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This volume is dedicated to
Dr. John P. Cox

a pioneer in the field of variable star research,
who died of a prolonged illness
only a few short months after bravely travelling
to Toronto to deliver his review.




HISTORICAL PREFACE

J. D, Fernie

Chairman, Scientific Org. Committee

Department of Astronomy

David Dunlap Observatory

University of Toronto, Toronto, Ontario, Canada

This Colloquium marked the two hundredth anniversary of the
discovery of cepheid variables. On September 10, 1784 Edward Piggot
established the variability of the star we now call n Aquilae, the
very same night that his friend and co-worker, John Goodricke, first
found B Lyrae to vary. Only a month later, on Octcber 20, Goodricke
was "almost convinced" that § Cephei is variable.

Goodricke is a figure much beloved of textbook writers: his affliction
as a deaf-mute, the fact that he died at 21, and his work having been
done in relative isolation, have led to his often being portrayed as
some kind of bucolic genius. He was, in fact neither. He came of a
well-connected family and one, more-over, that was surprisingly en-
lightened for the times. In an age when deaf-muteness was customarily
equated with insanity, his parents recognized their son's affliction
for what it was, and sent him for special training at an academy in
Edinburgh. It is now fairly certain that by the time he was thirteen
he could lip-read and perhaps even speak. He continued at a normal
school, where he showed intelligence and a reasonable ability in the
standard curriculum.

Edward Piggot also came of a well-connected and much-travelled family.
His father, an imenent surveyor and Follow of various Royal Societies
and national Academies, had a strong interest in astronomy and was the
correspondent of such as Herschel and Maskelyne. He and his son
referred to themselves whimsically as 'gentlement astronomers', and
upon settling for a time in the English city of York established a
considerable private cbservatcory. Here it was that the great variable
star discoveries would be made.

The year 1781 provided a great stimulus to observational astronomy,
especially in England. This was the year in which Herschel discovered
Uranus, and all who had the means were eager to observe ''Mr Herschel's
comet', Edward Piggot, then 28, had the means, and John Goodricke,
then 17 and living nearby, had the interest. So began their coopera-
tive efforts.

The relationship was clearly one in which the knowledgeable Piggot was
introducing the inexperienced youth to new fields. Moving on from the
new planet, it was Piggot who suggested variable stars as a subject
ripe for investigation, and specifically Algol as a long-suspected
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candidate. After Goodricke had in fact established Algol's variability
a year later in November, 1782, it was Piggot who verified the discov-
ery and, through his father's connections, make it widely known. Fur-
thermore, recent research has shown that it may even have been Piggot
who first suggested the eclipsing binary theory by way of explanation.
But either way, Piggot gave full and generous support to Goodricke as
the discoverer, leading to Goodricke's receiving the Copley Medal of
the Royal Society.

Goodricke was an arduous observer, a characteristic that probably led
to his death. Following his discovery of § Cephei's variability in
late-1784, he observed it no less than a hundred times in the first ten
months of 1785 -- conceivably a record in the English climate! 1In
early 1786 he contracted pneumonia '"in the consequence of exposure to
night air in astronomical observations,' and died on April 20. He was
21 and had been a Fellow of the Royal Society for only two weeks. His
death was "an event I shall ever lament," wrote Piggot. ''This worthy
young man exists no more; he is not only regretted by many friends, but
will prove a loss to astronomy, as the discoveries he so rapidly made
evince.”

Piggot gave up active observing at this time and resumed his travels
abroad. He would make only two further discoveries of variable stars,
notably R Coronae Borealis in 1795, and his subsequent life seem not to
have been the happiest. It included three years detention in France
during French/English hostilities. He was never elected on FRS, nor a
Fellow of the Royal Astronomical Society, which was founded shortly
before his death in 1825 at the age of 72.

I am sure that the research reported on the pages that follow would
have made strange reading to Edward Piggot and John Goodricke, but it
stands as a worthy salutation to them and to all who have followed in
their footsteps.

xii
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FUNDAMENTAL PARAMETERS OF CEPHEIDS

J.W. Pel
Kapteyn Astronomical Institute, Groningen, The Netherlands

INTRODUCTION

In the two centuries since the discovery of § Cephei and
n Aquilae, the study of Cepheids, and of pulsating stars in general, has
become a very important field in astronomy. The usefulness of Cepheids,
both as distance indicators and as test objects for stellar astrophysics,
has been amply demonstrated, and if one just looks at the flood of papers
on Cepheids that appears each year, it is clear that the subject is not
only old and respectable, but also still very much alive, This two-
hundredth anniversary is therefore an appropriate occasion to evaluate
what we have learnt about Cepheids, and where the remaining problems lie,

In this paper I will try to review some of our present knowledge of
"fundamental parameters' of Cepheids. Which of the many parameters are
"fundamental"? Since the period P; of a given stellar pulsation mode, i,
is primarily a function of mass M and radius R of the star, and since
stellar evolution calculations usually give the luminosity L and effective
temperature T.¢f of a star as a function of its mass, age T, and chemical
composition (X,Y,Z), a useful list of fundamental parameters should contain
at least: M, 1, (X,Y,Z), L, R, Tefges P, 1. Although the list has some
redundancy, this is already a considerable number of parameters, and a
proper discussion of these quantities would have to deal with almost every
aspect of Cepheid behaviour. The scope of this paper will necessarily have
to be much more limited., As a first limitation, I will discuss only the
"classical" type of Cepheids, and say nothing about the W Virginis stars.
Furthermore, I will concentrate on observational results, and on the
constraints that can be derived from them on some of the above parameters,
giving most attention to the calibraticn of L and T ¢¢.

REDDENING CORRECTIONS

The colour excess of a Cepheid can hardly be called a fundamental
parameter, but it is usually such a difficult obstacle on the way to the
intrinsic properties that I will start out with a few remarks on the
reddening problem. For many years the intrinsic colours of Cepheids have
been the subject of considerable debate. Uncertainties in the reddening
corrections, in extreme cases as large as 072 in E(B-V), have been mainly
due to the following problems: 1) colour excesses for long-period Cepheids
derived from a (spectral type)-(B-V), relationship have been systematically
larger than excesses based entirely on photometric calibrations; 2) up to
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recently the large majority of the available Cepheid photometry has been
in the UBV system, which is not very well suited for the determination of
accurate Cepheid reddenings. For Cepheids in the Magellanic Clouds the
situation has been complicated further by the effects of lower line
blanketing.

During the last decade a large new collection of accurate photoelectric
Cepheid photometry has been obtained.in photometric systems that do allow
good reddening determinations for F-G supergiants. Extensive surveys of
galactic and Magellanic Cloud Cepheids have been made in the Kron-Cousins
BVI system (Dean et al. 1978; Martin et al. 1979; Caldwell & Coulson 1984a),
in the Walraven VBLUW system (Pel 1978), and in the Stramgren uvbyB system
(Feltz & McNamara 1980; Eggen 1983 a,b). A more limited set of data in the
DDO system has been published by Dean (1981). The reddening results of this
new generation of photometry show a much improved mutual agreement. It
seems clear now that in the earlier studies Cepheid reddenings were
generally overestimated, particularly in methods based on a spectral type -
colour calibration, and at the longer periods. As for the Magellanic Cloud

Fig.1l. Comparison of colour excesses for galactic Cepheids in
five photometric systems. Since the largest common overlap is
in the VBLUW data, all colour excess differences are given with
respect to the VBLUW reddenings. E(V-B)ypuyy has been trans-
formed to the other scales with the following "theoretical
transformations (computed from extinction law, passbands, and
energy distributions): E(b-y) = 1.75E(V-B) ,and

E(B-V)/E(V-B) = 2.41 ~-0.11(logP-1) -0.18E(V-B).
Open symbols indicate stars with known or suspected companions
or with other peculiarities.

Y L B L B Abbreviations used:
AEp_y S : e 1 D: Dean (1981);
- T_—__*—_Tﬁ—_' o o DDO photometry, published
-0 o . J excesses given in E(B-V).
DWC:Dean et al. (1978);
*O T pwe AL 7 Kron-Cousins BVI system.
AEg_y r_;i‘_“’._\:.ﬁ_i' a3 e o . E: Eggen (1983 a,b);
- s % 4 Stromgren uvbyB+ RI.
-0 ? * * | FM: Feltz & McNamara (1980);
vk ) Stromgren uvhyB8 + khg.
HE-P . ] P: Pel (1978);
ABp_y PR PN Walraven VBLUW system.
k- ol T
TP C eay e o ]
L ] a a -ﬁ
AEp.y g =
0 j
mag.l_o o 1oy yoao g Loty oxo oo

05 10 Jogp 15
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Cepheids, better estimates for the abundance effects can now be made, and
most new evidence indicates very small reddenings, at least in the outer

regions of the Clouds (Caldwell & Coulson 1984 b; see also the review by

Feast 1984).

This convergence in the newer reddening results is of course very good
news, but let me point out that it is too early to call the reddening
problem "solved". In Fig.l1 I have compared reddenings for galactic Cepheids
from BVI, DDO, Stromgren, and Walraven photometry. Evidently there still
exist systematic zeropoint differences and period-dependent trends. These
effects are much smaller than they used to be, but they are still disap-
pointingly large compared to the photometric accuracy of well below 0T0l
of which all these systems are capable. The residuals can only partly be
ascribed to shortcomings of the transformations that were used, and we can
only conclude that systematic uncertainties of up to 0705 in E(B-V) are
probably still present. Are errors at that level really disturbing? This
can be judged from Table 1: the effects on radii and masses are not very
serious, but those on T.ff and L are too large for a proper comparison of
the empirical and theoretical positions of the Cepheid strip in the HR-
diagram.

Table 1. Effect of AE(B-V) = +0T05 for an average 10-day

Cepheid.
;arameter rglation ;;ed __——result;;g change N
;emperature (B-V) o~ Toff o o ATeff=_;130 K I;
gravity typical photometric Balmerjump index Alogg= +0.2 2)
bol.corr. BC(Tgffslogg) ABC = +0T01 3)
luminosity Ay/E(B-V), 3), known distance AL = +14 % 4)
luminosity P-L-Tqfg (theoretical), 1) AL = +12 % 5)
distance - P-L, with 4) for apparent L Ad = -7 7 6)
distance : P-L-Tg¢g, 4) for app. L, 5) for true L Ad = +1 % 7)
radius R L3, Tepfl, 1), 4) AR = +2 % 8)
radius Baade-Wesselink method AR small, «1 7 ? 9)
mass © evolutionary M-I, 4) Moyo1 = +3.5 72 10)

mass pulsation relation P-L-M-Tg.¢f, 1), 4) AMpuls = +4.5 72 11)
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Fig.2. Temperature-colour relations for Cepheids and super-
giants. Ogps = 5040/T ¢,

Supergiants:

Jghnson I

Bohm-Vitense I :

Schmidt 1

Van Paradi js IP:

Blackwell &
Shallis I

Flower I
Bell & :
Gustafsson

Cepheids:
Oke-~-Kraft-

-Parsons

Schmidt Ceph.
Pel

For the sake of

: Johnson (1966).

Average for I2 and 1P from Bohm-Vitense (1972).

: Schmidt (1972).

Van Paradijs (1973); 7 individual b supergiants.

: Individual supergiants from Blackwell & Shallis (1977).

E(B-V) for 6CMa (at (B-V),= 0%62) derived from VBLUW
data. The other stars are within 200 pc, and small
reddening corrections were made accordingtx)E(B~V)=093kpc‘%

: Flower (1977).

The hotter supergiant models from Bell & Gustafsson (1978},
for Doppler broadening velocity 3.5 km s™

: Oke (1961); Kraft (1961); Parsons (1971, 1974). The

relation by Rodgers (1970) is not shown, as it lies very
close to the Oke-Kraft-Parsons line.

: Schmidt (1972).
: Average relation derived from Pel (1978),

clarity the Bohm-Vitense (1981) "best fit" relation is not

shown; it lies halfway the Flower I and Bohm-Vitense I lines. Also not shown
is the Bell & Parsons (1974) relation, which runs parallel to the Cke-Kraft-
Parsons line, but 0T05 bluer. For the "Wesselink temperatures" of U SGR

and S NOR see text.

0-6

eeff

0-8

1.0

1.2k

1.4

g
v 225 supergiant modelis
4 150 Bell+Gustafsson

o: Van Paradijs 1b
o : Blackwell+Shallis [

Flower [

Béhm-_Vitense 1
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That reddenings can be determined with an accuracy much better than 0705
is demonstrated by the following examples. From Stromgren photometry of
NGC 6087, the cluster containing S NOR, Schmidt (1980 b) finds for the
cluster members E(b-y) = 0®123, and Eggen_(1980) E(b-y) = 07142, whereas
my own VBLUW photometry (Pel 1984) gives E(V-B) = 0.076, or E(b-y) = 07134,
The standard deviation for a single star is 0901 in each case, In M25,
with USGR, the reddening is much larger, and inhomogeneous. For_18 cluster
members within 6 arcmin from the Cepheid, Schmidt (1982) finds E(b-y) =

= 0M358, 0= 0T031. The VBLUW reddenings for 27 members within the same
area correspond to E(b-y) = 0M338, o= 07025, showing that even in this
difficult field a satisfactory agreement can be reached with different
techniques.

EFFECTIVE TEMPERATURES

As can be expected from the Stefan-Boltzmann law, the
effective temperature of a Cepheid is a very important quantity, and the
estimates for some other, not directly observable parameters can be very
sensitive to the accuracy of Toff. An extreme example is the "pulsation
mass', which depends very strongly on To¢f because of the pulsation
relationship from which it is derived: P<1L0'83.M—0'66-Teff_3'45 (Iben &
Tuggle 1972). In this respect some numbers in Table 1 are misleading,
because they suggest that To¢f has only minor effects on R and M. Without
the compensating effect of the luminosity increase by Ay, however, AT ¢¢=
= +130 K results in AR = -4.5 % and AMpuls= -11.5 7 (Table 1 lines 8 and
11). Also in the HR-diagram, an error as small as 130 K is by no means
negligible, as it corresponds to about one fifth of the width of the
Cepheid strip at constant L.

By far the most common method of determining Cepheid temperatures is the
use of a temperature-colour relation, where the colour is traditionally
(B—V)O. In order to estimate how well Cepheid temperatures are known, I
have therefore collected in Fig.2 most of the Tggg-(B-V), calibrations
that exist in the literature for Cepheids and cool supergiants, Although
my own photometric temperatures for Cepheids are actually based on a two-
dimensional calibration, I have also represented those temperatures by a
mean Tofg-(B-V), relation, to allow a comparison.

Fig.2 should be interpreted with caution for several reasons. Firstly,not
all of these relations are completely independent. The Flower calibration,
for example, is based partly on the Van Paradijs data. Secondly, the
problems with reddening also enter this diagram in some cases, via the
reddening corrections for calibrating stars. Thirdly, it is well known
that (B-V), is not an ideal temperature index, because it is also sensi-
tive to gravity and chemical composition. On the other hand, the uncer-
tainties related to reddening are small compared to the very large
differences in the temperature relations, and as long as we restrict
ourselves to nearby classical Cepheids, differential line-blanketing can
safely be neglected. Gravity effects within the Cepheid region do cause
scatter in (B-V),, as can be seen from the Bell & Gustafsson colours in
Fig.2 (see also Pel 1980), but also this scatter is small compared to the
wide range in temperature scales in Fig.2. With some limitations, the
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comparison in this figure is therefore still instructive. But can it tell
us what the most reliable temperature scale for Cepheids is?

The most refined synthetic spectra presently available for intermediate-
type supergiants are those by Gustafsson & Bell (1979) and Kurucz (1979).
The latter models are represented in Fig.2 by my own temperature relation
for Cepheids, which is based on the Kurucz data. The overlap between these
two sets of models is limited, but the agreement is reasonable, with
differences that stay within 100 K over most of the common range. On the
other hand, in her review of the effective temperature scale, Bohm-Vitense
(1981) gives a best-fit relation for A-M supergiants which is mainly based
on the calibrations by Bohm-Vitense (1972), Van Paradijs (1973), Bell &
Parsons (1974), Luck (1977 a,b), and on a few stars with direct angular
diameter measurements. The temperatures by Luck are in turn based on the
Bell et al. (1976) model atmospheres. In the region of the Cepheids,
Bohm-Vitense's "most probable" relation lies halfway between the Bohm-
Vitense 1972 and the Flower relation, about 200-300 K cooler than my
Cepheid temperatures.,

How can we resolve this discrepancy? It is well known that the agreement
between real and synthetic stellar spectra is still far from perfect, In
particular, when synthetic (blue-visual) colours are normalized around
AOV, they systematically produce too low temperatures for F-G stars (cf.
Relyea & Kurucz 1978; Gehren 1981). This problem is probably due to
insufficient near-UV opacity in the models. I have tried to estimate the
size of this effect in the Kurucz VBLUW colours, taking also into account
improved photometric calibrations and results for new (unpublished) Kurucz
models with improved treatment of convection. These estimated corrections,
which are still very uncertain, indicate that my Cepheid temperatures may
have to be decreased by about 100 K at the blue end of the colour-Tgs¢
relation, and increased by a smaller amount at the red end. The gap in
temperature between the Bohm-Vitense best-fit relation and my "best guess"
would then become nearly constant over the whole Cepheid range, but it
would still be about 250 K wide.

Unfortunately there are only two F-G supergiants for which interferometric
diameter data allow a direct determination of T.ff: aCAR and § CMA. Code
et al. (1976) derive Tofg= 7460 K for a CAR and 6110 K for 6§ CMA, but with
large uncertainties ( 0= 450 K). Blackwell & Shallis (1977) find 7206

+ 173 K and 5877 + 390 K for the same stars (see Fig.2), but also these
numbers are too uncertain to improve the situation.

Since we are dealing with Cepheids, there is one other '"direct" way
available to estimate Tofg: via the Baade-Wesselink (BW) radius. The BW
method in its original form, which assumes a unique correspondence
between Topf and colour, is entirely independent of temperature. This is
not quite true for some modern versions of the BW method, but in all cases
the BW radius depends very little on the adopted temperature scale.
Moreover, temperatures derived from Lerz.Teff are relatively insensitive
to errors in R and L, and the errors in Rpy and L should be uncorrelated
when L is derived from cluster distances.
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In Fig.2 I have indicated "Baade-Wesselink" temperatures for the two
cluster-Cepheids with the best cluster data, S NOR and U SGR. The BW radii
of these stars were taken from the recent discussion of Cepheid radii by
Fernie (1984); they are based on many BW determinations (14 for U SGR, 9
for S NOR). The luminosities were derived from the cluster photometry (cf.
next section). The resulting temperatures are 5470 K for S NOR and 5655K
for U SGR. T am of course pleased to see that these temperatures fit well
with my own temperature calibration, but unfortunately this agreement may
be entirely accidental. The errors in the BW temperatures are still large
(0= 180 K for S NOR, 210 K for U SGR), mainly due to the uncertainties

in L (10-15 %). BW radii may also be systematically too small (Fernie
1984). An upward correction of the BW radii by 10 7 would lower the BW
temperatures by 275 K., We are therefore left with the conclusion that the
slope of the To¢f~(B-V), relation is probably fairly well established,
but that the zeropocint remains uncertain within a range of about 250 K.

The preceding discussion may leave a rather disappointing impression about
the status of temperature determinations for Cepheids. With 250 K uncer-
tainty in the temperature scale, and reddening errors adding ancther

130 K, Cepheid temperatures could be wrong by 380 K. This would correspond
to more than half of the width of the Cepheid strip, and it would make
mass estimates or comparisons with theoretical blue edges almost impos-
sible. Some optimism is also justified, however. It has been shown that

a very good fit to theoretical blue edges can be obtained with Cepheid
temperatures derived from multicolour photometry and synthetic spectra
(e.g. Pel & Lub 1978). This can not be used to support a particular
calibration of reddenings and temperatures, of course, but it indicates
at least that a systematic error in T,¢¢ as large as 380 K is unlikely.

It should also be remembered that relative temperature determinations are
much more accurate than the absolute scale, Within a given photometric
calibration , an accuracy of 0703 in E(B-V) is well attainable (see Fig.l),
which means that the relative positions of Cepheids inside the strip can
be determined to within + 12 Z of the strip width.

LUMINOSITIES

It is very difficult to discuss the luminosities of Cepheids
without entering into a discussion of the Cepheid distance scale. Since
the role of Cepheids as distance indicators will be the subject of a
separate review at this colloquium, I will concentrate here on only a few
aspects of the luminosity calibration. This I will do mainly from the
physical viewpoint, i.e. the calibration of bolometric luminosities (L)
rather than of absolute magnitudes (My).

The transformation of My into L requires only one step, the bolometric
correction (BC), but for most stars this is by no means an easy one.
Fortunately Cepheids have nearly solar temperatures, and consequently
their bolometric corrections are on average small, On the other hand,

the temperature variations of large-amplitude Cepheids are so large -

1000 K or more - that the differences between visual and bolometric light-
curves can become quite significant. Since the "equilibrium luminosity"

L of a Cepheid is the time average of the bolometric lightcurve, it is
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good to check whether bolometric corrections are indeed only a minor
source of uncertainty in the calibration of L.

In order to estimate how well the BC scale for Cepheids is determined, I
have compared in Fig.3 the empirical BC calibration of Flower (1977) with
theoretical BC values based on the Kurucz (1979) model atmospheres.
Flower's BC relations in this temperature range are mainly based on the
data of Johnson (1966) and Code et al. (1976). The BC values for the
Kurucz models were taken from Lub & Pel (1977); the supergiant relations
correspond to a microturbulence of 4 km s_l, and the BC scale was normal-
ized by adopting BCg=-0707. The agreement between both BC calibrations
is quite satisfactory., The Flower supergiants relation and the "mean
locus" occupied by Cepheids in the Kurucz calibration differ by about
0M02, but the important thing is that this difference is nearly constant
with Toff. We can therefore conclude that the shape of the BC curve for
Cepheids is quite accurately known, and that the uncertainty in the zero-
point is probably & 0102, corresponding to an error in L of about 2 %.
This is not entirely negligible, but it is only a small factor in the
total uncertainty of L, as we will see,

For the calibration of Cepheid parameters, and particularly for the
luminosity scale, the Cepheids in open clusters and associations remain
of crucial importance. In recent years there has been a strong renewed
effort to increase the number of these calibrating Cepheids, and to
improve the quality of the cluster data. I refer especially to the photo-
metric programs by Turner (1977 1978 198C 1983) and Schmidt (1983 and op.
cit.) The results of this new work are in many respects promising.
Although for very long it seemed impossible to increase the number of 13
"classical" calibrators of Sandage & Tammann (1969), Fernie & McGonegal
(1983) now list 27 Cepheids for which cluster/association membership is
likely. These stars cover the whole range of Cepheid periods, and they
define a P-L relationship with the remarkably small r.m.s. scatter of
016 in My. It is not certain, however, that this small scatter really
reflects the present level of accuracy in the Cepheid luminosity scale.

