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A Tug of War: 
Complementary Probes

4

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
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⇢� (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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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
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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


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


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


• Large-scale galaxy distribution: (expansion) 
• 300 million galaxies to z > 1
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SNe+CMB+LSS [3]) but DES is the first experiment to combine all four probes from the same
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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
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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

Funding for the DES Projects has been provided by the U.S. Department of Energy, the U.S.
National Science Foundation, the Ministry of Science and Education of Spain, the Science and
Technology Facilities Council of the United Kingdom, the Higher Education Funding Council for

3

Expansion and Structure Growth 
Multiple Probes, One Experiment

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


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


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


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

6

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

Evolving DE equation of state:
• Strong Lensing: (structure and expansion) 

• ~2,000 galaxy-/cluster-scale lenses

Predicted DES Constraints: 
w0  to ~5%

wa  to ~30%



/ 28

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
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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.
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Overlapping Imaging Surveys 

Overlapping Spectroscopic  Surveys      

Credit: Alex Merson  (UCL) 

•  250 sq. deg.: Science Verification (SV) 
• 5000 sq. deg.: Total area
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DES 
Footprint 
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Overlapping Imaging Surveys 

Overlapping Spectroscopic  Surveys      

Credit: Alex Merson  (UCL) 

•  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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Early Results from Science Verification Season

Strong Lensing

Weak Lensing

Galaxy Clusters 
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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 
Australian Universities and Observatories

~400 Scientists from 
~30 Institutions 

7 Countries
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Weak Lensing
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Basics of Gravitational Lensing 
Thin lens approximation
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Strong Lens Forecasts for DES
• Census


• In history, across all wavebands, ~1000 
strongly lensed systems have been 
discovered. 


• About half of those come from optical 
searches.


• Current predictions for DES discovery

• ~2000 lenses (galaxy- to cluster-scale)

• ~120 lensed quasars and < 10 lensed 

supernovae (Oguri & Marshall, 2010)

• Made possible by red-sensitive DECam CCDs


• Potential for Cosmology

• Dark matter halo mass profiles

• Measure cosmology with a single system

14

• 1979: First lensed system 

• 1986: First lensed galaxy (arcs) 
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Confirmed Lensing Systems in DES SV 
[Nord++,2015; arXiv:1512.03062]
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Confirmed Lensing Systems in DES SV 
[Nord++,2015; arXiv:1512.03062]
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Lens
Source 
Image

• Larger-radii systems are easier to detect in DES

• We are now searching Y1 data for more that are useful for 

cosmology and dark matter profile studies
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Lenses for Cosmology 
Dark matter halo profiles

• Combining weak and strong 
lensing allows measurements of 
cluster density profiles over a large 
dynamic range.


• Strong and weak lensing probe 
inner and outer radii, respectively


• 16 stacked clusters

• profiles are well fit by canonical 

NFW model, not by power laws

• concentration-mass relation 

shows agreement with LCDM

• strong lensing is key for these 

studies. 

17

Umetsu++2015
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Lenses for Cosmology 
Double-source systems

18

• Distance is a function Hubble parameter 
and matter and dark energy densities:


Dij( zL, zs ; H0, ΩM, ΩΛ, w )


• The ratio of distances, D, provides 
constraints ΩM, ΩΛ, w independent of H0


• To date, only one has been found.


• We expect ~10 in DES (Gavazzi++2008)

SDSSJ0946+1006

⌅(zlens, z1, z2;⌦M ,⌦⇤, w) =
DLS(z1)

DS(z1)

DS(z2)

DLS(z2)

L S1 S2
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Lenses for Cosmology 
Time delays

Lensing'galaxy'visible'but'S/N'too'
low'to'securely'iden8fy''any''
absorp8on'features''

19

• The time delay between different 
light paths is proportional to the 
Hubble constant, H0  (Refsdal, 1964)


• Systematics: quasar samples and 
mass modeling


• Complementary to CMB and SNe, 
improving dark energy constraints by 
over 50%

g r i z Y

[Agnello++,2015; arXiv:1508.01203]

