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HZTHERENZRS>TWEDTH B, FHIZOWTIK, ZFa—2NVRFHOI L
MEEEIZR B Z DL VWD, ZTZTIEHRRIZAR SN 1ZEDHELRILEBIEK L H
FO RSN, RIKCENPEELERIZR>TWBDIE, RIRBIERIE - I
fir (ARZEZTOTY b —4mK) - FBGR (ERKOEEaY I A&,
HEREINEZZY bav¥—0 TG LTONEDOZER — = b —dxXFe L
THETOHND) ITR>TWVWENLTH S,
EHNZOLSICHAVWESLZE ER I TR, BEYHELZETEbhso Y
TV oY =X =DM IIGERE NS TH D, ZOREKRTIX, HEHOHESE/ZT
PR DD TIEZR WV, U2 UVENOHREE, HAEFEAP AR IOZEI L WD
JEEIZHEMABFNIE R 2 E 25D TH O, TODIZEUERNIZTIEH B0, &
LALEBNIZIEAS E W REZS > TWS, TITENSHIZDODWTOHEE
HEDTHIFIX, MOFEN B 2 BEEHZ 5DV AT 4L, vy oLy Yy -
F— X —DORIEX, FERRIE - IEPH - BIRCRDIREE VN IZ D WT, bbb g %
HEDOTWLZZHDRLIZRDZESTHS, ARFICERTIH{LDLIEZZD &
SBEDTH D, TNHIFGARE L WHIRIFORWHETIIIRZA VWD T,
INMEIZR > TW5, 21 ORI ZFIZZD & S REERFNMI L S 2T iE
oWV, bort, ZHIFHOMAWRBEREIZTER VDT, KighdbhiEk
WIZEBI L TIEL W,

(BRI 2000 42 5 57 5 4K)

(AK—ER (FEAZ)]
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28 #EF1 BENZHROYED
B

\np
Jdiq

2.1 ELC®IC

ENEARROYBOEBE WS Z 2T, ZZTIRUTFDO XD REEEIZDOWTHE
Bz B Z iz Lz,

o LM GEE RN, Ry < Y IiEN)
o VU TIVER JIFMTE T IV

o 2RHELDORNIR (M, 11 FNER)

2.2 EEFERILYTVARER
THOREEIZ 2 & D e T AR, SRARREZRO VLIRS
W, FIT, BEERLY Y VARRAEFEALTEL, W, M TEAERIZS
W 2 # 2 2 &, MHIZERITD (—1K) DR f(e, v) 1EBLF O M2 R )L
VRIS,

of of

5 U V=V ot =0, (2.1)

ZZTCOWEENRTVIYYLVTHOUTDORT Y VAREARDOEE LTHEZ SN,
V2 = —4nwGp. (2.2)

ZZT, GREHERTHY, pl3EfTcOERRE

p= m/d'uf, (2.3)
Thbd, bbAA. TN, BEHZAERROEF HEA
d*x; T, —

' = Gmj———, 2.4

dt? j;éi,lzg:jgN ey — il (24)
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T, BEEE p=nm (ZZTn TR TFOREE) % —EIZHE>Tm =0 (ko
TN = o00) ODWifRZE 272D THB, BE, 22 Tx; & m; I$KT i OALE
CHBEETHD,

RIFBEBHEORNLY vV HRERNEFA L TH P, R DIXEHEEN RN &
Thbd, BTHWAT LA, HEENZEKROGE, KR KOMIR CIXES
DG & T 7 > THEEIEDEZ 5,

F9. WEVEEWVSBAEEALTE IS, Zd, (EEREZEHT S 20
IEBLDE & T), DAEBDRHMIZERE THELWVWS Z & THD, EEHNR
WDT, —EOAREBIZHFLTY 21 ELDOEENK Y LD, KoT, 77V
VaiZ R T AEBROE (RMHEERE) —ETHH, KLYy ~vryTrho—
i, AR EREARNTIRBEIET I WS Z 2IZEZELTHLY, DX b, 5F%
Z TN D b - BB R D RGBR T I, 8 DO EIR T O RS FRENL. D % b BOpf
W27 o TOHEALIFAE Z 720,

T, NFVPEIZEEZ RS, DD RHRINIZER & 1X, BBAALT 7 —HIC
BlELBZWEWS 22 ThHb, ZDDDRBREFDNEMEEZEZDLDNRUTDY —
VADEMTH B,

V-V ZADER : [FEOEEHERILVY vV HEROEHE R, EFORY 2@
U COANAHEREREIAKAT T 5, #IT, (LEOEZ DS OBEBIIEH k% 5
A5,

HEDOESDERD DGR TEL, ATy )L O0DHLL T, % z,v DH
BINEFHOE»THDLIX, TDOLET

jtl(a:,'v) =0, (2.5)
MRV DIETH5D, 2FE0. EBIZIRTOKTFOHBEIZONVT, FD LT
ZTOEPZBILENVWEVWS T THD, bro B THIX
ol
v~v1—v¢.&f:o (2.6)
e, EOEEZERLVY YV ERRNZERTABL L, T <hb 5 &5 IR
DPRELTWBETTH 5,
mB. NEEOES ] LWH L EDRBEIZ 2B HoT, ~RIEFHDOEGFED
Zek NEFHOMES] WD ZedHBD, T 2 TIEAAMZERM DT DR
THho THIHZAGFRETHDED 2 X, BARMIZIE, 728 2 1E 1 RTHFAFIRE)
FT TR & WD DIMMEFEEZDEE O Tldewn, Zhid, Rls
A>T ENHTHD, ZHUUIKRL, THANVF— 1/02+ 0 %, KT V¥ v LBk
SR (r 7213 D) OEEOMERENY MV L =17 xv IEHOHEHTH S,
AR, BHOHHZ —GEVWTHBL, V-V AXOEHZ VWM Z S L, H4HE
B fPEETHL-01TK, EEORS L, L, ..., 1, "H->T f=f(l1, I, ... 1,)
D TEITE I LVRBELTLE NI T IR D,
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FEAAZZEDY, £ 9 TEH B SIDEHOMAO TET S LWIIESI2EIATAS, T
ik, f BEPEBOESDOERZIEZLTWVWADT, OK,

WDIES 1F, EBIZ f OeMn %z [, TEETHIE. ThENB 0 IThd N
STENBLWVR S,

EWVWIDITT, TN NREHEZN, —ROGEITIXZTNIFERIC
SOOI TR, 20O DR, KTy vy Va2 H 2RI —fIESI O S &
WIODIE 5D DIETEN. TNS5EZTRTH>TWS WD Z 2 IFE@EIT RN
MoTH D, BIZIX, BT VY v IVITERRFR & DR & D3\ o 725 FRPE A3 722 )
RRziE, —MRICIEZ RV F—DANDOREEN D B LIZBR SR\, DAEIZERTRE
PWAAREIRZMNIINED ZRBRERA L PRDZ 825, flziE, BRAFRIZ
THE, TRVF—OMIZAHEEBERY LD 3RO PRET 5, D5 —DRMF
BN BN, TNEFFENIRE X7 77 —@E 80 X S5 L#E’ U 555812 L
BB ND T, EWITIZ LD 4 OPRFETH S, ZIZ T, "7y vl
U CTHMEBREERNTETHE LT 5L, DMAEKMDPTRINLX— £ &2 HEH)
B JIZETRET WS 22tk b,

SRR T > ¥ v L OGEITIE, WFEHE O O AEE & J, IMRAFRICRS, £
NUSMERGFEI R VEF L e, HEEEN E & J, TE T2V T &I
5, HU, —RIZIFMIZBEEED 20PN E D NEFR LS bhr>sTwiawy, (ZHhiZ
WE=ROMEE WS LR35 D),

V=V ADEHIL, ENZERRORED S HEEZER (Wb D) THSEZ
EIRHRBZEDEHIRIL T WS, Thbb, @ O S IXH5%
X htn g B EERITHFAKE M TH 5, HKIEEHETH > TEEE TR WRZ KA
DR S R DB O E XA ECE, DF 0.+ R A7 —)LTRAXECE
WKLo TVWBEWIRETH D, ZOIREIZE Y., Bl IZREFRERIRE &
WIOEDEHZTD, BN EDWMIEEFZZATZDTEEHLDITR5,

EZAW, BEHERRADNE M TIIEZ5NEDIEROEZTHILETH S
DHEEBTH O, THIFESTEHETRITNIED B 5 ABEHE AL 13&->T»
5, DFD, AP AREWIZHEIN TR W12, BOEM TR VWRTIES
RN AT H DA BEBDBOEH 2 5 TN TWT, > TR AR SE D 2
HFHBEIZHHIZIIERETERVWE WS Z TRk b,

HEH A0 2056 20 TRBBSEMIZDDREWENRTETI WS Z 2ix K&
BIRG) ISR\, B, TOEAIEX, BEOROLSICREEZITHBHET LS
WZEDRNS L \Wo 2B TIE (DK EHFEBMICIE) RETERW,

T, TO XS BB P DO EIFZED I SIZLTEEEZN?22 VWS Z &N
RIEZZDY, TNz BT 20 T2/R88H VWD 22tk d, ZHEETE D
Lo b LR TS LT, BEEOHFATHL DL DEEEZ FLHTEL,
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2.3 EYT7IEE

ENREORILY <V HREANS, HEOE—XA Y M & 57z ) 22 ERED £ —
AVRNEESEZD UTHERDREREHET L L, LFOY Y 7IVEHENHTL 5,

2K +W =0 (2.7)

ZT, KIZRoEEHTAILVX—, DF 0, EHEZETDV?/2 OFEIZEE
BEEZPMITREMTEAILEZEDTH S, WIFERT VY Yy VTRV F—

__1 / 1 3 3 ../
W= //Q@W@Mm_fﬂmdw (2.8)
Th 5,

L. ROEBIXNF—%2 ELTNE, E=K+WTbhdho,

E=-K=W/2 (2.9)

EWVWSZEITRhB, 2FD, EEREBIZHLIHIENEERTIE, #HTL2T IV
F—WRTF VY Y VIRV F—Db &5 LN TH D, HHEAEE T F L F — (2
FLV, TN ENE I WHIRER UICHIZIELWY, ZTD72DIZ, RDKR
MTRRIZPEOED D 5720, HEIVWIFRDIMIZANF—2 52720552, &
IANF—DHIHENKREL 2D, TOEODIZRT VY Yy LVEEFHTALF—D
MRS TEFDHREL LD,

ZIZTHEHEIANF - WVoTWEHDIEL L DGEIZEED T v X LGEE), D
FOBGEBIOIRNLF—THD, TNPRELRDE VD T L IFRMETIZWST
BENRENREEWSZETHD, DD, HEESIRIZIE, EARIZZRIVF—
EROIIFEEENENRBLEVWSWEH, T7abb TEADE] HsbITTHS,

mB,. X281, ROLEES M & U7z

_ GM?
B 2RViI‘
CiB X5 EXOWItEL DR R, 2EZBHEKD, TnE L) TR LIESR,
Ry WEART VYUV REZRADKEN R KEX 2525,

W (2.10)

2.4 HNPEEEHETI
XC. NKGHEOMREHIRT 2128, 7 MIZHIHISME 2 M0 T 5 21307k

DIZEH. HFEEBIZHBHEERTTIMIIOVWTHAREN>TWE Z IFEET
HD, LWWIDIFT, AFERNIOIGEIZR>TEEi%E 3 5,
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2.4.1 IBKSFRDIFE

RGOS, HEBOBEMIET RV - AEBED IR I TL42H 5, K
WZiEH 5 =205 50, THERHREGEZRVWTH £ 0 EKRIPZRVWDO T, EHA
DAEBEBIE T RN X — e AEE RS TEIT R LB T,

WHEES, ZIZIT, BIEBRRZVWEWIDIEFEIWS Z bW Z & 2HBIL
THEL, TOEOITIE, BERDAD DRI BGELVIDEZEZLDNR LIV, Th
. 77 —HED XS, HUED U AGAETH S, ZORFIZIE. TRV F—
CAEEROMIZ, oM E2zRITE CEARE) WRET S, Zhdb®
AERERIZ>TWA,

UL, —fICEHEREH R, 20 ETH, EAREBIIHIRT S &5 %4
REEVNERZFELTWELN, ZTHUZHEBEOLS T, HoHER T RV F— L fAH
FHETHREIHENEMEE->TLED (BFEMITIE, BBEAATRTOEREZEZ
HDTIEHEL, EEDKIZOWT, WS HTHLELKIZWITEE WS TN, Z
2RO TWVWB L, ZTDOMENITHABEEIMKG T 2 &, gl & 2l aTaett & »
N 2B LB 2T b,

XC, fIREX2IJIZEB2WVWDZ2IZUEDITED, WEBNHRARGESE W
DT LRDT I DHAMIZTIERL, MMHEZ ITITEKIFET 2D TRV E WITRWN,
U7293o T, RIFERAFRO ARSI —MIT f(E,J) LEFE T B WS T LiThb,

BADPF N2 VWDIFHCENRBZD T, EBRIZKRT YV YV ARXZERKATROSGE
WCEERFLTASE

1 d [ ,dd 1,

— — | =4 — A1
r2dr<r dr) WG/f(QU —|—<I>,|'r><'v])d'u, (2.11)
TRHRELIZR 5,

2.4.2 f(E)DFE

FEDGETEELED ko 8 KERDT, IHIIZHMILLTEYHZIT JIZH &
SIRWGEE WD DEEZTHRD, T, HhrEal7, 22 LK R T
WENBPEHNTHL L WO HERD D, ZHIFEESIVWSZehnd e, —
DB FHMDHEESEE WD DI

<Vl >= ll)/vgf(vz/2 + @)dv (2.12)

LB f o DIHEIZULAESBWWD T, v, DHMIZZOREMITL S
W FdH, HEDBEDBE WD K0 HESMBERDPESIRD IS LR TR
b5,

AR, I 952DI8-E L VET,

U =—d+ P, E=—-E+ 0=V —0?/2 (2.13)
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ZIZT Py T, WEHIZESOT >0, ESTf=0,RBEDIZL B,
INoxfoT, IS vDAEARIZIE> TR T IE

ii (er\Ij> = —167T2G/ f(v— fv 2d'u

r2dr dr
- —mﬂGA FEW/2(0 — £)de. (2.14)

INT, RIZ fEEZTU 2RKDB . HEVIETOHE L HEKS,
27U, U ESXT faERODEISI->TEEITE, Ko FAf>0 D&M
729 WO REEIZZR VDT, T D\ D DIFYERNZ I ER A R WRE WS Z
Yz b,

2.4.3 Bk D HREE DA

ZITHITEDEHL ETTEHTH DN, SEIFRHMEISZTOMHEINLL
FARSNTWVWEEHLDTH 5,

Ry O—FETSv—FEFIL
%f%oz%?ﬁa MEBAB OB, £ DHEFE (NNU—) TEIFZHD

“C%éo #il Z 1%
FEM32 (£ >0)
&) = 2.15
/&) {0 otherwize ( )
s, FTEEZ U OBEKE LTRDSNS (v2 =2V cosh 72 5 BEEHD
Hr), T, BERIZ
p=c,¥" (¥ >0) (2.16)

Ysd, EL. e ERICEDEOIIE n > 1/2 TRV EWIT AN,
EERESTRT Y VARRNS p 2 HET DY

1 d [ ,d¥ .
ﬂm< W>+M&ﬂl_0 (2.17)
B AFELIZAr—1) v LT
1d [ dv\
d( ds>“/’ =0 (2.18)

U7z D% Lane-Emden FFER & FE,
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EBRIZIE, EOD Lane-Emden ARERZENLNVE RT VI Y VRBENRE S -5
TM%#ii(b#b&h T, —&D n TIXZ OHERITITVIFER L ARIZ RN
M. n=>5DEEHIIFERDHLI EREHELLLHoNT WS, ZHlE

b= (2.19)

V1+3s?

DF%ELTW5B, Zh Lane-Emden HFERZ{HE/ZLTWA Z LXK HIENRD S Z
o THIT, BEIX o THEALNDZ LIRS, TNETIX—ETILE WV,
EEMN r =0 THRT. r 5> 00 T1/rP KD #HLSELDDT, HREIFART
H5,

Zik, RCENZRIZPZRBS LWWEDTH S & WD DIFTlEnh, BRIR
EFOS bHNEENMEVEDIZZELIHLUTVRLLER Y, E0HZT. Z
DEIZ, EABEECHBIZE TS SEHIEHENIRD self-consistent Z2E T IV TH
BEWHIEThHAB,

TII—FTIIE, WAARYIalb—yayoulgkfr LcflibhadZ e
W\,

Hernquist Model

77X —ETIVIRZDAEDPEHALL SHOoNTWED, 5 5I3FIHFER
INZDH 1990 £ (& WS DI T, Binney & Tremaine D & ZIZIXFZH S 0
TWirorz) WS, FEEIZHLWET IV TH S (Hernquist, L., 1990, ApJ 356,
350), CHUL, KT LU vILE

(2.20)

p= Cm (2.21)

TETS, ORI RFEFSTVED, DAELIWVWDTI ZIZIFEI»R WV, &

DHZT, BELRETFVIYYILNIVIVATY MIBRSTWAIZ L ILHEZRL TH

X5, b, —fRICERAFR R 513
dd
dr

THHILIZERE, Zhid, BIZEREr DL ZATOENNEETH 5,
Hernquist Model (Z1%, Tr/4flZ2 2720 RS HHT 5] 20 EH LWL H 5,
1“Uti£?5’ B X 1 DRGSR D R MR DX 8 (B 512/ T
) A, EED 1A FITHUTHEARIDS>THAZ LW I EDTHS, ZHITZE
%%ioc‘i%@ﬂﬁk WEELGET, HAER [72F7-F] AWk ZADRDH B,

= GM,/r? (2.22)
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— X
4
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T
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2
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) 1 1.5 2

(R/R1"

Fic. 4. - Surface brightncss profiles for the R law {thick curve) and the
presett model {thin curve) as a function of (/R )4, Surfave brightness is
nommalized to its value al R, where R, refers separately to the effective radii of
the two models,

LI BHIONIFKER 2 ZNTELZ A E W, ZOWEL, —bfEfrBEET
DAEEBREITELNWD Z DD, BRI X -2 "a—DETILE LT
IR bbb XS iIlm>TETWS,

72720, ZOETMZIEWLS DOl EEH 5, BUEEtE L WS BS»r 6 &
FDlE, ZOETIVTIHHFNMIAD > THESHB FR->TW 2 Thb, Z
D7=HIT, HETHRRD 2KEHOFERAFLNID BN MEZ N, G VIR T
g2 T 2, 207D, EBIZHES RHZIZERLLETH 5,

ZEBETIL

BOPpRIE T (MG 2D T) ARSI~y 7 AT 2 )b RV < V34,

ERAY 2R ,
p o p v —v/2
16)= o™ = g () (22

TEHEZONRITNIERS KRV, £, Hlick>TINAEFHEEBTHES L CEE
ERT VI IVOBEE LTRT, ZORIZEHERBIZOWTD

2 o0 2
— e Pdr=1 (2.24)

p= pre¥" (2.25)
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K7V vABRIZIhEZ Ahb L
ii (7"2d\11> = —4nGp (2.26)

- T,

r2dr dr

BIZZNEZBUEIIZIE S DIT D, £ — DR H 5 &\ D5 Z & & Ehi
LTEL

1d dl
—— (7‘2 ng) = —4nGo®p (2.27)

0.2

2nGr?
&, EOARRENZ U, fBO—D 2o TW5b, T % singular isothermal sphere
LR, AV self consistent Z2E T I TlERW, WO DX, BEN M, xxr &
RO THRBTIERWNSTH S, A, FIZIXRI ANE —DFLE, H 5 W IEEN
FTIZ OV TEHFLMRIZDOVWTIEINTHRHIBE GEHMTE 250 H2 20D
ZehbhroTWnWa,

KRz, &R DWW TiE, TEESEE A FO0 6 O (HE D) MIFELR
W (Whip B flat rotation curve) & WHOMHEDH SN TWT, Tz T 57
DIZIFEDEI R p~ 1P DR—=INO—=DBRBRBETHD LN ZLITR>TVS,

Rl CTlE AW, HDEE 2 A R U THULA S AMINZ [ d > THW T W
XV, ZORFTH, r— oo OMIFR TIE singular isothermal (23} <,

p= (2.28)

TR & DEIR

FRET VI, TV MO E—MAKTHH, DABEBDPRILVY X V34> T
WB EWS R MERH S, ZD7D, FRTAREEZIXFEUHEEZ L 5, DL
N, HAAEKIZOWTHERZENTE L, #HKEEEO I

dpP GM,
Th o, REHEAFRD -
p=="=, (2.30)
m
ZHSoTPZELT, 51T M, 2 LTANEX, HREZEHIZLT
d [ ,dlogp . 9
Cdr <T o ) = —4AnGpr (2.31)

51T, stellar system & HATHU AN > TW5S,
7B, K be—=7TH, KV hrby 7 2REBHEXZ RO H AKROEE
1A & stellar system DFN LT T 5, A, FRETNVOHEG & IFEIIRER
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HEWRH DL, FRETNVOEEIX, SHEEKEOLDOR—EHT S (ALY <o
WTHY, FIICH RKERIZE Y hrE—KK) 2, —EOKY ha—77T
WBZARZ 3w (FEFEHEHARTIEFY -V ADEHBRE O, &
FRNIZIZ ARV R VDR TH BN S ),

King Model

FHRET IV, T TITHRARZ XIS IZETEH (T hRE—DZESD0) &V
HELERZFHOEHMTIEIH LI, RIZULAEENERAKTH O FHEIZEMLL
HWWNDTH Eo b WBEZANDHD, RIIHPEYRINERZEL Z LT, B8R
FRETNVTHY, BEPODARDODAKZIZED] CWHIEDEZEZLILIET
SIRWNTEADIM?

