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On the Interaction between Head Sea Waves and Slender Ship

By

Hiroyuki ApacHhI

Abstract

The interaction between head sea waves and a slender ship is analyzed by the slender-body

theory under the assumption that the wave length of the incident wave is of the same order as

the beam of ship. Although the same problem has been treated by both Faltinsen®> and Ursell®,

the complete explanation of the problem seems not to have been given.

Especially, the rational

radiation condition is taken into consideration in this paper.

The introduction of the concept of the interaction of the elementary waves, which are com-

ponents of Kelvin ship wave pattern, with the ship hull gives a rational result for the diffraction

problem of the steady ship motion.

The same idea is also applicable to the problem of the inter-

action of a slender ship and wave which are generated by a given pulsating source distribution on

some part of the body.

It has been found that Kelvin ship wave pattern is deformed and the transverse wave system

decays in x7! when Kelvin pattern travels along a slender body. And the waves of a pulsating

part of hull also decay in &~! when they travel along the rest of hull.
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Fig. 1 Definition of regions and coordinates
system, z-axis is positive upwards.
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number k£ THRITIES DD THHZ &Pbrd, T
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LI DWW EE R ¢F @ Fourier inverse transform
XY ¢p OWHEEHFHI,
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bhdZeBdREng, Usel O ¢p KT HHRIE
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SESPET B ENTES, UTT dp L2WT
ot % Umssell o 5k cfidsc s &L, M2 R
ER

53
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== c( o ¢ z) S_m h{(x)e rdx
-1 < 9
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(2.14)
LETF 5,
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R(k, )= = R( k], v, 2, Ny (216)

Tdh Do (2.14) R EBOBEKTAED { ) OB
D set WRHRMRNTHDEREMT LB TES, T
DA D set X k=k T regular TH %, FHDEK
Z2oWT k= TOWEZFARL L, T 2w T

Tk, 0):<a = e~z>+0(,c—k)
ThHTEBbhrbd, £z Rk, 0) 1X k=t T regu-
lar THZDT k=r T regular 7R Ro(k),
Rom(k) (m=1,2,3,+++) %> TRD X ICREAS

Nnbd,
R(k, 6)=R0(k)<a ;r em>
5 1 0Wsm
5 Koenl) o7 (ha) < >
(2.18)
(2.17) & (2.18) % (2.14) ~FAL, { > DB

O set DIREZ LT 5 2 LI X DIROBEFRBE S
%o

(2.17)

1 H(k—k)

—ECWZZTEZ' coth 7’+2Ro(k)+0(l€——k>1/z
(2. 19)
——pﬁ%%)—=ZR2m(k)+0(/c—k)l/2 (2.20)

th b (2.7) ~MATZZEICX D potential ¢f
i k=r DT
¢35k, v, 2)
=po(k){2ri coth 7T (k, y, 2)+2R(Ek, y, 2)}
5 anl, v, )
1 2mi coth 7T +2
=72 “ 2mi coth r+2R0+J(3(§ jeyirz A (E=1e)
+l i . 2Rom+O0(k—Fk) )
2 2ri coth 7+2Ro+ O(k— k)1/2
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K, (ka)
LEbEND, 5T Vome T, Ry, K BI UV Ry,
Rom 1% k= T regular TH B2 5, L DEET
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o5k, v, 2)
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-—'";;:i;ﬂKﬂ,y,Z)
¢ tanh7
7 g |RE Y, = R®)T(k, ¥, 2)
_ 2 Rom(k) }
T Ki.(xa) Peml, ¥, 2)) +O(1)
(2.22)
2155, WOBR
I(k, y, z)=e" (2.23)

2__ 2)1/2 1/2
tanh r=i’%=<%> (e—T)12 (2.24)

Ok, v, 2)=2R(k, ¥y, 2)—2Rf()I (&, ¥, 2)

oo Rm
—2 Zliﬁ((:i)%m(ﬁ, Y, 2)
(2.25)
& (2.22) KtAT B &
Gk, v, = ——

1/2

) 0ite, v, +00)
v kE<k  (2.26)
2185, Thpd ¢ @ singularity ZRTRTH 5o
>k DEEBFLCISTHITENT

K
£<__i_
Tz \ 2k(k—k)

7 icer®
¢}43(k, Y, Z):— P
. C 1 1/2 .
i T < 2[C(k—/g)> Ok, v, 2+0Q)
k>  (2.27)
2155,

THETHELNERE Ursel®(1957) 0 hExE
b DTH Y, §5k, v,2) v& Ursell OEhtL i
¢k, y,2) ORERELLFLTHD. DT EIX ¢
& op M

¢D=’;_¢B+¢D (1.6)

DB S 5 DT Ursell O OBRIT Lo B
LEARdBLnwSLiTikb, Tihbb (1.6) O
W% x WL Fourier transform 2¥% & é5 O

Fourier transform

S5k, ¥, )= Sw b5z, ¥, De-*=dz

—co
(=4
=cer? S et k=02d 3 =2rcer?o(k —k)
—oo

(2.28)
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LEDLDT, ¢5 & 65 13 8k—K) 72D singularity
DEVHRETNELR LRI L TH S,

Z DEWWIE radiation condition ZR{%RT 5 D TH
% :% %2 bbb, radiation condition & body bound-
ary condition Z#lA &7 T (1.8) T o BT
L& R R, [AERIT incident wave potential ¢g,
BILORZhEBERE DT % Fb T potential ¢p 1D
WCOEEERT L, r=a T
s _ s

[H] oy~ or e LE<L o
(2.29)
¥bp_ _9¢8
[H] o = o g(x) —oLp< o
(2.30)
Opp_ 1 3fs
H 5 =75 % M@ —o<ad»
(2.31)

THb, 22T (2.29) OAWD 1 X constant func-
tion %, 9(x) BIW h(x) ZENEh

0 <0

g(x)={ ) o> (2.32)
-1 <0

h(x)Z{ +1 x>l (25)

T¥H b, Potential @ Fourier transform 233k % 35>
72T, Ed constant function 1, % U <@k 9(x)
B X O M) 2%k L5 % T potential & {HBI%k &
LTS OBMERTH 5, 2hdOBBOIRANME
VRO L OFER K

1-1 constant function

9(z) —~ H(z)

h(x) — sgn(x)

Heaviside’s step function
sign function
(2.33)

CHRIGT %o

#8, ¢p B L dp @ Fourier transform XIS L
T [H] condition ¢ Fourier transform 1 (2.33) @
Fourier transform * i BGER S B EE 2 NS,
T, (Lighthill” (1958))

S 1-e-kagp =275(k) (2.34)

Sm H(x)e-i’cxdx=n5(k)——]i— (2.35)

—c0

S sgn (@)e-#dr=—2"  (2.36)

k
THY, TNEN 6 BEERC T ORREZHD
ZLBYBRTHD, D (2.33) TERbINDHIG

(263)
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i FE 2 5L (2.31) @ [H] condition ¢ Fourier

