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Abstract

We developed an analytical method for evaluating the piezomagnetic field con-
sidering the inhomogeneously magnetized crust. In this paper, we present a FOR-
TRAN program to calculate the piezomagnetic effect due to a spherical pressure
source (the Mogi model) in the inhomogeneously magnetized crust.

1. Introduction

In the previous studies (Sasai, 1991; Utsugi et al.,1999), the analytical
solution of piezomagnetic effect has been obtained in the case of uniformly
magnetized crustal model. However, it is self-evident that the earth’s crust is
inhomogeneously magnetized. Then, to represent the inhomogeneity of the
crustal magnetization, we divide the crust into a number of compartments.
Each compartment is assumed to have its own uniform magnetic properties such
as the magnetization and the stress sensitivity. The geomagnetic field change
at a certain point on the earth’s surface may be approximated by the sum of the
piezomagnetic field derived from each compartment. The piezomagnetic field
is generally expressed by the surface integral of displacement and its derivation
over the boundary surface of magnetized region. In the case of the compart-
ment model, the surface integral becomes finite one. This integral cannot be
solved analytically. However the line integral with respect to either coordinate
can be represented analytically using elliptic integrals. There are several
simple algorithms to make rapid and exact evaluation of the elliptic integrals.
Using these algorithms, the piezomagnetic field can be expressed by line inte-
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gral. Through numerical evaluations of this line integral by using the double
exponential method (e.g. Takahashi and Mori, 1974), we can obtain the
piezomagnetic field considering the inhomogeneity of the crustal magnetization.

In this paper, we present a FORTRAN program which calculates the
piezomagnetic effect due to a spherical pressure source (the Mogi model : Mogi,
1958) in the inhomogeneously magnetized crust.

2. Geomagnetic field changes due to Mogi model

We consider the coordinate system as shown in Fig. 1. A semi-infinite
elastic medium occupies z>0. We assume that the region V, is uniformly
magnetized cube and outside V; is demagnetized. We also assume that the
elastic properties such as Lame constants A, ¢ are common in the regions V; and
V5. The analytical solution of the displacement u due to the Mogi model is
obtained by Mindlin and Cheng (1950) and Yamakawa (1955) as follows:

_Cl«x x 6xz(z+D)]
S Tib At s W
_Cly vy 6y2(z+D)}

Clz—=D ,D 6z2z+D)?
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where Ri=vx?+v*+(z—D)?, R*=Jx?+y*+(2+D)? and D is the source depth.
The moment C is given by

L\ y (North)

V2
J=0

Pressure Source

|
z (Down) V, (surface is S;)

Fig. 1. - Coordinate system, source and crustal model are shown.
A semi-infinite elastic medium occupies z>0. The cubic region ¥\ (LX WX H
km?®) is uniformly magnetized and outside V, is demagnetized. In this medium,
a spherical pressure source (the Mogi model) is assumed.
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__1 3
C= zaAP,

where ¢ is the radius of the sphere and AP is the hydrostatic pressure acting on
the surface of the sphere.

According to the representation theorem for the piezomagnetic field (Sasai,
1991), the geomagnetic change 4M is expressed by the integral over the bound-
ary surface S; (Fig. 1) of the cubic region:

amr(e) = f] [{ - 240+ 5 amt o} T

() 5 an( )]as:. @)
1, 3A+2u
2 B /1_}_11 ]kr
o3[ un Jur\ s
Ami= 2( ar, + 8xk> didivu,
o=|ro—r|,

where §;; is the Kronecker’s delta, J, is the 2-th component of initial magnetiza-
tion within V; and u is the displacement vector. r, and r indicate the observa-
tion point and the arbitrary point within the medium, respectively.

Substituting egs. (1) to (3) into eq. (4), the geomagnetic field changes are
written in the form of surface integral of function f(1/R, 1/p). In the present
case, we have to make the finite surface integral because S, is finite. As
mentioned in the previous chapter, we cannot solve this finite surface integral
analytically. However, using elliptic integrals, the integral with respect to
either coordinate can be represented by the analytical form. Then we can
transform the surface integral of eq.(4) to the line integral as shown in the
following chapter.

3. - Line integrals of f(1/R,1/0)

In eq. (4), we see the following integrals of function f(1/R,1/0):
. _ 1
0y, 2, %o, Yo, 20 ; D)‘-/R' i‘p‘ s dx, (5)
- Dy= [—F
iy, 2, %0, o, 20 ; D)~lep, dx, (6)

These integrals can be solved analytically using the following elliptic integrals :

_(* 1 . . .
F(g, k)—l ———mdw (First Kind), @)



742 M. Utsugi

E(g, k)=£¢~/1—kzsin2qo'dgo' (Second Kind). (8)
For example, we consider the following integral :
Y
on= | o (%)
For the convenience, we denote R and p as follows:
Rl=x"+ &

O =x*~2x0x + 8,
¢’ =y*+(2— DY,
cd=uxt+c?,
=(w—y)+(z—2),
where (x, y, z) is the arbitrary point within the magnetized region of the
medium, and (xo, v, 20) is the observation point.
To express eq. (9) using the elliptic integrals, we introduce the following
variable transform :
at+

