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Abstract

Wavelength-dependent atmospheric effects impact photometric supernova flux measurements for ground-based
observations. We present corrections on supernova flux measurements from the Dark Energy Survey Supernova
Program’s 5YR sample (DES-SN5YR) for differential chromatic refraction (DCR) and wavelength-dependent
seeing, and we show their impact on the cosmological parameters w and §2,,. We use g — i colors of Type Ia
supernovae to quantify astrometric offsets caused by DCR and simulate point-spread functions (PSFs) using the
GalSIM package to predict the shapes of the PSFs with DCR and wavelength-dependent seeing. We calculate the
magnitude corrections and apply them to the magnitudes computed by the DES-SN5YR photometric pipeline. We
find that for the DES-SN5YR analysis, not accounting for the astrometric offsets and changes in the PSF shape
cause an average bias of +0.2 mmag and —0.3 mmag, respectively, with standard deviations of 0.7 mmag and
2.7 mmag across all DES observing bands (griz) throughout all redshifts. When the DCR and seeing effects are not
accounted for, we find that w and €2,, are lower by less than 0.004 + 0.02 and 0.001 + 0.01, respectively, with 0.02
and 0.01 being the 1o statistical uncertainties. Although we find that these biases do not limit the constraints of the
DES-SN5YR sample, future surveys with much higher statistics, lower systematics, and especially those that
observe in the u band will require these corrections as wavelength-dependent atmospheric effects are larger at
shorter wavelengths. We also discuss limitations of our method and how they can be better accounted for in future
surveys.

Unified Astronomy Thesaurus concepts: Type Ia supernovae (1728); Photometry (1234); Atmospheric effects

Lee et al.

(113); Cosmology (343)

1. Introduction

Type Ia supernovae (SNe Ia) were used in the groundbreak-
ing discovery of the accelerating expansion of the universe
(Riess et al. 1998; Perlmutter et al. 1999). Ever since, SN Ia
flux measurements have become increasingly precise, with
current measurements at the 1% level with PanSTARRS/
Pantheon (Scolnic et al. 2018), Pantheon+ (Scolnic et al.
2022), and the Dark Energy Survey (Brout et al. 2019; Smith
et al. 2020). Accurate photometry is of fundamental importance
in SN cosmology since cosmological parameters are sensitive
to the brightness of SNe. In particular, SNe at different
redshifts are observed by different bandpasses as their spectra
are redshifted, meaning that flux calibrations must be consistent
across the bands. As such, it is important to incorporate
accurate flux calibrations into the analysis pipeline and quantify
the associated uncertainties. As sample sizes grow and other
sources of systematic errors become smaller, calibration
uncertainties become more and more important as statistical
errors become subdominant.

In this work, we focus on wavelength-dependent (\-
dependent from hereon) atmospheric effects like differential
chromatic refraction (DCR) and seeing effects, which bias
point-spread-function (PSF) photometry flux measurements.
We quantify how much these effects impact the Dark Energy
Survey Supernova sample (DES-SN5YR), which is the sample
of photometrically selected SNe Ia (~1600) used for the final
cosmological analysis (M. Vincenzi et al. 2023, in preparation)
from DES. Chromatic corrections considering variations of the
wavelength-dependent transmission function depending on (1)
the atmospheric variability (changes in the water vapor content)
and (2) instrumental variations (depending on the location on
the focal plane), have been applied in the DES-SN3YR analysis
(Lasker et al. 2019), but these are unrelated to the \-dependent
atmospheric corrections we present here, which do not affect
the transmission.

Other A-dependent effects in the telescope optics and
detector are subdominant for the DES-SNSYR analysis, as
we will elaborate in Section 3.1. The largest optics effect is due
to refraction in the lenses, which shifts sources in different
bands by different amounts particularly near the boundaries of

the focal plane. Such color-dependent radial displacements
(also known as lateral color) are shown to be around
0”050 mag ™" and 0”005 mag™' in the g and r bands in g — i
magnitudes, respectively, near the edges of the focal plane as
described in Bernstein et al. (2017). Additional effects such as
concentric ring-like features as well as brightening near the
edges of a CCD caused by stray electrons in the detector,
contamination of the dome flat (an image of the dome screen to
measure the relative response of pixels across the CCD array)
by stray light, color response patterns, and atmospheric
extinction are modeled and removed by the DECam photo-
metric model at the mmag level (Bernstein et al. 2018).

