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Where is the dark matter? Where are the galaxies?

SDSS Galaxy Positions Dark Matter Density

550 Mpc 200 Mpc



Galaxy Bias

� Bias between the distribution of matter and the 
distribution of galaxies

� Generally bias depends on scale

� Solar Neighborhood M/L ~ few

� Galaxies have extended dark matter halos: baryons 
more concentrated than dark matter:                          
M/L ~few hundred

� Satellites (Zaritsky, et al. 1997)

� Weak Lensing (Fischer, et al. 2000)

� What about larger scales?  10 Mpc?



Correlation Functions

� Two-point Correlation function:                                    
                                                                                 
           

� Galaxies:  xgg(r)  is usually a power law                         
                                                                                 
                                              g = 1.8,   r0 = 6 Mpc           
 

� The projected correlation function wgg is the integral of 

xgg(r) along the line of sight:                                         
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SDSS Galaxy Positions

Random Points
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� The distribution of galaxies is known with good 
precision in the form of the 2-point correlation 
function: xgg(r)                                                           
 

� Bias b2(r) = xgg(r) / xmm(r)     (L, color, env.)            
   

� Measure the cross correlation between galaxies and 
mass: xgm(r) / xmm(r) = b(r) R(r)                                
           

� xgg(r) / xgm(r) = b(r)/R(r)

Galaxy-mass Correlations



Mass Estimators

� Dynamical methods work well within optical 
radius r < 20 kpc. Velocity <=> mass

� Can push to ~200 kpc if small satellite galaxies 
identified. System may not be in equilibrium, 
interpretation difficult.

� Gravitational lensing independent of assumptions 
about dynamical state, can push to large scales.









Gravitational Lensing

 aµ  M(<r)/r 



Gravitational Shear g 
Induces ellipticity  in round source 

g(R) =  2e  µ   áS(<R)ñ- áS(R)ñ 

                   º  DS(R)   



Density Contrast

� gT(R)´ Scrit  = áS(<R)ñ- áS(R)ñ                 

                   º  DS(R)   

�

                                                                 
   

� In SDSS we know DL but must estimate DS and 
DLS from photometric redshifts

crit
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Weak Lensing

� Weak shear is too small to detect from single 
background source due to shape noise: Galaxies are 
intrinsically elliptical áe2ñ » 0.32

� Shapes of sources uncorrelated in absence of lensing.       
                                   áeiñ = 0  

� Lensing shear induces shape correlations at the             
sub-percent level.

� Average tangential ellipticity of many galaxies is 
proportional to the tangential shear The shear is directly 
related to the projected mass density.                                 
                           Sensitivity ~ 0.3/ÖN  



Measuring Galaxy Bias with Lensing

� Compare dark matter  fluctuations to galaxy fluctuations 
on different scales:  Wm ´  R and Wm/b      

� Most direct but sensitive to systematics

� Can separate R and b

� No spectra/redshifts, lens population less understood           
                                              (Hoekstra, et al. 2002)

� Compare SDSS wgm to the SDSS wgg:   Wm ´  R/b          

� Less sensitive to systematics                             

� Galaxies have redshifts, luminosities, colors.            

� Lens population and physical scales well understood



Galaxy-galaxy Lensing

� Measure mean tangential ellipticity of background    
sources áeTñ 

� Average tangential ellipticity of many galaxies is 
proportional to shear. gT = áeTñ/2                                         

                        Sensitivity ~ 0.3/ÖN      

�

Density contrast:   DS(R)                                                 
                  gT = áeTñ/2 µ áS (<R)ñ- áS(R)ñ 

� Average over many lenses to extract signal



What does DS(R) measure?

� DS(R) = áS(<R)ñ- áS(R)ñ  is not 
sensitive to "mass sheets", densities that 
vary slowly on scale R

� Thus what the density contrast DS(R) 
measures depends on scale:



Stot=ár ñwgm

DScentral

r µ r-2



What does DS(R) measure?

� On relatively small scales it measures the central 
galaxy density        (Hudson 1998, Fisher 2000, Mckay 2002)

� On larger scales it measures the projected     
galaxy-mass correlation function  wgm                    
For a power law wgm:                                              

                  DS(R) µ  ár ñwgm

� Amplitude of wgm is degenerate with global mass 
density ár ñ = Wm ´ r c 

� Compare to wgg  => we can measure Wm´ b



Sloan Digital Sky Survey(SDSS)

� First uniform, digital imaging survey of northern 
galactic cap to faint magnitudes r'<23

� 10,000 square degrees in 5 bandpasses 
(u',g',r',i',z')

� First spectroscopic (r'<17.7) survey of northern 
galactic cap

� Redshifts of 1 million galaxies: Use as lenses

� 50 million faint galaxies to measure shear

� Software pipeline does most of the work: Object 
positions and flux





Shape Measurement

� Weak Lensing measurements hinge on good shape 
measurements

� We measure the shape of every object from second 
moments

� We use Adaptive Moments (Bernstein, et al. 2002) 
shown to be nearly optimal

� Use radial weight function matched iteratively to 
the size and shape of the object.  Improves signal-
to-noise ratio by a factor of 2 over standard 
methods.



