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NONLINEAR WAVES AND COHERENT STRUCTURES
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AND POLARIZED VACUUM
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Starting from the VlasovÄMaxwell equations describing the dynamics of various
species in a free quasi-neutral plasma, an exact relativistic hydrodynamic closure for a
special type of water-bag distributions, satisfying the Vlasov equation, has been derived.
It has been shown that the set of equations for the macroscopic hydrodynamic variables
coupled to the wave equations for the self-consistent electromagnetic ˇeld is equivalent
to the VlasovÄMaxwell system. In the case of magnetized quasi-neutral plasma, the
hydrodynamic substitution has been used to derive the hydrodynamic equations for the
plasma density and current velocity, coupled to the wave equations for the self-consistent
electromagnetic ˇelds.

Based on the method of multiple scales, a system comprising a vector nonlinear
Schréodinger equation for the transverse envelopes of the self-consistent plasma wakeˇeld,
coupled to a scalar nonlinear Schréodinger equation for the electron current velocity en-
velope for free plasma, has been derived. In the case of magnetized plasma, it has been
shown that the whistler wave envelopes of the three basic modes satisfy a system of three
coupled nonlinear Schréodinger equations.

Numerical examples for typical plasma parameters have been presented, which demon-
strate the relevance of the results obtained for the so-called shock laser-plasma acceleration.
In addition, it has been shown that in the case of magnetized plasma, the whistler waves
considerably facilitate the transverse conˇnement.

The effect of the nonlinear corrections to the electric displacement vector and the
intensity of the magnetic ˇeld in nonlinear electrodynamics of HeisenbergÄEuler type has
been studied. It has been shown that the slowly varying wave envelope in free polarized
vacuum satisˇes a nonlinear wave equation. In the case where an external constant
magnetic ˇeld is applied, the single nonlinear wave equation should be replaced by a
system of two coupled nonlinear equations for the two independent wave polarizations. In
both cases, a novel effect of light speed reduction can be observed, which is due to the
vacuum polarization.

ˆ¸Ìμ¤Ö ¨§ Ê· ¢´¥´¨° ‚² ¸μ¢ ÄŒ ±¸¢¥²² , μ¶¨¸Ò¢ ÕÐ¨Ì ¤¨´ ³¨±Ê · §²¨Î´ÒÌ
¢¨¤μ¢ ¢ ¸¢μ¡μ¤´μ° ±¢ §¨´¥°É· ²Ó´μ° ¶² §³¥, ¶μ²ÊÎ¥´μ ÉμÎ´μ¥ ·¥²ÖÉ¨¢¨¸É¸±μ¥ £¨¤·μ-
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¤¨´ ³¨Î¥¸±μ¥ § ³Ò± ´¨¥ ¤²Ö ¸¶¥Í¨ ²Ó´μ£μ ¢¨¤  · ¸¶·¥¤¥²¥´¨° É¨¶  ¢μ¤Ö´ÒÌ ³¥Ï-
±μ¢, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê· ¢´¥´¨Õ ‚² ¸μ¢ . �μ± § ´μ, ÎÉμ ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö ³ -
±·μ¸±μ¶¨Î¥¸±¨Ì £¨¤·μ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ, ¸¢Ö§ ´´ÒÌ ¸ ¢μ²´μ¢Ò³¨ Ê· ¢´¥´¨-
Ö³¨ ¤²Ö ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö, Ô±¢¨¢ ²¥´É´  ¸¨¸É¥³¥ ‚² ¸μ¢ Ä
Œ ±¸¢¥²² . ‚ ¸²ÊÎ ¥ § ³ £´¨Î¥´´μ° ±¢ §¨´¥°É· ²Ó´μ° ¶² §³Ò £¨¤·μ¤¨´ ³¨Î¥¸±μ¥ § -
³¥Ð¥´¨¥ ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¤²Ö ¶μ²ÊÎ¥´¨Ö £¨¤·μ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö ¶²μÉ´μ¸É¨
¶² §³Ò ¨ ¸±μ·μ¸É¨ Éμ± , ¸¢Ö§ ´´ÒÌ ¸ ¢μ²´μ¢Ò³¨ Ê· ¢´¥´¨Ö³¨ ¤²Ö ¸ ³μ¸μ£² ¸μ¢ ´´ÒÌ
Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²¥°.

