Boson Expansion Metho ds on Ligh t F ron t ElBg65M\ HDAR?t5- 8w 1_?m NL;R 2=K! $K $*$$$F !" B?BNLdBj $G $h $/;H $o $l $k !V %\%> %s E8 3+K! !W $, Mx MQ $G $- $k $3$H$r @b L@ $9$k!# $3 $l$O DL>o !" $$ $o $f$k T amm-Dank o� 6a;w $r D6 $( $k<j K! $H $7 $F 9M $( $i $l $F$$$k $b $N $G$"$k !# <B:] $K #2 <!85 QCD $K BP $7 $F %\ %> %s E83+K! $r E,MQ $7 !" %\ %> %s $N Hamiltonian $r F3$/ !# 1 =x $H F05! 8w1_ ?m NL ;R 2= K! $O !" Aj BP O@ E* B+ G{ >u BV $rHs@] F0 E* $K <h $j07$& J} K! $H $7 $F :G6a :F $S CmL\ $r =8 $a $F$$ $k [1] !# $= $NCf $G$b !" 8w 1_ ?m >e $G T amm-Dank o� 6a ;w $r MQ $$ !" Constituen t Quark Mo del(CQM) E* $J IAA| $K 5"Ce$5 $;$h $& $H$$ $& Bg $- $J N. $l $, $" $k [2] !# #2<!85 $N LO7? $G$O !" $3$N J}K! $K $h$C $F %a %= %s $NDcNe 5/ >u BV $, $h$/5- =R $5 $l $k $3 $H $,$o $+$C $F$$$k [3] !# FC $K :GDc Ne 5/ >u BV $O $3 $l $, Cx $7 $/!" quark $H an tiquark $N #2 BN $N$_$N @.J, j q � q > = X i Z P 0 dk � � ( k � ) a i y k � d i y P � k � j 0 > (1) $G 5-=R $G $- $k $3 $H $, CN $i $l $F $$ $k !# K\Mh $J $i $P j meson > = j q � q > + j q � q q � q > + � � � $H MM !9 $J @.J, $, 5v $5 $l $k $N $G$"$k $, !# ?? 6u $N "triviarit y" $, H?1G $7 $F$$$k $N $G$"$m $& $, !" 2? 8N T amm-Dank o� 6a;w $, $= $l$[ $I NI $$$N $+$O L@3N $K$O J, $+ $C $F$$$J$$ !# => $C $F T amm-Dank o� $K $h $i$J $$ J}K! $G !" M}O@ $N 9=B$ $r D4 $Y $k $3$H $O =EMW $G$" $k !# 0l J} !" Dc %(%M %k %. !<$N M-8zM}O@ $H $7 $F$O !" CQM $d !" Nam bu,Jona-Lasinio LO7?$N$h $& $K quark $N <+M3EY $r ;D $7 $?$b$N$N B> $K Skyrme LO7? $N$h $& $K hadron $=$N $b$N$r <+ M3EY $H $7 $? $b$N $, $" $k !# $3 $l$O %+ %$ %i %k BP>N@- $N GK $l $K H< $J $& Nam bu-Goldstone N3;R $r 5-=R$9$k$N $K JX Mx $J LO7? $G $" $k !# 8= >u $G $O NG b oson $r 8w 1_ ?m >e $G5-=R $9 $k J} K! $O CN $i $l$F$$ $J$$ $, !" F1 $8 Dc %( %M %k %. !< $r5-=R $9 $k $b$N $G $" $k $J $i $P 8w 1_?m>e $G $b >e5-$N CQM E*IA A| $+$i b oson M} O@ $X 0\ 9T$9$k2? $i$+ $N J}K! $, $" $k $N $G$O$J$$ $+$H$$ $& 5?Ld $, @8 $8 $k !# $$ $d !" $=$b $= $b NG b oson $O T amm-Dank o� E* $K =q $1 $k $N $+$H $$ $&5?Ld $b $" $k !# <B:] $K � Cf 4V;R $O CQM E*IAA| $G$O I= $; $J $$ $7 !" >e5- $N #2<! 