Geophysical Journal International

Geophys. J. Int. (2021) 226, 893-927 doi: 10.1093/gji/ggab151
Advance Access publication 2021 April 15
GJI Seismology

Higher-order Hamilton—Jacobi perturbation theory for anisotropic
heterogeneous media: transformation between Cartesian and
ray-centred coordinates

Einar Iversen,' Bjorn Ursin,? Teemu Saksala,® Joonas Ilmavirta* and Maarten V. de Hoop®

! Department of Earth Science, University of Bergen, PO. Box 7803, N-5020 Bergen, Norway. E-mail: einariversen@uib.no

2 Department of Electronic Systems, Norwegian University of Science and Technology (NTNU), O.S. Bragstadsplass 2B, NO-7491 Trondheim, Norway
3 Department of Mathematics, Box 8205, North Carolina State University, Raleigh, NC 27695-8205, USA

4 Unit of Computing Sciences, Tampere University, Kalevantie 4, FI-33014, 33100 Tampere, Finland

3 Department of Computational and Applied Mathematics, Rice University, 6100 Main MS-134, Houston, TX 77005-1892, USA

Accepted 2021 April 13. Received 2021 April 12; in original form 2020 December 22

SUMMARY

Within the field of seismic modelling in anisotropic media, dynamic ray tracing is a powerful
technique for computation of amplitude and phase properties of the high-frequency Green’s
function. Dynamic ray tracing is based on solving a system of Hamilton—Jacobi perturba-
tion equations, which may be expressed in different 3-D coordinate systems. We consider
two particular coordinate systems; a Cartesian coordinate system with a fixed origin and a
curvilinear ray-centred coordinate system associated with a reference ray. For each system we
form the corresponding 6-D phase spaces, which encapsulate six degrees of freedom in the
variation of position and momentum. The formulation of (conventional) dynamic ray tracing
in ray-centred coordinates is based on specific knowledge of the first-order transformation
between Cartesian and ray-centred phase-space perturbations. Such transformation can also
be used for defining initial conditions for dynamic ray tracing in Cartesian coordinates and
for obtaining the coefficients involved in two-point traveltime extrapolation. As a step towards
extending dynamic ray tracing in ray-centred coordinates to higher orders we establish detailed
information about the higher-order properties of the transformation between the Cartesian and
ray-centred phase-space perturbations. By numerical examples, we (1) visualize the validity
limits of the ray-centred coordinate system, (2) demonstrate the transformation of higher-order
derivatives of traveltime from Cartesian to ray-centred coordinates and (3) address the stability
of function value and derivatives of volumetric parameters in a higher-order representation of
the subsurface model.

Key words: Numerical approximations and analysis; Numerical modelling; Body waves;
Computational seismology; Seismic anisotropy; Wave propagation.

1 INTRODUCTION

For more than 40 years, dynamic ray tracing has been a powerful method to compute important amplitude and phase attributes of high-frequency
Green'’s functions. Dynamic ray tracing can be expressed in Cartesian coordinates, in ray-centred coordinates, and in generally curvilinear
coordinates (éerveny 2001). The basic idea is to formulate a system of ordinary differential equations, Hamilton-Jacobi perturbation equations,
by which one continues the first-order derivatives of perturbations in position/slowness as a function of traveltime, say, along a reference
ray. These derivatives of phase-space perturbations constitute the basis for first-order extrapolation of position/slowness and second-order
extrapolation of traveltime in the paraxial region, that is a close neighborhood of the reference ray where the traveltime is single-valued. The
first derivatives of position in the dynamic ray tracing system yield the geometrical spreading—the primary contributor to the amplitude on
the reference ray. In this paper, we focus on the coordinates used in dynamic ray tracing. We also address the consequences for the model
representation when the transformation between coordinate systems is extended to higher orders. Our work fits in approximation theory,
which makes it natural to consider ‘higher order’ in the context of accuracy.

Historically, dynamic ray tracing has often been done in Cartesian coordinates (e.g. Cerveny 1972,2001; Farra & Madariaga 1987; Gajew-
ski & Psencik 1990; Chapman 2004; Iversen 2004; Cerveny & Moser 2007; éerveny & PSencik 2010; Klimes 2013; Koren & Ravve 2021;
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Figure 1. Ray-centred coordinates: A 2-D Cartesian coordinate frame (g1, g2) is continued along the selected reference ray. The coordinate ¢3 is a monotonic
variable along the ray—we take g3 as the traveltime.

Ravve & Koren 2021) or in ray-centred coordinates (e.g. Popov & PSencik 1978; Hanyga 1982; Kendall et al. 1992; éerveny 2001; éerveny
et al. 2007; Cameron et al. 2007; Iversen 2006; Iversen & Tygel 2008; Klimes 1994, 2006a, 2012, 2019).

Ray-centred coordinates were introduced in seismology by Popov & Psencik (1978). Assuming an isotropic medium, a 2-D Cartesian
coordinate frame is continued along the reference ray (Fig. 1). The dynamic ray tracing quantities, that is derivatives of the phase-space
perturbations, are expressed relative to this moving frame. In this way, ray-centred coordinates interplay naturally with the wave propagation
under study, the number of differential equations is limited to a minimum, the initial conditions become simple and intuitive, and numerical
errors caused by redundant solutions are absent or reduced to a minimum. In differential geometry, ray-centred coordinates are a first-order
approximation of Fermi coordinates (e.g. Chavel 2006), which are local coordinates associated with a geodesic—a generalized ray. As with
Fermi coordinates, the basis vectors of ray-centred coordinates are continued along the reference ray. The basis vectors are grouped in two
sets, referred to as the contra-variant and co-variant bases. Only one set needs to be integrated along the ray; the other set then follows from
explicit expressions.

Recently, Iversen et al. (2019) extended dynamic ray tracing for anisotropic media to higher orders, using Cartesian coordinates. The
main motivation was to attain more robust and accurate extrapolation or interpolation of amplitude and phase attributes of the high-frequency
Green’s function. Dynamic ray tracing in Cartesian and ray-centred coordinates have different strengths and weaknesses, and both formulations
have proven very useful for applications in seismology and seismic exploration. In some modelling approaches, for example the wavefront
construction method (Vinje et al. 1993), one can utilize the properties of both coordinate systems in a complimentary way. It is therefore
valuable to extend also dynamic ray tracing in ray-centred coordinates to higher orders, and to develop a framework that allows to switch
between the two formulations. The latter is provided in the current paper—a higher-order transformation of phase-space perturbations between
Cartesian and ray-centred coordinates.

Also shown in the paper, the mentioned higher-order transformation can, in principle, be obtained without a higher-order representation
of the model parameter functions. The reason is that the higher-order effects can be incorporated by interpolating along the reference ray the
phase-space coordinates and their time derivatives. However, the derivatives of the phase-space perturbations considered for transformation
may indeed depend explicitly on the higher-order derivatives of the model parameters. These perturbation quantities typically correspond to
initial conditions or end results of dynamic ray tracing. Thus, to ensure consistency between transformation coefficients and the quantities
to be transformed it is recommended that the same, higher-order, model representation is used both for computation of the transformation
coefficients and the derivatives of the phase-space perturbations.

We utilize the properties of basic splines, or B-splines (de Boor 1972), to ensure a consistent higher-order transformation of phase-space
perturbations between Cartesian and ray-centred coordinates. The term spline originated in the ship construction industry in England and
dates back at least to 1752 (Farin ef al. 2002). The spline was a mechanical device of wood, used for drawing smooth curves. The objective
was to make the hull of the ship smooth. Later, in the 20th century, the science of curve fitting and computer-aided geometric design was
driven by pioneers working in the car industry (e.g. Carl de Boor, Paul de Casteljau, Pierre Bézier). From the 1970s and onwards splines
have been popular for use in computer graphics and geometric modelling in general (Bartles ef al. 1987), and in solid earth geophysics in
particular (e.g. Gjoystdal ez al. 1985).

A cornerstone in the theory of B-splines is the de Casteljau algorithm (Nowak 2011), which is used for recursive determination of
Bernstein polynomials (named after Sergei Natanovich Bernstein). With de Casteljau’s algorithm one can, in principle, compute safely the
value of a function representation and its derivatives to any order. In this paper we use quintic (fifth-degree) B-splines, which encapsulate
C* continuity—it is then guaranteed that derivatives up to order four are continuous. In contrast, for conventional dynamic ray tracing and
associated transformation between Cartesian and ray-centred coordinates, a cubic B-spline representation (continuity of type C?) is sufficient.
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As key results, we provide expressions for the relevant second-, third- and fourth-order coefficients in the transformation from ray-centred
to Cartesian phase-space perturbations and vice versa. However, to avoid using long expressions for the higher-order coefficients of the inverse
transformation, Cartesian to ray-centred, we also emphasize the option of computing these implicitly from the coefficients of the forward
transformation, by means of the symplectic property (e.g. Cerven}'/ 2001). The results obtained here are further used in a companion paper on
higher-order dynamic ray tracing in ray-centred coordinates (Iversen et al. 2021).

The higher-order transformations are valuable in the following situations.

(1) When performing dynamic ray tracing in ray-centred coordinates the transformations are needed in the design of the coefficients of
the system of Hamilton—Jacobi perturbation equations. These coefficients then belong to ray-centred coordinates but will typically depend
on a set of property functions defined with respect to Cartesian coordinates. Moreover, at the final point the results will often need to be
transformed to Cartesian coordinates, using the transformations presented in this paper.

(i) Dynamic ray tracing in Cartesian coordinates yields the results directly in the Cartesian coordinate system. In some situations, however,
it may be useful to do further analysis and computations in ray-centred coordinates.

(iii) Initial conditions for the Hamilton—Jacobi perturbation equations can be specified in Cartesian coordinates, ray-centred coordinates, or
by other means. A transformation of such conditions between different coordinates may then be required, depending on the chosen coordinate
system for the Hamilton—Jacobi perturbation equations. The initial conditions in ray-centred coordinates are often simple and intuitive, while
this is generally not the case in Cartesian coordinates.

A general impact of the paper is that the presented transformation equations are of importance in paraxial ray methods. Furthermore, the
provided higher-order transformation could be a stepping stone to establishing a transformation where the ray-centred coordinates are replaced
by a more general curvilinear coordinate system. We expect the latter would be valuable in applications related to solid earth geophysics.

The paper is organized as follows. We first describe the notion of a 6-D phase space consisting of position and momentum, in ray-centred
coordinates. Important in this context is the two sets of basis vectors and the continuation of these along the reference ray. Next, we derive
explicit expressions for all relevant coefficients of the forward and inverse transformations, from the ray-centred to the Cartesian phase-space
perturbations and vice versa. The resulting transformation coefficients are subsequently used to derive a framework for transformation of
the higher-order derivatives of traveltime between ray-centred and Cartesian coordinates. Thereafter, we use the transformation coefficients
to address the validity region of ray-centred coordinates. In a numerical examples section we show applications of the derived theory, for
isotropic and vertical transversely isotropic (VTI) versions of the Marmousi model. In these examples, we (1) visualize the validity limits of
the ray-centred coordinate system and (2) show some subtleties of the transformation of higher-order derivatives of traveltime from Cartesian
to ray-centred coordinates. Later in the section we address the stability of the function value and the derivatives computed using a quintic
B-spline representation.

Notes on the nomenclature—We use component and vector/matrix notations in parallel. Components of vectors, matrices and tensors are
specified by lower- and uppercase subscript indices. The lowercase indices a, b, c, . .., p, ¢ run from 1 to 3, while corresponding uppercase
indices 4, B, C, ... take the values 1, 2 only. In the remaining part of the alphabet the indices r, s, 7, ... run from 1 to 6. For equations in
component notation we use Einstein’s summation convention. Vectors are are written as lowercase bold symbols, a, or in terms of components
only, a;. A vector a with N components is equivalently understood as an N-tuple a = (¢;) = (a;, az, . . . , ay) oras an N x 1 column matrix—the
specific meaning follows from the context. Multicolumn matrices are written either in bold uppercase, H, or in component notation, H;,. To
connect the two forms, we write H = {H,,}. The symbol { is used to signify components of an inverse matrix, for example H' = {Hj[}.
In the context of derivatives of phase-space perturbations continued along the reference ray we use the perturbation symbol §. Perturbations
performed locally are signified by the symbol A. For overview of the mathematical symbols used in the paper, see Table 1.

2 PHASE-SPACE COORDINATES

We review and discuss the phase spaces arising from Cartesian and ray-centred coordinates.

