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ABSTRACT. The increasing observational evidence offered by photometric and spectroscopic data of 
magnetic cycles in lower main sequence stars, has confirmed the general expectation that the same basic dy
namo mechanism operates in the Sun and main sequence in stars widi outer convective envelopes. 

Unfortunately, no clear correlation has been found, up to date, with stellar parameters as mass, rotation 
rate and age, even if irregular activity and shorter cycle periods seem to be characteristic of stars more mas
sive than the Sun, while hyperactive fast rotating components of binary systems like RS CVn's and BY 
Dra's show a tendency for cycles as long as several decades. 

Although dynamo theory has probably captured die essential physics of the convection-rotation interac
tion giving rise to stellar magnetic activity, as evidenced, for instance, by the correlation between proxy ac
tivity, indicators and the Rossby parameter related to the dynamo number, the reliability of the present 
theoretical background should be measured by its capacity of interpreting and predicting characteristics and 
periodicities (or aperiodicities) of stellar cycles. This should be done in the framework of the nonlinear ap
proach, which, in principle can describe multimodal dynamo behaviour with a variety of time scales. 

The fundamentals of the theory must be tested, however, in the closest astrophysical laboratory, our Sun. 
Serious problems to a dynamo mechanism operating in the convection zone have been posed by most recent 
helioseismological results, which, on the other hand, do not rule out the possibility of dynamo action in 
the transition layer between the convective and die radiative zones, which is suggested independently by the 
global solar cycle features. Indeed, assuming the correct sign of helicity in the transition layer, the helio
seismological data on the radial gradient of angular velocity support both equatorward propagation of dy
namo waves at lower latitudes and poleward propagation at higher latitudes, which is evidenced by different 
tracers of the solar cycle. 

1. The Principle of Solar-Stellar Connection 

This is an unification principle. It states: (i) that the phenomenology of solar and stellar magnetic 
activity is essentially the same despite of different strength, topology and time scale of active phe
nomena occurring on the Sun and distant stars; and (ii) that this phenomenology can be interpreted 
in terms of the same fundamental mechanism, the dynamo mechanism, operating in stellar convec
tion zones, although differences in the dynamo operation mode are expected.depending on stellar 
mass, rotation rate and age, as well as on the dynamo number, a parameter which characterizes the 

371 

G. Berthomieu andM. Cribier (eds.), Inside the Sun, 371-382. 
© 1990 Kluwer Academic Publishers. Printed in the Netherlands. 

https://doi.org/10.1017/S025292110006807X Published online by Cambridge University Press

https://doi.org/10.1017/S025292110006807X


372 

strength of dynamo action - the last point being clearly evidenced by the non-linear analysis of dy
namo equations. 

Hence, the complementarity of solar and stellar observations to highlight the basic phenomena 
and mechanisms of stellar activity: 

- in a way, solar data give the possibility of detailed study of activity features and phenomena in 
the closest astrophysical laboratory (the Rosetta Stone of Astrophysics), provide a guide-line to 
explore stellar activity on the basis of what we leam from the Sun, and allow to test models of stel
lar activity "at home" 

- on the other side, stellar observations do offer a large sample of phenomenology on a multiplic
ity of astrophysical situations and time scales, suggesting a more general scenario and widening out 
our ideas about the operation modes of stellar activity. 

Unity in multiplicity is therefore the basic concept of the solar - stellar connection: unity as for the 
mechanism, multiplicity as for its operation modes depending on stellar parameters. 

But, warning! Some caution is necessary when making use of the analogy to the Sun to under
stand phenomena in stars of different activity level. For instance : 

- extrapolating from slow rotators (hypoactive stars) to fast rotators (hyperactive stars) may be 
seriously dangerous 

- the dynamo operation mode may be different in different activity level stars, even as to location 
(the convection zone(c.z.) or the boundary layer at the base of the c.z. or even the stellar core) and 
driving mechanism itself (radial or latitudinal angular velocity gradient in the stellar interior) 

- significant differences in the activity signatures of very similar stars are expected when the 
analysis is made in the non - linear magnetohydrodynamic regime (Weiss et al. 1984, Belvedere et 
al. 1989, Belvedere and Proctor 1989). This is confirmed on the observational side (RodonO 1987). 

