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The Dark Energy Survey DES

- Prime focus of 4-m Blanco Telescope (CTIO) 
- 520 Megapixel, 3 deg2 FoV Dark Energy Camera 

(DECam) 
- ugrizY filters 
- 6-year survey (Sept 2013 - Feb 2019) 
- community instrument

4 major probes of dark energy 
(WL, BAO, CL, SN)
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area 
(deg2)

visits 
(per filter) filters exposure time in sec 

(per visit)
SN Ia 

z range

Wide 5000 10 grizY 90/90/90/90/90 0.0 - 0.3

SN shallow 22 125 griz g/r/i/zz (same night) 
175/150/200/400 0.1 - 0.6

SN deep 6 125 griz 3g/3r/5i/11z 
600/1200/1800/3630 0.2 - 1.1

Two-tiered SN Survey
Goals 

* 2500 SN Ia with good light curve 
color and shape measurements. 
* e.g., r-i & i-z at z~1.0 

* Live spectroscopy of ~20% of SN Ia 
candidates + all r < 24 SN hosts. 
* AAT, Gemini, GTC, Keck, 

Magellan, MMT, SALT, VLT 
* ~1% photometric calibration
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Figure 7. Receiver operating characteristic of the optimized clas-
sifier. Points on the ROC corresponding to different class discrim-
ination boundaries ⌧ are labelled. The adopted cut from Brink
et al. (2013) is shown as a green triangle.

3.3 Bias

We found that there was a correlation between signal-to-
noise ratio (S/N) and autoScan scores. Figure 8 displays
the efficiency of autoScan using 138,057 out-of-sample de-
tections of fake SNe. At S/N . 10, the out-of-sample fake
efficiency is markedly lower than it is at higher S/N. The
efficiency asymptotically approaches unity for S/N & 102.
The effect becomes more pronounced when the class discrim-
ination boundary is raised. This occurs because legitimate
detections of astrophysical variability at low S/N are similar
to artifacts both visually and in feature space.

3.4 “Candidate” Level Classification

Detection level performance statistics (e.g., Figure 7) have
become a standard quantifier for the effectiveness of differ-
ence image artifact rejection codes in production (e.g., Bai-
ley et al. 2007; Bloom et al. 2012; Brink et al. 2013; du
Buisson et al. 2014). For surveys in which detections are
scanned individually, such statistics can substantiate robust
estimates of classifier performance on unseen data. However,
some time-domain surveys, including SDSS-II and DESSN,
perform candidate selection by considering aggregates of de-
tections. For a DESSN candidate to trigger human examina-
tion, it must meet several critera. It must be detected on at
least two distinct nights in any combination of bands, and
at least two of its detections must achieve an autoScan score
greater than the survey’s chosen ⌧ , a tunable “class discrim-
ination boundary.” In DES, ⌧ = 0.4. For this type of can-
didate selection, candidate-level efficiency can differ signifi-
cantly from single-detection efficiency, and it is the former
that is more crucial for SNe Ia and core-collapse SNe, while
the latter may be more crucial for very short-lived transients.

This deviation is a natural consequence of intrinsic
nightly variations in astrometry, observing conditions, and
repeatedly imaged source brightnesses that cause night-to-
night fluctuations in the appearance of candidates on sub-
tractions. These variations lead to spread of ML scores for
a given candidate. As observing seasons progress, spuri-

Figure 8. Fake efficiency as a function of S/N, at several
autoScan score cuts. The performance of autoScan degrades at
low S/N.

ous candidates initially detected early can accumulate large
numbers of detections via repeated visits. Although for a
typical spurious candidate, the vast majority of these de-
tections have clear visual characteristics of artifacts, these
fluctuations can cause a small fraction of the detections to
present as “real.” Figure 10 shows an example of this effect.
Since DESSN only requires that a candidate be detected
in two epochs that have at least one detection above the
class discrimination threshold to be considered astrophysi-
cal transients of potential cosmological significance, this ef-
fect can cause a buildup of “passing” spurious candidates as
seasons progress. The magnitude of the deviation between
the detection- and candidate-level performance statistics de-
pends sensitively on the details of the mapping between
groups of detection-level ML scores and the candidate-level
rejection criterion.

