A&A 407, 855-868 (2003) Astronomy
DOI: 10.10510004-6361:20030992

& .
© ESO 2003 Astrophysics

The evolution of galaxy clustering since  z =1 from the Calar Alto
Deep Imaging Survey (CADIS)

S. Phleps and K. Meisenheimer

Max-Planck-Institut @ir Astronomie, Kohigstuhl 17, 69117 Heidelberg, Germany
Received 15 November 2002 ccepted 25 June 2003

Abstract. We present results from an investigation of the clustering evolution of field galaxies between a redshiftlof

and the present epoch. The current analysis relies on a sampi@68f0 galaxies from the&alar Alto Deep Imaging

Survey (CADIS). Its multicolor classification and redshift determination is reliable up+a23™29. The redshift distribution

extends t@ ~ 1.1, with formal errors ofr, ~ 0.02. Thus the amplitude of the three-dimensional correlation function can be
estimated by means of the projected correlation funati@p). The validity of the deprojection was tested on the Las Campanas
Redshift Survey (LCRS), which also serves as a “local” measurement. We developed a new method to overcome the influence
of redshift errors onw(r,). We parametrise the evolution of the clustering strength with redshift by a parameber values

of which give directly the deviation of the evolution from the global Hubble flé:omeving= 1 h™* Mpc) = &(1 + 2)%. From

a subsample of bright galaxies we figd= —3.44 + 0.29 (for Qm, = 1, Q5 = 0), —2.84+ 0.30 (for Q,, = 0.2, Q, = 0), and
q=-228+031 (forQn = 0.3, Q4 = 0.7), that is a significant growth of the clustering strength betweenl and the

present epoch. From linear theory of dark matter clustering growth one would only expee2 for a flat high-density model.
Moreover, we establish that the measured clustering strength depends on galaxy type: galaxies with eaiyDs/(eubble

type: EO to Shc) are more strongly clustered at redshit®.2 than later types. The evolution of the amplitude of the two-point
correlation function for these “old” galaxies is much slowmgr= —0.85 + 0.82 for Q,, = 0.3, Q, = 0.7). Since the evolution

of the clustering of bright and early type galaxies seems to converge to the same value in the local universe, we conclude that
the apparent strong evolution of clustering among all bright galaxies is dominated Wettetleat weakly clustered starburst
galaxies which are common at high redshifts 1.0 have dimmed considerably since then. Thus the true clustering of massive
galaxies is better followed by the early types. This provides both a natural explanation for the seemingly conflicting results of
previous studies and accords with the absence of “faint blue galaxies” in the local universe.
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1. Introduction Only a few years later the CfA survey was completed
(Davis et al. 1982; Davis & Peebles 1983), and the analysis

At the present epoch galaxies are highly clustered and the Wifought a distribution to light, which was amazingly inhomo-

verse seems to be homogeneous only on the very largest scgjgfeous — filaments, sheets, walls and large voids emerged, and

The question of how the structures we see today, and how f¥§ecame clear that tHecal universe is in fact far from homo-
galaxies embedded in the dark matter density field have formgsheous.

and developed, is still one of the most challenging ones in the

. The local universe has later been studied using the largest
field of cosmology.

_ s S _ catalogues available today, the Las Campanas Redshift Survey
First systematic analyses of the distribution of galaxies apghectman et al. 1996), the Sloan Digital Sky Survey (York

clusters did not occur before galaxy catalogues with large nugy-3|. 2000; Stoughton et al. 2002), and the 2dFGRS (Colless
bers of objects were drawn up — the first analyses of the clustgi|. 2001).

ing properties of galaxies were based on the Shane-Wirtanen,
the Zwicky catalogue, and the catalogue of Abell clusters, and Galaxi twiased t f . Id laxi
the results are outlined in a number of fundamental papers Sef>alaxies almased tracers ol masse. older galaxies are

Peebles (and co-workers) (Peebles 1973; Hauser & Pee h more strongly clustered than young, starforming galax-

1973; Peebles & Hauser 1974; Peebles 1974; Peebles & Gi6th brightgalaxies are more strongly clustered than faim galax-
1975; Peebles 1975) ies (Davis & Geller 1976; Lahav & Saslaw 1992; Santiago &

Strauss 1992; lovino et al. 1993; Hermit et al. 1996; Guzzo
et al. 1997; Loveday et al. 1995; Willmer et al. 1998; Norberg
Send gprint requests toS. Phleps, et al. 2002; Zehavi et al. 2002a). The exploration of the pro-
e-mail:phleps@mpia-hd.mpg.de cesses which lead to thefiidirent clustering of galaxies of

It was shown by a number of authors that in the local uni-
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different Hubble types can help us to understand the interac- This paper is structured as follows: Tkalar Alto Deep

tion between the pure structure growth of the dissipationlesaagingSurvey and the data used for the analysis are described
dark matter component and the development of the baryomicSect. 2. An introduction into the fundamental principles of
matter into stars and galaxies. In principle, the evolution tfiree- and two-dimensional correlation functions and the de-
the correlation function can also place constraints on the cpsejection method used in this paper is given in Sect. 3. In
mological parameters which determine the geometry and dect. 4 we investigate the evolution of the galaxy clustering
namics of our universe. Detailed observations of the evolutifiom a redshift ofz ~ 1.1 to today, in Sect. 5 the results are
of the clustering strength of filerent galaxy types have to bediscussed.

compared to model predictions (largebody simulations in-

cluding starformation and feedchk, to disentangle_ dark mat&gr-l-he Calar Alto Deep Imaging Survey

clustering growth and the evolution of the bias. A first attempt
was made by Kafimann et al. (1999a,b), who carried out &heCalarAlto Deepl magingSurvey was established in 1996
semianalytic simulation of galaxy formation and clustering inas the extragalactic key project of the Max-Planck Institut
ACDM cosmology, in which they analysed the clustering evdiir Astronomie. It combines a very deep emission line sur-
lution of galaxies with diering luminosity, color, morphology vey carried out with an imaging Fabry-Perot interferometer
and starformation rate. with a deep multicolour survey using three broad-band opti-
cal to NIR filters and up to thirteen medium-band filters when

For the investigation of structufermationandevolution completed. The combination offliérent observing strate-
measurements of the clustering strength extending to redsh@tgy

. . s facilitates not only the detection of emission line objects
of z 2 1 are required. Until recently, there have been on y )

few ways to study the large scale structure of the universe #tt also the derivation of photometric spectra of all objects
. N in the fields without performing time consuming slit spec-
redshiftsz 2 1, see for example Ledvre et al. (1996), and P 9 9 P

troscopy. Details of the survey and its calibration will be given
Carlbebrgtetlal. (2.00(.))' NOEOE% t_h<fa shaIIt(_)w deptths of ml(I)St SYE Meisenheimer et al. (in preparation).
Veys, but aiso Missing redshitt information or 100 Small NUM- o 660n CADIS fields measuxd /30 O0° each and are

ber statistics have limited the possibilities of analysing tllg ated at high Galactic latitudes to avoid dust absorption and
data with regard to structure formation. In general, two di ddening. In all fields the total flux on the IRAS 10

o r
ferent types of surveys have to be distinguished — large anﬁ(f%ps is less than 2 Mfsr which corresponds By < 0.07.

surveys, which are fimited to relatively bright apparent MaGherefore we do not have to apply any colour corrections. As a

nitudes, and pencil-beam surveys with small, but very deﬁg ond selection criterion the fields should not contain any star

fields. Furthermore, one can distinguish between surveys gt .- 1 &magin the CADISR band. In fact the bright-
contain only a small number of galaxies, but with very ACCt star in the four fields under considerétion ha&kanagni-
rate redshiftinformation (deduced from spectroscopy), and SHIGe of 1542M9 Eurthermore. the fields are chosen such that
veys that provide huge catalogues of galaxies, but Withoutt% ' y
with rather limited redshift information. Th€alar Alto Deep
ImagingSurvey (CADIS), see Hippelein et al. (2003), is a dee
pencil-beam survey, the output of which at present is a ca
logue of~6000 classified objects to< 2324, Around 4000 of
these galaxies have reasonably well determined redshifts tilpé
ferred by means of multicolour methods,( ~ 0.02). This
unique data base provides the possibility to investigate the e
lution of galaxy clustering from a redshift af ~ 1.1 to the

present epoch.

lere should be at least one field with an altitude of at least 45
above the horizon of Calar Alto being observable at any time

roughout the year. Among the CADIS fields three equatorial
f&ids allow follow-up observations with the VLT.

