁe‘ikz, and B = %eik(za—z), and if 2/ < a is above the reflector, the reflected wave

in equation (39) of Weglein et al. (2011b) can be simplified as follows:

eik‘|ZI*Z| efik(zlfa) . ! ks
ot R+ A B
eik|z’_z| 6ik(2a—z’—z) iy _
_ R A ikz B —ikz
ik T g e The
:e’Lk|Z —z| N Rezk(Qafz —2z) B elk(z —z) B ﬁeik@a—z)e—ikzl (36)
2k 2ik 2ik 2ik
oikl2' 2| Reik(za—Z’—z) eik(z'=2) etk(2a—2'=2)
“ ok T 2k 2ik 2ik
2k 2ik %ik '

Consequently, it is identical to the Green’s function (3.1) for 2’ < a (i.e., to equation (14) of Weglein
et al. (2011b), the Green’s function with the same vanishing Dirichlet and Neumann boundary
conditions at the deeper boundary for a whole-space homogeneous medium). In other words, the
reflector below the source will not change the values of the Green’s function with vanishing Dirichlet
and Neumann boundary conditions at the deeper boundary.
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Figure 4: The configuration of the experiment with the source below a single reflector.

4 G} for a model with a single reflector

4.1 Case I: source above the reflector

This case had been derived and documented in detail in Weglein et al. (2011b). The only additional
contribution we have in this article is the density term in the amplitude of the Green’s function:

N Po ik|z—2'| —ik(z—2")
Gy (2,7 ,w) = == (el —e . 4.1
§(z, 2 w) = L2 (11)
In the equation above, the density at the source location is the extra contribution in extending the

Green’s function in equation (39) of Weglein et al. (2011b). A similar density term can be found in
the Green’s function of Clayton and Stolt (1981).

We can also Fourier transform equation (4.1) to the time domain to have:

68 () =250 (1 |o - =2 - o= B2 ). (12)

2 co Co

4.2 Case II: source below the reflector

From the previous section, if z < a, the solution is trivial since G5 (z,2/,w) = G (2,7, w). It
is critical to derive G for 2 > a. The physical experiment is the following (see Figure 4): The
locations of the measurement surface and the deeper surface are A and B, respectively. The depth
of the single reflector and source are a and z, respectively. The causal Green’s function with the
source located at depth z and receiver at depth 2’ is denoted as G (z, 2/, w).

. . . o . ikl —2|
If the impulsive source is below the reflector, it will produce an out-going wave % in the

second medium; i.e., the Green’s function with homogeneous properties (p1, c1). After the out-going
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field is obtained, the reflection in the second medium and the transmission in the first medium can
be solved as a classical reflection problem, as is presented in equations (12.5) and (12.8), and the
final result is:

L[ o) (v <a) 4
- 5 5 - . / . ’ 5 3
o1 0 (Z z w) ﬁ (ezk1|z =zl _ Reik1(z +z—2a)) if (Z/ > (I) ( )

where R = % is the reflection coefficient of a plane wave incident from above. Since B is the

depth of the deeper surface, for our wave-field prediction purpose we have A < z < B. Consequently,

i B—z
GO+ will produce two packets of down-going waves at the deeper surface B: % (the direct

wave or the homogeneous propagation as if the entire space is filled with the second medium) and
ik (B+z—2a)

—R2E 2 (the reflection wavel).

For 2/ > z, G(T can be expressed as:

ik1|z'—z ik1 (2 +2—2a ik1 (2 —z ik1 (2 +2—2a —iky2 ik1(2—2a
ehilz' =2l _ Reiki( ) ehi(e'=2) _ Retkal )_e 12 _ Retl )iklz/

2’“’61 /p1 N 2’“{51 /p1 N 2ik¢1/p1

In order to have a Green’s function that vanishes at the deeper boundary 2’ = B, we can introduce
a homogeneous solution that cancels with the causal solution. As a result, the desired homogeneous
solution, denoted as ¢(z, 2/, w), must be

Reikl(z—Za) _ e—iklz
2’”{?1 /p1

/

etk if (2 > 2). (4.4)

(2,2, w) =

e~ k12 _ Reik1(2—2a)
2tk1/p1 Our

objective is to produce a homogeneous propagation that will produce —F} (z, w)eiklzl for 2/ > z that
cancels Gar at the deeper boundary 2’ = B. Since the actual medium has a single invariant velocity
c1 for 2/ > a and there is no velocity change at the source location, 2z’ = z, this implies that it is
also the solution for a broader region (i.e., 2’ > a):

We denote the amplitude factor of the down-going wave €% as F|(z,w) =

Reikl(z—2a) — ¢~ tk1z
Qikl/pl

!

(2,2, w) = eth1z if (2 > a). (4.5)

With the solution for 2’ > a, the wave propagation for 2/ < a can be unambiguously solved via
boundary conditions detailed in Appendix A. The medium’s properties are listed in Table 1, and R is
used to denote the reflection coefficient of this model when the incident wave is coming from above:
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Depth Range | Velocity | Density
(—OO, a) Co Po
(aa OO) C1 P1

Table 1: The properties of an acoustic medium with a single reflector at depth a.

R= %; other coefficients such as the reflection coefficient from below, and the transmission

coefficients, can all be easily expressed as a simple function®* of R.

According to the classical reflection problem listed in Appendix A, the incident wave (i.e., for
2! < a) intended to produce the transmission packet in equation (4.5) for the purpose of canceling
the boundary values of G at the deeper boundary 2’ = B is:

ik1(z—a ik1(a—z
— I eiklaeik(z’—a) _ Retki(zma) — giki(a—2)

1+R  2iki(1+R)/;m

ek —a), (4.6)

However, the above incident wave will produce a corresponding reflection wave in the upper medium
(i.e., 2/ < a) as a byproduct:

2 iki(z—a ik1(a—z
ﬂeiklaez‘k(a—z/) _ R?% 1z=a) _ Reikal )6ik(a—2’)_ (4.7)

1+R N 2’ik§1(1+R)/p1

We can summarize the solution below the reflector in equation (4.5) and the solution above the
reflector in equations (4.6) and (4.7) to have:

Reikl(z—a)_eikl(a—z) ik(z’—a) R2eik1(z—a)_Reik1(a—z) ik(a—z’) . ’
oz w) = | 2R ¢ T R e ¢ EESO
’ ) Re"kl('z_za)—e_lklz ikiz! L ( ’ > ) . .
2ik1 /1 € if (2 >a

Combining equations (4.3) and (4.8), the Green’s function that satisfies the Dirichlet and Neumann
boundary conditions at the deeper boundary 2’ = B is:

1 ) =+ !/ /
;GOD\ (Z,Z/,OJ) — GO (Z,Z,CU)+¢(Z,Z 7w) —
1

P1
1-R _iki(z—a) jik(a—2'
kR © R e T (Es ) e it (2 < a)
eik1lz —Zl_é;;zllkl(z Feo2) Relkl(z;jzi—e‘lklzeikﬂ’ if (2/ > a)

IThe amplitude factor is —R instead of R since the incident wave comes from the second medium (below) rather
than the first medium (above).
**For example, the reflection coefficient from below is — R, and the transmission coefficients from above and below
are 1 + R and 1 — R, respectively.
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The above expression can be simplified as:

Reik1(z—a) _giky(a—z2) ik(z’—a) eik1(z—a) _ Reiky(a—2z) ik(a—z’) . /
GP (2,2 w) = 2 (+ R /pr © R Y SEw oy if (¢' <a)
0 ’ < eikl‘z —z|_eik1(z’7z)

2tk1/p1

The procedure above is shown in Figure 5 in the time domain.

Let us study the vanishing property of GJ" with the source location z below a reflector. If 2’ > 2
(which automatically implies the solution in equation (4.10), since the source is located below the
reflector: z > a), we have:

) ik1|z' —z| _ Lik1(2'—=2) tk1(2'—2) _ _ik1(2'—=2)
GV (2,7 ,w) = ¢ — = ¢
2ik1/p1 2ik1/p1

0 (4.11)

According to equation (4.11), G(j)j‘v for z > a also vanishes in the half-space below the source, which
includes 2z’ = B, a behavior demonstrated by G¢” for z < a as well.

Following the argument for G for z < a, it is obvious that any variations of ¢(2’) below the
source location z will not change the value of the Green’s function with double vanishing boundary
conditions. A very important consequence is that any heterogeneity below the prediction point
(i.e., the source depth z) will not have any impact on G§" and consequently will not affect the
imaging result at z. It is worthwhile to remind the reader that this fact had already been in many
publications — for example in “Finite Volume Model for Migration” from Weglein et al. (2011a).

