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The Magnetic Activity of 
Sunlike Stars 

The roughly 11-year periodicity in the 
appearance of sunspots was first recog- 
nized about 140 years ago by the German 
amateur astronomer Heinrich Schwabe. 
This discovery met with little notice for 
nearly a decade until Alexander Hum- 
boldt, "next to Napoleon Bonaparte the 
most famous man in Europe" ( I ) ,  drew 
attention to Schwabe's work and pointed 
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tor. In the course of his studies from 
1912 to 1925 (3),  Hale showed that in 
successive sunspot cycles the sense of 
the polarity of the leading spots in the 
two hemispheres is interchanged, so that 
the solar cycle is actually a magnetic 
cycle with a period of about 22 years. 

A great deal of knowledge about mag- 
netic fields on the solar surface has been 

Summary. Sunspots, flares, and the myriad time-varying "events" observable in the 
Sun-the only star whose surface we can examine in detail-are testimony that the 
Sun is a magnetically variable or active star. Its magnetic field, carried into 
interplanetary space by the solar wind, produces observable changes in Earth's 
magnetosphere and variations in the flux of galactic cosmic-ray particles incident 
upon Earth's upper atmosphere. Centuries of observation have enabled solar 
scientists to recognize that the Sun's magnetism exists and varies in a globally 
organized pattern that is somehow coupled to the Sun's rotation. Within the past 
decade 0. C. Wilson demonstrated that analogs of solar activity exist and can be 
studied in many other dwarf stars. From the continuing study, knowledge of the 
precise rates of rotation of the stars under investigation is being gained for the first 
time. The results are expected to increase our understanding of the origin of solar 
activity and stellar activity in general. 

out a corresponding cyclic trend in the 
amplitudes of small daily variations of 
the magnetic field at the surface of Earth 
(2). In 1908 the astronomer George El- 
lery Hale showed, from observations of 
the Zeeman splitting of lines in the Sun's 
spectrum, that sunspots are regions of 
intense magnetic field, several thousand 
times stronger than Earth's field. He 
found that sunspots usually appear in 
pairs of opposite magnetic polarity and 
that in the hemisphere above the solar 
equator the leading spots in the direction 
of solar rotation nearly always have one 
polarity, opposite to that of the leading 
spots in the hemisphere below the equa- 
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gained from decades of intensive obser- 
vation of the Sun, the only star whose 
surface we can examine in detail. But, as 
we approach the end of the 20th century, 
the ultimate origin of the cycle remains 
an intriguing secret. There is reason to 
expect that future understanding will be 
guided by a study in which stellar ana- 
logs of solar activity have been kept 
under consistent observation for the past 
18 years. As the study continues, impor- 
tant details are being added to what is 
known about the stars under observation 
(4). 

A wide variety of phenomena on the 
Sun wax and wane in synchronism with 

the pattern of the cycle, including the 
excitation of the chromosphere (Fig. 
la)-a hot outer layer of the Sun's atmo- 
sphere first described and named for its 
"pinkish" color by the English astrono- 
mer Norman Lockyer in 1869. From 
spectroscopic evidence it has long been 
known that chromospheres are a feature 
of sunlike, or dwarf, stars less massive 
than about 1.2 solar masses, as well as of 
virtually all giants and supergiants of 
spectral type GO and cooler. The chro- 
mospheres of these classes of stars cover 
a wide range of excitation. It was appar- 
ent even in the 1930's that detection of 
stellar analogs of the solar cycle would 
be of great interest and that a search 
might best be undertaken by looking for 
a spectroscopic signature of the chromo- 
spheric variations that conceivably 
would occur in the course of time in such 
stars (5). But an investigation of this kind 
became practical only with the develop- 
ment of a suitably precise photoelectric 
measuring technique whose calibration 
could be maintained over a period of 
many years. 

Such a long-term study was initiated in 
mid-1966 at the Mount Wilson Observa- 
tory in California by 0. C. Wilson. From 
11 years of observation of 91 stars at 
monthly intervals he showed that varia- 
tions in the chromospheric excitation of 
sunlike stars can be observed and sys- 
tematically studied and that many such 
stars exhibit cyclic changes strongly re- 
sembling the activity cycle of the Sun 
(6). This discovery was of revolutionary 
importance in the field of astronomy 
concerned with explaining the solar cy- 
cle, a field in which progress had long 
been hindered by the fact that knowledge 
of the phenomenon was limited to the 
single example provided by the Sun. 
Moreover, the discovery occurred in an 
era of newly acquired ability to make 
very large-scale numerical computa- 
tions, which had led to renewed interest 
on the part of theoreticians in modeling 
the complex processes underlying the 
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solar cycle. The past decade has also 
seen remarkable advances in our knowl- 
edge and understanding of the atmo- 
spheric physics of sunlike stars and the 
Sun itself, brought about by observa- 
tions in the ultraviolet and x-ray spectral 
regions made with spaceborne observa- 
tories. 