All observations were performed on Calar Alto, Spain, in
optical wavelength region with the focal reducers CAFOS
Calar Alto Faint Object Spectrograph) at the 2.2 m telescope
Ad MOSCA (Multi Object Spectrograph for Calar Alto) at the

3.5 m telescope. For the NIR observations the Omega Prime

camera was used.

Usually, structure is described in terms rofoint corre- In each filter, a set of 5 to 15 individual exposures was
lation functions the simplest of which is thewvo-point corre- taken. The images of one set were then bias subtracted, flat-
lation function In practice, computing the three-dimensiondielded and cosmic corrected, and then coadded to one deep
real-space two-point correlation function requires very accsamframe. This basic data reduction steps were done with the
rate distances. Peculiar velocities as well as redshift errors dIDAS software package in combination with the data reduc-
tort the redshift-space relation, and by making the distributidion and photometry package MPIAPHOT (developed by H.-J.
more Poisson-like, increase the noiseff&ient methods have Roser and K. Meisenheimer).
been developed to overcome these problems. If no redshifts are
available at all, it is possible to obtain information about thf
three dimensional distribution of galaxies by deprojecting the
two-dimensionaangular correlation functionw(6). If peculiar Object search is done on the sumframe of each filter using the
velocities are not negligible, or the datafen from large red- source extractor softwatExtractor (Bertin & Arnouts 1996).
shift errors, one can use the deprojection offiflected corre- The filter-specific object lists are then merged into a master list
lation function(Davis & Peebles 1983) to deduce the clusteringpntaining all objects exceeding a minim®yN ratio in any
strength of the three-dimensional distribution. This method @ the bands. Photometry is done using the progeaaluate
used to derive the results of the present paper. which has been developed by Meisenheimer andeR {see

1. Object detection and classification



S. Phleps and K. Meisenheimer: Evolution of galaxy clustering 857

Meisenheimer & Rser 1986; RSer & Meisenheimer 1991). Table 1. The coordinates of the four fields investigated so far, and the
Variations in seeing between individual exposures are takamnber of galaxies per field, < 23 and 02 < z < 1.07, also given
into account, in order to get accurate colours. Because the pladhe number of bright galaxies/g < —18+ 5logh) in this redshift
tometry is performed on individual frames rather than surdd apparent magnitude range.

frames, realistic estimates of the photometric errors can be de

rived straightforwardly. CADIS field 2000 2000 Ngal Ns;gm

The measured counts are translated into physical fluxes 1h| 147333  21955" 898 740
outside the terrestrial atmosphere by using a set of “tertiary” oh | 913475 461420° 916 727
sr$ectrophot?rr:§tric stj\ndr?rdh stars Wlhti)Ch V\(/jere. Establishded in 16h | 16247323 554432 971 772
the CADIS fields, and which are calibrated with secondary 23h | 2315769  112700° 841 660

standard stars (Oke 1990; Walsh 1995) in photometric nights.

From the physical fluxes, magnitudes and colour indices
(an object’s brightness ratio in any two filters, usually given in 250
units of magnitudes) can be calculated. The CADIS magnitude
system is described in detail in Wolf et al. (2001c) and Fried
et al. (2001).

With a typical seeing of’25 a morphological star-galaxy
separation becomes unreliableRak 21 where already many
galaxies appear compact. Quasars have point-like appearance
and thus can not be distinguished from stars by morphology.
Therefore a classification scheme was developed, which is
based solely on template spectral energy distributi&sEs)

(Wolf et al. 2001c,b). The classification algorithm basically
compares the observed colours of each object with a colour 3 i -
library of known objects. This colour library is assembled from Y - R
observed spectra by synthetic photometry performed on an ac- z

curate representation of the instrumental characteristics ugggl 1 Redshift distribution galaxies with < 23 in the four CADIS

by CADIS. fields. The “smoothed” redshift distribution can be described by a
The spectral library for galaxies is derived from the meaBaussian. The dotted lines indicate the redshift range, in which the

averaged spectra of Kinney et al. (1996). From these, a gridabfstering properties of the galaxies are analysed.

20100 redshifted spectra was formed covering redshifts from

z=0toz = 2in steps of5z = 0.01 and 100 dterent intrin-

sic S EDs, from old populations to starburstS ED = 1 cor-

200

150

Frequency

the large scale structure of the galaxies. With only four fields,
responds to an EO galaxy, wheré&D = 100 is a starburst the accumulation of galaxies at certain redshlfts doe§ not can-
galaxy). cel out completely. We analyse the clustering properties of the

Using the minimum variance estimator (for details see Wdi2!axies between = 0.2 andz = 1.07, where the statistics are
et al. 2001c), each object is assigned a type (star — QSCRIYe enough and the redshifts are reliable. _
galaxy), a redshift (if it is not classified as star), andsD ~ 'here has never before existed a sample of this depth and
The formal errors in this process depend on magnitude and tyi%e: that includes redshift information. However, the redshift

of the object. For the faintest galaxids 22) they are of the accuracy is not dficient to calculate the three-dimensional
order ofo, = 0.02, andrsep = 2, respectively. two-point correlation function directly. Nevertheless, as we

Note that we do not apply any morphological gataxy will demonstrate later, we can use the redshifts for our analy-
separation or use other criteria. The classification is purék?- First of all it enables us to divide the catalogue into distinct
spectrophotometric. redshift bins and we can analyse the clustering of the galaxies

Details about the performance and reliability of the classiff? €ach of them up ta~ 1.1. Second, we are able to overcome
cation are given in Wolf et al. (2001c), and Wolf et al. (2001b5he limitations of the angular correlation function. Instead we

Rest-frame Iuminosities can be estimated directly corf@n Use th@rojectedcorrelation function, which maketirect

bining the redshift information and flux measurements in ti€ Of redshifts, and is less sensitive to redshift errors than the

16 filters; we danotapply evolutionary corrections. three-dimensional calculation. o
Four CADIS fields have been fully analysed so far (for We can further divide our sample intofi@irent subsamples

coordinates see Table 1). We identified 4540 galaxies wRRd investigate the clustering properties of galaxiesfééint

| < 23. Out of these, 3626 are located in the redshift range=Dtypes, or diferent absolute restfranemagnitudes.

0.2 < z< 1.07, where we have analysed their clustering prop-

erties. The number of galaxi_es per fie!d is given in Table 1, 18- Three- and two-dimensional correlation

gether with the number of bright galaxidd§ < —18+5 logh).
The redshift distribution (see Fig. 1) has a maximum at

z ~ 0.6. The large variation between adjacent bins, which The simplest statistic commonly used to describe structure is

discernably more than expected from Poisson statistics, refldbistwo-point correlation functio(r). It describes the excess

functions
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probability of finding pairs of galaxies separated by a distance The real space two-point correlation function can only be
over the probability expected in a uniform, random distribwcalculated directly, if redshift information is available with very
tion of galaxy locations. Thus, the number of pairs of galakigh precision, and if peculiar velocities are negligible. This
ies dNpair (With one galaxy in the volume elemeri¥dand the is definitely not the case for the multicolour data of CADIS.
other in d/,) is given in the form: However, it is possible to derive the parameters by inverting

) two-dimensional distributions.
deair = No[]- + §(r)]dV1 dva. (1)

On intermediate scales the correlation function of _galaxiesj_sl_ The angular correlation function

featureless. On very small (kpc) scales a change in the slope

is expected (Zehavi et al. 2002b), and on scales 20 to 30 Mplee angular correlation function(6) is related to the three

a cutdf in the angular correlation function has been reportgtimensional correlation functioti(r) by Limber's equation

