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A Tug of War: 
Complementary Probes

5

State of the art constraints:

w0 = -0.957 ± 0.124    (~13%)

wa = -0.336 ± 0.552    (~164%)

Galaxy Distribution

CMB

M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.

Fig. 14. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck tempera-
ture and WMAP polarization measurements of the CMB fluctu-
ation (PLANCK+WP), and a combination of measurements of
the BAO scale (BAO). See Sect. 7.1 for details. The black dashed
line corresponds to a flat universe.

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4
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!4/3

⇢� (26)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 14, 15 and 16. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 14, 15 and 16. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-

Fig. 15. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.
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Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 15).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
PLANCK+WP+C11 (w = �1.093±0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
re-calibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11
calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
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w(a) = w0 + (1 - a)wa

Evolving DE equation of state:
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Dark Energy Survey

6

Galaxy clusters (distance, structure growth)!
ten of thousands of clusters up to z~1!
synergies with SPT, VHS

Weak lensing (distance, structure growth)!
shape and measurements of 200 
millions galaxies

Large Scale Structure (distance)!
standard ruler!
300 millions galaxies to z=1 and beyond

Type Ia supernovae (distance)!
standard candles!
3500 SNIa to z~1

Dark Energy equation of state w≡p/ρ!
w(a) = w0+(1-a)wa

XII International Conference on Topics in Astroparticle and Underground Physics, 2011 – TAUP 2011
Journal of Physics: Conference Series (Preprint)

can produce the best results. Such combinations have been explored to some extent (e.g.,
SNe+CMB+LSS [3]) but DES is the first experiment to combine all four probes from the same
data set, being able to achieve percent-level uncertainty on w0 and, in addition, measure wa. By
combining the four probes we can measure w0 at 5% and wa at 30% uncertainty level, as shown
in Fig. 1, improving the constraints on the dark energy equation-of-state w(a) by a factor of 3-5
with respect to current experiments. 4

FIG. 2: LEFT: Forecasted 1� constraints on dark energy parameters from the DES probes, including only statistical errors
and assuming �CDM as the true model. From the largest to the smallest ellipse, the probes considered are baryon acoustic
oscillations (black), supernovae (green), cluster counts (magenta), and weak lensing (blue). Each constraint is combined with
a prior expected from Planck CMB measurements; additionally, the supernovae constraint includes an 8% prior on H0.

RIGHT: Same as LEFT but now the true model is assumed to be our toy modified gravity model with � = 0.68.
Shown are the forecasted constraints when we incorrectly attempt to fit a GR+dark energy model to the data. The center of
the weak lensing ellipse has moved to (w0, wa)=(-1.1, 0.47) while the cluster counts ellipse has moved to (-1.19, 0.90). The
probes are seemingly consistent, but we discuss the problems with this interpretation in Section IIIB.

Our first task then is to determine the expected values of the measurements for the four probes in the assumed modi-
fied gravity model and compare those to the predictions in standard GR+Dark energy. We consider a set of 8 standard
cosmological parameters with fiducial values {w0, wa, ⌦DE, ⌦k, h, ⌦b, ns, �8} = {�1, 0, 0.73, 0, 0.72, 0.046, 1, 0.8} where
⌦k is the curvature density, h is the Hubble constant in units of 100 km/s/Mpc, ⌦b is the baryon density, ns is the
slope of the primordial spectrum, and �8 normalizes the matter power spectrum at z = 0. For each probe, we then
compute the constraints including projected priors from the Planck satellite [see e.g. 16]. We include only statistical
errors in the projections for each experiment, therefore our parameter constraints will be optimistic but su�cient for
our goal, which is to compare methods of testing GR.

