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S (r 20 OB oHEOMETENRY MU L =17 x v [TEEOHESTH D,
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2K +W =0 (2.7)

ZIZT. KIFROo2EH =R LX— DOFD | EMEHATO 0?2 OFHITE &
BEEZNITREMTHESLELOTHD, WIEERT V¥ vy VTR LF —

- ‘1/ [ o(@)p(a) R (28)
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R rO—TETST—ETIL
%5“%1%0&%F$ﬁ\ﬁ%&@ﬁi EDFEF (RU—) TEFLHLD

Thsb, #lz
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1d (,dv .
B AL Ar—1) 7 LT
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BEN r =0 THIRT. r - 00 T1/P LVHEIEDLHOT, BHEIFART
H 5,

ZHUE, RICFWNZRICNHEFT S LW DO TH D LWV ) DT TIERWnA, Bk
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7T —E T MILDOFEDRFALL DM O TND N, TH IR IAFEE
ST=DOHN 1990 4 (L9 DIF T, Binney & Tremaine @ & X (ZIXE LS
TWiepoTe) Lo, EFITH LWET L Th D (Hernquist, L., 1990, ApJ 356,
359), AL, BT v A

(2.20)

ThH 2%, BESAMIT

p= C’m (2.21)

THEIT D, SHABEEIIRE S TNDEN, DAELS SVDOTZ ZITIEENRN, &
Wbzt BELRT VU ANRAL VAT MR- TS Z L IR L TH
X9, ek, —RITEXFRZR 612
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FiGc. 4. Surface brightncss profiles for the R!"? law {thick curve) and the
presett model {thin curve) as a function of (R/R )Y, Surface brightness is
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the two models,

WL BHO NTFEREZ 2N TELZEMNZW, ZOWE L, —SfHTBIE T
Aﬁ%ﬁ@%f%kVO;k®t 2. KNSR X — 7 e —DFEF )L LT
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L. ZOFEFMC iw<OWwﬁﬁE%%é BIEFE L WO B/ E
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ERETI
BOEHRIRRE Tl (SRR 0 T) BT~ v 7 AT = V-V = o
TRbb )
2 U —0°/2
&) ==L gl = Lo <7v/> (2.23)

(27?02)3/2 (27“72)3/2 o2
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BIRT UV IVOBEE L TET, ZORRCREEREICOVWTD

2 2
—ﬁ/ e "dr=1 (2.24)
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o I
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r2dr (T dr ) nGop (2.27)

BRIZINZBIERNCIES DT TER, £ —FIRBENRH 5 L) 2 L 2
LTk

0.2

P = onGre
1. Lo ER- L, fEO—> &> TW 5, Zi% singular isothermal sphere
LIRS, Z AU self consistent 72 BT L TIEZRVY, E WO DX, HEN M, <1 &
BROTHBRTIERWMNE TH D, 2. BT e —DHuLE, &2 WI3kEH
FRNZ DN T HHFLFIC OV T I N THERMESIEBTE2 0055 &0 )
ZERDro TG,

R, PEERINIZ DWW TIE, TRESEEE S L6 ORBEC (bEDV) KIF L%
W (Wb D flat rotation curve) WO MHERNE L TWT, Zhzitld 572
DIFZEDE 572 p~ 1/r2 DE =7 O —RNRETHDHENH T EITR> TS,

FERClI 7 nigiL, OB E 2 G RRIC L THOL D BAMANZ R 2> > TRV TS
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(2.28)

RAEDRER

ERET NV, b =K THY., OAEENRNLY <~ 5l > T
WD EW) RN E RN H D, Z O, FRT AR EFIIFE UHEEL L 5, LA
T HAERIZOWTHFEREZEHE N T, §FKE ot

dpP GM,
W = —p 2 (229)
ThH o, RESHFEXUIFRD -
p="t") (2.30)
m
ZfESTPZELT, 612 M, 2o L THNE BREERIZLT
i odlogp\ B 9
Cdr (7’ o ) = —AnGpr (2.31)
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King Model
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ERNIEAH I M2

f(&) = Lef/az - Lexp <va/2> (2.32)

(27?02)3/2 (27m2)3/2 2
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(2.33)
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) U [ 4@ 2

_ V/o B I kil
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I B NNT LAREDOTHY, LROARONEREK, [F LEH D Physics of
Fully Ionized Gases ®H D L ZEAER LT TH S,

H, T, 2EZIWVILODFEETDHNENI DTN, Ziui, NEvI =
L—3 a3 2BV T 2 IR

o REWHINTEMSELERERNTH D
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N ThD,

7B 2WEEFIN ROBEIZ 2 A B DDEEN 2 Rl 320D Z L 2 EE 2SR &0
Vo E I TRVONDNEE IR TH D, FEIZIIREZER TH D 72 DITITh -5k
DR TR EWIT RV, £dh, FEFITREN LD, BX TODREHDELN
EINTEEFEIERERIREDZENDH D, B, TOL I RREARR 5 (KIKE
BEDR LV BT o L) T Ialb—arT58 ANTHR 2EEMMNAST
Kb, TNUPEBIERREDBOLRER LD ENZN,

2.5.1 —BEALST

HAELE WZIT—REF RO MERETH ETH D, flxlE~vy 7 AT b
SRS T, TOHDO—D2DRfH EHS>TEZLDHEND T EELTEWDITTED,
TR 2D CELICHE B EE 25, Thbb, B0 TZEMNIC—
Bk (U X L) IO LIEEREEZ, TOHEEEODT A MR FE2RIFTL T
5,

bHhAh, TOBETXNNT—ZZHUIR WO THEIZIE DO, BHICHELEN D
PUEMN, LL, 2o 2 KEMOWL SO BEELRMWE 2 RTOTTZ L
FLLATWS ZLIZT D, DML TWAEEDERELY m, BEEA Y n LT 5,
K2.1DXH, TAMRABR—2DR-HEEEE (£ 237 vRT A=) b %
B o Tl TR DA 01, EBRICT 7T —RBEO RN R % - T

tanf =
by = —— (2.38)

THZ2O6ND, BAIRFREIYST-0 ., A 287 boXT A—53 (b, b+ db) DHEIFHIZH 5
HELDOEIENT 2mnvbdh TH %,

ST, BELOF T o4 L Thsr EBbsD T, EHELTE (—RDIA
) 012725, LrL, 2IOBEIFT0IZRBR, Ziu

bmacv
<:szx:mmm/ 562bdb (2.39)
0

THZbNDZ L2 b,
ZORXNBEEZWANWARMEE R DN D, B, Z ORNCEEGR 72 R 82 7k L
TBLMERHDLTH D, Thbb, ZORESILb— co TEBRLTWHDTH
5o ZHIZOWTIEHW DD EZTRH -7, BlziE, #1DT2EmOME
PRGNSR -F vy o KT — it LFO L HITEZT-,
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X 2.1: 2 {ARHGEL

PSR FRIBEEEL D A X7 "RT A= N REWL D BREGLIZ. 21K
THIC L o TN DD TEZ TR ZT B> Tl

LML, ZEROTEHELE NI X R BEONREBRIZH DN E I NLH & 5 TIE/k
Vo bo EREMIIT. BEICRICH DT XTORT & FICFRFFCHEERL
TWEDEMNL, VAT LAY A XL BNETEIOND CRAEEEZRFSHAIT
Hro bR LW, BEOZEMIKF BT DRI AN TRZER TS T %)
EWVWHIHLDTH D,

BUEEBROFER I E D, BEOMRT bbb EENH LN HIEI>NIELWN
WD Tl I B b RIEEDb o TV, BEHEEICIE. EH L OMIRATE L
WDZOWTIENR VT E Tid 0 - T, BRICIEN O N2 N2 5Di%
1994-5 FEHTH D, 25, BUIETIIHRE OB IEL W E WD T & ITRW ORI
AN

K (2.39) 6. WY ITEET D &

< AG? >~ Gnv~*m?log(R/r0) (2.40)

L h, 2T RIZEICKRREZS AT LADOREES, ro 1L TREL BN S) 720
DA XY RRTA—=ZDET, by =Gm/v? DRETH 5,

XC, ZIDBEARIENRDLDINENIDITTENR, b, HCAEE
B3 1 DREIZRAIFH E NI DERDTHD &

U3

= Gnm? log A

L7%, 22T AEED Rirg B HEICHERATET TH D,

A log A DBEERFIEE Voo b OEIRT D L BELO X A LA —VITHR
FED 3R, B O, BEO2FOWEIIBT DL\ Z enibhotzZ &
C72 %, FRIC, BREBEE -TEOHEGLEVIBDEEZEXTHDIE, XA LAT—L
MERLT DB RIZHHIT D &0 D 2 Enbnd,

to (2.41)
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ta=R/v~/R}/GM L7022, Zh&fEid L LORMOF A LA —/LE

N
log N

ty ~ ta (2.42)
LB, OFN . R A DA — )R T, LIREEFID Z A A A — L%
ZIE N EEWVWEWS 222 bd, ZOFOITR DR X VT P HEE 22 RS ITfT
<biFthsd,

2.5.2 ESWNWSTEEEZDBZMNEVNSIT & FREREDEL

2 RREFINC K o T, EINTITRDBB) FIICHELT DT TH LB, Znn
WBOPE (FR) LIIARENNEI bOTHDHEVI T A2 Z I THMERLT
B9,
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Lo, BEOHTADOYA, FHABITEN VAT AV A XX /S0, 2
DI=DIT, VAT LA XL VIS EHRBITRE D ITRE WL ) RZERIA
TN EZEZXDE, EORPTIZTEEHEIC > TNDH EESTHNT LT D,
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2Bl REENETEDPWV S TEERELIEY (Vo THER EIEFIZE VI
FEET) ICERTE, TIHV o~ 7 uhBTROMELER 5, FHIBOFHN %
RO TES LW Z ENA[REIC AR D,

UL, BEENESRTIHRRAN S B D, 7. KON EIR K OMR
TiX, FHBHITRLERRCTHo72, DFE 0, LTE BV SR EZ AD,
FHFHEEMICmNS (Thbboy habt—%24l+5) koA =24
DI T2bITTH D,

B EPAROSGE S, KRE L CTEYBEBITEIEN, DF 0 R FAUER
RKOBKFOEIEND, MOk & OFHAFERIZL > TEA TN T DITFEDR, &
DF D W72 2 A A —NE Ntg/log N BREThoiz, DF 0. FIkDH
A LITELSHIC, 1FEAEHRI LRV THRER (o ~SENMMEDLRT
XTI S TEE) AL TWT, ZOENERORF TEREINL =D DES
ENRHLDOTEAWENRLEDLS>TN E VW) ZLIZhHDITTH D,
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2.5.3 N\UOITSOUKRDORHDELETHOEREED TR MELFD
REE

ST, UTFTEAY I T I RORTFHAADE & TO—D2D7T A MO
BNEBERDH, 251 EEI DX, Ny 7T FbElNTWHZ LE TX
MIFHEROEELZFRSOZ L THDL, Ny 7 7T 0 ROKAILI—HRIZHOMT
LHDE L, HOLRESMINED ETDH, BT, Nv 7 T T 7 RORFRHO
MHAEAENEEZ RN EIZT 5, ZITERYIZDNWNE I NIB o LR
MBERWRETHLIN, £H, L 0VHZTOoTHADLI EIZL LD,

AiIEFULS, DAL CWDEROEEEY m, BEEE n &35, 7 A M5
—ODRLAINOHERE (N7 FNTA—=F) p ZHHEE V = v, — vy Tl
T-ERICHI N D AT, RS 7T — R OREATfE 24 > C

2p
tan9 = ——
(P/p0)2—1
G(imy +m
o :_lﬁﬁ_ﬁ (2.43)

ThHxbhbd, 22T, ZOMBLAEITFHESEED S D TH->T, 7 A MILT
DEED S D TIERNE VD Z L ICHEET H2UENRH 5, W& [EY REHNT
WTLNLT A MRFNEREEZ DLW DIZHEAENCRD2DT, E0Hx TR
MREAITEREZFON, FVIXIEE>TWAEAEEZ D, O, —[EOREL
TOREEITLL T ORUTHE D,

m . m p/po
A = — 1 ygng=2€v—t 2.44
e my + My o my +my 1+ (p/po)? ( )
mf mf 1
Avsps+ — V(1 - 0) = -2V 2.45
'U:P{J my + mf ( COS ) m, —l— mf 1 + (p/p0)2 ( )
(2.46)

RIODRE & O IE, EEEACARE my /(my +my) B3OV TV Z LT Th D,
ZAUS E T HATRER S 72 0 OBZEEEL 2mpn, Vdp EBNT TRIDT 578, Avg 1
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< Avky > = (2.47)
r
< Aqug > = (1 + &> nr (2.48)
my

<Avk.> = nl (2.49)

f VinA
22T

I'=47G*m3In A (2.50)

ThbH, 7272, leading term TZRWIE[T#E S ITHEH T2 35D THE,

EORT, < Avgy > OBIIANCR S T AEOMMBLHEFR LD TH D, i
DFEELED DX, Xy MIHEEN NS R0 RH 5, Thbb < Avgys > W
BATHBROEEZ DLV Z L ThD,

ZHE, dynamical friction WO HDTH D, DFD, FIDDBIEES>TNDHAR
MERLFDESTNLS & FAREY Z5[iko TET O T, ED/HpT /L F—
EROTERABENRELLDT THD, THIE, m BRIV (my B/NSW) il
RCTIE myny . DEVEEBEEICL>TWT, Ny 77T 00 ROKRFDOEEIC
wﬁbﬁw LICHERELTELY, ZAUSH L, OBE min, (ZHAEIL TWT,

BEEENFR L THR TOEENRKEIWITZ I MENKE L 725,

ST, ZZTIEEVHATIRE 2RDIAZRDT=ZDITEN, T XY oA
IZOWTIEEZ RS THLWVWDES I N2 Z 2 TIRR A DOEMEZ LR T2< SAD
HELO T o X Al ERAEDLETET L E Lz, T ORENE LITFIUX, t<éh
BELZZ T 2B OEED DAL I IRE 2IROEF—A L N TREDL T T A5HIC

D, o T3XELVENE—RAL FOFHEFTZEZX RS THWNWWZ LI D,

MBEIXZORENELWNE I N TH D, EITHBmMIITZ T E I IZIE
LWDITTIZZR, EWI DX, A 237 bo8T A—H 3Gl Z21E py OFEE DHELEL
VI DBLBEICEE, ZOHMRIZENDANOHELT R TOFHEIZETHENE
W InA BBETLIVHNELL 20N THS, £H, LML, TARIEZNSTH
THEROERH > UIFHEHERVWL, E0HZT A BET/HIINENS Z
EBENRDT, LFERDE—A L MIB X2,

2.5.4 NSOV RN EESHEEDOEE

WEWEANRY 7 7507 RREINTWAEGERE WS 2 &ICRb, ZOKETYH, fH
KEEE DZEAL B ARIERTEIC R ~72 b O TIE L WS, AR 7 4 —/L KRR D
HWER DD ASTL D EZANED,

IR, ZREOBALRY M RE L ST, O ETEZXD, —Dld (e, e, e3) T
HY, TOZEMICZEE SN TS, &9 —Did (e],e),es) THY, mHDKIT %
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FHXHEEE VITHATIZE D, o T, BEFITHFORFICL - TED BT TH D,

ZD2O%BZEZHZ LT, HRHEEDOE(LEZ S L OFILRTOT X M1 D21k
IZRE X BT

F9. L IROIEITHHXEE AT R DT ThoTe, 2O et DI
DEEEAIE

< Av; >=< e; - €] Avyss > (2.51)

EWIH LIS, bOT I UKEBIZES E, BUIFA /N7 MXT A= L
FOHREDOHEDROT, LTFTOLIICETDHZ LD,

<Av; > = /dp27rpV/d'vff('vf)Avi (2.52)
= —I'(1+m/my) / f%},}zf) (e;-€e}))dvy (2.53)

ZIZT vp=v, -V 74—V PRIFOBEE, fITHESMEAKTHD, plc
DNWTORERERICRo T Z EIZERE L THRLY, 20D T vy =0 ThHo7/ok
DfEREZOFEM->TND

ST, 2IRDEZDONTTH DD, BIfi TRIZE DIV AITEATRATIEN S0
DT, FERKIT. TROD e) & ey DRI 2B 2T, Eo T, —DDJ;7
MNGL< D7 4 —)v Nhif & OBELE B 2 - RFI2IE

<AvAv; > = [(e;-ey)ey + (e eh)es] - [(e; - eh)el + (e - €5)ey] < Avgy > /2
= [(ei-ey)(e; - e3) + (e e5)(e; - €5)] < Avgy > /2
= Qij < Avgy > /2 (2.54)

LB, B Qi XARIMOREZ ) BT TH D, (2.54) RS £ 7500
BCE T TR T D &L HER

< Av,Av; >=T / @Qijdw (2.55)

EWVWH Z LIRS, TNTISRER 2IRE CORMITT X TETLDLITER, &
FOVHETHOIENZVETIEARN, EWIDIE, e &V EnoTzbon
FIERORLILWETIHEWATEETHLINLTHD, L, bobro Lffji
FRAICEZEELZENMONTWS, 7, 1IROIETEN,

o /1 1 oV oV, Vi e - €

V2OV, 0v; V3 V2
EWVWIHIEED L WERRH D, e ZFbEH VI TICE oo b Eo L D ITH
KDHDITTHDH, ZD=d,

2.57
v — vy (2:57)
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72 5B h(v) ZEAL T,

Oh

< Av; >= —F(l + m/mf)ﬁv‘

(2.58)

EWH Z kit s,

2IWDIAIZHOWT R EH N FRETH D, Qi ld e, e, Dey L ey IZkoT
RO D FHRAS~DERONTERD T, e & ONFED Iy % DF TR ITL O B~
7 PVRIEORREIZR D, DFE D,

/ ‘/ZV
Qm*:<ﬁi—(ei'€1ﬂej'eﬁ)Z:@j—"/; (2.59)
L7223 - T, )
0°V 1 ViV;
8%-82;]- N V ( A V ) QU/V (26())
LW D DI T,
v) = [ F(wp)lv = vyldvy (2.61)
EBIFIE.
< Avdy; 5= 129 (2.62)
T Qv )

2.5.5 NI TSS9 REENANBLEEDIES

ATEICIX, Ny 27 7T 0 ROBESMPMEED & DIZ DN T, EFRIZEHE T
e AE W, T 2Tk, BESMAPEFRGEIZ OV T E S B IZHHMIL
LTHD,

WESMNE T RGEG . b0 g DS %, vy ORHE M & A B 7 I 5y
F2ZEMTED, AEFAOESICONTIE, v & o, ORTAELZ 0L L,

pw=cosf LT IUX, BRKiff ECTO/REL, £T hiZHoONTIE

dvy /1 du 4 /v, (v>vy)
_ .
v —vy| 1|02 = 2pvvy + vF[Y? Lvs, (v<wy)

LD, T, Bkl BT DEMOEDLRT vy NV ERICKTH D, gl
DNTHRBRIZERE TE T

(2.63)

1 4 3 9 -
/w_”ﬂmvz27/\f—2mwﬁwW”% __K{U+VM% (0> vy)
-1

3 | 3vp+0*/vf, (v<uy)
(2.64)
EhrBb, Thunb,
R = [ (%) fede
B = [ () fepdy (2.65)
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h(v) = 4dwv[Fy(v) + Eq(v)]

g(v) = 47;”3 3Fy(v) + Fi(v) + 3E5(0) + E1(v)] (2.66)

oMb, BEERER, 3bb, Ny 7T 00 RBEIWTWDHRFD, &
FEZ AT R L E BMEREFNEEXTEDL I LICR D, ZbiE. BRUT
DEHTD,

< Avgp > = ﬂer+£?>&@) (2.67)
f
T
<A > = 8”3 U(Fy() + Br(0)] (2.68)
T
< Avky > 8”3 UIFy(v) — Fy(v) + 2N By (v) (2.69)