(Maddox et al. 1990; Collins et al. 1992; Connolly et al. 2002{l.imber 1954). Limber’s equation only holds for local samples

However, the smooth, featureless behaviour at the intermediaith z < 1. For deep samples, which cover a large range of

scales investigated in the present analysis can be parametrigdghifts, the expansion of the universe, curvattiiects, and

by a power law, as first proposed by Totsuiji & Kihara (1969):the possible evolution of the clustering have to be included. The

o redshift-dependent version of Limber’s equation has been de-

£(r) = (L) . ) rived by Groth & Peebles (1977), and Phillipps et al. (1978).

lo The general distribution of redshiftsNddz) has to be known

The correlation length § is a measure for the strength of thé" calgulated from the selection. function, which asgembles all
clustering: the probability of finding a galaxy separated by t7§'€ction &ects due to observation and data reduction.
distancer = ro from another galaxy is twice as large as for a !f £(r) is assumed to be a power law (Eq. (2)), the correla-
random distribution of galaxies. Note that the parametrisatigAn lengthro of the three-dimensional distribution can be cal-
by ro is equivalent to determining the correlation amplitude &t/lated.
a specific linear scale. The disadvantage of this method is that the inversion is

Since CADIS is a pencil beam survey with a field of vieitighly dependenton the redshift selection function assumed for
of 11x17, it is of little use to estimate the correlation lenggh the survey, whichis not a direct observable. Any method which
from the measurement, because it is well outside the measuttakes direct use of the measured redshifts, likeptgected
range of distances. Instead we will deduce the amplitugépf correlation function gives much more robust results.
at a comoving separation of= 1 h~* Mpc.

Throughout this work correlation functions are determin
by using the estimator invented by Landy & Szalay (1993):

(DD) — 2(RD) + (RR If the errors in the redshift measurement are not ex_cessively
= RR , (3) large, but stlll_too large to fa_cmtate a direct (_:omputatlon, one

can use th@rojected correlation functioto derive the correla-
where(DD) is the total number of pairs of galaxies in a givetion lengthrg and the slopg (Davis & Peebles 1983). It makes
radial bin.(RR) is the histogram of the distances between paiuse of the redshifts, but is much less sensitive to redshift errors
of randomly distributed data points that exhibit the same aréan the three-dimensional correlation function.
on the sky, and gter from the same selectioffects as the real For small angles? = rg + 2. The projected correlation
data, thus acting asaatalogue windowwhich is representing function is defined as
the geometrical properties of the survéyD) is the histogram .
Z‘fo §[(r§ +7T2)1/2] dr

e§|_2_ The projected correlation function

éis

of the distances between real and random data. Each of the Blﬁ, )
tograms is normalised to the total number of pairs counted. P

Random errors of can be calculated from Poisson statis- * 5 L2
tics (Baugh 1996): = Zfr &) (r?=rg) Trar, ®)
P
O Poisson= /% (4) Wwherer is the separation along the line of sight. The projected

physical distance, between galaxieisandj (the distance per-
where DD] is the unnormalised histogram of the number gtendicular to the line of sight) can — for a given cosmology —
pairs of real galaxies in logarithmic distance bins. As Baudt® measured very accurately:
(1996) claims, this may underestimate the errors, but they have
found that the @ errors computed in this way are comparasp = [da(i) + da(j)] tan@;;/2), (6)
ble to the errors obtained with bootstrap resampling methods
(Barrow et al. 1984). As a test we calculated bootstrap &¥hereda is the angular diameter distance #ds the apparent
rors for one cosmological model and one single redshift bisgparation between galakgnd galaxy;.
and found the same result. Therefore throughout this paper If £(r) = (r/ro)”7, then Eq. (5) yields
the errors of all correlation functions are calculated following
0 = 20poisson w(rp) = Crgré’y, @
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where C is a numerical factor, which depends only on ththe mean of the pair countRR at a projected distanag of

slopey: the four fields):
_ I'((y -1)/2) > [(RR - -y
C= AU A 8 I
vz T(y/2) ®) o7 " Z|®R 7] 5 (RR),) l (17)

Thus computingu(rp) provides a measurement of the param- y ) .
eters of the three-dimensional correlation function, namgly '€ frue value oCr, can be estimated by fitting Eq. (16) to

andy. From the amplitude ofi(rp) we can deduce the am-the data, taking the value & (Cro) from Eq. (17). This value,
plitude of the three-dimensional correlation functionrat= Multiplied by the fitted amplitud€ry, yields the integral con-

1hMpc: straint 7. This constant will then be added to the measured
With £(r) _ (r/ro)™ amplitudeA, and from the so corrected amplitude the value
of &1 mpc Will be inferred by means of Eq. (12).
g(r =1h1 Mpc) =ry (9)
w(rp) _ Cré‘yrg 3.2.1. Estimation of the projected correlation function
_ Cré’yg(r - 1ht Mpc). (10) Following Davis & Peebles (1983) one can calculate the pro-

jected correlation function from
The expressions (5) to (10) refer to physical distances as would on
be me_a.sured by an observe_r at the epoch upder cons@era_g;(rﬂb) = f &(rp, ) dor. (18)
To facilitate a direct comparison of the possible changes with —6n

respect to the global Hubble flow, we compute the amplitudgnce the three-dimensional two-point correlation function has
for acomovingdistancercom = 1 h™ Mpc. With the form of a power law, it converges rapidly to zero with in-

P B y creasing pair separation. Therefore the integration limits do not
¢ (rcom =1h Mpc) = (o1 +2)", (11) have to bexco, they only have to be large enough to include all
which we will call£; wpc in the following, we find correlated pairs. Since tlirect observable is the redshiin-

stead of the physical separation along the line of sight, we make
w(rp) (1+2) use of a coordinate transformation (LewFé et al. 1996):
= €1 mpo = ———— (12)
Crp +0z dr
w(rp) = f f(rp»ﬂ) W dz, (19)
-0z

with the numerical factor C from Eq. (8).
The errors are calculated following Gaussian error propagatigyiere

dr

2 3 c
0&1 Mpc (851 Mpc )2 ) 13 E = H_
[c’)w (rp) O-W(rp)] Ty 7 (13) ’

In our case the error of is negligible, as explained in the fol-

lowing section. The first term completely dominates the ermyq jncrement iphysicaldistance. We calculate the distance
Of &1 mpe, thus the approximationioge, vy, = Tloga IS Valid  415ng the line of sight following Kayser et al. (1997).
within a fraction of the statistical error. In order to determines(r,) we use the two-dimensional

The mean galaxy density is determined from the observeglye|ation amplitude estimated according to Landy & Szalay
galaxy counts in each field, which does not necessarily repggg%) Zest(rp) in the following:

sent the the true density (Groth & Peebles 1977). The estimator

(1+2)[Qm(1+2)? (20)

O-‘fl Mpc

+(1 - Qm - Q)1 +2?+ QA]% ]

will be on average biased low with respect to the true correla- (DD (rp)>6z - 2<RD(rP)>az + <RR(rp)>az
tion by a constant amount g“esti(rp) = (RR ( )> , (21)
M
1 ) ) 4
I~ 32 f wtf“e(rp)d $1d°Sz, (14 where the subscripizimplies that projected distances between

. . . . pairs of galaxies are only counted if their separation in redshift
yvherewtme(_rp) is the true prOJec'Fed correlauo_n function a8d space 42) is less thanisz. To derivew(rp), Zesi(rs) has to be
Is the physpal area corregpond!ng to the solid angle O_f the fi Itiplied with the “dfective depth’Ar; in which galaxies are
at the redshift under consideration. If the true correlation funt‘éken into account

tion is given by Eq. (10), the measurement yields

wm (7p)

cqrt -1 sy ") = fnlro) n

+0Z d
Crg [rFl’_y -1/ (Crg)] : (16) = esti £ d—z dz (22)

