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Outline

• Measuring clustering with photometric 
surveys

• Bias of red galaxies

• HOD constraints from SDSS data

• DES and beyond
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• Overdensity, 

• 2-point angular correlation function, w:

                                               

• Alternatively:  

• Real-space denoted 

•  Fourier transform       ,  angular version                                                                    

Correlation Functions
δ =

N

�N� − 1

ξ2(r)

w2(θ) = �δiδj�

w2(θ) = DD(θ)/RR(θ)− 1

P (k) C�
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Why Measure Galaxy 
Clustering?

• Two main scientific pursuits:

1) Study galaxies themselves 

2) Measure cosmological parameters
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Why Measure Galaxy 
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• Two main scientific pursuits:

1) Study galaxies themselves 

2) Measure cosmological parameters
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Eisenstein et al. (2005)

Percival et al.(2009)

BAO in SDSS DR7 7

Figure 2. Average likelihood contours recovered from the analysis of three
power spectra (top panel) and six power spectra (bottom panel) mea-
sured from 1000 LN density fields. Contours are plotted for −2 lnL =
2.3, 6.0, 9.2, corresponding to two-parameter confidence of 68, 95 and
99 per cent for a Gaussian distribution. Contours were calculated after in-
creasing the errors on the power spectrum band powers as described in
the text. Solid circles mark the locations of the likelihood maxima clos-
est to the true cosmology. We have plotted the likelihood surface as a
function of DV (z)/Mpc, for fixed rs(zd) = 154.7 Mpc, to show distance
errors if the comoving sound horizon is known perfectly. The values of
DV for our input cosmology are shown by the vertical and horizontal solid
lines.

are shown in Fig. 3, where we plot the measured power spectra
divided by the spline component of the best-fitting model. In our
default analysis we fit power spectra from six redshift slices as
described in Section 3, using a spline for DV (z) with two nodes
at z = 0.2 and z = 0.35, respectively. We assume a fixed BAO
damping scale of Ddamp = 10 h−1 Mpc and fit to all SDSS and
non-overlapping 2dFGRS data. The effect of these assumptions is
considered in Section 8. The resulting likelihood surface is shown in
Fig. 4 as a function of DV (z) Mpc−1, for fixed r s(zd) = 154.7 Mpc,
to show distance errors if the comoving sound horizon is known
perfectly. The constraints should be considered measurements of
r s(zd)/DV (z) (see Section 4). Fig. 4 reveals a dominant likelihood
maximum close to the parameters of a !CDM cosmology with

Figure 3. BAO recovered from the data for each of the redshift slices (solid
circles with 1σ errors). These are compared with BAO in our default !CDM
model (solid lines).

#m = 0.25, h = 0.72 and #bh
2 = 0.0223. There are also weaker

secondary maxima at lower DV (0.2), which are considered further
in Section 8.8. The significance of the detection of BAO corresponds
to $χ 2 = 13.1, which is approximately 3.6σ . As this is relative to
an arbitrary smooth model, this test is more general, and hence the
significance cannot be directly compared with results presented by
Eisenstein et al. (2005).

We have matched the likelihood surface shown in Fig. 4 around
the dominant maximum to a multivariate Gaussian model. Using
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Why Photometric 
Surveys?

• More objects at higher redshifts (SDSS has 
~2x107 photoz galaxies; L* observable to z 
~ 0.4)

• Extremely precise measurements, no fibre 
collisions

• Upcoming, deeper, wide-field surveys will 
rely primarily on photometry (DES, Pan-
STARRS, LSST)
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Photometric Redshifts

• (u)griz(y) imaging surveys allow ∆zphot ~ 0.03(1 + z)

• One can accurately recreate dn/dz if errors well 
understood

• Radial clustering nearly wiped out
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Radial Clustering 
Wiped Out

Spectroscopic Photometric
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SDSS Results

Padmanabhan et al. (2007)

Blake et al. (2007)
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SDSS Results

Padmanabhan et al. (2007)

Blake et al. (2007)

Estrada et al. (2009)Text

Hütsi (2009)
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Dark Matter Vs. Galaxies
Dark Matter (Millennium) Galaxies (SDSS)

Monday, 4 April 2011



Bias
• Bias relates galaxy clustering to dark matter 

clustering

• Local bias model:

• For                        :                    req � 10h−1Mpc

ω2
∼= b2

1ω2,DM

δg = F (δDM)⇒ δg = b1δDM + 0.5b2δ
2
DM + O(δ3

DM)
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Bias depends on 
Colour

• Red (early-type) galaxies more clustered 
than blue (late-type) galaxies

• Red found in clusters, more blue in field

• Bias much larger for early-type
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Bias - Mass

• Galaxies exist in dark matter halos

• Clustering is due simply to gravity

• Galaxy bias should depend on the mass of 
the halos the galaxies occupy

• bias of galaxies relates to local environment
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• redshift space correlation function (Halofit 
w/ linear RSD)

