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Galaxy intrinsic alignment and gravitational lensing
Jonathan Blazek, UC Berkeley

(arXiv:1101.4017)
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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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halofit P(k)

LRG measurement
from SDSS
Okumura+ 2009

Linear alignment model
•galaxy ellipticity aligns with tidal field
•elliptical galaxies, large scales

Photo-z galaxy-galaxy lensing
•photo-z uncertainty allows contamination 
from objects associated with lens
•we split source sample to constrain IA
•contamination up to ~10% of signal

2

effect than shear autocorrelations computed using only
galaxies in a narrow redshift slice, because the radial sep-
aration is necessary in order for the tidal field around
the nearby galaxy to lens the more distant galaxy. This
intrinsic-lensing correlation will also affect attempts to
cross-correlate cosmic shear surveys of galaxies with lens-
ing of the CMB [13, 36, 37] because the CMB is also
lensed by the tidal field surrounding the source galaxies.
This paper is organized as follows. In Sec. II, we for-

mally express the E- and B-mode shear power spectra
in terms of the background cosmology, power spectra
of matter density and intrinsic shear, and matter-shear
cross-spectrum. In Sec. III we consider two crude mod-
els of intrinsic alignments and calculate their predicted
contribution to the shear power spectrum. We discuss
methods to assess and/or remove the contamination in
Sec. IV, and we conclude in Sec. V.

II. SHEAR POWER SPECTRA

Before developing the formalism let us describe a sim-
ple example of the effect, shown in Fig. 1. The tidal
field may lead to a stretching of the galaxy shape in the
direction of the tidal field. Gravitational shearing of a
background source leads to stretching of the galaxy a in
perpendicular direction. As a result, the lensing effect
will be partially cancelled by the intrinsic alignemnt ef-
fect and the two effects are coherent, as they depend on
the same underlying density field.
Weak gravitational lensing by large-scale structure is

detectable through its shearing of distant “source” galax-
ies. To lowest order, the shear of a galaxy i can be broken
down into a gravitational and an intrinsic shear contri-
bution: γi = γG

i + γI
i . The gravitational shear is well

known and is equal to:

(γG
i+, γ

G
i×) = ∂−2

∫ ∞

0
W (χ,χi)(∂

2
x− ∂2

y , 2∂x∂y)δ(χn̂i)dχ,

(1)
where the ∂ derivatives are takes with respect to angular
position (i.e. have units of radians−1), ∂−2 is the as-
sociated inverse Laplacian, n̂i is the angular position of
galaxy i, δ(χn̂) is the fractional density perturbation at
distance χ in direction n̂, and the lensing window func-
tion is:

W (χ,χi) =
3

2
ΩmH2

0 (1+z) sin2K χ (cotK χ−cotK χi) (2)

for χ < χi and 0 otherwise. Here sinK and cotK are the
modified trigonometric functions, i.e.

sinK χ =







K−1/2 sin(K1/2χ) K > 0
χ K = 0
|K|−1/2 sinh(|K|1/2χ) K < 0

, (3)

cotK χ = d
dχ ln sinK χ, and K is the spatial curvature of

the universe.

!>0 !>0

FIG. 1: The effect of the density-intrinsic shear correlation
on the shear power spectrum. Density fluctuations in the
nearby plane (gray masses) induce a tidal field (arrows). A
source galaxy in a more distant plane (dashed ellipse) is grav-
itationally sheared tangentially to these masses. If the intrin-
sic shears of galaxies in the nearby plane (solid ellipse) are
aligned with the stretching axis of the tidal field, then this
results in an anti-correlation between the shears of galaxies
at different redshifts, i.e. CEE,GI

! < 0. (The opposite case,

CEE,GI
! > 0, results if galaxies are preferentially aligned with

the compressing axis of the tidal field.)

