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Abstract

In this paper, we present 16 early-phase type Ia supernovae (SNe Ia) discovered during the pilot survey of the 2.5 mr
Wide Field Survey Telescope (WFST-PS) from 2024 March 4 to July 10 including three SNe Ia with early-excess
emission features (EExSNe Ia). The discovery magnitude of the 16 WFST-PS early-phase SNe is at least 3 mag fainter
than their peak brightness. A large scatter of color indices is found in approximately the first 10 days of supernova
explosions, indicating diverse photometric behaviors in the early phase. Three EExSNe Ia show relatively brighter peak
luminosities and longer rise time compared to those of non-EExSNe Ia. The results indicate that current theoretical
models require further refinement to fully capture the early photometric evolution of SNe Ia. Based on the initial high-
cadence ugr-band data from the WFST-PS survey, we emphasize that early near-ultraviolet (NUV) observations are
indispensable for placing tight constraints on the explosion mechanisms and progenitor systems of SNe Ia.

Key words: (stars:) supernovae: general – surveys – methods: statistical – methods: observational – techniques:
photometric – (stars:) white dwarfs

1. Introduction

The prevailing view in the academic community holds that
type Ia supernovae (SNe Ia) originate from thermonuclear
explosions of carbon-oxygen white dwarfs. These explosions
are triggered either by the continuous accretion of material
from a non-degenerate companion star (the single-degenerate
channel, Whelan & Iben 1973) or through a merger with a
companion star (the double-degenerate channel, Iben &
Tutukov 1984; Kenyon & Webbink 1984). The homogeneous
peak luminosity of normal SNe Ia (∼70% of the total
population; Blondin et al. 2012) enables their use as precise
cosmological standard candles, following calibration via the
empirically derived Phillips relation (light-curve shape versus

peak brightness; Phillips 1993; Hamuy et al. 1996; Perlmutter
et al. 1997; Riess et al. 1998; Perlmutter et al. 1999; Phillips
et al. 1999). However, significant disagreement persists
regarding the nature of the progenitor binary systems and
the precise explosion mechanisms, thereby compromising
the accuracy of normal SNe Ia as cosmological distance
indicators. The recent surge in transient surveys has pioneered
new avenues for studying the properties of transients within
days of an explosion (Jiang et al. 2022; Galbany et al. 2025).
Increasingly, the ultra-early light-curve behavior of normal
SNe Ia has been observed and utilized to constrain specific
explosion mechanisms, offering fresh insights into their
progenitor systems and explosion physics (Kasen 2009;
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Kutsuna & Shigeyama 2015; Jiang et al. 2017; Maeda
et al. 2018).

During the early light-curve rise phase, observations have
revealed diverse light-curve morphologies (Firth et al. 2015;
Papadogiannakis et al. 2019; Sai et al. 2022; Srivastav et al.
2023; Wang et al. 2024). Furthermore, Jiang et al. (2018)
demonstrated through a large sample analysis that SNe Ia show
diverse flux excess light-curve morphologies during their early
phases. Kasen & Ramirez-Ruiz (2010) first studied how
progenitor systems affect the early light-curves of SNe Ia. The
study found that when the explosion ejecta hits a companion
star, it creates ultraviolet and optical light for several days. If
observed from certain directions, this interaction causes a clear
brightening in the first few days after the explosion (Jiang et al.
2021). Piro & Morozova (2016) studied the ejecta-circumstellar
material interaction, which produces early-phase UV-optical
excess flux similar to companion interactions. Clumps of 56Ni in
the outer ejecta may create early flux excess before the main
light-curve rise dominated by inner 56Ni (Dimitriadis et al. 2019;
Magee & Maguire 2020). The observed rising-phase morphol-
ogies strongly depend on the spatial distribution of 56Ni within
the ejecta (Piro & Nakar 2014; Piro & Morozova 2016;
Noebauer et al. 2017; Magee et al. 2018). Additionally,
variations in the mass and composition of helium shells can
produce diverse early phase light-curve behaviors (Maeda et al.
2018; Magee et al. 2021). In the double-detonation model, the
ignition of a helium shell on a white dwarf synthesizes short-
lived radioactive isotopes (e.g., 56Ni, 52Fe, 48Cr). Their decay
powers early phase emission within days of the explosion (Jiang
et al. 2017; Noebauer et al. 2017; Polin et al. 2019; Magee et al.
2021). Magee et al. (2021) show that models with helium shells
lacking iron-group elements reproduce normal SNe Ia across a
range of luminosities, matching observations from the explosion
through peak brightness. Shen et al. (2021) show that sub-
Chandrasekhar double-detonation models under varying view-
ing angles broadly match the light-curves and spectra of normal
SNe Ia across all luminosities, from sub- to super-luminous.

In early phases, in addition to the overall light-curve
morphology, color evolution can effectively probe the spatial
distribution of radioactive isotopes such as 56Ni in the ejecta
(Dessart et al. 2014) and serves as an important basis for
distinguishing different theoretical models (Liu et al. 2023).
For the double-detonation model, radioactive elements are
produced in the outermost and inner regions, leading to the
formation of a unique red bump feature (Noebauer et al. 2017;
Maeda et al. 2018; Polin et al. 2019). However, optical
photometry of early phase light-curve features alone may not
suffice to discriminate helium-detonation models from alter-
native explosion mechanisms. When combined with ultraviolet
observations, the identification of early phase behaviors
becomes possible. Theoretically, iron-peak elements strongly
influence ultraviolet radiation through line-blanketing and line-
blocking effects (Jeffery et al. 1992; Sauer et al. 2008;

Hachinger et al. 2013). Models show that the ultraviolet band
is extremely sensitive to the nucleosynthetic products (i.e.,
ejecta composition) of supernova explosions (Lentz et al.
2000; Sauer et al. 2008). Therefore, early ultraviolet observa-
tions can sensitively detect the composition of the outer ejecta
material. Helium-detonation models predict a UV peak within
1 day post-explosion, significantly earlier than interaction
models, and show redder UV-optical colors in the initial days
(Magee et al. 2021). Furthermore, Milne et al. (2013)
discovered two distinct subgroups of normal SNe Ia based
on their NUV-optical colors, utilizing a large dataset from the
Swift UV/Optical Telescope (UVOT).
Here we report 16 SNe Ia with multiband early observations

or deep non-detection constraints discovered during the pilot
survey of the Wide Field Survey Telescope (WFST18), three of
them show clear early-excess features. The paper is organized
as follows. The WFST transient survey design and sample
selection criteria are outlined in Section 2. Photometric
behavior and basic analyses of early-phase SNe Ia are
summarized in Sections 3 and 4. Further discussions and
conclusions are given in Section 5.