In summary, combining equations (4.1) and (4.10), the frequency domain solution for G} with a
single reflector located at depth a is:

g5, (=1 — i if (= <a),
oo o | (e ) i (< 2 anda< o),
P (e 7 o) — .1 | (4.12)
Relkl(z—a)fe““l("‘_z) eik(z’—a)+
N (2ik1g1+R)£P(1 )
etk1(z—a) _ peiky(a—z 'ik((l—Z/) . /
2iki(1+R) /1 © i (7 <aanda<z).

It can be transformed into the time domain via equation (1.1) to have:
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Lo (H |t 22| — H R if (z < a),

oL Ht—i—%lz/ - H t_\z;z’\ if (a < 2’ and a < 2),
( ’
H t _"_ zZ —a + z—a
G(l))\ (Za'Z/?t) = _H(t— Z/Cia B ZC_la (413)

gLt o “ if (2’ <aanda< 2)
2(1+R) _ _ 1 :

+RH (t+ 24 — ¢

Z—a | z—a

\ —RH (t-2z2 4+ 22)

Another important property of G§" for a model with a single reflector is that, from both equa-
tions (4.12) and (4.13), G for a < z and for a < 2’ is the same even if the single reflector does not
exist’. Note that in this case the additional heterogeneity (i.e., the single reflector) is outside the
interval (2/, z), and it is obvious that the geologic complexity beyond the (2/, z) zone will not affect
the value of G§.

The independence of G(I)D‘v from the heterogeneity outside the interval (2/, 2) agrees with the WKBJ
Green’s function. The WKBJ Green’s function is derived as an approximate solution for a smoothed
medium and is not a function of any heterogeneity outside (2/, z).

In the procedure to construct GOD‘V, we start from the causal solution in equation (4.3). Here the
last term is a reflection resulting from the up-going wave produced by the source. Note that this
term is canceled after adding the homogeneous solution ¢ in equation (4.8). Consequently, their
sum ng contains no reflection generated from the source.

It is well-known that reflections are omitted in both the WKBJ approximation and in many cur-
rent seismic imaging procedures that prefer a smooth and reflectionless velocity model. In many
current imaging algorithms, the velocity field is smoothed to minimize the reflections caused by
the velocity, whereas in the logic for Green’s function with double vanishing boundary conditions,
the discontinuous model is kept intact. Nevertheless, both approaches yield the same reflectionless
conclusion.

The procedure in this section to calculate GOD for a simple single-reflector model is already very
tedious. The major difficulty is to find a homogeneous solution ¢ that will cancel both the downward
reflection originating from the source and the downward propagation of the source below the source
location. For more complicated geological models, the procedure will be much more demanding.

Fortunately, a much simpler procedure, easily generalizable to more complicated models, can be
derived from the fact that the values of GJ" are not affected by any heterogeneity outside the
interval (2/, z).

"TThis solution is the same as in equation (3.1) if (1) co is replaced by c1, and (2) the trivial density contribution
at the source p; is added. And consequently this solution is equivalent with G5 with a homogeneous velocity ¢; and
constant density p; that contains no reflector.
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Depth (m) Depth (m) Depth (m)
0 500 0 500 0 500

-0.5+

Time (s)
Time (s)
Time (s)

0.54

Figure 5: The construction of G for a medium with one reflector (the velocities above and below
the reflector are 1500m/s and 2700m/s, respectively). The source depth is 700m and is below the
single reflector at 500m. The left panel is the causal solution Gar , and the middle panel shows the
homogeneous solution that cancels with the left panel below the source. The right panel results
from summing the two panels on its left and is the desired Green’s function with double vanishing
boundary conditions.
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ik ' b
Ale‘ 1 B}e ikyz
k w A
1= C_
1 C
v P L Reflector
w pz o
IkZ =" ik, —ik,z'
(4‘2 Aze . BZ -

Figure 6: The diagram for upward continuation. A reflector is located at depth a, the medium
properties above and below the reflector are (p1,c1) and (pg2,cz), respectively. In this case we
assume that the wave below the reflector Age™2?" + Boe=*2%" is known, the objective is to compute
the wave above the reflector Aleiklz/ + Ble*iklzl.

9 Upward continuation procedure: wave-theory approach

In the process of calculating ng with the source below many reflectors, we start from the wave
field of the layer that contains the source. The wave field in this layer can be calculated through
equation (4.1), and can be expressed as:

. ’ o ’
Anezknz —I—Bne zknz,

where the source is assumed to be in the n**-layer (with velocity ¢, and density p,,, respectively),
kn =2, Ap = — o5 e B, = o ¢*. The objective is to find the wave field at the (n—1)*® layer:
Ap_qethn=12" 4 B e~kn-12" 45 shown in Figure 6. The theory is listed below. The continuity of
the wave field and its derivatives requires:

Aleikla + Ble—ikla — Azeikga + B2€—ik2a

3
1ko
P2

iky (Aleikla _ Ble—ikla) _ (5.1)

o <A2ez’k2a . B2€—ik2a> )

If we define: v = Z;—Zf = b, equation (5.1) can be written in matrix form:

eikla _e—ikla Al - ,Y 0 eikza _e—ikza A2 (5 2)
6ik1a e—ikla ‘B1 - 0 1 eikga e—ikga B2 ) .

with the solution:
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Al 1 e—ilﬁa e—i/ﬂa v 0 eikza _e—ikga A2
Bl - 5 _eikla eikla 0 1 eikza efikza 32
1 ,.ye—ikla e—ikla eikza _e—ikga A2
= 5 < _,.Yeil{:la e’ik’la > < eikga e—ikQG > ( B2 > (5 3)
B 1 (1 + ,y)ei(kz—kl)a (1 _ ,y)e—i(kzl—i—kz)a A2
- 92 (1 - *y)e“kﬁk?)a (1 + ,.Y)ei(klfkg)a By :
Since 12 =} 4 16 = gt — L and 1) = | g egep - R e ahove sesults
can be rewritten as:
Al 1 ei(kz—kl)a Re—i(k‘l-‘rk‘z)a A2
< Bl > — 41 + R ( Rei(k1+k2)a ei(kl*kg)a > < B2 ) . (54)

For example, for Gé) with z > a, the wave field immediately below the single reflector is
2’?—;1 (—eikl('z/*z) + eikl(z*zl)) If it is expressed in the form Ageiklzl + Bge*iklzl, we have Ay =

—ikyz ikyz
—plgikl , By = pg;kl and consequently we have:

Ay 1 ei(klfk)a Refi(knLkl)a o _e—ik1z
< By ) T 1+R ( Reilktkya  i(k—k1)a ) 2iky ( oik1z >
B &L {Reilﬂ(z—a) - 6ik1(a—z)} e—ika (5'5)
T ik 1+ R\ {0 _ Reiki(a=2)) gika |-

. . 1o A
From equation (5.5), we can easily produce the wave field above the reflector: A;e?** + Bje=** =
1 {Reikl(z—a) _ etk (a—z)}eik(zl—a)+{eik1 (2—a) _ Reiky(a—z) }eik(a—z,)

21k 1+R

Compared with the previous section, the example above is a much simpler derivation of GOD' with
a single reflector above the source.

For example, for Géx in a two-reflector model, the wave field immediately below the second reflector

. ; ! — / ; /__ ; ! . . . .
is Agek2®' 4 Bye~k2? = 2’?—22 (—e““?(z 2) 4 etha(a—2 )>. It is obvious that in this case A3z = _p2§ik2 )

—ikoz

ikoz
pae’2 .
BQ = %k and consequently, we have:
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Ao 1 gilke—ki)az R e—ilki+ka)as P2 _p—ikaz
By - TRQ R2€i(k1+k2)a2 ei(klsz)ag 27{32 eikaz
P2 1 {R2€ik2(zfa2) _ eikz(azfz)} e~ ik1az (56)
N 2iks 1 4+ Ry {eikQ(Z_(IQ) _ R26ik2(a2—z)} eikiaz

Renaming R = Ry, and a = a1, the combination of equations (5.4) and (5.6) gives:

Ay 1 et(k1—k)a Rlefi(kJrlﬂ)al Ao
( By > T1+R, < Ry ei(ktk)ar cilk—k1)a1 > < Bo >
B p2/(1 + R2) ei(k1—k)a1 Rle—i(k—i-kl)m {Rzeikg(z—ag) . eikg(ag—z)} e—ikqag
— m < Rlei(k+k1)a1 ei(k’—kl)(h > ( {eikg(z—ag) o R2eik22(a2—z)} eik’laz >
_ P2
 2ike(1+ Ry)(1+ Ry)
[eikl (a1—az2) {RQeikQ(z—ag) _ eikz(ag—z)} + etk (az—a1) {Rleikz(z—az) _ RlRQ@ik2(a2_Z)}:| e—tkal
( [eik1(a1—a2) {R1R2eik2(z—a2) . Rleikg(ag—z)} + eik1(a2—a1) {eikg(z—ag) . Rgeik2(a2_z)}] eikal )

X

(5.7)

If we define: \ = eth2(e—a2) /) = eh(z'~a1) and p = etk1(a2=a1)  the Green’s function can be expressed
as:

[ RoA = A7) + Riv(A = RoA™ Y|+ [Riv N (RoA =AY +v(A = RoA™ )] 7t
2ik2(1 + Rl)(l + RQ)/pQ

(5.8)

6 Upward continuation: finite-difference approach

In order to demonstrate the general philosophy of our method, we study wave propagation in an
arbitrary acoustic medium ¢(z) (with only velocity variation). It can be extended to a medium with
density variation as well. First we have the equation for the causal Green’s function with source
located at depth z:

<62 1 0?2

50 c2(,z)8t2> G (2,25, 1) = 6(2 — 25)8(t). (6.1)

We then consider a homogeneous equation (without the source) in the same velocity field ¢(z):
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”? 1
(822 B c2(z)at2> ¢t =0 02

Note that for a small positive number ¢, and for z > z5 + ¢, the source term of equation (6.1)
vanishes: §(z — 2z5)0(t) = 0. Consequently, equation (6.1) is a homogeneous wave equation for
z > zs + €, i.e., identical to equation (6.2).

