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Alessandro D.A.M. Spallicci 24 September 2020, Institut d’Astrophysique de Paris 1/40



Highlights of the talk

Context and motivations

Non-linear and Massive theories (Born-Infeld, Heisenberg-Euler, de
Broglie-Proca, Stueckelberg,...)

Results. Non-Linear (magnetars). Massive (photon mass upper limits
from solar wind and FRBs).

Standard-Model Extension and Lorentz(-Poincaré) Symmetry
Violation.

Results: effective photon mass, dispersion, sub-super luminal
velocities, birefringence, non-conservation

Non-Linear: non-conservation.

Applications to cosmology: LSV (and nL) Dark energy.
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[ACL 67] Bonetti L., dos Santos Filho L.R., Helayël-Neto J.A., SPALLICCI A.D.A.M., 2017. Effective photon mass
from Super and Lorentz symmetry breaking, Phys. Lett. B, 764, 203. arXiv:1607.08786 [hep-ph]

[ACL 68] Bentum M.J., Bonetti L., SPALLICCI A.D.A.M., 2017. Dispersion by pulsars, magnetars, fast radio bursts
and massive electromagnetism at very low radio frequencies, Adv. Sp. Res., 59, 736. arXiv:1607.08820 [astro-ph.IM]

[ACL 69] Bonetti L., Ellis J., Mavromatos N.E., Sakharov A.S., Sarkisyan-Grinbaum E.K.G., SPALLICCI A.D.A.M.,
2017. FRB 121102 casts new light on the photon mass, Phys. Lett. B, 768, 326. arXiv:1701.03097 [astro-ph.HE]

[ACL 71] Capozziello S., Prokopec T., SPALLICCI A.D.A.M., 2017. Aims and Scopes of the Special Issue:
Foundations of Astrophysics and Cosmology, Found. Phys., 47, 709.
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A cyclic critical context: reinterpretation of light as solution?

Physics at the end of the XIX century:

1 Laws of physics are valid anywhere and anytime.
2 Galilei transformations (GT) hold.
3 Michelson-Morley: light speed constancy, Maxwell equations hold.

Conclusions: GT are invalid and replaced by Lorentz-Poincaré transformations
(LPT), classical mechanics rewritten, æther does not exist, and light has to be
reinterpreted.

Physics at the end of the XX century:

1 Expansion is accelerating (questioned) and rotation curves.
2 GR holds and works perfectly so far.
3 No detection of dark ingredients.

Two options: search more and better the dark universe or extend GR.

Third complementary option: light has to be reinterpreted again. No pretension
of completeness.
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Motivations: 1/2

GW detection 2015, but universe understanding based on EM observations.

As photons are the main messengers, fundamental physics has a concern in
testing the foundations of electromagnetism.

96% universe dark (unknown), only part of 4% is known: yet precision cosmology.

Striking contrast: complex and multi-parameterised cosmology - linear
electromagnetism from the 19th century.

There is no theoretical prejudice against a photon small mass, technically
natural, in that all radiative corrections are proportional to mass (’t Hooft).

Electromagnetic radiation has zero rest mass to propagate at c. Since it carries
momentum and energy, it has non-zero inertial mass. Hence, for EP, it has
non-zero gravitational mass: → light must be heavy (’t Hooft).

The Einstein demonstration of the equivalence of mass and energy (wagon at rest on

frictionless rails, photon shot inside end to end) implies a massive photon.
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Motivations: 2/2

The photon is the only free massless particle of the Standard Model.

The SM successful but shortcomings: Higgs is too light, neutrinos are
massive, no gravitons...
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Presenting the nM electromagnetism

non-linear Born-Infeld (for renormalisation of singularities);
Heisenberg-Euler (2nd order QED as photon splitting, merging,
photon-photon interaction, birefringence) or massive (de Broglie-Proca).

Massive photons evoked for dark matter, inflation, magnetic monopoles,
red-shifts, superconductors and ”light shining through walls” exp.

The dBP theory is not gauge invariant, but others are (quantizable
Stueckelberg theory presents a scalar compensating field. Boulware showed
the renormalizability and unitarity of QED with a dBP photon). If mass
rises from the spontaneous symmetry U(1) breaking, gauge invariance is
insured also after breaking, possibly determined by the Higgs mechanism
(but see Guendelman).

For charge conservation (dBP Gauss law) the coupling of the photon mass
to the scalar potential implies a density of “pseudo-charge” proportional to
the squared mass, added to the ordinary charges. The two kinds of charges
are conserved separately (but see Nussinov).

