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Abstract

The faulting seismic source model is re-analyzed and its representation by means of the
seismic moment tensor is re-formulated for spatially localized sources (point sources). A point
volume seismic source is also introduced, related to the pressure exerted in a small spherical
cavity in an elastic body where the source is localized. It is shown that such a volume source
with a J-pulse time dependence is equivalent with an isotropic faulting source characterized
by a scalar seismic moment. A structure factor of the focal region is discussed in this context,
which can account for time and spatial extension of the seismic sources (or for multiple
sources). The elastic waves produced by point sources with a d-pulse time dependence are
considered in an isotropic elastic half-space bounded by a plane surface, with sources placed
beneath the surface. Such a half-space may be viewed as an acceptable model for the Earth.
In these circumstances the solution of the elastic waves equation is determined by using
the decomposition in Helmholtz potentials. Particular attention is given to the problem
of "boundary conditions" (usually for a free surface), and the transient regime is identified
for the seismic waves, as a precursor of the stationary regime of vibrations (oscillations).
The spherical waves produced by point seismic sources with a d-pulse time dependence are
calculated. The interaction of these primary waves with the surface leads to additional
wave sources, lying on the surface, which generate secondary waves (according to Huygens
principle). The secondary waves, which may be viewed as waves scattered from the surface,
are estimated. It is shown that the secondary waves contribute to the long tail recorded in
seismograms.

Good for “boundary conditions”;

Introduction. It may be widely accepted that the main problem in Seismology is the generation
and propagation of the seismic waves. It gives information about processes occurring in the
earthquake focal region, the nature and structure of the Earth’s interior, and the effect of the
seismic waves on the Earth’s surface. The problem originates with the classical works of Rayleigh,
Lamb and Love.[1]-[3] In a simplified model, the Earth may be viewed as an isotropic elastic half-
space bounded by a plane surface, the seismic sources being localized beneath the surface. For
sufficiently long distances the spatial localization of the seismic sources may be represented by
d-functions, or their derivatives (point sources). The double-couple representation of point seismic
sources by means of the seismic moment tensor emerged gradually in the first half of the 20th
century. [4]-[17]

The standard way of treating the seismic waves is to employ the (formal) Green function for the
elastic waves equation and the Green theorem (the so-called Betti’s representation) for a general,
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anisotropic, elastic body.[18]-[21] In this treatment the seismic sources are located on internal
surfaces, either as faulting sources or volume sources. The faulting seismic sources are related to
the discontinuity occurring in the displacement across the faulting surface (fault slip, dislocation
model), while the volume sources are related to the dilatational strain.[6, 7] In both cases equivalent
forces are derived for the seismic source representation, and the tensor of the seismic moment is
introduced. The interpretation of the double-couple representation of the seismic moment as an
extended mechanical torque (a couple of forces), while ensuring the vanishing of the net force and
angular momentum, leaves open the question of the uniqueness of the double-couple distribution.
We reformulate here the faulting source and the introduction of the seismic moment tensor, by
resorting to a point mechanical-torque interpretation, and introduce a volume source model related
to the pressure exerted in a small spherical cavity where the source is localized.

The elastic waves equation with localized (point) sources is discussed here for an isotropic half
space bounded by a plane surface; a special attention is given to the problem of "boundary con-
ditions" (usually, for a free surface). The problem of the seismic waves with boundary conditions
is a standard problem of vibrations (oscillations) of the Earth, viewed as an elastic sphere. The
seismic waves produced by a source suffer multiple reflections on the Earth’s surface (or on the
interfaces of the internal Earth’s layers) and the stationary regime of oscillations sets in a finite
time interval. The relevant magnitude of this amount of time is of the order R/c, where R is the
radius of the Earth and c is the wave velocity. For R = 6370km and a mean velocity ¢ = 5km/s
of the elastic waves we get R/c ~ 1274s; this time interval is much longer than the time taken
by the seismic waves to propagate from the source to the Earth’s surface. We can see that the
effects of the seismic waves on the Earth’s surface are produced in a much shorter time than the
time needed for attaining the stationary regime of vibrations. It follows that we are interested
primarily in the transient regime of the seismic waves, where the boundary conditions are prac-
tically radiation conditions, and the quasi-spherical Earth may be approximated locally by an
elastic half-space. In these circumstances, in a first approximation, the solution consists of P- and
S- (double-shock) spherical waves generated by temporal and spatial -pulses from the faulting
source; a volume source produces only P-wave, as expected. For sources with a finite temporal or
spatial extension (or for multiple sources) we discuss the necessity of introducing a structure factor
of the focal region, which may be viewed as an inprint of the focal region in recorded seismograms.
The local seismic waves are usually treated by a variety of methods, like Fourier or Laplace (or
Hilbert) transforms, or the well-known Cagniard-de Hoop method.[22, 23] These methods make
use of the reflection (and refraction) coefficients of the approximate plane waves at the Earth’s
surface (or at interfaces of Earth’s internal layers). While, in principle, they may offer an exact
solution, in practice the results are often approximate, especially due to the approximate character
of the plane waves in comparison with spherical waves generated by localized sources; many such
approximate results are known as surface waves, head (or lateral) waves, cylindrical or conical
waves, leaking waves, inhomogeneous, damped waves, etc.[24]-[34] We present here an alternate
method of treating the local waves by means of the secondary waves generated by the scattering of
the primary spherical P- and S-waves off the surface (or layers interfaces). It is shown that these
secondary waves contribute to the well-known long tail recorded in seismograms. The secondary
waves may be viewed as the next step in the approximate process during which the transient wave
regime becomes gradually a vibrations stationary regime.

