1998 G/ ;0<T<c<j 2F $N 3X9; 1w ?.=# AGN3;RO@ %Q!< %H 89M}O@ String/Dualit y/CFT F~Lg 9V;U >>Hx BY ( El5~Bg3X ) J8@U : Bg:eBg3X 2#Ln5.;V 9S6b9/?M ?\;39’IW >>Hx=S42 LZ86M5=< KYFb@?;V 250f8&Fs 1

$*$O $h $& $4 $6 $$ $^ $9!# :#F| $O !" %" %I %P%s %9 %H $J$3 $H$r OC$9$H $$ $&M=Dj $@ $C$?$N $G $9$1$l $I $b !" 9M $( $F $_$l$P $3$l $O 4p 8&$N 8& 5f 2q$G $b $J $$ $7 !" audience $b Bg BN string M} O@$r ;V$9 M1 $N ?M $, B?$$ $@ $m $& $H$3$H$G !" $G $- $k $@$1 4pK\E*$J ;v$r$d $k $3$H$K $7 $^ $7 $? !# =>$C $F%? %$ %H %k$, Hs>o $K JQ$o $j $^ $7 $F $^$"$3 $s$J 46 $8 $K $7 $h $& $H $*$b$$$^$9!# 1 An In tro duction to String/Dualit y/CFT <g $K :#F| $O 89M}O@ $N $G$-$k $@$1 4pK\E* $J $3$H $r$*OC $7 $?$$ $H;W$$$^ $9 !# L@F| $O <c43%" %I %P%s %9 %H $J FbMF $K F~$kM=Dj $G $9!# 89 M} O@ $H $$$& $N $O $@$$ $? $$ 1960 G/ :" $K<g $K%O %I %m %s$N J* M} $H $7$F=P H/ $7 $? $o $1 $G$9 $, !" M- L> $JFn It @h @8 $N;E ;v $H $+$=$& $$$& $N $,$"$j $^ $7 $F 0l 5$ $K @9$j >e $,$C $?;~ Be $,$"$j$^ $7 $? !# $H$3$m $,$3$NJU (1) $G critical dimension ?^ 1: Nr;K $, #2#6 <!85$" $k$$ $O #1#0 <!85$H$+ $$ $& $3$H $, 8+$D $+ $C $F$3 $l $O 8= <B$N J* M}$H$O 0c $& $8 $c$J$$$+ $H 8@ $& $3$H$G 0l =V$3 $& 2< 8~$-$K$J $C $?$N$G $9 $, !" $= $N $& $A 89 M} O@$H $$ $&$N$, =E NO$r 4^ $‘ M} O@$G $" $C $F $=$l $G %" %$ %s %7 %e %? %$ %s gravit y $N NL ;R 8z 2L$r M?$( $k$N$G $O $J $$$+ $H !" $= $&$$ $&$N$G $3 $& (2) $^$? @9 $j >e $, $C $F $- $?$o $1 $G $9!# $=$N $&$A 89 M} O@$N ?J E8$K 4X O" $7 $F 2 sup ersymmetry $H$$$& $N $,$_$D $+$j$^ $7 $? !# $" $H Non-ab elian %2 !< %8 M}O@ $, 7+$j 9~$_2D G= $G$" $k$H$$ $& $3$H $, $o$+ $j $^ $7 $? !# $= $l$G $J$K $b JL $K %O %I %m %s $N5-=R $H $7 $F dual-theory $K$3$@$o$kI,MW $bL5$/ $J$j!" C1 $K >l $NM} O@$r$d $C$F$$$1 $P $$ $$$N$G$O $J $$$+$H $$ $& $3$H$G !" $$$C $?$s$3 $N F0$- $O $[$H $s $I ;‘ $K$^ $7 $? !# $G !" $^ $" ;‘ $s $@$o $1 $G$9 $1 $I $b !" $3 $3 (2) $K Nc $( $P Poly ak o v $K $h$k7PO)@Q J, $NDj<02= $G$"$k $H $+ !" sup ergra vit y $G $"$k $H $+ !" Anomaly $G $" $k $H 89M}O@ $r <(:6$9$kB?$/$N7k2L $, =P $F$- $^ $7 $? !# $= $&8@ $& =t!9 $NH/ E8 $N $" $H7hDj E* $J7k2L $H $7 $F Green-Sc h w artz $K$h$k Anomaly $N Aj;& !" $"$k $$ $O L58B Bg $NAj;& $NH/8+ $, =P $F !" 0l 5$ $K$^$? $3 $3 (3) $G @9$j $+ $( $7 $?$o$1$G $9!# $3 $N ;~ Be $K Hs >o $K Bg$-$J %T !< %/ $r 7^$( $^ $7 $F !" $3 $N ;~ 4|AG N3;R$N O@ J8$N$[$H$s $I $, string $N O@J8 $@ $C $?$N$G$O $J $$$+$H !" $= $& $$ $& ;~Be $, $7$P $i $/B3 $-$^ $7 $? !#<B:] $=$N ;~Be $K heterotic string $N H/ 8+ !" conformal �eld theory $N H/ E8 $J $I $G !" 89M}O@$N @]F0 O@ $O$" $k 0UL# $G 40@.$5 $l$?$o $1$G $9!# $H$3$m $, @]F0O@ $, 40@. $7 $?$N $O NI $+$C $?$N $G$9 $, !" 89 M} O@$N 8EE5 2r$H$$ $& $+ ?? 6u $, L5 8B $K B? $/$N 2D G=@- $, $" $k$3$H$, $o$+ $C $F$-$^ $7 $? !# $D $^ $j @$ Be ?t $N?t $, #3 $NM}O@ $b:n $l $k $1 $l $I $b !" $= $l $h$j Bg $-$J ?t$N M} O@$b$$$+ $h $& $K $b$D $/ $l $k$3$H$G $9!# $3$N 0U L# $G 89M} O@ $K$O M=8@G=NO $, L5$$ $H$$ $& $3 $H $K$J$j !" !J $3$l$O$"$kDxEY:G=i $+$i J, $+$C $F$$ $?$3$H$@ $H$O ;W $& $N$G $9 $1$, !" !K $3$3$G 0l5$ $K D@ $s$G $7 $^$C$?$o $1$G $9!# $G !" $^$? D@ $s$@ $N$G $9 $1 $I $b !" $3$N 4V (4) $K $$$o$f $k Matrix-mo del !" $, =P$F$-$F NL;R =ENO $, ;~6u$N <! 85 $, #1 $h$j >.$5$$$H$3 $m$G$O 2r $1 $k$N$G$O $J $$$+$H $$ $&H/E8 $, $" $j $^ $7 $? !# $=$N 8e $O ?tG/ Bg$-$J F0$- $, L5$$ ;~Be $K F~$C$F$$$-$^ $7 $? !# $3 $N >u 67 $, JQ$o $C$?$N $O #9 #4 G/ $4 $m$N M- L>$J Seib erg-Witten $N O@ J8 !" $3 $l$O N = 2 $N Y ang-Mills M}O@ $,$" $kDxEY87L) $K 2r $1 $k $N $G$O$J$$ $+$H $$ $& $b$N$G $9 $, !" $^$5 $K 3WL?E*$J ;E ;v $, =P$^ $7 $? !# $3 $l $r 4| $K $7 $F Hs @] F0 E* !" $" $k$$$O dualit y $H $$ $&8@MU $, ;~ Be$N Bg$- $J %- !< %o !< %I $K $J $j $^ $7 $? !# $3 $l$K H<$$89M} O@ $b duality $d Hs@]F0O@ E* @-<A $, Bg!9 E* $K 8&5f $5 $l $k;v $H$J$j !" $^ $??7 $7 $$ %" %$ %G %# %" $, <!!9 $H=P$k ;~ Be $KF~ $C $F$$ $-$^ $7 $? !# $= 3

$N8e !" M-theory $N H/8+ !" D-brane $NH/8+ !" ?7 $7 $$ Matrix-theory $NH/8+ $J $I !" Bg $-$JH/E8 $, B3$- !" :# $G$b$= $l$, B3$$$F$$$k $o$1$G $9!# $3 $& $7 $F $_ $k $H 89M} O@ $O$+$l$3$l #3#0 G/6a $/M} O@J*M} 20$N F, $r 3Z $7 $^ $; $D$E$1 $F $/ $l $F $$ $k 3XLd $G $" $k$H 8@ $& $3$H$, $o$+ $j $^$9!# $^$"$H$K$+ $/Fq $7 $$ 3XLd$G $9$N$G !" $J$+$J$+ ?JE8 $O CY$$$N$G $9 $, $3 $& $d$C$F$_$F $_ $k $H=y !9 $K$G $O$"$j$^$9 $, ?7 $7 $$ J}8~ $K 8~ $+$C $F$$$k46?( $,$($i $l $^$9 !# $3 $l$, $^$? ;‘ $s$G $7 $^ $& $N $+ !" $^$? $7$P $i $/@9$j >e $, $k$N $+$O 8=CJ3,$G $O $h$/ $o $+$j$^ $; $s $, !" #8 #0G/Be $K Witten $O 89M}O@ $H$$ $& $N $O#5#0G/ $O B3 $/ $G$" $m $& $H 8@$C$?$H$$$o$l $F $^$9$N$G !" $7$P $i $/$N$"$$$@ !" #2#1 @$ 5*$N A0H> $0 $i $$ $^ $G$O 89 M}O@$H$$ $& $N$O Hs>o $K $*$b $7 $m$$%" %$ %G %" $r Ds 6! $7 B3 $1$F $/ $l $k$N $G$O$J$$$+$H ;W$$$^$9!# :#2s $N9V 5A $GNOE@ $rCV $- $?$$ $3 $H $O !" <! $NE@ $G$9!# 89 M} O@ $H8@$& $N $O$b $A$m $s =ENO$NM}O@ $G $9 $, !" <B $O$3 $l$O Nc $( $P Seib erg-Witten $N M}O@ $r 8+ $F $b L@ $i$+ $J $h $& $K !" Y ang-Mills M}O@$N 9= B$ $r 4XO" $, Hs >o $K 6/$$$o $1$G $9!# NL;R=E NO M}O@$H 8@ $& $N $O $_$J $5$s $h $/8f B8 $8 $N $h $& $K 7+$j 9~$_ $, $G $-$J $$ M} O@ $G C; 5wN%$G$N Dj <02= $, Fq $7 $$ M}O@$G $9!# 0lJ} !" Y ang-Mills M} O@$H$$ $& $N$O 5U $K A26a E* $K <+ M3 $G$" $k$H $$ $&@-<A$r ;}$C$F$* $j!" $" $k 0U L#$G C; 5wN%$N ?6 $kIq$$$O NI $/M} 2r$5 $l $F $$ $^$9!# =ENOM} O@ $H $$ $&$b$N$r M} 2r$9 $k$N$K Dualit y $H $$ $& %" %$ %G %"$r 2p :_ $7 $F$3 $N Fs$D$N M}O@$O 7k9g $9$k$N $G$O$J$$$+$H 9M $($i$F$$ $k $o$1$G $9!# $3 $& $$ $&BP1~ 4X78$_$? $$$J $b$N$r 3’$5 $s$, <+ A3 $K ;W$o $l $k$h $& $K$J $C $F$$$? $@$1 $k $H;d $N9V5D $O L\I8 $, C# $; $i $l $?$H$$ $& ;v $K$J $k $H;W $$$^$9 !# L\<! $G $9 $1 $I $b !" :# $N $, 4JC1$J introduction $G 2 Dualit y 3 CFT(In tro duction) 4 String Perturbation 5 Recen t T opics section2 $G $O !" 4J C1 $K>l $N M} O@ $K $* $1$k Dualit y $K$D $$ $F $N 2r @b $r9T $$ $^ 4

$9!# section3 $G $O !" 89 M} O@ $N @] F0 O@ $N M} 2r $K7g $+ $; $J $$ #2 <! 85 $N conformal �eld theory $N 2r@b $r 9T$$$^$9 !# 8=:_ $N89M}O@$NHs@]F0O@E* $J 5DO@ $K $*$$ $F $b$d$O $j I, MW $J $b$N$G $" $k$H 9M $($F $*$j $^ $9!# $3$N =‘ Hw$N 8e !" <! $N%; %/ %7%g %s$G$O 89M}O@$N@]F0O@$N9|3J $r 2r@bCW $7 $^$9!# $= $N8e!" Hs @] F0 E* $J@- <A $N2r @b $KF~ $j $^ $9 $, , $^ $:#2 <! 85 $N <+ M3 >l!" con- formal �eld theory $r ;H $C $F $"$kM} 2r $G$-$k !" D-branee 4X78 $NOC $r9T $$$^ $9!# :G 8e $N %;%/ %7 %g %s$G :G6a $NOCBj $H$$$& $3 $H $G !" S-dualit y !" U-dualit y !" Matrix theory $N OCBj $J $I $r $^$H$a$F$$$-$?$$$H ;W$$$^$9 !# 0J>e$N$h $& $K $3$N 9V 5A $G$O$+$J $j =iJb E*$J OCBj$r 07 $& $3$H$K $$$? $7 $^ $9$N$G >e5i @8$N J} $O B‘ 6~$5 $l $k$H ;W$$ $^$9!# :Q $_ $^$; $s$, 2f K} $7 $F $/ $@ $5$$ !" $H$$ $& $+ 2fK}$N$J $i$J$$ J} $O $I $3$+ M7 $S $K $$ $C$F$F2<$5$$ !J >P !K !# 2 Dualit y $^$:$$$m $s$J J*M} $K =P $F $/$k dualit y $K $D$$$F 8+ $F$_$?$$$H ;W$$$^$9!# 2.1 Harmonic Oscillator $A $g $C $H4JC1 $9 $. $k $+$b $7$l $^ $; $s $, !" $$ $m $s$J$3 $H $K 4XO" $7 $F $/ $k $N $G D4OB ?6F0 ;R$N 7O$r $^ $: 9M$($F $_$? $$$H ;W$$ $^$9!# 3’ $5 $s $b NL;R NO3X$G JY6/$5 $l $F$$ $k$h $&D4OB?6F0;R $H$$ $& $N $O <!$N$h $& $J$b$N $G $9!# H = p 2 2 + 1 2 ! 2 x 2 = ! ( a y a + 1 2 ) ; a = r ! 2 x + s 1 2 ! @ x (1) $3 $&$$ $&7O$K $b Hs >o$K 4J C1$J dualit y $, $" $j $^ $9!# $D $^ $j !" D $H $$ $&JQ 49 $r D : x ! p=! p ! � ! x (2) 5

$H Dj5A $7 $F$d$j $^$9!# $3$NJQ49$r#22s9T $& $H D 2 = P (parity JQ49 !K (3) $G $9!# $3$N7O $O !" $" $- $i $+ $K JQ49 $K$h $C $FITJQ $KJ] $? $l $^$9 !# Nc $( $P 4pDl >uBV $O x $G =q$/ $H exp( � 1 2 ! x 2 ), p $G =q$/ $H exp( � 1 2 ! p 2 ) $G GHF04X ?t $N9- $, $j$r$"$i$o $9NL $, ! $ 1 =! $H H?E> $7 $F $$ $k $3$H $, J, $+ $j$^$9!# 2.2 Sine-Gordon mo del $H Massiv e Thirring #2HVL\ $K 4JC1 $J%b %G%k$H $7 $F <h $j>e $2 $k $N $O !" #2<! 85 7O $N Sine-Gordon J}Dx <0 $H Massiv e Thirring LO7? $N4V $NAPBP @- $G$9!# Sine-Gordon J}Dx <0 $N :nMQ $O = Z d 2 x ( 1 2 @ � �@ � � + 2 � � 2 (cos � � � 1) (4) $G $"$?$($i$l $^$9!# %] %F%s%7 %c%k $N 3J9% $, $I $& $J $C $F$$ $k $+$H $$ $$ $^$9 $H !" ?^ 2 $N$h $& $K$J $C$F$$$^$9!# ?^ 2: Sine-Gordon J}Dx<0$N %]%F %s%7%c%k $3 $& $$ $& L5 8B $K F1 $8 ?< $5 $NC+ $r;} $C $F$$$k %]%F %s%7%c %k $G$9!# � $N4|BT CM$H $7 $F C+ $K $"$? $kCM$r$H $C$F$* $/$H !" 4pDl>uBV$" $k$$$O ??6u$r Dj5A $7 $^$9!# � = 2 � � m (5) 6

$3 $N M} O@ $G%= %j %H%s $H$O 2? $+ $H $$ $&LdBj$r 9M$($F $_ $^ $7 $g $& !# >e $N <0 $O ??6u $, @0?t n $G $b$C $F parametrize $5 $l$F$$$k $3 $H $r0UL# $7 $^$9 !# $G$9 $+$i � $N %0 %i%U$r =q$-$^$9 $H ?^ 3 $N$h $& $K$J $C$F$$$^$9!# ?^ 3: %= %j %H%s 2r L58B1s $G$O%] %F%s%7 %c%k � $O minimal $K $$$+$J $/ $F$O$J$i$J $$$H $$ $& MW @A $, $" $j $^$9$N$G !" %(%M%k %. !<$r M-8B $K $9 $k$?$a$K$O !" $" $kE@ $+$i @h $G$O E, Ev$J ?? 6u $K AjEv$9 $k CM$r ;}$C$F$$ $k I, MW $, $" $j $^ $9!# $3 $A $i$O %^ %$ %J %9L58BBg$G $9 $1$l $I $b !" %W %i %9L58BBg $G$O JL$N n $N CM$r ;}$D$3$H $b $G $- $^$9!# :8 $+$i 1& $K 0\$k$H$-$K 0l$D$@$1 CM$N$:$l $k G[ 0L $r%= %j %H%s $H 8F $S $^$9!# ( ?^ 4) ?^ 4: %= %j %H%s $H%"%s%A %= %j %H%s 5U $K !" 1& $K 2< $, $k$b$N$O %= %j %H %s $H AH$_ 9g $o$; $k$H L5 $/ $J $C $F $7 $^ $& $N$G !" %" %s %A%= %j %H%s $H 8F $S $^$9!# ( ?^ 4) $D $^$j Sine-Gordon $N%= %j %H%s $O 1 $D >e $, $k $+ !" 2< $, $k $+$G N3;R ?t $K Aj Ev$9 $k !V %= %j %H%s ?t !W $r Dj 5A$9$k$3$H$, 2D G= $K$J $j $^ $9!# FC $K $/ $S $l 7

\kink" $N >l=j$r x 0 $H $7 $^$9$H%= %j %H %s $H $$ $&N3;R $, $"$?$+ $b x 0 $K B8 :_ $9 $k$h $& $K 8+$($F $- $^$9!# $D$^$j Sine-Gordon J} Dx <0$N%= %j %H %s $O Hs >o $K N3;RE* $K 8+ $($F$- $^$9!# sol iton � N3;R ? (6) $G$O K\Ev$N N3 ;R $H $$ $&IAA| $G M}O@$r :n$k$3$H$O 2D G= $G $7 $g $& $+ !#<B:] $= $l$O$G$-$k $o $1$G $7 $F !" $3$N>l9g $O Massive Thiring Mo del $H$$ $& #2 <! 85$N%U%’ %k %_%* %s 7O $K 5"Ce$9$k$3 $H $, J, $+ $C$F$$$^$9!# :nMQ $O S T = Z d 2 x ( � i � @ � + m � � g 2 � � � � ) (7) Sine-Gordon mo del $N%=%j %H%s$O !" Massiv e Thirring Mo del $N 4pK\ Ne 5/ $N %U%’%k %_%* %s$K F10l;k $G$- $^$9 !# $b $A$m $s Sine-Gordon 7O $K$O � <+BN$NNe5/ !J 0J2< meson $H 8F$V !K $, $" $j $^ $9!# $3 $l$O � $N CM$r >/ $7 MI $i $9$h $& $J JQJ, $+$i $/$k $o$1$G $9 $, !" 8+ J}$r JQ $( $k $H 0lC6%= %j %H %s $r Ne5/$5$;$? 8e !" %= %j %H%s $r $^$? >C$9 JQJ,$G <B8= $9$k $3 $H$b $G$-$^ $9 !# $3 $N $h$& $K Sine-Gordon 7O $N meson $O Massiv e Thirring 7O $+$i 8+ $k$H %U%’%k %_%*%s $H %"%s %A %U%’%k %_%* %s $N %Z%"!" $" $k $$$O B+ G{ >uBV$H$$ $&9M $( J} $K $h$C$F 9= @. $G $- $k$3$H$, J, $+ $j $^ $9!# $b $& $A$g $C $H >\ $7 $$$3$H $b 8@ $( $^$9!# Nc $( $P F ermion $N Aj 8_:n MQ$N 78 ?t g $H Sine-Gordon $N Aj8_:nMQ$NDj?t � 2 $N 4XO" $O <!$N$h $& $K M? $($i $l $^$9!# � 2 4 � = 1 1 + g =� (8) � !" $D $^ $j Sine-Gordon mo del $N coupling $, Hs>o $K Bg $- $$ $H$3$m $G $O !" Fs $D$N 7k 9gDj?t $O$[ $\ 5U ?t$N4X 78 $G $9$N$G %U%’%k %_%* %s $N M} O@$NJ}$G$O 7k 9g Dj?t $, Hs>o $K >.$5 $/ $J $j $^$9!# 5U $K%U %’%k %_%* %s $N 7k9g Dj?t $, Hs>o $K Bg$-$$ $H$3 $m $G$O � $H $$ $&7k9g<+BN $O >.$5$/ $J$j$^$9!# Sine-Gordon J}Dx <0 $NJ} $G <e7k9g NN0h $G $O Meson $N F o c k 6u4V $r;H $C $F @]F0 O@ $r9T $( $P NI $$ $N $G$9 $, !" 6/ 7k 9g $NIt J, $O %=%j %H%s $, 7O $r;Y G[ $7 $FM} O@ $N9= B$ $, NI$/ J, $+ $i$J$/ $J$j $^ $9 !# $? $@ $7 $=$N7k 9g NN 0h $G $O$= $l$HEy 2A $J Thiring mo del $K $h$k5-=R $r MQ $$$k $3 $H $,$G$- $^$9 !# $D$^ $j Thiring $N 8

N)>l $+$i 8+$k $H 7k9gDj?t $, >.$5$/ $J$C$F$$$k$N $G !" %U%’ %k %_%* %s $N F o c k 6u4V $r MQ$$$?5-=R $G @]F0O@ $r 9T $& $3 $H $,$G $- $^$9!# $3 $&$$ $&$h $& $K APBP$J M} O@ $, $" $k $H !" M}O@ $N A4$F$N 7k 9gDj ?t$NNN 0h $r $*$*$$ ?T $/$9$3$H $, $G $- $k$h $& $K$J $j !" 0l$D$NM} O@$N A4$F$N 7k9g Dj?t $K $* $1 $kBg6IE*$J?6$kIq$$ $, J, $+ $k$h $& $K$J $C$F$-$^$9!# !J <A !K Sine-Gordon $N$[ $& $G coupling $, 5U ?t$N 7A$G F~$C $F $$ $k$H $$ $& $N$O!) !J Ez$( !K Aj8_:nMQ 9‘$N 7A$G $9 $, !" � $H $$ $&>l$N cosine $G M?$($i$l $$ $^ $9!# D6 1[ 4X ?t $G=q $+ $l$F $$ $F $bNc $( $P F eynmann ?^ $O=q $1$^ $; $s$N $G !" $I $&$9$k $+$H$$ $& $H !" cos( � � ) = 1 � 1 2 ( � � ) 2 + 1 6 ( � � ) 4 � � � � (9) $H E83+ $7 $F$d $j$^ $9 !# <B $O $3$N $h$& $KAj8_ :n MQ 9‘ $, L58B 8D $"$k 7O $r9M $($F $$ $k $3 $H $K$J$C $F$$$^$9 !# Bh 1 9‘ $O%- %c %s%;%k $7 $F !" Bh 2 9‘ $O mass term $r M? $($^$9 !# Bh#39‘ $+$i $, Aj8_:nMQ $rM? $($F$$$^$9 $, $=$3 $+$i � 2 $, =P $F $- $^$9!# !J <A !K 1 =g $G$O$J $/ $F 1 = 1 + g $K $J $C$F$$$k$N $O!) !J Ez $( !K %\ %>%s $H%U%’ %k %_ %* %s BP1~ $r6qBNE* $K 7W;;$9$k $H$o $+$j$^$9 !# $J$<#1 $@$1$: $l $F$$$k $+ $G $9 $, !" meson $, fermion $N b ound state $G $"$k $H $$$$ $^ $7 $? $, !" >l $H $7 $F$N BP1~ $O$3$N$h $& $K$J$j $^$9!# @ � � = � � � � (10) Thirring LO 7?$N Aj8_ :nMQ 9‘ $O !" <B $O$3 $N BP1~$r MQ$$$F$d $k $H � $K 4X $7 $F 2 <!$N9‘ $K$J$j$^$9 !# $= $l$G 7k9gDj?t $H$H kinetic term $r AH$_9g $o$;$k $H kinematic 9‘ $+$i#1 $, Aj8_:nMQ9‘ $+$i g $,$G $F J; $;$k $H 1 $:$l $? 7A $, =P$^ $9!# 9

$3$3$G Cm L\ $7 $? $$$N$O #2 <!85$N %\ %> %s $H %U %’%k %_%* %s$, <B $O Ey2A$G$" $k$H $$ $&;v <B$G !" <!$N section $N conformal �eld theory $N$H $3 $m$G !" $b $&$A$g $C $H Cz G+$K $d $m $& $H ;W$$ $^ $9!# <+M3 %\%> %s $N M} 2r $O D-brane $r M} 2r$9 $k >e $G$b K\<A E* $G $9$N$G !" $3 $l$K ;~4V$r Hq$d$9$N$O L5 BL $G$O$J $$$G $7 $g $& !# :#$N $H$3$m$h$m $7 $$$G$9 $+ !) 4JC1$9 $. $k $+$J !) 2.3 Electro-Magnertic dualit y Maxw ell J}Dx<0 $H $$ $& $N $O 3’$5 $s$, 3XIt $G =, $o $l $?$H $*$j ~ r � ~ E = � e ~ r � ~ B = 0 ~ r � ~ B � @ ~ E @ t = ~ j e ~ r � ~ E + @ ~ B @ t = 0 (11) $3$N J}Dx<0 $K$b Duality $, $" $j$^$9!# D : ~ E ! ~ B ~ B ! � ~ E (12) $3$NJQ49 $r;\ $7 $F$d $k $H � !" $"$k $$ $O j $, #0$N $H$- $3$NFs $D $NJ}Dx <0 $O 40 A4 $K F1 $8 $b $N$K$J $j $^$9!# $3 $l$O D4 OB?6 F0;R$N ;~$H F1 $8 $h $& $K 9M$($F$d $k $H D 2 : ( ~ E ; ~ B ) ! ( � ~ E ; � ~ B ) (13) $3 $l$O charge conjugation $K$J $C $F$$ $^$9!# 4 <!85$N5-9f $K 0\$C$F F 0 i = E i ; F ij = � � ij k B k (14) F $r$3 $& Dj5A$9$k $H Maxwell J}Dx<0 $O <! $N 7A $K =q $1 $^$9!# @ � F � = j � e ; @ � ( � F � ) = 0 (15) Ho dge dual $N Dj5A $O � F � = 1 2 � � � F � (16) 10

