!G #9 #7 2F $N 3X9; AGN3;R %Q!< %H 9V5A !V NL;R %H %s %M %k M}O@ $N :G6a $N H/E8 $K $D$$ $F !W 9V;U !’ @D;3 =(L@ !J 5~BgAm?M !K #7 7n#2 #1 , #2#2 F| 5- !’ 8eF# 5AE5 !" >.CS C#Li !" Bg2OFb 0jM: !" EDCf 2m?M !" ;38} E/ 0

L\ <! 1 %$ %s %H %m %@ %/ %7 %g %s 2 1.1 I8=‘%b %G %k $K $* $1 $k %P%j %* %s ?t !& %l%W %H %s ?t $N GK $l [2, 3] : : : : : : : : : : : : : : : : 3 2 %$ %s %9%? %s %H %s , %P%& %s %9 6 2.1 %$ %s %9%? %s %H %s : : : : : : : : : : : : : : : 7 2.2 %P%& %s %9 : : : : : : : : : : : : : : : : : : : 15 2.3 %$ %s %9%? %s %H %s , %P%& %s %9$N LdBjE@ : : : : 18 3 J#AG;~4VK! 23 4 Aj8_:nMQ $9 $k %$ %s %9%? %s %H %s 31 5 %P %l !< K! 35 6 @]F0O@ $N A26aE*?6Iq $$ $H %H %s %M %k 8z2L 46 6.1 @]F0O@ $H Borel OB . : : : : : : : : : : : : : : 46 6.2 HsBP>N 2 =E0f8M7? %] %F %s%7 %c %k . : : : : : : 50 7 :G8e $K .... 64 1

1 %$ %s %H %m %@ %/ %7 %g %s AGN3 ;R O@ $G %H%s %M %k 8=>] $, $" $i$o $l $k $H 8=>] O@ $G $O $[$H $s $I $" $i$o $l$J$$ $7 , %9 %H %j %s%0 $G $b Hs >o $K =E MW $G $" $k $, $" $^$j$"$i $o$l $J $$ . $3 $N 9V 5A$N Cf ?4 $O $=$N $I $A $i$G $b $J $/=c?h $K >l $N M}O@ $H $7 $F %H%s %M %k 8=>] $r 07 $& $+$H $$ $& OC $G $9 . $7 $+ $7 $J $,$i , AGN3;R 0J30 $NJ*M} !& 2= 3X $G $O Hs >o $K B?$/ $" $i $o $l $^ $9 . Nc $( $P , 1’Ch O@ $G $O %$ %s %U %l !< %7 %g %s !& 1’Ch @8 @. $N %b %G %k $N 0lIt $G $O %H%s %M %k 8z2L $, MQ $$ $i $l $k $7 , 86;R 3K M} O@ $G $O 3KJ, Nv $O 86 ;R3K $N JQ7A $+$i J,Nv $X$N %H%s %M %k 8=>] $H $_ $k $3$H $,$G $- $^$9 . $^ $? , J*@- !&2=3X $N B?$/ $N 8=>] $, %H %s %M %k 8z2L $G I= $5 $l $^$9 . $^ $: , $3 $N ;E;v $N =PH/E@ $+$i Nr;KE* $J N. $l $r 8+ $F $_ $^ $7 $g $& . #1#9#7 #6 G/ t‘Ho oft [2] I8=‘ %b %G %k $N SU(2) %; %/ %? !< $G %H%s %M %k 8z2L $, 5/ $3$k $H%" %N %^%j !< $r DL $8 $F %P %j %* %s ?t !& %l %W%H %s ?t $N J]B8B’ $, GK $l $k $3$H$r <( $7 $^ $7 $? . � B = � L 6 = 0 (1) ( IaDL $N %$ %s %9 %? %s %H %s $r 6a;wE* $K ;H $& 7W;;K! $r MQ$$ $F$$ $k $, LdBjE@ $, B?$$ .) #1#9 #8 #3G/ N. S. Man ton [3] Sphaleron( !A 10T ev !A M W =� w eak ) $H 8F $P $l $kN3 ;RE*G[ 0L $r H/8+ $7 $^ $7 $? . $3 $N G[ 0L $r@8@. !& >C LG $9 $k $3 $H $, %H%s %M %k 8z 2L $K BP1~ $7 $F$$$k . Sphaleron $N %( %M %k %. !< $O Hs >o$K 9b $$ $? $a , 0l HL E* $K%H %s %M %j %s%0 $N 3N N($O Hs >o$K >. $5 $/$J $j $^ $9 . $7 $+ $7 $J$, $i , :G =i$K $b $C $F $$ $k%( %M %k %. !< $, T ev $N $H $- 3N N( $, Bg $- $/$J $j $^ $9 . Shpaleron $N @8@. !& >CLG $r $I $N $h $& $K I>2A$9$k $+ $, $h $/ $o $+$i$J $$ . #1#9 #8 #7 G/ H. Ao y ama & H. Goldb erg[4] Sphaleron $r <+M3N3;R $N %3%R !< %l %s %H >uBV $@$H ;W$C $F @8@.$9$k3NN( $r 7W;;$9$k . #1#9#9#0 G/ A. Ringw ald [5]& o. Espinosa[6] %$ %s %9 %? %s %H %s $r ;H$C $? 7W;; . ! $b $C $H$b $i $7 $$ 7W;; $G$O $" $k $, B?$/ $N LdBjE@ $, 2

$" $k . #1#9#9#0 G/ H. Ao y ama & H. Kikuc hi[7] %$ %s %9 %? %s %H%s $NAj8_ :n MQ $r 9M $( $k $3 $H $K $h $j Ringw ald, Espinosa $N$$$/ $D $+$N LdBj $r 2r7h . #1#9#9#1 G/ V. V. Khose and A. Ringw ald[8] %P %l !< K! $r Ds>’ . #1#9#9 #2G/ H. Ao y ama & H. Kikuc hi[9] ?7 !J 8GM- ) %P %l !< K! $r Ds>’ . #1 #9 #9 #1 , #1#9 #9 #6 G/ H. Ao y ama[10], H. Ao y ama & A. T amra[11], H. Ao y ama & I. Ok ouc hi[1] %H %s %M %k 8z2L $H @]F07W;; $H$N 4X78 ! Asympton M}O@ 1.1 I8=‘ %b %G %k $K$* $1 $k %P%j%* %s ?t !& %l %W %H %s ?t $N GK $l [2, 3] $3 $3$G $O I8 =‘%b %G %k $N S U (2) W %; %/%? !< $K Sphaleron $, B8 :_ $7 $F $= $l $r DL $7 $F %H %s %M %j %s %0$, 5/ $3 $k $3 $H$r $_$F$_$?$$ $H ;W$$$^$9 . $^ $: , $3$N M}O@ $K $I $N$h $& $J %= %j %H%s , Dj>o E* $G M-8B $N %(%M %k %. !< $r ;} $DG[ 0L , $, $" $k $+ 9M $( $^$9 . $3 $N $h $& $J $b$N$r 9M $( $k $K$O %H %] %m %8 !< $r 9M $( $k$N $, JX Mx $G , <+L@ $G$J $$ %H %] %m %8 !< $, $" $l $P %= %j %H%s $r 9M $( $k $3$H $, $G $- $^$9 . $= $l $r D4 $Y $F$_ $^$9 . M-8B %(%M %k %. !<$N G[0L $r 8+$D $1 $? $$$N $G%R %C %0 %9>l � $O L58B1s $G %] %F %s %7 %c%k $N :G>.CM $G$J $1 $l $P $J $i $J $$ . � ! 0 v ! ( r ! 1 ) (2) $@$, , <B:] $K$O $3$N 7A $N %2 !< %8 JQ49$b5v$5 $l $F , L58B1s $G$O � ! U � 0 v ! ( r ! 1 ) (3) 3

$H $J $j $^$9 . ( $3$3 $G U $O%2 !< %8 JQ499TNs .) F1MM $K %2 !< %8 >l $O , A � ! � @ � U � U � 1 ( r ! 1 ) (4) $3 $N $h $& $J G[ 0L $K $J $C $F $$ $l $P %] %F %s %7 %c%k$+$i $N 4s M? $, M-8B $K $J $k$N $G M-8B %( %M %k %. !< $N G[0L $K$J $j$^$9 . $D$^ $j , #3<!85 1sJ} $G U $H $$ $& 9TNs $, Dj5A $5 $l$l $P M-8B %(%M %k %. !< $NG[0L $, $D $/ $k $3 $H $,$G $- $k . $3$N $H$-<+L@ $G $J$$ 2r $, $"$k $+ $I $& $+ $O � 2 ( S U (2)) $H $$ $& %H %] %m %8 !< $, $"$k $+$r$_ $l $P $h$$ $3 $H $K $^ $j$^ $9 . $3$N>l9g � 2 ( S U (2)) = 1 $J$N $G %= %j %H%s $O B8:_ $7 $J $$$3 $H $, $o$+ $j $^$9 . $7 $+ $7 , :# $N 5DO@ $r$b $& $9 $3 $7 3J>e $2 $9$k $H <+L@ $G$J$$G[0L $, B8:_ $9$k $3 $H $,$o$+ $j $^$9 . $= $l $O Dj >oE* $G M- 8B$N%(%M%k %. !< $r ;}$D 0l O" $N G[0L , $= $7 $F , $= $l $i $N $D $/$k 6u 4V ( %k !< %W 6u4V ) $r 9M $( $^$9 . ( $3$3 $G 9M $( $k %k !< %W $O =PH/E@ $H E~C#E@ $, ??6u $G$" $k$b $N $r 9M $( $^ $9 .) $D$^ $j , G[0L 6u 4V $O L58B <! 85 6u 4V $G %H %] %m %8 !< $K $h $C $F J, $1 $i $l$F$$ $J$$ $N$@$1$l $I $b$3 $N%k !< %W 6u 4V $G$O %k !< %W $O $I $N $h $& $K J, N‘$5 $l $k$N $+ $r D4$Y $^ $9 . $= $3$G$3$N%k !< %W 6u4V $N %H %] %m %8 !< $r$_ $^$9 . #3<!85L58B1s S 2 $O%k !< %W $N %Q%i %a !<%? $, 2C $o $k $N $G S 2 � S 1 $H$J $j $^$9 . $D $^$j , � 2 ( S U (2)) ! � 3 ( S U (2)) (5) $H$J$j$^ $9 . $3$N $H$- , � 3 ( S U (2)) = Z $H$J$k $N $G $J $K $+ 4, $-IU $-?t $N $h $& $J$b $N $, B8 :_ $9$k $3 $H $,$o $+$j$^ $9 . $3$N>u67 $O <! $N$h $& $J Dc <! 85 $N %b %G%k$r 9M $( $k $HJ, $+$j $d$9 $$ . $r Dj>o E* $G M-8B$N%(%M%k %. !< ;}$D G[ 0L6u 4V $r$3 $N %I !<%J %D$N I= LL $H 9M $( $k $3$H $, $G $- $^ $9 . $J$< $+$H$$ $& $H %I !< %J%D $NI=LL $K 4, $-IU$/ %k !< %W $r 9M $( $l $k $+ $i $G $9 . ( =D<4 $r %( %M %k %. !< $H $7 $^$9 . ??6u $O %I !< %J%D $N:G 2< E@ $K$J$j$^ $9 .) $3$N$h $& $K Dj >o E* $G M-8B $N %( %M %k %. !< $r ;}$D G[0L 6u4V $r %I !<%J %D$N I= LL $H $_ $k $3$H $, $G $- $k $J $i $P ?? 6u0J 30 $K FCJL $J E@ ( 0H E@ ) $, B8 :_$9$k $3$H $, $o$+ $j $^$9 . 0H E@ $J$N$G%k !< %W $N J}8~ $K 9T$-$^ $9 $H%( %M %k %. !< $, 2< $, $j $^ $9 $, B>$N J} 8~ $K 9T $1 $P %( %M %k %. !< $, >e $, $j $^$9 . $3 $N G[ 0L $O 6K CM $J $N $G 1?F0J}Dx <0 $N 2r $G $9 $, IT0BDj $J 2r $G $9 . ( %H %] %m %8 %+ %k$J%= %j %H%s $G$O$"$j $^ $; $s . %k !< %W $N J}8~ $K Mn$A $F$$ $C $F$3 $o $l $F $7 $^ $& .) $3 $l $, Sphaleron $H 8F $P $l $kG[0L $G $9 . 4

<B :] $I $& $d $C $F Sphaleron $r$D $/ $k $+ $K$D $$ $F $G$9 $, , $^ $: ,SU(2) $N0l 2s 4, $- IU $/ %k!< %W $r :n$C $F$d $j $^$9 . $b $A$m $s $= $l $K $O $$ $m $$ $m$J 4,$- IU$- J} $, $" $k$N$G L5 8B$N 2D G= @- $, $" $j $^ $9 . $3 $3$G JQ J, K! 86 M} $r MQ$$ $^ $9 . 0l 2s 4,$- IU $/ %k !< %W $r 9M $( $?$H $- $K $= $N%k !< %W $r 9=@.$9 $k G[0L$N Cf $G :G$b%(%M%k %. !<$N 9b $$ G[0L $r $_ $k $H $=$N G[0L$N%(%M %k %. !< $O Sphaleron $N%(%M %k %. !<$h $jI, $: 9b $$ $3 $H $, $o $+ $j$^$9 . $G $9 $+ $i ,Sphaleron $r $_ $D $1 $?$1 $l $P %k !< %W $N :G Bg E@$N%( %M%k %. !<$r 6K CM 2=$9 $l $P $h $$$N$G $9 . J, $+ $j$d $9 $/7W ;; $7 $? 7k2L $r $*8+ $; $7 $^$9 . %k !< %W $r %Q%i %a %H %i %$ %: $9$k $N $, � $N J}8~ $G , %k !< %W 6u 4V$N %Q%i %a !<%? !< $, a $G $9 . ?^ $r $_ $k $H$o$+ $k$h $& $K %k !< %W $N :G Bg E@$N :G >.$N $H $3 $m , $9 $J$o $A ?^ $N E@ $N$H$3 $m , $, Sphaleron $K $J $j $^$9 . $5 $i$K $3 $N ?^ $r $_$F $$ $k $H %H %s %M %k 8z2L $, $" $k $3$H $, $o$+ $j $^$9 . � = 0 ; � $, ??6u $J$N $G � = 0 $+ $i � = � $X$N ( ?? 5

6u $+$i ??6u $X$N ) A+0\ $r 9M $( $k $3$H $,$G $- $^$9 . $3$N A+0\ $O ??6u $+$i ??6u $K 0\$k $N $G 2? $b 5/ $3$i $J $$$+ $H $$ $& $H $= $& $G$O $J $/ $F $=$N 8z 2L $r =& $&4X78<0 $, $" $j $^ $9 . $= $l$, %" %N %^%j!< $N <0 $G $9 . @ � J � B = @ � J � L = 3 g 2 16 � 2 T r( F F � ) (6) J B ; J L $, $=$l $> $l %P %j%*%s ?t , %l %W %H %s ?t $N %+ %l %s %H $G 0l @$ Be $N >l 9g$G $9 .( ;0 @$ Be $N >l 9g $O #3 G\ $K $J $j $^ $9 .) $3 $N $h $& $J %" %N %^ %j!< $, 8+$( $k$? $a $K $O 1& JU$N @Q J, $, #0$G $" $C $F $O$J $j $^$; $s . <B:] $K 1&JU $N @QJ, $O #1 $K $J $j $^$9 . $7 $? $, $C $F , $3 $& $$ $&8=>] $r � B = � L 6 = 0, $" $k$$ $O , B + L violation $H 8@ $$$^$9 .( B � L $O J]B8 $5 $l $^$9 .) <B:] $K $I $N $h $& $J H?1~ $K $J $k $+$H $$ $& $H q + q ! 7 � q + 3 � l + ( W ; Z ; H ) (7) ( W ; Z %\ %= %s $d%R%C %0 %9 $, F~$k $3 $H $K $h$C $F A+0\3NN( $, >e $, $j $^$9 .) $7 $+ $7 $J $,$i , $3 $N$h $& $J 8=>] $O Hs>o $K 5/ $3$j $K $/$/ $J$j$^ $9 . ?? 6u $+ $i ??6u $K 0\$k $H $3$m $K %]%F %s%7 %c %k >c JI $, $" $k$o$1 $G , $=$N 0l HV Dc$$$H $3 $m $, Sphaleron $K $J $k $o$1 $G $9 . $7 $+ $7 , $= $N Sphaleron $N%(%M %k %. !< $, :G=i $K =R $Y $?$h $& $K M S ph � O ( M W =� � 10T ev) $J$N $G %]%F %s %7 %c %k $N ;3 $, Hs>o $K 9b$$ $3$H $K$J $j , $3 $N 8=>] $O 5/ $3 $j $K $/$/ $J $j$^$9 . ??6u $+$i ?? 6u$N A+0\ $G$O$J $/:G=i $+$i 10T ev $N%( %M %k %. !< $r ;}$D H?1~ $r 9M $( $k $H$b $O $d %H %s %M %k 8z2L $G $O $J $/ $J $k $N $G 4QB,$5 $l $k $O$:$G $9 . 2 %$ %s %9%? %s %H %s , %P%& %s %9 $3 $3$G , %$ %s %9 %? %s %H %s $H %P %& %s %9 $K 4X$9 $k 4pK\ E* $J 35 G0 $H 7W ;; J}K! $r I| =, $7 $^ $9 . $3$3$G$O , NL ;RNO3X $G $d $j $^$9 . $? $$$F$$$N >l9g $O , NL ;RNO3X $G 2? $, 5/ $3 $C $F $$ $k $+ J, $+$l $P >l $N M}O@ $G $b F1 $8 $G $9 . 6

2.1 %$ %s %9%? %s %H %s %H %s %M%k 8= >] $, 5/ $3 $k 7O $H $7 $F $h $/ 9M $( $k$N$O , 2<$N $h $& $J BP >N Fs =E 0f 8M 7? %] %F %s %7 %c%k$G $9 . %H %s %M %k 8=>] $, 5/ $3 $k $N $O ;3 $, Hs>o $K 9b $$>l9g $G $9 . ;3 $, Hs>o $K 9b $$>l9g , :8B& $@ $1 $G 4pDl>uBV $N GHF04X?t $r :n$C $?$b$N $r L , 1&B& $@$1$G :n$C $?$b$N $r R $H $7 $^$9 . $9 $k $H ;3 $, L58B $K 9b $$>l9g $K $O N>J} $H$b4pDl >u BV $G =LB‘ $7 $F$$$^ $9 $, , ;3 $N9b $5 $, M-8B $N >l9g $K $O #2$D $N GHF04X?t $K$O =E $J$j $, $" $C $F , Aj8_:n MQ $, $" $j$^$9 . 6a;wE* $K #2$D $N GH F04X?t $N 6u4V $G %O %_ %k %H %K%" %s $r =q $/ $H , H = E 0 � � E 0 ! (8) $3 $l $r BP3Q2=$9$k $H <B:] $N%(%M %k %. !< $O E � = E 0 � � (9) GHF04X?t $O � = 1 p 2 1 � 1 ! (10) + = 1 p 2 ( L + R ) $N GHF04X?t $N 7A $O , 7

� = 1 p 2 ( L � R ) $O , $3$N$h $& $J >l9g #1<!85 NL;R NO 3X $G $h$/CN $i $l $F$$$k $h $& $K , @a !J #0 $r @Z$k E@ !K $, $J$$ $b$N $, 4pDl>uBV , @a $, #1$D$"$k $b$N $, Bh0lNe5/ >uBV $G $9 . $b $H$b $H =LB‘ $7 $F $$$?#2$D $N %b !< %I $, J,Nv $7 $?$o $1$G $9 . $3 $l$+$i , $3$N J,Nv $, $I $N $0 $i $$$N Bg $-$5 $G 5/ $3 $k $+$H$$ $& $3$H $r 8+ $F$$$-$^$9 . $= $N $?$a$K$O , � $N Bg $-$5$r I>2A$9 $l $P $$$$$o$1$G $9 . � $N Bg $-$5 $O GHF0 4X?t$N =E $J $j $G $" $C $F , $3 $l$O :8 $K $" $C $? N3;R $, 1& $K 9T$/3NN( $K 0MB8 $7 $F $$$^$9 . $3 $l$O WKB $G 7W;; $9$k $3 $H $, $G $- $^$9 . � ’ exp � Z P dx � (11) $? $@ $7 , P $O 1?F0NL $K AjEv$9$kNL $G P = q 2 V ( x ) (12) $3 $l $r 7W;;$9$k $?$a $K%] %F %s %7 %c%k$r 4JC1 $J$b$N $K 7h $a $^$9 . V ( x ) = 1 2 x 2 (1 � g x ) 2 (13) 8

$3$l $O Hs >o $K JX Mx $J 7A $J $N$G :# 8e2? 2s$b ;H$$ $^$9 . @h $[ $I %] %F %s %7 %c%k >c JI $, Bg$- $$ $H$$$C $? $N $O$3 $l$r 8+$k $H $o $+ $j $d$9$/ $F , g $, 0 $K 6a $E $1 $P #2 $D $N0f8M $N4V3V $, N% $l $F 4V $N ;3 $b9b$/ $J$j $^ $9 . $^ $? g ! 0 $G V ! 1 = 2 x 2 $G D4OB?6 F0;R $K$J$j$^$9 . $^ $? V ( x ) $r E83+$9$k $H V ( x ) = 1 2 x 2 + g x 3 + 1 2 g 2 x 4 (14) $H $J $C $F , #3 <! $N 78?t $K g , #4<! $N 78?t $K g 2 $, $D$$$F$$$F g $O $A$g $& $I 7k9gDj?t $N$h $& $K $J $j $^$9 . @h $[ $I $N � $r <B:] $K 7W;;$9$k $H P = x (1 � g x ) (15) � ’ exp � � Z x (1 � g x ) dx � (16) = exp � 1 6 g 2 ! (17) $3 $N � $, @h$[ $I $N %( %M%k%. !< $N J, Nv $N Bg $- $5 $r 7h$a $F $$ $^ $9 . $H $3 $m$G , $3 $N � $O g ! 0 $G Hs >o $K B. $/ 0 $K 6a $E $- $^$9 . <B:] g 2 $K $D$$$F 0 $N $^ $o $j $G E8 3+ $7 $F $_ $k $H A4 $F$N <!?t $N 78?t $O 0 $K $J $j $^$9 . n <! $N 78?t $O , 1 n ! d d ( g 2 ) ! n exp � 1 6 g 2 ! � � � � � g =0 = ( M-M}<0 ) � exp � 1 6 g 2 ! � � � � � g =0 (18) 9

$3 $l $O exp ( � 1 = 6 g 2 ) $, Mx $$ $F 0 $K $J $j $^$9 . $3 $N $h $& $J NL $O g 2 $G E83+ $7 $F 3F<! ?t $r D4$Y $k @] F0 O@ $G$O =P $F $- $^$; $s . $3 $N � $N $h $& $J NL $O Hs @] F0O@ E*8z 2L $H 8F $P $l $F $$ $^ $9 . @]F0O@ $G$O$G$-$J$$$N $G JL $N 7W;;J}K! $, I,MW $G $9 $, , $= $l $, %$ %s %9 %? %s %H%s 7W;; $G $9 . $b $A$m $s $3 $l $O NL ;RNO3X $G $9 $+$i ?t CM7W;; $G $b WKB $G $b 7W;; $G $- $k $o $1$G $9 $, , >l$N M}O@ $G 7W ;; $G $- $k$h $& $J 7A <0 $r :n$k$?$a $K $=$N =‘Hw $H $7 $F NL ;RNO 3X $N Cf $G $A$c $s $H 7W;; $G $- $k$h $& $K $7 $^$9 . $3$N$?$a $K$O 7PO) @Q J, $r ;H $$$^ $9 . 7PO)@Q J, $G $G$- $l $P >l $NNL;R O@ $K$b ;H $( $^$9 . 7P O)@QJ, $G x = 0 $+$i x = 1 =g $K 9T$/A+0\?6I} $r 7W;; $7 $^$9 . h x = 1 =g j e � iH t j x = 0 i = Z D x e iS [ x ] (19) $U$D $& $N @] F0 O@ $H 0c$C $F x = 0 $+ $i x = 1 =g $X 9T $/$h $& $J 7P O) $, 8z $/$h $& $K 7W ;; $7 $?$$$o $1$G $9 $, $=$N <j=g $O $h $/CN $i $l $F$$ $^$9 . $= $l$O , ;~4V $r 5u?t $K $7 $F ;~4V?d?J $7 $^$9 . h x = 1 =g j e � H � j x = 0 i = Z D x e � S E [ x ] (20) ;~4V $r 5u?t $K $9$k $H :nMQ $O $I $& $J $k $+$H $$ $& $H S E [ x ] = Z dt � 1 2 _ x 2 + V ( x ) � (21) 7k6I , %] %F %s %7 %c %k$N A0 $N Id9f $, � $+$i + $K JQ2= $7 $^$9 . =>$C $F %]%F %s%7 %c %k $, 5UE> $7 $? Cf $G N3 ;R $, $I $& F0 $/ $+ $H $$ $&LdBj $K $J $j $^$9 . $3 $N$H $- , 2<$N$h $& $K x = 0 $+ $i x = 1 =g $^ $G 9T$/ $3$H $, $G $- $^$9 . 2#<4 $r � $K $7 $F $+ $/ $H , 10

