arXiv:astro-ph/0101261 16 Jan 2001

Estimate of the primordial magnetic field helicity

Tanmay Vachaspati Department of Astronomy and Astrophysics, Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400005, India and Department of Physics, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106-7079, USA.

Electroweak baryogenesis proceeds via changes in the non-Abelian Chern-Simons number. It is argued that these changes generate the helicity of a primordial magnetic field. The average helicity density of the primordial magnetic field is then estimated to be given by ¸ 10^2nb where nb ¸ 10�^6 /cm^3 is the present cosmological baryon number density.

The helicity of a primordial magnetic field is of crucial importance in determining its subsequent evolution and in assessing whether the observed magnetic fields can be generated by amplification of the seed field by a galactic dynamo [1]. The average helicity density of a magnetic field, B, in a chosen volume V is defined as: H = 1 V ∫ V d^3xA · B (1)

where B = ∇ × A.

The connection between the helicity of primordial magnetic fields and baryon number is arrived at by considering the process of electroweak baryogenesis. The genesis of baryons requires changes in the Chern-Simons number CS = N_F 32π^2 ∫ d^3x[−g^2W^a_{μν}W̃^{aμν} + g^{′2}Y_{μν}Ỹ^{μν} ]. (2)

where, N_F is the number of particle families, W^{μa}, Y^μ are the SU(2) and U(1) hypercharge gauge fields, g and g^′ are SU(2) and U(1) gauge couplings, and W̃ aμν ≡ (1/2)ϵμνλσW a_{λσ} (likewise Ỹ μν ). Changes in CS are achieved via the production and dissipation of nonperturbative field configurations such as the electroweak sphaleron [2,3], or linked loops of electroweak string [4,5] (for a review of electroweak strings see [6]), or other equivalent configurations. In the cosmological setting, it is believed that such configurations would be produced in the false vacuum phase due to the detailed dynamics of the electroweak phase transition, and would then decay in the true vacuum phase. Once they decay, the baryon number so produced cannot be washed out by the subsequent production and dissipation of more sphalerons or equivalent configurations.

A feature of the baryon number producing intermediary field configurations is that they carry fluxes of non- Abelian magnetic fields that are twisted or linked. The simplest configuration to analyse is that of two linked electroweak strings (Fig. 1). Here the loops carry Zmagnetic flux and the Z magnetic lines are linked with each other.

Now consider the decay of the linked Z-string configuration. One path to decay is by the breaking of the loops of string. This occurs by the creation of monopoleantimonopole pairs. The segments of string then collapse. If the loops are very large, the whole process would be embedded in the highly conductive cosmological plasma in which the electromagnetic magnetic fields are frozen-in. Then the electromagnetic magnetic (B) field lines remain linked and the final helicity of the B field is related to that of the original Z-strings.

FIG. 1. In the first figure, a pair of linked loops of Z-string are shown. They decay by the nucleation of monopole-antimonopole pairs (black circles in the middle figure) which get pulled apart by the strings. Magnetic field (B) lines (grey curves) run between the monopole and antimonopole. The whole system is embedded in a perfectly conducting plasma in which the B field lines are frozen-in. Finally the strings have decayed, leaving behind a B field configuration with helicity.

Other decay channels of the strings seem possible. For example, the loops could collapse before the strings break. It is not clear if a B field is produced in this case and if it is produced, whether it carries the original helicity of the Z field. For an order of magnitude estimation of the helicity, however, it is sufficient for us to assume that the decay channel described above is not exceedingly improbable^∗.

�_{Numerical simulations of the closely related semilocal}

An electroweak sphaleron may also be interpreted as a segment of string terminating on a monopole and an antimonopole [4,8–10]. The helicity is non-vanishing because the Z-string has a twist. The sphaleron is unstable to the untwisting of the monopole with respect to the antimonopole. This will transfer helicity to the B field lines going from the monopole to the antimonopole as the sphaleron decays.

We have argued above for the helicity of B fields in the case of large loops by using the frozen-in condition. However, if we relax the frozen-in condition – as would be relevant for small loops – the evolution of magnetic field helicity is governed by the vacuum Maxwell’s equations. In Ref. [11] it was shown that the asymptotic helicity in this case is half that of the initial helicity. That is, the helicity is reduced by a factor of 1/2, but is still of the same order of magnitude.

Having established a connection between the genesis of baryons and the helicity of magnetic fields, it is straightforward to relate one to the other. The de-linking process shown in Fig. 1 leads to a change in the baryon number by N_F cos(2θ_w ), where θ_w is the weak mixing angle (see [4,5]). The B field flux of an electroweak monopole is Φ_A = (4π/e) sin^2 θ_w, where e is the electromagnetic coupling (see [12,6]). The helicity of the final configuration in Fig. 1 is 2Φ^2_A. Hence, every baryon that is produced, causes a change in electromagnetic helicity

ΔH = 2 ( 4π e )_2 sin^4(θ_w) N_F cos(2θ_w )

∼ 100 (3)

where we have used sin^2 θ_w = 0.23, N_F = 3 and 4π/e^2 = 137. Note that changes in baryon number are related to changes in helicity. We further assume that the initial helicity density is negligible and this allows us to estimate the final helicity by ΔH. However, this calculation can only lead to an order of magnitude estimate at best, since there are uncertainties in the evolution of sphaleron-like configurations as well as the applicability of the frozen-in condition. The observed number density of baryons is ∼ 10^{−6}/cm^3 [13]. Therefore the average helicity of the primordial magnetic field is estimated to be ∼ 10^{−4}/cm^3. Magnetic helicity is also conserved during subsequent cosmological evolution in a conducting plasma. Since the B field is frozen-in, the helicity density will track the baryonic density. Hence the helicity of the galactic magnetic field can be estimated to be ∼ 10^2n_{b,gal} ∼ 10/cm^3.

strings do show finite segments of strings that evolve by the motion of the monopoles at the ends [7].

ACKNOWLEDGMENTS

This work was supported by the DoE.

[1] “Magnetic Fields in Astrophysics”, Ya.B. Zeldovich, A.A.

Ruzmaikin and D.D. Sokoloff, Gordon and Breach, New York (1983).

[2] N. S. Manton, Phys. Rev. D28, 2019 (1983). [3] F.R. Klinkhamer and N.S. Manton, Phys. Rev. D30, 2212 (1984).

[4] T. Vachaspati and G.B. Field, Phys. Rev. Lett. 73, 373 (1994); 74, Errata (1995).

[5] J. Garriga and T. Vachaspati, Nucl. Phys. B438, 161 (1995).

[6] A. Achũcarro and T. Vachaspati, Phys. Rep. 327, 347 (2000).

[7] A. Achũcarro, J. Borrill and A.R. Liddle, Phys. Rev.

Lett. 82, 3742 (1999).

[8] M. Hindmarsh and M. James, Phys. Rev. D49, 6109 (1994).

[9] T. Vachaspati in the proceedings of the NATO workshop on “Electroweak Physics and the Early Universe”, eds. J.C. Romão and F. Friere, Series B: Physics Vol. 338, Plenum Press, New York (1994).

[10] M. Hindmarsh, in the proceedings of the NATO workshop on “Electroweak Physics and the Early Universe”, eds. J.C. Romão and F. Friere, Series B: Physics Vol. 338, Plenum Press, New York (1994).

[11] R. Jackiw and S-Y. Pi, hep-th/9911072. [12] Y. Nambu, Nucl. Phys. B130, 505 (1977). [13] “Physical Cosmology”, P.J.E. Peebles, Princeton University Press (1993).