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New mechanism for the generation of primordial seeds for the cosmic magnetic fields
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~Received 10 July 2000; published 31 January 2001!

We discuss the inflationary production of magnetic seeds for the galactic dynamo through photon-
graviphoton mixing, typical of extended models of local supersymmetry. An analysis of the allowed region in
parameter space shows that such a mechanism is compatible with existing phenomelogical bounds on the
vector mass and mixing parameter, but requires a large enough mixing that seems difficult to implement
naturally in the context of a minimal supersymmetric scenario.
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The parametric amplification of the vacuum fluctuatio
@1#, induced by inflation, is one of the most appeali
mechanisms@2# for the spontaneous generation of the larg
scale magnetic fields required to seed the galactic dynam
the galactic magnetic field itself@3#. Unfortunately, the mini-
mal coupling of photons to a four-dimensional geometry
conformally invariant: in that case, the electromagnetic fl
tuations are unaffected by the time evolution of a conf
mally flat metric ~typical of the inflationary scenario! and
then, in particular, cannot be amplified.

Up to now, known attempts to generate large enou
magnetic seeds from the vacuum try to break conformal
variance either at the classical level, through somead hoc
nonminimal coupling of photons to the background curvat
@2#, or at the quantum level, though the so-called ‘‘tra
anomaly’’ @4# ~or even through a spontaneous breaking
Lorentz invariance@5#!. Alternatively, it is possible to ex-
ploit the nonminimal coupling of photons to a scalar fie
the inflaton@6# or the dilaton@7#, which cannot be eliminated
by a conformal rescaling of the metric, and which plays
role of the external ‘‘pump field’’ amplifying the electro
magnetic fluctuations. The coupling to a dynamical dilat
in particular, is naturally provided by superstring theory, a
may act efficiently in the context of the pre-big-bang sc
nario @7#.

The physical origin of the conformal invariance, whic
prevents the inflationary amplification of minimally couple
electromagnetic fluctuations, is the unbroken gauge sym
try of the Maxwell action, leading to massless photons. E
if massless, however, the photon fieldAm could be non-
trivially mixed with the massive vector componentVm of the
gravitational supermultiplet—the so-called ‘‘graviphoton’’—
according to the effective action

S5E d4x

8p
A2g S 2

1

2
FmnFmn2

1

2
GmnGmn

1aFmnGmn1m2VmVmD , ~1!

where Fmn52] [mAn] , Gmn52] [mVn] . Such a gauge-
invariant mixing, parametrized by the dimensionless coe
cient a (uau,1 to avoid unphysical states in the mass sp
trum!, is indeed required by local supersymmetry inN52
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extended models for the graviphoton@8#, and may also arise
naturally in the context of higher-dimensional gauge inter
tions @11#. The above action also describes, formally, t
effective mixing of photons and paraphotons@13#, and is
phenomenologically equivalent to a particular case of
two-photon electrodynamics earlier studied by Okun@14#.

The mass of theVm field breaks the conformal invarianc
of the action and makes possible, in principle, the inflatio
ary amplification of vector fluctuations. We note, for futu
reference, that in the context of supersymmetric models
vector massm is typically of the order of the gravitino mas
@8#, and thus expected to be fixed by supersymmetry~SUSY!
breaking mechanisms at the natural scale@9# m;1 TeV ~see
however@10# for the compatibility of smaller masses wit
realistic models of supersymmetry breaking!. In the context
of higher-dimensional models, on the contrary, the vec
mass can be much lighter@12#, so as to match the~phenom-
enologically interesting! macroscopic range 1 m to 1 km,
provided new supersmall mass scales are introduced@11#.
Also, in supersymmetric models the mixing with the phot
is expected to be strongly suppressed by the fundame
~quark or lepton! mass scaleM expressed in Planck units@8#,
so that one obtains, typically, a very small mixing parame
a;M /M p;10220. The mixing can be much larger, how
ever, in a higher-dimensional context@11#, if the vector mass
is fixed ~for instance! around the weak interaction scale.