Effectively using autoScan thus requires the additional
step of determining how best to use multinight detection-
level ML results to make accurate statements about candi-
dates. Using a two night trigger with ⌧ = 0.4, we achieved
an 8.4⇥ reduction in the baseline number of non-fake SN
candidates generated by the end of DES Y2, while main-
taining a candidate-level fake efficiency greater than 99 per
cent. In figure 9, we show the results of an analysis that
examined the effect of raising the autoScan detection-level
class discrimination boundary on the nightly fake-efficiency
for candidates and nightly transient naming rate. For sur-
veys that consider aggregated detections, the goal of any
ML artifact rejection framework is to minimize the transient
naming rate at a given candidate fake efficiency. To perform
this analysis, we obtained all detections of real and fake SN
candidates from DES Y2, then stepped through the season
night by night, considering at each step all observations of a
candidate between the start date of the season and the date
at the step. Using these candidate slices, at each step we
computed ✏F , the fake efficiency for the season up to time
step t, as

✏F (t) =
N2X(t)
N2(t)

(15)

where N2(t) is the number of candidates at time step t that
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1. INTRODUCTION

To identify scientifically valuable transients or moving
objects on the sky, imaging surveys have historically adopted a
manual approach, employing humans to visually inspect
images for signatures of the events (e.g., Zwicky 1964; Hamuy
et al. 1993; Perlmutter et al. 1997; Schmidt et al. 1998;
Filippenko et al. 2001; Strolger et al. 2004; Blanc et al. 2004;
Astier et al. 2006; Sako et al. 2008; Mainzer et al. 2011;
Waszczak et al. 2013; Rest et al. 2014). But recent advances in
the capabilities of telescopes, detectors, and supercomputers
have fueled a dramatic rise in the data production rates of such
surveys, straining the ability of their teams to quickly and
comprehensively look at images to perform discovery.

For surveys that search for objects on difference images—
CCD images that reveal changes in the appearance of a region
of the sky between two points in time—this problem of data
volume is compounded by the problem of data purity.
Difference images are produced by subtracting reference
images from single-epoch images in a process that involves
point-spread function (PSF) matching and image distortion
(see, e.g., Alard & Lupton 1998). In addition to legitimate
detections of astrophysical variability, they can contain artifacts
of the differencing process, such as poorly subtracted galaxies,
and artifacts of the single-epoch images, such as cosmic rays,
optical ghosts, star halos, defective pixels, near-field objects,
and CCD edge effects. Some examples are presented in
Figure 1. These artifacts can vastly outnumber the signatures of
scientifically valuable sources on the images, forcing object
detection thresholds to be considerably higher than what is to
be expected from Gaussian fluctuations.

For time-domain imaging surveys with a spectroscopic
follow-up program, these issues of data volume and purity are
compounded by time-pressure to produce lists of the most

promising targets for follow-up observations before they
become too faint to observe or fall outside a window of
scientific utility. Ongoing searches for Type Ia supernovae
(SNe Ia) out to z 1~ , e.g., those of the Panoramic Survey
Telescope and Rapid Response System Medium Deep Survey
(Rest et al. 2014) and the Dark Energy Survey (DES;
Flaugher 2005), face all three of these challenges. The DES
supernova program (DES-SN; Bernstein et al. 2012), for
example, produces up to 170 gigabytes of raw imaging data on
a nightly basis. Visual examination of sources extracted from
the resulting difference images using SExtractor (Bertin &
Arnouts 1996) revealed that 93%~ are artifacts, even after
selection cuts (Kessler et al. 2015). Additionally, the survey has
a science-critical spectroscopic follow-up program for which it
must routinely select the 10~ most promising transient
candidates from hundreds of possibilities, most of which are
artifacts. This program is crucial to survey science as it allows
DES to confirm transient candidates as SNe, train and optimize
its photometric SN typing algorithms (e.g., PSNID; Sako
et al. 2011, NNN; Karpenka et al. 2013), and investigate
interesting non-SN transients. To prepare a list of objects
eligible for consideration for spectroscopic follow-up observa-
tions, members of DES-SN scanned nearly 1 million objects
extracted from difference images during the survey’s first
observing season, the numerical equivalent of nearly a week of
uninterrupted scanning time, assuming scanning one object
takes half a second.
For DES to meet its discovery goals, more efficient

techniques for artifact rejection on difference images are
needed. Efforts to “crowd-source” similar large-scale classifi-
cation problems have been successful at scaling with growing
data rates; websites such as Zooniverse.org have accumulated
over one million users to tackle a variety of astrophysical
classification problems, including the classification of transient

Figure 1. Cutouts of DES difference images, roughly 14 arcsec on a side, centered on legitimate (green boxes; left four columns of figure) and spurious (red boxes;
right four columns of figure) objects, at a variety of signal-to-noise ratios: (a) S N 10- , (b) 10 S N 30-< , (c) 30 S N 100-< . The cutouts are subclassed to
illustrate both the visual diversity of spurious objects and the homogeneity of authentic ones. Objects in the “Transient” columns are real astrophysical transients that
subtracted cleanly. Objects in the “Fake SN” columns are fake SNe Ia injected into transient search images to monitor survey efficiency. The column labeled “CR/Bad
Column” shows detections of cosmic rays (rows b and c) and a bad column on the CCD detector (row a). The columns labeled “Bad Sub” show non-varying
astrophysical sources that did not subtract cleanly; this can result from poor astrometric solutions, shallow templates, or bad observing conditions. The numbers at the
bottom of each cutout indicate the score that each detection received from the machine learning algorithm introduced in Section 3; a score of 1.0 indicates the
algorithm is perfectly confident that the detection is not an artifact, while a score of 0.0 indicates the opposite.
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Monitoring

Kessler et al. (2015)cadence monitor

Results 
- 30,000 new variables/
persistent transients 
- 5,000 SN candidates



AAT/AAOmega

calibration tasks, DES and CTIO are initiating two innovative projects to monitor the absolute throughput of the instrument
and telescope (DECal) and to measure the absorption of the Earth’s atmosphere via specially designed narrow–band filters.