FE&) = L et = Pl (qy'_Qf%k2> (2.32)

(2mo2)3/2 (2m02)3/2 o2

LR, HENRERT AHEE X2 EVWHUTAL S, ZDOARERZ
B, DAEBEDP T RV F—EEK (E = —00) ETOXRSBRWNWI LIZH D,
EROEEDELDONRHACENTE L E>TWVWEDICE,. TRTOR DI 2
WFEF=DVETHENEWITRWDOT, ZTNTIHHACENRBRREER VDD S
BERTILERDZ L WX 5,

T oiE, PEZEROTANLF—DUEDOEDFRNZ EIZLTLE XXV,
ZFTORY FIZIZIWANWAHDELHN, £ 0HZT Lowered Maxwellian & XN 5
LNFDOE>bD%EEZD

sl (e = 1) (€>0)
ﬂ&—{é ¥ (£ <0) (2.33)

ZHNIXE=0T f=0&,RBLII1Z, 1 ZF\\WZEWSEITTHS, ZHLh
FiERIZNE WS DT TRV, 2T VI eEh-oTHoEH &<

b Tnd,
Bl & o T, FTREEEMB TS TIUE
_ dapy V2w U — 0?2 5
P = (271_0_2)3/2/0 lexp(aQ — 1| v°dv

2 v A 20

_ v/o i I e

o evee (7] - 15 (14 2%)

Z 2T erf IFFEAB T, MOPERKXETHE7-2HDICHTL 5, mEDIHIX1
BIWT WA DEETH D, bIRAIZ

erf(z) = \/27_? /OZ e~ dt. (2.35)
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|

P/ Po

107° Covnl s cid
.0 1 1 10 100
f/l"o

[N

INTRT VI Y IVOBEEE UTEENRRE DT, HEITRT YV Vv AREN
WANTHIEMIZIEL 7210 Th B, 7272L. King model DFEHEHRIMIZ DN
TTIULEBALEBRIDIRLENRD 5,

EREFEDONAIE, FODSERERETHEIONDEIDITTH S0, EIZSMAD
BRE YD LERENITID ko L HHTIZZR WD T, &0 52Tl S HHER
LU I 2E R 5,

MR LCiE, £9 dV/dr=02F5%, T4bb, HLDEENEROME
ZZb, U DFEMTOME Y, IHMERITERLZDT, ZTHDHEIZE>TVWANWAR
fEaiccl %,

ZHUTEBIZBUERNZ RN T A2 DDOHITH B, HEBLDLIEDNS, Uy H

1,3,6,9,12 L ZEZXTATH 5,
902
=/ 2.36
7o 471'Gp0 ( )

mE. BEHho 27 — LD ro i,
EUTERTATZ2DIfF>TWSE, ZHiE, Wbhws Ta7EE] 2o ok
FTIFI—HTHENVWSZLITHoTWS, @, FVIZETLOATHEREN
S EITIFINE T, B, FLOREBEED 1/2 1285252 T5
DWREETH 5,

TI7Wmobnb L5, ARO¥FEr, Tpld0i2hs, ZHiE, VT -o
ZEZIZ U DR 0ITRoTLEDIZDTHDS, ZOFEDI L% King model D
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tidal radius M B E VWD, TOETILDIEH V., U EARYDORTFUVYIL & D
RIZDAR D & 5 2B BIRD L D NI D Z L IZIHEL,
GM

Tt

o —

7 (2.37)

ZIT MIZFROLERTH S,

King Model 1%, BRREMD 7O 7 74 LV DETFIL & UTIHEFIZE L HbhTn
%, 2B, c=1log(ri/ro) DI &% concentration parameter &\ > T, BT —
RIZFVTET N ZELEFRXTIEERINDGNT A —RIZ% 5, HERHET
Uy BEDLNEZDT, BEo PRI LWNI ENE,

2.5 2{KEMEFRITH?

T, 2B EIE V720N E I NS EDNE NS L IANGHERDLZ &
1295, FREERIZIE, 2B RIZHhEWVD DIFEMIEN LMETDH 5,

BRKFHROBACENZERREZEZD L, TN TO LS Rtz T 52%E
ZoNbd, £9. BUIIHFEFEEIZ o722 T8, &0 HIXTHEEMIZHE
HDL, MAEDPERATHIE, BRI < RNXERICKREA 72> THE
DIEVHIZRET 2D TlERWA, £dH, WL TWwL, 2O, &Fhi+
WWEZONZRT VY VOhZEET L7128, 2Nl BT 22 L
A

ST, ERICIZARKNTHTHDDT, THLZELEHONFEEE VI L DIER
W, BROEEZ S o 7-ZR TR ROMZHEET 120> T, RT3 ¥ ILidds
TEATENSTH B, ZOBMIZE > TEMFOPEE LT EZ LIk 5,

ZTNTIE, MTOMEDOEZ, RTBVPERTHE I LPoREEDEZN
DIAMZ T 2 Z L IXARETH A DI NP RV NF I H D L AT I ENTE
NWIEZNIETRETH B, DF D, HFEFEMEIZHNIX, KT ORIV F—2ALILE
BIZEX DI RTCHTBEPAERTHEZLIZLENLTH DB,

N, BLEZBLMEZDIZ. TLZLAEMRKTETH S ED%E N FME A
BRI EEEIWVDIILENEWVWS L THSE, ZOHZHEFZ TS EELETL
LTLA5DT, UF, HELIN/ZREDPSIEFIZEZ TS Z2IZLES, &
B, ZOHIOHNEIL, L. Spitzer ® Dynamical Evolution of Globular Clusters {Z
FEIFHR > TV, 2MREHNCEL Tk, EHZAERRTOREME 77 AP To
FEmE B ANTUVLRBEDTHY, LEHOARDOHNAHKR, [FLUEHD Physics of
Fully Ionized Gases Db D &L A YR UTH 5,

H., T, BEZFISWIBDDFEZTENEWVWIDITEN, Tk, N Ia
L—a VIiZBWT 2 KERNZ

o REWBMIZHEAIE L ELERNTH D
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., E72iX
o BMUHIMADBHRERNTH S

MHTH D,

2B 2B ROEMIZIRA S DOBRENZ R TRD T &2 E@EEzER e v
5. I TRHRVOVEELERTH 5, FINITIZMEZERTH 5 72DITIFR T4
DR R TRV EWITZRWA, £H, FEFIZRE VLN, BTV SRR
EMTIEZERLEARE DI LD D, . TD LI RREHRRFH (K
BROREDET o DRWN) TYIalb—rard e ALHR 22BN AT
K5, INVEEBADBELRERN LD I LHE\,

2.5.1 —KEFEAHRDH

AL WA IE—RELARDAZRETEIETH S, HlIZIXTY 7 AT )b
DD >T, TOHFHD—DODR T2 E>TEZDZEND I EELIZWVWDITTIEM,
CNIFHEREON 2O T o IR 2E RS, T2bb, EE 0 THEMANIZ—
B (ZURL) A LEEREZEZ, TOHEZEE0DT A MR FZ2RIXL T
H3,

EHbA 0, ZOBETRANF I VO THEEIIZDL ST, BIZEELE NS
EEM, UL, 2O 2EEMOW DO DEELRHE 2 RTOTTIL
FLLARTWS Z2IZT 5, DL TWAELSOEEZ m. WEEZ n &7 5,
K21D L5112, TAMKNTDR—DOR T2 oHHHE (12N MNRNTA=K) b %
W 0 CTlo 2RI B AE 01X, EBICT 75 —MEOMN %> T

tanf = 2713
—(b/bg)2 -1
Gm

THEROND, HAEEYSAZD, A 287 b8F A=W (b, b+ db) DEFIZH B
BCELD [EIEUE 2mnvbdb TH 5.,

T, BELDOHMIE T v EALTHBEbnsDT, FHe L TIE (—IRDIHE
X)) 012745, UL, 2ROIEIZ0IZHES RN, Tk

bmﬂﬂ)
<<AW>:2mw/i 56%bdb (2.39)
0

THEZONB Z T 5,
ZDADPSERIZWA WA B DD 5, M. T ORI HE R 22 R % gk U
TELBERHDLTHAD, Thbb, TOEDIED — oo THRHMLTVWLEDTH
by ZHUZDWTIEWL DNDEZX WD >7-, HlZIX, F1OT 2 K8 OME
EHEAIZHARZFY VR IH—IE, MFDESITEZ T,
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B 2.1: 2 REREL

SEYgk FREBEEE L D B4 V87 bXT A=A KREWL S 2L, 2D
FHIZ L > TR R RE2DTEITCEDZITHY > TR\

UL, 2RO TFHE VWS KRB DNREBRIZHENE I LD Z 5N TIER
W, Bo & RELMERIL, EBRIZRIZH DT RTORF & FIZFEFHZHEER L
TWBDENS, YVATLAYA XL 5W0WETEHWNDS (ROPEEE2ROEET
H o bR I LW, BEOEMKFEERDDRNIZANTEZEMTHS T 5)
EWVWSEDTH 5,

BIEFEERDAER R ED S, BEDOMIRT RO H2ENN LWV IEFIBEL W
YWD EEDRENS KIKDP o T\, BEHEIIZIE, &5 5 DOIRMIEL
WMZDOWTIED RO BEE TFDH > T, BRIZIED DV WZ 5D
1994-5 FEEHTH 5, A, BIIETIFBREDOMRAIEL VW& WD T & IZEEWV ORI
7200,

A (2.39) 5, EHITEMT S &

< AG? >~ Gnv~*m?log(R/70) (2.40)

Y75, ZIZT RIFHBIZARZVATLADRELX, rp ld TRELHNS] 720
DA VINT MRTA—RDIET, by = Gm/v? DFEETH 5,

IT, TNMSEARIEVRDNRENEVNDIDIFED, Ths, HIZAHAEE
B3 1 DFEFEIZ AR B E WD DERDTHAB L,

113

= G2nm? log A

&b, TZZTAFED R/rg 2 RIZEZWZ 727217 TH 5,

%, log A DEEEKGFHELE Vo725 D2 MHT B L, BELDO X 1 L AT —)VITE
JED3F, BEEOHE, HREO2FEOFHIZHHIT L L VWS bzl L
275, Bz, HREBE -EOHALVWIBDEEITAD L, XA LAT—)
DREKTOERIZHHITE L VWD Zenbrs,

ty (2.41)
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HOEREIRFFSTELZERRLE VI EDEZERATALD, HE M, BV 7R
R, BiF8 N e dhE, CYTLVEENS < 0?2 > /2 = GM/R. J1F#H X
A LR —)b, DF b MBI 7 2 R ORL 103 R & BT 2 DT h A B I E A
ta=R/v~ /R3/GM L7525, ZhE{H>5 L EOEHMD XA LAT =)V

N t
log N d

tg ~ (2.42)
ChB, DFED, HFENERA LAT —)VIZHART, IEEDO R A AT —)iT
FIEFNEZEEWEWS Z 25, ZOEDITH TIPS WIF Y HEZERISEN
< HLIFTHh 5,

2.5.2 EIWNWDZEEEZBZIEWVWDTZE FAEEDEW

2R K o T, BRI RBEBNZNTEAT 2D TH B A, I
EEOWAE (HA) LIIABERIZES LD THEE VWD L2 I I THIMERALT
B9,

HADIEGE, FFOFEHEARITREEZY AT LAY A XL HIEE0ITNI N, K
KT H TR R IIR FO Y 1 XRBRETHE L, KB TH-> THEHFD
WM TIEEZ TVWABREDEM AT — VIZ R TEEEBHTRITNE VD, BARA
W2, FEFICHERLGRE D, HEVIEARLIZE- AT —ILDO/NS WEIRTIE TS
ﬁmﬁﬁﬁﬁi b, ZHEHIZITEERETONTHEDE D OKKDFEIL L

v BEIVITERIEDRESEANY RDE D DZELKDTNE DV DTH 5,

I, BEDOHADEE, FHHBITREP VAT LY XX /NE N, Z
@t@:\/XTAﬁ4z;Dimé<$ﬁ§mﬁﬁibiﬁ%mivn LIPS
T=NVEZEZDEL, TORNPTIRIFEFEEIZ R > TR EEoTWwWNZ &iZh 5,
WP ZNIE, Wb Local thermal equilibrium (LTE) DIREPMEZ 5, T 5
mBHE, WBEENETTEPV S ZEELI (& W0 o THEEE EIEF I WL
WET) CEBETE, OV 7 0RBTRDEAZHD. FHZBADHENZ
EEOGRRERTELL L WS Z AR 5,

UL, HOENESARATIRRIA 2L B 5, £9. KD KO MRR
T, EHEHBFESEEARTH 572, 2F 0. LTE DO LR \WE T A,
ZTHEZTHBEEME AN D (ThbbIT Y MAE—2EKTE) IR AN=AL
MR oT-DITTH 5,

KT BPEROEGES, AL UTEEIABITEIEY, DF 0, R FHER
KOKFDEIEN S, MOk 7L OMEFEAIZE > TELATH TS DIFERN, £
DT NBHIA IR XA LA — )UK Ntg/logN BBETH -7z, 2F 0, HKDE
HEFELTIT, IFEACEEIZL W HBESR (hok FREIMEERT v
Yy IVIZIR o T-EE) 2L TWT, %@%#ﬁ@@ﬁ%f%ﬁéﬂéﬁ@@%%
ENRHDLOTELAMENRZHL>TNW EWVWD I LIZRDEDLITTHS,
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o T, v — V7R BOE %2 E U CHRERE Ik R 2 kb s & \nWH D &
Wz, B —DDRFVROFZFEEED RN SEI VSIS IZTRIF—5F
EEAIETVLDEWVWIBHTRTWS ZEITR 5,

Ihzd Z UV AEZTIK, @ OZEM D70 TOEERHEE DA%
EZHMROIZ, 72 6 RGAHEB D2 TORMHEBROENEZEZ D WD
Tz 5, BRIIZIE, INETHEHLTEZ MERHE] LW bDEHPA
CIHL T, 5V EDNATRAHIE VWS L THD,

2.5.3 NV OIS ROPHEDEHETOAREEDT A NIFOD
REEW

ST, URTENY T I RORTAHEDE ETD—2DT A MR T DR
BWWEEZDL, 251HLESDIZ. Xy 2750V REEBWTWEI L, TA
MFEAROBERZFEFOZETHDE, NV I T TV RORFIE—RRIZOMHT
25D L, HEREN/MHIIMNS LT L, 61T, XNvITITT7 Y RORFHED
MEEREDEIBEZ NI I2T 5, ZNTAYIZWVWRE I DEL k-2 B D
MOBRWHETH D, FhH, LVHATPoTABLILIZL LD,

AEFRIUL, DHELTWARENOEEEZ m, BWEEEZ n 235, TAMKFED
—DODR TN O (12X FNRNTRA=&) p ZHNEE V =v, — v, Tilio
TR IZEN DY B AL, EBRIZ T 7T — S O iRk iR % ff > T

2p
tan@ =
(p/po)? — 1
G(ms +m
o :(aﬂ” (2.43)

ThHAONG, 2T, ZOMHMPLMERHNMEDOEDTH->T, TA MY
DEHEDEHDTIE LR NE WS ZEIERT IHBEDRDH D, WERD[E D PHNT
WTUDETAMRTFPEREZS DLV DIIHEANCREZDT, LOHXTTA
NREFIZEEZEOD, MOIFEEF->TWEEEEE XS, T DK, —[HOKEL
TOHREZGIIATDORUIZHE S,

ms . my p/Po
Av = —  Vsinf =2V 2.44
o my + my my +my 1+ (p/po)? (2.44)
mf mf 1
Avsp s — V(1 - 0) = -2V 2.45
Uspss my n mf ( COS ) my + mf 1 + (p/p0)2 ( )
(2.46)

BIDFE & DiE W, HEZETRI me/(my +my) BDVWTWNWDE I LT TH S,
U F 7 BAT IR S 72 © OEZE L 27pn, Vidp 2 HNT TR T 505, Avg 12

28



DWTIEHETE [EfRR LIRDIEIZE D 5, TN DOWTHFT & FERRIZEE ST

2nT
<Ay > = @ (2.47)
wawns

< Avpy > = 1+ — | =L 2.48
o> = - (14207 2.9

nel
<Ak > = vﬁA (2.49)

ZZTrid

I =47G*m3In A (2.50)

ThHb, 7272L, leading term TZRWIHITHE YL IZE DL T2 D THDTHEE,
EDRT, < Avgy > QEHIFENZH S 72 HEOHMALHEFE LD TH S, Hi
DEFELES DI, 2y MIBEHEANNS K RBENDH B, Thbb < Avgs > D

BTEROEZEDENWS I TH D,

ZHiE. dynamical friction W5 EDTH S, 2F 0, HOAIEEF->TWVWER
NER LD E->THL &, ZNHME D 25 2iR>TENT DT, TOHTRILF—
EROTEAXEENELLZDITTHD, ZNE. m BPREWV (my BN W) M
BT mny . DEVEEEEIZL>TWT, Ny 27TV ROk TOBERIC
LW LITERLUTIEL Y. 20U U, OIEIE ming (IZHAIL TV T,
HaEERE U THR FOEENRRKIWIEIMERKREL RS,

T, ZIZTIEEOVHATIRE 2IRDIAZERDI-DIFED, T &k D DI
WZOWTEBEZRLSTHEVNDEASLIN? T Z TR FOMEZED 72 TAD
BELD T v X Ll BERELETEITZE Uz, ZOREVPIELITNIE, 72K XA
BELZZ T 72 DHEED DAL 1IRE 2IRDE—A Y NTHRE B 5T ADHMHITRR
D, WoTIMEDBVWE—A YV FNDFHFLEEFZFZ RS THEVWNI &Ik 5,

RIEEIX Z DIREBIEL WA E S DN TH B, FEIFHHRNIZITZNIT EREEIZIE
LWHIT TRV, WD DX, 1 2827 8T X =R 203 py DFERE D EEL
EWVWSDEHEIZEE, ZOMBIETZNUNDHILT R TDHFHGIZERTEWE
WInA FBBETUNNI LK BWRSTHD, £H. LHLrL, TARILEZVL2TWV
THEIRDEDLD > TEFHEHEKZ VWL, 20V HZATIhABETHIVENVDS Z
EBMWENRDT, UFEIRDE—A Y MIEZRW,

254 Ny PTS539V RIEELHERFDOSL

m;m;A/ﬁ07ﬁ/bﬁ%mTV5% EWSZLIZhB, ZORTH,
SR DB LB RIZRTEINIC R R 72 E D TIEL WA, FHREEIZ T 4 — L KR FD
HWERDP A>T BEZADED,

IR, ZHEEOBANT MVREL ST, £DLETHEZS, —Dld (e, er,e3) T
HH, GOEMIZEEINTWVWS, I —DIL (€], e, e;) THH, DK%
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MIXHHRE VBT 5, o T, BEIIMHFORTFIZE-TEIDITTH S,
ZD2D0%FZ25Z T, HNHEDEM,AZ D LDHFHILRTDT X MR TFDZEA
WZREZE T,
9. 1RO EE I PATRE DT TH o7z, DT M5, HB I
D E AL
< Av; >=< e; - €] Avygs > (2.51)

WD LTS, LTI UEEIZEL ., AUIFA V87 bXT A=K L
TFOHEOMED DT, AFOISIZEITFERZIZRS,

<Av; > = /dpQWpV/d'vff('vf)Avi (2.52)
- _r(1+m/mf)/f(v"’2f) (e - €))dv; (2.53)

ZIZTC o vy=v,—V II74—)VRKTOEE, [IIERESMAEBTHS, pl
DWTOMAEFIIR o7z Z ITHERE L TRL W, ZOMTIFZ vy =0 TH o
DFERZZDFEEMH>TVD,

T, 2RDIHIZDVWTTH DM, BIfiCTRZ KX 512 V ITETRS MW
DT, WERKD, TS e) & ey DEITEZEANIXT, o T, —DDA
M6 57 14—V N1 & OELEHE Z R IZIE

< Av;Av; > = [(e;-eh)ey+ (e;-€y)es] - [(ej - eh)ey + (e - eh)es] < Avky > /2
= [(e; - €))(e;-e5) + (e; - €5)(e; - e5)] < Avgy > /2
= Qi < Avgpy > /2 (2.54)

L5, mED Qy FAFEMOHZZS>FENWLLZITTH D, (2.54) KT E =04
BB E#HIT YT 2L, =

< AUZ'AU]‘ >= F/fafl/{f)Q”d’Uf (255)

EWVWDZ LD, TNT—IBER2IRE TORBILTRTCEIT ZDITEN, H
FOHETZ2DOIHVGVETIERN, ZWVWIDIE, e &V Ehnoze DR
FERRZILWETIEVWSFETHEINLOTHD, LPL. BB ko &k
AICEEERLZ MO NT WS, £3. 1IROIEED,

0 (1) __i@V@Vi _E__ei-e’l
o \V ) V29V, ov; V3 V2
EWVIEED L VBRI H B, e ZFEL T VIETIZE 57206 ED XS ITH]
KDHITTHSE, TDID,

(2.56)

h(v) = / hjc(_"’;‘)f’dvf (2.57)
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72 % B h(v) ZEA LT,

Ooh
81%'

< Av; >=-TI'(1 +m/my) (2.58)

WS ZkiThB,

2IRDIAIZDONWTH AR TH S, Qi lde, e DeyeyiZdoT
KON FEHANDEBRDHNERDT, e LDNEDI % DI TRNIXTDHBA AR
7 FVELOAMIZRS, DD,

/ / ‘/%V
Qij = 0y — (ei - €))(e; - €1) = by — 7 (2.59)
L72h3- T, )
o0°V 1 A%
8vﬁv»:Y/<ij_ V;>::Q”ﬂ/ (2.60)
1OV
WS bliFT
— [ J(wp)lv — vyldv (2.61)
EBITIX
0%g
< AUiAUj >= Fav-av- (262)
10U

2.5.5 Nv U039V RREQHIVBLEDE

HIfiClE., Nv 279 Y NOERESHEPMEEDE DIZDWT, EEICEHEA]
RERANZE Nz, 22Tk EESAEVPELANLREBEIZOVWTAZ X S IZ L
LTAB,

HWEDNAAPEFTNRIGE, h X g DMD %, vy OFMET A & AR5
JBZEeNTES, AEAMDOESIIOVTIE. v & v, ORTHEE 0L L,
p=cos L3 NX, BREETOESMN, £ hizOVTIX

dvy /1 du . /v,  (v>wvy)
v —vy| 1 |v? = 2oy + V312 vy, (v <wy)
b, Tk, BRE LGS AEMDIELIRT VY VERIUATH B, gl
DWTHRABKIZEHRTET

(2.63)

1 4 3 9 <
/Iv — vyldvy = 277/ v — 2povy + 03] Pdp = - { vtvg/v, (v >vy)
—1

3 | 3vp+0*/vf, (v<wy)
(2.64)
EiRBH, o,
Faw) = [ (%) sepdey
E) = [7(%) swpdey (2.65)
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EWVWSHEDEERD L,

h(v) = 4mv[F3(v) + Ey(v)]

g(v) = 47;” 3F5(v) + Fy(v) + 3B5(0) + B (v)] (2.66)

