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Jddduobood

000000000000000000000000000000000
000000000000000000000 200000000 Jv|, O
(11.19)00000|v|, 000000000000000000000000
000000000000 00000020000000000000 v, w
0000 (11.22) 0000000

lv+wly = [oly + |wl, (A1)

goboboooooboooooooOobooocOooboOoOoooOoOoOoOooboOooonn
goboboboooboooooooooooooboooooooooooooonn
oooboooooooooobooooooOooobboooon

Al OOo0OO0OOOOOOOOOOOO0OO0O0

(11.13) 00000 vV, 0000000 vV, 0OoOooOOoooooooooo
ooooooooo

00 Al O00wv,weV,a0000

n(v, w) >0, (A.2)
{n(v,w)}? > n(v,v)- n(w,w) (A.3)

000000000000 (A3)0000000DbO0oOUDOoOoUOooDOooO
000000000 (10.36)0 {g(v,w)}? < g(v,v)-g(w,w) 0000000
gboooooooooboboo

00 O0o0oO0oooo0oo0qnOO0O0«O0000VOOOOOOOOOO

(eo, €1, - ,e,-1) 0000000000000 weEVDO vzzz;év“euﬂ

000000000wveV,000000DO(11.13)0000



n(v,v) = (v°)* - Z(vi)2 > 0, (A.4)
n(v,eq) =0 >0 (A.5)

cobobooooooooooOoOoOooOobocOoOoOOoOoOobOOoOoOoOoOOoOooDn
ooo

n—1 n—1

(S (L) » (zw) (A

=1 Jj=

oooooooooyv,welVooooo

n(v, w) = v'w’ — Zviwi > O — -Z(vi)2 . Z(wj)2 (A7)

0000(A4)00

v° (A.8)
god

n(v,w) >0 (A.9)
0000 (A2)0000000000weV, 0000

P - (A.10)

n(v,v)
00000000000000000000000000 (eg, -+ ,ep_1) 0
O000000000000000 00000 +'0000000000

n—1

(v, w) = 1w’ > %, | (w)? — > (w?)? = Vi(v,v) - V/n(w, w)

0000(A3)0000000000DOO0OO0DO0O0DOO0O0ODOOODOO
goboobooboboobooboobobooboobboo

A2 DOO0OO0OO0OO0OO0OO0OO0OOOOOOOOOOOOOO0O00

00 A2 v»we V, 0000000000 XO0000 Mw e V300
v+welV, 0000

00 w20e€V,00A>0000 weV, 000000000
googo%e'>0000000+w’>00000v4+wd 0000000
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(A5) 00000000 (A2)0 (A4)00
n(v+w,v+w) =n(v,v) + n(w,w) + 2n(v,w) >0 (A.11)

O000v+wO0O0000O0ODOO0OO (A4)000000000 v+weVy
oooo

A3 00000000
00 A3 D00 wweV,0000
lv+wly = Joly + |wl, (A.12)
Dooooo

00 (A11)O0 (A3)00

n(v, 'U) + U(UH w) + 277(1), w)
77(’”7 ’U) + n(wa w) + 2\/77(1); ’U) : \/77(11’7 w) (Al?’)

(v +w,v +w)

Y

goooooboo
2
o+ wl? > Jol2 + [wl2 + 2ol - [wly = (Jol, + lwl,) (A1)

00D00(A.12)00000

A4 DODoOoOooOoo

0000000000000 0000O000000OOOD (1036)0000
oOoobOobOoooobooobOooooobobOooOoOoocOoobOobOooon
00000000000000U00 (A3) 0000000 DODOODODOD
Al000O00OO0O0O0O0O0O0O0OO0O0OO0ODOO0OOOUDOOOOOOOOO
cobobooooooooobooooooa

