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CLUSTERING OF K-SELECTED GALAXIES AT 2 < z < 3.5: EVIDENCE FOR A COLOR-DENSITY RELATION

1 1 12 4 1 2
RyaN Quapri,” PiETER VAN DokkuM,” ErRic GAWISER, 2 MARIN Franx,” DANILO MARCHESINI, PAULINA LIRA,
5 1 2 4 . 6,7 12
GrEGORY RuDNICK,” DAVID HERRERA,” JOSE MAzA,” MARISKA KRIEK,” Ivo LABBE, ”" AND HAROLD FRANCKE "~
Received 2006 June 14, accepted 2006 September 1

ABSTRACT

We study the clustering properties of K-selected galaxies at 2 < z < 3.5 using deep multiwavelength imaging in
three fields from the MUSYC survey. These are the first measurements to probe the spatial correlation function of
K-selected galaxies in this redshift range on large scales, allowing for robust conclusions about the dark matter halos
that host these galaxies. The K-selected galaxies with K < 21 have a correlation length 7o ~ 6 A~! Mpc, larger than
typical values found for optically selected galaxies. The correlation length does not depend on K-band magnitude
in our sample but does increase strongly with color; the J — K > 2.3 distant red galaxies (DRGs) have ry ~
11 2~' Mpc. Furthermore, contrary to findings for optically selected galaxies, K-selected galaxies that are faint in the
R band cluster more strongly than brighter galaxies. These results suggest that a color-density relation was in place at
z > 2; it will be interesting to see whether this relation is driven by galaxies with old stellar populations or by dusty
star-forming galaxies. Irrespective of the cause, our results indicate that K-bright blue galaxies and K-bright red gal-
axies are fundamentally different, having different clustering properties. Using a simple model of one galaxy per halo,
we infer halo masses ~5 x 10'2 M, for K < 21 galaxies and ~2 x 10'3 M, for DRGs. A comparison of the observed
space density of DRGs to that of their host halos suggests large halo occupation numbers; however, this result
conflicts with the lack of a strong small-scale excess in the angular correlation function. Using the predicted evolution
of halo mass to investigate relationships between galaxy populations at different redshifts, we find that the z = 0
descendants of the galaxies considered here reside primarily in groups and clusters.

Subject headings.: galaxies: evolution — galaxies: formation — galaxies: high-redshift — infrared: galaxies —

large-scale structure of universe
Online material: color figures

1. INTRODUCTION

Optical surveys of the high-redshift universe have been very
successful in finding relatively unobscured star-forming galaxies,
primarily via the U-dropout technique. These z ~ 3 Lyman break
galaxies (LBGs) typically have stellar masses ~10'" M., star for-
mation rates of 10—100 M, yr~!, and are thought to dominate the
star formation density at that epoch (Steidel et al. 2003; Shapley
etal. 2001; Reddy et al. 2005). However, it is becoming increas-
ingly clear that substantial numbers of galaxies exist at these
redshifts that have little rest-frame UV luminosity and are thus
underrepresented in optical surveys. Such galaxies may be de-
tected in the near-infrared (NIR), which samples the rest-frame
optical.

One criterion used to select galaxies in the NIR is J — K >
2.3 (Franx et al. 2003; van Dokkum et al. 2003). These distant
red galaxies (DRGs) typically have high star formation rates,
2100 M, yr~1, and dust obscuration 4 > 1 but must also have
significant populations of evolved stars in order to explain their
colors and spectra (Forster Schreiber et al. 2004; Papovich et al.
2006; Kriek et al. 2006a). Some DRGs show little or no evidence
of active star formation (Labbé et al. 2005; Kriek et al. 2006a,
2006b; Reddy et al. 2006). DRGs must in general be very mas-
sive to account for their significant K brightness; stellar popu-
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lation synthesis models imply masses M, ~ 10'' M. Indeed,
95% of galaxies with M, > 10'" M, at 2 <z < 3 have K <
21.3 (van Dokkum et al. 2006). Conversely, the median galaxy
in this mass range has R ~ 25.9, fainter than the limits typically
reached by optical surveys.

The relationship between K-selected samples and optically se-
lected samples, not to mention present-day galaxies, remains un-
clear. While typical optically selected galaxies have properties
different from K-selected galaxies, the K-bright subsample of
optically selected galaxies have stellar masses, star formation
rates, and metallicities that are in approximate agreement with
K-selected galaxies (Shapley et al. 2004; Reddy et al. 2005).
Nevertheless, it is not clear whether the differences between
these galaxies are transient (e.g., dust geometry, starbursts, merg-
ers) or fundamental (e.g., age of the underlying old stellar popu-
lations, mass, environment). An understanding of the nature of
the differences between populations is essential to place them in
evolutionary scenarios.

One way to investigate differences between galaxy populations
is to measure their clustering properties. As clustering measure-
ments provide information that is independent of photometric
properties, they can be used to distinguish between transient and
fundamental differences between galaxy populations. In the halo
model of galaxy formation, the large-scale distribution of galaxies
is determined by the distribution of dark matter halos. The corre-
lation function of galaxies can therefore be associated with the
correlation function of the halos in which they reside. Halo clus-
tering, in turn, is a strong function of halo mass (Mo & White
1996), providing a means to study the relationship between galaxy
properties and the mass of the dark matter halos.

Several studies have measured the dependence of clustering
strength of high-redshift galaxies on color. Daddi et al. (2003)
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use the ultradeep imaging of the 4.5 arcmin? Faint Infrared Extra-
galactic Survey (FIRES) Hubble Deep Field-South (HDF-S)
field (Labbe¢ et al. 2003) to study the clustering characteristics of
K-selected galaxies at 2 < z < 4. Their most striking finding is
that the correlation length increases strongly with J — K color,
with the reddest galaxies in their sample having correlation
lengths 7y = 10—15 A~! Mpc, comparable to the most luminous
red galaxies in the local universe. The mass of dark matter halos
with similar correlation lengths is >10'3 M., yet the galaxy num-
ber density is ~100 times larger than that expected for such mas-
sive dark matter halos, implying that many galaxies must share the
same halo. More recently, Grazian et al. (2006) measured ry =
13.4739 1~! Mpc for z > 2 DRGs using the larger 135 arcmin?
Great Observatories Origins Deep Survey (GOODS) Chandra
Deep Field—South (CDF-S) field, also indicating that red galaxies
are located in very massive halos.

The interpretation of these clustering measurements is com-
plicated by the fact that in order to derive information about the
dark matter halos, the correlation function must be measured
on large scales. The correlation function has a contribution from
galaxies that share halos (hereafter the “one-halo” term) and
galaxies in separate halos (the “two-halo” term). The shapes of
these two contributions are shown with impressive detail in the
correlation functions of large samples of z ~ 4 LBGs presented
by Lee et al. (2006) and Ouchi et al. (2005). In order to derive
meaningful constraints on large-scale clustering properties, and
thus on the host dark matter halos, it is important that both of these
terms are taken into consideration. If the correlation function is
parameterized as a simple power law then it should be measured
on scales where the two-halo term dominates the clustering signal.
In practice, a firm lower limit to the radial range in which the an-
gular correlation function should be fitted is the halo virial radius.
At z = 3, the virial radius 7509 of a 10'* M, halo corresponds to
22" (e.g., Mo & White 2002). The majority of the clustering signal
from Daddi et al. (2003) and Grazian et al. (2006) is on scales
6 <30, which may lead to gross overestimates of the large-scale
correlation length and the mass of the host dark matter halos. In
particular, Zheng (2004) shows that the measurements of Daddi
et al. (2003) are consistent with models in which the large-scale
correlation length is as low as 7y ~ 5 h~! and the typical halo mass
is ~10'2 M. This suggests that DRGs and LBGs may occupy
similar halos but that DRGs have higher occupation numbers.

The goal of this work is to study the clustering characteristics
of a K-selected population of galaxies at 2 < z < 3.5. The in-
creased field of view of our imaging allows for an improved
determination of the clustering strength of K-selected galaxies at
angular separations sufficiently large to investigate the large-scale
distribution of galaxies and thus to provide more meaningful esti-
mates of the masses of the halos in which they reside. As our
secondary goal, we wish to analyze the clustering results using
models of halo clustering and to use these models to shed light on
evolutionary scenarios forz > 2 galaxies. These types of analyses
have previously been performed for optically selected samples
(e.g., Moustakas & Somerville 2002; Ouchi et al. 2004; Adelberger
et al. 2005b). Throughout, we use the cosmological parameters
Qn=0.3,Q4 =0.7,Hy = 70 hy km s™! Mpc~!,andog = 0.9.
Results are given using /79 = 1, except for correlation lengths,
which are scaled to units of # = 0.7 in order to facilitate com-
parison to previous studies. Optical magnitudes are given in AB,
and NIR magnitudes are given on the Vega system.