TRBMD, MTOTRAE—OE AE 2T I LRTE 5,
AE = vAvypg+ < Aviﬁ— > 24 < Av%ﬁ > /2 (2.70)

EEFDHDOT, 1 IROET

<AEx%ﬂmem7%B@] (2.71)

L7325, 2IROEIZHSNTI. (0Aves)? BSOS WO TR 5 &

3
< AE? 5= T B ) + By(0)] (2.72)
L8,
ST, WESMZBFM, Tbb
n —v%/2

fo(v) = m exp (%) (2.73)

ET oL, LOBREELBAEKNICHETE S Z LIk T, 2O
< Avggs > = —472—5 <1 + %) G(x) (2.74)

f
<Avi,> = 2\/5%(?(@/1’ (2.75)
<Aviy > = 2\/§nj;r erf(x); G(z) (2.76)
<AE > = \/5E [—ﬁerf(:c) + (1 + ﬂ) xerf’(:c)] (2.77)
g my my
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- v =v/(V20) TH D,

HHEFERIZTTELLOD, EnbRARAEEVIRbT S, UITF, Lo
DEBRIZOWNTH ko EF X TH D,

FT. HEO1ROEL L THL, TiUux, BESMICIT F 720 %28 L TR
LTS LWV ZEIZHEBLTERLYY, I, v 7 AT VDL 570
DEE LW, 0 BKXVERTIE Fy ~ 1/(2m?) L7532 50T, BV RIEE-T
WBHEEEFU S HEEITEHED 2 FIZKHIT 5, UK LT, v 3/ EWN
MR T, fE2—EERRTZENHKIDOT Fxv 725,

T, A LA N EEZTHDE, HWENRKESWVBIRE CIEBEED ¥ 1 A
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bbb, EFITHENKRE VRIS HETLE D & 2t i Ly, b
LA, BLEINFZROGEIZIE, DXL DIFRORNIEE 5 DITIREET
bb, ZOXIIkiT (BERKLT) NEEIZRDDIXT 7 A~DGETHD,

HWEN/NIWIED TEHEYA L AT —ARH5—EHE, 2FEViTv~0c THRED
EHi=0iz/2 %,

ZO1ROIEE, B ~<72 K 512 dynamical friction 3 L T\5, TN
MBI 72 25 %, Bl IXEERVNEEDED 2 OO bHETWD X9 7%
BETH D, JIFVHIRET, DHBEEICERKGERWE I RbDEE 2D L
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FNZ L > TR FDOEE, =R VX =R E BT H20OHHE (DE—RA K &
Kdr=, 2T, BIFEIORREEZH > T, FTW OO EELREGAIZTOWT 2
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v I AUz THEZONDETH, T TIEENREZEZDHDT, TNETRD
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EETHZ LTS, ZHICHIEERO T < AE > 2 AVCTEBRICHED 23715
ZEMTET, MR

=47 / f Ut < AEt > dvt (280)
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el R, W AL il t (2.81)
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LD,
ZIZT WL ONDIRRH 55522 TEL ZEITHERTHA ), £9. my >>
mf"C“vthf &11\5%/R%f%/{ff7féo :hi/)i@#”%’ 7Eb“{1‘)@&$j:l/\%)®
VAT K9 ZeZEf oA, WEDSAA TIEDN > TWAIGAETHD, ZORHT ED

‘( Et >> Ey 72D T,
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dt T myvd ( )

LD, 7o, ZORE, BERIXT A MR OBEIZ 3RO v 218 LT LMK
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Len, 22T
I' = 47G*m5In A (2.84)

Efiote, 61T, Ey=mpw?/2 72 K& fo TEEXEEIX
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dt

55, oF0, HENNIWIBRTIE, —EDRTZRXALFXF—%2H 59 DIFT
b, ST, BEN2MFITRD A A LAr—LEWN) L%, BEIC
L CT/has<l bbb,

ST, WE REEMOZ A LA — V] LW RHTIIZIE L TWDH e D
L TDESBDIA LA —)LDZ E TR VONREBETH D, 2N, LS
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HDIE.
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1 2 3 0.065v3
fyo= ——om Um (2.86)
3< AV >umy,, 1.22n nm2G?log A

LEHLDOTHS, ZIT o idrms. EETH S, 1/31CRICHEERNS 5 b
TIERL, TOERLIEEVOIEITTHD,

T, B VR ETERINLTNT, Bl IR EEROEFIEH & Vo Tz b
DEBZDHDIZITHL o ERERIELH D, VI DT T, W5 half-mass
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m%bfbio_&:

(B8 (EIXXE)]
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¥3F #EEZ2 NKUZalL—Y3y
DE-Yx

3.1 ([FLHIZ

NEYI 2L —vaOREfEEVW) Z LT, 22T RO X D AREEEIZ DN
THHBEICf D Z LIz L7zuy,

o W HRERDEMEREIE D BME (A A T —1Ez2HI& LT)
o VT Ty ik

o IV a— X TOMRHFK

o W (FD, FTHX V), Mk D, HHED

EFh, ZAZ LTI ELH-TSD] EW0H NTETT TRV,

3.2 HEFENDHEARX : Euler method

FP. BEMREDO S - & LIRS DO Th D Euler EEZBEMIT, HE4 HRR
DM E X E IV OOV TEZTWND

3.2.1 Euler Z——ZHDEE
TP, EROHEEEZ XS, By HERXOYIMERE
T = f(x,t), x(to) = xo (3.1)

kLT, (RiE) AA T —EEIIUTO XS RETH D,
i) t; COBMEMN v, ThoTc T D&, WA ¢ = ¢, + At TOEfERFE%

EWNIHTRICEL,
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FEORIZHEETFERT, Z2THE, BO (BbhoTnb b0 & LT) %l
TaRL, IO LEE Lz,

RO TWNDHZ EiFA & VD Z E137e< T, BEOMIZRIT A4 ¢, TOERRE
Bl nwWHrZ tlcL k2 nrZ e Tho,

b LWL t, TOPMEMHENE 25T, t, TOMERD LS LW )RR, H#i
ZIXEDOXME nE LT

te — s

to=ts, tp=to+Atk, At=

(3.3)

n
EWVNISIT t BRODTRD, HEIE oy MOIEIT 29,23, ..., EFFHE LTS
X, t.=t, COBMEM v, WREDDITTH S,
BEAMIZIE. n ZRE LTWHE, ELWEZICEM N TWE Z ) K nd
5, LL, RHEIZZEIMD2LEVHIDONRI ZTOETH D,

3.2.2 fl: EEAERDESE

EVHZT. BEDRDOPo TWVLGEITTA T—IENEIIRESI NV T L%
HCHD, HIfEFE
Tt =kr, z(0)=1 (3.4)

Dt=1TOEMEMEZEZD, VI ETHRWVD, BEMN v = THEZX LD
DT TH S,
Tiv1 = x; + Atkz; = x;(1 + Atk) (3.5)

AONGR
ze=(14+k/n)" (3.6)

Tho, EBABITERICLY

e = Tim (1+1t/n)" (3.7)
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CETAHOT, RBEIL. 20 THEE DENLS BWIELWLEWD Z & ThDHD,

lim z, = e* (3.8)

n—oo

E720 | n — oo DR TEIEMNHEMRC BT 2L ) ZLpREZ Lid
%o LEORERIIAER O, WIS & BRI —RIETE %,
B, ZEBOHEIT S £ o7z  ARRICEHERIZIORT 5 Z EMNFEHATE 5,

3.3 ETEHORE

T, AT, EVHATHo & bl —ZEHIE O F RN CRIR TS
EPNESND E W) LRI TE DTN, UoITERICHEMTEHE LT
B L T AR D FE LT,

FIELWNPRNENIDIFEEI NI EBRNE NS L BRI n 2 EAEARE
S LTWoTh, ENEEMIZITEMN DR R EZADPNZ o TEI NS TS
EWVWH T EREED, THEEBIIT e T L EOL o THEND THNIET I
VOYIRVSW

REZON) T ENEE LN, Fl, EOROLBRNVEDICLTERNH L HHE
fRZEFFDT2OIZIZE D TIUE DD E NS O, S F S F R BUEMIENFE SR
HRERBEOD—D2THD, HRAIT, HHIVEDOAEL, 72D EHOGHE
RFfE CIEMER B #1500 H 2 & Th D,

AEHET, flzIXC TR I aesECE, int CESTH, HEERE LS
T =B L float £721% double EEET 5, il [FEHK & LS5y —4M%E
WENZ IS U TEWG T 5, MR ERD LD EWIGERs, HiEERE
ZHZIE double #fE D THA 9,

SR A OB 3 LFES L O, BENRBER TOER L ITLHLAA
EI)HLDTHD, RITHEIDEND & EARIZIT THROHHE LrZene
WHZ EThbD,

OFD, BEFEMRERENIDIL, bBAA, B THLIDITT, EWnH b
%, 72& 213 1.000.....0001 & 0 2MAfEKENTH, £V FEHENWI LDITH D
births,

EZAMN, HEKTIE, ABEAROERE (By M) TRETHLENRD
5y D50 DHFEKTIE, #H121E C » float 725 32 £ b, double 725 64
By h&MH S, FlxiE float DA, EEEORHIT (FE) x(2F%)x () &
I TNT, FRZ1lEy b (025 E, 172548), RIS E Y b gk
IZFED D23 By b Ef S,

FIE 1 & 20MAERBETNIENNNOT, 021 E0WHZEiCLT, A—1
(16 H%C 7££££f) %2 2272 ZEIV Y TH, BEIIHO VW TUE, EATHIZED
72, MfoLElz20=1LWnWHZ izt 5,
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B, bE.0EWVIBLDOERIATHIMLENRLDLN, ZHE 28y 0] 2
0& W) Z EizT b,

B xo LREDNHIN L oo To . RIBIXET HIZHROM R (By M) THRELS
NTNBHEENHIZLThHD, ZDEHIZ, WAEE, HAVIEEEY L L
X IT/BONDIEL NI EON, BEICIELWDITTIERL 2o TW5b, DF D,
RANKIZIR D b D& EZINTHBUILZ DT, TOHEENTDHDITTHD,

B, FIHBYIY FIE, U, U0 B, WEBEAREWANABVELN,
FOEOFHBHIIRKIEUE AL > TWND, E0oTH 2RO TORE 1A (K
WD) LWV Z &b, SBITHNANZ EZNS & BTHEZANRBL LD
E1DORHZE I THERENLEWIRENRD DN, L BIZZEDENR 012725
IE9I2H > TN (Rl LD) VW) Z 2T 05HEKELH 5,

double THIVXEA 52 B b, f5E 11 By MT7e 5,

3.3.1 MWMAEEICHITHIHIEE

PAER 21T/ o e RRC DA EN E I RET I E L 1o L LHTEL,

HEZRDIIRE - RETH D, ZNHIZHOWVWTIL, BEDE & bR FHEKZR S
i, R R RERE DT LD D, BB/ NS B I RRRZEN
THEWH Z LT D,

&« PEIZOWTH, FEBRIIEERERELDZ DI E NS 2k
HIRIZIZED Y X720, 23, fFEEROKRZEINRD L EOHEREES T LM
HDHDOT, FHMBEENKRELSEDLDLZ ERH D,

Bl ZIE, A4 HETHETF AN OFE NSRRI E L TCne & L& 9, 0.1234x102
715 0.1233 x 102 28\ b, ZiZ01x 107 TH D, ZOEXEBERITEMKH D
T, ZIZTHEEIIRELTOHZRWVA, LOLRESTEEOEETIL1H L
W 2OV DENTED LWV,

N EFHE T, KD 2 DI EICHAEROHETH S, II1TdH
LRI DEED S A LIZRHIAE MR E D D, Zdb 2 8o o THL%D
LT, HEHEZLETHITIT LV EWKSE THET S LavRuy,

B9 —oODfE LT, 01234 x 102 120.1233 x 107 Z 2T 2L 2B X THh D,
0% 0.1234 x 102 120.1235 x 102 12725 T, 0.233 x 1072 12X 22 T L &
Vo TITIXEBICHEENEEL TS, ZHUILDBLAALRTHD > L REWS
T DR RAZERREE T H DN, NEVWHTNER D LFRENRRE Lo TS
DORMETH D, TIHINIDEIFHRED &9,

B TIE, EH) LTHORERBIT/NS R BEMZDDOEBEVIETOT, &
WS A EH L WX VI EEARMETH 5,
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3.3.2 HAOREDHDGEDIEME

FIINDOBRENH LG GO EREEDOFER E VO DTN VE LWL, LarL, Z
DBV RHLRAEDLIr>ThRNE, HRELTHTELEENELWLNME I e
I ENHERTERNDT, D Lat LW A2 RA D,

ANCeo 7o, MIEFBREROBZZOEEMH> ZLicL i, KTixbnrban
DT, Tl I LIELTHD,

x =1;
dt = 1.0/n;
for(i=0;i<n;i++){

X = x + x*kxdt

}
BIZIX C CEFITZAREUTEAS, LOBMEDFER, BNREIEDLDLMNEVD
L HEEZTHD,

ZHUTIIN L OD T EN B n25 . T2EEIRY ) it Cch b, (X[HfF

HrEWHHEMHGENRH D) DF D, HERIZ, BENHS T OENRRINE TS
M5kw5®%%&%of\é@ﬁm_%%oifw<o%9 —OlE, B
it (FERPINT & B D) TH D, WONRIIHEILD TH D & & 1ix, [FHERS
RIFEOEOFEIY OHHET—EEDMAT 5] EMRELTIWEERZ Y, Ok
IZIE, HHERERIIERIICEDEDRID 2T XN - U —7FTH LIl 5b,

ZIHD2 OO0 HFIEFTFEBEANIITE LW, EBIZIEEDL L LRI TRV
EBZ, LWy oix, Bl i&%%%méb<$%#ﬁﬂéoz Z. B
fENTIEH F 0| *ﬁMT%D BT L R E IR B TH N D TH D,
L@W?\k9ﬁ6#%z1A6

ZOOITIE, £, WOBREOET IUERMETH D, WE, HHEOTDIT
(ER=% @@ﬁlﬂbfﬂw HANUTOXEIICRBITEZDH L35 HAED [HED] f
R p ThHDHEEX, FHEEATRIASINIRERIZXM [(1—e)p, (14 €)p] ORIIZ—FE
DT D,

9. KBzl A Lo, HEZ2OTE=1¢1L, k EOFRETITEEITE
LAned 2, 2o, dt=[1-¢/n, (1+¢)/n] L7220, for DREADKED
#%Tix

dM = [(1+1—-e)/n)(1—¢),1+ (1+4e)/n)(1+¢)]
~ [1+1/n—e(1+2/n),14+1/n+¢€(1+2/n)] (3.9)

T, ROKETIZE I R0 EDN 0o TEIZEE L TR VW, Ziuid E
NICKETHDLDOTUL TR ZLT729 -

o T x + xxdt D, JIE DL ZAEIFTTH S,
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TR BEOBAICET I EEOERTIIARY, LV ) Ok 2 I TH A
EZNEFICRENNLLTH D, Z0& &, MR, BUEMD

n

1 n 1
<1+——6> <x<(1—|———|—e) (3.10)
n n

DOFPHICS B LN Z LT D,
A n>>1ne<< 1 & LTREBTIUE

e(l —ne) <z < e(l + ne) (3.11)

EWVWH T LT, nITHBITEREENAD LN Z LR D, DFED, AhE
N LTV & BOMNL EAEMERS P> TN (b LIZRY) &)
Z MDD,

T, WERMNT OBEIC S FEIC FOBEMbEZ T 5 &, i RITEEDLHHE
X0 THBN ne2 ORREL WD ZLiZ7s, DFV, /ne K HLVWDOIRETH D,

EBCHT L THB & KR Tl > \/1/e TRUEZ RS DIT, HICHEF
MHCTlEn > e ThEDIZRBL > TWND END Z ENbN5,

T, EFICHEMARAIIE, EHLLICOoONTHEEFDO LT LEBN b
0. KBTI TR EDO L IV LIEL W ERE 5 25 2 LIXARATRETIX
2, N, R REFRASREIENT I LEMIC R D & BT IR ICREEIC
B EFEETHRETHA I,

BB, —AIDEEDZ L EEZEZTVD LFENEERNDOT, LIT, EAHNA
RO DO Z E AL T, MEIG U THODEBEEEZ D Z LI2T 5, B,
509 HTIBYniaE] EWIHRICIE, COBROLODZEHELZLODZ LT
Hb,

3.3.3 FAT—EDPRRMELITHLUYRE

BTG AIZ, AT v 7 A X0 OMR TEOFIZINE TS E WS Z &
AN R LTI, EENERBICHAET 2L XX LLAALERDO AT v
T A RXTHD, £l2, RICHBRIZE TR DOEERH - T, EHHNFITL
R, FOTHE, POREDAT v 7 A XORFICFHEREENE 5250 E
DT EMDBMEND D,

bHbA, TRT T LEFENT, HOME OFBZELZTH~TUTWWD, e L
B2 HET D DIXEORNDNL RN LRO T, £ X0hiRnbirthsd,

IR, — oMo R LTHA 7 —EREDO X IR T 2009 2
EEBZTHD, Wiy RO HER

dx/dt = f(t,z), x(ts) =z0 (3.12)

42



Dty <t<t;, COMEBZD, 4. B BEE Gt >t >t |x—x0| < b T
ThY, HKXE, FMEZ DL LE D, #XHMEN M T3 2 b, t.—t, <b/M
EWVWIBIRN 2D o5, BT, FOFHEEHOEED ¢, 2 & 2/ IZONWTIU T
DL ek
|f(t,z) — f(t,2")] < L|x — 2| (3.13)
Pz b0 ET5H, EHIZ, n,h &, nh=t.—t, /=T L722ED (ni
B .
ZDEE, AATER—RRICRIGRT 5, 37bb, HOEC HBIEEL,

lz; — x(t;)| < Ch (3.14)

ERD LRI IENTE D,

3.34 AROXREIZDOLT

&L EORNC, RFTBEELREE L WIS A EAT S, ZHIFLLTO X 2 IZE
BEND, (i) DO HFE LIIEMD 20 ThHoTo b U, SRS o(t)
ThHHETDH, ZiuE, HBKETH o OO RFTH R fE—CH - T, P
PENS DIETIX RN LIZHER L TR LY, T ORI, BUEfED /B biazE
M miRTHDH EIL.