00 A4 D00 wweV,0000

{n(v,w)}* > n(v,v)- n(w,w) (A.15)
000000
00 wweV,000s0000

ws = sv+w (A.16)
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0000s000000000 w,€V,0000000s<0000 |s|00
0000000 ws eV 0000w, wl00000000w,=00000
0000 s0000000,w000000000w,=000000000 s
ooooooovenvV_={0}00 (V,uV_)=S0X000 XO0000O
X000 X000O00SO0000000000000000000000 s
0000000000000 0w, 000000 SO0000000000O0

f(S) e 77(’ws, ws)
= n(sv +w, sv +w)
- t277(”7v) +2577(’an) +n(’waw) (A17)

ooo0o0o0# 0000 g(v,v) >00000000000 w, =0000
ws € SO000000 sO0O0000D00ODOf(s)<0000000 sOOODO
00000O0f(s)=00000000000000000000f(s)=00
od

o onww) (e w)? — g, v)n(ww) (A.18)
root 77(1;71)) .

oooboooobooobooono

n(v,w)* — (v, v) n(w,w) > 0 (A.19)

000000000 (A1500000000000000000Of(s)=00
gobooboobbtdv,woooboobooobg

000002000 f(s)DDOO0DDOO0OO0O00D0ODOODOODOOODOODOOOO
fls)0 s000D0O0DO0DODOODODOOOOODOOOOOD

% =2sn(v,v) +2n(v,w) =0 (A.20)
gbobooboobobd
b = —BW) (A.21)
n(v,v)

00000000000 f(sm) <00000(A21)0 (A17)0000000
(v, w)?
n(v,v)
000000 (A15) 0000

0000 w, 000000000000000000£(s) = n(w,, w,) O
000000000 w, 00000000000000000w,0000
(A.16)0 (A.21) 0000

f(Smim) = — + n(w,w) <0 (A.22)

w = wg — SV
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L nwaw) | nlw)
a (wi n(v,v) v> * n(v,v) YT W T e 42

ooboobooooboo

wS:w—in(mv) V= W,pace, wv) ))v:wtime (A.24)
000008, 0000 f(s) = nws,w,) < 0000 w,,.., 0000
ooooboouoobtdwg,. 0o oobobooobobbobog
(W, paces Wiime) =0 00000000 W = W,pace + Whie 10000 wOO
goboobooboboobuoobbooboobobooboobnboobo
000000 0wOOO0OO0OO0ODO0OO0O0O0o0000O0oObo0ooooooboooo
O000D0DwOOO0O0O0O000o0o0ooooooboooobooooooooo
00000000 wee 000D 0D0O0D0wOOOOOOOOOOOOOO
gboooobooboboboboboouboiooiinUl wey... 10000

yO0doooooooooon

n(v, w) n(v, w
v,V

ey = ——o A.25
n(v,v) (8.25)

0000000 (A.15) 0
{n(es, w)}* > n(w,w) (A.26)

obobobObod0ODwOOOO0OOOOOO0o00C0CO00O0O0COODOCOODOO
Oobob0ob0Obb0wOOOOOOOOOOOOOOCOCODOOOOODOOOO
ooooooOoOoOO0OO0O0D0 200000000000000000000O
00200000000000 (A26)00000000000O0O0O0ODOOO
gobobooobooooboooobooooooomuooooooon
oomooooobooooooooooooobooooo

A4 ODOOODOOODOO 5



0o B

Jddduobooooboogd

000000MO000000000000 19000000000000
0000000000000000000000 19.6 00 (19.39)-(19.45) O
0000000000000000000000

B.1l 000000000oooOoOoOoooooOO

1830 (188) 000000000, O00D000 QOO ¢qOOOODOO
000000000000 OO0DO0O0 (configuration space) 00000
¢eQOOOon0 (¢4---,¢") 0000000000 TQOOO0OO0OON
7T*QUOD00 124000000000000 M =T"QU0 z€ T;QU
r=>3" pdg00000(¢" - ,¢"p1,---,pp,) D 2000000000
0 7(T*Q) 000

x=3 (viim-i) € T,(T*Q) (B.1)
&N ogh o ’ '
Ooooooooo

TM = T(T*Q) —> M = T*Q (B.2)

