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It has been recently proposed that the presence of a temporal electromagnetic field on cosmological
scales could explain the phase of accelerated expansion that the universe is currently undergoing.
The field contributes as a cosmological constant and therefore, the homogeneous cosmology produced
by such a model is exactly the same as that of ACDM . However, unlike a cosmological constant term,
electromagnetic fields can acquire perturbations which in principle could affect CMB anisotropies
and structure formation. In this work, we study the evolution of inhomogeneous scalar perturbations
in this model. We show that provided the initial electromagnetic fluctuations generated during
inflation are small, the model is perfectly compatible with both CMB and large scale structure
observations at the same level of accuracy as ACDM.

PACS numbers: 98.80.-k, 95.36.+x, 14.70.Bh,04.62.4v

I. INTRODUCTION

Since the accelerated expansion of the universe was discovered more than a decade ago [1l], a big effort has been
made in trying to identify the culprit responsible for it. The simplest explanation is provided by the introduction of a
cosmological constant term in the Einstein equations. In fact, such a solution is in excellent agreement with most of the
cosmological observations to date and only requires the introduction of one extra parameter to describe the energy
density associated to the cosmological constant. Hence, as a phenomenological model to describe the observable
universe, it is very successful. However, the value of the cosmological constant inferred from the observations is
extremely tiny as compared to the other scale present in the gravitational action and set by the Newton’s constant,
namely the Planck scale. This poses a problem from the theoretical point of view because a theory containing two
dimensional constants which differ by so many orders of magnitude does not seem to be very natural. This problem is
usually referred to as the naturalness problem or the cosmological constant problem, and it is related to the coincidence
problem, that is, why dark energy and matter have similar density parameters today when their respective energy
densities have evolved very differently throughout the expansion history of the universe. These two problems are the
main reason why so many models to explain the current acceleration of the universe have been proposed. Among
those models, one can generally find models in which the accelerated expansion is caused by either a new field (dark
energy) or a modification of Einstein gravity. The popular quintessence models [2] with a cosmological scalar field
playing the role of dark energy, and their generalizations with non-canonical kinetic terms, like the k-essence models
[3] or with a coupling to curvature invariants |4] (see [5] for a review on dark energy models) they all belong to the
first group. In the second group we have the very popular f(R) theories 6] or the models with extra-dimensions [1].
Although all these models were motivated by the cosmological constant problem, the actual situation is that most of
them fail in solving it because they rather shift it to some other parameter of the theory. Besides, they are usually
plagued by either classical or quantum instabilities or present conflicts with local gravity tests [8].

Although the scalar fields have become the most popular candidates, vector fields have also been shown to be
compelling candidates for dark energy [9, [10] and even solve the coincidence problem [11]. Generalisations to higher
forms have also been considered recently [12]. Such models have been overlooked since they generically induce an
anisotropy. This picture has changed in the last few years with the recent detections of some unexpected features
in the CMB temperature anisotropies: A hemispherical asymmetry has been reported [13]; the angular correlation
spectrum seems to be lacking power at the largest scales |14]; the alignment of the quadrupole and octupole (the
so called Axis of Evil [15, [16]) could also be seem as an extra-ordinary and unlikely result of statistically isotropic
perturbations, even without taking into account that these multipoles happen also to be aligned to some extent with
the dipole and with the equinox. The significance of the anomalies has been debated extensively in the literature (see
e.g. |17, (18, 19, [20, 21, 122, 123, 24]) with some reported effects more significant than others [25, 26, 27].

One model that, not only succeeds in addressing the cosmological constant problem, but also is free from both
classical and quantum instabilities and has the same set of PPN parameters as General Relativity is the one recently
proposed in [28]. In that model, the role of the cosmological constant is played by a temporal component of the
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electromagnetic field! or, in other words, by the existence of an absolute cosmological electric potential [30]. That
way, in addition of solving the aforementioned problems, we can establish the true nature of dark energy without
resorting to unknown physics. In such a model, a slightly modified theory of the electromagnetic interaction is
proposed and whose motivation comes from the quantization of the electromagnetic field in the covariant formalism.
In that formalism, one modifies the electromagnetic action by introducing a gauge fixing term in the original action
in exchange for either imposing the Lorenz condition 9, A = 0 at the classical level or reducing the corresponding

Hilbert space with the weak Lorenz condition 8”Al(,+)|¢> = 0 at the quantum level. However, when moving to an
expanding universe, the Lorenz condition cannot be consistently imposed at all times and, therefore, this approach
becomes inappropriate. For this reason, in the model proposed in [28], the electromagnetic interaction is quantized
without imposing the Lorenz condition. The price to pay is that we need to introduce a new electromagnetic scalar
mode in the theory so that the electromagnetic interaction would actually contain three physical degrees of freedom
(see [31],132] for other interesting consequences in theories with extra electromagnetic polarizations). This new scalar
mode is however decoupled from the conserved currents and can only be excited by gravitational fields. Then, it
could be generated during an inflationary phase in the early universe and the interesting feature of the model is that,
once it becomes super-Hubble, it gives rise to a new contribution to the action which is like that of a cosmological
constant. Surprisingly enough is the fact that the observed value of the cosmological constant is naturally achieved if
inflation occurred at the electroweak scale.

