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were submitted for publication in refereed journals. So far, 357 (+13 for the quarter) of these 
have been accepted or published. We maintain a list2 of DES Theses and Titles and with 
URL’s to the documents. This will provide a resource for collaborators who would like to 
reference the theses in our publications. 

The completion of the paper “Joint analysis of DES Year 3 data and CMB lensing from SPT 
and Planck III: Combined cosmological constraints”, which presents the “6x2pt” cosmology 
results available from combining three separate measurements: DES galaxy positions, DES 
shears, and CMB (SPT + Planck) lensing, is a Significant Achievement for DES this quarter. 

There were a few transitions in DES leadership positions this quarter.  Kyler Kuehn (Lowell 
Observatory) and Ting Li (U. Toronto) join Masao Sako (U. Pennsylvania) and Kathy Romer 
(U. Sussex) as DES Ombudspeople. The Ombudspeople are available to offer confidential 
assistance and advice on any issues arising that may affect participation in DES science or 
other DES activities, and thus perform a great service to the experiment. Monika Adamow 
(NCSA) has replaced Aurelio Carnero (LINEA-BR) as co-leader of the Data Release Team. 
 
From May 23rd – May 26th DES held a “Hybrid” Collaboration Meeting at Duke University in 
Durham, N.C. There were over 90 in-person attendees as well as dozens online. See Figure 1. 
It was very satisfying to meet in 3D for the first time since November 2019. We find that DES 
members, particularly the early career scientists, strongly prefer to meet in-person because of 
the increased opportunities for networking, the increased efficiency of working together 
closely, and the chance to initiate new projects with collaborators whom they wouldn’t have 
otherwise communicated.  The Duke Meeting went very well. The process for holding the next 
in-person meeting has been initiated by the Meetings Steering Committee.  
 

 
 

2https://cdcvs.fnal.gov/redmine/projects/pubboard/wiki/Thesis  

July 2011 Portsmouth
May 2022 Duke

The axis of time…
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Outline

• The Dark Energy Survey — the original plan 
• Lightning Round of Baseline DES Cosmology Results
• Lightning Round of Extended DES Cosmology Results
• Taking the DES experience into the next decade
• Summary
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The Dark Energy Survey 3123 

4 
Fig. 1. Cross section of the Dark Energy Survey instrument showing the prime focus cage, the 
camera and the optical corrector. 

complete galaxy samples and accurate photometric redshifts at z ~ 1. To meet this 
requirement we plan to use the 250 /im thick fully-depleted CCDs that have been 
developed4 at the Lawrence Berkeley National Laboratory (LBNL). At Fermilab, 
we will establish a packaging factory to produce four-side buttable modules for the 
LBNL devices, as well as to test and grade the CCDs. 

4. Conclusions 

The DES is a proposal to build a new instrument for the 4m Blanco telescope at 
CTIO and then to use this instrument, starting in 2009, to study one of the fun-
damental questions of our time, the nature of dark energy. The DES will greatly 
enhance the capabilities available to the user community on the Blanco and will 
produce a public archive of 300 million galaxies, 30,000 galaxy clusters and 2000 
Type la supernovae. With this data, the DES will be in a unique position to mea-
sure w to a statistical precision of ~ 5% with 4 nearly independent techniques 
and to build both scientific and technical foundations for the future dark energy 
experiments, JDEM and LSST. 

References 
1. Riess, A. et al.AJ, 116, 1009 (1998). 
2. Perlmutter, S. et al. ApJ, 483, 565 (1999). 
3. Carlstrom, J. et al., in Constructing the Universe with Clusters of Galaxies, eds. F. 

Durret & G. Gerbal (IAP, Paris 2000). 
4. Holland, S. et al. IEEE Trans. Elec. Dev., 50, 225 (2003). 
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DECam is designed to study dark energy
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DES et al. (2005)
Flaugher (2005)

This means:
• wide field-of-view (2.2 deg^2)
• high resolution (0.27” pixels) 
• high QE, red-sensitive CCDs
• 5000 deg^2 wide-field survey
• 40 deg^2 time-domain survey
• 4000 deg^2 overlap with SPT-SZ 
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The Dark Energy Survey 

Brenna Flaugher 
for the Dark Energy Survey Collaboration* 

Fermilab 
M.S. 310, Box 500 

Batavia, IL 605W,USA 

Dark Energy is the dominant constituent of the universe and we have little understanding 
of it. We describe a new project aimed at measuring the dark energy equation of state 
parameter, w, to a statistical precision of ~ 5 % , with four separate techniques. The survey 
will image 5000 deg2 in the southern sky and collect 300 million galaxies, 30,000 galaxy 
clusters, and 2000 Type la supernovae. The survey will be carried out using a new 3 
deg2 mosaic camera mounted at the prime focus of the 4m Blanco telescope at CTIO. 

Keywords: Dark energy ; galaxies; supernovae. 

1. Introduction 

Although dark energy is the dominant constituent in the universe, the nature of 
dark energy is largely a mystery. The effects of dark energy are manifested in the 
expansion rate of the universe and the rate of growth of structure. Observations 
of distant Type la supernovae1,2 provide direct evidence that the expansion of the 
universe is accelerating. The CMB temperature anisotropy points to a spatially 
fiat universe and measurements of large-scale structure and galaxy clusters limit 
the density of matter (mostly dark) to about 30% of that of a flat universe. The 
remaining 70% of the energy density of the universe is attributed to dark energy. The 
current limit on the dark energy equation of state parameter from the combination 
of different measurements is w < —0.75. No single experiment measures w to better 
than 30%. More precise measurements of w are needed to help pin down the nature 
of dark energy and to constrain the theoretical models. 

The Dark Energy Survey (DES) is proposeda in response to the NOAO An-
nouncement of Opportunity for the Blanco Instrumentation Partnership that of-
fered up to 30% of the observing time over a five year period in exchange for a 
new instrument. The primary scientific goal of the DES is to measure w using four 
independent and complementary techniques: galaxy cluster counting, measurement 
of the galaxy angular power spectrum, weak lensing, and using Type la supernovae. 

* Fermilab, University of Illinois at Urbana-Champaign, University of Chicago, Lawrence Berkeley 
National Laboratory, Cerro-Tololo Inter-American Observatory 
aFor the complete proposal and more information see www.darkenergysurvey.org 
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DECam is designed to study dark energy

Since 2005, the camera was 
built, data was collected, the 
Universe continued to expand 
and the world continued to 
change… 
17 years later, DES has 
measured so much more than w



~70% dark energy

~5% normal matter

~25% dark matter

H
2

H
2
0

=
⌦r,0

a4
+

⌦m,0

a3
+

⌦k,0

a2
+

⌦⇤,0

a3(1+w)
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The “Standard Model” of cosmology.

What is w again?



Probes for dark energy 
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the density of matter (mostly dark) to about 30% of that of a flat universe. The 
remaining 70% of the energy density of the universe is attributed to dark energy. The 
current limit on the dark energy equation of state parameter from the combination 
of different measurements is w < —0.75. No single experiment measures w to better 
than 30%. More precise measurements of w are needed to help pin down the nature 
of dark energy and to constrain the theoretical models. 

The Dark Energy Survey (DES) is proposeda in response to the NOAO An-
nouncement of Opportunity for the Blanco Instrumentation Partnership that of-
fered up to 30% of the observing time over a five year period in exchange for a 
new instrument. The primary scientific goal of the DES is to measure w using four 
independent and complementary techniques: galaxy cluster counting, measurement 
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1. Galaxy Cluster Counts
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Vikhlinin et al. (2009)



2. Baryon Acoustic Oscillation (BAO)
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Eisenstein et al. (2005)



3. Weak Lensing (⇒ 3x2pt)
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Image Credit: APS

Image Credit: LSST



4. Type Ia Supernova
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Perlmutter et al (1998)
Riess et al. (1998)



1+2+3+4 = ??
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M
andelbaum

 et al. (2021) 



Lightning Round of Baseline
DES Cosmology Results (so far)
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DES Y1 Cluster Cosmology
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FIG. 5. Comparison of the 68% (dark) and 95% (light)
confidence level constraints on S8 derived from our baseline
model (shaded gray area) with other constraints from the lit-
erature: red error bars for cluster abundance analyses, blue
error bars for weak lensing and galaxy clustering analyses
and purple for the CMB constraint. From the bottom to
the top: SDSS from [19]; WtG from [7]; ACT SZ from [68]
(BBN+H0+ACTcl(dyn) in the paper); SPT-2500 from [9];
Planck SZ from [69] (CCCP+H0+BBN in the paper); KiDS-
450+GAMA from [70]; KiDS-450+2dFLens from [71]; KiDS-
450+VIKING from [72]; DES-Y1 3x2 from [20]; HST-Y1 from
[11]; Planck CMB from [73] (DR15) and [2] (DR18). Note
that all the constraints but those from SDSS, DES-Y1 3x2,
HSC-Y1 and Planck CMB have been derived fixing the total
neutrino mass either to zero or to 0.06 eV.

