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Basically the only existing theories for the creation of a magnetic fiB)dirf the Universe are the
creation of a seed fiele-1072° G in spiral galaxy which is subsequently supposedly amplified up to
the observedl0®—1073 G by a dynamo process or a seed intergalactic field~aH~'2—1071° G
which is amplified by collapse and differential rotation. No satisfactory dynamo theory, however,
exists today. We show that &107°~107> G magnetic field in spiral galaxies is directly obtained
from a nonminimal gravitational-electromagnetic coupling, without the need of significant dynamo
amplification. [S0031-9007(97)02296-5]

PACS numbers: 98.62.En, 04.50.+h

As far as we know, cosmic magnetic fields pervade thaip to the observed 0 %-1073 G in a spiral galaxy,
Universe. Nevertheless, we still do not know their origin,i.e., an amplification of over 14 orders of magnitude.
which has been pursued according to two basic possibiliNo satisfactory dynamo theory, however, exists today.
ties, namely, cosmological (i.e., primordial origin) [1] and Field [14] recently discussed the origin of magnetic
Biermann-type battery seed effects [2]. fields in spiral galaxies starting from a seed field which

Several alternatives have been suggested to account fizr subsequently amplified by dynamo action. The first
the cosmological origin of the seed magnetic field, amonderm of the dynamo equation for the increase of the
them are the following: (i) It could arise during cos- magnetic field describes the transformation of a poloidal
mological phase transitions which took place in the earlynagnetic field into a toroidal magnetic field; the second
Universe [3,4]. (ii) It could be generated during an earlyterm, the « term, describes the transformation of the
epoch of inflation in inflationary Universe models [5]. toroidal field back into a poloidal field; and the third
(i) 1t could emerge in string cosmology from the am- term, the 8 term, describes turbulent diffusion. Field
plification of the electromagnetic vacuum fluctuations dud14] indicates that the traditional values af and B
to a dynamical dilaton background [6]. In any case, how-are @ ~ 10*cms™' and 8 ~ 10*° cn?s™!'. However,
ever, its strength is constrained by the abundances of ter « = agsin(wxh~!) (with h the height of the disk
elements formed in big-bang nucleosynthesis [7]. Laterand x the distance perpendicular to the disk) asgl=
this seed field could possibly be amplified either through 2.1 X 10* and 8 = 10%, we have the growth rate less
dynamo mechanism from an initial strength-e1072° G than zero (i.e., no dynamo amplification). The dynamo
[1], or through protogalactic collapse and differential ro-action is thus extremely sensitive to the exact valuex of
tation from an initial strength of~10"'2-107'G [8,9], and 8 used. In general, turbulent velocities are assumed
to the presently observed ¢-107> G [1]. to determinea and B, rather than determininge and

The Biermann-type battery seed effect [2] is based orB self-consistently (i.e., making sure that the derived
the fact that a magnetic field could be generated as longnd 8 create the turbulent velocities assumed). Another
as electronic temperature and density gradients are nptoblem [15] is that it is assumed in dynamo theory that
parallel, generally in a rotating medium. Harrison [10]we have~10'° yr to amplify the seed field, but in high
suggested a pregalactic origin where a cosmic battergedshift ¢) systems there is evidence & ~ 107° G,
could operate before the recombination epoch creating eequiring dynamo action possibly in10° yr.
weak field. This idea has not been pursued because the The other mechanism, distinct from the dynamo and
primordial vorticity required by this mechanism could not probably the most likely explanation for the galactic
be sustained in view of whirls decaying during cosmicmagnetic field to date, is the amplification of a seed
expansion (see also [11-13] for a galactic origin offield by anisotropic protogalactic collapse and differential
the seed magnetic field in early stages of the galaxyotation [8,9,16,17] (and references therein). In this case,
formation). a seed field~10"12-1071° G, frozen into the galactic gas,

