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ABSTRACT

We present improved cosmological constraints from a re-analysis of the Dark Energy Survey (DES) 5-year sample of Type
Ia supernovae (DES-SN5YR). This re-analysis includes an improved photometric cross-calibration, recent white dwarf
observations to cross-calibrate between DES and low-redshift surveys, retraining the SALT3 light-curve model and fixing
a numerical approximation in the host-galaxy colour law. Our fully recalibrated sample, which we call DES-Dovekie,
comprises ~1600 likely Type Ia SNe from DES and ~200 low-redshift SNe from other surveys. With DES-Dovekie, we
obtain Q,, = 0.330 £ 0.015 in flat Lambda-cold dark matter (ACDM) which changes Q2 by —0.022 compared to DES-
SN5YR. Combining DES-Dovekie with cosmic microwave background data from Planck, Atacama Cosmology Telescope,
and South Pole Telescope and the DESI DR2 measurements in a flat wow,CDM cosmology, we find wy = —0.803 £ 0.054
and w, = —0.72 4 0.21. Our results hold a significance of 3.20, reduced from 4.20 for DES-SN5YR, to reject the null
hypothesis that the data are compatible with the cosmological constant. This significance is equivalent to a Bayesian model
preference odds of approximately 5:1 in favour of the flat wow,CDM model. Using generally accepted thresholds for model
preference, our updated data exhibits only a weak preference for evolving dark energy.

Key words: dark energy - transients: supernovae.

Used to discover the accelerating expansion of the universe in

1 INTRODUCTION A. G. Riess et al. (1998) and S. Perlmutter et al. (1999) with ~50

Type Ia supernovae (SNe Ia) by virtue of their brightness (~ —19 SNe Ia, competitive modern analyses require thousands of SNe
mag at peak) and low scatter (~ 0.15 mag after standardiza- (D. Brout et al. 2022b; B. Popovic et al. 2024; D. Rubin et al.
tion) provide precise distance measurements at gigaparsec scales. 2025). In 2024, the Dark Energy Survey (DES) released (B. O.

Sanchez et al. 2024) and analysed (DES Collaboration 2024; M.
Vincenzi et al. 2024) their 5-yr sample of ~ 1600 SNe, the largest
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single-telescope sample of likely SNe Ia used in a cosmology
analysis to date. Measurements of baryon acoustic oscillations
(BAO), the cosmic microwave background (CMB), and gravita-
tional lensing provide complementary constraints. Jointly, these
probes provide impressive measurements on the components and
history of the universe (S. Alam et al. 2021; T. M. C. Abbott et al.
2024; DES Collaboration 2026b; DESI Collaboration 2025).

The concordance cosmological model Lambda-cold dark mat-
ter (ACDM), with the universe composed of a cosmological
constant, dark matter, and baryonic matter, has been the de-
facto cosmological model for the past 25 yr. An empirical way
to parametrize deviations from ACDM is by the dark energy
equation-of-state parameter, w = P/p, where a cosmological con-
stant A corresponds to w = —1. A conventional parametrisation
for a time-evolving equation of state is w(a) = wy + (1 — a)wy,
where a = 1/(1 + z) is the scale factor (M. Chevallier & D. Po-
larski 2001; E. V. Linder 2003). This parametrization is capable of
approximating the evolution of a wide variety of physical models
(e.g.R. Camilleri et al. 2024; K. Lodha et al. 2025) over the redshift
range spanned by SNe.

Until recently, analyses of cosmological data sets (M. Betoule et
al. 2014; D. Scolnic et al. 2018; T. M. C. Abbott et al. 2019; D. Brout
et al. 2019, 2022b) showed consistency with ACDM. However,
recent supernova measurements from DES-SN5YR (DES Collab-
oration 2024) and Union3 (D. Rubin et al. 2025) show ~ 2.5¢0
evidence for time-varying dark energy, on their own or in com-
bination with the CMB (Planck Collaboration VI 2020) and BAO
from the Sloan Digital Sky Survey (SDSS, S. Alam et al. 2017).!
Subsequently, new BAO measurements from the Dark Energy
Spectroscopic Instrument (DESI, DESI Collaboration 2025) re-
vealed a 2.80 — 4.20 discrepancy with a cosmological constant,
depending on the choice of SN Ia sample. DESI results are con-
firmed by DES BAO,? which in combination with DES-SN5YR
and the CMB show a 30 discrepancy from ACDM (T. M. C.
Abbott et al. 2024; DES Collaboration 2026b).

SN1a data are vital to these results. While ACDM does not
provide the best fit to the combination of BAO and CMB data in
the absence of SNe Ia, models with constant dark energy but non-
zero spatial curvature provide a reasonable alternative fit (S.-F.
Chen & M. Zaldarriaga 2025).

The consistency of the preference for evolving dark energy
between DES-SN5YR and Union3 is particularly notable, due to
the majority of the data being different and the pipelines being
independent. Using the DES-SN5YR public data release, G. Efs-
tathiou (2024) noted that the preference for evolving dark energy
relies on a very robust relative calibration to within 0.01 mag
between SNe Ia across their full-redshift range, involving mul-
tiple surveys. Additionally, S. Dhawan, B. Popovic & A. Goobar
(2025) have demonstrated a toy model to illustrate how SN Ia
systematics could potentially translate into a false preference for
evolving dark energy. Accordingly, it is crucial to ensure SN Ia
systematics are well understood and treated robustly. In partic-
ular, G. Efstathiou (2024) noted differences averaging 0.04 mag
between low-z and high-z SN Ia that are common to both the
PANTHEON+ and DES-SN5YR data sets. M. Vincenzi et al. (2025)
traced these differences, finding that they are expected due to
improvements in host-galaxy modelling, light-curve fitting (by

Thttps://www.sdss4.org/science/final-bao-and-rsd-measurements
2The DES BAO results use photometric redshifts, in contrast to the DESI
spectroscopic redshifts.
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Table 1. A top-level summary of the changes between this work and
DES-SN5YR and DES Collaboration (2024). Section 5 goes into more
detail on each of these points.

Change DES-SN5YR DES-Dovekie
Calibration Fragilistic Dovekie
SALT model SALT3.DES5YR SALT3.DOV
Cal. uncertainties Underweighted Fixed
F99 colour law Approximate Exact
Simulations Generated Regenerated
with SALT3.DES5YR with SALT3.DOV
BAO data SDSS DESI DR2
CMB data Planck Planck, ACT-DR6,
SPT-3G
Posterior sampler MCMC Nautilus

the SALT method), and different corrections for selection bias be-
tween the two data sets. In particular, the photometrically identi-
fied DES-SN5YR data set is more complete, requiring smaller bias
corrections for selection than the spectroscopically confirmed
PANTHEON+. As such, it may be reasonably argued that results
from DES-SN5YR will have less systematic risk than those from
the earlier PANTHEON+-.

To further investigate the DES-SN5YR results, B. Popovic et al.
(2025, hereafter, Dovekie) analysis focused on enhancing the
photometric cross-calibration of SN Ia surveys, including the use
of new data from the Hubble Space Telescope (HST, G. Narayan et
al. 2019; T. Axelrod et al. 2023; B. M. Boyd et al. 2025) and Gaia
(Gaia Collaboration 2016, 2023; C. Babusiaux et al. 2023). Within
the milieu of the current ACDM tension, and discussion of sys-
tematic uncertainties such as calibration, Dovekie concluded that
a re-analysis of DES-SN5YR with this new cross-calibration was
necessary to properly estimate the impact on cosmological pa-
rameters.

As part of the DES-SN5YR data release, the software and input
files needed to replicate the analysis were included, with the aim
of enabling future improvements and re-analyses. However, the
data release was incomplete, missing a portion of the systematics.
Here, we realize the potential of this release and complete it, con-
ducting a full end-to-end re-analysis of the DES-SN5YR results
using the Dovekie calibration solution. This re-analysis includes:
(1) verifying the pipeline by reproducing the results of DES-
SN5YR and DES Collaboration (2024); (2) retraining the SALT3
model with Dovekie calibration; and (3) re-running the analy-
sis pipeline (e.g. fig 1 in DES-SN5YR) that includes light-curve
fitting, photometric classification, bias corrections, construction
of the systematic covariance matrix, and cosmology fitting. We
have also improved and simplified the interface to the publicly
available DES-SN5YR pipeline to encourage future efforts to re-
analyse this sample.

After initially reproducing the original DES-SN5YR work, we
address an outdated approximation in the implementation of the
assumed dust colour law in DES-SN5YR (and AMALGAME and
PANTHEON+) and assess its impact before performing our cosmo-
logical analysis with our improved calibration and fixed colour
law.

Table 1 provides a top-level summary of the changes we make
to DES-SN5YR and DES Collaboratio (2024) pipelines, which
constitute the ‘DES-Dovekie’ result. The layout of the paper is as
follows. Section 2 provides a brief description of the DES-SN5YR
data set, Section 3 describes SN Ia standardization and distance
measurements. Section 4 describes cosmology fitting. We choose
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our range of models to facilitate comparisons with the literature,
but discuss alternate parametrizations in this section. Differences
between this work and DES-SN5YR are given in Section 5, and
a review of our consistency checks is presented in Section 6.
This is followed by a description of our systematic uncertainties
in Section 7, our Hubble diagram in Section 8, and systematic
uncertainties in Section 9. Our cosmological results are presented
in Section 10, and we present our conclusions in Section 11.

2 DATA

The data we use here is the same as used in the DES-SN5YR anal-
ysis, combining high-z measurements of photometrically clas-
sified SNe with low-z spectroscopically confirmed samples. All
surveys involved have been recalibrated in the Dovekie analysis.

2.1 DES-SN5YR

The DES-SN program ran for 5 yr using the Dark Energy Camera
(DECam, B. Flaugher et al. 2015; Dark Energy Survey Collab-
oration 2016), across ten 3 deg? fields; two deep fields extend-
ing to 24.5 mag depth per visit in each of the griz bands, and
eight shallow fields with 23.5 mag depth. Host-galaxy redshifts
were acquired with a dedicated follow-up program OzDES on
the AAOmega spectrograph (G. A. Smith et al. 2004; C. Lidman
et al. 2020). Further details on the specific search strategy and
spectroscopic follow-up programs are available in R. Kessler et al.
(2015) and M. Smith et al. (2020).

The published DES light curves are measured with the ‘Scene
Modelling Photometry’ pipeline (D. Brout et al. 2019; B. O.
Sanchez et al. 2024), simultaneously modelling the SN Ia and
host-galaxy fluxes. The DES fluxes include chromatic corrections
to account for spectral energy distribution (SED) differences be-
tween SNela and calibration stars (J. Lasker et al. 2019) and
atmospheric corrections to account for differential chromatic re-
fraction (J. Lee et al. 2023). For the low-redshift samples, we did
not update their published photometry.

This work, alongside numerous other fruits of the DES collab-
oration, resulted in the data and cosmology releases as seen in A.
Moller et al. (2022); B. O. Sanchez et al. (2024); and M. Vincenzi
et al. (2024). We begin with the same initial sample of ~ 3600
observed transients that were published in B. O. Sanchez et al.
(2024), but due to survey cuts our recalibrated data set will not be
the same size as DES-SN5YR.

2.2 Low redshift

The DES-SN5YR analysis eschewed some of the older historical
samples of SNe Ia at low redshift; instead, the low-redshift anchor
is comprised of the Center for Astrophysics CfA3 (M. Hicken
et al. 2009), CfA4, (M. Hicken et al. 2012), Carnegie Supernova
Project (CSP, K. Krisciunas et al. 2017, comprising the ‘low-g’
sample), and Foundation (R. J. Foley et al. 2018). Only SNe Ia
above z = 0.025 were included, mitigating the impact of peculiar
velocities, and an additional 1 per cent mag error floor was added
to the Foundation sample. In contrast to the photometrically
typed SNe in DES, the low-redshift supernovae are all spectro-
scopically confirmed.

2.3 Host galaxies

The most likely host galaxy for an SN Ia (and therefore the corre-
sponding redshift) is identified in deep-stacked photometry free

The Dark Energy Survey: supernova re-analysis 3

of SN Ia light (P. Wiseman et al. 2020) with the directional light
radius (dprLr) method presented by M. Sullivan et al. (2006) and
R. R. Gupta et al. (2016). An SN Ia is considered ‘hostless’ if
the dprr > 4, otherwise likely hosts were targeted as part of the
previously mentioned OzDES programme (F. Yuan et al. 2015;
M. J. Childress et al. 2017; C. Lidman et al. 2020). The efficiencies
of these follow-up programs in acquiring a host-galaxy redshift
are detailed in M. Vincenzi et al. (2023) and B. O. Sanchez et al.
(2024); SNe without a host are not included in our cosmology
sample.

