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ABSTRACT

TypeIa supernova (SN Ia) cosmology relies on the estimation of light-curve parameters to derive precision distances, which are used to infer
cosmological parameters such as Hy, Qy, Qa, and w. The empirical SALT?2 light-curve modeling that relies on only two parameters, a stretch x;
and a color ¢, has been used by the community for almost two decades. We study the ability of the SALT2 model to fit the nearly 3000 cosmology-
grade SN Ia light curves from the second release of the Zwicky Transient Facility (ZTF) cosmology science working group. While the ZTF data
were not used to train SALT?2, the algorithm models the ZTF SN Ia optical light curves remarkably well, except for light-curve points prior to —10d
from maximum, where the training critically lacks data. We find that the light-curve fitting is robust against the considered choice of phase range,
but we show that the [-10; +40] d range is optimal in terms of statistics and accuracy. We do not detect any significant features in the light-curve
fit residuals that could be connected to the host environment. Potential systematic uncertainties associated tp population differences related to the
SN Ia host properties might thus not be accountable for by the inclusion of addition of light-curve parameters. However, a small but significant
inconsistency between residuals of blue and red SN Ia strongly suggests the existence of a phase-dependent color term, with potential implications
for the use of SNeIa in precision cosmology. We thus encourage further work in this area to explore this possibility, and we emphasize that SN Ia

cosmology must include a SALT? retraining to accurately model the light curves and avoid biasing the derivation of cosmological parameters.

Key words. supernovae: general — cosmology: observations — dark energy — distance scale

1. Introduction

Typela supernovae (SNela) are standardizable cosmological
candles. With a limited set of parameters that are usually derived
from light-curve observations, relative distances can be derived
to a precision of about 7% up to a few gigaparsec thanks to the
remarkable SN Ia brightness at optical wavelengths (<—19 mag).
These characteristics make SNeIa a key cosmological tool for
probing the expansion history of our Universe, which led to the
discovery of the acceleration of its expansion (Perlmutter et al.
1999; Riess et al. 1998; see Goobar & Leibundgut 2011, for a
review). SNe Ia also play a central role in the derivation of the
Hubble-Lemaitre constant, the value of which is currently highly
debated (Planck Collaboration VI 2020; Freedman et al. 2019;
Riess et al. 2022).

For the past 25 years, two light-curve parameters have been
used to standardize SNela (Tripp 1998). The standardization
exploits two empirical relations: redder SNe Ia are fainter (color
yields to the redder-fainter relation; Riessetal. 1996), and
more slowly evolving SNeIa are brighter (stretch yields to the
brighter-slower relation; Phillips 1993). When we account for
these two linear relations, the natural SNIa Hubble diagram
dispersion is reduced from 0.40 mag to 0.15 mag (e.g., recent
SNIa compilations; Betoule et al. 2014; Scolnic et al. 2018;
Brout et al. 2022). Half of this variance can be explained by

* Corresponding author; m.rigault@ip2i.in2p3. fr

measurement or modeling errors. This leaves ~0.10 mag unex-
plained, which is usually referred to as the intrinsic scatter.

The light-curve parameters of stretch and color are derived
using light-curve fitter algorithms. The spectral adaptive light
curve template (SALT2, Guy et al. 2007, 2010; Betoule et al.
2014) has been the community standard for the past decade. This
data-driven model is based on a principal-component analysis
(PCA) with an exponential phase-independent color law. The
PCA and color-law parameters are trained on calibrated light
curves and spectra to build a spectro-temporal model. The first
component M, (eigenvalue x() corresponds to the spectral tem-
plate for an average SNIa, while the second M, (eigenvalue
x1) corresponds to the phase and amplitude deformation of the
M, component. The third component has been shown to contain
insignificant information (e.g., Guy et al. 2007). The amplitude
of the multiplicative color correction is called c¢. For SALT?2, x;
corresponds to the stretch, x to the amplitude (flux), and c to the
color. The SN light-curve shape is therefore captured using only
the two parameters x; and c¢. The most frequently used SALT2
training is that from Betoule et al. (2014) and is usually referred
to as SALT2.4. Taylor et al. (2021) provided a recent retrain-
ing of SALT2.4 with additional data. Kenworthy et al. (2021)
redesigned the original SALT software and trained it with a
recent SN Ia cosmological compilation (Scolnic et al. 2018). It
was released as SALT3. In addition to the SALT models, the
community has developed alternative ponent light-curve mod-
els such as MLCS (Jha et al. 2007), SNooPy (Burns et al. 2011),
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BayesSN (Mandel et al. 2022; Grayling et al. 2024), and PIS-
COLA (Miiller-Bravo et al. 2022). They differ from SALT in
that they incorporate additional physics, most notably in the
treatment of dust reddening.

The stretch- and color-standardized SN Ia magnitudes have
been shown to significantly depend on their host-environments,
however. SNe Ia from massive host galaxies or redder UV-
optical color environments are brighter (after standardization)
than those from lower-mass (bluer) hosts (e.g., Sullivan et al.
2010; Roman et al. 2018; Rigault et al. 2015, 2020; Briday et al.
2022). This is usually refereed to as the “mass-step” because
it was first observed using global host stellar mass tracers
(Kelly et al. 2010; Sullivan et al. 2010). The actual origin of this
effect is highly debated. It might either be caused by differ-
ences in progenitor age, “prompt versus delayed” (Rigault et al.
2013, 2020; Roman et al. 2018; Briday et al. 2022), or it might
originate from a variation in the dust color law in the different
environments (Brout & Scolnic 2021; Popovic et al. 2021). Both
might be true, or both might be related aspects of a one underly-
ing parameter (Wiseman et al. 2022; Kelsey et al. 2023). In any
case, understanding the origin of these correlations is important
because any differences in their evolution with redshift is likely
to impact the inferred cosmological parameters.

