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Abstract. This paper describes the goals, current status and some prelimi-
nary results from the 2dF Galaxy Redshift Survey. In particular we present the
most precise measurement to date of the redshift-space distortion parameter,
j3 == O,o.6 /b == 0.39 ± 0.05. Combined with recent CMB anisotropy measure-
ments, our results strongly favour a low-density universe.

1. Introduction

The main goals of the 2dF Galaxy Redshift Survey (2dFGRS) with regard to
large scale structure and cosmology are:

1. To measure the galaxy power spectrum P(k) on scales up to a few hundred
Mpc, filling the gap between the small scales where P(k) is known from
previous galaxy redshift surveys and the largest scales where P(k) is well-
determined by observations of the cosmic microwave background (CMB)
anisotropies. Particular goals are to determine the scale of the turnover in
the power spectrum and to attempt to observe in the galaxy distribution
the acoustic peaks already seen in the CMB power spectrum.

2. To measure the redshift-space distortion of the large-scale clustering that
results from the peculiar velocity field produced by the mass distribution.
This distortion depends on both the mass density parameter n and the bias
factor b of the galaxy distribution with respect to the mass distribution,
and its measurement constrains the combination f3 == nO.6lb.

3. To measure higher-order clustering statistics in order to: (i) determine
the bias parameter b directly, revealing the relationship between the dis-
tributions of mass and light and yielding an independent measure of n;
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Figure 1. Schematic of the 2dF instrument.
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(ii) establish whether the galaxy distribution on large scales is a Gaus-
sian random field, as predicted by most inflationary models of the early
universe; and (iii) investigate the non-linear growth of clustering in the
small-scale galaxy distribution.

2. Survey Design

The survey is designed around the 2dF multi-fibre spectrograph on the Anglo-
Australian Telescope, which is capable of observing up to 400 objects simul-
taneously over a 2 degree diameter field of view. Figure 1 shows a schematic
diagram of the main components of 2dF. Full details of the instrument and its
performance are given in Lewis et al. (2000).

The source catalogue for the survey is a revised and extended version of the
APM galaxy catalogue (Maddox et al. 1990a,b,c). This catalogue is based on
Automated Plate Measuring machine (APM) scans of 390 plates from the UK
Schmidt Telescope (UKST) Southern Sky Survey. The bJ magnitude system for
the Southern Sky Survey is defined by the response of Kodak IIIaJ emulsion
in combination with a GG395 filter, zeropointed by CCD photometry to the
Johnson B band. The extended version of the APM catalogue includes over
5 million galaxies down to bJ==20.5 in both north and south Galactic hemispheres
over a region of almost 104 sq.deg (bounded approximately by declination 8~+3
and Galactic latitude b~20). Figure 2 shows the galaxy distribution in the region
of the catalogue around the South Galactic Pole (SGP). The photometry of the
catalogue is calibrated with numerous CCD sequences and has a precision of
approximately 0.2 mag for galaxies with bJ==17-19.5. The star-galaxy separation
is as described in Maddox et al. (1990b), supplemented by visual validation of
each galaxy image.
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Figure 2. The galaxy distribution in the APM galaxy catalogue region
around the South Galactic Pole.

The survey geometry is shown in Figure 3, and consists of two contiguous
declination strips plus 100 random 2-degree fields. One strip is in the south-
ern Galactic hemisphere and covers approximately 75° x 15° centred close to
the SGP at (a,8)==(01h,-30); the other strip is in the northern Galactic hemi-
sphere and covers 75° x 7.5° centred at (a,8)==(12.5h ,+00). The 100 random fields
are spread uniformly over the 7000 sq.deg region of the APM catalogue in the
southern Galactic hemisphere. At the median redshift of the survey (2==0.11),
100h-1Mpc subtends about 20 degrees, so the two strips are 375h-1Mpc long
and have widths of 75 h-1 Mpc (south) and 37.5 h-1 Mpc (north). The volume
directly sampled by the survey (out to z==0.2) is 3x107h-3Mpc3 ; the volume
sparsely sampled including the random fields is 1x 108 h-3 Mpc".

