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Abstract The magnetic activity of solar-type stars generally insesawith stellar ro-
tation rate. The increase, however, saturates for fastisatal he Babcock-Leighton
mechanism of stellar dynamos saturates as well when the tileangle of active

regions approaches ninety degrees. Saturation of magaaiiity may be a conse-
guence of this property of the Babcock-Leighton mechan&ellar dynamo models
with a tilt angle proportional to the rotation rate are consted to probe this idea.
Two versions of the model - treating the tilt angles globalhd using Joy’s law for
its latitude dependence - are considered. Both models steatuaation of dynamo-
generated magnetic flux at high rotation rates. The modél katitude-dependent tilt
angles also shows a change in dynamo regime in the saturagimmm. The new regime
combines a cyclic dynamo at low latitudes with an (almostagdy polar dynamo.
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1 INTRODUCTION

Sun-like stars are expected to host hydromagnetic dynaeresgting magnetic fields in their exter-
nal convection zones. This expectation is supported by ltiserved correlation of stellar magnetic
activity with rotation rate. The physical reason for theretation is the key role played by the
rotation in dynamos (Parker 1979). On the Sun, chromospi@aill emission and coronal X-ray
emission are correlated with magnetic fields. The relatigél@nd X-ray luminosities are, there-
fore, accepted as measures of stellar magnetic activiyor@bspheric (Noyes et al. 1984; Saar &
Brandenburg 1999) and coronal (Vilhu 1984; Vilhu & Walter8¥9 Pizzolato et al. 2003; Wright
et al. 2011) activities generally increase with stellaatioin rate.

The increase in X-ray emission, however, saturates fortiassmber®Ro < 0.1; Ro = Prot /7c
is the ratio of the rotation period to convective turnovarai Coronal activity stops increasing with
sufficiently rapid rotation (Wright et al. 2011). Saturatio chromospheric activity, though less pro-
nounced, can also be seen in figure 6 of Noyes et al. (1984 )ob$erved saturation is an important
clue for the dynamo theory of stellar activity. It indicatb&t dynamos do not produce stronger
magnetic fields when the rotation rate of a star increasesrukg certain limit. A conventional
explanation for dynamo saturation is, however, still lacki

Literature on stellar dynamos is vast. Brandenburg et 894}, Jouve et al. (2010) and Isik
et al. (2011) constructed dynamo models for stars with ifferotational velocities but did not
consider the saturation problem. Karak et al. (2014) dsedishe possibility that a change in the di-
rection of magnetic buoyancy from radial to parallel to th&ation axis as the rotation rate increases
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(Choudhuri & Gilman 1987; Schuessler & Solanki 1992; Weliel.€2011) may cause the dynamo
saturation. They concluded that though the change in bugigndirection reduces the dynamo’s
efficiency, this effect does not suffice to explain the dynaawiration. More recently, Blackman &
Thomas (2015) suggested that an increase in differentiafioo with angular velocity may cause
the saturation. The life-time of convective eddies in ripidtating stars may be reduced due to
distraction of the eddies by rotational shear thus leavasg time for the Coriolis force to affect
the eddies and reduce dynamo efficiency. However, neithearehtions (Barnes et al. 2005; Collier
Cameron 2007) nor modeling (Kitchatinov & Olemskoy 201 2gtellar differential rotation show
its considerable increase with rotation rate.

This paper concerns the possibility that dynamo saturatioapid rotators is caused by satu-
ration in the Babcock-Leighton (BL) mechanism of poloidaldigeneration. This mechanism was
introduced by Babcock (1961) and first used in a dynamo modeeighton (1969). It is related to
the observed average tilt of bipolar groups of sunspotsivelto the local parallel of latitude (Hale
et al. 1919; Howard 1996). Due to the tilt, magnetic fieldsafsactive regions have on average
a finite poloidal component, which contributes to the glghabidal field upon the sunspot groups
decay. There is growing evidence for the operation of the EBiclmanism on the Sun (Erofeev 2004;
Dasi-Espuig et al. 2010; Kitchatinov & Olemskoy 2011b; Kistinov 2014). The BL-type dynamo
model of Jiang et al. (2013) reproduces the basic correlatadserved in solar activity. The BL
mechanism can be expected to participate in stellar dynasioll.

