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Abstract. The work is based on Sommerfeld’s ideas in solving the diffraction problem on a mirror
segment. On this basis, a new method for solving the dynamic problem for a vibrating rigid stamp is
developed. The solution is sought by minimizing a functional. Sommerfeld’s method is used to select
the only physically correct solution. Namely, the expressions in the minimized functional are reduced
to dimensionless form. This allowed us to create a method for calculating wave acoustic fields for
arbitrary radius of a rigid stamp. Applied to vibration problems, the solution for a small rigid stamp is
obtained in explicit form. This allows stable calculation of vibrating wave fields for teleseismic distances.
The program created on this basis allows carrying out calculations even on personal computers with
OpenMP parallelization. A result of analytical calculations the distinction of wave fields for a stamp
and a distributed source of small dimensions are shown.
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Introduction

A considerable number of works are devoted to methods of solving mixed problems. Let us
note the works [1-6]. In the paper, based on the solution of the diffraction problem [1], a new
method for solving the dynamic problem for a vibrating rigid die is developed. This method for
solving the dynamic problem for a vibrating rigid stamp, which allows to carry out calculations for
teleseismic distances. The acoustic case for an arbitrary layered medium is considered. Following
[2,3,4,6] in a cylindrical coordinate system on one part of the daytime surface (z=0) is given a
displacement different from zero; on the other — stress equal to zero. Following [1], the solution
is sought by minimising the functional. This method of solution construction admits an infinite
number of mathematically correct solutions. And only one of them will give physically correct
solution. To choose the only solution, the behaviour of the solution in the vicinity of the point
of discontinuity of the of boundary conditions (condition on an rib) [3,4,5]. But other methods
are also known. In [2], it is assumed that the force applied to the stamp is known. On this
basis of the only solution is found. In this paper, in order to select the only physicallys correct
solution, Sommerfeld’s method [1] is used. Namely, in the minimised functional, the expressions
are reduced to dimensionless form (dimensionalitys is equalised). As a result, the problem is
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reduced to the solution of a system of linear algebraic equations (SLAE). This allowed us to
create a method of calculation of wave acoustic fields for arbitrary radius of rigid stamp. SLAE
is solved on the basis of the open package of linear algebra, developed at Moscow State University.
In this case, the solution of SLAE for significant spatial and temporal scales requires the use
of technology of high-performance computing. That is, for calculations it is necessary to use
supercomputer. For vibration problems, the size of the seismic source (stamp) is always much
smaller than the length of the wavelength. In this case, an explicit received formula for the
solution in the spectral domain. For it it is no longer necessary to solve SLAE. And it allows to
stably calculate vibrating wave fields for teleseismic distances. The programme created on this
basis allows to carry out calculations even on personal computers with OpenMP parallelisation.
A result of analytical calculations, the distinction between the wave fields for a stamp and a
distributed source of small sizs.

1. Statement of the task

The mathematical statement of the task of modelling P waves is formulated in a cylindrical
coordinate system (0 < 7 < 00, 0 < 2 < 00) in the axisymmetric case as follows. Determine the
function u(z,r,t) from the equation:

0%u  10u qui 1 0%u
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In this paper, the problem of wave propagation from a vibrating rigid stamp. Statements of
the task for a rigid stamp are given in many works [2, 3,4, 6]. Of these, the boundary conditions
in the axisymmetric case for the wave displacement « in the cylindrical coordinate system (r, z)
are set as follows:

u/.—o = f(t), <o, (2)
%/z:():o, r>rg. (3)

The initial conditions are added to the (1)—(3) formulas

9
w= ai: 1o = 0. (4)

In (1)—(3) ro is the radius of the stamp, the velocity V(z) > 0 is an arbitrary piecewise function
(layered medium). The input impulse f(¢) is chosen as a Gaussian function e~ (mfot/2)* sin(2m fot),
fo is its carrier frequency.

In addition, we still need a condition for the isolation of a single physically correct solution,
which will be discussed below.

2. Analytical method of solution

The solution (1)—(4) is constructed by using finite integral transformations in terms of of time
t and lateral variable 7:

o0

u(z,r,t) = oT u(z,r,wj) exp(—wj - t). (5)

j=—oc0
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u(z,m,w;) = % > w(z, knw;) Jo(knr) /T3 (kna). (6)

In (5) and (6) w; = j - 7/T, kn = x,/a. Where z,, are the roots of the equation Jy(x) = 0.
T and a are the boundaries of the computational domain.

