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Constraints from Supernovae (SDSS, SNLS), 
CMB (WMAP, Planck), and Large-scale 
Structure (SDSS) 

Sullivan	  etal	  2011	   Ade	  etal	  2013	  

Assuming	  constant	  w	  	  	  	  	  	  	  	  	  	  	  	  	  Assuming	  w=w0+wa(1-‐a)	  



The	  collabora4on	  



3	  projects	  
•	  	  	  	  New	  3	  deg2	  FoV	  camera	  (DECAM)	  

in	  Blanco	  4-‐m	  	  
•	  	  	  	  Data	  management	  system	  

(NCSA)	  
•	  	  	  	  CTIO	  Facili8es	  Improvement	  

Project	  (telescope)	  
	  

Two	  mul4band	  surveys	  
	  	  	  	  	  	  	  	  	  Main:	  5000	  deg2	  ≈	  5	  (h-‐1Gpc)3	  

	  	   	  300	  million	  galaxies	  

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

	  	  	  	  	  	  	  SNe:	  30	  deg2	  repeat	  
	  

Blanco 4-meter at CTIO 
www.darkenergysurvey.org	  

The	  Dark	  Energy	  Survey	  

•  Survey	  2013-‐2018	  (525	  nights)	  
	  

•  Camera	  available	  for	  community	  use	  
the	  rest	  of	  the	  8me	  (70%)	  +	  u-‐band	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  



Op8cs	  

UCL@	  UK	  

ANL/FNAL	  CCDs,	  wafer	  from	  LBNL,	  
packaged	  at	  FNAL	  

Shu\er,	  Germany	  

Filter	  changer,	  Univ.	  of	  Michigan	  

Filters,	  Japan	  

Electronics,	  Spain	  and	  FNAL	  

Hexapod,	  Italy	  

DECam	  
Systems	  

Imager,	  FNAL	  

	  
	  

DECam	  project	  manager:	  
Brenna	  Flaugher	  	  



Project	  Timeline	  

•  Project	  ini8ated	  2003	  
•  DECam	  R&D	  2004-‐8	  
•  Camera	  construc8on	  2008-‐12	  
•  Imager	  installa8on:	  Aug.	  30	  (2012)	  
•  First	  light:	  Sept.	  12	  (2012)	  
•  Commissioning:	  late	  Aug.	  to	  Oct.	  (2012)	  
•  Science	  Verifica8on:	  Nov	  –	  Feb	  

–  ~115	  deg2	  of	  data	  to	  full	  depth	  are	  now	  public	  
•  First	  season:	  star8ng	  Sept.	  2013	  



DES	  Survey	  Strategy	  



Survey	  Strategy:	  Footprint	  

Overlap	  with	  SDSS	  equatorial	  	  
Stripe	  82	  for	  calibra8on	  (200	  sq	  deg)	  	  

Overlap	  with	  SPT	  

Supernovae	  fields	  

Overlap	  with	  as	  many	  
surveys	  as	  possible:	  
Stripe82,	  GAMA,	  VVDS,	  
eRosita,	  BOSS,	  DEEP2-‐EGS,	  
PRIMUS,	  …	  	  



Survey	  Strategy:	  Exposure	  Time	  

Survey	  Area	  

Overlap	  with	  SDSS	  equatorial	  	  
Stripe	  82	  for	  calibra8on	  (200	  sq	  deg)	  	  

	  
	  
•  Sept-‐Feb	  observing	  seasons	  
•  80-‐100	  sec	  exposures	  	  
•  2	  filters	  per	  poin8ng	  (typically)	  

•  gr	  in	  dark	  8me	  
•  izy	  in	  bright/grey	  8me	  

•  2	  survey	  8lings/filter/year	  

	  

	  5000	  sq	  deg	  

Survey characteristics

6

5000 sq. degrees
filters: grizY + U
10 x 90 seconds
limiting magnitudes: 25.2 (g) .. 23.4 (z)

