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We set a generalised non-linear Lagrangian, encompassing Born-Infeld and Heisenberg-Euler theories among
others. The Lagrangian reduces to the Maxwell Lagrangian at lowest order. The field is composed by a
propagating light-wave in an electro-magnetic background. The wave exhibits energy variation when the
background is space-time dependent. In the photon description, this implies a red or a blue shift, like what
we obtained in massive theories, as the de Broglie-Proca or effective mass theories as the Standard-Model
Extension under Lorentz symmetry violation. The two results, photon energy-conservation and the frequency

shift are instead new for non-linear electro-magnetism. We conclude by discussing how these static frequency
shifts when added to the expansion red shift allow new interpretations in cosmology or for atomic spectra. We
finally consider the consequences on the Poincaré symmetry.

1. Introduction

Non-Linear Electro-Magnetism (NLEM) was proposed first by Born
and Infeld (BI) [1,2] for regularising point charges and by Heisenberg
and Euler (HE) [3] for dealing with strong fields. Both theories are
used for second order Quantum Electro-Dynamics (QED) [4]. While the
HE model is nowadays thoroughly derivable through QED loop calcula-
tions, it is still a very useful tool to also study vacuum birefringence and
it is actively used by various collaborations to analyse through strong
magnetic field based experiments vacuum polarisation, constancy of the
speed of light and the nature of vacuum [5-9]. The QED predicted value
of birefringence was only a factor seven away from the experimental
confirmation [5]. Meanwhile, the BI model found a renewed interest
from the community as it naturally emerges as a low-energy limit of
certain string theories [10].

For a review including more recent NLEM theories, see [11]. The
non-linear effects of electro-magnetism are investigated experimentally
also through interferometry [12] and colliders for photon splitting [13],
photon-photon interactions [14-16], analysed with respect to the BI
theory [17,18].

* Corresponding author.

In the Standard-Model (SM) Extension (SME) under the Lorentz
Symmetry Violation (LSV), an effective mass emerges and its value is
related to the LSV vector or tensor [19,20]. There occurs also an energy
variation of the light-wave propagating in an Electro-Magnetic (EM)
and LSV backgrounds [20]. The variation of the light-wave energy con-
tains a term that couples to the LSV background and to an EM constant
background.

In massive theories as de Broglie-Proca (dBP) [21-25], the varia-
tion of the energy contains a term which again does not require the
EM background to be space-time dependent. Even if the field is con-
stant, the associated potential is not, and this condition suffices. Energy
varies also in Maxwell’s theory if the background is space-time depen-
dent [26].

Herein, we turn to Generalised NLEM (GNLEM) and work out the
frequency shift, while in future work, we deal with the emergence of a
mass in GNLEM. Photon masses are differently tested in the solar wind
[28] and through Fast Radio Bursts [29,30]. Herein, we work in absence
of LSV and of any pre-defined mass and ask under which conditions in
vacuo the photon energy would not be conserved.

As we did for the dBP and SME cases, we use the correspondence
wave-particle, down to a single photon [27] and derive the energy-
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momentum tensor variation of the photon and therefore a frequency
shift. We consider the EM background non-dynamical and we do not
describe its equations of motion. We figure the photon as a small per-
turbation of the EM background. In future work, we will tackle the issue
of a dynamical background, imposing that its energy-momentum tensor
variation equates that of the photon.

Finally, the frequency shift is towards the blue or the red. This zg
shift is static by nature and it is not associated to the universe expansion.
But if added to the expansion red shift, it spins-off new interpretations in
cosmology, thanks to the recasting of the observed z shift. We applied
the recasting for examining alternatives to the accelerated expansion.
Indeed, by combining the static and the expansion shifts, the red shift
and luminosity distances of Supernovae Ia (SNela) get in agreement,
without evoking dark energy [26,31-33]. The findings of the James
Webb Space telescope appear to be in tension with ACDM cosmology
[34] and again applying the recasting might alleviate or cancel the ten-
sion.

The GNLEM photon energy variation has a large range of orders
of magnitude. The uncertainty is due to a very difficult assessment,
requiring not only the knowledge of the magnetic fields (strength and
direction) for each of the galaxies and of the intergalactic spaces crossed
by the photon, but also knowledge of their respective alignments.

2. Generalised non-linear electro-magnetism

We build a general Lagrangian £ = L(F, G) [SI units], as polynomial,
function of integer powers of the quadratic fields (F and its dual G).

For the sake of generality, we consider the Lagrangian density to be
built up in terms of both the invariants F,G. The choice of using also
the parity violating G term is adopted for the purpose of generality. It
is nonetheless important to underline that the Lagrangian and the field
equations we shall be working with, i.e. Egs. (14), (17), do not break
the parity invariance of electrodynamics because we are dealing with
a purely photonic model, and parity violations occur in the Fermionic
interaction sector. To consider parity preserving phenomena we could
simply consider only even powers of G at the cost of generality. We
also would like to point out that the G-terms - and not only the F-
terms - may be induced by some fundamental physics, as it is case with
the BI Lagrangian, which naturally appears in the low-energy (field-
theoretical) limit of string theories [10].

