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Basically the only existing theories for the creation of a magnetic field (B) in the Universe are the
creation of a seed field,10220 G in spiral galaxy which is subsequently supposedly amplified up
the observed1026 1025 G by a dynamo process or a seed intergalactic field of,10212 10210 G
which is amplified by collapse and differential rotation. No satisfactory dynamo theory, howe
exists today. We show that a,1026 1025 G magnetic field in spiral galaxies is directly obtained
from a nonminimal gravitational-electromagnetic coupling, without the need of significant dyna
amplification. [S0031-9007(97)02296-5]
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As far as we know, cosmic magnetic fields pervade t
Universe. Nevertheless, we still do not know their origin
which has been pursued according to two basic possib
ties, namely, cosmological (i.e., primordial origin) [1] an
Biermann-type battery seed effects [2].

Several alternatives have been suggested to accoun
the cosmological origin of the seed magnetic field, amo
them are the following: (i) It could arise during cos
mological phase transitions which took place in the ear
Universe [3,4]. (ii) It could be generated during an ear
epoch of inflation in inflationary Universe models [5]
(iii) It could emerge in string cosmology from the am
plification of the electromagnetic vacuum fluctuations du
to a dynamical dilaton background [6]. In any case, how
ever, its strength is constrained by the abundances of
elements formed in big-bang nucleosynthesis [7]. Late
this seed field could possibly be amplified either through
dynamo mechanism from an initial strength of,10220 G
[1], or through protogalactic collapse and differential ro
tation from an initial strength of,10212 10210 G [8,9],
to the presently observed1026 1025 G [1].

The Biermann-type battery seed effect [2] is based
the fact that a magnetic field could be generated as lo
as electronic temperature and density gradients are
parallel, generally in a rotating medium. Harrison [10
suggested a pregalactic origin where a cosmic batte
could operate before the recombination epoch creating
weak field. This idea has not been pursued because
primordial vorticity required by this mechanism could no
be sustained in view of whirls decaying during cosm
expansion (see also [11–13] for a galactic origin o
the seed magnetic field in early stages of the gala
formation).

In the case of a dynamo process, it is generally assum
that the seed field,10220 G is subsequently amplified
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up to the observed1026 1025 G in a spiral galaxy,
i.e., an amplification of over 14 orders of magnitude
No satisfactory dynamo theory, however, exists today
Field [14] recently discussed the origin of magnetic
fields in spiral galaxies starting from a seed field which
is subsequently amplified by dynamo action. The firs
term of the dynamo equation for the increase of th
magnetic field describes the transformation of a poloida
magnetic field into a toroidal magnetic field; the second
term, the a term, describes the transformation of the
toroidal field back into a poloidal field; and the third
term, the b term, describes turbulent diffusion. Field
[14] indicates that the traditional values ofa and b

are a , 104 cm s21 and b , 1026 cm2 s21. However,
for a  a0 sinspxh21d (with h the height of the disk
and x the distance perpendicular to the disk) anda0 
2.1 3 104 and b > 1026, we have the growth rate less
than zero (i.e., no dynamo amplification). The dynamo
action is thus extremely sensitive to the exact value ofa

andb used. In general, turbulent velocities are assume
to determinea and b, rather than determininga and
b self-consistently (i.e., making sure that the deriveda

and b create the turbulent velocities assumed). Anothe
problem [15] is that it is assumed in dynamo theory tha
we have,1010 yr to amplify the seed field, but in high
redshift (z) systems there is evidence ofB , 1026 G,
requiring dynamo action possibly in,109 yr.

The other mechanism, distinct from the dynamo an
probably the most likely explanation for the galactic
magnetic field to date, is the amplification of a seed
field by anisotropic protogalactic collapse and differentia
rotation [8,9,16,17] (and references therein). In this cas
a seed field,10212 10210 G, frozen into the galactic gas,
is needed. In particular, for spiral galaxies the field has t
be also oblique to the rotation vector. Inflation is a good
© 1997 The American Physical Society 787



VOLUME 78, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 3 FEBRUARY 1997

g

-
n
)
i
i

a
i
n
n
i
r-
f

i
e
3
n
-
ta
z
-
a

o
-

n
e
e
n
n
s

th
m

s
ta

-

e
i

g
tt

r
3

ues
m
y,
he
,

ely.

rd
ar
nd
rs

he

ey
ion
its

u-
ro-
ing
hed

a-

cy
cy
ely

is

tial
de
n

e to

ark
e to

m
up

ctic

ss-

t
un-
nd
candidate to produce a seed field of this magnitude (e.
[5] and references therein).

