5?;wN3;RB?=E6KK!$H$=$NE8K> KRLn=_0lO:!"@n0fFX ( ElBgAm9gJ82= ) MWLs ?7$7 $$ 9b <! @: EY $N 9b B. B? =E 6K E8 3+ K! $H %D %j!< %3!< %I $N <B 8= J} K! $r Dj <02=$7$?!#$3$l$O5?;wN3;R$GB?=E6KE83+$rI=8=$9$k!#FCD’$O!" � =>Mh$NJ}K!$h$j$b$:$C$H<BAu$,4JC1$G$"$j � GRAPE $rM-8z$K;H$&$3$H$,=PMh$k $3$H$G$"$k!# OC$9FbMF 1. 9bB.B?=E6KE83+K!$H%D%j!<%3!<%I$N86M} 2. Pseudoparticle metho d $N9M$(J} 3. ?tCMNc 4. $^$H$a

9bB.B?=E6KE83+K!$H%D%j!<%3!<%I$N86M} � $I $A $i $b!" 4p K\ E* $K $O 1s $/ $N N3 ;R $r %0 %k!< %W $K $^ $H $a $k $3 $H $G 7W;;NL$r8:$i$9!# %D%j!<%3!<%I$N86M}!’ � 1s$/$NN3;R$+$i$NNO$O$^$H$a$k!# � $^$H$a$k$N$K!"3,AXE*$J%D%j!<9=B$$r;H$&!#

%D%j!<%3!<%I$G$NNO$N7W;; � ==J,$KN%$l$F$$$k!’=E?4!J$"$k$$$OB?=E6KE83+!K$+$i$NNO � $=$&$G$J$$!’;R%N!<%I$+$i$NNO$N9g7W 7OA4BN$+$i$NNO = %k!<%H%N!<%I$+$i$NNO $"$H$O:F5"E*$K7W;;$5$l$k!#

9bB.B?=E6KE83+K! T ree FMM � %D%j!<!’NO$r5Z$\$9$[$&$@$1$r$^$H$a$FI>2A � FMM !’NO$r<u$1$k$[$&$b$^$H$a$FI>2A NO$r<u$1$kJ}$N7W;;K!!’ 1. 5,=‘E@$G$N%]%F%s%7%c%k$ND4OB4X?tE83+$r7W;;$9$k!#$3$l$r!V6I =jE83+!W$H8F$V!# 2. 3FN3;R$N0LCV$G$NNO$rE83+78?t$+$iI>2A$9$k!#

<B:]$N7W;;K!!’ � 3F %; %k $, 30 $K :n $k %] %F %s %7%c %k $N 5e LL D4 OB 4X ?t E8 3+ !JB? =E 6K E8 3+!K $r!" <+ J, $N 2< $N %; %k $N B? =E 6K E8 3+ $N E8 3+ Cf ?4 $r %7 %U %H $7 $F 5a $a $k!#!J up w ard path !K � 3F%;%k$,!" { <+J,$HF1$8%l%Y%k$G { ?F$NNY@\%;%k$N;R$G { <+J,$NNY@\%;%k$G$J$$ %; %k $K $h $k %] %F %s %7%c %k $N OB $r <+ J, $N Cf ?4 $G $N D4 OB 4X ?t E8 3+ $K $7 $F $* $/ !J6I =j E8 3+!K � 0l HV >e $N %l %Y %k $+ $i =g $K!" <+ J, $N <u $1 $F $$ $k %] %F %s %7%c %k $r ;R %; %k $K EA $( $k !J6I =j E8 3+ $N Cf ?4 $r %7 %U %H $9 $k , do wn w ard path !K!K � :G =* E* $K $O 3F N3 ;R $, <+ J, $N F~$C $F $$ $k %; %k $N Cf ?4 $G $N 6I=jE83+$rI>2A$9$k!#

B?=E6KE83+$N;;?t!’ 3 <!85$N>l9g E83+78?t � m l = N X i =1 m i r l i Y � m l ( � i ; � i ) 5eLLD4OB4X?t Y m l = ( � 1) m v u u u u t 2 l + 1 4 � ( l � j m j )! ( l + j m j )! P m l (cos � ) e im� B?=E6KE83+ �( r ; � ; � ) = 1 X l =0 l X m = � l � m l r l +1 Y m l ( � ; � ) : 6I=jE83+ �( r ; � ; � ) = �(0) + 1 X l =0 l X m = � l � m l r l Y m l ( � ; � ) : (1) 7W;;%3!<%I$N<B8=$K$O!" � � k $+$i � k $X$NJQ49 � � k $NE83+Cf?4$N%7%U%H � � k $NE83+Cf?4$N%7%U%H $,I,MW!’$I$l$bHs>o$KLLE]

