Relativistic Tw o-b o dy Sim ulation(R TS) ;37ABg3XM}9)3X8&5f2J=$;N2]Dx#2G/ 0KF# M4Je 2001 G/ 7 7n 18 F| 1 35MW :# 2s sim ulation $r <+ J, $G =q $3 $& $H ;W$C$? F0 5! $H $7 $F $O !" %$%Y %s %H H/ @8 $K 4X $9 $k 0L Aj 6u 4V$X$N M}2r $r $h$j ?<$a $? $$$H 9M$( $? 0Y$G $"$k!# $^ $? !" <+ J, $,CN $j$? $$ J*M} E*$J 8= >]$r 7W ;; 5! $K 7W;; $5 $;$k 0Y $N%k !< %A%s $r :n$k ;v $r3X $V 0Y $N$$ $$ 5!2q $G $"$k $H 9M$( $? 0Y$G $" $k !# :# 8e !" $$ $m $$ $m $J J* M} 8= >] $r 9M $( $k ;~ $K 7W ;; 5! $K $= $l $i $r sim ulation $5 $; $k ;v $O Lr N) $D $H ;W$C$F $$ $k !# :#2s$O 8@ 8l $H $7 $F $N 6=L# $H Gean t4 $r ;H $& $G$" $m $& :# 8e $N ;v$r 9M $( $F C++ $r;H$C$? !# 2 6qBNE*$J7W;; 2.1 A4BN$NN.$l 7W;;$O0J2<$N<j=g$G9T$&$b$N$H$9$k !# 1. F~<MN3;R$H%?!<%2%C%HN3;R$r7hDj$9$k + 2. <B83<<7O$G$N1?F0NL$r7h$a$k + 3. 7O$r=E?47O$X Loren tz Bo ost $9$k + 4. =E?47O$G$N3FN3;R$N1?F0NL !" %(%M%k%.!<$J$I$r5a$a$k + 5. N3;RF1;N$N;6Mp$,5/$-$?$H$7$F !" 0LAj6u4V$K$*$1$k1?F0NLJ,I[$K=> $C$?%$%Y%s%H$rH/@8$5$;$k + 6. ;6Mp8e$N3FN3;R$N1?F0NL !" %(%M%k%.!<$J$I$r5a$a$k + 7. 7O$r=E?47O$+$i:F$S<B83<<7O$X Loren tz Bo ost $9$k + 8. 3FN3;R$N1?F0NL !" %(%M%k%.!<$J$I$r5a$a$k 1

2.2 0LAj6u4V ( FsN3;R$N>l9g ) $^$:!" 0L Aj6u 4V$H $OC1 0L%( %M%k %.!< $K B8:_ $9$k ;v$N =PMh $k>u BV$N ?t $N;v $G$" $k !# B>$N 8@ MU$K$7$F$_$l$PC10L%(%M%k%.!<$"$?$j$N>uBVL)EY$G$"$k$H$$$($k !# $^$:<j;O$a$KN3;R$NJx2u$r9M$($F$_$k !# A ! C + D $3$l$O A $H8@$&N3;R$, B $H C $H$$$&N3;R$KJx2u$7$F$$$kMM;R$rI=$o$7$F$$$k !# $^ $: $OJx 2u A0$N >u BV$r 9M $( $k !# <B83 <<7O $H $7$F A $, @E;_ $7 $F$$ $k 7O$r <h $k $H$9 $k !# $3$l $KBP$9 $k=E ?47O $r9M $( $F$_ $k$H !" $3$l $O <B83 <<7O $HF1 $8 $G$" $k;v $OL@ $i $+$G $"$k!# $h $C $F <B83<< 7O$K $*$$ $F A $,FsBN $K Jx2u $9$k $H B $H C $OF1 $81? F0NL $r ;}$D ;v$, J,$+ $k!# $D $^ $j A $N rest mass $KAjEv$9$k %(%M%k %.!<$r !" Jx2u 8e$N3FN3 ;R$N1? F0NL$,F1 $8$K$J $k$h$& $KJ, G[$9 $k;v$,5AL3 $E$1$i$l$k !