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ABSTRACT
A clustering analysis is performed on two samples of D600 faint galaxies each, in two widely separat-

ed regions of the sky, including the Hubble Deep Field. One of the survey regions is conÐgured so that
some galaxy pairs span angular separations of up to 1¡. The median redshift is Strong clus-zmedB 0.55.
tering is obvious, with every pencil-beam Ðeld containing a handful of narrow redshift-space features,
corresponding to galaxy structures with sizes of 5È20 Mpc. The structures are not obviously organized
on planes, although one prominent, colinear triplet of structures is observed, spanning D20 Mpc. This
may be evidence of a Ðlament. A galaxy-galaxy correlation function calculation is performed. No signiÐ-
cant evolution of clustering (relative to stable clustering) is found in the redshift range 0.3 \ z\ 1.0. This
is not surprising, since uncertainties in the correlation amplitude estimated from surveys such as these
are large ; Ðeld-to-Ðeld variations and covariances between data points are both shown to be signiÐcant.
Consistent with other studies in this redshift range, the galaxy-galaxy correlation length is found to be
somewhat smaller than that predicted from local measurements and an assumption of no evolution. Gal-
axies with absorption-lineÈdominated spectra show much stronger clustering at distances of \2 Mpc
than typical Ðeld galaxies. There is some evidence for weaker clustering at intermediate redshift than at
low redshift, when the results presented here are compared with surveys of the local universe. In subsets
of the data, the measured pairwise velocity dispersion of galaxies ranges from 200 to 600 km s~1,
depending on the properties of the dominant redshift structures in each subset.
Subject headings : galaxies : evolution È galaxies : statistics È large-scale structure of universe È

methods : statistical

1. INTRODUCTION

Numerical simulations of the growth of large-scale struc-
ture (LSS) in the universe predict that galaxies at the
present day ought to lie on sheets or Ðlaments of thickness a
few Mpc, separated by distances of tens to hundreds of
Mpc, and that these structures have been forming from
early times right up to the present day (e.g., Buryak, Dor-
oshkevich, & Fong 1994 ; Bond, Kofman, & Pogosyan
1996 ; Colberg et al. 1999). As in the numerical models
(although perhaps less clearly), galaxies in the local universe
are indeed observed to populate such structures (e.g.,

Einasto, & Tago 1978 ; Geller & Huchra 1989 ; daJoü eveer,
Costa et al. 1994 ; Shectman et al. 1996 ; Vettolani et al.
1997). However, the evolution of these structures with
cosmic time has not been established empirically in more
than a limited way.

In principle, almost any observable aspect of LSS evolu-
tion is a strong function of cosmological parameters, includ-
ing the density and age of the universe, the nature of the
dark matter, and the spectrum of initial perturbations. In
accordance with the general principle that all cosmological
tests are much more difficult than they at Ðrst appear, the
observational situation has turned out to be disappointing,
since almost any apparent evolutionary behavior, especially
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on small scales, is explained not just as an evolution of the
LSS itself but as combined with an evolving relationship
between mass and light (e.g., Baugh et al. 1999 ; Pearce et al.
1999), which is to a large extent unconstrained, both theo-
retically and observationally. Even measurements of clus-
tering with a time baseline out to redshifts z[ 3, which
have a huge cosmological ““ lever arm,ÏÏ are thought to place
stronger constraints on the bias than the growth of struc-
ture (Steidel et al. 1998 ; Giavalisco et al. 1998 ; Adelberger
et al. 1998).

Since theoretical predictions are turning out to be soft,
the Caltech Faint Galaxy Redshift Survey (CFGRS) has the
goal of contributing to an empirically based history of gal-
axies in the universe, which will constrain detailed theories.
Here we use a pair of redshift samples, containing over 1000
galaxies to redshift unity and spanning a range of angular
separations from arcseconds to degrees, to constrain the
sizes, abundances, morphologies, masses, and evolution of
galaxy structures as a function of cosmic time from when
the universe was roughly half its present age to the current
epoch.

After the catalogs of galaxy spectra and photometry are
described in ° 2, a traditional galaxy-galaxy correlation
function is measured in ° 3. The pairwise velocity dispersion
of galaxies is investigated in ° 4. Highly signiÐcant groups of
galaxies are identiÐed in one of our survey regions in ° 5.
The sizes and morphologies of these structures are investi-
gated in ° 6. Our conclusions are summarized in ° 7.

Unless mentioned otherwise, the adopted world model is
H \ 60 km s~1 Mpc~1 (or h \ 0.6), and)

M
\ 0.3, )" \

All magnitudes are Vega-relative.0.0.

2. THE CATALOGS

This study makes use of large faint galaxy redshift
samples from the CFGRS, in two regions of the sky, one
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centered on 00h53m23s, 12¡33@58A (J2000), known as the
““ J0053]1234 region,ÏÏ the other centered on 12h36m49s,
62¡12@58A (J2000), known as the ““ HDF region ÏÏ. The HDF
region is centered on the Hubble Deep Field image taken
with the Hubble Space Telescope (HST ; Williams et al.
1996).