Seismic sources. Usually, the seismic sources are concentrated in a small volume, which is the
earthquake’s focus. The linear dimensions of these regions are much smaller than the seismic
wavelengths and distances of interest, so we may view them as point sources, in the first approxi-
mation. In a simplified representation of a faulting source the slip and the associated force occur,
during the earthquake, along one direction, lying on the fault surface, of arbitrary orientation. Let
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Figure 1: The load accumulation in two elements of tectonic plates in (quasi-) equilibrium (a)
may lead to a resistance loss and a localized active focal region f (b).

n be the unit vector along this direction. The seismic load in the focus consists of two opposite
forces, practically at equilbrium, so that the total force and angular momentum are vanishing.
The equilibrium can be reached by successive small, (quasi-) static deformations of the crust and
tectonic plates. During the earthquake, the resistance of the rocks in the focus yields, such that
we have a localized, active distribution of opposite forces which is proportional to d6(R —Ry)/0n,
where Ry is the position of the focus and n is the (dimensionless) coordinate along the unit vector
n. Since the direction of the vector n is arbitrary, the force distribution can also be written as
fliO;6(R — Ry) = filO;6(R — Ry) = fln;0;0(R — Ry), where f; are the components of the force
with magnitude f acting along the direction n and [; are the components of the spatial extension
of the focus (summation over repeated labels is assumed); the function 0 in these expressions
should be understood as a function localized over the distance of the order [ along the direction
n, and, similarly, along the other two transverse directions. The quantity fl is proportional to
the seismic moment M (we may also take f = AA, where A is the elastic modulus and A is the
area of the fault); we prefer to use the seismic moment divided by density p, m = M/p; then, the
force distribution per unit mass reads

where m(t) has a certain time dependence during the earthquake. Usually, this function is localized
over a finite duration 7', such that we may use the d-pulse time dependence m(t) = mT'(t).

The force distribution given by equation (1) represents a point linear dipole; since a strain oc-
curring along a direction n generates forces directed both along n and along the two directions
perpendicular to n, the force distribution given by equation (1) should be generalized by replacing
m(t)n;n; by the symmetric tensor m;;(t) of the seismic moment:

Fi(R. 1) = my;(1)9;6(R — Ry) 2)

(the transverse components of the seismic moment involve the shear elastic modulus p); we can
see that the force generated by a faulting source is a tensorial force. It is easy to see that the total
force and angular momentum associated with the force distribution given by equation (2) are zero
(the latter by the symmetry of the tensor m;;). According to our definition, the moment tensor is
positive definite for an "implosion", and negative definite for an "explosion" (in general, it is an
indefinite tensor). A schematic representation of a faulting-source force distribution is shown in
Fig.1.

A more direct derivation of the seismic tensorial forces is obtained by estimated the couple pro-
duced by a force density F(R,t) = f(t)g(R), where f is the force and g(R) is a distribution
function; a point couple along the i-th direction can be represented as

fig(x1 + hy, xo + ho, w3 + h3) — fig(x1, 2o, x3) fz‘hjajg(l’h Ta,T3) , (3)
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where h; are the components of an infinitesimal displacement h. The moment f;h; are generalized
to a symmetric tensor M;;, which is the seismic moment; in addition, the distribution g(R) is
replaced by (R —Ry), where § denotes the Dirac function localized at the point with the position
vector Rg. Thus, we get the tensorial force density which is given in equation (2).[35]

Similarly, the force distribution localized in a volume source with a small radius a can be written

as
R - RO

IR — Ry

where p(t) = f(t)/a® is force divided by density per unit volume (force per unit mass) and 0(z) = 1
for x > 0, 8(x) = 0 for z < 0 is the step function. We show in this paper that the waves produced
by this volume source in the limit @ — 0 (for a §-pulse time dependence) can be obtained from
the faulting source given by equation (2) by replacing formally the tensor m;; by —md;;, where
the scalar seismic moment is of the order m ~ fa.

FR,t) =pt)m—pm 10 (@ — R =R , (4)

It is worth giving a numerical estimation of the localization length [ of the focal region. We note
that the seismic moment M has the dimension of a mechanical work (energy); it is reasonable to
admit that this energy is spent to destroy the elastic consistency of the material which is ruptured
in the focal volume V' during the earthquake; this energy density is of the order of the elastic
energy density of the material pc?, where p is the material density and c is a mean value of the
velocity of the elastic waves. Therefore, the equality M/V ~ pc* may hold. For M = 10*dyn -cm
(corresponding to an earthquake magnitude M, = 7, from the Gutenberg-Richter definition|36]-
[40] 1lg M = 1.5M,, +16.1), p = 5g/cm? for the average Earth’s density and ¢ = 5km/s for a mean
value of the velocity of the elastic waves we get a volume V = 8 x 103em? of the focal region and
a localization length [ = V'3 ~ 1km. This spatial uncertainty leads to a time uncertainty in the
spherical waves of the order T'=1[/c = 0.2s (for a mean velocity ¢ = bkm/s).