Fig. 3

Empirical (Flower 1977) and
theoretical (Kurucz 1979) BC
calibrations for Cepheids,

4 The arrows M/H] 0 — -1
indicate the effect of a factor
— 10 decrease in metallicity.

FLOWER ‘77
— e KWRUCZ 79 _|
_____ CEPHEIDS REGION

I I l |
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Two persistent problems cause considerable uncertainty in the distances

of galactic open clusters. Firstly, there are the well-known complications
related to the Hyades zeropoint. The recent increase of the Hyades dis-
tance appears well established now (Hanson 1980), but it remains uncertain
how the distances to other clusters should be corrected for the effect of
a high metallicity of the Hyades, and even the composition of the Hyades
is still a matter of dispute (Cayrel de Strobel 1980; Flower 1980).
Secondly, there exists a discrepancy between the cluster distances derived
from UBV photometry and those from the new uvbyB data of Schmidt, in the
sense that Schmidt's distances are systematically smaller by 20-40 %
(Schmidt 1980a; Caldwell 1983). This discrepancy is alleviated partly by
the recent recalibration of the HB index by Balona & Shobbrook (1984), but
even these last corrections leave systematic differences corresponding to
about 20 % in distance. It is obvious that an error of this size would
ruin the Cepheid distance scale, and that it would also be very serious
for comparisons with Cepheid theory: a 20 7 distance error means 40 % in
L, 20 % in R (at given Tgff), 10 Z in Mgyo1, and 50 Z in Mpyig-

In an attempt to shed some new light on this problem, I will now discuss
recent results from VBLUW photometry of NGC 6087 and M 25, the parent
clusters of S NOR and U SGR, These clusters are probably the two most
reliable points in the calibration of Cepheid luminosities. The ages of
NGC 6087 and M 25 are so close to that of the Pleiades (T%7.5x107yr), and
the main-sequences of the three clusters are so similar, that it should be
possible to derive very accurate differential distance moduli with respect
to the Pleiades. Since the Pleiades distance can be determined from a
direct fit to nearby parallax stars (Van Leeuwen 1983), this offers the
very attractive opportunity of distance determinations for U SGR and $ NOR
that are entirely independent of the Hyades. The uncertainty due to
possible composition differences between the clusters cannot be bypassed
in this way, of course. On the other hand, with respect to metallicity

the Pleiades are probably much more typical for young open clusters than
the Hyades (cf. Nissen 1980).

Let us see now what comes out of such a Hyades-independent calibration.
The available VBLUW data consists of the extensive Pleiades photometry by
Van Leeuwen (1983), and my own VBLUW photometry for about 140 stars in
each of the clusters NGC 6087 and M 25 (Pel 1984). It is not possible to
discuss any details of the photometric analysis here, but a few important
points should be mentioned. The question of cluster membership causes no
problems for the brighter Pleiades, but this is not so for the other two
clusters., Similarly to the uvbyR photometry, the VBLUW system provides 4
criteria to decide about cluster membership: position in the HR-diagram,
colour excess, and spectral classifications based on two reddening-
independent two-colour diagrams. The latter diagrams are calibrated in
terms of Tgeef and logg, and they allow two independent 2~dimensional
classifications for each star, Accurate individual reddening corrections
can then be made, and a de-reddened magnitude-To¢¢ diagram can be
constructed.

Fig.4 shows the HR-diagrams of the three clusters, for the upper main-
sequences down to about AO. The T.ff scale used here is based on the
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synthetic spectra by Kurucz (Kurucz 1979; Lub & Pel 1977), but I want to
stress that this is unimportant for the distance determination. A diagram
with the reddening-independent temperature index [B—U] along the abscissa
looks extremely similar to Fig.4, and its leads to the same results. A
comparison of Fig.4 with theoretical isochrones (e.g. Hejlesen 1980)
confirms that the three clusters differ very little in age, AT {25 7%. This
comparison shows also that differential evolution effects in the late B
and A stars are extremely small. In the main-sequence fits I have there-
fore given the highest weight to the lower parts of the HR-diagrams in
Fig.4. Small corrections for the age differences were applied, based on
the theoretical isochrones. The final results for the distances of M 25
and NGC 6087 are given in Table 2, together with results from other studies.

Can we learn anything from Table 2 with respect to the discrepancy between
UBV and uvbyB distances? After adjusting Schmidt's distances with the
correctipns by Balona & Shobbrook, there appears to be excellent agreement
between the VBLUW and uvbyB results for M25, but not for NGC6087. I have
the strong suspicion that the disagreement for NGC 6087 is related to the
fact that the uvbyB distance is based on only 11 of the brightest cluster
stars, all near the main-sequence turnoff, and clearly evolved. It could
very well be that the HB calibration for such stars is less reliable. The
uvbyB distance for M 25 should be much more accurate, since it is based on
27 cluster stars which cover the main-sequence nearly down to log Tefg=4.0.

1 | | Vi Fig.4.
0.0k - ,_13 Reddening—free HR-diagrams for
W - M 25,NGC 6087, and Pleiades, as
° M25 i determined from VBLUW photometry.
R T T B The Walraven V, scale is in log
BN 99 units, the (transformed) UBV V,
-1-0 ° . - scale in magnitudes.
et N Temperatures have been derived
sk . " from reddening-independent
T . T colour-indices.
o <+ ) +80 Open circles denote stars with
‘, NGC 6087 less accurate reddening values,
, G i or cases where there is some
S I ] doubt about cluster membership.
o~ [00  Binaries have not been removed
-5 T enme T from the Pleiades diagram.
4 . " : g" T
.5 =l
- , 4.0
1.0 Pleiades _|
05+ Y . .
. - 6-0
log. * LR T mag.
00 DR
| L L | '
log Teff 41 40
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In this respect it is probably significant that Schmidt's preliminary
result for M25 (Schmidt 1980a), which was still based on only 12 cluster
members, gave a modulus of only 8T44, It is likely that this first set of
12 stars covered mainly the bright, evolved cluster stars.

After all the work on the Hyades modulus and the cluster distance scale
over the last fifteen years, it is ironic that the new VBLUW distances for
S NOR and USGR are so close to the 1969 Sandage & Tammann values. This is
no argument against the new Hyades distance, but it indicates strongly
that the increase in the Hyades distance is indeed to a large fraction
offset by composition effects (cf. Martin et al. 1979; Caldwell 1983).
Since more reliable theoretical data on composition effects in cluster
main-sequences are now available (VandenBerg & Bridges 1984), we can show
that the Pleiades distance used in the VBLUW method does not conflict with
the revised Hyades modulus. Adopting a Hyades modulus of 3730 + OT06 from
Hanson (1980), and a modulus difference Pleiades~Hyades A(m-M),=2752+0T05
(mean value from Turner 1979 and Jones 1981), the uncorrected Pleiades
modulus becomes 5W82. If the Hyades are more metal-rich by A[Fe/H]=-H).15,
the Pleiades modulus should be corrected by -0%22 (0T03 ?) according to
the VandenBerg & Bridges data. This gives a final Pleiades modulus of
5T60 +0708. Van Leeuwen's fit to parallax stars gave 5T57 +0T08.

Returning now to the aim of this whole exercise - the calibration of Cepheid
luminosities = I will modestly adopt the VBLUW moduli as probably the most
reliable distances for S NORand USGR. From the VBLUW photometry of the
Cepheids (Pel 1978) we finally get log(L/Lg)=3.536 for S NOR, and 3.436
for USGR (see Table 3). Taking into account the uncertainties in BC and
reddening of the Cepheids, the r.m.s. error in both luminosities is
0(logL) =0.044, i.e., 11 % in L. This represents the best accuracy that is

Table 2, Distance moduli for M 25 and NGC 6087.

M 25 NGC 6087

VBLUW photometry, fit to Pleiades o] g
A(m-M), relative to Pleiades 3M41 006 4129 OM06
differential evolution corrections -0.03 0.01 -0.02 0.01
(m-M), Pleiades (Van Leeuwen 1983) 5.57 0.08 5.57 0.08
total distance modulus (m-M), 8.95 0.10 9.84 0.10
Distances from other methods
Sandage & Tammann (1969); UBV,0ld Hyades distance 8.98 9.76
(m-M) = 3703
Caldwell (1983); UBV,Hyades at (m-M),=3%28, 9.14 9.81
correction for high metallicity Hyades
Fernie & McGonegal (1983); UBV, Hyades at 9.21 9.95
3729, no correction for metallicity
Schmidt (1980 b, 1982); uvbyB, no explicit fit 8.76 9.60
to Hyades

Schmidt, as corrected by Balona & Shobbrook (1984) 8.91 9.64
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attainable for a calibrating Cepheid. It should be kept in mind, however,
that this 11 7 standard error does not yet account for the intrinsic
scatter in main-sequences due to variations in composition, rotation,
binary frequency. The contributions from these extra error sources are
very uncertain, but they could very well increase Of, to about 15 Z.

MASSES AND RADII

The excellent review of Cepheid masses given by A.N.Cox a few
years ago (Cox 1980) is still fully relevant to the present situation, so
I will not attempt to repeat that analysis here. In his review Cox came to
the important conclusion that the "primary" Cepheid mass problem - the
fact that Mevol:>Mpuls for all Cepheids with known L — had been solved by
the increased Hyades distance and by lower Cepheid temperatures due to
improved reddening and temperature calibrations. The factor that con-
tributed most in removing the discrepancy was the larger Hyades modulus.
We can expect therefore that the reduction in cluster distances that I
have just discussed will cause mass problems again.

Table 3 lists the masses and radii for U SGR and S NOR that follow from
the temperatures and luminosities that I adopted as "best values'. The
different mass estimates (following Cox's nomenclature) were computed for
(Y=0.28,2=0.02) from the same relations used by Cox: the evolutionary

M-L relation for Cepheids from Becker et al. (1977), and the Faulkner
(1977) fitting formulae for the P-M-L-T.¢f relation. The results in Table
3 are not very surprising. The "theoretical™ masses My are hardly affected
by the new calibration, but the reduction in L moves M,,,1 and Mpuls
apart. This brings back a mass discrepancy that is not very large, but
nevertheless significant.

Table 3. Fundamental parameters of U SGR and S NOR.Numbers in
parentheses are corresponding values from Cox (1980).
Masses and radii are in solar units.

o — e i et s e e e e et e e e e e e e [rmp—— - —— . 7t S o . o it e e e i e e e o e e e e e S e

parameter U SGR S NOR
period 64745 99755

(m-M), 8795 9mMg4

Terg K 5754 (5734) 5425 (5502)
log(L/Lg) 3.436 (3.59) 3.536 (3.65)
R(L,Tegt) 52.5 (63.8) 66.4 (74.2)
Mevol 6.44 (7.09) 6.85 (7.36)
Mih 6.74 (6.72) 7.22 (7.37)
Mpuls 5.15 (8.79) 5.45 (7.31)
Mevol/Mpuls 1.25 (0.81) 1.26 (1.01)
Mih /Mpuls 1.31 (0.76) 1.32 (1.01)

Rpy Baade-Wesselink radius (Fernie 1984) 54.3 {(55.3) 65.2 (53.4)
Mpy = Mpuls from Rpy 5.61 (6.63) 5.25 (3.59)
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If we assume that the discrepancy is caused by the observational data, and
not by the theoretical relations, the problem can be cured with the well-
known remedy: a decrease in Tgff, an increase in L, or a combination of
both (Iben & Tuggle 1975; Cox 1980). In view of the uncertainty limits in
the To.ff and L scales, and of the blue edge position in the HR-diagram,
the least unattractive compromise would be ATo¢¢= -155 K and AL= +10 Z.
This would bring perfect agreement (within 1 %) between Mgyo1» Mpuls' and
M¢n for both Cepheids (note that the new mass ratios in Table 3 are nearly
identical for both stars), and it would not spoil the good fit of observed
and theoretical blue edges tooc much. We should not accept this solution
too easily, however., It clearly would not solve all problems, as R(L,Tgo¢f)
would increase by 10 %, and Mpy would remain too low. We should also keep
in mind that the data in Table 3 can hardly be called representative for
the whole Cepheid strip, as they are based on only two Cepheids with not
too different periods.

The determinations of M and R for Cepheids are so closely related, that
the problems with Cepheid masses could also be described as radius—
discrepancies., In order to see what the situation is at the long- and
short—period ends of the Cepheid strip, I will now switch from M to R,
and discuss some results from a recent excellent review of Cepheid radii
by Fernie (1984). Fernie discusses the following four types of radii:

1) Baade-Wesselink radii, Rpy, for which average values are taken from
many sources.

2) R(L,Ta¢g) for cluster/association Cepheids, Rep, based on the data by
Fernie & McGonegal (1983).

3) "beat/bump radii”, Rpp, based on R values from mixed-mode period
ratios and phases of bumps in velocity curves (Cogan 1978),

3) "theoretical radii", Ry, determined by solving the Becker et al.(1977)
M~L relation, and the Iben & Tuggle (1975) P-M-L-T,ff relation at the
blue and red edges of the Cepheid strip.

For these different radii he finds the following mean P-R relations:

log Rpy = 1.244 (4£0,023) + 0.587 (40.022) log P
log Rgp, = 1.042 (£0.015) + 0.824 (40.010) log P
log Rpg = 0.833 (+0.018) + 0.956 ($0.022) log P
log Ry = 1.179 (40.006) + 0.692 (+0.006) log P

Fernie describes this as "a sorry situation", even if one omits the Rpp
radii on the grounds that the correct interpretation of the beat and bump
phenomena is still unclear. For periods between 5 and 10 days the Rpy, Rgy,
and Rpy radii agree reasonably well, but outside this range there are
serious discrepancies, of up to 50 % at the longest periods.

Il

These results show that the good agreement between R(L,T,ff) and Rpy in
Table 3 is misleading. It is also clear now that a simple zeropoint shift
in L and Tgfg can not solve all mass and radius problems over the whole
period range. Adopting the distance scale of Table 3, instead of the un-
corrected Hyades modulus of 3729 used by Fernie, would make all Rgp 12 7
smaller. This would bring no real improvement; it would merely shift the
point of best agreement between Ry, Rep and Rpy towards longer periods.
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The R values that stand out most strongly are Rpp at the short periods,
and Rgy at the long periods. The solution for the very small beat and bump
radii (and masses) almost certainly has to come from the theory, but it
is still difficult to decide whether surface He-enrichment (cf. Cox 1980)
is the real answer to this problem. As for the BW radii, T should point
out that Fernie's mean Rpy relation is an average for several rather
different versions of the BW method, and that in general the more refined
versions give steeper relations. It is particularly noteworthy that the
BW method of Sollazzo et al. (1981) gives radii that agree very well with
Rry. Their method does not depend at all on the assumption of a unique
colour-temperature correspondence, but it uses the detailed surface bright-
ness variation derived from multicolour photometry and model atmospheres.
Also the "Barnes-Evans' version of the BW method (Barnes et al. 1977),
which is based on a (V-R) vs. surface brightness calibration, gives a
much steeper R-P relation; in a recent paper Gieren et al. (1984) find
log R=0.79 log P from this method. It seems therefore that the Rpy radii
can be improved to agree much better with Rgp, and Rpy. The Rpg - Rep, dis-
crepancy is probably more difficult to solve, however, as is also shown
in Fernie's discussion. Changes in the theoretical relations are not
sufficient (opacities, chemical composition), or go the wrong way (mass
loss), whereas the empirical calibrations of L and To¢f allow some shift
in the zeropoint of the R, relation, but hardly in its slope.

It should be noted that in arecent paper by Burki (1984) it is also con-
cluded that good agreement can be reached for Rpy and Rty, but in a very
different way. Burki shows that Rpgy and RTy agree satisfactorily for short-
period Cepheids if one corrects Rpy for the effects of duplicity. The
long-period Rpy values remain smaller than Ry, but Burki argues that these
small Rpgy are in fact the correct radii, and that Ry should be reduced by
taking into account mass loss. Although this reconciles Rpy and Ry, 1 am
afraid that it leaves a large discrepancy of both Rpy and Rry with respect
to the Rrp, values ( not considered by Burki) at long periods.

The conclusion from all this can only be that full agreement between
empirical and theoretical data for Cepheids has not yet been reached, and
that the solution of all mass and radius problems will require improve-
ments on both the observational and the theoretical side. The above
discussion also emphasizes once again how important the Cepheids in
clusters and associations are in this respect. The basic parameters of
these stars should be determined with the highest accuracy possible. In
the list of 27 cluster/association Cepheids of Fernie & McGonegal (op.cit.)
there are still several cases for which more reliable data are needed,
particularly among the long-~period Cepheids in associations. The cluster
distance scale can hopefully be improved significantly within a few years
with the Hipparcos satellite, which should give the distances to Hyades,
Pleiades, and a few other nearby clusters to better than 1 Z. For a small
number of nearby Cepheids direct parallax measurements of useful accuracy
should even be possible. Of the various discrepancies mentioned, those
related to the double-mode Cepheids are probably the most disturbing. This
is primarily a challenge to the theoreticians, but observers could make
an important contribution if double-mode Cepheids in the Magellanic Clouds
could be found.



Pel: Fundamental parameters of Cepheids 15

At the end of this review, I realize that I have been talking mainly about
uncertainties and discrepancies., This may have give the wrong impression
that in the field of Cepheids we are just discovering problem after prob-
lem. If you would conclude that there has been no real progress, it is
good to remember that after the discovery of the first Cepheids it took
130 years before it became clear that Cepheids pulsate, and 170 years
before it was known why. It also took 170 years before Cepheid luminosities
were known to better than a factor four. It is only fair that it takes a
bit longer to solve the more subtle problems of these fascinating stars.

This review is partly based on papers that are still in press; I am very
grateful to drs. L.A, Balona, G. Burki, J.A.R. Caldwell, J.D, Fernie, and

W. Gieren for sending me preprints of their work. I thank Dr.H.R, Butcher
for stimulating discussions and helpful comments on the manuscript.
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THE DCUBLE-MODE CEPHEIDS

L.A. Balona
South African Astronomical Observatory

Abstract. Recent observations of double—mode Cepheids and
proposed candidates are reviewed. It appears that the
change of modal content reported in some stars may not be
real. Observations show that the double-mode Cepheids are
indistinguishable from normal Cepheids of similar period.
This poses a severe problem for pulsation theory which
predicts very low masses from the ratio of first overtone to
fundamental period. Attempts to resolve this problem and the
problem of modal selection are discussed.

INTRODUCTION

The phenomenon of double-mode pulsation is common among the
lower luminosity stars in the Cepheid instability strip. Most & Scuti
stars are in fact multimode pulsators; those with larger amplitudes
usually pulsate in two modes and are sometimes known as AI Vel stars or
dwarf Cepheids. Among the Cepheids, the double-mode pulsators comprise
nearly half the number of stars in the 2 - 4 day period range,

The double-~mode Cepheids pose two serious problems for stellar pulsation
theory. Firstly, the masses inferred from the ratio of their periods
(presumed to be the fundamental and first overtone radial modes) are
about half the value deduced from the theory of stellar evolution. This
is by far the most serious of the various mass discrepancy problems
encountered among the Cepheids. Secondly, the very existence of these
stars is a problem because stable double-mode behaviour has not yet been
produced in any Cepheid model.

»
Because of these problems, the double-mode Cepheids have received much
observational and theoretical attention in recent years.

RECENT OBSERVATIONAL STUDIES

In Table 1 we summarize some data on the eleven known
double-mode Cepheids. The data are mainly from Stobie & Balona (1979)
and from references cited below in the discussion of individual stars.
Despite intensive efforts to discover further candidates (Pike & Andrews
1979; Henden 1979, 198C; Barrell 1982b), none have been found. Three
stars recently proposed as possible members of this class or closely
related to them are also discussed below.
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TU Cas. Faulkner (1977) analysed photoelectric observations of TU Cas
and suggested the presence of a third periodicity which was interpreted
as the second overtone at Pp = 1.25246 days. Subsequently, Hodson,
Stellingwerf & Cox (1979) repeated the analysis and concluded that Pj
was just an artifact of the data. More recently, Faulkner (1979) has
disputed this conclusion.

The presence of a third mode would have very important consequences as
it further constrains the theory. We have re-—analysed all photoelectric

Table 1. Periods, period ratios and semiamplitudes of the light and
radial velocity variations of double-mode Cepheids. Standard errors of
these quantities are given on the second line whenever available.

Name Py Py P/Pyg A(Vy) A(Vp) A(RVgp) A(RV])
TU Cas 2.13931 1.518285 0.709708 0.292 0.103 13.5 6.6
2 12 9 5 5 9 .9
U TrA 2.568425 1.824876 0.7105037 0.297 0.125 14.7 7.5
3 3 14 13 12 o4 W4
VX Pup 3.0109 2.1390 0.7104 0.166 0.144 6.3 9.0
10 5 3 4 4 .7 .7
AP Vel 3.12776  2.19984  0.70333 0.275 0.138 13.2 9.8
10 5 3 7 7 .8 .8
BK Cen 3.17387 2.22297 0.70040 0.245 0.106 13,2 10.0
10 5 3 13 13 1.2 1.4
UZ Cen 3.33435  2.35529  0.70637 0.308 0.070 14.7 6.2
11 6 3 10 9 .9 .8
Y Car 3.63981  2.55954 0.70321 0.266 0.120 11.1 6.8
13 7 3 7 7 .9 1.0
AX Vel 3.673170 2.592924 0.705909 0.116 0.148 3.6 745
14 5 3 5 5 .5 .5
GZ Car 4.15885 2.93372 0.70542 0.150 0.086 5.3 7.1
17 9 4 5 4 1.0 1.0

BQ Ser 4.,27073 3.01205 0.7053
? ? ?