Even though this model provides the same expansion history for the universe as a pure cosmological constant, its
different nature makes possible to have a different evolution for the inhomogeneities so that it becomes necessary to
perform an analysis of the perturbations to confront it to CMB and LSS data. In addition, as the observational data
seem to be consistent with a cosmological term, it is then interesting that, by studying fluctuations, one in principle is
able to infer the physical origin of the cosmological term. Previously the possibility of anisotropic fluctuations about
a constant density term have been contemplated in the frameworks of viscous fluids and noncommutative geometry
[10, 29]. Here the properties of such a cosmological term can be consistently derived from a fully covariant theory.
The presence of fluctuations can be understood since the constancy of the cosmological term is just a property of a
solution for a component of a vector field. Uncovering the evolution of the fluctuations is the aim of the present work,
which is organized in the following way. In Section I we give a short description of the model. In Section II we write
down the background equations and solve them. Besides, we show how the background evolution gives rise to the
same expansion history as a cosmological constant. Section III is devoted to the perturbations for the electromagnetic
dark energy model. In particular, we obtain the corresponding equations and perturbed expressions in the Newtonian
gauge and solve them in some interesting cases. The analogous expressions for the synchronous gauge are given in
an appendix. Finally, in section IV we use a modified version of the publicly available numerical code CAMB [35]

to compute the evolution of the linear perturbations in the model. The results are summarized and discussed in the
final Section [Vl

II. DESCRIPTION OF THE MODEL

The proposed action describing the electromagnetic interaction including the gauge fixing term and current coupling
is given by:

1
S = /d%\/g [—ZFWF‘“’ + g(vﬂAﬂ)2 + A, JH (1)

with Fy,, = 0,4, — 0,A,. Here, the gauge fixing term is considered as a fundamental piece of the action on equal
footing to the Maxwell term, i.e. electromagnetism is considered as a gauge non-invariant theory which contains three
physical degrees of freedom, namely the two usual transverse photons plus an extra scalar mode (despite the gauge
non-invariance, the theory is perfectly consistent as shown in [28]). In fact, the gauge fixing term can be seen as the
kinetic term of this new mode and so the parameter £ can be fixed to 1/3 to have canonically normalized fields. While
the general U(1) transformations are no longer an exact symmetry of the theory, it still preserves a residual gauge
symmetry given by A4, — A, + 0,0 provided 08 = 0.
The modified Maxwell equations deduced from () read:

V, P 4 EVH(V, A) = I (2)

1 We refer here to the vector A, as the electromagnetic field, instead of calling A, the vector potential and F},,, the photon.



If we now take the 4-divergence of these equations we obtain:
O(V,AY) =0 (3)

where we have used the fact that the electromagnetic current is covariantly conserved. The latter equation shows
that V, A” behaves as a massless scalar field which is decoupled from the conserved electromagnetic currents, but it is
non-conformally coupled to gravity so that it can be excited by gravitational fields. Moreover, due to the well-known
fact that a massless scalar field gets frozen on super-Hubble scales for a FLRW universe, the four divergence of the
electromagnetic field will be constant on scales larger than the Hubble radius, giving rise to a cosmological constant-
like term in the action. On the other hand, for small scales we have that V, A ~ a~! so that its contribution to
the Maxwell equations becomes negligible. Therefore, as long as the four divergence of the electromagnetic field is
super-Hubble, it can play the role of a cosmological constant and, once it enters the horizon, it is rapidly suppressed
and we recover the usual Maxwell equations with the Lorenz condition.

It is interesting to note that the divergence of the electromagnetic field can be seen, at the equations of motion level,
as a conserved current acting as a source of the usual Maxwell field. To see this, we can write —{V#(V,AY) = J& ,
which, according to (), satisfies the conservation equation V,J& , = 0 and we can express (2)) as:

vV, F* = Jk (4)

with Ji = J* + JE , and V,Jh = 0. Physically, it means that, while the new scalar mode can only be excited by
means of gravitational fields, once it is produced it will generally be considered as a source of electromagnetic fields.
The energy-momentum tensor corresponding to the modified action () is the sum of two pieces:

T =Thy + T3, (5)
with
1 « «
TSI{ - 4g#l’F0¢5F ﬁ_F#aFI/ (6)

the standard energy-momentum tensor corresponding to Maxwell theory and

TS, = g [gw [(vaAaf +24°V, (vﬁAﬁ)} — 44,V (vaAa)] (7)

the energy-momentum tensor corresponding to the gauge fixing term. Notice that, for a residual gauge mode of the
form A, = 0,0 with 08 = 0, the energy-momentum tensor vanishes identically.