We argue in favor of a protogalactic origin for the
,1026 G magnetic field which originates from the an
gular momentum of the protogalaxies through the no
minimal gravitational-electromagnetic coupling (NMC
between gravitational and electromagnetic fields. Grav
tational nonminimal coupling has long been considered
the literature [18–20]. In particular, a lot of work has
been done on the nonminimal coupling between gravit
tional and electromagnetic fields. It has been motivated
part, by the Schuster-Blackett (S-B) conjecture. This co
jecture, as Schuster [21] first stated at the turn of the ce
tury, says that the magnetic fields of planets and stars ar
only from their rotation. In other words, neutral mass cu
rents generate magnetic fields implying the existence o
NMC between gravitational and electromagnetic fields.

An early attempt to encompass the S-B conjecture
a gravitational theory was made by Pauli [22] in th
1930s. During the 1940s and 1950s, after Blackett [2
resuscitated the conjecture, many authors such as Ben
et al. [24], Papapetrou [25], and Luchak [26] also at
tempted to encompass the S-B conjecture in a gravi
tional theory. Later in the eighties, Barut and Gornit
[27] tried to accomplish this objective as well. The ma
jority of these works were based on the five—dimension
Kaluza-Klein formalism. This formalism was used in
order to describe a unified theory of gravitation and electr
magnetism with NMC in such a way that the S-B conjec
ture would be obtained. More recently, De Sabbata a
Gasperini [28] proposed a theory where the relation b
tween neutral mass currents and magnetic fields are du
the initial conditions of the Universe, provided that torsio
is introduced according to the Einstein-Cartan theory, a
the large-number hypothesis of Dirac is assumed. We
son [29] and De Sabbata and Gasperini [30], based on
relation between magnetic fields and angular momentu
as implicated by the S-B conjecture, argued that there i
possible connection between atomic physics and gravi
tional physics.

Nonminimal gravitational-electromagnetic coupling in
dicates the relation between the angular momentumL and
the magnetic dipole momentm

m 

"
b

p
G

2c

#
L . (1)

where b is a constant,G is the Newtonian constant of
gravitation, andc is the speed of light. It is important
to mention that the relation (1) is speculative and th
observational and experimental evidence that exists on
behalf is still not conclusive.

The observational and experimental effort supportin
the S-B conjecture includes the early work of Blacke
[23], Wilson [31], and Swann and Longacre [32]. More
recently, the observational evidence of the S-B conjectu
is based on the works of Sirag and Woodward. Sirag [3
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compared the predictions of Eq. (1) to the observed val
of the ratio of magnetic moment to angular momentu
for the Earth, Sun, the star 78 Vir, the Moon, Mercur
Venus, Jupiter, Saturn, and the neutron star Her X-1. T
minimum data forb for these objects was 0.12, 0.02
0.02, 0.11, 0.37, 0.04, 0.03, 0.03, and 0.07, respectiv
Excluding the star 78 Vir, the maximum data forb was
0.77 for the planet Mercury (see also [34,35]). Woodwa
[36] examined the S-B conjecture in the context of puls
gyromagnetic ratios, for short-period pulsars. He fou
that (1)b is not the same for all pulsars, (2) young pulsa
evolve with their individual value ofb, constant for a
discernible period of time, and (3)b lies in the range
0.001 to 0.01. In the present paper we suggest thatb for
galaxies is in the range of 0.01 to 0.1, consistent with t
data of Sirag [33] and Woodward [36].

We apply the relation (1) to protogalaxies just after th
acquired angular momentum. In order to use this relat
for a protogalaxy, we have to discuss the origin of
angular momentum.

At the present moment, it is believed that the ang
lar momentum of galaxies was acquired during the p
togalaxy stage through the tidal torques by neighbor
protogalaxies [37–39]. The best results are accomplis
through N-body simulations [39–42]. In the simulation
the angular momentum is written in terms of the spin p
rameter [41]

l 
v

vsup


LjEj1y2

GM5y2
, (2)

that is, the ratio between the actual angular frequen
v of the system and the hypothetical angular frequen
vsupneeded to support the system against gravity pur
by rotation. HerejEj . GM2R21 is the binding energy
of the system, whereR is the radius andM is the total
mass of the protogalaxy. From simulations [42] it
obtained that the median value ofl (lmed , 0.05) for
collapsed objects is insensitive to the shape of the ini
power spectrum of density fluctuations or the magnitu
of its initial overdensity. Spiral galaxies indicate a
observed value of the spin parameterl0 , 0.5 [41]. It is
necessary thus to reconcile the angular momentum du
tidal torqueslmed , 0.05 with the observed value. It is
accomplished considering the existence of a halo of d
matter so that the increase of the spin parameter is du
the increase of the binding energyE in Eq. (2) because
of the collapse [41]. In this process angular momentu
remains constant; i.e., the angular momentum acquired
to the time protogalaxies became far apart (protogala
decoupling time) is conserved.