Differential Rotation 

No one would have sought to discover 
evidence for the existence of magnetic 
activitv in stars if it were not for the 
example of the Sun, which must remain 
the source of all detailed knowledge of 
the phenomenon. From solar studies ex- 
tending over centuries [for a recent gen- 
eral review, see (7)l it is evident that 
solar activity manifests a process that is 
organized on a grand scale. 

Many of the most important features 
of the pattern had become evident before 
the end of the 19th century. Among the 
most striking features is the tendency of 
the sunspot zone to drift toward the 
equator in the course of each cycle and 
for the first spots belonging to a new 
cycle to appear at high solar latitudes 
even before the last spots of the previous 
cycle have dissipated. The trend is espe- 
cially evident in an updated version of 
the "butterfly" diagram, first published 
by E. W. Maunder in 1922 (see Fig. 2b). 

From such a diagram it is apparent that 
successive cycles sometimes differ 
markedly from each other in intensity 
and duration. This is also evident from 
an examination of the mean annual num- 
ber of sunspots over an interval of not 
quite four centuries (Figs. lb and 2a). 

By using sunspots as tracers, Galileo 
was able to show in 1610 that the Sun 
rotates with a period of about 25 days. 
Scheiner noted in 1630 that low-latitude 
spots indicate a more rapid rotation than 
high-latitude spots: in other words, the 
Sun does not rotate as a rigid body. This 
effect, now referred to as differential 
rotation, was thoroughly and systemati- 
cally studied in the 19th century by Car- 
rington (8). 

Modem investigators use a variety of 
tracers as well as highly sensitive spec- 
troscopic measurements of the Doppler 
effect to study the differential rotation of 
the Sun (9). The precise magnitude and 
latitude dependence of the differential 
rotation is found in general to depend 
upon the method of measurement, and 
this is partly because the differential ro- 
tation is a function not only of latitude 
but also of depth in the Sun's outer 
layers. Systematic deviations in the pho- 
tospheric pattern of differential rotation 
occur in synchronism with the 22-year 
magnetic cycle (10). At a fixed latitude, 
the velocity in the direction of rotation of 
the Sun varies by an average of about 5 
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Fig. I .  (a) Chromospheric active regions on the solar surface photographed at the wavelength of 
the calcium K line near minimum in January 1976 (left) and in April 1979 (right) near the last 
maximum of solar activity. The bright patches are known to be associated with regions of 
enhanced magnetic flux on the solar surface. (b) Daily values of the international sunspot index 
from 1968 to 1983. (c) An index of full-disk calcium K line emission measured at Kitt Peak 
National Observatory with a solar K line photometer (22) in the same period, converted to the 
Mount Wilson scale. (d) Measurements of an analogous index of H + K line emission for the 
star HD 81809 (see text). This record exhibits variations similar to those of the Sun over a 
corresponding time interval. The Sun's activity cycle observed in this way would be clearly 
discernible at stellar distances. 

meters per second from the mean veloci- 
ty in a period of about 11 years. At any 
given time, the velocity deviation is 
found to be a function of latitude, sym- 
metrical in both hemispheres. With the 
passage of time a given zone of excess 
velocity, and the corresponding zone in 
the opposite hemisphere, drift toward 
the equator as traveling "waves." There 
are two cycles of the wave present in 
each hemisphere at all times, so that the 
time required for a wave to travel from 
pole to equator on the Sun is 22 years. 
The pattern of these waves is that of a 
torsional oscillation of wave number 2 
per hemisphere. Other modes of torsion- 
al oscillation have also been reported. 
The waves are correlated with the but- 
terfly pattern of emerging spots and mag- 
netic flux on the solar surface: most of 
the activity emerges in the shear zone 
that lies just equatorward of a zone of 
accelerated rotation. Although the inten- 
sity of magnetic activity can differ 
strongly from one cycle to the next, no 
corresponding variations appear in the 
torsional oscillation; this result has led 
investigators to suspect that the torsional 
oscillation might have a fundamental 
causal role i n  the solar cycle. Cycle- 
related variations in the rotation mea- 
sured from sunspots are also seen (11). 