Now we imagine that a set of source galaxies in red-
shift slice α with comoving distance distribution fα(χ)
are observed. The gravitational contribution to a shear
Fourier mode is:

γG
l (α) = (cos 2φl, sin 2φl)

∫ ∞

0
Wα(χ)δl(χ)dχ, (4)

where the integrated window function is:

Wα(χ) =

∫ ∞

0
fα(χ

′)W (χ,χ′)dχ′. (5)

The intrinsic alignment contribution at a point is given
by

γI(n̂,α) =

∫ ∞

0
fα(χ)γ̃

I(χn̂)dχ, (6)

where the density-weighted intrinsic shear γ̃I = (1+δg)γI

is computed from the fractional overdensity of galaxies
δg and average intrinsic shear of galaxies γI . A density
weighting is technically necessary in Eq. (5), which makes
Wα(χ) slightly dependent on angular position. On sub-
arcminute scales where the fluctuations in δg are large
this results in production of B-modes in the lensing shear
[38]; on larger scales the effect is unimportant. In con-
trast, intrinsically aligned pairs of galaxies tend to be
close to each other where δg ≥ 1, and hence the factor
of 1 + δg in Eq. (6) cannot be safely neglected except on
very large scales.
The E-mode shear cross-spectrum between two red-

shift slices can be broken down into gravitational lens-
ing (GG), intrinsic alignment (II), and interference (GI)
terms:

CEE
# (αβ) = CEE,GG

# (αβ) + CEE,II
# (αβ) + CEE,GI

# (αβ).
(7)

(The B-mode shear cross-spectrum is similar, but con-
tains only an II term since there is no gravitational

background

associated
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Weak lensing statistics involve averaging across pairs of observed galaxy ellipticities γobs,
which consist of both the intrinsic ellipticity (I) of the galaxy and the gravitational lensing
shear distortion (G): γobs = γI +γG. Summing over pairs of galaxies, denoted i and j, yields
an ellipticity correlation function:

�γobs
i γobs

j � = �γG
i γ

G
j �+ �γI

i γ
G
j �+ �γG

i γ
I
j �+ �γI

i γ
I
j �. (1)

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 (γG is
roughly 1% of γI 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 effects, 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 affect 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 effects ((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 σ8, 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 effects 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 difficult to effectively model. Similar limitations exist for simulation-based
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δg = b1 δm +
1

2
b2 [δ2m − σ2
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1
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b3 δ3m + br [v2r − σ2
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SUPERSONIC RELATIVE VELOCITY EFFECT ON BAO MEASUREMENTS

• Supersonic relative velocity effect:                                             Tseliakhovich & Hirata, 2010, PRD

• relative velocity between baryons and dark matter ~ 30 km/s  at recomb. (cs ~ 6 km/s)

• suppress early halo abundance around Jeans scale

• Large scale BAO signature of  smallest galaxies:                    Dalal, Pen & Seljak, 2011, JCAP

• early halos are modulated by relative velocity not matter density

• Impacts on low redshift BAO measurements:                            Yoo, Dalal & Seljak, 2011 JCAP

•  

• if  ignored, relative velocity effect can shift BAO peak by ~ 10%

• easy to model and marginalize over, error budget is inflated by only 8% in w0

• bispectrum provides unique signature in a model independent way

!JAIYUL YOO



What happens if dark energy perturbation (DEP) is ignored?

SDSS DR7 LRG

WMAP 5-year TT

C.-G. Park, J. Hwang, J. Lee, H. Noh, Phys. Rev. Lett. 103, 151303 (2009) [arXiv:0904.4007]

WKYC 2011 - Future of Large Scale Structure Formation  [Park, Chan-Gyung (KNU)]

21
21)( eVeVVQuintessence with (scaling initial conditions for 1=9.43; 2=1.0) 

DEP-ON: All calculations are made in three different gauge conditions
(CCG, UEG, and UCG). The results in the three gauges coincide exactly (red curves).
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C.-G. Park, J. Hwang, J. Lee, H. Noh, Phys. Rev. Lett. 103, 151303 (2009) [arXiv:0904.4007]

WKYC 2011 - Future of Large Scale Structure Formation  [Park, Chan-Gyung (KNU)]