Primary P- and S-waves. The equation of the elastic waves reads
i — c;Au — (¢} — c})grad - divu = F | (5)

where u is the displacement, ¢;; are the wave velocities and F is the force (per unit mass).[41]
We consider this equation in an isotropic elastic half-space extending in the region z < 0 and
bounded by the flat surface z = 0. The faulting source, which generates the force F, is placed at
Ry = (0,0, 20), 2o < 0; the force is given by equation (2) above with m;;(t) = m;;T(t), where
m;j is the seismic moment tensor (divided by density) and 7" is the duration of the timed-impulse.
The coordinates of the position vector R are denoted by (x1, 22, x3); the notation x = x;, y = o,
z = w3 is also used. We use the Helmholtz decomposition F = grade¢ + curlH (divH = 0), whence

A¢ = divF , AH = —curlF ; (6)

similarly, the displacement is decomposed as u = grad®+curlA, with u’ = grad® and u* = curlA,
by using the Helmholtz potentials ® and A (divA = 0); equation (5) is transformed into two
standard wave equations

d-—FAP=¢, A—ZAA=H; (7)
we can see that the [, t-waves are separated.

From equations (6), and making use of the force distribution given by equation (2), we get imme-

di
iately o / -
(8)

iYI TR—Ro| R|
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and

H; = LejjumuTé(t) [ dR 9;0,0(R" — Ryg) =

=R

(9)

= ﬁeijkmleé(t)ﬁjﬁl ﬁ s

where €;5; is the totally antisymmetric tensor of rank three. Making use of these sources in
equations (7), we get the potentials

- T B N 1
@ — (47”: )Qmw de ‘R R/| 28] |RI—R | frd
(10)
- RR ey
— @ra ) mwala]de |R7R/| |R/7Ro|

and

’
lé(t—‘R—R je)

A = W%Pgijkmkl JdR

w0 ]
(11)
7’R7R/ Jet)
- (47mt)2€”’“mkla O ] dR R-R|  [R-Ro| -
We extend the integral
/6(t—‘R—RI /c)
I =[dR

|R7R/| |R/7R0| N (12)

o d(t—r/c) 1
o f dr r IR—Ro—r|

(where ¢ stands for ¢;+) occurring in the above equations to the whole space, where it can be
effected straightforwardly by using spherical coordinates; we get

ct

I =4nc|0(ct — | R—R _
WC[ (ct — | o) + R Ry

wm—RM—m]; (13)

inserting this result in equations (10) and (11) we get the Helmholtz potentials

® = —2-m;;0:0; [0 (crt — |R — Ro) + 50 (R — Ro| — at)]
(14)
A = 4m€wkmkla 1 [ (at — ][R —Ry|) + (|R Ry| — Ctt):| )
Making use of the notation
T Lt
F.= 0 (¢4t —|R—R ———0 (|]R — Ro| — ¢4t 15
= o |9t = IR~ Ral) 4 S50 (R~ Ral = )| (15
the potentials can be written as
S = —m;;0,0;F; , Ai = €ijemi0;01F; ; (16)
it follows the displacement
uﬁ = &@ = —mjké?iaj@kﬂ s
(17)

uj = 4405 A, = m0;0;00 Fy — mij0;AF; .
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Figure 2: The functions F; (a) and F; (b) vs R;.

We can see that these solutions consist of two parts: spherical waves propagating with velocities ¢; ,
given by d-functions and derivatives of d-functions (arising from the derivatives of the 6-functions
in equation (15)), and a quasi-static displacement which includes the functions 8(|R — Rg| — ¢;4t)
and extends over the distance AR; = (¢; — ¢;)t (R1 = R — Ry). The quasi-static contributions,
being proportional to third-order derivatives of ¢/ Ry, are solutions of homogeneous wave equations.
In the transient regime, the quasi-static contributions are omitted, and we limit ourselves to the -
functions and derivatives of §-functions arising from the derivatives of the f-functions in equation
(15). Outside the support of the é-functions and their derivatives (i.e., for Ry = |R — Ry| # ¢;4t)
the displacement is zero. This point can be made more technical by the following considerations.

For R; # ¢t the function F; in equation (15) is either T'/4mwe; or T't/4wRy; in both cases the term
with the laplacian in the second equation (17) cancels out, and u’ acquires the same expression as
—u! with ¢; replaced by ¢;. Therefore, in what follows we may restrict ourselves to only one kind
of solution, for instance u'; for simplicity, we give up for the moment the label [ in u!, F; and ¢,
and write simply u, F' and ¢. The functions Fj;(R;) are shown in Fig.2.

The strain tensor is

Uz = @ui = —m;m&a]@k@nF (18)
(the moment tensor m;; is symmetric) and the trace of the strain tensor reads

for Ry # ct, the laplacian in equation (19) is zero; it follows that the trace of the strain tensor is
vanishing (u;; = 0). The boundary conditions for a free surface z = 0 are u;3 = 0 for i = 1,2 and
(1 —20)usgs + ou;; = 0 for z = 0 (where o is Poisson’s ratio), i.e. u;3 =0 fori=1,2,3 and z =0
(since uy; = 0); we get

ui3|2:0 = — mknaiagakanF|Z:0 =0. (20)
It is worth noting that for R; < c¢t (behind the wavefront), F' = T/4wc and equation (20) is
satisfied (actually, it is satisfied outside the region ARy = (¢; — ¢;)t, where the displacement is in
fact vanishing). For R; > ct (beyond the wavefront; actually inside the region AR, = (¢; — ¢;)t)
it is convenient to introduce Greek labels «, £, v for the coordinates i = 1,2; we have my, 0,0, =
mp, 050 + 2mp3030s + m3303, and

ua3|2:0 = — (mm&ﬁg@y@g + 2m538a858§ + m338a8§3) F|z:0 =0,
(21)
ussl._g = — (M3,030,05 + 2ms30505 + mig033) F|,_, =0 .