For E and I_§, the electric and magnetic field, respectively; F° and
F°7 = G°7 the electro-magnetic field tensor and its dual, respectively;
A° the 4-potential for ¢ time and A space components; the vacuum
permeability u, and the speed of light c; €,,,; the Levi Civita pseudo-
tensor, we have

z

F=—LF2=—LFWF”=L<E——B2>, '6))
4p 4, 24y \ c?

g:_L GTFGT:_LFMG”T:LE.E, )
4pg 4uy Moy €

F,,=0,A,—0,A,, F°"=0°A"-0"A°, 3

ﬁa‘r =G, = %gaﬂd Fx4 , For =G°T = %eo"nd Fx/l , (4)

A% = <Q,Z> . A,,=<9,—X> . 5)
c C

We set our scenario where the total F (G) fields are composed by
the background Fy (Gg) and the photon f (g) fields

FW=Fl¥+ [, G" =Gh +g" = Fl" + " . )

The Minkowski metric # signature is (+ - - -). The Greek (Latin)
indices run over the four space-time (three space) dimensions. We drop
momentarily y for the sake of space to pick it up again for the main
results.
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3. The photon energy-momentum tensor

We rework Egs. (1), (2) by applying the position (6)

1 1 1 1
F=—ZF§ -3 Fsf —Zf2 =Py =5 Fpf +Fy =Fp +5F, )
N—— N—— N—
Fg Fr 5F
1 ~ 1= 1,z 1~
Q=—ZFBFB—§FBf—fo=§B—§FBf+Qf=QB+5Q, (8)
—— —— —_———
93 Gy 5G

having used the identity Fyf = Fyf. We develop £ in series on the
background, where f = f =0, up to the fourth order

L(F,Q)=L(Fg +6F,Cg +60)

=Py Co) + — (672 + 662 :
R T oF T ag ) T
oL oL §F? d°L oL
~ L(Fg, +6F—=| +60—| + ——=| +6F6G——| +
- O0)+ 7 55|+ 2956 |, T 2 ar2l Y3FaC s
3GFo*L| | SF3PL| | SFG oL 8F6G* L
2 ¢, 6 9F3lg 2 9F20G|, 2 0FIG |,
8¢ o’c| | sFtotL| | 676G 'L SF2G* oL
6 0G3|, 24 oF*ls 6 0F30G|, 3 0F20¢ |,
§F6G° o*L 5G* otL ©
6 0FdG|, 24 oGt |,

and after some lengthy computation, we explicit the fields up to fourth
order

Li==C (S Fas +17) - (3 Fas + 577 )+

D (1 1.0\’ 1 1o\ (1 2 1. -
2 (4rr ) s (312 (s 1)
S (5Fs+307) +Da(3Fes +30) (3Fes + 317)+
Dy /1 - 1,2 M /1 1.5\

2 (bhr o) -2 (1) -

2(2 B/ 3/ 6 \pfe/+ g/

M; /1 1 .0\2/1 1

S(ZF z (—F Z —

2 (3Faf +107) (3Faf +357)

M, 1 1.5\ /1 1, M, (1 1 3
2 () (s ) -2 (b

= (5Fss+30%) (3Fss +307) -2 (3Far +3/7) +
N /1 1 o\ N3/l 1o\ /1 1

35 (3Fuf +37°) + 5 (3hr+57%) (SRl +317)+
Ny /1 1 2\ /1 & 1, x\?

(sl )(—F +1 )+

2 (5rr+372) (3Rr+3/7

Ns /1 1.5\ /1 1,.:\° N1 1 4
% (s br) (o) + 3 (e dr7)
2 (3Fas+38%) (3Fas + 30F) + 52 (3Faf +5/7)

(10)

having defined

oc| oc| L 2L | ’L|
F|. T Sa T 05| =Y oman| =P =Ds,
oF | G | oF2 | 0F oG | 0G* I
PL| _y FL| e PL| s
oF3ls U or2acly O oFactly YT acdly 2]
ar| oL | ar | are |
oF+ls T oFdagly 0 oF2actly YU oFacily O
rrLl

oGy P

The linearisation of the Lagrangian shows that interactions are ab-
sent at first order; at second, there is interaction between the photon
and background field; at third, we know that a photon may split in two
photons and two merge into one; at fourth, the photon-photon interac-
tion produces two new photons. We return to the index notation and
write
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1 1 1 ~
Ly==5 (C1Fy" + G ") foy — 16" = g QM

(K HVKA +2Té4wd> f f ] 4= RMVK-/LUUfMVfKAfpo'+

8 B

1 cCwT
658" S et po e an

having posed the following definitions

HVKA _ HY KA MY A
K{™* = D Fl" F* + Dyl FE*

HVKA _ MY KA
. TI"* = D, FIVFE*

B

where K#¥4 and TJ{;V'd are anti-symmetric in [uv] and [k 4] but sym-
metric under the exchange of the pairs [uv] - [K4];

