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Cosmic expansion is accelerating!

• Also seen in BAO 

• Consistent with CMB 

• Strange, but why?

Credit: Saul Perlmutter/Physics Today

SCP 
Supernovae

Supernova Cosmology Project, High-Z Supernova Search Team, Sloan Digital Sky Survey, …



What’s causing the acceleration?

Gµ⌫ = 8⇡Tµ⌫

Cosmological Constant

Peebles & Ratra 2003

p = �⇢

Dark Energy

w < �1/3

Change Energy

Credit: Planck Survey

p = w(z)⇢



What’s causing the acceleration?

Dvali et al. 2000

Gµ⌫ = 8⇡Tµ⌫Change Gravity

Extra Dimensions

Massive Gravity

Fifth Force

❖ Differs from GR on 
cosmological scales 

❖ Modifies metric perturbations



Dark Energy or Modified Gravity?

• Cosmic expansion probes (i.e. supernovae, BAO) cannot 
distinguish dark energy from modified gravity. 

• Growth of structure helps break degeneracy!



Credit: NASA/WMAP

Gravity influences expansion and structure growth!



Measuring Structure Growth

• Linear growth rate f  determines peculiar velocities 

• Total velocity determines Doppler redshift 

• Peculiar velocities distort redshift-based distances

v = H(z)r+ vp

Cosmic 
Expansion

Peculiar 
Velocity

Redshift-Space Distortions (RSD)



RSD breaks power spectrum isotropy

• RSD only affects line-of-sight, not angular, distances 

• Introduces anisotropic correlations.

⌦
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RSD breaks power spectrum isotropy

• RSD only affects line-of-sight, not angular, distances 

• Introduces anisotropic correlations.

Pg(k, µ) = b2g(1 + �µ2)2Pm(k) � =
f

bg

Kaiser formula

RSD parameter

Hubble Flow



Growth rate degenerate with clustering8 Alam et al.

Figure 5. Two-dimensional 68% (1σ) and 95% (2σ) confidence limits ob-
tained on fσ8—bσ8 and DA—H at effective redshift of 0.57 recovered
from Planck CMB and CMASS (ξ0,2) datasets with peak background split
assumption.

Figure 6. Comparison of fσ8 with other analysis on the same DR11
CMASS sample. The blue point present the result from our analysis.
Our measurement is consistent with other clustering analysis and Planck
ΛCDM-GR prediction.

distribution model and Planck best fit cosmology and measured
fσ8(z = 0.57) = 0.45 ± 0.011. Reid et al. (2014) provides the
strongest constraint on the growth rate but this analysis has signifi-
cant modeling and cosmological assumptions. More et al. (2014)
measured the constraint on Ωm and σ8 using a combination of
abundance, clustering and galaxy-galaxy lensing. They have re-
ported a constraint on fσ8 by assuming the General Relativity lin-
ear theory prediction for growth rate (f = Ω0.545

m ). Our measure-
ment is competitive with all RSD measurements from large scale.

7 DISCUSSION

We have presented an analysis of Redshift Space Distortion (RSD)
using the SDSS-III BOSS DR11 CMASS sample, and have mea-
sured the monopole and quadruple moments of galaxy auto corre-
lation function at effective redshift of 0.57. We have used CLPT-
GSRSD to model the Legendre moments of redshift space galaxy
auto correlation function. The model used here does not work
at small scales due to non-linearity, and measurement of corre-
lation function from data shows systematic error at large scales.
Therefore, we have adopted a conservative fitting scale between 30
h−1Mpc and 126 h−1Mpc, which we chose with the aid of a suite
of perturbation theory mocks. Our measurements of linear growth
rate (fσ8), angular diameter distance (DA) and Hubble constant
(H) at effective redshift of 0.57 don’t assume ΛCDM-GR evolu-
tion by virtue of using Alcock-Paczynski parameters (α∥,α⊥) in-
dependent of cosmology at current epoch (z = 0). This approach

makes these measurements suitable to test the predictions of vari-
ous alternate models of gravity and cosmology.