In the following, irrelevant indices will be omitted to shorten the notation. Also, for the sake
of clarity, we first consider the case of a homogeneous half-space. In this case, the equation (1)
using (5)—(6) will turn into an ordinary differential equation:

d*u(z, kp,w) 5 9 02
— gz (ki —w*/Vu(z, ky,w). (7)
From (7) we elementarily obtain
w(z, kn,w) = u(0, kp,w) exp(—vyz) = Cp exp(—vp2), (8)
W) ), Cexpl2). (9)

du
The formulas (8) and (9) give expressions for the displacement u and "stress" -, asa function
z

of the as yet unknown coefficients C,,, v, = \/k2 — w?/V2. In the following, for the sake of clarity,
"stress" will not be taken in quotes. To satisfy the conditions at infinity in (8)—(9), the principle
of limiting absorption is used. For this purpose instead of w? we take w? 4 i - € - w, where ¢ is a
small value [7].

Given (8)—(9), the boundary conditions (2)—(3) in the spectral region (k,w) will look as
follows:

Z CnBmdo(kmr) = F(w), 1< 1o, (10)
m=1
= VmConBmJo(kmr) =0, 7> 10, (11)

m=1
In (10)—(11) F(w) is the spectrum of the function f(t) and the abbreviation is introduced:
B = 2/ (a®J} (kma)).
To find the unknown coefficients of C,,, following Sommerfeld [1] we consider the quadratic
errors corresponding to (10) and (11):
2 a
rdr and /
ro

o
/0

The sum of both errors in (12) should reach a minimum at the appropriate choice of C,,.
Differentiating over C* we obtain a system of linear algebraic equations (SLAE):

F =" CuB, Jo(kmr)

2
> vmCinB,, Jo(kmr)| rdr. (12)

S (@nm + ViVmbom)mCon = F(w) / o) = F(w)gn. (13)
0

m

In (13) and hereafter, an asterisk denotes a complex-conjugate quantity. The matrices ay m
and by, ,, using Green’s formula [1] are calculated exactly by explicit formulas.

To 2
Onp, = / rJo(knr)Jo(kmr)rdr :%0 [Jg(k;nro) + Jf(knro)] ,
0
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_ k?rLJO(knTO)Jl (kaO) - knJO (k’rnTO)Jl (knTO)
Gpm = T0 k?n — k% )
Similarly for by, .
In this case, the time frequency w is included as a parameter in the SLAE (13).

n#m. (14)

In :/ rdo(knr)dr =roJ1(knro) /K. (15)
0

The equality (11) can be multiplied by any real number X different from zero. In this case,
when minimising the functional, instead of the SLAE (13) we obtain:

D (@nm /X + Vb)) B Crn = F(w)gn /X* = F(W) fo- (16)

m

SLAE (16) has an infinite number of mathematically correct solutions for different X. And
only one will give a physically correct solution [5]. B At present, the only physically correct
solution is chosen on the basis of the asymptotics of the solution in the vicinity of the stamp
edge (rib) [3,4,5].

However, other methods are also known. In [2], it is assumed that the the force applied to
the stamp known. Based on this, received correct solution. In this paper, the single solution is
determined based on the method of Sommerfeld method [1]. At consideration of diffraction on
a part of a mirror, he brings the corresponding quantities to a dimensionless form. Since v, has
dimension inverse to the metre, then X must have a dimension in metres. From (15) and (16),
consider the expression g, /X?. Require, that at 1o — 0 ¢g,/X? — 1. That is, so that at the
point stamp (ro = 0) there is a concentrated impact. Since Ji(a) =~ a/2 when « is small, we
obtain that X = rq/ /2. The value X will have the dimension in metres. Thus the dimensions in
(10) and (11) will coincide. In this case

fn= gn/X2 = 2J1(knT0)/knT0- (17)

The expression (17) coincides with the source of the normal force uniformly distributed over
the area of the circle on a flat day surface [§].

For a stamp of arbitrary sizes, the SLAE (16) is solved using the software open source software
developed at Moscow State University.

For vibration problems, the size of the seismic source (stamp) is always is much smaller than
the wavelength. In this case, following [1], an approximate explicit formula for the solution in
the spectral region is obtained. Let rg << A. Here A is the wavelength. This condition is known
fulfilled for the radiating platform of the vibrator.

