arXiv:astro-ph/0605440 v2 21 May 2006

Effects of primordial helicity on CMB

T. Kahniashvili^{a,b}

aDepartment of Physics, Kansas State University, 116 Cardwell Hall, Manhattan, KS 66502, USA bCenter for Plasma Astrophysics, Abastumani Astrophysical Observatory, A. Kazbegi ave. 2a, Tbilisi, Ge-0160, Georgia

Abstract

I present here a brief overview of the effects caused by parity violating cosmological sources (such as magnetic or kinetic helicity) on the CMB fluctuations. I discuss also primordial helicity induced relic gravitational waves. All these effects can serve as cosmological tests for primordial helicity detection.

Key words: Linear cosmological perturbations, CMB fluctuations, Magnetic fields, Turbulence

1. Introduction

Current and future measurements of cosmic microwave background (CMB) temperature and polarization anisotropies (Page et al. 2006, Spergel et al. 2006) provides probes physical processes in the early universe and cosmological models. There are several astrophysical observations that indicate the presence of an helical magnetic field in clusters of galaxies (Widrow 2002, Vallée 2004, Semikoz and Sokoloff 2005a). A promising possibility to explain such a magnetic field is to assume primordial helicity generated during an early epoch of the universe expansion (Cornwall 1997, Giovannini & Shaposhnikov 1998, Giovannini 2000, Field & Carroll 2000, Vachaspati 2001, Sigl 2002, Semikoz & Sokoloff 2005b, Campanelli & Giannotti 2005). Conventionally we can distinguish two different kinds of helicity, kinetic helicity related to primordial plasma motions and magnetic helicity related to a primordial magnetic field (Brandenburg 2001, Christensson, Hindmarsh, and Brandenburg 2005, Verma & Ayyer 2003, Boldyrev and Cattaneo 2004, Subramanian 2004).

The average energy density and helicity of the magnetic have to be small enough to preserve spa-

Email address: tinatin@phys.ksu.edu (T. Kahniashvili).

tial large-scale isotropy of the universe. Under such assumptions the linear perturbation theory of gravitational instability may be used to describe perturbation the dynamics (for a review see Giovannini 2006a). Of course, the two kinds of helicity are related through magnetohydrodynamical evolution. On the other hand, primordial kinetic helicity influences the dynamics of cosmological perturbation (Vishniac & Cho 2001, Brandenburg 2001, Kleorin et al. 2003, Subramanian 2002, Vishniac, Lazarian, and Cho 2003, Subramanian & Brandenburg 2004, Banerjee & Jedamzik 2004, Subramanian, Shukurov and Haugen 2005), therefore it should be accounted for when the cosmological effects of a primordial helical magnetic field or/and of primordial helical turbulent motions are studied.

The energy-momentum tensor associated with a primordial helicity source (e. g., a magnetic field or turbulent motions) induces all modes of perturbations (scalar, vector, and tensor). Neglecting second order effects (Bartolo, Mattarrese, and Riotto 2004, Lesgourgues et al, 2005) and the coupling between scalar, vector, and tensor modes (which results in non-gaussianity of the CMB fluctuations, Brown & Crittenden, 2005), the scalar, vector, and tensor modes can be studied separately.

Here I focus on the effects on CMB temperature

Preprint submitted to Elsevier Science May 2006 KSUPT-06/3

and polarization anisotropies induced by primordial helicity. This presentation is based on results obtained in collaboration with C. Caprini, R. Durrer, G. Gogoberidze, A. Kosowsky, G. Lavrelashvili, A. Mack, and B. Ratra. (see Mack, Kahniashvili, and Kosowsky 2002, Kosowsky, Mack and Kahniashvili 2002, Caprini, Durrer, and Kahniashvili 2004, Kosowsky et al. 2005, Kahniashvili and Ratra 2005, Kahniashvili, Gogoberidze, and Ratra 2005, Kahniashvili and Ratra 2006). We find that primordial helical sources generate vector and tensor metric perturbations (primordial helicity does not influence the scalar mode of perturbations, Kahniashvili and Ratra 2006, while the energy density of the corresponding source does) and as a result affect all CMB fluctuations. In particular, (a) Parity violation in the universe results in an asymmetry in the amplitude of left- and right-handed gravitational waves (Lue, Wang and Kamionkowski 1999). As a result primordial helicity generates circularly polarized stochastic gravitational waves (Caprini et al. 2004, Kahniashvili et al. 2005), which can be directly detected by future space based gravitational wave detection missions. Cosmological helicity also induces parity violating vorticity pertubations (Pogosian. Vachaspati, and Winitzki 2002, Kahniashvili & Ratra 2005).