85 $G $N @.8y $O !" NG b osn $, $I $& =q $1 $k $+$K $D$$ $F $O ;DG0 $J $,$i 2? $b 65 $($F $/ $l $J $$ !# 2 #2 BN>uBV $H%\ %> %s E83+K! >/ $J$/ $H $b #2 <! 85 $N %b %G%k $G $O %a %= %s$N:G Dc Ne 5/ >u BV $, #2 BN $G=q $1$k $3 $H $+ $i !" !J T amm-Dank o� 6a ;w $+ $i$NN. $l$H $7 $F $O !K $3 $N#2 BN >u BV $+ $i b oson M} O@ $rF@ $k $3 $H $, =P Mh $k $N $G $O$J $$ $+ $H 9M $($k $N $, <+A3 $G$" $m$& !# $= $3 $G#2 BN >u BV $K$D $$ $F>\ $7 $/ 8+ $F $_ $h $& !# $^ $: !" <! $N $h$& $J bilo cal op erator $r F3F~$9$k!# !J 4JC1 $N$? $a#2<!85 $K $7 $F $$ $k $, 0J2< $N5DO@ $O #4<!85 $G$b @. $jN) $D !# #4 <!85 $G$N 0c $$ $K $D$$ $F $O 8e=R$9$k !K M ( x; y ) = N X i =1 y i ( x ) i ( y ) ; (2) M ( p 1 ; p 2 ) = Z 1 �1 dx 1 p 2 � dx 2 p 2 � M ( x 1 ; x 2 ) e ip 1 x 1 + ip 2 x 2 : (3) 1

$3 $3 $G $O U ( N ) $d S U ( N ) $J $I $N Fb It BP >N @-$r 2> Dj $7 !" $= $N 2<$G IT JQ$J 1i ;; ;R$r 9M$( $? !# $^$? !" ( x ) $O >e@.J, $N %9 %T %N %k$G$"$j !" Hamiltonian 7A<0 $G 5DO@ $r$9$k $N $G 3F op erator $O F1;~9o $N$b $N $G$" $k !# $3$N #2 BN1i ;;;R M ( p; q ) $O b oson $G$O $" $j $($: !" =>$C $F #2 BN >uBV$b b oson $G$O $" $j F@ $J $$ $3$H $, !" M ( p; q ) $N algebra $r 7W ;;$9 $k $3$H$G $o$+ $k !J normal order $O F o c k v acuum $K BP $7 $F $N$b$N !K !# [: M ( p 1 ; p 2 ) : ; : M ( q 1 ; q 2 ) :] = : M ( p 1 ; q 2 ) : � ( p 2 + q 1 ) � : M ( q 1 ; p 2 ) : � ( p 1 + q 2 ) (4) + N � ( p 1 + q 2 ) � ( q 1 + p 2 ) f � ( p 1 ) � ( p 2 ) � ( � q 1 ) � ( � q 2 ) � � ( � p 1 ) � ( � p 2 ) � ( q 1 ) � ( q 2 ) g : $3 $l$O J*M} E* $K $O EvA3 $N $3 $H $G !" fermion #2BN7O $I $& $7 $K$O Hamiltonian $H$O 4X78 $J $/!" $= $NE}7W @- $N8z2L $, B8:_ $9$k!# $D$^ $j!" P auli principle $, F/$/ $3 $H $K $h $C $F !" #2BN >u BV $O F1 $8 >uBV $r <h$k $3 $H $, =PMh $: !" b oson $G$O $" $j F@ $J $$$N$G$" $k !# $b $7 M ( p; q ) $r 2? $i$+ $N b oson op erator $G I= 8=$9 $k $3$H $, $G $-$?$J$i !" $3$N P auli 86M}$N 8z 2L $r $=$N b oson 4V $N Aj8_:n MQ $H $7 $F <h$j 07 $& $3$H $, $G $- $k $@ $m $& !# $3 $&9M $($? ;~ !" <B $O B?BN Ld Bj $K $* $1 $k<j K! $H $7 $F 8E $/ $+$i CN $i $l $F $$ $k !V %\ %> %s E8 3+ K! !W $H $$ $& $b$N $, $^$5 $K F1 $8 F0 5! $G F1MM$N$3$H$r 9T $J $C $F $*$j !" $=$N <j K! $, MxMQ $G $- $k $H $$ $& $3$H $, $o$+ $k [6] !