Impact on relativity? Difficult answer: variety of the theories above;
removal of ordinary landmarks and rising of interwoven implications (TLP
and dBP).
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Non-linear theories: Born-Infeld 1/2

The Born-Infeld Lagrangian

L =
√

1 + F − 1 + jµAµ (1)

The equations are

∂µ

(
Fµν (1 + F )−

1
2

2

)
= jν (2)

Electromagnetic field gives origin to the mass of the charge.

Avoidance of infinities out of self-energy φ(0) = 1.8541 e
r0

.

The parameter r0 is computed out of analytic expressions.
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Non-linear theories: Heisenberg-Euler 2/2

The Heisenberg-Euler Lagrangian

L = −FµνFµν

4
+

e2

~c

Z ∞

0

dη
e−η

η3
·


i
η2

2
FµνF ∗µν ·

·
cos

»
η

Ek

q
−FµνFµν

2
+ iFµνF ∗µν

–
+ cos

»
η

Ek

q
−FµνFµν

2
− iFµνF ∗µν

–
cos

»
η

Ek

q
−FµνFµν

2
+ iFµνF ∗µν

–
− cos

»
η

Ek

q
−FµνFµν

2
− iFµνF ∗µν

–
+ |Ek |2 +

η3

6
· FµνFµν

ff
(3)

F ∗
µν = εµνρσF ρσ (4)

Photon-Photon interaction and Photon splitting since HE theory
relates to second order QED.

Vacuum polarisation occurs for Ec > 1.3× 1018 V/m or
Bc > 4.4× 1013 G.
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Non-linear theories: Magnetar

Heisenberg-Euler on magnetars overcritical magnetic field. Blue or red
shift depending on polarisation for a photon emitted up to similar values
to the gravitational redshift.
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Massive theories: de Broglie-Proca 1/3

The concept of a massive photon has been vigorously pursued by
Louis de Broglie from 1922 throughout his life. Through dispersions
in 1923 he defines the value of the mass to be lower than 10−53 kg
(PDG value 10−54 after many experiments and observations). In
1936 he writes the modified Maxwells equations in a non-covariant
form.

Insted, the original aim of Alexandru Proca, de Broglie’s student,
was the description of electrons and positrons. Despite Proca’s
several assertions on the photons being massless, his work has been
used.
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Massive theories: de Broglie-Proca 2/3

L = − 1

4µ
FαβFαβ − M2

2µ
AαAα − jαAα (5)

Fµν = ∂µAν − ∂νAµ. Minimal action (Euler-Lagrange) → inhomogeneous eqs.
Ricci Curbastro-Bianchi identity ∂λFµν + ∂νFλµ + ∂µF νλ = 0 → homogeneous eqs.

∇ · ~E =
ρ

ε0
−M2φ , (6)

∇× ~B = µ0
~j + µ0ε0

∂~E

∂t
−M2~A , (7)

∇× ~E = −∂~B

∂t
, (8)

∇ · ~B = 0 , (9)

ε0 permittivity, µ0 permeability, ρ charge density, ~j current, φ and ~A potential.
M = mγc/~ = 2π/λ, ~ reduced Planck (or Dirac) constant, c speed of light, λ
Compton wavelength, mγ photon mass.

Eqs. (6, 7) are Lorentz-Poincaré transformation but not Lorenz gauge invariant,

though in static regime they are not coupled through the potential.
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Massive theories: de Broglie/Proca 3/3

From the Lagrangian we get ∂αFαβ +M2Aβ = µjβ. With the Lorentz
subsidiary condition ∂γAγ = 0,[

∂µ∂µ +M2
]
Aν = 0 (10)

Through Fourier transform, at high frequencies (photon rest energy <
the total energy; ν � 1 Hz), the positive difference in velocity for two
different frequencies (ν2 > ν1) is

∆vg = vg2 − vg1 =
c3M2

8π2

(
1

ν2
1

− 1

ν2
2

)
, (11)

being vg the group velocity. For a single source at distance d, the
difference in the time of arrival of the two photons is

∆t =
d

vg1
− d

vg2
' ∆vgd

c2
=

dcM2

8π2

(
1

ν2
1

− 1

ν2
2

)
' d

c

(
1

ν2
1

− 1

ν2
2

)
10100m2

γ . (12)
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Experimental mass limits: Particle Data Group
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Experimental mass limits: warnings

Quote ”Quoted photon-mass limits have at times been overly
optimistic in the strengths of their characterisations. This is perhaps
due to the temptation to assert too strongly something one knows
to be true. A look at the summary of the Particle Data Group
(Amsler et al.. 2008) hints at this. In such a spirit, we give here our
understanding of both secure and speculative mass limits.”
Goldhaber and Nieto, Rev. Mod. Phys., 2000

The lowest theoretical limit on the measurement of any mass is
dictated by the Heisenberg’s principle m ≥ ~/2∆tc2, and gives
1.35× 10−69 kg, where ∆t is the supposed age of the Universe.

