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Overview

• Weak lensing and intrinsic alignments (IA)

• Measuring IA in observations

• Modeling IA

• Tidal (linear) alignment

• IA as a probe of structure and galaxy/halo physics
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dark matter filament
galaxies in filament

distorted background galaxies,
seen behind and around filament

IA and weak lensing
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Weak lensing statistics involve averaging across pairs of observed galaxy ellipticities �obs,

which consist of both the intrinsic ellipticity (I) of the galaxy and the gravitational lensing

shear distortion (G): �obs = �I +�G. Summing over pairs of galaxies, denoted i and j, yields

an ellipticity correlation function:

��obs
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i �

G
j ⇥+ ��I

i �
G
j ⇥+ ��G

i �
I
j ⇥+ ��I

i �
I
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The lensing signal is contained in the first term (GG). If intrinsic alignments are random,

the GI and II terms average to zero. However, since the weak lensing signal is small (�G is

roughly 1% of �I for a typical galaxy) [cite], even small correlations can lead to appreciable

intrinsic alignment terms. Early in the history of lensing measurements, it was known that

II e�ects, caused by galaxies in close proximity to each other and thus oriented by the same

background density field, were an important contaminant [Refs]. Fortunately, the II term

can be easily reduced through tomography - dividing the sample by redshift and excluding

or down-weighting nearby pairs removes the problem of proximity [refs]. It was later realized

(10) that the GI term can also be significant, 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 would both a�ect the intrinsic shape and orientation of nearby

objects as well as the lensed shapes and orientations of background objects along the same

line-of-sight. [Include figure like in (10)] Observation has confirmed the presence of both of

these intrinsic e�ects ((16), (9), (7), (19), (18)).

It is thus critical to understand IA for high-precision weak lensing experiments. The

potential degradation of cosmological parameter measurements by IA bias is significant. For

instance, without proper treatment of IA, cosmic shear measurements of ⇥8, the amplitude

of density fluctuations on an 8 Mpc scale, can be biased at the current level of experimental

uncertainty (20). Similarly, a recent study demonstrated that 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 ((12)).

However, these alignment e�ects are not just a contaminant - they also provide a poten-

tially powerful probe of large-scale structure and the process of galaxy formation. Accurate

modeling of intrinsic alignment is important for both of these reasons, and several models

of varying degrees of complexity have been proposed (e.g. (5), (10), (15),(20), refs in (11)).

The astrophysical processes involved in galaxy formation and evolution are complex, making

it challenging to construct realistic models. Moreover, any analytic predictions of the orien-

tation and ellipticity of a galaxy residing in a background tidal field will rely on assumptions

relating the orientation of dark matter halos and the resident galaxies, and non-linear scales

are particularly di⇥cult to e�ectively model. Similar limitations exist for simulation-based

lensing signal

(Hirata & Seljak 2004)
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 Separating IA and lensing signals
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ξ(r) =

∫
d3k

(2π)3
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IA per excess lens-source pair

SDSS DR7 LRG lenses (~62k) at z=0.16-0.36

red sources only

(JB+ 2012)
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LRG alignment

IA per excess lens-source pair

L3 (red)
L4 (red)

(Hirata+ 2007)
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IA modeling
tidal field: T

hybrid halo model 
(e.g. Schneider&Bridle 2009)

tidal alignment: 
linear in T

tidal torquing: 
quadratic in T

(Catelan+ 2001)

2 halo

1 halo

(Talks by Lee, Codis, Pichon)
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IA modeling
tidal field: T

hybrid halo model 
(e.g. Schneider&Bridle 2009)

tidal alignment: 
linear in T

tidal torquing: 
quadratic in T

(Catelan+ 2001)

(Talks by Lee, Codis, Pichon)
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Tidal alignment model

• Ellipticity aligns with tidal field

• Should dominate on large scales: ~ P(k)

tidal field

(Catelan+ 2001)
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derstanding of the relationship between halo and galaxy ellipticities may require simulations
with baryon physics capturing a wide range of scales (see, e.g., [37]).

This paper tests analytic models of IA against recent measurements. In particular,
we focus on the linear tidal alignment (LA) model [17, 20], 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 [32] has shown that the model is
consistent with measurements of GI correlation. We expand this comparison and consider
possible extensions to the model.

This paper is organized as follows. Section 2 discusses intrinsic alignment models, fo-
cusing on the linear tidal alignment model. In §3, we summarize recent measurements of
intrinsic alignment. We then review several statistics relevant for GI and II correlations, cal-
culating these statistics in the LA model. One of these statistics is the alignment correlation
function, wg(rp, θ), recently proposed in [28]. By adding an angular dimension to the correla-
tion 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 lin-
ear tidal alignment. We propose a potential signature of nonlinear alignment contributions
and nonlinearities in the density field. In §4, we consider the effects of a stochastic contri-
bution 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 5 summarizes our conclusions and provides discussion in the context of galaxy for-
mation. We also include an appendix 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 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 [20]. In particular,
elliptical galaxies are supported primarily through velocity dispersion rather than rotation
and are thus more likely to align with the orientation of the surrounding halo and background
tidal field. On scales above 10 Mpc, it is physically reasonable for galaxies to align with the
principal axis of the gravitational tidal field [17]. The LA model of [20] relates the intrinsic
ellipticity8 of an elliptical galaxy to a linear function of the tidal field:

γI(+,×) = −
C1

4πG
(∇2

x −∇2
y, 2∇x∇y)S[ΨP ], (2.1)

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

8The quantity used here is actually the intrinsic shear, which differs from ellipticity by a factor 1/2R,
described after Eq. 2.2. To avoid confusion with lensing shear, we refer only to intrinsic ellipticity.