Quite irrespective of the physical~supersymmetric and/o
higher-dimensional! origin of the mixing, and of the particu
lar mechanism of mass generation for the graviphoton,
aim of this Brief Report is to discuss whether, for pheno
enologically allowed values ofa and m, the fluctuations of
the massive vector can be efficiently amplified~because of
the mass! by inflation, and efficiently converted~through the
mixing! into electromagnetic fluctuations, strong enough
seed the cosmic magnetic fields observed on~inter!galactic
scale. It should be recalled, to this purpose, that if we id
tify Vm with the so-called ‘‘fifth-force’’ vector boson@15#,
coupled to baryon number, then the strength of the mixing
significantly constrained by geomagnetic data and by Cav
dish’s tests of Coulomb’s law in the geophysical mass ra
@16# and by pion and kaon decays in the nuclear mass ra
@17#. Independently from the possible sources ofVm , the
mixing is also constrained by the induced photo
graviphoton oscillations in a dielectric@18# and by changes
©2001 The American Physical Society01-1
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of electromagnetic polarization due to a possible anoma
magnetic moment of the massive vector@19#.

In order to discuss the cosmological amplification of t
vacuum fluctuations, in a conformally flat metricgmn , it is
convenient to use the conformal timeh by setting gmn

5a2(h)hmn and to impose the gauge conditions]mAm50
5]mVm. The action~1! then becomes, after integration b
parts,

S5E d3xdh

8p
@AmhAm1VmhVm22aAmhVm

1m2a2~h!VmVm#, ~2!

where the vector indices are now raised and lowered with
Minkowski metric hmn , and h[]h

22¹2 is the flat-space
D’Alembertian in the conformal time gauge. In this gaug
the coupling to the background geometry only survives in
mass term, through the scale factora(h).

The above action describes the vector mixing of a n
orthogonal combination of the two mass eigensta
cm ,fm , coupled to a time-dependent external field,a(h).
By setting

S Am

VmD 5S 1 a

0 1D S cm

fmD ~3!

the action takes indeed the diagonal form

S5E d3xdh

8p Fcmhcm1~12a2!fmS h1
m2a2

12a2DfmG ,
~4!

and leads to the evolution equations

~ck
m!91k2ck

m50, ~5!

~fk
m!91S k21

m2a2

12a2Dfk
m50. ~6!

Here the prime denotes differentiation with respect toh, and
we have expanded the fields into Fourier modes,¹2ck
52k2ck . Given an initial vacuum fluctuation spectrum
dck

m , dfk
m , the massless fluctuations evolve freely, un

fected by the background geometry, and only the mas
components, with effective massm̄5m/A12a2, are ampli-
fied. After the amplification we can thus setdck

m50, and the
spectrum of the electromagnetic fluctuations, induced by
mixing of Eq.~3!, turns out to be proportional to the massi
vector spectrum,dAk

m5adfk
m . The spectral energy dens

ties,r(k)5dr/dlnk, are quadratic in the fields, and are th
related by

rA~k!5a2rf~k!5a2rV~k!. ~7!

For a first, indicative estimate of the possibility of se
production we shall now compute the massive vector sp
trum rf(k), following the standard methods of cosmologic
perturbation theory@20# and assuming a ‘‘minimal’’ mode
04730
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of cosmological evolution in which the standard radiati
era, starting ath5h1, is preceeded in time by a phase
exponentially expanding, de Sitter–like inflation@there is no
need of considering also the transition to the matt
dominated epoch since, for our purposes, it will be enough
evaluate the spectrum at the intergalactic scalek/a;(1
Mpc)21;10214 Hz, which re-enters the horizon before th
matter-radiation equilibrium#. Thus we set a(h)
52(H1h)21 for h!h1 and a;h for h@h1. Our final
electromagnetic spectrum will be characterized by three
parameters: the graviphoton massm, the mixing coefficient
a, and the inflation scaleH1.

In the initial inflationary phase, Eq.~6!, for each physical
polarization modesfk , in our case reduces to

fk91S k21
m̄2

H1
2h2D fk50, m̄5

m

A12a2
, ~8!

and the solution, normalized ath→2` to a vacuum fluc-
tuation spectrum@20#, can be written in terms of the secon
kind Hankel functions@21# as

fk~h!5uhu1/2Hn
(2)~ ukhu!, n5

1

2 S 124
m̄2

H1
2D 1/2

, h,h1 .

~9!

We are interested in modes which are non-relativistick

,m̄a) already at the transition epochh1, since for higher
modes the mass term can be neglected in Eq.~6!, and there is
no significant amplification throughout the whole inflatio
ary epoch. Such modes are defined by the conditionk

,kM , where kM5m̄a15(m̄/H1)k1, and k15uhu21 is the
limiting mode crossing the horizon just ath5h1. We shall
assume that the graviphoton mass is much smaller than
inflation scale~we have in mind, typically,m̄.m;1 TeV!,
so thatkM /k15(m̄/H1)!1.