2(tip1) = g + O(K™) (3.15)

EWVIIBRATTZTZ L, BV AL, HDEBANFELT,
‘l’(tﬂ_l) — xi—i—l‘ S Ahm+1 (316)

ROBREMZT I TH D, ATFHERITESF L TEWD, hITITEE L2
TN B

m TR Tm+ 1T DO, h WhE< RT3 &HIVBIK 20 Th D,
A4 T RO RFTHERGRA,

Loty TOXDEDEDOT A T — R

dr  h*d*z 5
EHARTHNEDOND L2, ORH)IT, 2FED 1 RIZR>TWD, £bH, Zh
7 A T —REANOLITOFELEN, UTEMIIHD, 2FV fILC° THLH LW
D ETREiEED D,
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3.3.5 #FA5—EDIRMEDIEHA
RE O FEHE LT, BRI 2 MR L TH<

Ti1 =i + hf(zi,t;) (3.19)
L. BOREDENRKLNDOT, 2H5HENTEL &

tit1

x(tivr) = x(t;) + . f(z(t),t)dt = z(t;) + hf(z(t:), t;) + O(h?) (3.20)

=& & hid
Tip1 — 2(tipr) = @5 — a(t;) + blf (25, ;) — fa(ti), t:)] — O(h?) (3.21)
et & & i
(i1 — @(tiv)] < Jag — w(t)] + R f (2, 1) — fa(t), t)]] + AR? (3.22)
ZZTAWEERTHD, [ BNERRPSFRESE LD T A XM THFET DL, 4.
e; = x; — x(t;) (3.23)
ERBNWT, SHIV TV YERENBER LT
lei1| < |eil(1 4 hM) + AR? (3.24)

T, HEMNIT eg=072DT, KHITHMD LI
2 = k Ah 7
@AgAh§:u+hM):gM«1+hM)—u (3.25)

k=0

ZZT. nh=t.—t; TholtZ BT L&

(1+hM)" —1 < eMtemta) (3.26)
R "

i = a(t)] < Fplet T = 1] (3.27)
L%,

LWV DT, i, BRED ERENPFELT, 20D hickplTsEns 2 &
WRENT, 2B, EROEE LD &Rkt 2 L CnD Z ENbhnd,
SFEY | BAUEIEHED e DIEE L TWAHD T, BoEilEDdb TN & 2
SPEZED FIRBFEEAEIIICHI R L TV Z L b, it S0z i,
EREMRE Y L5 8 OB EIZOW TEEGRINIZIT 72 e B LW RER H D &
I L THD,

B, ZOXH7k, bARMEETHES Lcb L oihzD Z & & [2REBkRR
2] Lo, T L, 1 ATy T RIS Lich & OREL Rfias. 5
WIERPTBERERRE L W D,

MERRAE T/ THLRANTE D2 FliflZ20T
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3.3.6 1L 3LLEVAE

A AT —EE, TR I T RIGRE L2 Lewy, oF 0, FHREEZ
HIFTNZHETHE, ZNICHHILTHEES A TLEY, £, AT v
BNRKREL DO THOBREDZEN N TS b, TNTIEL, 2D LEWHIEIZ
RINDTHAIM?

LhAA, BOWHETZWANAHDLIDITTHD, TOHFTERIZRZ>TNDLOD
IZEICUTO3IETH 5,

1. Vo7 e 7y Bk
2. M2 BLpEE
3. fsME

EVHRT. VT Ty ZIEDFEET D,

3.4 IWF D yRiE
T T BIEEWD DT, BRI ET RO T ATHD N,
H oI WOTETHZHITTEBI I,

341 ZRDOILUH - yAREk
UIFDX D eitEEE%225

h
ki = i+ §f($i, ti)

ZHUXZIROAKIT > T D,

JPTRAZE T m IROARUTBHEBLRRZE TS m RITRDHE VI Z LT 1T ROF
A T =IO L2 ARRIC U CREIITE 5, —BRICIXRELDS @& T AUTA 4 % /)
S LTV o ERHCHSAEN NS LSRR D,

N, ZHUTW D THRENDE W TR NN E WD Z LA EWRT A DI TlERne
W ZEIIFERETARERD D, RENE AL BRI RITRRZDRE S K
EL, ZOTEDIZHIH PR E WVERHZIFREPMENAKN LY SREENES D, £
72, RKIEOLAIZIIREEH T HEHARLHZS2DT, HEEZFRLCICLT
LB EH o LELS D, LIRS T, MEREEIZS U TREOREDH 5 &
WoH Z kb,
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3.4.2 RKZEDO—ER

2 k@ Runge-Kutta {EIZOWTIE, HHZRHHE WD S ONRAETH H, D
WIPDETHA T —EERRICERZ 1<, 2. TNEROKZE TEXT DT
372K, AT v 70D ZATIED D, T, ZI2TH I —EMLTRROLA
Nl %, 22 COEBMOMEME ST, DL A (t,x;) MPHEMREF
<biFths,

FiE, 2WKEEZEHT 5 RKEDOAKXKE W) DX —2TiE72wn, LFDX
IRHBDHAEETH D,

]{71 = hf(:r;l, tl)

ky = hf(x;+ ki, tiy)
ki + ko

SIhiZ, oA REFL R AREGEZX DL HTE D,
Hod —IZIE, UTORIZES ZENTE D,
Tpt+1 — ZL’n‘l'thzk’z
i=1

J=1

HARH s B (number of stages) &VV9.  aij, by, ¢ 1Z/NT A—=F THDLH, a
RSB

j=1
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LB rolck b, ZhiE. —RIZED THRWE S BAKXIIARARETII R WA H
EVAAAN &ﬂ&w(ﬁf@;<@%@w)ﬁgfﬁé

e 29, RUTEVWTLE? L3 <iiTbrbZenn, FlziE s =2 D5EIC
EEXTFTLTADLL

Tpt1 = Tp + h(k?lbl + kgbg)
ki = f(z, + h(anks + ai2ks), t, + c1h)
ky = f(zn+ h(aak: + axnks), t, + c2h) (3.32)

L ED, TARECIIRD, 2THH 2R AT SIZS LIS,

1oay; (j>0) BFR_RCORBIE, by MBIEICHEL TV ZERTES, o
F0. G AR ->TnD,

2. ay; (j>i) N0ODEEE, &k ICOWTORIT k; BHBRA-TL B, =
m&¥@m@mnmmmwﬁf&wéo:®ﬁA X, 9k I2Oo0VTO
XA LW T, WIT ky IZOWTOERNT, . EIEFICHEHK S,

3. Eo X BHln e nErx, ) AXNewnws Z&icksd, 2ok x
1L, TRTO by 12842 (—ICITIERER) HRRE —EIC < LER
5,

RN E WS TZHBEIR L DE DL DN ENI DT IS Db nintg L
7R, ZHUZ2OHERH > T, — DI REETH D,

BAERREDOZEMEL WD DI, D FE VARG DN 2 AN DR %’ﬂ%%@
BB BEIL TN o 72D LW E WD Z &M, %%%A%@t ZIXTT DR
TETROEWT RV, TTOMNEZETH D, Oi@ﬁﬁ%btﬁ (ZEAE D
HNRATH DS, FHERLZ I W OIMEEEZ S > TWOTER LW &V ) O DI EREfF
@ﬁmé@% 2725,

. BBRETIE, RICAT T A R RKRELTDHLEZED ) BITRLEEILR
5o_h XL, BETIEAT v 7 A XZEBERICEE E . £V o T2
REEDZENTED,

9 —DlE, FFIZ Runge-Kutta DA [ URGEE &2 LT 5 DIZ B2 B
PR THELENIZ LTS, b, BEN DR THIERIE R E )7
WEWT WD TIIL L I NN EZALHDIN, ZNNHIZITEETHIT T
< B5EWTELEHOMIINL 72 HHEEL 720,

3.4.3 WHAM Runge-Kuttaix

BRIV 7 e 7y BIED R T 2 & IR T D008 Ty L
bR Thd, HEE T &,
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kro= f
ke = f
ks = f
ke = f

EWVIHEDTHD, ZHiE, WANWARWHEZ D, filziX

Tn, tn)
T +—hk1/2 tn + h/2)
o + hko /2.ty + h/2)

(
(
(
(xy + hks, t, + h) (3.33)

Loay B i—j=1L4F_T0ROT, HADFHENETH S,
2. WENAWRTHY ., 4RGN NTREERR R ESRE A ERL TV

3. BB HLAHE /DT, Tul T AL, T DEELZ/NELT
x5,

ZORARN 4R THDHZ 27T OIE, ZRUEEMETITZRW, BEOICAER®
HOEIFHER L CA T LY,
T, £72 RK IERMO TFIEICOWTHI - TEBL RN& Z L3 EKICH L, Wh
Bt L CWCIEZENZ T T2 O OB 24> TH &V 2V TEHEE
T 5,

3.5 NIILEFREZFD-HDEEE

NIE I 2l —var b)) 2T, — RIS TREROMRE L W)

b, LI9BbroE NIKROMWEZ 5 ELRIT D K5 2 HEITRVNHEND
FThHDH, Lo Th, NERZOMHE LW L0 HEIZAI LR IR ZROMEIC
%5,

3.5.1 FRHELHIE

TSRO - & bR E W2 IE, —RoeRTIRE . %V, EE
BT

xXr
E5:_M (3.34)
Thd, TNORITLHAAVBIEEIT 20 TH Y, TIUIEAMIMELTH
HNHTHD,

TIIEMEARITI E D7D EWND 2 EE2EFEZXTHRD, b EDHERXPBRIEMD 5
BT, FiEfRtb (KIEEERARXEZFEDLRVIRY) IS TR ORI
5,

ENHTRROMNIEEIN TH 5 7-DI1213. FOFEAHEOMESENTXT 1 T
WEWIT RV, BN, BEEOAXTIZZ T LI 60, bbb AA. FTEEEL
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MEDOERETINLITNDTETZ2OT, A4 LAT v 7 2+0n/NE LT HEnn
VO DN TIELW] B s LR,

B, EH, b LUSEEMREDEE IR CHNE, Zhuddia &L EWTEE
TRV, BIIZLEHOGEERHBIEOHE THOAREM R EFIILZ b LR, -
L. 2HLITEEVANASHGRIICIE-E W b T RN Z ERH D, 2, K
MWD ERIC KD RPN Y - TV D, 2FEV, b EREAMMETHD &
=, RIBROBESETIHEBEN S —FicFhTtn, 2F0h, EFEETHD
LT DRV F—FENRIF LR 0D,

L HhAN, TEAX—PNEBIIIRELZNE WS ZERMETHEINE D »
EWVIODOBLFEIFTHLWEETHD, LWV HDiE, RIFELEZVWEV-STHLHEHEAA
BHEEOREE CTIIRFEL TV D DTN, TR THhEDRVOTIER VN E B
EZLNDNLTHD,

3.5.2 U—7oOvIn=R
Ho & HEEIZHE DO DAKIILLF D leapfrog & WVWHOILH LD TH D,

'UH_l/Q = ’Ui_l/g—l—At(I(l‘i) (335)
Tiy1 = $Z~+Atvi+1/2 (336)

ST LA PR T LAER SNV, HEAARE LT
vij2 = v+ Ata(zg)/2 (3.37)
A, SOICRTHARYE LT
Vi = V12 + Ata(z;))2 (3.38)
BHED DL TEMERBEESDES DL NHKD, oML EiX

Vi+1 = U + At[a(%) + (I(l‘i+1)]/2 (340)

EBFICEMTH D GEHLTHALZE) Fo, UTOXSICHEITD

Viy12 = U + Ata(wx;)/2 (3.41)
Tiv1 = & + Atvi+1/2 + At20,(l‘l)/2 (342)
Vit1 = UZ'+1/2 + Ata($i+1)/2 (343)

MNH LIV, 2B, T XRTEILAFNOVTNEZD T 50, FERIILOEES
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BNZTIILZRIZFE L Th D, Kix, THOHEDEI D THDLIND L HIZENT
HOLBRENHLOTHEETDHZ L,

ZOANIT 2R TH S, ZHUTERBTIIZD Y HWERICHOI D,

EC, RATAEL WO BLELDIXZ IR L TRWAR E WD DI TRV,
BT Z OARITIEFITIE b T 5,

I, B h o & XWIFEZAL RV ETIEAR L. FEFXZ0HENRNL
OPDERTHEEICRWFIETHINE THD, W ONOERE L, flziXx
FNF—MAEEEO L) RRGFEDNEFICEISR/ETLIEVWI ZLTHD, 2
O DRIFEIZOWNWTITIZ L ODEEITEREN H D RELL B 2 7uy,

ZD, HOAREL EBEENMEZ RN EVSDIZAER VB TH D, BmE DI
ETIEE, TRV X—OREETFFRICEAI L T2 T\, /E- T, ERFMEHEL
LED ETNEENTE T EMRFEEZTILERDD, &£ AN, ZRLF—0
BT TNV BIE, Db T LLEELY B2 0E TR0 E 35 2
LD,

HEHAA, THRAX=DPRGF L TUVIUIZENTET THENSELWWE WS Z LT
T2 B0, AL BHERAIZIE, WS ODOEERFERMNME SN TWDS, 77,

1. leapfrog % symplectic method @& - & LR L DD—2>TH D,
2. leapfrog |% symmetric method ® & - & HHRHEODO—D>TH %,
Symplectic method {ZOWTIX, BATO X IR ENHMBNTND

1. symplectic method (X, T <R EEHLED NIV =T Tk LTS
TG EIT, ZAUTEWRID NIV R RIS T DA 525 2 13 d 5,

2. IR Z RO IV b RISK LTS T2 8IS, EAMBTHRED RE
TREFNCELA LT LOMEZ 220,

3. BRI ZZEZ DL ED X572 LIV 7272 < 72 %
ZAUZXF L, symmetric method IZOWTIZLLFO XS 2 LR Mb N TWD

L. AR 2 R ORI PR 2RISR L T 725510, EARETHRAEN&E
THEFNCEB] LT L2 2 720,

2. FFAIAZZZ TH I ES W X222 b kD,
LIF. EFEER TN DOMEZ MR T D,
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3.5.3  H{EH
RHIRS T

EEXZHOTOTHLRIDNPLRVOT, EhlERTAHLI, 9. ik

Bl & L CifniREh+

d*x

PR (3.44)
% leap frog & 2BEDN 77w B TRWNTZBI 2T, WIHIERMHE (2,v) = (1,0)
T, FFEAIZAT 1/4 Th D,

Wl & =R F—FUNRT, FERITRHEIN /2 DIE,  leap frog TIET R /L¥—
BB LA LRV DIZK L, V77 v 4 TIRERAICHZ TNH 2 & T
D,

Ny ZTIREGIIZET 2 &V D OIFRENCHA L@y Th o5, ST, 2
AUZKE L, leapfrog TIZZRAF—NE{LL T RWN, ZHFEI WD Z L7
DTHHD ?

FEL, ZOFFIRE T O%AEIZIE,  leapfrog AUFILL T D &

2

1 h
H = 5(:52 +v?) — Z:BQ (3.45)

PR THEND ZEEENDOD VKD, 2FV, (v,v) THXOLNDNL
HYEHEHO ETEZXS L, leapfrog AXDRIZ EOXTHZ LN AFEHD EIZD-
TWAHEDTHDH, ZDEDIT, THRALF—DOEENDHELY b REL R VER
WZ LT B,

JEMR IR ED
TIE, FEBRIRETIZE S 724D 2 MR f L LT
d*z 5

% leap frog & 2BEDN 77 o B TRWNTZBI 2T, WIHIERMHE (2,v) = (1,0)
T, WA 1/8 TH D,
Wl & =R LF—Z MRS, FFIREIOGEG LRI, leap frog TIX— /L
F—EHIC LEE LRV DICR L, Vo7 v 2 TIRERICE 2 T\ 5,
ZOHAEBRIFENH DO T, HENITRE L2 L,

354 LUTLITavIBRK

ST, leapfrog AR, ETRZZLIITAIN R RIZH L T RLXF—FRE
PERICHEED L WO RERKERD D D, 3, 2UHETLIRY, bo L mRkD
FEZRNDIEA I FTled 2 ETULE I W FETIEN D DTEA 9 I,

o1
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3.1:

GES

¥
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7 v Z FERRIX leapfrog @
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60
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T T 7 T KT 17 T 1T T 7 T T
\

0

\
20

FVX— T 2 DN

FH=

: BLIE,

o, /o

B4 3.2: FERRIZHRE) O FifiE
7 v Z FERRIX leapfrog @

¥
/]

GES
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BIRDFEERERT D —2DT7 Ta—FNn, o7 Vvr 7oy 7RAXEVDILD
HDOThHDH, ZHUIRIINENDI & RN T VI T 0y V58I D &
INHEDL EWNWH Z & Th D,

L. INTIEEWwR Db FEAUR, YUV T 4y VBB T, KO T A
EYEEHD Z L Th b, IEYELH L X210 E D DITNT 155D A EE 2T
BRLWA EBIICIE, NFEREAREIRD, DE D EMFE X OMEEEFERTRDIZ
WUBEZZH LT b D & BHE DIEEER TO ) F R OGBS A IR Tl b X
IRHLDTH D,

NIV R U IFERORED LD (B DHEEL t TOEEENS, t+h TOEEIZE
TEH) LTV I T4y I ThD, £, b, YTV I T 4y 7o
TWD L) RS ARIL. £ 9 TRWVHDIZHR TR A LR IFERONEICH -
TW5A L9 RRIET 5,

T, WWero e Z L3> T 9 & D leapfrog AT Z DT 7T L7
T A IR L TCND E W) ZETEol, FELL L, RS 199546 A
BT FHIZE AL FETHATHH I ZLIZL T, ZZTHEHEKRDAR
WX EARBLDORHLENENIGFEE L TEL,

b5 % %

Wi DAL THIZNWA NS B D, —2ik, RKN ZOANXT, Bz
TV T 4y I EMETEIOCRDDENS ZETHDH, THTZ 2 10 THE
BUTF N Tz, 4R, HDHWT 6 ROANXE LTE, FHSHmAIC K D1ERED
FRIZES S AR RS BTN,

INHDOFEDFEIIL, B2 ED leap frog X A LAAT v T HEZTNL
OPHHEDEDLEVI LD THD, I ELFALRT v T EMAEDE D LA
DEROEEET ZENTEDLDIT TH D, 3EARDAK, 7E 6 ROARZEN
HFHICE > TEPNTWD,

B, BITGIRIEII NI S =T 20 T(p) + V(q) DIOBEEIT LMEZ 720
N, KEORBEIZZ Y BT D22 LIV ETHLARVWTH A I,

F72. RKN ROARZ LRI T 2 A0 H D, 4156 8IRE THOAKX
PELN TS, FHRBEEEWVOBAELBIZZ B HDIX S D leapfrog & A HH
HH DL HIEFEPIZVDWNE VD T ERboo TV D, B3, leapfrog ZHHA HOH
HHDIZIE, UTOX ) REERFNEDHLZ L HHENTH D,

o T ANHETH D
o RZIR AT AMEL L

BIZIXZNL DWTT v 7T ADRFET

o4



void yoshida4(nbody * nbp,
double h,
int & first_call)

{
static double di, d2;
if (first_call !'= 0){
dl = 1.0 / (2-pow(2,1.0/3.0));
d2 =1 - 2xd1;
}
leapfrog(nbp,h*dl, first_call);
leapfrog(nbp,h*d2, first_call);
leapfrog(nbp,h*dl, first_call);
}

V=TT ny 7 EABEEZTIEMESIZT TH D,

3.5.5 YUTLYTa4v I XOMBERERIEG

ST, R (345) 2HBLbnd Lo, YT Lo T 4y 7 ARITHEET 5
SV h=T 2 HOAZIEEREZ A h A>T WA, o T, h 25b5bEz25E
H $ZEbo> T, fERMIIRE o T2 EBEMRIL— 2D J) R O#GE Tide Wi A
RHDIT>TLEI, WD Z X, AIERHEARZT D E T VI T 4w
AR D FLFORVD TR E WD Z EREBEN S,

C2lZZFDi@Y T, FlxIiZ 7V T 4y 7 THOIABIIDO)V 57 5 B L
I HDEANES T, EBICHMA 2B THRIEABND, ZORER, Wi@doL
7oA LD HERLI LRV END ZERER I (1992 4FE), MEICE->T
X2 AU EMI R KRG L 72D DT, S F S ERRINENRE IENIHFZE S LTV 5
DOPBIRTH D, 25, HED M) E WL TFEE WD DIZRDD > TV
WL o Tho,