(b) Cosmological helicity reduces the amplitudes of the parity-even CMB fluctuation power spectra compared to the case without primordial helicity (Caprini et al. 2004, Kahniashvili and Ratra 2005, Kahniashvili, et al. 2005);

(c) Faraday rotation of the CMB polarization plane is strongly dependent on the average energy density of the cosmological magnetic field and is independent of magnetic helicity (Kosowsky et al. 2005). The scalar mode of perturbations does not reflect the presence of primordial helicity (Kahniashvili & Ratra 2006). These features of primordial helicity can be used as additional tests when usind CMB data to constraint primordial helicity.

(d) Cosmological helicity induces parity-odd cross-correlations of the CMB fluctuations, which vanish for the case of a magnetic field or turbulent motions without helicity (Lue et al. 1999, Pogosian et al. 2002, Caprini et al. 2004, Kahniashvili and Ratra 2005, Kahniashvili et al. 2005).^1

1 This is not true for an homogeneous magnetic field (Scoccola, Harari, and Mollerach 2004), or in the case of cosmological defects (Lepora 1998).

2. Polarized gravitational waves background

The energy-momentum tensors corresponding to the magnetic field and turbulent motions have the anisotropic stress part which plays a source term role for graviational waves. If the parity violation (helicity) is present - the induced gravitational waves have a parity-odd spectrum (Lue et al. 1999), i.e. the gravitational waves background is circularly polarized (Caprini et al. 2004, Kahniashvili et al. 2005). Polarized gravitational waves also can be induced from quantum fluctuations through Chern- Simons coupling (Lyth, Quimbay and Rodriguez, 2005). The polarization degree of such a gravitational wave background strongly depends on the ratio between the helical and symmetric parts of the source two-point correlations function. We define the polarization degree as (Kahniashvili et al. 2005), P(k, t) = H(k, t) H(k, t) = = ⟨h^{+⋆}(k, t)h^+(k^′, t) − h^{−⋆}(k, t)h^−(k^′, t)⟩ ⟨h^{+⋆}(k, t)h^+(k^′, t) + h^{−⋆}(k, t)h^−(k^′, t)⟩ (1) Here h^+ and h^− defines two states of the gravitational wave, ’ (right- and left-handed circularly polarized gravitational waves), h_{ij} = h^+e^+_{ij} + h^−e^−_{ij}, where e^±_{ij} is polarization basis. H(k, t) and H(k, t) characterize the gravitational wave amplitude and polarization. An axisymmetric stochastic vector source (non-helical turbulent motion or any other non-helical vector field) induces unpolarized GWs with |h^+(k, t)| = |h^−(k, t)| (Deriagin et al. 1987; Durrer et al. 2000; Kosowsky et al. 2002; Dolgov, Grasso and Nicolis et al. 2002; Lewis 2004; Caprini & Durrer 2006).

For simplicity I present here the polarization degree of gravitational waves in the case of an helical turbulence model in which the turbulent motions u(x, t) are described by a time-dependent two-point correlation function, (Kosowsky, et al. 2002; Kahniashvili et al. 2005)^2 ,

⟨u^⋆_i (k, t)u_j(k^′, t^′)⟩ == (2π)^3δ^{(3)}(k − k^′) [P_{ij}F_S (k, t − t^′) + iϵ_{ijl}k̂_lF_H (k, t − t^′)], (2) where the time t−t^′ dependence of the functions F_S and F_H reflects the assumption of time translation

2 A similar analysis for the polarization degree of gravitational waves induced by a stochastic helical magnetic field is given in (Caprini et al. 2004).

