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0.15 h Mpc!1. As we will see in Section 6, this means
that the model power is lower than the power calculated
from the data on scales k < 0.02 h Mpc!1, so the errors
calculated from the log-normal catalogues are probably
slightly overestimated on these scales. The diagonal ele-
ments of the covariance matrix calculated in this way are
based on the e!ects of cosmic variance and shot noise.
The o!-diagonal covariance matrix elements include both
the e!ect of the P (k) window functions (bottom panel
of Fig. 10) and the mode coupling induced by non-linear
evolution, to the extent that the latter is adequately de-
scribed by the log-normal approximation. The correla-
tions induced by these e!ects are shown in the top panel
of Fig. 10.

The noise in a single covariance matrix element would
not normally be noticed when calculating parameter con-
straints, as it would a!ect all models in the same way.
However, when we use di!erent covariance matrices to
test di!erent cosmological models these errors can be-
come important. Interestingly, if the power spectrum val-
ues have a Gaussian distribution, then our estimates of
the elements of the covariance matrix will be drawn from
a Wishart distribution, the same distribution formed by
temperature and polarisation CMB power spectra in an
all-sky survey (Percival & Brown 2006). We minimise the
e!ect of this noise by smoothing each element in the set of
covariance matrices using a separate 4-node cubic spline
with nodes at "M = 0.1, 0.2, 0.3, 0.4. Three examples of
this fit are plotted in Fig. 11, for the diagonal elements
of the covariance matrix at k = 0.05, 0.1, 0.15 h Mpc!1.
There is a clear general trend that the expected error
in the power increases with the matter density. This is
caused by the changing comoving distance–redshift rela-
tion, which means that a smaller volume is predicted for
the survey assuming "M = 0.4, rather than "M = 0.1.

The Fourier transforms used in this paper were per-
formed on 5123 grids with a varying box size, where we
only consider modes that lie between 1/4 and 1/2 of the
Nyquist frequency for each box. The smoothing e!ect of
the galaxy assignment is corrected as described in Cole
et al. (2005). We have compared with both larger 10243

and smaller 2563 Fourier transforms, and find no evi-
dence for systematics induced by the practicalities of the
Fourier transforms.

Assuming a flat cosmological distance model with
"M = 0.24, matched to the parameters recovered from
the 3-year WMAP CMB data, the recovered SDSS power
spectrum is plotted in Fig. 12. Because of the bias-model
correction, the normalisation of this power spectrum is
matched to that of L" galaxies, where M" = !20.44
(Blanton et al. 2003b). The precision with which this
power spectrum is measured, particularly on large scales,
is impressive. In Fig. 12, we also plot the linear matter
power spectrum predicted from the best-fit WMAP pa-
rameters, normalised to match the data on scales 0.01 <
k < 0.06 h Mpc!1. This shows good agreement in the
shape of the power spectrum on these scales, but deviates
on scales k >

#
0.06 h Mpc!1. Significant non-linear cor-

rections to the matter power spectrum are only expected
for k >

#
0.15 h Mpc!1 (Smith et al. 2003), and large-

scale redshift space distortions are commonly treated as
being scale-independent on these large scales. Conse-
quently, it has been common practice to assume that the

Fig. 13.— The recovered SDSS DR5 power spectrum plotted in
Fig. 12 compared with the previous SDSS real-space Main galaxy
power spectrum calculated for the DR3 sample (from Table 3 of-
Tegmark et al. 2004), and the 2dFGRS redshift-space galaxy power
spectrum of Cole et al. (2005). The data were corrected for the
e!ects of the di!erent window functions by calculating the mul-
tiplicative e!ect on a theoretical model with approximately the
correct power spectrum shape. The normalisation of the previous
data have been matched to that of the new power spectrum on
large scales k < 0.06 hMpc!1. The shape of the power spectra
agree well on these scales, but predict di!erent power spectrum
amplitudes on smaller scales. The solid and dashed lines show two
linear CDM model power spectra, plotted as in Fig. 16.

shape of the power spectrum recovered from galaxy sur-
veys matches the linear matter power spectrum shape on
scales k <

#
0.15 h Mpc!1 (Percival et al. 2001; Tegmark

et al. 2004). However, the SDSS power spectrum has
greater power on small scales than the power spectrum
predicted by the 3-year WMAP data.