2. DATA

The Multiwavelength Survey by Yale-Chile (MUSYC) consists
of optical and NIR imaging of four independent 30’ x 30’ fields
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Fic. 1.—Inferred redshift distribution of galaxies selected with 2 <z < 3.5.
The top two curves are for the full sample, and the bottom two curves are for
galaxies that meet the / — K > 2.3 criterion for DRGs. Dashed curves indicate the
distribution of zyhe values, smoothed with a A(z) = 0.4 boxcar average. Solid
curves indicate the distributions derived by summing the redshift probability dis-
tributions for each galaxy. The normalization is arbitrary.

plus spectroscopic follow-up (Gawiser et al. 2006; R. Quadri
et al. 2007, in preparation).® Deeper JHK imaging was obtained
over 10’ x 10’ subfields with the Infrared Side Port Imager (ISPI)
camera at the Cerro Tololo Inter-American Observatory (CTIO)
Blanco 4 m telescope. The present analysis is restricted to three of
these deep fields (the adjacent HDFS1 and HDFS2, and 1030).
The deep JHK data will be described in detail elsewhere (R. Quadri
et al. 2007, in preparation). The total 5 o point-source limiting
depthsareJ ~23.0,H ~ 21.8,and K ~ 21.3. The optical UBVRIz
data are described in Gawiser et al. (2006).

In this study we use spectroscopic redshifts where possible but
must rely primarily on photometric redshifts. Photometric red-
shifts were determined using the methods of Rudnick etal. (2001,
2003). Briefly, nonnegative linear combinations of galaxy tem-
plates are fit to the observed spectral energy distributions. The
templates include the four empirical templates of Coleman et al.
(1980), as well as the two empirical starburst templates of Kinney
etal. (1996), all of which have been extended into the UVand NIR
using models. As the empirical templates are derived from low-
redshift samples, we find that they do not adequately describe all
z Z 2 galaxies. For this reason we added 10 Myr and 1 Gyr old sin-
gle stellar population templates generated with the Bruzual &
Charlot (2003) models. The redshift probability distribution for
each galaxy is calculated using Monte Carlo simulations in
which the observed fluxes are varied within the photometric
uncertainties.

A comparison of the photometric redshifts to spectroscopic
redshifts drawn from the literature and from our own observations
yields a mean Az/(1 +z) = 0.12 for z > 1.5, corresponding to
Az~ 0.4 at z~ 2.5. The dashed curves in Figure 1 show the
redshift distribution for all MUSYC galaxies with 2 < z < 3.5

8 See http://www.astro.yale.edu/MUSYC/.
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Fic. 2.—Positions of K < 21 galaxies at 2 < zphe < 3.5 in the deep MUSYC fields. The field sizes are ~20’ x 10’ and ~10 x 10’ for HDFS1/2 and 1030, re-
spectively. The large black circles represent galaxies with stellar mass M, > 10! M_,, and the small black circles represent less massive galaxies. Galaxies that meet the
J — K > 2.3 criterion for distant red galaxies are marked with an open gray circle. [See the electronic edition of the Journal for a color version of this figure.]

and for DRGs in the same redshift range. The solid curves show
the distributions that are inferred by summing the redshift prob-
ability distributions. All distributions have been smoothed with a
Az = 0.4 boxcar to limit spikes that, given our uncertainties, may
not be real.

We restrict the sample to galaxies with 2 < zppo < 3.5 and
K < 21, except where noted. Figure 2 shows the positions of the
DRGs in the three MUSYC fields. Also shown are galaxies with
stellar mass M, > 10'! M, where M, is determined with stellar
population synthesis models (§ 3.4.4).

3. THE TWO-POINT CORRELATION FUNCTION
3.1. Method

The two-point correlation function can be measured by count-
ing the number of unique galaxy pairs as a function of separation
and comparing the resulting distribution to that of a catalog of
random points with the same number density and subject to the
same observing geometry. Several estimators for the angular two-
point correlation function are available, but the estimator intro-
duced by Landy & Szalay (1993) is emerging as the de facto
standard for high-redshift studies. It has been shown to minimize
the variance and biases associated with other estimators (Landy
& Szalay 1993; Hamilton 1993; Kerscher et al. 2000). The ob-
served amplitude of the two-point correlation function is thus

where DD(0) is the number of data-data pairs with angular separa-
tion in the interval (0 — A6/2, 0 + A6/2), DR(0) is the number of
data-random pairs, and RR(0) is the number of random-random
pairs, in the same angular interval. We use A = 20"'. In order to
better sample the observing geometry and to decrease the uncer-
tainty in DR(#) and RR(#), we use ~100 times more random
points than data points. This requires normalizing the DR and RR
terms such that ) DR(#) = >, RR(0) = >_,DD(6).

The angular correlation function can be approximated as a
power law,

w(h) = 4,07°. (2)

However, as the (suitably normalized) number of random pairs
is equal to the number of data pairs, and since the two-point cor-
relation function is the excess probability of finding a data pair

versus finding a random pair, it is clear that wyps(6) cannot be
positive for all 4. In particular,

//Wobs(912>dﬂld92 ~ 0. (3)

This integral constraint requires that wps(#) fall below the intrin-
sic w(f) (Groth & Peebles 1977). The size of this bias increases
with the clustering strength and decreases with field size; in prac-
tice, it is a significant effect and a correction must be made. The
integral constraint correction is approximately constant and equal
to the fractional variance of galaxy counts in a field,

1
<N gal >

where the first term on the right is the Poisson variance and the
second accounts for the additional variance caused by cluster-
ing (Peebles 1980, § 45),

1
av%:?//w(Glz)dQlsz. (5)

Although the clustering term dominates the integral constraint, the
Poisson term is nonnegligible for the small sample sizes consid-
ered here. Following Infante (1994) and Roche et al. (1999) the
clustering term o2 can be estimated numerically using

IC~o?= + o2, (4)

2 ZzAWergRR(el) (6)
o ==
" > i RR(0;)
The quantity o2/4,, is estimated directly from the random cat-
alog for an assumed value 3. The amplitude 4,, of the angular
correlation function is related to the observations through the
fitting function

Wops () = 4,07 —IC. (7)

We estimate A,, iteratively using equations (6), (4), and (7). The
final result is robust against differences in the initial estimate of
A,,, and convergence only takes a few iterations.

In the weak clustering regime the uncertainty in the Landy &
Szalay estimator can be estimated by assuming that DD(#) has
Poisson variance (Landy & Szalay 1993); in this case

14+ w(0)

§W0bs(9) ~ DD(O) .

(3)
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TABLE 1
GaLaxy CorreLATION Funcrions: Firming Rance 07 < 6 < 200"

Selection® Ngt  ALB=08)  ry(y=18)  ro(y=16)
644 1.9 £0.3 7.6 £ 0.6 9.1707
638 18403 7406 8.9+07
614 1.8+03 7.4+96 8.9 +08
493 23404 8.3+ 0.7 10.6798
381 28 £05 9.210%8 12.1 £ 1.0
267 49 + 0.7 12.0799 162 +1.2
626 1.9+ 03 7.5508 9.17°9%
563 21403 8.175¢ 102 £ 0.8
444 29+ 04 9.6%07 125 £0.9
353 3.9+ 05 1.1+£09 150+ 1.1
341 1.9+ 0.5 7.3+ 8.743
303 34406 104719 13.5792
620 2.1+£03 7.9+ 06 9.6107
574 24403 8.670¢ 104 +0.8
480 2.6 £04 89+07 108£09
279 2.7+ 0.7 8.9712 11544
logM > 104............. 616 21403 8.0 + 0.6 9.7:0%
logM > 10.6............ 543 20+03 7.6 £ 0.7 9.4+08
logM > 10.8. . 429 1.8 + 04 74102 9.3%1]
logM > 11.0............ 325 2.1+06 8.0711 9.6+14

? All galaxies are selected using K < 21 unless otherwise specified.

If the angular correlation function is a power law, the spatial
correlation function will also be a power law,

f-(L) o)

where 7y is the spatial correlation length and v = 3 4 1. The an-
gular correlation function can be used to obtain the spatial cor-
relation function by inverting the Limber projection,

_ Hyry [F(z)rl™(z2)N?(z)E(z) dz
(¢/Ho)[[N(z) dz]?

; (10)

w
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where r.(z) is the comoving radial distance, N(z) is the redshift
distribution, and (e.g., Magliocchetti & Maddox 1999)

_ (NI =1)/2]
H_F(E) FoR) (11)
E(z) = \/Qu(1 4+2)* + Q4. (12)

The function F(z) describes the evolution of clustering with
redshift, £(r, z) = £(r, 0)F(z). The evolution has often been mod-
eled as F(z) = (1 4+ z)~®7779, where the parameter € is typically
specified using ¢ = v — 3 for constant clustering in comoving
units, € = 0 for “stable clustering,” or ¢ =~ — 1 for “linear
growth” (e.g., Moscardini et al. 1998; Overzier et al. 2003). We
assume constant clustering in comoving units over 2 < z < 3.5;
this sets F'(z) = 1. Different values of €, where the correlation
length is then determined at the median redshift of the observed
sample, yield similar results.

3.2. Measurement Strategies

In what follows we restrict the analysis to galaxies with pho-
tometric redshift 2 < zype < 3.5. Reducing the redshift range
produces comparable correlation lengths but with larger uncer-
tainties. In addition, as we largely rely on photometric redshifts,
we cannot be confident in our ability to divide the sample too
finely in redshift space.