The contribution of the BL mechanism to the formation of glbjpoloidal fields is proportional
to the sine of the (averaged) tilt angle. The tilt is belietedesult from the Coriolis force and
therefore can be expected to increase with rotation rate.Blh mechanism obviously saturates
when the tilt angle approacheg2. The characteristic value of the tilt angle for the Sun ist&l6
(Howard 1996). Assuming the angle to be proportional to tiation rate, the tilt angle can reach
90° in a (solar mass) star rotating about 20 times faster tharsthe This is roughly where the
saturation in coronal activity of solar-type stars is obedr(Wright et al. 2011).

To assess this idea quantitatively, we use stellar dynanueipowhich only differ from a solar
model by a modification of the-effect (cf., e.g., Krause & Raedler 1980) of poloidal fietdjen-
eration. Two versions of tha-effect dependence on rotation rate are considered. In btieem,
the dependence is treated globally by multiplying theffect by the factor okin(ag Pg/Prot)
wherea and P, are the averaged tilt angle and rotation period of the Swapeetively, andP,:
is the rotation period of a star. In the other model, a sinpli@cedure is applied to Joy’s law of
the latitude-dependent tilt angle. The second model showsler variety of dynamo behaviours
but both show saturation of the generated magnetic flux foidreotation. The model’s design is
described in Section 2. The results of numerical computatior these models are discussed in
Section 3. Section 4 summarises our main findings and coeslud

2 DYNAMO MODEL

The dynamo model of this paper differs little from those ubetbre and, therefore, it is described
here only briefly. The only difference with Olemskoy & Kitdireov (2013) is in formulation of the
a-effect. Other model ingredients like differential rotatj meridional flow and eddy transport coef-
ficients remain unchanged. They may also depend on rotatterbut we avoid modifying anything
else but thex-effect to see the consequence of saturation in the BL mésiaadone which is not
disguised by other modifications.

2.1 Dynamo Equations

We consider the axisymmetric magnetic fi#dn a spherical shell modeling the external convection
zone of a star,

B:e¢B+V><(e¢ ) (1)

rsinf
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where standard spherical coordinates), ¢) are usedg, is the azimuthal unit vectof3 is the
toroidal magnetic field, and is the poloidal field potential. A similar expression for sxinmetric
global flow V' in a co-rotating frame can be written,

V = eyrsin 0AQf(r,0) + p IV x (6¢ f 9) ; (2)
rsin

whereAQ is the characteristic value of the angular velocity vapiativithin the convection zong,
is the normalised differential rotatiop,is density, and) is the stream function of the meridional
flow.

The dynamo equations are written with normalised varialidéstance is measured in units of
stellar radiusR, time - in the diffusive units of??7; *, wherer; is the characteristic value of the
eddy diffusivity. The toroidal magnetic field is normaligedts ‘equipartition’ strengttB, for which
nonlinear feedback on the-effect becomes essential. The poloidal field potentialdemalised
to aOBoR%O_l, whereqy is the measure of the alpha-effect. Density is normaliseitistvalue
po on the top boundary. The stream function is normaliseg,®*V,, whereV; is the amplitude
of the surface meridional flow. The same notations are useddomalised variables as for their
dimensional counterparts, except for the fractional rediu- /R.

The normalised equation for the toroidal field of our dynanawei reads

OB _ D (0104 0504\ Rudvd (B  Rw 900 (B
otz z2p Oz 00 zsinf 00 Ox

dr 00 00 Ox sin 6 px
n 0 (1 0O(sin6B) 10 d(y/n xB)
2 00 (sin9 o0 * x Ox Vi ox ’ 3)
where AQR?
p = QAN (4)
o
is the dynamo number and
R, — V& (5)
o

is the magnetic Reynolds number for the meridional flow. Tightrhand side of Equation (3) ac-
counts for the toroidal field production by differential ation, advection by the meridional flow,
turbulent diffusion, and diamagnetic pumping due to theveative turbulence inhomogeneity (see
Kitchatinov & Olemskoy 2012b, hereafter KO12, for more dejaThe square root of appears in
the last term to allow for diamagnetic pumping.