GEESE (10)
where
_ag--D
a= 29&) ’
2 w2
p=25ED (azp),

D*=(c— ) +4x58%
Using eq. (10), R and p become more simply :
Rr=yrl(@+ )P+ (84 £9),
=@ =20t D+ (8~ 2xaf+ ob).
Therefore the terms 1/R and 1/p are written as follows:

1 1 |t+1]] 1, 1 [t+1]

ﬁﬂx/l)(a) J+ & o Jela) VE+2

where
ps)=s*+¢7
q(s)=(x0—s)*+ %,
E=p(B)/pa),
7”"=q(B)la(a) (&>79%),
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and eq. (9) is rewritten as follows :

(11)

a— 1
(D“:%)f(a) f/t2+52/t2+ 7
Transforming ¢ - go:tan“‘(—:;—), we obtain the following result :
@uzﬁL
Vp(@)q(a) €
where B*=(£2—p?) /6% To evaluate the elliptic integrals, there are some algor-
ithms (Cayley, 1961 ; Byrd and Friedman, 1954) without solving egs. (7) and (8)
directly. Using these algorithms, we can evaluate @), easily. With the same
manner, @,; and ¥;; are solved analytically. The exact forms of @,; and ¥;; are
given by Utsugi (1999).
The geomagnetic change is written by the following line integral of g which
is an arbitrary function of @,;; and ¥, :

F(o, k),

AM*(ro)= Ci [£( @0, T), Tilro, 1))l (12)

From numerical calculation of this integral, we can evaluate the piezomagnetic
change considering the inhomogeneously magnetized crust. To evaluate eq.
(12), we use the double exponential integral method (DEM).

4. Programs

The source list of the programs for calculating the piezomagnetic field is
given in Appendix. The subroutine ‘MGINHOMO’ calculates the geomagnetic

Tablel. Input parameters.

X0, Y0, Z0 %o, Vo, 20 (km) Observation point

CX0,CYo, CZ0 (km) Location of the center of the
cube

CL,CW, CH LW H (km) Length, width and height of the
cube

Co a*dP/2 (km®-bar) Moment of Mogi model

Do D (km) Source depth

AMU 7 (cgs) Rigidity

POI v Poisson ratio

CMZX, CMZY, CMZZ J=Ux, Ty, Jx) (A/m) Magnetization vector within
the region W

BETA B (bar™) Stress sensitivity
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change due to a magnetized cubic block. This subroutine requires the parame-
ters as shown in Tablel and returns eastward (DMX), northward (DMY),
downward (DMZ) and total force (DMF) components of geomagnetic change.

The double precision functions ‘MGXY X,’, MGXZ X, and ' MGYZ X, (X,=
X, Y or Z) calculate the contributions from the x —y, x —z and y—z plane of
Vi, respectively. The subroutine ‘PHSIIJ’ calculates @,; and ¥;;. The elliptic
integrals which appear in @;; and ¥, are calculated by the subroutine ‘ELLIP-
FE’. The subroutine ‘DEMINT’ calculates the numerical line integral of the
functions of @,; and ¥;; numerically using DEM.

5. Numerical example

In Fig. 2, we show a numerical example. This figure shows the profiles of
the total force of geomagnetic change along the y axis (x=0, 2=1){(m). The
case A in Fig. 2 is based on the uniformly magnetized crust: a layer 0<z< H;
=15 km (H. indicates the Curie depth) is uniformly magnetized by 1 A/m. The
case B is based on the inhomogeneously magnetized crust as shown in Fig. 1.
The intensity of magnetization within the cube is assumed as 1 A/m. In both

20 T T T T T T T

10k Case B

AF (nT})

st \ Case A 4

-10 I 1 i ) ! n !

4 t s 8 10 12 14 16
Edge of cube Yo (km) Edge of cube
(yo=5km) (Yo=15km)

Fig. 2. Profiles of the total force of geomagnetic change along the y axis (x=0, 2=
1m). Cases A and B indicate the geomagnetic changes based on an uniformly
magnetized crustal model and a cubic model, respectively.
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Table 2. Cubic model parameters.

(X0, Z0) ()] (m)
(CX0,CY0, CZ0) (10, 0, 7.5) (km)
(CL,CW, CH) (10, 10, 15) (km)
Co 10° (km®-bar)
DO 5 (km)
AMU 3.5X10" (cgs)
POI 0.25

(CMZX,CMZY,CMZZ) 0, 1/V2, 1/V2) (A/m)
BETA 1074 (bar™)

cases, the magnetic inclination and declination are assumed as 45° and 0°,
respectively. The model parameters are given in Table 2. Through this calcu-
lations, it becomes clear that the piezomagnetic effect is enhanced around the
edges of the cubic block (at y,=5 and y,=15km). This is caused by the fact
that, unlike a uniform medium, the magnetic fields arising from stress-induced
magnetic dipoles do not cancel with one another around the edges. The
mechanism of this enhancement is well discussed in Oshiman (1990} and Utsugi

