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ABSTRACT

This dissertation is an investigation of the evolution of chromospheric activity

in stars from F2 to G2 as measured by Ca II flux as a function of stellar age, for a

large sample of nearby field stars. Ages are estimated from theoretical isochrones

using Stromgren colors to obtain effective temperatures, absolute magnitudes, and

metallicities. These data are combined with measurements from the literature for

the Pleiades, Hyades, and Coma clusters, and allow chromospheric activity and

rotation to be traced for stars with masses in the range 1.05 M0 to 1.45 M 0 .

The main-sequence F stars of solar composition with M. < 1.325M0 follow

an exponential chromospheric activity law, with an e-folding time of 2.04 Gyr.

There appears to be little change in e-folding time with mass in these essentially

solar-type stars. For M. ~ 1.325M0 the change in activity with age is small but

is consistent with an exponential dependence with an e-folding time of 3.12 Gyr.

The exponential age dependence and slow change in the rate of decay of activity

with mass are consistent with an overall quadrupole magnetic field as proposed by

Gill and Roxburgh (1984), rather than the generally assumed radial field geometry.

The majority of F stars appear similar in their activity-age behavior to G stars

on the high activity side of the Vaughan-Preston gap. The number of solar­

composition stars observed below the Vaughan-Preston gap was too small to come

to any conclusions concerning any change in the activity-age relation.

However, when a sample of older late F stars below the Vaughan Preston gap

somewhat below solar metallicity was examined, a different age dependence more

like a power law was found. This is qualitatively consistent with the Gill and

Roxburgh (1984) theory, which suggests that the geometry of the stellar magnetic

field changes from quadrupole to dipole as a star crosses the Vaughan-Preston gap.
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It has been suggested by Wolff, Boesgaard, and Simon (1986) that the lack

of low activity early F stars indicates that there is another component of the

chromospheric Ca II flux for stars with M. > 1.32Me, which is independent of

the magnetic field. However, it does not appear that purely acoustic heating

can provide this component. Ii it is assumed that the "floor" in chromospheric

activity seen in the early F stars is due to pure acoustic heating with acoustic flux

proportional to Til! as found by Stein (1981) then the amount of acoustic heating

predicted for late F stars and in the Sun would be much greater than that which

is observed.

The behavior of activity as a function of age for early F stars appears to be

similar to that for late F and solar type stars, but with a somewhat longer decay

time. These results suggest that acoustic heating does not provide the main energy

source for activity in the low chromosphere in early F stars.

It has been predicted (Durney and Latour 1978) that the time required for

significant angular momentum loss in F stars should increase by a large amount

with increasing mass. This prediction is based on the assumption that the mag­

netic field in these stars is predominantly radial, and that the magnetic field is

proportional to the angular velocity.

Observations do not agree with the radial field model. In fact, the V sin i-age

dependence for stars of solar composition appears best modeled by an exponential,

and the observed e-folding time is slightly smaller for M. > 1.32Me than for

M. < 1.32Me. The observations are in better agreement with the theory of

Gill and Roxburgh (1984) assuming a quadrupole magnetic field than with the

standard radial field model.
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Convective turnover times based on Rucinski and VandenBerg (1986) were

estimated for each star. Tests of several rotation-convection parameters suggest

that the best predictor of activity level in F stars is the dynamo number defined by
1

Durney and Robinson (1982) ND = OTc(Rc/Hp)i. The relation between RtIK

and N D appears best described by RkK = 1.83 X 10-6ND for solar-composition

late F stars. Beyond ND "J 30 the activity level appears to saturate. The early

F stars follow a similar but shallower relation. Comparison between the expected

behavior for stars using this relationship and the quadrupole field geometry and

observations yields good agreement for all stars above the Vaughan-Preston gap.

The age-activity relations suggest that early F stars do not become old enough to

cross the VP gap during their main-sequence lifetimes.

~ --~--~------
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CHAPTER I

INTRODUCTION

The solar chromosphere is a region of gas above the visible surface of the Sun,

approximately 10000 km thick. It is optically thin in nearly all visible wavelengths,

and is only observed in visible light in the cores of strong lines such as Ha and

Ca II Hand K above the limb during solar eclipses or with a coronagraph. In the

ultraviolet the chromosphere is seen in emission lines such as Si 11682 A. The ul­

traviolet continuum of the Sun shortward of 1525 A comes from the chromosphere

as well.

Solar astronomers have traditionally made a distinction between the "quiet"

solar atmosphere and the "active" atmosphere, distinguished by the presence of

sunspots, prominences, flares, and other short lived phenomena associated with

the Sun's 22 year magnetic cycle. Over the past several decades astronomers have

succeeded in observing the effects of similar activity in other stars. The most

accessible indicator of activity used by stellar astronomers has been the emission

strengths of the CaII H and K line cores, which in stars similar to the Sun are

believed to come from regions in the chromospheres of stars corresponding to

solar plages, regions of enhanced brightness in Ca and many other chromospheric

lines near sunspots. These plages are regions of enhanced chromospheric density

caused by strong magnetic fields believed to be generated by an internal magnetic

dynamo. In other stars the stellar disk cannot be resolved, but the strength of the

line reversals seen in the spectrum from the entire star depends on the strength

and coverage of the plages on the surface of the star.

The reversal of the core of the CaII Hand K lines was first noted by Schwarz­

schild and Eberhard (1913), and the first catalog of Hand K line core strengths
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was compiled by Joy and Wilson (1949). However, the dependence of Ca II line

strength on age was first observed by Wilson (1963), who noted that the line

strength of Go-K2 stars in young open clusters was greater than that seen in

nearby field stars. Ever since that time, observers of activity in main sequence

stars have. concentrated on "solar type" stars in this spectral range. Skumanich

(1972) placed this decay in activity with increasing age on a quantitative basis, and

showed that Ca II activity appeared to be proportional to the rotational velocity

of the star. Roberts (1974) showed that this relationship is plausible according to

magnetic dynamo theory.

There are some indications that F stars, particularly those earlier than B - V

= 0.45, show a substantially different type of activity from the solar-type stars.

The modulation of Call Hand K flux (Baliunas et aL 1984), which has allowed

the rotational periods of many slowly rotating G and K stars to be measured, is

not seen in these objects. Other major differences include the lack of a V sin i­

X-ray flux relationship (Walter 1983) a V sin i-UV flux relationship (Walter and

Linsky 1985), or solar-type activity cycles (Vaughan 1980). On the other hand,

there is flux present from these early F stars in X-rays, UV, and in the Call H

and K lines which would not be present in completely inactive stars.

Today one can observe the effects of stellar activity in the entire spectral range

from radio using the VLA to X-rays using spacecraft. In fact, for detailed analysis

of stellar activity spectral lines in the ultraviolet, such as C IV 1548, 1551 A

(actually a transition region line), accessible with the IDE spacecraft are preferred

over the Call lines because of the much lower continuum background. However, if

the effects of the continuum and photospheric contributions are carefully allowed

for the Call lines can be as useful as any other feature as a chromospheric activity
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monitor. In fact, for survey work they are much more useful, since large ground­

based telescopes can observe much fainter objects than spacecraft, and are much

more accessible for such projects.

The most significant such survey project has been the Mt. Wilson H K survey

(Wilson 1968, Vaughan and Preston 1979, Baliunas et al. 1984, Duncan 1983,

1985) an ongoing effort to monitor Ca II activity levels in several hundred nearby

stars. The Mt Wilson S index, the ratio of the H K core flux to the flux of the

surrounding continuum, is the basic product ofthis work. However, because ofthe

higher photospheric temperatures in the F stars, the value of the S index is smaller

than in later-type stars, which initially discouraged interest in F-star activity. In

these F stars, Ca II chromospheric emission generally makes its appearance kno~

by filling in, to a varying degree, the cores of the Hand K lines, rather than

producing obvious emission reversals. Although the Ca II line center contrast in F

stars at first glance appears very low compared to later type stars, when corrected

for the difference in photospheric line equivalent width it is in fact as large a

fraction of the total luminosity of the star as it is in later type objects.

Because of the differences already noted between chromospheric activity in

F stars and in those of solar type, it is apparent that we cannot expect to have

a complete understanding of stellar activity without studying these objects. A

first step, then, in such a study would be the determination of how chromospheric

activity and rotation, presumably the source of the magnetic dynamo generating

the activity, depend on each other and on the age of the star. Can a Skumanich-like

relation be determined for these objects?

While young stars (generally less than 1 Gyr in age) of known age can be

observed in nearby open clusters, determining the age dependence of activity and
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rotation for F stars as well as later types requires ages older than can be obtained

from nearby clusters. Generally, studies of chromospheric activity and rotation in

solar-type stars have used age estimates based on Li abundances (Herbig 1965; van

den Heuvel and Conti 1971; Duncan 1981). This method is based on the gradual

destruction of Li in the convective zones of G stars. This process does not take

place (at least not in the same way) in F stars.

However, F stars evolvesufficiently rapidly in the H-R diagram that provided

that a means of estimating effective temperatures, luminosities, and compositions

is available, it may be possible to estimate the mass and age offield F stars between

the zero-age main sequence (ZAMS) and the main sequence turnoff point. Such a

means is available for F stars in the Stromgren photometric indices.

Chapter II discusses the photometric age estimates for individual field stars,

and compares ages based on Stromgren indices to ages based on absolute luminosi­

ties from parallaxes, cluster main sequence fitting, and lithium surface abundances.

Good agreement is shown between the photometric estimates and parallax-based

and cluster ages. Agreement is also seen between the photometric ages and those

based on Li abundances where those methods overlap, if the same effective tem­

perature scales are used. The photometric age estimates in this chapter are based

on the stellar isochrones of Ciardullo and Demarque (1977).

Chapter III discusses the relation between Ca II activity in F stars and age.

The models used here and in the remainder of the thesis are those of VandenBerg

(1983). As stated in Chapter III, these models incorporate improved opacities

and better treatment of the convective zone and surface layers than the Ciardullo

and Demarque models. These factors are very significant in obtaining a good

match between theoretical and observed quantities. The Y = 0.25, Z = 0.0169,
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0: = 1.6 model of VandenBerg provides a much closer fit to the solar luminosity,

temperature, and age than the Ciardullo and Demarque models. Chapter III shows

that for stars of solar composition, the decay of activity with increasing age is best

modeled by an exponential law for both low and high masses.

Chapter 4 explains a new method for obtaining measurements of the projected

stellar rotational velocity V sin i using autocorrelation analysis. This method has

several advantages over others of similar precision. It uses line broadening infor­

mation from a number of spectral lines at once, reducing the uncertainty below

that which would be obtained for a single line. It does not require any modifica­

tion of a standard coude spectrograph, and could also be used with an echelle for

greater spectral coverage. The reduction process is fairly straightforward, although

measurements of rotation velocity standards are required for calibration.

Chapter 5 combines rotational velocity measurements from the literature with

those determined using the method of Chapter 4 in order to determine the rela­

tionships between age, activity, and rotation in F stars.
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CHAPTER II

AGE ESTIM:ATES FOR F2-G2 MAlN-SEQUENCE FIELD STARS

1. Background

An important goal of stellar evolution modeling theory is to estimate the ages

of stars. All methods of stellar age estimation are ultimately based on the compar­

ison of the observed properties of stars to theoretical models. The fitting of stellar

models to individual field s,ars generally has been avoided because of the difficulty

in obtaining accurate absolute magnitudes for stars located beyond the immediate

neighborhood of the Sun. Difficulties multiply on the lower main sequence (G

stars and later) due to the slow evolution of these stars, and the position of their

evolutionary tracks parallel to the main sequence for billions of years. In order

to increase the accuracy of the luminosity determinations galactic clusters can be

used. Fitting an isochrone to a cluster in which all stars are assumed to have

formed simultaneously increases the confidence of the age estimate by reducing

the effects of the errors in fitting individual stars. For many purposes, the relative

rarity of old open clusters causes problems for the study of stellar properties and

their age dependence. Clusters older than ",,2 billion years (the age of NGC 752)

are generally distant and difficult to observe. Still, for purposes such as the study

of solar-like activity in stars, one would like to have stars with a wide range of

known ages.

The usual approach in studies of stellar activity in main-sequence stars has

been to use some property other than the absolute magnitude, which is considered

to vary with age. Most frequently this has been the lithium abundance, an ap­

proach first suggested by Herbig (1965) and by van den Heuvel and Conti (1971).
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Lithium is easily destroyed at temperatures reached in (or just below) the con­

vective envelopes of late-type stars. Thus, assuming all stars reach the zero-age

main sequence (ZAMS) with a similar Li abundance, the measured Li abundance

should be a function of the age and mass (and thus the depth and temperature

of the convective zone) of the star. The lithium abundance method is especially

attractive for G stars, since the range of Li abundance seen in these stars is large

and more direct luminosity fitting methods fail for stars later than G2 due to the

slow luminosity evolution expected in such stars.

Ages based on lithium abundance must be calibrated with stars of known

age. For young stars this calibration depends on measurements of the young

Pleiades and Hyades clusters and the Ursa Major association (Soderblom 1983).

The calibration for older stars is based on measurements of the lithium abundance

of the Sun, however Herbig (1965) has suggested that the Sun may not be a

typical star for its age in regard to its lithium abundance. This possibility, also

suggested by Skumanich (1972), indicates that lithium-age calibrations based on

the Sun's lithium abundance may possibly not be valid. Nevertheless, several

studies using Li-based age estimates of main-sequence field star ages have" been

made, for example, the studies of Ca II emission and lithium abundance by Duncan

(1981) and the study of lithium abundance and stellar rotation by Soderblom

(1982, 1983).

Recent results have shown some inconsistencies in the lithium abundance-age

relation. Duncan (1981) studied the variation of the Ca II K line core emission

flux using lithium-derived ages. He found several results which appear inconsistent

with the assumptions behind the Li-age calibration. Some of the stars he observed

(his group C stars) showed low Ca II line core emission (indicating an older age),

- --_._-----------------
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but high Li abundance (indicating young age). Some of these stars show large

motion perpendicular to the galactic plane, indicating high age. The hotter stars

in his sample (with Tel I > 6200 K) did not behave in the way expected if Li

is simply correlated with age. Instead of having a uniform. high Li abundance, a

wide range in Li abundance was seen in these stars, indicating that there are other

depletion mechanisms besides the one operating in later spectral types.

Spite and Spite (1982), considering mainly the same data set as Duncan (1981)

and Soderblom (1982), made crude age estimates using the isochrones of Hejlesen

(1980). They found that the Population I field stars fell into two groups, those

with high Li abundance as in the Hyades cluster, and those with low Li abundance,

as in the Sun. The mean ages for both subsamples were the same, and thus the

age dependence of Li in older field stars was again called into question.

This chapter will examine ages obtained from direct isochrone modeling in

luminosity and effective temperature, compare these estimates with ages deter­

mined from lithium abundances, and examine the Ca II activity-age relations. For

stars in the spectral range F2 to G2 this should be possible, provided a method of

obtaining the effective temperature, luminosity, and composition of an individual

field star can be found. Such a technique would use the stellar properties best

explained by current stellar evolution models-those which depend less strongly on

the details of convection and circulation responsible for the Li abundance (and

the Ca II core emission) in such stars. Of course, this method would be limited in

that stars later than spectral type G2 could not be handled.

Twarog (1980) has developed such a direct method of placing stars in the

theoretical HR diagram using uvby,8 colors. This method yields Tell based on ,8

or on b - y, [Fe/H] based on the e5ml index, and e5Mv, the distance in magnitudes
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above the ZAMS, from the e5cl index. Here e5ml and e5cl are the standard color

differences defined as e5ml = ml atd - ml 06. and e5cl = Cl 06. - Cl .td, with

Cl = (U-l1)-(l1-b) and ml = (l1-b)-(b-y). In the present chapter this method

will be applied to nearby field stars. To confirm the value of this method for

dating individual stars and estimating the magnitude of the uncertainties involved,

Stromgren photometry for the. open cluster NGO 752 will be used to obtain age

estimates for individual cluster stars, which will be compared to a cluster age from

main-sequence fitting. Also, for those field stars with parallaxes available from

the Gliese (1969) catalog, age estimates will be obtained by fitting isochrones

to effective temperatures from fJ and luminosities from Mbol determined from

stellar parallaxes. The age estimates based on e5cl derived luminosities can then be

compared to Li-abundance age estimates made by Duncan (1981). The dependence

of Oa II line core emission on age will also be briefly discussed.

2. Age Determination Method

a. Program Stars and Pbotometry

Stromgren photometry for all field stars used in this study has been obtained

from the catalog of Hauck and Mermilliod (1980). In all cases the stars had

0.22 < b - y < 0.41 so that the e5ml-metallicity calibration of Crawford and Perry

(1976) could be applied. However, it was later decided that stars with Tell < 6000

K and log(LjLe) < 0.25 had to be excluded due to the large age uncertainty in

such stars. The field star sample included 61 stars. Of these, 59 had Ca II and Li

measurements from Duncan (1981), and for most of these Duncan has also made

Li age estimates. Two additional stars were selected from the Gliese catalog in
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order to have a larger sample for the comparison of Del-derived ages with ages

based on luminosities from parallaxes. Absolute magnitude for those stars with

parallaxes came from the Gliese (1969) catalog. Bolometric corrections were taken

from Schlesinger (1969).

As a further demonstration of Twarog's age dating method, Stromgren data

for 29 stars in NGO 752 were obtained from Crawford and Barnes (1970) and

dereddened according to the method described by the authors.

b. Isochrone Fitting

The most direct method of age estimation is the comparison of effective tem­

perature and luminosity observations to the predictions of models of the correct

composition. As we have seen, there are difficulties in the direct approach, espe­

cially in the determination of Mbol for stars which have small parallaxes.

As in Twarog's (1980) dating procedure, the effective temperature for the

cluster stars were obtained from H/3 photometry. This has the advantages of

being essentially independent of reddening, metallicity, and surface gravity for F

and early G stars. These properties make the H/3 index preferable to the b - y

index so long as the Tell-H/3 calibration is valid. The temperature calibration

used here is that of Hauck and Magnenat (1975), based on the Oke and Conti

(1966) Tell calibration for B - V.

For the field star sample, effective temperature was obtained from the b-y color

for each star. A number of the field stars have b - y colors redder than 0.36. For

these stars the HfJ line becomes too weak for reliable temperature determination

(Stromgren 1966) so for consistency b - y was used for the entire field star sample.
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Reddening for these nearby stars is extremely small. In order to select the correct

model isochrone for comparison with a star, the composition of the star must

be known. As ubvy{3 measurements are available for all of the stars in the data

sample of this chapter, it is simplest to use the Stromgren e5ml index to estimate

the metallicity for these stars. In this way, all [Fe/H] estimates will be on the

same scale. For consistency with the TelI determinations, calibrations based on

HI3 will be used for the cluster stars, while calibrations based on b - y will be

used for the field stars. The choice of [Fe/H] calibration is important, however. If

[Fe/H] values obtained spectroscopically (Morel et al. 1976) are plotted against

e5ml substantial scatter (0.3 in [Fe/HD is seen. Calibrations from Crawford and

Perry (1976) and Duncan (1981) were examined, but the equations from Crawford

and Perry (1976)

for the cluster stars, and

[Fe/H] = 0.15 - 11c5ml(l3)

[Fe/H] = 0.15 - 13e5ml(b - y)

1a

1b

for the field stars will be used here, as they appear to fit the spectroscopic data

better.

The absolute magnitude calibration for the cluster stars was done as in Twarog

(1980). Using the Stromgren c5Cl index, Crawford (1975) determined

where

Mv = Mv(ZAMS,{3) - f e5cl {/3)

f = 9 + 20(2.720 -13)

2

3

and where Mv(ZAMS) is Crawford's empirically determined main sequence. Fol­

lowing Twarog (1980) the separation from the ZAMS, c5Mv = c5Mv(ZAMS)-Mv
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will be used. The luminosity L. will be found by setting 5Mbol R:: SMv. Then

log(SL/L0) = 5Mbol/2.5, and L/Le = (LZAMS,T/L0) + (SL/L0), avoiding un­

certainties in the empirically calibrated ZAMS of Crawford and reducing the ef­

fects of metallicity differences between the empirical ZAMS and the particular star

under consideration. For the field stars the similar equation (Crawford, 1975)

Mv =Mv(ZAMS,b - y) - f[e5cl(b - y) + l.5bml(b - y)] 2a

will be used, with f = 10.0.

The model isochrones used here are those of Ciardullo and Demarque (1977)

for the compositions Y = 0.30; Z = 0.004, 0.010, and 0.040. The isochrones were

derived assuming the mixing length to scale height ratio a =1.0 in the convection

zone. I have used only Y = 0.30 throughout for several reasons. First, it is

consistent with measurements in solar prominences (Heasley and Milkey 1978)

and in young Population I stars (Norris 1971). Second, from Twarog's results

on the galactic age- metallicity relation, it appears that the relative ages of stars

are not greatly affected by varying the helium abundance used to model them, at

least in the senseof making one star previously thought older than another appear

younger than the other. Also, because the luminosity is determined relative to a

model ZAMS, the effect on the age estimates of the movement of the isochrones

in the temperature-luminosity plane is reduced.

The value of a has a large effect on the positions of model isochrones in the

H-R diagram for late-type stars. Varying a essentially varies the depth of the

convection zone for the model star. For example, Perrin et al. (1977) estimated

the age of the oldest halo stars in their solar neighborhood sample, HD 19445

and HD 140283, as being greater than 25 Gyr, using a = 2.0. This is clearly

in conflict with virtually all recent estimates of the age of the universe. On the
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other hand, using the values o£1ogTe/1 and Mbol given by Perrin et ale and the

Q = 1.0 isochrones for the same metal abundance by Ciardullo and Demarque

(1977), one obtains an age of about 16 Gyr for these stars. Ciardullo and Demarque

(1979) describe a method for adjusting the value of Q in their isochrones without

recomputing their stellar models. Using this approach, the age of these two stars

can be estimated for different values of Q. Using Q = 2.0, the age becomes roughly

22 Gyr; with a = 1.5 one obtains about 18 Gyr. The models used by Perrin

et ale still yield ages somewhat older than the Ciardullo and Demarque models,

but varying removes most of the discrepency..

In order to match the observed run of differential rotation in the Sun (smooth

monotonic decrease of rotational velocity from equator to poles) recent models

of differential rotation in the Sun (Gilman 1981) require that the stellar rotation

time (the inverse of the angular frequency) be less than the convective turnover

time. This convection turnover time depends on the ratio of the mixing length

to the convective velocity at the base of the convective zone. Using a value of

the convective velocity derived from a model of the convective zone described

in Durney and Latour (1978), Gilman found that his solar differential rotation

model required a ~ 2.0 to match observations. IT the convective velocity is

actually somewhat lower than Gilman's value then a smaller value of a could also

provide adequate agreement. VandenBerg (1983) was able to fit globular clusters

of widely varying metallicities with model isochrones with a = 1.6 ± 0.1. In

more recent work VandenBerg and Bridges (1984) have shown that young galactic

clusters are best fit by a = 1.5 using their model isochrones. Clearly the best

value of Q is probably greater than one, the value used in this chapter, but less

than two (unless the Universe is really more than 25 Gyr old), and is most likely

near 1.5. In future work more up-to-date isochrones will be used. It should be
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pointed out that near the main sequence the main effect of a change in Q on the

theoretical isochrones is a shift to higher Tel I (aTelI ~ 50 K for a change in Q

from 1.0 to 1.5 on the main sequence (Ciardullo and Demarque 1979» and this

change is largely compensated for by the HP-log Tell calibration used (Hauck

and Magnenat 1975), which yields slightly cooler temperatures than others [e.g.

Bessell 1979). The effect of metallicity on age estimates cannot be overlooked.

Figure 1 shows isochrones at 0.5, 1.0, and 3.0 Gyr for three different compositions:

Z = 0.004, Z = 0.010, and Z = 0.020. The size of the (10') uncertainties in

effective temperature and luminosity (see below) are also shown.

An interpolation program has been developed in order to generate model

isochrones not available in Ciardullo and Demarque (1977). The interpolation

is based on the assumption that for small changes logTell' 10g(L/L0), 10gM,

log Z, and logA (where M is the mass and A is the age of the star) are approx­

imately linearly related. Sets of isochrones have been computed for Y = 0.30;

Z = 0.0055, 0.0080, 0.0120, 0.0150, 0.0200, 0.0250, and 0.0325.

Fitting of the ubvyp data for individual stars in NGC 752 as well as in the

field is done as in Twarog (1980), except for the use of b - y instead of P as the

temperature indicator for the field stars, as noted above. The composition is found

from the e5ml measurements. An age is first found for the star using isochrones

most closelymatching the value of Z found from e5ml' For this metallieity the two

individual isochrone curves which most closely match the calculated log TelI and

10g(L/L0) for the star are found. The age estimate for the star at this metallicity

value is then found by linear interpolation in log Tel f at constant log(L / L0 ) if

the star is at or below the main-sequence turnoff for the older isochrone curve. If

the star is above this point the interpolation is in 10g(L/L0) at constant log Tell'

----------------------------------------
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Figure 1. Isochrones from Ciardullo and Demarque (1971) for 0.5,1.0, and 3.0
Gyr with Y = 0.30. Dashed curves have Z = 0.004,. solid curves have Z = 0.01,
and dotted curves have Z = 0.02. A 10' error box resulting from uncertainties in
&1 and f3 is shown.
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This age estimate is called the nominal age (AN) . Then age estimates are made in

the same way at metallicities which bracket the value measured for the star. The

final age estimate is found by interpolating in metallicity between the bracketing

values using the Z derived from the photometry. Age estimates for NGC 752 are

given in Table 1 and fo.r the field stars in Table 2. Table 3 gives ages based on Li

abundance from Duncan (1981) and ages derived using the luminosity obtained

from trigonometrically determined Mbol' where available.

c. Age Uncertainties

The uncertainty in the photometric colors for a single star measurement will

have two effects on the age determination. First, it. results in uncertainty in the

position in the HR diagram, This is due to uncertainty in {3 or b - y affecting

the effective temperature and uncertainty in 6Cl affecting the luminosity. Second,

uncertainty in ml affects the metallicity estimate, introducing possible error in

the choice of the set of isochrones used to model the star.

The data in the Hauck-Mermilliod catalog are homogenized, mean values com­

piled from all available sources. No uncertainties are given for individual stellar

colors. Therefore typical mean uncertainty values were estimated, based on Craw­

ford (1975), one of the sources for the Hauck-Mermilliod catalog. There, the mean

errors for one observation of a star were: b - y, ±O.010; ml, Ch and {3, +0.012.

Three observations were made of each star, yielding uncertainties of ±0.006 for

b-yand ±0.007 for mh Cb and {3. Since the data in the Hauck-Mermilliod catalog

are mean values, we adopted these uncertainties as typical of good ubvy{3 mea­

surements.



Star f3

(1) (2)
58 2.699
61 2.700
62 2.694
66 2.643
88 2.646
96 2.714

105 2.684
126 2.676
135 2.682
139 2.664
171 2.672
187 2.687
189 2.684
196 2.677
197 2.670
205 2.684
206 2.666
217 2.689
218 2.673
222 2.713
234 2.698
235 2.659
238 2.658
254 2.705
259 2.688
261 2.663
263 2.707
266 2.694
300 2.684

6C{)

(3)
0.089
0.134
0.027
0.080
0.027
0.144
0.185
0.180
0.030
0.031
0.197
0.064
0.036
0.157
0.033
0.078
0.163
0.147
0.150
0.023
0.046
0.003
0.193
0.102
0.028
0.001
0.076
0.012
0.165

Table 1

NGO 752 Age Estimates

6mo 6Mv [Fe/H] Tell (K) Age (Gyr)

(4) (5) (6) (7) (8)
0.015 0.843 -0.01 6690 2.5±0.7
0.009 1.260 0.05 6700 2.1 0.3
0.016 0.257 -0.03 6650 1.4 0.9
0.025 0.843 -0.12 6200 4.4 0.6
0.013 0.283 0.01 6220 1.9 1.1
0.000 1.313 0.15 6830 1.5 0.7
0.009 1.798 0.05 6550 1.8 0.6
0.022 1.778 -0.10 6480 2.1 0.5
0.003 0.293 0.12 6530 1.3 0.6
0.046 0.314 -0.35 6370 3.2 1.9
0.008 1.962 0.06 6440 1.7 0.2
0.019 0.618 -0.06 6480 2.4 1.0
0.017 0.350 -0.04 6550 1.9 1.0

-0.008 1.543 0.24 6490 1.6 0.6
0.018 0.330 ·-0.05 6420 2.0 1.0
0.006 0.758 0.08 6550 2.3 0.9
0.019 1.643 -0.06 6390 2.2 0.3
0.007 1.414 0.07 6600 2.0 0.2
0.018 1.496 -0.05 6450 2.5 0.5
0.006 0.210 0.09 6820 0.9 0.5
0.022 0.434 -0.09 6680 2.0 0.8
0.010 0.036 0.04 6330 < 1.1
0.026 1.976 -0.13 6320 2.2 0.5
0.009 0.949 0.05 6750 2.3 0.4
0.016 0.270 -0.02 6590 1.5 1.0
0.003 0.015 0.12 6360 < 0.9

-0.006 0.704 0.21 6770 1.8 0.5
0.011 0.114 0.03 6650 0.8 0.6
0.016 1.604 -0.03 6550 2.1 0.2

17

NOTES.

Column (1): NGO 752 members from Heinemann (1926).

Column (2): Stromgren f3 index from Hauck and Mermilliod
(1980).

Column (3) and (4): Stromgren luminosity and metallicity indices
using f3 to fiD.d the ZAMS values.

Column (5): Estimated magnitude difference between the star
and the ZAMS.

Column (6): Metallicity estimated from 6mo.

Column (7): Effective temperature from p.
Column (8): Photometric age estimates for individual stars.

