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The electromagnetic coupling and the dark side of the Universe
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Abstract

We examine the properties of dark energy and dark matter through the study of the variation of the electromagnetic coupling. For concreteness,
we consider the unification model of dark energy and dark matter, the generalized Chaplygin gas model (GCG), characterized by the equation of
state p = − A

ρα , where p is the pressure, ρ is the energy density and A and α are positive constants. The coupling of electromagnetism with the
GCG’s scalar field can give rise to such a variation. We compare our results with experimental data, and find that the degeneracy on parameters α

and As , As ≡ A/ρ1+α
ch0 , is considerable.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that, if four-dimensional physics arises from
higher-dimensional theories, then the presumably fundamental
constants of the four-dimensional theory are actually time de-
pendent. It is therefore particularly relevant to search for these
variations and for possible correlations with striking features of
the Universe evolution. Characterization of these correlations
may, in turn, provide relevant hints on the nature of the main
constituents of the Universe, namely dark matter and dark en-
ergy.

Evidence suggesting that, for instance, the proton–electron
mass ratio has varied has been recently reported [1]. This arises
from comparison of the absorption spectra of H2 in the labora-
tory with that of two clouds of H2 about 12 × 109 light years
away. Furthermore, the observation of the spectra of quasars
(QSOs) seems to indicate a time-dependent fine structure para-
meter [2–4]. Such observations lead to, for 0.2 < z < 3.7 [2],
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(1)
�αem

αem
= (−0.54 ± 0.12) × 10−5,

at 4,7σ .
More recent observations suggest, however, that for 0.4 <

z < 2.3 [3,4],

(2)
�αem

αem
= (−0.06 ± 0.06) × 10−5,

at 3σ .
The Oklo natural reactor also provides a bound on the vari-

ation of the electromagnetic coupling, at 95% CL, for z = 0.14
[5–7]

(3)−0.9 × 10−7 <
�αem

αem
< 1.2 × 10−7.

Estimates of the age of iron meteorites, corresponding to z =
0.45, combined with a measurement of the Os/Re ratio resulting
from the radioactive decay 187Re → 187Os, yields [8,10,11]:

(4)
�αem

αem
= (−8 ± 8) × 10−7,

at 1σ , and

(5)−24 × 10−7 <
�αem

αem
< 8 × 10−7,

at 2σ .

http://www.elsevier.com/locate/physletb
mailto:bento@sirius.ist.utl.pt
mailto:orfeu@cosmos.ist.utl.pt
mailto:paulo.torres@ist.utl.pt
http://dx.doi.org/10.1016/j.physletb.2007.02.066


M.C. Bento et al. / Physics Letters B 648 (2007) 14–18 15
Observations of the hyperfine frequencies of the 133Cs and
87Rb atoms in their electronic ground state, using several laser
cooled atomic fountain clocks, gives, at present (z = 0):

(6)

∣∣∣∣ α̇em

αem

∣∣∣∣ < 4.2 × 10−15 yr−1,

where the dot represents differentiation with respect to cosmic
time. Stricter bounds arise from the measurement of the 1s–2s

transition of the atomic hydrogen and comparison with a pre-
vious measurement with respect to the ground state hyperfine
splitting in 133Cs and combination with the drift of an optical
transition frequency in 199Hg+, which yields:

(7)
α̇em

αem
= (−0.9 ± 4.2) × 10−15 yr−1.

As already pointed out, a spacetime dependence on the fine
structure parameter arises naturally in higher-dimensional fun-
damental theories, as shown in several theoretical investiga-
tions [12]. It is therefore relevant to deepen the experimental
observations and search for realistic models that allow for such
variation.

Recent observations clearly indicate that the Universe is un-
dergoing a period of accelerated expansion [13], which suggests
that it is dominated by a form of energy density with negative
pressure usually referred to as dark energy. The most obvious
candidate to explain this accelerated expansion is an uncanceled
cosmological constant [14]. This is, of course, problematic as it
involves a serious fine-tuning difficulty. Other possible expla-
nations include quintessence-type models [15] with one [16] or
two [17] scalar fields, k-essence [18] and exotic equations of
state like in the case of the Chaplygin gas and its generalized
version [19,20].

In this context, it is relevant to question whether these two
observational facts are related. This issue has already been ad-
dressed in the context of quintessence models [21], N = 4
supergravity models [22], Dirac–Born–Infeld inspired models
[23] and a Lorentz violating model to generate primordial mag-
netic fields [24].

Given that scalar fields are a common feature in most of
the above mentioned approaches, one considers the coupling
of such a scalar field to electromagnetism and hence a variation
of the fine structure parameter, αem, can arise [25]. The bounds
expressed in Eqs. (1)–(5) allow one to place constraints on the
coupling.

For sure, the Standard Model of particle physics does not
fix the coupling between the scalar field and electromagnetism,
hence it is relevant to analyze some realistic alternatives. In par-
ticular, we consider the generalized Chaplygin gas (GCG) since
it is a promising possibility from the phenomenological point of
view [26–32].

This Letter is organized as follows: In Section 2 we review
the GCG model and study the coupling with electromagnetism.
In Section 3 we use experimental data to constrain the model.
We present our conclusions in Section 4.
2. Description of the Chaplygin gas model

The GCG model considers an exotic perfect fluid described
by the equation of state [19]

(8)p = − A

ρα
ch

,

where A is a positive constant and α is a constant in the
range 0 � α � 1. The covariant conservation of the energy–
momentum tensor for a homogeneous and isotropic spacetime
implies that in terms of the scale factor, a:

(9)ρch =
[
A + B

a3(1+α)

] 1
1+α

.