(1999).
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1 SUBROUTINE MGINHOMO(XO, Y@, 78, (X0, (Y, (7@ 70 & EPS, L, DMXYY®)
2 s CL, CW, CH, CO, DO, AMU, POI, CMZX, CHZY, (MZZ, 71 CALL DEMINT (MGXYY, X0, YO, 70, DO, (Z+0.500°CH,
3 [ DMX, DMY, OMZ, OMF) 72 ) CX-8.500°CL, (X+0.5D0%CL,
4c sesvasesnrasenns 73 & CY-@.500°CH, CY+a.508%CK,
s ¢ 74 & EPS, L, DMXYYH)
6C GEOMAGNETIC FIELD CHANGE AT OUTSIDE THE MEDIUM 75 C
7¢ DUE TO THE MOGI MODEL 76 DMXYY ~DHXYY@-DMXYYH
8¢ BASED ON THE CUBIC BLOCK MODEL 7 c
9 ¢ CODED BY M. UTSUGL....DEC 1999 78 € DHXYZ: DOWNNARD COMPONENTS
19 ¢ 79 C
11 ¢** ee sevseserernrase 80 ALL neum (MGXYZ, X0, Yo, zo D@, C2-9.5D0°CH,
12 Covee INPUT | PARAMETERS 81 & .508%CL, CX+0.500*CL
13¢ X8, 70 : LOCATION OF THE OBSERVATION POINT 82 & cv 8.500*CH, CY+0.500°CY,
14 C xo, cve Cz0 i LOCATION OF CENTER OF CUBIC BLOCK 83 & EPS, L, 0)
15 ¢ oL, o, CH : LENGTH, WIDTH AND HEIGHT OF CUBE 8 CALL DEMINT (MGXYZ, X8, Y8, 70, DO, (Z+0.5D0*CH,
16 € ce : MOMENT OF MOGI NODEL 85 & (X-9.5D@°CL, CX+0.500°CL,
17 ¢ 00 : SOURCE DEPTH 86 & C¥-0.500°CW, CY+0.508%CW,
18 € AMY : RIGIDITY 87 & EPS, L, DMXYYH)
19 ¢C POI : POISSON RATIO 88 C
20 C (M2X, CMZY, CM2Z : MAGNETIZATION GAP THROUGH THE BOUNDARY 89 DHXYY ~DMXYYO-DMXYYH
21 ¢ SURFACE OF CUBE 90 ¢
22 ¢ BETA : STRESS SENSITIVITY 91 C**+ DMXZ : CONTRIBUTIONS FROM X-Z PLANE °**¢
3 < 92 C
24 (***** QUTPUT VALUES 93 ¢ DHXZX : EASTWARD COMPONENTS
25 C DMX ,DMY ,DMZ ,DMF : EAST, NORTH, DOWNWARD COMPONENTS 94 C
26 C AND TOTAL FORCE OF GEOMAGNETIC 95 CALL ncum (MGXZX, X@, Y8, 79, DA, CY-8.5D0°CW,
27 ¢ FIELD CHANGE (NT) 96 [ 0.500°CL, CX+0.5D0°CL,
28 97 & cz e soo-cu C2+0.5D0°CH,
29 IMPLICIT REAL*S (A-H, 0-2) 98 & . DHX2X0)
30 INTEGER NEND, NPOW 93 CALL nsnmr " (MGXZX, X0, Y8, Zo, DO, CY+0.5D0°CW,
31 couuou /COM1/7 NEND, NPOW, AO(2), 100 & (€X-0.500%CL, CX+0.5D0%CL,
32 & AP(608, 2), AM(608,2), BO, BB(6@8) 101 & CZ-0.5D0%CH, C2+0.5D0%CH,
33 COMMON /COM2/ Coo, COX, CY, oz 102 & EPS, L, DMXZXH)
34 C 103 ¢
35 EXTERNAL MGXYX, MGXYY, MGXYZ 104 DMXZX-DMXZXQ-OMXZXH
3% EXTERNAL WGXZX, MGXZY, MGXZZ 105 ¢
37 EXTERNAL MGYZX, MGYZY, MGYZZ 106 ¢ OMXZY: NORTHWARD COMPONENTS
38 C 107 C
39 EPS = 1.D-15 108 CALL DEMINT (MGXZY, X@, YO, ze, D@, CY-0.5D0*CW,
40 L= 109 s X-9.500°CL, (X+@.5D0%CL,
41 CMZO ~ SQRT(CMZX®*2+CHZY**2+CHZZ%*2) 110 & €Z-0.5DO*CH, CZ+0.5D0%CH,
42 SMMCMZ@*BETA®AMU® (1.D@+POI) 11 & EPS, L, DMXZY@)
43 €00-0. 508*SMM* 1. D-7 112 CALL DEMINT (MGXZY, X8, YO, 28, D@, (Y+0.5D0°CW,
44 COX~CMZX*C00 113 & CX-0.500°CL, CX+8.500°Ct,
45 COY--CMZY*C0R 114 & CZ-0.5D0°CH, (Z+0.5D0%CH,
45 €0Z-(HZZ*C00 115 & EPS, L, DMXZYH)
47 C 116 ¢
48 CALL FIAB (NEND, NPOW, AO, AM, AP, BO, BB) 117 DMXZY=DHXZYQ-DMXZYH
49 ¢ 118 ¢
5 C*** DMXY : CONTRIBUTIONS FROM X-Y PLANE *** 119 ¢ DHXZZ: DOWNWARD COMPONENTS
51 ¢ 120 ¢
52 C DMXYX : EASTWARD COMPONENTS 121 CALL DEMINT (MGXZZ, X0, YO, 20, DO, CY-0.5D0*CW,
53 ¢ 122 & €X-0.509°CL, CX+@.50@°CL,
54 CALL DEMINT (MGXYX, X@, YO, 70, 00, (2-@.5D0*CH, 123 & CZ-0.500°CH, CY+0.5D8*CW,
55 & (X-0,500°CL, CX+0.5D0%CL, 124 s EPS, L, DMXZZ0)
56 & CY-0.5D0°CW, CY+0.5D0%CN, 125 CALL DEMINT (MGXZZ, X0, YO, ze D@, CY+0.5D0*CN,
57 & £PS, L, DMXYX0) 126 [ €X-0.500°CL, (X+8'5DA%CL
58 CALL DEMINT (MGXYX, X@, Y0, 78, D@, CZ+0.500*CH, 127 & (2-0.5D0°CH, CY+8.5D0°CW,
59 & CX-0.500°CL, C(X+0.500°CL, 128 & EPS, L, DMXZZH)
] & CY-0.5D@°CW, C(Y+0.5D0"CH, 129 ¢
61 [ EPS, {, DMXYXH) 13e DMX2Z-DHX22@-DMXZZH
62 131 ¢
gi DMXYX=DHXYX-DHXYXH 132 C*** DMYZ : CONTRIBUTIONS FROM Y-Z PLANE **%
133 ¢
65 € DMXYY: NORTHWARD COMPONENTS 134 ¢ DMYZX : EASTWARD COMPONENTS
66 135 C
67 CALL DEMINT (MGXYY, X0, YO, 70, D3, CZ-0.5D0°CH, 136 CALL DEMINT (MGYZX, XO, YO, Zo 0@, (X-0.5D8%CL,
68 CX-0.5D8%CL, (X+0.SDOSCL, 137 CY-2.508°CH, CY+8.500%C
69 138 n CZ-0.500°CH, CZ+0. sm'cn

