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Abstract
Probing large-scale structure with intrinsic alignments and galaxy clustering
by
Jonathan Andrew Blazek
Doctor of Philosophy in Physics
University of California, Berkeley
Professor Uroš Seljak, Chair

The study of large-scale structure aims to describe the distribution of matter in the
universe. This thesis examines two important topics in this field: intrinsic alignments
and anisotropic galaxy clustering. Intrinsic alignments of galaxies are correlations between
galaxy shapes and the surrounding density field and are a significant systematic uncertainty
in weak gravitational lensing measurements. We examine intrinsic alignments from both
theoretical and observational perspectives. First, the most commonly used model for intrinsic
alignments, the tidal (linear) alignment model, is tested and developed in the context of
recent measurements. The model is found to provide a reasonably accurate description of
observations on large scales, particularly for luminous red galaxies. We raise unresolved
issues with the model and explore several ways in which it could be improved and expanded.
Second, we develop a technique to separate intrinsic alignments from galaxy-galaxy lensing
measurements. This technique allows the removal of contamination from the desired lensing
signal while also providing a probe of intrinsic alignments in different galaxy populations.
Using data from the Sloan Digital Sky Survey (SDSS), we use this method to place the tightest
current constraints on intrinsic alignment strength for the SDSS lensing sample, finding that
it is a subdominant source of uncertainty at the current level of statistical precision.
The measured galaxy clustering signal in redshift surveys is anisotropic due to both
geometric and dynamic distortions. We discuss the nature of these distortions and examine
their information content in the context of future redshift surveys. We employ a model for
the galaxy power spectrum in redshift space, based on an expansion in velocity moments of
the phase-space distribution function of matter. This model includes nonlinear treatment
of matter clustering, galaxy bias, shot noise, and redshift-space distortions. Comparing
with numerical simulations, we find that this model is able to describe halo clustering with
sufficient accuracy to allow the inclusion of broadband information on small scales, thus
significantly improving constraints on both geometry and growth of structure in the universe.

i

I dedicate this dissertation to George Rudinger and Edward Blazek.

ii

Contents
List of Figures

v

List of Tables

ix

Acknowledgments
1 Introduction
1.1 Overview . . . . . . . . . . . . . . . . . .
1.1.1 A brief history . . . . . . . . . .
1.1.2 Motivation . . . . . . . . . . . . .
1.2 Large-scale structure . . . . . . . . . . .
1.2.1 Background expansion . . . . . .
1.2.2 Density fluctuations . . . . . . .
1.2.3 Probing cosmological physics . . .
1.2.4 The role of large-scale structure .
1.3 Gravitational lensing . . . . . . . . . . .
1.3.1 Formalism . . . . . . . . . . . . .
1.3.2 Measurement . . . . . . . . . . .
1.3.3 Intrinsic alignments . . . . . . . .
1.4 Galaxy clustering . . . . . . . . . . . . .
1.4.1 Galaxy surveys and redshift-space
1.4.2 Summary . . . . . . . . . . . . .

x

. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
distortions
. . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

2 Testing the tidal alignment model of galaxy intrinsic alignments
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 The linear tidal alignment model . . . . . . . . . . . . . . . . . . .
2.3 Measuring intrinsic alignment . . . . . . . . . . . . . . . . . . . . .
2.3.1 Galaxy samples . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.2 Intrinsic alignment statistics . . . . . . . . . . . . . . . . . .
2.3.3 Autocorrelation E- and B-modes . . . . . . . . . . . . . . .
2.3.4 The alignment correlation function . . . . . . . . . . . . . .
2.4 Additional contributions to intrinsic ellipticity . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1
1
2
3
6
6
8
9
11
12
13
15
16
16
17
19

.
.
.
.
.
.
.
.

20
20
23
25
25
26
29
30
33

iii

Contents
2.5
2.6

Summary and conclusions . . . . . . . . . . . . . . . . .
Chapter supplement . . . . . . . . . . . . . . . . . . . .
2.6.1 Calculating w(rp , θ) in the linear alignment model
2.6.2 Bessel function identities for E and B modes . . .
2.6.3 Including redshift-space distortions . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

3 Separating intrinsic alignments and galaxy-galaxy lensing
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Lens sample . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.2 Shape sample . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3 Lensing formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Galaxy-galaxy lensing . . . . . . . . . . . . . . . . . . . . .
3.3.2 Accounting for physically associated galaxies . . . . . . . . .
3.3.3 Correcting for photometric redshift bias . . . . . . . . . . .
3.4 Methodology for measuring intrinsic alignments . . . . . . . . . . .
3.4.1 Solving for IA . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.2 Estimating and reducing uncertainties . . . . . . . . . . . .
3.4.3 Physically associated vs. “excess” source galaxies . . . . . .
3.4.4 Combining correlations and photometric redshift uncertainty
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.5.1 Previous IA measurement methods . . . . . . . . . . . . . .
3.5.2 Model-independent measurement . . . . . . . . . . . . . . .
3.5.3 Including minimal model dependence . . . . . . . . . . . . .
3.5.4 Contamination to lensing signal . . . . . . . . . . . . . . . .
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.7 Chapter supplement . . . . . . . . . . . . . . . . . . . . . . . . . .
3.7.1 Equating IA in different samples . . . . . . . . . . . . . . . .
3.7.2 Sources of uncertainty . . . . . . . . . . . . . . . . . . . . .
4 Geometric and dynamic distortions in anisotropic
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . .
4.2 Modeling galaxy clustering in redshift space . . . .
4.2.1 Clustering in real and redshift space . . . .
4.2.2 Parametrizing angular dependence . . . . .
4.2.3 Geometric distortions . . . . . . . . . . . . .
4.2.4 N-body simulations . . . . . . . . . . . . . .
4.3 The distribution function approach . . . . . . . . .
4.3.1 Halo biasing . . . . . . . . . . . . . . . . . .
4.3.2 Stochasticity . . . . . . . . . . . . . . . . .
4.3.3 Combining terms . . . . . . . . . . . . . . .
4.3.4 Correcting higher-order angular dependence

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

galaxy clustering
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

36
39
39
40
41

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

42
42
45
45
46
46
46
48
48
50
50
52
53
54
55
55
57
59
61
62
66
66
69

.
.
.
.
.
.
.
.
.
.
.

72
73
75
75
76
77
79
80
82
82
83
84

iv

Contents
4.4

4.5

4.6

Forecasting measurement precision and bias . . . . .
4.4.1 Fisher matrix formalism . . . . . . . . . . . .
4.4.2 Separating information from the BAO feature
4.4.3 BAO damping and reconstruction . . . . . . .
4.4.4 Optimal modeling and analysis . . . . . . . .
Forecast results . . . . . . . . . . . . . . . . . . . . .
4.5.1 Constraints on geometry . . . . . . . . . . . .
4.5.2 Constraints on growth of structure . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

85
87
90
90
91
92
92
95
96

5 Perspective

103

Bibliography

106

v

List of Figures
2.1

2.2

2.3

2.4

2.5

Measurements of Okumura & Jing (2009) and LA model prediction for wg+ . The
black dashed line is calculated using the linear theory Pδ (k), and the red solid
line uses the Halofit model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Measurements of Okumura et al. (2009) and model predictions for w++ (left
panel) and w×× (right panel). The measurements have been projected along the
line-of-sight. Open circles, indicating the original measurements without the
(1 + ξg (r)) correction, are only shown for w++ and on small scales where there is
an appreciable difference. For clarity, these points have a small horizontal offset.
Line convention is the same as in Figure 2.1. A linear y-axis is used for w×× . The
normalization of the LA prediction for both statistics is set from the fit to w++ .
Left panel: E-mode auto-correlation statistic. Line convention and LA model
normalization are the same as in Figure 2.2. Inset shows more detail above rp = 10
h−1 Mpc. Right panel: B-mode auto-correlation statistic is compared with the LA
prediction of zero. The observations are consistent with the prediction above 10
h−1 Mpc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Top panel: The best-fit LA model prediction for wg (rp , θ)/wg (rp ) compared with
the measurements of Faltenbacher et al. (2009) for 4 luminosity bins. The Halofit
Pδ (k) is used. Solid curves include redshift-space distortions, while dashed curves
do not. The measurements are divided into 3 angular bins. Bottom panel:
Deviations from the prediction of cos(2θ) angular dependence. See Section 2.3.4
for more information. For clarity, small horizontal offsets have been introduced to
circle and diamond points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The LA model prediction for γrms plotted as a function of the cut-off value kmax .
Solid lines are calculated using the Halofit Pδ (k), while the dashed lines are
calculated with the linear Pδ (k). The prediction is normalized assuming the
best-fit LRG value for C1 . Black lines assume a level of stochasticity consistent
with Okumura et al. (2009), while red lines assume that no stochasticity is present.
For reference, the observed LRG value of γrms ≈ 0.17 is plotted (horizontal blue
dotted line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

29

30

32

36

List of Figures
3.1

3.2

3.3

3.4

3.5

3.6

Boost factors, which measure the number of “excess” lens source pairs due to
clustering and photo-z uncertainty, are shown for different source colors and source
subsamples (described in Section 3.4). For red sources, the “extended boosts”
(described in Section 3.4.2) are shown as open symbols. As expected, boosts
are larger for red galaxies (which cluster more strongly) and for samples defined
with photo-z’s closer to the lens redshift. In all figures, error bars indicate 68%
confidence regions and small horizontal offsets are added for clarity. . . . . . . .
The measured ∆Σ, including the photo-z bias correction factor cz , is shown for
different different source photo-z samples and colors (as labeled). The agreement
of the measurements for the different samples indicates that the effects of IA are
subdominant at the current level of statistical uncertainty. . . . . . . . . . . . .
The measured values of γ̄IA using three different techniques are shown (with each
panel showing the results for a different source color sample). Black squares
indicate that the original boost measurements have been used in Equation 3.14.
Blue circles indicate the use of “extended boosts.” Green triangles indicate that
the IA contamination in the background sample was assumed to be zero. All
three methods yield results consistent within the statistical uncertainty, although
assuming that the background sample has no IA slightly biases the magnitude of
γ̄IA to lower values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Model-dependent confidence intervals for the IA signal for all, blue, and red sources
are shown with the model-independent measurements (black data points). Our
results are consistent with zero IA signal. Solid black (dashed green) lines denote
the power-law (LRG observational) model. Inner lines bound the 68% confidence
region while outer lines correspond to 95%. Previous observational results for
L3 and L4 red galaxies from Hirata et al. (2007) and for WiggleZ galaxies from
Mandelbaum et al. (2011) are shown for comparison. These previous results have
been converted to the γ̄IA quantity, as discussed in Section 3.5.2. . . . . . . . . .
Fractional contamination to the lensing signal is shown for all, blue, and red
galaxies. Data points and lines follow the same convention as Figure 3.4. The
left column shows the contamination when the entire src sample (zp > zl ) is used,
while the right column shows contamination when only the background sources at
greater separation (zp > zl + ∆z) are used. As expected, including scale-dependent
assumptions and applying the photo-z cut both provide tighter constraints. . . .
Fractional contamination to the lensing signal is shown making two different
assumptions on γ̄IA . The top row shows the fractional contamination to all sources
if γ̄IA = 0 for blue galaxies. The middle and bottom rows show the fractional
contamination to all and blue sources, respectively, if γ̄IA for all galaxies is the
same as for red galaxies. These reasonable assumptions significantly tighten the
constraints on contamination from IA. Columns and line conventions are the same
as in Figure 3.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

49

56

58

60

62

63

List of Figures
The effective fraction of red galaxies is shown for four different source subsamples.
The lines (nearly constant) show fr for src (solid), a (dotted), and b (dashed)
samples. Open symbols denote ft , while filled symbols denote fe . Errors in fr and
ft are negligible and are thus not shown. The composition of the a and b samples
are clearly different. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.8 R(rp ) is shown for different object colors (as labeled). The ratio is constant, within
the estimated uncertainty, for all and red sources but not for blue sources. . . .

vii

3.7

4.1

4.2

4.3
4.4
4.5

4.6

P (k, µ) calculated by summing over µ2j terms is shown, normalized by the reference
P (k, µ) calculated directly from simulations. Top panels show the lowest halo
mass bin, and bottom panels show the second mass bin; z = 0 (left panels) and
z = 0.5 (right panels). See Table 4.1 for more information on halo mass and bias.
Five evenly spaced angular bins for 0 < µ < 1 are shown, with vertical offsets
added to increasing µ values. Error bars show the fractional standard deviation in
the reference measurement between the 36 realizations. Solid lines show the sum
of distribution function terms, calculated from the simulation, up to µ6 . Dotted
lines, almost indistinguishable from the solid lines, show the sum up to µ4 . Note
that the similarity in scale-dependence on large scales between the different bins
is due to sample variance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The fractional difference between the linear Kaiser model and simulations is shown
at z = 0.5, for halos with b1 = 1.6 (left panels) and b1 = 2.2 (right panels). Top
panels: Simulations have been corrected assuming the standard Poissonian shot
noise. Bottom panels: The full k-dependent shot noise is used (as discussed in
Section 4.3.2). The non-Poissonian correction is more significant for higher bias
halos. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Same as Figure 4.2, using the Scoccimarro ansatz. . . . . . . . . . . . . . . . . .
Same as Figure 4.2, using the DF model, including the PT correction (see Section 4.3.3) and with a4 = 0 (see Equation 4.20). . . . . . . . . . . . . . . . . . .
The fractional difference between the distribution function model and simulations
is shown at z = 0.5, for halos with bias 1.6 (left panels) and 2.2 (right panels). In
all cases, the k-dependent stochasticity correction is applied to simulation results
and the PT correction discussed in Section 4.3.3 is included. Top panels show
DF model with a4 = 0; bottom panels show the DF model with the best-fit a4
correction (Equation 4.20). The dashed line indicates a µ-dependent cut in k
that could be used to optimize the unbiased signal for parameter estimation, as
discussed in Section 4.4.4. Note the different color scale: the fractional difference
is truncated at ±5% instead of ±20% as done in Figures 4.2-4.4. . . . . . . . . .
Same as the top panel of Figure 4.5, except no PT correction is applied to the DF
model terms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

68
70

81

85
86
87

88
89

List of Figures
4.7

4.8
4.9

4.10

4.11

viii

Forecast for recovered parameter value with statistical uncertainty (1σ) for b1 = 1.6
halos, compared with the fiducial value, as a function of kmax for H(z) (left panels)
and DA (z) (right panels). No information from BAO or broadband is included
above the given kmax . Top panels: Information from BAO-only (model 1; blue)
is compared with full-shape information from the distribution function model
(model 3; red). Middle panels: Same as top, but standard BAO reconstruction is
included: model 2 (blue); model 4 (red). Bottom panels: Full shape information
is compared for three different cases: model 4 (red); model 5 (yellow); model 6
(green). See Table 4.2 for description of models. . . . . . . . . . . . . . . . . . . 98
Same as Figure 4.7, for b1 = 2.2 halos. . . . . . . . . . . . . . . . . . . . . . . . 99
Statistical precision (solid lines) and systematic bias on fractional measurements
of H (top panels) and DA (bottom panels). Positive (negative) systematic bias is
indicated with a dotted (dashed) line. Model 1 (black); model 2 (blue); model 4
(red); model 5 (yellow); model 6 (green). Left panels show b1 = 1.6 halos; right
panels show b1 = 2.2 halos. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Forecasts for b1 = 1.6 (left) and b1 = 2.2 (right) halos. Top panels: 68% joint
confidence regions are shown in the H −DA plane. Dashed line indicates BAO-only.
Model 1 (black); model 2 (blue); model 4 (red). All BAO information is included.
For model 3, decreasing contour sizes indicate broadband information is included
up to kmax = {0.15, 0.20, 0.25}. Bottom panels: 68% joint confidence regions
are shown in the f σ8 − b1 σ8 plane for full-shape with standard reconstruction
(model 4). Red lines indicate that H and DA (“geometry”) are marginalized
over. Green lines indicate that geometry is held fixed. All BAO information is
included. Decreasing contour sizes indicate broadband information is included up
to kmax = {0.15, 0.20, 0.25}. As discussed in the text, σ8 is held fixed. . . . . . . 101
Statistical precision (solid lines) and systematic bias on f σ8 for b1 = 1.6 (left)
and b1 = 2.2 (right) halos. Positive (negative) systematic bias is indicated with
a dotted (dashed) line. Top panels: The effect of allowing different parameters
to vary in model 4 is shown. Blue line shows fractional precision and bias on f
alone (all other parameters, including σ8 , are allowed to vary). With σ8 held fixed,
thus leading to constraints on f σ8 , bias and geometry are allowed to vary (red);
geometry is fixed (green); and both bias and geometry are fixed (yellow). Middle
panels: Constraints on f σ8 (σ8 held fixed; geometry and bias free) are shown for
model 4 (red); model 5 (yellow); model 6 (green). Bottom panels: Same as middle
panels, but with σ8 and geometry held fixed; bias free. . . . . . . . . . . . . . . 102

ix

List of Tables
2.1

4.1

4.2

4.3

Summary of tests of LA model, including measured model parameter and reduced
χ2 for the fit. All measurements use the SDSS LRG catalog except for wg (rp , θ),
which uses the SDSS main sample. The upper section contains statistics that are
weighted by the ellipticity magnitude while the lower section contains unweighted
statistics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

26

Properties of halo catalogs. N̄ and n̄ are the average number and number density
of halos in each realization, respectively. The linear bias values b1 are computed
mh
from the cross power spectrum (P00
), averaged at 0.01 ≤ k ≤ 0.04h Mpc−1 . The
01
quadratic bias values b00
2 and b2 are fit to P00 and P01 , respectively, as in Vlah
et al. (2013). The b2 values shown here are fit after applying a correction to the
relevant perturbation theory terms, as discussed in Section 4.3.3. Fitting without
this correction yields different b2 values. . . . . . . . . . . . . . . . . . . . . . . 80
The different models considered in this work are described. For convenience,
results for each model refer to the labels defined here. See text for descriptions of
these model choices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Parameter constraints are shown for different models at different values of kmax , for
b1 = 1.6 (top) and b1 = 2.2 (bottom) halos, at z = 0.5. See Table 4.2 for description
of models. Bold numbers indicate the approximate kmax that minimizes statistical
uncertainty without introducing systematic bias at greater than 1σ. To avoid
relying on optimistic assumptions on small scales, kmax is chosen to not exceed
0.25h Mpc−1 . Here, the choice of kmax affects only broadband information; all BAO
information is included. BAO-only provides no constraints on f σ8 . Constraints
on H and DA involve marginalization over all relevant parameters, including σ8 .
Constraints on f σ8 are shown with σ8 fixed and for both free and fixed geometry.
Both cases use the applicable kmax for free geometry. See discussion in Section 4.5.2. 93

x

Acknowledgments
I would like to start by thanking my research adviser, Uroš Seljak, for his guidance and
support. His insight and intuition have been valuable, and he provided the freedom to work
on a wide range of topics. Beyond his role as adviser, Uroš has always had a talent for
injecting some fun into life - being his student has certainly never been boring. I also thank
the members of my thesis and qualifying exam committees for helpful advice and comments:
Martin White, Chung-Pei Ma, and Saul Perlmutter.
I have been fortunate to work with several excellent collaborators. In particular, Matthew
McQuinn and Rachel Mandelbaum provided guidance above and beyond what I could have
expected from any co-author. Teppei Okumura, Zvonimir Vlah, and Reiko Nakajima also
contributed directly to the work in this thesis. I would also like to recognize Chung-Pei Ma,
Nikhil Padmanabhan, Robert Smith, and Adrian Lee for their support early in my graduate
school career. Of course, I may never have even started graduate school had I not had such
a fantastic undergraduate research adviser, Bryan Gaensler. I am also indebted to Dave
Sanders and Peter Capak who guided me in my first foray into astrophysics research. Beth
Reid and Hee-Jong Seo have been generous with their time and expertise. Many others have
contributed to my work and development as a researcher, indeed too many to thank here.
But I am grateful to everyone who has taken the time to teach me something. Sitting with
like-minded individuals and talking about physics, developing an intuition for interesting
problems, has always been the most fulfilling aspect of research.
Being part of an active and exciting research group has been a tremendous resource.
Although we were spread around the world, members of “Uroš’s Army” have enjoyed countless
scientific and social interactions. Much of what I have accomplished would not have been
possible without them. I would like to especially thank Tobias Baldauf, Andreu Font, Nico
Hamaus, Lucas Lombriser, Teppei Okumura, Zvonimir Vlah, and Jaiyul Yoo. Having friends
and research colleagues in Berkeley, Zurich, and Seoul made my travels rewarding and
enjoyable. The administrative staff at both the ITP in Zurich and IEU in Seoul helped with
numerous logistical issues. Anne Takizawa has been a steady source of support and assistance
in navigating the bureaucratic side of Berkeley, and she has always been a friendly face to
brighten my day.
A common joke is that it takes Berkeley graduate students a long time to finish because
we like living here so much. I certainly have enjoyed my six years in Berkeley, although I’m
not sure that I would have finished much sooner otherwise. Adam and Chris were there from

Acknowledgments

xi

the beginning and through so many challenges and adventures. John, Tristan, and Dave
adopted me into their group and helped to remind me of the world that exists outside of the
Berkeley physics department. Playing soccer, and otherwise relaxing, with my friends and
teammates on Field Theory was always regenerative. Graduate school is a rewarding, but
draining, experience, and I would not have made it through without the numerous joys all of
you brought to my life.
I was one year old when my father finished his Ph.D. dissertation. As I prepare to take
the same step, twenty-eight years later, I am overwhelmed by the tremendous support my
parents have provided. Mom and Dad, simply, thank you. My sister Danielle, always the
better sibling, has earned both my gratitude and my respect. Just as I finish, she is starting
her own Ph.D. program. Good luck!
Louise, of all the things I’ve done since coming to Berkeley, finding you has been the most
important.
Finally, I would like to dedicate this work to my grandfathers, George Rudinger and
Edward Blazek, who both saw me start the study of physics but are no longer here to see me
reach this point.

Berkeley, September 2013

1

Chapter 1
Introduction
1.1

Overview

Over the past two decades, cosmology has become a precision science. Many fundamental
properties of the universe, including its age, rate of expansion, geometry, and the relative
amounts of its constituent components, are now understood not only qualitatively, but also
quantitatively, often approaching the percent level.1 Through a diverse set of observational
and experimental channels, a fascinating and remarkably consistent picture has emerged.
Nevertheless, several deep questions remain. The aim of the work in this thesis is to improve
our ability to use astrophysical observations to answer some of these questions.
This introductory chapter first outlines our current understanding of the history of
the universe as well as several remaining uncertainties, providing a cosmological context
for the study of large-scale structure (LSS) and relevant astrophysical processes. After
providing a framework for describing large-scale structure, it establishes the general concepts
and formalism for the primary topics of this thesis: gravitational lensing, galaxy intrinsic
alignments, and galaxy clustering. More detailed formalism is provided where relevant in
subsequent chapters. The central three chapters of this thesis describe related but distinct
work. Chapter 2 studies intrinsic alignments in the context of the tidal alignment model.
Chapter 3 develops and applies a method for separating the signals from intrinsic alignment
and galaxy-galaxy weak lensing. Chapter 4 describes how observations of galaxy clustering
in redshift surveys can measure both geometry and the growth of structure. It applies these
methods to determine the information content when using the distribution function model
for clustering in redshift space. Chapter 5 summarizes how the research described in this
thesis contributes to the study of both large-scale structure and, more generally, astrophysics
and cosmology. It ends with brief speculation on future prospects.
1

See, e.g., the parameter values recently assembled by the Planck collaboration (Planck Collaboration
et al. 2013a).
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A brief history

Approximately 13.8 billion years ago, the universe began expanding.2 Despite the name
often given to this event, the “Big Bang,” it should not be thought of as an “explosion” from
an infinitely dense point, but rather as the very early state of a hot and dense expanding
universe. Indeed, extrapolating back to t = 0 requires highly speculative physics beyond the
Planck scale, where quantum gravity is important. The most widely accepted scenario for
establishing this initially expanding state is that a period known as “inflation” (Guth 1981;
Linde 1982) occurred at a very high energy scale, far above the well-understood physics of
the Standard Model. Inflation, which in its simplest viable version is driven by a scalar field
with nearly constant energy density, caused exponential expansion of the universe, increasing
its scale by a factor of at least ∼ 1027 . At the end of this process, the energy density in
the inflationary field was converted to Standard Model fields (“reheating”), leading to a
universe dominated by the energy density in relativistic particles (“radiation dominated”),
still expanding but no longer at an exponential rate. Inflation led to a nearly homogenous,
isotropic, and flat universe. It also effectively erased any prior conditions, making it very
challenging to probe the state of universe before inflation.
As the universe expanded, it cooled and became less dense. Interaction rates fell, causing
different particle species to effectively decouple and fall out of thermal equilibrium. The
resulting series of interactions and decouplings left the particles we see today: protons,
neutrons (primarily in the nuclei of helium), electrons, photons, and neutrinos. In addition,
there remained a non-relativistic, non-baryonic matter component that does not interact
electromagnetically and has thus been termed “dark matter.” Although dark matter is the
dominant form of matter in the universe, its nature is not understood.
Roughly 500, 000 years after the Big Bang, the temperature had fallen sufficiently for
protons and electrons to form neutral hydrogen, a process known as “recombination,” leading
to the rapid decoupling of photons and baryonic matter (primarily in the form of hydrogen
and helium). It is these photons, filling the universe and cooling with its expansion, that are
observed today as the nearly isotropic 2.7 K cosmic microwave background (CMB) radiation.
The CMB provides a nearly unaltered snapshot of the universe at the time of decoupling.
Expansion also altered the relative fractions of different constituents of the universe. After
reheating, the energy density was dominated by relativistic particles. As the temperature
dropped below the mass scale of a particular species, that species became non-relativistic.
The energy density of these non-relativistic species decreased more slowly than that of the
remaining relativistic species (eventually only photons and neutrinos), and roughly 20, 000
years after the Big Bang, non-relativistic matter became the dominant component (“matter
dominated”). As discussed below, this transition between radiation and matter domination
has important observational consequences.
In the standard inflationary paradigm, small fluctuations in energy density were seeded by
quantum fluctuations in the inflationary field and subsequently inflated to cosmological scales.
2

The background information provided in this brief introduction is a synthesis of several sources, most
notably Dodelson (2003); Peacock (1999); Peebles (1980). Further references are provided where relevant.
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During the period of matter domination, these initial fluctuations grew under the influence
of gravity, eventually collapsing into nonlinear structures. These structures, dominated by
dark matter, collectively formed a cosmic web of filaments, halos, and voids. Within these
dark matter halos, baryonic matter was able to cool via electromagnetic interactions and
thus underwent further collapse, forming clouds of gas, stars, and galaxies. At later times, in
particularly dense regions, large halos formed from numerous sub-halos, leading to groups
and clusters of galaxies. Broadly speaking, the field of large-scale structure aims to probe
fundamental properties of the universe by measuring and characterizing this cosmic web.
In the recent cosmological past, a mysterious new form of energy density became the
dominant constituent of the universe. Unlike matter and radiation, this “dark energy”
maintains a constant, or nearly constant, density as the universe expands. Thus, when
expansion had sufficiently diluted the matter density, dark energy emerged as the most
significant component. During periods of radiation and matter domination, the influence of
gravity served to slow the expansion of the universe.3 However, just as with the inflationary
field in the very early universe, dark energy drives the expansion to accelerate, approaching
an exponential rate as the matter density dilutes away and the total energy density of the
universe approaches a constant.
Although there had been hints that a significant contribution of the energy density in the
universe must come from something other than baryonic or dark matter, the measurement of
this accelerating expansion (Perlmutter et al. 1999; Riess et al. 1998) was one of the most
significant discoveries in physics in the past several decades.4
The generally preferred “concordance model” of cosmology - often referred to as “ΛCDM”
- holds that the universe today is flat and dominated by a “cosmological constant” (Λ) which
contributes ∼ 70% of the total energy density. Cold (i.e. non-relativistic) dark matter (CDM)
contributes ∼ 25%, while baryonic matter contributes ∼ 5%. Although dominant in the early
universe, photons and neutrinos contribute negligibly today.

1.1.2

Motivation

Despite the impressive development of this concordance model, a number of deep mysteries
remain. Perhaps most surprising is that all of the directly observable matter constitutes only
∼ 5% of the total energy density of the universe. True to its name, although dark matter
interacts gravitationally, it appears to have no electromagnetic interaction and thus produces
little or no directly observable signature. While indirect evidence suggests that dark matter
is a non-relativistic, non-baryonic particle, the nature of this particle remains elusive. One
common scenario holds that dark matter is a weakly interacting massive particle (WIMP),
produced as a thermal relic in the early universe. One candidate for such a particle is the
lightest (and thus, in some theories, stable) supersymmetric particle (e.g. Jungman et al.
1996). An alternative theory proposes that dark matter is instead a very light particle, the
3

This evolution follows the intuition of the adage, “What goes up must come down.”
The Nobel Committee agreed, awarding the 2011 Nobel Prize in Physics to Perlmutter, Schmidt, and
Riess.
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“axion,” produced out of thermal equilibrium in the breaking of the Peccei-Quinn symmetry
(Peccei & Quinn 1977). Along with attempts to directly detect dark matter particles (e.g.
CDMS Collaboration et al. 2013) or produce them in a particle accelerator (e.g. Battaglia
et al. 2004), astrophysical observations provide a powerful technique to characterize the
properties of dark matter.
Even more mysterious is the nature of dark energy.5 At current measurement precision,
its behavior matches that of Einstein’s cosmological constant, Λ, a term he originally inserted
into his field equations of general relativity to yield a static universe (a scenario falsified
by Edwin Hubble’s observation, via cosmological redshift, that the universe is expanding.).
Indeed, quantum field theory predicts that the zero-point energy of the vacuum generically
should behave as a cosmological constant. However, basic calculations of this vacuum energy,
assuming a Planck-scale cutoff, predict a value larger than that observed by a factor of
∼ 10120 . Even more conservative calculations, relying only on physics well-understood in
the Standard Model, find a discrepancy of ∼ 1060 (Weinberg 1989; Bousso 2012). This huge
disparity is often called the “cosmological constant problem.” Although it can be solved by an
extreme fine tuning of parameters, such a scenario is as inelegant as it is improbable. Instead,
this mystery has led to the suggestion that some other field is responsible for dark energy (e.g.
“quintessence”; Caldwell et al. 1998) or that the observed accelerated expansion is instead the
result of a departure on large scales from general relativity. Diverse models for non-Λ dark
energy and modified gravity have been proposed, many with interesting phenomenological
implications. While non-Λ dark energy or modified gravity could be responsible for accelerated
expansion, neither solves the cosmological constant problem. A more philosophically radical
proposal to deal with this issue is the so-called “multiverse,” in which our universe is only one
of a potentially infinite number of universes, each with its own value for Λ. Our observation
of a particular value of Λ is then driven by the Anthropic Principle: only certain values allow
for a sufficiently stable universe able to form structure and intelligent observers (Weinberg
1987; Efstathiou 1995). Such a scenario could be driven by a process known as “eternal
inflation” (Vilenkin 1983; Linde 1986). While the multiverse is an elegant and intriguing
possibility, the inflationary epoch in our universe is likely to have erased any direct evidence
for it.
Inflation elegantly provides simultaneous answers to several questions, including the
origin of density fluctuations, the apparent flatness of the universe, and its high degree of
homogeneity. However, while the principle of inflation is well-understood, the physical basis
of the inflationary field(s) remains unknown. One or more fields with the right potential and
coupling to Standard Model particles are required, and producing such fields in a natural
way can be challenging. Non-inflationary scenarios, such as a cyclic universe in which the
Big Bang is the result of a prior collapse (“Big Crunch”; Steinhardt & Turok 2002), have
also been proposed.
Questions remain about even relatively well-understood neutrinos. The Standard Model
predicts that they should be massless, but observations of neutrino oscillations provides clear
5
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evidence that they have a non-zero mass. To date, particle physics experiments have only been
able to place lower bounds on neutrino mass. As discussed below, cosmological observations
allow the determination of upper mass limits, or perhaps even a mass measurement. Such
a measurement would provide important information about physics beyond the Standard
Model.
These open questions reflect both the great progress made in recent years and the state
of comparative ignorance in which we remain. Just as the study of large-scale structure
has played an important role in developing our current understanding, it should provide
some of the most powerful tools for continued progress. Current and upcoming space and
ground-based experiments aimed at measuring large-scale structure include BOSS,6 DES,7
DESI,8 LSST,9 EUCLID,10 and WFIRST.11 Combined with complementary observations
of the cosmic microwave background, these experiments will provide tremendous statistical
power to elucidate many remaining questions. Reaching the full potential of these projects,
however, will require clever new analysis techniques as well as unprecedented understanding of
astrophysical uncertainties. In many cases, studies of large-scale structure are now limited by
systematic rather than statistical errors. Processes occurring on both large and small scales,
including galaxy formation and evolution, the complex relationship between dark matter
halos and the galaxies residing within, and velocities arising from gravitational collapse, are
not only crucial sources of such uncertainty but also contain a great deal of cosmological
information. Furthermore, the astrophysics of these processes, including the formation and
evolution of dark matter halos and galaxies, is of great interest beyond cosmology. The goal
of the work in this thesis is to develop theoretical understanding for some of these processes
as well as practical techniques for improving the analysis of observations. Indeed, in the
study of large-scale structure, the line between theoretical and data-driven work is often
blurred. This thesis considers two of the primary tools in the study of large-scale structure:
weak gravitational lensing and galaxy clustering. In particular:
• The intrinsic alignment of galaxies arises from the relationship between halos (and
the galaxies they contain) and the surrounding large-scale structure. It is the most
significant astrophysical source of systematic uncertainty for weak gravitational lensing
measurements but remains poorly understood.
• The clustering of galaxies (or other tracers of dark matter) observed in redshift surveys
is sensitive to both geometric and dynamical effects. Modeling and observing these
effects will contribute to accurate measurement of both the growth of structure and the
expansion history of the universe.
6

Baryon Oscillation Spectroscopic Survey; http://www.sdss3.org/surveys/boss.php
Dark Energy Survey; https://www.darkenergysurvey.org
8
Dark Energy Spectroscopic Instrument (Levi et al. 2013)
9
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1.2

Large-scale structure

Measurements of structure on different scales and at different times can reveal the
properties of the initial density fluctuations, how these structures grew, and the expansion
history of the universe. Characterizing these processes, in turn, can teach us about inflation
as well as the nature and relative importance of difference constituents, including dark matter,
dark energy, and neutrinos. The remainder of this chapter will outline how to describe and
measure large-scale structure and will introduce the complications that are the focus of later
chapters.