$3 $N 2r $O , %( %M %k %. !< J]B8 $r ;H$C $F 4JC1 $K 5a$^$C $F , E = 1 2 _ x 2 � V ( x ) = 0 (22) x ( � ) = 1 g 1 1 � e � � (23) $3$l $r x I $H =q$$ $F , %$ %s %9 %? %s %H %s $H 8F $S $^ $9 . 7P O) @Q J, $r $3 $N 2r$r Cf ?4 $K I> 2A $7 $^$9 . !J <ALd !K ;~4V $r 5u?t $K $7 $? $b$N $H $7 $J $$$b$N $H$N 4X78 $O !) !J Ez $( !K %(%M %k %. !< $NCM $r 5a $a$k $H$$ $& 4Q E@ $+ $i$O , h 1 =g j e � H � j 0 i $, $o $+ $C $F $$ $l $P , 5a$^$j$^$9 . $= $l$O , 4V $K 40A47O $r $O $5 $s$G , h 1 =g j e � H � j 0 i = X n h 1 =g j E n ih E n j e � H � j 0 i = X n e � E n � h 1 =g j E n i h E n j 0 i $3 $l $N D9;~ 4V $N ?6$k Iq $$$r 8+$k $H E n $N >.$5 $J$H$3 $m $@$1$, ;D$C $F$= $N%( %M %k %. !< $, $o$+ $j $^$9 . <B:] $K$3$3$G$O $=$N$h $& $K $7 $^$9 . ;~4V $r 5u?t $K $7 $?$b $N $H , 85 $N$b $N $H$N4X78 $O <B:] $K$O Fq $7 $$ LdBj $G $9 . $@ $+ $i 5u ;~4V $r ;H $& $H $- $K$O Cm 0U $7 $F ;H $o$J$1$l $P $J $j $^$; $s . 8e $G J#AG ;~ 4V7A<0 $r ;H $& $H $-$b $3$N LdBj $O$G $F $- $^$9 . $3 $N %3%s %U %# %. %e %l !<%7 %g %s $r ;H$C $? 7W ;;$N ;E J} $r Bg $6 $C $Q $K $$ $& $H , $^$: , x ( � ) $r x I ( � ) $H $f $i $. $N ItJ, $K J, $1 $^$9 . x ( � ) = x I ( � ) + X c n x ( n ) ( � ) (24) 11 x ( n ) ( � ) $O 40A47O $G $9 . 7PO)@QJ, $O$f$i $. $N ItJ, $N 78?t $K $D$$$F$N @QJ, $K$J $C $F , Z D x e � S E [ x ] = Z Y dc n e � S E [ x ] (25) :nMQ $O x I $N $^ $o $j $G E83+ $7 $^$9 . P c n x ( n ) = � x $H =q $$ $F $* $/ $H , #2 <!$^ $G E83+ $7 $F , S E [ x ] = S E [ x I ] + Z d� � S E � x ( � ) � � � � � x = x I � x + 1 2 Z d� d� 0 � S E � x ( � ) � x ( � 0 ) � � � � � x = x I � x ( � ) � x ( � 0 ) (26) #1 <!$N 9‘ $N � S E =� x ( � ) j x = x I $O x I $, 1? F0 J} Dx <0 $N 2r $J $N $G 0 $K $J $j $^ $9 . #2 <! $N 9‘ � S E =� x ( � ) � x ( � 0 ) j x = x I $O 0l HL $K Hy J, 1i ;; ;R $K $J $j $^ $9 . $3 $N It J,$r =h M} $9 $k $? $a $K , x ( n ) $r$3 $N HyJ, 1i;;;R$N 8G M-4X?t $K$H $C $F , $=$N 8GM-CM $r � n $H $9 $k $H #2 <! $N 9‘ $O P n (1 = 2) � n c 2 n $K $J $j $^$9 . $3 $l $i $N$3 $H$+ $i , 7W ;; $7 $F $$ $k 7P O) @Q J, $r I $H =q$$$F $* $/ $H , I = e � S E [ x I ] Z Y dc n e � 1 2 P � n c 2 n (27) $K $J $j $^$9 . <B:] $K S E ( x I ) $r 7W;;$9$k $H , WKB $H F1 $8 $G S E [ x I ] = 1 6 g 2 (28) ;D$j$N It J, R dc n � � � $O WKB $K $* $1 $k <+ M3 0x;R $H ;W $( $^$9 $, , #1 $D $@$1 =EMW $J 0c$$ $, $" $j $^$9 . $= $l $O , 0lHV>. $5 $$ 8GM-CM $, 0 $K $J $C $F$$ $k $3 $H $G $9 . $= $l $r 4JC1 $K 8+$k $K $O , $b$H$b$H x I $, 1?F0J}Dx<0 $r K~ $? $7 $F $$ $k $3$H $+$i , � S E � x ( � ) � � � � � x = x I = 0 (29) $3 $l $r � $G HyJ,$9$k $H Z d� 0 � S E � x ( � ) � x ( � 0 ) � � � � � x = x I dx I d� ( � 0 ) = 0 (30) $H$J$C $F dx=d� $, , 8GM- CM 0 $N 8GM- 4X ?t $G$" $k $3 $H $, $o $+ $j$^$9 . $^ $? , %$ %s %9 %? %s %H %s 2r $, #1 $D$" $l $P , $= $l $r J?9T0\F0 $7 $?$b$N$b $^$? %$ %s %9 %? %s %H %s 2r $K$J $C $F$$ $^$9 . 12

$7 $? $, $C $F , %$ %s %9%? %s %H %s 2r $O L5 8B 8D$" $k$N $G , 0 $+ $i 1 =g $K 9T $/;~ 9o � 0 $r %Q %i %a !<%? $K $7 $F x I ( � ; � 0 ) $N $h $& $K I=$9 $3$H$K $7 $^$9 . A0 $K � x $H $$ $& $f $i $. $r 9M $( $^ $7 $? $, , $3 $N � x $N Cf $K$O � 0 $r F0 $+ $9$b$N$b F~$C $F $$ $F , $=$N 2< $G$O , %$ %s %9 %? %s %H %s $O $^ $? %$ %s %9 %? %s %H%s $K $J $j $^$9 $+$i , :nMQ $O JQ $o $i$: , $7 $? $, $C $F$3 $& $$ $& JQ7A $N$b$N $G $N 8GM-CM $O 0 $K $J $j $^$9 . $D$^$j %< %m%b !< %I $, $" $k $H$$ $& $N $O , %$ %s %9 %? %s %H%s$, � 0 $H $$ $&<+M3 $J%Q %i %a !<%? $r ;}$C $F $$ $k $3$H$+$i $N 5" 7k $G $9 . $, $" $k $H %, %& %9@QJ,$N 1 = p � 0 $N$H$3 $m $, L58BBg $K$J $j$^$9 $, , $3$3$r � 0 $K 4X$9$k@QJ, $K =q $- 49 $( $^$9 . I = e � S E [ x I ] Z Y n � 1 dc n e � 1 2 P n � 1 � n c 2 n Z d� 0 J (31) c 0 $K 4X$9$k @QJ, $@$1 J, $1$F , $= $l $r � 0 $K 4X$9$k @QJ, $K $7 $^ $7 $? . J $O $=$N$H$- $K$G $F $/ $k %d %3 %S %" %s$G $9 . $3 $s $I $O %, %& %9 @Q J, $N $H$3$m $O $A $c $s$H 7W;; $G$- $^$9 . � 0 $K 4X $9 $k@QJ, $O A4;~4V $K$o$?$C $F @QJ, $9$k $o $1$G $9 $, , :# $N>l9g $O , $" $kM-8B $N ;~4V $G 0 $+$i 1 =g $^ $G 9T$/3NN( $r 9M $($F $$ $k $N $G , ;~4V4V3V $r 7h $a$F$$ $k $o $1$G $9 . $=$N ;~4V4V3V $r T $H $9$k $H , Z d� 0 J = T J (32) $7 $? $, $C $F I = e S E [ x I ] 0 @ Y n � 1 s � � n 1 A T J (33) $$ $^ T $K HfNc$9$kNL $, $G $F $- $^ $7 $? $, , $3 $l $O $3$N $^$^ $G$O 2r<a $G $- $^ $; $s . $b $H $b $H I $O I = D 1 =g j e � H T j 0 E (34) 4V $K 40A47O $r $O $5 $s$G , I = X n e � E n T h 1 =g j E n i h E n j 0 i (35) T $r Hs>o $K Bg $- $/ $H $k $H E n $N >.$5$$9‘ $@$1$, ;D$C $F e � E 0 T $N $U$k$^$$ $r $9 $k $O$:$G $9 . $3 $l $O :# $N 7W;; $H 9g$C $F$$ $^$; $s . :#9M $($?$N $O 0 $+$i 1 =g $^ $G #1 2s $@$1 9T$/ $b$N $G $7 $? . 13

?^ 1: $7 $+ $7 , #1 2s 0 $+ $i 1 =g $^ $G $$ $C $F , $^ $? 0 $K $b $I $C $F$b $& #1 2s 1 =g $K 9T$/$h $& $J $b$N$b 9M $( $i $l $^$9 . ?^ 2: 1 =g $+$i 0 $K $$ $/ $h $& $J 2r $O H? %$ %s %9%? %s %H %s $H 8F $P $l $^$9 . $3 $N $h $& $J%3 %s %U %# %. %e %l !< %7 %g %s $K $*$$$F$O %$ %s %9 %? %s %H %s $H H? %$ %s %9 %? %s %H %s $, == J, N% $l $F $$ $k $? $a $K A4 BN$N :n MQ$O #3 $D $r B- $7 $? $b $N$K $J $j $^ $9 . ?^ 1 $N ?6 I}$r AT = e S E [ x I ] ( Q n � 1 q � =� n ) J T $H $9$k $H ?^ 2 $N ?6I} $O 1 3! A 3 T 3 (36) $K $J $j $^ $9 . 1 = 3! $, $D$$ $F $$ $k$N$O , %$ %s %9%? %s%H %s $H H? %$ %s %9%? %s%H %s $N =g HV $, 7h $^$C $F$$ $k $+$i$G $9 . $3$N$h $& $K %$ %s %9 %? %s %H%s , H? %$ %s %9 %? %s %H%s , � � � $H$J$C $F$$$k $b $N $r$9 $Y $F B- $7 5s 14

$2 $k $H AT + 1 3! A 3 T 3 + 1 5! A 5 T 5 + � � � = sinh AT = 1 2 � e AT � e � AT � (37) $3$3 $K e AT $H e � AT $, $G$F$- $F$$ $F , %(%M %k %. !< $, :G=i 9M $( $F$$ $? E 0 $h$j $b A >e $, $C $?$b$N $H A 2< $, $C $?$b $N $K$J$C $F$$$k $N $G , $3$N A $, :G=i9M $($F$$ $? � $G$" $k $H$$ $& 7kO@ $K C# $7 $^$9 . 1- %$ %s %9 %? %s %H%s $G 7W;; $7 $?$b$N $O , T $N#1<! $K $7 $+ $J $i$J$$ $1 $l $I $b , :# $N$h $& $K , %$ %s %9 %? %s %H%s , H? %$ %s %9 %? %s %H%s$r 8r 8_ $K F~ $l$?$b $N $r A4 $FB- $; $P , %(%M %k %. !< $N + � $H � � $K 1~ $8 $F e � �T $H e + �T $, $G$F $/ $k $H$$ $& $3 $H $G $9 . $3$N$3 $H $r 4u %$ %s %9%? %s %H %s %, %9 6a;w $H$$$$$^$9 . $3 $l$O Hs>o $K B?$/ $NLdBj $r 4^ $s$G $$ $k $o $1$G $9 $, , $= $l$O $"$H $G $*OC $7$7 $^$9 . !J <ALd !K :G=i7W ;; $7 $?$b$N $, 1- %$ %s %9 %? %s %H%s $7 $+ 4^ $s$G $$$J $+ $C $? $H$$ $& $N $O , GX7J $K $$ $l $? $N $, 1- %$ %s %9 %? %s %H%s $@ $1$@ $C $? $+$i$G $9 $+ !) !J Ez $( !K $= $& $G $9 . $b$H$b$H$N 7PO)@QJ, $O $$ $m$$$m$J GX7J $, $" $k $o $1$G $9 . :# $N >l9g 0 $+$i 1 =g $K 9T$/ $h $& $J GX7J $r 9M $( $^$9 $, , $=$N $h $& $J A4 $F$N GX 7J$N $^$o $j$G 7W ;; $7 $F $= $l $i $r A4 $F B- $7 $" $2 $J$1$l $P $J $j $^$; $s . JL $N >l 9g $G$O 0 $+$i 0 $K 9T $/ $h $& $J$b$N $b 9M $( $i $l $^$9 $, $3 $N $h $& $J >l9g , 0lHV C1=c $K $O $:$C $H 0 $K $$ $F $J $K$b5/ $3 $i$J$$ $b $N , <! $O %$ %s %9 %? %s %H%s $, $" $C $F , H? %$ %s %9 %? %s %H%s$, $" $k $b$N $H$$ $& $U $& $K$J $C $F , A4 $F $r B- $7 $" $2 $k $H :# EY $O cosh $K $J $j $^$9 . cosh $H sinh $N 0c$$ $O 78?t$N 0c$$ !J h 1 =g j E n i $H h 0 j E n i !K $G $9 . 2.2 %P%& %s %9 @h $[ $I $O$+ $J $j 4p K\E* $J OC $r $7 $?$o$1$G $9 $, , !V Ph ysics T o da y !W $K %G %S %C %I !! %^!< %_ %s$H $$ $& ?M $, ?oI. $r =q $$ $F$$ $F , $= $N Cf $K !V 9V5A $d8&5f2q $N H/I= $G Fq $7 $9 $. $F J86g $r 8@ $o $l $?$3$H $O$" $C $F$b , 4JC1 $9 $. $F J86g $r 8@ $o $l $?$3$H $O$J $$ . !W $H =q $$ $F$" $C $?$N 15

$G $?$V $s $$$$ $s$G $7 $g $& . $3 $l $+$i$@$s$@$s , $" $^$jI8=‘E* $G$J $$ OC $r $7 $^$9 . %$ %s %9 %? %s %H%s $N @bL@ $O , $5$C $- $d$C $?$N $G%P%& %s %9 $NOC $r$3 $l$+$i $d$j $^$9 . %P %& %s %9 $O IT 0B Dj @-$N LdBj $r 07 $& $H $-$K EP >l $7 $^$9 . EAE} E* $K CN $i $l $F $$ $k IT 0B Dj $J%] %F %s %7 %c%k $O <! $N$h $& $J$b$N $G $9 . $3 $l $O 86;R3K$N � Jx2u $N%b %G %k$K $b ;H $o $l $^ $7 $? . %] %F %s %7 %c%k >cJI $N Cf $K JD $8 $3 $a$i $l $F $$ $k � N3;R $, %H %s %M %k 8=>] $r 5/ $3 $7 $F 30 $K$G $F $/$k $o$1$G $9 . $3 $& $$ $& %H%s %M %k $9 $k3d9g $r 7W;;$9$k $K$O , $b $A$m $s WKB $G $b 7W;; $G $- $k $o $1$G $9 $, , >l $N M}O@ $G $b ;H $( $k$h $& $K 7P O) @Q J, $G I>2A $7 $^$9 . @h $[ $I $H F1 $8 $h $& $K %f !< %/ %j %C %I 2= $7 $? 7P O) @QJ, $r 9M $( $k $H%]%F %s %7 %c%k $,$R $C $/ $jJV$C $F , :G=i6KCM $K $" $C $? N3;R $, Mn$A $F$- $F , H?BPB& $K 9T$C $F $^ $? 5"$C $F$- $^$9 . � $r 2#<4 $K $H $C $F =q $/ $H , 16

6K >. CM $N%( %M %k %. !< $H $A$g $& $I F1 $8 $H $3 $m x E S C $G %f !< %/ %j %C %I 2= $7 $? 2r $O @^$j JV $7 $F $- $^$9 . x E S C $O %( %9 %1!< %W E@ $H 8F $P $l $F $$ $^$9 . %f !< %/ %j %C %I 2=$5 $l $? J} Dx<0$N $3 $N $h $& $J 2r $O%P %& %s %I $7 $F 5"$C $F $/$k$N $G %P%& %s %9 $H $h $P $l $F $$ $^$9 . :G 6a , %$ %s %9 %? %s %H %s $H $$ $&8@MU $O MpMQ$5 $l $F $$$F , %f !< %/ %j %C %I 2= $7 $? 1?F0 J} Dx <0 $N2r $G , :nMQ $, M-8B $N$b $N $O $9 $Y $F %$ %s %9 %? %s %H%s$H 8F $V $H$$ $& $N $, N.9T $j$D $D $"$j$^$9 $, , %$ %s %9 %? %s %H%s $H%P%& %s %9 $O A4$/0c $& $b $N $G $9 . 2? $, %$ %s %9 %? %s %H %s $G , $J$K $, %P %& %s %9 $G , 2? $, $= $l 0J30 $N$b$N $J$N $+$r$O $C $-$j $H 6hJL $7 $J $$$H J*M}E*IAA| $, $4 $A$c $4 $A$c $K $J $C $F $7 $^$$$^$9 . $3 $l$r %$ %s %9 %? %s %H%s$G $O$J $/ %P%& %s %9 $H 8F $V $N $O 7A $, 0c $& $H$$ $& $@ $1 $G$J $/ , $b $& #1$D=E MW $J0c $$ $, $"$j$^ $9 . A0 $HF1 $8 $h $& $K $3 $l$r GX7J $H $7 $F $f $i $. $r 9M $( $?$$ $o $1 $G $9 $, , $3$N$H$- 8GM-CM $, LdBj $K$J $k $o $1$G $9 . %$ %s %9 %? %s %H%s $N $H$-$H F1 $8 $h $& $K J?9T 0\F0 $7 $?$b $N $b %P%& %s %9 $K$J $C $F$$$k $N $G , 0 8GM- CM $O$"$j$^ $9 . $=$N8G M- 4X ?t dx B =d� $N ?^ $r =q$$ $F$_ $k $H $A $J$_ $K %$ %s %9 %? %s %H %s $N$[ $& $O , dx B =d� $N$[ $& $O dx I =d� $H 0c$C $F 0 E@ $r @Z$C $F $$ $^$9 . $^$? , $3 $N 8G M-4X ?t $r Dj 5A 17

$9$kHyJ,J}Dx<0 $O ( � d 2 d� 2 + V 00 ( x B ( � )) ) x ( n ) ( � ) = � n x ( n ) ( � ) (38) $G Sc hr� odinger J}Dx<0 $H A4 $/F1 $8 7A $r $7 $F $$ $^$9 . #1 <! 85 Sc hr� odinger J}Dx<0$N 2r $O @a $N ?t $, 0 $N$b$N $, 4pDl>u BV $G$"$C $F , :# $N dx B =d� $O @a $N?t $, #1$J$N $G Bh0l Ne5/ >u BV $G $9 . $7 $? $, $C $F $3 $l $h$jDc $$8G M- CM $N %b!< %I $, B8:_ $9 $k $O $: $G $9 . $3$N8GM- CM $O � 0 = 0 $h $j $b >.$5 $$$G $9 $+ $i Ii$N 8G M- CM $G $9 . Ii$N 8G M- CM $, #1 $D B8 :_ $9 $k$N$G , 7P O) @Q J, $G Q � n $N$H$3 $m $, 5u?t $K $J $C $F $7 $^$$ $^$9 . $b $A$m $s C1 $K 5u?t$N CM $r =q$$$? $+$i $H $$ $C $F I, $: $7 $b @5 $7 $/ $J$$ $o $1 $G $9 . Colemann $N @bL@ $J $I $r 8+$^ $9 $H$$$m $$$m2r@O @\B3 $N $7 $+ $? $, =q$$ $F$"$j $^$9 $, , $= $l$O 8e $G $* OC $7$7 $^$9 . 2r @O @\ B3 $G @5 Ev 2=$9 $k $H $d$O $j 5u ?t CM $, $G $F $- $^$9 . 5u ?t CM $, $G $F $/$k $H $$ $& $3$H $O IT0BDj@- $r 0UL# $7 $F $$ $^$9 . <B;~4V $G 8+ $F$_ $^$9 $H , � � � e � iE 0 t � � � 2 = e � � 0 t (39) $3$3$G E 0 $N 5u It $r � � 0 = 2 $H $7 $^ $7 $? . $7 $? $, $C $F 1 = � 0 $, <wL? $r 0U L# $7 $^ $9 . $D $^ $j , 6K>. CM $N $H $3$m $K , $"$k0U L# $G 6I =j 2= $7 $? >u BV $r:n $C $F$b , $= $l$O $I $s $I $s 8: $C $F $7 $^ $$$^$9 . $=$N 8:$kEY 9g $$ $, , $$$^ $N � 0 $K $J $j$^$9 . <B:] WKB $G 7W;; $7 $? <wL? $O , 7k 2L $H $7 $F%P %& %s %9 ;H $C $? 7W;; $H 0lCW $7 $^$9 . $=$N 0UL# $G , $3 $l$O @5 $7 $$ 7k2L $r M? $( $k $H $$ $& $3$H $, $o$+ $j $^$9 . Hs >o $K 4J C1 $G $7 $? $, , $3 $l$, , %P %& %s %9 $r ;H$C $? 7W;; $N %9 %H !< %j!< $G $9 . 2.3 %$ %s %9%? %s %H %s , %P%& %s %9$N LdBjE@ $3$N$h $& $JIaDL $N %$ %s %9 %? %s %H%s$d %P%& %s %9 $K $O$$$/ $D $+$NITHw $JE@ $, $"$j$^ $9 . $3 $l $+$i $= $l $r 8+ $F$$$- $^$9 . $^ $: , %$ %s %9 %? %s %H%s $O Hs>o $K $& $^$/9T$/ $H @bL@ $7 $^ $7 $? $, , $& $^$/9T $+$J $$$3$H$b $" $j $^$9 . $^ $: , Ne 5/ >uBV $O $& $^$/$$$- $^$; $s . @h $[ $I $O , 4p Dl>u BV$N%(%M%k %. !<$N J, Nv $r $& $^$/ =P $7 $^ $7 $? $, , F1 $8 $3$H$r Ne5/>uBV $G$d $m $& $H $7 $F$b $& $^$/ 9T $-$^ $; $s . $3 18