9We define C1 to capture the full magnitude of the LA effect. In several previous studies (e.g. [32]), C1 was
specified using a standard but somewhat arbitrary normalization calculated from ellipticity variance [17], and
an additional dimensionless constant parameterized the strength of LA with respect to this reference value. As
we discuss in §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.

– 3 –
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The model works!

(Okumura+ 2009; Okumura & Jing 2009)
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Figure 1. Measurements of [30] 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.
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Figure 2. Measurements of [29] 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 Fig. 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++.

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 [49]. As shown
below, only E-modes are produced in the LA model, and thus B-modes could detect the
presence of separate alignment mechanisms [43].

Following [50], we can express the E- and B-components of the auto-correlation func-
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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
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GI

II

Test C1ρcrit χ2
red p(> χ2) Comments

wg+ 0.125 ± 0.007 2.3 0.05 NL corrections improve fit below 10 h−1Mpc
w++ 0.123 ± 0.014 0.43 0.79 NL corrections improve fit below 10 h−1Mpc
w×× Use w++ fit 2.4 0.03 —
wE Use w++ fit 2.8 0.02 —
wB — 0.68 0.64 LA prediction is wB = 0

C̃1ρcrit
w̃g+ 0.71 ± 0.02 1.8 0.12 Calculated without weighting by γ0
w̃++ 0.74 ± 0.07 0.24 0.91 Calculated without weighting by γ0

wg(rp, θ) 0.18 − 1.55 — — Luminosity dependent - see §3.4

Table 1. Summary of tests of LA model. 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.

instance, choosing zP at the observed redshift (which provides the maximum nonlinear cor-
rection) rather than during matter domination can affect the predicted alignment amplitude
by ∼ 20% for GI correlations at scales of 5h−1Mpc.

On large scales, the LA mechanism should dominate for all galaxies, since it results in
correlations that 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 [20, 34, 40], 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 [41] 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), although
these terms are likely small (see [34] for further discussion). Recent observations [27, 28, 42]
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.

3 Measuring intrinsic alignment

There are numerous probes of galaxy intrinsic alignment. We consider several alignment
statistics in real space (for both GI and II correlations) and compare measurements with LA
model predictions. Table 1 provides a summary of these statistics, which are described in
the following subsections.

3.1 Galaxy samples

To test the predictions of the linear alignment model, we compare with existing measure-
ments 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

– 5 –

(c.f. Joachimi, Mandelbaum+ 2011)

(JB+ 2011)
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Modeling smaller scales
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Figure 1. Measurements of [30] 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.
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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 [49]. As shown
below, only E-modes are produced in the LA model, and thus B-modes could detect the
presence of separate alignment mechanisms [43].
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Intrinsic alignments as a signal

• halo and galaxy formation 
and evolution (e.g. JB+ 2011)

• additional tracer of LSS     
(e.g. Chisari & Dvorkin 2013)

• density field reconstruction  
(c.f. Lee & Pen 2000)

• nonlinear and tidal galaxy 
bias (JB+, in prep.)

• tidal field B-modes from 
primordial gravity waves 
(Schmidt & Jeong 2012; Chisari+ 2014)

7

FIG. 3: Angular power spectrum of the observed E-
component of the shear from lensing and intrinsic alignment
affects, as well as the total power spectrum. We assumed
C1ρcr0 = 0.12 (following the results of [19]), and a Gaussian
distribution of source redshifts centered at z̃ = 2 with RMS
width of ∆z = 0.03(1 + z̃).

FIG. 4: Same as Fig. 3, but for B-modes.

source redshift (note that here we have assumed the same
value for C1ρcr0 at all redshifts). This can be traced back

FIG. 5: Dependence of the lensing and intrinsic alignment
contributions to the B-mode shear power spectrum on the
source redshift z̃. We have assumed a Gaussian redshift dis-
tribution centered at z̃ = 5, 2, 1 (from top to bottom), and
RMS width ∆z = 0.03(1 + z̃). The black dotted line near
the top of the figure shows the 1σ error on the shear power
spectrum per multipole induced by shape noise [Eq. (24)], for
a survey with n̄ = 100 arcmin−2, σe = 0.3, and fsky = 0.5.

to the factor of ã−2 in the IA contribution [Eq. (20)],
which is due to the transformation from conformal time
derivatives to physical time derivatives. It is also interest-
ing to consider the dependence of the signal on the width
of the source galaxy redshift distribution. This is illus-
trated in Fig. 6. The lensing contributions are largely
independent of ∆z for the range of multipoles relevant
here. On the other hand, the IA contribution is notice-
ably increased for sharp source redshifts at l ! 10, a
consequence of the fact that this contribution is not pro-
jected along the line of sight but evaluated at the source.
Thus, unlike the lensing contribution, the IA contribution
is essentially a three-dimensional field. Note also that in
this case l(l + 1)CBB

γ (l) ≈ const, i.e. there is roughly
equal power per decade in multipole for the IA contribu-
tion. However, following our discussion above, we expect
the approximation of a scale-independent alignment coef-
ficient to break down once the wavelength of contributing
tensor modes approaches the scale of halos, roughly at l
greater than a few hundred.

VII. DISCUSSION

In this paper, we have studied the shear induced by a
primordial GW background. In addition to the projec-
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Summary
• We have made a lot of progress in understanding IA - more is needed!

• Indirect measurement constraints IA contamination in SDSS to ~2% - apply 
method to new data sets

•Tidal alignment provides a good description for LRGs on large scales - 
nonlinear corrections improve the model on smaller scales

•Future/ongoing work:

• Nonlinear alignment effects

• Compare with N-body and hydro sims

• IA measurements on new data sets, including DES

•See papers: JB+ 2011 (JCAP 5, 10); JB+ 2012 (JCAP 4, 41); JB+ in prep.
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