DES will therefore be the largest, most accurately calibrated SN survey for at least the next decade. Compared to the SNLS
3-year constraint on w (Sullivan et al. 2011), DES will be a factor of 10 more constraining. Compared to what is predicted
to be available by survey end (i.e. 2017) using other techniques (BAO, galaxy clusters and weak lensing), the SN constraints
from DES will be competitive and complementary. They are also necessary. If we do find that w ≠ −1, a result that would
be as profound as the discovery of the accelerating universe itself, then it has to be confirmed using independent probes.

Each one of the 10 DES deep fields will contain as many SNe Ia as the entire SNLS survey. The vast size of the sample
will allow us to search for SN lensing (which is currently only detected at the 2σ level), to split the Hubble diagram
according to host properties (e.g. a passive host SN Hubble diagram), and to search for anisotropy in the Hubble diagram.

Figure 1: Left: Two perfectly matched fields of view. A DECam image of the DES C1 field, with the patrol field
of the 2dF fibre positioner (large blue circle) and DES targets (red circles) overlaid. Right: A figure demonstrating
the feasibility of creating a Hubble diagram containing only photometrically selected SNe Ia with host galaxy redshifts
(Campbell et al. 2013). SNe observed in real time are shown in blue. SNe Ia identified photometrically and with host
galaxy redshifts are shown in black. The purity of the photometrically identified SNe Ia is 96%. The increase in scatter
in the photometrically classified sample with respect to the spectroscopic sample is a selection effect: the supernovae
that were sent to be spectroscopically confirmed had the highest signal-to-noise ratios. This effect will not occur for DES.

Spectroscopic follow-up: Instead of following every SNe in DES in real time – which would be impractical anyway, as
it would require several thousand nights of 8m telescope time – the DES SN survey will use a strategy that has been
tested with data from SDSS-II (see Fig. 1 and Campbell et al. 2013) and SNLS (Lidman et al. 2013). The central
plank of the strategy is to obtain redshifts from the SN host galaxies, from which a large sample of photometrically
classified SNe Ia can be constructed with sufficient purity (the percentage of SNe Ia in the sample that are actually SN
Ia) for the cosmological analysis. The SDSS-II sample of photometrically classified SNe Ia has a purity of 96%, thereby
demonstrating the feasibility of obtaining samples of SNe Ia with high purity using the photometry of the SNe and
the redshifts of the host galaxies. This level of purity ensures that the bias on cosmological results is sufficiently small
(Campbell et al. 2013). The Hubble diagram from Campbell et al. (2013) is shown in Fig 1.

There are several major advantages to this approach: i) it removes pernicious biases that are inherent in spectroscopically
confirmed sub-samples, such as the bias that comes from preferentially using bluer SN Ia at higher redshifts (Campbell
et al. 2013); ii) it is much easier to get the redshift from the host galaxy than to spectroscopically confirm the SN; and
iii) one can observe many host galaxies simultaneously, rather than one SN at a time. Using photometric redshifts of
the host galaxies is not an option as photometric redshifts are neither sufficiently precise nor unbiased.

In order to maximise the purity of the SNe Ia sample and check it, we plan to obtain AAOmega data for ∼ 500 transients
in real time over the 5 years of the survey. As explained in the observing strategy, this will be achieved by observing
the SN fields with a monthly cadence during the time that DES is taking data. Supplementing the AAT observations
will be observations from 8-10m class telescopes, which will target transients and hosts that are too faint for the AAT.
During 2012, we obtained DECam images of all the SN fields down to a limiting magnitude of r ∼ 26, so we are already
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- 100 nights on AAT over 5 years 
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- Hosts - stacking of multiple 2-hour exposures
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PCA over the entire exposure. However, at the specific
locations of transient objects we check for residual nonzero
sky background. Residual sky often occurs when the moon is
bright, causing large sky gradients that are not captured with
PCA. We apply a second method of local sky background and
sky uncertainty estimation using concentric apertures of 40 and
60 pixels following Jones et al. (2015) and the resulting sky
and uncertainty are calculated in the same manner for each
tertiary standard star as well as for the SN.