Our results are consistent with Samushia et al. (2013), who
performed a similar analysis on the same data set. However, the
perturbation theory models used in the two analyses are different.
Our model (CLPT) performed better on N-body simulation com-
pared to the Lagrangian Perturbation Theory (LPT) model used in
Samushia et al. (2013), . We have seen marginal improvement in
the measurement uncertainty compared to the previous analyses.
This is the first use of CLPT-GSRSD to measure both cosmology
and growth from the galaxy redshift survey. It has been used by
Howlett et al. (2015) to measure the growth rate with fixed cosmol-
ogy for SDSS main galaxy sample. We couldn’t use our model at
smaller scales because our mocks cannot be trusted in this range. In
the future we may be able to extend this model to scales as low as
20 h−1Mpc if a reliable technique to test them on realistic mocks
can be developed.

The linear growth factor has been measured in many redshift
surveys between redshift of 0 and 1. Our measurement provides an
important data point to study the evolution of the linear growth fac-
tor with redshift. The absolute value of fσ8 and its evolution with
redshift is quite sensitive to the model of gravity. These measure-
ments will provide a good test of the general theory of relativity
and the standard model of cosmology on the largest distance and
time scales. It is possible to use these measurements to constrain
flatness of the universe and the dark energy equation of state pa-
rameter. These measurements also have the ability to constrain the
parameters of alternate theories of gravity and dark energy.

The next-generation surveys are going to be even more power-
ful, which will provide better measurement of correlation function
and measurement of fσ8, hence better understanding of cosmol-
ogy and gravity. The error in the measurement of the correlation
function is much smaller at small scales, which has not yet been ex-
plored in this paper due to our inability to test the theoretical model
in this range. We can tap into the potential of small-scale clustering
using RSD measurement when we can model the nonlinear cluster-
ing at small scale either analytically or using fast simulations.

We would like to thank Lile Wang, Martin White and Beth
Reid for providing the CLPT-GSRSD code. We also thank Keisuke
Osumi for providing systematic weighted correlation functions as
well Ross O’ Connell for useful discussion. We like to thank Eric
Linder and Martin White for their suggestions. This work made
extensive use of the NASA Astrophysics Data System and of the
astro-ph preprint archive at arXiv.org. The analysis made
use of the computing resources of the National Energy Research
Scientific Computing Center. This work is partially supported by
NASA NNH12ZDA001N- EUCLID and NSF AST1412966. S.H.
and S.A. are partially supported by DOE-ASC, NASA and the
NSF. Funding for SDSS-III has been provided by the Alfred P.
Sloan Foundation, the Participating Institutions, the National Sci-
ence Foundation, and the U.S. Department of Energy Office of Sci-
ence. The SDSS-III web site is http://www.sdss3.org/.

SDSS-III is managed by the Astrophysical Research Consor-
tium for the Participating Institutions of the SDSS-III Collabora-
tion including the University of Arizona, the Brazilian Participation
Group, Brookhaven National Laboratory, Carnegie Mellon Univer-
sity, University of Florida, the French Participation Group, the Ger-
man Participation Group, Harvard University, the Instituto de As-
trofisica de Canarias, the Michigan State/Notre Dame/JINA Par-
ticipation Group, Johns Hopkins University, Lawrence Berkeley
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Measurement from 
anisotropic clustering 

(Alam et al. 2015)

• Several growth rate measurements in the literature! 

• Bias and σ8 must be marginalized over to get growth rate. 

• Better if we could avoid this!
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EG = New Statistic to Probe Gravity

EG(k, z) =
c2k2(��  )

3H2
0 (1 + z)f�(k)

gravity potentials

matter 
overdensity

GR

EG[GR] =
⌦m,0

f(z)

Zhang et al. 2007



What Modifies EG?

Anisotropic Stress Weak Newton’s Constant

� = ��(k, z) G(k, z) 6= GN

G(k,z) affects growth rate

EG(k, z) =
⌦m,0

fMG(k, z)
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Modified gravity = scale-dependent EG 

Pullen et al. 2015, Carroll et al. 2004, Song et al. 2007

Nonlinear



Pullen et al. 2015, Carroll et al. 2004, Song et al. 2007

Modified gravity = scale-dependent EG 

Nonlinear



How to Measure EG?

