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Summary

In an elastic medium, it was proved that the stiffness tensor is symmetric with respect
to the exchange of the first pair of indices and the second pair of indices, but the proof
does not apply to a viscoelastic medium. In this paper, we thus propose the frequency—
domain ray series for viscoelastic waves with a non—symmetric stiffness tensor.
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1. Introduction

The 3x3x3x3 frequency—domain stiffness tensor (elastic tensor, tensor of elastic moduli)
¢kl = ikl (p™ ) is symmetric with respect to the first pair of indices

Cijk:l — Cjik:l (1)
and with respect to the second pair of indices
Cijk:l — Cijlk ) (2)

It is thus frequently expressed in the form of the 6 x 6 stiffness matrix which lines
correspond to the first pair of indices and columns to the second pair of indices.

In an elastic medium, it was proved that the stiffness tensor is symmetric with
respect to the exchange of the first pair of indices and the second pair of indices,

Cijkl — Cklij ) (3)

The 6 x 6 stiffness matrix is thus symmetric in an elastic medium.

However, the above mentioned proof does not apply to a viscoelastic medium. In
this paper, we thus propose the frequency—domain ray series for viscoelastic waves with
a non—symmetric stiffness matrizx,

Cijkl 7& Cklij ) (4)

The lower—case Roman indices take values 1, 2 and 3. The Einstein summation over
repetitive lower—case Roman indices is used throughout the paper.
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2. Standard ray series

In the frequency domain, the viscoelastodynamic equation for complex—valued displace-
ment u; = u; (™, w) reads

(") 5 — (iw)’ou; =0 (5)

where lower—case Roman subscript j following a comma denotes the partial derivative
with respect to corresponding spatial coordinate z¥. Here ¢* = ci* (g™ w) is the
frequency—domain stiffness tensor, o = p(2™) is the density and w is the circular
frequency.
We express the displacement in terms of its amplitude U; = u;(2",w) and travel
time 7 = 7(2™) as
= U;exp(iwT) . (6)

We expand the frequency—dependent amplitude into high—frequency asymptotic series
U; = Z (iw) UM (7)

We insert displacement (6) into viscoelastodynamic equation (5) and obtain equation
(iw)’ N (U, 7.0) + iwM " (Up 7o) + L' (Up) =0, (8)

where the differential operators are defined as

N'(Upy7n) =0 Tz, 7,)U - U] 9)
Mi(Um,Tm) = (CijklﬁkUl)J + CijleJUl’k , (10)
and
LUp) = (™ Upk) ;- (11)
Here the Christoffel matrix, defined as
(@™, pn) = a7 (™) pjpr (12)

is a function of six phase—space coordinates ™, p,, formed by three spatial coordinates
2™ and three slowness—vector components p,,. In definition (12),

aijkl(xm) — Cijkl(xm) [Q(xnﬂ
is the density-reduced stiffness tensor.

Inserting series (7) into viscoelastodynamic equation (8) and sorting the terms
according to the order of iw, we obtain the system of equations

—1

(13)

N(OM 7)) + MU ) + Lo = o (14)

for each order n =0,1,2,.... Here Ulg_l] =0 and U}L—z] =0, i.e., operator M* is missing
in this equation for n = 0 and operator L’ is missing in this equation for n = 0, 1.
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3. Christoffel equation and eikonal equation
Equation (14) for n = 0 constitutes the matrix Christoffel equation

Tl 7, ) U — vl =0 (15)

The three eigenvalues of Christoffel matrix (12) correspond to three waves: the P wave
and two S waves. Unlike as in the elastic case, the Christoffel matrix is not symmetric.

We select one of three eigenvalues of Christoffel matrix (12) and denote it as
G = G(z2™,1,). We denote the corresponding right-hand eigenvector of the Christoffel
matrix as ¢; = g;(z™,7,),

: g1 = G gi (16)
and the corresponding left-hand eigenvector of the Christoffel matrix as g; = g;(z™, 7.n),
Ggr'=gaG . (17)

The three right-hand eigenvectors of the Christoffel matrix and the three left-hand
eigenvectors of the Christoffel matrix are mutually biorthogonal.

The lengths of the three right—hand eigenvectors of the Christoffel matrix are not
determined, but we choose the lengths of the corresponding left—hand eigenvectors so
that the three right—hand eigenvectors and the three left—hand eigenvectors are mutually
biorthonormal,

grgr =1 . (18)
The zero—order vectorial amplitude then reads
Uz'[o] =l (19)

where the zero-order ray-theory amplitude U”) will be determined by the transport
equation in Section 5.
In order to satisfy Christoffel equation (15), selected eigenvalue G must be unit,

G(z™,1,) =1 . (20)

Nonlinear first-order partial differential equation (20) for travel time 7 is called the
Hamilton—Jacobi equation. In wave propagation problems, it is also often referred to
as the eikonal equation. The methods for solving the Hamilton-Jacobi equation are
already mostly developed (Hamilton, 1837; Cerveny, 1972; Klimes, 2002; 2010).