V367 Sct 6.29307 4.38466 0.696744  0.143 0.137
4 2 5 ? ?
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observations including an early set by Bahner & Mavridis (1971) which
was overlooked by the previous workers. Our conclusion is that the third
periodicity definitely does not exist.

Hodson et al. also found that the light amplitude of the first overtone
has decayed with respect to that of the fundamental by about forty per
cent over the last sixty years. Niva (1979) found a similar, though
smaller, trend in the radial velocities. The observational evidence in
both cases is weak. The conclusion of the former workers rests entirely
on visual observations conducted during the early decades of this
century. Photoelectric observations obtained during the last twenty
years do not show any trend. The amplitude changes in the radial
velocities found by Niva are not statistically significant, differing by
no more than one standard deviation.

U Tra. Faulkner & Shobbrook (1979) found an increase in amplitude of the
first overtone with respect to the fundamental in the photoelectric data
prior to 1977. More recently, the same authors (Faulkner & Shobbrook
1983) repeated the analysis in a different manner and concluded that the
change in modal content reported earlier was not significant, though
their most recent data do show some increase in first overtone
amplitude, They concluded that the apparent changes in modal amplitudes
may not be real, but are probably due to seemingly random fluctuations
in the light curve. They also find that the first overtone is subject to
a greater degree of incoherence in phase and variability in amplitude
than 1s the fundamental.

AX Vel. This is the only double—-mode Cepheid in which the first overtone
light amplitude is larger than that of the fundamental. As Table 1
shows, there are other double-mode Cepheids in which the first overtone
predominates in radial velocity amplitude. Shobbrook & Faulkner (1982)
obtained new observations of AX Vel. They conclude that, like U TrA, the
light variations of the fundamental mode are stable and coherent, but
that the first overtone suffers small phase fluctuations which can be as
large as 0.07 periods over a five year interval.

Y Car. This is the only double-mode Cepheid known to be a spectroscopic
binary (Stobie & Balona 1979). Balona (1983) obtained an orbital period
of 993 days, which is typical for binary Cepheids. The mass function
leads to a lower limit of 1.2 solar masses for the companion if the
evolutionary mass is used for the primary.

PROPOSED CANDIDATES

CO Aur. This star was first observed by Smak (1964) to check
its classification as an RV Tau star. He could not detect any
periodicity in his photoelectric observations. The same result was
obtained by DuPuy & Brooks (1974) who re—observed the star. Recently,
Mantegazza (1983) has concluded that CO Aur is a double~mode Cepheid by
re-analysing Smzk's data. He finds Pg = 1.784, P} = 1.4255 days. If this
star is indeed a double-mode Cepheid, then it has the shortest period of
the group, but more important it has the unusual ratio P;/Pp = 0.80.
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This ratio is incompatible with current ideas on double-mode Cepheids
and could lead to a reappraisal of the subject. Antonello & Mantegazza
(1983) obtained further photometry which is claimed to confirm CO Aur as
a double-mode Cepheid.

We have analysed all available photometry for this star including the
data by Antonello & Mantegazza which they kindly put at our disposal
prior to publication. We confirm that the Py period is indeed present in
all the data sets, though the alias at P = 2.273 days is almost as
strong. However, when the data is prewhitened by Pg, there are no peaks
in the power spectrum at or near P; or in fact any peak much above noise
level. This not only applies to the set of combined data, but also to
the individual data sets. The strongest indication for P; is in Smak's
data, but this peak is only some 10 or 20 per cent stronger than the
noise level and can hardly be regarded as significant. We were
nevertheless puzzled by a diagram in Mantegazza (1983) and Antonello &
Mantegazza (1983) which purports to show the variation of the
fundamental prewhitened by the first overtone and vice versa. We could
not reproduce this diagram by the normal prewhitening procedure.
Instead, if we assumed the presence of the second period, found the best
fitting coefficients by a double-mode least squares solution, and
removed the coefficients pertaining to Py or to P}, we could reproduce
their diagram by prewhitening with the remaining coefficients., This
procedure is incorrect, since the inclusion of an arbitrary periodicity
distorts the least squares solution in such a way as to reflect the
periodicity of the missing coefficients in the prewhitened data.

In conclusion, CO Aur cannot be regared as a double-mode Cepheid at this
stage, The 1.78 day periodicity is however certainly real, but further
observations are required to elucidate the nature of this star,

HD161796. This is an F3Ib star located at high galactic latitude. Burki,
Mayor & Rufener (1980) found a semi-regular variation in both photometry
and radial velocities with a characteristic period of about 54 days.
Percy & Welch (1981) found a period of about 60 days for the light
variations during 1979, but in 1980 the period seemed to have shortened
to about 40 days.

Fernie (1983) obtained further photometric data during 1980 and
confirmed a period of 43 days for this season. He concludes that the 60
day to 43 day ratio for the two seasons is what one expects for a star
in the process of switching from fundamental to first overtone radial
pulsation. Takeuti (1983) has calculated that a Cepheid of 30 solar
masses would have the observed periods.

In a semi-regular variable, one could expect to find by chance the
correct period ratio in two or even more consecutive cycles., To conclude
that this star is a Cepheid undergoing mode transition one would have to
show that for a long time the star was pulsating in predominantly one
period and after an interval in predominantly the other period. We
analysed the available photometric and radial velocity data, but failed
to confirm this behaviour. Fernie has tried to explain the 54 day
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periodicity in the data by Burki et al. as an aliasing effect, but we
cannot support this conclusion. Their radial velocity data show a clear
unaliased peak at 53 * 1 days. The combined photometric data shows a
peak at 56.7 days; in both cases a period near 60 days can be excluded.

HR7308. This star is unique among the Cepheids. Not only does it have
the shortest period (1.49 days) but the amplitude itself varies with a
period of about 1200 days (Breger 1981). This amplitude modulation can
also be interpreted as a beating of two very nearly equal periods. In
this case HR7308 could be classified as a double-mode Cepheid, though
with P;/Pgy = 0.999, the pulsation modes cannot be the same as in normal
double-mode Cepheids.

We have analysed the radial velocity observations of Burki, Mayor & Benz
(1982) which constitute a large, accurate and homogeneous body of data
with excellent phase coverage over nearly one complete beat cycle., Table
2 shows the results of a periodogram analysis with successive prewhite-
ning. At each stage the frequency range between 0 and 1 cycle day”l

was searched for peaks. Except for those in the table, no others were
found.

It is apparent that the data cannot be represented adequately by just
two periods. The results of Table 2 show that the main pulsation at
0.6709 cycles day—l is flanked symmetrically on each side by a pair of
equally spaced frequencies, the spacing being equal to the beat
frequency. When all five oscillations are used, the standard deviation
of the least squares fit is 0.7 km s—1 per observation.

There are two interpretations of this frequency spectrum. If all five
frequencies are real oscillations, then the most obvious interpretation
is that they are caused by rotationally split quadrupole or higher order
nonradial oscillations. On the other hand one could intepret this
spectrum as asymmetric amplitude modulation of a single radial
pulsation, It is easy to show that in this case the spectrum should
consist of the main pulsation flanked by equally spaced components with
symmetric decaying amplitudes. The results of Table 1 seem to confirm
these conditions within the errors. In this interpretation there should
also be a relationship between the phases, but this could not be checked
as the phases are strongly affected by small uncertainties in the
frequencies. An analysis of the available photcmetry confirms the
pattern shown by the radial velocities, though the smaller amount of
data and the uneven phase coverage pose some problems.

Table 2, Frequencies of radial velocity variation in HR7308.

f (day'l) Semiamplitude (km s~ 1) Indentification
0.6709 4.98 t 0.07 fo

0.6717 2.07 * 0.07 fg + Af
0.6699 1.82 £ 0.07 fg ~ Af
0.6727 1.00 £ 0.07 fg + 2Af
0.6689 0.61 £ 0.07 fg - 2Af
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The evidence from the power spectrum of the radial velocities and the
fact that Burki et al. (1982) were able to perform a Baade-Wesselink
analysis assuming radial pulsation strongly suggests that HR7308 is
pulsating in a single amplitude modulated radial mode. It is certainly
not possible to interpret the observations in terms of a double-mode
pulsation.

PHYSICAL AND PULSATIONAL PROPERTIES

The evidence that double-mode Cepheids are Population I
objects of high mass is very compelling. Perhaps the best proof of this
is V367 Sct which is a member of the young open cluster NGC6649., Barrell
(1980) measured the mean radial velocity of the Cepheid and showed that
it was the same as that of the cluster stars. The three brightest main
sequence stars were found to be emission-line objects, removing an
objection to cluster membership (Flower 1978).

Barrell (1982a) established that the iron abundance in ten double-mode
Cepheids 1is consistent with that of the sun. Balona & Stobie (1979a)
obtained Baade-Wesselink radii for eight double-mode Cepheids and showed
that they obey the same period - radius relationship as normal

Cepheids. Niva & Schmidt (1979) found the same result from the radius of
TU Cas.

Barrell (1981) estimated the effective temperatures of ten double-mode
Cepheids by measuring the Ha line profiles and comparing them with
profiles calculated from model atmospheres. This method is independent
of interstellar reddening and insensitive to differences in surface
gravity., Within the uncertainties, Barrell found all double-mode
Cepheids to have the same mean effective temperature. Balona & Stobie
(1979a) used BVRI photometry to estimate the reddening and determine the
intrinsic colours of eight double-mode Cepheids. Comparison with
single-mode Cepheids (Fig. 1) shows that there is no preferred location
for the double—mode Cepheids in the instability strip. The double-mode
RR Lyrae variables in Ml5 also show no preference for a particular
location 1n the instability strip. Unlike the double-mode Cepheids, they
lie in a narrow period range in which no single mode RR Lyraes exist
(Cox, Hodson & Clancy 1983).

The only observational evidence which distinguishes the double-mode
Cepheids from their single mode counterparts is the remarkable discovery
by Barrell (1978) of strong Ha emission occuring at seemingly random
phases. There is a possibility that this emission may be an instrumental
effect since the observations were made during the early days of
operation of a new instrument. Barrell subsequently observed these stars
for several more nights without finding any emission (Feast, priv.

comm, via Barrell)., Nevertheless, there is no reason to suspect any
fault in the instrument and confirmation of this effect would be most
important. Henden, Cornett & Schmidt (1982) could not find any
abnormalities in spectra of TU Cas which included the Ha line,
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The pulsational properties of double-mode Cepheids are not significantly
different from those of normal Cepheids. Both have the same phase lag
between the radius and light variation (Balona & Stobie 1979a). The
ratio of temperature variation to radius variation, which in normal
Cepheids depends on the mean temperature or period (Balona & Stobie
1979b), follows the same relation for the double-mode Cepheids, The
ratio of radial velocity to light amplitude, which is different for the
fundamental mode and for the first overtone mode, i1s easily explained as
a result of radial pulsation (Stobie & Balona 1979). Balona & Stobie
(1979a) find that the fractional radius variation amplitude of the first
overtone dominates that of the fundamental for the hotter double-mode
Cepheids. The double-mode RR Lyraes seem to follow this pattern: being
hotter than any of the double-mode Cepheids the first overtone always
has a larger light amplitude than the fundamental mode (Cox et al.
1983).

Fig. 1. The colour - magnitude diagram for normal Cepheids (closed
circles and double-mode Cepheids (open circles). The transformed
fundamental (F) and first overtone (1H) blue edges calculated by King
et al. (1973) are shown.
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THE MASS DISCREPANCY PROBLEM

The well known mass discrepancy problem for double-mode
Cepheids is most easily understood from the diagram of Fig. 2, adapted
from Petersen (1979). This shows the variation of period ratio with
fundamental period. Also shown are Petersen's (1979) calculations for
standard Cepheid models of various masses. It is clear that the
predicted masses of double-mode Cepheids lie in the range 1 to 3 solar
masses, while standard evolution theory predicts masses in the range 5
to 7 solar masses for models with the same fundamental period. The
models with evolutionary masses have a considerably larger period ratio
than is actually observed. Inclusion of convection (Cogan 1977; Deupree
1977; Saio et al. 1977) or rotation (Cox et al. 1977; Deupree 1978) has
only a marginal effect on the period ratio.

Simon (1982) has proposed an idea which may solve the mass discrepancy
problem without abandoning the assumptions made in standard evolution
and pulsation models. He suggests that the present metal opacities may
be underestimated Increasing these opacities by a factor of 2 to 3 in
the region 10> %K to 2X10° °K would reduce the period ratio of models
with evolutionary masses to the observed values, It will also leave
intact the good agreement obtained for the double-mode RR Lyrae period
ratios (Cox et al. 1983) since these stars have a small metal
abundance. Furthermore, it may help to solve the long standing problem
of B Cep variability.

Fig. 2. The period ratio vs. the logarithm of fundamental period showing
the loci of homogeneous composition models (labeled in solar masses) by
Petersen (1979).

0-¢ \1»0 60

0.7} e ° 7
P
/p,

0701 T

L
1\ _\

0.2 0.4 038

LOG P,

24



Balona: Double-Mode Cepheids 25

There are reasons to suspect that the present metal opacities are too
low, but whether they could be increased to the required level has not
been demonstrated.

If one accepts the present metal opacities, then one can invert the
problem and look for unusual physical properties in the outer layers
where the effect on the period ratio will be at its greatest,

Stothers (1979) has proposed that a magnetic field of several hundred
gauss at the surface could reconcile the masses, The magnetic fields
observed in Cepheids are much lower than this, but it is expected that
the magnetic field will be tangled by convection so that the ohserved
field will indeed be smaller. Recently, Stothers (1982) found that the
presence of magnetic fields will also lead to better agreement in the
predicted and observed phases of secondary bumps In many Cepheids.
However, the calculated models have larger amplitudes than actually
observed. The required field is also much lower than that needed to
explain the period ratio in double—mode Cepheids.

The modification which has received the most attention is that proposed
by Cox et al. (1977). They found that by increasing the helium abundance
in the outer layers of the star the density gradient is reduced and the
period ratio can be lowered to the observed values. The abundance
required to match the observed ratios is Y = 0.65 up to a temperature of
10° °K. They suggest that preferential depletion of hydrogen by a
stellar wind could produce the required helium enrichment (Cox, Michaud
& Hodson 1978)., A surface helium enrichment of Y = 0.75 is required to
match the phases in bump Cepheids. A serious problem in this model is
the instability of the enriched helium zone due to the inverted
molecular weight gradient which should lead to rapid mixing. Also it is
not certain that the rate of hydrogen depletion is high enough to
compensate for this effect. Henden et al. (1982) looked for, but could
not find, any spectroscopic evidence for a stellar wind in TU Cas. Luck
& Lambert (1981) deduced an appreciable helium overabundance in some
Cepheids, particularly TU Cas, from the observed depletion of oxygen.
This finding does not help the mass discrepancy problem since the helium
enrichment is not confined to the outer layers and the density gradient
is not appreciably affected by homogeneous changes in composition.
Takeuti (1980) has suggested that enhanced helium abundance in the outer
layers would result in increased convectional energy. Spontaneous Ha
emission as reported by Barrell (1978) could then occur.

THE MODAL SELECTION PROBLEM

The second major probhlem, one which has received much
attention recently, is the cause of double~mode pulsation. One
possibility which must be rejected is that these stars are in a state of
mode transition. The expected lifetime of double-mode pulsation is much
too short to explain the observed numbers of double-mode Cepheids
(Stellingwerf 1975).
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One of the problems which any theory of modal selection must attempt to
answer is the very narrow range of observed period ratios. A range in
magnetic field stengths or helium abundances in the outer layers will
lead to a much larger variation in this ratio. The most promising answer
to this problem and one which probably underlies the modal selection
problem 1s Simon's (1979) resonance hypothesis. He suggests that the
double-mode phenomenon involves a resonant interaction between the
fundamental and first overtone modes when the sum of their frequencies
is close to or equal to the frequency of the third overtone. This
hypothesis might also underlie the Hertzprung progression of bumps in
the light curves of normal Cepheids., In this case the resonance 1is
between the fundamental and second overtone modes, the latter having
nearly twice the frequency of the former. Resonance may also be one of
the factors determining the limiting amplitude in Cepheids.

In the resonance theory, the double—-mode Cepheids should occupy a region
in the instability strip where a close resonance with the third overtomne
is possible, Simon, Cox & Hodson (1978) examined a series of nonlinear
pulsation models of double-mode Cepheids near this resonance, but could
not find sustained double-mode behaviour. Petersea (1979, 1980) found
that with normal composition the resonance condition did confine the
perlod ratio to a narrow range, but only models with unrealisticly high
helium enrichment in the outer layers could have period ratios in the
observed range if evolutionary masses are assumed. Takeutl & Aikawa
(1980) and Uji-Iye (1980) have found that for a reasonable helium
enrichment only models with masses much smaller than evolutionary masses
could simultaneously satisfy the period ratio and resonance conditions.

Alkawa (1984) investigated the two and three~mode resonances
analytically. The approach to resonance is accompanied by mutual period
changes in the models involved, but the change in period ratio 1s too
small to be of significance. Dziembowski (1982) has developed a
second-order theory of nonlinear mode coupling in oscillating stars. He
obtains an explicit formula for the coupling coefficient and finds an
equilibrium solution for two and three interacting modes and develops
stability criteria.

Regev & Buchler (1981) and Buchler & Regev (1981) have developed the
two-time formalism, This is a useful analytical and computational tool
for finding stable double-mode pulsation and for studying the evolution
towards it. In addition, this formalism has the advantage of making more
apparent the physical significance of various factors which is normally
hidden in numerical simulations. Regev & Buchler (1981) suggest that
persistent double-mode pulsation may not necessarily require the
presence of internal resonances, but these resonances might play an
important role in the evolution towards such pulsations. Regev, Buchler
& Barranco (1982) include the treatment of resonances in the two-time
formalism. Buchler (1983) finds that near resonance a steady state
solution where only one amplitude is non-zero does not exist. He
suggests that Simon et al. (1980) may have made an unfortunate choice
for their stellar model.
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CONCLUSIONS

Our understanding of double-mode pulsation in Cepheids is
still very limited, though some progress has been made, The mass
discrepancy problem has still not been solved satisfactorily. The
theories which have been proposed suffer from several weaknesses, not
the least being that they involve too many free parameters and are
practically impossible to disprove. Simon's (1982) idea of enhanced
metal opacities seems to be the most promising line of investigation at
present.

Until numerical models have been constructed which undergo persistent
double-mode behaviour, the cause of double-mode pulsation will remain a
problem., Resonances seem to play a very important role in this process,
but their effect is still not fully understood. It is particularly
important to study the behaviour of the pulsations during the evolution
towards and away from the resonance condition.

It is of great importance to confirm the presence of Ho emission in
double-mode Cepheids as reported by Barrell (1978), as there is some
suspicion that this could have been an instrumental effect. It would
also be very useful to extend the method of temperature determination by
measuring the Ha profiles to normal Cepheids. This could allow more
accurate definition of the location of the double-mode Cepheids within
the instability strip.

Further photometric and radial velocity observations of these stars is
highly desirable. It is of great importance to verify the finding of
Faulkner & Shobbrook (1983) that the first overtone is subject to
greater instability and phase jitter than the fundamental. This has cast
doubt on the reality of changes in modal content which have been
reported in some double-mode Cepheids. It also appears to offer a clue
to the resonance hypothesis.

Finally, it would be of great interest to search for double-mode
Cepheids 1in the Magellanic Clouds. This could lead to new insights into
these enigmatic objects.
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CEPHEID TEMPERATURES DERIVED FROM ENERGY DISTRIBUTIONS

T. J. Teays
Department of Physics and Astronomy, University of Nebraska
Lincoln, Nebraska 68588-0111 USA

E. G. Schmidt
Department of Physics and Astronomy, University of Nebraska
Lincoln, Nebraska 68588-0111 USA

A number of previous studies of the relation between obser-
ved colors and temperatures of Cepheids have been done (Kraft 1961;
Johnson 1966; Parsons 1971; Bohm-Vitense 1972; Schmidt 1972; Pel 1978).
It was the discrepancies between these various temperature scales, esp-
ecially at the cooler end, that led us to undertake the present recali-
bration. We felt some improvement on the previous work would result
from our access to better scan data, reddening information, and model
atmospheres. The results presented here are preliminary, as they repre-
sent only a sample of the data we have obtained.

The energy distributions were obtained from spectrum scans, using the
Intensified Reticon Scanner (IRS) of Kitt Peak National Observatory.
The high sensitivity of the IRS, as well as the fact that all wave-
lengths are measured simultaneously, generates very high quality data.
Scans were made between approximately 3600 and 8000&. The scans were
reduced with standard Kitt Peak IRS reduction software.

The stars chosen for this study are Cepheids located in galactic
clusters which have been well observed, and so their other properties
are relatively well known. In this discussion we will present some
results, at a few phases, for CF Cas, which is a member of NGC 7790.
Schmidt (1981) has obtained four-color photometry of the early type
stars in NGC 7790 and determined the color excess for CF Cas. To cor-
rect the scans this color excess was used in conjunction with the red-
dening curve for Cassiopeia given by Nandy (1968).

In this report we have compared the scans to the model atmospheres of
Kurucz (1970). The color index of the star, at the corresponding phase,
was determined from a B-V color curve of the star and compared to the
temperature derived from the scan. The results of a few of these com-
parisons are shown in Figure 1, along with the results of earlier
authors.