A feature of solar activity described in 
1894 by Maunder but not generally ap- 
preciated until relatively recently (12) is 
the fact that the activity fell to a very low 
level in the latter part of the 17th centu- 
ry. This 60-year interval of low activity, 
now called the "Maunder minimum." 
has been found to coincide with the most 
recent of several known past epochs for 
which an above-average content of the 
radioactive isotope I4C relative to the 
stable isotope I2C is found in ancient tree 
rings of known age. Carbon-14 is one of 
several isotopes produced by galactic 
cosmic-ray particles entering Earth's at- 
mosphere. It is known that there is a 
negative correlation between the flux of 
cosmic rays impinging upon the atmo- 
sphere and solar activity. This is attribut- 
ed to the bending of the trajectories of 
these electrically charged particles by 
the magnetic fields carried into interplan- 
etary space by the solar wind, although 
other factors affecting the cosmic-ray 
fluxes are also known. Carbon dioxide 
containing I4C resides in the atmosphere 
and oceans for at least a decade before 
being incorporated in sediment, polar 
ice, and living plants, so that variations 
on a time scale as short as the solar cycle 
are erased. But variations on time scales 
of a century or longer are apparent in the 
radiocarbon record in ancient wood of 
the last 8000 years (13). This record 
suggests that, at the current stage of its 



evolution, the Sun may have spent as 
much as 30 to 40 percent of the last 1000 
years in a "Maunder minimum" state of 
low activity (14). 

About 20 years ago it was discovered 
from precise Doppler measurements that 
small areas of the solar surface rise and 
fall at a rate of a few hundred meters per 
second in a period of about 5 minutes. 
About 10 years later it was recognized 
that these 5-minute oscillations are asso- 
ciated with global motions in the Sun, 
analogous to the seismic waves that 
propagate along the surface of Earth and 
through its interior (15). Just as geolo- 
gists make use of seismic waves to de- 
rive information about Earth's crust and 
core, solar scientists are beginning to use 
highly sensitive Doppler measurements 
to probe the inner structure, composi- 
tion, and dynamics of the Sun. From 
recent studies has come evidence that 
the core of the Sun may be rotating 
several times faster than the surface (16). 
This would have obvious importance, 
not only for theories of solar magnetic 
activity but for theories of differential 
rotation and angular momentum loss in 
stars and perhaps for the understanding 
of the low flux of neutrinos produced by 
nuclear reactions in the solar core. 

The most generally accepted explana- 
tion for the existence and large-scale 
behavior of the magnetic field of the Sun 
depends upon the fact that the sun ro- 
tates, and the fact that vertical circula- 
tion of convective eddies takes place in 
an outer shell that extends from the 
photosphere-the apparent surface- 
down to a depth that is an appreciable 
fraction (about a quarter to a third) of the 
Sun's radius. The thermonuclear fusion 
of hydrogen into helium that supplies the 
Sun's radiant energy is confined to a 
core whose radius is also about a quarter 
of the solar radius. This energy diffuses 
radiatively from the core outward to the 
base of the outer shell, where high opaci- 
ty begins to force the onset of convection 
as the dominant mechanism of energy 
transport to the surface. The convection, 
in combination with the rotation of the 
Sun, gives rise to a pattern of circulation 
in which the fluid at different latitudes 
and depths in the convective shell is 
forced to rotate at appreciably different 
rates. 

The fluid of which the Sun is com- 
posed is a good conductor of electric 
current. A magnetic field embedded in 
such a fluid behaves as if it is "frozen" 
into the fluid, moving with it and becom- 
ing deformed, twisted, and amplified, 
feeding on the energy of motion of the 
fluid. Investigators have made extensive 
studies of the generation of magnetic 
fields by such "dynamo" processes (17, 

18). A number of models have been Although most of the strong emission 
considered in attempts to understand the lines produced by the chromosphere and 
Sun as a magnetic oscillator. Although a corona are located in the ultraviolet part 
great deal of new insight into the pro- of the spectrum that is absorbed by 
cesses at work is emerging, thus far no Earth's atmosphere and is observable 
model has succeeded in accounting for only from space, the Fraunhofer H and 
all the known features of the solar mag- K lines of ionized calcium are important 
netic cycle. It is evident that a successful exceptions. They carry about 15 percent 
model will depend intimately upon phys- of the energy radiated into space by the 
ical conditions and processes that are chromosphere of the Sun. Light at and 
hidden in the solar interior, and it is near the wavelengths of these lines, at 
reasonable to expect that understanding 3968.470 and 3933.664 A in the near- 
the solar cycle will bring fundamental ultraviolet, is strongly absorbed in the 
advances in knowledge about these pro- photosphere, so that bright chromo- 
cesses in stars, and vice versa. spheric features above the photosphere 

Strong Emission Lines 

stand out in sharp contrast (see Fig. 1, a 
and c). Their brightness is highly corre- 
lated point by point with the magnetic 
flux present in the underlying photo- 