Q———Q
D0D00D00D000000 m:T"Q > QU 2eTfQU n(z) =q€Q
00000000 7 =7, : T(T*Q) - TQ O X € T,(T*Q) U

(X)) = Zv o7

i=1

€ T,Q (B.3)

0000000000000000 m,: T(T*Q) = T*Q 0 X € T,(T*Q)
0



mp(X) za::Zpidqi eT;Q (B.4)
i=1
goboobogbogon
0X) 1= {my(X), m (X)) = (D opida’, 3o/ 5r) =D pie' - (BS)
i=1 j=1 i=1

0ooooo é6:7T(T*Q) - ROODDDOOOO XeTMOOO 0v*000
O0o00oo0ooooooud M =T*QUO0O 100000O0OO0OOOOOO0
(19.44) O

0. T(1Q) 2 Qe AR (B.6)

doodoooooooooooboboooooon
n
0="> pidg (B.7)
=1

000 p; 0 (¢4,---,¢")00000000QO010000000(p1,--- ,pn)
0000000000D000006O0 M=T*Q001000000000
0000060 T*QUOOOD 10000000000

w:=df = Z dp; A dg* (B.8)

=1
00000000 2000000000000000wd 7T*QOO00000
00000000000000(¢,---,¢") 000000 QOOO00000
000000000000 7,7, 00000000000000100000
090002000000 wD 7*QOO000O00O0OOOO

B.2 OO

000000000000 00000000000000000000
0 s,t,u € ROODODOODO a,g € GAOOOOOO hk € g000000
0¢eQ@OOO00D0D000000 vho €7,QUDDIOOOODDDDON
¢ eTrQUODODDONDN T*Q=MOMOODO000 X, hy € T,MO

B.3 D0OO0OooOOoOooOO
000 GOOO00 QODOD0D0000G) 000000
p:GxQ—=Q,  (g9,9) = plg:9) =99 (B.9)
0000@G) 000 1,9, € GOOD00D ¢e QD000 ga(g1q) = (g291)g0
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(i) 000 e GOODODOD qeQOO00 eq=¢00000000000
D00000000000000 ¢x0000000000u(g,q)=gg000
0000000D0000000000 eeGUOOOOO g—aqgO0O000OO0
a=pla,e):Q—>QO0000

00000 GOO0O0O000000 Qy, Q000 ¢:Q; — Q00000
000 ee@GOO00 g eQ, 0000

p(aqr) = ap(q1) (B.10)

gobooboobbooboo

Q1 s Q2 11 — v(q1) (B.11)
Q1 — Q2 agi ——> p(aq:) = ap(q1)

O000000000000¢: Q; — Q20 G-00 (equivariant) 0000
000G-000000000000000000000000onoon

000 GOO0D0QOODDOO00OO0OO0AD,:G — G, g~ AD.(g9) =
aga'0a:Q—=Q,q—aq00000000

GxQ—L>Q (9,9) a 94 (B.12)
(ADM\LCL) al (ADa,ia) al
GxQ—"L>Q (aga™, aq) —"= (aga™)-(aq) = a(gq)

0000000000000 00000 w:GxR—-QEOODOODDODO

B4 O0OO0O0OO0OOODOOO

GOO00D0D0000000000R =G, s—g(s)00g(0)=e000
0000000000000 ¢qeQO0000 ¢(s)=g(s)g0 ¢(0)=qO000
QUOOD0O000D000 g(s),q(s)0s=000000000000000

-

= T.G = B.1
ds|,_, €T.G=g, (B.13)
d
kq=kq(a) == —g(s)a| €T,Q (B.14)
§ s=0
0000000000
axQ—=TQ,  (k,q) — kq (B.15)