A-dependent atmospheric effects have been investigated
in the context of weak gravitational lensing (Plazas &
Bernstein 2012; Meyers & Burchat 2015), and it was found
that shape measurements can be substantially biased when these
effects are not considered. DCR effects on quasar photometry
have also been explored by Kaczmarczik et al. (2009). They
describe how DCR and measurements of astrometric offsets can,
in fact, be used for improving photometric redshifts of quasars.
While these effects have not yet been incorporated into any
published work, the DES Y6 weak-lensing analysis will include
A-dependent effects in the PSF, and weak-lensing analysis in the
Vera C. Rubin Observatory Legacy Survey of Space and Time
(LSST) is projected to be affected substantially (Carlsten et al.
2018).

While cosmology using weak-lensing and SN Ia use
different measurements (shapes and flux respectively) as
probes, it is a worthwhile endeavor to quantify the impact
due to A-dependent effects, especially before the onset of next-
generation ground-based surveys like LSST (Ivezi¢ et al.
2019).

We classify A-dependent atmospheric effects into two
subcategories: DCR (differential chromatic refraction) and A-
dependent seeing.

1. Effect 1. DCR is caused by the index of refraction being
A-dependent, which is about 1.000281 at 450 nm and
1.000276 at 650 nm (Ciddor 1996) within our atmosphere
(independent of turbulence), which causes light with
relatively shorter wavelengths to be refracted more than


http://astrothesaurus.org/uat/1728
http://astrothesaurus.org/uat/1234
http://astrothesaurus.org/uat/113
http://astrothesaurus.org/uat/113
http://astrothesaurus.org/uat/343

THE ASTRONOMICAL JOURNAL, 165:222 (12pp), 2023 June

Effect #1: DCR
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Effect #2: A-dependent seeing

‘ ’ !

Figure 1. Top: a schematic figure showing the effects of DCR as light travels
through the Earth’s atmosphere; shorter wavelengths are refracted more by the
atmosphere, which means that a blue star appears to be higher up in the sky
than a red star located at the same position in space. R4s0nm and Resonm denote
the amount of refraction by our atmosphere at an AM of 1.4 for 450 and
650 nm light respectively. Bottom: relative PSF sizes as seen in each of the 4
DES filters (griz); PSF sizes increase due to atmospheric turbulence as the
wavelength of the filter decreases due to atmospheric effects.

longer wavelengths. As shown in the top panel of
Figure 1, a blue star would appear higher in the sky to an
observer compared to a red star at the same position in
space. DCR effects are larger at higher air mass (AM).
The AM of a given spot on the sky depends on its
coordinates and the hour angle (HA) at which it is
observed (or more simply, just its zenith angle). At an
AM of about 1.4, light at 450 nm gets refracted about 0”9
more than light at 650nm by our atmosphere as
calculated using Equation (4) of Filippenko (1982).
Figure 2 shows the distribution of AM for each SN Ia
observation in the four DES 5YR supernova fields (C, E,
S, X; Smith et al. 2020). While most of the observations
were taken at AM < 1.2, there are also a substantial
number of observations at AM > 1.2. More details on the
AM and HA and the celestial coordinate system are given
in Appendix A. Because the SN, host galaxy, and stars
that are used to determine the PSF all have different
spectral energy distributions (SEDs), they are all refracted
by different amounts in the atmosphere.

. Effect 2. \-dependent seeing is caused by variations in
the atmospheric refractive index due to atmospheric

Relative Frequency
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Figure 2. Distribution of air mass (AM) in the four DES SN observation fields
(C,E, S, X). The C, E, S and X fields comprise roughly 32.1%, 22.2%, 16.3%,
and 29.4% of the SN observations, respectively.
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Figure 3. Distribution of PSF FWHM s in the 4 DES bands (griz). A-dependent
seeing effects cause the PSF size to increase at shorter wavelengths.

turbulence. The size of the atmospheric convolution
kernel (PSF kernel 6) is taken to have a 6oc \“
dependency, where o = —0.2, predicted by a Kolmo-
gorov turbulence spectrum, is typically used (Meyers &
Burchat 2015). Note that the PSF size is also a function of
air mass (0 x AM®®). In short, a star would appear larger
in a shorter-wavelength filter (1 or g band) compared to a
longer-wavelength filter (iz) as shown in the bottom panel
of Figure 1. Figure 3 shows the distribution of PSF full
width at half maximum (FWHM) in the four DES bands
(griz) for the stars observed during the 5 yr of DES
observations. It is evident that the average PSF sizes
increase at shorter-wavelength filters.
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Table 1
A Summary of How A-dependent Effects Impact DES-SN5YR Photometry®
Effects  Description
DCR effects
A. The mismatch between the global SN coordinate and the SN coordinates in each of the observations causes an underestimation of the SN flux (COORD)

The shape of the PSF constructed from stars is different from the SN PSF because the average star color is different from the SN. This causes another bias in

the SN flux measurement (SHAPE-DCR)

C. The host galaxy position and shape are also shifted by different amounts relative to the SN depending on the AM and its SED. Using an AM independent
galaxy model will also potentially cause a bias and additional scatter in the flux measurements (CONSTANT GALAXY, not considered in this paper)

A-dependent seeing effects

D. The 6 o A~ dependency further affects the widths of the reference star PSFs and SN PSFs differently, as they usually have different colors, causing yet
another bias. The centroids of the reference star and SN PSFs remain unchanged (SHAPE-SEEING)

Note.