2.1 Cartesian phase-space coordinates

For a fixed 3-D Cartesian coordinate system, (x;) = (x1, X2, x3), we consider a position vector, X = (x;), and a momentum vector, p = (p;),
with the measurement unit of inverse velocity. Because of the latter property, the vector p is commonly referred to as the slowness vector or
briefly as just the slowness. The slowness vector components p;, p, and p; can be combined with the position-vector components xi, x, and
x3 to form the 6-D domain

(w,) = (xi, pj) = (X1, %2, X3, p1, P2, p3)y r=1,2,...,6; i,j=12,3; (1)

known as the phase space in Cartesian coordinates. In this domain all six coordinates vary freely.

The notion of six freely varying phase-space components is fundamental in the Hamiltonian formulation of ray theory. One can consider
the phase space as a workspace in which we seek the ray solutions. The computed solutions form a subspace, a hypersurface, with five degrees
of freedom. The hypersurface is defined by the Hamilton-Jacobi equation, introduced in the next subsection.
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Table 1. Main mathematical symbols used in the paper. For multicomponent quantities the dimensions are specified.

Quantity Dimension Description
(x1, X2, x3) 3 Cartesian coordinate system
X = (x)) 3 Position vector of the Cartesian coordinate system
p =i 3 Slowness vector (momentum vector) of the Cartesian coordinate system
w = (W) 6 Phase-space vector of the Cartesian coordinate system
= (xi, pj)
Q Reference ray
H(w) Hamiltonian
T Traveltime along the ray Q
70 Traveltime at the initial point of the ray
c Phase velocity
c=(c) 3 Phase-velocity vector
n = (n;) 3 Normalized phase-velocity vector
v=(v) 3 Ray-velocity (group-velocity) vector
n =) 3 Time derivative of the slowness vector p
a = {o;;} 3x3 Projection operator with respect to the wave-propagation metric tensor
(41,92, 93) 3 Ray-centred coordinate system
q=1(494) 3 Position vector of the ray-centred coordinate system
p@ = ( p,(lq)) 3 Momentum vector of the ray-centred coordinate system
w4 = (wﬁq)) 6 Phase-space vector of the ray-centred coordinate system
= (qa. 3"
(vfzq)) 3 Ray-velocity (group-velocity) vector, in ray-centred coordinates
(nf,q) ) 3 Time derivative of the momentum vector p@
E={&a} 3x2 Contra-variant (paraxial) basis of the ray-centred coordinate system
= [e; e2]
H={H;,} 3x3 Coefficients of coordinate transformation, ray-centred to Cartesian,
=[E V] first order
{Hiap } 3x3x3 Coefficients of coordinate transformation, ray-centred to Cartesian,
second order
{Hiape } 3x3x3x3 Coefficients of coordinate transformation, ray-centred to Cartesian,
third order
F ={Fi4) 3x2 Co-variant (paraxial) basis of the ray-centred coordinate system
H'={H ;l.} 3x3 Coefficients of coordinate transformation, Cartesian to ray-centred,
=[Fpl! first order
{HaTi j} 3x3x3 Coefficients of coordinate transformation, Cartesian to ray-centred,
second order
{H Ji 7 n 3x3x3x3 Coefficients of coordinate transformation, Cartesian to ray-centred,
third order
T(x), T(q) A general time function
7(x), 7(q) A specific traveltime function
{M;;} 3x3 Derivatives of traveltime, Cartesian coordinates, second order
{My} 3x3x3 Derivatives of traveltime, Cartesian coordinates, third order
{ M} 3x3x3x3 Derivatives of traveltime, Cartesian coordinates, fourth order
{Mp} 3x3 Derivatives of traveltime, ray-centred coordinates, second order
{Mupe} 3x3x3 Derivatives of traveltime, ray-centred coordinates, third order
{Mabea} 3x3x3x3 Derivatives of traveltime, ray-centred coordinates, fourth order
{RZ’.} 3x3x3 Operator in the computation of inverse-transform coefficients,
second order
{RZ’.Z 3x3x3x3x3 Operator in the computation of inverse-transform coefficients,
third order
A ={Ay,} 6x6 Coefficients of phase-space coordinate transformation,
ray-centred to Cartesian, first order
A =(Ally 3x3 Sub-matrix of A
AP = (A2 3x3 Sub-matrix of A
A% = {Afg} 3x3 Sub-matrix of A
J 6 x 6 Matrix for rearranging the sub-matrices of matrix A
{Axrs) 6x6x6 Coefficients of phase-space coordinate transformation,
ray-centred to Cartesian, second order
{Ay st} 6xX6x6x%x6 Coefficients of phase-space coordinate transformation,

ray-centred to Cartesian, third order
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Table 1. Continued

Quantity Dimension Description

Al = Aix} 6x6 Coefficients of phase-space coordinate transformation,
Cartesian to ray-centred, first order

{Aixy} 6x6X%X6 Coefficients of phase-space coordinate transformation,
Cartesian to ray-centred, second order

{Aixyz} 6xX6x6x6 Coefficients of phase-space coordinate transformation,
Cartesian to ray-centred, third order

3x2 An orthonormal version of the contra-variant basis €

£

C ={C4p} 2x2 Matrix that rotates and scales € into £

B = {B4s} 2x2 Matrix describing the deviation of the basis £ from orthonormality

A= {Aup) 2x2 Coefficient matrix, phase-velocity formulation for the derivative d€ /dt

A Coefficient scalar, phase-velocity formulation for the derivative d€/dz,
applying when £ is orthonormal

K ={Kip} 2x2 Coefficient matrix, ray-velocity formulation for the derivative d€ /dt

2.2 Hamilton—-Jacobi equation and Hamilton’s equations for the reference ray

We consider a Hamilton—Jacobi equation
H(x,p)=1/2, 2

where H(x, p) is the Hamiltonian (see, e.g. éerveny 2001; Iversen et al. 2019). As indicated by the form of eq. (2), we have chosen the
Hamiltonian as a homogeneous function of the second degree in the momentum vector components. This choice is practical and does not
affect the main theoretical results derived in the paper. The reason is that the Hamiltonian is used here only for establishing a reference ray
and an associated ray-centred coordinate system. Neither of these are affected by the chosen degree of the Hamiltonian.

The Hamiltonian # (x, p) has six degrees of freedom. On the other hand, the Hamilton—Jacobi equation (2) imposes a constraint in the
phase space, so that the solutions for position and momentum have (together) five degrees of freedom. As the position is unrestricted, it means
that a momentum satisfying the Hamilton—Jacobi-equation can only have two degrees of freedom. This constraint on the momentum will in
general include position-dependent medium properties.

Let t be a generic independent time variable controlling the continuation of ray-field quantities. Moreover, consider a reference ray,
signified as 2. The position and momentum vectors along €2 are given by the function:

x=%(1),  x =%,
P = p(7), pi = pi(T). (3)
Taking the time derivative of these two vector functions yields the ray-velocity vector (or group-velocity vector)
dx dx;
V=X=—, i =X = s 4
dr e dr @
and the so-called ‘eta-vector’ (éerveny 2001)
. dp . dp
_p= 2 5
n=p= m=p= ®)
The functions X(7) and p(t) constitute the solution to a system of ordinary differential equations
dx; OH dp; oH
_ 9. Pi_ _ (6)

dr — ap:’ dr — ox;’
referred to as Hamilton's equations. The solution to eq. (6) must in general be computed numerically, for example using the Runge—Kutta
method. Along the ray Q2 the fundamental ray-theory relation

pivi = 1 (7)

is always satisfied.

2.3 Phase space in ray-centred coordinates

The ray-centred coordinate system consist of 3-D curvilinear coordinates (g1, ¢2, ¢3) related to the reference ray €2, on which ¢; = ¢, = 0.
The position vector in ray-centred coordinates is denoted q = (¢;). The third coordinate is curvilinear and changes monotonically along €.
We choose ¢; as the traveltime; hence the points on €2 satisfy

qr =0, q3 = T. 3)
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Figure 2. A 2-D illustration of a limitation of ray-centred coordinates. The ¢ coordinate lines corresponding to points 4 and B on the reference ray intersect
in the point C. Therefore, in C the mapping between Cartesian and ray-centred coordinates is not one-to-one.

For a certain point on 2 the coordinate axes ¢; and ¢, are straight (but not necessarily perpendicular) lines. The ¢; and ¢, axes are situated in
a moving plane, defined as a normal plane with respect to the slowness vector p(z) on .

The coordinate g; is constant in the specific ¢,¢, plane belonging a selected point on €2. In this respect, the time variables ¢; and 7 are
fundamentally different. While t signifies the time of a wavefront passing through an arbitrary point x, this is not the case for ¢;. Rather, ¢;
is the reference ray traveltime resulting if we are able to construct a unique ¢;¢» plane through x, such that the slowness vector p(q3) on 2
is normal to that plane. It follows that the ray-centred coordinates have a certain region of validity in the vicinity of €2, arising from the fact
that for a curved ray different ¢,¢, planes will intersect at some limiting transverse (paraxial) distance from €2. Hence, for greater paraxial
distances there will not be a one-to-one correspondence between ray-centred and Cartesian coordinates (see the illustration in Fig. 2). The
width of the region of validity depends on the curvature of the ray trajectory.

In ray-centred coordinates we denote the momentum vector as p@ = ( p?q) ). The components of the ray-centred position and momentum
vectors q and p form the phase-space coordinates

@) = (g, p{") = (@1, 2. 43, 2", P, 7). ©)

As with the phase space in Cartesian coordinates, see eq. (1), the entities in eq. (9) are independent. Moreover, in ray-centred coordinates
eq. (2) has the counterpart # (q, p’) = 1/2. The latter yields five degrees of freedom.

2.4 Transformation from ray-centred to Cartesian coordinates and associated basis vectors

For any, general, point located close to the ray 2, we assume a one-to-one correspondence between the coordinates (g1, ¢2, ¢3) and (x1, x2, X3).
Violations of this assumption could occur—such cases are discussed in Section 6. Defining the one-to-one correspondence by the function
X(q1, 92, q3), the transformation from ray-centred and Cartesian coordinates is given as

X(q1, 92,93 = 7) = X(1) + e1(v) 1 + ex(7) 2, (10)

where e (7) and e,(t) are basis vectors corresponding, respectively, to the ¢; and ¢, coordinates. We assemble these vectors as columns in
the 3 x 2 matrix

) = (e(0) ex0). (an

The computation of matrix £ implies to solve additional differential equations along the ray €2, see Appendix A. In the perspective of differential
geometry, the ray-centred coordinates in eq. (10) result from a linearization of general coordinates associated with a geodesic—the Fermi
coordinates.

In terms of the mapping (10) from ray-centred to Cartesian coordinates we can write the basis vectors e;(7) and e,(7) as

d d

et) = —2(0,0,7):  e(r) = —(0,0, 7). (12)
aql an

The basis vector belonging to the coordinate g3 = 7 is

0x dx
37]3(0, 0.7)= (0 =v{), (13)
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that means, the ray-velocity vector introduced in eq. (4). The vector set (e,(7), ex(t), v(7)) is referred to as the contra-variant basis (e.g.
Klimes 2006a; Cerveny & Moser 2007) and is represented as the 3 x 3 transformation matrix,

g; 0, 0, r)} - (S(r) v(r)) . (14)

The terminology contra-variant and co-variant comes from differential geometry and corresponds, respectively, to vectors and covectors. A
vector is strictly defined to describe a change of position. From this point of view, the quantity v in eq. (4) is therefore a vector. If the timescale
in the direction of v is changed, say from unit seconds to milliseconds (scaling by a factor 1000), the corresponding scaling of v will be 1/1000

H(r) = {Hia(1)} = {

to compensate. The components of v therefore contra-varies with the change of basis, here exemplified by a change of the time variable. For
a co-vector the situation is the opposite—it covaries with the change of basis. Co-vectors form the dual space to vectors in the sense of linear
algebra.

Since vector p(t) is normal to the ¢;¢, plane, it follows that

ox, )
i) ﬁ(o, 0,7) = pi() Ea(x) =0, (15)
Moreover, eqs (7) and (13) yield

ox; )
i) a—;w, 0,7) = pi(r)vi(r) = 1. (16)

The basis vectors e; and e, can be chosen orthonormal, but more general options are available (see Appendix A). In the latter case it is
of course important to ensure that e; and e, do not become co-linear, and that neither of them vanish. We remark that e; and e, do not depend
on the curvature of wavefronts, so that the determinant of matrix H will not vanish as a result of caustics in the wavefield.