In the aforementioned source-free region, the difference scheme (with second-order accuracy in both
space and time) is:

¢m+1,n + Qsmfl,n - 2¢m,n . l ¢m,n+1 + Qbm,nfl - 2¢m,n
(Az)? c? (At)?

=0, (6.3)

where in the subscript, the variable m denotes the index for depth z, and the variable n denotes

the index for time ¢: ¢y, = ¢(mAz, nAt). If we define pé%, we have:

¢m,n+1 - (2 - 2p2)¢m,n - (z)m,n—l + p2(¢m+1,n + Qsm—l,n)v (64)

for forward marching in time, and

¢m—1,n = (2 - 2p72)¢m,n - d’m—i—l,n + p72(¢m,n+1 + ¢m,n—1)7 (65)

for upward marching in depth. Since both difference schemes with second-order accuracy in equa-
tions (6.4) and (6.5) are of the same type, according to the analysis in Alford et al. (1974), equa-
tion (6.4) is stable for %‘; < 1/0.5, and equation (6.5) is stable for %‘t >/2.

z

Since the value of G§” (z,2’) is completely determined by the medium in the interval (2/, 2), if the
medium between 2z’ and z is homogeneous, we can extend the local homogeneous medium to the
entire space and we have a much simpler problem already solved in equation (14) of Weglein et al.
(2011b). In equation (6.5), the initial values are listed on the right-hand side of the formula, with
depth levels that have indices m and m + 1, respectively. The field values for the depth level with
index m — 1 can be straightforwardly computed by using equation (6.5), and by using the values
at depth indices m — 1 and m, the field at depth index m — 2 can be likewise calculated. That
procedure is very similar to the scheme popularly implemented in finite-difference forward-modeling
algorithms that march forward in time.

The two levels of initial field values are from equation (14) of Weglein et al. (2011b), which satisfies
the double vanishing Green’s function at the lower boundary. These initial field values will not be
changed by the scheme in equation (6.5); all the complexity to match the boundary conditions at
the current level is carried on to the next depth level with index m — 1. It guarantees that both
Dirichlet and Neumann boundary conditions at 2’ = B are satisfied.

Note that in equation (6.5), the velocity field ¢ is a function of depth and can be arbitrary, enabling
the flexibility of the scheme for a medium with any spatially varying velocities.
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Depth (m) Depth (m) Depth (m)
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Figure 7: G§ (2 = 1100m, 2/, t) for a homogeneous medium with velocity 1500m/s. The left panel
is generated through the finite-difference scheme from equation (6.5). The middle panel is computed
from the analytic method and is presented in equation (4.1). The difference between the left and
middle panels is shown in the right panel.

7 GJ for a model with two reflectors

The GOE'V in this case is for the medium listed in Table 2. The final result is:

P ik|z—z' ik(2' — .
g (bl _ giklz'—) if (2 < a1)
22.’—]11 ekl —z| _ giki(z'—2) if (2/ > a1 and a1 < z < ag)
Rleikl(zfal)_eikl(alfz) ikll(zl—al)
o, ZE T o )e *
eF1zma1) —Rye*1(172) ik (a1—2") ; /
2ik1 (1+R1)/p1 € if (Z <aranda; <2< az),
. ! . ’
GIW , B 2;;_22 etkalz—2"| _ pika(2'—2) if (a2 < 7' and a2 < z),
0 (272 ,W) - ik (z— ik _ .
Roetk2(z—az) _gika(ag—2) e’kl(z'*”)—i—
. (2ik1§1+R2)_Iép(2 )
et®2(#—a2) __ Ryeth2(a2—= ikl(az—z,) : /
ST (13 B) /3 e if (a1 < 2 < agand az < Z),
I/_l(Rg)\ — A_l)u
p —i—RlI/()\ — RQ)\_l)M
) . /
2(+R)(+R2) | 4Ry Y (Roh — A Dt if (a2 < zand 2" <a).
+v(A — RoA" !

(7.1)
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Depth (m) Depth (m)
1000 0 1000

N

Figure 8: G& (2 = 1100m, 2/, t) for a medium with a reflector at a depth of 600m. The velocities
above and below the reflector are 1500m /s and 2700m/s, respectively. The left panel is generated
through the finite-difference scheme from equation (6.5). The middle panel is computed from the
analytic method and is presented in equation (4.10). The difference between the left and middle
panels is shown in the right panel.
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Depth (m) Depth (m)
1000 0 1000

Figure 9: Géw (z = 1100m, 2',t) for a medium with two reflectors, located at depths of 300m
and 600m, respectively. The medium velocities are (from top to bottom) 1500m/s, 2700m/s, and
1500m/s. The left panel is generated through the finite-difference scheme from equation (6.5).
The middle panel is computed from the analytic method and is presented in equation (7.1). The
difference between the left and middle panels is shown in the right panel.
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In the equation above: \ = eik2(#—a2) = eik(z/_al), and v = e*k1(62-01)  The details of the above
result are listed below:

e Case 1, the source is above the first reflector (i.e., z < a1): the solution in this case is essentially
for a whole-space homogeneous medium with velocity ¢y and density pg. The Green’s function
in this case is the simplest (identical to that for equation (4.1)) and has only two events.

e Case 2, the source is between the first and second reflectors and the receiver is below the first
reflector (i.e., a1 < z < ag and a < 2’): the solution in this case is exactly the same as that
for a simpler medium that lacks the shallower reflector. It is obtained from equation (4.1),
with (cg, po) being replaced by (cy, p1), or the second case of equation (4.10). The G§” in this
case has two events.

e Case 3, the source is between the first and second reflectors and the receiver is above the first
reflector (i.e., a1 < z < ag and z'ay. It is the first case of equation (4.10). The GOD in this
case has four events).

e Case 4, the source and receiver are both below the second reflector (i.e., ay < z and ag < 2/):
the solution in this case is exactly the same as that for a simpler medium that lacks the
shallower reflectors. It is obtained from equation (4.1), with (cg, po) being replaced by (c2, p2).

e Case 5, the source is below the second reflector and the receiver is between the first and second
reflectors (i.e., az < z and a1 < 2’ < ag). It is obtained from equation (4.10) with (c1, p1)
being replaced by (cz, p2) and with (co, pg) being replaced by (ci, p1). There are four events
in this situation.

e Case 6, the source is below the second reflector and the receiver is above the first reflector
(i.e., a2 < z and 2’ < ay): this is the most complicated situation and contains eight events. It
is calculated by using equation (5.7).

8 Wave-field prediction with the RTM Green’s function

In this section, we demonstrate the behavior of the Green’s function that satisfies both Dirichlet
and Neumann boundary conditions at the deeper boundary. The study consists of three geological
models with progressive complexity.

