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FIG. 1. Constraints on the present-day dark energy density ⌦⇤ and
matter density ⌦m, relative to the critical density, in an oCDM model
with marginalized curvature and neutrino mass density. We compare
the constraint from DES data alone (black contours), including infor-
mation from weak gravitational lensing, large-scale structure, SNe
Ia, and photometric BAO, to the best available external data (green
contours), combining information from the CMB, SNe Ia, and spec-
troscopic BAO. We identify the flat model (⌦k = 0) with a dotted
line and distinguish accelerating and decelerating universes with a
dashed line. Contours represent the 68% and 95% confidence limits
(CL).

component in the Universe (⌦⇤ > 0) at ⇠4� significance.
This is the first time a photometric survey has independently
made a significant constraint on the energy density of both
dark energy and dark matter without assuming a flat model
based on early Universe constraints. It represents an impor-
tant milestone for future analyses from DES and surveys like
Euclid, LSST, and WFIRST.

In Fig. 2, we show the constraint on w and ⌦m, assuming
the wCDM model. We show the same comparison with exter-
nal data as in Fig. 1, but also include a case where we supple-
ment DES-discovered SNe Ia with the Low-z SNe sample to
anchor the SNe redshift-distance relation at low redshift fol-
lowing Ref. [19]. This low-redshift SNe anchor contributes
significantly to both the DES+Low-z and external constraints
on w. In all cases, the existing data are consistent with a cos-
mological constant (w = �1). The DES best-fit �2 is 577
with 498 dof. This subset of the final DES data constrains w
to within a factor of three of the combined external constraint.
This result illustrates the prospects for multiple independent,
precise low-redshift constraints on dark energy from upcom-
ing large-scale photometric experiments.

The constraints on all cosmological model parameters are

FIG. 2. Constraints on the dark energy equation of state w and ⌦m

in a wCDM model with fixed curvature (⌦k = 0) and marginal-
ized neutrino mass density. We compare constraints from the DES
data alone (black contours) to the best available external data (green
contours), as in Fig. 1, but also show the impact of including a low-
redshift SNe Ia data set (Low-z) to anchor the DES SNe Ia as done
in Ref. [19] (blue contours). Each component of the DES analysis
was fully blinded.

summarized in Table I. Nuisance parameter constraints are not
qualitatively changed from individual probe fits. The DES-
only ‘3⇥2pt’ and SNe data are consistent and individually
contribute similar constraining power for w and ⌦⇤. In the
oCDM model, DES constrains the total matter density to 7%
(68% CL), the baryon density to 15%, and the correlation
amplitude to 3%, described by S8 ⌘ �8

p
⌦m/0.3, where

�8 measures the current-day clustering amplitude. The con-
straints are comparable in wCDM. Fixing ⌦k = 0, we find the
S8 constraint is improved by a factor of 1.2, but there is oth-
erwise no significant improvement in other parameters. The
parameter constraints beyond dark energy are driven by the
‘3⇥2pt’ measurement. In particular, the baryon density con-
straint is due to sensitivity to the shape of the matter power
spectrum from baryon damping [80]. The constraint on ⌦b

from the CMB, by contrast, is also sensitive to the impact of
baryons on the acoustic oscillations. Thus future low-redshift
survey data will provide another avenue to test the predictions
of our models from early Universe observations like the CMB
with measurements of ⌦b from surveys like DES.
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Motivation:
Our current understanding of the history of the Universe holds that it starts out from a singularity, undergoes an early phase of rapid expansion (inflation), after which
expansion continued, decelerating during the so-called matter dominated phase. Then, five billion years ago, the expansion of the universe started accelerating. This
acceleration continues, and the energy density associated with it is now the dominant component of the universe today.
While there are many proposed physical models that attempt to explain the acceleration of the universe, all of them would represent a major departure from our current
understanding of fundamental physics. A better understanding of cosmic acceleration is thus a major scientific priority, and so a broad range of future missions (including
WFIRST and Euclid) and new ground-based facilities will investigate cosmic acceleration over the next decade.
Several large precursor programs are already under way. Here we describe our contributions under this award to the current state of the art.