IIT. BACKGROUND EQUATIONS

We shall assume a homogeneous and isotropic background described by the FLRW metric which, in conformal time,
is given by:

ds* = a(7)? [dr* — §;da"da’] . (8)

In order to preserve the homogeneity we need the electromagnetic field to depend only on time whereas the large
scale isotropy requires the absence of spatial components so that the background electromagnetic field is merely given
by a temporal component which, in conformal time coordinates, we shall call Ag(7) 2. Moreover, this homogeneous
temporal component evolves according to the zero component of the equations (2], that yield:

Af+2(H —2H?) Ag =0 (9)

with ' = d— and H = < the Hubble expansion rate in conformal time. Notice that, since F;w = 0 for the assumed
background conﬁguratlon the latter equation simply expresses that d(V, A”)/dr = 0 which, in turn implies that the

four divergence of the electromagnetic field is constant irrespectively of the evolution of the scale factor.

2 We shall denote by calligraphic letters the components of the vector field in conformal time coordinates



If we use now the fact that F},, = 0 together with V,,A” = const in the expression for the energy momentum tensor,
we obtain that:

§

T#l’zi

(V#AM)Q 9uv (10)
which is exactly the same as that of a cosmological constant of value A = % (VVA”)2. Notice that in order to have
a positive cosmological constant we need £ > 0. The background evolution for this model thus mimics that of the
standard ACDM model whose cosmological constant value is determined by the four divergence of the electromagnetic
field. The energy density of the electromagnetic field in this configuration is:

1 !
pay = 57 (Af +2HA)’ (11)

and the equation of state is simply pa, = —pa,. For the subsequent calculations, it will be convenient to introduce a
redefinition of the vector field as Ay = a® A so that expressions (@) and (II]) look much simpler:

(a=*4)) =0 (12)
pao = 5o (A0 (13)

and we clearly see that the energy density is constant.

Finally, the fact that the background vector field does not contain spatial components is justified because on
super-Hubble scales the spatial components grow more slowly than the temporal one. Let us see this in more detail.
For a configuration with spatial components of the electromagnetic field in addition to the temporal one, i.e., with
A,y = (Ao(7), A(7)) and in a FLRW universe, the modified Maxwell equations read:

Af +2(H —2H*) Ay = 0 (14)
A" =0 (15)

Thus, if we assume a power law expansion with H = p/7, the solution of these equations is:

Ay = Corm't? + Coar? (16)
A = Cir+ G, (17)

and we see that the spatial components decay with respect to the temporal one in both the radiation (p = 1) and
matter (p = 2) dominated eras. In addition, the energy density associated to the spatial part decays as a~% whereas
that associated to the temporal component is constant, as we have already seen. Hence, it makes sense to assume the
aforementioned isotropic background with vanishing spatial components given above.

IV. SCALAR PERTURBATION EQUATIONS

In this section we shall derive the equations for the perturbations and solve them analytically for some simple cases.
We only consider the case of scalar perturbations because we have checked that the vector perturbations evolve in the
same way as in standard Maxwell theory and the tensor perturbations remain unaffected by the presence of the gauge
fixing term as well. One might expect this because the gauge fixing term only affects the new scalar mode which,
being scalar, can contribute to the scalar perturbations, but not to the pure transverse vector perturbations (i.e., the
usual photons). We shall do the calculations of this section in the conformal Newtonian gauge, although we give the
corresponding expressions for the synchronous gauge in the appendix.

In principle, the effect of the high-electric conductivity of the universe should be taken into account including the
corresponding electromagnetic current in the r.h.s of Maxwell equations. The reason why we can neglect such effects
is the following: the electromagnetic current should satisfy the conservation equation:

VuJt =0 (18)
and also the condition of electric neutrality, i.e.

utJ, =0 (19)



with u,, the four-velocity of the comoving observers. Let us expand also the current up to first order as:
Ju=J+6J, (20)

but JS = 0 for the homogeneous and isotropic electrically neutral background (this is the reason why we did not
consider the current term in the background equations). If we now assume that the universe remains neutral at first
order in the perturbations we have that §Jy = 0 and, finally, from current conservation, we get: V.0J = 0, i.e. the
perturbed current is transverse. In other words, when computing scalar perturbations, we can ignore the effect of
electric conductivity by assuming that the electric charge vanishes at first order as well.