2. Observations and Sample Overview

The WFST is a 2.5 m optical telescope jointly built by the
University of Science and Technology of China (USTC) and
the Purple Mountain Observatory (PMO), which is designed
for a high throughput in blue wavelengths and equipped with a
mosaic CCD camera (9 × 9k × 9k) with a field of view of
∼6.5 square degrees (Wang et al. 2023).
The pilot survey of WFST (WFST-PS) was carried out from

2024 Mar 4th to July 10, which aims to evaluate the
performance of the transient search (Hu et al. 2022) and carry
out early scientific surveys with WFST. WFST started the
6-year transient survey from Dec 14, 2024. All SNe shown in
this article were discovered by the Deep High-cadence ugr-
band Survey project (DHugr), a key project for both pilot and
formal surveys. The primary observing strategy involved
daily/hourly-cadence photometries in u, g, and r bands.19

Standard data processing was implemented through the WFST
data pipeline, which is built on a modified version of the Large
Synoptic Survey Telescope (LSST) software stack (Axelrod
et al. 2010; Bosch et al. 2018; Ivezić et al. 2019). More details
on WFST data processing can be found in Cai et al. (2025) and
Z. Xu et al. (2026, in preparation).
Team members carried out visual inspections of all WFST-PS

transient candidates after the real-bogus classifier. Based on
specific criteria (incl host-center offset, redshift, light-curve
morphology, source catalog cross-match, etc.), we ultimately

18 https://wfst.ustc.edu.cn
19 However, due to an unexpected technical issue of the filter-exchange
system occurred in late Mar 2024, only g- and r-bands data were obtained
during the remaining WFST-PS period.
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classified 894 sources as robust SN candidates. Refer to J. Jiang
et al. (2026, in prepartion) for further details of the DHugr
project and the whole SN sample discovered by WFST-PS.

2.1. SN Ia Classification

Superphot+ is a photometric classifier that employs parametric
modeling to extract meaningful features from multi-band super-
nova light-curves without requiring redshift information, while
maintaining classification accuracy comparable to redshift-depen-
dent methods (de Soto et al. 2024). Using Superphot+, we further
classified our sample of 894 confirmed SNe, identifying 411 SNe
Ia, of which 363 have either host galaxy spectroscopic redshifts or
photometric redshift. We identified 16 SNe Ia as WFST early-
phase SNe Ia based on the criterion that their detection magnitude
was at least 3 magnitudes fainter than peak brightness in single or
multiple bands. For our analysis, we used exclusively the observed
light-curves after time-dilation correction and directly compared
them with the fit results to avoid introducing additional
uncertainties from applying K-corrections to the early-phase.

For 16 early-phase SNe Ia, we did follow-up spectroscopic
observations using the Double Spectrograph (DBSP; Oke &
Gunn 1982) mounted on the Palomar 200-inch (P200) telescope.
However, due to unexpected weather conditions and technical
issues, we were unable to obtain usable spectra for any target.
Spectroscopic identifications were obtained for four early-phase
SNe Ia, WFST-PS240407h (2024gmn), WFST-PS240410d
(2024gme), WFST-PS240504x (2024kxr), and WFST-
PS240513c (2024jbb) from the Transient Name Server (TNS).
The Supernova Identification tool (SNID; Blondin & Tonry 2007)
employs cross-validated template matching to determine super-
nova subtypes. For SNe Ia, SNID classifies them into five distinct
subtypes: Ia-norm (normal), Ia-91T (91T-like), Ia-91bg (91bg-
like), Ia-csm (circumstellar material interacting), and Ia-pec
(peculiar). Our analysis utilized an expanded version of the SNID
template library (v2.0), which incorporates not only the original
spectral templates but also includes templates for tidal disruption
events (TDEs) and superluminous supernovae (SLSNe). We
applied SNID to classify the spectral subtypes of our four early-
phase SNe Ia. The 16 early-phase SNe Ia span a redshift range of
0.0181 < z < 0.165 (see Figure 1), with redshifts derived from
either spectroscopic or photometric measurements of their host
galaxies. To ensure the reliability of the classification results and
minimize the impact of noise or data quality on the classification,
we require the relative likelihood a posteriori (rlap) to be �5.
The template matching results were visually verified using
PySNID,20 as shown in Figure 2. Through this comprehensive
analysis, we confirmed that three early-phase SNe Ia (WFST-
PS240407h, WFST-PS240410d, WFST-PS240513c) belong to
the normal type (Ia-norm) and WFTS-PS240504x belongs to
91T-like. To validate the reliability of the classification, we

performed light-curve fitting using the SALT2 model (Guy et al.
2010; Betoule et al. 2014) on the remaining 12 early-phase SNe
Ia. All SNe were fitted with snfit (v2.4)21 using photometric data
in g, r, and u bands when available. A more detailed discussion of
these results is presented in Section 3.1.