It is known, for example, from [1] that at small p

Jo(p) ~ 1, Ji(p) ~ p/2. (18)

In (18), terms above the first order of smallness are discarded.
Consider the SLAE (16) at small ro. Using (18) we obtain

2
2

2
ann/X = 7"8 9

[J5 (knro) + J5 (knro)] ~ 1,  @nm/X> ~ 1. (19)

Given (19), the SLAE of (16) will take the form:
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After the transformation 8,,Cy, = 2, (20) will take the elementary form:

Unlp

P

T+ > T = F(w)fn (21)

We find the solution to (21) as follows. Assume
T = (F (W) frn B /VmV,)- (22)
Substituting (22) into (21) we determine c.

fn 1

= = . 23
T rots 1+ 75 (23)
In (23)
Brm
- - 24
s zmj el (24)
Since from (17) and (18)
1 I{in’l“o 1
fn 2 Jl(knro) ( )
In (25), terms above the first order of smallness are also discarded.
Taking into account (25) we obtain
= elw) = 15 (26)
c=clw) =13

Since Cy, = T,/ Bm then from (22-26) taking into account (8) we obtain the the solution for
a stamp of small dimensions. On the day surface z = 0 the solution looks as follows:

(0, kp,w) = ciw*)fn (27)
nn

Verification of the accuracy of the formula (27) was performed by comparing it with the
solution of the SLAE (16) in the physical domain. For transition to the physical domain formulas
(5) and (6) were used. The result was a match with an accuracy of three digits.

At present, the formulations often used for vibration problems are, when the stress distribu-
tion on the day surface is given. In [9] it is stated that such a problem is solved much easier than
the mixed problem. U there is no need to solve the mixed problem at small sizes of the source.

Let us set a uniform stress distribution on the day surface at 0 < r < rq :

ou 2 ou

5/2:0: Pf(t)v 7”<T0; a/z:OZOa T >Tg. (28)
0

The solution of the problem (1), (28), (4) is well known [8]. In the notation of this paper, it

is as follows:
F(w)

Un

(0, kyp,w) = fn. (29)

Thus, the solution for a rigid stamp (27) is fundamentally different from the solution for a
radiation source in the form of a distributed force (29).
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In this approach it is quite simple to take into account the layering of the medium. For this
purpose second-order ordinary differential equation (7) by introducing a auxiliary function «(z)

such that d—u = —a(z)u in each layer reduces to a first order equation [10].
z
d
d—j —a? =12 (30)

The nonlinear equation (30) has an explicit solution. Let the medium consists of N layers.
And all of them are located on a half-space. In this case, the recalculation of the auxiliary
function oy, from the layer with index p to the layer with index p — 1. Index p — 1 is made by
the formula:

Lo + vpth(vp(hp — hp-1))
"y + apth(vp(hy — hp-1))’

(31)

ap_1 =

In (31) hy, — hp—1 is the power of the layer with index k.

The process starts with the layer with index N. In this case, ay = |/k2 —w?/VZ, |, where
Va1 is the velocity in the half-space. Finally, using the differential sweep method (31). «q is
found [10]. And then the solution for a rigid stamp of small size will be given by the formula

(27), in which v is replaced by ay.

3. Results of the analytical solution

Fig. 1 gives the wavefield for the rigid stamp at z=0. On the vertical axis is the time,
milliseconds (increases down); on the horizontal axis is the dis tance, kilometres. The initial
distance is 1 kilometre and the final distance is 5 kilometre. The radius of the rigid stamp ro=.
1 metre. A homogeneous half-space is considered. The velocity in the half-space V=1 km/sec.
The pulse f(t) in the source is taken as a Gaussian function with a carrier frequency of 50 hertz.
Fig. 1 (A) shows the displacement, and Fig. 1 (B) — stress. It can be seen from Fig. 1 that the
displacement occurs and the the stress is zero. Thus it is numerically shown that the condition
(3) is fulfilled.

Next, the wave fields for a stamp and a distributed source are given. Moreover, the rigid
stamp and the distributed source have small sizes. For the simplest model of a layer on a half-
space is taken for comparison. Fig. 2 is given the wave field with a distributed source. A layer
on a half-space is taken. The velocity in the layer is 1 km/sec and in the half-space is 2 km/sec.
The thickness of the layer is 1 km. The distributed source has a size of 1 metre. In Fig. 3 shows
the wave field in the case for a 1 metre size rigid stamp. The other parameters are the same as
in Fig. 2. In Figs. 2 and 3, P — direct wave, PP — reflected wave, PPP — multiple wave. It can
be seen from Fig. 2 that in the case of supercritical reflection, for example, the reflected wave
becomes larger than the direct wave. This is consistent with wave theory [11]. In the case of the
rigid stamp in Figure 3, the wave dynamics strongly changes. Thus, the wave fields are different
for a rigid stamp and a distributed source of small sizes.