RIS =D Fi¥n* nf” + %D3 Flverioo 4 %Dz FlY a0

1

= a1 2 FUV KA
Dy FY n*Pn*” — ngFé”F]’; FY - 6M2F§VF]’; Y-
IMEY AR = MU RS RS (12)

ngx/lpo’wr :%D r]ﬂxnvirlpwrlar + %DBé,vaAepaa)r_i_

%Dznﬂkrlvﬂeﬂawr _ %MIF];lVFédnﬂwncr_

1

iMZ FEI;V ngeﬂﬂm‘r _ ZM3 FEI;V ngspﬂa)‘r_

M3 FHVFKA POPOT _ %M4Féw Fg/lepawr_

%M4F"”F“” v+ 21—4N1Fé‘vFl’;”lFé’”F§”+
1
24
%N4F§VF§‘F§"F§’T +e

The parameters C;, D;, M;, N; depend only on the background field.
If the latter is constant, the parameters will be constant. We pose
ngﬁl + ZT];NKA — ngd_

R‘évw ° is contracted with f,,, f,, and f,; the sole surviving
components are anti-symmetric in [uv], [kA], and [po], and named
RQV“” °. Similarly, it occurs for S¥ vKApo®T

The background-dependent tensorial coefficients, Ry and Sj, in the
3- and 4-photon vertices of the Lagrangian density, Eq. (11), respec-
tively, present negative mass dimensions: Rp with dimension (-2) and
Sg, with dimension (-4) - imply that the model, in its quantum-field the-
oretical version, is non-renormalisable. This is not an issue as we deal
with a classical effective field theory that holds below a well defined
cut-off, fixed by the physics we investigate. In this case, the effective
field theory stretches at most up to the GeV scale, since it is a purely
photonic model, without available energy to excite the weak boson me-
diators.

The field equations are obtained by the variation of the Lagrangian
with respect to the 4-potential a,, of the photon field f,, =9,a,—9,a,.

We observe that R and S are contracted with f

1

NZFMVFKAFIIUFQ)T 4= g

N3FMVFKAFﬂO'Fmr

1N5F§VF§‘F]§”F”§" : (13)

1 5 1 1 -
Ly=- 2 (CIF];N + CQF];‘V) f/lV - chf“vfuv - Zczfﬂvfyv
1 Auvka 1 L uvkipo
+ gQB fllvaﬁ+ SRB fuvfrdfpzr+
1 ocwT
16SgVKiﬂ ¢ f/tvfldfpafwr > 14

and thereby, we have
Ly=-(C F +C,Fy")0,6a,—C, f*0,6a, — C, f**0,6a,+
o U

] AUVK VK.
EQ‘; ! fre10,0a, + RE7 £ fn0,6a,+

Apowt
S]’;VK pow fl(lfpafwraﬂ(sav . (15)
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Integrating by parts, we get the field equations
3, (CLf™ +C, f*™) 6a, - —a (Q‘””f ,1) sa,
=0 (RE™" fifpo )80, = 0, (S5 FysF o Fur ) 60, =
0, (C,Fy" + G, FY") éa, , (16)

that is

1 AUVK A vk A
20, (05 1) = 0 (RE™ ftie)

0, (SH7 s fur ) =

Adding an external current and multiplying each term by f,,, we
obtain

0, (Crf" +Cyf ™) -

0, (C1Fy" + G FYY) . )

> 1
au (le”v+c2fuv)fva 2 /4 (Q”Wdfml>f
VK Ape VK Apowt
ay<Rng f;(/lfpo')fva_aM(Sng fkifpo'fwr)fva
0, (CiFY + CoFY") fug+ 3" fra - 18)

After considerable manipulation, we have the density of the photon
energy-momentum tensor (EMT), which for zero external current, is
given by

A A A
0”41 _le vaa - _Q”VK fKAfva - _R”VK ﬂgfm{fpo’fva

VK Apowt 1 Apvia
_Sg Ko f;dfpo’fwrfva +6ua (_leﬂvfﬂv - ng;K fﬂvfld
1 \2 C \Z ocwWT
R fy S = S SE T fufatrefur) - (19)

We recall the physical meaning of the photon energy-momentum
tensor density [Jm~], in SI units: 000 = energy density, 90k = en-
ergy flux divided by ¢ along the k direction, 0"0 = momentum density
through the orthogonal surface to k, multiplied by c. The density of the
photon EMT variation in SI units [Jm~] and reinserting yj is given by

o VT

0,0%, = —iaac, F¥f,. —iaaCQF“V
Ho Ho

v

Maxwellian term  non-Maxwellian linear term

1 v 1 v AAVK.
4 (a Cl)fa flxv (a CZ)fa fav _z(a‘rQa A)fzxvfx/l
0
second order r:gn-linear terms
1 1
(a Rawd;m’) f f)c/lfpo -— (aTSaVKA/mw'S) fuvfldfpcfw.f .
8/40 6/40

J

~
third and fourth non-linear terms

(20)

The energy density for the photon field can be obtained by taking
the (0,0) component of the EMT, named &£, which at the second order,

in SI units, gives
o \2
- (B : b) . @1)

C (&2 - D E.¢
g=_1<e_+b2>+_l <2>
20 \ c? 2py? c2

The energy density time variation is

2

> 2
=2 . .z o o\2
96 __ L (e a0+ —— | (L —(B-b) 9,D,
ot 2py \ c? 2pp? c?
Dy (& = = =
+— <e—a,E2—bza,Bz> . (22)
2p? \ ¢*