1.2.1

Background expansion

An expanding universe is described in general relativity by the Friedmann-RobertsonWalker (FRW) metric, where the spacetime line element is given by
"

#

dr2
ds = −dt + a (t)
+ r2 dΩ2 ,
1 − Kr2
2

2

2

(1.1)

where we have set c = 1, and K parametrizes the spatial curvature of the universe: K > 0
(positive curvature) yields a closed universe; K < 0 (negative curvature) yields an open
universe; K = 0 yields a flat universe. The scale factor a(t) describes the expansion of the
universe, relating physical and comoving separations between two objects. Ignoring peculiar
velocities, comoving separations remain fixed during expansion. The scale factor is defined
to be unity today: a(t0 ) ≡ 1. Note that the subscript “0” is typically used to indicate that
a given quantity is evaluated today. Since the Big Bang, the universe has only expanded,
and due to dark energy will continue to do so. Thus the relationship between time and scale
factor is monotonic, and the two can be used interchangeably. The cosmological “redshift”
is also commonly used as a time variable in cosmology, having the advantage that it is
directly connected to observations. Redshift, z, is defined as the ratio between the observed
and emitted wavelengths of a photon (or equivalently refers to the time at which a photon
observed today with this redshift was emitted):
1+z ≡

λobs
aobs
=
= a−1 .
λem
aem

(1.2)

Cosmological redshift is the result of photon wavelengths expanding with the universe, as
the above relationship makes explicit. The parameters a and z can be used interchangeably,
with z = 0 and a = 1 corresponding to today. Locally, the cosmological redshift resembles a
Doppler shift due to the recession velocity of the emitting object. At large separations, as
the recession velocity becomes an appreciable fraction of c, this analogy breaks down.
Assuming the universe contains a perfect fluid with density ρ and pressure p, the evolution
of the scale factor can be derived from Einstein’s field equations, yielding the Friedmann

7
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equations:
 2

ȧ
a

≡ H 2 (a) =

8πG
K
ρ − 2,
3
a

(1.3)

4πG
ä
=−
(ρ + 3p).
a
3

(1.4)

The Hubble parameter, H(a) ≡ ȧ/a, expresses the expansion rate and has units of inverse
time. Its value today is defined as H(a = 1) ≡ H0 . Due to the historical uncertainty
in the value of H0 , it is frequently expressed in terms of the order-unity parameter h:
H0 = 100h km s−1 Mpc−1 .12
The relationship between p and ρ for a single fluid is determined by its “equation-of-state”
w, where p = wρ. Energy-momentum conservation yields the density evolution for a fluid
with a given equation-of-state:
ρ(z) = ρ0 a−3(1+w) .

(1.5)

The constituent elements of the universe can be described in terms of w: non-relativstic,
collisionless matter has w = 0; radiation has w = 1/3; a cosmological constant has w = −1,
while more general dark energy has w < −1/3. As seen in Equation 1.4, a fluid with w < −1/3
will yield accelerated expansion.
Equation 1.3 defines the “critical density” for a flat (K = 0) universe:
3H 2 (z)
,
8πG
3H02
≡
.
8πG

ρcrit (z) ≡

(1.6)

ρcrit,0

(1.7)

It is common to express the energy density of a given constituent as a fraction of this critical
density: Ωi (z) ≡ ρi (z)/ρcrit (z). The total density is given by adding the contributions from
matter, radiation, and dark energy: Ωtot ≡ Ωm + Ωr + Ωde . The contribution of curvature
can then be expressed as Ωk ≡ 1 − Ωtot = −(K/H 2 (z))(1 + z)2 . With these new definitions,
we can express Equation 1.3 in a commonly used form:
h

i

H 2 (z) = H02 Ωm,0 (1 + z)3 + Ωr,0 (1 + z)4 + Ωk,0 (1 + z)2 + Ωde,0 (1 + z)3(1+w) .

(1.8)

For Λ dark energy (w = −1), ρde (z) = ρΛ = Λ/(8πG). Thus in a flat ΛCDM universe:
h

i

H 2 (z) = H02 Ωm,0 (1 + z)3 + Ωr,0 (1 + z)4 + ΩΛ,0 .

(1.9)

The line-of-sight comoving distance, χ(z), to an object can found by noting that in an
infinitesimal time interval, a photon will travel a comoving distance dx = dt/a = dt(1 + z).
12

As discussed in Croton (2013), the uncertainty in H0 is now quite small, although this formulation remains
a useful way to indicate how the Hubble parameter contributes to the derivation of different quantities.
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Noting that H(a) = a−1 (da/dt) and a = (1 + z)−1 , we can integrate to obtain:
χ(z) =

Zz
0

dz
.
H(z)

(1.10)

Also of particular use in observational cosmology are the “angular diameter distance” DA ,
which is the ratio of an object’s physical size to its observed angular size, and the “luminosity
distance” DL , which relates the observed flux and intrinsic luminosity of an object assuming
the classical scaling of flux ∝ DL−2 . Both are simple functions of the comoving line-of-sight
separation:
DL = (1 + z)2 DA = (1 + z)χ(z).

(1.11)

Measurements of distance scales at a known redshift thus directly probe the relative
amounts of matter, curvature, and dark energy, as well as the equation-of-state of dark energy,
via Equations 1.8-1.11. Measurements of this type are discussed below.

1.2.2

Density fluctuations

The matter density field in configuration space13 is written as ρ(x). Compared to the
mean density ρ̄, the overdensity field is defined:
ρ(x)
− 1.
(1.12)
ρ̄
This field is the fundamental quantity in the study of large-scale structure. Its Fourier
transform is δ(k): δ(x) consists of the superposition of plane wave density fluctuations with
wavevectors k. We adopt the following Fourier convention:
δ(x) =

δ(k) =
δ(x) =

Z

d3 x eik·x δ(x),

Z

d3 k −ik·x
e
δ(k).
(2π)3

(1.13)

The statistical information of δ is contained in the hierarchy of n-point correlations:
∼ hδ1 δ2 · · · δn i, where subscripts indicate a position in configuration or Fourier space. The
h· · · i notation indicates an ensemble average, which is replaced observationally with a spatial
average. The statistics of a Gaussian field are completely specified by the two-point statistic,
either the correlation function (in configuration space) or its Fourier transform, the power
spectrum:
hδ(k)δ ∗ (k0 )i = (2π)3 δ(k − k0 )P (k),
Z
d3 k
hδ(x)δ(x + r)i = ξ(r) =
P (k)eik·r .
(2π)3
13

(1.14)
(1.15)

To avoid confusion, throughout this work “configuration space” and “Fourier space” are used to distinguish
between spatial and Fourier coordinates. “Real space” is used to indicate true positions, as opposed to
positions observed in “redshift space.”
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The δ(k − k0 ) constraint in the power spectrum is required by the homogeneity of the
universe.14 In real space (i.e. in the absence of redshift space distortions), isotropy requires
that these statistics depend only on the amplitude of the scale being considered: P (k) = P (k)
and ξ(r) = ξ(r), simplifying Equation 1.15:
ξ(r) =

1 Z
dk k 2 P (k)j0 (kr),
2π 2

(1.16)

where jn denotes the spherical Bessel functions.
These two statistics have similar physical interpretations. The power spectrum expresses
the variance of fluctuations on a given scale. In the case of discrete tracers, such as galaxies,
the correlation function can be interpreted as an “excess probability” (above random) of
finding a tracer at separation r from another tracer. Although they are mathematically
equivalent, it is in practice impossible to produce a measurement or model on all scales. It
can thus be more convenient for a given purpose to adopt one or the other. In the theoretical
discussion below, we focus on the power spectrum.
Inflation predicts that the initial density fluctuations δinit are adiabatic, a Gaussian (or
nearly Gaussian) random field, and produce potential fluctuations with a nearly scale-invariant
power spectrum. The most recent observations of the CMB (Planck Collaboration et al.
2013a), which probe these fluctuations while they were still small and evolving linearly, is
fully consistent with these predictions, including a strong detection of the expected deviation
from scale-invariance. However, due to nonlinear evolution and biasing, the observed density
field of tracers is non-Gaussian, and higher-order statistics are relevant. Most notable are the
three-point function (bispectrum) and four-point function (trispectrum). While the focus
of this thesis is on two-point statistics, the issues considered are relevant to higher-order
statistics as well.

1.2.3

Probing cosmological physics

A complex series of events is responsible for converting the initial density fluctuations
into the structure observed today. Observations of large-scale structure can reveal how
different components of the universe contributed to these processes. The following summary
is intended to capture the qualitative elements that determine late-time clustering statistics.
After inflation, the (comoving) cosmological horizon grew with time, and fluctuation
modes of increasing scale (decreasing wavenumber k) entered the horizon. Modes outside
the horizon (“super-horizon”) maintained a constant potential Φ, other than a small shift as
matter domination began. Once a mode entered the horizon (“sub-horizon”), it was causally
able to evolve. The nature of this evolution depended on the dominant form of energy density.
During radiation domination, the potential of sub-horizon modes decayed due to radiation
pressure. During matter domination, modes maintained a constant potential. The Poisson
equation gives Φ ∝ δ/a, and thus a constant Φ yielded a density perturbation growing as
14

i.e. ξ(r) as defined here should not depend on x.
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δ ∝ a. At late times, the influence of dark energy began to slow this growth. The most
significant feature of the power spectrum of density fluctuations is a turnover corresponding
to the horizon scale at recombination, keq . Moving towards smaller scales (k > keq ), modes
entered the horizon earlier during radiation domination and were thus increasingly suppressed.
On scales larger than the turnover (k < keq ), the primordial spectrum of density fluctuations
is maintained: P (k) ∝ k ns , with ns ≈ 0.96. A scale-invariant spectrum corresponds to
ns = 1.15
The presence of baryons and massive neutrinos complicate this picture slightly. Most
importantly, before recombination, baryons and photons
√ formed a tightly coupled fluid due
to Thomson scattering, with a sound speed cs ≈ c/ 3. The sound horizon of this fluid,
the distance a pressure wave could propagate before recombination, imprinted a preferred
clustering scale, which manifests itself as an excess in ξ(r) at a comoving separation of
≈ 108h−1 Mpc, or equivalently as the corresponding oscillatory feature in P (k). These baryon
acoustic oscillations (BAO) have made CMB anisotropies a precision probe of cosmology
(Smoot et al. 1992; Hinshaw et al. 2012; Planck Collaboration et al. 2013a). The BAO feature
also provides a well-understood physical scale (“standard ruler”) that can be used to measure
geometry in the more recent universe, a particularly useful tool to quantify the impact of
dark energy (e.g. Anderson et al. 2012, 2013).
Massive neutrinos also impact the evolution of density perturbations. Since they are very
light, neutrinos behave as relativistic species until late times, when the energy scale of the
universe drops below their mass. For CMB anisotropies, which are imprinted when neutrinos
are still relativistic, the effect of neutrino mass is primarily in altering the background
expansion rate and the time of matter-radiation equality. Neutrinos also alter matter
fluctuations by “free-streaming” out of overdense regions while still relativistic, thus reducing
fluctuations on small scales. This effect serves to suppress P (k) for k & knr , where knr is set
by the distance neutrinos can free-stream before becoming non-relativistic. Higher neutrino
mass mass causes a larger suppression and a larger knr . It is this free-streaming effect that
has ruled out standard neutrinos (and other proposed forms of relativistic “hot dark matter”)
as the primary component of dark matter. A sufficiently high hot dark matter fraction would
have erased structure that is observed on small scales. Although primarily sensitive to the sum
of neutrino masses, these effects can also probe individual masses. Even a measurement of
total mass, combined with measurements of neutrino oscillations, can constrain the neutrino
mass hierarchy. For a further review, see Lesgourgues & Pastor (2006).
To summarize, we express the (late-time) linear theory power spectrum as the combination
of the initial spectrum of fluctuations and these evolution effects:
P (k, z) ∝ σ82 T 2 (k)G2 (z)k ns .

(1.17)

The “transfer function,” T (k), captures all of the physics relevant as modes enter the
cosmological horizon and evolve to late times, including matter-radiation equality, the BAO,
15
In this case, “scale-invariant” refers to the primordial fluctuations in potential, not density. The scalar
spectral index ns is defined in terms of the scale-invariant power spectrum of Φ: k 3 PΦ (k) ∝ k ns −1 .
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and neutrino free-streaming. The transfer function can be estimated analytically (e.g. Bardeen
et al. 1986; Eisenstein & Hu 1998), but is more commonly calculated using fast numerical
codes (e.g. CMBFAST, Seljak & Zaldarriaga 1996; and CAMB, Lewis & Bridle 2002). The
growth function, G(z), expresses the growth of fluctuations at late times, after all modes of
interest have entered the horizon, due to gravitational attraction. For a flat, matter-dominated
universe, G(z) ∝ (1 + z)−1 = a. At late times, G(z), is affected by dark energy, which acts to
slow the growth of structure since expansion and gravitational attraction no longer balance
out to yield constant Φ. As formulated in Equation 1.17, G(z = 0) = 1, although this
convention is not universally adopted.
The overall normalization of P (k, z), initially set by inflation, is here parameterized by σ8 ,
which expresses the fluctuations in the density field today, smoothed on an 8h−1 Mpc scale.
Such a normalization is observationally motivated, although it mixes the growth of structure
with primordial fluctuations. In practice, it is often convenient to combine G(z) and σ8 and
express the normalization as σ8 (z).
Equation 1.17 describes only matter fluctuations (dominated by dark matter) in the linear
regime. On sufficiently small scales, the size of matter perturbations becomes large (δ ∼ 1),
and the linear treatment breaks down. Indeed, halos and galaxies are deeply nonlinear objects.
Numerous techniques have been developed for describing the nonlinear growth of structure:
• Perturbative expansions allow nonlinear evolution to be treated analytically, often by
expanding the full nonlinear density field in powers of linear perturbations. For a review,
see Bernardeau et al. (2002).
• Simulations allow the nonlinear evolution equations to be solved numerically in discrete
steps. N-body simulations treat gravitational physics of dark matter particles only.
Hydrodynamic simulations include baryonic physics, at a computational cost. Simulation
techniques also allow the study of biased tracers of the dark matter field, discussed
below. Numerous simulation implementations exist, each with different assumptions
and approximations. For a review, see Bertschinger (1998); Springel (2005).
• Numerical fitting functions (e.g. Smith et al. 2003), based on underlying physical effects
or calibrated from simulation results, can provide a practical method for including
nonlinear evolution.
Each of these techniques can be useful in different regimes and for different purposes. They
often rely on each other for calibration or implementation, and hybrid approaches are common.
All three of these methods are employed in this thesis.

1.2.4

The role of large-scale structure

The fundamental goal of studying large-scale structure is to measure as many δ-modes as
possible, obtaining P (k) or ξ(r) and higher-order statistics, and to connect these measurements
to underlying theories. Of course, such a task is monumentally challenging, made even more
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difficult by the fact that over 80% of matter is “dark.” Gravitational lensing, outlined in
Section 1.3 and developed in more detail in Chapters 2 and 3, allows direct observation of the
matter density field. Observations of luminous objects (e.g. galaxies, quasars, the Ly-α forest,
and 21cm regions) can be related to the underlying density field with sufficient understanding
of the biased and stochastic nature of the particular tracer. These considerations are
summarized in Section 1.4 and described in detail in Chapter 4, with the primary focus on
observations of galaxy clustering.
Measurements of CMB anisotropies ushered in the era of precision cosmology and have
contributed significantly to recent progress. Since perturbations were small at the epoch
of recombination, the relevant physics is “clean” and well-understood. Using satellites,
measurements of the entire microwave sky are relatively straightforward and free of systematic
uncertainties. Despite these obvious advantages, as snapshots of a single time in the early
universe, CMB measurements are largely insensitive to processes at later times, including the
growth of structure and the impact of dark energy.16 Measurements of large-scale structure
at later times are able to observe the impact and evolution of these processes, as well as other
interesting physics such as halo and galaxy formation. Moreover, the sheer volume of space
between us and the CMB surface of last scattering means that the number of fluctuation
modes that can be probed is quite high, making potential statistical power a great advantage
of LSS studies.
Although different LSS measurement techniques each have unique sources of statistical
and systematic uncertainties, many of which are discussed in this work, any measurement
necessarily contains “sample variance.” Because any region of the universe is a particular
realization of a Gaussian random process, the observed values of clustering statistics (or
related quantities), will have statistical scatter compared with the mean value given by the
underlying model. In the case of P (k), each k-mode has a signal-to-noise of one (ignoring
“shot-noise,”
discussed below). Thus for N uncorrelated modes, the total signal-to-noise is
√
N . A given survey contains a finite number of the modes, especially on the largest scales,
which will thus have a large statistical uncertainty. The term “cosmic variance,” often used
interchangeably with sample variance, more accurately refers to the sample variance of the
entire observable universe. Even with a perfect measurement of all available modes, we are
fundamentally limited by the fact that the universe is a single realization of Gaussian random
initial conditions.

1.3

Gravitational lensing

Dark matter cannot be directly observed using standard astrophysical observations, which
rely on the detection of electromagnetic radiation. However, dark matter gravitates identically
to baryonic matter and can thus be studied through its gravitational influence. Indeed, early
16

CMB lensing (e.g. Planck Collaboration et al. 2013b) and the Integrated Sachs-Wolfe effect (e.g. Ho
et al. 2008) both allow CMB measurements to probe large-scale structure at later times. Such studies are
particularly valuable when combined with other LSS measurements.
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evidence for dark matter came from its influence on the rotation curves of spiral galaxies and
the velocity dispersions of galaxies in clusters. More recently, “gravitational lensing,” the
influence of gravitational potentials on the paths of light rays, has provided a powerful tool
for probing all matter, including dark matter.
Gravitational lensing is studied using the images of background baryonic objects (typically
called “sources”) to infer the intervening lensing effect, and thus probe the intervening matter.
With favorable lens positioning with respect to background sources and the observer, lensing
can produce dramatic effects, including multiple background images (sometimes with different
time delays) and even full image rings. These effects are indicative of “strong lensing” (or,
in a very different regime, “microlensing” from objects in our galaxy) and allow the study
of individual lens objects. Strong lensing studies can contribute significant cosmological
information. For instance, mass determination of galaxy clusters using strong lensing probes
the formation of the largest structures (e.g. Blandford & Narayan 1992). More recently,
multiple images of background quasars with time variability has allowed the determination
of a “time-delay distance,” analogous to the luminosity distance and a potentially valuable
probe of the background expansion (Suyu et al. 2013).
However, strong lensing is not considered in this work. Chapters 2 and 3 are concerned
with effects related to “weak gravitational lensing,” where the deflections of light paths
are sufficiently small that they must be studied statistically to extract information about
the intervening matter. Unlike strong lensing, however, weak lensing requires no fortuitous
geometric alignment and can thus probe a much greater volume. This section contains a brief
description of the formalism of weak lensing, observational considerations, and the impact of
intrinsic galaxy alignments. More details are provided in subsequent chapters.

1.3.1

Formalism

For a review on weak gravitational lensing, see Bartelmann & Schneider (2001). Note
that the formalism presented in this section assumes a flat universe.
Gravitational lensing alters the paths of light rays, thus changing the true angular position
θS to the observed position θ. The relationship between shifts in these positions can be
written:
∂θi
Aij ≡ Sj ≡
∂θ

1 − κ − γ1
−γ2
−γ2
1 − κ + γ1

!

.

(1.18)

This equation defines the “convergence,” κ, and the two components of shear, γ = (γ1 , γ2 ).
Convergence, which is responsible for lensing magnification, and shear, which causes shape
distortions, are related quantities, since they arise from the same potential. From the geodesic
equation, the deflection component of Aij can be expressed in terms of the transverse second
derivatives of the gravitational potential, integrated along the line-of-sight out to comoving
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distance χ:
−κ − γ1
−γ2
−γ2
−κ + γ1

!

=2

Zχ

0

dχ

0

dΦ(χ0 )
dxi

!

dΦ(χ0 )
χ0
0
χ
1
−
,
dxj
χ
!

!

(1.19)

with transverse coordinates xi (χ0 ) = χ0 θi .
Galaxy ellipticities, projected on the plane of the sky, can be decomposed into two
components, consistent with the quadrupolar symmetry of (idealized) shapes as well as the
spin-2 nature of the shear field:
(1,2) = 0 × (cos 2φ, sin 2φ) ,
1 − (b/a)2
,
0 ≡
1 + (b/a)2

(1.20)

where b/a is the axis ratio, and the angle φ is defined in terms of a fixed axis on the sky. As
discussed in Chapters 2 and 3, it is often convenient to measure galaxy shapes with respect
to the separation axis between objects, in which case the shape components are sometimes
denoted (+, ×), although no uniform notation exists.
In the weak lensing limit of small shears, the gravitationally induced part of galaxy
ellipticity is proportional to the shear: γi ∼ i . Measuring galaxy shapes thus probes the
shear field, which is determined by the mass density along the line-of-sight. The relationship
between shear and ellipticity is discussed further in Chapter 2.
Measurements of galaxy shapes can be studied in auto-correlation hγ i γ j i, probing the
underlying matter-matter correlations (since matter density sources the lensing shear). This
statistic is known as “cosmic shear,” and several measurements with cosmological constraining
power have now been made (e.g. Jee et al. 2013; Heymans et al. 2013). The convergence
power spectrum is equivalent to the curl-free shear power spectrum.17 For an observed set of
source objects with normalized redshift distribution W (χ(z)), the angular power spectrum,
expressed in terms of the multipole number l, can be written as the line-of-sight integral of
the matter power spectrum combined with the lensing kernel:
χ∞
9Ω2m H04 Z
g 2 (χ)
Pκ (l) =
dχ 2 (1 + z(χ))2 P (k = l/χ, z(χ)),
16
χ

(1.21)

0

where χ∞ denotes the comoving distance to z = ∞, the redshift z is a function of χ, and
g(χ) combines the source distribution with the lensing kernel, relating the derivatives of the
potential at a given distance χ to an observed deflection:
g(χ) ≡ 2χ

Zχ∞
χ
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!

0

dχ

χ
1 − 0 W (χ0 ).
χ

(1.22)

The decomposition of the shear field into curl-free (E) modes and divergence-free (B) modes, is discussed
in Chapter 2.
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In practice, the upper limit of integration is set by the comoving distance to the furthest
source objects - fluctuations behind the sources have no impact. Equation 1.21 relies on
the Limber approximation (Limber 1953), which holds that angular correlations of a given
transverse scale depend only on transverse modes, as long as the line-of-sight projection
length is significantly longer than the transverse scale in question. In the case of cosmic shear,
the broad lensing window allows us to apply the Limber approximation.
Unlike cosmic shear, galaxy-galaxy lensing uses the cross-correlation of galaxy shapes
with the positions of foreground lens objects: hγ i δi. Galaxy-galaxy lensing thus measures the
cross-correlation between matter density and the lens objects. On large scales, this provides
the correlation between large-scale structure and a given tracer thereof. On small scales, it
measures the projected mass and profile of the dark matter halo associated with the lens
object. Because the signal from weak lensing is small, galaxy-galaxy lensing measurements
often require “stacking” of lens objects, selected to be similar in a given set of properties
relevant to a particular study (e.g. determining the halo profile and mass for galaxies within
a certain luminosity range). Galaxy-galaxy lensing is treated in more detail in Chapter 3.

1.3.2

Measurement

While the gravitational physics behind lensing is clean, weak lensing measurements are
extremely challenging. Numerous instrumental and astrophysical uncertainties exist. For
instance, the effects of the atmosphere and telescope optics lead to a non-trivial point-spread
function (PSF), which blurs galaxy images. The PSF can vary with both time and position
on the field-of-view. Combined with limited image resolution, these effects can lead to bias
due to shape uncertainty. Similarly, it is difficult to obtain accurate redshift information
for a large number of sources. Uncertainties in the source redshift distribution can lead to
significant lensing measurement errors.
Even with perfect shape and redshift information, lensing measurements are still limited
by intrinsic “shape noise,” arising from the fact that galaxies are not naturally spherical but
instead have a range of shapes and orientations. In the weak lensing regime, the gravitational
shear is usually ∼ 1% of the intrinsic ellipticity, and thus the measurement of shear from a
single object is completely dominated
√ by shape noise. If the intrinsic shapes are uncorrelated,
the signal-to-noise will increase as N when averaging over N shapes. However, in general
these shapes can be correlated, as discussed below.
Shape noise sets a natural level for the required shape measurement precision. It makes
little sense to measure shapes at a significantly higher precision than their natural variation,
since these uncertainties add in quadrature (see Equation 3.5), and the overall shape uncertainty will not decrease. Instead, valuable telescope
√ 18 resources are better spent obtaining
shapes for more sources and thus increasing N .
For an overview of issues in shape
measurement, see Bernstein & Jarvis (2002), while for a discussion of systematic uncertainties
in lensing, see Mandelbaum et al. (2005); Heymans et al. (2012).
18

Of course, systematic measurement biases must still be prevented when possible.
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Intrinsic alignments

Connecting the comparatively small-scale physics of galaxy formation with the growth
of large-scale structure remains a fascinating theoretical challenge and an active area of
research. It is reasonable to assume that intrinsic galaxy shapes are correlated with the
surrounding large-scale structure. These correlations are known as “intrinsic alignments” (IA)
and contribute the most significant astrophysical source of systematic uncertainty in weak
lensing measurements. In the presence of IA, intrinsic shapes contribute both a statistical
shape noise and a systematic bias.
Intrinsic alignments are treated in detail in Chapters 2 and 3. Using various measurement
techniques, IA has been detected in some luminous galaxy samples, while upper limits have
been obtained for other samples. Although several models for IA have been proposed, many
are simple and heuristic, and none provide a robust prediction for how the shapes of different
galaxy types correlate with the surrounding density field.

1.4

Galaxy clustering

Luminous tracers provide another method to study large-scale structure. Historically,
galaxies have been the most observed tracer. Although galaxies remain a primary area of
study, more recently other luminous probes have also been targeted. Notable among these
are quasars (supermassive black holes at the centers of distant galaxies, e.g. Sawangwit et al.
2012); absorbing gas clouds along quasar lines-of-sight (especially the “Ly-α forest” from
neutral hydrogen, e.g. Slosar et al. 2013); radio observations of 21cm spin-flip transition
of neutral hydrogen (e.g. Parsons et al. 2013), and voids, defined as under-dense regions
using galaxy positions (e.g. Lavaux & Wandelt 2012). Each of these tracers is valuable for
probing different regimes in redshift and environment. Observations of the 21cm line are
particularly interesting in that they can probe the epoch of “reionization,” when the first
stars and quasars formed and energized the inter-galactic medium, as well as earlier times
before structure had collapsed sufficiently to allow stars to form.
The work in this thesis focuses on observations of galaxies. Nevertheless, many of the
principles discussed (e.g. biasing, redshift-space distortions, and the Alcock-Paczynski effect),
are relevant for other tracers as well.
In general, luminous tracers do not have the same spatial distribution as dark matter
particles, but instead are found in special locations. As a result, these objects are “biased”
tracers. Galaxies, for instance, form in particularly dense regions of the universe, in the
centers of dark matter halos. For a review of galaxy bias, see Fry & Gaztanaga (1993). For
a more recent discussion including non-local effects, see Baldauf et al. (2012); Chan et al.
(2012).
The density field of a luminous tracer (denoted by the subscript “g”) can be generically
expressed as a functional of the matter density field: δg (x) = F [δ(x0 )]. This relationship is
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often assumed to be local, allowing an expansion in the local matter density19 in terms of
bias parameters, bn :
δg (x) ≈

∞
X
bn
n=1 n!

(δ n (x) − hδ n i) .

(1.23)

On large scales, the biasing relationship is often further assumed to be linear: δg = b1 δ (valid
in both configuration and Fourier space), and thus
Pg (k) = b21 P (k)
ξg (r) = b21 ξ(r)

(1.24)

In Chapters 2 and 3, the linear bias assumption is sufficient.20 Chapter 4 is concerned with
galaxy clustering on smaller scales and thus includes both non-linear and non-local bias
effects.
Discrete and stochastic tracers of a continuous field (e.g. galaxies tracing the density
field) will contain a “shot-noise” contribution (Peebles 1980). The typical assumption is
that shot noise is a scale-independent (“white noise”) Poissonian contribution of 1/n̄, for
mean tracer number density n̄. However, the complex nature of real tracers, for instance the
finite size of dark matter halos which excludes other halos from the same region, can lead
to additional contributions (Baldauf et al. 2013). Modeling these effects is relevant to the
results in Chapter 4.

1.4.1

Galaxy surveys and redshift-space distortions

Galaxy surveys aim to map out the positions of all galaxies meeting a particular set of
criteria in a given patch of the sky. The angular positions are straightforward to measure and
allow the calculation of angular correlation functions. However, a great deal of information is
also contained in the line-of-sight dimension, and most recent surveys have thus obtained
redshift information. A spectroscopic survey, such as BOSS (part of the broader Sloan Digital
Sky Survey; York et al. 2000) or DESI, obtains a spectrum for each galaxy and is thus able
to assign an accurate redshift. These spectra are typically measured using plates with slits or
fibers running to a spectrograph. A photometric redshift survey, such as DES or LSST, images
the sky in several different color bands to provide a smoothed spectral energy distribution
(these could be considered very low resolution spectra). These distributions, combined with
templates for the underlying galaxy spectra, provide an approximate photometric redshift.
The accuracy and precision of photometric redshifts varies widely, depending on a number of
factors including the galaxy luminosity and distance as well as the number of photometric
bands and the availability of an appropriate spectroscopic calibration set. Spectroscopic
19

This summary assumes an Eulerian treatment of bias, where particles are considered at their final rather
than initial positions.
20
Interestingly, in the tidal alignment model, intrinsic galaxy ellipticity behaves as a tracer with an
effectively linear, non-local bias.

