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Fig. 3. Magnetic power spectra for Run M7. (a) Spectra of the mean
radial magnetic field Br (solid) and the mean azimuthal magnetic field
Bφ (dashed) near the surface (r = 0.98; black), in the middle of the
convection zone (r = 0.85; red) and at the q
bottom of the convection

zone (r = 0.72; blue). (b) Spectra of Brms = Br 2 + Bθ 2 + Bφ 2 near the
surface (r = 0.85; red) and averaged over radius (black). All spectra are
obtained for each latitude and then averaged. The peaks in a correspond
to magnetic cycle periods and in b to activity cycles periods. The solid
vertical lines indicate the cycle periods determined from the weighted
average of the spectra in a (Pcycl ), the dashed lines indicate the cycle
periods determined from the weighted average of the spectra in b (P̃cycl ).

Fig. 5. Mean magnetic field, α effect and radial shear profiles for
Runs M1, M3, and M7. We show the rms mean azimuthal magnetic field
averaged over the saturate state Brms
φ (top row), αφφ determined with the
test-field method (middle row) and the radial shear r sin θ∂Ω/∂r (bottom row). The dashed lines indicate the region for which we calculate
PPY .

the dynamo wave using (see also Stix 1976)
ωPY =

Fig. 4. Cycle periods as a function of Coriolis number Co showing Pcycl
in black and P̃cycl orange. The green dashed line indicates a power law
fit of the Runs M4 to M15.

using the D2 phase dispersion statistics and ensemble empirical
mode decomposition (Käpylä et al. 2016, 2017).
3.2. Cause of magnetic cycles

Earlier studies of similar simulations as Run M5 show that the
equatorward migrating mean magnetic field can be well explained with a Parker-Yoshimura (Parker 1955; Yoshimura 1975)
αΩ-dynamo wave propagating equatorward (Warnecke et al.
2014, 2016, 2018). Following the calculation of Parker (1955)
and Yoshimura (1975), we can compute the cycle frequency of
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where kθ is the latitudinal wave number. The corresponding activity cycle period is then given by
2π
.
(8)
PPY =
2 ωPY
As pointed out by Warnecke et al. (2014), the location at which
we measure the shear and the αφφ is crucial to get a meaningful
result for the direction and therefore the period of the dynamo
wave. Following this work, we calculate PPY in the region where
= (hB2φ it )1/2 is large, in our case at least larger than the
i) Brms
φ
half of the maximum value; ii) the radial shear ∂Ω/∂r is negative; and iii) αφφ is positive. The last two criteria are needed
to excite an equatorward migrating dynamo wave, following the
Parker-Yoshimura sign rule. To make sure that these drivers are
really responsible for exciting a dynamo wave at this location,
the production of azimuthal magnetic field must be large at this
location, leading to criterion i). The lower limit of half of the
maximum value is a reasonable choice; a slightly different value
has only little effect on the cycle period determination and on its
dependence on rotation rate. The criteria have been also successfully used to confirm Paker-Yoshimura dynamo waves in similar simulations (Warnecke et al. 2014, 2016, 2018; Käpylä et al.
2016). Using these criteria, we then average over these regions.
In Fig. 5, we show these regions for Run M1, M3, and M7. To
calculate PPY , we choose
1
kθ =
= 1.2/R,
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R(1 − 2Θ0 /π),