DES Survey Strategy

James Annis
Directors’ Council Pre-Operations Review

March 2013

Wednesday, March 20, 13

u g r i z Y 



Survey	  Strategy:	  Exposure	  Time	  

Survey	  Area	  

Overlap	  with	  SDSS	  equatorial	  	  
Stripe	  82	  for	  calibra8on	  (200	  sq	  deg)	  	  

	  
	  
•  Sept-‐Feb	  observing	  seasons	  
•  80-‐100	  sec	  exposures	  	  
•  2	  filters	  per	  poin8ng	  (typically)	  

•  gr	  in	  dark	  8me	  
•  izy	  in	  bright/grey	  8me	  

•  2	  survey	  8lings/filter/year	  
•  Total:	  4000	  secs	  per	  patch,	  	  

equally	  distributed	  between	  
griz,	  minus	  160	  secs	  for	  y.	  

	  5000	  sq	  deg	  



Survey	  Strategy:	  Exposure	  Time	  

Survey	  Area	  

Overlap	  with	  SDSS	  equatorial	  	  
Stripe	  82	  for	  calibra8on	  (200	  sq	  deg)	  	  

	  
	  
•  Sept-‐Feb	  observing	  seasons	  
•  80-‐100	  sec	  exposures	  	  
•  2	  filters	  per	  poin8ng	  (typically)	  

•  gr	  in	  dark	  8me	  
•  izy	  in	  bright/grey	  8me	  

•  2	  survey	  8lings/filter/year	  
•  Total:	  4000	  secs	  per	  patch,	  

equally	  distributed	  between	  
griz,	  minus	  160	  secs	  for	  y.	  

	  5000	  sq	  deg	  

Equal	  exposure	  8mes:	  	  
• 	  maximizes	  galaxies	  usable	  for	  weak	  
lensing,	  	  
• 	  yields	  best	  photometric	  redshils,	  
and	  cluster	  finding	  
• 	  most	  spa8ally	  homogeneous	  survey	  
strategy	  	  



DES	  Science	  Program	  
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The	  Dark	  Energy	  Survey	  

•  Survey project using 4 
complementary techniques: 

         I. Cluster Counts 
      II. Weak Lensing 
      III. Large-scale Structure 
      IV. Supernovae 

 

Plus, tons of auxiliary science: 

-  Stars and Milky Way 
-  Quasars 
-  Galaxy Evolution 
-  Milky Way 

                  

Blanco 4-meter at CTIO 



Observer 

Background sources 

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


DES	  Science	  program	  

Weak	  
Lensing	  

Dark matter halos 
Background  

sources 



Observer 

Background sources 

DES	  Science	  program	  

Weak	  
Lensing	  

Dark matter halos 
Background  

sources 

§  	  Shape measurements of ~200 million galaxies 
§   Shear-shear + shear-galaxy + galaxy-galaxy correlations 
§   Complementary probe: magnification  



DES	  Science	  Program	  

Galaxy	  
Clusters	  
Counts	  

Mass Function (eg. Jenkins). 
Derived from power spectrum. 
Depends on cosmology through 
growth of structure. 

Depends 
on 
geometry. 

! 

m(M > Mth ,z) = dV" d lnM dn
d lnMM th

#

"

The mean number of clusters with mass M > Mth is given 
by 



For models with larger w:  

•  less volume -->  less 
clusters at low redshift. 

•  structure grows less rapidly 
--> more clusters at high 
redshift. 

Models are normalized to 
produce same cluster 
abundance at low redshifts 

Mohr, J. 2005 

DES	  Science	  Program	  

Galaxy	  Clusters	  
Counts	  

! 

dN(z)
dzd"

=
dV
dz d"

n z( )

Volume           Growth 



DES	  Science	  Program	  

Baryon	  
Acous4c	  
Oscilla4ons	  

Acous8c	  scale	  provides	  
standard	  ruler.	  
Scale	  set	  by	  last-‐
sca\ering	  surface	  
(s=cs*tls)	  

Divide out the gross trend …
A damped, almost harmonic sequence of “wiggles” in the power

spectrum of the mass perturbations of amplitude O(10%).