~---------------------------------------



Table 2

Observed Parameters for Field Star Age Comparisons

Name HR b-y bel bml [Fe/H] Tell RK logNLi
(K) x10-6 Observed Estimated Adjusted

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

6 Oct 33 0.328 0.035 0.053 -0.54 6110 <3.9 2.51
¢2 Oct 235 0.334 0.003 0.029 -0.23 6080

244 0.346 0.064 -0.003 0.19 6000 < 5.5 < 1.67 2.2±0.3 < 1.54
v And 458 0.344 0.059 0.010 0.02 6020 <4.9 2.18 2.1 0.3 1.98

Q Tri 544 0.316 0.115 0.023 -0.15 6180 21.4 1.92
672 0.368 0.083 0.011 0.01 5870 < 2.3 2.57 1.3 0.5 2.54

E Cet 781 0.297 0.036 0.015 -0.04 6280 < 7.7 2.13
784 0.331 -0.003 0.016 -0.06 6090 13.2 2.86 2.5 0.3 2.87

8 Per 799 0.326 0.000 0.017 -0.08 6120 <4.9 2.48 2.6 0.3 2.54

T I Eli 818 0.320 0.025 0.013 -0.02 6160 16.9 2.13
94 Cet 962 0.361 0.095 0.013 -0.02 5910 < 6.7 < 1.75 1.4 0.4 < 1.47
10 Tau 1101 0.360 0.045 0.022 -0.14 5920 <4.6 2.25 1.1 0.5 2.16

1249 0.321 -0.009 0.013 -0.02 6150
50 Per 1278 0.334 0.010 0.005 0.08 6080 21.0 2.62
11'3 os 1543 0.298 -0.003 0.010 0.02 6280 14.4 2.57
68 Eri 1673 0.300 0.034 0.030 -0.23 6270
oX Aur 1729 0.389 0.067 0.005 0.08 5740 < 8.3 < 1.57 0.0 0.9 < 1.09
'1 Lep A 1983 0.317 0.019 0.025 -0.18 6170 < 7.5 2.54 2.6 0.2 2.50
740ri 2241 0.284 -0.002 0.018 -0.08 6350 13.5 < 2.30
eGem 2484 0.288 0.119 0.005 0.09 6330 17.1 < 2.19

63 Gem 2846 0.286 0.030 0.005 0.08 6340 <2.39
Q OMi 2943 0.272 0.069 0.003 0.11 6410 < 7.6 < 1.95

p,2 One 3176 0.406 0.125 0.015 -0.04 5640 <4.2 2.23 0.0 1.0 2.07
18 PU!> 3202 0.338 0.037 0.039 -0.35 6050 < 6.3 < 1.93

3499 0.336 0.002 0.002 0.12 6060 22.3 2.90
3579 0.286 0.063 -0.002 0.17 6340 9.2 < 2.13 ~

00



Table 2 (Continued) Ohserved Parameters tor Field Star Age Comparisons

Name HR b-y SCI Sml [Fe/H] Tell RK 10gNLi
(K) x10-6 Ohserved Estimated Adjusted

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

T1 Hya 3759 0.296 0.029 0.010 0.03 6290 11.3 < 2.10
6 UMa 3775 0.314 0.074 0.025 -0.18 6190 < 3.0 3.09

3862 0.338 0.016 0.023 -0.15 6050 7.3 2.35 2.1±0.3 2.32
3881 0.390 0.087 0.009 0.04 5740 < 4.9 < 1.69 0.1 0.8 . < 1.43

40 Leo 4054 0.297 0.042 0.003 0.11 6280 5.9 < 1.67
89 Leo 4455 0.297 0.006 0.002 0.13 6280 10.8 2.68

{3 Vir 4540 0.354 0.076 0.006 0.07 5960 < 5.9 < 1.90 1.7 0.4 < 1.27
(lC Com AB 4968/9 0.309 0.012 0.027 -0.20 6220 15.9 < 2.37

53 Vir 4981 0.313 0.083 0.031 -0.25 6200 < 6.5 3.23
59 Vir 5011 0.376 0.072 0.013 -0.0.1 5820 22.8 2.92 0.4 0.7 2.45
T Boo 5185 0.319 0.057 0.001 0.14 6160 8.1 2.35
11 Boo 5235 0.376 0.165 0.001 0.14 5820 < 6.2 < 1.75 1.7 0.4 < 0.83

" Vir 5338 0.341 0.094 0.025 -0.17 6040 8.5 < 1.93
6 Boo 5404 0.334 0.056 0.029 -0.23 6080 15.4 < 2.15

a l Lih 5530 0.262 0.011 0.016 -0.05 6450 < 8.2 3.20
45 Boo 5634 0.285 0.011 0.006 0.07 6340 8.6 < 2.30

5 Ser 5694 0.349 0.081 0.018 -0.09 5990 4.0 2.15 1.9 0.3 1.57
~ Ser 5868 0.385 0.053 0.010 0.02 5770 < 5.5 < 1.70 0.4 0.9 < 1.25
"y Ser 5933 0.319 0.019 0.029 -0.23 6160 < 5.2 < 1.91
eDra 5986 0.354 0.123 0.019 -0.10 5960 < 2.25

18 Seo 6060 0.397 0.054 -0.005 0.22 5690 8.1 1.41 0.8 0.9 1.04
, Her 6212 0.415 0.138 0.019 -0.10 5600 < 8.3 < 1.40 0.0 1.0 < 0.72

11 Aqi 7172 0.350 0.112 0.018 -0.08 5980 7.5 < 1.66
7354 0.309 0.028 0.040 -0.37 6220 11.9 < 2.20
7451 0.320 0.040 0.034 -0.30 6160 < 2.7 2.87

.....
'CO



Table 2 (Continued) Observed Parameters for Field Star Age Comparisons

Name HR b-y 6Cl 6ml [Fe/H] Tefl RK logNLi
(K) x10-6 Observed Estimated Adjusted

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
7496 0.298 0.088 0.012 -0.01 6280 15.0 < 2.04

16 Cyg A 7503 0.410 0.103 0.011 0.01 5610 <6.9 < 1.50 0.0 1.1 < 0.77
17 Cyg A 7534 0.316 0.049 0.024 -0.16 6180 < 5.0 2.37

o Aql 7560 0.356 0.069 0.006 0.07 5940 <4.9 2.14 1.6 0.4 1.78
7793 0.338 -0.016 0.025 -0.17 6050 9.0 2.29 2.5 0.3 2.39

"p Cap 7936 0.271 0.016 0.013 -0.02 6410 13.3 < 2.11
t Peg 8430 0.296 0.027 0.015 -0.04 6290 7.6 2.53ePeg 8665 0.330 0.039 0.037 -0.33 6100 <6.1 1.89 2.0 0.4 2.06

0' Peg 8697 0.320 0.052 0.031 -0.26 6160 < 3.6· 2.34 2.5 0.3
I

2.64
t Psc 8969 0.329 0.026 0.019 -0.10 6100 5.0 1.90 2.4 0.3 2.19

9074 0.347 0.002 0.014 -0.04 6000 11.3 2.17 2.1 0.5 2.04

NOTES.

Column (2): Yale Bright Star Catalog number (HofHeit 1964).

Column (3): Stromgren b - y color from Hauck and Mermilliod (1980).

Column (4) and (5): Stromgren luminosity and metallieity indices, using
b - y to find the corresponding ZAMS values.

Column (6): Metallicity estimated from 6ml'

Column (7): Effective temperature estimated from b - y.

Column (8): Call K line relative surface flux from Duncan (1981).

Column (9): logNLi observed by Duncan (1981).

Column (10): logNLi estimated using the photmetric ages and
Duncan's relationship between Li abundance and age.

Column (11): Duncan's observed Li abundance adjusted to reflect
the difference between Duncan's Tefl and that used here.

wo
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Table 3

Comparison of Field Star Age Estimates
Name BR Ages (Gyr)

Parallax be) Orig. Li Adj. Li
(1) (2) (3) (4 (5) (6)
6 Cet 33 6.9±1.4

4>2 Cet 235 4.3±3.8 5.3 1.5
244 3.3 1.4 > 6.8 > 5.5

v And 458 3.7 0.9 4.1 1.3 5.0±2.0 4.1
a Tri 544 3.6 0.6

672 5.0 0.9 0.9 0.5 0.7
E Cet 781 3.5 1.4

784 2.7 2.1 0.0 0.7 0.1
(J Per 799 3.8 1.4 2.7 2.0 3.3 1.5 2.8

1"1 Eri 818 3.8 1.7
94 Cet 962 5.8 1.3 5.3 0.8 > 5.2 > 4.6
10 Tau 1101 5.1 1.2 6.4 1.1 2.5 1.0 2.0

1249 < 2.9 1.9 1.6
50 Per 1278 1.6 1.3
1r3 Ori 1543 1.8 1.1 1.0 0.9
~Aur 1729 6.6 1.3 6.7 1.8 > 3.9 > 3.8

7 Lep A 1983 2.7 2.4 4.1 1.0 5.1 2.2 3.8
740ri 2241 1.8 1.3
eGem 2484 2.9 0.6

63 Gem 2846 2.2 1.0
a CMi 2943 2.2 0.2 2.3 0.9
p,2 Cne 3176 6.9 1.4 1.1 0.4 1.0
18 Pup 3202 7.3 1.4

3499 < 1.1
3579 1.9 0.9 2.2 0.9

1"1 Bya 3759 2.3 0.9
(J UMa 3775 4.4 0.6

3862 4.7 1.2 3.5 1.5 2.6
3881 4.9 3.4 6.2 1.3 > 3.1 > 2.7

40 Leo 4054 1.9 1.0
89 Leo 4455 0.8 0.7

fJ Vir 4540 4.8 1.3 4.9 0.8 > 6.8 > 8.0
Q ComAB 4968/9 3.6 1.6 3.5 1.3

53 Vir 4981 4.6 0.8
59 Vir 5011 < 5.0 6.7 1.3 0.9 0.5 0.1
1" Boo 5185 2.5 0.8
1] Boo 5235 2.7 0.6 3.0 0.9 > 5.5 > 8.0

£ Vir 5338 4.7 0.8
(J Boo 5404 5.3 1.0 6.0 1.0

a l Lib 5530 2.1 1.0
45 Boo 5634 1.4 0.9

5 Ser 5694 4.6 0.7 6.3 3.9 7.0
A Ser 5868 4.7 2.8 5.8 2.0 > 3.7 > 3.5

----------_.~- _.~-~._-



Table 3 (Continued) Comparison of Field Star Age Estimates

Name HR Ages (Gyr)
Parallax SCl Orig, Li Adj. Li

(1) (2) (3) (4) (5) (6)

"'Y Ser 5933 5.4±0.7 5.3±0.4
8 Dra 5986 3.7 0.8

18 Sco 6060 < 4.1 3.9 1.8 3.1±1.1 3.3
, Her 6212 3.7 0.7 5.8 1.5 > 3.4 >3.4

11 Aql 7172 4.0 0.6
7354 5.9 1.2
7451 6.8 1.2
7496 3.1 0.5

16 Cyg A 7503 7.5 1.4 > 3.5 >3.4
17 Cyg A 7534 4.6 0.6 4.7 0.6

o Aql 7560 5.0 1.1 4.3 1.9 3.6
7793 2.6 2.0 3.1 1.2 2.6

.,p Cap 7936 2.4 1.0
" Peg 8430 3.2 1.2ePeg 8665 7.1 1.3 4.9 2.2 4.9
o Peg 8697 5.3 0.8 3.0 1.5 2.7
" Psc 8969 4.3 0.7 3.6 1.7 5.3 1.8 4.0

9074 3.6 2.7 4.1 1.7 3.3

NOTES.

Column (2): Yale Bright Star Catalog number (Hoftleit 1964).

Column (3): Age estimate using luminosities based on parallaxes
(Gliese 1969).

Column (4): Photometric age estimate using the Ciardullo and
Demarque isochrones.

Column (5): Age estimates based on Li abundances (Duncan
1981).

Column (6): Age estimates using Li abundances adjusted
to reflect the temperature scale used in Chapter
II of this dissertation.

22
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The uncertainties in Tell and 6Mv are obtained as follows: for the clusters,

if f is known exactly in equation 2a (errors in f3 should have little effect on the

value of f), 0'(6Mv) ::::: ±0.08 mag. The uncertainty in f3 will produce a Tell

uncertainty::::: 60K. For the field stars, 0'(6Mv) ::::: ±0.13, and O'Tel1 ::::: 40K.

An estimate of the uncertainty in age caused by uncertainties in Cl and f3

(which I will call O'(A~.), since it is an uncertainty in the age of the star at

the nominal metallicity caused by uncertainties in Cl and {3) can be found by

calculating the age at the positions in the effective temperature-luminosity diagram

given by applying the above uncertainties to the observed position of the star. The

average age difference between these ages found for the ends of the 10' error bars

and the nominal age is then O'(A~.).

The metallicity uncertainty can be estimated similarly. For the cluster stars,

[Fe/H] = 0.15 - 116ml, so the effect of uncertainty in f3 can also be neglected

here. Then, O'([Fe/H]) = ±0.08, while for the field sample O'([Fe/H]) = ±0.09.

This is roughly one metallicity step in the model grid, so the uncertainty in age

due to metallicity can be found by estimating the age of the star given by models

one metallicity step higher and one step lower than the nominal [Fe/H] (that is,

A H and AL ), and finding the average age difference between those ages and the

nominal age AN. That is,

4

The final estimate of the uncertainty is found to be

5

These uncertainties are listed in Tables 1 and 3 for NGC 752 and the field stars.

Note that these calculations do not consider the effects of errors in the Tell-{3 or
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Te11-b - y calibration, the calibration of the Cl standards, the 6Mv-6cl calibra­

tion or the 6ml-[Fe/H] calibration. These problems, although very important, are

clearly beyond the scope of this dissertation. Examination of these uncertainties

show that in many cases it is possible to make meaningful age estimates for in­

dividual field stars, although clearly this becomes more difficult as one proceeds

down the main sequence.

d. Age Estimates for Individual Stars in NGC 752

One way to test the reasonableness of age estimates for individual stars is to

derive an age for each suitable star in a nearby well observed open cluster and

compare these ages with a cluster age obtained by main-sequence fitting. It would

be best to have a number of open clusters with a wide range in age for comparison,

but good quality Stromgren measurements are available only for nearby young to

intermediate age clusters. It would be particularly desirable to perform this test

for older clusters, where the evolutionary effects are largest.

Stromgren photometry for the intermediate age open cluster NGC 752 was

obtained from Crawford and Barnes (1970) and age estimates for the individual

stars within the acceptable temperature range were made using 6Cl as for the field

stars. A temperature-luminosity diagram. for the cluster is shown in Figure 2.

Note that in this case the upper temperature limit near 6900 K does not allow the

actual turnoff point for the cluster to be seen. The composition used in this plot is

Y = 0.30, Z = 0.020, which corresponds to the mean metallicity ofO.O±O.l. While

this result agrees with that of Nissen (1980) of -0.02 ± 0.02, it differs significantly

from the value of -0.30 obtained by Janes (1979) from D.D.O. photometry. Best

agreement with the observed stellar distribution is seen with the 2.0 Gyr isochrone,
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Figure 2. Comparison of NGC 752 stars with isochrones for 1.0, 2.0 and 3.0
Gyr with composition Y = 0.30, Z = 0.020. The dashed line shows the upper
limit in temperature of the Crawford and Perry (1976) metallicity calibration.
Stars indicated by boxes have the most discrepant final age estimates.

with an estimated error of 0.2 Gyr based on an "eyeball" fit to the cluster as a

whole. This value is consistent with the weighted mean of the individual stellar

ages of 2.0 Gyr with a standard deviation for a single star of ±0.6 Gyr.
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Analysis of the available data for NGC 752 indicates that the ages and un-

certainties obtained for the individual stars are consistent with those obtained for

the cluster as a wholer,.The estimated mean of the individual stellar ages for all

cluster members is 1.9 Gyr with an uncertainty of ±O.9 Gyr for an individual.
star using the Kaplan-Meier estimator method for censored data (Feigelson and

Nelson 1985). One star (Heinemann 66) clearly appears to have a discrepant H{3

index when compared to its b - y and B - V (Johnson 1953) colors. Omitting

this star (which is legitimate since this discrepancy could also be determined for a

field star) produces a mean age of 1.9 Gyr with an uncertainty of ±O.6 Gyr for an

individual star. This result is consistent with the appearance of an age histogram

for the NGe 752 members (Figure 3).

Twarog (1983) has recently reobserved NGO 752 using Stromgren photometry.

Among the most interesting of the results are that six stars in the cluster are

probable binaries. Omitting these stars yields a new mean age of 1.9 Gyr with an

uncertainty of ±O.5 Gyr for an individual cluster member. His work also indicates

that the main sequence is bimodal with the more luminous branch due partially

to the binaries noted above and partially due to a difference in rotation velocity.

The difference in rotational velocity amounts to < 45 km s-1 . If the rotational

velocity were not known, as is generally the case with field stars, the luminosity

difference wouldbe interpreted as an age difference of", 3 x 108 yr. This difference

is probably too small to have any effect on individual cluster member age estimates,

which have uncertainties typically twice that value.
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Figure 3. Histogram of individual stellar ages from isochrone fitting for 27
stars in NGC 752. The shaded region shows the distribution if four probable
binaries (Twarog 1983) are omitted.

e. Comparison with Parallax-B88ed Age Determinations

The major reason for using SCt to obtain age estimates is that only a small

sample of stars would be available if the sample had to be limited to those stars

with well-measured parallaxes. However, stars with both parallaxes and Stromgren

photometry provide another check on the photometric age estimates by determin­

ing how well the conversion of SCI to luminosity works. As a check on the absolute

magnitude and age determinations, ages have been estimated for a subset of the

field stars in Table 3 with luminosities determined from the parallaxes listed in the
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Gliese (1969) catalog rather than 6CI. Absolute visual magnitudes based on par­

allaxes were taken from the catalog and bolometric corrections from Schlesinger

(1969) were used. Otherwise, the age estimates using the absolute magnitude data

were done in the same way, using the same effective temperature and metallicity

calibrations as those based on 6CI. Although these two age estimates are not

strictly independent, if one had a much larger scatter than the other, the whole

idea of using the 6CI index as a relative luminosity measure would be in doubt.

The ages derived by both methods of finding the luminosity for the 33 stars

listed in Table 3 with parallaxes are compared in Figure 4. The scatter is consistent

with errors in the photometry or parallax. Note that the uncertainty in a single

star's parallax is frequently larger than the uncertainty resulting from the 6CI

measurement. The ages derived using Twarog's (1980) method appear to be as

satisfactory as those obtained using parallactic luminosities.

Twarog (1980) originally applied the SCI method to a large sample of stars

in a statistical fashion to determine -the age-metallicity relation for the galactic

disk. However, from the results for both open clusters and field stars it appears

this method can, with caution, be used to determine ages for individual field stars

in the F2- early G region near the main sequence, even those without parallax

measurements.

3. Discussion

As discussed in the introduction, lithium has been used as an age indicator

in late-type stars. Lithium is destroyed if the temperature near the base of the

convection zone in greater than 3 x 106K. ITsurface lithium can be transported to

_...------- _.------
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Figure 4. Comparison of age estimates for field stars based on Mbol :from
parallax measurements to Stromgren photometric ages. Stars with Li ages from
Duncan (1981) are shown as boxes.

a region where this temperature is reached, then the surface Li abundance should

exponentially decline (Herbig 1965). Duncan (1981) has used measurements ofLi

in stars in the Pleiades, Hyades, and the Sun to calibrate this decline for late F

and G stars with TelI < 6200K. Stars hotter than this are not expected to lose Li

due to their shallowconvection zones. The exact position of this break point is not

well determined; Soderblom (1983) gives Li ages for stars up to 7000K. Figure 5

shows log NLi (on the standard scale relative to the solar hydrogen abundance with

logNH = 12.0) versus logTeff for the field stars selected in this chapter. Stars
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are shown with symbols according to their photometrically determined ages. The

scatter in the F5-F6 region (Te/J > 6200K) has been noted by previous authors

(Duncan 1981, Soderblom 1983) and has been attributed to another depeletion

mechanism, such as turbulent diffusion (Schatzman 1977). Many stars in this

temperature range with low Li abundance also show low Be abundance (Boesgaard

1976). The "lithium dip" observed in the Hyades and field stars by Boesgaard and

Tripicco (1986a,b) occurs in staI'S warmer (Tell - 6500K) than those considered

here. Some F5-F6 stars with relatively high Li abundances have large SCI ages.

The stars with Tell < 6200K on the whole show a decline of Li abundance with

age, but there appear to be a few significant exceptions.

Stars with Tell < 6000K and 10g(L/L0 ) < 0.25 have been excluded from

the SCI isochrone fitting procedure due to their large age uncertainities. This

increase in age uncertainty at low temperature and luminosity is simply caused

by the small difference in luminosity between isochrones in this part of the HR

diagram. The older stars which are present show low Li abundance, with the

exceptions of ,.,,2 One, HR 672, and 10 Tau. Two of these ~tars, (,.,,2 Cnc and

HR 672) have been classified as subgiants. The relatively high Li abundance of

these stars is not surprising, since they are more massive than typical dwarfs of

the same temperature, and thus came from a region of the main sequence where

Li depletion is not as strong and universal. The sta.r 10 Tau also appears to be

evolved well away from its zero-age main sequence; both the parallax-based age

and the SCI age are in reasonable agreement. A fourth star, 59 Vir, presents a

more serious problem. It is classified as a dwarf, and has a SCI age of 6.7 Gyr.

Parallax measurements only establish an upper limit of 5.3 Gyr for the age of this

star, and this value is very uncertain and is such that any age from 0 to ",,8 Gyr

could be obtained. It may be, however, that the Stromgren photometry for this
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star is not correct, and this star is actually much younger than it appears to be. If

so, the photometric and Li-abundance age could be in agreement. This possibility

will be discussed below. As will be shown later, this interpretation is consistent

with other age indicators.

One way to examine these exceptions to the Li-age calibration is to estimate

the Li abundance the field stars ought to have, if the photometric ages are correct

and Duncan's Li-age relation applies. This was done by using Duncan's empirical

zero-age Li abundances and e-folding times to generate a plot of Li abundance

values versus temperature. Spline fits connecting points of the same age were

made. The age for a particular star was interpolated between the curves and

the Li abundance corresponding to a given temperature and age was found. The

uncertainty of the estimated Li abundance was found as follows: Duncan indicates

that the Li abundance isochrones were based on a quadratic least squares fit in

log N Li-Iog TelI space to the Hyades, scaled to the e-folding time established for

the Sun. This gives the approximate relation

logNLi = 2.96 - (67.9 + 101t)(3.82 -logT)2 6

for the field star Li abundance, where t is measured in Gyr. An estimate of the

uncertainty in the Li abundance can be found using standard error propagation

techniques, which yields

(T2logNu = 10200(3.82-logT)4(T2t + [(136+202t)(3.82-logTef f )]2(T2IogTef f

7

A plot of the estimated Li abundance versus Duncan's observed Li abundance is

shown in Figure 6. A possible trend is seen if the stars with only Li abundance

upper limits four older low temperature stars previously discussed, p,2 Cnc, 59

Vir, 10 Tau, and HR 672, are excluded. There clearly is a correlation between the
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observed and estimated Li abundances, but the slope of the least-squares line is

clearly not 1.0.

There could be two basic sources for this discrepancy: either there are system­

atic differences in the observational parameters used to determine the Li abun­

dance and photometric ages, or the model isochrones used could be producing

stellar ages which generate incorrect Li abundance estimates. The observed Li

abundance depends on several parameters: the observed effective temperature,

metallicity, gravity, and the theoretical curve of growth. The observational pa­

rameters lend themselves most easily to comparison, since the photometric ages

also require the same data.

There appears to be very little systematic difference between the abundances

and gravities used by Duncan and those used here. However, the temperature

scales are different. These scales are compared in Figure 7, which also shows a

least-squares fit to Duncan's temperature scale:

Tef/(Duncan) = 0.573Tell(b - y) + 2570 8

The systematic difference between the scales amounts to -80 K at Tell(b - y) =

6200K and --90 K at Te//(b - y) = 5800K. H one then plots the Li abundance

residual log NLi ob, - logNLi ed, excluding the three evolved stars mentioned

above, the discrepant star 59 Vir, and the stars with only Li upper limits, ver­

sus the temperature residual Te//(b - y) - Teff(Duncan) (see Figure 8) a trend

is evident. There does appear to be a systematic difference in the Li residuals

with Tell. H the differences between the observed and estimated Li abundance

were due to random photometric age errors, one would expect an essentially ran­

dom Li residual distribution, although the scatter in the residual should decrease
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Figure 6. Plot of Li abundances based on estimates using the Li abundance­
age relation of Duncan (1981) and Stromgren photometric ages for stars with
logTeff ~ 3.79 versus observed Li abundances of Duncan (1981). The open
symbols in the lower right-hand comer of the plot refer to stars which evolved
from early F main-sequence stars. The filled box is the star 59 Vir, which appears
to have discrepant Stromgren colors.

with increasing effective temperature due to the reduction of the photometric age

uncertainty.

Very roughly, the abundance log N Li according to the curves of growth given

in Duncan (1981) is given by log N Li ~ 1 x 10-3T
e/f +F(W6707), and therefore if
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Figure 7. Comparison of the effective temperature scales of Duncan (1981)
and this paper. The line is a least-squares fit of the Duncan temperatures to the
temperatures used in this paper.

the difference between the observed and estimated Li abundances is simply due to

the differing field star temperature calibrations used, and if the photometric ages

are indeed correct, the difference in the observed and estimated Li abundances is

given by

5logNLi ~ -O.001(Teff(b - y) - Teff(Duncan» 9

This line is also shown in Figure 8. The correction expected from recomputing the

Li abundances based on a temperature scale consistent with the photometric ages
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photometric colors with age at lower temperatures. The resulting reduction of

the estimated Li abundance, with a the larger reductions at lower temperatures,

would be just opposite that required to bring the estimates into agreement with

the observations.

Releya and Kurucz (1978) point out that Kurucz' models (1979), used by

Duncan (1981), probably do not treat convection correctly in F and early G stars.

Reducing the mixing length to scale height ratio, as they suggest, would have

the effect of allowing a given b - y color to correspond to a lower temperature

atmosphere, which has the effect of lowering the'Li abundance 'calculated from

the curve of growth method. This result would reduce the difference between the

observed Li abundance and that estimated from the photometric age.

In order to correct for the effect of the difference in the effective tempera­

ture scales on the Li abundance, the empirical linear least-squares fit for the Li

abundance residual-efFective temperature difference relation,

5logNL i = -0.003[Te//(b - y) - Te//(Duncan)] + 0.097 10

is subtracted from Duncan's observed Li abundance. The result, as expected,

significantly improves the correspondence between the actual and estimated Li

abundances (Figure 9).

Revised Li-based age estimates for the field stars can then be made, usmg

Duncan's relations between Li abundance, Tejj, and age. Comparison to the

photometric ages (Figure 10) shows that the adjusted Li ages are consistent with

the photometric ages for stars with observed Li abundances which are not too far

from the main sequence. It is important at this point to consider the uncertainties

in the two methods. The uncertainties in the photometric ages have been discussed
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Figure 9. Same as Figure 6 except that the observed Li abundances are re­
vised to correct for the systematic effect on the Li abundance of the difference in
temperature scales.

in section (2c). The uncertainties in the Li-based ages can be obtained using the

approximation discussed above for the Li abundance (Equation 6). Solving for t,

t ~ 9.9 X 10-3[(2.96 -logNL i)/(3.82 -logT)2] - 0.672 11

which, neglecting the cross terms, yields

2 _ 0"2 logNLi -4 (2.96 - log NLi?
O"t - [10200(3.82 -logT)4] +3.92 x 10 (3.82 -logTef f )6

12

-~- ---------------------------------
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Figure 10. Plot of Li age versus photometric age. The Li age is based on the
revised Li abudances corrected for the systematic Li abundance-effective temper­
ature effect discussed in the text. The age scales appear to be consistent within
their uncertainties. Stars excluded in Figure 8 (those with Li upper limits and
those likely to be evolved beyond the main sequence) are also excluded here.

These uncertainties are included in Table 3. These uncertainties include the decline

in significance of the Tefl uncertainty for hot stars (Soderblom 1983) but do not

include the effect of uncertainty in TelI on the Li abundances themselves.

Neither the Li abundance based ages nor the photometric ages work well for

young stars. In both cases it becomes impossible to distinguish slightly evolved
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stars from stars which are actually on the zero-age main sequence for their com­

position. However, young open cluster members can be used to complete age

distributions for F and G stars.

We now briefly consider the effect of age on the Ca II K line emission in main­

sequence field stars, using the RK index of Duncan (1981).. This index, which

measures the chromospheric flux in the K line relative to the total surface flux of

the star, is used because it removes the effect of differing continuum levels in stars

of different effective temperatures on the visibility of the K line, and also attempts

to remove the filling in of the inner wings of the line by nonradiative heating of

the photosphere. This effect is described by Linsky et 01. (1979) and by Kelch,

Linsky, and Worden (1979). By allowing for these effects RK better describes the

level of chromospheric activity in these stars than the Mt. Wilson S index.

A plot of RK versus stellar age for those stars with Li-based ages or lower limits

determined by Duncan (1981) is shown in Figure 11a. The stars marked with open

symbols are the evolved stars p.2 One, HR 672, and 10 Tau discussed earlier. The

star in the upper right hand 'Corner is 59 Vir, and probably the photometric age is

in error for this object. This plot can be compared with Figure 11b, which shows

RK versus Duncan's Li ages, and Figure 11c, which shows the adjusted Li ages.

The correspondence between the behavior of Ca II activity and age appears to be

consistent with the errors in the two dating methods. Note that the evolved stars

in the photometric age plot appear to have normal Oa II fluxes for their ages,

while in both Li-age plots they appear as objects of lower Ca II flux than would
1

be expected from the classical Skumanich (1972) t-i law. The lack of young stars

prevents any conclusion from being drawn about the functional dependence of Ca

II :flux with age, except that stars older than -2 Gyr tend to have relatively low
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Ca II flux, and that Duncan's group C stars (those with anomalously low Ca II

flux for their Li ages) are probably actually evolved stars which have retained their

Li, as Duncan proposed.

IT stars with temperatures too high to have Li age estimates are considered

(see Figure ltd) the picture changes. These stars all have Tell ~ 6200K, which

corresponds to B - V :5 0.46. Their photometric ages seem to indicate that a large

fraction of these objects continue high Ca II activity levels to relatively large ages.

.In other words, the Ca II flux in these objects appears to be less age-dependent

than that in later-type stars. This difference in Ca II flux activity appears to be

consistent with other activity measures. Walter (1983) indicates that F dwarfs

earlier than B - V = 0.46 show no relation between X-ray flux and rotation rate;

all early F stars have roughly the same X-ray flux regardless of their V sin i values.

This lack of correlation with rotation also appears in the ultraviolet C II and C

IV lines observed with WE (Walter and Linsky 1985), and in the He I 5876A line

(Wolff, Heasley, and Varsik 1985). The mass and age dependence of Ca II flux

and rotation in the early F stars is investigated in Chapter III.

4. Conclusions

This chapter has attempted to calibrate a new method for determining ages

for individual field stars using Stromgren photometry. This method of fitting

Stromgren photometric indices to stellar isochrones was used by Twarog (1980) in

a statistical way in his study of the age-metallicity relation in the galactic disk,

and involves using Stromgren ubvy{3 photometry to measure the effective temper­

ature, metallicity, and difference in luminosity from the ZAMS for a particular



Figure 11. The Ca II relative flux index RK (Duncan 1981) versus a) Strom­
gren photometric age for stars with Li age from Duncan (1981), b) Duncan's
original Li ages, c) Li ages as adjusted in this paper, d) photometric ages for stars
with TelI :2: 6200K. The hot stars appear not to lose their Ca II activity as rapidly
as the cooler stars.
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metallicity. While Twarog used his method in a statistical fashion, here it is ap­

plied to individual field stars, with adequate measures of the uncertainty resulting

from photometric errors. The ages are determined by comparison of the observed

stellar positions in the theoretical H-R diagram to stellar model isochrones pro­

duced by Ciardullo and Demarque (1977). The resulting ages compare favorably

to ages based on the same model isochrones but with absolute magnitudes derived

from stellar parallaxes for a subset of the sample.