The host galaxies are characterized via two global proper-
ties: the stellar mass M, and the rest-frame u — r colour. These
two properties can be computed across the redshift range of
the analysis with the limited broad-band photometry. The host-
galaxy masses and colours are fit consistently across the sur-
veys using the code, pipeline, and procedure described in M.
Sullivan et al. (2010) and the PEGASE2 templates from M. Fioc
& B. Rocca-Volmerange (1999) and D. Le Borgne & B. Rocca-
Volmerange (2002) with a P. Kroupa (2001) initial mass function.
The DES host galaxies are supplemented with photometry from
uJHK photometry when possible (P. Wiseman et al. 2020; W. G.
Hartley et al. 2022), and the low-redshift host photometry from
PS1 (Pan-STARRS) is supplemented with ultraviolet photometry
from GALEX (L. Bianchi, B. Shiao & D. Thilker (2017) and the
SDSS u—band.

For the low-redshift anchor, updated spectroscopic redshifts
are provided by A. Carr et al. (2022); estimated peculiar veloc-
ity corrections are provided by E. R. Peterson et al. (2022) with
uncertainties set to a uniform 250 km s~ (D. Scolnic et al. 2018).

2.4 Non-Ia classification

Baseline classification of SNe in DES-SN5YR is performed with
SuperNNova (SNN, A. Moller & T. de Boissiére 2020), a recur-
rent neural network machine-learning classifier designed to train
and operate on photometric SNIa data and host-galaxy redshift.
To train SNN, a suite of realistic simulations is generated using
SED time-series for core collapse (SN types II, Ib, Ic) and for
peculiar 91bg-like and SNIax (R. Kessler et al. 2019; M. Vincenzi
et al. 2019), with SNN model parameters optimized for DES in A.
Moller et al. (2024).

Alternative classifiers SCONE (H. Qu et al. 2021) and SNIRF
(supernova identification with random forest),> each with dif-
ferent training and prediction algorithms compared to SNN, are
used to assess systematic uncertainties on classification (for more
details, see A. Moller et al. 2022; M. Vincenzi et al. 2024).

3 STANDARDIZATION METHODOLOGY

Here, we provide a brief summary of the cosmological inference
methodology employed by the DES-SN5YR analysis. Broadly, the
BEAMS (Bayesian Estimation Applied to Multiple Species) with
Bias Correction (BBC) method (R. Kessler & D. Scolnic 2017,
implemented within R. Kessler et al. 2009, 2019, and managed by
S. Hinton & D. Brout 2020) uses the light-curve parameters to de-
termine distances, and to apply bias corrections that account for
selection effects and non-SNIa contamination. In the cosmology
fit, these distances are weighted by their uncertainties and their
probability of being a type Ia supernova.

3https://github.com/evevkovacs/ML-SN-Classifier
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3.1 Light-curve modelling and fitting

To acquire SN Ia distances, we perform multiband photometry
fitting of the observed photometry of the SN Ia light curve. DES-
SN5YR used the SALT3 model (W. D. Kenworthy et al. 2021),
itself an update to the widely used SALT2 model from J. Guy et
al. (2010). SALT is a description of the SED of the population of
observed type Ia supernovae, similar to a principal component
analysis; it is empirically derived from a training sample of spec-
troscopically confirmed SNe. DES-SN5YR used the G. Taylor et
al. (2023) training of SALT3 (hereafter SALT3.DES5YR), which
presented four major changes to the previous models used in cos-
mology: an increased training sample, increased wavelength cov-
erage,* the eschewing of observer-frame U band from the train-
ing, and the Fragilistic calibration solution from D. Brout et al.
(2022a). Here, we use the updated SALT3.DOV model, retrained
using the fiducial Dovekie calibration solution. Further, the
SALT3.DOV model has cut many SNe measured by legacy surveys
from the training sample; the SALT3.DOV model thus continues
a trend towards more stringent requirements on calibration.

For a given light-curve fit, there are five parameters used to
characterize the SN: redshift z, time of peak brightness Ty, stretch
X1, colour ¢, and the overall flux normalization X, typically used
in magnitude units mp (mp = 10.635 — 2.5log(xy)). The best-
fitting values and associated uncertainties of each parameter are
determined to measure distances; to this end, spectroscopic mea-
surements of the host-galaxy redshift are used (o, ~ 107*), allow-
ing us to fix the redshift during the light-curve fitting process.

Distances with the SALT model are inferred from the Tripp
estimator (R. Tripp 1998)

u=mp+ax; — fc — My — Aflbias — Shost €Y)

where mg, x;, and c are defined as above, M, is the peak brightness
of a fiducial SN Ia. 8y is the term that corrects for the ‘mass
step’ (P. L. Kelly et al. 2010; H. Lampeitl et al. 2010; M. Sullivan
et al. 2010) that occurs for the standardized brightness of an SN
Ta, expressed as a sigmoid function:

ahosl = V(l + e(Mﬂis)/IM* )71 - )//2, (2)

where y is the magnitude of the luminosity difference between
those SNe located in ‘high’ mass galaxies (M, > 10°M,) and ‘low
mass’ (M, < 10'°M,,) galaxies. S is the step location, nominally
set to S = 10'° M, and 1y, is the width of the step. The mass
step is accounted for during the BBC process. «, 8, and A pipiys are
explained below.

3.2 Bias corrections

The « and B nuisance® parameters describe the luminosity-
stretch and luminosity-colour relationship, respectively. These
nuisance parameters, alongside the luminosity-distance relation-
ship of SNe Ia, can be biased by selection effects arising from
the flux-limited nature of SNe Ia observations. The biases arising
from these selection effects must be accounted for, and typically
this is done via large Monte Carlo simulations that attempt to
accurately model detection and other selection effects K. Perrett
et al. (2010), M. Betoule et al. (2014), R. Kessler et al. (2019), and
B. Popovic et al. (2021).

42800—8000 A central filter wavelength compared to 2800—7000 A.
SNot ‘nuisance’ in the Bayesian sense, as we do not marginalize these
parameters.
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Following DES-SN5YR, we use the BBC update in B. Popovic
et al. (2023) that is compatible with dust models introduced in D.
Brout & D. Scolnic (2021), and we use the updated dust param-
eters from B. Popovic et al. (2023). The simulated A ppins term is
averaged in 4D cells of {z, ¢, X, log;,(M,)}:

Albias = My + o[truexl _ ﬂtruec _ M(t)rue _ N_true’ 3)

where parameters noted with the superscript ‘true’ are the
simulated parameters, and mg, x;, and c are obtained from
SALT3.Dovekie light-curve fits in the same was as for the data.
This ‘BBC-4D’ approach seeks to ameliorate not only conven-
tional Malmquist bias, wherein more-distant distributions of SNe
Ta are biased towards brighter events, but also other biases. Po-
tential biases in x; and c¢ are mitigated in the aggregate, unlike
‘BBC-1D’, which only operates as a function of redshift. Other
methods of bias modelling, primarily the Bayesian hierarchical
model ‘unity’ from D. Rubin et al. (2025), are employed in other
analyses but return similar cosmological results to BBC.

3.3 Non-Ia contamination

In a cosmology analysis with photometrically classified SNe Ia,
a portion of SNe that remain after light-curve fitting quality cuts
may not actually be Type Ia. In order to properly account for these
contaminants in the cosmology analysis, DES-SN5YR made use
of the BEAMS framework from M. Kunz, B. A. Bassett & R. A.
Hlozek (2007), R. Hlozek et al. (2012), M. Knights et al. (2013),
and implemented in BBC. See M. Vincenzi et al. (2023, 2024) for
more information.

4 COSMOLOGY FITTING

4.1 Models and theory

Our baseline model for cosmological distances is the linear
parametrization of the dark energy equation of state, given by

w=wy+w(l—a), 4)

and denoted wow,CDM. We opt for this parameterisation (al-
though suboptimal, as w, and w, will in general be correlated,
this formulation has now become conventional). We define the
curvature density parameter Q as Qn + Q24 = 1 — Q, and refer
to Qx = 0 as flat. We omit the radiation density as negligible for
late-times. Then, flat ACDM is a special case of flat wow,CDM
with wy = —1 and w, = 0, and flat wCDM means w, = 0 but w,
is allowed to vary from —1. We collectively denote the cosmolog-
ical model parameters as ® = (Qy,, 24, Wo, W,) Where Qy, is the
matter density parameter today.

A potentially more informative description of the equation of
state is given by (w,, w,) where

w=w, +wy(a, —a)

and a, is defined as the scale factor where the variance of w(a)

is minimized, or equivalently where w, and w, are uncorrelated.

As explained in E. V. Linder (2007), it is expected to be the case

that when including CMB data that a, ~ 0.4, nevertheless this

parametrisation may be interesting for some data combinations.
The transverse comoving distance x is

c 1 . Zcos dZ
X (Zeos) = ﬁo\/ﬁ sinh (\/ |Qk|[.. %> s Q)
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where zcup is the redshift in the rest frame of the CMB (the
frame in which the dipole would be absent), and sinn(x) =
sin(x), x, sin h(x) depending on Qx < 0, Qx = 0, 2 > 0 respec-
tively. E(z) = H(z)/H, is the normalized redshift-dependent ex-
pansion rate and

H(Z) = [Qm(1 +2)* + 2% +2)*+

Q.1+ Z)3(1+W0+Wa)e*3WaZ/(1+Z)]1/2 ) ©)
The luminosity distance is given by
Di(Zobs» Zem) = (1 4 Zobs) X (Zems) @)

where z,,s is the observed heliocentric redshift, which captures
the effect of beaming due to peculiar velocity of both the Sun
and the SN Ia with respect to the CMB rest frame. The distance
modulus is u(z, ®) = 5log,,(D;(z, ®)/10 Mpc) + 25.

We compute the difference between data and theory for every
ith supernova, Ap; = tobsi — (2, ®), and write the likelihood
L in the standard form

—2logL=x*= AuiCileﬂf , (®)

where C7! is the inverse covariance matrix (including both statis-
tical and systematic errors) of the Au vector, and the method-
ology of computing Cqy follows the approach described in M.
Vincenzi et al. (2024):

Nsyst

Cgrst = Z(Aﬂf}bs,s)(A/‘ébs.S)WSZ )
s=1

where changing systematic parameter S gives differences in SN
Ia distances Ap. Indices i, j are iterated over all the SNe in the
analysis (i, j = 1...Nsne) and Wy is the weight for each systematic
(which is set to 1 unless otherwise stated).

A potential source of confusion in cosmology with SN Ia is
that the absolute magnitude of the fiducial SNIa (M,) and the
H, parameter (which appears in the luminosity distance) are
completely degenerate. They may be combined in the single pa-
rameter M = M, + 5log,,(c/Hp). Our results are marginalized
over M.

For our nominal cosmology, we use the cOSMOsIS® package
from J. Zuntz et al. (2015) with the NAUTILUS’ nested sampler
(J. U. Lange 2023).

4.2 Combination with other cosmology probes

We combine our DES SNe constraints with those from other com-
plementary probes.

(i) Cosmic microwave background. We use the measurements
of temperature and polarization power spectra (TTTEEE) from
Planck Collaboration V (2020), in combination with ground-
based measurements from the Atacama Cosmology Telescope
(ACT) and the South Pole Telescope (SPT). We also include lens-
ing reconstructions in our analysis. Specifically, we combine the
simall and Commander likelihoods for ¢ < 30, withthe P1ik-
lite likelihood for ¢ < 1000, 600 (TT, and TE, EE respectively)
as wrapped in the PYTHON implementation Planck-py ® (H.

Shttps://github.com/joezuntz/cosmosis
"https://github.com/johannesulf/nautilus
8https://github.com/heatherprince/planck-lite-py
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Prince & J. Dunkley 2019). To this, we add TTTEEE data imple-
mented in the ACT-DR6-Lite ° likelihood (T. Louis et al. 2025;
S. Naess et al. 2025), and SPT-3G data (E. Camphuis et al. 2025) as
wrapped in the candl likelihood (L. Balkenhol et al. 2024).1° Our
lensing likelihoods are the actplanck-baseline,!! option
based on the combined ACT and Planck lensing reconstruction
maps (J. Carron, M. Mirmelstein & A. Lewis 2022; M. S. Mad-
havacheril et al. 2024; F. J. Qu et al. 2024), together with SPT-3G
lensing (Z. Pan et al. 2023) again implemented in candl. This
forms a comprehensive and up-to-date account of CMB data, and
it extends that used in both DES Collaboration (2024) and DESI
Collaboration (2025) by including both ACT and SPT. While there
isasmall £ overlap between ACT and Planck, and a small sky area
overlap between ACT and SPT that may cause their constraints
to not be fully independent, it has been argued that the overlap is
not material to cosmological analysis (E. Camphuis et al. 2025; T.
Louis et al. 2025). We comment on the influence of the choice of
CMB data further in the results section.

(ii) Baryonic acoustic oscillations. We use data from DESI DR2
as presented in DESI Collaboration (2025). DESI DR2 measures
the apparent size of BAO both along and perpendicular to the
line of sight of various tracers in redshift bins ranging from 0.3 <
Z < 2.3. These act to constrain expansion models between the
distance between the CMB and the relevant redshift.

4.3 Model preference

To interpret our parameter constraints, we test the relative pref-
erence of extended models for our full range of data compared to
flat ACDM.