the purposes of this comparison, we cross match low-
redshift DES clusters with SDSS clusters, and correct
the SDSS richnesses for the systematic richness o↵set of
0.93 between SDSS and DES [Eq. 67 in MV19]. Fur-
ther, we correct our SDSS result for the expected red-
shift evolution from z = 0.23—the mean redshift of the
SDSS redMaPPer clusters—to our chosen pivot point of
z = 0.45 using the best-fit value for the evolution pa-
rameter ✏ from the DES chain. While the slopes of the
richness–mass relations are in agreement between the two
analyses, the DES data prefers a larger value for the
amplitude. This di↵erence is explained by the selection
e↵ect bias correction applied to the weak-lensing mass
estimates (see Appendix D): while the mass estimates
in [15] were consistent with those of SDSS redMaPPer
clusters [18], our selection e↵ect correction lowered the
DES Y1 masses by ⇠ 20% relative to our analysis in
[15]. By the same token, the variance as a function of
mass is similar between the two analyses, but shifted to
lower masses in this work because of the selection e↵ects
correction. We note, however, that the selection e↵ects
characterized in this work should also impact the SDSS
constraints. That is, we expect the SDSS richness–mass

FIG. 6. Comparison of the 68% and 95% confidence con-
tours in the �8-⌦m plane derived from DES Y1 cluster counts
and weak-lensing mass calibration (gray contours) with other
constraints from the literature: BAO from the combination of
data from Six Degree Field Galaxy Survey [6dF 62], the SDSS
DR 7 Main galaxy sample [63], and the Baryon Oscillation
Spectroscopic Survey [BOSS 64] (black dashed lines); Super-
novae Pantheon [65] (green contours); DES-Y1 3x2 from [20]
(red contours); Planck CMB from [2] (blue contours); SPT-
2500 from [9] (violet contours); WtG from [7] (gold contours).

relation shown above to be biased low by ⇡ 15%.
Figure 9 shows the mass distribution for each of our

four richness bins at a redshift z = 0.45, as constrained
through our posteriors. Integrating over these distribu-
tions, we can recover the mean mass of the redMaPPer
galaxy clusters of a given richness. This mean mass is
shown with a blue band in Figure 13. From the combi-
nation of DES Y1 cluster counts and weak-lensing mass
estimates we constrain the mean mass at the pivot rich-
ness �

ob = 40 to loghM |�obi = 14.252 ± 0.026. As be-
fore, the selection e↵ect bias correction applied in this
work lowered our masses by ⇠ 20%, leading to a mis-
match between our results and that presented in [15]:
log(M0[M�/h]) = 14.334±0.022. Remarkably, the ⇡ 6%
precision in the posterior masses is similar to the uncer-
tainty quoted in [15], despite the large systematic uncer-
tainty we have added to the weak lensing masses. This
demonstrates that the inclusion of cluster count data o↵-
sets the factor of ⇠ 2 larger uncertainty in mass due to
the uncertain calibration of selection e↵ects in our final
results. However, the calibration of the scaling relation
through number counts data is made at the expense of
more relaxed cosmological constraints. For the same rea-
son, this posterior would likely relax in extended cosmo-
logical models such as wCDM.

DES et al. (2020) 
Costanzi et al. (2018a, 2018b)

McClintock et al. (2018)
Zhang et al. (2019)
Varga et al. (2018)
Farahi et al. (2019) 
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FIG. 5. Comparison of the 68% (dark) and 95% (light)
confidence level constraints on S8 derived from our baseline
model (shaded gray area) with other constraints from the lit-
erature: red error bars for cluster abundance analyses, blue
error bars for weak lensing and galaxy clustering analyses
and purple for the CMB constraint. From the bottom to
the top: SDSS from [19]; WtG from [7]; ACT SZ from [68]
(BBN+H0+ACTcl(dyn) in the paper); SPT-2500 from [9];
Planck SZ from [69] (CCCP+H0+BBN in the paper); KiDS-
450+GAMA from [70]; KiDS-450+2dFLens from [71]; KiDS-
450+VIKING from [72]; DES-Y1 3x2 from [20]; HST-Y1 from
[11]; Planck CMB from [73] (DR15) and [2] (DR18). Note
that all the constraints but those from SDSS, DES-Y1 3x2,
HSC-Y1 and Planck CMB have been derived fixing the total
neutrino mass either to zero or to 0.06 eV.

the purposes of this comparison, we cross match low-
redshift DES clusters with SDSS clusters, and correct
the SDSS richnesses for the systematic richness o↵set of
0.93 between SDSS and DES [Eq. 67 in MV19]. Fur-
ther, we correct our SDSS result for the expected red-
shift evolution from z = 0.23—the mean redshift of the
SDSS redMaPPer clusters—to our chosen pivot point of
z = 0.45 using the best-fit value for the evolution pa-
rameter ✏ from the DES chain. While the slopes of the
richness–mass relations are in agreement between the two
analyses, the DES data prefers a larger value for the
amplitude. This di↵erence is explained by the selection
e↵ect bias correction applied to the weak-lensing mass
estimates (see Appendix D): while the mass estimates
in [15] were consistent with those of SDSS redMaPPer
clusters [18], our selection e↵ect correction lowered the
DES Y1 masses by ⇠ 20% relative to our analysis in
[15]. By the same token, the variance as a function of
mass is similar between the two analyses, but shifted to
lower masses in this work because of the selection e↵ects
correction. We note, however, that the selection e↵ects
characterized in this work should also impact the SDSS
constraints. That is, we expect the SDSS richness–mass
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FIG. 6. Comparison of the 68% and 95% confidence con-
tours in the �8-⌦m plane derived from DES Y1 cluster counts
and weak-lensing mass calibration (gray contours) with other
constraints from the literature: BAO from the combination of
data from Six Degree Field Galaxy Survey [6dF 62], the SDSS
DR 7 Main galaxy sample [63], and the Baryon Oscillation
Spectroscopic Survey [BOSS 64] (black dashed lines); Super-
novae Pantheon [65] (green contours); DES-Y1 3x2 from [20]
(red contours); Planck CMB from [2] (blue contours); SPT-
2500 from [9] (violet contours); WtG from [7] (gold contours).

relation shown above to be biased low by ⇡ 15%.
Figure 9 shows the mass distribution for each of our

four richness bins at a redshift z = 0.45, as constrained
through our posteriors. Integrating over these distribu-
tions, we can recover the mean mass of the redMaPPer
galaxy clusters of a given richness. This mean mass is
shown with a blue band in Figure 13. From the combi-
nation of DES Y1 cluster counts and weak-lensing mass
estimates we constrain the mean mass at the pivot rich-
ness �

ob = 40 to loghM |�obi = 14.252 ± 0.026. As be-
fore, the selection e↵ect bias correction applied in this
work lowered our masses by ⇠ 20%, leading to a mis-
match between our results and that presented in [15]:
log(M0[M�/h]) = 14.334±0.022. Remarkably, the ⇡ 6%
precision in the posterior masses is similar to the uncer-
tainty quoted in [15], despite the large systematic uncer-
tainty we have added to the weak lensing masses. This
demonstrates that the inclusion of cluster count data o↵-
sets the factor of ⇠ 2 larger uncertainty in mass due to
the uncertain calibration of selection e↵ects in our final
results. However, the calibration of the scaling relation
through number counts data is made at the expense of
more relaxed cosmological constraints. For the same rea-
son, this posterior would likely relax in extended cosmo-
logical models such as wCDM.

2.4 𝝈 tension with DES Y1 3x2pt
cluster selection and modeling on small 
scales turns out extremely challenging!



Towards DES Y3/6 Cluster Cosmology

The high potential of cluster cosmology comes with many challenges. The Y1 results 
are instrumental in creating more rigorous analyses and alternative creative routes. 
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Costanzi et al. (2021)
To, Krause et al. (2021)



DES Y3 BAO
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DES et al. (2021b)
Carnero Rossel et al. (2021)

Ferraro et al. (2021)

7 million galaxies, at z~0.835, 2.7% measurement on the BAO shift, 2.3 𝜎 from Planck.

Best measurements from photometric data!