$" $H $G Dirac %b %N %]!< %k$NNL ;R 2= >r 7o $r=q $- $? $$ $N $G $3 $NEE >l $, J*<A >l $K $I $& <B :] 7k $S IU $$ $F $$ $k $N $+$H $$$& $N $r8+ $F $d$j $^ $9 !# Nc $( $P Shro dinger J}Dx<0 $G $9 $, i @ @ t = � 1 2 m ( ~ r � e ~ A ) 2 + V (17) $3$N M}O@ $G$$$o$f $k gauge JQ49 $, $I $&=q $1 $k$N $+$H $$$$$^$9$H !" ! e ie� ; ~ A ! ~ A � ~ r � (18) %2 !< %8 JQ49$G 0\ $l $k$b$N$O F1 $8 7O $G$" $k$H$$ $&$U $& $K 9M $($i$l $^$9!# Ia DL $O EE2Y$N$"$k$b$N $7 $+ 9M $($J $$$o$1$G $9 $1$l $I $b !" $3$N Maxwell J}Dx <0 $r$h$/ $K $i$s$G$d$j$^ $9 $H%b%N %]!< %k$r9=@. $G$-$k $3 $H $,$o $+ $j$^$9 !# <B $O$3 $l$, M-L>$J Dirac $N J}K! $G $9!# 2.4 Dirac Monop ole %b %N %]!< %k2r $O<’>l $K BP $7 $F source $r M? $( $F$/ $l $k$h$& $J9‘ $G$9 $+$i !" <!$N$h $& $J7A $K =q $1 $k $O$:$G $9!# ~ B = g~ r 4 � r 3 (19) $3 $l $r M? $( $k$h $& $J %2 !< %8%] %F %s%7 %c%k$H $$ $& $N $O A4 6u4V $G Bg6I E* $K CM $r Dj5A$9 $k$3$H $,$G $- $^$;$s !# $? $@ $7 6u4V$N 0l It $G It J,E* Dj5A$5 $l $k 2r $O $b $A$m $s$" $k $o$1$G $7 $F ~ A N = g 4 � r 2 1 � cos � sin � ~ e � (20) $3 $l $O 6K:BI8$J$s$G $9 $1 $I $b !" $3 $& $$ $&2r $r 9M$( $k ;~ $K !" 6K:BI8$N8x <0 $r =q$$$F$* $/ $H ( ~ r � ~ A ) r = 1 r 2 sin � @ (sin � A � ) @ � (21) $H $J $j $^$9!# $3$l $r 8x <0 $K Be F~ $7 $F$d $j $^$9$H 85$N 2r $r $"$?$( $^$9!# $? $@ $7 $3 $N 2r$H$$ $& $N $O � = � $G FC 0[E@ $, $" $j $^$9!# $D$^$j #2 <!855e LL $H $$ $& $N $r >e $H 2< $K$o$1 $F $d $j$^ $9$H !" $3$N ~ A N $H $$ $& $N $, Fn6K$r =|$$$F 11

?^ 5: Dirac string $9$Y$F$N 6u 4V $G Dj 5A $G $- $k$h $& $J %2 !< %8%] %F %s %7%c%k$K $J $C $F$$ $k $o$1 $G $9!# ( ?^ 5) � = � $N FC0[E@ $O Dirac string $H 8F $P $l $F $$ $^$9!# $b$A$m $s $=$N It J, $K FC 0[E@$r$b$?$J $$ $h $& $J %2 !< %8%] %F %s%7 %c%k$r 9M $( $k$3$H $b 2DG= $G $9!# ~ A S = � g 4 � r 2 1 !\ cos � sin � ~ e � (22) $3$N 2r $O Fn 6K $K$O FC0[ E@ $, L5$$ Be $o $j$K !" � = #0 !" $D$^$j KL6K $G FC 0[E@ $r ;}$D $3 $H $K$J$j $^ $9 !# 0J >e $N $h $& $K !" #2 $D $N %2 !< %8%]%F %s%7 %c %k $,$"$k $o$1 $G $9 $, !" $H$b$K F1 $8 <’>l$r =P$9$h $& $K 9=@.$; $l $F $$ $^$9$N$G !" Fs$D $N 2r $, =E $J $C $F $$ $kIt J, !" $D$^$j Fn6K$H KL 6K $r =|$/$3$N It J, $G$O !" Fs$D $N%2 !< %8%] %F%s%7 %c%k$,%2 !< %8 JQ49$G 7R $, $C $F $$ $k$3$H$K $J $j $^$9!# $= $l $G $=$N :9 $r 7W;; $7 $^$9 $H ~ A N � ~ A S = g 2 � r ~ e � sin � = � ~ r � (23) $H $$ $&7A $K$J$j $^$9$N $G � = � g 2 � � (24) $3 $& $$ $& %2 !<%8 JQ49$r 9T $( $P Fs$D$N 2r $r 7k$V$3$H$,$G $- $^$9!# $? $@ $7 $3 $N%2 !< %8 JQ 49$N$?$a GH F04X ?t$N 0l2A @- $, 0lHL $K$O Jx $l $F $7 $^$$ $^$9!# Nc $( $P � $r 0 $+$i 2 � $^ $G F0 $+ $9;~ $K %2 !< %8 JQ49 $N7A<+?H $, 0l2A $K$J$C $F$$ $^$;$s !# $7 $+ $7 <B:] $K$O $= $l$, Dj5A$9 $k GH F04X ?t$N phase $, #1 2A$G$"$l $P $h$m $7 $$ Lu $G$9 $N $G !" @h $[ $I $N Schr� odinger J}Dx <0 $K %2 !< %8 JQ49 $r:nMQ $5$; $F$_ $^ $9 !# GH F0 4X ?t $N phase $, %U %’ %k %_ %* %s$r@VF; $K$= $C $F0l<~ $^ $o 12

$7 $F$d $k $H 0l2A $K$J $k$3 $H$r MW@A$9$k<0 $O <!$N$h $& $K$J$j $^$9!# e � ie� (2 � ) = e � ie� (0) (25) $3$N >r7o $+$i <!$NNI $/CN $i $l $? 8x<0 $, F3 $+ $l $^$9!# eg = 2 � n (Dirac $N NL;R2=>r7o ) (26) $, F@ $i $l $^$9!# g $O %b %N %] !< %k$N$N <’2A $G $9!# <! $K EbFM $G$9 $1 $I $b � $H$$ $& J#AG %Q%i %a !<%?!< $rF3F~ $7 $^$9!# � = � 2 � + 4 � i g 2 � : � !! angle (27) � $O � angle $H 8F $P$l $kNL $G Hs2D49 %2 !< %8 M}O@ $r <h$j07 $& $H$- $K$O$3$N$h $& $JAj8_:nMQ9‘ $, I, $: =P$F$-$^$9!# Y ang-Mills M}O@$N:nMQ $O 1 32 � I m Z � ( F + i � F ) 2 = 1 4 g 2 Z d 4 xF 2 + 1 16 � � 2 � Z d 4 x 1 4 i � � � F � F � (28) Bh 2 9‘ $O � angle $K 7k9g $9$k9‘ $G 8fB8 $8 $N$h $& $K A4HyJ, $N7A $K =q $1$F$$$k $N$G0l8+C1 $K %<%m $K$J$j$= $& $G$9 $, <B:] $K $O top ological c harge $r M? $($^ $9!# Field strength $r F � = @ [ � A � ] (29) $G Dj5A $7 $^$9!# V D $H $$ $&Jd=u>l $r F3F~ $7 $F <! $N 9‘ $r 2C $( $^$9!# S 0 = 1 8 � Z V D � � � � @ � F � (30) $3$3$G Field strength F $r 4p K\ JQ?t$@$H ;W$C $F V D $r @QJ, $7 $F $7 $^ $& $H , $b$H $N 1? F0 J} Dx <0$K 5"$j $^ $9!# $b $A $m$s $=$l $G $O 0U L# $, L5$$$N $G V D $G @Q J,$9 $k JQ$o$j$K F $G @QJ, $7 $F $d $j $^$9!# $= $&$9$k$d $k$H V D $K 4X$9 $k Lagrangian $, F@ $i $l $^$9!# S D = 1 32 � I m Z � 1 � ( F D + i � F D ) 2 (31) 13

0l8+ trivial $J <jB3$-$r 7P $F F@ $i $l $? $b$N$O 2? $+$H 9M $($F$d $j $^$9$H !" $b $H $b$H � $G $" $C$?7k9gDj?t $, @QJ, $7 $? 8e $G$O � 1 � $K 2= $1$F $$$^$9!# � ! � 1 � (32) $3$N$H$-$K 4pK\JQ?t $, F1;~ $K JQ49$5 $l $F A ! V D (33) $3$N � $H$$ $& %Q%i %a !<%? !< $r 5U?t $K $9$kJQ49 $O :#8e2?EY $b=P $F$-$^$9 $, !" S JQ49 $H 8F $P$l $k$b $N$G$9!# 8e $b $&0l $D7O $K$O trivial $J BP>N@- $, $" $C $F � ! � + 2 � (34) $H $$ $&BP>N@- $, $"$j $^$9!# $3 $l $r T JQ49$H8F $S $^$9!# S JQ49$H T JQ49$r AH$_ 9g $o$; $k$H !" 0lHL $N JQ49 $O !" <! $N 7A $G Dj5A$5 $l $^$9!# � ! � 0 = a� + b c� + d ; ad � bc = 1 ; a; b; c; d 2 Z (35) $H $/ $K !" S,T $O $=$N FCJL $J >l9g $K$J $C $F$$$F S : b = � c = 1 ; a � d = 0 T : a = b = d = 1 ; c = 0 (36) $3$N JQ49 ( S L (2 ; Z ) JQ49 $H 8F $P$l $k$b$N ) $O :#2s$N9V5D $N $J $+$G :G $b4pK\ E* $J$b$N $G !" $$$m $s$J >l=j $G <j $rBX $(IJ $rBX $( =P $F$/$k $3$H $K$J$j$^$9 !# !J <A !K S JQ49 $H $+ T JQ49 $H $+ $$ $& $N $O$J$s $N N, $J $s$G $9 $+ !) !J Ez $( !K CN $i$J $$$G$9!# !J >P !K !J <A !K $J $s$+ ;W$$IU$/$b$N $O$J $$ $s$G $9 $+ !) !J Ez $( !K $J $s$G$3 $& 8F $P$l $k $+$G$9 $+ !) T $O T ranslation $G $7 $g$& $M !# S $O Strong-W eak $G $7 $g $& $+ !# 14

3 CFT F~Lg #2 <! 85$N<+ M3 %\ %> %s $O Hs>o $K 4J C1 $J$s$@$1 $I $b Bg;v$J 9=B$$r$? $/$5 $s ;}$C$F$$ $^ $9!# $3$N <+M3 EY $, 89 M}O@$N 4pK\ JQ ?t $K$J $C $F $$ $k$o$1$G !" <+ M3 %\ %> %s $H $$ $& $N$r$" $k DxEY CN$C $F $* $/$"$k$$$O 3NG’ $7 $F $*$-$? $$$H ;W $$ !" Conformal Field Theory F~ Lg$N %H%T %C %/ %9 $H $7 $F <h$j >e $2 $? $$$H ;W $$ $^$9!# S = 1 2 Z d 2 � @ a �@ a � (37) 2 <!85 ;~6u$G $9 $, Wic k rotation $7 $^ $7 $F Euclidian 6u 4V $K $7 $^$9!# $3 $l 0J>e4JC1$J>l$NM}O@ $O$"$j $^$; $s !# 1?F0J}Dx<0 $O ( @ 2 0 + @ 2 1 ) � = 0 (38) $G $9 $, !" J#AGJQ?t $r ;H$C$F$d$k $H $ @ @ z @ @ � z � = 0 ( z = x 0 � ix 1 ) (39) #2 <!85$N <+M3 >l $G M- L>$J$3$H$O$3$l$, 1& 8~$-%b!< %I $H :88~$-%b !< %I $K JL $l $F $/ $l $k$3 $H$G � = � L ( z ) + � R ( � z ) (40) $H =q $1 $^$9!# <! $K Time ordering $9 $k$o $1$G $9 $, Euclidean 6u4V$G Time ordering $K AjEv$9$k$N $, Radial ordering $H $$ $& $b $N$G !" z = e � 0 + i� 1 ; � z = e � 0 � i� 1 (41) $3 $& $$ $&$U$& $K JQ49$9$k $H � 0 $H$$ $& ;~4VJQ ?t $K $D$$ $F$N2a5n $+ $i L$Mh $X $H 8@ $& ;~ 4V $NN. $l $, !" z $NJQ?t $G 9M $($F $d$k $HH>7B $N=gHV $K$J $i$V $3 $H $K $J $j $^$9!# $D$^$j 86E@ $, ;~ 4V%^ %$ %J %9L5 8BBg$N 2a 5n $G L5 8B1s $, ;~ 4VL5 8B Bg$NL$Mh $K$J $k $o$1$G $9!# $3 $l $r Radial ordering $H $$$$ $^$9 !# ( ?^ 6) $3$3$G @h $[ $I $N � $H $$ $& �eld $N mo de E83+ $r 9M $($F$d $j$^$9!# � = � L ( z ) + � R ( � z ) (42) 15

?^ 6: Radial ordering � L ( z ) = x 2 � i p 2 ln z + i X a n n z � n � R ( z ) = x 2 + i p 2 ln � z + i X � a n n � z � n (43) 3F%b!< %I $K 4X$9$k8r494X78 $O [ x; p ] = i; [ a n ; a m ] = n� n + m; 0 ; [� a n ; � a m ] = n� n + m; 0 (44) $H$J $j $^ $9 $,$3 $l$r $b$& >/ $7 8+ $J $l$? 3J 9% $G=q $- $+ $($^ $9 !# $$ $o $f$k OPE $r MQ$$$?7W;;K! $G $9!# � L ( z ) � L ( w ) � � log ( z � w ) (45) $3 $l$O IaDL !" >l $NM}O@$N652J=q $G$O [ @ 1 � ( � 0 � 1 ) ; @ 1 � ( � 0 � 0 1 )] = � ( � 1 � � 0 1 ) (46) $H =q $+$l $F$$ $k$b$N$G $9!# $3$N notation $N$[ $& $, 3’$5 $s $h $/8f B8CN $+$H ;W$$$^$9 !# $J $s$G$3 $l$H$3$l$, F1 $8 $J$N$+$H$$$$ $^$9 $H !" $3$N � ( z ) $N$[ $& $NE83+ $r$h $/8+ $F$d$j$^$9 $H ia n n = 1 2 � i I dz z n � 1 @ z � L ( z ) (47) $H E83+ $5 $l $^$9!# $=$N $H$- $K$? $H$( $P [ a n ; a m ] $r 7W;; $7 $F$_ $^ $7 $g$& !# $3 $l $O $b $A$m $s [ a n ; a m ] = a n a m � a m a n (48) 16

$G $9 $, !" $$ $^ Radial ordering $G $9 $N $G 86E@ $K 6a $$J} $r1& $K;} $C $F$-$^ $9 !# $G $9 $+$i$3 $l$O $I $&=q $1 $k $+$H$$ $& $H = ( 1 2 � i ) 2 I c dz I c 0 dw j z j�j w j @ � ( z ) @ � ( w ) z n w m � ( 1 2 � i ) 2 I c dz I c 0 dw j z j�j w j @ � ( z ) @ � ( w ) z n w m (49) $= $l$+$i $3$s $I $O 5U8~$- $K$J $k $o$1$G $9 $+$i$G $9 $+$i >e$N8x<0 %$ %3!< %k = ( 1 2 � i ) 2 I c dz I c 0 dw @ � ( z ) @ � ( w ) z n w m � 1 ( z � w ) 2 = 1 2 � i I c dw nw n � 1 w m = � n� n + m; 0 (50) $H $J $j $^ $9 !# $J $s $G $3 $s $J HQ $o $7$$ $3 $H $r $d $k $N $+ $H $$$& $N $O !" 0J 2< Energy- momentum tensor $H$+ B>$N=t !9 $NNL $r7W;; $7 $F$$ $/>e $G $O$3 $& $$ $& J}K! $r ;H$C$?J} $, 8+DL $7 $, NI$$ $H$$ $& $o$1$@$+$i$G $9!# 3.1 %( %M %k %. !< 1?F0NL %F %s%= %k $$$o$f$k Energy-Momen tum T ensor $H$$ $& $N $O <! $N$h $& $K Dj5A$5 $l $^ $9!# T ( z ) = � 1 2 : ( @ � ) 2 : = X n 2 z L n z � n � 2 (51) $3$3$G [ L n ; L m ] = ( n � m ) L n + m + c 12 ( n 3 � n ) � n + m; 0 (52) $3$N T ( z ) $N 8r494X78<+BN $O T ( z ) T ( w ) � 1 = 2 ( z � w ) 4 + 2 T ( z ) ( z � w ) 2 + @ w T ( w ) z � w (53) 17

$H $J$j $^$9!# $3 $l$O @h $[ $I F3$$$?<+M3 %\ %> %s $N OPE $r$_$F$d $j$^$9 $H @ � ( z ) @ � ( w ) � � 1 ( z � w ) 2 (54) $H $J $C$F !" T ( z ) T ( w ) = 1 4 : @ � ( z ) @ � ( z ) : : @ � ( w ) @ � ( w ) : = 2 4 1 ( z � w ) 4 + 4 4 : @ � ( z ) @ � ( w ) : ( z � w ) 2 (55) $H $J$j $^$9!# $3$3 $G : @ � ( z ) @ � ( w ) :=: ( @ � ( w )) 2 : +( z � w ) : @ 2 � ( w ) @ � ( w ) : (56) $G $9!# !J <A !K c = 1 $H$+ $+$l $?$H $3 $m$r $b $&$9 $3 $7 @b L@ $7 $F $$ $?$@ $-$? $$$N$G $9 $, !# !J Ez $( !K c $H $$ $& $N $O Bg $6 $C $Q$K 8@$C $FJ*;q>l $N8D?t $r$" $i$o $7 $F$$$^ $9!# %\ %> %s $N >l9g $O c !a#1 $G%U %’ %k %_ %* %s $N >l9g $O c = 1 = 2 $H$J $j$^$9!# 3.2 T ( z ) $N J*M}E*0UL# $3 $N OPE $O 2? $r 0U L#$9$k$N $+$H $$ $& $3$H$r 9M$( $^$9 !# $$$^ conformal gauge $G 5DO@ $7 $F$$$^$9 !# metric $N 4X78 $rJx $5 $J $$$h$& $JJQ49 $r$$ $o$f$k Conformal JQ49 $H$$ $& $N $G $9 $, !" 0lHLE* $K$O � z = � ( z ) � � z = � � ( � z ) (57) Nc $( $P � �( z ) = � �( z ) + h ( @ � )�( z ) (58) $H $J$j $^ $7 $F !" 8e $m$N=E$_$NItJ, $+$i$O spin $, =P $F $/$k $H$$ $& 9=B$ $K$J $j$^$9!# <B $O Energy momen tum tensor $N OPE $K$O ?<$$0U L# $,$"$j$^ $7 18

$F !" $3$N primary �eld $K BP$9$k OPE $H $$ $& $N$r 9M $($k$H T ( z )�( w ) � h ( z � w ) 2 �( w ) + @ � z � w (59) $H$J $k $N $G$9 $, !" $3 $l$H Energy momentum tensor $N OPE $r 8+Hf $Y $F $d $j $^$9$H Energy-Momentum tensor <+BN $O Bg $6 $C $Q $K 8@$C$F spin 2 $G $" $k $H$$ $& $3 $H $,$o$+ $j $^$9!# :BI8JQ49 $O%( %M%k %. !< 1?F0NL %F %s%=%k$G @8@.$5 $l $^$9!# � � = I c dz 2 � i T ( z ) � ( z ) (60) Nc $( $P primary �eld $N JQ49 $O <! $N$h $& $K 7W;; $G$-$^$9!# � � �( w ) = ( Z c 1 � Z c 2 ) dz 2 � i � ( z ) T ( z )�( w ) = Z c w dz 2 � i � ( z ) T ( z )�( w ) = Z c w dz 2 � i � ( z )( h ( z � w ) 2 �( w ) + @ �( w ) z � w ) = � �( z ) + h ( @ � )�( z ) (61) Energy-Momen tum tensor <+BN $O spin2 $NJQ49 $r $7 $J $/ $F>/ $7 $* $D$j $, =P $F $7 $^$$$^$9 !# $3 $l$O Bg;v $JJ*M}E* $J5"7k $r 0z$-5/ $3 $7 $F $7 $^$$$^$9 !# T $N JQ49 $r =q$$$F$d$j$^$9 $H T ( z )( dz ) 2 = T ( w )( dw ) 2 + c 12 S ( w ; z ) (62) $H $$ $& $o$1$G$@ $$$? $$ #2 3,$N tensor $H $7 $F JQ49 $9 $k$N$@$1$l $I $b $A$g $C $H $*$D $j $, =P$^ $9!# $3 $l $r conformal anomaly $H $$ $& $N$G $9 $, $=$N $*$+ $2 $G :BI8JQ49 $r >/ $7$7 $?$H$-$K$d$O$j $*$D$j $, =P$^$9!# S ( w ; z ) = @ z w @ 3 z w � 1 2 ( @ 2 z w ) 2 ( @ z w ) 2 (63) $= $l $G Nc$( $P 5e LL>e$N :BI8 $+$i%7 %j %s %@ !<$N :B I87O $K 0\$C $? ;~ ( z = e w ) $K$O T cy l ( w ) = z 2 T ( z ) � c 24 ! ( L 0 ) cy l = ( L 0 ) plane � c 24 (64) 19

$H $$ $&JQ49 $, 9T $o $l $^$9!# $3$3 $G 1&JU $K 8= $l $k c= 24 $H $$ $&9‘ $O ??6u$N;} $D %(%M %k %. !< $H2r<a $G$-$k $b $N $G !" Casimir 8z2L $J $I $G Bg;v $JLr3d $r2L $? $9$3 $H$K$J$j $^$9!# $= $l$G !" $3$N$X $s$G 5Y7F $K $7 $h $& $H ;W$$$^$9 !# L 0 $O !" %O%_ %k %H %K%" %s$G $9!# $b $H$b $H CFT $r complex plane >e $G Dj5A $7 $F$$$? $o $1$G$9 $, !" plane >e $G $O !" L58B $K 9- $, $C $?6u4V $@$+$i ??6u $N%( %M %k %. !< $r %<%m $H $7 $^$9 $l$K BP $7 !" cylinder >e $G $O 6u4V J} 8~ $, M-8B $G$9 $+ $i !" $=$NJ,$NJd@5 $, $D $/ $N $G $9!# ( <ALd ) !! I=<( $r JQ $($?$i !" ??6u $N%(%M %k %. !<$bJQ $o $k$N $G $9 $+!) ( Ez $( ) !! cylinder >e $N>l $NM}O@ $G$N??6u $N %(%M %k %. !< $, plane >e $G$N>l 9g $+$i$:$l $F $$ $k$H$$ $& $3$H$O !" Nc $( $P 3J ;R$N 2D2r7O$G$b F1 $8 $h $& $J Nc $, CN $i$l $F $$ $^$9!# $=$N ;~$N Jd@5$O >e$N 7k 2L$H 0l CW $7 $F $$ $^ $9!# >e $G @b L@ $7 $?$3$H $O !" $3$NJd@5 $N$h $& $J NO3XE* $J@-<A $, !" geometric $J @-<A $@$1 $G F3 $1 $k $H$$ $& $3 $H$G $9!# 0J2< $G$O !" :G=i $K Sine-Gordon J}Dx <0$N@bL@ $G =P $F$-$? !" soliton $K $D $$$F 8+$F$$$3 $& $H ;W$$$^$9!# ( <ALd ) !! ??6u %(%M %k %. !<$N Jd@5$N string theory $H $N 4XO" $O!) ( Ez $( ) Nc $( $P b osonic string $N>l 9g $r 9M $( $^ $9 !# b osonic string $O !" trans- verse $N J}8~ $K <+M3EY $r ;}$C $F$$$^$9!# X i ( i = 1 ; � � � ; 24) (65) $G $9 $+ $i !" $3 $N $H$- $N?? 6u $N %(%M %k %. !< $O !" c=24 $J$N $G!] #1 $K$J$j $^ $9 !# $9$k $H !" string theory $K $* $1 $k mass formula $O <! $N$h $& $K$J $j$^$9!# M 2 = N � 1 (66) N = 0 $H $9 $k$H tac h y on $, 8= $l $k$3$H $, J, $+ $j $^$9!# $D$^$j ?? 6u$N%(%M %k %. !< $, $" $k $H$$ $& $3 $H$O !" b osonic string $G$O tac h y on $, 8= $l $k $H$$ $& 20

J*M}E* $J5"7k $K 7k $S IU $-$^$9 !# sup erstring $N >l9g $K$O !" X i $, 8 8D !" i $H $$ $& fermion $, 8 8D$"$C $F !" $3$N >l9g $NJd@5 $O � 1 2 $H$J $j$^$9!# $3 $l$O !" NS-sector $N 4pDl>uBV $, tac h y on $G$" $k $H$$ $& $3$H$rI= $7 $F $$ $^$9 !# $7 $+ $7 $3$N >uBV $O GSO pro jection $K $h$C $F Mn$A$k $N $G !" <! $NNe5/>uBV $G$"$k massless mo de $, ??$N4pDl >uBV $K$J$C $F$$$^$9 !# $3$N $h $& $K !" ?? 6u %(%M %k %. !<$N Jd@5 9‘ $O !" string theory $K =P$F $/$kHy L/$J factor $r $&$^$/ I=8= $7 $F$$ $^$9!# Jd@5 9‘$r JL$N J} K! $G 7W;;$9 $k$3$H $b 2DG= $G $9!# :#9M $($F $$ $k$N$O L58B 8D$N harmonic oscillator $N 7O $G$9!# %O%_ %k %H %K%" %s$O L 0 = X n a � n a n + 1 X n =1 n 2 (67) $H$$$& 7A $K $J $C $F $$ $^ $9 !# 1& JU Bh #2 9‘ $O?? 6u $N %( %M %k %.!< $G !" 3F oscillator a n $K BP $7 n 2 $:$D2C $o$j$^ $9 !# $3 $N9‘ $O 1 $+ $i L5 8B Bg $^ $G$NOB $J $N $G !" Ev A3 H/ ;6 $7 $^ $9 !# $= $3 $G � 4X ?t @5 B’ 2= $K$h $C $FH/ ;6 $r<h $j =| $- $^ $9 !# � function $r � ( z ) = 1 X n =1 1 n z (68) $H Dj5A$9$k$H !" $3 $l$O z > 1 $N$H$-$K$O @5B’$J 4X?t $G $9!# $3 $l$r z = � 1 $^ $G 2r@O@\B3$9$k $H !" � 4X?t $O Re z < 0 $G$O @5B’ $G $9$N $G � ( � 1) = � 1 12 (69) $H $J $j !" 4v2?3X E*$J F3 =P $+$i $N 7k 2L $H 0l CW $7 $^$9!# $3$N @b L@ $G$O !" L58B Bg$r E, Ev $K =hM}$9 $k$H Jd@5 9‘ $, =P$k$H$$ $&@bL@ $K$J $j!" $" $^$j 9%$^ $7 $/ $J$$$N$G !" >e $G$O anomaly $H $$ $&N)>l $+$i @bL@ $7 $^ $7 $? !# ( <ALd ) !! � 4X?t@5B’2= $r MQ$$$k:,5r $O !) ( Ez $( ) $3 $l$G 0lCW$9$k $+$i $G$9 !J >P ) !# $H$j $" $( $:$3 $l $7 $+ ;W$$Ib $+ $P $J$+ $C$? $+$i$H$$ $& $3 $H$G $7 $g $& !# 21