In the considered gauge, the perturbed line element is given by:

ds* = a(7)? [(1 4 2¢)dr”> — (1 — 2¢)6;;dx’ da’ (21)

In the absence of any anisotropic stress sources we have ¢ = 1. In order to simplify the expressions we will use latter,
we define the scalar perturbation of the vector field by introducing a convenient power of the scale factor as we did
for the background field:

SA, = a~2(6 Ao, VOA) (22)

As usual, we shall introduce the Fourier components of the perturbations and solve the corresponding equations for
them. Then, from (2] we can obtain the following equations for the Fourier modes of the vector field perturbations:

SAGy, — AHOAfY, — 3k*6 Aoy = —2k* (26 A}, — 5HSAR) + [(v1 — 4HYy, + 39y — 12He},) Ao + 3(vy, + ¢1,) A
1 2 1 2
SA) — AHSA), + (4H2 —2H' — ng) SA, =2 (§6Agk — H5A0k> - ngg + qs;) Ao+ gkag] (23)
In these equations we can see that the two perturbations of the vector field are coupled to each other and that
the metric perturbations act as a source of them. Then, even in the case that the initial perturbations vanish the
gravitational potentials will generate perturbations of the vector field that, eventually, may also be source of the

metric perturbations.
On the other hand, the corresponding perturbed energy-momentum tensor components are given by:

1
6T = 358 {[—2¢r Al + AL, — 39y, + ¥1.) Ao)Ap + K [(36.A), — 6HOAL — 36 Aok) Ao + S ARAY] }

. 1 .
oY = I8 {[—21/;kA6 + 0 AL, — (39% + ¥, ) Ao] Al + k> [(=30A, + 6HSAL + 30 A0k ) Ao + 5.AkA6]} &'

ki
6T = —a= Ao [~(80% + ¥4) Ao — 20A) + S.Ay, + K5.A] (24)
It is interesting to note that this model has vanishing shear, i.e., 5Tij = —0px 5; This is due to there being only

one physical scalar mode present. Moreover, from expressions (24]) one can find the following relation between the
perturbed energy density and pressure of the field:

2A0k? ,
5(pk —l—pk) = T (5V40k —0AL + 2H6Ak) (25)

This relation is important because for a gauge mode satisfying a =264, = 9,,x (remember here the definition of the
perturbations given in (22])) one has that §.4p = 0.A" + 2HJA and, as a consequence, 6(p; + px) = 0.

In order to obtain some analytical results, in the following we shall consider that the metric perturbations are
generated by some dominating fluid and study the evolution of the electromagnetic perturbations in such a scenario. In
other words, we shall assume that the perturbations of the electromagnetic field will not affect the metric perturbations
evolutions. This assumption is justified as long as the electromagnetic energy density is clearly subdominant as it
happens in most of the universe evolution when the energy density associated to the electromagnetic field is many
orders of magnitude below that of the dominant component. However, such a condition will eventually breakdown at
low redshift when dark energy becomes dominant and the results obtained here lack validity, being necessary to resort
to a numerical treatment. In the early universe when radiation represents the dominant contribution to the energy
density of the universe and neglecting neutrinos shear (which implies that ¢ = ¢) the metric perturbation evolve as
[34]:

_ Cii|wT cos(wT) — sin(wT)] + Cog [w sin(wT) + cos(wT))

Pk (26)
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FIG. 1: In these figures we show the evolution of the vector field perturbations in the Newtonian gauge for radiation (upper
panel) and matter (lower panel) dominated universes. In the left panels we show the evolution of the vector field perturbations
86.Ao/Ao (solid-blue) and k8.A/Ao (dashed-red). The right panels show the perturbed energy density 6Ty (solid), pressure — 67}

(dotted) and momentum —“%zkidTio (dashed).

with w = k/4/3. On the other hand, in the matter dominated universe, the gravitational potential becomes constant
in time, i.e., ¢ = const. Then, we can solve the equations (23) in the presence of the gravitational perturbations
produced by a radiation or matter fluid and obtain the evolution of the vector field perturbations in those epochs.
The results are shown in Fig. [l We can see that, on super-Hubble scales, the perturbation 0.4y evolves in the same
way as the background vector field so that 0.49/Ag = const as one would expect. This also implies that the perturbed
energy density is constant on large-scales as we can see in the figure. Moreover, this feature does not depend on
the dominating fluid, i.e., it happens for both the radiation and matter eras. On small scales, the perturbed energy
density scales with constant amplitude when the universe is dominated by radiation whereas the amplitude decays as
1/7 in the matter era. Notice that this behavior on small scales is a common feature for all the perturbed components
of the energy-momentum tensor, i.e., the energy, the pressure and the scalar component of the momentum.

