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We investigate the impact of instrumental and astrophysical systematics on dark energy con-
straints derived from Type Ia supernova (SN-Ia) observations. Using simulated datasets consistent
with current SN-Ia measurements, we explore how uncertainties in photometric calibration, inter-
galactic dust, progenitor evolution in luminosity and light-curve stretch, and intrinsic color scatter
affect the inferred dark energy equation of state parameters (w0, wa). We test the Generalised
Scale Factor (GEN) evolution and benchmark it against three time-evolving dark energy mod-
els; namely Chevallier-Polarski-Linder (CPL), Jassal–Bagla–Padmanabhan (JBP) and Logarithmic
(LOG) parametrizations; comparing their sensitivity to these systematic effects. Calibration biases
and progenitor evolution emerge as the dominant sources of uncertainty, while simpler parametri-
sations, viz. GEN, which directly describes the expansion rate, remains relatively stable under all
systematic injections, unlike CPL, JBP and LOG that rely on the dark energy equation of state.
These findings underscore the need for sub-per cent calibration precision and enhanced astrophys-
ical modelling to ensure the robustness of dark energy inferences from current and future SN-Ia
cosmology experiments.

I. INTRODUCTION

Over the past few decades, cosmology has advanced
dramatically, driven by high-precision measurements
from the cosmic microwave background (CMB) [1–3],
Type Ia supernovae (SN-Ia) [4, 5], baryon acoustic oscil-
lations (BAO) and large-scale structure (LSS) [6–8] sur-
veys. Together, these observations form the basis of the
standard cosmological model, ΛCDM, which describes a
spatially flat Universe composed primarily of cold dark
matter (CDM) and dark energy (DE). Although the cos-
mological constant (Λ) serves as the simplest form of
dark energy and successfully explains the observed late-
time acceleration, its physical interpretation remains un-
resolved [9–11]. Hence, understanding the physical origin
of this ‘dark energy’ is a fundamental question in modern
cosmology.

The discovery of accelerated expansion of the Universe
in late times, inferred from the luminosity–distance rela-
tion of SN-Ia, remains one of the most significant results
in cosmology [12, 13]. Since then, SN-Ia have been estab-
lished as a cornerstone of empirical dark energy studies,
allowing measurements of the DE equation of state (EoS)
parameter (w = pDE/ρDE) [14–16]. The most widely
used time-evolving dark energy model is the Chevallier-
Polarski-Linder (CPL) [17, 18] parametrization, given by
w(a) = w0 + wa(1 − a), where w0 denotes the present-
day value of the EoS, wa describes its evolution with the
scale factor a. When combined with CMB anisotropies
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and BAO distance measurements, SN-Ia provide pow-
erful constraints on w0 and wa, which for w0 = −1
and wa = 0 reduce to the concordance ΛCDM scenario
[5, 19, 20]. Despite its successes, ΛCDM faces several
challenges: local measurements of the Hubble constant
differ from CMB-inferred values by > 5σ [21], the ampli-
tude of matter fluctuations exhibits a mild tension with
predictions from the CMB [22–26]. Observations of un-
expectedly massive galaxies by the James Webb Space
Telescope (JWST) at high redshift also challenge the con-
cordance framework [27, 28].

Recent high-precision galaxy redshift surveys, such as
Dark Energy Spectroscopic Instrument (DESI), allow ac-
curate measurements of the baryon acoustic oscillation
scale over 0.1 < z < 3.5 [29]. When combined with CMB
and SN-Ia data, these observations hint at a time-varying
dark energy component at the ∼ 2.8−4.2σ level [30] (de-
pending on the SN-Ia sample and calibration method),
motivating the exploration of dynamical dark energy be-
yond the canonical ΛCDM paradigm [31, 32]. Recent re-
sults by Mukherjee & Sen [33] identified seven character-
istic redshifts, where the expansion history reconstructed
using SN-Ia and BAO (anchored to Planck-2018 ΛCDM
physics) shows > 3σ deviations from Planck ΛCDM pre-
dictions for z < 1. As a follow-up, Choudhury, Mukherjee
& Sen [34] examined the robustness of these character-
istic redshifts and found them to remain stable under
diverse DE parametrizations. Therefore, such discrep-
ancies, if not for new physics beyond Λ, underscore the
necessity of rigorously assessing systematic effects that
can bias the cosmological parameter inference.

The reliability of supernova cosmology depends on ac-
curate relative distance measurements across redshift.
Redshift-dependent variations in supernova populations,
calibration, or host-galaxy environments can introduce
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biases that mimic or obscure true cosmological signals
[35]. Low-redshift SN-Ia serve as the distance anchor
for the Hubble diagram [5, 36, 37], but historically, they
were observed with heterogeneous instruments, leading
to significant calibration uncertainties [25, 38]. Modern
wide-field surveys, such as the Zwicky Transient Facil-
ity (ZTF), now provide a uniformly observed and well-
calibrated low-redshift sample, while contemporary high-
redshift surveys offer greatly improved statistical preci-
sion [39–41]. The combination of these datasets is ex-
pected to enable a thorough assessment of systematic ef-
fects and their effect on DE measurements.