invariance. According our assumption energy is injected continuously, at t = t^′ ∈ (t_{in}, t_fi), F_S (k, 0) = P_S (k) and F_H (k, 0) = P_H (k). P_S(k) and P_H (k) are the symmetric (related to the kinetic energy density per unit enthalpy of the fluid) and helical (related to the average kinetic helicity ⟨u · (∇ × u)⟩) parts of the velocity power spectrum (Pogosian et al. 2002, Kahniashvili & Ratra 2005). We model the decay of helical turbulence by a monotonically decreasing functions D_1(k) and D_2(k), so F_S (k, t) = P_S (k)D_1(t) and F_H (k, t) = P_H (k)D_2(t). We model the power spectra by power laws, P_S(k) ∝ k^{nS} and P_H (k) ∝ k^{nH} . For non-helical hydrodynamical turbulence the Kolmogorov spectrum has n_S = −11/3. The presence of hydrodynamical helicity makes the situation more complex. Two possibilities have been discussed. First, with a forward cascade (from large to small scales) of both energy and helicity (dominated by energy dissipation on small scales) one has spectral indices n_S = −11/3 and n_H = −14/3 (the helical Kolmogorov (HK) spectrum), p. 243 of Lesieur, 1997. Second, if helicity transfer and small-scale helicity dissipation dominate, n_S = n_H = −13/3 (the helicity transfer (HT) spectrum), Moiseev & Chkhetiani, 1996. Based on our assumptions (for the details see Kahniashvili et al. 2005) we model the primordial spectra as P_S (k) = S_0k^{nS} and P_H (k) = A_0k^{nS −nH}_S k^{nH} , where: (i) for the HK case S_0 = π^2C_kε̄^{2/3} and A_0 = π^2C_kδ̄/(ε̄^{1/3}k_S ) (Ditlevsen & Giuliani 2001), implying A_0/S_0 = δ̄/(ε̄k_S); and, (ii) for the HT case S_0 = π^2C_sδ̄^{2/3} and A_0 = π^2C_aδ̄^{2/3} (Moissev & Chkhetiani 1996). Here ε̄ and δ̄ are the energy and mean helicity dissipation rates per unit enthalpy, and C_k (the Kolmogorov constant), C_s, and C_a are constants of order unity. Figure 1 and other numerical results show that for maximal helicity turbulence (when A_0 = S_0) with equal spectral indices n_H = n_S < −3, the polarization degree P(k) ≃ 1 (upper solid line). For weaker helical turbulence (when A_0 < S_0) with n_H ≃ n_S < −3, P(k) → CA_0/S_0, where 1 < C(n_S , n_H ) < 2 is a numerical factor that depends on the spectral indices. For HT turbulence with n_S = n_H = −13/3, C ≈ 1.50, while for Iroshnikov-Kraichnan MHD turbulence (n_S = n_H = −7/2), C ≈ 1.39. It is unlikely that such kind of polarized gravitational waves will be detected in the near future, however, gravitational waves generated by helical turbulence will have an enough high degree of circular polarization and future detector configurations may well be able to. On the other hand, the polarized grav-

Fig. 1. GW polarization degree P(K, t_fi), Eq. (1), as a function of scaled wave-number K = k/k_S relative to the large-scale wave-number k_S on which energy is pumped into the turbulence. This is evaluated at time t_fi, after the turbulence has switched off, and remains unchanged to the present epoch. It has been computed for a damping wave-number k_D = 10k_S . Three pairs of curves are shown. Solid lines correspond to the amplitude ratio A_0 /S_0 = 1, dashed lines to A_0 /S_0 = 0.5, and dot-dashed lines are for A_0 /S_0 = 0.2. The upper line in each pair corresponds to HT turbulence with n_S = n_H = −13/3 and the lower line to HK turbulence with n_S = −11/3 and n_H = −14/3. Even for helical turbulence with A_0 /S_0 ≤ 0.5, for large wave-numbers k ∼ k_D , n_S = n_H = −13/3 is unlikely so the large K part of the lower dashed and dot-dashed HT curves are unrealistic. The large k ∼ k_D decay of the HK curves is a consequence of vanishing helicity transfer at large k.

itational waves might leave an observable traces on CMB aniotropies, in particular parity-violating cross crrelations between B-polarization and temperature and E-B polarization.

3. CMB fluctuations

Lets consider another parity violating source which might be present in the early universe — a stochastic helical cosmological magnetoc field.

Neglecting fluid back-reaction onto the magnetic field, the spatial and temporal dependence of the field separates, B(t, x) = B(x)/a^2; here a is the cosmological scale factor. Assuming that the primordial plasma is a perfect conductor we model magnetic field damping by an ultraviolet cut-off wavenumber k_D = 2π/λ_D (Subramanian and Barrow 1998). Gaussianly distributed an helical magnetic field twopoint correlation function is

Fig. 2. The B-polarization power spectrum of the microwave background induced by the Faraday rotation field. The curves in order of decreasing amplitude on the right side of the plot correspond to magnetic field power spectral indices n_B = 2, 1, 0, −1, and −2. The magnetic fields have been normalized to a nanogauss at the smoothing scale λ = 1 Mpc.