In Fig. 13, we compare the recovered power spectrum
with previous power spectra calculated from the SDSS
DR3 main galaxy sample (Tegmark et al. 2004) and 2dF-
GRS (Cole et al. 2005). The error bars on the DR5 data
points are much smaller than those on the DR3 data
points in part because of the greater sky coverage of DR5,
and in (greater) part because of the inclusion of LRGs
in the sample. It is also worth noting that the procedure
used by Tegmark et al. (2004) constructs P (k) estimates
that are nearly independent, while our estimates are cor-
related as shown in Fig. 10. After corrections for the
window functions and di!erences in the overall normal-
isation, we see that the large-scale (k <

#
0.06 h Mpc!1)

shape of the power spectrum recovered from the SDSS is
well matched to that recovered from the complete 2dF-
GRS. On smaller scales (k >

#
0.06 h Mpc!1), our SDSS

power spectrum of the combined main galaxy and LRG
sample reveals more power than that recovered from the
2dFGRS, while the previous power spectrum recovered
from the SDSS DR3 main galaxy sample lies between
the two. These di!erences will be discussed further in
Section 9. The power spectrum analysis of the SDSS
DR4 LRGs by Huetsi (2006) also showed a consistent
power spectrum shape, although the current analysis su-
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regime by a factor of!4. The LRG sample should therefore out-
perform these surveys by a factor of 2 in fractional errors on large
scales. Note that quasar surveys cover much more volume than
even the LRG survey, but their effective volumes are worse, even
on large scales, due to shot noise.

3. THE REDSHIFT-SPACE CORRELATION FUNCTION

3.1. Correlation Function Estimation

In this paper, we analyze the large-scale clustering using the
two-point correlation function (Peebles 1980, x 71). In recent
years, the power spectrum has become the common choice on
large scales, as the power in different Fourier modes of the linear
density field is statistically independent in standard cosmology
theories (Bardeen et al. 1986). However, this advantage breaks
down on small scales due to nonlinear structure formation, while
on large scales elaborate methods are required to recover the sta-
tistical independence in the face of survey boundary effects (for
discussion, see Tegmark et al. 1998). The power spectrum and
correlation function contain the same information in principle,
as they are Fourier transforms of one another. The property of
the independence of different Fourier modes is not lost in real
space, but rather it is encoded into the off-diagonal elements of
the covariance matrix via a linear basis transformation. One must
therefore accurately track the full covariance matrix to use the
correlation function properly, but this is feasible. An advantage
of the correlation function is that, unlike in the power spectrum,
small-scale effects such as shot noise and intrahalo astrophysics
stay on small scales, well separated from the linear regime fluc-
tuations and acoustic effects.

We compute the redshift-space correlation function using
the Landy-Szalay estimator (Landy & Szalay 1993). Random
catalogs containing at least 16 times asmany galaxies as the LRG
sample were constructed according to the radial and angular se-
lection functions described above. We assume a flat cosmology
with !m " 0:3 and !" " 0:7 when computing the correlation
function. We place each data point in its comoving coordinate
location based on its redshift and compute the comoving sep-
aration between two points using the vector difference. We use
bins in separations of 4 h#1 Mpc from 10 to 30 h#1 Mpc and
bins of 10 h#1 Mpc thereafter out to 180 h#1 Mpc, for a total of
20 bins.