Biases are induced in PSF-fitted flux measurements when the
astrometric solution of a source is incorrect or is uncertain (Rest
et al. 2014). These biases are smaller for stars than for SNe
because the stars have higher signal-to-noise ratios (S/Ns) and
their positions are better constrained. When computing
photometric magnitudes, in the limit of high S/N and a correct
PSF model, there is no astrometrically induced flux bias if the
astrometric solution and uncertainty are the same for both the
stars and the SN itself. The bias in the zero-point and the bias in
the SN flux will cancel. Here, we discuss the expected
photometric biases in the real SNe data set; in the fake data set
this is more subtle and is discussed in Section 4.3.

There are fundamental differences between stars and the
SNe that must be accounted for. The stars may have
measurable proper motion while the SNe do not. Additionally,
the centroids of SNe have larger uncertainty because there are
fewer epochs to constrain the position and the S/N is lower.
Therefore, in modeling the SNe, we fix the location of the SN
in R.A. and decl. across all images (Section 3). While the SN
position is fixed (“fixed-position photometry”), we determine
the position of the stars for each image in order to account for
stellar proper motions (“variable-position”). Proper motions of
the standard stars, which are estimated by linear fits to the
positions over 3 yr of observations, have an rms of ∼10mas
per year.

In order to be consistent in the application of the stellar
position in the photometry, Rest et al. (2014) and Scolnic et al.
(2017) run fixed-position photometry on both the stars and
SNe. In our pipeline we apply fixed-position photometry to the
SN but we apply variable-position photometry on the stars, and
this inconsistency causes a small 1–2 mmag bias toward fainter
SN flux measurements but has the benefit of accounting for
stellar proper motions. These small biases are not corrected for,
but rather are incorporated into the systematic uncertainty
budget as they are subdominant to the total calibration
uncertainties of the systematic error budget described
in B18-SYS.

Millions of tertiary standard star measurements are taken
over the course of DES-SN. Following A13, the uncertainty
used in the stellar photometry fits does not include source
Poisson noise. The 1σ scatter in the recovered stellar

magnitudes (hereafter “repeatability”) is plotted in Figure 2.
For the brightest stars (<17 mag), the photometric uncertainties
after including Poisson noise analytically are 1mmag, but the
observed measurement scatter is >5 mmag (Figure 2) in each
band. This floor, after subtracting out the mean photometric
uncertainty, is added in quadrature to all flux uncertainties.
In order to demonstrate the size of the chromatic corrections

applied to the tertiary standards in the SN fields, we compare
the uncorrected individual exposure (nightly) stellar photo-
metry with the FGCM chromatically corrected stellar catalog
magnitudes (Figure 3). Differences are up to 4mmag over the
color range of the tertiary standards ( g i0.25 2< - < mag).

3.2. Image Model Fitting

As in H08 and A13, SMP uses a time series of image stamps
from the data located at the position of the SN. We assume that
the DECam pixel fluxes can be modeled from a temporally
varying SN flux and a temporally constant galaxy model that is
modeled as a grid of pixels. In order to facilitate model
comparisons to all images simultaneously, all data images are
scaled to a common zero-point of 31.00mag.53 Following H08
and A13, the model is resampled to compare with the data set
and the data are never resampled to avoid correlated noise. A
visual representation of the model is shown in Figure 1. The
“Model” images shown on the right-hand side of Figure 1 are

Figure 1. Visual representation of the SMP process. The model is comprised of a temporally constant galaxy model and a temporally varying SN flux (delta function).
Both the SN and galaxy are convolved with the PSF of each image in Fourier space to produce a model, which can be compared to data.

Figure 2. Solid lines designate 1σ scatter in the recovered stellar magnitude
(repeatability) as a function of stellar catalog magnitude for each DECam band.
Dotted lines designate the mean photometric uncertainties. There is a floor in
the photometric repeatability of ∼6mmag.

53 This ZP of 31.00 is for internal SMP computations only; the ZP in the public
data files is 27.5.
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Scene Modeling Photometry

7.3. Future Work

A number of improvements can be made to our photometric
pipeline and analysis of the fake SNe. There are two main
aspects of our fakes analysis that inhibit our ability to
characterize the full extent of our photometric pipeline. First,
we know the precise PSF of our fake SNe because we use the
same PSF to overlay the point source and do the SMP fitting. In
the future we will vary the PSF and calculate the impact on
photometric repeatability, biases and the host SB dependence.
Second, the method by which the fakes are inserted onto the

images is not representative of the true astrometric uncertainty
because the fakes are inserted and modeled in SMP using
the same astrometric solution. In the future we will vary
the location of the fake point source on each exposure by the
astrometric uncertainty. The ability to simulate both of these
effects will facilitate the tracing of photometric biases due to
the PSF and astrometry all the way to cosmological parameters.
For future stage IV surveys in which calibration uncertainty

in the filter zero-points approaches the <4 mmag level, current
photometric errors (3 mmag) will need to be reduced.
Additionally, as the measurement uncertainties on SN fluxes