B, TV IT 4y 7 ARICB W CHBICR R AR E LD & FhEv v
PV T 4w 7 TIERL b E0H Z LA Gear & Skeel 1210 —fRIZFEIA S 1T
Wb, 5O RIT, B ALEOTEZD L. BN FICEATE LD
(b & DNLEIZ L - THREZN AN E DD T280) 1220, EDT=OIZ e N v
TVIT 4w I TCHOWIRMA A EEZDEMT VT VI T 40 7 Th<ib L
WIHIHLDOTH D,

FITIE, FEEZ A EE 2D DITHXHIARFREENE WS & LTO X H72E 2
MW TOMENED I TCWD, NIV =T H %

H=H +Hy+ - (3.47)

)



LBEHOEOFNCHT, FRFNIZHOWTE D A A Z 52 5 2 L TEIMIC
A A E2 B2 D E NI LD TH D,

HO) =DV T VI T 4y 7 NRORESIX, (BB ThorEnHrZenb
— Bk, BRI 77 v RN TH DO T, RFAEICKT R EE
EWVIBLED BT Z BB R TR TN W) Z L TH D,

I BB OWTY T LI T 4y VDO LS b DR H D 250 E 5
EWVS DL, BEMENELSOH LN E Do TR,

[BE—8 (AIEXE)]
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F4E EER3 EHZAREEREREE
% GRAPE

4.1 (FLCHIZ

KRi#EZCITENZRMES A H 5 GRAPE OBMEREE & 5/ k& g+ 5,
HHEERZOWEL, NIET I 21— a 83820 5D THDLNITHONT
X, TNETOERCTEMULRBEMPIELNTNDEILDE LTHETTHL, &
1TV > TH GRAPE %49 DIXZAUIEH LW L TRV T, bFE V5L
FTICHENTIEX 2, HE, FHEFENZERODELELALEFEL TS L
ITWVWEEN R FHEFHOEWZ GRAPE 2T 25H 2 — Ko SO0iE, —
FEL TS EIICHRZ D,

BEHNEERZDOY I 2L —3a T, TR_XTORF NS T X TORF~DHES)
FMHERZFIETIVLERND D, T LTELDBA, ZOWSOFEa 2 Fiae
HEaZA NI BLORE S ELEDD, L0 KBEARHEEZITI DI, 205
O EEEHIATO 2 ENEEIIR D,

BHLOFEL LTE, TAITV RADTRIZE > CEHEEEZHOT THS &
2. BHREMEB X ORHE a— F2W05 L L CHEMEEFRY Y oHREZE LT, &
WO HENELSFHAENTWS, ¥ nbo7 7a—F L3hlic, EHMRAELE
HOFEBEREHRS T 0 FELEZOND, BIZIZBIT~ YO 2 FDOHE
BErthoTruay 7P A 7NN 1TEHENPCZHSTL DLWV DEZDOFED
—OTEHLIN, LIV LREL ZNE BT 5D, GRAPE Th 5D,

GRAPE |3h - ME I AAER OFEO A% @dIZATH N— R =7 Th 5 ([12],
[11])), BUERE Y72 EEHUSOFHFE L. GRAPE (28 L7- L FHER =17 5
(¥ 4.1), GRAPE [Zi#H ORI, 20 7'a /7 A3 2 ETFIFV
ANAREEEZTZADEVOMWE, ZHEICLTEWVWIR M T 4+ —v U A%
TW5, KirMEADL»FHETCE LW bV c, R ORMEOIAKICLS 5
N0 ERESETH D,

723 GRAPE (3R FMES LFRE TE W, 7205 Lo TEERFE LS
DT T Y X LNIRICSLIZ RN TNz SIZEE L Ta LY, Bl iy
U—iER PPM R EDOT VT XL EEST-5ETHR-BE N OFHEBIHRA
ELTREWVWDT GRAPE IC X 5 EHE LN FRETH 5,

ZDiEFRTIETET GRAPE BN ED L 9 7oA TEIWEL TWD DT OV THR

o7



Position etc.

Host

Computer GRAPE

Force etc.

<

Orbital Integration etc. Data Transfer  Force Calculation
4.1: GRAPE D HAMEE

T %, FDO%ENKLE GRAPE ¥ 27 AOBEE L FH HIEICHOWTIEST 5,
%I GRAPE L2097 7 3 Y R L EAEDETHlE LT, GRAPE O
U —¥E~DICHZREIT 5,

4.2 GRAPE O#EERE

AHITIEES GRAPE 28 ED K9 A THEMEL TW D DONIZHSWTHRLA
T, 0% T, GRAPE BILAM LV b @O HREZ S DD B HIZ DWW TR
T 5,

GRAPE OHE A 72T OIFENHERO AL TI74 0 ThD, ZIUTEIE z; =
(zj,y;,2;) \IEDIWIZEE m; ORA DR x; = (24, ¥4, 2) (SEDPNTDRAIZ K
FT f; ZRETON—=FU =7 THD, BED jITHT DFEFHRITINEO
LYPAZIHERESN TP L DL DIZR>TNWD, BT DIZZDONALTTA 0%

FiE L= JATI ! 4.1
DR Y (e (4.1)

BEIHT 2, 22 Cq XY 7 =0 TETHD, K423 14 774 OHIEIX
ot N1 RIETRORA OJERE x; EEE m; 2N Es7 vy 7 1T
T sL. XA TITA R TT—ENENLA~NTNLOOMLEN T E, R
FolHBEREN AL T T4 VORKETHE/ vy VRSN TP, hExzlT
DMMORLADFELE @, &Y 7 =27l ¢ 1&, FHEBRBANCH 522 COWNHE L
ABNTREEL TEL,

GRAPE &I3EAMCIE, ERROENHEHDO A T34 06 AT T4
Zhi T —4 x; & omy BHET A0 OAEY ZAR— K RO, b O]
PR A M E L OBEEITORIKEST LD TH D, 7272 LERRIIT A
TIA T TR0 TiEZe <, HEARNHEH LSI Fv 7ORICERI N
TBY, TOXHI T v 7EEME AT PEHINTAR— K EIZFEEI L TY
5. B 21X GRAPE-5 O%AIZIE, Ty 7R 2 RKONRALT T4 U EERBL, =
DF > FHHR—RFED 8 HIEH L T\ 5,
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o : — ().
Y
I'j
o ® r(fy),
z
O . ? 2 (fy).
m; /r3
L
&
2
& L ,2 i
2 2 2 2 I 2 3 I
X,-/-+y,-j+Z,-j+8,- ru»r,/

4.2: BAFHRAA T T4 >

FRRDON=FT =7 2> TR n EOHOE 257 25 FIEZRDO K5I

2%,

1.

2.

4 n B FOEE L E B %A GRAPE Eo X £V |cEx AL,

INA T T A AKE (npipe) SADKFOEIELEE, V7 h=r T i%
GRAPE EDOASA T T4 LU AZITEFEE AL,

. BIAEBALAE 5% GRAPE ~i% %,

IR O T 2150,

FHEAER (npipe DRI ~MhORI 03 KIET 1) 2 GRAPE LD /3A 75
AL AE DL AT,

BTORA~D N a3 R L& ST A ITE R AR T35, 29 TRITFUX
0 ORLT-D 95 npipe IZKI L TAT v 7 205 5 240K,

ZOFIATHERD, RO EMo THIEFE S ZITY. EWIOEEZFMAT »
T LK REIE, EEHEEICLSA NKY I a2 —v g a— ROHKEER
DNTHb, m77L, EEOa—FTIXZoMIZ, BEBIOWEEOARFr—1 7
R0, oz —H L EIL T GRAPE %1 9 72O OHEMHIE, 72 & DML 72 LB
BN O ENZ 72 D,

UL EC GRAPE O#WEFREUCEET 28BITKEY TH 5, RIZTZOXH—F
TR L D bEWVEREESE LN DN, THDHMR, TOEBEITLLT
D3 HICEEDLND,
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o T—HDIER, 74—~y M KELEINTWD
o ENHAEEHDORHENB A T4 b TIN5
o G DONRAT T A NI LTV D

FTHE OB, T—XOFEE., 74—~ v bOR#ELIZOWT, LA TS
S OHE., TXTOEH%E 64-bit FHEYNIUSTRELL, ZHuUsxt L THEZIT 9.
Lo L (4.1) FOTRTOMBEIZZIUI EDREERSA AT I v 7 L Vgl
PIFTIER VL, 2% NIEY I 2l —2arTIEHORBENRENIFES L
STRWEANRZNZ EH 00> T05 (9], [7]). L EDERA S GRAPE T,
MBI N T UV A HAE R LT TH O T L ) I HEBESROBRSBE T A —~ >
Nt LT\, 2O X )R ENAEEZR DX GRAPE NEHKETHY . &
HIREADBHLNLODRES>TNDEINLTH D,

WIS T T A IOV T, GRAPE Tid A 7T A4 1BICE D, ~ 10 fHD
HEZFRFHCET LTS, ZDWWINBIC R 2036 % EFCHRIALE S, 2
Iy I YA INT jREORTDNA T T4 DORKEIZHY, ZOR1T15
DHEBER ThHoTe T, "= R TR AT T A LS THhiUE, 2
DL EFRC j+ 1 BB ORFICONT myy/ri, EVOFHEEETL, j+2 &
BORFAZOWTIE 12, & 15 LT rd,, ZalH L, &5 j+3 FHICOL
Tad g+ v s+ 2hs+ ZRETH 0 EWVI ZEBTR D, TAUTILRR
DGEIZ 1 7 vy 7 B0 AT HEERENE W 2 HREETH DL DITHRD &
RERFRTHD, ZOXH7Z ENARERDO HC1F Y GRAPE MEHHETREX
BNHLNPLDRESTNDENLTHY, 20X (R 41) BEALS jITHLT
MNAICHETELEEZ LT D (JIZOWTHIINEEZ > T D) 2D TH D,

BRI T T A > DAFUCIZDONT, ZHUISA T T4 U&7 EAWRD
EWVIH T TIED £ D072, AT TA L OREDBEET & ATV BT
TA A RAT — B MR T DHED, A T T A OBEEIZBWE R 7o T
LE 9, GRAPE TITHEE DA T TA DO EDD AT Y ML E—DRL T —
Azt D ETCIOMBEEZREREL TWD, ZILHDONA, T4 FRU § &
HOR AN, BEWNZERR DA T 7 R i i+ 1,i+2,... ZRORIA~D %5
ICHET 2, 2992526 T, ARV LR FEMRTIHRELZ EIFD 2 &<
NRATTAUBEEOED, 22 TIER41 BEZRD 1S L TRNICHETE
DAL TWD (i ICOWTAEFIMEE S >TWD) ZEEFIALTNDS,

T D GRAPE T~ LT A T T4 L) HFiEEROTHRERAEY
NYRIEZSDICTFALRELTWS, ZHUX 1 RKONRAL T T4 U EREIL
TV, O EODRIFDE R DR AF~D N RDDTFEOZ ETHD, BlzIE
GRAPE-5 DA, 2 j BEAORFN AT NOMGEEND &34 T T 4 1%
INnE 6 7uay A7 VORENEDL, 6 DORRDLRFii+1,...,i+5 ~
DNEFHET D, ZOL T T4 AFFEFRITIL 80 MHz TEMEL TV DA, AT
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B RIUE 80/6 MHz TEMWEST 24 77406 KbHDELAE%ETHD, 29
FTBHIL T, RIECAT L FIA L HRERL RNEBITHSR, AU HHD
F R EEREE S 1/6 [T LE D,

4.3 EIXXE GRAPE YR T L

AHiTIE GRAPE OfER FIEIZSOWTHAT 5, O& < BIZ GRAPE £WvWo T
B K43 1R T X, ARIISCTIEED ONN— R = T B3 F7ET 5, 5

A
=+ 2001 GRAPE'6 MDM

(MDGRAPE-2 + WINE-2)
1> GRAPE-5 |

PROGRAPE-1
Arbitrary
lnteract/on
GRAPE 4
SPH

YEAR

MD- GRAPE
T 94
HARP 2
HA*RP-1 WINE-1
GRAPE-3
f 1 GRAPE-2A Ewald
GRAPE-1A GRAPE-2 Arbitrary
Central Force
f‘,/d'AFW
ccurac
189  GRAPE-1 y
Limited
Accuracy

4.3: GRAPE & Z=ofhfi7=H

AL EFEITIEN SR CTH L0, GHOEZHONTND GRAPE (HMER
EHEH, BEOLOIIEBEFEHE V) ZEIZhsTn D, HHILD DK
FEIX, BBENICIIATE T2~ 3 M, BETTHRETHD, URBNL, iHE
ICHBEREEITY I 21—y a VORGERENIIC L TR R LD T, EON—R
U T ) RENTETERNCAE EE T 5,

Z9 &ib\o‘f%ﬁﬁﬁﬁfi%rﬁ” X EARBI 3 B o T2 F7 0353 D2 %Dﬁ“b\ ZZT
IXEN. R CEICEA SN GRAPE-S ¥ 2T LCHOWTHREITH Z L1275
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431 v bcIO—U8K

[E7 KX GRAPE > 27 & (MUV) O#AkE X 4.4 12789, Pentium4 5 v 7
£ PC 16 & (bunch01-16) £ Z4UZ GRAPE-5 28 1 722\, Z
BT Gbit A —%xy by U —7 THEERIN TS, £z, SEITHE
DEEL <fi 72 A, Pentiumd F v 7 ## D PC 8 & (bunchl7-24) £ LI
GRAPE-6 #2772t Db, RIURy N —ZIZHEHRINTND, S HIZZOff
2. XA NVEOEEMIZ, PC (grape) HIRILAR Y MU —ZIZHEH STV D,
bunch01-24 OWFNNIr A LT, DO~ Il SNz 1 5D GRAPE-

login .
——grape.cc.nao.ac.jp (Gateway)
GbE |(Xeon 2.8GHz SMP)

muvsv1 (NFS server)
(Xeon 2.4GHz SMP)

bunch[01-16].cc.nao.ac.jp
. | (Pentium4 3.4GHz) GRAPE-5

bunch[17-24].cc.nao.ac.jp
: | (Pentium4 3.4GHz) GRAPE-6

......................................................................................................

4.4: FSRKLHE GRAPE VA F A R U — 7 Rk

5 72\ L GRAPE-6 #{£5 OV b HER2ENSFTH D, HHAA bunch01-16,
bunchl17-24 Z/3# ATV ROWSIEE L CTHEATLZ L b AETH D, A#EFHET
X2 DL S RENFITOWNTILFHA L2V, MUV ITIZEE R Y b T —27 94
{CEAZATZ7VRERAL A N—ALEINTED, Wola— OB, FTi@EL
FRETHDLZEIFEZTRBEV,

4.3.2 GRAPE-5 #IZ

GRAPE-5 O L7k a £ 41 10F 0D, R—RYVENEE A TT7 1
2N 16 AEH SN TEY, Zh b2 80 MHz TEMET 5D T, B 16 x 8OM =
1.28 x 10% = 1.28G fHOKL-HIFHAEAEH ZFHA C& 5, HEAHAEHOHE &L 1
#7230 FEVINERBE LB 2 D L BEHEE 1.28G /s x 30flop = 38.4Gflops
IZAY T 5,
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%% 4.1: GRAPE-5 O FE 4%

B — 7 A 38.4 Gflops

HEHERET ~ 7K R— K40 8

HINEFANA T T A Fo7HED 2, R—FKHY 16
N— NENEEIE L 13.33 MHz

R NA T T4 Fo7HED 12, A—FH Y 96
AN EHER & OB PCI

RANEE OFT — X R SZ0K 40MB/s

W AEY 128k Ki ¥

TR A R AEY 32k

AR i YA T 7 AEITHIG
FHAHAEH Ty bAT EEEOFLT
FHEAEEE 0.3 %

ZDMOHFRIZ OV TIEIARHER TIEH E VFE L i3, GRAPE-S |3H
JFHROBERELISMT b . ITHRL T OERRIERE. W v A 7HRER E2Ff>o TV D
DT, ZNHICHIRDH % T71% (8] D AZH L TR LW, HHEIZHIT 5 &
BT X RRL T & OBREEN 8 D ELLNIC 8 DRI T 2 3T A HRE. %I EEED
2RIV BHESPEET DNERD TZODWRETH 5, ITHIRI ERROHEREIL SPH
Bl E~OFM %, 728 v N4 T7HREIT PM k72 E~OFIH ([4], [5]) &8
IZEWT WD,

4.3.3 GRAPE-6 #IZ

2% F TIZ GRAPE-6 IZ W T bl HICfiliilt TR <, GRAPE-6 1%, ERAEM
O R e E OFFERETIC, GRAPE-S OMREEZILELI-bOTH D, =
NHDOROFEIZIZ, EWVFEE & individual timestep 15 & W 5 BERFE 01503 40 5
ERDBEANEN, EWKEZES 72912, GRAPE-6 Tix GRAPE-5 kv b E
WEERRBLCHAEZ > T\ 5, F7z individual timestep ED 72O 1E, IR E
ORI THIT- & W) B2 FHET HE M BMS T 5,

GRAPE-6 F v FITIZENNA T T4 L8 6 AFESNTEY, Zhi 90MHz
TENET D, T 740 O — 7 BEAEVERRIL 32.4 Gllops X & 72 5 (7272 LN
& Z ORIy OFEICE T DA L 60 {FEVNIUREE S 52 - 5E), A— K
FoF o FEEBUTFZ T, bunch17-20 (21% 32 9~ 7 (1037 Gflops). bunch21-24
1213 16 7 7 (518 Gflops) MBI LTV 5,
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4.3.4 GRAPE-5 5S4 75 E#%

2—WI GRAPE-5 74 77 VS Zi# LT GRAPES 27 78X %, ~N—F
=T Y OFENTT A 7 F U BNEEE DO T, 2—RERT 2 BBV, T
A 77 VB E#HEHT 512X, =— RHNT grape.cc.nao.ac.jp @ /usr/local/grape5/include/gy
AL N— R, FIT7 7 A NAERKFEZ /usr/local/grape5/1ib/libgba.a ¥
Q)
/usr/local/grape5/lib/libphibdma.a % U 7 3 4uUT L\, LLF Tl GRAPE-
b afiocHAOFADO T EL, E PR bMHEREREGRED 2 — R FIZH
Do TOHRT, BRI TFERERZAT 9 TTIEIZOWTHAT 2,
GRAPE-5 Zffi» TEEZAHEZ1T 5 2 — FOTZBIFRD L 512725,

/* variable declaration */

static double mj[NMAX], xj[NMAX][3];

static double eps, acc[NMAX][3], pot[NMAX];
double xmax = 10.0, xmin = -10.0, mmin = 0.001;
int i, n, nn, step, nstep;

int npipes = gb_get_number_of_pipelines();

g5_open() ;
gb_set_range(xmin, xmax, mmin);
for (step = 0; step < nstep; step++) {
/* force calculation */
gb_set_xmj(0, n, xj, mj);
ghb_set_eps_to_all(eps);
gh_set_n(n);
for (i = 0; i < n; i += npipes) {
nn = npipes;
if (i + nn > n) {
nn =n -i;
}
gb_calculate_force_on_x(xj+i, acc+i, pot+i, nn);
}

/* orbital integration */

gb_close();

g5_get number_of pipelines() |IAB/ XA 7T A4 4 ((@H1396) 213, gb_open()
T GRAPE-5 Zffi 5 MefR 2455, T DOREEUIHIRZG 5 £ TR TRV, DF Y

