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Abstract. The renewal of chrornospheric activity in red giants and super- 
giants is interpreted in terms of the reappearance of dynamo activity in the 
interior due to the spin-up of the core caused by its contraction in the 
course of evolution from the main sequence to the giant stage. A region 
of very high rotational shear (differential rotation) develops between the 
core, which spins up by a large factor through the drastic contraction, and 
the envelope, which spins down in contrast by virtue of expansion. 
Mechanisms of angular momentum transfer may operate to smear this 
large shear, and bring the inner part of the envelope into sheared rotation. 
A convective layer, on the other hand, develops in the envelope from the 
surface inwards, when the envelope expands and the temperature is 
lowered. A dynamo layer, or a layer in which the sheared rotation co- 
exists with the convection (the presence of a remnant magnetic field being 
postulated), will thus reappear in the inner part of the envelope when the 
envelope-convection reaches down and invades the layer of sheared 
rotation. Surface chromospheric activity due to the magnetic field is thus 
renewed when the regenerated magnetic field is brought up to the surface 
by the envelope-convection. These phenomena occur as the star evolves 
into the giant stage and hence explain the observed characteristic of 
gradual revival of chromospheric activity from the subgiant to the 
giant stage. 
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1. Introduction 

Ca 11 H- and K-line emission is well known to be a good indicator of the chro~nospheric 
magnetic activity in the case of the Sun (Thomas and Athay i 96 Z ; Bappu and Sivaraman 
1971; Bray and Loughhead 1974; Skumanich, Smythe and Frazier 1975). The Ca r r  
K-line (Wilson and Bappu 1957; Wilson 1976), and more recently, resonance lines 
like Mg 11 h and k lines in the ultraviolet observed from space (Basri and Linsky 
1979; Weiler and Oegerle 1979) have been extensively studied to investigate stellar 
chromospheres (Linsky 1980). 

Two aspects of cl~romospheric behaviour h a ~ e  been the focus of much atrention. 
These are the relationship between K-line widths anti absolute magnitude (Wilson 
and Bappu 1957), and t l~e  age dependence of K-line emission intensities for stars on 
the main sequence (Wilson and Skumanich 1964; Skurnanich 1972). The principal 
contributor to the integrated calcium emission spectrum that enables the Sun to follow 
the Wilson-Bappu relation is the bright fine mottle of size 1-2 arcsec (Bappu and 
Sivaraman 1971). There is little difference between the emission profiie of the single 
bright fine mottle and the integrated spectrum of the Sun (Bsppu and Sivaraman 1977). 
This is true at least for the quiet Sun; the localizedenhancelnent that comes from active 
regions gives rise to a 'temporal' component that arises from the rotational ~nodulatioil 
if the Sun is viewed as a star. The emission intensity has a linear dependence 011 

surface magnetic field strengths to measurable low values in th:: case of t!le SUII 
(Frazier 1972), and there is enough circumstantial evidence available for the association 
of magnetic fields with the bright fine mottle (Bappu 1981). The decrease of chromo- 
spheric emission with age, experienced by stars on the main sequence, can well be 
considered to be due to a decrease in the magnetic field whose dissipatio~l enhances 
chromospheric heating. Middelkoop and Zwaan (1981) have plotted Wilson's 
eye-estimates against B - V values and find that the G giants show a large spread in 
H and K emission; those giants that have broadened spectral lines tend to produce 
enhanced emission and hence are indicative of dynamo efficiei~cy that is correlated 
with the rotation characteristic. 

Bappu (1981) has shown recently from the distribution on the H-R diagram of late- 
type stars that show'K-line emission that, if traced back in time along the evolutionary 
track, the low-mass red giants-which today have chrornospheric intensities that are 
strong and easily measurable-must have had periods in the late phase of their main- 
sequence stage during which they would have had no detectable chrornospheric line 
emission. In a recent communication (Bappu 1982) he has used normalized Ca rr 
chromospheric fluxes to show that it is necessary to postulate a renewal of magnetic 
activity in the atmosphere of the evolving star. Such renewal during the giant stage 
is, however, not expected from the simple application of the dynamo picture consider- 
ed for main-sequence stars. The dynamo action in stars, which is an intensification of 
the pre-existing magnetic field by the cooperation of the sheared rotation and the 
convection (e.g. Parker 1955; Yoshirnura 1975; Stix 1976), is expected to be strong 
in the envelope of young main-sequence stars-right after the Hayashi phase-due 
to the coexistence of strong convection and (sheared) rotation. Such dynamo 
action, however, decays through the long life in the main-sequence stage along with 
the decay of the stellar rotation, and the decay of the stellar rotation is more severe 
in going over to the giant stage due to the expansion and mass loss (Mestel '1972). 