8.1 Example I: homogeneous case

This example had already been documented in Appendix A of Weglein et al. (2011b) for an acoustic
medium without density variation; it is given here to make a smooth transition into more compli-
cated examples and to demonstrate the impact of density in the algorithms. With k& = w/co, the
general solution of a wave propagating in the whole space homogeneous medium with velocity cq is:
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P(,w) = ae™ + Be (8.1)

where a and 3 can be any value. At the measurement surface 2’ = A, we will detect the wave field
and its partial derivative over 2’ as follows:

P(Z/) = aeik.A + Befik.A’
8P(z’/,a)) — ik (aeikA B ﬂe_ikA> . (8.2)
0z Z'=A
From equation (4.1), the values of the Green’s function needed on the boundary 2’ = A are:
V(g 2 _ P(2) [ ikje—z ik (2 — PO [ iklz—A k(A
Gy (2,7, w) z’:A_%[ez lz2=2"| _ gik(z Z)]Z,:A_ﬂ[el l2—A| _ gik(A-2) ’

9 1y / p(Z) / ik|z—2/| ik(z'—z)
92 =5 - - 8.3
62/ GO (Z’ N ’w) Z/:.A 2 |:sgn(z Z)e ¢ i|Z/:.A ( )

= ?0 [sgn(A - z)eik|z_“4| - eik(A_z)} )

Using the boundary values of the wave field P and Green’s operator G{]:x at the boundary 2’ = A
(in equations (8.2) and (8.3)), we can predict the wave field as follows,

OGE (2,7, w)
0z
OGY (2,2, w)
@)= 07

— Gé) (z, z’,w) 55

OP(+,w)
0z o=

P(z,w) = [P(zC w) W} jx

— G(l)j‘v(z, 2 w)

[sgn(A - 2)ett—Al _ k(A=)

n A — et [eik|zf.A|_eik(.Afz)}'

For the purpose of predicting the wave field below the measurement surface 2z’ = A, we obviously
have the situation z > 4. Consequently, the equation above can be simplified as,

Ple.w) :aeikA + 56*““4 Jik(z—A) N eik(A—z)] N aetkA _ BefikA kG- A) eik(A—z)]
’ 2 2
—aethAgih(z—A) | go—ikAgik(A—2) (8.5)

:aezkz + Be—zkz‘
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l‘kZ! “ !
e Rezk(Qa )

Reflector

(1+ R)eik“eikl(zl'a)

Figure 10: The incident, reflection, and transmission waves in example II. Here k = w/co, k1 = w/c1,
and a is the depth of the single reflector. R = (p1c1 — poco)/(pic1+ poco) is the reflection coefficient
for a down-going incident plane wave. e*? is the incident wave. Re*(20=2") is the reflection data.
(1 + R)etkaeih1(2'=a) ig the transmission wave.

The above expression is exactly the actual wave field that we assumed in equation (8.1). In other
words, the original wave field, with both up-going and down-going waves, is perfectly reconstructed
at an arbitrary depth.

It would sound irrational that we can also perfectly predict the wave field if there are reflectors
below z. However, according to d’Alembert’s formula for a 1D wave equation for any interval,
the introduction of additional reflectors into the homogeneous reference medium below z will not
alter the possible type of waves between a and z, which remains homogeneous: ae’** 4 Be~*,
where o and (3 are arbitrary numbers. The examples of using this Green’s function derived from
homogeneous media for nonhomogeneous velocity models can be found in Examples II and III.

8.2 Example II: a single reflector

With the models listed in Table 1, an incident plane wave e?**" will produce various waves, as shown

in Figure 10. Obviously the wave at the measurement surface is:

o)
—
N\

Il

A,CU) _ eik‘A + Reik(2a—A)’

— ik (eikA -~ Reik(ZafA)) . (8.6)

Z'=A

First let us consider the simpler situation, predicting the wave field above the reflector: P(z,w)
where z < a. The Green’s function can be found in equation (4.1). Note that in this case, we use a
reflectionless Green’s function to downward continue a reflection.
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N / _p(z) iklz—2'| _ ik(2'—z) _ PO [ ik(z—A) _ ik(A—2)
Go (2:2,0)]oa = 5 [e c L/:A = 2k [e ¢ e
O i/ PO ik(—A)  ik(A—2) '
82’G0 (2,72, w) 2 [—e —e ] .

In the equation above, we take advantage of the fact that sgn(A — z) = —1. With the boundary
values from equations (8.6) and (8.7), we can predict the wave field at arbitrary location z using
equation (2.5):

e ihl2a—A ik A ik(2a—A
P(z,w) _¢ + Rek( ) eik(z=A) | eik(A*Z)] n ethA _ Reik( )

2 2
_ ik Agik(z—A) | Reik(20—A) ik(A~z) (8.8)

[ oik(z—A) _ ik(A=2)

:eikz +R€ik(2a_z).

Next let us predict the wave field below the reflector: P(z,w), where z > a. The value of Green’s
function at the measurement surface, needed in equation (2.5), can be found in equation (4.10) and
is given as:

T _p [RA=XTY X —RAD

Go (Z’Z’w)z’=A_2ik1{ i+r " TITR ’ 9
LU 3 £C S SRS |
020 M T o U 1+R YT I+ R ’

where A = €*1(>=%) and y = (A=) With all the terms in equations (8.6) and (8.9), we can
predict the wave field below the reflector using equation (2.5):
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Depth Range | Velocity | Density
(—00,a1) Co Po
(a1, a2) c1 p1
(az,00) c1 1

Table 2: The properties of an acoustic medium with two reflectors, at depth a; and as.

1 OGE (2,7, w) o OP(Z,w) ¥=B
P(z,w) = o) {P(z/,w)az/ -Gy (z,z/,w)T o
1 o OP(Z,w) OGE (2,7, w)
~ () [GO (2 w) == = P @) — v
pll{ A — RAil —1 ikA R)\ — )\71 'k(2 —A)
= ? Y *] A a
pok‘l{ 1+R poe 1+R pe
otk g JA—RATT R2A— RA (8.10)
N pok1 1+ R 1+R
= P18 ke f] R A4 [R—RIA')
poco(l + R)
_ DI () _ Ry pgika — PO 2000y jika _ 2101 ika
PoCo PoCo p1c1 + Poco p1c1 + poco
= (R+ 1)’k = (1 + R)etkacikiz=a),
In the derivation above, we take advantage of the fact that p - e#(20=A) = ;~leikA — gika  The

final result above is exactly the transmission wave in the second medium illustrated in Figure 10.
Note that the down-going incident wave and the up-going reflection data act together to produce
the down-going transmission data in the second medium, with correct amplitude and phase.

In the ng expression in equation (8.9), the A terms are for the down-going wave, and the A~! terms
are for the up-going wave. In other words, both down-going and up-going energy is present in the
formalism. However, the action of the data cancels the up-going terms (i.e., the terms containing
A1) in the second medium, as it should.

8.3 Example III: a model with two reflectors: reconstruction of internal multi-
ples in the subsurface

kz/, and the reflection data contain two

As was chosen in Example II, the incident wave here is €’
primaries, corresponding to each reflector, and an infinite number of internal multiples. The mea-

surement at 2/ = A is:
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P(Z, _ .A,w) _ eik.A + Rleik(2a1—A)

+ (1 o R%) eik‘(2a1—A) Z(—1)”R?R3+1€ik1(2n+2)[a2_a1},

n=0
1 P(Z’ = A,w) _ eikA B Rleik(zal_A) (811)
(3 82/ o=
o0
- (1 . R%) ezk(2a1—A) Z(_1)anllR721+1ezk1(2n+2)[a2—a1}’
n=0
where R = % and Ry = % are the reflection coefficients for the first and second

reflectors, respectively. Since 1 4+ R; and 1 — R; are the transmission coefficients for a down-going
and an up-going wave through the first reflector, respectively, 1 — R? = (14 R1)(1 — Ry) is the total
transmission loss for seismic energy passing through the first reflector. To predict the wave field in
the second medium (i.e., a; < 2z’ < ag), the Green’s function can be found in equation (4.12) and
is:

N, o fRA-ATT AR
AR e ey ) H
QGD‘(Z 2 (JJ) = M R — At - A — Rl/\il -1 |
9y 0\ Z=A - 2k 1+ R : 1+ ’

where in the equation above A = ¢”#1(:=91) and ;i = ¢*(A=21)  With all the terms in equations (8.11)
and (9.34), we can predict the wave field below the reflector using equation (2.5):
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RTM
1 OGY (2,7, w) ~ OP(Z,w) #=B
P _ P !/ 0 9 o GD !/ )
(z,w) = o) { (z ,w)—azl o (2,2 ,w)iazl o
P IN /
[Gé) 2,2 w) 8 OP(+,w) —P(z'7w)—8G0 (Z;Z’w)}
0z 0z )
plk A — RlA ikA Rid— A" ! ik(2a1—A)
_ ( Ry a1—
~ poka { 1+ Ry e 1+ Ry phae
pik | RiA =t 2\ ik(2ar—A) N 1 ik (2 -
- R 1k(2a1 —1)*R"R" tk1(2n+2)[az—a1]
pokl{ 1+R1M 1)e ;}( )"RYR;™ e
::mkﬂm{A—Rgl__%A—Rgl}
ok1 1+ Ry 14+ Ry
_ gikar plk 1 R R\ — 2L anRn—i-l ik1(2n+2)[az—a1]
pokl 0 {f } EE: (8.13)
=A% ke 1—R2A+I%
T AL LRl
k - ) > .
+e tkay polkl (1 _ Rl) {ezkl(al—z) _ Rlezlﬁ(z—m)} Z(*1)”R?Rg+161k1(2n+2)[a2 0«1]'
n=0
= P (1 = Ry) At
PoCo
k - 4 > 4
+e ika; P1R (1 - Rl) {ezkl(alfz) - Rlezkl(zfal)} Z(_1)nR711Rg+1ezk1(2n+2)[a2 al]'
n=0

pok1
— (1 + Ry )ezkaleikl(z—al)