The Dark Energy Survey (DES)
Map of galaxy positions, shapes for 200 million 

galaxies

DES is an ongoing survey that will has covered 5000 square degrees of the southern 
sky in five photometric bands using a purpose-built wide-field camera. Analysis of the 
first three of its five years of data will provided the strongest constraints on the nature 
of dark energy to date.
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Figure 14. Left: Stellar density map at HEALPix nside = 1024 resolution created with the EXTENDED_COADD = 0 selection described in
Section 4.5 (see also Appendix C). Discrete peaks in the stellar density correspond to globular clusters and dwarf galaxies in the Milky Way
halo. Right: Analogous galaxy density map created with the EXTENDED_COADD = 3 selection.

Figure 15. Receiver operating characteristic (ROC) curve for a stel-
lar selection in the magnitude range 22.0 < MAG_AUTO_I < 22.5.
The SPREAD_MODEL outperforms CLASS_STAR in classification
accuracy of DES DR1 objects with respect to HSC-SSP.

alternative bands and/or combinations of object measure-
ments will be more appropriate for specific science cases.

4.6. Known issues

The PSF model has limited flexibility to accommodate dis-
continuities in the effective PSF that can occur in coadded
images at boundaries in coverage between individual expo-
sures. In these regions, the local PSF model can fail to ac-
curately fit the point-like sources, and accordingly, both the
coadd morphological classifications (i.e., SPREAD_MODEL,
CLASS_STAR) and coadd PSF photometry are suspect. The
photometry of extended sources is impacted to a lesser de-
gree. Using the i-band as an example, we identified such
coadd PSF failures by searching for regions with anomalous

Figure 16. Color-magnitude diagram for a stellar sample se-
lected within a 150 ⇥ 150 box centered on the M2 globular clus-
ter (see Appendix C). The weighted-average PSF photometry from
WAVG_MAG_PSF (left) yields a tighter locus but does not extend as
deep as the MAG_AUTO photometry (right).

coadd SPREAD_MODEL_I distributions and estimate that
. 0.4% of the footprint is substantially affected. Gener-
ally, more robust treatment (especially for point-like sources)
is possible with weighted-average quantities, at the cost of
some loss of object detection completeness for the faintest
sources (Figure 16). Due to the known issues in coadd PSF
photometry, DES DR1 does not include the coadd MAG_PSF
quantities. For studies of point-like sources, we recommend
the use of WAVG_MAG_PSF (bright sources) or MAG_AUTO
(faint sources).

Among all the objects detected and cataloged, ⇠2.3% have
been flagged by IMAFLAGS_ISO in at least one of the grizY
bands, and ⇠0.1% have artifacts in all 5 bands. As described

Final Cosmological Parameter 
Constraints from headline results 
paper (Abbot et al., published May 
2019)

Work done under award was 
instrumental in making DES work. 
Precision Lensing Measurements 
rely heavily on calibration algorithms 
developed by Huff
(MetaCalibration).

Machine Learning in Big Astronomical Data Sets Cosmology from the combination of heterogeneous surveys
Precision cosmology with DES and its successors requires high-quality science 
measurements. With individual measurements for over 300 million galaxies, 
validation of the galaxy catalogs is a major challenge.
Wagstaff and Rebbapragada have used two machine learning algorithms 
(DEMUD, isolation forest) to comb through the DES science catalogs in search 
of anomalies.

We identified clusters of sources 
with unusual colors, suggesting 
good potential for machine-
assisted discovery on large, 
feature-rich data sets of this kind.

Benefits to NASA and JPL:
• High visibility of JPL cosmology group through leading roles in DES papers
• Innovative new algorithms and tools, applicable to current and future data
• Ideal preparation for Euclid, WFIRST, LSST

We also established that 1-2% of the 
official, vetted Year 3 science catalogs

were contaminated with non-
astrophysical sources, despite years of 

validation. Our anomaly algorithms were 
efficient at finding such sources.

The best constraints on dark energy and modified gravity will come from the 
combination of spectroscopic (such as the Sloan Digital Sky Survey, SDSS) and 
imaging surveys (such as DES). The former constrain how galaxies move under 
gravity, and the latter (using gravitational lensing) map the distribution of matter.
However, current and future surveys of these types do not overlap, and a combined 
analysis using all of the data is not previously possible.
The difficulty of creating a statistically common sample from different surveys is 
shown in the plots of the colors of common galaxies (from a sample termed ‘CMASS’) 
shown below.

Under this award, we devised and implemented a common sample selection between DES 
and SDSS, solving the problem of selecting the same samples of galaxies from different 
surveys. The results are published in [A]. A demonstration of the equivalency is shown below.

The sample we defined here will be used to produce unprecedented constraints on the 
nature of gravity and cosmic acceleration. 
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