The convective outer shell is believed sphere, and thus calcium H and K line 
to be necessary for the existence of the core emission can be used to infer the 
hot chromosphere of the Sun and for the existence and character of magnetic ac- 
corona and the solar wind; the stars in tivity at stellar distances. 
which chromospheres are found are The method of observation introduced 
those in which outer convection zones by Wilson consists of measuring, with a 
are expected. The structure of these ex- photoelectric spectrometer, the light flux 
tremities of the solar atmosphere is mod- in two spectral bands 1 A wide centered 
ified by the magnetic held, producing a at the H and K lines, relative to the flux 
variety of transitory effects that can be in a second pair of bands about 20 A 
observed and studied in detail at the wide located on either side. From these 
wavelengths of the emission lines of measurements one computes a relative 
abundant metallic ions and hydrogen HK flux index by dividing the sum of the 
when the white light of the underlying fluxes at H and K by the sum of the 
photosphere is filtered out. fluxes in the reference bands. Since the 
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Fig. 2. (a) Mean annual number of sunspots from the early 17th century to 1980. Pronounced 
differences from one cycle to the next are evident both in intensity and in the timing of maxima. 
The 60-year period of low activity extending to about 1710 is the Maunder minimum. (b) 
"Butterfly" diagram in which the latitudes of emerging sunspot groups are plotted monthly; 
such a plot illustrates the tendency of the sunspot zone to migrate equatorward during each 
cycle. The first spots from a new cycle usually appear at higher latitudes before the last spots of 
the previous cycle have dissipated. [From (7), courtesy of the Science Research Council of 
Great Britain] 



fluxes in the numerator and denominator 
of this ratio are measured simultaneously 

All of them lie, with the Sun, in the lower 
main sequence of the Hertzsprung-Rus- 

logarithmic scale as a function of time, 
over an interval extending from 1966 to 
20 September 1983. 

To control the calibration of observa- 
tions, some 14 stars having very weak 

by photon counters, the ratio is insensi- 
tive to fluctuations in the light caused by 
telescope guiding errors and air turbu- 

sell diagram in which the luminosity of 
stars is plotted against their surface tem- 
perature or color index (20), a function of 

lence. 
For the first 11 years, the measure- 

ments were made at the 100-inch Hooker 

stellar mass. 
The relative HK flux scale of a star 

measured by the HK photometer de- 

and presumably nearly constant chromo- 
spheric emission were included from the 
beginning of the survey to serve as stan- 
dards. The flux records of two standard 
stars '(HD 207978 and HD 29645) are 
shown ih Fig. 4, a and b. For these stars 
the seasonal scatter in RHK is at a mini- 

reflector at Mount Wilson with a scan- pends not only upon the strength of the 
star's chromospheric emission but also 
upon the strength of its photospheric 
emission at the nearby wavelengths of 
the reference bands of the photometer. 
Thus, the relative HK flux is larger for a 
cool star than it would be for a hotter star 

ning spectrometer that had been devel- 
oped in the late 1950's and early 1960's. 
After mid-1977, the measurements were 
made at the Mount Wilson 60-inch tele- 
scope with a specialized "HK photom- 
eter" devised by Vaughan et al. (19). 

ma1 level of about 2 percent and the 
seasonal average value.s of RHK have 
remained eonstant to within about 1 per- 

The new instrument closely reproduces 
Wilson's original photometric system for 
the H and K lines but is simpler to 

with the same amount of chromospheric 
emission. To eliminate this effect, inves- 
tigators often choose to express a star's 
HK flux as a fraction of its total energy 
output by applying a color correction 
(21). The resulting absolute HK flux in- 

cent, which must be regarded as the 
effective limit of stability of the measur- 
ing apparatus. Some of the standards 

calibrate and use than the apparatus it 
replaced. Its operation is indicated in 
Fig. 3. 

The stars included in the first 11 years 

exhibit seasonal scatter that is larger 
than in these examples, an indication 
that such scatter, even in the standards, 

deed is denoted RHK.  
Examples of long-term stellar chromo- 

spheric HK flux records are shown in 
Fig. 4, in which RHK is plotted on a 

is partly real and not the result of mea- 
of the survey range in surface tempera- 
ture from about 3000 to 7000 K, the latter 
being about 1000 K hotter than the Sun. 

suring errors. 
The stars whose HK flux records are 

illustrated in Fig. 4 exhibit a wide variety 
of forms of behavior, from sunlike activi- 
ty cycles to pronounced variations that 
are markedly different from the solar To data-rec -..-. 

tomultiplier 
tube, cycle as we know it. This variety in itself 

was a remarkable finding of Wilson's 
original study. The resemblance of some 
of these records to the solar cycle is 
made clear if one compares them to 
observations of solar K-line emission 
recorded daily since 1975 by Livingston 
(22) at the Kitt Peak National Observa- 
tory in Arizona by means of a solar K- 
line photometer (see Fig. lc). The Kitt 
Peak index differs in scale by a factor of 
2 from that used for stars at Mount 
Wilson; when this is taken into account, 

Fig. 3. (2 
Vaughan 

, . .. 
. photometer devised by 
to measure the chromo- 

spnertc H ana K nne emission associated with 
magnetic activity in stars. A grating spectro- 
graph images the stellar spectrum onto a mask 
having narrow slots at the H and K lines and 
wider slots on either side, as  shown in (b). A 
chopper wheel rotating at about 30 hertz 
admits light from only one slot at a time to a 
photon detector. A digital electronic system 

ro 
e ,ev , ion  counts the photons from the four slots in 

camera separate registers. The instrument has been 
used in conjunction with the Mount Wilson 

lescope since 1977. [F 3ur- 
-ienrific American] 

Entrance 
slit 

dirror 

the solar record is seen to resemble that 
of the star HD 81809 (Figs. Id and 4c), 
whose color index and rate of rotation 
are also close to the solar values. It is 
clear that the solar cycle itself would be 
discernible at stellar distances, were the 
Sun observed in its H and K lines. 