In configuration space

• The configuration space picture offers some important insights,and

will be useful when we consider non-linearities and bias.

• In configuration space we measure not power spectra but correlation

functions: !(r )=!"2(k)j0(kr) dlnk.

• A harmonic sequence would be a #-function in r, the shift in

frequency and diffusion damping broaden the feature.

Acoustic feature at

~100 Mpc/h with

width ~10Mpc/h

(Silk scale)

12

Fig. 5.— The SPT bandpowers, WMAP bandpowers, and best-fit ΛCDM theory spectrum shown with dashed (CMB) and solid
(CMB+foregrounds) lines. The bandpower errors do not include beam or calibration uncertainties.

Fig. 6.— The one-dimensional marginalized constraints on the six cosmological parameters in the baseline model. The constraints from
SPT+WMAP are shown by the blue solid lines, while the constraints from WMAP alone are shown by the orange dashed lines.

Keisler	  et	  al	  2011	  



DES	  Science	  Program	  

Baryon	  
Acous4c	  
Oscilla4ons	  

Galaxy	  angular	  	  
power	  spectrum	  
in	  photo-‐z	  bins	  
(rela8ve	  to	  model	  
without	  BAO)	  
	  
Probe	  deeper	  than	  SDSS	  
redshil	  survey	  (x10	  
increase	  in	  volume)	   Fosalba	  &	  Gaztanaga	  



DES	  Science	  Program	  

Supernovae	  

30

and ignoring the dispersions. The resulting uncertain-
ties are δw ∼ 0.01 to 0.02 for combinations that include
the higher-redshift ESSENCE & SNLS samples. For the
SDSS-only and Nearby+SDSS sample combinations, the
w-uncertainty is negligible.

β-Variation with Redshift
If the salt–ii SN parameters (α,β,M) are allowed to
vary independently in redshift bins, while the cosmo-
logical parameters are fixed, we find a strong redshift-
dependence of β for z > 0.6 (see § 10.2.3). To estimate
the corresponding systematic uncertainty, the Hubble di-
agram fits have been redone allowing α, β, and M to vary
with redshift using a simple model in which each SN
parameter is constant for z < 0.6, and is then allowed
to vary linearly with redshift for z > 0.6. Compared
to the nominal salt–ii model with redshift-independent
parameters, the largest change, δw = +0.073, occurs
for SDSS+ESSENCE+SNLS (b) in which the nearby
sample is excluded. For sample-combinations d and f,
δw ∼ 0.04, and for the full SN set (e) that includes the
HST, δw ∼ 0.01. These w-shifts are included as asym-
metric systematic uncertainties.

Simulated Bias Correction
For salt–ii, we have determined bias corrections from
simulations, as described in § 8.2 (see Table 5). We in-
clude half the w-shift as a systematic uncertainty. The
largest uncertainty is δw = 0.020 for SDSS-only.

Calibration of Primary Reference Star, Vega
We assume uncertainties of 0.01 magnitudes in the cal-
ibration of U, B, V, R, I for the primary reference, Vega.
Since a full accounting of this effect would require an-
other retraining of the salt–ii surfaces, we instead adopt
the uncertainties derived from the mlcs2k2 analysis (Ta-
ble 6). In Astier et al. (2006), the corresponding uncer-
tainty is δw = 0.024 for the nearby+SNLS combination;
as a crosscheck, we have evaluated this uncertainty for
the same sample combination and find good agreement,
δw " 0.021. For the sample combinations analyzed here,
the resulting w-uncertainties are 0.02 – 0.03.

Calibration: Shifted Bessell Filters for Nearby
Data
As discussed in § 5.2, we use the Bessell (1990) filter re-
sponses with wavelength shifts given in Table 21 of Ap-
pendix B. Since these shifts differ from those in Astier
et al. (2006), we use the difference in cosmological results
derived from both sets of wavelength shifts to define an
additional systematic uncertainty on w. This uncertainty
is δw ∼ 0.02 for sample combinations that include the
nearby sample.