For two probes, supernovae and BAO, the answer is simple: these probes are sensitive only to background geometry
which is assumed identical in our MG and GR models, so the predictions for the distance moduli (from supernovae)
and correlation function peak (due to BAO) are identical to standard GR and �P = 0. The projected contours
therefore are centered on the point in parameter space corresponding to the fiducial values. The only work that needs
to be done is to determine the Fisher matrix which delineates the allowed region. This has been done before; here we
simply reproduce these results, shown projected onto the (w0, wa) plane in Figure 2. The CMB is mostly insensitive to
our choice of MG since � only determines structure growth in the late Universe. The CMB power spectrum is in fact
a↵ected by gravity modifications via the late Integrated Sachs-Wolfe e↵ect [17, 18] and gravitational lensing, but we
ignore these e↵ects, which should only reduce our sensitivity to MG. Our Planck prior is therefore unchanged between
the GR and MG cases. Only the weak lensing and cluster predictions are significantly changed when comparing GR
to our toy MG model. Details on these calculations and Fisher matrix calculations for all probes are provided in the
appendix.

DES expected measurements

w0

wa

BAO
SNe
Clusters
WL
Combined

LSS

Figure 1. Forecast for 1� constraints on
dark energy parameters from the DES probes,
including only statistical errors and assuming
w0 = �1, wa = 0 as the true model [23,
24]. Each individual constraint uses Planck
priors. The supernovae constraint includes
an 8% prior on H0. The constraints from
the combination of the four probes (solid red
region) correspond to uncertainties in w0 and
wa of 5% and 30% respectively.

Our data set also allows us to distinguish between GR and certain modified gravity theories,
by measuring the parameter �. This can be achieved using a multi-dimensional consistency
test of the four dark energy probes [24]. An inconsistency would result in contours slightly
miscentered with respect to each other. Such analysis, performed on DES data, can distinguish
between � = 0.55 (GR case) and � = 0.68 (approximately the value for the Dvali-Gabadadze-
Porrati (DGP) braneworld model [25]) at a 99.1% level [24].

4. Conclusions

DES is a photometric survey designed to shed light on the dark energy problem through four
complementary methods (LSS, SNe, Clusters and Weak Lensing). Commissioning of the DES
imaging instrument, DECam, is imminent. The survey is scheduled to start in the second
semester of 2012, take data over 5 years and make available to the astronomical community a
data set of unprecedented depth for its area (5000 deg2 up to redshift ' 1.5). This rich data
set has the potential for a variety of studies, from galaxy evolution to cosmology. The prospects
for dark energy science are highlighted in this paper with focus on the key analyses of the four
cosmological probes to improve current measurements of the equation-of-state parameter w(a)
by a factor of 3-5. DES also has the potential to distinguish between GR and modified gravity
theories by measuring, for instance, deviations of the parameter � from the GR value � = 0.55
at high significance level.

Acknowledgments
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Expansion and Structure Growth 
Multiple Probes, One Experiment

• Weak Lensing: (structure) 
• 200 million galaxy shapes


• Supernovae: (expansion) 
• ~3000 well-sampled SNe Ia to z ~1


• Galaxy Clusters: (structure) 
• ~10,000s clusters to z>1


• Large-scale galaxy distribution: (expansion) 
• 300 million galaxies to z > 1

7

w(a) = w0 + (1 - a)wa

Evolving DE equation of state:

Predicted DES Constraints: 
w0  to ~5%

wa  to ~30%
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w(a) = w0 + (1 - a)wa

Evolving DE equation of state:

• Strong Lensing: (structure and expansion) 
• ~2,000 galaxy-/cluster-scale lenses
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w0  to ~5%

wa  to ~30%
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DECam installed in 2012
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Dark Energy Camera (DECam)

Shape Position Flux
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Dark Energy Camera

10

• Imager

• 74 Chips, 570 Megapixels

• 3-sq.-deg. FoV, 0.27’'/pixel

• Red-sensitive: QE > 50% @ 1000nm


• Filters 

• grizY bands: similar to SDSS 

• largest broadband filters for an 

astronomical instrument 


620mm DECam CCD 
Conventional CCD
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Three major components 

• DECam:  
led by Fermilab (DOE)


• Data Management 
led by NCSA (NSF)


• Telescope Facilities Improvement 
led by CTIO (NSF/NOAO)


