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dynamics (NLED) description of photon propagation throtighhweak background intergalactic
magnetic fields modifies in a fundamental way the cosmoldbgécishift,z, that a direct compu-
tation within a specific cosmological model can abscribe thstant source. Independently of
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A= (1+®e) /(14 Do), with ® = 8/3(Lrr /Lr B2, beingLr = dL/dF, Ler = d?L/dF?, the field
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than the standard redshift, but it recovers such limit wihenNLED correctior\(®e, ®y) — 1.
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different. The observational implications of this pecutiesult are discussed.

Keywords: Cosmology: standard model :: proper distance — luminatigtiance — Redshift —
astronomical observables

PACS: 98.80.-k, 98.62.Ra, 95.30.Dr, 95.30.Sf

5th International School on Field Theory and Gravitation,
April 20 - 24 2009
Cuiaba city, Brazil

*Speaker.
TThe author thanks Profs. Carlos Pinheiro, Gentil Pires albero S. de Arruda for the invitation to deliver this
lecture in the 5th ISFTG.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Luminosity distance vs. proper distance and NLED in cosgylo Herman J. Mosquera Cuesta

1. Introduction

The study of the expansion history of the universe gainedvalmdmension after the discovery
of what appears to be a dimming in the luminosity emitted Ipesoovae type la (SNla) [1], which
are thought of as standard candles. These observationsbleaweinterpreted in the context of
the standard cosmological model as evidence of a late-tiamsition from decelerate-to-acelerate
expansion, according to most current viewpoints. The emieh is attained after combining both
the redshift and luminosity-distance of observed SNla evéntheir Hubble diagram (HD). If
one excludes any potential systematics (as for instanege thxists the possibility that we are
being unable to detect, due to dust effects, much more redid8NIla taking place at much higher
redshifts g), than close-by bluish explosions because simply theselads are much brighter, see
Ref.[2]), one can verify that their representative pointthie HD appear a bit over the upper bound
curve predicted by the standard Friedmann cosmology, daelpiaroundz ~ 0.5— 1, which is
referred to as the transition era (see Fig. 2, below).

The redshift is the fundamental piece in achieving this tsion, since it also enters the
expression defining the luminosity distance. Itis deteediim almost all the cases by analysing the
absorption lines from SNla host galaxies. However, the oigiable nonlinear interaction of light
[3, 4] from these distant sources with the intergalactickigamund magnetic fieldsmay crucially
modify the putative value of the redshift to be abscribed govan source from the observed lines.

On the other hand, exception done for the case in which tlriglpermittivity and magnetic
permeability are functions of the fields, i.e(E,B), u(E,B), Maxwell electrodynamics is unable
to describe the nonlinear behavior of light propagatiornoné follows this line of reasoning, one
realizes that one way to guide ourselves to a proper inaggiig of the nonlinear interaction of
photons [3, 4] from distant galaxies and quasars with iatexdic background fields is to keep
in mind that those background magnetic fields are extremegkiv (observations rule out any
electric fields, i. e.< E >=0!). Hence, if a given Lagrangian will indeed describe subbtpn
nonlinear dynamics, it will have to depend on the invariagitific = F,,F*" in a nontrivial fashion.
Interestingly, a hint to the need for a nonlinear electraayits (NLED) Lagrangian able to account
for such dynamics came to one of us from the study of a coe@lphenomenon: claims on a
potential variation of the fine structure constarsee [13] and references therein). Indeed, Murphy
et al.[5] (Section 2.6) based on Maxwell electromagnetantii considered large magnetic fields
as a potential cause of systematic errors in their measmtsnoéAa /a. They concluded that
the intra-cluster magnetic field strengths are nine ordensagnitude below the strength required
to cause substantial effects. In this respect, one canth@té turns out to be easy to check that
Murphy et al.'s conclusion can be reversed by consideriedhED Lagrangian density of Ref.[7].