Photon mass reproduces plasma dispersion for the frequency f −2

dependence of the group velocity. There is not the possibility to
disentangle the two effects, unless a different z dependence.
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Experimental mass limits: Cluster

Highly elliptical evolving orbits in tetrahedron: perigee 4 R⊕ apogee 19.6 R⊕, visited a wide set of magnetospheric

regions. Inter-spacecraft separation ranging from 102 to 104 km.

Small mass → precise experiment or very large apparatus (Compton wavelength). The largest-scale magnetic field
accessible to in situ spacecraft measurements, i.e. the interplanetary magnetic field carried by the solar wind.
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Experimental mass limits: Cluster

jP = 1.86 · 10−7 ± 3 · 10−8 A m−2, while jB = |∇ × ~B|/µ0 is
3.5± 4.7 · 10−11 A m−2. AH is an estimate, not a measurement.

AH
1
2 (mγ + ∆mγ) = AH

1
2

(
mγ +

∣∣∣∣∂mγ

∂jP

∣∣∣∣∆jP +

∣∣∣∣∂mγ

∂jB

∣∣∣∣∆jB

)
=

k

[
(jP − jB)

1
2 +

∆jP + ∆jB

2(jP − jB)
1
2

]
. (13)

Considering jP and ∆jP of the same order, jP = 0.62 ∆jP , and both
much larger than jB and ∆jB , Eq. (13), after squaring, leads to

AH
1
2 (mγ + ∆mγ) ∼ k (jP + ∆jP)1/2 . (14)

Table: The values of mγ (according to the estimate on AH).

AH [T m] 0.4 29 (Z) 637

mγ [kg] 1.4× 10−49 1.6× 10−50 3.4× 10−51
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Experimental mass limits: Cluster

The particle current density ~j =~jP = ne(~vi − ~ve) from ion and
electron currents; n is the number density, e the electron charge and
~vi , ~ve the velocity of the ions and electrons, respectively.
An accurate assessment of the particle current density in the solar
wind is difficult due to inherent instrument limitations.
jP >> jB (up to four orders of magnitude), mostly due to the
differences in the i, e velocities, while the estimate of density is
reasonable. While we can’t exclude that this difference is due to the
dBP massive photon, the large uncertainties related to particle
measurements hint to instrumental limits.
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Non-conservation: difference Maxwell dBP

The dBP equations of motion

∂αFαβ
T +M2Aβ

T = µ0j
β , (15)

Splitting the EM tensor field and the EM 4-potential in the background (capital
letters) and photon (small letters) contributions, we have

Aβ
T = Aβ + aβ Fαβ

T = Fαβ + f αβ , (16)

which replaced in Eq. (15) provide

∂αf αβ +M2aβ = µ0j
β − ∂αFαβ −M2Aβ . (17)

The dBP photon interacts with the background through the potential even when the
background field is constant. Indeed, if a field is constant, its associated potential is
not Fαβ = ∂αAβ − ∂βAα

Conversely, this is not the case for the Maxwell photon, Eq. (18), that interacts only
with a non-constant field

∂αf αβ = µ0j
β − ∂αFαβ . (18)
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Non-conservation: dBP

The energy-momentum density tensor θα
τ [Jm−3] for the dBP photon is

θα
τ =

1

µ0

»
f αβfβτ +M2aαaτ +M2Aαaτ + δα

τ

„
1

4
f 2 − 1

2
M2a2 −M2Aβaβ

«–
.