In this work, we investigate the impact of instrumen-
tal and astrophysical systematics on dark energy con-
straints derived from Type Ia supernovae, inspired by
previous studies by Nordin et al[35] and Dhawan et
al[42]. We consider a range of effects, including pho-
tometric calibration errors [38], intergalactic dust [43],
progenitor evolution affecting luminosity [44] and light-
curve stretch [45], as well as increased intrinsic scat-
ter in color corrections [46]. Using simulated datasets
consistent with current SN-Ia observations, we evaluate
how these systematics influence the inferred dark en-
ergy parameters. We test the Generalised Scale Fac-
tor (GEN) [47, 48] evolution, analysing its susceptibil-
ity to the injected systematics, and compare the results
with three time-evolving dark energy models, namely
CPL, Jassal–Bagla–Padmanabhan (JBP) [49], Logarith-
mic (LOG) [50] parametrizations. By quantifying the
sensitivity of (w0, wa) to each source of uncertainty, we
identify which systematics are most likely to mimic the
hints of evolving dark energy observed in recent com-
bined SN-Ia, CMB, and DESI datasets, corresponding to
deviations of ∼ 3σ from the concordance ΛCDM values
of w0 = −1 and wa = 0 [30]. This analysis establishes
benchmarks for understanding how unaccounted system-
atic effects can bias cosmological inference and highlights
which dark energy models are more robust or least vul-
nerable to such uncertainties.

The paper is organised as follows. Section II presents
the theoretical framework underlying dark energy mod-
els. Section III describes the observational datasets em-
ployed, including SN-Ia and complementary BAO and
CMB measurements. Section IV details the methodol-
ogy used to infer dark energy parameters. In Section
V, we categorise the systematic effects studied, includ-
ing calibration, intergalactic dust, progenitor evolution
in luminosity and light-curve stretch, increased scatter
in color corrections, and density parameter mismatches.
Section VI presents the resulting impact of these system-
atics on the inferred dark energy constraints. Finally,
Section VII summarises the main findings and discusses
their implications for future surveys and the robustness
of dark energy measurements.

II. THEORETICAL FRAMEWORK

We consider a spatially flat, homogeneous and isotropic
Friedmann–Lemâıtre–Robertson–Walker (FLRW) uni-
verse. The expansion of the universe is described by the
scale factor a(t), with the Hubble parameter defined as

H(t) = ȧ(t)
a(t) . (1)

The comoving distance DM to a source at redshift z
in the FLRW universe is

DM (z) = c

H0

∫ z

0

dz′

E(z′) , (2)

where E(z) ≡ H(z)/H0 is the normalised Hubble pa-
rameter, and the redshift is related to the scale factor
by 1 + z = a0/a. Here, the subscript 0 indicates the
present-day value of the corresponding quantity.

The expansion rate of the universe, described by H(z),
depends on the total energy density ρt(z) through Ein-
stein’s equations. This energy density is distributed
among different components of the universe, primarily
pressureless matter (baryons and cold dark matter) and
dark energy with equation of state (EoS) wDE(z) =
pDE(z)/ρDE(z). Consequently, E(z) can be written as

E2(z) = Ωm0(1 + z)3+

(1 − Ωm0) exp
[
3

∫ z

0

1 + w(z′)
1 + z′ dz′

]
.

(3)

In this work, we consider a set of cosmological models
to explore a broad range of systematic uncertainties in
Type-Ia supernova cosmology, and their impact on the
present-day equation of state w0 and its evolution wa.
We test four representative cases:

1. Generalised Scale Factor (GEN) parametrization [47,
48]: Within the ΛCDM framework (neglecting radia-
tion at late times), the scale factor has an exact solu-
tion,

a(t) = a1 [sinh (t/τ)]2/3
, (4)

where a1 is an arbitrary dimensionless parameter and
τ is a characteristic time scale, yielding

E2(z) = Ωm0 (1 + z)3 + 1 − Ωm0 . (5)

We consider a generalised extension of a(t) to repre-
sent new physics, irrespective of any specific dark en-
ergy model,

a(t) = ã1 [sinh (t/τ)]B , (6)

which leads to

E2(z) = A (1 + z)2/B + (1 − A) , (7)
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with B a free parameter and A = ã
2/B
1(

1+ã
2/B
1

) . The ef-

fective dark energy EoS is then

w(z) = wT (z) E2(z)
E2(z) − Ωm0 (1 + z)3 , (8)

where

wT (z) = 2A

3B

(1 + z)2/B

E2(z) − 1 . (9)

This allows us to directly evaluate w0 ≡ w(z = 0) and
wa ≡ dw

dz

∣∣
z=0, where w0 and wa denote the present-

day EoS and its linear variation, respectively.

2. Chevallier–Polarski–Linder (CPL) parametrization
[17, 18]: The dark energy EoS is modelled as a first-
order Taylor expansion in the scale factor a,

w(a) = w0 + wa (1 − a) , (10)

which in terms of redshift z becomes

w(z) = w0 + wa
z

1 + z
. (11)

3. Jassal–Bagla–Padmanabhan (JBP) parametrization
[49]: The dark energy evolution peaks at intermedi-
ate redshifts and asymptotes to w0 at both early and
late times,

w(a) = w0 + wa (1 − a) a , (12)

which translates to

w(z) = w0 + wa

(
z

1 + z

)2
. (13)

4. Logarithmic (LOG) parametrization [50]: This model
describes a slowly varying DE EoS, expressed as

w(a) = w0 − wa ln a , (14)

or equivalently,

w(z) = w0 + wa ln(1 + z) . (15)

Together, these four parametrizations allow us to test
the robustness of cosmological constraints under different
functional forms of w(a).