3.3 Soliton Sine-Gordon J} Dx<0 $r 5DO@ $7 $?$H $-$K soliton $H $, =P $F$- $^ $7 $? $, !" $3 $l$O � $r$" $kE@ $G 2 � $@$1$:$i$9$H$$ $& 2r $G $7 $? !# $3$N2r $K BP1~$9 $k:nMQ AG $O 2? $+$r 9M$($F $_ $^$9!# E72<$jE* $G $9 $, !" v ertex op erator $H $$ $& $b$N $r 9M $( $^$9!# : e ia� ( z ) : (70) !’ !! !’ $O normal ordering $r I= $7 $F$$ $^ $9 !# $3 $l $H@h $[ $I $N b oson $H$N OPE $r$H $C$F$_$^$9 $H !" 7k2L $O <!$N$h $& $K$J$j $^$9!# @ z � ( z ) e ia� ( w ) � ia z � w : e ia� ( w ) : (71) $3$l$, 2?$r 0UL# $7 $F $$ $k$N$+$r 8+$k$?$a$K !" w $N $^$o $j$G z $K $D $$$F @Q J, $7 $F$_ $^$9!# $9$k $H:8JU $O A4HyJ, $G !" 1&JU $O residue $r =&$$$^$9$N $G !" I C w dz @ z � ( z ) e ia� ( w ) = ( � ( w e 2 � i ) � � ( w )) e ia� ( w ) = 2 � a ia� ( w )) (72) $D$^$j!" � ( z e 2 � i ) � � ( z ) = 2 � a (73) $H $J $j $^$9 ( 0J2< $G$O !" normal ordering $N 5-9f $O >J N, $7 $^$9 !K !# $D$^$j !" vertex op erator $, $" $k$H !" z = w $G branc h p oin t $, @8 $8 !" $3$N $^ $o $j $G � $H $$ $& �eld $, 1 2A $K $J$i $J $/$J$j $^ $9!# $G $9$+$i !" � $r 2 � a $@ $1 $:$i $9 :n MQ AG (70 !K $, %= %j %H%s $N v ertex op erator $H $$ $& $3$H$K $J $j $^$9!# $A $J$_ $K$3$N v ertex op erator $H energy-momen tum tensor $H$N OPE $r$H$C $F$_ $^$9 $H !" T ( z ) e ia� ( w ) � a 2 2 ( z � w ) 2 e ia� ( w ) + 1 z � w @ w e ia� ( w ) (74) $H $J $j $^$9!# $D$^$j (70 !K $O <!85 a 2 2 $N >l $G $9!# $3$N @- <A $r ;H$$ $^$9$H !" Nc $( $P fermion $, $I $&=q $-I=$5 $l $k$N $+ $,$o$+ $j $^$9!# 22

3.4 F ree fermion 2 <! 85 $N>l 9g $K $O !" � @ � $H$$$& op erator $, BP 3Q 2= $G $- $^ $9 $N $G !" fermion $N >e@.J, $H 2<@.J, $, FHN) $K$J$j $^$9!# <B:] $K action $r =q$$$F$_$k $H !" S = Z d 2 � ( L � @ L + R @ R ) (75) $H $J$j $^$9!# $3$N action $+$i F3 $+ $l $k fermion $N OPE $O !" L ( z ) L ( w ) � 1 z � w (76) R ( � z ) R ( � w ) � 1 � z � � w (77) $3$3$G L $N 1? F0J}Dx<0 $, @ L = 0 $G $9 $+$i !" L $O z $@$1 $N 4X?t $H $7 $F $$ $^$9!# R $b F1MM $G $9!# $4 B8CN $N$h $& $K fermion $O 6u4V2sE> $K BP $7 $F 1 2A@- $r ;}$C $F$$ $^$; $s !# #2<! 85 $N>l 9g $bF1 MM $G !" 2s E> $K BP $7 $F Id9f $@ $1$NIT Dj @- $,$"$j$^ $9 !# $= $3 $G !" $3 $l $KBP 1~ $7$F6- 3& >r 7o $r<~ 4| E* $K $H $k $+H? <~ 4| E* $K $H$k $+ $G fermion $N mo de E83+ $O 2 DL$j$"$j$^$9!# $R$H $D$O H>@0?t mo ding $G mo de E83+$9 $k$d$jJ} $G !" $3 $l$r NS-sector $H 8F $S $^$9!# L ( z ) = X r 2 Z + 1 2 r z � r + 1 2 (78) $b $& $R$H$D $O @0?t mo ding $G mo de E83+ $9$k $d$jJ} $G !" $3$A $i$r R-sector $H 8F $S $^$9!# L ( z ) = X n 2 Z n z � n + 1 2 (79) $3$3$G !" z $N$Y$- $K$" $k 1 2 $O fermion $N <!85 $r I= $7 $F$$ $^$9 !# $3 $l $h$j!" NS-sector $O z $r z e 2 � i $K $7 $F $b Id9f $, JQ $o$i$J $$$N$K BP $7 !" R-sector $O Id9f $, JQ $o $k $H$$ $& $3 $H $,$o$+ $j $^$9!# IaDL !" mo de E8 3+ $r 5DO@$9 $k $H$-$O 1 2 $r F~ $l $J $$$N$G !" :# $N>l 9g $H$O Id9f$N =PJ} $, 5U $K$J $j $^$9 !# OPE(76) $K BP1~$9$k8r49 4X78 $O <!$N$h $& $K $J$j $^$9!# f r ; s g = � r + s; 0 (80) 23 fermion $N energy-momen tum tensor $O <! $N$h $& $K$J $j$^$9!# T F ( z ) = 1 2 L ( z ) @ z L ( z ) (81) T F ( z ) $O c = 1 $N OPE $rK~ $? $7 $^ $9 !# Dirac fermion $O !" Ma jorana fermion $N 2 G\ $N <+ M3 EY $r;} $C $F $$ $^ $9 $, !" Dirac fermion $N>l 9g $, c = 1 $G$9 $N $G !" Ma jorana fermion $N >l9g $O c = 1 2 $K$J $j$^$9!# $D$^ $j!" cen tral charge $r 8+$k $H $- $O free b oson 1 8D $H Dirac fermion 1 8D ( $^ $? $O Ma jorana fermion 2 8D ) $O F1Ey $H $$ $& $3$H$K$J $j$^$9!# ( 0J2< $G$O FC $K L $N$_$r 9M $( !" L $d R $O >JN, $7 $^$9 ) T F ( z ) $H ( z ) $N OPE $r$H $k$H !" T F ( z ) ( w ) � 1 2 ( z � w ) 2 ( w ) + @ ( w ) z � w (82) $H $J $j $^$9!# $D$^$j !" ( z ) $O <!85 1 2 $N �eld $G $9!# (74) $H (82) $r Hf 3S$9 $k $H !" a = 1 $H $9$k $H vertex op erator $H fermion $, BP1~ $7 $F$$$k $3 $H $,$o $+ $j $^$9!# 99 $K !" v ertex op erator F1;N$N OPE $r$H $C $F$_ $^$9 $H !" e i� ( z ) e � i� ( w ) � 1 z � w (83) $H$J $j !" (76) $H A4 $/F1 $8 $b$N$K$J$j$^$9!# $3$N$h $& $K !" fermion $, b oson $G I= $; $F $7 $^$& $H$$$& $N $, b oson-fermion BP1~ $G$9!# $3 $3 $G !" J* M}E* <+ M3 EY $^$G b oson $N 7O$H fermion $N 7O $G 0l CW $7 $F $$ $k$N$+ $H $$ $& $3$H$, Ld Bj $K$J $j$^$9 $, !" $= $l$r 9M $( $k $?$a $K !" 0J 2< $G $O J,G[4X?t $r9M $($F$_$^$9 !# ( <ALd ) !! $b$H$b$H 9M$($F $$$? Sine-Gordon $N >l9g$O Aj8_ :nMQ $, $" $C$? $, !" b oson-fermion BP1~ $G Aj8_:nMQ $O $I $& $J $k$N $G$9 $+ !) ( Ez $( ) !! $3 $l$^ $G$N5D O@ $O free �eld $N>l9g $G $7 $? !# Nc $( $P Sine-Gordon $N >l9g $G$O !" Aj8_:nMQ9‘ $r cos � � = e i� � + e � i� � 2 (84) $H =q $- 49$( $F $_ $k $H fermion $K 8+$( $F $- $^ $9!# $3 $N $h $&$J =q $- 49$( $G !" energy-momentum tensor $N BP1~ $r 8+$k $3$H$b$G$- $^$9!# 24

?^ 7: %\ %= %s $K $D$$$F$N J, G[4X?t$r 5D O@$9$k$?$a$K ;~ 4VJ}8~$r <~ 4|E* $K $7 $^ $9 $, !" $= $N $d$j J} $K $O$$$m $$ $m $J2DG= @- $,$"$j$^ $9 !# $= $N $= $l $>$l$O !" ?^ 7 $N$h $& $JJ?9T;M JU 7A $N>e $G>l $NM}O@ $r9M $($k $3 $H $K BP1~ $7 $F$$$^$9 !# $3 $N ;~$NJ,G[4X?t $O !" Z ( � ) � T r ( e 2 � i� L 0 � 2 � i � � L 0 ) = T r ( e 2 � ( � 2 ( L 0 + L 0 )+ i� 1 ( L 0 � L 0 )) ) (85) � = � 1 + i� 2 $H$J $j$^$9 !# $3 $l$O !" string state $r � 2 $@$1 ;~4VH/E8 $5 $; !" � 1 $@$1 6u4VJ} 8~ $XJB ?J $7 $?8e !" B- $7 $" $2 $k $3 $H $r0UL# $7 $F$$$^ $9 !# $3 $l $^ $G1&8~ $- %b!< %I $H :88~ $- %b!< %I $N 6hJL $rK: $l$F$$$^ $7 $? $, !" $=$NN>J} $r MQ $$ $? L 0 + L 0 $, A4BN $N%O%_ %k %H %K%" %s !" i ( L 0 � L 0 ) $, 1?F0NL $K$J$j$^$9 !# $3 $3 $G =P $F$- $? L 0 $H L 0 $O cylinder >e$N $b$N$G $9!# $3 $l $r plane >e$N$b $N$K =q$- 49$( $k $H !" Z ( � ) = ( q � q ) � c 24 T r q L 0 T r � q L 0 ( q = e 2 � i� ) $H $J $j !" 1&8~$-$H :88~$-$G FHN)$J 7A $K $J $C$F$$ $^$9!# $3 $l $+$i :88~$- $N ItJ, $N7W;; $r @bL@ $7 $^$9 $, !" 1&8~ $- $K $D$$ $F$bA4$/F1 MM $K 7W;; $G$-$^$9 !# :G=*E*$J7W;;7k2L $O <!$N$h $& $K$J$j $^$9!# T r q L 0 = P r 2 Z q r 2 2 Q 1 n =1 (1 � q n ) (86) $^ $: !" b oson $N F o c k space $N $& $A a � 1 $G :n $i $l $k state $N4sM? $r8+ $F$_ $^$9!# L 0 ( a � 1 ) m j 0 i = m ( a � 1 ) m j 0 i (87) 25

$h$j !" partition function $X$N 4sM? $O 1 + q + q 2 + � � � = 1 1 � q (88) a � n $N 4sM?$bF1MM $K $7 $F !" 1 + q n + q 2 n + � � � = 1 1 � q n (89) $H$J $j$^$9!# $3 $l $h$j !" (86) $N J,Jl $O oscillator $N 4sM? $@$H $$ $& $3 $H $, J, $+ $j $^$9!# ?^ 8: 0lJ} !" (86) $N J,;R $O @h $[ $I @bL@ $7 $? soliton sector $N 4sM? $r I= $7 $F$$ $^ $9!# >e $G @b L@ $7 $? \meson" $N fo c k space $K$O soliton $, F~$C $F$$ $^$;$s !# vertex op erator e � i� $O <!85 $, 1 2 $@ $C $?$N $G !" j 0 i $H a � 1 j 0 i $N 4V $K soliton state j � 1 i $, F~$C $F$-$^$9 ( ?^ 8) !# $3 $l$, q 1 2 $N 4sM? $r M? $( $^$9!# soliton sector $O j � 2 i ; j � 3 i ; � � � $H B3 $/ $o$1$G $9 $, !" $= $l $> $l $O <!85 n 2 2 $J $N$G q n 2 2 $N 4s M?$r M?$( !" J,;R$N L5 8B OB$N It J,$r =P $7 $F $/$k $h $& $K $J $C $F $$ $^ $9!# $D$^$j!" (86) $O meson $@$1$G$J $/ soliton $b$9$Y$FB- $7 $? 7k2L $K$J $C $F$$ $^$9!# <! $K fermion $N partition function $r 9M $($^$9 !# NS-sector $K $D$$ $F9M $( $k $H T r q L 0 = 1 Y r = 1 2 (1 + q r ) 2 (90) $H$J$j $^ $9 !# fermion $K $O r ; r $N 2 <oN‘ $,$" $C $F !" r $O$= $l $> $l H>@0 ?t $r $H $C $F$$$^$9 !# fermion $O 2 2s $+$1 $k $H %<%m $K$J$j$^$9$N $G !" Nc $( $P � 1 2 $N 4sM? $O 1 + q 1 2 (91) 26

� 1 2 $b F1 MM$G $9!# B>$N oscillator $N 4s M?$b F~ $l $k$H (90) $N $h $& $K$J $j $^ $9!# ( <ALd ) !! b oson $N partition function $N$H $3$m $G meson $H$$ $& 8@ $$J} $r $7 $? 0UL# $O ? ( Ez $( ) !! meson $H 8@$C$?$N $O b oson $N oscillator $K BP1~$9$k >uBV $G $9!# $^$" !" b oson $@$+ $i meson $H 8@ $& $o$1$G $9 $, ( >P ) !# $? $@ $N fo c k space $@ $H ;W$C$F $/ $@$5$$ !# (86) $H (90) $O !" L58BOB $H L58B@Q $H$$ $& $h $& $K 8+ $? L\ $O A4 $/0c $& $b$N $G $9 $, !" Jacobi $N #3=E@Q8x<0 X r 2 Z q r 2 2 = 1 Y n =1 (1 � q n )(1 + q n � 1 2 ) 2 (92) $+$i !" $U $?$D $, F1 $8 $b$N $@$H$$ $& $3 $H $, J, $+$j$^$9 !# 6q BN E* $K fo c k space $G 8+ $k $H !" fermion $G$N � 1 2 j 0 i ; � 1 2 j 0 i $, soliton j � 1 i $K BP1~ $7 $F$$ $^ $9 !# $^ $? !" <! $N lev el $K $"$k � 1 2 � 1 2 j 0 i $, a � 1 j 0 i $K BP1~ $7 $F$$$^$9 !# $3$N $h $& $K !" soliton $r 4^ $s $@ b oson $N Hilb ert space $H fermion $N Hilb ert space $O 40A4 $K 0lCW $7 $F$$ $^$9!# $3 $l $^ $G !" kink $N I} $, 2 � a $G !" a = � 1 $N>l9g $r 5DO@ $7 $F$- $^ $7 $? !# $3 $l$O fermion $K BP1~ $7 $F$$$^ $7 $? $, !" 85!9 $N action(75) $K$O � ! � + a $N BP>N@- $,$" $k $N $G !" $3$NI} $O 2? $G$b $+ $^$$$^ $; $s !# $= $3 $G !" a $, B> $NCM $N >l9g $r 9M $($F$_ $^$9!# $^$: !" a = p 2 $N >l9g $G$9!# $3$N$H$- !" J � ( z ) = e � i p 2 � ( z ) (93) J 3 ( z ) = 1 i p 2 @ z � ( z ) (94) $r 9M $( $^$9 !# J � ( z ) $O a = p 2 $N$H$-$N v ertex op erator(70) $G $9!# $3 $l$i $N OPE $r$H $C$F$_$^$9 $H !" J 3 ( z ) J � ( w ) � � J � ( w ) z � w (95) 27

J + ( z ) J � ( w ) � 1 ( z � w ) 2 + 2 J 3 ( w ) z � w (96) $H $J$j $^$9!# $3 $l$O S U (2) $N curren t algebra $K $J $C $F$$ $^$9 !# J a ( z ) $r J a ( z ) = X n J a n z � n � 1 (97) $H mo de E83+$9$k $H !" (95)(96) $O <!$N$h $& $K =q $1 $^$9 !# [ J a n ; J b m ] = i� abc J c n + m + k n� n + m; 0 (98) $H $J $j $^ $9!# $3$l $O M- L>$J Kac-Mo o dy Be ?t$H $$ $&$b$N $G !" :#$N >l 9g$O k = 1 $G $9!# $3$N$h $& $K !" b oson $+ $i non-Ab elian gauge 72$N 9=B$ $, :n $l $^$9 !# $3 $l$O Heterotic string $N 9=@. $K$*$$$F=EMW $K$J$j$^$9 !# Heterotic string $G $O:8 8~ $- $H 1& 8~ $- $GHs BP >N $K b oson $H fermion $rF~ $l$k 7O $G $9 !# :8 8~ $- $O b osonic string(24 8D $N b oson), 1&8~ $- $O sup erstring(b oson,fermion $= $l $>$l 8 8D ) $H$J $C $F$$$^ $9 !# $3 $3 $G:88~ $- $N b oson $, 16 8DM> $C $F$$$^ $9 $, !" $3 $l $i $+ $i >e $N $h$& $K $7 $F ;~6u $N gauge BP>N @- $r:n $j$^ $9 !# >e $G $O b oson 1 8D $G rank 1 $N gauge 72 S U (2) $, :n $l $^ $7 $? $, !" Heterotic string $N >l9g $K $O rank 16 $N gauge 72 $, :n $l $^$9 !# 8e $G 5DO@ $G$-$k $+$b $7$l $^ $; $s$, !" consisten t $J rank 16 $N gauge 72 $H $7 $F$O !" E 8 � E 8 $H SO(32) $N 2 <oN‘ $7 $+ $J$$$H$$ $& $3 $H $, J, $+ $C$F$$$^$9!# ?^ 9: b oson 1 8D $G fermion $, :n $l $k $o $1$G$9 $+$i !" D6BP>N@- $r ;}$C $?7O$b:n $l $^$9!# $= $l$, a = p 3 $N >l9g $G $9!# T ( z ) = 1 2 ( @ � ( z )) 2 (99) G � ( z ) = e � i p 3 � ( z ) (100) J ( z ) = @ z � ( z ) (101) 28

G � ( z ) $O a = p 3 $J $N$G <! 85 3 2 $N �eld $G !" $3 $l $O gravitino $K BP 1~$9 $k V ertex op erator $G $9!# energy-momen tum tensor T ( z ) $O graviton $K BP 1~ $7 $F !" <!85 $O 2 $G $9!# $= $7 $F <! 85 1 $N J ( z ) $r 2C$( $k $H !" ?^ 9 $N$h $& $J9= B$ $,$G$-$^$9 !# $3 $l$O 2 <!85 $N N = 2 sup erconformal �eld theory $K$J$j $^$9!# 0J>e $N$h$& $K !" parameter a $r F3F~ $9$k $H$$$m $$ $m $H M7 $Y$k $3 $H $,$o$+ $j$^$9!# $3 $l$K 4XO" $7 $F !" 8e $G=P $F $/$k T-dualit y $r$3$3 $G F3F~ $7 $?$$$H ;W$$$^$9!# 3.5 T-dualit y $^$: !" parameter a $N 0UL#$r9M $($F$_ $^$9!# @h $[ $I !" soliton $, $" $k$H � ( z e 2 � i ) � � ( z ) = 2 � a (102) $H $J $k$3$H $r <( $7 $^ $7 $? !# $D$^$j !" � $O #2 2A$G$" $k (branc h cut $, $" $k ) $H $$ $& $3 $H$G $9!# $3 $l$O !" � $, S 1 = R = 2 � a Z (103) $K CM $r $H$k$3 $H$r0UL# $7 $F$$ $^$9 !# $D$^ $j!" target space(b oson $, CM $r$H $k 6u4V ) $, <B $O R $G $O$J $/ S 1 $K compact 2=$5 $l $F $$ $k$H$$ $& $3$H$G $9!# b oson $N mo de E83+$r;W$$=P $7 $F$_ $k$H !" � ( z ; � z ) = � L ( z ) + � R ( � z ) = x � ip L log z � ip R log � z + i X n 6 =0 ( a n n z � n + � a n n � z � n ) (104) $G $7 $? !# $3$3$G !" z ! z e 2 � i $H $9 $k$H !" log $N ItJ, $+$i 2 � i $, M>J, $K =P $k $N$G !" � ( z e 2 � i ) � � ( z ) = 2 � ( p L � p R ) (105) $H $J $j $^$9!# :# !" target space $, H>7B R $G compact 2=$5 $l $F $$ $k$H$9 $k $H !" $3 $l$O � � � + 2 � R (106) 29

$H $$ $&F10l;k$r $9$k$3$H$K BP1~ $7 $F $$ $^ $9$N$G !" 2 � ( p L � p R ) $, 2 � R $N @0?tG\ $G$" $l $P $h$$$3$H $,$o$+ $j $^$9!# $D$^$j!" p L � p R = w R (107) $H$J $j$^$9 !# w $O winding n um b er $H 8F $P$l $k@0?t $G $9!# 0lJ} !" $R$b$N=E ?4 :BI8 x $K BP$9$k momentum p $O !" target space $, compact 2=$5 $l $F $$ $k$N$G NL;R 2=$5 $l $^$9!# GHF04X?t e ipx $, x $K $D$$$F p erio dic $G $" $k$H$$ $&MW@A $+$i !" p = p L + p R = n R (108) $H $J $j $^$9!# (107) $H (108) $+ $i p L $H p R $K $D $$$F 2r $/$3$H$, $G $- $^ $9!# $3 $l$r ;H$C $F %(%M %k %. !< $r 9M $($F$_$^$9 !# %(%M %k %. !< $O L 0 $N 8GM-CM $G $9 $N$G !" ener g y = 1 2 p 2 L + 1 2 p 2 R + ( oscil l ator par t ) = 1 4 (( R w ) 2 + ( n R ) 2 ) + ( oscil l ator par t ) (109) $H $$ $&3J9% $K$J $j $^ $9!# M-L>$J OC $G $9 $, !" $3 $l $O 5H@n$5$s $d :d0f$5 $s$, H/8+$5 $l $?#T JQ49 n $ w ; R $ 1 R (110) $K BP $7 $F IT JQ$K $J $C$F $$ $^ $9!# $D $^ $j!" boson $N N) >l$+ $i 8+ $k$H target space $N H>7B $, R $G $" $m $& $H 1 R $G $" $m $& $H 4X78$J$$$H $$ $& $3$H$G $9!# 0l J} !" $3 $l $r � L $H � R $K $D$$$F$N JQ49 $@$H $b 9M $($i $l $^$9!# (110) $O p L $H p R $K $D$$$F p L $ p L !" p R $ � p R $H $$ $&JQ49 $K BP1~$9$k $N $G � L $ � L (111) � R $ � � R (112) $H$$$& JQ 49 $r $7$F$$ $k $3 $H $K $J $j $^ $9 !# $D $^ $j 1& 8~ $- mo de $H:8 8~ $- mo de $G H?BP8~$-$NJQ49 $r $9$k$N $G $9!# $3 $l$, #T -dual JQ49 $G $9!# 30

<! $K !" 9b <! 85 $N target space $G$N #T -dualit y $K$D $$ $F@b L@ $7 $^ $9 !# target space $, d <!85 $H$$ $& $N $O !" b oson $, d 8D $" $k>l9g$N $3$H$G$9!# � i ( i = 1 ; � � � ; d ) (113) $3 $l$r %Y %/ %H %k 5-K! $r MQ$$$F<!$N$h $& $K =q$-$^$9!# ~ � = d X i =1 � i ~ e i (114) $3$3 $G ~ e i $O#d <!85 6u 4V $N 1 <!FHN) $J4pDl $G$9 !# b oson $, 1 8D $N>l 9g $O � $r � + 2 � R $H F10l;k $7 $^ $7 $? $, !" d <!85$N>l9g $O ~ � � ~ � + d X i =1 n i ~ e i ( n i 2 Z ) (115) $H $$ $&F10l;k $r $7 $^$9 !# 1&JUBh 2 9‘ $O ~ e i $G Dj5A$5 $l $k lattice >e$NE@$rI= $7 $F$$ $^$9!# $D$^$j $3$N <0 $O !" z $r 2 � 2sE>$5$;$? $H$-$K ~ � $N CM $, $$ $/ $i $+$:$l $k$N $G $9 $, !" $3$N lattice >e$NE@$NJ, $@$1$N$: $l$O L5;k$9$k $H$$ $& $3$H$r 0UL# $7 $F$$ $^$9!# $3 $l $h$j!" d <!85 $G$N winding n um ber $O ~ p L � ~ p R = X i n i ~ e i (116) $H $J$j $^$9!# 0lJ} !" =E?4:BI8 $N momentum $O !" ~ p L + ~ p R = X i m i ~ e i (117) $H $J$j $^$9!# $3$3 $G ~ e i $O ~ e i $N dual basis $H 8F $P $l $k$b$N $G !" ( ~ e i ; ~ e j ) = � i j (118) $r K~ $?$9 $b $N $G$9!# $D$^ $j!" momen tum $O dual lattice $K CM $r $H$k $H$$ $& $3$H $r 0U L# $7 $F $$ $^$9!# (116)(117) $+ $i !" @h $[ $I $N $h $& $K%( %M%k %. !<$N zero mo de $r 7W;;$9$k$H !" 1 4 (( ~ p L � ~ p R ) 2 + ( ~ p L + ~ p R ) 2 ) = 1 4 ( n i ( ~ e i ; ~ e j ) n j + m i ( ~ e i ; ~ e j ) m j ) = 1 4 ( n i ; m i ) M 0 @ n j m j 1 A (119) 31

$N $h $& $K 2 <! 7A <0$G =q$1 $^ $9!# $3$3 $G M $H $$ $&9T Ns$O <!$N $h $&$J $b $N $G $9!# M = 0 @ ( ~ e i ; ~ e j ) 0 0 ( ~ e i ; ~ e j ) 1 A = t (120) = 0 @ e 0 0 t e � 1 1 A e ) ij = ( e i ) j (121) $3$3$G =P$F$-$?9TNs $O <!<0 $r K~$? $7 $^$9!# 0 @ 0 1 1 0 1 A t = 0 @ 0 1 1 0 1 A (122) $D$^$j!" $O O ( d; d ) $N 85 $G$9!# (119) $O <!$NJQ49 $G ITJQ $K$J $C $F$^$9!# ( n; m ) ! ( n; m ) g (123) ! g � 1 (124) $3$3 $G g $O O ( d; d ) $N 85 $G$9!# $? $@ $7 !" n; m $O @0?t $J$N $G !" JQ49 8e $b@0?t $K $J $k$?$a $K$O g 2 O ( d; d : Z ) (125) $G$J $1 $l $P $J$j$^ $; $s !# $3 $N72 O ( d; d : Z ) $, !" target space $, d <!85 torus T d $N ;~$N#T -dual JQ49 $G$9!# d = #1 $N >l 9g $K$O parameter $H $7 $F R $, $" $j $^ $7 $? $, !" #d > #1 $G $= $l $K BP1~ $9$k $N $O $G $9!# $7 $+ $7 !" J*M}E* $K 0UL# $, $" $k $N $O $G$O$J $/ #M $J$N$G !" ! h ; h 2 O ( d ) � O ( d ) (126) $H $$ $&JQ 49$G 0\$j 9g $&$b$N F1 ;N $O J* M} E*$K F1 Ey$G $9!# $3 $l $h $j !" d <! 85 torus compact 2=$N mo duli space $O <!$N M-L>$J coset space $N 9=B$$r ;}$C $F$$ $k$3 $H $,$o$+ $j $^$9!# O ( d; d : Z ) n O ( d; d ) =O ( d ) � O ( d ) (127) 32

( <ALd ) !! O ( d; d : Z ) $H$O ? ( Ez $( ) !! (124) $N$h$& $K:8 $+ $i@0?t 9T Ns $r $+ $1$k $H$$$& JQ 49 $r9M $($^ $7 $? $, !" $3 $l$G 0\$j9g$& $b $N $O J*M}E* $K F1 $8 $b$N$J$N $G>& $r$H$C $F$$$^$9 !# $? $@ $7 :8 $+$i $+$1 $k $H$$ $& 0UL# $G :8B& $K =q$$ $F$$$^$9 !# $3 $l$K BP $7 O ( #d ) � O ( #d ) $O (126) $N $h $& $K 1& $+$i$+$+ $C $F$$ $k$N $G 1&B& $K =q$$ $F$$ $k$N $G $9!# $R$H $DCm0UE@ $,$"$j$^$9 $, !" $3 $l $^ $G 9M $($F$-$? M $O BP3QItJ, $N$_ $N 9T Ns$J $N$G !" $O 0l HL$N O ( d; d ) $N 85$G$O $" $j $^$;$s !# $3$N Ld Bj$O an ti- symmetrictensor B ij $r F~ $l $k $3 $H $K$h $C $F2r7h $7 $^$9 !# $3 $N $H$- $N $O !" = B e (128) B = exp 0 @ 0 B 0 0 1 A (129) $H $J$j $^$9!# e L $O B ij $, $J $$$H$-$N$b$N (121) $G $9!# ( <ALd ) !! moduli space $N Dj5A $H $O ? ( Ez $( ) !! #d = #1 $N >l9g $K$O b oson $K BP $7 $F � ! � + #2 � R $H $$ $&F1 0l;k $r $7 $^ $7 $? $, !" $3$N R $, 0c $( $P JL$NM}O@ $K$J $C$F$$$^ $7 $? !#Nc $( $P R = #1 $N$H$- $O fermion !" R = p 2 $N$H$- $O currnt Be?t $N7O !" R = p 3 $G $O sup ersymmetric $J 7O$G $7 $? !# $D$^$j !" M}O@ $, R $K $h $C $F parametrize $5 $l$F $$ $k $N $G$9 !# $3 $N $h$& $K !" M} O@ $r7h $a $k parameter $N6u4V $r mo duli space $H $$$$ $^$9!# 33