An ideal solution would be to directly find signs of this pos-
sible SN-host correlation in the SN Ia light curves. If this were
the case, it might empirically corrected for, as is done for the
stretch and color, in the hope of capturing the entire variance
in the SN Ia magnitude. In this context, alternative SN Ia mod-
els have emerged. Saunders et al. (2018) and Léget et al. (2020)
used spectroscopic information, such as silicon velocities and
equivalent widths at maximum light, instead of the stretch to
standardize SNela. They were able to reach a dispersion of
~0.15 mag with five or more parameters, but did not see a signif-
icant reduction in the Hubble diagram scatter. Their results are
still affected by significant environmental biases. A promising
way forward is the twin technique. Introduced by Fakhouri et al.
(2015) and based on the spectrophotometric nearby supernova
factory sample (SNfactory; Aldering et al. 2002), the idea is that
two SNela with a nearly identical spectral time-series proba-
bly have an intrinsically similar absolute brightness. Advances
in machine-learning methods enabled Boone et al. (2021a,b) to
simplify the twinning down to three intrinsic parameters that
were estimated near maximum light. The authors demonstrated
that twinning, based on spectroscopy rather than light-curve pho-
tometry, provides a scatter as low as ~0.07 mag, which leads to
a strong reduction of the astrophysical biases, but not to a full
cancellation. However, acquiring spectrophotometry is difficult,
and this technique has not been demonstrated to work beyond
the SNfactory sample. Future space missions such as the Nancy
Roman Space Telescope might be able to acquire data like this
through slitless spectroscopy at high redshifts (Rose et al. 2021;
Rubin et al. 2022).

Twinning has nonetheless demonstrated that additional infor-
mation in the SN data is available that is not yet captured by clas-
sical photometric light-curve fitters. The question is whether this
information can be identified in the phase-evolution of multi-
band photometry, or if this is solely accessible with spectro-
scopic data.

In this paper, we study the SNIa light-curve residuals of
the second data-release of the Zwicky Transient Facility (ZTF;
Bellm et al. 2019; Graham et al. 2019) cosmology science work-
ing group (DR2; Rigault et al. 2025). This release contains SN la
light curves with a daily cadence and unprecedented phase cov-
erage. This dataset is consequently particularly well suited to
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probing deviations from the current light-curve templates and to
unveiling new features. Increased diversity has been observed at
both early (~15d prior to maximum light) and late time (>30d
after maximum light), which suggests that these phases con-
tain key information about SN Ia physics and its diversity (e.g.,
Dimitriadis et al. 2019; Deckers et al. 2022, 2023). With train-
ing samples dominated by higher-redshift data around maximum
light (Taylor et al. 2021), this diversity is likely not encoded in
the SALT2 model. The unique phase coverage of ZTF SNIa
DR2 allows us to test how well this model describes the SN Ia
population as a function of phase, and hence, to deduce the exact
phase range that should be used for cosmological inference.

We start the paper with a short introduction of the DR2 sam-
ple in Sect. 2. We then present the SNIa SALT2 light-curve
residuals in Sect. 3. The observed light-curve residual deviations
are studied in detail in Sect. 4, notably, variations as a function
of light-curve and host parameters. The robustness of the light-
curve parameter estimation released as part of DR2 is presented
in Sect. 5. We conclude in Sect. 6.

Throughout the paper, the phases are in days, in the rest
frame and set to O at 7, the estimated date of maximum light,
except when explicitly indicated otherwise.

2. ZTF cosmology DR2

The second data release of the ZTF Cosmology Science work-
ing group is presented in Rigault et al. (2025). It contains 3628
spectroscopically confirmed SNe Ia with a median redshift of
z = 0.08. The light curves have a typical three-day cadence
in ztf:g (g) and ztfr (r) and a five-day cadence in ztf:i (i). Of
these, 2625 are nonpeculiar SNe la that passed the basic cuts
(a good sampling and reasonable light-curve fit parameters; see
Rigault et al. 2025). In the —10 to +40 rest-frame phase range, all
of these 2625 have at least seven detections, two of which must
be before (pre), and two others must be after (post) maximum
light!. In addition, all targets must have detections in at least two
bands. Nearly half of our targets (46%) have i-band data.

The unique ZTF cadence typically allowed a first detection
two weeks prior to maximum light, and 80% of our 2576 SNe Ia
had at least one detection prior to —10d. In the [-20,+50]d
phase range, our targets have an average of 20 detections pre
maximum light and 50 detections post maximum light. Eighty-
five percent of the targets have at least one detection after +30 d.
This unprecedented sample size makes the ZTF SNIa DR2
dataset a unique opportunity for studying SN Ia light curves in
detail.

Except when indicated otherwise, the default light-curve
fitter algorithm was SALT2 (Guy etal. 2010), as available
in sncosmo (Barbary etal. 2023). By default, we used the
SALT2 version T21 from Taylor et al. (2021), which corre-
sponds to a small calibration update of the reference ver-
sion 2.4 (Betoule et al. 2014). As explained in Sect. 3, the
default fitted phase range is ¢ € [-10, +40] d. As expected from
Taylor et al. (2021), we did not notice significant differences
with the SALT2.4 surfaces (Betoule et al. 2014) instead of the
T21 surfaces. Because the latter benefit from a larger training
dataset, however, we decided to favor the new T21 retrained
surfaces (see Rigault et al. 2025, for details of the light-curve
extraction and fitting procedure).