0z

The true amplitud€r] is not known, butZ/(Cr{) can be esti- In practice, when dealing with largi, one has to cope with
mated by performing a Monte Carlo integration (where we ugesurvey selection function of some kind or another between
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T T T T T T T
Real, measured redshift
""" Artificial errors: ¢,=0.007

-6z and +6z, and not with a top-hat function (of probability 100
unity to find a galaxy within the borders of the survey and zero
otherwise). This means the survey selection function has to be
taken into account when calculating,. The varying probabil-

ity of finding a second galaxy separated by a redgtafrom a
randomly chosen galaxy can be included in the calculation by
multiplying the integrand in Eq. (22) with the smoothed red-
shift distributionN;*dN/dz, normalised to unity at its maxi-
mum (N is the normalisation constant). Then the integral in
Eq. (22) is modified to 20

*Zdn [ 1 dN
Ar” = ‘[52 E [WZE]CIZ (23)

With this correction for the selection function, the “depth” conrig. 2. The influence of redshift measurement errors on the projected
verges to a fixed value and does not grow infinitely, even if tho-point correlation functionw(r,) for increasing integration limits
integration limits cover more than the total depth of the surveg.calculated for-, = 0.007 (dotted line), and far, = 0.017 (dashed
When comparing our results with those of other authors w#ige). The errors of the fits are not plotted here to avoid confusion. The
used the projected correlation function to derive the clusteriﬁqlrks |r_1d|cate the integration limits which have been chosen for the
strength (see for example Le¥e et al. 1996 or Carlberg et al caiculation ofu(ry).

2000) it has to be kept in mind that they did not take the the in-

fluence of the survey selection function into account. As can be seen in Fig. 2, the estimated amplitude of the
_ Thechoice of the integration limdzin Eg. (18) or Eq. (23) prgjected correlation function rises very steeply with increas-
is somewhr_:lt arb|trfary. _To_ capture the bulk of the cor_relathlqg integration limits, and approaches a plateau when pecu-
signal, the integration limits should exceed the redshift seqay; e|ocities become unimportant and the undistorted correla-
ration corresponding to the correlation lengghi.e. be larger o, signal is sampled. The maximum value is reached around
than the redshift corresponding to the pairwise velocity dispet; .. 591 corresponding to 3000 kmis Obviously the am-

sion, and of course they have to be larger than the uncertaigfy, de of the projected correlation function reaches its asymp-

in the redshift determination. o totic value at the point where the integration limits have about
These requirements set lower limits to the valuéoBut o same size as the typical velocity dispersion in clusters

how large @z should be chosen? Very large valuespiight (4 . 2 35. oy ~ 2500 km s).

more completely integrate thg correlation ;ignal, but they do Adding errors in the redshift measurement basically lead to

so at the cost of considerably increased noise, for two reasqfg;easing noise in the correlation signal. If the clustering in

First, the larger the separation of wo galaxies along the lifgyspift space is more and more washed out (the redshift dis-

of sight, the more meaningless (in terms of true distance) gy tion hecomes more and more Poisson-like), the amplitude
projected separation perpendicular to the line of sight becom&écreases especially at small scales.

Second, in the extreme case that a pair of galaxies is separateg, prove this assumption and to estimate the size of the
by physical distances > rg along the line of sight,

Itls MOst ot we assigned artificial errors to the measured redshifts of

likely not correlated at all, since the correlation function dqhe galaxies in the LCRS catalogue. The errors were randomly
creases very fast with distance. Nevertheless, such pairs Allvn out of a Gaussian error distribution'

display a very small projected separation and would therefore

be regarded as strongly correlated. 72=2+Az (24)
In order to find the appropriate integration limits for our

sample, we used the Las Campanas Redshift Survey, in the Y§iereAz is randomly drawn from the distribution

lowing LCRS. The LCRS is described in detail by Shectman

et al. (1996). The survey has a median redshiftaf~ 0.1, p(Az) = 1 exp[—} (A_Z) } (25)

and therefore can be regarded as “local”; the mean error in red- Vor o 2\o,

shift isor; ~ 224 107, that ISoc = 67 kr_n s’ . We calculated the estimate of the projected correlation func-
We calculated the projected correlation function of the Sx

LCRS stripes for increasing integration limiz, fitted the am- on f_or the_rpodn‘led sarmole;, one t.|me. with = .0'0?7’. and
plitudes atr, = 05 h- Mpc (the fit was done in the rangeone time witho, = 0.017* for increasing integration limitéz.

) ) : 1
007 < 1, < 2 h-iMpc (115 < logr, < 0.3) to make For both cases the fitted amplitudewdir, = 500h~ kpc) for

' ; L= P increasing integration limits is also shown in Fig. 2.
sure we fit where the signal to noise is high) and then calcu- . . ; L
As expected, redshift errors require larger integration lim-

Irate_d ;gg r\:\i ?'Ehée:”gnvss?hzf ﬂc?stSI()j(irigf sshAljrci)sTr? V?/Rﬁ'fﬁé?sf for a stable estimation. For the artificial redshift errors with
P P P = 0.007, it can be located at arourd@ ~ 0.025, for

CADIS data, where we fit the amplitude gt ~ 316h-kpc 72
(at the mean redshift of the surveg) this corresponds t0 @ 1 Representing the core of the distribution of the CADIS redshift er-
comoving separation 0£505h-1kpc). Thus, diferences iny  rors as estimated by the comparison of multicolor redshifts with spec-
have little influence on the comparison. troscopic redshifts for a sample of 160 galaxies.

——— Artificial errors: ¢,=0.017

80

60

0.5 Mpe) /h-! Mpe

40

A(rp

| |
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the calculation witho, = 0.017, the maximum is reached at 3
0z ~ 0.05, that is in both cases az ~ 30, From these
simulations we conclude that one starts to sample the corre-
lation signal when the integration limits are larger than the
Full Width at Half Maximunof the redshift error distribution
(Az = 2v2In2. o, = 2.30;). Thus we conclude that cal-
culate the projected correlation function for the CADIS data,
the appropriate choice of the integration limits appears to be
6z = +0.05.

Note that the estimate for the amplitude is systematically 0
lowered in the presence of significant redshift errors. For er-
rors ofo, = 0.017, we find that the maximum amplitude is a ‘
factor 1.2 lower than in the case of the unchanged data. For a
differential comparison between various redshift intervals a di-
minished amplitude is in any case no problem, provided one 8
uses the LCRS in its modified form (with artificial redshift er-
rors simulated exaclty as those found in the CADIS survey) as
local reference.

9o 0,=1, 04=0

* LCRS
0O 0.2<z<0.5

log w(rp) /h~! Mpe

0O 0.6<z<0.75
& 0.75<2<1.07

e e e e

« LCRS

NG 3
N .
O 0.2<z<05 T
O 0.5<z<0.75

& 0.76<z<1.07

4. The evolution of galaxy clustering from z=1

log w(rp) /h=! Mpc

4.1. Clustering properties of all galaxies

We calculated the projected correlation function for the H
CADIS data in three dierent redshift bins of similar size, L L Ll
02<z<05,05<2<0.75,075<2<107. -2 log 1, /b1 Mpe 0

A random catalogue consisting of 30000 randomly dis-
tributed “galaxies” was generated for each CADIS field with 3
the same properties as the real data. The surroundings of bright
stars in our fields were masked out. The same mask is applied
to the random catalogue.

The calculation was carried out for a flat high-density
model Qm = 1, Q4 = 0), a hyperbolic low-density model
(Qm = 0.2,Q4 = 0), and a flat low-density model with non-
zero comological constan®(, = 0.3,Q, = 0.7).