Due to the experimental correspondence wave-single photon [27],
these two quantities represent also respectively the frequency and
the frequency shift. We now take into account two specific scenarios,
namely the Euler-Heisenberg and the Born-Infeld cases.
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4. The case of Euler-Heisenberg and Born-Infeld theories
The non-conservation of photon energy already appears at second

order for which the EH and BI Lagrangians, represented by our gener-
alised formalism, look as [11]

EEH=—ﬁF6,F”+ﬂ[(FU,F‘")2+7(GWF‘”)2] , 23)
i
EBI:_ﬁFrﬂFWI-"ﬁ |:(F61F6T)2+(G6rFO-T)2:| ’ (24)

where b is a scale parameter and f is a constant depending on the
electron mass and fine structure constant § = 2a>/45m,*.

For the Euler-Heisenberg case, we get the coefficients C; =1 +
2pFp,Cy = 148Gy, Dy =2p,D; = 14f, D, =0, and the energy density
is

L (5-2)] (5 7)
Egp=—|1+—|——-B — +b° |+
H 20 #0(62 c?

- 2
.2 L oa\2
£ [_E26> ~(5-3)] - (25)
Ho ¢
We repeat the same procedure for the Born-Infeld model. Start-

ing by its coefficients C; =1+ 1/16bFp,C, = 1/16bGy, D, = D3 =
1/16b, D, = 0, the energy density is given by

1 1 E?2 -, &2 -,
Eg=— |1 = _B £ 4%
Bl 2/40[ +16Mob<c2 >]<c2+ ’

o 2
1 E-¢ = =)\2
—— ) —(B-b . 26
16/402b [( 62 ) ( >:| ( )

Now, we compare the two energy density variations

0E 72 =2 3
e _ P (b—a Ez—ec—za,32> + b <

@ 7 m
S 0,E*-F0,B”)

ot 2;“(2) c2 1 2#02 ¢
(27)
o€ 2o 82 - 2
91 __1 <b—a,52-e—a,32>+ 3 <e—d,E2—b20,Bz) :
ot 64b/43 c? c2 64bug? \ c*
(28)

Differentiating BI from EH frequency shifts is not an easy undertak-
ing. Furthermore, in a laboratory setting when using an interferometric
cavity, other components than 900 have to be computed. The discrimina-
tion of frequency changes from velocity changes, cavity wall displace-
ments and accumulated phase changes, require that the entire EMT is

to be computed.
5. Discussions and perspectives
5.1. Discussion

We call into question the issue of the Poincaré Symmetry Violation
(PSV). The fundamental symmetries of space-time (isotropy and homo-
geneity) can be expressed in the language of group theory. These sym-
metries are demonstrated by the generators of the Poincaré group which
adds translation transformations to the Lorentz sub-group of transfor-
mations, namely rotations in space and boosts. A Poincaré symmetry
Violation implies that the full Poincaré group breaks down.

In the case of a space-time constant electro-magnetic background,
the continuity equation, Eq. (20), shows that the energy-momentum
tensor is conserved. This is a consequence, via Noether’s theorem, of the
Lagrangian density, Eq. (15) not exhibiting an explicit space-time de-
pendence. The Lorentz sub-group of the Poincaré symmetry is violated
in the active sense. Active (particle) transformations are transforma-
tions of the physical fields, whereas passive (observer) transformations
are merely relabellings of points. Active transformations act on the
physical system under consideration without touching the background.
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Conversely, the passive viewpoint applies when both the physical sys-
tem and the background are transformed. Active and passive transfor-
mations coincide when the metric components rest the same, but differ
in presence of a tensorial anisotropic field [35]. If fundamental theories
must have the same symmetries as space-time itself, differing between
active and passive becomes unnecessary. In the case of a space-time
varying background fields yield non-vanishing components of the Q-,
R- and S-tensors present in Eq. (15). So, symmetry under space- time
rotations is broken, which means Lorentz symmetry violation in the ac-
tive sense. This can be verified by explicitly computing the canonical
angular momentum current tensor density of the photon in this system
through Noether’s theorem

MOV =i (KT — xVTH) — SOHY | (29)

where T is the canonical energy-momentum tensor, and
SaHv — J(Xﬂav _ Jm/ay + Cl (fomav _ favay)+
CoFHa" = F@ah) + 2 (O™ gt = 0 f pa") (30)

is the spin density tensor, being J™* = (C, Fg" + C, Fg").

The presence of vector and tensor anti-symmetric quantities in the
background - space-time variable or not - implies that the energy-
momentum tensor is no longer symmetric, Eq. (19). In this situation,
the Poynting vector, # ©°, and the momentum density carried by the
propagating field, 8 %, are different. We do not report here, but it can
be shown that, from the time variation of the momentum density 6 %
- which indicates the breaking of space translational symmetry - the
effects of the (variable) background contribute asymmetrically to the
usual Lorentz force density.