$l$O , NL ;R NO 3X $@ $1$N LdBj $G $O$J $/ $F , Sphaleron $N LdBj $K$b Ev $F $O $^ $j$^ $9 . @h $[ $I OC $7 $?$h $& $J EE<eM} O@ $K $* $1 $k q � q $N T eV NN0h $G$N >WFM $O , 0lHV %(%M %k %. !< $, Dc $$ $H$3$m $G$O $J $/ $F , =i 4| $N%( %M %k %. !< $, $" $k>u BV $K Aj Ev $7 $^$9 . $@ $+ $i , $3 $& $$ $&LdBj $O $A$c $s $H 2r7h $7 $J $1 $l $P $J $j $^ $; $s . <! $K , 4u %, %9 6a;w $N LdBj $, $" $j$^$9 . @h $[ $I Hs>o $K 4JC1 $K 4u %, %9 6a;w $N @bL@ $r $7 $^ $7 $? . $= $l $O , 2<$N$h $& $J %$ %s %9 %? %s %H %s , H? %$ %s %9 %? %s %H %s $r 4v$D $+ MQ0U $7 $? $b$N$b 9M $( $^$9$9 . $=$N4V $O 0lHL $K Hs >o $K N% $l$F$$ $F , $=$N:nMQ $O C1 $K$= $l$i$N :nMQ $r B- $7 $?$b $N $H $7 $F 6a;w $7 $^ $7 $? . $3 $l$i$N 4V 3V $O $@$$$? $$ e 1 = 6 g 2 $0 $i $$ $K$J $k $3 $H $, CN $i $l$F$$ $F 7k 9g $, Hs >o $K >.$5$$ $H $- $O @5Ev2=$5 $l $^$9 $, , $" $k>l 9g $K$O 2x $7 $/ $J $j $^$9 . $?$H$( $P , Ne 5/ >uBV $G $O , 4V3V $,$@$s$@ $s =L$^$C $F $/$k $N $G @5Ev2= $5 $l $^ $; $s . $3 $l $O <B:]E* $J LdBj $G $9 $, , 86M}E* $K$O $b $C $H ?<9o $G $9 . @h $[ $I $O 2?5$ $J $/ %$ %s %9 %? %s %H %s , H? %$ %s %9%? %s %H %s $N ?^ $r$+ $- $^ $7 $? $, , $3 $l $O 1?F0J} Dx<0 $N 2r $G$O $J $$$N $G $9 . $b $7 , 9T$C $?$j$-$? $j $9$k2r $r :n$j $? $1 $l $P , =i4|CM $r $A$g $& $I 6KBgCM $K$H$i$J $$ $G , >/ $7 $:$i $7 $?$H$3 $m $K $H $l $P , <~4|E* $J 2r $O :n $l $^$9 . $3 $l $N Ld BjE@ $O $^ $: =i4| >uBV $H =*>uBV $O @53N $K 0 , 1 =g $G$O $J $$$N$G , h 1 =g j e � H T j 0 i 19

$H $$ $& 9TNs MWAG $r 7W;; $7 $F $$ $k $3 $H $K$O$J $j$^ $; $s . 0lJb>y $C $F , h 1 =g � � j e � H T j 0 + � i $N $h $& $J 9TNsMWAG $K JQ $( $^$9 . $7 $+ $7 , $?$H $( JQ $($F $b 1?F0J}Dx<0 $N 2r $K $" $k %3 %s %U %# %. %e %l !< %7%g %s$O , <~4|E* $J$b $N $7 $+ $"$j$^ $; $s . $H$3 $m $, , A0 $d$C $? 7W;; $O , %$ %s %9 %? %s%H%s , H? %$ %s %9 %? %s %H %s$, $$ $k;~9o $K $D$$ $F @QJ, $r 9T $$$^$9 . 1 3! Z d� 1 Z d� 2 Z d� 3 = T 3 3! (40) $7 $+ $7 , 1?F0J} Dx<0 $N 2r $J $i , � 1 ; � 2 ; � 3 $O F0 $+ $7 $h $& $, $J $$ $o $1$G $9 . $G$O , $5$C $- $N7W ;; $O 2? $r$d $C $F $$$?$N $G $7 $g $& $+ . $? $$$F$$ $O , <! $N$h $& $K $7 $F G<F@$9$k $o $1$G $9 . 1? F0J}Dx<0 $N2r $O 3N $+$K F0 $+$; $^ $; $s $, , $f $i $. $K 4X $9$k@QJ, $O $9$k $o $1$G $9 . $? $H$( $P <! $N$h $& $J$f $i $. $r B- $; $P %$ %s %9 %? %s %H%s $N 0LCV $r F0 $+ $; $^$9 . $3 $N $h $& $K $7 $F , %$ %s %9 %? %s %H %s $N Cf?4 $r F0 $+ $; $k $o $1$G $9 $+$i , 7k6I@QJ, $7 $?$b$N $K $J $j$= $& $G $9 . $3 $l $r J]>Z $9$k $?$a $K$O , :#B- $7 $?$f $i $. $N 8GM-CM $, Hs>o $K 0 $K 6a $$ $3$H $, I,MW $G $9 . 8GM-CM $, Hs>o $K 0 $K 6a $1 $l $P , $3 $l $r B- $7 $F $b <B<A>e:nMQ $O JQ $o $i$J $$ $N $G , %$ %s %9 %? %s %H%s $N 0LCV $r <+M3 $@$H ;W $C $F @QJ, $9 $l $P $h$$ $H$$ $& $U$& $K M}2r $G$- $^$9 . $3 $l$, EAE}E* $J @bL@ $G $9 $, , $3 $l$K $b$d $O $j 5?Ld $, ;D $j$^$9 . $?$H $( $P $f $i $. $r :G=i 20

$K B- $9 $H$- $O$$$$ $N $G $9 $, , $3 $l $, :G=i $N$b $N $+ $i $+$J$j $: $l $?$b$N $K B- $9 $H$- $K $O Ld Bj $K $J $j $^ $9 . :G =i$N 1? F0 J} Dx<0$N 2r $+$i $+ $J $j$: $l $? $b $N$K $f$i $. $r B-$9$H $-$K :n MQ $N #1<! $N9‘ $, >C $( $k $3 $H $, J]>Z $5 $l $^ $; $s . J, $+$C $F$$$k $3 $H $O , $* $= $i $/ $3$N9‘ $O , 2? $i $+$N 0UL# $G >. $5$/ $F , $7 $? $, $C $F :nMQ $O$f $i $. $r B- $7 $F$b JQ $o $i$J$$ $G$"$m $& $H$$ $& $3$H$G $9 . :nMQ $, JQ $o$i$J $$ 8B$j$5$C$-$N T 3 = 3! $, $G $F $- $^$9 . T 3 $, $G $F $/$k $H $$ $& $3$H$O Hs >o $K Bg$-$$$3$H $, J, $+ $k $N $G $3 $l $O <h$j 9~$^ $J $1$l $P $J$i $J $$$3$H$O J, $+ $j $^$9 . $7 $+ $7 , A4 BN $r DL $8 $F $I $& $$ $& 7A<0 $G 2? $r$d $C $F$F , $?$H$( $P $3 $l $+$i $N $: $l $O $I $N $h $& $K 7W;; $7 $? $i $h$$$N $+$H $$ $& $3 $H $O J, $+$i $J $$ $H $$ $& :$Fq $, $" $j $^ $7 $? . Bh#3 $N :$Fq $O , %2 !< %8 %R %C %0 %97O $d %9%+ %i!< $N 7O $G , %] %F %s%7 %c%k $, <! $N$h $& $J$b$N $N >l9g $G $9 . V ( � ) = 1 2 � 2 � 2 � � 4 � 4 (41) $3 $l$O%f !<%/%j %C %I 2= $7 $F $R $C$/ $jJV $7 $? $o $1$G $O$J $/ $F , $b $H$b $H$3 $& $$ $& %]%F %s %7 %c%k$r 9M $( $k $o $1$G $9 . $3 $l $O , $d$O $j IT 0BDj $@ $H 9M $( $i $l $^$9 . $3 $& $$ $& 7O $G $O $? $7 $+$K %H %s %M %j %s %0 $O $" $j $^$9 $, , LdBj $, $" $C $F , $3$N 7O $K$O %$ %s %9 %? %s %H %s$, B8:_ $7 $J $$ , @53N $K$O H>7B $, #0$N %$ %s %9 %? %s %H %s $7 $+ B8:_ $7 $^$; $s . %P %& %s %9 $NM}O@ $K$b$$ $/ $D $+$N LdBj $, $"$C $F , $=$N #1$D $O , %$ %s %9 %? %s %H%s $H 6&DL $G , Ne 5/ >u BV $r $I $& $9$k$N $+ $H $$ $& $3$H$G $9 . %P %& %s %9 $G 7W ;; $G $- $k$N $O 6K>. CM$N$H$3 $m $N 0lHV2< $N>uBV $+$i $N Jx2u3NN( $@$1$G , Ne5/>uBV $+ $i $N Jx2u3NN( $O 7W;; $G$- $^ $; $s . $3 $l $O , $b$H$b$H$N Colemann $N O@J8 $K $b 2]Bj $H $7 $F =q $$ $F$" $j$^$9 . $5 $i $K , %P %& %s %9 $K$O 56 $N IT0BDj @- $H$$ $& Ld Bj $, B8:_ $7 $^$9 . 56 $N IT0BDj @- $NLdBj $H 21

$$ $& $N $O <! $N$h $& $J %]%F %s %7 %c%k$N >l9g $K 5/ $3$j $^$9 . 1&B& $, $7$P $i $/ $7 $F >e $, $C $F$$ $k$h $& $J >l9g $G $9 . $d $O $j , %H %s %M %j %s %0 $O $" $k $o $1 $G $9 $, , $I $& $$ $& $3$H $, 5/ $3 $C $F$$ $k $+$O , NL ;R NO3X $r CN$C $F $$ $l $P J, $+ $C $F , %H %s %M %j %s %0 $G 1&B& $K$G $F $$ $C $? N3 ;R $O $7 $P $i $/$9$k $H 5"$C $F $-$F , 9T$C $? $j$-$? $j $7 $^ $9 . $?$H$( $P , #2 =‘0L7O $N 6a;w $G$O , H = E 0 � � E 1 ! (42) $G , ?6 F0$N <~4| $O � $, 7h $a$F $$ $^$9 . $3 $3$K$O 2?$N IT 0B Dj @-$b B8 :_ $7 $^$; $s . $7 $+ $7 , %f !< %/%j %C %I 2= $7 $F 7W;; $7 $h $& $H$9 $k $H , $d $O $j %P%& %s %9 $, 8= $l $^$9 . %P %& %s %9 $, 8= $l $k $H$$ $& $3 $H $O JL $N8@ $$ J} $r$9 $k $H , %f!<%/ %j %C %I 2= $7 $?7A <0 $G $O , %]%F %s %7 %c %k $,$: $C $H 2< $, $C $?$^$^ $J$N $+ , $$ $: $l >e $, $C $F$$$k $N $+$H $$ $& $3 $H $O 8+ $($J$$ $o $1$G $9 . 8+ $( $F $$ $kNN0h $O , $3 $N$"$? $j $@$1$, 8+ $($F $$$F , x $N Bg$-$$ J} $O 8+ $($J $$$N $G $9 . $5 $i$K , @h $[ $I $N 7W ;; $G $O , $f $i $. $O � x $N Hy>. NL $7 $+ 8+ $F$$ $J $+$C $? $o $1 $G $9 $+ $i$d $O $j x $N Bg $-$$J} $G >e $, $C $F$$ $k $+ , 2< $, $C $F $$ $k $+$O 8+ $( $^ $; $s . $7 $? $, $C $F , A0 $H A4 $/F1 $8 7W;; $G , � � 1 $H $$ $& Ii $N 8GM-CM $, B8:_ $7 $F , 5uIt $, =P $F$-$F $7 $^ $& $N $G , IT0BDj $H$$ $& 7k2L $K$J $C $F 22

$7 $^$$$^$9 . $3 $N$3$H$r 56 $N IT0BDj@- !J F ak e instabilit y !K $H $$$$ $^$9 . $3$l $+ $i $3$l $i $N Ld Bj $r DI 5a $7 $? $$ $N$G $9 $, , $3$l $K %" %W %m !<%A $7 $? $d $j J} $O #2$D $" $j $^ $9 . #1 $D$O , J# AG ;~ 4V 7A <0 (Complex time formalism), $b $& #1 $D$O , %P %l !< K! (V alley metho d) $G$9 . %P %l !< K! $N A0 ?H $H $7 $F $O , Aj 8_ :n MQ%$ %s %9 %? %s %H %s K! !J in teracting instan ton !K $, $"$j$^ $9 . 7k2L $O , J#AG ;~ 4V 7A <0 $NJ} $O ItJ, E* $K 2r7h $5 $l $^ $9 . $? $H $( $P , 56 $N IT0BDj @- $NLdBj $O J#AG;~4V7A <0 $G 2r7h $5 $l $^$9 . $G $9 $, , B> $N$b$N $O$[$H $s $I 2r7h $G $- $^$; $s . %P %l !< K! $N J} $O , :# $O$J $7 $? LdBjE@ $N $[$H$s $I A4 $F$r 2r7h $G $- $^$9 . $3 $l $+$i J#AG;~4V7A<0 , $=$N 8e $K , %P %l !<K! $r @bL@ $7 $^$9 . 3 J#AG;~4VK! ;~ 4V $r J# AG?t $K $9 $k$?$a $K$O !" 2r@O@\B3 $H $+ $I $& $J $C $F $$ $k$N $+ $, Hs>o $K =E Bg $J Ld Bj $G $9 . J88% $O ;3 $N$h $& $K$" $j$$$m $$$mD4 $Y$^ $7 $? $, !" G< F@ $G $- $k7A<0 $H$$ $& $N $, $? $C $? 1 $D $7 $+ $J $/!" $= $l $r >R2p $7 $F $*$-$^$9 . J#AG ;~ 4V K! $r9M $($kM} M3 $O 2? $+ $H$$ $& $3 $H $G , fak e instabilit y $NLd Bj $r 9M $( $F$_ $^ $9 . fak e $K $J $C $F $$ $k$b$N$O ?^ 3 $N $h $& $J $b$N$G $9 . $& $^ $/ $$ $/$N $O $= $N <!$N ?^ 4 $N $h $& $J , $D $- $L $1$F L58B 1s $^ $G$$ $/ $b $N $G $7 $? . $I $3 $, 0c $& $N $+$H$$ $& $H , $$ $: $l $^ $?La $C $F $/$k $N $+ $= $l $H $b H4 $1$?$i 8~ $3 $& $K Ht $s$G $$ $C $F $7 $^ $& $N $+ , $G $9 . $3 $N$3$H $, J*M}E* $K 5uIt $, $" $k $+$J$$ $+ $N :9 $r :n $j$^$9 . $7 $+ $7 Euclidean $G$O $= $3 $, 8+ $($J$$ $?$a , $I $& $7 $?$i $h $$ $+ $H $$ $& $3$H$K $J $j $^$9 . $=$3$G , Euclidean $G 8+ $( $J $$ It J, $O <B :] $K <B ;~4V $G F0$/ $H $3$m $@$+ $i <B;~ 4V $N $H $3$m $b2? $+ JQ2= $G$-$k $h $& $K $7 $h $& , $H $$ $& $N $, J# AG ;~4V $, =P $F $/$kM} M3 $G $9 . 5u;~4V $@$1 $G $" $l $P ?^ $N @~$N 4V $7 $+ 8+ $($J $$$o$1$G $9 $, , $=$3 $+$i @h $O <B;~4V $G 8+ $F$d $j $^$9 . <B:] $K @QJ,$9$k x ( t ) $, 5u;~4V J}8~ $K $b <B;~4VJ} 8~ $K $b;~4V JQ 2= $,$G $-$k $h $& $K $7 $F$d$C $F , %9 %? !< %H $7 $? N3;R $, 5u;~ 4V J} 8~ $N;~4V JQ 2= $G ;}$C $F %H%s %M %k 8z2L $r 5/ $3 $7 , =P $F$-$? $i <B;~4VE*;~4VJQ2= $r 5/ $3 $7 $F , ?6F0$9$k $J $j %H%s %M %k $7 $F La$k $J$j L58B1s $K 9T$/ $J $j $G$- $k$h $& $K $9$k $o $1$G $9 . $D$^$j , JI $, $" $k $+$H $$ $C $? 30 $N 6u4V $G $N 6- 3&>r 7o $r <B;~ 4V $G $N ;~4V JQ2=$b <h$j F~ $l $k$3$H $K $h $C $F 23

?^ 3: ?^ 4: 24

?^ 5: 9MN8 $G $- $k $@ $m $& $H $$ $& $N $, 4pK\E* %" %$ %G %# %" $G $9 . 0J >e$N $h $& $J $3 $H $r <B 9T $9 $k $? $a $K , resolv an t $H $$ $&$b $N $r 9M$( $F $d $j $^ $9 . re- solv an t $H$O $" $k <o $N %0 %j !< %s 4X?t $N$h $& $J$b$N $G , G R ( x i ; x f ; E ) = � x f � � � � 1 E + i� � H � � � � x i � = � i Z 1 0 dT e i ( E + i� ) T h x f j e � iH T j x i i (43) Bh 2 <0 $N $h $& $K =q$/ $H , 9TNs MW AG $NItJ, $O IaDL $N %U %! %$ %s %^ %s 3K $G x i $+$i x f $X ;~4V T $& $D$k$b $N $K $J $j $^$9 . $3 $l $r , 4V $K 40A47O $r $O $5 $s$G I>2A$9$k $H , G R ( x i ; x f ; E ) = X n 1 E + i� � H h x f j E n ih E n j x i i (44) $3 $N resolv an t $K $O , E $, %Q %i %a !<%? $H $7 $F F~$C $F $$ $^$9 . E $N J#AGJ? LL $G , 6K $O N%;6 E* $J >u BV $K $J $k $7 %+%C %H $O O" B3 E* $J ;6 Mp >uBV $K $J $j $^$9 . :# , $3 $N T @QJ, $r ;H$C $F I> 2A$9$k $3$H$r 9M $($F $_ $^$9 . T $N J#AGJ? LL $G @QJ, $O 0 $+$i 1 $^ $G$G $9 $, , $b $7 Ho@Q J, 4X?t $, 0HE@ !J saddle p oin t !K $r ;}$C $F$$ $l $P $=$3 $r DL $C $F @QJ, $r I>2A $9$k $3 $H $, 2DG= $K $J $j $^$9 !J ?^ 5 !K . $=$3 $G , 0HE@ $, $" $C $F $& $^$/ $=$3$r DL$k$h $& $K 7PO) $r JQ7A $G $- $k $+ $, LdBj $G $9 . JQ7A $G$- $k $? $a $K$O , JQ7A $9$k4V $K 6K $H $+ $N FC0[E@ $, $" $k $+ $I $& $+$H$+ $I $s $J 0HE@ $J$N $+$r CN$kI,MW $, $"$j $^$9 . $^ $: , 0HE@ $, $I $& $$ $& J}Dx <0 $K => $& $+$H $$ $& $N $r $_$F$d$j $^$9 . Bh0l $K , T $K $D$$$F HyJ, $7 $? ;~ $K 0 $K $J $k $3$H$G $9!’ d dT h e i ( E + i� ) T h x f j e � iH T j x i i i = 0 (45) 25

$3 $l$, $o$+$l $P $$ $$$N$G $9 $, Hs >o $K Fq $7 $$$G $9 . $o$+ $k$?$a$K$O 9T Ns MWAG $r CN $i $J $/ $F $O$J $i$: , CN$C $F$$ $k $H$$ $& $3 $H $O Ez $, $o$+ $C $F$$ $k $H$$ $& $3 $H $K$J $k $+ $i$G $9 . $= $3 $G M>J, $J >r7o $r IU $1 2C $( $^$9 . 9TNsMWAG $N ItJ, $O 7PO)@Q J, $H $7 $F =q $1 $k $N $G , 0HE@ $N >r7o $H $7 $F $=$N 7PO)@QJ, $N JQJ,$b 0 $K $J $C $F$$ $k $3$H$r 2] $7 $^$9 !’ � � x h e i ( E + i� ) T h x f j e � iH T j x i i i = 0 (46) $3 $l $O resolv an t $r 8+ $F$$ $k ;~ $K T $N @Q J, $G $b$" $k $7 x $K BP$9$k7PO)@QJ, $G $b$" $k $+ $i , 2 =E @QJ,$N N>J} $K 4X $7 $F Ho @QJ, 4X ?t $, 0H E@ $K $J $C $F $$ $k $H $$ $&>r7o $G $9 . Ld Bj $O $J$< 2 HVL\ $N MW@A $, $" $k $+$H $$ $& $3$H $G $9 . $b $H $b$H I>2A $7 $? $$$N $O T @QJ, $G $9 $+$i 2 HVL\ $O $$ $i$J $$ $O$:$G $9 $, , $3 $l$@$1 $G$O I>2A $G $-$J $$$N $G IU $1 2C $($F $*$- $^$9 . IU $1 2C $( $k $H 2? $, 5/ $3 $k$N $+ $H $$ $& $N $, LdBj $G $9 . $= $l $> $l $I $& $$ $&>r7o $r =P$9$N$+ 8+ $F $_ $k $H ,2 HVL\ $O 1?F0J}Dx<0 $, =P $F$- $^$9 !’ � S � x = 0 (47) $b $& 1 $D $O T HyJ, $G e i ( E + i� ) T $H h x f j e � iH T j x i i $K$+$+ $j $^$9 . 8e<T $G $O x i $+ $i x f $X 9T$/ $H$- $K $O 1?F0 J} Dx<0 $r ;H $C $F$$ $- $?$$ $o $1$G , $=$N $H$- $K 1?F0 J} Dx <0 $N2r $r F~ $l $? :n MQ $O T $K 0MB8 $7 $^$9 . x ( t ) $O x (0) = x i , x ( T ) = x f $r K~ $?$9 1? F0J}Dx<0 $N 2r $G T $K $h $C $F$$ $k $N $G dS dT $r 7W;;$9$k $H , dS dT = d dT Z T 0 dt 8 < : 1 2 dx dt ! 2 � V ( x ) 9 = ; = 2 4 1 2 dx dt ! 2 � V ( x ) 3 5 x = x f + Z T 0 dt dx dt d 2 x dT dt � dV ( x ) dx dx dT ! (48) d 2 x dt 2 + dV ( x ) dx = 0 (49) $=$3 $G , dx dT $r D4 $Y$F$_ $^$9 . dx dT = ( 0 t = 0 � dx dt t = T (50) 26

?^ 6: $= $& $9$k $H , dS dT = � 2 4 1 2 dx dt ! 2 + V ( x ) 3 5 t = T = � E ( T ) (51) $h $C $F A4 $F $N T HyJ, $K$h$k7k2L $O E = E ( T ) $H$J$j$^ $9 . resolv an t $r 7W ;; $7 $F$d $k $H 0H E@ $, K~ $? $9 >r 7o $O 1? F0 J}Dx <0 $r K~$? $9$3$H$H $=$N %( %M%k %. !< $O resolv an t $K$O $$ $C $F $$ $k E $H Ey $7 $/ $J $k $3$H$H$J $j $^$9 . $3 $N >r7o $G 0HE@ $r C5 $9 $3 $H $O 4JC1 $G , resolv an t $r$" $k E $N $H$3$m $G 7W;; $7 6K $, $" $k $+ $I $& $+ 8+$D $1 $? $$ ;~ $K E $r $b $D 1?F0 J}Dx<0 $N 2r $r D4 $Y $F$d $l $P $h$$$o $1$G $9 . <B :] $K $3 $l $r 4JC1 $J%b %G %k $N >l9g $K E,MQ $7 $F $_ $^ $7 $g $& . D4 OB ?6 F0 ;R $r Nc $K$H $j $^$9 . $3 $l $O C/ $G $b 2r $1 $F :# $+$i $d $k J}K! $G $I $l $@ $1 @5 $7 $/ Ez $, =P$k $+ %A %’ %C %/ $G $- $^$9 . x i $+ $i x f $r 6X ;_NN 0h $K $H $j $^$9 !J ?^ 6 !K . x i , x f , E $O 27