3.6 Orbifold b oson $r compact 2= $9$k 6u 4V $H $7 $F orbifold $H$$ $& $b $N $,$"$j$^ $9 !# $3 $l $K $D$$$F@bL@ $7 $^$9!# $3$l $^ $G $O !" target space $, S 1 $d T d $H $$$C$? regular $J 6u4V $N >l9g $r 5DO@ $7 $F$-$^ $7 $? $, !" target space $, singular $J >l9g $b9M $($k $3 $H$b2DG= $G $9!# $3 $3 $G $O b oson $, R = Z 2 $K =; $s$G$$$k >l 9g $r9M $($^ $9 !# 8e $G #K#36u 4V$X$N compact 2=$r 5D O@ $7 $^$9 $, !" $3$N$H $- $b ;w$?$h $& $J orbifold $r 9M $( $^$9!# target space $, R = Z 2 $H$$ $& $N $O !" b oson $K BP $7 $F <!$N$h $& $JF10l;k $r $9$k$3 $H$K BP1~ $7 $F$$ $^$9!# � � � � (130) $D $^$j!" $b $H $b$H #1 <!85 6u4V $@ $C $?$b $N$r !" 86E@ $K $D $$$F BP>N$J E@ $r F1 0l;k $7 $? 6u4V $, target space $K $J $C $F$$$^$9!# ?^ 10: $3 $l$O6qBNE* $K $O86E@ $rC<E@ $H $7 $?@~J, $G$9!# $3$N>l 9g $K $O !" boson $N 6-3&>r7o $H $7 $F <!$N$U$?$D $, 9M $($i $l $^$9!# � ( z e 2 � i ) = � ( z ) (131) � ( z e 2 � i ) = � � ( z ) (132) #2 � 2s E>$G Id 9f $, =P$J $$ J}$r unt wisted sector !" Id9f $, =P $k J}$r t wisted sector $H 8F $S $^$9!# $3 $l $h $j !" t wisted sector $G $O <!$N$h $& $J mo de E8 3+ $K $J$j $^$9!# � ( z ) = X r 2 Z + 1 2 a r r z � r (133) 34

$3$N$h $& $K !" fermion $N R-sector $H F1 $8 $h $& $J E83+ $K$J$j $^$9!# 8e $G 5DO@ $9$k #K#36u4V $O Hs>o $K J#;( $J$b $N $G$9 $, !" FC <l $J mo duli $r$H $k $3 $H $K$h $C $F T 4 = Z $H I= $9 $3 $H $,$G $-$^ $9 !# $3 $l $O !" $^ $: T 4 $X compact 2= $7 $? 8e $K ( z 1 ; z 2 ) � ( � z 1 ; � z 2 ) z 1 ; z 2 2 C (134) $H $$ $&F10l ;k $r $7 $? $b$N$G $9!# z 1 ; z 2 $O T 4 $N :B I8 $r J#AG ?t $K AH $s$@ $b$N $G $9!# $3$N 6u 4V $K$O A4 It $G #1 #6 8D$N FC 0[E@ $, $" $j $^$9!# $3$3$G FC0[ E@$H $O !" H?E> (134) $K BP$9$k �xed p oint $N$3$H$G $9!# ?^ 11: 4JC1 $N $? $a $K T 2 = Z $r 9M $($k $H !" ?^ $N$h$& $K #48D $N singular p oint $, $" $j$^$9!# 86 E@ 0J30 $NE@ $G$b !" H? E> $K$h$C $F0\ $C $?E@ $, torus >e $G$OF1 $8 E@ $G $"$k>l9g $, $"$j !" $= $l$, B> $N#38D $N singular p oint $K$J$C $F$$$^$9 !# #K #36u4V $K$D$$ $F$bF1MM $K $7 $F#1#68D $N singular p oint $, 8= $l $^$9 !# $3$N>l 9g $K $D$$$F $O 8e $G 5DO@ $7 $^$9!# 4 String $N @]F0O@ 4.1 W orld sheet $N mo dular ITJQ@- 8aA0Cf $N 9V5A $G !" target space $N mo duli JQ49 $H$$ $& $+ T JQ49 $K$D$$$F 9V 5A $7 $^ $7 $? !# string M}O@$H 8@$$ $^$9$H !" w orld sheet $N J}$K $b mo dular ITJQ@- $, $"$j $^$9!# $= $& $$$C$?OC $G $9$N $G !" w orld sheet $N <h$j07$$J}$b $*$5 $i$$ $7 $F $*$-$^$9!# 35

9M $( $kNc$H $7 $F !" 0lHV %7 %s %W %k $J 7O $H $$ $& $3$H$G !" Ma jorana fermion $N $$ $m $$ $m$J J, G[ 4X ?t$r 9M$( $F $_ $^ $7 $g $& !# @hDx $b 8@ $$ $^ $7 $? $h $& $K !" F ermion $K BP $7 $F$O Fs<oN‘ $N6-3&>r7o $,$" $j$^$9 !# Ramond 7? $H Nev eu- Sch w arz 7?$N6-3&>r7o $G $9!# $= $l $>$l $N J,G[4X?t$r=q$-2< $7 $F$_ $^$9!# $^$: Ramond 7?$N J,G[4X?t $O !" Fs<oN‘9M $($i $l $^$9!# B($A !" >uBVOB $r $H $k $H $-$K !" C1 $K =E$_$H $7 $F q L 0 $r$H $k$b$N$H !" F ermion $K BP$9 $k8r Be OB T r( � 1) F q L 0 $r$H$k$b $N $H $G$9!# $? $@ $7 !" $3 $3 $G F $O fermion ?t $N $3 $H $G $9!# 7PO) @QJ,$r 9M $( $k $H $-$K !" ;~4VJ}8~ $H 6u4V J}8~$N <~4| @- $, =EMW $K$J $j $^$9 !# F ermion $K BP$9 $k 8r Be OB $r $H$k $3 $H $O;~4V J} 8~ $KBP $7 $F<~4| E*6- 3& >r 7o $r$H $k$3$H$K BP 1~ $7 $^$9!# 5U $K $= $l$, L5$$ ;~$O ;~4V J}8~ $K BP$9 $k H? <~4|E*6-3&>r7o $H$$ $& $3 $H$K$J$j $^$9!# 6u4VJ}8~ $K BP$9$k6-3&>r7o $r 7h $a$F$$$k Ramond $H Nev eu-Sc h w arz $H $N Fs$D$N sector $K BP $7 $F $=$l $>$l ;~4V J}8~ $K $b <~4| E* $H H? <~4|E*$N Fs<o N‘$N6-3&>r 7o $, 9M $( $i $l $^$9$N $G !" A4 It $G;M<oN‘ $NJ,G[4X?t $,$" $j$^$9 !# $^$: Ramond sector $O !" (P ; P) = q 1 24 1 Y n =1 (1 � q n ) (135) (P ; A) = q 1 24 1 Y n =1 (1 + q n ) (136) $^$? !" Nev eu-Sc h w arz sector $O !" (A ; A) = q � 1 48 1 Y n =1 (1 + q n + 1 2 ) (137) (A ; P) = q � 1 48 1 Y n =1 (1 � q n � 1 2 ) (138) $3$3$G P !" A $O !" $= $l $>$l p erio dic !" an ti-p erio dic $r ;X $7 $F $$$^$9!# 0l HVL\$N P(or A) $O 6u4VJ}8~$N<~4|@- !" FsHVL\ $N P(or A) $O ;~4VJ}8~$N <~ 4| @- $r I= $7 $F $$ $^$9!# Nc $( $P Ramond sector $O 6u4V E* $K <~ 4|E* $G$" $k$? 36

$a@0?t $G mo ding $5 $l$F$$ $^ $9 !# 5U $K NS sector $O H> 4q ?t mo ding $G$9!# $D $^$j6u 4V J}8~ $N<~4| @- $O mo ding $K $h $C $FI=8= $5 $l$F$$$^$9 !# <! $K ;~4VJ} 8~$N<~4|@- $NI=<( $r9M $( $^$9 !# fermion $N J,G[4X?t $K$O !" J, ;R $K (1 + q n ) $N L58B @Q $, =P$^ $9 !# $3 $l $, H?<~ 4| 6-3& >r 7o $K BP1~ $7 $^$9 !# 5U $K fermion ?t $+$i $N 4s M? ( � 1) F $, $" $k$H fermion $, 0l 8D$/ $k $4 $H$K !" Id9f $,$R $C$/$j JV$k$N $G !" q n $N A0$NId9f $, min us $K $J $j$^$9!# ?^ 12: 4pK\NN0h$NJ?9T;MJU7A $5 $F q $r q = e 2 � i� $H$$ $& %Q %i %a !< %? !< $H $7 $^ $9 !# w orld sheet >e $N mo d- ular JQ49 $H$O <!$NMM$JJQ49 $r ;X $7 $^$9!# $^ $: S JQ49 $G$9 $, � 7� ! � 1 � (139) $H Dj5A $7 $^$9!# $3$N JQ 49$N 85 $G F ermion $N J,G[ 4X?t$N$O <!$N$h $& $K $* 8_ $$$K 0\$jJQ $o$j $^$9!# ~ q $r !" ~ q = e � 2 � i=� (140) $H Dj5A$9$k $H !" f 1 ( ~ q ) = f 1 ( q ) ; f 3 ( ~ q ) = f 3 ( q ) ; � f 2 ( ~ q ) = f 4 ( q ) (141) $3$N$H$- !" � $r � 1 =� $K JQ49 $9$k $H$$ $& ;v $O $I $& $$ $& 4v 2?3X E*0U L# $r;} $D $+@bL@ $7 $^$9 !# $^ $:;O $a $K !" � $G Dj $^ $kJ? 9T ;M JU 7A $r9M $($^ $9 !J ?^ 12 !K !# $3$N J?9T;MJU7A $N 0 � � $N JU $r <B<4 $K !" 0 � 1 $N JU $r >eH>J?LL $K F~$k$h $& $K E,Ev $K H?E>5Z $S !" 2s E> $7 $F$d$j$^$9 !# $= $7 $F !" $b $H$b $H$N 0 � � $N JU 37

?^ 13: S JQ49 $K$h $k4pK\NN0h$NJQ7A ?^ 14: <~4|@- $N D9$5 $, 1 $K $J $k$h $& $K scale $7 $^$9 [ ?^ 13] !# $= $& $9$k $HJQ49 $7 $? J?9T;M JU7A$N mo duli $O !" � 1 =� $K $J $j$^$9!# :# !" J?9T;M JU7A$N 2#<4 $K$O 6u4V J}8~$N 6-3& >r7o$r !" =D<4 $K$O ;~4V J}8~ $N 6-3&>r7o $r $H$C $F$* $-$^$9 !J ?^ 14 !K !# $=$N $H$- !" S JQ49 $K BP $7 $F$O =D2# #2$D$N J} 8~ $K 4X $7 $F F1 $8 6-3& >r7o $r ;}$D$b$N$O 6-3& >r7o$N JQ99 $, $" $j$^ $;$s !# 0lJ} A $H P $, 8r $6 $C $F$$ $k$b$N $K 4X $7 $F$O !" (A,P) $ (P ,A) $H $$ $&F~ $l BX $o$j $, 5/$3$j$^$9!# L58B @Q $K BP$9 $k$3$N $h $& $J JQ49 @- $O !" Hs>o $K non-trivial $G $9!# 8x<0<+ BN $, !" $I $& $d $C $FF3 $+ $l $k $N $+ @bL@ $7 $^$9 !# Nc $( $P !" f 1 $+$i f 4 $N 4X?t $O !" Jacobi $N # 4X?t $H Dedekind $N � 4X?t $r MQ$$$F !" f 2 = s # 2 � ; f 3 = s # 3 � ; f 4 = s # 4 � (142) $H I=$9 $3$H $,$G $- $^$9 !# $3 $3$G !" � $O Dedekind $N � 4X?t !" # $O Jacobi $N # 4X?t $G !" $3$N # 4X?t<+BN $O L58BOB $G <!$NMM $K I=$9 $3$H $,$G $- $^$9!# # 3 = 1 X n = �1 q n 2 2 ; # 2 = 1 X n = �1 q 1 2 ( n + 1 2 ) 2 ; # 4 = 1 X n = �1 ( � 1) n q n 2 2 (143) $7 $?$, $C $F !" Jacobi $N # 4X?t $K BP $7 $F mo dular JQ49@- $r >ZL@$9 $l $P NI $$$3 $H $K $J$j$^ $9 !# $= $N>Z L@ $O Poisson $N resummation form ula $r MQ $$ $F 38

9T $& $3 $H $,$G $- $^$9!# 1 X n = �1 f ( nr ) = 1 r 1 X n = �1 ~ f � m r � (144) ~ f ( y ) = Z 1 �1 dxe � 2 � ixy f ( x ) (145) ~ f ( y ) $H$O !" f $N F ourier JQ49$N $3$H$G $9!# $3$N 8x<0 $O !" $3$N9V5A $N0lHV:G =i $K =P $F$- $? !" Gauss J,I[ $, F ourier JQ 49$G$=$N 7A$r JQ $($J $$ !" $H$$ $&@-<A $H Hs>o $K ;w$F$$ $^$9!# $D$^$j # 4X ?t $O Gauss J,I[ $_ $?$$ $J$b $N $G$"$j!" $? $@ @QJ, $, OB $K$J$C $F$$$^ $9 !# Gauss J, I[$N Nc $G$O !" ! $H 1 =! $H$, 0\$j 9g$C$F$$$?$o$1 $G $9 $, !" :# $N >l9g$O � $, � 1 =� $K JQ $o $kJQ49 $K$J $C $F$$ $^$9 !# ?^ 15: T JQ49 $K$h $k4pK\NN0h$NJQ7A F1MM $K !" T JQ49 $O !" ?^ 12 $N$h $& $K F10l ;k $rDj5A $7 $F$$ $?J?9T ;M JU 7A $r !" ?^ 15 $N$h $& $K $R $7 $c $2 $? J?9T;MJU7A $K <h$jBX $( $kJQ49 $G$9!# $3$NJQ49 $O F10l;k$N9T$$J} $r JQ $($F$$ $k $@$1$G $9$N $G >l$NM}O@ $O JQ $o$j $^$; $s !# T JQ49$N$b $H $G$O !" f 3 $H f 4 $, F~ $l$+$o$j $^$9 !# $3 $l$O $I $& $7 $F$+$H 8@ $$$^$9 $H !" JU 0 � 1 $r !" Nc $( $P !" an ti-p erio dic !" 0 � � $r p erio dic $H $7 $^ $9 !# $9$k $H !" JQ 498e $N=D<4 $N6-3&>r7o $r 7h $a $J $/ $F $O$J$i$J$$ $o $1$G$9 $, !" 0 $+$i � $K $$ $/ $H p erio dic !" $5 $i$K !" � $+$i � + 1 $K $$ $/ $H an ti-p erio dic $G $9 $+$i !" 0 � (1 + � ) $N 6-3&>r 7o $O 9g@. $7 $F an ti-p erio dic $K $J $j$^$9!# $9 $J$o $A Nev eu-Sc h w arz sector $K 4X $7 $F !" ;~4VJ}8~ $N6-3&>r7o $, F~ $l BX $o $j $^$9!# $3$l $^$G$N 9V5A $G #3<oN‘$N S L (2 ; Z ) JQ49 $r 8+$F$-$^ $7 $? !# 39

?^ 16: T JQ49 $K $h $k<~4|@-$NJQ2= 1. w orld sheet $N mo dular ITJQ@- 2. target space $N T-duality 3. Y ang-Mills M} O@$N coupling constant, � = � = 2 � + 4 � i=g 2 $K BP $9 $k duality $3$l$i $O $h $/9M$( $k$H A4 A30c $& $H$3 $m$K F/$$$F$$ $kJQ 49 @- $G $9!# $7 $+ $7 !" A4 $FBP>N@- $, S L (2 ; Z ) $G $" $k $H$$ $&6&DLE@ $, $" $j$^$9!# ?’!9 $J =j $K IaJW E* $K$3 $N mo dular ITJQ@- $O 8= $l $k $o$1$G $9 $1$l $I $b !" $J$<$= $& $$ $& 9= B$ $, $" $k$N $+ !" $3 $l $r M}2r$9 $k$3$H $, !" $" $kDx EY89 M}O@$N Hs@] F0O@ E* $J @-<A $r M}2r$9$k$3 $H$K $D$J $, $k $H ;W $o $l $^$9!# 4.2 89M}O@$N@]F0O@ <! $K !" 89M}O@$N@] F0O@$H$O 2? $+ !" $H$$ $& $3$H$r I| =, $7 $F $*$-$?$$$H ;W $$ $^$9!# $3 $l$O I, MW $G$J $$$+ $b $7 $l $^$; $s$1$l $I $b !" 3’$5 $s$O 89 M}O@$N Hs @]F0 E*@-<A$N 8& 5f $r$d $m $& $H$$ $& $o$1$G $9 $+$i !" $=$N A0 $K !" @]F0O@$H $O 2? $+$r !" 4JC1 $K $*$5 $i$$ $7 $F $* $/ $3 $H$O 0-$$$3 $H$G$O$J$$$G $7 $g $& !# $^ $: !" 89 $K 9T$/ A0 $K N3;R $N1? F0 $K$D $$ $F>/ $7 I|=, $7 $^ $7 $g$& !# @$ 3& @~ $N Hy>. $JD9$5 $r ds $H =q$-$^ $9 ( @~AG ) !# m $O <ANL $G$H$9$k $H:nMQ $O !" <! $N$h $& $K$K =q $1 $^$9!# S = m Z ds $3$NN3;R $K Y ang-Mills >l !" Nc $( $P U (1) $N %2 !< %8 >l $, 7k9g $7 $F$$$k $H$9 40

?^ 17: N3;R$N@$3&@~ $k $H !" $=$NAj8_:nMQ9‘ $O !" e Z A � dx � $H $J$j $^$9!# A4BN $H $7 $F$O !" S = m Z ds + e Z A � dx � (146) $H$J$j$^$9 !# $3$N:nMQ $K$O !" 0l <o $N %2!< %8 BP>N@- $,$"$j$^ $9 !# $D$^ $j!" F; $9 $8 $K 1h$& %Q %i %a !< %? !< $r t $H $7 $^ $9 $H !" $3$N %Q %i %a !< %? !< $N:F Dj 5A $K BP $7 $F M}O@ $O JQ $o$j $^$; $s !# $D$^ $j!" gauge JQ49 $O t 0 ! f ( t ) $G $9!# Nc $( $P $3 $N M} O@ $G Green 4X ?t$J $I $r 7W;; $7 $h $& $H $7 $^$9$H !" $"$k E@ x $+$i x 0 $^ $G$N $9$Y$F$N path $K 4X $7 $F OB$r<h $l $P NI$$Lu $G $9!# G ( x; x 0 ) = X (path) exp � m Z � 0 � ds ! (147) ?^ 18: 7PO)@QJ,$N path $3$l$, !" E@N3;R$N >l9g$N @b L@ $G $9 $, !" 89M}O@$N >l 9g $K$O $= $l $r #2 <!85 $K 3HD% $7 $^$9!# $D$^ $jE,Ev $K 6-3& $r$H$C $F$*$$$F !" ( ;OE@ $H =*E@ $K AjEv $7 $F$$ $k $N $, 6-3& $K$J$k$o $1$G$9!# ) !" $3$N 6-3& $NNX$C $+$K 4X$9$kAj4X4X?t $H $$ $& $b$N$r 9M$( $^$9!# $D$^$j$3$l $i $N 6- 3&$r BT$D$h $& $J 2 <!85 LL $K $D 41

$$$F A4$FOB $r$H $k $o$1$G $9!# G ( c ) = X (Sc) exp � � T Z @ � �= c dA � (148) $3$3 $G T $H =q$$ $? $b $N $, string tension $H 8F $P$l $k$b $N $G !" N3;R $N>l9g $N <A NL $K AjEv $7 $F $$$k%Q%i %a !<%?!< $G$9!# $^ $? dA $O Hy>.LL @QMWAG $G $9!# $= $7 $F !" 1?F0 J}Dx<0 $O !" E@ N3;R $N$b$N $r0lHL2= $7 $? FnIt - 8eF#:nMQ $+$i F3 $+$l $F !" @ a ( @ b h ab @ � X � ) = 0 (149) $H$J $j$^$9!# $3$N h $O w orld sheet >e $N induced metric $G !" h ab = @ a X � @ b X � (150) <B $O !" $3 $l$O LL@Q :G>.$N LL$r 7h$a $k<0$9$J$o $A6K >.6J LL$N J}Dx<0 $K B> $J $j $^$; $s !# $H$3 $m$G !" 89 $N 7PO) @QJ,$H$$ $& $N $O A4$F$N 6J LL $K $D$$$F B- $7 >e $2 $k$H$$ $& $3$H$r 9T $& $o$1$G $9 $, !" $3$N J}Dx<0<+BN $O h $N I=<( $K X $N #2>h $, F~$C $F$$$k $N $G Hs@~7A $G$9!# $7 $? $, $C $F9)IW $, I,MW $H$J$j$^$9 !# $=$3 $r $&$^$/$d $C $?$N$, !" P oly ak o v $N 7P O) @QJ,$G !" Jd=u>l g ab $r $$ $l $F Lagrangian $r =q$-49 $( $^$9!# W = 1 4 � � 0 Z p g g ab @ a X � @ b X � d 2 � (151) T = 1 4 � � 0 (152) $b$H$b$H$O A4 $F$N !" X $K 4X$9$k OB $@$1$r 9M$($F$$$?$o$1$G $9 $, !" :#EY $O A4 $F$N#2 <!85LL $N7WNL $H X $K 4X $7 $F OB $r$H$k $3$H$K$J$j$^$9!# 7WNL $K BP$9$kOB $r$H $k>l$NM}O@ $O NL;R=ENO $K B>$J$j$^$; $s !# :nMQ (152) $+$i F3 $+ $l $k1?F0J}Dx<0 $H $7 $F !" 7WNL g ab $N JQJ, $K 4X$9$kJ} Dx<0 $r 9M $($F$_ $^$9!# @ a ( p g g ab @ b X � ) = 0 (153) 42 g ab $H $$ $& $N $O !" w orld sheet >e$N7WNL $G $9$N$G !" w orld sheet >e $N energy momentum tensor $H 7k9g $7 $F $$ $^$9!# T ab = @ a X � @ b X � � 1 2 g ab g cd @ c X � @ d X � = 0 (154) $3$l $+ $i 5U$K g $r 2r $/$3$H$, $G $- $^ $9!# $3$l $r <0 (153) $K Be F~$9 $k$H 85 !9 Jd=u >l$N M} O@ $G $7 $?$+ $i Fn It - 8e F#$N <0 $K $b $I $k$o$1 $G $9!# $7 $+$7 !" $=$N Be$o$j$K g $K 4X$9$k @QJ,$r <B 9T$9 $k $3$H$, 2DG= $G $" $k ;v$r >ZL@ $7 $? $N $, P oly ak o v $N;E;v $G$9!# $3 $N $3 $H $O !" 2 <!85>e $N metric g ab $K 4X$9 $k 2 <! 85$NNL ;R=E NO $r <B :] $K 2r$$$F $7 $^ $& $3$H$r 0U L# $7 $F $* $j Hs>o $K BgJQ$J ;E;v $G $9!# $3 $N$H$-$N gauge BP>N@- $O 2 <!85LL>e $N 0lHL:BI8JQ49 $K$J $j$^$9!# � � � = f � ( � ) ( � = 0 ; 1) (155) $3$3$G%2 !< %8 <+ M3EY$O #2$D$" $j $^ $9!# $b$H$b$H 7W NL $O FH N) $J <+M3 EY $, #3 8D $G%2 !< %8 BP >N@- $, #2$D <+ M3EY$r ;}$C $F$$ $^$9$N$G !" #1$D <+M3EY $, M>$j $^$9!# $= $l $r MQ$$$F 7WNL$r %2 !<%8 8G Dj$9 $k$o$1$G $9 $1 $I $b !" ;D $C $? <+ M3 EY $NI=<( $H $7 $F IaDLMQ $$$k $N $O !" ds 2 = g ab d� a d� b = e � dz d � z $G conformal 7WNL $H 8F $P$l $^$9!# � $O Liouville >l$N<+M3EY $H 8F $P$l $F$$ $^$9!# $$ $C $? $s%2 !< %8 8GDj $7 $F $7 $^ $& $H %2 !<%8 JQ49$N <+ M3EY $O $b$O$d ;D $i $J $$$H 9M$($i$l $^ $9 $, !" $3$N >l 9g$5$i$K conformal 7W NL$r JQ$($J $$ JQ 49 $, B8:_ $7 $F $*$j (residual gauge symmetry $H 8F $S $^$9 ) !" Virasoro BP>N@- $K $J $C$F$$$^$9!# $D$^$j w = f ( z ) $H $$ $&7A $N:BI8JQ49 $G $9!# Liouvill >l$N � $G $9 $, !" det g = e 2 � $r BeF~ $9 $k$H !" Lagrangian $+ $i 40 A4 $K >C$( $k$h $& $K$J $C $F$$ $^$9!# $3 $l$O 8E E5O@$H $7 $F$O @5 $7 $$$o$1$G $9 $, !" NL ;R O@ E* $K 9M $($F $d$j$^ $9 $H !" conformal anomaly $N$? $a $K � $, >C $( $J$$$H$$ $& $3 $H $, J, $+ $j$^$9!# $3 $l$, M-L> $J P oly ak o v $N ;E;v $G $9!# $=$N Liouville part $N action $, S = 26 � D 48 � Z � 1 2 ( @ � � ) 2 + � 2 e � � $3 $l $O b osonic string $N>l 9g $G$9 !# $3 $N � $N<+ M3 EY $,;D $C $F $$ $k $H Aj 8_ :n MQ $, Hs @~ 7? $H$$$& $3 $H $b $" $j $^ $7 $F !" <h $j07 $& $N $, Fq $7 $$$N $G$9 $, !" D = 26 43