2.1. T he J0053]1234 Region
In a previous paper (Cohen et al. 1999a), redshifts were

presented from a survey in a 2.0] 7.3 arcmin2 Ðeld,
J0053]1234. Redshifts were obtained for 139 galaxies, and
identiÐcations were made of 24 Galactic stars in a Ñux-
limited sample of 195 sources to a 2.2 km Ñux limit K ¹ 20
mag. The sample is 84% complete at K ¹ 20 mag. The
redshifts go to z\ 1.44, with the median extragalactic red-
shift z\ 0.58. This sample is, by itself, inadequate for study
of galaxy clustering. The size of the Ðeld is determined pri-
marily by the properties of the Low-Resolution Imaging
Spectrograph (LRIS ; Oke et al. 1995) at the Keck Observa-
tory, used for all of our spectroscopic observations ; the Ðeld
corresponds to only D1 ] 3 Mpc2 (proper) in our cosmol-
ogy at typical redshifts of roughly 0.5.

To study spatial baselines of 10È30 Mpc, it is necessary to
span angular extents of 1¡. Given the limits on available
observing time, it is impossible at present to obtain a com-
plete redshift sample to this depth over a contiguous solid
angle of this diameter. In the 0053]1234 region, as will be
described in more detail elsewhere (J. G. Cohen et al., in
preparation), six additional patches of sky (““ subÐelds ÏÏ)
were observed, distributed over a 1.2] 1.2 deg2 area on the
sky, surrounding the main J0053]1234 subÐeld. The con-
Ðguration of the subÐelds is shown in Figure 1. The dis-
played area of each subÐeld corresponds to the area covered
by spectroscopically observed sources. Table 1 gives various
properties of the subÐelds, including the o†sets of their
centers from the center of the main subÐeld.

For efficiency, the selection of sources (performed with
LRIS images taken in the R band) was not designed to
produce complete samples in all of the subÐelds. The
R-band photometry consists of 3A diameter focal-plane
aperture magnitudes. Bright sources with R\ 22 mag were
eliminated to reduce the fraction of low-redshift sources and
thereby reduce the telescope time involved in obtaining a
signiÐcant sample with zD 0.5. Faint sources with R[ 23.5
mag were also removed, since the probability of successful

FIG. 1.ÈCaltech Faint Galaxy Redshift Survey, 0 hour Ðelds, showing
layout of subÐelds in the 0053]1243 region.

spectroscopic identiÐcation in only 2 hr of integration is not
high. In addition, obviously stellar sources with R\ 22.5
mag were avoided, although a few were observed nonethe-
less, given the vagaries of slit mask design and the need for
bright setup sources with which to align the masks. Fur-
thermore, even within the restricted magnitude range
22 ¹ R¹ 23.5 mag, not all sources were observed.
However, a large enough number of slit masks were used in
each Ðeld to wash out any spatial structure in the selection
function. Figure 2 shows the histogram of R-band magni-
tudes for all galaxies in each subÐeld. Although the selection
function is complicated, it is entirely based on 3A diameter
R-band magnitudes ; in principle, all important information
about the selection function is therefore contained in Figure
2.

The spectroscopic observations have a resolution corre-
sponding to B100 km s~1. The redshifts and galaxy spec-
tral classes in the new subÐelds were determined as in the

TABLE 1

SUBFIELDS IN THE J0053]1234 REGION

*a *d )a Flux Range
SubÐeld (arcmin) (arcmin) (arcmin2) (mag) N

z
b f

z
c

Main . . . . . . . . . . 0.0 0.0 15 K \ 20.0 139 0.84
8 South . . . . . . . ]4.6 [9.4 14 22.0\ R\ 23.5 96 0.93
11 West . . . . . . . [11.7 [7.9 14 22.0\ R\ 23.5 78 0.76
19 West . . . . . . . [19.3 [3.2 14 22.0\ R\ 23.5 62 0.60
30 North . . . . . . [0.6 ]30.5 48 22.0\ R\ 23.5 119 0.34
30 South . . . . . . [0.3 [32.7 47 22.0\ R\ 23.5 116 0.33
30 East . . . . . . . . ]29.5 [0.1 48 22.0\ R\ 23.5 119 0.34

Total . . . . . . . 729

a ) is the solid angle of each Ðeld.
is the number of spectroscopically conÐrmed galaxies with redshifts. Spectroscopicallyb N

zconÐrmed stars have been excluded.
is the approximate fraction of galaxies in the magnitude range whose redshifts have beenc f

zmeasured.
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FIG. 2.ÈNumbers of sources as a function of R-band magnitude in the
subÐelds of the J0053]1234 region and in the HDF region. Note that
di†erent panels have di†erent vertical scales. Note the avoidance of bright
sources in the subÐelds other than the main.

main subÐeld (described in Cohen et al. 1999a). The
numbers of galaxies with measured redshifts and other Ðeld
information are given in Table 1. The redshift completeness
within the sample of sources observed exceeds 90% in all
the subÐelds. The total sample of galaxies in the 0053]1234
region with known redshifts is 729, with median redshift

Figure 3 shows redshift histograms for the sub-zmed\ 0.55.
Ðelds. The J0053]1234 sample is comparable in size to the
entire CFRS survey (Crampton et al. 1995).