64



HLAN DT 1t 253 GRAPE-5 Z I OGEIZIE, V2 5 F TRBEET 5,
gh_set range() 1T I a2 b —1 a3 U CHHT AEIE L EEOHPAREEIT S, L
T T 5, ghset xmj) IFBHFOEE L HEE GRAPE-S LD AEY ~FE
ZiATe, gh_set_eps_to all) IIRTDONAL T T A IZF—D Y 7 =2 7{H eps
ERETDH BHEDY 7 b=V 7EEZRET D2 L bAlHE), ghsetn() (TR FEL
n % GRAPE-5 ~iX%, gb_calculate_force_on_x() ¥ x[i]...x[i+nn-1]
\Z&H 5 nn HORLF-~B LSO n-1 HOR 723 I TINEEDOFEFHZFHHE L,
acc[i]...acc[i+nn-1] ~I&T, [FARFIZHRT v /LES pot[il. . .pot[i+nn-1]
~HETF, g5 close() IV 2 7= GRAPE-5 OIS 5. ED< B
RER AR TITEE T 2 IEHZ O RLITEE b5, BBENRELE LT,
1L 53 DA —Z TS 5 £ LTz,

A ik D L7z gb_set_range() Th DA, I OBIEITRI RO R KAE, i
MEE, BREOR/NMEZRET D, FEEORK, R/MEIZIZ, ¥ Iab—v a3y
FUTRLF 3 & 0 D D IEMEOR KM, B/MEL D b 2 UL ERE M2 ET 5,
HE&OR/MEIZIZ, TXTORAOEED, /IMEDOEELE THRAEE X <EE
TELOREIDNSREEFRET D, FIZITEE 1.0 DR 72T N6 5%0DV I 2
L—ya rThUE 1.0 ZFEL TBITIEEW, BE 1.0 OkF & 1.3 ORF7)
572% 2 RO EITIE 0.1 ZRETOBEND D, RIZ 02 ITHRELZET
5 &, B 1.3 1% GRAPE-5 OWNEITIE 113 &bV 0.2 OFHfEFOfE) . o
£V 1.2 L LTHbh, 1 EREDORAELAEL D,

2O XD R B RENSLERBHIZ, BIRHEBAZE S 37292 GRAPE-S N
HCERMREAE 7 +—~ v FERAWTWD Z LIk D, Bl 2 I EEAEE I 32-bit [
ENBUSIERTRBEL SN TR | AR MR ETa—2MEH L T\ 5 64-bit 1%
BN RIZEDX A FI v 7 L URB, 20D T4 77 Y T, =2—%
(U S TR & 32-bit [EE/ NI TR A D#IPHIC A 7 — LTS GRAPE-S
~EEFELTWD, ZTORT—V 7 gb_set_range() THIE L7 ANE, H/h
EEHNDDTHD, ghset_range() D FIEZRD L HREMERICKE it
ZHTeb LG5, KVEEMRERD 8] IZHDHDOT—iHta BEIDT 5,

IR FIRR 2T 5 FIEIZOW T 5, IR IR D7 HI12iE, &
R 2T D70y 772 llE L, ERoa—Fo 1 T —7%
WD L HIZEET 5,

/* variable declaration */

static int nblist [NPIPESMAX] [NBMEMSIZE], nnb[NPIPESMAX];
int ii, nbof;

double h = 0.01;
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for (1 = 0; 1 < n; i += npipes) {
nn = npipes;
if (4 + nn > n) {
nn =n -i;
}
gb_calculate_force_on_x(xj+i, acc+i, pot+i, nn);
nbof = gb_read_neighbor_list();
if (mbof == 1) {
fprintf (stderr, "NB list overflow\n");
}
for (ii = 0; ii < nn; ii++) {
nnb[ii] = gb_get_neighbor_list(ii, nblist[iil);

754 nblist [NPIPES] [NBMEMSIZE] & nnb[NPIPESMAX] (FJEIZ, ki 112xf LT
RESTEERL DA T 7 AL, ZOMBEKRMNT 53y 7 7 ThH%, NPIPES
& NBMEMSIZE |ZEMEH, A— RY 0 DRI RA 7T A 5L KDDL
T ORKRET, ~v X7 7 AL gpbutil.h N TEZRIN T 5,

ghset h toall() Tix, NEHELTWD] L \WH Z L2 ERTDHODNEREL
RET D, DEV. WHEE b DINICH DRk - S HESh D, 22 TiEse
TONRALTTANZFEL h OEEFRELTHNDH, BHEICEET S Z L L A[RET
H5b,

PLEOHEf%Z L7z H 2 C gb_calculate_force_onx() ZFESE ., EAFHE DD
W TCIZITHERL IR B M T, T OFERN GRAPE-5 WOUTEERL 1 A € U ITRAF
N5, Zi% ghreadneighbor_list() 2L > THAR MNHHEHEIZEIT 5, FF
BHISEEERL AT Y BN TSI, BBIRVEE LT 1 2iKd, EFK
THRHE 0 29, BN L72RERITSA 77 A I gb_get neighbor_list() T
B W7, RE o iR+ OEEITREZOERVEE LTHLND,

IR A U DS 5A12iE h OfEZ /S < LTHE LET 72 SO AT
IVENRDH D, TR AL TROBETELIDONTH DN, TOEZIT 1496 K
DA T T A AT LT 32767 ) & 72d, /347 T A 1 ARITK LT 32767/96
@ Ei13ES, Laoh0Iic OB O THIET D, GRAPE-5 MUTHhL
TREHET BN, WERETMOR (R4 1281125 j FHORL ) &, %
WRA T FA VNCEEINT WD I ERi T2 R OR1 & OB FHE T 5, %
LTS TTA UL ARTYH, ZOBEN W LT ERD AL TTA4 0 inbh
X, KF AT IR R AEVITRIET D, ZDAET Y BEK 32767 [HORAA
VTV RAERGTEDLENDI L THD, KEDOYA, DFV AEVIRFELES
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BRI SA T T A v DB FAZ 720 TV DAL, 731 7T A 241 32767
(B OFHRIFDREVED, WITHEEOLGE, 2F D AT VNOBRFRBEAD 1
KDL T T A K L TOIRERL T LT > TORWESIZIE, A 7T A
WY S 32767 /96 E OUTHERL 1 LR D B, 6o T LY %< Ok 1%
KO DHITIE, ZERIAIZ 72 D XL I < A2 DRI F-481Z gb_calculate force on x()
ZIMES L) TRDMEIZIR D,

UL ET GRAPE-5 74 77 VBB AT 2030 Th 5, BT
FIEDEBICENET % =2— K3 grape.cc.nao.ac. jp @ /usr/local/grape5/g5pkg/direct/direc
I, 2O a— NOEENFREOa— Rz LcbDBECT s V27 MY D
directnb.c iZdH b, £z, 2T A 77 VDY 77 L A3 /usr/local/grape5/g5pkg/doc/ghu;
Zb %, HEISCTEROZ &,

4.4 &FA: GRAPE Enw!)—i%

Z ZF TT GRAPE OEMEREL L & b i L2 WFIZHOWT ORI & & % 72,
AEHITIX GRAPE OEHEEEHEIELSA~OFEREIE LT, ¥ U —{E~DIGHIZ DN
T3 %, #EREMOFE L. YU =B W TELD TS &V HiZ
TR ARBIENZ 72> TLES TV D HENR N, o< 72D TZ DREIC
RENPLBEETZ T CTHERE L CTIHITIUX E S,

i 4.4.1 Tl GRAPE ZfH L7avi@ig oy U —iEOFREZH5H 3 5, RICE
4.4.2 T GRAPE ~OFIEEIZOWTHIT 5,

4.4.1 Y)—%

VU =k (1], [2]) 1E ORI A E LD TR D & CREREABLTT AT
ALTHD, BLICHDORLFIZFEREENEFEVICELED D, FLEDODHDITHE
JERI7eAREEZ WD DO TY ) —EEMIEIND, £EORFNLOENNL, £
B DRI DENTE WA R0 D OB\ TEMT 5, K EEDEN
TR AT WA, ZEMERZHV5,

UTICH 52 LEERHZREEFIEELZR~T, BRI HEOZD 2 oo
IZDWTIT 9,

FTIETHERE LTV —HBELHEET L, EToRFE2ai ko7, B7IZ
RERIEFHE (UBLV— MV ERESR) 2825, Tk 4 DO/NSRIEFE (1
YN ITHET D, FLT, B 4 DD FEALERENE, SHITNER 45
DFREMZHEIT D, ZOFINEZ B AN OR 23 1 HULTIZ72 5 F T IRT,
ZHLTHEL-ELVOREESE (V) —MHE) 1K, RiFOBEICS U-ZEM
SEINIT 25 (X 4.5),
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X 4.5: > U —FEdE DR

RKIZETOEMIDOWNT, BANOTXTORTOE EORKRFIF L OVE LA K
DA, BAELOERELEEMNIFOTELOERELEELNGEETXS, Z0HK
EEFMALTY Y —HEOR FEICHLEANGL— hEVICHD > CTIEICEE
LTwpiHiEduv,

ZZETTTFHEFIIKRD T, WEWEDOFEIZITWDS, £, HDRF~D
HLHEANOD N E, RO LD IZTHIRNICERT D,

o TANKAMOLIESELIZHDHE., BILOELNLDS
o KELITIEZRWIES . BILOFEANELDOMET

ZDOEINTHRA~DEANED N ETEHREL TBIFIE, FRA~DEZNH DN
[L— KB/ EDT) L LTRDOOLND, BB, BABRKDELIIZHDINE D H
DOHIEIZIZR DK E WD

l
7= 6 (4.2)

IITIIEELDO—IORES, dIFEALOELO LR FECORBETHD, £7- 0
ISKEE A HHT 23T A —2 T, HiAHMA LTINS, 2T —FNE525E
HThsb, 0 OfEE/N NS THIE, VML REALNEDHEFETDHZ L7
D, FEERE L 2503 EESET, I 03~ 1.0 BEOEE WD Z &
MDEZUN,
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LI BT GRAPE b2 > U —IkO#BIIIK Y Th b, ZEMERNRZ MW
LA OUHITE VR, BB OT—# L L TELOEELEEEORDVIZE
BERER R A S22 720 T, IZIEFRBROFIRTHEAETE %, £72 3 RuDGH
OFHALAEME L2, b E 4 5 TIERL 8 DITHEIT 5 mLAMIFERED
FlaCHETX 5,

4.4.2 GRAPE ~=Ei#

v J—i£% GRAPE |[ZEET 5121, BAnbD % GRAPE THEATER
FEv, BADLONNEELCEN AR ZRR 601 LTRE SN D
T, ZHUFZEDOEE GRAPE 2o TEHETE 5 (ZEMEMZME 725512
GRAPE #ffi-> CEHHET 2 Z LIZA[REED., SRS T~=T v 725D T
ZTCTIAEKT5),

L LE 441 OT7 N3 A L2 FEEHNTZOTIE GRAPE 2 5H F 0 #h=R
BLEMWESESZ ENTEARY, H 4.2 TRR72 X 912, GRAPE [F#HE &
X410 BEOGIZHEHTHWESIMEEZFIH L T LY b E W ERE R TV D,
L LEI 441 07 VI RLOEETIL G, ) EBLOWIELRIATE 2, &
HRIA~EDRNVN I E RIZTONERTSD > THn-oTWnbH b Tidan, 4.2
ICEDHEEZMBYIE LN LY ) —fEETEoTno T, DT DEANK
EV, ZOMEOLOOEANLD N EFHET L, ZOHTLITY XAIZIT j
WHIPER N, £72, RIS E2 RIET TR Bl R 5720, R L'
bR DRAF~DOFEEWINAT O Z LTk, DF Y i WA S E,

FELOMEZ P LT GRAPE 220 B BESE5720I121X, 743U XA
WCETOEERLELR D, LT TEOERIZOWTHAT 5,

EEIIZODAT TIN5, F—DAT v FTIIET, K2 EDBANH
ZRAETOPBETL > THMBRN, EWI EEMRT 5, ZO7HI2iEY U —
G- EV RN N EHET 2O T, L EDRHIIF 12 KIETNE D0
BT ZITD, RFTEHELZEALZ Y A RT v 7Tk, VU —iidEs
FEVKZT-H%T, ERRLTZU A RROELNSL D HEEET 572912 GRAPE
ZIEONHRE, § I Z AN LR 21T 25,

BOIDAT v FOEFECTEIFHEITH HREHLS 8D, LrLENEFRED
AREZFOY U —EELE T E My OHREITE<EHLI LR, FEORAT v
TTIXZ OGS OFHERZES L, 2L ERIFFC, %2 KIZT 23R 1182 5
25, EWVWIHRIRORMEE MRS S, ZOEDIIIRID AT v 7D & 2 AT
HL7'LDY A Ne, HEOR I L THEWEDT Z ENRTEIXRY, £
T ATV A MERRBIEN Y . 72 WHIESAENED L0127 D, AViZi<
WZH DR FRIEZRBIE, TN~ RIETEALTENWZWEZXL b7
L1370, K42 0%ME2DLULELS TULY 2 R E2ENEDEZES TH D,
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ERRIE TEWSEL IS DRI 2RO DHT-DIZITY ) —FiEEES, VU —
BL— hRIVINBED T X | BILNORFHDH 50> LD TEBWTZEE (e
LT D) UTIERoTeb, ZORANOR 2R & LTI Z&I2T 5, £
Lfﬁ%&iﬁﬁW®)X%i KT iz TIEe <, ZOEERi 0L - %

DIZOE =D T D, TOR, X4.2 2B 58 d & LCix, TFki+
DETHELVNOEEDSNS, HERETROELVOELE TOHBD S Hix
INDHDERWD, TR RIS AW RIET E I TERERE T D,

ITEERL - DS 2 X Y 2 MEROEBIEZB O Y5, Fiz i WHIKEZ A
5 X917 GRAPE 3R R <ENET 2, —F., HhiFRLOBEEFE DS
AT EIFHEOEITHET, 765 TYU A MERIZH DR & EFHEIZ ) DI
F DT F/INT 72 D K9 72, IR O BB BN FAET 13T Th D, Z DfEIX
A FEHEESS GRAPE OMERETIRE S, MUV OBREE Tl ney, % 4000 ~ 8000
B EIIRREE L 25137 Th 5,

UL ETY U —k0D GRAPE ~O 3BT 23K Th D, F—. H 0
AT v T THHLEEE LT, 2nZh (6], 3] 12X b, GRAPE LD Y —ik

BT 2 XD FELWHRIIL [10] 22O Z &,

4.5 F&OH

GRAPE OEMEJREL & FARM 72 HIEC DWW T L7z, HEI3%HOFEH
HIZG U2 3CHRE 4720, K0EEL WA Z S CHHE 2, 20 E0H
L DFEEL GRAPE OFFHIELS b > TWAIIEE L b EEEEEZ T b

HEAEETHLOT, B OLEZZEHE->TAFAT v 7 LTHE 2,

4.6 f#ZE: GRAPE-7IZDU\T

AFEERICIT /oD MUV #9558 TIEIR B TH 5 GRAPE-7 28 16 B A X
. SRAEFE R 2213 GRAPE-5 O W IIZEH SN D FHEIC 2> TWD, ARHIT
IZ. GRAPE-7 O#EE L Z DWW IZOW CRRIZREIN T 5,

GRAPE-7 X GRAPE-5 D4k L L CHHE SN LD T, @il f v X —7 =—
2 &BH L. WHOBERERRATRET /31 A (FPGA: Field Programmable Gate Array)
AL LLSI OOV IfESTND Z LR’ H D, Z D FPGA DHFIZES
FHEARAL T T VBB EREET D LT, ZHLETO GRAPE L [AEEOREREN
HanTnb, %L’@ﬂﬁArGRME6@E%%%M¢hiGMWE6&L
THEHY Z &b, FmMICIZARETH D, GRAPE-TIEIA v ¥ —7 = — A & —{k1k
Lt\wb@57F4/ﬁ Fwﬂﬁf}ﬁf%b\ﬁ@\TXF# DA
H—T x—AA0 v MIFEAIND,
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GRAPE-T IZ GRAPE B OH A =T HfEHE « I FHm KM L TR
S LT2 (BR)K&F Coumpting Research (http://www.kfcr.jp) THIJE - koS
TW5, BEshs7mty ¥ —FPGA OFEEIZL > TETARFTIT OB,
MUV IZEA SN TWAH DT 7 vt v 3 — FPGA % 6 f@#5# L 72 model 600 T&H
%, GRAPE-7 model 600 D LR ftEEA 2K 4.2 IZE LD 5,

% 4.2: GRAPE-7 model 600 @ F7pfH4E

v — 7 L 364 Gflops

BEIEET v 75 A—F%DY 6

BEHER A T T4 8% F v 7YY 16, R— %D 96
A— RELEE 5 100 MHz

AR 7T A K A— K%Y 256

A NEHEME & DX PCI-X 100MHz

A NRFEE L OF — XERHEE B —2 800MB/s, E{TH K 7T00MB/s
kit A€ 12k ki¥

gk U A A€ Y 2L

FHHE AR TS (v b A 7 I3RS T E)
ARG 2 (AR AR O HERZE 0.3%

MUV ([ZEA S TS GRAPE-7 model 600 1. GRAPE-5 140 & fj3t5H /<
ATTAUVNPR=FRYEDIZI6ARHD, 252 100MHz TEMEST 2D T, Hf
96 x 100M = 9.6G fHOR M ENWHAERZFRE TE 5, EHHEAIEHOHEE
Z 1B T2 38 RE IMIUEHEAE & 975 & BT 9.6G /s x 38flops = 364Gflops
E720 . GRAPE-5 LD K10 fEmEEHTH D,

GRAPE-T IZEARMNIE GRAPE-5 & [FIERIZ D9 T &N TE 58, BIEDHAR

TiX. GRAPE-T1Z GRAPE-5 S LERT iR FAEY N 1/10 L/hSWT & [AllF
ICEMETE DRTH () MR D L BT UV LT RAF—REE S
RN & EBERLAERER, Iy N TN VWO T, 256 L O RITITEEN L
BEThHbd, ZNHIFSE, BHE/MEEINDAREEND D,

LIF, MUV @ GRAPE-7 21 5 515 ThH D, £91LGRAPE-7TNA > A h—/L
SR A FEHEBEIC login 35, BifE, RBEH T 72720, GRAPE-7T 23 A » A
r—/LENTWAHERA MEHEIZIE, bunchOlx-bunchl6x & 7x” & OLRIOMT T
%hﬂw\éojﬁ£@®%5\ ZOX RV ONRKRA RLIZRDTETH D,

GRAPE-T % 5 7212, FEAICIZT 0 7T AOBEIEOMLE TR, a3
wﬁmmyﬁ774w&7477) % GRAPE-T HO b D& ET 57215 TX
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W, N E T 7 ANVLITGRAPES HO LD LRI —72D T, 77 ANVDOHDHT 4 L
7 ]\ U %GRAPE—? O)/\O“/b“'—‘j\/\\Z)\)\/r “/X ]\k—/béh—(b\éi}%@f&:/ﬁﬁj—éo

#include "/usr/local/g7pkg/include/gp5util.h"
Vo r7457477 VI
-L/usr/local/g7pkg/lib -1g75 -lhib -1m

EEBFT XTI,

ETHlR7Z2, GRAPE-5 & GRAPE-7 Tl j bi+ A & V) &A1 75 A
CVHENERD . £7-. GRAPE-T TIXET ML THERD,

JRIFAE Y ERRIENA T TA VHDEET 0 7T MEERAENDLZ b DD
2, MEPBETHELHHDOT, TN O DOIEREENGT 5B g5_get_jmemsize
X gb_number_of pipelines Zf> THET DN L ETH D, £z, BURTIX
GRAPE-TIIRT ¥ VTR VX —ZEHE LR, IR R Z LR, Ty
A ZIZRE L T2 W EEWNRH L DT, TN L OEEF-> LT r s
T LTIIETOEBEERLETH D, SRIOEETITFHEOTF =y 7 IZ2T R /L F—
DERAFIREEZE BTN D DT, GRAPE-7 2 5 548 TIIART v vy Lo Rx ¥ —%
RANRIEMECHEAET 2NENH D,