# $3$3$G B , C 3FN3;R $N<ANL$,7h $^$C$F$$$kJ*$H 2>Dj$7$F $_$k $H !" $=$l$i$,;}$D1?F0NL$NBg$-$5$O A $N<ANL$KBP$7$F0l0U$K7h$^$C$F$7$^$& !# N3;R$,Jx2u$9$kNc$G0z$-B3$-9M$($F$_$k !# N3;R$, Jx2u $9$k A0$K ;} $C $F $$$k %( %M%k %.!< $,7h $^ $C $F $$$k $H 2>Dj $9$k!# $9 $k $H !" Jx2u 8e $K J|=P$5$l$k%(%M%k%.!<$b%(%M%k%.!<J]B8B’$h$jF1$8Bg$-$5$K$J$k !# $h$C$F rest mass $NCf $+$iJ|=P $5 $l$k N3;R $N<A NL$r :n$j!" $^ $?$= $l$i $K1? F0NL $r M?$( $k$H 9M$( $k;v $,=P Mh$k!# $D $^$j!" :n$i$l$kN3;R$N<A NL$^$?$O$= $N8D?t$, >/$J$$$[$I ( 8@$$49 $($l$P3FN3 ;R$N1?F0%( %M %k%.!<$K$J$kJ,$N%(%M %k%.!<$,B?$$ $[$I ) Jx2u8e$NN3;R$N<h$k;v $N=PMh$k>u BV$OB?$$$N$G $"$k !# $3 $l$r 0L Aj6u 4V$N 4Q E@$G 8+$F $_ $k$H !" ;H MQ$G $-$k %( %M%k %.!< I} $,Bg $-$$ $[ $IJx 2u 8e $N3FN3 ;R$, <h $jF@ $k >uBV ?t$O A} $($k ;v $,$3 $l$K BP 1~$7 $F $$$k!# $h $C $FJx 2u 8e$N N3 ;R$N <A NL $d$=$N8D?t$,>/$J$$J}$,>uBV$H$7$F$O<h$j$d$9$$ !" $D$^$j$O5/$3$j$d$9$$$H8@$($k !# $G$O6qBNE*$KFsBN$N0LAj6u4V$r7W;;$7$F$_$k !# <+M3$J0l N3;R $K$D $$$F 9M$( $F$_ $k !# IT3N Dj@- 86M}$K $h$j !" $3 $N0L CV$H 1?F0 NL$r 40A4 $K !" $+ $DF1;~$KB,Dj$9$k;v$O=PMh$:!" $=$NIT3NDj$5$O � x � � p x � h $G I=$o$5 $l$k !# $3$NN3;R $K4X $7$F$N >pJs$O h 3 $N6u 4VFb $G$OF@ $k;v$, =PMh $J$$ !# $3$l$r>u BV$NBg$-$5$NC10L$H$9$k !# $3$N<+M3$JN3;R$,;}$F$k>uBV$N?t$H$$$&$b$N$O !" N 1 ( ener g y � E ) = 1 h 3 Z Z d x d p $?$@$7$3$N p $O#3851?F0NL$G$"$k !# N3;R?t$,#28D$KA}$($k$H N 2 ( ener g y � E ) = ( 1 h 3 ) 2 Z Z Z Z 2 Y i =1 d x i d p i 2

$3$3$G R d x $r V( BN@Q ) $H$9$k$H N 2 ( ener g y � E ) = ( V h 3 ) 2 Z Z 2 Y i =1 d p i $3$3$G78?t =1 $H$7$F>JN,$9$k$H N 2 ( E ) = Z Z d p 1 d p 2 $3 $3 $G Aj BP O@ E* $K IT JQ $J 0L Aj 6u 4V $r 7W ;; $9 $k 0Y $K #3 85 1? F0 NL $r #4 85 $X $H 3H D% $9 $k ;v $K $9 $k!# $=$l$OBgJ8;z$GI=$o$9;v$K$7$F N 2 ( E ) = Z Z d P 1 d P 2 $3$3$G$^$?0lN3;R$K$D$$$F9M$($k !# dP = dp dE $J$N$G N 1 ( E ) = Z d P 1 @QJ,$9$k1?F0NL$O1?F0NL !" %(%M%k%.!<J]B8$rK~$?