The poloidal field equation differs by representation ofdheffect but is otherwise identical to
the solar dynamo model of KO12,

oA [ R [00OA 90 OA
B = eSO F 0 Pon) [ B0 &4 (%%‘%%
n . 9 [ 1 94 d dA
o2 s %(M% V5 V8 ) ©

The first term on the right-hand side of this equation stands$hfe non-locak-effect of BL type.
The kernel functioni(x, 2’) in this term differs considerably from zero only:if is close to the
inner boundary:; and simultaneously is close to the top boundary:

$b(2')¢a (x)

d(l‘,x/) = 1 + BQ(I/’ 9)’

op(2') = %{1 — erf [(2 —xb)/hb]}, bo(T) = %{1+erf[(w—xa)/ha}}, (7)
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whereB? in the denominator represents the only nonlinearity of oadet, which is the magnetic
guenching of thev-effect, and erf is the error function. The valugs = z; + 2.5h;, andzx,, =

1 — 2.5h, ensure smoothness of thefunction; h, = 0.02 andh, = 0.002 in the computations
of this paper. Thev-effect in our model, therefore, describes the poloidatifggtneration near the
surface from the toroidal field of the thin near-bottom layidre factorz sin 6 in the first term on the
right-hand side of (6) corresponds to the definition of thiojgal field potentialA by Equation (1).
The functionF' (6, P..+) accounts for the dependence of theffect on stellar rotation rate. This
function will be defined in the next subsection.

The initial value problem for the system of Equations (3) é)ds solved numerically. The ini-
tial field is a mixture of dipolar and quadrupolar fields,,itee equatorial symmetry is not prescribed.
The superconductor boundary condition is imposed at thimoboundary and a pseudo-vacuum
condition (zero toroidal and radial poloidal fields) at thp.t

2.2 Rotation Rate Dependence of the o-Effect

The poloidal part of the magnetic flux of a bipolar sunspotugre proportional to the sine of the
group tilt-anglen. We, therefore, assume the BL typeeffect to be proportional tein(«) as well.
The finite tilt in turn is believed to be caused by the Corifdixe action on the rising magnetic loops.
The tilt angle is therefore expected to increase with rotatate of a star. The-effect changes little
whensin(a) passes through a broad maximum near 90° with an increasing rotation rate. This
saturation of thexv-effect may be the reason for the saturation in stellar mégaetivity.

The tilt angle in a solar mass star rotating with a perigd; can be estimated as =
asPs/Pot. TWo models for the dependence of theeffect on the stellar rotation rate will be
considered. In the first model, we use a ‘global’ estimatibthe tilt angle to write

sin(aeP@/Pwt)

sin a@

F (0, Prot) = cos fsin? 0 — Model I, (8)

whereag, is the mean value of the tilt angle for the Sun. Bhea, was included as a denominator
in this equation in order for the dynamo equations wittiunction of Equation (8) to turn into our
former solar model (KO12) aP,., = P-. Then, the value of dynamo numbBr= 3.2 x 10* for
which reasonable results for the Sun were obtained doeswmetth be changed. In the computations
to follow, as = 5° (Howard 1996).

In the second model, Joy’s law for the latitude dependendbeofilt angle (Hale et al. 1919)
is allowed for. Dasi-Espuig et al. (2010) found, = (0.26 4+ 0.05)\ andag = (0.28 £ 0.06)A
from sunspot data of the Mount Wilson and Kodaikanal obgeries, respectively, whergis lat-
itude. lvanov (2012) confirmed their results but found a seha larger proportionality factor of
0.38 £+ 0.03 from the Pulkovo observatory database. Stenflo & Kosovid&12) inferred a still
steeper dependencea@f, = (0.56 & 0.01) sin A from MDI/SOHO magnetograms. They also noted
thatsin A is a natural choice for the fit function in Joy’s law because@oriolis force, presumably
producing the tilts, varies as$n A with latitude. The larger tilt angles from magnetogramspabh-
ably explained by the contribution of plages (Wang et al. ®)0As the BL typea-effect is more
related to sunspots of active regions than to smaller magfeettures of magnetograms, we employ
Joy’s law in the formg, = 0.3 cos @ to find

F(6, Piot) = sin (0.3 cos @ Ps/Piot) — Model 11 9)

for the F-function in Equation (6). As computations of the solar dywawith such a profile of the
a-effect have never been attempted before, we have to defrwitical value ofD (Eq. (4)) for the
onset of dynamo. The computed critical value for dipolar eih the solar,... = Ps) model is
D = 6.63 x 10* (D9 = 7.21 x 10* for modes of quadrupolar parity). The solar dynamo is propab
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F(0,P)

LATITUDE

Fig.1 Latitudinal profiles of thex-effect (Eq. (9)) of Model Il for different rotation ratesh& lines
are marked by the corresponding valuesef/ P.o:. The often assumeebs 0-profile is shown for
comparison by the dashed line.

only slightly supercritical (see discussion in Karak et2dl15). All computations in Model Il were
performed withD = 7 x 10%, which is about 5% supercritical for the solar case.