Therefore, it appears legitimate to address the questiamotential modification of the stan-
dard cosmological redshift of light coming from far awayraphysical sources within the frame-
work of NLED. One way to achieve this goal is to use the Lagiamépr NLED recently introduced
in Ref.[7] (see also Ref.[18, 19]), whose original focus wabring in a model based on NLED as
a realization of the exotic fluid dubbed as dark energy, wiidhvoked to explain what is said to
be the universe phase of late-time accelerate expansioanwtéle, we would like to stress from

1in Refs.[3, 4] have been proved that electrodynamics in awacpervaded by B-fields is subject to nonlinear
effects.
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the very beginning that the issue that shall be discusseavtrelgarding the cosmological redshift
represents an additional effect on the luminosity distaridar-away astrophysical sources caused
by the evolution of this NLED cosmological background magngeld. In this way, the analysis
presented below still preserves the previous result shgpttiat in this NLED theory the universe
accelerate expansion is consistently described, alththegfiducial redshift gains a small modifi-
cation. Such redshift change can be interpreted as a reat#dit of the transition redshift to the
recent accelerate expansion.

2. Nonlinear electromagnetism in Cosmology

In Ref.[7] several general properties of nonlinear elabtramics in cosmology were reviewed
by assuming that the action for the electromagnetic fieldhds bf Maxwell with an extra term,
namely?

S= /\/—_g<—%+fy> d*x, (2.1)

whereF = F,,FH". Physical motivations for bringing in this theory have bgeavided in
Ref.[7]. Besides, a further intrinsic motivation comesirthe introduction, during the last century,
of both the Heisenberg-Euler and the Born-Infeld nonliredactrodynamics, which are valid in the
regime of extremely high magnetic field strengths. Both tieschave been extensively investigated
in the literature (see for instance [16, 17, 15] and the listgf references therein). Since in nature
non only such very strong magnetic fields do exist, then ieappto be promising to investigate
also those super weak field frontiers.

Regarding Eq.(2.1), at first, one notices that for high wlokthe fieldF, the dynamics re-
sembles Maxwell's one except for small corrections assedia the parametey, while at low
strengths of it is the 1/F term that dominates[8]. (Clearly, this term should dracaly affect
the photonB field interaction in intergalactic space). The consistenfcthis theory with observa-
tions, including the recovery of the well-stablished Coniplaw, was shown in Ref.[7], together
with further analysis using the cosmic microwave radiatimund, and also after discussing the
anomaly in the dynamics of Pioneer 10 spacecraft [18]. Bo#tyais provide small enough values
for the coupling constant. The theory has also been successfully applied to discessritjin of
the baryon asymmetry and the amplification of primordial neig fields in the early universe[19].

Therefore, the electromagnetic (EM) field described by Zgj)(can be taken as source in
Einstein equations to obtain a toy model for the evolutiothefuniverse which displays accelerate
expansion. Such phase of acceleration runs into action wigenonlinear EM term takes over the
term describing other matter fields. This NLED theory yiedddinary radiation plus a dark energy
component withw < —1 (phantom-like dynamics). Introducing the notafipthe EM field can act
as a source for the FRW model(i;),, =0, (Bi);, =0, (EiBj),, =0, (EEj), = —%Ezgij, and

v v v v

2Notice that this Lagrangian is gauge invariant, and thateemarge conservation is guaranteed in this theory.
3Due to the isotropy of the spatial sections of the Friedmabe®son-Walker (FRW) model, an average procedure
is needed if electromagnetic fields are to act as a sourceawitgf9]. Thus a volumetric spatial average of a quantity
at the timet by (X);, = limy_y, \% [ Xy/=g d®, whereV = [ /=g d®, andVy is a sufficiently large time-dependent
three-volume. (Here the metric sign conventign— ——) applies).



Luminosity distance vs. proper distance and NLED in cosgylo Herman J. Mosquera Cuesta

(BiBj)), = —%Bzgij 4 When these conditions are fulfilled, a general nonlinearaagianL (F)
yields the energy-momentum tensbg (= dL/dF, Lrg = d’L/dF?)®

(Tuv)y = (P+ P)VuVv — P Guv, (2.2)
p=-L—4E%g, p=L+3(E2-2B?LE,

Hence, when there is only a magnetic field, the fluid can beghioof as composed of ordinary
radiation withp, = % p1 and of another fluid with EO$, = —% 0. Itis precisely this component
with negative pressure that may drive accelerate expatisiongh Friedmann equations.