Data were also obtained for the open cluster NeG 752. Age estimates for

the individual stars in the cluster were consistent with a mean age for the cluster

obtained from main sequence fitting, even allowing for a possible bimodal cluster

age distribution (Twarog 1983). The accuracy of the method, as in any such

age determination method, is based on the effective temperature, metallicity, and

luminosity calibrations, and on the accuracy of the stellar models. Given the

uncertainties in these quantities, the relative ages for the stars given here are

probably reliable, but the absolute age scale is less so.

The ages estimated from the photometric data were then compared to those by

Duncan (1981) based on lithium abundance measurements. A systematic differ- .

ence in the lithium abundance observed by Duncan and the abundance estimated

for the field stars based on the photometric ages was found. This difference ap­

pears to depend on the difference in the temperature scales used, but is larger than

what would be generated by comparing the Li abundances obtained by Duncan

and those which would be obtained using the temperature calibration used for the

photometric ages. The remaining difference may possibly be related to the known

difference between the Kurucz (1979) models and observations for F and G stars.
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When the observedLi abundances are adjusted to remove the dependence on

the temperature calibration, good agreement is found between Li-based and photo­

metric ages, except for a few eases of evolved stars retaining a high Li abundance.

Ca II fluxes corrected for photospheric nonradiative heating (RK) were com­

pared to both the photometric and Li-based field star ages. The behavior of stellar

activity as a function of age was similar for both age scales, although the lack of

young stars prevented a determination of the functional dependence of activity for

field stars using either age scale. It appears that Duncan's (1981) group C stars

have normal Ca II flux for their photometric ages.

Stars hotter than roughly 6200 K or B - V ~ 0.46 appear to retain much of

their initial activity as main sequence stars for their main sequence lifetimes. This

result, along with the lack of variation of other activity indicators as a function of

rotation rate in the hotter F stars, suggests differences in the fundamental stellar

activity mechanism in these stars.
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CHAPTER III

STELLAR ACTIVITY IN F STARS I.

THE AGE DEPENDENCE OF CA II FLUX

1. Background

Most of the analysis of stellar activity over the past twenty years has been

mainly concerned with the activity of solar-type stars. However, chromospheric

activity has been observed in the Call H and K lines as early as F2 (Baliunas

et al. 1983) in MgII hand k and C IV as early as F2 (Bohm-Vitense and Dettman

1980), and to FO in He I 5876 A(WoUF, Heasley, and Varsik 1985). There are

some indications that the behavior in early and mid-F stars of stellar activity is

substantially different than in later-type objects. The modulation of Call Hand

K flux observed in G and K stars is generally not seen in early and mid-F stars

(Baliunas et al: 1984, Giampapa and Rosner 1984), nor is cyclic activity observed

(Vaughan 1980).

According to the early measurements of Wilson (1968) and Vaughan and Pre­

ston (1979), chromospheric activity (as measured on the Mt. Wilson S index) is

quite low in the F stars, and only becomes very strong in the K and M dwarfs.

Middelkoop (1982), however, showed that if the Call line core surface flux is con­

sidered, the F stars appear to have the highest levels observed in main sequence

dwarfs. In an attempt to consideronly the emission from the chromosphere, Noyes

et al. (1984) developed an activity index RiIK' which measures the chromospheric

energy output in the cores of the Call lines as a fraction of the total energy output

of the star. In this measure, the late F, G, and K stars show about the same range

of activity (Soderblom 1985) regardless of effective temperature, while the activity
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level in the early to mid-F stars declines. Thus the F stars offer the opportunity

to examine chromospheric behavior in a group of stars with appreciable activity

containing stars similar to the Sun and stars which are rather different from the

Sun.

Another advantage of examining the evolution of activity in the F stars rather

than G and K stars is that it becomes possible to estimate the ages of individual

field stars by use of Stromgren photometric indices, at least in a relative sense

(see Chapter II). This is especially useful since the method commonly used for

obtaining age estimates of solar-type stars, the surface Li abundance, does not

appear to work for the F stars (Duncan 1981).

The major difficulty of observing CaII activity in F stars lies in the rapidly

changing continuum level and photospheric contribution wit~ spectral type. Al­

though the Ca II H and K lines may not be ideal for measuring activity in these

objects, a substantial amount of data is available in the literature, providing a

larger statistical sample. Middelkoop (1982) has shown a method of correcting

Mt. Wilson S index measurements {or the differences in photospheric flux levels

with temperature, thus allowing the Ca II flux relative to the total flux of the star

to be calculated for stars of differing effective temperature.

In this chapter of the dissertation CaII data for both a sample of field F

stars with known ages (based on the Stromgren photometric indices) and for the

Pleiades, Hyades, Praesepe, and Coma Berenices clusters will be examined, both

as a whole and as samples of stars of specific masses.
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2. Observations and Calibration

The early and mid-F stars have not been extensively observed for Ca II core

emission, in spite of the vast amount of observations done on later type stars.

The most extensive data set thus far available for these and later stars is that of

the Mt. Wilson group (Wilson 1978; Vaughan and Preston 1980; Duncan 1983,

1985). This sample, moreover is somewhat biased toward more active stars, and

has only a small number of early and mid-F stars. Therefore it was decided to

combine the available data from the Mt. Wilson set and additional observations

from Mauna Kea to form an essentially magnitude-limited sample which would

include stars of all activity levels. The selection of the stars to be included was as

follows. The Yale Bright Star Catalog (3rd edition, Hoffieit 1964) was searched for

stars in the spectral type range F2-G2, luminosity classes V, IV-V, and IV. Stars

which were later found (from the Stromgren photometry) to lie above the turnoff

points of their isochrones were excluded. Only stars observable from Mauna Kea

were included. This preliminary list was then examined to eliminate short-period

spectroscopic binaries, close visual binaries where the period was either less than

10 years or unknown, and close binaries where the magnitude difference between

components was small (;:5 3mag.). Stars with faint M dwarf companions were not

eliminated as the companions were typically 4-5 mag. fainter than the primary.

There were additional selection parameters to be considered, mainly relating

to the Stromgren photometric calibrations. All stars selected had homogenized

ubvy{3 photometry available from the catalog of Hauck and Mermilliod (1979). In

order to obtain consistent Telb [Fe/H], and luminosity values using the Stromgren

index calibrations (see section (3», only a. subset of the above stars could be

used. The [Fe/H] calibration of Crawford and Perry (1976) was only valid for
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2.720 > f3 > 2.590; the temperature calibration problems noted below meant that

all stars with b - y > 0.370 or f3 < 2.600 had to be eliminated. Additional stars

with f3 < 2.61 and log(L/Le}(as calculated below) < 0.25 were eliminated due

to the small evolutionary differences in luminosity in these low mass stars close to

the ZAMS.

Finally, the choice of the VandenBetg (1985) isochrones for age and mass de­

terminations limited the field star sample to objects of solar and lower metallicity,

since a complete set of isochronesfor metallicities greater than solar was not avail­

able. Additionally, to avoid ambiguities, of solar composition found lie in the

region of isochrone overlap (the hydrogen exhaustion phase) and in the subgiant

stage beyond that region were omitted. These selection parameters left a master

list of 68 field stars, 20 of which had Mt. Wilson S index values. Of the remaining

stars, 21 were observed with the 2.2m telescope.

In order to obtain photometric data which could be placed on the same scale

as the Mt. Wilson data, spectra were obtained at the coude focus of the 2.2m

telescope using the I.f.A./Galileo virtual phase 800 x 800 pixel CCD detector

(Hlivak, Henry, and Pilcher 1984; Hlivak et al: 1982). The #3 camera of the

coude spectrograph was used along with a 600 line mm-1 grating which allowed

a dispersion of 6.9 A mm-1 or 0.104 A pixel-1 at the detector. Two successful

observing runs were obtained with this instrument, August 11-13 (UT) and Oc­

tober 17-19 (UT) 1984. Resolution was 2 pixels FWHM, as measured from the

comparison lines. The signal to noise ratio in the continuum was typically 100,

with exposures of approximately 30 minutes for a sixth magnitude star. Tn most

cases, only a single measurement was made for each star. The spectra were not

trailed.
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Each raw image was rectified by subtracting a scaled bias frame and dividing

the resulting image by a normalized flat field image. This normalized flat field

image was obtained by uniformly illuminating the coude spectrograph slit with

light from an ordinary tungsten filament light bulb passed through a sheet of

ground glass in order to produce a diffuse unfocused beam. After subtracting

the bias level, the flat field image was normalized by dividing each pixel by the

average level of a small region near the center of the image. A flat field image

was obtained each night. The final spectrum was obtained by eoadding all rows

containing significant signal level. Examples of the resulting spectra are shown in

Figure 12.

Measurements for the Pleiades, Hyades, Praesepe, and Coma Berenices clus­

ters from the literature were used to provide a more complete sample for very

young objects, since few of these were seen in the field. Mean R'aK values were

calculated using S index data for the Hyades stars obtained from Duncan ei ale

(1984), while mean S index data for the Pleiades, Praesepe, and Coma stars were

from Duncan (1983). Conversions to the R'gK scale were made using B - V colors

from Mendoza (1966) and Duncan et ale (1984) using the method described below.

For comparison with available data an instrumental Ca II H K spectral index

was calculated based on the spectra observed at Mauna Kea. A region on the blue

side of the H K region from 3895.0 to 3913.0 Awas used as a continuum reference.

A continuum index V was found by integrating the counts in the spectrum in this

region. It was impossible to use a corresponding band on the red side of the H K

region due to the limited spectral range of the detector. Line indices H and K

were found by integrating in 1.1 Awide bands around the centers of the stellar H



50

HR494

39S1 3941 3951 3981 3971

Wavelength (A) .

1. I

1.8

0
1.8u,

"'7-0:u,

1.4

1.2

1.1

3911 3911 3921

1.1

1.8

o 1.8
u,
"'7-0:
u.. 1.4

3898 3988 3918 3921 3931 3941 3951
Wavelength (A)

Figure 12. Examples of Ca II spectra. In early F stars chromospheric emission
generally causes a filling-in of the cores oi the H and K lines, rather than actual
core emission reversals. a) HR 494, f3 = 2.694. b) HR 8031, f3 = 2.688.
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and K lines. An instrumental H K index S' was found from

s' = (H + K)/2V. 13

In order to convert this index to the Mt. Wilson calibration, S' values for stars with

known S values were computed and a satisfactory parabolic fit was obtained for

the common stars, once two stars with low SiN were omitted. Figure 13 compares

the Sand S' values for the common stars, and shows that no systematic difference

is seen between the early G and mid F stars used for calibration, indicating that

the lack of a red continuum band is not introducing an! bias in the calibration of

S. Due to the limited spectral range used no color correction is necessary for the

continuum levels. The resulting S values are listed in Table 4, along with those

from the literature.

The uncertainty in these Ca II flux measurements can be traced to two causes:

the difference between a single observation and the mean flux value for a star,

and the instrumental uncertainty. The instrumental uncertainty of the MKO S

determinations appears to be on the order ofl%j this is similar to the Mt. Wilson

measurements. Far more significant is the real variation with time of the Ca II flux

of the stars. According to the data presented in Baliunas et ale (1983), for stars

in the range 0.42 :5 B ~ V < 0.65, S appears to show a roughly 4 to 5 % variation

over a three-month period, with little difference between hot and cool stars; this

can be considered an uncertainty estimate for a single isolated measurement. This

value is reasonable for the field stars, and similar to the variation seen in the

Hyades F stars (see Duncan et ale 1984). However, the limited data available on

the Pleiades cluster stars suggests that they may exhibit variations in S on the

order of 20% (Hartmann ei ale 1984, Duncan 1983 private comm.). Long term

variations in early to mid-F stars (B - V::::: 0.45) are small, but late F stars may
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Figure 13~ Calibration ofthe S' index ofCaII activity. The curve isa quadratic
fit to the S' points with mean Mt. Wilson S values. The two points indicated by
asterisks were omitted from the fit due to low S / N values. The legends for each
point indicate the B - V value for each star in hundredths of a magnitude. There
is no obvious color dependence in the calibration.

have additional uncertainties on the order of 30% due to stellar activity cycles

(Wilson 1978, Baliunas and Vaughan 1985, Baliunas 1985).

"1
3. Field Star Sample Age Description

Chapter II described a first approach to the estimation of ages for F and

early G field stars by fitting of model isochrones in the theoretical HR diagram



Table 4

Observed Parameters for Stars with Call Relative Surface Fluxes

Name HR HD fJ 10gT S B -1'c log Cel RHX ~ RlIX F'HX
Ref. ~ .

(1) (2) (3) (4) (5) (6) (7) (8 (9) (10) (11) (12) (13) (14)

8 ScI 35 739 2.652 3.812 0.1375 1 1 0.47 0.251 3.28 2.51 0.77±0.28 0.77
251 5156 2.673 3.822 0.2086 1 1 0.43 0.286 5.41 2.83 2.58 0.35 2.84

77 Psc 313 6479 2.681 3.826 0.1934 . 1 1 0.40 0.312 5.31 3.22 2.09 0.37 2.38
30 Cet 329 6706 2.675 3.823 0.2285 1 1 0.41 0.303 6.16 2.92 3.24 0.37 3.60

410 8673 2.651 3.812 0.1875 1 1 0.47 0.251 4.48 2.50 1.98 0.30 1.98
wAnd 417 8799 2.672 3.822 0.2365 2 1 0.43 0.286 6.13 2.78 3.35 0.36 3.68

494 10481 2.694 3.831 0.2809 1 1 0.38 0.328 8.01 3.97 4.04 0.49 4.84
,,2 For 777 16538 2.656 3.814 0.1330 1 1 0.46 0.260 3.24 2.55 0.69 0.28 0.70

84 Cet 790 16765 2.646 3.809 0.2809 1 1 0.49 0.232 6.42 2.46 3.96 0.34 3.87
6 Per 799 16895 2.625 3.795 0.1587 2 2 0.54 0.182 3.24 2.27 0.97 0.26 0.83

10 Tau 1101 22484 2.610 3.780 0.1469 2 1 0.60 0.118 2.58 2.14 0.44 0.23 0.33
1249 25457 2.645 3.808 0.3147 -1 1 0.49 0.232 7.19 2.45 4.74 0.36 4.61
2233 43318 2.646 3.809 0.1308 1 1 0.49 0.232 2.99 2.46 0.53 0.27 0.52

740ri 2241 43386 2.663 3.818 0.2258 2 11 0.44 0.278 5.74 2.62 3.12 0.33 3.30
a CMi 2943 61421 2.670 3.821 0.1891 2 1 0.43 0.286 4.90 2.69 2.21 0.32 2.41

3079 64379 2.651 3.812 0.2249 1 1 0.47 0.251 5.37 2.50 2.87 0.32 2.87
3499 75332 2.626 3.796 0.2766 2 188 0.54 0.182 5.64 2.28 3.36 0.31 2.90

40 Leo 4054 89449 2.654 3.813 0.1781 2 1 0.46 0.260 4.34 2.53 1.81 0.30 1.84
'Y Vir B 4826* 110380 2.706 3.836 1 0.36 0.343 5.96 4.83 1.13 0.53 1.41
18 Boo 5365 125451 2.676 3.824 0.2384 2 240 0.41 0.303 6.43 2.97 3.46 0.38 3.86

5436 127821 2.671 3.821 0.2300 2 3 0.43 0.286 5.96 2.74 3.22 0.35 3.52
a Boo 5447 128167 2.681 3.826 0.1896 2 3 0.40 0.312 5.21 3.22 1.99 0.37 2.27

5583 132375 2.644 3.808 0.1483 2 3 0.49 0.232 3.39 2.44 0.95 0.27 0.92
45 Boo 5634 134083 2.664 3.818 0.2143 2 2 0.44 0.278 5.44 2.63 2.81 0.33 2.98

'Y Ser 5933 142860 2.633 3.801 0.1579 2 2 0.52 0.203 3.37 2.34 1.03 0.26 0.93
5975 143928 2.677 3.824 0.1816 1 1 0.41 0.303 4.89 3.02 1.87 0.35 2.10
7126 175317 2.671 3.821 0.1776 1 1 0.43 0.286 4.60 2.74 1.86 0.32 2.03 (11

7354 182101 2.645 3.808 0.2107 2 350 0.49 0.232 4.82 2.45 2.37 0.30 2.30 ~



Table 4 (Continued) Observed Parameters for Stars with Call Relative Surface Fluxes

Name fiR HD {3 logT S B - Vc logOc/ RHX Rphot R!HX F1-K
Ref.

(~(1) (2) (3) (4) (5) (6) (7) (9) (10) (11) (12) (13) (14)

(J Cyg A 7469A 185395 2.689 3.829 0.2160 1 1 0.39 0.320 6.05 3.66 2.39±0.43 2.81
17 Cyg A 7534A 187013 2.646 3.809 0.1492 2 366 0.49 0.232 3.41 2.46 0.95 0.27 0.93

7697 191195 2.679 3.825 0.1973 1 1 0.41 0.303 5.32 3.12 2.20 0.37 2.49
7729 192486 2.687 3.828 0.1330 1 1 0.39 0.320 3.72 3.55 < 0.55 <0.65
7793 194012 2.626 3.796 0.1939 2 351 0.54 0.182 3.95 2.28 1.67 0.27 1.44
7925 197373 2.667 3.820 0.2100 2 2 0.43 0.286 5.44 2.66 2.78 0.33 2.99

.,p Ca.p 7936 197692 2.670 3.821 0.2196 1 1 0.43 0.286 5.69 2.69 3.00 0.34 3.27
8013 199260 2.636 3.803 0.2722 1 1 0.50 0.222 6.09 2.36 3.73 0.32 3.44
8031 199684 2.688 3.829 0.1915 1 1 0.39 0.320 5.36 3.61 1.75 0.41 2.05

ePe~ 8665 215648 2.626 3.796 0.1420 2 3 0.54 0.182 2.90 2.28 0.62 0.25 0.54
5 An 8805 218470 2.672 3.822 0.1796 1 1 0.43 0.286 4.65 2.78 1.87 0.3'2 2.05

z Pse 8969 222368 2.622 3.792 0.1543 2 3 0.55 0.172 3.07 2.24 0.83 0.25 0.69
9074 212487 2.630 3.799 0.2240 2 1 0.53 0.193 4.68 2.31 2.37 0.25 2.13

HzII 25 23061 2.662 3.817 0.2241 2 2 0.44 0.278 5.69 2.61 3.08 0.33 3.24
HzII 164 23158 2.652 3.812 0.3272 2 2 0.47 0.251 7.81 2.51 5.30 0.38 5.33
HzII 233 23195 2.663 3.818 0.1913 2 2 0.44 0.278 4.86 2.62 2.24 0.32 2.37
HzII 405 23269 2.628 3.797 0.3132 2 3 0.53 0.193 6.54 2.29 4.25 0.33 3.72
HzII 530 23326 2.691 3.830 0.2002 2 1 0.39 0.320 5.60 3.79 1.81 0.43 2.14
HzII 605 23351 2.695 3.832 0.2599 2 1 0.38 0.328 7.41 4.04 3.37 0.48 4.05
HzII 727 2.637 3.804 0.3569 2 3 0.50 0.222 7.98 2.37 5.61 0.37 5.21
HzII 745 2.685 3.827 0.2773 2 1 0.40 0.312 7.62 3.43 4.19 0.44 4.85
HzII 1122 23511 2.675 3.823 0.2811 2 1 0.41 0.303 7.58 2.92 4.66 0.40 5.18
Hz II 1139 23513 2.673 3.822 0.2240 2 1 0.43 0.286 5.81 2.83 2.98 0.35 3.29
Hz II 1309 23584 2.662 3.817 0.3592 2 1 0.44 0.278 9.12 2.61 6.51 0.42 6.85
HzII 1613 282973 2.644 3.808 0.3077 2 1 0.49 0.232 7.03 2.44 4.59 0.35 4.44
HzII 1726 23713 2.652 3.812 0.2844 2 2 0.47 0.251 6.79 2.51 4.28 0.35 4.30
Hz II 1766 23732 2.690 3.830 0.3597 2 2 0.39 0.320 10.10 3.72 6.38 0.52 7.52
Hz II 1797 2.625 3.795 0.3467 2 1 0.54 0.182 7.07 2.27 4.80 0.34 4.11
Hz II 1856 282971 2.628 3.797 0.3202 2 1 0.53 0.193 6.69 2.29 4.40 0.33 3.86 c:n

~

Hz II 2345 23912 2.671 3.821 0.3276 2 1 0.43 0.286 8.49 2.74 5.75 0.41 6.29





Table 4 (Continued) Observed Parameters for Stars with Call Relative Surface Fluxes

Name HR HD f3 10gT S B - Vc 10gOci RHK Rphot dHK FlrK
Ref.

(~ (9) (10) (11)(1) (2) (3) (4) (5) (6) (7) (12) (13) (14)
vB 78 28406 2.656 3.814 0.1960 3 163 0.46 0.260 4.78 2.55 2.23±0.31 2.28
vB 81 28483 2.654 3.813 0.2290 3 84 0.46 0.260 5.58 2.53 3.05 0.32 3.10
vB 85 28568 2.680 3.825 0.2360 3 116 0.41 0.303 6.36 3.17 3.19 0.39 3.62
vB 88 28635 2.635 3.802 0.2500 3 33 0.50 0.222 5.59 2.36 3.23 0.31 2.97
vB 101 29225 2.681 3.826 0.2230 3 101 0.40 0.312 6.13 3.22 2.91 0.39 3.31

KW 16 73061 2.656 3.814 5.04 2.55 2.49 0.31 2.55
KW127 2.606 3.775 0.2570 2 1 0.61 0.107 4.40 2.11 2.29 0.26 1.63
KW162 2.613 3.783 0.3104 2 1 0.59 0.129 5.60 2.17 3.43 0.30 2.64
KW217 2.631 3.800 0.2763 2 1 0.52 0.203 5.90 2.32 3.58 0.31 3.20
KW227 73641 2.673 3.822 5.36 2.83 2.53 0.34 2.79
KW238 2.640 3.806 0.3648 2 1 0.50 0.222 8.16 2.40 5.76 0.38 5.45
KW250 2.656 3.814 0.2156 2 1 0.46 0.260 5.26 2.55 2.71 0.32 2.78

Sun 2.600 3.763 0.1710 4 0.65 0.060 2.70 2.06 0.64 0.23 0.41

NOTES.

*Ca II flux obtained from line profile by Kelch ei el. 1979. See text.

Column f1): Cluster Star Identifications:
Hz I : Pleiades cluster, Hertzsprun~ (1947).
vB: Hyades cluster, van Bueren (1952).
T: Coma. Bernices cluster, Trumpler (1938).
KW: Praesepe cluster, Klein Wassink (1927).

Column (4): Strogren f3 index from Hauck and Mermilliod (1980).

Column (5): Effective temperature obtained using 13 index.
Column (6): Call Hand K line core flux relative to the nearby

continuum, expressed in terms ofthe Mt. Wilson S index.
(Vaughan, Preston, and Wilson 1978).

ell
Q)



Column (7): Sources for S measurements:
1. This work.
2. Duncan (1983, 1985).
3. Duncan et al. (1984).
4. Noyes et al. (1984).

Column (8): Number of S measurements averaged {or mean value given in Column 6.

Column (9): Estimate of B - V color obtained trom fJ using the calibration of Hauck
and Magnenat (1975). These values were used to obtain the Ca II relative surface
flux RHK and the "photospheric correction" Rphot.

Column (11), (12), and (13): (x10-5) .
RH K is the total flux in the H and K cores relative to the
total flux of the star. Rphot is the portion due to the quiet,
radiatively heated atmosphere of the star. R!HK is the remainder
due to chromospheric activity.

Column (14): Call chromospheric surface flux in units of 106 erg cm-2s-1 •

C11
~
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to luminosities, compositions, and effective temperatures derived from Stromgren

photometry. The method obtained satisfactory results for individual stars in a

nearby open cluster (NGC 752) compared to main sequence fitting for the cluster

as a whole. The luminosities obtained from the Stromgren indices were consistent

with those obtained from good quality parallax data (those with u(MV) < ±0.20).

Comparison of Tel I and luminosity of field stars with models of the correct

composition is the most direct method of age determination, as long as good tem­

peratures and luminosities can be found. In Chapter II, effective temperatures

were obtained from Stromgren b - ycolors using the calibration of Hauck and

Magnenat (1975). As Twarog (1980) has indicated, H{3 colors are to be preferred

for Tell calibrations, since this removes a source of systematic errors in the 6Cl

and 6ml indices. In spite of this, b-y was used in Chapter II because a comparison

of H{3, b- y, and B - V colors indicated that the correlation between H{3 and Tell

breaks down for {3 < 2.600, as has been noted by Stromgren (1966). As all stars

considered here have H{3 greater than 2.60 and b - y less than 0.36, this problem

does not appear. H{3 was used throughout the remainder of this dissertation as a

measure of effective temperature. 'However, rather than the Hauck and Magnenat

Tell calibration, the more recent calibration of Bohm-Vitense (1981) was used.

All H{3 values were converted to B - V estimates using the Hauck and Magnenat

relations and effective temperatures were then obtained using Bohm-Vitense's Ta­

ble 3. Where two branches of the Tell-B - V calibration appear, the Tell used

was the average of the two. This calibration is the same as that used by Wolff,

Boesgaard, and Simon (1986).

An additional benefit of using H{J as the effective temperature indicator is

the capabilty of dereddening the Stromgren indices. While all stars in this work
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are relatively nearby, some show a small amount of reddening. The dereddening

technique used is that of Crawford and Barnes (1970). This technique also allows

age determinations to be made for more distant stars with larger amounts of

reddening present.

The metallicity calibration adopted is that of Crawford and Perry (1976)

[Fe/H] = 0.15 - lle5mo(,8) 14

The absolute magnitude calibration was done as in Twarog (1980). The empirical

absolute magnitude calibration of Crawford (1975) gives

with

Mv = Mv(ZAMS,{J) - j e5 CO({J )

f = 9 + 20(2.720 - (J).

15a

156

In order to preserve the differences in composition between the empirical ZAMS

and the particular star being observed, and to limit uncertainty in the magnitude

estimate arising from the empirical ZAMS calibration, only the difference e5Mv =

Mv - Mv(ZAMS) will be used. The final luminosity of each star is based on the

sum of the theoretical ZAMS of the proper composition and the e5Mv.

The model isochrones used were those of VandenBerg (1983), with Y = 0.25

and Q = 1.6. This is a change from the earlier work (see Chapter II) in which the

Ciardullo and Demarque (1977) isochrones were used. The VandenBerg models

include more recent opacities and improved physics and boundary conditions. The

value of the mixing length ratio a = 1.6 allows a consistent set ofopen and globular

cluster isochrones to be used (VandenBerg 1983).

The lack of a set of isochrones for field stars with significantly higher [Fe/H] val­

ues than the Sun causes a problem in estimating ages and masses for these objects.
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If stars with [Fe/H] > 0.10 are modeled using the solar metallicity (Z = 0.0169)

isochrones, the masses obtained from the fits would differ systematically from

the correct values. A comparison of zero-age main sequences for Z = 0.020 and

Z = 0.0169 (VandenBerg and Bridges 1984) indicates that for stars in the temper­

ature range ofinterest the mass difference is on the order ofO.10M0' significantly

larger than the uncertainties from photometric errors alone. As indicated in sec­

tion (2), these stars were omitted from the final field star sample.

The lack of isochrones for [Fe/H] > 0.10 has also made it impractical to in­

terpolate between two metallicities (the upper and lower bounds of the error bar,

as described in Chapter II. Instead, the position of each star on the theoritical

HR diagram was determined only for the isochrone sequence appropriate for its

metallicityas determined from the 6mo index. Thus the uncertainty indicated in

Table 5 for the age and mass of each star reflects only the uncertainties in TelI

and 6Mbol as determined from the Stromgren photometry.

Duncan (1984) has estimated ages for a large number of field F stars which are

members of binary systems, often using an A star in the system to improve age

discrimination. The models used were those of Maeder (1976) with X = 0.70 and

Z = 0.03 for all stars. In Figure 14 are compared his ages and age determined using

the methods described here and in Chapter II, using stars with well-determined

ages from both methods. If a single Z value is used in choosing the isochrones to

compare with the temperature and luminosity of the stars, a good linear relation

exists between the methods. It appears that best agreement occurs using the

Ciardullo and Demarque isochrones with Y = 0.30 and Z =0.015 (Figure 14a.). If

the VandenBerg (1983) isochrones are used (Figure 14b), an age scale difference

is apparent, such that for Y = 0.25 and Z = 0.0169, the maximum age observed

._---- ------------------------------------



Table5

Age and Mass Estimates for Stars with CaII Relative Surface Fluxes

Name HD Age Mass logTel1 log(L./Le) [Fe/H]

(1) (2) (3) (4) (5) (6) (7)

HR 35 739 2.55±0.56 1.311±0.051 3.812 0.512 -0.106
HR 251 5156 2.11 0.25 1.415 0.065 3.822 0.656 -0.020
HR 313 6479 2.63 0.56 1.247 0.046 3.826 0.540 -0.142
HR 329 6706 2.07 0.24 1.424 0.067 3.823 0.668 0.094
HR 410 8673 2.61 0.36 1.343 0.062 3.812 0.568 0.033
HR 417 8799 1.87 0.86 1.344 0.040 3.822 0.532 -0.053
HR 494 10481 < 0.90 1.373 0.033 3.831 0.420 0.044
HR 777 16538 2.32 0.83 1.306 0.042 3.814 0.492 -0.053
HR 790 16765 1.69 1.243 0.070 3.809 0.200 -0.060
HR 799 16895 5.82 2.67 1.037 0.038 3.795 0.244 -0.188
HR 1101 22484 10.61 2.06 0.953 0.034 3.780 0.236 -0.152
HR 1249 25457 < 1.38 1.258 0.049 3.809 0.268 0.028
HR 2233 43318 2.73 0.96 1.348 0.068 3.809 0.580 -0.091
HR 2241 43386 1.57 1.37 1.304 0.046 3.818 0.448 -0.080
HR 2943 61421 2.16 0.24 1.411 0.065 3.821 0.652 0.080
HR 3079 64379 < 2.12 1.276 0.041 3.812 0.344 0.078
HR 3499 75332 3.35 2.45 1.173 0.046 3.796 0.288 0.035
HR 4054 89449 2.51 0.30 1.368 0.066 3.813 0.604 0.075
HR 4826 110380 <0.71 1.267 0.047 3.836 0.348 -0.124
HR 5365 125451 1.82 0.80 1.355 0.041 3.824 0.548 0.043
HR 5436 127821 < 1.06 1.322 0.040 3.821 0.348 -0.076
HR 5447 128167 1.99 1.54 1.215 0.042 3.826 0.440 -0.289
HR 5583 132375 2.84 0.57 1.306 0.058 3.808 0.516 0.050
HR 5634 134083 1.92 1.29 1.315 0.054 3.818 0.488 0.053
HR 5933 142860 5.28 1.82 1.081 0.036 3.801 0.340 -0.256
HR 5975 143928 2.75 0.86 1.254 0.062 3.824 0.560 -0.171
HR 7126 175317 2.08 0.50 1.364 0.053 3.821 0.576 0.051 Q)

HR 7354 182101 3.83 1.50 1.144 0.036 3.808 0.400 -0.306 ....