We assume that the protogalaxy had a total massM ,
1013MØ corresponding to a large spiral galaxy posse
ing a halo of dark matter,10 times the mass of the
luminous matterML , 1012MØ. We also assume tha
the angular momentum of a protogalaxy increased,
til the protogalaxies became sufficiently far apart a
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TABLE I. Density frszddg, radiusfRszddg, magnetic fieldfBNMCszddg, angular momentumfLszddg, magnetic momentfmszdg at the
decoupling redshiftszdd, and the present magnetic fieldB0sRL, zdd at a radiusRL . 10 kpc . 3.1 3 102 cm for a protogalaxy of
total massM , 1013MØ.

zd rszdd Rszdd BNMCszdd Lszdd mszd B0sRL, zdd
fg cm23g [cm] [G] fg cm2 s21g ferg G21g [G]

100 1.1 3 10223 7.6 3 1022 4.0 3 1029 4.0 3 1075 1.7 3 1061 5.8 3 1027

10 1.4 3 10226 7.0 3 1023 1.5 3 10211 1.2 3 1076 5.2 3 1061 1.8 3 1026

5 2.3 3 10227 1.3 3 1024 3.4 3 10212 1.6 3 1076 7.0 3 1061 2.4 3 1026

2 2.8 3 10228 2.5 3 1024 6.0 3 10213 2.3 3 1076 10.0 3 1061 3.4 3 1026

0.5 3.6 3 10229 5.1 3 1024 1.0 3 10213 3.3 3 1076 1.4 3 1062 4.8 3 1026

,0 1.0 3 10229 7.6 3 1024 3.8 3 10214 4.0 3 1078 1.7 3 1062 5.9 3 1026
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decoupled from the other protogalaxies, preserving the
angular momentum,L , acquired from the tidal interac-
tion with the other protogalaxies. We do not know when
protogalaxies decoupled; we thus consider the decoupli
redshiftszd  100, 10, 5, 2, 0.5, and,0. We assume
that up to the time of protogalaxy decoupling the mea
density of the protogalaxy was roughly that of the Uni
verserszd  s1 1 zd3r0, wherer0 is the present matter
density of the Universe (r0 , 1.057 3 10229 g cm23 with
H0  75 km s21 Mpc21). The radius of the protogalaxy
Rszd is then Rszd  fs3y4pdMrszd21g1y3. The angular
momentumLszd acquired by a protogalaxy is

Lszd > 2
5 lmedfGM3Rszdg1y2. (3)

As noted above, we assume thatLszd in (3) and
consequentlymszd in (1) are conserved after the de-
coupling redshiftzd. The magnetic field in the vicinity
of the protogalaxy is obtained approximately throug
the relation BNMCszd > mszdRszd23. Assuming that
the magnetic field of the magnetic dipole is frozen
into the plasma part of the galaxy which collapse
to a present radiusRL . 10 kpc . 3.1 3 1022 cm,
we obtain a present magnetic field at the radiusRL,
B0sRL, zdd > BNMCszddfRszddyRLg3. Assuming a proto-
galaxy total massM , 1013MØ, we present in Table I, at
the decoupling redshiftzd , the density of the protogalaxy,
rszdd (,ambient density), the radius of the protogalaxy
Rszdd, the magnetic fieldBNMCszdd takingR , Rszdd, the
angular momentumLszdd, the magnetic dipole moment
mszdd, and the present magnetic fieldB0sRL, zdd. We
have to take into account an additional amplification du
to the differential rotation which ranges from 10 to 100.

In Table I we use forb in Eq. (1) b  0.1. We
also take into account an additional amplification due t
differential rotation of order 10. Hence, we obtain for a
decoupling redshiftzd & 10 the present magnetic field

B0sRL, zdd , 1026 1025 G . (4)

As noted above, we suggest a value forb for galaxies
0.01 to 0.1, which is consistent with the observational da
of Sirag [33] and Woodward [36]. Forb equals 0.01 with
an amplification due to differential rotation of 100, we
obtain the same values ofB0sRL, zdd as given in relation
(4). We note that for a value ofb on the order of unity or
ir

g

a

greater than unity, the field predicted by NMC mechanism
becomes inconsistent with the observations.

We assume that this poloidal field (4) is transformed
into a toroidal field by the differential rotation of the spiral
galaxy. However, it is possible that a large scale dynam
has influenced only the geometry more than the streng
of magnetic fields [1], so transforming poloidal fields into
toroidal fields. Nonetheless, we note from (4) that no
appreciable dynamo action is necessary to explain th
presently observed magnetic field strength for decouplin
redshiftszd & 10.

For a galaxy of total mass less than1013MØ we would
have a smaller magnetic field. We note from Table I tha
we have an estimate for the intergalactic magnetic fiel
(the field between protogalaxies) forzd & 2, BNMCszdd ,
1014 10212 G. This is consistent with our knowledge of
the intergalactic magnetic field [1].

The above discussion was for the origin of magneti
fields in spiral galaxies. We assume that the origin o
magnetic fields in other types of galaxies is due to th
merger of spiral galaxies or the diffusion of the magnetic
field out of spiral galaxies.
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