& CY-8.5D0°CW, CY+0.500*CW,

> 3

T <o

o

o]

=

g

”
=
S
z
&,
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AnA A
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8
ArA A

1 EPS, L, DMYZX0)
CALL DEMINT (MGYZX, X8, Y@, 20, D@, CX+@.500°CL,

& CY-0.5D8*CW, CY+0.5Da%CwW,

& CZ-©.5D0%CH, CZ+8.500°CH,

& EPS, L, DMYZXH)

DMY ZX=DMY ZX@-DMYZXH
DMYZY: NORTHWARD COMPONENTS

CALL DEMINT (MGYZY, X0, YO, Z0, DO, CX-0.5D@°CL,
& CY-0.5D0°CW, CY+0.5D0*Cw,
5 €2-8.5D@*CH, CZ+0.5D0*CH,
& EPS, L, WYZVB)
CALL OEMINT (MGYZY, XB, YO, 70, D@, CX+0.5D0*CL,
1 CY-0.500°CN, CY+@.508%CK,
& C2-8.500°CH, CZ+8.500%CH,
& EPS, L, DMYZYH)

DMYZY=DHYZYQ-DMYZYH
DMY2Z: DOWNWARD COMPONENTS

CALL DEMINT (MGYZZ, X0, YO, Zo, DO, (X-0.500°CL,
& CY-0.5D0°CW, CY+0.5D0*CW,

& €2-0.5D0*CH, (Y+Q.5D8*CW,

& EPS, L, DMYZZQ)

CALL DEMINT (MGYZZ, X@, Y@, 70, DO, (X+8.50@°CL,
& CY-0.500*CW, CY+0.5D0*(W,

& CZ-9.500*CH, CY+@.5D0*(W,

& EPS, L, DMYZZH)

DMYZZ=DMY220-DMYZZH

DMX=DMXY X+ DMX ZX+ DMY ZX
DMY =DMXYY + DMXZY +DMY ZY
DMZ=DMXYZ+DMXZZ+OMYZZ

DMF < (DMX* CMZX+DMY * CMZY+DMZ* C(MZ2) /(M20Q
RETURN
END

SUBROUTINE DEMINY (FUNC, X9, Yo, Z0, DO,
X1, X2, A, B, EPS, L, )

IMPLICIT REAL*8 (A-H, 0-Z)

INTEGER NEND, NPOW

COMMON /COM1/ NEND, NPOW, A0(2),

& AP(608, 2), AH(GO& 2) 80, 6B(608)

DATA HALF, EPSO / ©.5D@, 1.0D-32 /
DATA EPSM, EPSP / ©.D0, ©.D0 /

FAC = (B - A) * HALF
IF (L .EQ. @) THEN
SHEM = (B + A) * HALF
SHFP = SHFM
ELSE
SHEM = 0.08
SHFP = 0.08
ENDIF

11=0L+1

IF (ABS(EPS) .GE. EPSO) THEN
EPSV « ABS(EPS)

~N
~N
w
"

N
~
o
RS

ELSE
EPSY = EPSO
ENDIF
EPSQ = 8.2D@ * SQRT(EPSY)
H = HALF

IS = 2**NPOW
M S

x
]
e

[]
[
[
[]