# %\ %> %s E83+K! $O $b$H$b $H 6/<’@-BN $N %9 %T%s GH $r %\ %> %s E* $K <h $j07 $& L\ E* $G F3F~ $5 $l $? [7] !# %9 %T %s$O S U (2) Be?t $N $?$a $K $=$N$^$^ $G $O <h$j07 $$ $, Fq $7 $$$N $G !" S U (2) Be?t $r K~ $?$9$h $& $K %9 %T%s $r %\ %> %s $r MQ $$ $F I=8= $7 $?$N$G$" $k !# $^ $? !" 86 ;R3KM}O@ $G$O =8CD1?F0 $r 5-=R$9$k $K$O !" N3;R - 6u9& Ne5/ $, =EMW $G$"$j !" fermion bilinear op erator $r %\ %> %s$G I=8= $9$k %\ %>%s E83+ $, MQ $$ $i $l $? !# $3 $l $O !" N3;R $r quark !" 6u9& $r an tiquark $H $9 $l $P 2f !9 $N >u 67$H$[ $\ F1 $8 $G $" $k !# %\ %> %s E8 3+ $K $O $$ $/ $D $+$N J}K! $, $" $k $, !" $3 $3 $G $O FC $K Holstein-Primak o� 7? $r MQ $$ $h $& !# $^ $: !" <! $N$h $& $J b oson op erator $r F3F~$9$k !# [ B ( p 1 ; p 2 ) ; B y ( q 1 ; q 2 )] = � ( p 1 � q 1 ) � ( p 2 � q 2 ) ; [ B ( p 1 ; p 2 ) ; B ( q 1 ; q 2 )] = 0 ; (5) $3 $3 $G !" 86 ;R 3K $N>l 9g $H0c $C $F !" index $O O" B3 $G $"$k!# $3 $N b oson $r MQ $$ $k $H#2 BN 1i ;; ;R : M ( p; q ) : $O <! $N MM $K $" $i$o $; $k !# : M � + ( p 1 ; p 2 ) : = Z 1 0 dq B y ( � p 1 ; q ) B ( p 2 ; q ) � A ( p 2 ; � p 1 ) (6) : M + � ( p 1 ; p 2 ) : = � Z 1 0 dq B y ( q ; � p 2 ) B ( q ; p 1 ) (7) : M ++ ( p 1 ; p 2 ) : = Z 1 0 dq ( p N � A )( p 2 ; q ) B ( q ; p 1 ) (8) : M � ( p 1 ; p 2 ) : = Z 1 0 dq B y ( q ; � p 2 )( p N � A )( q ; � p 1 ) (9) M � + $J $I $N E:;z $O 3F1?F0NL $N @5Ii $r I= $7 $F $$ $k !# Ii $N CM $r <h $jF@$k $N $O M $N F ourie JQ49 $N Dj5A (3) $N $? $a $G$"$k!# $3 $N<0 $N0U L# $O !" (5) $r ;H $( $P !" <0 (6) !A (9) $N 1& JU $r (4) $K BeF~ $7 $? $b $N $, @. $j N) $D $3$H $, <( $;$k !" $H$$ $& $3$H $G$" $k !# $^ $? !" >e $G (8) $H (9) $K%k !< %H$, F~ $C $F$$$k $, !" $= $l$O E8 3+ $G Dj5A $9 $k!# $3 $N %k!< %H$, Dj 5A $G$-$k It J, 6u 4V $O J* M} E* It J, 6u 4V $H 8F $P$l $k !# $5 $i $K N ! 1 $H $9$k $H !" M � $H M ++ $H $, b osonic $J 8r49 4X78 $r K~ $?$9 $3 $H $, (4) $+$i$o $+ $k $, !" $3 $l $, >e $G$b 8+ $F$H $l $k !# : M ++ ( p; q ) : ! p N B ( q ; p ) $3 $l$O N ! 