+e ikay plk 1- Ry eikl(alfz) i Rleikl (z—a1) 1 anRn+leik1(2n+2)[a2 al]'
Ok;l 1-%2
n=0

ik(201-A) — ¢ikar - Also, many simplifi-
P1 (1 — Ry =24 2poco
pOCoO P1C1+pPoco

In the derivation above we take advantage of the fact that pe

cations are detailed in the process of deriving equation (8.10). Since
mipﬁ 1+ Ry, the expression above can be simplified as:

P(z,w)=(1+ Rl)eikaleikl(‘z*al)
(*1)”R?R§+1€ik1 [(2n+2)az—(2n+1)a;—2]
(8.14)

WE

+ (1 4+ Ry)

I
o

n
n+1 pn+1 pn+l iki [z+(2n+2)az—(2n+3)a
) Rl R2 (& [=+( Jaz—( ) 1].

(-1

NE

+ e (1 4 Ry)

I
o

n
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It is very interesting to look each term of the expression above.

o (1+ Rl)eikaleikl(k“l) is the down-going wave straight from the source.
e For the simplest case, n = 0, the results are:

eikal (1 + RI)RQeikl (2a2—a1—2) _ eikal (1 + Rl)RlRQ@ikl (z+2a2—3a1)’

where the first term is the up-going primary reflected from the second reflector, and the second
term is the down-going leg of the first-order internal multiple.

e For the case n = 1, we have:

_eikal(l + Rl)RlR%@ik1(4a2_3al_z) + Zk‘al(l + R )R2R2 tk1(z+4az— 5(11)

where the first term is the up-going leg of the first-order internal multiple, and the second
term is the down-going leg of the second-order internal multiple.

The details to predict the wave field below the second reflector are as follows:

Gé)‘v(z,z/,w)

[Vﬁl(Rz)\ — )\71) + Rll/()\ — Rg)\fl)] n+ [Rlyfl(RQ)\ — )\71) + I/()\ — Rg)\fl)] no

1

A=A T 2ika(1 4+ R1)(1 + R2)/p2
L [ (Rod = A1) + Riv(A — Rod™H)] o — [Riv Y (RoX — A1) + v(A = Rod™H)] pt
Z, 2w =
e .y 2ky(1+ R1)(1+ Ro)/ (kp2)

(8.15)

where A = eth2(2=a2) ) = ¢th(A=a1) and p = e#1(02-01)  The wave field from Example 111 (i.e.,
equation (8.11)) can be rewritten as:

P = Aw)= kA 4 Ry eik(201-A)

4 (1 zk(2a1 —A) Z anRn+1 2n+2
n=0
1 PE =AW _ kA g kea-a) (8.16)
ik 0z .
_ (1 o R%) eik(zarA) Z(_l)nRgLRg+ly2n+2.
n=0

After obtaining the values of the Green’s function and wave field at the shallower boundary, we can
use the Green’s theorem of equation (2.5), with input from equations (8.15) and (8.16), to predict
the wave field below the second reflector:
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RTM
1 OGY (2,2, w) ot oP(Z W)\ |7~
P(z,w) = {P(z/,w)o” -G (z,z’,w)’}
p(z) 0z’ 0 0z J—A
1 [ , (OP(Z,w) , OGE (2,7 w)
= GV (2,7 w)———T — P( w)—2 22 ]
p(z) | Y 0z 0z A
ka zkal Riv~ (Rz)\ — )\71) + I/()\ — Rg)\fl) (8 17)
 poka” (14 R1)(1 + Ry) '

_ ka eikalRl V_l(RQA — >\_l) + Rll/(A — RQ/\_l)

poks (1+R1)(1+ Re)

ka ikay 2 - n pn pn+1l, 2n+2 V_l(RQ)‘ B )‘_1) + R1V(>\ B RQ}‘_l)
——e 1-R E —D)"RYR, v .

poks ( 1) n:o( )RR, (1+ R1)(1+ Ry)

Since ppOQ—]fQ = Ziii Zé—iéﬁi—if = }"ﬁi lfRQ the equation above can be simplified as:

[Rlel/_l + l/] A= [Rll/_l + Rzl/] A1
— [RlRQV_l + R2 ] A+ [R1V_1 + R%RQV] A1
etkal 2 n pn+2) 2n+1 n+1 pn+l ) 2n+3
P _ (1— R2)A " [R} R} + RMHLRT ]
@) = TRy U= R’y Z
1 o R2 Z Ran+1 2n+1 R?+1R3+2V2n+3] )
(8.18)
Since
Z(_l)n [R{LR721+2V27L+1 + R?+1R3+1V2n+3] — ng + (1 _ R%) Z(—l)nR?+1Rg+1V2n+3, (8.19)
n=0 n=0
and
> (=" [RERE M 4 RYFRY VM) = R, (8.20)

n=0

equation (9.31) can be simplified as follows:
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e’ (1 — RY)v

P(Z,w) = ) ()\—RQ)\_I —R§A+R2>\_ 1 —R2 )\Z an+1Rn+1 2n+2>

(1-Ri)(1— Ry
zkal(l _R2
_ )\ anRn 2n+1
(I-R)(1 - R2 Z

n=0
[

_ (1 +R1)(1 +R2)eika1€ik2(zfa2 Z anRn ik1(2n+1)(a2— a1)

In the derivation above, we rewrite the trivial quantity 1 as the special case of (—1)" R} R§v?" with
n = 0. The expression above is exactly the wave field in the deepest layer: only the down-going
wave is present with correct amplitude; the up-going waves cancel each other, as actually happened
in the subsurface.

9 Downward continuation of both source and receiver

The original Green’s theorem in this report is derived to downward continue the wave field (i.e.,
receivers) to the subsurface over a source-free region. It can also be used to downward continue the
sources down to the subsurface by taking advantage of reciprocity: the recording is the same after
the source and receiver locations are exchanged.

Assuming we have data on the measurement surface: D(z4,2;) (its w dependency is ignored), we
can use GOD (z,24) to downward continue it from z, to the target depth z:

) = 1 0D (zg, 2s) v ) . GGODv(z,zg)
D (50 = 55 { PG (eoy) = D () P EY (0.1

Taking the % operation on equation (9.1), we have a similar procedure to downward continue

% to the subsurface:

GOD\ (27 Zg) -

D (z,2) 1 {5213 (29, 25) (9.2)

N 02402

D (zg, 25) 3GOH (2, 29) }
0z p(zg) .

0z 0z4

With equations (9.1) and (9.2), we downward continue the data D and its partial derivative over
zs to the subsurface location z. According to reciprocity, D (z,zs) = F (zs, 2), where E (zs, z) is
resulted from exchanging the source and receiver locations in the experiment to generate D at the
subsurface. The imaginary data E (zs, z) can be considered as the recording of receiver at z, for a
source located at z.
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For this imaginary experiment, the source is located at depth z, according to the Green’s theorem
which is derived for a source-free region, we can downward continue the recording at z; to any depth
Z < z.

In seismic migration, we downward continue E (25, 2) to the same subsurface depth z with G§" (z, z5)
to have an experiment with coincident source and receiver:

Zs, 2 . V(2,24
E(z,z2) = L {8E( )Gé)(z,zs)—E(zs,z)aGO()},

p(zs) 0z 0zs
1 (0D (z,2s) v D(s» OGE (2, z5) (9.3)
- ,0(2’5) { 625 GO (szs) D( 3 S) 825 }

With the value of D (z, zs) and %ﬁ;zs) in equations (9.2) and (9.1), we can simplify equation (9.3)
as follows:

OGY (2,24) OGE" (2, 2s) 0D (24, 2s) OGY (2, 2,)

E =D N
,O(Zg)p<25) (Z,Z) (29725) 82’9 823 82’5 829 GO (Z,ZS)
%D (zg, 25) 0 o OD (24, 25) OGE" (2,25) -,
WGO (2,29) Gy (2,25) — D2 7. Gy (z,2g) -
(9.4)

If the z, < z4 and there is no heterogeneity above z,, the aizs operation on D(zg, zs) is equivalent
to multiplying —ik, in this case, equation (9.5) can be simplified further:

OGDY (2,2 . ;
7032(: zs) + kG (2, 25)

p(zs)

E(z,2)=—

(2, 25).