DES Y3 3x2pt Cosmology
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also see summary webinar on YouTube

Image Credit: Judit Prat

https://www.youtube.com/watch?v=8aHbLMUOwLc


DES Y3 3x2pt Cosmology
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FIG. 14. A comparison of marginalized constraints from three simi-
larly constraining sets of cosmological probes in ⇤CDM. Combined
external BAO, RSD, and SNe Ia data (Ext. Low-z) are shown in or-
ange, the combination of DES galaxy clustering and weak lensing
data (3⇥2pt) is shown in black, and Planck CMB (no lensing) data
is shown in green. The three share a common parameter space in
the ⌦m–S8 plane at their 68% CL bounds. The combination of Ext.
Low-z data with DES 3⇥2pt is shown in purple and this combined
additionally with Planck CMB (w/ lensing) is shown in blue.

available, like the current DES Y3 analysis, we can determine
whether these measurements converge towards or away from
the Planck CMB prediction.

We compare three similarly constraining and complemen-
tary subsets of available cosmological probes in ⇤CDM and
wCDM in Figs. 14 & 15. The external low-redshift SNe Ia,
BAO, and RSD data primarily constrain ⌦m and w, while
the DES 3⇥2pt data adds substantial information on As or
�8, which helps to further constrain ⌦m and w through
degeneracy-breaking of correlated parameters. These external
low-redshift data sets complement the DES weak lensing and
large-scale structure information by probing the growth and
geometry of the cosmological model in fundamentally differ-
ent ways. The CMB is able to tightly constrain both ⌦m and
As or �8 in ⇤CDM, but is comparable in constraining power
to DES 3⇥2pt in wCDM, since it primarily has access to in-

�m

0.70

0.75

0.80
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0.90

0.95

1.00

1.05

S
8

Fid. 3⇥2pt

Planck CMB
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w

wCDM

FIG. 15. A comparison of marginalized parameter constraints from
three similarly constraining sets of cosmological probes in wCDM.
Combined external BAO, RSD, and SNe Ia data (Ext. Low-z) are
shown in orange, the combination of DES galaxy clustering and
weak lensing data (3⇥2pt) is shown in black, and Planck CMB (no
lensing) data is shown in green. The combination of Ext. Low-z data
with DES 3⇥2pt is shown in purple and this combined additionally
with Planck CMB (w/ lensing) is shown in blue.

formation limited to the surface of last scattering at z ⇡ 1100.
The combination of DES 3⇥2pt with the other low-redshift
data provides substantial gain in As, �8, ⌦m, and w. We list
marginalized parameter constraints for these probes in Tables
II & III.

1. Consistency results

We show the comparison of DES 3⇥2pt and the Planck
CMB data for the ⇤CDM and wCDM models in Figs. 16
& 17. Visually, we find better agreement in the overlap of
the marginalized ⌦m–S8 parameters with the DES Y3 3⇥2pt
data than found in the DES Y1 analysis [33], despite substan-
tial improvements to the precision of both DES and Planck
predictions. This is qualitatively unchanged when using the
more precise, optimized ⇤CDM version of the analysis that

DES et al. (2021a)

S8 = 0.776+0.017
�0.017

<latexit sha1_base64="MFkV5iaPwN7GfZWlYN4rEE8jhjI=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiCGJIREw3QtGNy4r2Am0Mk+mkHTqZhJmJUEJXbnwVNy4UceszuPNtnLZZaOsPAx//OYcz5w8SRqWy7W+jsLC4tLxSXC2trW9sbpnbOw0ZpwKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrcb35QISkMb9Tw4R4EepxGlKMlLZ8c//Wr8ALaFuue36fHduW7bgjPzvJwSxrmAjOg5NDGeSq+eZXpxvjNCJcYYakbDt2orwMCUUxI6NSJ5UkQXiAeqStkaOISC+bnDGCh9rpwjAW+nEFJ+7viQxFUg6jQHdGSPXlbG1s/ldrpyqseBnlSaoIx9NFYcqgiuE4E9ilgmDFhhoQFlT/FeI+EggrnVxJh+DMnjwPjVPLsS3n5qxcvczjKII9cACOgANcUAXXoAbqAINH8AxewZvxZLwY78bHtLVg5DO74I+Mzx8+E5Un</latexit><latexit sha1_base64="MFkV5iaPwN7GfZWlYN4rEE8jhjI=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiCGJIREw3QtGNy4r2Am0Mk+mkHTqZhJmJUEJXbnwVNy4UceszuPNtnLZZaOsPAx//OYcz5w8SRqWy7W+jsLC4tLxSXC2trW9sbpnbOw0ZpwKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrcb35QISkMb9Tw4R4EepxGlKMlLZ8c//Wr8ALaFuue36fHduW7bgjPzvJwSxrmAjOg5NDGeSq+eZXpxvjNCJcYYakbDt2orwMCUUxI6NSJ5UkQXiAeqStkaOISC+bnDGCh9rpwjAW+nEFJ+7viQxFUg6jQHdGSPXlbG1s/ldrpyqseBnlSaoIx9NFYcqgiuE4E9ilgmDFhhoQFlT/FeI+EggrnVxJh+DMnjwPjVPLsS3n5qxcvczjKII9cACOgANcUAXXoAbqAINH8AxewZvxZLwY78bHtLVg5DO74I+Mzx8+E5Un</latexit><latexit sha1_base64="MFkV5iaPwN7GfZWlYN4rEE8jhjI=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiCGJIREw3QtGNy4r2Am0Mk+mkHTqZhJmJUEJXbnwVNy4UceszuPNtnLZZaOsPAx//OYcz5w8SRqWy7W+jsLC4tLxSXC2trW9sbpnbOw0ZpwKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrcb35QISkMb9Tw4R4EepxGlKMlLZ8c//Wr8ALaFuue36fHduW7bgjPzvJwSxrmAjOg5NDGeSq+eZXpxvjNCJcYYakbDt2orwMCUUxI6NSJ5UkQXiAeqStkaOISC+bnDGCh9rpwjAW+nEFJ+7viQxFUg6jQHdGSPXlbG1s/ldrpyqseBnlSaoIx9NFYcqgiuE4E9ilgmDFhhoQFlT/FeI+EggrnVxJh+DMnjwPjVPLsS3n5qxcvczjKII9cACOgANcUAXXoAbqAINH8AxewZvxZLwY78bHtLVg5DO74I+Mzx8+E5Un</latexit><latexit sha1_base64="MFkV5iaPwN7GfZWlYN4rEE8jhjI=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiCGJIREw3QtGNy4r2Am0Mk+mkHTqZhJmJUEJXbnwVNy4UceszuPNtnLZZaOsPAx//OYcz5w8SRqWy7W+jsLC4tLxSXC2trW9sbpnbOw0ZpwKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrcb35QISkMb9Tw4R4EepxGlKMlLZ8c//Wr8ALaFuue36fHduW7bgjPzvJwSxrmAjOg5NDGeSq+eZXpxvjNCJcYYakbDt2orwMCUUxI6NSJ5UkQXiAeqStkaOISC+bnDGCh9rpwjAW+nEFJ+7viQxFUg6jQHdGSPXlbG1s/ldrpyqseBnlSaoIx9NFYcqgiuE4E9ilgmDFhhoQFlT/FeI+EggrnVxJh+DMnjwPjVPLsS3n5qxcvczjKII9cACOgANcUAXXoAbqAINH8AxewZvxZLwY78bHtLVg5DO74I+Mzx8+E5Un</latexit>