It is common practice in the literature to assume v = 1.8 if the
data are not sufficient to make independent measurements of
both the slope and the amplitude of the correlation function.
Recent studies have found that v ~ 1.6 may be more appropriate
for LBGs (Adelberger et al. 2005b; Lee et al. 2006). Direct
comparisons of the correlation length from different studies can
be problematic unless the same 3 was used; for this reason, the
results summarized below use v = 1.8, but Tables 1 and 2 also
give the 7y values corresponding to v = 1.6.

In placing the random objects on the image, we mask out re-
gions where galaxies could not be detected, e.g., in the vicinity of

TABLE 2
GaLaxy CorreLATION Functions AND Bias: Firting Rance 40”7 < 6 < 200"

Selection® Ngal A,,(8=10.8) ro(y = 1.8) ro(y = 1.6) Bias Total Variance”
644 13404 6.019% 6.6110 33+£0.5 Y
638 13+ 04 6.11%0 6.7119 34405 20
614 14404 6.310% 7.1+ 35405 =
493 2.7+ 05 9.0 £ 0.9 10.6 £+ 1.0 48 + 04 28
381 3.4+ 06 102719 12.641) 53+0.5 i
267 43 +£09 11713 14.2714 5.870¢ 28
626 15404 6.61%% 7.6+10 3.610% Ly
563 23404 8.5+08 9.9+02 45+ 04 23
444 32+05 10.2792 124 + 1.1 5.4+04 22
353 47+ 0.7 12.571¢ 15.5%12 6.4+ 0.5 s
341 L1407 5.4+18 5.9+1% 3.010% kT
303 32408 10.0714 119416 52407 39
620 1.6 + 0.4 6.8+0% 7.7+10 3704 2
574 1.7+ 04 7.01%0 79119 3.8704 21
480 21405 79710 9.01} 42+£05 =
279 33409 10.0+}4 1234} 5207 3l
log M > 104.concriireinane. 616 14404 6.3107 AN 34+05 )
log M > 10.6. 543 1.8 £ 04 72109 AR 39405 122
logM > 10.8. . 429 1.7 £ 0.6 7112 8.21)¢ 3.970¢ 123
log M > 110, 325 12+ 07 5.9+18 6.2129 3.3+09 +24

? All galaxies are selected using K < 21 unless otherwise specified.
® Estimated uncertainty in o due to field-to-field variance. See § 3.3.2.
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bright stars. This procedure makes a negligible change in the re-
sulting correlation functions.

We measure wops(6) (eq. [1]) in linearly spaced 20” bins for
the purpose of computing the y 2 fits. Spacing the bins at equal
logarithmic intervals gives similar results for most samples con-
sidered here. We present the results of power-law fits over the
range 0" < 6 < 200" in Table 1 and 40" < 6 < 200" in Table 2.
Most of the discussion and analysis in this paper is based on the
latter fits. The 200" upper limit minimizes the effects of low-level
biases (such as errors in the flat-fielding and the integral con-
straint) and edge effects. The 40” lower limit is set so that the fit is
not strongly affected by the one-halo term of the correlation func-
tion (§ 4). Atz = 2, the minimum redshift of our sample, 40" sub-
tends 0.7 2~! Mpc in comoving units, which corresponds to the
virial radius r,09 of an ~3 x 10'3 M, halo. This is roughly the
mass of halos that host the most clustered galaxies in our sample
(§ 4) and is larger than the scales (<10”; <0.25 A~' Mpc) at
which z ~ 4 LBGs show significant contributions from the one-
halo term (Ouchi et al. 2005; Lee et al. 2006). For reference,
Adelberger et al. (2005b) use a lower limit of 60”, but our reduced
signal-to-noise ratio does not allow for such a conservative limit.
In contrast, Grazian et al. (2006) fit w(f) over 1" < 8 < 100"
Neither Grazian et al. (2006) nor Daddi et al. (2003) significantly
constrain w(6) beyond 40” (see their Figs. 9 and 8, respectively).

We note that for most samples considered here the 0" < 6 <
200" fits result in correlation lengths that are larger than the 40" <
0 < 200" correlation lengths by ~1-1.5 o. For some subsamples
the 0" < 6 < 200" correlation lengths are actually smaller, al-
though the difference is always <1 o.

While performing the fit at large scales reduces the effect of the
one-halo term on the correlation length, there is a second-order ef-
fect of the halo occupation distribution that we do not take into ac-
count. A fully consistent treatment would require counting only
one galaxy per halo, to avoid counting the same halo more than
once. As we have no robust method of detecting galaxies that
share halos, halos that host multiple galaxies will be counted mul-
tiple times when measuring w(6). Since only the most massive
halos are likely to host multiple galaxies, these halos effectively
receive more weight. Our data are not sufficient to address these
second-order effects, and we note that simply rejecting all galaxies
that have close neighbors would introduce other biases in our
measurements.

3.3. Sources of Uncertainty
3.3.1. Redshift Distribution

The shape of the redshift distribution N(z) in equation (10)
will affect the deprojection of the angular two-point correlation
function, contributing to the uncertainty in r(. One strategy for
dealing with the redshift uncertainties is to smooth the zpo
distribution by the typical uncertainty, Az ~ 0.4 (§2). However,
it is likely that the redshift uncertainties differ for different gal-
axies in our sample. This may affect the observed relationships
between galaxy properties and clustering strength; for instance,
if faint galaxies have a larger photometric redshift uncertainty
than do bright galaxies, their intrinsic redshift distribution may
be wider. In this case, smoothing with the same Az will not suf-
ficiently broaden the redshift distribution of faint galaxies, result-
ing in an underestimate of the correlation length of faint galaxies
for some observed value of 4,,. This will introduce an artificial
trend of increasing clustering with increasing brightness. We
note that many other studies of galaxy clustering—which use the
same redshift selection function for all galaxy samples—may be
subject to this effect.

Vol. 654

A more appropriate redshift distribution for use in equation (10)
may be had by summing the redshift probability distribution P(z)
(see § 2) for each galaxy in the sample. To the extent that our
Monte Carlo simulations provide an accurate estimate of P(z), this
strategy circumvents the problem of choosing a smoothing width.
In addition, we compute > P(z) separately for each subsample
under consideration, thereby reducing the problem of differential
redshift uncertainties.

The smoothed z,po distributions are narrower than the (more
realistic) ) P(z) distributions that are used throughout this paper.
We note that using these narrower distributions would reduce our
estimates of ry by ~15%-25%, where the more clustered popu-
lations display the smaller differences. In the case of DRGs, about
half of the ~15% difference between these two estimates of 7y
comes from the z < 1.8 tail of the > P(z) distribution, and the
other half comes from the broader overall distribution at z > 1.8
(Fig. 1).

If redshift interlopers are assumed to be randomly distributed
they will dilute the observed angular correlation by a factor of
(1 —£.)%, where f, is the contamination fraction. One method
of accounting for interlopers is to estimate f. using the redshift
probability distributions and to calculate a contaminant-corrected
ro by integrating over the range 1.8 < z < 3.5 in equation (10).
As the assumption of a random distribution is probably unreal-
istic, we choose instead to account for interlopers by integrating
over the entire redshift range. The correlation lengths are similar
regardless of the method used.

3.3.2. Field-to-Field Variance

The Landy & Szalay estimator has been shown to have approx-
imately Poisson variance in the limit of zero clustering (Landy &
Szalay 1993), but a clustered population is expected to show co-
variance between the radial bins (Bernstein 1994). The deep NIR
MUSYC survey consists of only two independent fields (HDFS1/2
and 1030), so field-to-field variations will present an additional
source of error. Moreover, uncertainty in the integral constraint is
not correctly accounted for by Poisson statistics. Here we esti-
mate the confidence intervals of our results with simulated data
sets. Our approach is similar in spirit to that described by Daddi
et al. (2003).

We construct a clustered population using outputs from the
public GALICS simulations (Hatton et al. 2003). GALICS uses
cosmological N-body simulations to trace the growth and merg-
ing of dark matter halos and a semianalytic approach to follow
the formation and evolution of galaxies within the halos. The
simulations use 8.272 x 10° M, particles ina 100 2~' Mpc sim-
ulation box, 2, = 0.333,Q4 = 0.667,h = 0.667,and oy = 0.88.
The GALICS outputs are available in convenient “observing cone”
catalogs (Blaizot et al. 2005) that mimic what an observer would see
in a simulated universe. The limited size of the simulation box re-
quires replication of galaxies within the observing cones. Although
the observing cone geometry has been tuned to reduce replication
effects, precise measurements of galaxy clustering and the cosmic
variance are hampered by replication effects.