We shall obtain the explicit evolution for the electromagnetic perturbations during the matter-dominated era, when
most of the cosmologically relevant scales reenter the horizon. In that epoch, the gravitational potential is constant
as we said above so that ¢ = ¥ = ¢¢ and the Hubble parameter satisfies H' = —%H2. With these conditions, we
can obtain the following expression for .4 in terms of 6.4y and ¢q:

7
3

3

5Ak - —m

11
[Mg; - 7H5Agk + < k2 — 8H2> SAY, — gHmAOk — gAggbO} (27)

This relation allows to find the following fourth-order differential equation for d.Agg:
iv " 2 49 2 " 2 7 / 2 2 21 2 2 l
0AG, — SHOA, +2 | k° — ZH 0Ay, —8H” | k+ 57{ 0Ag, + Kk [ B+ 77’[ d Aok = 4k"H Ao (28)

This equation together with the relation (27)) determine the evolution of the electromagnetic perturbations in a matter
dominated universe. It is convenient to remind here the assumptions under which such equations remain valid. In



order to obtain those equations we have assumed that the metric perturbations act as an external source for the
electromagnetic perturbations and that this external source is uniquely determined by the matter fluid. This means
that the contribution of the electromagnetic field to the perturbed Einstein equations are negligible with respect to
that of the matter component, which is a good approximation as long as the electromagnetic field energy density is well
below the matter energy density. However, this condition eventually breakdowns because the electromagnetic field
becomes dominant and it contributes in a non-negligible way to the Einstein equations so that the metric perturbations
becomes affected by the electromagnetic field perturbations and the full system of coupled equations must be solved.

In order to solve eq. (28) we shall take advantage of the residual gauge symmetry of the theory, namely, A, —
A, + 0,0 with 00 = 0. From this symmetry, we know that .4y = a?6’ will be solution of ([28) so that we can factorize
it as F[G(0.A0)] = 4k*H A 9, where F is a second order differential operator and G is the operator determmmg the

evolution of a2’ which can be deduced from the equation satisfied for # and turns out to be G = d7_2 —oHL - + k2.
Therefore, the equation (28] can be expressed as:

d? 2 21 2 d? 2 2
a2 6H + k—l—??‘( ) 27‘( +k 8 Ao, = Ak*H Ay o (29)

Thus, the solution for d.4p will be determined by the equation G(6.Ag) = S with S the solution of the equation
F(S) = 4k*HAjdo. Since H = 2 in the matter era, we can obtain the explicit form of the kernel of F (solutions of
the homogeneous equation) and is given by:

S}wm(T) =76 (0516—1'197— —+ ngeikT) (30)

whereas a particular one can be obtained by:

B Sy S,
Spa’rt = Sl/detW 4k HA (bodT /d W 4k HA (b()dT (31)

where S; and Sy are the two independent solutions given above and det Ws = 515y — S5S1 = 2ik712Cg1Cs2 is the
determinant of the Wronskian. Following the same procedure, we obtain the kernel of G

SAG™ (1) = Oy (K*1% = 3ikt — 3) e ™ + Co (k72 + 3ikt — 3)e’*” (32)
whereas the particular solution is

5-/40,01

ar 6A 2
SAPY = 5 Ap 0 / 02 S()dr — 5 ¢, / T

Lot e S(r)dr (33)
with 6 Ag,c, (i = 1,2) denoting the piece of the homogeneous solution ([B2)) proportional to C; (i = 1,2) and det W¢ =
2ik®74C1C5y. The homogeneous solution corresponds to the pure gauge degree of freedom and it does not contribute to
the perturbed energy density, whereas the particular solution gives rise to the oscillating behavior with an amplitude
decaying as 77! for small scales shown in Fig. [l

We would like to remark that the procedure followed in order to solve the equations for a matter dominated universe
is completely general and can be applied in any other situation where the metric perturbations is originated by some
other component.

V. EVOLUTION OF THE PERTURBATIONS

In this section we shall present the results that we obtain from a modified version of the publicly available CAMB
code [35] to compute the CMB power spectrum when electromagnetic perturbations are taken into account. Since the
background of the electromagnetic model is the same as that of ACDM, we do not need to modify the background
equations of the code, although we do have to add the evolution equation for Ayg. We use the first order equation (T3]
so that we can relate the background electromagnetic field directly to the present value of its density parameter. The
initial condition for this equation is unimportant for the background evolution, although it becomes relevant for the
perturbations and it is set by assuming a power law behavior for Ag. For the perturbation equations, we add the two
evolution equations for the electromagnetic perturbations given by (B0]) and modify the corresponding terms involving
dark energy perturbations. With these modifications, the code is ready to compute the evolution of the perturbations
in the cosmology corresponding to the electromagnetic model and, thus, obtain the CMB power spectrum as well as
the matter power spectrum.



