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Galaxies as cosmological probes

Galaxies reside in dark 
matter halos.

Cosmological models predict 
the abundance and the 
clustering of halos.

The abundance and clustering of galaxies (or 
groups of galaxies) can be used to constrain 
cosmological parameters*.

* Provided that you have an accurate mapping between galaxies and dark matter.

e.g., Tegmark et al. (2004), van den Bosch et al. (2007),  Reid et al. (2010), 
Tinker et al. (2011) [list not at all exhaustive]
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Galaxy bias- two approaches

• Large scale power spectrum measurements (scales 
larger than 60 Mpc), e.g. Tegmark et al. (2004), Percival et al. (2005)

• PRO: Power spectrum is roughly linear, shape gives cosmological parameters

• CON: Galaxy bias degenerate with σ8.

• Small scale clustering (scales smaller than 30 Mpc), 
e.g., Zehavi et al. (2005, 2010)

• CON: Significantly non-linear, model using halo occupation distribution 
modeling. 

• PRO: Potential to remove degeneracy with σ8  by combining with mass to 
light ratio observables. (see e.g. Seljak et al. 2005, Cacciato, van den Bosch, 
SM et al. 2009)

Compare the product of  bσ8 to test systematics! 
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Large scale power spectrum

• Measure the power spectrum in luminosity bins and get the galaxy bias-
luminosity relation.

25

5. ACCOUNTING FOR LUMINOSITY-DEPENDENT BIAS

We have now measured the real-space power spectrum
Pgg(k) of the SDSS galaxies, obtaining the results shown
in Figure 22. The goal of this section is to compute and
apply a small (∼ 10%) scale dependent bias correction,
producing a curve proportional to the underlying matter
power spectrum and usable for cosmological parameter es-
timation.

As discussed in Section 3.1.3, there is good reason to
believe that bias is complicated on small scales, yet simple
and essentially scale-independent on the extremely large
scales λ = 2π/k ∼> 60h−1Mpc that are the focus of this
paper6. However, since this scale-independent bias fac-
tor depends on luminosity (among other galaxy proper-
ties), we should expect to introduce an artificial scale-
dependence of bias from the magnitude-limited nature of
our sample.

It is easy to understand how luminosity dependent clus-
tering can masquerade as scale-dependent bias. Since lu-
minous galaxies dominate the sample at large distances
and dim ones dominate nearby, a measurement of Pgg(k)
on very large scales is statistically dominated by lumi-
nous galaxies whereas a measurement on small scales is
dominated by dim ones (which have much higher number
density). Since luminous galaxies cluster more than dim
ones, the measured power spectrum will therefore be red-
der than the matter power spectrum, with a lower ratio of
small-scale to large-scale power.

Below we will quantify and correct for this effect. We
emphasize that this is not intended to be the mother of all
bias treatments and the final word on the subject. Rather,
this artificial red-tilt is a small (∼ 10%) effect which has
never previously been quantified, and we simply wish to
make a first order estimate of it. We start by measur-
ing the luminosity dependence of bias using our volume-
limited subsamples in the next section, then use this to
compute the scale-dependent effect.

It has been long known (Davis & Geller 1976; Dressler
1980) that galaxy bias depends on other galaxy properties
as well, e.g., morphological type, color and environment.
Fortunately, the only intrinsic property which determines
whether a galaxy gets included in our baseline sample is
its luminosity, so we can ignore dependence on all other
properties for our present purposes (type dependence of
clustering is of course a fascinating subject of its own, and
will be the topic of future SDSS papers).