000000000 kegDO0O000000D00000kg:Q—-TQRO QO
0000000000k O0D0O0O0O00O0 kEegd QUOOODOOOOO

8§ O00B O000OO0OO0O0O0O0O0OOCOOO



(infinitesimal transformation) 0000 O

000QUUO0O0D0000000000U0O00OD0OR—-Q,t—q(t)000OD0O

dq
= T B.1
vi= . € T,Q, (B.16)
d
a,v = —aq(t) € Toq@ (B.17)
dt s

Jooooooooooooooo
GxTQ —TQ, (a,v) = a,v (B.18)

00000000000000000000000 aw0000 aO000
ooooo
Ad,:g— g, k— Ady(k)=ake ! 000D0D00000000000

gxQ—=TQ (k,q) kq (B.19)
(Ada,la) a*l (Ada,la) a*l
gxQ —=TQ (aka=t, aq) — (aka™1)-(aq) = a.(kq)
god
GxTQ——=TQ (g,v) gV (B.20)
(ADH,J/a*) G*J/ (ADa,ia*) a*l
GxTQ —=TQ (aga™t, a,v) — (aga™1)-(a.v) = a.(g.v)
gobooo

0eGOTQOOOO (B18)DDOOOD

ay : TyQ — ToqQ, U aU (B.21)
goog
a*:T;,Q —T,;Q, T a*r:=Toa, (B.22)

0000zeT;QO0vel,QOO00000
(a*x,v) = (x,a.v) (B.23)
0000000 T,Q - {¢}07;Q — {¢} 0000
TQ — Q<—T*Q (B.24)
TQ —>Q~—T"Q
0000000000000 00000000 a,be GOOODO (ab)*z =
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b*a*xDDDDDGDDDDDDDDDDDDDTa(x)::(a*)_lxDDDD
GxT*Q - T*Q,
(a,2) = Tor = (a*) e =(a"H'z=20(at). (B.25)

0000000000 7 T0Q = T5,Q D000 74(z) = (ram)(x) 00D
00000 r,z=2¢"'000000000000000000000000

GxT"'Q —=T*Q (g9,z) Tx = xg " (B.26)
(ADa,lTQ) ral (ADC,,,\LTQ) T,li
GxT*Q —=T*Q (aga™t,za™') —— (za=')(aga™t) ! = xg~ta~t
goodaogo

(B25) 0000 GxT*Q — T*Q 00200000 G x T(T*Q) —
T(T*Q) 0 g x T*Q — T(T*Q) 0000000000000 7, : T°Q —
T*Q, x5 7,(z) 00000 200000 (ra)s : To(T*Q) = Ty, o (T*Q) O
000000000 zeT*QOO0000000

(7o) : T(T7Q) = T(T"Q) (B.27)
0oodooboooobooooouoooobooao

G x T(T*Q) —> T(T*Q) (B.28)

(ADaa\LT@*) T“*i

G x T(T*Q) — > T(T*Q)

gooooo
00 2zeT*QO0 a(0)=e000 GOOOO a(s) 00000000 (B.25)
D000 7:GxT*Q—»T*QUODNDNT*QUDD a(s) = Ty 00000

gooooooogd
_ da

him | TGy (B.29)

hz = hy(z) = %Ta(s)x . eT, M =T,(T*Q). (B.30)
gobooo

gxT'Q — T(T*Q), (h,z) — hz (B.31)

00000000 hegOOOOODOOOOOOOORy M —-TMO M
goobooooooooooooooooooon
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g x T°Q —= T(T*Q) (B.32)

(Adn,,l‘ra,) (Tn,)*l

gxIT"Q —=T(T"Q)

goobooo

B.b 000000 ODODODOOOOO

00100 6:T(T*Q)—» R, (B.6) 000DDODODOODOODOODN
0000 7 :T*°Q - T*Q U0 DO (ra)s : To(T*Q) — Ty o(T*Q) DO O
00X €T,(T*Q) 0000 my(X) =2 € T;QOD0 1y(X) =v € T,Q 00
0007.:X € Tro(T*Q) 0000 mp(1asX) = Taz = (¢ ')z € T;;,Q O
00 mg(1axX) =av €T,,QU0000000000000DODD