Calibration: Zeropoint offsets for SDSS,
ESSENCE, SNLS, HST
Zeropoint uncertainties for the SDSS, ESSENCE,
SNLS, and HST bandpasses are propagated in the same
manner as for the mlcs2k2 method (§ 9.1). The SNLS
zeropoints are varied in the fit, but not in the training of
the spectral surface, and therefore these w-uncertainties
might be slightly overestimated. The other survey
samples were not used in the training, and therefore

varying the zeropoints in the fit is sufficient to estimate
the systematic error. Note that the w-uncertainty from
the SDSS AB offsets is smaller for SDSS-only than for
Nearby+SDSS, as explained in § 9.1.

The parameter shifts due to all of these systematic er-
rors are added in quadrature to derive total systematic
error estimates in Tables 8 and 9.

10. RESULTS

Here we present the Hubble diagram and inferred cos-
mological parameters using the framework described in
§8. Results based on the mlcs2k2 and salt–ii methods
are presented in §10.1 and 10.2 respectively. We compare
the results from the two methods in § 11.

The Hubble diagram for the five samples considered in
this analysis is shown in Fig. 23. The distance moduli
here are obtained from the mlcs2k2 method described
above; the Hubble diagram based on the salt–ii method
looks quite similar. Detailed Hubble-residual plots are
given for each method in §10.1 and 10.2.
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34  HST (Riess07)

Fig. 23.— Fitted distance modulus (from mlcs2k2) versus red-
shift for the 288 SNe Ia from the five samples indicated on the
plot.

10.1. Results with mlcs2k2

Using the mlcs2k2 method, we present cosmological
results for the six sample combinations (a–f) of Table 4.
Table 10 gives the spectroscopically determined redshift
and marginalized mlcs2k2 fit parameters for SNe that
pass the selection cuts described in §4. We use the en-
semble of redshifts zi and estimated distance moduli µi
for each sample combination to fit cosmological model
parameters, as explained in §8.1.

10.1.1. Goodness of Fit and Hubble scatter

Before considering the cosmological parameter results
for the various combined samples, we examine several
measures of fit quality and dispersion for each SN Ia sam-
ple treated independently, since they provide diagnostic
information that is useful to consider before combining
the samples. Table 11 displays these measures: (i) the χ2

µ
statistic for the best-fit FwCDM model for that sample
from Eq. 26 — in goodness-of-fit tests, this statistic is
usually compared to the number of degrees of freedom,

-‐ 	  Standard	  candles	  
-‐ 	  Probe	  geometry	  

Exis8ng	  samples	  
circa	  2009.	  



DES	  Science	  Program	  

Supernovae	  

• 	  30	  sq	  deg	  8me-‐domain	  survey	  
• 	  ~4000	  well-‐sampled	  SNe	  Ia	  to	  z	  ~1	  (plus	  8000	  okay	  ones)	  
• 	  Factor	  ~2-‐4x	  sta8s8cs	  vs.	  other	  samples	  around	  2018	  
• 	  ~5	  days	  cadence	  



DES	  Science	  Program	  

Supernovae	  

Bernstein	  et	  al	  

• 	  Broader	  redshil	  range	  than	  SDSS	  SN	  
• 	  Higher	  S/N	  in	  red	  passbands	  than	  SNLS	  
• 	  Add	  NIR	  from	  VISTA	  VIDEO	  survey	  
• 	  Redshils	  from	  spectroscopic	  follow-‐
up,	  SN	  photo-‐zs	  and	  galaxy	  photo-‐zs	  



DES	  Science	  Program	  

Four	  Probes	  of	  Dark	  Energy	  
Working	  together	  
	  
•  Galaxy	  Clusters	  

•  ~100,000	  clusters	  to	  z>1	  
•  Sensi8ve	  to	  growth	  of	  structure	  and	  geometry	  

•  Weak	  Lensing	  
•  Shape	  measurements	  of	  300	  million	  galaxies	  	  
•  Sensi8ve	  to	  growth	  of	  structure	  and	  geometry	  

•  Baryon	  Acous4c	  Oscilla4ons	  
•  300	  million	  galaxies	  to	  z	  =	  1	  and	  beyond	  
•  Sensi8ve	  to	  geometry	  

•  Supernovae	  
•  30	  sq	  deg	  8me-‐domain	  survey	  
•  ~4000	  well-‐sampled	  SNe	  Ia	  to	  z	  ~1	  (+	  8000	  okay	  

ones)	  
•  Sensi8ve	  to	  geometry	  

Forecast Constraints on DE 
Equation of State 



 DES-SPT Synergy!

