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Abstract. We show that the cycle periods (Pcyc ) of slowly rotating lower main-sequence stars with well-defined periodic chromospheric activity can be parametrized by the rotation period
Prot and the convective turnover time τc through a relation of
b c
τc , with b = 2.0 ± 0.3 and c = −2.0 ± 0.3.
the form Pcyc ∝ Prot
This suggests a common dynamo mechanism for slowly rotating
stars lower main-sequence stars. Using a simple linear meanfield dynamo model, we are able to reproduce the observed
relation if ∆Ω, the total difference in angular velocity along the
p
with p = 1.1 ± 0.2, and if
radial direction, scales as ∆Ω ∝ Prot
q
the α-coefficient scales as α ∝ Ro with q = −5.1 ± 0.6. This
would suggest that, with increasing rotation rate, differential
rotation decreases while |α| rapidly increases.
Key words: stars: magnetic fields – stars: activity – stars: latetype – MHD

1. Introduction
The flux that is emitted in the Ca II H and K lines serves as a diagnostic of stellar magnetic activity (Wilson 1978, Saar & Baliunas 1992, Baliunas et al. 1995). These emission lines are formed
in the chromosphere by non-thermal heating related to magnetic
fields. Direct confirmation of the magnetic nature of Ca II H and
K emission is observed on the Sun, where the strength of these
lines is correlated with the magnitude of, and the area covered by
magnetic fields (Schrijver et al. 1989). On the main sequence,
chromospheric activity is observed for B − V >
∼ 0.4, a limit
which roughly coincides with the onset of a convective envelope. This suggests that stellar magnetic fields are produced
by dynamos and raises the question whether various features
of stellar magnetic activity can be parametrized by quantities
related to dynamo theory.
The overall chromospheric activity level of lower mainsequence stars is well parametrized by an empirical Rossby
number, Roe = Prot /τe (Noyes et al. 1984a, Stȩpień 1994). Here
Prot is the stellar rotation period and τe (B − V ) is the empirical convective turnover time, whose functional dependence on
B −V is determined from the data themselves by minimizing

the scatter in the relation between activity and Roe . The resulting parametrization indicates that stellar activity increases with
decreasing Roe (more rapid rotation). For B−V <
∼ 0.8 the empirical τe closely resembles τc , the theoretical turnover time near
the base of the convection zone, (Gilman 1980, Gilliland 1985,
Kim & Demarque 1996). For B−V >
∼ 0.8, however, the activity
level depends only on Prot and not, or only mildly, on B − V
(Stȩpień 1989). Hence the empirical turnover time τe is essentially constant for B−V >
∼ 0.8. This is not in disagreement with
the results of Gilman, since his calculations did not extend beyond B−V = 0.8, but the calculations by Gilliland and Kim &
Demarque reveal a further increase of τc with B−V . It follows
that for B−V >
∼ 0.8 the Rossby number is not a useful indicator
of the chromospheric activity level.
Four main categories of chromospheric activity are identified by Baliunas et al. 1995), namely stars with a constant activity level (13%), long-term variations (13%), irregular variations
(24%) and periodic variations (50%). Here the percentages indicate the fraction of stars within each category, as estimated
by Baliunas et al. In this paper we focus on stars with periodic
variations. The assignment of a star to this category rather than
to that of the irregular variations or long-term trends depends on
the confidence level at which one requires the periods to be determined. In fact, the percentage of stars that have well-defined
cyclic variations, i.e. those with periods rated good or excellent
by Baliunas et al., is 15%. Furthermore, it is hard to distinguish
between stars with cyclic variations on timescales longer than
about 20 years and stars with long-term variations or a constant
activity level within the time interval (about 25 years), spanned
by the observations. Only continued observations can resolve
these issues by increasing the reliability of the period determinations and by allowing longer periods to be detected.
As a result, the search for possible trends in the cycle length
Pcyc has yielded mixed results. Noyes et al. (1984b) found a
correlation between Pcyc and Roe for a small sample of stars
with clear periodic variations. In the mean time, the sample of
stars with periodic activity variations has grown, and it has been
claimed that there is no longer any evidence of a correlation
between cycle length and rotation period or Rossby number for
the extended sample (Soderblom 1988, Saar & Baliunas 1992).
However, a trend may be concealed by a large spurious scatter that is caused by stars with ill-defined cycle periods. Several
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Table 1. Stars with periodic chromospheric activity