⟨B^⋆_i (k)B_j (k^′)⟩ =

= (2π)^3δ^{(3)}(k − k^′)[P_{ij}(k̂)P_B(k) + iϵ_{ijl}k̂_lP_H (k)].(3)

where P_B(k) and P_H (k) are the symmetric and helical parts of the magnetic field power spectrum, assumed to be simple power laws on large scales

P_B(k) ≡ P_{B0}k^{nB} =

2π^2λ^3B^2_λ Γ(n_B /2 + 3/2) (λk)^{nB} , P_H (k) ≡ P_{H0}k^{nH} =

2π^2λ^3H^2_λ Γ(n_H /2 + 2)

(λk)^{nH} , (4)

and vanishing on small scales when k > k_D. B^2_λ is the squared smoothed magnetic field amplitude at the λ scale.

The symmetric part of the magnetic field spectrum can be reconstructed from measurements of Faraday rotation of the CMB polarization plane (Kosowsky et al. 2005). This is because magnetic helicity does not contribute to the Faraday rotation effect (Ensslin & Vogt 2003, Campanelli et al. 2004, Kosowsky et al. 2005 ). Faraday rotation by an helical magnetic field induces a B-polarization signal that peaks at very high multipole number, l ∼ 15000 (see Fig. 2). The position of this peak makes it possible to distinguish the Faraday-rotation induced B-polarization signal from the signal arising from the presence of the vector and tensor modes which peak around l ∼ 2000 (Lewis 2004; Challinor & Lewis 2005).

The helical part of the magnetic field spectrum induces parity-odd cross correlations between temperature and B-polarization anisotropies, and between E- and B-polarization anisotropies. Below I discuss explicity these parity-odd cross correlations.

For our computations we use the formalism by Mack et al. (2002), extending it to account for magnetic field helicity. To compute CMB temperature and polarization anisotropy power spectra we use the total angular momentum method by Hu and White (1997). Our results (Caprini et al. 2004, Kahniashvili & Ratra 2006) are obtained using analytic approximations and for the vector mode are valid for l < 500. We emphasis that for the tensor mode the usage of our approximations are limited by l < 60 because of the fast decay of the gravitational wave source in the matter-dominated epoch. Our results might be presented in terms of a ratio between CMB fluctuation contributions from the symmetric and helical parts of the magnetic field power spectrum.

To obtain the magnetic field source terms in the equations for vector (transverse peculiar velocity) and tensor (gravitational waves) metric perturbations we need to extract the transverse vector and tensor parts of the magnetic field stress-energy tensor τ_{ij} (k). This is done through Π^{(V )}_{ij} (k) = (P_{ib}(k̂)k̂_j + P_{jb}(k̂)k̂_i)k̂_aτ_{ab}(k) (for vector perturbations) and Π^{(T )}_{ij} (k) = [P_{ia}(k̂)P_{jb}(k̂) − 1 2 P_{ij}(k̂)P_{ab}(k̂)]τ_{ab}(k) (for tensor perturbations); for details see Mack et al. (2002). In both cases (vector and tensor perturbations) the contribution of magnetic field helicity to the symmetric part of the magnetic source is negative.

As we have already noted, a possible way to detect magnetic helicity directly from CMB fluctuation data is to observe the parity-odd CMB fluctuation cross-correlations. As an additional cross-check it may be possible to detect the effects that magnetic helicity has on parity-even CMB fluctuations (Caprini et al. 2004, Kahniashvili and Ratra 2005). Since we find (Kahniashvili & Ratra 2006) that magnetic field induced density perturbations are independent on magnetic helicity, if one can extract the scalar mode contribution from the total magnetic field sourced CMB fluctuations, that will allow for a determination of the symmetric part of the magnetic field spectrum (see also Giovannini 2006a,b), and result in a more accurate estimate of magnetic helicity from parity-odd CMB anisotropies.

At large angular scales (l < 100) where the contribution from the tensor mode is significant, for n_B + n_H > −2 the vector mode C^{ΘB(V )}_l and the tensor mode C^{ΘB(T )}_l have the same l dependence ∝ l^2. For all other values of spectral indexes n_B and n_H , the growth rate (with l) of C^{ΘB(V )}_l is faster than C^{ΘB(T )} l . The ratio between temperature–Bpolarization signals from vector and tensor modes is independent of the amplitudes of the average magnetic field (B_λ) and average magnetic helicity (H_λ).