The sample is limited to be brighter than an extinction-corrected magnitude
of bJ==19.45 (using the extinction maps of Schlegel et al. 1998). This limit gives
a good match between the density on the sky of galaxies and 2dF fibres. Due
to clustering, however, the number in a given field varies considerably. To make
efficient use of 2dF, we employ an adaptive tiling algorithm to cover the survey
area with the minimum number of 2dF fields. With this algorithm we are able
to achieve a 93% sampling rate with on average fewer than 5% wasted fibres per
field. Over the whole area of the survey there are in excess of 250,000 galaxies.

3. Survey Status

The survey passed the half-way mark by the end of September 2000. In total,
observations had been made of 148403 targets in 556 fields, yielding redshifts
and identifications for 129987 galaxies, 7343 stars and 72 QSOs, at an overall
completeness of 92.6%. Repeat observations have been obtained for 9583 targets.
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Figure 3. The 2dFGRS fields (small circles) superimposed on the APM
catalogue area (dotted outlines of Sky Survey plates). There are approxi-
mately 140,000 galaxies in the 75° x 15° southern strip centred on the SGP,
70,000 galaxies in the 75° x 7.5° equatorial strip, and 40,000 galaxies in the 100
randomly-distributed 2dF fields covering the whole area of the APM catalogue
in the south.
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Figure 4 shows the projection of the galaxies in the northern and southern strips
onto (a, z) slices. The main points to note are the level of detail apparent in
the map and the slight variations in density with R.A. due to the varying field
coverage along the strips.

Figure 5 summarises the progress of the survey so far, and the projection
for the future. To the end of September 2000, the survey has had approximately
87 clear nights out of 180 allocated nights-a clear fraction of less than 50%.
After a slow start, the rate of progress has levelled off at approximately 1000 new
galaxy redshifts per allocated night (over 2000 per clear night). At this rate we
expect to have approximately 220,000 redshifts by the time survey observations
are completed at the end of 2001.

Although the adaptive tiling algorithm is efficient, and results in highly-
uniform sampling when the survey is done, the sampling at this intermediate
stage, with only half the fields observed, is highly variable. Figure 6 shows
the completeness of the survey fields in the northern and southern strips, and
illustrates the fact that a significant fraction of the fields observed to date still
require observations of neighbouring tiles to achieve high completeness. The
variable sampling makes quantification of the large scale structure more difficult,
and limits any analysis requiring relatively uniform contiguous areas.
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Figure 4. Projection of the galaxy distribution onto (a, z) slices.

Figure 5. Progress on the 2dFGRS, showing the allocated nights per
semester as the histogram and the cumulative number of redshifts as the
line. The percentages are the fraction of clear nights. The predicted future
progress is shown as the dashed line.
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Figure 6. The completeness as a function of position on the sky. The circles
are individual 2dF fields ('tiles'). Unobserved tiles result in low completeness
in overlap regions. Rectangular holes are omitted regions around bright stars.

4. Large-Scale Structure and Cosmology
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The simplest statistic for studying clustering in the galaxy distribution is the
the two-point correlation function, ~(a, 1r). This measures the excess probability
over random of finding a pair of galaxies with a separation in the plane of
the sky a and a line-of-sight separation it . Because the radial separation in
redshift space includes the peculiar velocity as well as the spatial separation,
~(a, 1r) is anisotropic. On small scales the correlation function is extended in
the radial direction due to the large peculiar velocities in non-linear structures
such as groups and clusters-this is the well-known 'Figure-of-God' effect. On
large scales it is compressed in the radial direction due to the coherent infall of
galaxies onto mass concentrations-the Kaiser effect (Kaiser 1987).

The degree of large-scale compression of the correlation function is deter-
mined by the total mass density of the universe, 0, and the biasing of the galaxy
distribution with respect to the mass distribution. For a linear bias model, where
the fractional fluctuations in the densities of galaxies and mass are linked by the
proportionality constant b, the redshift-space distortion on large scales depends
on the combination {3 == 0°·6 lb. On small scales the extension of the correlation
function along the line of sight is adequately approximated by allowing for the
rms velocity dispersion of the galaxies in collapsed structures, ape

To estimate ~(a, 1r) we compare the observed count of galaxy pairs with
the count estimated from a random distribution following the same selection
function both on the sky (Figure 6) and in redshift (Figure 7) as the observed
galaxies. We apply optimal weighting to minimise the uncertainties due to
cosmic variance and Poisson noise. This is close to equal-volume weighting out
to our adopted redshift limit of z=O.25. We have tested our results and found
them to be robust against the uncertainties in both the survey mask and the
weighting procedure.