In the Present pager, we Propose an interpretation for the above-mentioned 
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unexpected re-flourishing of the chromospheric magnetic activity in low-mass red giants 
in the following way. After the magnetic activity has ceased in these low-mass stars 
in the late phase of its main-sequence stage, the stars evolve into the giant stage in 
which the outer part of thc star expands to form an extended envelope while the 
central part contracts to Form a compact core because the central pressure cannot be 
maintained otherwise after the disappearance of the heat source at the centre (Schwarz- 
schild 1958; Iben 1967a). If the star has been rotating at  all, the core will spin up 
by a large factor due to the angular momentum conservation in the contraction 
whereas the envelope will spin down in the expansion for the same reason, and a Iarge 
gradient in the angular velocity developes in the boundary region. ~Mechanisrns of the 
angular-momentum transfer, such as the rotational instability causing turbulent 
viscosity (Goldreich and Schubert 1967: Fricke 1967) or the magnetic torquing (Liist 
and Schliiter 1955; Mestel 19721, will then be set in operation and the core drags the 
inner part of the e~~velope into sheared rotation. The envelope, on the other hand, 
becomes convective starting from outside as the temperature is lowered due to the 
expansion in the course of evolution (Iben 1967a), and after some time the convection 
zone reaches down and invades the region which has been set into sheared rotation by 
the drag. A dynamo layer will thus be established and restarts the process of re- 
generation of the inagnetic field. The magnetic field may be carried out to the 
surface by the envelope convection itself, but there exists another possibility that the 
magnetic bubble prcduced by the ballooniilg instability (Parker 1966) in the overly- 
wound-up field in the sheared rctation directly emerges (cf. Layzer, Rosner and Doyle 
1980). According to the the-lag between the start of the evolution of a star on the 
evolutionary track to the giant stage, and the spinning-up of the core and deepening 
of the envelope convection, the chromospheric activity in red giants will be rekindled 
and will flourish some time after the star evolves into the giant stage, explaining 
the observation. 

We first sunlmarize the observational basis of the argument in Section 2. The spin-up 
of the core in evolution and the mechanisms of the angular momentum transfer caused 
by the large difference of the rotation of the core and the envelope are discussed in 
Sections 3 and 4, respectively. The renewal of the dynamo action and the re- 
appearance of the magnetic field to the stellar surface is discussed in Section 5. Over- 
all discussion is given in Section 6. 

2. The observational basis: a brief review 

Wilson's catalogue (1976) is a plentiful data source of K-emission intensities in late- 
type main-sequence stars, giants and supergiants. Stars in this catalogue are general 
galactic field stars and are given eye-estimates of chromospheric emission intensity 
on a scale of 1-5 (5 is the most intense). Ideally, we should have available normalized 
flu values of the emission to eliminate all effects of background variation caused by 
spectral type and luminosity differences. Very few of these, however, are available at 
the present time, and hence we use the eye-estimates that form a homogeneous set, for 
indicating post-main-sequence behaviour. Since, for all these stars the K-emission 
line widths provide absolute magnitudes, it is possible to plot all the stars on an M,, 
B - V plane. Fig. 1 shows such diagrams for different chromospheric intensity values. 
We have superposed on each of these diagrams the colour-magnitude loci of stars of 
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Figure 1. K-line-width absolute magnitude plotted against B - V for different K-emission eye- 
estimates for stars of the general galactic field. 

M 11, the Hyades, NGC 752, M 67 and NGC 188. The brightest stars in the Hyades 
have a turn-off point consistent with the Iben track of a 2M,  star. Hence we use 
these locations to indicate the ages of the stars involved in the study. 

There are several salient features in this diagram that are of interest. The higher 
chromospheric intensities display a migration to brighter absolute magnitudes and 
redder colours. Part of this shift can be ea ,ily explained by the increase in apparent 
emission intensity as one assesses it against the weaker continuous background of later 
spectral types. To minimize its contribution we can make qualitative comparisons at 
any B - V value. If we confine our attention to the narrow colour intervaI, B - V 
=0-9 to 1.0, and examine the vertical spread of the points, we find that we have a11 
appreciable density of points that cover the absolute magnitude interval from about 
Mu=- 0.5 to + 4.0 for stars with intensity I= 1, the number in this calour b a ~ d  
decreasing as one goes to higher chromospheric intensity levels. The two extremes of 
luminosity available in this colour band in Fig. l a  are the giants younger than those in 
the Hyades and the subgiants comparable in age to those in M 67 or NGC 188. A 
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low value of chromospheric emission for the luininous giants is consistent with their 
age if one assumes that the decay of emission 11as a rate independent of stage of 
evolution. In other words, these stars had chromospheres that-according to the 
Skumanich (1972) es~imate of initial values-would be much greater, while still on 
the main sequence, than the present value of the Sun. On the other hand those stars 
located between the isochrones of the two very old galactic clusters must certainly have 
lost all traces of chromospheric emission before they have left the main sequence; that 
they are detectable at intensity level 1 on 10-A mm-l dispersion spectra is suggestive 
of a considerable revival of the chromosplieric emission in the first stages of post-main- 
sequence evolution. By examining the star distribution in adjacent colour bands, 
we also note the steady enhancement of intensity, especially in the subgiant to giant 
phases of evolution. 

