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                           Fundamental Cosmological Test
 
 

 

Dark Energy

G�� = 8 �G (T�� + T dark
�� )

Modi�ed (Dark) Gravity

G�� + Gdark
�� = 8 �G (T�� )

 
 



 Classification of Modified Gravity Theories (S. Bludman 2006)
 
 

 

Gravity in 4 dimensions :

� Scalar� tensor gravity : Brans � Dicke models

G�� = 8 �GT �� ! 8�� � 1T��

� Higher � order f (R) theories : L =
R

16�G
!

R � � 4=R
16�G

� TeVeS (relativistic MOND) theories : tensor + vector gravit ational �eld

Gravity in higher dimensions :

Brane (3 + 1) dim : traditional world and bulk (5th dimension)

Rundall � Sundrum I=II models : brane warping

Dvali ; Gabadadze; Porrati (DGP) model : brane leakage
 
 



 Dark Energy: Cosmic Complementarity
 
 

 
 

 
 

 
 

 Schuecker et al. (2003) 

 SN-Ia: H(z)
 Homogenous Universe 

 Clusters: D(z)
 Inhomogenous Universe 

 SN-Ia and Clusters
 H(z) and D(z) 
 



 Test of Homogeneous and Inhomogeneous Universe
 
 

 
  Ishak; Upadhye & Spergel (2005)

 
 



 w-Test of Gravity Theories
 
 

 
 

 

Check for consistency: If yes; theory of gravity veri�ed

Solid lines : wexpansion ; w = p=�

Dashed lines :wgrowth
 
 



 Homogeneous Universe: SN-Ia 
 
 

 
 

 
 

 
 

 
  Leibundgut (Ringberg DE Meeting March 2006) 



 Homogeneous Universe: w from SN-Ia + BAOs
 
 

 
 

 71 distant SN Ia
 +
 Baryonic Acoustic 
 Oscillations BAOs
 from SDSS galaxies
 (see below)
 Astier et al. (2006) 



 Homogeneous Universe: SN-Ia Systematic Errors
 
 

 
 

 -Extinction in host galaxies by `gray' dust 

 -Effects of evolution of host galaxies 

 -Discovery probability different of nearby and distant 
SNe
 

 -K-correction, galactic extinction, photo-zeropoints 

 -Gravitational lensing 

 (Leibundgut 2001, ARAA 31, 69) 
 
 



                 Acoustic Oscillations in the Hot Universe
 
 

 
 
 



 Homogeneous Universe: Cosmic Microwave Background (CMB)
 
 

 
 

 Hu & Dodelson (2001) 
 



       Homogeneous Universe: WMAP 3yr CMB Observations
 
 

 

 Hinshaw et al. 2006 
 



            Homogeneous Universe: Present CMB Observations
 
 

 
 

 Hinshaw et al. 2006 
 



                      Homogeneous Universe: CMB Probes
 
 

 

 Komatsu (Ringberg DE Meeting March 2006) 
 



 Homogeneous Universe: CMB Insensitivity to w
  

 
 

 
 

    WMAP+LSS+SNe
   Spergel et al. (2006) 

 Highly degenerate for 
    different w values
 Weller & Lewis (2003) 
 



         Inhomogeneous Universe: The Cosmic Web
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 Inhomogeneous Universe: Galaxy Cluster Number Counts
 
 

 

dN (z; f lim ) = dV(z)
Z 1

M lim (z;f lim )
dM

dn(M ; z; � 2(M ))
dM

� 2(R(M )) =
1

2� 2

Z 1

0
k2dk P(k)jW (kR)j2 
uctuation spectrum P(k)

 
 1st application: Perrenod et al. 
(1980)
 

 
 

 Galaxy clusters (circles) trace cosmic 
matter distribution (blue) in simulations: 
(250Mpc/h) Borgani & Guzzo (2001)
 
 



 Inhomogeneous Universe: w from Clusters + SN-Ia
 
 

 
 

 
 

 
 

 wX = � 0:95� 0:32; 
 m = 0 :29� 0:10; 
 X = 0 :71� 0:10 (k = 0)
 

 Schuecker et al. (2003) 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 
 

 GClst  SN-Ia 

 GClst+SN 

 GClst+
 MCLS 

 GClst+
 dm15 

 GClst+
 stretch 

 

0 : 5 < �

8

< 1 : 0

 
 



 Inhomogeneous Universe: Cluster Systematics (Masses)
 
 

 
 

 Reiprich & Boehringer (2002) 