Conclusions

In this paper, based on Sommerfeld’s ideas, a new method of solving the dynamic problem
for a rigid stamp. It allows to carry out calculations of acoustic waves for teleseismic distances.
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Fig. 1. Wave fields for a rigid stamp. Half-space. The radius of the stamp is 1 metre. Displace-

ment field (A). Stress field (B)
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Fig. 3. Wavefield for a 1 metre rigid stamp. The layer on a half-space

The method is based on minimisation of a functional. The functional includes the displacement
at the foot of the stamp and the stress outside the stamp. Knowing the law of stress distribution
under the plate of the seismic source is not necessary for this method. In order to choose the only
physically correct solution of this diffraction problem, the Sommerfeld method is used. Namely,
in the minimised functional, the expressions are reduced to a dimensionless form (dimensionalitys
is equalised). From the minimisation of the functional in the standard way, a system of linear
algebraic equations (SLAE) is obtained. For its solution is used open source software developed
at the MSU.

Applied to vibration problems, when the size of the stamp is much smaller than the wave-
length, an explicit formula for the solution is obtained. In this case, there is no need to solve
SLAE. Therefore, the created programme allows to calculate vibration wave fields for teleseismic
distances even on personal computers with OpenMP parallelisation. As a result of analytical
calculations, a distinction was found between the wave fields for a rigid stamp and a distributed
source in the case of their small sizes.

This work was conducted within the framework of State Assignments of the Institute of Com-
putational Mathematics and Mathematical Geophysics SB RAS, project No. FWNM-2025-0004.
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Metoa 3omMmepdesbaa peleHns: JUHAMAYECKO 3aa9m
O BJABJIMBAHUM 2KECTKOI'O IIITaMIIa

Anekceii I'. PaTbsgaHOB
MucTuTyT BHIYUCINTENIBHON MaTeMaTUKU u MaTemarudeckoil reodusuku CO PAH
Hosocubupck, Poccuniickast @eneparust

Awnnoranus. Pabora ocHoBana Ha unesx 3oMmMepdelibia Py PeIieHnn 380291 JUQPAKIUA Ha CerMeH-
Te 3epkaJjia. Ha 3Toii 0OCHOBe pa3BUT HOBBIN METOJ PEIIeHUs] JUHAMUIECKON 3a1a9¥ /i BUOPUPYIOILIEro
2KECTKOTO IIITaMIIa. Pelllenne uimercst ¢ moMOIbI0 MUHIMU3ANH GyHKIHOHATA. [71s BBIOOpa e TMHCTBEH-
HOro pU3NIECKN BEPHOTO PEIIEHUs UCIIOb3yeTCs MeTo, 3oMMepdebaa. A IMEHHO, B MUHUMU3UPYEMOM
PYHKIMOHAJIE BBIPAYKEHUsI IIPUBOJISATCS K 6E3pa3MEpHOMY BULY. DTO MO3BOJIMIIO CO3/ATh METOJ, pacueTa
BOJIHOBBIX aKYCTHYECKUX TOJIEH JJTsT TPOM3BOIHLHOTO PAJMYCA XKECTKOTO ITamia. [[pumenuTesbHO K BUO-
PALMOHHBIM 3aJa9aM IOJIyYeHO PeIIeHne IJIsT MAJIOro KECTKOTO IITAMIIa B IBHOM BHJIE. DTO IO3BOJISIET
YCTONYNBO BBIYUC/ISATH BUOPAIMOHHBIE BOJIHOBBIE MIOJIsI HA TejleceiicMudeckue paccrosiaust. Co3maHHast HA
3TOI OCHOBE IPOrPaMMa, IIO3BOJISIET IIPOBOJIUTH PACUYETHI Jlayke Ha MePCOHAJIBLHBIX KOMIIBIOTEpPaX ¢ paciia-
pamtenusannem OpenMP. B pesyibrare aHAJIUTUYECKUX PACYETOB MMOKA3AHO OTJIMYKME BOJHOBBIX IOJIEH
TSI IITAMITa ¥ pacIpee/IEHHOrO NCTOYHIKA MAJIBIX PA3MepPOB.

KuarouesBsblie cioBa: Meron 3oMmMepdenbia, CMeNanHast 331294, KeCTKIUI IMITaMIl, MUHAMUA3aIus QyHK-

IIOHAaJIa, BbIPABHUBAHUE Pa3MepHOCTel, aKyCTUYeCKre BOJIHBI.
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