B?=E6KE83+$N;;?t!’ 3 <!85$NJQ49<0 (F rom Elliot and Board, 1994) � LLE]$G$"$k!# � 9bB.7W;;$,:$Fq | Y m n $,A22=<0$GI=$5$l$k$N$GJBNs@-$,Dc$$

Pseudoparticle metho d FMM, %D%j!<$r9b@:EY$K$9$k>e$NLdBj � %W%m%0%i%‘$r=q$/$N$,BgJQ � GRAPE $,;H$($J$$!a$"$^$jB.$/$J$$ � FMM $d9b<!$NE83+$r;H$C$?%D%j!<%3!<%I$r4JC1$K<BAu$G$- � GRAPE $rM-8z$K;H$($k $h$&$JJ}K!$O$J$$$+!) 7W;;NL$,$b$C$H$bB?$$$H$3$m!’B?=E6KE83+$+$i6I=jE83+$X$NJQ49 !J FMM !K!"$^$?$OB?=E6KE83+$NI>2A!J%D%j!<%3!<%I!K # B?=E 6K E8 3+ $, !V5? ;w N3 ;R $N =8 $^ $j!W $G I= 8= $5 $l $F $$ $l $P!" $I $A $i $b 5?;wN3;R$N:n$k%]%F%s%7%c%k$rI>2A$9$k$@$1$G$9$‘!# # GRAPE $r;H$C$F7W;;$G$-$k !? B?=E6K!’N3;R!JEE2Y!K$NG[CV$N6K8B ! !V$&$^$/!WN3;R$rCV$/$N$OEvA3=PMh$k$O$:!# LdBj !’ $$$/$DN3;R$,$$$k$+!) $I$&$d$C$FG[CV$r7h$a$k$+!)

N3;RG[CV$N9M$(J} � <+M3EY$N?t$+$i9M$($k N3;R 1 $D$N<+M3EY!’ 4 8D p <!$^$G$N5eLLD4OB4X?t$NA4<+M3EY : ( p + 1) 2 ! Nc$($P 3 8D$NN3;R$G p = 2 $rI=8==PMh$k ??? { Hs@~7A$NO"N)J}Dx<0$r2r$+$J$$$H$$$1$J$$ { M-0UL#$J2r$,$"$k$+$I$&$+NI$/$o$+$i$J$$ � N3;R$N6u4VG[CV$O8GDj$7$F!"<ANL$@$1JQ$($k { !J7gE@!KI,MW$H$9$kN3;R$N?t$,A}$($k { !JMxE@!K@~7A7W;;$GG[CV$r7h$a$k$3$H$,=PMh$k { !JMxE@!K$$$D$G$bG[CV$r5a$a$i$l$k $H $j $" $( $: N3 ;R $r CV $/ :B I8 $O $" $i $+ $8 $a 7h $a $F $* $/ $d $j $+$?$K$D$$$F9M$($k!#

N3;RG[CV$N86M}!’ 2 <!85$N>l9g E,Ev$JH>7B$N1_<~>e$KEy4V3V$G5?;wN3;R$rG[CV # 5?;wN3;R$,$D$/$k%]%F%s%7%c%k$NB?=E6KE83+$O!"7k6I<ANLJ,I[$r3Q EYJ}8~$G%U!<%j%(5i?tE83+$7$?$b$N # B?=E6KE83+$N78?t$r5U%U!<%j%(JQ49$9$l$P!"<ANLJ,I[$r7h$a$i$l $k!# $b$H$NN3;RJ,I[$+$i$$$-$J$j5a$a$k$H!" m j = 1 2 p + 1 p X k =0 n X i =1 m i ( z i =z j ) k = 1 2 p + 1 n X i =1 m i 1 � ( z i =z j ) p +1 1 � z i =z j 2 p + 1 8D$NN3;R$G!" p <!$^$G$NE83+$r40A4$KI=8=$G$-$k!#

B?=E6KE83+$N%7%U%H!’ 2 <!85$N>l9g $"$k E@ $N 2s $j $N 5? ;w N3 ;R J, I[ $N %7 %U %H $K $b!" N3 ;R $r CV $- 49 $( $k <0 $, $=$N$^$^;H$($k!# 2<$N%l%Y%k$N5?;wN3;R$rJ*M}N3;R$H$_$J$9$@$1!#