Figure 1 shows latitudinal profiles of the-effect (Eq. (9)) of Model Il for several rotation
rates. The profile otos 6, often assumed in dynamo models, is shown for comparisoa.afh
effect initially increases with rotation rate, but thenusates and even changes to a decrease at high
latitudes forP,.; < P /5. This is the reason for dynamo saturation in subsequent ctatipns.
Note the sign reversals in the alpha profile fog; = P /20. The change of sign is important for
interpreting the results of dynamo simulations for rapittors.

2.3 Other Model Ingredients

The differential rotation, meridional flow and diffusiviggrofile in this paper are the same as in
Olemskoy & Kitchatinov (2013).

As mentioned in the Introduction, observations and thémaktodeling both suggest that dif-
ferential rotation varies moderately with the rotatiorerat a solar-type star of a given mass (Barnes
et al. 2005; Collier Cameron 2007; Kitchatinov & Olemskoyl28). The same differential rotation
specified after the approximation of Belvedere et al. (2000}he helioseismological rotation law
is used for all stars.

The eddy magnetic diffusivity varies little in the bulk ofettsolar convection zone but drops
sharply with depth near its base. The diffusivity profile af mmodel mimics this behaviour:

) =+ 51— ) [L+ent (2] 10)
2 hay
Computations were performed for the following values of pla@ameters in this equation;, =
1074, z,, = 0.74 andh,, = 0.02.

Figure 2 shows the diffusivity profile for these parametduga together with the functions,
ande¢,, of Equation (7) defining the alpha-effect. The diffusivityds four orders in magnitude near
the bottom boundary. A non-uniform numerical grid with vemall grid spacing near the bottom
was used to resolve this sharp variation.
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Fig.2 Profiles of diffusivity and the kernel functions (7) of themitmcal a-effect of Eq. (6) used in
our dynamo models.

Single-cell meridional circulation with poleward flow onetlhop and return equatorward flow
near the bottom is prescribed (see fig. 3 and eq. (13) in Oleyn&kKitchatinov 2013). The value
of R,, = 10 for the Reynolds number (Eq. (5)) is used in the computatismhich corresponds to
the flow amplitudé/, ~ 15ms~! and background diffusivity, ~ 10° m? s~1. With this relatively
low Reynolds number, the meridional flow in the bulk of thesetion zone is not significant. Only
the flow near the bottom where diffusion is low (Fig. 2) is imgamt for magnetic field dynamics
(Hazra et al. 2014). The same valuegf~ 10° m? s~! was used to convert dimensionless time into
physical units.

As the BL a-effect is related to surface active regions, we illusttateidal fields of dynamo
models by butterfly diagrams for the same near-bottom taidliax,

1
B(0) = sin9/¢b(cv)B(x,9) dz, (11)

to which thea-effect of Equations (6) and (7) is proportional. Note the tveight functiony,, of
Figure 2 differs considerably from zero in a thin near-bwitayer only. Equation (11) therefore rep-
resents the near-bottom toroidal flux. The factard in Equation (11) accounts for the dependence
of the length of toroidal flux-tube on latitude. The probabpibf the production of spots is assumed
to be proportional to this length. The unsigned total nestem flux,

1m
fm = sin 0 z ¢y, (z) | B(x, 0)|da db , (12)
I

is used as a proxy for the overall magnetic activity.

Dynamo computations started from a weak poloidal field withiged equatorial parity. Upon
several diffusion times, initial field growth saturateseTesults of the next section correspond to
these saturated dynamo regimes.
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UNSIGNED FLUX

P, (DAYS)

Fig. 3 Dependence of unsigned flux (Eq. (12)) on rotation periodfodel I. The dashed lines show
maximum and minimum values of the flux in the dynamo cycles 3dlid line shows the median
value (half-sum of maximum and minimum).