1
transform X T DOIFEMD L ZIFHE O & BNb»

N 1
B0 Thbb ¢35 13 o ORRERHO, Fffic
(2.30) @ Fourier transform i K——lk— DIFEM T
Tl de—k) DR EME IO L 8br b, Th
bbb o5 ik o(k—k) OFFREMERRFIIEER DRV,
ZDZEEY ¢h i (2.26), (2.27) T&L,

N o deer
¢D(k; Y, Z>_‘ Ii:'—k ice 5(” k)

c 1 1/2
__7;< 21‘:(,‘:_]05") (pf)k(/f, Y, Z)
<k

1/2
) 0105, 4,
k>k
(2.37)
LR SETFhER SV, HEEE (2.30) @ [H] condi-
tion &2\ Fourier transform %175 %, (2.6) %

+£<—*L——
7w \ 2k(k—k)

RD L Rk LT
G(k—x)ﬁr o(@)e-ik-oady

=" o5 eia-omao
sl =l

v ei(n—k)_ld -
_Sog(x) =) z+nd(k—«)

i
k—k
+0(k—k) (2.38)
DESE I BEBDAS B HFET 5o Ursell® Dfight
L7z 6% OFRITIE 0(k—k) DEZRNTWDS Z &2
bbb,
¢F &1L C (2.37) #{#i- T Fourier inverse trans-
form #1375 &
$o(, Y, 2)

__L * K ikzx
=5 |85k, v, etieal

+7r5(k—lc)—-gz zg'(x)dx

1 e i .
=—ce S { P +7r5(k—/:)}e kzdl

T KE—

—co

1 L () e
+oe c(Do(/c,y,z){ p S <2/s(r:—k)> ek

—00

_i_ ® ;>1/Z lkzdk
+ T g,: < 2k(k—k) ¢ }

=—cee"TH(x)

(2.39)

(264)

L\ gttt
—_— kT~ ', 5
c< Z— > ¥k, vy, 2)e H(x)
+O(k|z])-3/? (2.40)

L%, (2.40) OAWE—EE >0 T —dp, ¥<
0T O0 &745DT total potential ¢z %

pr=¢p+¢p —oo<zr<loo  (1.1)
$p+O0(k|x])**  2<0
1 \1/2
9r= —c< 2nKx ) D, y, z)etkw=tn/4

+O0(|z))** >0
(2.41)

L AHMNEEREE 25, 6% COWT H L
#1195 &

$(x, Y, 2)= ——;—953 sgn (x)

—c( 1 >1/2@6k(,f, v, 2)eise—i/AH(x)
2Kz

(2.42)
L7, (1.7) omgERick b (2.41) LFL ¢r 2
Bohs,

L THE LN EEEIE Faltinsen WX 530 & F—
DFERTH b, incident wave 13K E THLLE R
BT, o CHETHESRAY, ALl 5 %
b3 %, XOHMEROKEIIROFE T (2.25) T
F|IND Ofk, ¥,2) WX TRDLEINDDT, £
OWfEROMEC DU LOBHOBREIEA S
5o (DF(k, y,2) OWE L Appendix I ITRIN3,)

(2.41) OFER X VEAS 27 X 5 IT total potential
o 13 =0 REERD D, MELCRT S TiHo
MEZBIEThER bRV EBbib, 22 TE
LT AEE bow near field z3f L C far field ©
%% middle body near field ® & D TH 1V, zhik
bow near field ‘CTOfE L matching U RiFhiEi o i
Vo Bow part 2 & DT % Maruo® (1974) piit
BTV BH, EOREFRIL4 5 bow near field & middle
body near field DfF#EHdDTH S EHE 2 5N5,
Ll COMEIRD S LHELVREITBLETH 5,

3. E®EMELTULBHD Kelvin &
& E DTS
EFMEL TV BRI X 2EEOHBHEILB VT IR

BT USRS 2 ER 22T 5
EBHBN TS (Adachi®® (1973), (1976)), Lo
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L zhE © ot U Cigrebria s h
X 70 L IXE Vv, HRCHRE 4 U7 Kelvin pat-
tern wave 23 XD X O ITHARICAER T % 22 2Tk

FHEE AN STV, TORICEEL 2D
B ETS 2 ECT %,

ik X 0 g < Hivze far field o g R AROHEL
X BEENS D, X 5T velocity potential (I HEAY
LENEHEEEHZIERT 5 DO LBET 5, %
7= radiation condition }iERT 5 & T %, Thbb
R=(x2+y2)/2=0(1) T % far field iz %\ C poten-
tial ¢(w, ¥, 2) WRDOFHZIWET 5.

EI AV

oz T o2 T
in the fluid (3.1)
[F] <ax2 -I—v—)gb(x ¥, 2)=0
on 2=0 (3.2)
[R] No waves at upstream side
2T v=pp=0() Thoo ZOZLIIfROE
B DY ED order 12 O(e) ThHDTZEEERT S,
Far field 2> S ks 5 & &, ZOMAROFEIIR 2
T, dLUAEMERE W LT 5 LRI X HBELOES
7134V AR AR R R i 2976 U 72 source distribution
KXoTEbIh%, 20 source distribution %
o@)  O<a<l (3.3)
L3 L, far field iwki¥ % potential 1

[L]

#(, Y, D)= 47112 S: dkeiteaH(k)
X S_M dl EXE%Y_E;;/—Z:Z)
f (3.4)
ThEzbn5, 2T o¥k) vk o(x) @ Fourier trans-
form ©&H v, Fi I BT WHHE ¢ 1 [R] &M
ZIRET 5 X 5BEENh 5,

Far-field potential ® y — O(e) & 7z % inner expan-
sion #<B T LI Y, MKTEORNSORT
HETE D, COHMD DT (3.4) Ty~ 0(e)
L3 5% inner expansion % k& % &, (Appendix II)
>0 DL %

&(xz, v, z)~%o(x) In#
O(olne)

—LS” deo"(€) In (2] 2 —&[) sgn (z—£)

21 )
O(0)
(3.5)

57

— <2_:>1/2 |a*(v)| e %@

O(c*(v)e1?)
+higher order terms (3.6)
tnb, TTT

ot)=lo¥) et ="

—o0

a(x)e~*dx (3.7)

E L7 —RiC 0¥(p)=0(e0) THHEFEL TH &
WEEDLNHDT, (3.6) OEEIZEDLTEIZ (3.5)
TN O(eV?) BIEKTH %o

(3.5) & o¢u(x,y,2) 2EL L, TDOIEI near field
(z=0(1), y=0(e), 2=0(¢)) TROEZHZHHRT 5
b b,

02 0?
[L] (ayz + o >¢1(x, y,2)=0
in the fluid (3.8)