Forthe CADIS data the projected correlation functigrp)
was fitted over the range@® < r, $ 0.5 h™*Mpc (-1.7 <
logrp < -0.3), whereas the LCRS data was fitted in the range
0.07 S rp £ 2htMpc (-1.15 < logr, < 0.3), see Fig. 3. ‘ ‘ 5

-1
The fitted amplitude# atr, = 316h~! kpc for CADIS and at log rp /n7t Mpe
rp = 500h~* kpc for the LCRS, respectively, and the amplitudgig. 3. Measured projected correlation function in three redshift bins,
of the three-dimensional correlation functionrgdy = 1Mpc  for the flat standard model (top), an open model (middle), and for a
derived from them, are listed in Table 2 (we havejedis a free flat universe with a non-zero cosmological constant (below). Note that
parameter). the binning in the highest redshift bin isfidirent. Note also that the
Although we correct for the missing variance on |arg@1Iculation was carr?ed out in proper coordinqtes as measurt_ad by an
scales by adding the estimated integral constr#irtb the observer at the partlcul_ar red_shlft under consideration. The lines are
measured amplitudes, cosmic variance may still plagla. r*t"e bestfits of the data in the indicated range.
However, as can be seen from Fig. 4, the errors of the weighted
mean of the correlation function (if at all) only slightly underes-
timate the varying clustering strength measured in each single
field. In Fig. 4 we show the amplitudésof the projected corre-
lation function at, = 0.316h~* Mpc measured in each individ-within their errors they lie within the error of the weighted
ual field (no integral constraints are added yet), for the brigft€an.
galaxies in the lowest redshift bin, f@, = 0.3,Q, = 0.7. Although the projected distances at which the amplitudes
The solid line is the amplitude measured from the weightedle fitted are still close to the largest separations measured, the
mean, the dotted lines are the- levels. The spread of themeasured amplituda and the slope are independent, the er-
measured values around the mean is reasonably small, eordr, is negligible, and therefore the second term in Eq. (13)

TR R s

* LCRS

| N Ty
0 02<2<05 | % % 1

0O 0.6<z<0.75

log w(rp) /h~! Mpe

& 0.75<2<1.07

e e e e e e
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Fig. 4. The amplitudes of the projected correlation functiom@t=  rig 5 Redshift distribution of faintls > —18+ 5logh) and bright
0.316h* Mpc estimated in each individual field, for the bright galax(MB < —18+ 5logh) galaxies, for the dferent cosmologies under
ies in the lowest redshift bin, fa2,, = 0.3, Q5 = 0.7. The solid line is consiaeration in this work. '

the amplitude measured from the weighted mean, the dotted lines are

the 1o levels.
deviation of the evolution from the global Hubble flow:
is negligible. Then &1 mpe = éo(1+ 29, (28)
0109¢€1 mpc thus the parametercan be deduced from a straight line fit in
Ologér mpe = W “ Tlogu(rp)- (26) a logé—log(1+ 2) plot (see Fig. 6)q = —2 is expected in case
p

of linear clustering growth. For the flat high-density model we

. glogflM . find g = —3.44+0.29, for the open model we fine2.84+0.30,
From Eq. (12) we fin Iogw(fpp) =1,s0 and for the model with non-zero cosmological constant

-2.28+0.31.

logéaupe = Tlogu(r)- @7 " The data point of the LCRS is included in the fit fprits
The values of the integral constraint, which are then addedetor is extremely small compared to the CADIS data, and thus
the measured amplitudes of the projected correlation functidgindominates the fit. If we exclude the LCRS from the fit, we
are listed in Table 2. The amplitudes of the three-dimensiorgit—q = 3.86+ 0.80,9 = —3.52+ 0.84, andq = -3.12+ 0.90
correlation function atcom = 1 Mpc are derived from the cor- (cosmologies in the same order as above). The slopes are sys:
rected amplitudes ab(rp). tematically steeper, although still the same within their errors.
However, the reduceg? of the fits including the LCRS is
smaller than that without. We regard this as a corroboration
that the connection to the local universe indeed improves the

It is well known that in the local universe bright galaxies aréetermination ofy.
much more strongly clustered than faint ones (Norberg et al. The dependency of the parametesn the cosmology cho-
2002), as expected if bright (massive) galaxies form in tisn for the calculation is as follows: the estimatev(fy) as
high density peaks of the underlying dark matter density fief@lculated from Eq. (22) is the product &&(rp) (as defined
(Kaiser 1984). For a reliable determination of clustegnglu- in Eg. (21)), and the integral given in Eq. (23). The physical
tion galaxies with similar absolute luminosities have to be corflistances, are stretched (or compressed, respectively) cor-
pared. Based on the photometry between 400 and 1250 nmféfponding to the cosmology, that means the individual his-
absoluteB-band luminosities can be determined directly withtograms(DD), (RR and(RD) are shifted along the, axis.
out any K-correction uncertainty. At redshifts up zo~ 0.3 However, the estimatafesi(rp) is undfected, because all his-
CADIS is dominated by faintNlzg < —18 + 5logh) galaxies tograms are shifted in the same way. The integralof course
(see Fig. 5), which supress the correlation signal and distort gfanges with cosmology, thus the dependence of the amplitude
measurement of the clustering evolution. A consistent comp@f-the projected correlation function on cosmology is due to
ison of galaxy clustering at fierent redshifts can be achievedthe integration along the line of sight. Since we fit always at
if we calculate the correlation function in thewest twored- the same physical scalg,(= 316h™* kpc for CADIS), the val-
shift bins only for galaxies brighter thavlg = —18+ 5logh.  ues 0f§1 mpc We deduce fromu(rp) show the same dependency
For this purpose, the lowest redshift bin has to be confined@® cosmology. The dierences imr; are increasing with in-
z > 0.25 instead of = 0.2, because there are only very fevgreasing redshift. At our highest redshift bifz)(= 0.91) we
bright galaxies at redshifts smaller than 0.3.2At 1.07 the expect% ~ 1.6, hence we expect (and find)
magnitude limit is slightly fainterilg < —18.6 + 5logh). the amplitudes of the correlation function tdfdr by the same
The amplitudes of(rp) andé vpc are given in Table 3. factor. The integral constraint only depends on the measured
We parameterise the evolution of the clustering strengtbrrelation function (see Eqgs. (15) to (17). It is, though esti-
with redshift by a parameteg, which gives directly the mated with large errors in the highest redshift bin, of the order

4.2. Clustering evolution of bright galaxies
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Table 2. The measured amplitude of the projected correlation functionffereint redshift intervals, af, ~ 316 h™* kpc for CADIS and at
rp ~ 500 h™* kpc for the LCRS (first lines), respectively, the integral constrdimind&; wpc as calculated from thé-corrected amplitudes
of w(rp), for different world models. Numbers in italic indicate that this values are inferred from the LCRS.

Model zinterval A v I €1 mpc

0.04< z< 0.16 | 71.92:283 | 1.92+0.03 | 1.89 | 14.06:03

Qn=10| 02<2z<05 | 17.27+2% [ 183+009 | 553 | 4.23:04

Q,=0 | 05<2z<075| 9.16+2% [ 1.89+0.14 | 320 | 3.26+0%3

0.75< z< 107 | 388+13 [ 203+0.18 | 106 | 182:0%

0.04< z< 0.1 | 73.12:1% | 1,93+0.03 | 1.88 | 14.19:03

m=02| 02<2z<05 | 2144+27% | 1.80+0.09 | 6.66 | 539:+0%2

Q=0 | 05<2z<075 | 1220425 [ 192+ 0.14 | 369 | 4.20:0%7

0.75< z< 1.07 501181 | 1.97+£0.22 | 1.30 | 2.31+0%

0.04< z<0.16 | 79.48:2% | 1.91+0.03 | 1.89 | 15.49:039

Qn=03| 02<z<05 |2340:3%2[185+0.10 | 630 | 552:08
Q,=07 | 05<2z<075 | 1572328 | 197+0.13 | 430 | 531087

075< z<107 | 619+28 | 211+025 | 1.33 | 2.81+9

Table 3. The measured amplitude of the projected correlation functiop at316 h™* kpc for the bright Mz < —18 + 5logh) galaxies, the
integral constrain?, andé; wpc, calculated from the -correctedA, for different world models. Note that for the bright sample the calculation
for the first redshift bin was started a& 0.25 instead o = 0.2, because there are only very few bright galaxies at redshifts smaller than 0.3.