Correlate with galaxies

ÊG(k, z) =
c2P̂r2( ��)g(k)

3H2
0 (1 + z)fP̂�g(k)

Lensing 
Convergence ⇠ [r2( � �)]

l.o.s

& f� = ��g

EG(`) = �
Cg

`

�Cgg
`

` ⇠ 1/✓(           )
Angular 
ScaleAngular 

Power Spectrum



Why EG?

• EG - Combines lensing, clustering, and 
RSD 

• Bias- and σ8-independent (on linear 
scales) = big advantage over growth rate! 

• Probes expansion & growth rate; breaks 
dark energy - gravity degeneracy! 

• Discriminates GR vs. modified gravity

EG(`) = �
Cg

`

�Cgg
`



Galaxy Lensing

Image Credit: Michael Sachs



First measured using galaxy lensing

wgg(R) (Fig. 1b), measured from the LRG sample for scales
R 5 1.2h21–47h21 Mpc. To achieve a high signal-to-noise ratio in
the lensing profile, we stack together shape measurements15 of more
than 3 3 107 source galaxies (see Supplementary Information for
details). To calculate wgg(R), we use a standard method of counting
galaxy pairs and comparing the result with that for a randomly dis-
tributed sample16.

Figure 2 shows our estimate of EG(R), with 1s error bars that
include the error in the measurement of b. We choose the minimum
scale, R0 5 1.5h21 Mpc, to be close to the typical virial radius of the
haloes of the most massive LRGs, above which we expect the distri-
bution of galaxies to trace that of the dark matter, but our results are
not very sensitive to this particular choice of R0. To estimate errors in
EG(R) while accounting for any correlations between radial bins, we
use jackknife resampling of 34 galaxy subsamples from equal-area
regions in the sky. To obtain numerical corrections accounting for
the effect of scale-dependent galaxy bias and other systematic effects,
we use a suite of dark-matter simulations17 that have been populated
with galaxies using the HOD model18 that best reproduces the obser-
vations (Fig. 1 and Supplementary Information). The correction
factors that we obtain are well below the statistical uncertainty in EG.

We take the average of EG(R) over scales R 5 10h21–50h21 Mpc,
accounting for correlations in the data, and find it to be
ÆEGæ 5 0.392 6 0.065 (1s) (grey shaded region in Fig. 2). The 16%
error in EG is dominated by the 11% statistical error in b and the 12%
statistical error in the galaxy–galaxy lensing signal. In addition, there
is a 5% lensing calibration uncertainty15. As detailed in the Sup-
plementary Information, systematic effects on EG are least important
on length scales R . 10h21 Mpc, so the results are most robust there.
We note that the average for R 5 2h21–50h21 Mpc yields a result,
ÆEGæ 5 0.40 6 0.07, consistent with that above.

The general relativistic prediction is EG 5 Vm,0/f(z) 5 0.408 6 0.029
at redshift z 5 0.32, where f(z) < Vm(z)0.55 < 0.629 and Vm(z) is the
matter density parameter at redshift z. The allowed range is determined
by the size of current uncertainties on Vm,0 5 0.2565 6 0.018 (ref. 19).
The data are consistent with this prediction over the range of scales we
consider (Fig. 2, solid line and GR 1LCDM bar). Unfortunately, pro-
viding model-independent constraints on the gravitational slip is com-
plicated, because changes in the gravitational slip will in turn affect the
rate of growth of structure. What is clear is that there is no evidence for
a non-zero gravitational slip from our data. Thus, we find no deviation
from general relativity on length scales 1011 times greater than those for
which classical tests20 have been performed.