In the case of a dynamo process, it is generally assumead needed. In particular, for spiral galaxies the field has to
that the seed field~10"2° G is subsequently amplified be also oblique to the rotation vector. Inflation is a good
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candidate to produce a seed field of this magnitude (e.gcompared the predictions of Eq. (1) to the observed values
[5] and references therein). of the ratio of magnetic moment to angular momentum
We argue in favor of a protogalactic origin for the for the Earth, Sun, the star 78 Vir, the Moon, Mercury,
~107% G magnetic field which originates from the an- Venus, Jupiter, Saturn, and the neutron star Her X-1. The
gular momentum of the protogalaxies through the nonminimum data forB for these objects was 0.12, 0.02,
minimal gravitational-electromagnetic coupling (NMC) 0.02, 0.11, 0.37, 0.04, 0.03, 0.03, and 0.07, respectively.
between gravitational and electromagnetic fields. GraviExcluding the star 78 Vir, the maximum data fBrwas
tational nonminimal coupling has long been considered .77 for the planet Mercury (see also [34,35]). Woodward
the literature [18—20]. In particular, a lot of work has [36] examined the S-B conjecture in the context of pulsar
been done on the nonminimal coupling between gravitagyromagnetic ratios, for short-period pulsars. He found
tional and electromagnetic fields. It has been motivated ithat (1) 8 is not the same for all pulsars, (2) young pulsars
part, by the Schuster-Blackett (S-B) conjecture. This conevolve with their individual value of3, constant for a
jecture, as Schuster [21] first stated at the turn of the cerdiscernible period of time, and (33 lies in the range
tury, says that the magnetic fields of planets and stars ari€e001 to 0.01. In the present paper we suggest ghfxir
only from their rotation. In other words, neutral mass cur-galaxies is in the range of 0.01 to 0.1, consistent with the
rents generate magnetic fields implying the existence of data of Sirag [33] and Woodward [36].
NMC between gravitational and electromagnetic fields. We apply the relation (1) to protogalaxies just after they
An early attempt to encompass the S-B conjecture iracquired angular momentum. In order to use this relation
a gravitational theory was made by Pauli [22] in thefor a protogalaxy, we have to discuss the origin of its
1930s. During the 1940s and 1950s, after Blackett [23angular momentum.
resuscitated the conjecture, many authors such as BennettAt the present moment, it is believed that the angu-
et al.[24], Papapetrou [25], and Luchak [26] also at-lar momentum of galaxies was acquired during the pro-
tempted to encompass the S-B conjecture in a gravitadogalaxy stage through the tidal torques by neighboring
tional theory. Later in the eighties, Barut and Gornitzprotogalaxies [37—39]. The best results are accomplished
[27] tried to accomplish this objective as well. The ma-through N-body simulations [39—42]. In the simulation
jority of these works were based on the five—dimensionathe angular momentum is written in terms of the spin pa-
Kaluza-Klein formalism. This formalism was used in rameter [41]

order to describe a unified theory of gravitation and electro- o LIE|!/
magnetism with NMC in such a way that the S-B conjec- A= = 577 (2)
ture would be obtained. More recently, De Sabbata and @sup GM

Gasperini [28] proposed a theory where the relation bethat is, the ratio between the actual angular frequency
tween neutral mass currents and magnetic fields are due to of the system and the hypothetical angular frequency
the initial conditions of the Universe, provided that torsionw,,,needed to support the system against gravity purely
is introduced according to the Einstein-Cartan theory, antby rotation. HergE| = GM?R ™! is the binding energy
the large-number hypothesis of Dirac is assumed. Wessf the system, wher® is the radius andM is the total
son [29] and De Sabbata and Gasperini [30], based on theass of the protogalaxy. From simulations [42] it is
relation between magnetic fields and angular momenturobtained that the median value af (A,.q ~ 0.05) for
as implicated by the S-B conjecture, argued that there is eollapsed objects is insensitive to the shape of the initial
possible connection between atomic physics and gravitggower spectrum of density fluctuations or the magnitude
tional physics. of its initial overdensity. Spiral galaxies indicate an
Nonminimal gravitational-electromagnetic coupling in- observed value of the spin parametgr~ 0.5 [41]. Itis
dicates the relation between the angular momenrtuamd necessary thus to reconcile the angular momentum due to

the magnetic dipole moment tidal torquesA,.q ~ 0.05 with the observed value. It is
JC accomplished considering the existence of a halo of dark
m = [ -— ]L (1) matter so that the increase of the spin parameter is due to

2c the increase of the binding ener@yin Eq. (2) because

where 8 is a constantG is the Newtonian constant of of the collapse [41]. In this process angular momentum
gravitation, andc is the speed of light. It is important remains constant; i.e., the angular momentum acquired up
to mention that the relation (1) is speculative and theto the time protogalaxies became far apart (protogalactic
observational and experimental evidence that exists on itdecoupling time) is conserved.
behalf is still not conclusive. We assume that the protogalaxy had a total nidss

The observational and experimental effort supportingl0'3*M, corresponding to a large spiral galaxy possess-
the S-B conjecture includes the early work of Blacketting a halo of dark matter~10 times the mass of the
[23], Wilson [31], and Swann and Longacre [32]. More luminous matterM; ~ 10'2M,. We also assume that
recently, the observational evidence of the S-B conjecturéhe angular momentum of a protogalaxy increased, un-
is based on the works of Sirag and Woodward. Sirag [33}il the protogalaxies became sufficiently far apart and
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TABLE I.
decoupling redshiftz,), and the present magnetic fiel}(R; ,z,) at a radiusk,
total massM ~ 10"°M,.

