Weak and strong dynamos: a data-driven analysis
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In the Solar system, planetary magnetic topology ranges from strongly dipo-
lar, observed in the Earth and gas giants Jupiter and Saturn, to multipolar,
characteristic for ice giants Jupiter and Uranus. These coherent large-scale
magnetic fields are generated by helical convective motions in the planetary in-
teriors - hydromagnetic dynamo, involving nonlinear interactions between the
flow and magnetic field. Understanding these interactions is key to explain the
variation in observed planetary field topology. In rapidly rotating planets, two
types of dynamo solutions are possible: a weak field branch where the magnetic
field is not strong enough to enter into the leading order force balance in the
momentum equation, and a strong field branch where the field enters into the
balance, at least at certain scales. The transition between the two with enhance-
ment of convection can be either gradual, supercritical or abrupt (subcritical),
depending on the strength of magnetic induction. In both cases, it is accompa-
nied by topological changes in velocity field across the system; it is yet unclear
how these changes are produced and how they affect the dynamo action.

In this work, we analyse transitions between the strong and weak dynamo
regime using a data-driven approach, separating different physical effects in-
duced by dynamically active flow scales. We decompose the dynamo data from
direct numerical simulations into different components (modes), identify the
ones relevant for transition, and estimate relative magnitudes of corresponding
Lorentz, inertia and induction forces. We also analyse the distribution of dom-
inant structures and forces during inverse transitions, when the strong dipole
collapses into a weak one. Our results suggest that subcritical transition to
strong dynamo is facilitated by a subharmonic instability, allowing for a more
efficient mode of convection, and provide a modal basis for reduced-order models
of this transition.