We also compare our constraint on EG with predictions from two
viable modified theories of gravity: tensor–vector–scalar theory5 and
f( ) theory6 (Fig. 2, TeVeS and f( ) bars). Models of f( ) theory21 that
are designed to reproduce the observed cosmic expansion
history with a specific model for the gravitational slip predict that
EG 5 0.328–0.365 (Supplementary Information). The data favour
slightly higher values, but are consistent with this predicted range.
These models can be tested in the near future; limits on EG will
improve as a result of the larger data sets and better control of sys-
tematic errors allowed by the next generation of galaxy surveys.
Nevertheless, even with the current limits, we can tentatively rule
out particular models. For example, a particular tensor–vector–scalar
model1 predicts that EG 5 0.22, which is lower than the observed
value by more than 2.5s. Whether this result rules out the entire class
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Figure 1 | Probes of large-scale structure measured from 70,000 LRGs.
a, b, Observed radial profiles for two complementary probes, galaxy–galaxy
lensing (a) and galaxy clustering (b), are shown for scales
R 5 1.2h21–47h21 Mpc (open circles). The error bars (1s) are estimated
from jackknife resampling of 34 equal-area regions in the sky. Profiles
measured from mock galaxy catalogues are also shown (solid curves). To
generate the mock galaxy catalogues, we use a standard five-parameter halo
occupation distribution (HOD) model with two parameters related to the
assignment of central galaxies and three parameters related to the
distribution of satellite galaxies (see Supplementary Information for more
details). To fix the HOD model parameters, we require the galaxy number
density to match the observed value and find the best joint fit to the observed
galaxy–galaxy lensing and galaxy clustering profiles. Despite this tuning, it is
remarkable that this simple model is able to reproduce both the overall shape
and particular features of the observed profiles.
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Figure 2 | Comparison of observational constraints with predictions from
general relativity and viable modified theories of gravity. Estimates of
EG(R) with error bars (1s) including the statistical error in the measurement
of b (ref. 14). The grey shaded region is the 1s envelope of the mean EG on
scales R 5 10h21–50h21 Mpc, where the systematic effects are least
important (Supplementary Information). The horizontal line shows the
mean prediction of general relativity, EG 5 Vm,0/f(z), at the effective redshift
of the measurement, z 5 0.32. On the right-hand side of the panel, labelled
vertical bars show the predicted ranges from three different gravity theories:
general relativity (GR) plus L cold dark matter (LCDM) model
(EG 5 0.408 6 0.029 (1s)); a class of cosmologically interesting models in
f( ) theory with Compton-wavelength parameters21 B0 5 0.001–0.1
(EG 5 0.328–0.365); and a tensor–vector–scalar (TeVeS) model1 designed to
match existing cosmological data and to produce a significant enhancement
of the growth factor (EG 5 0.22, shown with a nominal error bar of 10% for
clarity).

NATURE | Vol 464 | 11 March 2010 LETTERS
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Reyes et al. 2010



CMB Lensing

• We propose measuring EG using cosmic microwave background 
(CMB) lensing. 

• CMB lensing advantages: no intrinsic alignments; precise, well-
defined source plane.

Tyson et al. 1984, Linder 1988 Image Credit: ESA



Forecasts



f(R) gravity - Modifies Hilbert action 

- Parametrized by B0 ~ Compton wavelength of 
equivalent scalar field

Testing Gravity Theories

Carroll et al. 2004, Khoury & Weltman 2004, Bertschinger & Zukin 2008

SH =

Z p
�gR d

4
x

Einstein-Hilbert 
Action



f(R) gravity - Modifies Hilbert action 

- Parametrized by B0 ~ Compton wavelength of 
equivalent scalar field

Testing Gravity Theories

Carroll et al. 2004, Khoury & Weltman 2004, Bertschinger & Zukin 2008

SH =

Z p
�gf(R) d4x Scalar-Tensor 

Theories

B0 / 1/m� B0[GR] = 0



• Chameleon gravity - Chameleon Φ mediates fifth force 

- Massive (weak) in high-density regions (lab, solar 
system) and strong in low-density space 

- Parametrized by B0 and β1 ~ coupling to matter

Testing Gravity Theories

Carroll et al. 2004, Khoury & Weltman 2004, Bertschinger & Zukin 2008



Galaxy Survey

Spectroscopic

Photometric?