(19)
The energy-momentum density tensor variation ∂αθα

τ [Jm−4] is given by

∂αθα
τ = jαfατ −

1

µ0
(∂αFαβ)fβτ| {z }

Maxwellian terms

+
1

µ0
M2(∂τAβ)aβ| {z }

de Broglie-Proca term

. (20)

In conclusion, the energy-momentum density tensor of the dBP photon is not
conserved. On top of the Maxwellian terms, the mass couples with the background
potential time-derivative.
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(SuSy and) LoSy breaking
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LoSy breaking

Four models involving (Super and) Lorentz symmetries breaking.
Dispersion relations show a non-Maxwellian behaviour for CPT even
and odd sectors. Birefringence.
An effective mass photon behaviour for both odd and pair CPT. In
the odd CPT classes, f −2 in the group velocities emerges.
A massive and gauge invariant Carroll-Field-Jackiw term in the
Lagrangian is extracted and shown to be proportional to the
background vector (or tensor).
Caution in differentiating an effective from a real mass: Higgs for
charged leptons and quarks, the W and Z Bosons, while the Chiral
Symmetry (Dynamical) Breaking (CSB) for (mostly) composite
hadrons (baryons and mesons). Is it epistemologically legitimate to
consider such mechanisms as producing an effective mass to
massless particles. What is real or effective?
Frame dependency renders the LSV mass unusual, but acceptable
being the dimension indeed that of a mass.
The effective mass upper value is compatible with experimental data.
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LoSy breaking

The Lagrangian L1 reads

L1 = −1

4
FµνFµν −

1

2
εµνσρkAF

µ AνFσρ . (21)

where Fµν = ∂µAν − ∂νAµ and Fµν = ∂µAν − ∂νAµ are the covariant and
contravariant forms, respectively, of the EM tensor; εµνσρ is the contravariant form of
the Levi-Civita pseudo-tensor, and Aµ the potential covariant four-vector.
We observe the coupling between the EM field and the breaking vector kAF

α .

The Lagrangian L3 reads

L3 = (kF )µναβ FµνFαβ . (22)
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Non-conservation: SME

- The SME-LSV factors: kAF
α [metre −1] 4-vector (CPT odd); kανρσ

F [dimensionless]
tensor (CPT even) .
- kAF

α vector coming from the Carroll-Field-Jackiw Lagrangian induces an effective
mass. The kανρσ

F tensor induces a mass only in a supersymmetrised context after
photino integration.
- The LSV tensor does not violate CPT conversely to the LSV vector (the frequency
LSV shift is an observable of CPT violation.
Indicating with the symbol * the dual field, the photon energy-momentum density
tensor θα

τ [Jm−3] is

θα
τ =

1

µ0

„
f αν fντ +

1

4
δα

τ f 2 − 1

2
kAF

τ
∗f ανaν + kανκλ

F fκλfντ +
1

4
δα

τ kκλνβ
F fκλfνβ

«
.

(23)
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Non-conservation: SME

The energy-momentum density tensor variation ∂αθα
τ [Jm−4] is given by

∂αθα
τ = jν fντ −

1

µ0
(∂αFαν) fντ| {z }

Maxwellian terms

− 1

µ0

26641

2

“
∂αkAF

τ

”
∗f ανaν −

1

4

“
∂τkανκλ

F

”
fαν fκλ| {z }

EM background independent terms

+

∂α

“
kανκλ
F Fκλ

”
fντ| {z }

non-constant term

+ kAF
α

∗Fαν fντ| {z }
constant term

3775 . (24)

Maxwellian, LSV independent, terms.

Three massive contributions (though not all of components are mass dependent).

EM background independent terms for which non-conservation if the LSV fields
are space-time dependent. This is really a distinctive term of the SME.

LSV and EM space-time dependent terms.

A constant term (constant EM background and a constant kAF) coming solely
from the CPT-odd handedness. Its action entails a non-constant potential.
Indeed, there is an explicit xα coordinate dependence at the level of the
Lagrangian, exactly as in the dBP theory.

The breaking tensor kF appears either under a derivative or coupled to a
derivative of the EM background.
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Observational - experimental limits SME parameters

Table: Upper limits of the LSV parameters (the last value is in SI units):
aEnergy shifts in the spectrum of the hydrogen atom; bRotation of the
polarisation of light in resonant cavities; c,eAstrophysical observations. Such
estimates are close to the Heisenberg limit on the smallest measurable energy or
mass or length for a given time t, set equal to the age of the universe;
dRotation in the polarisation of light in resonant cavities. fTypical value.

|~kAF| a < 10−10 eV = 1.6× 10−29 J; 5.1× 10−4 m−1

|~kAF| b < 8× 10−14 eV = 1.3× 10−32 J; 4.1× 10−7 m−1

|~kAF| c < 10−34 eV = 1.6× 10−53 J; 5.1× 10−28 m−1

kAF
0

d < 10−16 eV = 1.6× 10−35 J; 5.1× 10−10 m−1

kAF
0

e < 10−34 eV = 1.6× 10−53 J; 5.1× 10−28 m−1

kF
f ' 10−17
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LoSy breaking: photon energy non-conservation

The leading term is proportional to kAF
0

∗F 0i fi0.