III. OBSERVATIONAL DATA

We utilise the redshift distribution and noise covari-
ance matrix from three key data sets:

• Pantheon-Plus SN-Ia: The Pantheon-Plus sample
consists of ∼ 1500 spectroscopically-classified SN-Ia,
spanning the redshift range 0.01 < z < 2.26 [5]. It

provides redshift-dependent measurements of the dis-
tance modulus µ(z),

µ(z) = 5 log10

[
DL(z)
1 Mpc

]
+ 25 ,

DL(z) = DM (1 + z) ,

(16)

which connects the luminosity distance DL(z) of a
source to its observed flux after accounting for the ef-
fects of cosmic expansion and redshift.

• DESI-DR2 BAO: We use 13 correlated baryon acoustic
oscillation (BAO) distance measurements of DM /rd,
DH/rd, and DV /rd from the DESI public data re-
lease 2, spanning the redshift range 0.1 < z < 4.2 (see
Table IV of [30]). Here

DH(z) = c

H(z) , (17)

is the Hubble distance, and

DV (z) =
[
z D2

M (z) DH(z)
]1/3

, (18)

is the spherically averaged (isotropic) BAO distance.
These are expressed in units of the comoving sound
horizon at the drag epoch rd. Assuming standard pre-
recombination physics, rd can be approximated as [51]

rd ≃ 147.05 Mpc ×( ωb

0.02236

)−0.13 ( ωm

0.1432

)−0.23
(

Neff

3.04

)−0.1
, (19)

where ωb = Ωbh2, ωm = Ωm0h2 and Neff is the effec-
tive no. of relativistic species.

• Compressed CMB: For the CMB, we adopt the com-
pressed likelihood represented by a correlated Gaus-
sian prior on the parameters {θ∗, ωbc, ωb}. These are
set by early-Universe physics and can be constrained
independently of late-time effects, since contributions
from the Integrated Sachs-Wolfe (ISW) effect and
CMB lensing have been marginalised. The acoustic
scale θ∗ is defined as

θ∗ = rs(z∗)
DA(z∗) , (20)

where rs(z∗) is the sound horizon at recombination
and DA(z∗) the corresponding angular diameter dis-
tance. This compression is based on the CamSpec like-
lihood implementation, detailed in [52].

For SN-Ia, we generate mock distance moduli at the
redshifts of Pantheon-Plus, propagating the quoted co-
variance matrix to incorporate both statistical and sys-
tematic uncertainties. For BAO, we simulate the dis-
tance measurements DM /rd, DH/rd, and DV /rd at the
DESI tracer redshifts, adopting the reported covariance
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to model their correlations. For the CMB, we gener-
ate synthetic realisations of the compressed parameters
(θ∗, ωb, ωm) drawn from a multivariate Gaussian compris-
ing the mean vector and covariance matrix.

The mock data are constructed assuming a fidu-
cial ΛCDM cosmology with Ωm0 = 0.3, H0 =
70 km s−1 Mpc−1, w0 = −1, and wa = 0 for the
CPL, JBP, and LOG parametrizations. For the GEN
parametrization, we adopt A = 0.3 and B = 2/3. Inject-
ing these fiducial values into the simulated observables
allows us to isolate and test the impact of residual sys-
tematic effects in SN-Ia data.

IV. METHODOLOGY

The observed distance modulus for a Type Ia super-
nova is obtained from its peak apparent magnitude (mB),
light-curve stretch (x1), and colour (c) as [53, 54]

µobs = mB − (MB − αx1 + βc) + ∆M + ∆B, (21)

where MB is the absolute magnitude for a fiducial su-
pernova with x1 = c = 0. The parameters α and β
describe the width–luminosity and colour–luminosity re-
lations, while ∆M and ∆B account for host-galaxy lu-
minosity and distance biases [46, 55].

In this work, we simulate mock realisations resembling
the Pantheon-Plus SN-Ia sample, DESI BAO measure-
ments, and the compressed CMB observables (see Sec-
tion III) rather than using the real data directly. Cosmo-
logical parameter inference uses the full SN-Ia covariance
matrix,

CSN = Cstat + Csys, (22)

with a Gaussian likelihood,

χ2
SN = ∆T

SN · C−1
SN · ∆SN , (23)

where,

∆SN = µmock(z) − µmodel(z) . (24)

For BAO, the likelihood is constructed from the mea-
sured distance ratios Dx/rd (with X ≡ M, H, V ) and
their covariance CBAO:

χ2
BAO = ∆T

BAO · C−1
BAO · ∆BAO , (25)

where,

∆BAO =
[

DX, mock

rd
− DX, model

rd

]
. (26)

For the compressed CMB parameters {θ∗, ωb, ωbc},
the Gaussian likelihood is defined using the computed
mock mean vector µCMB and predicted covariance ma-
trix CCMB:

χ2
CMB = ∆T

CMB · C−1
CMB · ∆CMB , (27)
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FIG. 1: Impact of injected SNIa systematic
uncertainties on the Hubble residuals, illustrating how

each source of systematics alters the inferred
cosmological distances.

where,

∆CMB = {θ∗, ωb, ωm}mock − {θ∗, ωb, ωm}model . (28)

Assuming the datasets are independent, the combined
likelihood is the sum of the individual χ2 contributions:

χ2
tot = χ2

SN + χ2
BAO + χ2

CMB. (29)

This unified formalism allows simultaneous parameter in-
ference from supernovae, in combination with BAO and
CMB observables, while propagating correlations within
each dataset.