Therefore, dynamo theory must be tested both on the Sun and distant stars and is reliability 
measured by its capacity of interpreting and predicting different activity signatures in different stars. 
In this context, it appears to be of outstanding relevance to confront theory and observations as to 
periodicities or aperiodicites in the time evolution of activity, with particular reference to stellar 
cycles. 

2. Some Relevant Features of the Solar Cycle 

As is known, proxy records of solar activity, as C's fluctuations in tree rings or Be's in polar ice 
caps (Stuiver and Quay 1980) allow us to explore the activity of the Sun back to about nine millenia 
ago. Note that the layered Precambrian sediments found in South Australia, which were previously 
interpreted as an evidence for solar cyclic activity some 700 million years ago, were due to tidal 
processes (Williams 1989; Weiss 1989). 

Human sporadic sunspot observations date back to two millenia ago, but systematic spot counts 
only to mid - seventeenth century. 

It has clearly been stated on the basis of spot counts (Wolf number) that the mean periodicity of 
the solar cycle is 11.2 years, with range from 8 to 15 years. More correctly, one has to take the 
double (22y) as the real solar cycle period, this being the time interval between two successive ap
pearances of the same magnetic field polarity at the solar poles. Also long - term periodicities in the 
sunspot counts have been evidenced: the 80-90 y Gleissberg cycle and the 190 y Grand Cycle. For 
details on the solar cycle features see e.g. Stix (1981). 
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Curiously, it is not the modulation of activity which is more relevant to understand the solar cycle 
(and the underlying dynamo mechanism) but the nearly absence of activity at certain epoches, the so 
called Grand Minima (Eddy 1976, 1983): Oort's Grand Minimum (1010-1050 A.D.), Wolfs 
(1280-1340), SpOrer's (1420-1530) and Maunder's (1645-1715). 

Note also that in the dendrochronologic record episodic cycle suppression occurs roughly at 250 
year intervals and lasts about one third of this time interval (Damon 1977).This indicates that the 
solar cycle is really intermittent or, in other words, it exhibits chaotic behaviour with different time 
scales and episodes of reduced or zero activity, namely a real aperiodicity rather than a quasi - pe
riodicity (Williams 1981, Wallenhorst 1982). To this regard one may question how significant us
ing the term "solar cycle" is, at least referring to suitably extended time intervals. 

However, interpreting the solar cycle anomalies in terms of stochastic behaviour instead of de
terministic chaos cannot be excluded. The matter is still controversial, but, to this regard, the rela
tion between mean magnetic field and stochastic turbulent convection may be relevant (Hoyng 
1987, 1988). 

Now, what about stellar cycles? Before entering this problem, let us examine the indicators of 
magnetic activity in stars and their relations to the basic stellar parameters as mass, rotation rate and 
age. 

3. Stellar Activity Indicators 

3.1 MAGNETIC FIELD MEASUREMENTS 

Robinson's (1980) method allows to measure non-averaged magnetic field strengths and filling 
factors by means of comparing magnetic sensitive and insensitive lines. This avoids cancelling out 
of opposite polarities, which occurs in conventional Zeeman polarization measurements. Results for 
29 G-K stars (with 19 detections) have been reviewed by Marcy (1984), indicating magnetic field 
intensities B as high as 1500+2000 Gauss, filling factors f in the range 0.3+0.8 ( » than the solar 
value ~ 0.01) and a correlation between magnetic flux density, effective temperature and rotational 

velocity of the type & ~ T^f" V^,55. Note that the Sun does not fit in with this relationship! Gray 
; (1984) found a similar trend. Saar and Linsky (1986), after measuring 20 main sequence stars, 
j found that the magnetic field intensity B correlates with the surface pressure (related to Teff), as 

suggested by theoretical arguments on flux tube equilibrium, but does not with the rotational velo
city: it is indeed the magnetic flux 0 ~fB which correlates with Vrot. This is an important observa
tional result, as it shows: (i) that the relevant quantity to be related to the rate of rotation in dynamo 
theories is the magnetic flux; and (ii) that for similar stars B and f may be inversely proportional. 
More recently (Saar 1989), it has been shown that 0 is proportional to the product TcO), where xc s 
the convective turnover time (see later) and ft) the angular velocity of rotation, and declines expo
nentially with stellar age. 