$7$F$$$kI,MW$,$"$k$N$G N 1 ( E ) = Z d P 1 � ( P � 1 X i =1 P i ) = Z d P 1 � ( P � 1 X i =1 P i ) = Z d p 1 dE 1 � ( E 2 � p 2 � m 2 ) = Z d p 1 2 E $h$C$F = Z d p 1 2 E � f E � 1 X i =1 E i g $?$@$7 1?F0NLJ]B8 ::::::: X P i � P = 0 %(%M%k%.!<J]B8 ::::::: P i � m i 2 = 0 Z � f (�( x )) g dx = 1 j � 0 ( x 0 ) j Z dE � f n X i =1 ( E i � E ) g = 1 $G$"$k !# $3$3$G Fs BN$N >l 9g$K 9M $($r La $9;v $K $9$k!# Fs BN $N>l 9g $N>u BV ?t$O 0l BN$N >l 9gF1 ;N $N>u BV ?t $N@Q$K$J$k$N$G d� 2 dp 1 = � =E = const 0J>e$N $h $&$K $7 $FFs BN $N>l 9g $N0L Aj 6u4V $, 5a$a $i $l$k!# $3 $N ;v$O =E ?47O $K $*$$ $F Jx2u 8e $N N3;R$N1?F0$,G$0U$NJ}8~$KBP$7$F0lMM$J3NN($G5/$3$jF@$k;v$rI=$o$7$F$$$k !# 3

2.3 %$%Y%s%HH/@8$K$D$$$F (Program) >e$G 7W;; $7 $FJ, $+ $C $? $h$& $K !" FsBN $N >WFM $K $*$$ $F5/ $3 $k%$ %Y %s%H $H $$$& $b$N $O 0LAj 6u 4V$N4Q E@ $+$i 8+ $k$H $9 $Y$F $N J}8~ $K BP$7 $F EyJ} E* $K5/ $3 $j$( $k!# $^ $?;6 Mp 8e$N 3F N3;R $N 1? F0$r=E ?47O $G8+ $k$H !" 1? F0NL $O8_ $$$K Ey $7$$ CM$r $b $C $F$$ $k !# $3 $N;v $h$j $= $l$i $rBg $- $5 $r 0lDj $H$7 $F$=$N J}8~ $r 0 : 0 � � < 2 � ( � : x <4$H $N3Q EY ) $N4V $GG$ 0U$K ?6$k ;v$G $=$N $h$& $J%$%Y%s%H$rI=$o$9;v$,=PMh$k$H9M$($k !# $h$C$F;H MQ$9$k $N$O0l MMMp?t $G$=$N Bg$-$5 $O 0 : 0 � � < 2 � $G$"$k !# $3$l$O C $N%i%$ %V%i %j $G $"$k stdlib $N rand() $r ;H MQ $7$F H/ @8 $5$; $k ;v$K $9 $k !# $^$?Mp ?t$, Kh 2s F1$8 $K $J $i$J $$$h $& $K Mp ?t $N <o $O srand() 4X?t $K 1970 G/#1 7n#1 F| $+ $i $N IC ?t $r JV $9 time(0) 4X?t $r M? $( $k;v$GKh2s0c$&Mp?t$rH/@8$5$;$k;v$K$7$? !# 2.4 Loren tz JQ49 <B83<<7O$H=E?47O$N Loren tz JQ49$N7W;;$r$7$F$_$k !# $^$:<B 83<< 7O$K $*$$ $F !" #2N3 ;R$, $$$k $b $N$H $9$k!# 0l$D $O%? !< %2 %C%H N3;R $H $7$F <B83 << 7O $X@E ;_ $7 $F $$ $k!# $b $& 0l $D $O %S !< %‘ N3 ;R $H $7 $F $" $k Bg $- $5 $N 1? F0 NL $r ;} $C $F 1? F0 $7 $F $$ $k!# $3$3$G !" $3$N%S!<%‘N3;R$N1?F0J}8~$r x $H$9$k !# $^$:$O0l$D$NN3;R$K$D$$$F9M$($k !# r = x i + y j + z k :::::::: <B83<<7O r 0 = x 0 i + y 0 j + z 0 k ::::::::: =E?47O Lor entz JQ49 x 0 = ( x � v t ) (1) y 0 = y (2) z 0 = z (3) t 0 = ( t � v x=c 2 ) (4) $?