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We investigate the generation of galactic magnetic fields in a specific pre-big bang scenario
of string cosmology, including dynamical moduli and Kaluza-Klein abelian gauge bosons. We
assume that the onset of the radiation era is determined by the energy stored in the amplified
quantum-vacuum fluctuations. We find values of the effective temperature and the gauge
coupling (at the beginning of the standard radiation phase) which are compatible with the
production of magnetic fields strong enough to seed the galactic dynamo.

1

Introduction

Current observations show that magnetic fields are present throughout the Universe: in galaxy
disks and halos and in clusters of galaxies 1 . They should play an important role in many
astrophysical processes, such as the propagation of cosmic rays and the formation of stars. The
Milky way and many spiral galaxies are endowed with a coherent magnetic field B of the order
of 1 0-6 Gauss (G) on scales l ;:::, lO kpc. It is common to relate the energy density stored in
magnetic fields, ps, to the energy density in the cosmic microwave background, P- p introducing
the quantity r = PB/P, .
Until now the astrophysical mechanism responsible for the origin o f the galactic magnetic
fields has not been completely understood. Essentially there are two schools of thought. Some
astrophysicists believe that strong primordial magnetic fields (B � 10-6 G) could have been
produced in the pregalactic era and remained trapped in the gas that subsequently collapsed
forming the galaxy 2, while other astrophysicists support the scenario in which galactic magnetic
fields are generated through a galactic dynamo mechanism3 , i.e. a weak seed field is exponentially
amplified by the turbulent motion of the ionized gas which follows the differential rotation of
the galaxy. In this case B '.:o'. e'Y1 Bseed · Supposing that the e-folding time is at most on the order
of the rotation period of the galaxy and that the dynamo has operated for the entire age of
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the galaxy, we get Bseed � 10- 19 G on the scale of several kiloparsec (r � 10-34 on megaparsec
scale).
An interesting possibility arises if the magnetic seeds were truly primordial. In fact in this
case cosmic magnetic fields could provide direct information about the very early universe. In
the literature there have been different attempts to explain the origin of the seeds, including early
time cosmological phase transitions, superconducting cosmic strings and inflationary models 4 .
However, in standard inflation it is not possible to amplify quantum-vacuum electromagnetic
fluctuations because the Robertson-Walker spacetime is conformally flat and the coupling be
tween the photons and the gravitational field is conformally invariant. Hence, it is necessary to
appeal to non-minimal couplings or to break the conformal invariance at the quantum level 4 •
2

Non-minimal couplings in string theory

String theory predicts naturally a non-minimal coupling between the electromagnetic field (Fµ,,)
and the gravitational background (gµ,,)· The low-energy effective action of (heterotic) super
string theory is
(1)
where µ, v = 0, . . . 3, .>.., is the string-length parameter and cp is the effective four dimensional
dilaton field which determines the gauge coupling g, i.e. g2 = e"'. In the cosmological scenario
of pre-big bang the dilaton is time-dependent at very early time. It undergoes an accelerated
evolution from the perturbatlve vacuum of string theory to the strong coupling regime 5 and
it is then responsible for the ainplification of the electromagnetic fluctuations 6• 7 (as well as
perturbations of different kind, see e.g. 8• 9 and references therein) .
For the particular pre-big bang scenario in which the dilaton-inflationary phase is followed
by a "string" phase (Hubble parameter H = const 1 , cp = const2 x t and internal moduli frozen)
Gasperini et al. 7 investigated under which conditions it is possible to produce primordial mag
netic fields coherent on scales on the order of the megaparsec and strong enough to seed the
galactic dynamo. The success of the mechanism requires that a long "string" phase is present
and the coupling g at the time of exit of the galactic scale is very small.
In Ref. 9 we considered a different string cosmology scenario, we allowed the internal dimen
sions to be time-dependent (at least in the pre-big bang inflationary phase) and we derived the
electromagnetic spectrum for both the heterotic gauge fields (Fµv) and the Kaluza-Klein abelian
gauge fields Vµ,,a and Wµva , originated in a generic compactification. The effective action is, in
this case, reff = r�ff + r;ff, with 9

where we have chosen an internal diagonal metric Yab = e2"• Oab with a, b = 4, . . . , 9.
We restrict ourselves to the following pre-big bang scenario. The Universe starts its evolution
from a very weakly-coupled and cold state and evolves through an inflationary phase driven by
the kinetic energy of the dilaton 5 (¢ > 0, iI > 0). We then suppose 9 that at conformal time
1Jd the higher order ai corrections of the effective action r.ff, provide by themselves (without
appealing to loop corrections) the transition from the perturbative inflationary phase to another
duality-related vacuum phase (in particular, the Hubble parameter H has a bounce around its
maximal value H, :::: .>..:;- 1 ). The standard radiation-dominated era starts at time 7Jl when the
energy stored in the quantum fluctuations becomes critical.
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3