Fig. 1. Logarithm of the convective turnover time log τc (in days) versus
B−V , for lower main-sequence stars. The data points represent model
calculations by Kim & Demarque (1996); the dotted line is a cubic fit
(Eq. 2).

further arguments can be given to justify a renewed investigation of possible trends in the cycle length. First, we now have
at our disposal estimates of the convective turnover time for
lower main-sequence stars up to B −V ≈ 1.6 (Kim & Demarque 1996). Most of the stars studied by Noyes et al. (1984b) are
in the range 0.8 < B −V < 1.4, for which no estimates of τc apart from the empirical τe - were available at that time. Second,
the accuracy of the measured cycle periods has increased due
to the longer span of observations. Third, for several stars new
measurements of the rotation periods are available, that differ
from previous values, or replace values that were predicted by
means of the observed correlation between the Ca II flux and
Roe .
In Sect. 2 we examine the available cycle periods and look
for trends in terms of dynamo parameters. In Sect. 3 we compare
the observed trends with a simple linear mean-field dynamo
model. Sect. 4 contains our conclusions.
2. Activity-cycle length, rotation period and color
The stars of the HK-project can be divided into two groups according to their rotation rate: rapidly rotating young stars with
a high activity level and slowly rotating old stars with a low
activity level (Baliunas et al. 1995, 1996b). Activity variations
with well-defined periods are observed predominantly in older
stars. Younger stars tend to display stronger, more irregular activity variations. We focus on the slowly rotating stars, which
we define as those stars having a Rossby number larger than
0.9, and we exclude the rapidly rotating stars from our analysis.
The resulting subset is similar to the group of solar-type stars
examined by Soon et al. (1994) and Baliunas & Soon (1995).
In Table 1 we summarize the relevant properties of all
known lower main-sequence stars with well-defined activity
cycles. The third column gives cycle periods, compiled from
Baliunas et al. (1995). We have included only stars with welldefined cycles (those rated ”good” or ”excellent”), as well as

HD No.

B −V

Pcyc (a)
[yr]

Prot (b)
[d]

τc (c)
[d]

Ro

Sun
3651
4628
10476
16160
26965
32147
81809
103095
160346
166620
219834A
219834B
9562e
10700e
141004e
143761e
115404f
152391f
156026f
201091f
201092f

0.66
0.85
0.88
0.84
0.98
0.82
1.06
0.89d
0.75
0.96
0.89
0.80
0.91
0.64
0.72
0.60
0.60
0.93
0.76
1.16
1.18
1.37

11.0
13.8
8.4
9.6
13.2
10.1
11.1
8.2
7.3
7.0
15.8
21.0
10.0
> 20
> 20
> 20
> 20
12.4
10.9
21.0
7.3
11.7

25
44
38
39
48
43
47
41
31
37
43
42
43
29
34
26
17
18
11
21
35
38

19
30
31
29
35
28
39
32
25
35
32
27
32
18
23
15
15
33
25
43
44
54

1.32
1.48
1.22
1.33
1.35
1.52
1.21
1.30
1.26
1.07
1.36
1.54
1.32
1.62
1.48
1.72
1.13
0.54
0.44
0.42
0.80
0.71

a

Cycle periods taken from Baliunas et al. (1995).
Rotation periods taken from Baliunas et al. (1996a).
c
Convective turnover times taken from Kim & Demarque (1996).
d
This star is a binary. We estimated B−V assuming that the chromospheric activity can be attributed to a star of type K0V (cf. Baliunas et
al. 1995).
e
These stars are possibly in a Maunder-minimum phase according to
Baliunas & Soon (1995).
f
These stars rotate rapidly (Ro <
∼ 0.9) and have a high level of activity.
HD 201091 is an intermediate case.
b