18

1.4. GALAXY CLUSTERING

surveys provide more accurate redshifts and provide additional information contained in
the spectra, including galaxy kinematics and absorption from intervening gas. However,
obtaining spectra is observationally intensive, and photometric surveys can thus contain a
significantly larger number of objects, given a particular telescope and survey duration. In
practice, spectroscopic surveys rely on prior photometric observations for target selection.
Integral field spectroscopy attempts to combine the advantages of both spectroscopic and
photometric observations, particularly useful for mapping the internal structures of individual
objects with many spectra.
If galaxies moved entirely with the Hubble flow (i.e. stayed at a fixed comoving position),
redshifts would provide an unbiased measurement of line-of-sight distance. However, galaxies
also have peculiar velocities due to gravitational interaction with LSS, and the line-of-sight
component of peculiar velocity contributes to the measured redshift. For illustration of this
effect, consider the low-z approximation:
z = H0 χ + vz
vz
χs = χ +
,
H0

(1.25)

where “s” indicates that the quantity is observed in redshift space, and vz is the line-of-sight
component of velocity. The resulting distortions in observed galaxy positions are known
as “redshift-space distortions” (RSD). At large separations (in the linear regime), galaxies
have mild infall velocities towards overdense regions, leading to a “squashing” along the
line-of-sight of the redshift-space galaxy distribution (objects on the near side of the overdense
region fall away from the observer, thus increasing the observed redshift, while objects on the
far side have a decreased redshift). This squashing is known as the “Kaiser effect,” since its
impact on the observed clustering statistics was first derived in Kaiser (1987):
δ s (k, µ) = (1 + f µ2 )δ(k)
P s (k, µ) = (1 + f µ2 )2 P (k),

(1.26)
(1.27)

where µ = k̂ · ẑ, and f ≡ d ln G/d ln a is the logarithmic growth rate. Thus, RSD can be
used to probe structure growth. Also note that RSD break the natural symmetry of galaxy
clustering, introducing µ-dependence. On small scales, the randomized velocities within
collapsed structures cause a “stretching” along the line-of-sight of the redshift-space galaxy
distribution. This effect is often called “Fingers-of-God” (FoG), and it leads to a suppression
of power, rather than an enhancement as with the Kaiser effect. Non-linear redshift-space
distortions, including FoG, are an important element of Chapter 4. Although RSD are present
in photometric surveys as well, the uncertainty in photometric redshift naturally smooths
along the line-of-sight, greatly reducing their impact.
Finally, converting between the angular positions and redshifts measured in a survey
and three-dimensional comoving positions requires assuming a geometry for the universe,
in particular H(z) and DA (z). If the wrong geometry is assumed, the measured clustering
statistics will be distorted from their true shape. These geometric distortions, which include
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the well-known Alcock-Paczynski effect (Alcock & Paczynski 1979), are a central topic of
Chapter 4.

1.4.2

Summary

Significant modeling challenges exist in relating observed galaxy clustering with theoretical
predictions of large-scale structure. Most importantly:
• Galaxy bias: Galaxies are biased and stochastic tracers of the dark matter. The
relationship between the galaxy and dark matter density fields is non-trivial, particularly
on small scales, and reflects the physics of halo and galaxy formation.
• Nonlinear evolution: Departures from linear structure growth must be considered.
These non-linear effects are important not only to clustering on small scales, but also
to the covariance between modes of different scales.
• Shot noise: Galaxies are a discrete tracer of a continuous field and thus are affected
by shot noise. Treatment beyond the standard Poissonian assumption of 1/n̄ may be
necessary to provide a sufficiently accurate model.
• Redshift-space distortions: Because line-of-sight distances are determined using
observed redshift, peculiar velocities will affect the inferred galaxy positions and thus
distort measured clustering statistics. Understanding RSD will not only allow the
recovery of the underlying real-space clustering, but also provides a probe of the
structure growth responsible for peculiar velocities.
These issues are each discussed in further detail in Chapter 4.
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Chapter 2
Testing the tidal alignment model of
galaxy intrinsic alignments
Weak gravitational lensing has become a powerful probe of large-scale structure and
cosmological parameters. Precision weak lensing measurements require an understanding
of the intrinsic alignment of galaxy ellipticities, which can in turn inform models of galaxy
formation. It is hypothesized that elliptical galaxies align with the background tidal field and
that this alignment mechanism dominates the correlation between ellipticities on cosmological
scales (in the absence of lensing). We use recent large-scale structure measurements from
the Sloan Digital Sky Survey to test this picture with several statistics: (1) the correlation
between ellipticity and galaxy overdensity, wg+ ; (2) the intrinsic alignment auto-correlation
functions; (3) the correlation functions of curl-free, E, and divergence-free, B, modes, the
latter of which is zero in the linear tidal alignment theory; (4) the alignment correlation
function, wg (rp , θ), a recently developed statistic that generalizes the galaxy correlation
function to account for the angle between the galaxy separation vector and the principle
axis of ellipticity. We show that recent measurements are largely consistent with the tidal
alignment model and discuss dependence on galaxy luminosity. In addition, we show that at
linear order the tidal alignment model predicts that the angular dependence of wg (rp , θ) is
simply wg+ (rp ) cos(2θ) and that this dependence is consistent with recent measurements. We
also study how stochastic nonlinear contributions to galaxy ellipticity impact these statistics.
We find that a significant fraction of the observed LRG ellipticity can be explained by
alignment with the tidal field on scales & 10 h−1 Mpc. These considerations are relevant to
galaxy formation and evolution.

2.1

Introduction

Light travels through the web of cosmic structure on geodesic paths determined by the
presence of matter. The gravitational deflections due to matter inhomogeneities result in
distorted observations of distant objects. In special cases, the distortions can be profound,
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producing multiple images and even Einstein rings. More commonly, the distortions are
subtle and yield only small deviations from the intrinsic shape of the source, a process termed
“weak lensing." The statistical analysis of these small distortions is becoming an important
tool in the study of large-scale structure and cosmological parameters (Blandford et al.
1991; Miralda-Escude 1991; Kaiser 1992; Refregier 2003). Since lensing arises from purely
gravitational physics, it directly probes the underlying matter rather than an observable that
only correlates with some fraction of the matter. After early successes in detecting the weak
lensing signal (Bacon et al. 2000; Kaiser et al. 2000; Van Waerbeke et al. 2000; Wittman et al.
2000), surveys such as COSMOS1 and CFHTLS2 have allowed more precise measurements
on larger scales. Among other things, weak lensing surveys can test general relativity (Reyes
et al. 2010; Daniel et al. 2010; Thomas et al. 2009; Lombriser et al. 2012b), constrain the
properties of dark energy (Albrecht et al. 2006), and measure galaxy bias (Simon et al. 2007).
Planned surveys such as DES,3 LSST,4 WFIRST,5 Euclid,6 and Pan-STARRS7 have the
potential to further improve the precision of weak lensing measurements.
However, these measurements are far from straightforward, requiring an understanding
of a wide variety of systematic errors (see, e.g., Mandelbaum et al. 2006a and references
therein). The past several years have seen a large effort to better understand and correct for
instrumental systematics. However, even for a perfectly understood instrument, astrophysical
uncertainties can contribute substantial errors when inferring the matter distribution from
weak lensing measurements. For instance, the intrinsic orientations and shapes of observed
galaxies are a source of systematic error. These “intrinsic alignments” (IA) are particularly
problematic since they can be significant and would bias even an ideal measurement. Weak
lensing statistics involve averaging across pairs of observed galaxy ellipticities γ obs , which
consist of both the intrinsic ellipticity (I) of the galaxy and the gravitational lensing shear
distortion (G): γ obs = γ I + γ G . For the i-component of ellipticity, the observed ellipticity
correlation function is then
hγiobs γiobs i = hγiG γiG i + hγiI γiG i + hγiG γiI i + hγiI γiI i.

(2.1)

The desired signal in weak lensing studies is the first term (GG). If intrinsic alignments are
random, the GI and II terms average to zero. However, the coherent influence of large-scale
structure on galaxy ellipticity contaminates the lensing signal because intrinsic shapes acquire
a non-zero average correlation. Since the weak lensing signal is small (γ G is roughly 1% of γ I
for a typical galaxy; Hirata & Seljak 2004), even small correlations can lead to appreciable
intrinsic alignment contributions. It has long been known that the II correlations from
galaxies in close proximity (where intrinsic ellipticity correlations are strongest) could be
1

http://cosmos.astro.caltech.edu/ (Scoville et al. 2007)
Canada France Hawaii Telescope Legacy Survey; http://www.cfht.hawaii.edu/Science/CFHLS
3
Dark Energy Survey; https://www.darkenergysurvey.org
4
Large Synoptic Survey Telescope; http://www.lsst.org
5
Wide-Field Infrared Survey Telescope; http://wfirst.gsfc.nasa.gov/
6
http://sci.esa.int/science-e/www/area/index.cfm?fareaid=102
7
Panoramic Survey Telescope & Rapid Response System, http://pan-starrs.ifa.hawaii.edu
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a significant contaminant (Croft & Metzler 2000; Heavens et al. 2000; Catelan et al. 2001;
Crittenden et al. 2001; Jing 2002). Fortunately, the II term can be easily reduced by either
down-weighting or excluding nearby pairs (King & Schneider 2002, 2003; Heymans & Heavens
2003; Takada & White 2004). It was later realized by Hirata & Seljak (2004) that the GI term
can also be a significant contaminant, introducing a correlation in the ellipticities of objects
that are along the same line-of-sight but separated by a large spatial distance. A foreground
lensing potential affects the intrinsic ellipticities of nearby objects as well as the observed
ellipticites of background objects via lensing. Observations have confirmed the presence of
both of these intrinsic effects (Mandelbaum et al. 2006a; Hirata et al. 2007; Faltenbacher
et al. 2009; Okumura et al. 2009; Okumura & Jing 2009).
It is critical to understand IA for high-precision weak lensing experiments. In Hirata et al.
(2007), it was shown that GI contamination at the ∼ 10% level is possible in a typical weak
lensing survey. The potential degradation of cosmological parameter measurements by IA
contamination is significant. For instance, IA can bias cosmic shear measurements of σ8 at
the current level of uncertainty (σ8 ≈ 0.8 ± 0.07) for a CFHLTS-like survey, which is larger
by ≈ 3 than the best current constraints (Schneider & Bridle 2010). Similarly, uncertainty in
the amplitude of intrinsic alignments can impart a significant bias in cosmological parameter
measurements, even when a particular model is assumed in order to subtract the alignment
signal (Joachimi et al. 2011). However, these alignment effects are not just a contaminant –
they also provide a probe of large-scale structure and galaxy formation.
Several models of IA with varying levels of complexity have been proposed (e.g. Catelan
et al. 2001; Lee et al. 2008; Schneider & Bridle 2010; Hui & Zhang 2008). These models belong
to two general classes: alignment of the galaxies with background tidal field or torquing of
the galactic angular momentum vector by the tidal field. Any analytic predictions of the
orientation and ellipticity of a galaxy residing in a background tidal field relies on assumptions
relating the orientation of dark matter halos with that of the resident galaxies, and nonlinear
scales are particularly difficult to model analytically. Intrinsic alignment of dark matter halos
has also been studied using N -body simulations (Ciotti & Dutta 1994; Ciotti & Giampieri
1998; Pereira et al. 2008; Pereira & Bryan 2010; Faltenbacher et al. 2009), which have shown
that ellipticities can differ significantly in both shape and orientation when measured in the
inner and outer regions of halos. A better understanding of the relationship between halo and
galaxy ellipticities may require simulations with baryon physics and an exceptional dynamic
range (e.g. Hahn et al. 2010).
This chapter tests analytic models and different statistical measures of IA. In particular,
we focus on the linear tidal alignment (LA) model (Catelan et al. 2001; Hirata & Seljak 2004),
which posits that the intrinsic ellipticity of a galaxy is a linear function of the tidal field.
This model should dominate on large scales for elliptical galaxies. Recent work by Joachimi
et al. (2011) has shown that the model is consistent with measurements of GI correlation.
We expand this comparison and consider possible extensions to the model.
This chapter is organized as follows. Section 2.2 discusses intrinsic alignment models,
especially the linear tidal alignment model. In Section 2.3, we summarize recent measurements
of intrinsic alignment. We then review several statistics relevant for GI and II correlations
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and calculate these statistics in the LA model. One of these statistics is the alignment
correlation function, wg (rp , θ), recently proposed in Faltenbacher et al. (2009). By adding an
angular dimension to the correlation function, this statistic can in principle contain additional
information on the relationship between galaxy clustering and alignment, a prospect which
we examine. We compare the model predictions to recent measurements and determine the
consistency and strength of linear tidal alignment. We also propose a potential signature of
nonlinear alignment contributions and nonlinearities in the density field. In Section 2.4, we
consider the effects of a stochastic contribution to galaxy ellipticity that does not correlate
between galaxies. We study two models for this stochastic component and discuss the impact
on the measured alignment statistics. Section 2.5 summarizes our conclusions and provides
discussion in the context of galaxy formation. We also include a chapter supplement with the
details of some calculations referenced in the text. Throughout this work, we assume a flat
ΛCDM cosmology with Ωm = 0.25, Ωb = 0.04, σ8 = 0.8, ns = 1, and H0 = 70 km s−1 Mpc−1 .

2.2

The linear tidal alignment model

The collapse of overdense regions into dark matter halos and galaxies occurs preferentially
along the stretching axis of a background tidal field, and galaxy intrinsic ellipticity should
maintain some memory of this asymmetry at the time of formation (Catelan et al. 2001). In
particular, elliptical galaxies are supported primarily through velocity dispersion rather than
rotation and are thus more likely to align with the surrounding halo and background tidal
field. It is physically reasonable for galaxy orientation to correlate with the principal axis of
the gravitational tidal field (Hirata & Seljak 2004). The LA model of Catelan et al. (2001)
relates the intrinsic ellipticity8 of an elliptical galaxy to a linear function of the tidal field:
I
γ(+,×)
=−

C1
(∇2x − ∇2y , 2∇x ∇y )S[ΨP ],
4πG

(2.2)

where C1 parameterizes the strength of the alignment, with sign convention such that positive
C1 corresponds to preferential galaxy alignment along the stretching axis of the tidal field.9
Positive C1 thus yields an anti-correlation between the intrinsic alignment of a foreground
object and the gravitational shear of a background object. ΨP is the gravitational potential,
and S is a filter that smooths fluctuations on halo scales. In Hirata & Seljak (2004), S is
chosen to be a top-hat in Fourier space with a maximum wavevector of 1 h Mpc−1 . When
compared with no smoothing, we find that this choice has a negligible effect on scales of
8

The quantity used here is actually the intrinsic shear, which differs from ellipticity by a factor 1/2R,
described after Equation 2.3. To avoid confusion with lensing shear, we refer only to intrinsic ellipticity.
9
We define C1 to capture the full magnitude of the LA effect. In several previous studies (e.g. Joachimi et al.
2011), C1 was specified using a standard but somewhat arbitrary normalization calculated from ellipticity
variance (Hirata & Seljak 2004), and an additional dimensionless constant parameterized the strength of
LA with respect to this reference value. As we discuss in Section 2.4, stochastic contributions can affect
large-scale correlations differently than ellipticity variance. Since the LA model is most applicable on large
scales, we choose a convention for C1 that relates it directly to the magnitude of large-scale correlations.
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interest (& 10 h−1 Mpc), and we thus effectively ignore S. Up to derivatives, Equation
(2.2) is the unique function of ΨP that is local, linear, and quadrupole symmetric. Since
higher-derivative terms should be negligible on large scales, the LA model is unique up to
the normalization C1 . The x- and y-axes in Equation (2.2) are on the plane of the sky, and
ellipticity is decomposed with respect to this coordinate system:
"

γ+
γ×

#

1
=
2R




1 − (b/a)2
1 + (b/a)2

!"

cos(2φ)
sin(2φ)

#

"

≡ γ0

cos(2φ)
sin(2φ)

#

(2.3)

where φ is the position angle measured from the x-axis, and b/a is the axis ratio. R is the
shear responsivity, which captures the average response of measured ellipticity to a small
shear (Bernstein & Jarvis 2002).
The density-weighted intrinsic ellipticity is defined as γ̃ I ≡ (1+δg )γ I , for galaxy overdensity
δg = bg δ, where δ is the matter overdensity, and bg is the galaxy linear bias factor. In the
linear regime, the gravitational potential at redshift zp is related to the density field via the
Poisson equation (valid on sub-horizon scales, k  cH0 ):
ΨP (k) = −4πGρm,0 (1 + zP )k −2 δ(k, zP ),

(2.4)

where ρm,0 is the present mean matter density. There is some ambiguity to the appropriate
redshift, zP , to evaluate the potential. In previous work (Hirata & Seljak 2004; Joachimi et al.
2011), zP was chosen to be during matter domination, when most of the stars in elliptical
galaxies formed. However, it is also plausible that recent accretion significantly impacts
the alignment, in which case the gravitational potential should be evaluated at roughly the
observed redshift. In linear theory, the only difference between the potential at different
times is the overall amplitude, which can be absorbed into C1 . Thus, the inferred strength of
IA will depend on zP . For consistency with previous work, we evaluate ΨP during matter
domination.
A product of density fields in configuration space becomes a convolution in Fourier space,
and thus the linear model predicts:
I
γ̃(+,×)
(k, z)

"
#
2
2
− k2y
, 2k2x k2y )
−C1 ρm,0 Z 3 (k2x
bg
(3)
=
d k1
δ(k2 , z) δ (k1 ) +
δ(k1 , z) ,
D(z)
k22
(2π)3
(2.5)

where k2 ≡ k − k1 , δ (3) (k) denotes the 3-dimensional Dirac delta function, and D(z) is the
growth factor, normalized so that (1 + z)D(z) = 1 during matter domination.
The LA model breaks down on nonlinear scales. As in recent work (Joachimi et al.
2011; Schneider & Bridle 2010), we estimate these effects by using the Halofit nonlinear
density power spectrum (Smith et al. 2003). We note, however, that simply applying a
nonlinear power spectrum to the LA model is not a full nonlinear theory. Moreover, the
resulting nonlinear corrections depend on the choice of zP , since the growth function does
not fully capture the evolution of the nonlinear density field. For instance, choosing zP at
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the observed redshift (which provides the maximum nonlinear correction) rather than during
matter domination can affect the predicted alignment amplitude by ∼ 20% for GI correlations
at scales of 5h−1 Mpc.
On large scales, the LA mechanism should dominate ellipticity correlations, which will
scale linearly with the matter power spectrum, Pδ (k). Spiral galaxies are supported by angular
momentum, and thus a distinct alignment mechanism, based on the tidal torquing theory
of protogalaxies, may be relevant. Models based on tidal torquing can be categorized as
“quadratic alignment models," since the tidal field enters quadratically at lowest order rather
than linearly (Pen et al. 2000; Catelan et al. 2001; Hui & Zhang 2008), suppressing large-scale
correlations because δ  1. Predictions of intrinsic alignment effects from quadratic models
are qualitatively different from the linear model. For example, quadratic models predict a
divergence-free (B-mode) component to the ellipticity at leading order (Mackey et al. 2002)
but a vanishing lowest-order correlation between matter density and ellipticity. Nonlinearities
in the density field could potentially allow quadratic alignment effects to contribute at linear
order in Pδ (k) (Hui & Zhang 2008). Recent observations (Faltenbacher et al. 2009; Hirata
et al. 2007; Mandelbaum et al. 2011) have split galaxies by color into “red" and “blue"
sub-samples, finding qualitative differences in intrinsic alignment, suggesting the possibility
of different alignment mechanisms. Blue samples exhibit weaker intrinsic alignment on large
scales, supporting the theory that LA effects are less prominent in spirals.

2.3

Measuring intrinsic alignment

There are numerous probes of galaxy intrinsic alignment. We consider several alignment
statistics in configuration space (for both GI and II correlations) and compare measurements
with LA model predictions. Table 2.1 provides a summary of these statistics, which are
described in the following subsections.

2.3.1

Galaxy samples

To test the predictions of the linear alignment model, we compare with existing measurements of intrinsic alignment statistics. Catalogs from large, deep surveys have allowed recent
measurements of these correlations with better precision and at larger separations than was
previously possible. In Okumura et al. (2009); Okumura & Jing (2009), the authors used the
catalog of Luminous Red Galaxies (LRGs) from DR6 of the Sloan Digital Sky Survey (SDSS;
York et al. 2000) to measure both II and GI correlations. LRGs, which are among the most
luminous elliptical galaxies, are expected to be particularly well described by the LA model.
The LRG sample used in their analysis contains 83,773 objects with spectroscopic redshifts
in the range 0.16 < z < 0.47 and mean redshift of z̄ = 0.32. Note that the LRG shapes
used in Okumura et al. (2009); Okumura & Jing (2009) are measured without correcting
for the point-spread function (PSF). We find that γ0 is larger by ≈ 10 - 30% when measured
without PSF-correction (R. Mandelbaum, private communication). This offset would affect
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C1 ρcrit
χ2red.
0.125 ± 0.007 2.3
0.123 ± 0.014 0.43
Use w++ fit
2.4
Use w++ fit
2.8
—
0.68
C̃1 ρcrit
w̃g+
0.71 ± 0.02
1.8
w̃++
0.74 ± 0.07
0.24
wg (rp , θ) 0.16 − 1.55
—
Test
wg+
w++
w××
wE
wB

p(> χ2 )
0.05
0.79
0.03
0.02
0.64

Comments
NL corrections improve fit below 10 h−1 Mpc
NL corrections improve fit below 10 h−1 Mpc
—
—
LA prediction is wB = 0

0.12
0.91
—

Calculated without weighting by γ0
Calculated without weighting by γ0
Luminosity dependent - see Section 2.3.4

Table 2.1 : Summary of tests of LA model, including measured model parameter and reduced χ2 for
the fit. All measurements use the SDSS LRG catalog except for wg (rp , θ), which uses the SDSS
main sample. The upper section contains statistics that are weighted by the ellipticity magnitude
while the lower section contains unweighted statistics.

the amplitude of any IA statistic that weights by ellipticity magnitude and thus the inferred
value of C1 .
We also consider the measurements made in Faltenbacher et al. (2009) using SDSS
DR6 main sample galaxies from the New York University Value Added Galaxy Catalog
(Blanton et al. 2005). This sample includes 430,164 galaxies with spectroscopic redshifts
0.01 < z < 0.40. For more information on the redshift distribution of this sample, divided by
luminosity, see Mandelbaum et al. (2005).
Since we wish to test the LA model through comparison with observations of the ellipticity
statistics, we face the opposite problem as cosmic shear experiments: weak lensing introduces
a contaminating signal into the observations. However, the lensing signal is negligible for the
measurements employed here, which have low mean redshifts and where only correlations
between galaxies within a projection volume of ∼ 100 Mpc are included.

2.3.2

Intrinsic alignment statistics

Intrinsic alignment contributes both a cross-correlation (GI) term and an auto-correlation
(II) term (see Hirata & Seljak 2004; Mandelbaum et al. 2006a; Hirata et al. 2007). We write
the intrinsic ellipticity cross- and auto-correlation functions as:
ξgi (r) = hδg (x)γ̃iI (x + r)i,
ξii (r) =

hγ̃iI (x)γ̃iI (x

(2.6)

+ r)i,

where i = {+, ×}, and these two components are measured with respect to the separation
vector on the sky. Note that by symmetry, ξg× (r) = 0. Since it is the background matter
field that is responsible for gravitational lensing, ξg+ provides a measure of the GI correlation,
while ξii probes the II correlations.
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The separation vector r can be separated into a component on the sky (rp ) and along the
line-of-sight (Π). The projected correlation function of quantity X can be written in terms of
the 3D correlation function as
wX (rp ) =

Z Πmax
−Πmax

ξX (rp , Π) dΠ,

(2.7)

where 2 Πmax is the depth of the projected volume.
It is straightforward to calculate these correlation functions in the LA model. Unless
otherwise specified, we include terms to quadratic order in δ in the following calculations. In
the LA model,
LA
ξg+
(rp , Π) = hδg (0)γ̃+I (rp , Π)i,

!
kx2 − ky2 i(kx rp +kz Π)
−C1 bg ρm,0 Z d3 k d3 k0
0
hδ(k)δ(k )i
e
,
=
D(z)
(2π)3 (2π)3
k2
C1 bg ρm,0 Z
κ3
= 2
dκdkz 2 Pδ (k, z) cos(kz Π)J2 (κrp ).
2π D(z)
k

(2.8)

We have defined the x-axis to be the separation axis on the sky and the z-axis to be along
the line-of-sight. κ is the magnitude of the wavevector on the sky, while kz is the magnitude
LA
along the line-of-sight (k 2 ≡ κ2 + kz2 ). The projection of ξg+
along the line-of-sight is
LA
wg+
(rp )

bg C1 ρm,0 Z
κ3
= 2
dκdkz 2 Pδ (k, z) sin(kz Πmax )J2 (κrp ).
π D(z)
k kz

(2.9)

Similarly, the projected auto-correlation statistics are given by
LA
w(++,××)
(rp )

1
= 2
2π

C1 ρm,0
D(z)

!2 Z

dκdkz

κ5
Pδ (k, z) sin(kz Πmax ) [J0 (κrp ) ± J4 (κrp )] .
k 4 kz
(2.10)

In Figures 2.1-2.2, we compare the linear tidal alignment model predictions with measurements from SDSS LRGs (Okumura et al. 2009; Okumura & Jing 2009), which project
these statistics over Πmax = 80 h−1 Mpc. Errors were calculated through jackknife resampling.
Redshift-space distortions are included in the model predictions, as described in Section 2.6.3.
We measure the galaxy bias bg by fitting to the measured projected galaxy correlation function,
wg (rp ), and find bLRG
= 2.12 ± 0.04. The II correlations presented in Okumura et al. (2009)
g
are functions of 3-dimensional separation rather than projected separation. To compare
with the LA prediction, we have assumed that the statistics are isotropic and performed a
projection along the line-of-sight following Equation (2.7). To calculate the errors for these
projections, we use the mean and variance of the 3-dimensional measurements and perform
the projection on 1000 random realizations. In addition, the estimator used to calculate the
II statistics in Okumura et al. (2009) results in an additional factor of (1 + ξg (r))−1 , where
ξg (r) is the 3-dimensional galaxy correlation function. We have removed this factor before
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Figure 2.1 : Measurements of Okumura & Jing (2009) and LA model prediction for wg+ . The black
dashed line is calculated using the linear theory Pδ (k), and the red solid line uses the Halofit model.

performing the projection. For reference, the open circles in the left panel of Figure 2.2 show
the w++ measurements without this correction.
To calculate the magnitude of C1 , we fit to the data at large separations (rp ≈ 10 140 h−1 Mpc), where we expect the linear model to hold with minimal contamination from
other alignment effects. Below this scale, nonlinear effects become appreciable, and the LA
model is no longer valid. The LA theory agrees quite well with measurements at separations
above ≈ 20 h−1 Mpc for wg+ (Figure 2.1) and above ≈ 10 h−1 Mpc for w++ (Figure 2.2).
Including nonlinear corrections with Halofit improves agreement on smaller scales. Agreement
is weaker but still reasonable for the w×× statistic.
Table 2.1 shows the fit results as well as reduced χ2 to indicate the goodness of fit. We
quote values for the dimensionless quantity C1 ρcrit , where ρm,0 ≡ Ωm ρcrit . We fit separately
to the II and GI statistics, both with and without ellipticity weighting. Calculating these
statistics without weighting by ellipticity is equivalent to setting the ellipticity magnitude,
γ0 , of each galaxy equal to 1. We define C̃1 , the non-weighted analog of C1 . The ratio of
weighted to non-weighted statistics is ≈ 0.17, although as discussed below, some care must
be taken to distinguish between this value and the mean ellipticity of the LRG sample.
We find that the w++ and wg+ statistics are well-described on large scales by the LA
model with consistent amplitudes. The value of C1 measured here is consistent with that
found in Joachimi et al. (2011), who examined wg+ for a variety of data sets and found
C1 ρcrit ≈ 0.13 ± 0.02 for a similar SDSS LRG sample (medium luminosity bin).10
10

Note that Joachimi et al. (2011) use PSF-corrected galaxy shapes.
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Figure 2.2 : Measurements of Okumura et al. (2009) and model predictions for w++ (left panel) and
w×× (right panel). The measurements have been projected along the line-of-sight. Open circles,
indicating the original measurements without the (1 + ξg (r)) correction, are only shown for w++
and on small scales where there is an appreciable difference. For clarity, these points have a small
horizontal offset. Line convention is the same as in Figure 2.1. A linear y-axis is used for w×× . The
normalization of the LA prediction for both statistics is set from the fit to w++ .

2.3.3

Autocorrelation E- and B-modes

The w×× and w++ statistics can be written in terms of curl-free (E) and divergence-free
(B) modes. Lensing by matter produces only E-modes, making such a decomposition a useful
diagnostic in studying the effects of intrinsic alignment and other systematics (Kamionkowski
et al. 1998). As shown below, only E-modes are produced in the LA model, and thus B-modes
could indicate the presence of separate alignment mechanisms (Mackey et al. 2002).
Following Crittenden et al. (2002), we can express the E- and B-components of the
auto-correlation functions in configuration space in terms of the linear combinations w± (rp ) ≡
w++ (rp ) ± w×× (rp ):
w(E,B) (rp ) =

w+ (rp ) ± w0 (rp )
,
2

(2.11)

where w0 (rp ) is a non-local function of w− (rp ):
w0 (rp ) ≡ w− (rp ) + 4

Z ∞
rp

dr0

Z ∞
0
w− (r0 )
2
0 w− (r )
−
12r
dr
.
p
r0
r03
rp

(2.12)

From the integral properties and recursion relations of Bessel functions (see Section 2.6.2),
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Figure 2.3 : Left panel: E-mode auto-correlation statistic. Line convention and LA model normalization are the same as in Figure 2.2. Inset shows more detail above rp = 10 h−1 Mpc. Right panel:
B-mode auto-correlation statistic is compared with the LA prediction of zero. The observations are
consistent with the prediction above 10 h−1 Mpc.

w0 (rp ) = w+ (rp ) in the LA model, which allows us to write the E/B decomposition:
wELA (rp )

1
= 2
π

C1 ρm,0
D(z)

!2 Z

dκdkz

κ5
Pδ (k) sin(kz Πmax )J0 (κrp ),
k 4 kz

LA
wB
(rp ) = 0.

(2.13)

Projecting the auto-correlation measurements of SDSS LRGs and using Equations (2.11)
and (2.12), we have calculated the observed E- and B-mode signals. Errors are calculated as
with w++ and w×× . Figure 2.3 shows the LA predictions and measurements. The observed
wB (rp ) is consistent with the LA prediction of zero on scales above 10 h−1 Mpc. Below this
scale, nonlinear terms become important, and it is not expected that wB would remain
negligible.

2.3.4

The alignment correlation function

Faltenbacher et al. (2009) introduced the alignment correlation function, wg (rp , θ), which
describes the dependence of clustering on both projected separation, rp , and the galaxy
orientation angle, θ, measured from the axis of separation. It is related to the previously
defined correlation statistics via the relations
2 Z π/2
dθ wg (rp , θ);
wg (rp ) =
π 0

w̃g+

2 Z π/2
=
dθ cos(2θ) wg (rp , θ),
π 0

(2.14)

where w̃g+ ≡ hcos(2φ)δg i is the wg+ statistic when not weighted by ellipticity. Because of its
angular dependence, wg (rp , θ) can in principle provide more information than wg+ . Indeed,
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Equation (2.14) shows that wg+ is the quadrupole moment of wg (rp , θ) and thus lacks any
information from higher angular moments.
We now derive wg (rp , θ) in the LA model. An arbitrary periodic function of θ can
be written as a sum of cos(nθ) and sin(nθ) terms. However, two symmetries exist for
wg (rp , θ) which greatly restrict possible terms. First, by parity, wg (rp , θ) = wg (rp , −θ), ruling
out all sin(nθ) terms. Second, since the ellipticities are invariant under rotations by π,
wg (rp , θ) = wg (rp , θ + π), which allows only cos(nθ) terms with n even. In its most general
form, therefore,
wg (rp , θ) = wg (rp ) +

X

an (rp ) cos(nθ).

(2.15)

n∈2Z

In Section 2.6.1, we demonstrate that the only possible angular dependence when density
and ellipticity fields are Gaussian is the cos(2θ)-term. Under these conditions, which are met
in the LA model, and applying Equation (2.14), we find:
wg (rp , θ) = wg (rp ) + 2w̃g+ (rp ) cos(2θ).