NSNS, BRINEER, Thbb, X750V RPFHNTWBRKD, &
FEIE T ER e MER TN 2 ES N EAHZ LIl 5, TNold, HEREUT
DEDITH B,

< Avyps > = —4wr<1+-;?>1guo (2.67)
f
8T
<A > = ”3 C[Fy(v) + Ei(v)] (2.68)
&Il
<Ay > = ”3 Y3Fy(v) — Fy(v) + 2N E; (v)] (2.69)

Ihons, RTFOIRLVF—DEI AE 2T 2D TES,
AE = vAvypis+ < Avis > /24 < Avgy > /2 (2.70)

CEIFTLDOT, 1IRDIEIZ

<AEx%ﬂmem—mB@1 (2.71)

mpy

Y755, 2OEUZOWTIE, (vAvgs)? MAOEIZNE WO TEET 2 &

3
< AE? 5= T B 0) + By(0)] (2.72)
A
ST, HEDMG 2 BT, TR0
n —v%/2

fo(’U) = (271_0_;6)3/2 exp ( 02/ > (273)

3B, LORMEEZBERNICHRETES 221k ->T, TORIE

nl’ m
<Avis> = 2\/§7L(J;FG(:E)/:1: (2.75)
<A%E>::m@fkﬂ@;G@> (2.76)
<AE> = \@E [—merf(x) + (1 + m) xerf'(x)} (2.77)
g my my
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ZZTCeaf l3BERETHD,

G(x) = erftv);;gerp<x> (2.78)

¥z v =v/(V20) TH5,

HIFERIETTERZEDD, EZRSRBRARATZEEVSIXADTS, U, EDX
DERIZOWVWTH ko 2 EFEZXTAD,

9, HEDIROEZ R TAS, I, HWESMIZIEEF 228U TKE
LTWBRE WS ZEIZEHLUTARLY, HIZIE, xR Tz VR AD LS Hd
DaZEZT-RE, v PREVIRETIE £y, ~ 1/2702) £7%25 DT, FIDAIEE->T
W3 L ELEU S HEEZ(MISHED 2 BICKHEIT E, 2 LT, vdV NI W
MR TIE, f2—RLRABRTIENHEKLDT L xv &5,

I, RALAT =V %EZEZITHADE, HWEPNKE WIGE TIXHED Z 1 L
AT =3 THBEDIZH U, WOMRTIE —EIZR2LW\WH e Thbd, TH
b, FEEWIEHENRKE VR FREETUE S L 2R ERLEEL 2V, &
bAA, HEEHRDEGEIZIE, TOLIREDIIRDOLNIIEE 2DIZRNET
Hb, ZOLdkT (HEWIR ) DPRIEIZREZDIET I ATDGETH 5,

HEDNSWIED TR A LAT =255 —EMlH, 2FE0ldv~0 THES
EBH7-0I1Zk 5,

ZD1IRDIAE, BB ARz X 512 dynamical friction 25K L T\W5, ZHh
MEIZ R 2 5mHIE, FIZIXEERPEEDED 2 D00 1r6HKTWE L57%
LETH D, NFVAIRET, DAEBICEERERN WIS REDE2EZ L L,
ZHIFBCE M SN T WS, ito T, EORTIRFEFDL XA LA —)IVTH
WEDDRITRIVF =L\, BNEDRITXNLVF %285, ZTHiE, =X)L F—
BT D B OB AL TH B,

P, HOENRTIEI O AN F —RBOFERECEHENEN < L IZR S0, D
FO, EOHEDBRIRALF—2RN, BONEDRITRXILVF—2BE2 05 T LIiE,
ETNTENORAEEN LD, ERIpMAEEDLLZLVWS 2 & THDL, BRIMIZIE,
HWHDIFHFMIER LU ZaMITRD, BNbOIFAMIlIZHLE NS, Z DK
RENFNDORED DEEDEDE S 2250 OfID N & Z A IIMHISMEKET 5
P, FEIIYAFMCEEFNIETEN DR RO, IV TSR EE S K
LB, ZDHIT, BN S I3 A2 > TiE< R->TULE D,

IT, RIT, 2IRDEZEFLTHAD, HEIETRED D BELE DD, v PKE
WHRFR TIZ 012 W\W<, Rz, \EBAESIE o ICKEHITE, 2L, #HER
0 DMRRTIEX, 56 H —EMEIZIERT 5, ZHidT A MR FHMEIE L TV B HRER
TH, HODKRFIZE>TEIISNDE VWS ZLE2RLTWVWEIDLITTH D,
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2.5.6 24BENOYA LRT—)

B Cld, EBIINY 27759 RO TFHEIVWTWVWAHAIZDWT, 2 K§%
Lo TR TFOREE, TRILF =257 mt&#@%%m(w% xyb)%
Kbz, ZZ T, RIHIORREEZM > T, FT WL ONPDOEELRIGEIZOWT 2
HREFRBE D K S 1@< hEiEwm T 5.

[RA LA —)V] WD DlE, @b DHE » ORFEZ/D

dx T
=)= (2.79)
KA TETIEDOD T DI eThb, bbAA, MRIZEIETIFz2ELVWAAR

LEDODHEMTH B,

ZI Vo EERTEZRT VO, IE CEEEET X ILF) AES 2 DDZEM
— IR DA NER D HoTWBHERFZ, EDESIZUT2209MEM VT v
SDHEDTHB, Zik, &5 5ARMP TXBCEEIZAA < b TH B, LA
N, FEBUZEIE L TA S,

L. 74—V NIZEE m; DR B —FRIZAMGLTED, TA ML UTHERE
meDEDRINE /2 —FRIZOHLTWE LT B, 5T, b5 EHENMIX
RVIATNTEZONE LTS, ZITRENREEZEZLDT, TNTHLD
Rir LEAYS 720 DT RNVF—% B B, L EL, 4. TA MOV F -2
D% F 2 B L,

d< E; >
dt
CEFHZ LT D, THITHTIERD T < AE > 2 ANTEBIZED Z2EITT 5
ZEMTET, MR

=4m / f 'Ut < AEt > d/Ut (280)

d<E T<E>-<E
d<bi>_, [0mmyl < By >— < By > (2.81)
m

dt my (v7 + vF)3/2

ttéo
ZIZT W O DMBRINZRIGE2EZZTEL ZLIFERTH A D, £9. my >>
mf’C‘vtwvf EWVWIRMEEZEZTHAD, ZHNIEDODFEDIEHIZENE D LRRNE D
AU XD REMS, EESAETIER > TWEEETHDH, ZORIT EDX

“C Et >> By 2DT,
dlog < E; > 3 myn I’
~ — /2 2.82
pn \ (2.82)

T myvd

LB, B, ZOWR, ZRIEITA MK TFOEEIZHRED o 2@ L TLUPMELT
LBRWDT, v — 0 DR TT RV F—24 (FHE) OXA LAT —)I—El
ITWE, TN v ~ oy DEEOAEE ZNIFEEDE,
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KIZ, my~myp T o <<vp EOWSRMZZEZTHD, ZORIF EDOAZE

d(< By > /my) nel' < Ef > 5 3
7 =2 6/7Tm—f 20 =8V6rG~InAngmy < Ey > vp”  (2.83)
kb, TZT
I'=47G*m3In A (2.84)

72{93‘97-:0 é%b:\ Et:thtZ/Q fdtg‘%'fﬁ‘g“(%%lEﬁCi‘

d(v;)

dt
2185, DF0, HEMNNIWIHRTIE, —EDXRTIRXIIVF—%2E552DITT
Hb, SVPANE, BER2MHFIIREZRZALAT=ILE VWS EDIE, REICE
FILTINE LS RBEHNWZ B,

T, EE NRIKEHOXRA LA =)V EWSRHZIIMI 2L TWE VWD
Y. ZOENWDRA LA —VDIZETIRHRVOREETH S, M. KeiHs
WZEoTWAALREDVPHTLKBM, £HRELC IS BREDOTHS, HEIZMHbN
%D,

= 4v/67G? In Anfmfwfl (2.85)

v v3, 0.065v3,

1
T3< AR >, 12200 am?GPlogA
£IB5EDTHD, TITopldrms. HETHD, 1/3ICRIHIEERVD ST
TR, ZH5EHRLZEWVWSEIFTH S,

INE, O— AV BREBTEREINTVWT, FIZIZREHROBHRME W 725
DEZEZDDIZIEHB k> ERFHRZIEEH D, WO DITT, Wb half-mass
relaxation time t,;, WO HEDZHEALTEL, Tk, FEr, OFIZEED 1/2
WBHbHELUT, TOHFOEET K THBEEL, IHIZEY TIVEHNASHTKL
5T ~02GM?/r, L\ o 1-BfREHi> THIT Z 2D HKSE, ZZTEY TILER
Tl372 < half-mass radius 2> 72 DIXEH TR > 72721 THROVEKRITZ LWV, Z
D2 DLW E 30% FREOHHT-HT S, Ik

t, (2.86)

Nrf’/2
M1Y2GY2log A

tyn = 0.138 (2.87)
5,

ZZTHEELBVWEWITRWZ X, ty, 13D EFTHERNIIEWRD half
mass radius DH 72 O TOBAHEFE TH HIZBE RN WS Z & THD, /EoT,
B 2 H 2R OB & 2, B WITMEMHERM, SfHE Wo 726 DIZITER
R TH DD, BRIAFRN S KRE LS TNAEEI & D, H D\ iF half mass radius D
T o AMUPT > L NHITIEIELESTZH DT> TWE Z EIZIERET HHEN
Hb, T2, HEQENPIEELTHE L, MEENRASL VTHEENTELET
R R EDL->TLK b, ZOKIRGE, O —RIVIEANIRR., »5WETxv
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F—ZALEERORIZE > TEZIRVE, ZALAT—ILIZDOWTEL & - 2 H#
ExZLTLESZ iz b,

[REE—ER (EIEXRE)]
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38 #EZ2 NFEYIal—2ayv
D E-HiE

\np
Jdiq

3.1 (LIS

NEKYIal—yavoRfErnwsy 22T, ZZTIEHUTO XS REEEIZ W
THBIZHNSE Z 2127\,

o H HREROBUERE D IEDOEME (A1 5 —FEZ&HlE L)
o V—TTmy ik

o IV a—XTORIERE

o (D, IBLED), HiEL, BlES

IHh. (TABRZIEIFICELHSTS] EWVWH AFETT IV,

3.2 HEEDEAX : Euler method

X9, BUEMEDE > L LML D TH B Euler %2 EMIZ, B HER
OFMERLIZES VDI HONIZDODVWTEZ TN S,

3.2.1 Euler ;5—ZHDEFE
F9. EBROBEEEZAL DS, WM HEA DY HERME
= f(z,t), x(ty) =0 (3.1)

WX LUT, (FiE) A4 7 —EEIEUTD LI BRAETH 5,
il t; CTOBUEREDS 2; THoT-e T DL, Kl t = t; + At TORAEMEZ

LW IIZE L,
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Lok ERT, T2 TlE, BEOfE (BbhroTW0WEHDELT) %k
T, TIhoHFHLIEZE L,
RoTWVWBZEIFHRAL WD Z 27 T, BT 2154 t; TORHKR%E
BUEfREE WS Z izl &d2nwWH e Th B,

B t, TOMPIRMENRGEZ 65N T, t, TOERD LS LWSEHZ, H
ZIXZDOXM%E nESLT
te — t,
n
EWVIZIDIT t; ZIRDTRS, HLIL oy BOIEIZ 29, 25,...7, EETELTWIT
X, t.=t, CORIEMR x, WRKEBDITTH S,

EEMZIE, n 2 KELLTWITIE ELWEXITENWTWE Z S RGNS
5, LD U, KYIZESID?2EVWIDNIZTOFETH S,

to=1ts, tr=to+ Atk, At=

(3.3)

3.2.2 | : AR DGFE

COHAT. BRORoTWVARGEIIAA T —ENESIRES heWnwd &%
ATH5, WHERNE
t=kx, z(0)=1 (3.4)

Dt=1TOEEMEEZEZ D, VD ETERVD, BEMN 2= THEX SN
bIFTHhH5,

72D T,
Te=(14+k/n)" (3.6)
THod, HBEHBUIEERIZELD

el = dim (1+1/n)" (3.7)
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CEFLZOT, ML, 20 THEE DNENSSWVWIELWHRE WS Z 2 THDH,

lim z, = e" (3.8)

n—oo

L0, n— co DR CBUEM D BEMIZ —HT 2L WS ZeWRERLI &ITR
%, EOFEIIIMER DRI, FIMISRME & By K EI L TE %,
BB, ZEBDGEIZE X o S ABRKICEEMRIZIDUR S 5 Z & HEETE 5,

3.3 ETEBOBE

ST, HIHiTIE, 2 0HRTE o & BMHELR—EERIY D 52X TR C B
PR ONDE VWD T ZAFHTE 720137, UDIFERBRIZEEBTCEHEL T
BB e AT FE LTV,

FFEL VPRV EVIDIFESI VI ERPE VWD &, EBIZ n 2 EACAKRE
CULTWoTH, EVMEBIOEMNDP RS BREEZAPNZ > TI o> TS
WS ENEEDL, THIIEBRIZTu I L% 2L s THEIPOTANIET I
Lirbd,

WEZOIWDZeDEEED, £/, TORSKBRVWEIIZUTERND % EUE
2158572012135 TN WD DA, T F I RBUEMIESIE I N
LZREZHED—DOTH D, BbRAIZ, HIVEODHEX, &R EWEE
R CIEMARE 2G2S 2 THD,

FEET, HIZIEC s I akELL, int L EET S, HEBEHE LR
FT—RE Y float ¥7-1F double ' HEET 5., il [FEH L IxF—4H%
BIIZIE U TH WD B, MO HRBRRDREEZRD XS L WIHER S, EEitE
Z2RZ1E double S TH A S,

FHEREE SRR [ PR B DI, BFENLRERTORKEIZE B A A
EIBDTHD, RITHEDILEWVWD &, HARMIZIE TEROKE] ULhrkng
WwWHZeThb,

DFD, WENREREWSIDIX, £EHbAA, EETHEIDITT, WS
&, 72& 21X 1.000.....0001 & 0 2MAfEFENTEH, ZIWVIEELE VWS BLDIEH S
DT TH 5,

AN, HEETIX DB EEROMEHRE (By M) TRITI2HENH
5o 5DIZIDDDEHEMETIE, HIZIX C D float 725 32 ¥ b, double 72 5 64
vy b &S, FlZIE float DA, EEEOREIT (FF5) x(2F5)x (KB &
I TWT, FFHIZIEY b (0 R6IE, 12568), fEHIzsS Yy b, (KK
WD D23y b &S,

REE 1 & 202 RETNIEDNWDT, 021 &WHZ2IZLT, A—1
(16 #EELT 7E£££f) % 2 —27BIZH[ D Y TS, I OVWTIX, FAMAIZE S
72O, MfOLEIZ2=12\W>5ZLIZT5,
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B, HE, 0 EWVWIEDERITAZHELHEN, ZNE T2y M0 W
0&EW\WSHZ EIZT 5,

L ko LEEBHID T o T2, MREIXE T 2ICABROME (Yy M) TREX
NTVWBEWSZeThb, 2Dz, PHAHE, »2 WV IZEBHEZ L
XI/BONDIEEL VI HDD, BHEIZIELWHIFTTIERLS BR>TWS, Db, &
[RINEUIZ D% EZNTH BYAD T, ZTORHEENTSH DT TH B,

b, fIBU0 Hizik, UiET, Yo B, B AREWAS WA DH D EDEH,
oL OFFRBIE RIRIUE L AIIZ R > TWVWD, EWoTH 2ERZDTOHE 1 A (&
HERD) L \ND ZLilhb, TP VIEEVS &, BTHEIANB LD
E1DRHZESTEHERENE VWS EDRD LM, ZNIEISIZZDENR 01225
ESIZH > TV (BEEEBID) WS 22T 25 HKEH 5,

double THIIFIREAI52 Ew b, FBEN 1L EY M5,

3.3.1 MHALEEICHITRAHERE

WA 21T o 2R D AR E S HAET 202 b o T2 HTHL,

EZDIIRE - RETH B, INSHIZOVWTIE, BOEDE & 53 B8RS
. HERERIIME LSRR DS DICR D, FEUNBUEER S IXFE RS
ThEWS Z iz 5,

& - BEIZOWTH, HEMERIIEELHERZALOZEDIZRBEL VWS T
ERIZIZZED D370, DY, FBERORESINDVRELDOHEKREES N
HBEDT, HNEHENKELKEDLBEZ LD B,

B Z X, 5 CHEIET AMTOZENEUSIFRRZ LTz L& S, 0.1234x10?
715 0.1233 x 102 Z5[\W2 5, ZFix0.1x 107 THD, ZOEBHKITEMLEOD
T, ZIZTHEEIFELTOVRVD, ULPURFEDOEETIX 1M LD2A
W, 2TV DEMELE WD,

NAKEHETIX, MBI REIZ R DX EICMHEEHOHETH S, HITH
LRI DD % UZRHZBIME R %L 5, ZHIEEE S50 -THED
HZ0ITT, MEBLZRETAIZIT L0 EWHEETEET S U0,

£ —D2DHIE LT, 01234 x 102 120.1233 x 107 2T 2FEXTHAD,
1% 0.1234 x 102 120.1235 x 102 127425 T, 0233 x 102 X EZMTEACLZE
S, ZIZTIHEBIZEENFEEL TS, ZNIEFEBEAARLTHDSI B REWVE
2T BN RARRETIED B0, INSWHERSLADL EHEENKRELBZ>TWVS
OMMETH S, Z50WID0EEREL L WD,

BUEFRE D T, O L THRERBUTNS BB ZINA D2V KRTDT, &
WHEE 2 FEB U2 W I NI EEZRETH 5,
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3.3.2 NOHBREDHDIGFEDIEKME

FIIHDOFED D 556 DFIHEMEDHERE VD DIEPRVHL WV, L2rL, Z
DHTZVBERALDLPRoTRHRVE, HRELUTHTEALZELRELWLRE S LW
S ENMMTER VDT, DUFELWENHZAAS,

AZ® o7z, MEHREROHZZDF EMHS> 2 2izL LD, XTiEbhrskn
DT, 0TI LIZRLTAS,

x =1;

dt = 1.0/n;

for(i=0;i<n;i++){
x = x + xxk*dt

}

BIZIEC TEFIXZABRELZA S, WDEEDFER, BFREHILDLENENVD
ZemFEZTHD,

ZHIZIEWLS DD HENRH Y 25, —DiF, THBIN) firTh s, (XM
MW EMHGERD D) D0, HAEMIZ, HEVRD 26BN RKINEZTT
NHEVWS50%AEE > T, ZOMMANCEZ DTV, £ —Di%, B
Rt (FHERMWIETE B\ D) ThD, LODPBREEADTH S & &12id, TFHEH
RIZEDMHEDEID Db BMET—HRAET D] CIRELTLWEERZ LV, DI
WZIE, BHERERIIERNICEDOEOR D 2 T VXL - DA =0T BRI LI D,

INSD2 DD FIEIFFEBANZIZZE L WD, ERBRIZIZE S 5 BRI\ T
EDNEN, WO DL, FEIZIFZELSERA LS TRV S S 212, BEWN
fphr 2o £ 0 ICARBINTH O, HBIIIEITIXTITEEIRBIITH 5206 TH 5,
EDHIT, E5HRBENEZTHS,

IOk, £3. ADREDETIMMEDRBETH S, W, fHHEDZDIZ,
EREOEBIZH U THOBEAENUTO LS ICERBHTE2 35 HAD THD ] #
B p ThBHLE, HAKTEBS NAFEIEEME (1 - o)p, (1+€)p] DRI —Hk
AT B,

9. KHEfgErzRA LS, HEZOTE=120L. k &OFRRTITEEIZE
Cwnwed5b, ZOK, dt=[1-¢€)/n,(1+¢€)/n] &R0, for DERMDKED
A

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

T, MOKETIHE S LBV TIEIZEHA L TWIHEWWA, Zhidd F
DIZRETHDDTUTFDEMZITRD

o HEIT x + xxdt D, IED L Z AT THIS,
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ik, BEDOGEIZIEZZENIEEENVELTIE RN, VWO DIE, TIZTHSH
EDVEFIIZRE VRS TH D, TOL S, . BlEf

n

1 " 1
<1+—e> <3:<<1++e> (3.10)
n n

DOHEIFIZ B WS T &IZh5b,
L. n>>1,ne<<1 & UTEHMINZI

e(l —ne) <z < e(l+ ne) (3.11)

EWVWDZ XY, n ITHBITRRENRADBE VWD ZLIZRE, DFED, A%
MR LTnwL &, BOPSEALAERI P> TV (LN V) v
Zehbnb,

T, WHERMRIT OBE B ABIC EOBEMALEZ T 5 &, fERIXEE O EHEE
X0 THED ne2 OREEL WS Z 212725, 2F D, /ne K LVLDETH 5,

ERMEH L TAS &, KIEFHMITlEn > \/1/e TREEREDIT, HITHERT
fliciEn > e 2B TNIDIZAFTE > TWVDB LW ZEBbh b,

IO, EHEIZHEMDIGEIZIE, EB5IZO0VWTEZTD LI ITTNSEHE DD
D, WEBREIT 2T RALRAEDESADUIELWEREZEX 2 Z L IIAARETIX
20N, B R REHRERCEEIEDN T Z UEMEC 5 &, R D IR (Z IR
BB EIFERTEIRETHA D,

BB, —AHDBEAEDI L EZEZITVWDEEMEXT VDT, BT, HARWA
IO DZ L A EHL T, BEISU THODHEEEZEZ DI LIZT S, b,
305 HTBHDERE] EWHRIIZIE, ZOEKRONDZEHELZEDDZ LT
H5,

3.3.3 FAT—FEDIWHRKEEITEHIYRE

I HBRRDIGEIZ. ATy 791 X0 DOWMETEDMRIZINK TS 2 WS Z &
EENZRUZZDT7ED, HEBPEBICHAET AL ST EAAERD AT Y
THAAXThHb, £/-. BT RZESIZHODHEERH > T, ¥ FNFHITL
BN, TOFTEHE, EOREORATY 7Y A XORHIGFERENE 5250
ST EMBRBEND S,

EbAA, 7T T LEENT, BOREDIBREZFANNIZTNVD, &8
fEfRZFHBE T L2DIXEDOMBRDLN SRV NSLDT, T IXWLRVWDbITTHS,

AR, — DD HBRRIZH U TAA T —ENRED IS IZPET NS Z
EaFBZTHD, HW SO E

dx/dt = f(t,z), x(ts) =z (3.12)
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Dity<t<t CTCOMREFZFZD, 5. BB f VBt >t >t |v— 2] < b Tiif
ThHY., ZKXE, BvMEZBLDE L& S, #HMED M THEI A 6N, t.—t, <b/M
EWHERNRD 20T B, 51T, EOHHOEED t, z & 2 IZDOWT) T
VL s
|f(t,z) — f(t,2")] < L|z — 2] (3.13)
7T EDE TS, 51T, n,h B, nh=t.—t, Zi7=3 L5125 (nik
BB,
ZDEE, AT —EPR—RRIZIKINKT B, T0bb, HEEHCHPIFEL.