% In the DES-SN5YR analysis, we implement corrections for A (COORD) and B+D (SHAPE).

This paper is as organized as follows. In Section 2, we
describe the scene modeling photometry (SMP; Holtzman et al.
2008; Astier et al. 2013; Brout et al. 2019) approach used in the
DES 5YR analysis and how A-dependent effects induce biases
in the SN Ia flux measurements using SMP. We discuss the
various methods used to calculate the flux bias in Section 3.
Then, we present the flux corrections needed in the DES 5YR
analysis to account for the A-dependent effects in Section 4. We
describe the impact of the flux corrections on cosmological
parameters in Section 5. Lastly, we end with a discussion and
conclusion touching on our limitations in Section 6.

2. SMP and Chromatic Bias on PSF Flux Measurements

The scene modeling approach is used in the DES-SN5SYR
analysis to model a variable transient SN flux and a temporally
constant host galaxy (Brout et al. 2019). Here, we briefly
outline the scene modeling approach and how DCR and \-
dependent seeing can cause errors in the flux calculations with
SMP. For a more comprehensive review on the SMP approach,
see Brout et al. (2019).

2.1. Scene Modeling Photometry

SMP begins with search images processed in the initial
stages of the difference-imaging (Kessler et al. 2015) pipeline.
The images are put on a common astrometric solution
(Morganson et al. 2018) and focal plane position-dependent
PSFs are created using psfex (Bertin 2011). Additionally, the
PSFs are constructed from the bright stars on each CCD.
Photometric zero-points are obtained from PSF photometry of
tertiary stars and the images are scaled to a common zero-point.
SMP uses an MCMC to simultaneously solve for the static
coordinates of the point-like SN and its time-variable fluxes
plus the pixelated galaxy model and their uncertainties.

While the proper motions of stars are considered, SNe are
assumed to be “fixed” in R.A. and decl. The fit is run separately
in each band, so the SNe are allowed to have different
coordinates in each of the four bands. Hence, some of the
differences in coordinates across the four bands resulting from
A-dependent effects are accounted for, but A-dependent effects
within each band across different observations are not. The SN
position can be determined at a subpixel level.

The host galaxy is also assumed to be stationary and modeled
to be independent of the AM and atmospheric turbulence.

2.2. N-dependent Bias in DES 5YR Flux Measurements

Since SMP utilizes PSF photometry, a PSF that is misaligned
from the SN or has a different shape from the SN causes a bias
in the flux calculation. This is evident in Equation (1), where F;
is the flux of the SN in each pixel i, p; is the value of the PSF in
each pixel (we take >_;p; = 1), and the supernova flux Fgy is
given by

ZiF;'Pi
P

because Fgy is a sum of F;, with p; acting as weights, and even
minor shifts in the p; centroid can bias Fgy.

Hence, PSF flux measurements can be chromatically biased
when using SMP in the ways shown in Table 1.

For the DES 5YR analysis, we calculate and implement
corrections for A. COORD, as well as for B. SHAPE-DCR and
D. SHAPE-SEEING (the combined effect of the two denoted
as SHAPE from hereon) effects. Although the origins of B.
SHAPE-DCR and D. SHAPE-SEEING are different (differ-
ential refraction in the atmosphere and atmospheric turbulence
respectively), they both result from the PSF shapes being
distorted, which is why we chose to combine the two effects
into one category. “A-dependent effects” refers to the
combination of A, B, and D.

Preliminary investigation shows that the CONSTANT
GALAXY effect does not cause an overall bias on the SN
flux measurements, but does cause an additional scatter, which
we believe can be attributed to the relative galaxy position and
shape causing both flux underpredictions and overpredictions
of the SNe. This may explain at least some of the additional
scatter seen in SN flux measurements with bright host galaxies
(surface brightness anomaly; Brout et al. 2019), but further
analysis of the CONSTANT GALAXY effect is beyond the
scope of this paper especially since we do not expect an
overall bias.