2.2. T he Hubble Deep Field Region
The CFGRS has also obtained and compiled 610 galaxy

redshifts in a sky region centered on the HDF. The sources

FIG. 3.ÈShaded histograms show the number of sources as a function
of redshift in the subÐelds of the J0053]1234 region and in the HDF
region. The light histograms show the numbers in the random catalog
described in the text. Because the R catalog is 100 times larger than the
data catalog, the R numbers have been divided by 100. Note that di†erent
panels have di†erent vertical scales.

in this region are selected in the R band. The sample is 92%
complete to R\ 24 mag in the deep HST -imaged portion
of the HDF region and 92% complete to R\ 23 mag in a
circular Ðeld of 8@ diameter centered on the deep portion.
The imaging data, source-selection procedures, and redshift
catalog are described elsewhere (Hogg et al. 2000 ; Cohen et
al. 2000). Figures 2 and 3 show the histograms of R-band
magnitudes and redshifts for all galaxies in the HDF region.

2.3. Random Catalogs
The studies of galaxy clustering presented below require

comparison with a random or Monte Carlo sample with
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little or no clustering but identical selection criteria, in
terms of sky position, magnitude, and redshift.

A representative redshift distribution was constructed for
the galaxies in each 1 mag wide bin in R magnitude by
smoothing the observed redshift distribution of galaxies in
the redshift bin with a Gaussian of p \ 3 ] 104 km s~1 in
rest-frame velocity. Random catalogs were created for each
region by assigning to each real galaxy position 100 new
redshifts chosen from the smoothed redshift distribution
constructed for galaxies in that real galaxyÏs magnitude bin.
This procedure results in samples with good approx-
imations to the angular and radial selection functions of the
true samples, including the complication that the source
selection criteria are di†erent in the di†erent Ðelds. Note
that the random catalog is 100 times the size of the real
catalog.

Because there is a small but signiÐcant angular clustering
of faint galaxies, the random sample does not have strictly
vanishing spatial correlations. However, the angular corre-
lation length of faint galaxies to RB 24 is (Brainerd,B0A.3
Smail, & Mould 1995). Typical galaxy-galaxy separations in
the sample are on the order of a few Mpc, corresponding to
hundreds of arcseconds at the typical redshifts, so the bias
introduced by this nonvanishing angular correlation is very
small.

3. GALAXY-GALAXY CORRELATION FUNCTION

The standard statistic for galaxy clustering is the galaxy-
galaxy correlation function. The 3-space correlation func-
tion, m(r), is not directly computed here, because there are
signiÐcant redshift-space distortions. Rather, a projected
correlation function, is found through the angularu(R

M
),

correlation of galaxies close in redshift. For each galaxy in
the real catalog (signiÐed by ““D ÏÏ for ““ data ÏÏ), the number
of other galaxies in the D catalog, within km*v

r
\ 1000

s~1 in rest-frame radial velocity, is found in a set of perpen-
dicular proper distance bins to make the number of(R

M
)

data-data (DD) pairs. For each galaxy in the D catalog, the
number of galaxies in the random (““ R ÏÏ) catalog within *v

ris found in the same set of bins (and divided by 100) toR
Mmake the DR pairs. For each galaxy in the R catalog, the

number of galaxies in the R catalog within is found (and*v
rdivided by 104) to make the RR pairs. The correlation func-

tion estimator is

u(R
M
)\DD[ 2DR] RR

RR
(1)

(Landy & Szalay 1993).
Only galaxies in the redshift range 0.10\ z\ 1.15, where

the CFGRS is expected to be substantially complete (Hogg
et al. 1998), were used in the correlation function estimation.

This correlation function estimate is to be compared with
a projection of the 3-space correlation function m(r), of the
form

u(R
M
)\
P
~*vr

*vr
m
AS

r2] v
r
2

H(z)2
B dv

r
2*v

r
, (2)

where is the 1000 km s~1 velocity width used in the*v
restimation, and H(z) is the Hubble constant as a function of

redshift,

H(z)\ H0J)
M
(1] z)3 ])

k
(1] z)2] )" . (3)

3.1. Results
The results of the correlation function estimation in the

0053]1234 region are shown in Figures 4 and 6. Results of
the estimation in the HDF region are shown in Figure 5.
Error bars on the points are 1 p, computed by bootstrap-
resampling the D catalog. It is important to note that these
bootstrap-resampling error bars do not include uncer-
tainties due to the speciÐc R sample used (although this
makes only a tiny contribution to the overall error budget)
nor uncertainties due to sample variance, which, with a
sample this small, could be quite large. Only inter-
comparison of similarly surveyed Ðelds will provide an
empirical estimate of the uncertainties due to sample
variance. On the other hand, the bootstrap errors can be
expected to overestimate the Poisson variance in measures
of the correlation function such as those shown in Figures 4
and 6 (Mo, Jing, & Borner 1992). The error bars (and their
covariances) are discussed at more length below.