As an example, the data in a 2-reflector model (with an ideal impulsive source located at zs, the
depth of receiver is z; > zg, the depth of reflector are a; and as, respectively) can be expressed as:

D(Zgazs) = % {eik(zg—zs) + Rleik(Qal—zg_zs)}

x (9.5)
Po P2\ ik(2a1—2z9—2s) _1\n pn pntl ik (2n+2)[az—a1]
o {(1 RY) ez n§0j( D"RY Ry e™ 2manl
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Rle““m“l_"'ﬂ‘z’) (1 _ R%) eik(Eal—zg—z_.,}

i (_ 1 ) HR?I‘le-H e‘l:kl (2n+2)[az—a1]

n=0

(&)
Figure 11: The history of various events in equation (9.5).
If we define z = €%, y = eF%, ¢ = €2 g = io:(—1)”R?R§+1e“’“(2"+2)[a2_“1], and a =
n=0
etk (2a1) (R1 + (1 — R})B), the data can be expressed as:
pox! -1
D(zg,25) = ok {y+ay™'},
0D(z4, 2 0 _ _
5’99 ) B, Hy—ay'},
2g 2 (9.6)
8D(Zg,2’5) PO 1 -1 .
8—zs = Ew {y + oy } s
82D(zgazs) Pok -1 -1
B R Ul e

9.1 Above the first reflector

For z < ay, the boundary values of the Green’s function are:
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T ik(z—zg) __ ,ik(zg—2) —-1_ -1

GE' (,29) = po U = P

Go' (2,25) = po T g
OGP (2,25) oy l4oly (97)

L?Zg = Po 9 )

oG Zs -1 —1
Oaz(:z) — pOU:c j—za T
We have:
7 9D(zg,2s OGY (=,
GP' (2, 2) 2ogae) _ 200 22 [y (5 1)
D(z,z5) =
p(zg)
poxr —1 —1 2 —2 poxr ! 1 _1 9 _9 (9.8)
= i (c+ac™ —o 'y —aoy™?) + e (c+ac™t +07 'y +aoy™?)
-1
= p(;;k; (a + 04071) ,
and,
—1 (0GE (2,25) .. . cx 4otz ox 4oz 1

’ kG = — = ) 9.9
P(Zs) ( azs +1 0 (Z,ZS) 2 2 gz ( )

And consequently, we have:

1 (0GE (z,25) . v |+ 002
Bz 2) =~ o DV (2 2) ) D(z, 20) = ——27 ~
= (9.10)
_ PO ik(2a1—2z 2 n pn pn+l ik (2n+2)[az—a
_2il<:{1+6 (2a1 )<R1+(1_R1),§:0(_1) RYRY e 1( )az 1})}'

The result above can be Fourier transformed into the time domain to have:

_ 2a1—2z
o H(t) + RlHoo(t 2a1-2: )
2 | +(1—R}) X (-)"RYRy™H (t _201-22 <2n+2><a2—a1>)

) c1
n=0

E(z,z,t) = (9.11)

The terms in the expression above can be interpreted as follows:

e The overall factor —£%* is the amplitude of G in the first medium.
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eik(Qal —22) - gik(201-22) o (1 — R?) Z ﬂRTR;Heih(!nH)[az—ﬂﬂ
1

n=0

4 i
00
Z(_1)anith+le's‘kl(2n+2)[0.2—al]

n=0

Figure 12: The history of various events in equation (9.10).

e The first term H(t) = H (t — Z;)Z ) is propagation phase for the direct wave traveling from

the source at z to a receiver coincide with the source at z. This term should be removed
before applying the imaging condition.

e The second term R H (t — %) is the first primary.

<o

o0
e The third term (1 — R?) nz_:o(—l)”R?R’;HH (t — 2m-27 _ (2n+2)c[1a2_a1]> incorporate the sec-
ond primary and all the internal multiples.

Balancing out the —%

A
DIz, t):poczo E(z,z,t) — H(t):

factor, the data after removing the direct wave is denoted as

2a1 — . % — 22 (2n+ 2)(as —
D(zt) = RiH (t—‘”—) -3 (- anRn+1H< a2 (2n+2)(a a1>>‘
o — Co Cc1
(9.12)
If we use the ¢t = 0 imaging condition, we have:
Doty =4 iz <o) (9.13)
’ Ry if (z=a1) '

In other words, we obtained the image of the first reflector at its actual depth a; with its correct
reflection coefficient as amplitude.
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9.2 Between the first and second reflectors

For a; < z < as, we have:

Iy _ M 1 -1 . -1y, —1
)= (e R,
OGY (z,29)  pik 1 -1 1y, -1 .
—_— = RiA—A — (A= R1A
where \ = etf1(z=a1) -, — ¢ik(29—a1)  Using equations (9.14) and (9.6), we have:
1 , 0D (z4,25) OGE (2, z4) )
D(z,z5) = G (z,z PSS 270 I D (2, 2
(220 = s (8 (21) 2242 5D ()
po  pikz! ~1y,,-1 -1 -1
= ——— (A= R\ — (RiA— A 9.15
2Mmmh(1+lh){( A DTy = (B Jnay ™} (9.15)
-1
P —1 ika -1y —ika
SR L (Rih — A :
2k (1+ Ry) {O=mahete — Jae~ke |
If we define: 8 = Y (—1)"RpRy ™ ei@nHlaa—ai] we have: a = e?#1 (Ry + (1 — R?)B), and the
n=0

equation above can be simplified as:

p—1etkar
D(z2) = g s {0 = R = (R =7 (R + (1= BDA)}

—1 ikay 2
pP1T € 1-— R1 —1
= A— (RiA— A
2iky 1+ Ry A= (B )8} (9.16)

xfleikal
=2 ) k07 - RIS
_ %x_leikal(l + Ry) {>\ + ()\—1 — Rl)\)ﬁ}

o] .
If we define: v =1—R;8 = Y (—1)"R}Rye*1(2n)(a2-01) ' the expression above can be rewritten as:
n=0

D(z,2,) = 2o (14 R)e™@ =9 (715 4 My} (9.17)
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The expression above can be verified as the following. The overall factor 2’% is the amplitude of the
G(T at the source. ¢®(@1=2) ig the propagation from the source to the first reflector. 1+ Ry is the
transmission coefficient through the first reflector. The first term A~!3 can be expanded as:

)\flﬂ _ eikl (a1—=2) (_1)anRn+1€ik1 (2n+2)(az—a1)
n;] s (9.18)
— Ryeik1(202—a1—2) _ Rleeikl(‘laz%al*Z) NE
and incorporate all the up-going events. The second term Ay can be expanded as:
My = eikl(zfal) (_1)anRneik1(2n)(a27a1)
nz:% s (9.19)
— ¢ik1(z—a1) _ R1R2€ik1(z+2a2*3a1) + R%R%eikl(z+4a2*5a1) S
and incorporate all the down-going events. And,
I pr 1 -1 1y -1
s) = ——— A=A A— R\ )
GG (2,25) _ mk 1 -1 1y -1 .
—_— = — RiA— A — (A= R\
9. 2k11+R1((1 )€ — ( IATHE),
where \ = eikl(z—al), &= etk(zs—a1)
1 . s ; k AL Ry A= N)et
B (8G0 (2, 25) +ikGD (ijs)> _ ke ( RiN)E+ (g )€
p(2s) 0z 2k1po 1+ Ry
kpr (AT — RINE— (R = )¢t (9.21)
2k’1p0 1 + Rl
_ kpr (AT - RINE
klpo 1 + Rl
We have:
_— <8G0D' 020 | kgl (2, 2 )) D(z,2) = 22 (A8 4+ M} (A = RiA)
p(zs) 0z o ’ 2iky (9.22)
P1 -2 2
= — {BN“— A —
S, {8 RivN* + v — BR1}
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Let’s check the physical meaning of the terms above. The first term:

Z (_ 1)”R?R;L+1€ikl (2n+2)(a2a1)] eikl (2a1—22)
n=0

_ R2€lk1 (2a2—2z) Rleezlq (4a2—2a1—2z) + R%R%ezkl (6az—4a1—2z) 4.

B2 =

(9.23)

incorporates the upward reflections (from the second reflector) towards depth z from below (labeled
as event 2, 6, 10, --- in Figure 13). And the second term :

)
Z(_l)nR?Rgezlq (2n)(a2—a1)] eikl (2z—2a1)

n=0

_ _Rleikl(Qz—Qm) + R%Rzeik1(2z+2a2—4a1) o R%R%eik1(22+4a2—6zl) ...