%U %j!<%Q%i %a !<%? $G $= $l $K BP$9 $k resolv an t $r 7W ;; $7 $^ $9 . $3 $N ;~ $K T $N J# AG J?LL $G $N $$$m$$$m $J CM $N B0$9$k $H$3 $m $, $o$+ $j$^$9 . $^ $: , 6X;_NN0h $G $9 $+$i <B;~4V $K 2r $O B8 :_ $7 $^$; $s . Euclidean $K $9 $l $P 2r $O 1 $D :n $l $^ $9 . K\ Mh $O T $K $D$$$F <B ;~4V$N$H$3 $m $G @QJ, $7 $F $$$? $1 $l $I $b , $$ $: $l 7PO) $r 6J $2 $k $3$H$r 9M $( $k$N $G T $O J#AG ?t $G $$$$ $N$G $9 . resolv an t $H $$ $&NL $r 7W ;; $7 $F $$ $k$N$G $9 $, , $=$3$K $O <+ A3 $K J# AG ;~ 4V $, 5v$5 $l $k $o$1 $G $9 . <B :] x i $+ $i x f $X D> @\ ?J $‘ $H $$ $& $3$H$r 9M $( $^$9 !J ?^ 6 $N 1 !K . $= $l $O ,Euclidean $G$" $k;~ 4V $@ $1 $+ $+$C $F ?J $a$^ $9 . $9 $J $o $A=c 5u ?t $N;~4V $+ $+$C $F?J$‘ $3 $H $, $G $- $^$9 . $^ $? , x i $+$i %9 %?!< %H $7 $F x 0 $^ $G ?J $s$G b ounce $N $h $& $K 0z $- JV $7 $F x f $K ?J $‘ $3 $H $b $G $-$F !J ?^ 6 $N 2 !K , $3 $l $b =c5u?t;~4V $G $9 . $G $9 $+$i =c5u?t ;~4V $N $H $3 $m $K 2 $D 2r $, $G $- $^$9 . $= $l 0J 30 $K $b x i $+ $i %9 %?!< %H $7 , x A $^ $G ?J $s$G $=$3$+$i C+ $N Cf $K$O $$ $k $H $$ $& >l9g !J ?^ 6 $N 3 !K $, 9M $( $i $l $^$9 . $3 $l $O >!<j $K 2r $r @\B3 $7 $F $/$C $D $1$F$$ $^ $9 . 1? F0 J} Dx <0 $, $"$k $N $G <B;~ 4V $J $i <B;~ 4V $G 2? $, 5/ $-$k $+ 2r $1 $P $o $+$j$^ $9 $, , >!<j $K ;~4V $r JL$N J}8~ $K ?J $a $k $3$H $O$G $- $^$; $s . $1$l $I $b x 0 $G$O ;~4VHyJ, $, 0 $G $9 $+ $i $=$N E@ $G $O 2? $N L7=b $b $"$j$^ $; $s . $^ $? $3$N J}Dx<0 $O 2 3,HyJ, J}Dx <0 $G $9 $+ $i x $r <B?t $K J]$C $? $^ $^ t $r 5u?t ;~4V J}8~ $K F0 $+ $7 $F $b 9=$$ $^ $; $s . $? $@ $7 ESCf $G L7 =b $, $J $$$h $& $K $7 $J $1 $l $P $J $j$^ $; $s . $= $& $9$k $H , x i $+$i %9 %? !< %H $7 x A $r DL $C $F x B $G 0z$-JV $7 , x A $r DL$C $F x f $X$$ $/ $3$H $, $G $- $^$9 . <~4| $r T 0 $H $7 $F $* $/ $H 2 HVL\ $N %1!< %9 $K Hf $Y $F <BJ}8~ $K T 0 $@$1 2C $($?$H$3 $m$b2r $K$J $j $^$9 . $3 $N$h $& $K $9 $k $H L58B $K 0HE@ $, B8:_ $7 $^$9 !J ?^ 7 !K . $b$H $b $H $" $C $? @QJ, $O 0 $+$i <B<4 J}8~ $K 1 $^ $G @QJ,$9 $k$b$N$J $N$G $3 $l $r 6J $2 $F $d $j $^ $9 . 0H E@ $O 0l J} 8~ $K$O 6K Bg $G $9 $, JL $N J} 8~ $K$O 6K >. $K$J$C $F$$$^ $9 . JQ 7A $7 $? ;~ $K 7PO) $K 1h $C $F 0HE@ $, 6KBg $K$J$C $F$$ $J$$ $H 6a ;w $O $& $^ $/ $$$- $^ $; $s . 0HE@ $G $N 6KBg , 6K >.J}8~ $O ?^ $N$h $& $K $J $C $F $$ $k $3$H $, $o$+ $j $^$9 . D> 3Q $K 6J $, $kE@ $@$1$O HyL/ $G , =c?h $K 0HE@ $r DL$k $N $K Hf $Y $F H>J, $N 4sM? $7 $+ $" $j$^ $; $s . $3 $& $7 $F G R $r 7W;; $7 $F$d$k $H Ez $O @5 $7 $$Ez $H 0lCW $7 $^$9 . $7 $+ $7 LdBj $, $3$N Nc $K $h$jL@ $i$+$H $J$j$^ $9 . D4 OB ?6 F0 ;R $J $N $G Ho@Q J, 4X ?t $r D>@\ 7W ;; $7 $F$d $C $F2? $, 5/ $3 $C $F$$$k $+ 8+$k $3 $H $,$G$- , 1?F0 J} Dx <0 $r K~ $? $; $H$$ $& M> J, $J >r7o $, K\Ev $K$$$$ $N $+ $I $& $+ D4 $Y 28

?^ 7: $k $3$H $, $G $- $^$9 . $9 $k $H , LdBj $, =P $F $- $^$9 . $= $l $O :# $N J}K! $G $O JL $N 0HE@ $, B8:_$9 $k $H$$ $& $3 $H $G $9 . $3 $l$O :# $NJ}K! $G $O E~DlM} 2r $G$- $J$$$b $N $G $9 . J#AG 2r $r >e $N$h $& $K 9=@. $7 $F$d$C $F $G$- $k $b $N $r J*M}E* 0H E@ (ph ysical saddle p oin t) $H 8F $S J#AG2r $G 8+ $D $+$i $J $$$b$N $r HsJ*M}E*0HE@ (unph ysical saddle p oin t) $H 8F $S $^$9 . $^ $H$a � J* M} E* 0H E@$N 4s M? $K $D $$$F $9$Y $F $3 $l $r $? $7 $" $2 $k $H @5 $7 $$ Ez $, =P $k . !J @5 $7 $$ Ez $H $$ $& 0UL# $O Ne5/>uBV$b4^$^ $l $F $$ $k $H $$ $& $3$H !K � fak e instabilit y $O $J $$ . <B :] $K ;O$a$N 2 $D$N Nc $K $D$$$F 7W ;; $7 $F $d $k $H 0H E@ $N$" $j J} $, A4 $/0c $$$^$9 . LdBjE@ � HsJ*M}E*0HE@ $O $I $& $J $C $F$$ $k $N $+ . � J*M}E*0H E@ $G$b <B:] $K $O 3J;R >e $K J,I[ $7 $F $7 $^ $& $3 $H $, $" $j !J Nc $( $P 2 =E0f8M 7? $J $I !K , @QJ, $N 7PO) $r $I $& 6J $2 $? $i NI$$ $N $+$o$+$i$J $$ !J ?^ 8 !K . 29

?^ 8: >e $G 8@$C $?$3$H$O J*M} E* 0HE@ $r A4 $F B- $7 >e $2 $k $@$1 $G 7P O) $r $I $& 6J $2 $k $+$O 8@$C $F $$ $^ $; $s . $7 $+ $7 , =E$_ , 0LAj $r F~ $l $k$?$a $K$O $I $&7PO) $, 0H E@ $r DL$C $F $$ $k $+$o$+ $i $J $1 $l $P $J$j $^ $; $s . $= $l$K $D$$ $F $O E,Ev $J 2>Dj $r $* $$ $F 7W;; $7 $F $$$^$9 . @5 $7 $$ Ez $, =P$k $+ $i $$$$$N $G $9 $, @5Ev2= $5 $l $F $$ $^ $; $s . $3 $l$i $N Bg $- $J LdBj $O$" $j$^$9 $, , $" $k Dx EY $O 2r 7h $G $- $^ $9 . 7P O) $r $I $& 6J $2 $?$i $h $$$+$o$+ $i $J $$$1 $l $I =E$_$d 0L Aj $r :N$j F~ $l$F Hs J* M} E* 0H E@ $rL5;k $9 $k $H$$ $& 7W ;; $r$9$k <j K! $O 2rL@ $5 $l$F$$ $F , W K B $G GH F0 4X?t $r :n $C $F$d $C $F$= $l$+$i 9=@. $7 D> $9 $s$G $9 $, , $=$N0UL# $G @5 $7 $$Ez $, =P $k $3 $H $O >Z L@ $G $- $^$9 . $? $@ $7 7PO) $r $I $& 6J $2 $F $$$$$N $+$O A4$/ $o $+ $j$^$; $s . $3$l 0J 30$N J# AG ;~ 4V K! $O $I $& $K $b >Z L@$N $7 $h $& $, $J $$$G $9 . Bg Dq$N ?M $O $$ $$ 2C 8:$r $d $C $F$$ $^ $9 . Nc $( $P , A+0\ 3N N( $r 7W ;;$9 $k ;~ $K T $r >! <j $K J#AG ;~ 4V $K $7 $F $7 $^$$ $^ $9 . $3 $& $$ $& 7W;; $, $[ $H$s $I $G $9 $, , $3 $l $O $* $+ $7 $$ $G $9 . 7W;; $7 $F $$ $k$N $O <B ;~4V $G $" $k $H$3$m $+$i , JL $N $H $3$m $X9T$/ A+ 0\ 3N N( $J$N $K >!<j $K JL $N;~4V $N $H $3$m $K$$$C $F <B ;~ 4V $K $h$j T ?J $s$@ $b$N$H F10l ;k $7 $F $$ $^$9 . $= $l $K BP $7 $F :#$^ $G$d $C $F $-$?$3$H $, @5 Ev 2=$5 $l $k$N$O A+ 0\ 3N N($H$+$K ;~ 4V $, F~$C $F $$ $J $$ $? $a$G $9 .resolv an t $N Cf $K$O T $N @Q J, $, $" $C $?$o$1$G $9 $, $= $l $O @QJ, $G $" $k $+$i 7PO) $r 6J $2 $F J# AG?t $K$H $C $F$b $h$$ $N$G $9 . 30

4 Aj8_:nMQ $9 $k %$ %s %9%? %s %H %s $3 $3$G$O <!$N >O $G OC$9 %P %l !< K! $, I,MW $K$J $k F0 5! $H$J $C $? Aj 8_ :nMQ$9 $k %$ %s %9 %? %s %H%s $K $D$$ $F 4JC1 $K >R2p $7 $^$9 . 8@MU $I $*$j %$ %s %9 %? %s %H%s $N Aj8_:n MQ $r <h $jF~ $l $F$$ $k$N $G $9 $, , $J$< $=$N I,MW $, $" $k $+ $r OC$9 I,MW $, $" $j $^$9 . $^ $: Ia DL $N %$ %s %9 %? %s %H %s 7W ;; $G$O Ld Bj $, $*$3 $k Nc $r $" $2 $^ $9 . $= $N Cf $G $b 0lHV 82 Cx $J $b $N$O I8 =‘LO 7? $K $* $1 $k %P %j %* %s !J B !K ?t $H %l%W %H %s !J L !K ?t $N GK $l $G $9 . %H %s %M %j %s%0 $, 5/ $3 $k $H %" %N%^ %j!< $r DL $7 $F B ?t $H L ?t $, HsJ] B8 $7 $^ $9 . $3 $& $$ $& 2a Dx $N %0 %j !< %s 4X?t $N7W;; $r 9M $( $F$_$^ $7 $g $& . $^ $:$3$N 2aDx $O %/%) !< %/ q , H? %/ %)!< %/ � q $H H? %l %W %H %s � l $K $h $C $F q + q ! 7 � q + 3 � l ; (52) $G $" $k $3$H$, %H %] %m %8 !< ?t $H %" %N%^ %j!<$N 9M ;! $+$i $o$+ $C $F $$ $^$9 . $3$l $K Aj Ev$9 $k %0 %j!< %s 4X?t $O G = h 1 j � q 9 � l 3 j 0 i (53) $G $9 . $3 $3$G j 0 i ; j 1 i $O ?? 6u $r %i%Y%k$K $h $C $F 6h JL $7 $F $$ $^$9 . $D $^$j (53) $O ;O >u BV j 0 i $+$i %H%s %M %j %s %0$K $h $C $F =*>u BV j 1 i $K A+0\ $9 $k >u 67 $r 9M $( $F$$$^ $9 . Ringw ald $H Espinosa $O$3 $l$r %$ %s %9 %? %s %H%s$r ;H $C $F 7W ;; $7 $^ $7 $? . 30OH $@ $1$r$$ $& $H$^ $: %$ %s %9 %? %s %H %s $r MQ 0U $7 $= $N%P %C %/ %0 %i %& %s %I $G (53) $r 7W ;; $7 $^$9 . $3 $N ;~ ?? 6u $, j 0 i $+ $i j 1 i $K A+0\ $7 , $= $l$K H< $C $F %$ %s %9 %? %s %H%s $, 1 8D $"$j$^ $9 . :# %U %’ %k %_ %* %s$K $D$$ $F 9M $( $F $_ $^ $7 $g $& . %U %’ %k %_ %* %s$O %0 %i %9%^ %s ?t $G , $=$N @QJ, $O Z d 0 1 = 0 Z d 0 0 = 1 (54) $G I=$5 $l $^$9 . $9 $k $H %0 %j!< %s 4X ?t $r I>2A$9 $k :] , @QJ,$9 $k%b !< %I ?t $H F1 $8 $b$N$r 4^ $s $G $$ $kHo@QJ,4X?t $N$_ $, ;D $j$^$9 . :# $N >l9g %$ %s %9 %? %s %H%s !& %P %C%/ %0 %i%& %s %I $G %U%’ %k %_ %* %s $N 8G M- %b!< %I $r D4$Y $J $1 $l $P $J $j $^ $; $s . $=$3$G %G %# %i%C %/1i;; ;R D $N 8G M- 31

?^ 9: 2aDx � q 1 � q 2 ! q 3 l $N %$ %s %9 %? %s %H%s E83+ $N %@ %$ %d %0 %i %‘ 4X?t q n ; � q n $K $h $C $F 7PO)@QJ, $r I>2A $7 $F$d $j $^$9 . D � q n = � n � q n (55) n = 0 ; 1 ; 2 ::: $7 $+ $7 ;X?tDjM} $K $h $l $P H?%/%) !< %/ , H? %l %W%H %s $K $D$$ $F $O H? %$ %s %9 %? %s %H %s $N 2< $G%< %m%b !< %I $, $= $l $> $l B8 :_ $7 $^$9 . $9 $k $H (55) $K $h $C $F D � q 0 = 0 $H $J $j , %U %’ %k %_%* %s $N :n MQ $O S F = q D � q $H I=$5 $l $k$N$G :n MQ$N Cf $K q 0 $, EP >l $7 $^$; $s . $D $^$j G = h 1 j 0 i $O%< %m%b!< %I $N$;$$ $G#0 $K$J $C $F $7 $^$$$^$9 . $=$3 $G#0 $G$J$$ %0 %j !< %s 4X ?t $O (53) $G $" $k $H $$$( $^$9 . $b $A$m $s %" %N%^ %j !< $H %H %] %m %8 !< ?t$N JQ 2= $, 4X78 $7 $F $$ $^ $9 . <B:] $3 $l $r I>2A$9 $k $K$O %$ %s %9%? %s %H %s$, $" $j , $=$3$+$i 1s$$ $H$3 $m $G %/%)!< %/ $d %l %W%H %s $r :n $C $?$j>C $7 $?$j$9$k $3 $H $r 9M $($F$d$j$^ $9 . $3$3 $G 8z $$ $F $/$k $N $O @h $[ $I =R $Y $?$h $& $K %< %m%b!< %I $@$1 $, 8z $$ $F$-$^$9 . %< %m%b!< %I $O %$ %s %9 %? %s %H%s $N 0LCV x I $K 0MB8 $7 $F $$ $k $N $G 0lHL $K � q 0 = AS F ( x � x I ) (56) $H =q $1 $^$9 . A $O %F %s %= %k$d %$ %s %9 %? %s %H %s $N 9=B$ $r 4^ $s$G $$ $k?t $G $9 . $3 $N %0 %i%U $O IaDL $N %U %! %$ %s %^ %s %0 %i%U $H $O 0c $$ , %H %s %M %k 8z2L $N$"$k>l9g $NN3;R@8 @. $N %0 %i%U $G $9 ( ?^ 9 (a)). $3$N %0 %i%U $, M? $( $k;6MpCG LL @Q $r 9M $($F$_$^$9 . $3$3 $G $O <! 85 $r ?t $( $k $3 $H $G Hs>o $K 4JC1 $K 9b %(%M %k %. !< $G$N ?6Iq $$ $r 8+$k $3 $H $,$G $-$^$9 . %U %! %$ %s %^ %s %0 %i%U$G$O $J $$ $1 $l $I , >e ?^ $r M-8z D:E@ $H 2r <a $7 $F $d $j $^$9 . $3 $l$, :n$k 9TNs MW AG $O Aj8_:nMQ g I � q 9 � l 3 $r 9M $( , $3 $l$+$i %U%! %$ %s %^ %s %0 %i%U $r :n$C $F ;6MpCGLL @Q $r 7W;; 32

?^ 10: %f%K %? %j !<6-3& $9 $l $P NI$$ . $3$3$G g I $O M-8zD:E@ $N 7k9gDj?t $G , A $N @Q , %$ %s %9 %? %s %H %s :nMQ $+$i $N 4s M? $d%d%3 %S %" %s $J $I $G =q $1 $F $$ $^$9 . $D $^$j ;6MpCGLL @Q $O g I $N #2 >h $K HfNc$9$k $3$H $, $o $+ $j$^ $9 . :# %]%F %s%7 %c %k$N9b $5 $O T eV %l %Y %k $G$= $N %9 %1 !< %k $G %H%s %M %k 8z2L $, 5/ $3 $k$N$G $=$3$G $O %/%)!< %/ $d %l%W %H %s $N <A NL $r L5 ;k $G $- $^$9 . $3 $N ;~ ;6 Mp CG LL @Q � $O %( %M %k %. !< E $N %^ %$ %J %9 2 >h $@$+$i <!85$h$j � � g 2 I E 26 (57) $H $J $j $^$9 . � $D $^$j%(%M %k %. !< $r >e $2 $F $$ $/ $H ;6 MpCGLL @Q $, A}Bg $7 , <B83 $G$3 $N 8=>] $r 4QB, $G $- $k $N $G$O $J $$ $+ , $H 9M $($i $l $F $$ $^ $7 $? . $7 $+ $7 $3 $3$K$O Bg JQ $J LdBj $, $" $j $^$9 . $3 $N $h $& $K ;6Mp CGLL @Q $, A} Bg$9$k $H 3NN($N J] B8B’ $r K~ $? $5$J $/ $J $k$N $G $9 . ;v >] $N 5/ $3 $k 3NN( $N OB $O#1$G$" $j , $= $l $r ;6MpCGLL@Q $K E,MQ$9$k $H 1 =E 2 $N%f%K %? %j !<6-3& $, $"$j$^$9 . $D$^$j (57) $N$h $& $J ;6Mp CG LL @Q $O 3NN( $NJ]B8 B’ $r GK $C $F $7 $^ $& $N $G $9 ( ?^ 10). $3$NLd Bj $O B L Jx 2u FC M- $G $O$J$/ , #4 - %U %’ %k %_ M} O@ $G$b5/ $3$j $^ $9 . $= $N86 0x $O #4 - %U%’ %k %_M} O@ $, K\Ev $NM}O@ $G $O$J $/Er@n 7k 9g $NM}O@ $G$"$C $? $+ $i$G $7 $? . $=$3 $G :# $N>l � %i %0 %i %s%8 %" %s $N <!85 $, E 4 $G $" $k $3$H , $D $^$j g I � q 9 � l 3 $, E 4 $G $" $k $3$H , $"$H � q ; � l $N <!85 $, E 3 = 2 $G $" $k $3$H$+$i (57) $, =P$^$9 . Kt W %\ %= %s , Z %\ %= %s $d%R %C %0 %9N3;R $N 4s M? $r 9M $( $k $H (57) $N 1&JU$N 6R?t $O A} $( $^$9 . 33

9gAj8_ :nMQ $9$k %$ %s %9 %? %s %H%s $r 9M $($F$_$^$9 . IaDL $N %U %! %$ %s %^ %s %0 %i%U$ND:E@ $J $i %k !< %W %0 %i%U $, B8 :_ $7 , $=$3 $+$i $N 4s M? $, $" $j $^$9 . Kt %O %_ %k %H %K%" %s $O %(%k %_!< %H $J $N $G 3NN( $N J]B8B’ $r K~ $? $7 $^$9 . $D$^$j %$ %s %9 %? %s %H%s!& %P%C%/ %0 %i%& %s %I $K%k !< %W%0 %i%U $r EP>l $5 $; $k $3$H $K $h $C $F$3$N LdBj $r 2r7h $G $- $k $H M=A[ $G $- $^$9 ( ?^ 9 (b)). 2f !9 $O %k !< %W $, %$ %s %9 %? %s %H %s $N Aj 8_ :n MQ $+$i =P $F $/ $k $3$H $r H/ 8+ $7 $^ $7 $? . 0l HL $K$O %$ %s %9 %? %s %H %s $O #1 $D $G$O $J $/ , B> $N %$ %s %9%? %s %H %s $d H? %$ %s %9 %? %s %H %s $, $" $j , 4u %, %9 6a;w $r 9T $J$$$^ $9 . $7 $+ $7 %$ %s %9 %? %s %H%s $H H? %$ %s %9 %? %s %H%s$, 6a $E $/ $H$3$N6a;w $O $h $/ $J $/ $J$j , :nMQ $O S = 2 S I $K 2C $( Aj8_:nMQ9‘ $, 2C $o$j $^$9 . $= $l $O %$ %s %9 %? %s %H%s $H H? %$ %s %9 %? %s %H %s $N AjBP0LCV x I � x � I $N 4X?t $G I=$5 $l $^$9 . :#Aj8_:nMQ9‘ $r I>2A $7 $F $_ $k $H , %$ %s %9 %? %s %H%s $H H? %$ %s %9 %? %s %H%s$, L58B $K N% $l $k $H$3$N 9‘ $O #0 $K$J $j $^$9 . M- 8B $@ $, 5w N% $, Hs>o $K N% $l $F $$ $k $H $- $O 6a ;w $K $h $C $F Aj8_ :nMQ $O #1 N3;R 8r49 7? $G $" $k $3 $H $, $$ $( $^$9 . $D$^ $jB8:_ $9$kA4 $F$N J*M} E* %b!< %I !J %R%C %0 %9 ,W %\ %= %s , %U%’ %k %_ %* %s $J $I !K $, $= $l $> $l 1 8D $: $D %$ %s %9%? %s %H %s $H H? %$ %s %9 %? %s %H %s $N 4V $r Ht$V $H $$ $& $b$N $G $9 . $? $@ $7 $3 $l$O 1s5wN% 6a;w $G$"$j , 6a5wN% $G $O 6a;w $, $h $/ $"$j$^ $; $s . $3 $l$O 3KNO $N M}O@ $H F1 $8 $G 86;R 3K $, #2$DN% $l $F $$$k $H#1Cf4V;R $@ $1$r 8r49 $7 $^$9 $, , 6a $E $$ $F $/ $k $H #2Cf4V ;R $r 8r49 $7 $?$j MM!9 $J 9‘ $, =P $F $/ $k $3 $H $+ $i $b A[A| $G$-$^$9 . <B:] %$ %s %9 %? %s %H %s $H H? %$ %s %9 %? %s %H%s $N 4sM? $r 4^ $s $@ %0 %j !< %s 4X?t $r 7W;; $9$k $H , $3$N 7? $NAj8_ :nMQ $, %k !< %W %0 %i%U $K Aj Ev$9$k 4s M? $r M? $( , 3NN($N J] B8 $r J]>Z$9 $k$N $G $9 . $7 $+ $7 $3 $l $K $b Ld Bj $, $" $j $^$9 . =j A’ $/$j $3$_ IT 2D G= $J M}O@ $G $9 $+$i ;g30 H/;6$N Ld Bj $r 4^ $s$G $$ $^ $9 . $3 $l $O 6a 5w N% $N LdBj , $D $^$j %$ %s %9 %? %s %H %s $N Fb B& $N LdBj $K 4X 78 $7 $F $$ $^$9 . $b$H $b$H$3 $N 6a;w $O 1s5wN% 6a ;w $G$"$j , $=$N$^$^ %$ %s %9 %? %s %H%s $N FbB& $K $= $l $r E,MQ $7 $h $& $H $9$k $H EvA3Ld Bj $, $* $3 $k $o $1$G $9 . $= $3 $G %$ %s %9 %? %s %H%s $N FbB& $NLdBj !J 6a5wN% $N LdBj !K $r ??7u $K 9M $( $kI,MW $, $" $j $^$9 . 4JC1 $N $?$a %$ %s %9 %? %s %H%s $H H? %$ %s %9 %? %s %H%s$, $= $l $>$l #1 $D$"$k>l9g $r 9M $( $^$9 . %$ %s %9 %? %s %H %s $H H? %$ %s %9%? %s %H%s $N 5wN% $r R $H $9 $k $H , :nMQ $O R $K 4X $7 $F ?^ 11 $N $h $& $J ?6Iq$$$r $7 $^$9 . R 0J 30 $N J} 8~ $G :n MQ $O $I $& $+$H $$ $& $H :n MQ$N 2 3, HyJ,$N 8G M- 34