�  μ¸´μ¢¥ ³¥Éμ¤  ³´μ¦¥¸É¢¥´´ÒÌ ³ ¸ÏÉ ¡μ¢ ¶μ²ÊÎ¥´  ¸¨¸É¥³ , ¸μ¤¥·¦ Ð Ö ¢¥±-
Éμ·´μ¥ ´¥²¨´¥°´μ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¤²Ö ¶μ¶¥·¥Î´ÒÌ μ£¨¡ ÕÐ¨Ì ¸ ³μ¸μ£² ¸μ-
¢ ´´μ£μ ¶² §³¥´´μ£μ ¢μ²´μ¢μ£μ ¶μ²Ö, ¸¢Ö§ ´´μ£μ ¸μ ¸± ²Ö·´Ò³ ´¥²¨´¥°´Ò³ Ê· ¢´¥-
´¨¥³ ˜·¥¤¨´£¥·  ¤²Ö μ£¨¡ ÕÐ¥° ¸±μ·μ¸É¨ Éμ±  Ô²¥±É·μ´  ¤²Ö ¸¢μ¡μ¤´μ° ¶² §³Ò.
‚ ¸²ÊÎ ¥ § ³ £´¨Î¥´´μ° ¶² §³Ò ¶μ± § ´μ, ÎÉμ μ£¨¡ ÕÐ¨¥ ¢¨¸É²¥·μ¢¸±μ° ¢μ²´Ò É·¥Ì
μ¸´μ¢´ÒÌ ³μ¤ Ê¤μ¢²¥É¢μ·ÖÕÉ ¸¨¸É¥³¥ É·¥Ì ¸¢Ö§ ´´ÒÌ ´¥²¨´¥°´ÒÌ Ê· ¢´¥´¨° ˜·¥-
¤¨´£¥· .

�·¨¢¥¤¥´Ò Î¨¸²¥´´Ò¥ ¶·¨³¥·Ò É¨¶¨Î´ÒÌ ¶ · ³¥É·μ¢ ¶² §³Ò, ±μÉμ·Ò¥ ¤¥³μ´-
¸É·¨·ÊÕÉ  ±ÉÊ ²Ó´μ¸ÉÓ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö É ± ´ §Ò¢ ¥³μ£μ Ê¤ ·´μ£μ ² §¥·´μ-
¶² §³¥´´μ£μ Ê¸±μ·¥´¨Ö. Š·μ³¥ Éμ£μ, ¶μ± § ´μ, ÎÉμ ¢ ¸²ÊÎ ¥ § ³ £´¨Î¥´´μ° ¶² §³Ò
¢μ²´Ò ¢¨¸É²¥·  ¸¶μ¸μ¡¸É¢ÊÕÉ §´ Î¨É¥²Ó´μ³Ê Ê¸¨²¥´¨Õ Ê¤¥·¦ ´¨Ö Ê¸±μ·¥´´μ£μ ¶ÊÎ± 
¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨.

ˆ§ÊÎ¥´μ ¢²¨Ö´¨¥ ´¥²¨´¥°´ÒÌ ¶μ¶· ¢μ± ± ¢¥±Éμ·Ê Ô²¥±É·¨Î¥¸±μ£μ ¸³¥Ð¥´¨Ö ¨
´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ¢ ´¥²¨´¥°´μ° Ô²¥±É·μ¤¨´ ³¨±¥ É¨¶  ƒ¥°§¥´¡¥·£ Ä
�°²¥· . �μ± § ´μ, ÎÉμ ³¥¤²¥´´μ ³¥´ÖÕÐ Ö¸Ö μ£¨¡ ÕÐ Ö ¢μ²´Ò ¢ ¸¢μ¡μ¤´μ³ ¶μ²Ö·¨-
§μ¢ ´´μ³ ¢ ±ÊÊ³¥ Ê¤μ¢²¥É¢μ·Ö¥É ´¥²¨´¥°´μ³Ê ¢μ²´μ¢μ³Ê Ê· ¢´¥´¨Õ. ‚ ¶·¨¸ÊÉ¸É¢¨¨
¶μ¸ÉμÖ´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ÔÉμ ´¥²¨´¥°´μ¥ ¢μ²´μ¢μ¥ Ê· ¢´¥´¨¥ ¤μ²¦´μ ¡ÒÉÓ § ³¥-
´¥´μ ¸¨¸É¥³μ° ¤¢ÊÌ ¸¢Ö§ ´´ÒÌ ´¥²¨´¥°´ÒÌ ¢μ²´μ¢ÒÌ Ê· ¢´¥´¨° ¤²Ö ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ
¶μ²Ö·¨§ Í¨° ¢μ²´Ò. ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ ³μ¦´μ ´ ¡²Õ¤ ÉÓ ´μ¢Ò° ÔËË¥±É Ê³¥´ÓÏ¥´¨Ö
¸±μ·μ¸É¨ ¸¢¥É , ÎÉμ ¸¢Ö§ ´μ ¸ ¶μ²Ö·¨§ Í¨¥° ¢ ±ÊÊ³ .
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