Or



Spectroscopic = Precise Redshifts

• Typically get redshift from several spectral features;        
z < 1 

• Emission line survey - identify 1-2 spectral features;       
z > 1 

• Allow (almost) unlimited binning in redshift 

• Expensive to get redshifts; necessary for RSD



Photometric = High Sampling

• Determine redshift from photometric band fluxes 

• Large bands = less precise redshifts 

• But they are cheap! 

• What’s better - more redshift bins or more 
sampling?



Galaxy Surveys

BOSS 
[0.15-0.7] 
[2.1-3.5]

WFIRST 
[1-2.9]

DES 
[0-2]

Euclid 
(photo) [0-3.7]

LSST 
[0-2.5]

Euclid 
(spectro) 

[0.5-2]

DESI 
[0.6-1.9]

redshifts



CMB Surveys

Adv. ACTPol Planck



BOSS Surveys



- EG errors of 2% (Planck) or 
1% (Adv. ACTPol) 

- Constrains chameleon gravity

Pullen et al. 2015, Dark Energy Spectroscopic Instrument

z

E G
(z

)

Spectroscopic Surveys



- EG errors of 1% (Planck) or 
less (Adv. ACTPol) 

- Discriminates current f(R) by 
15σ; can probe 100x lower! 

- Assumes photo RSD errors of 
~8% over                .�z ⇠ 0.1

Pullen et al. 2015, LSST, Ross et al. 2011, Asorey et al. 2014

z

E G
(z

)

Photometric Surveys



EG Theory Summary

• EG is a bias-independent statistic that varies with the 
nature of gravity. 

• CMB lensing extends the utility of EG.  

• Photometric surveys outperform spectroscopic surveys, 
but both could yield useful gravity constraints!



Measurement



EG - What can we learn now?

EG(`) = �
Cg

`

�Cgg
`

Lensing x galaxies 
Planck x CMASS

galaxy auto-correlation 
CMASS

RSD parameter 
CMASS

We test gravity using current LSS surveys!



Planck CMB lensing survey

• Lensing convergence map covers 70% of sky 

• Estimated from CMB temperature, E-polarization maps 

• Checked for contamination from dust, synchrotron, 
point sources, instrumental bias

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT�

L correlation sourced by the ISW
e↵ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2015), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

�̂WF
LM =

C��, fid
L

C��, fid
L + N��L

�̂MV
LM , (5)

where C��, fid
L is the lensing potential power spectrum in our fidu-

cial model and N��L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input � realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇡ 1
for a few modes around L ⇡ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2015). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence  defined by

LM =
L(L + 1)

2
�LM , (6)

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on  is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence  rather than the lensing
potential �.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a
uniquely powerful probe of tensor (gravitational wave) or vec-
tor perturbations in the early Universe. A detection of B-mode
fluctuations on degree angular scales, where the signal from
gravitational waves is expected to peak, has recently been re-
ported at 150 GHz by the BICEP2 collaboration (Ade et al.
2014). Following the joint analysis of BICEP2 and Keck Array
data (also at 150 GHz) and the Planck polarization data, primar-
ily at 353 GHz (BICEP2/Keck Array and Planck Collaborations
2015), it is now understood that the B-mode signal detected
by BICEP2 is dominated by Galactic dust emission. The joint

�̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8  L  2048.

�̂WF (Sim.)

Input � (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input � realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

analysis gives no statistically-significant evidence for primor-
dial gravitational waves, and establishes a 95 % upper limit
r0.05 < 0.12. This still represents an important milestone for
B-mode measurements, since the direct constraint from the B-
mode power spectrum is now as constraining as indirect, and
model-dependent, constraints from the TT spectrum (Planck
Collaboration XIII 2015).

In addition to primordial sources, the e↵ect of gravitational
lensing also generates B-mode polarization. The displacement of
lensing mixes E-mode polarization into B-mode as (Smith et al.