We construct 27 mock data sets from the eight 1 deg? GALICS
observing cones. Each of these mock data sets has the same
geometry and field sizes as the deep NIR MUSYC survey, and
we measure the clustering of the simulated galaxies using the
same methods. The results are used to estimate the 68% confi-
dence range of the amplitude A4,, of the angular correlation func-
tion. More detailed characterizations of the uncertainties would
require larger simulations. The confidence range is a function of
both intrinsic clustering, which is adjusted by selecting galaxies
with different halo mass, and surface density, which is adjusted
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Fic. 3.—Angular correlation function, with the integral constraint correction
applied to the data points, for galaxies with 2 < zype < 3.5 and K < 21. The
upper x-axis shows the transverse comoving distance at the median redshift
z = 2.6. The dashed lines show the best-fit power laws over 6 < 200" (top) and
40" < 6 < 200" (bottom). The lower fit is preferred in order to reduce the ef-
fects of halo substructure in w(f). The solid curve illustrates the shape of the
angular correlation function that is expected for dark matter halos; the larger
values of the galaxy correlation function at small separations suggest that some
halos host multiple galaxies. [See the electronic edition of the Journal for a
color version of this figure.]

by randomly removing galaxies. For most of the samples here,
04,/A4w = 55%—T70%, significantly larger than the Poisson values
alone. This does not imply that our results are only significant at
the <2 o level, as populations with small 4,, will have small o4, ,
so populations with little or no clustering rarely show strong clus-
tering (see also Fig. 1 of Daddi etal. 2003). We return to this issue
in § 3.4.2 for the specific case of DRG versus LBG clustering.
The errors due to field-to-field variations are reduced when
comparing populations of galaxies drawn from the same fields, so
we quote Poisson uncertainties except where noted. The estimated
total uncertainty in the correlation length due to both Poisson
errors and field-to-field variance is given in the last column of Ta-
ble 2. We note that most studies of galaxy clustering at high red-
shift do not fully account for the effects of field-to-field variance.

3.4. Results
3.4.1. Angular and Spatial Clustering of Galaxies with 2 < zppe < 3.5

Figure 3 shows the angular correlation function for K-selected
galaxies with 2 < zypoe < 3.5 and K < 21. The correlation func-
tion is roughly consistent with a power law down to ~1”, the
approximate resolution limit of our survey. There is a slight in-
dication of an excess on smaller scales: the amplitude of the best-
fitting power law 4,, = 1.9 4 0.3 when the fit is restricted to 6 <
200" and A4,, =1.3 £ 0.4 over 40” < 0§ < 200”. Lee et al.
(2006) and Ouchi et al. (2005) also note that the best-fitting power
law changes for smaller angular intervals for their sample of
z ~ 4 LBGs. Although our sample is not large enough to trace
the detailed shape of w(0), it is possible that this is evidence of the
small-scale excess that is predicted by halo occupation distribu-
tion models (e.g., Wechsler et al. 2001; Zheng 2004). However,
as emphasized by Adelberger et al. (2005b) the observation that
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approximate power-law behavior extends to such small scales
may itself be interpreted as evidence that galaxies share halos.
The solid line in Figure 3 shows the expected shape of the an-
gular correlation function of dark matter halos wy,(#), derived us-
ing N-body simulations (§ 3.3.2). Halo exclusion effects force
wy(0) to flatten on smaller scales. In the case of one galaxy per
halo, w(6) should follow wy(8). If galaxies have a higher prob-
ability than do halos of having close neighbors, then it is likely
that some fraction of these galaxy neighbors reside in the same
halo. We return to this point in § 4.

We invert the angular correlation function w(f) to derive
the spatial correlation length ry using equation (10). Restrict-
ing the fit to the angular range 40" < 6 < 200", we find ry =
6.0f(1):? h~! Mpc (comoving). For comparison, the correla-
tion lengths of R < 25.5 optically selected z ~ 2—3 BX galaxies
and LBGs is ~4 h~' Mpc (Adelberger et al. 2005b; Lee et al.
2006). The latter use a power-law slope of the correlation
function v ~ 1.6, whereas we use v = 1.8. Assuming v = 1.6
increases the correlation length of MUSYC galaxies to ry =
6.6ﬂ :(1’ h~! Mpc. The larger correlation lengths for the K-selected
sample might have been expected, as K-bright galaxies have
been shown to cluster more strongly than optically selected
K-faint galaxies at z ~ 2 (Daddi et al. 2004; Adelberger et al.
2005a). This dependence on selection filter may reflect underlying
trends with K magnitude, color, mass, or other parameters; these
issues are discussed in the following subsections (see in particular
§3.4.3).

3.4.2. Clustering as a Function of Color

Figure 4 compares the angular correlation function of DRGs
withJ — K > 2.3 to that of non-DRGs withJ — K < 2.3, in the
redshift range 2 < zppo < 3.5 and with K < 21. The DRGs clus-
ter more strongly than the bluer galaxies at large scales. The an-
gular correlation function of DRGs is roughly consistent with a
power law down to ~4”, which corresponds to the virial radius of
a ~10"" M, halo. For the blue galaxies, w(f) remains consistent
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Fic. 4—Angular correlation function for 2 < zpht < 3.5 galaxies that meet
the J — K > 2.3 threshold for distant red galaxies (DRGs) and for non-DRGs.
A small horizontal offset has been applied to the blue points for display purposes
only. The power-law fits to w(8) are performed at 40" < 6 < 200" to reduce the
effects of halo substructure in w(6).
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Fig. 5—Comoving correlation length for 2 < zyho < 3.5 galaxies redder
than the J — K color threshold.

with a power law to ~1”. The two w(f) data points at § < 4"
correspond to one and eight observed blue galaxy pairs, whereas
the DRGs have zero and two pairs at these small separations. By
extrapolating the power-law fit to these scales, we would expect
only one and four galaxy pairs for the DRG sample. While gal-
axy pairs at separations approaching 40" may share the same halo,
it is not clear whether or not they will eventually merge. However,
galaxies with these significantly smaller separations (4" corre-
sponds to a projected distance of 36 proper kpc at z = 2.6) should
be interacting strongly and could be mergers in progress. The lack
of close DRG pairs may therefore indicate that DRGs are under-
going few mergers. Whether this is because DRGs are the products
of recent mergers or because merger-induced star formation makes
the red galaxies bluer, or whether there is some other explanation, is
unknown. Evaluating the significance of the lack of close DRG
pairs is severely complicated by galaxy deblending issues in our
~0.9" FWHM images, and we do not discuss this issue further.

We findrg = 11.1713 A~! Mpc for DRGs. Note that if the full
field-to-field variance is taken into account, we estimate ry =
11.1738 2=! Mpc. If the fit is performed over 6 < 200", then
ro = 12.07%3 h~! Mpc (Poisson errors only). These values are
consistent with the 7o = 13.4%3% A~! Mpc given by Grazian
et al. (2006) and ry = 14.5‘3:; h~! Mpc given by Daddi et al.
(2003), although the latter authors do not apply a photometric
redshift cut.

Figure 5 shows the comoving correlation length as a function
of minimum J — K color threshold. We confirm the previous
result of Daddi et al. (2003) that the redder galaxies cluster more
strongly, even though their result was derived using a single
~4.5 arcmin? field, and they measure w(#) at @ < 70" (see their
Fig. 8). It should also be noted that their sample reaches 2—3 mag
deeper than ours, and it is not obvious that the same trends should
hold over such a wide luminosity range. There is a slight trend of
increasing median redshift with increasing J — K color, but the
difference is ~0.1 over the range of colors studied here, so it is
unlikely that the relationship between color and ry is solely due
to redshift evolution. We note that alternate galaxy colors, such

14 - .
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Fic. 6.—Comoving correlation length for 2 <z, < 3.5 galaxies redder
than the Ry — Kvega color threshold.

as R — K, are also strongly correlated with clustering (Fig. 6).
LBGs and BX galaxies have a correlation length 7o ~ 4 h~' Mpc
(Adelberger et al. 2005b; Lee et al. 2006), lower than the value for
the bluest threshold shown in Figure 5, although the brightest R <
24 LBGs reach rop = 7.8 + 0.5 h~! Mpc (Lee et al. 2006). The
median J — K color of z ~ 3 LBGs is ~1.6 (Shapley et al. 2001),
and very few LBGs/BX galaxies reach the reddest thresholds
(Reddy et al. 2005; van Dokkum et al. 2006).

We have established the significance of the increased cluster-
ing with color in several ways. Splitting our sample at the median
color,J — K ~2.17, we find ro = 11.07{ and 6.17)% 4~! Mpc
for the redder and bluer sample, respectively. We then randomly,
repeatedly split the sample of K-selected galaxies in two, mea-
suring the correlation length each time. The correlation length
reaches as high as 7o = 11 2~! Mpc only ~4% of the time, in-
dicating that we have established the stronger clustering for
redder samples at the ~96% level. We have also used the sim-
ulations described in § 3.3.2 to see how often a population with
the same correlation length as LBGs but with number density
and redshift distribution similar to what we infer for DRGs can
have a measured correlation length as high as that observed for
DRGs as a result of field-to-field variations; we found that this
only happens ~5% of the time. Futhermore, we have verified
that the increase in clustering with color is not driven by any one
of our three ISPI fields by repeating the clustering measurements
three times, each time removing one of the fields; although the
exact values of the correlation length vary, the relationship be-
tween clustering and color is always present. Finally, we recall that
the “total” uncertainties, which include the estimated contribution
from field-to-field variations and are presented in Table 2, over-
estimate the uncertainties when comparing correlation lengths of
galaxies that are drawn from the same fields.