four stars that may be in the equivalent of a Maunder minimum
or, alternatively, have cycle periods longer than about 20 years
(Baliunas & Soon 1995). There are no stars with well-defined
periods shorter than 7 years. The intervals between consecutive
maxima in the sunspot record, as measured since the beginning
of the 18th century, have a mean length of 11 years, and a standard deviation of about 2 years, i.e. 18%. This is taken to be
indicative for the variability of stellar cycles. We thus estimate
the deviation of the measured cycle period from its mean value
as
q
(1)
σP ≈ 0.18Pcyc / 25/Pcyc ,
where 25/Pcyc is the number of cycles covered by 25 years of
observations.
The fifth column contains the convective turnover times τc
near the bottom of the convection zone. These are based on
calculations by Kim & Demarque (1996) of the local turnover
time (in fact, half the global turnover time) for lower mainsequence stars in the mass range 0.5 ≤ M/M ≤ 1.2. Their

A.J.H. Ossendrijver: On the cycle periods of stellar dynamos

153

Fig. 2. log Pcyc versus log Prot , for all the stars in Table 1. Open symbols denote the rapidly rotating stars; arrows denote the four ’Maunder-minimum stars’. The labels indicate B −V .

results indicate that τc is roughly independent of age on the
main sequence, depending only on stellar mass, i.e. on B −V .
We chose a stellar age of 2 Gyr and we performed a cubic fit in
terms of x ≡ B −V to their data,
τc = −68.3 + 224.8x − 177.2x2 + 57.0x3 ,

(2)

where τc is in days. The resulting curve is shown in Fig. 1. We
reiterate that, unlike τe , the increase of τc with B −V does not
come to a halt or slow down significantly beyond B −V = 0.8.
In trying to identify trends in the cycle periods of slowly
rotating stars we proceed along lines similar to those followed by
Noyes et al. (1984b). As a first step we consider the dependence
on the rotation period. In Fig. 2 we plot the cycle period log Pcyc
versus log Prot - the slowly rotating stars are indicated by the
full circles. For stars with similar values of B −V we observe
an increase of Pcyc with increasing Prot . But stars of different
spectral type seem to be located on different curves, that are
shifted to the left by an amount that increases with decreasing
B −V . Hence the cycle period cannot be parametrized by the
rotation period alone and must also involve a color-dependent
term, which may be provided by the convective turnover time.
We assume that Pcyc depends on Prot and τc through a powerlaw,
i.e.
Pcyc = 10

a

b c
Prot
τc ,

Fig. 3. log Pcyc versus log Prot + (c/b) log τc , with c/b = −1.02 (the
uncertainties in a, b and c are not indicated in this plot). The dotted
line, defined by y = a + bx, results from a least square fit applied to the
slowly rotating stars (excluding the four ’Maunder-minimum stars’).
The symbols have the same meaning as in Fig. 2. Labels indicate the
Rossby number. Top (a): slowly rotating stars. Bottom (b): the complete
sample of stars.

Thus our result is in agreement with a parametrisation Pcyc ∝
Ro2.0±0.3 , where Ro is the Rossby number,
Ro = Prot /τc .

(4)

(3)

where Pcyc is measured in years, and Prot and τc in days. We
determine a, b and c by performing a least square fit of the form
log Pcyc = a+b log Prot +c log τc . The uncertainty in the values of
log Pcyc is σ 0 = σP /(Pcyc ln 10), and we assign a weight 1/σ 02 to
each data point. The best fit has a = 0.84 ± 0.15, b = 1.99 ± 0.3
and c = −2.03±0.3, with correlation coefficients Cab = −0.49,
Cac = 0.21 and Cbc = −0.96. This yields c/b = −1.02 ± 0.05
(note the effect of the strong anticorrelation between b and c).