0Pt

9z
ZDZ & X near field T potential O 11H ¢ X
2WTHIEEE R H - Twb & Wwx b, Body bound-
ary condition @ first order term [} slender body
theory OINEIC L D

9 Ufs
B 5 == Vits

[F] =0 on z=0 (3.9)

on z=f(x, y)
(3.10)

LB, 2TT _aa_ V& y-z T CHRAKE LT Ok
WazkEbL, z2=1(2, ¥)=0() Ik oFREED
TR TH 5,

Near field ‘G potential @ first order term ¢y VX
2-D rigid wall problem f#Cd v, [H] &R X
(3.5) 2o matching DEHPSMBPHEET 5o T/
bb 6(x) ZEDDZENTE Do

Near field [z 31> % second order term @z, ¥, 2)
X (3.6) TERLINHEHOWEEZIF > TWwHZ EH
Exbhb, LPdZOHEIE 2 T2HBST 5 &
O(e7®) 724 order TS5, L7cdd - T ZESERX
1x 3-D @ Laplace equation ‘Coh % Z & BEI NS,
HAREE AT AL xhie (3.2) @ [FI &%
BT BHDT, ¢, y,2) WHTHEMHFIRDOX 5Tz
bo

92 52
Ll (st

azz>¢z(x Y, 2)=0
in the fluid (3.11)

[F] (axﬁv#)qﬁz(x ¥,2)=0

on z=0 (3.12)
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Body boundary condition L Ci% (3.6) @ trans- 0D, 0Dp
H =22 =f(=, 3.
verse wave %3 near field i€ 351} % incident wave & [H] an on on z=f@y)  (3.20)
LTERT %D T, Z® incidént wave potential (3.6) @, 1% near field D ETH D DT far field DL D
% op(x,y,2) LELIL, matching 8 radiation condition AN T %, = & T
3 O W X BIEEE far field © i
[H] f;ﬂ:_aa«fi on 2= f(z,9) (3.13) X @2 X HHEELX )ar eld ‘G outgoing wave &3
n n " bTdDEWHLE VI EHEET 5, (3.18)~(3.20)T
L%, AE S ESMERTEI, MW B iz fio
Near field ‘¢ total potential % kR, TEHXT 5, BELFRLEZ LTV, HHEBLGOE R LR
Pr=0¢1+Pp+¢s (3.14) BBRTTHY, REMWIT O LIAWIEDOYED dif-
Z @ potential 13 v=0(e"1) O &4:D F T O(ael/?) fraction potential ¢p 1Z[F U TH %,
F T consistent LSRR T 5. L C D poten- ZZT ¢a X
tial WIAFEH L VMR R TO I OTH D, 0 %<0
s iy e . 12
HIRICE % LR S S 5. Tk Ga~ _<_21> IG*(V)Ie”zcos<ua:~—£+ﬁ> }/2
FRETOMEIC DV TIREE LW, 4 A
¢, Y, 2) DREZM L, da(z, ., 2) i z>0
TEERNMZTEL, ZD potential }3 Appendix II (3.12)
DL RE S5, 230 TROEDLFN ITRET Din< radiation condition %R T 5, L L ¢a D
5, component potential @5 IR D X 5 iKbb T 2 & 8T
¢B(x7 Y, Z) %
-y v 1/2 ) (. v )1/2 " )
= _ —kztikx —_y —— ke -katikz
N (i) e (o) e
_S_”+p<‘_"' >1/20*(k>e—kz+ikxdk —v—P<k<-v
—v 2<k+v) v /2 .
_— ) g*(k)e—kzﬂkz
v 1/2 i < 2(k+v)
_S < > o-*(k)ekz—i-zkxdk
20v—k) —v<k<—y4p0
vo 1/2 . D%, ¥, 2, k)= v 2
y kz+ikx .
-HSV <2(lc >> a¥(k)e dx _<2(u—lc)> o*(f)ekatikz
(3.15) y—0<k<y
ZZT p=0(e)=small constant TH 5, ZDIRIX v 1/2
A(k)elkiz+ikz (3.16) ’(2(k—p)> ol )etrete
DEDERBFEDERERE2FDTEDERB T ERT y<k<y+p
&%, (3.13) @ body boundary condition %»2 ¢z D (3.22)
ERIT X D fRASS near field AT AHEL 42 B0l —olr<o TEFINS potential TH B, Lizs
D potential ¢z > component potential - T @2 @ body boundary condition [H] (3.20) i3k
Dz, ¥, 2, k)=(3.16) (3.17) DESET S,
CHIET B Oz, v, 2, k) Rz LB FxbN 66@2 — oz )_ on 2= £(z, ¥)
Do bbb ¢ KT IFMEHETHIDOT, F
RS 0o, 0,2 D) O ET 5, cO2E (3:29
0. BT HEEFEREIIRD X 5 BT B, o=
02 0% 02 g(x)= 0 #<0 (2.32)
[L] < ax2 + ay2 +§>¢2("E3 'Z/, 29 k):O 1 x}l ’
in the flid  (3.18) Th5,
” 5 Dy BT BRIV Adachi® (1974) iz X b Matched
[F] <avx2+|k]-a—z—>@2(x’ Y, 2, k)=0 asymptotic expansion method 1z X » “C @#H7 T T
on 2=0 (3.19) D, T T T §2 TfT o7 Ursell® ofifdr 23
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T 5,
D, D x

%

I+ % Fourier transform %17\, T

;2 v, 2, k)=gm Do, y, 2, k)e~*"dx

(3.24)
L35, OF WHT A5

L] (*ai + > —22><D*(Z z, k)=0
[ ayz azz 2 ,?/> bl -
in the fluid (3.25)
02 N\
[F] (3z—| |>([)(2 ¥, 2z, k)=0

on 2=0 (3.26)

.
[H] 5 0y, 2 k)
0 b X
—_— — plklz —t(A-k)x,
= A(lc)< o’ >S-m g(x)e dx

— A(k)(% e”c"f)G(l— )
on r=a (3.27)
[R] Outgoing wave at y=oo

(3.25), (3.26) 3 X % radiation condition % ifi& 3

— AR
¥, v, 2, k)=pPQ, BYVPQ, v, 2, )
Pem(2, k)
+ Z sz(l ) w‘zm(]., Y, 2 a)

(3.28)
ThEzbhbd, 2T
T2, y, 2, )
2mi coth ad'(2, ¥, 2, @) +2R(4, ¥, 2, )
>\k|
or cot i T (A, ¥, 2, i)+ 2R, Y, 2, tay)
—|k|<2<| k]
—2mi coth ag (R, ¥, 2z, ) +2RQA, ¥, z, a)
A< —k|
(3.29)
Thb, L, R FIV Pam 12 (2.9), (2.10) B X
O (2.11) KEHESN BB TH 5, parameter a &
ay PR TEFESIND,
| k| cosh a
=

| k| cos ay

[2>1k|
[2]<| k]
(3.28) OERR%Z [H] &iFicALT piPQ1 k)
X p§RQ, k), m=1,2,3,-+- ZRDIEEV, 4=
+| k| OO & SRR §2 oBEL2<FT
ISR LTRDDEBRTE B,

v—P<k<y+P DL & 0<k, X T OF 13 2=k

(3.30)
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DEED KT singular T 5D TROREED