2.5 Momentum vector in ray-centred coordinates
Consider a general differentiable time function 7, expressed either in Cartesian coordinates or ray-centred coordinates, so that
Tx) =T(q. 0]

We emphasize that 7 is general, which means it can be chosen arbitrarily, as long as eq. (17) is satisfied. Applying the chain rule for derivatives
to 7, we obtain

o7 9T g, a7 9T ox;
8x,~ a 3qa Bx,- ’ 3qa o axi 3%.

(18)

In the following, it is necessary to consider the momenta p; and p'? either as independent variables or as functions of position. To serve
both these purposes, we take

T T

e (q) — 19
P P T b (19)
and we note that the momentum component

oT
(¢)
— 20

P3 9 (20)

is dimensionless.

For a given choice of function 7, the momentum components in eq. (19) are functions of position. However, since the time function 7~
can be chosen arbitrarily, the time gradients may in general have any direction and any magnitude. As a consequence, the relations (18) can
be restated

9

pi = P9 L x(q1, g2 ), Q1)
BX,‘
Bxl-

P = pio (@14, 43), (22)
G

where the momenta on the right-hand sides may vary freely.

Now recall the essence of eq. (15), that the basis vectors e; and e, are both normal to the slowness vector, and eq. (16), that the dot
product of the slowness vector and the ray-velocity vector is one. Using eqs (15) and (16) in eq. (22), it follows that the ray-centred momentum
components belonging to €2 are constants,

pi =0 p=1 (23)

Time differentiation of eqs (8) and (23) yields, in ray-centred coordinates, the counterparts to the vector functions v and » in eqs (4) and (5).
We obtain

(19@) =0.0.1. (1) = (©.0.0) e
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Moreover, the combination of eqs (21) and (23) yields
BQ3
Bx,-
We discuss eq. (25). For an arbitrary point q = (0, 0, 7) on the reference ray €2, the slowness vector is equal to the time gradient of an

hypothetically ‘exploding’ plane wave. The wavefront source plane coincides with the ¢, ¢,-plane of the ray-centred coordinate system at the
point under consideration. However, since the local time gradient of a plane wavefront equals the time gradient corresponding to any other

pi(t) = ——[x(0,0, 7). (25)

wavefront propagating in the same direction, it is clear that eq. (25) can be generalized to p; = d7/dx; along the ray 2 and along any other ray.
This represents a fundamental property in ray theory— for a certain location on a ray, the slowness vector must equal the traveltime gradient

at that location (see, e.g. éerveny 2001). We note in particular that a traveltime function with small (paraxial) variation with respect to ¢; and

q» will yield a value of the momentum component pgq) = 0t /0dq; that differs only slightly from 1.

Consider a perturbed momentum vector p¢’ = p@(z) + 5p along &, specified such that p*’ and p\’ are both set to zero, while p'’

is free to vary. In view of eq. (20) one can then interpret pgq) in terms of a virtual stretch of the time g3 along 2. To describe this kind of

stretch effect, Burridge (Chapman 2004, p. 152) introduced the variable €. It relates to the momentum component pgq) simply by

e=p -1, (26)

given that pgq) = pg’) =0.

2.6 Transformation from Cartesian to ray-centred coordinates and associated basis vectors

The two sets of first-order derivatives involved in the transformations between ray-centred and Cartesian coordinates have to satisfy the
relations
0q, 0x; dax; 9q,

= 8up =5 27
ax; agy g, 0x; " @7

In (27) the left-hand subequation has the implications

I 28
o, 9, O (28)
il a il i
o 25— b, (29)
9x; 9q3
g4 0x;
= 845, 30
ax; dqp 48 (30)
while the right-hand subequation yields
9q4 0x;
112 _ . 31)
dx; g4
Here, we have introduced the quantity
dq3 0x;
Uij = 0ijj — ﬁi (32)
ax; 9g3
Moreover, on the ray 2 we define the 3 x 2 matrix
d
o ={ 3 m0.0.0n}. 63)
8x,~
In view of eqs (25) and (33) the matrix H(7) in eq. (14) has the inverse
- 994 N
H' ()= {H'()} = {g [x(0,0, r)]} = (Fo b)) - (34)
The forms of matrices H and H™! then yield the relations
VIF ={014}; vFis=0, (35)
FreE = {848} Fialip = 845, (36)
FE" = {5:'_,'} - PVT; ]:iAng = 5ij — pivV; = oy, 37)

with all quantities evaluated on the reference ray 2.
It is remarked that the quantity o; on €2, on the right-hand side of eq. (37), represents a projection operator with respect to the
wave-propagation metric (Hanyga 1982; Klimes 2002, 2006a)

a; =P/ =8 — ph} (notation of Klimes).
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Higher-order H-J theory—coordinates 901

The columns of matrix F represent two vectors f; and f;,
F=(nt) (38)

and the vector set (f}, f,, p) is the co-variant basis (e.g., Klime$ 2006a; éerveny & Moser 2007). The vectors f; and f, are related to the
contra-variant basis (e, e,, v) by the operations (Klimes 2006a)

e XV vVXe

f, = 22y , f, = o (39)
e - (e x V) e - (vxep)

The third co-variant and contra-variant basis vectors, p and v, are both known, but we include for completeness their relations to the other set

of basis vectors,

e xe f; x f.
p = #’ v _ 172 (40)
v-(er X €) p-(fi xf)
On the reference ray, the slowness vector p is, by definition, orthogonal to the contra-variant basis vectors €, and e, see eq. (15) and the
first sub-eq. (40). On the other hand, eq. (35) and the second sub-eq. (40) show that the ray-velocity vector v is orthogonal to the co-variant

basis vectors f; and f,.

2.7 Continuation of basis vectors along the reference ray

Various options exist for continuation of the matrices £ and F along the reference ray €2; details concerning such options can be found in
Cerveny (2001), Klimes (2006a) and éerveny et al. (2007). In Appendix A, we describe simple ways of computing matrix F from matrix £,
and we also provide general expressions for the time derivatives of £ and F.

In the standard option for the bases of the ray-centred coordinate system the vectors ey, 4 = 1, 2, are orthonormal; in addition the two
derivative vectors é 4 are both parallel to the slowness vector, p. This results in an ordinary differential equation for the vector e4 along the
reference ray,

d
%:—czp()peA), A=1or2, (41)

where c is the (scalar) phase velocity. It is sufficient to include this differential equation only for, say, vector e;. Then vector e, can be found
from the cross product formula

€ €. (42)

P
= — X
Ipll

For a proof of eq. (41), see the derivation of eq. (A8) in Appendix A. The form (41) is attained when we set the 2 x 2 matrix A zero
in (A8).

At the initial point on €2 the direction of vector e; can, in principle, be chosen arbitrarily in the normal plane to the slowness vector. It
may, however, be practical to use a convention for the orientation of e, for example, to let it comply with a mesh on an initial surface. The
standard option is used in the Complete Ray Tracing (CRT) software package (Klimes 2006b, section 6.2).

3 TRANSFORMATION OF PHASE-SPACE PERTURBATIONS: FROM RAY-CENTRED
TO CARTESIAN COORDINATES

We consider the transformation of phase-space perturbations from ray-centred coordinates to Cartesian coordinates. Recall then that the phase
space is represented by the two coordinate systems, respectively, in egs (1) and (9). The transformation of the perturbations can be expressed
as the Taylor series

Aw, = 22 A0 4 1w Aw®Aw® + 1w Aw® AwD Aw?
aw? 29wPuw? " ’ 6 8w£q)3w§q)8wfq) ' ’
L 3w, AwD AwD Aw” Aw'? + (43)
2 u@auauPaup T e e
where we use Einstein’s summation convention for the indices 7, s, 2, u =1, 2, . . ., 6. The indices of the computed perturbation in the Cartesian
phase-space coordinates are x = 1, 2, ..., 6. The objective of this section is to establish specific expressions for the partial derivatives in

eq. (43), which are all evaluated on the reference ray 2 and constitute the coefficients of the transformation.
In eq. (10) the position vector in Cartesian coordinates is expressed as a function of ray-centred coordinates. Using component notation,
this equation is equivalently written

xi(q) = Xi(q3) + Eia(q3)q.4- (44)
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902 E. Iversen et al.

It is noted that the position vector in the Cartesian coordinate system depends on the position vector in ray-centred coordinates in a one-to-one
fashion. The position-vector function on the left-hand side of eq. (44) does not depend on the momentum vector in ray-centred coordinates.
Moreover, using eq. (21) the momentum (slowness) vector in Cartesian coordinates is expressed as a function of ray-centred phase-space
coordinates,

Aqm

pi(q, p") = Ty, X@] P (45)
Xi

3.1 Partial derivatives of Cartesian position coordinates

Based on eq. (44) we obtain first- and second-order partial derivatives of Cartesian position coordinates x; with respect to ray-centred position
coordinates ¢,

Bx,- Bxi d)%i dgiA
= l N = N 46
b " b d ! d (46)
Bzx,- 32Xl' dzfc,- ngi 32Xl' dg,
=0, —5=-—+—qu = (47)
0q40q5p 9q; dr dr 09309 4 dr

We observe that the extension to third- and fourth-order derivatives of x; with respect to g, is trivial. Moreover, to any order partial derivatives
of x; with respect to ray-centred momentum coordinates p¢) are zero.
Evaluation of the partial derivatives in eqs (46) and (47) on the reference ray, where ¢, = 0, yields

8x,~ 8x,~

=Eias =X =, 48)
99 4 ! 93 (
8%x; 9%x; 8%x; ‘
s 2% =, iR (49)
994945 9q; 99399 4

Expressions for higher-order partial derivatives follow readily.

3.2 Partial derivatives of Cartesian momentum coordinates

We derive relations for the derivatives of the Cartesian momentum coordinates p; with respect to the ray-centred phase-space coordinates g,
and p'?. The starting point is eq. (45), which yields

ap; _ ox; 9%q, @

= , 50
0q. g, ax,0x, 0" (59)
api aqa
9@ o, (51
Pa i
Applying eq. (51) in eq. (45), we can conclude that for any corresponding location in the phase space, (w,) or (w?)), we must have
i @
pPi = Wpa . (52)
Differentiating eq. (52) with respect to g; yields the general relation,
pi pi
[ ’(q) pzq)’ (53)
a  99.9p,
in which
¥pi 9 [op | _ D <3qb) _dx; Fqs (54)
dq.0p  3q. \ ap\? 9g, \ 0x; 0qq 0x;0x;
In the last step we used the differential operator 0/dq, = (9x;/9q,) d/9x; + (0p;/9q.) /dp;, where the second term has no effect.
3.2.1 First-order partial derivatives of Cartesian momentum coordinates
After some elaboration (Appendix B) we can restate eq. (50) as
ap; dqs dp; 0x;
pi _ 343 0p; 0x; (55)
0q 4 0x; 0q3 0q4
Opi @ 9 994 @9 9gs
L pZCE 4 p SR, (56)
93 4 0gs 0x; P gy ox;
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Evaluation of egs (51), (55) and (56) on the reference ray yields the results

Bp; 317:
= pi f,' N =n;, 57
an p 77] jA 3(]3 ni ( )
ap; ap;
@ =Tis @ =P (58)
ap op;

3.2.2 Higher-order partial derivatives of Cartesian momentum coordinates

Derivations of general higher-order partial derivatives of Cartesian momentum coordinates p;, evaluated on the reference ray €2, are given in
Appendix B. We summarize here the results.
The second-order derivatives of p; on 2 are

32Pi 32Pi — 82171' d

= 2pm; e ais, , = — (pim;&4) 59
dqadg, — 2PiEiaEin i Sags — & (Pin;€i4) 59
92 p;
(q)p‘ @ = (60)
dpa Ipy,
B /R S i /-
ogaops” T g
02 p; 0 p; .
P @ = —pikas, 717@ = Fia (61)
99.40pg 9q39p,4
where we have introduced a 2 x 2 matrix IC = {45} (see Klimes 2006a, eq. 24), such that
Kap = giA]:iB~ (62)

For the third-order derivatives of p; on €2 we obtain the expressions

3’ pi 3’ pi

T = opinmen€ia&isEic, = i,
39.40959qc PiljNkNicjackpeic 8q33
aspi d2 33p,- d
= — (pini€a), ——— =2— (pin;m&;s&z) , 63
35]3284]/1 dr2 (p nj JA) 393094995 dr (p NiNk€ja kB) (63)
3 p;
Wplap@ = —pin; (EjuKpc + &K 4c),
A B C
83]7[ . 83‘17,' d
. @ Fids PN —I(Pi Kas)
dgq30p 09309 40py T
9 pi Fpi ¥pi d
NN 2Pi77_'77k5'A5kB, —_— =1, —— = (p,-nE-A). (64)
3q.49¢50py" Y dq30py” dgsdqaops’  dr T
Some third-order derivatives are always zero, namely,
83171' 83Pi
PYROPIROP =0, PYROIPIROP =0, (65)
Pa 0P, OPc Pa 0Py 0qc
Concerning fourth-order derivatives of p; on Q we only need to consider the following results,
*p;
m = 24 pi 0t €;.4E5E1cEnp, (66)
*pi
90102000070 = =2 pi ;i (Ej4&sKep + E5a&kcKpp + E;8EcKap). (67)
404p0qcaipp

The remaining fourth-order derivatives are either zero or can be obtained trivially from lower-order derivatives.