Before proceeding to show the obtained results, we shall discuss what the initial conditions for the electromagnetic
field perturbations should be. A natural origin for the presence of the new mode of the electromagnetic field on
cosmological scales has been proved to be the quantum fluctuations of such a mode during an inflationary epoch [28].
In such a scenario, only the new scalar mode can be excited because of the conformal invariance of the usual transverse
modes. The "homogeneous part” of this scalar mode, defined as the sum of all the modes which remain super-Hubble
today, gives rise to the effective cosmological constant whereas the modes which have already reentered into the
horizon constitute the origin of the electromagnetic perturbations discussed in the present work. In other words,
we can split the primordial quantum fluctuations of the scalar mode generated during inflation in a homogeneous
part comprising all the modes with & < ko (being ko the scale that is entering into the horizon today, i.e., the
present Hubble radius) and an inhomogeneous part formed by those modes with k& > kq. Notice that such a split
can be performed because the primordial power spectrum for the scalar mode is red-tilted, as shown in [2§], so that
the homogeneous part is large as compared to the inhomogeneous one and this enable us to treat the latter as a
perturbation. For the mentioned scalar mode, one can see that the longitudinal component decays with respect to
the temporal component on super-Hubble scales for a de-Sitter inflationary epoch (in an analogous manner to that
shown for the background evolution) so that, at the end of inflation, the amplitude of the longitudinal component
would be expected to be much smaller than the temporal one. Moreover, we have already shown that the longitudinal
components also decay with respect to the temporal one in the radiation dominated epoch so that the super-Hubble
modes would be expected to be strongly suppressed at the time when the initial conditions are given, which justifies
to set the initial condition for 0.4 to zero. On the other hand, the power spectrum of the quantum fluctuations
generated during a de Sitter inflation for the temporal component happens to be scale-invariant ? so that we can set
the initial condition for §Agx as 0. Aok (Tins) = A k~3/2 with A a constant depending on the details of the inflationary
epoch such as the initial amplitude of the power spectrum after inflation or the duration of inflation. For our purposes
in this work, this constant A will play the role of a free parameter to be constrained by comparing the CMB power
spectrum produced by the model to the WMAP data. In the same way as for the background vector field, we shall
give the initial condition for the derivative of d.4gr by assuming a power-law behavior. This is justified because we
know that this is the type of evolution for the perturbations on super-Hubble scales, where the initial conditions are
given.

In Fig. Bland Fig. [3 we show the results obtained from the modified version of the CAMB code. The modifications
in both the CMB and matter power spectrum is originated thanks to the fact that, unlike in the cosmological
constant case, the electromagnetic dark energy model produces fluctuations that might modify the evolution of the
gravitational potential. In that figure, we can see that the small scales behavior is unaffected with respect to the
standard ACDM case. The reason for this is that the electromagnetic perturbations decay very rapidly once they
enter into the horizon as we have shown in the previous section so that only those electromagnetic modes whose scales
have become sub-Hubble very recently (corresponding to the low multipoles part of the spectrum) can contribute in
a non-negligible way to the metric perturbation evolution through Einstein equations. Moreover, since dark energy
density is negligible during decoupling, the contribution of electromagnetic perturbations to the ordinary Sachs-Wolfe
effect is also negligible. The main effect will appear in the late-time Integrated Sachs-Wolfe (ISW) effect as due
to the evolution of the metric perturbation. The analytical estimate of such an effect is difficult to obtain since it
requires to know the time evolution of the metric perturbation when the electromagnetic perturbations contribute in
a non-negligible way to the Einstein equations, so that the approximated solutions obtained in the previous section
are no longer valid. However, we can easily understand how the ISW effect will be modified by noticing that those
modes that have become sub-Hubble very recently can still have an appreciable amplitude and, therefore, modify the
late-time evolution of the gravitational potentials, which gives rise to a modification of the ISW, but only for low
redshift so that the early ISW remains unaffected. Moreover, if the corresponding mode crosses the horizon with a
too large amplitude, the modification in the gravitational potentials evolutions might be excessively large and, thus,
conflict with observations. This is the reason why on large scales we obtain some distinctive signatures for large
enough values of the primordial amplitude A. Notice that such signatures are more apparent in the matter power
spectrum. Instead of giving the constraints in terms of the parameter A we shall give the results in terms of the more
physical quantity d4 defined as:

6A = kb . (34)
3 As we have already commented, in a more realistic quasi-de-Sitter inflationary epoch, the power spectrum of the temporal component

becomes slightly red-tilted with a spectral index n 4, = O(e) with € the slow-roll parameter [28]. However, we shall neglect this small
spectral index in order to set the initial conditions, being its effect expected to be small.
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with Py, = %| dpi|? the power spectrum of the electromagnetic energy density perturbations. Hence, the magnitude
04 gives the amplitude of the energy density fluctuations of the electromagnetic field at a given scale k relative to
the homogeneous contribution. Since dpi and pa4, evolve in the same way on super-Hubble scales, the quantity d4
does not depend on time as long as the corresponding mode remains super-Hubble. Notice also that dp; contains
two types of contributions, namely: one proportional to the metric perturbation and other proportional to the
electromagnetic perturbation. Thus, in the case when the component proportional to the electromagnetic perturbation
becomes dominant, the quantity d4 becomes scale-invariant on super-Hubble scales because dp, o< § Agr and d.Agk
is proportional to k~3/2 due to the flatness of its primordial power spectrum. However, if the metric perturbation
contribution is dominant 4 will depend on the wave-number of the considered mode. In any case, the upper bound
that we shall obtain for 6 4 will show how large the primordial electromagnetic perturbations are allowed to be in order
to be compatible with CMB measurements. In particular, we obtain that §4 must satisfy the constraint 6451077 in
order not to be in conflict with the CMB quadrupole. In fact, the overall effect on the CMB power spectrum would
be that the higher value of d4 is, the more tilted the lower multipoles part of the spectrum becomes. In fact, since
the dpr modes decay rapidly once they reenter into the horizon (as we already commented above) the only important
effect appears for the quadrupole and, as a consequence, the bound on d4 is actually a bound on such a quantity at
the quadrupole scale.