There has been some debate in the community as to appro-
priate metrics for model preference, with some authors prefer-
ring frequentist methods (e.g. DESI Collaboration 2025), and oth-
ers preferring Bayesian evidence (e.g. DES Collaboration 2024).
For both methodologies, preference is primarily driven from the
goodness-of-fit improvement Ax2. The difference between the
two can then be largely attributed to the penalty applied to the
complex model, or equivalently appropriate thresholds against
which to judge significance.

Frequentist methods evaluate relative probabilities of data, not
models. As per DESI Collaboration (2025), we apply Wilk’s The-
orem!? (S. Wilks 1938). This states that the logarithm of the ratio
of the maximume-likelihood (ML) probability of the same data
in each model follows a x2-distribution with degrees of freedom
(d.o.f.) equal to the number of additional parameters in the ex-
tended model (one in the case of wCDM and two for wow,CDM).
We determine the ML for each model and the difference A xg;
between the extended model and flat ACDM (by construction a
positive value), and convert to a p-value with the x2-distribution.
We then express the p-value as a number of sigma, n o, by solving

n
CDF,,:(logp | d.o.f.) = «/%71 y e 24t (10)
In this case, the complex model penalty is relatively lenient, ap-
pearing as the degrees of freedom in the x2-distribution.

%https://github.com/ACTCollaboration/DR6- ACT-lite
Ohttps://github.com/Lbalkenhol/candl

11https:/ /github.com/ACTCollaboration/act_dr6_lenslike

12Strictly only approximate for real data, as terms of O(1/+/N) where N
is the number of data points are neglected.
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Bayesian methods consider directly the relative confidence of
models, given the data. The evidence ratio R, is defined as

_ p(Mo|D)
p(M;|D) '
where M, is flat ACDM and M, is the extended model, and D is

the data. Given an agnostic a-priori preference for either model,
log Ryy = Alog Z where the evidence Z of each model is

an

01

Z= / (DO, M)pOM)AO (12)

which has explicit dependence on the a priori confidence in the
model parameters p(®). In this case, the complex model penalty
is approximated by the relative compression between the a priori
and a posteriori probability volumes (see e.g. D. Sivia & J. Skilling
2006). log Z is computed by NAUTILUS as part of the sampling
process. Although NAUTILUS does not compute errors in this
statistic, we have tested alternative samplers, NAUTILUS settings
and choices of random seed for initialization, and estimate our
error to be o (log Z) ~ 0.2. We interpret A log Z on the scale de-
fined in table I of R. Trotta (2008), as used by DES Collaboration
(2024).

The arbitrariness of Bayesian priors has been sometimes given
as a reason to prefer frequentist methods. However, reasonable
prior confidence intervals can be set based on broad astrophysical
considerations; for example, a minimum age for the universe
based on stellar ages. If there is a decisive model preference, the
widths of the priors (so far as they remain reasonable) will not be
a determining factor. We quote both metrics.

For the Bayesian evidence calculations, we adopt uniform
priors Hy € (0.55,0.91),wy € U(—3, —0.4),w, € U(—3,2),Q €
(—0.15,0.15), and Qp, € (0.1, 0.5). As is conventional, we also
require wy + w, < 0.3 For the CMB, we adopt 2, € (0.03, 0.07),
7 € (0.01,0.2), 10°4 € (0.5,5.0) and we fix the sum of neu-
trino masses at ¥m, = 0.06 eV. The CMB normalization nui-
sance parameter priors are Appnck ~ N(1.0,0.0025), Pacr ~
N(1.0,0.003), Ect ~ N(1.0,0.0095), Tea ~ N(1.0, 0.0036), and
Aforeground € (0.0, 2.0) (as recommended in E. Camphuis et al.
2025) and we fix the remaining ACT normalization parameter
Apcrt t0 Pacr as ACT is calibrated off Planck.

While our priors are broadly consistent with DESI Collabora-
tion (2025), there are a few differences. First, we have lowered
the upper limit on Q,, from 0.9 to 0.5 because Q2,, > 0.5 is incon-
sistent with a wide range of other galaxy surveys. Secondly, the
upper limit on wy is set to avoid confusing dark energy with other
components of the energy density such as curvature or matter.
Thirdly, the prior on € is tighter than typically adopted. This
more restrictive prior reduces compute time to acceptable levels,
and is consistent with the evidence to date in favour of a Universe
that is close to spatially flat. Our posteriors are wholly contained
within priors, except for some SN-only cases. In this instance, we
quote parameter constraints on broadened priors, while retaining
the above priors for the evidence calculations.

5 DIFFERENCES TO DES-SN5YR

In the introduction, we briefly mentioned a mistake in the im-
plementation of the E. L. Fitzpatrick (1999) colour law. SNANA

Bwg + wy < 0is justified in the literature as necessary to ensure there is
a period of matter-domination in the early universe (necessary for growth
of structure).
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was using a polynomial expansion centred at Ry = 3.1, which
was accurate to < 1 per cent for this assumed Ry value but for
simulations of bias corrections where a multitude of Ry are used,
the error is larger. This mistake was identified in the process
of other work within SNANA, and replaced with the full E. L.
Fitzpatrick (1999) colour law. This change has negligible impact
on the data with the assumed Ry = 3.1 for Milky Way extinction.
There is a measurable impact on simulated bias corrections as
described in Appendix A.

Dovekie performed a recalibration of historically used sam-
ples of SNe Ia, including the low-redshift surveys used within
the DES-SN5YR analysis. While Dovekie uses the same overall
framework as the DES-SN5YR calibration solution (Fragilistic; D.
Brout et al. 2022a) using the all-sky PS1 telescope! as interstitial
observations, Dovekie improves on this methodology in a number
of ways:

(i) The addition of DA white dwarfs from B. M. Boyd et al.
(2025), combining extensive modelling of these white dwarf spec-
tra with direct observations from DES, PS1, and the SDSS.

(ii) The use of Gaia spectroscopy as a complementary method
to characterize published filters by integrating spectra through
filter transmission functions, alongside filter transmission mea-
surements with PS1.

(iii) Subtle improvements to error modelling in the cross-
calibration.

(iv) Separate improvements to the SALT training and error
models.

In addition to a changed set of calibration offsets, Dovekie
solved for filter shifts, finding changes to the following filters that
directly impact the DES-SN5YR cosmology analysis: CfA3K-V,
CSP-B/V, and every filter in CfA4P1/2. The +30 A shift to the
PS1 gband in Fragilistic was reverted to its published J. L. Tonry
et al. (2012) value. These new filter changes, from fits to survey
photometry, alongside the new calibration offsets from Dovekie,
were used to train a new SALT model.

These improvements, alongside the other system changes,
have resulted in changes to the zero-points of surveys within
the DES-SN5YR sample. We show the changes, as a function of
the median redshift of the survey, in Fig. 1. A more thorough
overview of this new calibration, and potential changes, is pre-
sented in Dovekie.

We repeat the DES-SN5YR cosmology analysis with this new
calibration solution and SALT model, SALT3.DOV. We regenerate
the ‘biasCor’ files (Section 3) with the new SALT model, filters,
and calibration offsets. Furthermore, we redo the DES-SN5YR
light-curve fits with this new SALT model and calibration.

Additionally, during the course of this reanalysis, we found
a minor error in the weighting (equation 11 in DES-SN5YR) of
the photometric uncertainty systematics. This error arose from a
mistake in the input file,!® rather than an issue with the equa-
tion or methodology, and caused the weights of the calibration
systematic to sum to 0.81 instead of 1. This resulted in a reduction
of the estimated total photometric uncertainty by ~ 20 per cent
for DES-SN5YR. We correct this mistake.

14DES does not have sufficient sky-coverage overlap with low-redshift
surveys, which precludes its use here as the interstitial.

5Specifically, the weight on each of the 9 SALT3 calibration variants was
mistakenly rounded to 0.3 instead of the correct value of 1/+/9 = 0.33.
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Figure 1. The DES-SN5YR sample includes the DES, CfA3S, CfA3K,
CSP, and Foundation; the difference in calibration offsets for each fil-
ter and each survey is plotted at the approximate median redshift of
the survey. To demonstrate the improvement in precision with the new
calibration, the light vertical bars show the calibration uncertainties for
DES without using the nominal DA WD. The mean zero-point across
all surveys has been subtracted out for both Dovekie and Fragilistic, for
visual clarity.

Finally, we modify the cut on oy, < 1.0 from DES-SN5YR
to oy, < 1.15. Due to changes in error propagation between
SALT3.DES5YR and the new SALT3.DOVEKIE, the x; errors
were generally increased relative to other light-curve fitting pa-
rameters. We choose the new oy, < 1.15 cut to preserve the 20
per cent quantile cut established in DES-SN5YR.

To summarize:

(i) Updated E. L. Fitzpatrick ( 1999 ) colour law. During un-
related work within SNANA,'® it was discovered that the imple-
mentation of the E. L. Fitzpatrick (1999) colour law term within
SNANA was a polynomial expansion centred at Ry = 3.1. The full
F99 colour law was implemented, and it was discovered that this
impacted simulated and inferred distance moduli on the order
of ~ 0.01 mag, though primarily impacting the simulated bias
corrections.

(ii) Updated calibration. We use the updated cross-calibration
solution from Dovekie, in place of Fragilistic. While the zero
point offsets between the two are largely similar, they notably
differ for DES.

(iii) Updated SALT model. Fragilistic combined the estimation
of calibration uncertainties with those of the SALT modelling,
which provided more reliable estimations of systematic uncer-
tainty arising from the two. This necessitates a retraining of the
SALT model with the new calibration solution.

(iv) Regenerated bias correction simulations. Table 6 highlights
the specific systematic uncertainties that are regenerated, and
therefore directly impacted, by this re-analysis.

(v) Fixed calibration uncertainties. As previously stated, DES-
SN5YR used an incorrect weight of v = 0.3 for each of the sys-
tematic SALT surfaces. This caused DES-SN5YR to underestimate
the photometric uncertainty by ~ 20 per cent. We update this to
the more correct value of 0.33.

16See Appendix A.
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20 25-2.5 00  2.5-0.25 000 0.25
Figure 2. Distributions of z, mp, x1, ¢ for DES-SN5YR (black) and this
work (filled histogram). We split the sample into its constituent parts, DES
(bottom; blue), Foundation (middle; teal), and Low-z (top; light green).
We see agreement between the two analyses, with the exception of the
DES c distribution.

Table 2. KS test for consistency between DES-Dovekie and DES-SN5YR,
for SALT3 parameter distributions and for each subsample.

Difference Between DES-Dovekie and

Parameter DES-SN5YR

o (DES) o (Foundation) o(Low-z)
zZ 0.00 0.00 0.00
c 2.80 0.00 0.20
X1 1.20 0.20 0.00
mp 0.30 0.00 0.00

6 CONSISTENCY CHECKS

In this section, we review the changes in SN Ia parameters be-
tween this work and the original DES-SN5YR analysis, and in-
vestigate the source of any changes and their potential impact.

6.1 DES-SN5YR and this work

Fig. 2 shows the z, mg, X1, and c distributions for the DES-SN5YR
data set, fit with SALT3.DES5YR and Dovekie. DES-SN5YR con-
tained 1829 SNe total, compared to our 1820 SNe. Within DES,
we report 1623 likely (Psnia > 0.5) SNe Ia, compared to 1635 SNe
Ta in DES-SN5YR. At low redshift, we have 197 SNe compared to
194 in DES-SN5YR. We find 1718 overlapping SNe between DES-
SN5YR and DES-Dovekie, with approximately 100 different SNe
between the two analyses. We find that supernovae passing fits
with Dovekie not previously included in DES-SN5YR appear to
be consistent with the overall x; /c populations; they are not bluer,
redder, or from any particular stretch distribution. Table 2 shows
the likelihood, presented in o discrepancy of a Kolmogorov-
Smirnov (KS) test, that selected parameters are drawn from dif-
ferent distributions between DES-SN5YR and this work.

As expected, the distributions least sensitive to calibration (x;,
z) show no significant divergence at the population level. The
only distribution that is significantly modified is the colour distri-
bution among DES SNe; this is principally a shift in the mean of
the distribution from ¢ = 0.011 to —0.003. To compare the shapes
of the colour distributions, we remove the ¢ shift and redo the
KS test; this reduces the significance of the difference to 1.60,
as evaluated by bootstrap resampling. This colour shift is not
surprising; colour is highly sensitive to calibration, and the mean
of the colour distribution is determined by the demographics of
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(b) The difference between the DES-SN5YR published distances and DES-Dovekie distances. The error-weighted average Ay in black includes shift in u and the
change in bias-correction. We show the un-bias-corrected u averages in blue, and the bias-correction component alone in orange.

Figure 3. The DES-Dovekie Hubble diagram, and the change in inferred, bias-corrected i values between DES-SN5YR and this work.

the SALT training sample. The calibration of the low-z surveys
is mixed, resulting in no coherent offset. The overall changes in
distance are shown in Fig. 3, but detailed further in Section 8.