After presenting that theory in Ref.[7], we realized thatrth exists anotheper seequally
fundamental implication of this Lagrangian. It also modifia a significant fashion the putative
redshift, z, or more precisely the actual luminosity distance of thereaD| = rS(r)(1 + 2) iy

which then becomes different from the proper distardg € [5°./—011 dt) that one may ab-
scribe, in the context of thily modelfor cosmology, to a distant galaxy. We highlight, however,
that the cosmological magnetic field is required to evolva particular wave to create the differ-
ence between the actual proper distance and the observénbkity distance. These issues are
discussed below.

3. Photon dynamicsin NLED: effective geometry

Next we investigate the effects of nonlinearities in theletvon of EM waves in the vacuum
permeated by backgrourigifields. An EM wave is described onwards as the surface obdtsc
nuity of the EM field. Extremizing the LagrangiarniF ), with F (A;), with respect to the potentials
A, yields the following field equation [10]

Ov(LeFHY) =0, (3.1)

where, defines the covariant derivative. Besides this, we have d&ld cyclic identity

OFH =0 < Fuvia +Fapy +Fuaju=0. (3.2)

Taking the discontinuities of the field Eq.(3.1) one getbtta definitions introduced here are
given in®)

Le £, Pk} + 2L FOP £ gFHAKy =0, (3.3)

4Let us remark that since we are assuming (Im)hl = 0, the background magnetic fields induce no directional
effects in the sky, in accordance with the symmetries of thedard cosmological model.

SUnder the same assumptions, the EM field associate to Matwagliangian generates the stress-energy tensor
defined by Eq.(2.2) but now = 3p= 1(E? 1 B?).

8Following Hadamard [11], the surface of discontinuity o& tEM field is denoted by. The field is continuous
when crossingz, while its first derivative presents a finite discontinuitfhese properties are specified as follows:
[Fuv]s =0, [FW‘)\] 5= fuvky . where the symbojFyy ] s =lims_o+ (J|545 —J|5—5) represents the discontinuity
of the arbitrary functiord through the surfac&. The tensorf,, is called the discontinuity of the fielfy = d) X is the
propagation vector, and the symboj$and " stand for partial and covariant derivatives.
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which together with the discontinuity of the Bianchi idéytyields

fapky + fyaks + ke = 0. (3.4)

A scalar relation can be obtained if we contract this equatiih kYF 28 which yields

(FOPfapgH” +2FHA £,V )k ky =0. (3.5)

It is straightforward to see that for Eq.(3.5) one obtain® whistinct solutions: a) when
Fop fap = 0, case in which such mode propagates along standard nuleges, and b) when
Fab fap = X. In the case a) it is important to notice that in the absencehafge currents, this
discontinuity describe the propagation of the wave frordetermined by the field equation (3.1).
Thence, following Lichnerowicz [12] the quantity?® can be decomposed in terms of the propa-
gation vectok, and a space-like vecta (orthogonal tky) that describes the wave polarization.
Thus, only the light-ray having polarization and directioinpropagation such thaftaﬁkaaﬁ =0
will follow geodesics ing,y. Any other light-ray will propagate on the effective met(®.1).

In this last case, we obtain from equations (3.3) and (3.8)pttopagation equation for the field
discontinuities being given by [6]

(g“" —4%#“5}”) kuk, = 0. (3.6)

effective metric

This equation proves that photons propagate following alggio that is not that one on the
background space-timg"”, but rather they follow theffective metricgiven by Eq.(3.6), which
depends on the background fi#td?, i. e., on theB-field.