3. WFST-PS SNe Ia

3.1. Light Curve

To estimate the time of B-band maximum (tB,max), the observed
peak magnitude (mB,max), and the B-band decline rate parameter,
Δm15(B), we performed SALT2 light-curve fitting for 16 early-
phase SNe Ia. SALT2 parameterizes the flux density of a
supernova as a function of phase and rest-frame wavelength, where
x0, x1, and c represent the normalization, shape, and color
parameters, respectively. Table 1 presents the fit parameters of 16
WFST-PS early-phase SNe Ia. The measured parameter ranges
(−0.13 < c < 0.21 and 0.22 < x1 < 1.40) are consistent with
criteria of cosmology-used normal SNe Ia (−0.3� c � 0.3,
−3.0� x1� 3.0; Brout et al. 2022).
The photometry characteristics of 16 WFST-PS early-phase

SNe Ia are presented in Table 2. We follow WFST-PS names for
transients. Some events were first reported by other groups, but
the WFST forced photometry shows detections earlier than the
TNS reports. Absolute magnitudes were determined from the host
spectroscopic or photometric redshift and Galactic extinction E
(B − V ), with extinction estimates as refined by Schlafly &
Finkbeiner (2011), adopting RV = 3.1. No host extinction
corrections were applied.
Uncertainties exist in early-phase K-corrections for SNe Ia,

as they require extrapolation beyond 15 days before maximum
light. Furthermore, based on K-correction fitting results from
SNoopy,22 WFST-PS early-phase SNe Ia show minimal
K-corrections, with the highest-redshift objects showing

Figure 1. The redshift distribution of WFST-PS early-phase SNe Ia.
Photometric redshifts of two host galaxies are used due to the missing of
spectroscopic redshifts of both SNe and hosts.

20 https://github.com/MickaelRigault/pysnid

21 http://supernovae.in2p3.fr/salt/doku.php?id=usage
22 https://csp.obs.carnegiescience.edu/news-items/snoopy-released
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K-corrections �0.1 mag. SNe Ia show significant spectral
diversity in ultraviolet and blue optical wavelengths at very
early phase (Nugent et al. 2002). Due to the intrinsic variation,
standard spectral templates (e.g., Hsiao et al. 2007) cannot
reflect early light-curve behavior appropriately. Therefore,
K-corrections were not applied for our sample. Figure 3 show
the observed light-curves and best-fit SALT2 models for 16
WFST-PS early-phase SNe Ia.

3.2. WFST-PS EExSNe Ia

To adopt a reproducible quantitative approach for identify-
ing early excess flux in early-phase SNe Ia, we performed
fitting using a simple power-law function ( )t t n

0 and
conducted simultaneous examinations in both g- and r-bands
following the method in Wu et al. (2025). For a single band,
this requires: (1) two data points with non-zero residuals
within this range (with at least one point showing residuals

Figure 2. Spectra and SNID classification results for four early-phase SNe Ia. From top to bottom: WFST-PS240407h, WFST-PS240410d, WFST-PS240504x, and
WFST-PS240513c. The colored lines and their corresponding labels represent the matched template spectra, while the gray lines show the observed spectra of each
early-phase SNe Ia. The probability matches with rlap � 5 are presented to ensure reliable classification.
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>2% of peak flux), and (2) all model residuals at these points
exceeding their 3σ uncertainties (Deckers et al. 2022). In
contrast to other WFST-PS early-phase SNe Ia, as shown by
Figure 4, the early rising light curves of these three SNe
deviate significantly from simple power-law fits, indicating the
presence of early-excess emissions.

WFST-PS240315d was discovered at MJD 60380.947,
approximately 18.331 ± 0.064 days before the rest-frame
B-band maximum light as determined by SALT2 fitting. As
shown in Figure 5, the supernova is located 4.36 northwest of
its host galaxy center. The host’s spectroscopic redshift is
z = 0.101. The SALT2 best fit light-curve show that WFST-
PS240315d is a typical normal SN Ia with a rest-frame B-band
peak magnitude of −19.50 ± 0.02 and Δm15(B) = 0.97
± 0.05. The photometric behavior of WFST-PS240315d during
the first 3 days shows significant deviations from that of typical
non-EExSNe Ia. As shown in Figure 4, the normalized g-band
flux reached 0.2 in the first three days, significantly exceeding that
of the EExSNe Ia SN 2017cbv (Hosseinzadeh 2019). This flux
excess is over three times brighter than the normal SN Ia 2011fe at
the same epoch (Zhang et al. 2016). In the r band, the light-curve
behavior is consistent with that observed in the g band in the early
phase. As shown in Figure 4, when comparing the single power-
law fit to the combined power-law plus Gaussian model, we find
significant flux excesses of about 20% relative to peak brightness
in both bands at approximately 15 days before B-band maximum
light. The light-curve in the early phase shows a distinct “strong-
bump” morphology (Jiang et al. 2018), likely originating from the
radioactive decay of 56Ni in the outer ejecta layers.

WFST-PS240407h was discovered at MJD 60399.792,
approximately 18.412 ± 0.056 days before rest-frame
B-band maximum, as determined by SALT2 fitting. As shown
in Figure 5, the supernova is located 1.13 southwest of its host
galaxy center. The host’s spectroscopic redshift is z = 0.085.

SNID spectral classification confirms it as a normal SNe Ia
with a rest-frame B-band peak magnitude of −19.6 ± 0.03 and
Δm15 = 1.06 ± 0.07. The photometric behavior of WFST-
PS240407h during the first two days show significant
deviations from that of typical non-EExSNe Ia. Figure 4
reveals that the normalized g-band flux reached about 0.1 in
the first two days. In the g band, WFST-PS240407h show early
time light-curve behavior similar to SN 2017cbv.

WFST-PS240513c was discovered at MJD 60439.64,
approximately 18.89 ± 0.12 days before the rest-frame
B-band maximum, as determined by SALT2 fitting. As shown
in Figure 5, the supernova is located 3.75 southwest of its host
galaxy center. The host’s spectroscopic redshift is z = 0.078.
SNID spectral classification identifies it as a normal type Ia
supernova with a rest-frame B-band peak magnitude of
−19.53 ± 0.03 and Δm15 = 0.87 ± 0.15. The photometric
behavior of WFST-PS240513c during the first two days shows
significant deviations from that of typical non-EExSNe Ia.
Figure 4 shows that the normalized flux reached 0.2 at 17 days
before maximum in the g-band, slightly exceeding the early
U-band excess observed in SN 2017cbv. Further analysis of
the EExSNe Ia sample is presented in Section 5.
The remaining 13 early-phase SNe Ia were classified as

non-EExSNe Ia based on power-law fits in both bands.
These non-EExSNe Ia show an average rest-frame B-band
peak magnitude of −19.01 ± 0.03 with mean Δm15(B) =
0.98 ± 0.12. Further analysis of the non-EExSNe Ia sample is
presented in Section 4.