6.2 Internal consistency

BBC relies on good agreement between the simulated bias cor-
rections and observed data for an unbiased cosmology analy-
sis. To accurately model intrinsic brightness in simulated bias
corrections, DES-SN5YR used the best-fitting parameters from
DUST2DUST (B. Popovic et al. 2023), which describes populations
of stretch, colour, M,, Ay, and Ry .

To check if the existing DUST2DUST model is valid in the
DES-Dovekie analysis, we compare our data with our new
SALT3.DOV simulations. Fig. 4 shows the overlaid distributions
of z, mg, x1, ¢, M, for data and the new biasCor simulations; we
see good agreement between data and simulations, and find no
distribution that disagrees at more than 3o. Given the consistency
of the data-sim comparisons, we have chosen to use the same
DUST2DUST model that was used in DES-SN5YR.

The final consistency check is to test our ability to recover our
simulated cosmology parameters from performing the full anal-
ysis on 25 statistically independent simulated samples. To avoid
excessive CPU consumption using Cosmosis on 25 samples, we

MNRAS 548, 1-27 (2026)

use a faster and simpler minimization code!” that replaces the full
Planck likelihood with a parametrization using the CMB R-shift
parameter as described in B. O. Sanchez et al. (2022). Averaging
results of the 25 samples for a flat wCDM cosmology with a CMB
prior, we recover our input cosmology, flat ACDM with Qn, =
0.315, to under 1o for both parameters: Wy, = —0.9986 & 0.0045
and Q2 reco = 0.316 £ 0.001. When fitting for the wow,CDM cos-
mology, we similarly recover our input cosmology using CMB pri-
OIS: Wy reco = —1.0027 £ 0.0223 and wy reco = —0.0325 £ 0.1015.

6.3 Unblinding criteria

Through the course of this analysis, we blinded cosmological
parameters estimated from real data until certain unblinding
criteria were met. Pipeline validation, as in DES-SN5YR, was
performed on realistic and detailed catalogue-level simulations,
which were fit to test the recovery of simulated cosmology param-
eters.

We follow the unblinding criteria laid out by DES-SN5YR:

(i) Recovery of original DES-SN5YR cosmology parameters. To
ensure that any measured changes in cosmology arise from the

7https://github.com/RickKessler/SNANA/blob/master/src/wfit.c
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Figure 4. Comparison between the simulated and observed SN Ia parameters. The data are presented in grey points, and the simulations are presented

in coloured histograms.

changes in Table 1, and not from changes in the pipeline since the
publishing of DES-SN5YR, we repeat the original DES-SN5YR
analysis using the same (current) SNANA code that is used in this
re-analysis. For this test, a flag was added to the SNANA code
to restore the E. L. Fitzpatrick (1999) colour law bug, and we
restored the mistaken calibration weight.

(ii) Recovery of input simulated cosmology. We produce 25 sta-
tistically independent simulacra of the DES-SN5YR data set as-
suming a flat ACDM cosmology. Each of the 25 simulations is
run through our analysis pipeline and fit with a CMB prior for
wCDM and wow,CDM cosmology.

(iii) Accuracy of simulations. Following DES-SN5YR, test the
accuracy of our simulations across our observables. Specifically,
we test z, X1, ¢, Mg, M,, it — fmodel, and the redshift and host-
galaxy mass evolution of x; and c, and require a reduced x?
between data and simulations to lay between 0.7 and 3.0.

Additionally, we provide a brief summary of the consistency
and improvement tests that Dovekie performed during their anal-
ysis to ensure a good calibration solution:

(i) Recovery of simulated offsets. Dovekie simulated 100 cata-
logues of tertiary stars with a random ZP offset for each survey.
They recovered their simulated offsets within 1o across their 100
simulacra.

(ii) Updated DES-SN5YR tertiary stars. Dovekie increased the
number of tertiary stars used for the cross-calibration by a factor
of 2.

(iii) Consistency between DA WD and tertiary stars results. The
DES g — r shift in Fig. 1 is consistent between the calibration
results with DA WD modelling and with the conventional tertiary
star approach.

(iv) Hubble residual scatter. Dovekie found equal or improved
Hubble Residual scatter with their new calibration and SALT sur-
face.

7 DESCRIPTION OF SYSTEMATIC
UNCERTAINTIES

Here, we briefly summarize the sources of systematic uncertainty
considered in DES-Dovekie. A more full description is available
in DES-SN5YR; we follow their choices of systematic uncertainty.
The covariance matrix for each systematic is calculated from
equation (9), and each C term is computed from a light-curve
fitting and BBC process.

7.1 Calibration

To evaluate the calibration contributions to C, we use the nom-
inal SALT model with calibration from Dovekie, to draw nine
systematic SALT surfaces randomly from the covariance matrix
derived during the cross-calibration. Accordingly, we set Ws =
1/ /9 = 0.33, such that the quadrature sum of our SALT surface
systematics is 1.

An additional source of uncertainty, related to the CALSPEC
flux calibration, is considered, with a shift of 5mmag/7000A
(as recommended in R. C. Bohlin, K. D. Gordon & P.-E. Trem-
blay 2014) applied to the data.

7.2 SN Ia properties and astrophysics

The nuisance parameters «, 8, y in equation (1) are assumed to
be constant in the nominal analysis. However, a redshift evolv-
ing nuisance parameter, such as «(z) = «ap + «; x z, may capture
unmodelled evolution of SN Ia parameters. As a systematic, we
allow «, B, and y to separately evolve with redshift with the same
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linear relation as above. We also perform a fit with a fixed « =
0.16, and 8 = 3.1, to estimate the impact of the lower 8 found in
photometric data compared to spectroscopic data.

The location of the mass step is placed at log,, M, = 10 in our
nominal analysis. However, reflecting the uncertainty in both
measurements of the stellar mass of host galaxies and the uncer-
tainty of the nature of the mass step, we test the impact of moving
the location of the mass step ‘split’ to the median of the sample,
atlog,, M, = 10.3.

During the PANTHEON+ analysis, updates to the the intrinsic
scatter ojy definition were implemented, redefining it as

Oftoor(Zis Cis Mii) = 0y (i iy Mo i) + Oy (13)

which is a function of the c,z, M, parameters, as opposed
to the original BBC methodology which did not include M,-
dependence.

We revert to this constant oj,; model as a source of systematic
uncertainty, to test the impact of this colour-dependent scatter
term compared to the historical grey intrinsic scatter.

The largest source of systematic uncertainty in DES-SN5YR
was the nature of SN Ia scatter. The D. Brout & D. Scolnic (2021)
model introduced the concept of SN Ia scatter being driven by
differing dust distributions in the host galaxies of SNe Ia. Im-
proved by B. Popovic et al. (2023), the systematic uncertainty test
for DES-SN5YR was derived using three sets of dust parameters
drawn from the chains of DUST2DUST. Additionally, a version of
the D. Brout & D. Scolnic (2021) model with adjusted parameters
(specifically the t parameters do not match BS21) was included,
though the provenance of these changes has been lost. We in-
clude this systematic.

Finally, the nominal analysis uses the host-galaxy stellar mass
M, as the tracer to explain correlations between the SNe Ia and
their host environment. While the host-galaxy stellar mass is the
host property most robust to limited photometric information, it
is not necessarily the most accurate tracer of SN Ia brightness.
Following P. Wiseman et al. (2022), which proposes that the u — r
host-galaxy colour may instead be the driving factor in these cor-
relations, we incorporate an alternative model labelled as ‘W22,
with a ‘colour step’ analagous to the mass step.

The W22 model utilizes SNe rates and delay time distributions
from P. Wiseman et al. (2022) to drive galaxy evolution including
stellar age, mass, and star formation rate, which is then correlated
to the SNe Ia properties via the relationships via N. Nicolas et al.
(2021).

7.3 Milky Way extinction

Given the importance of the dust distributions of other galaxies,
we consider the impact of our own Milky Way galaxy. The SALT3
fitting code includes Galactic extinction in the model fluxes; in-
accurate extinction modelling can bias the SALT3-fitted colours.

We consider two systematics associated with the Milky Way
corrections. The first is a global scaling of 5 per cent down of
the E. F. Schlafly & D. P. Finkbeiner (2011) values, following D.
Brout et al. (2022b). The second systematic is a change from the
E. L. Fitzpatrick (1999) reddening law to that presented from J. A.
Cardelli, G. C. Clayton & J. S. Mathis (1989).

7.4 Host and survey modelling

Simulations of SNe Ia within the SNANA framework draw from
a realistic catalogue of galaxies to model the observed SN-host
correlations in the data. While the nominal catalogue is generated
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from DES co-added images from P. Wiseman et al. (2020) and H.
Qu et al. (2024), we test an additional, shallower catalogue (‘SVA
Gold’), based on DES science verification data, used in other DES
analyses: R. Kessler et al. (2019) and M. Smith et al. (2020).

Further, we test the systematics of our selection function. We
model the efficiency of obtaining the spectroscopic redshift of
a host galaxy as a function of host-galaxy brightness, €;°*° (M.
Vincenzi et al. 2023), which helps model the selection effects
of the DES survey. The systematic test we apply is to shift this
function to observe host-galaxy r—band brightness that are +0.2
and —0.2 mag fainter and brighter, respectively. Their weights
are Wy = /1/2 each.

7.5 Contamination and photometric classifiers

Compared to analyses with spectroscopically confirmed SNe Ia,
DES included non-Ia contamination within the sample, poten-
tially biasing the distances via the use of non-standardizable SNe.
The nominal analysis uses the SNN classifier by A. Moller & T. de
Boissiére (2020), which had been rigorously tested by M. Vincenzi
et al. (2023).

The systematic analysis of the core-collapse contamination
comes in three parts: simulated Ia+non-Ia training set, modelling
the Core Collapse prior in BBC with simulated sample, and the
classifier method.

The nominal analysis used the simulations of non-Ia SNe de-
veloped by M. Vincenzi et al. (2019); this is replaced for systematic
tests by the templates and simulations from D. O. Jones et al.
(2017), hereafter J17, and additionally real-data observed in DES,
hereafter ‘DES-CC’.

To evaluate the uncertainty on classification method, SNN was
replaced with two alternate classifiers: SCONE (H. Qu et al. 2021)
and SNIRF. These classifiers are trained on the same set of sim-
ulations that the nominal SNN model was trained on. Additional
training sets were also used for systematics.

Each of these approaches relies on a suite of simulations of
non-Ia SNe to inform the BEAMS method about populations; a
final systematic test for BBC is to replace the simulated non-Ia
prior with a redshift-dependent polynomial fit as described in R.
Hlozek et al. (2012).

7.6 Redshift

A coherent redshift shift of 4 x 10~° is applied to the data, follow-
ing J. Calcino & T. Davis (2017), to test for the impact of a local
void or other such redshift errors.

To correct for peculiar velocities, we use corrections from
2M++; our systematic uncertainties come from approaches im-
plemented in E. R. Peterson et al. (2022). The first is to maintain
the 2M++ corrections, but integrate over the line of sight be-
tween the distance and the redshift. Secondly, we switch to the
peculiar velocity map from the 2MASS Redshift Survey (2MRS,
R. Lilow & A. Nusser 2021). Both systematics are weighted such
that they sum in quadrature to 1.

8 RESULTS

8.1 Reproducing DES-SN5YR

The results of DES-SN5YR were unblinded in 2023, and in the
intervening years, SNANA has introduced updates to the light-
curve fitting, simulating, and cosmology-fitting programs that
were originally used in DES-SN5YR. To check if the changes in
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Table 3. Nuisance parameters from DES-Dovekie analysis, the original
V24 analysis, and simulated data corresponding to DES-Dovekie.

The Dark Energy Survey: supernova re-analysis 11

Table 5. Number of SN Ia remaining after quality and survey cuts.

DES SN

Sample Nsne o B y RMS Requirement Low-z DES Total
Simulations 1605 0.140 2.80 0.0 0.158 SALT3 fit 376 3590 3991
Data- DES-SN5YR 1829 0.170(1) 3.12(3)  0.038(7)  0.168 I < 3l&lc < 0.3] 313 2818 3196
Data - DES-Dovekie 1820 0.169(3) 3.14(3) 0.033(8) 0.169 oy, < 1.15, Olpeac < 2 304 2259 2628
DES 1679 0.17(1) 3.17(4) 0.04(1) 0.165 Valid host z 291 1710 2066
Foundation 118  0.15(1) 2.9(14) 0.015(23) 0.110 Chauvenet’s criterion 207 1682 1943
Low-z 83 0.15(1) 2.88(14) —0.009(30) 0.120 Valid bias corrections 201 1680 1881

Common SNID 197 1623 1820

Total 197 1623 1820

cosmology that we measure are solely due to changes in Table 1,
and to ensure consistency in our pipeline across time, we attempt
to replicate the published results of DES-SN5YR. This attempt
to recreate DES-SN5YR ‘as-published’, dubbed ‘Lyrebird’, will be
used to track and identify major changes to SNANA that have
shifted the final cosmology results. This Lyrebird test uncovered
two additional changes: a code fix to the E. L. Fitzpatrick (1999)
colour law (Appendix A), and an input mistake in the systematic
weight for calibration. The Lyrebird test includes the F99 code
bug and the incorrect calibration weight.