We weight the sample using a scale-independent weighting
that depends on redshift. When computing the correlation func-
tion, each galaxy and random point is weighted by 1/$1% n(z)Pw&
(Feldman et al. 1994), where n(z) is the comoving number density
and Pw " 40;000 h#3 Mpc3. We do not allow Pw to change with
scale so as to avoid scale-dependent changes in the effective bias
caused by differential changes in the sample redshift. Our choice
of Pw is close to optimal at k ' 0:05 h Mpc#1 and within 5% of
the optimal errors for all scales relevant to the acoustic oscillations
(kP0:15 h Mpc#1). At z < 0:36, nPw is about 4, while nPw ' 1
at z " 0:47. Our results do not depend on the value of Pw; chang-
ing the value wildly alters our best-fit results by only 0.1 !.

Redshift distortions cause the redshift-space correlation func-
tion to vary according to the angle between the separation vector
and the line of sight. To ease comparison to theory, we focus
on the spherically averaged correlation function. Because of the
boundary of the survey, the number of possible tangential sep-
arations is somewhat underrepresented compared to the number
of possible line-of-sight separations, particularly at very large
scales. To correct for this, we compute the correlation functions
in four angular bins. The effects of redshift distortions are ob-
vious: large-separation correlations are smaller along the line-of-

sight direction than along the tangential direction. We sum these
four correlation functions in the proportions corresponding to
the fraction of the sphere included in the angular bin, thereby re-
covering the spherically averaged redshift-space correlation func-
tion. We have not yet explored the cosmological implications of
the anisotropy of the correlation function (Matsubara & Szalay
2003).

The resulting redshift-space correlation function is shown in
Figure 2. A more convenient view is shown in Figure 3, where
we have multiplied by the square of the separation, so as to flatten
out the result. The errors and overlaid models will be discussed
below. The bump at 100 h#1 Mpc is the acoustic peak, to be de-
scribed in x 4.1.

The clustering bias of LRGs is known to be a strong function
of luminosity (Hogg et al. 2003; Eisenstein et al. 2005; Zehavi
et al. 2005a), and while the LRG sample is nearly volume-limited
out to z ! 0:36, the flux cut does produce a varying luminosity
cut at higher redshifts. If larger scale correlations were prefer-
entially drawn from higher redshift, we would have a differential
bias (see discussion in Tegmark et al. 2004a). However, Zehavi
et al. (2005a) have studied the clustering amplitude in the two
limiting cases, namely the luminosity threshold at z < 0:36 and
that at z " 0:47. The differential bias between these two samples
on large scales is modest, only 15%. We make a simple param-
eterization of the bias as a function of redshift and then compute
b2 averaged as a function of scale over the pair counts in the
random catalog. The bias varies by less than 0.5% as a function
of scale, and so we conclude that there is no effect of a possible
correlation of scale with redshift. This test also shows that the

Fig. 2.—Large-scale redshift-space correlation function of the SDSS LRG
sample. The error bars are from the diagonal elements of the mock-catalog co-
variance matrix; however, the points are correlated. Note that the vertical axis
mixes logarithmic and linear scalings. The inset shows an expanded view with a
linear vertical axis. The models are !mh

2 " 0:12 (top line), 0.13 (second line),
and 0.14 (third line), all with !bh

2 " 0:024 and n " 0:98 and with a mild non-
linear prescription folded in. The bottom line shows a pure CDM model (!mh

2 "
0:105), which lacks the acoustic peak. It is interesting to note that although the
data appear higher than the models, the covariance between the points is soft as
regards overall shifts in "(s). Subtracting 0.002 from "(s) at all scales makes the
plot look cosmetically perfect but changes the best-fit #2 by only 1.3. The bump
at 100 h#1 Mpc scale, on the other hand, is statistically significant. [See the electronic
edition of the Journal for a color version of this figure.]