N3;R$NG[CV$N?t3X!’ 3 <!85$N>l9g 3 <! 85 $G $O!" N3 ;R $r 5e LL >e $K $* $/!# G[ CV $, \spherical t -design" $H$J $k $h $& $K $H $k I, MW $, $" $k!# !J5e LL D4 OB 4X ?t $N D> 8r @- $r <B 8= $9 $k $?$a!K 5eLL>e$NE@$, spherical t -design $r$J$9 = t <! $^ $G $N G$ 0U $N B? 9‘ <0 $N 5e LL >e $G $N @Q J, $,!" $= $l $i $N E@ $G $N $= $NB?9‘<0$NCM$NJ?6Q$KEy$7$$!# Nc!’ @5 4 LL BN$N D: E@!’ 1-design , @5 20 LLBN $N D: E@!’ 4-design !# 20-design ( 216 E@!K $H $$$C $? $b $N $b :n $i $l $F $$ $k!# @5 B? LL BN $O 20 0J>e$O$b$&$J$$$N$G!"=‘@5B?LLBN$H$+$$$m$$$m;H$&!# $"$H$O 2 <!85$N>l9g$HF1MM!# N3;RJ,I[$+$i5?;wN3;R$N<ANL$r7h$a$k<0 : m j = 2 l + 1 K N X i =1 m i p X l =0 ( r i =r ) l P l (cos ) $3$3$G $ON3;R$N0LCV$H5?;wN3;R$N0LCV$N4V$N3QEY!#

?tCMNc 2 <!85$G!"N3;R 1 8D$N:n$k%]%F%s%7%c%k$N8m:9$rI>2A$7$F$_$?!# N3;R$N0LCV!’ (1,0), 5?;wN3;R$r$*$/1_$NH>7B!’ 0.75 %]%F%s %7%c%k $rI> 2A$9 $k0L CV$N J}8~!’ 0 ( :8>e ), 2 � = 3 ( 1&>e ), � = 2 ( :82< ), � ( 1&2< ), E83+<!?t!’ 2, 4, 8, 16 <B@~!’5?;wN3;R , GK@~!’D4OB4X?tE83+ F1Ey$N@:EY$,F@$i$l$?

%D %j!< %3!< %I $X $N <B Au Nc | 8+ 9~ $_ 3Q $H 7W ;; @: EY 0J2<$N7W;;7k2L$O@n0f$K$h$k!# N3;R?t 26 K|BN!"0lMM5e >e$+$iIaDL$N%D%j!<%3!<%I!" p = 1 :::p = 6 =q$$$F$$$k$b$N$O2CB.EY$NAjBP8m:9$NJ?6QCM 3N$+$K9b<!$K$9$l$P9b$$@:EY$,C#@.$G$-$k

8+9~$_3Q$H7W;;NL =D<4 c $O0lN3;REv$?$j$N7W;;NL!JAj8_:nMQ$9$kN3;R$N?t!K $[$\ p 2 $G7W;;NL$,A}$($k

7W;;NL$H7W;;@:EY 9b@:EY$rMW5a$9$l$P!"9b<!$,M-Mx K\Ev$ON3;RJ,I[$K$h$k$O$:

8+9~$_3Q$H7W;;;~4V >e$O%o!<%/%9%F!<%7%g%s (DEC Alpha EV5 300 MHz) 2<$O GRAPE-4 0lKg (15 G ops) GRAPE $G$O8+9~$_3Q$r>.$5$/$7$F$b7W;;NL$,$"$^$jA}$($J$$!J$" $i$+$8$aB?$$!K

7W;;@:EY$H7W;;;~4V >e$O%o!<%/%9%F!<%7%g%s (DEC Alpha EV5 300 MHz) 2<$O GRAPE-4 0lKg (15 G ops) GRAPE $G$O%O!<%I%&%’%"$N@:EY8B3&$,8+$($k

$^$H$a � 9b B. B? =E 6K E8 3+ K! $K $b %D %j!< %3!< %I $K $b ;H $( $k!" B? =E 6K E8 3+ $r N3;RJ,I[$GI=8=$9$kJ}K!$r 2 <!85$H 3 <!85$NN>J}$GDj<02=$7$?!# � 2 <! 85 $N >l 9g $K $O!" 4J C1 $J ?t CM Nc $G Dj <0 2= $, @5 $7 $$ $3 $H $H @: EY $,=>Mh$NJ}K!$K$/$i$Y$F$=$l$[$I0-$/$J$$$3$H$r3NG’$7$? � $3$NJ}K!$N<BAu$O!"=>Mh$NJ}K!$h$j$b $O$k$+$KMF0W $G$"$k!# � $3$l$K$h$j!" @$3&$G=i$a$FG$0U<!?t$N%D%j!<%3!<%I$r<B8= $7$?!# � $3 $N J} K! $G $O!" 9b @: EY $N >l 9g $G $b 7W ;; NL $N $b$C $H $b Bg $- $$ $H $3 $m $r GRAPE $G <B 9T $G $-!" %D %j!< %3!< %I $N >l 9g BgI}$J9bB.2= $,<B8=$G$-$?!# 8!F$2]Bj � FHN);~4V9o$_$X$NBP1~ { 5e>u@1CD!"OG@17A@.$X$NE,MQ � <BMQE*$J!"Dc<!$N>l9g$N5?;w:GE,2= { 1 <!$G 4 E@!" 2 <!$G 12 E@$b;H$&$N$O$A$g$C$H$*$^$L$1