567:;<<= >#)') ?"'( 34561354 56 &'-$1-2#$*3( *( $"' 77'@ 89'@ #(, 87':
;2)'-A#$*3(#BB0%,*)$*(/1*)"#2B'%)12)$#($*#B%,*++'-'(C')%#&&'#-%20%*/(3-*(/%567D%
E0%*/(3-*(/%*$%$"'%&'-$1-2',%)0)$'F%3+%'G1#$*3()%2'C3F')%*(C3()*)$'($%#(,%
,'A*#$*3()%*(%4/#1/':*(A#-*#($8%&3?'-%)&'C$-#%,'&'(,%3(%$"'%/#1/'%C"3*C'D

21
21)( eVeVVH1*($'))'(C'%?*$"% 4)C#B*(/%*(*$*#B%C3(,*$*3()%+3-% IJKDLMN% OJIDP8%



Contents

 Probes of initial conditions: non-Gaussinanity
J.W. Gong Cosmological test of GR using both WL and coherent motions
D.H. Jeong Detecting fNL from galaxy surveys

 Constraints on neutrino mass
C.W. Kim Comment on neutrino mass
R. Nakajima Neutrino mass bound from weak lensing

Ultimate mass constraint using Lyman alpha forest commented by U.Seljak

 Structure formation at high redshift commented by K.J. Ahn

 Impact on Astrophysics: commented by C.B. Park

H.J. Seo Re-capturing cosmic information with log mapping

 Is acceleration caused by modified gravity instead?

J.Y. Yoo Supersonic relative velocity effect on BAO measurements
C.-G. Park What happens if dark energy perturbation is ignored?

Y.S. Song Cosmological test of GR using both WL and coherent motions

J. Blazek Galaxy intrinsic alignment and gravitational lensing

 Dark energy prospect: multiple probes strategy



The universality 
of physics laws

Metric Perturbations Energy-Momentum
Fluctuations

!

"

#m

$m

Poisson equation

Euler equation

Continuity eq.Anisotropy

WL measures Φ-Ψ

Coherent motions

Cosmological Test of General Relativity
Photometric wide-deep survey Spectroscopic wide-deep survey

Gμν = 4!GN Tμν

Modified by mass screening effect

Geometrically induced

Yong-Seon Song



S.C. Lee

Why do we need multiple probes ? : discriminate DE from MG

Basic notations

Metric :

ds2 = −(1+2Ψ)dt2 +a2(t)(1+2Φ)d!x2

Anisotropic parameter : η ≡ −
Φ
Ψ

Peculiar velocity potential :

µ ≡ −
k2Ψ

4πGρma2δ

Growth factor of matter perturbation :

Ωm(a)γ ≡
d ln δ
d ln a

D ≡
δ(a)
δ(ai)

& G ≡
D
a



S.C. Lee
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Early universe in LSS

LSS as a probe of early universe

How is LSS formed?

R →Φ→ δ

1 Curvature perturbation R

Generation and properties from microscopic physics

Inflation: “The” model? Infrared divergence? Landscape?...

2 Gravitational potentialΦ

Sachs-Wolfe limitΦ= 3R/5: Smaller scales?

Non-linear mapping: Φ=φ+ fNLφ
2 +·· · → R = ·· ·

3 Density fluctuation δ

Properties of initial density field: Bias, (local) bispectrum...

Evolution: Volume effect, dark matter...

δ in which gauge?

A consistent picture throughout the history of the universe?
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Detecting fNL from galaxy surveys

z
V

[Gpc/h]3
ng

10-5[h/Mpc]3
kmax

[h/Mpc]
ΔfNL

P(k)
ΔfNL

Bk

SDSS LRG 0.315 1.48 136 0.1 41.80 5.62

BOSS 0.35 5.66 26.6 0.1 21.25 3.34

HETDEX 2.7 2.96 27 0.2 12.4 3.65

BigBOSS LRG 0.5 13.1 30 0.1 11.59 2.27

BigBOSS QSO 2.15 138.2 5 0.1 7.80 17.02

ADEPT 1.5 107.3 93.7 0.1 2.73 1.11

EUCLID 1.0 102.9 156 0.1 3.70 0.92

cf. ΔfNL for planck ~ 5

1. Inflation constraints

Interested Collaborators: Jeong, Komatsu, Gebhardt

Goal: We constrain inflation models by measuring the shape of primordial power spectrum and
primordial non-Gaussianity.

