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1. Introduction 

Cosmological iV-body simulations have played an important part ill de
scribing and understanding the nonlinear gravitational clust.ering in the 
llniverse. In this context, a paper by Miyoslli amI Eihara (1975) is truly pi
oneering, and should be briefly described here. Tiley carried out a series or 
cosmological iV-body experiments with N = 400 gala:ries (particles) in an 
expanding universe. The simulation was performed in numerical comoving 
cube witll a periodic bounda.ry condition. As the title of the paper "De
velopment of the correlation of gala:ries in an e:rpandin(j universe" clearly 
indicates, they were interested in understanding why observed galaxies in 
the universe exhibit a characteristic correlation function of (j(r) = (1'0/1')5. 
In fact, Totsllji and Eihara (1969) llad already found that TO = cL7h- 1 Mpc 
and s = 1.8 is a. reasonable fit to the clustering of galaxies in the Shane -
Wirtanen catalogue. One of the main conclusions of Mi.yoshi ancl T\"iha.ra 
(1975) is tbat "The power-type correlation function g(1') = (1'0/1')8 with 
s ;:::; 2 is stable in. shape; it is generated from motionless (jala.n:cs distributed 
ot random ond also from (J. system with weak initial correlation". 

Several years after Tots llji and E i hara (1969) published the paper, Pee
bles (1974) and Grotlt and Peebles (1911) reached the same conclusion, 
which seems to have motivated several cosmological N-body simulat.ions 
all over tile wodd (e.g., Aarseth, Gott and Turner 1979; Efstatiliou 1979; 
Doroshkevich et aL J980). At present, nearly a qllarter century later, the 
cosmologica.! N-body simulations are armed by (i) significant progress in 
computational methods and resources (e.g., H.P. Couchma.n, in these pro
ceedings), (ii) physically motivated initial conditions on the basis of infla
tionary models and the idea of clark matter dominated universe (e.g., Davis 
et al. 198:")), and (iii) reliahle statistical meaSllres to quantify the clustering 
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of the universe at z O. Naturally they have been established as importantrv 

tools in exploring the nonlinear gravitational evolution oftbree-dimensional 
collisionless syste m in the expanding universe. Nevertheless it is quite re
ma,rkable tllat all the basic ingredients of cosmological N- body simula.t ions 
were already fully described in the pioneering paper by Miyoshi and 1\ihara 
(1975 ). 

A widely accepted point of view in cosrnology is that gravitatiollal insta
bility in a cold dark ma.t.ter dominated universe is a reasonably s uccessful 
model of the cosmic st ructure formation at z O. On the basis of this,rv 

it is natural to move from understanding of the current univf:/,sC to ex
ploring the evolution and cJllstering of t.he universe at h.igh rcdshiJI.s. The 
present talk focllses on two topics in this line; cosmologica.l redshift, dis
tort.ion (Ma,tsubara and Suto 1996; Nakamura, Ivlats ubara, a.nd Suto 1998; 
rvlagira, .Jin g, IVlatsllbara a.nd Sut.o 1998) amI cosillologica.l implications of 
the strong clustering of Lyma.n-brea.k galaxies at .z :3 (J ing and Sutorv 

1998 ). 

2. Cosmological redshift distortion 

The three-dimensional distribution of galaxies in the reclshift surveys cliffer 
from the true one sin ce the di stance to each galaxy cannot be determined 
by its reclshift z only; for z ~ 1 the peculiar velocity of gala.xies, typically rv 

(100 -1000)km/sec , contaminates the true recession velocity of the Hubble 
flow, while the true distance for objects at z < 1 sensitively depends 011 

t.he (unknown and thus a"'3sumed) cosmological parameters. This hampers 
the eHort to understand the true distribution of la rge-scale st ructure of 
the universe. Nevertheless such redshift-space distortion effects are quite 
useful since through the detailed theoretica.l modeling, one can derive the 
peculiar velocity dispersions o(galaxies as a function of separa.tion, and 
also can infer the cosmological density parameter Do, the dimensionless 
cosmological constant /\0, and the spatial biasing factor b of galaxies a,nel/or 
quasa.rs, for instance. Here we point out the importance of such redshift 
distortion induced by the geometry of the universe. 