¢§k(29 y’ Z, k)
= — (k)5 = Alk)maa—k)e*
(3.31)
/2

— A5 ) 03k v,

+ >k
LAY A S i

~ AW gy ) it v
1<k
(3.32)

Lt b, Zho Fourier inverse transform % & 5% &,
Do, Y, 2, k)

_.._L . % T2z,
= S_w@z(z, Y, 2, k)et*d} (3.33)
ﬂli)_ X {Sw wfii iz
T oox e o K—2 ¢

+7 S oA— k)e“mdll
eiim

)

o eizx
+Sk oyl ‘”}

A(k) d2

(3.34)
= — A(k)e2et* = H(x)

lA(k)<;>1/2(D*(k y, 2)eiketis/sH(x)
2nkax oA 9
(3.35)
LB, (3.35) OLEWH—FE —PsH(z) THD,
total component potential @r %R TEFET 5 &
Or=Dp+ D, (3.36)
S@B <0

—-—1—A(k)<—1-—>1/2¢3'<(k, Y, z)eikx+i'n/4
L T 2rkx
x>0
(3.37)
LELIZENTE S,
—v—0<k<—v+0 DL & k<0, X 5T OF 1T A=
—|k| OWEET singular Tin %, HROLZET L

Op x <0
Pr= —lA(k)< 1 )1/2¢3‘(|kl, Y, z)etkatia/d
7 or\k|x
x>
(3.38)

THbo
Bow component potential % (3.22) TEbINT
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B0, A(k) i (3.22) OIFHBIBEL e*like 2Ry
72 hDTEFEINT WS, Total component potential
ke onwT#laeETo L,

¢T—¢V~S"

—y—p

Or (3. 38)dk—%g Or(3.37)dk

O(zh-r  x<0

cos (vz+p)
z

={ Z10*0)1080, 1,2
+O(z) 2>l
(3.39)
LB LB,

(3.39) VXARE B & D i < B 7 AR PR ES T @ poten-
tial #5% %, EOHHTIE ¢p (3.21) L—FL,
W TIEAEE 2 & ARR L DT O E potential 1%
a7 CHEL, WIS T TR A T
BEBIBEBND LR b o (3.39) RO
ik O(x)%2 OWEBLPEFLEL W & Vv 5 radia-
tion condition KR L T 5,

4. RUVAEO—EAINIEENTILED
Diffraction &

I CEVIMAO - STFIREI L T 5 L &,
Z DIRBIERIC X o TA C 72 IRE) U T i W AR RS
SEAEBT B E THERIT. CORBICX S velo-
city potential ¢(x, y, 2)e~tt 3 far field T\ T

DEAFEIRT 52T 5o
(L] (s Je 9, 9=0

in the fluid (4.1)
[F] <%—/¢>¢(Jc, Y¥,2)=0 on z2=0 (4.2)
[R] Outgoing wave from the oscillating part

T 1:-*‘0(6 Y ThHH LT D, Farfield 55

ka5 e, REMS —I<e<l thbr L, #
FLUE R AR L B 4y
bution a(z)e"iet TEDBINDELTIV, ZDL I
far field 231} % potential | time factor e?«¢ % 7%
LT

7i U7z pulsating source distri-

¢(xa Y, Z)Z -

iﬂgw dea(®)
JC Ak Tk =BT
(4.3)

TEPbEINS, y— O(e) 7% inner expansion X

(268)

Ogilvie and Tuck!®(1969) iz x % &, —I<a<! ¢
Hx, y, 2)~io(x)e=tisy (4.4)
Th Y, 2T near field w17 % IC kT % radia-
tion condition Z 5% 5 b DThH%, T7xbb MEMH
HER D {f5E O T 'C near field iz 3517 % potential ®
first order term ¢: VX 2 ICHITH D RO LR IER
T 5,
62

(L] <9y2 +%)¢1(x, v,2)=0 in the fluid
(4.5)
[F]<52—Q¢&%y,@=0 on 2=0 (4.6)
[H] “—‘¢1——V((E Y, 2) on sz(x9 Z)
(4.7)
[R] ¢r1~io(x)esstisy as Yy — oo
(4.8)

Ziix 2-D boundary value problem & U CfgE< &
EHTE, o(x) i& [H] FHBEELTEDOND,
4,7) © V(z,y,2) 35200550 cdhy, 25
iz slowly varying ¢db s &35

REDER & D R Tw 5 s (2> co it
EoRhET 6 OMETEE S o) % (4.3) T
AL7z& &D potential ¢ inner expansion DG IT
Lo THZETE 5 (Appendix II), T b b, v—
O(e) D& %

k \1/2 " egreg—iex+in/4
—_ — Vs (“‘IC —

2 ||t/
<0
¢<.’L‘, Y, Z)~ £ \1/2 ertplex—in/4
_<—> oK) ———7—
2 |@ |12
x>0
(4.9)

TH0, x B L T rapidly varying function % 5%,
X »C near field T Laplace equation Vi 2 YRITHY
TR BRITNTH 5 LH 2 OB, HREmMELIT
MAELSh e 2GR T 5 O T |2 »] T D near
field potential % ¢z L35 L &, ¢ X WRDOEMHEI
BT HERDbNB,

02 02 92
[L] < ox? + oy +—a’z_2>¢2<x, Y, 2)=0
in the fluid (4.10)
i
[F] <§—x>¢2(x, v, 2)=0

on z=0 (4.11)

Body boundary condition iz L Clx (4.9) T5% 5
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N AL ENSS incident wave potential & UC/ERT 50D
%, incident potential % @z(x, ¥, 2) &%< & RERE
kT

o0
on on
Lt b, DL X |2|> TD near field B ) 5
total potential ¢z X

pr=9¢5+d2

[H] on z=f(x,y) (4.12)

(4.13)
TEZIN D,

Incident potential ¢z 1% Appendix III X B 55
mE >, ARt o oEREETRbT L
BTE Do

¢5(x, Y, 2)

1 [k \Y3( (% k) it
:_'"275<?) {’SH (e—leyrr €Ak

wta M kztika }
—I—SE o— )2 e dk

7 ¢ a=0(¢)=small constant TH 5, Tibb,
TS HER §3 OEHHEL TV HMEMRO D
DLLEIFUEREL TS, ¢ & ¢ D component
potential % Pr(x, ¥,z k) BXO Pux, v, 2, k) L&
&, @ iT2» T OEFHEITIRD X S b,
k—a<lk<kta %5 k LT,

(4.14)

52 52 52

(L1 (gt om0 v, B)=0

in the fluid (4.15)
d

(F] (55— )0z, v,2 1)=0

on z=0 (4.16)
8@2_ %
[H] om  on z>0

on z=f(z,y) (4.17)
[R] Outgoing wave from the hull
ZORETE >0 TOffiff & incident wave - DIE
A%%2T050T (4.17) 1%
8@2

[H] —9(x )— on z=f(x,y) (4.18)
Lnb, 2T
_ 0 x<0 2.52)
9(z)= 1wl (2.

