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Abstract. We study the dispersion properties of low-frequency (in comparison with
the electron/positron gyrofrequency) shear electromagnetic waves in an ultra-cold
quantum magnetoplasma composed of electrons and positrons. By using the elec-
tron and positron fluid velocities deduced from the quantum momentum equations,
together with the continuity equations and Ampere’s law, we derive the governing
equation for the shear waves. This equation is then Fourier transformed to ob-
tain the dispersion relation, and to show the modification of the electromagnetic
wave dispersions due to the electron and positron quantum effects. The latter can
play a significant role in magnetic reconnection and in the formation of localized
electromagnetic wave structures at quantum scales in ultra-cold quantum mag-
netoplasmas.

It is well known that magnetized electron—positron plasmas, which are composed
of particles of the same mass and opposite charge, exist in the early universe [1,2],
in the bipolar outflows (jets) in active galactic nuclei [3, 4], in the polar regions
of neutron stars [5], in the inner regions of the accretion disks surrounding black
holes [6], at the centre of our own galaxy [7], as well as in plasmas in intense
laser fields [8] and in tokamaks [9]. In such plasmas, there are various new linear
and nonlinear wave modes and structures [10-17]. However, when the magnetized
pair plasma is extremely dense, the dispersion caused by density correlations due
to quantum fluctuations can also play an important role [18-22]. Several authors
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[23-31] have thus investigated different aspects of collective interactions in quantum
electron—ion plasmas.

In this paper, we consider the linear propagation of low-frequency (in comparison
with the electron gyrofrequency) shear electromagnetic waves in a homogeneous
ultra-cold magnetoplasma, composed of cold electrons and positrons, in an external
magnetic field ZBy, where 2 is a unit vector along the z-axis and By is the strength
of the magnetic field. At equilibrium, we have ny = n,0 = ng, where n(,o(np(.) is the
unperturbed electron (positron) number density. In the presence of a low-frequency
(in comparison with the electron/positron gyrofrequency w. = eBy/mec, where e is
the magnitude of the electron charge, m is the electron/positron mass, and c is the
speed of light in vacuum) electromagnetic wave with the electric and magnetic fields
E=-V¢—c10A./0t and B) = V| A, X 2, where ¢ is the electrostatic potential
and A, is the component of the vector potential along z, the perpendicular (to z)
components of the electron and positron fluid velocities are the sum of the E; x z
and polarization drifts, namely,

c . ¢ OViyp;
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where o, = 1, aj = —1, p; = ¢ + (ajﬁ2/4noem)V2nj1, nj1(<ng) is the density

perturbation of particle species j (j equals e for electrons and p for positrons), and A
is the Planck constant divided by 2w. We note that (1) has been obtained in the drift
approximation (|0/0t| <w.) from the momentum equations that include the linear-
ized form of the quantum correction [30]. The electron diamagnetic drift has not
been included in (1), since we are considering the case where Tjpn 1 < (A% /m)V?n;1,
where Ty is the Fermi temperature. The density perturbations n;; are obtained
from the continuity equation

anjl 8ujz
ot 0z

where the parallel component of the fluid velocity uj. is determined from

+noV1 w1 +ng =0, (2)

magiz —ozje[aaijJriagiZ} (3)
The system of equations is closed by the Poisson equation
V2¢ = dme(neg — np1) (4)
and Ampere’s law
ViA, = @(uw — ). (5)

We now substitute the electron and positron fluid velocities from (1) into the
corresponding continuity equations (2), eliminate u;, by using (3), and then use (4)
and (5) to obtain

OVIA.
8z

B w?
5 VZ¢ + L(}—;(2 +AVHVI G| + ¢ 0, (6)
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where w), = (4mnge? /m)!'/? is the electron plasma frequency and Ay = (h? /4m*w?)
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is the quantum wavelength. Furthermore, from (3)—(5) we find

ot 0z

where A, = ¢/ \/iwp is the skin depth.
Combining (6) and (7) we obtain

oA, 0 1
(1—A2V?) +c— (1 + 2A3V4)¢ =0, (7)
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Assuming that ¢ is proportional to exp(—iwt + ik - r), where w and k are the
frequency and wavevector, respectively, we then Fourier transform (8) to obtain

ckoky (1+by/2)1?
W= z J_( + q/ ) ’ (9)
K(1+ b.)1/2

where b, = k4)\f‘, be = k22, and K2 = k> + k2 (2 + bq)wf_/w?,. Here k? = k2 + k2,
where k, and k) are the components of the wavevector along and across z, re-
spectively. For b, > 1 and b, < 1, we have w = ck, k1 (by/2)"/?/(k*+ kibqwﬁ/wf)l/z,
which indicates a strong dependence of the electron quantum effect on the wave
frequency. Furthermore, for k, <k, b, <1, b. <1, and wﬁ <w?, we have from (9)
that

w = koc(1+E1AG/4), (10)
which exhibits the dispersion due to the electron—positron density correlations at
the quantum scale.