At the time of publication of Wilson's 
survey in 1978 (6),  the rotation rates of 

60-inch te 
tesy of Sc 

dwarf stars exhibiting cycles were un- 
known with the single exception of the 
Sun. The classical method of measuring 
stellar rotation depends upon the Dopp- 
ler broadening of photospheric absorp- 
tion lines in the stellar spectrum. The 
broadening is proportional to the line-of- 

lcal mirror 

sight component of surface velocity re- 
sulting from the rotation. In the Sun, 
whose equatorial speed of rotation is 
about 2 kilometers per second, the rota- 
tional broadening is so small as to be 
almost entirely masked by the intrinsic 
line widths produced by thermal and 
convective motions in the photosphere. 

A feature of all the stars under obser- 
SCIENCE, VOL. 225 



vation, noted quite early in Wjlson's 
survey and evident in Fig. 4, is the 
seasonal scatter in RHK, small jn the 
standards but many times larger than the 
errors of measurement in chromospheri- 
cally active stars. Some part of this scat- 
ter must arise from sporgdi(: events in 
the surface activity of a star. However, 
in the Fase of the Sun, occasjonally a 
large "complex" of activity emerges and 
persists for several rotations. If this were 
to occur in a star, one would expect to 
see, superimposed upon any long-term 
variation that might be present, a period- 
ic modulation of the HK flux index as the 
activity complex is carried into and out 
of view by rotation, the period of the 
modulation being equal to the star's peri- 
od of rotation. Unresolved in observa- 
tions at monthly intervals, the modula- 
tion would give rise to just such seasonal 
scatter as is observed. 

To resolve the rotational modulation 
effect it would be necessary to make 
observations at intervals short as com- 
pared to the period of rotation, over a 
span of several weeks or months. Just 
such an intensive observing program was 
undertaken by a team of researchers 
working at Mount Wilson, beginning in 
July 1980 (23). This work demonstrated 
that in fact rotational modulation is the 
principal cause of the seasonal scatter in 
the long-term survey. Moreover, from 
these synoptic observations periods of 
rotation have thus far been determined, 
with a precision of a few percent, for 41 
of the stars in the study. The observed 
periods range from 2.5 to 48 days (see 
Fig. 5). 

From an early stage in the observation 
of rotational modulation in stars, a close 
connection was clearly apparent be- 
tween a star's rate of rotation and the 
strength of its chromospheric emission in 
the H and K lines, in the sense that the 
faster the star's rotation, the larger the 
average value of its HK flux index; the 
relation between rotation and emission is 
also dependent upon stellar color index 
or temperature. Far-ultraviolet and x-ray 
emission in many of the same stars is 
also known to be correlated with rotation 
rate (24). 

Rossby Relation 

The rotation-activity connection is 
regular enough to suggest that it might be 
represented by a simple empirical formu- 
la. Recently, Noyes and his colleagues 
(25) discovered a formulation that, in 
addition to adequately representing the 
observations, may have theoretical sig- 
nificance. Their formulation makes use 

of a fundamental parameter ip hydro- a1 period of a star and the "convective 
magnetic dynamo theory known as the turnover" time (t,) required for a con- 
Rossby number. The dimgnsionless vective element to traverse the convec- 
number is the ratio between tJg rotation- tion zone. The convective turnover time 

I ii 
I HD 29646 ,  B - v = 0.51, P(rot) = 17.8 1 HD 201091 ,  B - v  = 1.18,  P(rot) =37.9*-  
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Year 