ThHbo
0w, Y, 2, k) OREIZ §1 O ¢p & £LFLTH
50T §2 ORREZFHET S &
D2, Y, 2, k)
=—@p(x, vy, 2, k)H(x)

61

/
>1 ngak(k’ Y, Z)e“”“'”/‘*H(x)
(4.19)

1
—A<’“>(’zﬂk—x

Lirb, Z 2T H(zx) vk Heaviside’s step function ‘T
b, Ak)
i [\ o¥k)
-V '5) m E—a<k<k
A(k)=
1/ e\V2 o¥k)
EE(?) ——_*(k—,;)lﬂ k<k<rk+ta
(4.20)

TEFINS, Total component potential @7 % x>
0
Or(x, v, 2, k)
_—A(k)(—1—>1/2(1)3ﬁ(k, y, 2)etka—in/4
2rkzx
(4.21)
ThH %z b5, Z it total potential ¢r D compo-
nent TH5DTEREREITI &
$r(x, ¥, 2)

ta
~S Or(z, v, 2, k)dk

_ LV "
- <7Tx> @O(K» ’y,Z)O’ (K>

4
£ ezkx
ion/4 -z
e
eyt +a eﬂcz
te i (k PYE

1 " . eix:z:
=—2;<Do (£, ¥, 2)o%(r) (4.22)

LB, <0 DEPHIT2OPVWTHELFLLSKTE
5o EHCEVREO—IARHL THDHEED, K
D OFREE OTHBICK DIEE o7t THET %o £/
¢ DU LECANE T KU R B,

»H & N &

Rapidly varying /2@ F 23 incident wave potential
ELTIRARICER T 5820 THELEERT ot £
LT, ?&biﬂﬁﬁi%ffi%@‘é &R L OMEERTA
KaZdbzl, ¥t 0L RMKE 2 BITENC
DPCTETENTER,

Simple harmonic [\ EIIMRAEZZET L L E,
IRIEA x~1/2 T/ L, Kelvin ship wave pattern 1%
27T, £ UTHREO s E L TIREIS 5%
A BMERITIR - T 7! THET 5. WTh o
A DMEOFECIIIX VBENEREELZT D,
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Z T THEYT L 7z Kelvin ship wave pattern 0341
Adachi (1974) D H D & —FH L T %43, Ursell (1975)
OFREREPES 2792 TRETHEVI L TEERST
Wb, AEDO—EBSIEE L T\ 54 % Ursell 1%
2 THEETHHRTHY, o THEbhkbOL
128 7% %5, Kelvin pattern OFED
& LT simple harmonic 7 Rkl O E L& OF O
% far-field potential ¢ inner expansion & U “C&FL
LR TR Y, ERREE & MRAR L OMEIERZ
LI EREEARE T D I, BonfER
BEZERDIDOTHBHEVZ LS, ¥ BIC, radiation
condition L CFEDOEANFRBERIF /-2 21T E
BTH5,

ZhE bt 7 diffraction [, #yE X v EEh
TR BT 2 3D THHDT, I HICHRELERIC
B HRMEOBIT R LIEL X W 5, Fc Kelvin pat-
tern DG EMMEHOMEIXEE TH 5 O CTHIEI AR
N5LDTH 5,

354 incident wave
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[Appendix I]

Helmholtz wave source potential @

DHE
Di(k, y, 2) WIROEHEZMRT 5 TH 5,
a az
! — L2\ -

(L] Gyt — )0k, v, 2)=0

in the fluid (I-1)

9 " _

[F] (=15, 4, 2)=0

on z=0 (1-2)

0 _

[H] -5k, v, =0

on 7=a, ——Z—<6<% (1-3)

BH>0) TRELRDLDDEHTE unique T
Dk, v, 2)="oo(| k|, v, 2)+ p1(k)e'*l
e Ukl y,2)
tLPm T
LEE S (Ursell!D(1968)), z =T
Too( k), v, 2)

__(g; _cosh # olklzcosh
e o/ cosh —1

x cos (| k |y sinh #)d# (1-5)
Th b, Fisrid double pole £=0 % FTFizsFmE3T 3%
oK TITbhs, 0F X |yl >0 DL X
O k|, y, 2)~—2r| ky | elklz

ZOBFRMRTEDIIL |y| » o0 T |y|¥ (M 3555
kg >

(I-4)

as [ky|—> o

(1-6)
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TRELED, ¥/ (I-5) @ potential |
Yool k], v, )=2R( k|, ¥,2,0) (I1-7)
THDHTEPRRENEDT(2.25) THEZEXI NS poten-
tial
Df(k, ¥y, 2)=2R(k, Y, 2, 0)—2R(k)e*

w‘?ﬂb(lia Y, Z)
Kin(ka)

(2.25)
i, &R (I-1)~(1-3) 22 L (1-6) © outer
expansion {0 L B3bin5g,

—2 ngkzm(,c)

[Appendix II

Kelvin source potential @
inner expansion
EHHEL T BHEMC X 585L2 %K b3 poten-
tial 3 far field 1B W Tix, BEPOEECEPN
7z Kelvin source distribution o(z) TFi T 2 LR T
%%, o potential % ¢(x,y,2) +T5&

(. v, 2)= S: (O T—E, v, DdE  (T-1)

1=
= S_w Aoz ()5, ¥, 2)

(I-2)

EET B, z T
0*(79):800 o(x)e—*xdy (I-3)

THY, £LT ik, ¥, 2) ITRDOX IS TERDbEIND,

=\ dulo, v, e (T-4)
__,L S‘” dat t exp(—-yx/ﬁ—}—kz )
o )o vty
e—itz
ik T (I-5)
(. k
" VEr—t
X exp <—k~2—z~iy£«/k2—v2 )
v v
E<—vy
Akl
vyt
2
+ xexp(k—z—ym«/uz——lﬁ)
—v<k<y
; k
=

63
2
xexp(k—z—iyﬁVkZ—ﬁ)
) )
E>v
(1-6)
&(x, ¥, 2) 1% far field (x=0(1), y=01) £ L C z=
O(¢)) € @ potential 2FbTHDTH5, & D po-
tential O y — O(e) L% L EDWHEEFARSL, ¢
TEELATFhERDEWZ &k v=0(c1) Th 5
ETH B, v=0(1) OH;4 @ inner expansion |3
Tuck!® (1965) X o TIRD X 5 H 2 HILTNVD,
o(x, v, z)~—71;0(a:) In7»
O(olne)