The general structure of the Lagrangian that describesythaniics of the electromagnetic
field can be represented hy= L(F), whereL(F) is a generic functional of the Maxwell scalar
The resulting theory is compatible with the covariance aaualgg-preserving principles; and with
the additional restrictions of the cosmological scenadopged in our model. That Lagrangian
appears as a regular function that can be developed inymoaitid negative powers of the invariant
F. Positive powers dominates the dynamics of the gravitatiéiald in the neighborhood of tran-
sients or regions of extremely high curvature, while neggtiowers become dominant in situations
where curvature is extremely faint. It is important to nettbat a similar kind of modification was
already used in the Lagrangian of the gravitational fieldolvhiiere introduced as alternative theo-
ries to explain the late-time acceleration of the univesgse, a recent review in Ref.[23]. We have
generalized that idea in Refs.[7, 24] by imposing that thgraagian should be invariant under the
map 2 — 1/ 2, whereZ represents the invariant quantity that is used to consthactheory.
Indeed, in the model that was introduced in [24] the Lagramgéeduces to

1y 1602y
L(F)=a?F2-F - % .

F) =P —gF T
The full dynamics of the model is governed by Einstein equmstiplus the.(F) Lagrangian.

It is ease to check that the first term prevents the singylavitilst the last term i (F) prevents

(3.7)
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the model to allow expansion forever, that is, it constrdimesmagnetic field to be within the limits
Bmax= 22> andBmin = %x. For more details see Ref.[24]
FingTIy, if one now takes the derivative of Eq.(3.6), one caadily obtain (see in particular

Ref.[18, 27] and also Refs.[15, 16, 17])

K Oykg = 4 (LLLFFFMBFBV kukv> . (3.8)

This expression shows that the nonlinear Lagrangian intesl a term acting as a force that
accelerates (positively or negatively) the photon alosgith.

Thence, from all the analysis presented above it appeaatigo investigate what are the ef-
fects of this peculiar photon dynamics in astrophysics astology. In special, the occurrence of
this phenomenon over cosmological distance scales mayshawenegligible effect on the physical
properties that one can abscribe to a given source fromrastrical observables. One example of
this is the cosmological redshift, i.e., the actual shiftin the position of the absorption lines from
far away galaxies! In other words, the redshift parameter, or its associatsthotogical length
scale: the proper distance, gets effectively modified whenputed in a standard fashion within
a particular cosmological model. That is, the proper distabpecomes different from the actual
luminosity distance of a given far-away source.

3.1 Effective metric asadispersion relation for a massive photon ?

Besides of this exceptional feature, another fundamemntglgoty of Eq.(3.6) that deserves to
be discussed at this point has to do with the fact that theediggn relation now is described by
an expression of the kinB(x“,w,R) = 0, which is valid only locally. The nonlinear terms in the
Lagrangian can be interpreted as describing a backgroudiumevhose main features are its de-
pendence on space and time. Thus, such a dispersion rehatigd give rise to solutions of the
kind w = w(x,k"). This expression remains valid as long as the charactespfice and time
scales for variations of the medium are much shorter ¥vdrand slower tharm 1, respectively.
Aside from this, we would like to stress that our nonlineagtaagiandoes not break the gauge
invarianceof the electromagnetic field, and in virtue of this it is notubject deserving to be con-
fronted with the stringent upper bounds on the photon massthan the assumption that a massive
photon would be accompanied by an energy density of the rkﬁm,A“, associated to the Proca
field A# that describes the massive photon [26]. Moreover, the kindaalifications appearing in
our dispersion relation in Eq.(3.6) is common in the preserica space and time dependent di-
electric medium where more dramatic changes to the stamiispdrsion relatiok, k+ = 0 appear
extensively. See for instance the exhaustive discussioviged by Mendonca in his book[27].
(See also the discussion introduced in the accompanyiner p28]).

