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Reconnection of magnetic field lines in plasma is a ubiquitous phenomenon, affecting systems on
vastly separated scales, from laboratory fusion experiments to the solar corona. Field line tearing
can strongly influence plasma energetics and dynamics, and a thorough theoretical understanding
of this process is of the utmost importance for both the fusion and space plasma communities.
Past research on reconnection has mostly focused on either reduced modeling1–4 – MHD and two-
fluid theories – or kinetic approaches with weak or no guide fields5–7. While this latter scenario
is of great interest, the case where the background magnetic field dominates its fluctuations is
of equal importance. However, fully kinetic simulations are limited by the scale separation be-
tween reconnection physics and cyclotron motion: as the magnetic guide field is increased beyond
the reconnecting field, calculations soon become intractable, and gyrokinetics becomes the tool of
choice.
Arguably, the most important physical systems where reconnection is being investigated are those
where the guide field far exceeds any other magnetic fields:

1. The solar corona heating problem. For decades, the process by which the solar corona is
able to maintain temperatures far above those on the surface of the sun has eluded researchers.
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A primary candidate is magnetic reconnection, with kinetic-theory-based research requiring a
multi-scale approach covering length scales bridging approximately eight orders of magnitude
as well as time scales strongly separated due to a guide field larger than the reconnecting
fields by a factor of about twenty.

2. Tearing modes in fusion experiments. Sawtooth oscillations and other reconnection-
related events are known to have mostly deleterious effects on plasma confinement. A more
encompassing approach will couple fluid and kinetic scales to study how such negative effects
may be mitigated.

Other examples of astrophysical applications include magnetotail and bow shock reconnection or
coronal mass ejections.
It is therefore essential – if these systems are to be fully understood – that research based on the
gyrokinetic framework be allowed to build on recent advances and successes.

Next Steps Using Gyrokinetics

Devised specifically for the strong guide fields in fusion devices, gyrokinetics can be derived from
the kinetic equations by a phase space average eliminating the fast gyromotion. For strong guide
fields, speed-ups of many orders of magnitude are typically observed relative to kinetic approaches.
In recent years, a growing number of gyrokinetic space- and astrophysical applications has been
observed8–18, among which reconnection-related research has been a central topic. It has been
determined that gyrokinetic and kinetic codes produce results in good agreement given that the
appropriate limits are fulfilled17. Contrary to fluid-theory-based expectations, reconnection can
be enhanced in the presence of pressure gradients15,18. And a gyrokinetic study of turbulent
reconnection in the solar corona suggests that this approach may be of central importance in
solving the coronal heating problem16.
Gyrokinetic research into reconnection physics is likely to produce much-needed answers in both
areas outlined above:

1. After taking an intermediate step in answering questions related to the role of pressure gradi-
ents, geometry, and boundary conditions, gyrokinetic research will likely soon advance to the
point where direct simulation of the solar corona with very little need for approximation
will be possible. Thus, significant progress can be expected in understanding quantitatively
to what degree magnetic reconnection contributes to coronal heating.

2. A full-physics description of tearing in fusion devices is a goal for the next decade of research.
In the case of reversed-field pinches, multi-scale investigations will determine to what degree
energy injected into small scales via a cascade of tearing mode energy is able to affect transport
and profile evolution – for instance, via effects on zonal flows19 – and thus have an impact on
the original tearing mode.
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Summary

The study of magnetic reconnection in strong guide fields promises to answer important
questions related to fusion and space plasma behavior: a multi-scale description of tearing

modes and a clear route to determining how much reconnection-based heating occurs in the

solar corona. These questions can be addressed with the ideal tool for this task: gyrokinetics, a
framework designed for retaining all relevant physical effects and extremely efficient when compared
with fully kinetic approaches.
Furthermore, combining fusion and space applications provides great interdisciplinary potential:
demonstrating that gyrokinetics is able to capture corona-relevant physics will lend additional
credence to its predictions for future fusion reactors; and new post-processing diagnostics for space
plasma investigations can simultaneously be used for fusion theory.
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