(2.16)

Thus, wg (rp , θ) contains the same information as wg (rp ) and wg+ (rp ) in the LA model.
Figure 2.4 compares the LA model prediction of the alignment correlation function with the
SDSS main sample measurements of Faltenbacher et al. (2009). These measurements divide
galaxies by luminosity and type. Errors represent the variance between 10 realizations in which
galaxy orientations have been randomly shuffled. We consider red galaxies in the following four
magnitude bins: {−20 < Mr < −19; −21 < Mr < −20; −22 < Mr < −21; −23 < Mr < −22}.
Consistent with the measurement, a projection length of Πmax = 40h−1 Mpc is used to calculate
the LA model prediction. Galaxy bias for each luminosity bin is calculated by fitting to
the observed correlation function (above 10 h−1 Mpc) and assuming that the total sample
has bg = 1.07 ± 0.01 (Zehavi et al. 2011). The best-fit values of LA strength, in order of
increasing luminosity, are C̃1 ρcrit = {0.16 ± 0.01; 0.17 ± 0.02; 0.36 ± 0.03; 1.55 ± 0.16}. We
speculate on what the trend of stronger alignment for more luminous objects may imply
about the dynamics of galaxy alignment in Section 2.5. The solid curves in Figure 2.4 include
redshift-space distortions, while the dashed curves do not. Redshift-space distortions alter
the ratio wg (rp , θ)/wg (rp ) by over 50% on large scales. The galaxy correlation function is
more enhanced than the angular term because it involves an integral over J0 (κrp ) rather
than J2 (κrp ) and thus receives greater contributions where enhancement is large (see Section
2.6.3).
Weighting by galaxy ellipticity
Recent work (Okumura & Jing 2009) has detected a small correlation between θ and γ0
that affects the measured ratio between ellipticity-weighted and unweighted GI statistics on
all scales. In the absence of such a correlation, the ratio between ellipticity-weighted and
unweighted statistics is simply the sample mean ellipticity hγ0 i. This correlation can arise, for
instance, if galaxies pointing towards over-dense regions have larger average ellipticities. This
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Figure 2.4 : Top panel: The best-fit LA model prediction for wg (rp , θ)/wg (rp ) compared with the
measurements of Faltenbacher et al. (2009) for 4 luminosity bins. The Halofit Pδ (k) is used. Solid
curves include redshift-space distortions, while dashed curves do not. The measurements are divided
into 3 angular bins. Bottom panel: Deviations from the prediction of cos(2θ) angular dependence.
See Section 2.3.4 for more information. For clarity, small horizontal offsets have been introduced to
circle and diamond points.
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ratio depends on correlations of both γ0 and δg with θ. For Gaussian density and ellipticity
fields, we find that the effect of this correlation is to modulate the ratio at all separations by
a factor 4/π (see Section 2.6.1):
LA
wg+
C1
2γrms
4
=
= hγ0 i = √ ,
LA
w̃g+
π
π
C̃1

(2.17)

q

where γrms ≡ hγ02 i. The ≈ 15 ± 10% excess of this ratio found at all separations in Okumura
& Jing (2009) is roughly consistent with the 4/π − 1 = 27% excess predicted by the LA
model. However, alignment stochasticity may be able to suppress this ratio (Section 2.4).
Higher-order angular dependence
Detection of cos(nθ) angular dependence in wg (rp , θ) for n ≥ 4 at a given scale would
indicate contributions from nonlinearities (which introduce non-Gaussianity in the density
field) or other alignment mechanisms.
Detecting such dependence is challenging, further complicated by the fact that small-scale
alignment processes suppress these terms (see Section 2.4). We can fit observed or simulated
data to a model which includes a higher-n angular term:
w(rp , θ) = w(rp ) + 2w̃g+ (rp ) cos(2θ) + w4 (rp ) cos(4θ).

(2.18)

In the case of the binned alignment correlation function presented in Faltenbacher et al.
(2009), the low angular resolution makes a reliable fit challenging. Nevertheless, one can
look for a potential cos(4θ) term by comparing observations with the LA prediction. In the
absence of higher-n terms,
2wg (rp , π/6 < θ < π/3) = wg (rp , 0 < θ < π/6) + wg (rp , π/3 < θ < π/2) = 2wg (rp ). (2.19)
In the bottom panel of Figure 2.4, we show that measured deviations from this prediction
are largely consistent with zero, although the errors are large. Future observations with
improved precision and better resolution in alignment angle should allow for detection of (or
constraints on) higher-n terms arising from processes outside the LA model. This analysis
can also be applied to halo orientations from simulations.

2.4

Additional contributions to intrinsic ellipticity

The LA model as described in Section 2.2 assumes that tidal alignment occurs down
to some minimum scale, determined by the smoothing filter S, and processes occurring on
smaller scales are ignored. We now consider extending the model by including alignment
stochasticity due to the small-scale processes. For example, this stochasticity could arise
from the small-scale tidal field or internal processes within the galaxy that generate ellipticity.
Such stochasticity need not be small and will result in galaxy ellipticities that deviate from
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the predictions of any large-scale model in an uncorrelated fashion. The presence of such
stochasticity is physically motivated, and Faltenbacher et al. (2009); Okumura et al. (2009)
have shown that misalignment between halo and galaxy ellipticities is necessary to match the
observed alignment amplitude.
We first consider a model in which stochasticity results in a Gaussian-distributed misalignment angle θm with width σ. This model has been previously used (Okumura et al. 2009;
Okumura & Jing 2009) to introduce misalignment between the orientations of simulated
halos and the galaxies that populate these halos. The full misalignment between galaxies and
the background tidal field is the combination of misalignments between (1) the tidal field
and halo and (2) halo and galaxy. Different physical processes may contribute to each. We
define the probability distribution of the misalignment angle, θm , with width σ:


1
1
f (θm )dθm = √
exp −
2
2πσ

θm
σ

!2 

(2.20)

 dθm .

We now calculate the effect of this misalignment on the alignment statistics. The true
alignment correlation function is the convolution of the original wg (rp , θ) and the misalignment
distribution: wgtrue (rp , θ) = wg (rp , θ)∗f (θ). This convolution provides the effect of stochasticity
on wg+ , which is simply the quadrupole moment of wg (rp , θ). Angular dependence in wg (rp , θ)
appears as cos(nθ) terms, so the relevant convolution is


Z

1
1
dθm cos(n(θ − θm )) √
exp −
2
2πσ

θm
σ

!2 


1
= cos(nθ) exp − n2 σ 2 .
2




(2.21)

For
h each icos(nθ) term, this model leads to a stochastic suppression factor of Sn,stoc ≡
exp − 12 n2 σ 2 . Stochastic angular misalignment suppresses the IA signal and does so particularly strongly for higher-order effects (i.e. for larger values of n). Physically, this exponential
suppression comes from periodicity under rotation: a stochastic rotation of ∼ π/n erases the
signal. Since wg+ comes from the n = 2 term of the alignment correlation function, stochasticity provides a suppression of S2,stoc = exp [−2σ 2 ]. Similarly, w++ and w×× come from the
n=2 term of an analogous alignment correlation function with two independent angles which
2
both contribute in the convolution. Thus, they will be suppressed by S2,stoc
= exp [−4σ 2 ]. In
the previous sections, the effects of stochasticity are included in the values of C1 determined
by fitting to measurement. The magnitude of C1 thus reflects both the degree to which
galaxies align with the tidal field and the amount which they are stretched along it.
The analysis of Okumura et al. (2009) measured the misalignment between halos in
an N -body simulation and the resident galaxies required to match the observed alignment
amplitude, finding σ ≈ 35◦ = 0.61 rad. This value ignores misalignment between the
background tidal field and the halos and thus provides a lower limit to the total misalignment
of galaxies. Using this value, S2,stoc ≈ 0.5, and the suppression of an n = 4 term is ≈10 times
greater.
The angular-misalignment model discussed above does not include any stochastic contribution to the magnitude of ellipticity and is thus more applicable to the unweighted statistics,
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which do not depend on this magnitude. To include more general stochastic effects, we
consider a second model that assumes a Gaussian distributed scatter in γ+ and γ× . For a
distribution width of ∆γ , this yields stochastic contributions of γ+s and γ×s with
2
2
γ+s
+ γ×s
1
=
exp
−
π∆2γ
∆2γ

"

f (γ+s , γ×s )dγ+s dγ×s

!#

dγ+s dγ×s .

(2.22)

Note that this model is equivalent to adding Gaussian scatter in the perpendicular
components of observed galaxy shape. The effect of stochasticity in this model is to increase
2
2
the total value of galaxy ellipticity: γrms,total
= γrms,LA
+∆2γ . Since it adds only a non-correlated
component to ellipticity, this model does not affect the magnitude of wg+ relative to the LA
model with no stochasticity: hδ (γ+LA + γ+stoc )i = hδγ+LA i. However, by increasing γrms,total , it
suppresses w̃g+ and thus the cos(2θ)-term of wg (rp , θ). The stochastic contributions to γ+
and γ× result in both a change in the observed ellipticity magnitude and alignment angle.
The suppression of w̃g+ can be seen as coming from the angular misalignment, which is
qualitatively similar to the angular misalignment model discussed above. Both models thus
result in suppressed angular information, particularly for higher-n terms.
In addition to affecting the alignment correlation statistics, astrophysical stochasticity
alters the observed value of γrms . In principle, one can measure the magnitude of stochasticity by comparing measurements of γrms with the LA theory prediction in the absence
2
LA
of stochasticity: γrms,LA
= 2ξ++
(rp = 0). The true γrms will exceed the stochasticity-free
prediction. Although stochasticity in the angular-misalignment model makes no contribution
to γrms , it suppresses the measured value of C1 by S2,stoc , leading to an inferred γrms less
than the true value. However, it is challenging to draw conclusions from this comparison
LA
because the integral for ξ++
(0) is highly dependent on the smallest scales for which the
LA model is assumed to be valid (i.e. the choice of smoothing filter). This dependence is
illustrated in Figure 2.5. For instance, smoothing on a typical halo scale corresponds to a
maximum wavevector kmax ∼ 2π/1 h Mpc−1 , while smoothing on nonlinear scales corresponds
to kmax ∼ 2π/10 h Mpc−1 . Due to these complications, we have chosen to leave γrms as a
parameter to be measured independently. The value of C1 can then be determined from the
alignment statistics rather than from γrms , as has been sometimes done in the absence of
alignment measurements (e.g. Catelan et al. 2001; Hirata & Seljak 2004). Nevertheless, as
seen in Figure 2.5, alignment with the large-scale tidal field can account for a large fraction
of the total observed LRG ellipticity. Note that for kmax & 1 − 10 h Mpc−1 , the LA model
will start to break down and the predictions shown here will be of limited validity.
Finally, we consider whether stochasticity suppresses the ratio wg+ /w̃g+ , discussed in §3.4.
In general, stochasticity can suppress this ratio, which depends on correlations of both γ0
and δg with θ. However, in the two models considered in this section, the ratio is unaltered
because any decrease in the correlation between γ0 and θ is exactly offset by a decrease in
the correlation between δg and θ.
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Figure 2.5 : The LA model prediction for γrms plotted as a function of the cut-off value kmax . Solid
lines are calculated using the Halofit Pδ (k), while the dashed lines are calculated with the linear
Pδ (k). The prediction is normalized assuming the best-fit LRG value for C1 . Black lines assume
a level of stochasticity consistent with Okumura et al. (2009), while red lines assume that no
stochasticity is present. For reference, the observed LRG value of γrms ≈ 0.17 is plotted (horizontal
blue dotted line).

2.5

Summary and conclusions

This work examined intrinsic galaxy alignment in the context of the tidal alignment
model. Using both II and GI correlation statistics in configuration space, we showed that the
model is consistent with measurements on scales above & 10 h−1 Mpc. Including nonlinear
corrections in Pδ (k) improves the fit at smaller separations, although we note that this is not
a rigorous nonlinear model. We measured best-fit values of the model strength parameter C1
using several statistics and two data sets, finding results that are consistent both internally
and with previous measurements. We examined IA statistics both unweighted and weighted
by ellipticity magnitude, γ0 . The ratio of these statistics (e.g. wg+ /w̃g+ ) depends not only on
the mean value of ellipticity for the observed galaxy sample, hγ0 i, but also on correlations
between both γ0 and δg and the position angle, θ. The LA model makes predictions for these
correlations which are qualitatively similar to what was observed in Okumura & Jing (2009).
The LA model predicts zero B-mode auto-correlation signal at lowest order. We found
that LRG measurements are consistent with this prediction. More precise measurements of
the B-mode signal should provide a valuable way to determine the importance of higher-order
terms in δ in the LA model, other alignment mechanisms, and systematic errors.
The recently proposed alignment correlation function wg (rp , θ) is of particular interest
as its angular dependence can contain additional information on galaxy alignment and
large-scale structure. However, we showed that for Gaussian density and ellipticity fields,
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a condition satisfied in the LA model, wg (rp , θ) has angular dependence cos(2θ) and is
completely described by wg (rp ) and wg+ (rp ). This angular dependence is consistent with
the recent measurement of Faltenbacher et al. (2009). We found that departures from these
conditions allow additional angular terms to contribute, although they are suppressed by
alignment stochasticity. The next order angular term is suppressed by an order of magnitude
for the level of misalignment that has been measured in Okumura et al. (2009); Okumura &
Jing (2009).
Finally, we considered how to include stochastic contributions to a model of intrinsic
alignment. Astrophysical sources of stochasticity can affect both the magnitude and direction
of galaxy ellipticity, and previous measurements (Okumura et al. 2009; Okumura & Jing 2009;
Faltenbacher et al. 2009) indicate that such stochasticity is needed to account for differences
between the strength of alignment measured in simulated halos as opposed to observed galaxies.
This stochasticity is compounded by uncertainties in measuring hγ0 i: correcting for the PSF
can alter the observed value by ≈ 10 - 30%. Due to these complications, it is not recommended
to normalize any IA model using local statistics such as ellipticity mean or variance as some
studies have done. Nevertheless, the LA model is able to account for a significant fraction of
observed LRG ellipticity. We considered two models for stochasticity, angular misalignment
and ellipticity scatter, and found that these models have similar observational signatures
and are consistent with current measurements of intrinsic alignment amplitude. Since much
of this stochasticity should come from physical processes such as galaxy mergers and gas
dynamics on nonlinear scales, it is likely that the stochastic suppression will be a function of
time, and thus care must be taken when attempting to separate the intrinsic alignment and
weak lensing signals based on their redshift dependence (e.g. Catelan et al. 2001).
Previous work (e.g. Faltenbacher et al. 2009; Joachimi et al. 2011) has found a significant
luminosity dependence in the strength of galaxy alignment. The tendency of stochasticity to
vary with time will affect the relative amplitudes of alignment correlation statistics between
galaxy samples that formed at different redshifts. One possible explanation for the trend of
alignment increasing with galaxy luminosity is that more luminous objects have formed more
recently and have had less time to misalign from the tidal axis along which they formed. This
picture is consistent with a scenario in which halo ellipticities are determined primarily during
times of collapse and accretion. For instance, one plausible mechanism for forming triaxial
halos aligned with the tidal axis is the radial orbit instability (ROI; see, e.g., MacMillan
et al. 2006; Carpintero & Muzzio 1995). The ROI occurs when particles with radial orbits
are torqued by a small asymmetry in an otherwise spherical system, causing them to align
with and enhance the asymmetry. The ROI is potentially responsible for the overall triaxial
shape as well as the nearly universal radial density profile of halos (MacMillan et al. 2006;
Carpintero & Muzzio 1995; Bellovary et al. 2008). We speculate that the ROI (or some other
mechanism) acts during the accretion of matter to align the halo and the galaxy it contains
with the tidal field. Such a mechanism may allow the accretion of a small fraction of total
halo mass to affect the shape and orientation of the entire halo.
However, this alignment mechanism is likely a transient phenomenon. After accretion
stops, the shape and orientation of the halo should evolve on roughly a dynamical timescale.
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Because dynamical time decreases with density, the outer region of a halo will have significantly
longer dynamical times than the central region, where the galaxy resides. Thus, the inner
region (and associated galaxy) will acquire a misalignment from the tidal field more quickly
than the halo as a whole. The process of misalignment has been studied in simulations by
Pereira & Bryan (2010), who find that halos orbiting in a cluster environment can experience
significant internal twisting leading to appreciable misalignment between dark matter and a
central stellar component.
This connection of matter accretion to galaxy orientation yields two predictions. First,
objects that have more recently accreted matter will be more strongly aligned with the
tidal field (corresponding to a larger value of C1 in the LA model). This trend is consistent
with the observed luminosity dependence of the IA signal. Second, because of the gradient
in dynamical time, stochastic evolution after the shut-off of the alignment mechanism, via
gravitational relaxation or interactions with other systems, will result in misalignment between
the central regions of halos (or equivalently the galaxies they contain) and the outer halo
regions, which will remain more closely oriented with the tidal field. Such misalignment is
observed in simulations (Faltenbacher et al. 2009) with an amplitude consistent with that
required to match alignment statistics calculated from simulations with those observed from
real galaxies (Okumura et al. 2009; Okumura & Jing 2009). Using a semi-analytic galaxy
catalog approach, Faltenbacher et al. (2009) find that more luminous galaxies (assumed to
have the same orientation as the central halo component) are more closely aligned with their
parent halos. However, the trend they measure is too weak to account for all of the luminosity
dependence in the alignment correlation function. Thus, halos containing more luminous
objects may also exhibit stronger alignment with the tidal field, and galaxies may be less
aligned with the central halo region than assumed.
It would be interesting to more closely examine possible mechanisms for establishing
intrinsic alignment. The interplay between accretion and other dynamical evolution may
impart a redshift dependence on the strength of alignment. While accretion was generally
more rapid at higher redshift, at later times the effects of additional accretion could increase
alignment, or other evolution processes could become significant. Accurate characterization
of this redshift dependence would improve our understanding of the importance of different
physical processes in galaxy formation and evolution (although, see Joachimi et al. 2011, who
find no significant redshift dependence for LRGs out to z ≈ 0.7). Further measurements and
theoretical work in this area are of particular relevance since the sources used in lensing studies
are often at higher redshifts than those used to measure IA. Future work with both N -body
and baryon simulations can probe the dynamical aspects of galaxy alignment. Detailed
observations could provide a direct probe of misalignment between galaxies and the halos in
which they reside.
Encouraging progress has been made in recent years towards understanding the intrinsic
alignment of galaxies and quantifying its effects. Much work remains to be done as we prepare
for the next generation of weak lensing experiments. The issues discussed here, combined
with the improved precision of future measurements, will provide methods to better describe
and account for the intrinsic alignment of galaxies.
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2.6
2.6.1

Chapter supplement
Calculating w(rp , θ) in the linear alignment model

Consider a set of N Gaussian fields {qi }, which are assembled into a vector q, and some
function of these fields F (q1 , ..., qN ). An ensemble average of F is given by the integral:
hF i =

Z

dq1 ...dqN

F (q1 , ..., qN )
− 12 q~T C −1 q~
e
(2π)N/2 (detC)1/2

(2.23)

where Cij ≡ hqi qj i is the relevant covariance matrix.
We consider a reference galaxy at position x1 with shear γ0 and a second galaxy at point
x2 . The second galaxy has position angle θ, as measured from the major axis of the reference
galaxy. Measured from the separation axis, the reference galaxy has γ+ = γ0 cos(2θ). We are
interested in calculating the 3-dimensional alignment correlation function, ξg (r, θ). We start
with the definition of the standard correlation function, ξg (r):
hn1 n2 i ≡ n̄2 [1 + ξg (r)],

(2.24)

where n1 = n̄[1 + δ1 ] and from the θ-dependence, n2 = n̄[1 + δ2 (θ)]. Thus,
hn1 n2 |θi = n̄2 [1 + hδ2 |θi + hδ1 δ2 |θi].

(2.25)

Comparing with (2.24), we have:
ξg (r, θ) = hδ2 |θi + hδ1 δ2 |θi.

(2.26)

We apply Equation (2.23) with F = δ2 + δ1 δ2 and four Gaussian fields: {δ1 , δ2 , γ+ , γ× },
where γ(+,×) is evaluated for the reference galaxy at x1 . Isotropy gives hγ+ γ+ i = hγ× γ× i,
hδ1 γ(+,×) i = 0, and parity conservation requires hγ+ γ× i = hδ2 γ× i = 0. These symmetries
greatly simplify the covariance matrix. Finally, we switch integration variables using dγ+ dγ× =
dγ0 dθ det(J), where J is the Jacobian and det(J) = 2γ0 . Integrating over all variables except
for θ, the result is
π
ξg (r, θ) = ξg (r) +
2hγ+ γ+ i

!1/2

cos(2θ)hδ2 γ+ ir ,

(2.27)

where we have multiplied by an overall factor of π to match the normalization convention
adopted above. Performing the projection yields
π
wg (rp , θ) = wg (rp ) +
2hγ+ γ+ i

!1/2

cos(2θ)wg+ (rp ).

(2.28)

We thus see that Gaussian density and ellipticity fields allow only cos(2θ) angular dependence
in wg (rp , θ). From Equations (2.14) and (2.28), we also find the following result:
wg+
2γrms
= √ ,
w̃g+
π

(2.29)
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2
where we have used 2hγ+ γ+ i = γrms
. This ratio is the effective average of γ0 , where the
ellipticity of each galaxy is weighted by how strongly it contributes to the statistic. If there
were no correlation between γ0 and θ, the ratio would simply be hγ0 i for the entire galaxy
sample. It is this hypothesis that is tested in Okumura & Jing (2009), where they detect a
∼ 15% modulation effect due to a correlation between γ0 and θ. Note that the results derived
here (Equations (2.27)-(2.29)) hold for any scenario in which the density and ellipticity fields
are Gaussian, such as the LA model.
We can employ the same formalism to more closely examine this correlation in the LA
model. If we don’t perform the γ0 integral, we find:

!
h
i
γ0
γ02
2
wg (rp , θ, γ0 ) =
exp
−
hγ
iw
(r
)
+
γ
cos(2θ)w
(r
)
.
g
p
0
g+
p
+
πhγ+ γ+ i2
2hγ+ γ+ i

(2.30)

We can define an ellipticity-weighted alignment correlation function wgγ (rp , θ). Without the
γ0 integral, this statistic is wgγ (rp , θ, γ0 ) = γ0 wg (rp , θ, γ0 ).
The isotropic term gives the standard correlation function wg (rp ), while the angledependent term is related to wg+ . These terms have different γ0 scalings because δ2 and
δ1 δ2 pick out different terms in the exponent of the likelihood integral, Equation (2.23). The
ratios between unweighted and weighted statistics will thus be different for isotropic and
angle-dependent terms. Performing the integral over γ0 yields
4 wgγ (rp )
2γrms
wg+ (rp )
=
= √ .
w̃g+ (rp )
π wg (rp )
π

(2.31)

When we only consider counts of galaxy pairs, as with wg (rp ), all galaxies contribute
equally. When pair counts are multiplied by alignment angle, as with wg+ , galaxies that
are more closely aligned with separation vectors are more heavily weighted. A correlation
between γ0 and θ leads to a different effective average value for γ0 . For the LA model, such a
correlation is present: more closely aligned galaxies have larger average values of γ0 .

2.6.2

Bessel function identities for E and B modes

Inserting the LA model results into Equation (2.12), we find:
!2 Z

κ5
Pδ (k, z) sin(kz Πmax )
k 4 kz
0
#
"
Z ∞
Z ∞
0
0
0 J4 (κx )
2
0 J4 (κx )
× J4 (κx) + 4
dx
.
− 12x
dx
x0
x03
x
x

1
w (x) = 2
π
0

C1 ρm,0
D(z)

∞

Applying the recursion relation Jn (y) =

dκdkz

y
2n

(2.32)

[Jn−1 (y) + Jn+1 (y)] yields:

8
J0 (y) = J4 (y) +
y

!

1
J2 (y) − J3 (y) .
y

(2.33)
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We then use following integral identities:
Z ∞

0
0 J4 (κx )
dx
x0

1
[2J2 (κx) + κxJ3 (κx)] ,
(κx)2
x
Z ∞
0
J3 (κx)
0 J4 (κx )
dx
=
,
03
x
κx3
x
=

(2.34)

and find
J4 (κx) + 4

Z ∞
x

0
0 J4 (κx )
dx
x0

− 12x

2

Z ∞
x

0
0 J4 (κx )
dx
x03

= J0 (κx).

(2.35)

Thus, w0 (x) = w+ (x) in the LA model.

2.6.3

Including redshift-space distortions

When measured redshifts are used to determine distances to galaxies, peculiar velocities
introduce errors in the line-of-sight position (Kaiser 1987). For the LA model, we are
concerned with large scales, where coherent infall causes an apparent squashing of structure
along the line-of-sight, leading to a spurious enhancement of clustering power. As first
described in Kaiser (1987), we can relate the power spectrum in real space, P r (k), with one
measured in redshift space, P s (k):
h

P s (k) = P r (k) 1 + βµ2

i2

(2.36)

where µ = cos(θk ) for angle θk between k and the line-of-sight; β = f (a)/bg for galaxy bias bg
and f (a) ≡ dlnD/dlna, the logarithmic growth rate of fluctuations. For this work, we apply
the fitting formula f (a) = Ωm (a)0.6 and values for bg measured using the amplitude of the
correlation functions of the different galaxy samples. We use β ≈ 0.3 for the LRG sample
and β ≈ 0.4 for the main sample, consistent with previous measurements (Tegmark et al.
2006). Although we consider projected statistics, the effects of redshift-space distortions
remain non-negligible because of the finite projection length (see, e.g., Baldauf et al. 2010).
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Chapter 3
Separating intrinsic alignments and
galaxy-galaxy lensing
The coherent physical alignment of galaxies is an important systematic for gravitational
lensing studies as well as a probe of the physical mechanisms involved in galaxy formation and
evolution. We develop a formalism for treating these intrinsic alignments (IA) in the context
of galaxy-galaxy lensing and present an improved method for measuring IA contamination,
which can arise when sources physically associated with the lens are placed behind the lens
due to photometric redshift scatter. We apply the technique to recent Sloan Digital Sky
Survey (SDSS) measurements of Luminous Red Galaxy lenses and typical (∼ L∗ ) source
galaxies with photometric redshifts selected from the SDSS imaging data. Compared to
previous measurements, this method has the advantage of being fully self-consistent in its
treatment of the IA and lensing signals, solving for the two simultaneously. We find an IA
signal consistent with zero, placing tight constraints on both the magnitude of the IA effect
and its potential contamination to the lensing signal. While these constraints depend on
source selection and redshift quality, the method can be applied to any measurement that
uses photometric redshifts. We obtain a model-independent upper-limit of roughly 10% IA
contamination for projected separations of rp ≈ 0.1–10 h−1 Mpc. With more stringent photo-z
cuts and reasonable assumptions about the physics of intrinsic alignments, this upper limit
is reduced to 1–2%. These limits are well below the statistical error of the current lensing
measurements. Our results suggest that IA will not present intractable challenges to the
next generation of galaxy-galaxy lensing experiments, and the methods presented here should
continue to aid in our understanding of alignment processes and in the removal of IA from
the lensing signal.

3.1

Introduction

Observations of gravitational lensing, the deflection of light by matter between the source
and observer, have become an important and widely-used tool in cosmology and astrophysics
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(for a review, see Bartelmann & Schneider 2001; Refregier 2003; Hoekstra & Jain 2008; Massey
et al. 2010). Lensing measurements are equally sensitive to all types of matter, making them
a particularly useful probe of dark matter and theories of gravitation (Zhang et al. 2007).
Galaxy-galaxy lensing measures the gravitational influence of massive foreground (“lens”)
objects on the measured shapes of background (“source”) galaxies. In the weak lensing
regime, such effects must be studied statistically, since the lensing deflections are typically
factors of several tens to hundreds smaller than the intrinsic galaxy ellipticities. Correlating
the observed source shapes with lens positions measures the galaxy-mass cross-correlation,
which can in turn be used to examine the density profile of halos and probe the standard
ΛCDM paradigm as well as theories of modified gravity (Reyes et al. 2010; Lombriser et al.
2012a). Combining such lensing results with clustering measurements of similar lenses may
provide an especially robust probe of density fluctuations (Baldauf et al. 2010).
Coherent, large-scale correlations of the intrinsic shapes and orientations of observed
galaxies are a potentially significant source of systematic error in gravitational lensing studies,
with the corresponding potential to bias or degrade lensing science results. These intrinsic
alignments (IA) have been examined from both observational (Mandelbaum et al. 2006a;
Hirata et al. 2007; Okumura et al. 2009; Okumura & Jing 2009; Joachimi et al. 2011;
Mandelbaum et al. 2011) and theoretical (Croft & Metzler 2000; Heavens et al. 2000; Lee &
Pen 2000, 2001; Catelan et al. 2001; Crittenden et al. 2001; Jing 2002; Hui & Zhang 2002;
Hirata & Seljak 2004; Lee et al. 2008; Schneider & Bridle 2010; Blazek et al. 2011; Schneider
et al. 2011) perspectives. For instance, luminous red galaxies have been observed to align
preferentially towards overdense regions. Since lensing increases the observed tangential
shape of background galaxies, contamination from such radial alignment would reduce the
inferred lensing effect. This type of IA contribution is often referred to as a “GI” term,
referring to the correlation between matter density, which sources gravitational (G) shear,
and intrinsic (I) shear (see Hirata & Seljak 2004; Blazek et al. 2011). It is this type of IA
effect that can contaminate a galaxy-galaxy lensing measurement, and one can relate the
observed distribution of lens galaxies to the underlying matter distribution to equate with
the GI term as originally formulated in the context of cosmic shear. Thus, with sufficient
modeling of IA and the effects of redshift quality, a measurement of IA in galaxy-galaxy
lensing can probe the IA contribution to cosmic shear.
In the context of galaxy-galaxy lensing, the use of accurate spectroscopic redshifts would
ensure that lens and source galaxies are separated by a large distance along the line-of-sight
and thus that any intrinsic correlations are negligible. Although such correlations may
exist between the shapes of the background source galaxies, they yield no total signal when
measurements around many lenses are “stacked.” However, obtaining large numbers of spectroscopic redshifts is highly resource intensive, making it difficult to form large samples and
achieve small statistical uncertainty. An alternative approach is to use photometric redshifts
(photo-z’s) from multi-band imaging. Although less accurate than spectroscopic redshifts,
photo-z’s make much larger galaxy catalogs readily available, greatly improving the potential
signal-to-noise of lensing measurements. The degradation of distance information due to
the use of photo-z’s requires additional calibration during lensing analysis (Mandelbaum
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et al. 2008; Nakajima et al. 2011) and may introduce additional systematic uncertainties. As
many of the next generation surveys will be photometric (e.g., KIDS1 KIlo Degree Survey,
http://kids.strw.leidenuniv.nl/ DES,2 HSC,3 and LSST4 ), a detailed quantitative understanding of the impact of using photo-z’s will be crucial for the future of precision weak
lensing.
When using photo-z’s in a galaxy-galaxy lensing measurement, IA can contribute a
non-negligible signal. Large redshift uncertainties can result in galaxies that are physically
associated with the lens being mistakenly assigned a large line-of-sight separation. Thus, if
there exists a significant correlation between galaxy shape and the density field, as traced by
the location of lens galaxies, IA contamination can enter the lensing signal.
Despite previous work, the physical mechanisms underlying IA, as well as the magnitude
of IA in relevant lensing samples, remain poorly understood. In this chapter, we develop
and apply a technique to measure this IA contamination. Previous studies have used lowredshift spectroscopic observations to directly measure the IA shear - density correlation
(e.g. Bernstein & Norberg 2002; Sheldon et al. 2004; Hirata et al. 2007). In Joachimi et al.
(2011), a similar measurement is made using photometric redshifts of Luminous Red Galaxies
(LRGs) at intermediate redshift (0.4 < z < 0.7), requiring the removal of the lensing effects
that contribute due to redshift uncertainty. In Hirata et al. (2004), IA is constrained in
the context of galaxy-galaxy lensing under the assumption that no IA contamination exists
in a photo-z selected group of background source galaxies. We propose a new method to
simultaneously measure the IA and lensing signals from photometric lensing measurements
with minimal assumptions. We exploit the fact that the IA signal is sourced by contamination
from galaxies physically associated with the lens. Splitting the source catalog by separation
in photo-z from the lens allows us to compare samples with different levels of contamination
and thus solve simultaneously for the IA signal and lensing shear. This method is completely
self-contained and model-independent, using only the lensing measurements themselves to
constrain IA. Limited model-dependent assumptions can also be applied to improve constraints
(see Bernstein 2009; Joachimi & Bridle 2010; Zhang 2010; Troxel & Ishak 2012 for techniques
to remove IA using flexible models).
We apply this method to LRG lenses and typical photometric galaxy lenses in the Sloan
Digital Sky Survey (SDSS). The main distinctions between this study and Joachimi et al.
(2011) are the lower redshift range for this work, and the fact that Joachimi et al. (2011)
directly measured the intrinsic alignments of LRGs whereas we use the galaxy-galaxy lensing
signal to measure the intrinsic alignments of typical source galaxies that dominate lensing
measurements. Using this technique with upcoming large imaging surveys will allow us
to probe IA across a range of scales and as a function of both lens and source properties.
A potentially valuable application of this method is in the galaxy-galaxy lensing mass
determination of galaxy clusters. The use of clusters to constrain cosmological parameters
1

,
Dark Energy Survey, https://www.darkenergysurvey.org
3
Hyper Suprime-Cam, http://oir.asiaa.sinica.edu.tw/hsc.php
4
Large Synoptic Survey Telescope, http://www.lsst.org
2
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relies on understanding and removal of effects which could bias the inferred masses. Better
characterization of alignment in different galaxy populations will improve our understanding
of systematic errors for weak lensing studies in general, and will provide a probe of the
complex astrophysical processes involved in galaxy formation and evolution.
This chapter is organized as follows. Section 3.2 describes the observations involved in
galaxy-galaxy lensing and the data utilized in this study. Section 3.3 contains a brief overview
of the formalism of galaxy-galaxy weak lensing, including IA. Section 3.4 discusses our method
of extracting IA from the lensing signal, and Section 3.5 shows our results. We conclude with
a discussion of the implications of our work in Section 3.6. A chapter supplement includes a
more technical discussion of issues relevant to our measurement method. Calculating the
lensing signal and calibration factors requires a cosmological model, although this assumption
has a minimal impact on the IA results. Where relevant, we adopt a flat ΛCDM universe
with Ωm = 0.25 and present results in units with h = 1.