In Fig. 3 we plot log Pcyc versus log Prot + (c/b) log τc , so that
all the data points are shifted along the horizontal axis by the
amount (c/b) log τc , relative to their positions in Fig. 2.
Some of the measured cycle periods show significant deviations from the best fit, for which their may be two reasons. First,
our estimates of σP are based on the assumption that the level
of variability in Pcyc (cf. Eq. 1) is the same for all the stars in
our sample. Perhaps we underestimate the variability in some
cases. Second, we have ignored the uncertainty in the rotation
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periods. No reliable estimates of this uncertainty are available,
but it may contribute to the scatter.
Although the four ”Maunder-minimum stars” were not included in the least square fit because their cycle periods are (as
yet) unknown, the resulting shift puts three of them at a location
in Fig. 3, that is roughly in agreement with a cycle period of
about 20 years. This suggests that their chromospheric activity
may prove to be periodic in the future.
The cycle periods of rapidly rotating stars, indicated in
Fig. 3b by the open circles, are much longer than what would
be expected on the basis of the relation for the cycle periods of
slowly rotating stars, and the deviation appears to increase with
decreasing Rossby number. Hence the powerlaw as derived for
the slowly rotating (old) stars does not hold for rapidly rotating
(young) stars.
3. Dynamo model
The existence of a correlation between Pcyc , Prot and τc points
to a common dynamo mechanism for the stars in the sample
under consideration. We compare the observed correlation with
the predictions of a simple model, based on linear mean-field
dynamo theory. Although the validity of the linear approach is
open to debate (cf. Noyes et al. 1984b, Jennings & Weiss 1991,
Rüdiger & Arlt 1996), it may be justified by the slow rotation
rate and low activity level of the selected stars.
3.1. Geometry and equations
The dynamo model that we employ was proposed by
Parker (1993) for the Sun. It consists of two plane parallel layers: the overshoot layer (region 1) and the convection zone (region 2), with thicknesses d1 and d2 respectively. The main motivation for the model arises from the presence of strong magnetic fields (B ≈ 105 G) in a thin layer under the convection
zone, as is suggested by observations and theoretical considerations (Hughes 1992, Schüssler et al. 1994). The strong fields
give rise to the suppression of turbulence, so that α and β are
reduced. Helioseismology suggests that differential rotation is
concentrated near the same layer (Goode 1995). Hence differential rotation and the α-effect are possibly spatially separated,
the former being restricted to the overshoot layer and the latter
to the convection zone. Some turbulent diffusion is required in
the overshoot layer in order to provide communication with the
convection zone.
We assume that this model applies for all the stars in our
sample. We use x for the radial, y for the azimuthal, and z
for the latitudinal coordinates, and consider only axisymmetric
solutions (∂/∂y = 0). The overshoot layer is located at −d1 ≤
x ≤ 0 and the convection zone at 0 ≤ x ≤ d2 .
We model the results of helioseismology for the equatorial
region in a schematic way by adopting the following large-scale
velocity field u0 :
(
a
(−d1 ≤ x ≤ 0)
(5)
∂ x u0 =
u0 = u0 (x)ey ,
0
(0 ≤ x ≤ d2 ).

Here the constant a denotes the radial velocity gradient.
The mean magnetic field can be written as the sum of a
toroidal and a poloidal component, i.e. B 0 = T ey + ∇ × P ey .
It is governed by the following equations (Parker 1993, Ossendrijver & Hoyng 1996):
)
(∂t − β1 ∇2 ) P = 0
(−d1 ≤ x ≤ 0),
(∂t − β1 ∇2 ) T = −a∂z P
)
(6)
(∂t − β2 ∇2 ) P = αT
(0 ≤ x ≤ d2 ).
(∂t − β2 ∇2 ) T = 0
Here the α-coefficient and the turbulent diffusivity in the convection zone are given by
1
α = − τc hu1 · (∇ × u1 )i;
3

β2 =

1
τc hu21 i,
3

(7)

where u1 = u−u0 denotes the turbulent velocity field, having a
correlation time τc . The suppression of the turbulent diffusivity
by strong magnetic fields in the overshoot layer is parametrized
by a factor
fβ =

β1
 1.
β2

(8)

We seek solutions of the form P = p(x) exp(ikz z +λt), and similarly for T . Here kz is the wave vector in the latitudinal direction. The boundary conditions are as follows (cf. Ossendrijver
& Hoyng 1996):
P = ∂x T = 0
[[P ]] = [[T ]] = [[∂x P ]] = [[β∂x T ]] = 0
(∂x + kz ) P = T = 0

at x = −d1 ,
at x = 0,
at x = d2 .