Future improvement of the observational techniques will check the previous results about ma
gnetic field strengths and filling factors, which are essential data for testing dynamo theory. To this 
regard, we look with interest at the recent Zeeman - Doppler Imaging Method (Donati, Semel and 
Praderie,1988; Semel 1989) which can give both intensity and cartography of magnetic fields on 
stellar surfaces, by measuring both I and V Stokes parameters. In principle, this is an extension of 
the Doppler Imaging Method (Vogt 1983; Vogt et al. 1987), which allows to reveal spotted regions 
on stars. 
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3.2. PHOTOMETRIC VARIABILITY 

This evidences the presence of dark spots on stellar surfaces and can in principle give us 
information on periodicities or aperiodicities in stellar activity as well as on differential rotation of 
stellar envelopes (large and short scale variation in time of stellar luminosity). We do not go into 
details here, referring the reader to Byrne and RodonO (1983), Baliunas and Vaughan (1985) and 
RodonO (1987). We just outline that three levels of activity have been evidenced 

-1 level (Hyperactivity) 
This is characteristic of the fast rotating RS Canum Venaticorum and BY Draconis type stars, 

with luminosity variation amplitude A up to 0.6+0.7 mag, filling factor f up to several tenths 
(>50%) and time scale (cycle period?) of the order of 50+60 y 

- II level (Mid - activity) 
This refers essentially to young and fast rotating stars in Pleiades and Hyades, with A-0.1 mag, 

f~0.1 
- Ill level (Hypoactivity) 
This is the class to which most stars, generally slow rotators, belong, including our Sun, with 

A-0.01+0.05, f~0.01 and time scale (cycle period) ~10y. 

Before entering the next subsection, we point out the important fact that both photospheric flux 
modulation amplitude and chromospheric emission flux do increase from level III to level I, this 
giving consistency to our global understanding of stellar activity. 

3.3. SPECTROSCOPIC VARIABILITY 

We refer to CanH.K and Mgnh.k line emission cores, which are a powerful tool to investigate 
stellar activity, as clearly shown since the pioneeristic work by Wilson (1978). For all details about 
the method and observational results we address the reader to Catalano (1984), Baliunas and 
Vaughan (1985), Hartmann and Noyes (1987), Baliunas et al. (1989), and references therein. 
Chromospheric fluxes (emission cores), originating from active regions are very good proxy 
indicators of stellar activity, being correlated to the magnetic field strength and filling factor 
(Skumanich et al. 1975). 

The flux modulation in time allows to measure both rotation rates (of course, independent of V 
sin i) and activity time-scales, including cycle periods. The reliance on proxy indicators of stellar 
activity derived from the difficulty of directly measuring the magnetic field topology and intensity. 

However, due to the progress in the techniques of investigation, calibrating the emission flux in 
terms of the magnetic flux density 0 =fB is now possible. For the Sun we have (Schrijver et al. 
1989): 

log AFH,K = 0.6 log (JB) + 4.8 

and, for a sample of active stars (Saar and Schrijver, 1987; Schrijver, 1987): 

AFH,K ~ (/B)°-62±014 for (ffi) < 300 Gauss 

where AFHJL is the "excess" emission flux, defined in the next subsection. 

The substantial agreement between the relationships found for the Sun and the sample of stars is a 
further evidence of the correctness of the solar-stellar connection principle. 
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3.4. THE DEPENDENCE OF CHROMOSPHERIC ACTIVITY ON STELLAR PARAMETERS 

Different proxy indicators of chromospheric activity have been used in recent years : 
(i) the emission flux FH^ 
(ii) the ratio RH,K of the emission flux to the bolometric flux 

(iii) the "excess" emission flux AFH,K< namely the difference between the total flux and the 
"basal" flux, the latter representing the contribution of the quiet chromosphere 

(iv) the emission luminosity LHJC 

Noyes et al. (1984a) found a correlation between log RHJC and log Prot, where Prot is the rota
tional period. 

