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aUniversité d’Orléans, Observatoire des Sciences de l’Univers en région Centre (OSUC) UMS 3116
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We revisit for 714 SNeIa the discrepancy between the red-shift associated to the distance modulus
µ and the spectroscopic red-shift. Previous work has shown that the total red-shift z might be a
combination of the expansion red-shift zC and of a static, blue or red shift zLSV(r), r being the
comoving distance. The latter is due to the energy non-conservation of the photon propagating
through Electro-Magnetic (EM) background fields (host galaxy, intergalactic and Milky Way), under
Lorentz(-Poincaré) Symmetry Violation (LSV), associated to the Standard-Model Extension (SME).
The non-conservation stems from the vacuum expectation value of the vector and tensor LSV fields.
For zero radiation Ωrad and curvature Ωk densities, and matter density Ωm = 0.28, the SN1a
positions in the (µ, z) plan are recovered according to the different strengths, orientations, alignments
and space-time dependencies of the EM fields and LSV components. The LSV vacuum energy may
be thus tantamount to ΩΛ ≃ 0.7, but unrelated to an accelerated expansion. We present models
with red or blue-shifts zLSV, below 10% of z. The ν frequency variation is below 10−19∆ν/ν per m.

Keywords: Standard-Model Extension, Photons, Light Propagation, Cosmology, Supernovae

Introduction. At the infinitesimal scale, the Standard-
Model (SM) unifies three of the four fundamental
forces: Electro-Magnetic (EM), weak, and strong interac-
tions. The SM guarantees Lorentz(-Poincaré) Symmetry
(LoSy), stating that experimental results are indepen-
dent of the time, position or velocity of the observer.
Despite its remarkable successes, the SM does not in-
corporate the particles corresponding to a, yet to be ex-
perimentally found, dark universe. Indeed, it does not
account for the accelerating expansion of the universe
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(dark energy) nor has a viable dark matter particle. Fur-
thermore, the photon is the only free massless particle in
the SM, after the attribution of some mass to the neu-
trino. Thus, a theory going beyond the SM has been put
forward: the SM Extension (SME) [1, 2]. The SM is as-
sumed LoSy invariant up to certain energy scales beyond
which a LoSy Violation (LSV) might occur. The SME
allows testing the low-energy manifestations of the LSV.
Light propagation in the SME. In [3, 4] the foundations

of the analysis of light propagation in the SME were laid.
Going beyond the SM, we encounter a massive photon,
compatible with the actual upper limit [5] of 10−54 kg,
but as pointed out in [6], this limit arises chiefly from
modelling rather than measurements. The effective, and
frame dependent, mass is proportional to the value of
the LSV parameters and, conversely to the de Broglie
[7, 8]-Proca [9] formalism, the SME massive photon is
gauge-invariant [3, 4]. Moreover, in specific conditions,
sub- and super-luminal velocities, imaginary and com-
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plex frequencies, birefringence appear, and, evidently in
any condition, LSV anisotropy and inhomogeneity are
present. The effects of the latter two are not dominant
in the regimes we explored. The massive photon group
velocity differs from c of a quantity proportional to the
inverse of the frequency squared [8]. Incidentally, such
dependence has been analysed recently with the signals
from Fast Radio Bursts (FRBs) [10–15]. Most remark-
ably, the energy-momentum tensor of a light-wave is not
conserved in vacuum when light crosses an EM back-
ground field [4].
Non-conservation occurs also when the EM back-

ground field and the LSV perturbations are indepen-
dent from space-time coordinates, but interestingly, for a
space-time dependent LSV, the presence of an EM field is
not necessary [16]. Indeed, the photon exchanges energy
with the LSV and EM fields. An estimate of the energy
change that light would undergo was given [16]. The
wave-particle correspondence, even for a single photon
[17], leads to consider that the light-wave energy non-
conservation is translated into photon energy variation
and thereby into a red or a blue shift. The energy varia-
tions, if losses, would translate into frequency damping.

The LoSy breaking factors are represented by a
kAF
α four-vector when the handedness of the Charge

conjugation-Parity-Time reversal (CPT) symmetry is
odd and by a kανρσF tensor when even. The physical
reasons inducing non-conservation notwithstanding con-
stant EM background and LSV breaking vector (the
breaking tensor appears either under a derivative or cou-
pled to a derivative of the EM background) lie in the
Carroll-Field-Jackiw action [18] for the CPT odd hand-
edness. The action contains a contribution such that even
if the EM background (and the LSV perturbation) is con-
stant, the corresponding four-potential is not. Thereby,
there is an explicit xα coordinate dependence at the level
of the Lagrangian. This determines a source of energy-
momentum non-conservation, according to the Noether
theorem. Otherwise put, there is an exchange of energy-
momentum between the photon and the EM background.