In the subsequent radiation era the mass termma(h)
grows linearly in conformal time, and then dominates alwa
better the evolution equation for all non-relativistic mod
k,kM . For such modes we can thus approximate Eq.~6!, in
the radiation era, by

fk91b2h2fk50, b5m̄H1a1
2 , k,kM , ~10!

and the general solution can be written in terms of the H
kel functions as

fk~h!5h1/2Fc1~k!H1/4
(2)S bh2

2 D1c2~k!H1/4
(1)S bh2

2 D G ,
k,kM , h.h1 . ~11!

Here c6(k) are the so-called Bogoliubov coefficients@20#,
determining the spectral number distribution of the pair
vector particles produced from the vacuum. They can
computed by matching the two solutions~9! and ~11! and
their first derivative ath5h1. Such a matching can be easi
1-2
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performed by exploiting the small argument limit of the Ha
kel functions ~since ukh1u,kM /k15m̄/H15bh1

2!1), and
leads to

uc2~k!u.uc1~k!u.S k

k1
D 2nS H1

m̄
D 1/4

, k,kM ~12!

~here and throughout we will neglect numerical factors
order unity, as we are primarly interested in an order
magnitude estimate of seed production!. We may note that
uc6(k)u@1, signaling the effective entry of non-relativist
modes into the parametric amplification regime.

The spectral energy distribution of the non-relativis
vector fluctuations, amplified by inflation, can now be co
veniently expressed in terms of the proper wave numbep
5k/a, and referred to the total critical energy densityrc

53M P
2H2/8p (M P is the Planck mass! as

Vf~p,t ![
p

rc

drf

dp
.

m̄p3uc2~p!u2

M P
2H2

.S H1

M P
D 2S m̄

H1
D 1/2S H1

H D 2S a1

a D 3S p

p1
D 2

,

p,pM , ~13!

where we have setn51/2 from Eq.~9!, working in the as-
sumptionm̄/H1!1. Here pM5(m̄/H1)p1, and p15k1 /a1
5H1a1 /a is the proper momentum scale crossing the ho
zon at the end of inflation@today p1(t0).(H1 /M P)1/2

31011 Hz#. During the matter-dominated era, the abo
spectrum keeps frozen at the value reached at the tim
equilibrium,Vf(t0)5Vf(teq). On the other hand, using th
kinematics of the radiation era, (H1 /Heq)

2(a1 /aeq)
3

5(H1 /Heq)
1/2. The final energy spectrum of the electroma

netic fluctuations, obtained from the vacuum through
photon-graviphoton mixing, can be finally estimated fro
Eqs.~7! and ~13! as follows:

VA~p,t0!.a2S H1

M P
D 2S m̄

Heq
D 1/2S p

p1
D 2

, p,pM . ~14!

As anticipated, it only depends on the three parametersa, m
andH1 (Heq;10255M P is the known value of the curvatur
scale at the equilibrium epoch!.

In order to seed the galactic dynamo@2# we must now
require that the above electromagnetic spectrum extend
frequency to include at least the intergalactic scalePG(t0)
5(1 Mpc)21.10214 Hz, namely

pM5p1~m̄/H1!*pG . ~15!

In addition, the fractionr of seed energy density stored in th
modepG , relative to the cosmic microwave background r
diation ~CMBR! energy density,VCMB , at the epoch of gal-
axy formation, whenagal;1022a0, must satisfy the~conser-
vative! condition @2#
04730
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r 5VA~pG ,tgal!/VCMB~ tgal!*10234, ~16!

in order that the produced magnetic fields may be la
enough to seed the galactic dynamo. Finally, the gravipho
mass cannot be arbitrarily large, as the perturbation sp
trum, integrated over all modes, has to be at least sma
than one to avoid overcritical density and to avoid a unive
overdominated by the fluctuations of a massive no
relativistic vector. This requires

E
0

pM
dlnVf~p,t0!&1, ~17!

whereVf5VA /a2.
An explicit computation shows that the lower bound onm

from Eq.~15! is always weaker than from Eq.~16!, provided
we limit ourselves to ‘‘realistic’’ values of the inflation scale
H1&1021M P . Assuming that this is indeed the case, we a
left with the conditions~16! and~17! which, by referring the
mass to the physically interesting TeV scale, can be writ
explicitly as

10211
~12a2!1/2

a4 S M P

H1
D 2

&S m

1TeVD&1053~12a2!1/2.