$N ;~ $K$O$3$N 9‘ $O >C $($F $7 $^$$$^$9 !# $3$N <!85 $r critical dimension $H $$ $$ $^$9!# sup erstring $N>l9g $K$O 2 <!85>e $ND6=E NOM} O@ $G 9M $($k $3 $H $K$J$j$^ $9 !# $3$N M}O@ $r NL;RO@E* $K <h$j07 $& $HF1MM $K $7 $F D6BP>N2=$5 $l$? Liouville >l $N :nMQ $, =P$F$-$F !" :#EY $O D = 10 $G >C $( $^$9 !# 89M} O@ $N@]F0 O@ $H $$ $& $N $O !" $I $& $$ $& 9= B$ $K $J $C $F$$$k $+$H$$$& $H !" 3F lo op $G 1 8D $: $D diagram $, $" $j $^$9!# $3 $l $r tree !" 1-lo op !" : : : $H B- $7 $? $b$N$, A4BN$N ?6I} $K$J $j$^$9!# !J ?^ 19 !K %k !< %W $N ?t $, @]F0$N <!?t $K BP 1~ $7 $F$$ $^$9!# ?^ 19: tree+1-lo op+ : : : 80 G/Be $K 0l1~40@.$5 $l $? 89 $N @]F0M}O@ $H $O $I $& $$ $& ;v $r$9$k $+$H$$$$ $^$9 $H !" $^ $: !" 1. 3F Riemann LL>e $G 2 <!85 $N CFT $r 2r$-$^$9 !# 2. 3F order 3F gen us $G mo duli $K 4X$9$k@QJ, $r 9T$$$^$9 !# 3. :G8e $K !" 3F top ology $r$? $7 $" $2 $k$o $1$G $9!# $H $$ $&#3CJ %9 %F%C %W $G 9=@.$5 $l $^$9!# $3 $l $r $$ $A$$ $A <B9T$9 $l $P 89M} O@ $O 2r $1 $k !" $H$$ $& $3$H$K$J $j $^$9!# $7 $+ $7 !" $3$3$G 89 M}O@$N @] F0 O@$N CW L?E*$JLdBj $, Ib $+ $S >e $, $C$F$-$^$9!# critical dimension $O cenrtal c harge $G$$ $( $P !" bosonic string $G c = 26 !" sup erstring $G$O !" c = 10 $H$J$j$^ $9 !# $3$N $h $& $J cen tral charge $r ;} $C $F $$ $k conformal �eld theory $G $"$l $P $9$Y$F $3 $N pro cess $r $X$F !" @]F0 E8 3+ $r Dj5A $G$- $k;v $K$J $j$^$9!# @hDx c = 1 $N >l9g $K @bL@ $7 $^ $7 $?$h $& $K !" c $r 8GDj $7 $? CFT $H $$ $& $N $O !" target space mo duli $K $D$$$F$N O"B3E* $J <+ M3 EY $, $" $j $^$9!# $^ $? !" $3$3$G$O toroidal compact 2=$r @bL@ $7 $?$@$1 44

$G $7 $? $, !" $b$C $HJ#;( $J Calabi-Y au compact 2= $H $+$= $& $$ $& $b$N $K 4X $7 $F$bL58B $K B?$/ $N CFT $, $"$j $^$9 !# $D$^ $j??6u $, 7h$^ $i$J$$ $H$$ $& $3 $H $K $J$j $^$9!# <B $O !" AG N3 ;R $N@$Be $, 3 @$Be $H8@$& ;v $, @]F0 O@ $G7h$^ $k $N $+ !" $H$$$& $H CFT $r 8+$k $+ $. $j !" 3 @$Be $N$b$N$b:n $l $k $7 !" 4 @$Be$N$b $N$b :n $l $k $7 !" 5 @$Be $N$b $N $b:n $l $k !" $H$$ $& $o $1 $G $I $l$, NI $$ $N $+ 7h $a $i $l $^ $; $s !# $^ $? !" $?$H$( $P 10 <! 85 $+$i 2f !9 $N 4 <! 85 $r @Z$j =P $7 $F $/$k;~ $K !" 6 <!85$N compact 2=$H$$ $&:n6H$r 9T $& $o$1$G $9 $, !" $J$< 4 <! 85 $, A* $P $l $F !" $[$+ $N <!85 $8 $c$^$: $$$N$+$H 8@ $&;v $,$o$+ $j $^$;$s !# $3$N 0UL#$G$O !" 89M}O@ $H$O $3$l$i $N Ld Bj $K $D $$$F$N M= 8@G= NO $, L5$$$H$$ $& $3$H$K$J $j $^$9!# ;~ 6u$N <!85$d AG N3;R$N @$Be ?t $J $I $O :G$b 4p K\E*$J M}O@$N%Q%i %a !<%?!< $G$" $j $= $l$i$, 7h$^$i$J $$$H $$ $&E@ $G$O 89M} O@$N@] F0O@ $O M}O@$H $7 $F 40A4$G $J$$$H$$ $&;v $r 0UL# $7 $F$$ $^$9!# ( <ALd ) � $C $F 2? $G$9 $+ ? ( Ez $( ) 1’ Ch9‘ $K AjEv$9 $k <+M3EY$G !" NL;RJd @5 $G =P$F $/$k $H 9M $($i$l $k 0x;R $G$9!# Einstein J}Dx <0 $HF1 $8 $G !" $"$C $F$b $J$/ $F$b9= $$$^ $; $s !# $G$9 $+$i $3 $l L5 $7 $G M} O@ $r9M $($k ;v $b2D G= $G !" $=$& $9 $k $H<+M3 >l $K $J$j $^ $9 $N $G <h$j07$$2DG=$J NL;RO@ $r :n$k $3$H $, $G $- $^$9 !# $3$N >l9g $K$O c = 26 $G $J $/ $F $OBLL\ $@$H$$ $& $3 $H $K $O$J$j$^ $; $s !# 80 G/Be 8eH> $K !" target space $N <!85 $, 1 <!85$h$j>.$5$$>l9g !J c < 1 !K $O M}O@ $, 2r $1 $k !" $H$$ $&;v $, M} 2r$5 $l$F $-$?$N$G$9 $1 $, !" $= $l$O Liouville M}O@ $, 2r $1$?$H $$ $& $3$H$r 0U L# $7 $F $$ $^$9!# $=$N $h $& $J LO7?$G$O central charge c $, NW3& <!85 26 $G $" $k $H$$ $C$?I,MW $, L5 $/ $J$j$^$9!# $G $9 $+$i ( <ALd ) $I $& $$ $& parameter $G E83+ $7 $F $$ $k$N $G$9 $+ ? ( Ez $( ) world sheet $N Riemann LL $N 7j $N?t (= <o ?t g ) $, >l $NM} O@ $N F eyn- mann ?^$N lo op ?t $K BP1~ $7 $^$9!# 8e $G dilaton $H$$ $& <+M3 EY $, =P $F$-$^$9 $, !" $= $l $O 2 <!85$N scalar 6J N( $H !" 1 2 � R � R (2) d 2 � $H $$ $&7A $G 7k9g $7 $F $$ $^$9!# � $r ??6u4| BTCM !J Dj ?t !K � 0 $G CV$- 49 $( $k$H � 0 R R (2) d 2 � $H $J $j $^ 45

$9!# 1 2 � R R (2) d 2 � = 2 � 2 g $G $9$N $G CzEY action $N$3$N 9‘ $+$i Lo op E83+ $N E83+78?t $N$h$& $J$b $N $, 8+ $( $F$-$^$9 !# $D$^ $j!" e � 2� 0 $H $$ $& $b$N $r 7k9g Dj?t $H $7 $? E83+ $H$J$j $^$9!# 4.3 mo duli space $N @QJ, $K$D $$$F 89 M} O@ $N Lo op E8 3+ $N 3F <! $N 7W ;; $G $9 $, !" :G =* E* $K $O Riemann LL $N mo d- uli 6u4V $K 4X$9$k@QJ, $r 9T $& $3$H $K$J$j $^$9 !# $3 $l$K $D$$$F$b $&>/ $7 >\ $7 $/=R $Y$^$9!# $b$H$b $H 89M}O@ $H$$ $& $O 2 <!85=ENO$9 $J $o $AA4 $F$N Riemann LL $N$? $7 $" $2 $r 9T$C $F $$ $k M}O@$G $9!# $D$^$j$b$H $b$H $N 7P O)@Q J,$N <+M3 EY $O 7W NL $@ $C$? $o$1$G $9!# 85 !9 $N<+M3EY!’ dg 0lJ} $G :#@QJ, $7 $?$$<+M3EY $O Liouville $N <+M3 EY $H !" !J gauge 8GDj $7 $F $7 $^$& $N $G;v<B >e @Q J, $7 $J$$ $o $1 $G$9 $, !" !K :B I8 JQ 49 $N<+ M3 EY $H $,$"$j $^ $9 !# @QJ, $7 $? $$ <+M3EY!’ d�; d� 1 ; d� 2 dg $K $O <B $O$3 $l$i $N B> $K M-8B<+M3EY$N4sM? $, $"$j $^$9 !# dg ab = d�g ab + r ba ( d� bj ) + X dm 0 g 0 ab (156) dg $N JQJ,$N Cf $G !" r ba ( d� bj ) $H $$ $&9‘ $O :B I8JQ49$N <+M3 EY $G$" $j J,G[ 4X?t $r %2 !< %8 BN@Q $K$D$$ $F3d$k $H$- $K >C $($^$9 !# d�g ab $NItJ, $O Liouville >l$N <+M3EY$G$" $j!" NW3&<!85 $G$O >C$( $^$9!# :G8e $K ;D$C$F$$ $k P dm 0 g 0 ab $O M-8B<!85$N@QJ, $r M? $( $^$9!# $3 $l$, mo duli space $G $9!# 1-lo op $G$O w orld sheet $O torus $G $9 $+$i !" ?^ 12 $N$h $& $K � $H $$ $& pa- rameter $, $" $j $^ $7 $? $, !" mo duli $N <+M3EY $O$3 $N >l 9g $K$O � $N <+M3EY$= $N $b$N$G $9!# $3$N � $r JQ $( $k JQJ, $O !" $?$H$( $P :B I8 JQ49 $G <B 8= $7 $h $& $H $9$k $H linear $J JQ49 � z = � � z (157) 46

$GM? $( $i $l$^ $9 !# 8D !9 $GLd Bj $K $J$k $N $O $3 $N:B I8 JQ 49 $N 4X ?t <+ BN $, torus >e $G <~4|E* $J4X?t $J$C $F$$ $J$$E@ $G$9!# $D$^ $j0l8+ mo duli $N JQJ, $b:BI8 JQ 49$N JQJ, $K F~$C $F $$ $k$h $& $K 8+ $( $^$9 $, $= $& $J$C$F$$ $^$;$s !# $3$N >l 9g$N<+M3EY$N8D?t $O ( � ; � � ) (158) $H$$ $& $3$H $G !" <B?t $G ?t $( $k $H 2 parameter $K$J$j$^$9 !# 0l HL $K <o?t g $N mo duli 6u 4V $O <B ?t$G ?t $( $F 6 g � 6 ( g � 2) $N <! 85$r ;}$D$3$H$K $J $j $^$9!# $= $l $G $3 $N parameter $O >l$N M} O@ $G$O 2? $K$J $C $F$$ $k$N$+ !" >l $N M} O@ $H $N BP1~4X78 $r 9M $($F$_ $^$9!# >l $N M} O@ $G $N ?^ 20 $N $h$& $J tree graph $N7W ;; $r9M $( $F $_ $^ $9 !# propagator ?^ 20: >l $N M}O@ $K $* $1 $k tree graph 1 = ( p 2 + m 2 ) $H $$ $& $b$N$r F~ $l $F F eynman parameter $N @QJ,$r =q$$$F $_ $k $H !" 1 p 2 + m 2 = Z 1 0 dte � t ( p 2 + m 2 ) (159) $@ $$ $? $$ ?^ 20 $N ?? Cf$N @~$N D9$5 $, t $G $9!# >l $N M} O@$N ;g 30H/ ;6 $O , $3 $N t $, 0 $N$H$3 $m $G 8= $l $kH/;6$N $3$H$r ;X $7 $F$$ $^$9!# � � 0 ;g30H/;6 (160) 47

0lJ} 89 M} O@$N >l 9g !" propagator $N @~$N ItJ, $, ?^ 21 $N $h $& $J LL $K 2= $1 $^$9!# ?^ 21: string amplitude propagator $O 1 =L 0 $G$3$l$r <!$N$h $& $K =q$-49 $( $^$9 !# 1 L 0 = Z d� e � � L 0 (161) (162) $3$3 $K =P $F$/$k � $O <0 !J 159 !K $N � $H B> $J$j$^ $; $s !# $3$NMM $K N3;R $N>l $N M}O@ $N F eynman parameter $, 89M}O@ $N mo duli � $K BP1~ $7 $F$$ $k $H$$ $&4X78 $,$o$+ $j $^$9!# $3$N BP1~ $G$$ $/ $H !" >l $NM}O@ $N;g30H/;6 $K BP1~ $9$k ItJ, Im � � 0 $N $H $3 $m$G H/;6 $, @8 $8 $k$h $& $K ;W $( $^ $9!# @hDx8@$$ $^ $7 $? $h $& $K 89M} O@ $G$O world sheet $N mo dular ITJQ@- $,$" $k $N $G>u67 $OBg$-$/ 0c $$$^ $9 !# $3$3 $G mo dular JQ49 $r � 0 = a� + b c� + d (163) $H =q$- $^$9!# � $N <h$j F@$k CM $O complex plane $N >e$G$O ?^ 22 :8 >e$N MM $J >eH>J?LL $K$J$j$^$9!# <0 !J 161 !K $O$3$N NN0h $N � $K 4X $7 $F 2 =E@QJ, $7 $? $b$N$G $9!# $H $3 $m$, � ! � 0 $N JQ 49 $K $h $C $F � $N JQ 99 $K $h $C $F Ho @Q J, 4X ?t$O JQ 2= $7 $^$;$s$+$i !" J,G[4X?t$N @QJ, $O F1 $8 @QJ,$r 2? EY$b7+$j JV$9$3$H$K $J $j redundant $G $9!# $7 $? $, $C $FM-8B $NCM $r=P$9 $? $a $K $O @QJ, NN0h $r mo dular JQ 49$N <+M3 EY $K $D$$$F 3d$C $F$d$i $J $/$F$O 9T $1 $^$;$s !# $3$N 3d$C $F F@ $i 48

$l $k6u4V $r4pK\NN0h $H8F $S $^$9 !# 1-loop $N >l9g4pK\NN0h $O ?^ 22 1& $NMM $J NN0h$J$k$3 $H $,$o$+ $j $^$9!# ?^ 22: torus mo duli $N 4pK\NN0h @h $[ $I ;g30 H/;6 $, @8 $8 $k$H$$ $C $?$N$O Im � � 0 $N =j $G $9 $, !" :G=*E* $J @Q J,NN 0h$r 8+$F$d $j $^$9$H !" $3$N ItJ, $, 30$5 $l $F $$ $^$9!# $D$^$j 89M} O@ $O $3 $N $h $& $J ;g 30H/ ;6 $, L5$$ M} O@ $G$" $k$H$$ $& $3$H $, $o$+ $j $^ $9!# $D$^ $j ?^ 23 $N$h $& $K ;g30NN0h $NHs>o $K I} $NC;$$ $h $& $J?6I} $r7W;; $7 $h $& $H$9 $k $H !" mo duli JQ49 $K $h $C $F !" @V30NN0h $NJ} $K ;}$C $F$$ $+$l $k $o $1$G $9!# ?^ 23: S L (2 ; Z ) JQ49 $K$h $k string amplitude $N 4V $N 4X78 80 G/Be $K$O89M} O@ $NHs @] F0 E* $JJ} K! $O $[ $\ 0l $D $7$+$"$j$^ $; $s$G $7 $? !# $$$o$f $k String Field Theory $G $9!# ?^ 24 $r $_$F $/ $@ $5$$ !# >l $NM}O@ $O 4pK\E* $K vertex $H propagator $r AH$_9g $o$; $F A4 $F=PMh$k $o $1$G $9 $, !" String Field Theory $H$$ $& $N $O !" F1 $8 $h $& $J 9M $( J} $G !" string $N propagator $H v ertex !" $3 $l$O %Q %s %D$_$?$$$J$b$N$G $9 $, !" $3 $l$i$r AH $_ 9g$o $;$F $$ $/$3$H$G !" string $N Aj 8_ :n MQ$r =q $/$3$H$, $G $- $k$H $$ $&9M 49

?^ 24: vertex $H propagator $( J} $G $9!# Nc $( $P ?^ 25 $N$h $& $JLL $G$" $l $P !" $3 $3 $, propagator !" $3 $3 $, vertex !" $H$$ $& $h $& $K J, $1 $k$3$H $, =PMh$^$9 !# ?^ 25: v ertex $H propagator $K $h $k w orld sheet $N J,3d E@ N3 ;R$N >l $N M} O@ $N >l 9g !" <0 !J 161 !K $N $h $&$J parameter @Q J,$O 0l C6 Lagrangian $5$( M? $($F $7 $^ $( $P F en ymann ?^ $r =q$/ $3$H$K$h$j <+F0E* $K M? $( $F $7 $^$& $3 $H $,$G$-$^ $9 !# $D $^ $jE@ N3 ;R $NM} O@ $G $O>l $NM} O@ $r$$ $C $? $s 9=@. $7 $F $7 $^$( $P !" $=$N M}O@ $O @] F0O@$N A4$F$N >pJs$r$" $k 0U L# $G Fb :_ $9$k $3$H $,$G$-$k $3 $H$J$j$^ $9 !# $^ $? !" o�-shell $N>pJs $b4^$‘ $H$$ $& ;v $+ $i !" $5 $i$K ?J $s$G Hs @]F0 O@E*$J @- <A$^$G 5DO@ $G $- $k$h $& $K$J $j $^$9!# F1 $8 $h $& $J$3$H$r 89M} O@ $G $b 9T $( $k$h $& $K $9 $k$3$H $, 89$N>l$N M} O@$NL\ I8 $G $9!# $b $7 $= $l$, $G $- $l $P 89M} O@$N Hs@] F0O@ E*$J @- <A$b$=$3$+$i =P$F $/ $k $O$: $G $9!# $H$3 $m $, !" :#$^ $G$N$H $3 $m$3$N J}8~$G$N 8&5f$O 40A4 $K$O @. 8y $7 $F$$$^$; $s !# $D$^ $j@hDx $N mo duli 6u4V $N@QJ, $N:G8e $N %9 %F%C %W $G 4p K\ NN0h $K @QJ, NN0h$r @)8B$9 $k I,MW @- $r =R$Y $^ $7 $? $, !" 89 $N >l$N M}O@ $+$i $O $3$N$h $& $J@)8B $r =P$9$3 $H $, Fq $7 $$$3$H $, CN $i $l $F$$ $^$9!# N3;R $NM} O@ $N>l 9g F eynman parameter $NNN0h $H$$$& $N $O#2<o N‘ ?^ 26 $G $9$N $G !" parameter $K 4X $7 $F 0 � 1 $G @QJ, $7 $F$d $l $P $= $l$G $* $7 $^$$ $G 50

$9!# !J ?^ 26 !K ?^ 26: >l$NM}O@$N 4 E@Aj8_:nMQ 0lJ}$G F1MM$N$3$H $r string $G $d $m $& $H $7 $^$9$H !" $3$l$K Aj Ev$9 $k dia- gram $O ?^ 27 $N$h $& $K$J $k $o$1$G $9!# ?^ 27: string $N 4 E@Aj8_:nMQ =D$N ItJ,$r 0 � 1 $K $9 $k $H$+ $" $k$$$O 2#$N ItJ,$r 0 � 1 $K $9 $k $H$+ $$ $& $3$H$O $3 $N #2 <!85E*$J ?^ $G$O $" $^$j 0UL# $, $" $j $^$; $s !# $D$^$j J} 8~ $H $$ $&$b$N $, $" $k$?$a !" $J $s$@$+ ^U A3 $H $7 $F 0l BN $H $7 $F $$$F !" $I $N$h $& $K J,3d$9 $l $P NI$$$N $+ 0l0UE* $G$O$"$j $^$; $s !# 80 G/Be $N =*$j $K$O 89M}O@ $G$O Hs@]F0O@E*@-<A $O J, $+$i$J$$ $7 !" 0lJ}@] F0O@<+BN $b8B3& $, 8+ $($F$- $? $H$$ $& $3 $H $G Hs>o $K D@BZ $7 $F $7 $^$$$^ $7 $? !# :G6a $K$J $C $F !" $3 $NFq $7 $$ $H;W $o $l$F$$ $?89 M} O@ $NHs @] F0 O@ E* $JNe 5/ $, D-brane $H $$ $&7A $G <+ A3 $K 89 $r MQ$$$F 5- =R $9 $k$3$H$, J, $+ $j >u 67 $, Bg$- $/JQ $o$C $F$-$^ $7 $? !# $3$N?7 $7 $$ E83+ $K $D$$ $FL@F|=R $Y $?$$ $H ;W $$$^$9 !# 51

5 String Sp ectrum $H %= %j %H %s 5.1 b osonic closed string :# F|$N 9V 5A$N A0 H>$O !" String M} O@$N Sp ectrum $d %= %j %H %s $d D-brane $r <g $K 9V5A $7 $F !" 8eH> $K$O $$ $/$D $+$N dualit y $N Nc $K $D $$$F 9V 5A $7 $^ $9!# Duality $N Nc $O$$ $/ $D $b$"$k $N $G$9 $, !" 9-$/ @u$/ $h$j0l $D $NNc $r>\ $7 $/D4 $Y$?$$$H ;W$$$^$9!# $^$: !" 4JC1 $J Nc , Bosonic string $r 9M $( $^$9!# $3$N >l9g$N mass shell >r 7o $H$$ $& $N $O :rF|Dj5A $7 $? Virasoro op erator $r ;H$C$F M 2 = � p � p � = 1 � 0 ( 1 X m =1 ( mN L m + mN R m ) � 2) (164) $H Dj5A $G$-$^$9 !# Spectrum $H 8@$C $F$k $H$- $O !" Ht $s$G$$$k String $N NX $, $- $e $C $H=L$^ $C $F !" N3 ;R $NMM $K 8+ $($k $H$- $N<ANL $r0UL# $7 $F $$$^$9 !# $D$^ $j 26 <! 85;~ 6u $K 8= $l $F $/$kN3 ;R$N <ANL sp ectrum $G $9!# >e $N <0$N N L m $d N R m $O m HVL\ $N>uBV $N?t $G !" � 2 $N4sM? $O !" ??6u $N%(%M %k %. !< $+$i$N4sM? $G $9!# Ph ysical state $O $I $& $$$& $b $N $,$"$k $+$H$$ $& $H !" oscillator $+$i$N4sM? $, 2?$bL5$$>l9g !" j p > : M 2 = � 2 � 0 (165) $G !" $3 $l$, tach y on $G $9!# <! $K !" massless >uBV $O N ij ( p ) � � i � 1 ~ � j � 1 j p > : M 2 = 0 (166) $G $9!# $3$3 $G $O !" ligh t cone gauge $N transv erse $NJ}8~ $r8+ $F$$$^ $9 $N $G i = 1 ; : : : ; 24 $G $9!# $D$^$j!" 26 $+$i 2 $@$1 0z$$ $? <!85 $G 8+ $F$$$^$9!# $3 $N state $r N ij $H =q $/ $H !" 24 2 8D$N <+M3EY $, $"$j $^$9 $, !" <! $N 3 $D$N It J, $K J, $1 $k$3 $H $,$G $- $^$9!# N ij = G ij + B ij + � (167) 52

$3$3$G !" G ij $O BP >N $G %H%l !< %9 %l %9 , B ij $O H? BP>N !" � $O scalor $G $9!# <+ M3EY $r 4*Dj$9$k $H !" (26 � 2) 2 = � 24 � 25 2 � 1 � + � 24 � 23 2 � + 1 (168) $H $J $j 3F !9 Gra vito, an ti-symmetric tensor, dilaton $N <+ M3 EY$r 5- =R $7 $^ $9!# <+ M3 EY $N4* Dj $G$9 $, Nc $( $P Gra viton $K$D$$ $F $O<! $N $h$& $K $J$j$^ $9 !# 26 <!85 $G$O BP>N%F %s%=%k$N <+M3EY $O 26 � 27 2 � 1 $G $9!# $? $@ $7 J*M}E*<+M3EY $H 8@ $& $H$-$O !" gra viton $N gauge BP>N @-$N <+M3 EY $r 0z$-$^$9!# gauge <+ M3EY $, 1 $D$"$k $H !" $= $l$K$H$b $J$C $F !" >l $NJ*M} E* $J<+M3EY $O 2 $D8:$j $^ $9!# $3$N >l9g 26 � 27 2 � 2 � 26 $, J*M}E*<+M3EY $G$9 $, Ligh tcone gauge $G =P$? CM 24 � 25 2 � 1 $H 0lCW $7 $^$9!# ( <A Ld )gauge <+ M3 EY$G J* M} E* <+ M3 EY $N ?t $, Mn $A $k$H$O $I $&$$ $& $3$H $G $9 $+ ? ( Ez $( ) B> $NNc $G=R $Y$^ $9 $H !" QED $G$O %2 !< %8 8GDj >r 7o div A = 0 $G 0l 8D<+M3EY $, 8:$j!" $5 $i$K $= $l$K BP$9$k !V 1?F0 NL !W $N <+M3EY $, $5$i$K 8:$C $F !" 9g7W 2 $D$N<+M3EY $, 8:$j$^$9 !# QED $N >l9g $O $4 B8 $8 $N$h $& $K 85 !9 $N %2 !< %8 >l $O #4$D <+ M3EY$r ;}$C $F$$ $^$9 $, J* M}E*$J <+M3 EY $G$" $k2# GH%b!< %I $O <+M3EY 2 $G $9!# 5.2 Bosonic op en string <! $K !" open string $r D4$Y $F$_ $^$9 !# op en string $N action $O !" S = 1 4 � � 0 Z M d 2 � @ a X � @ a X � 0 � � 1 � � (169) $H$J$C $F$$$^$9 !# $3$3$G !" � 1 $O 3+ $$ $F$$$k89 $r:BI8IU $1 $7 $F$$$^$9 !# $3 $N action $N JQ J,$r <h$C $F $_ $k$H !" bulk $N It J,$H 6- 3&$N It J,$N OB$K $J $j $^$9!# � S = bulk + 1 2 � � 0 Z @ M d� � X � @ n X � (170) 53

$3$3$G !" @ n $H =q$$$?$N $O !" op en string $N world sheet $N 6-3& $K $* $1 $k K! @~J}8~$NHyJ, $G $9!# ( <ALd ) bulk $H$O$J$s$G $9 $+ ? ( Ez $( )bulk $H$O 6-3&0J 30$N w orld sheet $N ;D$j A4BN$N 4sM?$N$3$H$G $9!# >e$N@QJ,$NJQJ, $G$O / R d 2 � � X � @ 2 X � $H$J $j$^$9!# $3$N JQJ, $N<0 $+ $i op en string $N6-3& $K BP$9$k>r 7o $O 2 <oN‘ $"$k $H$$ $& $3$H $, $o$+ $j$^$9!# $D$^$j!" ;~6u $N P oincare ITJQ@- $r J]$D Neumann 6- 3&>r7o (b.c.) @ n X � = 0 : Neumann � = 0 ; : : : ; p (171) $H !" $b $&0l$D $N2DG=@- $H $7 $F$O !" X � $N JQJ,<+BN $, 0 $G $" $k$H$$ $& � X � = 0 : Diric hlet � = p + 1 ; : : : ; 25 (172) $, $"$j$^ $9 !# $3 $l$O !" Diric hlet b.c. $G$9!# 1980 G/Be $^ $G $O Op en string $N 6- 3&>r 7o $K P oincare IT JQ@-$r 2]$9 >l9g$N$_$r 9M$($F $$$? $?$a !" M# 0l$N 2r$O Neumann b.c. $G $7 $? !# $D $^$j Diric hlet b.c. $r 9M$( $k$H $$ $&F0 5! $, $" $^ $j $J $+$C $?$N $G$9!# $H $3$m $, !" string $N M}O@ $N %=%j %H%s$r 5DO@ $9$k $H $-$O Dirichlet b.c. $r 9M $( $k == J,$J F0 5! IU $1 $r $" $j $^$9$N$G !" :G6a $O Dirichlet b.c. $b IaDL $K 9M $( $i $l$F $$$^$9!# :#2f!9 $, 9M $($F$$$k$N $O !" Fig 28 $H $$ $&>u67 $K$J $C $F$$$^$9!# ( <ALd ) � X � $H$O 2? $G$9 $+ ? ( Ez $( ) X � $N JQJ, $G $9!# >e $NNc $G$O !" X � = 0 $, 8GDjC<$rI= $7 $^$9!# $D $^$j!" � X � = 0 , @ t X � = 0 (173) $3$3$G !" @ t $O op en string $K BP $7 $F J?9T $J J}8~ $X$N HyJ, $G $9!# $G$O !" Neumann b.c. $N >l9g $r 5DO@ $7 $^ $7 $g $& !# :rF|Dj5A $7 $? z = e � 0 + i� 1 ; 0 � � 1 � � (174) 54