4 INVERSE TRANSFORMATION OF PHASE-SPACE PERTURBATIONS: FROM
CARTESIAN TO RAY-CENTRED COORDINATES

We consider in this section the inverse transformation of phase-space perturbations, that means, in the direction from Cartesian coordinates
to ray-centred coordinates. This transformation can be expressed as the Taylor series

@ Bwﬁ‘” 1 82w£q) 1 83w£‘”
Aw? = ——Aw, + = AwyAw, + - ———— Aw; Aw, Aw;
dw, 2 dw, 0w, 6 dw, 0w, 0w, ;
1 84w£‘7’

+ﬁ dw, 0w, 0w, 0wy

Aw, Aw,Aw. Awg + ..., (68)
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904 E. Iversen et al.

withr, x,y,z,¢ = 1,2, ..., 6, and where the involved coefficients (partial derivatives) belongs to the reference ray 2. We derive specific
expressions for the derivatives of the ray-centred position and momentum coordinates up to, respectively, the second and the fourth order in
the Cartesian phase-space coordinates.

As opposed to the situation in eq. (44) for the forward transformation of phase-space perturbations, from ray-centred to Cartesian
coordinates, we do not have an explicit expression for the ray-centred space coordinates in terms of Cartesian coordinates. However, after
multiplying each side of (44) by F;5(g3) and using (36), we obtain the following relationship between the position coordinates,

g4 = Fra(qs) [xx — Fx(g3)].- (69)

The ray-centred momentum vector can be expressed as

apw ox;
P, p) = pi oy X P)=pio QX)) (70)
Di 3%

4.1 Symplecticity
A 6 x 6 matrix A is called symplectic (e.g. Cerven}'l et al. 2007, eq. 58) if it satisfies the equation
ATIA =1, (71)

where J is the 6 x 6 matrix

() )
J‘“”‘(—{i‘,-} {ol-i-})' 72

From egs (71) and (72) it follows that the inverse matrix A" is given by
Al=—JATJ. (73)

Consider now the 6 x 6 matrix A defined as

dx;

dw, S0 {0/} 1"
PP (L G 477 = (A %) (74)

9 (9) api api A2l A2

Wr 4 PR

Inverting both sides of eq. (51), we obtain
x; 9 p(q)
0. op (75)
Another important property related to the matrices A and A ™" is
Ipi aply
o = (76)

For a proof of eq. (76), see Appendix B.

The matrix A in eq. (74) holds for any phase-space location W'’ complying with the validity of ray-centred coordinates, not only for
phase-space locations corresponding to the reference ray. It is straightforward to show that A satisfies eq. (71). As a consequence, A is
symplectic at any phase-space location w? where the mapping between ray-centred and Cartesian coordinates is one-to-one. Wherever A is
non-singular its determinant equals one.

Using egs (51), (73), (75) and (76) we formulate the inverse A" as

. T
Y@ { o } {0} A27
A= Ll o= - (77)
dw, ap; ax; A2 Al
e 9qa

4.2 Transformation matrices on the reference ray

Eqs (74) and (77) yield general forms of the 6 x 6 matrices describing to first order the transformation between ray-centred and Cartesian

phase-space coordinates. We now summarize, in matrix and component form, the equations for the matrices A and A~' = AT corresponding
to a point on the reference ray 2. These matrices are well established (see e.g. Klimes 1994; éerveny 2001),
Fr {04}
2 v {04} {0i} —1 p’ {0i1}"
A= , AT = , 78
<pn T £ n F p _& T np T £ T ( )
T T

- v
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{Fia! {0,.4)7

{&ia) {vit {04} {0n} t (i}’ {0i1}"
A} = . (Al = . 79
(o) <{p,~n,,£,A} ) F) {m}) Wl =1 e, 1807 7

—{mi}" {vi}"
To obtain A we use eqs (48), (57) and (58); to obtain A~! we use eq. (77).

4.3 Coefficients of the inverse transformation determined by means of symplecticity

Eq. (71) can be utilized as a simple, indirect, means of obtaining the coefficients of the inverse transformation (Cartesian to ray-centred),
given that the coefficients of the forward transformation (ray-centred to Cartesian) are known.
We restate eq. (73) in component form,

AT = —Jy ny Axsv (80)

ry

where all indices take the values from 1 to 6. Successive differentiation to higher orders in the Cartesian phase-space coordinates then yields

Aiyz = —J ny AL Assts (81)
Aiyz(p = _Jrs ny (Athq) Axsr + Ajz Az(p Axstu)» (82)
Ai}’ﬂﬁ& = —Jrs uy [Ajzdﬂi Avst + (AIZ Aiqﬁ& + qub Aiz& + Aj& Alzq}) Assiu + A:‘[z Aj@ AZ;, Axsmv] , (83)

and so forth. Here, the index series 7, s, t, u, vand x, y, z, ¢, a represent ray-centred and Cartesian phase-space coordinates, respectively. For
each order of differentiation, we use as input the results obtained in the differentiations for lower orders.

Eqgs (80)—(83) have the advantage that they can be easily implemented. There are, however, contexts where it is useful to know explicit
expressions for the transformation coefficients in terms of quantities of the wavefield, for example the slowness vector and the ray-velocity
vector. We focus on such explicit expressions in the remaining part of this section.

4.4 Partial derivatives of ray-centred position coordinates

We obtain partial derivatives of the ray-centred position coordinates, ¢,. To any order, partial derivatives of ¢, with respect to momentum
coordinates p; are zero. In the following, we therefore need to consider only the partial derivatives with respect to position coordinates x;.
We provide here explicit expressions for such derivatives up to order four. For a certain spatial order of the transformation coefficients, the
computation take the form of a linear operator acting on the time derivative of the coefficients of one order less.

4.4.1 First-order partial derivatives
We differentiate eq. (69) with respect to the Cartesian position coordinates. This yields

994
8x,-

.0 . L 0
= Fia & [xk — Xk(q3)] + Fia <3ki — Xk q3> . (34)
3x,~ 8x,~

Here, the derivative dg;/dx; can be expressed implicitly by two operations: First, form the 3 x 3 inverse {9¢;/dx;} based on eq. (50); secondly,
extract the three components 9¢3/dx; using

9q3 9g;
axi 3 axj ( )
On the reference ray 2, for which ¢, = 0, we naturally have
994 g3

= Fi4, = p;. 86
ax; A ox; p (86)

4.4.2 Second-order partial derivatives

A derivation for the general second-order partial derivatives of ray-centred coordinates ¢, is contained in Appendix C. On the ray Q2 such
derivatives can be expressed in the compact form

9q,
8x,~ 8x‘,-

— T _ m rrt
= H), = R,

am?

(87)
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906 E. Iversen et al.

where H;j = 9%q,/0x;0x,, and R} is the operator
R} = pitjm + pjim + pip;vm. (88)
The upper and lower indices on the R} symbol correspond, respectively, to the input and output data of the operator. From eqs (87) and (88)
we can state specific expressions for the derivatives of ¢4 and g3,

3261A . . .

BXiaxj :pi]:jA +pj]:iA_pipjvm]:mA, (89)
32‘73

Bxdx, = pinj +Nip; — DiPjVnlm- 00)

We note that eq. (90) is consistent with éerveny & Klimes (2010, eq. 35) .

4.4.3 Higher-order partial derivatives

Derivations for the third- and fourth-order derivatives of ray-centred coordinates ¢, with respect to Cartesian coordinates x; are given in
Appendices D and E. The third-order derivatives are expressed in the form

& = HT — Rm™ Ert 91
0x;0x;0x — ik T Tk Samn: Ol
with Hjijk = 9°q,/0x;0x;0x; and the operator R} given by
RZ’Z = Pi%jm%in + Pj%m&in + Prlim@ jp + (pipjakn + PjPk%in + pkpiajn)vm + PiPjPkVUmVn. (92)
For the fourth-order derivatives we get the result
a4q T mngq 1
. = Halijkl = Rijqu Htjmnq’ (93)

0x;0x ;0x;.0x

where HJ.‘ = 0%q,/0x;0x;0x;,0x;, and Rl":flq is the operator

R:’;Z? = PiljmUnQig + DjimQniy + Prlim@ jnlig + PiQim U jn Uy
+ (PiPjnQq + Pi PrlljnQiq + Pi ProjnClig + PjPik@inQlq + PjDiinQyq ~+ Pk Pr%in® jg) U
+(pipjprcug + PipiPidtg + PiPkPICg + DjPiPi%iq) VnUn + DiPjPkDi UnUnVy- 94)

4.5 Partial derivatives of ray-centred momentum coordinates

We obtain explicit expressions for the partial derivatives of ray-centred momentum coordinates with respect to Cartesian phase-space
coordinates. We limit our specifications to include first- and second-order derivatives, to avoid unnecessary complexity. Higher-order
derivatives are also of importance, but we can compute them as described above, by utilizing the symplectic property of the transformation.

4.5.1 First-order partial derivatives

The general first-order derivatives dp'?/9x; and 9p?)/dp; are easily obtained using the connections of these derivatives to the derivatives
api/9q, and dx;/9q,, see eqs (75) and (76). On the reference ray we then have
(@) ()

p4 op;

=—pin;&4, = =i 95
™ pin;€ia ™ n 95)
a (q) a (q)
Pi — g, 5=, (96)
ap; op;

4.5.2 Second-order partial derivatives
In consideration of eq. (75) we note that the following second-order partial derivatives with respect to Cartesian momentum coordinates will
be zero,
9?2 p(q)
a —
dpidp;

The same will be true for any higher-order derivative with respect to one of the three momentum coordinates.

7
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Higher-order H-J theory—coordinates 907

Using egs (75) and (76) we find general second-order mixed derivatives with respect to x; and p;, as follows. First,

i i(ﬁ) _ 3%1(%)
dx;0p; dx; \9q4 dx; 0qy \9q4) "

hence

’pP g 0 (g ) (98)
dx;dp;  9x; g3 \9q4)

Secondly,

?p 9 <8x,~> _ dgy B (8x,~)

dx;0p; ToOx; \dq3 ) Ox; dgqy \9q3 )’

which yields

82 p? g, D <3x_,> 99)
ax;0p;  9x; dg3 \dqs )

Evaluation of egs (98) and (99) on the reference ray gives the results

92 () . 92 (9) .
DA — piéa, B — gl i, (100)
Bxiapj

3x,—3pj

We use eqs (75) and (76) to obtain the remaining second-order derivatives of ray-centred momentum coordinates, evaluated on the ray
Q. This yields
2 Ve

ox,9x, ox,9x, DkCika + PiPjPkCra

52 (q) 52 Y d §? -
B (e gy L H = 2 (101)
8x,—8xj Bxl- ij / df 3%3(]13

5 RELATING THE DERIVATIVES OF A TRAVELTIME FUNCTION IN RAY-CENTRED
AND CARTESIAN COORDINATES

In this section we use transformation coefficients derived above to relate the derivatives of a traveltime function given in ray-centred and
Cartesian coordinates. It is assumed that the traveltime function in the vicinity of a point on the reference ray €2 can be expressed equivalently
in ray-centred and Cartesian coordinates, as 7(q) and 7(x), respectively. On €2, the second- and higher-order derivatives of T with respect to x;
are denoted M;; = 92t/9x;0x;, My = 9°1/9x;3x;0x, etc.—the corresponding derivatives with respect to g, are denoted M, = 9*1/3q,9¢s,
Mpe = 331/3q,9¢59q., etc. For the coefficients of the forward/inverse transformations we use, respectively, the notations H,, = 9x;/dq,,
Hiap = 8%%i/04,04, Hiase = 8°x:/9q.,095q.. etc., and H);, = dq,/dx;, Hy,; = 8%q,/dx;0x;, H), = 93qa/0x;9x;9x;, ete.

aij

5.1 Mapping the derivatives of traveltime from ray-centred to Cartesian coordinates

One advantage of using ray-centred coordinates is that many derivatives of traveltime are zero in these coordinates. As a consequence, it can
be useful to write the mapping of derivatives of traveltime, from ray-centred to Cartesian coordinates, explicitly in terms of the components
Fi:4 and p; of the co-variant basis vectors. As these expressions are space demanding as we proceed to higher orders, they are given in
Appendix F. Here, we provide mapping equations given in terms of the inverse transformation components H:i. These are attractive because
of compactness, but their computation may not be equally efficient as those in Appendix F.