! All but one have both g and r data. This one target without g and r
data has g and i, but no r.
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Fig. 1. Best-fit light-curve residual in units of errors (i.e., the pull) as a function of rest-frame phase. From top to bottom, we show the g- (green), r-
(red), and i-band (orange). The errors include the band-dependent error floor (see Sect. 3). In each panel, small colored markers represent individual
data points (pull), and blue-to-white makers show the median pull per daily bin (2-d for i band). These markers are colored by the significance
of their deviation from zero. White marker are nonzero at least at the 5o level (see the top left significance color bar). The running white bands
centered on zero show the bins for nMAD. If the light-curve model were to perfectly represent our data, and if our errors were Gaussian and
correctly estimated, the pull should be centered on zero with a scatter of one. The thin dashed horizontal lines show the +1¢ for reference. The
histograms in the right panel show the phase-marginalized distribution per band. An N(0, 1) distribution is also displayed as a thin dashed line for
reference. The vertical black lines show the phase range used to fit the light-curve data phase € [-10, +40] d. This figure contains 2625 SNe Ia.

3. Generic overview of SN la light-curve fitting

We summarize the light-curve residuals for the 2625 SNela
from the DR2 sample in Fig. 1. The light curves were mod-
eled as the best SALT2.4 (T21) light-curve template fit in the
¢ €[—10, +40] d rest-frame phase range on all three ZTF bands
(see Sect. 4). This figure presents the normalized light-curve
residuals, that is, the pull = (data — model) /error) where errors
are a quadratic sum of the actual statistical measurement errors,
a model error (subdominant), and a filter-dependent error floor,
estimated as a fraction of the observed flux. This error floor
was estimated to obtain a pull normalized median absolute devi-
ation (nMAD) of one for the fit phase range and corresponds
to unaccounted-for errors related to the forced-photometry tran-
sient signal extraction. We find that g, r, and i SN photome-
try need a 2.5%, 3.5%, and 6% error floor, respectively. This
agrees well with the simulations presented by Amenouche et al.
(2025) as part of the ZTF SNIa DR2 release. This additional
error floor typically corresponds to ~20% of the total error in
the ¢ € [-10, +40] d phase range, and to up to ~35% near max-
imum light. As illustrated in Fig. 1, the full light-curve error
leads to an expected pull scatter of +1o at all wavelengths
(white bands). We emphasize that the add-on error floor has
no effect prior ¢ = —20d as there is no SN flux yet at these

phases. In the figure, the residuals are binned per phase (1d
for g and r, and 2d for i). We display the median (used as
a robust mean) residual per bin and computed its error as the

error on the mean (nMAD/ VN — 1), with the nMAD used as a
robust STD. The significance shown in Fig. 1 (and similar fig-
ures) corresponds to the deviation of the median from zero given
its error.

The pre-explosion epoch (¢ < —20d) in Fig. 1 is also inter-
esting for two reasons. First, the ¢[-50, —20] d phase range was
not considered during the forced-photometry baseline correc-
tion (see Smith et al. 2025). Therefore, this allowed us to test
the quality of this procedure, which consisted (1) of shifting
the light-curve fluxes to account for potential SN contamina-
tion or defects in the reference images, and (2) of scaling the
measured flux errors to have a pull scatter of one when only
noise is expected. Fig. 1 shows that the residuals are centered
close to zero with a scatter of one, as expected. Second, because
there is no significant excess in the ¢ € [-40, —20] d period, we
can exclude the existence of systematic significant pre-explosion
features.

At epochs following the explosion, the model shows many
small- to medium-size deviations from what is expected,
as shown in Fig. 1. These are discussed in detail in
Sect. 4.
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flux + band-offset [a.u]

~10 0 10 20 30 40
phase [day]

-40 -30 -20
Fig. 2. Example of Typela supernova light curves normalized by
their SALT2 flux intensity parameter x,. For this illustration, only
targets passing the following criteria are displayed (see Sect. 4.1):
2€[0.05,0.09], c€[-0.1,0.1], and x; € [-1, 1]. In each panel, the black
lines represent the SALT2 model at the median redshift (z = 0.07),
color (¢ = 0.01), and stretch (x; = 0.17). Bottom panels: Zoom on spe-
cific time periods illustrated by a given band. From top to bottom, early
phases (g), near maximum light (r), and the second peak period (7) are
shown. White markers show the daily bin median fluxes (quarter of a
day for the early phases). This figure contains 781 SNe Ia.

4. Study of the light-curve residuals

At first glance, it is generally remarkable that the empirical
SALT2 model, which was trained on a much smaller dataset
than this ZTF data release and made of SNe Ia at higher redshift,
performs so well. This is particularly true near maximum light
(¢ €[5, +20] d), where most of the flux information is extracted
to derive cosmological distances.

We first discuss the residuals in characteristic epochs of the
light curves in Sect. 4.1. We then investigate in Sect. 4.2 the
impact of narrowing the fit phase range and discuss our selec-
tion of the ¢ € [-10, +40]d phase range for our baseline light-
urve fits in ZTF SN Ia DR2. We continue our investigation of the
light-curve residuals in Sect. 4.3, where we analyze how they
vary as a function of SN parameters. In Sect. 4.4 we analyze
how they vary as a function of SN environmental properties.