The kAF
0 component of the LSV vector is supposed large scale. We need to

integrate over the light travel time. For a source at z = 0.5, the look-back time
is tLB = 1.57× 1017 s (Lemâıtre-Hubble-Humason constant = 70 km/s per m,
Ωm = 0.3, ΩΛ = 0.7).

A safe margin % for the many magnetic fields, B = 5× 10−10 − 5× 10−9 T each,
differently oriented, crossed by light (Not considered a possible presence of a
strong magnetic field at the source)..

The wave energy density variation ∆E

|∆E|z=0.5 =
c

µ0
|kAF

0 ||Bfi0|% tLB ≈ 1.02× 1023|kAF
0 |%|fi0| . (25)

For h = 6.626× 10−34 Js, the frequency variation ∆ν is

|∆ν|z=0.5 =
1.023× 1023

h
|kAF

0 |%|fi0| ≈ 1.55× 1056 kAF
0 %|fi0| . (26)
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LoSy breaking: photon energy non-conservation

We now need to compute |fi0| = |E|/c, the electric field of the photons. We
consider the Maxwellian - in first approximation - classic intensity
I = ε0cE2 = ε0c

3|fi0|2 (cB = E).
The frequency ν = 4.86× 1014 Hz corresponds to the Silicon absorption line at 6150
Å, of SN 1A Supernova type. The monochromatic AB magnitude is defined as the
logarithm of a spectral flux density SFD

mAB = −2.5 log10 SFD − 48.6 , (27)

in cgs units. For mAB = −19, we get SFD = 10−15 Js−1 Hz−1 m−2 having converted
to SI units. We integrate over the frequency width of a bin, that is 30 Å or 2.37 THz
and get I = 2.37× 10−3 Js−1 m−2. For ε0 = 8.85× 10−12 Fm−1, we have
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LoSy breaking: photon energy non-conservation

From astrophysical data

fi0 =

r
I

ε0c3
≈ 3.79× 10−9Vsm−2 . (28)

Finally, from Eq. (26), we get

|∆ν|ν=486THz
z=0.5 = 3.6× 1047 kAF

0 % . (29)

The parameter kAF
0 has a laboratory 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 % ≥ 1.6× 10−7, to get zLSV in the order of 10%
of z .
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Impact on cosmology: dark energy

The LSV as vacuum energy.

The LoSy breaking four-vector, kAF , and the rank-four tensor, kF , correspond
to the vacuum condensation of a vector and a tensor field in string models.

They describe part of the vacuum structure, in the form of space-time
anisotropies.

Their presence reveals that vacuum effects are responsible for the energy
variation of light waves and thus photon frequency shift.

Superposing the shifts.

z = ∆ν/νo where ∆ν = νe − νo is the difference between the observed νo and
emitted νe frequencies, or else z = ∆λ/λe for the wavelengths.

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).

z = zC + zLSV + zCzLSV . (30)

The second order is not negligible for larger zC.
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Impact on cosmology: dark energy

Behaviour of the LSV shift with distance.

zC takes into consideration the universe expansion, while zLSV is based on the
comoving distance. The frequency variation is proportional

Type 1 to the instantaneous frequency and to the distance.

Type 2 to the emitted frequency and the distance.

Type 3 to the distance.

(Type 4 to the observed frequency and the distance.)

Table: LSV shift types. k1,2 have the dimensions 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 expk1r νe(1 + k2r) νe + k3r

zLSV exp−k1r −1 − k2r

1 + k2r
− k3r

νe + k3r
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Impact on cosmology: dark energy? From now mostly not yet published
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Impact on cosmology: dark energy

Figure: TOP: for type 1 of LSV shift, Ωrad = Ωk = ΩΛ = 0 and Ωm = 0.28, µ(z);
BOTTOM: possible values of zLSV for a given z (only 73 SNeIa for z > 0.8).
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Impact on cosmology: dark energy

1 The total red-shift z is the combination of the expansion red-shift zC and of a
static, red or blue shift zLSV(r), due to the energy non-conservation of a photon
propagating through EM fields (host galaxy, intergalactic and Milky Way). Such
propagation may be described by the dBP or others. In the latter case, the
non-conservation stems from the vacuum expectation value of the vector and
tensor LSV fields.