On the reference ray €2, the mapping for the first four orders of the derivatives of traveltime, from ray-centred to Cartesian coordinates,
can be written,

pi = pVH, (102)
My = plPHY, + MaHY HY, (103)
Mijr = qu)chijk + Mab(szngjk + Hjogik + HJkszij) + MabcH;ngjH:kv (104)

Mijkl = Pi:q)H:i/kz + My (HaTi Hlj/'kl + H;,' Hljikl + HJI{HbTijl + HaTIH}jijk + HT 'Hfjkl + H:'kHIjjl + H:ilHlj'k)

aij i j
gt ot gt gt gt gt Tt gyt gt gt T gt gt
+ Mape (Hy Hy Hiy + Hy Hy HY + Hy Hy By + Hy Hy By + Hy Hy Hyy 4 Hy Hy H

)
7 cij
+ Mapea H; HY HY H),. (105)
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This setup can be easily extended to order five and higher, if needed. Note that the first term on the right-hand side of eq. (103) corresponds
to eq. (90) and also to éerven}'f & Klimes (2010, eq. 35).

5.2 Mapping the derivatives of traveltime from Cartesian to ray-centred coordinates

Proceeding as above, the complete mapping of the first four derivatives of traveltime from Cartesian to ray-centred coordinates can be stated,
after evaluation on €2,

pY = piHq. (106)
Map = piHigp + M Hia Hp, (107)
Mabc = pil_liubc + Mj(I{iaHjbc + ]-Iinjac + PIichab) + MjkliiaHijkw (108)

Mahcd = pil—[t‘ahcd + M/ (I—[iaH/'bcd + I—[injacd + I—[[CHfﬂbd + I—[idH/ahc + I—[iabH/cd + I—Iiachbd + [—Iiadebc)
+ Miji (Hio Hjpy Hiea + Hio Hje Hipa + Hio Hjq Hipe + Hip Hje Haq + Hip Hijq Hyae + Hie Hjg Hyap)
+ Miji Hio Hjp Hye Hia. (109)

5.3 Special case: Traveltime function corresponding to an initial plane wave

We comment on a special case, for which the mapping of the derivatives of traveltime becomes particularly simple, namely, the traveltime
function arising as a result of an initial plane wave.

Iversen et al. (2019) describes in detail how one can define the initial condition for the dynamic ray tracing quantities in Cartesian
coordinates, referred to as derivatives of phase-space perturbations, and also how to derive from these quantities the derivatives of traveltime
up to order four: p;, My, My and My, Essential in this setup is the use of constraint relations of the standard type (éerveny 2001) and of
higher order (Iversen et al. 2019). In particular, when using the plane-wave initial condition, one can from these constraint relations alone
obtain the complete set of dynamic ray tracing quantities.

For the initial plane wave, the computation of second-order derivatives of traveltime, M;;,
knowledge of the first-order derivatives of the model parameters. Computation of third- and fourth order derivatives, M;; and M;;;, requires

at the given (initial) point requires only

computation of second- and third-order derivatives of the model parameters, respectively. Hence, the initial plane wave situation is special, as
it also permits a computation of fifth-order derivatives of traveltime, M;j,,, given that we provide the corresponding fourth-order derivatives of
the model parameters. These derivatives are naturally included when using the quintic B-spline as a basic element of the model representation.

To establish the fifth-order derivatives M;j,,, we therefore have available the required model input data, but there are two minor extra
issues to be handled, relative to the description in Iversen et al. (2019): (1) the set of constraint relations must be extended with one additional
order; (2) the set of equations for the derivatives of traveltime must be extended with one additional equation, thus involving M,,. We do not
write the specific equations here, as they would need a formal introduction of the derivatives of perturbations in phase space, which is outside
the scope of the paper. However—both these derivations are straightforward to carry out, and they are needed here basically to support the
numerical examples below.

In view of eqs (106)—(109) it is straightforward to transform the fifth-order derivatives in Cartesian coordinates, M;jy,,, to corresponding
derivatives in ray-centred coordinates, M ,;.4.. There is, however, one issue that needs attention, as the transformation formulas contains
terms of the type piHiup, piiabes PiHiabed> Piiabede> €tc. The only apparently problematic components among the fifth-order transformation
derivatives in Higpege are His3z3 = d*H,,/dr*—all other fifth-order derivatives are known from straightforward time differentiation of the
fourth-order derivatives Hiucy. The term p; d* H;, /dt* may however be computed without specific knowledge of the derivatives d*H,,/dt*, as
we can utilize that the constraint p;H;, = §3, must hold along Q2. Indeed, we may use this constraint at any level of the transform, in terms of
the relations

piflia.’s = _771'[—11'11, (110)
dn; dy;
PiHia33 =—EHm—2771 i (111)
dn; dn; dHy, d*H,
i]_Iia = - ia — - i s 112
P ia333 dr? dr dr K dr? (112)
d377[ dzni dlit dni d2f1ia dz[_[iu
PiHiaz333 = T a Hi, — a2 dr 6@ e 4n; a0 etc. (113)

Here, the time derivative d*»,/dt> relies on derivatives of the model parameters up to order four, which we have available.
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Figure 3. Marmousi isotropic model with source point (x = 4.5, z = 2.7) km. Rays have been computed to equidistant receivers located at zero depth. Grey
dots show ray points corresponding to the given traveltime 0.44 s. Reference ray—Ilight grey line; other rays—black lines.

6 ON THE VALIDITY OF RAY-CENTRED COORDINATES

We address the validity limits of ray-centred coordinates by computing the transformation coefficients A!!(g1, g2, ¢3) at paraxial locations,
not only on the reference ray Q. Observe that on € we have A}1(0, 0, ¢3) = Hi.(q3).

In general, ray-centred coordinates are valid only in a certain region around the reference ray. In this region, the mapping between the
three ray-centred coordinates and the three Cartesian coordinates must be one-to-one. A necessary condition to accomplish this is that the
determinant of matrix A'' is strictly positive,

detA" > 0, (114)

which arises from the fact that the mapping collapses for detA'! = 0, while detA'" > 0 on . We note that the condition (114) is not sufficient,
as there are special cases where fulfillment of (114) does not correspond to a one-to-one mapping. The 6 x 6 matrix A is symplectic, so its
determinant will be one as long as (114) is satisfied. All six phase-space coordinates of the Cartesian and ray-centred domains will then have
a one-to-one relationship.

To enable a monitoring of criterion (114) we perform a paraxial expansion of the coefficients A}! in the ¢;¢, plane. The expansion is
linear in g,

0x; ax; ;

— (91,92, 93) = Eia(g3), (@1, 92, 43) = vi(q3) + Eia(g3) 44, (115)
04 g3

so the determinant to be checked in (114) is therefore

detA'(q1, 92, ¢3) = c(g3)[1 — 0i(g3) Eia(q3) 4.4l (116)

We observe that this determinant does not depend on the convention used for continuation of the basis vectors, although the second sub-
equation of (115) indeed has this dependence. Eq. (116) can be used to monitor the behaviour of the coordinate transformation in a region
around the reference ray.

7 NUMERICAL EXAMPLES

We illustrate by numerical examples some aspects of the above theory for the higher-order transformations between Cartesian and ray-centred
coordinates. We wanted to use a quite drastically varying model for the experiments, to be able to address the limits of validity of the
ray-centred coordinate system. Our choice was the well-known (isotropic, 2-D) Marmousi model. Before doing any tests, the P-wave velocity
field of the model was smoothed in NORSAR, using a Hamming filter radius of 0.3 km. This was a necessity to make the model appropriate
for ray tracing. We also made a VTI version of the smoothed model, by choosing Thomsen’s (1986) parameters € and § as the constants € =
0.3, 8§ = 0.1. The ratio of the vertical P- to S-wave velocity was set to 2 throughout the VTI model.

Moreover, since we are taking advantage of a model representation supporting quintic B-splines, which is not so common to use, we
find it instructive to exemplify the function values and derivatives resulting when choosing different degrees of the B-spline representation.

In this section, we refer to the Cartesian coordinates x; and x; as x and z, respectively.

7.1 Rays and coordinate lines in the Marmousi isotropic model

In the Marmousi isotropic model (see Fig. 3), consider a source point at the location (x = 4.5, z = 2.7) km. Using two-point ray tracing,
we compute rays from this source point to regularly spaced receivers in the acquisition surface, z = 0 km. Even though our model has
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Figure 4. Top panel: Marmousi isotropic model and the reference ray (light grey) from Fig. 3. The black lines correspond to constant values of the ¢ -coordinate,
in the range [—2.4, 2.4] km. Grey dots correspond to constant g3 = 0.44 s. Bottom panel: The normalized determinant of the coordinate transformation matrix
{9x;/dq;} plotted in the ray-centred coordinates (¢1, ¢3).

been smoothed, the ray field in Fig. 3 shows quite dramatic focusing/defocusing effects. We select one ray (light grey) as the reference ray.
Moreover, in the part where this ray has strong curvature, we select a reference time, v = 0.44 s.

Next, in Fig. 4(top panel) we visualize the ray-centred coordinates that result for the given reference ray. The black lines in the figure are
g3-coordinate lines—they correspond to constant values of the ¢, coordinate. The grey dots refer to our selected reference time, g3 = 7 =
0.44 s. We observe the evolvement of a triplication of the ¢; lines, starting around 1 km away from the reference ray. In Fig. 4(bottom panel)
we have plotted the normalized determinant of the coordinate transformation matrix, given by eq. (116). In this context, ‘normalized’ means
to divide by the phase velocity, c(q3).

In the white areas of the plot, the determinant is zero or negative, thus corresponding to a collapse of the ray-centred coordinate system.
The mapping between Cartesian coordinates and ray-centred coordinates is then not one-to-one. This type of collapse is outlined by the point
Cin Fig. 2. The collapse is a result of the curvature of the ray path—it is not related to caustics of the ray field. We see that the formation of
triplications in the coordinate lines (Fig. 4, top panel) is consistent with the system determinant becoming zero (Fig. 4, bottom panel).

7.2 Rays and coordinate lines in the Marmousi VTT model

We repeat the above exercise using the Marmousi VTI model (Fig. 5). It is then natural to choose a different reference ray, to ensure that we
study a ray with significant curvature effects. Still, it seemed suitable to choose the same reference time, T = 0.44 s. As for the isotropic
model, we obtain areas where the mapping between Cartesian coordinates and ray-centred coordinates is not one-to-one (Fig. 6, bottom
panel). The deformation of the coordinate lines (Fig. 6, bottom panel) appears in a somewhat different form than for the isotropic case; the
reason being that the coordinate lines not only depend on the curvature of the reference ray path—the angle between the slowness vector and
the ray-velocity vector also plays a role.

1202 4990J20 || Uo Jasn Aysiaalun 201y Aq 9999229/€68/2/92Z/l0e/1IB/wod dno oiwspese//:sdyy wous papeojumoq



Higher-order H-J theory—coordinates 911

15

2.0
)
25 E
= =3
g 30 2
o o
=4 35 o
o [0}
o 40 >
[}
H
45 4

5.0

Horizontal distance (km)

Figure 5. Marmousi VTI model with source point (x = 4.5, z = 2.7) km. Rays have been computed to equidistant receivers located at zero depth. Grey dots
show ray points corresponding to the given traveltime 0.44 s. Reference ray—Ilight grey line; other rays—black lines.
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Figure 6. Top panel: Marmousi VTI model and the reference ray (light grey) from Fig. 5. The black lines correspond to constant values of the ¢ -coordinate,
in the range [—2.4, 2.4] km. Grey dots correspond to constant g3 = 0.44 s. Bottom panel: The normalized determinant of the coordinate transformation matrix
{9 xi/3g;} plotted in the ray-centred coordinates (¢1, ¢3).