VNEW = FUNC(X0, Y@,
&

z0,
KOCLLYSFAC4SHFP, 2, Xl X2) * 8O

---- INITIAL STEP -----

INTEGRATE WITH MESH SIZE = 0.5
AND CHECK DECAY OF INTEGRAND

DO 16 I = IS, NEND, IM

IF (KM .LE. 1) THEN
W = FUNC(X2, YO

, 20
& ANMCI, Ll)‘FAC + SHFM Z, X1, X2) * BB(I)

VNEW = VNEW

IF (ABS(IH) LE EPSY) THEN
KM =
IF(KM GE )M =1-1IM

ELSE
KM = 0

ENDIF

ENDIF

IF (KP .LE. 1) THEN

WP - FUNC(XQ, YO, Z0,
& AP(I, L1)‘FAC + SHFP Z, X1, X2) * BB(I)
VNEW = VNEW +

IF (ABS('P) LE EPSV) THEN
KP +
IF(KP GE 2) NP =1 - 1M
KP -0
ENDIF
ENDIF
IF (KN .EQ. 2 .AND. KP .EQ. 2) GOTO 1%
CONTINUE
CONTINUE
IF (NM .EQ. 0) THEN
NM - NEND
EPSM = SQRT (ABS(WM))
ENDIF
IF (NP .EQ. @) THEN
NP = NEI
EPSP = SQRT (ABS(WP))
ENDIF

EPSQ = MAX (EPSG, EPSM, EPSP)

-~ GENERAL STEP -----

pIal 2139uBRWOZ3I] JO UOLIB[MI[R) Jy] 10] weldoid Iamdwo) v

vl



277 VOLD = H * FAC * VNEW

278 ¢

279 DO 2@ MSTEP - 1, NPOW

280 ¢

281 VNEW « 0.0

282 ¢

283 IH = IS

284 1S=15/ 2

285 ¢

286 D0 S40 I = IS NM, IH

287 VNEW = VNE!

288 [ + FUNC(XG Yo, Zo, 0@,

289 & AMCI, L1)*FAC + SHFM, Z, X1, X2) * BB(I)
-298 540 CONTINUE

291 ¢

292 DO 550 I = IS, NP, IH

293 VNEW - VNEW

294 & + FUNC(X@, Y@, 2@, De,

295 & APCI, L1)*FAC + SHFP, Z, X1, X2) * BB(I)
296 sse CONTINUE

297 C

298 VNEW = (YOLD + H * FAC * VNEW) * HALF
299 ¢

ggg IF (ABSCVNEW - VOLD) .LT. EPSQ) THEN
7 — CONVERGED AND RETURN ------

303 *

304 ¥ = VNEW

305 RETURN

306 ENDIF

307 C

308 H = H* HALF

309 VOLD = VNEW

310 ¢

311 20 CONTINUE

312 ¢

313 v = VNEW

314 RETURN

315 ¢

316 END

317 ¢

318 ¢

319 ¢

320 SUBROUTINE FIAB (NEND, NPOW, AO, AM, AP, BO, BB)
321 ¢

322 INPLICIT REAL®8 (A-H, 0-2)

323 DIMENSION AM(608,2), AO(Z), AP(608,2), BB(608)
324

325 PARAMETER (ONE = 1)

326 PARAMETER (HALF = ONE / 2)

327 PARAMETER (N6 = 6)

328 PARAMETER (H = ONE / 2**(N6 + 1))

329

3@ A9 = 0.9999 9999 9999 9998 0O

331 *

332 * --—— START COMPUTATION OF POINTS AND WEIGHTS ---—-
333 ¢

3 PH = 2 * ATAN (ONE)

335 C

336 NPOW ~ N6

337 NEND ~ 608

338 ¢

339 AO(1) = 0.D0

340 A0(2) - 1.00

341 BO -

342 ¢

343 EH = EXP (H)

344 EN - 1.0

AnA

8
2
~e

mlBI-l NEND

EN
SH = (EN - ENI) * HALF
CH = (EN + ENI) * HALF
EXS = EXP (PH * SH)
EXSI = 1.00 / EXS
CHSI = 2.08 / (EXS + EXSI)
AP(I,1) = (CEXS - EXSI) * HALF) *+ CHSI
IF (AP(1,1) .GE. A9) AP(I,1) =
AP(1,2) = EXSI *
AMCI,1) - - AP(I, 1)
AMCI,2) = - AP(L,2)
BB(I) - PH * CH 5 CHSI**2
CONTINUE

AP(608,2) ~ AP(607,2)
AM(608,2) ~ AM(607,2)

RETURN
END

DOUBLE PRECISION FUNCTION MGXYX(X®, Y@, 7o, D@, Y, Z, X1, X2)
IMPLICIT REAL*8 (A-H, 0-2)

DIMENSION DI(1@,10), PHI(10,18), PSI(10,1€)

COMMON /COM2/ CBR, CoX, (oY, (oZ

ZT2=¥*Y+(Z-D0)* (2-D0)
CC2=(Y0-Y)*(YQ-Y)+(Z0-2)*(20-2)
2T-SQRT(272)
CC-SQRT(CCZ)

CALL PHSITI(X®, ZT, CC, X1, X2, PHI, PSI)