Table 5 (Continued) Age and Mass Estimates (or Stars with Call Relative Surface Fluxes

Name HD Age Mass logTel1 log(L./Le) [Fe/H}

(1) (2) (3) (4) (5) (6) (7)

HR 7469A 185395 1.11±1.08 1.364±0.046 3.829 0.520 0.026
HR 7534A 187013 2.77 0.58 1.317 0.060 3.809 0.532 -0.096
HR 7697 191195 1.94 0.45 1.386 0.053 3.825 0.604 0.040
HR 7729 192486 1.41 1.06 1.368 0.051 3.828 0.544 -0.084
HR 7793 194012 < 3.97 1.062 0.064 3.796 0.096 -0.174
HR 7925 197373 2.38 1.80 1.180 0.042 3.820 0.396 -0.122
HR 7936 197692 2.11 0.46 1.365 0.054 3.821 0.580 -0.027
HR 8013 199260 < 1.82 1.225 0.049 3.803 0.228 -0.078
HR 8031 199684 1.79 0.45 1.405 0.053 3.829 0.624 -0.072
HR 8665 215648 6.77 1.35 1.057 0.036 3.796 0.380 -0.334
HR 8805 218470 2.10 0.36 1.383 0.058 3.822 0.608 -0.016
HR 8969 222368 7.44 1.50 1.032 0.035 3.792 0.340 -0.219
HR 9074 212487 < 2.55 1.196 0.046 3.799 0.208 0.034

HzII 25 23061 0.08 0.01 1.323 0.020 3.817 0.382 0.050
HzII 164 23158 0.08 0.01 1.300 0.020 3.812 0.346 0.050
HzII 233 23195 0.08 0.01 1.325 0.020 3.818 0.385 0.050
HzII 405 23269 0.08 0.01 1.219 0.020 3.797 0.208 0.050
HzII 530 23326 0.08 0.01 1.383 0.020 3.830 0.475 0.050
HzII 605 23351 0.08 0.01 1.391 0.020 3.832 0.488 0.050
HzII 727 0.08 0.01 1.253 0.020 3.804 0.267 0.050
HzII 745 0.08 0.01 1.371 0.020 3.827 0.457 0.050
HzII 1122 23511 0.08 0.01 1.350 0.020 3.823 0.426 0.050
HzII 1139 23513 0.08 0.01 1.346 0.020 3.822 0.419 0.050
HzII 1309 23584 0.08 0.01 1.323 0.020 3.817 0.382 0.050
HzII 1613 282973 0.08 0.01 1.276 0.020 3.808 0.306 0.050
HzII 1726 23713 0.08 0.01 1.300 0.020 3.812 0.346 0.050
HzII 1766 23732 0.08 0.01 1.381 0.020 3.830 0.472 0.050
HzII 1797 0.08 0.01 1.206 0.020 3.795 0.185 0.050

~
I:"



Table 5 (Continued) Age and Mass Estimates for Stars with Call Relative Surface Fluxes

Name HD Age Mass logTell log(L./L0) [Fe/H]

(1) (2) (3) (4) (5) (6) (7)

HzII 1856 282971 0.08 0.01 1.219 0.020 3.797 0.208 0.050
HzII 2345 23912 0.08 0.01 1.342 0.020 3.821 0.412 0.050

T 53 107067 0.65±0.10 1.206±0.020 3.795 0.185 -0.030
T 58 107132 0.65 0.10 1.210 0.020 3.796 0.193 -0.030
T 65 107214 0.65 0.10 1.102 0.020 3.774 -0.008 -0.030
'.1:' 76 107399 0.65 0.10 1.147 0.020 3.783 0.078 -0.030
T 85 107583 0.65 0.10 1.058 0.020 3.763 -0.093 -0.030
l' 86 107611 0.65 0.10 i.300 0.020 3.812 0.346 -0.030
l' 90 107685 0.65 0.10 1.249 0.020 3.803 0.261 -0.030
T 92 107701 . 0.65 0.10 1.235 0.020 3.800 0.235 -0.030
T 97 107793 0.65 0.10 1.168 0.020 3.787 0.117 . -0.030
Till 108102 0.65 0.10 1.142 0.020 3.782 0.068 -0.030
'1' 114 108154 0.65 0.10 1.297 0.020 3.812 0.341 -0.030
T 118 108226 0.65 0.10 1.311 0.020 3.815 0.364 -0.030

vB 29 27383 0.70 0.10 1.307 0.020 3.791 0.247 0.130
vB 31 27406 0.70 0.10 1.316 0.020 3.793 0.261 0.130
vB 35 27524 0.70 0.10 1.419 0.020 3.814 0.420 0.130
vB 36 27534 0.70 0.10 1.454 0.020 3.821 0.470 0.130
vB 37 27561 0.70 0.10 1.461 0.020 3.823 0.479 0.130
vB 48 27808 0.70 0.10 1.329 0.020 3.796 0.281 0.130
vB 49 27835 0.70 0.10 1.248 0.020 3.780 0.147 0.130
vB 51 27548 0.70 0.10 1.428 0.020 3.816 0.433 0.130
vB 52 27859 0.70 0.10 1.224 0.020 3.775 0.105 0.130
vB 57 27991 0.70 0.10 1.392 0.020 3.808 0.379 0.130
vB 59 28034 0.70 0.10 1.363 0.020 3.802 0.335 0.130
vB 65 28205 0.70 0.10 1.303 0.020 3.790 0.239 0.130
vB 77 28394 0.70 0.10 1.370 0.020 3.804 0.345 0.130

<»w
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Table 5 (Continued) Age and Mass Estimates for Stars with Call Relative Surface Fluxes

Name HD Age Mass log Tell log(L./L0) [Fe/H]

(1) (2) (3) (4) (5) (6) (7)
vB 78 28406 0.70±0.10 1.422±0.020 3.814 0.423
vB 81 28483 0.70 0.10 1.417 0.020 3.813 0.416
vB 85 28568 0.70 0.10 1.473 0.020 3.825 0.497
vB 88 28635 0.70 0.10 1.363 0.020 3.802 0.335
vB 101 29225 0.70 0.10 1.475 0.020 3.826 0.500

KW 16 73061 0.90 0.10 1.309 0.020 3.814 0.360
KW 127 0.90 0.10 1.107 0.020 3.775 0.002
KW 162 0.90 0.10 1.147 0.020 3.783 0.078
KW 217 0.90 0.10 1.231 0.020 3.800 0.228
KW 227 73641 0.90 0.10 1.346 0.020 3.822 0.419
KW 238 0.90 0.10 1.263 0.020 3.806 0.284
KW 250 0.90 0.10 1.309 0.020 3.814 0.360

NOTES.

Column (3): Photometric age estimates using the stellar model
isochrones of VandenBerg (1983).

Column (4): Photometric mass estimates using the VandenBerg isochrones.

Column (5): Effective temperatures from the Stromgren f3 index.

Column (6): Estimates of stellar luminosity,- These combine the
ZAMS theoretical luminosities with 6Mv found
from 6CQ.

Column (7): Estimates of m.eta.11icity based on 6mo.

Q)
~
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using the VandenBerg isochrones is ......12 Gyr, while the age obtained by Duncan

for the same star is "'8 Gyr, using the Maeder (1976) isochrones with X = 0.70,

Z =0.03.
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Figure 14a. Comparison of photometric ages found using the Ciardullo and
Demarque isochrones for Y = 0.30 and Z = 0.015 and those of Duncan (1983).

In order to compare the cluster stars to the field stars, and group them into the

field star mass bins, masses had to be estimated for the cluster stars. Because of

recent work on very young active cluster members (LaBonte and Rose 1985) sug­

gests a possible link between high activity levels and anomalous 6Cl index values,
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Figure 14b. Comparison of photometric ages found using the VandenBerg
(1985) models with Y = 0.25 and Z = 0.0169 and the ages found by Duncan
(1983). Different stellar interior models cause systematic age changes.

it was felt that using the Stromgren field star age estimate method might not yield

consistent results. As all these clusters are quite young, the stars have not evolved

far off the zero-age main sequence appropriate to their composition. Therefore,

ages based on cluster main sequence fitting were used and masses were estimated

from the stars' {3 indices alone, using the temperature calibration discussed above,

using the zero-age main sequences of VandeDBerg and Bridges (1984). A sequence

at Z = 0.026 was interpolated from the Z = 0.0169 and Z = 0.04 sequences of

VandenBerg and Bridges to allow the Hyades masses to be determined. In all



67

cases the log TelI values of the VandenBerg and Bridges models were increased by

0.003 to compensate for the difference between the mixing length to scale height

ratios of their models (a = 1.5) and VandenBerg (1983) (a = 1.6). This correction

is consistent with the behavior of a in the VandenBerg models, and with the a

corrections given by Ciardullo and Demarque (1979). Compositions for the clus­

ter stars (based on Stromgren photometry) were taken from Nissen (1980), while

the ages used were Pleiades, 0.08 Gyr (Duncan, 1981); Coma, 0.65 Gyr (van den

Heuvel); Prsaesepe, 0.90 Gyr (VandenBerg and Bridges, 1984); and Hyades, 0.70

Gyr (Duncan, 1981).

This mass determination method for the young clusters also avoids most of

the problems in using Stromgren photometry on the Hyades cluster stars. As was

shown by Crawford (1969), the Cl values for Hyades stars are anomalously large

compared with the field and other clusters. The f3 index values, however, for the

Hyades appear to show the same relationship to B - V as do the other field and

cluster stars (see Figure 15).

4. The Relative Chromospheric Can Surface Flux

Whatever measure of "chromospheric activity" we use ought to have some def­

inite physical interpretation in terms of the relative importance of chromospheric

activity in the total energy output of stars, independent of spectral type. As Dun­

can (1981) points out, this is a problem when using the Call line core emission

since the emission observed is at the bottom of a strong line, which is itself strongly

varying in strength with effective temperature, and is also in a region where the

pseudo-continuum is strongly temperature-dependent. While the Mt. Wilson S
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index is useful in comparing stars ofsimilar spectral types, small decreases in tem­

perature cause large increases in the S values, which then do not reflect the true

significance of the chromospheric emission.

What Call flux indicator should then be used? Recent literature has em­

phasized two indices. One is the relative Call surface flux RHK first used by

Middelkoop (1982) and revised by Noyes et al. (1984). RHK is the ratio of the

surface flux observed in the core of the Hand K lines to the total surface flux

of the star. The great advantage of this approach is that, once allowance for

the photospheric contribution to the Hand K line cores is made (generating the

Noyes et al. RHK index), a single relationship between chromospheric emission

and Rossby number could be found for all late F, G, and K stars. The other

approach has been to use FHK directly (Rutten 1984) without dividing by the

total surface flux. This allows relations to be found between FHK and rotation to

be found, but requires that the dependence of Call activity on rotation be color

dependent Rutten 1985, Rutten and Schrijver 1985). Since the approach of Noyes

et al; produces a final relation independent of color, I will extend their method to

the early F stars and compare the results to those for later spectral types.

Noyes ei al. have shown that the relative flux in the Ca II Hand K line cores

is given by RHK = 1.34 x 10-4C
c/S, where Ccb a function of B - V, corrects the

H K continuum to a level corresponding to the bolometric surface flux of the star.

Noyes et al. (1984) have also adopted a correction for the contribution to the

Call flux due to the photosphere. While I have adopted essentially the Noyes

et al. calibration for RH K, their photospheric correction is inadequate for early

F stars. Noyes et al: assume that all emission in the Call K line core outside

of the Kl minima is photospheric, while all emission inside these boundaries is
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chromospheric. This assumption is based on the close agreement between the

chromospheric radiative loss in the solar K line and the flux emitted from between

the Kl minima.(Noyes 1981). Linsky and Ayres (1978) have shown, however, that

the Call line profile generated by a radiative equilibrium. model atmosphere emits

a non-negligible amount of flux between the Kl minima. At least this much flux

from the photosphere must be present in the Hand K line cores whether magnetic

activity is present or not. The results of Hartmann et al. (1984) indicate that

log Rphoto = logRHK - 0.12 if the Linsky and Ayres photospheric correction is

used. For the Sun the long-term mean S value is 0.171 (Noyes et al, 1984) and the

B - V and Tell values adopted here are 0.64 and 5800 K (Bohm-Vitense, 1981).

Hartmann et al. provide estimates of the flux outside the K 1 minima for stars as

early as B - V = 0.45, but their correction for the photospheric flux between the

Kl minima. (their "maximum correction") is based only on the Linsky and Ayres

solar model. Use ofthe solar model for these mid-F stars ignores any changes in

the photospheric ell. II emission due to the increase in Tel/in these stars.

In order to extend the method of Noyes et al. to earlier spectral types, two

pieces of information are needed: values of Gel and Rphot for main sequence

stars with 0.3 ~ B - V <0.45. The Cel parameter had already been adjusted

by Noyes et al. (1984) for what they considered a non-physical maximum at

B - V = 0.43. However, Noyes et al. only show spectrophotometric calibrations

down to B-V ~ 0.50 in their Figure AI, while the stars considered in this chapter

and Chapter V extend to B - V = 0.36. In order to be more certain of the correct

Cel for these bluer stars, log Cc] was recalculated using the spectrophotometry of

O'Connell (1973) for stars with 0.16 < B - V < 0.82 and the Barnes-Evans (1976)

relation. The resulting correction factor was scaled to match the Middelkoop result

for the G and K stars, and is shown in Figure 16. A least-squares fit yields the
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following equation for Oct=

logOc/ = 0.520 - 0.223(B - V) - 0.746(B - V)2 16

For consistency with the stellar isochrone fitting, HI3 index values will be converted

to B- V colors for use with the above calibration using a spline fit over the table

of corresponding 13 and B - V colors given by Hauck and Magnenat (1975). The

quantity R'gK = 1.34 x 10-4C
c/S is then my best estimate of the relative surface

flux observed in the Ca II H and K line cores.

B.5

B.4

B.3

B.l

-B.l

-B....2
r.J. 1 0.2 0.3 0.4 B.5 B.6

B~V

B.7 B.8 B.9

Figure 16. Calibration of the color correction factor Gcf with B - V. The
calibration of Middelkoop (1982) is shown as a. dashed line; the calibration used in
this work (based on the spectrophotometry of O'Connell (1973) is shown as a solid
line. The Oa II H and K relative surface flux is given by REK = 1.34 X 10-40 c/S.
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A major concern at this point then is the photospheric correction for stars

bluer than B - V = 0.45. At some point the photospheric contribution in the core

of the H and K lines will begin to increase substantially. Ideally the expected

photospheric contribution could be estimated by using radiative equilibrium model

atmospheres and calculating theoretical Ca II line profiles and then finding the

flux emitted in the passband of the line index being used. This approach has been

followed by Kelch et ale (1979) and Linsky ei ale (1979). Since their passband is

different from that used here, their photospheric contributions cannot simply be

adopted. It is possible, however, to convert their results to the Mt. Wilson H K

flux passband.

The star Procyon had available the observed flux between the Kl minima and

the photospheric contribution in the same band (Kelch et al: 1979), a RE model

Call K line profile for the wings of the line (Ayres 1975), a flux calibrated observed

profile of the K line core (Ayres, Linsky, and Shine 1974), and the profile of the

entire line at high resolution (Griffin and Griffin 1979), so it appeared to be a good

choice for use as a mid-F photospheric contribution reference point. The wings

of the theoretical RE profile at 4 to 6 A from line center are indistinguishable

from the observed profile, and so these were used to match the theoretical profile

to the Griffin atlas. In the region less than 1 A £row line center the RE profile

was extrapolated linearly in flux to the line core. The extrapolated flux at the

line core was 2.6 X 10-6erg cm-1s-1Hz-1 • Integration between the Kl minima

showed that the Kl flux index obtained from the extrapolated RE line profile was

49 % of the observed flux level, corresponding very closely to the 50% indicated

by Kelch ei ale The RE model Call flux in the Mt. Wilson passband (assuming

that the total flux in Hand K is equal to 1.91 x the K line flux) is 0.548 of the

total Call flux, or Rphat = 2.69 x 10-5•

--------------------------------------------
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The photospheric contribution in the core of the Hand K lines becomes

large in the early F dwarfs. The star "y Vir N was used to estimate the RE flux

contribution in the core of the Kline. ·Kelch et ale (1979) report that the RE

contribution in the K line core (between the Kl minima) is 80% of the observed

flux. Unfortunately they don't say what the Kl width is; therefore the spectrum

given hi Kelch et ale (1979) was digitized, and integrations were performed around

the line center until the observed Kl flux, 4.9 X 106erg cm--1s-1 , was measured,

yielding a Kl width (distance between the Kl minima) of 1.08 A. Integrating the

flux within the Mt. Wilson passband yielded a total RHK of 5.96 x 10-5, which is

typical of other stars with (3 values similar to that for"Y Vir B (f3 = 2.706). Note

that here in passing from FHK to RHK = FHK/CTT4 a value of 6860 K was used

for Tell' corresponding to the Hf3 index, and again the ratio of the K to H line

fluxes was assumed to be 1.1.

In order to estimate the effectof the RE model over the Mt. Wilson passband, a

linear correction function was constructed, and the observed profile was multiplied

by it in order to approximate the RE model profile. The correction was such that

the wings of the adjusted profile merged smoothly into the observed profile in the

far wings (> 2 A from line center) of the profile, while the line center inside the

estimated Kl minima at ±0.54 Ahad the correct integrated flux for the RE Kline

profile. Integrating the flux over the Mt. Wilson profile yielded a photospheric

contribution Rphot = 4.83 x 10-5• This is 81% of the total observed relative flux

in the Mt. Wilson passbands.

Over the temperature range considered here, the RE Ca II nux contribution

was considered to be a log-linear interpola.tion in HP of the above results:

logRphot = -4.686 + 1.657(,8 - 2.600) 17a

- -------------------------------------------
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for fJ < 2.670 and

logRphot = -4.570 + 7.056(fJ - 2.670) 17b

for fJ > 2.670. The chromospheric relative Co.II flux will be designated R'IJK'

where RkK =RHK - Rphot. Values of ROK, Rphot, and RkK are shown in

Table 4.

An estimate of the uncertainty in the conversion from S to REK can be made

based on the probable errors in the fJ index. The uncertainty of fJ values in the

Hauck-Mermilliod catalog is roughly ±0.007 (see Chapter II), which corresponds

to an uncertainty in calculated B - V of ±0.015. Standard error propagation

techniques yield an uncertainty (1' log Cc/ ~ 0.9(1'(B - V). Then,

18

or,

("c:::)r'" (,,~)rH2,,2(B - V). 19

If (1'(B - V) = 0.015 and the relative error in Sis 1.9% (Vaughan, Preston, and Wil­

son 1978) for a single measurement, then (1'(ROK)/RHK = 3.6%, approximately.

Hartmann et ale (1984) suggest an uncertainty of 10% for their photospheric cor­

rection, while the corrections given above for the early F stars are comparable in

uncertainty. Therefore it can be assumed that (1'(Rphot)/Rphot ::::: 10%, and the

resulting uncertainty in RkK' listed in Table 4, is (1'2(RkK) = (0.036ROK)2 +
(0.IRphot)2. One can immediately see the major problem of using Call flux as

an activity indicator in F stars, the large uncertainty resulting from subtracting

two quantities of almost equal magnitude. On the other hand, activity is clearly

evident in all of the stars of the sample, and the uncertainties indicated are signif­

icantly smaller than the variations in activity seen in stars of similar masses. The

--- -- -- -------------------------------
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uncertainties quoted here also neglect any variation of activity due to activity cy­

cles and other long-term variations. These variations appear to be at most .....30%

for active late F stars, and are generally less (Wilson 1978, Baliunas and Vaughan

1985, Baliunas 1985)

In Figure 17 log R'HK values are plotted against TelI for the field and cluster

F star sample. Features of these plots include:

I I I I I
~ + + --4.2 + + ++ ++ .. +
I- + + + + ++ --4.4

+ ~-(6 (+i 6
6 + + ~++~
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+Mx++~ X +. + --4.6 +
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X
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... --5.6
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Figure 17. Plot of log RkK versus log TelI for field and cluster stars. Note
the apparent gap between high-activity and low-activity stars.
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(1) The width of the logR~K distribution decreases from late to early F stars,

but is still substantial at log Tell = 3.82 (= 6600K).

(2) The lower limit of R'aK is nearly constant for all log Tel J < 3.82. This limit is

about 0.4 X 10-5• For stars with log Tel I > 3.82 the minimum value increases

abruptly to - 1.8 X 10-5 and remains there in nearly all cases. The solar value

is RkK = 0.64 X 10-5 at log Tell ~ 3.763 (based on the Bohm-Vitense value

B - Vo = 0.64), while the least active stars at approximately solar temperature

have RkK = 0.14 x 10-5 (calculated from Oranje, 1983). Such stars have f3

and Sco values too low to appear in this sample, however.

(3) The gap appearing at log Tell = 3.82 and continuing redward is the Vaughan­

Preston gap (Vaughan and Preston, 1979) and is also seen in the R'aK against

B - V plot of Soderblom (1985) (his Figure 3). The lower branch in Figure

17 does not merge into the upper branch; it just disappears.

5. Can and Age

8. Activity-Age Dependence for the Sample as 8 Whole

The chromospheric activity-age relation for solar- type stars has been the
1

subject of much recent research. Skumanich (1972) suggested a t-2 dependence
1

of Call emission on age. A simple t-2 dependence for Call activity was also

suggested by Noyes (1981). More recent work has tended to modify this initial

suggestion. Hartmann et ale (1984) performed an extensive program. of statistical

modeling of the dependence of Oa II activity with age for stars of B - V = 0.45

and later. They simulated the results of the Vaughan and Preston (1980) survey

---- --------------------------------------
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assuming a constant star formation rate and several different possible forms of

the chromospheric activity decay law. Best results for the entire sample were

found with combination of an exponential decay in activity from zero age to 3
1

Gyr followed by a t-i decay, using their "minimum" photospheric correction (see

section (3) above). It can be noted, however, that for the hotter stars in their

sample (0.45 < B - V ~ 0.68) there appears to be little difference between
1

the combination exponential and t-i decay and a pure exponential decay with

the maximum photospheric correction (corresponding approximately to the RE

correction proposed in section (3)). Hartmann ei ale also provide evidence that

the Vaughan-Preston "gap" (a decrease in the number of stars with intermediate

activity levels observed in late F, G, and early K stars) (Vaughan and Preston

1980; Durney, Mihalas, and Robinson 1982; Middelkoop 1982) is the result of the

existence of upper and lower limits on the chromospheric emission levels.

A recent study of chromospheric and transition region activity in solar-type

stars (Simon, Herbig, and Boesgaard (1985), has also suggested a single expo­

nentiallaw for the activity-age dependence in stars slightly more massive than
1

the Sun (l.IMe ), rather than a t-i dependence. This relation is of the form

R'HK = 4.07 X 10-5e-O.355t (here R'HK refers to the relative Call HK surface

flux using the photospheric correction of Noyes ei ale 1984). Barry, Hege, and

Cromwell (1984) suggest for solar-type stars a four-parameter model consisting of

two exponential fits of the form. RHK = 4.64 X 10-5e-O.122t +0.89 x 10-5e-17.9t,

where no photospheric correction has been made. Here the second term is clearly

only of significance for the youngest stars, and already at the age of the Pleiades

the contribution of the second term. is 5% of that of the first term.
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The changefrom an overall power law dependence to an exponential law has

been caused basically by the discovery that for solar-type stars the mean Ca II

activity level in stars of the age of the Pleiades (0.08 Gyr) is only somewhat

(roughly a factor of 1.3) higher than that in the Hyades (0.7 Gyr), rather than

a factor of ",3 higher as would be required by a t-i relation. This plateau in

CaII flux is easily seen in the F star sample considered here as well. Figure

18 shows the overall distribution of relative Ca IIchromospheric surface flux as a

function of age for the. F star sample. Several points should be made concerning

the distribution shown in this figure. First, the scatter of activity for stars of a

given age appears to be quite large over the mass range considered here (......1.05

to 1.50 Me), as is shown by the cluster members. Second, if only the cluster

members are considered, the Pleiades stars show a larger range of activity than the

Hyades, Coma, and Praesepe members. Third, there is a deficiency of field star age

measurements between 1 and 2 Gyr. This is a selection effect due to uncertainty in

the photometric indices and the isochrone fitting procedure, which make it difficult

to obtain agemeasurements (rather than merely upper limits) for stars in this age

range. Figure 18 also shows a least-squares fit (using uncertainty information on

both axes) of RtIK = 4.59 ± 0.06 x 10-Se-t / 2•71± O.15 (with t measured in Gyr),

The e-folding time, 2.71 Gyr, is consistent (within the uncertainties) with that

reported by Simon, Herbig, and Boesgaard (1985), 2.82 Gyr for Ca II, but is

much shorter than that given by the Barry et ale (1984) cluster data, 8.2 Gyr. An

exponential law gives a better fit for the entire sample than a power-law fit. In

this case, as in all of the fits reported in this work, stars with only upper limits in

age or activity ~ere not included in the Ieast-squares calculations.

It has been suggested (Hartmann et al: 1984) that at high ages the main-

sequence activity-age relation changes from an exponential to a power-law form.
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Figure 18. The relations between R'HK and age for different compositions. So­
lar composition indicated by plus signs, "low-metallicity" stars ([Fe/H]::; -0.12)
indicated by X's, and Hyades stars ([Fe/H] = 0.13) indicated by diamonds.

This idea is also suggested by recent theory (Gill and Roxburgh, 1984) as an

explanation for the Vaughan-Preston gap. This possibility is discussed in a later

section.

It is possible that differences in activity could result from causes other than

stellar age. One possibility is differences in stellar composition. There are two

possible ways in which changes in composition could affect the activity level ob­

served in a star. First, the depth of the K and H line centers could be changed
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to changes in the continuum level nearby (really a pseudocontinuum made up of

closely spaced absorption lines), or due to changes in the amount of saturation of

the K and H line profiles. Barry, Cromwell, Hege, and Schoolman (1981) suggest

such effects are small. Second, the amount ofactivity in a star ofdiffering metallic­

ity but similar age and mass may vary with metallicity: Durney and Latour (1978)

proposed a relation between the Call chromospheric surface flux and the Rossby

number, an index of the amount of helicity in the motions of convection cells. The

inverse Rossby number is equal to n'TC, where 'TC is the convective turnover time

in that part of the convection zone where the stellar dynamo is thought to be ac­

tive, one-half pressure scale height above the base of the convective zone. Durney

and Latour, in addition to proposing the dependence of activity on this number,

also showed that the value of the Rossby number depends on the composition of

the star. Durney and Latour found that the change in log'Tc between Z = 0.02

and Z = 0.03 (corresponding roughly to the difference between solar and Hyades

composition) in F stars is "" 0.3-0.4, depending on the mass of the star. The effect

of composition on 'Tc for stars with lower metallicity than the Sun is not yet known

for stars only somewhat metal-poor. The effect for stars with 10 times lower than

solar metallicity has been investigated (Rucinski and VandenBerg 1986); it was

found ths.t 'Tc was higher for a given B - V color for the reduced metallicity case,

corresponding to a solar-composition star '" 0.05-0.06 redder than the observed

value.

b. Effect ofDiifering Composition

When the early F stars are compared with the late F and solar-type stars,

it is important to select the correct stars to compare them to. IT effects such as
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composition variations are significant then one must make sure to compare the

early F stars with late F stars of similar composition.

As mentioned above, there is reason to believe that the convective turnover

time for a given stellar mass depends on the composition of the star, and thus

so will the activity for a given mass and rotation rate. The difference in activity

between Coma and Praesepe stars (which are of solar composition) and Hyades

stars (which have [Fe/H] = 0.13) is small. The Hyades stars are the only stars

with greater than solar metallicity available (see section (3», therefore it is not

possible to come to any conclusions concerning the age dependence of activity in

such stars.

The low-metallicity field stars (those with [Fe/H] :5 -0.12) should show higher

activity than solar composition stars of similar mass and age. The quantitative

difference depends on stellar interior model calculations which are unfortunately

not available. Figure 19 shows the relationship between Call activity and age

for all of the low-metallicity stars. This relationship was best represented by an

exponential law of the form E H K = aoe(Jlt where ao = 3.68 x 10-5 ± 0.42 x 10-5

and al =-0.212 ± 0.058.

c. Activity-Age Dependence for Differing Mass Ranges for Solar Composition

The early F stars in the current sample (except for the Hyades stars) are

predominantly solar composition. A reasonable boundary between the early and

late F stars terms of activity can be drawn at about Tel I ~ 6600 K, or for solar

composition, M. = 1.325Me. Figure 20 plots activity versus mass for the solar

composition stars. It is readily seen that there is a difference in behavior between

stars above and below e- 1.325Me. Stars with M. > 1.325Me almost never have
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Figure 19. Log CalI relative surface flux versus log age (in Gyr) for the
"low-metallicity" stars. Least-squares exponential (solid curve) and power law fits
(dashed line), assuming uncertainties on both axes, are shown.

relative Call flux R'HK < 1.8 x 10-5, while stars with M. < 1.325Me often

have much lower activity levels. It therefore seems reasonable to split the F star

solar-composition sample into low and high mass groups.

The low mass solar composition F stars (M. < 1.325Me) are shown in Figure

21. The overallbest fit activity-age relation appears to be exponential in form (Ta­

ble 6 gives comparisons between exponential and power-law fits and the resulting

residuals in R'HK). The best least-squares fit using error information from both
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Figure 20. Plot of R'HK versus mass for solar composition stars. The early F
stars are much less likely to have low activity levels than the late F stars.

age and activity data was R'HK = aoea1t where ao = 5.05 X 10-5 ± 0.09 x 10-5

and al = -0.490 ± 0.019, resulting in an e-folding time of 2.04 ± 0.08 Gyr.

The high mass solar composition F stars (M. ~ 1.325M0) are shown in Figure

22, and the least-squares relations found for them are shown in Table 6. The

residuals from the fits are sufficiently similar that no objective conclusions can be

made concerning the nature of the activity-age dependence. It does seem clear

that a decline in activity with age does occur, and that an exponential decay law
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Figure 21. Plot of log R'HK versus log age for solar composition sample with
M. < 1.325Me. Also shows exponential (solid curve) and power law (dashed line)
fits.

is consistent with the observed data. The exponential fit results in an e-folding ,

time of 3.12 ± 0.31 Gyr.

d. The Vaughan-Preston Gap

The preceding fits make no assumptions about the nature of the decay in

a.ctivity. If one were to assume that something like the Gill and Roxburgh theory

were correct, one would break the samples into stars above the Va.ughan-Preston
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Table 6

Ca II Activity-Age Relations

R'aK = 40 + 41t

R!HK = aoet/ 0 1

R'aK = aot 0 1

All Stars, All Masses
Residual ao
(x10-6) (x10-5)

R'aK = 40 + 41t 7.957 3.816 ±0.041
R'aK = 40et / 0 1 6.987 4.602 0.064
R'aK = 40t0 1 7.539 2.985 0.034

Solar Composition, M. < 1.325Me
Residual ao
(x10-6) (x10-5 )

R'aK = 40 + 41t 8.031 4.147 ±0.060
R'aK = 40et / 0 1 7.426 5.047 0.093
R'aK = 40t0 1 8.505 3.281 0.053

All Stars, [FeIH] s -0.12
Residual ao
(x10-6) (x10-5)

R'aK = 40 + 41t 3.141 2.774 ±0.157
R'aK = aoet/ 0 1 2.563 3.681 0.424
R'aK = ao t 0 1 2.873 5.943 0.822

Solar Composition, M. ~ 1.325Me
Residual ao
(xlO-6) • (x10-5 )

8.227 3.683 ±0.089

8.773 4.592 0.138
8.898 2.838 0.080

-7.164 x 10-6±0.039 x 10-6

2.68 0.06
-0.197 0.010

-8.839 x 10-6±0.546 x 10-6

2.04 0.08
-0.163 0.014

-2.617 x 10-6±0.627 x 10-6

4.72 0.27
-1.037 0.287

-6.691 X 10-6 ±0.877 x 10-6

3.12 0.10
-0.182 0.017

NOTE.