3.3. Host Galaxies

For each supernova in our sample, we identified its host
galaxy using the directional light radius (DLR) method
(Sullivan et al. 2006; Gupta et al. 2016) applied to HSC
archival images (Tanaka et al. 2021). Specifically, the galaxy

Table 1
Light-curve Fitting Parameters of WFST-PS Early-phase SNe Ia

Name Δm15(B) x0 x1 Color Stretch

WFST-PS240308j 0.97489(0.08951) 0.00020(0.00000) 0.74957(0.09048) 0.04534(0.02062) 1.04958(0.09048)
WFST-PS240308k 1.04390(0.06715) 0.00034(0.00001) 0.30704(0.06881) 0.02388(0.02236) 1.00820(0.06881)
WFST-PS240315d 0.97135(0.05129) 0.00037(0.00001) 0.79219(0.05144) 0.11937(0.02277) 1.05360(0.05144)
WFST-PS240404i 0.96097(0.12363) 0.00031(0.00001) 0.85550(0.12363) 0.00286(0.02925) 1.05958(0.12363)
WFST-PS240407h 1.06837(0.07605) 0.00085(0.00003) 0.88448(0.09118) −0.13024(0.02913) 1.06232(0.09118)
WFST-PS240409d 1.05119(0.18568) 0.00019(0.00001) 0.22176(0.18900) 0.20445(0.03708) 1.00032(0.18900)
WFST-PS240409g 0.99393(0.11226) 0.00031(0.00001) 0.62642(0.11226) −0.02129(0.02900) 1.03800(0.11226)
WFST-PS240410d 0.97519(0.05273) 0.00094(0.00003) 0.78711(0.05363) 0.02092(0.02732) 1.05312(0.05363)
WFST-PS240411a 1.00334(0.10457) 0.00055(0.00002) 0.58001(0.10446) 0.18334(0.02873) 1.03364(0.10446)
WFST-PS240411e 0.95562(0.09063) 0.00037(0.00001) 0.89125(0.09101) −0.02382(0.02821) 1.06296(0.09101)
WFST-PS240414d 0.93618(0.13867) 0.00019(0.00001) 1.03107(0.13869) 0.02117(0.02871) 1.07619(0.13869)
WFST-PS240415b 1.03638(0.12961) 0.00019(0.00001) 0.35429(0.13283) 0.02175(0.02995) 1.01258(0.13283)
WFST-PS240503n 1.06476(0.06269) 0.00063(0.00002) 0.23045(0.07682) −0.07882(0.02828) 1.00112(0.07682)
WFST-PS240504x 0.94940(0.09189) 0.00074(0.00002) 0.93761(0.09189) 0.08241(0.02784) 1.06734(0.09189)
WFST-PS240507h 0.88333(0.16929) 0.00022(0.00001) 0.91899(0.16447) 0.01182(0.03106) 1.06558(0.16447)
WFST-PS240513c 0.87741(0.15079) 0.00072(0.00003) 1.04259(0.18527) 0.06952(0.03236) 1.07729(0.18527)
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Table 2
Characteristics of WFST-PS Early-phase SNe Ia

WFST-PS Name TNS Name EEx Δtm(−13) R.A. Decl. Redshifta E(B − V )MW TB max Bpeak WFST Discoveryb

WFST-PS240308j 2024mcq N 17.17(0.01) 13:21:22.46 +01:15:04.09 0.15(0.03) 0.03 60392.53(0.07) −19.66(0.02) Y
WFST-PS240308k 2024fet N 16.38(0.02) 10:15:43.30 +04:40:56.80 0.12(0.03) 0.03 60393.46(0.06) −19.07(0.02) Y
WFST-PS240315d 2024fix Y 18.50(0.10) 13:35:45.10 +05:19:39.12 0.101(0.02) 0.03 60401.33(0.06) −19.50(0.02) Y
WFST-PS240404i 2024gko N 16.70(0.10) 13:27:20.39 +02:18:34.15 0.12(0.03) 0.03 60420.08(0.07) −19.45(0.03) Y
WFST-PS240407h 2024gmn Y 18.90(0.10) 14:32:12.28 +04:59:33.20 0.09(0.00) 0.04 60421.21(0.05) −19.60(0.03) Y
WFST-PS240409d 2024nqg N 17.60(0.05) 11:32:47.39 −2:24:44.90 0.11(0.00) 0.03 60422.80(0.12) −19.26(0.04) Y
WFST-PS240409g 2024gsq N 17.58(0.20) 13:09:09.78 +04:54:27.81 0.11(0.00) 0.03 60424.23(0.07) −19.33(0.03) Y
WFST-PS240410d 2024gme N 17.40(0.10) 14:09:42.74 +03:58:15.24 0.08(0.00) 0.03 60427.13(0.04) −19.61(0.03) Y
WFST-PS240411a 2024hjz N 16.44(0.02) 10:18:28.58 −1:55:42.71 0.07(0.00) 0.05 60425.51(0.08) −19.08(0.03) N
WFST-PS240411e 2024wis N 17.53(0.01) 14:27:21.34 +02:15:43.98 0.16(0.00)

*
0.03 60427.84(0.07) −19.34(0.03) Y

WFST-PS240414d 2024lvg N 17.40(0.01) 14:25:09.89 −1:11:35.07 0.19(0.00) 0.05 60429.65(0.14) −19.07(0.03) Y
WFST-PS240415b 2024icu N 15.27(0.02) 10:54:18.98 +01:24:01.17 0.15(0.00)

*
0.03 60426.42(0.10) −19.43(0.03) Y

WFST-PS240503n 2024ils N 17.60(0.20) 13:32:53.31 −1:27:34.97 0.09(0.00) 0.03 60446.78(0.05) −19.52(0.03) Y
WFST-PS240504x 2024kxr N 15.10(0.08) 14:49:02.04 −2:13:08.77 0.08(0.00) 0.05 60481.50(0.07) −19.65(0.03) Y
WFST-PS240507h 2024kml N 17.30(0.10) 13:57:20.16 −1:51:00.46 0.17(0.00) 0.04 60453.48(0.12) −19.96(0.03) Y
WFST-PS240513c 2024jbb Y 19.40(0.01) 13:38:03.32 +03:10:26.28 0.08(0.00) 0.02 60458.53(0.12) −19.53(0.03) Y