MGXYX=COX®(3.D0*(Z@-Z)*(X9*PHI(3,5)-PSI(3,5)))
[ +C@Y*(3.D0*(Z0-2)*Y*PHI(3,5))
& +C0Z*(3.00*(20-2)*2*PHI(3,5))

RETURN

END

DOUBLE PRECISION FUNCTION MCXYY(X®, Y@, 20, 00, Y, Z, X1, X2)
IMPLICIT REAL*8 (A-H, 0-2)

DIMENSION DI(10,10), PHI(10,1@), PSI(19,1@)

COMMON /COM2/ €00, CeX, (oY, CoZ

ZT2=Y*Y+(Z-00)*(Z-D0)
CC2=(YO-Y)*(YD-Y)+(Z0-2)*(20-2)
ZT=SQRT(ZT2)
CC=SQRT(CC2)

CALL PHSIII(X@, ZT, CC, X1, X2, PHI, PSI)

MGXYY=COX*(3.00*(20-2)*(YO-Y)*(PHI(3,5)-PSI(3,5)))
& +COY*(3.00*(Z0-2)*Y*(YO-Y)*PHI(3,5))
& +C0Z*(3.00*(28-2)*2*(YO-Y)*PHI(3,5))

RETURN

END

DOUBLE PRECISION FUNCTION MGXYZ(XG Yo, 70, DO, Y, Z, X1, X2)
IMPLICIT REAL*8 (A-H, 0-Z

DIMENSION DI(1@,1@), PHI(IO 10), Ps1(10,10)

COMMON /COMZ2/ (00, (X, Ceoy, (eZ
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IT22¥4Y+(2-00)*(Z-DB)
CC2=(Y0-Y)*(Y0-Y)+(Z0-2)*(20-2)
ZT=SQRT(ZT2)

CC=SQRT(CC2)

CALL PHSII)(X@, ZT, CC, X1, X2, PHI, PSI)

MGXVZ-COX‘(3 D@*(Z0-2)* (YO-Y)*(PHI(3, 3) PSI(3,5)))
& 9Y*+(3.D0°(Z0-2)*Y* (YO Y)*PHI(3,
& ¢coz~(3 DO* (PHI(1,1)-(20-Z)*(Z0- Z)‘PHI(3 53
RETURN

END

DOUBLE PRECISION FUNCTION MGXZX(X0, Y@, 20, De, Z, Y, X1, X2)
IMPLICIT REAL*8 (A-H, 0-7)

DIMENSION DI(16,10), PHI(1@,10), PSI(10,10)

COMMON /COM2/ C@@, C(OoX, CeY, (o2

ZT2-Y*Y+(2-D0)*(Z-00)
CC2-(Y0-Y)*(YQ-Y)+(Z8-Z)*(20-2)
IT-SQRT(ZT2)

CCaSQRT(CC2)

CALL PHSII}(Xe, ZT, CC, X1, X2, PHI, PSI)

MGXZX~COX*(3.D0*(Y0- V)‘(XO'PHI(S 3) -PSI(3,5)))
& +C0Y*(3.00°(Y0-Y)*Y*PHI(3,5
& +C02°(3.00%(Y0-Y)*Z*PHI(3, 5))

RETURM

END

DOUBLE PRECISION FUNCTION MGXZY(X®, Y@, 7@, D@, Z, Y, X1, X2)
IMPLICIT REAL*8 (A-H, 0-2)

DIMENSION DI(10,18), PH!(lO 10) PsI{1e,10)

COMMON /COM2/ CR0, CoX, Ceov, C

2T2=Y*Y+(Z-DR)*(Z-00)
CC2=(YO-Y)*(YQ-Y)+(20-2)*(Z0-7)
2T=SQRT(ZT2)

CCaSQRT(CC2)

CALL PHSII)(Xe, ZT, CC, X1, X2, PHI, PSI)

MGXZY=COX*(3.D@*(Y0-Y)* (Y8-Y)* (PHI(3, 3)-PSI(3,5)))
[ +C0Y*(3.00°(Y0-Y)*Y*(YO-Y)*PHI(3,5))
antuaﬁcoz.(a DR*(Y0-Y)*Z*(Y0-Y)*PHI(3,5))

DOUBLE PRECISION FUNCTXON MGX22(xe, Y@, 2o, D, Z, Y, X1, X2)
IMPLICIT REAL*8 (A-H,

DIMENSION 0I(10,10), PHI(lB 10), PsI(1e,10)

COMMON /COM2/ (oo, (OX, (oY,

2T2=Y*Y+(2-D0)*(Z-00)
CC2=(YB-Y)* (Y0-Y)+(Z0-2)*(Z0-2)
2T-SQRT(2T2)

CC=SQRT(CC2)

CALL PHSII)(X®, ZT, CC, X1, X2, PHI, PSI)

MGXZ2=C0X*(3.D@*(Y0-Y)*(Y8-Y)*(PHI(3,3)-PSI(3,5)))
& +COY*(3.08°Y*(Y0-Y)*(YO-Y)*PHI(3,5))

&
&
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[ +C0Z*(3.00%(Y0-Y)*PHI(3,3))
RETURN
END

DOUBLE PRECISION FUNCTXON MGYZX(Xe, Ya, zo, DO, X, Z, Y1, Y2)
IMPLICIT REAL*8 (A-H, 0-2)