The increasing clustering with color indicates that a color-
density relationship was in place at z 2 2. In the local universe,
this relationship is understood as an effect of higher metallicity
and higher stellar ages in the densest regions; both effects may
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Fic. 7—Top: Comoving correlation length for galaxies fainter than a K magni-
tude threshold. The gray points show the results from the HDFS1 and 1030 fields
only; these points have been offset in the horizontal direction for clarity. The bottom
panel shows that the fraction of red galaxies (defined as galaxies redder than the
median, J — K > 2.17) does not change strongly over this magnitude range.

play a role at high redshift (Forster Schreiber et al. 2004; van
Dokkum et al. 2004; Shapley et al. 2004). The high dust obscu-
ration associated with vigorous starbursts also contributes to the
red colors of many K-selected galaxies (e.g., Forster Schreiber
et al. 2004; Labbé et al. 2005; Webb et al. 2006). It is entirely
possible that the dusty and the “red and dead” galaxies (Kriek
et al. 2006b) have different clustering properties, but the strong
relationship between J — K and r( suggests that neither of these
populations is weakly clustered. Disentangling the relationship
between clustering and star formation for red galaxies would
likely require large fields with Spitzer Space Telescope obser-
vations (Labbé et al. 2005).

3.4.3. Clustering as a Function of Apparent Magnitude

Figure 7 shows the relationship between correlation length and
minimum K magnitude. There is a small trend with the fainter gal-
axies clustering more strongly, but the significance of this effect
is low; removing either the HDFS1 or HDFS2 fields from this
analysis eliminates this relationship, while removing 1030 ac-
tually increases it. We conclude that the data do not suggest a
strong relationship between K and r. This contrasts with results
from z ~ 2.3 BX objects, which show clustering that increases
strongly with K (Adelberger et al. 2005a); we comment further on
this below. The bottom panel of Figure 7 shows that the fraction
of red galaxies—here we characterize a galaxy as red if it has
J — K larger than the median—does not vary significantly with
K. Combined with the result that ry correlates with J — K, it ap-
pears that color, not K magnitude, is the primary determinant of
clustering strength.

Next we split the sample into two populations using an appar-
ent optical magnitude cut R = 25, which is approximately equal
to the median total R magnitude and is 0.5 mag shallower than
the limit used for z ~ 3 LBGs (Steidel et al. 2003). Figure 8 shows
that the optically brighter K-selected subsample clusters less
strongly than does the fainter subsample. This result is at odds
with several studies of optically selected galaxies, including BX

Fic. 8.—Comoving correlation length for R-selected (blue symbols) and
K-selected galaxies (red circles), shown at representative R magnitude values.
The large triangles are for z ~ 3 LBGs from Lee et al. (2006). The small trian-
gles are LBGs at z ~ 3, the squares are BX objects at z ~ 2.3, and the asterisks
are BM objects at z ~ 1.7, all taken from Adelberger et al. (2005b). The LBGs
and BX objects show increasing clustering with increasing R brightness,
whereas the BM objects show no apparent trend, and the K-selected MUSYC
galaxies appear to show the opposite trend.

objects at z ~ 2.3 (Adelberger et al. 2005b),” LBGs at z ~ 3
(Giavalisco & Dickinson 2001; Foucaud et al. 2003; Adelberger
et al. 2005b; Lee et al. 2006), and LBGs atz ~ 4 and 5 (Lee et al.
2006; Ouchi et al. 2004), all of which display stronger clustering
with increased rest-frame UV luminosity. It is interesting that our
brighter subsample has a correlation length that agrees well with
R-selected samples in the same magnitude range. Thus, our results
suggest that the K-selected galaxies that are below the limits of
current R-selected surveys are the most strongly clustered.

‘We note that the median K magnitudes of our two subsamples
are similar—with the optically faint sample 0.1 mag brighter than
the optically bright sample—and that the overall distributions of
K magnitude are also similar. So the anticorrelation between rq
and R brightness may simply be a manifestation of the correlation
between 7 and the R — K color (Fig. 6). Similarly, the observa-
tions of Shapley et al. (2005) suggest a relationship between
R — K and K for BX objects, and Adelberger et al. (2005a) spec-
ulate that the observed relationship between r( and K for their
sample may reflect an underlying correlation between ry and
R — K. Thus, the results for both K-selected galaxies and opti-
cally selected galaxies suggest that color may be the most impor-
tant driver of clustering strength. If this is the case, the difference
in colors between these two populations may explain the difference
in clustering properties, as K-selected galaxies tend to be redder.

3.4.4. Clustering as a Function of Stellar Mass

To investigate the relationship between stellar mass and clus-
tering, we estimate the mass of MUSYC galaxies by fitting Bruzual

® Tt appears that for BX objects clustering strength increases with R bright-
ness, K brightness, and R — K color (Adelberger et al. 2005a, 2005b); it fol-
lows that the faint blue BX objects are the least clustered.
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Fic. 9.—Same as Fig. 4, but for mass-selected samples.

& Charlot (2003) models to the observed photometry at fixed
Zphot- We assume a 7 = 300 Myr declining star formation history,
solar metallicity, and a 0.1-100 M, Salpeter (1955) initial mass
function.

Figure 9 shows that the angular correlation function of galax-
ies with M, > 10'! M, and that of galaxies with M, < 101! M,
are very similar. The top panel of Figure 10 shows the correlation
length versus minimum stellar mass threshold. There is no clear
trend. The bottom panel of Figure 10 shows that the fraction of
red galaxies is an increasing function of mass threshold. It was
shown above that r increases strongly with J — K color; from
this it might be expected that clustering would increase strongly
with mass because the most massive galaxies tend to be red.
Moreover, the median masses of the R-faint and R-bright sam-
ples in Figure 8 are 6.2 x 10'% and 1.6 x 10'! M, again suggest-
ing a possible relationship between mass and . So it is interesting
that we do not observe a clear relationship between clustering and
stellar mass, although it must be noted that the data shown in Fig-
ure 10 have large error bars.

As discussed by van Dokkum et al. (2006) the majority (~65%
in the current sample) of M, > 10'! M, galaxies at z > 2 are
DRGs. With such significant overlap between the massive and
red galaxies, it is to be expected that they have similar correla-
tion lengths. However, we find 7y = 5.973% h~! Mpc for M, >
10'" M., galaxies and ry = ll.lf{f‘ h~! Mpc for DRGs. This in-
dicates either that the massive non-DRGs have a very low cor-
relation length or that the less massive DRGs have a very high
correlation length. Our sample is not large enough to investigate
each of these subpopulations individually, but we do note that the
correlation length for galaxies that are both massive and meet the
J — K > 2.3 criterion for DRGs is ro = 7.97)3 h~! Mpc, inter-
mediate between the massive and DRG samples. This may be
evidence that the low-mass DRGs are highly clustered and that
the high-mass blue galaxies are less clustered. Relative to the
median high-mass DRG, the median low-mass DRG is fainter in
the NIR (K = 20.8 vs. 20.3) and brighter in the optical (R =
25.8 vs. 27.1) but has a similar NIR color (/ — K = 2.6 vs. 2.7).
We have verified that it is not K-faint DRGs that contribute so
strongly to the clustering but rather the low-mass DRGs, by mea-
suring rop = lO.Sf}ig h~! Mpc for K < 20.7 DRGs. This result
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is analogous to conclusions from the local universe, where low-
mass red galaxies and high-mass red galaxies inhabit the densest
environments (Hogg et al. 2003; Kauffmann et al. 2004), and to
the fact that among massive galaxies there is a strong relationship
between correlation length and optical color (Li et al. 2006). In
addition, Kauffmann et al. (2004) show that the stellar mass of
galaxies is not a strong function of halo mass in the most mas-
sive halos.

It should be noted that while we are approximately complete
for galaxies with M, > 10'"" M, (van Dokkum et al. 2006), we
are very incomplete for less massive galaxies. Using stellar mass
estimates from the ultradeep FIRES MS 1054-03 field (Forster
Schreiber et al. 2006), we estimate ~65% completeness for gal-
axies with M, > 10104 M. Scatter in our mass measurements
may also obscure any relationship between 7y and mass. Signifi-
cantly deeper data are need to study the dependence of ) on mass
for a complete sample.

4. RELATIONSHIP BETWEEN GALAXIES
AND DARK MATTER HALOS

In the halo model of galaxy formation, the galaxy correlation
length is related to the mass of dark matter halos (Mo & White
1996). In this section we constrain the halo masses and occupa-
tion numbers of the various subsamples of MUSYC galaxies us-
ing the measured correlation lengths and number densities.

4.1. The Number Density and Bias of Dark Matter Halos

To investigate the relationship between the MUSY C K-selected
galaxies and dark matter halos, we use the halo mass function
of Sheth & Tormen (1999), which is derived from fits to large

N-body simulations,
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Fic. 10.—Comoving correlation length as a function of stellar mass threshold.
The bottom panel shows the fraction of red galaxies (defined as galaxies redder than
the median, J — K > 2.17) as a function of mass.
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where v/ = \/ab./o(M,z), the constants §, ~ 1.69, a = 0.707,
A ~ 0.322,and ¢ = 0.3, and p is the current mean mass density
of the universe. We calculate the relative mass fluctuations in
spheres that contain an average mass M as

o(M,z) = D(z)0(M,0), (14)
where D(z) is the growth factor for linear fluctuations given by
Carroll et al. (1992) and o(M, 0) is calculated using a scale-free
n = 1 initial power spectrum and the transfer function of Bardeen
et al. (1986).