Data Releases to the Public

• Raw data  

Released after 1-yr proprietary period 
Y1 and Y2 images available


• Value-added, reduced data  
SV object catalogs and more

http://des.ncsa.illinois.edu/releases/sva1
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It takes a (big) village
Fermi National Accelerator Laboratory 
Lawrence Berkeley National Laboratory 
Argonne National Laboratory 
National Optical Astronomy Observatory 
Chicago 
Ohio State  
Texas A&M  
Michigan 
Pennsylvania 
Santa Cruz-SLAC-Stanford DES Consortium 
Illinois at Urbana-Champaign 
National Center for Supercomputing Applications 
Ludwig-Maximilians Universität 
Excellence Cluster Universe 
College London 
Cambridge 
Edinburgh 
Portsmouth 
Sussex 
Nottingham  
Institut d'Estudis Espacials de Catalunya 
Consejo Superior de Investigaciones Científicas 
Institut de Fisica d'Altes Energies 
CIEMAT 
DES-Brazil Consortium  
ETH-Zurich 
OzDES: Australian Universities and Observatories

~500 Scientists from 
~30 Institutions 

7 Countries

12

http://www.lmu.de/
http://www.ciemat.es/
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Observing Progress

13

Operations Year 1  
Hrs. (%)

Year 2  
Hrs. (%)

Year 3  
Hrs. (%)

Total Observing 
Time Available 888.25 (100%) 928.75 (100%) 969.75 (100%)

Observing Time 751.50 (84.6) 782.50 (84.2) 636.50 (65.6)

Bad Weather 90.25 (10.2) 140.00 (15.1) 293.75 (30.3)

Engineering 
Observations 0.00 (0) 0.00 (0) 1.75 (0.1)

Telescope or 
Infrastructure 
Failure

18.00 (2.0) 2.88 (0.3) 28.00  (2.9)

Camera Systems 
Failure 25.75 (2.9) 3.12 (0.3) 9.75 (1.0)

Other 2.75 (0.3) 0.25 (0) 0.00 (0)
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Survey Footprint
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•  250 sq. deg.: Science Verification (SV) 
• 5000 sq. deg.: Total area
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Survey Footprint

14

•  250 sq. deg.: Science Verification (SV) 
• 5000 sq. deg.: Total area

• Observing/Analysis Milestones:

• SV area observed 2012-2013.

• Year 2 covers nearly full DES area

• Year 3 observing completed in Feb, 2016.

• Analysis of full area still in progress.
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Survey Footprint
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DES 
Footprint 

10 

Overlapping Imaging Surveys 

Overlapping Spectroscopic  Surveys      

Credit: Alex Merson  (UCL) 

SPT

VHS

• Overlap with past and future surveys
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New Results

Strong Lensing

Weak Lensing

Supernovae
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Weak Lensing

Supernovae
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RXJ1131-123
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Basics of Gravitational Lensing 
Thin lens approximation

18
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Wilson Hall Lensed
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Wilson Hall Lensed

19
via GravLensHD by Eli Rykoff
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Lenses for Cosmology

20

Hubble constant, H0: proportional to the 
time delay between different light paths 
(Refsdal, 1964, Tewes++2012).

LensS1S2Dark energy density, ΩΛ: constrained by 
ratio of distances in rare multi-source 
systems (Collett++2015, Linder, 2016).

Dark matter halo profiles reveal the 
growth of structure and constrain 
cosmological models (Jullo++2015).
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Strong Lenses in DES
• Before DES, ~1000 lenses have been discovered  

across all wavebands. 

• Predictions for DES

• 2000 lenses (galaxy- to cluster-scale)

• 120 lensed quasars 
• 5 lensed supernovae (Oguri & Marshall, 2010)


• Discoveries in DES

• 55 galaxy-/cluster- scale in SV   (Nord++2015)

• 200 in Y1   (Nord++2016, Diehl++2016, in prep)

• 5 lensed QSOs (Agnello++2015, Lin++2016, in prep.)