1 $H $9$k $H 5v $5 $l $k>uBV $N?t $, L58B $K$J $C $F P auli 86M} $, 8z $+$J $/ $J $k $+ $i$G$"$k !# $3$N$h $& $K $7 $F #2BN1i ;;;R $r %\ %> %s $G I=8= $9$k $3 $H $, =PMh $? !# => $C $F !" $b $7 Hamiltonian $, #2BN 1i ;; ;R $N $_ $G I= $5 $l $k $J $i $P !" MF 0W $K %\ %>%s $N Hamiltonian $r F@$k $3$H $, =PMh$k !# 6qBNE* $K$3 $l $r #2 <!85 QCD $r MQ $$ $F <!@a $G <($9 !# 2

3 #2 <!85 QCD $X$N 1~MQ [4] #2<!85 QCD $N%i %0 %i %s%8 %" %s $O <! $G M? $($i $l $k !# L = � 1 2 tr( F � F � ) + � ( i � D � � m ) ; (10) $3 $3 $G F � = @ � A � � @ � A � � ig [ A � ; A � ] $O >l$N 6/$5 !" D � = @ � � ig A � = @ � � ig A a � T a $O 6& JQ HyJ, $r I=$9 !# $J $* !" 0J2<4J C1 $N$?$a$K BP >N@- $O U ( N ) $H $7 !" 6u4V $O L58B $H $9 $k !# #2<!85$N %2 !< %8 M} O@ $G$O 6u 4V $, L5 8B $@ $H %2 !< %8 >l $K EA GE<+ M3EY $, $J $/!" K\<AE* $K quark $N <+M3 EY !J 8w 1_?m >e $J $i !" %9 %T %N %k$N>e@. J, !K $@ $1 $, J*M} E* $J<+M3 EY $H $J$k !# %2 !< %8 >l $r >C 5n $7 $F$d$k $H !" 8w 1_ ?m >e $G $O Hamiltonian $, >e $G Dj5A $7 $? %2 !< %8 ITJQ $J M ( p; q ) $N$_ $K $h $C $F <! $N$h $& $K 4JC1 $K =q $+ $l $k [5] !# H = � g 2 8 � Z 1 �1 dp 1 dp 2 dq 1 dq 2 � ( p 1 + p 2 + q 1 + q 2 ) P ( p 1 + q 2 ) 2 : M ( p 1 ; p 2 ) :: M ( q 1 ; q 2 ) : � 1 2 m 2 � g 2 N 2 � ! Z 1 �1 dq P q : M ( q ; � q ) : ; (11) $3 $3 $G P $O <g CM @Q J, $r $" $i $o $9 !# $3 $N Hamiltonian $O M $K$D $$ $F9b !9 #2 <! $G $O $" $k $, !" $= $N 1? F0 J} Dx<0 $r 8+ $k $3 $H $G M $I $& $7 !J $D$^ $j #2 BN >u BV 4V !K $K Aj 8_ :n MQ $, $"$k $3 $H $, J, $+$j !" $= $l$O algebra $K 5/ 0x $7 $? $b $N$@ $H 8@ $( $k !# $J $* !" $3 $N 1? F0 J} Dx <0 $O N ! 1 $G !" $$$o$f $k ’tHo oft J} Dx <0 $r M? $( $k !# $3$N Aj8_:n MQ $r Hamiltonian $G $" $+$i $5$^ $K 8+$k $? $a $K %\ %> %s E83+ $r E,MQ $9$k [4] !# $d $O $j Holstein-Primak o� 7? (6) !A (9) $K $7 !" %k!< %H$rE8 3+ $9 $k $3 $H $G 1 = N $N3F %* !< %@ !< $N Hamiltonian $, H (0) H P = � g 2 N 8 � Z 1 0 dp 1 dp 2 dq 1 dq 2 � ( p 1 + p 2 � q 1 � q 2 ) P ( p 1 � q 2 ) 2 B y ( p 1 ; p 2 ) B ( q 2 ; q 1 ) + 1 2 m 2 � g 2 N 2 � ! Z 1 0 dq dq 0 � P q + P q 0 � B y ( q ; q 0 ) B ( q ; q 0 ) (12) H (1) H P = g 2 p N 4 � Z 1 0 dp 1 dp 2 dq 1 dq 2 dk � ( p 1 � p 2 + q 1 + q 2 ) P ( p 1 + q 2 ) 2 � n B y ( k ; p 2 ) B ( k ; p 1 ) B ( q 2 ; q 1 ) � B y ( p 2 ; k ) B ( p 1 ; k ) B ( q 1 ; q 2 ) + h : c : o (13) $N$h $& $K F@ $i $l $k !