⌦m = 0.339+0.032
�0.031

<latexit sha1_base64="OE0TsRIjz5MW/mOz8z6BdaaOKLU=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARKmKZaRfqQii6cWcFe4G2Dpk0bUOTzJBkhDLMK+jCV3HjQhG37tz5NqbTLrT1h8DHf87h5Px+yKjSjvNtZRYWl5ZXsqu5tfWNzS17e6eugkhiUsMBC2TTR4owKkhNU81IM5QEcZ+Rhj+8HNcb90QqGohbPQpJh6O+oD2KkTaWZxfa15z0kRe3JYc8gefQKZbLZ3fxkVN0yqXEi4/H4CaenTeQCs6DO4V85fDxAhhVPfur3Q1wxInQmCGlWq4T6k6MpKaYkSTXjhQJER6iPmkZFIgT1YnTixJ4YJwu7AXSPKFh6v6eiBFXasR908mRHqjZ2tj8r9aKdO+0E1MRRpoIPFnUixjUARzHA7tUEqzZyADCkpq/QjxAEmFtQsyZENzZk+ehXiq6TtG9MWmkWRhlwR7YBwXgghNQAVegCmoAgwfwDF7Bm/VkvVjv1sekNWNNZ3bBH1mfP8xpmzk=</latexit><latexit sha1_base64="7Xp9BQbDqw8+vpqJKu/Cq9jDSoU="></latexit><latexit sha1_base64="7Xp9BQbDqw8+vpqJKu/Cq9jDSoU="></latexit><latexit sha1_base64="ksy1IcWNoBq1Fp2tTUu2/5j7tQs=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARCuKQaRfqQii6cWcFe4F2HDJp2oYmM0OSEcowr+DGV3HjQhG37tz5NqaXhbb+EPj4zzmcnD+IOVMaoW8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBVpSzkNY105y2YkmxCDhtBsOrcb35QKViUXinRzH1BO6HrMcI1sby7VLnRtA+9tOOFFBk8AIip1I5v0+PkYMq5cxPT8bgZr5dNDARXAR3BkUwU823vzrdiCSChppwrFTbRbH2Uiw1I5xmhU6iaIzJEPdp22CIBVVeOrkog0fG6cJeJM0LNZy4vydSLJQaicB0CqwHar42Nv+rtRPdO/NSFsaJpiGZLuolHOoIjuOBXSYp0XxkABPJzF8hGWCJiTYhFkwI7vzJi9AoOy5y3FtUrF7O4siDA3AISsAFp6AKrkEN1AEBj+AZvII368l6sd6tj2lrzprN7IM/sj5/ACOPmf8=</latexit>

⇤CDM
<latexit sha1_base64="z1yuV2CmWXIS51H+JULDcs20yck=">AAAB+nicbVC7SgNBFL3rM66vjZY2g0GwCrs22ojBWFgoRDAPyC5hdnY2GTL7YGZWCWvAH7GxUMTWf7C382+cPApNPDBwOOdc7p3jp5xJZdvfxsLi0vLKamHNXN/Y3Nq2ijsNmWSC0DpJeCJaPpaUs5jWFVOctlJBceRz2vT71ZHfvKNCsiS+VYOUehHuxixkBCstdayie6XDAUa5KyJUvbgedqySXbbHQPPEmZLS2ad5+ggAtY715QYJySIaK8KxlG3HTpWXY6EY4XRoupmkKSZ93KVtTWMcUenl49OH6EArAQoToV+s0Fj9PZHjSMpB5OtkhFVPznoj8T+vnanwxMtZnGaKxmSyKMw4Ugka9YACJihRfKAJJoLpWxHpYYGJ0m2ZugRn9svzpHFUduyyc2OXKucwQQH2YB8OwYFjqMAl1KAOBO7hCV7g1Xgwno03430SXTCmM7vwB8bHD4PYlQI=</latexit><latexit sha1_base64="xeedFEJWZeNpKpVIDWg6ihAYTDc=">AAAB+nicbVDLSgMxFM3UVx1fU126CRbBVZlxoxuxWBcuFCrYB7RDyWQybWiSGZKMUsZ+ihsFRdz6D+7diH9j+lho64HA4ZxzuTcnSBhV2nW/rdzC4tLySn7VXlvf2NxyCtt1FacSkxqOWSybAVKEUUFqmmpGmokkiAeMNIJ+ZeQ3bolUNBY3epAQn6OuoBHFSBup4xTalyYcIpi1JYeV86thxym6JXcMOE+8KSmeftgnydOXXe04n+0wxiknQmOGlGp5bqL9DElNMSNDu50qkiDcR13SMlQgTpSfjU8fwn2jhDCKpXlCw7H6eyJDXKkBD0ySI91Ts95I/M9rpTo69jMqklQTgSeLopRBHcNRDzCkkmDNBoYgLKm5FeIekghr05ZtSvBmvzxP6oclzy15126xfAYmyINdsAcOgAeOQBlcgCqoAQzuwAN4Bi/WvfVovVpvk2jOms7sgD+w3n8AdWeWdg==</latexit><latexit sha1_base64="xeedFEJWZeNpKpVIDWg6ihAYTDc=">AAAB+nicbVDLSgMxFM3UVx1fU126CRbBVZlxoxuxWBcuFCrYB7RDyWQybWiSGZKMUsZ+ihsFRdz6D+7diH9j+lho64HA4ZxzuTcnSBhV2nW/rdzC4tLySn7VXlvf2NxyCtt1FacSkxqOWSybAVKEUUFqmmpGmokkiAeMNIJ+ZeQ3bolUNBY3epAQn6OuoBHFSBup4xTalyYcIpi1JYeV86thxym6JXcMOE+8KSmeftgnydOXXe04n+0wxiknQmOGlGp5bqL9DElNMSNDu50qkiDcR13SMlQgTpSfjU8fwn2jhDCKpXlCw7H6eyJDXKkBD0ySI91Ts95I/M9rpTo69jMqklQTgSeLopRBHcNRDzCkkmDNBoYgLKm5FeIekghr05ZtSvBmvzxP6oclzy15126xfAYmyINdsAcOgAeOQBlcgCqoAQzuwAN4Bi/WvfVovVpvk2jOms7sgD+w3n8AdWeWdg==</latexit><latexit sha1_base64="/E9le/lbYuWT6qP/EOiDuRxps68=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokbXRbrwoVCBfuAJpTJZNIOnUnCzEQpsZ/ixoUibv0Sd/6N0zYLbT0wcDjnXO6dE6ScKe0439bK6tr6xmZpq7y9s7u3b1cO2irJJKEtkvBEdgOsKGcxbWmmOe2mkmIRcNoJRo2p33mgUrEkvtfjlPoCD2IWMYK1kfp2xbsx4RCj3JMCNa5uJ3276tScGdAycQtShQLNvv3lhQnJBI014Vipnuuk2s+x1IxwOil7maIpJiM8oD1DYyyo8vPZ6RN0YpQQRYk0L9Zopv6eyLFQaiwCkxRYD9WiNxX/83qZji78nMVppmlM5ouijCOdoGkPKGSSEs3HhmAimbkVkSGWmGjTVtmU4C5+eZm0z2quU3PvnGr9sqijBEdwDKfgwjnU4Rqa0AICj/AMr/BmPVkv1rv1MY+uWMXMIfyB9fkDFKCTNQ==</latexit>

⌦m = 0.352+0.035
�0.041

<latexit sha1_base64="Ci/xE2JxHfYlMje2nKRo09SKmtg=">AAACEXicbZDLSsNAFIYn9VbrLerSzWARKmJJWotuhKIbd1awF2hqmEyn7dCZJMxMhBLyCrrwVdy4UMStO3e+jdO0C239YeDjP+dw5vxeyKhUlvVtZBYWl5ZXsqu5tfWNzS1ze6chg0hgUscBC0TLQ5Iw6pO6ooqRVigI4h4jTW94Oa4374mQNPBv1SgkHY76Pu1RjJS2XLPgXHPSR27sCA55As+hVSxXSnfxkVW0ypXEjY81nNiJa+Y1pILzYE8hXz18vABaNdf8croBjjjxFWZIyrZthaoTI6EoZiTJOZEkIcJD1CdtjT7iRHbi9KIEHminC3uB0M9XMHV/T8SISzninu7kSA3kbG1s/ldrR6p31ompH0aK+HiyqBcxqAI4jgd2qSBYsZEGhAXVf4V4gATCSoeY0yHYsyfPQ6NUtK2ifaPTSLPQyoI9sA8KwAanoAquQA3UAQYP4Bm8gjfjyXgx3o2PSWvGmM7sgj8yPn8Ayq2bOA==</latexit><latexit sha1_base64="3Llc1v0zhvKPjre9YaaKiBkr190="></latexit><latexit sha1_base64="3Llc1v0zhvKPjre9YaaKiBkr190="></latexit><latexit sha1_base64="5OMzf1Lr6x+yadc8yA2TW+jyfeY=">AAACEXicbZDLSgMxFIYz9VbrrerSTbAIBbFkWotuhKIbd1awF2jHIZOmbWgyMyQZoQzzCm58FTcuFHHrzp1vY9rOQlt/CHz85xxOzu+FnCmN0LeVWVpeWV3Lruc2Nre2d/K7e00VRJLQBgl4INseVpQznzY005y2Q0mx8DhteaOrSb31QKVigX+nxyF1BB74rM8I1sZy88XujaAD7MZdKaBI4AVEpUq1fB8foxKqVBM3PjFwaiduvmBgKrgIdgoFkKru5r+6vYBEgvqacKxUx0ahdmIsNSOcJrlupGiIyQgPaMegjwVVTjy9KIFHxunBfiDN8zWcur8nYiyUGgvPdAqsh2q+NjH/q3Ui3T93YuaHkaY+mS3qRxzqAE7igT0mKdF8bAATycxfIRliiYk2IeZMCPb8yYvQLJdsVLJvUaF2mcaRBQfgEBSBDc5ADVyDOmgAAh7BM3gFb9aT9WK9Wx+z1oyVzuyDP7I+fwAh05n+</latexit>