For small angular scales (l > 100) where the tensor mode signal vanishes, for a maximally helical magnetic field with n_H ≃ n_B , due to the suppression factor L_{γ,dec}/η_0 (where L_{γ,dec} is the photon mean free path at decoupling and η_0 conformal time today) the temperature-E-polarization crosscorrelation power spectrum, C^{ΘE}_l , is smaller than the temperature-B-polarization cross-correlation power spectrum, C^{ΘB}_l , but both are ∝ l^2, if n_B + n_H > −5. The same suppression factor makes C^{ΘB}_l smaller than C^{ΘΘ}_l . For an arbitrary helical field C^{ΘB}_l /C^{ΘE}_l depends on the ratio (P_{H0}/P_{B0})k^{nH −nB}_D and order unity prefactors that depend on n_B and n_H . A dependence on l appears only if n_B + n_H < −5, when the ratio, C^{ΘB}_l /C^{ΘE}_l decreases as ∝ l^{nB+nH +5} (Kahniashvili & Ratra 2005).

For a tensor mode signal at large angular scales (l < 100), E- and B-polarization cross-correlation C^{EB}_l is of the same order of magnitude as the tensor mode temperature–B-polarization anisotropy cross-correlation spectrum, C^{ΘB}_l (Caprini et al. 2004). The situation is different for a vector mode which survives up to small angular scales (e.g., Subramanian & Barrow 1998, Mack et al. 2002, Lewis 2004, Giovannini 2006a). In this case, the E- and B-polarization anisotropy cross-correlation power spectrum has a suppression factor of kL_{γ,dec} implying that C^{EB}_l ≪ C^{ΘB}_l . This is consistent with the result of Hu and White (1997).

4. Conclusion

I have discussed the cosmological effects of primordial helicity. In particular, I examined CMB parity-violating fluctuations that arise from helical sources. These CMB fluctuations should be detectable (if the current magnetic field amplitude is at least 10^{−10} or 10^{−9} G on Mpc scales — such a magnetic field can be generated during inflation from quantum fluctuations, see Ratra 1992, Bamba & Yokoyama 2004) by near future CMB polarization measurements (from WMAP, PLANK, CMBPol and others). As a specific imprint of primordial kinetic helicity I discussed polarization of relic gravitational waves, possibly detectable by future space missions (Smith, Kamionkowski and Cooray 2006, Chongchitnan & Efstatiou 2006).

The author thanks the organizers of the cosmology workshop at Irvine for hospitality, and acknowledges her collaborators C. Caprini, R. Durrer, G. Gogoberidze, A. Kosowsky, G. Lavrelashvili, A. Mack, and B. Ratra. The author also thanks A. Brandenburg, A. Dolgov, M. Giovannini, D. Grasso, K. Jedamzik, and T. Vachaspati for discussions. This work is supported by DOE EPSCoR grant DE-FG02-00ER45824.

References Bamba, K. and Yokoyama,J., 2004, Phys. Rev. D69, 043507.

Banerjee, R. and Jedamzik, K., 2004, Phys. Rev. D 70, 123003.

Bartolo, N., Matarrese, S., and Riotto, A., 2004, Phys. Rev. Lett. 93, 231301.

Boldyrev, S. and Cattaneo, F., 2004, Phys. Rev.

Lett. 92, 144501.

Brandenburg, A., 2001, Astrophys. J. 550, 824. Brown, I. and Crittenden, R., 2005, Phys. Rev. D 72, 063002.

Campanelli, L., Dolgov, A. D., Giannotti, M., and Villante, F. L., 2004, ApJ. 616, 1.

Campanelli, L. and Giannotti, M., 2005, Phys. Rev. D, 72, 123001.

Caprini, C. and Durrer, R., 2006, astro-ph/0603476. Caprini, C., Durrer, R., and Kahniashvili, T., 2004, Phys. Rev. D 69, 063006.

Challinor, A. and Lewis, A., 2005, Phys. Rev. D, 71 103010.

Chiang, L.-Y., Naselsky, P., and Coles, P., 2006, astro-ph/0603662 Christensson, M., Hindmarsh, M., and Brandenburg, A., 2005, Astron. Nachr. 326, 393.