4. Nonlinear cosmological redshift

4.1 Field averaging process

In other to be consistently called for in a cosmologicalisgitmagnetic fields should preserve
the cosmological principle, that is, to bring in no direa@beffects. To cope with such constraint, a

"The same theory directly leads to a variation of the fine tirecconstantgr[13]
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proper averaging process is mandatory. To do so, let uswgtarthe effective contravariant metric
that we obtained above (see Ref.[6]), which has the form

Ohy = Lrg"’ —ALeeFHIF,Y. (4.1)

Since in our model we have

Fuv =N PVeBg, with FopF9f =282, (4.2)

then one can now implement the average definitions for thenetaxfields introduced above,
so that one can write

1

3
Thus, after the averaging procedure already indicatedntignetic field is described by

FuaFaV = _BHBV - BZh[JV? <BHBV> — BZhuv . (43)

1
<FHO(FGV> = _é

One can then rewrite Eq.(4.1) explicitly in terms of the aggr magnetic field on the back-
ground as

B%hyy . (4.4)

8
Ohf = Le g + ZLreB7N. (4.5)

On this basis, the inverse effective metric should be

1 g 8 LreB? o
Lr HY 3Lg (LF—F%LFFBZ) He

That theory leads straightforwardly to prove that the cdsgioal redshift of a photon trav-
eling from a distant source to Earth is also modified, or emjaivtly, there is an actual change in
the observed luminosity distance with respect to the prdstance of a specific far-away light-
emitting cosmic sourcg.

o = (4.6)

4.2 Effective cosmological redshift

With this metric one can then compute tbffectivecosmological redshift since the line ele-
ment provided by this NLED now reads

1 8  LpgB? a’(t) .
d¢ = —dt?— [ 1-2 FE idx'dx/
Lr ( 3 [Le+8B%Ler] ) LF ¥

1 1 3L
dt? ( F

L Lr \ 3L +8LreB?

8|n any case, irrespective of the magnetic field cosmologigalution, such NLED effects will become evident only
for redshifts smaller than the one identified as the tramsiéira 2< z < 1. In other words, for fields such that the term
B* is much greater than the coupling constgtiie contribution of this theory through the factbin Eq.(4.8) becomes
negligible. That is, nothing changes in the universe eae®lution. This conclusion is in agreement with what was
stated in Ref.[7].

> a(t)dI>=0. (4.7)
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Figure 1: The effective cosmological redshift + z)|es = %A as a function of the intergalactig-field
strength normalized ag/B*, after the NLED correction to the standard cosmologicashéftl (1 + z) =
%, (here we identifyit; = te, andt, = tp). The resulting redshift mimics a cosmological model thed h
Q= 0.27, as indicated by Egs.(1,2), when indeed it is built fromrmriadimann-Lemaitre-Robertson-Walker
model which ha€2,, = 1. Notice, however, that the effective redshift does nothdhe limitz= 0, i.e., the

y/B* = 1 limit is not attainable, as argumented in the text.
By identifying the effective metric from Eq.(4.7), and comtipg thegog component, it follows
then that the expression for the cosmological redshiftstart to be

cotg - a.(t())
cote  alte)

(1+2)|eff = A=(1+2) A, (4.8)

whereA = [(1+®)"/?| ]/[(1+ ®)"?|, ], and® = 8/3(Ler /L )B2. The specific modifica-
tion of the redshift depends on the particular problem weaigoan, in particular, a similar effect
was already analyzed in the presence of very strong magdiedts in pulsars [15, 16, 17].

As an example, in the case of cosmology, as pointed out abavedel to explain the recently
discovered late acceleration of the universe by using a NdE$zribed by the LagrangiarniF) =
—2F + £, whereF = F,zF?F andy = —v?, was proposed in Ref.[7]. Thus, by using Egs.(4.6,
4.8), one can compute the actual redshift of a given cosmircso

Therefore, the cosmological redshift turns out to be

<B4+gv2) 1/2
cotg _ a(tp) \ B*-v2
cote B a(te) (B4+g\)2> 1/2

B4_y2

(1+2)|eff = LIy (4.9)

to
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With this equation one can plot the effective cosmologiealshift according to NLED for a
specific field strengtiB. That result is presented in Fig.-1, which illustratesptizh the Hubble
diagrams presented in Fig.-2, a noticeable effect on thehitdAfter analyzing Fig.-1, one realizes
that the first direct implication of this result is that thaetenination, from direct observations, of
the redshift of a given distant quasar or galaxy may lead tdstaken interpretation on the actual
luminosity distance to those sources if such NLED effecbisproperly accounted for. Such a task
could be performed by estimating the angular-average ajuldraticB-field over the intergalactic
space.