On the other hand, the upper bound obtained for d4 can be linked to a variation of the Hubble parameter in a
quasi-de-Sitter inflationary epoch where the the Hubble parameter is not exactly constant but varies slightly. To show
such a link, we have to remind that the background energy density of the electromagnetic field is given by all the
modes whose scales are larger than the Hubble radius today, whereas the perturbations correspond to modes whose
scales are smaller than the present Hubble radius, as commented before. In other words, the background is given by
the modes that remain super-Hubble at the present epoch and the perturbations correspond to those modes which
have already entered into the horizon. In |28] we showed that the amplitude of the electromagnetic field fluctuations
(for the temporal component) at a scale k is given by Hj, with Hj the Hubble parameter at the time when the scale
k exits from the horizon. Now, let us notice that

04 ~

HEAgd Aok, N (Hk)3 (35)

H2A2 H;

where H; is the Hubble parameter at the beginning of inflation. Then, the constraint §,< 107 implies that the
Hubble parameter must have reduced (at least) by a factor ~ 200 since the beginning of inflation until the time
when the scale of the present Hubble radius (quadrupole scale) left the horizon, i.e., Hx,< Hy/200. Since the Hubble
parameter is proportional to the square of the inflation scale we also obtain that the scale of inflation must reduce
in a factor ~ 15. Notice also that this fact requires a red-tilted spectrum for inflation, i.e., the Hubble parameter
must decay throughout the inflationary epoch. Moreover, since . Aor ~ Hj (as we have already said) we have that
the fluctuations of the temporal component must satisfy:

0 Aok
0

< 5x 1073, (36)

Then, we conclude that the electromagnetic dark energy model is compatible with current CMB and LSS unless very
large electromagnetic initial perturbations are generated during inflation.

VI. DISCUSSION

In the quantization of the electromagnetic field, either in the covariant or in the path-integral formalism, one has
to introduce a gauge-fixing term in order to eliminate unphysical modes. The form of the gauge fixing term is unique
in the sense that it is the only one that does not require the introduction of additional scales in the action and leads
to linear equations of motion, although one may even consider nonlinear terms, in which case Faddeev-Popov ghosts
appear also in flat space-time quantum electrodynamics. It has been proposed that the familiar, linear gauge-fixing
term might have physical consequences in curved spacetime. One then promotes the gauge-fixing term into physical
term which is included in the fundamental theory and not introduced during the quantization procedure as usually. In
flat space, the usual predictions of electromagnetism are retained. However, a gravitational field may excite a scalar
degree of freedom of the electromagnetic field, which now is not a gauge mode but has physical consequences. A
remarkable result of this is that in the homogeneous and isotropic background the temporal component of the vector
A, assumes an evolution that conspires with the cosmological expansion to contribute as an effective cosmological
constant. This constant is of the order of magnitude required by the present cosmological data given that the field
was generated during inflation occurring at the electroweak scale.
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FIG. 2: In this figure we show the CMB power spectrum (left panel) and the matter power spectrum (right panel) for both the
electromagnetic dark energy model (dotted lines) and the standard ACDM model (solid lines). We have plotted several cases
with increasing values of the initial amplitude for the electromagnetic perturbations and we see that the only modifications
appear for large scales. In particular, the CMB quadrupole becomes excessive large, being incompatible with WMAP data
(green dots) for 64 > 1077 and the small k region of the matter power spectrum becomes very different from that of ACDM.

aid $+u

13}

12¢

11t

1.t

09

0.8

| | L 1+7 1 ‘ L L L 1+z
1 100 10* 10° 1 100 10* 10°

FIG. 3: In this figure we show the evolution of the gravitational potentials for small (k = 5.8 x 107® Mpc™') and large
(k= 1.1 x 1075 Mpc™') scales in the left and right panels respectively. We also show the evolution in a ACDM model (solid
blue lines) for comparison. As commented in the main text, the evolution for the small scales is exactly the same as in the
case of a cosmological constant. In the large scales case we see how the evolution can be very different for large enough initial
amplitudes of the electromagnetic perturbations. We plot the electromagnetic model in dotted (red) lines and we see that the
larger the electromagnetic perturbations are, the more distinctive the evolution of the gravitational potential is.