The linear halo bias is calculated using the function of Sheth
et al. (2001),

1 vlzc/\/a
b :1 _ 12 b /2(1—c) _
L 2% 1 b(1—o)(1—c/2)]’

(15)

where b = 0.5 and ¢ = 0.6. Further details can be found in, e.g.,
Mo & White (2002).

Several definitions of the bias (which relates the clustering of
objects to that of the overall dark matter distribution) in terms of
observable quantities appear in the literature. We choose

038,gal

b:@@

: (16)

where o3(2) is the variance in 8 /! Mpc spheres and is calcu-
lated analogously to equation (14). If the galaxy correlation func-
tion &(7) is a power law of the form of equation (9), then it can be
integrated to give the relative variance (Peebles 1980, §§ 36 and
59)

72 o\’
O'égal = G-7)E-76-—7)2 <8 h! Mpc> . (17)

We model the simple case of one galaxy per halo above a min-
imum halo mass threshold, i.e., a halo occupation number of 1.
More detailed models, such as setting the halo occupation number
equal to a power law above some mass threshold (e.g., Wechsler
etal. 2001), are beyond the scope of this paper. As we measure the
bias of the galaxy samples at scales larger than ~1 Mpc, we can
associate the observed bias with the linear bias of the host halos
calculated with equation (15), thereby providing an estimate of
the halo mass.

Figure 11 shows the average halo bias (weighted by the num-
ber density) and number density as a function of halo mass thresh-
old at the median redshift, z ~ 2.6. The 1 o bias range for DRGs,
as well as the minimum mass and the number density of halos
with the same bias values, is illustrated by the shaded regions.
From this figure we can read off the mass threshold of halos that
have the same bias as DRGs, M), =~ (1.5-3) x 10'* M,,. The larger
sample of K < 21 galaxies has M; ~ (1.5-5) x 10'> M. For
comparison, the LBGs and BX galaxies occupy halos with mass
threshold M, =~ 10" and ~1012 M, respectively (Adelberger
et al. 2005b).

4.2. The Halo Occupation Number

In the local universe, halos with mass <10'2 M, tend to have
only one bright galaxy, whereas 210'* M halos may contain
dozens (e.g., Kauffmann et al. 2004). There is also evidence of
galaxies sharing halos at high redshift (Daddi et al. 2003; Zheng
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Fic. 11.—Relationship between the measured galaxy correlation length and
number density, and the inferred halo mass and occupation number. 7op: Number-
weighted average linear bias as a function of minimum halo mass threshold at
z = 2.6. The right axis shows the relationship between galaxy correlation length
and the inferred large-scale galaxy bias. The shaded regions show the 1 o range of
allowed ry and the corresponding range in bias and halo mass. Bottom: Comoving
halo number density as a function of halo mass threshold. The shaded regions show
the 1 o range of mass and number density for the halos that host DRGs. The hatched
region shows the observed number density of DRGs, illustrating that they are
40f§8 times more numerous than the halos that host them. [See the electronic
edition of the Journal for a color version of this figure.]

2004; Adelberger et al. 2005b; Ouchi et al. 2005; Lee et al. 2006).
We define the mean halo occupation number Ny as the ratio of
galaxy number density to the number density of host dark matter
halos. Occupation numbers greater than unity suggest that mul-
tiple galaxies can reside in a single halo.

The simplest estimate for the number density of galaxies comes
from dividing the observed number of galaxies by the volume
probed by our survey at 2 < z < 3.5. However, there may be sig-
nificant evolution of the actual number density over this redshift
range, and there is probable contamination by interlopers. We at-
tempt to correct for these effects by estimating the fraction of the
observed galaxies that lie at z ~ 2.6 using the redshift distribu-
tions discussed in § 2. We note that these two estimates agree
to within the field-to-field variance within the survey, which is
~20%. The estimated number density of galaxies atz ~ 2.6 with
K < 21is5 £ 2.5 h3, Mpc—>. For DRGs, we estimate (2 + 1) x
10~ 43, Mpc ™. GOODS CDF-S—the only other public field
with size, depth, and multiwavelength coverage comparable to
one of our fields—shows a lower density of massive and red gal-
axies than are present in the MUSYC survey, indicating that our
field-to-field variance may not be representative (van Dokkum
et al. 2006; Grazian et al. 2006). Incompleteness and possible
systematics in photometric redshifts further complicate density
estimates; we therefore assign approximate 50% uncertainties.
These number densities are consistent with estimates from the
luminosity function (Marchesini et al. 2007).

Figure 12 compares the number density and correlation lengths
for various samples to the values that are expected in the case of a
one-to-one relationship between galaxies and dark matter halos.
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Fic. 12.—Correlation length and number density of different populations of
z > 2 galaxies. The LBG data are taken from Adelberger et al. (2005b). The r(
for the K-bright BX galaxies is taken from Adelberger et al. (2005a). We esti-
mate the number density of bright BX galaxies by using the density of all BX
galaxies given by Adelberger et al. (2005b) and applying a correction using the
information given in Adelberger et al. (2005a). The solid line shows the approx-
imate correlation length r as a function of number density that would be ex-
pected in the case of one galaxy per halo at z = 2.6; the upper and lower dashed
lines show the same information at z = 3 and 2, respectively. Although the in-
ferred halo mass for a galaxy population with a given r, will depend on the red-
shift of the galaxy population, the relationship between ry and number density
for dark matter halos is not a sensitive function of redshitt.

As noted by, e.g., Adelberger et al. (2005b) the observed proper-
ties of z ~ 3 LBGs are roughly consistent with such a relationship.
The same is true for the entire MUSY C K-selected sample, as well
as the sample of M, >10'" M, galaxies. However, the redder
galaxies deviate strongly from the expected relation, suggest-
ing high occupation numbers. In particular, the number den-
sity of halos with the same bias as DRGs is ~(2.4-13) x
1076 A3, Mpc 3, suggesting Noee & 40150 However, if the es-
timated field-to-field variance is taken into account ( Table 2), the
DRGs may have a correlation length as low as o ~ 7 A~! Mpc,
in which case Ny ~ 1. The bright K < 20.5 BX galaxies from
Adelberger et al. (2005a) also suggest high occupation numbers,
although the very strong clustering in one of their observed fields
may drive their result.

4.3. Constraining the Occupation Number
with the Number of Close Pairs

In the previous subsection we estimated the occupation num-
ber Ny using the standard method of comparing the observed
number density of galaxies to the number density of their host
halos. If many galaxies share the same halo, then the angular po-
sitions of galaxies should show strong “clumps”; i.e., the corre-
lation function should indicate large power on small scales. Here
we obtain an independent estimate of Ny by comparing the
shape of the angular correlation function w(€) to that of the an-
gular correlation function of dark matter halos wy,(9).

Although the angular and spatial correlation functions of dark
matter halos are well approximated by power laws on scales larger
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than ~r;, the probability of finding distinct halos with separation
<ryir necessarily falls to 0; this sets &,(r < ryir) ~ —1. However,
for a sufficiently large redshift selection window, wy,(6) will tend
to remain flat on small angular scales because of projection effects
(see Fig. 3). The extent to which the galaxy correlation function
w(0) differs from the w;(#) on small scales can be used to con-
strain the occupation number (Wechsler et al. 2001; Bullock et al.
2002; Adelberger et al. 2005b).

The expected number of galaxies in the angular interval (0,
Omax ) around a randomly chosen galaxy is

N = ngmtg, (1 +wag,,), (18)

max

where n, is the mean surface density of galaxies, and w.g, . is
the value of the angular correlation function evaluated over the
same angular interval (i.e., using eq. [1] and a bin of width
Omax)- This relation follows directly from the definition of the
angular correlation function. If all galaxies are associated with
halos, and if 6., is larger than the virial radius, the average num-
ber of galaxies within the same angular interval is the number of
additional galaxies within the host halo plus a contribution from

neighboring halos,
N=f+ Noccnhﬂ'eéax (1 + Wh,<9max) ) (19)

where f denotes the average number of additional galaxies in
a halo that hosts at least one galaxy. Note that Ny = ny/ny,
so the right-hand side of equation (19) does not depend directly
on Ny.. Combining equations (18) and (19) gives an estimate
of f that depends on both w(f) and w;,(#) over the interval
(0, Omax), as well as on n,. Under the assumption that all halos
above the minimum mass threshold host detectable galaxies, it
is apparent that N,.. = f + 1. If some fraction g of these halos do
not host detectable galaxies, then N, is reduced by a factor of
1 — g. There is some indication that g > 0 for LBGs (Adelberger
et al. 2005b; Lee et al. 2006). Here we make the simplifying as-
sumption that g = 0, which is consistent with the Ny = 1 mea-
surements from § 4.2, and note that the N, measurements of
this section may be upper limits.

We measure wy, g, directly from the observing cone output
ofthe GALICS simulations (see § 3.3.2), using halos with a large-
scale angular correlation and redshift distribution similar to those
inferred for our sample. Because the GALICS observing cone
outputs do not specify the coordinates of halos, we instead use the
coordinates of the most central galaxy in each halo when measur-
ing the correlation functions. As shown in Figure 3, wy,(6) flattens
over the region 6 < 40”. Our results are relatively insensitive to
the details of this procedure, and the uncertainties are dominated
by the uncertainties in w(#) and in the galaxy surface density n,,
which we estimate from the observed variance among the
MUSYC fields. We use the observed field-to-field variations to es-
timate the uncertainty in n, and use Oy = 60" in equations (18)
and (19).