LIRBILERTIEWTES,

3.3.4 ARDREIZDOWT

. ZTOENZ. FAEERIERAE L WO MR ZEAT S, ZNEMTDO XS I
BIND, (ti,z) DOWMFELBUEIES v, THoTz& UL FTEEMD x(t)
ThdLT5, ZhiE, HETH o MO O FFTNZRETh-> T, FIHHE
2 S DIRTIFZRNZ LITHER LT, Z ORI, g & s iz
D mIRTH 5 LI,

T(tiy1) = Tip1 + O™ (3.15)

EWSERENIZT I, SN, HEEHADPHFIEL T,
‘(L’(ti+1> — .Tl'+1| S Ahm+1 (316)

5B ENZTIETHL, AFHRENTHKEL TIWD, hITIFKFE LR\
Wb 5,
m TR Tm+11I2T5DIE, hDP/NILK Bo7=n%z2EDE<72HTH B,
A T —iED AT EEAL R A X,

Y. t; TOXDEDEDT A T —EH

dv  h*d*x 3
x@+hy_@+h%4~§%5+OM) (3.18)
ZHARTANTDNE ED1Z, ORY)IZ, DED 1IRITKE->TWVWD, £H, Zh
T A7 —RAPDONZDOFELD, TEHIZHS, 2D fIEC® THDH LW
ST Taiz#ED 5,
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3.3.5 FAZ—EDIRMEDIA
FEHO A LTI, BURIIC 20 2L TS <
viit = 35+ hf(w 1) (3.19)
L. BOMREOEPIRLVWDT, ZThbobBENTHEL L
(i) = 3(ts) + /:“ F@(t), Odt = 2(t:) + hf(e(t), ) + O (3.20)

Vit R AN

Tip1 — 2(tis1) = @5 — a(t;) + bl (23, ;) — fx(ti), t:)] — O(h?) (3.21)

M % & X
(wivr = @(tivd)] < Jag — a(t)| + |h[f (i, ts) — fla(t), 1)) + AR? (3.22)
ZIZTAIBERTHD, [ PEREBAREL L2DT A IZBTHET S 5.
e; = ;i — z(t;) (3.23)

EBWVWT, X5I1I2) Ty VEENSERL T
ZIZT, HHOEDIZ g =072DT, BEHIZONDEDIZ

i—1
EWSAW§:ﬂ+hMY::ém1+hMY—H (3.25)
k=0
ZZT, nh=t,—t, ThHhoIlZBEVHTL
(14+hM) —1 < Mt g (3.26)
IR i
|z — z(t;)]| < M[e(teits)M — 1] (3.27)
A

EWVWIDITT, b, iRZD ERPAFHEL T, TN hiCHHlTEE NS T L
WRENTZ, B, EROEEZARD LD itk z L TWE I Ehbhb,
DE D, WAMRIEWED M OE%2 L TWAD T, EoZ2EIZEDTH ., i
53 HAED REAERBEEMICE AL TV Z2izn b, ZhlE. vz L
RS U256 OREIZ DWW TIIHEGRINIZIZ R e 08 U WD H 5 & »
52 ThB,

BB, TDE5%, HORHHIFHCTHEIULZH L DMAEDZ &% [2lf#li
2] WS, ZHIRUL, 1 ATy TEIRO UL DiEZ R E, b
W AT LR & VWD,

URBR[E T < THRANTE 2R THET S0 T
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3.3.6 LIV LEBEVWAZE

FA4 7=, TTITRBRRZEST TR U2 LR, D0, BIEEEL
HIFTnwZ s 95, TAIHHAILTHAEE X TLED, £/, ATy 7
BRKELRDEDTHOBREDHENHETL B, TNTIE, £IDLBEWHIER
BWNDTHADM?

LEHA5A, BOVAEZWAVWAHEDITTHSE, TORTERHIIR>TVWED
EZFIZARND 3FTH B,

1. Vo - 7y Rk
2. KR 2 BRRE L
3. fANE

EOBHAT. VT - Iy REDFEET B,

3.4 ILH - UK

Wr - Iy RFELE NS DX, BB RNLIBIZEITEZARD I 7 ATH S,
Lio bz VWOTETHZH T TS,

3.4.1 ZRDILVH - v EE
DIFD &S et EEe# 25

h
ki = x+ §f($u ts)

WEZIRORAARIZIR>TWB,

%%ﬁ%fﬂMﬁ@“ﬁié%ﬁﬂﬁ%?%nﬂkﬂtétm5:tﬁlw®ﬁ
17 —EDLGE LS AKIZUTCIHHTE 5, —HRIZIZRED E T IUEL] A % /)N
I LTV IZHFIZE S BEENNI K I B,

N, ZHRIEFVWDTERBEDE VTRV E WS T 2EKRT 5T TlERng
mﬁ:tmﬁ&%?é%%ﬁ%é R E N KT — MBI BT E ORI S K
L. ZDEDITHAANRKECRFITIFREPMMBE AL D EHEEIEL RS, £
72. RK EOLEIITEZH T2 LR EEMZ 2D T, FHEEZRFRLIZLT
HR2ZEE 0L EL 2D, Lo T, BELEEICLN U CTREDIRENH B L
WH Z &Il b,
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3.4.2 RKZED—H

2 XD Runge-Kutta IJEIZDWTIL, KPR E WS SO HEETH S, TD
MO ET AT KL AMRICERRZSI <, D, TNEIROKLE TEILT DT
WL, ATy TOESpDE ZATIEDS, T, 2ZTEHS RS AREADH
WIS 2, ZZTOEBBOEEZF>T, DL I A (t;,x;) 1O ELMRZSI
< DHIFTh 5,

Fix, 2IKEEEEBT S RKEDOARE W DIXZN—D2TldRw, AFD X
D2RELEDEAEETH B,

k’l = hf(l'“tl)
ky = hf(xi+ ki tiz)
ki + ko
2
5T, IN6DORNARZEL—RNEARNEERX5ZETE S,
Hol —RIZIZ, LFRDORIZEL Z N TE S,

(3.29)

Tip1r = T+

Tpt1 = %n‘i‘thzkl

i=1

ki = flen+h) aiks, t, +cih) (3.30)

j=1

HARE s 2B (number of stages) &\, ay;, by, ¢; /X TA—=XTHBD a
& o ldEE

j=1
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EBH L&D B, Tk, —RIZZED TRHRWVWE D BARIIAAEETIZ AR WA H
FOWVWWZ e BEPLLSRSLW) o THhS,

E. 2O, RUZEBVTULES &3 QIZEbrsnd, #lziE s =2D84I(C
BEFTLTADE

Tpntr1 = I + h(l{ilbl + k2b2)
ki = f(z, + h(anks + ai2ks), t, + c1h)
ky = f(zn+ h(aak: + axnks), t, + c2h) (3.32)

. EH. TABREUICRS, TR RSANTTCIThrs K51z,

Loa; (j>i0) BDERTORSIE kb 2SIEICEHELTWS 2 TES, D
F0., TR ANk oTW5,

2. a;; (j>4)MBODEEF, &k IZDOVWTORIT k; ZIIDBA-TL S, Z
N& PR (semi-implicit) ARE WS, ZOHAEITIE. £T & IZDOVWTO
FRERZ L WT, T by IZDOVWTOEMNT, ., LIEFRICFHEEES,

3. ED &S BHBRELL v, TN AXenwSZ&izkhs, Zor
. TRTD k 12655 (—RICIEIERIEZR) N2 —EICE < BB
Hb,

HEBHARE Wo 2HBILREDEZ DL BN WVIDIF LISV AE L
N, TN 2 0MEND - T, —DIFELEWTH B,

BB DO LZEME WD DX, DE D ARYDMENIRADD DRI, £ T 0o iR
BIBIZBEN T W20 LW E WS Z 2N, B AAFTDEOICIZnDEn
BETIHENE W\, TTOMNEETH D, D DAL U R FEAEDE
MR EATH BRI, BUEEE Z S VWHOMEZE > TOTHRL WV E WD DA AR
DL EMDFEMIZ 5,

T, BfRETIR, —fBIZAT Y TH A X2 KRELTBELEETD D BLIINLEITE
b, TR U, BETIIAT Y 7Y 1 ZICEBERIZZE E . IV ozn
REELZENTES,

H 5 —2IF. FHZ Runge-Kutta D&, [F UK &2 EES 5 D12 B BN
PR THLEWVWDI 2L THDB, £H, BBV DL L THIERIL HREAZ i@ h 72
WEWITRWDTIEL DRV E ZAEH BN, TN ZIXKEE T T
HBESWTEDLEHDOMMIZ WL RS EL 720,

3.4.3 HHM Runge-Kutta’x

IV 2« 7w RIEQRNTEH > L HIALfFDLNTWE DN [HEHE] & Wn»
bNAERNATHDH, EEX T &,
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kv = f
ke = f
ks = f
ko = f

EWVWIHLDTHD, ZHNE, WAWARWEEZE D, fHlxIX

Tn; )
T 4—hﬁq/2 tn + h/2)
n + hks /2,y + h)2)

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

Loay; Di—j=1ATRTOLRDT, HHDFEIETH 5,
2. IRBMMAIRTH O, 4B GHARCRELETBE R B kI 2 E R L T\W5

3. REBDMERGAHBLDT, 7077500 TV, FEMORAEZ/NSILT
&5,

ZORRDP4MTHAH I 2RI, ZTEEERTIEARW, BIHICHEDRD
L0 &3 HER L TATAL Y,
T, 77 RK ERPMD HEIZODWTHI o TEL RS Z L RERIZH I, WH
LA L TWTIEZTNZ T T OERORFREE 2> TH LD WD TEHIK
ER

3.5 NIINVREFDIE=DHDEEE

NS IaL—varveWnWd I eumDT, — R EmS HREROMEL NS
F0H, OB I NIKROMEZ S FLK KRBT B L5 HEEZRVWIAEVD
FETHhH3, EVWoTH, NEZOHEL WS KO BIZNI I NV HEFEZROMEIZ
5,

3.5.1 fHBELHIE

HHAFRADE > L EEHELHE WAL, —WROCHAMNEE . o b, EEA
BTk

xr
Eﬁf:-—kx (3.34)
Thb, TNORRIZELEBLAARKRITL2EDOTH Y, THNIXEEMEIMERTH
LM TH B,

TIBUERIZE DB N WVWS T 2B THD, & DHBRAVIEMD
BRALDOT, BUEMRD (KIFELRAREFLRWERD) MEAED HREADRIZ
5,

ZNTEROBENMIREINTH 5720121F, TOREAEMEOMIEATRT 1 TX
WEWIFRW, 2, FEOARTEH I LIRS RWw, b5 A, FErEtE L
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MADHRETLIDPOITNDLETRDT, R4 LATY T2 +H0/NE < THRIENN
EWVWIDMN TIELW] FX A0 LRV,

N, EFH, B UBBEMIEEICIREIN THNIE, ZThidde B VEE
TRV, ERZZHOGERHGEOGETEARENRERBIIZDLS W, -
72U, ZH5EERVWAVWAHGBIIZIE>E Do TWRWZ DB D, D, K
MEAIZWS LEIC LD BREFEHEVLEKDNI->TWB, DF 0, L eAEMTHSE L
T2, RIEDOFBEDETIREBAEL S — Az nTn, 20, REFEETH D
BT DOIRNF—ENREFEL RSB,

EHAA0. TRV F=DVEBIZIIMBEL VWG WS Z e DHETH L0 E 59
EWVWIODEERHELUWHETHS, LW0IHDIE, RELEVWEVLSTEEBLAA
BUERDKEE TIXREFEL TWE DTN, TNTHEDLRVD TRV E D
ZEZAONBEMOLTH D,

3.5.2 =770y IAR
H o LB TMIZMHEDLN D RNXILLLTFD leapfrog L \WHONEEDTH 5,

Uz‘+1/2 = Ui_l/g—i-Ata(fﬂi) (335)
Tir1 — $i+Atvi+1/2 (336)

INTIHEELMNENPTNEZRETUNPERI NV, HFEHARNE LT
V12 = v + Ata(xg)/2 (3.37)
ZW, THICKRTHARELT
Vi = i1y + Ata(z;))2 (3.38)
S TR EHRBEEADED I ENTERS, 2K, EiX

Vit1 = VU + At[a(wz) + a(xi+1)]/2 (340)

YEFHICEMITH S GEALCABZ L) &2, UTOLSICHHIT 2

’Ui+1/2 = v+ Ata(xl)/Q (341)
Tit1 = X4 + Atvi+1/2 (342)
Vi1 = ’Ui+1/2 + At&($z+1)/2 (343)

IHILER, HEEZHEELUC o, 24, 201 DBEBRADETHIVWTHEZLEHD
MNE LNV, BE, TRTESLEDRDODVWTWEZDTE5H, FERITILOMEAES
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AIZTNIEZRIZFEA U TH S, e, TNODESIHSDTHEDND LI IZENT
HEBRERDH LD THETL I L,

ZDARNIZ2IRTH B, ZHIXEHINIETL Y HWEHEIZD)2 S,

XC, FAAEZL VWOBEPS I ZNIEFHRUTEWARE WS DI TR WD,
WHEIZIFZZDOARNFIFEHIZILS b TWna,

ZhiE, Bz oL FWAEZHS W5 TR L, BRI D HEMNL
ODNDEKRTIHEEIZRWHETH IS5 TH D, W OhDEKE X, #Hlx i
INF—CHEEED LS REAGFEVEFICLISRET LI LW 2L THE, Z
NODOMHREFRIZDOVTIFZ K DGEITEEND B B2 W,

TD, HAEBL LBEENMZ 2V E WS DIFEELWEBTH S, BHD S
FETIE, TRV F—OFEEIFRICHAIL TR TV, f/to T, RRMEIHRE%
ULES T NXENSE T EHLEEE2TA20ER DL, &AM, TRLF—0D
AR S TR VDORELIE, RS TULBKEES2 EIF20EIIRVWEEHE X
shb,

HEHAHA, TXINLF=PEELTOVNIEZTNE T TEHEIELWVWE WD Z &I
72 570, A, BHERIIZIE, WS ORDEELFEENESNTWS, £T,

1. leapfrog I symplectic method D& > & HEFHELEDD—DTH B,

2. leapfrog I% symmetric method D% > L HLEHHELEDD—DTH 5,

Symplectic method (IZ2DW Tk, AFRD LS Z Mo TWS

1. symplectic method 1%, T KRS LEHBEEDNIIN F=T I LU TH-
AT, FUTEWHIDON IV N VRIS T 2B E 525 LD B,

2. AMMRZRONIN P VRITH U TS 7Z5AIC, CARETEHIENRHE
TR B L T U2 X A,

3. A2 ZEZ 5L EDOX DRI LI 17272 785
ZHUZxF U, symmetric method IZ2D2WTIELA RO L 52 Z &SN T WD

1. JAHAME 2 Fr ORI R R IZH U T o 72356812, CARETHIHADI HE
THRHENIZEHIL T U X 20,

2. KA AZZZTEHEIFL WK EDIZTAHZ RS,
DIF., STEEMICI NS OME 2 MERT 5,

20



3.5.3  HBYEHI
AIRENF

REZZEVTOVTHERLSDRSRVDT, FhlzRTALS, £9| flifik

#il & U CRARH<E)

d*x

Pl (3.44)
% leap frog & 28DV V8 &y X TR % T, WIHHGMEE (2,v) = (1,0)
T, REZIAZ 1/4 TH 5,

i e TRV F — 2 MRS, EFEITRENZRDIE, leap frog TIET XL F—
DN UL LR WDIZH U, VT 7y R TIEEFICEATWSZ 8T
bH5,

W7y RTIXHIIZEAT 22 WS DIKANZHH LB THDS, X T, Z
XS U, leapfrog TIEZRIVF—DE/L TVRWA, ZTHhiFESI VWS I ek
DTHAHA5?

Fik, ZOFMIREFDOHEIZIE, leapfrog ARILLA T D&

2

1 h
H = 5(302 + v?) — ZJ:Q (3.45)

ERAET DLV L 2MENPDD I EDHKD, DFED. (z,v) THEAOLNBDAL
YD ETEZ S &, leapfrog ARDEIE EOAXTEHEZ SNAEMD EIZD -
TWBDTHb, ZDDIZ, TRALF—DRENDZHHELD HRKEL L DER
WZ kil 5,

FERRARED
Tk, FERIRE TIEE 57255 P ffidafile LT
d*z 3

% leap frog & 2BEDN V7 oy X TR % R T, WIHHEME X (2,v) = (1,0)
T, RREZIAIZ 1/8 TH 5,
il e TAVF — 2 MITRT, AR OEG & FEKIZ, leap frog TIET AL
F =AM UDZEA LRV DITN L, VT 7y R TREFICEA TW5,
CDOGELREENDH B DT, HIENIXKRE 225 Lk,

354 VT LIT4v AR

X T, leapfrog AR, ETRZLSIINAINIVRICHFL T RILF—i1E
DEFICHED LW RELREENRD D, B 2EETL2R, Ho L&D
TERRWDEAS S, 7252 TNIEE S WS FEBTIEND D25 5,

o1



45

3.1:

I RS BRI

[}

7w R, FERRIX leapfrog DifEHE

92

ARAURE) T OBAERI Y. £ B, A TRXVF — BEIE 2RO T



(o)
o

3
28 — :
26 — /\v//\7’/\/1/2/1/1/ ;
=1 m
24 — -
2R — :
2 L | ! ‘ I | | ‘ | | i
0 20 0 1

3.2: FERPAIRE OFAERT . /2 B, £ 0 TRIVF—, BERIE 2oLV
7w R, FERRIX leapfrog DifEHE
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EIRDJFIEEFERT 2 —D2D07 JTu—F0, Yo7V ITFav /RN nwbihd
HEDTHD, ZHIRIZHLEWVWS &, EORANY VT LI T4y 0 BERIZH B &
SIEB L WD T & TH B,

Y. INTREERPDLILD FEAR, YV T LI TavrEBHER, 1575312
IEHEZS D Z kf%é TEMEZEHA L 3 ART 2\ D DI 122D AFE A AT
MU WA, EHRNIZIE, NFEREAZBIZHED, DX DEMHE ZDEERTRD -
%ﬁ%ﬁ@bk%@t\ 2Ptk D RS R T D HFERDOHEDEEIZFA U272 5 &
SHEDTH B,

AiWFVﬁ?%®%%@%@(%6%%t@@@@#6\t+h?@@@ﬂ%

TEM) LTV ITav o ThHE, £, ES, YTV ITav Tl
TWABEDBHELSARIX, T2 TRVEDIZHARTRA LR LS TIFEROWEIZH -
TWa & oA d %,

T, WWh o Z o TWVWS &, ED leapfrog ARXIEZ DY > T L2
TAY IWEMIZLTWE WS Z o7, 3L <1, TEERZE] 1995 46 H

Do -EHIZ XK BB HETHEATES DI ZLIZLT, ZZTEHERDAN
WZIZEARBREDRHDENEVWIEZE L TEL,

R fRE

BGREEDM AN T HIZWA WA H S, —DiF, RKN ZOART, Bz y v
TV T4y MR EZTIOICRDZLEVWS 2 THD, TNIXI I 10 ETHE
BUZE XTIz, 4R, HDWVIE6IROARE UTIE, HHEHPHAIZ L 2EHESD
FRIZED S AR RS NT WS

IS DRHEDFEMIZ, %3‘56~J:0) leap frog 2 XA L ATV TH2EZTWNL
OPHEDLEBLEWVWSIEDTHDB, DELRALATY T2MAEDE S L L
DEIRDEZFTZENTELEDIITH S, SEARDARN, 7TE6IRONNEN
HFHIZE>TEIPNTWS

BB, BERBFIEFAIL T VD T(p) + V(g) DDA UMEZ W
B, KEOMBEIZZSETFZZLIFWVWS ETERNVWTH A D,

72, RKN ROLNXZ BRI T 5ALDH D, 41056 8IRE TDOAKX
MESNTWS, FIRKEELVWOBANSIZIE 5DIE D W leapfrog Z &
5HD LD HEFIZNVNE NS T DR STWVWS, MW, leapfrog Zfl&HHE
5HLDIZ1F, UFDESREERFEVRHELZ L BMENTH S,

o TSI LNEHETH B
o R AE) ZHPJEL LN

HZIZZN 5WTTa s T ADNKED

o4



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

{
static double di, d2;
if (first_call !'= 0){
di = 1.0 / (2-pow(2,1.0/3.0));
d2 = 1 - 2x%d1;
}
leapfrog(nbp,h*dl, first_call);
leapfrog(nbp,h*d2, first_call);
leapfrog(nbp,h*dl, first_call);
}

V=7 70y 7 LA EEZTIEERIZITTH S,

355 YUTLIT4v I RADOEERERIG

T, AN (345) 2ADEDLNE LI, YTV I T4y 7 RNITHBET 5
INPZT Y H OZEREEAA h DA TWS, #oT, h 2356562825
H $Z0-> T, fERIITKE - 2 8EMR L — D DN FRDOE TIXRNVRAMNE
BEDIZHR->TULED, WD ZeiE, AERMAAIZT Y YTV ITav 7
ARITED FLFAIPRVDTIHRVNRE WD Z MK INS,

U2Z0@E) T, BIZIES YTV T 4y 7 THODAARDIV V757w &2y
SEHEDEMES T, EBRICKHMAAZZEZ TAEZANRNS, TOME, @O v
Ty REDBRLBREIRNEND T ENFHR I N (1992 FHH), FEIZE-T
X ZNIEBGN RG22 D T, XFIERMISEIEHIZHEINTWS
DDVEIRTH D, M. HED BRI T WL FIEEWIDIFROIR->T Wi
WS ThH5s,

BB, YTV Tav 7 ARITBWTERICRMLAZEZ S &, ThIZY v
TV T4y 7 TIERLH2 0D 2 D Gear & Skeel 12X D —fRIZAFAHEI T
W5, S DFERIE, FEZASEDTEZDL L, BRI HIZEATLED
(b DABEIZ & > CHBZADREDLL7280) 12280, TOOIZTTOANRNNBY v
TV T 4w 72 THNEEEANAZBEZDLENT VYTV I T4y I TS L
WIHIELDTH D,