1 o
~or S—w déd’(&)In2|x—&|sgn(x—&)
O(o)

N

| deo @) HUpta—8)

T o)
+(2+sgn(z—&)Yo(v |2 —£])]
(I-7)
7 2 Hy(2) 11 Struve function, Yi(2) i% Bessel func-
tion of the first kind ‘CH %, FOREIL olx) 25 x
wBA L C slowly varying function ‘Td % = & 2 RE
ENnb, (I-7) OHWERD TS B DHREHD or-
der % 7R%T d DT, HFiHE—IEM lowest order term
O(clne) THBHT L5,

v=0(c™) OL&HDOT T inner expansion (I Reed
(1975) X > TRABRN TV 5, T ORI 13 5E
HlOL»D 5, & 2 THfiEHT OFEE D7 I nner ex-
pansion 2F D LLIEPIL L &T %,

DI (II-5) TRLINLGMHyEALEIC>VT
=35, o (0-5) T -—51; @ factor #I » T

+higher order terms

-2 % (1-5)

(" exp (—yvV I+ k?)
=2 SO a2
k(e exp(—yvVE+E?) e itz
Y S_wd’ Ve i

cos (£z2)

=2Ko(lk|1’)+i—li‘z—f(k, Y, 2, V) (I-8)

LETF 5, Ko(2) 13 Modified Bessel function T %,

xnic Ik
exp (—yv#2+k?)

Ik, y, 2z v)=t dt

- Vi ke
k?lv costz—tsintz (1-9)
t2_]_k4/v2
(271)
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L EING, (1-5) OESIC X % potential % (T~
2), (OI-8) ik,

Sm dke =g () Ko(| k| 7)
(I-10)

1
¢1(wa Y, Z)’: 271:2

1 1¢(« )
—_— _ kx5 2
P&, Y, )=~ 3 ,,S dlket®=g*(k)k

—co

exp (—yvVE+k?)
BTk
k2]y cos tz—t sin £z

2+ kty?
ETDODGEHTTEL L ENTES, ¢ LDV
TIE Ward!® (1955) 12755 »C y — O(e) @ inner

expansion X

¢1<x) Y, Z)

xgdt
0

(m-11)

1
~—7r—a(x) In»

-1 Sw déd’(E)In2|x—¢&|sgn(x—¢&)

2r ) e

+O(elneo) (II-12)
Ls,

¢ 13 y=0(1) T ¢ >0 DL X exponentially small
& R DT, LD H%G % potential X DI i
WTHL, I7hbb
S“dt exp (—@) k?/v costz—tsin tz
0 vELE? 24 ktfp?

<z Kol klv)

THHDT, L k=0(e) (§;=small constant) ‘¢
BHES, €0 DLE [ky|=0(c) ThH D, Ki2)
Dz DUTMAEEEL Y Kilk|ly)~e~""" as
€20 THHOT k ORHT |k|>e =1 DES
1 @2 2%t L T exponentially small %2512 L
W, EHIITLICHATEHAITR VT, el=a (0=
small constant) X< &, t>a: OHSIT

g°° at exp(—@) kv cos tz—¢ sin ¢z

ws VeETk? 124 ktfu?

o e—y;
< dtT=E1(ya2)

ag
THIB XN 5, Elz) i Exponential integral T 3,
Yya:=0(e") ThH 5D T Ez) ® z—> 0 DOELEHY
HE XD Eya)~¢e2e~""2 ase —> 0 Th V) exponen-
tially small ‘CH 5, X 5T @ 1% far field ¢

1 ay )
B~ =i S_al dletzgH()k?

(272)

@y exp(—yvVETE?)
X So dt JELkE
k?/y cos tz—t sin ¢z
24 ktfy?

(I-13)

LB, Wiy~ 0(e) LT BBEDRMEE 5,
ZDEE, yWEFTEE <az=0(e%) (d3=small con-
stant) B X O 22<au=0(e"2) TH D, zhdii e —
OpL& 0WiES<, LoT exp(—yvEE+k?) KX
(5 €os
sin

rFEs

tz % series expansion | ‘T lowest order terms

1
2r%y

o — g"l deitzg (Il
ot

ay 1 k2ly—t2z
XSO U TETTE Palt

(Io-14)
LB, t T BT ITRDBIR,

ag 1
So dt«/t2+k_2'(t2+k4/u)’
v
[k P(1—k2[v2)2
vae [ 1—Ek2/p2\1/2
“Fm( a5+ k? >

tan! a5 ,

Saz dt
ZFRIALC,

L N
, TZ w2 ) |k (1~ k2 o) tan™ as
—zIn{ag+vai+ k2| (I-15)
Lins, EEHIT as=0(e1*%) (§;=small constant) T

1 —
Fm:lnIaz—}-&/o{%-kkz |

HBOT tanay="7-—0(e""%) 3 X O° In|avtVaiT
k*|=—d:In e+0(e%) % (I-15) AL T lowest

order term #E % L 2—[77:ﬂ THLHDT, thzw (I-

14) © BT 2S5 ORDICRAT B &, ¢ D low-
est order term & L CQRR %55,
1 S“L A
~ dket*xg¥(k)| k m-16
b= Lkl (1-16)
1 (oS
- - 1k %
-1 S_mdke ()
xsgn(k)H(k+a)H(ai—k)
(o-17)
Z ZC H(k) vx Heaviside’s step function T % %,
x>0 O L & (I1-17) OWHE R E v, (Lighthill
(1958))
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——meﬂmﬂ

cos (aix+7m/2+ B) s a*(0) }
" 4ny

x x2

(I-18)
ThY, Ek, 040)=0(0), |0¥a)|=0(ai'0) TH
BELTCRWERDLhLZOT, ¢:=00"10) ThbE
Fzxbhd,

Wiz (II-6) TEbXh% potential L DOWTH 2
%, i |k|<v THHH@D potential & ¢s & 7
5L,

34, v, = ||+ ahemaaniin S

xexp(—lj—z yl—lm>

25;([31+I32) (II-19)

L3 a, Ly TR WT v—k=t TEHE ¢ TLHR
T5e&,

t
[32 —_— e'wxﬂz g dte‘””a*(v 1)7?(&2”—1[)«

xexp( 12D 2y YL itz

v
Lird, 10T P=¢l~? (§=small constant) /% 0 %
FExbHL, PIKY T yy—zix/t(Zv——t)_=O(e—5/2)
ThHDTHRBHEILIL ¢ >0 D& X exponentially
small T2 &b rb, X-T far field T

t
[32 ~ @2 S dte“”za*(v t)_mzép—;)_

Y

X exp(— Hev—1) z—y y:t v t(2v—t)>
(I-20)
y—t
ThHB, Wiy~ 0@) 2hBLE, y— —Vilw-
D =0(c=?) CHBHDT,

y—t H(2v—t) v—l o
Vi = ‘”‘p(* Sy

—\/”;; —vy+t-- (o-21)
Ly @ lowest order term {3Z%% v—i=k T k i©
T5&
Log~ — S:—p dk \/ 2(vik) oH(k)eketika
(I-22)
TE 2 bh5, R LT L @ lowest order term X