Technique: Primordial density field predicted by the most inflationary models, and confirmed by
observations like WMAP and SDSS, is characterized by nearly a scale invariant power spectrum
following nearly Gaussian statistics. However, how exactly it deviates from the perfect scale invari-
ant, Gaussian density field depends on models. Therefore, by accurately measuring deviation from
scale invariance as well as Gaussianity, we constrain inflationary models.

We parametrize the shape of the primordial density power spectrum by using the following
two parameters {ns, αs},

Pζ(k) ∝
(

k

kp

)ns+ 1
2αs ln(k/kp)

, (1)

and non-Gaussianity by nonlinearity parameter fNL,

Φ(x) = φ(x) + fNL
(
φ2(x) − 〈φ2〉

)
. (2)

Here, kp ≡ 0.05 [Mpc−1] is a pivot wavenumber, and φ(x) is a Gaussian random field. Note that
the perfect scale invariant, Gaussian density field leads ns = 1, αs = 0 and fNL = 0. We measure
fNL, ns and αs from the HETDEX power spectrum.

In this study, we shall restrict ourselves to the very large scale (k < 0.15 [h/Mpc]) where linear
theory is applicable. Then, the galaxy power spectrum that we shall observe from HETDEX can
be modeled by using linear bias, and linear redshift space distortion as

Pg(k, µ; z) =
[(

b + fµ2
)2 + 6fNLb(b + fµ2)δ̃c

H2
0Ωm

D(z)k2T (k)

]
D2(z)PL(k). (3)

Here, b, Ωm, H0 are the linear bias parameter, matter density parameter, and Hubble constant,
respectively. The linear matter power spectrum at present, PL(k), is given by linear perturbation
theory as

PL(k) ∝ T 2(k)Pζ(k), (4)

where T (k) is the matter transfer function. Note that, in order to measure the primordial power
spectrum from the galaxy power spectrum, we need to know about the transfer function, T (k),
which encodes the evolution of density field throughout the matter-radiation equality and CMB
last scattering. Thus, T (k) depends on the matter density, and baryon density of the universe.

A convincing detection of fNL>1 would rule out ANY 
single field inflation models regardless of

- form of potential
- form of kinetic term
- initial vacuum state

for HETDEX

One million galaxies
1.9<z<3.5
420 sq. deg.
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Constraint on neutrino mass using WL

Varying mν
Varying wDE

Bound on mν using WL is 
Δmν < 0.1 eV ?

R. Nakajima



SDSS and high resolution Lya power spectrum 
analysis

                              McDonald, Seljak etal 2006

• 2<z<4 in 11 bins

• A single CDM model fits the data over a 
wide range of redshift and scale

• WDM (6.5keV) does not fit



Limits on neutrino mass
• WMAP3+SDSS Lya+SDSS+2dF+SN 6p:

• Together with SK and solar limits:

• Lifting the degeneracy of neutrino mass

• For one neutrino family scenario (eg LSND):

Seljak, McDonald, Slosar 2007



Estimation from future Lyman α experiment

From Big-Boss Σmν = 0.05 ± 0.024 eV
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Impact on Astrophysics
 Photometric survey: advantage to research diverse 

characteristics of galaxies. As it targets higher redshift, it 
reveals the evolution of galaxies in detail.

 Spectroscopic survey: advantage to research chemical 
compounds and dynamical states of galaxies, and inner 
mechanism and estimated mass of cluster.

 Photometric + Spectroscopic + redshift information: lead to 
ideal combination to study detailed evolution of diverse 
characteristics of galaxies.
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