TNTIE, KA ZZEZ D DIEFMIZATARENPE VWS &, LTFDOX I UBFE X
W TOFERED SN TWE, NIV =TV H %

H=H +Hy+-- (3.47)
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CEBOEOMIZDIT., TNEFNIZOWTES K% AZ G2 5 Z & TEMKIC
REIAAEEZDHEWVNSIEDTH 5,

E5 DDV YTV I T4y VAROMERIE B THHEVWS Zehs
— Bk, BRIV 2y RO ARNTH 5 DT, BRI T 55 HE
EWSBED SR BRI AR TR TENE WS Z 2 Th 5,

—RIZZEECODOWT Y Y T LI T4y WD LIS REDEH D X208 5 H
EWVWIDDIE, BEMEPEADOBH LR Do TV,

BB Z— (EIXXA)]
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45 #EE3 EHZAREEEHEE
% GRAPE

\np
Jdiq

4.1 EL®HIC

ABEBETITENSRMESE B GRAPE OBEFIR & (di /] 515 % 3 5,
EHEAEROYHX, NAEYIal—Ya v il 5> 0no58DTHBENITDONT
X, INFEFTCOFBCTEMAULHEMNPEONTVWEEDL LTHETIOS, &
W TH GRAPE 25 DIFZNIFEHLWZ & TlERWVWDT, bEHLAMX
FTICHEWCIEE 72\, HE, EHRENZRROYBZESLALHEL TV L
XWVWEEND, FHDOE N CRAPE 23 55HH a3 — NV 27k, —
FELTCWA X SIZAZD,

BHHEHRRDOYIalb—2arTlk, I RTORTINSTRTORTFADES
MEEAZEHAT2BER DL, T LU TEHLOHBE. ZOWSDOFHEI A N4
FEIZANDSIHLDOREDZ DB, L0 RKBBRHEZITS ZOIIE. 208
FOFEZERIZITD T EVNEEIZR D,

EHEADFHEL LTIE, 7TV XLDTRIZE->TEHEERRSO T THD L
M, BHEMEEB X OEE I — R 25 L LU CEHEMERY » 0FtEEZ2BS T, &
WO HENALFAINTWS, 20607 Fu—F L i3ilic, EHMHEE
HOFHEEKEZELS TV FEEEZOND, HIZIZEITYY VO 2 501ME
BEi-oToay 7Y A 7NN 1 EHHNPC 2H-TLE520W5DEZDFIED
—DOTEHED, EI3DLREL INEEET 505 GRAPE TH 5,

GRAPE &, BRI, K rHEEDHEFEHOEEDAZ  EHIZITIN—F
D7 Th5B([12], [11]). BB R EEIUNDERIZ., GRAPE (ZH#t U 72N
BB E TS5 (X 4.1). GRAPE 1Z38F ONAELE DA, 20 Fns
FTLIZEFIRNAWAREHAERITZAD VWO WE, 2EECLTEWI R MS
TA = VAREFTVWS, RFHEDUIFHETE WD DIZ, [FHADHE
MONAEIZ 5, 10? ERESHETH 5,

728, GRAPE 3K FHIEHUNPHETERWA, b2 \\Wo THEEHEDL
DTN T XLIZNIRIZS 2 WD I TR AW Z IZERLUTARL YL, #lxiE
W) =R PPM R ED T IV TV XL %M 728546 TH R HE O EE 134K
RELTRKREWDT GRAPE IZ X2 EHMAGETH B,

ZDiHEFETIEE T GRAPE XD & 5 REMATHEHIEL TWBDNIZDOWTEH

o7



Position etc.
H P>
ost
Computer . GRAPE
orce etc.
<
Orbital Integration etc.  Data Transfer Force Calculation

X 4.1: GRAPE D RARE &

A9 %, FDOHBEREXE GRAPE VAT LADOKEE Y i Hikliz DOWTHSid 5,
B2 GRAPE L8R 73 A A EHAESDE-HE LT, GRAPE OV
) —iEADIHZEMENTT 5,

4.2 GRAPE OEj{E[RE

AHITIEET GRAPE BED & 5 RAMATENEL TW B DT DWW THiHA
T3, TDO#H% T, GRAPE N L 0 @ WIERER S S N B IZ DWW THHA
T3,

GRAPE OB 723 DIZENFEHDONS T34 v Th b, THIIEFE z; =
(zj,y;,2;) \CEPNIZERE m; OKFDPEEE 2, = (vi,y,2:) [SEPOIZRFIZK
EITH f,; ZEHET 2NN T 2T CTHD, EED jITHT 5 EERRIENEHD
VIUZARIZEEINTOLMEDIZR>TWS, BT RIZIDNRA T4 1%

N N
F, = = A 4.1
]%:ifzj jz;é:z (’w] _ wi‘2 + 6?)3/2 ( )

ZEIRT S, TI T VI N2V IETH S, H4212310 754 > ORIIKIX
RT. NEIIETHOR T ORME x; LEE m; 2IMNEroHEIsa Yy 2 1T
T8, XA TIA4 VR TT=RBEPSHEANTRNOOMIEINTY E, K
F oA BAERBNS T4 VORMKETHE Oy VBRI NTYL, hEZT
LHORFDRERE 2, &V 7 b=V Tl ¢ &, BHRFABATIZH 5 CHAEBL ¥
ARITHRELTEL,

GRAPE & IFHEAMIZIE, ERROBNFHEHONNA TS 4 08, XA T T4V
T T—X x; & my ZHET2720DAEY) K- F LiZoE, 2160l
X R R MEHEB L O@EEEITORIEEZ DT ZEDTH B, 7272 UERITIFZNA
TIAVIE 1 ARUPRODITTIEZRL, HBEARDPEM LSI Fv 7odizEHI N
THBO, TOESF v TEHEEE A BREHRINTHR— N EIZEEZEINLTHY
%, GRAPE-9 TIZA A& L LSI O D IZEHHEHKATEET N1 X (FPGA: Field
Programmable Gate Array) 2MHHLNTH O, TOHIZENFENA 7T 1 VA
PAEY[EEEE IO T LTSI LT, GRAPE & U TOBERENEHINT WS,
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X © : X ;mx
y

Y &, . & jz(f iy
V4

2 © : ? >(f)).
m; /r?

m e
€7 | 2 3

Fij 2 3 Fij

2 2 2 2
Xij +yij + Zij + si

X 4.2: EBHEENAL TTA v

FifE. GRAPE Y AT AT{HbNTW5S GRAPE-9 OEETIX. Fv 74720 56
KON T34V EERE L, ZOF v TR R—RKYLD g HEHINTWS,
FEDON=RI =27 %o TR T n AOMDOENZFHET 2 FIEITIRD LS I
5,

1. 2 n N TOREMEEHE% GRAPE EOAEVIZEZAL,

2. AT T4 VAR (npipe) FORTOEFELERE, V7 b=V 7ff% GRAPE
EDNRATIA VI ARIZEZAD,

3. EHREBIE(ES % GRAPE ~i%2%,

4. BHE DT 2D,

5. FHEAER (npipe DR T ~MUDR 723 %IXT F1) 2 GRAPE D31 75
AVVIVARMN S AT,

6. ECORFANDNZFR US> 7ZGBICIFRZR TS5, 5 Trbnd
50 ORTD > H npipe I LTAT Y 7205 5 240 IKRT,

ZDFMETHERD, RD/-HEM> THERD 217D, LWOEEERMAT Y
TR BRI, EREEREICES NKYIab—yarya— NolskED
DThHb, 72770, EEOI—RFRTIXZofliz, BES IOEBEOA Y —1) VT
P, DL EI LT GRAPE %85 72 OHEMMHIHE, 72 & DML 7 Li
PN DR EIZR 5,

29



PA_ET GRAPE OEIEFRMIZBET 25HIZE O TH S, IRIXZD X578 —F
7 REENAEI D EWEEEREONDLDD, THEHH, TOHBEIFILT
D3 RITFLOHONS,

o T—RDIER., 7Ar—~<v MR EALINT VS
o HNAMHHEEHDHEN RS T4 I NTVWB
o HHDNA T4 UM INT VWS

FITE-DHHE, T—XDFERE., 74—y FORELIZDOWT, NHKETIZZ
DHE, TRTOEKZ 64-bit FE/NIGNTRIIL, THITH LU THAEZIT I,
LUK (4.1) HOTRTOFBIZZNEEDFEER XA F I v 7 L v IR BER
DIFTIERWL, FHEZTE NEKYIaL—YaryTIRHOBERZTNIEEEHL XA
CTRWEAHRZWI 55 TW3 ([9], [7]), ML EDHEA S GRAPE T,
MR N T VAR EHKB TS T LD ICEKHARDOFERECHME 7 +—~<
FNERELLTWD, ZOL5HZ A HEERDIX GRAPE PEAKTH O, &
HIREADVPDHONUDRES>STWVWENRSTH B,

RIZNA T Z 4 22 WT, GRAPE TN A 7710 402 & D, ~ 10 HD
HEZFERIZETLTVWS, ZDVWINEIZ RS 03% EIFCHHL LS, 5
Iay P A INT jF BHORTDNA TI4 VORMEIZHD, ZORTD5
DHEBMERTH 72235, N— R TR TI71 4 InTniiX, Z
DL EFIFIZ j+1 FHORFIZOWT myy /iy EWIEIREFETL, j+2 &
HOKFIZDOWTIE rf,, 2 1.5 LT, Z5HHL, 5612 j+3 HHIZOW
Tl s+ vy st 2t ZatHET L0 2V ZEWRTR 5, TP
DFEIZ 1 78y 7Y DITRABEANTVE W 2 HRRETHEDIZHRS &
RKERMTTHD, ZOEIBIEHPHEELRDEXILY GRAPE 2EHETREX
DHSPUDORESTVENSTHY, £2DX (X 4.1) MRALD jITH LT
WICEHRTE DAL TWS (j IZ2WTHiSIEEZ S > TW5) 5 TH S,

BB T T4 v OAFULIZDONWT, ZTHIENRA T T4 V2L IAARS
EWVWSEITTIED TRV, XA TITLVDORBPEZ DL, A€ PS5
AT IAVANRTT—REMBTDHEEDN, 1T T4 Y OEIEITEWA DL
o5 TULE>S, GRAPE TIRERD A T34 R0 EDDAEY 5 E—Dk
FTT—R%&2%ZITEeBITCIOMEZERELTWS, TNHDNA T I A VIkH
UjBHORFDS, HEWIERREZA VT IR 0i+1,i+2,... 2RO FADN
EAINCEHET D, 259528 T. AEYpohiT2M6358ES2 EIF5Z
ERANA T T4 VEEEYES, 22 TIERN41 BELRD 12/ LU THNIZEA
TEBHELTWVWS (i ILOWTHiSIMEEZS > TWE) 2L 2FALTWS, &5
Wik, IRV F N TS50 0D AEEFAVCTRERAEY NV NiEEZ X 5
TR TERZLTWS, 2RI 1 ADNSAS TS54 v R2EQELTHEN, 0&D
DRLF DO RIRDRFANDNZERDDZFEDI L THD, ZDHiEIFX GRAPE-S/6
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| GRAPE-DR

Arbitrary

| GRAPE-7 Calculation MDGRAPE-3

YEAR

1 5001 GRAPE-6 VDM
(MDGRAPE-2 + WINE-2)

=+ '99
GRAPE-5 PROGRAPE-1
Arbitrary
Interaction
GRAPE-4 / \
SPH

f MD-GRAPE
T 94
HARP-2
HARP-1 WINE-1
GRAfPE% 1 GRAPE2A  Eyald
GRAPE-1A GRAPE-2 Arbitrary

Central Force
f " Hul

, Accuracy
+ 89  GRAPE-1

Limited
Accuracy

4.3: GRAPE & ZDfffj7-5

THEbLNTWE, ZDRIENSA TZ A1 27 25 HEEIX GRAPE-9 THEbHLNT
WB D, GRAPE-5/6 D56 L EIEN R 2 D THEENPBETH S, GRAPE-9 D
BEE, —EICEE TS TN T R T AEY E&2RTOIRENAS T T A
VEWHSERFLNT WS,

4.3 [EILIXXH GRAPE YR 7 A

AEiTlZ GRAPE O HIEIZOWTEAT 5, 02 < B2 GRAPE & \Wo
TH. A3 R T o1, FHRIZIG U TAFEES ODN— R = 7 RFEET 5,
BEAWLEEFERRIIENER U THSH, EHRMIZIE. GB0FESHEO>VTNWS
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Internet

|—V:N—| GRAPEV R FLERIE
Firewall
HPC network
Network switch
Login node GRAPE-9 I GRAPE-DR
muv01
(Xeon 3GHz)x2 99-01...99-08 gdr-01...gdr-16
1GB memory Intel Core i5 4670 3.4GHz Intel Core i7 2600K 3.4GHz
80GB disk 16GB memory 16GB memory

X 4.4: ESZRKXEH GRAPE AT A 3y NJ— Z7kERK

GRAPE IHMEKEEEIFE A, BEODDIFEHEHER L WS Z2IZh>TWnW5,
SNBEIDREEIL, BEENITIXATET2~3 M. BETTHRETH S, ém
DS, HEICKRELREEIZY I a2l —Ya yONERHKNIZ L > TEE S DT,
EDN—=KD 2725 REDIFEHEFNCAEZZET 5,

GRAPE ([ AiEZ2 R TIZIEEAREID B > 72 HD30 0023\, Z 2 TlkELT
RKYEBEIZEAINTZ GRAPE-9 VAT LI DWW ZITS 2 2125 5,

4.3.1 xRy NT7—URmK

ERKXEHE GRAPE Y A7 LDRE %X 4.4 IZR”Y, GRAPE Y AT LDT N
TOEIE, CICA HPC 2y F 7 =27 DHFIZEPNT WS, Intel Core i5 4670
F v THHD PC 8 & (29-01 - 08) TN Z4Z, GRAPE-9 7° 1 B3 2##kIhT
W5, ZN51E CGhit 1 =Y %y b2y b =2 THEEREI N TWS, SEIZH
F DFEL < filin s, Intel Core i7 2600K F v FHE# D PC 16 & (gdr-01 - 16)
ZNZFNIZ GRAPE-DR 2207260 UA Y N7 —2IZHExiInhTnws, Z
Dz, BvZ 4>/ —F (muw0l) BEIL A Y b7 =21l HRINTW5, kbl
B0 AL, muv0l (GRAPERZ A Y/ —R)IZuZ1 LT, YaTo#H
A&BITFDHETH D, 270, EFiIzBwWTidn s 1 v/ — KRHE T GRAPE-9
e sA v UTEEZRT S,
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4.3.2 GRAPE-9 {fE&

GRAPE-9 3R HE MBI 81 754 VB E2ER LU ZIEY AT L TH
%, e ESHZ 52 21250 GRAPE-5 MY OEDFHFE KK GRAPE-6
MOEHEFAMBEEYDEZ S Z 2D TE S, GRAPE-9 model800 (213 8 D F v
TRHEHINTWED, FHEPSIZ1IDODF AL AL LTHERS ZeNTE 3,

# 4.1: GRAPE-9 @ ¥ 5k

Ty dFv S Altera CyclonelV GX (EP4CGX150) 8 [

FAMN VX =T A A Gen2 16 L — > PCI Express

EHIHEAFHEE (GRAPE-6 #HY) 80 A& 149MHz #ifE (680 Gflops peak)

B EAEMGRE (GRAPE-5 #124) 448 A 186MHz EifE (3.17 Tflops peak)

AVAR—RAEY 16 GB (%7 vty ¥ F v 7iZ DDR2 A€V 2GB % i)

4.3.3 GRAPE-DR #ZE

fl¥IZ, D GRAPE-DR IZ22oWTHINTHEL, TNETD GRAPE Tl

EHONA T4 VEEPEEINT WA, TORD DIZELEONHEER % FE
FELEHEDH GRAPE-DR THod, ZDizd, EHHEOALR ST, 17HIFHER
EHI75 T EDNTRETH 5,

4.3.4 GRAPE-9 514 7> E#K

2—%IX GRAPE9 74 75 VK Z@EL T GRAPE-9 2727295, T4
TIVBBICREL ANV TR S5 IS v R —T 2 — AT GRAPE-S H#AT
HHFEHERB L, KL VDT UT T IV IR =T 2 —ATH2EARBEHD
2HENH 5, BHEBEM 7256, N—F U7 OHEIEZ A 77 U AH
% A% DT, GRAPE-9 DME P TNA AD ID HEHE %2 I —FVEHT 24
ZiFmw, 7477V EKEMHAT 52, 2a-FAT
/media/local/grape/grapepkgl.6/include/gbnbutil.h
#1427V —RU, F77 7 1R
/media/local/grape/grapepkgl.6/1ib/1ibg75nb.a
B&U
/media/local/grapepkgl.6/1ib/libhib.a
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Vo235 E\w, AT TIZ GRAPEO 2ffi-~EANHRED HER2Z, £3HKD
fHL e EREETEIED O — R 2 BT 5, TORT, TN FHERETS ik
IZDWTEIRAT %,

TEHER R R ff > CHEBEHE24TS 3 — RO XEEH RO X 512725,

/* variable declaration */

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

static double eps2, 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_jp(0, n, mj, xj);
gb_set_eps2_to_all(eps2);
gb_set_n(n);
for (i = 0; i < n; i += npipes) {
nn = npipes;
if (4 + nn > n) {
nn =n -i;
}
gb_calculate_force_on_x(xj+i, acc+i, pot+i, nn);

}
/* orbital integration */

gb_close();

TRTOBEIL g9 TlE< gb_THE > TW5b, 1k GRAPE-5 & O Hiffd
5. TOXSICHFBMFLENTVWEDOT, FEEDOZ &,

g5_get_number_of pipelines() IR/ N1 7 J 1 V8 (BHF X 256) ZiRT,
g5_open() T GRAPE-9 2l 5 HEfRZ 1G5, ZOREBUIIMHERZHE5 £ TH-TZ
B0, DE D HAUSND T 0t 20 GRAPE-9 2P OLE I, VRS &
THRBHil) 5, ghset_range() &Y I ab—Y a VO 2 FERE & E & D HiFH
BEZITS, FFLLIIEIRT 5, gbset jpO) FRK TOEEL EHE % GRAPE-9
EDRAEYANFZIAL, gbset_eps2.toall) XETDNA T T4 VIZFA—DY
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TRZVIHED 2 e eps2 2R ET S (IEDOY 7 b=V iz ET 5 51
fE). gbsetn() FK T n % GRAPE-7T Ni£%, gb_calculate force on x()
WIALE x[1] .. .x[i+nn-1] 125 % nn AR F~NH D LA D n-1 ADR 5 KIF
FTHEEDOEEFZEH U, accli]...acc[i+nn-1] ~NEKT, HRIZHAT ¥ v Ib
fE®H pot[il...pot[i+nn-1] ~NIKT, g5 close() I\ Z 72 GRAPE-7 Offi
FWEZR RIS 5, £DL S WORBIERE T IS 2 2 I3 HE O RO EE
oNd, BEEPRHEHLZL LT, 1 7OA—XTHRT 5 L5 0050F 720,

A% 3k D U7z gb_set range() TH DAY, Z DORIBUIK T DR AMHE,
IMEE, BRORIMEZFHET 5, BEORK, B/MAEICIE, ¥Ialb—Yay
HUZRL 723 D 5 B ERMED K fE, T/MEK D B 2 5L ERE Rl ZRET 5,
BHEDF/MAIZIEX, TRTOR TOEED, HB/IMEDEEG THROKEE X < ELL
TEHREBINSBEERZZRET 5, HIZITER 1.0 DRFZINSRERDYIa
L—=yaryThud 1.0 2R ELTEITIEE WV, BHE 1.0 DR & 1.3 DR
55 2MARDGEITIZ 01 2FETL2HENDH D, RIZ 02 ITHRELZET
e, B 1.3 1% GRAPE-9 ODHNERTIX M1.3 IZH&RE I 0.2 DML, D
T 122 L THRbON, 1 EREOEEEEL S,

D& D R E N B E R, [FEEHEZ K S 372012 GRAPE-9 N
ESCEARARBE 7 A —~< v b 2HWTWS Z 212k 5, Hl 2 XA 1% 32-bit [
ENIRIEARTRIASINTE D, A MHEE LTI —UAHH L TW5 64-bit %
F/NBUSIERIZED XA FIv I LU IDEN, TD/HTA T T TlH, -9
28 X N7 FERRAE & 32-bit [EE /N TR Z B HIFHIZ AT —)L L TH 5 GRAPE-9
NEFELTWD, ZOAT—1Y V7T gb_set_range() THE LI AME., T/
EZHWSDTH D, gbset range() D HHEZIRD L EHAMERIZK Z RERE
L7256 U5, L0EMRERD 8 LhbsDTHEBEDT 3,

RITEERL TR 217 5 HIKIZ DO WTEAT %, TN RO 7-DI1I2IE, i
R T 2N 27200 Ny 7y ZHEL, EEdOoa—FD i ic@THL—T7%
WD ESIZEHT B,

/* variable declaration */

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

double h = 0.01;

for (i1 = 0; 1 < n; i += npipes) {
nn = npipes;
if (i + non > n) {

nn =n -i;
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}
gb_calculate_force_on_x(xj+i, acc+i, pot+i, nn);
nbof = gb_read_neighbor_list();
if (nbof == 1) {
fprintf (stderr, "NB list overflow\n");
}
for (i1 = 0; ii < nn; ii++) {

nnb[ii] = gb_get_neighbor_list(ii, nblist[ii]);

¥ nblist [NPIPES] [NBMEMSIZE] & nnb[NPIPESMAX] (HJIEHIZ, BRFIZRL T
KESIEERTOA VTR, DB EENT 2Ny 77 TH5, NPIPES
¥ NBMEMSIZE XN Fh., R— KL DRI 1 T5 1 VL., KB Diahk
TOHKET, TNZ I, gb_get number of pipelines & g5 _get nbmemsize T
KbDohb,

gh set htoall() Tl&, NEFELTWVWE] WS L2 ERT H7-ODH %
RET B, DFEL, Il NI H B FHEHER - HESI NS, 22 TlE2
TONRA T T4 VIZFAL h DEZFRELTWEN, FHEICIEET 5 Z L HAEET
»H5,

DA ED#efiii% U7z 5 A T gb_calculate force on x() ZIER &, HAOFHEDD
WL EERL T RBED T O, T DFERD GRAPE-9 WOEHERL T X € U IZRAF
IND, Th% gbreadneighbor list() (2L > THA MFHEMIZEINT 5, Ff
BAnn R 7 A€ MNah - 5GEik, BRI LT 1 28T, IEHEK
TIRE 0 23RS, XU 7Z8&ERIE A 75 1 VI gb_get neighbor 1list() T
O 9, K& o 7258k 7 OMEBIIBEB DRV L LTRLoN 5,

