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What causes Cosmic Acceleration?	

Three possibilities:	


1.  The Universe is filled with a negative-pressure 
component that gives rise to `gravitational repulsion’:  	


                                    Dark Energy	


2.  Einstein’s theory of General Relativity (gravity) is 
wrong on cosmic distance scales.	


3.  The Universe is inhomogeneous and only apparently 
accelerating, due to large-scale structure.	




Recent Supernova Data:���
SN Ia Union Compilation	
 Kowalski et al., ApJ, 2008 

Data tables and updates at http://
supernova.lbl.gov/Union 
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Recent Dark Energy 
Constraints 

Constraints from 
Supernovae, Cosmic 
Microwave Background 
Anisotropy (WMAP) and 
Large-scale Structure 
(Baryon Acoustic 
Oscillations, SDSS) 

Only statistical errors shown 
assuming w = −1 
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Progress 
over the 
last 
decade	




        Acceleration and Dark Energy 	
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Equation of state parameter :  wi = pi /ρic
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    Non - relativistic matter :  pm ~ ρm v2, w ≈ 0
    Relativistic particles :  pr = ρrc

2 /3, w =1/3
    Dark Energy : component with negative pressure :  wDE < −1/3 
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Equation of State parameter w determines Cosmic Evolution	
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Only statistical errors shown 

assuming flat Univ. 
and constant w 
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Much weaker 
current 
constraints on 
Time-varying 
Dark Energy 

3-parameter model 

marginalized over 
Ωm 

Kowalski et al 08 Assumes flat Universe 

€ 

w(z) = w0 + wa (1− a) + ...
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•  Probe dark energy through the history of the expansion rate:	


•  and the growth of large-scale structure:	


•         Distances are often indirect proxies for H(z):  	

               Form of F depends on spatial curvature                       	


•  Weak Lensing cosmic shear       Distance+growth                                                   	

•  Supernovae                                 Distance	

•  Baryon Acoustic Oscillations     Distance+H(z)	

•  Cluster counting                          Distance+growth	


What can we probe?	
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The Dark Energy Survey	

•  Study Dark Energy using 	

    4 complementary* techniques:	

        I. Cluster Counts	

      II. Weak Lensing	

      III. Baryon Acoustic Oscillations	

      IV. Supernovae	


•    Two multiband surveys:	

         5000 deg2 g, r, i, z, Y to 24th mag	

       15 deg2 repeat (SNe)	


•    Build new 3 deg2 camera 	

       and Data management sytem	

      Survey late 2011-2016 (525 nights)	

      Camera available for community 

use the rest of the time	


Blanco 4-meter at CTIO 

*in systematics & in cosmological parameter degeneracies 
*geometric+structure growth: test Dark Energy vs. Gravity 
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The DES Collaboration 
Fermilab 
University of Illinois at Urbana-Champaign 
University of Chicago 
Lawrence Berkeley National Lab 
NOAO/CTIO 
DES Spain Consortium 
DES United Kingdom Consortium 
University of Michigan 
Ohio State University 
University of Pennsylvania 
DES Brazil Consortium 
Argonne National Laboratory 



DES Instrument: DECam 

Hexapod 

Optical  
Lenses 

CCD 
Readout Filters  

Shutter 

Mechanical Interface of 
DECam Project to the Blanco 

Much improved image quality compared to current Blanco mosaic camera 
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DES CCDs 

•  62 2kx4k fully depleted CCDs: 
        520 Megapixels 
•  Excellent red sensitivity 
•  Developed by LBNL 
•  Packaged and tested at FNAL 
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DES Science Program	

Four Probes of Dark Energy	

•  Galaxy Clusters	


•  ~100,000 clusters to z>1	

•  ~10,000 with SZE measurements from SPT	

•  Sensitive to growth of structure and geometry	


•  Weak Lensing	

•  Shape measurements of 300 million galaxies 	

•  Sensitive to growth of structure and geometry	


•  Baryon Acoustic Oscillations	

•  300 million galaxies to z = 1 and beyond	

•  Sensitive to geometry	


•  Supernovae	

•  15 sq deg time-domain survey	

•  ~3000 well-sampled SNe Ia to z ~1	

•  Sensitive to geometry	


Forecast Constraints on DE 
Equation of State 
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Clusters and Dark Energy	


Volume           Growth 

Number of clusters above observable mass threshold 

Dark Energy  
equation of state 

€ 

dN(z)
dzdΩ

=
dV
dz dΩ

n z( )

• Requirements 
1. Understand formation of dark 
matter halos  
2. Cleanly select massive dark matter 
halos (galaxy clusters) over a range 
of redshifts  
3. Redshift estimates for each cluster  
4. Observable proxy that can be used 
as cluster mass estimate: 
        p(O|M,z)   

Primary systematic:  
Uncertainty in bias & scatter of 
mass-observable relation 

€ 

d2N
dzdΩ

=
r2(z)
H(z)

f (O,z)dO p(O |M,z) dn(z)
dM∫∫ dM



The National Science Foundation 

 DES-SPT Synergy!