Let us consider a pa.ir of objects located a.t red sh ifts 2'1 and 2'2 whose 
redshift diffe rence fjz == Z1 - 2'2 is Illuch less than the mean reds hift z == 
(Z1 + z2)/2. Then the observable separations of the pair parallel and per
pendicula r to the line-of-sight direction, 8 11 a.ncls1-' a,re given as 8z/Ho and 
zMJ/Ho, respectively, where JIo is the Hubble consta.nt a.nd /if) denote ,~ the 
a ngul ar separa,tion of the pair on the sky. The cosmologica.l reclshift- spa.ce 
distortion originates from the anisot.ropic mapping between the reclshift
space coorclina,tes, (sll,81-), and the real comoving ones (:1:11,.1:1-) == (clislI' 

C1-81-); C1- is written as C1- = Ho(1 + z)D,.1/z in terms of the angu lar cliam
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Piyv /'c 1. LeJt : Be hav io r o ( clI (';; ) a nd c 1- (z) (o r (12o, Ao) = (0.:3,0. 7 ) in solid fme, 
(1.0,0.1l) in d(ts hed lin.e, a nd (0.3, 0.0) in dot/ ed line. Righi: 1) (::) = clI (z)!c .d=) ( upper 
pond), and J (z) = ,B( z )b(z) (lowe ,. pa nel) (o r (12o, AD) = (1. 0 ,0.0) in dash ed line, ( L O,O.9) 
in dol-dashed line, (0. 1,0.9) in doll ed line, a nd (1.0 ,0 .9) in thick so lid line. 

de l' cli sta.nce D A, an d 

Ho 1 
(' II (Z) = H (.;; ) = Jflo( 1+ z)3 + ( 1-flo ->'0)( 1+ z)2 +Ao ' ( 1) 

T lll1s t h ei I' rat io becom es 

:/;II(z) clI (z) bz . b:;- - = ---- == 1) ( :; ) - . (2)
X1. {.Z) C1. (z) z M) z M) 

Si nce x lI /''f 1. shou ld a.pp roa.ch bz / (z MJ) for z « 1, CII (z)/C1. (:;) can be rc
grt. rcl ecl to represen t t he co rrec ti on factor for the cosmological reds lof! d is 
tor t. ion ( uppe r panel of F ig .1) . T his was first. pointed ou t. in an ex pli c it. fonn 
by Alcock ane! PaczY Jls ki (1979). Although 1)(:;) is a pote n t ia lly se nsit.i ve 

pro be o f fl o a.ncl espec ia. lly /\0 , this is not directl:>' observa. ble unl ess onE:' Ilas 
a n inde pen cl e n t es ti ma.te of t he ratio .7;11/:/;1.' Here. we propose to ll se the 
cluste rin g of q uasars a.n d galaxi es in;;, which should be safe l.Y ass umed to 
be statist icall y isotropic, in est irnating 1)(:;). Also we take account of t he 

di stortion clue to the pec ul ia r veloci ty fi elcl ll s i ng linea r t heor y. 
The re lat io n between t he t wo-poitlt correlat ion fun ct io ns of q uasars in 

ree!s hift space, eS )(.s 1. ,811), and t hat of JllJISS ill real s pace , ~(T)(.1:), can be 
der ived in lill e;:\I' t heo ry ( h a ise r 1987 ; H a milto n 1992 , 1901): 

~ ( s )(S 1. ,S Il ) = (1 + ;/3( .: ) + ~[/3(z) l 2) ~o(:t)Po( P· )
;3 .s 

(4 4) 8 - :-3/3(z) + =[j3(zW 6(:r) P2 (p.) + ~[j3(Z)f~4 (.?:) P4 Ut) , 
. I 1.) 
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fig w'e 2. ~ ($) (.5.L,SIl) from lin ea. r t.heory (Upper) and N-bod y simulat.ions wil.1t 
N = 5 x 1O ~ particles (/vhddle) a nd wi th N = :! x 104 massi ve halos of part.i cles at. 
z = :!.2 (L ower) . 

wh ere x == VC112,s1l 2 + c~ 2 ,s~ 2, {t == CII511 /:C' Pn'S a re the Legendre polynomi

al s, 

f3(::) == _l_dlnD(z), . _~ (!nx..)1 .. 21 (~~)I .. (rl .~2 1 (X) - 21 +1 x d.?; .1. ./,~ (x), (4)
b(z) dina. x 0 d.?; :c 

and D(::) is the linear growth rate ( Matsu bara and Suto 1996; see also 
Bal linger , Peacoc k and Heavens 1996). 