R A Y Mah 725612 h 02/ NS UCEHBELVET R DN Z
TOBEDND B, Tl MK TETROMRGFTELIONTHEMN, TDEZAIF T
Oy —ND 131 751 %720 20fF, model 800 TiZ8 YHEYH—H25D
T20x 8=160 1] 275, DannIZIz{ VWO THiE%E T 5, GRAPE-9 T
. 12D i RTIEHT2ENZEHET L0, Yaty ¥ — FPGA [HTIE 5
WHDEHEZIT>TWVWB, THhOE, nKTFPRoDNEFHET S & XTI, model
800 Tk, TNEND Tty ¥ — FPGA 2k n/3 il 3" Dk 1% 431 THRAF L.
ZFNOD jRFNHSZITBNAEMGICHEL T, RBICELEDES, 2WwWHZ
LETOTWVWS, EFERTHEEICZDOWVWTE, Tay Y —RDO/NA T 51 2 h
VAT D, FD7&, EHER T AT PRNIFE Ty P —D RS T4 Vi
WHREL, REDGE, 20fTHENEGZ 2 H D5, {EoT, L% Ok +
ERDD-DHICF, EEMIGEWNE T2 7aey P —ICEHE SR WE DI
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DL CTIRFET 270 EDTRPBEITIRD,

PAET GRAPE-9 74 75 VU BBOMMGIRICHT 233K D ThH 5, Hi%
FHEIEDEBRIZEET S 32— F A muv0l.cfca.nao.ac. jp D
/media/local/grape/grapepkgl.6/sample/direct/direct.c
2, 203 — NITEEN THEOI—-FE2MMUAEZSDOAELCTA L2 YD
directnb.c IZH b, 7z, &I 77 VEKDY 77 L AR
/media/local/grape/grapepkgl.6/doc/gbuser-j.pdf
B&U
/media/local/grape/grapepkgl.6/doc/gbnbuser-j.pdf
ZhBb, BEIZIELTZROZ &,

4.4 &5FA: GRAPE LW —i%

ZZ £ TT GRAPE OFEFM L & HRMHENVHIZOWTOHRPEZMKZ -,
ATl GRAPE OE#EEEIEUANAANDOHHF & LT, V) —EADIGHIZDOW
THHHT 5, #EREOHE L. V) =Rz 20 T2<L O THih G &\ 5 HIZ
WP ABTNIZ R > TUE > TWEREHNZVWD, HonRDTIDERIZ
RKEPBBESZ T THEHMAE L THITNIEE E S,

ffi 4.4.1 TiZ GRAPE ZfEH L Z2\WEEDOY Y —iEDOFH % FiHd 5, IRIZH
4.4.2 T GRAPE NOEIEEIZDOWTHFT 5,

4.4.1 WY —&

W=k (1], 2) 1EL DR TR FLOTHKD T THHERERZBS T 7 LT
ALTH5, BLALDHDRFITERELDZEDIZELDD, TLHEDICHE
B ARREEZHWAEDTY Y —iELIEIENE, DR PODENIT, Z
NS DR FDEDMIE W AR 2R 12 6 DEHTELT S, EOEEDEN
EREIT W2 WEEIZIE, ZEMERRZ WS,

Tz 5400 BRKZREHEFIEZ RS, RBHPIEEREOZO 2 ITO%HE
IZOWTEr D,

FTIETHfE LTV —EEE2EET S, 2TORT2EL LR, AOI
RERESE BBV — 2V EIRR) 2E X5, Tk 4 DDNSRIEHF (F
V) IZNET S, TLUT, IS 420FELThENE, I5ITNER 4D
DFENZHET B, ZOFIEZ CIVHTOR 75 1 ELLTIZHR 5 £ THRDIKRT,
IO UTHELZVORBREHEE (VY —HE) ITX b, RTOEEIZG U 7225
DEDTA B (X 4.5),

WIZETDENIZOWT, BILVHNDTARTORFOEEDRNE L UOHELZK
Db, HALILVDERLEMIFOTEILOERLEBLNSOIETEE, Z0H
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X 4.5: V) — G DR

EEFHALTY) —HEDORTEBIZH DL 50— hRIVIZAD > TIHIZEHE
LTWwiFid&w,
ZZETTREMIIKD T, WEWEHDOFHBEIZIZWS, £, HERFAD

HEENLVPODHE, RO LD IZHRKIZERT 5,

o LILWKI M ORMIELIIIHDGE. BILOELDISDS
o BEIZIZIBRWVWES. LD TEILHSDIDORE

ZDESIZHRTFANDELPODHZERZL THITE, FRTFANOERNPS5D X
V=t noDf] L UTkDoND, B, VDR RDPEIIZHENE D
DHEIIZIRDEAM %2 W 5, ,

p <0 (4.2)
ZIZTIRELO—LOEX, dIZVOELM Ol TFETOHMTH S, £7/-0
WWHEZGITE2NT A—RT, RAAHEIEENS, ZNEI—FREZX2E
BThHd, 0 DMEE/NILS TN, L0MILREVILSDONEHET LI IR
0. HEIXE L 227 EENET, HAKIZIZ 03~ 1.0 REDEZHVWSEZ L
MEZ N,

PLET GRAPE Zflib7\nWy U —HEOFHIFMR D TH b, LEMEEZHW7Z
BEDHHIZE WD, AR EOT X UL THELMEELEEZEDRDDIZE
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HIGEMZEZE OS> 7Z T, RIEAEOTFIETHETE S, 72 3IRTDGE
DAL BIE L=, ZnHELE 4 DTIEARL 8 DITHEIT B ML FERED
FIECEIETE %,

4.4.2 GRAPE ~D=EI

W) —¥% GRAPE (ZFEET 5121k, 25D H% GRAPE THEATEN
XV, V5 D IIFEMIEW AR R F2o0 1 LTREINED
T, ZHFZDE X GRAPE 2ffio CEIRTE 2 (FHEMRERMZM>755128
GRAPE %#{lio TEHET S Z LIXAGEL D, BB E FY=T v 2128 5DTZ
ZTIIEMT D),

UL UHI 441 OT7)VITV ZAL%2ZDFEEFHNZDTIE GRAPE 256 F W 51R
BREMESEBZZENTER, fi 42 THRARZ KL S51Z, GRAPE FEHHETARE
R41DiBLCjITETHIHMEZFHEHL CTHABEL D BEWEEEZE TV S,
UL 441 D7 NVT) ALDOFETI G, EboDWMELRHATERN,
BRIFNEDEIDI % RIFTDONEHTD > THDN > TWB DT TR, R4.2
WCEBHERMBORLURDR SV ) —EE2 - >TWVWo T, 0&DTDRILHEK
ED. ZOHMEOLODDEANS DI EFHET L, TDHTNITY XLITIE |
WHMEEE N, £z, RFICHZ2 RIETRIVIIR FEICR RS20, [JU L
5B BRFANDFHEZEAINCITS Z & idHke v, DF 0 i 5SS HEW,

FREOMEZ AR LT GRAPE 2R B EEIE57201ZiE, 7V TY XL
IHETOEERREL 5, LN TEOAEFIZDOWTHIHT 5,

LHEIZZODATY THoR5, H—DATFTy TTIEET, KMFIZEDRILMN
EZRIZTODLDEE > TNV, EWHREEMERT S, ZD72dI1I2ikY Y —
WEET-EDRDPONEFHETE2OTIIRL, 72EBRHZIENE RIETHNE S D
IR T 2TV, MFTEHELEZELZY ATy 7T kv, V) —idE%
YOI BT, FERRLEZY A NADELLSD 2 EHET 572512 GRAPE
EIEOHEIE, § XWSIMEERENLLZEHEZITZ 5,

BRUIDAT Yy TOEECTENHBEIIH HBEELS 2L, LrLENEFARED
FABREZREOVY —ME2 758D REIFECELI RSBV, BEZOAT Y
TTRZDOWHDHAEZRWS U, TNEREFFZ, O%2 KT Tk FH 128
25, EWOHIRDOMERZMBILT D, ZDEDIZIIRIDAT Y TDE I ATH
BHLU7z2L DY A b%, HEOR A2 L THWEDLT Z 2R TENERY, £
59XV A MERKEIEDNE D, £72 i HIESENPE L L 512485, AWIZiE<
WhHBRFERLERSIE, TNoATZRITTRILVEZVWZWEZ L5 48d DIk
13T HDT, N42 DEMEZDUBLLSTHIEY AN 2FVWEbEZESTH S,

FEIZIE THEWGEL IZH BRI Z2RDZ7-DIZIEV ) —HEE2HS, YV —
ZNV— bR NOED T E, CIVNORTEDH 55 UOIRD TEWTZEE (e
£92) UTFIZRolb6, TDRIVHADK FZITHERN T LTHRS 281295, %
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LTHZERIEFTELDOY A ME, RFILIzTIERL, ZORERTOEN-E

DIZDE—DREITERT B, TOBR, N4.212817 5 4 & LT, ofEki+
DIET A2 VHADEEDENS, HERIFTHMOLIVOELE TOHERD > b i
INDEDE WS, Tk FEEDRE W METENITEREHET S,

MR 7 DEE Z XD A MERO B Z K S5, £z 0 WHMEEE1E
55512720, GRAPE BXIERLSEET S, —FH. EFERTFHELOEREED
SAZIEIFEORIIET, o TV A MERIZH 2SR & EAOFEIZ»D
ZIFMEDOMDBUNI 725 & 5 7, JEFBER T ORBEENFET 21ETTH 5,

METY ) —ikD GRAPE ~NOFEEIZET 2HHIIHK O TH S, H—. H_0D
AT TTHPHALEEELEX 2hEn (6], 3] 1L b, GRAPE LoV Y —%
BT 2 K DFELWEIHIE [10] 22D Z &,

4.5 F&H

GRAPE O#EEFI & AR M H AIEIZOWTHE Lz, HLIZEEOHHA
HENZIG U2k E 4720, I0FEELWHEZECHSE 2V, $220#EEODH
¥ DFEHZIZ GRAPE OFFIZELEb > TWAHEE SO EERELZZIT SN

EELBETHLIDT, BRSO 2 EHioTAFILT Yy FUTHE 2,
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358 281 NEYIalb—ryav
J0O7 2 LDEE: cold
collapse Z=ffl& L T

ANy

5.1 BH

ZDEHETIX cold collapse fEZHIE LT, NAYIaLb—aryo—@ho
EE % ERICRERT 5, BRINIZIE, C Sz flio THMEXERADO NAKY I 2L —
Y a vV TIAL LN TWARREIEZETH B leap-frog #E%x2 TS 5, MHAEID
R IR EREEI R R 2 S,

5.2 cold collapse =&

ZEELD EIF 5 cold collapse MBI HIZ 5 21X, WK 7 D3 EE 2 EAN
SV (IREIMERV) R RVE S E ST collapse U721 ED & 5 %h 72 4[I12 78
5h, LWHRETH 5, cold collapse IFERMTZA, 12 M FHER I D @ FE D
FWELE U TEHETHS L EEZONTWS, HlZIX, de Vaucouleurs DILHI & L
THIS N B IEMERM O REWERE (B /5046, I(r) o< r/* 1% cold collapse (2 & > T
FEINBE L WHEELVH B, BEND 2 NIH 2L

van Albada 1982, MNRAS, 201, 939
Merritt, Aguilar 1985, MNRAS, 217, 787

Aguilar, Meriitt 1990, ApJ, 354, 33

Z HTEL W,

YIalb—Ya TSRS L UTHZEEMIZ 2 WEE DO/ S ki F50
(Y TIVHA1/2P0F) 2¥Ef L, ZDHBOR T M OFMFBREZFHNSE Z &
12725,

collapse DX A F I AINWVHREEEI AT — VRO EHHBE%E FREITH 5, —HREE
ROKFRDEE D HH% TR X

1/2
3T
tg = | —— 5.1
f (32;)0(;) (5.1)
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5.1: cold collapse D N{AY I a L — 3 O

705 ((BWTAK), TITp lZEROUMEETH B,

cold collapse D NIKY I ab—ya vOHlZK 1I1IZRT, THIEKRFEN =
1024, HIHHE Y 7Vt ry = 0.1 D—FREROFIIIREE t = 0(72) L IZIFEHFIRBICE
U7zW%lt = 10(4) TO -yl L TORAF Y TF¥ay hTHB, AFy Tvayh
LIH DL DRFRADZETH B,

5.3 O3V 0%ElE
5.3.1 7OJZIVJHE
Tar oM C EERFoTELZIEIZLED, €D LTH Fortran DMEN 7

581F Fortran Z2ffio THWWH, TSI C SEB I TA LS, Tus

FLDOHIE C EFETEABDZ LIZT 5,
T T I VITDORBINANEDH LN, SEIEBIETELL RO RIZDOWTEK
EOCTa s oI T2 T1D,

o U — N)UVEKIIFE DN,
BTN DT <,
BRAERLEH (I NV—F ) 2HAWTCTu T I 0%k 70y 7{Ld 5,

BEEUE 72 5 X< HEL

o BN ARV MEFEL,
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BSOS WE ARABELR IO T AIR ST LED I ENRZ VD TR E DT

EBEOTU IS LEHEVELIFTLRSBEWVIETROT, 120774 I)VIZE
TELZ2IZLEDS, 2612782754032 840 )21 make 1 EfFib 7w
235, BbAA., HiZ5 A make 2> THhFhHi,

53.2 TVIL—hT774)

ERBEPNENTH ST 0T T LDT > 7L — FH3/home/nbody00/practicel/template.c
Zhd, ZOT77ANVELEHOEET « L7 M) ITHYRA4RITIE—L, £D
T7ANMITOT T LB NTWS ZEIZT 5,

$ cp /home/nbody00/practicel/template.c collapse.c

ETNEEHSDT 4 L2 M VI collapse.c EWIZEIDT 74D I—I N5,
template.c DFHIFLATFD L S IZm>TW5S,

/******************************************************************************

template.c: template file for practice 1
stk sk ok ok ok o ok ok ok sk sksk sk sk ok sk ko ok sk sk sk sk sk sk sk sk ko ok sk sk sk sk sk sk ok sk ok ok ok sk sk sk sk sk sk ok sk ok ok sk sksksk sk sk sk ke kok ok sksk sk sk sk sk ok ok /

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

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

#define VMAX 1.25 /% limit of variables in window */

ZIZTIEBBERAY R T 7 AN EGHAAA, Y702 EHELTWDE, ZOEHY
DEEIZDOWTIHERVEHLEITLEELRNVWZ &, FLULVWHABIZOWTIEEET
A9 %,

5.3.3 VA ILEETT
T YT LADHETN collapse.c 72& T H L, TR

$ cc collapse.c -o collapse -02 -1lm
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Nl O (1 A

AULD 72D T T T 1w 757475 2 H55ED I V1)V Efg & 1d#E S
N, FFA I fbOETHNG Z 2123 5,

7 g5 LDFETIX

$ ./collapse
tj_éo

54 N@&EIUIalL—YavoEh

NKY I alb—ya vyl 7o —F vy — b2 21TRT, NIAYIal—
vaviiREL< NIrHE

MERSRTE > Ial—Y a3 VT A—RDHE L VIR 754 D E,

RrEIRE EAOMEERHZEMELT Tz d IR FOHEZRRED L, B
IR T — X2 DI EAT D,

D2 DD S5N5,
TR, 78—F vy — bDZENETNDHASTIZTDWT, cold collapse ¥ I alb—¥ 3
VOBEIZDOWTED LS R IZI e ETENPEMEKNIREL TV, Tarss3Ivs
WXIRD 5 BEBEIZ 31 TIT D,

1. )85 A — RI5E
2. VI (FEREIR— BRIk AR B%E

3. MIE AT (EHEAS0E) B RRS (BE XA LATF Y 7Y —F 70y
7 )

4. 7574w 75475 %2 HN=al#4tk
5. U7 IVRA LFKT

AF v Tvay MEITIZE U TIEEH 2 TfT 5,

5.5 /NI XA—YDKTE

(1) B AT DSV T RNV T NRFT A=K RALATY T, YIalb—3
YO TR, 7 — Xk /I OR IR E AT k5L, Aiang
iz £t &,
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MOFIENEETEINTIA—RIFZEDISBFETCNHEKYIaL—YarvEd
B EoTHIRESL, SRIOEDBEERALATY TGS ) —F 70y 7k
EESGE, Ialb—Ya VTR BERNTA=RIIDR L 4lH 5,

€ RT VYWV TNV ITNRT A=K
At FEREO DR A LATY T

tod Y32l —3 a0 T

tows 7 — XFRHT/H T D REfE B

INSGDNRIA=RFEBET 0TI LORCHEEMZREETIT, 7 7 1 VPR
AN SHmARTL L DITT 5, C FEETIREEAN D SHZ FiAAL BRI scanf
WHD, HRELE v IZEEER D SEEZ AT B3 21X

double v;

fprintf (stderr, "v = ");
scanf ("%1f", &v);

fprintf (stderr, "v = Y%g\n", v);

kv, ANULES, HERDEDIZED XS RENR AN EINTWEPER
IHBELDIZTHE LW,

IRV TRV INRGA—RERALAT Y FIZOWTED LS IZHETNIE
WO R B,

55.1 YIRNZUTIRNSA—%

VI RV INTG XA —=RIIR A BIDOESIRT ¥ v VDR DR EEEE - D3 r — 0
DEZITHERLUBEWEIDIIZEATS, I<{HbNERTVoy LY 7 b= 7%k
TII=V T VT EENDEDT 1 ry DEINKRT VI Y ¢y %

Gmimj

—_— 5.2
(r3; + €2)1/2 (5:2)

Gij = —
DEIITHET,

VIV ITNRIGA=RE2EDL SVDOREIIZEEZRENIEHL WHETDH
%, cold collapse DEE 1L, RDE 5L H collapse U7z & EITHERIZ K E S &
URWEREEIZNS L, EWOIDRMETH B, LU, ¥ZF T collapse 3 50
Y TNVHXREESFIZE LEDT, EEP o TALRVWE LSO oRWn, &
DHZT, TORKEXID1/100 5WVWIZLTHB I S,
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5.5.2 YALRTYT

WD DR A LAT Yy TdyIab—va vOREREEZ RO 2 EERN T
A—=RTHB, GEEEERA LAT Y Taflid, XALATY TOKRE (34
BRI i DR E 2 v & LT,

€
At < (5.3)

EBEDITT B, THITRALATY T 2MIZHBEEHIZLTEL, T5ULT
BLEBHADRA LAT Y TONETORDEAE TR BRDZ L, WANWS L
FlThsb,

EBROYIab—raryTREALATY TEEZTHERNPED S RV ER
Lo, R REAA LATY TREIZLIZRD,

5.6 FIHADMDEERTE

(2) RFE N, U TV ry OFEROK 55 745 Filh—HEKR2 A &2 F D
BEW, N E&ry BEEANPSATTEHESICUREIW, fFo/ks, IELW
DAPFSNTVWESDER LRIV,

KT DYIAD A ZMED DIXRFREIRROEHLS LH LK 5V, & EiTiEZEnbl ki
BHETHS, Hodizld NEMO % starlab D& S5 NIk I a2l —Ya VYHD
V=Fy hBRHD, ENSITEIMRL BN EEL T 0TI APEEFNTY
%5, LU, < 0EE, IIHEMIZEDTES Z 1245,

5.6.1 7O4YZLDEE
T 75 LIRDO LS ITEE L LD,

7o x4 7TES
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)
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RiF 04 & 1E S

KL 15345 % /E B DI i B 75 BAEK

int main(void)

{

3

/* 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;

/* current time, timestep, end time, data interval */
double t, dt, t_end, t_out;

/* squared softening parameter */

double eps2;

BEBER OB
make_spherical _df(n, m, x, v, r_v, eps2);
WERD 72 DRI T34 D H T

return(0) ;

Z T CIERL 179341 % 1 5 BA% % make_spherical_df & U7z, 5IEUIHITH 5, K
TOT—RGEEDRELEINE static HE % U THARRER L U7-1E D H3
TH 5,

BT o b &1 TESTIEEBOR L ZO5[ OB RER 2 EH T 5, 2ok

VR T DO e Z DI BOMEB LMD F v 7 %275 DIBETH 5,
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5.6.2 HA[%R

V3Ial—YavORMRIFLED LS IZENIETVWA, NIKYIalb—
vary Tk, ME#E] NERBEAREWSEORE L b T\Wd, ZHIFEITEEH
G=1, ROEBEEM =1, ROIXLVXF—E=-1/4L V55D THh5, SHlE
MEEHE ] N ARBALRIEE DR, SENIHIH A %2 —kake 95D T, TDERD
BREZEIDHEALLLDS, DF b, BRI

G=1,M=1R=1

35, ZOHE, 1R TOBERIEm=M/N 275,
ZOHNRDEE, X (5.1) DHHE FfMiZte 2 1.1 27405, PO THAL,

5.6.3 NFOHMDEY A

SEER FIEEEREE TS, FHTLIHEMARTIEM=1/Nt%5%, Zh%iz7u
T LT, 1/n e EL CEBHUHE L LRI, n B2 ED EiIZ02oTL

5, BHNBURHEAETH DL T L% RT720I121.0/n EEBERH DI LI
R,

ST R R 2 WIS & 55, KT %E N & T 5 &R+ D0 AmBEEII M
AR & F N T

N
j(r,0,¢)drd6d¢:::ilr2sh10drd8d¢ (5.4)
78

A,
—RREREAEA FIEIZVWAVWAH LD, ZZTEb-eHfEHELTILTY A L%
B9 5,

1. z,y,2 % [-1,1] D—FRELEKTEH R 5,
2. r= (22412 +2)V2 <1 RIS 5, WEIBVWEEIE1IZES,

I K72 TR0 R EIE—HERPMEN S, —HELERESI2IE, C §EETIR
B Z 13 [0,1) DEIPH D —kkELEZ K 9 BI% drand48 & M T IX & W,
HMEDIEY 7 AT 2 IV53 AR

1 \*? 1
f(vg, vy, v,)dvduydv, = N <2<2>> exp [—(Uﬁ + v; +v2)/o?| dv,dv,dv,
{o

2

(5.5)
B, TZTold1IRTDEESMTH D, EEDHIZDWVWTIIBA DY 0,
DEL DT A% G5 Z BIROBEEEF > TRL W,
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double gaussian(void)