3.2

Data

For measurement of galaxy-galaxy lensing and of intrinsic alignments, we use data from
the Sloan Digital Sky Survey. A requirement for this study is to have reasonably accurate
redshift information for the galaxies that we use as lenses (tracing the density field) and
those that we use to measure shapes (tracing either the intrinsic alignments or the lensing
shears, depending on the line-of-sight position with respect to the lens). In addition, we must
measure galaxy shapes at sufficient resolution. In this section, we describe the data used for
the lens and shape samples.
The SDSS (York et al. 2000) imaged roughly π steradians of the sky and spectroscopically
followed-up approximately one million of the detected galaxies (Eisenstein et al. 2001; Richards
et al. 2002; Strauss et al. 2002). The imaging was carried out by drift-scanning the sky in
photometric conditions (Hogg et al. 2001; Ivezić et al. 2004), in five bands (ugriz) (Fukugita
et al. 1996; Smith et al. 2002) using a specially-designed wide-field camera (Gunn et al. 1998).
These imaging data were used to create the source catalog used in this work. We also use SDSS
spectroscopy for the lens galaxies. All of the data were processed by completely automated
pipelines that detect and measure photometric properties of objects, and astrometrically
calibrate the data (Lupton et al. 2001; Pier et al. 2003; Tucker et al. 2006). The SDSS
I/II imaging surveys were completed with a seventh data release (DR7; Abazajian et al.
2009), though this work also relies on an improved data reduction pipeline that was part of
the eighth data release, from SDSS III (Aihara et al. 2011); and an improved photometric
calibration (‘ubercalibration’; Padmanabhan et al. 2008).

3.2.1

Lens sample

The lens sample considered here consists of LRG lenses from DR7 as selected by Kazin
et al. (2010). To match cuts in the shape sample on imaging and PSF quality, positions with

3.3. LENSING FORMALISM

46

respect to bright stars, and extinction, we remove 8% of the area, yielding a final area of
7,131 deg2 . The lens sample consists of 62,081 galaxies with spectroscopic redshifts between
0.16 ≤ z < 0.36 and g-band absolute magnitudes Mg in the range [−23.2, −21.2], with a
roughly constant comoving density of 10−4 (h−1 Mpc)−3 . For all calculations, we include a
weight for each lens designed to mitigate the effects of fiber collisions, completeness, and
large-scale structure fluctuations (Kazin et al. 2010).

3.2.2

Shape sample

The sample of galaxies with shape measurements, used in this work to study both the
gravitational shear and the intrinsic alignment field, is described in Reyes et al. (2011). This
catalog is based on the SDSS DR8 photometric data, processed using re-Gaussianization
(Hirata & Seljak 2003) to correct for the effect of the point-spread function (PSF). It contains
∼ 30 million galaxies (1.2 arcmin−2 ) with r-band apparent magnitude r < 21.8. There are
also cuts on the image quality, quality of the PSF estimation, galaxy size compared to the
PSF, and Galactic extinction. The photometric redshifts assigned to each galaxy based on
the five-band photometry are from the Zurich Extragalactic Bayesian Redshift Analyzer
(ZEBRA; Feldmann et al. 2006). The photo-z uncertainty is σz /(1 + z) ∼ 0.11, due primarily
to the low S/N for the majority of the photometric galaxies. The impact of this uncertainty
on lensing measurements with this catalog is characterized by Nakajima et al. (2011). For
this analysis, we use the entire source sample, as well as “red” and “blue” color sub-samples,
where the split is done using the ZEBRA template type (see Section 3.7.1 for more details).
For comparison with other IA results, note that the typical luminosity of these sources in the
redshift range of interest is ≈ L∗ , making them comparable to the SDSS L4 sample. Where
relevant, we refer to the SDSS luminosity classification scheme described in Tegmark et al.
(2004), based on r-band absolute magnitude. The labels {L1, L2, L3, L4} correspond to Mr
in the ranges {[-17,-16]; [-18,-17]; [-19,-18]; [-20,-19]}.

3.3

Lensing formalism

As light travels from a distant galaxy, the presence of intervening matter alters its
path, acting as a “gravitational lens” and altering the observed shape of the galaxy. This
gravitational shear is determined by the projected mass density along the line-of-sight.
In this section we summarize the relevant aspects of lensing formalism and develop a
consistent treatment of intrinsic alignment. For a more detailed treatment of lensing, see,
e.g., Bartelmann & Schneider (2001) or Mandelbaum et al. (2005); Reyes et al. (2011) for
systematic issues.

3.3.1

Galaxy-galaxy lensing

Observed galaxy shapes are a combination of the intrinsic shape and the gravitational
shear. The observed ellipticity of an object, e, is related to observed shear by the responsivity
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factor R, which measures the average response of an ensemble of source shapes to a given
shear: hγi = hei/2R (Bernstein & Jarvis 2002). In the weak lensing limit, one can write
the shear as a sum of gravitational (G) and intrinsic (I) contributions: γ = γ G + γ I . For
an individual object, the intrinsic shape dominates, although if the intrinsic components
of galaxy shapes are not correlated with each other, they will average to zero and simply
contribute a “shape noise” to the measurement. Thus, it is often assumed that the observed
shear components provide an unbiased estimator of the true gravitational shear: over a large
number of sources hγ̃i = γ G , where a tilde denotes an observed quantity. In the case of
galaxy-galaxy lensing, the lensing of background (“source”) galaxies is dominated by a single
massive foreground (“lens”) object, which imparts a tangential shear to the observed shapes,
yielding a correlation with the lens position. We define the lens surface density contrast,
∆Σ, as the difference between the average (projected) surface mass density within radius rp
and the surface mass density at rp : ∆Σ(rp ) = Σ̄(< rp ) − Σ(rp ). The tangential gravitational
shear, γtG , is related to the surface density contrast:
∆Σ = Σc γtG ,

(3.1)

where Σc is the critical surface density, expressed in comoving coordinates as
Σc =

c2
Ds
.
4πG (1 + zl )2 Dl Dls

(3.2)

The angular diameter distances Dl , Ds , and Dls are between the observer and lens, observer
and source, and lens and source, respectively, while zl is the lens redshift.
If the intrinsic shapes of nearby galaxies are correlated with each other, an intrinsic
alignment shear contribution, which we denote γ IA , will be present:
hγ̃t i = γtG + γtIA

(3.3)

For notational simplicity, in the remainder of this work we drop the “t” subscript - all shears
are assumed to refer to the tangential component. A galaxy-galaxy lensing measurement
consists of averaging over many lens-source pairs to estimate the average lens density contrast:
B(rp )
g
∆Σ(r
p) =

lens
P
j
lens
P
j

w̃j Σ̃c,j γ̃j

B(rp )
=

w̃j

lens
P
j



w̃j Σ̃c,j ∆Σ(rp )Σc,j −1 + γjIA
lens
P



,

(3.4)

w̃j

j

where w̃j is the weight given to each lens-source pair, and B(rp ) is the boost factor, discussed
below, which accounts for sources that are physically associated with the lens. In the
summation expressions, “lens” denotes a sum over all real lens-source pairs with projected
separation rp in the desired bin, while “rand” denotes a sum over random lens-source pairs
(where the random lenses are distributed with the same angular and radial selection function as
the real lenses). The optimal weight (Mandelbaum et al. 2008) for each pair is a combination
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of the geometric factor Σc,j , shape noise from the variance in the source ensemble (erms ), and
the individual object measurement noise (σe,j ):
w̃j =

3.3.2

1
Σ̃2c,j



2
e2rms + σe,j

(3.5)

.

Accounting for physically associated galaxies

When looking along the line-of-sight at or near a lens galaxy, the measured number
density of sources, as a function of redshift, is given by the sum of two components: a smooth
background dn/dz, determined by observational parameters and selection cuts; and a sharp
peak located at zl due to galaxies that are physically associated with the lens and thus
strongly clustered with it. The boost factor, B, measures the contribution of this excess peak
in the photometrically defined source sample. Since these excess galaxies are not lensed, they
will dilute the measurement unless accounted for explicitly, as done in Equation 3.4. The
boost is observationally determined by comparing the weighted number of lens-source pairs
for a given source sample with the number of random-source pairs for the same sample:
lens
P

B(rp ) =

w̃j

j
rand
P

(3.6)

.
w̃j

j

With accurate redshift information, it would be easy to exclude physically associated sources,
and the boost would approach 1. The measured boosts for the samples used in this study
are shown in Figure 3.1. The quantity (B − 1)/B gives the fraction of galaxies in the source
sample that are physically associated with the lens. Note that we are assuming that the
number of physically associated galaxies is the same as the number of “excess” galaxies due
to clustering. This assumption need not hold, a subtlety we will explore below.

3.3.3

Correcting for photometric redshift bias

If IA contributes no signal, γjIA = 0, and the expression in Equation 3.4 can be rearranged:
g
∆Σ

IA=0

∆Σ

B(rp )

lens
P
j

=

rand
P

w̃j Σ̃c,j Σc,j −1

lens
P

=
w̃j

j

w̃j Σ̃c,j Σc,j −1

j
rand
P

≡ bz + 1,

(3.7)

w̃j

j

where we have defined bz , the bias in the lensing signal due to the uncertainty in photometric
redshift, and used the fact that excess galaxies are at the lens redshift and thus have Σc,j −1 ≈ 0
such that
lens
X
j

w̃j Σ̃c,j Σc,j −1 =

rand
X
j

w̃j Σ̃c,j Σc,j −1 .

(3.8)
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Figure 3.1 : Boost factors, which measure the number of “excess” lens source pairs due to clustering
and photo-z uncertainty, are shown for different source colors and source subsamples (described
in Section 3.4). For red sources, the “extended boosts” (described in Section 3.4.2) are shown as
open symbols. As expected, boosts are larger for red galaxies (which cluster more strongly) and for
samples defined with photo-z’s closer to the lens redshift. In all figures, error bars indicate 68%
confidence regions and small horizontal offsets are added for clarity.

Because the lensing efficiency, expressed by Σc , is a nonlinear function of distance, even an
unbiased scatter in redshift can result in a biased lensing measurement, and correction for
this photometric bias must be applied when photometric redshifts are used. The value of
bz is a function of the lens redshift, but for the purposes of this study, we only need the
average value hbz i, determined by integrating over the lens redshift distribution (see, e.g.,
Equation 22 of Nakajima et al. 2011). Combined with the definition of the boost, we can
express bz as a sum over sources around random points rather than lenses, allowing the use
of calibration sets from fixed areas of the sky unassociated with the lenses. To calculate
hbz i, we follow the methods of Nakajima et al. (2011), utilizing the same calibration sets.
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These calibration sets consist of galaxies with both spectroscopic and photometric redshifts,
allowing the determination of both Σ̃c,j and Σc,j . Object selection in these calibration samples
matches that for the source samples considered here.
With these definitions, we can rearrange Equation 3.4 to write the true ∆Σ in terms of
g and the IA contamination (no longer assumed to be zero):
the observed ∆Σ


B(rp )





g
∆Σ(rp ) = cz ∆Σ(r
p) −

lens
P



w̃j γjIA Σ̃c,j 

j
lens
P

w̃j


,


(3.9)

j

where cz ≡ (hbz i + 1)−1 . In the limiting case of no IA, physically associated galaxies contribute
nothing to the measured signal, and the boost acts to cancel this “dilution.”

3.4
3.4.1

Methodology for measuring intrinsic alignments
Solving for IA

Galaxies that are physically associated with the lens but mistakenly placed behind the lens
due to scatter in photometric redshift can lead to IA contamination. At greater line-of-sight
separation from the lens, the number of associated galaxies should decrease, assuming a
well-behaved photo-z distribution. We exploit this fact to separate IA from the lensing signal.
Our IA method is valid in the presence of catastrophic photo-z failures, however the rate and
distribution of these failures must be understood using a representative redshift calibration
sample. In principle, catastrophic failures could induce a non-physical correlation between IA
and observed line-of-sight separation which will bias results if not taken into account. For
these SDSS measurements, the failure rate is both low and well-understood and can be safely
ignored.
With a minor simplification to the second term in brackets in Equation 3.9, we can
explicitly solve for the IA contamination. As discussed above, lens-source pairs can be divided
statistically into “random” and “excess” pairs:
lens
X

w̃j γjIA Σ̃c,j =

j

excess
X

w̃j γjIA Σ̃c,j +

rand
X

j

w̃j γjIA Σ̃c,j .

(3.10)

j

We take the sum over “random” pairs to be zero, since non-associated pairs should not
be aligned with the lens, and it is assumed that the number of excess pairs is a good
approximation for the number of physically associated ones. On small scales, where clustering
is strong, this assumption is a good one. On larger scales, this assumption may break down,
a possibility we address below. We further simplify the expression by replacing the value γjIA
for each lens-source pair in the sum with the effective average value for excess pair, γ̄IA (rp ):
lens
X
j

w̃j γjIA Σ̃c,j = γ̄IA (rp )

excess
X
j

w̃j Σ̃c,j .

(3.11)
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Equation 3.9 can then be rewritten:
h

i

g
∆Σ(rp ) = cz ∆Σ(r
p ) − (B(rp ) − 1) γ̄IA (rp )hΣ̃c iex (rp ) ,

(3.12)

where hΣ̃c iex (rp ) can be directly measured:
excess
P

hΣ̃c iex (rp ) =

all
P

w̃j Σ̃c,j

j
excess
P

=

w̃j Σ̃c,j −

j

w̃j

j

all
P

w̃j −

j

rand
P
j
rand
P

w̃j Σ̃c,j
.

(3.13)

w̃j

j

This simplification of the IA sum is reasonable because the large photometric uncertainty
effectively removes any correlation between observed Σ̃c and γ IA for each physically associated
object. In other words, the intrinsic alignment shear should depend on the line-of-sight
separation between lens and source, but our photo-z errors are far larger than the scales
relevant for IA variation.
We consider two groups of lens-source pairs, denoted a and b, defined in terms of the
separation between lens (located at zl ) and source (with photometric redshift zp ). We take
sample a to consist of all pairs with zl < zp < zl + ∆z while sample b has zp > zl + ∆z,
where ∆z = 0.17. Other splitting schemes are feasible, and this technique can be generalized
to involve more than two source subsamples, although given the limitations in the statistical
power of current measurements, using two subsamples is preferred. The potential advantage of
using additional subsamples is discussed in Section 3.6. We assume here that the lens redshift,
zl , is determined precisely with spectroscopic measurements, but it is straightforward to
include uncertainty in zl . We also refer to the src and assoc samples, defined by zp > zl (i.e./
the combined a and b samples) and |zp − zl | < σz , respectively, where σz is the uncertainty
in each galaxy photo-z. Samples a and b are probing the average surface density profile
of the same set of lenses, and thus measurements of both come from the same underlying
∆Σ. However, because these samples have different source redshift distributions with respect
to the lens positions, they will have different levels of IA contamination: sample b consists
of lens-source pairs with larger zp − zl and should thus have a lower fraction of physically
associated galaxies. We further assume that the physically associated galaxies in both samples
have the same average value of γ̄IA and that the two have different levels of IA contamination
only due to the different numbers of physically associated galaxies they contain. We discuss
this assumption in Section 3.7.1. However, as shown in Section 3.5.2, potential violations of it
produce a sub-dominant bias given current levels of measurement uncertainty, and splitting
the source sample by color should largely remove this bias. There are now only two unknown
quantities in the lensing measurement: the true ∆Σ and the level of IA contamination per
associated object, γ̄IA . With two sets of lens-source pairs, we are able to solve for both γ̄IA
and the true ∆Σ with the IA contamination removed:
γ̄IA (rp ) =

(b) g
g
c(a)
z ∆Σa − cz ∆Σb
(a)

(a)

(b)

(b)

cz (Ba − 1)hΣ̃c iex − cz (Bb − 1)hΣ̃c iex

,

(3.14)
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(a)
(b) g
g
∆Σa (Bb − 1)hΣ̃c i(b)
c(a)
ex − ∆Σb (Ba − 1)hΣ̃c iex
z cz
(b)

(b)

(a)

(a)

cz (Bb − 1)hΣ̃c iex − cz (Ba − 1)hΣ̃c iex
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,

(3.15)

where we have suppressed explicit dependence on rp .
From Equation 3.12 and the measured γ̄IA , we can calculate the IA contribution to ∆Σ,
which we denote ∆ΣIA , and thus a fractional contamination to the observed lensing signal
for a given source sample s.
∆ΣIA

(rp ) =
g
∆Σ

γ̄IA (rp )hΣ̃c i(s)
ex (rp )(Bs (rp ) − 1)
g (r )
∆Σ
s p

.

(3.16)

The weighting applied here for lens-source pairs is the standard scheme used for galaxygalaxy lensing because it corresponds to weighting by the noise in ∆Σ. These are not the
optimal weights for measuring the IA signal, since they give less weight to close pairs which
are more likely to be physically associated. However, we need to solve for both γ̄IA and ∆Σ.
One can solve for the optimal weights to measure each of these quantities, assuming the other
is known, and then proceed to solve for both iteratively. However, since the uncertainty in
g measurement, the ideal weighting scheme should approach
our signal is dominated by the ∆Σ
the standard lensing weights. To test a weighting scheme that doesn’t favor pairs at large
line-of-sight separation, we repeated our measurement using pure shape-noise weighting
(removing the factor of Σ−2
c ) and found a significantly higher uncertainty in γ̄IA . However, as
the precision of future measurements improves, it may be beneficial to use weights optimized
for IA measurement with an iterative scheme.
Note that the general technique applied here - comparing the lensing signal observed in
two of more samples with different lens-source separations - is similar to a shear-ratio test
to probe the geometry of the universe (Taylor et al. 2011). For the source and lens redshift
distributions considered here, we find that varying the cosmological parameters across a
reasonable range contributes a highly sub-dominant signal: our choice of cosmology has a
negligible impact on IA results. However, for future studies with improved precision, the
effects of assuming an incorrect cosmology should be considered. Conversely, if not properly
treated, IA has the potential to contaminate shear-ratio or similar measurements and bias
the resulting constraints on cosmological parameters.

3.4.2

Estimating and reducing uncertainties

To estimate the uncertainties in this measurement, we construct 1000 bootstrap realizations
of all measured quantities, by random sampling with replacement, from 100 contiguous regions
of the survey footprint. The number of bootstrap regions and realizations is chosen to ensure
g
that the errors are a reasonably smooth function of scale. The quantities γ̄IA and ∆ΣIA /∆Σ
are then calculated for each realization, allowing us to directly determine confidence intervals
without assuming a Gaussian distribution. Unless otherwise stated, 68% confidence intervals
are shown. We also use these bootstrap realizations to determine model-dependent confidence
intervals for IA. See Section 3.5 for further discussion.
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On large scales, where B → 1, the fractional error in B − 1 can become quite large. For
source subsamples closer to the lens, where the boosts are larger, this fractional error is
smaller. If the excess galaxies in different samples have the same composition, these boosts
come from the same clustering. The ratio of B − 1 between these samples should then
be constant as a function of scale, with the ratio reflecting the photo-z scatter into each
sample. As discussed in Section 3.7.1, such homogeneity between subsamples is present for
red galaxies, allowing an improvement in the boost uncertainties. We find the ratio between
B − 1 for different samples on smaller scales (rp = 0.2–4.8h−1 Mpc), where the fractional
errors are small. We then take the boosts for the background samples (a and b) to be the
rescaled boosts from the assoc sample, thus providing smaller fractional errors. However, as
shown in Figure 3.3, this provides only a modest improvement to the overall uncertainty in
γ̄IA .
Furthermore, there is a systematic uncertainty in the determination of B of roughly 3%
due to large-scale structure fluctuations and low-level variations in the lens density with
observing conditions, which are difficult to model and are not faithfully reproduced in the
random catalogs (see Mandelbaum et al. 2013 for details related to this lens catalog, and
Ho et al. 2012 for a related example in SDSS). On scales above ∼ 10 h−1 Mpc, B − 1 is
only a few percent and thus cannot be meaningfully measured. On scales between ∼ 1–10
h−1 Mpc, this systematic uncertainty dominates the errors, but the boost values are large
enough for accurate measurement. However, this systematic uncertainty leads to some
bootstrap realizations having a negative number of “excess” lens-source pairs, which is
non-physical at these relatively small transverse separations. This artifact could impact the
measured uncertainty in γ̄IA and fractional contamination from IA . To test the impact of
this uncertainty, we repeat our calculations using the median boost value rather than that for
each individual bootstrap realization, effectively removing the systematic uncertainty, and
find little effect on the quantities of interest. We thus conclude that the boost systematic
does not significantly influence results on these scales.

3.4.3

Physically associated vs. “excess” source galaxies

Ideally, Equation 3.10 would be split into sums over physically associated pairs (which can
have IA) and non-associated pairs. However, we are not able to directly measure the fraction
of physically associated galaxies in a given sample. Instead, the boost factors determine the
fraction of “excess” pairs. This excess is similarly described by the two-point cross-correlation
between lens and source objects, denoted ξls . At small separations, where ξls  1, essentially
all associated galaxies are also excess galaxies. On larger scales, however, ξls . 1: the
number of galaxies that would be present near the lens given a random distribution becomes
comparable to and eventually larger than the number of excess galaxies present due to
clustering. This complication does not reduce the applicability of the method - the physical
mechanism of IA does not distinguish between an object that is excess above random and
one that is not. As long as the ratio of excess galaxies to total physically associated galaxies
is the same between the two samples, we may simply attribute the entire IA signal to the
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excess object fraction. The photometric redshift scatter should be, on average, the same for
all physically associated galaxies, and thus this ratio should be fixed at a given rp . While
this approach allows for accurate IA extraction, it also can lead to seemingly counterintuitive
results. For instance, even though alignment should be weaker at larger scales, the value of
γ̄IA may increase above a certain scale, as the number of excess galaxies drops more quickly
than the total IA signal (see, e.g., Faltenbacher et al. 2009). The integral constraint requires
that the average clustering across all scales be zero, while no such constraint exists for the
shear correlation signal. This effect should be considered whenever IA is examined in the
context of clustering.

3.4.4

Combining correlations and photometric redshift uncertainty

For effective comparison with both theoretical models and previous IA measurements,
we wish to express the observables of interest in terms of underlying cosmological quantities.
The theoretical values of both the boost factors and γ̄IA can be written as the convolution
of the photometric redshift scatter with the lens-source and the lens-IA cross-correlation
functions, ξls = hδl δs i and ξl+ = hδl γ+ i. Here, γ+ = −γt , matching the standard convention
used for shear correlation functions.
Consider lenses at zl and sources at true redshift zs , with photometric redshift zp . For
lens and source redshift distributions pl (zl ) and ps (zs ) we can calculate the boost for an
individual lens at zl :
R

B(rp , zl ) − 1 =

dzs ps (zs )ξls (rp , Π(zs ); zl )P̃ (zs , zl )
,
R
dzs ps (zs )P̃ (zs , zl )

(3.17)

where Π is the line-of-sight separation between the lens and source. P̃ (zs , zl ) is the weighted
probability of an object located at zs being placed in the source sample due to its assigned zp .
This quantity reflects the photometric redshift scatter into the source sample and will depend
on the survey properties, the sources under consideration, and the definition of the sample:
P̃ (zs , zl ) =

zZmax

dzp P (zp |zs )w̃(zp , zl ),

(3.18)

zmin

for a source sample with zmin < zp < zmax , the boundaries of which may be defined relative
to the lens redshift. P (zp |zs ) is the probability that an object with true redshift zs is
photometrically assigned zp . Here we have assumed that P (zp |zs ) does not change as a
function of distance from the lens due to varying average source properties or observational
effects. The total boost factor is found by integrating over the lens distribution pl (zl ):
R

B(rp ) − 1 =

R

dzl pl (zl ) dzs ps (zs )ξls (rp , Π(zs ); zl )P̃ (zs , zl )
.
R
R
dzl pl (zl ) dzs ps (zs )P̃ (zs , zl )

(3.19)
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In an analogous fashion, γ̄IA can be written in terms of the ξl+ and ξls :
R

R

dzl pl (zl ) dzs ps (zs )ξl+ (rp , Π; zl )P̃ (zs , zl )
wl+
γ̄IA (rp ) = − R
(rp ),
≈−
R
wls
dzl pl (zl ) dzs ps (zs )ξls (rp , Π; zl )P̃ (zs , zl )

(3.20)

where the minus sign accounts for the convention that positive “+” shear corresponds to
negative tangential shear, and wX is the projected correlation function corresponding to
IA
ξX . The quantity (ξl+
(r))/(1 + ξls (r)) gives the IA contribution to γt per lens-source pair
(both “excess” and “random”) at r. Different IA models provide predictions for ξl+ which
can be tested against observation. As discussed in Section 3.5.1, Equation 3.20 also allows
for comparison between the results in this work and previous IA studies.

3.5

Results

We now present the results of the IA measurement technique developed above. We define
the a and b samples using ∆z = 0.17 to yield a roughly equal number of lens-source pairs in
the two and minimize measurement uncertainty. See Section 3.7.2 for a discussion of this
g for the a, b, and entire src samples.5 These
split. Figure 3.2 shows measurements of ∆Σ
measurements include the photo-z calibration correction factor cz for each sample and thus
would provide an unbiased estimate of the true ∆Σ in the absence of IA. Any statistically
significant deviation between measurements for the a and b samples would represent either an
error in calibration or the presence of IA. It is apparent that the measurements are consistent
within the confidence intervals (68%), so we do not expect a statistically significant detection
of IA. Instead, we seek to place tight constraints on the potential IA contribution. We probe
projected separations of rp = 0.9–10.1 h−1 Mpc. On larger scales, the systematic uncertainties
in measured boosts, discussed above, greatly degrade the power of our method. On smaller
scales, lensing magnification, non-weak shear, and sky systematics in the SDSS software
pipeline limit measurement accuracy (Mandelbaum et al. 2006b).

3.5.1

Previous IA measurement methods

The work of Hirata et al. (2004) attempts to constrain IA by applying similar source photoz cuts and then assuming that the background sample is effectively free of IA contamination.
With this assumption, it is straightforward to estimate the lensing signal in the sample more
closely associated with the lens and solve for the IA in that sample. For a background sample,
b, with no IA:
g
∆Σ(rp ) = c(b)
z ∆Σb (rp ).
5

(3.21)

Mandelbaum et al. (2013) contains a more thorough discussion of these results, and cosmological
interpretation.
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Figure 3.2 : The measured ∆Σ, including the photo-z bias correction factor cz , is shown for different
different source photo-z samples and colors (as labeled). The agreement of the measurements for the
different samples indicates that the effects of IA are subdominant at the current level of statistical
uncertainty.

Thus IA in an associated sample, a, can be expressed as
γ̄IA (rp ) =

g (r ) −
∆Σ
a p



cbz
ca
z



g (r )
∆Σ
b p

(Ba (rp ) − 1)hΣc iaex (rp )

.

(3.22)

Results using this technique are shown below in Figure 3.3. Note, however, that direct
comparison with Hirata et al. (2004) is difficult. In that work, shear measurements are
done directly (rather than using the quantity ∆Σ), and the lensing weights and photo-z
bias factor are not taken into account. Furthermore, that work uses flux-limited SDSS Main
spectroscopic sample galaxies (Strauss et al. 2002) as lenses, rather than LRGs, which will
have different IA and clustering properties.
Other studies (e.g. Hirata et al. 2007; Okumura et al. 2009; Joachimi et al. 2011) directly
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measure IA using wg+ of low-redshift SDSS Main spectroscopic sample galaxies as well as
higher redshift LRGs (which display a much stronger signal). The use of spectroscopic
redshifts greatly reduces the contamination from lensing and dilution from including nonassociated pairs. Some relevant results are shown for comparison. It is necessary to convert
such measurements to the quantity relevant for galaxy-galaxy lensing using Equation 3.20.
This conversion is non-trivial, and thus any comparison is only approximate. Similarly,
Agustsson & Brainerd (2006) directly measures γ̄IA for a low-redshift sample of satellites
around massive lens galaxies. They find a significant signal below rp = 0.1h−1 Mpc, smaller
than the scales considered here. On larger scales, their results are consistent with zero IA.
Mandelbaum et al. (2011) constrains IA for higher-z blue galaxies (z ∼ 0.6) using shapes
from SDSS and spectra from the WiggleZ survey (Glazebrook et al. 2007). Their results are
consistent with the limits we find here.