In reality, however, the observable two-point cor relation function s wOltlcl 
be a.lso contaminated by non- linear peculiar ve locity a.s well as statistically 
limit.ed by the a vail a ble number of t.racer objects. To incorporate the non
lin ea.r effect, we compllt.e ~(s)(.s~ ,$ II ) from a series of N-body sim ula.tions 
in C DM models with N = 25G3 pa.rt. icles in (:300h- 1 Mpc)3 box (.Jing and 
Suto 1998; Magira et a1. 1998; Y.P.,Jing , in t hese proceedings) . 

Figure '2 s hows several examples at z = 2.2 for representative CDM 
l1lo(I e is (Table 1). The degree to the extent which one can recove r t ile 
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Figure.J. x2-contours on no - >'0 plane from the a na lys is of t.he data in Fig.2 . 

underlying correlation of slTlall a mplitudes is sensitive to the sampling rate, 
or the n umber density of objects . So Figure 2 is plott.eel for N = .s x 10C) 
randomly selected particles an d also for N = 2 X 104 massive halos of 
particles from simulation s . 

Table 1. Sim ulat.ion mod el parameters 

Model no >'0 r Us 

SCO M 1.0 0.0 0.5 0. 6 

OCOM 0.3 0.0 0.25 1.0 

LCOM 0.3 0.7 0.21 1.0 

Figure 3 plots the reduced X2 contour from ~(s)(S.l ' .5 11 ) of simula t.ion s. III 
computing the X2, we exclude the regions with slI / .s.l > 2 which are likely to 
be seriously con taminated by nonlin ear peculiar veloci ties. vVhile Figure 3 
demonstrates that the current methodology works in principle, the expected 
SIN is fairly low. This is la.rgely because we adjusteel the sampling rate for 
the hi gh -z QSOs. The situation would be improved, thollgh, if we apply 
the present methoclology to a s tatist.ical sample of Lyman -break galaxies, 
for instance, whose nllmber den sity is larger and their s trong clllst.ering is 
already observed (S teidel et al. 1998). We will examine the different aspect 
of s trong clustering of the Lyma.n-brea.k galaxies in the nex t section . 
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FiqHl'e 4. Left: Two-point correlation funct.ions of halos at .:: = 2.9 in rea.! space; different, 
curves correspond t.o t,he different, t.hreshold Illasses M o[ (.he ha.los in (a) SCDM, (b) 
LCDM , and (c) OCDM models. Curves lab e led bv DM correspond t.o t.h e co rre la t.iou 
functions of all part.icles in the simulat.ion. Right.: S t.at.i s t.ics of t.he halos as a function of 
t.he t.hre" ILOld III ass; (a) bias paramet.er o f halos at ;; = 2.9; (h) lIlean number c1 e ns it.'y of 
halos ill t.he s illlulat.io ns co mpared wit.h the observed one of Lyman break gala.xies; (c) 
probahility of finding a concen(.rat.ion of a.t. least. 15 ha.!os in a bin of 6.:: = 0 .04. 

3. Clustering of Lyman-break Galaxies 

Recently Steidel et <1..1. (1998) reported a. discovery of a highly signif-icant 
concentration of ga.laxies on the basis of the distribution of 78 spectroscopic 
redshifts in the range 2 ::; z ::; :3.4 for photometrically selected "Lyman 
brea.k" objects. \tVe examine the theoretical impact of their discovery in 
much g rea,ter deta.il llsi ng a. large n umber of mock sa.mples from N -body 
si mula.tions. All the simula.tions employ 2.563 (~ it million) particles in a 
(LOOh -I Mpc )3 como ving box a,nd start at redshift :':i = :36. \Ve identify ha
los of galaxies using the Friend-Of-Friend (FOF) algoritllOl with a bonding 
length 0.2 times the mean particle separation, anel assume that eadl halo 
corresponds to one Lyman break galaxy. T ilus Oll r analysis presented here 

(c) 
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properly t. akes acco unt of several import a nt a nd re alistic effec ts including 
(i) the s urv ey volume geometry, ( ii ) redshift-space di s tort.ion, (iii) se lec t.ion 
funct.ion of t.h e o bjec ts, (iv) fully nonlinea r evolution of dark halos, a nd (v) 
Finite sam pling efrect. 