In order to satisfy such conditions it is usual to seek a reflected wave[42] given by @, = —nij@@jﬁ ,
where F' is given by equations (15) with Ry replaced by Ry = (r, —zp) and n;; is a moment tensor
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to be determined. We note that @, is a solution of the homogeneous wave equation d— AP =0
(for z < 0) and preserves the vanishing trace of the strain tensor, since F is either T /Amc or
(Tt/4m) 3= -, where Ry = ’R — ﬁol. It is easy to see that there is no such tensor n;; to satisfy
the condltlons given by equations (21). For instance, we may choose ng, = mg,, ns3 = mgs and
nps = —mgs, and the first equation (21) is satisfied, but the second equation (21) is not satisfied
(except for mg, = ng, = 0, mg3 = ngz = 0); similarly, we can satisfy this latter equation (21) by
Ny = —Mpy, Na3 = —Mgg and ngs = mgs, but not the former (except for mgs = ngs = 0).

In fact, we note that ' = —T/4wc for Ry < ¢t and F = —Tt/4nR, for R, > ct generate a
potential ® = —m;;0;0;F which is a solution of the homogeneous wave equation ® —c*A® = 0 (in
particular, it is worth noting the linear time dependence in F' = —Tt/47R;). Consequently, we
may add F to F, resulting in F + F = 0 (for Ry # ct) and a displacement ;3 + u;3 which satisfies
the boundary conditions given by equation (21) (obviously, outside the support R; = ct of the
d-functions and their derivatives). A similar argument applies to the displacement u’. Moreover,
it is worth noting that under these conditions the Helmholtz potentials are identically vanishing
everywhere for Ry # ct, i.e. we have the trivial solution u = 0 in these regions (and the problem
of boundary conditions becomes in fact meaningless, as expected). We have nontrivial solutions
only on the support of the functions §(¢;; — R1) and their derivatives, as expected.[43]

The solution is given by the potentials in equation (16), provided we leave aside the quasi-static
displacement; we get

ul = qu [(mj;@; + 2my;x;)(1 — QClt/R)%—
—mypa;vjee(3 — 8at/R)75]0(R — at)+
+4;Fc [(myjzi + 2mza;)(1 — Clt/R) (22)

_mjkl’iZL'jZL‘k(:‘} — 5Ct/R)%]5,(R — Clt)+

T mjpzivsen(l — ot /R)S (R —at)

4dmeg

+

where Ry = R — Ry is denoted here by R = (x1, 29, x3); we may put R = ¢t in this equation, and
get

ul = 4; [(myjx; 4 2mija;) 75 — Smyraia; o s|0 (R — o)+
(23)
+2£c T T T, R45 (R—qt) ;
similarly, from equations (17) we get
ul = 4;{@ [(myz; + 2my;x;) 75 — Smypei ;a5 0 (R — ct)—
(24)

1 !
T (mjkx TjTk T R4 mijxjﬁ) 0 (R —¢) .

We can see that in the far-field region the faulting source generates two (double-shock) spherical
waves (derivatives of the J-function), propagating with velocities ¢;,, given by

uf = TP 5 (R — et) + T8 [L5/(R — it) — 26 (R — ait)] (25)

these are the leading contributions to the solution in the far-field region.
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The waves propagating with velocity ¢; are the primary P waves (compressional waves), while the
waves propagating with velocity ¢; are the primary S-waves (they include the shear contribution).
The second term on the right in equation (25) is longitudinal (~ R), while the polarization of
the first term depends on the moment tensor. The magnitude of these waves is of the order
ul ~ mT/cRI?, where m is the seismic moment (divided by density), ¢ is a mean wave velocity
and | = ¢T' is the linear dimension of the localization of the J-function (linear dimension of the
earthquake’s focus). Making use of a seismic moment M = 10?°dyn - cm (earthquake’s magnitude
7), density p = bg/cm?® (m = M/p), a mean velocity ¢ = 5km/s, | = 1km, for an earthquake’s
duration T' = 0.2s, we get at distance R = 100km a far-field wave u/ of the order 1m.

Structure factor. It is worth noting that the spherical-wave character of the displacement
(involving 6- and & -functions) is closely connected to the localization of the source, i.e. to the
functions 6(¢) and (R — Ry) occurring in the mathematical expression of the source (equation
(6)). For instance, let us assume that we have a succession of shocks in the source, labelled by 4,
occurring at times ¢;, with duration 7;; then, the displacement given by equations (23) and (24)
includes summations of the type

ZT,ﬁ( —c(t—t;) ZT& R—c(t—t)) , (26)

where ¢ is a generic notation for the velocities ¢;4; for a sufficiently dense distribution of such
shocks, we may replace the summations over i by integrals:

SiTi6 (R—c(t—t;) = 2= [dtT(t)S(R—ct+ct') = 2=T(t — R/c) ,
(27)
S Ti6 (R—c(t—t) = == [dtT(t)S (R—ct+ct') = —ﬁT’(t — RJc)

where AT is the mean separation between the pulses. We can see that the displacement has not a
spherical-wave character anymore, but instead it is given now by the functions 7" and its derivative
T (at the retarded time), which play the role of time signatures of the source. A similar analysis
can be done for shocks distributed spatially; we have, for instance