?^ 11: %$ %s %9 %? %s %H %s !& H? %$ %s %9 %? %s %H %s BP $N :nMQ CM $O @5 $J$N $G %, %& %96a;w $r ;H $& $3 $H $, $G $- $^$9 . $D $^$j?^ 12 $N >u67 $K $J $C $F$$ $^$9 . $3 $l $r%P %l !< $H 8F $S $^$9 . @h $[ $I $N 1s5wN%6a ;w $G $O R $, Bg $-$$>l9g $r 07$C $F$$ $F , $= $N ;~ R $N JQ2= $K BP $7 :n MQ $O$[$s $N >/ $7$7 $+ $:$l $^$; $s . =>$C $F%P %l !< $r 9M $( $kI, MW $O $J $/ , $=$N$[ $s $N >/ $7 $N$: $l $r #1 N3;R8r497? $N Aj8_:nMQ $G I>2A $7 $F $$ $^ $7 $? . $7 $+ $7 R $, >. $5 $$>l 9g $O R $N JQ 2= $K BP $7 :nMQ $O Bg $-$/JQ $o $k $N $G %P %l !< $r Dj5A $7 , R $K $D $$ $F $N @QJ, $r I>2A $7 $F$d $kI,MW $, $"$j$^$9 . $D $. $N >O $G $O$3$N %P %l !< $r$$ $+ $K 7PO)@Q J, $K <h $j 9~ $‘ $+$r 9M $( $^$9 . 5 %P %l !< K! $3$N >O $G $O 8GM- %P %l !< K! $K $D$$ $F 5- $7 $^$9 . :G $b0lHLE* $J OHAH $G 8GM- %P %l !<K! $r 5-=R $9 $k$? $a , $3 $3$G $O%\ %> %s <+ M3 EY$r A4 $F N% ;6 2= $7 � i $G 5- $7 $^ $9 . E: ;z i $O NL ;R NO 3X $K $* $1 $k :B I8 %i%Y %k , N3 ;R $N <oN‘ , %Y %/ %H %k $H %F %s %=%k $N E:;z $H $$ $/$D $+ $N Fb ItNL ;R?t $r I= $7 $F $$$^$9 . O"B3 JQ?t $X $N 0\9T $O <+L@ $G$"$j , E:;z $NOB $O @QJ, $K , HyJ, $O HF4X?t Hy J, $K 35

?^ 12: %P %l !< $9 $l $P $h$$ . %\ %> %s $N :nMQ $O$3 $l$i $N JQ ?t $r ;H$C $F S = S ( � i ) $H =q $+ $l , 1?F0 J}Dx<0 $O @ i S = 0 $H =q $+ $l $k . $3$3$G @ i � @ =@ � i $G $9 . 2f !9 $O 4X?t6u4V $N 7WNL $O <+L@ $G$" $k $H 2> Dj $7 $^$9 . :#8GM- %P %l !< J}Dx<0 $r <! $N$b$N $H $7 $F Dj5A $7 $^$9 . D ij @ j S = �@ i S: (58) $3$3$G E:;z$N 7+$j JV $7 $O OB $r 0UL# $7 , D ij � @ i @ j S $G $9 . 8GM- %P %l !< J} Dx<0 (58) $O %Q%i %a !< %? !< � $r ;} $C $F$$$k $N $G , $= $l$O � � 6u4V $K $* $1 $k 1 <!85 %H %i %8%’%/ %H %j $r Dj5A $7 $F $$ $^$9 . !J $3 $3$G$O � 6 = 0 $r 2>Dj$9 $k $1 $l $I , � = 0 $N >l 9g $G $b 07 $& $3$H $, $G $- $k . !K 1?F0J}Dx <0 $N2r $O L@ $i $+$K 8GM- %P %l !< J}Dx<0 $r K~ $? $7 $^$9 . $h$C $F$3$N 0UL# $G 8GM- %P %l !<J}Dx<0 $O 1?F0J}Dx<0 $N 3HD% $G$" $k , $H 8@ $( $^$9 . 8G M- %P %l !< J} Dx <0 $K $h $k $H %Q %i %a !<%? !< � $O 9T Ns D ij $N 8G M- CM$N#1 $D$G $" $j $^$9 . $h $C $F 8GM- %P %l !< J}Dx<0 $O 0J2< $N $3$H$r MW5a$9$k $3$H $K$J $j$^$9 . 8{G[ %Y %/ %H %k$O 8GM-CM � $r ;}$C $? D ij $N 8GM- %Y %/ %H %k$G $" $k . (59) $3$3$G D ij $K $D$$$F $I $N 8GM- CM $r A* $V$Y $- $+$H $$ $& 5?Ld $, $* $3 $j $^$9 . 8e $G <($9$h $& $K 8GM- %P %l !<K! $O %, %& %9 @Q J, $+ $i � $r <h $j=| $- , $= $NBe $o$j $K%P %l !< %H %i %8%’ %/ %H %j %Q 36

%i %a !<%?!< $r F3 F~$9$k $3$H $K $h $C $F � $r collectiv e co ordinate $K JQ99 $7 $^$9 . $D$^$j 5?Ld $O $I $N 8GM- CM $r collectiv e co ordinate $K CV $-49 $( $k $+ , $G$"$j , $3 $l$O <B $O 9M $($F$$ $kM}O@ $K $h $k $3 $H $, J, $+ $C $F$$$^$9 . $3$3 $G $O 2f !9 $O 0lHLE* $J J}?K $r 4JC1 $K =R $Y$k $K$H $I $a $^$9 . J}?K $O %, %& %9@Q J,6a ;w $N0- $$:G>. $N 8GM-CM � $r A* $V $3 $H , $D$^$j5< %< %m%b!< %I Kt $O Ii $N 8GM-CM $r A* $V$3 $H$G $9 . 0l J}8G M- %P %l !< J} Dx <0 $O JQJ, K! $N OH AH $K $*$$$F 2r <a$5 $l $k $3$H $, $G $- $^$9 . :# (58) $r <! $N$h $& $K =q$-49 $( @ i ( 1 2 ( @ j S ) 2 � �S ) = 0 : (60) $3 $l$O :nMQ $, 0lDj $G$" $k $H$$ $& >r 7o $N 2< $G 8{G[ %Y %/ %H %k $N Bg $-$5 $N6KCM $, A* $P $l $k , $H 2r<a $G $- $^$9 . $D $^$jL$Dj>h?t $H $7 $F � $r A* $S , ?7 $? $K ( @ j � S ) 2 $r ( @ j � S ) 2 � 1 2 ( @ j S ) 2 � � ( S � c ) (61) $H Dj5A $7 $F � i $H � $G JQJ,$9$k $3$H $K $h $C $F 8GM- %P %l !< J} Dx<0 $r F@$k $3$H $, $G $- $^$9 . 2f !9 $O :nMQ $, 0lDj $N3F4X ?t LL>e $G$= $& $$ $C $?E@ $r 8+ $D $1 $k $3 $H $,$G $- , 8GM- %P %l !<J}Dx <0 $, 4X?t 6u4V >e $K #1 $D$N @~ , %P %l !<%i %$ %s $r :n$j =P$9 $3$H$r 8+$^$9 . $5 $i$K 2f !9 $O 8{ G[ %Y %/ %H %k $N Bg$-$5 $, 6K>. $G$" $k$b $N $r A* $V$3 $H $K $7 $^$9 . $D $^$j %P %l !<%i %$ %s $H$O 8{G[ %Y %/ %H %k $N 8{G[ $, :G $b 4K $d $+$J 4X?t6u4V>e $N @~ (62) $G $9 ( ?^ 13 !K . $3$3 $G =EMW $J$N $O%P %l !<%i %$ %s $N D>4Q E* $J 2r<a $G $O$J $/ , %P %l !< %i %$ %s $r ;H $C $? HF4X ?t@QJ, $N E,@Z $J I>2A $G$" $j $^$9 . $= $l$O 0J2< $N$h $& $K $7 $F 9T $J$o $l $^$9 . $^ $: %Q%i %a !< %? !<$H $7 $F � $r F3F~ $7 , %P %l !<%i %$ %s $r %Q %i %a %H %i %$ %: $7 $^$9 . $5 $i$K (58) $r K~$? $9 2r $r � ( � ) $H 5- $7 , � >e $N@QJ, $K 4X $7 $F $O @53N $K 9T $J$$ , B> $NJ} 8~ $K BP $7 $F $O#1 %k !< %W 6a ;w $r 9T $J$$ $^$9 . $=$N$?$a$K 2f !9 $O @QJ,JQ ?t $r � i $+$i � $H � i $N It J,6u4V $K JQ99$9 $k I,MW $, $" $j $^$9 . $3 $N JQ99 $O 0J2< $N 5DO@ $K $h $C $F M#0l $G$" $k $3$H $, J, $+ $j $^$9 . $^ $: ;O $a $K :nMQ $r MI $i $. ~ � = � � � ( � ) $N 9‘ $G E83+ $7 , S ( � ) = S ( � ( � )) + @ i S ( � ( � )) ~ � i + 1 2 D ij ( � ( � )) ~ � i ~ � j + � � � : (63) 37

?^ 13: 2 <! 85%b %G %k $N HF 4X ?t6u 4V . Gv @~ $O :nMQ $, 0l Dj$N Ey 9b @~ . B@ @~ $O %P %l !<%i %$ %s . 8{ G[ %Y %/ %H %k R i $H @\ %Y %/ %H %k d� i =d� $O $= $l $> $l GK @~ $H B@@~ $N Lp0u . ?b D> $J E@@~ $O #1 %k !< %W @QJ,6a;w $r 9T $J $& ItJ,6u4V . $3$3 $G � ( � ) $O 1?F0 J}Dx <0 $N 2r $G $O$J$$$N $G 1&JUBh #29‘ $O #0 $G $O$J $/ , $3$N >l9g h E83+ $r%k !< %W E83+ $H $7 $F ;H $( $^ $; $s . $3 $l $r $5 $1 $k $?$a $"$kItJ, 6u 4V $r A* $V $3 $H $K $h$j $3$N 9‘ $r >C$9 $3$H $,$G $- $^$9 . $3 $l $r 9T $J $& $N $K :G $bJXMx $J$N $, F adeev-P op o v $N J}K! $r ;H $& $3 $H $G $9 . 2f !9 $O FP 9TNs <0 �( � ( � )) $r C10L 8{ G[ %Y %/ %H %k R i ( � ) � @ i S = q ( @ S ) 2 $r MQ $$$F 0J2< $N <0 $K $h$j Dj5A $7 $^$9 . � � 1 ( � ( � )) � Z d� ( ~ � i ( � ) R i ( � )) = Z d ( ~ � i R i ) � � � � � � @ ~ � i R i @ � ! � 1 � � � � � � � ( ~ � i R i ) = � � � � � � @ ~ � i R i @ � ! � 1 � � � � � � ~ � i R i =0 : (64) $D $^$j �( � ( � )) = � � � � � @ ~ � i R i @ � ! � � � � � ~ � i R i =0 = � � � � � @ ( � i � � i ( � )) @ � R i + ~ � i @ � j ( � ) @ � @ j R i � � � � � ~ � i R i =0 38

= � � � � � @ � i ( � ) @ � f R i � @ i R j ~ � j g � � � � � ~ � i R i =0 : (65) $= $l $G$O ??6u $+$i ??6u $X$N A+0\?6I} Z = N Z Y j d� j p 2 � e � S (66) $r%P %l !< %H %i %8%’ %/ %H %j $r ;H $C $F I>2A $7 $F$_$^ $7 $g$& . N $O 5,3J 2= 0x ;R $G$9 . :# (66) $K Z d� � ( ~ � i R i )�( � ( � )) = 1 (67) $r BeF~$9$k $H Z = N Z d� Z Y j d� j p 2 � � ( ~ � i R i ) � � � � � @ � i ( � ) @ � R i ( � ) � � � � � e � S ( � ) = N Z d� Z Y j d ~ � j p 2 � Z 1 �1 dk 2 � e ik ~ � l R l � � � � � @ � i ( � ) @ � R i ( � ) � � � � � e � S ( � ) = N Z d� Z 1 �1 dk 2 � 1 det D exp � � 1 2 R D � 1 R k 2 � � � � � � @ � i ( � ) @ � R i ( � ) � � � � � e � S ( � ( � )) = N Z d� 1 q 2 � ( R D � 1 R ) det D � � � � � @ � i ( � ) @ � R i ( � ) � � � � � e � S ( � ( � )) : (68) 8GM- %P %l !<J}Dx<0 (58) $+$i D � 1 R = R =� $, 8@ $( , $^ $? R $O 5,3J2=$5 $l $F $$ $k $N $G ( R D � 1 R ) det D = 1 � det D � det � D (69) $D $^$j2f !9 $O #1%k !< %W $N 6a;w $K $*$$ $F <! $N I=<0 $r F@$^$9 . Z = N Z d� 1 q 2 � det � D � � � � � @ � i ( � ) @ � R i ( � ) � � � � � e � S ( � ( � )) : (70) :#$^ $G $N 5DO@ $+$i 2f !9 $O 8G M- %P %l !< K! $, 8GM- CM � $r collectiv e co ordinate � $K CV $- 49 $( $? $N$r 8+$^ $7 $? . 2f !9 $O MM !9 $J J*M} E*>u 67 $K $*$$$F Ii , #0 Kt $O @5 $@ $, Hy >. $H $$ $C $? 8G M-CM $N LdBj $K =P$/ $o $7 $^$9 $, , $=$N >l9g %, %& %96a;w $r ;H $& $3$H $,$G $- $^$; $s . $7 $+ $7 8G M- %P %l !< K! $O K>$^ $7 $/ $J $$ 8G M- CM $r collectiv e co ordinate $K JQ $( $k $3$H$K $h $j$3 $N >u 67 $r 5_$C $F$$ $^$9 . 39

$3$3$G Hs@]F08z 2L $r 07 $& B> $NJ}K! $r 4JC1 $K >R2p $7 , 8GM- %P %l !<K! $H Hf3S $7 $F $_ $^ $7 $g $& . $^ $: %9 %H %j !< %‘%i %$ %s K! $H 8F $P $l $k %P %l !< K! $r >R2p $7 $^$9 . %P %l !< J}Dx <0 $O <! $N$b $N$H $7 $F M? $( $i $l $^$9 . d� i d� = f ( � ) @ i S (71) $3 $3$G f ( � ) $O � $N G$ 0U$N 4X ?t $G $9 . $3 $N J} Dx <0 $O %P %l !<%i %$ %s $K 1h$C $? @\%Y %/ %H %k d� i =d� $H 8{G[ %Y %/ %H %k @ i S $, J?9T $G $" $k $3$H$r MW 5a $7 $F $$ $^$9 . $3 $N%P %l !<%i %$ %s :B I8 � $O 0JA0 $H F1MM $G FP $N J}K! $K $h $C $F F3 F~ $5 $l $^$9 . $7 $+ $7 $3 $N %9 %H %j !<%‘ %i %$ %s K! $K $O 8GM- %P %l !<K! $G $O CN $i $l $F $$ $J$$?tB?$/ $N:$Fq $, B8:_ $7 $^$9 . :G $b?<9o $J$N $, %, %& %9 6a ;w $r 9T $J $& It J, 6u 4V $, D ij $N 8GM-CM $K A4$/ 4X78 $J$$ $H$$ $& $3 $H $G $9 . $D$^$j (69) $K $*$$$F , K> $^ $7 $/ $J $$ 8GM- CM $r =|$$$? 9TNs <0 $K $J $C $F $$ $k $H $$ $& J]>Z $, $J $$ . $b $& #1 $D $NLd Bj $O (71) $O N. $l$r 5-=R $9 $k J} Dx <0 $G$" $C $F , <j $K$h $C $F4X?t 6u 4V >e $NE@ $r ;X Dj $7 $F$O $8 $a $F%P %l !<%i %$ %s$, =q $1 $k $H $$ $& $3$H$G $9 . $h $C $F J} Dx<0 (71) $O $= $l <+?H $G 2r $r Dj5A $9$k $3 $H $,$G $- $: , %P %l !< %H %i %8 %’ %/ %H %j $r 9=@. $9$k $N $, Hs>o $K :$Fq $H $J$j$^ $9 . <! $K 87L)2r $NJ, $+ $C $F$$ $k 2 <!85 %b %G %k$K$3$N 8GM- %P %l !< K! $r E,MQ $7 , <B:] $h $$6a;w $r M? $( $k $3 $H$r 8+ $F$_ $^$9 . :nMQ S ( � 1 ; � 2 ) = 1 g 2 � ( � 2 1 + � 2 ) 2 + 5( � 2 1 � � 2 ) 2 � (72) $N 2< $G IaDL $N Green 4X?t $K AjEv$9$kNL O ( p; q ) = Z 1 0 d� 1 Z 1 �1 d� 2 � p 1 � q 2 e � S ( � 1 ;� 2 ) (73) $r 87 L) 2r , 8G M- %P %l !<K! 5Z $S 94 B+ >r 7o K! y $G 7W ;; $7 $F $d $j $^ $9 . 4J C1 $K 7k 2L $@ $1 $r<( $7 $^ $9 $H , $= $l $O?^ 14, I= 1 $G$9 . ?^ 14 $NE@ a; b; c; d $O$= $l $> $l ( p; q ) = (2 ; 2) ; (2 ; 12) ; (12 ; 2) ; (12 ; 12) $K BP1~ $7 $F $$ $^$9 . 0HE@ $, 8GM- %P %l !< %H %i %8 %’ %/ %H %jIU6a $K $" $k $3$H$+$i 8GM- %P %l !< K! $, 94 B+ >r 7o K!$h$j $b $h$$ 6a ;w $r M? $( $k $3$H $, D> 4Q E* $K J, $+ $j $^$9 . $?$@ $7 E@ b; c $O %P %l !<%i %$ %s$+$i N% $l $F $$ $F ?tCME*Ez $( $O$: $l $F $$ $^$9 . $= $l$O p; q $N $& $AJRJ} y 94B+>r7oK! $N @bL@ $O 8e $G 9T $J $$$^$9 . 40

?^ 14: :nMQ (72) $N%P %l !< %$ %s %9 %? %s %H%s $H 94B+ %$ %s %9 %? %s %H%s . @~ $O%P %l !< %$ %s %9 %? %s%H%s , GK@~ $O 94 B+ %$ %s %9 %? %s %H%s . E@ $O O ( p; q ) $N @Q J, $N 0HE@ $N 0LCV $r 5- $7 $F $$ $^$9 . E@ @~ $O 94 B+ %$ %s %9 %? %s %H %s $N @) 8B � 1 = const $r 5- $7 $F $$$F , #2$D$N J}K! $, A4 $/0c $& E@ X $H Y $r <h$j9~ $‘ $3 $H$r 5- $7 $F $$ $^$9 . $, Hs >o $K Bg $-$$ ;~ $G $9 . $D $^$j J* M}NL $r 7W;;$9 $k ;~ , 30 @~ $K F~$C $F $/$kN3 ;R $, B?$$ >l 9g $O $3$N 6a;wK! $O $h $/ $J $/ , JL $N 6a;wK! $, I,MW $H$J $j $^$9 . <! $K%P %l !<K! $N1~MQ $K $D$$ $F =R $Y $?$$ $H ;W $$$^ $9 . $3$3 $G $O%P%& %s %9 $N Ne5/ >u BV $NLd Bj $K $D$$$F 9M $( $^$9 . %P %& %s %92r $, 7O $N Jx2u3NN( $r 7W;;$9$k $3 $H $K MQ$$ $i $l $k $3$H $O 2 >O $G =R$Y $^ $7 $? . $7 $+ $7 Ne 5/>u BV , $D $^$j%( %M %k %. !< $, 9b $/ $J $k $H %$ %s %9 %? %s %H %s $H F1 MM $G 6a 5w N% $N LdBj $, @8 $8 , %P %l !< $r F3 F~ $7 $J$1 $l $P $J $j $^$; $s . $3 $N%P %l !<$r MQ$$ $F%P %l !< %P %V %k (induced n ucleation) z $N LdBj $K $D$$ $F 9M $( $^$9 . :#:nMQ $, S = Z d 4 x � 1 2 ( @ � � ) 2 + V ( � ) � ; V ( � ) = 1 2 � 2 (1 � � ) 2 � � (4 � 3 � 3 � 4 ) (74) $G M? $( $i $l $kHs BP >N 0f 8M 7? %]%F %s%7 %c %k $r ;} $D %b %G %k$r 9M $( $^ $9 . $3$N%b %G%k $N %P %l !< J}Dx<0 $N 2r $O ?^ 16 $G M? $($i $l $^$9 . %P %& %s %9 $N >l9g $O collectiv e co ordinate $, Bg$-$$ CM $r$H $C $F$b :n MQ $O %$ %s %9%? %s%H %s $N $h $& $K 0l Dj $K$O $J $j $^$; $s . $J$< $J$i %P %& %s %9 z %(%M%k %. !<$N9b$$ $K$;$N ??6u $N @$3& $, 9b %(%M %k %. !< $G $N %H%s %M %k 8z2L $K $h$C $F%(%M %k %. !<$N Dc$$?? $N ??6u $K A+0\ $7 , $K $;$N ?? 6u $N @$ 3& $N Cf$N$" $k E@ $K ??$N ??6u$N 3K $,$G $- $k (induced n ucleation). $=$N 3K $N NN0h $, K"$N$h $& $K A4BN $K 9- $, $C $F$$ $/ ( %P %l !< %P %V %k ), $H $$ $& 2hA| $r 9M $($F$$ $^$9 . 41 p n q 2 4 6 8 10 12 2 0.827 0.679 0.585 0.520 0.474 0.439 0.545 0.248 0.110 0.049 0.022 0.010 4 0.997 0.870 0.767 0.689 0.629 0.581 0.667 0.324 0.149 0.068 0.030 0.014 6 1.061 0.986 0.900 0.826 0.764 0.712 0.737 0.384 0.185 0.086 0.040 0.018 8 1.064 1.046 0.991 0.931 0.876 0.826 0.783 0.432 0.218 0.105 0.050 0.023 10 1.029 1.063 1.041 1.003 0.960 0.918 0.815 0.473 0.248 0.123 0.060 0.028 12 0.971 1.046 1.058 1.043 1.017 0.985 0.839 0.508 0.276 0.141 0.070 0.034 I= 1: O ( p; q ) $N CM $K BP $9 $k 8G M- %P %l !<K! ( >e9T ) $H 94B+ >r 7o K! ( 2<9T ) $N 87 L) 2r ( g = 0 : 2) $H $N Hf . ?^ 15: � = 0 : 25 $N ;~ $N %] %F %s%7 %c %k (74) 42