These data were obtained while the authors were guest observers at Kitt
Peak National Observatory, National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under contract with the National Science Foundation.
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Fig. 1 - Log of effective temperature vs. B-V. The temperature scales
of various authors are indicated by: a solid line, Kraft (1961) and
Parsons (1971); a broken line, Pel (1978); triangles, Johnson (1966);
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RADIAL VELOCITIES OF CLASSICAL CEPHEIDS

T.6. Barnes III
The University of Texas at Austin, Austin, Texas 78712 USA

T.J. Moffett
Purdue University, West Lafayette, Indiana 47907 USA

Approximately 2000 radial velocities of 88 classical Cephe-
ids have been observed using a photoelectric radial velocity
meter. During the same time interval, these same Cepheids
were intensively observed in the BYRI bandpasses, as report-
ed elsewhere in these proceedings. This provides a homoge-
neous set of phase-locked radial velocity and photometric
data which are useful in several contexts. We present here
a sample of these results which will be published in their
entirety elsewhere.

Introduction

One of the most important uses of Cepheid radial velocity
data is in application to the determination of linear radii and dis-
tances. These studies require excellent phase-locking between the
radial velocity data and the photometric data (Fernie & Hube 1967). ‘e
have attempted to achieve this for 88 of the Cepheids contained in the
recent BVRI photometric study of Moffett & Barnes {1984).

Observations

From the 112 variables in the Moffett & Barnes (1984) study,
we selected 88 which were brighter than 10.7 mag. at minimum for the
radial velocity study. The number of observations for each was deter-
mined by the quality of existing radial velocity data. In many cases
only a few new velocities were needed to bring an excellent, but old,
velocity curve into phase with our photometry.

The observations were acquired with a photoelectric radial velocity
meter on the coudé spectrograph of the 2.1m telescope at McDonald QOb-
servatory (Slovak et al. 1979). All observations were made during the
same six year period over which the photometric data were taken.

Results

The velocities for the brightest 22 Cepheids in our program
have now been merged with existing radial velocity data. The older
data were shifted in radial velocity and in phase until they matched
our observations. A mean curve was then drawn by eye through the com-
bined data. Figure 1 shows a sample result of this process. (Following
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the citation to the reference, we show the corrections in radial veloc-
ity and in phase that were applied.)

The uncertainties in our results can be determined from the scatter

about the mean curve. For SZ Tau this is + 2.6 km $7', which is
typical.

Figure 1. Radial Velocities for SZ Tau
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RADIUS DETERMINATION FOR NINE SHORT PERIOD CEPHEIDS

G. Burki
Geneva Observatory

CH-1290 Sauverny

Switzerland

From November, 1981 to March, 1982, nine Pop I and Pop II cepheids
of periods between 1.5 and 4.2 days have been monitored, in Geneva
photometry from La Silla Observatory (Chile) and in radial velocities
from the Haute-Provence Observatory (France). These cepheids are
listed in Table 1. Figure 1 shows an example of the light, colour and
velocity curves for EU Tau, a small amplitude cepheid with a period of
2.10 days.

Table 1 Period in days, mean radius 1in R0 and
cepheid type according to Szabados
(1977) for the nine cepheids studied.

P Ro Rem. Type
SW Tau 1.583 10.5 II
EU Tau 2.103 46 Is
BB Gem 2.307 26: II
BE Mon 2.705 30 I
V465 Mon 2.7132 ((42)) Bin Is
DX Gem 3.135 (40:) Bin? Is
SZ Tau 3.150 36 Is
ST Tau 4.0347 39 I
V508 Mon 4,134 42 Is

The mean radii have been determined with the Wesselink's method
described by Burki and Benz (1982). These mean radii are given in
Table 1. The radius variation of EU Tau is reproduced in Figure 1d:
the solid line is taken from the integration of the velocity curve and
the points are calculated from the magnitude and colour values. The
best value of the mean radius is chosen by minimizing the dispersion of
the points around the curve.

The radial velocity analysis reveals that V465 Mon and possibly
also DX Gem are spectroscopic binaries. Thus, the Wesselink radius of
these two stars is affected by the presence of a companion (Burki, 1984).
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Figure 1: Variation in magnitude V, Geneva
index _B-V] , radial velocity V_in km/sec
and radius in solar unit in the case of EU Tau.
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Figure 2: The period-radius relation for Pop I and
Pop I1 cepheids with period shorter than 10 d. The
radii stem from Fernie (1984), Cox (1979), Gieren
(1982), Imbert (1981, 1983, 1984), Burki and Benz
(1982), Burki et al. (1982), Wolley and Carter (1973).
The cepheids analysed in this paper are noted by

open symbols. Binary cepheids have been excluded,
except for the stars analysed in this paper, V465 Mon
and DX Gem, marked within parentheses.

Figure 2 shows the period-radius relations for the cepheids with P < 10d.
One can see that:

1) Four cepheids, BE Mon, SZ Tau, ST Tau and V308 Mon are well placed
in the relation for Pop I cepheids.

2) The two binaries V465 Mon and DX Gem are clearly above this relation.
3) SW Tau is in agreement with the relation for Pop IL cepheids.

4) BB Gem, classified Pop II by Szabados (1977) agrees with the
relation for Pop I cepheids. For this cepheid, new measurements
are required hecause the radius determination is very uncertain.
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The linear regression gives for Pop I cepheids in the fundamental
mode:

log R = 0.701 log P + 1.175

with a residual dispersion of 0.039 in log R. This relation is indi-
cated by vertical hachures in Figure 2. We would like to point out the
perfect agreement between this observational relation and the theore-
tical relations of Cogan (1978):

log R = 0.70 log P + 1.17

and Fernie (1984):
log R = 0.694 log P + 1.177

The observational relations for the first and second overtones
have been estimated by displacing the relation for the fundamental mode
by respectively 0.14 and 0.35 in log P. We see that:

1) sy Cas seems to be indeed a lst overtone pulsator, as first
claimed by Gieren (1976).

2) The 2nd overtone pulsation of HR 7308 (V473 Lyr) is confirmed
(see Burki et al., 1982). Recall that this star is the
classical cepheid with the shortest period kmown (1.5 d) and
that its amplitude varies by a factor of 15 in a period of
1200 d.

3) EU Tau is another probable cepheid pulsating in the 2nd
overtone.

References

Burki, G.: 1984, Astron. Astrophys. 133, 185

Burki, G., Benz, W.: 1982, Astron. Astrophys. 115, 30

Burki, G., Mayor, M., Benz, W.: 1982, Astron. Astrophys. 109, 258
Cogan, B.C.: 1978, Astrophys. J. 221, 635

Cox, A.N.: 1979, Astrophys. J. 229, 212

Fernie, J.D.: 1984, preprint

Gieren, W.: 1976, Astron. Astrophys. 47, 211

Gieren, W.: 1982, Astrophys. J. 260, 208

Imbert, M.: 1981, Astron. Astrophys. suppl. 44, 319

Imbert, M.: 1983, Astron. Astrophys. suppl. 53, 85

Imbert, M.: 1984, preprint

Szabados, L.: 1977, Mitt. Sternw. Ungar. Akad. Wissen 70

Wolley, R., Carter, B.: 1973, Monthly Not. R. Astron. Soc. 162, 379

-
.
.
.



SURFACE BRIGHTNESS RADII AND DISTANCES OF CEPHEIDS
AND THE PERIOD-RADIUS RELATIONSHIP

W.P. Gieren
Observatorio Astrondmico, Universidad Nacional, and Physics
Department, Universidad de los Andes, Bogotd, Colombia

INTRODUCTION

Recently Gieren (1984) has derived accurate radii and distances of
a sample of short-period classical Cepheids using the surface brightness
(SB) method introduced by Barnes & Evans (1976). The results indicated
that the period-radius (P-R) relationship obtained from SB radii might
possess a slope close to the value of 0,82 defined by the Cepheids in
clusters and associations (Fernie, 1983) and in conflict with the
values obtained from Baade-Wesselink radii and from theoretical models
(see Fernie, 1983). Since this finding would lend considerable sup-
pert to the presently accepted absolute magnitudes of the cluster Ce-
pheids, it was decided to obtain SB radii and distances of well-observed
long-period Cepheids in order to strengthen the P-R relationship ob-
tained from the SB technique.

NEW SB RADII AND DISTANCES OF LONG-PERIOD CEPHEIDS

Coulson et al.  (1984) have published extensive contemporaneous
UBV(RI) and photoelectric radial velocity data of the 6 Cepheids given
in Tabl€ 1 which have been used for the present analysis. These stars
span a period range from 10 to 17 days. Truncated Fourier series of
appropriate order were fitted to the velocity curves which were then
integrated to obtain the displacement curves, using a projection factor
of 1.31 (Parsons 1972).

Table 7 Radii and Distances of Long-Period Cepheids

Cepheid P {days) R(Ro) d(pc) <V—R>OJ s

AQ Car 9.77 64.,1%4.0 29712186 ¢.589 -0.378+0.008
XX Cen 10.95 55.4%3.9 1388t 296 0.589 -0.383+0.012
XY Car 12.44 80.0%5.9 28304211 0.643 -0.387+0.012
TT Aql 13.75 91.345,2 1101 63 0.685 -0.321+x0.012
XX Car 15.71 92.0%+3.4 3868+145 0.616 -0.371+£0.012
XZ Car 16.65 108.7+6.3 2714+156 0.683 -0.406+0.015
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The Johnson (V-R) color curves of the stars were obtained using
the transformation equation

(V-R)_ = 0.587 {(V-R) + 0.413 (V-I) + 0.03 (1)
J c C

given by Cousins (1981) whose validity has been checked by Gieren
(1984). The reddening-free (V-R)_ colors of the Cepheids on the John-
son system were obtained adoptingoE(V-R) = 0.9 E(B~-V) and using the
E(B-V) values derived by Coulson et al. (1984). The unreddened ap-
parent V magnitudes were calculated with the values listed by the
same authors. Surface brightness radii and distances of the stars
were then calculated using the set of equations

F, = 4.2207 ~ 0.1 V_ - 0.5 log ¢ (2)

F_ = 3.956 =~ 0.363 (V-R) (3)
v - o

D +AD =10 3 r ¢ (4)

The symbols have their usual meaning (see Gieren 1984). Equation (3)
is the most recent calibration of the surface brightness parameter in
terms of (V—R)0 given by Barnes (1980).

Table 1 contains the radii and distances and their standard devia-
tions which were cbtained from the new data.

THE PERIOD-RADIUS RELATIONSHIP

The new radii of Table 1 for the long-period Cepheids were com-
bined with the SB radii of 13 stars given by Gieren (1984) to construct
a period-radius relationship. The radius value of V496 Aql (Gieren,
1984) was omitted for reasons discgssed in that paper. At the short-
period end, the star EU Tau (P = 2.1) was added whose SB radius is
18.4 R_ (Gieren; in preparation). This leaves a total of 20 Cepheids
in theeperiod range of 2 to 17 days. A least squares fit to the data

yields the period-radius relationship

log R = 0.786 log P + 1.040 (5)
+.047 +.039 (s.d.)

which is shown in Figure 1 (solid line). This relationship is not com-
patible with the ones obtained from Baade-Wesselink radii, theoretical
medels or mixed-mode pulsation, but agrees within the errors of the co-
efficients with the P-R relation obtained from the cluster and associa-
tion Cepheids which is, according to Fernie (1983)

leg R = 0,824 log P + 1.042

+.020 +.020 (6)

Turning to the distances of the present long-period Cepheids, it
is found that they are almost exactly on the scale of the distances
given in the catalog of Fernie & Hube (1968); the mean distance ratio
is 1.0120.04 (s.d.) . Adding the other 13 Cepheids discussed by
Gieren (1984) (omitting again V496 Aql),the mean distance ratio (in the
sense d(SB) /d(FH)) is 0.983#0.023 (s.d.). In Figure 2, the distance
ratioof the Cepheids is plotted against the pulsation period, and
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Figure 1. P-R relationship obtained from surface brightness radii
(solid line). Broken line is the relationship obtained from cluster
Cepheids.
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Figure 2. Distance ratio against period, for 19 Cepheids with ac-
curate surface brightness distances.
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clearly no period dependence is visible in these data. This means

that for pulsation periods up to 17 days, the distances of Cepheids
derived with the SB technique, and therefore their absolute magnitudes,
are in almost perfect agreement with the scale cf the period-luminosity
relation for classical Cepheids. This finding increases confidence,

on the other hand, in the correctness of the radii derived from the
same method.
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THE SLOPE OF THE SURFACE BRIGHTNESS - (V-R)J RELATION

Barnes (1980) has suggested that the slope cf -0.363 of the F_, -
(V-R) relation (3) may not be applicable when dealing with the redder,
longer-period Cepheids whose intrinsic (V-R) _ cclors exceed ~ 0.6,
Since several of the present stars have intrinsic (V-R}_ colors close
to 0.7 (see Table 1), it was desirable to derive their slopes in order
to check if significant deviations from the value used in (3) do occur.
For this purpose, the method devised by Thompson (1975) was used which
permits to calculate the variations of the wvisual surface brightness
SV during the pulsation cycle from the known displacements r and a
known mean radius R according to
SV =V +5 log (1 + r/R) + const (7)
For each of the present long-period Cepheids, S, , was determined in this
way as a function of phase and a least squares ¥it yielded the slope of
the S_ -~ (V-R)_ relation. An excellent linear relationship between S
and (V-R) _ was found to hold for each of the stars. From this, the
slope s of %he F =~ (V-R)_ is obtained by multiplication with -1/10.

The values obtained for s and their standard deviations are given in
Table 1. The values range from -0.371 (XX Car) to -0.406 (XZ Car) and
the average slope defined by the present 6 Cepheids is -~0.386+0.005.
This value may be compatible with the value of -0.363+0.011 quoted by
Barnes (1980) for the shorter period Cepheids, but the present data
suggest that for the redder Cepheids the slope of the F_ - (V-R)J rela-
tion might become increasingly more negative. However, more long-
period Cepheids need to be studied to confirm this trend.

CONCLUSIONS

The present period-radius relation from SB radii of classical Ce-
pheids agrees within the errors with the one derived from 27 cluster
Cepheids (Fernie 1983), but its slightly smaller slope could mean an
alleviation of the discrepancy with theoretical radii. The present re-
sults imply that the radii derived from the cluster Cepheids, as well
as from the SB technique are basically correct, implying that Baade-
Wesselink radii are definitively too small for periods larger than 10.
This is supported by the finding that SB distances, independently of
period, agree very well with the scale of the P-L-C relation.

The present work confixms that the SB method is able to yield
standard deviations of radii and distances in the order of 5%. Figure
3 shows that the o decrease slightly with increasing amplitude of the
Cepheid's (V-R) color curve. This means that for the large-amplitude,
long-period, distant Cepheids the most accurate distamces can be ob-
tained, a welcome result for galactic structure investigations.
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Figure 3. Standard deviation of surface brightness radii against
the (V-R) amplitude of Cepheids.
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Abstract The CORS method for the empirical determination
of the radii of pulsating variables (Caccin et al., 1981;
Sollazzo et al., 1981) is discussed in the framework of the
quasistatic approximation to the variations of the atmos-
pheric parameters (Unno, 1965) and reformulated in a way
that does not make direct use of theoretical calibrations of
the photometric system in terms of model atmospheres. The
radii calculated with this approach are in good agreement
with those previously obtained by means of Pel's calibra-
tions of the VBLUW system (Sollazzo et al., 198l) which lead
to a period-radius relation coinciding, within the errors,
with the thecretical one (Cogan, 1978) and, consequently,
mass determinations consistent with pulsational masses
(Cox, 1979). The method can be immediately applied to any
other multicolour system, and very promising preliminary
results are obtained by using recent UBV data by Gieren
(1982).

INTRODUCT ION

The introduction of a two-colour dependence for the physic-
ally significant atmospheric parameters in multicolour photometry of
pulsating variables, has its observational basis in the existence of
closed loops in the colour-colour planes, the area of which shows a de-
finite trend with the pulsation period. In two previous papers (Caccin
et al., 1981; Sollazzo et al., 1981, hereafter paper I and II, respect-
ively) we have shown that in the case of the surface brightness, this
two-colour dependence allows a more precise determination of cepheid
radii by means of the CORS method. We will show here that this assump-
tion has its theoretical basis in the quasistatic approximation (QSA)
by Unno (1965), and that colour-colour loops may be used to evaluate the
area of the loop surface brightness vs. colour (necessary in the CORS
method) without resorting to theoretical calibrations.

THE CORS METHOD
For the sake of clarity, we will recall in the following the
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CORS method described in paper I and II. The definition of the surface
brightness, si, is:

m, - s; - 2a log,, R = const. (1)
where m, is the apparent magnitude in the bank i, a is a constant (equal
to -2.57or 1.0 according to the scale of the photometric system used)
and R is the radius. Manipulating this relation, we finally obtain the
following equation, hereafter defined as the CORS equation:

By gk ~ 8By g [R]jk =0 (2)
were
Bi,jk =lﬁmi d Cjk (3)
ABi,jk =4 8; d Cjk (4)
= _ ¢
[p.]jk =2 aflog(Ro - K P 'V (x) dx ) d Sy (5)
where o is the phase, c,. = (m,-m,) is the colour index, K is the ratio

of pulsational to radial veloclty, P is the period and R, is the radius
at an arbitrarily chosen phase ¢,. Eqn. (2) can be solved to obtain the
radius, R,, if one can evaluate the term B, the area of the loop surface
brightness vs. colour. In paper II, this has been accomplished, for a
set of data in the Walraven system, by using the theoretical calibra-
tions by Pel (1978) of Teff and Bags in terms of (V-B)..

We show in the next section that, with the assumption of QSA, the term
AB is proportional to the area of the colour-colour loop, a fact which,
with suitable hypotheses, may allow the computation of R in any photo-
metric system.

QUAST STATIC APPROXIMATION

The groundwork of the QSA for the atmospheric layers of pul-
sating variables has been set up by Ledoux and Whitney (1961) and by
Unno (1965). Within this approximation, the photosphere of these stars
is described at any time by a classical hydrostatic, plane-parallel
model in radiative equilibrium and LTE. Each such model is identified
by only two parameters (within the assumption of constant chemical
composition): 1) the effective temperature, T,corresponding to the
instantaneous values of luminosities and radius, and ii) the effective
gravity g defined by

2
G M d< R (6)

Beff Bt qt2

As a consequence, the whole sequence of states can be suitably repre-
sented by a point describing a closed loop in a two dimensional space.
This loop is described by two equations in functionaly dependant on
the parameter ¢:
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Teff - Teff (4) (7)

geff = geff () (8)
w1th(§?e condition of periodicity, Teff (0) = Teff(l), and geff(O) =
Begg /"
Furthermore, since the emergent flux is uniquely determined by T and

Boff? then any photometric quantity derived from the spectra canegg ex-

pressed in terms of these two same parameters, in particular:

s; 7 83 TagprBegg) (9)
ik = 5k TersrBors) (10)
1 = 1 TepsrBoss) (11)

Supposing the invertibility of these equations, we may write:

Si = s, (cjk’chl) (12)

and therefore the area of the loop surface brightness vs. colour (see
Onnembo et al., 1984) is:

A Bi,jk = g 'é(ﬁﬂ_ d Cjk (13)

bEing a = ( Si/ chl) [+]

The hypothesis of invertibility of Eqmns. (9), (10), (11) is satisfied if
the two colour indices are independent quantities. This is true, e.g.,
for the pairs (V-B,B-U) in the Walraven system,(B-V,U-B) in Johnson
photometry and (b—y,cl) in Stromgren's system.

APPLICABILITY AND RESULTS

The important of this method arises from the fact that it
is essentially the first successful attempt to keep full account of the
well established theoretical and observational result that the surface
brightness if a function of two colours. The effect of not considering
this point is an underestimation of the radius, which is most sensitive
at longer periods. Most of the Baade-Wesselink type methods suffer
from this shortcoming. The A B term in Eqn. (2) expresses this improve-
ment. It can be evaluated, at the moment, in either of the following
two ways:

i) using theoretical calibrations to compute s, from (9) and
AB from (4)- as we did in paper II. This i5 the most direct
and safest method. Such calibrations, which express Teff
and g as a function of two suitable colours, are now
availggfe for most photometric systems. Dereddened coclours
are needed.

ii) computing the area of the colour-colour loop, and then est-
imating the proportionality constant as described in
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Onnembo et al., (1984) (paper III). Dereddened colours are
not crucial to this procedure.
It is worth noting that, as a first approximation, even ifAB is set to
be zero, the radius is intrinsically better determined because of the
global treatment of the data.

In the following table we present some preliminary results using pro-
cedure ii).

46

Star Period RBW RCORS Phot. System Reference

V419 Cen S?Sl 39.2 45,3 Walraven Pel, 1976
Dor 9.84 64.6 76.4 Walraven Pel, 1976

AD Pup 13.59 84.3 91.6 Walraven Pel, 1976

SV Mon 15.23 84.1 98.6 Walraven Pel, 1976

SZ Aql 17.14 98.8 117.0 Walraven Pel, 1976

RU Sct 19.70 9.7 109.7 Walraven Pel, 1976

U Car 38.77 137.1 163.7 Walraven Pel, 1976

S TrA 6.32 44,5 55.5 Johnson Gieren, 1982

u Sgr 6.74 60.1 59.2 Johnson Gieren, 1982

V496 Aql  6.81 48.0 65.2 Johnson Gieren, 1982

APPENDIX: PRACTICAL SUGGESTIONS

Feeling the need for a clearer exposition of the practical
application of the method presented here, we will outline below a step-
by-step procedure for the actual computation of radii.

For a given star, a radial velocity curve, Vr’ (baricentric velocity
subtracted) and photometry in three passbands, i, j, k, (e.g. V, B, U)
are needed. The first step is to perform (possibly interactively) some
kind of fitting (Fourier, spline fit etc.) of the observed data, to
obtain V($), (B-V)(s¢), (U-B)}(3), Vr(¢), as smooth equispaced curves.
These smoothed quantities are used to generate, with some reliable
numerical algorithm, the integral function of the radial velocity and
the derivative functions of magnitude and cclours with respect to the
phase. Then, the term B defined by (3) can be calculated in a trivial
way; for (5), the reference phase can be profitably chosen to be

the minimum of Vr' As far asAB (in Eqn. (4)) is concerned, it can be
computed in either of the two ways discussed in the previous section.
The left-hand side of Eqn. (2) is now defined as a function of R, and
can be solved to obtain the radius of the Cepheid at ¢,. Finally, the
function R(¢) can be obtained from the integral of the radial velocity
curve, and the mean radius can be unambiguously calculated.