DETECTION OF BARYON ACOUSTIC PEAK 563No. 2, 2005

(Eisenstein 2005)
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Sample QSO Spectrum

FIGURE 1. Simulating the Ly! forest. The top panel shows a continuum normalized, Keck HIRES

spectrum of the Ly! forest region of the quasar Q1422+231 (z= 3.62), from [6]. The next row of panels
shows blowups of four regions 1422 km s!1 in length. The third row shows simulated spectra extracted

along four random lines of sight at z= 3 from an SPH simulation (solid) and a PM simulation (dotted) of

the "CDM model, with #m = 0.4, h = 0.65, and $8 = 0.8 (at z = 0). The fourth and fifth rows show PM

results for different cosmological parameter values: $8 = 1.0 and #m = 0.2, respectively. All simulated
spectra are 1422 km s!1 in length.
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Fig. 5.— Dependence of the flux power spectra !2
F
(k) on spec-

tral resolution and continuum fitting method. (a) We use the four
quasar spectra common to the LRIS and HIRES samples and show
the power spectrum derived from the HIRES observations (circles)
and the LRIS observations with 50Å Gaussian smoothing for deter-
mination of the mean level (triangles). Open circles correspond to
negative values of !2

F
(k). Lower panel shows the di"erence from

the mean of the two power spectra in units of the mean. Error
bars represent 1! jackknife errors derived from the four spectra. (b)
Comparison of LRIS results using two methods of continuum fitting,
smoothing with a 50Å Gaussian (triangles) and fitting over a 100Å
region with a 3rd order polynomial (circles). Here we use all 23
LRIS spectra in the LRIS sample, and the error bars represent jack-
knife errors derived by partitioning those 23 spectra into 50 subsets
of equal length (see §3.3.2).

plots the quantity

!2
F(k) !

1

2!2
k3PF (k), (5)

which is the contribution to the variance of the flux from
an interval d ln k = 1. The reader should note that this
definition of !2

F(k) di"ers from that in CWKH and CW-
PHK by the factor (1/2!2). Also, with this convention our
definition of PF,1D(k) is larger than that given in M00 by
a factor of 2.

3.3.2. Tests for systematic errors

We first compare !2
F(k) measured from the four quasars

for which we have both LRIS and HIRES spectra. These
are Q0636+6801, Q0940-1050, Q1017+1055, and Q1107+4847.
In the top panel of Figure 5a, we show !2

F(k) measured
from the LRIS spectra, where "F (r) was calculated using
the (50 Å) Gaussian smoothing method for finding the lo-
cal mean flux. We also show the HIRES results. In the
lower panel, we plot the di"erence between the two mea-
surements of !2

F(k), in units of the mean !2
F(k) for the

two sets of spectra. The error bars were calculated by ap-
plying a jackknife estimator to the four spectra in each
set. We can see that there are some di"erences in detail
between the two sets of !2

F(k) results, but they appear
to be consistent within the errors, at least on large scales.
On small scales, the LRIS results are systematically lower,
as we expect because of the lower resolution of the spec-
tra. We shall see later (§3.3.4) that smoothing the spectra

can potentially have e"ects on the inversion from 1D to 3D
clustering on fairly large scales. As a test of any systematic
di"erences, we have tried a least-squares fit of a horizontal
straight line to the first ten points in the lower panel of
Figure 5a. We find that any uniform bias on these scales is
consistent with zero within the errors (we find 0.08± 0.11
at 1 #).

In Figure 5b, we carry out a similar test of the two di"er-
ent ways of analyzing the LRIS spectra, measuring "F (r)
using a fitted continuum versus smoothing the spectrum
to define the mean. Because we are just using the LRIS
data for this, we carry out the test using all 23 spectra.
A horizontal fit to the first 10 points yields a mean bias
between the two of "0.005± 0.030 at 1#.