4.1. Analysis of the main light-curve epochs

Figure 2 illustrates typical SNIa light curves and SALT2
models using ZTF SNIa DR2 data. The SNIa data shown
in this figure are normalized by their best-fit flux at maxi-
mum light (xp), and they are corrected for Milky Way extinc-
tion (Schlafly & Finkbeiner 2011). For the sake of visibility,
the figure only contains targets within a redshift range of
2€[0.05,0.09], a color range of ce[-0.1,+0.1], and a stretch
range of x; €[—1,+1], so that all displayed SNela are com-
parable. This figure illustrates three periods, which we dis-
cuss in detail below: (1) early phases, that is, the first days
following the explosion (¢ € [-18,-10]d); (2) maximum light
(pe[-5,+10]d); and (3) the second peak in the red to near-
infrared bands (¢ € [+15, +35]d), which is a noticeable SN Ia
light-curve feature.

4.1.1. Early phases: ¢ €[-18,-10]d

Early SN1a epochs are well probed by the ZTF. This period
is particularly important for progenitor studies because it con-
tains imprints of the progenitor channel(s), and early light-curve
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excesses are particularly searched for (see, e.g., Deckers et al.
2022, and references therein), as is the rise time (e.g., Firth et al.
2015). In turn, a deeper understanding of SN Ia physics provides
key information for SN Ia cosmological analyses for understand-
ing and mitigating the origin of astrophysical biases (see, e.g.,
Senzel et al. 2025, and reference therein).

However, this very early phase range currently lacks train-
ing data, and existing light-curve fitting algorithms mostly
extrapolate below ¢ = —10d (see the data made available
by Guy et al. 2010; Betoule et al. 2014; Taylor et al. 2021, and
Kenworthy et al. 2021). The strong deviations in this phase
range, which was largely unexplored before the ZTF, are there-
fore expected. In Fig. 1 and in the early phase panel of Fig. 2,
the model overestimates the data fluxes in the ¢ = —15to —10d
range. Figure 1 also shows a flux excess in the ¢ = —18 to —15d
period, especially in i and g. The SALT2 model does not prohibit
the model flux from becoming negative, which is not physical.
This is particularly true for low x; models. The early excess can
thus be attributed to a modeling issue and not to a real physical
effect.

In the ¢ = —15 to —10d period, the model overprediction
suggests that the SN Ia light-curve rise starts slightly later and
rises slightly faster than predicted by the model. This is likely
a regularization issue that penalizes fast evolution of the model
eras that lack sufficient training. At ¢ = —10d, the SALT2 model
converges toward the correct SNIa rise pace, likely because
of sufficient training. This is visible in Fig. 2: The black line
(model) clearly lies on top of the white marker (binned data).

4.1.2. Near-maximum phases: ¢ € [-5, +15]d

The few deviations in Fig. 1 when the SALT2 model was applied
to our multi-thousand SN Ia dataset that never entered the model
training are remarkable. The near-maximum epoch range indeed
has the highest spectral and photometric training density. The
observation that light-curve residuals are globally flat and con-
sistent with zero is therefore expected. Nonetheless, this accu-
racy is reassuring for SN cosmology because this particular
phase range, ¢ € [-5, +15]d, is most important for determining
the SN light-curve peak flux, stretch, and color, from which dis-
tances are ultimately derived.

A careful inspection of Fig. 1 reveals a small but significant
flux excess in r, however. The model slightly underestimates
the observed flux in the week of maximum light. Hence, either
the SALT color law (CL) is slightly inaccurate for this band
(1€[5650,7250] A), or the underlying spectral template model
(Mp) is inaccurate in this phase range. This is further investi-
gated in Sect. 4.3, where we analyze the variation in light-curve
residuals as a function of light-curve parameters.

4.1.3. Second bump phases: ¢ € [+15, +35]d

The second-peak period at ¢ € [+15,+30]d corresponds to the
arrival of heavy elements such as Fe II in the explosion ejecta
(powered by the decay chain *Ni — Co — 7°Fe), which,
combined with a change in opacity, produces a flux increase in
the red to near-infrared wavelengths (Kasen 2006). This period
shows an interesting increase in the SNIa luminosity, which
is thought to depend on progenitor and/or explosion mecha-
nism properties (Dhawan et al. 2015). The current SALT tem-
plate model has no surfaces that would be particularly sensitive
to this epoch, however (e.g., Kenworthy et al. 2021). An exten-
sion of the model to further probe this unique SN Ia feature, for
instance, with an additional phase-dependent parameter (e.g.,
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Fig. 3. Similar to Fig. 1, but with a fit phase range ¢ €[-5,+30]d
instead of the default ¢ € [-10, +40] d phase range (vertical black lines).

a second stretch) may reduce the SN Ia scatter in the Hubble
diagram or account for the observed correlations between the
SN1a standardized magnitude and the properties of their envi-
ronment (see, e.g., Folatelli et al. 2010; Papadogiannakis et al.
2019; Pessi et al. 2022, and references therein).

Fig. 1 shows a small but long (nearly two weeks) model over-
estimation of the flux in the i band. In the example shown in
Fig. 2, the data clearly dip below the model at ¢ = +15d.

This smoothness issue is again likely due to a limited num-
ber of rest-frame wavelength data redder than 7000 A because
the SALT?2 training sample is usually made of higher-redshift
targets (Betoule et al. 2014; Taylor et al. 2021). For cosmology,
the inability to correctly model the phase evolution of SN Ia light
curves (the model is too smooth at +15 d, but also at —15 d; see
Sect. 4.1.1) could lead to an inaccurate estimation of the light-
curve parameters (xp, ¢, and x;), and then in turn to errors in the
derivation of distances. A better modeling could thus improve
the overall light-curve fit. Furthermore, an improvement like this
in the red to near-infrared bands would help photo-typing meth-
ods because this second peak feature is unique to SNe Ia (e.g.,
Kasen 2006).