5.1. Measurement of the luminosity-dependence of bias

To quantify the luminosity-dependence of bias for the
SDSS galaxies, we repeat our entire analysis for each of
the volume-limited samples L2-L7 specified in Table 1 and
plotted in Section 2 (samples L1 and L8 contain too few
galaxies to be useful). The resulting power spectra are

6On large scales, bias can also introduce an additive (as opposed
to multiplicative) constant, related to halo shot noise, thereby af-
fecting the shape of the power spectrum on scales larger than the
turnover (Scherrer & Weinberg 1998; Seljak 2001; Durrer et al. 2003).
Although this effect is negligible for k ∼

> 0.003h−1Mpc, and is there-
fore unimportant for the present paper, it may be important for the
upcoming analysis of the SDSS luminous red galaxy (LRG) sample,
both because the halo shot noise effect is larger for such rare objects
and because LRGs probe P (k) out to larger scales than does the
main SDSS galaxy sample analyzed here.

Fig. 28.— The real-space power spectrum Pgg(k) is shown for
galaxies in six bins of absolute magnitude M0.1r detailed in Table
1, with the shading indicating 1 − σ uncertainty. All power spectra
have roughly the same shape, increasing in amplitude as the galax-
ies become more luminous. The dashed curve is the best fit linear
ΛCDM model (see text) normalized to σ8 = 1.

Fig. 29.— The bias relative to the linear ΛCDM model of the
previous figure is shown for galaxies in six bins of absolute magnitude
M0.1r. All six curves are consistent with being scale-independent,
the bias merely increasing in amplitude as the galaxies become more
luminous.

Reference ΛCDM power spectrum

Tegmark et al. 2004

M*=-20.83
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Small scale clustering

• Model small scale clustering of galaxies using the HOD model, and 
predict the large scale bias.

12 Zehavi et al.

Fig. 6.— Projected correlation functions for volume-limited samples corresponding to different luminosity-bin samples (left) and
luminosity-threshold samples (right), as labeled. Error covariance matrices are computed from jackknife resampling as described in the
text. The error bars shown are the square root of the diagonal elements of these matrices. For visual clarity, only a subset of the threshold
samples are plotted.

Fig. 7.— Bias factors for the luminosity-bin samples (left) and the luminosity-threshold samples (right). Filled circles show bias
factors defined by the ratio of the measured wp(rp) to the dark matter wp(rp) predicted for our fiducial cosmological model over the
range 4h−1 Mpc ≤ rp ≤ 30h−1 Mpc. Open triangles show the bias factors defined by this ratio for the single radial bin centered at
rp = 2.67h−1 Mpc, as done previously by Z05. In addition to the luminosity-bin samples shown in Figure 6, the left panel includes bg(L)
points for the half-magnitude bins −21.5 < Mr < −21.0 and −22.0 < Mr < −21.5. Open circles show the bias factors inferred from HOD
modeling as described in §3.3; the statistical errors on these estimates are smaller than the points, and we omit them for visual clarity. In
the left panel, the dotted curve is a fit to projected correlation functions in the 2dFGRS, bg/b∗ = 0.85 + 0.15L/L∗ (Norberg et al. 2001),
where we take b∗ ≡ bg(L∗) = 1.14 to be the bias factor inferred from the dark-matter-ratio estimate in the −21 < Mr < −20 luminosity
bin (L ≈ L∗), and the dashed curve is a modified fit to SDSS power spectrum measurements, bg/b∗ = 0.85 + 0.15L/L∗ − 0.04(M − M∗)
(Tegmark et al. 2004). The solid curve is the fit in eq. (10). In the right panel, the solid curve is the fit to the HOD model bias factors,
eq. (9). Small horizontal offsets have been added to points for clarity.

12 Zehavi et al.

Fig. 6.— Projected correlation functions for volume-limited samples corresponding to different luminosity-bin samples (left) and
luminosity-threshold samples (right), as labeled. Error covariance matrices are computed from jackknife resampling as described in the
text. The error bars shown are the square root of the diagonal elements of these matrices. For visual clarity, only a subset of the threshold
samples are plotted.