Because of the potential code and pipeline changes, and the
use of up-to-date data and likelihoods for the CMB and BAO,
we do not expect Lyrebird to recover the exact same cosmolog-
ical parameters as DES Collaboration (2024). However, we have
checked that our Lyrebird results are compatible with the results
published in the DES Key Paper and DESI DR2 (DESI Collabo-
ration 2025). A summary of our recovered Lyrebird cosmology
is given in Table 4; for this table, we take the published DES-
SN5YR distances and covariance and use a quick-fitting solution,
replacing the full CMB likelihood with distance priors derived
from the results of P. Lemos & A. Lewis (2023). We find agreement
in all cases within <« 1.

8.2 The DES-Dovekie Hubble diagram

Fig. 3 presents the DES-Dovekie Hubble diagram. We find 1623
DES likely SNe Ia, and 197 SNe Ia at low redshift. Our low-redshift
sample has three additional events compared to DES-SN5YR,
and our DES sample has nine fewer events. Table 5 provides a
breakdown on the quality and survey cuts we perform.

Table 3 provides the final nuisance parameters «, 8, y, and
the Hubble residual RMS, for the DES-Dovekie data and 25 simu-
lated data sets, alongside a summary of the equivalent values for
DES-SN5YR. While we have a slightly smaller sample, the nui-
sance parameters remain unchanged between DES-SN5YR and

DES-Dovekie. None the less, analysis of DES-Dovekie simula-
tions maintain the same curious 8 = 2.8 as DES-SN5YR.

9 SYSTEMATIC UNCERTAINTIES

‘We assess the systematic uncertainties here, and compare to those
in DES-SNS5YR, with the systematic uncertainties impacted by
the Dovekie calibration highlighted in green. As per DES-SN5YR,
we analyse systematics in the context of the flat wCDM model, us-
ing the fast cosmology fitter wfit, returning to more sophisticated
models and fitters for the cosmology solution.

Table 7 gives the values of the individual systematic uncertain-
ties, for SNe alone without any priors. As in DES-SN5YR, we
remind the reader that the individual systematic uncertainties
do not sum to the total systematic uncertainty. We evaluate each
individual contribution with a ‘leave-one-out’ approach, compar-
ing the uncertainty with and without a given systematic. With the
all sources of systematic uncertainty considered, internal corre-
lations between systematics partially cancel out during the fitting
process. This is not the case during the leave-one-out approach,
and therefore the systematic uncertainties do not sum to the total
systematic uncertainty. In a similar vein, the 8w (Wstatysyst — Wstat)
values in Table 7, which are generated with an ‘add-one-in’ ap-
proach, do not match the total change in w. Remembering the
internal correlations within the cosmology fitting process, it is
not surprising that several of the systematic uncertainties have
shifted with regards to DES-SN5YR.

First, we show the error budget for 2, in a flat ACDM universe
for SNe Ia alone in Fig. 5. We present the equivalent error budget
but for flat wCDM in Fig. 6 with and without a CMB prior, which
we shall focus on for this section.

Table 4. Comparison of cosmological parameters, between the published DES Collaboration (2024) distances and the recreation of those distances,
nicknamed Lyrebird in this work. We pick data combinations that are most informative for comparison: in flat ACDM, SN Ia only data is used, flat
wCDM uses SN+CMB, and Flat wow, CDM uses SN+CMB+DESI BAO. The values for the original distances are not expected to exactly match those in
DES Collaboration (2024) as the BAO and CMB likelihoods have been updated, and fitting uses the NAUTILUS sampler. The minor changes in sample

composition do not affect the cosmology solution.

Parameter

Original DES-SN5YR distances

Lyrebird

Qm (flat ACDM)
w (flat wCDM)
Qn (flat wCDM)

wy (flat wow,CDM)
wy (flat wow,CDM)
Qm (flat wow,CDM)

+0.352 +0.017
—0.934 +0.027
+0.330 4 0.009
—0.770 = 0.060
—0.740 4+ 0.220
+0.318 £ 0.006

+0.357 £0.017
—0.927 £ 0.027
+0.331 4+ 0.008
—0.760 £ 0.060
—0.750 &£ 0.230
+0.319 & 0.006
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Table 6. An overview of the systematics in DES-SN5YR and this re-analysis. Those systematics that are directly impacted by the recalibration in Dovekie

are marked with a star .

Baseline Weight Systematic Label
Calibration and light-curve modelling
SALT3 surfaces and ZP 1/10 10 covariance realizations ‘SALT3+-Calibration’
HST Calspec 2020 update 1 5 mmag/7000 A ‘HST Calspec’
SN Ia properties and astrophysics
Dust-based model B. Popovic et al. (2023) (‘P23(M, )’ )« 1/3 3 realizations from MCMC dust model ‘P23 dust pop 1/2/3
fitting code
1 Original BS20 dust parameters ‘BS21’
1 Splittingonu — r ‘P23(u —ry
Empirical modelling of x; -M, correlationss 1 Modelling SN Ia age following P. Wiseman ‘Model SN Ia age’
et al. (2022)
Fixed a/8 1 a=0.16,8=3.1 ‘Fixed o /B’
No « evolution 1 a(z)=oap+ a1 xz ‘a evolution’
No B evolution 1 BR)=Po+ P x2 ‘B evolution’
No y evolution 1 y@)=vw+n xz ‘y evolution’
Mass step location at 101°M, 1 10103M ‘Mass location’
oint modelling with scaling+-additive scatter terms 1 Scaling term only ‘Oint modelling’
(equation 13)
Milky Way extinction
MW scaling E. F. Schlafly & D. P. Finkbeiner (2011) 1 5 per cent scaling ‘MW scaling’
MW colour law Ry =3.1 and F99 1/3 Ry =3.0 and CCM ‘MW colour law’
Host and survey modelling
SN Ia host catalogue by H. Qu et al. (2024)x 1 SN Ia host catalogue using SVA Gold galaxy ‘DES SV catalogue’
catalogue
Efficiency ;7 presented by V21x 1 Shift of 0.2 mag in the efficiency curves ‘Shift in host spec eff
Contamination and photometric classifiers
Classification using SNN 1 SCONE, SNIRF
Classifier training sample simulated using V19 templates 1 J17 templates, DES CC templates (‘SNN
training’)
Core-collapse SN prior using V19 simulation 1 Polynomial fit as in R. Hlozek et al. (2012) ‘CC SN prior’
Redshift
Peculiar velocities using 2M++ 1 2M++(line-of-sight integration) or 2MRS ‘Pec velocities’
No redshift shift 1/6 Az=4x107° ‘Redshift shift’

9.1 Calibration and light-curve modelling

We find that the combined systematic uncertainty that describes
calibration and SALT training, o,,(phot) has increased from DES-
SN5YR, going from 0.057 to 0.075 in our analysis. However,
the comparable o,,(phot) values hides noticeable changes be-
tween this work and DES-SN5YR. The relative weights from
DES-SN5YR have been changed to no longer underestimate the
photometric calibration uncertainties (as in Section 5). We find
a SALT3+Calibration uncertainty in w of only 0.066, compared
to 0.052 in DES-SN5YR. Taking into account the increase of
~ 20 per cent from the change in relative weights, we see the
Dovekie photometric uncertainty is consistent with DES-SN5YR.

Fig. 7 shows the impact on the bias-corrected p for the nine
sets of distance moduli used to assess the systematic uncertainty.
We see no obvious trend with redshift.

9.2 SN Ia properties and astrophysics

SN Ia properties and astrophysics remains the largest source of
systematic uncertainty to-date, approximately x 2 the size of cal-
ibration and light curve modelling. We find a slight decrease of
0.009 in oy,(Astro) over DES-SN5YR, though this is not driven by
any particular one systematic.

MNRAS 548, 1-27 (2026)

9.2.1 Dust systematics

The dust systematics — P23 dust pop 1-3, P23(u — r), BS21, and
W22 - represent the largest grouping of systematic uncertainties
for astrophysics in SNe Ia at 0,,(dust) = 0.101. Table 8 shows the
8 x? for these systematics; none of them are particularly favoured
over the nominal P23 model. Noticeably, the largest w = 0.029
is from the P23(u — r), which has no contribution to the total
systematic uncertainty — likely indicating that this particular sys-
tematic does not well match the data.

9.2.2 Nuisance parameter systematics

The remaining properties/astrophysics systematics relate to SN Ia
nuisance parameters «, 8, y, oin and the changes to their redshift
evolution and initial properties. Interestingly, there is a slight
preference toa y(z) at —1.6x2, and a —0.5x 2 change when chang-
ing our initial estimations of « and 8. Overall, these nuisance
parameters contribute to our error budget but are subdominant
to the suite of dust systematics. oy as a function of redshift is
provided in Fig. 8.

9.3 Milky Way extinction systematics

We find a marginal increase to the Milky Way extinction sys-
tematics; given the consistency between Milky Way extinction
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Table 7. Systematic uncertainties considering SN-only, without a CMB prior. More detail on each systematic is given in Section 9 and Table 6. Bolded
numbers are the sum of each individual component. For comparison, we present the oy, values from DES-SN5YR. Unlike in Table 8, the w presented

here use the full covariance matrix as presented in Section 3.

DES-SN5YR

Systematic ow Per cent (tot) Sw ow

Total Stat+Syst 0.142 100 0 0.152
Total Statistical 0.11 N/A —0.092 0.132
Calibration and LC model 0.075 14.4 per cent - 0.057
SALT3+Calibration 0.066 12.6 —-0.073 0.052
HST Calspec 0.009 1.8 -0.001 0.006
SN Ia astrophysics 0.124 23.9 per cent - 0.133
P23 dust pop 1 0.006 1.1 0.001 0.019
P23 dust pop 2 0.021 4.1 —0.004 0.024
P23 dust pop 3 0.025 4.8 —0.009 0.020
P23(u—r) 0.0 0.0 0.029 0.00
Dust model as in BS21 0.029 5.6 —0.007 0.027
Model SN age (W22) 0.02 3.8 —0.008 0.00
Fixed a8 0.0 0.0 0.0 0.002
aevolution 0.013 2.6 —0.002 0.020
B evolution 0.0 0.0 —0.001 0.000
yevolution 0.003 0.6 —-0.0 0.011
Mass step location 0.0 0.0 0.0 0.000
Oint modelling 0.007 1.3 —-0.0 0.013
Milky Way extinction 0.041 7.7 per cent - 0.034
MW 5 per cent scaling 0.024 4.5 —0.011 0.020
MW colour law CCM 0.017 33 —0.006 0.014
Survey modelling 0.002 0.4 per cent - 0.015
DES SV catalogue 0.0 0.0 0.006 0.009
Shift ;P* 0.002 0.4 0.0 0.005
Contamination 0.018 3.5 per cent - 0.028
Classifier SCONE 0.003 0.6 —0.0 0.006
Classifier SNIRF 0.002 0.3 0.0 0.013
SNN different training 0.01 2.0 —0.001 0.006
Core-collapse SN prior 0.003 0.6 —0.001 0.003
Redshift 0.040 7.8 per cent - 0.037
Redshift shift 0.011 2.2 —0.0 0.012
Peculiar velocities 0.029 5.6 —0.016 0.025

systematics between Dovekie and Fragilistic, this is not
surprising.

9.4 Host and survey modelling systematics

Fig. 9 shows the two ‘survey modelling’ systematics, changing
the host spectroscopic efficiency ‘shift €;*°"” and swapping the
host library for the SVA Gold catalogue. We find the systematic
uncertainty from both tests is consistent with 0. Fig. 9 shows the

Ap for these host systematics.

9.5 Contamination and photometric classifier systematics

Following Milky Way extinction and survey modelling, we find
small reductions to the systematics associated with contamina-
tion. The total systematic uncertainty is marginally smaller than
DES-SN5YR, and there appears to be some migration between the
sources of uncertainty — our uncertainty due to SNN alternative
training is now 0.010, compared to 0.006 in DES-SN5YR.

9.6 Redshift systematics

Finally, we consider our redshift systematics, which have slightly
increased from DES-SN5YR; this change is driven by an increased
uncertainty from the peculiar velocities.

10 COSMOLOGY

Here, we present our constraints on cosmological parameters for
DES-Dovekie (our nominal data set with updated calibration and
colour law) for four models in particular: flat ACDM, ACDM, flat
wCDM, and flat wow,CDM, with four different sets of probes: SN-
only, SN+-CMB, SN+BAO and SN+CMB+BAO. We reviewed our
external probes in Section 3, but as a reminder CMB refers to the
combination of Planck (Planck Collaboration VI 2020), ACT (T.
Louis et al. 2025), and SPT (E. Camphuis et al. 2025) temperature
and polarization spectrum (TTTEEE) and lensing reconstruction
data, and BAO refers to DESI DR2 measurements as described
in table IV of DESI Collaboration (2025). We summarize our
results in Table 10. The values we quote are medians throughout,
with the error bars representing the 16 per cent and 84 per cent
percentiles.