Fig ure 4 (left panels) plots t.he volume-averaged two- poi 1I t correlat.ion 

functions in real space ( (R; jl!J, z) of the halos with m ass la. rger than 111 
a.t red shift z = 2.9. Figure 4 (l e ft p a nels) indi cates that over the sca les of 
ill terest the correlation funct.ions of ha.los a. re e nh a.n cecl a pproxim a t.ely by 
a constant. factor lJ2( jl!J , z) relative to t.hose of the d a rk m a tt.er. Figure 4a 

(right p <1 ne l) plo ts this effective bias paramete r for halos with mass large r 

than 1\1, lJ(> Al) == JdR;ivJ, z) /~IlIass(R ; :: ), calculated a t. R = i.5h- 1 j\./!pc 

alld z = 2.9, where ( mass (i1-; z ) is t.h e volume-averaged corre l<l.tion [ullction 
of all particles in the simulati o ns . 

The mean number d e nsity of halos o[ mass large r than M ( withou t a.p
plyi ng the selection function) is plotted in Figure 4b (right pa.nel). Tllree 

hori zon tal lin es indicate the ol)served numl>er densit.v of Lyman brea.k 

gal a.xi es corresponding to our three model para m e t. e rs . No te t.h at. th e ob
serve d number density sh o uld be regarded as a. s tri c tly lo we r limit siIlce 

some fr a.ct ion of th e galaxies might have bee n un o bse r ved due to the se

lec tion cri teri a . Since the d ensi ty of ha.l os fa lls below t.he o bse rved one for 
JI1 > AJm oY , we vary th e thres hold mass of the halos from 10m,) IIp to 
jl!lma x in considering the s tati s tica l significance of the clustering . \Ve use 
a s imple algori t hm to ide nt.ify a g alaxy concentration in the lUoc k sample 
following the procedure of Steidel et. a!. (1998); for each mock sample, we 

count galaxies within redshirt bin s of .6. z = 0.04 centered at. each ga.Ja.xy 
cwel identify the reds hift bin with the ma.ximum count a.s th e density co n

centra.tion. Th en we compute the probability P>l s(.M ) that. a. m o ck sample 

lIas a co ncentration with a.t le ast 15 gala.x ies. Figure 4c (right panel) in 
dicat.es th a. t. while the clustering of s llch objec ts is n a turally biased wit.ll 
respect to cla.rk matter, t.he predi cted bias 1..') :3 is no t la.rge e nollgit ( 0 r-v 

be recon ciled with sllch a s trong concen t ratio n of gal a xi es a.t ::: :3 if oller-v 

similar Slru.ctu.Te is fou 'nd per one field on overage. We predict one similar 
con ce ntra tion approxima.tely p er t. en fie lds in SCDM and per s ix fields in 

LCDM ancl OCDlvI. Therefore future sp ectrosco pic s urveys in a dozen fields 
(Pettini et al. 1997) are quit.e impo rtant in const raining tile cosmological 
model s , and may challenge all th e e xi sti ng cosmological mod e ls (f posl.crio/" i 

fit.t ed to the z = 0 universe . 

4. Conclusions 

Many cosmologi ca.l lllodei s are known to be more or If'SS s ll ccessful in re
producing the st ruct.l lre a t reclshift. ;: 0 by consl.rucl ion . There M e st illr-v 
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several degrees of freedom or cos77wlogico{ parmnctc1's appropriately fit the 
observations at z 0 (no, as, h, ;\0, &(1', .2:) ). This degeneracy in cosmorv 

logical parameters C<l.n be broken by using either accurate observationrtl 
data with much better statistical signifi.cance (e.g., 2dF, Sloan Digita.1 Sky 
Survey) or the data sample at higher redshifts. To extract all the potential 
information from the observational data requires predicting the theoretica.! 
consequcnces <l,s quant.itatively as possible hy combining everything t.hat we 
know theoretically <lnd state-of-art numerical modeling. 
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on VPP:300/16R (wd VX/4R at the Astronomical Data Analysis Center 
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(H.esea.rch Center for the Early Universe, University of Tokyo) and EEI\ 
(National La.boratory for High Energy Physics, Javan). Y.?.J. gratefully 
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