• w(θ), project over n(z)

Model Correlation 
Functions

rev(θ, z1, z2) =
�

χ2(z1) + χ2(z2)− 2χ(z1)χ(z2)cosθ

µ = (χ(z1)− χ(z2))/rev

w(θ) =
�

dz1

�
dz2n(z1)n(z2)ξs(µ, rev(θ, z1, z2))
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Red Galaxy Bias

• Implies low 
luminosity red 
galaxies ~ exclusively 
satellites

• Other studies 
(groups, LRG cross-
correlations) 
inconsistent

Text

Swanson et al. (2008)Swanson

Swanson et 
al. (2008) 

-16
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SDSS DR7 Photometric 
Galaxies

• zphot < 0.1, r < 20, Mr < 
-17.75, u-r > 2.2, g-r > 0.8

• auto-correlations, cross-
correlations with z < 0.15 
(z < 0.1, 0.1 < z < 0.15) 
spectroscopic samples

• bias relation robust to 
changes in color 
selection, photozs, etc.
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DR7 Spectroscopic 
Galaxies

• Strong 
dependence on 
angle to line-of-
sight & scale
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Implications

• Previous results 
recovered for 
small-scales and los 
clustering

• Most robust (large 
volume, minimal los 
contribution) -> 
monotonic increase 
in bias with 
luminosity
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SDSS HOD modeling 
with photozs

• Huge SDSS data set allows precise ω2 
measurements - ideal for testing model

• Clustering measurements complementary 
to spectroscopic (larger range of scales, 
redshift range)
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HOD Modeling
• Given model for DM halo number density as 

function of mass and redshift

• Model P(k) by modeling mean occupation of 
galaxies in dark matter halos

• Two “1-halo” terms

Pcs =
� ∞

Mvir(r)
dMn(M)Ncen(M)

2Nsatu(k|M)
n2

g

N(M) = Ncen(M)× (1 + Nsat(M))

Pss =
� ∞

Mvir(r/2)
dMn(M)Ncen(M)

�
Nsatu(k|M)

ng

�2
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“2-halo” term

• Essentially, determines bias given HOD 
model:

• so P(k,r) = Pcs(k) + Pss(k) + P2h(k,r) =>

ξ(r) =
1

2π2

� ∞

0
dkP (k, r)k2 sin kr

kr

ω2(θ) =
2
c

� ∞

0
dzH(z)(dn/dz)2

� ∞

0
duξ(r =

�
u2 + x2(z)θ2

P2h(k, r) = Pmatter(k)×
�� Mlim(r)

0
dMn(M)b(M, r)

N(M)
n�

g

u(k|M)

�2
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SDSS DR5 Galaxies
• Template based    

zphot < 0.3

• Two samples;         
Mr -5logh < -19.5 
(~4 million galaxies),      
< -20.5 (~1.3 million 
galaxies)

• Split into red/blue 
samples via type 
value

Halo-model Analysis of the Clustering of Photometrically Selected Galaxies from SDSS 5

Figure 1. The normalized redshift distributions for each of the
six galaxy samples we use (z <0.3, Mr < −19.5, bottom; z < 0.3,
Mr < -20.5, top) with the distribution for each full sample plotted
in black, the late-type distributions plotted in blue, and the early-
type distributions plotted in red.

flate =
1

ng

�
dMn(M) [fc(M)Nc(M) + fs(M)Nc(M)Ns(M)](29)

In this way, we determine fc0 for each given fs0, σcen, and

σsat such that the model flate matches the observed flate.

4 MEASUREMENT TECHNIQUES

We calculate the angular 2-point correlation function, ω(θ),
of galaxies using the Landy & Szalay (1993) estimator:

ω(θ) =
DD(θ)− 2DR(θ) + RR(θ)

RR(θ)
(30)

where DD (in our case) is the number of galaxy pairs,

DR the number of galaxy-random pairs, and RR the num-

ber of random pairs, all separated by an angular distance

θ ±∆θ. We also calculate angular 2-point cross-correlation

functions, for which we also employ the Landy & Szalay

(1993) estimator:

ωel(θ) =
D1D2(θ)−D1R(θ)−D2R(θ) + RR(θ)

RR(θ)
(31)

where D1 and D2 represent the two data samples that are

being cross-correlated (note that the single random file can

be used in our case since all of our samples have identical

angular selections and that we use the subscript el because

we will exclusively be cross-correlating early- and late-type

galaxies). In every case, we mask our data and randoms by

using the same pixelized mask of R07.

4.1 Errors and Covariance

We compute errors and covariance matrices using a method

that estimates the statistical error associated with our an-

gular selection and another that estimates the statistical er-

ror associated with our radial selection. We use a jackknife

method (e.g., Scranton et al. 2002), with inverse-variance

weighting for both errors (e.g., Myers et al. 2005, 2006) and

covariance (e.g., Myers et al. 2007) to account for the errors

based on our angular selection; the method is nearly identi-

cal to the method described in detail in R07. The jackknife

method works by creating many subsamples of the entire

data set, each with a small part of the total area removed.