The fact that we are dealing with a Poincaré symmetry violating
model brings into question multiple issues, but one in particular: the
Casimir operators! of the group. Indeed, the Poincaré group possesses
two invariant operators, which are associated to the mass and the helic-
ity/spin of the states that carry its unitary irreducible representations.
In the case described above, it is safe to assume that at least one of
these quantities is no longer an invariant, thereby putting into question
the formal definition of mass and/or spin. Could a Poincaré symmetry
violation lead to emerging non-constant masses? What would a vari-
able spin imply physically? How would this fundamentally affect the
structure of space-time?

5.2. Perspectives

Herein, we remind the discussion we have presented in [26,31-33],
where the reader can find the different cosmological models and the
detailed calculations for massive and the SME formalisms.

The sizing of the frequency shift is not straightforward, as many
factors enter into play. First, it depends on the amount of distance
crossed by the photon. Second, the photon crosses several EM fields
for the source to the observer. The magnetic field in the Milky Way has
a strength of around 0.5 nT and it has regular and fluctuating com-
ponents of comparable strengths. In the external spiral galaxies the
fields resemble presumably that in our own Galaxy. In elliptical galax-
ies, it is supposed that only the fluctuating components survive. For the
Inter-Galactic Medium, reliable conclusion cannot be drawn neither,
but supposing a strength of nT order of magnitude, it is the safest hy-
pothesis we can make [36,37]. The inter-stellar and inter-galactic media
are good electric conductors, such that magnetic fields are frozen in the

plasma. Thereby, the electric field is given by E x U, X B, where v, Is

! The two Casimir operators are P> = P, P* and W?* = W, W, where P is
momentum, and W is the Pauli-Lubanski pseudo-vector. In the rest frame, we
get P? = mc?, that is mass for the first Casimir operator. Instead W2 = P, P,
has to do with spin for massive particles and helicity for massless particles.
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the plasma velocity. In general, v, < ¢, thus E < B and thereby po-
tentially negligible. This assumption may not hold locally though, and
photons may pass through intense electric fields. Third, the orientation
of the (inter-)galactic fields with respect to the photon propagation vec-
tor. Fourth, the effect and the alignment of the EM fields encountered
by the photon. An EM field may determine a shift towards the blue,
while another towards the red. Fifth, we the evaluation value of the EM
field of a photon is a fundamental issue.

For the SME, we had some preliminary assessments [31]. The static
shift varies in the range 0.01 - 10% of the expansion shift. Applied to
SNela, the static shift evidently differs from one SNIa to the other, as
the above mentioned variables are many. But this is a great advantage
as it allows a great freedom to apply the model to any SNIa in the
luminosity-red shift plot.

But we can reverse our approach and ask which frequency shift
is necessary to explain specific phenomena. In [26,32,33], we found
agreement between SNe luminosity and red shift distances by recast-
ing the observed red shift as a combination of the expansion shift and
a static shift due to a massive theory (physical mass as in dBP or ef-
fective as in the SME). Thereby, we could get rid of the necessity of
the accelerated expansion. Acceleration fits in the Friedmann-Lemaitre-
Robertson-Walker cosmology, which is not more than an idealised so-
lution of general relativity, having disregarded other interactions. Dark
energy is not an observational result, but it is a plausible interpretation,
among others. The real result of the observations is the detection of
non-linear dependence of the registered energy current density of SNe
Ia with respect to red shift.

Let z¢ be the red-shift due to expansion of the universe and zg be
the shift due to GNLEM. We have then 1+ z=(1 + zg5)(1 + zc) ~ 1 +
zg+ 1+ zc + zg2c-

Supposing that the zg shifts, additional to the red-shift due to expan-
sion, be negligible for astrophysics at large scale, they would remain of
relevance for the foundations of EM.

Another thread concerns the testing of these effects. The averaged
value of the expansion is 70 km/s per Mpc, which corresponds to 2.3 X
10~'® m/s per metre [38,39]. Translated as static frequency shift, it
becomes 7.7 x 107> A f / f per metre. This is to be considered as upper
limit, as we intend to add an effect to the expansion, and not to deny the
latter. But the state of art of interferometry, for which the measurement
of these shifts is absolutely a challenge.

But leaving aside, these additional shifts, we can ask ourselves
another question. Can we test expansion? The formidable technical
challenge of measuring the Hubble-(Humason-)Lemaitre constant of
2.3 x 107!8 m/s per metre is not the only hurdle. We have to face the
prediction that expansion does not occur at small (below galactic) scale.
Therefore, a non-null result in terrestrial or spatial laboratories would
be of great significance, as it would prove that frequency shifts of static
nature do exist.

The static frequency shift has recently received attention for the
James Webb Space Telescope data [34]. We emphasise that our GN-
LEM shift, as the massive and SME theories or even the Maxwellian
theory shifts, are computed out of established theories and not out of
ad hoc assumptions, as those reviewed in [40,41].

A further perspective is offered by the reinterpretation of the rota-
tion curves of stars and gasses in galaxies through frequency shifts. If the
Doppler shift generated by baryonic matter rotation were accompanied
by a shift due to the magnetic field, acting as background, recurring
to dark matter to explain the non-Keplerianity of the curves would be
undermined.

These frequency shifts, if applicable to a quantum system, should
semi-classically lead to small divergences from the expected spectral
emissions of atoms [42,43].