Hamilton—Jacobi equation (20) generates the equations of rays (Hamilton equa-
tions, equations of geodesics) and the related equations like the Hamiltonian equations
of geodesic deviation (dynamic ray tracing equations).

The equations of rays may be expressed in various forms, e.g., as

dz? 190G
— - 21
dy 20p; (21)
__1oG 929
dry 20xt (22)

where parameter v along rays coincides with the values of travel time 7.
Hereinafter, gcz and 81? denote the partial derivatives of function G(z™,p,) of
six phase—space coordinates ', p,,. Using this notation, the partial derivatives of any

function G(z™,7,(2*)) of three spatial coordinates read

G 0G
oxd  Opg
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Since

G(xm7pn) = §r<xm7pn)rrs(xa7pb)gs<xc7pd) ) (24)
the first-order phase—space derivatives of eigenvalue G(z™, p,) can be expressed as
oG orrs
5}% ($m7pn> = gr(xm:pn>a—pi(xa:pb)gs($capd) (25)
and oG orrs
5t " Pn) = Gr(@™ pn) 5 (2%, Do) gs (2%, pa) (26)
We insert definition (12) into phase—space derivatives (25)—(26), and obtain expressions
oG m — m riks(, .a rkis(, .a c
ap‘ (.’13 7pn) = gr(x 7pn) [CL (37 ) +a («'13 )} pkgs(x 7pd) (27)
and "
oG m — m da""* a c
Oxt (33 :pn) = gr(x 7pn)W(x )pjpkgs(aj 7pd) : (28)
Note that
Vi<.’13m,pn) — %—»r@jm,pn) [ariks(xa) + CeriS<.’L‘a)] pkgs(l“c,pd) (29)

is the ray—velocity vector.

4. Principal and additional amplitude components

]

We decompose vectorial amplitude coefficients Ui[n in series (7) into the principal

amplitude component U [ and two additional amplitude components U+

Ul =g + Y Uthlgh (30)
1
where g;- are the other two eigenvectors of Christoffel matrix (12), indexed by + which

takes two values. Considering expression (19), we assume that both U+ = 0.
Definition (9) with decomposition (30) yields

N(UR, 7)) =) UM (GF—1) g . (31)
1

We multiply viscoelastodynamic equation (14) by left-hand eigenvector gi- of the Chris-
toffel matrix, consider relation (31), and obtain expression

-1

U =~ g U, ) + L O] (6 - 1) (32

for the additional amplitude components in terms of lower—order amplitudes. Expression
(32) differs from the analogous expression for the symmetric stiffness matrix (Cerveny,
2001, eq. 5.7.13) just by left-hand eigenvectors g; .
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5. Transport equation

We multiply viscoelastodynamic equation (14) by left—hand eigenvector g; of the Chris-
toffel matrix, consider relation (31), and obtain transport equation

gMi(UM ) + gL (U =0 (33)
for the principal amplitude components. We separate the terms with higher—order

principal amplitude components from the terms containing higher—order additional
amplitude components and lower—order amplitude components,

g MZ(U[n]gk:,Tl Zg M UL[n]gk 77—l) _gle(U[n 1]) ) (34)

Relations (33) and (34) differ from the analogous relations for the symmetric stiffness
matrix (Cerveny, 2001, egs. 5.7.19 and 5.7.20) just by left—hand eigenvector g;.
We express the left—hand side of transport equation (34) as

GMI UM g, 1) = 2070 4 (o) ;UM — 205U (35)
where ray—velocity vector V7 is given by definition (29), which can also be expressed as
Q(xa)vi(xm’pn) — %§T($m7pn> [Criks(xa) -l-CTkis(l’a)} pkgs(xc’pd> ) (36)

The first two terms on the right-hand side of relation (35) are well known from the ray
series with a symmetric stiffness matrix (Cerveny, 2001, eq. 5.7.23). Quantity S in the
rightmost term of transport equation (35) can be determined using definition (10) as

= QLQ{% [ﬁi (M + Cikﬂ)T,kgz]’j —Gi (Cijle,kgz) — Gic*ilr kgl,j} : (37)
see (36). Considering (35), we express transport equation (34) as
VOVIUS! + s (V) Ul = e s Ul 4z (38)
where
Zn=1 = N [ZgZMZ (Uit r,) + gjiLi(U,L”‘”)} . (39)
The solution of transport equation (38) for n = 0 reads
U = Uy (00 Jo)? (07)7% exp(fldvS) (40)
where subscript o denotes the initial conditions. Squared geometrical spreading
J = det(?ﬁj;) (41)

(Babich, 1961, eq. 3.7; Cerveny, 2001, eq. 3.10.9) represents the Jacobian of transfor-
mation from ray coordinates v', 2,42 to spatial coordinates z*. Here ' and 72 are the
ray parameters, and 73 = .

Factor exp ( fTTO dvy S ) in (40) is present due to the skew part of the stiffness matrix,
see the next section.