GRAPE-7T C7 a7 ANELLEIELTWVWD I EE2MR LRIV, 2,
GRAPE-5 L HER_RTENL BWEKE TH LM AR LI X\,

GRAPE-7 OFEHIZ DUV TIE, htttp://wuw.kfcr. jp/support.html ZZMoD
N

72



[1] Appel A. W. 1985, STAM J. Sci. Stat. Comput 6, 85

[2] Barnes, J. E., Hut, P. 1986, Nature, 324, 446

[3] Barnes J. E. 1990, J. Comp. Phys. 87, 161

[4] Brieu P. P., Summers F. J., Ostriker J. P. 1995, ApJ, 453, 566

[5] Fukushige T., Taiji M., Makino J., Ebisuzaki T., Sugimoto D. 1996, ApJ 468,
51

[6] Hernquist L. 1987, ApJS 64, 715
[7] Hernquist L., Hut P., Makino J. 1992, ApJL 402, 85
[8] Kawai, A., Fukushige, F., Makino, J., Taiji, M. 2000, PASJ, 52, 659
[9] Makino J., Ito T., Ebisuzaki T. 1990, PASJ 42, 717
[10] Makino, J. 1990, PASJ, 43, 621

[11] Makino J., Taiji M. 1998, Scientific Simulations with Special-Purpose Com-
puters — The GRAPE Systems (John Wiley and Sons, Chichester)

[12] Sugimoto D., Chikada Y., Makino J., Ito T., Ebisuzaki T., Umemura M. 1990,
Nature 345, 33

I3 (BALEBIZER) /SRS (—EX2)]

73



E5E EE1 NAKYzalL—P3v
707455 L0O3FEE: cold
collapse Zfl& L T

5.1 B

Z DFEETIL cold collapse MEZHIE LT, NIKV I 2L —TarD—@HD
VE¥EZ FZBRITRERT 5, BRMICZIE, C Siaflio THEZERADO NKT I 2 b—
va U TR EDLN TV DR L TH 5 leap-frog 152 FET 5, MHAEITO
FHRICITEREE I RIEE O,

5.2 cold collapse &8

AEHERY EF 5 cold collapse MBEILMHUZE 21T, FIHNIRLF DR EE 43 B2/
SN (TR DME) K223 H L /)T collapse L7222 8D K 9 2R 10461272
B0, EWHETH S, cold collapse [ TERTITEZEL., R ITAE SR D Al FE D
FERE L TEETHDL EEZ LN TWS, Bz X, de Vaucouleurs DiEHIE L
CTH DAL D KE SRR DR TS (%6 ) 34, 1(r) oc /4 1% cold collapse 12 &> T
FEINDEWOFERD D, BN H D NITH A1

van Albada 1982, MNRAS, 201, 939
Merritt, Aguilar 1985, MNRAS, 217, 787
Aguilar, Meriitt 1990, ApJ, 354, 33

Z R TR LU,

Va2 b= TSR L LTS e VR EE Sy B D/ S 74y
(e TR 1/20T) Z2¥%fig L, £ OR%OKA oA ORFRFERZR~D5 Z &
272 %,

collapse DZ A F I HNVIREE A —VIZROEHE TEBTH D, —EREE
ERORLFR D6 O B YK TR

1/2
3T
T = 5.1
' <32P0G> >
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b loaoaa g bbb o ‘1IIIIIIIIIIIIIIIIIIIII?.II‘
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xr x

5.1: cold collapse D N K I = L—3 3 > D

L7275 (HWTHL), 22T p REROIHELE TH S,

cold collapse D NIKY I =2 b— 3 U OFZK 1ITRT, TIUTKRIFHN =
1024, I Y Tovttry = 0.1 O—KREROWIHNIRREt = 0(/2) & IEIE R
LFEA t = 10(F) TO 2y L CTOAF v T ay N ThHDH, ATy T ay b
LIEB DA ORT MO L Th D,

5.3 O35 3IVTDESE
5.3.1 OS5I 5A%

T NI CEiEEMEoTELZEIZLEY, 9 LTH Fortran 2MEV 2
WIBA I Fortran 2> TH WL, ZOMESIC C SEEICn AR Lk, Fu s
FZLOHNE C SETEZDZ LT D,

Tu 77T ORBEINANAH LN, AEIFRIETHLLTOSIZOWV TR
oI T I T EITIRD,

o /1 — VERIFEDIR Y,
ERAIT DN 0T <,
BB (T N—F ) 2T T eI 070y 7kt 5,

BT 5~ < HE <,

MHRL aRX s hEEL,

75



INOESFLRWERBERER T ST AR STLEY ZENRLVOTREDIT
HTE,

COEFHOT T T AMIHEVELITRLRWVETRDOT, 1507 7 A NVIZE
LHOTELZLICLEY, EBICTa T T LD a3, )L 1E make 1HfEH 7220
ZEETB, bBbAA. XD AT make BZfEo ThEDAR,

532 ToTJL—rITZF7AII

VERRENENTH L7 17T LOT 7 L— k)5 /homel /nbody00/practicel /template.c
D, ZOT7ANEFAOERT 4 L7 FVICHESRARITaE—L, €O
TrAMIT BT T LEENTN ZEICT 5, template.c OFFIZLLTDO L 9
272> T 5,

/K oKk ok ok sk sk ok ok sk K ok ok sk sk ok ok sk K ok ok K 3k ok ok ok ok sk 3 ok ok ok 3 ok ok ok ok K ok ok sk 3 ok ok sk 3 ok ok 3k ok ok K ok ok ok ok ok ok 3 ok ok K K ok ok ok ok ok ok

template.c: template file for practice 1
stk ok ok ok sk sk sk ok ok ok ok sksk sk sk sk ok ok sk sk sk sk sk ok sk ok ok skskskskosk ok sk ok sk sk skskskskosk o s kok sk sk sksk sksk sk ok kokok sk sk sk sk sk sk ko kok ok /

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include "cpgplot.h"

##define NMAX 16384
#define SQR(x) ((x)*(x))

#define WSIZE 6.0 /* size of window in inch */
#define VMAX 1.25 /* limit of variables in window */
#define XPLOT O /* coordinate for x */

#define YPLOT 1  /* coordinate for y */

#define TX 0.9 /* x coordinate of time */

#define TY -1.1 /% y coordinate of time */

#define CFG b5 /* foreground color */

#define CBG O /* background color */

I TRME RN X T T ANEFRASR, v ukEHZLTND, FELVN
FICOWTIIEE THIAT D,

5.3.3 av/nAIL

7a T AOLHID collapse.c T2ETHE, LA R
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> cc collapse.c -o collapse -02 -1lm -I/usr/local/pgplot

S AR
WRACDT-OD T T T 47 T4 TV H5A0 T _A T Bt & 13E D
D, ZAUIRFYEOE TR S Z 12T D,

54 N@ELIaL—La>hiEn
NE I 2b—va o270 —F+v— 2K 2177, NEVI 21—
valIREL HiFb L
VHIRTE 21—y a7 XA—ZDORE L IR A5A DR E,
FIEIREE EOMAEREZHEL T, #hid b LISk FouE 2 SRS L, M3
Rt T — 2 O 15217172 9,

D 2 DDERFITHT Hivd,
PIF, 7a—F % — bDZNENDEITIT OV, cold collapse ¥ I = L —3 3
YOBEILOWTEDL IR EETHINEMKITRL TV, Tu s 77
XKD 5 B3 1 THT 72 9,

1. RTRA—HERIE

o

2. MIAT (S AR —AREK A1) BROE

3. ML /A (R R (BEY A LAT v 7D ) —F Ty
7E)

4. 797 4977477V EHWZAHAL
5. UTIVH A LT
AF v Fay ML TIEEEE 2 T2 9,

5.5 INTGA—ZDHRTE

(1) AN T "= IRG A= BALAT S vIal— g
YO TREZ, 7 — 2 b [ ok RIEIR A AT 5 Kol L, AJjEiiz
xR L

WOHIENRRETHNRNTA—ZITEDOLIRFETCNE Y I2L—Ya a2t
HNCE - TIRED, SEIOLIREEXA LAT v T H2FEHI ) —F 70 v Tk
PEOWE, V32l — g VNIKBERART A= 130Rl tb 4lH D,
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( omoeas

AmE
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T

HERE
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5.2 NIk I al—varo7a—F y— |
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€ KTV T "= TR A—H

At BEMRES DL A DAT T

tend ¥ 2 b—3 3 VO T

tows 7 — ZFEMT /) DR IR
INHDONT A= F3EET 0 7T LAOR CHEBEEZREETIC, 77 A4 L0’
AN BFEHRATe L 92T 5, C FRETIIEAEAT) ) B % Hi AT BT scanf
DD, (EREEEE vITIEEAN IO E AT 512136 21X

double v;

fprintf(stderr, "v = ");

scanf ("%1f", &v);
fprintf(stderr, "v = J%g\n", v);

EFTHUT RV, ANLTEE, HEROTZDIZED XS IRENAT S TN D nER
EEDLHLIICTDE L,

UTY T h=2U INRGA=Z LI DRAT v FIZONTED LS ITHERET T
WD IE D,

5.5.1 YT MZIHIINT A=A

VT N= U T RT A =BT RIOE SR T o VDR OFE EEREr 25 r — 0
DEXITHEB LWL IICEAT S, L EbNIFRT vy VY7 b= 7%
I =T N2 T EMEND b DT ryy DENRT XV ¢y &
Gmimj

— 5.2
%+ &P (5:2)

Gij = —
DX ET,

VTR INRTGA=EEZEDL BVDORESIZEDRENTH LVHETH
5, cold collapse DAL, BN L - L& b collapse L7- & T ITHERICKE S E
LZ2WREREIZ/NESL, EWHIOREETHS, LL, EZF T collapse 50
IZE Y TIVEREESMICS LD T, EEER-> THRVWE L bbby, &
DHzT, FOKREZED1/100< HWZLTEZ 9,

5.5.2 AALATYT

B SDX A DAT v NI I ab— g VOREREEL RO D EER /T
A—=RThHD, GENIEEZ A LAT v T EMEH, XA LAT v T ORI I3
I b+ DR S &2 v & LT,

m<% (5.3)

79



LB EDNICT D, EBIHALAT A F2MITRD LI TEL, Z95LT
BLERLASDH A LAT v TOMETOHNORREITRL 72D L, WANA L
FlThs,

EEDOV I 2 —3 g U TIEAA LAT v T EEZTHERNED L2V D HER
LR, RERZ A LAT v TEREZ LIRS,

5.6 WA MDKE

(2) B FEL N, B U TV ry OEEEBORL 10672 5 50— RRER AR 2 1BV
72l N &y ITHEEATINOATITDHLEIIC LRSI, fEo72h, IELW
SANIF LTV D HER LR S,

B DS 2 VED DITHFRIREOEH S LRI UL B, & lixFnLl ki
HETHDH, HOHFIZIL NEMO % starlab DL 9 NfEv I 2L —2a VHOD
Y%y MBI IS RIS A D T 0 ST ARG ER T
5. LinL. < oa, MIMAHZENTIED = LItk B,

5.6.1 TO45SLDWEE
TS5 MIRD L HICEFLE S,

T N A TES
void make_spherical_df(int n, double m[], double x[][3], double v[][3],
double r_v, double eps2);

void make_spherical_df(
int n, double m[], double x[][3], double v[][3],
double r_v, double eps2)

LTS R TR (R
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K041 ZVED DI LB B

int main(void)

{

/* number of particles */

int n;

/* particle data */

static double m[NMAX], x[NMAX][3], v[NMAX][3];
/* Virial ratio */

double r_v;

/* squared softening parameter */

double eps2;

BT BIE DRXGE

make_spherical_df(n, m, x, v, r_v, eps2);
TR D T 8O DRLA- /340 D H T)

return(0) ;

3

= 2 CIERL oA & E B BI%k A make_spherical_df & L7z, 51¥iIfI<TH 5, HI
FOT—H 7 EORX2EFL static 5% L THAMZRZERE L21E 5 M
Th b,

B m % A 7ES TIZBEEOR L Z D51 5 0R A2 BT 5, Zhub
a3 A TREEOT L Z D5 BOEBETIDF = 7 24772 9 [2DITHET
b5,

5.6.2 HfiI%k

VRa b=y a VOBEMRIEIMEDO WL I EIFNND, NEY R 2 b—
var TR, MR NEREAGRE V) bOBRLEDbRTWD, ZHUTEIERK
G=1 ZOEEM =1, ZOTFLX—E=—-1/4L V5D ThH5, SHEIE
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[FEAE | NAREALRIIE D722V, ST &2 —REKE 5 DT, ZDERD
RBRREEIOHENMNELLY, 2F D, BEARIX

G=1,M=1R=1

L5, ZOHE. VRITFOERIEm = M/N L7325,
ZOHNFZROYEE, A (5.1) O EM%E FREIZ T ~ 1.1 &7 5, WD TH K,

5.6.3 HIFHNMDEY A

AT —ARER A ISR & 35, RiFEa N &9 % LR D53 A BT
JERE A AT
f(r,0,0)drdode = %égrzshlﬁdrd0d¢ (5.4)

L0 WESIEY 7 AT = Vo0

1 i Lo 9 oy, 2
j(vx,vwi&)dvxdvydvz——JV'<§%Z;§S> exp L‘§(Ux‘F1@‘+lk)/U dvdvydv,
(5.5)

Ll h, TZTolX1RIEOEESHMTH D,

—RRERZAED FIEITWANAH LN, ZZTEboEbffilRT7 VT X L%
BT 5,

1. z,y,2z % [[1,1] O—kRELELTH- 2 5.

2. r= (2 + 9>+ 22 <1 2WMEEITEAT 5, Wi-SRnE S 1ICRS,

CRER TR TR0 T EERAMER B, R IES ITIE, C SEETIR
1 %43 [0,1) ORGP 0D —REEL KA 5 BI%K drand4s % Rl AUE LU,

SEHE AT SV TR FOT 0, 5381 OH 7 25340 % 5 % 5 IR OB A -
THELWY,

double gaussian(void)

/* Gaussian with mean = 0.0 and dispersion = 1.0 by Box-Muller method */

{

double x, y, r2;
double z;

do{
2.0*drand48() - 1.0;
2.0*drand48() - 1.0;

82



r2 = x*x + y*y;
}while(r2 >= 1.0 || r2 == 0.0);

z = sqrt(-2.0%log(r2)/r2)*x; /* discard another Gaussian (....x*y) */

return (z);

3

ZHUT Box-Miiller {5 & VW9 O TH 5, T4 /homel/nbody00/practicel/gaussian.c
ICHDHDTat—LTESTIELY, ZOBEBOENHIEH 21T

for(i=0;i<n;i++){
for (k=0;k<3;k++){

v[i] [k] = v_rms*gaussian();

b

EWVWI ST D, ToF DL vIi] k] T 0. HHk vorms DA U A554RIC
2%,

5.6.4 #FEILEREDEL

WESMEED E ZATIRITTOREE S o DULBEICRD, ZHUTG 26
U TN EDL EWCERETAZ LD, BT ey I

(5.6)

LERINS, ZZCK, WITKF+R2DOEE = %L X — L RT3y /Lm gL F—
TENETH

N o1
K = Zimi“? (5.7)
=1
N-1 N —
W = — S 5.8
S 5 s
ThHd, ZNOHMPBRADNEEEDES
(2| W\
o= < Wi ) (5.9)

L%, WIHNEEE SR GRS 2 FIRIT
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1. X(58) ZfioTm,z,y, 2006 W Z3HET 5,
2. X (5.9) i~ CTo &5 T 5,

L%, KXW ZitR$5L &I, CERTIIRFRANELD LT DL, L—
TxaRBETEEDORFFEZTILIONO N -1 ETICRDILITHEET DI &,

5.6.5 HIFHMDIER

T TT AN ETEL, AFy T vay hERTILT, RN EWEY 12T
X TWVWADERT OV ELRNSH D, AT v T vay T 21236 20X,

for(i=0;i<n;i++){
printf ("%f %f %f\n", x[i][0], x[i]1[1], x[i][2]);
}

ETEky, LT e 7628 THEINERODEIICTZ 7 AN XA
L7 95,

> ./collapse > nl1024.snp

F. IR EH 70 7T Lo TR MR E Do TV HENRTH D,
Bl AT sm 265 Z &I2T D,

> sm

Hello kokubo, please give me a command
: device x11

: data n1024.snp

: read {x 1y 2z 3}

Read lines 1 to 1024 from nl1024.snp

: limits x y

: box

: ptype 0 O

: points x y

ETD LML) ERICE Y Ryl bOAF T v ay FERDZENTE D,
-2 Yl ETCHE IR TWAEMPRTAHAL I,

RIZ—HRERIZZ2 > T OO K 5, —FRRERDGE | 8 r DEKE TITA-T
WADRLAE n, L3 IZHBIT 21T TH D, ZNEFARDIZIE, Ay T vay b
D7 7ANNSrZ3HEH L, Thrbn, ZROVELV, 2L C SETTn s
T EEENTHWWA, awk X° sort 2> THREHIZRD LN D, Bz X
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1000 T T T

100

10

T IIIIIIII
| IllllllI

5.3: FiF451024 OGE DO —FEERD r — n,

> awk ’{print sqrt($1°2+$2°2+$3°2)}’ n1024.snp0 | sort -n
awk ’{print $1, NR}’ > rnr.dat
(i OHE T 24TICEBE VTV DN EBRIL 11TH Tk 5)

ETEkv, 2995 ¢ mmr.dat ®1FE Iy, 2FBICE 0, DHAEIND
GEL< T awkRsort D=7 VESHLTHRLY), SANELIEREINT
WILIEKI 3 D L 9 XN HND 1T TH S,

5.7 MHEENHE/REES

3) HEE NOBEHEHAEEKL Y — 77 n vy JEEFE LRI, BELEOHE
ITRRFEDH A WA T v T ~DIRLFE & i L,

5.7.1 70455 LDOEE
FH. B /3 L BRSOy D7 0 T AOEAREEIIRO L 912 L L9,

void calc_force(int n, double m[], double x[][3], double a[][3], double eps2)
{

AR OMEE) OFHE
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void leap_frog(
int n, double m[], double x[][3], double v[][3], double al]l[3],
double dt, double eps2)

{
REfEFE 5
calc_force(n, m, x, a, eps2);
REfEFE 5>

}

int main(void)

{

/* number of particles */

int n;

/* particle data */

static double m[NMAX], x[NMAX][3], v[NMAX][3], a[NMAX][3];
/* system energy, Virial ratio */

double e, e_ini, r_v;

/* time, timestep, end time, data interval */

double t, dt, t_end, t_out;

/* squared softening parameter */

double eps2;

/* setting simulation parameters */
INT A—F DRFE

/* initialization of particle data */
KA AR DR E

while (t<t_end){
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/* realtime analysis */

UTIvE A LEHT

/* visualization of particle data */

BIEix |«

/* time integration */
leap_frog(n, m, x, v, a, dt, eps2);
t += dt;

/* integration error check */
TR R D RERE

return (0);

3

TRV =77 uy 7RI X DR IR OB A 1eap_frog, HEHIJAHAAMEM (N
) AT DA cale_force & L7z, BIEIIHITH S, KRS DONL—T
IXTWAWARFRENH DN Z Z Tldwhile L—T7 &> T 5,

5.7.2 MEEHFHE

R~ O S5 RE U
d2$i N T; — &y
a2 ' 1
dt2 ]Z#Gm] (|$] . wi|2 + 62)3/2 (5 O)