Density [ p(z4)], radius[R(z,)], magnetic field Bxvc (z4)], angular momenturfi(z,)], magnetic momeritn(z)] at the
10 kpc = 3.1 X 10? cm for a protogalaxy of

24 p(za) R(zq) Bawc(za) L(zy4) m(z) Bo(Rv, 24)
[g cm 3] [cm] [C] [genrs™'] [erg G''] [C]
100 1.1 X 1072 7.6 X 10?2 4.0 X 107° 4.0 X 107 1.7 X 10°! 5.8 X 1077
10 1.4 X 10726 7.0 X 10% 1.5 x 107! 1.2 X 107 5.2 X 10% 1.8 X 107°
5 23 X 107 1.3 X 10 34 X 10712 1.6 X 107 7.0 X 10% 2.4 X 107
2 2.8 X 10728 2.5 X 10 6.0 X 10713 2.3 X 107 10.0 X 10% 34 X 107
0.5 3.6 X 1072 5.1 X 10 1.0 X 10713 3.3 X 107¢ 1.4 X 1092 4.8 X 107°
~0 1.0 X 1072 7.6 X 10 38 x 10714 4.0 X 1078 1.7 X 1092 59 X 107°

decoupled from the other protogalaxies, preserving theigreater than unity, the field predicted by NMC mechanism
angular momentuml., acquired from the tidal interac- becomes inconsistent with the observations.

tion with the other protogalaxies. We do not know when We assume that this poloidal field (4) is transformed
protogalaxies decoupled; we thus consider the decouplinigto a toroidal field by the differential rotation of the spiral
redshiftsz; = 100, 10, 5, 2, 0.5, and~0. We assume galaxy. However, it is possible that a large scale dynamo
that up to the time of protogalaxy decoupling the mearhas influenced only the geometry more than the strength
density of the protogalaxy was roughly that of the Uni-of magnetic fields [1], so transforming poloidal fields into
versep(z) = (1 + z)po, wherep is the present matter toroidal fields. Nonetheless, we note from (4) that no
density of the Universeyy, ~ 1.057 X 1072 gcm 3 with  appreciable dynamo action is necessary to explain the
Hy =75kms ! Mpc™!). The radius of the protogalaxy presently observed magnetic field strength for decoupling

R(z) is thenR(z) = [(3/4m)Mp(z)~']"/3. The angular
momentumL(z) acquired by a protogalaxy is

L(z) = FAneaGMPR(2)]V2. 3)

As noted above, we assume thafz) in (3) and
consequentlym(z) in (1) are conserved after the de-
coupling redshiftz;,. The magnetic field in the vicinity
of the protogalaxy is obtained approximately through
the relation Byyc(z) = m(z)R(z) .  Assuming that
the magnetic field of the magnetic dipole is frozen

into the plasma part of the galaxy which collapses

to a present radiusR; = 10 kpc = 3.1 X 10*2 cm,
we obtain a present magnetic field at the radRis,
Bo(RL, z4) = Bamc(za)[R(zq)/RLT’. Assuming a proto-
galaxy total mas3/ ~ 10'3*M,, we present in Table |, at
the decoupling redshiti;, the density of the protogalaxy,
p(z4) (—ambient density), the radius of the protogalaxy
R(z4), the magnetic field#nyc(z4) takingR ~ R(zy), the
angular momentuni(z,), the magnetic dipole moment
m(z4), and the present magnetic fieRh(Ry,zs). We

redshiftsz, < 10.

For a galaxy of total mass less tha®'*M, we would
have a smaller magnetic field. We note from Table | that
we have an estimate for the intergalactic magnetic field
(the field between protogalaxies) far < 2, Bnmc(z4) ~
10"-10"'2 G. This is consistent with our knowledge of
the intergalactic magnetic field [1].

The above discussion was for the origin of magnetic
fields in spiral galaxies. We assume that the origin of
magnetic fields in other types of galaxies is due to the
merger of spiral galaxies or the diffusion of the magnetic
field out of spiral galaxies.
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have to take into account an additional amplification due

to the differential rotation which ranges from 10 to 100.
In Table | we use forg in Eq. (1) 8 =0.1. We

also take into account an additional amplification due to

differential rotation of order 10. Hence, we obtain for a
decoupling redshift; < 10 the present magnetic field

Bo(R1,z4) ~ 107°-107° G. (4)
As noted above, we suggest a value iffor galaxies

0.01 to 0.1, which is consistent with the observational data

of Sirag [33] and Woodward [36]. Fg8 equals 0.01 with
an amplification due to differential rotation of 100, we
obtain the same values 8)(R., z;) as given in relation
(4). We note that for a value @& on the order of unity or

*Electronic address: Opher@vax.iagusp.usp.br
"Electronic address: Wichoski@het.brown.edu

[1] P.P. Kronberg, Rep. Prog. Phy&r, 325 (1994).