# $5 $i $K !" %\ %> %s E83+ $G F3F~ $7 $? b oson $O bilo cal $G $"$C $? $, !" lo cal $J b oson $r b y r = p r Z 1 0 dz � ( z ) B y ( r z ; (1 � z ) r ) (14) $N MM $K F3F~ $7 !" GHF04X?t � ( z ) $r H (0) H P $r BP3Q2=$9$k $h $& $K 7hDj$9$k !# !J $3 $l $O B?BN LdBj $N 8@MU $G 8@ $( $P !" =8CD>uBV $r F3 F~ $7 $?$3$H$K AjEv$9$k !# !K $9$k $H :GDc<!$N Hamiltonian $O ’tHo oft J} Dx<0 $N 8G M-CM � n $r <ANL $K ;}$C $? <+M3 %9%+ %i!< >l $N$b$N H (0) H P = X n Z 1 0 dr � 2 n 2 r b ( n ) y r b ( n ) r (15) $H$J $j !" H (1) H P $O !" $=$N 3F b oson 4V $N#3E@Aj8_:nMQ $K$J $k !# 7k6I !" L58B<o $N %9%+ %i!<N3;R $, 8_ $$ $K Aj8_:nMQ $7 $F $$ $k7O $N Hamiltonian $r F@ $? $3$H $K$J $k !# 3

4 5DO@ $H E8K> $3$3 $G $O 8w1_?m>e $G %\ %> %s E83+ $r MQ $$$k $3 $H $K $h$j !" 7OE} E* $K %\ %> %s M}O@ $r F@$kJ} K! $r <( $7 $? !# 6qBNE* $K$O #2<!85 QCD $K $*$$ $F !" Aj 8_:n MQ $N $" $k %\ %> %s 7O $N Hamiltonian $r F@$k $3$H $,$G $-$? !# %\ %> %s E83+<+ ?H $O DL>o $N :BI8 $G @]F0O@ $NOH $G$J $i F1MM $K E,MQ $G$- $k $, !" 8w 1_?m >e $G <B9T $7 $? J} $, !" $9 $G$K #2 BN>u BV $, %a %= %s $r $h $/6a;w$9 $k $H 4| BT$5 $l $k $N $G %\ %> %s E83+ $G F3F~ $7 $? %\ %> %s $b %a %= %s $r 5- =R$9 $k$N $K NI$$ JQ ?t $G $" $k $H 4| BT$5 $l $k !# $^ $? !" $3$3$G$O #2 <! 85 $G $7 $+ 8+ $J $+ $C$? $, !" #4<! 85 $G $b fermion #2 BN 1i ;;;R$N Be?t $O E:;z $, A} $( $k DxEY $G K\<A E* $K JQ $o$i $J $$ $N$G !" %\ %> %s E8 3+ $O F1MM $K E,MQ $G$- $k !# $7 $+ $7 !" %2 !< %8 M}O@ $G !" M $r %2 !< %8 ITJQ $J 1i;;;R $K $7 $h $& $H$9 $k $H quark $H an tiquark $N 4V $K Wilson line $r F~ $l $J $/ $F $O$J$i$: !" $=$N 7PO)0MB8@- $, $" $k $N $G !" $3$N $^$^ $G$O E,MQ $G$- $J$$ !# 8w1_ ?m >e $G $O !" Gauss la w $, Hf3S E* MF 0W $K 2r $1 !" M> J, $J <+M3 EY $N $J$$ Hamiltonian $+$i start $9$k $N $G !" $= $N:] $K $O 4V $K %2 !< %8 >l $r Ht $P $5 $J $/ $H$b !" 0UL# $N $"$k7k2L $r F@ $i $l $k $+ $b CN $l $J $$ !# QCD $N >l9g $O N $H $$ $& %Q%i %a !