Such a term, being not covariantly constant but having internal dynamics, implies there will be fluctuations. We
analysed these fluctuations both analytically and numerically. At superhorizon scales, the perturbations tend to freeze
to constant value, while after entering horizon, they decay exhibiting oscillations. As the cosmological constant begins
to contribute more significantly to the energy density, the fluctuations of the field begin to affect the gravitational
potentials. Since this happens at recent times, the effects to the matter power spectrum is confined to large scales,
and to the CMB at small multipoles. However, depending on the initial amplitude of the perturbations, which in turn
depends on the details of inflation, these effects might be detectable. In terms of the parameter ([34) we find 54 <1077,
This implies that the amplitude of fluctuations generated for the electromagnetic field is < 5 x 1073. Moreover, this
fact predicts a reduction of the scale of inflation in a factor (at least) ~ 15 since the beginning of inflation until the
scale of the quadrupole crossed the horizon. Since the mode VA" behaves as a free test scalar field, see Eq.(3)), we
expect that it acquires the spectrum whose amplitude is given by the Hubble parameter just like that of the inflaton
field (with just a slightly different slope due to negligible backreaction).

This shows that the model can be perfectly viable, but even more interestingly, for some specific inflationary
scenarios there could be observable signatures from the model. Initial fluctuations of the order 21072 can already
be ruled out. In addition, if a coupling existed between the inflaton and the electromagnetic field, or if the temporal
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component of the latter contributed non-negligibly to the inflationary expansion, one would expect their spectra to
be correlated, which could yet lead to a new kind of signatures.
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APPENDIX: PERTURBATION EQUATIONS IN THE SYNCHRONOUS GAUGE

In this appendix we shall derive the equations of the perturbations and all the other expressions in the synchronous
gauge, for which the perturbed line element is:

ds* = a(7)? [dr® — (6ij + hij)da'da’ ] (37)

The scalar modes of the perturbation are usually expressed in terms of the scalar functions h and n defined by means
of [33):

s klk kzk 1 ik-Z
K = /d3k [T;?J hi(7) + ( o 56@) 6%(7)] e (38)
To go from one gauge to another we perform a coordinate transformation given by:
=t + ¢H (39)

As we are considering only scalar perturbations we can set (* = («, V). The relation between the scalar metric
perturbations in both gauges is as follows [33]:

1
Y = w[ k + 6y + H (R + 6my)] (40)
1
Pk = MK — ﬁ”( o+ 6m) (41)
with oy, = [, and
Bk = ! (hi + 6n%) (42)
S TER S
The transformation for the vector field A, and its energy-momentum tensor are given by d¢;A4, = —L¢A, and
0¢cTH, = —LTH, respectively. From these transformation laws we obtain for the vector field
5c Ao = —(ady) (43)
5§Ai = _81'CYAQ (44)
so that the perturbations d.4¢ and 6.4 in both gauges relate as:
SA™ = SAF™ + (ado) — 2HaAo
Aconf — Asyn —|—O[A0 (45)

These relations show that the combination 6.4y — A + 2HAp is gauge-invariant (in the sense of cosmological pertur-
bations).
On the other hand, for the energy-momentum tensor we obtain:

3 Th = —a Too,o (46)

6T = —aT, (47)
1 .

6T = — <T00 -3 T3j> e (48)

It is very interesting to note that, given that the background evolution of the vector field is the same as that of a
cosmological constant we have that both the unperturbed energy density and pressure are constant and they satisfy
p+p = 0 so that the energy momentum tensor remains invariant after the gauge transformation. In fact, this is
what one would expect from Stewart-Walker lemma [36]. Notice also that due to the gauge invariance of the energy
momentum tensor the results showed in Fig. [l are also valid for the synchronous gauge.

The perturbed equations for the vector field in the synchronous gauge are:

1
SAY, — AHS Ay, — 3k20 Ao, = —2k2 (20.A), — 5HOAL) — 3 [(hy — 4Hh}) Ao + hy Ap] (49)

SAY — AHS A, + (4H2 —oH — %1&) SA, =2 (%M@k — H5A0k> + %h;AO (50)
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and the perturbed energy-momentum components in the synchronous gauge are:

1
6T = 5 {2040 + Aohi) Af + 2k (=36 Aok + 3044 — 6HIAL) Ay + AG5 A}

) 1 i
0T’ = =3 {(20.A, + Aohl) Al + 2k [30 Aok — 384, + 6HSAR) Ag + Ay Ak} 67
5T = —&AO (1}, A + 26 Aly, + 2k25.44] (51)

Condition (25) remains the same in this case:

2Aok? ,
S(pr +pr) = — S (0 Aok — 0A;, + 2HIA) (52)

which is just a consequence of the aforementioned fact that the combination 6. 4¢9 — §. A" + 2HJ.A does not depend on
the gauge choice.
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