Notes.
a Redshifts derived from photometric measurements are marked with star symbols.
b SNe first discovered by WFST are marked by “Y”.
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geometrically closest to the SN position was designated as the
host, with a selection criterion of DLR <10 (Gupta et al.
2016). Figure 5 shows color images of all early-phase SN Ia
host galaxies. According to the NASA IPAC Extragalactic
Database (NED) or Hubble sequence, the host galaxy
classifications for our early-phase SNe Ia are listed in
Table 3. The sample includes spiral (S), elliptical (E),

lenticular (S0), and irregular (I) galaxy types. There is no
clear host type preference for the SNe sample.
Using the host galaxy information, we extracted the star

formation rates (SFR) and stellar masses (M�) for each supernova
host from the HSC survey data (Tanaka 2015; Tanaka et al. 2018;
Nishizawa et al. 2020). Figure 6 compares SFR and M� of early-
phase SNe Ia in our sample. The host galaxies have a mean stellar

Figure 3. Light curves of 16 WFST-PS early-phase SNe Ia in the u, g, and r bands with their SALT2 best-fit models. The u, g, and r bands are represented by purple,
blue, and green colors, respectively.

Figure 4. Top: Early light-curves of WFST-PS240315d, WFST-PS240407h, and WFST-PS240513c. The single power-law fits (dashed lines) and power-law +
Gaussian fits (solid lines) are shown for each object. g-band and r-band data with their respective fits are plotted in blue and green. For comparison, the EExSN Ia SN
2017cbv is plotted in red (U-band: solid diamonds; g-band: open diamonds), while the non-EExSN Ia SN 2011fe is shown in black (U-band: solid squares; g-band:
open squares). Middle: residuals relative to a single power-law fit. Bottom panels: the excess as flux subtracted by the power-law component in the power-law +
Gaussian fit, and the corresponding residuals.
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mass of 8.76 × 109M⊙ and a mean SFR of 1.56 M⊙ yr−1, with
individual masses and DLR values provided in Table 3.

4. Results

4.1. The Luminosity–Decline Relation

Accurate host galaxy extinction estimates are crucial
for establishing the luminosity-decline relation in SNe Ia
(Phillips 1993). An empirical approach involves deriving the
host extinction corrected absolute B-band magnitude by
subtracting 3.1 SALT2 color parameter (c) from the Milky
Way extinction corrected MB,max (Betoule et al. 2014).
Figure 7 displays the relationship between the c-corrected
MB,max and the light-curve decline rate Δm15(B) for 16 WFST-
PS early-phase SNe Ia. The non-EExSNe Ia in our sample
shows a correlation between luminosity and decline rate. This

suggests that our non-EExSNe Ia are at least photometrically
consistent with normal SNe Ia, which agrees with our
Superphot+ classification results. For the EExSNe Ia in our
sample, similar to other previously reported EExSNe Ia in the
literature, our three EExSNe Ia occupy the upper-left region in
the Phillips relation, showing brighter peak luminosities and
slower decline rates.

4.2. Rise Time

To calculate the rise time, the first step is to estimate the
explosion epochs for both EExSNe Ia and non-EExSNe Ia. By
following Wu et al. (2025), we applied Δtm(−13) as the
indicator of rise time. In our calculation of rise times
(Δtm(−13)) for the early-phase SNe Ia sample, we adopt
tm(−13) as the zero-point, considering that SNe Ia show

Figure 5. Color images of WFST-PS early-phase SN Ia hosts. The position of each supernova within its host galaxy is marked by a red pentagram. The images were
obtained from the DESI DR1 data releases (DESI Collaboration et al. 2025).
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negligible rise time before reaching −13 magnitude and
remain unaffected by any early excess (EEx) mechanisms. We
performed two distinct light-curve model fits for the WFST-PS
early-phase SNe Ia sample (Wang et al. 2024):

A single power-law model:

( ) ( ) ( )( )=f t A t t 1mpl 13

A composite model:

( ) ( ) ( )( )
( ) /= + µf t A t t

A
e

2
2m

G t
pl 13

22 2

where Apl and α represent the amplitude and exponent of the
power-law component. AG, μ, and σ correspond to the
amplitude, center point, and width of the Gaussian component.
tm(−13) denotes the time of B-band maximum minus 13 days.
We first performed least-squares fitting using the lmfit

package and evaluated the goodness-of-fit through the
Bayesian Information Criterion (BIC). We focused on three
key parameters: tm(−13), and the power-law indices αg and αr

in g- and r-bands, respectively. The prior parameter range for
the power-law indices was constrained to 1 < α < 3. We then
approximated the posterior distributions using Bayes’ theorem

Table 3
Host Galaxy Information of WFST-PS Early Phase SNe Ia

Name R.A. Decl. SFR (M⊙ yr−1) Stellar Mass (M⊙) Offset (kpc) Mg Typea

WFST-PS240308j 13:21:22.50 +01:15:03.86 1.7905 5.9277e+9 1.95 −19.81 S
*

WFST-PS240308k 10:15:43.28 +04:40:57.55 2.0464 1.6275e+10 2.04 −19.79 S
*

WFST-PS240315d 13:35:44.83 +05:19:34.94 3.6354 5.727e+9 8.43 −20.03 S
WFST-PS240404i 13:27:20.39 +02:18:34.21 1.8278 6.4273e+9 0.23 −19.46 E

*

WFST-PS240407h 14:32:12.23 +04:59:34.06 ⋯ ⋯ 1.87 −21.16 Sbc
WFST-PS240409d 11:32:47.32 −2:24:45.99 2.5506 1.4452e+10 3.25 −19.95 S

*

WFST-PS240409g 13:09:09.76 +04:54:27.77 0.018923 4.3816e+7 0.43 −17.90 S
*

WFST-PS240410d 14:09:42.89 +03:58:14.24 1.5708 5.2139e+9 3.82 −19.07 E
*

WFST-PS240411a 10:18:28.54 −1:55:43.81 ⋯ ⋯ 1.66 −17.69 S
WFST-PS240411e 14:27:21.34 +02:15:44.07 0.32671 8.0248e+8 0.29 −18.08 E

*

WFST-PS240414d 14:25:09.97 −1:11:33.69 1.467 2.0764e+9 6.60 −19.99 I
*

WFST-PS240415b 10:54:18.96 +01:23:59.30 0.90311 2.8137e+9 5.18 −18.38 E
*

WFST-PS240503n 13:32:53.36 −1:27:35.98 1.7393 7.1602e+9 3.03 −19.95 E
*

WFST-PS240504x 14:49:02.04 −2:13:09.11 2.4019 4.3598e+10 0.60 −20.15 E
*

WFST-PS240507h 13:57:20.22 −1:51:01.28 2.2002 1.0233e+10 3.77 −19.58 S
*

WFST-PS240513c 13:38:03.10 +03:10:27.97 1.0084 7.778e+9 5.78 −19.52 E

Note.
a Hubble classification of galaxies from HyperLeda (Makarov & Makarov 2024). The types derived from visual classification are marked with star symbols.