Spin helicity could be not conserved in curved space-time even
when dealing with Maxwellian electro-magnetism [44]. In the frame
of GNLEM and generally speaking of Extended Theories of Electro-
Magnetism, when exhibiting Poincaré symmetry violations, helicity
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might be affected too. These violations are also sought in f radiative
processes [45].

Another avenue is constituted by phenomenology in condensed mat-
ter systems and especially supraconductivity. Condensed matter models
deal with translational symmetry breaking as well as emerging masses.
In fact, they are highly favourable systems to study Lorentz symmetry
violations and topological theories a la Chern-Simons. It could be of in-
terest to analyse whether a split between photons and background were
to produce new insights.

6. Results

We have shown that GNLEM theories predict a static frequency shift
due to the non-conservation of the energy-momentum tensor, occurring
when the background is space-time dependent, that we have computed
for the Euler-Heisenberg and Born-Infeld theories. The GNLEM shift,
like the other static shifts coming from massive photon and SME frame-
works, can be added to the expansion shift providing options for reading
astrophysical data or for reading laboratory measurements. We have
argued on the asymmetry of the energy-momentum tensor and on the
possible emergence of a mass due to the Poincaré symmetry breaking
[46], discussing the nature of the latter for non-linear theories and the
physical implications of said violations.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgements

ADAMS is grateful to UERJ (M. A. Lopés Capri, V. E. Lemos Rodino
hosts for 2019-2020) and the French Consulate in Rio de Janeiro for
his nomination as ‘Chaire Francaise’. Part of this work was carried out
at the D. Poisson in Tours Inst. (M. Chernodub, host) in 2021-2022
during a CNRS funded half-sabbatical. All authors thank the comments
by L. Ospedal Prestas Rosas.

References

[1] M. Born, L. Infeld, Proc. R. Soc. Lond. A 144 (1934) 425.

[2] M. Born, L. Infeld, Proc. R. Soc. Lond. A 150 (1935) 141.

[3] W. von Heisenberg, H. Euler, Z. Phys. 98 (1936) 714.

[4] M. Fouché, R. Battesti, C. Rizzo, Phys. Rev. D 93 (2016) 093020, Phys. Rev. D 95
(2017) 099902 (Erratum), arXiv:1605.04102 [physics.optics].

[5] A. Ejlli, F. Della Valle, U. Gastaldi, G. Messineo, R. Pengo, G. Ruoso, G. Zavattini,
Phys. Rep. 871 (2020) 1, arXiv:2005.12913 [physics.optics].

[6] J. Agil, R. Battesti, C. Rizzo, Eur. Phys. J. D 76 (2022) 192.

[7] J. Agil, R. Battesti, C. Rizzo, Eur. Phys. J. H 48 (2023) 2, arXiv:2302.00661 [physics.
hist-ph].

[8] S. Robertson, A. Mailliet, X. Sarazin, F. Couchot, E. Baynard, J. Demailly, M.
Pittman, A. Djannati-Atai, S. Kazamias, M. Urban, Phys. Rev. A 103 (2021) 023524,
arXiv:2011.13889 [physics.optics].

[9] A.E. Kraych, A.M. Mailliet, F. Couchot, X. Sarazin, E. Baynard, J. Demailly, M.
Pittman, A. Djannati-Atai, S. Kazamias, S. Robertson, et al., Phys. Rev. A 109 (2024)
053510, arXiv:2401.13506 [physics.optics].

[10] A.A. Tseytlin, in: M. Shifman (Ed.), The Many Faces of the Superworld, Y. Golfand
Memorial, World Scientific, Singapore, 2000, p. 417, arXiv:hep-th/9908105.

[11] D. Sorokin, Fortschr. Phys. 70 (2022) 2200092, arXiv:2112.12118 [hep-th].

[12] G.O. Schellstede, V. Perlick, C. Limmerzahl, Phys. Rev. D 92 (2015) 025039, arXiv:
1504.03159 [gr-qc].

[13] S.Z. Akhmadaliev, G.Y. Kezerashvili, S.G. Klimenko, R.N. Lee, V.M. Malyshev, A.L.
Maslennikov, A.M. Milov, A.I. Milstein, N.Y. Muchnoi, A.I. Naumenkov, et al., Phys.
Rev. Lett. 82 (2002) 061802, arXiv:hep-ex/0111084.

[14] D. d’Enterria, G.G. da Silveira, Phys. Rev. Lett. 111 (2013) 080405, Phys. Rev. Lett.
116 (2016) 129901 (Erratum), arXiv:1305.7142 [hep-ph].