w = �0.98+0.32
�0.20

<latexit sha1_base64="GAF+JDtx9Axis366QMRx2Vmy7Is=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgERRwydWFdCEU3LivYB7TjkEkzbWjmQZJRyjC4ce9XuHGhiFu/wp1/Y/pYaOuBCyfn3EvuPV7MmVQIfRu5ufmFxaX8cmFldW19w9zcqssoEYTWSMQj0fSwpJyFtKaY4rQZC4oDj9OG178c+o07KiSLwhs1iKkT4G7IfEaw0pJr7tzDc3iMrLPybXqErJNS5qb6WUKZaxaRhUaAs8SekGLl8OkCaFRd86vdiUgS0FARjqVs2ShWToqFYoTTrNBOJI0x6eMubWka4oBKJx2dkMF9rXSgHwldoYIj9fdEigMpB4GnOwOsenLaG4r/ea1E+WUnZWGcKBqS8Ud+wqGK4DAP2GGCEsUHmmAimN4Vkh4WmCidWkGHYE+fPEvqJctGln2t0xhloZEHu2APHAAbnIIKuAJVUAMEPIBn8ArejEfjxXg3PsatOWMysw3+wPj8AeEelVM=</latexit><latexit sha1_base64="ervjE8bLGpQsdM8e+nPpvcWUSb8=">AAACAnicbVDLSgMxFM3UV62vsa7ETbAIijhk6sK6EKpuXFawD2jrkEkzbWjmQZJRylDcuPcr3LhQxK1f4Ub8Db/A9LHQ1gMXTs65l9x73IgzqRD6MlIzs3PzC+nFzNLyyuqauZ6tyDAWhJZJyENRc7GknAW0rJjitBYJin2X06rbPR/41RsqJAuDK9WLaNPH7YB5jGClJcfcvIUn8ABZx4XrZB9Zh/m+k+hnHvUdM4csNAScJvaY5Ip7D6ff2U9ZcsyPRisksU8DRTiWsm6jSDUTLBQjnPYzjVjSCJMubtO6pgH2qWwmwxP6cEcrLeiFQleg4FD9PZFgX8qe7+pOH6uOnPQG4n9ePVZeoZmwIIoVDcjoIy/mUIVwkAdsMUGJ4j1NMBFM7wpJBwtMlE4to0OwJ0+eJpW8ZSPLvtRpnIER0mALbINdYIMjUAQXoATKgIA78AiewYtxbzwZr8bbqDVljGc2wB8Y7z/1qZeg</latexit><latexit sha1_base64="ervjE8bLGpQsdM8e+nPpvcWUSb8=">AAACAnicbVDLSgMxFM3UV62vsa7ETbAIijhk6sK6EKpuXFawD2jrkEkzbWjmQZJRylDcuPcr3LhQxK1f4Ub8Db/A9LHQ1gMXTs65l9x73IgzqRD6MlIzs3PzC+nFzNLyyuqauZ6tyDAWhJZJyENRc7GknAW0rJjitBYJin2X06rbPR/41RsqJAuDK9WLaNPH7YB5jGClJcfcvIUn8ABZx4XrZB9Zh/m+k+hnHvUdM4csNAScJvaY5Ip7D6ff2U9ZcsyPRisksU8DRTiWsm6jSDUTLBQjnPYzjVjSCJMubtO6pgH2qWwmwxP6cEcrLeiFQleg4FD9PZFgX8qe7+pOH6uOnPQG4n9ePVZeoZmwIIoVDcjoIy/mUIVwkAdsMUGJ4j1NMBFM7wpJBwtMlE4to0OwJ0+eJpW8ZSPLvtRpnIER0mALbINdYIMjUAQXoATKgIA78AiewYtxbzwZr8bbqDVljGc2wB8Y7z/1qZeg</latexit><latexit sha1_base64="5OF2Q88o4hDhZT4dTa0bONkDBSc=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQRwydWFdCEU3LivYB7TjkEkzbWjmQZJRyjC48VfcuFDErV/hzr8xbWehrQcunJxzL7n3eDFnUiH0bRQWFpeWV4qrpbX1jc0tc3unKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8Grst+6pkCwKb9Uopk6A+yHzGcFKS6659wAv4Amyzqt36TGyTiuZm+pnBWWuWUYWmgDOEzsnZZCj7ppf3V5EkoCGinAsZcdGsXJSLBQjnGalbiJpjMkQ92lH0xAHVDrp5IQMHmqlB/1I6AoVnKi/J1IcSDkKPN0ZYDWQs95Y/M/rJMqvOikL40TRkEw/8hMOVQTHecAeE5QoPtIEE8H0rpAMsMBE6dRKOgR79uR50qxYNrLsG1SuXeZxFME+OABHwAZnoAauQR00AAGP4Bm8gjfjyXgx3o2PaWvByGd2wR8Ynz84RJQZ</latexit>

wCDM
<latexit sha1_base64="5oQBpBZFHZl0Sd2Yia6sYX9oOzQ=">AAAB8nicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3OhGLNaFG6GCvUA7lEyaaUOTzJBklDIUfAk3LhRx63u4d+fbmF4W2vpD4OP/zyHnnDDhTBvP+3ZyS8srq2v5dXdjc2t7p7C7V9dxqgitkZjHqhliTTmTtGaY4bSZKIpFyGkjHFTGeeOeKs1ieWeGCQ0E7kkWMYKNtVoPKGsrgSpXN6NOoeiVvInQIvgzKF58uuePAFDtFL7a3ZikgkpDONa65XuJCTKsDCOcjtx2qmmCyQD3aMuixILqIJuMPEJH1umiKFb2SYMm7u+ODAuthyK0lQKbvp7PxuZ/WSs10VmQMZmkhkoy/ShKOTIxGu+PukxRYvjQAiaK2VkR6WOFibFXcu0R/PmVF6F+UvK9kn/rFcuXMFUeDuAQjsGHUyjDNVShBgRieIIXeHWM8+y8Oe/T0pwz69mHP3I+fgDPAZJv</latexit><latexit sha1_base64="DIP16qiw+AathrtnCPJ+/64PuPo=">AAAB8nicbZDLSgMxFIbPeK3jrerSTbAIrsqMG92IxbpwI1SwF2iHkkkzbWgmGZKMUoY+hhsXinTre7h3I76N6WWhrT8EPv7/HHLOCRPOtPG8b2dpeWV1bT234W5ube/s5vf2a1qmitAqkVyqRog15UzQqmGG00aiKI5DTuthvzzO6w9UaSbFvRkkNIhxV7CIEWys1XxEWUvFqHx9O2znC17Rmwgtgj+DwuWHe5GMvtxKO//Z6kiSxlQYwrHWTd9LTJBhZRjhdOi2Uk0TTPq4S5sWBY6pDrLJyEN0bJ0OiqSyTxg0cX93ZDjWehCHtjLGpqfns7H5X9ZMTXQeZEwkqaGCTD+KUo6MROP9UYcpSgwfWMBEMTsrIj2sMDH2Sq49gj+/8iLUTou+V/TvvELpCqbKwSEcwQn4cAYluIEKVIGAhCd4gVfHOM/OmzOali45s54D+CPn/QfAkJPj</latexit><latexit sha1_base64="DIP16qiw+AathrtnCPJ+/64PuPo=">AAAB8nicbZDLSgMxFIbPeK3jrerSTbAIrsqMG92IxbpwI1SwF2iHkkkzbWgmGZKMUoY+hhsXinTre7h3I76N6WWhrT8EPv7/HHLOCRPOtPG8b2dpeWV1bT234W5ube/s5vf2a1qmitAqkVyqRog15UzQqmGG00aiKI5DTuthvzzO6w9UaSbFvRkkNIhxV7CIEWys1XxEWUvFqHx9O2znC17Rmwgtgj+DwuWHe5GMvtxKO//Z6kiSxlQYwrHWTd9LTJBhZRjhdOi2Uk0TTPq4S5sWBY6pDrLJyEN0bJ0OiqSyTxg0cX93ZDjWehCHtjLGpqfns7H5X9ZMTXQeZEwkqaGCTD+KUo6MROP9UYcpSgwfWMBEMTsrIj2sMDH2Sq49gj+/8iLUTou+V/TvvELpCqbKwSEcwQn4cAYluIEKVIGAhCd4gVfHOM/OmzOali45s54D+CPn/QfAkJPj</latexit><latexit sha1_base64="e1c+GUREs5jk5iBzEew2JeS7g+s=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKex60WMwHrwIEcwDkiXMTmaTIfNYZnqVsOQzvHhQxKtf482/cZLsQRMLGoqqbrq7okRwC77/7RXW1jc2t4rbpZ3dvf2D8uFRy+rUUNakWmjTiYhlgivWBA6CdRLDiIwEa0fj+sxvPzJjuVYPMElYKMlQ8ZhTAk7qPuGsZySu39xN++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtq4FeDe79Su87jKKITdIrOUYAuUQ3dogZqIoo0ekav6M0D78V79z4WrQUvnzlGf+B9/gBfyZCi</latexit>