Previously, M00 presented PF,1D(k) measured from a
sample of Keck HIRES spectra. In order to compare our
results to theirs, we have prepared a sample of our HIRES
data that has the same redshift boundaries as one of the
data samples in M00, z = 2.67 to z = 3.39. The M00
sample with these boundaries has #z$ = 3.0, and ours
has #z$ = 2.98. The M00 spectra are a sample of eight
with extremely high signal-to-noise ratio, and which have
a FWHM of 6.6 km s!1, binned into 2.4 km s!1 pixels.
The equivalent of % 2.5 full spectra contribute to the M00
results for the redshift range we use here, compared to
% 13 (total length 6.4 & 105 km s!1) for the comparison
sample of our data.

In Figure 6, we show PF,1D(k) from M00 and our
comparison sample. We can see that on scales k <
0.1(km s!1)!1, there is good agreement between the two
measurements, and the larger number of spectra in our
sample is reflected in a smoother curve and smaller error
bars. We have calculated these error bars with a jack-
knife estimator, as we did for the $F results (see §3.2),
except that when partitioning the data we use 50 sub-

Fig. 6.— Comparison of the 1D flux power spectrum from M00
(open circles) and from our HIRES spectra (filled circles), for sub-
samples covering the redshift range z = 2.67 to z = 3.39. The mean
redshift of the M00 data is 3.0 and that of our subsample 2.98. Be-
cause of di"ering Fourier conventions, we have multiplied the M00
results by a factor of 2.

(Croft 2002, McDonald 2000)
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Photometric Redshifts in SDSS bands

Blanton et al, astro-ph/0205243



Photometric Redshift 

 Photo-z’s for individual galaxies tend to have 
scatter of σz/(1+z)~0.03, but with a few 
“catastrophic” outliers. 

 Combination of morphology, magnitude, color and 
location can be used to establish cluster’s redshift. 

 Robust statistics can be used to eliminate 
“outliers”.



within rather thin (!z ! 0.10) redshift shells rather than the full 3D power spectrum (Cooray et al. 2001).
There has been a discussion of residual biases in photometric redshifts and its e!ect on cluster surveys
(Huterer et al. 2004); however, with large spectroscopic training sets it is possible to control these biases at
the level of !z ! 0.001 (see Dark Energy Survey white paper submitted to this same panel), which is small
enough so that it makes no meaningful contribution to the error budget.

4 Forecasts for Dark Energy Constraints
We include here a forecast for the SPT with full optical followup for cluster redshifts (i.e., SPT+DES).
The combined SPT+DES cluster survey should provide a strong handle on the nature of the dark energy.
Figure 1 contains forecasts for the joint constraints in w-"M space from the cluster redshift distribution,
the cluster power spectrum, and 100 mass measurements (each with 30% 1" accuracy) distributed in mass
and extending to z = 1.2 (Majumdar and Mohr 2004). These forecasts include self–calibration discussed
in §3, which accounts for uncertainlies in the mass–observable relation and its evolution. Cluster finding
and masses should arise primarily from the SZE data, and the DES optical data will provide photometric
redshifts (with an accuracy of !z ! 0.02 out to z ! 1.3). The fully marginalized 68% constraint on constant
w models, is !w = 0.05 (geometry fixed) and !w = 0.07 (geometry freely varying). In addition, the joint
constraints in "M ""E space are shown. For comparison, the constraints expected from SNAP (Perlmutter
and Schmidt 2003) and two CMB anisotropy experiments (Eisenstein et al. 1999; Spergel et al. 2003) are
also presented. It is clear that the self-calibrated galaxy cluster survey constraint is similar in precision
to those from other forefront techniques; in addition, each technique constrains a di!erent combination
of cosmological parameters and is subject to di!erent systematic uncertainties, making these experiments
highly complementary.

Figure 1: Forecasts for the geometry constraints (left) from the SPT+DES galaxy cluster survey, the
SNAP SNe Ia mission, and the Planck CMB anisotropy mission together with forecasts for the joint "M -w
constraints from the WMAP CMB anisotropy mission, SNAP and SPT+DES. These experiments are
highly complementary because each experiment constrains a di!erent combination of cosmological
parameters and is subject to di!erent systematics.