The FORTRAN code for the complete application of the CORS method is
available upon request from G.R. or C.S. (tape in VAX format).
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BAADE-WESSELINK RADII OF LONG PERIOD CEPHEIDS NEW
OBSERVATIONAL RESULTS
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Abstract The radii of Galactic Cepheids as determined from
a version of the Baade-Wesselink techmnique are shown to de-
pend upon the colour index used to define the temperature
scale. The (V-I) radii are systematically larger than the
commonly used (B-V) radii and are probably better estimators
of the true radii. There still remains a problem, however,
in reconciling the period-radius relation with the period-
luminosity-colour relation.

1. Observations

A programme of observations of galactic Cepheids with P>10
days has recently been completed at SAAO and results will appear in the
literature in due course (Coulson & Caldwell. in preparation). Prelim-
inary results for 9 of these stars are discussed here together with
those for 6 other stars, with 9<P<17 days(Coulson, Caldwell & Gieren
1984, in press). These are best compared with similar data for shorter
period Cepheids obtained by Gieren (1982, et op cit) and reanalysed here.

Broadband UBVRI photometric measures have been obtained at Sutherland
(SAA0) and La Silla (ESO). The measures are on the Cousins' standard
system (Menzies, Banfield & Laing 1980). They have been combined with
older photometry from the literature to enable redeterminations of the
periods and with the best of this older data to allow full specification
of the photometric properties around the pulsation cycle.

The radial velocities were all obtained with the radial velocity spectro-—
meter at the coudé focus of the SAA0 1.9m telescope at Sutherland. They
are essentially measures of the Fel lines (Coulson 1983) and are on the
Wilson (1953) standard system. Older radial velocites in the literature
proved to be of considerably poorer quality and have not been combined
with the new data.

Phase coverage for the stars discussed here is practically complete and
since the photometry and radial velocities have been obtained contemp-
oraneously they allow radius determinations free from the uncertainties
of phase mismatching.

2. Radii
Radii were obtained using Balona's (1977)maximum-likelihood
version of the Baade-Wesselink method. We have modified his original
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formulation to account for large radial amplitudes (SR/R > 0.1) and
have used not only V and B-V as magnitude and colour, but also B,R,I
and V-R, V-I and R-I. The derived radii are found to be essentially
independent of the choice of magnitude, but show systematic differences
with colour. Fig. 1 shows the radius difference

A = log RV-I - log RB-V

plotted against log P. Clearly A is significantly larger than zero and
is probably period dependent.

A = (0.023 £ 0.016) + (0.029 T 0.016) log P (1)
(se/pt = 0.023).

If the (V-I) results are less affected by gravity than the (B-V) results
then they may be considered better estimates of the sizes of the stars
and we may correct (B-V) radii by equation (1). This we have done for
the 29 radii derived above plus those for the 32 stars studied by Balona
(1977) for which there are reddening estimates (Dean, Warren & Cousins
1978), These radii yield a mean relation:

log R = (0.637 ¥ 0.021) log P + (1.215 * 0.028) (2)
(s.e./pt = 0.049).

3. The PLC Zero Point
With these corrected mean radii we may also determine the
mean absolute magnitude

<M¥> = A<B~V> ~51log R + C (3)
(see Balona 19/7, equatiog 1.3).

In this equation C is a term usually given as

C=M . +10 log T -10a_ - b_ (4)

bol b C]
were a , b0 are assumed constants of the relations

log Teff = ao + a;

<B-V> (5
Mpo1r ~ My = b, *+ by <B-V>_ (6)

From MV we may then derive estimates of the zero-point of the P-L-C
relation, vy :

<MV> = qa log P+ B <B—V>O + v (7)

Equations (3) & (7) yield C-vy in the terms of several observables:

C-y= a log P + (B-A) <B-—V)0 + 5 log R (8)
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From the 61 corrected (B-V) - radii derived above we have calculated
C-y using nominal values of o =~3.80, 8= 2.70, A =2.15 and plot the re-
sults against log P in Figure 2. Cleary C-y is not a constant for all
Cepheids. This implies that at least one of the above assumpticns is
incorrect. It seems most likely that the temperature and/or bolometric
correction calibrations may depend upon surface gravity and hence give
rise to a period dependence of the type seen here.

Until this dependence is fully quantified the determination of y from
Cepheid radii will remain impracticable.
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Figure 2.

C-y for 61 Galactic Cepheids
using corrected (B-V)-Radii
C-y=-3.8 log P+0.55 <B—V€+

Figure 1.
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Abstract We have determined radii for Cepheids using near-
infrared K(2Z.2Z um) photometry and Balona's approach to the
Baade-Wesselink method of radius determination. The lower
sensitivity of the K flux to temperature variations results
in improved sensitivity to radius changes. We present the
results of maximum-likelihood radius solutions for Cepheids
with modern radial velocity curves. We point out limitations
of the Balona technique as it is currently applied in the
optical and suggest improvements.

Introduction

The goal of Baade-Wesselink techniques of radius
determination is to remove the effects of temperature from the total
flux. The remaining flux variation can then be interpreted in terms of
radius changes., It makes sense to choose a photometric bandpass where
temperature variations affect the flux as little as possible, The flux
at V is strongly influenced by temperature as witnessed by the strong
resemblance of the V and B-V curves for Cepheids. We suggest that near-
infrared bandpasses, such as K, are to be preferred for radius
determination.

Procedure

We adopt here the technique of Balona (1977). This method
results in a single equation of condition for light, color, and radius
displacement. The equations are solved using the method of maximum
likelihood as all quantities contain uncertainties. The Balona method
assumes that both log Te and the bolometric correction are linearly
dependent on (B-V),. The method is discussed in more detail in a paper
presently in preparation.

Long recognized as a major complication of radius determination is the
problem of phase-mismatch between the light/color curves and the radial
velocity curve, We used radial velocity curves for which the uncertainty
in the phase match is 0.0l1P or less. Photometry is from Welch et al,
(1984); radial velocity curves have been taken from a number of sources;
color curves have been taken from Gieren (1981) and Moffett and Barnes
(1980). We avoided Cepheids with bright blue companions. Radii determined
from K photometry and optical (B-V) photometry are shown in Table 1,
together with surface brightness coefficients, SK‘ One sigma errors are
given.
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Table 1
K Surface Brightness Coefficients and Radii for Cepheids
log P SK R/RB
SS Sct 0.565 0.26 £0.06 37.3 ¥4.6
T Vul 0.647 0.42 0.03 39.1 1.6
BB Sgr 0.822 0.56 0.03 42.1 1.8
U Sgr 0.829 0.40 0.06 51.6 4.3
V486 Aql (0.833 0.73 0.08 41.5 3.7
S Sge 0.923 0.32 0.02 67.1 2.9
X Cyg 1.215 0.65 0.02 85.7 2.5
Y Oph 1.234 0.40 0.04 105.9 7.1
Discussion

A problem with the interpretation of the slope of the
surface brightness-color relation (A in BRalona's formulation) arises
because of the wavelength dependence of reddening. If E(B-V) is taken
to be constant, the ratio of total-to-selective absorption (R) is a
function of (B-V),. Olson (1975) and Grieve (1983) find values for
dR/d(B-V), of 0.25 and 0.50, respectively. Therefore, Balona's A will
be the sum of the true slope of the surface brightness-color relation
and [dR/d(B-V)O]E(B—V). This means that the true slope A is typically
smaller than Balona's average (2.15) by 0.05 to 0.15., This results in
a small but systematic shift in the absolute magnitude calibration of
Martin, Warren, and Feast (1979) in the sense that the derived
magnitudes are brighter. It is possible to remove the wavelength
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dependence of the reddening by assuming a functional form for R((B-V)O),

choosing E(B-V) and then iterating to (B-V),. Balona has previously
interpreted high values of A as evidence for a companiocn. The above
discussion suggests that reddening may often be the cause.
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DISTANCES AND RADII OF CLASSICAL CEPHEIDS
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We have used new BVRI photometry and radial velocities of

a selection of bright classical Cepheids to determine their
distances and radii through the surface brightness method.
The improved photometry permitted, through the visual
surface brightness relation, high-quality angular-diameter
values for each Cepheid throughout its pulsation. The
simultaneous radial velocities permitted the linear dis-
placement curve to be phase-locked to the angular diameter
variation. The results are individual distances and radiji
with considerably smaller uncertainty than could be obtained
previously.

Introduction

PuTsating variables, especially Cepheids, play a major role
in distance determinations, both within and external to our Galaxy. At
present the Cepheid distance scale is based principally upon the cluster
Cepheids, although statistical parallax analyses add a valuable check.
The cluster distance scale is based, of necessity, on a small number of
stars and the method reljes heavily on the adopted ZAMS, which in turn
depends strongly on the adopted Hyades distance.

Barnes et al. (1977) introduced an alternate method for determining
individual distances to Cepheids which is based upon the visual surface
brightness-color index relation. The distances so determined are com-
pletely independent of all other astrophysical distance scales. They
also showed that the method is nearly geometric in the sense that even
large errors in the interstellar extinction have a negligible effect
upon the distances.

The results given in the above paper, which were based upon photometry
and radial velocities from the literature, agreed with the Cepheid dis-
tance scale given by Fernie & Hube (1968), although the scatter was
large. Contributing to the scatter were uncertainty in the Cepheid
surface brightnesses, the uncertain phase-matching between the radial
velocities and the photometry, and the errors of the photometry.

In the present work, we have addressed each of these sources of uncer-
tainty. The method developed by Barnes (1980) is used to calibrate
a visual surface brightness-color index relation from the Cepheids
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themselves. The BVRI photometry of Moffett & Barnes (1984) for 112
Cepheids provides a high-quality photometric data set. Radial veloci-
ties obtained simultaneously with the photometry enable secure phase-
matching for 88 of these Cepheids. We summarize here our results for
the first 20 Cepheids studied.

Cepheid Surfaces Brightnesses

We have followed exactly the method given by Barnes (1980)
to establish a relation between the visual surface brightness parameter,
Fy, and the Johnson (V-R) color index. Our data sets were the BVRI
photometry of Moffett & Barnes (1984) and our unpublished radial velo-
cities (Barnes & Moffett 1984).

in this method the photometry and radial velocities are combined to
compute Fy throughout the pulsation cycle to within an unknown additive
constant.” The variation of Fy with (V-R) is thus determined. In every
case Fy is found to vary linearly with (V-R). The mean slope for the 20
Cepheids so far analyzed is -0.362 + 0.005 (s.e.m.) in superb agreement
with Barnes' (1980) value of -0.363+ 0.011 (s.e.m.)

To obtain the zero point of the Fy - (V-R) relation we make use of the
angular diameters published by Parsons (1970) and Parsons & Bouw (1971).
Parsons computed these by fitting Cepheid model atmosphere fluxes to
observed fluxes in the blackbody six-color system. Knowledge of the
mean angular diameter and mean V magnitude then specifies the mean Fy.

A plot of Fy against mean (V-R) shows a linear distribution which agrees
in slope w1¥h the independently determined value of -0.362. Adopting
this value, the model atmosphere results were used only to determine

the zero point of the Fy - (V-R) relation, 3.956 + 0.003 (s.e.m.) Not
surprisingly this is the same result found in the previous work, al-
though the uncertainty is reduced by half.

Distances and Radii for Cepheids

Having established the visual surface brightness as a
function of {V-R), it is a simple procedure to determine the angular
diameter of the Cepheid throughout the pulsation cycle. Figure 1 shows
a representative result. The smooth curve is the integrated radial
velocity curve, corrected by a factor of 1.31 to pulsational velocity.
With distance and mean radius as free parameters, it has been fit to the
photometrically determined angular diameters,

We have carried out this analysis on 20 bright Cepheids with perjods in
the range 2 days to 45 days. The radii so obtained are in good agree-
ment with Baade-Wesselink results of Balona (1977). Our results average
0.05 + 0.02 larger in log R/R. than Balona's. The distances we obtain
yield a distance scale 0.26 mag + 0.17 mag larger in the distance modu-
lus than the Fernie & Hube (1968) and Sandage & Tammann (1969) scales.
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Figure 1. Angular Diameter Variation of T Vul
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Abstract. The BVRI light-curve parameters of 112 galactic
Cepheids are determined by Fourier analysis using over
4,000 differential photoelectric observations. This cata-
log is similar to Schaltenbrand and Tammann's except that
it is based on a homogeneous data set and the Fourier co-
efficients are given.

Moffett and Barnes (1984) have obtained over 4,000 differ-
entially determined photoelectric BVRI observations of 112 Cepheids
accessible from northern hemisphere observatories. In order to make
these data convenient for Cepheid research, we have produced a catalog
giving the light-curve parameters for these stars. The format and
techniques used to generate this catalog are similar to those employed
by Schaltenbrand and Tamann (1971).

The observed light curves were fitted, by least squares, to a Fourier
series of the form

A + A, cos [jwt + F,
o 3 (3 J]

where, w = 2n/P, t = (HJD of observation - epoch), and j is the order
of the series. The fitting program is identical to the one used by
Simon and Lee (1981).

The procedure was to try various orders, 2nd to 8th, until a resonably
good fit to the observed points was found. The order found for the
V-mag light curve was adopted for all other magnitude and intensity
fits. Separate orders were determined for each of the color indices.
In a few cases, even an 8th order series did not fully represent the
observed light curve. The adopted epoch was determined from the
Fourier series of the V-mag light curve. Phase zero was defined as the
maximum of the V-mag series. Table 1 shows a sample entry in the cata-~
log which will be published in the Astrophysical Journal Supplement
Series.

We are indebted to Dr. N. R. Simon for kindly providing us with the
Fourier decomposition program.
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Table 1. Light curve parameters for DT Cyg

Period
log P
Epoch
Number
Orders

Vv
V(max)
V(min)
AV

¢ (min)
g

<V>

-—

B
B(max)
B(min)
AB

¢ (max)
¢ (min)
¢

<B>

R
R(max)
R(min)
AR

¢ (max)
¢ (min)
a

<R>

-

I

I (max)
I(min)
AT

¢ (max)
¢ (min)
o

<I>
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2.499035
0.397772
4049.400
56
5/3/2/2

5.778
5.626
5.914
0.288
0.549
0.008
5.774

6.322
6.099
6.525
0.427
0.989
0.546
0.010
6.312

5.308
5.203
5.403
0.200
0.028
0.556
0.010
5.306

5.013
4.944
5.082
0.138
0.004
0.575
0.011
5.012

5V
B-V
(B-V)max
(B-V)min
A(B-V)

¢ (max)

¢ (min)

o

<B-V>

<B> - <V>

R
R
(V-R)max
{(V-R)min
A(V-R)

¢ (max)

¢ (min)

g

<V-R>

<V> - <R>

Y..
V-

R-I
R-1
(R-I)max
(R-I)mnin
A(R-T)

4 (max)

¢ (min)
ag

<R-I>
<R> - <I>

Simon, N.R., and Lee, A.S., 1981, Ap. J., 248, 291.

OO0 OO0 O0OO0O0 OO0 ODOOOOO 0O
wn
(e}
O



INFRARED OBSERVATIONS OF GALACTIC CEPHEIDS

J. A, Fernley, R.F. Jameson, M.R. Sherrington
University of Leicester, Leicester, United Kingdom

Abstract. Infrared photometry enables radii, and hence
absolute magnitudes, to be derived more accurately than is
possible using purely optical photometry. In this paper
we present BVJHK observations of the galactic cepheids T
Vul, U Vul and T Mon. Using this data we find reasonable
agreement with current versions of the Period-Luminosity
relations, in both the optical and infrared.

From these relations and existing optical and infrared

data for LMC Cepheids we find for the IMC (i) A = 0.35 and
(i1) a distance modulus of 18.50. In addition we show that
the P-L-C relation has the form

<M > = - 3.10 log P + 1.70 (<B>-<V>) - 2.37

1. Introduction
One of the methods of calibrating the Cepheid period-

luminosity relation is to use Baade-Wesselink techniques to obtain radili,
and hence absolute magnitudes, for individual stars. Recently there
have been several modifications to the original Baade-Wesselink tech-
nique (e.g., Balona 1977). 1In addition it has been shown by Fernley et
al. (1984) that the accuracy with which radii can be derived using these
techniques can be improved by using near infrared observations. We
have obtained BVJHK photometry of the galactic Cepheids T Vul and U Vul
and using these data and Wisniewski and Johnson's(1968) BVJK photometry of
the longer-period Cepheid T Mon, we derive radii (section2) and absolute
magnitudes (section 3). By plotting these results in Period-Luminosity
diagrams, in both the optical and infrared, we derive the reddening and
distance modulus to the LMC (section 4). Finally we use these results
to derive the coefficients of the P-L-C relation (section 5).

2, Radii.
To obtain radii we use the relation derived by Balona
(1977)

AM = aAC + bAR + ¢ (1)

where a, b and ¢ are constants, AM the change in magnitude, AC the
change ina colour and AR the radius variation defined by
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$2
AR = KP [ (Vr—y) do (2)

b3

where P is the period, V_ the radial velocity deduced from the Doppler
shifts of the spectral lines, y the centre of mass velocity of the star,
¢ the phase of the pulsation cycle and K a conversion factor to account
for geometrical projection and limb darkening. Following Karp (1975) we
assign a value K = 1.31., The radial velocity data for the three stars
was taken from Lust-Kulka (1954), Sanford (1951,6) and Wallerstein
(1972).

Using a maximum-likelihood technique we fit the observables AM, AC and
AR in equation (1) to obtain values for the constants a, b and ¢. The
constant a is the slope of the colour-surface brightness relation and
the constant b is related to the mean radius, R , of the star

b = (Slogloe)lﬁ (3)

Fernley et al. (1984) showed that superior results could be obtained
using infrared data. There are two reasons for this. Firstly infrared
magnitudes are less temperature sensitive than optical magnitudes and
are thus more sensitive to the radius variation. Secondly, the optical-
infrared colour indices (V-J, V-K) have a larger amplitude than the
purely optical indices (B-V) and are thus more 'stable" temperature
indicators. There are illustrated in Figure 1.

3. Absolute Magnitudes.

We show our results in Table 1. The radii have been
discussed in the previous section. The reddenings are an average of
various determinations as summarized by Feltz and McNamara (1980). The
absolute magnitudes were obtained by two different methods. Firstly,
by using the slopes of the colour-surface brightness relations,
determined in the previous section, and the relation

= - - R
M=My+a [C CG] 5 log /R9 (4)
where M and C are the absolute magnitude and unreddened colour index
respectively. A second method is to obtain T from (B-V)_. , using

the colour-temperature calibrations of Kraft (1961) and Pel (1978), and
then the relation

M =M, - 2.5 log [B(T)/B(TO)] - 5 log R/Ry (5)

where B(T) is the Planck function. This should be a good approximation
at the infrared wavelengths. The two methods agree closely which
suggests the slopes of the colour-surface brightness relation are
reasonable. This is reassuring for the accuracy of the method of
section 2.

59
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Figure 1. The radius variation of T Vul derived from
equation 2 (solid line) and from inverting equation 1
with the best-fit values of a, b and ¢ (® =using V,
B-V and x = using K, V-K).
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In Figure 2 we compare our results with two recent determinations of
the Period-Luminosity relation. Stothers (1983) and McGonegal et al.
(1983) used a cluster main-sequence fitting method to obtain their
calibration. Their calibration is thus completely independent of ours
and the good agreement between the two is encouraging. In the near
future we hope to obtain photometry of several more Cepheids to test
this agreement more fully.

Table 1

T Vul U Vul T Mon
R(Rg) 37.70 £ 2.50 63.40 + 5.00 147.50 * 14.00
(B-V) 0.68 *+ 0.02 0.82 + 0.05 1.10 + 0.05
E(B-V) 0.12 + 0.01 0.65 * 0,04 0.33 + 0.04
T, 5800 * 100 5440 + 150 4900 + 150
<M > - 3.33 £ 0.23 - 4,06 * 0.29 - 5.54 + 0.35
<M> - 4.47 £ 0.16 - 5.49 + 0.19 - 7.14 + 0.26
Log P 0.646 0.902 1.432

Note: R, (B—V)0 and Te are at phase ¢ = 0.7 (minimum light)
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Figure 2. Period-Luminosity relations for galactic
Cepheids in the optical and infrared.® = Stothers 1983
(V), McGonegal et al,1983 (H), x = this work.
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4. Distance to the LMC.

Fitting our results to the slopes of existing optical and
infrared Period-Luminosity relations for ILMC Cepheids (Martin et al
1979, McGonegal et al 1982) we find distance moduli of V-M,= 18.85 *
0.15 and h-H = 18.55 * 0.14. For A = 7%1 (Jones and Hyland 1980)
and two distance moduli converge to £8 50 * 0.10 for A = 0.35. This
higher value for the reddening confirms the estimate o} de Vaucouleurs
(1978), however, the distance modulus is approximately 0.2 larger than
he derives from the average of various indicators.