Fig. 4. Long-term HK flux records for 16 of the 91 stars that have been kept under consistent 
observation at Mount Wilson since 1966. The index R H K  (see text) is plotted on a logarithmic 
scale. A change of 0.1 in log R H K  represents a 26 percent change in R H K .  Stars are identified by 
their number in the Henry Draper catalog. The average of a night's observation for each star is 
plotted as a short vertical bar whose length is roughly equal to the accuracy of measurement. 
The measurements appear in seasonal groups separated by gaps of a few months of each year 
when a given star is out of range of nighttime observation. Prior to 1980, observations were 
limited to an average of about four nights per month. After June 1980, the frequency of 
observation was increased to a near nightly basis, resulting in the increase in density of points 
for the last four seasons. The legend for each star gives its B-V color index and its period of 
rotation [P(rot)] in days, either measured from its rotational modulation (with asterisk) or 
predicted from the Rossby relation (without asterisk) as described in the text. 
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depends upon the (not precisely known) 
depth of the convection zone; this depth 
in turn depends upon a parameter a 
describing the efficiency of the convec- 
tive heat transport process in the con- 
vection zone of a star. Values for the 
turnover time in the Sun computed (26) 
from an approximate theory range from 4 
to 16 days for values of a between 1 and 
3. Rossby number is a measure of the 
importance of rotation-dependent Corio- 
lis forces in producing helicity in the 
motion of rising convective eddies within 
the convection zone, which is usually 
regarded in dynamo theory as the loca- 
tion of the field generation process. 

Noyes and his colleagues found that, 
when the chromospheric component of 
the mean HK fluxes of stars is plotted 
against their Rossby numbers in which 
the observed rotational periods are used, 
the points fall with fairly small scatter 
along a curve (Fig. 6a). This occurs, 
however, only if a is taken to be larger 
than unity (1.9 is perhaps close to the 
best value). Such a value for a is not in 
conflict with recent estimates, based 
upon theoretical calculations and upon 
helioseismology, for the depth of the 
convection zone in the Sun. That a 
should have the same value for all lower 
main sequence stars is an assumption 

remaining open to question, as the dis- 
coverers of the Rossby relation have 
emphasized. 

Whatever the physical significance of 
the Rossby relation may prove to be, it 
can be a valid empirical tool with which 
to predict the period of rotation of a 
lower main sequence star from knowl- 
edge only of its color index or tempera- 
ture and the average value of its H and K 
emission. For the stars used to derive the 
relation, the predicted periods are accu- 
rate to within about 20 percent (see Fig. 
6b). By this method it is possible to 
supply predicted periods of rotation for 
all the stars under long-term observation 
and to examine the connection between 
rotation and their long-term behavior. 

Trends in the Stellar Records 

It is widely noted in the literature that 
stellar activity variations most strongly 
reminiscent of the solar cycle are mainly 
found only in stars with rotation periods 
in excess of about 20 days. Indeed, with 
one exception (HD 152391) (Figs. 4e and 
5a), this is true of the 16 stars in the 
study that exhibit exceptionally well-de- 
fined and obvious cycles in their HK flux 
records. 
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Several characteristics familiar in the 
solar cycle can be noted in the stellar 
records. The scatter associated with ro- 
tational modulation usually becomes 
greatest near the maximum of the cycle. 
Successive maxima often differ apprecia- 
bly in amplitude; this is especially nota- 
ble in HD 160346 (Fig. 4h). Successive 
minima may also differ. In many cases, 
as in the Sun, the cycle rises to a maxi- 
mum more rapidly than it declines after 
the maximum; HD 32147 (Fig. 4i) pro- 
vides an extreme example of this, but for 
HD 201092 (Fig. 4k) the reverse is true. 
The intervals between successive maxi- 
ma in stars range from about 7 to 12.5 
years (or longer), with an average close 
to 10 years. For the Sun the long-term 
average is near 11 years, but the average 
is closer to 10 years in this century. The 
time between individual maxima has 
ranged from 8 to 14 years. The cause of 
this dispersion in the Sun is not known. 
Since the Sun must be regarded as a 
typical star, it is reasonable to suppose 
that the dispersion in stars arises at least 
in part from the same cause. 

From the limited evidence now avail- 
able one can say that whether a clear 
cycle exists seems to depend upon the 
rate of rotation of a star. Once the cycle 
becomes established, however, there is 
no obvious correlation between its time 
scale and the rotation period of the star 
or its color index or mass (27). Investiga- 
tors are hopeful that systematic trends of 
some sort may yet be uncovered in stud- 
ies that are in progress. Such trends, or 
their absence, could be of crucial impor- 
tance in testing the divergent predictions 
of competing theoretical models of the 
cycle. 

There are some 37 stars in the studv 
whose observed or expected periods of 
rotation exceed about 18 to 20 days, 
including the 15 slow rotators already 
noted as showing pronounced sunlike 
cycles. Of the remaining 22 slow rota- 
tors, nine or ten can be described as 
probably cyclic but having ambiguous 
time scales. For example, HD 161239 
(Fig. 41) could have a cycle of about 12 
years, but a component of variation on a 
time scale of about 4 years is also pre- 
sent. More than one time scale appears 
in HD 190007 (Fig. 4m) and perhaps also 
in other examples shown in Fig. 4. The 
activity of HD 156026 (Fig. 5a) increased 
more or less steadily from 1968 until 1980 
but began to decline slightly in 1981: it 
could be an example of a cyclic star with 
a very long period. If we give the ambig- 
uous cases the benefit of the doubt, it is 
possible that altogether 25 of the slowly 
rotating dwarfs in the study are cyclic. 
Even the remaining 12 slow rotators 
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show some hint of long-term variation 
that could be significant but whose am- 
plitude is much smaller than that of the 
solar cycle in the last two centuries. It is 