Self-calibration, Priors, Shear constraints and dw
da : The method of self calibrating shown here allows for an

arbitrary local normalization and slope of the mass–observable relation together with an arbitrary, power law
evolution beyond the expected self–similar evolution. The only information from the survey is the redshift
distribution and the cluster power spectrum. Thus, one can solve for cosmology and the cluster mass–
observable relation and then carry out a powerful consistency check by examining the agreement between
the predicted and observed mass function as a function of redshift in the survey. If the self–calibration
scheme adopted here does not allow for enough freedom to describe the observed clusters, it will show up in
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Figure 11. An illustration of the effect of cosmology on the

expected number of SZE detected galaxy clusters as a func-

tion of redshift. The data points are appropriate for a 4000

square degree SPT survey with idealized sensitivity. The data

points and the line passing through them were generated as-

suming a canonical !M = 0.3, !" = 0.7,#8 = 1 cosmology.

The other two lines show the large effect in the expected clus-

ter counts due to slight changes in the cosmology. The value

of #8 was adjusted to give the same normalization for the lo-

cal cluster abundance in each model. The bottom curve is for

a model with more matter and correspondingly less dark en-

ergy. The top curve at shows the effect of only a change in the

equation of state of the dark energy in the canonical model.

(Figure courtesy of G. Holder)

Figure 12. An illustration of the potential of the SPT to mea-

sure fine-scale CMB anisotropy. The two panels show sta-

tistical errors on the high-! CMB power spectrum from 500

deg2 of sky measured at two different levels of noise per 1!

beam. Both panels assume perfect subtraction of the thermal

SZE signal and other astrophysical contaminants; achieving

the required accuracy in this subtraction will be a significant

challenge. (Spectra courtesy of W. Hu.)

SZE is produced when CMB photons scatter off the hot electron gas in galaxy clusters20; the brightness of the SZE is

nearly independent of distance to the cluster, making it an ideal tool for conducting a mass-limited cluster survey.21 The

abundance of massive clusters as a function of redshift is highly sensitive to the efficiency with which structure can grow,

which is in turn sensitive to the expansion history of the universe. Therefore as shown in Figure 11, the redshift evolution

of the abundance of massive clusters is critically sensitive to cosmological parameters such as the amount of dark energy

and its equation of state. The SPT SZE survey will enable strong constraints on the amount of and nature of dark energy in

the universe.

As reviewed in Section 1, recent results frommeasurements of degree-scale anisotropies in the CMB have spectacularly

confirmed predictions of the Hot Big Bang cosmological model, and made precise measurements of many cosmological

parameters. New experiments are now focusing on characterizing the temperature fluctuations on finer angular scales,

where secondary anisotropies are expected to dominate over fluctuations imprinted on the last scattering surface.56

As shown in Figure 12, the largest source of anisotropy at multipole values ! > 2000 is expected to be the thermal SZE.
Measurements of the angular power spectrum of this signal – including or removing the massive clusters detected in the

SZE survey – will allow tight determinations of the parameters #8 and !M that are complementary to those obtained with

analysis of the cluster survey.57

The thermal SZE signal has a unique spectral signature. There is a null in the spectrum near 220 GHz, and the

signal appears as a flux decrement (relative to the 2.7K background) at frequencies below this null and an increment at

higher frequencies. This opens the potential for separating the SZE component from other contributions to the CMB power

spectrum, such as the kinetic SZE (KSZ, due to the net motion of a cluster along the line of sight) and the Ostriker-Vishniac
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(Lidman 2005, 
A&A, 430)

Fig. 17.— The time sequence of high redshift supernova spectra in order of rest-frame date relative to
maximum light, as determined from the light curve (!lc). Spectra of the nearby Type Ia, SN 1992A are
interspersed for comparison.
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