Ouz (Tax X)) = (Mp(T0s X)), Tg(Tax X))

= 0, (X) (B.33)

gobooboooboobboooboon

Q) X Qe T - R (B.34)
(Ta)*i (1)*@a*l idi
r(1Q) P Qe T - R

oo00o0oO0oOooéoOoOO

T(T*Q) —>R (B.35)
(Ta)* i

000oooO0o0oo0oo0o0oooOo0ooOOooOoO 100600000
acGOOOO /0 =00(7,)x =0000007w=ridd=drf0=dl =w
oooor:M-—-MOOOOOOOOOOOOOOOOOOO

0 (B.31)0 (B.6)0DOOD0

JigxTQ — T(T*Q) — R (B.36)
(h,z) = hy(z) = Ju(z):=0(hu(2)) = (z,hq(q)

000000 JO00000000 (B.32)0 (B.35) 000000
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gxT*Q —=T(T*Q) —>>R (B.37)

(Adavl"—a) (Ta)*l/ idl

gx T*Q —T(T*Q) ——~R

Dooo0o0
Jaha-1(Ta) = Jn(2) (B.38)
000000ehe 0000 AOOOJ,(re2) = (7)) (x) 00000000
(Ta Jn)(@) = Jo-1pa() (B.39)

00000000000000000000000 (1938)0000000
.= (e*)"'00000000000 (B.37)0

T°Q —L = g* (B.40)
|
Qg
0ooooo
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
000000000000000000000 (19.31)0 (19.38) 00000
0O000000m
0000000000000000000000000000000000
oooo

d
I 0) = LIy Hyp = =X, H = —ha H = =%, H (B.41)

000000000000 hy 0000000000000 0O0O0O0O0O00OO0
ocooooooJ,000000ooo0oooooooooooon

B.6 000oodgoon

T*QO00 z=Y",pdd 00000000000000000 heg
0 QODO0D0D0000O hgD

B
B.42
q° (B.42)

hd®=§:%ﬂma<

00000000036 D00O0DODO0OOOO
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Tnlw) = (@ hola)) = 3 pihi(a) (.43

0oooooo(g, - ,q"p1,--,pe) 0000000
0000000000000000000000000000000000

- 0L(q,9)
Pi= g

000000 pO00000 ¢D000D00000D000 s00000
q(s) =exp(sh)¢0000000000000000

¢t

(B.44)

hY =6¢' = B.4
Q q ds |,_, (B.45)
0000000000 (B43)0
" 9L _ .
= _5q* B.4
I g %4 (B.46)

i=1

cobobooooooooobOocOoOoboocoooooooon

B.7 0000000 0ODOOODOOOOO

Q=R’0000¢=(¢",¢>)D000QOODODOOG=R2000000
0000000

al 1 1 al
GxQ—Q, (a,q) = ( <a2> : (ZQ> ) — ag = (22;&2) . (B.47)

0000000 dgt +a') = d¢', di¢> +a®) = d¢> 0000000
0 =pdg' +pd¢? 00000000000 D0OO pr,p, D00D0DODOO
ecGUOOOT'QOOOOOD

g ¢' + a
ol 2 24 g2
GxT*Q —T"Q, (a,x)z((g), ¢ )»—)Tax: 1
a Y4 p1
P2 P2
(B.48)

0000000 sO00000D0000000 h=(k,A?)0DO000D000O0

1 1 1 s 1
als) = s (Z2> L als)- <22> _ <sz:8:2> (B.49)

0QO0D00Ooon

_da(s)¢t & dals)g® 9
 09s  Og! ds  0q?