In Figure 4, we show the resulting magnitude offset in
mmags depending on the astrometric offset for the COORD
bias and the offset depending on the PSF FWHM difference for
the SHAPE bias for the Gaussian and Moffat (with 3=73 as
typically assumed) profiles (Moffat 1969) to illustrate the
potential scale of the A-dependent effects. The (2D) Gaussian
profile is described by Igaussian () e~"*/29* while the Moffat
is described by v () o< (1 4+ (r/70)?)~?, where I(r) is the

ey

Fsn =
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Figure 4. Magnitude offset vs. astrometric offset in multiples of PSF FWHM, which shows the impact of the COORD effect (left) and magnitude offset vs. PSF size
difference in multiples of PSF FWHM, which shows the impact of the SHAPE effect (right); an astrometric offset amounting to 10% of the PSF’s FHWM results in
about 15 mmag and 12 mmag biases for the Gaussian and Moffat profiles respectively while a 3% misestimation of the PSF FWHM can result in about 30 mmag

biases for both the Gaussian and Moffat.

flux, r the distance from the center of the profile, o the width of
the 2D Gaussian, and r, the scale radius of the Moffat. Note
when 3 — oo, the Moffat profile becomes a Gaussian. It can be
seen that an astrometric offset that amounts to 10% of the
PSF’s FWHM results in about 15 mmag and 12 mmag biases
for the Gaussian and Moffat profiles, respectively, while an
over- or underestimation of the PSF FWHM by 3% can result
in about 30 mmag biases for both the Gaussian and Moffat.

3. Methods

In this section, we describe how the COORD and SHAPE
effects are calculated and implemented into the DES 5YR
analysis as corrections to the SMP photometry. We use the
model g —i magnitudes of the ~1600 DES candidates with
SALT?2 (Guy et al. 2007) fits to the SMP light curves as proxies
for the SN SEDs. The fits use forced photometry and the
SALT?2 model is as trained in Taylor et al. (2023). Although the
DES-SN 5YR cosmological analysis is done with SALT3
(Kenworthy et al. 2021), the g —i magnitude differences
between SALT2 and SALT3 are minimal (less than 0.003 as
shown in Taylor et al. 2023), so we do not expect a noticeable
difference. Additionally, we need to use the model g —i
magnitudes of the SNe without the A-dependent effects to
calculate the A-dependent effects to be precise, but we use the
SALT?2 fits from observed (and hence including A-dependent
effects) SMP light curves. The resulting bias is minimal since
the A-dependent shifts are smaller than the flux uncertainty. We
do not provide COORD and SHAPE corrections for SN if the
g — i magnitude is not available, at the high redshifts where the
SN is not detected in the g band (roughly 20% of observations).

For the PSF shapes, we use a Moffat profile, which captures
the wings of a PSF better than a Gaussian profile, with 5 =3
before A-dependent effects. We confirmed that the Moffat
profile is a much better fit to the psfex PSF than the Gaussian
by fitting both profiles to the psfex PSF and calculating the x>
of the fits. We also found that the Moffat profile describes the
PSF accurately enough for our purposes.

3.1. COORD—A Data-based Approach

For the COORD effect, we determine the relative astrometric
offset of the SN from the mean coordinates in each exposure
determined by the calibration stars. To compute these relative
offsets, we first determine the expected offsets in each exposure
by measuring the astrometric offsets of stars on the image
relative to the catalog coordinates. These are shown in Figure 5
for AM =1.09, 1.30, 1.85. We fit a linear function to the
median offset as a function of color per exposure and tabulate
the slope and intercept. The magnitude of the slope increases
with increasing AM as expected. The x-intercept occurs at
g —i=1.666, 1.430, 1.520, 1.561 for C, E, S, X fields,
respectively, which corresponds to the average color of the
catalog stars and therefore experience zero astrometric shift.
Bluer (redder) stars are shifted toward (away from) zenith. Our
observations show no significant shifts in the azimuthal
direction as expected. A detailed calculation of the astrometric
offsets is given in Appendix B.

For each SN in each band, we first calculate the DCR
coordinate shifts relative to its fiducial coordinate. Using these
shifts, we calculate the mean (global) coordinate of the SN by
weighting by the (S/N)* of the observations. We then compute
the relative offsets for each of the observations by subtracting
out this mean coordinate. These relative offsets are finally used
to predict the corresponding photometric corrections (COORD)
using the results described in Section 2.2 and shown in
Figure 4. Hence, the photometric correction for each observa-
tion depends on the slope (AM) and x-intercept of each
exposure (Figure 5).

Although the COORD effect can be calculated using the
simulation-based approach described in Section 3.2, we chose
the data-based approach because we can directly measure the
offset of an SN relative to the mean (global) coordinate
accurately and choosing a reference star spectrum of the PSF
for the SHAPE effect requires an approximation as described in
Section 3.2.2. We calculated the COORD offsets with respect
to the mean coordinate using both the data-based approach and
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Figure 5. Observed astrometric offsets of field stars as a function of their g — i
color of three g-band exposures taken at different AM values. The black points
represent the binned median while the line is the linear best fit with slope m and
y-intercept b.

the simulation-based approach and found that the two methods
are consistent.