DES survey area encompasses 4000 sq. deg. SPT SZE Survey"
~100,000 optical clusters to z>1: ~10,000 with SPT measurements 



The National Science Foundation 

The four most significant SPT 150 GHz detections 
in region overlapping 40 deg2 BCS 5h30m field"

First SZ-discovered Galaxy Clusters  
Staniszewski et al, astro-ph/0810.1578 
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SZE vs. Cluster Mass: Progress toward 
Realistic Simulations	


Motl, etal 
Integrated SZE flux decrement depends only on cluster 
mass: insensitive to details of gas dynamics/galaxy 
formation in the cluster core          robust scaling relations 
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small (~10%)  
scatter 



Weak Lensing of Faint Galaxies: distortion of shapes 	


Background 
Source 
shape 



Foreground	

Cluster	


Weak Lensing of Faint Galaxies: distortion of shapes 	


Background 
Source 
shape 

Note: the effect has been greatly exaggerated here 



Foreground	

Cluster	


Lensing of real (elliptically shaped) galaxies	


Co-add signal around a  
number of Clusters 

Background 
Source 
shape 



Mapping the 
Dark Matter	

in a Cluster 	

of Galaxies	

via Weak	

Gravitational	

Lensing	


Data from	

Blanco 4-meter	

at CTIO	


Joffre, etal	




25	


Statistical Weak Lensing by Galaxy Clusters 

Mean 
Tangential 
Shear Profile in 
Optical 
Richness (Ngal) 
Bins to  
30 h-1Mpc 

Sheldon, 
Johnston, etal 
SDSS  
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Statistical Weak Lensing Calibrates	

Cluster Mass vs. Observable Relation	


Cluster Mass 
vs. Number  
of galaxies 
they  
contain 

Future: 
use this to  
independently  
calibrate, e.g.,  
SZE vs. Mass 

Johnston, Sheldon, etal 

Statistical  
Lensing  
eliminates  
projection effects 
of individual  
cluster mass 
Estimates 

~50% scatter in 
mass vs optical 
richness 

SDSS Data 
z<0.3 
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Photometric Redshifts 

• Measure relative flux in   
   multiple filters: 
   track the 4000 A break 

• Estimate individual galaxy   
   redshifts with accuracy  
   σ(z) < 0.1 (~0.02 for clusters) 

• Precision is sufficient  
   for Dark Energy probes,   
   provided error distributions  
   well measured. 

Elliptical galaxy spectrum 
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DES griz DES 

10σ Limiting Magnitudes 
  g  24.6 
  r  24.1 
  i  24.0 
  z  23.9 

+2% photometric calibration 
error added in quadrature 

Key: Photo-z systematic errors  
under control using existing  
spectroscopic training sets to  
DES photometric depth: low-risk 

Galaxy Photo-z Simulations 

+VHS*  

+Developed improved Photo-z & Error Estimates and robust methods of outlier rejection 
Oyaizu, Cunha, Lima, Frieman, Lin   

DES griZY  
+VHS JHKs on 
ESO VISTA 4-m 
enhances science 
reach 

*Vista Hemisphere Survey 

Z          23.8 
Y          21.6 

J   20.3 
H  19.4 
Ks 18.3   



Type Ia Supernovae	

Thermonuclear explosions of 
White Dwarf stars	


White Dwarf accretes mass from or 
merges with a companion star, 
growing to a critical mass~1.4Msun	

(Chandrasekhar)	


A violent explosion is triggered at or near 
the center, and the star is completely 
incinerated within seconds	


In the core, light elements are burned in 
fusion reactions to produce ~0.6Msun Nickel. 	