In Appendix B, we present the changes to DES Collaboration
(2024) arising solely from the changes to the F99 colour law.
Comparisons of DES-Dovekie to DES-SN5YR are shown in Ap-
pendix C.

10.1 Data consistency

It is well known that combining data that are in tension (ac-
cording to some suitable metric) within a given model results in
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Flat ACDM Error Budget

0.014
Ostat 0.0118
0.012+
Osyst onty 0.0105
0.010 1 - Pec Velocities
MW Colour Law
I
0.0081 - B Evolution
- Mass Step Loc.
- z shift
0.006
SALT3+Calibration
0.004 1 MW Scaling
Model SN Age (W22)
0.002 1 P23 SYS2
BS21
0.000-

Figure 5. Systematic and statistical error budget on @, for a flat ACDM
cosmology with SNIa only. Systematics are colour coded as in Fig. 6,
and only significant (ogys > 0.005) systematics are labelled. The statistical
error is presented in grey.

artificially tight parameter constraints in the standard analysis.
‘We check that DES-Dovekie is compatible with CMB, BAO, and
the BAO+CMB combination using the suspiciousness statistic as
described in W. Handley & P. Lemos (2019). Suspiciousness is
defined as

logS =1logR —logI , (14)
where the R statistic
logR = log Z45 — log Z5 — log Z5 (15)

is defined from the relative evidences of the combination of data
sets A and B, that is the ratio of the probability of B knowing A
compared to the probability of B (in a given model). The evidence
Z was defined in equation (12). The R statistic is prior-dependent
so the term

IOgI = DA -+ DB — DAB (16)

is subtracted to remove this. D, is the Kullbeck-Leibler diver-
gence of data set A

Dy = (log %) , a7

Pa
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Figure 6. Systematic and statistical uncertainty budget on w, both with
(right) and without (left) a CMB prior. Each box is scaled by the total sys-
tematic uncertainty. Those systematic uncertainties that are not labelled
with text represent a negligible (<0.005) systematic contribution.

which quantifies the gain in information from the prior param-
eter distribution 7 to the posterior P. We choose S as it is de-
fined via integrals in information-theoretic terms, and is therefore
re-parametrization invariant (and so robust in the case of non-
Gaussian distributions, which an important feature here). It also
works with the entire parameter space rather than a subset, so
tensions cannot be concealed or exaggerated by projection effects.

We use the criteria described in W. Handley & P. Lemos (2019)
to evaluate a data combination: log S > —2.5is compatible, —5 <
log S < —2.5 is moderate tension, and log S < —5 is strong ten-
sion. The S statistic is x2-distributed so we also convert S to an
equivalent no.

10.2 Flat ACDM

In Fig. 10, we show the €, posteriors for DES-Dovekie, CMB
and BAO, with data combinations presented in Table 10. For
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Figure 7. The median binned differences between the nominal distances
and the none calibration systematics (colour coded for each systematic
surface) for DES-Dovekie. Comparable to Fig. 10 in Dovekie, though we
observe no obvious redshift-dependence.

DES-Dovekie, we find an
Qm = 0.330 & 0.015(SNonly),

which is consistent with CMB results. Adding CMB data results
in

Qm = 0.317 % 0.005(SN + CMB)

which is 1.90 from DESI DR2 which has Q,, = 0.297 4 0.009.
For the combination of DES-Dovekie with BAO+CMB, log S =

—1.05 which is a p-value equivalent to 1.70. Hence, we judge it

reasonable to combine all three data sets which results in

Qm = 0.3045 £+ 0.0032(SN + CMB + BAO).

With the addition of CMB data, we also find the Hubble con-
stantas Hy = 68.14 & 0.23km s~! Mpc~?, and discuss this further
in Section 11.3.

10.3 Open ACDM

Fitting DES-Dovekie to a universe with non-zero spatial curva-
ture, we find

Qx =0.14+0.15,

where for this constraint we widen our priors to encompass
the full posterior. For the SN+BAO combination, we have Qi =
0.054709% ‘and SN+CMB gives Qx = —0.0063 = 0.0037. The full
combination of SN+BAO+CMB results in

Qx = 0.0026 £ 0.0011(SN + BAO + CMB),

and log S = —0.97 for DES-Dovekie compared to BAO+CMB.
As the last of these combinations may at first sight indicate a

weak preference for non-zero spatial curvature, we comment on

this further in Section 11.2. We illustrate our results in Fig. 11.
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10.4 Flat wCDM
Fitting DES-Dovekie to flat-wCDM, we find

Qm, w=0.263700%, —0.83810132(SNonly).

DES-Dovekie remains consistent with a cosmological constant
at ~ 1.50, as shown in Fig. 12. As noted in R. Camilleri et al.
(2024), for SN Ia the partial degeneracy between w and @, ap-
proximately follows a line of constant deceleration parameter
qo = —da/d*(z = 0). For SN, we find

qo = —0.423%5,73 .

When we combine SN Ia with external probes, we get more
precise constraints on our cosmological parameters due to the
orthogonal degeneracy directions. Combining with the CMB, we
find Qp,, w = 0.322 £ 0.007, —0.978 £ 0.024 with logS = —1.55
(1.90). When combining with BAO, we find @, w =0.297 +
0.008, —0.909 7303

Finally, with SN+-CMB+BAO, we find

Qm, w=0.305%0.005, —0.9959%(SN + BAO + CMB)

and go = —0.537 £ 0.026. While our w constraint might be inter-
preted that the full data indicates a Universe consistent with a
cosmological constant, E. V. Linder (2007) has pointed out that
values close to w = —1 follow from the inclusion of CMB data,
almost irrespective of the data at low redshift (see eqs 1-3 and
following paragraph of text in E. V. Linder 2007). Furthermore,
in this case log S = —2.87(2.5¢), indicating the data are not com-
patible in this model: the tightness of these constraints should be
treated with skepticism.

There is no data combination in which flat-wCDM is preferred
to flat-ACDM in Bayesian evidence.

10.5 Flat wow,CDM

Finally, we present our cosmological fits to flat wow,CDM cos-
mology. Our SN-only contours are broad with

wo, wy = —0.50703> —7.57>5(SNonly),

where for this run only, we have enlarged the wyw, priors to
encompass the full range of significant posterior probability. The
wide range of this posterior reflects the degeneracy in the low-
redshift Hubble diagram between changes to €2, and evolving
dark energy. As in ACDM, our constraining power increases as
we combine with other probes which help determine Q,,; we find

wy, wy = —0.769 & 0.100, —0.981047
for SN+CMB, and
Wo, Wy = —0.803 & 0.054, —0.72 £ 0.21(SN + CMB + BAO).

Looking at the pivot redshift, for SN-only we find z, = 0.52 with
wp = —1.01 £0.13. It is not entirely expected that we find w
close to —1 at the pivot, and we interpret this as re-inforcing the
point that DES-Dovekie is entirely compatible with ACDM. For
SN+BAO we get w, = —0.908 & 0.036, and the suspiciousness
statistic S = —1.86 (1.80) indicates this combination is reliable.
While this hints at a departure from ACDM, the evidence is not
very strong. Finally, the combination of SN+BAO+CMB gives
Zp = 0.57 with w, = —0.981 % 0.022 as expected; we emphasize
that this is due to compatibility of CMB with ACDM, almost
independently of late-time evolution.
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Table 8. Nuisance parameters and quality of fit changes.

Systematic BBC parameters Fit quality Cosmology
a B y Tint RMS Sx? Aw
None 0.169(3) 3.14(4) 0.033(8) 0.035 0.170 0.0 0.000
BS21 0.169(4) 3.21(4) 0.021(9) 0.053 0.170 —-15 —0.003
DUST1 0.168(3) 3.21(4) 0.041(8) 0.050 0.170 1.0 +0.000
DUST2 0.167(3) 3.08(4) 0.026(9) 0.030 0.171 7.0 +0.003
DUST3 0.167(4) 3.09(4) 0.037(9) 0.046 0.171 23.2 —0.001
Model SN Ia Age (W22) 0.168(4) 3.12(4) 0.038(8) 0.045 0.170 14 —0.002
New «/f guess 0.179(3) 3.37(4) 0.034(8) 0.039 0.170 -0.5 0.000
aevolution 0.164(6) 3.15(4) 0.033(8) 0.030 0.170 1.1 +0.001
B evolution 0.169(3) 3.08(8) 0.033(8) 0.035 0.170 2.1 —0.006
y evolution 0.169(3) 3.15(4) 0.04(2) 0.035 0.170 16 +0.000
Oint Mmodel 0.168(4) 3.13(4) 0.031(9) 0.113 0.170 3.0 0.000
DES SV Catalogue 0.16813(1) 3.1248(3) 0.035(8) 0.036 0.170 3.2 +0.001
INTRSC COLOUR 0.164(4) 3.15(4) 0.029(8) 0.050 0.172 38.4 +0.005
MW scaling 0.169(4) 3.14(4) 0.035(8) 0.030 0.170 21 —0.003
HST CALSPEC 0.168(4) 3.15(4) 0.034(8) 0.036 0.170 -1.1 —0.000
MW colour law 0.170(4) 3.14(4) 0.035(8) 0.030 0.170 —0.7 —0.003
Note: Errors on «, 8, and y are shown in parentheses.
Aw is the w-shift relative to the baseline without systematic uncertainties using a ‘add-one-in” approach.
82 shows the change in x? relative to baseline.
oint is calculated as in equation (13) such that the reduced x2 = 1.
Table 9. Significance of change in cosmological parameter when only .
considering the calibration systematic uncertainty, for SN+CMB-+BAO DES SV E;pec shift
flat wow, CDM cosmology. o 0.02 -
— g .
Parameter Significance (ogyst) | 0.00 b e e
c ' ® o pt °
Wo 1.10 o
Wq 1.20 I _g02-
1 1 1 1 1 1
0.008 - 0.0 0.5 1.0 0.0 0.5 1.0
0.007- Redshift Redshift
0.006 -
~ 00057 Figure 9. Effects of different survey modelling systematics on the in-
o 0.004- ferred SN Ia distances. Left: choosing a shallower galaxy catalogue (DES
0.003- ‘SVA Gold’). Right: varying the efficiency of obtaining a spectroscopic
0.002- redshift. Green points are individual realizations, and black points are
0.001- binned means.
0.000-
0.0 0.2 0.4 0.6 0.8 1.0 12 . .
Redshift Hence, we interpret the visual appearance of the contours as

Figure 8. The calculated o, values as a function of redshift.

We show the contours for SN-only, SN+CMB, and
SN+CMB+BAO in Fig. 13. An interesting feature of broadening
the (wyg, w,) priors for SN-only is that the overlap of the SN and
CMB+BAO contours now appears to arise in a low-probability
region of the SN contours.!® Checking the suspiciousness
statistic, we find logS = —2.02 (1.8¢0), indicating the data
combination is reasonable. A further cross-check of the full
posterior reveals that large negative values of w, are associated
with Qn > 0.4 : SN-only data are currently not very good at
restricting the extended parameter space of flat wyw,,aCDM.

18This probably accounts for why this was not discussed in DESI Collab-
oration (2025), where the effect must surely have been larger for DES-
SN5YR, as only the narrower set of priors were used.
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largely a volume effect of the prior. Furthermore, a narrower
prior (which would increase compatibility by shifting the
posterior up in w,) could be argued for on the basis of constraints
on 2, arising from data not used in this analysis, for example
cosmic shear (e.g. DES Collaboration 2026a).

Our final cosmological results are summarized in Table 10,
and we discuss the implications for evolving dark energy in Sec-
tion 11.4. For DES-Dovekie, the number of data points is 1684
which is the effective number of SNe obtained by summing the
BEAMS probabilities.

10.6 Cosmological model preference

Following our cosmological fits, we assess the preference of the
data for models beyond flat ACDM. As explained in Section 3, we
use two different metrics. One is frequentist (following DESI Col-
laboration 2025), deriving from the relative probability of the data
between two models, and expressed as an equivalent o following
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Figure 10. Constraints on the matter density for flat ACDM for DES-
Dovekie (green), Planck CMB (black), DESI DR2 BAO (blue), and the
combination SN+CMB+BAO (light blue).
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Figure 11. The Qn, Q4 contours for open ACDM. DES-Dovekie con-
tours are in blue, complemented by the CMB (grey) and SN+BAO (olive)
constraints. The full combination of SN+BAO+CMB is in dark blue. As a
visual guide, we show the flat universe 2y, + Q4 = 1asa dotted line. Al-
though the SN contours appear truncated in this figure (to aid seeing the
SN+BAO-+CMB data combination), they are derived from our parameter
constraints which are quoted with a broadened prior encompassing the
full posterior.

equation (10). The other is the Bayesian evidence (following DES
Collaboration 2024), deriving from the relative probability of
two models, given the data. The frequentist metric is positive by
construction, whereas for the Bayesian metric a negative value
indicates a preference for the extended model compared to flat
ACDM, and a positive value is a preference for flat ACDM.