Figures 4 and 5 show the projected correlation function
for the two samples split into three redshift intervals.u(R

M
)

These Ðgures show that there is no evidence for strong evol-
ution in the proper correlation length with redshift,
although the proper correlation length is smaller in the
highest redshift subsample of the 0053]1234 sample, and
smaller in the lowest redshift subsample of the HDF
sample. The Ðgures also show a theoretical correlation func-
tion that is the appropriate line-of-sight projection of

m(r) \
A r
r0

B~c
, (4)

where the correlation length is set to 3.5 proper Mpc withr0h \ 0.6, and the exponent c is set to 1.8.
The HDF sample shows smaller correlation lengths

(weaker clustering) than the 0053]1234 sample. This could
be due in part to the fact that the HDF region was selected
to be ““ empty,ÏÏ i.e., devoid of large, bright galaxies, quasars,
or radio sources (Williams et al. 1996).Since this clustering
analysis probes the nonlinear regime, such selection criteria
can strongly bias the results. This explanation is supported

FIG. 4.ÈProjected correlation function in proper coordinates in the
J0053]1234 region in three redshift bins. The correlation function is esti-
mated as described in the text. The solid curve shows a correlation function
of the form of eq. (4) with Mpc and c\ 1.8, projected throughr0\ 3.5

km s~1 at z\ 0.55 according to eq. (2).*v
r
\ 1000
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FIG. 5.ÈProjected correlation function in proper coordinates in the
HDF region in three redshift bins. The correlation function is estimated as
described in the text. The solid curve shows the same correlation function
as that shown in Fig. 4. Note that the horizontal axis scale is di†erent from
that in Fig. 4, because the angular separation coverage is smaller in the
HDF sample than in the 0053]1234 sample.

by the much lower clustering amplitude in the lowest red-
shift bin (Figs. 5 and 7), which is the bin most a†ected by
avoidance of bright galaxies. It has been shown in models of
structure formation that underdense regions of the universe
show a lower overall clustering amplitude, although the
shape (i.e., exponent) of the correlation function may be
more universal (e.g., Scoccimarro, Zaldarriaga, & Hui
1999).

Figure 6 indicates that when the galaxies are separated by
spectral type (Cohen et al. 1999a), the absorption-lineÈ
dominated galaxies show stronger correlations at small
separations, as is seen in the local universe (e.g., Davis &
Geller 1976 ; Hermit et al. 1996 ; Willmer, da Costa, & Pel-
legrini 1998). Of course, the sample of absorption galaxies is
small (only 121), so sample variance may make this result
somewhat uncertain. One indication that this may be

FIG. 6.ÈProjected correlation function in proper coordinates for the
whole J0053]1234 sample, just those J0053]1234 galaxies with
absorption-lineÈdominated spectra, and just those J0053]1234 galaxies
with intrinsic luminosities (as estimated according to the text) log L /
L* [ [0.6. The solid curve shows a correlation function of the form of eq.
(4) with Mpc and c\ 1.8, projected through km s~1 atr0\ 3.5 *v

r
\ 1000

z\ 0.55 according to eq. (2).

important is that the points are not well Ðtted by a power-
law correlation function. Figure 6 also shows that there is
not a very strong dependence of the clustering on absolute
galaxy luminosity. For the purposes of this test, galaxy
luminosities were estimated in the rest-frame R band, using
the redshift and k-corrections from the literature (Poggianti
1997). A galaxy was classiÐed as having ““ high luminosity ÏÏ
if its rest-frame R-band luminosity was estimated to be
brighter than L*/4, where L* is taken from the evolving
models of Poggianti (1997). The fact that the luminosity
trend found in the local universe (e.g., Willmer et al. 1998)
was not conÐrmed may be a consequence of the small
sample size.

Correlation function models of the form of equation (4)
with c\ 1.8 Ðxed were Ðtted to the points in Figures 4 and
5 by least-squares, using the bootstrap uncertainties. The
best Ðts and uncertainties, computed by the one-parameter
condition where is the best-Ðt value ofs2\ sbest2 ] 1, sbest2
s2 (Press et al. 1992), are plotted in Figure 7. The Ðgure also
shows that the results presented here are consistent with
other studies.

Figure 7 contains a line that illustrates the prediction of
““ stable clustering,ÏÏ the best no-evolution model for small-
scale clustering of galaxies in which virialized groupings of
di†erent scales separate without growing in the expanding
universe. If the small-scale clustering of galaxies is basically
accounted for by the presence of groups whose proper
number densities and radii do not evolve with time, then the
clustering length will decrease with increasing radius as the
mean cosmic density rises (because the clustering radius is
deÐned to be the radius at which the overdensity is unity).
For a correlation function of the form of equation (4), clus-
tered density falls with radius as r~c and the cosmic mean
rises with redshift as (1] z)3, so the stable clustering predic-
tion is that the proper correlation length decreases with
radius as (1 ] z)~3@c.

More detailed theoretical models, based on extensions of
the cold dark matter hypothesis to include the relationship
between observable galaxy clustering and mass clustering,
make predictions that are remarkably similar to those of
stable clustering (Baugh et al. 1999 ; Pearce et al. 1999).
These models are also shown in Figure 7.

All the studies of galaxies at redshifts z[ 0.2 show
smaller correlation lengths than expected based on the
surveys of the local universe and the assumption of stable
clustering. This evolution result should be treated with
caution, because galaxies observed in the z[ 0.2 samples
have been selected and photometered with data of di†erent
qualities and spatial resolutions, observed in di†erent
photometric bandpasses, and collected in samples with very
di†erent Ðeld areas and numbers of sources. Any individual
study, taken by itself, including the present study, is at least
marginally consistent with stable clustering.