We derive Noe. = 1.7 £ 0.3 for DRGs. Other galaxy subsam-
ples have occupation numbers that are consistent with the DRG
value to within 1 o. In § 4.2 we showed that the observed corre-
lation lengths and number densities suggest Ny, ~ 1 for the K <
21 and M, ~ 10" M, galaxies, consistent with the values de-
rived here. However, the value for DRGs is much less than the
Noce = 4075 that is inferred from the correlation length. This
may indicate that our measured correlation length is an overes-
timate. Possible causes for this discrepancy are given in § 6;
however, we note that these values are consistent if the estimated
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field-to-field variance in the correlation length is taken into ac-
count (§ 3.3.2 and Table 2). Previous studies have found corre-
lation lengths even larger than ours (Daddi et al. 2003; Grazian
et al. 20006), although their measurements may have been unduly
influenced by small-scale structure in w(f) (see § 3.4 and Zheng
2004).

In § 4.2 we showed that the number density and correlation
length of K < 20.5 BX galaxies (Adelberger et al. 2005a) point
toward very high occupation numbers. However, these authors
indicate that their results do not change significantly if they in-
clude galaxy pairs at small separations in their analysis. This sug-
gests that there is no evidence of a strong small-scale excess in
their correlation functions, and therefore that bright BX galaxies
also show a disagreement between their observed properties and
the properties of dark matter halos, although the difference is not
as significant as for DRGs.

5. RELATING GALAXY POPULATIONS
AT DIFFERENT REDSHIFTS

5.1. Evolution of Galaxy Bias

What are the z = 0 descendants of the K-selected galaxies
discussed in this paper? In the ACDM picture of structure forma-
tion, the large-scale distribution of galaxies is determined pri-
marily by the dark matter potential wells. Thus, we can address
the evolution of high-redshift galaxies by following the evolu-
tion of their host dark matter halos. Fortunately, the dynamics of
collisionless dark matter particles are well described by simple
models or by cosmological N-body simulations. So while the
complicated physics that dictates the evolution of the baryonic
components of galaxies (e.g., star formation, feedback, and merg-
ers) cannot be addressed by these models or simulations alone, we
can constrain the bias and halo mass of the z = 0 descendants.

One way to investigate relationships between galaxy popula-
tions at different redshifts is to compare their observed bias. As the
universe evolves with time, the dark matter becomes more clus-
tered and the bias of a set of biased objects will decrease. The
bias b(z) of a set of test particles evolved according to (Fry 1996)

b(0) — 1

b(z)=1+ DG

(20)

where D(z) is the growth factor. It is important to note that this
equation does not account for merging and the evolution of the
baryonic components of galaxies. Merging will play a role if
galaxies in the densest (i.e., most biased) regions of space are
more likely to merge than are galaxies in less dense regions,
thereby reducing the average bias of unique descendants. So it
is possible that the bias will evolve faster than indicated by equa-
tion (20). We refer to this as the “galaxy conserving” model of
bias evolution. Figure 13 shows tracks of bias evolution, along
with the bias of different samples of galaxies (which we compute
in a consistent way, using eq. [16]). This figure shows that the
brightest LBGs at z ~ 3 (R < 24; Lee et al. 2006) have a bias
roughly consistent with the z ~ 2.6, K < 21 galaxies studied
here. At higher redshift, only the brightest z ~ 4 LBGs (i’ < 24.8;
Ouchi et al. 2004; Allen et al. 2005) show biasing consistent with
the lower redshift DRGs, but the fainter z ~ 4 LBGs are not
consistent.

Figure 13 shows that all of the high-redshift samples discussed
in this paper, including LBGs, evolve into highly biased popu-
lations at z ~ 0. This point was made previously for the optically
selected populations (e.g., Baugh et al. 1998; Ouchi et al. 2004;
Adelberger et al. 2005b). Among the known galaxies at z ~ 2, it
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FiG. 13.—Evolution of bias with redshift. The tracks show the evolution of bias
calculated using the galaxy-conserving model, eq. (20). The filled black circles
are based on this work, while the gray symbols are for optically selected galaxies
at various redshifts and open black symbols are for local galaxies. The asterisks
show the bias of BX galaxies from Adelberger et al. (2005a, 2005b). The tri-
angles show the bias of z ~ 3 LBGs from Lee et al. (2006). The diamond and
stars are for the z ~ 4 LBGs of Allen et al. (2005) and Ouchi et al. (2004), re-
spectively. Open circles are from Zehavi et al. (2005). The square represents the
richest cluster sample analyzed by Bahcall et al. (2003). In all cases, we have cal-
culated the bias using eqs. (16) and (17). [See the electronic edition of the Journal
for a color version of this figure.]

appears that only those that are faintest in K can be progenitors of
typical L, field galaxies.

5.2. Evolution of Halo Mass

The preceding analysis only illustrates the bias of the descen-
dants of high-redshift galaxies. If the galaxies within a given pop-
ulation follow different evolutionary paths, then the descendants
will have diverse properties, and the average bias will have limited
interpretive value. Knowledge of the range of environments or
halo masses of the descendants is more meaningful. For a more
detailed investigation of the z = 0 descendants of z > 2 galaxies,
we track the growth of dark matter halos using cosmological
N-body simulations. We choose the GIF simulation for its size
and mass resolution and for the publicly available halo catalogs
and merger trees (Frenk et al. 2000). This simulation uses €2, =
03,0, =0.7,h=0.7,T =0.21, and o5 = 0.9. The linear size
is 141.3 A~! comoving Mpc. A minimally resolved halo consists
of 10 particles with mass 1.4 x 10'° 4~ M, but we note that
the merging histories of halos less massive than ~100 particles
may be inaccurate (Kauffmann et al. 1999).

In these simulations, the position of a central galaxy within a
halo is given by the position of the most bound dark matter
particle. When halos merge, the central galaxy of the most mas-
sive progenitor becomes the new central galaxy, while the cen-
tral galaxy of less massive progenitors, as well as any progenitor
satellites, are kept as satellites in the descendant halo. We assume
that the galaxies in the present sample begin as central galaxies in
z ~ 2.6 halos more massive than the threshold masses given in
§ 4.1 and follow the positions of these galaxies to z = 0. Satellite
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galaxies are occasionally ejected during mergers and may not be
contained in any of the simulated halos at later times, but this
effect occurs rarely for the massive halos considered here and can
be safely ignored. In addition, we exclude halos near the edges of
the simulation from analysis.

We note that our treatment of halo evolution is different from
that of many other authors, and these differences may lead to con-
trasting conclusions. For instance, Grazian et al. (2006) employ
the “merging model” of Matarrese et al. (1997) and Moscardini
et al. (1998) as one method of studying the clustering evolution
of DRGs. In the context of this model, z = 0 galaxies are con-
sidered to be descendants of DRGs if they occupy halos that are
more massive than the z > 2 DRG host halos. More halos will
meet this mass threshold at z = 0 than atz > 2, so many of these
descendants enter the sample at intermediate redshifts, leading to
a lower typical descendant halo mass. In this section we are con-
cerned only with the direct descendants of z ~ 2.6 MUSYC
galaxies.

There is an essential ambiguity in interpreting the range of
halo masses occupied by the descendants of high-redshift gal-
axies. The simulations show that—because of halo mergers—
many z = 0 halos host multiple descendants. However, it is
unclear whether the galaxies themselves merge or whether they
retain separate identities within a single halo. First we deal with
the scenario in which the galaxies do not merge, as in the galaxy-
conserving model discussed above. The red hatched region in
Figure 14 shows the 68% range of host halo masses for descen-
dants of high-redshift galaxies, as a function of halo mass at z ~
2.6. The descendants of DRGs primarily occupy cluster-scale
halos, with mass 210'* M. If our estimate of the correlation
lengths for DRGs is correct, then DRGs with K < 21 cannot be
progenitors of the majority of local field early-type galaxies. It
follows that DRGs exist in protocluster regions. The majority of
LBGs also end up in group and cluster-scale halos. The black
hatched region in Figure 14 shows the mass range of halos oc-
cupied by descendants under the assumption that all galaxies
within a single halo merge. In this case the most massive halos at
z = 0, which host multiple descendants of high-redshift galax-
ies, are only counted once. The difference between the two
hatched regions illustrates the importance of merging; for in-
stance, 2 50% of the halos that are inferred to host LBGs merge
with a more massive halo between z ~ 3 and ~0. This indicates
either that LBGs tend to merge with more massive galaxies to
form the brightest central galaxy in a halo or that LBG descen-
dants are satellites rather than the brightest central galaxy in
these halos. It may be possible that some of the progenitors of
the low-mass red galaxies that exist in dense regions (e.g., Hogg
etal. 2003) are LBGs, although this would require star formation
to cease shortly after the epoch of observation.