4

Planck 
Lensing Potential



CMASS galaxy survey

• ~700,000 galaxies covering 20% of sky 

• Redshift Range 0.43 < z < 0.7; high completeness 

• Galaxies weighted for systematic effects

BAO in SDSS-III BOSS galaxies 29

Figure 2. Evolution of the BOSS sky coverage from DR9 to DR11. Top panels show our observations in the Northern Galactic Cap (NGC) while lower panels
show observations in the Southern Galactic Cap (SGC). Colours indicate the spectroscopic completeness within each sector as indicated in the key in the
lower-right panel. Grey areas indicate our expected footprint upon completion of the survey. The total sky coverage in DR9, DR10, and DR11 is 3275, 6161,
and 8377 deg2, respectively.

Ross et al. (2011) and Ho et al. (2012) also found a significant
anticorrelation between the number density of CMASS galaxies and
seeing of the imaging data. It was found that in areas with poorer
seeing, the star–galaxy separation algorithm was more restrictive
inducing the observed anticorrelation. Using the same catalogue,
Ho et al. (2012) derived corrections based on measurements of
the galaxy–seeing cross-power and applied them to their angular
power spectrum measurements, showing that the seeing impacts
the measured clustering. Over the DR9 footprint, the impact of the
systematic with seeing was found to be insignificant (Ross et al.
2012), as the pattern of seeing over the DR9 area has negligible
large-scale power. However, the effect on clustering measured for
any given footprint will scale with the pattern of seeing in that par-
ticular footprint and any impact on the DR10 and DR11 clustering
measurements must be re-tested.

Ross et al. (2012) determined that weights applied to the DR9
CMASS galaxies as a function of stellar density and the ifib2 mag-
nitude effectively removed any angular and redshift dependence of
the CMASS galaxy field on the number density of stars. They found
that, while a significant relationship existed between the observed
density of CMASS galaxies and seeing, the relationship did not af-
fect the measured clustering. Additional potential systematics such
as Galactic extinction, airmass, and sky background were tested and
the relationships were consistent with the expected angular varia-
tion in galaxy number density. No significant systematic trends were
detected in the LOWZ sample.

For the DR10 and DR11 samples, we followed the same proce-
dure as in Ross et al. (2012) to test and model the relation between
the density of spectroscopically identified galaxies and stellar den-
sity, seeing, Galactic extinction, airmass and sky background. To
perform these tests, we made HEALPIX (Górski et al. 2005) maps of
the DR11 galaxies and compared them to maps of the number of
stars with 17.5 < i < 19.9, where i is the extinction-corrected i-band
magnitude, and to maps of the mean values of the potential system-
atic based on data from the SDSS DR8 Catalog Archive Server,
using various map resolution parameters Nside.

The solid red lines of Fig. 3 show the relationships between the
surface number density of galaxies in the CMASS sample, obtained

after applying the completeness and close-pair corrections described
above, and the stellar density (panel a), Galactic extinction (panel
b), and i-band seeing (panel c). These lines systematically deviate
from ng/n̄g = 1, indicating the presence of systematics affecting
the galaxy distribution. The error bars in these relations were ob-
tained by applying the same test to the mock catalogues described
in Section 3.2. The systematic effect associated with the surface
density of stars, ns, is clearly visible in panel (a), causing a decrease
in the number of galaxies of as much as 20 per cent in regions with
high stellar density. A weak relation between the observed number
of galaxies and the galactic extinction can be seen in panel (b).
This is due to the correlation between Ar and ns and not to an inde-
pendent systematic. Panel (c) illustrates the strong impact of poor
seeing conditions on the observed galaxy number density: an i-band
seeing of S ≃ 2 arcsec leads to a loss of approximately 50 per-cent
of the galaxies. While this effect is dramatic, only 1 per cent of
the survey footprint has S > 1.6 arcsec. The systematic relationship
we find between the DR11 CMASS sample and the seeing in the
imaging catalogue is consistent with relationship found in the DR9
data (Ross et al. 2012).