• New Search Techniques

• Includes Deep Learning (e.g., convolutional neural nets)

• Citizen Science (e.g., SpaceWarps)

21

• 1979: First lensed Quasar 

• 1986: First lensed galaxy 
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• DES Lensed Quasar

• DES Lensed Galaxy
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New Results

Strong Lensing

Weak Lensing 
Supernovae
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Structure Formation: 
Cosmic Lensing

Observer

Foreground  
lensing masses background 

sources

Spatially Coherent Shear Pattern

• Radial distances depend on geometry of Universe

• Foreground mass distribution depends on growth of structure

• only ~1% distortion of galaxy shapes
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Structure Formation: 
Cosmic Lensing
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Foreground  
lensing masses background 

sources

Spatially Coherent Shear Pattern

• Radial distances depend on geometry of Universe

• Foreground mass distribution depends on growth of structure

• only ~1% distortion of galaxy shapes
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• redder = higher matter 
density, higher lensing 
signal


• bluer = voids 

Mapping dark matter with SV data 
[Vikram, Chang++2015; arXiv:1504.03002]

• Largest contiguous map of dark matter 
ever created

• shear signal: a galaxy stretched by 1-2%

• shape noise ~20%: need many galaxies  

to overcome intrinsic unknown ellipticity

• Motivation: 


• compare with light maps

• e.g., CMB lensing and DE 

evolution

• 2-point correlation functions of shear 

measure the large-scale structure in 
the region of the foreground lensing 
galaxies: 
• mean matter density, ΩM

• spatial variation, σ8

24

• 139 sq. deg (<3% full area)

• ~3 million galaxies (shapes)
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measure the large-scale structure in 
the region of the foreground lensing 
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• mean matter density, ΩM

• spatial variation, σ8

24

• open circles 
represent known 

• 139 sq. deg (<3% full area)

• ~3 million galaxies (shapes)
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Cosmological Constraints from Shear 
[DES Collaboration, 2015 arXiv:1507.05552]

25

• current constraints on dark energy

• CFHTLenS: deep galaxy survey 

154 sq. deg, ~7.5 million galaxies,  
6 redshift bins 

• Planck 
• DES: 

139 sq. deg. ~3 million galaxies,  
3 redshift bins


• Future

• DES uncertainties 30% larger due to 

lower number density of shear catalog

• This only 3% of DES full area.

• S8 = 0.81 +/- 0.06 (68%) 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New Results

Strong Lensing

Weak Lensing

Supernovae 

26
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Supernovae
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z = 2.725 z = 1.208 z = 0.796, z=1.298

z =1.454 z = 3.207 z = 1.153, z = 0.897

Fields monitored for ~5 months 
each week for last 4 years
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Hubble Diagram 
[D’Andrea++,2015 in prep]
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z = 2.725 z = 1.208 z = 0.796, z=1.298

z =1.454 z = 3.207 z = 1.153, z = 0.897

AAT, SALT, VLT, Magellan, Gemini, 
Keck, MMT, GTC, SOAR
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Milky Way Satellites

17 new dwarf galaxies discovered by DES (e.g., arXiv:1508.03622)
27 known before DES

See Alex Drlica-Wagner’s Tollestrup Award talk at 16:55 today.

https://arxiv.org/abs/1508.03622
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z = 1.208

z =1.454 z = 3.207

Coordinated follow-up program of LIGO candidates
Search for optical counterparts of Gravitational Wave sources. 
(e.g., arxiv:1602.04198)

A few searches so far. Now gearing up for new LIGO season.

Gravitational Wave 
Optical Counterparts

https://arxiv.org/abs/1602.04198
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Galaxy clusters

• SPT and DES footprints 
overlap.


• Measure same galaxy 
clusters in optical and sub-
millimeter wavebands


• Provides complementary 
measures of clusters for 
more accurate masses.

redMaPPer Galaxy clusters
(e.g., arXiv: 1601.00621)

Masses of SPTxDES Clusters
(e.g., arXiv: 1605.08770)

https://arxiv.org/abs/1601.00621
https://arxiv.org/abs/1605.08770


Publications

• Since April 2015 we have submitted ~50 papers using SV, Y1 and Y2 data

• Currently 30 have been published

• Some recent papers


• Cosmology from shear statistics (Kacprzak++, arXiv:1603.05040)

• Optical follow-up of grav. wave source (Soares-Santos++, arXiv: 1602.04198)

• Galaxy-galaxy lensing (Clampitt++, arXiv: 1603.05790)

• Detection of Kinematic SZ effect (Soergel++, 1603.03904)

• DES-CLASH cluster RXJ2248 (Palmese++, arXiv:1601:00589)

• Chromatic errors (Li++, arXiv:1601:00117)

• Non-DE overview  (Abbott++,arXiv:1601:00329) 