4.2. Study of the phase-range fit

When fitting a light curve, the desire is to include a phase
range that is as large as possible to better constrain the
model parameters. This is especially true for the stretch.
Poorly modeled phase ranges will bias the parameter estima-
tions, however. It is therefore expected that phases outside
the range ¢ € [-15, +45]d, which have nearly no training data
(Betoule et al. 2014; Taylor et al. 2021; Kenworthy et al. 2021),
should not be included.

Figure 3 shows the light-curve residuals when light curves
were fit using the ¢ € [-5, +30] d phase range. The structure is
very similar to that in Fig. 1, showing that the inclusion of
¢€[-10,-5]d and ¢ €[+30,+40]d phases does not bias the
light-curve modeling: SN1Ia light curves are well modeled in
the extrapolated ¢ = [-10,—5] and [+30, +40] d phase ranges
because the residuals are consistent with zeor in all three ZTF
bands.

Hence, to obtain the most accurate and precise light-curve
fits, we considered the wider well-modeled phase range for
the ZTF SNIa DR2 fits, and we thus advocate using ¢ =
[-10,+40]d. This is consequently the rest-frame phase range
used for the DR2 release (Rigault et al. 2025; Smith et al. 2025).

T T T

T T T
-20 -10 0 10 20 30 -20 -10 0 10 20 30

phase [in days] phase [in days]

Fig. 4. Similfar to Fig. I, but split per light-curve color (c) to separately
probe blue and red SNeIa. For visibility, the phase bins are 1.5d in g
and rand 3d ini. Left side: ¢ € [5%, 30%] percentile SNe Ia. Right side:
c€[70%,95%] percentile SNe la. Top: SN Ia color distributions high-
lighting the part considered on each side, indicating the corresponding
sample size.

4.3. Goodness of fit as a function of light-curve parameters

We present in Figs. 4 and 5 the light-curve residuals after split-
ting our SN Ia sample according their light-curve color (c¢) and
stretch (x;), respectively. This enabled us to investigate the
potential origin of the observed deviations. For instance, resid-
ual variations observed regardless of the light-curve parame-
ters would point toward issues in the average template My(¢, 1),
while color-dependent but phase-independent residuals would
point toward a miscalibration of the SALT2 color law CL(Q).
However, we highlight that SN Ia light-curve features not cap-
tured by the SALT2 model would likely lead to residual varia-
tion scatter across the entire light-curve phase range. By splitting
the SNe along a parameter that might be related to the missing
part of the model (e.g., observed host biases), this effect might
therefore be unveiled.

We investigate the color dependences (Fig. 4, Sect. 4.3.1)
first and the stretch dependences (Fig. 5, Sect. 4.3.2) second. The
host dependences are presented in Sect. 4.4.

4.3.1. Color dependence

The SN Ia color is thought to be a mixed contribution of intrinsic
color variations (dominating at ¢ < 0) and external extinction
caused by interstellar dust of the host (dominating at ¢ > 0.2;
see, e.g., Brout & Scolnic 2021; Popovic et al. 2021, and refer-
ences therein). Figure 4 separately shows the light-curve resid-
uals of bluer and redder SNela. Surprisingly, redder SNela
(c €[0.05,0.28], the 70-95% c range) appear to be globally bet-
ter modeled by SALT than bluer ones (c€[-0.11,-0.03], 5-
30%) because they have weaker deviations. This is surprising
because the SN Ia light-curve modeling more strongly depends
on the CL(A) when |c| is high. Conversely, CL(1) has no effect
for a ¢ = 0 target.

When the blue SNela in Fig. 4 are considered in detail,
we note that before maximum light, the - and i-band light
curves are underestimated (negative pull), but the g-band light-
curves are overestimated. This reverses at phase ¢ = +10d and
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converges toward zero only at phase ¢ = +30d. This behavior is
not detected for redder targets.

We recall that the SALT color law CL(A) is phase indepen-
dent, and the first template order, My(¢, 1), does not depend on
any light-curve parameter. In other words, the red and blue SN Ia
light curves are modeled by the same Mj(¢, 1) and are deformed
by ¢ X CL(1), and this deformation is independent of the phase.
It is thus intriguing to observe SN-color and phase-dependent
residual variations. In principle, the stretch and color corrections
are independent. To ensure that what we report is not affected by
an x;-related issue, however, we repeated the same analysis con-
sidering x; €[-0.5,+1.5] or x; €[-2.0,-0.5] SNeIa only. We
found exactly the same results when we compared blue and red
SNe Ia. Hence, the phase-dependent features visible in Fig. 4 are
not related to potential M(¢, 1) template issues.

It is consequently very likely that an extension of the SALT2
model is required to capture the observed phase- and color-
dependent variations. As a physical interpretation, the current
phase-independent CL(1) would capture external dust absorp-
tion, while the additional CLi,(¢, 1) would account for potential
intrinsic SN color variations. This would be in line with recent
findings of multiple SN color origins (e.g., Brout & Scolnic
2021; Nascimento et al. 2024; Hand, in prep.). Kenworthy et al.
(2024) extends the SALT3 model to include an additional param-
eter, which captures this additional phase dependence of SN Ia
color. This agrees with this work.