However, they noted that the scatter is minimized when correlating log RH,K and log Protfrc, 
where RQ = Prothc is the Rossby parameter and xc is the convective turnover time, namely the ra
tio of the scale height at the base of the convection zone (c.z.) to the characteristic convective velo
city in the deep c.z. This is the order of magnitude of the time necessary for an element of fluid to 
describe a closed path in a rotating convection zone. Note that Tc is stellar mass dependent, as the 
structure and dynamics of the convective zone of a star depend on its mass (or colour index, (B-V)). 

Therefore the Rossby parameter is a function of both mass and rotation rate. Note that this pa
rameter is a "hybrid", as Prot is an observed quantity and Tc a theoretical one, computed by Gilman 
(1980). 

But the important point is the following. Increasing Ro means increasing the rotational period 
and/or decreasing xc i.e. the thickness of the stellar c.z. In other words, Ro increases for slower 
rotators and/or earlier spectral types, and the observed correlation between RH,K and Ro shows that 
activity declines with increasing Ro . This is consistent with dynamo theory : in fact R0 ~ 1/V7J , 
(see e.g. Belvedere 1985), where D is the dynamo number which parametrizes the effect of the in
teraction of convection and rotation giving rise to dynamo action, the strength of which increases 
with increasing D. Therefore, the larger is Ro, the weaker is dynamo action, in agreement with the 
observational evidence. Note that this argument was already in Durney and Latour (1978) and 
Belvedere et al. (1980a). 

Inverting the argument one can conclude that stellar activity gets stronger in faster rotators and 
later spectral types. 

Zwaan (1986), Rutten and Schrijver (1986), using basically the same data, but AFH,K as the 
proxy indicator, did not find a unique correlation between chromospheric activity, rotation rate and 
mass. They indeed obtained a family of curves in the plane (log AH,K • log Prot)< with slopes de
pending on (B-V). A detailed discussion on this discrepancy can be found in Hartmann and Noyes 
(1987). 

Moreover, Marilli et al. (1986), using another proxy indicator, the chromospheric emission lu
minosity, found a correlation such as : 

LH,K ~ e-aP"» 

where the interesting fact is that a, derived by observations nearly coincides with 1 / TC, com
puted by Gilman (1980). 
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At the present, all the authors here mentioned claim to have used the best chromospheric activity 
physical indicator. We do not enter upon this subject here, but stress the fact that, independently of 
the particular indexes selected as tracers (spots, active chromospheric regions) or proxy indicators 

(RHJC ,AFH,K ,LH,K ) the observational evidence shows that activity increases with increasing ro
tation rate and c.z. thickness. This is also confirmed by direct magnetic field strength and filling 
factor measurements, and is in agreement with the predictions of dynamo theory. 

4. Stellar Activity Cycles : Observations and Theory 

In the last twenty years, a great amount of data on chromospheric variability of active stars have 
been collected on a sample of about 100 objects (see Baliunas and Vaughan 1985, Baliunas 1986, 
Baliunas et al. 1989). 

The results indicate that 15% of the observed stars show no variability, 25% show chaotic or er
ratic time behaviour and the remaining 60% show cyclic time behaviour, with periods of the order 
of lOy, mostly ranging from 5 to 15 years. Also most cycle characteristics are solar - like, as to 
smoothness and shape. Further a Maunder minimum - like behaviour has been detected on the star 
HD 10700. 

Cycle periods <5 y have been observed only on stars with mass M > M0, this having some rele
vance as for the comparison between theory and observations, as pointed out later. However, and 
this is a very important point, no clear correlation has been found between the cycle period and stel
lar parameters as rotational period, Rossby parameter, mass (or spectral type), chromospheric acti
vity strength (i.e. magnetic flux density) and age. 

Perhaps the observational time span is too short (?) and the sample too limited (?), so that we 
have to wait for new observations prior to drawing any conclusions. If the present lack of correla
tion is confirmed, dynamo theory will confront a new challenge, since up-to-date predictions are 
few and controversial, and disagree with the observational evidence. 