3.2. Error Bars
It is very important to note that the results from the two

sky regions studied in this work di†er by signiÐcantly more
than their shot-noise error bars (as estimated by bootstrap
resampling). Of course, the Ðeld-to-Ðeld variations give a
much more secure estimate of the true uncertainties than
bootstrap resampling in individual sky regions.

One difficult point of comparison with other studies is the
size of the error bars ; there is no agreement about how such
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FIG. 7.ÈBest-Ðt correlation lengths, in this work and from other studies. For this work ( Ðlled symbols), the Ðts were performed with c Ðxed at 1.8. Ther0,solid line shows the ““ stable clustering ÏÏ prediction (e.g., Peebles 1993) for c\ 1.8 with Mpc at z\ 0. The results of the other work have beenr0\ 9.0
transformed to h \ 0.6 and proper coordinates. Error bars on the solid points are based only on bootstrap resampling and therefore represent lower limits to
the true uncertainties. The error bars on the Le Fevre et al. (1996) points are likely incorrect ; see text. It should be noted that the other work is heterogeneous,
with galaxies selected in many di†erent ways, in di†erent magnitude and redshift ranges, with di†erent assumed or Ðt values of c, and in di†erent
cosmographic models. See the original references for details. The dotted and dashed lines show theoretical predictions.

error bars should be measured. In particular, some (e.g.,
Carlberg et al. 1997) divide bootstrap error bars by J3
based on an analysis of the statistical properties of boots-
trap resampling (Mo et al. 1992). This correction is not
made here. Some base error bars on internal Ðeld-to-Ðeld
variations. One such study, the CFRS (Le et al. 1996),Fe� vre
shows error bars signiÐcantly smaller than the Ðeld-to-Ðeld
variations observed in the present work, despite having
smaller numbers and similar Ðeld sizes. The Ðeld-to-Ðeld
variations observed here agree with those found in the
CNOC survey (Carlberg et al. 2000a).

Very few surveys, if any, consider the covariances
between the error bars on separate points of the angular

correlation function, even though it is clear from the
analysis techniques that such covariances must be strong.
Fortunately, with the bootstrap technique it is possible to
measure these covariances. The covariance matrix (in the
form of correlation coefficients deÐned byr

ij

r
ij
4

p
ij

p
i
p
j
, (5)

where is the covariance between data points i and j, andp
ijis the square root of the variance of data point i) for thep

iÐrst ten ““ whole sample ÏÏ points in Figure 6 is given by the
matrix in equation (6). It is clear that many of the covari-

EQUATION (6)

1.00 0.28 0.18 0.26 [0.11 0.03 0.11 [0.13 [0.10 0.07
0.28 1.00 0.14 0.13 [0.30 0.29 0.03 [0.52 [0.22 [0.03
0.18 0.14 1.00 0.12 [0.11 [0.04 0.05 [0.06 0.32 [0.25
0.26 0.13 0.12 1.00 [0.09 0.04 0.22 0.04 0.00 [0.13

[0.11 [0.30 [0.11 [0.09 1.00 [0.01 0.04 0.11 0.11 0.35
0.03 0.29 [0.04 0.04 [0.01 1.00 0.30 [0.15 [0.12 [0.05
0.11 0.03 0.05 0.22 0.04 0.30 1.00 0.46 0.13 0.15

[0.13 [0.52 [0.06 0.04 0.11 [0.15 0.46 1.00 0.23 [0.09
[0.10 [0.22 0.32 0.00 0.11 [0.12 0.13 0.23 1.00 0.07

0.07 [0.03 [0.25 [0.13 0.35 [0.05 0.15 [0.09 0.07 1.00
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ances are large and ought to be taken into account in esti-
mating error regions. Furthermore, this matrix only
represents covariances from shot noise, and not the even
more signiÐcant covariances expected from the fact that the
correlation function grows by gravitational clustering (e.g.,
Scoccimarro et al. 1999). When s2 is computed using the
entire covariance matrix rather than just the individual
data-point variances, the preferred ranges on the corre-
lation length actually go down (i.e., improve) by tens ofr0percent. This statement is true for this study, but will not be
true in general, because the values and signs of the covari-
ances depend on the survey size and geometry, along with
the analysis technique. In many cases, inclusion of the
covariances will loosen constraints on The fact that ther0.covariances a†ect the conÐdence intervals, however,
demonstrates that such covariances should be taken into
account in future studies.

4. PAIRWISE VELOCITY DISPERSION

The pairwise velocity dispersion (roughly, the average
radial velocity di†erence between pairs of nearby galaxies)
is a combined measure of the mean mass density of the
universe and the amplitude of the power spectrum on rela-
tively small scales (e.g., Davis et al. 1985). Local measure-
ments vary somewhat by survey and technique but are
generally in the range 300È600 km s~1 (Davis & Peebles
1983 ; Marzke et al. 1995 ; Somerville, Davis, & Primack
1997a ; Landy, Szalay, & Broadhurst 1998).