Model zinterval A y I &1 Mpe
o -1 025<z<05 | 27.38t53 | 1.98+0.14 | 826 | 6.80+1%
"o 05<z<075 | 1114+327 | 202+019 | 412 | 4.05:0%
=0 "075<z<107 | 3883 | 2032018 | 106 | 182504
0.98 0.36
o 02 025< z<05 | 3150+8% | 1.85+0.17 | 1024 | 8.02+1%
Qm - o. 05<2z<075 | 1542+3% | 202+ 0.16 | 466 | 534+1%
AT 075< z<107 | 50118 | 197+022 | 130 | 231358
03 025< z<05 | 394681 | 1.83+0.18 | 1274 | 1001+1%
Qm - 0'7 05<2z<075 | 2221+521 | 200+ 0.16 | 585 | 7.23+149
AT 1 075<2<107 | 6194278 | 2114025 | 133 | 2.81+1%

of 25% of the measured amplitude at 348 kpc in all cos- on the CNOC sampleQanadianNetwork for Observational
mologies thus this additional fiset does not change the ratidCosmology).

of the amplitudes in dierent cosmologies. If we consider the e Févre et al. (1996) used the projected correlation func-
“local” measurement not to change with cosmology, then Wgn to investigate the spatial clustering of 591 galaxies be-
expect the parametgrto change (due to the chang&invpc at  tween 02 < z < 1.1, in five CFRS fields (for a description
the highest redshift bin) bxq = ,ogl'gﬂ% = 0.93 between of the survey see Lilly et al. (1995) and Schade et al. (1995),
the matter-dominated flat cosmology and the flat cosmologgspectively) of approximately the same size as our CADIS
with non-zero cosmological constant. We find = 1.16. The fields. The objects are primarily located in three parallel strips
slightly larger diference measured by us is caused by the Hior each of the five fields, within which almost 100% spectro-

at(z) = 0.625 (see Fig. 6). scopic sampling was obtained, separated by regions where few
_ . spectroscopic observations were carried out. The galaxies with
4.3. Comparison with other work spectroscopic redshifts have< 2259 They computed the

Before analysing th& EDtype dependent evolution of galaxyProjected correlation function in three redshift bins between
clustering, we compare our results with previous attempts@® < z < 0.5,05 < z < 0.75, and 075 < z < 1.0, with
study the clustering evolution with redshift. In the literaturétegration limits ofo, = +£0.0075. For the connection o= 0
there are essentially only two investigations of the evolution tfey took values ofo(z = 0) from Loveday et al. (1995) and
galaxy clustering, that can be compared with the present workidon & Lilly (1996).

one analysis by Led&Vre et al. (1996) which has been carried Figure 7 shows the amplitude of the three dimensional cor-
out in the framework of th€anadaFranceRedshiftSurvey (in  relation function atcom = 1 h™ Mpc, deduced from the pro-
the following CFRS), and one by Carlberg et al. (2000), dofected correlation function, in comparison with our own data.
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1.5 T T T T T T T T
- T ® LCRS 1

Om=1, 0,=0

bright

¢
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log £(rcom=1h"1Mpc)
log ¢(rcom=1h"1Mpc)

q=-3.44+/-029

1
log (1+2)

15 ‘ ‘ ‘ Fig. 7. The amplitudes of the three dimensional correlation function
atreom = 1 h™! Mpc, deduced from the projected correlation function
of the CFRS data (crosses), in comparison with our own data (open
symbols). The amplitudes are calculated without taking the integral
constraint into account, to allow for a direct comparison with the data
of Le Févre et al. (1996). The data pointsth integral constraint cor-
rection can be seen in Fig. 6 for comparison. The filled symbols are
our data points corrected for the influence of the redshift errors on
the amplitude of the projected correlation function (shifted by a factor
of 1.2). The dotted line is the fit of the CFRS data points including
the value ofro(z = 0) from Loveday et al. (1995). It seems that they
underestimated the errors, since from a sample of roughly six times
fewer galaxies they derived errors of the same size as ours.

bright

all galaxies

0.5

log £(rcom=1h"1Mpc)

q=-2.84+/-0.30

15 ‘ ‘ ‘ sample of roughly six times less galaxies they derived errors
of the same size as ours.

Le Févre et al. (1996) claim that ih(z = 0) = 5 h™! Mpc,

0 < € < 2. The fit of their data points, including a direct con-
nection toz = 0, that does not take theftiirent properties of
the samples into account, formally yielgs= —3.04+ 0.21. If
the connectionta = O is disregarded, we fingl= —1.18+0.63
from their data.

This exercise shows that the value gpflerived from the
CFRS solely depends on the connection to the present epoch.
To deduce a reliable result, it is indispensable to take into ac-
| | | count that the catalogues to be compared have to consist of the
0.1 02 03 same mix of Hubble types and luminosities, as we have seen,

fog {i+2) bright galaxies are more strongly clustered. It is not possible to
Fig. 6. The evolution of the clustering strength (the amplitude of thestimate the evolution of the clustering strength by comparing
three-dimensional correlation function at at@novingseparation of a sample of intrinsically faint galaxies at redshitzs 0.3 with
1 h~* Mpc) with redshift. The integral constraifithas been taken into the bright galaxies which dominate the local measurements.
account. Filled symbols are only bright galaxies, open symbols ifrhe comparison betweenftiirent samples has to be carried
clude the complete sample. The line is the fit to the bright galaxigst in 4 selfconsistent way. The integral constraint, which they
the first data point (from the LCRS) is included in the fit. did not take into account, isfliérent in diferent redshift inter-
vals (see Table 2), and thus alters the result. Also the measured
amplitude of the projected correlation function depends on the
Since they did not apply corrections for the missing varianaedshift accuracy and the appropriate choice of the integration
we calculated mpc Without adding? to the measured ampli- limits.
tudes ofw(rp). For direct comparison, we have to multiply our  Thus we conclude that theineasuremerig consistent with
measured amplitudes of the projected correlation function @dirs, but they did not treat the local measurement selfconsis-
thecomplete sampley 4555 = 1.2 in order to allow for the  tently.
large errors of the CADIS multicolour redshifts (see Sect. 3). Carlberg et al. (2000) carried out an analysis of the clus-
With this correction, the CFRS data points are consistent wikkring evolution on a sample of 2300 bright galaxies from
our own measurement for the sample as a whole. Howewlie CNOC survey. The survey itself is described in de-
it seems that they underestimated the errors, since frontad in Yee et al. (1996). The galaxies have k-corrected and

0;,=0.3, 04=0.7
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® an galaxies

0.5

log £(reom=1n"1Mpc)
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evolution-compensatell luminositiesM® < —20m29 (H, = 4 o ‘ ‘

100 kms?1). The redshift distribution extends m= 0.65. For
comparison withz = 0, they selected a comparable sample 3
from the LCRS. They also do not apply corrections for the inte-
gral constraint, but since the survey area of the CNOC is large
(extending over B50° in total) 7 is expected to be negligible

at the scales they investigateX6 < r, < 5.0 ™ Mpc). The
parametet (see Groth & Peebles 1977; Efstathiou et al. 1991)
that they use for the parametrisation of the clustering evolution
can of course be related to the parameter

= 0,,=0.3, 0,=0.7

Early type

:
=
S

log w(rp) /h~1 Mpc
©

—2— 0.2<z<0.5

~ 8- 0.5<z<0.75

0 - ——=-0.75<z<1.07

q: _(3+E_Y)' (29) L [ I |
With Eq. (29) we can calculate the parametgrshich corre- # o legr, /hiMpe €
spond to the: values they give: they foung = —2.00+ 0.22 4 ‘ \ \

forQn=1,Q5, =0,9=-1.37+0.18 forQy, = 0.2,Q, =0,
andg = -0.39+ 0.19 forQm, = 0.2,Q, = 0.8.