Figure 8 shows the ~(a, 1r) we obtain by this procedure. As in previous
redshift surveys, the Finger-of-God effect on small scales is readily apparent.
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Figure 7. The red shift distribution of the 2dFGRS. The smooth curve is
the prediction for a homogeneous galaxy distribution.

However the 2dFGRS is the first survey large enough to clearly show the de-
tailed signature of the Kaiser effect in the obvious radial compression at large
separations on the sky.

We quantify this compression through the quadrupole-to-monopole ratio of
~, which in the linear regime is given by

~2 3 + n 4{3/3+ 4{32/7
~o -n-1 + 2{3/3+ (32/5

where n is the power spectrum index of the fluctuations, ~ ex r-(3+n). This is
modified by the Finger-of-God effect, which is significant even at large scales
and dominant at small scales. Full details of the fitting procedure are given in
Peacock et al. (2000).

Figure 9a shows the variation in ~2/~O as a function of scale. The ratio is
positive on small scales where the Finger-of-God effect dominates, and nega-
tive on large scales where the Kaiser effect dominates. The best-fitting model
(considering only the quasi-linear regime with r>8 h-1 Mpc) has {3~0.4 and
(J"p ~ 400kms-1 (or 4h-1 Mpc); the likelihood contours are shown in Figure 9b.
Marginalising over O'p , the best estimate of {3 and its 68% confidence interval is

{3 = 0.39 ± 0.05

This is the first precise measurement of {3 from redshift-space distortions; pre-
vious studies have achieved no more than 30' detections.
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Figure 8. The galaxy correlation function ~(a, 7r) as a function of trans-
verse (a) and radial (7r) pair separation is shown as a greyscale image. It
was computed in 0.2 h- 1 Mpc boxes and then smoothed with a Gaussian hav-
ing an rms of 0.5h-1 Mpc. The contours are for a model with ,8=0.4 and
ap = 400 km s- 1 , and are plotted at ~=10, 5, 2,1,0.5,0.2 and 0.1.
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Figure 9. (a) The compression of ~(O", 1r) as measured by its quadrupole-to-
monopole ratio, plotted as -~2 / ~o. The solid lines correspond to models with
O"p==400 km S-1 and (bottom to top) ,8==0.3,0.4,0.5, while the dot-dash lines
correspond to models with ,8==0.4 and (top to bottom) O"p==300,400,500 kms- 1 .

(b) Likelihood contours for ,8 and 0"p from the model fits. The inner contour
is the one-parameter 68% confidence ellipse; the outer contours are the two-
parameter 68%, 95% and 99% confidence ellipses. The central dot is the
maximum likelihood fit, with ,8==0.39 and O"p==3.7h-1 Mpc.

5. Discussion

Assuming b~l, the 2dFGRS value of (3 naively implies a low total density, n ~

0.21 ± 0.04. This is lower than, but consistent with, the total matter density
estimated from recent measurements of the anisotropies in the CMB, n == 0.35±
0.14 (Jaffe et al. 2000). Corrections need to be applied to the raw 2dFGRS (3 to
allow for the fact that the effective mean redshift of the sample is z==0.17 and the
effective mean luminosity is 1.9L* (Peacock et al. 2000). These corrections are
uncertain, so that (3(z==O,L==L*) could be between 5% smaller and 25% larger
than (3(z==0.17,L==1.9L*), and may reduce the difference between the 2dFGRS
and CMB estimates of n.

The other uncertainty in converting (3 to n is the bias parameter for optical
galaxies, b. Comparison of the z==O mass power spectrum derived from the best-
fit CMB model, with the galaxy power spectrum obtained by deprojecting the
APM galaxy survey (Baugh & Efstathiou 1994) gives b == 1.09 ± 0.18. However
it will soon be possible to obtain higher-order clustering statistics from the
2dFGRS itself which will yield b directly. Simulations of the recovery of b from
mock 2dFGRS surveys (Figure 10) using the redshift-space bispectrum show
that it is possible to obtain rv10% precision (Verde et al. 1998).
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Figure 10. Recovering the bias parameters from the bispectrum.
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