This revival of chromospheric emission becomes apparent in our plot of the ratio of 
chromospheric flux in the Ca 11 lines to the bolometric luminosity for stars where such 
information is available in the literature (Fig. 2). The Ca 11 and Mg rr radiative loss 
rates are taken from Linsky et al. (1979) as well as Basri and Linsky (1979). Dwarfs, 
giants and supergiants are identified separately. The numbers on each point in the 
diagrams of both lines represent the Wilson eye-estimates of Ca r I  emission intensity. 
The insufficiency of systematically obtained observational data is an obvious charac- 
teristic with ground-based Ca 11 observatio~zs-the sparser of the two. We notice 
that the values of flux are shared by main-sequence objects, the supergiants and some 
of the giants. As plotted therein, on a two dimensional diagram, there is no syste- 
matic dependence of the ratio of the chromospheric flux and the total luminosity on 
the luminosity class. We note, however, that in general, stars of higher lumino- 
sity emit proportionally stronger K- or k-line emission at  any effective temperature. 
h each diagram, the curve defining a limit of chromospheric emission (LCE) beyond 
which a normal star of luminosity class I, I11 or V can seldom be located, is drawn in 
Bappu (1982). The drawing of this curve at low effective temperaturesis aidedby the 
eye-estimates of K emission; we know from experience tliat brighter cases than those 
marked in the diagram are seldom seen amongst the large number of stars in the solar 
neighbourhood. Its position is particularly uncertain at the higher effective 
temperatures corresponding to the later classes of spectral type F. The fact that we 
can specify an empirically located LCE implies that, in the overall energy balance 
scheme, the chromospheric contribution has an upper limit that is seldom exceeded 
and which depends on the effective temperature. In postulating any mechanism for 
the generation of chromospheric emission, the magnitudes to be sought for in the 
energy generation are limited by the LCE. A peak in the chromospheric-flux distri- 
bution normalized to the bolometric flux has been shown some years ago by Blanco 
et al. (1974). The LCE is now used to introduce (Bappu 1982) the display of the age 
parameter, the evaluation of which is to be done by a measure of the deviation from it 
of the flux values of any star. Consider the vertical distribution of points at 5600 K 
that passes through the location of the quiet Sun. With intensity 4 near the LCE 
and the Sun located far from it, one can interpretthe K-emission decay seen on the 
main sequence (Skumanich 1972) as measurable in terms of the deviation from the 
LCE. For T, = 4300 K we have a variety of objects located over a wide range of 
chromospheric flux in both sections of Fig. 2. The main-sequence star in the Ca 11 

diagram with a large deviation from the LCE is an  old object despite its high eye- 
estimate value of emission intensity, and typifies the effect of background contrast. 
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Figure 2. The ratio of chrornospheric flux to bolometric luminosity for different values of T, for 
the Ca n and Mgn llnes (see text). 

There are supergiants near the LCE and even a single giant that is an RS CVn 
object with enhanced contribution from plages. Notice the lone K1 I V  objcct 
that is so far from the LCE and which, on the basis of the arguments presented 
earlier, will acquire more chromospheric emission as it: evolves further. It would 
then drift higher up and to the right, closer to the LCE, as several other giants 
on the diagram have presumably done. A main-sequence star moves away from 
the LCE with age while a star evolving into a giant attempts t o  get closer to 
it. With the sparse data we now have, it will not be possible to indicate whether 
in this second phase of chromospheric renewal the star can reach the LCE. 
The supergiants have the best of both contributions and hence hover arbund the LCE. 
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Their present chromospheric intensities may benefit also from the original surface 
magnetic fields that have not had time to decay in addition to the new contributions 
acquired by virtue of the changes in the post-main-sequence evolution. Observations 
of K emission in old galactic clusters like M 67 assume a role of importance in 
providing evidence for such coiljectures of chromospheric revival. Such obser- 
vations, difficult as they are likely to be, are nevertheless within the scope of today's 
technology. 