In ° 3.2, the correlation function of galaxies was estimated
from line-of-sight projections, which are insensitive to line-
of-sight velocities. However, just as the transverse corre-
lation function can be measured, so can a line-of-sight
velocity correlation function, which is a convolution of the
real-space two-point correlation function and the pairwise
velocity distribution of galaxies. The procedure is to
compute a two-dimensional correlation function, as a func-
tion of both transverse separation and line-of-sight velocity
di†erence, and then Ðt to models of the correlation function
consisting of a radial power law convolved with a line-of-
sight velocity dispersion. The estimator is the same as that
used to measure the transverse one-dimensional correlation
function, but applied to two-dimensional maps of the
numbers of pairs in the D and R catalogs. The Ðts to the
two-dimensional correlation function provide correlation
lengths similar to those derived from the Ðts to the one-
dimensional function, although with larger uncertainties.

The best-Ðt velocity dispersions are found to vary strong-
ly from Ðeld to Ðeld and from redshift interval to redshift
interval, over the range km s~1. The reason200 \ p

v
\ 600

for this variation is that although the prominent redshift
features or groups found in the pencil-beam samples
contain only about half of the galaxies, they contain the vast
majority of the velocity-space galaxy pairs. This means that
any measurement of pairwise velocity dispersion will be
dominated by the particular galaxy groups found in that
region, in that redshift range. The pairwise velocity disper-
sion is a statistic strongly dominated by the highest density
regions of a survey. This is not a new result ; indeed, local
measurements of this velocity dispersion in surveys of
103È104 galaxies are strongly a†ected by the inclusion or
exclusion of the richest groups or clusters (e.g., Marzke et al.
1995 ; Somerville et al. 1997a). This is also true of the simu-
lations (Somerville, Primack, & Nolthenius 1997b). Surveys

including several or many 104 galaxies may be large enough
to give stable results (Landy et al. 1998).

5. GALAXY STRUCTURES

The redshift histograms for the Ðelds are shown in Figure
3, along with the radial velocity selection functions implied
by the random catalogs. As has been noted previously (e.g.,
Broadhurst et al. 1990 ; Crampton et al. 1995 ; Cohen et al.
1996a, 1996b ; Koo et al. 1996), these ““ pencil-beam ÏÏ red-
shift samples exhibit extremely strong clustering along the
line of sight in redshift space. In the main subÐeld in the
J0053]1234 region, with its complete sample, we estimated
(Cohen et al. 1996b) that more than half the galaxies lie in
the Ðve strongest redshift features, which, except for one
with a very high velocity dispersion, probably correspond
to poor groups of galaxies. The spatial distributions of the
galaxies in these redshift features support this (Cohen et al.
1996b) ; they are nonuniform, with little central concentra-
tion (except in the strongest feature at z\ 0.58). Similar
conclusions were reached in the HDF region (Cohen et al.
1996a). These redshift features are well sampled to z\ 0.9
and appear to persist to higher redshifts. At all redshifts,
galaxies are often found in pairs, presumably merging (e.g.,
Carlberg et al. 2000b). It is apparent from Figure 3 that all
the subÐelds show these redshift features.

Five of the redshift features may correspond to Abell
richness class [1 or greater galaxy clusters, i.e., clusters
containing more than 20 galaxy members with absolute
magnitudes brighter than 2 mag fainter than the absolute
magnitude of the third-brightest member. These include the
z\ 0.58 feature in the J0053]1234 main subÐeld, the
z\ 0.175 feature in the J0053]1234 19 west subÐeld, and
three features at z\ 0.516, 0.560, and 0.848 in the HDF
region. These structures have velocity dispersions above
500 km s~1 and tens of galaxies within the brightest few
magnitudes. The presence of these Ðve rich structures in our
combined samples seems reasonable ; an extrapolation to
z\ 0.8 of the areal density of the sparsest clusters in the
Palomar Distant Cluster Survey (Postman et al. 1996) pre-
dicts that we should Ðnd some of these true clusters.

The statistics of these redshift-space features are dis-
cussed elsewhere (Cohen et al. 1996a, 1996b, 2000). BrieÑy,
they tend to have velocity dispersions of D300 km s~1, with
large uncertainties, since they approach the redshift mea-
surement uncertainties of D100 km s~1 (in line-of-sight
rest-frame velocity). The galaxies in the features are spread
across the pencil-beam subÐelds, each of which spans a few
proper Mpc at the redshifts of interest. Typical comoving
line-of-sight distances between adjacent features in a single
subÐeld is D100 Mpc. The distribution of comoving radial
separations between the redshift-space features shows little
evidence of a feature near 100 h~1 Mpc and no evidence for
periodic structures seen in previous studies (Broadhurst et
al. 1990).