—vkp vy .
~— &, —kz+ikx
131 S—v dk'\/ 2( +k) ag (k)e
(1m-23)

65

L%,

Wi |k|>v o412\ T inner expansion O
lowest order term Z3Kd 5, T DY D potential &
b T BHE

sia, v, D=5 |

- gw)dkeik"“*(k)ﬁzl_c_? _

—00

2%(141+I42) (1-24)

Th5, exp(—iy—f—x/k2——v2> @ factor (I¥RENT B
Fodd ¢s WA Ui B EEAME 2 BV O THID L IETTT
9,

Ly wHB\\WT k=vsecld TLHKE 0 iz s &

/2
Lip=1ty S d0a*(v sec ) sec? fevzsec?t
0

% gt sec2 §(x cos §—y Sin g) (H_QS)
ThbH, Yy~ 0(E) DL %, x=RcosT, y=Rsin7 &
T5E R=vVziry? = o), tan?’————O(e) THo,

(@)=sec? § cos (0+7) (1I-26)
LEL L (I-25) 1%

/2
142:8 doF@)evEnD  (T-27)
0

EEIFD, LT
F(0)=1ive*(v sec 0) sec? fevesee?d ([ -28)

Thb, vVR=0() TH 5 DT (I-27) OFHIE
f(0) 25 slowly varying function ‘THiE (ZEIOIE
¥ad o(v) THNE) stationary phase method!® 233
Bxnsd, Ll (I-28) #R%5E o¥(vsecld) D7
DITHT L D slowly varying Ch b & Tz v, L
7odh o T L BRD X HTENTH X D,

142___ S déo(f) SO dﬁfl(ﬁ)ei“m"(”

(1-29)

z ¢, Ri=vV(z—E&pR+y?, Ii=tan™t
Su6) vk

Yy
Fi(0)=1v sec? Gevesec?t (I-30)

Th s, f1(6) 1% slowly varying function ‘@ %5 DT
stationary phase method 237§ X fv %, stationary

~ points I

0 =sec® #{—sin 71+sin d cos (6+71)} =0
LIBETHD

(273)
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2tan?f@—tanfcot71+1=0
ORTCE25NS, Thbb

[ 1 -
tan —t=-cot 7, {1+ 1—8 tan® 7; )
. 4

= b =% o y — 1
Th5H, 2Dt tann— E_a< o 2 D As)
(x—¢&, y) DM T stationary points 23fF7ET 5 2 &
ERT,

tan71=a=0(e) TH5DT

tan y=a+0(e?), tan 02=i+0(e)

ThHY, 20 DEX 6,0, ZLT aﬁg R

3L, Oz — _72r_ D& % fi(6:) - 0 exponentially Tk 5%
DT 0,0 LEL5EHOHEZNITE S, station-
ary point =0 }3f%4>® end point ¥ —F+ 5%, L
Mo THRSIIKRO X S ttlInsg,
/2
S d0 fi(0)ei R ~ S A0 f(0)et i)
0
(m-31)
22T 0=0(e"%>a (6=small constant) 71 % con-
stant ‘T 5, (II-29) T 0 T 5HE5% (I-31)
TEE\ZFBOOIEFZE25 &
142~S A0 F(0)0% (v sec O)eRRD  ([-32)

EELL L EBTED, k=vsect0 TERE kitRT &

vseCp Zk

dkeiteg (i)

142~S

v

X exp(%z—iy;«/kz—vz )

2
Li5%, seli=1+ 2 400) THHDT

ysecO=y+40;, Pe=0(e~20) (11-33)
THY, £ b—v=00E"2), y=0() TH 555

; 2
Tlé%exp(%z—iy—f—«/kz—vz>
~1pkz d —
e \/ 2Ak—v)
ERERENS, X o T L @ lowest order term %
(rtes 9
LZNZSv dk\/ 5o—2)

b, Iu WOWTHFEERIC LT lowest order term
V&

iekzyy 4. ..

0*(k)ekz+ilcz ( I _34)

Ty~ — - —~kz+ikz
w~ i a Vmir oy e

(Im-35)
L5, kXD

(274)

1
¢3+¢4=g(131+132+141+142)

THBHDT, Thd |x|— o DTG
O(lzly®2  x<0

2v )\ 2 C0s (vx—m[4+5)

D3+ Py~ —< - ) [o*(v)|e 2172
x>0
(O-36)

Lind, 2T o¥v)=|ot(v)|et LBz,

—fic o (v)=0("0) L BYENR LW EBbh
HDT, ZDLE ¢s+¢s=0(e%0) 7%, L
> TZ DL ¢=0(eq) X1 O(e?) 721 lower
order term ThH 5 Z L Wb 5, X - < far field po-
tential ¢ inner expansion ¥ O(el/2¢) FCr % L

oz, y, z)~—71;a(x) Inr

_ b Sm déo’(&)In2|x—E&fsgn(x—¢&)

27 )
VN ) e SOS (VT —T[A+B)
(2] lorylen <R
>0
(1-37)

TRbIhD, EXOTTEH 3ENEHE KD THT

0, TOEZE5 2% I, In, In 3X0 Ip 1
I3y =(1-23), I3e=(11-22)
Iy=(I1-35), L, =(11-34)

TR T A(k)e™te DR ORRFEOTEREE L L

TRbIh TS

(Appendix III]

Pulsating source potential @
inner expansion

EF TRV TCRNTW S L E, MEDD
LERG I A PFIRE T A AR OWwWCE %2 5, Far
field 7~ & = OREEZ R 5 2 %, O vtk
LR B 545 U7z pulsating source g(x)ei@t 1z X o
TEEHEZ D LB TE D, Farfield 2k T poten-
tial JIRD X SIcEbINB,

¢(x’ Y, Z)e——iwt
1 . l
=—or gtot S—z d&o(§)
<\ R e =)
(Im-1)
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fES51x smgularlty k=r  TTETSHD2HE5,
T K:T THh Y, Jo(2) % Bessel function TH
Do

Ursell!$(1962) 13 £=0(1) OEZED T ¢(x, ¥, 2)
D y— 0(e) DL XD inner expansion 2D X 5T
5z, —l<a<l ¢

o(x, v, z)~—71r—o(x) Iny

o | doOH el a—¢)

1 4

~or S déo’(&)In2|x—&|sgn(x—¢&)
—5r | der@strlo—ensena—o)
+O0(rIn7) (Im-2)