Systematic Errors in 
Shape Measurements

� Atmosphere and telescope optics blur and alter 
galaxy images, which can mimic lensing 
distortions. 

� Smearing by the  point spread function (PSF) and 
instrumental distortion

� Instrumental distortion negligible for SDSS

� PSF shape and size are measured from stars and 
tracked as a function of position and time



PSF Correction

� We correct for the PSF smearing using the 
techniques of Bernstein, et al. 2002

� Analytic correction:                                                 
         e = e© - Repsf 

� R » (size of star/size of galaxy)2    



PSF Correction



Photometric Redshifts

� Photometric redshift 
distribution for each 
source galaxy

� Estimate mean Scrit
-1 for 

each lens-source pair

� Convert shear to density 
contrast



Projected Density Contrast
DS µ  ár ñwgm

� 75,000 lens galaxies 
from ~1000 deg2 SDSS 
data:                               
     áLñ»L*

� Best Fit Power Law:      
    DS � R-0.85±0.09



Random Points



Projected galaxy-mass Correlation 
Function:  wgm

� Take Wm = 0.26± 0.02 
(WMAPext+2dF+Lya Power law l -CDM)

� xgm = (r/rgm)-g      

� g = 1.85 ± 0.09  

�

 rgm = 5.5 ± 0.5 Mpc

75,000 Lenses



 xgg= (r/r0)
-1.8  r0=5.77 h- 1Mpc  xgm= (r/r0)

-1.85±0.09   r0=5.5± 0.5 h- 1Mpc

� Same radial dependence:   xgm µ  xgg 

� Bias b/R = xgg/xgm is scale independent    

� b/R = 1.1 ± 0.2

� Hoekstra, et al. 2002  b/R=1.09 +/- 0.04  (1-100©©)

Zehavi, et al.



Where is the dark matter? Where are the galaxies?

SDSS Galaxy Positions Dark Matter Density

550 Mpc 200 Mpc



Split Sample by Luminosity

Zehavi, et al.

� Three bins in luminosity

� Look for relative bias as a 
function of luminosity

� Do we see the same behavior 
in wgg and wgm?



Zehavi, et al.

Wgg Wgm



Zehavi, et al.

Wgg Wgm



Relative Bias



The Galaxy-luminosity Correlation 
Function

� Do galaxies cluster with luminosity as they 
cluster with mass?  Does light trace mass?

� Measure wgL same way as wgg but weight by 
luminosity of neighboring galaxies  

� Define bias  BL = wgm /wgL 

� Measure Mass-to-light ratio M/L                            
                                                                                 
 

� Measure Wm

�

BL

M
L

BL

�

� wgm

l wgL



xgL = (r/rgL)
- 1.77± 0.025       xgm µ  r- 1.8±0.1 

r
gL

= 5.7±0.4 h- 1Mpc



Scale Dependence of Luminosity Bias

� wgm and wgL have the 
same radial 
dependence measured 
around L*  galaxies

� Bias BL of LSS around 
L*  galaxies is scale 
independent 



Integrated M/L around L*  Galaxies 

� Integrate Mass and Total Luminosity, 
including central galaxy.

� Look for convergence to global M/L; scale 
length of convergence.



i-band M/L within radius R: Including 
Central Galaxy Luminosity



Global M/L

� M/L  converges around L*  galaxies                      
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
 

� ¡  is the asymptotic M/L up to a factor  of bias    
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Wm´ Bias

� Multiply by luminosity density:  (Blanton et al.)    
   Wm ´  BL= 0.31±0.1   BL= wgm/wgl =const.    
       



Summary

� Galaxies correlate with mass in the same way 
they correlate with luminosity and other galaxies:  
                     wgm µ  wgg, wgL       

� Bias b/R and BL  scale independent for L*  
galaxies

� b/R = 1.1 ± 0.2                  (1.09 ± 0.04 Hoekstra, et al.)

� Amplitudes of wgm and wgg scale similarly with 
luminosity 

� M/L converges around L* galaxies with half 
radius RS = 210±9 kpc  (M/L = 260±30)



Future Work

� Study small scales: 

� Size and shape of galaxy halos.  

� Tully-fisher at 200 kpc.

� Comparison with simulations:

� Halo model

� SAM + Nbody

� Much more data on the way!


