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Going beyond Einstein

Newton Einstein ?

gravity = stuff 
attracts stuff

 gravity bends 
space and time

Does gravity bends space 
and time differently?

G is a fundamental 
constant

G is a fundamental 
constant

Is G really a constant 
everywhere?



Beyond-Einstein gravity theories

GR fully tested on solar system scales, so any modification 
must be scale or time dependent 

Dynamical 
Potential

�2� =4 ⇥Ga2⇤̄�Poisson’s Equation

Space Curvature 
Potential

ds2 = (1 + 2⇥)dt2 + a2(t)(1 + 2�)dx2



Cosmological gravity experiment

Observations to test the curvature of space 
independently of the curvature of time

Observations at different epochs in the history 
of the Universe

Relativistic probe:   Gravitational Lensing

Non-relativistic probe:  Redshift space 
Distortions



Before lensing galaxies are randomly oriented*

Gravitational Lensing



The intervening dark 
matter “lenses” the light 
from distant galaxies.   

Weak Gravitational Lensing



Galaxies

Dark Matter

Weak Gravitational Lensing

Lensed galaxies align



www.CFHTLenS.org

http://www.CFHTLenS.org
http://www.CFHTLenS.org


The Millennium simulation: Max Planck Institute

Dark Matter

Galaxies

Data: SDSS



Dark Matter



GalaxiesDark MatterDark MatterDark MatterDark Matter

Van Waerbeke et al 2013



Galaxy Redshift Surveys

Assume galaxies 
trace dark matter 

perfectly*

Dark Energy Dark Matter Curvature



Galaxy Redshift Surveys



Galaxy Redshift Surveys



Redshift Space Distortions

Peacock et al  2001
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Blake et al 2011

Real Space



Redshift Space Distortions

Peacock et al  2001
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Blake et al 2011

non-relativistic gravity probe



CFHTLenS & Wiggle-Z

Wiggle-Z
1000 sq degrees
250,000 spectra

0.2<zs<1.0

Wiggle-Z
1000 sq degrees
250,000 spectra

0.2<zs<1.0

CFHTLenS
155 sq degrees

10 million galaxies
0.2<zp<1.3

CFHTLenS
155 sq degrees

10 million galaxies
0.2<zp<1.3

Cosmology PI:  Chris 
Blake

PI:  Catherine Heymans & 
Ludovic Van Waerbeke



Beyond-Einstein gravity theories

�2� =4 ⇤Ga2⌅̄�[1 + µ(a)]�2[⇥ + ⇤] = 8⇥Ga2⇤̄�[1 + �(a)]
�2[⇥ + ⇤] = 8⇥Ga2⇤̄�[1 + �(a)]

ds2 = (1 + 2⇥)dt2 + a2(t)(1 + 2�)dx2

Dynamical 
Potential

Space Curvature 
Potential
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LOW-LOW LOW-HIGH HIGH-HIGH

CFHTLenS: 
relativistic

Simpson et al 2013 & 
Benjamin et al 2013

WiggleZ - Blake et al 2012 & 
6dfGRS Beutler et al 2012

RSD: non-relativistic 

D



Simpson, Heymans et al 2013



Simpson, Heymans et al 2013



Dark Matter changes the 
shapes of galaxies by ~1%

We need to understand our instrumentation 
to a higher precision than ever before

Telescopes and the 
Atmosphere change the 

shapes of galaxies by ~15%

Kitching et al 2010
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low z,  high z high z,  high z

low z,  low z
Heymans et al 2013Heymans et al 2013
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W:  CFHTLenS (155),  R:  RCSLenS (700), KiDS (1500)

PI:  Chris Blake





Cai & Bernstein 2012



Slide from Lars Koens



KiDS

The next generation

Naess et al 2014

Spectroscopy in the North, Imaging in the South



The Kilo-Degree Survey (KiDS)
Ami Choi, on behalf of the KiDS WL Team

Aspen WL Workshop, June 18, 2013
Konrad Kuijken (PI)
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KiDS Overview
VST 2.6m

1deg2 optical cam
(OmegaCAM)

32 2k x 4k detectors
0.21” pix

VISTA 4m
0.6 deg2 infrared cam

(VIRCAM)
16 2k x 2k detectors

0.35” pix

•1500 deg2 -- 9 bands

•ugri (~400 nights VST)

•+VIKING ZYJHKs (~200 

nights VISTA)

•2 mag deeper than 
SDSS, 1 mag fainter than 
CFHTLS-W

•Weak lensing + photo-z 
optimized (main design 

driver for VST/OmegaCAM)

•Started Oct 15, 2011



Ground-based imaging

Slide courtesy of Meghan Gray



Space-based imaging

STAGES:  Gray et al 2009
Slide courtesy of Meghan Gray



LSST:  US-led 

(8.4m ground-based)

UK proposal to join 

Ultra-deep optical imaging

Euclid:  ESA/NASA 
(1.2m space-based)

Hubble Space Telescope 
quality images across 
the whole sky (optical 
and NIR)

Euclid and LSST



Audience Poll

A. It is the vacuum energy that is causing the 
Universes expansion to accelerate

B. We need to upgrade our theory of gravity

C. Astronomers got it wrong all along and 
misunderstood their observations

D. None of the above!!

What do you think Euclid and LSST will discover?



Our final understanding of the dark Universe is likely to 
involve new physics that will forever change our view on 
the Universe. 

Same-sky Lensing-Spectroscopy surveys provide a powerful 
tool to chart the Dark Universe



155 sq degrees ugriz lensing quality reduced 
deep pixel data

Combined Lensing Shear and Photometric 
redshift catalogues to i<24.7                 

155 sq degrees ugriz lensing quality reduced 
deep pixel data

Combined Lensing Shear and Photometric 
redshift catalogues to i<24.7                 

CFHTLenS Data release:

Download now from www.cfhtlens.org:

http://www.cfhtlens.org
http://www.cfhtlens.org