The LSV frequency shift. For fαν representing the pho-
ton field, aν the four-potential, Fαν the EM background
field, jν an external current and the symbol * the dual
field, the energy-momentum density flux θα0 variation is
given by [4] (in SI units µ0 = 4π × 10−7 NA−2)

∂αθ
α
0 = jifi0 −

1

µ0

[(

∂αF
αi
)

fi0 + kAF
α

∗Fαifi0+

1
2

(

∂αk
AF
0

)

∗fανaν − 1
4

(

∂0k
αiκλ
F

)

fανfκλ +
(

∂αk
αiκλ
F

)

Fκλfi0 + kαiκλF (∂αFκλ) fi0
]

. (1)

The dimensions are Jm−4. In absence of an external
current and of a large scale electric field, but considering
only the constant components of the galactic and inter-
galactic magnetic fields, and finally neglecting at optical
frequencies the contribution of kαiκλF , an estimate was
given through a simplified expression along the line of

TABLE I: LSV shift types. In the first, the frequency variation is
proportional to the instantaneous frequency and to the distance; in
the second to the emitted frequency and the distance; in the third
only to the distance (we don’t consider a fourth option proportional
to the observed frequency and the distance). k1,2 have the dimen-
sions of Mpc−1, k3 of Mpc−1s−1. The positiveness of the distance
r constraints zLSV/1 > −1 for k1 < 0, and −1 < zLSV/1 < 0 for
k1 > 0.

Type 1 2 3

∆ν k1νdr k2νedr k3dr

νo νe exp
k1r νe(1 + k2r) νe + k3r

zLSV exp−k1r −1 −
k2r

1 + k2r
−

k3r

νe + k3r

sight observer-source [16]

∂αθ
α
0 ≈ − 1

µ0

kAF
0

∗F 0ifi0 . (2)

The ∗F 0i represents the magnetic components of the dual
EM background tensor field, fi0 the electric components
of the EM photon tensor field, and kAF

0 is the time com-
ponent of the breaking vector. Assuming that the energy
variation of a light-wave corresponds to a frequency shift
for a photon, we converted the energy variation of Eq.
(2) into a ∆ν, being ν the photon frequency.
After some steps, an exact expression for |∆ν| due to

LSV was given [16]. Herein, we reproduce it qualitatively

|∆ν|LSV ∝ B fi0 tLB kAF
0 ̺ , (3)

where ̺, is a positive arbitrary safe margin, taking into
account that the magnetic fields (of the galaxy of the
source, inter-galactic, and the Milky Way) estimated at
B = 5 × 10−10 − 5 × 10−9 T each, and crossed by light
from the source to us in a look-back time tLB, have likely
different orientations and partly compensate their effects
on the wave electric field fi0. We have not considered
any magnetic field at the source.
In the following, we refer to a general zLSV given by

all the terms in Eq. (1).
The LSV as vacuum energy. According to [19], the

LoSy breaking four-vector, kAF, and the rank-four tensor,
kF, correspond, respectively, to the vacuum condensation
of a vector and a tensor field in the context of string mod-
els. They describe part of the vacuum structure, which
appears in the form of space-time anisotropies. There-
fore, their presence at the right-hand side of Eq. (1)
reveals that vacuum effects are responsible for the en-
ergy variation of light waves, which, in turn, correspond
to a photon frequency shift. Otherwise put, vacuum
anisotropies are the true responsible for changing the fre-
quency of light emitted by astrophysical structures.
Superposing the shifts. We recall that z = ∆ν/νo

where ∆ν = νe − νo is the difference between the ob-
served νo and emitted νe frequencies, or else z = ∆λ/λe

for the wavelengths.
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We pose the following conjecture. Expansion causes λe

to stretch to λc, that is λc = (1+ zC)λe. The wavelength
λc could be further stretched or shrunk for the LSV shift
to λo = (1 + zLSV)λc = (1 + zLSV)(1 + zC)λe. But since
λo = (1+ z)λe, we have 1+ z = (1+ zC)(1+ zLSV); thus

z = zC + zLSV + zCzLSV . (4)