Color-dependent radial displacements mentioned in
Section 1 result in a similar bias to the COORD effect since
the SN positions will shift particularly near the edges of the
focal plane depending on their g — i colors. DES-SN observa-
tions have very small dithers, so each SN is detected at almost
exactly the same location on the focal plane. However, since
the g —i magnitude of a given SN changes by 1.5-2 mag
throughout its evolution for 0.0 < z < 1.0, the radial displace-
ments around the edges can be up to 0”1 in the g band. We
quantified this effect and found that the size of this bias is, at
worst, similar to the bias caused by positional shifts in the SN
due to A-dependent effects, but much smaller than the bias
caused by shape distortions in the SN due to A-dependent
effects.

3.2. SHAPE—A Simulation-based Approach

Unlike the data-based method adopted to compute the
COORD effect corrections, we use image simulations to model
the SHAPE effect and calculate the amount of flux bias caused
by the SHAPE effect, since it is not viable to calculate such
complicated shape distortions analytically. We summarize this
procedure below.
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1. We generate pixelated images (with the pixel size being
around 07263 as with DECam) of the SN and reference
star PSF, for various AMs, FWHMs, using GalSIM,
which includes both DCR and A-dependent seeing
effects. The g — i color is varied for the SN, while the
reference star’s color is fixed so that no DCR shift occurs
on average.

2. We then use the simulated reference star PSF to measure
the SN flux and calculate the flux bias depending on the
AM, FWHM, and g — i color of the SN. The results are
appended to a look-up table which contains four columns:
AM, FWHM, g — i color, and the flux bias.

3. To calculate the magnitude correction needed for a SN,
we take the AM, FWHM, and g — i color of the observed
SN, perform a 3D interpolation using the table described
above, then convert the flux bias into magnitude
corrections.

For the SHAPE effect, we only consider the g and » bands as
we expect the effect to be negligible in i and z. In the
subsequent subsections, we describe the important details in
our method.

3.2.1. GalSIM

We use the GalSIM*” (Rowe et al. 2015) python package to
predict the fractional change of the PSF FWHM based on the
g — i color of the SN compared to the average PSF determined
from the stars. We first define a stellar or SN profile, which are
taken to be O-functions (point sources). They are then
convolved with a realistic PSF model that includes the
atmospheric seeing properties such as DCR and A-dependent
seeing. We next input World Coordinate System information to
the image headers. Lastly, PSF photometry is performed using
the DES filter response functions. Since GalSIM requires the
SED of a profile to calculate the A\-dependent effects, we use
stellar SEDs of main-sequence stars given in Pickles (1998)48
as proxies for g — i colors of SN and reference star PSFs. For
sanity checks, we use the SN template given in Hsiao et al.
(2007).*° In Section 6, we discuss the limitations of using g — i
colors of stars rather than full SN SEDs.

Figure 6 shows the predicted PSF FWHM values using
GalSIM as a function of the g —i magnitude. Bluer g —i
magnitudes (smaller) should result in larger FHWMs, as shown
in Figure 3. The slope of this relation matches the average PSF
size measurement from PIFF,50 which is the state-of-the-art
package developed for DES PSF measurements. PIFF’s slope
varies considerably depending on the CCD, which reflects the
telescope’s optical properties. While we do not use PIFF-
generated PSFs to calculate the SHAPE effect, GalSIM’s slope
is consistent with the PIFF-generated PSFs on average, which
validates our approach.

3.2.2. Effective Wavelength

To use GalSIM to calculate the DCR shifts and A-dependent
seeing effects, we choose a reference wavelength and compute
DCR effects relative to that wavelength. We do this because the

4 https: //galsim-developers.github.io/GalSim/_build /html /index.html

48 https: //www.eso.org/sci/facilities /paranal /decommissioned /isaac/tools/
lib.html

* hup: //astrophysics.physics.fsu.edu/~hsiao/data/

%0 http: //rmjarvis.github.io/Piff/_build /html/index.html
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Figure 6. PSF FWHM vs. g — i magnitude using GalSIM and PIFF for one
exposure; the slope varies between different CCDs for PIFF, so the average

over all the CCDs are shown here. GalSIM’s predictions are comparable to this
average slope.