2 Then, zLSV is a manifestation of an effective dark energy caused by the
expectation values of the vacuum under LSV. If so, dark energy, i.e. LSV
vacuum energy, is not causing an accelerated expansion but a frequency shift.

3 The single zLSV shift from a single SNIa may be small or large, red or blue,
depending on the orientations of the LSV (vector or tensor) and of the EM fields
(host galaxy, intergalactic medium, Milky Way), as well as the distance of the
source. Anyway, the colour of zLSV is the final output of a series of shifts, both
red and blue, encountered along the path.

4 If the zLSV shift is blue, the photon gains energy; it implies that the real z ,
traditionally the red-shift, is larger than the measured z , as zLSV is subtracted
from zC, the expansion red-shift. If red, zLSV corresponds to dissipation along
the photon path; it implies that the real z is smaller than the measured z , as
zLSV is added to zC.

Alessandro D.A.M. Spallicci 24 September 2020, Institut d’Astrophysique de Paris 34/40



Impact on cosmology: dark energy

1 Recasting z , as average, we observe a blue static shift for z ≤ 2, but red in our
local Universe for smaller values of the Hubble(-Humason)-Lemâitre parameter
(67− 74 km/s per Mpc), and always red for z > 4.

2 A single mechanism could explain all the positions of the SNeIa in the (µ, z)
plan, µ being the distance modulus, including the outliers. The experimental and
observational limits on LSV and magnetic fields are fully compatible with our
findings.
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A general non-linear Lagrangian. Summary. I.

- A non-linear and general Lagrangian (including BI and EH, depending upon powers
of the EM field tensor and its dual), in flat spacetime. L = L (F ,G).
- Field = background + light-wave. F = FB + f , F̃ = G = F̃B + f̃ = GB + g .

Fστ = ∂σAτ − ∂τAσ , F̃στ = Gστ =
1

2
εστκλFκλ (31)

4-potential Aσ =

„
φ

c
, ~A

«
, φ and ~A, time (scalar) and space (vector) components.

F = − 1

4µ0
F 2 = − 1

4µ0
FστFστ =

1

2µ0

 
~E 2

c2
− ~B2

!
, (32)

and

G = − 1

4µ0
Fστ F̃στ = − 1

4µ0
FστGστ =

1

µ0

~E

c
· ~B , (33)

where µ0 = 4π × 10−7 ≈ 1.256 H m−1 or V s A−1 m−1 is the vacuum permeability.
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A general non-linear Lagrangian. Summary. II.

Lagrangian meaning (1st order no interaction; 2nd order interaction
photon-background; 3rd order photon splitting or merging (three photons), with
background; 4th order photon-photon (four photons), with background.)
Non-conservation of the photon energy-momentum tensor Θff (here 2nd order) when
the EM external field is not constant in space-time.

(Θff)µ
α = C1f

µν fνα −
1

2
kµνκλfκλfνα −

1

2
tµνκλ f̃κλfνα −

1

4
εµνκλtκλρσf ρσfνα +

δµ
α

„
1

4
C1f

2 − 1

8
κνµκλfνµfκλ −

1

4
tνρκλfνρ f̃κλ

«
. (34)

Tα = −∂µ

“
C1F

µν
B + C2F̃

µν
B

”
fνα +

1

4
(∂αC1) f 2 +

1

4
(∂αC2) f̃ f

−1

8

“
∂αkνµκλ

”
fνµfκλ −

1

4
(∂αtνµρσ) fνµfρσ . (35)

The continuity equation
∂µ (Θff)µ

α = Tα . (36)
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Source apparent time dilation??

∆t ' d

c

„
1

ν2
1

− 1

ν2
2

«
10100m2

γHγ(z) , (37)

where

Hγ(z) ≡
Z z

0

dz ′

(1 + z ′)2
p

ΩΛ + (1 + z ′)3Ωm

. (38)

If SN spectrum shifts towards lower frequencies, massive photon may mimic time
dilation, even if the source is not moving. Relevant corrections? It seems not.

Alessandro D.A.M. Spallicci 24 September 2020, Institut d’Astrophysique de Paris 38/40



Introducing non-Maxwellian electromagnetism in astrophysics and
cosmology allow new interpretations of data.
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Grazie per la vostra attenzione
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