http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8F8F7C248D077178FE9BF54ED74ADB46s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibEC620BBAE1A365379CAE6D2319827D6As1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibE3A8F2CA91E45FB7C06D4E8360C3FF91s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib2F1920F703619B4F943BCD9DBFD9E3A9s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib2F1920F703619B4F943BCD9DBFD9E3A9s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib1C0350AA773F63FB015F62E40A82AD96s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib1C0350AA773F63FB015F62E40A82AD96s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib7739D3C3016554FD3B635E4D31673BF4s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8E0C0829DB8C0C7B3E737D4904D3EE59s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8E0C0829DB8C0C7B3E737D4904D3EE59s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC94A728388CB1490BB8C5DCFF379E1B2s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC94A728388CB1490BB8C5DCFF379E1B2s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC94A728388CB1490BB8C5DCFF379E1B2s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCE60E0CB104B89D283CBCC73F1B3F722s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCE60E0CB104B89D283CBCC73F1B3F722s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCE60E0CB104B89D283CBCC73F1B3F722s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8D2E2A8FE5D8070A75CFFC578D93A0F4s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8D2E2A8FE5D8070A75CFFC578D93A0F4s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib35845EB3B053A7B6F56C0CB62D4E084Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibD358DEF320087A890640722616910AE0s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibD358DEF320087A890640722616910AE0s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCD8BA74B746EBAA9F03B2A72181378A6s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCD8BA74B746EBAA9F03B2A72181378A6s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCD8BA74B746EBAA9F03B2A72181378A6s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib27B8133023FBBA3B38FC386A1B97AF30s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib27B8133023FBBA3B38FC386A1B97AF30s1

A.D.A.M. Spallicci, A. Dib and J.A. Helayél-Neto

[15] O.J. Pike, F. Mackenroth, E.G. Hill, S.J. Rose, Nat. Photonics 3 (2014) 434.

[16] M. Aaboud, et al., the ATLAS Collaboration, Nat. Phys. 13 (2017) 852, arXiv:1702.
01625 [hep-ex].

[17] J. Ellis, N.E. Mavromatos, T. You, Phys. Rev. Lett. 118 (2017) 261802, arXiv:1703.
08450 [hep-ph].

[18] J. Ellis, N.E. Mavromatos, P. Roloff, T. You, Eur. Phys. J. C 82 (2022) 634, arXiv:
2203.17111 [hep-ph].

[19] L. Bonetti, L.R. dos Santos Filho, J.A. Helayél-Neto, A.D.A.M. Spallicci, Phys. Lett. B
764 (2017) 203, arXiv:1607.08786 [hep-ph].

[20] L. Bonetti, L.R. dos Santos Filho, J.A. Helayél-Neto, A.D.A.M. Spallicci, Eur. Phys. J.
C 78 (2018) 811, arXiv:1709.04995 [hep-th].

[21] L. de Broglie, C. R. Hebd. Séances Acad. Sci. Paris 177 (1923) 507.

[22] L. de Broglie, Nouvelles Recherches sur la Lumiére, Actualités Scientifiques et In-
dustrielles, vol. 411, Hermann & C'¢, Paris, 1936.

[23] A. Proca, J. Phys. Radium 7 (1936) 347.

[24] A. Proca, J. Phys. Radium 8 (1937) 23.

[25] L. de Broglie, La Mécanique Ondulatoire du Photon. Une Nouvelle Théorie de la
Lumiére, Hermann & C'¢, Paris, 1940.

[26] A.D.A.M. Spallicci, G. Sarracino, S. Capozziello, Eur. Phys. J. Plus 137 (2022) 253,
arXiv:2202.02731 [astro-ph.CO].

[27] A. Aspect, P. Grangier, Hyperfine Interact. 37 (1987) 1.

[28] A.Retind, A.D.A.M. Spallicci, A. Vaivads, Astropart. Phys. 82 (2016) 49, arXiv:1302.
6168 [hep-ph].

[29] L. Bonetti, J. Ellis, N.E. Mavromatos, A.S. Sakharov, E.K. Sarkisian-Grinbaum,
A.D.A.M. Spallicci, Phys. Lett. B 757 (2016) 548, arXiv:1602.09135 [astro-ph.HE].

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

[31] J.A. Helayél-Neto, A.D.A.M. Spallicci, Eur. Phys. J. C 79 (2019) 590, arXiv:1904.
11035 [hep-ph].

Physics Letters B 855 (2024) 138773

[32] A.D.A.M. Spallicci, J.A. Helayél-Neto, M. Lépez-Corredoira, S. Capozziello, Eur.
Phys. J. C 81 (2021) 4, arXiv:2011.12608 [astro-ph.CO].

[33] G. Sarracino, A.D.A.M. Spallicci, S. Capozziello, Eur. Phys. J. Plus 137 (2022) 1386,
arXiv:2211.11438 [astro-ph.CO].

[34] R.P. Gupta, Mon. Not. R. Astron. Soc. 6524 (2023) 3385, arXiv:2309.13100 [astro-
ph.CO].

[35] P. Duffy, Active vs passive transformations in field theories, https://
www.danielduffy.org/post/active_vs_passive_transformations_in_field_theories/, 10
September 2022.

[36] K. Ferriere, J. Phys. Conf. Ser. 577 (2015) 012008.

[37] J.L. Han, Annu. Rev. Astron. Astrophys. 55 (2017) 111.

[38] S. Capozziello, M. Benetti, A.D.A.M. Spallicci, Found. Phys. 50 (2020) 893, arXiv:
2007.00462 [gr-qc].

[39] A.D.A.M. Spallicci, M. Benetti, S. Capozziello, Found. Phys. 52 (2022) 23, arXiv:
2112.07359 [physics.gen-ph].

[40] M. Lépez-Corredoira, L. Marmet, Int. J. Mod. Phys. D 31 (2022) 2230014, arXiv:
2202.12897 [astro-ph.CO].