Here the residual is defined as: (liN) E IR'aK mea. - R'aK fitl.

gap (Vaughan and Preston 1980) and stars below the Vaughan-Preston gap, and

investigate the dependence of activity on age in each group separately.

The Vaughan-Preston gap appears to be present in the current sample (see

Figures 18 and 21) as a break in the run of R'H K between 1.0 and 2.0 x 10-5 at ages

between 2 and 3 Gyr. However, as has been seen above, it is important to make

sure one is comparing truly similar objects, of similar masses and compositions,
a.'
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Figure 22. Plot of log RkK versus log age for solar composition stars with
M. ~ 1.325M0 . Also shows exponential (solid) and power law (dashed) curves.

before making any conclusions about the activity-age relationship. The gap does
~.

appear in the low-mass solar-composition sample (see Figure 21) but is much

less obvious than in the heterogeneous sample. Also, there appears to be little

evidence from Figure 21 that the activity-age dependence for solar-composition

stars is different for stars below the gap than it is for stars above the gap. Clearly

more data on older late F stars is needed to confirm this conclusion. The Vaughan­

Preston gap also appears to be present in the low-metallicity group (Figure 19)
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and here it appears that a break in the activity-age relationship does occur at the

gap.

IT only lowmass solar composition stars above the Vaughan-Preston gap (with

R'H K > 1.8 X 10-5) are considered, the exponential e-folding time becomes

2.56 ± 0.26 Gyr. In fact, the low mass and high mass solar composition fits for the

activity-age relation become very similar, even though V sin i is generally higher

for the same H'HK in the high mass stars. This result will be discussed in Chapter

V.

The low metallicity stars appear to have a different activity-age relation than

the other late F stars (see Figure 19). The low-metallicity stars below the Vaughan­

Preston gap are best modeled with a power law of the form R'H K = aot4 1 , with

ao = 6.8 ± 1.5. x 10-5 and al = -1.1 ± 0.9, but this is of little significance. The

activity level for these stars is higher ('" 2x) than solar-metallicity stars of similar

age. The low-metallicity stars are predominantly older than 2-3 Gyr and below

the Vaughan-Preston gap. The power-law dependence of activity on age, while not

highly statistically significant, suggests that older stars, below the VP gap differ

in the activity-age relationship from that found for young stars. As indicated

above the data in the current sample are insufficient to distinguish any difference

in the activity-age relationship in solar-composition stars above and below the

Vaughan-Preston gap.

It appears possible that given sufficient data, one could model the activity-age

relationship for a giyen metallicity as an exponential, with magnitude and decay

constant nearly independent of mass, followed by a power law. Much more data is

required, however, to be certain of the power-law relation for older stars, however.

The exponential form. appears to be correct, however, and shows little variation

-. -------_._--_._-- ----- -------------
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with mass. The basic conclusion for the solar-composition stars, then, is: Early F

stars appear to behave similarly to young late F stars, stars which are above the

Vaughan-Preston gap.

6. Discussion

Durney and Latour (1978) have made a simple prediction ofthe behavior ofthe

decay of the magnetic activity in F stars as a function of mass. A simple estimate

of the rate of loss of angular momentum in a solar-type star, assuming that the

magnetic field corotates with the star out to the Alfven radius (determined by

B~/(41r'PAU~) = 1) and is carried along by the stellar wind particles beyond that

point yields

dJ -!S1 2 dM
dt - 3 rA dt 20

21

and if the magnetic flux is conserved between the surface and the Alfven radius

and the magnetic fie~d is purely radial (a monopole field), Bo~ = BAR~, so that

dJ = -!E..(Bo~)2
dt 3uA

where uA is the stellar wind velocity at the Alfven radius. Durney and Latour

(1978) then assume, based on simple dynamo theory, that Bo = B.",S1l/uc, where

1is the mixing length and Uc is the velocity of convective cells at the base of the

convection zone. This assumption does not agree with the observational results

of Noyes ei al. (1984), who :find that RkK = 6.0 x 10-5e-O.9Plrc. The ratio

l/uC can be considered the convective turnover time (Gilman 1979). If it is then

assumed that the stars are rotating as solid bodies, and that the effects of differing

radius and moment of inertia can be neglected, the e-folding time t e (defined as

-S1/(df'!/dt» for the angular momentum loss (and thus the rotation velocity loss

-------------------------------------------
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and the magnetic activity decline) assuming the stars all start with the same

angular velocity, varies with mass so that

22

Gilnian (1979) gives plots showing the variation of TC with mass for difFer­

ing values of the mixing length to pressure scale height ratio Q. If values for

Q = 1.9 (the TC value used by Noyes et al: (1984) for their relationship be­

tween activity and Rossby number) are interpolated from the data of Gilman,

the ratio te 1.25/te 1.00 = 84. This implies, if all stars begin their main sequence

lifetimes with similar magnetic field strengths, that stars of mass greater than

about 1.25Me should show no loss of activity during their main-sequence life­

times. The observed change in the e-folding times for magnetic activity is much

smaller: teM.~1.325/teM.l.325 ~ 1.5. While the high mass stars (M. ~ 1.325Me)

do show a smaller decline in activity with age than the lower mass stars, this

decline is much smaller than predicted by the Durney-Latour theory.

The simple Durney and Latour theory, assuming a purely radial magnetic field
1

also predicts that 0 (and thus Band R'aK) oc r r. While this result agrees with

that found by Skumanich (1972), it does not agree with the exponential decay law

seen here and elsewhere (Simon, Herbig, and Boesgaard 1985, Barry et al: 1984)

in the F stars. The theory of Roxburgh and his collaborators (Gill and Roxburgh

1984, Roxburgh 1983, Rowse and Roxburgh 1981) offers alternatives. While in

earlier theories the stellar magnetic field was considered to be purely radial, Rox­

burgh (1983) showed that in fact stellar angular momentum loss depends strongly

on the form of the magnetic field. While for a radial field in a rigidly rotating

star with B <X Od(O)/dt <X n3, and for a dipole field d(O)/dt oc n5/ 3, for a

quadrupole field d(n)/dt oc n and the e-folding time is independent of B.
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Of these possible field configurations the quadrupole field seems best applicable

to F stars. The resulting rotational velocity-age dependence is exponential, and

thus (if B ex: nand RkK ex: B) so is the RirK age dependence, in agreement with

observation. According to Gill and Roxburgh (1984) the rotation-age relationship

IS

23

where K = 81r/3PQVsR4 and h = 0.1 for a wide range of B.

Roxburgh proposed (Roxburgh 1983) that the Vaughan-Preston activity gap

seen in late F, G, and K stars is the result of a transition from a quadrupole field

in young main-sequence stars to a dipole field, accompanied by an abrupt increase

in the decay rate of angular momentum. If the Vaughan-Preston gap is real, two

comments on this suggestion can be made: it appears that the F star sample of

solar composition considered here is nearly completely dominated by the upper

branch of the activity distribution, and no difference between the activity-age

behavior above and below the gap can be seen. However, the behavior of the low

metallicity stars below the gap (suggesting a power law dependence of activity on

age) indicates that future work may be able to indicate such a change. It appears,

however, that for solar composition, if the Roxburgh theory is correct, F stars

generally have a quadrupole field geometry.

H it is assumed that B = B",f!Tc, then the e-folding time for RirK In a

quadrupole configuration (assumed to be proportional to B) is te = 1/Kh: In

other words, if the effects of changing moment of inertia and radius are neglected

as above, the e-folding time should be nearly constant as a. function of mass.

This result is much closer to the observed e-folding times than the Durney-Latour

theory.
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As mentioned above, the Gill and Roxburgh (1984) theory attempts to explain

the Vaughan-Preston gap as a result of the change from a quadrupole to a dipole

field. As was shown above, nearly all the solar-composition F stars in the current

sample lie either above this gap or at a TelI value where the gap no longer exists.

The low metallicity stars ([Fe/H] < -0.12) on the other hand are all old and

generally lie below the gap. As was shown in section (4), the best fit for the low

metallicity stars below the Vaughan-Preston gap was found to be a power law

with a slope of -1.28, unlike the exponential curves found for the solar mass stars.

Gill and Roxburgh (1984), on the other hand, find that stars with a dipole field

geometry should have an angular velocity given by

d(In) = -FOh (!!...)2/3 K
dt Be

where Be is the B value at the transition from quadrupole to dipole, or

B ex: (2.-e2Khtc/31 + 2FKh(t _ tc») - 3/2
no 31

IT t ~ t c and RiIK ex: n, RiIK ec .t-1.S, while for a radial field, R' oc rO.S• It

appears that a change to a power law does occur in the low metallicity stars, but

it is not clear which model best reproduces the data.

All of the above analysis assumes that the nature of the dependence of chro-

mospheric activity on rotation is the same as is seen in solar type stars. The

data used by Noyes ei ale in establishing their dependence of activity on inverse

Rossby number (Noyes ei aL 1984) used only a very small number of early and

mid-F stars compared to the number of G and K stars in their sample. Radick

et ale (1982, 1983a, 1983b) and Lockwood ei al: (1984) have shown that stars

later than F7 show photospheric continuum variability apparently due to rota-

tiona! modulation, just as Vaughan ei ale (1981) and Baliunas ei ale (1983) have

demonstrated clear rotational variations in the chromospheric Oa II flux. On the

---------------------
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other hand, other researchers have found substantial differences in the relation

between activity and rotation between stars earlier and later than B - V ~ 0.42.

Stars earlier than this color show substantial differences from solar-like activity,

in photospheric, chromospheric and coronal activity indicators.

When other activity indicators are considered, it becomes much more apparent

that a significant difference in activity mechanisms exists between the low mass F

stars and the higher mass objects. Walter (1983) has shown that while there exists

a definite relation between rotation velocity and X-ray flux for G and K stars, this

relation ceases at about spectral type F5. Stars earlier than this show clear X-ray

emission, but no relationship with stellar rotation is apparent. Wolff, Heasley,

and Varsik (1985) show that while the equivalent width of the He I 5876 A line

(which has been shown to be a stellar activity indicator for late type stars, see also

Danks and Lambert (1985» is correlated with stellar rotation for late-F, G, and

K dwarfs, this correlation also ceases in the same region, at B - V = 0.46. Stars

earlier than B - V =0.46 show no correlation of the D3 line with rotation. Walter

(1985) has found similar results, but with a limit for correlation with rotation of

B - V = 0.42, for the transition region C II and C IV lines in the ultraviolet.

The typical equivalent width of D3 and the C II and C IV surface flux increase or

remain constant throughout the F stars.

Wolff, Boesgaard, and Simon (1986) have observed a sample ofF stars in He I

~5876 and C IV ~1549, and report that while the solar type relationship between

Rossby number and activity as measured by the He I and C IV lines is also observed

in late F stars, stars hotter than 6600 K (corresponding to B - V ~ 0.42). It

will be shown (Chapter V) that while the dependence of Ca II emission on Rossby

number is much less steep among stars with TelI > 6600 K than it is among cooler

------------- --------- ---- ----------------------------- --- -
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stars, it does not appear to vanish for the stars in this sample. This boundary

corresponds with that proposed by Walter (1985) for transition region flux. The

authors suggest that the chromospheric flux seen in these hot stars may be due to

acoustic flux rather than magnetic activity. H acoustic flux is significant in these

stars there should be very little dependence of Ca II flux on age, since acoustic

flux is determined only by the effective temperature and surface gravity of a star

(Renzini et al. 1977).. Therefore any acoustic flux heating will be nearly constant

for all main sequence stars of a given mass.

De Loore (1970) showed that acoustic flux in main sequence stars should peak

near FO. While it is clear that the contribution of purely acoustic flux to the

heating of the outer atmospheres of solar-type and later stars is small (Vaiana

et al. 1981), it is possible that in the early F stars it could be comparable to that

of the magnetic field.

Figure 23 shows log C IV relative surface flux plotted against log Teff for the

Wolff, Simon, and Boesgaard sample, while Figure 24 shows log FnK < against

log Tel I for the current sample, where F,h-K is the absolute Ca 1I surface fluX.

The behavior of the chromospheric flux is remarkably similar in both wavelengths:

above 10gTeil = 3.82 the range of activity is much smaller than below this tem­

perature. In Ca II the Pleiades stars are consistently more active than older cluster

and field stars, however.

According to Stein (1981), the mechanical (acoustic) flux at the top of the

convective zone has been analytically estimated to be Fm IX g-lTiJr The

amplitude of the acoustic flux is not well determined, however. Numerical calcu­

lations (Schmitz and Ulmschneider 1980) for several stars, including the Sun and
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Figure 23. C IV surface flux versus logTeff from WolfF et ale (1986). A line
with a slope corresponding to TIl (the dependence expected for pure acoustic
heating) is also shown. Note that many late F stars have C IV surface fluxes less
than that expected if the surface flux in early F stars is dominated by acoustic
heating.

Procyon, confirm Stein's basic result:

(
9 )-0.959 ( T )1006

Fm = 9.1 1000 1000 26

For a main sequence star oflogg = 4.4 and Tefl =6700 K, Fm/uT4 = 0.054 while

for the Sun Fm / tTT4 = 0.012. It has been known for a long time (Ulmschneider

1971) that the great majority ("'90%) of the energy in short period acoustic waves

is lost to radiative dissipation in the photosphere, so that FA, the actual acoustic
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Figure 24. Ca II surface flux versus log Tel I for sample used in Chapter III.
Also includes a line corresponding to the expected temperature dependence of
acoustic heating. As is seen in C IV as well, dominant pure acoustic heating in
early F stars leads to too much heating in late F stars.

flux available to heat the chromosphere is only a small fraction (-10 % or less) of

Fm •

This theoretical result must be compared to the total radiative loss from the

chromosphere. Avrett (1981) has computed radiative loss estimates for three dif­

fering activity le~els in the solar atmosphere, corresponding to a dark supergranule

cell center, the average quiet Sun, and a bright network element. The contribution

of the Ca IT H and K lines to the total radiative loss from the chromosphere in
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these models ranges from 28% to 20% of the total. If the emission from Ca II in

the early F stars is a similar fraction of the total chromospheric flux (.....25%), then

the total relative chromospheric flux is ..... 8 X 10-5, and the chromospheric surface

flux for early F stars is 9 x 106erg em-Is-I.

The amount of acoustic flux expected from the numerical models of Schmitz

and Ulmschneider is then much larger than the amount emitted by stars, scaling

from the semi-empirical models of Avrett for the Sun. Schmitz and Ulmschneider

(1980) suggest that the radiative loss in the chromosphere from H- is much larger

than indicated by Avrett, and in fact is the major radiative loss mechanism in

stellar chromospheres. According to their models for Procyon (Tell from f3 =
6620 K) the chrOmospheric flux from Call Hand K is 3.8 x.106erg em-Is-I,

while that from H- is 2.4 X 107erg em-Is-I. Even in this case the acoustic flux

from the numerical model for Procyon is much larger than the chromospheric

loss. The point of this exercise is that while there is disagreement concerning

the amount of acoustic flux generated in stars, and the amount which can reach

the chromosphere, under some assumptions it can be shown that there could be

enough acoustic flux available to heat stellar chromospheres.

Since the temperature dependence of acoustic heating is well determined, it

can be compared with observations. Figure 23 and 24 also show the temperature

dependence of acoustic heating, where the flux is scaled to yield the above mean

value for TelJ = 6700K and log 9 = 4.4. The dependence of acoustic heating on

temperature can be expected to be roughly valid as long as convection is efficient

and the major source of opacity in the photosphere is H-. These assumptions

break down for stars earlier than FO, but should be valid for all stars considered

here. It appears evident that if the chromospheric heating in the early F stars were
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due to acoustic heating, then the late F stars would have much more chromospheric

emission than what is observed. Figure 23 shows that the emission observed by

Wolff, Boesgaard, and Simon (1986) in C IV plotted against Tel! shows a similar

dependence on Tell to the Call data presented here. Athay (1985) shows that

acoustic heating cannot be a major contributor in the upper chromosphere, where

C IV is emitted in the Sun. It therefore seems evident that pure acoustic heating

is not a major contributor to chromospheric flux in early F stars.

On the other hand, the true photospheric contribution (the emission which

would be present in the absence of a chromosphere, i.e. that generated by a RE

model) is also increasing in this region. Uncertainties in the "photospheric" con­

tribution could produce an apparent increase in chromospheric indicators, without

actually requiring any acoustic flux to be present. While this problem would be

most significant in chromospheric Ca II flux measurements, it is also a problem in

other chromospheric activity indicators in early F stars (e.g. Mg IT, see Bohm­

Vitense and Dettman 1980). However, the results of Wolft', Simon, and Boesgaard

suggest that chromospheric emission is indeed still substantial in the early F stars.

A substantial increase in the minimum C IV relative flux level in stars hotter than

6450 K as compared to those cooler than 6450 K is observed, which cannot be

simply explained by increased photospheric emission. This result suggests that

the increase seen in Ca II is probably real.

Clearly there are other effects that may be important. The stellar interior mod­

els used do not include rotation effects. Veryrapid rotation (V sin i ~ 100 km. s-1 )

will ha.ve an effect on the age and mass determinations, although there are few

such rapid rotators in this sample. The effects of rotation on the ages, and the
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rotation-activity relationships for the different masses will be considered in Chap­

ter V.

Another possible effect on the age and mass determinations would be a. possible

activity-caused change in the Stromgren indices (LaBonte and Rose 1985). This

is one possible explanation of the "Hyades anomaly" (Crawford and Barnes 1969).

However, it can be noted that the activity levels in Coma and the Hyades are quite

similar, as are their ages (as determined by the main sequence tumofF (Nissen

1980», but Coma does not show any anomalous SCI indices. The Pleiades stars,

when individually dereddened using the method of Crawford and Barnes (1970)

show SCQ indices that are, if anything, -0.01 mag. below the Crawford (1975)

standard field star ZAMS. Since the Pleiades are somewhat more active than the

Hyades, SCQ should be increased by an amount larger than the 0.04 mag. predicted

for the Hyades by LaBonte and Rose. If this were true, the corrected co values

for Pleiades stars would be -0.05 mag. lower than the Crawford ZAMS relation,

which seems unlikely. Ignoring this effect still leaves the origin of the Hyades

anomaly an open question.

7. Conclusions

A large sample of field F dwarfs have been observed in order to investigate

the dependence of chromospheric activity as measured in the Ca II H and K lines

on age for stars of different masses. Ages and masses for the field stars were

estimated using Stromgren photometric indices and model isochrones, using the

method of Chapter II. Ca II relative fluxes were found both from observations

using the University of Hawaii 2.2m telescope and from the Mt. Wilson survey
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(Duncan 1983, 1985). The behavior of this sample of F dwarfs is consistent with

the angular momentum decay theory of Gill and Roxburgh (1984) assuming a

quadrupole geometry for the stellar magnetic field. The observed decay of activity

with age is consistent with an exponential law, with the e-folding time increasing

slowly with increasing mass.

The behavior of Call surface activity in early F dwarfs is consistent with a

decline in activity with age similar to that observed in late F stars and solar-type

stars. For young objects « "J 2-3 Gyr) this decline is most likely exponential in

form.

Other indicators of stellar activity show definite differences from solar behavior

in the early to mid-F stars. That is, both coronal (X-ray flux, Walter 1983)

and transition region features (0 II and 0 IV surface fluxes, Walter 1985, C IV

and He I fluxes Wolff, Simon, and Boesgaard 1986, Wolff, Heasley, and Varsik

1985) show no relation between stellar rotation rate and mean activity levels for

F stars with B - V < 0.42. Thus stellar activity in these objects appears to be

nearly independent of age and rotation rate. It has been suggested on the basis

of the lack of relationship between activity and rotation for early F stars that

their chromospheric activity is due to acoustic flux (Wolff, Simon, and Boesgaard

1986). The lack of a significant activity-age relationship for these stars is in

agreement with this idea. The relation between Ca II activity, age and rotation

will be discussed further in Chapter V.

_.-' ._-_._-----------------------
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CHAPTER IV

STELLAR ROTATION VELOCITIES MEASURED

USING AUTOCORRELATION

1. Background

This chapter describes a method of measuring stellar projected rotational ve­

locities using the autocorrelation of a section of the spectrum of a star which can

contain one or many lines, and provides some of the V sin i values used in Chapter

V of this dissertation.

Methods of measuring the Doppler broadening of stellar spectral lines are of

three types: direct, Fourier transform, and correlation. The direct method involves

matching a computed line profile with the observed line profile, or matching the

spectra.lline profileof a star to that of another star with known rotation. The best­

known exampleof this method using photographic spectra for late-type stars is the

work of Kraft (1965, 1967). This method does not work well with slowly-rotating

stars due to the effects of other sources of line broadening and the difficulty of

obtaining high photometric accuracy with photographic spectra.

Gray (1973) and Smith (1976) have demonstrated the method of resolving ro­

tational velocities from other broadening mechanisms using the Fourier transform

of the line profile. The possibility of using Fourier a.nalysis to obtain V sin i mea­

surements has been known for a long time (Carroll 1933), but only recently has

the combination of powerful computers and electronic detectors with high pho­

tometric precision allowed it to be applied to a relatively large number of stars

(e.g., Soderblom 1983). This method allows other broadening mechanisms such as

turbulence and instrumental effects to be taken explicitly into account.
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The purpose of this chapter is to obtain V sin i values for some of the stars

used in Chapter V of this dissertation. In order to obtain significant results in such

a study, a large number of stars must be measured. While the Fourier transform

method allows precise V sin i determinations for slowly-rotating stars, it requires

careful modeling of the various broadening contributors and must be done one line

at a time. The typical stellar spectrum contains many lines, each line containing

the same rotational broadening information. It would be useful to have a method

of measuring V sin i which is simple, can be applied to a large sample of stars, and

uses the rotational information from all the lines in the spectrum.

Benz and Mayor (1981) have described a method of measuring V sin i for large

numbers of stars using the width of the cross-correlation of the stellar spectrum

with a mask based on the positions of the lines in the star Arcturus. Their method

has been successful in measuring V sin i in a large number of late-type stars (Benz,

Mayor, and Mermilliod 1985). The spectrum of the target stars from 3600 A

to 5200 A is physically cross-correlated with a mask based on the spectrum of

Arcturus using the CORAVEL instrument (Baranne, Mayor, and Poncet 1979).

Use of this wide spectral range allows the V sin i information from many lines to

be combined into a single measurement.

Because they use a large spectral range (3600 Ato 5200 A), Benz and Mayor

can assume that the broadening of a typical spectral line can be expressed as a

Gaussian, due to the statistical effect of blends. This effect will also reduce the

significance of the difference between the spectral type of the star upon which the

cross-correlation mask is based and the target stars. If the number of lines in the

wavelength region is small, then the difference between the mask and the target

stars should be considered more carefully.
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Stauffer et ale (1984) and Stauffer and Hartmann (1986) have used a similar

cross-correlation technique, based on the work of'Tonry and Davis (1979) on galaxy

redshif'ts, f'or measuring rotational velocities in late-type stars. This method uses

a spectrum from a star with well-determined V sin i as a mask for cross-correlation

during data reduction, rather than a physical mask in the spectrograph. There are

two problems ~th the use of the cross-correlation mask technique. First, in order

to measure rotational velocities one must build the mask and the spectrograph.

Second, the effectiveness of the mask decreases greatly as the difference in spectral

type between the target stars and the star used to construct the mask increases.

One way to address this problem is to use the target star as its own mask, that

is, to use an autocorrelation instead of a cross-correlation. This assures that the

mask is the same spectral type as the target star, and allows any spectrograph to

be used.

2. Autocorrelation Width for Weak Lines in a Rotating Star

Gray (1976) has shown that if the center to limb variation of' the line profile

in a non-rotating star is small, the profile of' a spectral line can be considered a

convolution of'the non-rotating profile and the "rotation profile" G)., where

27

(see Carroll, 1933). This assumes the limb darkening law is of'the form I =

Io«1 - E) +ECOS 8) and l!J.>"L = (>..v sin i)/c.
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If the observed line profile can then be described as a convolution of a non­

rotating line profile and the above rotation profile, the observed line profile can be

described as:

F>. = H>. * N>. ... 0>. ... G>. ... D>.,
Fe

where F>./Fe is the ratio of flux in the line to continuum. flux, H>. is the intrinsic

non-rotating line profile for the star, N>. is the microturbulence profile, <:> >. is the

macroturbulence profile, G>. is the rotation profile, and D>. is the instrumental

broadening function. For weak lines on the linear part of the curve of growth, H>.

is a Gaussian. D>. will be considered Gaussian as well, as will the macroturbulence.

The utility of the autocorrelation is based on the assumption that all sources

of broadening other than rotation (turbulence, the intrinsic profiles, instrumental

broadening) are the same for the reference star as for the stars to be measured.

The validity of these assumptions is examined below.

The widths of the intrinsic profiles of weak absorption lines in dwarf stars,

excluding the effects of turbulence and rotation, are nearly entirely due to thermal

Doppler broadening. The Maxwellian mean speed for the absorbing atoms is

va = J2::
where m is the mass of the atom. H the selected region of the spectrum is populated

by lines from high mass atoms, the effect of thermal broadening will be small and

relatively uniform for all lines present.

For stars observed from the same observing run, the instrumental broaden­

ing profiles are identical (if the instrumental settings are not changed), and so

the reference star and the star being measured will have the same instrumental

broadening profile convolved with the intrinsic spectrum.
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There are two sources of turbulence generally considered in computing line

profiles for main sequence stars: macro- and microturbulence. These sources of

turbulence dominate the speetralline profiles in slowly rotating stars, hence they

must be considered carefully in any method for obtaining V sin i.

The use of a convolution to represent the macroturbulence profile deserves

some discussion. Gray (1976) points out that the macroturbulent velocities, rather

than having a simple isotropic distribution, may be better described by separate

radial and tangential distributions. The problem with this approach is, like the full

treatment of rotational velocities, the resulting line profile cannot be accurately de­

scribed as a convolution ofa non-turbulent line profile and a position-independent

turbulence profile. However, for weak lines (as used in this chapter), the ap­

proximation of the effect of macroturbulence by a Gaussian turbulence profile is

reasonable. As Gray (1976) states, this makes it impossible to use weak lines to

distinguish macro- from microturbulence.

Recent papers by different authors give substantially different observational

results for the dependence of stellar turbulence on stellar parameters such as ef­

fective temperature. Gray (1981) on a suggestion by Smith (1981) indicates that

at least one component of the macroturbulence caused by non-radial oscillations

is proportional to T 39-0•25• An additional source of broadening due to the Zee­

man effect has been observed in late G and K stars by Robinson, Worden, and

Harvey (1980), Marcy (1982), and Gray (1984a). Gray (1984b) has examined

this effect in late G and K stars, and found an empirical relation for the mean

width ((0) ::::: (3.95/1000)Te//- 19.25. Over the range from e- 6000 to ,..., 6500

K, the variation amounts to or a change oi r- 2.0 km s-1 from 4.5 km s-1 to
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6.5 km s-1 . The microturbulence depends on the lines observed, but is typically

o to 2 km s-1 .

On the other hand, Soderblom (1983) obtained satisfactory results for a large

number of stellar rotation measurements using constant values of 1.0 km s-1

for microturbulence and 3 km s-1 for macroturbulence, using a radial-tangential

form for the macroturbulence. These values were taken to be independent of age

and spectral type.

It is unclear which approach is to be preferred; I have chosen to assume macro­

and microturbulence constant over the spectral range observed in this chapter. If

Gray is correct, this may introduce a systematic error of roughly 1.0 km s-1 in

V sin i, depending on the ratio of the temperature of the reference star to that of

the observed star. Since all stars I observed are near the main sequence, any effect

due to gravity should be small.

If it can be assumed that over the relevant spectral region the broadening due

to turbulence is constant, then the line profile is of the form

30

where AA' the total turbulence profile, is assumed to be constant for stars of

similar spectral type. If the thermal profile varies little with temperature, the

entire non-rotational part of the line profile can be replaced by a nearly Gaussian

profile H~, so that the observed profile is just

F). I ( )
Fe = H). *G A,l1

-------------------------------

31
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For the purposes of this dissertation, only symmetrical lines will be considered.

Then in the case of single isolated lines, autocorrelation is equivalent to self­

convolution. Then the autocorrelation of the line profile is

FA * FA = (H' * H') *(G *G)
Fe Fe

32

The autocorrelation of the rotation profile G(~,v) is difficult to compute an­

alytically, however, numerical analysis indicates that at least for the range of

velocities of interest here, it can be very well approximated by a Gaussian of the

form

33

such that the area under the autocorrelation remains constant as tI is varied.

Let Hi = 1 - e exp( _(>'/d)2). Then, setting the continuum level equal to

zero, R~ = e exp( -(Al/d)2), and the normalized autocorrelation (R~ * R~) =
exp(-(A~I/d)2 /2). Then

where

FA FA-*-Fe Fe
34a

34b

Therefore, the l/e halfwidth of the autocorrelation is just E = J2([v/b]2 + d2,

and does not depend on the strength of the line, but only on the broadening terms

discussed above.

Now consider the case where the wavelength region used for the autocorrelation

contains many lines. This is essentially similar to the case for the cross-correlation

technique of Benz and Mayor (1981) or Tonry and Davis (1979). Due to the

~ ~ ~-~-------------------------------
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statistical effects of the blending of many lines, the autocorrelation function is

again Gaussian, and it is clear that the lIe halfwidth versus rotation velocity is

similar to that shown above.

For the case whereonly a few lines are present in the spectrum, the relationship

is not as clean. Consider two spectral Iines of different strengths, and let each one

have a Gaussian profile. Then the residual flux in each line is:

35a

35b

and the sum is R = Al + A2' The transform of the autocorrelation is then

R * R = IRI2 = IAI +A212• Let a = '\2 - '\1. Then the Fourier transforms of the

profiles separately are:

36a

and

36b

Let

37

Then

38

using the shift theorem. The transform of the autocorrelation function is given by

IRI2 - A5 l1r'ule-2r2•2of + A~ 21!"0'~e-2r2.20'~

+ 2Ao lAo 21r'0'10'2 cos(21!"as)e-~·2(O'i+0'~)
39
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It can be easily shown that the autocorrelation of the spectrum is then

40

If a is large (that is, the lines are widely spaced) the autocorrelation function is

the sum of the autocorrelations of the individual lines. If a is small relative to the

widths of the individual lines, then the cross term becomes similar in magnitude

to the other two, and will affect the autocorrelation width-V sin i calibration.