3.5.2

Model-independent measurement

Figure 3.3 shows the results of our IA measurement technique across a range of projected
separations. For comparison, results are shown with and without the “extended boosts”
technique discussed in Section 3.4.2. Using extended boosts lowers the statistical uncertainty
at large scales, although the difference is not significant. Also shown are the results assuming
no IA in the background source sample (b). This measurement is more analogous to
that made in Hirata et al. (2004), although as noted above, direct comparison with these
earlier measurements is challenging. As expected, neglecting the IA contribution in the
background sample biases the resulting IA measurement to a lower magnitude: the disparity
g measurements in the two samples is effectively increased when allowing for
between ∆Σ
IA in the background sample. The induced bias is smaller than the level of uncertainty
in the measurement for blue, red, and all sources. Because this assumption also reduces
the statistical uncertainty in the measurement, the resulting confidence intervals are fully
contained within those of our more general and self-consistent measurement. Although
ignoring IA in the background sample does not bias the IA measurement in a statistically
significant way, it results in overly optimistic confidence regions. In effect, neglecting IA
in the background sample has converted a statistical error into a systematic error. For the
remainder of this work, we consider results using our fully consistent method. For red sources,
where the assumption of a uniform excess source population between the two samples is
justified, we use the “extended boosts,” while for all and blue sources, we use the boosts as
measured.
Comparing measurements with and without accounting for background IA tests the impact
of the assumption that γ̄IA is the same in the two samples. As discussed in Section 3.7.1, the
a and b samples can have somewhat different average galaxy alignment properties. However,
even if γ̄IA differs between them, it cannot do so more strongly than in the case of completely
neglecting IA in the background sample.6 Since the bias induced in this limiting case is
6
In principle, the sign of the IA effect could be different in the two source subsamples, although such a
scenario is contrived.
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Figure 3.3 : The measured values of γ̄IA using three different techniques are shown (with each panel
showing the results for a different source color sample). Black squares indicate that the original
boost measurements have been used in Equation 3.14. Blue circles indicate the use of “extended
boosts.” Green triangles indicate that the IA contamination in the background sample was assumed
to be zero. All three methods yield results consistent within the statistical uncertainty, although
assuming that the background sample has no IA slightly biases the magnitude of γ̄IA to lower values.

minimal, we can be confident in applying our measurement method to all, red, and blue
sources.
In all cases, IA contamination is consistent with zero at the scales considered. The
uncertainty in IA for red galaxies is smaller than for blue galaxies since the former cluster
more strongly and have better photo-z precision, leading to a larger difference in the number
of excess galaxies between the a and b samples. Section 3.7.2 discusses the sources of
uncertainty and the effects of splitting sources by color and photo-z.
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3.5.3

Including minimal model dependence

The results shown in the previous section place constraints on IA as a function of
projected separation rp , utilizing only the lensing measurements themselves. Treating the IA
measurements at different separations as independent is the maximally conservative approach.
Including information about the underlying model of IA, which relates the signal strength on
different transverse scales, will yield tighter constraints. Determining an accurate model for
IA is an ongoing theoretical challenge, made more complicated by the heterogenous nature
of source samples used in lensing studies. For this reason, we aim to make fairly minimal
assumptions and show the resulting constraints for two cases: a generalized power-law model
and a model motivated from IA measurements of LRGs.
The 1000 bootstrap realizations are combined to construct a full covariance matrix for
the IA measurement:
Ĉij =

1

NX
boot

Nboot − 1

k=1

[γ̄IA (ri )k γ̄IA (rj )k − hγ̄IA (ri )ihγ̄IA (rj )i] ,

(3.23)

where angled brackets indicate an average over the realizations. We then use this covariance
matrix to find best-fit parameters for a particular model for each bootstrap realization. At
every value of rp , a confidence interval is constructed using the Nboot predictions from the
model fits. Thus, in the case of a model with multiple parameters or one that does not
monotonically change with its parameter, the resulting confidence region envelopes may have
a shape different from the model itself. Because it is calculated from bootstrap realizations,
the covariance matrix estimated here, Ĉ, is only an estimate of the true covariance matrix
and will not result in a χ2 -distribution (see Hirata et al. 2004). However, since we directly
construct confidence intervals, we only minimize χ2 and need not worry about its distribution.
After calculating Ĉ, we make the further assumption that off-diagonal terms are zero. As
discussed in Mandelbaum et al. (2012, in prep), shape noise dominates the covariance of the
lensing signal on the scales used here, and thus correlations between bins become appreciable
only when the same sources are correlated with multiple lenses - i.e., rp that is roughly
twice the typical separation between lenses, or ≈ 20h−1 Mpc. Figure 3.4 shows the resulting
confidence intervals.
We first consider a generalized power-law model of the form γ̄IA = Arpβ , where both
A and β are free parameters fit to each realization. This model is well-motivated in the
regime where both wg+ and wgg can be approximated by power laws (see, e.g., Hirata et al.
2007). As discussed above, the resulting envelope of the confidence region does not follow a
power-law. Instead, constraints are tight on the intermediate scales probed by these lensing
measurements (where IA signal is consistent with zero), and rapidly increase on large and
small scales where there is little IA information.
We also consider a model motivated by the IA observations of LRGs. Following Equation 3.20, γ̄IA can be estimated as the ratio wl+ /wls . Using the LRG observations of Hirata
et al. (2007), we calculate this quantity, smoothing with a Savitzky-Golay filter and interpolating to obtain a continuous scale-dependence. We fit the result to our IA measurements with
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Figure 3.4 : Model-dependent confidence intervals for the IA signal for all, blue, and red sources are
shown with the model-independent measurements (black data points). Our results are consistent
with zero IA signal. Solid black (dashed green) lines denote the power-law (LRG observational)
model. Inner lines bound the 68% confidence region while outer lines correspond to 95%. Previous
observational results for L3 and L4 red galaxies from Hirata et al. (2007) and for WiggleZ galaxies
from Mandelbaum et al. (2011) are shown for comparison. These previous results have been
converted to the γ̄IA quantity, as discussed in Section 3.5.2.

a single parameter for the amplitude, which allows for differences in IA strength and galaxy
biasing between the LRGs and the fainter source galaxies used in this work. We use LRG
observations because they exhibit a significantly stronger IA signal, providing sufficient S/N
(above rp = 0.9h−1 Mpc) to determine a well-defined scale dependence. Non-linear effects
and environmental dependence of IA mean that LRG measurements on smaller scales are
unlikely to accurately reflect the behavior of the relevant sources. We thus use a spline to
extend to smaller scales, and note that constraints in this region are contingent on the smooth
continuation of IA behavior. We fit these constraints using scales above rp = 0.44h−1 Mpc,
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unlike in the case of the power-law shape, where all measurements are used.
This observational model assumes that the dimmer source galaxies considered here have the
same IA scale-dependence as the LRGs, allowing for changes in amplitude due to differences
in clustering bias, alignment bias, and object ellipticity. The model is thus of limited use on
scales where IA and clustering are qualitatively different (e.g. a different physical mechanism
for alignment is dominant). Unlike the power-law model, this observational model provides
well-behaved confidence regions on larger scales because LRG observations extend beyond
the region where we obtain constraints. As noted above, however, constraints from the
observational model on scales below rp = 0.9h−1 Mpc are less robust.
On larger scales, where clustering is weak, the statistical distinction between “excess”
and “associated” pairs becomes significant, and the number of associated pairs will no longer
be well-approximated by wgg . In this regime, the validity of both models discussed here is
diminished.

3.5.4

Contamination to lensing signal

As seen in Equation 3.16, the level of IA contamination in the lensing signal depends on
both the IA signal per excess object, γ̄IA , and the fraction of excess galaxies in the particular
sample (directly measured by the boosts). Figure 3.5 shows the fractional contamination
resulting from the IA constraints, both with and without assumptions on IA scale-dependence.
Results are shown both for all background sources and for a subset of sources with photo-z at
least ∆z = 0.17 behind the lens. Using this background sample with a photo-z margin removes
a large fraction of excess galaxies and thus greatly reduces the potential contamination from
IA. Due to the lensing weights used, this cut can be applied without significantly reducing
the statistical power of the measurement. With the current level of binning in projected
separation, the statistical uncertainty in the ∆Σ measurement is ≈ 5–15%, depending on
the sample and projected separation. For instance, at rp = 1h−1 Mpc the uncertainty in ∆Σ
is ≈ 7% for all and blue sources and ≈ 10% for red sources. In most cases, the limits on
fractional contamination from IA for the scales we measure (≈ 0.1–10h−1 Mpc) are below this
uncertainty, significantly so when model dependence is included.
The limits on fractional contamination in Figure 3.5 for the all and blue samples are
conservative. As discussed in Sections 3.5.2 and 3.7.2, the uncertainty in γ̄IA is larger for
blue than for red galaxies, even though both observational results and theoretical predictions
(e.g. Hirata et al. 2007; Faltenbacher et al. 2009; Hirata & Seljak 2004) predict that IA for
blue objects is minimal. This consideration suggests that more realistic constraints can be
obtained by taking γ̄IA for blue galaxies to be less than that for red galaxies. Figure 3.6
shows the resulting fractional contamination for two limiting cases: γ̄IA = 0 for blue galaxies
and γ̄IA is the same for blue and red galaxies. With the photo-z cut, the more optimistic
assumption (γ̄IA = 0 for blue galaxies) yields a constraint of ∼ 1% on IA contamination for
all source galaxies on the scales we measure. The more pessimistic assumption of γ̄IA being
the same for red and blue galaxies results in IA constraints of a few percent on these scales.
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Figure 3.5 : Fractional contamination to the lensing signal is shown for all, blue, and red galaxies.
Data points and lines follow the same convention as Figure 3.4. The left column shows the contamination when the entire src sample (zp > zl ) is used, while the right column shows contamination when
only the background sources at greater separation (zp > zl + ∆z) are used. As expected, including
scale-dependent assumptions and applying the photo-z cut both provide tighter constraints.

3.6

Discussion

In this work we have developed a method for measuring the intrinsic alignment of source
galaxies in a galaxy-galaxy lensing measurement, as well as the resulting contamination to the
lensing signal. Unlike previous IA measurement techniques, the method is fully self-consistent,
yielding an unbiased measurement of both IA and ∆Σ, and can be used to directly infer
contamination to the galaxy-galaxy lensing signal. Applying this method to SDSS LRG lenses
and photometric sources, we find a signal consistent with zero IA for all, blue, and red source
galaxies at transverse separations of ≈ 0.1–10h−1 Mpc. To obtain tighter constraints on IA,
we have assumed a functional form for its scale-dependence, using two different physically
reasonable models: a general power law and a model motivated by LRG observations. These
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Figure 3.6 : Fractional contamination to the lensing signal is shown making two different assumptions
on γ̄IA . The top row shows the fractional contamination to all sources if γ̄IA = 0 for blue galaxies.
The middle and bottom rows show the fractional contamination to all and blue sources, respectively,
if γ̄IA for all galaxies is the same as for red galaxies. These reasonable assumptions significantly
tighten the constraints on contamination from IA. Columns and line conventions are the same as in
Figure 3.5.

two models yield similar results on intermediate scales, diverging on large scales where
there are no measurements to provide information. We note that while our results are only
directly applicable to galaxy-galaxy lensing, the alignment mechanisms being probed are
the same as those that can contaminate shear-shear correlations. Given an IA model or
parametrization, one could use galaxy-galaxy lensing results to determine constraints on the
corresponding GI contamination in shear-shear correlations. The GI term is believed to be
the primary IA systematic, since the intrinsic-intrinsic (II) term can be removed with redshift
information. Our current work examines a redshift range somewhat below that most relevant
for upcoming lensing surveys. Similar analysis with higher redshift lenses will allow us to
place constraints on the GI term in future measurements of both galaxy-galaxy lensing and
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shear-shear correlations.
IA for blue galaxies is less well constrained due to their weaker clustering and poorer
photo-z precision. However, previous studies indicate that red galaxies should have a stronger
IA signal. Thus, although a conservative approach allows for larger IA in blue galaxies, it is
reasonable to take the results for red galaxies as an overall upper limit.
Compared to previous IA measurements, our analysis most closely probes the redshifts
and galaxy luminosities relevant to current and future lensing measurements. Our results are
broadly consistent with previous studies (e.g. Hirata et al. 2004; Agustsson & Brainerd 2006;
Hirata et al. 2007; Mandelbaum et al. 2011; Joachimi et al. 2011), which find insignificant IA
signal for similar galaxies at lower redshifts (see Figure 3.4). One possible exception is the red
L3 sample of Hirata et al. (2007); Joachimi et al. (2011), where there is a weak detection of
IA at rp ≈ 10 h−1 Mpc. However, there are notable differences between our current study and
previous ones. We measure IA for typical sources at higher redshift than Hirata et al. (2004,
2007); Joachimi et al. (2011), and probe alignment in cross-correlation with LRGs rather than
in auto-correlation. We also note that recent measurements (Hirata et al. 2007; Okumura
et al. 2009; Okumura & Jing 2009; Joachimi et al. 2011) detect a significant autocorrelation
IA signal for an LRG sample similar to our lens sample. This signal is not inconsistent with
our findings, which constrain the IA for significantly less luminous galaxies around LRGs.
However, this disparity indicates that different types of galaxies display different alignment
in the same underlying density field (e.g. LRGs are significantly more aligned). Such a result
is not surprising given the likelihood of environmental and nonlinear effects: alignment on
these scales depends on more than simply the density field. Comparison with previous IA
measurements is difficult since it requires assumptions on how IA and clustering behaviors
change on nonlinear scales with object type, redshift, and environment. In addition to effects
discussed above, if the primary alignment mechanism acts during periods of formation or
accretion, followed by decreasing alignment due to stochastic nonlinear astrophysics, we
would also expect an IA signal with significant redshift evolution (see, e.g., Blazek et al.
2011). Furthermore, measuring IA at low redshift can be done using spectroscopic galaxies
directly without having to account for the lensing signal, as is done in Hirata et al. (2007).
Any tension between the constraints found here and previous low-z measurements is therefore
relevant to IA modeling but not worrisome from a consistency standpoint. We expect future
measurements with higher S/N to detect a non-zero IA signal for galaxies typically used as
lensing sources, although it will be weaker than that for LRGs.
We also compare our constraints with those found in Mandelbaum et al. (2011), who
use spectroscopic redshifts to directly constrain the IA of galaxies in the WiggleZ sample.
These galaxies have a similar luminosity and roughly comparable redshift distribution to
those in this study, although the WiggleZ galaxies peak at larger z. The biggest difference
between the samples is color: WiggleZ selects emission-line galaxies with UV observations,
resulting in a sample that corresponds to the 10–20% bluest galaxies of the “blue” galaxies
examined here. Nevertheless, comparison between the results is informative. As seen in
Figure 3.4, despite the fact that our method is less efficient with blue galaxies than with
red galaxies, the constraints we find for this sub-sample are tighter than the limits from
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Mandelbaum et al. (2011). Even allowing for uncertainty in converting between the different
types of measurements and different object properties, our photometric approach to IA is
competitive with spectroscopic methods, which necessarily use smaller galaxy samples. Given
the wealth of upcoming photometric surveys, the disparity in size between photometric and
spectroscopic samples with reliable shape measurements will only increase.
We have placed constraints on the potential contamination to the lensing signal from IA:
including minimal model assumptions on scale-dependence, . 5% contamination is found at
the 95% confidence level on the scales we probe. IA thus remains a subdominant source of
uncertainty when compared with the current statistical error on the galaxy-galaxy lensing
signal of ≈ 5–15%, given the binning in transverse separation. These results apply to the
source selection and redshift quality of this particular study - contamination will be worse if
less redshift information is used. Constraints on contamination depend not only on source
properties such as color, but also on the photo-z selection cut used. As seen in Figure 3.5,
constraints are significantly tighter when sources are selected with a photo-z cut to remove
a large fraction of galaxies physically associated with the lens. In this work, we apply the
cut zp > zl + ∆z, for ∆z = 0.17, although optimizing this selection will depend on the
specifics of a particular survey and science goals. Applying such a cut can greatly reduce
the possible IA contamination without sacrificing much signal, since distant lens-source pairs
dominate the signal due to the weights. Statistical uncertainties in the ∆Σ measurement
with and without the photo-z cut agree to within 10%. Similarly, the relative importance
of IA is greater for lens galaxies at higher redshifts: the distribution of background source
galaxies will be concentrated closer to the lens positions, increasing the number of physically
associated galaxies that receive appreciable weight.
Our findings do not suggest a clear method to cut sources by color to reduce potential
IA contamination. Although the constraints found here are tighter for red galaxies, this is
because our method performs better for sources that have stronger clustering and better
photo-z precision. It is likely that blue galaxies display weaker alignment, and it is unclear
to what extent this trend is offset by poorer photo-z precision. Future lensing measurements
with lower statistical uncertainty should resolve this issue. However, it is likely beneficial to
remove sources with particularly high photo-z uncertainty in order to decrease both potential
IA contamination and systematic uncertainty from imperfect photo-z bias correction. In this
work, we split the source galaxies into only two sub-samples. With improved statistics, it will
be possible to use additional sub-samples in order to break a possible degeneracy between IA
strength and correlation between the IA properties and photometric redshift uncertainties of
source galaxies. This issue is discussed in Section 3.7.1.
High-precision photometric lensing science will be a primary tool in the future of observational cosmology. As such, upcoming surveys such as KIDS, DES, HSC, and LSST are all
designed to obtain photometry and high-resolution imaging for a large number of sources.
While the data sets are being built and understood, early focus will likely be on galaxy-galaxy
lensing, utilizing the large number of massive foreground galaxies with well-determined
redshifts, such as galaxies from current spectroscopic surveys or galaxy clusters. In the near
term, galaxy-galaxy lensing analysis is currently ongoing with the BOSS CMASS sample
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(White et al. 2011; Anderson et al. 2012) as lenses, and we hope to apply our method as part
of the analysis. This sample is at higher redshift (0.4 . z . 0.7), allowing a probe of IA in a
new redshift regime relevant for the next generation of lensing surveys and where lens-source
overlap may increase the impact of IA. Similarly, we intend to use our method with cluster
lenses to study IA of galaxies around cluster centers. Since clusters are even more highly
biased than LRGs, we would expect larger numbers of physically associated galaxies in the
source sample as well as a higher amplitude for alignment effects. IA contamination for
cluster lenses could bias the measured lensing masses and the resulting cosmological results,
particularly given that cluster lensing masses are typically determined using lensing signals
on even smaller scales than were considered here, where IA effects will be more important.
In the longer term, future studies should obtain galaxy-galaxy lensing signals with
uncertainty at the ∼ 1% level. Thus, although IA may become a significant systematic as
the statistical errors decrease, applying the method outlined here will yield correspondingly
stronger limits on IA (roughly equal to the precision of the lensing measurement) and will
allow the removal of this contamination. When IA constraints are improved by assuming
a specific radial scaling of the IA signal, they should reach the sub-percent level. Indeed,
given the detection of IA in previous spectroscopic studies, these upcoming photometric
surveys should achieve a significant detection of IA with the joint lensing and IA measurement
method introduced here. These measurements will further reduce systematic uncertainties in
lensing studies. Moreover, they will probe the physical mechanisms of intrinsic alignment
and thus improve our understanding of galaxy formation and evolution.

3.7
3.7.1

Chapter supplement
Equating IA in different samples

In principle, solving simultaneously for ∆Σ and γ̄IA requires that the average value of γ̄IA
in the two source sub-samples, split by photo-z in relation to the lens position, be the same.
As discussed above, we find that potential violations of this assumption lead to sub-dominant
bias effects given the current level of measurement uncertainty. However, upcoming studies
will provide greatly improved precision, and thus a discussion of this issue is warranted.
The above assumption need not hold if some set of galaxy properties, such as color or
luminosity, correlates with both the photo-z uncertainty and the level of IA. Source samples
defined by different lens-source line-of-sight separation could then have different average
IA properties. Since an important step in the determination of an object’s photometric
redshift is fitting to an expected spectral template based on multi-band photometry, different
morphological types can have with different photo-z precision (see Nakajima et al. 2011).
Both observational and theoretical studies have suggested a divide in IA properties along
morphological lines: late-type spirals (typically blue and star-forming) and early-type ellipticals (typically red) are likely subject to differing physical processes that affect alignment
(e.g. Hirata & Seljak 2004). In the case of spirals, angular momentum provides the major
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source of object support and can thus significantly influence orientation via tidal torquing.
Elliptical galaxies are pressure-supported through velocity dispersion and are thus expected
to align more closely with the surrounding halo and underlying tidal field. Indeed, several
observations of IA have found much stronger signal for red galaxies (e.g. Hirata et al. 2007;
Faltenbacher et al. 2009).
To mitigate this issue, one can split the sample by photometric template type. Ideally,
multiple splits would be used to isolate individual template types. However, dividing the
source sample reduces statistical power, which quickly becomes the limiting factor. Previous
IA studies have relied on a simple division between red and blue galaxies, and future lensing
measurements are unlikely to consider more complicated template separation. Thus to both
maximize the signal and make the results directly relevant, in this work we have applied a
single split. The ZEBRA pipeline interpolates between six primary template types, allowing
five subdivisions between each. We define all galaxies assigned to the first five interpolated
templates, between the elliptical (Ell) and Sbc primary templates, to be red. All other
galaxies are blue (see Nakajima et al. 2011 for further information on the templates).
The sums over weights that determine the boosts can also be used to calculate the effective
fraction of red (or blue) galaxies in each source sample as a function of rp , automatically
accounting for the lensing weights. Figure 3.7 shows the effective red fraction of galaxies
around random lenses (fr ), total galaxies around real lenses (ft ), and excess galaxies around
P
P
real lenses (fe ). This fraction is defined as red w̃j / all w̃j , where the sums are taken over
the set of random, total, or excess lens-source pairs (determined statistically). Because it
reflects the underlying distribution and photo-z scatter of sources, with no influence from
clustering, fr should be constant as a function of rp and is included as a reference and check
on systematics. The quantity fe shows why splitting by color may be necessary. Since γ̄IA in
the two different source samples should be the same, the excess galaxies in the two samples
should have the same properties. The excess object populations in samples a and b are quite
different and thus will have different IA signal unless all galaxies, regardless of color, have
the same IA behavior.
The behavior of ft and fe seen in Figure 3.7 is easily understood in terms of basic source
clustering properties and photo-z uncertainties. As with many photo-z estimation procedures,
ZEBRA provides more accurate redshifts for red galaxies. Poorer photo-z precision for blue
objects results in a larger fraction of excess galaxies (actually located at zl ) being scattered
into the b sample. This effect increases the values of fr and ft for the a sample, since blue
galaxies have been preferentially removed. Furthermore, the fact that red galaxies are more
highly biased than blue galaxies yields the observed scale dependence: fr and ft increase on
small scales where clustering is more significant. The effects of this photo-z trend can also be
seen in Figure 3.1. The separation between Ba and Bb is larger for red galaxies, indicating
a more accurate physical distinction between the two sub-samples. Similarly, Bb for blue
galaxies is larger than for red galaxies, despite having weaker clustering, because there are
more physically associated galaxies with large photo-z error.
To examine the effectiveness of the split, we perform an additional test using the ratio
of boost factors between the two samples: (Ba (rp ) − 1)/(Bb (rp ) − 1). The quantity (B − 1)
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Figure 3.7 : The effective fraction of red galaxies is shown for four different source subsamples. The
lines (nearly constant) show fr for src (solid), a (dotted), and b (dashed) samples. Open symbols
denote ft , while filled symbols denote fe . Errors in fr and ft are negligible and are thus not shown.
The composition of the a and b samples are clearly different.

measures the fractional contamination from excess sources and is given by a projection of
the lens-source cross-correlation (Equation 3.17). Comparison of the observed boost with
this prediction could indicate that the “excess” sources in samples a and b are statistically
equivalent. In principle, knowledge of the source photometric and spectroscopic redshift
distributions (e.g. from a calibration sample) allows modeling of the projection weighting
(P̃ (zs , zl ) in Equation 3.17), from which it is possible to de-project the measured boost into
a cross-correlation function. However, it is impractical to obtain P̃ (zs , zl ) with adequate
resolution to probe the correlation function on relevant scales (rp . 10 h−1 Mpc). Furthermore,
it is challenging to construct a set of galaxies from the calibration set that reliably measures
the photo-z behavior of sources near lens galaxies. Another way to probe the sufficiency of
the object split is to look at the ratio of measured B − 1 values for different samples. Because
of large photo-z uncertainties, P̃ (zs , zl ) will be broad compared with ξls and is thus effectively
constant in the numerator of Equation 3.19. If the rp and zl dependencies of ξls separate, we
find:
R(rp ) ≡

Ba (rp ) − 1
wlsa (rp )
∝
,
Ba (rp ) − 1
wlsb (rp )

(3.24)

where wls (rp ) ≡ dΠps (Π)ξls (rp , Π) is the projected cross-correlation function, and sa and
sb denote the sources found in samples a and b. The constant of proportionality involves
R
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the ratio of integrals over lens and source distributions as well as the photo-z projection
weighting P̃ .
If samples a and b contain a statistically similar collection of sources, this ratio will
be roughly constant across the range of scales we wish to probe. Scale-dependence in the
ratio could indicate that the samples have a different composition and thus have different
scale-dependent biases on the cross correlation.
In Figure 3.8, the quantity R(rp ) is plotted, for all, red, and blue source galaxies. Previous
work indicates that red galaxies have reasonably well-understood patterns of small-scale
clustering, photo-z error, and IA (Zehavi et al. 2011; Abdalla et al. 2011; Joachimi et al. 2011).
The roughly constant value of R(rp ) measured for red galaxies supports the fact that we have
selected a source sample with uniform properties across the photo-z split. The IA properties
of “blue” galaxies are poorly understand, allowing for more significant variation within the
broad sample. The measurement of R(rp ) for blue sources in Figure 3.8 indicates that the
sample exhibits significant heterogeneity in clustering (and likely IA) properties. Results for
blue sources are thus more subject to systematic uncertainties, although as discussed above,
these uncertainties are currently sub-dominant to the relatively large statistical uncertainty
on intrinsic alignment contamination.
However the R(rp ) diagnostic is not conclusive. For instance, the entire source sample
with no color split contains multiple galaxy populations, each with different clustering and
IA properties. The value of R(rp ) depends on the relative abundance as well as the scaledependent bias of each. As seen in Figure 3.8, these factors result in a roughly constant value
of R(rp ) for the entire source sample, despite its composite nature. Similarly, if assumptions
on the relevant scale dependencies in the measured boost are violated, a uniform sample
could exhibit a non-constant R(rp ). We reiterate that for this work, even if the assumption
of sample homogeneity is violated, as we expect it to be with the all and blue samples,
our method still provides a more self-consistent and unbiased IA measurement than earlier
techniques. The bias potentially introduced by the assumption is shown in Section 3.5.2
to be small. In future studies with higher measurement precision, the implications of this
assumption should be considered.
More generally, with sufficient statistical power, it will be possible to determine the effect
of correlations between IA properties and photometric redshift uncertainties. We expect
such correlations to exist, even within a single morphological category, since both IA and
photo-z quality are affected by galaxy luminosity (e.g. Hirata et al. 2007; Feldmann et al.
2006). Splitting the source galaxies into more than two sub-samples will allow a measurement
of how γ̄IA varies. Any two sub-samples can be used to solve for γ̄IA , and the results from
different sub-samples can then be compared.

3.7.2

Sources of uncertainty

g is
The sources of uncertainty in the IA measurement are seen in Equation 3.14. ∆Σ
subject to shape and measurement noise. Scatter in the number of random-source pairs leads
to uncertainty in both the boost factors and hΣ̃c iex . All of these quantities are affected by
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Figure 3.8 : R(rp ) is shown for different object colors (as labeled). The ratio is constant, within the
estimated uncertainty, for all and red sources but not for blue sources.

photo-z scatter, the bias from which is corrected with the cz factor. The uncertainty in cz , as
measured from calibration sets, is at the ∼ 2–3% level (Nakajima et al. 2011), including both
statistical and systematic effects, and we thus do not include it. We note, however, that γ̄IA
depends only on the ratio of cz between the source samples. Thus, for deeper surveys for
which it can be difficult to obtain sufficiently representative photo-z calibration samples, the
uncertainty in cz can be mitigated by measuring the ratio of the lensing signal for the two
samples on large scales (≈ 50h−1 Mpc), where the only difference should be due to photo-z
calibration. With the exception of cz , all the sources of uncertainty mentioned here are
automatically included in the bootstrap realizations. On the range of scales considered here,
g
the most significant source of error is the shape and measurement noise in ∆Σ.
g
As seen in Figure 3.2, ∆Σ is measured at similar levels of precision for red and blue
sources, since they have roughly the same number of lens-source pairs and measurement
noise per pair. However, the uncertainty in the IA signal for blue galaxies is higher than
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for red galaxies. This difference is due to stronger clustering and more precise ZEBRA
photo-z measurement for red source galaxies. The denominator of Equation 3.14 converts
g measurements to the IA signal. When B  B , the denominator
the difference between ∆Σ
a
b
scales as Ba − 1, and uncertainty is reduced when strong clustering yields a large value of
Ba . If the difference between Ba and Bb is smaller, as would be the case for large photo-z
uncertainties, the denominator is further reduced. These two factors combine to degrade the
precision of the IA measurement for blue galaxies.
Examining these sources of uncertainty also allows us to understand the effects of different
source splitting on the measurement precision. If boost factors were held fixed and were
g − ∆Σ
g would be minimized when the a and b samples had
perfectly known, the error in ∆Σ
a
b
equal lens-source pair numbers, weighted by (cz BhΣc i)−1 for each sample. However, changing
the location of the photo-z split will affect both the number of lens-source pairs and the
overall boost in each sub-sample. Increasing the value of Ba will decrease the overall error
for a given measurement uncertainty. Moreover, uncertainty in the boost factors themselves
contribute a non-negligible error, which decreases with larger Ba in the relevant regime.
Finally, having (Ba − 1)  (Bb − 1) both decreases the uncertainty and avoids a singular IA
estimator, which would yield a large, non-Gaussian variance. Our choice of ∆z = 0.17 was
motivated by these considerations, although it is not rigorously shown to be the optimal value.
We tried similar splitting schemes and found that our choice yields smaller uncertainties in
γ̄IA .
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Chapter 4
Geometric and dynamic distortions in
anisotropic galaxy clustering
Anisotropic galaxy clustering contains information about the growth of structure and the
geometry of the universe. We examine this information content in the context of the galaxy
power spectrum measured in upcoming galaxy redshift surveys. In particular, we explore the
signature of dynamic (redshift-space) distortions and geometric distortions (including the
Alcock-Paczynski effect). Information comes from both the baryon acoustic oscillation (BAO)
feature and the broadband power spectrum shape. Accurate modeling is required to extract
information without introducing systematic bias in the result. We consider an analytic model
for the power spectrum of dark matter halos in redshift space, based on the distribution
function expansion, and discuss the utility of such a model in the analysis of future redshift
surveys. To test the accuracy of the model, we compare with halo clustering measured in
N-body simulations. We find that the distribution function is sufficiently accurate to allow the
inclusion of broadband information on scales up to kmax ∼ 0.2h Mpc−1 , with somewhat better
accuracy for higher bias halos. Compared with BAO-only with reconstruction, including
broadband shape information can improve unbiased constraints on distance measures H(z)
and DA (z) by ∼ 30% and 20%, respectively, for a galaxy sample similar to the DESI
luminous red galaxies. The gains in precision are larger in the absence of BAO reconstruction.
Furthermore, including broadband shape information allows the measurement of structure
growth, through redshift-space distortions. For the same galaxy sample, we find that the
distribution function model is able to constrain f σ8 to ∼ 2%, when simultaneously fitting for
geometry, i.e. H(z) and DA (z). We discuss techniques to optimize the analysis of the power
spectrum, including removing modes near the line-of-sight that are particularly challenging
to model, and whether these approaches can improve parameter constraints. We find that
they are unlikely to significantly improve constraints on geometry, although they may allow
higher precision measurements of redshift-space distortions.
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Introduction

Galaxy redshift surveys are a primary tool in probing the universe, including the nature
of dark matter and dark energy. The baryon acoustic oscillation (BAO) feature (see, e.g.,
Eisenstein & Hu 1998) can be used as a “standard ruler” to measure geometry and the
expansion history of the universe. Beyond this feature, the full scale-dependence of galaxy
clustering can test a number of important components of the cosmological model, including
the epoch of matter-radiation equality, neutrino mass, non-Gaussianity in the initial density
fluctuations, and nonlinear structure growth (e.g. Tegmark et al. 2004; Lesgourgues & Pastor
2006; Dalal et al. 2008).
Galaxy redshift surveys are typically used to create a “map” in real space of the threedimensional positions of galaxies. However, these surveys actually measure two angular
coordinates and a redshift for each object, which must be converted into three-dimensional
positions assuming an underlying geometry of the expanding universe. This conversion,
specified by the Hubble parameter H(z) and the angular-diameter distance DA (z), will
introduce distortions into the resulting galaxy map if an incorrect geometry is assumed.
Comparing an observed feature to a known physical scale can probe this geometry. Similarly,
geometric distortions can be observed even when there is no known physical scale for
comparison. In an isotropic universe, clustering strength should not depend on orientation
with respect to the observer. However, an anisotropic signal can arise since separations along
the line-of-sight are measured differently than those perpendicular to it. This effect is a
version of the Alcock-Paczynski test (Alcock & Paczynski 1979), a method to measure the
expansion of the universe using a spherically symmetric object (or feature), even without a
known physical scale. The observed galaxy clustering signal will manifest these geometric
distortions through both shifting of known physical scales and a warping of isotropic clustering
strength. While a fully general analysis would treat these effects together, many past studies
have focused on the shifting of the BAO scale, which is considered more robust to modeling
uncertainties (Eisenstein et al. 2007b) but provides no constraint on growth of structure via
redshift-space distortions.
Galaxies, or other objects being mapped in redshift surveys, also have peculiar velocities
which contribute dynamical distortions to the observed clustering signal. The line-of-sight
component of peculiar velocity contributes to the observed redshift and is thus degenerate
with the cosmological redshift. This effect is commonly known as “redshift-space distortions”
(RSD). RSD contain information about velocity fields and can thus provide a powerful probe
of the growth of structure and potential modifications to general relativity (e.g. Jennings et al.
2011b). Indeed, measurements of RSD have the potential to be one of the primary sources
of cosmological information in upcoming surveys (e.g. Font-Ribera et al. 2013). However,
since the signatures of geometric and dynamical distortions can be quite similar, a reliable
understanding of the latter is necessary to separate the two and interpret the observed
clustering signal in a cosmological context. While a linear theory description of galaxy
clustering in redshift space has long been available (Kaiser 1987), significant efforts have been
made in recent years to improve our analytic understanding of clustering and redshift-space

4.1. INTRODUCTION

74

distortions in the nonlinear regime (e.g. Scoccimarro 2004; Taruya et al. 2010; Seljak &
McDonald 2011; Vlah et al. 2012, 2013; Okumura et al. 2012a,b; Vallinotto & Linder 2013).
Most prior attempts to constrain geometry from measurements of galaxy clustering have
focused on measuring the angle-averaged BAO feature (e.g. Eisenstein et al. 2005; Percival
et al. 2010; Blake et al. 2011a; Anderson et al. 2012), which constrains a combination of
distance scales approximated as DV (z) = DA (z)2 /H(z). The greater statistical power of
recent surveys has allowed the use of anisotropic clustering information from the BAO feature,
the broadband clustering shape, or both to measure DA (z) and H(z) separately, as well as
constraining redshift-space distortions (Blake et al. 2011b; Reid et al. 2012; Anderson et al.
2013; Kazin et al. 2013; Sánchez et al. 2013). Current and planned redshift surveys, including
BOSS,1 eBOSS,2 DESI,3 and EUCLID,4 offer the opportunity to probe these geometric and
dynamical effects at a high level of statistical precision, requiring a thorough understanding of
model uncertainties and how to extract cosmological information from the clustering signal.
Previous works have established the theoretical framework for measuring geometric and
dynamical information from galaxy clustering (Ballinger et al. 1996; Padmanabhan & White
2008; Montanari & Durrer 2012; Kwan et al. 2012; Linder & Samsing 2013) and have examined
the constraining power and modeling requirements of such an analysis (Taruya et al. 2011;
Kazin et al. 2012; Gil-Marín et al. 2012; Song et al. 2013). In this work, we discuss the
information content in the full anisotropic galaxy clustering signal and compare with that in
the BAO feature alone. While most previous studies focus on models of dark matter clustering,
we consider the clustering of the dark matter halos in which galaxies reside. Challenges
in modeling anisotropic clustering in redshift space, particularly on small scales and for
separations along the line-of-sight, introduce systematic biases in cosmological parameter
estimates. In light of these biases, we employ Fisher matrix formalism to determine the
minimum scales that can be reliably used and discuss techniques to optimize the analysis.
Numerous analytic models exist for galaxy clustering in redshift space. We focus in particular
on the recently developed distribution function approach (Seljak & McDonald 2011), which
provides an accurate description down to comparatively small scales. While we work with
the galaxy power spectrum, many recent measurements of anisotropic galaxy clustering have
been done using the correlation function, for which analogous arguments apply.
This chapter is organized as follows. In Section 4.2, we summarize the general formalism
for galaxy clustering in redshift space and describe the N-body simulations used to test
analytic models. In Section 4.3, we describe the distribution function approach and construct a
model for the full shape of the halo power spectrum in redshift space. Section 4.4 develops the
Fisher matrix formalism used to forecast the performance of different models, and Section 4.5
presents the results. We conclude in Section 4.6 with a summary and discussion of the major
results. We assume a flat, ΛCDM fiducial cosmology with Ωm = 0.279, Ωb /Ωm = 0.165,
h = 0.701, σ8 = 0.807, and ns = 0.96.
1

Baryon Oscillation Spectroscopic Survey; http://www.sdss3.org/surveys/boss.php
Extended Baryon Oscillation Spectroscopic Survey; http://www.sdss3.org/future/eboss.php
3
Dark Energy Spectroscopic Instrument (Levi et al. 2013)
4
http://sci.esa.int/science-e/www/area/index.cfm?fareaid=102
2
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Modeling galaxy clustering in redshift space

Numerous efforts have been made in recent years to model the clustering of galaxies
in redshift space, using both N-body simulations (e.g. Jennings et al. 2011a; Okumura
et al. 2012a) and analytic techniques (e.g. Scoccimarro 2004; Reid & White 2011). Here we
summarize the relevant aspects of the field and develop a useful expansion for the geometric
distortions we wish to measure.