S T (IR =Ryl —c(t —t:) f (R~ Ry) =
(28)

= _CQAITAU f deT’(

)f(R-R) |

where f(R) represents the spatial dependence in equation (25) (except the & -functions) and Av
is the mean volume associated with individual shocks. The integral in equation (28) reflects the
time-space structure of the earthquake’s focal region. The factor 1/Av can be replaced by a
spatial distribution weight w; (Rl), a procedure which is also valid for the factor 1/AT, which may
be replaced by a weight function w,(t'); a more general situation would imply a weight function
w(t/, Rl) instead T;/ATAv, which plays the role of a structure factor for the focal region; then,
the displacement can be represented as

JdRdt'w(t' , R)5"

(t—t)) f(R-R) =
(29)
-5 [dR'w'(t —

f(R-R) ,

where the weight function w is localized over the focal region and over the time duration of the
earthquake; such weight functions can be derived, in principle, from recorded seismograms, as
an inprint of the structure of the focal region, by de-convoluting equations of the type given
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by equation (29). The occurence of shocks in succession is reflected in the irregular oscillations
exhibited usually by the weight function (and by the displacement, velocity and acceleration
recorded in seismograms). The succession (4, j) of shocks arising at ¢; and R;, of the form (¢t —
t;)0(R — R;), may be viewed as a series of elementary (primitive) earthquakes.|3, 44|

Energy balance. Multiplying the wave equation (5) by u we get the energy conservation law

o€

5 = —divS+w , (30)
where 1 . 1
&= —UZQ + éc?(ajui)Q + 5(012 - C?)(@ZUZ)Q (31)
is the energy density (per unit mass),
Si = —¢;(1;0u5) — (¢f — ¢)(w:dyu;) (32)

are the components of the energy flux density (per unit mass) and w = 4, F; is the density of the
mechanical work done by the external force F per unit time (and unit mass). It is easy to see
that for a force localized in the focal point the mechanical work w is nonvanishing only at this
point and for a short time T, while for a spherical wave the continuity equation 9 + divS = 0
is satisfied identically at any point outside the focus, the energy density £ and the energy flux
density S being zero outside the support of the wave. The mechanical work done by the external
force for a short period of time in the focus is transferred to the wave energy, which is carried
through the space by the propagating wave without loss.

In order to have a numerical estimate we use F' ~ M/pl* for the force given by equation (2)
and u =~ M/pc*RI for a spherical wave of the form u = (MT/pcR)§ (R — ct), with | = T
The density of the mechanical work per unit time is w ~ M?/p?cl” and the total mechanical
work is W ~ M?/pc?l3. The energy density is & ~ M?/p*c?R?*I* and the total energy is Ey =
M?/pc*l? = W (similarly, the energy flux density is S ~ M?/p?cR2I*, divS ~ M?/p*cR*I®, and we
can check the continuity equation 0 /0t + divS = 0). It is worth noting that the energy Fy = W
transferred to the waves is smaller than the energy M released in the focal region by the factor
W/M = M/pc*l® = ug/l, where ug = M/pc?l? is the displacement in the focal region (at distance
R =1). Making use of M = 10?°dyn - ecm, p = 5g/cm?, ¢ = 5km/s and | = 1km, we get a focal
displacement of the order uy ~ 80m.

Secondary waves. The primary P- and S-waves given above are only an approximation to our
problem. Without resorting to the formal theory of the generalized functions (distributions),|43]
we may admit that the support of the § -functions which define the primary P- and S- (double-
shock) waves is small, but finite. For instance, for a duration 7" we may view the time J-pulse
as extending over this duration T'; in this case the spatial extension of the primary waves is
AR, = ¢, for T = 0.2s we may have spatial extensions as large as 0.6km — 1.2km (for
¢ =3km/s and ¢; = 6km/s).

The wavefront of the spherical waves given by equation (25) intersects the surface x3 = z = 0
along a circular line defined by R = (21, 9, —2¢), R = (r? + 23)1/2, where r = (27 + x%)l/z is the

distance from the origin (placed on the surface) to the intersection points (we recall that R and
R are in fact R — Ry and R — Ry). The radius R moves with velocity ¢, R = ct, t > |z| /¢, and

the in-plane radius 7 moves according to the law r = \/Ez — 22 = /21?2 — 23, where ¢ stands for

the velocities ¢;y; its velocity v = dr/dt = ¢*t/r is infinite for r = 0 (R = ¢t = |2|) and tends to ¢
for large distances.



10 J. Theor. Phys.

Figure 3: Spherical wave intersecting the surface z = 0 at P. The notations are given in text.

The finite duration T of the source makes the §-functions in equation (25) to be viewed as
functions with a finite spread | = AR = ¢T' < R; consequently, the intersection line of the waves
with the surface has a finite spread Ar, which can be calculated from

-2

R =r’+2, (R+1)*=(r+Ar)+22; (33)

hence,
2RI
Ar o~ f (34)

r+\/r2+ 2RIl .

we can see that for r — 0 the width Ar ~ /22|l of the seismic spot on the surface is much

larger than the width of the spot for large distances Ar ~ [ (2 |zy| > [). For values of r not too
close to the origin (epicentre) we may use the approximation Ar ~ RIl/r.