3. Evolution of the internal state of rotation-spin-up of the core 

As mentioned in Section 1, it is well known that a compact core is formed by 
contraction during the course of evolution of a star into the giant stage. Our 
proposal here is based on the change in the distribution of the angular velocity 
inside a star (if it is rotating) due to such a change in the distribution of mass 
in the course of evolution. 

In order first to estimate the upper limit of the rotational velocity of the spun-up 
core, we assume for the time being that there exists no inechanism of angular-momen- 
turn exchange between thin elementary rings [located at (r,, 8,) in the spherical 
coordinate whose origin is at the centre of the star and the axis coincides with the 
axis of the rotation], and that each ring expands or contracts to its new (r, 6') in 
the course of evolution without interacting with one another. The conservation of 
angular momentum J of a thin elementary ring, 

implies that 

J = r2 sin2 6 Q A M = const = ri sin2 8, Qo A M, ( 2 )  

where A M is the mass of the ring, 4 is the angular velocity, and the subscript 0 
denotes those quantities before the particular part of the evolution under con- 
sideration takes place. Since AM is conserved and 0 is constant in the radial 
contraction or expansion, we have, 

We can calculate the change in the angular velocity of the ring by using this relation 
with the calculated model stellar evolution which gives the change with time of 
r (m, t ) ,  where rn = M J M ,  is the mass-fraction from the centre. Fig. 3 shows the 
change in the distribution of the mass before and after the evolution from Iben's 
model calculations for the evolution of a 1 M ,  star (Iben 1967b). Using similar 
graphs also for 1-25 M ,  and 1.5 M ,  stars from Iben (1967b), we can obtain the 
expected ratios of the angular velocity before and after the evolution (normalized 
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Figure 3. (r/Ro)-(MJM,) diagram for 1 Mestar at t=4.27 X lo9 yr and 1.09 x 10: yr (fr0.m 
Iben 1967b). This shows that the part r > r,,! expands roughly by one order of magnitude wh~le 
r r,,l contracts by about the same factor durlng the time interval, where rSsl is the radius of the 
stand-still layer. The edge of the core, the bottom of the envelope convection, and the stand-still 
layer are indicated by arrows a, b and c, respectively, for the curve of t = 1.09 x 1010 yr. 

to the corresponding values before the evolution) in these stars* (Fig. 4). It  is 
seen that the core spins up by a large factor. Kippenhahn (1963) has mentioned 
this aspect in a different context of a possible modification of stellar evolution. 
A more elaborate discussion on these lines is seen in Endal and Sofia (1976). 
Also, a large shear in the angular velocity is seen to build up in the region 
surrounding the core in all these models. The region with large gradient in Sk is 
the region of sheared rotation, and the top of it may be defined by a radius 
which fulfils the equation Q (m) = Q, (m). This particular layer neither expands 
nor contracts (stand-still layer) and keeps its original angular velocity. The layer 
of sheared rotation appears due to the structural change in the star, and the 
latter becomes appreciable some time after the star evolves away from the main 
sequence. Fig. 5 shows the edge of the core and the stand-still layer in terms 
of the mass-fraction, and Fig. 6 shows the epoch at which the structural change 

*Observed stellar properties such as rotational velocity or surface convection differ for stars with 
different masses along the main sequence. The ratio SZ/fi,, however, depends only on the change 
in the distribution of mass inside the star. The presence of convection near the surface, or the 
presence of internal differential rotation do not matter. The Fresence of internal rotation will 
affect the detailed value of Q $rough Q,, but our conclusion of faster-rotating w r e  will not be 
affected unless the profie of mtial rotational velocity has a sharp decrease toward the core. 
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Figure 4. (rIR*)-(Q/fio) curves a, b and c of the spin-up calculated for M = 1 Ma, 1.25Mo and 
1.5 MQ model stars of Iben, respectively. 

Mr/ M* 

standing - still point 

Figure 5. Mass-fractions of the edgeof the core, of the stand-still layer, and of the bottom of the 
envelope of the model stars as functions of stellar mass, deduced from the calculations of Iben 
(1967a, b, c). 

becomes appreciable; these are all derived from Iben's models for 1 M,, 1.25 M,, 
1.5 M,, 2-25 M ,  and 3 M,  stars (Iben 1965, 1967b, 1967~). 