4.3.2. Stretch dependence

The SN1Ia stretch is an intrinsic property that is directly con-
nected to the astrophysics of the SNIa explosion event (e.g.,
Scalzo et al. 2014; Shen et al. 2021, and references therein). It
has been shown to depend on the SN Ia environment, and most
likely, to depend on the progenitor age (e.g. Hamuy et al. 1996;
Howell et al. 2007; Nicolas et al. 2021). Light-curve deviations
as a function of SN Ia stretch could provide interesting clues for
a further understanding of SN Ia physics, and it might help us to
constrain the observed astrophysical biases in SN cosmology.
Figure 5 separately shows the SALT?2 light-curve resid-
uals for fast (x; €[-2.2,-0.8]) and slowly declining SNe la
(x1 €[+0, +1]) (bins selected to sample the two stretch modes;
see, e.g., Nicolas et al. 2021). The light-curve residuals appear
to be globally flat, suggesting that the stretch template correc-
tion (M;(¢, 1)) describes the data quantitatively well. This is
particularly true for the high-stretch mode, which is the most
populated mode. For these SNe, the sole significant deviation
is in the i band and is consistent with the effect we discussed
in Sect. 4 and showed in Figs. 1 and 2. This means that the
SALT2 template is smoother than the data. Low-stretch mode
SNe Ia, however, show some significant deviations in the » band.
The phase range near the second peak (¢ ~ +25d) is particu-
larly affected, suggesting that the M (¢, A) structure itself would
benefit from a retraining, and not just the SALT2 regulariza-
tion terms. At maximum light, deviations are likely collateral
issues caused by the late phase issue. The g and i bands are
nonetheless correctly modeled, which suggests that this r-band
issue does not significantly affect the overall fit. With the cur-
rent SALT2 template, high-stretch mode SNe Ia are better mod-
eled than low-stretch ones overall. This issue is likely due to the
linear construction of the SALT model. Nonlinear models such
as ParSNIP (Boone 2021) and SNooPy (Burns et al. 2011) are
inherently more capable of simultaneously modeling both the
extremes and the middle of the stretch distribution than SALT.
Resolving the issue will require adding some degree of nonlin-
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Fig. 5. Similar to Fig. 1, but split per light-curve stretch (x;} to sami-
ple both modes (Nicolas et al. 2021; Ginolin et al. 2024). For visibility,
phase bins are 1.5d in g and r and 3d in i. Left side: x; € [-2.2,-0.8]
SNe Ia. Right side: x; € [0, +1.0] SNe Ia. Top: SN Ia stretch distributions
highlighting the sample considered on each side.

earity to the model or overcompensating with additional linear
parameters.

Finally, the strong bump that is visible at low stretch in the
g band is a consequence of the poor modeling in SALT?2 that we
discussed in Sect. 4. It is not connected to the SN Ia physics. It
causes a dip in the residuals at high stretch because of nonphys-
ical negative fluxes in the model and the opposite at low stretch.

4.4. Goodness of fit as a function of host environment

In this subsection, we investigate how SN Ia light-curve residuals
vary as a function of their environment. Deviations are expected
because the SNIa parameters and, most importantly, the stan-
dardized SN Ia magnitudes, have been shown to significantly
depend on their host environments (see, e.g., Sullivan et al.
2010; Roman et al. 2018; Rigault et al. 2020; Briday et al. 2022
and companion ZTF SNIa DR2 papers Ginolin et al. 2024,
2025). The community is searching for an additional light-curve
parameter that might capture these dependences.

Following most literature analyses, we focused on the global
host stellar mass (log(M../My)) and the local environment color
tracer ((g — 2iocal; S€€ the parameter estimation in Rigault et al.
(2025) and Smith et al. (2025). The light-curve residuals as a
function of their environments are shown in Fig. 6. Surprisingly,
the light-curve residuals lack a significant host signature. Low-
and high-mass host SNela have very similar residuals, as do
locally blue- and red-environment targets. The only noticeable
change is seen in the i band at the time of the second peak,
but this is very likely connected to the similar differences as a
function of the SN light-curve stretch because low stretch-mode
SNeIa only exist in massive host and/or red environments (see,
e.g., Nicolas et al. 2021 and Ginolin et al. 2024). This agrees
with the results of Jones et al. (2023), who found limited evi-
dence for a connection between light-curve residuals and host
galaxy properties.

We therefore conclude that the light-curve parameter proba-
bly cannot capture SN-host dependences, at least not in the opti-
cal photometric bands probed by the ZTF. This conclusion might
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Fig. 6. Similar to Figs. 5 and 4, but split according to global host mass
(log(M../My), top) or local color environment ((g — Z)jocal, bOttom).

be revisited when the color- and phase-dependent variations pre-
sented in Sect. 4.3.1 are accounted for.

4.5. SALT2 versus SALT3

In the main analysis, we used the SALT2 (Guy et al. 2010)
algorithm trained by Taylor et al. (2021), which extends the
original 2.4 version from Betouleetal. (2014). Recently,
Kenworthy et al. (2021) redesigned the training algorithm and
created SALT3. In this section, we investigate whether our
results hold when this SALT implementation is used. We used
version 2.0 of SALT3, as available in sncosmo.

The SALT3 light-curve fit residuals are shown in Fig. 7. The
deviations observed with SALT2 that we showed in Fig. 1 and
discussed in Sect. 3 are still visible, and some are even stronger:

1. Early phase ([-20, —10] d) fluxes are strongly overestimated
by the light-curve fitter in all three bands.
2. The model largely underestimates the r-band flux near peak

brightness ([-5, +5] d).

3. The second peak epoch ([+15, +35] d) still deviates, but the
deviations appear to be weaker in SALT3 than in SALT2.

pull [o]

pull [o]

pull [o]

10 20
phase [in days]

Fig. 7. Similar as Fig. 1, but using the SALT3 light-curve fitting algo-
rithm (Kenworthy et al. 2021). The variations observed with SALT?2 are
still visible, notably pre maximum, where they are even stronger.