A similar result can be expected for more than two lines, and suggests that

the calibration one can expect for each wavelength for a given range of spectral

types will be different. Therefore in order to use the autocorrelation method for

a particular wavelength region and spectral type, a calibration curve must be

constructed using stars with well-determined rotational velocities.

3. Calibration

The autocorrelation width-V sin i calibration curve must be established for

each instrumental resolution and wa.velength region used. To do this most simply,

a reference star with a well-determined rotationa1 velocity was chosen for each

observing run. For consistency, the V sin i values for the reference stars were

taken from Soderblom (1983). All reference stars were chosen to have as Iowa.

measured value for V sin i as possible.

------------------- --
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Figure 25. Examples oi typical spectra obtained using a) the 1872 element
Reticon at the Canada-France-Hawaii telescope (HR 5338) and b) the 800 x 800
CCD at the UH 2.2 m telescope (HR 8805).
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The spectrum of the reference star was deconvolved with the rotational profile

appropriate to its measured velocity, after removing the effect of noise on the

Fourier transform with a cosine-bell filter (Brault and White 1971). This yields

essentially the spectrum the reference star would have if it did not rotate. Then

to compare the other stars in the sample to the reference star, the reference star is

convolved with a rotation profile for a range of V sin i values. The resulting spectra

are then autocorrelated and the l/e half-width of the autocorrelation peaks are

measured. This allows the construction of a curve for an observing run, relating

V sin i to the l/e half-width of the autocorrelation peak.

An example of the computation of the synthetic autocorrelation half-width­

V sin i relation for a single isolated line, is illustrated by the following. First con­

sider the rotation profile alone. IT this profile and its autocorrelation is computed

assuming a line center wavelength of 5306 A, a linear relationship between the 1/e

hali-width of the autocorrelation broadening and V sin i is obtained, as expected

from section (2). See Figure 26. Clearly if the rotational broadening function

dominates the line profile, for a single stellar line a similar relationship should

be observed. As an example, the 5305.9 A line of Or II in HR 7469 was chosen.

This star has a well-observed V sin i value of 5.3 km s-1 (Soderblom 1983). The

rotation profile for this velocity was deconvolved from the line profile, and various

rotation profiles were reconvolved. The resulting autocorrelation 1/e half-width

values are also plotted in Figure 26. Note that the linear relation is preserved for

high velocities, but at low velocities the intrinsic broadening of the non-rotating

profile dominates, as expected. Other single lines show similar results.
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Figure 26. The solid line shows the V sin i-autocorrelation width calibration
curve using only the rotation profile calculated for 5309A. The dashed line shows
the calibration curve for a single line using using the 5305.9A Or II line of HR
7469 (actual V sin i = 4.0 Jan 8-1 [Soderblom 1983]).

The lines used for measurement of V sin i should be intermediate to weak in

strength. Lines which are intermediate in strength (IV 100 rnA) are best for de­

termining stellar velocity fields (Gray 1978). Somewhat weaker lines, while more

sensitive to continuum level selection and noise, may be better for rotation deter­

minations since microturbulence has a more Gaussian behavior (Gray 1976), which

implies that the line profile may be more legitimately considered a convolution of

the intrinsic, turbulence, and rotation profiles.

_._-----------------------------------
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Figure 27a. Autocorrelation calibration curve for 2-3 February 1984 observa­
tions using the UH 2.2 meter telescope and the 500 x 500 CCD. The reference star
(HR 4533) is marked by an asterisk.

4. Observations and Results

Determinations of stellar rotation were made based on data :£rom three ob-

serving runs. The first run was on the University of Hawaii 2.2m telescope using

the IFA/Galileo 500 x 500 CCD detector a.t the coude spectrograph on February

23 and 24, 1984 (UT). The second run was again on the Canada-France-Hawaii

telescope using the Reticon at coude on June 8, 1984 (UT). The final set of data
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Figure 27b. Autocorrelation calibration curve for 8 June 1984 observations
using the 3.6 meter Canada-France-Hawaii telescope and the 1872 element Reticon.
The reference star (HR 4540) is marked by an asterisk. .

was collected September 2 through 6, 1984 at the UH 2.2m telescope. The wave­

length regions and lines used are shown in Table 7. For each run, a star with a

known, well-determined rotation rate was used as a reference star as described in

section (3) above. Figure 28 shows for each data set the calibration curve of lie

half-width versus V sin i for the reference star after deconvolution with its known

V sin i and then convolved with rotation profiles for a range of V sin i values. Also

plotted are other stars in each data set with known V sin i values. The scatter
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Figure 27c. Autocorrelation calibration curve for 2-6 September 1984 obser­
vations using the UH 2.2 meter telescope and the 800 x 800 CCD. The reference
star (HR 7469) is marked by an asterisk.

shown gives an indication of the uncertainty associated with the autocorrelation

technique. The resulting V sin i measurements are listed in Table 8.

The uncertainties shown include that in the :fit of a Gaussian to the observed

autocorrelations and the external uncertainty based on comparison of the autocor­

relation values and the values based on Fourier analysis by Soderblom (1983). The

uncertainties in the autocorrelation results are clearly higher than in the Fourier

analysis of Soderblom (1983) or Smith (1979), but they appear satisfactory for
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Table 7

Region between
approx. 6205 A
and 6260 A,
depending on
stellar radial
velocity.

Fe I 5302.31 A
Cr II 5305.87 A
Fe I 5307.37 A
Cr II 5308.43 A

Cr II 5305.87 A
Fe I 5307.37 A

0.086

0.054

0.025

0.034

800 x 800
CCD

(virtual
phase)

500 x 500
CCD

(3 phase)

1872
Reticon

2.2m

3.6m

2.2m

Wavelength Regions Observed for V sini Measurements

Tel. Detector Dispersion Instr. Profile Lines Used
(A / pixel) (l/e HW, A)

0.032 0.172

9/2
9/3
9/4
9/6

NOTE.

* All dates are UT.

6/8

Date*
(1984)

2/23
2/24

survey work. Given the results of Benz, Mayor, and Mermilliod (1985) using the

cross-correlation technique in the Pleiades, Hyades, Praesepe, and Coma clusters,

it appears that increasing the wavelength coverage and reducing the resolution

somewhat would likely decrease the uncertainty to "'1 km s-1 , even for faint

objects. The internal precision is best for the CFH data set, which is not sur­

prising as it has the widest wavelength coverage and largest number of spectral

lines. However, even using a small wavelength region and only five lines, as in the

September 2.2 m data, can yield usable results.
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Table 8a

V sin i Results for February 1984
500 x 500 Three Phase CCD-2.2 m Telescope

DATE HR HD l/e HW· Vsini Other Ref. Remarks
. ( km 8-1 ) (km s-1 ) Vsini

. 2/23 2943 61421 9.3±0.9 < 9.2 2.8 9
2220 43042 8.8 0.7 < 6.5 <10 5
3176 6'(228 8.2 0.5 < 1 <10 5
3954 87141 12.1 1.1 16.0±4.0 10 2
4251 94388 9.7 0.8 7.3 3.7
4533 102634 9.5 0.8 6.5 4.3 6.5 1 Reference
4856 111199 11.4 1.2 13.7 4.4
4934 113337 9.7 0.9 7.3 4.4 <6 3
5128 118646 11.0 1.2 12.4 4.4
5185 120136 12.0 1.2 15.6 4.4 17.0 1
5258 122106 14.4 1.1 25.0 4.9 12 2
5365 125451 4.8 0.4 "",0 42 2
5542 131117 9.1 0.7 <7.6

2/24 2943 61421 8.6 0.8 <6.0 2.8 9
1536 30562 9.2 0.6 <7.6
1257 25621 12.3 0.9 16.8 3.4
1278 25996 12.7 1.4 18.4 5.2 22.8 2
2122 40832 11.3 1.3 13.4 4.8 12 2
3759 81997 18.2 0.9 42.6 2.4 29 2
2483 48682 8.6 0.5 <4.6 <6 3
4149 91706 10.9 0.9 12.0 3.3
4054 89449 11.9 1.0 15.3 3.6 18.0 1
3299 71030 9.4 0.9 <9.6
4067 89744 10.5 0.8 10.4 3.0 8.0 2
4130 91280 11.3 1.1 13.4 4.0
4455 100563 11.5 0.9 14.0 3.2 15.0 2
4540 102870 8.0 0.5 "",0 4.0 1
4677 106975 11.5 0.9 14.0 3.2
5447 128167 10.1 0.7 8.8 2.8 7.5 1
5581 132254 11.8 0.9 15.0 3.2 6 2
6012 145100 8.3 0.8 <4.6
6310 153363 14.6 1.0 25.9 4.6

NOTE.

External error from Soderblom points is ±2.3 kms-1

for this set of observations. .
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Table 8b

V sini Results for June 1984
1872 Element Reticon-3.6 m CFH Telescope

DATE HR HD l/e HW* Vsini Other Ref. Remarks
( km s-1 )( km s-1 ) Vsini

6/8 4540 102870 7.8±0.3 4.0±0.8 4.0 1 Reference
5340 124897 8.6 0.3 5.6 0.6
4708 107705 10.0 0.4 7.9 0.6 <10 5
5322 124553' 7.7 0.3 3.7 0.9
5338 124850 15.5 0.6 15.3 0.8 17.0 1
5447 128167 10.5 0.5 8.6 0.7 7.5 1
5694 136202 8.0 0.3 4.5 0.7 <6 3
5868 141004 7.2 0.3 2.0 1.0 2.3 9
5933 142860 11.8 0.5 10.4 0.8
6202 150453 11.3 0.5 9.7 0.7
6496 157968 13.1 0.6 12.3 0.8
6541 159332 11.2 0.5 9.6 0.7 <10 5
7126 175317 16.8 0.8 17.0 1.0
7496 186185 15.8 0.7 15.7 0.9 21 10
7560 187691 7.8 0.3 4.0 0.8 <6 3
7697 191195 9.4 0.4 7.0 0.6 <10 5
7727 192455 15.8 0.7 15.7 0.9 <10 5
7936 197692 64.7 1.9 44.1 1.5 45 8
8472 210855 12.6 0.5 11.6 0.7
8131 202447 7.7 0.3 3.7 0.9

NOTE.

External error from Soderblom points is ±1.2 kms-1
for this series of observations.

5. Conclusions

The autocorrelation method allows V sin i measurements to be made using all

the rotational broadening information available in a typical spectrogram with a

number of lines present, and does not require a special cross-correlation mask to

be constructed. The reduction process is much simpler than the Fourier transform

method.

The method described here cannot be used for fundamental V sin i measure-

ments, as the measurements given here are limited by the accuracy of the V sin i
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Table 8e

V sin i Results for September 1984
800 x 800 Virtual Phase CCD-2.2 m Telescope

DATE HR HD l/e HW* Vsini Other Ref. Remarks
( km s-1 ) ( km s-1 ) Vsini

9/2 6212 150680 11.3±0.4 4.5±1.5 10 4
35 739 11.1 0.4 3.6 1.6 50 8

329 6706 58.2 0.4 49.5 0.5
869 18256 15.6 0.6 14.4 1.2 16 2

9/3 8457 210464 13.0 0.6 9.0 1.5
8536 212487 12.9 0.6 8.7 1.5 <10 3
8805 218470 14.7 0.6 12.6 1.2 9 2

297 6210 55.6 0.8 46.7 0.8

9/4 7061 173667 17.6 0.6 18.4 1.0 12 2
7925 197373 25.4 0.7 29.5 0.8 30 4
7469 185395 11.4 0.4 5.0 1.5 5.3 1 Reference
8732 217096 11.9 0.5 6.5 1.8

66 1343 12.0 0.5 6.7 1.2
251 5156 15.4 0.6 14.0 1.2
635 13421 14.4 0.6 12.0 1.2 <10 5
772 16417 11.4 0.4 5.0 1.5

9/6 6948 170773 62.2 0.4 55.1 0.6
7729 192486 10.9 0.4 < 4.5
8548 212754 13.3 0.5 9.8 1.2 7.0 2

88 1835 13.9 0.5 11.1 1.0 7.0 1
790 16765 34.2 0.8 35.6 0.4
870 18262 13.4 0.6 10.0 1.3 <10 5

NOTES.

External error from Soderblom points is ±2.9 km s-1
for this series of observations.

* Half width of the autocorrelation function peak at 1/e
times its peak value.

** References for other V sin i data:
1. Soderblom ~1983).
2. Kraft 1967.
3. Kraft h967 upper limit.
4. Wilson (1966).
5. Wilson (1966j upper limit.
8. Huan~ (1953).
9. Gray (1982, 1984).
10. Danziger and Faber (1972).

----------- - -_._._..
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measurements of the reference stars. In addition, the method depends critically

on the assumptions used about the behavior of stellar turbulence. In the auto­

correlation method, it is assumed that turbulence in all measured stars behaves

identically to the reference star. There is evidence (see above) that this may not

be the case. The macroturbulence in F-G dwarfs may vary proportional to T;//,

which may result in a variation of -1.5 km s-1 over the temperature range consid­

ered here. Microturbulence measurements (Gray 1982) appear to range between 1

and .....2 km s-1 for F dwarfs. If this scatter is real it will increase the uncertainty

quoted above.

Problems also arise due to using a reference star of different spectral type from

the object. Since the lines in the reference star have somewhat different strengths

from the lines in the star to be measured, the effect of blends at high V sin i will

differ somewhat in the two stars. The importance of this effect decreases if the

wavelength range of the spectrum used increases.

6. Summary

A new method of obtaining V sin i for late-type stars is described. This method

compares the autocorrelation half-width for a star to be measured with that of

a star with known V sin i which has been convolved with a rotation profile for

a given velocity. It is shown that V sin i can be measured for F stars with an

internal precision of - 1.2 km s-1 , provided that assumptions are made about

the behavior of turbulence in these objects. Rotational velocity data from this

technique are presented for 71 stars.
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CHAPTER V

STELLAR ACTIVITY IN F STARS II.

THE DEPENDENCE OF CHROMOSPHEltIC ACTIVITY

ON ROTATION

1. Background

This chapter is the continuation of a study of the relationship betweenchro­

mospheric activity, age, and rotation velocity in a sample of F dwarfs in the field

and in the Pleiades, Hyades, Praesepe, and Coma clusters. The F stars, partic­

ularly the early F stars, are of interest to the study of stellar activity because of

their thin convective zones. Durney and Latour (1978) have predicted that the

time required for significant angular momentum loss in F stars should increase by

a large amount with increasing mass. This prediction is based on the assumption

that the magnetic field in these stars is predominantly radial, that the magnetic

field strength is proportional to the angular velocity, and that in general the chro­

mospheric activity in F dwarfs is essentially similar to that observed in solar-type

stars.

It is already clear that this last assumption is not valid. Observed differences

between the activity observed in early to mid-F stars from that observed in solar­

type stars include the lack of a V sin i-X-ray :flux relationship (Walter 1983), the

lack of a He I D3-V sin i relationship for early and mid-F dwarfs (Wolff, Heasley,

and Varsik 1985), and the lack of observed Call :flux rotational modulation (Bal­

iunas et ale 1983).

Previous parts of this study estimated stellar ages by fitting stellar model

isochrones to effective temperatures and luminosities obtained from Stromgren
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photometry. Chapter III used these age estimates to measure the effect of age on

chromospheric activity as determined from the relative surface flux observed in

the cores of Ca II H and K. The basic conclusions of that study were:

(1) The dependence of the age-activity relationship on mass is much smaller than

expected from the Durney-Latour theory.

(2) The dependence of activity on mass actually observed for stars of solar com­

position is much closer to that expected from the theory of Gill and Roxburgh

(1984), assuming a quadrupole magnetic field geometry.

(3) There appears to be an additional non-magnetic source of activity which be­

comes dominant at Tell > 6450 K, or M. = 1.32Me for solar composition.

The results of the activity-age relations are not consistent with the proposal

of Wolff, Simon, and Boesgaard (1986) that this non-magnetic activity is due

to acoustic heating of the chromosphere.

2. Data and the Vsini Correction

a, Stromgren Photometry and Age Estimates

The sample of field and cluster stars used here is basically the same as that

used in Chapter III. Field stars with homogenized Stromgren photometry from the

catalog of Hauck and Mermilliod (1979) with 2.590 ~ f3 < 2.720 were used so that

the metallicity calibration of Crawford and Perry (1976) could be used. The the

temperature calibration used (Hauck and Magnenat 1979) declines in effectiveness

for stars with f3 < 2.600, when compared with other temperature indicators (see
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Stromgren 1969 for a discussion of this effect) meant that all such stars were

discarded. Only stars classed as luminosity class V, III-IV, and IV in the Yale

Bright Star Catalog (3rd edition, Homeit 1964) were included. This preliminary

list was examined, and short-period spectroscopic binaries, close visual binaries

with periods either less than 10 years or of unknown length, and close binaries

with a small magnitude difference between the components (less than about 3

mag. in V) were removed from the sample.

Ages and masses for the field stars were determined using Stromgren photo­

metric indices for effective temperature and luminosity, and stellar isochrones to

convert from these parameters to mass and age. This procedure is based on the

method of Twarog (1980) and is more fully described in earlier chapters of this

work. The {3 index was used to obta.in effective temperatures using the calibra­

tion given by Bohm-Vitense (1981), using the calibration of {3 in terms of B - V

developed by Hauck and Magnenat (1915). The metallicity of the stars was de­

termined from the 5mo({3) parameter using the calibration of Crawford and Perry

(1916). A constant value was assumed for the helium abundance (Y = 0.25) and

the mixing-length to pressure scale height ratio a ( a = 1.6).

As in Chapter III, the field star age estimates were made by using the Strom- .

gren {3 and 5CO indices to find the effective temperature and the difference in

luminosity between the star and the zero-age main sequence (6.L). The luminos­

ity of the star was found by adding ilL to the theoretical ZAMS luminosity of

the model sequence with the correct composition corresponding to the tempera­

ture obtained from {3. The resulting H-R diagram position was compared to the

isochrone tracks of VandenBerg (1983).
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Mass estimates for the cluster stars were found using a somewhat different

procedure. Ages and compositions based on main-sequence fitting (for ages) and

.mean cluster e5ml values (see Chapter III) were determined for all members of each

cluster. Masses were found by interpolating along the ZAMS values ofVandenBerg

and Bridges (1984) using only the Stromgren {3 index as a temperature indicator.

The e5co values for the cluster stars were not used, thus avoiding the complications

of the Hyades anomaly (Crawford and Barnes 1969). An additional ZAMS with

[Fe/H] = 0.20 was interpolated between the [Fe/H] = 0.40 and 0.00 sequences

of VandenBerg and Bridges and was used for the Hyades stars. The zero-age

isochrones were increased in log TelI by 0.003 to compensate for the difference in

the mixing length to scale height ratios between VandenBerg and Bridges (1984)

(a = 1.5) and VandenBerg (1983) (a = 1.6). This change is consistent with the

dependence of log Tell on a shown in VandenBerg (1983) and in Ciardullo and

Demarque (1979).

One would like to be able to compare the masses derived here with indepen­

dently obtained stellar mass estimates. The only truly reliable stellar masses come

from measurements of binary systems, which were deliberately selected against in

this sample in order to avoid possible effects of close companions on stellar activity.

Only two systems in the sample have known masses based on binary orbits. The

first, Procyon (a CMi) has a period of 41 years and rotates with P / sin i = 29.4

days, so it can be expected that the presence of the white dwarf Procyon B has

a negligible effect on the activity of Procyon A. However, the mass obtained for

Procyon A from its orbit is 1.77±O.2Me (Popper 1981), while the photometric esti­

mate obtained here is 1.41 Me. Also, the luminosity estimate (logL./Le = 0.65)

is low compared to the known value of logL. / L0 = 0.82. According to the e5ml
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index Procyon is near the upper limit of what I have considered here solar com­

position, and a higher metallicity model would lead to a higher mass for the star.

The other binary system with known mass is "y Vir (HR 4825/6), with an

orbital period of 170 years and rotation rates of 25 (HR 4825) and 33 (HR 4826)

km s-1 ,respectively. Once again, there should be no difference between the

activity levels of the components and those of single stars. Both components

have masses of 1.08 ± 0.35Me according to their orbits (Popper 1981). This

value is consistent with the photometric estimates: 1.38 ± 0.05Me for HR 4825

and 1.21 ± 0.05Me for HR 4826. As in the case of Procyon, this system is at

a boundary between two metallicity groups, the solar-composition group and a

group in which a lower-metallicity model with [Fe/H] = -0.23 was used. Slight

differences in the photometric indices placed one member of the pair (HR 4825)

in the solar composition group and the other in the low metallicity group, leading

to a difference in the estimated mass. Such changes would not affect any of the

results concerning activity and rotation obtained in this dissertation, so I have left

the photometric estimates in the text. This results do not affect the calibration

of the R'IJK index.

Stars beyond the main-sequence turnoff point for their isochrones (subgiants)

were also omitted. The final field star sample contains 40 field stars, 58 cluster

stars, and the Sun.

-------- --------------------- ---- - ----- --
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b. Ca II Relative Surface Fluxes

Chromospheric activity levels were determined for individual stars using data

obtained from the Mt. Wilson CaIIsurvey (Duncan 1983, 1985 private commu­

nication) and Ca II H and K fluxes obtained from spectroscopic measurements

made using the University of Hawaii 2.2 m telescope (see Chapter III). For the

Hyades, Mt. Wilson S values were also obtained from Duncan et al. (1984). All

data were converted into chromospheric Ca II surface fluxes relative to the total

stellar flux using an estimate of the photospheric contribution to the core CaII

flux, as described in Chapter III. This "photospheric contribution" was based on

the flux in the Mt. Wilson passband calculated from radiative-equilibrium model

atmospheres for 'Y Vir, Procyon, and the Sun (Kelch et al. 1979, Ayres 1975,

Linsky et al. 1979). The objective of the analysis was to obtain a mean flux

value for each star. While many field stars and some cluster stars have hundreds

of measurements available (due to the Mt. Wilson synoptic monitoring program)

many of the field and cluster stars have only a few or one measurement available.

For these stars I must assume that the measured value is typical. The Mt. Wilson

survey does not include many early F stars, and for many of them the Mauna Kea

values are the first Call flux measurements available.

c. Rotational Velocities

Rotational velocities for the field and cluster sample are expressed in terms

of V sini. While Call surface flux variations have been used (Vaughan et al.

1983, Baliunas et al. 1984, Noyes et al. 1985) to obtain rotation periods for late

F, G, and K stars, no periodicity has been observed in the Ca II flux variations

for early and mid-F stars (Baliunas et al. 1985) which could be attributed to

-. - - _... _._-_ ..... --_._ ..._--_._-------------
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rotational modulation. Therefore all rotational velocities used here are estimated

from Doppler broadening. Most of the V sin i values are from Kraft (1965, 1967),

Wilson (1966), Soderblom (1983), Huang (1953), Gray (1984). The remainder

have been derived using an autocorrelation technique from eoude spectra obtained

with the University of Hawaii 2.2 m telescope (see Chapter IV). The observational

lower limit for detected V sini values of -3-6 km 8-1 ,depending on the observer,

with only a few lower rotation velocities detected. Only stars with observed V sin i

values or upper limits are included in the current sample. The observational data,

including V sin i measurements, are listed in Table 9.

There is a well-known effect on the luminosity and effective temperature of

stars due to rotation. In the Stromgren photometric system for A and F stars this

effect makes itself felt as a movement to the red in the b - y or f3 color, and an

increase in the Co index. This results from the expansion of the envelope of the

star in the equatorial regions, and a corresponding reduction in the overall surface

temperature and gravity. Discussions of this effect can be found in Wolff (1983,

pp. 158-160) and in Twarog (1983). The magnitude of this effect is such that

it can alter the mass and age estimated from Stromgren photometry for rapidly

rotating stars. The magnitude of this effect is investigated here. Several models

of rotating A and F stars (Collins and Sonnebom 1977, Maeder and Peytremann

1972) have been calculated, but these models have not been entirely satisfactory,

It seems clear, however, tha.t the effect of rotation is primarily a decrease in the

surface temperature and an increase in luminosity over a non-rotating star of the

same temperature. Thus a zero-age main sequence of rotating stars lies above and

to the right of an equivalent non-rotating sequence. The amount of change in Tell

and L. varies with the inclination as well.



Table 9

Observed Parameters for Stars with V sin i Measurements

Name HR HD {J V sini R'Hx logTeIIR./~ PI sini osin i log(OTC)OTCO
( km s-l) ReC.(x10-') (days) (x10-5)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

(J ScI 35 739 2.652 3.6±3.5 1 0.77 3.812 1.44 20.2 0.36 5.86 2.6
251 5156 2.673 14.0 3.6 1 2.58 3.822 1.63 5.9 1.23 5.62 5.1

78 Psc 327 6680 2.677 125 19 7 3.824 1.58 0.6 11.4 5.57 42.2
410 8673 2.651 32 6 4 1.98 3.812 1.55 2.4 2.97 5.87 21.9

wAnd 417 8799 2.672 65 10 5 3.35 3.822 1.43 1.1 6.53 5.63 27.8
84 Cet 790 16765 2.646 35.6 3.4 3 3.96 3.809 1.03 1.5 4.94 5.92 41.6
oPer 799 16895 2.625 8.8 0.6 3 0.97 3.795 1.15 6.6 1.10 6.18 16.6

10 Tau 1101 2?484 2.610 4.5 1.0 3 0.44 3.780 1.22 13.7 0.53 6.37 12.5
71 Ori 2220 4~1042 2.661 <6.5 1 3.817

2233 43318 2.646 <6 4 0.53 3.809
740ri 2241 43386 2.663 17 6 4 3.12 3.818 1.31 3.9 1.86 5.73 10.1
0: CMi 2943 61421 2.670 2.8 0.3 2 2.21 3.821 1.63 29.4 0.25 5.65 1.1

3499 75332 2.626 11 6 4 3.36 3.796 1.20 5.5 1.32 6.17 19.3
40 Leo 4054 89449 2.654 18.0 1.0 3 1.81 3.813 1.59 4.5 1.62 5.84 11.1

4677 106975 2.692 14.0 3.9 1 3.830 1.27 4.6 1.59 5.39 3.9
'Y Vir A 4825 110379 2.694 25 5 5 3.831 1.37 2.8 2.62 5.36 6.1
'Y Vir B 4826 110380 2.706 33 5 5 1.13 3.836 1.07 1.6 4.42 5.21 7.2

39 Com 4946 113848 2.675 30 10 5 3.823 1.68 2.8 2.57 5.59 10.1
5128 118646 2.681 12.4 5.0 1 3.826 1.82 7.4 0.98 5.52 3.3

18 Boo 5365 125451 2.676 42 10 5 3.46 3.824 1.43 1.7 4.21 5.58 16.2
5436 127821 2.671 50 10 5 3.22 3.821 1.16 1.2 6.20 5.64 27.1

a Boo 5447 128167 2.681 7.5 1.0 3 1.99 3.826 1.25 8.4 0.86 5.52 2.9
5583 132375 2.644 8 6 4 0.95 3.808 1.48 9.3 0.78 5.95 6.9

45 Boo 5634 134083 2.664 46 10 5 2.81 3.818 1.37 1.5 4.83 5.72 25.4
")' Ser 5933 142860 2.633 7 6 4 1.03 3.801 1.24 9.0 0.81 6.08 9.7

6012 145100 2.682 <4.6 1 3.826
260ph 6310 153363 2.685 25.9 5.1 1 3.827 1.37 2.7 2.72 5.48 8.1 ....

to,)
~



Table 9 (Continued) Observed Parameters {or Stars with V sini Measurements

Name HR HD f3 V sini R!HK logTel/R.lRe PI sini osin i logeOre)OrcO

( km s-l) ReC.(xl0-5 ) (days) (X10-5)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

7126 175317 2.671 17.0±1.6 1 1.86 3.821 1.49 4.4 1.64 5.64 7.2
7354 182101 2.645 13 6 4 2.37 3.808 1.29 5.0 1.45 5.94 12.5

(J erg A 7469A 185395 2.689 5.3 0.7 3 2.39 3.829 1.34 12.8 0.57 5.43 1.5
17 Cyg A 7534A 187013 2.646 9 6 4 0.95 3.809 1.50 8.4 0.86 5.92 7.3

7697 191195 2.679 7.0 1.3 1 2.20 3.825 1.51 10.9 0.67 5.55 2.4
7729 192486 2.687 < 4.5 1 < 0.55 3.828
7793 194012 2.626 6 6 4 1.67 3.796 0.96 8.1 0.90 6.17 13.1
7925 197373 2.667 29.5 3.0 1 2.78 3.820 1.36 2.3 3.11 5.69 15.1

"" Cap 7936 197692 2.670 44.1 1.9 1 3.00 3.821 1.50 1.7 4.21 5.65 18.9

ePeg 8665 215648 2.626 8.9 0.7 3 0.62 3.796 1.34 7.6 0.96 6.17 14.0
5 And 8805 218470 2.672 9 6 4 1.87 3.822 1.54 8.7 0.84 5.63 3.6

L Psc 8969 222368 2.622 5.7 0.7 3 0.83 3.792 1.30 11.6 0.63 6.22 lOA

9074 224635 2.630 7 6 4 2.37 3.799 1.08 7.8 0.93 6.11 12.1

HzII 25 23061 2.662 40 12 4 3.08 3.817 1.23 1.6 4.68 5.74 25.9
HzII 164 23158 2.652 30 12 4 5.30 3.812 1.20 2.0 3.60 5.86 25.9
HzIl 233 23195 2.663 <20 4 2.24 3.818
HzIl 405 23269 2.628 15 12 4 4.25 3.797 1.09 3.7 1.98 6.14 27.2
HzIl 530 23326 2.691 < 12 4 1.81 3.830
HzIl 727 2.637 45 12 4 5.61 3.804 1.16 1.3 5.59 6.03 59.7
HzII 745 2.685 65 12 4 4.19 3.827 1.31 1.0 7.15 5.47 21.3
HzII 1122 23511 2.675 28 12 4 4.66 3.823 1.25 2.2 3.23 5.59 12.6
HzII 1139 23513 2.673 30 12 4 2.98 3.822 1.25 2.1 3.46 5.62 14.3
HzII 1309 23584 2.662 85 12 4 6.51 3.817 1.28 0.8 9.51 5.74 52.8
HzII 1613 282973 2.644 18 12 4 4.59 3.808 1.16 3.3 2.22 5.95 19.7

HzII 1726 23713 2.652 <12 4 4.28 3.812
HzII 1766 23732 2.690 20 12 4 6.38 3.830 1.28 3.2 2.25 5,41 5.9

....
l\)
00



Table 9 (Continued) Observed Parameters for Stars with V sin i Measurements

Name HR 'HD (3 Vsini Rex log7'e//R. /Re P/sini o sin i logeCTC) OTCC

( km s-l) Ref.( xl0-5) (days) (xI0-5 )