Figure 6. Left: Stellar mass versus star formation rate (SFR) distribution for host galaxies of our WFST-PS early-phase SNe Ia sample. The hosts of EExSNe Ia
WFST-PS240315d and WFST-PS240513c are denoted by open circles. Those of non-EExSNe Ia are denoted by solid circles. Right: g-band absolute magnitude
versus star formation rate (SFR) distribution for host galaxies of our WFST-PS early-phase SNe Ia sample.
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with affine-invariant MCMC sampling. The implementation
used the emcee package (Foreman-Mackey et al. 2013),
running 100 chains until convergence or a maximum of 3
million steps per chain, with the convergence criterion set at
nsteps > 100τ (where τ represents the autocorrelation length;
Miller et al. 2020). For the EExSNe Ia sample WFST-
PS240315d, WFST-PS240407h, and WFST-PS240513c, as
shown in Figure 4, the fitting residuals approach zero when
including the Gaussian component, consistent with the
detected flux excess in these sources. For the remaining non-
EExSNe Ia, Table 2 presents their g- and r-band tm(−13) values
derived from single power-law fitting, with the corresponding
light-curve fits displayed in Figure 8.

Using the derived tm(−13) values, we analyzed the sample’s
rise times Δtm(−13). Since tm(−13) is measured relative to TB,max

(which itself carries measurement uncertainties), the Δtm(−13)
estimation must account for errors in both tm(−13) and TB,max

(Miller et al. 2020). For the EExSNe Ia, the rise times in

g − band for WFST-PS240315d, WFST-PS240407h, and
WFST-PS240513c are: 18.60 ± 0.07, 18.79 ± 0.07, and
19.29 ± 0.39, respectively. As shown in panel (c) of Figure 7,
these EExSNe Ia occupy the upper-left region in the Phillips
relation, indicating both brighter peak luminosities and longer
rise times compared to normal SNe Ia. This result is consistent
with the findings of Wu et al. (2025). For non-EExSNe Ia, the
measured average rise time for the entire sample is 16.89 days.
Based on the sample standard deviation, the dispersion of the
mean is approximately 0.052 days. For the αg index, the
sample average is ∼2, with a typical dispersion of 0.1. The
sample show αg values as low as ∼1.5 or as high as ∼2.5,
indicating a significant variation in αg. For the αr index, the
sample average is ∼1.9, with a typical dispersion of 0.1. In
both the g and r filters, the mean rise power-law index during
the initial evolutionary phase of the SNe approaches 2,
consistent with predictions from the expanding fireball model
(Riess et al. 1999).

Figure 7. Upper left panel (a): Distribution of Δtm(−13) in the g and r bands. EExSNe Ia and non-EExSNe Ia are shown as circles and triangles, respectively. Data
from the literature are colored gray. All EExSNe Ia are clustered in the upper right region. Additionally, Δtm(−13) values in the g and r bands show relative
consistency. Upper right panel (b): MB,max versus Δtm(−13) for early-phase SNe Ia. EExSNe Ia are marked as circles. Gray dashed lines indicate specific thresholds of
Δtm(−13), MB,max, and Δm15(B) that separate EExSNe Ia and non-EExSNe Ia samples into distinct quadrants. Notably, all EExSNe Ia are confined to the upper right
corner. Lower left panel (c): MB,max versus Δm15(B) for early-phase SNe Ia. Gray open circles denote literature EExSNe Ia. Colored and gray points are from the
CfA3 samples in Hicken et al. (2009). The Phillips relation is highlighted with a gray dashed line.
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4.3. Color

Thanks to the observational strategy of the WFST-PS
transient survey, our early-phase SNe Ia obtained color
information more than 15 days before B-band maximum. To
reduce uncertainties, we averaged observations taken on the
same night and selected detections with significance above 3σ.
We then calculated the daily g − r color indices from the g-
and r-band measurements. The photometric data were
corrected for time dilation effects and Galactic extinction.
Following Bulla et al. (2020), we performed weighted least-
squares linear fits to the early phase g − r data (within ∼10
days before B-band maximum) to determine the color
evolution slope Δ(g − r)/Δt for each supernova, quantifying
their color change characteristics. Figure 9 displays the g − r
color distribution of 16 early-phase SNe Ia discovered by
WFST-PS during their pre-maximum phase relative to B-
band peak.

For non-EExSNe Ia, the g − r color distribution appears
relatively uniform starting from approximately ten days before
B-band maximum, with colors concentrated around g − r
∼ −0.1 mag and showing a scatter of 0.15 mag. In contrast,
the early colors show greater dispersion, with a g − r scatter of

1.25 mag. Figure 10 presents the Δ(g − r)/Δt fitting results,
while Table 2 lists the specific values for 16 SNe. As shown in
Figure 10, some SNe display a red to blue transition, while
others show nearly flat evolution. The results indicate that ten
objects appear blue-dominated and seven appear red-domi-
nated. The slope Δ(g − r)/Δt distribution ranges from -0.121
to 0.085 mag/day, forming a continuous distribution that does
not align with the bimodal classification proposed by
Stritzinger et al. (2018). Furthermore, comparing our sample
with the 12 SNe Ia from Stritzinger et al. (2018) that have
either g − and r − band photometry results, we find that their
B − V based classification into “red” and “blue” groups does
not show clear separation in early g − r colors. This supports
the view that early color evolution of SNe Ia may be more
homogeneous in g- and r-band filters (Bulla et al. 2020).
For EExSNe Ia, the Δ(g − r)/Δt values of WFST-