Cornwall, J. M., 1997, Phys. Rev. D 56, 6146. Deriagin, D. V., Grigor’ev, D. Iu., Rubakov, V. A., and Sazhin, M. V., 1987, MNRAS229, 357.

Ditlevsen, P. D. and Giuliani, P., 2001, Phys. Rev.

E 63, 036304.

Dolgov, A. D., Grasso, D., and Nicolis, A., 2002, Phys. Rev. D 66, 103505.

Durrer, R., Ferreira, P., and Kahniashvili, T., Phys. Rev. D, 65, 023517.

Ensslin, T. and Vogt, C., 2003, A&A401, 835. Field, G. B. and Carroll, S. M., 2000, Phys. Rev. D

62, 103008.

Giovannini, M., 2000, Phys. Rev. D. 61, 063004. Giovannini, M., 2006a, Class. Quant. Grav. 23, R1. Giovannini, M., 2006b, astro-ph/0604134. , Giovannini, M. and Shaposhnikov, M., 1998, Phys.

Rev. D 57, 2186.

Hu, W. and White, M., 1997, Phys. Rev. D 56, 596. Kahniashvili, T., Gogoberidze, G., and Ratra, B., 2005, Phys. Rev. Lett. 95, 151301.

Kahniashvili, T. and Ratra, B., 2005, Phys. Rev. D 71, 103006.

Kahniashvili, T. and Ratra, B., 2006, in preparation Kleeorin, N., Moss, D., Rogachevskii, I, and Sokoloff, D., 2003, A&A400, 9.

Kosowsky, A., Mack, A., and Kahniashvili, T., 2002, Phys. Rev. D 66, 024030.

Kosowsky, A., Kahniashvili, T., Lavrelashvili, G., and Ratra, B., 2005, Phys. Rev. D 71, 043006.

Lepora, N. gr-qc/9812077.

Lesgourgues, J., Liguori, M., Matarrese, S. and Riotto, A., 2005, Phys. Rev. D 71, 043006.

Lesieur, M., 1997, Turbulence in Fluids (Kluwer Academic, Dordrecht, 1997).

Lewis, A., 2004, Phys. Rev. D 70, 043011. Lue, A., Wang, L.-M. and Kamionkowski, M., 1999, Phys.Rev.Lett. 83, 1506.

Lyth, D.-H., Quimbay, C., and Rodriguez, Y., 2005, JHEP, 03, 016.

Mack, A., T. Kahniashvili, T., and Kosowsky, A., 2002, Phys. Rev. D 65, 123004.

Moiseev, S. S. and Chkhetiani, O. G., 1996, Zh.

Eksp. Teor. Fiz. 110, 357 [English translation: Sov. Phys. JETP 83, 192 (1996)].

Page, L. et al., 2006, astro-ph/0603450 Pogosian, L., Vachaspati, T., and Winitzki, S., 2002, Phys. Rev. D 65, 083502.

Ratra, B., 1992, Astrophys. J. Lett. 391, L1. Scoccola, C., Harari, D., and Mollerach, S., 2004, Phys. Rev. D 70, 063003.

Semikoz, V. and Sokoloff, D., 2005a, A&A433, L53. Semikoz, V. and Sokoloff, D., 2005b, Inter. J. Mod.

Phys. 14, 1839.

Sigl, G., 2002, Phys. Rev. D 66, 123002. Smith, T. L., Kamionkowski, M. and Cooray, A., 2006, Phys.Rev.D. 73 023504.

Spergel, D. N. et al., 2006, astro-ph/0603449 Subramanian, K., 2002, astro-ph/0204450. Subramanian, K., 2004, astro-ph/0411049. Subramanian, K. and Barrow, J., 1998, Phys. Rev.

D 58, 083502.

Subramanian, K. and Brandenburg, A., 2004, Phys.

Rev. Lett. 93, 205001.

Subramanian, K., Shukurov, A., and Haugen, N. E. L., 2005, MNRAS366, 1437.

Vachaspati, T., 2001, Phys. Rev. Lett. 87, 251302. Vallée, J. P., 2004, New Astron. Rev. 48, 763. Verma, M. and Ayyer, A., 2003, nlin.CD/0308005. Vishniac, E., and Cho, J., 2001, ApJ550, 752. Vishniac, E., Lazarian, A., and Cho, J., 2003, Lect.

Notes Phys. 614, 376.

Widrow, L., 2002, Rev. Mod. Phys. 74, 775.