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

HzII 1797 2.625 15 ±12 4 4.80 3.795 1.07 3.6 2.01 6.18 30.2
HzII 1856 282971 2.628 12 12 4 4.40 3.797 1.09 4.6 1.58 6.14 21.8
Hz II 2345 23912 2.671 130 12 4 5.75 3.821 1.40 0.5 13.4 5.64 58.5

T 53 107067 2.625 < 12 4 2.43 3.795
T 58 107132 2.626 12 6 4 3.64 3.796 1.08 4.6 1.60 6.17 23.4
T 86 107611 2.652 15 6 4 3.34 3.812 1.19 4.0 1.81 5.86 13.0
T 90 107685 2.636 < 12 4 3.18 3.803
T 92 107701 2.632 15 12 4 4.10 3.800 1.11 3.8 1.94 6.09 23.9
TIll 108102 2.612 35 6 4 5.43 3.782 1.01 1.5 4.96 6.35 110.1
T 114 108154 2.651 < 12 4 3.63 3.812
T 118 108226 2.657 < 12 4 3.18 3.815

vB 29 27383 2.621 8.5 1.3 3 2.92 3.791 1.17 7.0 1.04 6.23 17.7
vB 31 27406 2.623 12.0 1.0 3 3.48 3.793 1.18 5.0 1.46 6.20 23.3
vB 35 27524 2.655 90 6 4 3.31 3.814 1.36 0.8 9.48 5.82 63.0
vB 36 27534 2.671 40 6 4 2.70 3.821 1.33 1.7 4.32 5.64 18.9
vB 37 27561 2.674 12 6 4 3.53 3.823 1.32 5.6 1.30 5.61 5.2
vB 48 27808 2.626 < 12 4 3.06 3.796
vB 51 27548 2.659 30 6 4 2.37 3.816 1.30 2.2 3.31 5.78 19.9
vB 52 27859 2.606 8.0 0.7 3 3.29 3.775 1.07 6.8 1.07 6.42 28.1
vB 57 27991 2.644 15 6 4 3.02 3.808 1.26 4.3 1.71 5.95 15.1
vB 59 28034 2.635 <6 4 3.86 3.802
vB 65 28205 2.620 9 6 4 2.44 3.790 1.16 6.6 1.11 6.24 19.4
vB 77 28394 2.637 25 6 4 3.49 3.804 1.24 2.5 2.89 6.03 30.9
vB 78 28406 2.656 20 6 4 2.23 3.814 1.29 3.3 2.22 5.81 14.4
vB 81 28483 2.654 18 6 4 3.05 3.813 1.29 3.6 2.01 5.83 13.7
vB 85 28568 2.680 55 6 4 3.19 3.825 1.36 1.2 5.80 5.53 19.9
vB 101 29225 2.681 40 6 4 2.91 3.826 1.35 1.7 4.26 5.52 14.2

~

t-.:lco



Tahle 9 (Continued) Ohserved Parameters for Stars with V sin i Measurements

Name HR HD fJ Vsini R!HK log1'e//R./Re P/sini Osini log(Orc)OTCC
( km s-l) Ref.(x10-5) (days) (x10-5)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

KW 16 73081 2.656 40 ±10 6 3.814 1.21 1.5 4.73 5.81 30.7
KW146 73429 2.680 75 10 6 3.825 1.31 0.9 8.23 5.53 28.2
KW155 2.682 30 10 6 3.826 1.26 2.1 3.41 5.51 11.1
KW218 73597 2.694 45 20 6 3.831 1.30 1.5 4.97 5.36 11.5
KW227 73641 2.673 15 10 6 3.822 1.24 4.2 1.74 5.62 7.2
KW232 73617 2.692 120 20 6 3.830 1.41 0.6 12.2 5.39 30.0
KW239 73640 2.666 32 10 6 3.819 1.23 2.0 3.73 5.70 18.7
KW268 2.651 20 10 6 3.812 1.19 3.0 2.41 5.87 17.8
KW275 2.612 < 20 6 3.782
KW332 2.688 35 10 6 3.829 1.28 1.8 3.93 5.44 10.8
KW 341 2.628 < 20 6 3.797
KW411 73937 2.677 35 20 6 3.824 1.26 1.8 4.00 5.57 14.9
KW421 2.641 < 20 6 3.806
KW439 73994 2.696 15 10 6 3.832 1.29 4.3 1.68 5.34 3.7
KW458 2.635 20 20 6 3.802 1.13 2.8 2.55 6.05 28.8
KW459 74058 2.699 145 20 6 3.833 1.51 0.5 13.8 5.30 27.6
KW496 74186 2.643 32 10 6 3.807 1.17 1.8 3.94 5.96 35.8
KW 536 2.653 20 20 6 3.813 1.20 3.0 2.40 5.85 16.9

Sun* 2.600 1.5 0.1 8 0.64 3.763 1.00 33.7 0.21 6.51 6.9

NOTES.

For the Sun, V sini was replaced hy (1l'/4)v;.ot.
Column (1~ Cluster Star Identifications:

vB: yades cluster, van Bueren (1952).
HzII: Pleiades cluster, Hertzsprung (1947).
KW: Praesepe cluster, Klein Wassink (1927).
T: Coma Bernices cluster, Trumpler (1938). ....

Column (5): Stellar rotation velocity.
~
0



Column (6): References for V sini values:
1. This dissertation.
2. Gray (1984).
3. Soderblom (1983).
4. Kraft (1967).
5. Wilson (1966).
6. McGee et all (1967).
7. Danziger and Faber (1972).
8. Noyes et al. (1984).

Column (7): R'uK listed here {or convenience. See Chapter III.

Column (8): Efl~~etive temperature from {J index.

Column (9): Stellar radii, estimated using temperature and luminosity
obtained from the Stromgren indices.

Column (10), (11), and (12): Estimated from Stromgren indices.

Column (13): From Rucinski and VandenBerg (1986).

Column (14): From (11) and (12).

....
w....
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Crawford and Perry (1976) suggest that the lower envelope of the field star

distribution in the co-{3 diagram is occupied by zero-age field stars with zero

rotation. Therefore on the average the position of a non-rotating zero-age star

in this diagram is given by the standard Crawford (1975) calibration, while a

rotating star will be displaced by the effect noted above. H the rotation velocity

and inclination of the star are known, it is possible to completely remove the effect

of rotation on co and {3 and thus obtain the effective temperature and luminosity

the star would have if it did not rotate. The models of Collins and Sonneborn

(1977) show that the effect of varying the inclination is primarily a change in the

degree of reddening observed, rather than a change in the nature of the effect for

small inclinations, as proposed by Maeder and Peytremann (1972).

A correction for the effect of V sin i on the observed {3 and CO indices was

made for both the field and cluster stars. Due to the uncertainities in the theory,

it seemed best to use an empirical correction corresponding to the effect of V sin i

at intermediate inclinations. For the cluster stars, only a correction in {3 was used,

since the CO index was not used in the cluster stars as a luminosity indicator (see

Chapter III). The correction used was that observed by Golay (1968, quoted in

Maeder and Peytremann 1972) for the B - V color, aB - V = 0.2 x 105I(V sin i)2.

Converting to f3 using the table given in Hauck and Magnenat (1975), this yields

a correction f3non-rofating = {3ob, + 8.2 x 10-7 I(V sin i)2.

For the field stars a small correction was also made for rotation in the co in­

dex. This correction was based on the observation of Golay of a shift of 0.24 x

10-5(V sin i)2 in CO. The results of the Collins and Sonneborn (1977) models in­

dicate that the change in the photometric indices for zero-age stars is such that
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3.84 3.82 3.88

log Teft

3.78 3.76

Figure 28. Solar composition effective temperature-luminosity diagram with
isochrones from VandenBerg (1983) for Y = 0.25 and Z = 0.0169. Age of each
isochrone indicated in Gyr.

the star moves nearly parallel to the non-rotating main sequence, basically inde­

pendent of the Inclination of the star, although the magnitude of the shift does

depend on the inclination. As a simple empirical fit, I assume the above values for

the observed shifts, and using the slope m of the observational ZAMS (see Figure

28) obtain a small correction {or co:

dco = (8.2 x 10-1m - 2.4 x 10-6)(V sin i)2 41

The size of this correction is quite small, 0.0032 in CO for V sin i = 100 km s-l .

-- _.- _.._~-- ~-_._--------------
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The largest effects of the V sin i correction for the photometric indices are

seen in the young open cluster members, which make up the majority of the rapid

rotators in the sample. Again, only the temperature correction is used in the

calculation of the mass of these stars, while the ages are based on main-sequence

fitting of the entire cluster (see Chapter III).

The only field stars where the rotation velocity correction is even marginally

significant are those with V sin i > 60 km s-1 [e.g., HR 2484 and HR 417). The

maximum change seen in the age is 0.36 Gyr (for HR 417). Changes in the mass

estimate are insignificant for all field stars. A maximum change of 0.01M0 is seen

in HR 2484.

The changes in estimated mass in the cluster stars due to the rotation correc­

tion are somewhat larger, due to the high rotation velocities present. The fastest

rotators in the Pleiades, Hertzsprung (1947) numbers 2345, 1309, and 745, with

V sini of 130,85, and 65 km s-1 respectively, show changes in mass of 0.01 M0'

It therefore appears that for normal F dwarfs the effect of rotation on the pho­

tometric age and mass estimates is, even for rapidly rotating young cluster stars,

less than the intrinsic uncertainties in the photometry and calibration. Age and

mass estimates including the rotation correction are found in Table 10.

3. Results

a. RkK and Age

As was shown in Chapter III, there is little apparent difference between Ca II

activity in the late F stars and that in the early G stars as determined by other



Table 10

Age and Mass Estimates for Stars with V sin i Measurements
Name . HD Age Mass [Fe/H]

(1) (2) (3) (4) (5)

HR 35 739 2.55±0.56 1.311±0.051 -0.106
HR 251 5156 2.10 0.24 1.418 0.066 -0.020
HR 327 6680 1.35 0.69 1.433 0.043 -0.014
HR 410 8673 2.55 0.36 1.341 0.062 0.042
HR 417 8799 1.61 1.09 1.361 0.053 -0.047
HR 790 16765 < 0.86 1.250 0.070 -0.047
HR 799 16895 5.78 2.68 1.038 0.038 -0.187

HR 1101 22484 10.61 2.06 0.953 0.034 -0.152
HR 2220 . 43042 2.14 0.91 1.316 0.040 0.036
HR 2233 43318 2.72 0.95 1.348 0.068 -0.091
HR 2241 43386 1.58 1.36 1.306 0.046 -0.078
HR 2943 61421 2.15 0.24 1.411 0.065 0.080
HR 3499 75332 3.30 2.44 1.174 0.046 0.037
HR 4054 89449 2.50 0.30 1.369 0.066 0.078
HR 4677 106975 < 1.23 1.370 0.023 0.045
HR 4825 110379 1.12 1.01 1.379 0.048 -0.106
HR 4826 110380 < 0.61 1.273 0.047 -0.131
HR 4946 113848 2.04 0.22 1.438 0.069 -0.115
HR 5128 118646 1.92 0.19 1.499 0.072 0.058
HR 5365 125451 1.71 0.85 1.362 0.039 0.044
HR 5436 127821 < 0.91 1.335 0.040 -0.068
HR 5447 128167 1.98 1.54 1.215 0.064 -0.289
HR 5583 132375 2.83 0.57 1.306 0.058 0.050
HR 5634 134083 1.73 1.25 1.325 0.051 0.067
HR 5933 142860 5.27 1.82 1.081 0.036 -0.255
HR 6012 145100 1.94 0.31 1.412 0.060 0.057
HR 6310 153363 1.29 1.08 1.362 0.049 -0.001
HR 7126 175317 2.06 0.51 1.364 0.052 0.052
HR 7354 182101 3.81 1.49 1.144 0.035 -0.304
HR 7469A 185395 1.11 1.08 1.364 0.046 0.026
HR 7534A 187013 2.77 0.57 1.311 0.060 -0.095
HR 7697 191195 1.94 0.46 1.386 0.053 0.040
HR 7729 192486 1.41 1.08 1.368 0.051 -0.085
HR 7793 194012 < 3.93 1.063 0.064 -0.174
HR 7925 197373 1.71 1.24 1.325 0.051 -0.117
HR 7936 197692 2.02 0.50 1.370 0.052 -0.019
HR 8665 215648 6.74 1.35 1.051 0.036 -0.333
HR 8805 218470 2.10 0.36 1.383 0.058 -0.016
HR 8969 222368 7.43 1.48 1.033 0.035 -0.218
HR 9074 224635 < 2.52 1.196 0.046 0.034

Hz II 25 23061 0.08 0.01 1.330 0.020 0.050
Hz II 164 23158 0.08 0.01 1.304 0.020 0.050
Hz II 233 23195 0.08 0.01 1.321 0.020 0.050
Hz II 405 23269 0.08 0.01 1.221 0.020 0.050
Hz II 530 23326 0.08 0.01 1.383 0.020 0.050
Hz II 727 0.08 0.01 1.265 0.020 0.050

135
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Table 10 (Continued)
Age and Mass Estimates for Stars with V sin i Measurements

Name HD
tl>e

Mass [Fe/H)
(1) (2) (4) (5)

HzII 745 O.OS±O.OI 1.391±0.020 0.050
Hz II 1122 23511 0.08 0.01 1.354 0.020 0.050
Hz II 1139 23513 O.OS 0.01 1.350 0.020 0.050
Hz II 1309 23584 O.OS 0.01 1.354 0.020 0.050
Hz II 1613 282973 0.08 0.01 1.278 0.020 0.050
Hz II 1726 23713 O.OS 0.01 1.301 0.020 0.050
Hz II 1766 23732 O.OS 0.01 1.383 0.020 0.050
Hz II 1797 0.08 0.01 1.208 0.020 0.050
Hz II 1856 282971 O.OS 0.01 1.220 0.020 0.050
Hz II 2345 23912 O.OS 0.01 1.414 0.020 0.050

T 53 107067 0.65 0.10 1.207 0.020 -0.030
T 58 107132 0.65 0.10 1.211 0.020 -0.030
T 86 107611 0.65 0.10 1.301 0.020 -0.030
T 90 107685 0.65 0.10 1.251 0.020 -0.030
T 92 107701 0.65 0.10 1.236 0.020 -0.030
T 111 108102 0.65 0.10 1.152 0.020 -0.030
T 114 108154 0.65 0.10 1.298 0.020 -0.030
T 118 108226 0.65 0.10 1.312 0.020 -0.030

vB 29 27383 0.70 0.10 1.308 0.020 0.130
vB 31 27406 0.70 0.10 1.317 0.020 0.130
vB 35 27524 0.70 0.10 1.455 0.020 0.130
vB 36 27534 0.70 0.10 1.462 0.020 0.130
vB 37 27561 0.70 0.10 1.461 0.020 0.130
vB 48 27808 0.70 0.10 1.330 0.020 0.130
vB 51 27548 0.70 0.10 1.433 0.020 0.130
vB 52 27859 0.70 0.10 1.224 0.020 0.130
vB 57 27991 0.70 0.10 1.393 0.020 0.130
vB 59 28034 0.70 0.10 1.363 0.020 0.130
vB 65 28205 0.70 0.10 1.303 0.020 0.130
vB 77 28394 0.70 0.10 1.373 0.020 0.130
vB 78 28406 0.70 0.10 1.423 0.020 0.130
vB 81 28483 0.70 0.10 1.419 0.020 0.130
vB 85 28568 0.70 0.10 1,487 0.020 0.130
vB 101 29225 0.70 0.10 1.483 0.020 0.130

KW 16 73081 0.90 0.10 1.317 0.020 0.090
KWI46 73429 0.90 0.10 1.387 0.020 0.090
KW155 0.90 0.10 1.369 0.020 0.090
KW218 73597 0.90 0.10 1.399 0.020 0.090
KW227 73641 0.90 0.10 1.347 0.020 0.090
KW232 73617 0.90 0.10 1.446 0.020 0.090
KW239 73640 0.90 0.10 1.336 0.020 0.090
KW268 0.90 0.10 1.300 0.020 0.090
KW275 0.90 0.10 1.145 0.020 0.090
KW332 0.90 0.10 1.383 0.020 0.090
KW341 0.90 0.10 1.222 0.020 0.090
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Table 10 (Continued)
Age and Mass Estimates for Stars with V sin i Measurements

[Fe/H]
(5)

0.090
0.090
0.090
0.090
0.090
0.090
0.090

Mass
(4)

1.360±0.020
1.269 0.020
1.394 0.020
1.248 0.020
1.497 0.020
1.279 0.020
1.304 0.020

Age
(3)

0.90±0.10
0.90' 0.10
0.90 0.10
0.90 0.10
0.90 0.10
0.90 0.10
0.90 0.10

73994

74058
74186

HD
(2)
73937

Name
(1)

KW411
KW421
KW439
KW458
KW459
KW496
KW536

NOTES.

Column (3): Photometric age estimate with V sin i
correction, using VandenBerg (1983) isochrones.

Column (4): Photometric mass estimate with V sin i
correction, using VandenBerg (1983) isochrones.

Column (5): Metallicity estimate based on bTn{).
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authors [e.g. Simon, Herbig, and Boesgaard 1985). However, the early F stars,

with M. > 1.325Me, were found to behave somewhat differently.

The Call activity-age relation was discussed in Chapter III. The overall rela­

tion between activity and age for solar composition (-0.12 < [Fe/H] < 0.10) stars

with M. < 1.325Me is given by an exponential law with an e-folding time of 2.04

Gyr. Low mass F stars with low metallicity (,.,. -0.30 < [Fe/H] < -0.10) and age

greater than 3 Gyr below the Vaughan-Preston gap follow a shallower decay law

best described by a power law with an index of -1.1. The Vaughan-Preston gap is

prominent in the low mass solar composition F star sample and is seen as a break

in the run of RiIK at roughly 2 to 3 Gyr.

The age dependence of activity in the high mass solar composition stars is

similar to that for the low mass F stars, except that only two out of 25 stars are

observed in Chapter III to have a Ca II relative flux value or upper limit below

the gap seen in the low mass solar composition F stars. The RiIK measurements

are consistent with an exponential decay with a-folding time of 3.12 ± 0.31 Gyr.

No stars with [Fe/H] ~ -0.10 and M. > 1.325Me were observed.

The exponential form of the activity decay law suggests that alterations must

be made in the model of stellar activity decay and spindown proposed by Dur­

ney and Latour (1978). Chapter III suggests that changing the magnetic field

geometry inside the Alfven radius from purely radial to quadrupole (as suggested

by Roxburgh 1982, and Gill and Roxburgh 1985) allows an exponential decay of

activity to occur, while still allowing B ex 0, which can be argued is consistent

with theory (Roberts 1914). As will be shown here, such a linear dependence is

consistent with observations for low values of RkK (and thus B) and O.

---------------------------
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The relatively small range in activity observed in early F stars suggested to

Wolff, Boesgaard, and Simon (1986) that chromospheric heating in these objects

is dominated. by pure acoustic waves rather than by a magnetic dynamo. The data

in Chapter III suggest that while there does appear to be a minimum activity level

in the early F stars higher than what would be expected from dynamo heating

alone, the temperature dependence of this minimum level is not consistent with

pure acoustic heating.

b. V sin i and Age

The V sin i-age relation for stars earlier than F7 has not been discussed in

earlier work. The relation for solar-type stars has been the focus of a great deal of

interest, however. Kraft (1967) first proposed that the rotational velocity in stars

with M. < 1.25Me declines with age, and that the rapidly rotating stars of such

mass are generally also those with high chromospheric activity levels (as measured

by Call emission). Skumanich (1972) proposed that the decay in rotation velocity
1

in stars of solar type could be described by a law of the form V ex t- 2", where

t is the age of the star. This result was confirmed by the work of Soderblom

(1983), who measured V sin i in nearby field stars and used the decline of surface

Li abundance with age (Herbig 1965, Duncan 1981) to estimate their ages. The
1

t- 2" relationship appeared to be confirmed. for solar-type stars with ages greater

than that of the Pleiades.

A recent study of rotational velocities in young clusters by Benz, Mayor, and

Mermilliod (1984) ma.ymodify this conclusion somewhat. Using a cross-correlation

technique, these authors were able to measure V sin i for a large sample of stars

in the Pleiades, Hyades, Coma Bernices, and Praesepe clusters with uncertainties

-----------------------------------------------
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of ......1 km s-1 . The result of these measurements has been to somewhat lower

the mean cluster V sin i for solar-type stars from values obtained using earlier

methods. An example of the results of this change is shown in Figure 29. Here

mean V sin i values are plotted using results from Benz, Mayor, and Mermilliod

(1984) and from Soderblom (1983) for stars with Te/J < 6000 K. The difference in

the resulting mean V sin i of the Pleiades, for which he used V sin i data from Kraft

(1967), than for the Hyades and Ursa Major groups, for which Soderblom used

high-precision Fourier transform-derived velocities. It appears that the decline of
1

rotation rate with age for solar-type stars is shallower than t- i for stars younger

than 1 Gyr. In ·the F stars considered here, which generally have higher rotational

velocities than the G stars, such systematic errors should have a smaller effect on

the V sin i-age dependence.

Figures 30 and 31 show the dependence of V sin i on age for the mass bins

described above. The differing symbols refer to stars of different composition.

Stars with M. = 1.00Me and Z = 0.010 exceed 6000 K at approximately 1.5 Gyr,

while objects with Z = 0.0169 and M. = 1.00Me never do. Therefore the lowest

mass stars in this sample are generally slightly metal deficient ([Fe/H] ...... -0.20).

These low mass stars show high V sin i values compared to what might be expected

for stars of their age based on the solar value. Solar composition stars of the Sun's

age are too cool to be included in the sample. While the composition does have

an effect on the Rossby number (see the section below) it is not clear what that

effect is for stars with Z ~ 0.010.

Field stars with [Fe/H] > 0.10 could not be included in the sample due to

the lack of models of appropriate composition for comparison. The Hyades stars

appear to have lower V sin i values than stars of similar mass from Coma and
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Figure 29. Comparison of mean duster V"ini values from Soderblom (1983)
and from Benz, Mayor, and MermiIliod (1984) for stars with Tell < 6000K. Benz,
Mayor, and Mermilliod data indicated by X's, Soderblom data indicated by +'s.
Asterisk is the Sun (with < Vsini >e= (1r/4)Ve).

Praesepe, clusters of similar age but lower (roughly solar) metallicity. The V sin i­

age dependence for the cluster stars (including the Pleiades) is similar to that for

the G stars observed by Benz, Mayor, and Mermilliod.

As has been noted above, there appears to be a significant difference in the

behavior of activity as a. function of age for stars Oil either side of the 1.3251"v10

boundary. It then seems most important to examine the V sin i-a.ge behavior seen

on either side of this boundary, and check whether the relationship seen between
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Figure 30. V sin i-age relation for cluster and field stars with M. < 1.325Me.
Different symbols reflect different composition groups; solar composition stars are
indicated by plus signs, low-metallicity stars are indicated by X's, and Hyades
stars are indicated by diamonds.

rotation and activity observed for solar-type stars needs to be changed for early F

stars.

Figures 32 and 33 show the age dependence of V sin i for each solar-composition

mass bin. Stars with well-measured V sin i values (those with O'(V sin i) IV sin i <

0.5) are shown with solid symbols, while less well-measured values are indicated

with open symbols. Shown on the plots are least-squares fits obtained based on

the well measured data assuming both exponential and power-law decay. The
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corresponding coefficients for the least-squares fits are shown in Table 11. The

relatively flat V sin i-age distribution seen in the young cluster stars appears to

make a power law fit less acceptable than the exponential fit, and in fact the X2

values indicate that the exponential fit is objectively better for the low mass stars.

The M. < 1.325Me group shows a V sin i-age behavior similar to that seen

in the cluster V sin i-age results of Benz et ale (1984) (see Figure 32). 'I'hat is,

there is a very slow decline in V sin i up to 1 Gyr, followed by a more rapid decline
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shown). Well measured rotation velocities (u(Vsini)fVsini < 0.5) shown with
solid symbols. Solid curve is an exponential fit (using uncertainties from both
axes). Dashed line is a power law fit.

to near the solar value. The exponential fit is preferred with an e-folding time of

1.40 ± 0.06 Gyr.

For solar composition early F stars the overall fits using a power law or an

exponential are essentially the same in terms of the size of the residuals. However,

the exponential appears more consistent with the envelope of the scatter in V sin i.

This exponential fit has an e-folding time of 1.16 ± 0.08 Gyr.
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Since all ofthese stars have had temperatures and luminosities estimated using

the Stromgren photometric indices, radii can be calculated and values for n sin i

found. Plots of n sin i versus age are shown in Figures 34 and 35. A least squares

analysis shows that the decay ofangular velocity is best modeled by an exponential

law. In this case the e-folding time for M. < 1.325M0 was 1.45 Gyr, while that for

M. ~ 1.325M0 was 1.06 Gyr. Note that the decay of nsini is faster in the high

mass F stars than in the low mass F stars, contrary to what might be expected

considering the overall range of n sin i with spectral type or mass along the main

sequence. The initial values of nsin i (or at least the values at the age of the



Relation

V sini =aoe-t / 0 1

V sin i = aot0 1

V sini =aoe-t / 0 1

V sini = aot0 1

n sini = aoe-t / 0 1

nsini =aot0 1

nsini = aoe-t / 0 1

nsini =aot01

Table 11

V sin i and n sin i-Age Relations

Solar Composition

Residual ao
V sin i vs. age

M. < 1.325Me

10.7 44.5 ± 3.2
27.4 8.1 ± 0.5

M. ~ 1.325Me

30.7 112.7 ± 5.3
29.7 30.1 ± 1.1

n sin i vs. age

M. < 1.325Me

1.36 x 10-5 5.75 ± 0.41 x 10-5

3.36 x 10-5 1.12 ± 0.08 x 10-5

M. > 1.325Me

3.10 x 10-5 12.59 ± 0.59 x 10-5

3.18 x 10-5 3.02 ± 0.14 x 10-5

1.40 ± 0.06
-0.97 ± 0.05

1.16 ± 0.08
-0.52 ± 0.03

1.45 ± 0.05
-0.93 ± 0.05

1.06 ± 0.08
-0.56 ± 0.03
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Pleiades) are much higher in the early F stars, however. This indicates that, as

has been previously observed by Schatzman (1962) and by Soderblom (1983), the

majority of the angular momentum difference observed between early and late

F stars is generated during the pre-main-sequence phase, rather than through

angular momentum loss OD the main sequence.

c. The Dyn3lllo Number and Activity

The most important recent development in the understanding of activity in

solar-type stars has been the discovery that the relationship between chromo­

spheric activity and the Rossby number (Noyes 1983, Noyes et al. 1984) exists.

Durney and Latour (1978) suggest that in order for a solar-type dynamo to ex­

ist, the inverse Rossby number (an expression of the relative strengths of Coriolis
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Figure 34. lognsin i versus log age for M. < 1.325Me for stars with measured
ages and velocities (no upper limits are shown). Solar composition stars shown by
plus signs, low-metallicity stars by X's, and Hyades stars by diamonds.

forces and those due to differential rotation) should be

42
1

Ro=-<l.nTc -

It has been found that all solar-type and later main-sequence dwarfs appear to

meet this requirement, but the best fitting relation, found by Noyes ei ale (1984)

has an exponential dependence of R' on R a, expressed as P/ TC, with P being

the period of rotation, rather than a linear one (The Noyes et ale definition of

RkK is slightly different from that used here; see Chapter lIT). In addition, the

convective turnover time TC is only defined in terms of the B - V color of the

stars. This deserves some further comment. The component critically dependent
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on the mass of the star in the expression for the Rossby number relation is 'Tc,

the convective turnover time. In stars somewhat more massive than the Sun the

initial value of 'Tc is critically dependent on the mass of the star, as well as the

convective scale height ratio a (Gilman 1979) and to an apparently lesser extent

on the composition (Durney and Latour 1978). As has been shown in Chapter III,

the mass of an F dwarf is not determined only by its B - V color-one must also

have luminosity information in order to determine the mass and age.

In terms of stellar interiors theory, the turnover time 'TC is the ratio of the

average convective velocity vo over the mixing length L = aHp, where Hp is the
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pressure scale height, evaluated at a specific location in the star, typically (Gilman

1980) one half of one mixing length above the base of the convective zone. From

hydrostatic equilibrium,

H _ NoKTR2

P - p.GM

and the average velocity of the convective bubbles is

1 [GM ]~
vc = 2' R2Tt:J.VT L.

Therefore,

43

44

45TO = 2 [~~t:J.VT]-l

Here t:J.VT (the difference between the local temperature gradient and the adia-

batic temperature gradient) must be evaluated numerically using a model atmo­

sphere code.

Current dynamo theory [e.g. Parker 1979) does not yet provide an explicit

relation between the angular velocity and the magnetic field responsible for stellar

spindown. Roberts (1974) gives a plausibility argument which suggests that the

poloidal field Bp, whichshould be the source for much of the field at large distances

from the star, is proportional to the angular velocity n. From this conjecture and

the definition of the Rossby number Durney and Latour (1978) proposed that the

relationship between the surface magnetic field Bo and angular rotation velocity

is given by

46

where Bo is a constant. Converting n into directly observable parameters, we get

V
B=Bo-TO

R.
47

Since R. varies slowlywith mass, the relationship between Bo and S'lTo should be

essentially the same for all late-type main-sequence stars.
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Robinson and Durney (1982), using the form of the solar dynamo equations

developed by Yoshimura (1975) developed a different parameter for the strength of
1 1

magnetic dynamos, the dynamo number ND = (3/4)(aof3o)"io,Tc{Rc/L)"i where

Rc is the radius of the base of the convective zone, the mixing length L is measured

at the base of the convective zone, and the quantity {3/4){aof3o)t is a constant.

This parameter and the assumption that Bp <X n suggest a relation of the form

48

may be appropriate for magnetic fields (and thus activity) in late-type stars.

Several different published estimates of TC for solar composition stars exist.

Gilman (1980) has calculated the dependence of TO on mass for stars with differ­

ing values of a: a = 1.0, 2.0, and 3.0. He suggested that best agreement with

observations would be found using high valu~ of a (a ~ 2.0).

Noyes et al, (1984) found that an interpolated curve for a = 1.9 from Gilman's

results provided the best fit to the Ca II activity level R'o:K-B - V relation, partic­

ularly when the TC-B - V relation was iterated. Noyes et al. obtained their initial

TC-B - V relationship using the mass-color relationship given by Allen (1973),

which is not consistent with the VandenBerg models and the recent Bohm-Vitense

B - V -TelI calibration used here.

The turnover time TC also evolves over the main sequence lifetime of a star, as

has been shown by Gilliland (1985), and this evolution can have significant effects

in F stars. As described by Gilliland, this evolution occurs in essentially two

phases. First, as the star evolves from the ZAMS to the main-sequence turnoff,

TC decreases, with the amount of decrease increasing sharply with the mass of

the star. A zero-age 1.25 M0 star of solar composition takes "'2.5 Gyr to evolve
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to the turnoff point. Over that time its Te value decreases by a factor of '" 2.