This is different from the two other issues, which are stronger

in SALTS3.

In addition, there is a strong deviation at —5 d in SALT3 that does
not seem significant in SALT2, especially in the g band.

When investigating the aforementioned variations when
splitting SNe Ia by stretch (Sect. 4.3.2) or color (Sect. 4.3.1), we
see very similar features and draw the same conclusions as we
did when using SALT2. We thus conclude that the description of
the ZTF light-curve data is very similar in SALT3 and SALT2.
SALT3 seems to be slightly better at describing the second-peak
epoch, but does significantly worse for pre-maximum light. This
indicates that future training will probaby reduce the degree of
regularization that needs to be applied.

5. Variation in the light-curve parameter

In this section, we investigate the dependence of the ZTF SN Ia
DR2 SALT?2 parameters on the choices that are made to perform
the light-curve fit, that is, in the ¢ € [-10, +40] d phase range and
for all three ZTF bands, when available. In Sect. 5.1 we discuss
the phase variations, and in Sect. 5.2 we investigate whether the i
band affects the derivation of the SALT?2 light-curve parameters
significantly.

5.1. Impact of a different fit phase range

We compared the estimate of the SALT2 light-curve param-
eters when the reference phase range of ¢ €[-10,+40]d was
changed to either the smaller range (¢ € [-5,+30]d) or to the
range with a longer baseline (¢ € [-20, +50]d). The compari-
son of the ¢ €[-10,+40]d versus ¢ € [-5,+30]d phase range
is shown in Fig. 8.

Fig. 8 shows that the SALT2 parameters seem to be unbiased
when the covered phase range is reduced. The scatter on x;, the
most sensitive parameter to phase coverage, is about the typi-
cal x; error (~0.2). The variations in SALT?2 color (c) or peak
magnitude (derived from xy) are typically smaller than 30% of
the quoted errors. When the default phase-range is compared
to the ¢ €[-20, +50] d phase range instead of the shorter range
¢ €[5, +30] d (not shown), the conclusions are the same, but the
variations are typically half of the variation presented in Fig. 8.

We thus conclude that our SN light-curve parameter estima-
tions are robust against reasonable changes in the fit phase range.
This robustness is largely due to the impressive ZTF cadence

A2, page 7 of 10



Rigault, M., et al.: A&A, 694, A2 (2025)

Significance
1 5

5
"
0.50 4 .
005
0.25 4 wm 3
< =
5 0007 P TTL AT T J b et Tt e B
@ X
—0.25 4 \—————\/\/\/_‘ # X
-0.50 h
T 0.1C
-3 -2 -1 0 1 2 3
stretch x;
0.04 4 +0.20
0021 /_//\/\/\/’ o g
Y 5004 o.....O. +*——Mt£
< ST, ) 1000 q
_/\/—’/\_/ X
—0.02 4 010 §
—0.04 - T T T T T -0.2
-0.2 0.0 02 0.4 0.6 0.8
color ¢
0.04 4
o 002
gooo e o ® 0 @0 o o o o ¢
'ﬁ ® () L 5 IS —
< o2
~0.04 4

-10 -0.5 0.0 05 1.0 15 2.0 25
observed Hubble residuals [mag]

Fig. 8. Impact of changing the fit phase range from ¢ e[-10,+40]d
(ref) to ¢ €[5, +30] d (comp) on the estimate of the SALT2 light-curve
parameters x; (top), ¢ (middle), and observed Hubble residuals, derived
from x, assuming a default cosmology (bottom). The x-axis in each
panel shows the reference parameter (e.g., crr), and the y-axis shows
the difference (Ac = crr — Ceomp)- In each panel, the horizontal gray
lines show the median parameter error, and the marker color indicates
the significance of the deviation from zero. The right ticks in the stretch
and color panels show the corresponding magnitude impact, assuming
a=-0.15and B = 3.15.

(typically one photometric point per day; see Rigault et al.
2025).

5.2. Missing the i band

We also investigated the impact of the use (or lack of use) of
the i-band data when the light-curve parameters are investigated.
As reported in Rigault et al. (2025) and Smith et al. (2025), only
46% of our targets have at least one i-band detection within the
¢ € [-10, +40] d phase range. Only 25% have at least five detec-
tions. This means that it is questionable whether the SALT2
light-curve parameter estimation between SNe Ia with and with-
out i-band coverage is self-consistent.

To test this, we compared the SALT2 parameters estimated
with and without the i band by refitting the light-curve param-
eters while discarding our i-band data. The resulting SALT2
color variations, which parameter is by far the most affected,
and the resulting i-band light-curve residuals are shown in Fig. 9.
This figure shows that the SALT2 colors vary by less than 0.01,
which is less than one-third of the typical SALT?2 color param-
eter errors. This demonstrates that the SALT2 parameters esti-
mated for targets with or without i-band data are compatible.
This is further supported by the i-band light-curve residuals pre-
sented in Fig. 9. The residual scatters are centered on zero and
do not show more biases than were presented in this paper so
far. The only small variation is the slight increase in scatter (run-
ning white band). This is to be expected because the i-band light
curve never entered the fit, and the residuals we plot are the result
of an extrapolation of the g, r fit SALT2 model to the i band.
This remarkable agreement of the i-band light-curve residuals
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Fig. 9. Impact of using g and r bands only to fit ZTF light-curve
data with SALT2. The right ticks shows the conversion into magnitude
assuming 8 = 3.15. Top: Variation in the color ¢ parameter. Cases with-
out i-band data (55%) are shown in gray. Middle: i-band light-curve fit
residuals (not used for the fit) shown following the layout of Fig. 1.
Bottom: For comparison, i-band light-curve fit residuals using all three
bands, as shown in Fig. 1.

strengthens the quality of the ZTF SN Ia DR2 band intercalibra-
tion.