PS240315d, WFST-PS240407h, and WFST-PS240513c are
approximately 0.066, −0.051, and −0.064, respectively.
Compared to other EExSNe Ia in the literature (Figure 11),
WFST-PS240315d and WFST-PS240513c show color evol-
ution similar to that of iPTF16abc at comparable phases.
WFST-PS240407h shows a bluer evolution, comparable to

Figure 8. Early light-curve fitting of non-EExSNe Ia before the B-band peak time using a single power law. Blue and green represent the g- and r-band data and fits,
respectively. The fitting criteria require normalized flux �0.4; where insufficient data are available, the threshold is relaxed to normalized flux �0.5.
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ZTF18aayjvve. A detailed discussion of the color analysis for
samples with UV-optical data is provided in Section 5.

5. Discussion

5.1. Ejecta-companion Interaction

For companion interaction modeling, we employ the
analytic formulae from Kasen (2010) (Equations (22) and
(25)) to calculate blackbody radiation across different binary
separations (a). Assuming perfect alignment between the white
dwarf, companion star, and observer during explosion, we
further estimate flux evolution and corresponding color
changes within five days after first light. We consider three
companion systems: 1 M⊙ red giant (a = 2 × 1013 cm); 6 M⊙
main-sequence star (a = 2 × 1012 cm); and 2 M⊙ main-
sequence star (a = 5 × 1011 cm). The calculation assumes the
ejecta velocity of 104 km s−1 and effective opacity of 0.2 cm2

g−1. Figure 12 compares our sample with the supernova ejecta
companion interaction models proposed by Kasen (2010).

All models predict similarly blue colors at first light (g − r
≈ −0.3 mag), followed by gradual reddening as temperatures
decline. This blue to red evolution manifests as Δ(g − r)/Δt
≈ 0.3 mag day−1, though the color evolution rate diminishes
when companions are red giants or higher mass main sequence
stars. Kasen (2010) estimates that only 10% of companion
interaction cases would be observationally detectable. While
we cannot exclude the possibility of companions existing for
every supernova, Hosseinzadeh (2019) overpredicted UV flux
in their best fit model for SN 2017cbv, and similar
discrepancies emerged in Bulla et al. (2020) optical color
fitting for SN 2019yvq. Furthermore, the model expected
hydrogen or helium emission lines have never been detected in
these EExSNe Ia (Sand et al. 2018; Siebert et al. 2020).

Interaction models typically predict excess emission
persisting 2-3 days with enhanced UV-band dominance, as

shown in Figure 12. Additional radiation sources from
internal 56Ni contributions may influence light-curves and
color evolution, particularly in close binary systems with
small separations. For systems with a = 5 × 1011 cm
(2 M⊙ main-sequence star), the expected radiative thermal
luminosity from 56Ni contributions could surpass the
radiative output from shock thermalization. Given the
anticipated slower color evolution associated with 56Ni
contributions, optical emission may become particularly
contaminated by this additional energy source. Conver-
sely, UV output likely remains minimally affected by such
contributions. This dichotomy could complicate interpre-
tations of UV-optical behavior within companion interac-
tion scenarios.

5.2. Surface 56Ni Decay

Minor modifications to the 56Ni distribution in the outer
layers of SNe Ia can induce significant differences in their
light-curve rise phases. A shallow 56Ni distribution produces a
steeper rise, while a deeper distribution corresponds to a
prolonged dark phase and gradual rise (Magee et al. 2020).
Shallow heating results in bluer radiation at an early time,
making color evolution an effective diagnostic tool. Models
with stronger mixing yield characteristically early bluer colors
and relatively flat evolutionary curves. Magee et al. (2020)
employed the radiative transfer code TURTLS (Magee et al.
2018) to compute mixed models. Their light-curve grid was
constructed by varying four key parameters: 56Ni mass (0.4,
0.6, 0.8 M⊙), density profile morphology (broken power-law
or exponential), kinetic energy, and 56Ni mixing extent.
Figure 13 shows the u − g and g − r color evolution of the

WFST-PS sample, supplemented with additional SNe for
comparative analysis. The observational data reveal significant
dynamic variations in color evolution during the first five days.

Figure 9. g − r color evolution for 16 WFST-PS early-phase SNe Ia. Colors are corrected for reddening and fitted with solid curves. EExSNe Ia and non-EExSNe Ia
are represented by circles and triangles, respectively.
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Model fitting results are consistent with Bulla et al. (2020),
supporting a strong 56Ni mixing scenario. In contrast, the
highly stratified “P100” and “P21” models are disfavored due
to statistically significant discrepancies with the observed
early-phase light-curve behavior. However, the best-matching
models from Magee et al. (2020) show discrepancies in u-band
light-curves compared to observations. A representative
example is their optimal fit to the gold-standard SN 2012fr,
which adopts a model with 0.6 M⊙ of 56Ni, moderate kinetic
energy (1.40), and intermediate mixing (9.7). Even near
maximum light, this model fails to reproduce the observed u-
band light-curve. This suggests that single-component 56Ni
mixing cannot explain early phase observations of SNe Ia.

Magee et al. (2020) models suggest that about 22% of SNe Ia
require early flux excesses, yet all corresponding models show
smooth early rises. This implies that monotonic increases in
outer layer 56Ni abundance cannot produce the observed early
flux excesses, necessitating additional radiation sources not
accounted for in current models.
The pulsational delayed detonation (PDDEL) mechanism

produces early blue colors and significant luminosity without
relying on strong mixing of 56Ni heating in the ejecta (Dessart
et al. 2014). The pulsational effect only influences the outer
ejecta layers, thus primarily affecting early phase evolution.
The PDDEL model indicated that enhanced outer ejecta
temperatures during initial phases produce observable effects

Figure 10. Evolution of g − r colors for 16 WFST-PS early-phase SNe Ia discovered by WFST-PS within 20 days from t0. Gray points mark the colors of the full
sample for comparison. The black dashed line in each panel is a weighted least-square linear fit to colors in the first ten days for events with at least two data points in
this time window.
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on luminosity and colors within days, making SNe both
brighter and bluer. The PDDEL4m (Mmix = 0.25M⊙) model
calculated by Bulla et al. (2020) show bluer color indices and
flatter evolution curves compared to the non-pulsational
delayed detonation model DDC15m (Mmix = 0.25M⊙
and a Gaussian smoothing with a characteristic width of
300 km s−1). However, the predicted red to blue transition
during the first three days in this model makes it challenging to
reproduce the flattest portion of the observed distribution.
Furthermore, as shown in Figure 13, the u − g color index
difference is more pronounced than g − r in early phases. This
further shows the greater sensitivity of the u-band compared to
other optical bands, suggesting that studying u − g color
evolution could provide clearer discriminative evidence
between different mechanisms.