?^ 16: 8G M- %P %l !< J} Dx <0 $N 2r . $= $l $> $l $N @~ $N 8G M- CM $O � 1 = 0 : 3, � 2 = � 0 : 2, � 3 = � 0 : 34, � 4 = � 0 : 25, � 5 = � 0 : 2. GK@~ $O%P %& %s %92r $r 5- $7 $F $$ $^$9 . $N collectiv e co ordinate $O K" $K J$ $o $l $? NN0h , %(%M %k %. !< $N Dc $$K\Ev $N??6u $K $$ $kNN0h $H K" $K J$ $o $l$F$$ $J$$NN0h , %(%M %k %. !< $N9b $$ $K$;$N??6u $K$$$kNN0h $H$N6-L\ $r 0UL# $7 $F $$ $k $N $G collectiv e co ordinate $N CM $, Bg $-$$ $H K\Ev $N ??6u $K $$ $kNN0h $, 9- $/ $J $j , A4 BN $N %(%M %k %. !< $H :nMQ $NCM $O >. $5$/ $J$k $N $G $9 . %P %l !< %i %$ %s >e $N:nMQ $H%(%M %k %. !< $O ?^ 17, 18 $K M? $($F $$ $^$9 . <! $K %$ %s %9%? %s %H %s 2r $N$J $$ >l 9g$D$^$j M-8B H>7B$N %$ %s %9%? %s %H %s 2r $, $J $$ >l9g $K $D$$$F 4J C1 $K =R $Y$? $$$H ;W$$ $^$9 . $= $& $$ $& %b %G %k$O #2$D$" $j , #1 $D $O %2 !< %8 %R %C %0 %9 7O $G$b $& #1$D $O %9 %+ %i!<>l $NM}O@ $G%]%F %s%7%c %k $, IT0BDj $J$b$N $G $9 . $3$3 $G $O %2 !< %8 %R%C %0 %9 7O $K $D$$ $F $J $< M-8B H>7B $N %$ %s %9 %? %s %H%s 2r $, $J $$ $+$r @bL@ $7 $^$9 . %f!< %/%j %G %# %" %s :nMQ $O %2 !< %8 >l $N 1?F09‘ , %U %’ %k %_ %* %s $N 1?F09‘ $H%]%F %s %7 %c%k 9‘ $+$i @.$j , S = Z d 4 x � 1 4 F 2 + j D � j 2 + V ( � ) � (75) $H =q $1 $^$9 . $3$N 7O $G %$ %s %9 %? %s %H%s E*G[0L $r :n$C $F$d $j , M-8B $N %f !< %/%j %G %# %" %s :n MQ $r <h$C $F$- $^$9 . $= $3 $G 3F9‘ $N@QJ,CM $r S 1 ; S 2 ; S 3 $H $7 $^$9 . %f!< %/%j %G %# %" %s $J $N $G$3 $l$i$O @5Dj CM $G $9 . :# $3$NG[0L $K A‘:n $r 2C $( , ?7 $7 $$ G[0L $r :n $C $F$d$j$^ $9 . $=$N;~ 43

?^ 17: j � j $N Bg $-$5 $r collectiv e co ordinate $K$H $C $?;~ $N 8GM- %P %l !<J}Dx <0 $N 2r $N:nMQ . 8GM- CM � 1 � 4 $O ?^ 16 $H BP1~ $7 $F $$ $^$9 . %P %& %s %92r $O :nMQ $N 6KCM $G $" $k $3$H , 5Z $S Ii $N 8GM-CM $r ;} $DM} M3 $G%P %l !< %i %$ %s >e $K 4^ $^ $l$F $$$k $3 $H $+ $i � 3 $, %P%& %s %9 2r $K AjEv $7 $F $$ $k $3 $H $, J, $+ $j $^$9 . ?^ 18: K" $N%(%M %k %. !< 44

>l $r ( A ( x ) ; � ( x )) ! � ~ A ( x ) = 1 a A ( x a ) ; ~ � ( x ) = � ( x a ) � (76) $H JQ 49 $7 $^$9 . ?7 $7 $$ G[ 0L $r 5- =R$9 $k >l $r ~ A ( x ) ; ~ � ( x ) $H $7 , $= $l $G =q $+ $l $k :n MQ $r ~ S $H $7 $^$9 . ~ S $O S 1 ; S 2 ; S 3 $G =q$-2< $;$F , ~ S = S 1 + a 2 S 2 + a 4 S 3 (77) $H =q $+ $l $^$9 . :# S 1 ; S 2 ; S 3 $O @5 $J$N $G ~ S $O a $N C1D4A} 2C4X ?t $G M#0l2r $K$J $l $k $N $O a = 0 $N ;~ $G $9 . $3$N 5DO@ $+$i 8@ $( $k $3 $H $O M-8B $N %f!< %/%j %G %# %" %s :nMQ $K $* $$ $F$"$k G[0L $r ;} $C $F$- $F (76) $N$h $& $J JQ49 $r $7 $F$d $k $H I, $:$=$N :nMQ $r >. $5$/ $7 $F$d $k $3 $H $, $G $- $k . $@$+$i $b $H$N G[0L $O A4BN2r $K$O$J$j $($J$$ $N $G $9 . $3$3 $G a $r 8:>/ $5 $; $k $H $$ $& $3$H$K $D$$$F 9M $($F $_ $^$9 . A ( x ) ; � ( x ) $O $" $k NN0h $G CM $r ;}$C $F $$ $k . $= $l $K BP $7 JQ 49 (76) $r $7 $F $d $j a $r 8: >/$5$; $k $H $$ $& $3$H$O $3 $l $i $N >l $N CM $r ;}$D NN 0h $r >.$5 $/ $7 $F $$ $k $3 $H $K$J $j $^$9 . $D$^$j:#M#0l2r $K$J $l $k $N $O a = 0 $N ;~ $J$N $G , M-8B $NBg $- $5 $G M- 8B $N :nMQ $r ;}$C $F $$ $k$b$N $O 2r $K$O $J$i $J $$$3$H$r >e $N 4JC1 $J 5D O@ $O <( $7 $F $$ $^$9 . $3 $N Ld Bj $K BP $7 I.A�ec k $O 94 B+ %$ %s %9 %? %s %H %s $N 9M $($r F3F~$9$k $3$H $G$3 $N 0 H>7B %$ %s %9 %? %s %H%s $r ;}$D %b %G %k $N G[0L $r 7W;; $7 $^ $7 $? . H>7B 0 $N E@ $, 6K CM $J$N $G Bg $- $/4s M? $9 $k $3 $H $O$o $+ $j$^$9 $, , HF4X?t @Q J, $G $O$=$N <~ $j $NNN0h $+ $i$N 4sM? $b9MN8 $9 $kI,MW $, $"$j$^$9 . $@$+$i H>7B 0 $N E@ $N$_ $K$3 $@$o $i$: , ItJ, 6u4V $r 1 $D@_Dj $7 , $=$N Cf $G @QJ, $r I>2A $7 $F$d$j$^$9 . $D$^$j $= $NItJ,6u 4V $N Cf $G 6KCM $r <h $C $F$= $N<~ $j $G %, %& %9 6a ;w $r 9T $J $$ , It J, 6u 4V $r O" B3 E* $K JQ 2=$5$; , $= $l$> $l I> 2A $7 $F $d $k$N $G $9 . $D $^$j 94 B+ >r 7o K! $H$O $" $k @)8B !J It J, 6u 4V !K $N 2< $G :n MQ$N 6K CM $r$H $j , $= $l $i $N E@$N =8 9g $r%P %l !< %i %$ %s $H $_$J $9$3$H$K $h $C $F 7P O) @Q J, $r I> 2A$9 $k $H $$ $& $b$N$G $9 . $?$@ $7 $3 $N J} K! $K$O 7PO) @QJ, $K BP$9 $k 8z2L E* $J I> 2A $r M? $( $k$$ $/$D $+ $N @)8B $N Cf $G $I $l $r A* $V$Y$- $+ $H $$ $& LdBj $, $" $j $^$9 . :G 8e $K 94B+ >r7o K! $H 8GM- %P %l !< K! $N 4X78 $K $D$$$F 4JC1 $K =R$Y$F$3$N >O $r =*$j $K $7 $^ 45

$9 . 8GM- %P %l !< J}Dx<0 (60) $r � $G 3d$k $3 $H $K $h $C $F$=$N <0 $r @)8B S = � 1 2 � ( @ i S ) 2 (78) $N 2< $G :nMQ $N 6KCM $r $H $k , $H 2r<a $G$- $^$9 . $D$^$j8GM- %P %l !<K! $O FCDj $J @)8B (78) $r ;} $D94B+ >r 7o K! $H2r<a $G$-$^ $9 . $7 $+ $7 4v2? E* $J FC@- $d %, %& %9 @Q J, $K 4X $9$k FC D’ $H$$ $C $? $b$N $O 8GM- %P %l !<K!FCM- $N $b $N $G$"$j , $3$3 $G $O 8GM- %P %l !<K! $H 94B+>r 7oK! $r 0c $C $? J} K! $H $_$J $7 $^$9 . 6 @]F0O@ $N A26aE*?6Iq $$ $H %H %s %M %k 8z2L 6.1 @]F0O@ $H Borel OB . :G8e $K =>Mh $N J}K! $G $O 7W;;=PMh $J $+ $C $? LdBj $K%P %l !<K! $r E,MQ$9$k $3$H$r 9M $( $^$9 . F3$- =P $7 $? 7k2L$N BE Ev@- $r ?t CM7W ;; $G 8! F$ $7 $? $$$N$G $3$3$G$O NL;R NO3X $K $D$$$F @bL@ $7 $^$9 . $^ $: LdBjE@ $r $O $C$-$j$5 $; $k $?$a $K @]F0O@ $K $D$$$F OC $r ;O $a $^$9 . @]F0 O@ $O >l $NM}O@ , NL;R NO 3X $r Ld $o $: J*;v $K DjNL E* I> 2A $r M? $( $k?t>/ $J$$J} K! $N0l $D $G $9 $, , Hs>o $K [#Kf $J E@$b M-$j$^$9 . Dc <! $N 7W ;;7k2L $O $= $l $J $j$N Ez $r =P $7 $^$9 $, , $= $b$=$b @]F0O@ $N !V K\Ev $N @5BN !W $O 2? $+!) $K $D$$ $F 9M $( ;O $a$k $H ?tB?$/ $N LdBj $, Fb:_ $7 $F$$$k $3 $H $K 5$IU $-$^ $9 . $= $N0l $D $O !V @]F0 O@ $NM? $( $k5i ?t $O A26a 5i ?t $G$"$k !W $H$$ $& ;v<B $K 4p $E $/ $b $N $G $9 . 2? $+ J*M} NL , Nc $( $P $= $l $r Z $H $7 $F , $= $l$r 7k9g Dj ?t $N6R $G E8 3+ $7 $F 9M $( $k $N $, @]F0 O@ $G $7 $? . Bg Dq $N >l 9g , %d %s !& %_ %k%: M}O@ $G $b$= $& $G $9 $, , <! $N$h $& $K 6v ?t6R $G E83+$5 $l $^$9 : Z = 1 X n =0 c n g 2 n : (79) 7W;; $7 $? $$$N $O$3 $N 78?t c n $G $" $C $F , >l $N M}O@ $G $" $l $P %U%! %$ %s %^ %s !& %@ %$ %" %0 %i %‘ $r MQ $$ $F 7W;; $7 $^$9 . $5 $F $3$N5i?t $N78?t c n $, n $, L58B Bg $K 9T$/ ;~ $K $I $& ?6 $k Iq$& $N $+ $r 9M $($F$_ $^$9 . Dc<! $N 9‘ $r 4v $D $+$H $C $F 8e $N9‘ $O <N $F $k , $H $$ $& $3 $H$r$9 $k $N $J $i 46

$3$N5i?t $O <}B+ $7 $F$$ $F M_ $7 $$ $N $G$9 $, , 0lHL $K $O$3$N@]F0 5i ?t $O IaDL $N0UL# $G $O <}B+ $7 $^ $; $s . NI$/5/ $3 $k$N $O <! $N MM $J >l9g $G $9 : c n � ( � 1) n n ! ( n ! 1 ) : (80) >e$N I>2A $r <($9 J}K! $O 4v$D $+ $" $k $N$G $9 $, , ==?t G/A0 $K J.Zinn-Justin $d L.N.Lipato v $H $$ $& ?MC# $O 7PO)@QJ, $r MQ $$ $F F3 $-$^ $7 $? . >\:Y $K$O N)$AF~ $j$^ $; $s $, , H‘ $i$O 0HE@It K! $r MQ$$$? >e $G I> 2A $7 $^ $7 $? . $^ $? (80) $N $h $& $K ?6Iq $& M}O@ $, Hs >o $K B??t $" $k $3$H $b CN $i $l $F $$ $^$9 . $3 $N MM $J H/ ;6$9 $k5i ?t $r $I $& <h $j 07 $& $Y$- $+ $H $$ $& LdBj $K BP $7 $F$O AmOB K! $r MQ$$ $k $H $$ $& %" %$ %G %# %" $, $" $j $^ $9 . $=$N 0l$D $, Borel Am OB K! $G $9 . $3 $l $r $^ $: @b L@ $7 $^ $9 . :G=i $K Z $r <! $N$h $& $K =q $- D> $7 $^$9 : Z = 1 X n =0 c n g 2 n 1 n ! Z 1 0 dt t n e � t : (81) $3 $l$O 8x<0 �( z ) = Z 1 0 dt t z � 1 e � t (82) $H , �( n + 1) = n ! $r MQ $$ $F F@ $i $l $k 1 = 1 n ! Z 1 0 dt t n e � t (83) $r (79) $K 3] $1 $? $b$N$G $9 . <! $K , t @Q J, $H , n $K 4X$9 $k OB$N =g =x $r 7A <0 E* $K F~ $l BX $( $^ $9 . $D$^$j , Z $K BP $7 $F <! $N e Z $r BP1~ $5 $; $^$9 : e Z = Z 1 0 dt 1 X n =0 c n n ! ( t g 2 ) n e � t : (84) $5$F L58BOB 1 X n =0 c n n ! ( t g 2 ) n (85) $, <} B+ $7 OB $, Dj$^ $k $H $7 $^$9 . $3 $N OB $r f ( t g 2 ) $H =q$-$" $i $o $9$H , t @QJ,$N 8e $K e Z $, Dj$^$j $^$9 . $b $7 85 $N Z $, <}B+$9$k 5i?t $G $" $l $P , Z $O 1 $r$+$1 $F @QJ, $N =g=x $r F~ $l BX $($? $@$1 $J$N$G , Z = e Z (86) 47

$, @. $jN)$A $^ $9 . => $C $F $3$N >l9g $O OB $r JL $N J}K! $G <h $C $? $K 2a $. $J $$$N $G $9 $, , Z $, <} B+ $7 $J $/ $F$b e Z $, B8:_ $9$k $3 $H$b$"$j$^ $9 ; $3 $N e Z $r Z $N Borel OB $H 8F $S $^$9 . 0J>e $N $3 $H $O H/;6 $9 $k 5i ?t $K !V OB !W $NDj5A $r M? $($F$$$k $3 $H $K$J$j$^ $9 . A26a 5i ?t $K 4X $9$k ?t3X 4X78 $N K\ $r 8+$k $H Borel OB $H 85 $N 5i?t $H$N 4X78 , $^ $? Borel AmOB2DG= $J 5i?t $N$b$D @-<AEy $, 5-$5 $l $F $$ $^$9 $, :# $O >JN, $7 $^$9 . 6qBNNc $r 8+ $F$_ $^$9 . 78?t $, 40A4 $K c n = ( � 1) n n ! (87) $G $" $k >l 9g $r 9M $( $^ $9 . $3 $N ;~ Z $O <} B+ $7 $F $$ $^$;$s . $5$F e Z $r 7W ;; $7 $^ $9 . $^ $: f ( t g 2 ) $O f ( t g 2 ) = 1 X n =0 ( � 1) n n ! n ! ( t g 2 ) n = 1 1 + t g 2 (88) $H$J $k $N $G e Z $O M-8B $J CM $K$J$j$^ $9 . => $C $F , Z $O B8:_ $7 $^ $; $s $, e Z $O B8:_ $7 $^$9 . 0J >e $N$3$H$r$b $& >/ $7 @:L) $K $9 $l $P n $, Hs>o $K Bg $-$$ ;~ $K (80) $N $h $& $K ?6Iq $& c n $K BP $7 $F $b e Z $, B8:_$9$k $3$H $, <( $; $^$9 . $D$^ $j $b $7 @]F05i ?t $N78?t $, (80) $H ?6Iq $( $P $=$N @]F0 5i ?t <+ ?H $O Dj5A $G$-$^ $; $s $, , Borel OB $O B8:_ $7 $^$9 . $3$N ;~ $O $=$N Borel OB $, K\Ev $NEz $( $G $O$J $$ $+$H 9M $( $i $l $^$9 . $= $l$O $" $kDxEY $N M}O@ $G $b D>@\8+$k $3 $H $b $G $- $^$9 . $5$F LdBj $O Borel OB $, Dj5A $G$-$J $$ >l9g $G $9 . :# $O (87) $r 9M $($F $$$?$N $G $9 $, <! $K c n = n ! (89) $r 9M $( $^$9 . @hDx $H F1 $8 MM $K f ( t g 2 ) $r 7W;;$9$k $H , f ( t g 2 ) = 1 1 � t g 2 (90) $H$J $j$^ $9 . $3$N f ( t g 2 ) $N FC0[ E@ $O t = 1 =g 2 $K $"$j (88) $H Id9f $, H?BP $N 0LCV $K FC0[E@ $r ;}$A$^$9 . $3 $l $h$j Borel OB $r <h$k:] $N @QJ, O) $G $" $k t $N @5 $N <B <4>e $K f ( t g 2 ) $O 6K 48

$r ;}$A , =>$C $F $3$N @QJ, $O L$Dj $K$J $j $^$9 . L$Dj $N ItJ, $O$3$N 6K $r $I $& Hr $1 $k $+$H $$ $& $3$H 0MB8 $7 $^$9 . Nc $( $P 6K $r >e $K Hr $1 $l $P $=$N ItJ, $K 5uIt $, =P$^ $9 $7 , 2< $K Hr $1 JL $N 5u It $, =P $F$-$^ $9 . $3$N MM $J FC0[ E@ $r Borel singularit y $H 8F $S $^$9 . => $C $F @]F0 5i ?t $r <h $j 07 $& $K$O n $, Bg $- $$ $H$-$N 78?t $N ?6$kIq $$ $r 5a $a , Borel singularit y $, 8= $l $k $N $+ $I $& $+$H $$ $& $3 $H$r D4 $Y$J $1 $l $P $J $j $^ $; $s . $^ $H$a $k $H , $b $7 @]F0 5i?t $, :G=i $N Nc $NMM $K Borel singularit y $r ;} $? $: Borel OB $, Dj 5A $G $- $k$b$N$G $" $l $P Hs >o $K NI$$ @- <A $r ;}$C $F $$ $k $H $$ $& $3$H$K $J $j $^$9 . 78 ?t $, L5 8B<!$^ $G 7W;; $G $- $l $P OB $O Dj$^ $j$^$9 $7 , 78?t $, M-8B8D $@$1 $7 $+ F@ $i $l $J $/ $F$b Borel AmOB2D G= $G$"$k $H$$ $& $3 $H $, J, $+$C $F$$ $l $P P ad � e 6a;w $r E,MQ $9$k $3 $H $G G$0U $N@:EY $G CM $r 5a $a$k $3 $H $,$G $-$^$9 . $G $9 $+ $i 78?t $, (80) $N MM $K ?6Iq$& @] F0 5i ?t $G$" $l $P , $= $l $[ $I :$ $j$^ $; $s . Nc $( $P $=$N Nc $H $7 $F $O IaDL $NNL;RNO3X7O $G , IT0BDj@- $H $+ %H%s %M %k 8z 2L $, $J $$ 7O $G$" $l $P Hs>o $K B?$/ $N>l9g $= $& $J$C $F$$$^$9 $7 , Nc $( $P QED $G $b B?J, $= $& $G $" $m $& $H 9M $( $i $l $F $$ $^$9 . $7 $+ $7 c n � n ! ( n ! 1 ) (91) $H $J $k $H Hs>o $K :$$j$^$9 . Borel singularit y $, $" $k $+$i , $=$N E@ $r $I $& Hr $1 $k $+$K $h $C $F 0lHL $K$O 5uIt $, =P $F$-$F $7 $^$$$^$9 . :#7W;; $7 $F $$ $k $b$N $O <B?t $G $9 $+$i , 5uIt $, =P $F $/$k $H$$ $& $3$H $O 2f !9 $O 2? $i$+ $N 0UL# $G 4V0c$C $? 7W;; $r $7 $?$H$$ $& $3$H $K$J $j $^$9 . $=$N 4V0c $$ $O 2f !9 $O 5a $a$?$$ NL $N#1ItJ, $7 $+ 7W;; $7 $F $$$J $+ $C $? $3$H $K 5/0x $7 $^$9 . Borel singularit y $, 8= $l $k$N$O , :# $^ $G 5D O@ $7 $F $- $? %$ %s %9%? %s%H %s $, $" $k 7O$N MM $K , Hs @] F0 E* 8z 2L$N $" $k 7O $K L) @\ $K 4X 78 $7 $F $$ $k$3$H$, $o$+ $k$N$G $9 $, , K\ Ev$N Ez $($O @] F0 5i ?t $H Hs @] F0 O@ E* $J 8z 2L $r B- $7 $F F@ $i$l $k $O$: $G $9 . @] F0 5i ?t$N Borel OB $O Borel singularit y $N 8z 2L $G 5uIt $r ;} $D $+$b $7 $l $^ $; $s $, , $= $l$O Hs@] F0 O@ E* $J 4s M? $+ $i $/ $k 5u It $H CzEYBG $A>C $7 $" $& . $@$+$i B- $7 $?$b$N $O <B?t $K$J $k , $H $$ $& 9= B$ $r $7 $F $$ $k $H 9M $( $i$l $^$9 . $H $3 $m $G %P %l !< K! $r MQ$$ $k $H$3 $N Hs @] F0O@ E* $J 4s M? $r 7W ;;$9 $k $3$H$, $G $- $k$N $G , $3 $l$K $h $j >e $G =R $Y$?$3$H$r 3N $+ $a $i $l $k $N $G$O $J $$ $+ , $H 9M $($i $l $^$9 . $= $N 7W;; $r <B9T $7 $?$N $, 0lHV:G6a $N OCBj $G $9 . 49

2?8N@]F05i?t $N 78?t $, n ! $H ?6Iq$C $?$j , JL $N >l9g $@ $H ( � 1) n n ! $H ?6Iq$C $?$j$9 $k $N $+$K$D $$ $F $b@b L@ $9 $k M= Dj $G $7 $? $, ;~4V $NET 9g >e >J N, $7 $^$9 . $3$N@- <A $O asympton $N M}O@ $r MQ$$ $F @bL@$9$k $3$H $, =PMh$^$9 . @h $K $b ?( $l $? ==2?G/A0 $K Zinn-Justin, Lipato v Ey $, 7W;; $7 $? J}K! $O , $= $l $J $j $K Hs>o $K LLGr $$ $N $G $9 $1 $I , $=$N J}K! $@$H Hs@]F0E*8z2L $H $N 4XO" $, Hs>o $K$o $+ $j $K $/$/ $J$C $F $^$9 . $b $& $A $g $C $H 0c $& 7W ;; $9$k $3 $H $K $h$C $F $3 $& $$ $& n ! Ey $O $" $kFC Dj $N G[ 0L $N 8z2L $H $7 $F 8= $l $k $H $$ $& $3$H $, $o$+ $j $^$9 . $3 $& $$ $& G[0L $r 2f!9 $O asympton $H L> IU $1 $^ $7 $? . $= $& $$ $& asymp oton $r Dj $a$kJ} K! , $= $7 $F Ez $($O $I $& $J $k $+ , $K 4X $7 $F$O 2f !9 $N O@J8 $K =q $$ $F $^$9$N $G $= $A $i$r ;2>H $7 $F $/ $@ $5$$ . $=$N exp ert $O$3 $3 $K :B $C $F$$$k Bg 2O Fb 7/ x $G $9 $+ $i H‘ $K J9 $$ $F 2< $5 $$ . $\ $/ $, 5" $C $? 8e $K$G $b ... !J >P !K . 6.2 HsBP>N 2 =E0f8M7? %] %F %s%7 %c%k . $G$O , 6qBNE* $K %b %G %k $r $" $2 $F @bL@ $7 $^$9 . 0l HV J,$j 0W$$$N $O , %P %& %s %9 $N Ld Bj $N Cf $G !V 56 $N IT 0B Dj@- !W $N Ld Bj $, $" $j $^ $7 $? $, , $=$3 $K La$k $3 $H$G $9 . ( 2f !9 $N =PH/E@ $G $b$" $j$^$9 .) 56 $NIT0B Dj @- $NLdBj $G $O HsBP >N 2 =E0f 8M 7? %]%F %s%7 %c %k $r 9M $( $^ $7 $? . $3 $l$O 0l<! 85 NL;RNO 3X $G Fs $D $"$k0f 8M $N $& $A JR J} $, 2< $, $C $F $k %]%F %s%7%c %k $G $9 ( ?^ 19. Fs $D $NDl $N :9 $r � $H $9$k .). $3 $l $r IaDL $K 7W;; $9$k $H , %P%& %s %9 $K$J$j , %P%& %s %9 $N<~ $j $G$N @]F0 $r 7W;;$9$k $H%(%M %k %. !< $K 5uIt $, =P $F$-$^$9 . $=$N 0UL# $G !V 56 $N IT0BDj@- !W $@ , $H 8@ $$$^ $7 $? . $3 $l $r 2r$/ $?$a $K%P %l !<K! $r E,MQ $7 $^$9 . $^ $: 8GM- %P %l !<K! $r MQ $$ $F %P %l !< $r 8+ $F , $3 $N Cf $G%P %& %s %9 $r 4^ $‘ %P %l !< $, $I $& $$ $& 9=B$ $r $7 $F $$ $k $+$r 9M $( $^$9 . %P %& %s %9 $O , A0 $K @bL@ $7 $? DL$j Euclid 2=$5 $l $? 1? F0J} Dx <0 $K =>$$ F1 $8 %( %M%k %. !<$N $H$3 $m $r 9T$C $F La$k2r $G $9 . $^ $: , $3 $N %P%& %s %9 $r$=$N E@ $N 0lIt $K 4^ $‘ %P %l !< $r 7W;; $7 x Bg2O Fb 0j M: , Ev;~ 5~ET Bg 3X ?M 4V !& 4D 6- 3X 8& 5f 2J D2. H‘ $N=$;N O@ J8 $N%? %$ %H %k$O !V%H%s %M %k 8z2L $H @]F0 O@ $N A26aE*?6 Iq $$ !W . @D;3@h@8 $N9V5A $r :GA0Ns $G J9 $$ $F$$$? . H‘ $N e-mail address $O dai@ph ys.h.ky oto- u.ac.jp. 50