DES Y3 Supernova
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DES et al. (2019)
Macauley et al. (2018)
Brout et al. (2018a, 2018b)
Kessler et al. (2018)
D’Andrea et al. (2018)
Lasker et al. (2018)
Hinton et al. (2018)

207 spec-confirmed DES SNe Ia
+ 122 spec confirmed low-z SNe Ia

⌦m = 0.321+0.018
�0.018

<latexit sha1_base64="JcDx9ESR6PCLMHscK7i8GfLrTk8=">AAACEXicbZDLSsNAFIYn9VbrLerSzWARKmJI6sJuhKIbd1awF2himEwn7dCZJMxMhBL6CrrwVdy4UMStO3e+jdO0C63+MPDxn3M4c/4gYVQq2/4yCguLS8srxdXS2vrG5pa5vdOScSowaeKYxaITIEkYjUhTUcVIJxEE8YCRdjC8mNTbd0RIGkc3apQQj6N+REOKkdKWb1bcK076yM9cwSEfwzNoWydV5zY7si3bqY397HgGZllDLvgXnBmU64cP50Cr4Zufbi/GKSeRwgxJ2XXsRHkZEopiRsYlN5UkQXiI+qSrMUKcSC/LLxrDA+30YBgL/SIFc/fnRIa4lCMe6E6O1EDO1ybmf7VuqsKal9EoSRWJ8HRRmDKoYjiJB/aoIFixkQaEBdV/hXiABMJKh1jSITjzJ/+FVtVybMu51mnkWWgVwR7YBxXggFNQB5egAZoAg3vwBF7Aq/FoPBtvxvu0tWDMZnbBLxkf38vvmzk=</latexit><latexit sha1_base64="eqitkHFznQifXtViEzMt/eBxLk0=">AAACEXicbZDLSgMxFIYz9Vbrrdalm2ARKuIwqQu7Eapu3FnBXqCtQybNtKHJzJBkhDL0FXThq7hxoYhbd27E1/AJTC8Lrf4Q+PjPOZyc34s4U9pxPq3U3PzC4lJ6ObOyura+kd3M1VQYS0KrJOShbHhYUc4CWtVMc9qIJMXC47Tu9c9G9foNlYqFwZUeRLQtcDdgPiNYG8vNFloXgnaxm7SkgGIIj6FjHxbRdbLv2A4qDd3kYArZvIGx4F9AU8iX9+5OvnIfquJm31udkMSCBppwrFQTOZFuJ1hqRjgdZlqxohEmfdylTYMBFlS1k/FFQ7hrnA70Q2leoOHY/TmRYKHUQHimU2DdU7O1kflfrRlrv9ROWBDFmgZkssiPOdQhHMUDO0xSovnAACaSmb9C0sMSE21CzJgQ0OzJf6FWtJFjo0uTximYKA22wQ4oAASOQBmcgwqoAgJuwQN4As/WvfVovVivk9aUNZ3ZAr9kvX0D4Hqdhg==</latexit><latexit sha1_base64="eqitkHFznQifXtViEzMt/eBxLk0=">AAACEXicbZDLSgMxFIYz9Vbrrdalm2ARKuIwqQu7Eapu3FnBXqCtQybNtKHJzJBkhDL0FXThq7hxoYhbd27E1/AJTC8Lrf4Q+PjPOZyc34s4U9pxPq3U3PzC4lJ6ObOyura+kd3M1VQYS0KrJOShbHhYUc4CWtVMc9qIJMXC47Tu9c9G9foNlYqFwZUeRLQtcDdgPiNYG8vNFloXgnaxm7SkgGIIj6FjHxbRdbLv2A4qDd3kYArZvIGx4F9AU8iX9+5OvnIfquJm31udkMSCBppwrFQTOZFuJ1hqRjgdZlqxohEmfdylTYMBFlS1k/FFQ7hrnA70Q2leoOHY/TmRYKHUQHimU2DdU7O1kflfrRlrv9ROWBDFmgZkssiPOdQhHMUDO0xSovnAACaSmb9C0sMSE21CzJgQ0OzJf6FWtJFjo0uTximYKA22wQ4oAASOQBmcgwqoAgJuwQN4As/WvfVovVivk9aUNZ3ZAr9kvX0D4Hqdhg==</latexit><latexit sha1_base64="tSK1n8hhk+sWColUlO7qBVNyqgM=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCQQxJXdiNUHTjzgr2Ak0Mk+mkHTqThJmJUEJewY2v4saFIm7dufNtnLZZaOsPAx//OYcz5w8SRqWy7W9jaXlldW29tFHe3Nre2TX39tsyTgUmLRyzWHQDJAmjEWkpqhjpJoIgHjDSCUZXk3rngQhJ4+hOjRPicTSIaEgxUtryzap7w8kA+ZkrOOQ5vIC2dVZz7rMT27Kdeu5npwWYFQ1TwUVwCqiAQk3f/HL7MU45iRRmSMqeYyfKy5BQFDOSl91UkgThERqQnsYIcSK9bHpRDo+104dhLPSLFJy6vycyxKUc80B3cqSGcr42Mf+r9VIV1r2MRkmqSIRni8KUQRXDSTywTwXBio01ICyo/ivEQyQQVjrEsg7BmT95Edo1y7Et59auNC6LOErgEByBKnDAOWiAa9AELYDBI3gGr+DNeDJejHfjY9a6ZBQzB+CPjM8fIxWZ/w==</latexit>