7.3 Traveltime expansions for an initial plane wave in the Marmousi VTI model

Based on our current reference point, that is the point on the reference ray that corresponds to the reference time, g; = 0.44 s, we
now want to study the initiation of a plane wave. The initial slowness vector of the plane wave shall be equal to the slowness vector
at the reference point, so that our reference ray for the initial-plane-wave ray field and the original common-source ray field will be the
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Figure 7. Initiation of a plane wave (grey dots) in the Marmousi VTI model, based on a point on the reference ray in Fig. 5 with traveltime 0.44 s from the
original source point. All rays are traced a positive time 0.2 s away from the initial plane. Reference ray—light grey line; other rays—black lines.

same. In particular, we are interested in establishing higher-order approximations for the traveltime of the initial plane wave, given with
respect to Cartesian coordinates as well as ray-centred coordinates. All computations are then done in the reference point, that is without
using dynamic ray tracing. For the transformation of coefficients between the two coordinate systems we use the theory derived in this
paper.

Fig. 7 shows a close-up of the Marmousi VTI model around the reference point. A number of rays (reference ray—light grey line; other
rays—black lines) have been traced a positive time 0.2 s away from the initial plane (grey dots). Somewhat to the right of the reference ray,
the formation of a caustic is visible.

Using the same close-up window as in Fig. 7, we have in Fig. 8 plotted four versions of the traveltime function arising from the plane-
wave initial condition. The four versions corresponds to second-, third-, fourth- and fifth-order Taylor expansions, in Cartesian coordinates,
around the reference point. Comparing the expansions of orders two and three, we see that the third-order expansion yields a somewhat
better consistency with respect to the initial-plane-wave ray field. For the fourth-order expansion we observe a much better consistency on
the right-hand side of the reference ray, where the caustic is located. Finally, the fifth-order expansion yields improved accuracy quite close
to the reference ray but the consistency does not extend as far as for the fourth-order result.

In Fig. 9 we consider corresponding expansions of traveltime in ray-centred coordinates. The expansion of order two, which corresponds
to the conventional dynamic ray tracing method, shows no lateral variation. Such variation appears with a third-order expansion of traveltime,
but the degree of freedom is obviously too small to yield useful information at paraxial distances. For the fourth-order expansion a ‘ridge’
appears in the traveltime plot, to the right of the reference ray. This ridge indicates that paraxial rays experience a lower velocity than on the
reference ray. In fact, a locally lower velocity is indeed the reason for the formation of the caustic to the right of the reference ray, as can be
seen from Fig. 7. The fifth-order expansion in ray-centred coordinates provides one additional interesting detail: A local ‘height’ occurring at
a paraxial distance of around 1 km. This local maximum is consistent with the previously mentioned collapse of the ray-centred coordinate
system, see Fig. 5.

In summary, we find that Figs 8 and 9 illustrate well the increased information content inherent in the higher-order transformation of a
local traveltime function between Cartesian and ray-centred coordinates.

7.4 Use of higher-order B-splines in the model representation

In this subsection we show an example of function values and derivatives that can result when different degrees are chosen for the B-spline
function representing the discrete values of a given model parameter.

Fig. 10(top panel) shows a sequence of points (black circles), regularly spaced in the lateral direction, for which we want to generate a
univariate function. In the literature of computer aided geometric design these input points are referred to synonymously as nodes, vertices, or
control points. The first-degree spline (dashed black) is C° and corresponds to straightforward linear interpolation between these points. The
function value is then continuous, while the first derivative is discontinuous. When choosing a cubic (magenta) and quintic (blue) B-spline
function we observe the following: (1) The function does not traverse through the given input points; (2) The function gets progressively
smoother as we increase the degree of the B-spline representation.

Consider the evaluation of a function value and eventual derivatives on a certain interval between two nodes. For a linear spline it is
only these two nodes that determine the evaluation (by linear interpolation); to evaluate a cubic B-spline on the same interval we need the
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Figure 8. For an initial plane wave (grey dots) in the Marmousi VTI model: Traveltime extrapolation in Cartesian coordinates, to second (a), third (b), fourth
(c) and fifth (d) order. Reference ray—Ilight grey line; other rays—black lines.

two bounding nodes plus one node on each side, totally four nodes; evaluation of a quintic B-spline requires the two bounding nodes plus two
nodes on each side, totally six nodes, and so forth.

In Fig. 10(bottom panel) the quintic 1-D B-spline representation in Fig. 10(top panel) has been restated as a volume function (in general
a function of all three spatial coordinates, but here only shown in two dimensions). This is a simple example of a volume function well suited
for seismic modelling. We note that cubic splines have been used in seismic modelling for a long time (Gjoystdal et al. 1985).
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Figure 9. For an initial plane wave in the Marmousi VTI model: Traveltime extrapolation in ray-centred coordinates, to second (a), third (b), fourth (c) and
fifth (d) order. Reference ray—Ilight grey line; reference point—grey dot.

Fig. 11 shows graphs of first- (a) to fourth-order (d) derivatives evaluated using the cubic (magenta) and quintic (blue) B-spline functions
shown in Fig. 10. The first-order derivatives of the cubic and quintic B-spline functions (Fig. 11a) are both continuous and smooth. We
observe that the second-order derivative of the cubic B-spline function (Fig. 11b) is continuous but not smooth—the third-order derivative
is discontinuous. For the quintic B-spline function, however, the second-order derivative (Fig. 11b) and the third-order derivative (Fig. 11c)
are both continuous and smooth. Finally, the fourth-order derivative of the quintic B-spline function (Fig. 11d) is continuous but not
smooth.

We find that Figs 10 and 11 illustrate well the stable behaviour of computed function values and derivatives of the quintic B-spline
function, up to order three in the derivatives. For the fourth order the derivative is continuous, but in general not smooth. If more smoothness
is needed, one can introduce a pre-processing step for the input (node) values. We further address the topic of higher-order B-spline functions
in the Section 8.
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8 DISCUSSION

We discuss (1) the choice of model representation for computation of the higher-order transformation relating the phase-space perturbations
in Cartesian and ray-centred coordinates and (2) the properties of B-splines in a higher-order context.

8.1 On the inclusion of higher-order derivatives of model parameters in the computation of transformation coefficients

The derived transformation coefficients do not depend explicitly on the derivatives of the model parameters (e.g. density-normalized elastic
moduli). These derivatives are hidden in the ray-velocity vector, v = (v;), and its time derivatives, and in the time derivatives of the eta
vector, § = (1;). In the tangent plane to the wavefront, first-order derivatives of the model parameters are sufficient to establish transformation
coefficients of any order. Summarizing these last observations, it is clear that the extension of the (standard) first-order transformation
approach to include higher-order transformation coefficients requires only a local, higher-order, extension of the Cartesian phase-space vector
for the reference ray.

More specifically, a transformation to second order between Cartesian and ray-centred coordinates requires dv;/dtr and dn;/dz, while the
third-order transformation needs d?v;/dt? and d*n,/dz2. We outline two different approaches to compute these time derivatives:

(i) By adapting a three times differentiable function to the computed discrete values of [x(7), p(7)].
(i1) By using the first-order (conventional) and second-order dynamic ray tracing equations in Cartesian coordinates (Iversen et al. 2019),
for which we need to know, respectively, the second- and third-order derivatives of the model parameters along the ray.

The first approach is simple, efficient and could typically be handled with a cubic B-spline representation of the model parameters.
However, if the transformations are to be used in higher-order dynamic ray tracing, in which we utilize a quintic B-spline representation
(Iversen et al. 2019), then one may risk inconsistencies resulting from the fact that the model representation is different in the computation
of the transformation coefficients and in the specification/continuation of the dynamic ray tracing quantities. For an indication of the source
of such potential inconsistencies, see Figs 10 and 11.
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Figure 11. First-(a) to fourth-(d) order derivatives based on the cubic and quintic B-spline representations for the sequence of node points in Fig. 10.

If we want to specify a local wavefield, based on information in a single point on the reference ray, then we may need also derivatives of
order two and higher in the coordinates ¢, and ¢;. This is the case in the exploding plane wave situation, Figs 8 and 9. To evaluate the initial
condition for the exploding plane wave, to all orders, we therefore use the quintic B-spline representation.

To be on the safe side, our recommendation is to use approach (ii) above for the computation of time derivatives along the ray, whenever
the transformations are to be applied to the dynamic ray tracing quantities.
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8.2 Aspects of the use of B-splines

There are certainly trade-offs involved in the choice of a model representation. B-splines have many good properties, but there are also effects
that may be considered a disadvantage.

The B-spline function evaluation is local—this property makes it attractive with respect to efficiency, stability, and for model perturbation.
Consider a certain model volumetric model parameter, and assume that the input points (nodes) correspond to a regular 3-D grid in the
spatial coordinates. For a linear, cubic, and quintic B-spline the function evaluation inside a given grid cell requires, respectively, 2 x
2x2=28,4x4x4=64and 6 x 6 x 6 = 216 model parameter values in the grid points of the current cell and its adjacent
neighbors.

If we change the model parameter value in one of the grid points, then the function is affected only in a local region, the region of
influence, surrounding that specific point. As with the function evaluation, the extent of the region depends on the B-spline degree—for linear,
cubic, and quintic B-splines the region of influence consists of, respectively, 8, 64 and 216 grid cells.

We also discuss smoothness and stability. A B-spline curve does not traverse through the given input points, but is ‘cutting the corners’.
The function value is guaranteed to be within the convex hull formed by the input points (Farin er al. 2002). This is in contrast to an
interpolating spline curve and a Bézier curve, for which the shape of the curve depends on a// input points. It is noted the shape can be very
sensitive to a perturbation of a single point, while a B-spline curve changes in a controlled way.

As is illustrated in Fig. 10(top panel), increasing the degree of the B-spline leads to increased smoothness. The second and the fourth
derivative of, respectively, the cubic and the quintic B-spline are continuous, but not smooth (Fig. 11). To have a more smooth appearance of
such derivatives a preprocessing of the input model parameter values is necessary. For the cubic spline this aspect has been known for years
(e.g. Gjoystdal et al. 2002), but Fig. 11 (d) indicates that a pre-smoothing may be needed also for quintic B-splines.

When the latter point is handled, the quintic B-spline yields a stable computation of the value of a model parameter and its spatial
derivatives up to order four. As a side effect, we note that the B-spline representation introduces a smoothing of the input parameter values,
and this smoothing increases with the degree of the B-spline. The same is true for the computation time—it increases when more input points
are needed in the evaluation of the function.

9 CONCLUSIONS

We have derived expressions for the second-, third-, and fourth-order coefficients of the transformation of phase-space perturbations from
ray-centred coordinates to Cartesian coordinates and vice versa. The expressions depend on the (contra-variant and co-variant) sets of
basis vectors related to ray-centred coordinates and on the time derivatives of these basis vectors. We provide a general formulation of the
continuation of the contra-variant and co-variant basis along the reference ray.

With the transformation coefficients derived in this paper, the ground is prepared for introducing higher-order Hamilton—Jacobi per-
turbation equations (higher-order dynamic ray tracing) in ray-centred coordinates. For that purpose, we show and utilize that the 6 x 6
matrix of first-order derivatives relating the phase-space perturbations in ray-centred and Cartesian coordinates is symplectic. The sym-
plecticity holds not only on the reference ray but at general locations in phase space complying with the validity region of ray-centred
coordinates.

By numerical examples, we have used the transformation coefficients to visualize the validity region of ray-centred coordinates. A
natural question is to what extent this validity region will be a problem in practice. For conventional dynamic ray tracing it seems unlikely
that ray-centred coordinates may cause difficulties—on the other hand, as we have exemplified in this paper, the ability of the conventional
method to describe paraxial variations of wavefield attributes in a relatively complex model is very limited. In total, the numerical examples
show interesting effects for the traveltime extrapolations based on derivatives in a given point on the reference ray. The extrapolations to
third, fourth and fifth order are progressively richer in information—we can see the effect of paraxial velocity changes, that potentially may
lead to caustics. Moreover, the fifth-order result, in ray-centred coordinates, indicates that we can also see the imprint of the collapse of the
coordinates.