3 RESULTSAND DISCUSSION

In all runs, the dynamo fields eventually approached digmdaity. This seems to be a common fea-
ture of dynamo models with relatively large diffusivity ine bulk of the convection zone (Chatterjee
et al. 2004; Jiang et al. 2007; Hotta & Yokoyama 2010). Théaglonagnetic field of the Sun is also
close to dipolar parity (Stenflo 1988). All the simulated dymos are cyclic.

3.1 Mode |

Observational statistics of stellar activity usually da cover epochs comparable to expected activ-
ity cycles. It is therefore not clear for which phase of theayo cycles the fluxes (Eq. (12)) should
be estimated.

Figure 3 shows how the maximum, minimum and median valuebefluxes depend on the
rotation period.

The main feature of this plot is that thfg, stops increasing with rotation rate for smail,.
Observations of stellar activity show its saturation at $bysnumbers 10-20 times smaller than
the solar value (fig.2 of Wright et al. 2011). Stellar struetin our computations is not varied
(because the Sun remains the only star for which the tiltengie measured). The Rossby number
is, therefore, proportional to the rotation period. Theifas of the saturation region in Figure 3
roughly agrees with observations. This figure also showsdirke in f,,, for still shorterP,. It is
not clear whether the decline is real or not because obsenehstatistics have considerable scatter
and usually do not distinguish spectral types (cf., howeRigzolato et al. 2003).

Coronal activity data for moderately rotating staRo(> 0.2) are customarily fitted by the
power law (Pallavicini et al. 1981; Wright et al. 2011),

LX X Rof'y. (13)

The slope of the plot in Figure 3 is not constant. However aities little in the region o8 <
P.o; < 10d. The slope&), defined in the same way as in Karak et al. (2014),

f o< Pg? (14)

rot »
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LATITUDE

LATITUDE

TIME (YEARS)

Fig.4 Time-latitude diagram of Model | foP,.; = 1 d. Top panel: near-bottom toroidal flux of
Equation (11)Bottom panel: radial magnetic field on the surface.

is aboutd ~ 1.5 in this region. Though our model is designed to qualitayivetplain activity
saturation in rapid rotators and not to achieve quantiatgreement with observations, a preliminary
comparison is tempting. i is taken to be equal to its canonical value of 2, then our madeld
mean thaf_ x is proportional tof,, to the power of 2.7, which is somewhat larger than the pow&r of
expected fod. x being proportional to magnetic energy. The power indexlidatger (2y/6 ~ 3.6)

for the value ofy = 2.7 of Wright et al. (2011).

Measurements of large-scale stellar magnetic fields ar¢ ralesant to predictions of dynamo
models. The measurements are provided by the Zeeman-Damglging (ZDI) technique (Donati
& Brown 1997). Though statistics of ZDI for main-sequencedi&are not vast (about 100 stars), the
dependence of the large-scale fields on rotation rate hasdstienated by Vidotto et al. (2014). Their
results generally confirm the proportionality of X-ray lumasity to the square of unsigned magnetic
flux @y of large-scale fields. Vidotto et al. (2014) also found thevgolaw &, x Ro~!19+0-14
for Ro > 0.1 and saturation ofdy, at smaller Ro. We have to conclude that our dynamo model
underestimates the power indéwf Equation (14).

Figure 4 shows the butterfly diagram for the rapid rotatohwit,; = 1 d. It is quite similar to
the solar model (KO12). Field patterns computed for différetation rates are qualitatively similar
and differ mainly in the field amplitude. This is because athig «-effect in our model depends
on rotation rate. The cycle period for Figure 1 is about 10 Vi cycle period changes little with
rotation rate. This is because the meridional flow does nit. viehe cycle period is controlled by
the flow circulation time in advection-dominated dynamokg®onneau 2010; Choudhuri 2011).

3.2 Model 11

Model Il with the a-effect of Equation (9) has not been applied to the Sun befetherefore
consider the solar case first.

Figure 5 shows the time-latitude diagram computedpy = Py. The polar branch of the

poloidal field is lacking but otherwise the diagram is satisbry. The cycle period in Figure 5 is
about 9.6 years. The cycle period varies little with rotatiate (until a new dynamo regime with
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LATITUDE

LATITUDE

TIME (YEARS)

Fig.5 Time-latitude diagram of Model Il for the solar model. Toplérottom panels have the same
meaning as in Fig. 4 but are computed for theffect of Eq. (9) and wittP.ot = Ps.