5. P-L-C Relation.
A recent determination of the P-L-C relation is due to
Martin et al,(1979) who apply a maximum-likelihood technique to the
unreddened optical data on LMC Cepheids. They find

<V> = - 3,80 log P+ 2.70 (<B> - <V>) + 16.41 (6)

This is incompatible with the results of McGonegal et al.(1982) and
ourselves. McGonegal et al.(1982) find for the LMC Cepheids

<H>= - 3.10 log P + 15.90 (7

We find, from Section 2, the slopes of the colour-surface brightness
relation for V, B-V and H, B-V. Thus we may write

<V>= - 5 logR/Ra + 2.20 (<B>~-<V>) + 3,40
(8)
<H>— - 5 1ogR/R® + 0.50 (<B>-<V>) + 3.17
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where we have V, = 4.83, H_, = 3.48 and (B-V)_ = 0.65. Combining (7)
. 0 G 0
and (8) gives

<V> = ~ 3,10 log P+ 1.70 (<B>-<V>) + 16.13 (9)

The discrepancy between (6) and (9) is interpreted as partial confir-
mation of the arguments raised against the P-L-C (e.g., Stift 1982).
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NEW EVIDENCE FOR MASS LOSS IN CLASSICAL CEPHEIDS

M.J. Sstift

Institut fiir Astronomie
Tirkenschanzstr. 17
A-1180 Wien, Austria

I. Introduction

The question of apparent mass anomalies in classical cepheids was
first brought up by Christy (1968) and Stobie (1969), but 15 years
later there is still no definite picture concerning the reality and the
possible cause of these mass anomalies. The masses obtained from
application of standard evclutionary theory were always sensibly larger
than the masses derived from pulsation theory using both linear and non-
linear codes. Since for various reasons few people have accepted the
idea that mass loss could play an important rcle in cepheids a number
of elaborate scenarios have been proposed to account for the mass
discrepancies. Among these are helium enriched outer layers and tangled
magnetic fields. It is difficult, however, to see how significant mass
loss can be avoided during the evolution of the more massive cepheids.
In fact, practically all supergiants lose mass over the whole HR
diagram, a process frequently manifesting itself in photometric micro-
variability. Little hope can be placed in attempts to solve the problem
by means of improved determinations of the physical parameters of
cepheids; intrinsic colours, luminosities, radii, effective
temperatures, and the width of the instability strip have been disputed
for years with no definite results yet. Only independent observational
evidence will make it possible to confirm - or reject - the mass
anomalies. On account of the large number observed and because of the
fairly complete sample they represent, the cepheids in the LMC, SMC and
in our Galaxy are best suited for this kind of investigation.

II. The frequency-period distribution of classical cepheids

Becker et al. (1977) have carried ocut a detailed study of the
frequency-period distribution of cepheids in several galaxies,
comparing observations and standard evolutionary calculations (i.e.
assuming an atmosphere in hydrostatic equilibrium and not including the
effects of mass loss, convective overshooting and turbulent diffusion).
Combining these results with linear adiabatic pulsation theory, Becker
et al. were able to determine the period-luminosity relation and the
frequency-period distribution as a function of metallicity Z and of
helium content Y. Satisfactory agreement was found between theory and
observations, but 2 major problems turned up: the predicted width of
the frequency-period distribution was too small and the predicted
absolute number of cepheids with periods in excess of 10 days was alsc
too small. Realizing that their evolutionary results combined with the
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initial mass function of Salpeter (1955) were incompatible with the
observations, Becker et al. postulated a two-component birthrate-
function; the second, much more recent component was expected to yield
10 times more massive stars than the first, old component. We note that
Lequeux (1983) does not find any indication for such a birthrate
function in the Magellanic Clouds.

A way to reconcile the IMF of Salpeter with the observed frequency
of luminous cepheids involves substantial mass loss. In general,
cepheids having suffered substantial mass loss in previous stages of
their evolution are overluminous for their mass; they thus oscillate at
lower frequencies - for a given luminosity - than canonical cepheids.
This leads to an increase in the number of long-period cepheids
compared to the canonical case. A similar effect on the frequency-
period distribution is due to convective overshooting (Matraka et al.
1982) and probably also due to turbulent diffusion (Schatzman & Maeder
1981).

Mass loss leads to an even more dramatic enhancement of the number
of long-period cepheids by way of increased lifetimes in the cepheid
instability strip. Evolutionary calculations including mass loss
(Maeder 1981) show that for large masses lifetimes in the cepheid
region may increase by a factor 5-50. The cause for this increase is
open to straightforward interpretation and is not tied to obscure
numerical details. Figs. 2 to 4 of Maeder (1981) show that for moderate
mass loss the "horn" - the region in the HR diagram occupied by core
helium burning stars - is displaced towards the red compared to the
zero mass loss case. Whereas for Maeder's case A (no mass loss) the
"horn" joins the giant branch at approximately 60Mg, this mass drops
to 30Mg for case B (moderate mass loss). The loops which are limited
to masses below 15Mg for case A are predicted to extend up to at least
30M, for case B. It is evident that this shift in the position of the
horn combined with looping at higher masses will greatly affect the
relative numbers of long-period cepheids.

I1I. Estimated cepheid mass loss rates

Based on this mass loss scenario we shall estimate the appropriate
mass loss rates for Galactic and Magellanic cepheids. Almost universal
agreement has emerged that there is some positive correlation between
metallicity and mass loss rate for a given domain in the HR diagram.
This implies that mass loss should be smallest in the SMC, somewhat
larger in the LMC and most important in our Galaxy. We have chosen the
following mass loss rates:

a) SMC - slightly less than case B

b) LMC - about case B

c) Galaxy - between case B and case C

This particular choice can be justified by the relative number of
long-pericd cepheids, by the position of the maximum of the frequency-
period distribution, by the longest periods encountered, and finally by
the mean metallicity of the galaxies in question. Extensive surveys of
Magellanic Cloud cepheids by the Gaposchkins (1966, 1971) have revealed
at least 10 cepheids with periods in excess of logP=1.8 whereas



Stift: Mass Loss

canonical theory predicts about 10 times less cepheids for this period
range. Maeder's case B mass loss leads to agreement between the
observed and the theoretical relative numbers of long-period cepheids in
the Magellanic Clouds; for our Galaxy a somewhat higher mass loss rate
appears appropriate since no cepheid with a period in excess of 50 days
has yet been detected. At the same time the mean metallicity of our
Galaxy is sensibly higher than the respective mean metallicities of the
Magellanic Clouds (Harris 1983). Because mass loss enhances the effect
of metallicity in the HR diagram, viz. the position of the "horn", it
also affects the position of the maximum of the frequency-period
distribution and the half width of this distribution. It is thus
probable - details have to be confirmed by calculations - that mass
loss can explain the observed frequency-period distribution without
resorting to exotic IMFs.

Let us note that the scenarioc sketched above is in accord with
observational data concerning Wolf-Rayet and red supergiant
luminosities. Apparent magnitudes of single WR stars in the LMC range
between V=12M0 and V=16015 (Breysacher 1981). In agreement with theory
which predicts a sharp drop in luminosity during the later WR stages
(Maeder 1983), most low-luminosity WR stars are of spectral type WNE
and WC. The brightest red supergiants are found at about V=11M whereas
the most massive cepheids are observed near V=12M, This lends additional
support to Maeder's scenario of WR stars repre senting a post-red-
supergiant stage of stellar evolution. The lack of single WR stars in
the SMC indicates somewhat lower mass loss rates; uncertain WR
luminosities in our Galaxy make a similar comparison with cepheids
rather hazardous.

As to the other hypotheses mentioned above which have been
advanced for the purpose of resolving the mass anomalies, we do not
consider them particularly promising. For a more detailed discussion
including overshooting and turbulent diffusion we refer to Stift (1984).

IV. The consequences for the PL and the PLC relations

Whatever effect is responsible for the disagreement between
observations and the canonical theory of cepheids, all possible
explanations imply an internal structure of the cepheids sensibly
different from the standard case. Taking into account the cosmic
dispersion of metallicity, mass loss rates, and perhaps the degree of
overshooting, we expect the pulsational characteristics of cepheids to
be not as uniform as claimed by Sandage & Tammann (1969) or by Martin
et al. (1979). Whereas there exist period-luminosity and period-
luminosity=-colour relations for cepheids in the same crossing, showing
identical helium and metal abundances and being neither affected by
mass loss nor by convective overshooting, this is no longer true for a
real-life cepheid sample. Particularly the PLC relation loses its
meaning once non-canonical effects become of the same order as the
effects of finite strip width. That this is indeed the case has been
shown by Stift (1982) and by Fernie & McGonegal (1983) who estimate
the strip width at less than A(B-V)=0T20 at constant period. The size of
the effects of a cosmic dispersion in abundances and mass loss rates,
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and of the relative time spent in different crossings can be estimated
from the interpolation formulae given by Iben & Tuggle (1972) and by
Becker et al. (1977); even for a relatively small scatter in abundances
and a moderate percentage of time spent in 1st, 4th and 5th crossings,
the theoretical colour coefficient of the PLC relation drops from the
canonical B=2.7 to 0<B8<2. Chance selection effects due to a small
cepheid sample and a restricted period range become very important,
leading to a zero-pcoint error up to 0M5 . On the other hand, mean
magnitudes at standard period derived with the help of the PL relation
are much less affected by the above-mentioned effects and should
preferably be used for distance determinations - for a more detailed
discussion see Wayman et al. (1984).

Acknowledgement: I should like to thank Prof. A. Maeder for several
enlightening discussions.
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CLASSICAL CEPHEIDS: PERIOD CHANGES AND MASS LOSS.

H. Deasy
Dunsink Observatory, Castleknock, Dublin 15, Ireland.

INTRODUCTION.

The period is an ideal parameter for monitoring minute
changes in the structure of a star passing through the instability
strip, as it can be measured with an accuracy of up to one part per
million. The view of Parenago (1956) that only abrupt period changes
occur in cepheids is no longer prevalent, and it is generally accepted
that random period changes are superposed on the secular variation due
to evolution. One possible mechanism for the random fluctuations in
period or phase is convection or semiconvection, which Sweigert &
Renzini (1979) showed could account for the period changes of RR Lyrae
stars. Other mechanisms include the influence of binary companions and
mass loss. The latter mechanism forms the basis for a separate study
involving the use of IUE spectra to search for evidence of matter being
ejected from cepheids.

PERIOD CHANGES

Szabados (1977,1980,1981) found that for periods under 10
days, about 15% of period changes in galactic classical cepheids were
secular, while for longer periods this fraction was nearer to 80% In
the present study, estimates for the mean fractional rate of change of
period per day, d/dt(1nP), with errors, have been derived for 112
Magellanic Cloud cepheids, 81 in the large and 31 in the small cloud,
using Dunsink Observatory observations (C.J. Butler (1976,1978) and
Wayman et al. (1984)) in conjunction with Harvard (Payne-Gaposchkin &
Gaposchkin (1966) and Payne-Gaposchkin (1971)) and South African
Astronomical Observatory observations (Martin et al. (1981)). These
estimates correspond, approximately, to the intervals 1940-1966
(denoted by Hl), 1966-1976 (denoted by H2) and 1940-1976 (combining Hl
and H2 and denoted by H3).

From Figure 1 (a), it is apparent that the larger period changes are
concentrated at longer periods (P > 10 days). In Figure 1 (b), for
galactic cepheids, this trend is also apparent. Figure 1 (c) uses the
evolutionary tracks of Becker, Iben & Tuggle (1977) and Hoffmeister
(1967) to construct a plot comparable with Figures 1 (a) and (b). The
symbols correspond to crossings of the instability strip, with symbol
area proportional to the duration of the crossing and y ordinate equal
to the average daily fractional period change over that crossing. It
is seen that the ratio of the total area of the symbols corresponding
to the larger period changes relative to that of the smaller changes
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Figure 1l.: Mean fractional period change per day for (a) Magellanic
Cloud cepheids (using H3), (b) Galactic cepheids, where circles,
asterisks, crosses represent data from Parenago (1956), Szabados
(1977,1980,1981) and Erleksova & Irkaev (1980), respectively.,

{(c) Evolutionary model calculations (see text for details).
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increases toward longer periods (>10 days), corresponding to the
greater number of large observed period changes at these periods in
Figures 1 (a) and (b). The low cut-off period of the models prevents
comparison for periods longer than 30 days.

In Figure 2,the two estimates, Hl and H2, are compared. The LMC
cepheids show some positive correlation, while the estimates for SMC
cepheids tend to be anticorrelated, indicating non-evolutionary period
changes. Comparing these results with those of Szabados
(1977,1980,1981), who found a larger fraction of galatic cepheids with
secular period changes, it seems that the frequency of erratic changes
increases in the order Galaxy-LMC-SMC. This suggests a possible link
with metal abundance.

MASS LOSS

Schmidt & Parsons (1984) have studied the Mg II h and k
profiles of five cepheids using high dispersion IUE spectra. For
several stars they found features corresponding to outflow velocities
of the order of the escape velocities. Thus it would seem that mass
loss may be occuring in cepheids, driven, possibly, by the pulsation
(see Willson & Hill (1979)). A program is under way to search for
evidence of such pulsation-related mass loss in classical cepheid
variables. High dispersion IUE spectra have been taken of 1 Car and of
two binaries, S Mus and V810 Cen. Preliminary analysis shows no
evidence for V<R reversal in the Mg II h and k lines for 1 Car. For
the binaries, it is possible that ejecta from the cepheids will show up
in absorption in the ultraviolet spectra of their blue companions, as
in the pioneering study of Alpha Herculis by Deutsch (1956).
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Figure 2: HZ against Hl for LMC and SMC cepheids.
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Comparison with previous IUE spectra should determine if there is a
pulsation-related component to the mass loss.

CONCLUSIONS

Both abrupt and secular period changes occur in cepheids,
with larger changes more prevalent at longer periods. This trend is in
accordance with the predictions of stellar evolution models, as is the
size of the changes. The fraction of period changes which are
irregular increases in the order Galaxy - LMC - SMC, suggesting a link
with metallicity. Mass loss, which is one possible cause of the period
fluctuations, may be detectable using high dispersion IUE spectra.
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DUPLICITY, MASS LOSS AND THE CEPHEID MASS ANOMALY

G. Burki
Geneva Observatory
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The rate of binaries among cepheid stars is 25 - 357 (Burki, 1984a),
a value which is in agreement with the rate among F-M supergiants
(31-38%) obtained by Burki and Mayor (1983) from a radial velocity
survey.

For binary cepheids, the Wesselink radius is affected by the
light of the companion. Balona (1977) found that is too small if the
companion is a blue main sequence star and too large if it is a red
giant star. This effect has been quantitatively examined by Burki
(1984a). For example, it was found that, in the case of a cepheid of
period P = 324 with a companion fainter by 2 mag., Rw is 707 of its
correct value if we are dealing with a main sequence companion and
130% in the case of a companion redder by 0.6 in B-V. The bias on
becomes negligible when the companion is fainter than the cepheid by
more than 4 mag.

Following Cox (1979), four basic equations can be used: The
definition of Te: log L = f(R,Te); the mass-luminosity law: log L
=g (M,Y,Z); the period-density relation: 1log Q@ = h(P,M.R); the
variation of Q¢ 1log Q = k(Te,R,M,L). The relations g and k result
from model calculations. The theoretical mass M_ _ and radius R L are
obtained by resolving equations f,g,h,k for given values of P and Te.
The Wesselink mass is deduced from equations f,h,k, the quantities
P,Te and the Wesselink radius RW’ being known.

Table 1: Mean values of the ratio Rw,/R,5 for the
cepheids in Table 6 of Cox (1 99)

P < 10d P > 10d
Single cepheids 1.01 £ 0.10 (22%) 0.83 * 0.09 (9%)
Binary cepheids 0.92 + 0.16 (17%) 0.86 * 0.09 (4%)
All 0.97 * 0.13 (39%) 0.84 * 0,08 (13%)
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Table 1 gives the mean wvalues of the ratio RW/RTh for the cepheids
listed by Cox (1979). We see that:

1) and are in agreement (ratio equal to 1) in the case of single
cepheids with P < 10 4.

2) In the case of binary cepheids with P < 10d the ratio is not too
far from unity but the dispersion is large (0.16): RW is larger
or smaller than RTh’ depending on the type of companion.

3) In long period cepheids, is smaller than RTh by about 157, for
both single or binary cepheids. For these stars, it is suggested
that the discrepancy is due to the mass loss process, which must
be taken into consideration for the calculations of evolutionary
models of massive stars.

Indeed, it is now an established fact that the evolution of massive
stars is modified by the mass loss process (Maeder, 1980). Burki (1984a)
has used the evolutionary log M vs. log L diagram in order to show that
preliminary calibrations, derived from the stellar models with mass loss
by Maeder, can resolve the inconsistency between M_. and Mw (or RTh and
Rw). This result can also be shown in the following way:

Lovy et al. (1984) have determined the pulsation periods of the
supergiant models by Maeder, applying the classical linear adiabatic
theory. They found the following relation for the fundamental radial
mode:

log P = 0.688 log L - 3.918 log Te + 13.237 (1)

By using further the definition of T (L =~ R2Te4) and the location
of the instability strip (Cogan, 1978), a theoretical period-radius
relation can be derived for the long period cepheids:

log R = 0.68 log P + 1.14 (2)

Figure 1 shows the period-radius relation for all single Pop I
cepheids that have a Wesselink radius determination. The theoretical
relations, based on the models with M for the long period cepheids
(equation 2) and without M for the cepheids with P < 10d (Cogan, 1978;
Fernie, 1984) are also shown, as well as the observational log P-log R
relations for cepheids with P < 10d and P > 10d, obtained by linear
regressions. The vertical width of these relations correspond to twice
the residual standard deviation in log R.

We see that:

1) In the case of cepheids with P < 10d, the agreement between obser-
vations and theory is quite remarkable (see Burki, 1984b).

2) In the case of cepheids with P > 10d, the theoretical relation
based on models with M is in satisfactory agreement with the



Burki: Duplicity and Mass Loss 73

observations, Note that the theoretical relation deduced from

models without M would be in poorer agreement with these long
period cepheids,

Of course, this comparison between observations and recent stellar
mcdels is only preliminary and the following remarks are to be made:
i) A different parametrization for the mass loss rate in the models
would modify the theoretical relations (1) and ¢(2) ; ii) the obser-
vational log P - log R relation for cepheids with P > 10d is based
merely on 9 stars ; 1ii) dividing the cepheids into two groups, with
a limit of P =10d, does not have a strong physical significance.

L log R

22 SINGLE CEPHEDS
WESSELINK RADE e

20}
18
16}
o Burki
[ ) o o _ logP
4 6 8 1 12 14 16

Figure 1: Period-radius relation for the single classical
cepheids having a Wesselink determination of the radius. The
radii come from Fernie (1984), Cox (1979), Imbert (1981, 1983,
1984), Gieren (1982), Burki (1984b), Burki and Benz (1982).
The theoretical relations are from Cogan (1978) and Fernie
(1984) for the cepheids with P < 10d and from equation (2)

for the long period cepheids.
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However, this preliminary result is encouraging, as it backs up
a number of other tests made previously. It further brings out the
importance of the mass loss process for the evolution of massive stars.
The study of long period cepheids must take into account the effect of
mass loss.
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DUPLICITY AMONG THE CEPHEIDS IN THE NORTHERN HEMISPHERE
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Cepheid variables in binaries are important from various points of view,
These objects can in some cases provide direct information about the
physical parameters of the system, can be used as tracers of stellar ev-
olution, and the effect of the companions may influence the form of var-
ious relations (e.g. P-L-C, P-R) derived for Cepheids. While the first
two advantages mentioned concern individual stars, the third involves
the question of the frequency of binaries among the Cepheids. Systematic
searches for binaries containing this kind of variable resulted in in-
creasingly higher frequency of incidence: 27 (Abt 1959), 157 (Lloyd Evans
1968), >207% (Madore 1977), 257 (Pel 1978), 207-407 (DeYoreo & Karp 1979),
35% (Madore & Fernie 1980). It was only in the early eighties that this
trend ceased. The recent determinations of the incidence of binaries
among the Cepheids are: 20%-40% (Gieren 1982), 187 (lower limit, Lloyd
Evans 1982), 25% (Russo 1982), 257~357 (Burki 1984). At the same time we
have been going over to a qualitative era from the quantitative one, i.e.
very thorough studies are now available on some individual cases of
binary Cepheids (e.g. McNamara & Feltz 1981; Coulson 1983; Evans 1983;
BShm—-Vitense et al. 1984).

The aim of this paper is not only to give an estimation of the percentage
of binaries in a previously unused sample but also to recommend for
further analysis more than twenty Cepheids suspected of having a compan-
ion.

The sample consists of the classical Cepheids whose 0-C diagram has re-
cently been constructed (Szabados 1977, 1980, 1981 & 1983). Altogether
89 northern Cepheids (6>'0 ) with B magnltude at light minimum brighter
than 1205 were investigated. All kinds of evidence concerning the du-
plicity of the programme stars were then collected including spectro-
scopic evidence (radial velocity, IUE spectrum, etc.), photometric evi-
dence (loops and location in two—colour diagrams, phase difference be-
tween the light and colour curves), and evidence based on the 0-C dia-
gram (periodic variations of the 0-C residuals, rejump of the period).
Strictly speaking, the rejump of the period ("stepwise' 0-C curve) can-
not be considered as evidence but rather a phenomenon observable exclu-
sively in those Cepheids which show other signs of duplicity.

Table 1 contains a summary of the data about the duplicity of the north-
ern Cepheids, where both the definite and the possible binaries are
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listed. In column (1) the names in parentheses are Cepheids in possible
binaries. Column (2) gives the references of the various studies con-
cerning the duplicity of the given Cepheid. Here, figures in parentheses
denote those references where the binary nature of the programme star is
not borne out. The key to the second column is in column (3). In addition
to the 9 definite cases (10 per cent), 21 other Cepheids are suspected
of having a companion (24 per cent). The well known binaries o UMi and
CE Cas were not included in the programme. Although this percentage sup-
ports the reality of the earlier determinations, no numerical conclusion
on the incidence of binaries among the Cepheids can be drawn.