As long as the spherical wave is fully included in the half-space its total energy Fjy is given by
the energy density £ integrated over the spherical shell of radius R and thickness [. If the wave
intersects the surface of the half-space, its energy E is given by the energy density integrated over
the spherical sector which subtends the solid angle 27 (1 + cos @), where cosf = |z| /R. Tt follows
that £ = 2 Eq (14 || /ct) for ¢t > |zo|. We can see that the energy of the wave decreases by the
amount E; = $E (1 — |20] /ct), ¢t > |z]. This amount of energy is transferred to the surface,
which generates secondary waves (according to Huygens principle). A spherical wave intersecting
the surface z = 0 is shown in Fig.3.

In the seismic spot of width Ar generated on the surface by the far-field primary P- and S-waves
given by equation (25) we may expect a reaction of the (free) surface, such as to compensate the
force exerted by the incoming spherical waves. This localized reaction force generates secondary
waves, distinct from the incoming, primary spherical waves. The secondary waves can be viewed
as waves scattered from the surface. Strictly speaking, if the reaction force is limited to the zero-
thickness surface (as, for instance, a surface force), it would not give rise to waves, since its source
has a zero integration measure. We assume that this reaction appears in a surface layer of thickness
Az (Az < |z]), where it is produced by volume forces. The thickness Az of the superficial layer
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activated by the incoming primary wave can be estimated from Az = lcosf = [|z]| /R, where
R =ct > |z, or Az =1]|z]|/(r?+ 23)1/2. We can see that Az depends on ¢t = R (and on r).
For a limited range of variation of r about |z, and in virtue of its small values, we may assume
the parameter Az as being a constant of the order .

The volume force per unit mass is given by d;0;;/p, where o;; = p [2ciu;; + (¢} — 2¢2)ugrdy;] is the
stress tensor, u;; is the strain tensor and p is the density of the body. At the surface we may take
approximately the reaction force which compensates the elastic force as

fi=—=0;0i/p= —0; {2’33“2‘]‘ +(cf = 203)“’“’“5”] ' (35)

The strain tensor calculated from the displacement given by equation (25) (in the far-field region)
is

. . Jr . . 1
U‘Z] ~ T MikTiTk mjkxlmk(s (R—Ctt>+

47ey R3
(36)
%w L_llé (R—qt) — c—lt5 (R— Ctt)] )
and its trace is T
. ML R ) (37)

- 271'61 R3

In order to compute the secondary waves we use the decomposition in Helmholtz potentials. We
denote by u’ the displacement in the secondary waves, and introduce the Helmholtz potentials
® and A (divA = 0) by u = grad® + curlA; then, we decompose the force f according to
f = grady + curlH (divH = 0), where Ap = divf and AH = —curlf; by the equation of the
elastic waves, the Helmholtz potentials satisfy the wave equations ® — GAD = o, A-— c2AA =H.
From the force given by equation (35) we get by straightforward calculations

0= —cuy , H=clcurlu . (38)

Secondary [- and t-waves. Let us focus first on the potential ¢, given by equations (37) and
(38),

5 (R — ct) | (39)

where, for simplicity, we put c instead of ¢;. The potential ¢ is limited to a surface layer of
thickness Az at the surface z = 0, such that we introduce

T 1o Y
7= A DU TR e)d(z) | (40)

which can also be written as

T afta —2 a3l a 5 "
e TR0 5 (R~ et)a(z) | (41)
s

where «, 5 = 1,2. From the wave equation o — cA® = ¢ we have the Kirchhoff solution

i

/ _ / 2 .
(b _ —AZ% de/ maﬁxax%li‘?r:jz;(;70+m3gzo 5//(R’ B Ct/)a(zl) _

(42)
/ / !
/ ma,gxaxﬂ—Qmagmazo-‘rmggzg

—/
RS

= —Azgh [dr 5”(? —ct)

—
R-R
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where t' =t — ‘R - f_{l‘ /c.|45]

The point of localization of the function §" (EI —ct') in equation (42) gives the propagation equation

/ /

=R . (43)

ct,:ct—}R—R

The distances R, |R — R | and R are the sides of a triangle; we can see that the secondary waves

R-R +§/ up to the observation point R, which is longer than the

have to go along the distance

distance R covered by the primary waves (except for R = R). Let us take an observation point at
R = (r, —29) on the surface z = 0; for |z9| < ¢t < R the primary wave intersects the plane z =0

along a circle with radius rp < r (rp = 1/c?t? — 23). The primary wave has passed through all the
points inside this circle, so all these points may act as sources of secondary waves. However, it is

> R,

triangle inequality). On the contrary, for ¢t > R there exist points on the surface which satisfy the
propagation condition. It follows that for ¢ > ¢, = R/c secondary waves may begin to arrive at the
observation point; we note that the moment of arrival of the secondary waves at the observation
point is delayed in comparison with the moment the primary wave passes over the observation
point, since the velocity v of the primary waves on the surface is higher than velocity c. Since the
wavefront of the secondary waves arriving at the observation point is produced by sources in the
proximity of the observation point, we may expect a large contribution at the arrival moment. This
is the main shock, well documented in all seismic records.|3, 46] The secondary waves continue to
arrive at the observation point at all the later times. Such a long tail of the seismic waves is also
well documented (see, for instance, Refs. [18, 44, 47]).

easy to see that the propagation condition (43) is not fulfilled for these points (E/ + ‘R -R

