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Coronal heating is a long-standing problem in solar
physics. Nowadays, it is broadly recognized that the
source for this heating likely lies in a mixture between
the energy released by magnetic reconnecting events and
that delivered to ions by upwardly propagating MHD
waves. Among them, Alfvén Waves (AWs) have since
long been proposed as plausible candidates by virtue of
their stability in the solar environment, and it has been
argued that the measured energy flux carried by AWs
may potentially account for the whole energy budget [1].
In the coronal environment, ions may be considered as
collisionless test particles, which enables a Hamiltonian
description of the wave-ion system. The corresponding
Hamiltonian system is non-autonomous with a temporal
variation parametrized by the ratio between AWSs
frequency ® and the ion cyclotron one Q, which is
extremely small: @/Q << 1. Within this regime, it is
intuitive to argue that particle dynamics is adiabatic and
that the irreversible transfer of energy, i.e. heating, from
a single wave, is impossible [2,3].

However, it was first noticed experimentally and
interpreted by McChesney et al [4] in the context of
laboratory ion heating by drift-Alfvén waves, and
then—numerically—by Chen et al [5], that ion motion
can actually be chaotic even in the presence of a single
low-frequency wave.

In this work we provide an analytical and numerical
analysis of the non-autonomous single-particle
Hamiltonian. We show that, despite the extremely large
separation of frequency scales, ion motion in a spectrum
of AWs is not adiabatic at all, because it involves one or
several slowly pulsating separatrices in phase space,
which force particles to cross them in a quasi-periodic
way. Each separatrix crossing destroys adiabatic
invariance, since the period is infinite there, yielding
irreversible energy transfer from the wave, and thus
particle heating (see the figure 1 and the video at the
URL [6]. An extended discussion is available at [7]),
without invoking any stochastic decorrelation. The only
mandatory requisite is the presence of at least one
separatrix, which translates into a minimum amplitude of
the wave. This is a new aspect of neo-adiabatic theory
(see [8] and references therein). This heating occurs no
matter how narrow the wave spectrum, and contradicts
the widespread belief that only decorrelation induced by
a broadband spectrum can provide an efficiently heating
[3,9]. The only benefit provided by a broadband
spectrum is to slightly diminish the amplitude threshold
to be imposed upon each individual wave. Third,
self-organization is at work here. We show that the

single-wave minimum amplitude required for the
measured ion heating matches quite well the empirical
estimates. The heating mechanism is so efficient that it
quenches AWs, which may explain why their energy flux
potentially accounts for the whole energy budget in the
corona with its measured temperature [1], and not more.

Fig. 1. Energy histogram for particles interacting with a
single AW. An initially monoenergetic distribution of ions
with otherwise random initial conditions at t = 0 spreads
into two separated components after as few as two wave
cycles.
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