Table 1
(1) Name (2) References (3) FKey to references
FF Aql 1,2,(10),11,(12),13,28,29 1 Abt (1959)
(FM Aql) 16,28 2 Balona.(1977)
(FN Aql) 5,28 3 Bshm-Vitense et al.
n Aql (12),(13),18,(28) (1984)
(RT Aur) 2,(8),(10),11,(13) 4 Couls?TQ;;§83)
5 Dean
(SY Aur) (8),11,17 6 Evans (1983)
(YZ Aur) (8),16,17,32 7 Evans (1984)
(AN Aur) (8),16,17,32 g Harris (1981)
RW Cam 3,8,16,17,22,24 9 Herbigé& Moore (1952)
(BY Cas) 12,17 10 Hutchinson (1977)
(DD Cas) 16,17,31 11 Janot—chheco (1976)
(X Cyg) (7),(8),16,17,32 12 Kurochkin (1966)
SU Cyg 16,17,21,22,30,31 13 Lloyd Evans (1968)
(SZz Cyg) 12,13,16,31 14 Lloyd Evans (1982)
(VX Cyg) 16,17 15 Lloyd Evans (1984)
16 Madore (1977)
(VY Cyg) 12,13,16,17 17 Madore & Fernie (1980)
(BZ Cyg) 12,17 18 Mariska et al, (1980 a)
(DT Cyg) 13,17,30 19 Mariska et al. (1980D)
(v 386 Cys) 12,16,17 20 McNamara & Chapman
(V 532 Cyg) 16,30 (1977)
V 1334 Cyg 25,27 21 M?Namara& Feltz (1981)
(W Gem) (8),11,17,22,(28) 22 Mianes (1963)
(RZ Gem) 16,17 23 Miller & Preston (1964 a)
T Mon 2,4,(12),(13),17,19,28,32 24 Miller & Preston (1964b)
(cv Mon) 16,28,31 25 Millis (1969)
26 ODosterhoff (1960)
(RS Ori) 16,17,(28),31 27 Parsons (1981)
SV Per 3,8,14,15,16,17,22,32 28 Pel (1978)
AW Per 2,6,13,16,17,20,22,23,26,31 26 Plaut (1934)
S Sge 2,9,12,13,17,28 30 Szabados (1977)
(§Z Tau) 16,30 31 Szabados (1980)
32 Szabados (1981)
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The uncertainty arising from the possible binaries can only be diminish-
ed by further observations. In particular, spectroscopic observations
are needed to this end since almost all the suspected northern Cepheid
binaries lack this kind of observational data.

Figure | shows the frequency of binary Cepheids as a function of the
logarithm of period (n C==number of binary Cepheids, n_ = number of Cephe-
ids). The upper (solid? curve is both for the definite and possible bin-
aries, the lower (dashed) curve is based on the definite cases only. The
trend towards higher duplicity with longer pulsation period found by
Madore & Fernie (1980) cannot be seen in this figure. Similarly, Burki &
Mayor (1983) and Burki (1984) could not confirm this trend. Again, many-
sided investigations of suspected binaries are needed to reduce the se-
lection effect that may be present.

Figure !
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A SEARCH FOR CEPHEID BINARIES USING THE Call H AND K
LINES

Nancy Remage Evans
Department of Astronomy and David Dunlap Observatory
University of Toronto, Toronto, Canada

Abstract. A survey of 24 classical Cepheids has been
made to search for blue companions using the Call H and K
lines. It is shown that this technique can detect an
early A companion for a typical Cepheid. A blue
companion of SU Cas was discovered and upper limits for
the companions for a number of previously suspected
binaries were established.

Introduction

Miller and Preston (1964) demonstrated that for a Cepheid
which has a blue companion the line depths of the Call H and K lines
are reversed as compared those of with single supergiants, where K is
stronger than H., The light from the companion fills in the K line,
but since H& is close to H, the strong Hé absorption of the hot star
results in a deeper total absorption in that region than in the
center of the K line.
A study has been undertaken to explore the limits of this technique
and to survey a list of Cepheids suspected of having companions.
Several factors complicate such an analysis. Since Cepheids vary
typically from mid-F to late-G during their cycles, at some phases H
and K lines will have central emission. Interstellar absorption
lines can also complicate the interpretation of the line cores. For
companions later than early A stars, their CalIl lines will be strong
enough to dilute the effect.

Observations

Spectra with a reciprocal dispersion of 12 ﬁlmm were
obtained with the Cassegrain spectrograph of the 1.9 m telescope at
the David Dunlap Observatory. Exposure times were adjusted to obtain
a good exposure at 4000 R on IIa0 plates. The plates were scanned on
the PDS microdensitometer at the observatory and calibrated by means
of spot sensitometer plates. For comparison a series of spectra of
nonvariable supergiant standards was obtained covering the same
spectral range as the Cepheids. In addition spectra of several
nonvariable supergiants known to have blue companions were obtained
( A Per GOIb +, 22 Vul G2Ib +, and 58 Per G8II + B). Although
emission is clearly present in these profiles, the reversal in the
line strengths is evident as late as G8, if a companion is bright.

Cepheids

The following list summarizes the Cepheids surveyed and
(C) indicates the detection of a companion, (N) indicates not yet
reduced: HR 7308, SU Cas (C), TU Cas, DT Cyg, SZ Tau, HR 8157 (C),
Alpha UM{i, RT Aur, SU Cyg (C), T Vul, FF Aql, Delta Cep, Eta Aql (C),
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HR 690, W Gem, HR 9250 (N), S Sge, § Gem, TT Aql, X Cyg, Y Oph, T
Mon (N), HD 161796, and 89 Her. The only new blue companion which
was discovered was that of SU Cas. It was later confirmed by the
author on IUE spectra to be approximately spectral type AO. The
companion to Aql which was a complete surprise on IUE spectra
(Mariska, Doschek, and Feldman, 1980) would have been discovered by
this survey. During the course of this survey a number of stars were
observed with IUE, and the Call and IUE results are in agreement.
Both the full amplitude and small amplitude pulsators are mixtures of
single and double stars.

What limits can be placed on an undetected companion? The companion
of Eta Aql produces an easily discernable effect on the profiles. If
we adopt the temperature Mariska, Doschek, and Feldman determined
(9500°K), the companion is an AQV star. We estimate that a companion
contributing half as much light at 3900 £ should be detectable. This
corresponds to an A3V star for a typical star on the list. This
limit is coincident with the limitation imposed by the strengthening
of the Ca lines in main sequence stars.

Unusual Line Profiles

The H and K profiles confirm that the wings of HD 161796
are a very good match for those of 89 Her, in agreement with the F3Ib
spectral type of Fernie and Garrison (1984), however the line cores
are markedly different. For 89 Her the cores are blue shifted with
respect to weaker features. This is not true for HD 161796, implying
that in this respect the atmospheres are quite different.
For HR 7308, there is always light in the line cores, although the
strength of the profiles corresponds to a spectral type no later than
F7. This 1is not true for other cepheids.
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ON THE BINARY NATURE OF 89 HERCULIS

A. Arellano Ferro

Department of Astronomy, University of Toronto, and
Instituto de Astronomia, Universidad Nacional Autdnoma de
México.

ABSTRACT. The radial velocities of 89 Herculis (89 Her) be-
tween 1977 and 1981 show a clear periodicity of about 285
days. This periodic variation is interpreted as the orbital
varjation of 89 Her around an unseen companion. From the
orbital elements no support is found for a low mass (M~ 2M )
for 89 Her, but rather a high mass (13<IM/M® < 24) is pre-
ferred.

DISCUSSTION

The high galactic latitude run-away yellow supergiant varia-
ble 89 Her, has attracted great interest in the past due mainly to its
apparent peculiar position off the galactic plane and to its capricious
variational behaviour (e.g., Fernie 1981). The star pulsates with a
period of about 63.5 days (Arellanc Ferro 1984) and has been observed to
interrupt its rhythmic variation for several months (Fernie 1981). Its
place of formation is controversial. It may have been formed out of the
galactic plane [although it has solar composition (Searle, Sargent &
Jugaku 1963) ). On the other hand, it may have traveled from the plane
during its lifetime. It is of obvious importance then, to know its mass
(age) and luminosity (distance to the plane).

A period analysis on the 1977-81 radial velocities revealed
two clear periodicities; one of about 60 days, which is due to the pul-
sational variation, and the other of about 285 days which is interpreted
as an orbital period.

Table 1. Several solutions for the 89 Her system.

Solution Meg/M@ Mg/M0 a(R@) L
1 20 15 596 3.5°
2 20 2 510 19°
3 2% 15 413 2°
4 2% 2 144 6°

*# Rgg V130 RG (Fernie 1981)



Arellano Ferro: Binary Nature of 89 Herculis.

The orbital solution is:

Y = -27.8t0.2 km s~! K

"

2.840.2 km s~ ?
338°+11°

e = 0.13:0.08 w =
T = 244 3970.0%9.6 P = 285.8#41 days
and

FM) = My sin 4%/ (Mgo + M)? = 6.06BX10_“t1.485x10'“M0
gy sind = 1.074x107 + 0.089%x107 km.

This solution fits the observations very well. If -9< M < -6 then

13 < M/M_ < 24 (see Arellano Ferro 1984) and 109<R jR_< 314, In order
to progress on the mass controversy (Fernie 1981; Bond et al. 1984) let
us assume 20 M_ and 2 M_ for 89 Her. Given the above elements we find
solutions 1 to 4 in Tab?e l. Solution 3 may be ruled out as it is dif-
ficult to understand how a 2 M_ star can dominate over a 15 M, star and
how such a system could have originated. In solution 4 the separation
and the stellar radius are nearly equal and this solution may be re-
jected. Therefore the low mass case receives no support. Attention is
called to the similarity of the 89 Her system to the 20 M_. star BL Tel
system which also has high galactic latitude and has been classified as
a run-away star (Wing 1963, Feast 1967).
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NON-CEPHEIDS IN THE INSTABILITY STRIP

William P. Bidelman
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The question of whether non-Cepheids populate the cepheid
instability strip has been the subject of much recent interest. Several
investigators (see especially Fernie and Hube 1971 and Fernie 1976)
have concluded that indeed there are an appreciable number of objects
not presently recognized as Cepheids within the strip, though both the
size and position of the strip and the placement of supergiants in the
H-R diagram are subject to considerable uncertainty. In view of the
interest in this matter, I have attempted to shed some light on this
situation by simply considering the nature of the stars spectroscopic-
ally classified as of high luminosity in spectral classes F and G. For
this one needs, of course, a complete sample of the relevant stars,
which fortunately is now to some extent available.

A complete listing of all class Ib and brighter supergiants bright
enough to be contained in the Henry Draper Catalogue south of § = -53°
is given by Houk, Hartoog, and Cowley (1976), the data being taken from
the first volume of the Michigan spectral catalogue (Houk and Cowley
1975). This region of course, includes much of the southern Milky Way,
though only a small part of the whole sky.

From Table II of Houk et al.(1976) counts have been made of all known
Cepheids (not all of which are so identified in their paper) and of all
non-Cepheid supergiants within two different spectral ranges. The re-
sults are as follows:

Type Spectral Range
F2-G5 F5-G2
Cepheids 18 13
non-Cepheids 53 29
total 71 42

Though the numbers are small, the percentages of Cepheids are 25% and
31% for the two spectral ranges. The narrower range is perhaps closer
to the truth since the spread in the assigned spectral types is actually
quite small. In making the counts it was assumed that several contro-
versial variable supergiants (V382 Car = HR 4337, ol Cen, V810 Cen =
4511, and V766 Cen = HR 5171) were not Cepheids.

It 1s probably unwarranted to draw any very firm conclusions from these
data, for at least the following reasons: First, the assignment of sim-
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ilar spectral types and luminosity classes does not necessarily mean
that the variables and non-variables are actually in the same positions
in the H-R diagram. And, secondly, scme, perhaps many small-range
Cepheids may await discovery in the southern sky. Nevertheless the
data taken at face value would appear to indicate that there are at
least as many non-Cepheids in the instability strip as Cepheids.

Further information could be gleaned from Dr. Houk's classifications if
detailed counts of somewhat intrinsically fainter normal stars were
available. In the same region of the sky she has classified an add-
itional 24 Henry Draper Catalogue Cepheids as of luminosity classes
Ib-II or II--almost all among the F's-~but the number of normal super-
giants of these luminosity classes is also no doubt substantially larger
than the number of Ib stars. It will be of interest to see the results
of Dr. Houk's classifications in other parts of the sky. In the mean-
time detailed study of the apparently non-variable supergiants of the
southern sky might be well worthwhile.
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Cepheid-like Supergiants in the Halo
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Abstract. The newly proposed UU Her~type stars are dis-
cussed; their main features being long-period variability
and high galactic latitude. It is unlikely that the UU Her
stars originated in the plane of the galaxy as they are now
located more than a kiloparsec above it. An alternative
explanation of their normal Population 1 characteristics
must be loocked for.

In the past several years, there has been considerable
interest in the so-called Cepheid-like supergiants. One intent of these
studies has been to find very long-period Classical Cepheids. However,
it has gradually become evident that there also exist variable super-—
gaints blueward of the instability strip. The star UU Her is a good
example of such a variable, yet, for many years, little attention has
been paid to it. However, now it seems that pulsation to the left of
the blue radial pulsation edge can be explained theoretically (e.g.,
Shibahashi & Osaki 1981, predict observable low-harmonic non-radial
modes in these regions). Thus the similar variability of many super-

iants of different status might be the result of a single pulsation
mechanism. Such stars could be considered as part of a wider class
(Percy 1980); however we then lack overall homogeneity. Accordingly,
we might expect that subtle differences in the variability of Cepheid-~
like supergiants should exist; and as more details of their photometric
behaviour become known, this appears to be the case.

In that context comes our suggestion that there exists a small group of
Cepheid-like supergiants sharing similar variability, and having other
properties in common, such as their galactic distribution. We have
called these stars UU Herculis stars (Sasselov 1983). They seem to be
FO-F7 supergiants of roughly normal composition yet located at high
galactic latitudes - an apparent contradiction in terms (Sasselov 1984).
The main features of their semi-regular variability are:
- small amplitudes (0.1 to 0.6 mag) and long periods (40 to 100 days);
- pulsation mode switching: two (or three) distinct alternating modes
(within the above pericd range), switching semi-regularly from one
to the other, with a shorter interval of erratic fluctuations in
between;
- short standstills: unpredictable abrupt ceasing of pulsation for a
couple of months.
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Nonradial pulsations seem to offer the least contradictory
explanation but evidence is inconclusive sc far.

At present the established UU Her stars are five in number and there is
a list of some 33 suspected, as well. We tend to widen the frames of
the term '"variability type", paying particular attention to the contra-
diction between their Population I parameters and high galactic latitud-
es,

Concerning the status of the UU Her stars: Are they really normal
Population I supergiants, or are they post-AGB stars of the old-disk
population masquerading as normal? The latter explanation has been
suggested recently by Bond, Carney & Grauer (1984) who call them 89 Her
variables. Another suggestion comes from the work of Belyakina et al.
(1984) who find many similarities between the PU Vul-phenomenon and the
UU Her stars. Following this line of reasoning there is a interesting
analogy with the discussion about the status of the high-latitude B-
stars. The initial suggestion that they are subluminous and "mimic"
normal Population I parameters seems now to be inconsistent with the
many detailed analyses of Keenan et al. (1982), Keenan & Lennon (1984),
Tobin & Kaufmann (1984) and other. Similarly normal A-type stars have
been found towards the South Galactic Pole by Rodgers et al. (1981).

So, our further discussion of the UU Her stars depends critically upon
the reliability of their spectroscopic and photometric analyses. We
prefer as most reliable the parameters derived from detailed studies of
the two UU Her stars in binary systems, namely BL Tel and 89 Her. For
them normal Population I parameters and solar abundances have been ob-
tained (Table 1). As regards the other UU Her stars, HD 161796 seems
to have solar abundances (see Fernie & Garrison, 1984); and HD 112374
is moderately (Luck et al., 1983) or slightly (Sasselov & Kolev, 1984)
metal~poor. The latter fact perhaps should not lead automatically to a
low-mass interpretation, as there exist young massive F-supergiants in
the plane which are also slightly metal deficient (e.g. i Car, analysed
by Boyarchuk & Lyubimkov, 1984). on the other hand, it shculd be
realised that we are quite likely to come upon some low-mass old stars
among the suspected UU Her stars, as is the case with HD 46703 (Bond et
al., 1984). However, it seems that generally the low mass alternative
is preferred mainly because of the problems arising from the high
galactic latitudes of these stars. Otherwise, we should have to admit
that star formation is possible in the halo. 1Indeed, this unorthodox
possibility does not appear so exotic at present. Dyson & Hartquist
(1983) showed recently that 0B-stars may well be formed in the halo by
the collision of cloudlets within intermediate and high-velocity clouds.
Their quantitive calculations are based on parameters derived from
radio observations. Moreover now that there is evidence for normal B-
stars in the halo (as mentioned above) such early-type objects might be
the predecessors of the UU Her stars.

Following the theoretical results of Dyson & Hartquist (1983) one
should expect to find in the halo a very sparse population of early-
type stars, occasionally forming in wide groups of several stars each.
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Perhaps such might be the concentration of F-type supergiants (MK-
classification) we have noted around SA 11, 27, 28 and 31. They
comprise 5 to 7 stars each, of 8th to 10th magnitude in an area of 4
to 6 degz. This gives rough dimensions of about 200 to 400 pc. Thus
they seem to resemble some peripheral isolated OB-groups in the nearby
galaxy M33. However a detailed study of these stars is necessary be-
fore discussing the structure of the apparent concentrations they form.

In summary, we suggest the existence of a group of Cepheid-like super-
giants - UU Her stars - which pose two major problems. First of all,
they exhibit a quite specific variability with some unusual properties
such as pulsational mode switching and standstills. On the other hand,
they are at high galactic latitudes being either tracers of recent
occasional star formation in the halo, or perhaps post-AGB stars -
both alternatives being interesting. Or it may be so, that stars of
both status exist but are not well separated yet.

We would like to conclude here, leaving the questions open, being only
convinced that the UU Her stars deserve our special attention in the
future.

The author is much indebted and grateful to Dr. J.R. Percy and

Dr. J.D. Fernie, and to the Organizing Committee, for their cordial
invitation and the grant which enabled him to attend IAU Colloquium 82,
It is a pleasure to express warm thanks also to Prof. N.S. Nikolov and
to the Faculty of Physics, University of Sofia, for their encouragement
and support.
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Table 1
89 Her BL Tel(F)

MK F2 Ib F5 Ia
<B-V> 0.25 0.37
T, e 7000°kE 100 6700 kt 100
M, -6.8 -7.2
R/R 210 £ 100 200 t 40
M/Me 13 - 24 14 - 23
Z 1100 pc -2900 pc
v, -27 km/sec +92 km/sec
Abundance solar solar
Binary type SB (?) SB, EB

Source

Fernie (1981)
Arellano Ferro (1984)

van Genderen(1982)

Fernie, J. (1981),
Arellano Ferro, A.

Astrophys. J. 243, 576.
(1984), P.A.S.P., preprint.

van Genderen, A. (1982), Astron. Astrophys. 103, 250.
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THE QUASI-CEPHEID NATURE COF RHO CASSIOPEIAE

John R. Percy and David Keith
David Dunlap Observatory, Department of Astronomy
University of Toronto, Toronto, Canada M5S 1Al

Rho Cassiopeiae (HR 9045, HD 224014) is a bright yellow
supergiant (F8pla). If it is a member of the association CAS OB5, it
has an Mv of about -9.5, and is therefore one of the most luminous
yellow supergiants known (Humphreys 1978).

The brightness of p Cas varies in two ways: (i) it undergoes semi-
regular cycles with amplitudes of about 0.2 and time scales of about a
year, perhaps due to pulsation, and (ii) in the 1940's, it faded by
more than a magnitude for 660 days (Gaposchkin 1949); as a result, it
is often classified as "R CrB?'". Although various writers have pointed
to a dissimilarities between p Cas and the R CrB stars, it should be
noted that R CrB itself undergoes semi-regular cycles as well as
fadings. Thus the scientific interest of p Cas lies in the nature of
its variations, their possible relationship to each other and to the
mass loss and extreme luminosity of the star.

To follow the variations in brightness of p Cas, it would be desirsble
to have many decades of continucus photoelectric photometry. Such
photometry, unfortunately, has been sporadic. Visual observations, on
the other hand, have been made almost continuously by the British
Astronomical Association (BAA) and the American Association of Variable
Star Observers (AAVSO). These observations are numerous and accurate
enough so that they can be combined into 30-day means whose formal
standard deviations are typically 0503 - comparable with those of
photoelectric observations. The BAA observations have already been
published (Bailey 1978). In this paper, we discuss these observations
and (in a preliminary way) the AAVSO observations, particularly as they
relate to the Cepheid nature of the star.

We have compared the BAA and AAVSO 30-day means with each other and
with available photoelectric photometry as listed by Bailey (1978) and
Arellano Ferro (1983). The 30-day means are of comparable accuracy.
There is an offset m, - V of about 0.30 between the visual and the
photoelectric observitions. Bailey (1978) notes that the BAA means are
on a system which is fainter by about 0”1 than V magnitudes, and he
attributes the rest of the offset to the colour difference between the
comparison stars (which are blue) and the variable star (which is red).
In fact, we find some preliminary evidence that the offset depends on
the instantaneous colour of the star and on the individual visual
observer. This could also be understood in terms of the difference in
colour sensitivity between the V filter and the individual human eye.
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In principle, the offset can be corrected for: to first order by
applying a constant correction to the visual means, or to second order
by applying a colour-dependent correction. Conversion of m to V
magnitudes, however, should not be done without considerabld thought.

The motivation for using the visual data was to investigate the power
spectrum. We therefore wished to reassure ourselves that there were
no systematic seasonal effects caused by the visual observing methods.
Bailey (1978) applied various tests to the BAA data, and found no such
effects. We have applied other tests to the BAA and AAVSO data: (i) we
find no obvious correlation between the time of year and the occurrence
of maxima or minima (ii) there is no peak in the power spectrum at a
period of one year (iii) the light curve obtained by folding the data
with a period of one year has insignificant amplitude and (iv) the
observations follow the photoelectric observations (e.g. Arellano Ferro
1983) well.

The BAA (1964-1976) and AAVSO (1975-1983) observations both show semi-
regular cycles of amplitude about 072 and time scale about a year. We
determined the power spectra of each data set using Deeming's (1975)

and Scargle's (1982) methods for unequally-spaced data, and using the
standard Fast Fourier Transform (FFT) method for equally-spaced data.
The 30-day means are equally-spaced, and the FFT proved to be quite
adequate. The BAA data show a mildly significant (P=0.9) peak in the
power spectrum at 275 * 25 days. The AAVSO data show a less significant
peak at the same period.

We have compared this period with that predicted by infrared (J and K)
period-luminosity relations for Cepheids in clusters and associations
(Welch 1983), assuming that p Cas is a member of CAS OB5 and has a
distance modulus (12.0) and absorption (Av = 2,1) consistent with such
nembership (Humphreys 1978). The star lies within 052 of these P-L
relations. This, together with the position of the star near the
Cepheid instability strip, suggests that it is related to the Cepheids.
It is also similar to the "Leavitt variables'" in the Magellanic Clouds,
described by Grieve et al. elsewhere in these proceedings.
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ON THE BRIGHTNESS AND PULSATIONAL PROPERTIES
OF YELLOW SUPERGIANTS

A, Arellano Ferro
Department of Astronomy, University of Toronto, and
Instituto de Astronomia, Universidad Nacional Autdnoma de

México.