Figure 6. Representative light curves of DES SNe from the DES-SN3YR sample with photometric data provided by SMP and fits to the light-curve data provided by
SALT2 simply intended to guide the reader’s eye. SNe with C3 or X3 in the name are found in deep fields, the remaining SNe are found in the shallow fields. The
fields are described in detail in Section 2.1 of B18-SYS.
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PCA over the entire exposure. However, at the specific
locations of transient objects we check for residual nonzero
sky background. Residual sky often occurs when the moon is
bright, causing large sky gradients that are not captured with
PCA. We apply a second method of local sky background and
sky uncertainty estimation using concentric apertures of 40 and
60 pixels following Jones et al. (2015) and the resulting sky
and uncertainty are calculated in the same manner for each
tertiary standard star as well as for the SN.

Biases are induced in PSF-fitted flux measurements when the
astrometric solution of a source is incorrect or is uncertain (Rest
et al. 2014). These biases are smaller for stars than for SNe
because the stars have higher signal-to-noise ratios (S/Ns) and
their positions are better constrained. When computing
photometric magnitudes, in the limit of high S/N and a correct
PSF model, there is no astrometrically induced flux bias if the
astrometric solution and uncertainty are the same for both the
stars and the SN itself. The bias in the zero-point and the bias in
the SN flux will cancel. Here, we discuss the expected
photometric biases in the real SNe data set; in the fake data set
this is more subtle and is discussed in Section 4.3.

There are fundamental differences between stars and the
SNe that must be accounted for. The stars may have
measurable proper motion while the SNe do not. Additionally,
the centroids of SNe have larger uncertainty because there are
fewer epochs to constrain the position and the S/N is lower.
Therefore, in modeling the SNe, we fix the location of the SN
in R.A. and decl. across all images (Section 3). While the SN
position is fixed (“fixed-position photometry”), we determine
the position of the stars for each image in order to account for
stellar proper motions (“variable-position”). Proper motions of
the standard stars, which are estimated by linear fits to the
positions over 3 yr of observations, have an rms of ∼10mas
per year.

In order to be consistent in the application of the stellar
position in the photometry, Rest et al. (2014) and Scolnic et al.
(2017) run fixed-position photometry on both the stars and
SNe. In our pipeline we apply fixed-position photometry to the
SN but we apply variable-position photometry on the stars, and
this inconsistency causes a small 1–2 mmag bias toward fainter
SN flux measurements but has the benefit of accounting for
stellar proper motions. These small biases are not corrected for,
but rather are incorporated into the systematic uncertainty
budget as they are subdominant to the total calibration
uncertainties of the systematic error budget described
in B18-SYS.

Millions of tertiary standard star measurements are taken
over the course of DES-SN. Following A13, the uncertainty
used in the stellar photometry fits does not include source
Poisson noise. The 1σ scatter in the recovered stellar

magnitudes (hereafter “repeatability”) is plotted in Figure 2.
For the brightest stars (<17 mag), the photometric uncertainties
after including Poisson noise analytically are 1mmag, but the
observed measurement scatter is >5 mmag (Figure 2) in each
band. This floor, after subtracting out the mean photometric
uncertainty, is added in quadrature to all flux uncertainties.
In order to demonstrate the size of the chromatic corrections

applied to the tertiary standards in the SN fields, we compare
the uncorrected individual exposure (nightly) stellar photo-
metry with the FGCM chromatically corrected stellar catalog
magnitudes (Figure 3). Differences are up to 4mmag over the
color range of the tertiary standards ( g i0.25 2< - < mag).

3.2. Image Model Fitting

As in H08 and A13, SMP uses a time series of image stamps
from the data located at the position of the SN. We assume that
the DECam pixel fluxes can be modeled from a temporally
varying SN flux and a temporally constant galaxy model that is
modeled as a grid of pixels. In order to facilitate model
comparisons to all images simultaneously, all data images are
scaled to a common zero-point of 31.00mag.53 Following H08
and A13, the model is resampled to compare with the data set
and the data are never resampled to avoid correlated noise. A
visual representation of the model is shown in Figure 1. The
“Model” images shown on the right-hand side of Figure 1 are

Figure 1. Visual representation of the SMP process. The model is comprised of a temporally constant galaxy model and a temporally varying SN flux (delta function).
Both the SN and galaxy are convolved with the PSF of each image in Fourier space to produce a model, which can be compared to data.

Figure 2. Solid lines designate 1σ scatter in the recovered stellar magnitude
(repeatability) as a function of stellar catalog magnitude for each DECam band.
Dotted lines designate the mean photometric uncertainties. There is a floor in
the photometric repeatability of ∼6mmag.