The radioactive decay of Nickel and Cobalt 
makes it shine for a couple of months 	
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Type Ia SN	

Peak Brightness	

as calibrated	

Standard Candle	


Peak brightness	

correlates with 	

decline rate & 
color	


Variety of algorithms 
for modeling these 
correlations	


After correction,	

σ~ 0.16 mag	

(~8% distance error)	
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"   ~400 distant SNe Ia to measure w 

"   Used 3.6-m CFHT+Megacam 

"   36 CCDs with good blue response 

"   4 filters griz for good K-corrections 
and color measurement 

"   Spectroscopic follow-up on 8-10m 

"   Astier etal (2006): published results 
based on ~70 SNLS SNe Ia (+Low-
z) from 1st season 

"   3-year results expected soon 
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Wood-Vasey, etal (2007), Miknaitis, etal (2007): 	

results from ~60 ESSENCE SNe (+Low-z)	




Higher-z SNe Ia from ACS 
Z=1.39 Z=1.23 Z=0.46 Z=0.52 Z=1.03 

50 SNe Ia, 25 at z>1                Riess, etal 



Results published from 2005 season 

Frieman, et al (2008); Sako, et al (2008) 

Kessler, et al 09; Lampeitl et al 09; Sollerman et al 09 
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500+ spec confirmed SNe Ia + 87 conf. core collapse 
plus ~300 (soon ~1000) photometric Ia’s with host z’s 
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Hubble 
Diagram	
 ~45 SNe Ia 

~120 SNe 
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Hubble 
Diagram	

with SDSS SNe	


103 SNe Ia from first 
season that pass 
stringent light-curve 
quality cuts	


Kessler etal (2009)	

Lampeitl etal (2009)	

Sollerman etal (2009)	


~45 SNe Ia 

~120 SNe 
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SDSS only: 

Nearby+SDSS: 

€ 

w = −0.92 ± 0.11(stat)−0.15
+0.07(syst)

€ 

w = −0.93± 0.13(stat)−0.32
+0.10(syst)

SALT 

MLCS 

SALT 

MLCS 

€ 

ΩM
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Nearby+SDSS: 

Nearby+SDSS+SNLS
+ESSENCE+HST: 

€ 

w = −0.96 ± 0.06(stat)± 0.12(syst)
€ 

w = −0.76 ± 0.07(stat)± 0.12(syst)

SALT 

MLCS 

SALT 

MLCS 

€ 

ΩM



DES Light-curve Simulations 

z=0.26 

SN simulations drawn from ESSENCE observing conditions 



DES Light-curve Simulations 

z=0.52 



DES Light-curve Simulations 

z=0.73 
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Observer 

Dark matter halos 

Background sources 

  Statistical measure of shear pattern, ~1% distortion 
  Radial distances depend on geometry of Universe 
  Foreground mass distribution depends on growth of structure	


Weak Lensing: Cosmic Shear 
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  Weak lensing: shear and mass	


Jain 
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• Cosmic Shear Angular 
Power Spectrum in  
Photo-z Slices 

• Shapes of ~300 million 
well-resolved galaxies,  
〈z〉 = 0.7 

• Primary Systematics: 
photo-z’s,  
PSF anisotropy,  
shear calibration 

• Extra info in bispectrum & 
galaxy-shear: robust  

  Weak Lensing Tomography: DES 

DES WL forecasts conservatively assume 0.9” PSF = median delivered to  
existing Blanco camera: DES should do better & be more stable  

Statistical errors 
shown 

DES WL forecasts conservatively assume 0.9” PSF = median delivered to  
existing Blanco camera: DECam should do better & be more stable 

Huterer etal 
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Baryon Acoustic Oscillations (BAO) in the CMB 

  Characteristic angular scale set by sound horizon at 
recombination: standard ruler (geometric probe). 
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Baryon Acoustic Oscillations:  
CMB & Galaxies 

CMB 
Angular 
Power 
Spectrum 

SDSS galaxy 
correlation function 

Acoustic series in P
(k) becomes a single 
peak in ξ(r) 

Bennett, etal 

Eisenstein etal Current surveys: WiggleZ, BOSS 
Future: HETDEX, BigBOSS,… 
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III. Baryon Acoustic Oscillations  

Systematics: 
photo-z’s, 
correlated 
photometric errors, 
non-linearity, scale-
dependent bias 

Fosalba & Gaztanaga 

Galaxy Angular  
Correlation Function 
in Photo-z bins 



49 

III. Baryon Acoustic Oscillations  

Blake & Bridle 
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Conclusion 
• DES is poised to take the next step in probing 
Dark Energy, aiming toward greater understanding 
of the physics of cosmic acceleration. 

• Using multiple techniques to probe Dark Energy is 
important to control systematic errors and achieve 
robust constraints. 

• A fruitful international collaboration that will 
produce a rich public legacy data set for years to 
come and lay the groundwork for future surveys 
such as LSST. 