[2] L. Biermann, Z. Naturforsch. /&, 65 (1950).

[3] T. Vachaspati, Phys. Lett. B65 258 (1991); B. Cheng
and A. Olinto, Phys. Rev. B0, 2421 (1994); A. P. Martin
and A. C. Davies, Phys. Lett. B60, 71 (1995).

[4] T.W.B. Kibble and A. Vilenkin, Phys. Rev. 32, 679
(1995).

[5] B. Ratra, Astrophys. J. LetB91, L1 (1992); M. S. Turner
and L. M. Widrow, Phys. Rev. [37, 2743 (1988).

[6] M. Gasperini, M. Giovannini, and G. Veneziano, Phys.
Rev. Lett.75, 3796 (1995).

789



VOLUME 78, NUMBER 5 PHYSICAL REVIEW LETTERS 3 EBRUARY 1997

[7] B. Cheng, A. Olinto, D.N. Schramm, and J.W. Truran, [23] P.M.S. Blackett, Nature (London}l59 658 (1947);

Phys. Rev. D64, 4714 (1996). Philos. Trans. R. Soc. London 245 309 (1952).
[8] J.H. Piddington, Aust. J. Phy&3, 731 (1970). [24] J.G. Bennettet al., Proc. R. Soc. London Al98 39
[9] R.M. Kulsrud, in Galactic and Intergalactic Magnetic (1949).

Fields, Proceedings of the 140th Symposium of thd25] A. Papapetrou, Philos. Magl, 399 (1950).
International Astronomical Union, Heidelberg, F.R.G., [26] G. Luchak, Can. J. Phy&9, 470 (1952).
1989, edited by R. Beclet al., (Kluwer, Dordrecht, 1990), [27] A.O. Barut and T. Gornitz, Found. Phyk5, 433 (1985).

p. 527. [28] V. De Sabbata and M. Gasperini, Lett. Nuovo Cimento

[10] E.R. Harrison, Mon. Not. R. Astron. S&47, 279 (1970). 27, 133 (1980).

[11] A. Lazarian, Astron. Astrophy®64, 326 (1992). [29] P.S. Wesson, Phys. Rev.Z3, 1730 (1981).

[12] R.E. Pudritz and J. Silk, Astrophys. 342 650 (1989). [30] V. De Sabbata and M. Gasperini, Lett. Nuovo Cimento

[13] S.K. Chakrabarti, Mon. Not. R. Astron. So252 246 38, 93 (1983).
(1991). [31] H.A. Wilson, Proc. R. Soc. London A04, 451 (1923).

[14] G. Field, inProceedings of the International Congress of [32] W.F.G. Swann and A. Longacre, J. Franklin In206,
Plasma Physics, Foz de Igoa, 1994,(AIP, New York, 421 (1928).
1995). [33] S.-P. Sirag, Nature (Londor278 535 (1979).

[15] R. Opher, inProceedings of the International Congress of [34] D.V. Ahluwalia and T.-Y. Wu, Lett. Nuovo Ciment23,
Plasma Physics, Foz de Igoa, 1994 ,Ref. [14]. 406 (1978).

[16] J.H. PiddingtonCosmic Electrodynamic&rieger, Mal-  [35] J. W. Warwick, Phys. Earth Planet. Intd.229 (1971).
abar, 1981), 2nd ed. [36] J.F. Woodward, Found. Phy%9, 1345 (1989).

[17] R.M. Kulsrud, in Plasma Astrophysics (ESA Sp-251) [37] F. Hoyle, inProblems of Cosmical Aerodynami@Sentral
(European Space Agency, Paris, 1986), p. 531. Air Documents Office, Ohio, 1949), p. 195.

[18] P.G. Bergmann, Int. J. Theor. Phys.25 (1968). [38] P.J.E. Peebles, Astrophys.1h5 393 (1969).

[19] H.F.M. Goenner, Found. Phy%4, 865 (1984). [39] S.D.M. White, Astrophys. 286, 38 (1984).

[20] M. Novello and L. A.R. Oliveira, Rev. Bras. Fid7, 432  [40] G. Efstathiou and B.J. T. Jones, Mon. Not. R. Astron. Soc.
(1987). 186, 133 (1979).

[21] A. Schuster, Proc. R. Instd3, 273 (1890-1892).; Proc. [41] T. PadmanabhanStructure Formation in the Universe
Phys. Soc. Londo®4, 121 (1912) (Cambridge University Press, Cambridge, 1993).

[22] W. Pauli, Ann. Phys. (Leipzig)8, 305 (1933). [42] J. Barnes and G. Efstathiou, Astrophys319, 575 (1987).

790