We perform parameter sampling using the emcee[56]
[57] MCMC ensemble sampler, evaluating the likelihood
at each step within a Bayesian framework. Uniform (flat)
priors are adopted on all model parameters, with ranges
specified in Table I. The resulting posterior chains are
analysed with GetDist[58] [59], which provides marginal-
ized parameter constraints, contour plots, and statistical
summaries.

TABLE I: Uniform (flat) priors adopted for cosmological
parameters in our analysis. The dimensionless Hubble

constant is defined as h = H0/(100 km s−1 Mpc−1).

Parameter Prior range
h U [0.3, 1.2]
Ωm0 U [0, 1]
w0 U [−3, 1]
wa U [−3, 2]
A U [0, 1]
B U [0.4, 0.8]

Note. All priors are uniform (flat) within the specified
ranges. The chosen intervals are sufficiently broad to avoid

constraining the posterior artificially while excluding
unphysical values.
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V. SYSTEMATIC GROUPINGS

Type Ia supernova cosmology is sensitive to a variety
of systematic effects that can bias the inferred luminos-
ity distances and, consequently, the constraints on dark
energy. We classify these effects into broad categories,
each motivated by astrophysical or observational consid-
erations. In this section, we outline the physical origin of
each source of systematics and the parametrizations we
adopt to model their possible redshift dependence.

A. Calibration

A persistent challenge in SN-Ia cosmology arises from
photometric calibration. Because low- and high-redshift
SN-Ia are generally observed with different instruments,
cross-calibration is required to bring them onto a com-
mon flux scale [5, 60]. The low-redshift anchor sample
itself is heterogeneous, having been assembled from mul-
tiple telescopes and filter systems, many of which are
no longer operational. Recent surveys such as Foun-
dation [61], Zwicky Transient Facility (ZTF) [40], and
Joint Light-curve Analysis(JLA) + Hubble Space Tele-
scope (HST)/Vera C. Rubin Observatory Legacy Survey
of Space and Time (LSST)-pathfinders [41] have sought
to provide more uniform low-redshift datasets. Nonethe-
less, residual offsets between low- and high-redshift sub-
sets remain possible.

To capture this effect, we model the calibration sys-
tematic as a step function in the B-band absolute mag-
nitude:

MB(z) =
{

MB(0) , z ≤ 0.1
MB(0) + ∆MB , z > 0.1

(30)

where ∆MB represents the magnitude offset between
low- and high-redshift SN-Ia. In our analysis, we adopt
an offset of ∆MB = 0.02 mag. This formulation allows us
to quantify the impact of this constant calibration offset
on the inferred dark energy parameters. The resulting
parameter shifts in the w0–wa plane for all models are
given in Table II.

B. Intergalactic Dust

While host-galaxy dust is routinely corrected for in SN-
Ia light-curve analyses, either through empirical colour
terms or extinction in the V band, absorption by inter-
galactic dust is typically neglected. Current constraints
suggest that such a component represents only a tiny
fraction of the total baryonic mass [43]. Nevertheless,
even a low-density diffuse dust population could attenu-
ate SN fluxes in a redshift-dependent manner, thereby bi-
asing the distance–redshift relation and potentially mim-
icking cosmological effects. In particular, intergalactic
dust could shift the inferred dark energy parameters.

Following [43], we describe the intergalactic dust den-
sity as a power-law function of redshift,

ρdust(z) = ρdust,0 (1 + z)γ , (31)

and scale it relative to the critical density ρc,0 = 3H2
0

8πG as
ρdust(z) = ρc,0 Ωdust(1 + z)γ . (32)

For our fiducial test, we adopt Ωdust = 5 × 10−6 and γ =
−1, corresponding to a very low-density dust component
that decreases slowly with redshift.

Assuming the dust is spatially homogeneous but
evolves with cosmic time—consistent with detections of
diffuse dust several Mpc from galaxies [62]—the optical
depth along the line of sight to a source at redshift zs is
given by

τλ =
∫ zs

0
κλ ρdust(z) c

dt

dz
dz . (33)

Substituting our parametrization yields,

τλ = ρc,0 Ωdust

∫ zs

0
κλ

(1 + zs)
(1 + z) RV (1 + z)γ−1 dz

E(z) . (34)

Here, κλ denotes the wavelength-dependent mass ab-
sorption coefficient, for which we adopt κV ≃ 1.5 ×
104 cm2 g−1 [63]. The corresponding shift in observed
supernova magnitudes (Hubble residuals) is then given
by

∆HR = −2.5 log10
(
e−τλ

)
≃ 1.086 τλ . (35)

The induced shifts in the w0–wa parameter space due to
intergalactic dust are summarised in Table II.