LB, MEENFEIINKS I 2L — a3 DFTH- & BEHEEDLZNES
Thbd, ZOFFEITNEIT GRAPE TITRIDZITEET A Mary Ba—F
TEHET 2,

AlENEb o & bRECTEMEL R OMHARNFRIETH S, BEHEHREEEAZES, B
BEHEIEITEEICA (5.10) Z23ET 22T TH 5, K (5.10) & N HORL (22O
THHET D & HMEEAOHERBUL N2 1225, ZZ TOLTHLREREZHOT
7o OIVERRAER QLR Z R LTk OE /M A ER Z FRRFCHET 2 X 91
T 5, T7bb, kifi& jIZONTO2HEH/N—7 %6 DR O/ 1Al LFEHL X
NRNWEIICEIL, ZOE EZFHEIND 2R OMBIIE r = 2, —2; 2> T,
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*ﬁ%l & j D 2 MS:*EEMSJEH aij k ajl- %%h%h aij = mj'r/|r|3\ CLjZ' = —mir/\r|3
ELTEETIUT v, BERMICIE

for(i=0;i<n;i++){
for (k=0;k<3;k++){
alil[k] = 0.0; /* IEHEEOHIHME =/
}

for(i=0;i<n-1;i++){
for(j=i+1; j<n;j++){
r[3]. r3inv(r ® 3 FOWHHK) OFH
for (k=0;k<3;k++){
alil [k] += m[jl*r[k]*r3inv;
aljl[k] += -m[i]*r[k]*r3inv;

}

ETHIUTEW (BT KT HLDIFHAEERND LENEEZFEZLTND), =
NIZ LM AR OFEERIZN(N —1)/2 T,

5.7.3 U—Jon0v45k

V=7 70y JIRITEEERO NKL I 2 b —ra U TR EbRL TS 2%k
DIEMETH D, ZOHETEEFREHAFCTHOv T VI T 4y 7725720 LT
BREWESETH D, LrL, ARITLETCHHETHS, V-7 70 v 7k
LLFD X 912705,

At
Vi = o+ a07 (5.11)
T = T+ V1AL (5.12)
At
U1 = Vi) + a17 (513)

ZIZTOE1IFENENRMAT » 7T ORA) & FEOME, 1/213Z0FEDOETH
5T L ERT,
a5 AOFTIT

1 X (5.11) 2> T oo, ag 2B vy ZEIET S,
2. I (5.12) ZfEo T Zo. Vi/2 No EitHET D
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3. K (5.10) #fE->Txy 25 ay ZrtHET D
4. K (5.13) 2> T w0, a1 76 vy ZFHHETD

5 1IZRE5,

LB,

5.7.4 TERREDIER

V—77uy Z7IEOREIX2RTHD, T7hbb, RE (R 21X At
D 2F\IHIT D, EREIZH A AT v T 2B S ETH D EDORE £ TR
L. BERENAtO2FIZHF L TWDLZ LEHENID LS, L, £H272->TWH
2o T BARDFEENME S TOWA RN H D, ZOBEOHRIZ T n T T
ANELWNERT HIOICEETH D, MOoAREEE L6, WO bLRRERF
iz L7 < TIEWIT 720,

A[EIE 2 TV DRI ERIZA S TORND TRO T RV F— ISR FT
HIETThHDH, LoL, BHOEORE, FIHY) (RATlE L) fRzEic k., =%
NFX—IZHRENRBEL TS, V=77 vy LTI LA TOZ R LT —
BEIIZALAT v TD2FIZHMH L TWHIETTHL, ZhaHRLLY. R
DT )LF— FE I

E=K+W (5.14)

ThHz2bNhD,

BALAT v T % At =27"(n =59) LZ{bsETt=10FTHESLT, =
KX —OHKFRZE |AE/E| Z3tHA L, TNE XA LAT v 2R LT a2y K
Lk, Z7aZ IR ELTNERAID L RN ELNDITTTH L, T
KB N =1024, BV T htbry = 0.1 O—FEREKEZ Y 7 b= I RTF X=X
e = 0.03125 TG LA THDH, B TOREDHZXNIFIFE 212> T
L. THROBbTRNF—EEII A LAT v TD2RITHHFI L TWDZ ENDH
e bLI DR TR0 0T T L0 EZREES TWAIXTTH D,
TRy T HELE D,

5.8 TwIfR{L%

[(4) (3) THEoTaT T T AT = A—va v RpaRELR I, ]

VIal—varNEDOLIITHEATHWANERADIZIIPZIEmAT v A
FoFay hEFRRITIIEL, ZHITZRTHTANRDELNVLEDTH D,
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10_2 I T T T TTT T

[AE/E]
S

107

-6

| | | 1 1 1 II | |
.002 .005 .01 02

At

10

X 5.4: THXNLF—DFHIRED X A LAT v T ~DURTF

MEFRREEHUIV 32— a DT al T o0 TT7 749707477V %
FEONH 3 Z &2 D,
Unix RECIX/ 7 7407 74TV ELTX U4 RUVATADTATTY
Xlib ZfE 9 OBV LivZevy, Ll Xlib OBEEIZWANATE 557007
VIT AT THEWNIY, Z2TEHEROVICTZ V=0T DT T 74977477
pgplot 9 Z & 123 %, pgplot IZBI L TEEL <IdLhttp://www.astro.caltech.edu/"tjp/pgplot/
ZRTWETEE 20,

5.8.1 3274y B

pgplot (L Fortran OV 7 L —F U RETHLD, bHAAL ChHHXD, =
DFEETIX pgplot DFEWG ZFIT 5O BRI TILZRWD T, pgplot Z{fi~>T
el 7 4 7 OB

open_window U4 RUa2RE<
close_window V4 FUEHLD
plot_snapshot AF vy T ay AT S (animated_snapshot DI TEDHIL TV D)

animated_snapshot AT} v 7 ay FaT=A—2a DLIHITRKRTTD
ZHE L TH%, /homel/nbody00/practicel/graphic.c ITHHD T2’ —L T
fili>THL VY,
7' 7T LTHIIATe & ZTIRO XD IZT I L,

int main(void)
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P

open_window() ;
while(t<t_end){
e AR 50

/* visualization of particle data */
animated_snapshot(n, t, x);

close_window();

s

INSOBEBOF TR AERBESTA-DOIC, Ta T AORIIDITFHI YT B
BEENERLTHD, WANALEELTRHRLTALY,

5.8.2 BIERT

pgplot Zf# 5 7= I1IX £9, BREEAE PGPLOT_DIR 2 EF L2 < T2 B 7200,
MUV Tl

> setenv PGPLOT_DIR /usr/local/pgplot

ETHZ &,

5.8.3 /AL

7774y 7 BBER S LOIITn I T by AT HLETT T T 4y
27477V %) 7 L TUIR B0, MUV TR TFO X 52 kv,
> cc -o collapse collapse.c -02 -I/usr/local/pgplot -L/usr/local/pgplot

-L/usr/X11R6/1ib -lcpgplot -lpgplot -1g2c -1m -1X11
(W OFBA T 24TITEF WV TV DA ERIT 11T BTk %)
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5.9 YTILE A LB

(5) (4) THEo 7270 75 ha —EORMBETROE Y 7 EFHET 5 L 51C
L. B IS A L, 2 LTE Y 7 AOELE L,

UTNEA LN E 1T I 2 —2 a2 LR TR UHETE VWL
D7, DFE VBB L TUIWT WL D RET D Z &L Th b, 7o FITENT
FTHUTOVNWE DR DIFA Ty T vay a7 7 A ML TENTY I ab—
Ta YORITRIIL I,

TR TNE A LEFTOFIE L TCHROE Y TALLOENLERD TH D, /)
F(EVT ) D DR RO E Y TV ey 1

(5.15)

N~

rv =

L7205, cold collapse DA, FIHIKAE TIX /15 Pl Tld v o CTREfE L & &
BT~ D T 8D, ZOMTEZRTAL Y (HEIZITe ) 7l
RICHE I N TWDRL T CTEHET 2 E 0, RICHBE I TV DR % %
CHTOIXFENR PO TZ ZTRERLFIZOWTE Y TV EHAE TS Z &
29 %, FRH B escaper WEHH R TIULE Y TUITIRIFE /21272 5).

HHRFE SRR CRICHBEIN TR T E2 > TE U 7V EFHE L
TERNBE Y TNAPMHIZT S Z xR L LS, VTNV A NEfTOT v 7T A
I3 main BABORFHEIFE L —7 OV D, £ LT, Y Rty T7 —
ZEMDTHE T HIER Y, TNZHEICEBLT 21230 2 TEEOH E
%9 BAEL fmod ZAfdi > T

if (fmod(t, t_out)==0.0){
U T NH A LT
}

ETUT IV, 2720, 22 TAe i 2" THY YR t_out X dt TEI Y YL b4
EnNd 5D,

V3al—varRNrIEL Vo TWIUIRKIS D X5 BREBELNDITT TH D,
ZHUTRI N = 1024, B U T vtk ry = 0.1 O—FRZERERE Y 7 b= T RT
A—H e =0.03125, XA LAT v 7 At =0.03125 Tt = 10 £ TS L7285
AThD,

(6) ¥alb—a DT A=HF (e, At) RIS (N, ryv) ZEZTNA
WAV Iz lb—varyELTAHAL,
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T 1T T 1T T 1T T 1T T 1T
81— —
61— —
-
R il
o i I 1 1 | 1 1 | 1 1 | 1 1 | 1 1 ]
0 2 4 6 8 10
t

X 5.5: B U 7L ORFHE R

510 RFw7Tiav kA

H LR ORLT340 (m,z,v) B LT —2 &2 Ay T vay heE95, N
Ko Ia2l—2arTEYIalb—ya b BOBITOT-OIEm Y 2ME ATy 7
vay hEHANTAHZENERTHDH, ZORETIEA Ty T ay MIIT LA
WME BRI L T <,

5.10.1 TJ#—~Xv b

AFyTvay hOT7r—<y MIEHTH D, BOBHENLCT VT 4 —< > k
CLTRFTVWES S, FlZ

t
n

M1 T1 Y1 21 Uzl Uyl V21

my TN YN ZN UgN UynN UznN

RETWWEAS, ZITtEnITHFA LR T THD, HKIETHLINOLOEHRD
FHFTENRWD EFITIZEWIZS K R D DO THE,
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5.10.2 T74 LK

T7ANDRESEMHZ LD E, EfER ATV A AV 2EZADLTEOIZ, X
T ay MIRAFIREXNTESND Z ENEW, AT YD AHTTAHIZIE C
SEETClT fread, furite EWIHBEENH 5,

KITIIRBEDT 4 A7 b %L, 77ANVDOKRE INMEIC/RD Z 37l
2o TCEEDOT, TAF—IROAF v v ay & b Tnb, ZiULR
THIZhNd, bLIFTSICHBE e 77 ADANST—2ELTHZ D &V
IFIENDH D,

NAFTIVRKRDOAF T ay hORERA[OOEDIT, ThaxdIalb—
arOEIGEL LTI LIk T, I ab—a r0EEEAEAR D
Tl v Ialb—varEORTFLHILEICHD, HlZE, HOHRESRTEY I
L—yarv&#&TL, T0LEEISFIRKORF Yy T vay hEHDLTE
Ko ZNMBHEIBIZZEDRA Ty T vay NefIfiEbE LTy Ialb—rar szt
HéE, ZTHITIIUOMNLERE L Ty Ial—ya a2 LA &2l @ UlhR
225, TAX—ERXORAF v 7T ay hEFEIGEIEI 20y, 7 A% —
DT —=FZIEAEY A A=V OERERBZDOT, —RIZT AF—XDT —#
EAEVICHAIATEE, ZOT A =T —HDILERSTZ ATV A A=V LT
SERIZFE U 6720 Th b,

TAF—IBARD AT v T gy Mol ) DITWD 27 &b F U RO
A2FyTvay hbHLMEBTHIITS E0WWEAS S,

5.11 7O45s5L7a27A41)049

() 7RI FEADTRT 7 A NE LD, TRTTADEOHHMNE (FiH 2
WD) REL ETo, KTREEAD L BINIE I EDLHHATHE,

ZZETLNTH T cold collapse D NIKY R = L—a 7 ar T ANE)
LR TNDEEAH, NEREL LTV Ialb—yvarz L ThHE, &
THRRIARDND LS, ZHUIMHAERENOFHE O(N?) REL R>TWNH1H T
bHbH, EDOL BWHHAEOFHEICRFMA D020/ TH K, Z£1iZiE gprof
o TT v I 507077 A0 ERAVUZE Y, EOLDITITETST, 7urs7
Lz a AT 5 EEC

> cc -o collapse collapse.c -pg -I/usr/local/pgplot -L/usr/local/pgplot
-L/usr/X11R6/1ib -lcpgplot -lpgplot -1lg2c -1lm -1X11
(i OHE T 24TIC BN TV D N EBRIL 11TH kT 5)
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LIuT AU DDA T g -pg BT B, LT, VWobilY i
7T LEFITEIEDH L collapse.gmon W) T a7y AT —H T 7 A NVBED
o,

> gprof collapse collapse.gmon
ETNET T 7 ANERDLENTE D, 707 7 A /WFIHIAIE

Flat profile:

Each sample counts as 0.01 seconds.

%  cumulative  self self total

time seconds seconds calls ms/call ms/call name

93.00 30.42 30.42 168655872 0.00 0.00 calc_two_body_force
6.14 32.43 2.01 322 6.24 100.71 calc_force

0.57 32.62 0.18 2095104 0.00 0.00 two_body_potential
0.15 32.66 0.05 321 0.16 100.87 1leap_frog

0.03 32.67 0.01 321 0.03 0.03 plot_snapshot

0.03 32.69 0.01 3 3.33 49.58 potential_energy
0.03 32.70 0.01 1 10.00 56.25 make_spherical_df
0.03 32.70 0.01 XDrawLine

0.02 32.71 0.01 3072 0.00 0.00 kinetic_energy

0.00 32.71 0.00 3072 0.00 0.00 gaussian

0.00 32.71 0.00 321 0.00 0.03 animated_snapshot2
0.00 32.71 0.00 3 0.00 51.25 calc_system_energy
0.00 32.71 0.00 1 0.00 0.00 close_window

0.00 32.71 0.00 1 0.00 0.00 make_power_law_sphere
0.00 32.71 0.00 1 0.00 0.00 open_window

L%, ZHIEN =1024 Dy 22—y a3 Thod, ON?) OFHE, T7bb 2k
TOE ) ZFET DB calc_two_body_force(FH A ) & #1535 calc_force
TIEEAL D) TERAEREE D 90%LL EXMEDITWD DD, HIHISRERE
[FIRE Sy DI AE SO D L BHATE 560 TH D, T OFMIE
KL HE A 2 2 1F E58< 72 D,

Wi, 7m T AR LI hoTe b, IR T 7 A E RT EDOERS TR
WDHINEPRT, TINHEL b0 TRET D, ZOTRE T E@EITENT
WY ALEED EY T N2 THRbEDOTHD, L, NEYIalb—Tg
YOBEITY T MU THITIEE D LEI RN ENREN, EITHA— Ry =T
IR L K 9 W B BN AEENT, ZNNENZEMEEHGEE GRAPE
Thb, GRAPEIZNKT 2 2L —2 a9 TO(N?) L2 b5tH &2+ _THl &%
HDTHD,
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512 HHYIC
Z DFEE T cold collapse RfEZ B & L TR NIKV I 2L —T a7
TT LuEBENTHRI, Tl T LOERMEL VI 2 b— g O ERT

ETHLHRELENWTHD, FEEH2TIHIWLWE GRAPE 25 Z &2 5b, Z
? A,

INARE—ER (AT RXE)]
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F6E FEE2 GRAPEZAUWLEN
K ZTalb—rar: RalE
ZHEHELT

6.1 BH

ZOERFTIL FEEEH & LT, GRAPES #ffio7c NFv I ab—va v
2T 9, BRI IEEANAIL,

e GRAPE-5 @34k
o SRR 22 IR
T<h D,

6.2 GRAPE-5 OE%#

GRAPE-5 13, NAY I ab—va v OfTREN % LD T L BN E
METBHMA= R =7 Th D (FELOBIILHEI RO Z L),

(1) FEHE 1 TER L2 v 7T LOEI)FHHEE%Z GRAPE-S 24> TEHAT %
EIOITER LSV,

ZZTlE. GRAPE-S HHOBBZ A 77 V&>, 7477V &fEs72dlz, 7
BT LITATT ISy X =T 7 A Naim A TRSBERD S,

#include "/usr/local/grape5/include/gpbutil.h"

NIEY I 2 b —y 3 0 Tlik, FBEESE R F % GRAPE-5 1265 4. GRAPE-
S5MBTc RT Uy Vi FOREREEZIT LA, The ., VIHRER A
THEBENESLERNSH D, LFRS T T el A ThD,
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void calc_force_on_grape5(int n, double m[], double x[][3],
double a[][3], double pot[], double eps2)

{
double epsinv;
int i, k;
g5_open();
ghb_set_range(-256.0,256.0,m[0]) ;
gb_set_eps_to_all(sqrt(eps2));
g5_set_n(n);
gb_set_xmj (0, n, x, m);
gb_calculate_force_on_x(x, a, pot, n);
g5_close();
for (i=0;i<n;i++) pot[i] *= -1;
if (eps2!=0){
epsinv = 1.0/sqrt(eps2);
for(i=0;i<n;i++) pot[i] += m[i]*epsinv;
}
+

TINENDOREBDFE LVWMEWT - FiIX GRAPE-5 User’s Guide (285 523, fifi
HIZHAI LT,

g5_open() (% GRAPE-5 DML 2 72D BT, £ ToOMOBEEIZET
STHEELERH L, b L, o —F =235 TWitiX, Someone is using
GRAPE-5, sleep ... &I A A IS NTLIELL O LD, =
DBEIEL g5_open() IIMUTMEERGREAITL 9, GRAPE-S ik o7c 6| f#
IZ g5_close() ZMA CHEMMEAMKT HZ2MLEND S,

gb_set_range () (Fux 2 B - HEOHM LR ET D TH D, Z1ULGRAPE-
5 MNERBUCEE/ NIRRT TR e o TWoHOTREE D, ThEhOb]
BT, RO F/IME, BAEDORKE, HEOR/NMEEZ 525, ZNbb, /D
HEZ o 2012, bo & b TWD & ED )08 underflow L7V L 912,
RA N ALY 2—2 TOFB/NURE RN S, GRAPE-5 W TOEE/NURFRT
CEMEND, SRIORED &9 7, FHETHRNRE Y 7 =7 %9
FHECIR, AR - HEOFEN/NS OO TRICHEIZ /R B2, 7272 L, Dynamic
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range 7% 106 F2EE 2 B 2 2556 BT O-E &K E WAL overflow ~D
HEENMEL 72> TL %,

gh_set_eps_to_all() &, &K FIZHHED softening length 2 GRAPE-5 1Tk
L TH D, go_set_n) LR TDOEEELBAKTH S, gb_set_xmj() 1L,
WL DFERE - % GRAPE-S (2255,

g5_calculate_force_on_x() I¥ GRAPE-5 O iR ZRINT A8 TH D, 5l
BUZ i b DR A G2 D L J1- T o VEEFR L TKRT, gb_close()
DRIZ, BT Uy VOFEEBENRT vy VHICERET DM L | softening
I THE SN TLEI HOART v Uy V& FI B E LT 5,

IHH OB EMBIADTZ a8 L ET D, GRAPE-S #49 72012, &
#%DV 7 DERIZ,

-L/usr/local/grape5/1lib -1gba -lphibdma

ZATINA %,

[(2) (1) TR L7 0 75 ARELSBIEL T D 2 L &RR LS, ]