$@$7 !" v $O<B83<<7O$H=E?47O$NAjBPB.EY$G$"$j!" $O 1 = p 1 � ( v =c ) 2 $G$"$k !# $3$3$G x 0 ! x 0 + dx 0 , y 0 ! y 0 + dy 0 , z 0 ! z 0 + dz 0 , t 0 ! t 0 + dt 0 $HCV$/$H x 0 + dx 0 = f x + dx � v ( x + dx ) g (5) y 0 + dy 0 = y + dy (6) z 0 + dz 0 = z + dz (7) t 0 + dt 0 = f t + dt � v ( x + dx ) =c 2 g (8) $3$3$G3F<0$r0z$-;;$9$k$H dx 0 = ( dx � v dt ) dy 0 = dy dz 0 = dz dt 0 = ( dx � v dt ) 4

$h$C$F=E?47O$K$*$1$kN3;R$NB.EY u $O u = u x i + u y j + u z k ::::: <B83<<7O u 0 = u 0 x i + u 0 y j + u 0 z k ::::::::: =E?47O $H$9$l$P !" 0J2<$N$h$&$K4X78$E$1$i$l$k !# u 0 x = dx 0 dt 0 = ( dx � v dt ) ( dt � v dx=c 2 ) = dt ( u x � v ) dt (1 � v u x =c 2 ) = u x � v 1 � v u x =c 2 u 0 y = dy 0 dt 0 = dy ( dt � v dx=c 2 ) = 1 1 1 � v u x =c 2 dy dt = 1 u y 1 � v u x =c 2 = 0 u 0 z = dz 0 dt 0 = dz ( dt � v dx=c 2 ) = 1 1 1 � v u x =c 2 dz dt = 1 u z 1 � v u x =c 2 = 0 $3$3 $G u i (i=x,y ,z) $O dr i dt $N;v $G $" $k!# $5 $i $K <B 83 << 7O $K $* $$ $F u y ; u z =0 $J$N $G u 0 y ; u 0 z = 0 $G$"$k!# $h $C $F=E ?4 7O$K $* $1$k 3FN3 ;R $N1? F0 NL$r <B83 << 7O$G $N 1?F0 NL$N <0 $H$7 $F 5a$a $k ;v $,=PMh$k !# $^ $? 5U $K =E ?4 7O $+ $i <B 83 << 7O $X $N Loren tz JQ 49 $O v ! -v $H $7 $F $= $N >e $G u 0 x ; u 0 y ; u 0 z $H u x ; u y ; u z $r8r49$9$l$P$$$$$@$1$G$"$k !# $=$&$9$k$H u x = u 0 x + v 1 + v u 0 x =c 2 u y = 1 u 0 y 1 + v u 0 x =c 2 = 0 u z = 1 u 0 z 1 + v u 0 x =c 2 = 0 $G !" I= $o$9 ;v$, =P Mh$k!# $3$l $K$h $j;6 MpA0 $N <B83 <<7O $N1? F0 NL$, J,$+ $l$P !" =E?4 7O$K $* $1 $k3F N3 ;R $N 1? F0 $N MM ;R $b J, $+ $j!" $^ $? =E ?4 7O $K $* $1 $k ;6 Mp 8e $N 3F N3 ;R $N 1? F0 NL $, J, $+ $l $P !" 5

<B83<<7O$G$N1?F0NL$X$HJQ49$b=PMh$k !# >\$7 $$%W %m %0%i %‘ $X $NH? 1G $N$5 $; J}$J $I $O>J N, $9$k!# %W %m %0 %i%‘ <+ ?H$r :G 8e$K :\ $;$k $N $G$=$l$r8+$F3N$+$a$k;v$K$9$k !# 3 7W;;7k2L 7W;;$r$7$?7k2L$O0J2<$K:\$;$k !# 4 9M;! 6