data are treated in a similar way where the initial astrometric
solution and PSFs are constructed from field stars that span a
wide range in colors. As such, they are correct for the average-
color stars only. To determine the reference wavelength, we
choose the star with g —i color that exhibits zero DCR
coordinate shift (the x-intercept in Figure 5) as the reference
star. The average color of stars differs slightly from field to
field, as given in Section 3.1. We adopt the average x-intercept
across all SN fields, which occurs at g —i=1.54, corresp-
onding to a K5V star. In practice, PSFs are built using all the
stars in each exposure, so assuming a particular value of g — i
magnitude is correct on average, but still an approximation.
Using this approximation results in a very small bias at less
than the 1 mmag level, which is small enough to be ignored.
Once a reference star is chosen, we calculate the effective
wavelength using the reference star SED for a given filter using
the expression

f()” AS(V)F (\)dA

, 2
fOOCS(A)F()\)dA @

Aeff =

where S() is the flux of the star at a given A while F()) is the
filter function. For the DES g band and r band for which the
SHAPE corrections are calculated, M. is 490.8 nm and
643.2 nm, respectively. We then use GalSIM to compute all
DCR effects relative to this star.

3.2.3. Look-up Table

To calculate the SHAPE corrections, we first use GalSIM to
generate SNe and reference star PSFs for a range of AM
(1.0-2.5), PSF FWHMs (0”8-1”5), and g —i magnitudes
(—1.0-4.0), which covers the range of observing conditions
and colors of SNe in the DES 5YR data. We then calculate the
magnitude offset for each set of parameters by centering the
PSF onto the SN and measuring the PSF flux, to consider only
the SHAPE effect. We next create look-up tables for the g and r
bands with magnitude corrections on a grid of AM, PSF
FWHMs, and g —i values. For each SN observation with a
valid g — i magnitude, we then use grid interpolation (scipy’s
RegularGridInterpolator) to obtain the magnitude
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Figure 7. Magnitude corrections histogram for the COORD effect; corrections
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correction. We note that the PSF FWHM changes due to the
SHAPE effect and the FWHM values used in the look-up table
are acquired by fitting Moffat profiles after the SHAPE effect is
induced. Although the stellar FWHM values of DES exposures
can be as large as 2”5, the SHAPE bias decreases as the PSF
FHWMSs increase and plateaus around FWHM = 1”5,

4. Corrections

In this section, we show the amount of magnitude
corrections (MAGCOR) needed for the DES-SN5YR observa-
tions due to A-dependent atmospheric effects. The magnitude
corrections are added to the original magnitudes (oLp)
calculated without A-dependent effects to obtain the corrected
magnitudes (mngw)-

MNEW = MoLD + MAGCOR. (3)

4.1. COORD Corrections

For the COORD effect, we provide magnitude corrections
for griz bands for SN candidates with valid g and i magnitudes.
In Figure 7, we see that the magnitude corrections are always
negative as the flux is always underestimated.

The corrections are, on average, larger for the g band as it
has the shortest wavelength. Taking the absolute value of these
corrections, approximately 0.1% of the g band COORD
corrections are larger in magnitude than 0.01 mag, while
1.3% are larger than 0.005 mag. For the r, i, and z bands, this
effect is smaller with less than 0.03% greater than 0.005 mag
and less than 0.01% greater than 0.01 mag.

4.2. SHAPE Corrections

For the SHAPE effect, we provide magnitude corrections for
the g and r bands only, as we expect the effect to be negligible
for the i and z bands. In Figure 8, we see that the magnitude
corrections can be both positive and negative (flux over-
estimated and underestimated, respectively) depending on
whether the SN is bluer or redder than the PSF reference star.
The corrections required are noticeably larger for the g band.
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Figure 9. Magnitude corrections histogram for both COORD and SHAPE
effects; the mean corrections required are about 3 mmag and —2 mmag for the
SHAPE and COORD effects, respectively, with the mean of the total
corrections needed being about 1 mmag.

About 1.2% of the g and r-band corrections are larger than 0.01
mag, while 7.1% are larger than 0.005 mag.

Figure 9 shows the corrections for the COORD, SHAPE, and
both effects combined. The mean corrections required are about
3 mmag for the SHAPE effect and —2 mmag for the COORD
effect, meaning that the mean correction is about 1 mmag when
both effects are combined.

Finally, in Figures 10 and 11 we show the dependency of the
magnitude corrections on the redshift and the rest-frame epoch
of the SNe, unbinned and binned. While Figure 10 shows quite
a few values where [IMAGCOR| > 0.005 (Figure 11) showing
the mean values and errors in the mean, shows that the scatter is
small except at the lowest and highest redshifts. For the
SHAPE effect, the magnitude corrections increase as the SNe
are redshifted, and between z = 0.4 and 0.5, where the average
SN color is similar to the PSF reference star, the average
magnitude correction is zero. We also see a trend for the
magnitude corrections as a function of the rest-frame epoch—
as the SNe becomes bluer then redder throughout its evolution,
the magnitude corrections decrease then increase.
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5. Impact on Cosmology

In this section, we discuss the impact of the A-dependent
atmospheric corrections on the DES S5YR cosmological
analysis.