53 This ZP of 31.00 is for internal SMP computations only; the ZP in the public
data files is 27.5.
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DES to PS1 and find good agreement (see Section3.1.2, Figure3
of B18).

3.2. Photometry

To measure the SNIa flux for each observation, we employ
a scene modeling photometry (SMP) approach (Brout et al.
2018a) based on previous efforts used in SDSS-II (Holtzman
et al. 2008) and SNLS (Astier et al. 2013). SMP simultaneously
forward models a variable SN flux on top of a temporally
constant host galaxy. We test the precision by analyzing images
that include artificial SNeIa, and find that photometric biases
are limited to <0.3%. Each CCD exposure is calibrated to the
native photometric system of DECam, and zero points are
determined from the standard star catalogs (Section 3.1).

3.3. Spectroscopy: Typing and Redshifts

Spectral classification was performed using both the Super-
Nova IDentification (Blondin & Tonry 2007) and Superfit
(Howell et al. 2005) software, as described in D’Andrea et al.
(2018). All 207 events are spectroscopically classified as
SNeIa. Redshifts are obtained from host-galaxy spectra where
available, because their sharp spectral lines give more accurate
redshifts (σz∼ 5× 10−4; Yuan et al. 2015) than the broad
SNIa spectroscopic features (σz∼ 5× 10−3). While 158 of the
DES-SN events have host galaxy redshifts, the rest have
redshifts from the SNIa spectra. For the low-z sample, we use
the published redshifts with a 250 km s−1 uncertainty from
Scolnic et al. (2018). Peculiar-velocity corrections are com-
puted from Carrick et al. (2015).

3.4. Light Curve Fitting

To measure the SN parameters (m x, ,B 1 �), the light curves
were fit with SNANA78 (Kessler et al. 2009) using the SALT2
model (Guy et al. 2010) and the training parameters from
Betoule et al. (2014).

3.5. Host Galaxy Stellar Masses

For the G hostg term in Equation (4), we first identify the host
galaxy using catalogs from Science Verification DECam
images (Bonnett et al. 2016), and the directional light radius
method (Sullivan et al. 2006; Gupta et al. 2016). Mhost is
derived from fitting galaxy model SEDs to griz broadband
fluxes with ZPEG (Le Borgne & Rocca-Volmerange 2002).
The SEDs are generated with Projet d’Etude des GAlaxies par
Synthese Evolutive (PEGASE; Fioc & Rocca-Volmerange
1997). In the DES-SN subset, 116 out of 207 hosts have
M M10host

10< :. The low-z host galaxy stellar masses are
taken from Scolnic et al. (2018).

3.6. μ-bias Corrections

We use a simulation-based method (Kessler et al. 2018) to
correct for distance biases arising from survey and spectro-
scopic selection efficiencies, and also from the analysis and
light curve fitting. For each SNIa we calculate the bias
correction in Equation (4), bias truem m mD º á - ñ, where áñ is
the average in bins of measured redshift, color, and stretch. The
distance μ is determined by analyzing the simulated data in the
same way as the real data (but with 0biasmD = ), and truem is the

true distance modulus used to generate each simulated event.
The correction increases with redshift, and for individual SNe
Ia it can be as large as 0.4 mag (Section9 of Kessler et al.
2018).
The simulation accurately models DES-SN3YR selection

effects. For each generated event it picks a random redshift,
color, and stretch from known distributions (Perrett et al. 2012;
Scolnic & Kessler 2016). Next, it computes true SNIa
magnitudes at all epochs using the SALT2 SED model,
intrinsic scatter model (Section 3.7), telescope+atmosphere
transmission functions for each filter band, and cosmological
effects such as dimming, redshifting, gravitational lensing, and
galactic extinction. Using the survey cadence and observing
conditions (point-spread function, sky noise, zero-point),
instrumental noise is added. Finally, our simulation models
the efficiencies of DiffImg and spectroscopic confirmation.
The quality of the simulation is illustrated by the good
agreement between the predicted and observed distribution of
many observables including redshift, stretch, and color
(Figures 6 and 7 in Kessler et al. 2018, and Figure5 in B18).

3.7. Intrinsic Scatter Model

We simulate bias corrections with two different models of
intrinsic scatter that span the range of possibilities in current
data samples. First is the “G10” model, based on Guy et al.
(2010), in which the scatter is primarily achromatic. Second is
the “C11” model, based on Chotard et al. (2011), which has
stronger scatter in color. For use in simulations, Kessler et al.
(2013) converted each of these broadband scatter models into
an SED-variation model.