?^ 28: Op en string $N C<E@ $, �xed h yp ersurface $K 8GDj$5 $l$F $$ $k !# $H $$ $&:B I8$r $H $j $^ $9!# Closed string $N >l 9g$O 0 � � 1 � 2 � $H $7 $F $$ $? $N$G $9 $, !" open string $N >l 9g $O $= $N H> J, 0 � � 1 � � $H $7 $^ $9!# $D $^$j !" op en string $N >l9g $O !" J#AG>eH> J?LL $G M}O@$r 9= @. $7 $^$9!# FC $K !" time ordering $O >eH>LL $@$1$G$H $k$3 $H$K$J $j$^$9!# $3 $N :BI8 $r ;H$C $? mo de E83+ $O X � ( z ; � z ) = x � � i� 0 ln( z � z ) + i s � 0 2 X m 6 =0 � � m m ( z � m + � z � m ) (175) $H $J $j $^$9!# $3 $l$O !" closed string $N >l9g$N E83+ $G ~ � ! � $H $7 $? >l9g $K AjEv $7 $^$9!# Mass shell condition $O M 2 = � p � p � = 1 � 0 1 X m =1 mN m � 1 ! (176) $N$h$& $K $J $j $^ $9 !# spectrum $r=q $- $@ $7$F$d $k $H !" 0l HV 2< $N>u BV $O !" (165) $G p $H =q$$$F$$$?$N $r k $H =q$$$F !" tac h y on j k > : M 2 = � 1 � 0 (177) $H $J$j $^$9!# <! $K massless $O photon � � � 1 j k > : M 2 = 0 (178) $H$J $j$^$9!# => $C $F !" op en string $N M}O@ $K$O tach y on $H%2 !< %8 >l $, B8:_ $7 $F$$ $^$9!# 4JC1 $K 8@ $& $H !" closed string $O =ENO$NM} O@ !" open string $O Y ang-Mills M}O@ $r Dj5A $7 $^$9 !# $3 $&=q $-$^$9 $H !" U (1) $7 $+ 5-=R $G$-$J$$ 55

?^ 29: Op en string $N Aj8_:nMQ !# $h $& $K 8+$( $^$9 $, !" op en string $N 6-3&$K color $r $/$C$D $1 $k$3$H$K $h $C $F !" non-abelian $N M}O@$r 5- =R$9 $k$3$H$, $G $- $^$9!# $3$N op en string $N C< $K$D $1 $k color $r ( i; j ) $H =q$-$^ $9 $, !" Chan-P aton factor $H 8F $P$l $k $b $N$G $9!# 5.2.1 Chan-P aton factor Chan-P aton factor $N$D$$$? >uBV $r%1 %C %H $G =q$/ $H j k ; a > = N X i;j =1 j k ; ij > � a ij (179) $N$h $& $K$J $j$^$9!# $D$^$jC< $K ?’ $r$D $1$? >uBV $G E83+ $7 $F$$ $^$9!# Open string $N Aj8_:nMQ $O !" 2 $D$N op en string $, 1 $D $K$J $k $H$-$O !" Fig 29 $N $h $& $K !" j $N color $r B- $7 $" $2 $k I,MW $, $" $j$^$9!# $D$^$jGHF04X?t � $N 8@ MU $G =q$$$F$d$k $H X j � a ij � b j k = � c ik (180) $H$J $j$^$9 !# FMA3 color $H $$ $& <+ M3EY $, =P $F$- $?$N $G !" :.Mp $9$k $+$b $7$l $^ $; $s $, !" 8e $G D-brane $H$$ $& 8+J} $r$9$k $H$3 $l$O <+A3 $K M}2r $G$-$^$9!# Chan-Paton factor $, $" $k$H %2 !< %8 72 $r U (1) $+$i U ( N ) $K ;}$A$" $2 $k$3 $H$,$G $- $^$9!# $D$^$j!" � a ij ! ( U � a U � 1 ) ij (181) 56

?^ 30: Op en string � 3 ! closed string !# ?^ 31: Cylinder = op en string 1 lo op , (dual) closed string tree !# $N$h $& $K !" C<E@ $N color $r JQ99$9$k BP>N@- $r Dj5A $G$-$^$9 !# $3$NJQ49 $N2< $G (180) $O ITJQ $H$J $C$F$$$^$9!# $^ $H$a$k$H !" CP $J $7 � ! CP $" $j A � ( A � ) ij U (1) U ( N ) (182) $H $J$j $^$9!# 5.2.2 E�ectiv e action for op en string op en string $r C1 $K %2 !< %8 >l$N$_ $NM}O@ $H 9M $($k$N $O 4V0c$$ $G$9!# op en string $O $= $l$@ $1 $@ $1$G $OJD $8 $? 7O $r$D$/$k $3 $H $,$G$- $: !" Closed string $r <+A3 $K 4^ $s$G $7 $^$$$^$9 !# Nc $( $P !" Fig 30 $d Fig 31 $N$h $& $J>u67 $r9M $( $^ $9!# $3 $N $h $& $K !" $$ $/$D $+ $N op en string $, $^$H $^ $k>l 9g$d !" lo op amlitude $r 9M $($k $H !" op en string $, $= $l$@ $1 $GJD $8 $J$$ $G !" closed string $, sp ectrum $K F~$k;v $K$J$j$^ $9 !# $3 $l$+ $i !" open string $N M-8z :n MQ $r9M 57

?^ 32: (a) closed string $N$_$G JD $8 $F$$ $k !# (b) op en string $O !" <+A3 $H closed string $r 4^ $‘!# $( $k>l9g $K$O !" closed string sp ectrum $b 4^ $a$J$$ $H !" L5L7=b $JM}O@ $K$J $j $^$; $s !# ( <ALd ) $J$< closed string $@$1$@$C $? $i !" JD $8 $k $3 $H $,$G $-$k $s$G$9 $+ ? ( Ez $( ) $?$H $( $P !" Fig 32 $N$h $& $J>u67 $r9M $($^$9 !# Fig 32(a) $N>l9g $O !" closed string $@$1$G !" op en string $r 9M $( $kI,MW $,$" $j$^ $; $s !# 0l J} !" Fig 32(b) $N >l 9g $O !" open string $@ $1 $G JD $8 $h $& $H ;W$C $F$b !" FbIt $K <+ A3 $H closed string $, 8= $l$F $7 $^ $C $F$$$^$9!# Op en string $N M-8z:nMQ $O S = Z d 26 x � 1 2 � 0 e � 2 � ( R (26) + 4( @ � ) 2 � 1 12 ( H � � ) 2 ) � 1 4 e � � T r ( F � ) 2 � + O ( � 0 ) (183) $H $$ $&7A $K$J $j $^$9!# $3$3$G !" � $O dilaton !" H � � = @ [ � B � � ] $G $9!# $3 $N action $G$O tach y on $r L5;k $7 $F $$ $^$9!# FCD’E*$J$N $O !" e � 2 � $H e � � $N 9‘ $G !" @hDxF3F~ $7 $? dilaton $O $3$N $h $& $J7A $G !" exp onen tial $N 8* $K F~$j$^ $9!# $3 $l$O !" <! $NMM $K $7 $F$bJ, $+$j$^ $9 !# gra viton $N ItJ, $O@~7A6a ;w $N>e $G$O Fig 33(a) $N 2 E@ 4X?t$r 7W ;;$9$k$3$H$K $h$C$F F@ $i$l $^$9!# $3 $l $O !" L5 8B1s $+$i :Y$$ closed string $, F~$C $F$-$F !" $^ $? L58B 1s $K H4 $1$F $$ $/ $H $$ $& gra viton $N 2 E@4X?t $G$9!# 0lJ} !" op en string $D $^$j %2 !< %8 >l$N $H$- 58

?^ 33: (a)graviton $N 2 E@4X?t !# (b) %2 !< %8 >l$N 2 E@4X?t $O !" <! $N$h$& $J Fig 33(b) $N$h $& $J disk amplitude $r 9M $($k $o $1 $G$9!# :r F|5D O@ $7 $?$h $& $K !" $b $H$b$H world sheet action $N Cf $K dilaton factor $, E57?E* $K S dil aton = 1 4 � Z d 2 � p g � R (2) ( � ) (184) $N$h $& $K F~$C $F Mh $F$$$^$9 !# dilaton $r � = � 0 ( const ) + oscillator $H $9$k $H !" R p g R (2) $O %* %$ %i!< ?t � $r =P $7 $F $- $^ $9!# gra viton $N$H $-$O sphere $N%* %$ %i!< ?t � = 2 !" %2 !< %8 >l$N$H$-$O disk $N%* %$ %i!< ?t � = 1 $r =&$$ $^$9!# @hDx8@$C $? exp onetial $N 8* $O$3$N$h $& $K @bL@ $G$- $^$9 !# ( <ALd ) 6qBNE* $K$O !" $I $& $$ $&;EAH $_ $G 8= $l $k$N $G$9 $+ ? ( Ez $( ) Nc $( $P !" gra viton $N J} $G $9 $, !" Z [ dX ] e � ( R G � @ � X � @ � X � � � + S dilaton ) (185) $r G � 1 + h; h << 1 $H $7 $F @~7A 6a;w$r $7 $? 8e $K !" 7PO)@Q J, $r <B9T$9 $k $3$H $K$h$C $F h $N ItJ, $+ $i (183) $N Cf $N p g R (26) $H$$ $& 9‘ $N@~7A It J, $, F@ $i$l $^$9!# $3 $l$H $5 $i$K top ological term $G $" $k e � S dilaton $N$H$3 $m $+$i !" e � � $, =P$F$-$F !" p g R (26) $K$+$+ $C $F$$ $k $o$1$G $9!# 5.3 D-brane 0J>e $O !" Neumann b.c. $N OC $G $7 $?$, !" $3$3$+$i Dirichlet b.c. $r 9M$( $^$9!# $D $^$j !" :#$^ $G$O @ n X = 0 $r 9M$($F $$ $? $N$G $9 $, !" $3$3$+ $i$O !" @ t X = 0 $H $$ $&6-3&>r 7o $r 9M $( $^$9!# ( � 0 ; � 1 ) Hy J, $O !" ( z ; � z ) $G =q$$$F$d 59

$l$P !" @ 1 = @ z + @ � z (186) @ 0 = i ( @ z � @ � z ) (187) $H =q $1$^ $9 !# X = X R ( z ) + X L ( � z ) $H E8 3+ $7 $F$^ $7 $?$N $G !" $3 $l $i$NMW @A $O @ 1 ! @ z X R ( z ) + @ � z X L ( � z ) = 0 Neumann (188) @ 0 ! @ z X r ( z ) � @ � z X L = 0 Dirichlet (189) $H$J$j$^$9 !# mo de E83+ $O$3$N6-3&>r 7o $rK~ $?$9 $h $& $K$H$k $o $1 $G$9!# T- duality JQ49 $H$N 4X78 $r 9M $($F$_ $^ $7 $g $& !# :rF|5DO@ $7 $?$h $& $K !" X R ! X R X L ! � X L $r T-duality JQ 49 $H 8F $s $G $$ $^ $7$?!# $3 $l $r8+ $F $_ $k $H !" Neumann b.c.(188) $O X L $NA0 $NId 9f $,$R $C $/ $j $+ $( $C $F Dirichlet b.c.(189) $K$J$k $o $1 $G$9!# $3 $l$O !" P olc hinski $K $h $C $F H/8+$5 $l $^ $7 $? !# T-dulait y JQ49 $O Neumann b.c. , Diric hlet b.c (190) $r 0z $-5/ $3$9;v $, J, $+$j$^$9 !# $b $H$b $H Neumann b.c. $N >l9g $K$O U ( N ) %2 !< %8 >l $, B8:_ $7 $F$$$^ $7 $? !# diagonal $K$O !" U (1) N $, B8:_ $7 $F$$$^ $7 $? $+$i !" $= $3$K Wilson line $r F3F~$9 $k $3$H $, $G $- $^$9!# $= $l$O !" compact 2= $7 $?$H$-$N S 1 $N H>7B $r R $H =q $/ $H !" A � = diag ( � 1 ; : : : ; � N ) = 2 � R = � i � � 1 @ � � (191) $N$h $& $K =q $/ $3 $H $,$G $- $^$9!# � $O !" � = diag ( e iX � � 1 = 2 � R ; : : : ; e iX � � N = 2 � R ) (192) $H $$ $& %2 !< %8 JQ49 $G $9!# 60

( <ALd )Wilson line $H$O 2? $G $9 $+ ? ( Ez$( ) $" $k compact 2= $5$l $? 6u 4V $r 0l <~ $^ $o $C$? 7P O) C $K BP $7 $F !" e i R C A � dx � $H Dj5A$5 $l $?$b$N$G !" %2 !< %8 ITJQNL $K$J$j $^$9 !# =>$C $F >uBV $K BP$9$k %2 !< %8 JQ49 $O j p = n R ; ij > ! e iX � ( � i � � j ) = 2 � R j p = n R ; ij > (193) $H $J $j $^ $9!# $3$3$G n $O G$ 0U$N @0 ?t$G $9!# $3 $N I= <0$O 0L CV X � $N 6& JQ$J 1?F0NL p � $K BP$9$kJ?9T0\F0 $rI= $7 $F $$$^$9!# =>$C $F !" 1?F0NL $O 8GM-CM $, (2 � n + � i � � j ) = 2 � R $K$:$l $^$9 !# :#$^ $G 1?F0NL $N J} $G 5DO@ $7 $F$- $^ $7 $? $, !" T-dualit y $H$$ $& $N $O 6-3&>r 7o $r Diric hlet b.c. $K JQ $( $F !" $5 $i$K 1?F0 NL $r winding $K JQ $( $k $H$$ $& $3$H $G $7 $?$N$G !" winding $, fractional $K JQ 2= $9 $k $H $$$& $3 $H $K $J $j $^ $9 !# momen tum (2 � + � i � � j ) = 2 � R $r T-duality JQ49$9$k $H !" ( X 0 ) � ( � ) � ( X 0 ) � (0) = (2 � n + � i � � j ) R 0 (194) $3$3$G !" 0 $O T-duality $G 0\$C $?@h$N:BI8 $rI= $7 $^$9 !# $3 $l$O !" Fig 34 $N $h $& $J >u 67 $r I= $7 $F $$ $^$9!# Fig 34(a) $r $^ $: @b L@$9 $k$H !" X � = � i R $H � j R $N $H $3$m $K2? $+ hypersurface $, $" $C $F op en string $,$= $N h yp ersurface $r $D $J$$ $G$$$^ $9 !# $3 $N h yp ersurface $N$3 $H $r !" D(iric hlet)-brane $H$$$$ $^$9!# :# compact $J 6u4V $r 9M $($F$$ $k $N $G !" Fig 34(b) $N$h $& $K !" $0 $k$C $H 4,$$ $F !" D-brane $K 8GDj $5 $l$F $$$k op en string $b B8:_ $7 $^$9 !# B($A T- duality $G ITJQ $JM}O@ $r$D$/$m $& $H$9$k $H I, $: D-brane $r EP>l$5 $; $J$$$H $J$i$J$$$H$$ $& $3 $H $,$o$+ $j $^$9!# $G$O !" D-brane $, $" $k$H$-$N string $N sp ectrum $r =q$- $^$9!# 2 $D$N It J, !" momen tum part $H oscillator part $K J, $+ $l $F $$$^$9!# M 2 = 2 � n + ( � i � � j ) R 0 2 � � 0 ! 2 + 1 � 0 ( N � 1) (195) 1&JU $NBhFs 9‘ $, oscillator part $G$9!# Bh 0l 9‘ $O (momen tum) 2 $, T-duality $G (winding) 2 $H $J $C$F$$ $^ $9!# 0lHL $K 2 $D$N D-brane $, N% $l $F $$ $k$H !" 61

?^ 34: $" $k hypersurface $K C<E@$r8GDj$5 $l $? op en string !# $=$NJ, $@$1<ANL $, A} $($^$9 !# $= $l$O !" D-brane $r$D $J $0 string $ND%NO $K D9 $5$r$+ $1 $? $b$N$H $J $C $F$$ $^$9!# $D$^$j !" 0lHL $K D-brane $, N% $l $F $$ $k $H $=$N4V $N string $O <ANL $r;}$D $N $G massless N3;R $O =P $FMh $J$$ $o $1 $G$9!# $3 $l$O !" 85!9 $N U ( N ) %2 !< %8 72 $, U (1) N $H GK $l $k $3$H$N 5/8; $H$J $C $F$$ $^$9!# 85 !9 N Kg$N brane $, =E $J $C $F$$ $k $H$-$O !" brane $r $D$J $0 $9$Y$F $N string $, massless $H $J $C$F$$ $^$9 $, !" N% $l $F $$ $l $P !" $=$N 3F 1 Kg$N>e $K >h$C$F$$$k$b$N$N$_ $, massless $H $7 $F ;D$k $+$i$G $9!# 5.4 Unorien ted String 5.4.1 unorien ted op en string op en string $r 5DO@$9 $k $H$- !" unorien ted string $N 5DO@ $r$O$: $9$3$H$O $G $-$J$$ $N $G !" $3$3 $G ?( $l$F $*$-$^ $7 $g $& !# $^ $: $O op en string $N 6-3& $K $D$$$F9M $( $^$9!# @hDx5DO@ $7 $? $h $& $K !" op en string $N 1-lo op $O cylinder $K$J $C $F$$ $F !" Fig 35(a) $H $$ $&F10l ;k $r $7 $F$$ $^ $7 $? !# $3 $l$O !" 6qBNE* $K 7W;;$9$k $H$-$K$O !" T r e tH (196) $r 7W;; $7 $^$9!# H $O string $N %O %_ %k %H %K %" %s $G $9!# $7 $+ $7 !" $3$N $h $& $K 8~$- IU $1 2D G= $G$" $k$H$9 $k I,MW $O $" $j $^$; $s !# $h$C $F !" 8~ $- IU $1 2DG=$G 62

?^ 35: (a)oriented string $N$H $-$N 6-3&$N F1 0l;k !# (b)unorien ted string $N$H $- $O !"%a %S %& %9 $NNX$r$D$/$kF10l;k$b$"$j $( $k !# $J$$ (unorien ted) $H $9$k $H !" Fig 35(a) $N cylinder 0J30 $K !" Fig 35(b) $N %a %S %& %9 $NNX$bF1MM $K 9M $( $kI,MW $, $"$j $^$9!# $3 $l$O !" <0 $G 8@ $& $H T r e tH (197) $, 2C$o $k$3$H$K $J $j $^ $9!# $3$3$G $O W orld Sheet P arit y Op erator $G $9!# => $C $F !" unorien ted string $r 9M $($k $H8@ $& $3 $H $O !" $3$N 2 $D$NB- $7 >e $2 $N I,MW $, $" $k$N $G J*M}E*>uBV $K$" $k<o$N pro jection $, F/$-$^$9 !# ( <ALd )Unorien ted $N 0UL# $O$J$s$G $9 $+ ? ( Ez $( ) string $N w orld sheet $N>e $K$H$k:B I87O $N8~ $rL5L7 =b $K$H $l$J$$ $H $$ $& $3$H$G $9!# $0 $k$C$H 0l <~ $7 $F $- $?$H $-$K !" :BI8 7O $, H?E> $7 $F $$ $k $H $$ $& $3 $H$K$J $C$F$$$^$9!# z = e � 0 + i� 1 $K BP $7 $F !" $O : � 1 ! � � � 1 ; z ! � � z (198) $G Dj5A$5 $l $^$9!# =>$C $F !" X ( z ; � z ) $G =q$$ $F$d $k $H !" X � ( z ; � z ) ! X � ( � � z ; � z ) (199) $H $J $C$F$$$k$N $G !" E83+<0 $r 8+$F$d$k $H x � ! x � (200) 63

?^ 36: color $X$N $N :nMQ p � ! p � (201) � � m ! � � m ( � 1) m (202) $H $7 $F$d $k$3 $H$K AjEv $7 $^$9!# D-brane $, 0lKg$N>l9g $r 9M $($F$d $k $H tac h y on $O T ac h y on j k > = j k > � ! @8B8 (203) $H $J$j $^$9 $, !" U (1) %2 !< %8 >l $O !" Id9f $, H?E> $7 $F >C $( $^$9!# U(1) %2 !< %8 >l � � � 1 = � � � � 1 j k > � ! pro ject out (204) 0l HL $K %2 !< %8 72 $, U ( N ) $N >l9g $K$O C< E@ $K ( i; j ) $H $$ $& color $, $$$? $N$G $9 $, !" $K $h $C$F Fig 36 $N $h $& $K$R $C$/$jJV$j$^$9!# GHF04X?t $O$3 $N JQ 99 $r <u $1$F !" � ij j k ; ij > = � 0 ij j k ; ij > (205) $3$3$G !" � 0 = M � t M � 1 M 2 U ( N ) (206) $G $9!# 2 = 1 $h$j !" M $O 2 <oN‘ $7 $+ <h $l $J $/ $F !" M = I N or i 2 4 0 I N = 2 � I N = 2 0 3 5 (207) $H $J$j $^$9!# 85 !9 $N %2 !< %8 72 U ( N ) $O pro ject out $5 $l $F !" A0 <T $N>l9g !" O ( N ) $H $J $j !" 8e<T $N >l9g !" U S p (2 N ) $H$J $j $^$9!# L5L7=b$J %2 !< %8 72 $O b osonic string $N>l9g $O O (8192) $G$J $$ $H $J $i $J $$ $3 $H $,CN $i $l$F$$ $^ $9 !# sup erstring $N>l9g $O O (32) $G critical dimension $r D $H$9$k $H O (2 D = 2 ) $H $J$j $^$9!# 64

5.4.2 Closed string Closed string $K BP $7 $F $H $$ $& op erator $, $I $& :nMQ$9$k $+$H$$ $& $H !" : � � m ! ~ � � m (208) $N$h $& $K$J $C$F$$$^$9!# $3 $l$O !" state $K BP $7 $F$O !" j k > ! j k > (209) � � � 1 ~ � � � 1 j k > ! ~ � � � 1 � � � 1 j k > (210) =>$C $F !" (210) $h$j!" ( �; � ) $, H?BP>N $J$b $N $O pro ject out $5 $l $k $3 $H $,$o $+ $j$^$9!# $D$^$j!" gra viton $H dilaton $O @8$-;D$j$^$9 $, !" B � $O ;‘ $K $^ $9!# $3 $l $h$j !" unorien ted string $O B � $, $J $$ M}O@$r 5- =R $7 $F $$ $k$3$H $, $o$+ $j $^$9!# 5.5 Sup erstring 5.5.1 Op en sup erstring <! $K !" sup erstring $r9M $($^ $9 !# $^ $: !" op en string $N w orld sheet action $O S = 1 4 � Z M d 2 � � 1 � 0 @ X � � @ X � + � � @ � + ~ � @ ~ � � (211) $H$J $j$^$9!# ; ~ $O X $N sup er partner $G $9!# ; ~ $K BP$9$k6-3&>r7o $O !" 6- 3& $G <~ 4|E*$H H?<~ 4|E*$N 2 <o N‘ $r$H $k$3$H$, $G $- $^$9!# <~4|E*$J$b $N $O Ramond sector $H 8F $P$l $F $$$^ $7 $F !" R : � ( � 0 ; 0) = ~ � ( � 0 ; 0) � ( � 0 ; � ) = ~ � ( � 0 ; � ) $H $$ $&>r 7o$H $J $C $F $$ $^ $9!# H?<~ 4| E*$J $b $N$O !" NS sector $H 8F $P $l $F $$$F !" N S : � ( � 0 ; 0) = � ~ � ( � 0 ; 0) � ( � 0 ; � ) = ~ � ( � 0 ; � ) 65

$H $$ $&7A $G M? $($i $l $^$9!# Sup erstring $N >l9g $O$5 $i $K GSO pro jection $H$$ $& >r 7o $r2] $7 $^$9 !# $I $&$$ $&$b$N $+$H $$ $& $H !" 6v?t $N%U%’%k %_%* %s >uBV$N$_$r <h$j$J $5$$$H $$ $& $b $N $G$9!# $D$^ $j!" 1 + ( � 1) F $G @8$-;D$k $b $N $N$_;D $; $H8@ $& $3 $H $G$9 $, !" $3 $l$, 2? $r 0U L#$9$k $+$H 8@ $& $H !" :rF|5DO@ $7 $? mo dular ITJQ@- $r MW @A $7 $F$$$k $3$H $K AjEv $7 $F$$$^$9 !# NS sector $N v acuum energy $O � 1 24 � 8 � 1 48 � 8 = � 1 2 $H$J $C $F$$$F !" sp ectrum $O lev el 0 $, j 0 > ! M 2 = � 1 2 � 0 (212) $H$J $j $^ $9 $, !" <B $O $3 $N>u BV $O %U %’ %k%_ %* %s?t $,4q ?t $J $N $G !" $3 $N tach y on state $O pro ject out $5 $l $^$9 !# $3$N$* $+ $2 $G sup er string $O tac h y on $, $J $$0B Dj $J M} O@ $H $J $C $F $$ $^ $9 !# <! $K level 1/2 $G$9 $, !" massless $K $J $j $^ $9 !# � � 1 2 j k > ! massless (213) $3 $l$O !" 10 <!85$N%Y %/ %H %k >l $r I= $7 $F$$ $^$9!# <! $K !" Ramond sector $NJ} $O !" v acuum energy $O 0 $K$J$j$^$9 !# $3$N;~ %U%’%k %_%* %s $K zero mo de $, B8 :_ $7 $F $$$F !" $3$N zero mo de $r $$ $/ $i ?? 6u $K $+$1$F$b energy $O >e $,$i$J$$$N$G ??6u $, =LB‘ $7 $F$$ $k $3$H $K$J$j $^ $9!# zero mo de $N 8r494X78 $O <! $N$h $& $K$J $C$F$$$F f � 0 ; � 0 g = � � (214) $3 $l$O !" SO(1,9)Loren tz 72$N Cli�ord Be?t $G 16 <!85I=8= $K$J $j$^$9!# B( $A 16 %3$N v acuum $, %U%’ %k %_%* %s $N zero mo de $N I=8=6u4V $H $7 $F =LB‘ $7 $F $$ $k$H 8@ $& $3$H$K $J $j $^ $9!# 6qBN E* $K$3$l $r 3N $+$a $k$K$O !" %U%’ %k %_ %* %s $N @8@.>CLG1i;;;R $r Dj5A $7 $^$9!# d � i = 1 p 2 ( 2 i 0 � i 2 i +1 0 ) d � 0 = 1 p 2 ( 1 0 � 0 0 ) 66