5.1. Distance Modulus

In this section, we discuss the effect of incorporating the
COORD and SHAPE corrections into the DES 5YR analysis
on the distance modulus y, which is given by:

W= mp+ ax — 6C + My + '}/Ghost + A/Lbias “)

where mp = —2.51log(xo) describes the amplitude, x; the light
curve width, and C the color. o and 3 describe how the SN
luminosity is related to the light curve width and color, respectively,
while ~y describes the dependence on host-galaxy stellar mass, with
Ghost = +1/2 (—1/2) if Myoy > 10"M, < 10" M_). Apiins is a
correction for selection biases determined from simulations. In the
DES-SN5YR cosmological analysis, a set of griz light curves are fit
for each SN to determine x, x; and C (Abbott et al. 2019). Since
magnitude corrections only affect the light curve parameters
(mp, axy, and BC), we define pseudogs (blinded 1) using:

Apseudou = (mp + ox; — BC)With Corrections

_ (mB + ax — BC)Without Corrections (5)

where mpg, x; and C are blinded values. Here, Apseudop with
corrections are obtained using SALT2 parameters refit after
applying the A-dependent atmospheric corrections. We use
a=0.146 and $=3.03 as given in the DES-SN3YR analysis
(Abbott et al. 2019).

Figure 12 shows Apseudop versus redshift for COORD,
SHAPE, and all A-dependent effects (COORD + SHAPE). As
expected from Figure 9, magnitude corrections from the
COORD effect have a much smaller effect than SHAPE
corrections. However, we include both the SHAPE and
COORD effects (ALL ) when we discuss cosmological
impacts for completeness. A-dependent effects shift the average
pseudoy by about 1-2mmag at 0.2<z<04 and -2 to
—1 mmag at 0.6 < z < 0.7 as the magnitude corrections for the
SHAPE effect reverse from negative to positive. The
Apseudogs values above z > 0.7 approach zero because the
majority of those SNe are not detected in the g band. Since we
do not have reliable g —i colors, we do not compute their
magnitude corrections in riz, which are small compared to the g
band corrections. We also show in comparison the effect of a
Aw = =£0.005 shift on Apseudoy for a fiducial ACDM
cosmology where ©,,=0.3, Q) =0.7, Hy=70kms ' Mpc,
and w=—1.

5.2. Cosmology

We run the cosmological analysis on the (blinded) DES-
SN5YR data with and without A-dependent effects. Our results
show that w and (), increase by less than 0.004 and 0.001,
respectively, while the 1-o statistical uncertainties are 0.02 and
0.01 respectively. We also note that A-dependent effects were
not incorporated into the low-z and Foundation supernova
samples, as well as at high redshifts (z>0.7) where g —i
magnitudes are not provided, when running this analysis. Not
incorporating magnitude corrections due to A-dependent effects
throughout all redshifts likely underpredict the change in w and
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redshifted, with flux being underestimated at z < 0.4 and overestimated at z > 0.5 due to the SHAPE effect. On the right, we also see a trend for the SHAPE effect

with SNe epoch, as the SEDs of SNe change throughout its evolution.
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Q... This is evident in Figure 12, where the slope of the ALL A
dependent effects curve has a steeper negative slope than the
Aw =+ 0.005 case. Since a change in slope versus redshift for
the distance modulus translates to a change in w and €, we
can expect the cosmological impact to be larger than
Aw=+40.005 if corrections for A-dependent effects are
applied throughout all redshifts in the DES-SN5YR data,
especially at the low redshifts that anchor the distance ladder.
Further cosmological analysis including only SNe at z < 0.7,
where the g — i magnitudes exist, does not show significant
changes in the w and (), shifts, although this also reduces the
constraints on these cosmological parameters. Nonetheless, we
conclude that for the DES-SNSYR analysis, A-dependent
atmospheric effects are negligible compared to the statistical
uncertainties.

6. Discussion and Conclusion

In this paper, we discussed a postprocessing pipeline for
incorporating A-dependent atmospheric effects on SN flux
photometry for the DES-SN5YR photometry. We divided the
effects into COORD and SHAPE, which are biases caused by
the shift of the reference star PSF position from the SN position

and the differences in the shapes between the PSF and the SN
respectively due to DCR and A-dependent seeing. For the
COORD effect, we used astrometric calculations based on the
data, while for the SHAPE effect, we used image simulations
using GalSIM. We found that the magnitude corrections
required are —0.2 mmag and +0.3 mmag on average for the
COORD and SHAPE effects, but roughly 0.1% and 1% of our
measurements are larger than +10 mmag for each of the
effects. The impact of A-dependent effects on the distance
modulus pseudop were predicted to be smaller than 0.001 for
the COORD corrections, while they range from 0.002 to
—0.002 for the SHAPE corrections depending on the redshift of
the SN Ia. This amounted to shifts in w and (2, less than 0.004
and 0.001, respectively, for either effects, which are much
smaller than the projected 1o uncertainties on the data of 0.02
and 0.01, respectively. We conclude that A-dependent atmo-
spheric effects are not large enough to impact the DES-SN5YR
analysis.