3.8. Generating the Bias-corrected Hubble Diagram

We use the “BEAMS with Bias Corrections” (BBC) method
(Kessler & Scolnic 2017) to fit for {α, β, γ, M0} and to fit for a
weighted-average bias-corrected μ in 18 redshift bins. In
addition to propagating the uncertainty from each term in
Equation (4), the BBC fit adds an empirically determined
μ-uncertainty ( ints ) to each event so that the best-fit

N 12
dofc = . This redshift-binned Hubble diagram is used for

cosmology fitting as described in Section 3.9. Figure 1 shows
the binned Hubble diagram, and also the unbinned Hubble

Figure 1. Hubble diagram for the DES-SN3YR sample. Top: distance modulus
(μ) from BBC fit (black bars, which are used for cosmology fits) and for each
SN (red, orange circles). The dashed gray line shows our best-fit model, while
the green and blue dotted lines show models with no dark energy and matter
densities 0.3mW = and 1.0 respectively. Bottom: residuals to the best-fit
model; 1σ error bars show 68% confidence.

78 https://snana.uchicago.edu
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in w has nearly equal contributions from statistical and
systematic uncertainties, the latter of which is broken into four
groups in Table 1.

The first three systematic groups have nearly equal
contributions: (1) photometry and calibration ( 0.021ws = ),
which includes uncertainties from the DES-SN and low-z
subsets, data used to train the SALT2 light curve model, and
the HST Calspec standard; (2) μ-bias corrections from the
survey ( 0.023ws = ), which includes uncertainties from reject-
ing Hubble residual outliers in the low-z subset, magnitude
versus volume limited selection for low-z, DES-SN spectro-
scopic selection efficiency, and determination of DES-SN flux
uncertainties; and (3) μ-bias corrections from astrophysical
effects ( 0.026ws = ), which includes uncertainties from
intrinsic scatter modeling (G10 versus C11, and two ints ,
parent populations of stretch and color, choice of w and mW in
the simulation, and Galactic extinction. The fourth systematics
group, redshift ( 0.012ws = ), includes a global shift in the
redshift and peculiar velocity corrections.

Finally, the Table 1 systematics marked with a dagger (†)
have not been included in previous analyses, and the combined
uncertainty is 0.024ws = . Most of this new uncertainty is
related to the low-z subset, which is almost 40% of the DES-
SN3YR sample. For previous analyses with a smaller fraction
of low-z events (e.g., Pantheon, JLA) we do not recommend
adding the full 0.024 w-uncertainty to their results.

4.3. Cosmology Results

4.3.1. ΛCDM

Using DES-SN3YR and assuming a flat ΛCDM model, we
find 0.331 0.038mW = . Assuming a ΛCDM model with
curvature ( kW ) added as a free parameter in Equation (3) (e.g.,
see Section3.1 of Davis & Parkinson 2017) we find the
constraints shown in Figure 2 and Table 2 (row 2). Solid
contours show our result with both statistical and systematic
uncertainties included, while dashed contours show the

statistical-only uncertainties for comparison. Figure 2 also
shows that the CMB data provide strong flatness constraints,
consistent with zero curvature; the impact of using this CMB
prior is shown in row3. The impact from adding a BAO prior
is shown in row4, where the evidence ratio R 110= shows
consistency between the SN+CMB and BAO posteriors.

4.3.2. Flat wCDM

For our primary result, we use DES-SN3YR with the
CMB prior and a flat wCDM model ( 0kW = ) and

Table 2
Cosmological Resultsa

Row SN Sample + Prior (ΛCDM) mW WL

1 DES-SN3YRb+flatness 0.331±0.038 0.669±0.038
2 DES-SN3YR 0.332±0.122 0.671±0.163
3 DES-SN3YR+CMBc 0.335±0.042 0.670±0.032
4 DES-SN3YR+CMB+BAOd 0.308±0.007 0.690±0.008

Row SN Sample + Prior (Flat wCDM) mW w

5 DES-SN3YR+CMB R 0.321±0.018 −0.978±0.059
6 DES-SNe+CMB 0.341±0.027 −0.911±0.087
7 DES-SN3YR+CMB+BAO 0.311±0.009 −0.977±0.047
8 DES-SN+CMB+BAO 0.315±0.010 −0.959±0.054
9 CMB+BAO 0.310±0.013 −0.988±0.072

Row SN Sample + Prior (Flat w w CDMa0 ) mW w0 wa

10 DES-SN3YR+CMB+BAOR 0.316±0.011 −0.885±0.114 −0.387±0.430
11 CMB+BAO 0.332±0.022 −0.714±0.232 −0.714±0.692

Notes.
a Samples in bold font are primary results given in the abstract.
b DES-SN3YR: DES-SN + low-z samples.
c CMB: Planck TT + lowP likelihood (Planck Collaboration et al. 2016).
d BAO: SDSS DR12 (Alam et al. 2017); SDSS MGS (Ross et al. 2015); 6dFGS (Beutler et al. 2011).
e DES-SN alone (no low-z).