In summary, we have presented the dispersion relation for a low-frequency shear
electromagnetic wave in an ultra-cold quantum pair plasma in an external magnetic
field. It is found that the dispersions caused by the electron and positron density
correlations can play an important role in modifying the electromagnetic wave
propagation characteristics at the quantum scale. In closing, we stress that the
present results are a necessary prequisite for studying magnetic field reconnection
and localized electromagnetic waves (viz. solitons and vortices) in dense quantum
magnetoplasmas whose constituents are electrons and positrons.

Acknowledgements
This work was partially supported by the Deutsche Forschungsgemeinschaft
through the Sonderforschungsbereich 591, and by the Swedish Research Council.

References

[1] Misner, W., Thorne, K. and Wheeler, J. A. 1973 Gravitation. San Francisco: Freeman,
p. 763.

[2] Rees, M. J. 1983 The Very Early Universe (ed. G. W. Gibbons, S. W. Hawking and
S. Siklas). Cambridge: Cambridge University Press.

[3] Miller, H. R. and Witta, P. 1987 Active Galactic Nuclei. Berlin: Springer, p. 202.

[4] Begelman, M. C., Blandford, R. D. and Rees, M. J. 1984 Rev. Mod. Phys. 56, 255.

[5] Michel, F. C. 1982 Rev. Mod. Phys. 54, 1.

Michel, F. C. 1991 Theory of Neutron Star Magnetosphere. Chicago: Chicago University

Press.

[6] Rees, M. J. 1971 Nature (London) 229, 312.

https://doi.org/10.1017/50022377806004582 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377806004582

608 P. K. Shukla and L. Stenflo

[7] Burns, M. L. 1983 Positron—Electron Pairs in Astrophysics (ed. M. L. Burns, A. K.
Harding and R. Ramaty). New York: American Institute of Physics.
[8] Berezhiani, V., Tskhakaya, D. D. and Shukla, P. K. 1992 Phys. Rev. A 46, 6608.
Liang, E. P., Wilks, S. C. and Tabak, M. 1998 Phys. Rev. Lett. 81, 4887.
| Helander, P. and Ward, D. J. 2003 Phys. Rev. Lett. 90, 135004.
| Shukla, P. K., Rao, N. N., Yu, M. Y. and Tsintsadze, N. L.. 1986 Phys. Rep. 138, 1.
1] Yu, M. Y., Shukla, P. K. and Stenflo, L. 1986 Astrophys. J. Lett. 309, 1L.63.
2] Stenflo, L., Shukla, P. K. and Yu, M. Y. 1985 Astrophys. Space Sei. 117, 303.
| Gedalin, M. E., Lominadze, J. G., Stenflo, L. and Tsytovich, V. N. 1985 Astrophys. Space
Sci. 108, 393.
[14] Iwamoto, N. 1993 Phys. Rev. E 47, 604.
[15] Gangadhara, R. T., Krishan, V. and Shukla, P. K. 1993 Mon. Not. R. Astron. Soc. 262,
151.
[16] Popel, S. I., Vladimirov, S. V. and Shukla, P. K. 1995 Phys. Plasmas 1, 716.
[17] Eliasson, B. and Shukla, P. K. 2006 Phys. Rep. 422, 225.
[18] Kremp, D., Bornath, Th., Bonitz, M. and Schlanges, M. 1999 Phys. Rev. E 60, 4725.
[19] Andreev, A. V. 2000 JETP Lett. 72, 238.
[20] Chabier, G., Douchin, F. and Potekhin, Y. 2002 J. Phys.: Conden. Matter 14, 9133.
[21] Jung, Y. F. 2001 Phys. Plasmas 8, 3842.
[22] Opher, M., Silva, L. O., Danger, D. E., Decyk, V. K. and Dawson, J. M. 2001 Phys.
Plasmas 8, 2454.
[23] Haas, K., Manfredi, G. and Feix, M. 2000 Phys. Rev. E 62, 2763.
[24] Manfredi, G. and Haas, F. 2001 Phys. Rev. B 64, 075316.
[25] Anderson, D., Hall, B., Lisak, M. and Marklund, M. 2002 Phys. Rev. E 65, 046417.
[26] Haas, F., Garcia, L. G., Goedert, J. and Manfredi, G. 2003 Phys. Plasmas 10, 3858.
[27] Garcia, L. G., Haas, F., de Oliveira, L. P. and Goedert, J. 2005 Phys. Plasmas 12, 012302.
[28] Marklund, M. 2005 Phys. Plasmas 12, 082110.
[29] Luque, A., Schamel, H. and Fedele, R. 2004 Phys. Lett. A 324, 185.
[30] Haas, F. 2005 Phys. Plasmas 12, 062117.
[31] Shukla, P. K. 2006 Phys. Lett. A 352, 242.

https://doi.org/10.1017/50022377806004582 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377806004582