C. Progenitor Evolution in Luminosity

Spectroscopic studies of Type Ia supernovae at in-
termediate redshifts (z ∼ 0.5) and at higher redshifts
(z > 1) show that their optical properties remain largely
consistent across cosmic time [44, 64, 65], with only mod-
est deviations detected in the ultraviolet [66–68] limit.
This generic similarity suggests that strong evolutionary
effects in SN-Ia spectra are unlikely. However, a mild
redshift-dependent drift in their intrinsic luminosity can-
not be fully ruled out

To test for such an effect, we introduce a simple phe-
nomenological model in which the absolute B-band mag-
nitude evolves with redshift, as

MB(z) = MB(0) + ϵ (1 + zCMB), (36)
where ϵ quantifies the slope of the luminosity evolution.

For our analysis, we adopt ϵ = 0.02 mag, modest yet
potentially significant luminosity evolution. This frame-
work allows us to assess whether gradual changes in pro-
genitor properties, such as metallicity or stellar age, pro-
ducing a mild redshift-dependent shift in intrinsic SN-Ia
brightness, could lead to systematic biases in the inferred
cosmological parameters. See Table II for the resulting
parameter shifts.



6

D. Progenitor Evolution in Light-Curve Stretch

The observable properties of Type Ia supernovae de-
pend on progenitor characteristics, such as metallicity
[69, 70] and stellar population age [71], which evolve
with redshift. These changes can influence both intrin-
sic luminosity and light-curve shapes, particularly the
stretch parameter x1. Recent studies indicate that the
width–luminosity correction may differ between low-x1
and high-x1 populations [45], implying that a redshift-
dependent x1 distribution could bias cosmological infer-
ences if neglected.

We model this effect using a broken power-law for the
stretch–luminosity coefficient α:

α(x1) =
{

αlow = 0.23 , x1 < −0.49 ,

αhigh = 0.13 , x1 ≥ −0.49 .

This approach approximates the situation in which selec-
tion effects have been corrected, and the remaining offset
between true and inferred distances arises from apply-
ing a single x1-independent α to a population whose x1
distribution evolves with redshift.

To model the redshift evolution of x1, we follow the
prescription of [72], which links the shift in x1 to the
local specific star-formation rate. We write the Hubble
residual shift as

∆HR = α(x1) ∆x1 , (37)

where α(x1) is the stretch–luminosity slope and ∆x1 de-
scribes the redshift evolution of the stretch parameter.
We parameterize ∆x1 as

∆x1 = A µ1 + (1 − A) [a µ1 + (1 − a) µ2] , (38)

with a = 0.47, µ1 = 0.38, and µ2 = −1.26, representing
the conservative case from [72]. The factor A evolves
with redshift as

A = K−1(1 + z)2.8 + 1−1 , (39)

which captures the population drift similar to the evo-
lution predicted by [71]. While alternative parameter
choices may modify the detailed evolution, this prescrip-
tion provides a realistic baseline for testing the influence
of progenitor evolution on the w0–wa constraints (see Ta-
ble II). This framework allows us to quantify the bias in-
troduced into the cosmological parameters if the evolving
x1 distribution is not fully accounted for.

E. Increased Scatter in Colour Correction

While systematic offsets primarily shift the relative
distance modulus between low- and high-z SNe Ia, addi-
tional scatter increases the uncertainties without altering
the mean. We model this effect by introducing extra dis-
persion in the colour–luminosity correction term (βc in

TABLE II: Parameter shifts and output slopes for
various systematics and dark energy models.

Calibration Offset: ∆MB = 0.02
Parameter Shift CPL JBP LOG GEN

∆A — — — −0.0181
∆B — — — −0.0100
∆w0 −0.0763 −0.1208 −0.0622 −0.0197
∆wa +0.1905 +0.5988 +0.1034 −0.0411

Intergalactic Dust Modeling: Ωdust = 5 × 10−6

Parameter Shift CPL JBP LOG GEN

∆A — — — +0.0002
∆B — — — −6.8 × 10−5

∆w0 +0.0125 +0.0123 +0.0049 +0.0003
∆wa −0.0333 −0.0532 −0.0021 +0.0015

Progenitor Evolution in MB: ϵ = 0.02
Parameter Shift CPL JBP LOG GEN

∆A — — — +0.0135
∆B — — — +0.0064
∆w0 +0.0331 +0.0311 +0.0262 +0.0171
∆wa −0.0676 −0.1064 −0.0310 +0.0349

Progenitor Evolution in x1

Parameter Shift CPL JBP LOG GEN

∆A — — — +0.0348
∆B — — — +0.0168
∆w0 −0.0777 −0.1019 −0.0698 +0.0391
∆wa +0.1562 +0.4140 +0.0947 +0.0756

Color Correction: σβ = 0.15
Parameter Shift CPL JBP LOG GEN

∆A — — — −1.2 × 10−4

∆B — — — −3.4 × 10−5

∆w0 +0.0115 +0.0097 +0.0088 −0.0001
∆wa −0.0387 −0.0509 −0.0159 −0.0003

Density Parameter Mismatch: ∆Ωm = 0.01
Parameter Shift CPL JBP LOG GEN

∆A — — — —
∆B — — — —
∆w0 +0.0257 +0.0319 +0.0177 +0.0123
∆wa −0.0572 −0.1381 −0.0203 +0.0247

the Tripp relation in Eq. (21)), represented as a system-
atic σ(β). This captures potential variations in either the
dust law slope or the intrinsic colour–luminosity relation.