(9)

Here [[· · ·]] denotes the jump at the boundary. In the second line,
β assumes the value β1 for x < 0 and β2 for x > 0. We separate
λ in complex and real parts according to
λ = iω + γ,

(10)

where ω = π/Pcyc is the dynamo frequency and γ is the meanfield growth rate. We solve the dispersion relation numerically
and we identify the fundamental mode, i.e. that with the largest
growth rate. The diffusivities β1 and β2 are tuned in such a way,
that the fundamental mode is slightly subcritical, having a decay
time τdec = 1/|γ| of about 20 cycle periods. For a motivation
of this requirement, and for analytical solutions of Eq. (6) we
refer to Ossendrijver & Hoyng (1996).
3.2. Dynamo parameters of lower main-sequence stars
In this section we present expressions for the parameters that
occur in the dynamo equation, in terms of the stellar structure
and the rotation rate. Some of these expressions relate stellar
parameters to solar parameters, which are treated in Sect. 3.4.
Apart from τc (Eq. 2), the parameters related to stellar structure are derived from a set of models by Copeland et al. (1970).
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the stars in our sample. Its value is fixed by the solar calibration
model (Sect. 3.4). The α-coefficient now becomes

Table 2. Parameters of lower main-sequence stars
M/M
B −V a
Rc [1010 cm]b
Hp [109 cm]b
d2 [1010 cm]b

0.7
1.16
3.16
4.40
1.51

0.8
0.95
3.61
4.73
1.62

0.9
0.78
4.14
4.99
1.71

1.0
0.65
4.97
4.91
1.60

1.1
0.57
6.04
4.30
1.30

1
α = − H(1) Roq Hp /τc .
3

B −V taken from Kim & Demarque (1996), assuming a stellar age
of 2 Gyr.
b
Compiled from Copeland et al. (1970).
a

Out of the models presented by these authors we have chosen
the series with a composition given by X = 0.7, Y = 0.27, Z =
0.03, and with a mixing-length parameter αML = lML /Hp = 1.5
(Table 2). We employ the pressure scale height at the bottom of
the convection zone, Hp = kT /µmH g, to define the thickness
d1 of the overshoot layer (Skaley & Stix 1991):
d1 = 0.4 Hp .

(11)

For the Sun, this amounts to about 2 × 104 km (Table 2). We
assume that the total difference ∆Ω in angular velocity accross
the overshoot layer depends on the rotation rate in the following
manner:
∆Ω =

Prot p
∆Ω .
Prot,

(12)

No reliable estimate is known for p, but there are theoretical indications that p is positive, so that differential rotation decreases
with increasing rotation rate (Kitchatinov & Rüdiger 1995). The
corresponding velocity gradient in the overshoot layer can be
expressed as
a=

Rc ∆Ω Rc ∆Ω
=
d1
d1

Prot p
,
Prot,

(13)

where Rc denotes the distance from the origin to the bottom of
the convection zone (Table 2).
Following Eq. (7), we estimate α as α ≈ − 13 Hτc hu21 i/l ≈
1
− 3 HHp /τc , where l ≈ Hp ≈ u1,rms τc is the typical length scale
of the convective cell and H denotes the normalised helicity
coefficient,
hu1 · (∇ × u1 )i
H=p 2
.
hu1 ih|∇ × u1 |2 i
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(14)

This coefficient measures the correlation between u1 and the
vorticity ∇ × u1 . It is non-vanishing due to the effect of rotation
on the convective motions, which suggests a dependence on the
Rossby number. Since |H| ≤ 1, the correlation must saturate
for small values of Ro (rapid rotation), but if rotation is slow,
we may assume H = H(1)Roq , with q < 0. Here H(1), the
normalised helicity for Ro = 1, is taken to be the same for all