?^ 19: HsBP >N 2 =E0f8M 7? %] %F %s%7 %c %k . x = 1 =g $G%] %F %s %7 %c%k$O :G>.CM � � $r$H $k$b $N$H $9$k . $^$9 . $3 $l$O @h $[ $I 9b<!85 $N %P %V %k $N >l9g $K 8+ $?$N $H ;v<B>eF1 $8 7k2L $K$J $j$^$9 ( :# $N >l 9g 1 <! 85 $G $" $k $3$H$K Cm 0U ). :nMQ $r =D <4 $K , %P %l !<%i %$ %s $r 2# <4 $K <h$C $?$b $N $, ?^ 20 $G $9 . ?^ 20 $N 86E@ $O ?^ 19 $G $N x = 0 $G @);_ $7 $? G[0L $G$N :nMQ $N <h$kCM $r <( $7 , :nMQ $N 6KBg CM $, %P%& %s %9 $K BP1~ $7 $F$$ $^ $9 . %P %& %s %9 $O Ii $N6JN( , Ii $N8GM-CM $r ;} $C $F $^$9 . %P %l !<%i %$ %s >e $G G[ 0L $r IA$$ $F $_ $k $H @h $[ $I $N%P %V %k $N ?^ $H Hs >o $K ;w $? ?^ $, F@ $i$l $^$9 . ( ?^ 21 ;2 >H .) $=$N <~$j$N E@ $r D>@\ ?t CM7W ;; $G 7W ;; $7 $F $_ $k $H , %P %l !<%i %$ %s $N 86 E@$N J} $K 9T $/ $H G[0L $O >.$5 $/ $J $j$d $, $F 2?$b 5/ $3$i $J $/ $J $j $^$9 . %P %l !< %i %$ %s $N @h$N J}8~ $K 9T $/ $H G[ 0L $O Bg$- $/ $J $j , x � 1 =g $K , $D $^$j %] %F %s %7 %c%k $N K\ Ev $N :G>. CM $K$@$s$@$s D9$/N1$^$kMM $K$J $j $^$9 . 0 $+$i =PH/ $7 $F 1 =g $N 6a$/$^ $G 9T$C $F , ;C $/ $$ $F , $= $l$+$i La$C $F $/$k , $H $$ $& MM $K$J $j $^$9 . %P %l !<%i %$ %s $N @h $N J}8~ $K 9T$/ $H 1 =g $+$i 0 $K 0\$kA+ 0\ $N7A $O F1 $8 MM $K$J $j$^$9 . 6h4V $N D9 $5 $K BP1~ $7 $F 1 =g $N 6a$/ $K $I $l$@$1 $N ;~4V BZ :_ $9$k $+ $, JQ $o $C $F$$ $-$^ $9 . $D$^ $j %P %V %k$N ;~ $K @b L@ $7 $?$h $& $K :nMQ $r >. $5$/ 51

?^ 20: %P %l !< >e $G$N :nMQ . 9u4] $, %P %& %s %9 $r I= $o $9 . ?^ 21: %P %l !< >e $G$N G[0L . <B@~ $, %P %& %s %92r $r I= $o $9 . 52

$9 $k $?$a $K K\Ev$N ?? 6u $N J}$D$^$j , %] %F %s %7 %c %k $N :G >.CM , %( %M%k %. !< $, � $@ $1 2< $, $C $F$$ $k=j $K$J $k $Y $/D9$/ BZ:_ $9$k $h $& $K$J $j$^$9 . $= $l$r 9T$C $F$$ $k $N $, , $3 $N G[0L $G $9 . 7PO)@QJ, $r <B9T$9$k:] , $3 $N >l9g $@$H%P %l !<%Q %i %a !<%? $r MQ $$ $F%P %l !<%i %$ %s $N >e $G @QJ, $7 $^ $9 $, , %P %l !< %i %$ %s $N >e $G :nMQ $, >. $5$/ $J $k $H 7PO) @Q J, $N;X ?t $NItJ, $, Bg $- $/ $J $k $N $G , @QJ, $K Bg $- $J 4sM? $r M? $( $^$9 . $3 $l $O J* M}E* $K $b EvA3 $G , 6- 3&>r7o $H $7 $F x = 0 $+ $i =PH/ $7 $F x = 0 $K La$k $H$$ $& $3$H$r 9M $( $k $H , $: $C $H x = 1 =g $K ESCf$$$k $[ $& $, F@ $K $J $j $^$9 . $G $9 $+$i , $= $& $$ $&G[0L $, Hs >o $K Bg$- $/ 4s M?$9 $k$3$H$K $J $j $^ $9 . %P %l !<K! $K $h $C $F$3$N J*M}E* $J H/A[ $r $& $^$/<hF~ $l $k $3 $H $, $G $- $^ $7 $? . $3 $l $r MQ$$ $F 9M $($F $$ $kLdBj $r I>2A $7 $F$_$? $$ , $H $$ $& $N $, L\I8 $G $9 . $= $N $?$a$K x � 1 =g $K D9 $/ N1$^ $k G[ 0L $K $D $$$F >\ $7 $/D4$Y $^ $9 . 8G M- %P %l !< J} Dx <0 $K � $H $$ $& 8GM-CM $,$G $F$- $^ $7 $? . $=$N 8GM-CM $r IA $-$^$9 $H , %P %l !<%i %$ %s $N @h $N J} $G $O 8GM-CM $O 0 $K 6a $E $- $^$9 . %P%& %s %9 $NE@ $G $O $b $A$m $s 8GM-CM $O Ii $K$J $j$^$9 . 0J>e $O ?tCM7W;; $G J,$k $N $G $9 $, , $" $kDxEY2r@OE* $K <($9 $3$H$b $G $- $^$9 . $I $& $9$k $+$H$$ $& $H , $3$NMM $J G[0L $K $* $$ $F $O A+ 0\ $7 $F$$ $kNN 0h $O F1 $8 7A $K 8+ $( $k $3 $H$K Cm0U $7 $^$9 . =>$C $F C1 $K x = 0 $r =P H/ $7 $F x = 1 =g $X 9T $/ ItJ, $r <h$j =P $7 $F $= $l $, %P %l !< J}Dx<0 $N 2r $H $7 $F :n $l $k $N $G $O$J $$ $+ , $H 9M $( $i $l $^$9 . $= $& $$ $& %P%& %s %9 $r 4^ $‘ %P %l !< $G $9 $, , %P %l !<%i %$ %s $N Bg$- $/ $J $k J} 8~ $r$+$J $j 9T$C $?$H$3 $m $G$O , C1 $K 0 $+$i =PH/ $7 $F$= $N8eA2 6a E* $K 1 =g $X 6a $E $/ , $3 $& $$ $& ?^ 22 $N MM $JG[0L $, B8:_ $7 $F , $= $l $K 5U 8~ $N$b$N$r $/$C $D $1 $? $b $N$G Hs>o $K Bg$-$J %5 %$ %: $^ $G 9- $, $C $?%P %l !<$N G[ 0L $r 6a ;w $G $- $k $N $G $O , $H 9M $( $k $3$H $, $G $- $^$9 . $3 $l$O %$ %s %9 %? %s %H%s $K ;w $F$$ $^$9 $, , K\Ev $N %$ %s %9 %? %s %H%s 2r $G $O$" $j$^ $; $s . $3 $l $O %P %l !<$N J} Dx <0 $K 8G M-$N$b $N$J $N$G%P %l !< %$ %s %9%? %s%H %s $H 8F $S $^ $9 . K\ Ev$N 0U L# $G %$ %s %9 %? %s %H%s$G$J$$ $N $O , $3$N %]%F %s%7 %c %k $K $O %$ %s %9 %? %s %H%s 2r $O B8:_ $7 $J$$ $+$i $G $9 . :#LdBj $K $7 $F $$ $k $N $O 0 $+$i A26aE* $K 1 =g $X 6a $E $/ $b$N $G , $3 $l $O 1?F0J}Dx <0 $N2r $H $7 $F $O <B8= $G$- $J$$ $b $N $G $9 . $? $@ $7 , %P %l !<J}Dx <0 $N2r $H $7 $F$J $i 2DG= $G $9 . 53

?^ 22: x = 0 $+$i x = 1 =g $K 6a $E $/G[0L . <B:] $K 2r$$ $F 9=@.$9$k $3 $H $, $G $- $^$9 $7 , ?tCME* $K 5a $a $k $3$H$b 2DG= $G $9 . 0l $D6/ D4 $7 $?$$ $N $O$3 $N %P %l !< %$ %s %9 %? %s %H%s$O 8GM- CM 0 $r ;} $C $F$$$k $3 $H $G $9 . %$ %s %9 %? %s %H%s$G $b ;w $? 8=>] $, $"$j$^ $7 $? $, , :# $N>l9g $NM}M3 $O$=$N;~ $N$b $N $H $O A4$/ 0[ $J $j$^$9 . %$ %s %9 %? %s %H%s $N ;~ $N Nm8GM-CM $N B8:_ $O , %$ %s %9 %? %s %H%s$, 1?F0J}Dx<0 $N 2r $G $" $k $3 $H$N H?1G $G $7 $? . I|=, $7 $^$9 $H , %$ %s %9 %? %s %H %s $N >l9g $O $=$N J}Dx<0 � S � x I = 0 (92) $r � HyJ,$9$k $3 $H $K $h $C $F F@ $i $l $k � 2 S � x I � x I dx I d� = 0 (93) $+$i Nm8G M- CM $NB8 :_ $,$o $+ $j$^ $7 $? . $3 $l$O$"$/ $^ $G$b1?F0 J} Dx <0 $, @. $jN) $C $F$$$k $+ $i $3 $= $$$( $k $3$H$G $9 . $H $3 $m $, %P %l !< %$ %s %9%? %s%H %s $O $3 $N MM $J 1? F0J} Dx <0 $r K~$? $5$J $$$N$G Nm 8G M- CM $N B8 :_ $O J] >Z$5 $l $F $$ $^$; $s . $7 $+ $7 $3 $N 6C $/$Y$- @- <A $O %P %l !< J}Dx<0 $r ;H $& $H >ZL@$9$k $3 $H $, $G $- $^$9 . $^ $:%P %l !< J}Dx<0 X j @ 2 S @ � i @ � j @ S @ � j = � @ S @ � i (94) 54

$r Jd=u>l F j = @ S @ � j (95) $r MQ$$ $F =q$-D>$9 $H X j @ 2 S @ � i @ � j F j = � F i (96) $, F@ $i $l $^$9 . $3 $l $r NL;RNO3X $N >l9g $K =q $- 2< $7 $F $_ $k $H , � $K AjEv $9$k $N $O x $G , i $d j $K AjEv$9$k $N $O � $G $9 $+$i , (95) $K BP $7 $F$O 1?F0J}Dx<0 � @ 2 � x + V 0 ( x ) = F (97) $, , (96) $K BP $7 $F$O � � @ 2 � + V 00 ( x ) � F = � F (98) $, F@ $i $l $^$9 . $J $* , F = 0 $H $9$k $H , (97) $O K\Ev $N1?F0J}Dx<0 $G $9 $7 , (98) $O 0 = 0 $G <+L@ $K K~ $?$5 $l , 1?F0J} Dx<0 $O%P %l !< J}Dx<0 $K 4^$^ $l $k $3 $H $, $o$+ $j$^$9 . K\Ev $N1?F0 J}Dx<0 $H$N 0c $$ $G $" $k F $, $& $^$/ F/$/ $H K\Ev $N1?F0J}Dx<0 $G $O <B8= $G$-$J $+ $C $? 2r $, B8:_$9$k $3 $H $, (97) $+$i A[A| $G $- $k $H ;W $$ $^$9 . $D$^$j %P %l !< %$ %s %9 %? %s %H %s $O F $N 8z2L $K $h $C $F @8 $^ $l $^$9 . 30NO $, F/ $$ $F$$ $F , 9b $$J} $N;3 $ND:>e $K 2! $7 >e $2 $k $o $1 $G $9 . ( 1? F0J} Dx<0$N %] %F %s %7 %c%k$O ( ?^ 19) $H Id9f $, 5U E> $7 $F $$ $^$9 .) 30 NO $G $8 $C $/$j 2! $7 >e $2 $F D:>e $G$H$a $k , $=$N MM $J F $, (98) $r K~ $? $7 $J $,$i B8:_$9 $l $P $$$$$o $1$G $9 . Nm8GM-CM $N B8:_ $r <($9 $K$O , $^ $: (97) $r � $G HyJ, $7 $? 8e F $r =q $1$F @QJ, $7 $^$9 : Z d� F � � @ 2 � x + V 00 � @ � x = Z F @ � F d� : (99) :8JU $O ItJ,@QJ,$9$k $H � Z d� F @ � x (100) $H $J $j $^$9 . ItJ,@QJ,$9$k:] $K 6-3&9‘ $, 8= $l $^$9 $, , $3 $l$O 0 $K $J $j $^$9 . F $N F/ $- J} $O , :G=i $K Dc $$ J} $N ;3 $K $$$? $b$N $, 30NO F $, F/ $$ $F 9b$$ J} $N ;3 $K EP$j D:>e $G$: $C $H $$ $? $$ , $H $$ $& $b$N $J$N $G 30NO F $O :G=i $H :G8e $G 0 $K $J $k $+$i$G $9 . F1MM $K $7 $F 1&JU $O Z d� d d� 1 2 F 2 (101) 55

?^ 23: Jd=u>l F. $H =q$-D>$5 $l $^$9 . 0J>e $+$i � Z d� F @ � x = 0 (102) $, F3 $+ $l $^$9 . => $C $F � $, 0 $+ , $" $k $$ $O$3$N@QJ, $, 0 $K $J $k $N $G $9 $, , $3$N @QJ, $, Nm $G $J$$ $3 $H $r8+$k $3 $H $O MF0W $G $9 . $^ $:%P %l !< %$ %s %9 %? %s %H%s $N 7A $+ $i x $H $$ $& $N $O � $N 6u 4V $G 0 $+ $i 1 =g $K C1 D4 $K A} 2C $7 $F $$ $k$b$N $G $" $k $3$H $, $o$+ $j $^$9 . $5$F F $O 30NO $H $7 $F ES Cf $G $& $^$/2! $7 >e $2 $J$1$l $P $J$i $J $$$N$G F1 $8 $h $& $K � 6u 4V $G =q $/ $H ESCf $G Nm $G$J $$ $, N> C< $G Nm $K $J $k $H$$ $&7A $r $7 $F $$ $^$9 ( ?^ 23). $9 $k $H @ � x $O Cf?4 $G Nm $G$J $$ CM $r ;}$D $N $G $= $l$K F $r 3] $1$F @QJ, $7 $?$b$N $O Nm $H 0[ $J $k $3$H $, $o$+ $j$^$9 . 0J>e$h$j � = 0 $, $o$+ $j $^$9 . $G $9 $+ $i$3 $l$O Ia DL $N %$ %s %9 %? %s %H%s $N >l9g $H ;w $F Hs $J$k $b $N $G , =E MW $J$N $O 8GM- %P %l !<J}Dx<0 $r MQ$$ $F 87L) $K >ZL@ $G $- $k@-<A $@$H $$ $& $3 $H$G $9 . $H$3$m $G � $, Nm $G$"$k $3 $H $K$3 $@$o $k $N $O , $= $& $G$" $l $P Hs>o $K MM!9 $J $3 $H $r F3$/ $3 $H $, $G $- $k $+$i$G $9 . Nc $( $P %P %l !<%i %$ %s $N <~$j $G $N %, %& %9@QJ, $+$i =P $F $/$k9TNs<0 1 q � 0 n � n (103) 56

$, JD $8 $? 7A $G =q $-2<$9 $3$H $,$G $- $^$9 . $3 $l$K $D$$ $F$N >\:Y $O >JN, $7 $^$9 $, , MQ $$$kJ} K! $O 4pK\ E* $K $O Coleman $N \The uses of instan tons"[12] $K =q $$ $F $"$kJ} K! $r >/ $7 JQ99 $7 $? $b $N$G $9 . Ia DL$N %$ %s %9 %? %s %H %s $H $N N‘ ;w$N @-<A $r Mx MQ $7 $F 9T Ns <0 $, I> 2A $G $- $^ $9 . $^$? , %d%3 %S 9T Ns<0 $d F addeev-P op o v $N 9TNs<0 $K $D$$$F $b 5a $a $k $3$H $, $G $- $^$9 . $5 $i$K , $b $A$m $s ?tCME* $K $O%P %l !< %$ %s %9 %? %s %H %s $N 7A $O$o$+ $j $^$9 $, , $3 $l $r $" $kDx EY2r@OE* $K 3N $+$a $k $3 $H$b $G$- $^$9 . ;~4V $N 4X78>e>\ :Y $O ?( $l $i $l $J $$$N $G $9 $, , 4pK\ E* $K$O (97) $H (98) $r 2r $1 $P $$$$$N $G $9 . � = 0 $, J, $+ $C $F$$ $k $N $G 2r$/ $Y$- J}Dx<0 $O � @ 2 � x + V 0 ( x ) = F (104) � � @ 2 � + V 00 ( x ) � F = 0 (105) $H$J $j$^$9 . $3 $l$K BP $7 $F 2r@O E* $J 7W;; $r <B9T $7 $^$9 . 87L)2r $r 5a $a $k $3 $H $O $G$-$J$$ $N $G $9 $, , @]F0 $r 9M $( $k $3 $H $, $G $- $^$9 . $=$N $?$a $K $^ $:%]%F %s %7%c %k$r 6qBNE* $K M? $( $^$9 . 2 =E0f8M7? $N %] %F %s %7 %c%k$O V ( x ) = 1 2 x 2 (1 � g x 2 ) (106) $H$J $k $N $G $9 $, , :# $O JRJ} $N0f8M $, >/ $7 2< $, $C $?$b$N $K $7 $? $$$N $G (106) $K x $N 0l<!<0 $r IU $1 2C $( $^$9 . V ( x ) = 1 2 x 2 (1 � g x 2 ) � � g x (107) Dj ?t g $, 7k 9g Dj?t$N Lr 3d $r 2L $? $7 $F $$$? $N$G g $O 1 $h $j Hs >o $K >.$5$$$H$3 $m $K 8B$C $F $$ $^$9 . � $b Hs >o $K >.$5$$ $H $7 $^$9 . $3 $N 9‘ $r IU $1 2C $( $k A0 $O%] %F %s %7 %c %k$O x = 0 $H x = 1 =g $G 6K>.CM $r ;}$A V (0) = V (1 =g ) = 0 $H =LB‘ $7 $F $$ $^ $, , $3 $N 9‘ $r IU $1 2C $( $k $H V (1 =g ) = � � $H � $@$1%]%F %s%7%c %k$N 0f8M $NDl $, 2< $, $j$^ $9 . $b $A $m $s @~7A 9‘ $r IU $1 2C $($?$N $G x = 1 =g $G $O%]%F %s%7 %c %k $O 6K>. CM $r <h $j $^ $; $s $, , K\Ev $N6K >. CM $H$N0c $$ $O 9b<! $N Hy>/NL $J$N $G$" $^$j5$ $K $7 $J $/ $F $+ $^$$$^ $; $s . $= $& $9$k $H , $3$N >l9g $K%P %l !< %$ %s %9 %? %s %H%s $r � $N%Q%i %a !<%? $K $D$$ $F 6a;wE* $K 5a $a $k $3 $H $, $G $- $^$9 . Ez $( $@$1 $r =q $$ $F $*$-$^$9 . 85 !9 $N %$ %s %9 %? %s %H %s $O x 0 ( � ) = 1 g 1 1 + e � � (108) 57

$G $" $k $3 $H$O :G=i $N 9V5A $G =R $Y$^ $7 $? . $3 $l $O � = 0 $N ;~ $N %$ %s %9 %? %s %H%s 2r $G $9 . :# %P %l !< %$ %s %9 %? %s %H %s $r � $K $D$$$F E83+$9 $k $3$H $, $G $- $^$9 . ( <B<A>e$N E8 3+ %Q%i %a !< %? $O � g 2 $G $9 .) $= $l $r <+L@ $G$J $$ <!?t$^ $G =q $/ $H x = x 0 + � g 2 (109) F = � 6 � g 2 _ x 0 + 18 ( � g 2 ) 2 � _ x 0 (110) ( _ x 0 $H $$ $& $N $O x 0 $N � HyJ, $N$3 $H$G $9 .) $H$J $j $^$9 . $h$j 9b<! $N 9‘ $b 7W;;$9$k $3$H $, 2D G= $G $9 . $3$l $O Nm 8G M- CM$N @-<A $r ;H$C $? LL Gr$$ E8 3+ $J $N$G $9 $, $=$N >\ :Y $O >J N, $7 $^ $9 . 0l$D=R $Y $F$* $/ $H (110) $N 1&JU $N Bh#29‘ $K � $, 4^$^ $l $F $$ $k $N $G � $, Bg $-$$;~Bh 2 9‘ $O Bh 1 9‘ $K Hf $Y$F Bg$- $/ $J $j $^$9 . =>$C $F$3$N E83+ $O � < < 1 � g 2 (111) $K $*$$ $F$N$_ 0UL# $r ;}$A$^$9 . 0lJ} � $, Hs>o $K Bg $-$$ � > > 1 (112) $N ;~ $K$O x $d F $O Hs >o $K >. $5 $/ $J $j$N $G J}Dx<0 $r x , F $K $D$$ $F @~7A2= $G $- $^$9 . @~7A 2= $5 $l $? J} Dx <0 $N2r $N78 ?t $O G$0U 78 ?t $K$J$j$^ $9 $, , $=$N78?t $O � g 2 $, Hs>o $K >. $5 $$;~ $O (111) $H (112) $O =E $J$j2q $& $3 $H $K Cm0U $9 $l $P Fs $D $N2r $N @\B3 $r 9T $& $3 $H $G 5a $a$k $3 $H $,$G $-$^$9 . $3$N @\B3 $r 9T $& $3 $H $O <+L@ $G$J$$ $N $G $9 $, , :#5a $a $?E83+ <0 (109) (110) $H$3$N@~7? 2= $7 $? <0 $, Hs>o $K $& $^$/ BP 1~ $7 , 1sJ} $G$N?6$k Iq $$ $H Cf?4 It $G$N?6$k Iq $$ $, Hs >o $K 3j $i$+ $K $D$J $, $C $F $$ $k$3$H $, $o$+ $j $^$9 . $3 $l $b Nm 8G M-CM $r ;}$D$H $$ $&8GM- %P %l !<J}Dx<0 $+$i D>@\>ZL@ $G$- $k@-<A $G $9 . $" $H , $^ $@ %d%3 %S 9TNs<0 $N7W;; $b $"$k $N $G $9 $, >JN, $7 $^$9 . 0J >e $G%P %l !< %$ %s %9%? %s %H %s $K Nm8G M-CM $, B8 :_$9$k Mx E@ $H $7 $F %, %& %9@QJ, $, <B9T $G $-$k $3 $H $H , %P %l !< %$ %s %9 %? %s %H%s $r 2r@O E* $K D4 $Y$k $3 $H $, =PMh $k $H$$ $& 2 E@ $K $D $$ $F @bL@ $7 $^ $7 $? . 58