The transverse size of the individual subÐelds is
8@4 3 ^ 0.5 proper Mpc over most of the redshift interval
of interest. We introduce a proper longitudinal coordinate
Z4 ct(z), where t(z) is the age of the universe, and just deal
with structures whose longitudinal extent in Z exceeds D3
proper Mpc (4250È350 km s~1 over redshifts of interest).
We are also interested in features whose longitudinal extent
is less than the transverse separation between subÐelds,
which is roughly D10 proper Mpc. Our procedure (cf.
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TABLE 2

HIGHLY SIGNIFICANT REDSHIFT FEATURES IN

THE J0053]1234 REGION

p
v
a

Redshift (km s~1) SubÐeld N

0.173b . . . . . . 473 19 west 20
0.577c . . . . . . 404 main 24
0.621 . . . . . . . 278 8 south 10
0.428 . . . . . . . 346 main 10
0.676 . . . . . . . 298 main 9
0.550 . . . . . . . 274 11 west 8
0.427 . . . . . . . 255 30 south 7
0.431 . . . . . . . 165 30 north 7

a No correction to the velocity dispersion p
vwas made for measurement uncertainties.

b Combination of three signiÐcant sub-
features.

c Combination of two signiÐcant sub-
features.

Cohen et al. 1996b) is to examine the overdensities after
rebinning the data with all widths in the range 3È10w

Zproper Mpc and all phases, and to minimize the probability
of a feature arising by chance relative to a Poissonian dis-
tribution. This gives us a procedure, albeit somewhat arbi-
trary, for identifying and rank-ordering features on the
basis of their relative signiÐcance. This also allows us to
include features and subfeatures together. The rank-ordered
(by statistical signiÐcance) features obtained by this pro-
cedure, with the number N of galaxy members and velocity
dispersions are given in Table 2. We have chosen onlyp

v
,

the eight most signiÐcant features for the investigations of
size and morphology that follow.

6. GALAXY STRUCTURE, SIZE, AND MORPHOLOGY

Since the seven pencil beams in the J0053]1234 region
span nearly a degree on the sky, we can investigate the
degree of clustering on larger linear scales, D25 proper
Mpc, than probed by the two-point correlation function.
Previously (Cohen et al. 1996b), we have hypothesized that
structures on even larger scales (D100 Mpc) are present in
the distribution of galaxies when the universe was less than
half its present age, resembling the giant voids and walls
reported in the local universe (e.g., et al. 1978 ;Joü eveer
Geller & Huchra 1989 ; da Costa et al. 1994 ; Shectman et al.
1996 ; Vettolani et al. 1997). We now have enough data to
examine this hypothesis.

Much of the controversy that surrounds the description
of clustering on these scales stems from inadequate, quanti-
tative descriptions of large-scale structure. When presented
with data in which at most a few large features are present,
statistical measures such as the two-point correlation func-
tion that assume random phases, or at least a huge, fair
sample of the universe, are likely to be misleading. Further-
more, genuinely random-density Ðelds typically exhibit
structures that appear, subjectively, to be nonrandom.
Faced with these difficulties, we limit ourselves to a descrip-
tion of the structure that we have observed and a compari-
son with the structure that we Ðnd in control locations. (We
have attempted to perform more quantitative analyses
based upon the Karhunen-Loeve transformation and the
““ counts in cells ÏÏ method, but Ðnd that these do not give
stable answers with these samples.)

Three of the most signiÐcant redshift features are in the
vicinity of z\ 0.430. These three features lie along the
north-south axis passing through the main subÐeld, and
they span the full degree of the J0053]1234 region. This
suggests large galaxy structures that span several subÐelds.
In order to test the hypothesis that such large structure is
generic, each of the eight identiÐed features (in Table 2) was
taken in turn, and the cross-correlation with individual gal-
axies out to large proper radii was computed. SpeciÐcally,
all galaxies located within proper distances R\ 30 Mpc of
the group center were binned. These numbers were ratioed
with the same for the random catalog, and unity was sub-
tracted to make a standard cross-correlation function. For
comparison with a control sample, the exercise was repeat-
ed with the same group centers displaced in redshift by 0.1.
The results are shown in Figure 8, with error bars on the
control points found by taking the scatter among the results
for each of the eight control redshift features. No individual
group shows a regular, power-law cross-correlation, so it is
not possible to objectively Ðt the individual functions.
Roughly speaking, cross-correlation lengths of 5È20 proper
Mpc are found, with large group-to-group scatter. These
sizes, combined with the measured velocity dispersions of a
few 100 km s~1, imply virial masses from a few ] 1013 to a
few] 1014 Crossing times are several 109 yr. TheM

_
.

groups near z\ 0.430 show the largest correlation lengths,
because there are three of them, spanning D1¡ on the sky.
Galaxy structures of this size have been found previously
(Small et al. 1999).

There is a second hypothesis that can be tested with this
data set. This is that galaxies are concentrated on planes,
similar to those that have been reported locally and are
sometimes found in numerical simulations. In order to
deÐne a plane, we must consider three noncolinear points.
For each feature (group center), any two additional galaxies

FIG. 8.ÈEight group-galaxy cross-correlation functions for the eight
redshift features in Table 2, and averaged cross-correlation functions for
the shifted control features (triangles). The error bars represent the control
feature-to-feature scatter. Details in the text.
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outside the feature deÐne, along with the feature center, a
plane. The unit normal vector (3-vector) to this plane can be
constructed. The direction cosines of this normal vector are
deÐned to be the two components of the vector transverse
to the line of sight : the projection of the normal vector onto
the plane of the sky. (Those galaxies that lie in the same
subÐeld as the feature and those pairs for which the sub-
Ðelds are colinear with the feature, for which the planes are
poorly deÐned, are excluded.)