The second order is not negligible for larger zC.
Behaviour of the LSV shift with distance. We model

the behaviour of zLSV with distances in three different
ways, Tab. I. Since zC stems from the universe expan-
sion, we estimate zLSV on the basis of the comoving dis-
tance. The ki parameters, proportional to the Lemâıtre-
Hubble-Humason constant H , herein 70 km/s per Mpc,
take either positive (frequency increase) or negative (fre-
quency decrease) values.
The LSV frequency shift from the SNIa data. A greater

than expected SNIa distance modulus for a given red-
shift led to consider a cosmological constant or dark en-
ergy [20, 21]. Later, suppositions of alternatives theories
of gravity, see [22, 23] for reviews, and of photons oscil-
lating into axions producing a dimming effect for SNeIa
[24, 25] were made. It must be recalled that SNIa data re-
liability is still debated [26–32]. We challenge the mean-
ing of the red-shift uniquely explained by expansion and
conceive a complementary point of view.
For appreciating dL, as function of zC, we have com-

puted for for Ωrad = Ωk = ΩΛ = 0

dL =
2c

HΩ2
m

[

2− Ωm(1− zC)− (2 − Ωm)
√

1 + Ω2
mzC

]

,

(5)
using the Chebyshev polynomial expansion [33], which
coefficients of are linear in Ωm.
We took a set of 714 SNeIa from the Union2 cata-

logue [34], devoted to the dark energy search, using data
from the Hubble Space Telescope (HST) and combining
multiple datasets. The catalogue provides the luminosity
distance, dL, here in parsecs, related to the maximum of
the light curve in the B-band

µ = m−M = 5 log dL − 5 (6)

where µ is the distance modulus, m andM are the appar-
ent and absolute magnitudes, respectively. The Union2
catalogue provides also the error on µ, the red-shift z of
the host galaxy and its error.
The comoving distance r, computed from the

Lemâıtre-Friedman-Robertson-Walker metric (FRWL),
is given by [35, 36]

r =
2c

H
(
√
zC + 1− 1) . (7)

Our iterative computation starts from the cosmological
parameters and compares the final simulated s and the
observed value of the distance modulus

Ωk,Ωm(ΩΛ = 0) → dL → zc → r → zLSV → µs
?
= µo ,

TABLE II: Simulation results for Ωrad = Ωk = ΩΛ = 0, Ωm =
0.28. The the error on ki is due to the Hierarchical Bayesian Model
(HBM) approach, considering different source of uncertainties to
render homogeneous the photometric data of the distance modulus
from different datasets in Union 2 catalogue. There is no actual
error propagation due to the fact that HBM takes into account
the error considering it statistically implemented into the model
analysis The intrinsic standard deviation σ for k1 is 3× 10−6. The
simulation results provide a mean zLSV blue-shift for types 1 and
2 and a zLSV red-shift for type 3.

Type 1 2 3

ki
2.8× 10−5

±

3.5× 10−3

2.6 × 10−5
±

2.8× 10−3

< −10−6
± 1.3×

10−3

rms 1.34 × 10−2 1.31× 10−2 1.05 × 10−1

FIG. 1: For type 1 of LSV shift, Tab. I, Ωrad = Ωk = ΩΛ = 0 and
Ωm = 0.28, µ, in mag units, versus z, Eq. (4).

FIG. 2: For type 1 of LSV shift, Tab. I, Ωrad = Ωk = ΩΛ = 0 and
Ωm = 0.28, the distribution of possible values of zLSV for a given
z. There are only 73 SNeIa for z > 0.8.
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where the zLSV shift may be positive or negative. Herein,
we have held to the measured µ and z while decompos-
ing the latter in two contributions zc and zLSV. Else,
we could have considered the measured µ as the sum of
two contributions µ(zC) and µ(zLSV) and looking for an
agreement with spectroscopic data.

Modelling. For achieving the best fit, we employed a
Hierarchical Bayesian Model (HBM) and determined the
entire posterior probability density function of the these
parameters. We engaged an HBM to retrieve from the
distance distribution of the SNeIa all the possible values
of k, for each of the three types in Tab. I. We assumed
flat priors in the range [−100, 100] to avoid heavy con-
straints in exploring the domains of the parameters. The
Bayesian analysis is very depending upon the choice of
the priors, conversely to other kinds, as the Gaussian
approaches [27–31]. The flat priors allow an even proba-
bility distribution and thus unbiased estimates.

Unfortunately, the HBM is heavily influenced by the
error on the measured values, namely on the distance
modulus leading to a statistical non-informative error on
the model parameters. From the Gaussian shape of the
posterior distribution of ki, it is evinced that a non-zero
probability exists for having both positive and negative
values of ki, due to the measurement errors. We de-
cided to use HBM due to the multiple origin of the dis-
tance modulus estimates and differences in data reduc-
tion schemes, thus avoiding the influence of some system-
atic error in the estimates of the parameters. The HBM
improves the precision of the estimates of the model pa-
rameters, even though the accuracy is rather coarse.