—Riv\? = —R;

(9.24)

incorporate the downward reflections (from the first reflector) towards depth z from above (labeled
as event 1, 5,9, --- in Figure 13). The rest of events can be interpreted as follows:

y=BR =1-28R1=1-2R Y (—1)"R}RyH ekt azma)
n=0

=12 [_RlRQBikl(QCLQiml)} l +2 [_Rleeikl(Qaszl)] ’ +2 |:_R1R26ik1(2a2*20«1) s N

(9.25)

where in the final expression above, the first term 1 is the propagation phase for the direct arrival
from the source (this term is a unit since the source and receiver coincide). The second term

2 [—Rleeik(Q‘”_zal)] ! represents two separate propagations labeled as event 3 and 4 in Figure 13,
both events with distinct propagation history share the same propagation time. The third term

- 2 . -
2 [—Rlee’k(zarzal)] represents two separate propagations labeled as event 7 and 8 in Figure 13,
and again both events with distinct propagation history share the same propagation time.

The final result can be Fourier transformed into the time domain as:

Cc1

H(t) +2 3 (1) Ry Ry H (1 — 2lez=e))
n=1

c1

BE(z,2,)= -] 4 ZO(—l)”“R?“RgH <t - QZ””“?‘Z(”“)“I) (9.26)

3 (LR R (1 — Ao e 22
n=0

Cc1
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Figure 13: The diagram of events for an experiment with both source and receiver coincide at depth
z which located between the first reflector at depth a; and the second reflector at depth as.

Balancing out the —27 factor, the data after removing the direct wave is denoted as

A
D(z,t):plczlE(z, z,t) — H(t):

( 1)n+1R711+1R3H (t . 2z+2na2—2(n+1)a1) (9.27>

C1

2
n

D(z,t) =< +
_l’_

= npn pPn 2n(as—ai)
> (-1) R1R2H<t—4 2o )
Z _

nO:OO

Z (_1)nR711R;+1H (t . 2(n+1)a272na172z)
n=0

C1

and after taking the ¢ = 0 imaging condition, we have:

—Ry if (z=a1)
D(z,t) =< 0 if (a1 < 2z < ag) (9.28)
Rs if (2 = ag)

Note that in the previous section, i.e., to image above the first reflector at a;, we obtain the
amplitude R; when z approach a; from above. In this section we image below the first reflector at
a1, the amplitude of the image is —R; when z approaches a; from below, as it should.

9.3 Below the second reflector

[ RoA = A7) + Riv(A = RoA™ Y]+ [Riv N (RoA =AY +v(A = RoA™ Y 7t

G (2, 2)|,_, =
0 (Z,Z) 2=z 2ik2(1+R1)(1+R2)/p2
D i o TEAZAT) R = RaAT] = [RavH(RA = ATH + v(A = Rod D] !
9200 2| 2ka(1+ R1)(1 + Ra)/(kp2)

(9.29)
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where \ = eik2(2—a2) ) = ¢ik(zg—a1) and p = eih1(a2—a1),
1 OGE (2,7, w) o 0P (% w) @8
D(z,z5) = o) {P(z/,w)azl -Gy (z,z',w)T .
1 ; P( Iy /
= — [Gé) (z,z’,w)a((;,’w) — P(z’,w)aG()éZ’/Z’w)]
p(2") z z =z, (9.30)
P2 ika—e BT (RA = AT (A = R
ik (14 R1)(1+ Ry)
-1 -1 -1
o P2 ik(alfzs)y (RQ)‘*)\ )+R1V()\*R2>\ ) 1- 2
2iks (14 R1)(1+ Ry) {B1+ (1-R})B}
Since p’f]iz = ﬁiii = Zéié giif = }+§1 lfRQ the equation above can be simplified as:
[Rlel/_l + I/] A — [Rll/_l -+ RQV] AL
— [RlRQV_l + R2 ] A+ [Rlv_l + R%sz] AL
ik(a1—zs) .
poe /(2ik) (1- R )\Z n[RPRyT220HL 4 gl prtly nts
D(z,zs) = + ]
R
1 o R2 Z Ran+1 2n+1 R?+1Rg+2y2"+3] )
(9.31)
Since
Z(_l)n [R?R721+2V2n+1 + R?+1R3+1V2n+3] — ng + (1 _ R%) Z(—l)nR?—HRg—HVQnJrg, (932)
n=0 n=0
and
Z(_l)n [R?R;+llj2n+1 —|—R§L+1RS+2V2”+3] = Ry, (9_33)

n=0

equation (9.31) can be simplified as follows:
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poeikz(m—zs)(l _ R%)I/
2ik(1 — R1)(1 — Ry

D(z,zs) = ()\ _ Rg)\_l _ R%)\—I-Rg)\_ 1 _ R2 )\Z an+an+1 2n+2>

)
((ll Zs) _ 2 _ 2 0
poe (1 Rl)(l R2 n n pn. 2n+1
= A

2ik(1 — R1)(1 — Ry) Z Ry R5v

_ p0(1+R1)(1+R2) tk(a1—zs) ,ika(z—a2) - n n pn ik (2n+1)(az— a1)
= 5ik e e Z R Rye

In the derivation above, we rewrite the trivial quantity 1 as the special case of (—1)" R} R§v?" with
n = 0. The expression above is exactly the wave field in the deepest layer: only the down-going wave
is present with correct amplitude; the up-going waves cancel with each other as actually happened
in the subsurface. And the expression above can be simplified as:

D(Z, Zs) — po(l + Rl)(l + RQ) eik(al—zs)eik1(a2—a1)eik2(z—a2)

%k i

After the downward continuation of the receiver, we can use the Green’s theorem to downward
continue the source:

[V (RoA — A 4+ Riv(A — RoA™H)] €+ [Riv ™ (Rod — A1) + (A — RoA D] ¢!

IN !/ —
GE (22|, = 2ik2(1+R1)(1+R2)/P2 ’
0o L AN RO - RO E [ (B A b e - R D] €
00 LT AT R R ) |

(9.34)

where \ = eth2(2702) ¢ = gik(zs—a1) ypq p = ethr(az—a1),

kpo l/_l()\_l — Rg)\) + Rlu(Rz)\_l — )\)
kapo (1+R1)(1+R2)

1 <3G0Dv(z,zs) ¢

o) 5% + ikGE (z,zs)> =

and

. ; kpa 1/71()\71 — RQ)\) + Rllj(Rz)\fl — )\) K2 —
+ ikGY 2, 2 >D Z,2s) = etk(zs—a1)
0 (2:%) | Dz 2) k2po (1+ Ry)(1+ Ro)

po(l + Rl)(l + RQ) 6ik(a1723)eikl(agfal)eikg(zfaz)
2ik

gl
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The expression above can be simplified as:

E(Z,Z) = %eih(azfal)ezkz z—as ’Y{V _ R2)\) + Rlu(Rg)\fl . )\)}
= M L2y [T AT = RoA) + Riv(RoA ™ — M)}

—2“{: {1— Ro)\? + R Rov? — RiN\*v 2}7

= m {14 RiRyv? — RyN — RN}y

Since: (1 + R1R2V2) v = (1 — RlRQT/Q) i [—R]_RQVQ]n =1, and:

n=0

o0 o0

RoX’y = RoA? Y (—1)"RYREV™™ = oA + RyA® Y (—1)"RYRyv™"
n=0 n=1
= RoX’ — R3N* D> (—1)"RyRy /22,
n=1
R1>\2I/ v = R )\2 2 Z Ran 2n )\2 Z(*l)nR?+1R3V2n+2,
n=0 n=0

{—RoX? = RiN2} y = —RoX? — (1— R3A? D (—1)"Ry T Ry 2,
n=0

The final downward continuation result can be expressed as:

E(z,2) = 2’;22 {1 — RyX? — (1 — RN Z(—U”R?“Rgu?"“}
n=0

p2 > n n n. 2n
= 5k, {1 — RyMN + (1= RN (1) R{H Ry +2}
n=0

_ P2 - ik (22—2as) P2y ik (22—2a2) — _1\n+1 pn+1 pn ik (2n+2)(as—ai)
_2“@{1 Roetk? 2) 4 (1 — R3)etk2 2;( 1" H R R 2 1}.

In the results above, 2%2 is the overall amplitude of G(J)r in the third layer. The first term 1 is
the propagation phase of the wave traveling from the source and receiver coincide at depth z. The
second term — Rpe'1(202=241) i5 the reflection from the second reflector at depth as (here it has
— Ry as its reflection coefficient since both the source and receiver are located below the reflector).
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The third term (1 — R3)e'F1(202—201) Z (— 1)+ R Rp etk (2n42)(a2=01) contains infinite number of

internal multiples generated between the first and second reflector.