[41] L. Marmet, On the interpretation of spectral red-shift in astrophysics: a survey of
red-shift mechanisms - I, arXiv:1801.07582 [astro-ph.CO], 2018.

[42] H. Carley, M.K.-H. Kiessling, Phys. Rev. Lett. 96 (2006) 030402, arXiv:math-ph/
0506069.

[43] H. Carley, M.K.-H. Kiessling, V. Perlick, Int. J. Mod. Phys. A 34 (2019) 1950146,
arXiv:1808.07546 [physics.atom-ph].

[44] M. Galaverni, G. Gionti S.J., Gen. Relativ. Gravit. 53 (2021) 46, arXiv:2012.02583
[gr-qcl.

[45] M. Gronau, Y. Grossman, D. Pirjol, A. Ryd, Phys. Rev. Lett. 88 (2002) 5051802,
arXiv:hep-ph/0107254.

[46] R. Gupta, J. Jaeckel, M. Spannowsky, J. High Energy Phys. 2023 (2023) 026, arXiv:
2211.04490 [hep-ph].


http://refhub.elsevier.com/S0370-2693(24)00331-9/bib50AE96E23CDE997ACA39972A3E432E55s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibEBB73C9D64BD02B22CA4236F218E0DB4s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibEBB73C9D64BD02B22CA4236F218E0DB4s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC9B4992F324709CD75F41CBBEFF5BA40s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC9B4992F324709CD75F41CBBEFF5BA40s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib9F7D20C23E04276AFDBE338D15430DF5s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib9F7D20C23E04276AFDBE338D15430DF5s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib0E2B08D0582345E9BD2D4F247175A376s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib0E2B08D0582345E9BD2D4F247175A376s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib6AA26C8D264CDF4A8C1DD79051476A4As1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib6AA26C8D264CDF4A8C1DD79051476A4As1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCE7C46E027371810B647645638FAAC6Bs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibB0DBF8FC0F705460E073FBD848337CCAs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibB0DBF8FC0F705460E073FBD848337CCAs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib7CFF716C198ADF4667EBA1FC4F1DD8BCs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib66032943B77A43A62AC97AD276A0A2CBs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibD447DE97DDA77597FAEFCB133B10A017s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibD447DE97DDA77597FAEFCB133B10A017s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibB126E5BFB9652716665213AD2FE98625s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibB126E5BFB9652716665213AD2FE98625s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib2714EA9AD7C199EE54A3C1F85BC1853Fs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib47C1B3141BD7B40A425C85AEA0F4BA48s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib47C1B3141BD7B40A425C85AEA0F4BA48s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib28E6E442572AD69F644E743453C9740Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib28E6E442572AD69F644E743453C9740Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCCCE33923545678F572B451A5FAE97AFs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCCCE33923545678F572B451A5FAE97AFs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib7B2CD8BD57967D97D387B0300EE8F764s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib7B2CD8BD57967D97D387B0300EE8F764s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC5526BA966067DBA56C2976006BE1F3As1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC5526BA966067DBA56C2976006BE1F3As1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibF1BB44906552DBDD978C709D0AD9449Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibF1BB44906552DBDD978C709D0AD9449Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC7A11490968D91B4883D3889EDB6506As1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibC7A11490968D91B4883D3889EDB6506As1
https://www.danielduffy.org/post/active_vs_passive_transformations_in_field_theories/
https://www.danielduffy.org/post/active_vs_passive_transformations_in_field_theories/
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib257675FB35E971E1097E08EB1EEC2E13s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib4CFB68ECED6505024978787FD0B5268Fs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib959D982F14D9EA346ED4B764BEE12EA5s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib959D982F14D9EA346ED4B764BEE12EA5s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibE5B44D0AD35F749A726C4C2ED9E1C433s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibE5B44D0AD35F749A726C4C2ED9E1C433s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCC984D7952D76520D33FA5F14B82DD8Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCC984D7952D76520D33FA5F14B82DD8Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibBF74B166121E7382156E7B3152221A5Es1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibBF74B166121E7382156E7B3152221A5Es1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCB61A753134B458BAA14D1B477462701s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bibCB61A753134B458BAA14D1B477462701s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib12DB3E70EC3ACD2150F78C82C5FEE8B9s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib12DB3E70EC3ACD2150F78C82C5FEE8B9s1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8942394A1037D935B4C669393496C09Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib8942394A1037D935B4C669393496C09Cs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib18D70B864EDEC00C2A431EF254823B5Fs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib18D70B864EDEC00C2A431EF254823B5Fs1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib70FF5C4410005E1E8B325FE221B1213Es1
http://refhub.elsevier.com/S0370-2693(24)00331-9/bib70FF5C4410005E1E8B325FE221B1213Es1

	Photon frequency variation in non-linear electro-magnetism
	1 Introduction
	2 Generalised non-linear electro-magnetism
	3 The photon energy-momentum tensor
	4 The case of Euler-Heisenberg and Born-Infeld theories
	5 Discussions and perspectives
	5.1 Discussion
	5.2 Perspectives

	6 Results
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