However, future observations like LSST will have much
more stringent uncertainty requirements compared to DES, and
some are expected to observe in the u band, where A-dependent
effects are much larger. In this sense, this current work
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Figure 12. (Blinded) distance modulus differences (with corrections — without corrections) due to A-dependent effects; A\-dependent effects (ALL \) shift pseudoy by
about 1 to 2 mmag at z between 0.2 and 0.4, and by about —2 to —1 mmag at z between 0.6 and 0.7 as the magnitude corrections for the SHAPE effect reverse from
negative to positive. A shift of w by +0.005 cause Apseudop to shift by 30.0007 to F0.002. At z > 0.7, we do not provide corrections due to the lack of g

magnitudes in that regime.

provides a framework for quantifying A-dependent effects in
future work, and perhaps incorporating these effects before
running SMP.

There are, however, some limitations to our approach
discussed in this paper. First, the g — i magnitude may not be
the best proxy for the SED of SNe. More precise DCR
calculations will require using the full SED of the SN. Second,
interpolating from a look-up table for the SHAPE effect may
have resulted in some errors. A way to mitigate this would be
to evaluate the SHAPE effect at the actual observed properties
of the SN. Lastly, our corrections were derived by averaging
over all CCDs in the exposure ignoring all focal-plane
dependence on the PSF shape and astrometric solution. A
more careful treatment should account for all of these effects to
perform precise distance measurements with SN photometry.
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Appendix A
Hour Angle and Air Mass

In this section, we provide more details on the quantities
relevant to DCR.

The AM depends on the position the telescope is pointing at
for a given observation and its value is usually defined to be 1.0
at the zenith. While AM is simply a function of the zenith angle
(zenith to object, or the complement of altitude), we describe it
in terms of the hour angle (HA) of the object in the sky as it is
relevant in understanding our DCR calculations.

Figure 13 is a diagram of the northern hemisphere of the
celestial sphere, where P is the North Celestial Pole, Z is the
zenith, and ¢ is the latitude of the observer. If X is the location
of the object, a is the altitude, « is the objects R.A., and § is its
decl. The HA is defined as the angle XPZ. As the object
traverses across the night sky (along the arrow in the diagram,
parallel to the celestial equator), its HA increases. At the
meridian, the HA is defined to be zero, and this is where the
AM is minimum for the object on a given night. We also note
that the DCR shift occurs in the direction of the altitude, and
when the HA is zero, the § and altitude directions overlap.
Hence, when the HA is zero, the DCR shift only occurs in the §
direction, not the R.A. direction.

Lee et al.

Appendix B
Astrometric Offset Decomposition

We decompose the astrometric offset using the spherical
triangle shown in Figure 13 with the north celestial pole, the
observed object, and the zenith as its vertices. The necessary
angle is the parallactic angle which spans from zenith to the
hour angle of a star (angle PXZ in Figure 13). Using the
spherical law of sines we find

sin(q) . sin(h)
sin(90 — ¢)  sin(90 — 8)°

(BI)

where ¢ is the parallactic angle, ¢ is the observers latitude, # is
the objects hour angle, and § is the objects decl.
Equation (B1) is equivalent to

—cos(¢)sin(A)

cos(8) ’ ®2)

sin(q) =

which gives the sine of the parallactic angle where A is the
azimuth of the object.
Similarly, use of the cosine rule yields
c0s(90 — a) = cos(90 — §)cos(90 — ¢)

+ cos(6)cos(¢p)cos(h), (B3)

where a is the altitude of the object.
Equation (B3) is simplified to find the cosine of the
parallactic angle

sin(¢) — sin(8)sin(a)
cos(b)cos(a) '

cos(q) = (B4)

We then take the independent flux weighted averages of the
decomposed offset derived by multiplying the sine and cosine
of the parallactic angle by the interpolated offset. After
removing the average for a SN candidate from every detection,
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horizon
Figure 13. Northern half of the celestial sphere; the HA is defined as the angle XPZ and ¢ is the parallactic angle.
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we use a sum of squares to return from decomposed R.A. and
decl. to an SMP adjusted astrometric offset.
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