Fig. 7.— Bias factors for the luminosity-bin samples (left) and the luminosity-threshold samples (right). Filled circles show bias
factors defined by the ratio of the measured wp(rp) to the dark matter wp(rp) predicted for our fiducial cosmological model over the
range 4h−1 Mpc ≤ rp ≤ 30h−1 Mpc. Open triangles show the bias factors defined by this ratio for the single radial bin centered at
rp = 2.67h−1 Mpc, as done previously by Z05. In addition to the luminosity-bin samples shown in Figure 6, the left panel includes bg(L)
points for the half-magnitude bins −21.5 < Mr < −21.0 and −22.0 < Mr < −21.5. Open circles show the bias factors inferred from HOD
modeling as described in §3.3; the statistical errors on these estimates are smaller than the points, and we omit them for visual clarity. In
the left panel, the dotted curve is a fit to projected correlation functions in the 2dFGRS, bg/b∗ = 0.85 + 0.15L/L∗ (Norberg et al. 2001),
where we take b∗ ≡ bg(L∗) = 1.14 to be the bias factor inferred from the dark-matter-ratio estimate in the −21 < Mr < −20 luminosity
bin (L ≈ L∗), and the dashed curve is a modified fit to SDSS power spectrum measurements, bg/b∗ = 0.85 + 0.15L/L∗ − 0.04(M − M∗)
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Zehavi et al. 2010
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Houston, we have a problem!

• Clear discrepancy 
between results from 
small scales and large 
scales

– 6 –

Fig. 1.— The relation b(L, z)D(z)(σ8/0.8) obtained by different methods. The open hexagons

show the results from large scale power spectrum measurement of T04 while the long-dashed line

is their fit to these results. The triangles show the ratio between the galaxy correlation function

measured by Z10 and the non-linear matter correlation function at 2.67 h−1
Mpc. The filled circles

show the fit to this ratio on scales between 2.67 to 30.0 h−1
Mpc. These two measurements are

model-independent measures of the galaxy bias using the methods adopted by Z10 but the same

cosmological parameters as T04 to allow a fair comparison. The short dashed line shows how Z10

interpret the T04 fit results.

can be equated to b(L)/b(LT04

∗ ), such that both biases are measured at the same redshift. The results

from T04 have been presented (and often used) in this manner without stating the underlying CGC

assumption (see e.g., Hand et al. 2011).

However, we can proceed with our comparison without making the (perhaps questionable)

CGC assumption. This is because each of the luminosity bin samples from Z10 is at the same

effective redshift as that of the corresponding luminosity bin sample from T04. This can be seen

from the redshift ranges used by T04 and Z10 for constructing their volume limited samples (see

Table 2.2). The differences in the redshift ranges which arise because Z10 use all galaxies with

r-band apparent magnitudes 14.5 < mr < 17.6 while T04 use galaxies with 14.5 < mr < 17.7, are

very small and can be safely ignored. This allows us to compare the quantity b(L, z)D(z)(σ8/0.8)

Small scales

Large scales
SM, 2011, arXiv:1107.1498
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• Discrepancy remained unnoticed as the Tegmark et al. formula was used with M*=-20.5 
instead of -20.83. The normalization b* was never used in the previous comparison!

SM, 2011, arXiv:1107.1498
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Possible reasons!

• Large scale measurements (Tegmark et al. 2004):

• Problems in correcting for the redshift space distortions in 
the Tegmark et al. prescription

• Quasi-linear effects

• Small scale measurements (Zehavi et al. 2010)

• HOD model may not be accurate enough

• Residual redshift space distortions
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Residual redshift space effects

• Finite integration limit to get the projected correlation function

See also: Norberg et al. (2009)
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Using the Kaiser correction!

• Moves down the Zehavi et al. (2010) points by 1-σ, but not enough 
to fully resolve the discrepancy!

– 6 –
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Conclusions
• Discrepancy between the large scale galaxy bias-luminosity 

relation obtained from the large scale power spectrum and 
the small scale clustering measurements.

• The power spectrum presented by Tegmark et al. 2004 is not 
for L* galaxies but for 1.45 L* galaxies.

• Implications: 

• Wrong b(L) relation can cause the cosmological 
parameters from the power spectrum of flux-limited 
samples to be biased.

• HOD modeling certainly needs to account for finite πmax!

Thank you!
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