 Mass determination 
 assumes hydrostatic 
 equilibrium 
 Systematic mass errors 
 



 Inhomogeneous Universe: Cluster Systematics (Substructure)
 
 

 
 

 
 

 
  

 

 
 

 Cooling core in A478 (left; Allen et al. 1999) 

 Merger in A3667 (Briel et al. 2001) 

 Cold front in A2142: 
 Markevitch et al. (2000) 

 Perseus cluster:
 Magnetic bubbles
 Boehringer (1993)
 Fabian et al. (2000) 

 Sound waves
 Fabian et al. (2003) 
 



 New Methods: Homogeneous Universe - Baryonic Acoustic 
Oscillations (BAO)

 
 

 
 

 
 

 
 

 Analytic model: Meiksin, M. White & Peacock (1999) 

   2MASS galaxies
 Jarret et al. (2002) 

 WMAP: CMB T-Anisotropies
   Spergel et al. (2003) 
 



 New Methods: Homogeneous Universe - BAO - Observations
 
 

 
 

 
 

 
 

 
 

 SDSS: Eisenstein et al. (2005) 

 2dFGRS: Percival et al.(2001) 

 2dFGRS: Cole et al. (2005) 
 



 New Methods: Homogeneous Universe - BAO - Observables
 
 

 
 

 
 

 
 

 
 

 
(z = 2 :5) Koehler & Schuecker (in prep)

 

 Baryonic break
 

 Di�erence � ~Cl = ( Cl +1 � Cl ) of angular power spectrum:
 

 w changes global shape of< C l >
 

 w shifts spectral features inP(k)
 

 
Transversal  
Longitudinal 

 



 New Methods: Homogeneous Universe - BAO - Cosmology
 
 

 
 

 

Doloney et al: 2006

BAOs with Fisher matrix

Plan parallel approx:

Full P(k) : 2 times

smaller errors 
 



 New Methods: Inhomogeneous Universe - Cosmic Shear 
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 New Methods: Inhomogeneous Universe - Cosmic Shear 
 
 

 

Large� scale structure act as gravitational lenses

Images of distant galaxies are slightly sheared

compared to their instrinsic shapes

Observations of galaxy ellipticities �

Cosmic shear
 i = < � >

Fourier transform 
 i ! ~
 i (~l )
 

 

For scalar 
uctuations :

E � modes : ~E(~l) =
X

i

� i ~
 i (~l ) 6= 0

B � modes : ~B (~l) =
X

i

� i ~
 i (~l) = 0

 

 
 
 



 New Methods: Inhomogeneous Universe - Cosmic Shear 
 

 

Observations :

Angular power spectrum � variance of these Fourier coe�cients

< ~E(~l) ~E(~l0) > = (2 � )2 � 2
Dirac (~l + ~l0) Cl

Theory :

Projected gravitational potential : ~ (~l ) � ~
 i (~l )

Theoretical angular power spectrum :Cl =
l4

4

Z
drW 2(r )

r 6 P(k =
l
r

; r )

W (r ) : Lensing kernel as function of distance to source galaxy
 
 



 New: Inhomogeneous Universe-Cosmic Shear-Observations
 
 

 

GEMS data

Heymans et al: 2005
 
 



 New: Inhomogeneous Universe-Cosmic Shear-Cosmology
 
 

 
 

 
 

 

Predictions : SNAP wide survey

Refregier et al: (2004)
 

 

Predictions : 4000 sq: deg

Imaging survey

Takata & Jain (2004)
 
 



 Summary of Ongoing and Future BAO/Cosmic Shear Surveys
 
 
 Survey             Schedule    sq.deg   w-err    Remarks 

 CFHT-LS         2003-2008     160     30      Im 
 Pan-STARRS1 2006-2009  30000   5-10     Im
 KIDS/Viking    2007-2010   1500    5-10    Im Priors
 AAOmega        2006-2009     500  10-15    Spec
 HETDEX        >2009-2011    300    5-10    Spec
 DES                >2009-2014   5000       5      Im 
 Pan-STARRS2 2010-2015  30000     <5      Im
 WFMOS         >2012            2000       5     Spec
 LSST              >2012          23000       1      Im
 eROSITA       >2010-2013  42000       5     GClst Sat
 DUNE             >2015          20000      3      Im Sat
 SNAP/JDEM   >2015            1000      2      Im Sat 

 Im       Imaging survey
 Spec    Spectroscopic survey
 Sat      Satellite mission
 GClst  Galaxy Clusters 
 
 