We have given examples of the transformation of a traveltime function, for different extrapolation orders. We expect that equally
significant results can be obtained for other wavefield properties, like geometrical spreading, amplitude coefficients, polarization vectors, and
so forth. It would be interesting to see this further illuminated in future papers.

Furthermore, in view of our observations in this paper: what will happen first as we move paraxially away from the reference ray—a
collapse of the wavefield (a caustic is encountered) or a collapse of the coordinate system? This is also a topic that requires more research.

The presented higher-order transformation theory for ray-centred coordinates is expected to be important in future developments of
paraxial ray methods. Furthermore, the theory represents a good base for developing higher-order transformations related to more general
curvilinear coordinate systems.
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APPENDIX A: CONTINUATION OF BASIS VECTORS ALONG THE REFERENCE RAY

We consider the continuation of the contra-variant and co-variant sets of basis vectors, £ and JF, along the reference ray 2. The process
is typically organized by integrating the required differential equations for £, i.e., we need d€/dt expressed in terms of £ and quantities
that are known on Q. Once £ and d€/dt are known for some location on €2, then F and dF/dr can be computed by explicit formulas.
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Alternatively, one may integrate a system of differential equations for F and from them obtain, by explicit expressions, the quantities £ and
d€/dr.

A1l Continuation of the contra-variant basis
The generally non-orthonormal basis £ can be related to an orthonormal basis £ by
£=EcC, (A1)

where C is a 2 x 2 matrix that accounts for rotation as well as a possible stretch within the plane orthogonal to the slowness vector p(t). A
rotation does not change the lengths of the two vectors in £, while a stretch may imply a change of relative length as well as of measurement
unit. We use the symmetric matrix

B=1{e,;es}=E"E (A2)

to describe eventual deviation of the basis £ from orthonormality, which is the case when B = {§,45}. As a consequence, eq. (A2) can also
be expressed as

B=C"cC. (A3)

Let c and n be the phase velocity and the unit vector corresponding to the slowness vector p, so that p = ¢~'n. As the vectors in £ and
the unit vector n are linearly independent, any arbitrary vector, s = (s;), may therefore be expressed as the linear combination

si = Epag + naz, (A4)
where ay, ay, and a; are coefficients. The corresponding expression for a matrix S = {S;3} consisting of two arbitrary column vectors reads
Sic = EpApc +n; Asc. (AS)

In the following, we elaborate on the nature of the coefficients A and Aj;c in the case where S;c = d&;¢/dz.
The basis vectors in € have to be orthogonal to p, i.e., p” € = {04}, implying that

d& dp”

T— = _—_§¢, A6
P o™ (A6)
which can be recast as

d&e dp”

T— = ¢——E&. A7
" dr ¢ dr (A7)
Tt is clear that the coefficients {.A;¢} are given by the right-hand side of eq. (A7), so we can write
d& dp”
€ _ea_ P g (A8)
dr dr

Here, ¢ = c?p is the phase-velocity vector, and A = {Apc} is a 2 x 2 matrix, which we have not yet specified.
We elaborate on the specification of matrix .A. A first observation, based on eqs (A2) and (A7), is that .A must satisfy

A= Bflefg, (A9)
dr

Eqs (A2) and (A9) further yields

% — ATB+BA. (A10)

Hence, if matrix A is zero then matrix B is constant along the ray €2. In particular, if the basis £ is orthonormal at the starting point, this
property will be preserved along the whole ray.
The situation

A =1{043); B = {645}, (A11)

has been referred to as the standard option for the bases of the ray-centred coordinate system (éerveny 2001; Klimes 2006a, section 5.4). It
is used, for example, in the Complete Ray Tracing (CRT) software package (Klimes 2006b, section 6.2) .

A2 Computation of the co-variant basis and its time derivative
The co-variant basis F can always be expressed in terms of the contra-variant basis £ via

F=aEB™, (A12)
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with the components of a given by eq. (37). In view of the definition of the 2 x 2 matrix IC in eq. (62), we can use eqs (A8) and (A12) to
obtain

K'=A+B'e"vy'E. (A13)
Moreover, since EXF = {845} and v F = {0}, we have

PAF v

— =-K, — =—-—F. Al4
dr K v dr dr (Al4)
Eq. (A14) then yields the time derivative of F as
dF dv?
o Fk-plF (A15)
dr dr

Note that eq. (A15) also follows from Klimes (2006a, eqs 24 and 26).

A3 Equivalent formulations for the continuation of the contra-variant basis

By eq. (A8) we established a general formulation for the continuation of the contra-variant basis £ along the reference ray. Eq. (A8) is
expressed in terms of the phase-velocity vector, c.
With the help of eq. (A13) we can obtain a system of differential equations for £ that is fully equivalent to (AS),

d€ dp”
=K - Vd%g; (A16)

see also Klimes (2006a, eqs 24 and 25). In eq. (A 16) it is now the ray-velocity vector, v, that appears on the right-hand side. The phase-velocity
vector is related to the ray-velocity vector by

c=[{8;) —EBE ] v, (A17)
or equivalently,

c= [{5,,} _z-::sr] v. (A18)

A4 Continuation of the contra-variant basis— the orthonormality case

If e; and e, are orthogonal unit vectors, eqs (A2) and (A10) yields
0 1
A=-A" =A(_1 0), (A19)

where A is a scalar function of . It is common, but not mandatory, to define £(t) strictly in terms of 1) the curvature and torsion of the ray
trajectory and 2) the initial condition, £(1); see, e.g., Cerveny & PSencik (1979). The time derivative vectors de,/dz, 4 = 1, 2, will then both
be parallel to p, which yields

A(r)=0 (A20)

along the ray. Eq. (A20) represents the standard option in eq. (A11) in the situation that £ is orthonormal. One can interpret A(7) as a function
specifying an additional constraint on the rotation of £, i.e., a constraint not related to curvature and torsion of the ray trajectory.
Using eqs (A2) and (A12), it follows that for an orthonormal basis £ of any kind [.A(t) may be nonzero in eq. (A19)] we have

F =af. (A21)

APPENDIX B: PARTIAL DERIVATIVES OF CARTESIAN MOMENTUM COORDINATES

B1 First-order partial derivatives of Cartesian momentum coordinates

We obtain first-order partial derivatives of p; with respect to ¢,,.
Using eq. (51) in eq. (53) we find different forms for the derivative dp;/dq;,

op; 3% p; a ap; d [0q.
opPi — p‘(lq) p() zpiq)i ( 1?)) zpt(lq)i (i), (B1)
9q3 0g30pa’ 9g3 \ apy! dgs \ 9x;

where the last expression can also be stated

api @ 9 (994 @ 9 (993
= — — . B2
0g3 P dg3 \ 0x; s qz \ 0x; (B2)
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Furthermore, we differentiate the first sub-equation of (27) with respect to x;, which yields

d%q, 0x; N dq. 0qy 0°x;

= (B3)
Bxiaxj aqa ax‘j axi 8Qaaqb

and therefore,

dx; 3%q. g dqy 3%x,

_ ’ (B4)
9g, 0x;0x; 9x; 0x; 9940qp

With the help of eq. (54) it is clear that
Fpi 3qcdgy Fx;

dq.0p? 9%, 9x; 94,995
Using eq. (53) further yields

(BS)

ap; dg. 0 9%x;
T T T (B6)
09, 0x; 0x; 09,09y

In order to find an expression for dp;/dg4 we use the property

0 [0q. 0x;
7( 4 ﬁ) —0, (87)
dg3 \0x; 0qy4

which follows from eq. (27). We substitute 4 for a and elaborate on eq. (B6),

ap; g, 9qp Bzxj
=-—p¥—=——= 3
0.4 ¢ 0x; 9x; 99404,

_8q3 (q)a%n 82xj
ax; """ 9x; 9¢30q.4

_ 43 9 (94c ) O
ax; "¢ 9gs \9x; ) 9q4

Using also eq. (B1) we obtain the result

opi _ dgs dp; B,
094 dx; 9q; HQA.

(B8)

The derivatives dp;/dq, and dp;/dg; in eqs (B8) and (B2) correspond to general phase-space locations. As such they can be used to obtain
higher-order derivatives. Evaluation on <2 yields
api

= : (‘: s = i B9
Pin;€ia o0, n (B9)

api
094

B2 A property of the symplectic transformation matrix

We derive an expression for the first-order derivatives dp¢)/dx; of the transformation from Cartesian coordinates to ray-centred coordinates.
Differentiate eqs (70) and (75) with respect to the Cartesian position coordinate,

apw _ 2 pl) 92 pla) _0qp 9%x;
o, Ploxoap, owop, | ox 0q.9qs
and combine the latter expressions with eq. (B5). This yields,
pw  dqy x; ax; 0°p;
ax bi 9x; 99,09 b 9. Bqaapﬁq)
p? *pi
=—p; A L B
! ap; aqaapﬁ‘”
2
— _p@ I pi
© Bq,0p

_i <p(q) dpi )
dqa \"° ap? )"

and hence the important result

pl? _ Oy
3xi B 3%

(B10)
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B3 Higher-order partial derivatives of Cartesian momentum coordinates

We obtain general second- and third-order partial derivatives of Cartesian momentum coordinates.

The right-hand side of eq. (51) is not a function of p%), so higher-order derivatives with respect to p{¢) are therefore zero. Hence,

¥ pi _
3[72‘]) apI(:I) ’
Fpi — 0 & pi _
opopop T aplPapyag.

Moreover, the general result in eq. (B8) can equivalently be written

Opi _ 9pi 9p; 9x;
dqs  op\¥ 093 894

Differentiation of this equation with respect to pf,") yields
¥ pi dpi ’p; dx;

0q.0p"  9p? 0g50p 944"

hence,
3 p; g3 9 <8qb> ax;

dgaop?  0x; g3 \dx; ) 8.4

Moreover, one can write

a?p 0 (E)qh)
quapi,q) dqs \ 9x; )~

We evaluate eqs (B15) and (B16) on the reference ray, which gives

9’ p; 3’ pi
——— = —pikys, — @ — Piﬂjng,
0q.40p 0q.40p"
3’ p; ; 9% pi
5 = Jid > = M-
3g39p' ag39py"

For definition of the quantity C 4z, see eq. (62).
From eqs (B9) and (B17) the results for higher-order partial derivatives of p; with respect to g3 follow readily,

3 p; _ 32 p; =£( 0,E7)
8q32 is aq3an dr Di jCjA)
¥ pi ¥ pi d 3 pi .

. == (pin:E)). A <
oy " aqlag,  do? (pin;£14) agrop?

33Pi d 33171' 33Pi d
P e S K)ol =i P = S (o).
3q39q.40pY dr T ag2op? 3q39q.40p"" df( £14)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)

(B20)

We proceed to consider the momentum components p; differentiated twice with respect to the ray-centred position coordinates, ¢,. Using

eq. (B13) as our starting point, we obtain
9 pi pi dp; | dpi 9'p; | dx;
9949495 apaqs 995 ap¥ 9q39qs | 994
_dqs 0%pr Ox; Op; Ox, ap; 9 <8q3) dpr dxj 0x;

0% 0gy0pY 945 003 944 9pY a3 0qs 945 0q.4"

BXj

which can be restated

Tp _ 00 (i (%) ;9 (%) @) ax; o
094095 dx; \9dgq3 \ 0x; ) dgs dg3 \0x; ) 0q3) 094 0qp

The evaluated expression on the reference ray is

= 2pi77j77k5jA5kB«

As a consequence, we also get

83]),* d
—————— =2— (pin;in€is&ip) -
94,0995 dr (P NNk ja kB)

(B21)

(B22)

(B23)
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Eq. (B21) is equivalently written

Fpi g3 [ ’pi Op, ?p; dpi\ dx; dxy (B24)
0q40qs  Ox; 8q38p;q) 943 quapgq) dq3 | 894 9qp
Differentiation with respect to p¢ then yields the third-order (mixed) derivative
Fp gy [ Fpe Fp; Fp;  pe | 0x; dxx (B25)
8q,48q38p£q) ax; 8q38pgq) 8q38piq) 3q38p§q) 3q38p£-q) 9q4 0q5°

which can also be stated

P pi _dgs ?pr Oxp 0 <8xj>3qc+ ?p; ox; 0 (axk)aqc (B26)
3q.40q50p" 3x; \ 0g30p\” 895 g3 \8q.4) 8x;  dqs0p\ 8q4 dqs \dqs ) xi |