UNSIGNED FLUX

P, (DAYS)

Fig.6 Same as Fig. 3 but for Model II. The two dashed lines and sim&dhow the maximum and
minimum values off, (Eg. (12)) in dynamo cycles and their median value, respelgti

a not well defined period emerges for rapid rotation). Theaads the same as for Model I: the
meridional flow is kept constant.

Figure 6 shows the dependence of unsigned flux (Eq. (12))tation rate. The dependence is
not as smooth as in Model | but generally shows a saturatiovedist P,,; < 3d. The power index
of Equation (14)§ ~ 1.3 (at P, ~ 7d), agrees with the computations of Karak et al. (2014).

The kink in the dependence at rotation periods slightly We?a signifies a change in the dy-
namo regime. The new regime is illustrated by the timetldgtdiagram of Figure 7. This figure
shows field reversals at low latitudes but high-latitudeiBalo not change sign. Polar fields oscillate
about a non-zero mean value.

The following interpretation for this behaviour can be sesfgd. The positive-effect (in the
northern hemisphere) of solar-type dynamos generatesapobfield from the toroidal one, and the
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Fig.7 Same as Fig. 5 but faP..t = 1d. The fields at high latitudes oscillate
about non-zero mean values.

new poloidal field has an opposite sign compared to the oldigal field from which the toroidal
field is wound by the (solar-type) differential rotationgBireversals of magnetic fields, therefore,
take place and the dynamo is cyclic. If theeffect were negative, a new poloidal field with the same
sign as the old one would be generated and steady dynamaslmmakpected.

Figure 1 shows sign reversals of theeffect in the northern hemisphere for sufficiently rapid
rotation (P.ot < 2.2d). Thea-value remains positive near the equator but changes tdinega
high latitudes. When the polar region with negatives sufficiently broad, a new regime which
combines cyclic equatorial with steady polar dynamos sets i

4 CONCLUSIONS

The possibility for the saturation of magnetic activity ebged for rapidly rotating solar-type stars
(Vilhu 1984; Pizzolato et al. 2003; Wright et al. 2011) beiedated to the properties of the BL
mechanism for magnetic field generation was discussed.miéchanism naturally saturates when
the mean tilt angle approaches’9Computations with dynamo models generally support thés.id

Two dynamo models were considered. The tilt angle depemdenaotation rate was treated
globally in Model | of Equation (8). Model Il of Equation (9)rgloyed Joy’s law for latitude de-
pendence of the tilt angles. Both models show saturatioywfiho-generated magnetic flux at high
rotation rates.

Model Il is probably more realistic and it demonstrates mamable behaviour. As rotation rate
increases, tha-effect first saturates, then decreases and can even clignglse tilt angle exceeds
180C°. In Model Il, this happens earlier at higher latitudes (Rig.This leads to a change in dynamo
regime with increasing rotation rate. The new regime emngrgt high rotation rates combines field
reversals at low latitudes with oscillations about a norezeean value without a change of sign
in the polar fields (Fig. 7). Magnetic energy is not sensitivéhe field sign and, therefore, shows
doubly periodic variations in this dynamo regime. The deutycles have indeed been observed in
solar-type stars with relatively low Rossby numbers (Sa&r&ndenburg 1999).

Two versions of thev-effect are currently discussed for the Sun: the BL mecimarsiad the
a-effect of convective turbulence by Parker (1955). Evidefar participation of the Blo-effect
in the solar dynamo is growing (Erofeev 2004; Dasi-Espuigle2010; Olemskoy et al. 2013).
Interpretation of dynamo saturation in rapidly rotatindpsdype stars adds one more argument to
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this line. This is not only because this effect saturatesdpid rotation. Thev-effect of convective
eddies should saturate as well when the eddies are twistaddyt90° (the saturation is somehow
missed by quasi-linear theories of theeffect). However, the saturation of magnetic activitylie t
models based on the BL mechanism is found at rotation ratast 20 times the solar value where
observations also indicate it occurs in solar-mass stacembined action of both effects is possible
(Passos et al. 2014) but the BL mechanism seems to be dominant

Only the a-effect depends on rotation rate in our model. Other pararsatan also depend
on P, but were kept constant to see the exclusive consequencesefiéct saturation. Work
combining the model for (variable) stellar differentiatattion and meridional flow (Kitchatinov
& Olemskoy 2011a) with a dynamo model is currently in progres
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