Results and discussion. Table II provides, for Ωrad =
Ωk = ΩΛ = 0 and Ωm = 0.28, the ki values and the
associated rms for the three types of ki associated to
zLSV. The latter consists of a mean blue-shift for types
1 and 2 and of a red-shift for type 3. Figure 1 shows
the interpolating curve well fitting µ and z data, for type
1. Figure 2 shows the distribution of possible values of
zLSV for a given z, again for type 1. We have well in-
terpolating µ(z) curves also for types 2 and 3 of zLSV
shifts. The rms values of types 1 and 2 are similar, but
the frequency variation proportionality to the instanta-
neous (type 1) rather than emitted (type 2) frequency
determines a ’classic’ exponential decay or growth.

The absolute value of zLSV increases with the distance.
If blue, the drawback is to explain the photon gaining en-
ergy travelling from the source to us, which nevertheless
may well occur as a net result of the different contribu-
tions of the LSV (vector and tensor) and EM fields along
the path. The advantage is a clear understanding of why
we measure a lower spectroscopic z, as zLSV is subtracted
from the real z. If red, the drawback is that zLSV must
be comparable or smaller than the observation error [37–
39]. The advantage is the correspondence to an intuitive
dissipation effect taking place along the photon path. Re-
markably, for Ωm ≥ 0.75, k1 turns negative and the zLSV
becomes a red-shift as in model 3.

The peculiarity of our approach is that a single mech-

anism explains all the positions of the SNeIa in the (µ, z)
plan, including the outliers. This shift may be red for
some SNeIa and blue for others, depending on cosmology
parameters, as well as the orientation of the components
of the LSV vector or tensor and of the EM fields (host
galaxy, intergalactic medium, Milky Way). Evidence of
dark energy anisotropy has been shown recently [32]. The
LSV vacuum energy appears to act on light propagation
and it is equivalent to ΩΛ ≈ 0.7, rather than igniting an
accelerated expansion.
Numerical applications were outlined [16]. Working

them out when considering a SNIa at z = 0.5, tLB =
1.57 × 1017 s, fi0 = 3.79 × 10−9 V s m−2, an average
B = 2.75× 10−9 T, the proportionality factor in Eq. (3)
becomes 5.87 × 1047. The parameter kAF

0 has a labora-
tory upper limit of 10−10m−1 but a more stringent, and
less favourable for our study, astrophysical upper limit of
5.1 × 10−28 m−1. In this worst case, it is sufficient that
̺ ≥ 7.6× 10−8, to get zLSV in the order of 10% of z.
Where Ωm was let free, the constraint Ω = 1 leads

obviously to huge values of the matter density, as, inci-
dentally, dark energy emerges at high red-shift.

Perspectives. We have applied to SNeIa a new fre-
quency shift in vacuum occurring to a photon in a LSV
scenario, accompanied by an EM field. The experimental
and observational limits on LSV and magnetic fields are
fully compatible with our findings.

Obviously, the LSV shift is generally applicable and it
is not limited to the SNIa case. In future work, leaving
aside the SME, we will show that a frequency shift is also
produced by a generalised non-linear electromagnetism,
encompassing the formulations of Born-Infeld and Euler-
Kockel-Heisenberg. The found limits on zLSV will be ap-
plicable to zNL for the non-linear electro-magnetism.

The XIX century Maxwellian linear electro-magnetism
and Einsteinian non-linear gravitation have been well
tested. This has not impeded the proposition of alter-
native formulations of gravity. The lack of experimental
proofs on the dark universe and the successes of gen-
eral relativity prompt to revisit astrophysical observa-
tions, largely based on light signals, with non-Maxwellian
electro-magnetism, opening the door to radically new in-
terpretations. In future work, we will show that massive
photons may fake time dilation for not-moving sources.
Such effect, though, is very marginal for SNeIa.

The zLSV shift is a fraction below 10% of the measured
red-shift and thus below 2× 10−19∆ν/ν per m. It would
be desirable to test frequency invariance in vacuum [40–
43] with a ground or space interferometer.
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822, L15 (2016), arXiv:1602.07835 [astro-ph.HE].

[12] L. Bonetti, J. Ellis, N. E. Mavromatos, A. S. Sakharov,
E. K. Sarkisian-Grinbaum, and A. D. A. M. Spallicci,
Phys. Lett. B 768, 326 (2017), arXiv:1701.03097 [astro-
ph.HE].

[13] M. J. Bentum, L. Bonetti, and A. D. A. M. Spallicci,
Adv. Space Res. 59, 736 (2017), arXiv:1607.08820 [astro-
ph.IM].

[14] L. Shao and B. Zhang, Phys. Rev. D 95, 123010 (2017),
arXiv:1705.01278 [hep-ph].

[15] N. Xing, H. Gao, J. Wei, Z. Li, W. Wang, B. Zhang,
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[23] M. López-Corredoira, in Proc. Int. Conf. Cosmology on
small scale, edited by M. Kř́ıžek and Y. V. Dumin (Inst.
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