Evaluation on the reference ray gives

9 p; P,
. @ = —Pini(€iaKsc + &K ac), p

=2pin;m€;aip. (B27)
99.49950pc @ Y

99409 50p5
To obtain the general third-order derivative dp;/dq40¢gzdqc we do further differentiation of eq. (B24). The derivation is straightforward and
follows the same principles as above. On the reference ray we find,

9 pi
99.49959qc
Certain fourth-order derivatives of p; have a role in the derivation of third-order Hamilton-Jacobi perturbation differential equations. It

is straightforward, although space demanding, to develop expressions for these derivatives. Therefore, we state here only the evaluated results
on the reference ray,

= 6pin; nknlg/'AngglC- (B28)

¥pi
Fa10as0acday — A pinimmn Exabi€icEnp, B29
BqAananan P ’7/77k71177 jACkBCIC D ( )
9% p;
7p(q) = =2pinm &jabisKep + EabicKpp + Eipickap). (B30)
99.40959qcdpp

APPENDIX C: SECOND-ORDER PARTIAL DERIVATIVES OF RAY-CENTRED
POSITION COORDINATES

We develop specific expressions for the second-order partial derivatives of ray-centred position coordinates, ¢q,.
Eq. (54) yields

¢, *pi 9.
8x,~8xj aqcapflq) 8xj

. ¥pi e Fpi g
dgcdp 0x;  agyapy 0x;

(C1)
Inserting from eqs (B15) and (B16) gives

g, pi dg.

axian aqcapflq) 8x(,~
’pi_dqc _Opi 0gs
dqeap 9x;  agiapl” Ox;

_ 043 0 (04, 0%y dgc | D (94, 05
0x; g3 \ 0x, ) dqc dx; dqsz \ 0x; ) 0x;

_ 3 0 (99 \ (s 993 0%m\ 9 (944 0q3
0x; dq3 \ 9x, m ox; g3 dgsz \ dx; ) 0x;

0 0 0g3 0g3 0 0 0
— 93 ajm + ﬁ&'m _ 995993 0%m \ 9 9a , (C2)
0x; 0x; dx; 0x; dq3 ) 9q3 \ 0x,

where we utilized eq. (31). Eq. (C2) corresponds to a general location in phase space. We write this equation compactly as

32, 3 (04,
Qo _ gn % (2a ) (C3)
8x,~ 8x‘,- J 36]3 axm
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924 E. Iversen et al.

where the operator R;} has two equivalent forms—

d ad g3 0q3 0x,,
Rr = 2By 4 g 0D 0 O
/ 0x; 9x; dx; 0x; 9¢g3
and
9 9 3qs 3qs 9%y,
le = q3(¥jm + ﬁaim E ﬂ i .
/ 0x; ox; dx; 0x; g3

The quantity «;,, is defined in eq. (32).
Application of eqs (C3) and (C4) on the ray €2 yields

Jzul

aij

= Rt’j HaTm’
with the operator R} given equivalently by
Rl = pittjm + pjtim + PiPjVn

or

Rlnj = pisjm +pj6im - pipjvm-

(C4)

(©5)

(C6)

(€7

(C8)

APPENDIX D: THIRD-ORDER PARTIAL DERIVATIVES OF RAY-CENTRED POSITION

COORDINATES

We derive expressions for the third-order partial derivatives of the ray-centred position coordinates,

94
9x;0x,;9x)

Multiplying this derivative expression with the first-order derivatives of the transformation from ray-centred to Cartesian coordinates leads to

component quantities of the form

o 93g,  9x; dx; dxy
“de ™ Bx;9x;0x; 9q. 094 3q.

_< ’pi 0°qa_x; )3xi
p8qadq,  9xi0x; 3q40q. ) g

It is straightforward to show that the components A¢.;,, are zero. Moreover, we utilize in the following that

ax;  9°q, d ( 9%q, )

0q3 0x;0x;0x; - 37(]3 0x;0xy

For brevity, we introduce on the reference ray €2 a notation for the higher-order derivatives,

T.. = azqa I‘['r = i etc.
a ax;0x;° aijk 9x;0x;9x;” ’

so that eq. (D2) can be restated

Tyt
vi Hy e = Hyjy

on Q. The third-order derivatives of ray-centred position coordinates can now be written in terms of the co-variant basis as

3°qa
— =45 FipFie + piFipFi FnF
x; 0x ; Oxy spe (PiFipFre + piFinF e + pjFinFir)

+AS5p (pipjFee + pipcFie + pipitir)
+A%33 PiDj P
with the A-quantities given by

A§DE = HT nggnEs

amn

A?}E = HT vanEs

amn

A§33 =H}

amn Um Up -

(D1)

(D2)

(D3)

(D4)

(D5)

(D6)
(D7)

(D8)
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Higher-order H-J theory—coordinates 925

Applying eqs (D6) and (D8) in (DY) yields
Hj;jk = HjmnnggnE (piFjpFke + pjFipFie + peFinFjE)
+H], vnEnr (pip; Fie + pipiFie + P oeFiE)
+H‘jmn Um Un PinPk- (D9)

We can therefore write

Hyy = R, (D10)
where we can use eq. (37) and the symmetry of indices m and n to state the operator R[} as
RZ’Z = DiljmUpn + Pj%min +pkaimajn

+ (PiPj%n + DjPrCin + PrPi0jn)Vnm

+prijUmUn- (Dll)
Further use of eq. (37) yields the equivalent form
R:;’Z = pisjm(skn + pjakm(sin + pksim(sjn

- (pipjakn + pjpkain + pkpia/'n) Um

+PinPkUmUn~ (D12)

To evaluate the right-hand side of eq. (D10) we need the time derivative of the second-order coefficients, see eq. (C6). This time derivative
is expressed in terms of the first and second time derivatives of the first-order coefficients,

aal pm I m T
Hyy = R ), + R, (D13)
Here, we can obtain R,”]’ by straightforward differentiation of eq. (C8), which yields

R,"; = N0y + Njim — PiPjUnm. (D14)

APPENDIX E: FOURTH-ORDER PARTIAL DERIVATIVES OF RAY-CENTRED
POSITION COORDINATES

In order to obtain the fourth-order derivatives of ray-centred position coordinates we introduce the component quantities

84qa dx; 0x; dxy %

= 0x;0x;0x,0x; 3qc 0qq g, g

_ *p; 93¢, <82xj Xy 8%x;  0xy 9%x; axk> 9%q, 3%, 0x;
apﬁ,‘”aqdaqeaqf 9x;0x,;0x; \ 0940q. g,y  3940q; q.  39.0q; dqq dx;0x; 09409.0q | dq.

Aid@f

(ED

Here, we note that the components A¢. . are zero. We also emphasize the importance of the relation

ax; g, 9 g

By O _ D (V4 ) E2)
0q3 0x;0x;0x;0x; 0g3 \ 0x;0x;0x;

which, on the reference ray, can be written in short-hand notation as

a

Vi H.‘Iijkl = H;/kl- (E3)

From eq. (E1) it follows that the fourth-order derivatives H, f

iju»> taken on the reference ray, can be expressed in terms of the co-variant

basis as
Hjijkz = ASppr (0iFipFeeFir + piFipFeeFir + prFinF e Fir + piFinF e Fir)
+ A5 (Pipj FreFir + pipeFjpFir + pipiFipFer + pipeFie Fir + pipiFieFir + pepiFip Fir)
+AS535 (PipjPrFir + pip; piFrr + PipkpiFiF + pipepiFir) + ASys3 piDj Pilis (E4)

where the 4-components are

Ajppr = HjmanMDgnquF, (ES)
A?}EF = szmnqvmgnquF’ (E6)
Ajyp = H{jmnqvm Uiy (E7)
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926 E. Iversen et al.

Agm = H]

amngq

Uy Uy Vg - (E8)
Using eqs (ES)—(E8) in eq. (E4) yields the result

H} = RG] (E9)

aijkl amngq?

mnq

with the operator R, given by
R:;’Z;i = Pi%jmUnUiq +pjaima/malq + PrQim @ jny + Pilim & jn iy
+ (pipjaknalq + Pi Pk jnQy + PiPi¥jnly + PjPi%inUy + PjPi%inlig + pkplainajq) U
+ (pipjProug + PiPjPifig + PiPkPitjq + PjPkPiCig) VnVn + PiPjPkPi UnUnVq- (E10)

To compute the right-hand side of eq. (E9) we need the time derivative of the third-order coefficients of the transformation from Cartesian
to ray-centred coordinates, given by eq. (D10). The differentiation can be carried out as follows,

HaTijk = erjz szmn + R:’;Z Ha)rmn’ (Ell)

where

d2H;mn — dzRgm dHJ‘I 2dR:Inn d2H"T‘1 R4 d3H‘j‘1 (E12)
dr? dr?  dr dr  dr? meodrd

APPENDIX F: DETAILS OF THE MAPPING OF TRAVELTIME DERIVATIVES FROM
RAY-CENTRED TO CARTESIAN COORDINATES

We elaborate on the details of the mapping of the derivatives of traveltime, from ray-centred to Cartesian coordinates. The objective is to
write explicit expressions in terms of the co-variant basis vector components, F; 4 and p;, of the ray-centred coordinates. This can be useful,
because many derivatives of traveltime in ray-centred coordinates are zero. It is clear, however, that when addressing derivatives of traveltime
of orders four and higher, one comes to a point where it is more practical to write the mapping in terms of the inverse transformation matrix
components, Hji.

Similarly to in the first sub-equation of (18), we use that the first derivatives of traveltime are related by

at 0t 0q,

= . F1
ox; Bqa ax; ( )
Differentiation of eq. (F1) then yields
9%t _ ot 9%q. %t dq, % (F2)
0x;0x; 0q, 0x;0x; 0g.0gp 0x; 0x;
On 2 we use that
it 9%t 9%t
= 55, = ——38.4.8/, (F3)
3qe 8(]ean anaQB
Defining M;; = Bzr/axiaxj and M 5 = 8°1t/dq,40qp , we therefore have
M;; = H;]— + My FiaFjs. (F4)
We further differentiate eq. (F2), to third order in the spatial coordinates,
3t 0t dq,
0x;0x;0x o 0qq 0x;0x;0x;
Pt (3q. gy 09. gy 4. 3’qs
0q,0qp \ 0x; 0x;0x; 0x; 0x;0x; 0xy 0x;0x;
93 9q, 9gp 0
T Ga 0qp 0qc (FS)

" 5.09,0q. 0, 0, i
In the evaluation on 2 we utilize that
0t 9t
09:04,94;  04.404504c

d 9%t
— | ——— ) (63,6478 8376 400 83404e0B7), F6
+dr (anan>(39 Af8pg + 8358408y + 0398 4e01) (F6)

5A953>/'8Cg
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Higher-order H-J theory—coordinates 927

which yields
My = H;ijk
+ Muysp (‘EAH;]’]{ + ]:jAH;ik + ECAH;ij)
+ MAB (pi]:jA]:kB + pjFiaFis + pk]:iA]:jB)
+ Musc FiaFjpFic- (F7)
In the same manner, we obtain an equation for transformation of the fourth-order derivatives of traveltime, from ray-centred to Cartesian
coordinates. The evaluated result on € is
Mjkl = H;ijkl + Mys (‘EAH;jkl + ]:J'AHI];ikl + ]:/CAHI];ijl + ‘EAH;ijk + H;ingkl + H;ikH;jl + H:;ilHl];jk)
+ M i (8308.4785g + 83 784c88g + 8348 4:857)

Tt gt Tt gt
x (Hei HyHyy + Hy Hyp H,

T —
i1 + Hei Hp H,

T
ik + Hey Hpy H

Tt gt
gil+HeijlH

Al
gik + HekH;ngij>

+ Muse (-EA}-]'BH&] —+ ]:iA]:kBHg','] + ]:iA]:lBHctjk
+ Mpc (Pif/Aka-Ec + pFiaFisFic + peFiaFjsFic + pIJ:iA]:jB]:kC)

+ Mg (pip; FeaFis + pioeFiaFis + pioiFjaFis + pioeFiaFis + pj0iFiaFis + pioiFiaFp)

+ Mypep FiaFjpFecFip- (F8)

+ FyaFen Hey + FyaFinHey + FiaFinH )

It is straightforward, but quite laborious, to also write the mapping of fifth-order derivatives (or even higher derivatives) in terms of the
co-variant basis. We leave this exercise to the interested reader.
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