4.2.1

Clustering in real and redshift space

In real space, the power spectrum, or equivalently the two-point correlation function,
depends only on the amplitude of the scale being considered:
hδ(k)δ ∗ (k0 )i = (2π)3 δ(k − k0 )P (k),

(4.1)

where k = |k0 |. The density of a luminous tracer, such as a galaxy population, is related to
that of dark matter through a biasing relationship. On large scales, a constant, linear biasing
relationship is often assumed:
δgal = b1 δ,
Pgal (k) = b21 PDM (k).

(4.2)

However, this assumption breaks down on quasi-linear scales. Thus any model for galaxy
clustering on small scales must consider not only the nonlinear clustering of dark matter, but
also the complex bias relationship between dark matter and galaxies. In this work, we use
the non-linear, non-local bias described in Baldauf et al. (2012):
δgal (x) = b1 δ(x) +



b2  2
bs  2
b3
δ (x) − hδ 2 i +
s (x) − hs2 i + δ 3 (x).
2
2
6

(4.3)

Non-locality comes from the tidal term s2 (x) = sij (x)sij (x) for tidal tensor sij :
1
sij (x) = ∂i ∂j Φ(x) − δijK δ(x),
3

(4.4)

where δijK is the Kronecker delta function.
Redshift-space distortions break the natural isotropy of Equation 4.1, leading to a dependence on the angle with respect to the line-of-sight. The observed wavevector k can
be decomposed into (kk , k⊥ ), parallel and perpendicular to the line-of-sight, respectively.5
Equivalently, we can use k and µ = cos θ, where θ is the angle between k and the line-of-sight:
kk = µk,
k⊥ = (1 − µ2 )1/2 k.
5

Rotational symmetry remains on the plane perpendicular to the line-of-sight.

(4.5)
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On large scales, in the plane-parallel approximation and with linear bias, redshift-space
distortions are described by the Kaiser limit (Kaiser 1987):
s
r
Pgal
(k, µ) = PDM
(k)(b1 + f µ2 )2 ,

(4.6)

where “s” denotes redshift space, “r” denotes real space, and the logarithmic growth rate
f = d ln G(a)/d ln a, for the growth factor G(a). In general relativity, f ≈ Ωγm with γ ≈ 0.55,
while theories of modified gravity can yield different values of γ. Thus, a precise measurement
of f via redshift-space distortions can test gravitational physics. The relationship between
density and velocity fields that yield Equation 4.6 is only valid in the linear regime. Extending
models of RSD to smaller scales requires a more detailed treatment of this relationship. A
frequently used model is the ansatz of Scoccimarro (2004), which includes the characteristic
“fingers-of-God” (FoG) effect, in which the galaxy velocity dispersion σv suppresses power on
small scales:




2

s
Pgal
(k, µ) = b2 Pδδ (k) + 2bf µ2 Pδθ (k) + f 2 µ4 Pθθ (k) e−(f σv kµ) ,

(4.7)

where Pδδ , Pδθ , and Pθθ are the non-linear auto- and cross-power spectra of mass density and
velocity divergence.6

4.2.2

Parametrizing angular dependence

P (k, µ) must be specified on the entire two-dimensional k − µ plane (or equivalently the
kk − k⊥ plane). By symmetry, the auto-power spectrum in redshift space can be expanded in
even powers of µ:
P s (k, µ) =

X

F2j (k)µ2j .

(4.8)

j=0

This expansion should be convergent on sufficiently large scales, as the Kaiser limit is
approached, and the maximum j required to accurately describe the angular dependence
increases with the maximum wavenumber considered, kmax . Similarly, it is common to express
the angular dependence in terms of a multipole expansion:
P s (k, µ) =

X

A2l (k)P2l (µ),

(4.9)

l=0

where P2l are the Legendre polynomials. The multipole expansion is particularly convenient
from an observational perspective, since the orthogonality of the the Legendre polynomials
yields a diagonal covariance matrix. Measurements of the angle-averaged power spectrum
include only the monopole (2l = 0), while some recent studies (e.g. Anderson et al. 2013)
have also used the quadrupole (2l = 2). It was shown in Taruya et al. (2011) that measuring
6

This ansatz was originally proposed as a simple model for the redshift-space power spectrum of matter
alone, but it is sometimes used, in combination with a linear bias factor, to describe galaxies.
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terms up to the hexadecapole (2l = 4) recovers most of the information contained in the full
P s (k, µ).
In this work, we use the full 2D clustering shape. As discussed below, we generate P s (k, µ)
using an expansion in powers of µ, truncated at µ6 in simulations and µ4 for analytic models.
For the remainder of this work, the “s” superscript is omitted from P (k, µ), which is assumed
to be in redshift space unless otherwise noted.

4.2.3

Geometric distortions

If the fiducial (assumed) values of the angular diameter distance, DA (z), and the Hubble
parameter, H(z), differ from their true values, kk and k⊥ are affected:
−1
DA (z)true = αD
DA (z)fid ,
true
k⊥
true

H(z)

=

(4.10)

fid
αD k⊥
,

= αH H(z)fid ,

kktrue = αH kkfid ,
where the “fid” superscript indicates that the potentially incorrect fiducial cosmology has
been applied. For simplicity, this superscript is dropped in the remainder of this work.
One intuitive parameterization of these geometric deviations involves an isotropic “dilation”:
α = (αD 2 αH )−1/3 ; and an anisotropic “warping”:  = (αD /αH )1/3 − 1 (Padmanabhan et al.
2008). In the absence of redshift-space distortions (e.g. if they are removed through a
reconstruction process), the position of a feature in the angle-averaged clustering signal
measures α, while the angular dependence of clustering measures . We choose to use the
direct αH and αD parametrization which is completely equivalent and may be easily applied
to general clustering studies (e.g. the Lyman-α forest) where the quantities most directly
measured do not correspond to α and . Note that in the presence of RSD, the quantity
measured by an angle-averaged BAO measurement from galaxies can also deviate from α
(e.g. Percival et al. 2010).
For convenience, we introduce the following small quantities:
γH = αH 2 − 1 ≈ 2 (αH − 1) ,
γD = 1 − αD 2 ≈ 2 (1 − αD ) .

(4.11)

In terms of their fiducial values, the true wavevector amplitude and orientation are:






2
ktrue
= k 2 1 − γD 1 − µ2 + γH µ2



(4.12)

!

µ2true = µ2

1 + γH
.
1 − γD (1 − µ2 ) + γH µ2

In addition to assigning the observed power spectrum to incorrect values of k and µ,
geometric distortions also introduce a multiplicative correction, ∆V , due to the difference in
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volume appearing the definition of the P (k) between the true and assumed cosmologies (e.g.
Ballinger et al. 1996):
∆V ≡

2
DA
(z)
H(z)

!,

2
DA
(z)
H(z)

!

=
true

DV
= (1 + γH )1/2 (1 − γD )
true
DV

(4.13)

Note that for the correlation function ξ(r), which is dimensionless, the geometric distortions
appear purely as rescalings of (r⊥ , rk ), and there is no additional volume correction. Together,
these effects yield:
Pobs (k, µ) = ∆V Ptrue (ktrue , µtrue ).

(4.14)

As described above, we can generically write the true angle-dependent power spectrum:
Ptrue (ktrue , µtrue ) =

X

F2j (ktrue )µ2j
true .

(4.15)

j=0

Applying geometric distortions (i.e. Equation 4.14) to this expansion gives:
1/2

Pobs (k, µ) = (1 + γH )

(1 − γD )

X
j=0

µ

2j

1 + γH
1 − γD (1 − µ2 ) + γH µ2

 



× F2j k 1 − γD 1 − µ

2



!j

+ γH µ


2 1/2



,

(4.16)

This expression can be expanded to arbitrary order in γH and γD . When the distortions are
small, the first-order expansion is sufficiently accurate:
1
Pobs (k, µ) ≈
γH − γD Ptrue (k, µ)
2h
i
(0)
(1)
+ µ0 F0 − (k 2 γD )F0




h

(0)

(4.17)

(1)

(1)

+ µ2 (1 + γD + γH )F1 + k 2 (γD + γH )F0 − (k 2 γD )F1
h

(0)

h

(0)

(0)

i
(1)

(1)

+ µ4 (1 + 2γD + 2γH )F2 − (γD + γH )F1 + k 2 (γD + γH )F1 − (k 2 γD )F2
(0)

(1)

i

(1)

+ µ6 (1 + 3γD + 3γH )F3 − 2(γD + γH )F2 + k 2 (γD + γH )F2 − (k 2 γD )F3

i

+ ··· ,
(n)

where Fj ≡ (∂/∂k 2 )n Fj , and terms scaling as µ8 and above aren’t shown. The first line
of the equality shows the overall amplitude shift due to the fractional change in volume,
∆V . We use this expansion to include geometric distortions in the Fisher matrix formalism
described below.
The shift of clustering power from lower to higher powers of µ is one signature of these
geometric distortions. For instance, the Kaiser formula predicts zero power at µ6 and above
(or the equivalent multipoles). In principle, measuring this angular dependence on large scales
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(where linear theory holds) would be a clean detection channel for geometric distortions.
There are significantly more modes on small scales (high k), providing the possibility of much
higher signal-to-noise, although using these smaller scales requires understanding nonlinear
effects. Accurate modeling of nonlinear clustering and redshift-space distortions helps extract
information in two ways. First, the broadband and BAO features in the power spectrum
provide specific distance scales that can be used as standard rulers. Second, an understanding
of how redshift-space distortions induce anisotropy in the power spectrum is required to
perform an Alcock-Paczynski test.

4.2.4

N-body simulations

We use the clustering of dark matter halos in N-body simulations as a reference against
which to compare different models. Since galaxies reside in dark matter halos, N-body
simulations provide an important link in understanding observed clustering and redshift-space
distortions. However, the physics of galaxy formation and existence of satellite galaxies can
lead to a non-trivial relationship between halos and galaxies (e.g. Reid & Spergel 2009). In
this work, we treat the clustering of dark matter halos and leave the halo-galaxy relationship
for future consideration. The modeling of central galaxies, which should exhibit clustering
properties similar to halos, is more straightforward. Some galaxy types used in clustering
measurements, e.g. luminous red galaxies (LRGs), are primarily central objects, and it may
be possible to construct a sample with a low level of satellite contamination (Reid & Spergel
2009).
The power spectra in the distribution function expansion, described in Section 4.3, are from
mass-weighted velocity moments and are thus straightforward to determine from simulations,
since the contribution from empty grid cells is well-defined. As in Okumura et al. (2012a,b),
we use a series of N -body simulations of the ΛCDM cosmology seeded with Gaussian initial
conditions, which is an updated version of Desjacques et al. (2009). The primordial density
field is generated using the matter transfer function from CMBFAST (Seljak & Zaldarriaga
1996). We adopt a fiducial cosmology corresponding to the best-fit parameters in the WMAP
5-year data (Komatsu et al. 2009), with Ωm = 0.279, Ωb = 0.0462, h = 0.701, ns = 0.96,
and a normalization of the curvature perturbations ∆2R = 2.21 × 10−9 (at k = 0.02 Mpc−1 )
which gives the density fluctuation amplitude σ8 ≈ 0.807. We employ 10243 particles of mass
mp = 2.95 × 1011 h−1 M in a cubic box with side length 1600h Mpc−1 . The positions and
velocities of all the dark matter particles are output at z = 0, 0.509, 0.989, and 2.070, which
are quoted as z = 0, 0.5, 1, and 2 for simplicity. To reduce sample variance, we use 12
simulations and treat each of the three lines-of-sight as independent for 36 total realizations.
Dark matter halos are identified at the four redshifts using the friends-of-friends algorithm
(Davis et al. 1985) with a linking length equal to 0.17 times the mean particle separation.
Halos must have at least 20 particles and are divided into subsamples by mass. Since the
number density of halos is smaller at higher redshifts, we construct 4 halo subsamples at
z = 0 and 0.5, 3 subsamples at z = 1, and 2 subsamples at z = 2. Although we focus on
z = 0.5 in this work, for reference properties of the constructed halo catalogs at each redshift
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Mass
bin
0
1
2
3
4
0.5
1
2
3
4
1
1
2
3
z

Mass range
N̄
n̄
12 −1
4
3
(10 h M ) (×10 ) (h Mpc−3 )
5.91 − 17.7
175
4.28 × 10−4
17.7 − 53.2
63.3
1.54 × 10−4
53.2 − 159
18.7
4.57 × 10−5
159 − 467
4.05
9.89 × 10−6
5.91 − 17.7
144
3.51 × 10−4
17.7 − 53.2
44.8
1.09 × 10−4
53.2 − 159
9.96
2.43 × 10−5
159 − 467
1.30
3.18 × 10−6
5.91 − 17.7
101
2.46 × 10−4
17.7 − 53.2
24.9
6.08 × 10−5
53.2 − 159
3.68
8.98 × 10−6

b1
b2,00
(cross)
1.18
-0.39
1.47
-0.08
2.04
0.91
3.05
3.88
1.64
0.18
2.18
1.29
3.13
4.48
4.82
12.65
2.32
1.75
3.17
4.77
4.64
12.8

b2,01
-0.45
-0.35
0.14
2.0
-0.20
0.48
2.6
9.5
0.8
3.15
10.8

Table 4.1 : Properties of halo catalogs. N̄ and n̄ are the average number and number density of
halos in each realization, respectively. The linear bias values b1 are computed from the cross power
mh ), averaged at 0.01 ≤ k ≤ 0.04h Mpc−1 . The quadratic bias values b00 and b01 are fit
spectrum (P00
2
2
to P00 and P01 , respectively, as in Vlah et al. (2013). The b2 values shown here are fit after applying
a correction to the relevant perturbation theory terms, as discussed in Section 4.3.3. Fitting without
this correction yields different b2 values.

are summarized in Table 4.1.
In Okumura et al. (2012a), these simulations were analyzed to extract the velocity moment
power spectra for halos (see Section 4.3). For the reference P (k, µ), we sum these terms
following the distribution function expansion to include all contributions up to µ6 . This
provides greater resolution in µ than using P (k, µ) directly calculated in redshift space. As
seen in Figure 4.1, the agreement between these two approaches is good, indicating that we
can neglect higher powers of µ. Indeed, on the scales of interest, the µ6 contribution is small
compared with the underlying uncertainty in the measurement.

4.3

The distribution function approach

The recently developed distribution function (DF) approach to redshift-space distortions
expands the density field in redshift-space in terms of moments of the distribution function
(Seljak & McDonald 2011). The resulting redshift-space power spectrum can be expressed in
terms of correlations between mass-weighted powers of the velocity field:
0

(−1)L
P (k) =
0
L=0 L0 =0 L!L !
s

∞ X
∞
X

ikµ
H

!L+L0
r
PLL
0 (k),

(4.18)
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Figure 4.1 : P (k, µ) calculated by summing over µ2j terms is shown, normalized by the reference
P (k, µ) calculated directly from simulations. Top panels show the lowest halo mass bin, and bottom
panels show the second mass bin; z = 0 (left panels) and z = 0.5 (right panels). See Table 4.1 for
more information on halo mass and bias. Five evenly spaced angular bins for 0 < µ < 1 are shown,
with vertical offsets added to increasing µ values. Error bars show the fractional standard deviation
in the reference measurement between the 36 realizations. Solid lines show the sum of distribution
function terms, calculated from the simulation, up to µ6 . Dotted lines, almost indistinguishable
from the solid lines, show the sum up to µ4 . Note that the similarity in scale-dependence on large
scales between the different bins is due to sample variance.
r
where H = aH, and PLL
0 is the real-space power spectrum of density weighted powers L and
0
L of the radial velocity field. For instance, P00 is the standard density auto-power spectrum,
while P01 is the cross-power spectrum of density and radial momentum.
This approach naturally produces an expansion of P (k, µ) in powers of µ, which is
convergent on sufficiently large scales, with a finite number of correlations contributing at
a given power of µ. Thus, when considering geometric distortions, we use an expansion in
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powers of µ rather than multipoles, which have contributions from all higher powers of µ and
thus, in principle, an infinite number of correlations between distribution function moments.
This expansion is valid for the density field of both dark matter and biased tracers of
dark matter such as halos or galaxies. For both dark matter and halos, these PLL0 terms have
recently been explored in simulations (Okumura et al. 2012a,b) and calculated perturbatively
(Vlah et al. 2012, 2013).
In this work, we are interested in using the distribution function expansion to provide a
more accurate model that can be fit to observations of clustering in redshift-space. While
N-body simulations can provide such a model for halos directly, spanning the necessary cosmological parameter space is not feasible.7 Instead, we seek an analytic (or hybrid) approach
that allows the rapid calculation of the redshift-space clustering for a given cosmology.

4.3.1

Halo biasing

For dark matter, such an analytic approach involves calculating the relevant terms
perturbatively to the desired order. Halo clustering, however, requires additional parameters
to account for the unknown relationship between biased tracers and the underlying density
field. We employ a non-linear and non-local biasing model (Baldauf et al. 2012), resulting in
01
four bias parameters for each redshift and halo mass bin: {b1 , b00
2 , b2 , bs }, where P00 and P01
have different values for quadratic, local bias b2 (see Vlah et al. (2013) for further discussion).
A local third-order bias, b3 , can be trivially absorbed into the value of b1 . However, although
it is not included in this parameterization, the contribution from a non-local third-order
bias, bNL
(Saito et al. in preparation), remains significant and is responsible for the two
3
different values of b2 . We could obtained similar results with a bias parameterization using
{b1 , b2 , bNL
3 , bs }, as in Equation 4.3. While the nonlinear bias values could each be treated as an
independent parameter, doing so would ignore theoretical understanding of the relationship
between them (e.g. Baldauf et al. 2012; Scoccimarro et al. 2012) and would reduce the
constraining power of the observations. Instead, we treat them as functions of the linear bias
b1 , yielding one redshift-dependent bias parameter for each halo mass bin. To leading order,
bs = (2/7)(1 − b1 ). The b2 parameters have an approximately quadratic dependence on b1 ,
which is fit to the simulations. The model also contains a halo velocity dispersion σv . The
linear theory prediction of this term (e.g. Vlah et al. 2013) is sufficiently accurate for the
model: σv ≈ σv,lin ∼ f (z)D(z). Thus the velocity dispersion contributes no additional free
parameters.

4.3.2

Stochasticity

A further complication to modeling the clustering of halos is their stochastic nature as
a tracer of the density field. This contribution is commonly modeled as a Poissonian shot
noise: Pshot = 1/n̄, for average number density n̄. However scale-dependent corrections due
7

Recent work on simulation-based cosmic emulators, e.g. Kwan et al. (2013), may provide an alternative
approach.
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to halo exclusion and non-linear clustering can be significant (Baldauf et al. 2013). Although
our Fisher forecast assumes Poissonian shot-noise when assessing the information content
of the power spectrum, we must account for deviations from this simple assumption when
comparing the clustering of halos in simulations (which has non-Poissonian shot noise) to the
distribution function model (which, in its primary form, does not).
Significant progress has been made in understanding these non-Poissonian contributions
(e.g. Baldauf et al. 2013). However, a complete and reliable model does not yet exist. Instead,
the full stochastic term, Λ(k), can be estimated following the approach of Vlah et al. (2013):
hh
hm
mm
Λ(k) = P00
− 2b1 P00
+ b21 P00
,

(4.19)

where “h” and “m” refer to halos and matter, respectively. The most conservative treatment
of shot noise would allow for marginalization over a multi-parameter model able to capture the
relevant scale-dependence (e.g. Equation 2.23 of Vlah et al. 2013). Such an approach would
suppress information on small scales, where shot noise dominates. Conversely, a reliable model
for shot noise would provide information on halo or galaxy properties from the additional
scale-dependence. In this work, we take an intermediate approach. We assume that the
non-Poissonian corrections are understood such that no additional marginalization is required.
However, when performing forecasts, these terms are left out of the derivatives with respect
to the parameters of interest (i.e. the shot noise correction contributes no information).

4.3.3

Combining terms

For simplicity, we choose to consider terms in the DF expansion (Equation 4.18) up to µ4 .
As seen in Figure 4.1, on the scales of interest, terms µ6 and above provide little contribution
in the simulations. Taken together, we can write the halo power spectrum in redshift space:
P hh (k, µ) = A(k) + B(k)µ2 + (1 + a4 k 2 )C(k)µ4 ,

(4.20)

where the k-dependent terms are determined by summing the relevant components of the
hh
PLL
0 correlations (which include bias factors):
hh
A(k) = P00,µ
0 (k),

B(k) =
C(k) =

hh
P01,µ
2 (k)
hh
P11,µ4 (k)

+
+

(4.21)
hh
P02,µ
2 (k)
hh
P02,µ4 (k)

+
+

hh
P11,µ
2 (k),
hh
P12,µ4 (k) +

hh
hh
hh
hh
P03,µ
4 (k) + P13,µ4 (k) + P22,µ4 (k) + P04,µ4 (k).

The a4 term is a correction discussed in Section 4.3.4.
The DF model terms are calculated analytically by applying the nonlinear biasing model to
hh
the relevant PLL
0 terms calculated with Eulerian perturbation theory (PT) at one-loop (Vlah
hh
et al. 2013). However, the accuracy of the calculations of PLL
0 breaks down on comparatively
large scales. While recent and ongoing work has made large improvements in perturbative
techniques (e.g. Crocce & Scoccimarro 2006; Pietroni 2008; Taruya et al. 2012), we seek
here to test the efficacy of the distribution function expansion mapping from real to redshift
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space and the nonlinear biasing scheme, rather than the accuracy of a particular perturbation
theory approach. Thus, for a few of the dominant terms in the model - namely the scalar
mm
mm
mm
parts of P00
, P01
,and P11
- we apply a scale-dependent correction factor to the PT terms
to bring them into agreement with the dark matter results from N-body simulations. This
correction is applied before determining the best-fit bias values. The effect of this correction
is seen in Figures 4.5 and 4.6. Taken together, the assumptions made about our ability to
model nonlinear dark matter clustering, bias, and shot noise are somewhat optimistic. As
such, the statistical power of this model demonstrates the gains that come with recent and
(hopefully) future improvements in understanding these processes. Once the shape of the
linear power spectrum is fixed, the model can be expressed with the following parameters:
{f (z), σ8 (z), b1 (z), a4 (z)}, not including the geometric distortions discussed in Section 4.2.3.
The parameter σ8 (z) refers here to the amplitude of the linear matter power spectrum at
redshift z.
Figures 4.2-4.6 show the accuracy of the DF model, compared with the linear Kaiser
model and the Scoccimarro ansatz with no FoG (since the velocity dispersion for halos is
small). In these comparisons, shot noise (including the scale-dependent component where
relevant) is subtracted from the simulation results rather than added to the model. This
choice is somewhat arbitrary - the scale-dependent contribution could be considered a bias
term. However, this convention matches the form of the Fisher matrix calculation, where shot
noise is assumed to be Poissonian. Note the apparent accuracy of the Scoccimarro ansatz
when standard Poissonian shot noise is applied. Although it is a less sophisticated model,
chance cancellations of neglected effects yield surprising agreement with the simulations,
particularly for b1 = 1.6 halos. Apparent features on the largest scales in these figures are
due to sample variance.

4.3.4

Correcting higher-order angular dependence

The distribution function model written above is complete up to terms scaling as µ4 .
Higher angular terms quickly become significant on small scales, and the model must thus
include these terms for large values of kk = kµ. As discussed above, on scales of interest in
this work, including terms up to µ4 is sufficient. However, the model prediction for the µ4
term itself diverges from the simulation results at high k, primarily due to a breakdown in
the biasing model (see Vlah et al. 2013).
One or more free parameters can improve the model accuracy on small scales. Although
additional free parameters must be constrained from the observations, at the cost of statistical
power, in principle the increased accuracy can allow the extraction of information on smaller
scales, where the number of modes rapidly increases. It is thus worth exploring whether such
an approach improves constraints on the parameters of interest. We choose the correction:
F4 (k)µ4 → (1 + a4 k 4 )F4 (k)µ4 , so that the correction depends on kk = kµ, as would appear
in an FoG expansion. However, this choice is somewhat arbitrary, and other reasonable
corrections could be applied. The value of a4 becomes an additional free parameter that must
be determined from the data, with a fiducial value determined using χ2 minimization with
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Figure 4.2 : The fractional difference between the linear Kaiser model and simulations is shown at
z = 0.5, for halos with b1 = 1.6 (left panels) and b1 = 2.2 (right panels). Top panels: Simulations have
been corrected assuming the standard Poissonian shot noise. Bottom panels: The full k-dependent
shot noise is used (as discussed in Section 4.3.2). The non-Poissonian correction is more significant
for higher bias halos.

respect to the simulation results. The a4 parameter partially accounts for deviations between
the µ4 term in simulations and calculated analytically, as well as the missing higher µ terms,
although the latter effect is sub-dominant on scales of interest. Figure 4.5 demonstrates the
effect of this correction term. We compare the resulting parameter constraints with and
without this correction below.

4.4

Forecasting measurement precision and bias

We wish to determine how well a galaxy redshift survey can constrain cosmological physics
by measuring geometric distortions (DA and H, parametrized by γD and γH ) and dynamical
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Figure 4.3 : Same as Figure 4.2, using the Scoccimarro ansatz.

distortions (f or f σ8 ). The achieved precision and accuracy depend on the underlying model
for clustering in redshift space. Attempting to use measurements on small scales where
the model breaks down will introduce a systematic bias to parameter estimates, even while
reducing the statistical errors. In general, a more complicated model (with additional free
parameters) will reduce this systematic bias at the cost of statistical constraining power.
We employ the Fisher matrix formalism to forecast parameter constraints around a
fiducial cosmology. We assume a fixed shape for the linear power spectrum (a reasonable
approximation, given the precision from Planck measurements), and only allow the following
parameters (or a subset thereof) to vary: {H, DA , f, σ8 , b1 , a4 }. As discussed in Reid et al.
(2012), relaxing a hard prior on the power spectrum shape has no discernible effect on the
ultimate constraints on H, DA , and f . Note that σ8 is completely degenerate with the growth
factor, G(z), which is thus not considered as a separate parameter. For linear theory, there
are only two independent combinations of the set {b1 , f, σ8 }, namely {b1 σ8 , f σ8 }. However,
the distribution function model depends on all three parameters, as discussed below.
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Figure 4.4 : Same as Figure 4.2, using the DF model, including the PT correction (see Section 4.3.3)
and with a4 = 0 (see Equation 4.20).