2.1. Real scalar field

Following Ref. [28], we describe the GCG through a real
scalar field. We start with the Lagrangian density

(10)L= 1

2
φ̇2 − V (φ),

where the potential, for a flat Universe, has the form [28]

(11)V = V0e
3(α−1)φ

[
cosh

2
α+1

(
mφ

2

)
+ cosh− 2α

α+1

(
mφ

2

)]
,

where V0 is a constant, the field φ is expressed in some suit-
able mass unit so that the arguments of the cosh function are
dimensionaless, and m = 3(α + 1).

For the energy density of the field we have

(12)ρφ = 1

2
φ̇2 + V (φ) =

[
A + B

a3(1+α)

] 1
1+α = ρch.

Using Eq. (8), we can write the pressure as follows

(13)pφ = 1

2
φ̇2 − V (φ) = − A[

A + B

a3(1+α)

] α
1+α

,

and then

(14)φ̇2 = B

a3(1+α)
[
A + B

a3(1+α)

] α
1+α

,

which, after integration, yields in terms of the redshift, once one
assumes that at present, a0 = 1:

(15)φ(z) = 1

3(1 + α)
ln

[√
As

1−As
(1 + z)−3(1+α) + 1 − 1√

As

1−As
(1 + z)−3(1+α) + 1 + 1

]
.

It is easy to show that, at present

(16)φ0 = 1

3(1 + α)
ln

(
1 − √

1 − As

1 + √
1 − As

)
.
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2.2. Coupling with electromagnetism

We consider now the interaction between the scalar and the
electromagnetic field following a proposal by Bekenstein [25]

(17)Lem = 1

16π
f (φ)FμνF

μν,

where f is an arbitrary function. Given that observational
bounds indicate that the variation of the electromagnetic cou-
pling is fairly small, we expand this function up to first order

(18)f (φ) = 1

αem0

[
1 + ξ(φ − φ0)

]
,

where ξ is a constant. It follows that fine structure parameter,
αem, is given by

(19)αem = [
f (φ)

]−1 = αem0
[
1 − ξ(φ − φ0)

]
,

and hence, for its variation, we obtain

(20)
�αem

αem
= ξ(φ − φ0).

The rate of variation of α at present is given by

(21)
α̇em

αem
= −ξ

dφ

dy
H0,

where y ≡ 1 + z and H0 = 100 h km s−1 Mpc−1 is the Hubble
constant.

We should take in account the equivalence principle experi-
ments, which implies [9]

(22)ξ � 7 × 10−4,

where ξ gives, at first order, the coupling between the scalar and
electromagnetic fields.

3. Results

We choose the Hubble constant, h = 0.71, and adjust the
coupling parameter, ξ , for different values of α and As in order
to satisfy the bounds on the evolution of αem.

Considering the set of parameters As and α, with 0.7 �
As < 1 and for ξ � 10−5, we find consistency with both me-
teorite and atomic clocks bounds. However, the model does not
fit QSO and Oklo data with this set of parameters. We have to
take ξ � 10−6 to obtain consistency with all bounds considered
here. In this case, however, the degeneracy on both parame-
ters, α and As , is considerable, that is, any values in the range
0 � α � 1 and 0 < As < 1 are consistent with data. Figs. 1–4
summarize our results for ξ = 10−6 and As = 0.8, for several
values of α in the range 0 � α � 1.

4. Discussion and conclusions

In this work, we have investigated the implications of the
coupling to electromagnetism of a scalar field model that de-
scribes in an unified fashion dark energy and dark matter,
the GCG model. The experimental bounds provided for such
variation, namely QSOs, Oklo’s natural reactor, meteorite and
Fig. 1. Evolution of �αem
αem

for ξ = 10−6, α = 0,0.2,0.4,0.6,0.8,1 (top to bot-
tom). The lines overlap because of the degeneracy on α (see Fig. 5). The box
corresponds to QSO bounds of Refs. [3,4] and [2] (top to bottom).

Fig. 2. As for Fig. 1. The box and the redshifts correspond to Oklo bounds.

Fig. 3. As for Fig. 1. The box and the redshifts correspond to Meteorites bounds.

Fig. 4. As for Fig. 1. The box and the redshifts correspond to the bounds pro-
vided by atomic clocks (α = 0,0.2,0.4,0.6,0.8,1; bottom to top).

atomic clocks, were used to constrain the model. We find that
the model is consistent with QSO, Oklo, meteorite and atomic
clocks bounds simultaneously for ξ � 10−6, for any value of
the GCG’s parameters α and As in the ranges 0 � α � 1 and
0 < As < 1, respectively. Moreover, in order to be consis-
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Fig. 5. As for Figs. 1–4, but without the experimental bounds.
tent with the data, ξ must be about three orders of magnitude
smaller than the upper bound implied by the equivalence prin-
ciple (cf. Eq. (22)). This small values for ξ indicate that the
first order expansion (cf. Eq. (18)) is a quite good approxima-
tion, meaning that the functional form of function f (φ) does
not affect our conclusions. As a final comment, it is interest-
ing to point out that a coupling like the one of Eq. (17) can be
used, in an inflationary set up, for generating primordial mag-
netic fields provided function f (φ) changes abruptly during the
process [24]. This is, for instance, the case of the model dis-
cussed in Ref. [33], where f (φ) is an exponentially decaying
function.
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