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

{

double x, y, r2;
double z;

do{
x = 2.0*xdrand48() - 1.0;
y = 2.0*drand48() - 1.0;
r2 = X*x + y*y;
}while(r2 >= 1.0 || r2 == 0.0);

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

return (z);

¥

Z & Box-Miiller & W5 D TH 5, ik /home/nbody00/practicel/gaussian.c
ZHBDTIAE—LTHi>TIELY, OO HIEH AL
for(i=0;i<n;i++){
for(k=0;k<3;k++){

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

¥

EWVIIDIITT B, T5F5&, vl k] EFEF 0, 2HK sigma DA T AT
A

5.6.4 #EIEE D

HESMEELEZATIRITOERESH o PBEIZRE, ZHhFER SN
V)7V ES SIZEHET B Z R b, YU TV ry 1
K
W
CEHEIND, TITK, WITHKTFROMIHTANLF—LRT VY YL R F—
TENZEN

(5.6)

1
mv; (5.7)

N |

N
K=3
i=1
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N—-1 N
= Z mm;” (5.8)
i=1 j=i+1 ’I" +€ /
ThHhd, WO_EL—-TDORFIZERE, Zhorokh+PEEEDOLE
2ry W\ 2
=511 (5.9)

L85, VIR EE FHR T S FIHIX

].. TV %)\jjj_%)o
2. X (5.8) o Tm,z,y, 2o W ZiHET S, HlZIX

W=20.0;
for(i=0;i<n-1;i++){
for(j=i+1;j<n;j++){
= SQR(x[jI[0]-x[i][0]) + SQR(x[j][1]-x[i][1])

+ SQR(x[j1[2]-x[1][2]);
W =W - mlil*m[j]l/sqrt(r2 + eps2);

b
}

A
3. X(5.9) 2fHioTo %2FHHET S, HlZIX
sigma = sqrt(2.0*xr_v*xfabs(W)/3.0);

b, RITEIN =1024, €U T N ry =01, V7 hZVINRITA—Re =
0.03125 ZHE LG EDOEENE L o = 0198717 LB Z L 2R T 5T L,
KXW #%EET22 &z, CEETCEHNIR NI LT EE, L—T%[H

FTEEDRTFREEIZONON —1EFTIIRBILIZEETAI L,

5.6.5 FIFOmDIESR

T I LNREFES, AFyTray hEHAILT, KFS E#MVLDL*
ETCWADERTHIHELRDH DL, A Fy Tay b2HENT 3123620

for(i=0;i<n;i++){
printf ("%f %f %f\n", x[i][0], x[i]1[1], x[i][2]1);
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ETNIEEV, ELTTEI I L2ELETHANZRDEISITT 7 AT XA

$ ./collapse > n1024.snp

9, MM ER Tu S5 LA lio TR ADHENE D Lo TVWENRTAS,
B Z X gnuplot 25 Z 129 5,

$ gnuplot

gnuplot> set size square

gnuplot> set yr[1:1000]

gnuplot> plot "n1024.snp" using 1:2

LT BHEH51(E) LAUEI R oyl EDRAF Y Tay NERBZLNTES,
-2z FH ETEHEEIRoTWENPRTAL D, gnuplot T T HITIFLLTFD LD
129 %,

gnuplot> quit

RIZ—FRERIZIR o TV B DHENRD K 5, —HREKDEGE. P r DERE TIZA-T
WBRF R n, X3 IZHBIT 21T TH L, ZNEFAXRDIZIE, AFy TTay b
D77AND6rZ5EH L, ZTND6n, ZRONIETEI WV, ZNEC FETTus
TLEENTHEVWVM, awk ¥ sort Z2flio THEHIZRKRDO SNDB, HlZIE

$ awk ’{print sqrt($1°2+$2°2+$3°2)}’ n1024.snp | sort -n |
awk ’{print $1, NR}’ > r-nr.dat
(HREH DHEBA T 2T H N TV D DRI LATHICHET 5)

EINEEV, 25958 r-nr.dat D 1FHIZIE . 25 HIZIE 0, BHEAHEINS
GFELLFawk P sort DY = a7V E2 SR L TMRLW), AP ELSEEINT
WHIEK 5.3 D& SRR ELENEIET TH S,

gnuplot> set size square

gnuplot> set logscale xy

gnuplot> set yr[1:1000]

gnuplot> plot "r-nr.dat" with lines

5.7 MEENFE/FERED

(3) HEEHOEFABREL ) -7y ke FEEL LIV, EEUZSK
DIRED R A LAT v TNDERLF %2 HERE &,
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1000 T T T

100

10

| IllllllI

5.3: R T7-#1024 DIGED—RERD r — n,

5.7.1 OV S LDEE
MEE D EE L RO OWA D T 0 2S5 A DHAMEIZRD L 512U & 3.,

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

MHEES) i) O Gl DWW TIXE.7.2)

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

RS GBIz DWW T 5.7.3)

double calc_energy(int n, double m[], double x[][3], double v[][3],
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double eps2)

HE) T 2OV F — (K) DFHAE
ATV Y IV R IILF— (W) DEE
GEliz DWW TIX5.7.4)

return (K + W);

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 —RDERE

/* initialization of particle data */
make_spherical _df(n, m, x, v, r_v, eps2);

/* calculate initial energy */

e_ini = calc_energy(n, m, x, v, r_v, eps2);

/* calculate initial acceralation */
calc_force(n, m, x, a, eps2)

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

)7V R A LR GEIIZ DWTIL5.9)

/* visualization of particle data */

AL GERIIZ D\WTIX5.8)

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

/* integration error check */
e = calc_energy(n, m, x, v, r_v, eps2);
printf("%e %e\n", dt, fabs((e - e_ini)/e_ini));

return (0);

(-]

ZITIRY =778y 7RI L REMS OB % leap_frog, HAMHEAMEM (IN
HE) 2T 2% % calc_force & U7z, 5lEIIHITH B, REEI DL —T
BEWABWALRRENH BN I Tldwhile VL — T2 ffio T3,

5.7.2 MEEAHEEHE
ki1 OEE) R
d?x; T; —x;

N
— 3" Gm;
d? ; Ty = il + 2

(5.10)

b, MHEHEEIEINKY I 2L —varvohTE oL EEEDOL VTS
Thb, ZOFHFEIIFKIZ GRAPE THOYNWZ I TRHETHRA NIV E2—KT
FET 5,

SlldE o L HRETHB L R AHEENFHRIETH S, EFEGEEEZMHS, B
PETREIIEE N (5.10) 2582721 ThH 5, X (5.10) 2 N HORFIZDOW
THET 2L, HEMFHOFERBIZI N2 IZHRS, TZITHALUTHLHEEREZHS T
7= DI RAEF OIERI 2 R U C2hiFOE M EMEM 2 FARICEHRE T2 X 51
T2, bbb, KTFik jizDOWTO2EIL—T2FE UK FORMA 1 [\ L AAEHRX
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NENWESIZEL, 2D & EFHEIND 2R RHIOMNAEr = 2, —x; 2> T,

*j?‘l e j D 2’{2'-(*51:1’{/'5% a;; el a;; ’E%M%?ﬂ a;; = ij/]'r]?’\ a;
& UTEHAETIX KV, BRIIZIX

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

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

3

()

mgr/|r)3

YERIEEN (DR T T BEDIHEEND LS VES[ELTVE), 2

N2 EMEEHADRREREEIE N(N - 1)/2 TT L,

5.7.3 U—770Ov Uk

) — 770y ZIEIIBEERO NKY I ab—ya ryTOEL b T\Wb 2k
DEMNETH D, ZDOHIEFEIZRENRTOLOY Y TV 2 T4y 2757200 T
BAREWNELPETH S, L, AREFETHHHETH B, V—T 70y ik

UFD &2 5,

At

vy = Yo+ ao?
rT = Xo+ ’Ul/gAt
At
v = Vit a17

ZIZTO0EL1REENENREAT v TORY & BEDMHE, 1/2132 DOHEDIETH

52 %R,
AT/ NN NG

1. X (5.11) 2> Twg. ag 5 vy ZFIHET 2,
2. X(5.12) 2o Tao. v 26z ZEET S,
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3. X (5.10) #ffio T, 25 a, 2FHT 5,
4. X (5.13) 2o T vy a1 5 vy ZFRET 5,
5. 1IZR 5,

L%, BARBIZIE

for(i=0;i<n;i++){
for (k=0;k<3;k++){
v_half[i] [k] = v[i] [k] + 0.5*a[i] [k]*dt;
x[i] [k] += v_half[i] [k]*dt;

calc_force(n, m, x, a, eps2);

for(i=0;i<n;i++){
for(k=0;k<3;k++){
v[il [k] = v_half[i] [k] + 0.5%a[i] [k]*dt;

}

Y15 (b 0RTLTE-OIEHEREAEYVMHENDLEVESHELTH
%), EEEED DL Eik, BRSO — FIZABENZ 2o 25 ag 2 5HET 20
DD EIE

5.7.4 MDREDHR

V=778 JIEOREIX2IRTH S, Thbb, R (2MHIL) 3R21% At
D2IIZIHNT B, REIZRA LAT Yy TEEAZIETH S —EDRME THEY
U, BREEADNAt DO 2R IZHHIL TWEZ L 2ENPD LS, BL. THR->TW
ol 5 RNANDEENME> TVWAAREMED D B, ZOEEDHERIX T 1T Z
LADPELVWHDERT B7-DIZEETH S, MONAREZFTEELZS, WOBHAG
filiz U7 < TIEWITZRW,

SEZE ZTWDREIZIEBORIZA > TWARWD TRD TRV F — 3R EET
5133 THD, UL, BOEOME, F Y (Frisb) ek b, =%
NF—IZHHEERFKELTWSE, V=T 70y JETEH L TOT 2RI F—
MEFIRALATY TO2FIZHHPILTVWBIZTTH S, ZNEMERAL LS, B
DIRINVF—FE L

E=K+W (5.14)
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THEzZo6N5, HEIZT XL — L RTF VY vILT 2L — O EIZEMAMIZIZLL
T XS I1zET S,

/* kinetic energy */
K =0.0;
for(i=0;i<n;i++){
K += m[i]*(SQR(v[i] [0]) + SQR(v[i][1]) + SQR(v[i][2]));
}
K *= 0.5;

/* potential energy */
RTF VYY)V R F =120 TIL5.6.4 23

BANZRALATY T At =25 vIalb—yaryORRTHA teg = 1.0. B F
BN =1024, BV TNy =01, V7 bV I NRT A=K e=0.03125 2 &HE
U758 DT 1)V — OFNGRE |AE/E| 7Y 1.625326e-03 £ 75 Z & AL &
5, ZITE 3z NVX—, AE=E—E, Th 5,

BALDATY TNt =27 OO T RIVF —HEDNHERTE /26, X1 LA
TV T At =2"(n=>59) LI ETt=1.0FTHA LT, TRXLF—0DH
WHAEEZFHBE L, THERXRALATy FiIZLT Ty b L &S, 7Ta7 I LM
ELUFNEH 54D &S BEPESNDIETTHS, TR FHRN =1024. ¥
U7V ry = 0.1 D—RRERRZY 7 b=V 85 A — & ¢ = 0.03125 THiftIfH
HUEBETHDL, NETOBREDHENIFIZ2IZHR->TWVWD, THRbLEIT R
F—AEZZALAT Y TO2RIZHHLTNDE Z D5 (2% GRAPEY
ZHEALZGEE, FEBEITESLS), LIS WsTWahos7zs7us 3
LDEZNREESTWBIXTTHSE, TNy T 2L LS,

5.8 HHRILE

[@M@TWotfuﬁiAK7:x—vHy%ﬁ%%%b@émo ]

VIalb—varvdRErDEIITHEATWDEDZ RDIZIHZIEEEAT Y T
FwTray bERRIENVELV, ZRERTWTREPRPELVWEDTH S,
MAERRIEZIZETIaL—varvDolarlsars s 7497531475 )%
EOH T Z 2127 5,

Unix BETIZ 7974925314753V LTX Y14V ROV RATFTLADITAT
7Y Xlib 25 OV WhE LRy, UL, Xlib OFBIZWAWATE S
DETTV) T4 TTHENZW, T2 TIERD DI gnuplot 2{#5 Z &123 5,
gnuplot 2B U TFE L < I& http://www.gnuplot.info/ Z R TW/z7Z & 72\,
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0.01 ——————————

0.001 |

0.0001

T

|AE /E |

1078 |

M|
0.01

10-¢ L L L | -
0.005

At

B 5.4: TANLVF—DHENGRED XA LAT Y TADEF (@FFA IV a—
XD HA, Ol GRAPE-9 Z{HifH)

58.1 7274y B

Z DEHETIX gnuplot DNV ZFHIT 5 DHAHKTIZRWD T, gnuplot %
o TlE-72275 7 1y 7 DB

open_window 74 Y R &R

close_window 714V RU U % %

animated_snapshot AF Y 7Y ay ha7=A—aryDLIHIIRKRT D
MR LU T®H 5, /home/nbody00/practicel/gnuplot.c IZHBHDTILE—L Tfli-o
THARL W,

THT T MIAAT & MDD LS ITTHIX I,

int main(void)

{
7S

FILE *gp;
open_window (&gp) ;

while(t<t_end){

IRFfAIRE 23
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/* visualization of particle data */
animated_snapshot(n, t, x, &gp);

close_window (&gp) ;

S

INoOBEBORRNNZHET 272012, 7RI I LDRYIDIFS 1T/
EEPEZLTHD, WAWAZEHUTIKALTHALD,

5.9 Y T7ILY A LB

(5) (4) TlE>727 077 L% —EDHMRTROE Y TIVILEERT L K51
L. ¥R icHi g &, 2LTEY 7V #E L Z TN X,

DT NVEALEFEIZYIalb—varvza Ul Tanl TRIETEARAVE
D7, DE VBB UL TUIWIT R WK D BE#FrDZ & ThH B, 72 T IZfiFT
THIXNWESBRBEDIFAF Y TV ay v 277 VICHALTBVWTY I alb—
Va vz vy,

ZZTIRYTINRA LfEFOFIE UTROE Y TIVELOH#ELZRKDTASZ, T
F(EVTN) D DR FRDE ) T IV ry 1

(5.15)

N | —

rv =

£ 7%, cold collapse DA, #IHREETIE I E M TIER WO CTREH#EL & &
LI ATDND Z 2% 5, ZORTERTALS (BEICITE ) 7V
RIZFEINT VBRI THAET ARELZHN, RICHMINTWVWB R 7% %
CHTDERFEE22EDTI I TERNFIZOWTE Y TV ZEET S Z L
235, RD 5 escaper BEHH AT NIXE Y TIVITIFIE1/212725),

HHEWE > 7-HHEERCRICEEINT WA F2ioTEY T ZEFEL
TERBEY) TIVEENZEDL 2 2R L LS, VT IVRA LD 7075 A
¥ main BABOERMES NV — T OFIzwivsg, £ U T, #2472 R R to TT —
R NTE5ECTNEEIV, TNEBHEIZEBRTHICEHZILHNEDOHE D
% K9 BN fmod Z o T
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4

¥ 5.5: €V 7V Rl

if (fmod(t, t_out)==0.0){
D 7V R A LRk

}
ETNIEERWV, 2L, 22 TAt 2" TY O EIEA t_out lZdt TEI D YIN B %
HERH 5,

I3alb—=varvPIEL Vo TVWNIER D LS RMRELSNZIETTH S,
IR FEN = 1024, €V TV ry = 0.1 O —FERERZ2 Y 7 b= 7 X5
A =R e=0.03125, XA LATY T At =0.03125 Tt =10 F CHEED L 7=
HETH 5,

6) ¥Ialb—YaryDNT A=K (e, At) USRS (N, ryv) ZZEATWA
WAYIalb—YarvzeLTAL,

510 AR F+v 73y hHAB

H DL DR 7304 (m,z,v) ZH NI LT —RE2AFy Tay beES, N
Ry 3al—yavTlEyIalb—ya Y EBOMTORDIZE YRR TAF Yy 7
Yay hERHNTAIENEHETHS, TOEBETIIAFY Fay NEIZLE
WAMEHLIZEIA L TH L,
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5.10.L1 7 #—~ v b

AFyTvay b7 x—<y MEAHTH S, HABENPT VT r—< v |k
WZLUTEFIEVWES S, HlzxiE

t
n

M1 T1 Y1 21 Uzl Uyl V21

my TN YN ZN UgN UynN UzN

BRETWWEAS, ZZTtenlilgehiFHTh s, RIETHINSDFHRD
I TEDPR W E RTINS KRB D THE,

5.10.2 774 ILFER

T77ANVDREIZMAD DL, FHRAT)AA -V 2FSALZDIZ, A
>y Tvay NEINAS FIVEATESNS Z ERZ W, N1 FVDAHIHIZIE C
EFETIL fread. furite WO EEDH 5,

RILIIKRBEDT A AL, 77ANVDREZINMEICKRD Z 2 iddiL
HoTE-DT, TAF—JEADRAFy Fvav b &b Tnb, ZHIFR
TIIZhhd, bLLBICIHE O/ LDANT R LTHZ S5 2N
SHELD B,

NAFVERDAF Yy Toay hORELRFEOOEDIF, ThEVIal—
YavOuiEtEE LTS Z itk o T, YIab—va vyt aERS
e vIal—varvEIRITAEILILHS, HAIE, HORETEYIa
L—=rava&TL, ZOLEIINMFIVRADOAF Yy Tvay h2HAHLTE
o TS ISIZFDAFY TV ay beHZMtELE LTy Ial—varvaed
L, ZhiFELHLSERELTYIal—Yarvz UG a el UER
Wb, TAF—HROAFY TV ay h2F5851XZ S 1x0hrin, 7AF—
BARDT —RIFAEVA A=V DIEPRHIZDT, —BIITAF—FADT—X
EAEVIIHARDEE, TOTAF—T XDt R0 ATV A A=V X
SERIZFA IR S RVWDTH 5,

TAF=EADAF Yy T ay hEFES DTNV, D ENALFIERD
AFyTray bEHLEBETHIITEE VWSS,
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5.11

JassL.07a774) 08

(7) 7aroL.07ua7y7A)0EED, TAT 5 LDEDEFITHEN (KFHED
D0 2) MR K, o, MFBREZEXD LEAREIZDLINFARTAL,

ZZFTLNED T2 cold collapse D NKY I ab—a v 7als T LoH
KEIITHRoTWVWEZAS, N2 REALTYIalb—YarvzlLThadl, &
THREARD 2 - S, THIEFHEEIOFHE ON?) BNELR>TWENH6T
H5, EOKSWHAEIOFREIZHEB2NRENRTAL S, TNITIE gprof
ZffioTTur 70707 74V ERNIE N, 2ORDIZIEET. Tus 7

L a4 IT B EIC

$ cc -o collapse collapse.c -pg -1lm

7T 74V VT DIEODA T av-pghkDITL, TLT, WO IZT O
I L%FEITIEDE guon.out EWVWII TR T 7 ANT—RT 7 ABESND,

$ gprof collapse

T NETe 774 NVERAZENTES, a7 74 MM ZIE

Flat profile:

Each sample counts as 0.01 seconds.

b
time
93.00
.14
.57
.15
.03
.03
.03
.03
.02
.00
.00
.00
.00
.00
.00

O O O O O O O O O O O O o o

cumulative

seconds

30.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.

42
43
62
66
67
69
70
70
71
71
71
71
71
71
71

self

seconds

30.

O O O O O O O O O O O O o N

42 168655872
.01
.18
.05
.01
.01
.01
.01
.01
.00
.00
.00
.00
.00
.00

calls

322
2095104
321

321

3

1

3072
3072
321

)

sel

f

total

ms/call ms/call

w O O O O

1

o

O O O O O O O

0.00
.24
.00
.16
.03
.33
.00

.00
.00
.00
.00
.00
.00
.00

100.
0.
100.
0.
49.
56.