This is approximately the same decrease as is seen for zero-age stars of the same

color. St&rG of 1 Me, however, show a much smaller decrease. After the main~

sequence turnoff point is reached, Te increases rapidly, and moves farther away

from the ZAMS Te-Tell relation. Since the stars in the sample discussed here are

all between the ZAMS and the main-sequence turnoff point for their masses and

compositions, the actual convective turnover time for a given star should be less

than that for a zero-age star of the same mass and composition. The difference

between the actual and the ZAMS Te should increase with increasing age and

mass.

Ruchiski and VandenBerg (1986) have recently estimated the turnover time

Te for main-sequence stars using the new stellar interior models of VandenBerg

(1985). These calculations are the most complete set currently available, since

not only the zero-age values but also evolved stellar values are found for rc- The

models were calculated using a = 1.6, which is consistent with standard solar

models [e.g., Modell of Christensen-Dalsgaard 1982) and with the positions of

cluster main sequences in the HR diagram (VandenBerg 1983). The evolution of

ro up to the main sequence turnoff closely follows the values estimated for zero­

age stars of the same temperature for all F stars, and is in basic agreement with

the results of Gilliland. This fact allows the approximation

49

1
Rucinski and VandenBerg (1986) also include values of the ratio C = (ReIH p) i,

allowing calculation of the dynamo number ND =OTeC for main sequence stars.

This dynamo number is the same as Durney and Robinson's, except for a constant

of proportionality O.59(ao,8o) t.
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d. Theory and Observations of the Dynamo Number

Durney and Latour (1978) computed 'To for model envelopes with three dif­

ferent compositions (Z = 0.02, 0.03, and 0.04). The values of log 'To for Z = 0.03

are typically 0.4 less than those for Z = 0.02. This suggests that differing compo­

sitions can cause substantial changes in 'To. As Durney and Latour suggest, this

can most simply be explained by considering the behavior of 'TO in the Sun. If

'TO = 'Uc/L, and in the Sun 'UcL is assumed to be constant, then 'Uo/L ex: 1/L 2•

Now L = a.Hp, where Hp is described by equation (43) and decreases rapidly

with height. Since the convective zone in a star of lower metallicity than the Sun

will be shallower, L will be smaller than in the Sun and 1/L2 will be larger, thus

'TO should be larger in lower metallicity stars than in solar composition stars of

the same mass.

It therefore appears advisable to use only stars of very nearly solar composi­

tion to compare observed activity-rotation relations with theories assuming solar

composition. The effects of differing composition can be investigated later.

The number of solar-composition stars with low activity and known V sin i in

the late-F sample described in section (2) is limited to four stars. Two ofthese have

V sin i values with large uncertainties (> 50%). In order to increase the sample and

the precision I have included stars from Noyes ei aL (1984) which have rotation

periods obtained from measurements of periodic variations in Ca II flux. The ten

late F and early G stars with observed rotation periods andf3 > 2.600 (f3 obtained

from the Hauck and Mermilliod catalog) were combined with the solar composition

low mass F stars described above. Angular rotation velocities were obtained from

the measured rotation periods and multiplied by 1r/4 (the average value of sin i

----------------
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for a set of randomly oriented stars (Chandrasekhar and Munch 1950» to match

the 0 sin i found for the rest of the stars. See Table 12.

Figure 36 shows the dependence of log TO or logTCO on {J (where {J was deter­

mined using the ZAMS temperature dependence of the VandenBerg (1983) solar

composition models and the calibration discussed in section (2» for the RuciiJ..ski­

VandenBerg, Noyes et al., and Gilman a = 2.0 determinations. The Gilman TC

curve for Q =2.0 was based on a third degree polynomial fit to the data of Gilman

(1980), and a third-degree polynomial was also fit to the Rucinski and VandenBerg

(1986) calculation. The Teff-color calibration given in Ruciilski and VandenBerg

was not used; this calibration (VandenBerg and Bell, 1985) has been shown (Van­

denBerg 1985) to give colors "'3% too blue for B - V > 0.4. The Noyes et ale

iterated TC-B - V relation is also shown (where the {J-B - V calibration of Hauck

and Magnenat has also been used). Two results are immediately observed: the

Rucinski and VandenBerg curve for Q = 1.6 is very similar to the Gilman curve for

Q = 2.0, while the Noyes et ale curve is similar to both Gilman's Q = 2.0 and the

Rucinski-VandenBerg Q = 1.6 curve for late F stars, but is closer to a theoretical

curve for higher for the early and mid-F stars.

Table 13 shows the equations found to obtain the best fits of R'aK to their

respective rotation-convection parameters (either [0 sin i]TC or [0 sin i]TOC) for

the late F stars and the RMS values of the residuals in R'aK in each case. Values

of RiIK greater than 5.0 x 10-5 were omitted from the fits. The Noyes et ale

itera.ted Rossby number and the RuciiJ..ski-VandenBerg dynamo number produced

fits of identical quality. As the Rucinski-VandenBerg parameter was found using

Q = 1.6, identical to the stellar interiors models rather than the adjusted value used

in the Noyes et ale iterated solution, it will be used in this dissertation. The linear



Table 12

Parameters for Stars with Photometric Rotation Periods

Name HD S Poo, (J B -l'c log(Oc/) RHK Rphot RkK log(OTc) {lTCO
(days)

(7) (8)
(xlO-5)

(1) (2) (3) (4) (5) (6) (9) (10) (11) (12)
16673 0.215 5.7 2.620 0.56 0.162 4.18 2.22 1.95 6.209 20.6

50 Per 25998 0.275 2.6 2.641 0.49 0.232 6.29 2.41 3.88 5.998 27.9
89744 0.135 12.3 2.641 0.49 0.232 3.09 2.41 0.68 5.998 5.9
97334 0.320 7.6 2.604 0.62 0.095 5.34 2.09 3.25 6.351 21.5

a: Com A 114378 0.240 3.0 2.640 0.50 0.222 5.37 2.40 2.97 6.009 24.7
(J Com 114710 0.200 12.4 2.609 0.60 0.118 3.52 2.13 1.38 6.309 11.9

I, Vir 124850 0.208 7.6 2.622 0.55 0.172 4.14 2.24 1.90 6.190 14.8
A Ser 141004 0.160 18.0 2.608 0.60 0.118 2.81 2.12 0.69 6.317 8.4

154417 0.275 7.6 2.604 0.62 0.095 4.59 2.09 2.50 6.351 21.5
15 Sge 190406 0.190 13.5 2.615 0.58 0.140 3.51 2.18 1.33 6.255 9.7

NOTES.

Column (3): Mt. Wilson S index values from Noyes et al. (1984).

Column (4): Observed rotation period, days (from list of Noyes ei al. ).

Column (5): Stromgren f3 index from Hauck and Mermilliod (1980).

Column (6): Estimate of B - V color obtained from f3 using
the Hauck and Magnenat (1975) calibration. Used here
for consistency.

Column (7): The color correction factor for Call flux.

Column ~8), (9), and (10): The relative Call line core flux,
the' photospheric contribution" to the Call flux,
and the chromospheric Call line core flux.
The calibrations of Chapter III were used.

Column (11): Rucinski and VandenBerg (1986).
1-£
(J'I
~
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Figure 36. log 'TC{or 'TcO) versus fJ. The line represents log 'TcO - 0.45 (Rucin­
ski and VandenBerg [1986], a = 1.6), the crosses log'Tc (Noyes et al. 1984), the
dashed line log'TC + 0.15 (GiIman [1979], a = 2.0). Note that the B - V-Tefl
calibration given in Rucinski and VandenBerg (1986) was not used-it has been
shown to be too blue (VandenBerg 1985).

relation betweenRilK and the RuciJiski-VandenBerg parameter is consistent with

dynamo theory.

Figure 37 shows R'nK versus the dynamo number ND for the low mass F

stars of solar composition. The saturation above ND = 30 is evident. Figure 38

considers only those low-mass F stars with ND < 30. A clearly linear relationship

is seen, with a linear correlation coefficient of 0.912 for 23 stars. The relation

between activity and N D in early F stars is shown in Figure 39. The rotation
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Table 13

Least-Squares Fits for Rotation-Convection Parameters

R'nK = au + atZ

au at

M. < 1.325Me, R'nK < 5 X 10-5

Residual

Urce (RVdB)
aTe (RVdB)

nTe (Noyes et al.)
nTc (Gilman a =2.0)

-8.90 X 10-7 1.83 X 10-6

8.91 X 10-8 6.07 X 10-6

-1.89 X 10-6 5.18 X 10-6

2.65 X 10-6 6.71 X 10-6

M. ~ 1.325Me

1.746 x 10-5 6.7 X 10-7

4.47 X 10-6

5.68 X 10-6

4.40 X 10-6

6.94 X 10-6

4.91 X 10-6

rates of most of these objects are higher than those seen in the late F stars, but

a few (those closest to the main-sequence tumoff) have low V sin i values. One

feature evident from Figure 39 is that these objects do not have low acSvity levels.

There appears to be a minimum activity level in these objects, independent of ND'

A excess of early F' stars with high equatorial rotation rates. will have low

apparent V sin i values because their rotation axes will be close to the line of sight

(Chandrasekhar and Munch 1950). H two apparently pole-on stars in Figure 39

are omitted, an apparently linear relation for RkK with ND can be found. For

19 stars the linear correlation coefficient of this relation is 0.873. For both early

and late F stars the probability that R'HK and ND are uncorrelated is less than

0.001. The dependence of R'HK on ND, though weaker than in the late F stars,

still appears to be present for the solar composition early F stars.

The low metallicity stars show a number of peculiarities in comparison to the

solar-composition objects. The low metallicity stars show low activity for their n

values, that is, their R'nK values lie below the linear :fit in Figure 38. At the same

time, their V sini values decay less rapidly than those for solar-composition stars,
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Figure 37. Ca II relative surface flux RkK versus dynamo number ND for solar
composition stars with M. < 1.325Me. The saturation observed for ND > 30 is
evident.

as shown in Figure 30. One might at first suppose this to be due to a different TCC­

(3 relation for lower metallicities. Indeed, as is shown by Rucinski and VandenBerg,

the TcC-B - V relation i.s different for metallicities substantially lower than solar

(~TCC :::::: 0.05 for Z = 0.0017 compared to solar Z = 0.0169). This is largely due

to the difference in blanketing caused by the change in metallicity. However, the

(3-Tef f calibration should be nearly independent of metallicity (Crawford 1975),

and so the TcC- {3 relation for the low metallicity stars discussed here (which have

metal abundances around one-half solar) should be little different from, the solar

one. The same TcC-[3 relation used for the solar composition stars wac used f'jl'
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Figure 38. Ca II relative surface flux RkK versus dynamo number N D for
solar composition stars with M. < 1.325M0 and N D < 30. Stars from the sample
used in Chapter V indicated by +, stars from Noyes ei al: (1984) with f3 > 2.60
indicated by X. There is a correlation with R = 0.91 for 23 points.

the low metallicity stars. Clearly more data is needed to provide an adequate

explanation for the difference between the low-metallicity and solar composition

stars in the RkK-ND diagram.

Several authors have extended the work of Noyes ei al. to lines sampling the

transition regions of both solar-type and hotter stars. Walter (1983) has collected

X-ra.yfluxes for a sample of F stars. He found a strong relation between X-ray flux

and rotational velocity for stars with B - V > 0.52, but only a weak relation for

stars with 0.46 < B - V < 0.52 and none for stars earlier than that. His Figure 1
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Figure 39. Ca II relative surface flux versus the dynamo number ND for solar
composition stars with M. ~ 1.325Me. If the two likely pole-on stars indicated by
X are excluded, there is a correlation with R = 0.87 for 19 points. The fit for M. <
1.325Me is shown as a dashed line. Note that no stars with RkK < 1.8 x 10-5 are
oberved, however. This suggests an additional chromospheric heating mechanism
may be involved.

does show, however, that in the 0.40 < B - V < 0.46 group the two young cluster

members have higher X-ray fluxes than the other stars. This figure, however, is

contradicted by the text, which says there are no cluster members in this group.

The data in the figure suggest that there is a lower limit on the X-ray flux for

stars in this color range which is reached at a young age.

Walter and Linsky (1985) show a relation between emission activity in the C

II and C IV transition region lines and rotation for stars with 0.42 < B - V < 0.52
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and no clear relation for stars with B - V < 0.40. This does not contradict the

Ca II results presented here, since in the high mass solar composition sample of 19

stars only four have B - V < 0.40.

What all of the activity indicators agree on is that the early F stars show a

narrow range of activity compared with the late F" and solar type stars. Figures

23 and 24, discussed in Chapter III, as well as the X-ray data of Walter (1983),

indicate that above Tel I = 6600K there appears rather suddenly as temperature

increases a minimum activity level, independent of rotation. (Note the minimum

level at - 1.8 x 10-5 seen in Figure 39 as well.) Several authors, including Wolff,

Boesgaard, and Simon (1986) and Walter and Linsky (1985) have suggested pure

acoustic heating as the cause. However, I have shown earlier that acoustic heating,

at least according to the model of Renzini et oZ. (1911), when allowed to account

for the non-radiative heating in early F stars, produces activity levels in older late

F stars much larger than observed. The range in Tellover which this "floor"

activity level becomes important is extremely narrow, -150 K or less. It is not

clear what mechanism could be responsible for this additional non-radiative, and

apparently non-rotationally generated heating.

In the case of solar type stars (F7 - G2V) Simon, Herbig, and Boesgaard (1985)

have made an extensive series of observations of ultraviolet emission lines using

IUE and ages based on the Duncan (1984) binary star sample. Their results show

that similar relationships between activity indicators and the Rossby number to

that found for Call H and K by Noyes et al. can be found for the low chromo­

spheric lines of Mg II h and s, 0 I 1304, C I 1657!, and Si II 18101. All of

these lines are shown to behave as do the Call lines. In addition the transition

region lines orN V 12401, C II 13351, Si IV 14001, C IV 15491, and He 1116401
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were observed. These lines show a steeper dependence of emission on Rossby num­

ber than the lower chromospheric lines, suggesting that the decline in activity in

solar-type transition regions is more strongly age-dependent than that in the low

chromosphere. The e-folding time for Call flux was 2.7 Gyr, while that for the

transition region lines w~ 1.4 Gyr. The age dependence of Call flux found by

Simon, Herbig, and Boesgaard is equivalent to that found in Chapter III for F

stars in general if metallicity effects are ignored. The shorter e-folding time for

the outer-atmospheric lines suggests a possible explanation for the lack of depen­

dence of activity on V sin i seen in the X-ray and ultraviolet activity indicators. If

in early F stars there exist both a non-radiative, non-rotationally driven activity

mechanism (and thus a minimum activity level independent of age and rotation)

as well as a solar-type rotationally-driven activity mechanism, and the decay time

- for the dynamo in the outer atmosphere is shorter than for the low chromosphere

as it is for solar-type stars, then one would expect the "minimum" flux level to be

reached sooner in the X-ray and UV indices than it is in the chromospheric Ca II

lines. Thus the effects of the solar-type generation mechanism would perhaps be

observable longer there than in the corona and transition region.

4. Discussion

An approach to understanding the angular momentum history of F dwarfs can

begin by examining the current results obtained for solar-type stars and scaling

them to fit the F stars. The root cause of the loss of angular momentum in main­

sequence solar-type stars is the transport of angular momentum away from the star

by the stellar wind. Results from spherically symmetric solar wind models (Weber

and Davis 1967) indicate that the torque applied to the Sun by a steady spherically
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symmetric solar wind in a radial magnetic field is equivalent to assuming that the

wind corotates with the Sun out to the Alfven radius (where the speed of magnetic

disturbances equals the speed of the wind) and then flows radially away from the

Sun. The velocity of the wind at the Alfven radius is nearly equal to the velocity

at a very large radial distance, and can be considered a constant. Therefore, the

angular momentum loss can be considered to be equivalent to that caused by a

constant stellar wind flux through a corotating spherical shell at the Alfven radius,

or

dJ = :Or1dM 50
dt 3 dt

or,

dJ 2 B 2.
51-=--0-,

dt 3 VA

where A refers to the Alfven radius r A, where the wind speed equals the Alfven

velocity VA = BA/(47rp)1. If the magnetic field B ex 0, as has been shown

in section (3) to be true for low values of ND' then it is easily shown (Durney
1

1976) that 0 ex t-r. The previous section has shown that for late F stars of solar

composition, the change of n with time for young stars at least is better matched

by an exponential decay.

One way to adjust the theory of spindown for the F stars is by changing the

geometrical configuration of the stellar magnetic field. Roxburgh (1982) examined

several magnetic field configurations and the resulting equations for the angular

momentum loss rate. Maintaining the assumption of corotation of the field and

wind out to the Alfven radius and radial streaming beyond that point, he showed

that the loss rate is given by

dJ 87r Vi n 2-n
dt = 3"Po 0 rA 52
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where the magnetic field is described by B 2 = B~/r2n+4. For a radial field n = 0,

dipole n =1, quadrupole n = 2, etc.

The magnetic field a.t the Alfven radius is then given by

53

54

where Bo is the mean surface field. It can be shown that in general, dJldt oc B3,
where a = (2 - n)/(2 + n).

Gill and Roxburgh (1984) have shown, therefore that if the magnetic field of

the star is quadrupole, then assuming the density at the base of the corona Po and

the sound speed V. remain constant with varying mass, the angular momentum.

loss is

d(In) = -KhO
dt '

where h (h '" 0.1) is a nearly constant parameter depending on magnetic field

strength and K = (81r/3)PoV.R4• That is, d(IO)ldt is independent of Bo. Then,

n = noe-(Kh/l)t 55

is the decayequation for rotation. This is consistent with observations for both the

early and late F stars. Note that if Po, V., and h are considered constant, and the

structure of the star does not change radically over the mass range considered here,

then the ratio KhlI oc M R2IR4. But 9 = GMIR2, so that implies KhlI oc IIg.

Since the e-foldingtime is given by 11Kh, that means t e oc g. Since 9 is essentially

constant along the main sequence, so should be teo

It is interesting to note that if R. is given by the ZAMS of VandenBerg

(1983) for solar composition, then the ratio of V sin ie-folding times t e(M.=1.4)

to te(M.=1.2) is given by te1/te2 = R~Ml/RiM2 = 0.79. The observed ratio of



164

e-folding times for the solar composition stars is te(M~1.325M0)/te(M<1.325M0) =

0.73. The agreement lends confidence in the theory.

It was shown in section (3) that for late F stars of near solar composition and

for R!HK < 5.0 x 10-6,

56

where A includes a factor of 1r/ 4, to account for the average effect of inclination,

while RkK appears to saturate at a level between 5.0 and 6.0 X io-5 for ND =

(1r/ 4)!l-rcC ~ 30 and does not increase further. Therefore, one would expect that

the age dependence of RkK would be

57

but that RkK ~ 5.0 X 10-6 would not occur due to saturation. In other words at

young ages on the main sequence RkK should be essentially constant. Of course,

T Tauri stars (Simon, Herbig, and Boesgaard 1985) show activity levels (in C IV

and other UV lines) roughly 100x that of the Pleiades stars. One might suppose

another change in field geometry to account for this.

On the other hand, if at some later time the field changes to a dipole configu­

ration, as suggested by Gill and Roxburgh and Roxburgh (1983), then

d(1n) = -sns« (!!-.)2/3
dt Be

58

If the expression above is substituted for B (assuming B IX R'aK) then it is easily

shown that

1 1 2FKh
n2!3 = 2/3 + 31 (t - tel,ne

59
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where tc is the time at which the transition occurs. Then, if RkK = AOTCC,

60

a
Basically, for large values of t, RkK and n should be proportional to t- s.

The observational results of Chapter III and of section (3) above are incon­

clusive concerning older late F stars of solar composition. There are insufficient

data in both RkK and rotational velocity to determine whether any changes in

the decay of activity or rotation occur below the Vaughan-Preston gap in the case

of activity, although the V sin i-age and R'o:K-age behavior for solar-composition

stars is consistent with such a dependence.

The early F stars clearly show evidence for a decline of rotation velocity with

age (see Figures 31, 33, and 35) with an e-folding time of 1.1 Gyr. The activity­

age dependence is much weaker (see Figure 22), but an exponential decay appears

to be likely to be present. This result is supported by the dependence of RHK
on ND observed in section (3). The lower limit of Call activity in the early

F stars, however, appears to be independent of age or rotation rate. It should

be remembered, also, that spindown will occur regardless of the source of the

magnetic field so long as one is present.

It is interesting to note that the beginning of this additional non-rotational

chromospheric heating mechanism occurs at Tell'" 6600K, just where the dip

in Li abundance observed by Boesgaard and Tripicco (1986a, b, 1987) reaches

its maximum size. This dip is explained by Michaud (1986) as the result of an

imbalance between radiative pressure and gravitational settling at the base of the
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thin convective zones in these objects. The thickness of the convective zone is

rapidly changing in the early F stars (the mass contained in the zone decrease

by a factor of roughly 100 between TelI = 6000 and 6500K), and one would

expect that eventually there would be too small a convective zone to support a

magnetic dynamo. Golub et al. (1981) and Gilman and DeLuca (1985) suggest

that the dynamo magnetic field is actually generated in the overshoot layer below

the boundary between the convective and radiative zones, and that the convective

zone actually tends to disrupt the magnetic fields as they rise to the stellar surface.

A very thin convective zone may have a smaller effect on the fields generated in the

overshoot region which could strengthen whatever dynamo is present. However,

it appears that such fields, and the activity they generate ought still to depend

on the stellar dynamo number, and thus on the rotation rate. The rapid decrease

in the depth of the convective zone explains why the significance of the solar-type

activity is diminished for the early F stars, but does not explain the source of the

non-rotational activity noted above.

5. Conclusions

F stars of all temperatures show evidence in the Ca II H and K lines of the

existence of stellar chromospheres. The F stars of solar composition show two

different types of Call H and K activity depending on their mass or temperature.

Stars with M.1.325 < Me or TelI < 6600K show activity similar to that oflater­

type stars. This activity depends mainly on the rotation rate of the star, and

appears to be driven by a stellar dynamo. The early F stars of solar composition,

those with M. ~ 1.325Me or Tell> 6600K, have two major means of non­

radiative heating in their atmospheres. One is rotationally driven, appears similar

..._-----------------------------
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to that found in solar-type stars, and is probably due to the presence of a magnetic

dynamo. The dependence of activity upon rotation is weakened in the in the early

F stars (those with solar·composition and M. > 1.325Me) but still appears to be

present. In addition, another heating mechanism, independent of rotation, is also

present. In the earliest F stars, not well sampled here but discussed by Walter

(1983) and Walter and Linsky (1985), this non-rotationally driven component

dominates and all such stars have a narrow range of activity, even though they

still show a wide range of rotation velocities. The transition regions of F stars, as

indicated by the C IV observations of Wolff, Boesgaard, and Simon (1986) and the

data of Walter and Linsky (1985), indicate that the transition regions of both early

and late F stars have TelI dependence similar to the seen for the chromosphere

in Call.

The age dependence of Ca II activity in the high mass F stars is similar to

that of the low mass stars. The activity level measured by R'nK declines only

slightly in stars with ages less than -1 Gyr. but more rapidly in the older stars.

The rotational velocity shows a similar increasing rate of decline with age. The

range of ages in the high mass stars is of course limited by the short main-sequence

lifetime in these stars. However, the decline in V sini with age is greater than that

observed in Ca II activity. Although relatively low V sin i values (-5 km s-1 ) are

attained in some older early F stars, the activity levelsdo not drop correspondingly.

This also indicates the presence of another chromospheric heating mechanism in

these objects.

The existence of the low activity mid-F stars argues against the dominance of

acoustic heating as the dominant source for activity in the early F stars. A much
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steeper dependence of flux on temperature than predicted by theory for acoustic

heating is required for the additional heating mechanism seen in these objects.

The results here favor the dynamo number of Durney and Robinson over the

Rossby number of Noyes et al. as a stellar activity parameter, as was found by

Gilliland (1985), but not by a great deal. The relation between RHK and ND

is linear, implying that B <X 0, as proposed by Roberts (1974). The slope is

shallower for the early F stars than for the late F stars. Above ND '" 30 Ca II

activity in the late F stars of solar composition saturates. The lack of early F

stars with RHK< 1.8 x 10-5 , even though several stars in this temperature range

were observed with low V sin i values, suggests that in these objects pad of the

chromospheric heating is independent of rotation. On the other hand Chapter III

showed that this non-rotational heat source does not behave like pure acoustic

flux as currently understood.

The exponential dependence ofrotation on age seen in both the young low mass

solar composition stars and in the high mass solar composition stars suggests that

the angular momentum loss in these stars is independent of the magnetic field,

and that in both young low mass F stars and all high mass F stars the large-scale

magnetic field structure is perhaps quadrupole in form, rather than a dipole as in

the solar case.

-- ---- ---------------~------------------ --- -------
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CHAPTER VI

SUMMARY

The early F stars have been somewhat neglected in previous studies of chro­

mospheric activity. The Mt. Wilson activity survey, arguably the most important

source of data on chromospheric activity nearly ignores the early F stars entirely

because their Call flux levels, when not corrected for the increased photospheric

temperature, appear to be very small when compared to later type stars. Ade­

quate corrections, such as described here, as well as ultraviolet line fluxes from

spacecraft (notably IDE) show that the level of chromospheric activity in F stars

of all types (considered as chromospheric line flux / total stellar flux) is compara­

ble to that observed in later type stars. This study has served to extend ideas of

the relation of activity, rotation, and age developed in solar and later type stars

to Call activity in these "warm" (Walter 1983) stars.

Observing Call chromospheric activity in F stars brings both benefits and

additional problems in comparison to later type stars. A very significant bene­

fit is the possibility of independent age estimates for individual stars based on

Stromgren photometric indices and stellar isochrone fitting. F stars evolve rapidly

enough that isochrones spanning the range between zero and several billion years

can be distinguished using this approach. This allows the dependence of activity

and rotation on age to be determined, at least for stars of roughly solar compo­

sition over an age range of several billion years. Some problems include the large

correction required to remove the fi.lling in of the Ca II H and K line cores at the

higher photospheric temperatures found in these objects, and the lack of observed

rotational modulation of the chromospheric lines. The first requires an extension
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of the photospheric corrections of Middelkoop (1982), the second requires high pre­

cision V sin i measurements. The F stars generally rotate faster than later types,

so that it is feasible to use additional V sin i measurements from the literature.

Over the course of this study it has been possible to adopt the recent stellar

models ofVandenBerg (1983) with improvements in the input physics. In addition,

newer Teff-color calibrations and [Fe/H]-color calibrations have allowed improved

consistency between theory and observation.

Exponential decay in both Ca II activity and rotation velocity with age was

observed in solar composition F stars with M. < 1.325M0 . The estimated angular

velocity decays with an e-folding time of 1.45 Gyr, while the decay of the Ca II

relative surface flux RiIK has an e-folding time of 2.04 Gyr. The relation between

RiIK and Sl was found to be linear in the Durney-Robinson dynamo number ND

(= Sl'Tc(Rc/Hp)l) up to a level of - R'nK = 5.0 x to-5• Above this activity

level, corresponding to ND ~ 30, activity appears to saturate. Since this level

is exceeded in young late F stars, it is not surprising that the e-folding time for

activity is longer that that for rotation.

The early F stars of solar composition with M. ;:: 1.325M0 (corresponding to

Teff > 6600 K) appear to show similar decay of activity and rotation with age.

These stars evolve rapidly enough, however, that extremely low rotation rates

(- 2 km s-1 ) are not reached before the stars turn onto the subgiant branch

of the HR diagram. The decay of rotation with age also follows an exponential

law, with an e-folding time of 1.06 Gyr, faster than the late F solar composition

stars. The relation between activity and rotation is weaker than in the late F

solar composition stars, but still appears to be present. In addition to the general

linear relationship (which does not appear to show saturation as observed in the
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late F solar composition stars) there also appears to be a "floor" activity level at

,..., 1.8 x 10-5 which is not observed in the late F stars.

Chapter III showed that this "floor" does not correspond to chromospheric

heating by pure acoustic action, as modeled by Renzini et ale (1977). The essen­

tial problem is that if the early F star chromospheres are dominated by acoustic

heating, then the temperature dependence of acoustic flux (as determined by the­

ory) requires that older late F stars have higher levels of chromospheric activity

than actually observed. Dynamo action still appears to be a major component of

chromospheric heating in early F star chromospheres.

The low mass, low metallicity (-0.30 ~ [Fe/H] < -0.12) F stars do not

fit in with this picture. These stars appear bluer than solar composition stars of

similar mass, and therefore the coolest in the current sample are of lower mass

than the coolest solar composition stars. These stars tend to have higher V sin i

than solar composition stars of similar age, and somewhat higher activity levels

as well. They do not, however, fall on the same activity-ND line as the solar type

stars, and show less activity than solar composition stars of similar ND. This

problem can perhaps be solved using Li ages for cooler solar composition stars.

Chapter II shows that Li and photometric ages are comparable for these objects,

given similar models and temperature calibrations.

The exponential dependence of V sin i on age for both low and high mass F

stars suggests that the Gill-Roxburgh theory of stellar dynamos may be correct.

This theory implies a quadrupole field structure in young F stars of all masses,

'perhaps changing to a different configuration in old stars.
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The results from this work suggest the following conclusions about stellar

activity in F stars:

(1) Chromospheric activity as measured by the Ca II line in late F stars is generally

similar to that observed for solar-type stars, as expected. The activity-age

relation and rotational velocity-age relation are both exponential in form. The

activity decays more slowly than the rotational velocity, at least for young late

F stars.

(2) The difference in the rates of decay of activity and rotation in late F stars

appear to be due to a change in the dependence of relative Ca II chromospheric

surface :flux on rotation and convection velocities. At large values of N D the

already high activity level increases only slightly with large increases of ND.

(3) Essentially all early F stars (those with M. > 1.325Me) show high relative

Call :flux, even though some have low rotational velocities. However, the

rotational velocity shows a decay similar to that seen in the late F stars.

The high initial velocity in these stars along with their short main-sequence

lifetimes prevent the very low rotation velocities seen in later-type stars from

being commonplace among the early F stars as well.

(4) Despite the above result, when the relative Call surface:flux is plotted against

N D, a relationship could be observed, although it is weaker than in the late

F stars. Directly comparing activity and rotation rate, without considering

the convective turnover time, is much less likely to show a relation due to the

wide range of turnover time present in these objects. It is possible, however,

that an additional non-magnetic heating mechanism is present, since even the
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lowest ND values showed fairly strong Ca II activity. This heating mechanism

does not have the temperature dependence expected for acoustic heating.

It is thus apparent tha.t the early F stars are showing some interesting de­

partures from solar-type magnetic activity. Further progress, however, requires

tha.t the large uncertainties present in the types of chromospherie activity and age

measurements used here be reduced. Probably the greatest improvement would be

made by using chromospheric activity indicators with less contamination from the

photosphere. As the He D3 equivalent width measurements have relatively large

uncertainties, probably the best alternative are the ultraviolet transition region

lines, which are comparatively free of photospheric effects. Reaching the older

open clusters, which would provide more reliable age estimates, will require the

Hubble Space Telescope.

-- _._------- . -- ----------------
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