In practice, the effect is implemented by inflating the
covariance matrix. Specifically, we add a diagonal com-
ponent corresponding to a constant error of σ(β) ≡ σβ =
0.15 mag [5, 61], such that

C′ = C + σ2
β I, (40)
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where C is the original covariance matrix and I is the iden-
tity matrix of dimension equal to the number of super-
novae. The updated covariance C′ is then utilised in the
likelihood analysis. Although motivated here as colour-
correction scatter, this framework can equally represent
other forms of residual dispersion in the distance modu-
lus. The impact on the w0–wa constraints for all models
is summarized in Table II

F. Density Parameter Mismatch

Current constraints on the dark energy parameters rely
on a joint analysis of early- and late-universe probes,
namely the CMB, BAO, and SNIa. Within a flat ΛCDM
framework, (Ωk0, w0, wa) = (0, −1, 0), a mild but no-
table tension arises: the matter density inferred from
Planck Ωm0 = 0.315 ± 0.007 is lower than that inferred
from DES SN-Ia Ωm0 = 0.357 ± 0.017, a discrepancy at
the ∼ 2.5σ level.

Because Ωm0 is degenerate with w0 and wa in com-
bined CMB+BAO+SN analyses, such a mismatch can
shift the inferred confidence contours compared to the
case where both early- and late-universe probes favour
the same Ωm0. To mimic this effect, we simulate a delib-
erate offset between the Ωm0 used to generate the SN-Ia
Hubble diagram and the value adopted for the external
datasets. A recent study by [73] explored how underlying
dynamical dark energy cosmologies can induce biases in
Ωm0 and H0 when individual probes are analyzed under
ΛCDM. In contrast to their work, our analysis examines
the impact of such systematic offsets within the SN-Ia
Hubble diagram and evaluates their propagation to the
inferred (w0, wa) parameters across multiple dark energy
parametrizations. While the physical origin of such a
discrepancy could stem from unresolved systematics in
any of the previously discussed categories, here we en-
capsulate it simply as an Ωm0 mismatch. This treat-
ment serves as a proxy for an unknown unknowns - an
effect that perturbs the observed µ-z relation but lacks a
straightforward parametric form.

For the CPL, JBP, and LOG parametrizations, this
effect is implemented directly as an offset in Ωm0. In
contrast, for the GEN parametrization, which is formu-
lated in terms of the parameters A and B, the same mis-
match is accounted for when transferring from {A, B} to
{w0, wa}, where Ωm0 enters implicitly through Eqs. (7)
and (8). This allows the resulting (w0, wa) shifts to re-
flect the corresponding density mismatch within the GEN
framework.

VI. IMPACT ON DARK ENERGY

The influence of the six systematic effects described in
Section V is quantified in terms of their induced shifts
in the inferred dark energy EoS parameters w0 and wa.
The resulting Hubble residuals from these systematics

injections, assuming the CPL model, are compared with
the fiducial case in Figure 1 for illustration.

Table II summarises the parameter displacements for
the four dark energy models considered, viz. CPL, JBP,
LOG, and GEN, while Figures 2, 3 and 4 illustrate their
direction and magnitude in the w0–wa plane for the four
parametrizations studied here.

A. Effect of Individual Systematics

The six systematic scenarios lead to distinct patterns of
parameter displacement, reflecting their physical origins
and the structure of parameter degeneracies. Across most
cases, the induced displacements align with the existing
w0–wa degeneracy direction, indicating that systemat-
ics primarily bias the inferred evolution of dark energy
rather than its overall normalisation.
1. A uniform magnitude bias of ∆MB = 0.02 produces

one of the most pronounced effects across all models.
The shift is maximum for the JBP parametrization
with ∆w0 ≃ −0.12 and ∆wa ≃ +0.60, whereas it re-
mains mild for GEN (∆w0 ≃ −0.02, ∆wa ≃ −0.04).
This behaviour reflects the strong sensitivity of lumi-
nosity distances to global calibration, which directly
impacts the absolute brightness scale of the SN-Ia
sample.

2. For a fiducial intergalactic dust density of Ωdust = 5 ×
10−6, the resulting shifts are minimal (|∆w0| < 0.02,
|∆wa| < 0.05) for all models. Since the effect mainly
rescales the overall flux level without introducing sig-
nificant redshift dependence, it does not mimic late-
time dark energy evolution. This confirms that inter-
galactic dust is unlikely to bias late-time dark energy
inference at the level of current observational preci-
sion.

3. A mild intrinsic luminosity evolution, parametrized by
ϵ = 0.02, causes modest but coherent shifts in the
w0–wa plane. Typical values are ∆w0 ∼ +0.03 and
∆wa ∼ −0.07 for CPL, with slightly smaller ampli-
tudes for GEN. Although small in magnitude, this ef-
fect introduces a redshift-dependent bias that can im-
itate dark energy evolution, particularly in more flex-
ible models like JBP.

4. Evolution in the stretch distribution, linked to host
properties and star-formation rate, has a more signifi-
cant impact than compared to progenitor evolution in
MB . It drives parameter displacements up to ∆w0 ∼
−0.08 and ∆wa ∼ +0.40 for the JBP model, again ori-
ented along the degeneracy axis. Among progenitor-
related sources, this mechanism contributes the largest
bias, highlighting the need to model population drift
in SN standardization.