0 0

1 2

= +h B.50
s—0 gt 0q? ( )

hq
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000000000000000 (B43)0
I = <pldq1 +p2dq2,hQ> = p1h! + poh? (B.51)

0000000 (kA% =(1,000000 J, =p, 0000 (kY A%) =(0,1)
0000 J,=p,0000000000000000000 (B47)000D0O
0000 (B51)0D00O000000O000O0O0

B.8 D00000ooooooooo

Q=R20000000 G=S0(2)00000000000
cosu —sinu g
GxQ—Q, (g,q):( . o, )HQQ- (B.52)
sinu  cosu q
ooooooo 7ToOooo
cosu —sinu
9" (p1,p2) = (p1,p2) © 9 = (P1,P2) ( ] ) (B.53)
sinu cosu

0000000000 (B.2) 0000 T*QLOUODOODO

-1

_ cosu —sinu
Ty(p1,02) = (P1,P2) 0 g t= (p1,p2) ( . ) (B.54)
sinu  cosu
00000o00000000o000000000000000 ,07T*RO0
ooo
cosu —sinu 0 0 qt
sinu  cosu 0 0 2
Tot = 1 (B.55)
0 0 cosu —sinu D1
0 0 sinu  cosu D2

000000000000 0=pide+pdy000000000O0O (B.52)0

g(u)g' = ¢* cosu — ¢*sinu, (B.56)

g(u)g® = ¢*sinu + ¢* cosu (B.57)

ogoboobbod«0gboooon

1
99(u)a’ = —¢'sinu — ¢%cosu, (B.58)
ou
2
99(wa” =q'cosu — ¢®sinu (B.59)
ou
DDDDDDQ(U)D QUUOUOOooOg
dg(u)g" 0 dg(u)g® 9 20 10
oy — 9 2 - 22 2 (B6O
Q ou  Oqt * ou  0q¢?|,_, q ol +a 0q>? ( )
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O0o0000o0o0oooooooao (B.43)D
Jrp = <p1dq1 + padq?, kQ> = —p1¢® + 20" = q'p2 — ¢*;m (B.61)

0000Jy,=2py, —yp, 00000000000000O00DC0O0DO0OOOO
000 (B61)000D0O0O0ODOOOOODOOOO

BY9 0000000000000 O0OO0OOOOOOOOOO

googgnd

0000000000000000000000000000000000
00000000000000000000000000000000000
000O0o0o0on

Q=R>000000¢=(z,y) 0000000 (r,¢) 0

T = 1rCos o, y=rsing (B.62)
doooooooooo
dx = drcos¢ —rdg¢ sin ¢, dy = drsin¢ + rd¢ cos ¢ (B.63)
gdddoooooooooooobooooon
dz cos¢ —rsin dr
(dy) - <sinz 7 COS ;) <d¢> (B.64)

000000000000000060=Y,pd¢! 000000000000
000(B4) 00 T*QO00 ¢ =Y,pd¢d 0000000000 (2,9)0 Q
0000000000000000000000 7*QO000 000 M

dx dr
0 = pydz + pydy = pydr + pedd = (pe, Dy) = (prspo) i (B.65)
Y

00000000 (p,p,) 000000000
cos¢p —rsing
(P2 Py) ( . > = (prsps)- (B.66)
sing rcoso
ddoooooooooooo

DX + PyY

Dr = Pz COS d) + Py sin ¢ = 5 (B67)
/1'2 + yQ
Dy = —PzTSING + pyT COS P = —pzy + pyT (B.68)

000000 p, 00000 (B61)D0D0O000OODDODOOOOOODD
(B65) 0000000000 DOODOODOODODODDOODODODDOO
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000000000 (B44) 00000000 ¢'000000 p, 00000
cobobooooooooooOoOoOoOoboOoOoOOoOoOobOOoOoOoOoOOOoOoDn
cobobooooooooobooooooa

B.10 DoooooooOooQg

00000000000 600000000000 000000000RD
O000000002000000000000000O0a = (a',---,a™) 0
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