$5$F$3 $l $+ $i $I $& OC $, ?J $‘ $+$H $$ $( $P , $^ $: , $3 $& $$ $& %P %l !< %$ %s %9 %? %s %H %s , $b $7 $/ $O � $r � � $K F~ $l BX $($F F@ $i $l $k %P %l !<H? %$ %s %9 %? %s %H%s , $5 $i$K $O$3$N 4u %, %96a ;w $r 9M $( $k $3$H $, =P Mh$^$9 . $3 $N 4u %, %96a ;w $K $*$$$F %( %M %k %. !<$r 7W ;;$9 $k $H 5u It $, B8 :_ $7 $J $$ $H $$ $& $3 $H$r <($9 $3 $H $, =PMh$^$9 . $3 $l $O $7$P $i $/A0 $K O@J8 $K$J $C $F$$ $^$9 . $h $j :G 6a$N H/ E8 $O $3 $l $K Aj 8_ :n MQ $r F3 F~ $7 $? $3$H $G $9 . $3 $l $O :# $^ $G$H A4 $/ JL$N$3 $H$r$9$k $H$$ $& $N $G $O$J$$ $3 $H $r Cm0U $7 $F $* $-$^ $9 . 4u %, %9 6a ;w $O%P %l !< %i %$ %s $N $:$C $H 9T $C $?@h $N6K8B $N $H $3$m $G$N$_@5 $7 $$ $N $G , $= $l $h$jFbB& $G $O <+A3 $K%P %l !< %$ %s %9 %? %s %H %s , %P %l !< H? %$ %s %9 %? %s %H %s $N 5wN% $K :nMQ $O 0MB8$9$k $3 $H $+$i $b J, $+ $kMM $K , Aj8_ :n MQ$N F3 F~ $O %P %l !<$N $h $j Fb B& $r $_$F $$ $k $3$H$K Aj Ev $7 $^ $9 . $5$F $3 $& $7 $F 7W ;;$9 $k $H %( %M%k %. !< $K 5u It $, 8= $l $^$9 ! $H $3 $m $, $3 $l $O 56 $N IT 0B Dj @- $K 4X 78$9 $k $3$H$G $O $J $/ $F :G=i $K $b =R $Y$? DL$j@]F0O@ $+$i @8 $8 $k5uIt $H BG$A>C $7 2q $& $Y$-$b$N $G $9 . $= $N 5u It$N 8= $l J} $K $D$$$F 7k 2L $@$1 8+$F $*$- $^$9 . :# 9M $($F $$ $k %] %F %s %7 %c%k$G $O 1& $H :8$N 6K >. CM$N <~$j $K %( %M%k %. !< =g 0L $r 9M $( $k $3$H $, $G $- $^$9 . %H %s %M%k 8z 2L $G AP J} $N =g0L $, 8r $o $j $^$9 $, , 0f8M $N 1&B& $G$O @]F0E* $K$O , 1 2 + N L (113) $H $J $j $^$9 . $3 $l $K BP$9$kHs@]F0O@E*Jd@5 $O E ( N :P : ) L = 1 2 + N L + � 2 � 2 g 2 ! 2 N L + � ( � 1) N L +1 N L ! �( � N L � � ) (114) $H$J$j$^ $9 . $? $@ $7 , � $, @0 ?t $G$J$$ $H $7 $^ $9 . $3$N<0 $O%(%M %k %. !< $r7hDj $9 $k <0 $r2r $$ $F F@ $i $l $k $N $G $9 $, 2r $/:] $K !V � $, @0?t !W $G$J $$ $H $$ $& >r7o $r ;H $$ $^$9 . $^$? (114) $G � $r @0?t $K $9$k $H , %, %s %^H! ?t $+ $i 6K $, 8= $l H/;6 $7 $^$9 . � $, @0?t $N;~ $O JL $N<0 $, $"$j$^ $9 $, >JN, $7 $^$9 . $^ $? , %d %3 %S 9TNs <0 , 9TNs <0 ( 8G M- CM $N@Q ), exp $N 8* $K � ( %P %l !< %$ %s %9 %? %s %H%s $N :n MQ ) $r >h $;$?$b$N , $= $& $$ $& Hs@]F08z2L $r A4It$^ $H$a$F � $G I= $o $7 $^ $7 $? . $^ $? , Hs@]F08z2L $N ItJ, $@$1 $r 7W;; $7 $? $N $G N :P : $H 5- $7 $^ $7 $? . 59

=EMW $J$N $O (114) $N Cf $N � 2 g 2 ! 2 N L + � (115) $H $$ $& It J, $G $9 . $3$3 $+$i , 0lHL $K$O 5uIt $, @8 $8 $^ $9 . $3 $l$O g 2 $K 4X$9$k 2r@O @\ B3 $r @b L@ $7 $J $1 $l $P $J $i $J $$$N $G >JN, $7 $^$9 $, , 5uIt $O Im E ( N :P : ) L � sin � � (116) $H $$ $& 7A $G 8= $l $^$9 . $3$N 5u It $O @] F0 E* $JItJ, $+ $i @8 $8 $k5u It $H BG $A >C $7 $" $& $O $: $G$9 . $= $& $9 $k $H 2f!9 $O <B ?t$N Ez $r F@$k$3$H $, $G $- $^$9 . $3$l $r 5U 8~ $K 9M $( $F$3 $N Hs @] F0 E* $J ItJ,$N 5u It $, $o $+$l $P @]F0E* $J ItJ, $N 5uIt $, $o$+ $k $H 9M $( $^$9 . Im E ( P ) L = � Im E ( N :P : ) L : (117) ( E ( P ) L $O @]F0 5i?t $N Borel OB . !K $D$^$j , @]F05i?t $N 5uIt $, $3 $N <0 $G 5U $K 7h$^$C $? $H 9M $( $^$9 . @] F05i ?t $+$i @8 $8 $k 5u It $O 9b<!$N 9‘ $H L)@\ $J 4X 78 $, $" $C $?$3$H$r 9M $( $k $H >e$N 4X 78 <0 $+$i @]F05i?t $N 9b<! $N ?6$kIq$$ $, J, $+ $k$h $& $K$J $j $^$9 . 6qBNE* $K$O E ( P ) L $H$+ $$$? @]F0ItJ, $O g 2 $, @5 $N ;~ $K 5u?tIt $r$b $C $F$$ $k $o $1$G $9 $+ $i @5 $N<B<4 $K %+ %C %H$, $" $k $o $1$G $9 . $3$N ;~2r @O@- $r MQ $$ $F J,;68x<0 $r F@$k $3 $H $,$G $-$^$9 . $D$^ $j g 2 6u4V $G , E ( P ) L $r g 2 $N H!?t $H$_$F Cauc h y $N @QJ,8x<0 $r E,MQ $7 $^$9 . E ( P ) ( g 2 ) = 1 2 � i I dt E ( P ) t � g 2 (118) $3$N @QJ,7PO) $N H>7B $r L58BBg $K $7 $^$9 . H!?t E ( P ) $K FC0[E@ $, $J $$ $H $7 , $^$? E ( P ) $, L5 8B1s $G %<%m $K$$$/ $H$9 $k $H $3$N1s $/ $K F0 $+ $7 $?1_ $+ $i$N4s M? $O$J$/ $J$j;D $k 4s M? $O %+ %C %H $N >e $H 2< $r DL$k Fs$D$N @~ >e $H$J $j $^$9 . $3 $l$O 8~ $- $, H?BP $J $N $G Id 9f $, 0[ $J $j $^$9 . =>$C $F (118) $O E ( P ) L ( g 2 ) = 1 � Z 1 0 dt Im E ( P ) L ( t ) t � g 2 (119) 60

$H$J $j $^$9 . :#1sJ} $G$N <}B+@- $r 2>Dj $7 $^ $7 $? $, , <}B+@- $, 0- $1 $l $P 2~A1 $9$k !V 0z $- ;; K! !W $H$$ $& $N $, J,;68x<0 $K$" $j$^$9 . :# $O$3$N MM $K C1=c $K =q $$ $F $* $-$^$9 . $D $^$j%+ %C %H $K $* $1 $kCM $G A46u4V $N E ( P ) L $, 7h$^$j$^$9 . <! $K N>JU $r g 2 $K $D$$ $F E83+ $7 $^$9 . E ( P ) L $O E ( P ) L ( g 2 ) = 1 X n =0 E ( P ) L;n g 2 n (120) $H $J $j $^$9 $+$i , E ( P ) L;n = 1 � Z 1 0 dt Im E ( P ) L ( t ) t n +1 (121) $r F@$^$9 . $3 $N MM $K $9 $k $H 5uIt $, J, $+ $l $P E ( P ) L;n $, 5a$^$j $^$9 . $3 $N <0 $O $I $s $J n $K BP $7 $F $b @.$j N)$D$N $G $9 $, , 2f !9 $, 7W ;; $7 $? 5u It $O <e7k 9g$N 6K 8B $G $9 . ( ES Cf $G %H %s %M%k 8z 2L $, >.$5$$$h $& $K g $, Hs>o $K >.$5$$ $H $7 $^ $7 $? .) $D $^$j t $N A4NN 0h $K$o $? $C $F E ( P ) L;n $, J, $+ $C $F$$ $k $o $1$G $O $"$j $^ $; $s . $G $9 $, , n $, Hs>o $K Bg $-$$ $H$- $K$O @QJ, $K Bg $- $/ 4sM?$9$k $N $O t $, >.$5$$ $H$3 $m $G$N @QJ, $J$N $G $=$N ;~ $K$O E ( P ) L;n $r 5a $a $k $3$H $, $G $- $^ $9 . $=$N Ez $($O <! $N MM $K$J $j$^$9 : E n = 3 � 6 � �( � + 1) �( n + � + 1) � 1 + O � 1 n � ; ( n ! 1 ) : (122) 4JC1 $N$?$a $K @]F0O@ $N 4pDl>uBV $K BP $7 $F$N $_ 5- $7 $^ $7 $? . $3 $3$G Cm 0U$9$Y$-$J $N$O @h Dx$N %P %l !< %$ %s %9 %? %s %H %s $N 9=@. $O � g 2 $N E8 3+ $G 9T$$ $^ $7 $? . => $C $F 9b<! $J 9‘ $O 5a $a $F$$$^ $; $s . $7 $+ $7 $= $l$i$N 9b<! $N 9‘ $O$3$3 $K $O A4$/ 8z $$ $F $- $^ $; $s . $3$3$G 8z $$ $F$3$J$$$H$$ $& 0UL# $O , n $, L58BBg $N ;~ $K$O $= $l$i $N 8z2L $O A4 $F O (1 =n ) $K F~$k $H$$ $& 0UL# $G $9 . %P %l !< %$ %s %9 %? %s %H%s $r <+L@ $G$J$$ <!?t$^ $G 9=@. $9 $l$P $= $l $@ $1 $G n $, Bg$- $$$H $- $N <g MW $J 9‘ $O 7h $^$C $F $$ $k , $H $$ $& 9=B$ $r $7 $F $$ $^$9 . =>$C $F Hs>o $K 9, $$ $J$3$H $K A4 $F$N <!?t $r 7W;; $7 $J $/ $F$b$3 $3 $^ $G CN$k $3$H $, $G $- $^$9 . $5$F , (117), $D $^$j , @]F0E83+ $+$i 8= $l $k 5uIt $H Hs@]F0O@E*7W;; $+$i =P$k5uIt $, BG$A >C $7 2q $& $H $$ $& 9=B$ $, @5 $7 $$$N $J $i (122) $b @5 $7 $$ $O$:$G $9 . $3 $N (122) $O 7W;;5! $G 3N $+ $a $k $3$H $, $G $- $^$9 . Ia DL $N 0l <! 85$N NL ;R NO 3X $G $N 4p Dl >u BV $+$i $N @]F0 O@$N 7W ;; $K =>$$@]F078?t $r 200 <!$^ $G ( $D$^$j g 400 <!$^ $G ) MM !9 $J � $K BP $7 $F 7W;; $7 $^ $7 $? . 61

?^ 24: (122) $r 3 n n ! $G 3d$C $?$b$N . $9 $0 $K 3N $+$a $i $l $k $N $O 3 n $d n ! $N?6Iq $$ $G$9 . (122) $r$= $l$i $G 3d $C $?CM $K E@ $r $& $C $?$N $, ?^ 24 $G $9 . 2# <4 $, � $G +20 $+ $i � 20 $^ $G 0.2 9o$_ $G 7W ;; $7 $^ $7 $? . 9u$$ @~ $, %P %l !< K! $N M=8@ CM $G $9 . ?^$h$jJ, $+ $k$h $& $K � $, Ii $N @0?t $N $H$3 $m $G $O %, %s %^H!?t $, 6K $r ;}$A , $3 $N CM $O%< %m $K $J $C $F$$ $k $N $G 8+ $($J $$$N $G 3HBg $7 $?$N $, 2<?^ $G $9 . 62

?^ 24 $O @]F0 O@E* $J 4pDl>u BV $K $? $$ $7 $F 9T$C $?$b$N$G $9 $, , Ne5/>u BV $K BP $7 $F $b F1MM $K 7W;; $G $- $^$9 . <B $O OC $O $^ $@ B3 $-$^ $7 $F , � $, @0 ?t $N;~ $K $O Borel Am OB 2D G= $K$J$k>l 9g $,$"$j$^ $9 . $h $j @5 3N $K =R$Y $k $H � $, @0 ?t$N ;~ $K #2 $D$N 0f 8M$N Fb , Dl$N Dc$$ J} $r 4p Dl >u BV $r <h$j @] F0 5i?t $r 9=@. $9$k $H$= $l$O Borel AmOB 2D G= $K$J$C $F$$$^$9 . $5 $i $K Ne5/>u BV $K BP $7 $F$b 4v $D $+ Borell AmOB 2DG= $K $J $j $^$9 . $=$N FCD’ $O$O $C $-$j $7 $F , � $, @0?t $H $$ $& $N $O%] %F %s %7 %c%k $N Dl $H Dl$N 4V$N :9 $, @0 ?t $K $J $k $H $$ $& $3$H$G $9 . @] F0 E* =g0L $r$3 $N <~$j $G :n $k $H , 0l$D$N Dl $H , $b $&0l $D$N Dl $H$G :n$C $? @] F0 E*=g 0L $N 4v$D $+$O =LB‘ $7 $^$9 . @]F0 E* =g 0L $N =LBP $7 $F$$ $J$$ � � $H 0 $N 4V $K$" $k %(%M %k %. !<=‘0L $O Borel AmOB 2D G= $H$J$j$^ $9 . 0 0J>e $N=LBP $7 $F$$ $kJ} $G $O %\ %l %k OB $O Dj$^ $j$^ $; $s . $3$N MM $K � $, @0?t $N>l9g $K $O$3 $& $$ $& JQ $o$C $? $3 $H $, 5/ $3$j$^ $9 . � $, @0?t $G$J$$>l9g $K $O$3 $& $$ $& $3 $H $O 5/ $3$j$^ $; $s . <B:] $K$O � = 1 $N >l9g $K $O$3 $l$O D6BP>N @- $r ;} $DNL;RNO 3X $K$J $C $F$$$^$9 . D6BP>N @- $r ;} $DNL ;R NO 3X $N>l9g $K$O @]F0 O@ $N 8z2L $, 8z $+$J$$ $H$$ $& $3 $H $, J, $+$C $F$$ $F , $D$^ $j@] F0O@ $,$J $$ $N $G $9 $+ $i , Borel AmOB 2D G= $G $9 . 2f!9 $, H/8+ $7 $?$N $O � $, 1 $G$J$$ @0?t $N>l 9g $K $b Borel AmOB 2DG= $H$J $k $H $$ $& $3$H$G $9 . $3 $3$i JU $K$O D6 BP>N @- $r 3HD% $7 $? meta 63

SUSY $, B8:_ $7 $F $$ $F$3 $& $$ $& JQ $o $C $? BP>]@- $, Borel AmOB2DG=@- $r J]>Z $7 $F $$ $k , $H $$ $& 6=L# ?< $$8=>] $, 5/ $- $F$$ $k $H 9M $( $k $3$H $,$G $-$^$9 . 0x $_ $K , $+ $D $F , Zinn-Justin, Lipato v $, 7W;; $7 $? ;~ $K $O A4A3 JL $N $3 $H $r 8@ $C $F $^ $7 $? . H‘ $i $K$O B?J, @]F0 O@ $N 9b<! $N 9‘ $r 7W;; $7 $F :# $N$h $& $K Hs BP>N $J >l 9g $K 3N G’$9$k $H $$ $& $3$H $, $G $-$J$+ $C $?$N $G <+J, $? $A $G 8@ $C $? $3 $H $, 4V0c $C $F$$$k $3 $H $K 5$IU $+$J $+ $C $? $N $G $7 $g $& $, , 2f !9 $O 0J>e $NMM $K <B:] $K 7W;;$9$k $3 $H $, $G $- $^ $7 $? . %P %l !< K! $r MQ$$$k $3$H$G$3$N MM $J @-<A $r F3 $/ $3$H $, $G $-$?$N $G $9 . 7 :G8e $K .... $$ $m $$ $m OC $r $7 $^ $7 $? $, 7k O@ $O0l $D $G , %P %l !< K! $O:# $^ $GE, MQ $7 $F $- $? ?t !9 $N >l LL $GHs >o $J @. 8y $r <} $a $F $- $? , $H $$ $& $3 $H $G $9 . $$ $D $b $3 $N OC $r $9 $k ;~ :G 8e $K8+ $; $k transparen t $O L! 2h $J$N$G $9 $, ... %P %l !< K!$N 5; =Q E* $J$3$H$O K: $l $F $b , $3 $N L! 2h $@$1 $O B? J, 3P $( $F $$$F$b $i$( $k $G $7 $g $& $+$i ... 64

$3$N L!2h $N %" %$ %G %# %" $O @DLZ7r0l ;a $K $h $k $b $N $G $9 . $3 $l$O CO7A?^ $G , :# %9 %- !< $r $7 $F $$ $k $H 9M $($F $/ $@ $5$$ . $" $k $H$3 $m $K %9 %- !<%d!< $, N)$C $F $^$9 . $3 $N ?M $O FC967? $G , B?J, %9 %- !< $, $9 $4 $/ $& $^ $$ $s$G $7 $g $& $, , N)$C $F$? $i $=$N $^$^3j $j;O $a $^$9 . 3j $j=i $a$F $+$i $I $3 $K 9T$/ $+$H $$ $& $H , ??2< $K 8~ $+ $C $F $^ $C$9 $0 D>3j9_ $G 9T$-$^$9 . $= $l$, stream line metho d $G $9 . $$ $$ $G $9 $+ , >o $K ??2< $K 9T $/ . %9 %- !<$N =i ?4 <T $O $= $& $$ $& $3$H $r $9 $k$H 4m $J $$$N$G $= $& $O $7 $^$; $s . $3 $N ?M $O Nc $( $P , ?^ $N 0LCV $K N)$C $F$?$H $7 $^$9 . $3$3$O Ey9b@~ $, $D $^$C $F$F 3d $H 5^ $G $9 $M . 5^ $@$+$i I]$$ $s $G $9 $M . I]$$ $+$i 2< $K 3j$k$N$r$d $a $^ $7 $F , $H $3 $H$3 $H $3$H , J? $i$K Jb$$$F$$ $- $^$9 . %9 %-!< $r $7 $?$3 $H $, $" $k?M $@ $C $? $i$o $+ $j$^$9 $M . $3 $& $$ $& $U $& $K$H$3 $H $3 $H$3 $H , Jb $$ $F$$ $-$^ $9 . !! $^ $@ $A $g $C $H 5^ $@$J , $b $& $A $g $C $H @h $K 9T$/ $H 4K$/ $J$k $J $H , CJ!9 4K $/ $J $k $o $1$G $9 $M . 0lHV4K $$ $H ;W$C $? $H$3 $m $G 9_ $j $F$$ $/ $o $1$G $9 $M . $3 $l$O $A$g $& $I 8GM- %P %l !< J}Dx<0 $r Lagrange $N L$Dj78?tK! $N$h $& $K 2r<a $7 $?$3$H $K AjEv $7 $^$9 . $‘ $m $s$3$N?M $O !V $3$3 $, 4K $$ !W $H ;W $C $F?? $C D> $0 2< $K 9_ $j $?$j $7 $^ $; $s . %9 %-!< $N=i?4 <T $J $i EvA3I] $$ $G $9 $+$i , <! $N 4K $$ $H$3$m $r A@ $C $F$$$-$^$9 . 4K $$ $H$3 $m4K $$ $H$3 $m $r$? $I $C $F$$ $1 $P , 8GM- %P %l !< K! $+$i$G$F $/$k %P %l !<%i %$ %s$@ $H $$ $& $3$H $G $9 . <ALd Q. 8GM- %P %l !< K! $H J#AG;~4VK! $H$N 4X78 $O ? A. J# AG ;~ 4V K! $@ $H 0l HL $K Bohor-Sommerfeld $N NL ;R 2= >r 7o $, $G $k$N$G , %] %F %s %7 %c %k $N Dl $N 4V $N =g0L $N 6a;wI=<0 $, F3$-=P $; $k $N $@ $H ;W $$$^$9 $, , $=$N I=<0 $N Cf $K @]F0 ItJ, $H Hs@]F0ItJ, $, $I $& :. $6 $C $F$$ $k $+ $, $\ $/ $K$O$o $+$i$J $$ . =g0L $r 7hDj$9$k <0 $O @] F0 $H Hs@]F0 $, :.A30lBN $H$J $C $F$$ $k $N $G , $= $l $i $r J,N%$9$k $N $O Fq $7 $$$N $@ $H ;W $$$^$9 . $3$N J}K! $NMxE@ $O , >\ $7 $/@b L@ $G$-$J $+ $C $?$N $G $9 $, , %P %l !< K! $G 7W;; $7 $F$$$kItJ, $O$" $/ $^ $G$b Hs@] F0 E* $G @]F0 O@ $H 40A4 $K JL $H$$ $& @- <A $, J]>Z $5 $l $F $$ $^$9 . $=$N$?$a$K$O 2r@O@\ B3 $N OC $r @bL@ $7 $J$1 $l $P $J$i$J $$$N$G $9 $, . $3 65

$N MM $K%P %l !< K! $G$O @]F0 $H Hs@]F0 $r J, $1 $F 5DO@$9$k $3$H $,$G $- $^$9 $, , J#AG ;~4V K! $K$O B?J, $= $& $$ $& @-<A $O$J $$$N $@$H ;W$$$^$9 . !! ;29MJ88% [1] H. Ao y ama, H. Kikuc hi, T. Harano, I. Ok ouc hi, M. Sato and S. W ada, Prog. Theor. Ph ys. Supplemen t 127 (191997) 1 and references con tained therein. [2] t’Ho oft Ph ys. Rev. Lett. 37 (191976) 8; PR D14 (191976) 3432. [3] N. S. Man ton, Ph ys. Rev. D28 (191983) 2019. F. R. Klinkhamar and N. S. Man ton, Ph ys. Rev. D30 (191984) 2212. [4] H. Ao y ama and H. Goldb erg, Ph ys. Rev. Lett. 188B (191987) 506. [5] A. Ringw ald. [6] O. Espinosa, Nucl. Ph ys. B343 (191990) 310. [7] H. Ao y ama and H. Kikuc hi, Ph ys. Lett. B247 (1990) 75; Ph ys. Rev. D43 (1991) 1999; In t. Mo d. Ph ys. A7 (1992) 2741. [8] V. V. Khoze and A. Ringw ald, Nucl. Ph ys. B259 (1991) 106. [9] H. Ao y ama and H. Kikuc hi, Nucl. Ph ys. B369 (191992) 219. [10] H. Ao y ama, Mo d. Ph ys. Lett. A7 (191992) 1337. [11] H. Ao y ama, A. M. T amra, Nucl. Ph ys. B384 (1992) 229. [12] S. Coleman, Asp ects of Symmetry "The uses of instan tons" (Cam bridge,1985). [13] H. Ao y ama, H. Kikuc hi, I. Ok ouc hi, M. Sato and S. W ada, quan t-ph/9710064, to b e published Ph ys. Lett. B. 66