Let us have a look at the theoretical investigation on stellar cycles and their relation to stellar 
parameters. 

According to Belvedere et al. (1980c), the cycle period should increase with (B-V), this result 
being obtained in the case of marginal dynamo instability for which the dynamo wave period is of 
the order of the diffusion time in the stellar convection zone. 

This result is just the opposite of what has been found by Dumey and Robinson (1982), accord
ing to whom the period should decrease with (B-V), assuming the dynamo wave period to be of the 
order of the magnetic field amplification time in the convective layers. 

As to the frordependence, both models predict P cycle ~Prot (see e.g. Belvedere 1985). More 
recently Noyes et al.(1984b) found the empirical relationship Pcycle ~(Prot I Tc ) 1 2 5 and discussed 
it in the framework of a simple nonlinear dynamo model. However, the number of stars was too li
mited (12 objects), so that their result was not confirmed once the sample was extended to all the 
measured stars (Baliunas and Vaughan 1985, Baliunas et al. 1989). 

Therefore these models not only disagree with each other, but, further, have scarce or no obser
vational support, since no cycle dependence on the spectral type or the rotational period has been 
found up to now. 
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Perhaps, however, the limited evidence of short cycle periods in late F-type stars and long cycle 
periods in RS CVn and BY Dra gives some slight support to Belvedere et al. (1980c), as well as the 
Prot independence of Pcycie is consistent with the theoretical result of Kleeorin et al. (1983) for the 
case of rapid rotators. 

In the light of these non-encouraging theoretical predictions on stellar cycles, a question naturally 
arises: is dynamo theory well founded and at least partially reliable, even if same caution is un
doubtedly necessary? To explore the implications of this question and try to answer it, let us come 
back home, to the solar dynamo. 

5. The Present Status of Solar Dynamo Theory 

As is known, dynamo theory attempts to explain the generation and evolution of cosmical ma
gnetic fields in terms of induction effects in rotating conducting fluid masses. For the development 
of the main concepts and exhaustive detailed information, we address the reader to the books of 
Moffatt (1978), Parker (1979), Krause and Radler (1980), and to the reviews of Stix (1981), 
Schussler (1983), Belvedere (1985). 

Rather a lot of solar dynamo models have been dished up in recent and less recent years, most 
based on the original Parker's (1955) formulation in terms of the so called cc-to mechanism: toroidal 
magnetic fields are generated from poloidal ones by differential rotation (co-effect), while cyclonic 
turbulence (a-effect) regenerates poloidal fields from toroidal ones (e.g. Steenbeck and Krause 
1969 a,b; Yoshimura 1975, 1983; Belvedere et al. 1980b, 1980c, 1987, 1989; Schiissler 1984; 
Gilman 1983, 1986; Gilman and Miller 1981, Gilman et al. 1989; Durney and Robinson 1982, 
Ruzmaikin 1984; Dumey 1988, Brandenburg et al. 1988,1989, Schmitt and Schussler 1989). 

Dynamo models may be separated into two classes: cinematic, linear dynamos and hydroma-
gnetic, non-linear dynamos. In the latter the back-reaction of the magnetic field on the velocity field 
is taken into account, and the whole system of the magnetohydrodynamic equations is solved 
simultaneously, assuring internal consistency. 

Although linear models seem to have captured the essential physics of the convection-rotation in-
I teraction giving rise to dynamo action, as is shown by their capacity of reproducing the solar cycle, 
I there is no doubt, however, that present and future research has to be carried out in the framework 
I of the nonlinear approach, which in principle allows to describe a multiplicity of dynamo operation 

modes and to predict magnetic field strengths. 

Here we do not enter upon the subject of solar activity models, but outline some recent basic 
problems and developments of solar dynamo. 

5.1 .THE LOCATION ANDWCRHNG MECHANISM CF DYN r̂oiNTHELOHTCFHELDSEISMaJOGY 

The location of dynamo action has vigorously been debated in recent years. Three possible loca
tions have been suggested in modelling solar dynamo: 

(i) the whole convection zone 
(ii) the base of the convection zone (1st scale height) 
(iii) the boundary (overshoot) layer between the convective and the radiative zones. 