Using cartesian coordinates R = (z,0, —z), R = (z',y', —2), the propagation condition (43)
leads to the equation of a displaced ellipse

! 2 2
(' —x0) Y
) 2 ] 44
a2 b2 ) ( )
where
o A21‘ 2 02t2(02t27R2)2
To = @2 » = T4z _g2)2

45
2 (62t2—R2)2 9 9,9 ) , ( )
0> = f@may o A= -+

the eccentricity parameter of this ellipse is

e=1/1—=0%/a® =|z|/ct . (46)

The points of this ellipse are sources of the secondary waves. The ellipse of the secondary waves
sources is shown in Fig. 4

For long times, ct > R, the ellipse given by equation (44) becomes a circle, with a = b ~ ct/2,
and the distance R tends to large values Ry, R — Ry = ct/2; in this case, the propagation
condition does not depend anymore on the angle of integration in equation (42). Since the largest

part of the integration domain corresponds to R ~ Ry, we use this approximation to estimate the
integral in equation (42).
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Figure 4: The ellipse of the secondary waves sources. The observation point on the surface is at
(z,0) and the primary spherical wave P intersects the surface on a circle of radius zp = rp =

(22 — 28)1/ ? for large ct. The rest of notations are given in text.

It is convenient to use the displacement u' = grad® from equation (42); in the far-field region we
get

’maﬁmam 2ma333 Zo+m3322 R R " ’
~ —Azgh- [dr BI_%ISR—R O‘RR’(S (R—ct)
(47)
’ma5$a$3_2ma3$ zo+m33zOR 5/// (R t/ .
R/5 — C ) 3
the integration over the angle gives
= AT Ty R,ia’”(ﬁ —ct') |
(48)

T "2 —+ +2 2 == /
uy = Az 2 ‘ZO‘ [ G RR LA AR IR R e
R

The integration with respect to the variable 7" is performed in the vicinity of rq = \/R2 — 22; to

this end we insert " = 7o + p in the argument R — ct of the function " and expand it in powers
of p; we get

R —ct :ﬁ—cth‘R—E/ ~
(49)
~ 2\/(ro+p)? + 25 —ct =~ Fop
the function & (EI — ct') becomes
! N g Ry d?
o (R —ct)=d (2rop/Ro) = 16r§ dp? ——0(p) - (50)

Similarly, we put ' = g 4+ p in the rest of the integrands in equations (47) and expand these
functions in powers of p; for integration we need to carry out this expansion up to the third order.
Making use of

RO + p+ 2R3p + .. ’ (51)
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we get finally

3T|z0|mas3 3T|z0|(m11+m22) 15T|20‘ m33
o=A0z 2 SarerTy A uy = Az birerity AT AT B (52)

where

T T 7‘2
A=+ 08—,
(53)

B— 3;23 . 147»0 L1
0

An estimation of the order of magnitude of the displacement u' can be obtained by noticing that
the brackets in equation (53) have a weak variation with Ry ~ ro =~ ct/2 > |z|; we get

u; ~ AszZZlaS (ET(;L ,
(54)

uy ~ Az (|Z°‘ [47(m11 + mag) + 220mss 2t2} ;

e (ct)®

we can see that the displacement in the secondary waves has a long tail (¢t~5-dependence). The
greatest value of the displacement may be estimated by extending the above calculations to the
time given by ct, = R, when Ry is of the order R (and ry ~ r); for r < |zo| we get

! o 3Tmas
Uy = Az 32merd
(55)
—A2647rcr4 (ma1 + Mgy — 5mag)

In order to get a numerical estimation for the magnitude of the secondary waves we may take
the thickness Az of the order [ = ¢T'; then, making use of a seismic moment M = 10*dyn - cm
(earthquake’s magnitude 7), density p = 5g/em® (m = M/p), a mean velocity ¢ = 5km/s,
r = 50km, for an earthquake’s duration T = 0.2s, we get a displacement of the order 10 3cm.
It is worth noting that the inclusion of the structure factor of the seismic source leads to larger
displacements and to irregular oscillations in the amplitude of the secondary waves, corresponding
to the succession of shocks in the focal region.

The secondary t-waves are derived in the same manner, by using the ptential H given by equation
(38) (and the displacement given by equation (25)). We get

cT EijkMpIT; Ty o1

H, = SIS (R — et) (56)
and
H; = AZ££5 (R—ct)d(z) , (57)
2T R
where
Ci = CiakMipTaTs — (CiakMi3 + Ei3kMia)TaZo + EiskMi3Z0 (58)

and ¢ stands for ¢;; the solution of the wave equationA — 2AA = H is

’ /

A = Az fdr ' (R —ct) . (59)

—/

2.
8mc RfR

In the expression of the displacement u' = curlA we perform the integrations over ¢ and r" and
get
’ 3T ‘ZO‘
w;, = Az——————(3myz — Ozmi; ) A+ Az
! 647?07’0]%0( K R

15T |z

i3 — 0; B, 60
4 créRS(mg 31133) (60)
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where A and B are given by equations (53). By comparing equations (60) with equations (52),
we can see that the displacement in the secondary [, t-waves is of the same order of magnitude.

