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A closed set of relativistic gyrokinetic equations, consisting of the collisionless gyrokinetic equation and the averaged Maxwell's equations, is derived for an arbitrary four-dimensional coordinate system. In contrast to our previous paper [1], the guiding-center dynamics of charged particles and the gyrokinetic transformation are obtained accurate through second order of the ratio of the Larmor radius to the equilibrium scale length. The wave-terms with arbitrary wavelength (k\rho ~ 1) are described in the linear approximation with respect to the amplitude of the wave. Nonlinear corrections are also calculated. The same approximations are used in the derivation of the gyrophase-averaged Maxwell's equations. The derivation is based on the perturbative Lagrangian approach with a fully relativistic, four-dimensional covariant formulation. Its results improve on existing limitations of the current formulations of gyrokinetic theory.
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