5.3. Double-detonation Scenario

In double detonation models, most studies find that helium
shell burning reaches nuclear statistical equilibrium (NSE),

producing substantial amounts of 56Ni and other iron group
elements (IGEs). Figure 14 compares our sample with the
supernova double detonation models proposed by Magee et al.
(2021). To maximize the coverage of the parameter space for
the model’s fit to the observed data, we fixed the core mass
MCO at 1.0M⊙ and varied the helium shell mass MHe in the
range of 0.01-0.10M⊙. The dominant products of shell
burning include IGEs (52Fe, 56Ni, 48Cr) and IMEs (32S, 44Ti).
As shown in Figure 14, the early color bump morphology in
this model is primarily driven by the shell material. Models
with IGE rich shells produce a color bump within a few days
after the explosion, whereas models without IGE show a
relatively flat and blue-color evolution. When the helium shell
mass MHe is 0.10M⊙, the model provides a good coverage of
the color evolution range observed in the sample. By
individually examining the g − r color evolution of each
supernova in Figure 10, we identified a blue-red-blue color
bump in WFST-PS240409g, WFST-PS240411e, and WFST-
PS240503n, which aligns with the predicted range of the
model when the dominant shell material is 56Ni. However, best

Figure 11. Evolution of g − r colors for the 18 EExSNe Ia within ten days from first-light t0. WFST-PS240315d, WFST-PS240407h, and WFST-PS240513c are
represented by circular symbols. EExSNe Ia from the literature are denoted by triangles. The non-EExSNe Ia SN 2011fe is included for comparison.

Figure 12. Comparison of our WFST-PS sample to SN ejecta-companion models. Predicted colors are shown only in the first five days since t0 when the emission
from the SN ejecta-companion interaction is expected to be dominant. We model three different progenitor scenarios: a RG companion at a = 2 × 1013 cm, a 6 M⊙

main-sequence star (a = 2 × 1012 cm), and a 2 M⊙ main-sequence star (a = 5 × 1011 cm). For all color curves shown here, the viewing angle is θ = 0�. EExSNe Ia
and non-EExSNe Ia from the literature are denoted by solid and open symbols, respectively.
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fit results reveal that the SN 2017cbv U-band bump appears
more pronounced in models than in observations, with faster
post peak decline rates in blue bands (U, B, and g) compared to
actual data three weeks after explosion. For SN 2019yvq, the
model predicts a greater g-band decline amplitude post-bump
peak than observed. Even when employing different shell
compositions (e.g., 52Fe or 48Cr dominated models), simulta-
neous matching of g- and r-band bump features remains
elusive. For blue targets, model spectra at maximum light
generally show broader line features and stronger flux
suppression compared to observations. Regardless of shell
composition, no models can simultaneously match both the
early light-curves and maximum spectra of these blue targets.

Improved models aligned with current observational
signatures are required to better explain the early light-curve
evolution and color behavior of both EExSNe Ia and non-
EExSNe Ia. One plausible alternative invokes a thin helium
shell double detonation model (Piro & Nakar 2025; Wu et al.
2025), where the secondary detonation arises from an off
center helium ignition during the first detonation phase. This
mechanism could produce a population of early-phase SNe Ia
with smooth color evolution and early excesses flux,
modulated by viewing angle effects. In this model, line
blanketing from the shell material tends to redden colors, while
temperature effects from varying 56Ni masses counteract this
trend. Although thicker shells theoretically enhance line
blanketing, increased shell mass in this model simultaneously
elevates 56Ni production for a fixed core mass, ultimately

maintaining bluer colors via sustained higher ejecta tempera-
tures. Future numerical simulations of this theoretical frame-
work will clarify whether it can unify the diverse origins of
SNe Ia.

6. Conclusion

In this paper, we present 16 early-phase SNe Ia at redshifts
from 0.018 to 0.165 discovered by the WFST-PS in 2024.
Three SNe Ia, WFST-PS240315d, WFST-PS240407h, and
WFST-PS240513c with early-excess emission features have
relatively high peak luminosities and long rise time compared
to 13 other non-EExSNe Ia. Generally c and x1 values of all 16
SNe Ia are consistent with those for cosmology-used SNe Ia.
Based on the systematic investigation of color evolution of

the WFST-PS sample, we find a large g − r scatter in
approximately the first ten days of SN explosions. However,
with limited u-band data of the WFST-PS sample, we find that
the u − g color evolves even more dramatically in the first five
days. Comparative analyses of u − g color evolution among
models, such as ejecta-companion interaction, models incor-
porating 56Ni mixing in outer ejecta, and double detonation
with varying carbon-oxygen core masses suggest that current
models require refinement to reconcile with observational
signatures of SNe Ia in the early photometric behavior. Given
the unique u-band survey capability of WFST, the ongoing
WFST DHugr project will enable systematic analysis of NUV-
optical color evolution, stringently constraining explosion
mechanisms and progenitor systems.

Figure 13. Comparison of our WFST-PS sample to 56Ni mixing models. Non-EExSNe Ia without u-band data are represented by gray points in the right panel. For
each mixing model, the shaded area represents color variations for different density profile shapes and kinetic energies (see text for details).

Figure 14. Comparison of our WFST-PS sample to the double detonation model. Models from Magee et al. (2021) have fixed carbon-oxygen mass at 1.0 M⊙ and
helium masses varying in the range of 0.01–0.10 M⊙.
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