We found in R07 that 20 jack-knife subsamplings are suf-

ficient to create a stable covariance matrix. These 20 sub-

samples are created by extracting a contiguous grouping of

1/20th of the unmasked pixels in 20 separate areas. Our

covariance matrix, Cjack, is thus given by

Ci,j,jack = Cjack(θi, θj)

=
19
20

�20

k=1
[ωfull(θi)− ωk(θi)][ωfull(θj)− ωk(θj)]

(32)

where ωk(θ) is the value for the correlation measurement

omitting the kth subsample of data and i and j refer to the

ith and jth
angular bin. The jackknife errors are simply the

square-root of diagonal elements of the covariance matrix.

We must use a separate method to account for uncer-

tainties introduced by our radial selection. In essence, we

are attempting to measure the auto-correlation functions of

galaxies for a given redshift distribution (since the redshift

distribution figures prominently in our models). Our defined

cuts on photometric redshift do not uniquely produce the

redshift distributions displayed in Figure 1. In order to ac-

count for this, we re-sample the photometric redshift catalog

to create ‘perturbed’ samples whose redshift distributions

match those of the original sample. We take the redshift

of each galaxy to be randomly selected from its PDF and

re-calculate Mr based on this redshift. If these perturbed

redshifts and magnitudes satisfy our selection criteria, they

are included in the new sample of galaxies. In order to ade-

quately reproduce the redshift distributions of Figure 1, we

find that we can only allow galaxies with z < 0.32 into our

perturbed sample. For the early- and late-type galaxies, we

also perturb the type value based on the type-error (assum-

ing it is Gaussian) when producing our perturbed samples.

The type errors scale linearly with the photometric redshifts

errors. Thus we use

tn = t + (zn − z)σt/σz (33)

where t is the galaxy type, tn and zn are the perturbed

type and redshift, and σt and σz are the type error and

photometric redshift error of each object obtained from the

DR5 PhotoZ table.

For each of our galaxy samples, we create ten perturbed

samples. The percentage of galaxies that match between

samples varies between 77% and 85% for any given par-

ent sample (variation within any group of ten perturbed

samples is less than 1%, e.g., the percentage of matching

galaxies is always between 76.5% and 77.4% for late-type

galaxies from the Z3B sample). We calculate ω(θ) for each

of the perturbed samples and calculate Cz:

Ci,j,z = Cz(θi, θj)

=
�10

k=1
fm[ωave(θi)− ωk(θi)][ωave(θj)− ωk(θj)]

(34)

c� 2009 RAS, MNRAS 000, 1–11
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HOD constraints with 
SDSS DR5 Galaxies

• HOD model:

• +Segregation of blue/
red galaxies

�Nc | M� = 0.5
�

1 + erf
�

M/Mcut

σcut

��

�Ns | M� = 0.5
�

1 + erf
�

M/Mcut
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��
× (M/M0)α

�Ns | M�late = �Ns | M� × fs0exp
�
−log10(M/M0)

σs

�
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−log10(M/Mcut)
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Red/blue Model

• New modeling for red/
blue galaxies

• Place galaxies into 
separate halos as much 
as statistics allow

• Means ~ no mixing in 
low mass halos, some 
mixing in high mass 
halos
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Red/blue Model

• New modeling for red/
blue galaxies

• Place galaxies into 
separate halos as much 
as statistics allow

• Means ~ no mixing in 
low mass halos, some 
mixing in high mass 
halos

Mixing (old model)

~
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Minimal mixing
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Fraction of satellites that 
are blue around red 

centrals
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Comparison with 
Spectroscopic

Zehavi et al. (2005)
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Redshift Evolution
• Use DR7 galaxies 

with 0.1 < z < 
0.4, Mr -5logh < 
-20.4

• Split into 5 
(overlapping) 
photoz shells

• b1 increases from 
1.2 to 1.35
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HOD Model Fits
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Red/Blue

• Increase in bias 
similar for red and 
blue

• HOD fits continue 
to favour minimal 
mixing

Blue

Red
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SDSS HOD modeling

• Early/late-type galaxies prefer to exist in 
separate DM halos

• ~L* Galaxies forming in 1012 Msolar halos

• Clustering measurements complementary 
to spectroscopic (larger range of scales, 
redshift range)

• DES will allow similar studies between z = 0 
and z =1
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Conclusions
• Much can be learned from SDSS photometric data

• More robust measure of red galaxy bias/luminosity 
relationship

• HOD model for red /blue improved

• Evolution bias -> galaxy interaction in low mass halos

• Future surveys will rely on photometric data

• Develop methods for determining best photoz samples, 
measurement techniques

• Best results will come from combining ω2, WL, and higher 
order measurements (will require focused 
collaboration!)
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