For the Bayesian method, we use the interpretative scale given
in table 1 of R. Trotta 2008 where |A log Z| < 1 is inconclusive,
1 < |Alog Z| < 2.5 is weak, 2.5 < |Alog Z| < 5.0 is moderate
and 5.0 < |Alog Z| < ooisstrongevidence for/against the model
compared to flat ACDM.
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Figure 12. The Qp,, w contours for flat wCDM. In green, we present SN-
only, complemented by the CMB (black) and BAO (blue) constraints. The
full combination of SN+BAO+CMB is in light blue. We include a maroon
dashed line forw = —1 = ACDM.

For our full data combination, we find flat wow,CDM is a better
fit to the data by Ay? = —13.5 versus flat ACDM, which is a
frequentist significance of 3.20. However, A log Z = —1.7, alevel
which indicates a weak preference for evolving dark energy at
odds of 5 : 1. In this context, there is not a strong evidential basis
with the available data to conclude that dark energy evolves.

At first sight, it may appear that the frequentist 3.20 and
Bayesian 5 : 1 model odds are contradictory; we stress that with
generally accepted 50 threshold for rejection of the null hypoth-
esis (here flat ACDM), they are consistent in their message. We
discuss this further in Section 11.4.

It is clear from Table 10 that the full combination of data is re-
quired to show any Bayesian preference for evolving dark energy.
We have also tested the BAO+CMB combination, also finding the
evidence for flat wow,CDM is weak. Notably, the SN+CMB com-
bination shows a moderate preference for flat ACDM compared
to flat wow,CDM. Neither flat wCDM nor ACDM is favoured by
any data combination.

Table 11 shows a summary of the results, visualized in Fig. 14.

11 DISCUSSION AND CONCLUSIONS

11.1 Comparison to DESI DR2

We benchmark our analysis choices by combining the original
DES-SN5YR data set (as used in DESI Collaboration 2025) with
BAO, but with our updated CMB data now including ACT and
SPT (which were not available to DESI at their time of writing, but
see C. Garcia-Quintero et al. 2025 for a discussion of the addition
of ACT). We find a frequentist 4.00 (Ax? = —19.2) compared
to 4.20 (Ax? = —21.0) in DESI DR2 (DESI Collaboration 2025
does not quote Bayesian evidences). The alignment is in part
coincidental as the CMB likelihoods differ, and this is discussed
in Section 11.4. We have also made use of the NAUTILUS sampler
in Cosmosis rather than Cobaya MCMC sampler, but since our
chains are well converged we expect this to be a minor effect.
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Figure 13. The cosmological contours for wow, CDM cosmology. We show SN-only in light green, SN+CMB in blue, and SN+CMB+BAO in light blue.
Our combined external probes, BAO+CMB, is shown in olive. We include light maroon dashed lines forw = —1 = ACDM.

Therefore, our results for DES-SN5YR are consistent with DESI
Collaboration (2025) within the bounds of our differing choices.

11.2 The evidence for spatial flatness

It is well known that Planck DR3 data prefers a non-spatially flat
Universe at over 20 preference, however once low-redshift lens-
ing, PANTHEON+ supernovae or BAO data from SDSS is included
the preference disappears (see section 7.3 in Planck Collaboration
VI 2020; G. Efstathiou & S. Gratton 2020). Interestingly, the over
20 preference is restored when the CMB is combined with DESI
DR2 BAO data (tables V and VI of DESI Collaboration 2025).
As noted by S.-F. Chen & M. Zaldarriaga (2025), a non-spatially
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flat model provides a viable alternative to evolving dark energy
when considering solely this data combination. For our data
combination of SN+BAO+CMB, we find ; = 0.0026 4 0.0011,
apparently also indicating a small non-zero spatial curvature.

However, we note the data combination of SN+CMB has Qy =
—0.0063 £ 0.0037 (recall our CMB combination includes lensing
data from Planck, ACT, and SPT) whereas for BAO+CMB it is
Qg = 0.0025 & 0.0011. The positive non-zero Q2 for BAO+CMB
appears to be driven by DESI DR2 favouring a lower Q,, than
the CMB, which drives a slight internal tension with SN Ia in
ACDM. This is borne out in the SN+BAO+CMB combination,
as the ACDM model is weakly disfavoured relative to flat- ACDM
and moderately disfavoured relative to flat-wow,CDM.
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Table 10. Results for our different cosmological models, sorted into sections of different combinations of probes. We present the medians of the

marginalized posterior with 68.27 per cent integrated uncertainties.

Qm Hy Qi wo Wq x> log Z
DES-Dovekie (SN-only)
Flat-ACDM 0.330 £ 0.015 - - - - 16403  —822.5
ACDM 0.279 £ 0.057 - 0.14+0.15 - - 1639.5  —822.5
Flat-wCDM 0.26315-95 - - —0.83879-1%9 - 1639.0  —823.8
Flat-wow,CDM 0.473750% - - —0.4977034% —-7.4673%0 16342  -8234
DES-Dovekie + CMB
Flat- ACDM 0.317 £ 0.005 67.29 £0.34 - - - 22241 —11444
ACDM 0.335 4 0.012 65.04 = 1.24 —0.0063 & +0.0037 - - 22199  —11454
Flat-wCDM 0.322 £ 0.008 66.70 £ 0.71 - —0.978 +0.024 - 22231 —1147.7
Flat-wowa CDM 0.308 & 0.009 68.11 4 0.89 - —0.769£0.100  —0.98£048  2219.5  —1147.0
DES-Dovekie + BAO
Flat-ACDM 0.306 & 0.008 - - - - 16545  —833.2
ACDM 0.293 £ 0.011 - 0.05473:033 - - 16524  —8333
Flat-wCDM 0.297 +£ 0.008 - - —0.9097 303 - 1648.6  —833.5
Flat-wow,CDM 0.31375:013 - - —0.84370:071 —0.53+044 16472  —8343
DES-Dovekie + CMB + BAO
Flat-ACDM 0.304 £ 0.003 68.14 +0.23 - - - 22440  —11556
ACDM 0.305 £ 0.003 68.57 £ 0.30 0.0026 & 0.0011 - - 22384 —1156.7
Flat-wCDM 0.305 & 0.005 68.02 £ 0.53 - —0.995 £ 0.019 - 22445 —1159.6
Flat-wow,CDM 0.313 & 0.005 67.47 +0.55 - —0.803£0.054  —0.72£021  2230.5 —11539

Table 11. The model preference metrics for our most constraining data combination, DES-Dovekie + CMB + BAO compared to flat ACDM. We provide
the conversion of the A xZ; into equivalent o using Wilk’s theorem and equation (10). The logarithm of the Bayes ratio is interpreted using an adaptation

of the Jeffreys scale, given in table 1 of R. Trotta (2008), where |A log Z| € (0, 1), (1, 2.5), (2.5, 5.0), (5.0, c0) is inconclusive, weak, moderate, and strong

evidences, respectively. A positive sign indicates the model is not preferred compared to flat ACDM, and a negative sign means it is preferred.

Model Axi o AlogZ Bayesian model preference
Open ACDM —5.6 2.30 +1.1 Weakly not preferred
Flat wCDM 0.0 0.00 +4.0 Moderately not preferred
Flat wow,CDM —13.5 3.20 -1.7 Weakly preferred
Model include Hy = 73.29 & 0.90 km s~! Mpc~! (Y. S. Murakami et al.
Ocrsmn0scms R 2023) and Hy = 70.39 4 1.94 km sec™! Mpc~! (W. L. Freedman
Flat wow,CDM 0Osn+8r0 SN+CMB et al. 2025), with large differences in the estimation of systemat-
. ics. Improved photometry from the James Webb Space Telescope
o) SN+BAO+CMB . . .
Flat wCDM Osninagy. = SN+CMB has not revealed any errors with earlier estimates due to lower
N g2 resolution HST photometry (see e.g. A. G. Riess et al. 2025), and
g% differences in local distance ladder may be traced to sample dif-
22 ferences (A. G. Riess et al. 2024). Alternative probes have not ma-
) s 0 5 . tured as quickly as previously anticipated to provide an arbiter be-
7 Aln # 7 tween these two clusters of results that is convincingly free of sys-

Figure 14. Model preference in terms of the log of the Bayes ratio,
Alog Z.

Therefore, we conclude there is no evidence for non-zero spa-
tial curvature arising from DES-Dovekie, DESI DR2, and CMB
data.

11.3 The Hubble constant

The tension between the Hubble constant as measured from
the local distance ladder, and as fit by a full redshift range of
cosmological data remains an enduring mystery. For the CMB,
Planck Collaboration VI (2020) reported Hy = 67.36 & 0.54 km
st Mpc~t, ACT reports 66.11 £ 0.79 km s~! Mpc~! (T. Louis et
al. 2025), and SPT-3G gave Hy = 66.66 £ 0.60 km s~! Mpc~! (E.
Campbhuis et al. 2025). For the local distance ladder, recent results

tematics (for a review, see e.g. P. Shah, P. Lemos & O. Lahav 2021).

Of course, BAO and SN Ia by themselves do not constrain H,
as only relative observations are taken. The CMB constrains Hy
through the detailed shape of its power spectrum, which con-
strains the matter, baryon and photon densities prior to recom-
bination, and hence the absolute scale of the temperature fluctu-
ations (at least, in models without exotic additional physics pre-
recombination). Combined with the angular size, the distance to
the surface of last scattering is well constrained. Given a model for
the subsequent evolution (by using the matter density and dark
energy evolution as constrained by the CMB and low-redshift
data, and again assuming no further exotic physics), Hy is con-
strained (for a review, see e.g. P. Lemos & P. Shah 2024).

In flat-ACDM, our constraint of Hy = 68.14 +0.25 km s~!
Mpc~! is discrepant from Y. S. Murakami et al. (2023) at the level
of 5.50. However, the errors are primarily driven by the CMB
and BAO data rather than SN Ia for this model. It is modestly
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tighter than Hy = 67.24 + 0.35 km s~! Mpc~! quoted in table I of
E. Camphuis et al. (2025) for their CMB-SPA combination, due
to the inclusion of BAO data. Similarly, is also modestly tighter
than 68.17 £ 0.28 km s~! Mpc~! quoted in table V of DESI Col-
laboration (2025) for their DESI+CMB combination, due to the
inclusion of more CMB data.

Additional variation of H, is allowed in extended models of
dark energy. The general trend when adding DESI DR2 data
is for lower H, (as pointed out by A. Lewis & E. Chamberlain
2025) which works against the larger error bars in converting
to a tension. For the extended model, it is notable that SN Ia
data are helpful in constraining Hy. The CMB+BAO combina-
tion results in 64.8811°2 km s ™! Mpc~!, whereas CMB+SN Ia has
68.11 & 0.89 km s~! Mpc™!, a discrepancy of 1.8c. Interestingly,
our combined CMB+BAO+SN Ia constraint for flat-wow,CDM is
Hy, = 67.47 £0.55km s~! Mpc~! is within 0.20 of the flat ACDM
value for CMB data only.

Our combination of CMB+BAO-SN Ia represents an inverse
distance ladder. In effect, the matter density of the Universe
throughout cosmic time and the absolute size of the BAO are
determined by the CMB (and the pre-CMB evolution is assumed
to be free of exotic physics such as Early Dark Energy). The
residual departure of SNe and BAO distances in the late Universe
are small, and able to be captured within the framework of flat
wow,CDM (and more general evolution, as emphasized in K.
Lodha et al. 2025). The question of whether dark energy evolves
or not in the late Universe is unconnected with any potential
resolution of the Hubble constant tension.

11.4 The evidence for evolving dark energy

In this paper, we have presented a re-analysis of the DES-SN5YR
data with an updated filter recalibration, incorporating extra de-
grees of model freedom and more calibration data. The result
of our re-analysis is that the evidence for flat wow,CDM over
flat ACDM is reduced by Alog Z 3.5 compared to DES-SN5YR,
which is enough to downgrade the preference for evolving dark
energy from strong to weak.

As discussed previously, model preference can be assessed both
in a frequentist or Bayesian framework. While a detailed review
is beyond the scope of this paper, we should expect that differing
choices be consistent in their message. We consider a frequentist
3.20 to be consistent with our classification of the log Bayes
ratio of —1.7 (model odds of 5:1) as weak evidence in favour of
evolving dark energy, as it is generally accepted that 5¢ is an
appropriate threshold for a strong rejection of the null hypothesis
that the Universe is flat ACDM. In a hypothetical scenario where
SN+CMB+BAO data indeed indicated a frequentist preference of
50, we estimate the log Bayes ratio would be ~ —8, a level which
would be indeed be classified as strong on our interpretative scale.
While Bayesian evidence does depend on the choice of prior,
within reasonable ranges of choices (that is, broadly consistent
with other astrophysical and physical constraints, such as struc-
ture formation) this equivalence would not be materially affected.