the Sun. An extreme example is perhaps 
HD 82885 (Fig. 5c), found (28) to show 
rotational modulation with remarkable 

effect might arise from a pair of active 
regions at different latitudes on the star 
in the presence of differential rotation 
(29). The two periods, 18 and 21 days, 
differ by 15 percent, which is comparable 
to the solar differential rotation between 

stability in amplitude and phase over an 
8-month interval in 1980-1981, with a 
period of between 18.0 and 18.6 days. 

entirely conceivable that these dozen or 
so stars with weak activity (one-third of 
the sample of slow rotators that "might" Analysis of Wilson's survey subsequent- 

ly showed (29) that, if the period is 
assumed actually to be 18.49 * 0.05 
days, the variations observed in 1980- 

the equator and regions near the poles 
but larger than the solar differential rota- 
tion within the sunspot zones. The differ- 
ential rotation in HD 149661 could well 
be larger than the Sun's. It is also con- 
ceivable that a star could have more than 

be cyclic) are in a Maunder minimum 
state, in which the Sun may have spent a 
comparable fraction of its time in past 
epochs. If this is the case, then sooner or 
later such a star will regenerate its cycle 
or a star that now exhibits cycles will 

1981 are almost exactly in phase with the 
unresolved variations of about the same 
amplitude in the survey data for this star 
throughout the decade from 1971 to 
1981. It is difficult to understand how the 
precise location of a surface feature on a 

one spot zone (or active shear zone) in 
each hemisphere, although the butterfly 
diagram clearly shows that the Sun has 

cease to vary. Half a millennium might 
elapse before any one star-or the Sun- 
undergoes another such change. But it is only one. Ten stars have thus far been 

identified in the Mount Wilson survey 
that occasionally show such double peri- 
odicities (32). 

statistically likely that the waiting time 
for such an event will be reduced in 
proportion to the number of slowly rotat- 

differentially rotating star could be thus 
"remembered" unless it is in some way 
associated with long-lived magnetic field 

ing stars under scrutiny. 
Even among stars that rotate rapidly 

one finds variations that could be con- 

patterns deep inside the star. Studies 
have shown that, even in the Sun, there 
is some tendency for active regions to 

About 5 years ago the HK photometer 
was used to survey (33) the HK emission 
fluxes in a large fraction (several hun- 

strued as possibly sunlike or periodic, 
apart from the example of HD 152391 
(Fig. 4e) already mentioned. HD 1835 
(Fig. 4n) has twice declined slowly in 

occur preferentially at certain longitudes 
over intervals of several years (30). 
From geomagnetic studies it was in- 
ferred in 1975 that large-scale irregular- 
ities in the Sun's general dipolar magnet- 
ic field had persisted for as long as five 

dred) of the dwarf stars in the northern 
celestial hemisphere within a distance of 
25 parsecs (82 light-years) of the Sun. In 
this survey each star was observed only 
once or a few times, but the range of 
variation of an individual star is usually 

activity for several years and then recov- 
ered in the span of one or two seasons. 
Similar "sawtooth" behavior is evident 
in HD 25998 and to some extent in HD 
18256. HD 20630 remained at a high level 
for the first 6 years of the Wilson survey 

sunspot cycles or 47 years (31). 
In the chromospherically active star 

HD 149661 (Fig. 5, a and b) two frequen- 
cies of HK flux variation are sometimes 

small enough that even a "snapshot" 
suffices reasonably well as an approxi- 
mation of a star's average level of activi- 
ty. To this solar neighborhood survey it 

and then began to vary on roughly a 4- 
year time scale. Thus researchers sus- 
pect that the dichotomy between stars 

simultaneously present, producing a 
"beat" in the modulation and a corre- 
sponding double peak in the autocorrela- 

is now possible to apply the Rossby 
relation in order to estimate from the 
known HK fluxes and colors the previ- 

with and without cycles is perhaps not tion. It is tempting to suppose that this ously unknown periods of rotation of 
completely sharp. 

It is among the more rapidly rotating 
stars that one encounters behavior quite 
unlike that exhibited by the Sun. HD 
76151 (Fig. 40) and HD 190406 (Fig. 4p) 
show prominent variations on time 
scales as short as 2 or 3 years and 
occasional systematic changes within a 
single season. Although common charac- 
teristics can be found in the HK flux 
records of such stars, these characteris- 
tics seem to emerge, like biological 
traits, in differing combinations from one 
individual star to another or even from 
one interval of time to another in the 

. . . .  
-0.5 -0.3 -0.1 0.1 0.3 

log (Rossby  number) same star. With few exceptions, one can 
say that the more rapidly a star rotates, 
the more chaotic its chromosvheric vari- 
ations are likely to appear. Are distinct 
time scales or "modes" shorter than the 
"fundamental" sunlike cycle present in 
these stars? Given the sparseness of the 
data collected thus far, it is not yet 
possible to say. 