We use the method to determine the corrective weight for stellar
density, wstar, defined in Ross et al. (2012). This method weights
galaxies as a function of the local stellar density and the surface
brightness of the galaxy. We use the ifib2 as a measure of surface
brightness and adopt a form for

wstar(ns, ifib2) = Aifib2 + Bifib2ns, (19)

where Aifib2 and Bifib2 are coefficients to be fit empirically. To con-
struct these weights, we divide the CMASS catalogue into five bins
of ifib2, and fit the coefficients Aifib2 and Bifib2 in each bin so as to
give a flat relation between galaxy density and ns. The stellar density
map used for this task is based on a HEALPIX grid with Nside = 128,
which splits the sky into equal area pixels of 0.21 deg2. This rela-
tively coarse mask is enough to reproduce the large-scale variations
of the stellar density. The values of the Aifib2 and Bifib2 coefficients
for DR10 and DR11 are given in Table 3. The final weight wstar

for a given galaxy is then computed according to the local stellar
density by interpolating the binned values of the coefficients Aifib2

MNRAS 441, 24–62 (2014)
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Figure 2. Evolution of the BOSS sky coverage from DR9 to DR11. Top panels show our observations in the Northern Galactic Cap (NGC) while lower panels
show observations in the Southern Galactic Cap (SGC). Colours indicate the spectroscopic completeness within each sector as indicated in the key in the
lower-right panel. Grey areas indicate our expected footprint upon completion of the survey. The total sky coverage in DR9, DR10, and DR11 is 3275, 6161,
and 8377 deg2, respectively.

Ross et al. (2011) and Ho et al. (2012) also found a significant
anticorrelation between the number density of CMASS galaxies and
seeing of the imaging data. It was found that in areas with poorer
seeing, the star–galaxy separation algorithm was more restrictive
inducing the observed anticorrelation. Using the same catalogue,
Ho et al. (2012) derived corrections based on measurements of
the galaxy–seeing cross-power and applied them to their angular
power spectrum measurements, showing that the seeing impacts
the measured clustering. Over the DR9 footprint, the impact of the
systematic with seeing was found to be insignificant (Ross et al.
2012), as the pattern of seeing over the DR9 area has negligible
large-scale power. However, the effect on clustering measured for
any given footprint will scale with the pattern of seeing in that par-
ticular footprint and any impact on the DR10 and DR11 clustering
measurements must be re-tested.

Ross et al. (2012) determined that weights applied to the DR9
CMASS galaxies as a function of stellar density and the ifib2 mag-
nitude effectively removed any angular and redshift dependence of
the CMASS galaxy field on the number density of stars. They found
that, while a significant relationship existed between the observed
density of CMASS galaxies and seeing, the relationship did not af-
fect the measured clustering. Additional potential systematics such
as Galactic extinction, airmass, and sky background were tested and
the relationships were consistent with the expected angular varia-
tion in galaxy number density. No significant systematic trends were
detected in the LOWZ sample.

For the DR10 and DR11 samples, we followed the same proce-
dure as in Ross et al. (2012) to test and model the relation between
the density of spectroscopically identified galaxies and stellar den-
sity, seeing, Galactic extinction, airmass and sky background. To
perform these tests, we made HEALPIX (Górski et al. 2005) maps of
the DR11 galaxies and compared them to maps of the number of
stars with 17.5 < i < 19.9, where i is the extinction-corrected i-band
magnitude, and to maps of the mean values of the potential system-
atic based on data from the SDSS DR8 Catalog Archive Server,
using various map resolution parameters Nside.

The solid red lines of Fig. 3 show the relationships between the
surface number density of galaxies in the CMASS sample, obtained

after applying the completeness and close-pair corrections described
above, and the stellar density (panel a), Galactic extinction (panel
b), and i-band seeing (panel c). These lines systematically deviate
from ng/n̄g = 1, indicating the presence of systematics affecting
the galaxy distribution. The error bars in these relations were ob-
tained by applying the same test to the mock catalogues described
in Section 3.2. The systematic effect associated with the surface
density of stars, ns, is clearly visible in panel (a), causing a decrease
in the number of galaxies of as much as 20 per cent in regions with
high stellar density. A weak relation between the observed number
of galaxies and the galactic extinction can be seen in panel (b).
This is due to the correlation between Ar and ns and not to an inde-
pendent systematic. Panel (c) illustrates the strong impact of poor
seeing conditions on the observed galaxy number density: an i-band
seeing of S ≃ 2 arcsec leads to a loss of approximately 50 per-cent
of the galaxies. While this effect is dramatic, only 1 per cent of
the survey footprint has S > 1.6 arcsec. The systematic relationship
we find between the DR11 CMASS sample and the seeing in the
imaging catalogue is consistent with relationship found in the DR9
data (Ross et al. 2012).