In terms of the Hubble diagram, our change in preference for
evolving dark energy can be attributed to the reduction in the
relative dimness of low-redshift SNe, relative to mid-redshift SNe,
as is apparent in Fig. 3. This in turn is driven by a change in the
SNe light-curve fitting model SALT (which is trained on data from
multiple surveys and hence multiple filters) and a change in the
effective definition of the DES—g band, from Dovekie restoring
the original PS1—greference filter, as shown in fig. 14 in Dovekie.
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‘We emphasize that this change is driven solely by improvement
to the data (in particular, the addition of DA white dwarfs as
calibrator stars) and methodology used for filter recalibration,
and corrections to the shape of the colour law. It is also consis-
tent with previously reported systematics. Table 9 shows that our
o (phot)st uncertainties are well calibrated.

The preference for wow,CDM cosmology is not driven by
changes to the SNe alone. The influence of the choice of low-£
CMB likelihood on the preference for evolving dark energy has
been noted in C. Garcia-Quintero et al. (2025) and N. Sailer et al.
(2026). In general terms, Q,, determines the peak heights of the
CMB power spectrum, but also so does the Thomson scattering of
CMB photons by the charged intergalactic medium in the epoch
post-reionization. This leads to a degeneracy between Q2 and
the optical depth parameter 7, which is determined by the CMB
polarization. Higher v leads to a lower preference for evolving
dark energy. We have tested the impact of different choices of
CMB likelihood by successively removing SPT and ACT data,
and replacing the low-¢simall likelihood with a r-prior from
the Srol12 likelihood (J. M. Delouis et al. 2019, as is done in
T. Louis et al. 2025). The choices all reduce our preference for
evolving dark energy by between 0.2 to 0.7¢, or in Bayesian terms
by up to §log Z ~ 3.0. Although we do not test specifically the
combination used in DESI DR2, it is likely given the low optical
depth noted for that choice in E. Rosenberg, S. Gratton & G. Efs-
tathiou (2022) that the preference for evolving dark energy from
that choice is at the upper end of the combinations we tested.

All told, our results place DES-Dovekie as intermediate in pref-
erence for evolving dark energy, in between PANTHEON+ and
Union3 (which DESI Collaboration 2025 quotes as A x? = —10.7
and —17.4 respectively), and consistent with both. Moreover, it
should be emphasized that the three supernova data sets in com-
mon use: PANTHEON+, Union3, and DES-Dovekie are all consis-
tent with each other, with differences between them at the < 1o
level in terms of cosmological parameters. Approximately adjust-
ing these numbers for our analysis choices, we estimate that a
Bayes ratio for the PANTHEON+ data set would also show no
evidence in favour of wow,CDM, and Union3 would moderately
prefer it, indicating that our conclusion that there is no strong
preference for evolving dark energy is robust to other choices of
SN Ia data.

11.5 Improvements over DES-SN5YR

This work is best understood as part of an ongoing effort within
the SNIa community to improve modelling and facilitate re-
analysis of photometric data. This continues the trend of greater
data volumes informing the modelling techniques, in turn lead-
ing to better understanding of systematics, that has been in
progress over the last 25 yr.

It has been argued that the evidence for evolving dark en-
ergy reported in DESI Collaboration (2025) is a consequence of
SNe systematics (G. Efstathiou 2024) or inconsistencies between
cosmological parameters across probes (X. T. Tang et al. 2025).
‘While the apparent inconsistency of SN Ia distances in common
to different data sets was largely explained as the consequence of
differing selection functions, scatter models, and mass calibration
in M. Vincenzi et al. (2025), the question remains: how safe are
SNe data?

Broadly, most supernovae systematics fall into the three cat-
egories of photometric calibration, foregrounds or astrophysical
processes. Our paper addresses the first of these, and may be
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regarded as a continuation of the investigation of M. Vincenzi
et al. (2025).

During our re-creation of the DES-SN5YR data set, we discov-
ered an outdated approximation used for the E. L. Fitzpatrick
(1999) colour law. We also found that the systematic uncertainty
for calibration had been underweighted (Section 5), and this
was corrected here as well. Considering sequential changes from
DES-SN5YR, the colour law corrected DES-SN5YR increases 2.,
by ~ 1o, and then DES-Dovekie photometric recalibration de-
creases Q2 by ~ 20. Although these changes are notable when
considered in isolation, this neglects the correlation with the rest
of the pipeline, and the change is less significant in extended
models (Table 7).

The new calibration and updated SALT model do not cause
any obvious changes to our observed distribution of SN Ia prop-
erties, save that of the DES c distribution, which is different at
2.80 from DES-SN5YR. Investigating further, we find that this
change in the DES c distribution is predicted when simulating
with the DES-SN5YR simulation parameters, resulting in good
agreement between our simulated and observed c distributions
(Fig. 4). Therefore, the change in our observed colour is entirely
explained by the change of SALT model.

It is a familiar refrain that the ~ 200 SNe low-redshift sam-
ple in DES-SN5YR (and earlier data sets) requires modern-
izing. Unfortunately, some of these older low-redshift sam-
ples, such as CfA3, contain spectral sequences that are be-
lieved essential for SALT training. Incorporating these spectral
sequences involves cross-calibrating these older samples, thereby
increasing the calibration systematic even in the case of single-
telescope cosmology analyses (e.g. a DECam low-z sample+DES,
or PS1+Foundation). Fully replacing these older samples will
require either more complete knowledge of the impact of drop-
ping these spectral sequences, or a sample that includes these
sequences with a better-understood calibration path.

Given the change in the SALT model, calibration, and the F99
colour law, a natural question that arises is the necessity of re-
calibrating the scatter model by updating the DUST2DUST fitting
code (B. Popovic et al. 2023) to use the exact F99 colour law.
We find that the x2/v changes by < 1 between the approximate
and exact F99 colour laws, which we did not find sufficient to
require a re-determination of the intrinsic SN Ia and dust pa-
rameters. When comparing the DUST2DUST metrics from the
original SALT3.DES5YR (c, fires, O lires), We find that the new
data/simulation agreement is slightly worse than the original
DES-SN5YR. This behaviour is not driven by any individual met-
ric, but rather a general trend. Given recent improvements in our
understanding of host-galaxy environs (S. Gonzalez-Gaitan et al.
2021; L. Kelsey et al. 2023; M. Grayling et al. 2024; M. Ginolin et
al. 2025), there is ample opportunity for future work to improve
upon dust modelling. Upcoming low-redshift samples such as
ATLAS (J. L. Tonry et al. 2018) or DEBASS (N. F. Sherman et al.
2025; M. Acevedo et al. 2026) in the near future, or the Zwicky
Transient Facility (M. Rigault et al. 2025) and LS4 (A. A. Miller
et al. 2025) present exciting opportunities for combination with
DES-Dovekie.

The LSST-TiDES (C. Frohmaier et al. 2025) survey is forecast
to assemble a Hubble diagram of ~ 140000 SN Ia with spectro-
scopic redshifts (either directly from the SN Ia spectral sequence,
or the host galaxy). On current systematic errors therefore, this
data would be systematic-limited. Fortunately there are grounds
for optimism that systematics will keep pace, with the above
mentioned improvements in low-z data, plus LSST-TiDES data
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itself. Low-z SN Ia are useful not only to control systematics:
the Universe starts to accelerate at z ~ 0.7, and becomes dark
energy dominated at z ~ 0.3. While high-z SN Ia are important
to establish consistency of the matter density between the CMB,
BAO, and SN Ia, it is in the redshift range z < 0.5 that we obtain
most information about potential dark energy evolution.

In summary, DES supernovae remain the best-characterized
high-redshift sample before LSST. Further improvements to the
understanding of environmental factors and their impact on cos-
mology will doubtless be achieved; but DES-Dovekie demon-
strates that the source of the current ACDM tension is very un-
likely to arise solely from photometric cross-calibration. As such,
we recommend the distances in this paper supersede the original
DES-SNS5YR distances.
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APPENDIX A: FITZPATRICK 99 CHANGES

Since approximately 2013, SNANA had used a polynomial expan-
sion of the E. L. Fitzpatrick (1999) colour law, centred at R, = 3.1.
In the process of integrating BAYESN (K. S. Mandel et al. 2022; M.
Grayling et al. 2024; S. Thorp et al. 2024) into SNANA, this approx-
imation was discovered by comparing the original BAYESN code
with the SNANA development version. The SNANA polynomial
was replaced with the full F99 colour law by Dr Stephen Thorp
in early 2025. In Fig. A1, we show the Amag as a function of
wavelength between the previous approximation and the exact
colour law, for various Ry values.

For the Ry > 2 regime, these changes are close to negligible
within the SALT model range (2000-11 000 A). However, DES-
SN5YR, in addition to AMALGAME (B. Popovic et al. 2024) and
PANTHEON+, use simulated supernovae drawn from a Gaussian
distribution that spans approximately 1.4 < Ry < 4, necessitat-
ing a regeneration of the bias correction simulations. The impact
of this change is shown in Appendix B.

The Dark Energy Survey: supernova re-analysis 23

0.10-
0.05-

o

©

x

'-'I-' 0.00 -

>< 5

o

& —0.05-

2 -o.

§ R,=1.0

; -0.10 - Ry = 2.0

g RV: 3.0

< o1 —— Ry =4.0
e — Ry =5.0

— Ry, =6.0

20+ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2000 3000 4000 5000 6000 7000 8000 9000 1000011000
Wavelength (A)

Figure Al. The magnitude difference between the former F99 approx-
imation and the exact F99 colour law, as a function of wavelength. We
show this for several selected Ry values, from Ry = 1 to 6.

APPENDIX B: COSMOLOGY WITH F99 FIX

Figs B1 and B2 show our posteriors for flat ACDM and wow,CDM
cosmologies, after updating the M. Vincenzi et al. (2024) pipeline
to include the fix to the F99 colour law, but before the Dovekie re-
calibration is done. In ACDM we find Q,,, = 0.369 =+ 0.017, alevel
which is 2.8¢ discrepant with the Planck CMB. In wow,CDM we
find wy, w, = —0.74 £ 0.06, —0.807%-2%, increasing the inconsis-

—0.24°
tency of the data with ACDM by 0.30.

\
0.35
Qp

0.30

Figure Bl. Q, posteriors in flat- ACDM for the original DES-SN5YR
(grey) and the F99 colour law fix (light green). The F99 fix moves the
matter density before re-calibration to be relatively higher compared to
the CMB by ~ 1o.
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Figure B2. Qp,, wy, and w, posteriors, from the combined SN+BAO+CMB sample for DES-SN5YR (grey) and the F99 colour law fix (light green). The
F99 fix increases the discrepancy with ACDM (note this is before recalibration).

APPENDIX C: COMPARISON TO DES-SN5YR

In this section, we highlight the changes in cosmology results
between DES-SN5YR and DES-Dovekie. Table C1 shows the dif-
ference in cosmological results for SN-only and SN+CMB+BAO,
the most instructive and most interesting combination of probes
respectively. Fig. C1 shows the SN-only flat ACDM posterior for

Table C1. A selection of the DES-Dovekie-DES-SN5YR changes in
cosmology.

Model AQnm Aw Awg
SN-only flat ACDM —0.022 - -
SN-only ACDM —0.020 - -
SN-only flat wCDM —0.007  —0.031 -
SN-only flat wow, CDM —0.023 —0.138 1.47
SN+CMB+BAO flat ACDM —0.001 - -
SN+CMB+BAO ACDM —0.001 - -
SN+CMB+BAO flat wCDM —0.004  —0.015 -
SN+CMB+BAO flat wow,CDM —0.006 —0.052 0.130
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Figure C1. Q, posteriors for flat ACDM for the original DES-SN5YR
(grey) and DES-Dovekie (dark blue).
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Figure C2. Comparison between DES-SN5YR and DES-Dovekie con-
tours for the flat-wCDM model. In grey, we present the DES-SN5YR
contours, and the DES-Dovekie contours in dark blue. We provide a light
maroon dashed line at w = —1, the cosmological constant.
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DES-Dovekie and DES-SN5YR, and Fig. C2 shows the same, but
for wCDM.

In all cases, DES-Dovekie finds a lower Q,, resulting in greater
consistency between SN, CMB, and BAO. For wy and w,, DES-
Dovekie prefers wy closer to —1 and w, slightly closer to zero.
The shifts in wCDM are within our systematic uncertainty for
calibration as in Table 8, a qualitative 0.5¢. Fig. C3 compares the
SN-only constraints for DES-SN5YR and DES-Dovekie.

DES-Dovekie parameter uncertainties are lower compared to
DES-SN5YR, as a result of the greater internal consistency of the
data. 0 (Qp,) is 10 per cent lower in flat ACDM, flat wCDM, and
flat wow,CDM, as is o (wy) and o (w,) in extended dark energy
models.

Finally, we note that the d.o.f. of DES-Dovekie are 1684, slightly
lower than DES5YR. This value is obtained by summing the
BEAMS probability from BBC.
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Figure C3. Qp,, wy, and w, posteriors for SN+CMB+BAO with SN Ia as DES-SN5YR (grey) and DES-Dovekie (dark blue). We present the SN-only

posteriors for each in high transparency.
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