On the other hand, the convection develops from the surface inwards due to the 
cooling of the envelope by expansion, and finally covers most of the envelope. The 
greatest depth which the bottom of the envelope convection reaches and the time 
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Figure 6. Epochs at which the change of the internal structure is accelerated in the course of evolu- 
tion, and at which the bottom of the envelope-convection reaches its greatest depth, as functions of 
stellar mass (deduced from the calculations of Iben 1967a, b, c). 

taken to reach this state are also plotted in Figs 5 and 6, respectively, for each of' 
these models. The radii of the edge of the core, of the stand-still layer, and of the 
bottom of the envelope convection are indicated in Fig. 3 for the case of 1 M ,  star, 
as an example. It is seen from Fig. 6 that the bottom of the envelope convection is 
inside the region where the strong shear in the rotation exists. Xn the case of .more 
massive stars, however, the bottom of the envelope convection lies outside the 
region of sheared rotation, but not very far away. Tlzere exist mechanisms of 
angular-momentum transfer which tend to relax the large gradient in Q, or by 
which the fast-rotating core drags the inner part of the convective envelope and 
brings it into a sheared rotation. A 'dynamo-layer' which has both sheared 
rotation and convectjon in it (the presence of a remnant magnetic field being 
postulated) will thus appear in these heavier stars also, whiIe it is strengthened 
in the case of the 1 M ,  star. In Section 4, we will seek mechanisms which allow 
such angular-momentum transfer. Finally, Fig. 7 shows the locations on the 
H-R diagram at which the structural changes are accelerated and the bottom of 
the envelope convection reaches its greatest depth, respectively, on Iben's model 
evolutionary tracks. These coincide with the renewed appearance of chromospherjc 
emission after the evolution of the stars to the giant stage (Bappu 1981). 

The problem of 'the rapidly rotating core of red giants and the angular momentum 
transfer to the envelope' reminds us of Dicke's (1964) proposal of the 'rapidly 
rotating core of the Sun' and the controversial debate on i$ spin-down (Howard, 
Moore and Spiegel 1967; Goldreich and Schubert 1967; Fricke 1967; Sakurai 
1975). This problem and ours are directly related, but the parameters involved are very 
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Figure 7. Locations along Iben's (1967a) evolutionary tracks on the H-R diagram of the epochs 
of acceleration of structural changes in evolution (dots) and of envelope-convection reaching the 
greatest depth (open circles). 

different. For. example, the radius and the central density of the core in a giant of 
R, -- (10-20) R, in our case are of the order of 0-03 R, -- (0.003-0.001 5) R, and lo5 g 
cm-3, respectively, while in Dicke's solar case (R, = 1 R,) these are 0.53 R,=0.53 R* 
and lo2 g ~ m - ~ ,  respectively. Therefore, most of the mechanisms of the spin-down 
that argued against Dicke's hypothesis by relying upon the interaction through the 
interface of the core and the envelope, become ineffective in our case of red giants 
due to the very small surface area of the core. 

4. Mechanisms of angular momentum transfer from the core to the inner part 
of the envelope 

There are some mecl~anisms of angular momentum transfer which may still be 
efficient with this small surface area of the rotating core even though the efficiency 
may be low. This decreased efficiency, however, is in a sense favourable, because 
we do not want a mechanism which is so efficient that it smears out all the differential 
rotation and makes the star rotate quasi-rigidly, thus destroying the merit of the 
differentially rotating interior. The total angular momentum of the core, if redistri- 
buted evenly, ensures only a rather slow rotation even for stars initially rotating 
rapidly as seen in Section 6.  

4.1 Goldreich-Schubert-Fricke Mechanism 

One possibility of a suitable mechanism is the Goldreich-Schubert-Fricke mechanism 
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which uses the eddy viscosity of the turbulence caused by the instability of the sheared 
rotation when either one or both of the conditions 

and 

where ô  E r sin 8, are violated (Fricke 1967). ô  and z are coordinates in a cylindrical 
coordinate system (3, $, z) with the axis of rotation coinciding with the z-axis. These 
criteria are violated in our case. According to Kippenhahn and Thomas (1981), the 
eddy viscosity 7, due to the destabilized axisymmetric torus is given as v t  = ptd,  
where p is the density, d is the cross-sectional size of the torus which is assumed to 
dissolve as it moves a distance of its own size, and v, is the velocity of the element 
estimated by 

Here H, E g! TG2/GM, is the scaleheight, HQ r (-6 In (0"2~)/a5)-1 is the scale 
length of variation of %2p, x = G3~Z[GMr is the ratio of centrifugal to gravitational 
forces, v = a In T/a Inp, and T* is the timescale of the thermaI adjustment, 
T* = 3Cp K p2 5d2/8acTS, in which Cp is the specific heat at constant pressure, K is the 
absorption coefficient per mass, a is the Stefan-Boltzmann constant, c is the velocity 
of light, and 5 is a constant factor of order unity. vad - v and T* come into the 
expression since the element moves up because of the temperature stratification with 
the heat exchange by radiation. v t  is thus given by, 

The angular momentum transport by the turbulent viscosity caused by this 
mechanism may occur diffusively as 

and the timescale for the diffusion may roughly be estimated as 
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where ~5 is the width of the region over which the transport takes place. ~his 'may 
be compared with Dicke's case as 

GSF D- 

o~ 
Subscript D refers to the values in the boundary region in Dicke's case. Roughly 
estimating ratios p/pD etc. from the model, TGSF in our case turns out to be 103-5 
times of TGSF, D. The estimate of ~ G S F ,  itself, however, was controversial as 
mentioned above, ranging from lo5 yr (Goldreich and Schubert 1967) to the 
Kelvin-Helmholz timescale (Kippenhahn 1969) or longer due to the non-linear 
suppression of the mode (James and Kahn 1970, detailed discussion may be found in 
Fricke and Kippenhahn 1972). 