(15)

Here the convective turnover time is obtained from B −V (Table 2) with the help of expression (2).
We assume that all the stars have activity belts similar to
those of the Sun. These activity belts originate at a latitude of
about 35◦ during the activity minimum and migrate toward the
equator in the course of one cycle period, after which new belts
of opposite polarity appear. The wave vector in the latitudinal
direction that is associated with this equatorward migration is
estimated as
kz =

360 1
.
70 Rc

(16)

The turbulent diffusivities are determined in the following way.
We determine the ratio fβ = β1 /β2 by means of the solar calibration model in Sect. 3.4 and we assume that it is the same
for all the stars. The value of β2 (and of β1 = fβ β2 ) is fixed
by a condition on the growth rate of the mean magnetic field,
see Sect. 3.5. However, we shall demonstrate in Sect. 3.4 that,
to good approximation, the cycle period depends on β1 and β2
only through their ratio fβ , so that Pcyc is not affected by this
condition.
3.3. Theoretical cycle periods
The exact cycle periods of stellar dynamos are found by numerically solving the dispersion relation that results from Eq. (6).
In order to gain insight in the parameter dependence of Pcyc we
employ an approximative expression. This allows us to compare in a simple manner the observed relation between Pcyc ,
Prot and τc with the predictions of our model. Ossendrijver &
Hoyng (1996) derived the following expression, using an approximative dispersion relation which is valid if fβ  1:
√
√
π 8
−1/2
1 + C2
,
(17)
−
1
+
Pcyc ≈
β2 kz2
where C is the dynamo number, given by
C=

aαfβ
.
β22 kz3

(18)

A useful approximation is obtained for large dynamo numbers
(|C|  1):
√
√
−1/2
π 8 −1/2
|C|
= π 8 a|α|kz fβ
.
(19)
Pcyc ≈
2
β2 kz
Notice that Pcyc now depends on the turbulent diffusivities only
through their ratio fβ , which we take as a constant. Hence we do
not require for the moment any further knowledge of β1 or β2 ,
the values of which will be determined in Sect. 3.5. Since the
dynamo number (Eq. 18) does depend on β1 and β2 , we shall
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Table 3. Parameters of the solar calibration model
∆Ω
α
H(1)
β1
β2
fβ
Pcyc
τdec

1.57 × 10−7 s−1
−25 cm s−1
0.099
4.1 × 1010 cm2 s−1
5.8 × 1011 cm2 s−1
0.071
11 yr
220 yr

3.5. Validity of expression (20)
Fig. 4. The solid points denote the measured cycle periods of slowly
rotating lower main-sequence stars (Table 1). The dotted curves represent Eq. (20) for various rotation rates. The labels indicate the rotation
period in days.

verify the validity of Eq. (19) also in Sect. 3.5, and assume for
the moment that |C|  1. Inserting Eqs. (11–16) we may write
0.5p
7.08 Prot,

Pcyc ≈ p

H(1)fβ ∆Ω

−0.5(p+q) 0.5(q+1)
Prot
τc
,

(20)

where Pcyc expressed in years, and Prot and τc in days. We point
out that, according to this approximation, Pcyc depends on stellar
structure only through τc . This allows us to compare Eq. (20)
with Eq. (3), which describes the observations, and we conclude
that these two equations are equivalent if
(
(
b = −0.5(p + q)
p = 1 − 2(b + c) = 1.1 ± 0.2
⇔
(21)
c = 0.5(q + 1)
q = 2c − 1 = −5.1 ± 0.6
The positive value of p indicates that differential rotation decreases with increasing rotation rate (Eq. 12). Note the effect
of the strong anticorrelation between b and c on the uncertainty
in p. The rather large negative value of q indicates a strong
dependence of α on rotation.
Fig. 4 shows the observed cycle periods of the slowly rotating stars from Table 1 as a function of B −V , as well as the
curves predicted by Eq. (20) for various rotation rates. There
is reasonable agreement on the whole between the theoretical
curves and the measured cycle periods.
3.4. The solar calibration model
The calibration of the stellar dynamo models is based on the
solar parameters that are shown in Table 3. The total difference
in angular velocity across the overshoot layer near the equator is
estimated from Goode (1995). The constant H(1) is determined
from Eq. (15) by adopting a value for α, namely −25 cm s−1 .
The choice of α is somewhat arbitrary. We determine β1 and
β2 following an iterative method, i.e. by solving Pcyc and τdec
from the (exact) dispersion relation and applying corrections to
β1 and β2 , until Pcyc = 11 years and τdec = 20Pcyc .