We use the method to determine the corrective weight for stellar
density, wstar, defined in Ross et al. (2012). This method weights
galaxies as a function of the local stellar density and the surface
brightness of the galaxy. We use the ifib2 as a measure of surface
brightness and adopt a form for

wstar(ns, ifib2) = Aifib2 + Bifib2ns, (19)

where Aifib2 and Bifib2 are coefficients to be fit empirically. To con-
struct these weights, we divide the CMASS catalogue into five bins
of ifib2, and fit the coefficients Aifib2 and Bifib2 in each bin so as to
give a flat relation between galaxy density and ns. The stellar density
map used for this task is based on a HEALPIX grid with Nside = 128,
which splits the sky into equal area pixels of 0.21 deg2. This rela-
tively coarse mask is enough to reproduce the large-scale variations
of the stellar density. The values of the Aifib2 and Bifib2 coefficients
for DR10 and DR11 are given in Table 3. The final weight wstar

for a given galaxy is then computed according to the local stellar
density by interpolating the binned values of the coefficients Aifib2
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EG Errors - Jacknives vs Mocks

• Compute full covariance matrix 

• Method 1: Jackknife resampling of 37 regions in CMASS survey area 

• Method 2: Correlate 100 CMASS mock catalogs with 100 Gaussian 
CMB simulations

ÊG(`) = �
Ĉg

`

�̂Ĉgg
`



Angular Power Spectra

• Lensing-galaxy correlation 
using pseudo-Cl estimator 

• Galaxy auto-correlation 
using quadratic MV 
estimator 

• Agrees well with ΛCDM 
prediction

`
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`
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CMASS RSD Measurement

• Correlation function using pair 
counts (Landy-Szalay Estimator) 

• Fit fσ8 and bσ8 to anisotropic 
correlation function model 

• Take ratio to compute β

� = 0.368± 0.046



Largest Scale EG Measure
• We estimate EG in 6 l-bins. 

• Results using jackknives and 
mocks agree. 

• 4.5σ detection due to l-bin 
correlations 

• Consistent with GR (EG = 
0.402) within 2σ 

• Cannot differentiate with 
current f(R)

EG(z = 0.57)
= 0.288± 0.064 (stat)
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3.6% systematic error due to galaxy sample contamination

CMASS systematic errors are small
E G

(z
)

`

R?(Mpc/h)



Point sources small contaminant

• Significant cross-correlations, but only 0.5% EG error



Nice, but what’s next?



We need to consider new theories

• Theorists do not like f(R) and Chameleon theories. 

• Massive gravity theories (DGP, dRGT, galileons, etc.) 
have gained new interest. 

• Various levels of perturbation theory development 

• Potential could be tested with EG



Considerations for upcoming 
surveys

• Can RSD be measured with photo-z’s? 

• Can foregrounds be sufficiently removed? 

• How far can we push into quasi-linear scales? 

• How to combine multi-redshift data? 

• Combine CMB lensing & galaxy lensing?



Intensity Mapping

• Mapping the intensity of spectral lines will provide the 
greatest sampling of LSS 

• Ideal for EG measurements! 

• Could possibly include lensing of 21-cm maps 

• Other possibilities: CO, CII, Lyα, voids (?), …



Conclusions
• CMB lensing measures EG at larger scales to aid in confirming or ruling out 

gravity models. 

• Our current EG measurement is consistent with GR, but greater precision is 
needed. 

• Upcoming large-area, high-density galaxy surveys could measure EG to %-
level accuracy, potentially ruling out many gravity models. 

• Next steps: Consider DGP constraints, test photo-RSD measurement, design 
survey- and foreground-specific strategies, 21cm intensity mapping, etc.