• STRIDES:  
STRong lensing Insights into  
Dark Energy Survey (collaboration 
with external partners, led by T. Treu)
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Early Results from Science Verification Season

Strong Lensing

Weak Lensing 
Galaxy Clusters 


20
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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

Observer

background 
source galaxies:
0.6 < z < 1.2

foreground 
lensing matter
0.1 < z < 0.5
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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 [Kirk++2015, arXiv: 
1512.04535]


• 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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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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Early Results from Science Verification Season

Strong Lensing

Weak Lensing

Galaxy Clusters  

26
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Halo Mass Function

• Halo Abundance =  
How many haloes are there 
as a function of mass and 
redshift 

• This depends acutely on the 
growth rate of structure, 
which is influenced by both 
the dark energy and matter 
densities.


• Multiple ways to observe 
galaxy clusters, each probing 
something different: X-rays, 
optical, sub-mm

27

Masses of Clusters

number density 
vs. mass

Vikhlinin et al. 2010, 400sq deg surveynu
m

be
r  

de
ns

ity
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Simulations of the Cosmic Web
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Discovering Clusters in DES 
[Rykoff++2016 arXiv:1601.00621]

• redMaPPer Optical Cluster-finder 

• optical “red sequence” finder

• ~1500 clusters 

• 0.2 < z < 0.9

• SDSS cluster sample goes to z < 0.4


• Many ways to measure clusters

• only 1% of mass in galaxies

• Hot intra-cluster plasma emits X-rays

• plasma scatters CMB photons, giving 

a sub-mm signature

• weak lensing is the most direct 

measurement of the total halo mass

29

open circles 
represent known 
galaxy clusters

Each signature measures a different part of a cluster. All are 
needed for precise, self-consistent measure of mass.
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Multi-wavelength Observations 
[Saro++,2015 arXiv:1506.07814v1]

30

• Weak lensing + Sub-mm:  
20% scatter: most precise correlation yet between mass and galaxy count


• Optical + sub-mm + X-ray:  
Large swaths of DES area overlap with other cluster surveys, creating one of 
the largest ever multi-wavelength samples of clusters

Sub-mm

SPT-CL J0433-5630

X-rays
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Cosmological Constraints from Clusters

• Clusters complement other 
cosmological probes:

• break degeneracies in  

constraints on w0-wa 

• improve constraints on wa 
by ~50%


• But, their potential will be 
realized only when cluster 
masses are precisely 
calibrated, requiring multi-
wavelength data set.

31

Vikhlinin++2009
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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. 
• Recent Results:


• ~50 Publications to date, mostly from SV data; calibrating systematics and 
testing analysis methods


• DES has just finished Year 3 of observing

• We are following up LIGO gravitational wave candidates 


• Future

• Constraints on DE and DM from full survey area (Y1 and Y2 data) are slated 

for release some time next year

• Data Releases: 


• raw images from Y1, Y2 is currently available; processed images from Y1; 
recent release of value-added data from SV (object catalogs and more)


• See Alex Drlica-Wagner’s talk at 8am on Thursday, “DES and Fermi results on 
dwarf galaxies”

32

http://des.ncsa.illinois.edu/releases/sva1
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And there’s more!

33
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Gravitational Wave follow-up with DES 
[Soares-santos++2016; Annis++2016]

34



DES Outreach:

• A simple vision:

• Help all DES scientists participate 

in sharing their perspective on 
cosmology, so that members of the 
public can have as intimate and 
realistic view of science as 
possible.


• Programs:

• Social Media (multiple languages)

• Graphics

• Arranging presentations/visits

• Integrating public events with 

collaboration meetings

35



DES Outreach:

36

DarkEnergyDetectives.org DArchives DES Results in a Nutshell

Scientist of the Week 
(example: Gus Evrard, UofM)

Dark Bites: quick facts in a big universe

http://DarkEnergyDetectives.org
https://www.facebook.com/darkenergysurvey/notes