DIMENSION DI(10,1@), PHI(10,10), PSI(10,1@)

COMMON /COM2/ (@@, CoX, CeY, (oz

2T2=X*X+(Z-D0)*(Z-D0)

CC2=(X0- X)'(xo x).(ze 2)*(20-2)
2T-SQRT(ZT

cc-SQRT((cz)

CALL PHSIIJ(Y®, 2T, CC, Y1, Y2, PHI, PSI)

MGYZX=COX*(3.00*(X0-X)*X*PHI(3,5))
+COY*(3.D8*(X0-X)* (X0*PHI(3,3)-PSI(3,5)))
& +(0Z%(3.00*(X0-X)* Z*PHI(3,5))
RETURN
END

DOUBLE PRECISION FUNCTION MGYZY(Xe, Yo, 2o, D@, Z, Y, X1, X2)
IMPLICIT REAL*8 (A-H, 0-7)

DIMENSION DI(1@,1@), PH!(lO lG) PSI(1e,18)

COMMON /COM2/ COQ, (oX, Coy, CoZ

ZT2=X*X+(Z-08)*(Z-D0O)
CC2=(X0-X)* (X0-X)+(Z0-2)*(70-2)
ZT=SQRT(ZT2)

CC~SQRT(CC2)

CALL PHSIIX(Y®, ZT, CC, Y1, Y2, PHI, PSI)

MGYZY=COX*(3.D0%(X8-X)* (X@-X)*PHI(3,5))
& +COY*(3.D0* (X0-X)* (Y@*PHI(3,3)-PS1(3,5)))
& +C0Z*(3.00°(X0-X)*Z*(X0-X)*PHI(3,5))
RETURN

END

DOUBLE PRECISION FUNCTION MGYZZ(Xe, Ye, Ze, Do, 2, Y, Xi, X2)
IMPLICIT REAL*8 (A-H, 0-Z

DIMENSION DI(10,1@), PHI(1@,18), PSI(1e,1@)

COMMON /COM2/ C0®, (OX, CaY, (8z

ZT2=X*X+(Z-D@)*(2-D0O)
CC2m(X@-X)*(X0-X)+(20-2)*(Z0-2)
ZT=SQRT(ZT2)

CC=SQRT(CC2)

CALL PHSIII(Y®, ZT, CC, Y1, Y2, PHI, PSI)

MGYZZ=C0X*(3.D0%X* (X0-X)*(X0-X)*PHI(3,5))
& +C0Y*(3.00°(X0-X)* (Y@*PHI(3,3)-PSI(3,5)))
& +C0Z*(3.00°2°(Z0-7)* (X0-X)*PHI(3,5))
RETURN

END

SUBROUTINE PHSITI(X®, 2T, CC, X1, X2, PHI, PSI)
IMPLICIT REAL*8 (A-H,0-Z,
DIMENSION 0I(1@,1Q), PHI(10,10), PSI(10,10)
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2T2-ZT*2T
CC2=CC*CC

CALL PQAB(X®,2T2,C(2,X1,X2,ALP,BET,PALP,PBET,
& QALP,QBET, DK, XI, ET,T1,72,PH1,PH2)

CALL ELLIPFECPH1,DK,ELPF1,ELPEL)

CALL ELLIPFECPH2,DK,ELPF2,ELPEZ)

ELPF=ELPF2-ELPF1

ELPE-ELPE2-ELPEL

XI2=XI*XI
ET2=ET*ET
TX1=T1*T14X12
*T2+X12
1-T1°T1+ET2
TEZ-TZ‘T2¢E12

m

DI(1,1)-ELPF/XT

113
DI(1,3)=(XIZ*ELPE-ET2*ELPF)/(XI*ET2* (XI2-ET2))
131

BI(3,1)=(ELPF-ELPE)/(XI*(XI2-ET2))
& +¥2/(XI2*SQRT(TXZ*TE2))-T1/(XI2*SQRT(TX1* TEL))

01(3 3)=( (XI2+ET2)*ELPE-2.DB*ET2*ELPF)/(XI*ET2*
(XI12-ET2)*(X12-£12))
+(T2/(XI2*SQRT(TX2*TE2))
-T1/(XT2*SQRT(TX1*TE1)))/(X12*(X12-ET2))

o

I51
DI(S, 1)-((3 DQ*X12-ET2)*ELPF

10° (2. DO*XI2-ET2)*ELPE) /(3. DO*XI2*XI *(XI2-ET2)* (X12-ET2))
+(3 DR*XI2-2.DO*ET2)* (T2/(XI2°SQRT(TX2°TE2))
-T1/(XI2*SQRT(TX1*TE1)))/(3.D@*XI2* XI2* (XI2-£T2))
+(T2/(X12*SQRT(TX2*TX2*TX2*TE2)
~T1/(XI2*SQRT(TX1*TX1*TX1*TE1)))/(3.00*XI2)