AUNANETIES WS H, GRAPE-S BOWVWTWLHRA harta—4
(bunch01-16) IZ A>T 71 /7 L& F4TT % (1F: grape.cc.nao.ac. jpiZid GRAPE-
5 1SN TALY),

GRAPE-5 ZIELKEEL TV D E 9 iE, bo & b TEICHEET D & T,

(a) EEMEHDAR THHEEETE HREICH 7235 T, GRAPES 21
LWEFE LTS 2005,

(b) AR FaLEa—F ECHEALLMEL RS,

(c) =RIF—RAFDL Y SLODZ BT Do

(d) FHREMERNE LTV D) MHERRT D,

DFIECTHER T 2. AT OEE D B D DT, = RNAF—R(F% B CHERET 2,

(&nﬁ%ﬁ\EU?»%&E%%%T\Vi1v~yayéiﬁbﬁéwo )
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6.3 ERAI{EZEEER

Z ZTlE. GRAPE-S CTHNHEZITRH> T a7 I Lh2HNT, NEV Il —
vark L ThDL, TORE LT, SREROY I 2 b—a &1k ), 946
DIT, W (1)-(5) THIMISMFDHEE - FAT - T & Vo lcv Iab—Ta vD—
Y DR A THS, B (6)-(11) T, WAWSRFHAT A—F 2 EZ T,
Vial—varEFTLTHD,

(1) 2fE > Plummer &7 /VHYI 76 72 5 SARRT ORISR Z -HE L2 W, 1)
H] separation % EVE N KHALR T 6, #IHHETEHEL 0 &35,

NEY I 2 b—3 g 28 o THIIRIEZ W INSED D & 5 DI, FEBRD >
Ralb—varyZObDEFRBEICRERIEEXETHD, ZODIC, HoHRIZH
FEloTWAEEAX I NKY S 2L —2a (Y7 b2 o —2% ) Z LR
2\, ZZTlL, NEMO & W9 EIZERPNFEHDO R r— V%> Th D,

NEMO %#f#-T, 2{H® Plummer &7 V15 72 2 9IS 2 E > THh D,

Plummer &5 /L & L.
r2 —5/2
p=m<®+ﬁ> (6.1)
7o
DBEESFATEZ GNDETLT, n=50ORY ha—7HTbdH s, Bllshs
SR ORI HF 0 A, Bl TE2 o520 TREL b T
W5,
1@ Plummer &7 /L73,

> mkplummer nbody=2048 out=pl2k

T, binary 7 7 A /L pl2k IZAEK S5, nbody=2048 TH FELZFRET D, 7' H
77 LOFELWEIE,

> man mkplummer

THDHZENTED, fthdo NEMO da~r RTHEMETH 5, mkplummer (732
IZHHEE L7 & | Heggie and Mathieu (1985) @ standard unit TH I & 5,
COHMRTIE, G=M=—-4E=1 L5, Z2C, GIRENEKR MIEE
B, FIETxLX—Tho,

Z @ Plummer &7 /L% H#fE 6 BiLC 2 i<, £9. 1 2HORI% (3,0,0)
IZB<, ETNVEBEIT 52~ N snapshift T,

> snapshift in=pl2k out=pl2k_0 rshift=3,0,0
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T, BEILIZET LA pl2k 0 IZH) S5, [FIERIC 2 D H O & KOk I
BE1 5,

> snapshift in=pl2k out=pl2k_1 rshift=-3,0,0
ZOBE L2 2 DO % snapadd TADLE D,
> snapadd in=pl2k_0,pl2k_1 out=pl2kx2

B oTETT N, pl2kx2 IZH I & D, IEL ARSI TS0 %, snapplot
Ao THERS T %,

> snapplot in=pl2kx2
#iPH% xrange=, yrange= %l T,
> snapplot in=pl2kx2 xrange=-5:5 yrange=-5:5

DX IICHET D, HK%IZ, binary IERXD 7 7 A V% ascii ITBROD 7 7 A VT
LTk,

> stoa in=pl2kx2 out=pl2kx2.ascii

((2) (1) THn 7= A2 7 1 7 5 A B EmIAD D £ 5 I E L X0, ]

PR nemoin & W9 7 7 A /L0vE NEMO O ascii B A Fir AT 1 7T A
OV TNV THD,

FILE *fp;

fp = fopen("nemoin","r");

fscanf (fp,"%d%d%1f" ,&n,&dim, &t) ;

for(i=0;i<n;i++) fscanf(fp,"%1f",&m[i]);

for(i=0;i<n;i++) fscanf (fp,"%1f%1£f%1f",&x[i]1[0],&x[i][1],&x[i][2]1);
for(i=0;i<n;i++) fscanf(fp,"%1f%1£%1£",&v[i] [0],&v[i] [1],&v[i] [2]);
fclose(fp);
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[(3) FNrGREFATL, STEEESER S, T =30 £ THEY L, ]

FELLSETTETWIIUE, T=12< B TEZEL, T =20 < HWTHHFHIZ
BTHHOLIITTH S,

((4) RACREBZHNT2E 5707 T AEELRIVY, ]

LLF 2 nemoout.ascii &9 7 7 A /L~ NEMO @ ascii JTE= &2 H 4571
T LD T NTHD,

FILE *fp;

fp = fopen("nemoout.ascii","w");

fprintf (fp,"%d\n%d\n%ke\n" ,n,dim,t) ;

for(i=0;i<n;i++) fprintf(fp,"%e\n",m[i]);

for(i=0;i<n;i++) fprintf(fp,"%e %e %he\n",x[i] [0],x[i][1],x[i][2]);
for(i=0;i<n;i++) fprintf(fp,"%e %e %he\n",v[i] [0],v[i] [1],v[i][2]);
fclose(fp);

[(5) HCRIEDHDIFERNOBE T 1 7 7 A VB 72 S0, ]

FEROMITIE, v Ial—alllloThRALDORRERAZDTAS T u Y
T LEENTATRIDONEETH D, ZZTlE. NEMO O~ K& CTEE
Ta 7 s ANVEESTHD,

BETa 7 7 A NVEES A~ NiX, radprof TH Y,

> radprof in=nemoout tab=t > rho.dat

T, T—INE RS T =5 rthodat IZH) &5, T Z T nemoout | binary
EXDF—%Th b, ascii IBRD T 7 A /L% binary BRI T 5I121%

> atos in=nemoout.ascii out=nemoout
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EFTHUL XV, tho.dat OF —F D, 1FIHERE, 2FENEETHL, £ HIM
Wip 77— b (gnuplot, sm 72 &) ZfioTF a7 7 A L EHINTH X,

((a) DHOPMOKRE SFLEZ T I 2 b—2a L EFEFLAREN, ]

L OHOIOREEE 1/212a3 37 MZT 5, ETNVDRT—V 7%k
% < Rld snapscale T,

> snapscale in=pl2k out=pl2k0 rscale=0.5 vscale=1.414

TETAN12IA7—Y 7 END, rscale FHEED, vscale (FIEED AT —
Uo7 factor 52 %, ZZTHEGAT—V 7 LTWHDIE, B 7 Ff
EROTZDTH D,

[(7) M OHIET N ZZEZ T Iab—a VEFATLR IV, ]

Plummer EF VLA DOERMET L ZHNTCY I 2L —2 9 U2 FEIT L THD,
NEMO ZfE 21X, XY realistic Z284i[E7 /L Cd 5 Hernquist 7 /L &, Expo-
nential Disk ET/VEARTHZ ENTE D, ThEhn,

> mkhernquist out=hn2k nbody=2048

> mkexpdisk out=disk2k nbody=2048

TET /LN TE D, Exponential Disk €7 /UXNAWNAMIZ/RT X — 2 BNFRE T
%, #l<lEman MO &, EHIZ, disk ZFEHESE72 VO RFX, snaprotate
DMER D,

((8) VIR OBE 2 B C 2 Ty I ab—2 g U A FT LR S0, ]

X EIE Tl 2 DO OFLIE = RV ¥ — (E = —M/R + Mv?) 73 0 12725,
HIH O separation % 6 O F FHHHLEICT -0, TRENORINC 1//6 O
WIHELZ 52 5, W% 5 %2 5 O3 snapshift T,

> snapshift in=pl2k out=pl2k_1 rshift=-3,0,0 vshift=0.4082,0,0
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&, vshift=A 7T a U THRET 5, Z OMHISMHE CIINEER 2T 23 2 iEsE
RLZ2WT72705, WUBEE 2R O NEDEBNZ ML S D D TEKT 2,

[@D@%@ﬂﬁ%ﬁ%mﬁmﬁZTyi;v~v5V%%ﬁb@émo ]

MHHEE TIE 2 DO OPIE = RV X —NIEIZR D, FHFN ORI YR
El1%x252%, ZOMEETIHERAT VT TCLEIITTTH D,

[(10) W OWIE 2 RFAINZE 2 TH T, SO criterion 2RO IV, ]

(1), (8). (9) Tix, AFEHE 0 CoRLX—2 L TCAERTINE I DEIT-
23, ERITOIE X 2 KRIEZR DT, =RV — L AEFED 2 /NT A — X Tiiik
b, £ZI T, TRNAX—LAEHELZ RTOICEZ THATARTE25:M04%
Kb B, (8) TH7= X 5 ICHIETES) 2SR O N EGEB)CHR L S5 725, AL
BETHLAKRTEDZENH D, ZD criterion ZEEFIER TRDO TH S,

TN TA—F %, =3 X — L AEEEOb VI, WIHOMHEE V
AR MNTGA—=F p O OTiabk T 5, V & p ZRMITEZ THTHIK
@ criterion &K 5,

6.4 FDHMDEER

KN HIUE, Bk L7z GRAPE-5 TEIJFHRE A7) 707 J A HWT, L
TONKY I 2L — g ZFIT LRI,

e Disk @) HHE(L (bar RZE. bending RN E)
e Cosmological hierarchical clustering

e Star cluster OERfE#EL

[BEHKRE (RRKF)]
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FTE BEE4 SELGNEKZIaIL—
ik

AEDOEE CITBEHFEAONKS I 2 L—3 a3 V21787, BRI 2
WDNKY) —TT7ay JIEEBEESA LAT v T THEST-, HAEHFEIZB D
(CEBE R Ao 7,

BE, NEVIab—varazT5 832 o DR ERT ClInERR 15
OHBERBEZFERTLZ LU, R, EEREH D ITIZFFM A7 —LOlE
NRE2REEELCFHETE 2L TR0l FlHmMRyrIalb—ra
TCIREPIREASE DSBS TL 5,

T AEOEBEBDONES I 2L —2 g LV DRDAT v AT D, S5
BERNKY I 2L — 3 OFEICOWTHEEBICRNT 5,

7.1 EREREEDE

FHELZDONIE I 2L —2aOBA, 2REED ) —7 70 v 7iETIIREE
DRV 72N ENRZ, @EROFMESEZIIWNANASB LN, K< bbb D
F4WRDOT)VI— MNETH S,

71.1 I I— &
TR — MERTFHITEETED 1D S, BAEMIZRO L 9 2ARIc 5,
FHRFIETA F— BB TEZHND,

mp::m+mm+%mﬁ+%Aﬁ (7.1)

Vp = Yy + aoAt + %Atz (72)

BIEF 3T /L 2 — MBI X > TR S 7 s E o i 2 E A ) U TRk
b, T/ — MBI T 2 S ONNEE a & ZF ORI a 2> HIEE O
3O L EA Z MR T 5, EIEIZEARMIZIX

(2) 3)

a; L ag 5
. = — A"+ = At )
T x, + 5 + 120 (7.3)
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e e
v = v+ %At?’ + 2—04At4 (7.4)

L, zzcal?. o IS ER O R

2 —6(0,0 — al) - At(4a0 + 20,1)
3) 12(&0 — al) + 6At(a0 + al)
a® — — (7.6)

ThD,

T 2 — METIIINEE OMIINEE a DFFFI a %I 5, Eik GRAPE-
4, GRAPE-6 1T a bt TE AL 012> TWn5, ELICTPHFLHETE D X
I > TW5D, GRAPE i 2 T /L — MEARE S Z LN TEHDT
H5D,

TV — MET—BIETH Y BEDNLHRIERE TH D, S DIZREXIFRZ2 A
ThdbH, =/ — MEFBTEFmREROEERESEL o TWnD, =/ I— Rk
IZ2OWTEE L < 1% Makino & Aarseth (1992) Z R T\ 72 & 720y,

7.2 RAALATYITDIX
7.2.1 WIZALRATvY Tk

AEIDOFEE T, B DO X A LAT v SIEIEEX A DAT v TR0z, T2
H, TRTORAAZONTNDOEEI L X A LAT T afio T, Lol R
A — )V DOEEIN K E 72 R DA Z N TIERRAIC R T e, Bl E, %
HTAKKL TWAHHEEREEEBETHRNEZAIE L TCWIEERILAA L AT v
TR DT HDIIMEKTH D, £ 2T, k1T LI DOEROELDIR U2 K
TIDHALAT v T bl kv, ZOFEEZMLEY A LAT v FEE N
Vo MNLH A LAT » FIEFTN I — MEREOTRIFEEFROAX L &I
W5, MSLZ A LAT » FIETIHRRHIETZENENORFIZWNA Z L b, L
NL. HDORAERFEED T 5L XITZD L X DR DOIMMWENLEIZ/RY, £
DI=DITIEZD & EMOR T DALEN DN G2 TLR BV, R OMEILT
7% 2 TR TE 5,

722 MELIALRTYTE

Z DT HIAE o ThiA DB 2 F A 2 DEHHE AR Z & 124772 > T\ =D T
X2 DOHEREITON?) IZ725TLEY, ZHUTINLLL RV, ZZTIOAERE
ST T2, MSEZ A DAT v TELZRBR LEEELE A L AT v FEE N
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IDONERZINT, BEEILE A LAT v TIETIE, RirOENDZA LAT v
M ETh, BBESIFHILE Y £ 29 LTEL & HIRELNCRERNIRE ) S dhL
FREHTTET, 2O THIFOFEDREEEZ VRS THZ LN TE D, BE
b5 A LAT v TYEIZONTIERE L < X, Makino (1991) & LT\ =72 & 720y,

7.3 MEERHAEOIX

KIEONK I 2b—a Tk, Kir121208uEERD D 2 ENEE
BE WziE, EEOPIE, 7T v 7 A—EY OEEOEE, KEOEHH o
77—, L) DSME. SIZEMAEHORBEZLEL LRy, Lo 2
& T, MAEERREEZINET 572010, BEEFRIE T GERW ik z2 4 5
DOP—HTH D, bo b bMREMATFEIEIY)—ET, BIZHOHRIFITEL
DTHETDHZ LT, HEEE%RT, F-, FHRONAEKI I 2L —Tv a0k
I IR EWIBERSGM T TR, EBL ORLF D OMEERZ 7 — Y =& fam VTR
BT HELHWD ZENTE S,

v RIS Y ) — AR VD FIE T, BHEEE O(Nlog N) 124 2
ENRTE D, VU —HEDOIED 7 T bIREWZ2 D7, Barnes and Hut (1986) @
FIET, ZEMEFIRIICS 0EIT 5 2 L THEEZIED LiF T, 2R+ D
O EERZHET LB, 2oy ) —#EiEafio T, ol TV 2R012
SOMAEERIL, — R 0ZNTRELTHEAEL, BENLTWRWVEHIE HIZY
V—%7- LY oTn<,

FHMONEB I 2 —a VO L IIZEMERARET TITROGAIR. 7—
U xZZfia VT, SHREZE T LW IR0 TR 5, PM(Particle-Mesh) i
X, EAE Ay varzHnizEmE 7 — ) 28 (FFT) TR D HETH D, 0,
Z DIFIEITZER I REEN A v v 2 A A THIRE D720, HFE Y R TIEAR
W, =D PMIEOHKE TH %, P3M(Particle-Particle Particle-Mesh) 14723 — %17
WCHWSND, ZOHETH, ESRFNPOOFSFFEEHRE LT, Ay aT
D FFT #flio> TROZELS DO DFLG LSO T, EHNKRED, FYBEREME
TTYYV—EEHNDSZELARET, ELNDODHEE2 7 — ) 2 EH|E i
ETHDHT UL RIEDL LIIPMEEHAGDE T, EHERD D,

Barnes J. E., Hut P., 1986, Nature, 324, 446
Makino J., 1991, PASJ, 43, 859
Makino J., Aarseth S. J., 1992, PASJ, 44, 141

[fBE®RE (RRKE) / MERE—B (BIXXE)]
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F88E H#HFE4 NAKIUZaL—L3Yy
DRk

8.1 I[FLHIZ

IRATERIETRBEIZN, £b, HYRFEET D,
RKRATHNIFEETDHANC, Y Iab—raryOBRIEIEINENI KOk
BETLRETHS I,

TITE NAFEE LW D X0 BB Y R 2 b— = v RIC OV TR
FEITfH O ETHAERITHHIRIZZR>THT, ZRISHLTEREI W) Z&0E
Abnoint s Zlz, Bnol FHICE~D

8.2 L—7 MDA

NI 2b—ra U2 S ETho L bR OF, R0, A4
RN TN L ERA ) LT 5 EFERMR PNV BT ENS ZETHD, bH
Al REZIE 70 7T AR E DT Ny 7 L INEROIRNT & Din LEEICEHE
HIRL D HIXD TR 5 &0 ) DIZEN S T T TIER 0,

Lo, BHEMAHSHTIE T e 77 AR B EL 257259 L, I a2l —
g UM RIS TR o TS E D %@5 YTHRD RS, IEDDWAAR
LZABLHELSTE D, MROBITOFM G, HHREMERZ Lo TN TRA LT
HEMBEZIRLSTH, hEREIS LE ot%ﬁﬁr%ﬁ@“miﬂ“@bifw%w%
2D,

HLHAA, A THEB TR TWDEHEN 5 0 THED X512 be s, 4 104
Do THTERVEHENTIHEBTTEL L0 ZEIZHETIIRSDIT T, £9
WO ZEELETTA ERICEIICREEWS Z EIZiF D, TH, £b, £

DA TIEHHRBRNZ ENTEDL L IR DDIT T, TFENTES TV
WO ZEIlTLEw,

N, ZZT—oMEERDIE, A%FHERITES 22002 nWH L THD,

AR EREORESNIL. 1940 FEARHKE Y OFBEFHEMO I LK 50 FEMICbz >
T fl&%fumﬁ@%Afﬁ*Lf%to%®¢T\::30@%@@%@%

(B RELE RN OHEARIC 2 bbb D, 2F0, Wb b A—T DIERNC X
5%@1%50
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L—T OIEAIEFHEND L DIXNANAH DL, T DR—RT72DDIFK
MEEIZIZLSLICHEY ATy b T P A Z D 1 IRITTIIZSHED . I THEFOEARIC L -
TIRESHEILITERICRDEVHIZETHD, ZZtE, CMOS 7o
AL OEEEENIFIEFRE IIZHHITHENI Z LD, 3FETEIC

o XAEVF v TOREIT4FIT/RD
o imHE LSI O#EhEME X 2512725

EWVHIDOMRHTL B,

INODRFHEMOBEEIZE INNTL 20EWIDITER, HELEFI NV
AL DEIN A, R 25 AT D HEARE H 72 0 Ik D Z L 1X 8 51T
HIETTHD, B, £ THEIFETSMHELEND 10 4T 500 512725 T,
FEFZIE 10 £ T 100 f5< BV Lo TRV EWI D EFENETR D,

TNEEILTHENS L FRF TP AZOEMN 4 5k oT2 b o
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