5. Uncertainty in the colour–luminosity coefficient (σβ =
0.15) broadens the error contours but yields negligi-
ble mean displacement (|∆w0| < 0.02, |∆wa| < 0.05).
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FIG. 2: Impact of injected Type Ia supernova systematics on cosmological parameter constraints from the CPL vs
JBP models. Each panel shows the shift in the w0–wa plane resulting from a specific injected systematic (e.g.,
calibration, color correction, progenitor effects (on M and x1), intergalactic dust, and Ωm mismatch). Filled

contours correspond to fits without systematics, while dashed contours indicate results after applying the injected
systematic, scaled for better visualisation.

Its effect is statistically similar to increased photomet-
ric noise, primarily enlarging parameter uncertainties
rather than significantly shifting the central estimates.

6. A shift of ∆Ωm = 0.01 between the true and assumed
cosmology induces small but coherent offsets in w0 and
wa, with typical changes of ∆w0 ≃ +0.03 and ∆wa ≃
−0.06 for CPL. This reflects the degeneracy between
the matter and dark energy densities at late times.
The displacement remains subdominant compared to
calibration or progenitor-related effects but traces a
similar direction in parameter space.

Overall, in our analysis, calibration and progenitor evolu-
tion are found to be the main drivers of systematic bias
in dark energy estimation from SNIa cosmology, while
colour scatter and matter density mismatches play only
minor roles, and intergalactic dust has a negligible ef-
fect. Across all cases studied, the directionality of the
parameter shifts generally follows the w0–wa degeneracy,
suggesting that most systematics primarily distort the
inferred w(z). The intergalactic dust effect induces a
unidirectional shift, whereas the other systematics pro-
duce displacements on both sides of the degeneracy axis,

depending on the sign and magnitude of the injection.

B. Comparative Analysis of DE Models

The impact of systematics is not uniform across dif-
ferent dark energy parametrizations. The intrinsic flexi-
bility and degeneracy structure of each model determine
how it responds to observational biases, influencing both
the amplitude and direction of shifts in the w0–wa plane.
A comparative analysis with respect to the commonly
used CPL reveals clear trends in model sensitivity and
stability:

1. The JBP model exhibits the largest systematic-
induced displacements, particularly under calibration
of MB and progenitor-x1 evolution. Its quadratic de-
pendence on z/(1 + z) makes JBP more sensitive to
redshift-dependent variations in luminosity, amplify-
ing small biases into stronger shifts in the w0–wa plane
compared to the linear CPL form.

2. The LOG parametrization closely mirrors the CPL
scenario in both direction and magnitude of systematic
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FIG. 3: Impact of injected SNIa systematics on the w0–wa constraints for the CPL vs LOG parametrizations.
Panels illustrate how individual systematics shift the recovered contours. Filled contours denote fits without

systematics; dashed contours show results after systematic injection.

shifts. Deviations arise only marginally, mainly for in-
tergalactic dust, suggesting that a logarithmic evolu-
tion in w(z) does not provide significant improvement
in robustness over the linear CPL form.

3. The GEN model shows the least sensitivity to all sys-
tematic effects, particularly those arising from calibra-
tion and progenitor evolution. Its simpler functional
form reduces sensitivity to redshift-dependent biases,
making it the most robust among the tested mod-
els. This arises because, unlike CPL, JBP, and LOG,
which directly parametrize w(z), the GEN model
parametrizes the expansion rate E(z) (or equivalently,
the energy density). Since E(z) connects to distance
measures through a single integration, whereas w(z)
affects them through a double integral, it appears that
the GEN model is less affected by cumulative biases
in the observed SNIa data.

Overall, these comparisons establish a clear trend in how
SN-Ia systematics affect dark energy inference: JBP is
the most affected, CPL and LOG show intermediate sen-
sitivity, while GEN remains the least affected. This hi-
erarchy demonstrates that the choice of the model or
parametrization governs how strongly the inferred values
of dark energy EoS parameters, w0 and wa, are suscepti-
ble to biases from supernova systematics. Since current

SNIa data mainly probe z ≲ 1, model selection plays a
critical role in interpreting these constraints reliably.

For completeness, we further demonstrate the impact
of various systematic uncertainties on the reconstructed
cosmological quantities—the normalised Hubble param-
eter E(z) (left panels), the distance modulus µ(z) (mid-
dle panels), and the dark energy equation of state w(z)
(right panels) in Fig. 5. The upper panels correspond to
the CPL model, while the lower panels show the results
for the GEN parameterisation. Each curve represents
a different source of systematic effect, including calibra-
tion offset, color correction, progenitor mass and metal-
licity evolution, intergalactic dust, and matter density
mismatch, compared to the fiducial (dotted black) cos-
mology. We find that all sources of systematics induce
redshift-dependent deviations in the reconstructed quan-
tities, with the calibration and progenitor effects produc-
ing the largest biases at low redshifts.

For the CPL case, the deviations in E(z) and ∆µ(z)
rise rapidly at low z < 1, reaching a maximum around
z ≈ 0.5, and gradually decline towards higher z > 1. The
corresponding impact on the reconstructed DE EoS w(z)
manifests as a smooth phantom-to-non-phantom transi-
tion, effectively mimicking a mild apparent evolution of
w(z) with redshift. In contrast, for the GEN parametri-
sation, the deviations in E(z) and ∆µ(z) begin to emerge
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FIG. 4: Impact of injected SNIa systematics on the w0–wa constraints for the CPL vs GEN parametrizations.
Panels illustrate how individual systematics shift the recovered contours. Filled contours denote fits without

systematics; dashed contours show results after systematic injection.