6. SUMMARY AND DISCUSSION

We have used 300 arcmin® of UBVRIzJHK imaging from the
MUSYC survey to study the angular and spatial correlation func-
tions of K-selected galaxies with 2 <z < 3.5 and K < 21.
The correlation length for this sample is rp = 6.0f?:? h~! Mpc,
~50% larger than for optically selected galaxies at similar
redshifts (Adelberger et al. 2005b; Lee et al. 2006). The cluster-
ing of galaxies increases strongly with J — K and R — K color,
and the J — K > 2.3 population of distant red galaxies has 7y =
11.1713 2= Mpc. Our results for DRGs are lower than previ-
ous results (Daddi et al. 2003; Grazian et al. 2006). This may be
partially due to our smaller uncertainties. In addition, previous
studies were only able to constrain the correlation function on
small scales, where the signal may be strongly affected by galaxies
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inferred for LBGs (Adelberger et al. 2005b), K < 21 galaxies, and DRGs at the
epoch of observation.

that share the same halo (Zheng 2004; Ouchi et al. 2005; Lee et al.
2006). In contrast, we perform fits to the correlation function on
scales larger than the typical halo virial radius where this effect is
reduced.

Nevertheless, we confirm the basic trend indicated by previ-
ous studies that red galaxies are much more strongly clustered
than optically selected galaxies. Moreover, this trend does not re-
sult simply from the fact that the red galaxies used in the pre-
vious studies were selected in the K band: clustering increases
strongly with color even within our K-selected sample, while there
is no significant relationship between K magnitude and color or
between K magnitude and correlation length. These results sug-
gest that a color-density relationship was in place at z > 2, as is
also indicated by the properties of optically selected galaxies in
different environments (Steidel et al. 2005). Whether this rela-
tionship is driven by galaxies that are red because of dust obscu-
ration or because of low specific star formation rates remains to be
seen.

Cucciati et al. (2006) and Cooper et al. (2006) investigate the
fraction of red galaxies as a function of local galaxy density,
finding that the color-density relation extends only to z ~ 1.3—
1.5. This apparent contradiction with our results may be due
to the difference in measurement techniques (fraction of red
galaxies vs. correlation lengths). These studies may also be domi-
nated by galaxies that are less massive than the z ~ 1.5 descen-
dants of MUSYC galaxies, so there may not be a contradiction if
the evolution of the color-density relationship is mass-dependent
(Cooper et al. 2006). Finally, these studies are based on spec-
troscopy of galaxies that are selected in the optical, leaving the
possibility that they are incomplete for the reddest galaxies at
these redshifts.
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A color-density relation at z > 2 has implications for current
galaxy selection techniques. Adelberger et al. (2005a) show that
among an optically selected sample of z ~ 2.2 BX objects, there
is a strong correlation between clustering strength and K-band
magnitude. In addition, Shapley et al. (2004) show that these
galaxies are also massive, metal-rich, and have high star forma-
tion rates. Taken together, these results indicate that the K-bright
galaxies found by optical surveys show properties similar to those
uncovered by NIR surveys (e.g., Franx et al. 2003; Daddi et al.
2003, 2004; van Dokkum et al. 2004, 2006; Kriek et al. 2006a). It
has been argued that the primary difference between optically
bright massive galaxies and optically faint massive galaxies may
be that the former are observed during a chance period of un-
obscured star formation (e.g., Shapley et al. 2005). However, the
observed relationship between clustering and J — K or R — K
color suggest that this is not the complete explanation. For in-
stance, among our K-selected sample, it is the R-faint galaxies
(i.e., those that could not make it into the sample of Adelberger
et al. 2005a) that cluster most strongly. In addition, the very high
correlation lengths measured by Adelberger et al. (2005a), ry ~
10 2~! Mpc for galaxies with K ~ 20.5, may not be representa-
tive because one of their four fields shows anomalously high
clustering; the average of the other three fields is ro =5 +
1 7~! Mpc (see their Fig. 2). Applying the same K < 20.5, R <
25.5 selection criteria to the MUSYC sample, we find ry =
4.51@2‘:; h! Mpc. We conclude that the difference between mas-
sive optically selected galaxies and massive red K-selected gal-
axies is probably not “transient” but is instead related to a
fundamental difference in the host dark matter halos.

It is interesting to consider whether 7, is primarily related to
stellar mass or some other property. We use stellar population
models to estimate the stellar masses and do not find a significant
relationship between mass and 7. This is interesting, as there is a
strong relationship between color and mass; together, these re-
sults indicate that either low-mass red galaxies cluster very strongly
or that massive blue galaxies cluster less strongly. We find some
evidence supporting both of these conclusions. We discuss our
findings in light of the recent results from optically selected sam-
ples, finding that there is evidence that redder colors are associated
with larger correlation lengths for both samples. For optically se-
lected galaxies, the observed relationship between decreasing
R magnitude and increasing clustering strength for LBGs has been
taken to suggest a positive relationship between halo mass and star
formation rate at early times (e.g., Giavalisco & Dickinson 2001).
On the other hand, stellar population synthesis modeling has not
uncovered a relationship between rest-frame UV luminosity and
stellar mass for typical optically selected galaxies (Shapley et al.
2001, 2005; but see Papovich etal. 2001 for a discussion of a fainter
sample). Similarly, Adelberger et al. (2005a) show that the clus-
tering of optically selected BX galaxies is strongly related to
K brightness. While there is a correlation between K and stellar
mass (Shapley et al. 2005), there is also a relationship between
K and star formation rate (Reddy et al. 2005; Erb et al. 2006).
So while firm conclusions cannot be drawn from this evidence,
it appears that clustering may not be determined by stellar mass
alone for optically selected samples. The evidence presented
here for K-selected galaxies also indicates that color, rather than
stellar mass, may be the primary determinant of ry.

We compared the observed clustering length of MUSYC galax-
ies to that of dark matter halos, assuming the simple case of one
galaxy per halo above a halo mass threshold. Galaxies with 2 <
Zphot < 3.5 and K < 21 occupy halos with M = 3 x 10'2 M. The
number density of galaxies is similar to the number density of
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halos, indicating a mean halo occupation number of the order of
~1. Galaxies with redder colors reside in more massive halos,
with DRGs residing in M 2 10'3 M, halos. However, DRGs are
found to be more numerous than these halos, suggesting a mean
halo occupation number Nog. ~ 40750, If such large numbers of
galaxies occupy the same halos, then it is expected that the angular
correlation function w(#) will show very large values on scales
corresponding approximately to the halo virial radius. We per-
formed an independent estimate of the occupation numbers by
comparing the small-scale values of w(#) to the values expected
for dark matter halos; this yields occupation numbers ~1.5-2 for
all samples studied in this paper, regardless of color and stellar
mass.

The cause of the discrepancy in the occupation number of red
galaxies is unclear. One possibility is that we have overestimated
the correlation length of DRGs, although previous studies (Daddi
et al. 2003; Grazian et al. 2006) have found correlation lengths
even larger than the value presented here. It is important to note
that the high ry measured for DRGs is largely due to the integral
constraint correction (§ 3.1); neglecting this correction decreases
the power-law amplitude of w(f) by ~50% and decreases the
correlation length fromrg = 11.17]3 t0 7.771:5 A~! Mpc. Larger
fields are necessary to reduce the effect of the integral constraint.
We also note that occupation numbers greater than unity indicate
that more complex halo occupation distribution models—in which
the number of galaxies per halo depends on the halo mass—are
necessary in order to accurately quantify the relationship be-
tween galaxies and halos (e.g., Zheng 2004; Lee et al. 2006).
Regardless of the cause of this discrepancy, the relationship
between color and clustering in our sample has been established
with ~96% significance.

Finally, we addressed the evolution of z > 2 galaxies. The de-
scendants of our K-selected populations tend to occupy halos
with masses 10'3-10'* M, corresponding to the mass scales of
groups. The reddest samples, including the DRGs, may occupy
cluster-scale halos, with masses 210'* M. Even the descendants
of the less clustered LBGs tend to reside in groups. It appears that
only a small subset of the z > 2 galaxies that dominate current
redshift surveys could be progenitors of typical L, field galaxies.

An important caveat is that each galaxy “population” will have
rather heterogeneous properties, and it may be that discussing the
evolutionary paths of population averages obscures important dis-
tinctions. For instance, Adelberger et al. (2005b) show that the
correlation length of BX objects is ~4 A~! Mpc, and argue from
this that their descendants should be elliptical galaxies. Adelberger
et al. (2005a) show that the BX objects with K < 21 contrib-
ute most strongly to the clustering measurement; 40% of the
BX objects are at K > 21.5, and have a correlation length
~2.5 h~! Mpc. Presumably these fainter galaxies will evolve
into a much less clustered population by z = 0.

A principle limitation of the preceding analysis is the heavy
reliance on photometric redshifts. Obtaining large numbers of
spectroscopic redshifts for red K-selected galaxies has proven
difficult on 6—10 m telescopes. While NIR spectroscopy yields a
high success rate for determining redshift for bright galaxies
(Kriek et al. 2006b), the advent of multiobject NIR spectroscopy
will make the process more efficient. Another limitation of our
study is the small galaxy sample. Recent clustering measure-
ments of optically selected galaxies are based on samples that are
1-2 orders of magnitude larger than that presented here. The next
generation of NIR detectors will enable the imaging of signifi-
cantly larger fields to comparable depth, allowing for more pre-
cise measurements of galaxy clustering.
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