?^ 37: SO(8) $N %G %# %s%-%s ?^ $3$3 $G $O !" i; j = 1 ; : : : ; 4 $G $9!# $3 $l$i$N oscillator $O%U%’ %k %_ %* %s $N@8@. >CLG$NH?8r494X78 $r K~$? $7 $^$9!# f d + i ; d � j g = � ij (215) $3$3$G $O !" i; j = 0 ; 1 ; : : : ; 4 $H $7 $F $$ $^$9!# 3F i $N >u BV $K BP $7 $F 2 DL$j$N A*Br;h $, $" $k$N $G 2 5 = 32 %3$N >uBV $, $" $k$H$$ $& $3$H $, $o$+ $j$^$9!# $? $@ $7 !" $3 $N 32 I=8= $O !" Loren tz 72 $N4{ Ls I= 8= $G $O$" $j $^ $; $s !# Loren tz JQ 49 $KBP $9 $k 6v 4q $G 32 @. J, $N$& $A H> J, Mn $A $F !" 4{ Ls I= 8= $O 16 I= 8= $H $J $j $^ $9!# $5 $i $K !" <B :] $K $OJ* M} E* $J <+ M3 EY $O SO(1,9) $G $O $J$/!" ligh t cone gauge $G transv erse $J J} 8~$N Lorentz 72 SO(8) $K Mn $A $^ $9!# $D $^ $j !" ph ysical condition $G 16 @.J, $N $& $A H> J, $, Mn$A $F7k6I 8 @.J, $, J*M}E* >u BV $H$$ $& $3 $H$K$J$j $^ $9 !# :# 5D O@ $7 $F$$$k transverse J}8~ $N Lorentz 72 $O SO(8) $G $9 $, !" $3 $l$N 5,Ls I= 8= $O 8 I=8= $, 3 $D $" $C $F !" %G %# %s%- %s ?^ $O Fig 37 $H$J$j $^$9 !# NS sector $N%Y %/ %H%k >l $O !" 8 v I=8= $K B0 $7 $^$9!# :# 9M $($? Ramond sector $N ground state $N 8 I=8= $O 8 s $b $7 $/ $O 8 c I=8= $K$J $k $H$$ $& $o $1$G $9!# 8 s $H 8 c $N0c $$ $O !" 32 I=8= $+ $i 16 I=8= $KMn $H$9 $H$- $N4{ Ls I= 8= $N<h $j J} $N0c $$ $K $7 $+ $9 $. $^ $; $s !# 8 s $, 6v $H $7 $?$H$- !" 8 c $, 4q $H $7 $?$H$- $G$9!# 5.5.2 Closed sup er string <! $K closed string $r 9M$( $^ $9!# Closed sup erstring $K $O 2 <o N‘$"$C$F !" $=$l$> $l t yp e I IA,I IB $H 8F $P $l $F $$ $^ $9!# Op en string $N$H $-$H 0c$C $F 67 closed string $N$H $-$O right mo v er $H left mov er $N 2 $D $, $"$j $^ $7 $? !# $= $l$>$l $K NS sector $H R(amond) sector $N I=8= $r <h$j$^$9!# =>$C $F !" type I IA (8 v � 8 s ) (8 v � 8 c ) (216) t yp e I IB (8 v � 8 s ) (8 v � 8 s ) (217) $H $$ $& 2 <o N‘$N <h$j J} $, $" $k$o$1 $G $9!# R sector $r righ t mov er $H left mov er $G 0[$J $k c hiralit y $r$H $C$?$b$N$r type I IA !" F1 $8 chiralit y $r$H $C $?$b$N$r type I IB $H 8F $s$G$$ $^$9!# $3 $l$i$N M}O@ $K 4^$^ $l $F$$$k %\ %> %s >l $N sp ectrum $r 9M $($^$9!# >e $G M? $($i$l $? D>@Q $r D>OB $G J,2r $7 $^$9!# NS sector $H NS sector $+$i Mh$k$b$N $r NS-NS sector $H 8@ $$ $^ $9 $, !" $= $3 $K$D $$ $F $O t yp e I IA $H I IB $G 6&DL $G !" 8 v 8 v = 1 � 28 � 35 � B ij G ij (218) $H $J $j $^$9!# � $O dilaton, B ij $O 2 3,H? BP >N%F %s %=%k $H G ij $O graviton $H $J $C$F$$$^$9!# $? $@ $7 !" i; j = 1 ; : : : ; 8 $G $9!# <! $K !" R-sector $H R-sector $+$i $/$k$b$N$r R-R sector $H $$$$ $^$9!# $3 $l $O !" t ype I IA $N$H$-$O type I IA 8 s 8 c = 8 v � 56 A i C ij k (219) $H $J $j $^ $9!# $3$3$G A i $O %Y %/ %H %k >l !" C ij k $O 3 3,H? BP >N%F %s %=%k$G $9!# type I IB $N$H$-$K$O type I IB 8 s 8 s = 1 � 28 � 35 scalar C ij C + ij k l (220) $H$J$j$^ $9 !# $3 $3 $G !" scalar $, axion !" C ij $, 2 3,H?BP >N %F %s%=%k !" C + ij k l $O self dual 4 3,H?BP >N %F %s%=%k $G$9!# 4 3, $N self dual $H$$ $& $N $O !" 10 <!85 6u 4V $G$N Ho dge dual $r MQ$$$F dC i 1 � i 5 = 1 5! � i 1 � i 10 A i 6 � i 1 0 (221) $G Dj5A$5 $l $F$$ $^$9!# 68

5.5.3 T yp e I $H 7k9g$9$k closed string <! $K type I sup er string $r 9M $( $^$9 !# $3$N M}O@ $K$b closed sup er string $, B8:_ $7 $F $$ $^$9 $, !" t yp e I $H $$ $& $H$-$O !" string $O @hDxDj5A $7 $? $G pro jection $, $+$1$i$l $F $$$^$9!# NS-NS sector $K 4X $7 $F$O !" N S � N S 1 + 28 + 35 (222) $H $J $C$F$$$?$N$G$9 $, !" 2 3,H?BP>N%F %s %=%k$N 28 I=8= $O pro jection $G b osonic $N$H$- $HF1 $8 $/DI J| $5 $l $^$9 !# R-R sector $G $9 $, !" $G 3d$k $? $a $K$O !" R sector $N c hiralit y $, F1 $8 $G$J$$$H3d $l $^$; $s !# $h $C $F !" t ype I IB $7 $+ 3d$k$3 $H $,$G $- $^$; $s !# R-R sector $O R � R 1 + 28 + 35 (223) $N $&$A 1 $H 35 $, pro ject out $5$l $F 28 $N $_$, @8$- ;D$j $^ $9!# NS-NS $H R-R $r 9g $o$;$k $H !" 1 + 28 + 35 $H$J$j$3 $l$i$O N = 1 $N sup ergravit y $N b osonic part $H 0lCW $7 $^$9!# ( <ALd )NS-NS sector $N 2 3,H?BP >N %F %s%= %k $, L5 $$ $N $G !" string $, L5$$ $h $& $K 8+ $( $^$9 $, !& !& ? ( Ez $( )RR sector $+$i $/$k 2 3,H?BP>N %F %s %=%k $K string $, 7k9g $7 $F $$$^ $9!# $^$H$a $k $H !" sup er string $K $O 5 <oN‘$"$C$F (heterotic string $O $d $l $^ $;$s$G $7 $? $, ) massless $N b oson >l $O 0J2<$N$h $& $K$J $C$F$$$^$9!# I I B I I A I H et E 8 E 8 H et S O (32) 1 + 28 + 35 1 + 28 + 35 1 + 28 + 35 1 + 28 + 35 1 + 28 + 35 1 + 28 + 35 8 + 56 SO(32) v ector E 8 E 8 vector SO(32) v ector (224) 69

5.6 D-brane $G $O !" 3F M} O@ $K $O$$ $C $?$$ $I $& $$ $& p-brane $, B8:_ $9$k $N $+9M $($F$_ $^ $7 $g$& !# H? BP >N %F %s%= %k $,$" $k $H$= $l$K BP1~ $9 $k p-brane(p <!856u 4V $K9- $, $C$?J*BN ) $, B8:_$9$k $H$$ $&9=B$ $, $"$j $^$9!# $^$: particle $N >l9g !" action $O 0JA0=q$$ $?$h $& $K S = m Z ds + e Z A � dx � (225) $H$J$j$^ $9 !# $D$^ $j %Y%/ %H%k >l $,$"$k $H$= $l$K 7k9g $7 $? particle $, $"$j$^ $9!# $3 $l$O !" particle $N world line $N >e $K A � $, >h$C$F$$ $k$H$$ $&>uBV $G $9!# <! $K string $N >l9g S = T Z d ( Ar ea ) + e Z B � dX � dX � (226) $H$J $C $F$$$^$9 !# $D$^ $j!" 2 3,H?BP>N %F %s%=%k$H7k9g $7 $F$$ $^$9 !# :#$^ $G 8+ $?$h $& $K !" string M}O@ $K $O 2 3,H? BP>N %F %s %= %k $, B8:_ $7 $F$$ $^ $7 $? !# 5U $K 8@ $( $P string M}O@ $G $" $k$J$i 2 3, H?BP >N%F %s %=%k$, B8 :_ $7 $F $J $/$F$O $$$1$J$$$H$$ $& $3 $H$G $9!# $G$O !" $3 $l$r 0lHL2= $7 $F$d$j $^$9 !# p-brane $H$$ $& $N $O !" (p+1) <!85 $N ;~6u $K 9- $, $C$F$$$k $o$1$G !" S � Z A p +1 dX � 0 ^ � � � ^ dX � p (227) $N $h $& $J 7k 9g$r$7 $^ $9!# =>$C $F !" (p+1)-form((p+1) 3, H? BP >N%F%s %= %k ) $, $" $k $H p-brane $, B8:_$9$k $3$H $K$J $j$^$9!# IIB M}O@ $r 8+ $F$d$k $H !" 0- form !" 2-form !" 4-form $, $"$k $N $G !" (-1)-brane !" 1-brane !" 3-brane $, $"$j!" I IA M}O@ $K $O 1-form !" 3-form $, $" $C $? $N $G !" 0-brane !" 2-brane $, $"$k $3 $H $K$J $j$^$9 !# $? $@ $7 !" $3 $l$O %2 !< %8 >l $K BP $7 $F electric $K 7k9g $7 $F$$$k>l 9g $G$9 !# $3 $l$i $H $OJL $KEE<’ M} O@ $N $H $- $N $h$& $J magnetic monop ole $N$h $& $J $b $N $r9M $($k $3 $H $, $G$- $^ $9 !# $I $N$h$& $K9M $($k $+ $H $$$& $H !" p-brane 70

?^ 38: I IA,I IB $K 4^$^ $l $F$$ $k brane $N 4X78 $N 7k9g$9$k (p+1)-form A ( p +1) $K BP $7 $F 10 <!85;~6u $G$O !" Ho dge dual A ( p +1) ! F ( p +2) = dA ( p +1) � ! F (8 � p ) D � dA (7 � p ) D ! A (7 � p ) D p-brane (6-p)-brane electric magnetic (228) $H magnetic %2 !< %8 >l $r F3$/ $3$H $, $G $-$F !" 7k6I p-brane $K BP $7 $F (6-p)- brane $, B8 :_ $7 $F $$ $k$H$$ $& $3$H $, $o$+ $j $^$9!# $^ $H$a $k$H Fig 38 $N $h $& $K$J $C$F$$$^$9!# 5.7 D-brane $H RR-c harge @hDxF3F~ $7 $? D-brane $O :# $N$3$N RR-�elds $K BP$9$k p-brane $r M? $( $k $H 8@$& $3 $H $r<( $7 $^ $9 !# $^ $: Fig 39 $N $h$& $K Y $@$1N% $l$?J? 9T $J p-brane $, 2 Kg$" $k$H$-$r 9M $( $^$9!# <! $K $3 $N 2 Kg$N 4V $K F/ $/NO$r D4$Y $k$N$G $9 $, !" $3$N 4V $K$O 2 $D$N NO $, F/$$$F$$ $^$9!# 0l$D $O !" NS-NS sector $+$i $/ $k =E NO $G !" 0zNO$K$J $C $F $$ $^ $9!# $b $&0l$D$O RR sector $+ $i $/ $k @M NO $G $9!# <B $O !" $3$N 2 $D$O%- %c %s %;%k $7 $F NO $, F/$$$F$J $$$3$H$, CN$i $l $F $$ $^$9 !# $3 $l$i $NNO $O $I $A $i$b closed string $G $N 8+J} $G$9!# $D$^ $j!" closed string $, 0lJ} $N p-brane $+$i =P $5 $l$F !" $b $& 0lJ} $K 5[<} $5 $l $k $H$$ $& $3 $H 71

?^ 39: 5wN% Y $@$1 N% $l$? p-brane $H $=$N Aj8_:nMQ $r 0UL# $7 $F $$ $^$9!# Fig 39 $N cylinder $r closed string $N tree $@ $H ;W $& $o $1$G $9!# 0lJ} !" D-brane E* 8+J} $r$9 $k $H !" $3$N cylinder $r op en string $N 1-lo op $@ $H ;W $& $3$H$b$G$- $^$9 !# $9$k $H ?6I} A $, 7W;; $G$-$F A = 2 V p +1 Z dt 2 t (8 � � 0 t ) � p +1 2 e � t Y 2 2 � � 0 � f 8 2 + f 8 3 � f 8 4 2 f 8 1 (229) $H$J$j $^ $9 !# $3 $3 $G f i =1 ; 2 ; 3 ; 4 $O :r F| Dj 5A $7 $? mo dular function $G $9 � f 8 2 + f 8 3 � f 8 4 = 0 $H$$$& 4X 78 <0 $,$"$k $N $G !" NO $, F/ $+ $J $$ $H8@$& $N $O $3 $l $+ $i $o $+$j $^ $9 !# $3 $l $r closed string $N N) >l $+ $i $N NS-NS $H R-R sector $NNO $N %- %c %s%; %k $H$$$& 8+ J} $r $7 $?$$ $N $G$9 $, !" <B $O !" f 2 ; f 3 $O NS-NS sector $+$i !" f 4 $O R-R sector $+ $i$N 4s M? $H $J $C $F $$ $^ $9 !# $3 $l$h $j!" A = A N S + A R = 0 $H J, $1 $k$3 $H $,$G $-$F !" $3 $l $N low energy limit $O 7k2L $@$1 =q$/ $H A N S = � A R = 1 2 V p +1 Z dt t (2 � t ) � p +1 2 ( t 4 � � 0 ) 4 e � t Y 2 8 � 2 � 0 = V p +1 4 � (4 � 2 � 0 ) 3 � p G 9 � p ( Y 2 ) (230) $H $J$j $^$9!# $3$3 $G !" G 9 � p $O 9-p <!85 $N massless propagator $G $9!# 7k6I D-brane $N ;}$D RR-c harge $O � 2 p = 2 � (4 � 2 � 0 ) 3 � p (231) $G M? $($i$l $^$9!# @hDx p-brane $N magnetic dual $O (6-p)-brane $G $" $k$H 8@$$$^ $7 $? $, !" 2 $D$N charge $r$+$1$"$o$;$F$d $k$H � p � 6 � p = 2 � n j n =1 (232) 72

$H $J $C $F $$ $^$9!# $3 $l $+$i D-brane $O C1 0L EE2Y !J <’2A !K $r ;}$C $F$$ $k ;v $, $o$+ $j $^ $7 $? !# ( <ALd )D-brane $N c harge $O $I $& $d$C $F FI$_<h$k$N $G $9 $+ ? ( Ez $( )(230) $O string M}O@$N 7W ;;$N 7k2L $G $7 $?$, !" 0lJ} $G sup ergravit y $NN)>l $+ $i bulk $H D-brane $N w orld v olume $N lo w energy e�ectiv e action $r MQ$$ $F RR sector $N %2 !< %8 >l$N8r49 $K$h$k?6I} $r7W;; $7 !" (230) $H Hf3S $9$k$3 $H$K$h $C$FF@ $i $l $^$9!# 6 String Dualit y 5 <oN‘ $N string $, $"$j$^ $7 $? !# t ype I IB !" t yp e I IA !" %X%F%m $N E 8 � E 8 !" %X%F%m$N S O (32) !" $= $l$+$i t yp e I !# 3’ $5 $s $b $4 B8CN $N$h $& $K$3 $l$i $N M} O@ $H $$$& $N $O<B $O$* 8_ $$ $KL) @\ $J4X 78 $,$"$k!# 10 <! 85 $N %l%Y %k $G9M $( $i$k duality JQ49 $H $7 $F$ONc $( $P t yp e I IB $N self-dualit y $, $"$j$^ $9 !# $" $H %2 !< %8 72 $, F1 $8 $G F1 $8 D6BP>N@- $r ;}$DFs$D $N M}O@ !" t ype I $H%X%F %m$N SO(32) $O S APBP@- $G $*8_$$ $K 4XO" $E$1$i $l $k $H ;W $o $l $F$$ $^$9!# :#2s $"$^$j5DO@ $9$k 2K $, L5 $+$C $? $N $G$9 $1 $I $b !" 11 <!85 $K M $H$$ $& M} O@ $, $" $k $H$$ $& $3$H $, 5DO@$5 $l $F $$ $^$9!# M $, 2? $G$" $k $H$$ $& $3$H$O$" $^ $j $h$/ $o $+ $i$J $$ $N $G$9 $, !" M M}O@ $K $O>/ $J$/ $H $b mem brane !" $D $^ $j 2-brane $H$= $l$K BP $9$k magnetic dual !" 5-brane $, $"$k !# sup ermem brane $NM}O@ $K 2? $+ 5-brane $, F~ $C $F$$$k $h$& $J$= $& $$$& M} O@ $G !" $3 $l $NDj<0 2= $O $A$c $s$H $7 $? $b$N$O L5$$$N $G $9 $1 $I $b !" t yp e I IA $G coupling constan t $r Bg$- $/ $b$C$F$$ $/ $H !" M M}O@ $K ;}$A>e $, $j $^$9!# heterotic string $N E 8 � E 8 $b F1 $8 $G $9!# $3 $l$i$O 7k6I $= $l $>$l 11 <!85 $r S 1 %3 %s%Q%/ %H 2= $7 $?$b $N $H S 1 = Z 2 $G%3 %s%Q%/ %H 2= $7 $?$b $N $K$J $j $^ $9 !# 1 8D2< $N<!85 $K 9T $C $F !" $D$^ $j S 1 %3 %s %Q %/ %H 2= $7 $F 9 <!85 $K $7 $^$9 $H !" T-duality $G$b $C $F t yp e I IA $H t yp e I IB $, $*8_ $$ $K0\$jJQ $o $C $F $7 $^ $$$^ $9!# $3 $l$O T-dual $H 8F $P $l $F$$ $^$9!# 2 $D$N heterotic string $b 9 <!85 $K 73

9T $/ $H F1 $8 $K $J$j $^ $7 $F !" $3 $l $b T-dual $G $*8_$$ $K 0\$j$^$9!# $^$H$a $k $H$3$N$h $& $J ?^ $, =q $1 $^$9!# ?^ 40: Dualit y map $3$l M- L> $J 3( $G $9$M !# $$$m$$$m$J dualit y $, $" $k$N$G $j $^$9 $1$l $I $b !" $=$l $> $l $$ $m$$ $m$J >u 67>Z 5r $, $" $j $^ $9!# $3 $l$i $O $" $/$^$G >u67 >Z5r$G $9 $, $=$N <($9$3$H $, ?t3X E* $K Hs<+L@$J B? $/$N5" Ce $r @8$_$^$9$N$G Hs>o $K L‘$b $i $7 $$$H 9M $($i $l $F$$ $^$9!# 7k6I$$ $m$$ $m B?$/$N string M}O@$H 8@$o $l $F $$ $k$3$H$, $" $k $o$1$G $9 $, $= $l $i$O 3’ !" M#0lB8 :_$5 $l $F $$ $k$H ;W $o $l $kNL ;R=ENO M}O@$N$$ $m$$ $m$J 6K8B $G M? $($i $l $k $H 9M $($i $l $F$$ $^$9!# 0J2< $G $O 3d $H4JC1 $J$$$/$D $+$NNc $K 9J$C $F !" >\ $7 $/ dualit y $, $I $N$h $& $K $J $C$F$$$k$N $+$r 8+$F$$$-$?$$ $H ;W$$$^$9!# ( <ALd ) F $H$+ $$ $& $b$N$N L>A0$r J9$$$?$3$H$, $" $k$N$G $9 $, !" $I $3$i JU $K $$ $k$N $G $9 $+!) ( Ez $( ) :# $+ $i I IB $r5DO@ $9 $k $N $G$9 $, !" $3 $NJU $K$$ $^ $9 !# ( $H8@ $C $F Fig. E40 $N :8>e 6y $K >.$5 $/ "12 F" $H =q $/ !# 3X@8 $? $A >P $& !# ) >.$5 $/=q$$$?$3 $H$K B>0U $O$J$$$G $9 $1 $I $b!D !# 74

6.1 S-dualit y in I IB Sup erstring :G=i $NNc $H $7 $F !" t yp e I IB $N U-dualit y $K $D$$ $F9M $( $^$9 !# t yp e I IB $H $$ $& $N $O @hDx$b8@$$$^ $7 $? $h $& $K !" NS-NS $K$O%G %# %i %H%s $H %0 %i %t %# %H %s $H B � $, $" $C$F !" R-R $K $O $b $& 1 8D %9%+%i!<$H$b $& 1 8D 2 3, H?BP >N%F %s %= %k$H#43, <+8J AP BP $J%F %s%=%k $,$"$k !# B � $, 2 $D$" $C $FJ6 $i$o $7 $$$N $G !" 6hJL$9$k $?$a $K HV9f $r $D $1$F $*$-$^$9!# NS-NS � G � (1) B � R-R � (2) B � A � � :#%9 %+ %i!< N3 ;R $, 2 8D $"$k $o $1 $G$9 $, !" 0l $D $O %G %# %i %H%s$G string $N cou- pling constan t $G $9!# $b $& 1 8D$N%9%+ %i!<>l $,$" $k $o $1$G $, !" $3 $l$O cou- pling constan t $H 4X $o $C $F$$ $k $H 9M $($i $l $^$9!# $3$l$i $N %9%+%i!< $r 1 $D$N J#AG>l $K $^$H$a$^$9!# � = � + ie � � (233) $3$N$H$- 5-9f $, <($9DL$j $K S L (2 ; Z ) $N JQ49 $, B8:_$9$k $N $G$O$J$$ $+$H 9M $($i $l $k $o$1$G $9!# $D$^$j!" � ! � 0 = a� + b c� + d (234) � (1) B � (2) B � � ! � (1) B � (1) B � � 0 @ a b c d 1 A (235) 0 @ a b c d 1 A 2 S L (2 ; Z ) (236) $J $*$3$NJQ49 $K BP $7 $F !" G � $H A � � $O ITJQ $G$9!# @hDx F $H$+ $$ $&OC $, =P $F$$ $^ $7 $?$1 $I $b !" :#%9%+%i!<>l $, M}O@$NCf $K 2 <oN‘$"$C$F$= $l$, $"$?$+$b #2<!85 %H !<%i %9 $N mo duli $N$h $& $J JQ49@- $r ;} $C $F$$ $^ $9 !# $D $^ $j #2<! 85 <! 85 $r %H !< %i%9 $rMQ $$ $FA} $d $7 $F$d$j!" $= $N %H !<%i%9 $N mo duli $r � $H 9M $($k;v $, 2DG= $G $9!# $3$N<!85 $r 2 8D;}$A>e $2 $F 12 <!85 $K $7 $F$G$-$kM}O@ $, F M}O@ $G$9!# M $b F1MM $K 9M $( $k $3$H $,$G$- 75

$F !" t ype I IA $N M}O@ $K 4X $7 $F $O %9%+ %i!<N3;R $O %G %# %i %H%s $7 $+ $J$$$N $G !" $3$N %G %# %i %H%s $r M> J, $J S 1 $N H> 7B $r M?$( $k mo duli %Q%i %a !<%?!<$H 9M $( $F 1 $D <!85 $r ;}$A>e $2 $?$b$N $, M M}O@ $H$J$j $^$9!# :# $3$N M}O@ $K$O F(undamen tal)-string $H D-string $, $" $C$?$o$1$G $9$1 $I $b !" $=$N 2 $D$r :.$< $3 $< $K $9 $k$3 $H $r 9M$( $^ $9!# $D $^ $j!" F-string $H D-string $r :. $<$F ( p; q )-string $H $$ $& $b$N $r:n $l $^$9!# $3$3 $G ( p; q ) $O F- string c harge $H D-string charge $r I=$9 @0?t$G $9!# $=$N magnetic dual $G ( p; q )-5-brane $H $$ $&$b $N $b :n $l $^ $9!# F1 MM$K ( p; q )-(-1)-brane $H $$ $&$N $b$"$j$^ $7 !" ( p; q )-7-brane $H$$ $& $N$b:n $l $^$9 !# $7 $? $, $C $F !" (-1),1,5,7- brane $K BP $7 $F $O !" p , q $H$$$& 2 $D $N B- $r;} $C $? %=%j %H %s $,:n $l$^$9 !# $? $@ $7 3-brane $K 4X $7 $F$O !" self-dual $G $9!# $3 $l <+?H $, electric $G $9 $7 !" mag- netic $G $9!# F-string D-string 9 = ; ! ( p; q )-string magnetic dual ! ( p; q )-5-brane ( p; q )-(-1)-brane ! ( p; q )-7-brane ( p; q )-3-brane : self-dual 3 $DKt89 :rF|OC $7 $? ?7 $7 $$%* %V %8 %’ %/ %H $G$" $k 3 $D$^$? 89 $K $D$$$F OC $7 $^$9!# @ @ � � � � ( p 1 ; q 1 ) ( p 2 ; q 2 ) ( p 3 ; q 3 ) 3 X i =1 p i = 3 X i =1 q i = 0 :rF| OC $7 $?$h$& $K$3 $l$i $, $= $l $>$l 3-brane $N>e $K6-3& $r;} $C $F$$$^ $7 $F !" ?7 $7 $$ 89M}O@ $NG[CV $K$J$C $F$$$^$9 !# 3-brane >e $N>l$NM}O@ $H $7 $F 9M $( $k $H string junction $O #4<!85 $N N=2 D6BP>N@- $r ;}$D monop ole $r 0lHL 2= $7 $? ?7 $7 $$ %? %$ %W $N%= %j %H%s $r Dj5A $7 $F$$ $k$3 $H $, CN $i $l $F$$ $^$9!# 76

6.1.1 U-dualit y T 4 %3 %s %Q %/ %H 2= $7 $? type I I string $K $D$$$F U-dualit y ITJQ@- $r$" $+$i $5$^ $K @bL@ $7 $^$9 !# t ype I IB $H t yp e I IA $O T-dualit y $G 0\ $j9g $C $F $7 $^$$ $^$9$N $G !" A, B $O JL $K ;XDj$9$kI,MW $O$" $j$^$; $s$, !" %9 %Z%/ %H%k $r 6qBN E* $K M? $( $k M=Dj$G$9$N$G !" 0J2< I IA $r 9M $( $^$9!# 10 <! 85 $G $9$H self-dual $J$N$O type I IB $@ $1$@ $C$?$N $G $9 $1 $I $b !" %H !<%i %9 %3 %s %Q %/ %H 2= $7 $F $7 $^ $& $H t yp e I IA $b$b $A$m $s self-dual $K $J $k$o $1$G$9!# %H !<%i %9 %3 %s %Q %/ %H 2= $7 $^$9$H :r F|$N 5DO@$G 9M $( $? %b%8%e%i %$6u4V $, $" $j $^ $7 $F !" %b %8 %e %i %$ $O <!$N$h $& $J coset $G M? $($i $l $^$9!# Mo duli space G ij , B ij ( i; j = 6 ; : : : ; 9) Mo duli O (4 ; 4; Z ) n O (4 ; 4) =O (4) � O (4) :rF|$NI|=, $r$d$j$^$9$H !" M = t ( M $O mass matrix) (237) = B e (238) B = exp 0 @ 0 B 0 0 1 A (239) e = exp 0 @ e 0 0 ( t e ) � 1 1 A ( G = e t e ) (240) 2 O (4 ; 4) (241) J t = J (242) J = 0 @ 0 I 4 I 4 0 1 A (243) $= $l $G !" fundamen tal string $N %9 %Z%/ %H %i%‘ $O $I $& $@ $C $? $+ $H $$ $$ $^ $9 $H !" Mass 2 = e � ( n i ; m j ) M 0 @ n i m j 1 A (244) $@$C $? $o $1 $G$9 !# :# $3 $N $h$& $J T-dualit y $K $D $$ $FIT JQ $J<ANL 8x <0 $,$"$j!" $5 $i $K t yp e I I $NM}O@ $H$$$& $N $O strong-w eak $N S L (2 ; Z ) $b;} $C $F $$ $^ $9 !# 77