0 1 2 3 4 5 6

z

1.000

1.002

1.004

1.006

1.008

1.010

1.012

E
(z

)/
E

Λ
C
D
M

(z
)

Fiducial

Calibration (|∆MB| = −0.02)

Color Correction: σ(β) = 0.15

Progenitor-MB (ε = −0.02)

Progenitor-X1 (x1 = |0.1|)
IG Dust (Ωdust = 5× 10−6)

Ωm mismatch (|0.01|)

0 1 2 3 4 5 6

z

0.000

0.001

0.002

0.003

0.004

∆
µ

(z
)
−

∆
µ

Λ
C
D
M

(z
)

0.0 0.5 1.0 1.5 2.0 2.5

z

−1.10

−1.05

−1.00

−0.95

−0.90

−0.85

w
(z

)

0 1 2 3 4 5 6

z

1.000

1.002

1.004

1.006

1.008

1.010

1.012

E
(z

)/
E

Λ
C
D
M

(z
)

0 1 2 3 4 5 6

z

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

∆
µ

(z
)
−

∆
µ

Λ
C
D
M

(z
)

0.0 0.5 1.0 1.5 2.0 2.5

z

−1.10

−1.05

−1.00

−0.95

−0.90

−0.85

w
(z

)
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at low redshift, gradually increasing and reaching a max-
imum around z ∼ 1, before slowly declining and settling
to an approximately constant offset at higher z. For w(z),
the behaviour differs qualitatively from the CPL case:
the reconstructed EoS tends to remain either entirely in
the phantom or non-phantom regime across the redshift
range, with systematics primarily shifting its overall am-
plitude rather than inducing transitions. This pattern
underscores that while the CPL model captures a specific
range of DE behaviors, the GEN parametrization can ac-
commodate for a broader spectrum, with reconstructed
quantities exhibiting distinct and systematic responses to
underlying uncertainties.

VII. SUMMARY AND DISCUSSIONS

In this study, we have systematically examined how
various instrumental and astrophysical uncertainties in
SN-Ia observations can affect dark energy constraints and
search for new physics beyond the concordance ΛCDM
model. By simulating realistic mock datasets consis-
tent with the Pantheon-Plus SN-Ia sample in addition to
DESI-DR2 BAO, and compressed CMB measurements,
we quantify the impact of six major sources of systematic
bias — photometric calibration, intergalactic dust, pro-
genitor evolution in luminosity and light-curve stretch,
color-correction scatter and matter density mismatch in
SN-Ia observations — on four time-evolving dark energy
parametrizations for equation of state (CPL, JBP, LOG)
as well as the parametrization for scale factor (GEN) of
the Universe.

Our results show that calibration offsets and progenitor
evolution effects dominate the systematic error budget
in SN-Ia cosmology. A small magnitude bias (∆MB ≈
0.02 mag) can shift the equation of state parameters by
∆w0 ≈ −0.1 and ∆wa ≈ +0.5 in the most flexible mod-
els, while progenitor-related evolution in luminosity and
stretch induces comparable shifts along the w0–wa de-
generacy axis. In contrast, intergalactic dust, color cor-
rection scatter, and modest density mismatches produce
only minor deviations, confirming that their influence re-
mains well below the statistical precision of current SN-Ia
datasets.

A key outcome of this work is the identification of a
hierarchy in model susceptibility to systematics:

1. JBP exhibits the strongest response to redshift-
dependent biases, reflecting its higher-order sensitivity
to luminosity evolution.

2. CPL and LOG behave similarly, showing intermediate
vulnerability to calibration and progenitor effects.

3. GEN, which parameterizes the expansion rate directly
rather than w(z), remains the most robust and stable
under all systematic injections. Its minimal response
arises from its dependence on a single integral of scale
factor a(t), rather than double integrals of w(z), re-
ducing cumulative bias propagation.
These findings highlight that the choice of dark energy

parametrization critically shapes the inferred cosmologi-
cal evolution, particularly when the data are susceptible
to unmodelled systematics. Given that the error bud-
gets of Pantheon-Plus and the recent DES-SN-5YR [19]
compilation are quite similar, our findings are broadly
applicable to both SN-Ia samples, alleviating concerns
about dataset-specific deviations. For ongoing and future
SN-Ia cosmology programs—such as those conducted by
DES, LSST, and Roman—achieving sub-percent calibra-
tion precision and accurately modelling population evolu-
tion across redshift will be indispensable for robust dark
energy inferences.

Finally, the analysis reinforces a central message: ap-
parent signatures of time-varying dark energy may arise
from subtle, unaccounted biases in SN-Ia standardiza-
tion rather than genuine physical departures from ΛCDM
and modelling the departure from ΛCDM is crucial in
this regard. Mitigating these effects requires coordi-
nated improvements in calibration pipelines, cross-survey
photometric harmonization, and empirical modelling of
SN progenitor diversity. Future joint analyses incor-
porating multi-wavelength SN-Ia data, improved host-
environment characterization, and cross-validation with
BAO and CMB anchors will be key to resolving current
expansion-rate anomalies and confirming whether hints
of dynamical dark energy persist.
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