w = �0.978+0.059
�0.059

<latexit sha1_base64="y47ueZWzBd6KnAKVPidR6R5q94o=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFUKQhEaTtQii6cVnBXqCNZTKdtEMnkzAzUUoouHHtW7hxoYhbX8Kdb+M07UJbfxj4+M85nDm/FzEqlW1/G5mFxaXllexqbm19Y3PL3N6pyzAWmNRwyELR9JAkjHJSU1Qx0owEQYHHSMMbXI7rjTsiJA35jRpGxA1Qj1OfYqS01TH37s8LtlUulm6TE9uyz8qjTlKYgpnXkArOgzOFfOX46QJoVTvmV7sb4jggXGGGpGw5dqTcBAlFMSOjXDuWJEJ4gHqkpZGjgEg3SW8YwUPtdKEfCv24gqn7eyJBgZTDwNOdAVJ9OVsbm//VWrHyS25CeRQrwvFkkR8zqEI4DgR2qSBYsaEGhAXVf4W4jwTCSseW0yE4syfPQ/3UcmzLudZppFloZcE+OABHwAFFUAFXoApqAIMH8AxewZvxaLwY78bHpDVjTGd2wR8Znz+0mJXJ</latexit><latexit sha1_base64="cJkAvI8VvNnBGri36KbXKseFBcs=">AAACA3icbZDLSgMxFIYz9Vbrbaw73QSLoEjLjCBtF0LVjcsK9gLtWDJppg3NZIYko5Sh4Ma1b+HGhSJufQk34mv4BKaXhbb+EPj4zzmcnN8NGZXKsr6MxNz8wuJScjm1srq2vmFupqsyiAQmFRywQNRdJAmjnFQUVYzUQ0GQ7zJSc3vnw3rthghJA36l+iFxfNTh1KMYKW21zO3bk6yVK+YL1/GhlbOOi4NWnJ2AmdEwEpwFewKZ0sHD6Xf6U5Zb5kezHeDIJ1xhhqRs2FaonBgJRTEjg1QzkiREuIc6pKGRI59IJx7dMIB72mlDLxD6cQVH7u+JGPlS9n1Xd/pIdeV0bWj+V2tEyis4MeVhpAjH40VexKAK4DAQ2KaCYMX6GhAWVP8V4i4SCCsdW0qHYE+fPAvVo5xt5exLncYZGCsJdsAu2Ac2yIMSuABlUAEY3IFH8AxejHvjyXg13satCWMyswX+yHj/AckjmBY=</latexit><latexit sha1_base64="cJkAvI8VvNnBGri36KbXKseFBcs=">AAACA3icbZDLSgMxFIYz9Vbrbaw73QSLoEjLjCBtF0LVjcsK9gLtWDJppg3NZIYko5Sh4Ma1b+HGhSJufQk34mv4BKaXhbb+EPj4zzmcnN8NGZXKsr6MxNz8wuJScjm1srq2vmFupqsyiAQmFRywQNRdJAmjnFQUVYzUQ0GQ7zJSc3vnw3rthghJA36l+iFxfNTh1KMYKW21zO3bk6yVK+YL1/GhlbOOi4NWnJ2AmdEwEpwFewKZ0sHD6Xf6U5Zb5kezHeDIJ1xhhqRs2FaonBgJRTEjg1QzkiREuIc6pKGRI59IJx7dMIB72mlDLxD6cQVH7u+JGPlS9n1Xd/pIdeV0bWj+V2tEyis4MeVhpAjH40VexKAK4DAQ2KaCYMX6GhAWVP8V4i4SCCsdW0qHYE+fPAvVo5xt5exLncYZGCsJdsAu2Ac2yIMSuABlUAEY3IFH8AxejHvjyXg13satCWMyswX+yHj/AckjmBY=</latexit><latexit sha1_base64="28kQ2KXcXfewNoDjKZPdCTVSb/Y=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFEKQlI0jbhVB047KCvUA7lkyaaUMzmSHJKGUouPFV3LhQxK0v4c63MW1noa0/BD7+cw4n5/cizpRG6NvKLC2vrK5l13Mbm1vbO/buXkOFsSS0TkIeypaHFeVM0LpmmtNWJCkOPE6b3vBqUm/eU6lYKG71KKJugPuC+YxgbayuffBwUUDFSql8l5yiIjqvjLtJIQU7b2AquAhOCnmQqta1vzq9kMQBFZpwrFTbQZF2Eyw1I5yOc51Y0QiTIe7TtkGBA6rcZHrDGB4bpwf9UJonNJy6vycSHCg1CjzTGWA9UPO1iflfrR1rv+wmTESxpoLMFvkxhzqEk0Bgj0lKNB8ZwEQy81dIBlhiok1sOROCM3/yIjTOig4qOjcoX71M48iCQ3AEToADSqAKrkEN1AEBj+AZvII368l6sd6tj1lrxkpn9sEfWZ8/C76Ujw==</latexit>

(with CMB priors)

wCDM
<latexit sha1_base64="5oQBpBZFHZl0Sd2Yia6sYX9oOzQ=">AAAB8nicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3OhGLNaFG6GCvUA7lEyaaUOTzJBklDIUfAk3LhRx63u4d+fbmF4W2vpD4OP/zyHnnDDhTBvP+3ZyS8srq2v5dXdjc2t7p7C7V9dxqgitkZjHqhliTTmTtGaY4bSZKIpFyGkjHFTGeeOeKs1ieWeGCQ0E7kkWMYKNtVoPKGsrgSpXN6NOoeiVvInQIvgzKF58uuePAFDtFL7a3ZikgkpDONa65XuJCTKsDCOcjtx2qmmCyQD3aMuixILqIJuMPEJH1umiKFb2SYMm7u+ODAuthyK0lQKbvp7PxuZ/WSs10VmQMZmkhkoy/ShKOTIxGu+PukxRYvjQAiaK2VkR6WOFibFXcu0R/PmVF6F+UvK9kn/rFcuXMFUeDuAQjsGHUyjDNVShBgRieIIXeHWM8+y8Oe/T0pwz69mHP3I+fgDPAZJv</latexit><latexit sha1_base64="DIP16qiw+AathrtnCPJ+/64PuPo=">AAAB8nicbZDLSgMxFIbPeK3jrerSTbAIrsqMG92IxbpwI1SwF2iHkkkzbWgmGZKMUoY+hhsXinTre7h3I76N6WWhrT8EPv7/HHLOCRPOtPG8b2dpeWV1bT234W5ube/s5vf2a1qmitAqkVyqRog15UzQqmGG00aiKI5DTuthvzzO6w9UaSbFvRkkNIhxV7CIEWys1XxEWUvFqHx9O2znC17Rmwgtgj+DwuWHe5GMvtxKO//Z6kiSxlQYwrHWTd9LTJBhZRjhdOi2Uk0TTPq4S5sWBY6pDrLJyEN0bJ0OiqSyTxg0cX93ZDjWehCHtjLGpqfns7H5X9ZMTXQeZEwkqaGCTD+KUo6MROP9UYcpSgwfWMBEMTsrIj2sMDH2Sq49gj+/8iLUTou+V/TvvELpCqbKwSEcwQn4cAYluIEKVIGAhCd4gVfHOM/OmzOali45s54D+CPn/QfAkJPj</latexit><latexit sha1_base64="DIP16qiw+AathrtnCPJ+/64PuPo=">AAAB8nicbZDLSgMxFIbPeK3jrerSTbAIrsqMG92IxbpwI1SwF2iHkkkzbWgmGZKMUoY+hhsXinTre7h3I76N6WWhrT8EPv7/HHLOCRPOtPG8b2dpeWV1bT234W5ube/s5vf2a1qmitAqkVyqRog15UzQqmGG00aiKI5DTuthvzzO6w9UaSbFvRkkNIhxV7CIEWys1XxEWUvFqHx9O2znC17Rmwgtgj+DwuWHe5GMvtxKO//Z6kiSxlQYwrHWTd9LTJBhZRjhdOi2Uk0TTPq4S5sWBY6pDrLJyEN0bJ0OiqSyTxg0cX93ZDjWehCHtjLGpqfns7H5X9ZMTXQeZEwkqaGCTD+KUo6MROP9UYcpSgwfWMBEMTsrIj2sMDH2Sq49gj+/8iLUTou+V/TvvELpCqbKwSEcwQn4cAYluIEKVIGAhCd4gVfHOM/OmzOali45s54D+CPn/QfAkJPj</latexit><latexit sha1_base64="e1c+GUREs5jk5iBzEew2JeS7g+s=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKex60WMwHrwIEcwDkiXMTmaTIfNYZnqVsOQzvHhQxKtf482/cZLsQRMLGoqqbrq7okRwC77/7RXW1jc2t4rbpZ3dvf2D8uFRy+rUUNakWmjTiYhlgivWBA6CdRLDiIwEa0fj+sxvPzJjuVYPMElYKMlQ8ZhTAk7qPuGsZySu39xN++WKX/XnwKskyEkF5Wj0y1+9gaapZAqoINZ2Az+BMCMGOBVsWuqlliWEjsmQdR1VRDIbZvOTp/jMKQMca+NKAZ6rvycyIq2dyMh1SgIju+zNxP+8bgrxVZhxlaTAFF0silOBQePZ/3jADaMgJo4Qari7FdMRMYSCS6nkQgiWX14lrYtq4FeDe79Su87jKKITdIrOUYAuUQ3dogZqIoo0ekav6M0D78V79z4WrQUvnzlGf+B9/gBfyZCi</latexit>



Towards DES Y5 Supernova

Y5 (final) SN analysis is well under way. It will include 5x more SNe Ia and the sample 
will be photometric instead of spectroscopic. Many many technological advances!
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Moller et al. (2022)
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Figure 13. Same as Fig. 9 but in the F0 � F0 plane and assuming a flat
F0F0CDM model with an ⌦" prior of 0.311 ± 0.010.

5.2 Systematic uncertainties associated with contamination

In this section, we estimate the contribution of contamination to the
F systematic error budget from a DES-like cosmological analysis. In
order to do this, we follow the approach presented by Conley et al.
(2011) and Brout et al. (2019b, section 3.8.2) and define a systematic
covariance matrix,⇠syst, that can be included in the fit for cosmologi-
cal parameters. The j2-minimization cosmological fitter introduced
in Sec. 3.6 does not currently handle a systematic covariance ma-
trix; for this reason, we use CosmoMC when estimating systematic
uncertainties on F.

Given m`1Ia,sk
the di�erences in the binned Hubble diagram after

changing the systematic parameter B: , the systematic covariance
matrix, ⇠8 9

syst, is defined as

⇠8 9
syst =

#syst’
:=1

 
m`8Ia,sk

mB:

! ©≠
´
m` 9

Ia,sk

mB:

™Æ
¨
f2
B: , (10)

where fB: is the uncertainty of the systematic B: and the indexes 8
and 9 are iterated over the #bins redshift bins (8, 9 = 1, ..., #bins).