Their values indicate a much slower evolution of the clus- 8
tering than our results. The reason for the descrepancy might
be the diterent sample selection — the CNOC galaxies have
been selected to be bright in tReband, whereas the galaxies
in our sample have bright blue luminosities. As we will show in
the next section, the clustering growth of blue and red galaxies
evolves diferently, and in fact the values we derived for our
subsample of early type galaxies are within the errors identical
with the values estimated by Carlberg et al. (2000).

0,,=0.3, 0,=0.7

Late type

log w(rp) /h~1 Mpc
©

—2— 0.2<z<0.5

~ 8- 0.5<z<0.75

0 - ——=-0.75<z<1.07

-2 log rp “*h-1 Mpc 0
4.4. The ?VOIUtion of the correlation function Fig. 8. The projected correlation function in threefdrent redshift
for different Hubble types bins; upper panel: early type galaxies in comparison with all galaxies

. . only the fits are shown as grey lines), lower panel: late type galaxies
Various local surveys have established that the red gala&i@gé’mpaﬂson with all gala>?iesyf(m _)03 QAp_ 0.7 ype g
. m — ] - ol

are much more strongly clustered than the blue ones (Davis

& Geller 1976; Lahav & Saslaw 1992; Santiago & Strauss

1992; lovino et al. 1993; Hermit et al. 1996; Guzzo et al. 1997;

Willmer et al. 1998). The corresponding amplitudes of the three-dimensional

Le Févre et al. (1996) separated their sample into red af@rrelation functions(r) at a comoving distance afom =
blue galaxies (bluer and redder than the Coleman et al. (198d) - Mpc, corrected for the missing variande are given in
Shc spectral energy distribution), and found that they havable 5.
comparable clustering amplitueszt 0.5. Here we show that ~ Figure 9 shows the amplitudes of the three-dimensional
this isnot the case, at redshifisz 0.2 red galaxies are morecorrelation functioné(r) at a comoving distance of =
strongly clustered than blue ones. 1 h™*Mpe, for red galaxies§ED < 60), for Qn = 0.3,

The galaxy library used for the multicolour classificatio&®a = 0.7. For comparison the data points for the whole sample
resembles regular grids in redshift aB&D, thus the Hubble are also plotted. The amplitudes are corrected for the missing
type can also be estimated from the observations. This enabf@gancel . The lines are the fits for thgparameter (Eq. (28)).
us to investigate the evolution of the clustering dfelient pop- The late type galaxies have large redshift errors, and they
ulations of galaxies. are intrinsically only very weakly clustered. Although their

We devided the sample into two SED bins, w8fED< 60, number density is high, the large errors and the low correlation
including galaxy types E to Sbc (1355 galaxies), argignalresultin a highly uncertain measurement of their cluster-
S ED> 60, including Sds to Starbursts (2311 galaxies), respéieg amplitudes (the measurement is shown for@he= 0.3,
tively. Galaxies with earlielS EDs have smaller redshift er-Q, = 0.7 case), which would make a reliable estimate of the
rors, therefore we primarily concentrate on the investigation olustering evolution impossible. Also the late type sample is at
the evolution of the large scale structure of the galaxies in thigh redshifts dominated by relatively bright galaxies, whereas
S ED< 60 sample. at lower redshifts the rather low-mass, fainter galaxies, which

Figure 8 shows(r) for the diferent redshift bins, in com- are only very weakly clustered, are currently undergoing peri-
parison with the projected correlation function of all galaxiesds of high starformation rates. A galaxy classified as extreme
for a flatQ, = 0.7 model. The early type galaxies show signiftate type az = 1 may have evolved into an Sazt 0, thus we
icantly stronger clustering than the late types. Table 4 lists thee not dealing with a homogeneous sample. A measurement
amplitudes at, = 316h~1 kpc, fitted betweer20h-1kpc and of the clustering evolution of late type galaxies is therefore not
~500h~tkpc, and the integral constraift meaningful at this point.
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Table 4. The measured amplitude of the projected correlation functiop at316 h™* kpc and the integral constraift, in different redshift
intervals for two SED bins, for élierent world models.

Model Zinterval A(SED< 60) y I | A(SED> 60) y I
0. =10 02<z<05 46.67+5712 195+ 0.09 | 1433 7.801%38 196+024 | 0.14
05<z<075| 213334 | 213:014 | 612 | 497+2% | 201+033 | 0.66

=0 0.75< z< 107 5.53+3%9 284+093| 101 4.78+13% 198+ 0.22 | 0.57
02<z<05 59.17+728 1.97+0.09 | 1559 9.09+59% 192+027 | 213

m=02 o5 <z<075 279753 | 201+016 | 918 | 589%3¥ | 220+044 | 131
=0 075<z<107 | 1103+% | 269+080 | 142 5.67+253 0.52+0.86 -
02<z<05 67.60+82 220+0.10 | 1514 6.62+528 237+0.30 | 1.19

m=03 5 <z<075 39224720 | 200+011 | 1112 | 1040/ | 216+044 | 2.30
Qr =07 075<z<107 | 1953+}%% | 216+064 | 335 9.25+389 1.89+0.28 | 1.98

Table 5. The amplitudes of the three-dimensional correlation funcgiohat a comoving distance of= 1 Mpc, for red § ED< 60) and blue
(S ED> 60) galaxies; the integral constraint has been taken into account in the calculation.

Model zinterval &1 mpe (SED< 60) | &1 mpc (S ED> 60)
o - 10 02<z<05 1126133 146059
"7 77| 05<2z<075 7.27+54¢ 1.49+773
Q=0 324 072
0.75< z< 1.07 2.34+757 196+, %7
o - 02 02<z<05 1377135 2.08+£07
mo 05<z<0.75 9.87+143 1.89+5%
QA =0 ‘ .
0.75< z< 1.07 456+391 -
03 02<z<05 15.11+358 1.29+072
mo 05<z<0.75 1337+731 3.35+189
QA =07 5 ‘
0.75< z< 1.07 857551 4.01+142

‘ ‘ ‘ ‘ type sample, and compares them to the values found for the

bright sample. The evolution of the amplitude of the correlation
function is clearly diferential, the clustering strength of early
type galaxies grows much slower. However, it looks as if the
clustering evolution of the CADIS early type sample converges
to the same value. In Table 6 we list also the paramzgfer

the early type sample which was determined when taking the
LCRS point into account.

When the LCRS point (&= 0.1) is included in the fit, the
CADIS points still lie well on the fitted line, which indicates
that the clustering strength of bright and early type galaxies
v e YR indeed seems to converge to the same pointad.

log (1+2) These values af, -1.47+0.37,-0.71+ 0.31,-0.34+ 0.32
Fig. 9. The evolution of the clustering strength (at@movingsepara- (See Table 6 for the corresponding cosmological models) are
tion of 1 h~* Mpc) with redshift, for early type§ ED< 60). The data Wwithin their errors identical to the values deduced by Carlberg
for the bright galaxies and the complete sample are plotted for cost- al. (2000) from the red CNOC galaxies (they found=
parison. A correction for the integral constraint is included. The first2. 00 + 0.22, g = -1.37+0.18,q = -0.39 + 0.19 for the

data point (the weighted mean of the LCRS sectors) is not includggsmologies in the same order as above, see previous section)
in the fit for the early type galaxies. We also show the fit which does

take it into account (dotted line), and the measurement for the late type
sample for the, = 0.3, Q, = 0.7 case. Note that the errors of the5 Discussion
late type galaxies are too large to measure the clustering evolution:™

We now want to discuss the most important results of our
present analysis in turn:
The LCRS measurement is not included in the fits for the 1. Bright galaxies are more strongly clustered than faint
early type galaxies. Table 6 lists the parametéor the early galaxies and show significant growth in clustering sine€l.

15
0;=0.3, 0,=0.7

earl;
rly type

q=-0.34+-0.28

q=-0.85+-0.82

1h~!Mpc)

q=-2.28+-0.31

log &(r

0.5

o



S. Phleps and K. Meisenheimer: Evolution of galaxy clustering 867

Table 6. The parameteq for early type § ED < 60) galaxies, for a fit done without taking the the LCRS point into account, and for a fit
including it. The evolution of the bright sample is shown for comparison.