<%? $, $" $C $?$N $G 1 = N E8 3+ $, ;H $( !" Holstein-Primak o� E8 3+ $, $& $^ $/$$$C $? $, !" Sc h winger mo del $N $h $& $J >l 9g $O E8 3+$9 $k$N $O ITE, Ev $G $" $k !# $7 $+ $7 !" %\ %> %s E8 3+ $K$O Holstein-Primak o� $N MM $K E8 3+ $, L58B <!$N$b$N$@$1 $G $J $/!" M-8B $G E83+ $, ;_$^ $k J} K! $, $"$k !J Nc $( $P !" Dyson 7? $d Sc h winger 7? !K !# => $C $F !" N $N >. $5 $J M}O@ $d !" Sc h winger mo del $J $I $K $b %\ %> %s E83+ $O E,MQ2DG= $G$" $k !# 0l HV=i$a $K MQ$$ $i $l $? %9 %T%s GH $, $= $& $G $" $C $?$h $& $K !" %\ %> %s E8 3+ $G F3F~$5 $l $? %\ %> %s $O <+ H/ E* BP >N @-$N GK $l $H $H $b$K @8 $: $k NG b oson $r 5- =R$9 $k$N$K JX Mx$J JQ ?t $G $" $k$H 9M $($i$l $F $$ $k !# =>$C $F 8w1_?m>e $G $b$=$N 2DG=@- $, 4|BT$5 $l $k !# $= $& $J $k $H NG b oson $O T amm-Dank o� E* $K$O =q $1 $J $$$3$H$K $J $k !# $H $$ $& $N $O !" 3N $+$K 2f !9 $O #2 BN $+$i =P H/ $7 $? $, !" F3F~ $5 $l $? %\ %> %s $r 5U $K 2r $1 $P !" $=$N %\ %> %s $O fermion $N B? BN8z 2L $r 4^ $‘ $3$H $, $o$+ $k $+$i $G $" $k !# $3$N $h $& $K !" $3$N%" %W %m!< %A $O NG b oson $N 5-=R $K $b =EMW $J%R %s%H $r M? $( $k $+ $b $7 $l $J $$$N$G !" :#8e !" 6qBNE* $K #4 <!85 $N LO7? $K 1~MQ $7 $F $_ $k $Y$- $G$" $m $& !# ;29MJ88% [1] K. G. Wilson, et al., Ph ys. Rev. D49 , 6720 (1994) [2] I. T amm, J. Ph ys. (Mosco w) 9 , 449 (1945); S. M. Dank o�, Ph ys. Rev. 78 , 382(1950); R. J. P erry , A. Harindranath, and K. G. Wilson, Ph ys. Rev. Lett. 65 , 2959 (1990) [3] K. Harada, T. Sugihara, M. T aniguc hi, and M. Y ahiro, Ph ys. Rev. D49 , 4226 (1994); K. Harada, A. Ok azaki, and M. T aniguc hi, Ph ys. Rev. D52 , 2429 (1995); K. J. Horn b ostel, S. J. Bro dsky , and H. C. P auli, Ph ys. Rev. D41 , 3814 (1994); K. J. Horn b ostel, Ph. D. thesis, SLA C Rep ort No. 333, (1988); T. Sugihara, M. Matsuzaki, and M. Y ahiro, Ph ys. Rev. D50 , 5274 (1994) [4] K. Itakura, Boson Exp ansion Metho ds in Light-F r ont QCD 1+1 , hep-th/9604032 [5] K. Kikk a w a, Ann. Ph ys. 66 , 3633 (1981) [6] F or a review, see A. Klein and E. R. Marshalek, Rev. Mo d. Ph ys. 63 , 375 (1991) [7] T. Holstein and H. Primak o�, Ph ys. Rev. 58 , 1098 (1940) 4