If the value of TGSF, ,, falls on the smaller side in the range of the estimates, the 
Goldreich-Schubert-Fricke mechanism may serve in thickening the ' tail' in the 
distribution of the rotational shear. The mechanism is self-breeding (i.e, the newly 
produced region of sheared rotation will in turn produce turbulence which then 
serves in transporting angular momentum outwards) and therefore it may work even 
if the size of the core is small. However, the action of it may not be powerful 
enough to cover the entire star, since the new supply of the angular momentum 
from the dense core to the ' tail ' cannot be too effective due to the compactness of 
the core, and also the expansion of the turbulent region may be suppressed by non- 
linear effects (James and Kahn 1970). 

4.2 Magnetic Torquing 

Another possibility is magnetic torquing (e.g. Lust and Schliiter 1955). We assume 
that certain magnetic field remains inside the star from the earlier phase of the main- 
sequence stage in which the dynamo activity existed, but weakened later on. The 
weakening of the dynamo activity may be due to the decay of the differential rotation 
which in turn may be due to the damping of the rotation itself in the later phase of the 
main-sequence stage. Since the diffusion time of the once-generated magnetic field 
in the star, ~ ~ = h u R : / c z ,  is rather long (of the order of 1010 yr for Spitzer conduc- 
tivity), the magnetic fikld may be retained even after the dynamo action has ceased. 

When the redistribution of the mass takes place in the course of evolution, a 
redistribution of the magnetic field may also be caused due to the frozen-in character 
of the magnetic field. The magnetic field in the outer part is expanded along with the 
expansion of the envelope, and that of the inner part is contracted with the contracting 
core. What is to be noted is the behaviour of the magnetic field in the region of 
sheared rotation (Section 3). The field lines having one end in the core and the other 
in the envelope will be wound up quickly and tightly due to the large difference in the 
rotational velocity of the core and the envelope. 

Angular momentum transport from the rapidly-rotating core to the envelope 
may be due to the tension of the thus-wound-up field exerted on the inner-most part 
of the envelope in which the extention of the field lines is imbedded. The magnetic 
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torque exerted over the inner surface of the low-latitude part of the shell which lies 
immediately outside of the region of sheared rotation may be written as 

where S, is the low-latitude part of the inner surface of the shell immediately outside - 
of the shearing region [for example, (~12) %:I, VAG = B3/(4 T 8$/877 = p 67' n2/Z. 
and 6 is the angular velocity of the shell relative to the region of the wound-up 
magnetic field which is considered to be almost corolating with the core. The 
adopted picture is thal the field is stretched by the sheared rotation to such a degree in 
which the weaker side of the anchoring ground (inner edge of the shell im~ncdiately 

outside of the shearing - region) can barely + stand. Since I is roughly ;(v/2) p, 5; Eb 
V A G ,  and J, = 63: Sls A Mb = ( 4 2 )  p, %: a, A 2, the equationof the spin-up of the 
shell, d.lldt = f, may be written as 

and therefore 

The timescale of the magnetic spin-up is therefore 

coinciding with the expression given by Mouschovias (1981) for the magnetic braking 
in the star formation. T~~~ is rather short, of the order of lo1% for AD-1011 cm, even 
with a low estimate of the order of 10" for the 67-cornpotlent of the rcmnant 
magnetic field at the bottom of the envelope. The winding-up of the field and the 
drag due to the tension of this field take place almost immediately compared with the 
Kelvin-Helmholz timescale. How, then, is it possible that the effect of this does not 
dominate and bring the entire star into corotation? There are many fdctors which 
can prevent such a dominance. For example, since the small spheric.iI core is not an 
ideal spindle which can hold a large amount of wound-up field on it, the field will slip 
off poleward and the wound-up region will not continu? to grow beyond a c~rtain 
radius which is a small fraction of the stellar radius. This radius, however, n l y  be 
larger than the radius to which the bottom of the convection zone comes down, since 
these radii are rather close from each other and a dynamo layer will be formed. 