Figure 2. Constraints on mW WL– for ΛCDM model (68% and 95% confidence
intervals). SN contours are shown with statistical uncertainty only (white
dashed), and with total uncertainty (green shaded). Constraints from CMB
(brown) and DES-SN3YR+CMB combined (red) are also shown.
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find 0.321 0.018mW = and w 0.978 0.059= -
(Table 2, row 5). Our constraint on w is consistent with the
cosmological-constant model for dark energy. The 68% and
95% confidence intervals are given by the red contours in
Figure 3, which also shows the contributions from DES-
SN3YR and CMB. We show two contours for DES-SN3YR,
with and without systematic uncertainties, in order to
demonstrate their impact. In Table 2, row6, we show the
impact of the low-redshift SN sample by removing it; the w-
uncertainty increases by 25% and the constraint lies approxi-
mately 1σ from w=−1.

Next, we consider other combinations of data. Adding a
BAO prior (Beutler et al. 2011; Ross et al. 2015; Alam et al.
2017) in addition to the CMB prior and SN constraints, our
best-fit w-value (Table 2, row 7) is shifted by only 0.006, the
uncertainty is reduced by 20%~ compared to our primary
result, and the evidence ratio between SN+CMB and BAO is
R 81= showing consistency among the data sets. If we remove
the low-z SN subset (row 8), the w-uncertainty increases by
only ∼8%. Furthermore, we remove the SN sample entirely
and find that the w-uncertainty increases by nearly
50% (row 9).

4.3.3. Flat w0waCDM

Our last test is for w evolution using the w wa0 CDM model,
where w=w0+wa(1−a) and a=(1+ z)−1. Combining
probes from SNe, CMB, and BAO, we find results (Table 2,
row 10) that are consistent with a cosmological constant
(w w, 1, 0a0 = - ) and a figure of merit (Albrecht et al. 2006)
of 45.5. Removing the SN sample increases the w0 and wa

uncertainties by a factor of 2 and 1.5, respectively (row 11).

4.4. Comparison to Other SNIa Surveys/Analyses

The DES-SN3YR result has competitive constraining power
given the sample size ( 0.059w,tots = with 329 total SNeIa),
even after taking into account additional sources of systematic
uncertainty. While our DES-SN3YR sample is less than one-
third of the size of the Pantheon sample (PS1+SNLS+SDSS
+low-z+HST, 0.041w,tots = ), our low-z subset is 70% the size
of Pantheon’s low-z subset, and we included five additional
sources of systematic uncertainty, our improvements
(Section 1) result in a w-uncertainty that is only ×1.4 larger.

5. Discussion and Conclusion

We have presented the first cosmological results from
the DES-SN program: 0.321 0.018mW = and w =

0.978 0.059- for a flat wCDM model after combining with
CMB constraints. These results are consistent with a
cosmological constant model and demonstrate the high
constraining power (per SN) of the DES-SN sample. DES-
SN3YR data products used in this analysis are publicly
available at https://des.ncsa.illinois.edu/releases/sn. These
products include filter transmissions, redshifts, light curves,
host masses, light curve fit parameters, Hubble Diagram, bias
corrections, covariance matrix, MC chains, and code releases.
We have utilized the spectroscopically confirmed SNIa

sample from the first three years of DES-SN as well as a low-
redshift sample. This 3-year sample contains ∼10% of the
SNeIa discovered by DES-SN over the full five-year survey.
Many of the techniques established in this analysis will form
the basis of upcoming analyses on the much larger five-year
photometrically identified sample.
To benefit from the increased statistics in the five-year sample

it will be critical to reduce systematic uncertainties. We are
working to improve calibration with a large sample of DA white
dwarf observations, including two HST Calspec standards. Other
improvements to systematics are discussed in Section7.2
of B18. We are optimistic that our systematic uncertainties can
remain at the level of our statistical uncertainties for the five-year
analysis. This progress in understanding systematics will be
critical for making new, exciting measurements of dark energy
and for paving the way toward Stage-IV dark energy
experiments like the Large Synoptic Survey Telescope and the
Wide Field Infrared Survey Telescope.
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Figure 3. Constraints on mW –w for the flat wCDM model (68% and 95%
confidence intervals). SN contours are shown with only statistical uncertainty
(white dashed) and with total uncertainty (green shaded). Constraints from
CMB (brown) and DES-SN3YR+CMB combined (red) are also shown.
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w0 = -1.007 +/- 0.089 
wa = -0.222 +/- 0.407

w0 = -0.885 +/- 0.114 
wa = -0.387 +/- 0.430 329 DESY3

1048 Pantheon

(Brout et al. 2018a, 2018b; D’Andrea et al. 2018; 
Kessler et al. 2018, Lasker et al. 2018; 

Macaulay et al. 2018; Smith et al. 2019)



DES 5-Year photometric SN Ia

2 types of contamination 

- non SN Ia (~3%) 
- misidentified host galaxies (~3%) 

Preliminary