• Photo-z for LSS, simulations  (Asorey++, arXiv:1601:00357)

• Biasing  - simulation (Pujol++, arXiv:1601:00160)

• Biasing -  data (Chang++, arXiv:1601:00405)

• SV Redmapper (Rykoff++, arXiv:1601:00621)

• WL CMB x WL DES (Kirk++, arXiv:1512.04535)

• New SL SN (Smith++, arXiv:1512.06043) 

• New Strong Lensing systems (Nord++, arXiv:1512.03062) 

 / 3432

http://www.darkenergysurvey.org/news-and-results/publications/


Public Engagement 
@TheDESurvey

We have developed a system that is 
flexible, led by scientists, tunable to the 
needs of the scientists.

• Goals: 


• connect the public with scientists

• share the lives of scientists

• maximize reach of science product


• Tools: 

• Social Media, Art, Writing, Reporting

Orion’s Nebula

• DArchives: 
500-word summaries of DES papers 
for the public.


• DarkBites: 
Astounding facts about the universe, 
accompanied by artful sketches.


• Scientist of the Week: 
Interviews with DES scientists about 
physics and life outside work.


• Thought for the Day: 
Social media posts of ideas and 
images from scientists.


• Art Exhibits and Visualizations: 
Art of Darkness at Fermilab

Projects

http://www.darkenergysurvey.org/news-and-results/darchives/
http://www.darkenergysurvey.org/education/darkbites/
http://www.darkenergysurvey.org/education/scientist-of-the-week/
https://www.facebook.com/darkenergysurvey/
http://www.symmetrymagazine.org/article/art-of-darkness
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Summary: @TheDESurvey
• DES uses multiple signatures of structure growth and expansion to investigate dark energy 

and dark matter to new depths. 

• > 50 Publications to date, mostly from SV data


• Year 4 of observing starts August 2016


• Constraints on dark energy


• slated for release some time in 2017


• will use full survey area, Y1 and Y2 data sets


• Data is public!


• raw images from Y1, Y2 is currently available


• recent release of value-added data from SV (object catalogs and more)


• Related talks (both Thesis and Tollestrup Award winners)


• Daniel Gruen (Stanford) at 16:30: “Weak Gravitational Lensing: From Pixels to Cosmology"


• Alex Drlica-Wagner (FNAL) at 16:55: “Searching for Dark Matter in Dwarf Galaxies”
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http://des.ncsa.illinois.edu/releases/sva1
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Extras

35
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DES in Context:  
Past, Current and Future Large Optical Surveys

DES 
2013-18 
4-meter 

z < 1 
O(108) Galaxies 

5k sq. deg. 
500 Gb/Night

LSST 
2022-32 

8.4 -meter 
z < 1 

O(109) Galaxies 
20k sq. deg. 

1,500 Gb/Night

SDSS I-II 
2000-08 

2.5-meter mirror 
z < 0.4 

O(108) Galaxies 
10k sq. deg. 
200 Gb/Night
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Collaboration Statement on 
Diversity and Inclusivity

The success of the Dark Energy Survey (DES) relies on a truly collaborative, 
teamoriented approach. Maintaining a strong and healthy collaboration requires 
open, respectful communication and a shared commitment to a set of values 
that include ethical conduct, civility, inclusiveness, and diversity. As a 
collaboration, we are committed to the following values:

37

• We are committed to honesty, integrity, and the highest professional and 
ethical standards of conduct in our research, management, and 
communications. 


• We are committed to respecting the full spectrum of views held by our 
members. Each person’s contribution is valued, and his/her opinion should be 
treated with civility. We strive to uphold a collegial spirit rooted in respect for 
all people, free of discrimination and non-inclusive behavior. 


• We strive to create a collaborative environment in which all scientists feel 
comfortable, free of inappropriate or offensive language or behavior. 


• We recognize the intrinsic relationship between diversity and excellence in our 
collaboration and acknowledge that an inclusive environment creates 
opportunities for participation and innovation that benefits the collaboration 
as a whole.

Link to Full Text

https://www.darkenergysurvey.org/wp-content/uploads/2015/04/DES-inclusivity-policy.pdf
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Turning a chore into a game

25

Melchior et al. 2015