It is also possible that the wound-up field loaded with gravitated mass is unstable 
for the perturbation as in the ballooning instability argued by Parker (1966) for the 
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formation of the cloud in the galactic plane. Once a part of the field is raised, the 
mass will slide down to the lower part, and the evacuated part of the field-line will 
float up fu~ther. This popped up part will serve as a paddle around the rotator and 
enhances the angular momentum transfer to the surrounding envelope. The time- 
scale of the rise will again be a short dynamical timescale but again the range in radius 
for the angular momentum transfer is restricted in favour of our requirement, since 
the field strength in the bnbble decreases as [(w" - Db)/bJ-3, where b is the horizontal 
scale of the perturbation on the sphere at the bottom of the envelope, and is not large. 
The capability of this magnetic paddle in giving angular momentum to the 
surrounding mass will decrease quickly as the bubble rises. 

One or other of the mechanisms of angular momentum transfer discussed thus far, 
therefore, seem to be appropriate for our requirement since they are effective in ranges 
short compared with the radius of the star, R, but long enough to produce a rzgion of 
sheared rotation in the convective envelope, the bottom of which comes down close 
to the edge of the core (Section 2) and forms the so-called dynamo layer. 

5. Dynamo action and the emergence of the magnetic field to the 
stellar surface 

Dynamo mechanism developed for the Sun refers to the regeneration process of the 
magnetic field in the djfferentially-rotating convective atmosphere. The differential 
rotation stretches the field and produces the toroidal component (Parker 1955; 
Babcock 1961), and the convection with the effect of Coriolis force serves as the back- 
feeder from the toroidal to tlze poloidal field (Parker 1955). Our situation described 
above in which the i~iner part of the convective envelope is dragged into a sheared 
rotation through the coupling with the rapidly rotating core, just provides us with a 
dynamo layer. 

The equation describing this regenerative process of the magnetic field may be 
written in the form, 

where A is the P-component of the vector potential and B is the averaged toroidal 
field intensity, and represent poloidal and toroidal field, respectively. The express- 
ions of coefficients differ from one model to another, depending upon the flow 
patterns and velocity amplitude considered in the model. 

For example, in Yoslzimura's model (1972), which is one of the most successful 
models introducing tlze noti011 of the global convection, these are, 
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5 RDR + RGB" 

where 

in which LA (p, z) etc. are operators inherent to the assumed flow-patterns, LO(*) is the 
angular frequency of the dynamo cycle, a, and a, are the angular velocity and the 
coefficient of its (1 - p2) dependence at the inner radius of the dynamo layer, 
respectively; r, is the inner radius, D is the thickness of the dynamo layer, U is the 
velocity amplitude of the convection, and 9, is the magnetic diffusivity. Coefficients 
DGA, DGB and D, represent dissipative effects by convection and by magnetic 
diffusivity respectively, and RGA, RGB and RDR represent regenerative effects by 
convection and by differential rotation, respectively. It is to be noted that the 
convection contributes to the dissipation of A and B as well as to the regeneration of 
A from B while the differen tial rotation contributes to the generation of B from A 
and to the regeneration of A from B. 

From the discussion of Sections 3 and 4, we here assume, as a set of rough para- 
meters, that Q, is greater by a factor 10, U is smaller by a factor 10, respectively, than 
those in the solar case, while other parameters are of the same order as those of the 
solar case. Then, modifying the values in Yoshimura's (1975) estimates according to 
their dependence on Qe and U, we have the estimates for the coefficients as, 

1 RGA [ N 5 cm s-l, / RGB j N 4 x cm-I s-I 

and 

j RDR 1 N 10-l5 cm-l s-l. 



e/irornospheric activity of late-type giants and supergiants 

~t is seen from this that tile production of the toroidal field from the poloidal field 
is enhanced by one order of magnitude mainly due to the effect of the high differential 
rotation. The regeneration of the poloidal from the toroidal is smaller by one order 
of magnitude due to the enhancing effect by large Q, and the reducing effect by small 
U. Dissipation effect by convection is weaker by two orders of magnitude due to the 
assumed smaller velocity ainplitude of the convection at the bottom of convection 
zone. 

A very rough measure of the regeneration may be given by the ratio of BJB, when 
A reaches an extremum (aA/a t  -- 0 in Equation 15) which is 

If 3, is a fraction of the wound-up fieId which is stretched by the difference in the 
w 

rotation between the core and the envelope, B, -- (4npb)1/2 Sb Q~ - 106G, B,, can 
attain high enough a value as the regenerated source. 

Marked differences between our case and the solar case are as follows. For the 
mechanism of the maintenance of the differential rotation in the solar case, some 
special mechanism of angular momentum transport to the region of higher angular 
velocity at  low latitudes has been considered in order to explain the equatorial 
acceleration on the surface (Busse 1970; Durney 1970). In contrast, in our case, the 
differential rotation is sustained simply by the gradual transfer of the angular 
momentum from the spun-up core to the inner-most part of the envelope. 