The direction cosines for each triplet (two galaxies and
the feature center) are plotted on a plane, for each feature
and a set of controls, in Figure 9. If the features lie in
prominent planes of galaxies, these will show up as a clus-
tering of points on the direction cosine plane. As usual, the
controls were made by translating the features in redshift by
0.1. There is no clear evidence from these data that galaxies
are concentrated on planes.

It is notable, however, that three of the highly signiÐcant
redshift features (near z\ 0.43) are roughly colinear. Figure

10 shows the galaxy conÐguration in the region of these
galaxy structures. They may represent part of a Ðlament, a
structure generic to the numerical simulations. Clearly,
studies such as these of the morphologies of large-scale
structures will beneÐt from large, densely sampled, contig-
uous areas of sky. The sparse coverage of the J0053]1234
Ðeld, although necessary for probing large angular scales, is
not sufficient for making deÐnitive statements about struc-
ture morphology.

7. SUMMARY

A clustering analysis is performed on two samples of
D600 faint galaxies each, in two widely separated regions of
the sky. One of the survey regions is conÐgured so that there
are galaxy pairs spanning angular separations of up to 1¡.
The median redshifts of the galaxy samples are both zmedB
0.55.

No strong evolution of the proper galaxy-galaxy corre-
lation length with redshift is found (relative to stable

FIG. 9.ÈDirection cosines for pairs of galaxies relative to each of the eight groups in Table 2 (top eight panels) and for the same group centers but shifted
in redshift by 0.1 (bottom eight panels). Each point in each panel shows the north-south (vertical) and east-west (horizontal) components of the unit 3-vector
normal to the plane deÐned by each triplet composed of each pair of galaxies and the group center. Details in the text.



FIG. 10.ÈTop : Location of galaxies in a 30] 30 ] 100 proper Mpc (equivalent to cosmic time along the line of sight) region of the J0053]1234 Ðeld
chosen to include three distinct redshift features near z\ 0.43 in Table 2. The faint ““ ribs ÏÏ connecting individual galaxies to the central ““ spine ÏÏ (chosen to lie
at the center of the main Ðeld) are perpendicular to the spine. Our typical velocity error of 200 km s~1 Mpc~1 corresponds to a distance of 2.4 Mpc along the
line of sight, and departures from Hubble expansion are less than D7 Mpc. The radius of a galaxy symbol corresponds to The galaxies areM

R
* [ M

R
.

color-coded : red : absorption-line galaxies ; green : composite galaxies ; blue : emission-line galaxies. Note that absorption-line galaxies are more luminous and
concentrated in the redshift features. It is apparent that galaxies are clustered around this concentration with correlation lengths of D20È30 proper Mpc. The
three principal features are roughly colinear, but in general there is little indication that galaxies are arranged on either planes or lines. Bottom : A more
typical region, with similar dimensions, displaced from that shown in the top panel by *z\ 0.1.
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clustering), although samples of D1000 sources are simply
not large enough for detecting subtle changes. There is some
evidence for weaker-than-stable clustering at intermediate
redshift, when the results presented here are compared with
surveys of the local (z\ 0.2) universe, but we caution that
this result depends on comparing samples selected and
observed with very di†erent techniques. Strong Ðeld-to-Ðeld
variations are found, possibly emphasized by the stringent
““ blank-Ðeld ÏÏ criteria used to select the HDF.

Galaxies with absorption-lineÈdominated spectra show
much stronger clustering at proper distances of \2 Mpc
than typical Ðeld galaxies, in qualitative similarity to the
morphological segregation observed in the local universe.

Although pairwise velocity dispersions are measured to
be in the range 200È600 km s~1, the measured value for any
particular sky region and redshift interval is dominated by
the prevalent individual redshift features. For this reason,
no statement about the evolution in pairwise velocity dis-
persion is possible from these data.

Each individual pencil-beam redshift sample contains of
the order of Ðve signiÐcant features (““ peaks ÏÏ) in its redshift
distribution to redshift unity. Associating the redshift fea-
tures with physical galaxy structures, we have performed a
three-dimensional structure-galaxy correlation analysis and
Ðnd that galaxies show measurable clustering around these
structures out to D20 Mpc. These length scales are longer
than the galaxy-galaxy correlation length and similar to
scales of superclusters found locally and, indeed, at even
higher redshifts (Lubin et al. 2000). There is some evidence
for Ðlaments, although pencil-beam surveys are not ideally
suited to Ðnding them in general.

The most prominent galaxy structures have velocity dis-
persions of a few hundred km s~1 and coherence lengths of
5È15 proper Mpc in the adopted cosmology. These physical
parameters imply masses of D3 ] 1013 to 3 ] 1014 M

_
.

The galaxies in the structures are not obviously concen-
trated in walls or sheets, and no evidence is found for peri-
odicity on very large length scales. On the other hand, this
survey of spatially separated, sparsely sampled pencil beams
is not extremely sensitive to all kinds of structure morphol-
ogy and will be outmoded by future surveys with larger
contiguous solid angle coverage.

Most importantly, large-scale structure at zD 1 does not
look very di†erent from that found locally at the present
epoch.
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