_ P2 c2
E(z,2,t) = 5 (L R (1 — 22t (2n+2)c(f27a1)) (9.35)
Balancing out the —£32 factor, the data after removing the direct wave is denoted as

D(z,1)= ~2 B(z,2,1) — H(t):

“RoH (¢ — 22=2a2
+(12— }g;) H <tc2_ 2)zza2 _ (2n+2)(az—a1)) (9.36)

c2 C1

D(z,t) =

and after taking the ¢ = 0 imaging condition, we have:

D(z,t) = { (;R2 ﬁ E;; ;i; (9.37)

Note that in the previous section, i.e., to image between the first and second reflectors, we obtain the
amplitude Rs when z approach as from above. In this section we image below the second reflector
at ag, the amplitude of the image is —Ro when z approaches as from below, as it should.

10 Conclusions

A general and efficient procedure to compute the Green’s function with vanishing Dirichlet and
Neumann boundary conditions has been derived for a 1D medium of arbitrary complexity, and its
effectiveness has been demonstrated with numerical examples that accurately predict the up-going
and down-going wave field at depth using only the data on the shallower measurement surface. The
density contribution to the Green’s theorem and Green’s function is accurately studied to better
understand its role in imaging. In order to generalize the idea in this paper to a multidimensional
earth, a finite-difference scheme is derived and validated by comparison with an analytic benchmark.

Several remarkable properties of the Green’s function with double vanishing boundary conditions

have been identified:

e The vanishing property of ng for z > a unequivocally states that it is not necessary to know
the medium’s properties below a target to achieve the target’s depth image. This conclusion
is also stated in the paper “Finite volume model for migration” by Weglein et al. (2011a).
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° GOD' contains no internal multiple and no source-generated reflections; this property agrees
perfectly with not only the reflectionless approximation of WKBJ Green’s function, but also
with the idea of avoiding reflections and multiples in many current seismic imaging procedures.

We also have reported some very early and very positive news on the first wave theory RTM
imaging tests, with a discontinuous reference medium and images that have the correct depth
and amplitude (that is, producing the reflection coefficient at the correctly located target) with
primaries and multiples in the data. That is an implementation of Weglein et al. (2011a;b) with
creative implementation and testing and analysis.
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12 Appendix A: Classical Reflection Problem

In this appendix we derive and list the solution of the classical acoustic reflection problem. The
medium properties are listed in Table 1. We denote k = w/cy, k1 = w/c1, and the incident wave
is e"2' We assume the reflection and transmission waves are Ae~**% and Be™?'| respectively.
In order to have a minimal framework for derivation, the philosophy here is to use the simplest
possible form for the incident, reflection, and transmission waves. The complexities caused by
flexible reflector depth are transferred to the parameters: A and B.

The boundary condition at the boundary z’ = a requires that:

ezka_i_Aefzka _ Bezk1a7

' j ; 12.1
(ik/po)e™ + (=ik/po) Ae™** = (ik1 /pr) Be™e. (12.1)
The equations above can be simplified as:
eika _i_Aefika — Beikla
ika _ pe—tka _ poileeikm‘ (12.2)

e
p1k

: k
Since ‘;)Ol—kl = %, we have:
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exp(iky) LG =Pc ot
P.C; + PoCo PyCy + PIC,
exp(ik[2a - 7)) explika~z]) x
cxp(—ik,a)
Reflector Reflector
200, Pka=pEL
Py + PCy PoCo + PiC
exp(ik,[z'—a]) X exp(ik,[z'—2a])

exp(ika) exp(~ik:)

Figure 14: The solution of the two acoustic reflection problems in this appendix. Left: The down-
going incident wave from the medium above; right: the up-going incident wave from the medium
below.

eika+Ae—ika _ Beikla’

pika _ go—ika _ POCO p ikia (12.3)
pi1c1
Solving the above equations, we have:

A = ELPL T C0PO jik(2a) _ pik(2a)

c1p1 + copo ’

2e1p1 , . (12.4)

B = 761(16—]61)& _ Tez(k—lﬁ)a‘

c1p1 + Copo

. . . 3 ! . . .
If the incident wave comes from the second medium: e~*1%" similarly we can assume the reflection
. ; / . . Yy
wave being of the form Ae®1*" and the transmission wave of the form Be %%

e—ikla _|_A€ik1a _ Be—ika7

' i ; 12.5
(—iky/p1)e”F1% 4 (iky/p1) AeF1® = (—ik/pg) Be ™. (12.5)

After a straightforward simplification we have:
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e—ik1a+Aeik‘1a _ Be—ika’

6—ik1a o Aeikla — kpl Be—ika (126>
k1po
Remove the w dependency in lfﬁo’ to have:
e—ikla +Aeik1a — Be—ika
efikla - Aeikla _ p1cC1 Befika (127)
PocCo
The solution of the above equations is:
A Copo — C1pP1 e ik1(2a) _ Refik1(2a)’
copo + c1p1 (12.8)
2¢copo i(k—k1)a i(k—k1)a ‘
= e V4 =Te e
c1p1 + copo

13 Appendix B: Confirmation that the Green’s function (4.10) is the solu-
tion of the wave equation with vanishing Dirichlet and Neumann boundary
conditions at the deeper boundary

In this case we have: A < a < B, and the acoustic wave equation is:

{p(z/)ai/ <p(£az,) - C;ZZ/) } Golz, 7, w) = 6(z — 7). (13.1)

Here we prove that the boundary conditions at the reflector are satisfied. First is the continuity
of pressure. According to equation (4.10), the pressure immediately below the reflector can be
obtained by setting 2’ in the expression for 2’ > a (i.e., the second case) to a:

etk1(z—a) _ giki(a—z)

Go(Z,a+,W) =P 21,](31

(13.2)

while the pressure immediately above the reflector can be obtained by setting 2’ in the expression
for 2/ < a (i.e., the first case) to a:

GO(Za CL—,W)

= 13.3
24k i ( )

o1 Reikl(zfa) _ eikl(afz) eikl(zfa)fReikl(a’z)
I1+R 1+R '
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We can simplify the expression above as follows:

ik1(z—a 1R iki(a R+ R’ iki1(z—a
GQ(Z,a—,w)zilil{(l_R)ezIm(z )+1+7R6k1( )_|_1+7R6k1( )}

_ P1 _ ik1(z—a) _ _iki(a—=z)
2k, {1 R+ me ¢ }

%11:1 { oiki(z—a) _ eikl(a—z)}

= Go(z,a+,w).

(13.4)

oG . . .. .
5~ across the boundary can be verified in a similar fashion.

On the other hand, the continuity of %

I
The value of %8&0, immediately below the reflector is:

1 0Go(2, 2", w)

p o _ ;1 {eikl(z—a) + eikl(a—z)} ) (135)
1

z’:a—‘,— pl

IN
while the value of %agzo, immediately above the reflector can be obtained by setting 2z’ in the

expression for 2/ < a (i.e., the first case) to a:

i 8G0(z,z’,w) _ o1 Reikl(z—a) _ eik1(a—z) N Reikl(a—z)—eikl(zfa) | (13.6)
Po 0z Y—a—  POCO 1+R 1+R
We can simplify the expression above as follows:
i 9Go(z, Zl?”) __a (R . 1)€ik1(z—a) + R— R etki(z—a) + R— 1€ik1(a—2)
Po 0z sma—  POCO 1+R 1+ R
_a Bl e | B2 L it
poco | R+1 R+1
_a R=17 4o ikl(a—z)}
" poco R+ 1 {e te (13.7)
— ;1 {eikl(z—a) + eikl(a—z)}
P1
1 0Gy(2,2',w)
pl 82/ Z/:a+
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The derivation above takes advantage of the following relations: since R = %, we have:
pici—poco _
C1 R—-1 _ C1 p1c1+poco 1 _ C1 —2p060 _ ;1
co R+1 cp PLei—poco cn 201cC ’
poco f + PoCo e T 1 Poco 21 pP1

14 Appendix C: The causal acoustic Green’s function used in this report

The analytic solution of the Green’s function in equation (2.2) is available if both the velocity ¢(z’)
and density p(z’) fields are constant: i.e., if ¢(2') = ¢o and p(z’) = pp. In this case the term
1/p(z") = 1/po becomes a constant and can be moved to the front of the 9/0z" operator, to have:

1 (0 0 W , ,
po{az’az’ q%}Go(z,z,w) =d(z—2").

Both terms on the left-hand side of the equation above contain the p% factor and the equation can
be more succinctly written as:

o 0 w?
{8'2/8,2/+C%}G0(27Z/7w) :poé(z—z'). (141)

Note that the equation above is identical to equation (27) of Weglein et al. (2011a), except for the
extra density factor pg on the right-hand side, and the solution for equation (27) of Weglein et al.

. ik(z—z")
(2011a) is S

where k = w/cp; our Green’s function in equation (14.1) is:

PO ik|z—z!
Go(z, 7 ,w) = —=-eklz=] 14.2
O(Zaz ,(,U) 211{36 9 ( )

where again, k = w/cy.
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