~18!

The above bounds are illustrated in Fig. 1 for three differ
values of the inflation scale. The allowed region lies bel
the curve of critical density and above the lines of seed m
netic energy. The allowed windows close completely
loga&23.5 and, in the limita→1, for H1&1028M P . The
standard inflation scaleH1;1025M P is not excluded, but
the allowed region is larger for higher scales.

We may note, to this purpose, that de Sitter inflation a
nearly Planckian scale is not necessarily ruled out by gra
ton production, provided it is preceeded by a phase of su

FIG. 1. Allowed region for the inflationary production of mag
netic seeds, in the parameter space of the photon-graviphoton
ing. The allowed region is below the bold curve~critical density!,
above and to the right of the thin lines~seed magnetic energy
plotted for differentH1), and above the 200 MeV dashed line@de-
termined by the anomalous contribution to the (g22)/2 ratio of the
muon, by the Lamb shift, and by other particle physics effects
shown in the picture#.
1-3
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BRIEF REPORTS PHYSICAL REVIEW D 63 047301
inflationary expansion@22#. In addition, the presence of suc
a superinflationary phase leaves unchanged the constr
obtained with our previous analysis, if the de Sitter epoch
long enough to amplify the galactic scalepG , which is the
relevant scale in the context of seed production. This m
occur even forH1;0.1M P without clashing with oberva-
tional data@23,24#, provided—as can be easily checked u
ing the results of@22#—pG(0.1M P /m̄)*1027 Hz, i.e. pro-
vided (m/1 TeV)&108(12a2)1/2, which is always
automatically satisfied because of Eq.~18!.

The vector masses allowed by the cosmological bou
~18! thus range from 105 TeV for a!1, to the keV scale for
a;1 andH1→0.1M P @smaller masses are not forbidden
Eq. ~18!, but would require a fine-tuning ofa to 1#. It be-
comes crucial, at this point, to include in the discussion
existing experimental bounds on the mixing parametera, for
such a range of masses.

Known bounds, at present, are mainly referred to a gra
photon interpretation ofVm as the ‘‘fifth-force’’ vector,
coupled to baryon number with gravitational strength. In t
case, the mixing is constrained on a macroscopic scale
geo-electric and geo-magnetic data@16#, leading to the con-
dition (m/1 TeV)*10218a(12a2)21/2, which is weaker,
however, than the lower bound of Eq.~18! ~except in the
limit a→1, where it forbids arbitrarily small values of th
vector mass!. A much stronger bound ona would follow
@16# from Cavendish’s tests of Coulomb’s law@25#, but it
only applies when the graviphoton interaction is active o
macroscopic range (l*1 cm, i.e.m&1024 eV!, and then
outside the mass range of Fig. 1.

From 1024 eV to 280 MeV there are, however, importa
,

v

04730
nts
is

y

-

s

ll

i-

t
by

a

bounds on the mixing obtained from nuclear physics@17#. In
particular,a&1026 for m51.8 MeV ~from beam-dump ex-
periments!, a&1024 for m<1 MeV ~from the Lamb shift in
hydrogen atoms!, a&1023 up to m5100 MeV, and a
&1022.5 for m5200 MeV ~from the anomalous magneti
moment of the muon!. According to these bounds, all mass
smaller than 200 MeV are associated with a mixing para
etera too small to be compatible with the constraints~18!,
and are thus to be excluded from the allowed region of
rameter space~see Fig. 1, where we have only reported t
most significant bounds!.

Summing up the above results, we may conclude that
mixing of the photon with a massive vector, gravitationa
coupled to matter, can provide, in principle, an efficie
mechanism for the inflationary generation of magnetic se
for the galactic dynamo. A first estimate of the allowed r
gion in parameter space shows that such a mechanism
be effective for a quite large mass window, 200 MeV to 15

TeV. Higher inflation scales~typical, for instance, of string
cosmology@7#! seem to be favored, but also the standa
inflation scaleH1;1025M P is not excluded. The allowed
mass window, in particular, is well compatible with all co
servative theoretical estimates. The required mixing para
eter, on the contrary, is constrained by the severe bo
loga*23.5, which is hardly compatible with the most nat
ral expectations based on extended supersymmetric mo
but not excluded in the context of higher-dimensional un
cation schemes.

It is a pleasure to thank Massimo Giovannini and Gabri
Veneziano for helpful discussions.
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