Amplification of quantum-vacuum electromagnetic fluctuations

We investigate electromagnetic fluctuations around a homogeneous background and we expand
all the gauge fields around zero values. In the radiation gauge, we get

C�

Ai e-'1'12 , cia = via e -'P/2+u. , cf.i,a W1 e-"'12-u.
Introducing the canonical variables
(which are of the general form Cx = (field) x iix , where iix is generally called the "pump" field)
we obtain the following simple equation in Fourier space
=

=

u (1/) =
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(4)

Solving Eq. (4) in the three phases: inflationary pre-big bang, dual-dilaton and radiation ones,
imposing the continuity of the perturbed fields and their first derivative at the transitions and
considering normalized modes with positive frequency at very early time, we get the mean
number of amplified gauge fields (nx)· The fluctuations that exit in the inflationary phase and
reenter in the radiation-dominated era, i.e.
« Ji, fd, with d "' 1/(11/dlao), Ji "' l /( 11/1 l ao) ,
are the relevant ones for the production of magnetic fields on scales of megaparsec 9• The
electromagnetic spectrum for these perturbations is found to be
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We use ns to denote the spectral slope {it varies in the range 1 - 4), while '"Yx is defined by
the relation iix = (1//1/d)'Yx in the inflationary epoch 9• The spectrum depends on the two free
parameters of the model: the duration of the intermediate dual-dilaton phase Zd = a(1J1 )/a(1Jd)
and the power, in the cosmological time t, of the scale factor during the inflationary era a(t) "'
( -t) 5 . Note t hat, due to the dynamics of the internal dimensions, -1/../3 < 8 < 0 9 .

4 Allowed parameter space of the model
We study the range of the free parameters (8 and ( = Log10 zd) for which galactic magnetic
seeds are produced and the bounds they impose at the beginning of the radiation era. As stated
previously, we suppose that the transition from the dual dilaton phase to the standard-radiation
dominated one occurs at time 1/1 when the energy density in the quantum fluctuations becomes
critical. [Actually, in our model 9 this is caused by the axionic perturbations, whose spectral
slope is negative in the high frequencies range.] The critical density is given by

2 871"

H = 3 GN Pcr 1

3 H2
Pcr = 2 � ·
9
s

J

(6)

Note that from the classical equations of motion we have cp = 3H - 3H2 + 2,\� e"' Pqf, hence
when the energy density Pqf becomes critical cp(1J1) = 0. That is the dilaton field will stop.
We further assume that the effective temperature of the Universe at the onset of the radiation
era is given by the energy density of the quantum fluctuations, notably Teff oc (Pqf(1]1))114. In
conclusion, the condition Pqr (1J1 ) = Pcr (1Ji) fixes the physical parameters 9 1 and Teff in terms of
( and 8.
Our results are summarized in Fig. 1. The plot on the l.h.s describes the region of allowed
parameter ( and 8 in which the amplified magnetic fields, associated with the Kaluza-Klein
photons Vµ , are strong enough to seed the galactic dynamo. The plot on the r.h.s shows the
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Figure 1: On the l.h.s the parameter-space plot for the Kaluza-Klein photons Vµ when only a single internal
dimension is considered. The magnetic seeds refer to a scale of several kiloparsec. The region in gray is excluded
by the axionic fluctuations 8. On. the r.h.s the spectra for all the fields when Zd = 108 , Ii = -0.1, Teff = 4 - 10 12 GeV
and g1 = 2 - 10- 3 .

spectrum r (j) for all the "photons" present in the model and for a particular choice of the free
parameters. The indices 1 and 6 correspond to two extreme cases for the internal dimensions,
the most anisotropic (only a single internal dimension) and the most isotropic one, respectively.

5 Conclusions
We have shown that string cosmology provides in a natural way the amplification of electromag
netic fluctuations through non-minimal couplings involving the dilaton and/or moduli fields.
There is a region of parameter space that allows the productions of galactic magnetic seeds in
the range Bseed � 10-13 - 10-17 G on kiloparsec scales. Within the particular model analyzed, it
is not possible to get simultaneously, at the beginning of the standard radiation-dominated era,
a value of the gauge coupling very near the present one together with an effective temperature
much below the string scale.
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