4.4.1

Fisher matrix formalism

The amount of information about the parameters pi , contained by a set of observables
with covariance matrix C, is given by the Fisher matrix:
i
1 h
Fij = Tr C,i C −1 C,j C −1 ,
2

(4.22)

where C,i ≡ ∂C/∂pi . If the observable in question is the two-dimensional redshift-space power
spectrum P (k, µ), measured in a galaxy survey, the Fisher matrix can be written (Tegmark
1997; Seo & Eisenstein 2003):
Fij =

Z kmax
kmin

!
!
4πk 2 dk Z 1
∂ ln P (k, µ)
∂ ln P (k, µ)
dµ
w(k, µ),
(2π)3 0
∂pi
∂pj

(4.23)
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Figure 4.5 : The fractional difference between the distribution function model and simulations is
shown at z = 0.5, for halos with bias 1.6 (left panels) and 2.2 (right panels). In all cases, the
k-dependent stochasticity correction is applied to simulation results and the PT correction discussed
in Section 4.3.3 is included. Top panels show DF model with a4 = 0; bottom panels show the DF
model with the best-fit a4 correction (Equation 4.20). The dashed line indicates a µ-dependent cut
in k that could be used to optimize the unbiased signal for parameter estimation, as discussed in
Section 4.4.4. Note the different color scale: the fractional difference is truncated at ±5% instead of
±20% as done in Figures 4.2-4.4.

where w(k, µ) describes the effective volume that determines the signal-to-noise in P (k, µ):
"

1
n̄P (k, µ)
1
w(k, µ) = Veff = Vs
2
2
1 + n̄P (k, µ)

#2

,

(4.24)

for survey parameters Vs (volume) and n̄ (galaxy number density). This formula assumes that
the power spectrum measurements for each mode (k, µ) are independent, with uncertainty
1
given by σP /P = w− 2 , which includes both sample variance and Poissonian shot noise of
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Figure 4.6 : Same as the top panel of Figure 4.5, except no PT correction is applied to the DF
model terms.

n̄−1 . On sufficiently small scales, this formula breaks down, as power spectrum measurements
on different scales become correlated.
For a given measurement, the Fisher matrix provides the minimum marginalized statistical
1/2



errors on pi : σi = Fii−1
. Independent measurements can be combined by adding their
respective Fisher matrices. This formalism can also be used to estimate the systematic
bias on pi that comes from assuming an incorrect model, denoted P 0 , instead of the true P .
Following Taruya et al. (2011), the bias on pi is given by:
∆pi = −

X

Fij0

−1

sj ,

(4.25)

j

sj =

Z kmax
kmin

!
!
P 0 (k, µ) − P (k, µ)
∂ ln P 0 (k, µ)
4πk 2 dk Z 1
dµ
w0 (k, µ),
3
0
(2π)
P (k, µ)
∂pj
0

where Fij0 and w0 are calculated using P 0 . This expression is derived by expanding around
the maximum of the likelihood and is thus only valid when the parameter bias (i.e. the
shift away from the maximum) is small. However, we are only concerned with the case
∆pi . σi , where Equation 4.25 remains applicable. Beyond this point, the parameter estimate
has been biased beyond the level of the statistical uncertainty and is unreliable. As seen
below, a parameter estimate can quickly become biased as information from smaller scales is
included. The number of modes rapidly increases (driving down the statistical errors), while
simultaneously the modeling of nonlinear clustering, redshift-space distortions, and biasing
becomes inaccurate.
To model the “true” P (k, µ), we use the halo measurements from N-body simulations.
Although we assume simple Poissonian shot noise in the Fisher calculation, the true shot noise
is somewhat non-Poissonian and k-dependent (as discussed in Section 4.3.2). We subtract
this corrected shot noise from the measured simulation P (k, µ).
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Recently, Font-Ribera et al. (2013) parameterized the loss of information on small scales
due to nonlinear evolution by applying an overall suppression to the linear theory information,
with a suppression factor equivalent to that in Equation 4.26. Instead, our approach directly
measures the information content in the nonlinear model and uses the systematic bias
to indicate where this information is no longer reliable. In addition to applying a kmax ,
determined by the systematic bias, we could relax some of the (optimistic) assumptions made
in constructing the DF model, leading to additional free parameters that would serve to
decrease the information content.

4.4.2

Separating information from the BAO feature

We wish to isolate information coming from the BAO feature, which provides a known
physical scale, and the broadband shape, which is largely (although not entirely) featureless.
We model the power spectrum as P = PBAO + PBB and separate these components with a
basis spline (de Boor 1978), which fits the smooth broadband shape of the power spectrum.
This technique is similar to that employed in Percival et al. (2010). We mitigate the
challenge of fitting the rapidly changing power spectrum by first dividing by the baryon-free
approximation of Eisenstein & Hu (1998). For the linear power spectrum, where both an
analytic approximation and a basis spline model for PBB are available, we find no appreciable
difference in BAO information content for different approaches.
To include BAO reconstruction with the DF model, we evaluate the Fisher matrix using
full-shape information and then add the Fisher matrix corresponding to the difference between
the reconstructed and non-reconstructed BAO information in linear theory. While it is feasible
to model reconstruction by increasing the amplitude of the BAO information isolated from the
DF model, we believe the procedure is more robust and has been more thoroughly explored
in linear theory. Examining BAO information isolated from nonlinear models is left for future
work. We also note the importance of high resolution input power spectra to model the BAO
information. If the power spectrum is sampled at insufficient resolution, the amplitude of
numerical derivatives of the BAO feature is reduced, leading to a spurious reduction in the
forecast sensitivity to parameters.
In the following sections, where results are shown for individual values of kmax , all BAO
information is included, and kmax refers to the broadband information only.8 Where results
are shown as a continuous function of kmax , BAO and broadband information are both
truncated at kmax .

4.4.3

BAO damping and reconstruction

Nonlinear evolution damps the BAO feature on small scales. These effects are automatically
included in the nonlinear treatment of the distribution function model. For linear theory, we
BAO
In this work, “all BAO information” means that kmax
= 0.4h Mpc−1 , a somewhat arbitrary choice that
has no impact on the results, given the BAO damping.
8
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use the formalism of Eisenstein et al. (2007b); Seo & Eisenstein (2007) to account for the
loss of information due to this damping:


1
PBAO,NL (k, µ) = PBAO,lin (k, µ) exp − k 2 Σ2 (1 − µ2 ) + (1 + f )2 µ2 ,
2




(4.26)

where Σ(z) ≈ 9.4h−1 Mpc × (σ8 (z = 0)/0.9) (D(z)/D(z = 0)) is the rms Lagrangian displacement, which is enhanced (in redshift space) along the line-of-sight by RSD, yielding the factor
of (1 + f ). Reconstruction of the density field (Eisenstein et al. 2007a) partially restores
this information by removing some of the nonlinear displacements of density tracers. In
the framework of Fisher forecasts, the effect of reconstruction is to reduce Σ. “Standard”
reconstruction assumes Σ → Σ/2.

4.4.4

Optimal modeling and analysis

Table 4.2 summarizes the different approaches we consider for extracting information
from clustering measurements in redshift space. For convenience, these models are numbered
1-6 and are subsequently referred to by number. We consider a BAO-only analysis, with
and without reconstruction (models 1 and 2, respectively). We consider three possible
approaches to including broadband information. In models 3 (no reconstruction) and 4
(with reconstruction), we use the distribution function model without the correction term
to account for deviations at high kk (discussed in Section 4.3.4), corresponding to a4 = 0 in
Equation 4.20. Model 5 employs the same DF model (including reconstruction) but applies a
µ-dependent cut in k to remove modes at high kk , where nonlinear redshift-space distortions
are particularly challenging to model. In this work, we use the cut denoted by the dotted
line in Figure 4.5 (analyzing only modes below the line). A reasonably straightforward
cut can remove the most problematic modes. Although this cut was selected by eye, more
sophisticated cut selection is feasible. In model 6, we use the DF model (with reconstruction)
and apply the a4 correction.
Compared to models 3 and 4, models 5 and 6 should reduce the systematic bias introduced
by broadband model inaccuracy, although in some specific cases the model can yield different
behavior. However, this improvement comes at the cost of statistical constraining power: in
model 5 modes are explicitly removed, while model 6 requires simultaneously solving for an
additional parameter that is partially degenerate with the parameters of interest. Since these
methods predominantly remove information from modes along the line-of-sight, constraints
on H are affected more than those on D. In model 6, if strong priors could be placed on a4
(e.g. from simulations), this loss of statistical power could be mitigated.
In principle, models 5 and 6, as well as other similar techniques, will allow an accurate
fit to observations on smaller scales. The resulting trade-off between the loss of modes at
a given k and a higher unbiased kmax must be considered for different scenarios. We note,
however, that the forecast assumes a Gaussian covariance matrix, which will no longer hold
on sufficiently small scales. The effect of non-Gaussianity is to reduce the information content
of additional modes. As a result, approaches that improve the model fit on smaller scales
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Model
1
2
3
4
5
6

BAO recon.
no
standard
no
standard
standard
standard

Broadband
no
no
DF
DF
DF
DF

µ cut
no
no
no
no
yes
no

a4
N/A
N/A
0
0
0
best fit

Table 4.2 : The different models considered in this work are described. For convenience, results for
each model refer to the labels defined here. See text for descriptions of these model choices.

are less powerful than the nominal predictions would indicate. Given similar forecasts for
parameter constraints, this effect argues for the use of a less complex model or analysis
technique, with a correspondingly lower kmax .

4.5

Forecast results

We forecast statistical constraints and systematic biases for parameters of interest as
a function of maximum wavenumber (minimum scale) kmax . We assume a survey similar
to the LRG targets of the proposed DESI experiment, with a volume of 10.5 (h−1 Gpc)3
(corresponding to 0.3 < z < 0.8) and number density n̄ = 3 × 10−4 (h−1 Mpc)−3 . Due to
finite simulation snapshots, we focus on results at z = 0.5, although this is somewhat lower
than the effective redshift of DESI LRG targets. We show results for galaxies with biases
corresponding to the two lowest mass halo bins: b1 = 1.64 and 2.18, respectively, at z = 0.5
(see Table 4.1). Note that the expected LRG bias at this redshift is b1 ≈ 2.2. These results are
not intended to provide an exact forecast for the DESI experiment, but rather to demonstrate
the potential for improvement and challenges for this type of next-generation redshift survey.
Constraints scale trivially as Vs1/2 , with a more complicated scaling with number density,
due to the changing relative importance of shot noise. The effect of changing the galaxy
bias is more complicated, since both the total signal-to-noise and the relative importance of
redshift-space distortions are altered. These effects are discussed below.
Figures 4.7-4.11 show the forecast parameter constraints and systematic biases. Constraints
on relevant parameters as a function of kmax , including the approximate best (unbiased)
constraints, are given in Table 4.3.

4.5.1

Constraints on geometry

Constraints on the geometric parameters H and DA are shown in Figures 4.7-4.10. As
expected, anisotropic BAO-only information is able to constrain geometry without introducing
an appreciable systematic bias into the parameter results. Applying BAO reconstruction

93

4.5. FORECAST RESULTS
Model
b1 = 1.6
1
2
3
4
5
6
b1 = 2.2
1
2
3
4
5
6

σ[ln DA (z)] [%]
σ[ln H(z)] [%]
kmax = (0.10, 0.15, 0.20, 0.25) [h Mpc−1 ]

0.8,
0.6,
0.6,
0.6,

1.0
0.6
0.8, 0.7,
0.5, 0.5,
0.5, 0.5,
0.5, 0.5,

0.7,
0.5,
0.5,
0.5,

0.8
0.5
0.7, 0.7,
0.5, 0.5,
0.5, 0.5,
0.5, 0.5,

0.7
0.5
0.5
0.5

0.7
0.4
0.5
0.5

1.5,
0.9,
0.9,
1.0,

2.1
1.0
1.2, 0.9,
0.8, 0.7,
0.8, 0.8,
0.9, 0.8,

1.4,
0.8,
0.8,
0.9,

1.9
0.9
1.2, 1.0,
0.8, 0.7,
0.8, 0.8,
0.8, 0.7,

0.8
0.6
0.8
0.7

0.9
0.7
0.8
0.7

σ[ln f σ8 (z)] [%]
(free geometry)

σ[ln f σ8 (z)] [%]
(fixed geometry)

3.7,
3.0,
3.0,
3.3,

2.9, 2.4, 2.0
2.4, 2.0, 1.7
2.4, 2.2, 2.1
2.4, 2.1, 1.9

2.2,
2.2,
2.2,
2.2,

1.3, 1.0, 0.7
1.3, 1.0, 0.7
1.4, 1.2, 1.2
1.3, 1.0, 0.7

4.6,
3.5,
3.5,
3.9,

3.7, 3.0, 2.6
2.8, 2.3, 2.1
2.8, 2.4, 2.3
2.8, 2.4, 2.1

2.6,
2.6,
2.6,
2.7,

1.6, 1.1, 0.8
1.6, 1.1, 0.8
1.6, 1.4, 1.3
1.5, 1.1, 0.8

Table 4.3 : Parameter constraints are shown for different models at different values of kmax , for
b1 = 1.6 (top) and b1 = 2.2 (bottom) halos, at z = 0.5. See Table 4.2 for description of models. Bold
numbers indicate the approximate kmax that minimizes statistical uncertainty without introducing
systematic bias at greater than 1σ. To avoid relying on optimistic assumptions on small scales, kmax
is chosen to not exceed 0.25h Mpc−1 . Here, the choice of kmax affects only broadband information;
all BAO information is included. BAO-only provides no constraints on f σ8 . Constraints on H
and DA involve marginalization over all relevant parameters, including σ8 . Constraints on f σ8 are
shown with σ8 fixed and for both free and fixed geometry. Both cases use the applicable kmax for
free geometry. See discussion in Section 4.5.2.

significantly improves the resulting constraints (by ∼ 50% for H and ∼ 40% for DA ). These
results are consistent with previous forecasts for anisotropic BAO information (e.g. Seo &
Eisenstein 2007; Font-Ribera et al. 2013). As expected, reconstruction provides a larger
fractional improvement on H constraints than on those for DA because of the additional
factor of (1 + f ) suppressing the BAO in modes along the line-of-sight, which primarily
contain information on H.
Including broadband information also improves parameter constraints. For H, including
broadband information in the DF model without BAO reconstruction improves constraints by
roughly the same amount as reconstruction would have in the BAO-only case (∼ 50%). With
reconstruction, including broadband information provides an additional ∼ 30% improvement.
The improvement on D(z) is somewhat more modest, ∼ 20% and ∼ 30% with and without
reconstruction, respectively. The reason for this disparity is discussed below in Section 4.6.
The improvement from including broadband information depends strongly on the kmax to
which the model can be reliably used. In the sample-variance limited regime, the square of
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the total signal-to-noise, corresponding to the amplitude of the Fisher matrix, should scale as
3
the total number of modes ∼ kmax
. In the shot-noise dominated regime, the Fisher matrix
3−α
amplitude grows as ∼ kmax where P (k) ∝ k −α at large k. The parameter uncertainties in
−3/2
(α−3)/2
these regimes should thus decrease as σ ∼ kmax
and kmax
, respectively. In linear theory,
−3
the high-k limit is P (k) ∝ k (i.e. α = 3). Nonlinear corrections provide an excess of power
above linear theory, and thus α . 3, and we would thus expect errors to slowly decrease with
kmax in the shot-noise limited regime. The results for models 4-6, seen in Figure 4.9, agree
qualitatively with this expected behavior. These approximate scalings are complicated by
changing parameter degeneracies or a µ-dependent k cut (as discussed in Section 4.4.4).
For b1 = 1.6 tracers, systematic bias becomes an issue at kmax ≈ 0.15h Mpc−1 . In the
case of b1 = 2.2 tracers, the model is sufficiently accurate to avoid systematic bias of the
results on scales as small as kmax = 0.3h Mpc−1 . However, as previously noted, part of this
strong agreement is due to optimistic assumptions regarding the ability to model non-linear
biasing and non-Poissonian shot noise. We thus don’t consider broadband information beyond
kmax = 0.25h Mpc−1 .
Although the survey parameters used here (including redshift, volume, and number
density) are chosen to approximate the LRG sample in DESI, it is instructive to compare the
performance of halos with different bias, with all other parameters held fixed. In a simple
model for P (k, µ), such as linear theory, low bias tracers provide a more powerful probe of
f σ8 , as discussed below. Because of the strong degeneracy between H and f σ8 (both affect
line-of-sight modes), one would expect low bias tracers to provide better constraints on H in
the sample-variance regime. Indeed, forecasts for linear theory show this behavior, with the
lower bias tracers outperforming higher bias tracers on H until shot noise dominates, while
for DA , the higher bias tracers always provide tighter constraints. In the DF model, where
nonlinear effects alter the signals and degeneracies for different parameters, these trends are
not as clear. As seen in Figure 4.5, the DF model provides a somewhat better fit for the
b1 = 2.2 halos, resulting in reduced systematic parameter biases.
The geometric signal coming from ∆V , which changes the overall normalization of P (k),
is in principle quite large. However, in the case of linear theory, this effect is completely
degenerate with b1 and f . In the distribution function model, ∆V is not completely degenerate
with the parameter set {b1 , f, σ8 }, and thus it results in a modest change to forecast parameter
constraints. The effect of ∆V is larger for higher bias objects, where nonlinear contributions
to bias and matter clustering result in less degeneracy between {b1 , f, σ8 } and ∆V .
The forecasts for H and DA shown in this section that include broadband information
marginalize over σ8 in addition to b1 and f . Because σ8 is largely degenerate with the
other two (in combination), the additional marginalization has little impact on statistical
uncertainties. However, because there is not total degeneracy between these parameters,
holding σ8 fixed can lead to a systematic bias in H and DA , since the modeling error can
lead to a change in the preferred value of H and DA . The size and direction of this effect
depends on the particular halo mass bin and minimum scale being considered.
Finally, the two more sophisticated analysis techniques explored here - applying a µdependent cut in k (model 5) and fitting an additional parameter to correct for higher µ
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dependence (model 6), do not yield improved overall constraints. The loss in statistical
information is not sufficiently offset by a reduction in systematic bias.

4.5.2

Constraints on growth of structure

Figures 4.10-4.11 show the constraints on f σ8 and b1 σ8 , using full shape information in
the DF model. While the linear theory model depends only on f σ8 and b1 σ8 , the distribution
function model has nonlinear contributions that scale with additional powers of σ8 , and
nonlinear bias provides nontrivial dependence on b1 , thus breaking this degeneracy. As seen
in Figure 4.11, this breaking occurs on small scales. In these figures (unless otherwise noted),
constraints on {f σ8 , b1 σ8 } are actually constraints on {f, b1 }, with σ8 held fixed. In the limit
where the σ8 dependence appears only in f σ8 and b1 σ8 (e.g. in linear theory or on large
scales in the DF model), these approaches are equivalent. As this degeneracy is broken, the
constraints on {f σ8 , b1 σ8 } with σ8 allowed to vary and the constraints on {f, b1 } with σ8
fixed are no longer the same. However, the degeneracy is sufficient on the scales considered
here that the deviation remains small. Despite differences in model and technique, we find
constraints on f σ8 (fixed geometry) that are consistent with the recent results of Font-Ribera
et al. (2013).
As is apparent in Figures 4.10-4.11, the degeneracy between geometry and growth of
structure is quite strong. Indeed, at leading order, geometric and redshift-space distortions
have the same effect on the power spectrum, introducing a µ2 dependence. Thus, strong
priors on either geometry or growth of structure will allow significantly improved constraints
on the other. Since linear redshift-space distortions have an amplitude characterized by
β ≡ f /b1 , lower bias tracers provide a higher signal-to-noise measurement of RSD. Moreover,
when trying to simultaneously constrain growth rate and geometry, higher β reduces the
degeneracy between RSD and geometric distortions. These advantages are diminished at
high k, where shot-noise becomes significant. Similarly, although BAO alone provides no
constraints on f σ8 , it does improve the constraints when geometry is free, since it is able to
separately measure H and DA . In this case, reconstruction further improves constraints on
f σ8 .
Also of interest is the potential benefit of a more sophisticated model (using the a4
correction) or analysis technique (applying a µ-dependent cut in k). While these techniques
seem to provide little advantage for geometric constraints, they can significantly improve
the precision of an unbiased measurement of f σ8 by allowing the inclusion of information
at higher k (see the middle and bottom panels of Figure 4.11). The improvement may be
even more significant in the case where prior measurements allow geometry and/or bias
to be held fixed. As is clear in the top panels of Figure 4.11, the systematic bias on f σ8
is largely unaffected by whether or not geometry and bias are held fixed. Thus, even if
separate measurements of geometry or bias existed, the uncorrected DF model lacks sufficient
broadband accuracy to take advantage of the improved statistical precision. Note that the
f σ8 constraints shown in Table 4.3 for both free and fixed geometry use the optimal kmax
determined for free geometry.
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Discussion

The results in this work show the potential advantages of including broadband information
when a sufficiently accurate model is used. Including broadband information when using
linear theory provides little gain: the systematic bias due to the inaccuracy of the model
quickly overwhelms the statistical gain. Similar results have been seen in previous studies
examining measurements of f from broadband information (e.g. Kwan et al. 2012), where
model inaccuracy results in systematically biased parameter constraints, even on relatively
large scales. As shown here, the situation can be significantly improved when using a more
accurate model, such as the distribution function model of Vlah et al. (2013). Applying this
model, we demonstrate the potential for precision geometric measurements using broadband
information, as well as improved constraints on growth of structure from measuring redshiftspace distortions at smaller scales.
Including broadband information improves constraints on H more significantly than those
on DA . This disparity is due to the different geometric degeneracies in BAO and broadband
measurements. While the BAO feature is able to measure H and DA separately, the primary
signal is in the position of the angle-averaged BAO position, which measures (roughly) the
2
parameter combination DA
/H. Thus, constraints are stronger on DA . Equivalently, we
can see that since there are more transverse modes than line-sight-modes, measurements
of a transverse distance scale will be more precise. While similar arguments hold for any
features in the broadband shape, the bulk of broadband information is coming from the
Alcock-Paczynski test, which carries signal even in the absence of features at a known scale.
Since this test is measuring DA H (described as the “warping” mode above), it serves to break
the degeneracy remaining in the BAO-only information, primarily benefiting the previously
poorer constraints on H.
Although there are differences in the models and techniques applied, our results are
broadly consistent with other recent Fisher forecasts (e.g. Seo & Eisenstein 2007; Font-Ribera
et al. 2013). However, in some cases, recent measurements on real or mock data sets have
yielded less precise constraints (e.g. Anderson et al. 2012). While some of this disparity may
be due to the inherently optimistic nature of Fisher forecasts (they provide a lower limit
on statistical uncertainty), there may be other effects contributing as well, such as survey
geometry.
Our results also indicate the potential value of adding external measurements able to
break degeneracies between geometry, growth of structure, and bias. For instance, constraints
on f σ8 are significantly improved if geometry is already known. Similarly, the effect of the
geometric factor ∆V is to cause an overall rescaling of the power spectrum amplitude. This
effect is largely degenerate with b1 and σ8 , even when nonlinear corrections are included.
However, if these parameters can be measured separately, the signal-to-noise for measuring
∆V (and thus constraining DV ) is very high.
We also highlight advantages of low bias tracers, which have a higher signal-to-noise for
measuring RSD. Alternatively, tracers with an additional velocity bias that increases the
effective value of β will exhibit similar advantages. Although an unknown velocity bias would
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be degenerate with measurements of f (in the absence of accurate modeling), it is easier to
measure broadband geometric distortions in the presence of stronger RSD, which are less
degenerate with geometry, especially H(z). These arguments suggest that performing an AP
test with anisotropic Lyman-α clustering is an interesting possibility.
As described in Section 4.3.3, our construction of a distribution function model for halo
clustering in redshift space is somewhat optimistic. However, given the recent progress
in understanding halo biasing and stochasticity, as well as improvements in analytic and
numerical approaches at rapidly estimating the dark matter power spectrum for a given
cosmology (including improved perturbative techniques and cosmological emulators based
on a suite of simulations), some of the complications in constructing an accurate model are
diminishing. The step from describing dark matter halos to the luminous galaxies that are
actually observed introduces additional challenges. Incorporating the complexity of galaxy
behavior, including the effect of satellite objects and virial motions within halos. The use
of multiple, overlapping tracers to reduce sample variance (e.g. McDonald & Seljak 2009;
Hamaus et al. 2012) can in some circumstances improve constraints. Both of these issues are
the subject of ongoing and future work. Finally, we note that these considerations are not
limited to galaxy redshift surveys, but can also apply to any three-dimensional tracer of the
density field, including the Lyman-α forest and neutral hydrogen seen in the 21cm line.
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Figure 4.7 : Forecast for recovered parameter value with statistical uncertainty (1σ) for b1 = 1.6
halos, compared with the fiducial value, as a function of kmax for H(z) (left panels) and DA (z)
(right panels). No information from BAO or broadband is included above the given kmax . Top
panels: Information from BAO-only (model 1; blue) is compared with full-shape information from
the distribution function model (model 3; red). Middle panels: Same as top, but standard BAO
reconstruction is included: model 2 (blue); model 4 (red). Bottom panels: Full shape information is
compared for three different cases: model 4 (red); model 5 (yellow); model 6 (green). See Table 4.2
for description of models.
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Figure 4.8 : Same as Figure 4.7, for b1 = 2.2 halos.
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Figure 4.9 : Statistical precision (solid lines) and systematic bias on fractional measurements of H
(top panels) and DA (bottom panels). Positive (negative) systematic bias is indicated with a dotted
(dashed) line. Model 1 (black); model 2 (blue); model 4 (red); model 5 (yellow); model 6 (green).
Left panels show b1 = 1.6 halos; right panels show b1 = 2.2 halos.
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Figure 4.10 : Forecasts for b1 = 1.6 (left) and b1 = 2.2 (right) halos. Top panels: 68% joint confidence
regions are shown in the H − DA plane. Dashed line indicates BAO-only. Model 1 (black); model
2 (blue); model 4 (red). All BAO information is included. For model 3, decreasing contour sizes
indicate broadband information is included up to kmax = {0.15, 0.20, 0.25}. Bottom panels: 68%
joint confidence regions are shown in the f σ8 − b1 σ8 plane for full-shape with standard reconstruction
(model 4). Red lines indicate that H and DA (“geometry”) are marginalized over. Green lines
indicate that geometry is held fixed. All BAO information is included. Decreasing contour sizes
indicate broadband information is included up to kmax = {0.15, 0.20, 0.25}. As discussed in the text,
σ8 is held fixed.
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Figure 4.11 : Statistical precision (solid lines) and systematic bias on f σ8 for b1 = 1.6 (left) and
b1 = 2.2 (right) halos. Positive (negative) systematic bias is indicated with a dotted (dashed) line.
Top panels: The effect of allowing different parameters to vary in model 4 is shown. Blue line shows
fractional precision and bias on f alone (all other parameters, including σ8 , are allowed to vary).
With σ8 held fixed, thus leading to constraints on f σ8 , bias and geometry are allowed to vary (red);
geometry is fixed (green); and both bias and geometry are fixed (yellow). Middle panels: Constraints
on f σ8 (σ8 held fixed; geometry and bias free) are shown for model 4 (red); model 5 (yellow); model
6 (green). Bottom panels: Same as middle panels, but with σ8 and geometry held fixed; bias free.
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Chapter 5
Perspective
Technological progress will continue to make observations of the universe more powerful.
Telescopes and cameras are getting larger, and the tremendous amounts of raw data produced
can be processed with ever-faster computers. The study of large-scale structure is no longer
limited by statistics - there are plenty of modes to observe. Instead, for most measurements,
we will soon be limited by systematic uncertainties. Improving our understanding of these
uncertainties will be necessary if the next-generation surveys, the most complex and expensive
cosmological experiments ever constructed, are to be successful.
Weak gravitational lensing has the potential to be one of the most significant cosmological
probes in the future, but numerous systematic effects, including intrinsic alignments, threaten
its success. Similarly, if redshift-space distortions, galaxy bias, and nonlinear evolution are
better understood, the constraining power of galaxy clustering measurements will increase
substantially. The aim of the work in this thesis has been to contribute to these important and
ongoing efforts. In Chapter 2, we found that the tidal (linear) alignment model, despite its
origin as a heuristic explanation, provides an accurate description of intrinsic alignments for
luminous red galaxies on large scales. Since this model has become a popular parameterization
for IA in lensing studies (e.g. Heymans et al. 2013), further development is important. We
discussed possible deviations from and extensions to the model, as well as the resulting impact
on different IA statistics. In Chapter 3, we developed a technique to separate the IA and
galaxy-galaxy lensing signals using photometric redshift information for the lensing sources.
Applying this process to SDSS lensing measurements, we were able to place the tightest current
constraints on IA for that particular source sample, determining that it is a subdominant
source of uncertainty. Our method should be useful for future lensing experiments, where
improved statistical uncertainty will both require and allow for more detailed removal of
IA contamination. In Chapter 4, we demonstrated how measurements of galaxy clustering,
including both broadband and BAO information, can constrain geometry (DA and H) and
growth of structure (f σ8 ). We showed that including broadband information on smaller scales
can greatly improve measurement precision. However, doing so requires accurate modeling
to avoid systematically biasing the results. Using the distribution function expansion and a
nonlinear biasing prescription, we constructed a model for halo clustering in redshift space,
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sufficiently accurate to include measurements on scales down to kmax ≈ 0.2 h Mpc−1 for the
next generation of galaxy redshift surveys (e.g. DESI).
Continued progress in these areas will require contributions from analytic, numerical, and
observational work. Larger and higher resolution N-body simulations will provide a more
complete picture of dark matter on nonlinear scales.1 Relating the visible galaxies (and other
baryons) to the more easily modeled dark matter will require the inclusion of baryonic physics
in simulations. Indeed, this baryon-dark matter connection is one of the major outstanding
challenges in astrophysics and cosmology, with implications for several fields of study, and
the improvement of hydrodynamic simulations on cosmological scales is likely to be one of
the important theoretical developments of the coming decade. Analytic work can connect the
behavior observed in these simulations to underlying physical processes and can perhaps aid
in the construction of useful models beyond the regimes probed numerically. For instance,
improved understanding of galaxy formation will aid in developing an accurate description
of both intrinsic alignments and nonlinear redshift-space distortions. Clever analysis of
observations can separate these astrophysical effects from the cosmological signal and be used
to test and calibrate the models that emerge from analytic and numerical work.
The task at hand is daunting, and there is no guarantee that these effects can be understood
at a sufficiently accurate level. Including all contributions at 1% (or 0.1%) precision is much
more challenging than what is needed at 10%. However, beyond the long list of potential
astrophysical and instrumental uncertainties, a more fundamental thought may keep a young
cosmologist up at night. The past two decades have seen tremendous strides in the field. Will
the next two decades see the same? Incremental improvements to our understanding of these
systematic effects, combined with more statistically powerful surveys, will serve to improve
the precision with which we can measure the parameters that characterize the universe. Such
improvements are welcome, but will they be scientifically significant? For instance, to what
precision must the dark energy density be “constant” before we stop looking for variation?
Will primordial gravitational waves or non-Gaussianity ever be measurable? Is it possible
that an exquisitely precise confirmation of the ΛCDM model will fail to provide answers to
the fundamental questions already posed?
Fortunately, such pessimism is not yet warranted. After all, it is impossible to know
when the next improvement in measurement precision will suddenly reveal tension with the
canonical model. In addition, fundamentally new observational techniques promise to open
new windows on the universe. For example, 21cm and gravitational wave measurements
are both in their infancy, and both will probe epochs and processes that are inaccessible to
optical observations.
Even without new types of detectors, improved understanding of astrophysical processes
can suggest potentially revolutionary methods to study the universe. The discovery, and
subsequent confirmation, of accelerating expansion relied on the knowledge that Type Ia
1
However, as discussed in Smith et al. (2012), a more thorough understanding of N-body simulations will
be required to achieve the necessary level of modeling accuracy. Moreover, although processing speed and
parallelization techniques continue to improve, it is possible that larger cosmological simulations will become
irresponsibly energy-intensive.
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supernovae could be used as “standard candles.” Similarly, interest in redshift-space distortions
rapidly grew when it was demonstrated that they are not merely a source of uncertainty but
also a new way to measure the statistics of the cosmological velocity field, thus probing both the
underlying density field and potential deviations from the ΛCDM paradigm. Understanding
intrinsic alignments may provide a similarly novel approach to studying large-scale structure.
Since IA responds primarily to the tidal field rather than the density field, it may have
advantages in probing certain processes. For instance, non-local galaxy bias (Baldauf et al.
2012; Scoccimarro et al. 2012) depends on the tidal field and thus could have a particular
signature in the IA signal. Recently, it was suggested that, as a direct probe of the cosmological
tidal field, intrinsic alignments might be uniquely sensitive to primordial tensor perturbations
(gravity waves), thus providing an unprecedented window into the inflationary epoch (Schmidt
& Jeong 2012). Measuring large-scale structure with multiple, overlapping tracers could
reduce the effects of sample variance (McDonald & Seljak 2009). Since intrinsic alignments
can constrain non-Gaussianity and measure the BAO feature (Chisari & Dvorkin 2013), IA
could perhaps provide an additional tracer, thereby increasing the information extracted from
a given galaxy sample.
Combining probes and techniques in novel ways could also provide valuable information.
For instance, it has been demonstrated that combining weak lensing and galaxy clustering
is able to reduce systematic uncertainties from either probe alone (e.g. Yoo & Seljak 2012;
Mandelbaum et al. 2013). Combining measurements of weak lensing using both shear
and magnification techniques could perhaps aid in separating the IA and lensing signals.
Alternatively, using multiple spectroscopic observations on lensing source objects could provide
a measure of intrinsic shapes, thus reducing shape noise and IA contamination (Morales 2006;
Huff et al. in preparation).
Many of these possibilities are quite speculative, and at least some will not be feasible.
Nevertheless, there are many reasons to be optimistic that the study of large-scale structure
in the coming decades will prove decisive in both resolving some of the biggest mysteries in
physics and posing a new set of questions.
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