0.00
71
00
87
03
58
25

.00
.00
.03
.25
.00
.00
.00

name
calc_two_body_force
calc_force
two_body_potential
leap_frog
plot_snapshot
potential_energy
make_spherical_df
XDrawLine
kinetic_energy
gaussian
animated_snapshot2
calc_system_energy
close_window
make_power_law_sphere

open_window



Y5, ZHIEN =1024DY I a2 —vavyThb, O(N?) DFHE, $72bb 25
THIDE %G T 588 calc_two_body_force(fHAEI % FE T 5 calc_force
TIHENS) TEHEAERFHED 0% EBEDLNT WS D005, FIHHSM R E RS
R DI I EE I OFFIZERD LHHATE L 65WVWTH D, Z DA X
KT Z 513880 75,

Wid, TaTITLDEL KSR o726, TaT 7 )V%E RTEDEHS TR A
MBEMEFANT, FIWELSBROSBRVWNATLRET D, ZO LR IXE@EITHENT
WT) ZALEBHSEDY T NI THREDTHS, LU, N Y Ialb—T3
YOGEIRXY 7 M THICIEES LESERNWI ENZ N, EZITHA—RU T
BT L £ 5 WO ZEAREE N, TNDPEDLIKRMEEHG AR GRAPE
THhb, CRAPEIXNKY I 2L —>a v TO(N?) L 55tHETRTH &%)
L5DTH5B,

(FEHE) ZREBECEHECTHAHEEIGIRELE Y - T T7uy 7o v s 5
LT T7 74N ETCIZHEENDRNES HIZULAEI N,

5.12 BbH 4|

Z DFEHTIX cold collapse M@EZHI & U TR NIKS I 2L —YaryD 7o
TILE2EFENTHAZ, 7077 LOHEANEEY I ab—Ya yORNHIEET
ETCHEHLAEOEVWTH D, EFH2TIEWEI WL GRAPE 25> Z ki3, 2
S {HIHAAE,

[NARZE—BR (EIIXXA) / fHFH— (BIXXE)]
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63 E£E2 GRAPEZHWEN
KoIal—3ay: $RoE
ZaflE LT

ANy

I.u

6.1 BH

ZOEZTIX WMEZREEHE LT, GRAPE-9 2 ffio7z Nff¥Ial—vay
175, BAERKZRFEENEE

e GRAPE-9 mFE%#
o SR fE 2SR
Thb,

6.2 GRAPE-9 Q&

GRAPE9Q 1. Nk Ial—>arvDhTREEN %2 HHTWBENHELE
T ZEAN—R Y27 ThH5 (FELVHHIT#EZR I ZHOZ L),

(1) EE1 CEKLETB T LOEEREE%Z GRAPE-9 2o TEHE TS
EOITEHLZIWN,

22T GRAPE-9 OB 1 75 ) &5, 51475 &fli>7kbic, 7
BT MZT4 T T VN R=T7 7 A Ve ARATB S BED D 5,

#include "gbnbutil.h"

NEYIaLb—Ya vy Tl BEXEERE % GRAPE-9 12585, GRAPE-
OMSN - RTF U I Yy VR EDGEMERE2ZIT 8. The, YR TEhE %
JTHEBENESIBENH S, LB INTa sl LThH 5,
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void calc_force_on_grape7(int n, double m[], double x[][3],
double a[][3], double pot[], double eps2)

{
g5_open() ;
ghb_set_range(-256.0,256.0,m[0]) ;
gb_set_jp(0, n, m, x);
ghb_set_eps2_to_all(eps2);
gb_set_n(n);
gb_calculate_force_on_x(x, a, pot, n);
gh_close();

}

ZZT., pot BWAKRRT VY VTR LT —%2 ANSESITH 5P, GRAPE-9
AT VY Yy VIRV F -2 H T SV MWD X I - LTHELTW
5, BT U v VIR F—3FEE 1 LERIZKA N TEHET 5,

ZNZTNORBDFEL WM - FiBIE G5PIPE User’s Guide for GRAPE-7
software package version 2.1 12 %M, fHEIZHIHL TH <, Bd. BHEH» 2
Tgs_ MOMBEE>TWVEMN, Tk GRAPE-S L OHEMEERRED-DTH 5,

g5_open() |& GRAPE-9 OfiHME% 1T 2 7O T, & TOMDBELKIZ K7
STIERBENRH L, B L, DI —HF = flioTWiIL, Someone is using
hib[0], sleep ... EWH IAAV MBPHIHINTULIELLHFDILITRD, TD
BEZL g5_open () 13IZ BELRGRE 21T D, GRAPE-9 2k o726, Bk
gb_close() ZMA CHHEZMNT 2 HEND D,

g5_set_range () 13X 5 - HEOHHZHET M TH S, TN GRAPE-
9 DNIBRILUCEENEIREBRAAEZH > TWEDTHRELRDE, TNTNDF]
Bz, FEEORIME, BIEEORKHE, HEOR/MEZ 5 X5, Thvono, B/ND
HEzbo/z 2R+, Lol BN TWS & ZDHH underflow LWL 512,
RA DI YE a2 —RTORE/NMUIEKRD S, GRAPE-9 AT O EE/NMNIUNRR
WCEHEIND, SRIOFED L 573, FEHETHKRHIKRERY 7=V 725
FHRTIE, R - EREOHIPID/N S WO TRIZEBEIZ R 572\, 7272 L. Dynamic
range 7 106 FEEZ W Z 2546, N TEIOEELAKEZWIEEIZIX overflow ~D
EREABEL R 5TL B,

gh_set_eps2_to_all() &, &R 7@ D softening length % GRAPE-9 (2
ELEBTHD, gb_set_n() T jRTOHMEELIBENTH S, gb_set_jp) &,
j R OE G - EEE GRAPE-9 T2 B8TH 5,
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g5_calculate_force_on_x() i& GRAPE-9 2 iR Z N T 58 TH 5, 5l
Bz i ki FOREE - K Be5 A58, HEslBEL TERT,

Iho ORBEMAILDZS AV NA )V ET S, GRAPE-9 2572012, &
#“BDY v ORI,
-1g95 -1 hib -fopenmp

ENITINA %,

[@HmTW&btfuﬁ%AﬁEb<ﬁWb1m5:a%%%bmémo ]

AVNRNANETIEL Vo726, GRAPE9 BDOWVWTWAFRA A Ea—X
(g9-01...g9-08) IZA-> T/ HT T LA%EFEITT S (IF: muv0l.cfca.nao.ac.jp il
& GRAPE-9 DWW TR\,

GRAPE-9 DIEL KEMEL TV N E I B & THIHRRT 2 & §0UE

(a) FHREMZMEDRSTE N EZFHETEHMEICK 2B WT, GRAPE-9 A'IE
LWEZIEL TL 205,

(b) FAMIVEa—X ETHELLMELEERS,

(c) TANVF—LRIFDVK D L O 2 MR T 5 (F: GRAPE-9 IR T V¥ v LT X
NF—ZBSRNOT, EEKF M5 AR MEHREETEHERET S 2 &),

(d) FHMERERYE 50TV B D HERT B,
DOFICHRT 5. SEEHHOMENHBDT, THL¥— 72 L THRT 2,

[Fﬂﬁ?ﬁ\EU?»%EE%E%T\VE:V—VaV%%ﬁbtémo ]

6.3 SRIAIETZEEEER

Z Z Tl GRAPE-O CHNEIHEZITRS> /077 L2HVWT, NA¥YIalL—
YavELUTHAD, TOHlE LT, SREEDOY I ab—Yavziiid, £91k
Iz, & (1)-(5) CHIFARMDHER - FAT - it VW Ialb—YarvD—
WO DFENEBESTHAS, FE(6)-(11) T, WAWARFHBENT AR EEZT,
vIial—varvEEGFLTADS,
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(1) 2D Plummer € 7 )VEI 2 & 732 5 GRRET OIS 2 HE LR X W, 1]
HA separation % FR¥E N KHARAT 6, FIHAM#HEEZ 0 &35,

N Iab—Ya izt s TSR Z WNIZTES D E VWS DIk, ERDO Y
Rab—yarvEDLDLFAREIZRELERXTHS, ZD7=HI1C, oIz
Bl TWBANAEY I 2L —Va Y 7 b7 r—=U%E5 Z e 0%
W, ZZTlE, NEMO & W5 EIZHRMAOFHD Ny r—I % ffio THhSL, 72720,
NEMO (&8 271 >/ — F (muv0l.cfca.nao.ac.jp) TUMMEH T Z 720\ D T NEMO
ZHEHTAEEE—H, ur1r /) —RNIZR5,

NEMO %Z{#-> T, 2fH® Plummer € T IVERI D & 72 B WA 2 fE> THA D,

Plummer € 7L & 1%,
7”2 75/2
= o <1 i ) (6.1)
7o
DEENHTHEZONBETIVT, n=5DR) ba— HTELdH s, BHIENS
IRMONAH I T D EDLBWD, HEHELARTEZONDEID TR fHHNT
W5,
1D Plummer € T ILH3,

$ mkplummer nbody=2048 out=pl2k

T, binary 7 7 1)L pl2k IZAEK I N5, nbody=2048 TR F#x T T 5, 7
77 LDFEL W I,

$ man mkplummer

TRBEZENTES, flio NEMO D2~ RTHRAKTH S, mkplummer [&73
WZHHEE LW e, Heggie and Mathieu (1985) @ standard unit THI TN 5,
COHMRTIE, G=M=—-4E=1%t7%%, 22T, GRENER MIZ2HE
B, FEREIXNVF—-TH5.

Z® Plummer €7 IVZIHE 6 #L T 2 B <, £3. 1 DHDIEMZ (3,0,0)
2L, EFIVEBEIT S a7 Nid snapshift T,

$ snapshift in=pl2k out=pl2k_0 rshift=3,0,0

T, BEILZE T pl2k 0 I 1 E N5, FRRIZ 2 DH DR S KX A M
BEId 5,

$ snapshift in=pl2k out=pl2k_1 rshift=-3,0,0

ZDO¥E)L 7z 2 DRI % snapadd TEDLE S,
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$ snapadd in=pl2k_0,pl2k_1 out=pl2kx2

BOIoZETIVH, pl2kx2 IZHHE N5, IEL K ARSI NTWS A%, snapplot
Zffio TR T 5,

$ snapplot in=pl2kx2
#iJl # xrange=, yrange= %{fio T,
$ snapplot in=pl2kx2 xrange=-5:5 yrange=-5:5

D &S IZHHHIT 5, ®m&IZ, binary TERD 7 7 1 V% ascii BAD 7 7 1 VI A Hr
LTHL,

$ stoa in=pl2kx2 out=pl2kx2.ascii

[@MUf@otm%%#%fmﬁiAﬁgﬁ&ﬁwéx5&%%btémo]

BURS pl2kx2.ascii £\ 5 7 7 A )bh 6 NEMO O ascii XA % FiA AL 70
TILDYVTNTH D,

FILE *fp;

fp = fopen("pl2kx2.ascii","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,"%h1f%1f%1f",&x[i]1[0],&x[i][1],&x[i]1[2]);
for(i=0;i<n;i++) fscanf(fp,"%1f%1£%1f",&v[i] [0],&v([i] [1],&v[i][2]);
fclose(fp);

[@)7D75A%¥ﬁb\ﬁﬂ%@%éﬁ@éon:30iﬁﬁﬁﬁio ;]

TEA—YavERRIETWDEGE, il X2 E<WMD5BEVDH D7D
NI UOBUEEZEE S L, BUEIZNIRATETEIRVWE LT =R RIND,

#difine VMAX 5.0
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FEULEFTETVIIE, T=12< 56\ THEZEL., T =20 < 5WTH¥IIZIE
5O T TH S,

[@y%%%%%mﬁjéx5K7Dﬁ§AEEbﬁémo ]

AR nemoout.ascii &\W5 7 7 1)L NEMO @ ascii JeRZ2H 3570
TILDY >V TINTH5B,

FILE *fp;

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

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

[@)%%%%@&ﬁ%%#é%ﬁfu774»%@0@éwo ]

FEROMTIE, YIalb—yavilkoTREZBODELELZOTHAS TR
TLEENTHFRIOPEETH S, ZZTliE. NEMO I~y Ko TEE
a7 7 ANEESTHS,

HAOINT7 74 ViE ascii BAZH NEMO T 9 5 121 binary IX A TdH
LZRENBH D, ascii TERD 7 7 A )% binary BT T 5121

$ atos in=nemoout.ascii out=nemoout

LI E\, T ZTnemoout i binary WADT—XTH B, BETO 771l
Z{E% 3~V Fid, radprof TH V.

$ radprof in=nemoout tab=t kmax=100 > rho.dat

T, T—INeEo57zT—&M rhodat IZH1ENS, rho.dat DT —ZX D, 1
FIHAERE, 2FHPEETH D, £HEYRT T 7Y —) (gnuplot, sm 742 E) &
ffioT7a 774 NVEHRHNTAL,
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[&D@%@ﬁﬁ@ﬁ%é%%if&i1V~vayéiﬁbﬁébo ]

I DOHOWHOKREZZ 1/2 123 X7 MZT b, ETNVDART—V VI %T
% X Y N& snapscale T,

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

TETADN 12 ITAT—V TIN5, rscale I FMEED, vscale LHED A
77—V factor H5A%, ZITHEHLAT—U I LTWLDIE, EY T
PR D7D TH B,

[}ﬂm%®EM%?w%§i1vs:v—yay%%ﬁbméwo ]

Plummer T VU DIEHET LV EZHANWTCY I 2ab—va v EEGFTLTAS,
NEMO %2 21X, &V realistic Z288{W€ 7 )V T&H % Hernquist ET )V &, Expo-
nential Disk €T NV EERKTHZ LN TE S, TNZTN,

$ mkhernquist out=hn2k nbody=2048 zerocm=f
$ mkexpdisk out=disk2k nbody=20438

TETINTEZ S, Exponential Disk ETIIWAWAMIZINT A =R DRETE
%, UL I man 22O &, X 5T, disk Z X E 72\ IRFIL, snaprotate
AN A

$ snaprotate in=disk2k out=disk2k90 theta=90 spinvector="60,70,80"

[@)@%@%ﬁ%ﬁ%%ﬁﬂ#if&inv—yayéiﬁb@émo ]

BUHLETIE 2 DOMMOBE T XV F — (B = —M?/R+ Mv?) 012725,
I D separation % 6 O F L HEYIHEIZT 572DI12, TNFNDIRAIZ 1//6 D
EREE 525, YIEE %5 A5 DI snapshift T,

$ snapshift in=pl2k out=pl2k_1 rshift=-3,0,0 vshift=0.4082,0,0
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. vshift=A 7> a v THEET S, ZOHMEMCIIBHEER S I 2Z 2 NES
U7 WIE T 7203, $EEE) DR O A EENZER L S N E D TEIKT 5,

[Fnmﬁwmﬁ%ﬂ@%ﬁa#zfyi;v—yay%%ﬁb@émo ]

WHEE TIX 2 DO OIE T F IV F —DIEIZR 5, FNE DRI H)HE
B1 2525, ZONHERAETIIRAATORITTLESIXTTH D,

[WD@%®%%%%%%KEZT&T\é%@mMMm%*@Eébo ]

(1), (8)s (9) Tlk, AHEEIER 0 TTRLVF—2ZXTAEKRTINE S e Az
A, SR OEE L 2 ARTEZR DT, TRINF— L AHEEIED 2 NT A —XTidid
b, TIT, TRIF—LAHEEEL2RZFENIEZTATERTE 25M4%
kbsd, (8) TN KD IZHLEEE) VIR ONIBEE)IZi XN 5720, W
HETELEERTELZ DD, TD criterion ZFUHEERTRD THA S,

ZIZTRENTA—R%Z, TXVF—LAHETIEDONRDDIZ, FIHIOMIEE V
EAUNT INRTRA=Rp DZDTilkd 5, V &p 2RHNIZEZTATEHNRK
D criterion % K& 5,

6.4 FOMDOEE

Rhib L, fEk L7 GRAPE-9 TEHNOEE 274D a7 A2 AT, B
TONKYIaL—Ya vaEETLEIN,

e Disk O 1ML (bar NZE. bending NZKE)
e Cosmological hierarchical clustering

e Star cluster D ERFfEHE/L

[fBE&E (K & F Computing Research)/FEEx (BiiXXR)/HEHN—
(BiZXXAH)]
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TE #HF4 5ELRNEKYIaL—
v a vk

\np
Jdiq

SEOEBTIIMEERDONEKY I aLb—Yavi2finor, BEESICIE2
MDOAR) —T7ay JEEEERA LATY TTHi>72, MHEMEHFHEIZSS
WZEBEEREIEE M 7,

BAE, NAY I 2L —varvzd5&Z3InNs0HERT CIERBERR T
PHAKEZERHT LI EIEH LW, B, HERE2HDS ITIERBRA T — L OIE
MRERZRERBEILHETE RS TEAESRVWL, FHaNZRYIalb—va
VTR REMA S B EIZR > TL B,

ZIZTIE, SHOFEEDNEKY I 2L —Va VDIROATY TIZhb, 51T
BERNAKYI 2L —a O HEIZOWTHEBIZENT 5,

7.1 SHEERERESE

BEIZDNEKY I 2L —avDgs., 2WEBED) —F7ay JiETIREE
MR BN EDZ WV, EIROR-BEMIEIZIINAE 0B H 50, L<fibhdD
$4RDOTIVI—NETH B,

7.1.1 ITILI—RE
IV I— MEFFHITEETED 1TH D, BERITIFIRD &5 2Rk
5, PHIFIETA 7 BB TEAoN5,
mp:;%+%m+§uﬁ+?Aﬁ (7.1)
%::%+%m+?m2 (7.2)
fEIET1E TV I — MARNT & > THERL X 172 NNEFE O #if 2 HA % B U TRk

TN, TV I— MHHITIE 2 DL DOIEE a & 2 DR a b 5 Hl#EE D
BIRDMMEZHAZ MK 5, BIETIXRKIKIZIX
&) (3)

ay’ ., ag 5
e = — At — At 7.3
T x, + ol + 190 (7.3)
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e o™
v, = v+ %At?’ + iAt‘l (7.4)

yi3, Z2Zca?. o BLEAORET

2 —6(0,0 - a,l) - At(4a0 + 20,1)
Qa - Atg ) (75)
(3) 12(0,0 — al) -+ GAt(do —+ dl)
_ 7.6
Qg At3 ( )

Thb,

TV I — MEETIIINEE OMUZINERE a ORI a B BEIZ4 5, FEix GRAPE-
4, GRAPE-6 IZa bFHETE2 L1l >TWVW5E, IHICFHlFHEETES &
5127 >T W5, GRAPE 22 IFEHEICTIV I — M ERMES Z 2N TEBDT
H5,

T — MEFZ—BETH D EENPHRNERTH S, X SIZRHNRAR
THEH 5, TIVI— MEFBEHEROEHER M ELR>TWS, TILI— ME
IZDWTEEL < 1 Makino & Aarseth (1992) &2 R TW/27Z2 & 720,

7.2 94ALATYTDIX

7.2.1 HWIIYALRATYTE

SEDOEE T, BHEEOSDRA LATY TREERA LATY TEo7, Thb
H, TRTDRFIZDOVWTWOER LR A LATY T2fioT Wz, UL, K
AT =V DIENRKERZRDGE ZNTIIRIRMICFEBES TE v, FlZIE,
HTRAIELUTWAHER L BEETHENZAEUTWEIEZF U RA LATY S
TS T 2D TH S, £Z T, KT IZZDOEFHITOE/LDIL U 72K
EIDRALATY T2BZENEI N, TOHEEMNLRALAT Y THELE W
Do MNLRALATY FIRIFTN I = NEREDFRFEBEFRHOARNL &I
AWwsd, ML Z A LAAT Y TIETIIR FIEZNTNORBIZWE Z 212k b, L
PU., HDORFZ2REELTHLEEIZTDL EORFOIMEENKEIZRD, Z
D7-DIZIEZF DL EMORFDAER DI SR TER SRV, KFDMEIXT
HWF2MHEXIEEFIHETE 5,

7.2.2 [BELYALRTY TE

ZOFH TS TR TORMZZA 225 B 2R 2212785 T WD T
EZDOHAERIZOWN?) IZR->TLED, ZHES5 0L ARV, TITIDHER
ZPO T DT, ML R A LAT Y THEERBUBEAX A LATy THEE W
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SDNERI NIz, BEIRA LATY TIETIE, KTDENERXRALATY T
Bomrd b, BEISEIZEDI LIS LTHEL L HARANZFERFIZES XN Bk
THEHTTET, TORTFHUTOFEDEEKE DR THILNTE S, BE
EZA LAT Y THEIZDOWTIEF L < 1E. Makino (1991) &2 R TW\Wz7Z E 72\,

7.3 MHEEBEERGEDIX

KEDNHEYIab—rarTlk, R 12120 uEERD S Z & WNEER
La WxiE, EEO#HE, 75 v 2h—E) OEEDHE, KBEDOEHbOD
77Tl &) DMK, JIEEHEMEHOKEZLEELRY, WS Z
& T, MAEFHFTEZINET 272012, EEEHEE TR BRI 2Rk % 45
DI TH D, oL EMRRWRGEIXY Y —ET, #LIZHHhTIEEe
OTEHAETAZ LT, SHHEEEZ%ET, £/, FHAMUNA I 2L —varok
SRR AT TR, EL DR F2 S DMHEMERZ2 7 —) &% W TEH
B3 HEEHWS I ENTE S,

V) LI RN Y ) —EiEE WS HIET, §HEE%E O(NlogN) 1I2#9 2
EMTES, VY —hEDED S THRHAKRNZLDA, Barnes and Hut (1986) D
HEET, Zl%2BHRMIZINETEZ L THEEZMEL LIFTWL, BRI
DMEAEAZHAETAEICIK, Zov) —Es2ff-T, +ohTWB R0
SDOMHBEMERIL —F2o6DZNTRELUTEHEL, BENTOLARVWERHIZ 5IZY
)—%7->5T W<,

FHRPNAKY I 2L =Y a OIS ITHAMERZMET TR BEIZ, 7—
VIEHERAWT, SHREEZET L VIR0 HAA 5, PM(Particle-Mesh) ¥
F. BEAOEAYVarzHVWEGEHRT — ) TLH (FFT) TRO L [ETH 5, .
COHBEFZEBARENA Y Y ad A XTHIEXNE7-0, HFE OB TIEA
W, ZD PMEDWETH S, P3M(Particle-Particle Particle-Mesh) 7% — %
WHWSNE, ZOHIETIE, BNF2SDFLIFEEFHEL T, AvyyaT
DFFT Zffio TRD 7@ DS DEHFLH L HbET, EHMKRE S, FHBERSLM
FTYV—HEZ2HAVWAZ LB AEET, #0600 FLEE2T7—) T &8WmE2 AW
ETHBTT7IVRED UL IEPMELlAGLE T, ENERD S,

Barnes J. E., Hut P., 1986, Nature, 324, 446

Makino J., 1991, PASJ, 43, 859
Makino J., Aarseth S. J., 1992, PASJ, 44, 141

(EERE (REAY) / MEHE— (BIXLA)]
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8EF #EFHFE4 NAEFEYIal—rav

DK

\np
Jdiq

8.1 (EIL®IC

AT RERBEEZN, £H, #HYREEE2 T 5,

KEBRATWIEERTBENIC, YIal—YarvoBRiEESdS " nws k5%
HETERETHA D,

ZIZTIE NERFHEL WS K0 IERBESEY I 2V —2 3 V—BITDOWTH
FAH S ETEAERIZAHIRIZZ > TWT, TR LTESHEREDI WS Z e9H
AobdhenwsZ %, Bno xxicdkR3,

8.2 L—7DZER

NHEYIalb—vavaEIHES ETH o HREZDIF, Rk, A4
DTN ERHD LT EHLHERMELPIBEEE VWS THE, BB
iy BEIZIE 7O 7T LT E DTNy 7L FER O & i E S IZEAE
HAX O HIX20ICHFEA D25 2 WD DIk ZEnd: ZNTIETIEZR W,

UL, BHEEDS T OEITNE T 0 7S ABREELS 57550, vIalb—
Ya v ZIES LHEBP P> TWBE ZADN 5 NTREES, ZDDOWA AR
LZALHELSTES, HMEOHMITOFME, FHEMEEZ L > TEVWTRALNT
LN EZIRLSTH, 2RI EBES0HERETNIETODLIITHWANS
NS SR R

HEH A5, S1HB TR > TWBEHED 5 THEKD X512k sm56, 5104E
MRS THTERWEEN LA TTE2 WS ZEIZHBETIIRE DI T, 25
WHZEZLULEZTNIESERUEDITREE WS Z 225, TH, £H. %
DDETIEHRLE NI N TELLIDIIREDIT T, FNETFNTEL T WS
WHZEIzLzn,

N, ZIT—OMERDIE, SBEHFERITIELSREZDON?2L WS 2L TH S,

NAFHEFEORE S IX, 1940 FARKE D OE FEHERE ORI 50 £ iIzh7z-o
TIEIFE 10 T 100 [5DE G THA L CTE 2, TOHT, 22 30 ERDEAITE
HERBLERMTOESIZZZ oD, 2FD, WbhWwa A =7 DIEHNC &
5H5DTH D,

107
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