In order to verify whether the dynamo number is sufficiently
large for expression (20) to be valid, we return to Eq. (6)
and solve the full dispersion relation (cf. Ossendrijver &
Hoyng 1996) for a series of stellar models (Table 2). For each
model, we calculate the dynamo parameters as indicated in
Sect. 3.2, employing the values of p and q derived in Sect. 3.3.
We choose stellar masses in the range 0.7 ≤ M/M ≤ 1.1
and rotation periods in the range 15 ≤ Prot ≤ 50 days, providing complete overlap with all the slowly rotating stars in
Table 1. For a given stellar mass and rotation rate we let β2 (or
β1 = fβ β2 ) assume the value at which the fundamental mode
of Eqs. (6) satisfies τdec = 20Pcyc . This is achieved by starting
with an initial value for β2 , solving the dispersion relation, estimating the required correction to β2 , and repeating this, while
keeping fβ constant, until β2 has converged. The smallest dynamo number that occurs in any one of these models is |C| ≈ 7,
and the resulting difference between exact and approximative
values of Pcyc is typically a few percent. Given the large uncertainty in the observed cycle periods (typically σP /Pcyc ≈ 15%),
we ignore this effect, and we conclude that expression (20) is
a valid approximation for the cycle periods of slowly rotating
lower main-sequence stars.
4. Summary and conclusions
We have demonstrated that for slowly rotating (Ro >
∼ 0.9) lower
main-sequence stars with well-defined periodic chromospheric
activity the cycle period Pcyc can be parametrised according
b c
τc , with b = 2.0 ± 0.3 and c = −2.0 ± 0.3.
to Pcyc ∝ Prot
The existence of such a relation points to a common dynamo
mechanism for slowly rotating stars. Cycle periods of rapidly
rotating stars (Ro <
∼ 0.9) do not match this relation.
We used linear mean-field dynamo theory to explain the cycle periods of slowly rotating lower main-sequence stars, assuming that the geometry of the dynamo in all these stars, including
the Sun, is that of Parker’s surface-wave model (Parker 1993).
We assumed that the differential rotation and the α-coefficient
p
and
depend on the rotation rate according to ∆Ω ∝ Prot
q
α ∝ Ro . The other parameters were taken to be independent of
Prot . In estimating kz we assumed that the activity belts extend
over 35◦ of latitude on either side of the equator. This is probably
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a reasonable assumption for slowly rotating stars, since model
calculations have shown that starspot activity occurs near the
poles only for rapidly rotating stars (for a star of one solar mass
if Prot <
∼ 0.1Prot, , Schüssler et al. 1996).
The observed correlation between Pcyc , Prot and τc is reproduced if p = 1.1 ± 0.2 and q = −5.1 ± 0.6. The positive sign
of p suggests that differential rotation decreases with increasing rotation rate. Such a trend is supported by calculations of
Kitchatinov & Rüdiger (1995), who found a similar dependence
on rotation, with p ≈ 0.4. The negative value of q indicates
that the α-coefficient increases if Ro decreases, in accordance
with the common assumption that |α| increases with increasing
rotation rate. Our result also implies that for constant Prot , |α|
increases with increasing τc , i.e. with increasing B−V (Eq. 15).
This is due to the fact that convective cells with longer turnover
times are more strongly influenced by rotation.
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