Also, the dynamo layer in our case is located very deep in the envelope around 
R - 0-1 R,, while in the solar case it is in the outer convection zone of R > 0.85 R,. 
The magnetic field at the upper boundary of the dynamo layer is directly observable in 
the solar case, but the corresponding layer is deep-lying and. the magnetic field released 
from this deep-lying dynamo layer is carried out to the stellar surface diffusively by 
convection. This may make the emerging magnetic flux diffuse in an extended area 
in the case of giants. The detection of stellar rotation may then be possible either 
from the flux variation of chromosplzeric lines (Wilson 1978), or from the variation 
of the total light (e.g. Eaton and Hall 1979 for RS CVn case). 

6. Discussion 

First, it is interesting to ask whether our picture for low-mass giants is also relevant 
for the case of supesgiants. These objects, whicl~ have evolved from massive stars, 
had greater rotational velocities and probably stronger fossil magnetic fields than 
those of low-mass giants when they were on the main sequence. It therefore seems 
possible that the chromospheric activity of them may be either due to the diluted fossil 
field itself, or due to the field regenerated in the dynamo process by the differential 
rotation which survived the spin-down of the convective envelope. 

We may, however, argue against these possibilities. Take as an example a B5- 
type star ( M ,  = GN,, R, = 4R,,  V sin i 5 160 km s-l and, say, BsU,f - 3 x lo3 G). 
In the course of evolution, it will expand to lo2 R, ; the fossil magnetic field of even 
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3 x 103 G on the average on the main sequence will be diluted to 3 x lo3 X (1/25)2 - 5 G, alld the allgular velocity, which was 209,, will drop to 20aa X (1/25)" 
0.032 Q,. We thus note in the case of supergiants that the effect of rapid initial 
rotation tends to be cancelled by the larger spin-down ratio due to the larger ratio 
of radii in the expansion. These estimates show t l~at  the diluted fossil field and the 
spun-down angular velocity of the envelope are too slnall to do much. Non-fossil, 
or non-potential field character is indeed required in order to explain the magnetic 
actibity including the heating of the corona (e.g. Uchida 1980). 

In contrast to these, the process similar to the one discussed in the present paper will 
inevitably take place also in supergiants. Spin-up of the core is rllore pronounced 
than in the case of low-mass giants due to the larger ratio of radii in the contraction. 
Also, the regenerated field in supergia~lts will be stronger than in the case of giants, 
since the density in the rapidly rotating core and in the s~r~ouildings, the anchor- 
ground for stretching the field in the region of sheared rotation, is higher and can wind- 
up the toroidal field stronger. If diffused to a similar field strength over the larger 
surface area of supergiants, this may explain the observation of Basri and Linsky 
(1979) and Weiler and Oegerle (1979) that supergiants enlit one to two orders of 
magnitude more energy 111 the chromospheric lines than the giants. 

It should be mentioned that the detailed values of the I-esulting magnetic field, for 
example, depend not only on the mass but also on the distribution of the initial 
magnetic field and initiaI rotation in the interior. This may explain the scatter in the 
observed intensities of Ca 11 or Mg 11 lines for stars with the same mass since initial 
magnetic field and initial rotation are the factors which also depend on the circums- 
tantial condition at the star formation, rather than solely on the mass of the star. 

Finally, we may make a comment on the relation of the rotation of a star to  its 
magnetic activity (Ayres and Linsky 1980; Walter 1981 ; Vaiana 1980). It has usually 
been considered by applying the standard picture of the dynamo action that, among 
late-type stars with surface convection, those with higher rotational velocity may be 
regenerating stronger magnetic field. This picture may well be true in the case of 
young late-type dwarfs, or in the case of synchronously-rotating binaries like RS 
CVn type. In the case of single giants and supergiants, however, the discussion above 
suggests that it may not be the surface rotational velocity inherited from the rotation 
in the rnainsequence that is responsible for the dynamo action. How, then, is the 
correlation of the magnetic activity with the surface rotational velocity interpreted 
in our picture? A possible answer to this question is that, contrary to the usual view, 
the latter may be due to the angular momentum transported from the interior, e.g. 
by the magnetic field effect, and thus the excess angular velocity over the value 
expected from the angular momentum conservation of individual shells goes parallel 
to the appearance of the internally-produced magnetic field to the surface. Indeed 
some of the chromosphere-active giants or supergiants seem to have larger rotational 
velocities than what is explicable by the spin-down according to tlze angular momen- 
tum conservalion of the shell of the surface mass. 
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