Z ¢ H{Y(z) 13 Hankel function T 9, ss(Inl) 1
1—e Inlw

)=,

CEEESNBMETH B

£=0(e™) DOFETD inner expansion | Ogilvie

and Tuck'® (1969) i X »TH 2 bz,
oz, Y, 2)~io(x)e+isy —I<e<d
(Tm-3)

D54 inner expansion (T X » TFRb I 5N,
y—2z JiiT y Ji~D outgoing wave #EbT, £=
O(e™y Th 5454y outgoing wave 134 2=0(e) T
Y, MMEHEZTH k=01 5 X5 5V
REZ LT3 AR < Tid v i (2865 5 2
RITEPR NS L ERRFETREND,

PAET o(x) 1% slowly varying function TH 5 = &
PERD P E I N T W2, o(x) 75 rapidly vary-
ing function O¥4E1E (M-3) & 7% inner expan-
sion &5,

EFCRVREDOEE, To—i (—I<e<) Bk
BL T3 EE, KEL Wik (|>0) ¢
@ potential (IM-1) ® ¥ - O(e) D& XD inner ex-
pansion %K %, Potential ¢ 1Lk D X 5 i Fourier

convolution integral OICET 5,

oz, vy, Z):EI{ Sm dke*a*(k)g¥(k, v, 2)
(Im-4)

z ¢, o(x)=0, |z|>! & L< o(x) ® Fourler trans-

form & ko T B, ¢k, v,2) BRATHRDbZh

D
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1 (= exp (izvV P~ k?)

- iy ) XDV TR )
95k, v, 2)=—" - Smdle y{ VIE—E® +i

exp(—izx/12~k2)}

JE—RT (1-5)

W‘i%—ﬁ exp (kz+iyvVEE—k?)
|k|<k
Wzi——x_? exp (kz—yvVki—£?)
(k|>x

(II-6)
(II-5) DB T2V T,

* exp (—ly+izV E—F?) 1 S‘” —w
Smdl VIE—E? ik <z |k,dle
ekl '
= = Ikl
o O(ee™'®l)

(m-7)
ThHY, LW O ™) thi bbb, kl=
£=0(e) ©» & & (I-7) % exponentially small ‘¢
%o |kl<k DL |kl=o(e™) L55L (I-6) @
THIX

T/,g—zl%‘k’—f exp (kz+1y VP — k¥ )=iek=+1sy(1 +0(1))

(m-8)
THDHDT ¢Ff @ dominant term % (M-6) TH 5,
Zhg (M-4) ~RALT

1 /(= °° . K
s, v, == (| # ke
x exp (kz—y VEki—r?) (m-9)
o iz gk )
s . e )
x exp (kz41yvVit—k?) (Im-10)
L, EHIT
(M-9)=— l;_e'fz(ll—i-lz) (m-11)
LT3, hits W t=k—k CEHK%x t et s L
I—e—mg dt oAtr)
e VHt+2r)
x exp (—itx—yvVit+2c))  (I-12)

LEY B, 22T t>a1=0(e%) (d=small constant)
E35L y=0Q) TH5»D, TDLE RSB
X e >0 L7 %L % exponentially small 7% %, X
- T

o*(—t—k)
Vi(t+2x)

x exp (—itx—yvVit+2r))

Thb, y—>0() s L y/it+2r)

I}~e—“18a1dt
0

=0(el%/2)

(275)
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L5 DTS B BB LT lowest order term
mEbHE

~ptE “ — 6 —f— ——}:
h em&)ﬂe T =E) Tout

:S—‘ dk,"/Lk):ezlcx (m_13>

—E—0]
Z 378 inner expansion @ leading term TH 5, L I
DVWTHEeFILISKLT

stay (k) -
12~S‘ e (I-14)
2155,
wiz (M-10) OFEHITBWT
A:g‘dkamv%ky9?£§@—  (m-15)

LEBEL, k=ksind WX VERE 0 Wit sk

/2
I =S d0o*(k sin @)etszsintticycoso
—n/2
(T-16)
L%, a¥ksinf) 23 slowly varying function ‘C &%
T (II-16) 1% stationary phase method!® GiF{I,
PREEND, BTLHLITRVWEEDbhSDT,

Iy= S déa(€) S © dfete (=€) singtirycos
—c0 —/2

(II-17)
LT, 0 % AF451T stationary phase method
Rt 5, y—>0() OB AEF 25, cOLE

(-17) @ 0 BT 255 %
SI/Z dﬁ@i"Rh’(”)

—r/2

(M-18)
4%, 2T x—&=Rcosa, y=Rsina, tana=
L,

z—&

M@)=sin(0+a) (1m-19)
ThD, tR=0(e") TH5H 5 (M-18) DHAHI B
$ix m(0) OZLD B Lo TR TIL L < R
$ %, stationary & 7% Sl

W (0)=cos (0+a)=0 (1M-20)
LBl THD, a—»0(as e—0) DE X 6, — _-725
-0, 02—+—72£—O %5 stationary points “TdhH %, X -T

(IM-18) XKD X >R Eh 5,
—x/2+py . z/2 .
S dBeirRn@ +S dOeixRr)
—z/2 ©/2—py
(Im-21)

T P1=0(er?), P.=0(et?) (§=small constant)
7t % constants T»H 5, (M-21) % (W-17) ~LA
LESOIlER 2225 &

(276)

—r/2+p
Iy~ S d0o*(k sin 0)gtewsin0+isy coso

—n/2

/2 . . .
+S dO6*(x sin @)eirzsino+ieyoso

z/2—p
(Im-22)

L%, cDEE kycosf=0(e%) THDHDT

eiveost=110(et) L L, Xbic k=sinfd TLEH%
kwRrse
—stay . 0‘*(’0)
~ ke — 7
L S_K e et ®)
§ o¥(k) .
e\ ———~—£ -2
+g,,_a2dke S\/MTIQT (HI 23)

L7, zis leading order term TH B, LORD
az 1% O(e'™%) @ constant TH 5,
LIk X b potential ¢(x, ¥, 2) @ inner expansion ¢

lowest order term I

82, v, (5] e
) e
+¢ET%d(;:?ﬂim
—I—iS:_azd %%2/—2 iz

wtag O'(k)
S,f ey

(II-24)
L5, x>0 O L & (I-24) O 1, 2HOWLIE
BITLHELAESDT, ok

1 (/c 1/2 .
2>e

X{ S G*(]C) etk
k—ag
+

¢<.1.', Y, Z)~ -

(/c k)2
tt+a *
|, b e
(II-25)
2% inner expansion @ lowest order term ‘C ¥ %, &
KO0 DL Eix (M-24) OES3, 4HEMTHLHELE S
|#] = 00 @ % potential OWHETEI

K 1/2 er? e——i/cm+i'7t/4
() e

2r |z [+/?
<0
¢z, ¥, 2)~ o \1/2 5% glra—iva/t )
~(ae) O
x>0
(Tr-26)
Thabhb,
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