DES survey area encompasses South Pole Telescope SZE Survey"
~100,000 optical clusters to z>1: ~1,000 with SPT measurements"
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Synergy	  with	  SPT	  

Cross. cal. using only 
SZ ∩ OPT 

Full cross-calibration 

SZ (SPT) 

OPT (DES) 

SZ + OPT 

Cunha	  (2009)	  

WMAP3	  

SZ+OPT over the same patch of 
sky = 2x better than if in different 
parts of the sky (Cunha 2009)	  





The	  first	  data	  

Deep	  SN	  fields	  
Shallow	  SN	  fields	  
	  
Full	  Survey:	  5000	  sq	  deg	  

Deeper,	  smaller-‐area	  survey	  
(~115	  deg2)	  to	  test	  systema8cs,	  
yield	  early	  science	  

SPT-‐W	   SPT	  maxVis	  

Mini-‐survey/stripe	  82	  



Fornax	  Cluster	  

NGC	  1365	  

	  
0.8”	  images	  recorded	  within	  first	  
few	  nights	  of	  first	  light!	  

Covered	  in	  258	  publica8ons	  in	  36	  countries,	  
plus	  Jay	  Leno’s	  monologue	  

First	  Light,	  Sept.	  12,	  2012	  



1x1	  deg2	  field	  of	  view	  
	  
~50,000	  galaxies	  
in	  this	  image	  
	  



Supernovae	  –	  early	  results	  
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http://deslogin.cosmology.illinois.edu/SNWG/examineCand.php?SNId=1509600
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Supernovae	  –	  early	  results	  

•  Spectroscopic	  confirma8on	  of	  the	  first	  supernovae	  with	  AAT.	  
•  Ongoing	  spectroscopic	  observa8on	  of	  many	  more	  at	  AAT,	  HET,	  Keck	  and	  SALT.	  

Spectroscopy Task Force - Meeting
Achievements and Goals

Produced a target list for AAT

Successful start of the observing run

•
•
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Spectra	  taken	  by	  C.	  Lidman,	  R.	  Sharp,	  and	  S.	  Uddin	  



Supernovae	  –	  early	  results	  

•  5	  Type	  Ia	  and	  2	  Type	  II	  already	  spectroscopically	  confirmed.	  
•  500	  good	  candidates	  scheduled	  for	  spectroscopic	  follow-‐up	  next	  season.	  



El	  Gordo	  
Cluster	  
riz	  image	  
z=0.87	  

Clusters	  –	  Early	  results	  



Clusters	  –	  early	  results	  
Gallery of z>~0.8 Clusters

• All new discoveries in cluster fields

Thursday, December 13, 12

Found	  by	  E.	  
Rykoff,	  using	  
RedMapper	  

z	  >	  0.8	  
clusters!	  



Weak	  Lensing	  –	  early	  results	  

Map	  courtesy	  of	  P.	  Melchior	  (OSU)	  

The BIGGER picture
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Mass & light maps of massive galaxy clusters from early DECam data
 

Peter Melchior
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Quote	  from	  a	  non-‐DES	  user	  during	  community	  8me:	  
This	  is	  a	  shockingly	  awesome	  "shared	  risk"	  instrument.	  
Already	  mature	  enough	  to	  do	  excellent	  science,	  and	  a	  joy	  
to	  use,	  DECam	  is	  a	  superb	  achievement.	  I	  have	  to	  
congratulate	  everybody	  at	  CTIO,	  FermiLab,	  and	  everyone	  
else	  who	  contributed.	  
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