We build two di�erent covariance matrices: one that includes
variations over the three SNN models (SNN(Base), SNN(J17)

and SNN(DES-CC)) but fixes the contamination likelihood to
⇡non�Ia(Base) (configurations 2, 3 and 4 in Table 9), and one
that includes variations over the three SNN models (SNN(Base),
SNN(J17) and SNN(DES-CC)) but fixes the contamination likeli-
hood to ⇡non�Ia(H12) (configurations 5, 6 and 7 in Table 9). For
each systematic, we estimate the contribution to the total error bud-
get on F by applying the definition presented by Brout et al. (2019b,
equation 22)

f0
F =

q
(f2

stat+syst � f2
stat), (11)

where fstat+syst is the uncertainty estimated when considering only

Table 10. Uncertainty contributions to F for a FCDM model (SNe are
combined with a ⌦" prior of 0.311±0.010). See Table 9 for a detailed
description of the BBC configurations listed in the first column.

f0
F f0

F/fstat fstat+syst

Total fstat - - 0.039
2) SNN(Base) Dnon�Ia(Base)

3) SNN(J17) Dnon�Ia(Base) 0.004 0.106 0.040
4) SNN(DES-CC) Dnon�Ia(Base)

5) SNN(Base) Dnon�Ia(H12)

6) SNN(J17) Dnon�Ia(H12) 0.007 0.171 0.040
7) SNN(DES-CC) Dnon�Ia(H12)

one (or a sub-group of) systematics and fstat is the statistical un-
certainty. The results are estimated for our Baseline simulation and
presented in Table 10 (and obtain similar results when performing the
same test on the other simulations). Systematic uncertainties asso-
ciated with contamination are 0.004 for the ⇡non�Ia(Base) method
and 0.007 for the polynomial fitting method by H12. In general, sys-
tematics associated with contamination are at most a third of the
statistical error, which corresponds to an increase of the overall F
error budget by less than 5 per cent.

In Appendix A, we highlight some potential limitations related to
the ⇡non�Ia(H12) approach and to the choice of modelling the core-
collapse likelihood term as a second order polynomial. Therefore, we
consider the ⇡non�Ia(Base) method as the most reliable one in our
analysis and quote f0

F = 0.004 to be our best estimate of systematic
uncertainties associated with contamination.

5.3 Biases for a time-varying F0/F0 model

We analyze the e�ects of contamination when fitting our simulated
SN samples assuming a flat F0F0CDM model. In Fig 13, we present
the F0 � F0 cosmological contours obtained from one realization
of the Baseline simulation and assuming a Gaussian ⌦" prior of
0.311 ± 0.010.

In Fig. 14, we present the average biases on F0 and F0 measured
for the Baseline simulation. For di�erent BBC configurations (Ta-
ble 9) and SNN, we find a �0.011 to 0.001 bias on F0 and 0.008
to 0.166 bias on F0 . Using Chauvenet’s criterion and AllSNIa, we
find biases of �0.031 and 0.097 on F0 and F0 respectively. If we
assume our reference BBC configuration is the most robust one, we
measure biases across the di�erent core collapse SN simulations of
�0.009 < �F0 < 0.000 and 0.047 < �F0 < 0.108. This is shown
in Fig. 14.

By comparison, the average statistical uncertainties on F0 and F0
expected for a DES-like sample are 0.097 and 0.620, i.e., 5 to 10
times larger than the biases �F0 and �F0 due to contamination.

Looking further to the future, these results can inform the planning
of future time-domain experiments such as the optical Legacy Survey
of Space and Time (LSST; Ivezi∆ et al. 2019) that will be conducted
using the Vera Rubin Observatory. Although the exact observational
strategy is being developed, LSST is expected to discover more than
1000 new SNe Ia per night. Spectroscopic follow-up programmes
such as the Time-Domain Extragalactic Survey (TiDES; Swann et al.
2019) and others, will provide host galaxy spectroscopic redshifts as
well as spectroscopic classifications for a subset of these events. The
photometric SN Ia sample is expected to include at least 25 times
more cosmologically-useful SNe Ia than the DES-SN photometric
SN Ia sample, with similar redshift distributions (Frohmaier et al.
in prep.). In parallel, low redshift SN samples are also expected to
increase (approximately ⇥10 more SNe Ia than available in current

MNRAS 000, 1–23 (2021)

8 L. Kelsey et al.

Figure 4. Hubble residuals as a function of environmental properties for subsamples split by 2. The dashed lines represent the split point for each sample
indicated in Table 3, defined as our location of the step, corresponding with the cross bin mean markers, displaying the steps in Hubble residual. These figures
clearly show the di�erences in step size for red and blue SNe. Numerical values for these steps are displayed in Table 3 with r.m.s. values in Table 4.
MNRAS 000, 1–18 (2022)



Lightning Round of Extended
DES Cosmology Results (so far)
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DES Y3 3x2pt Extension
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DES et al. (2022)
Ferté, Muir et al. (in prep.)
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DES Y3 x CMB Lensing
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DES, SPT et al. (2022)
Omori, Baxter, CC et al. (2021)
CC, Omori, Baxter et al. (2021)

Image Credit: Yuuki Omori



DES Y3 Higher-order Statics
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There is a lot of information in this map we are not using yet!

Gatti, Jeffrey et al. (2022)
Zücher et al. (2022)
Halder et al. (In prep)



Other Cosmological Probes 

28

Gravitational waves 
as standard sirens

“Cold spot” in lensing maps

Strong lensingPalmese et al. (2020)

Kovacs et al. (2020)

Shajib et al. (2019)
Shin et al. (2021)

Splashback around 
galaxy clusters



Devil’s in the details: 
all the technical advances that make DES a great survey… 
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Deep Fields

SOMPZ

Shear Ratio

Image Simulations

Tension Metric

Balrog

Choi, Hartley et al. (2021)

Myles, Alarcon et al. 
(2021)

MacCrann et al. (2021)

Sanchez, Prat et al. (2021)

Lemos, Raveri et al. (2021)

Everett et al. (2020)



Taking the DES experience into the next 
decade: Rubin, Roman, Euclid++

30



Lessons learned

• Preparation is good, but expect (a lot of) surprises
• When people are happy the science is almost guaranteed to be good 
• Practically, we should make sure the tools and experiences built are efficiently 

channeling into the next big experiment, so that the field continues to move on
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Dark Energy Camera
Rubin Observatory LSST Camera



Lessons learned

• Preparation is good, but expect (a lot of) surprises
• When people are happy the science is almost guaranteed to be good 
• Practically, we should make sure the tools and experiences built are efficiently 

channeling into the next big experiment, so that the field continues to move on
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2019 DES Collaboration Meeting @UPenn 2022 DESC Collaboration Meeting @UChicago



Some example: knowledge transfer
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Phillips-Longley et al. (2022)

Sanchez et al. (2022)

Using LSST DESC tools to reanalyze 
DES, KiDS, HSC data to perform a 
unified cosmic shear analysis. 

Testing the LSST Difference Image 
Analysis pipeline on simulations.  

Demonstrate we can recover the input 
within statistical uncertainty.  



Summary

DES was designed to constrain dark energy with 4 cosmological probes. 
We have many results already (and much beyond the 4 probes), and are 
working hard towards the final Y6 analysis as we speak. 

On the way to measuring dark energy, we learned so much more about 
our Universe and how we are observing it.   

The DES experience provides a good foundation for many of the future 
cosmology experiments to come.  
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 Happy 10th DECam!



Questions?
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Backup
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37 Image credit: NASA/WMAP

Dark Matter



3x2pt: Three Two-point Functions

✓

✓

✓

1) Cosmic shear

2) Galaxy-galaxy lensing

3) Galaxy clustering
“3x2pt”: A joint analysis maximizes the 
cosmological information and robustly 
constrains astrophysical & observational 
systematic priors in the analysis!  
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Headline Results from DES Y3 3x2pt
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DES Collaboration (2021)



Headline Results from DES Y3 3x2pt
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DES Y3 cosmic shear is 
consistent with Planck at ~2𝞼

DES Y3 3x2pt is consistent 
with Planck at ~1𝞼

Combined with other Low-z 
probes (SNe Ia, BAO, RSD), 

we are consistent with Planck  
at~1𝞼  DES Collaboration (2021)
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The axis of time…

Vikram et al. (2015)
CC et al. (2018)

Jeffrey, Gatti et al. (2021)
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The axis of time…

Vikram et al. (2015)
CC et al. (2018)

Jeffrey, Gatti et al. (2021)