Volume source. For a volume source of the form F = p(t)(R/R)0 (a — R) (equation (4)) we
have curlF = 0; therefore, H = 0 and u; = 0. For such a volume force we have only [-waves
(dilatational waves), given by #; — c;Aw; = gradg, where A¢ = divF; we may take grad¢ = F,

such that we have /
pT /dR’(S(t_‘R_R’/Cl)R (
Anc? R-R| R

for p(t) = pTd(t). It is easy to see that u; = wR/R, i.e. a volume source generates only
longitudinal waves, as expected. From equation (61) we get

t—\/R2+R/2—2RRu/cl)
w = /dRR / du-u , . (62)
201 VR?2+ R? —2RRu

/

-R) (61)

u =

The argument of the d-function has a zero for

R? + R? — ct?
-1 < uy = <1
= U QRR/ = ) (63)
which gives
2 2 2
uy = 4CIR2 /dR R* 1 R? — ?) . (64)

The function uo(R') given by equation (63) has a minimum for R = \/R? — ¢}t2 for R > ¢t and
ug(R) =1 for R = R F ¢t; for R < ¢t the function ug(R') has a zero for R = \/c?t2 — R? and
uO(R') = 71 for R = ¢t F R; taking into account these conditions, we get

u = (30’ + (R? = t?)a — (R? — ¢*) |R — ait| -

(65)
—3|R— at’l(a — |R — at]) .

This wave extends within the region —a < R — ¢t < a and exhibits a wavefront which moves
with velocity ¢; (R = ¢t). The function in the brackets has two extrema F(a®/24 — 2cta®) at
R — ¢t = Fa/2. Making use of p = f/a® (where f is force divided by density), it is easy to see
that in the limit @ — 0 the displacement u; given by equation (65) may be approximated by

mT

3o (R —at) (66)

Uy = —

where we introduced the scalar seismic moment m (of the order m ~ fa). We can see that the
displacement caused by such a volume source can be obtained from the far-field displacement
caused by a faulting source (equations (25)) by replacing formally in the latter the tensor m;
of the seimic moment by an isotropic (scalar) seismic moment m, m;; — —md;;. The secondary
waves produced by a volume source are obtained from those produced by a faulting source by the
same formal procedure.

Secondary waves from plane Waves The calculations described above can be repeated for incident
plane waves of the form ve/®R=“1): the secondary waves displacement is given by
u/ _ Z(KV)Kl Azei(KlR*Wt) B ZKt X (K X V)

A i(KiR—wt)
2/{)1 2/‘% =€

: (67)
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where K; = (k, —x;) and K; = (k, —x;). We can see that for a longitudinal incident (primary)
wave (K xv = 0) the secondary (scattered, reflected) wave is also longitudinal; and for a transverse
incident wave the secondary wave is transverse. This is different from the reflection of the plane
waves from a flat surface, where the reflected wave has in general mixed polarizations. At the
same time, the reflection coefficients given by equation (67) are different from the plane wave
reflection coefficients. However, if the incident beam is sufficiently narrow to be approximated by
a pulse, the results given by equation (67) hold. The absence of the mixed polarization is caused
by the fact that in a very narrow pulse on a free surface the other polarization component has
not enough time to develop. For a fixed surface mixed polarization occurs; the fixed surface is
extended, while the free surface takes the localized shape of the pulse.

Discussion and conclusions. The point faulting seismic source (spatially localized source) is
re-formulated in this paper, by using its localized nature and the symmetry of the seismic moment
tensor. The expression obtained this way for the faulting force, by means of the spatial derivatives
of the d-function, is more convenient for the calculation of the seismic waves. Similarly, the volume
seismic source is represented in this paper by means of the pressure developed in a small spherical
cavity where the source is localized. It is shown that such a volume source is formally equivalent
with faulting source with an isotropic (scalar) seismic moment for a J-pulse time dependence.
For extended sources, both in space and time, a structure factor of the focal region is discussed,
which is responsible to a large extent for the detailed, complex structure (fine structure) of the
seismograms.

For spatially localized sources with a d-pulse time dependence the seismic waves are calculated in
the transient regime (prior to the setting-up of the stationary vibrations regime), by decomposing
both the displacement and the forces in the elastic waves equation by means of the Helmholtz
potentials; the calculations are carried out for an isotropic elastic half-space bounded by a plane
surface, which may be viewed as an approximate model for the Earth. Particular attention is paid
to the problem of boundary conditions. It is shown that, for such a faulting source, the primary
waves are double-shock P- and S-spherical waves, propagating with elastic wave velocities ¢; and,
respectively, ¢; (primary [, t-waves); as expected, a volume source produces only longitudinal [-
waves. The Dirac d-function and its derivatives, appearing in the expression of these waves, are
only approximate representations of functions with a small, but finite extension in space and time.
On the Earth’s surface the spherical waves generate a circular seismic spot of finite spread. It
is shown here that the interaction of the primary waves with the surface in this region, affected
by the primary waves (and propagating on the Earth’s surface), the surface reaction produces
additional waves sources, localized on a superficial layer, which generate secondary waves. The
[, t-secondary waves have been explicitly calculated. They can be viewed as waves scattered from
the Earth’s surface (or from interfaces of Earth’s internal layers). It is shown that the secondary
waves contribute a long tail to the seismic movement, which is a well-known feature of the recorded
seismograms.

The paper puts forward convenient mathematical expressions for point faulting and volume seismic
sources, and the solution of the seismic wave equation in an elastic isotropic half-space in the
transient-wave time interval in two steps: primary spherical waves (P- and S-waves) and the
secondary waves generated by the primary waves by their interaction with the surface (waves
scattered by the surface), for sources with a d-pulse time dependence.
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