DI(3,5)=(DI(3,3)-D1(5,1))/(X12-ET2)
AB«ALP-BET

LY T
-
w

PHI11, PSI11
PHI(1,1)=AB*DI(1,1)/SQRT(PALP*QALP)
PSI(1,1)-AB*(BET*DI(1,1)
$0.5D0°ALP* (LOG(XT2+ET2+2.00°T2°T2+2. D0* SQRT(TE2*TX2))
-LOG(XI2+ET2+2.00*T1#T1+2. D0* SQRT(TEL*TX1))))/SQRT(PALP* QALP)
PHI33
PHI(3,3)=AB*(DI(1,1)-(XI2+ET2-6.D@)*0I(1,3)
+(X12°X12-6.D@*XI2+1.00)*DI(3,3)
3. D0% (SQRTCTX2°TED)
+(X12-1.00)/((ET2-XI2)* (ET2-XI2)*TX2)
+(£T2-1,08)/((ET2-X12)*(ET2-XI12)* TEZ))
-2.D0% (SQRT(TX1°TE1)
+(XI12-1.00)/((ET2-XI2)* (ET2-XI2)*TX1)
+(ET2-1.00)/((ET2-X12)*CET2-XI2)*TEL)) )/ (SQRT(PALP*QALP)**3)
PHI3S PSI35
PHI(3,5)=AB* (DI(1,1)~(XI2+2.D0%£T2-15.00) *DI (3,1)
43‘ SET2-10.D0*ET2+5. D0)*DI(3,3)
-15.00°ET2*ET2+15, DO*ET2-1.00)*DI(3,5))
PSI(3, 5)-AE‘(ALP‘DI(1 1)- (ALP*(XI2+2.DO*ET2)
(2.DO*ALP+BET))*DI(3,1)
+(3 DO'ALP’ETZ‘ETZ 10.DO*ET2% (2. DO*ALP+BET)
+5.D0* (ALP+2.DO*BET))*DI(3, 3)
-(ALP*ET2°*3-5.DO*EF2°ET2* (2. DO*ALP+BET)
+5.D@*ET2* (ALP+2. DB*BET)+BET)*DI(3,5))
RETURN
END

L

LY

LY T X ¥

fa¥a¥a)

SUBROUTINE PQAB(X®,ZT2,(C2,X1,X2,ALP,BET ,PALP,PBET,
ALP,QBET, DK, X1, €1,71,72, PHl PHZ

ll‘PLI(IT REAL®8 (A -H,0- Z)

DATA FO,FI/GADO,LDQ/

X02=X0*X@

IF(XQ.NE.F@) THEN
DET2=(CC2+X02-ZT2)* ((C2+X02-ZT2)+4.D0*XB2*7T2
DET=SQRT(DET2)
ALP = -2.DO * X0 * 272 / ((C2+X@2-2T2+DET)
BET=(((2+X02-ZT2+DET)/(2.00*XQ)
ALP2=ALP*ALP
BET2=BET*BET

PALP=ALP2+2T2
PBET~BET2+2T2
QALP=(X0-ALPY*(X0-ALP)+((2
QBET=(X0-BET)*(X0-BET)+CC2

T1=(X1-BET)/(ALP-X1)
T2-(X2-BET)/ (ALP-X2)
XI2=PBET/PALP
ET2=QBET/QALP
XI=SQRT(XI2)
ET=SQRT(ET2)

ELSE
T1-x1
T2-X2
TF(ZT2.GT.CC2) THEN

X12-ZT2

XI=SQRT(XI2)
ET=SQRT(ET2)
ALP=F1
BET=FQ
PALP=F1
QALP=F1
ENDIF
DK2=(X12-ET2)/X12
OK=~SQRT(DK2)
PH1=DATANCT1/ET)
PH2Z=DATAN(T2/ET)

RETURN
END

SUBROUTINE ELLIPFE(PHG, G@, ELPF, ELPE)

IMPLICIT REAL*8 (A-H,0-7)

DATA F@,F1,PI,EPS, INF/B D@,1.D0,3.141532653589793209,
& 2. 220446049250310 16,2.D16/

G-ABS(GO)
G2«G*G
PH-PHE

IF(G.EQ.F1) THEN
ELPE = DSIN(PH)
IFABS(PHO).LT.PI) ELPF=DLOG((F1+DSINCPH))/DCOS(PH))
1FCABSCPHO) . GE.PI) ELPF=INF
GOTO 300

ENDIF
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100

200

300

AB-F1
B@=DSQRT(F1-62)
P=F1

ARG=FO
CEl-F1
CE2aF@
A = @.5D0°(A0+B@)

)]
CE1 = CEL1-(2.DO**P)*(A*C)
IF(PHO.NE.90.D00) THEN
ARG = REAL(NINT(PH/PI))
IF(PH.GT.FQ.AND. MOD(PH/P1+0.5D0,F1).EQ.FO) ARG=ARG-F1
PH = PH+DATAN(BO*DTAN(PH)/A@)+PI*ARG
CEZ w CE2+C*DSINCPH)
ENDIF

IF(ABS(A-A@).LE.EPS.AND.ABS(B-80) .LE.EPS.
& Al

ND.ABS(A-B).LE.EPS) THEN
TO 200

IF(PHO.NE.PI) AGMPH = PH/(2.D0**P)
1F(PHG.EQ.PI) AGMPH = PI/2.DG
ELPF « AGMPH/A

ELPE = CE1*AGMPH/A+CE2

RETURN

END
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