In light of the results presented in this subsection, the interest
of acquiring i-band data for SN cosmology might be questioned.
Here, we thus briefly summarize a few points.

We recall that this study is made in the context of the SALT?2
algorithm, which only has one color parameter. Two bands are
thus sufficient, in principle, and because the ZTF, g- and r-band
observations are four times more frequent that the i-band obser-
vations (~1.5d vs. ~5d cadence) and are deeper (20.5 mag vs.
20 mag; Smith et al. 2025), they largely overweight the i-band
information during the SALT2 light-curve fit. The i band is
important in SN cosmology for at least three reasons, however.

The first reason is calibration: Three bands enable us to diag-
nose any calibration systematic within the bands because we
can use two bands to predict the third band. The second rea-
son is astrophysics: The existence of two colors in SN Ia stan-
dardization is highly debated (e.g., Brout & Scolnic 2021, and
references therein). Three bands are thus needed to confirm or
refute the existence of the two-color term in SN cosmology
(see, e.g., Kenworthy et al. 2024). If it is indeed confirmed, the i
band is moreover required to derive accurate distances (see also
Sect. 4.3). The third reason is operational: In red to near-infrared
regions, SNe la differ most from other SN types. The i band is
thus a powerful tool for distinguishing an SN Ia from another
type of transient.

Cosmological surveys of SN then need to acquire data in at
least three bands.

6. Conclusion

We presented a detailed study of the ZTF DR2 SN Ia light-curve
residuals and compared them to the SALT2 model. We studied
the accuracy of the model, which we did not retrain, to fit our
g-, r-, and i-band dataset, which is made of 2625 SNe Ia. In par-
ticular, we investigated (1) the phase range that should be con-
sidered for the light-curve fit, (2) the effect that is created by
the lack of i-band data for 55% of our targets in the estimation
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of their light-curve parameters, and (3) whether the SALT2
model describes SN Ia light curves equally well, regardless of
their parameter or host environments. This study is relevant for
SN cosmology because the use of the SALT? light-curve fitter is
a core ingredient for the derivation of distances. An inaccuracy
of the model that explains the data could then lead to biases in
the derivation of the cosmological parameters.
Our conclusions are listed below.

1. Globally, the current implementation of SALT2 (2.4 or T21)
represents our dataset remarkably well, even though our
sample is much larger than the sample used for the model
training. In all three optical ZTF bands, the model residuals
from rest-frame phases ¢ between —10 to +40d systemati-
cally deviate from zero by only a tenth of the errors.

2. The light-curve flux error estimates of the ZTF SN Ia DR2
are compatible with the observed data when a 2.5%, 3.5%
and 6% SN flux scatter is included to account for noise that is
introduced by the difference-image pipeline. The amplitude
of this error floor is compatible with findings based on sim-
ulations reported in the companion paper (Amenouche et al.
2025).

3. The SALT2 model is not able to describe the early SNIa
light-curve phases (¢ < —10d), where it systematically over-
estimates the observed flux. This is particularly true for g
and r bands. This issue is most likely due to a lack of train-
ing data in this phase range and should be fixed by including
datasets such as the ZTF in the training set.

4. When we compared the SNe Ia per host environment, we saw
no sign of light-curve residual differences. This strongly sug-
gests that the SN optical light curves do not contain a signa-
ture that would enable us to absorb the observed environmen-
tal dependences in SN standardized magnitude (also known
as the steps). An improved early epoch modeling and color
(see below) may change this conclusion.

5. We showed many small but significant biases (nonzero
residuals) in many epochs of the light curves, even in the
¢ €[—10,+40] d phase range. Most notably, the r-band flux
at maximum light is underestimated, and many deviations
are visible around the second peak in all three bands. The
SALT?2 model seems to be too smooth globally in compar-
ison to what the data would favor. It is very likely that a
retraining of the SALT2 model with additional data would
absorb these variations.

6. We reported significant light-curve residual variations for
blue and red SNe la that probably cannot be absorbed by a
retraining the SALT2 model. They rather strongly suggest
the existence of a third component in the form of a phase-
dependent color term. Its impact on the overall light-curve
modeling might be small, but its estimation could be impor-
tant for cosmology because claims of multiple sources of SN
color are often made.

7. The light-curve variations are stronger in low-stretch SNe Ia,
which is again expected because these are rarer and fainter
and are thus not as well represented in the training dataset.

8. The SALT2 parameters reported in the ZTF SNIa DR2
are robust against phase variations (¢€[-5,+30] or
¢ €[-20,+50]d in place of the default ¢ € [-10, +40]d) or
against the absence of i-band data.

9. Using SALT3 (version 2.0) in place of SALT2 (T21 or 2.4-
JLA) leads to very similar conclusions. SALT3 nonethe-
less shows more light-curve residual deviations at maximum
light, but a clear improvement at second-peak phases.

Based on the results of this paper, we strongly advocate that SN
cosmological analyses should include a retraining of the light-

curve fitter model to accurately represent the complexity of the
considered dataset. This is critical for samples that are signif-
icantly larger than the sample that is used to train the model.
Consequently, cosmological analyses based on ZTF data will
require a retraining of the SALT model. We finally encourage
modellers to consider searching for a color-dependent term that
might explain the observed color-dependence variations in the
light-curve residuals.
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