Cosmology q(S ED< 60), without LCRS (S ED< 60), with LCRS bright

Qn=10,Q, =00 -2.60+ 091 -1.52+0.30 -3.44+0.29
Qn=02,Q,=00 -2.03+0.82 -0.74+0.28 -2.84+0.30
Qn=03,Q, =07 -0.85+0.82 -0.34+0.28 -228+031

At redshifts around ~ 0.3 the CADIS data are dominatedthe late type galaxy population in the CADIS galaxy sample
by rather faint galaxies, which show smaller clustering ampbBuggestive of merging.
tudes than brighter ones. On the other hand, the LCRS sampleAlthough the clustering strength of the underlying dark
consists mainly of intrinsically bright galaxies. In order to benatter density field increases with redshift, the biasing de-
able to compare our high redshift data self-consistently witheases. The neffect is a very slowly rising clustering am-
the local measurement from the LCRS, we measured the gifitude of the early type (old) galaxies.
plitude of the correlation function from a subsample of bright Thus, the measured rate of the clustering growth depends
galaxies Mg < —18+ 5logh). We find a significant growth of on the mixture of galaxy types one observes difedéent red-

the clustering strength for this bright subsample: shifts.
For theQy,, Q4 = 0.3,0.7 cosmology we findy = -2.2 3. The evolution of the clustering amplitude of early and
that is 2 ﬂi"ﬁfﬁ = 5.5. This might be compared with the thebright galaxies converges to the same value~a0.

oretical predictions by Kafmann et al. (1999a). They use The convergence of the evolution of the clustering of bright
N-body simulations of dark matter (DM) to derive the clusgalaxies and galaxies with EDs earlier than Sbc towards the
tering of DM halos at O< z < 5 and semi-analytic mod- same local measurement can also be understood if one takes
els in order to assign a galaxy of certain type and luminoi#to account that galaxies evolve and hence the population mix
ity to each DM halo. Although many properties of their mockne observes changes with redshifts. The comoving number
galaxies population are only in loose accordance with obserdsnsity of weakly clustered starburst galaxies increases with
tions, their result seems robust: the clustering strength of brigin¢reasing redshifts, whereas the space density of the highly
galaxies Mg < —19+ 5logh) on 2 Mpc scales follows closely clustered very early type (E-Sa) galaxies decreases by a fac-
that of the DM halos they are imbedded outzte 1 (bias pa- tor of ~1.6 fromz = 0 toz = 1 (Fried et al. 2001). In our
rameter=1). They find a 3.5-fold increase @ vpc between highest redshift bins the clustering signal of the bright sub-
z = 1 andz = 0. If one takes into account that the increassample is presumably dominated by a weakly clustered pop-
should be higher on 1 Mpc scales and that our limit for “brightlation of galaxies, which at that time webeight, and blue
galaxies” is 1 magnitude fainter (i.e. it includes less massi¥é z = 0 these weakly clustered blue galaxies have vanished,
halos) it seems that the the clustering evolution predicted Bgd now the majority of the early type galaxies (which had
ACDM models is in agreement with our measurements. later, bluerS EDs at higher redshifts), are aléwight, thus at

2. At high redshifts, early type galaxies are more strongthe present epoch there is a large overlap between the bright
clustered than the bright galaxies and the clustering strengtr@ofl the early type samples. Thus we conclude that the apparent
the early type galaxies evolves much more slowly than thatifong growth of clustering of the bright galaxies is dominated
the bright galaxies. by the fading of the unclustered, blue population.

A plausible explanation for the fierent evolution of the ~ To understand exactly how galaxy evolution influences the
clustering properties of the early type galaxies arises in the copeasuremendf the growth of structure, and the evolution of
text of biased galaxy formation (Bardeen et al. 1986; Brainetae large scale structure influences the evolution of galaxies,
& Villumsen 1994). The first galaxies are born in a highlyve need detailed investigations of the evolution of both the cor-
clustered state, because they form in the bumps and wigglekation function and the luminosity function of galaxies with
which are superimposed on the very large-scale density @ifferentS EDs.
hancements. The next generations of galaxies form later in Larger, wide angle deep surveys have only recently be-
the wings of the large-scale enhancements, and are therefom@e available, and one of them is t@OMBO 17 sur-
less and less clustered. While the universe expands, the gal@y (Classifying Objects by M ediumBand Observations in
ies evolve, age, and eventually merge to form larger, brightef filters, Wolf et al. (2001a)), in some respect the successor
galaxies and ellipticals, and generally add to the population@fCADIS. The complete catalogue will includ&0 000 galax-
earlier type galaxies, while new galaxies form at later times iés with | < 23, in 10°, with S EDand morphological infor-
less and less clustered environments. Merging creates galaxiation. This amazing data base can be used for various inves-
“which suddenly” add to the old population. A merger everigations, using the projected correlation function. The higher
also reduces not only the number of galaxies, but also the nustatistic allows for a more detailed analysis of the evolution of
ber of small pair separations in a sample, which reduces the clustering of dterent galaxie types and their relation to the
probability of finding pairs of galaxies at small distances — andhderlying dark matter density field.
thus supresses the amplitude of the correlation function. Fried The clustering properties of starburst galaxies at higher
et al. (2001) found the density evolution of the early type anddshifts can be investigated using the emission line galaxies
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observed by the CADIS emission-line survey using an ima@uzzo, L., Strauss, M. A., Fisher, K. B., Giovanelli, R., & Haynes,
ing Fabry-Perot interferometer (Hippelein et al. 2003). TheseM. P. 1997, ApJ, 489, 37
galaxies, which have been detected and classified by their erhiguser, M. G., & Peebles, P. J. E. 1973, ApJ, 185, 757
sion lines, have redshifts with an accuracy of 120 kinsgood Hermit, S., Santiago, B. X., Lahav, O., etal. 1996, MNRAS, 283, 709
enough to calculate the three-dimensional correlation functibfPPelein. H, Maier, C, Meisenheimer, et al. 2003, A&A, 402, 65
directly. The special observing technique samples galaxies {40 J- D, &Lilly, S. J. 1996, ApJ, 469, 519
distinct narrow redshift bins, which allows for the investigatiolr?vmo’ A, Giovanelli, R., Haynes, M., Chincarini, G., & Guzzo, L.

’ 1993, MNRAS, 265, 21

of the evolution of the clustering properties of emission liNn@,iser N. 1984 ApJ, 284, L9

galaxies between a redshift o 1.4 andz ~ 0.24. Kauffmann, G., Colberg, J. M., Diaferio, A., & White, S. D. M. 1999a,
The observations have to be compared to theoretical premNRAS, 307, 529

dictions. We plan to carry out a large cosmological simulatiaauffmann, G., Colberg, J. M., Diaferio, A., & White, S. D. M. 1999b,

including starformation and feedback. The individual galaxies MNRAS, 303, 188

will be assigned a® EDaccording to their stellar masses an#ayser, R., Helbig, P., & Schramm, T. 1997, A&A, 318, 680

starformation histories, so we can perform synthetic photont@nney, A. L., Calzetti, D., Bohlin, R. C., et al. 1996, ApJ, 467, 38

try applying our CADIS or COMBO 17 filter set to the synL-ahav, O., & Saslaw, W. C. 1992, ApJ, 396, 430

thetic spectra. Thus we will be able to “observe” the modi@ndy: S. D., & Szalay, A. S. 1993, ApJ, 412, 64

galaxies at dferent redshifts, and directly compare the sint—.e Fevre, O., Hudon, D., Lilly, S. J., etal. 1996, ApJ, 461, 534
Ulations to our observations illy, S. J., Le Fevre, O., Crampton, D., Hammer, F., & Tresse, L.

1995, ApJ, 455, 50

Limber, D. N. 1954, ApJ, 119, 655
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