$3 $N $h $& $J M} M3 $G !" $3$N 2 $D$N JQ 49 $K BP$9 $k ITJQ @- $, $" $C $F !" $3 $l$O $* 8_$$ $K Hs2D49 $G $9$N $G$h$j Bg$-$J72 $K BP$9$kITJQ@- $K 2= $1 $^$9!# S L (2 ; Z ) O (4 ; 4; Z ) 9 = ; ! O (5 ; 5; Z ) : U-duality (245) $3$N$3$H$K $D$$$F$b$C $H 6qBNE* $K 8+$F$_$^ $7 $g $& !# ( <ALd ) S L (2 ; Z ) $O $I $&8+ $? $i NI$$$N $G $7 $g $& $+!) ( Ez $( ) $3 $N <ANL 8x<0$r 8+$^$9$H !" %G %# %i %H%s $, F~$C$F $^$9$h$M !# %G %# %i %H%s $H $$ $& $N $O S L (2 ; Z ) $G JQ49$9$k%Q %i %a !<%? $G$9!# $7 $? $, $C $F$3$N mass formula $b JQ49 $r<u $1 $^$9 $, !" $h $jBg $- $J multiplet $r AH $s$@ <ANL8x <0 $r :n$k $H ITJQ@- $, J]$? $l $k $H$$ $&;v $K$J$j $^$9!# Ramond-Ramond %U %# !< %k %I $O $I $& $J $C $F $$ $k$+$H $$ $& $H !" t yp e I IA $G $9 $+$i !" R-R C (0) ; C (2) ij ; C (4) ij k l | {z } ! 8 8D$N comp onen t ( i; j; k ; l = 6 ; : : : ; 9) (246) � 0 : cospinor rep. of O (4 ; 4) $3 $l$O A4It $G 8 8D$"$k !# $3 $l$i$O @h $[ $I =q$$$? Ramond-Ramond %U %# !< %k %I $N @8@.>C LG1i ;;;R $G 7W;; $7 $F $d$l $P $$$$$N$G $9 $1 $I $b !" $3 $l $O <B $O � 0 $H $$ $& cospinor $G $9!# $= $l$G !" $$$^ enhancement $r 9M $($?$$ $N $G !" $r O (5 ; 5) $N >e $K Kd $a9~ $‘I,MW $, $" $j $^$9!# $D$^$j!" � $r @h $[ $I =q$$$? Ramond-Ramond %U %# !< %k %I !" %G %# %i %H%s !" H?BP>N %F %s %=%k !" vielb ein !" $3$N #4$D $N9=B$ $r F1;~ $K F~ $l $k I,MW $, $" $j $^ $9!# :# !" A4BN $G $I $l $@ $1 $N %9%+%i!< >l $, $" $k $+ ?t$( >e $2 $k $H e $H B $+$i 16 8D !" %G %# %i %H%s $+$i 1 8D !" R-R %9%+ %i!< $+$i 8 8D $@$+$i !" A4It $G 25 8D $G $9!# e , B ! 16 dilaton ! 1 R-R scalar ! 8 O (5 ; 5) =O (5) � O (5) 25 = 5 2 78

$D$^$j 5 $N 2 >h $G !" $3 $l$O O (5 ; 5) =O (5) � O (5) $N%b %8%e%i %$ $r;}$D $3$H $K BP1~ $7 $F$$ $^$9!# <ANL9TNs $, $3 $l$i $r MQ$$$F $I $& =q $1 $k $+$H$$ $& $H � = � � � � B � e (247) $3$3$G dilaton $H $K $D$$$F $O � � = 0 B B B B B B B B B B @ e � e � � 0 0 I 8 1 C C C C C C C C C C A (248) � = 0 B B B B B B B B B B B B B B B B B B B B B B B B B B B @ � 5 � 6 � 7 � 8 1 2 3 4 � 5 � 6 � 7 � 8 1 2 3 4 1 C C C C C C C C C C C C C C C C C C C C C C C C C C C A (249) � e;B = 0 B B B B B B B @ I 2 R c ( e;B ) 1 C C C C C C C A (250) � e;B $K $D$$$F$O !" 8 9T 8 Ns$N$H$3 $m $K e;B $r $=$N $^$^ ;}$C $F $/$k$N $G$O BLL\ $G !" %9 %T %N !< %k I=8= $r D>$9I, MW $,$"$j$^$9!# $3$3 $G$OI=8= $H $7 $F V !" S !" C $, $" $k$N $G$9$1 $I $b !" C $r V $K 2s$9A‘:n $r $7 $F$$ $^$9!# 79

%A%c !< %8 $, $$ $/$D $" $k $+$r 8+ $F$d$j$^$9$H !" G i� $ KK momentum (251) B i� $ winding num b er (252) C (2) i� C (4) ij k � 9 = ; O (4 ; 4) $N 8 s I=8= (253) A4 It$G 16 8D$" $j $^ $9!# $3$l$, Cz EY S O (5 ; 5) $N %9 %T %N!<%k I= 8=$K$O $^ $j $^$9!# U-dualit y ITJQ $J mass form ula $O M 2 = t ~ N ( R s ( t )) ~ N ~ N � = 0 B B B B B B B @ G � B � C (2) � C (4) � 1 C C C C C C C A (254) R s ( t ) $O S O (5 ; 5) $N %9 %T %N !<%k I= 8=$G $9!# RR %A%c !<%8 $, L5$1 $l$P !" Green-Sch w arz $N mass formula $K 0lCW $7 $^$9!# %b %8%e %i %$ $N 9=B$$b A4$F F~$C $F$$ $^$9 !# $h $& $9$k $K$3 $N mass formula $, strong-weak duality !" $9 $J$o $A %G %# %i %H%s $N Id 9f$r $R $C$/$j JV $7 $F $b A4BN$H $7 $F <ANL $, IT JQ $K J] $? $l$F $7 $^$$$^ $9 !# 7k6I K\ Mh $O A4$/F1 $8 7ONs $H $7 $F 9M $( $i $l$J $+$C $? RR >l $d %G %# %i %H%s$, A4 $F 0l$D $N multiplet $K%T %C%?%j<} $^$C $F $7 $^ $& $3 $H $, 8@ $( $^$9!# >e $N 8x<0$N>ZL@ $G$O spinor I=8=$r$5 $i$K cospinor I=8= $G =q$- 49 $($k $H8@ $C $?Hs <+ L@ $JJQ49 $, B?$/ 4^ $^ $l$F$*$j!" A4 BN $H $7 $F $& $^$/ 8@ $C $F $$ $k$3$H$O$+ $J $j Bg JQ $J$3$H $H ;W$o $l $^$9!# 0l1~ >u67 >Z5r$H$$ $&;v $G $9 $, $3$N$h $& $JHs<+L@@- $K$h$j U-duality $O ?. $8 $i$l $F $$$^$9!# 6.2 K 3 %3 %s%Q %/ %H 2= <! $K K 3 $r 9M$($? $$$N$G $9 $1 $I $b !" $"$^ $j <h$C$D$-$d $9$$ 6u 4V$G$O $" $j $^$; $s !# K 3 $K $D$$$F $O !" $$$/$D $+ 5-=R $N ;EJ} $, $" $C$F !" (A) orbifold 80

(B) Be?t6JLL (C) elliptic �bration $H$" $k$N $G$9 $, !" $3$3$G $O (A) $N orbifold $K $D$$$F $@$1 =R $Y$^$9!# K 3 $r orbifold $G 5-=R $9$kJ} K! $O$$$/$D $+$"$k$N $G$9 $1 $I $b !" $$ $: $l$K $7 $F $b %b%8%e %i %$6u4V$NFC <l$J E@ $G 5D O@$9 $k$3$H$K$J $j $^$9!# 0l$D$N Nc $O !" $R $b$NM}O@ $, 4 <!85 $N %H !<%i%9 $r Z 2 $G 3d$C $?$b $N$N>e $K =; $s$G$$ $k >l9g $G $9!# $D$^$j %H !<%i %9 $N:BI8$r ( z 1 ; z 2 ) $H $9$k $H !" Z 2 : ( z 1 ; z 2 ) � ( � z 1 ; � z 2 ) (255) $H $$ $& F10l ;k $r $7 $^$9 !# �xed p oint $O 16 8D $"$j$^ $9 !# CFT $r :n$k $H$- $K $O !" :rF|5DO@ $7 $? $h $& $K un t wisted sector $, $" $C$F !" t wisted sector $, 16 8D$"$kM}O@ $r 9M $( $^$9!# CFT � � � 8 < : un t wisted sector t wisted sector (16 8D ) orbifold $H $$ $& $N $O !" Nc $( $P 2 <! 85LL $r Z 2 $G 3d$k$H$9 $k $H !" $9 $J$o $A $3 $& $$ $&6u4V$NBP 3Q@~$r F10l ;k $7 $J $5$$$H $$ $& $o$1$G $9 $+$i !" $3 $l$r @^ $j 6J $2$l $P H>J, $K$J$C $F !" 86E@ $G $/$k $C $H 4, $$ $F $7 $^ $& $3 $H $,$G$- $^$9 !# $= $& $9$k $H !" $H $s$, $C $? 6u4V $, $G $- $^$9 $, !" $3$3$K singularit y $, $" $k$o $1$G $9!# OC $rLa$; $P !" $= $& $$ $& E@ $, 16 8D$"$k $H$$ $& $3 $H$G $9!# FC $K 86E@$N <~$j$G 5D O@ $7 $? $$$N$G $9 $1 $I $b !" %H !<%i %9 $N :B I8 $O 86 E@$N <~$j $G $O !" Z 2 $K $h$C $FJQ99 $r<u $1 $^$9 $N $G !" Z 2 $K $h$C $F JQ99 $r<u $1$J$$ :B I8 $K 0\$C$?$[ $& $, JX Mx $G $9!# 6qBN E* $K$O <!$N 3 JQ?t ( u; v ; w ) $r F3 F~$9 $k $o$1$G $9 $, !" u; v ; w $O FHN) $G$O$"$j $^$; $s !# Z 2 ITJQ$J:BI87O ( u; v ; w ) = ( z 1 z 2 ; z 1 2 ; z 2 2 ) u 2 = v w (256) $5 $i $K v ; w $r <! $N<0 $r K~ $?$9 $h $& $K JQ49 $7 $F$d$j !" v 0 ; w 0 $r ?7 $7 $$ JQ?t 81

$H 9M $( $^$9!# u 2 + v 0 2 + w 0 2 = 0 (257) $3 $N$h $& $K =q$/$H 2 <! 855e LL $, $D$V $l $? 6K8B $, 8= $l $F $$ $k$H$$ $& $3$H$, $o$+ $j$^$9 !# K 3 6u4V $H$$ $& $N $O$3$N singular $J ItJ, $r blo w-up $H $$ $&:n 6H$G$b $C$F 3j $i$+ $K $9 $k$H$$ $& $3$H$r $9 $k$3$H$K $h$C$F F@ $i$l $^$9!# 2? $r $9 $k$N$+$H $$$$ $^ $9$H !" $3$N $D$V $l $? 5e $K BP $7 $F !" M-8BBN@Q$r M? $($F $d$j $^$9!# $D$^$j!" <0 (257) $N 1&JU$N 0 $r a 2 ( a 6 = 0) $G CV$-49 $( $k $H !" FC 0[ E@ $, 3j $i$+ $K $J $C $F 2 <! 855e LL $, 8= $l $^ $9!# $3$N >l9g$N FC0[ E@$r ?t 3X $N 8@MU $G A 1 7?$NFC0[E@ $H 8F $S $^$9!# 0l HL $K $O Z N orbifold $r9M $($^ $9 !# Z 2 $N>l 9g $r<! $N $h$& $K0l HL 2= $7 $^ $9 !# z 1 ! ! z 1 (258) z 2 ! ! � 1 z 2 (259) ! = e 2 � i N (260) ) u N = v w (261) ! N Y i =1 ( u � a i ) = v w = � ~ v 2 � ~ w 2 (262) :G8e$NLp0u $O blo w-up $r <( $7 $F $$ $^$9!# $=$N 2 $D$N%Q%i %a !<%?!< a i $H a j $, F1 $8 >l9g $K$O !" A 1 7?$N singularity $H$J $j $^$9 !# 0lHL $K z 1 ; z 2 $, $" $C $F !" discrete 72 $G 3d$m $& $H $9$k $H$-$K$O !" S U (2) $N discrete ItJ,72 $J $i 2DG= $G$9!# $3$N discrete 72 $H$$ $& $N $O !" A-D-E $G J,N‘ $5 $l $F$$$F !" Dynkin ?^ $K BP1~ $7 $F $$ $k $3$H $, LLGr$$ $H$3$m$G$9!# discrete subgroup of S U (2) singularity $N J,N‘ Dynkin diagram $ $ $3$l$O J#AG 2 <!85$N >l 9g $@$+$i 8@ $( $k$3$H$G !" $3 $l $h $j 6u4V$N <! 85 $, Bg $- $/ $J$k $H FC0[E@$NJ,N‘ $O NI $/J, $+ $C$F$$$^$; $s !# K 3 $N%3%[%b %m %8 !< 72 82

K 3 $N %3 %[ %b %m%8 !< 72$H $$ $&$N$O !" MW$9 $k$K K 3 >e$G Dj 5A$5$l $F $$ $k harmonic form $N$3$H $G $9!# K 3 $N >e $G 9M $( $k$N $O !" Fq $7 $$$N $G $^ $: %H !< %i %9$N >e $G 9M$( $^$9!# $= $7 $F !" %H !<%i %9>e$N harmonic form $N Cf $G !" Z 2 $G 3d$C $?$H $-$K IT JQ$J$b $N$r$H $C $F $/ $l $P NI$$$3$H$, $o$+ $j $^$9!# 6qBN E* $K$O !" 1 dz 1 ^ dz 2 ; d � z 1 ^ d � z 2 ; dz i ^ d � z j ( i; j = 1 ; 2) dz 1 ^ dz 2 ^ d � z 1 ^ d � z 2 $3$l$G OC $, ?T$-$F$$ $k$o $1$G $O $J $/$F !" @hDx$N blow-up $G $b 8@$$ $^ $7 $? $1 $I $b !" #1#68D$NFC0[E@ $N$H$3$m $G 2-cycle $, blo w-up %Q%i %a !<%? $r ;}$C $F$$ $^$9$N $G$=$3$+$i $D $/ $i $l $k 2-form $, $"$j $^$9!# da i ^ d � a i ( i = 1 ; : : : ; 16) $3 $l$r K 3 $N>l9g $K A4It %+ %& %s %H $7 $F$d$j$^ $9 $H !" M- L> $J K 3 $N%3 %[%b %m %8 !<72 $, =P$F$-$^$9!# 0 B B B B B B B B B B @ 1 0 0 1 20 1 0 0 1 1 C C C C C C C C C C A = dim 0 B B B B B B B B B B @ H 00 H 10 H 01 H 20 H 11 H 02 H 10 H 01 H 00 1 C C C C C C C C C C A (263) $3 $N %3 %[ %b %m %8!< $N 0U L# $r dualit y $NN) >l $G $b$& 0l EY 9M $( $F $_ $^ $9 !# t yp e I I M} O@ $G $$ $m$$ $m brane $, =P$F$- $^ $7 $?$, !" Nc $( $P $= $l $i$, 4,$- $D $/$3 $H$, $G $- $k 2 <! 85 5eLL $, 2?8D K 3 $N Cf $K =; $s$G $$ $k $+$H $$ $& $3$H$r $3 $N ?^ $O 5-=R $7 $F $$ $^$9 !# $=$N4,$-$D$$ $F$$$k cycle $, $D$V $l $k $H !" brane $N I=LL@Q $,%<%m $K$J$k$? $a !" massless N3;R $, =P $F$-$^$9 !# 4v2?3X E* $K$O K 3 $N%b %8 %e%i %$ 6u4V $H$$ $& $N $O !" S O (19 ; 3; Z ) n S O (19 ; 3) =S O (19) � S O (3) � R + 83

$H $$ $& 9=B$ $r;}$C $F$$$^$9 !# $3 $l$r $I $& $$ $& $U$& $K 8+$k $+$H$$$$$^$9 $H !" harmonic form $, A4It$G 22 8D $J $N$G !" H 2 ( K 3 ; Z ) $, 22 <! 85 lattice $r Dj 5A $7 $F$$ $^$9!# 30@Q $r<!$N$h $& $K Dj5A $G$- $^$9!# < � ; � > = Z K 3 � ^ � (264) $3 $l$O 8r:9?t $H 8F $P$l $^$9!# S O 72$N (19, 3) $O 19 8D $, @5$N %N %k %‘ !" 3 8D $, Ii $N%N %k%‘ $r;} $C $F$$ $k $H $$ $& >u 67 $KBP1~ $7 $F$$$^ $9 !# $3 $l$r string M} O@ $K BP1~ $5 $;$h$& $H;W $& $H !" <B $O$3 $l$@ $1$G $OOC $, JD $8 $^ $; $s !# string M} O@ $K$O B � $H $$ $&>l $, $" $j$^$9 $+$i !" %b %8%e %i %$ 6u4V $, S O (20 ; 4; Z ) n S O (20 ; 4) =S O (20) � S O (4) $K ;}$A>e $, $j $^$9!# $3 $N %b%8%e %i %$ 6u4V $O @h Dx$N Nc$H >/ $7 0c$C $F$$ $^$9!# $H $$ $& $N $O !" @h Dx $O (5, 5 $G ) @5Ii $N8GM-CM $N?t $, F1 $8 $@ $C $?$N $G$9 $1 $I $b !" :#EY $O 16 $@ $1$:$l $F $$ $^$9 !# #1#6<!85$N :9 $O <B $O heterotic string $N#1 #6 <!85$NM>J, $J %\%= %s$N<+M3EY $r5-=R $7 $F$$$^$9 !# $D $^ $j heterotic string $H$$ $& $N $O !" left mo v er $, b o donic $G 26 <!85 !" righ t mo v er $, sup ersymmetric $G 10 <! 85 $G !" left $N J} $K <!85 $, 16 8DM> $C $F$$$^$9 !# heterotic string $r T 4 %3 %s %Q %/ %H 2= $7 $^$9$H !" N>J} $+$i 4 $: $D 0z$- =P $7 $F $/$k$N$G !" :rF|$N5D O@$H A4 $/F1 $8 $G !" left mo v er $K 4X $7 $F 20 <!85 !" righ t mov er $K 4X $7 $F 4 <!85 $J $o $1$G $9!# $7 $?$, $C $F !" $3$N%b%8%e%i %$ 6u4V $H$$ $& $N $O heterotic string $r T 4 %3 %s %Q %/ %H 2= $7 $? >l9g $HA4$/F1 $8 $K$J$C $F$$$k!# $h$C $F !" <! $N dualit y $, @.N) $7 $F$$ $k $H 9M $($i $l $F$$ $^$9!# I IA/ K 3 = Het/ T 4 6.3 Hilb ert sc heme :G 8e $K !" Hilbert sc heme $K $D $$$F =R$Y $^ $9!# $3$3 $G 8@$C $F $$ $k Hilb et scheme $H $$ $& $N $O !" ?t3XE* $K FM$C9~ $^ $l $k $H :$$k $N $G$9 $, !" $3$3 $G$O C1 84

$K matrix theory $N %b %8 %e %i %$ 6u 4V $H9M $( $F$/ $@$5 $$!# @h $[ $I $+ $i%? !< %2 %C %H %9 %Z!<%9 $, 4 <!85$N>l9g $r 9M $($F$$$k $N $G $9 $, !" singularit y $N J,N‘ $, !" 4 <!85 $N>l 9g $G$9 $H !" Dynkin ?^ $K$h $k ADE J,N‘ $K$h $C $F?t3X E* $KHs>o $K $h $/ $o $+ $C $F$$$k $H$$ $& $3$H $K BP1~ $7 $F !" matrix theory $N%b %8%e%i %$ $K 4X $7 $F $b$d $O $j matrix $N =; $s$G$$ $k<!85 $, 4 $G $" $k>l9g $r 9M $( $k $H Hs>o $K 9%ET 9g $J8= >] $, 5/ $3$j $^ $9 !# A[ Dj $9 $k $N $O !" p + 4-brane >e $K p -brane $, $P $i $^ $+ $l$F$$$k >u 67 $G !" $3 $l$r5-=R $9 $k matrix mo del $N1?F0 J} Dx <0 $O !" [ B 1 ; B 2 ] = 0 (265) B 1 , B 2 $O J#AG9T Ns $G$9!# matrix theory $H $$ $& $N $O !" MW $9$k $K Y ang-Mills $N M}O@ $J$N $G1?F0J} Dx <0 ( $H$$ $& $h $j $O$= $l$h$j$5 $i $K$-$D $$>r7o $rM? $( $F$$ $k self-dual J}Dx<0 $G$9 $, ) $O F ij = 1 2 � ij k l F k l $G $9!# $$$^ IKKT $r 4 <! 85 $K reduce $7 $?$h$& $JLO7? $r9M $( $F$$ $^ $9 $N $G HyJ, $, A4It Mn $A $F $$$^ $9 !# ( <ALd ) B 1 , B 2 $N 6qBNE*$J7A $O!) ( Ez $( ) Nc $( $P 4 <!85 $r X 1 � X 4 $G 5-=R $7 $? >l9g !" $3$N $h $& $K$J$j$^ $9 !# B 1 = X 1 + iX 2 (266) B 2 = X 3 + iX 4 (267) $3$N complex $N9TNs $G !" J} Dx <0 (265) $rK~ $?$9 $H$- $N8G M- CM $, $I $& $J$C $F$$ $k $+$H 8@$$$^$9 $H !" B 1 , B 2 $N 8GM-CM $, A4 $F 0[ $J $k>l9g $K$O !" Jordan I8=‘7A B 1 = 0 B B B B B B B @ z 1 z 2 . . . z N 1 C C C C C C C A ; B 2 = 0 B B B B B B B @ w 1 w 2 . . . w N 1 C C C C C C C A (268) ( z i ; w i ) $O i HV L\$N p -brane $N :B I8$G $9!# $3$l $O Hs >o $K %9%? %s%@ !< %I $J OC $G !" matrix theory $G$O IaDL $3$N$h $& $K OC $r ;}$C $F$$$-$^$9!# $b$C $H LLGr 85

$$Nc $O !" $$$/ $D $+$N p -brane $, 0lE@ $K$D $V $l $k>l 9g $G$9!# FC $K ( z i ; w i ) = 0 $H $$ $&>l9g $r 9M $( $^$9!# $3$N$H$-8r49$9$k9TNs$NI=<( $O B 1 = 0 B B B B B B B @ 0 a 1 � � � a N � 1 0 . . . . . . . . . a 1 0 1 C C C C C C C A ; B 2 = 0 B B B B B B B @ 0 1 0 . . . . . . 1 0 1 C C C C C C C A (269) $H $J $j !" a 1 � a N � 1 $H $$ $&M> 7W$J <+M3 EY $, F~$j $^ $9!# $3 $l $i $N %Q %i %a !< %?!<$O @hDx K 3 $N singularit y $N blo w-up $N Nc $K =P$F$-$? blo w up $N %Q%i %a !< %? !< $KAjEv $9$k $b $N $G$9!# $3 $3 $G9M $($F$$$k orbifold $O complex 2 <! 85$N6u4V ( C 2 ) N $r CV4972 S N $G 3d$C $?$b $N $G$9!# orbifold $N FC0[E@ $O 8GM- CM $, F1 $8 >l 9g $K 8= $l $^ $9!# $D$^$j 8GM- CM $, D-brane $N 0L CV $r I= $7 $F $$ $^ $9$N $G !" S N $O D-brane F1;N $, F~ $l BX $o$C $F$bJQ $o $i$J$$ $H$$ $&>u 67 $r0U L# $7 $^$9 !# Fs $D $NE@ $, =LB‘ $7 $F$$$k $H S N $NJQ49 $, trivial $K$J$jFC0[ E@ $, 8= $l $F $7 $^$$$^$9!# C 2 $N >e $K 0-brane $, F~$C $F$$$k >l9g $N%b %8%e %i %$ 6u4V $N @8@.4X?t $O !" � n q n [( C 2 ) n =S n ] (270) $3 $l $N%[%b%m %8 !<72 $O Poincar � e B?9‘<0 $r MQ$$$F$^ $H$a D> $7 $F$d $k $H !" � n q n P w [( C 2 ) n =S n ] = 1 Y n =1 1 1 � q n w 2 n � 2 (G� o) (271) P w ( X ) = X n dim( H n ( X )) w n (P oincar � e B?9‘<0 ) (272) :# C 2 $H$$$& 3d $H trivial $J6u 4V $r9M $( $F $$ $? $N $G $9 $1 $I !" 0l HL $N complex 2 <!85$N>l9g 1 Y n =1 (1 + q n w 2 n � 1 ) b 1 (1 + q n w 2 n +1 ) b 3 (1 � q n w 2 n � 2 ) b 0 (1 � q n w 2 n ) b 2 (1 � q n w 2 n +2 ) b 4 (273) b i $O complex2 <! 85B? MMBN$N b etti ?t $G $9!# $3$N 8x <0 $O %V %i%C %/%[!<%k$N %( %s %H %m %T !<$N7W;;$J $I $K K\<AE* $K ;H $o $l $F$$ $^$9!# <+ M3>l$N 5-=R$G ;O $^$C $? ;d$N 2F$N 3X 9;$N9V 5A $G $7 $? $, !" :G8e $K =P$F$-$? <0$b 7k 6I<+M3 >l$N J,G[ 4X?t $K$J $C $F $7 $^$$ $^ $7 $? !# :G8e $K =P $F$-$? <+ M3 86

>l$N 2r <a $O $^ $@ NI $/J, $+ $C $F$$ $^$; $s$, 8D?M E* $K$O Hs>o $K 4X ?4 $r ;}$C $F $*$j$^$9!# 0J>e $G 2F$N3X9;$N9V5A=* $o$j$^$9!# 7 8e5- :G=i ;d $O 9T NsLO 7? $K $D$$$F $N 9V 5A $r $9 $k$3$H$r A[Dj $7 $F =‘ Hw $r ;O$a$? $o$1 $G $9 $, !" $= $l $G K\ Ev $K <g MW$J D0 =0 $G $" $k$H ;W$o $l $k M1 $N 3’$5$s$K J, $+$C $FBW $1 $k $N $G$"$m$& $+$H$$ $& ;v $r$$$m $$$mLB $C $?5s $2 6g !" M2 0J>e $N ?M $O $I $J $?$G $b CN$C $F$$ $k$h $& $J 4p ACE*$J$b$N$r <h$j 07 $&9V5A $K $7 $F $7 $^$$ $^ $7 $? !# $?$@ $7 6&7A >lM} O@ $r ;H $&5-=R $r Cf?4 $K ?x $($F$G $- $k $@$1 8+ DL $7 $N NI$$ @b L@$r M?$($h $& $H$O $7 $? $D$b $j$G $9!# $3$N E@ $K $D$$$F$O $$ $m $$$mHs Fq $b $"$k $+$H $O;W $$$^ $9 !# 8D ?ME* $J0U8+ $H $7 $F $O !" $b $7 M1 $r BP >] $K $9$k$b$N$G $" $l $P 2F$N 3X 9;$N9V 5A $O 3F@lLg$G 0l$D$N 9V 5A $@$1 $G$O $J $/4pK\E*$J$b$N$r 07 $&9V5A $H $h$j ?J $s$@ OCBj $r 07 $&9V5A$N ?t<o N‘ $, $I $& $7 $F$bI,MW $G $O$J$$ $+$H46 $8 $F $*$j $^ $9 !# 5U $K M2 0J>e $rBP>] $H$9$k $N $G $" $l $P :#$N 2F$N 3X9;$N @- 3J $r B?>/JQ$($? J} $, NI$$$N$G$O $J $$$+$H $b ;W$( $^$9!# $3$N 9V5AO? $r LaT eX %U%! %$ %k$K$*$3 $7 $F BW$$ $?:eBg $N3X@8 $N3’$5 $s$O BgJQ$J:n6H $@ $C$? $H ;W$$$^$9!# 46<U $K$?$( $^$; $s !# :G8e $K $3 $N 9V5A$r AH$_ N)$F $k >e $G ;2 9M $K $7 $? J88%$r$" $2 $^$9!# $3$N 9V 5A $O 85 !9 Hs>o $K 4p ACE*$J$b$N$r Cf ?4 $K $7 $F $$ $^$9$N$G $I $& $7 $F $b $I $3$+ $G 8+ $?$h $& $J5-=R $, =P $F $7 $^$$$^ $9 !# $J$* $3$N9V 5A $N8e !" P olc hinski $N #2 J, :} $, =P$^ $7 $? !#:# $H$J $C$F$O$=$l $r FI $‘$N $, 0lHV <j$C<h$j Aa$$$H ;W$$ $^$9!# 87

;29MJ88% [1] J. A. Harvey , \Magnetic monop oles, duality and sup ersymmetry", hep-th/9603086. [2] P . Ginsparg, \Applied Conformal Field Theory", Les Houc he lecture, 1990 [3] J. Polc hinski, \T ASI Lectures on D-brane", hep-th/9611050. [4] C. V afa, \Lectures on Strings and Dualities", hep-th/9702201. [5] T. Banks, \Matrix Theory", hep-th/9710231. 88