Fig. 6. (a) Chromospheric component of HK 
flux output for stars plotted against the 
Rossby number (Pobs/tc) for a = 2 (24) .  (b) 
Periods of stellar rotation predicted from the 
Rossby relation (PC,,,) plotted against peri- 
ods measured directly (Pobs) from rotational 
modulation. (c) Predicted periods of rotation 
versus the B-V color index for 311 lower 
main sequence stars within 25 parsecs of the 
Sun (see text). The location of the Sun in the 
diagram is indicated by + . 

A surprising fact uncovered by the 
study of rotational modulation was that 
in manv stars the modulation continues 
unchanged in phase for very long times, 
far longer than the typical lifetimes of 
even the largest activity complexes on 
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these stars. The resulting periods are 
plotted, on a logarithmic scale (with peri- 
ods increasing downward), against their 
B-V colors, in Fig. 6c. To minimize 
extrapolation beyond the range in which 
the Rossby relation is calibrated by ob- 
servation, only stars with B-V less than 
1.4 are plotted. Even so, the diagram 
should be regarded as tentative. Such a 
diagram is of interest for at least one 
reason, and possibly a second that can 
be mentioned only briefly. 

It was established some years ago that 
both chromospheric activity and the rate 
of rotation of main-sequence stars de- 
crease with advancing stellar age (34), 
presumably as the result of torque exert- 
ed by the stellar wind. Thus, the early 
Sun would have been represented by a 
point at the top of the diagram in Fig. 6c. 
In the course of time this point would 
have moved almost vertically down- 
ward, reaching its present position after 
about 4.6 billion years. But its present 
position is very close to the rather sharp 
lower boundary of the distribution of 
points in the diagram, along with many 
other stars of about the same color, some 
of which must be even older than the 
Sun. This circumstance suggests that a 
star with B-V between about 0.45 and 
0.9 slows in the course of time to some 
definite minimal rotation rate that is a 
function of its mass. Thereafter, either 
no significant further spindown occurs or 
else thereafter, unlike the Sun, the much 
older stars presumably included in the 
sample do not "obey" the Rossby rela- 
tion. There is indevendent evidence from 
satellite measurements of the solar wind 
in interplanetary space that the angular 
momentum now being carried away from 
the Sun by particle flow and magnetic 
fields in the solar wind is not sufficient to 
account for significant further decelera- 
tion of the Sun's present rate of rotation 
(35). Figure 6c may well provide a strong 
observational confirmation of this result 
and a demonstration that it is a universal 
phenomenon among dwarf stars, thus far 
unexplained by theory. Indeed, from 
Fig. 6c it can be inferred that this termi- 
nal rate varies as about the fourth power 
of stellar mass. 

It is also of interest that in Fig. 6c the 
density of points, as far as can be deter- 
mined from the limited number, de- 
creases more or less smoothly upward, 
as would be expected if (as most investi- 

gations suggest) star formation has oc- 
curred in the Galaxy at an essentially 
uniform rate during the last few billion 
years, and if stellar spindown takes place 
smoothly as a function of time. The 
nonlinearity of the Rossby relation (in 
which the HK flux "saturates" at high 
rates of rotation) gives a plot of the HK 
flux against B - V an appearance rather 
different from that of Fig. 6c. Such a plot 
was discussed in (33). 

Sensitive modern techniques of obser- 
vation are beginning to offer researchers 
the possibility of detecting other effects 
of magnetic activity besides the enhance- 
ment of chromospheric emission lines. 
These effects include the broadening of 
magnetically sensitive photospheric ab- 
sorption lines (compared with insensitive 
lines) by the Zeeman effect in magneti- 
cally active stars (36), from which the 
strength of the field can be directly in- 
ferred. Precise photometry can reveal 
the subtle variation in stellar bright- 
ness-or rotational modulation-caused 
by the presence of "starspots" in the 
case of very active stars (37). From high- 
dispersion spectrograms of detailed fea- 
tures on the solar surface it is known that 
the profiles of the H and K lines differ 
systematically from one kind of feature 
to another; from study of changes in the 
line profiles as a star rotates, inferences 
might be made about the kinds of fea- 
tures present on its surface and their 
distribution in latitude and longitude. 
These and other detailed and systematic 
studies remain tasks for the future. It is 
reasonable to expect that the extension 
of solar physics into the domain of stars 
will continue to be an exciting venture. 
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