The last possibility seems to be the most realistic on the basis of the following argument.Spatial 
separation of the co-effect and the a-effect is not plausible in so far as it would imply problems of 
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upward and downward field transport in a turbulent medium. On the other hand, since stability of 
magnetic flux tubes against magnetic buoyancy suggests that the co-effect is located deep in the con
vection zone or better in the boundary layer (Parker 1979, Spiegel and Weiss 1980, Spruit and Van 
Ballegooijen 1982), also the oc-effect is expected to operate mainly at deep levels. This is also sup
ported by the argument that the a-effect on flux tubes rapidly rising to the surface would be ineffec
tive in the top half of the convection zone. (Golub et al. 1981). 

The location of dynamo in the boundary layer is indirectly supported by the helioseismic results. 
The most recent hehoseismological data (Duvall et al. 1986, Brown and Morrow 1987; Christensen 
- Dalsgaard and Shou 1988; Harvey 1988; Libbrecht 1988,1989; Dziembowski et al. 1989; Brown 
et al. 1989) seem to agree as to the following (provisional) scenario: 

(i) the surface angular velocity CO (RQ, 6 ) persists throughout the convection zone 

(1 R0 ->0.7 Ro): i.e. (dco/dr)c.z. ~ 0 or slightly >0 

(ii) beneath the convection zone (0.7 RQ —»0.65 RQ), rigid rotation dominates with 
COo = 2.7 10"6rad/s which is the surface value at latitude ~ 37° . All this implies that the equatorial 
and polar rotation rates do converge to the intermediate value (OQ below the convection zone. 

Let us see what the implications to solar dynamo are: 
(i) radial shear driven dynamo, operating in the convection zone might be unrealistic 

(ii) radial shear driven dynamo operating in the boundary layer is still supported by helioseismo-
logical data. The argument is the following (with reference to the northern hemisphere). 

Since cx<0 in the boundary layer (Yoshimura 1975, Gilman 1983, Glatzmaier 1984, 1985a,b, 
Gilman et al. 1989, Parker 1989), and, interpolating the hehoseismological results in the boundary 
layer: 

^ < 0 at high latitudes (>• 37°) 

<&P > 0 at low latitudes ( s< 37°) 

we get poleward migration of the toroidal field at high latitudes ( <#• ) and equatorward 

migration at low latitudes (°\fr *~ )• m agreement with the observational evidence shown by 
different tracers of the solar cycle (polar faculae and prominences on the one side, spots and faculae 
on the other side). 

This means that dynamo can still work and reproduce the observations if is located in the 
boundary layer. 

At present, however, all must be taken with great caution! Indeed : 
- the helioseismic inversion data are not conclusive. For instance, noise may mask the effect of 

rotation (Brown et al. 1989). 
- discrepancies do exist between different sets of data (see e.g. Rhodes et al. 1987,1988) 
- convection zone dynamo models which may work, have still been proposed: magnetostrophic 

wave dynamo (Schmitt 1987) cylindrical isorotation dynamo (Durney 1989a,b) latitudinal shear 
driven dynamo (Parker 1989). 
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6. Concluding Remark 

Dynamo theory has some obscure and bright aspects. The next decade will probably decide on its 
validity. 

We refer above all to: 
- the impact of helio- and asteroseismology 
- the impact of the recently observed resonant structure of the magnetic pattern of the solar cycle 

(Stenflo and Vogel 1986, Stenflo 1988),characterized by different stabihty of odd and even parity 
modes with respect to the equator and different / dependences of the mode frequency and then, of 
the associated sinusoidal period, for odd and even modes (/ is the spherical harmonic degree) 

- the impact of the present no - correlation between stellar cycle periods and stellar parameters, 
or, in the future, of any (expected?) correlation found when a larger sample of stellar data is 
available. 

The one we are living is probably a period of transition, in which a pause of meditation and re
flection is perhaps necessary. 
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