The solution of transport equation (38) for n > 0 reads (Cerveny, 2001, eq. 5.7.30)

Uy / Zln=1]
D [ dy | . (42)
o e UPe
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6. Difference between symmetric and non—symmetric stiffness matrices
The only difference of expressions (40) and (42) for the principal amplitudes from
the analogous expressions derived for a symmetric stiffness matrix is exponential term
eXp( fTTO dvy S) in expression (40). We shall now derive various expressions for quantity
S = S(z™).
We express definition (37) as
1 (1 iy - iy -
S = 2—Q{§ [ﬁi(cljkl+clkjl)7,kgz] —(g: UMTkgl)j+§i,jcljkl7,k9l_giclkle,kgl,j} . (43)
] b

After summation, we obtain expression

1 y o 1 y o
S=3 [ﬁi,ja”“mgz - ﬁialk”mgz,j] -1 [997 (a7 — a”‘“”)mgz} ;o (4
o 2J
where a*7! is the density reduced stiffness tensor given by definition (13). The last
term on the right—hand side differs from
1 . 1 . o
— (V) = _[ —»‘i 17kl ikjl ] 45
25 (V") ;= 1,08 (a7 +a™ ) Tea| (45)
just by the subtraction. Note also that

[Q(aijkl - aikﬂ)tk] 7;=0 . (46)
We differentiate the product in the rightmost term of expression (44) and obtain ex-
pression

1, i ikj I ikj 1 ij ikj
g 20 (azjkl_i_azkjl)T’kgl_Zgi(aJkl+a kjl)77kgl7j_4_ggi [Q(ajkl_a kjl)LT,kgl . (47)

We differentiate characteristic equation (16) for the right—hand eigenvector with re-
spect to spatial coordinates, consider birthonormality of the left-hand and right—-hand
eigenvectors, and obtain relation

Gij = Zgl LT g (GG T+ i, (48)

for the spatial gradient of the right—hand eigenvector. The rightmost term in relation
(48) accounts for the undefined changes of the length of the right—hand eigenvector g;.
We differentiate characteristic equation (17) for the left-hand eigenvector with respect
to spatial coordinates, and obtain analogous relation

— -1 — —
Gij = ngF’“gl GH(G=G) " + Gigdin.; (49)

for the spatial gradient of the left—-hand eigenvector. The rightmost term in relation
(49) accounts for the undefined changes of the length of the left—hand eigenvector g;,
and satisfies identity
IkGr,j = —Gkgk,;j (50)
obtained by differentiating normalization condition (18).
We insert the gradients (48) and (49) of the eigenvectors of the Christoffel matrix
into expression (47), consider identity (50) and arrive at expression

1 . orrs orrs
S=->)" (ngf‘“jgfgi s — Gr 93Ty ) (G GL)

4 n op Op;
1., o B .
~ 1Y (cF —c kjl)’jT,kgl — Grgk, V7 . (51)
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We now express the spatial derivatives Ff“jl of the Christoffel matrix in terms of its
phase-space derivatives as

arkl 8Pkl

—+ —T . 52
OxJ + 8}?5 »SJ ( )
The partial derivatives of the Kelvin—Christoffel matrix (12) with respect to phase—space
coordinates ™ and p,, read

kl __
Iy =

arkl m krsl
507 (™, 7p) = ay T Ty (53)
and .
or ‘ ‘
5 (™, 1) = (ak”l + ak”l)T’r . (54)
Pj

Quantity (51) with identity (52) finally reads

1 Ork! orrs oTkl orrs —1
SZ_E g i —— 5__’ J__’J_—‘ s (G—GJ—)
(gk gl gr ap] g gk gl gr 8507 g

4 n oxI 8pj
1 gkl ikl dgi
— — G (=) T g — Gi 55
A e (55)
The last term g; fivi in expression (55) represents just the correction of principal ampli-

tude U™ in decomposition (30) due to the undefined length of right-hand eigenvector
gi, and vanish if we put
- dg;
gi dy

=0 (56)

along each ray.

Each element of matrix (/% — ¢?*J!) ;7 in the last but one term of relation (55)
represents the divergence of a vector tangent to the wavefront, see identity (46). Note
also that

a7y =0 (57
and .
gﬁ%gl T;=0 . (58)
Vectors ]61“’”
Gk @g% (59)
and .
it (60)

thus represent two sets of the contravariant basis vectors of the ray—centred coordinate
system.

Expression (55) for quantity S may be singular at slowness—surface singularities,
but is regular at spatial caustics.

Quantity S vanishes for a symmetric stiffness matrix. For a non—symmetric stiffness
matrix, quantity S vanishes in a homogeneous medium.
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Quantity S which expresses the difference between ray series for a symmetric and
non—symmetric stiffness matrices is thus generated by a combination of a non—symmetric
stiffness matrix and heterogeneities. Expression (55) with identities (46), (57) and (58)
suggest that quantity .S may mostly be influenced by the wavefront—tangent component
of the gradient of the skew part of the stiffness matrix.
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