5. Discussion and conclusion

Our main result is presented in Eq.(4.8). Irrespective efdtructure of the Lagrangian, it
is valid for any generic Lagrangidn(F) describing a NLED theory, provided the field averaging
procedure indicated earlier in Eq.(4.4) is held. Therefor@rder to properly address the issue on
the actual luminosity distance, or cosmological redshifg distant astrophysical object this NLED
effect should be first taken into account. In the specific odishe model introduced in Ref.[7] to
provide a model of dark energy based on NLED to explain theeatily purported idea that our
universe is undergoing a late-time acceleration phasegtibee Eq.(4.8) becomes Eq.(4.9) which
shows the dependence of the NLED effect on the relation ktviiee intervening intergalactic
spaceB-field strength and the coupling constant of the thegras shown in Fig.-1.

By looking at Fig.-1, and comparing to the standard cal@atithin a given modelyiz., one
must address to the model introduced in Ref.[7], one notie@or values of the ratify|/B* — 1,
one obtains much lower redshifts than the standard costicalagdshift 1+ z, which is recovered
in the limit B* >> y. Therefrom, and cosmologically crudely speaking, in anyERLtheory the
proper distanceDp = '65 +/—011 dt, of the light-emitting far-away source gfis different from its

actual luminosity distanced = rS(r)(l+z)|eﬁ‘ :
r

Aside from all that, Eq.(4.8) makes it evident that the NLE®rection is already “built-in” in
the actual luminosity distance, or redshift of the distanirse, estimated for instance from the SN
host-galaxy absorption lines. In other words, after ediimyetheB-field strength of the intervening
intergalactic space of each of the already observed SNaicéily 101 G for compatibility with
the A-CDM model predictions for structure formation [31, 30], ileHfor galaxies is found 10°-
1078 G), the actual redshift to be plotted in the Hubble diagrartz) vs. 2) is going to be the
effective redshiff 1+ z)|ef, i.€. the one directly estimated from the observationgr afiscounting
the correction facto provided by NLED (see illustrative examples in plots c, d ig.R).

From this analysis one concludes that in case the NLED thieorhe photon interaction (in
a vacuum) with extragalactic background magnetic fieldseladized in nature, it would become
evident that any conclusion on actual cosmological retistifawn from SNla or/and observations
in the optical of GRBs afterglows had to be revised. In anyecasy general NLED theory will
lead to an effective cosmic redshfit+ z)|ef = (14 2) A. In the specific case df(F) = F + 1/F,
wondering whether the theory has something to do with natsts on future experiments and/or
observations like observing absorption lines in both a sup@& and a gamma-ray burst afterglow
in SN/GRB related events, a connection that is by now coivdlysdemonstrated for a number of
cases [25].
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Figure2: Hubble diagram of the 69 GRBs sample (red filled circles) df[R&] calibrated forA-CDM, 192
GOLD SNIla (blue squares) and 117 LEGACY SNIla (black diampsdmples of Refs.[1, 22], as current
observations indicate (no NLED correction included). Oregyroonjecture that most, if not all, of the events
presenting a much higher luminosity in this plot could haieh place in sources where the loBdield is
near the critical one defined frop The next two graphs illustrate SNla, GRBs global shifts.df 0.15 in
z(no error bars included). They are intended here solelyustikite the overall effect. The attentive reader
should bear in mind that the NLED correction should indeedypglied to each individual SNla or GRB
event, once one has estimated the intervening (local) dredsixyB-field through Zeeman splitting, cosmic
rays deflection; i.e. correlation of the direction of suclntigles with the direction of the emitter, or some

3
Zefi = ALED A)

other astrophysical technique. This analysis will be pnesttelsewhere.
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