ABSTRACT. Most of the existing data in the literature is
used to search for the periodicity of five yellow super-
giant variables. The pulsational mode and Q~values are dis-
cussed, being the luminosity the key parameter for their ac-
curate determination. An attempt to find the spherical har-
monic & from the light and colour variation phase shift is
carried out.

PERIODICITY

The periodicity in these stars is not strict. The character-

istic time of variation has been found for the five yellow supergiants
in Table 1, using virtually all existing observations in the literature.
Photometry and radial velocities have been studied when available. In
the case of the eclipsing binary € Aur, data out of the eclipse have
been preferred to avoid contamination by the companion. Period changes
were detected (€ Aur). A new period switch was found for HD161796, from
43 days in 1981 to 62 days in 1982 (details will be published in a
forthcoming paper).

Table 1. Pulsational properties of five yellow supergiants.

Star

HD161796
89 Her

¢ Aur

V509Cas

0 Cas

P Epoch M, M/M@ Q )
(days)
62,43 1979-82 -8 — -9 14-24 0.047-0.071 0
63.5 1977-78 -6.7 — =9 13-24  0.056-0.190 ?

1980-81
123, 1927-30 -8.7 16 0.160 "2 or odd
160 1931-61
385 1978-81 -9.5 — 26-30 0.066-0.087 2 4
-9.1

483 1964-68 -9.5 29 0.180 "2 or odd

1979-81
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PULSATION CONSTANT Q

Theoretical calculations show that Q-values for luminous
stars with convective envelopes range between 0.04 and 0.06 for radial
fundamental mode pulsations (Takeuti 1979). Larger Q-values are normal-
ly interpreted as non-radial oscillations (Maeder 1980). Empirical
Q-values were obtained using equation (2) in Maeder (1980), where Q is
a function of P,M,M, and Te. Te was estimated from the spectral type;

M from theoretical models with mass loss (Maeder 1980). My is then the
key parameter for the determination of Q. For € Aur,V509 Cas and p Cas,
My is known from their membership in OB associations (Stothers 1971;
Humphreys 1978). They are non-radial pulsators. For HD161796 and 89 Her
M, is uncertain. However, arguments such as period ratios (HD161796)
and capricious phasing changing from season to season between V, B-V
and radial velocities (89 Her),seem to indicate that HD161796 is a
radial pulsator (Fernie 1983) and 89 Her is a non-pure radial pulsator.

SPHERICAL HARMONIC ORDER £

The spherical harmonic order £ (£ = 0 for radial modes) can
be estimated from the phase shift between V and B-V variations (Balcna
& Stobie 1979;1980). For the long period yellow supergiants, the main
difficulty is that simultaneous observations seldom exist and cycles
are ill~defined. Simultaneous observations by the author (to be publish
ed) and some from the literature permit the estimations of £ in Table
1. This method leaves much room open for improvement when more appro-
priate data become available.
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SOME REMARKS ON THE UNIQUE CEPHEID HR 7308

N. R. Simon
Department of Physics and Astronomy
University of Nebraska-Lincoln, Lincoln, NE 68588-0111

HR 7308 is an apparently normal Pop. I Cepheid (Percy & Evans 1980: van
Genderen 1981) with a constant period P = 1.49 days. However, its
amplitude is variable with a range from about 5 to 20 km/sec¢ in radial
velocity and 0.05 to 0.30 in visual magnitude. The timescale for this
variation is about 1200 days. According to Breger (1981) and Burki, et
al. (1982; hereafter BMB), the star seems to be pulsating in a single
modulated radial mode. Using published Q-values BMB identify this

mode as a second or higher overtone. These authors also estimate a
radius R = 34 *+ 5 R, and, based in part upon the observations of van
Genderen (1981), a temperature log To = 3.786 *+ 0.0l and a gravity log
g = 2.25 % 0.,25.

In the present investigation we have constructed linear nonadiabatic
(LNA) pulsation models for HR 7308 using the Lagrangian code described
by Aikawa & Simon (1983). These models assume the standard mass-lumi-
nosity relation for Pop. I stars, and fix the effective tewmperature at
the value quoted above, namely Te = 6110K. For masses appropriate to
classical Cepheids we rule out fundamental or first overrone pulsation,
in agreement with BMB, In addition, however, we are able to effec-
tively discard the third and higher overtones which are linearly stable
and thus not expected to exist at finite amplitude. Thus if HR 7308 is
a normal Pop. I Cepheid with temperature as given by BMB, it must be
pulsating in the second overtone.

To reproduce the period o7 FR 7308 we have constructed an LNA model
with the following parameters: M = 5 My, L = 1000 L,. T, = 6110K,

X = 0.70, Z = 0.02. The periods and growth rates (P,n) for the three
lowest modes of this model are (2.40, 2.6E-3), (1.81, 1.8E-2) and
(1.45, 3.48-2). The higher modes (third overtone and up) are stable.
One notes that the second overtone approximately matches the peried of
HR 7308 and has a growth rate which exceeds that of the fundamental by
a factor 13 and that of the first overtonme by a factor of nearly 2.
While it is not possible to directly infer limit cvcle characteristics
from linear growth rates, experience indicates (e.g., King, et al.
1973) that the growth rates exhibited by the present model are at least
not unfavorable for second overtone pulsation. In addition. this model
has a gravity log g = 2.24 and radius R = 28 Ry, both reascnably
consistent with the values estimated by BMB.
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In another part of their study, BMB Fourier decompose the radial
velocities from a number of epochs of HR 7308 and publish the Fourier
coefficients up to and including the second order quantities Ay and ¢2.
The zeroth order (static) velocity Ag is found to vary from epoch to
epoch with a relatively large range exceeding 1 km/sec. However, it is
not clear to what extent this might be due to scattered phase coverage
in the observations. The small second order quantities are subject to
even greater distortion due to sparse coverage and are thus probably
not well determined.

For one particular epoch BMB publish Fourier coefficients for both
radial velocity and V magnitude. Using these we have calculated the
first order phase shift between light and velocity, obtaining (A¢)] =
-0.24., This value is normal for Pop. I Cepheids (Simon 1984) but may
not confirm the overtone nature of the pulsations of HR 7308. A larger
sample of very short period stars will be necessary to make further
progress on this point.

Breger (198!) published 87 V magnitude observations of HR 7308 spread
over about 3 years. We have selected for Fourier analysis 62 of these
points all obtained within 3 months and thus corresponding to a given
epoch of the 1200-day amplitude cycle. It was hoped to determine in
this way the second-order Fourier quantities ¢} and R2] (Simon & Lee
1981) which have proven so useful in treating the classical pulsating
stars. However, the oscillations of HR 7308 are so sinusoidal that the
(very small) second order coefficients cannot be determined without
extremely fine phase coverage which Breger's observations did not
provide. Thus the calculation of ¢21 and RP] must await a more
extensive set of observed data.
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KINEMATIC EVIDENCE FOR FUNDAMENTAL MODE PULSATION IN THE
SHORT-PERIOD CLASSICAL CEPHEID SU CASSIOPEIAE

D.G. Turner
Saint Mary's University, Halifax, NS, B3H 3C3, Canada

D.W. Forbes

Trent University, Peterborough, Ont., K9J 7B8, Canada
R.W. Lyons R.J. Havlen

David Dunlap Observatory N.R.A.O.

The short period and small amplitude of pulsation for the ld.95 Cepheid
SU Cas make it an excellent candidate for pulsation in a purely excited
mode, and, as summarized by Gieren (1982), there is some evidence from
recent radius determinations for this variable which suggests that it
is indeed an overtone pulsator. This conclusion considers only the
Cepheid's observed characteristics, however, and ignores 3 important
additional pieces of information:

1. SU Cas illuminates reflection nebulosity from a nearby dust cloud,
whose distance of 258 pc (Turner § Evans 1984) is consistent with
fundamental mode pulsation for the Cepheid.

2. One previous radius determination by Milone (1971), making use of
data independent of that used in the other studies quoted by Gieren,
yields a radius for SU Cas consistent with fundamental mode pulsation.

3. The radial velocity of -6 *1 km 571 quoted by Gieren (1976) for
SU Cas is kinematically consistent with fundamental mode pulsation.

This last result is based upon an unpublished study by Havlen, the data
from which have recently been reanalyzed by us with the addition of new
photometric observations for B stars in the field of SU Cas. Havlen's
original purpose for this study was to search for possible members, by
now mostly main-sequence stars of spectral type B8 or later, of the
cluster or association in which SU Cas originated. The search included
all stars in the HD Catalogue brighter than 9th magnitude, of spectral
type B9 or earlier, and lying within ~5° of SU Cas, in order to ensure
possible detection of such companions out to and beyond the expected
distance of SU Cas. A few early A stars near the Cepheid were added by
Turner & Evans (1984). The distribution of program stars on the plane
of the sky is illustrated in Fig. 1, where filled circles denote stars
comparable in age to SU Cas, open circles denote stars much younger than
SU Cas, and a filled diamond symbol denotes the one star judged to be
older than the Cepheid. Identical symbols are used in Figs. 2 § 3.

Age discrimination was based upon the location of each star in the H-R
diagram of Fig. 2, in conjunction with an estimated age for SU Cas
(embracing the possibilities of fundamental mode, F, and first harmonic,
1H, pulsation), assuming it to be in the first or higher crossing of the
instability strip. The luminosity of SU Cas was derived from the PL
relation of van den Bergh (1977), which is consistent with the B star



Turner et al.: Fundamental Mode Pulsation in SU Cas

o] 7 .
° x\o >
Figure 1. °
o) \,.Q'
o
® .
N
o ®
N . 'G% 1I»sugas N °
o © .‘; d
o)
L~
o ° ol
° ® o]
®
.. { ] . O o 6”
A <« (o]
! ./' O (@)

luminosity scale used here. Individual data for the stars in Fig. 2
were derived from broad band UBV photometry, Stromqren and HB 1
photometry, and up to 3 blue spectra at a dispersion of 63 A mm™ " for
each star. Radial velocities were obtained from Abt & Biggs (1972),
Turner § Evans (1984), and/or from radial velocity measures derived from
the original plate material of Havlen. The resulting heliocentric
velocities are plotted as a function of distance modulus for each star
in Fig. 3, where the shaded region denotes the velocity of SU Cas. The
main features of Figs. 1 § 3 which pertain to the pulsation mode of

SU Cas are summarized below:

1. The majority of stars younger than SU Cas are located within 5° of
the galactic plane, which is typical of a group of young field obiects
unrelated to the Cepheid. Stars comparable in age to SU Cas predominate
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at galactic latitudes similar to that of the Cepheid (+8°.5).

2. As noted in the upper part of Fig. 3, stars comparable in age to

SU Cas peak in number at a distance modulus of 7.0, which coincides in
distance with the SU Cas BA association discovered by Turner § Evans
(1984). This is also the distance at which most of the stars of
comparable velocity to SU Cas are found.

3. There 1s only one star of comparable velocity and age to SU Cas at
the distance indicated by the results of Gieren (1982; G in Figs. 2§ 3).
However, this star (HD 19856) is almost 6° distant from SU Cas and lies
near the edge of the field of Fig. 1.

4. If SU Cas is an overtone pulsator, then it has no nearby companions
of similar age and radial velocity.

In general, the kinematic evidence supports the conclusions of Turner §
Evans that SU Cas lies at a distance consistent with fundamental mode
pulsation. It should be emphasized that this conclusion also rests

upon the morphological evidence that SU Cas illuminates reflection
nebulosity from the same dust cloud in which are embedded two other
members of the association containing the Cepheid. It seems impossible
to reconcile all of these arguments with anything other than fundamental
mode pulsation for SU Cas, and the suggestion that this Cepheid is an
overtone pulsator must therefore be considered untenable.
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A STUDY CF THE SHORT-PERICD CEPHEID EU TAURI

W.P. Gieren
Observatorio Astrondmico, Universidad Nacional, and Physics
Department, Universidad de los Andes, Bogotd, Colombia

EU Tauri is a classical Cepheid with one of the shortest pericds
(2.1) known. A Fourier decomposition study of its V light curve by
Simon & Lee (1981) revealed a peculiar position in phase-period dia-
grams, very similar to the star SU Cas which is probably an overtone
pulsator (Gieren, 1982)., This suggested the possibility that EU Tau
might be another galactic overtone pulsator. In order to investigate
this question, some 100 new photometric observations of this star on
the UBVRI (Johnson) system were obtained with the #2 0.%m telescope of
KPNO. Simultaneocusly, 43 CCD spectra of the star were secured on the
Coudé feed telescope of KPNO which were measured for radial velocities
using a correlation technique. These velocities have an internal ac-
curacy of better than 0.5 km/s and define a complete velocity curve of
EU Tau.

The new photometry shows that a secondary oscillation is present in
this star which causes variations of the V magritude at given phases
corresponding to the primary period of about 0.02-0.03 mag. Inspection
of the older light curves of the star of Guinan (1972) and Sanwal &
Parthasarathy (1974) suggest that this double mode effect of similar
size has been present during their observing seasons as well. The sur-
face brightness method of Barnes & Evans (1976) was applied to the new
data, and values of

R = (18.4 ¥ 1.8)R_
d = 746 + 74 pc

for the mean radius and distance of the star were obtained. Using a
method based on BVRI photometry given by Fernie (1982), a reddening
value of E(B-V) = 0.13 was derived. The star's distance together with
this reddening value yield an absolute magnitude of

M<v> = - 1,69 + 0.25 '

for EU Tau. This value is about 0.5 mag fainter than the value pre-
dicted by recent calibrations of the P-L-C relation. A mean effect%ve
temperature of 5970 K obtained from Flower's (1977) T - (B—V)o cali-
bration produces a consistent absolute magnitude of -?.75, using the
mean radius obtained from the surface brightness method.

In conclusion, EU Tau is not a single mode overtcne pulsator but
rather a new double mode Cepheid with a very small amplitude of the
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secondary oscillation. Its radius is close to the value expected for
a normal single mode Cepheid of its period, suggesting that EU Tau has
a normal mass for a classical Cepheid, thus not confirming the low-mass
hypothesis for double mode Cepheids. However, EU Tau might be slightly
sub-luminous when compared to single mode Cepheids of the same pericd.
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ABUNDANCE ANALYSIS OF ALPHA URSAE MINORIS

Sunetra Giridhar
Indian Institute of Astrophysics, Bangalcre 560034, India

Abstract. We have derived atmospheric abundances of the
bright Cepheid o UMI in order to study the abundance anoma-
lies in different elements. The atmospheric abundance of C,
0, Fe-peak elements Ca, Sc, Ti, Cr, Fe and heavier s~-process
elements Y, Ba, Ce and Sm have been derived using the method
of spectrum synthesis. The abundance of carbon is derived
using the C I lines in 4700A region, whereas for oxygen, the
forbidden line at 6300.311A is employed. Abundances of the
Fe-peak elements and s-process elements are obtained by syn-
thesizing selected portions in the wavelength range 4330A -
4650A. The estimates of C/0 derived from the present investi-
gation are compared with other Cephelids of similar period.
The evolutionary status of o UMi is discussed in the light of
these derived abundances.

INTRODUCTION

The atmospheric abundances of various elements and abundance
ratios like c/0, '*¢/ '®*c, s/Fe etc. lead us towards a better under-
standing of the evolutionary processes that take place in stellar
Interiors., The effect of various processes like mixing between the
Iinterior and the atmosphere of a star, mass loss, and enrichment of
interstellar medium in different elements caused by massive and inter-
mediate mass stars, could be studied in detail when good estimates of
light as well as heavy elements are available.

Atmospheric abundances of Fe-peak elements have been derived for a
number of bright Cepheids by many investigators. For the Cepheids
belonging to the solar neighbourhood these abundances do not differ con-
siderably from the solar value. The abundances of C, N and C for a
sample of 14 Cepheids have been derived by Luck & Lambert (1981; here-
after LI) who reported considerable deficiency of carbon and oxygen
accompanied by an enhancement In nitrogen. Though the direction of
changes in the abundances reported by LL are in accord with the predic-
tions of evolutionary calculations, the magnitude of the changes is
larger than the predictions. LL have suggested the extensive mixing
into hydrogen-burning region and ON-processing region caused by more
convection or meridianal circulation current as possible mechanisms to
explain the observed abundance anomalies.

Here we report the derived atmospheric abundances of C, O and Fe-peak
elements Ca, Sc, Ti, Cr & Fe and heavier s-process elements Y, Ba, Ce
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and Sm for the bright Cepheid o UMi.
OBSERVATIONS AND ABUNDANCE ANALYSIS

High~resolution spectra of o UMi were obtained with the
102-cm reflector of Kavalur Observatory. The detalls of observations
are given In Table 1. We have used the forbidden line of O I at
6300.3112 to derive the oxygen abundance. We have used a spectrogram
with a dispersion of 4.2 A mm~ 1 to measure this weak line of oxygen,
At this dispersion one could resolve the O I line and also the Sc II
line at 6300.678A into two components. We used C I 4769.997A and
4775.8772 to derive the carbon abundances. The gf values for the O I
line and C I 4775.87A are taken from Lambert (1978). The gf value of
C I 4769.997A is taken from Kurucz & Peytremann (1975). The other
line of C I arising from the same multiplet (6) at 4771,72A is very
badly blended with Fe I 4771.712A and therefore could not be used.
The abundances of Fe-peak elements are derived using several lines in
the 4350A-4700A spectral region. The solar gf values derived from
inverted solar analysis were used for these metalic lines. Selected
portions of the stellar spectrum were synthesized using the model atmas-
pheres selected from the grid of model atmospheres by Kurucz (1979),
employing the spectrum synthesis code of Sneden (1974). The atmos-
pheric parameters derived by Parsons (1970) by matching the computed
and observed UVBGRI colours were used as first guess to the atmospheric
parameter.

Table 1,Journal of Observations, and derived Atmospheric Parameters

Date of Spectral Dis ‘

. persion T Log g v
observation Phase region A mmt eff t
12-10-1979 0.880 6300 4.2 6300 2.0 5.3
27-09-1980 0.286 4550 11.3 6000 2.0 5.0
02-11-1980 0.329 4700 11,3 5800 1.8 4.8

Table 2. Elemental abundances in o UMi with respect to the solar value

Lines

Element z M min $=0.286 $=0.329 $=0.880

c 6 2 2 -0.30
0 8 1 1 -0.05

Ca 20 4 2 -0.25 -0.20

sc 21 2 2 -0.10

Ti 22 10 6 +0.05 +0.10

Cr 24 12 3 +0.15 +0.17

Fe 26 25 20 ~0.05 -0.10 -0.05
Y 39 2 2 -0.10

Ba 56 1 1 -0.20

Ce 58 4 2 -0.10 ~0.15

sm 62 2 2 ~0.15 -0.10
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Figure 1. Observed (continuous line) and computed (broken
line) spectra of «UMi in different spectral regions: (a) the spectral
region containing important lines of Ball and CeIl; (b) the spectral
region containing the forbidden line of 0I and (c) the spectral region
containing the lines of CI.
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Our method of deriving the final atmospheric parameters and abundances,
and justification of assumptions employed ir synthesis calculation is
given by Giridhar (1983). Spectroscopic gravities derived by requiring
neutral and ionised species of the same element leading to the same
value of abundances are in good agreement with the gravities calcula-
ted using the evolutionary models of Becker et al. (1977). Assuming
the second crossing of pulsation strip for o UMi we estimate a mass
of 5.91 Mg . Using the period-lumincsity relation of van den Bergh
(1977) we derived the luminosity, and using the mass derived abc »
we deduced the surface gravity of the star. The value of log g=2.06
derived from evolutionary consideration is in good agreerment with the
spectroscopic estimate given in Table I.

RESULTS

The estimates of the abundances of different elements are
listed in Table 2. Calcium appears tc be underabundant and chromium
shows slight enhancement with respect to the solar value. The abun-
dances of Sc, Ti and Fe do not differ significally from the solar
value. The s-proccess elements Y, Ba, Ce and Sm are marginally under-
abundant and there Iis no indication of s-process anomalies with respect
to iron abundance., Carbon is underabundant by 0.3 dex whereas the
abundance of oxygen is not significantly different from the solar value.
Figure 1 shows the agreement between the computed and observed spectra.

DISCUSSION

For the stars of intermediate mass passing through the red
giant phase, the evolutionary calculations predict the carbon in the
stellar atmosphere to be reduced, nitrogen enhanced, while oxygen
remains almost unaffected. The magnitude of the changes becomes
higher with increasing mass. However, for the sample of LL, the abun-
dances did not show any dependence on period and hence on the mass,
and also the observed differences much higher than the predicted ones.
Various mechanisms, like extensive mixing of ON-processed material
induced by meridianal circulation currents, have been suggested to
explain this anomaly. However, it appears that each Cepheid has its
own peculiar evolution; i.e, the efficiency of mechanism suggested

by LL seems to differ from star to star independent of its perioc.
Nearly solar value of oxygen abundance, with underabundant carbon obser-
ved for a UMi could imply an evolution entirely different from the

stars from the sample of LL. A study of '’c/ ®C ratio which is a
sensitive monitor of CN-processing for a large sample of stars could
be a useful,stgp towards understanding the evoclutionary differences
between individuyal Cepheilds.
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CEPHEID EVOLUTION

S. A. BECKER
University of California, lLos Alamos National Laboratory,
Los Alamos, NM 87545 USA,

Abstract. A review of the phases of stellar evolution
relevant to Cepheid variables of both Types I and II is
presented. Type I Cepheids arise as a result of normal
post-main sequence evolutionary behavior of many stars in
the intermediate to massive range of stellar masses. In
contrast, Type II Cepheids generally originate from low-
mass stars of low metalicity which are undergoing post core
helium-burning evolution. Despite great progress 1in the
past two decades, uncertaintlies still remain in such areas
as how to best model convective overshoot, semiconvection,
stellar atmosphere.:, rotation, and binary evolution as well
as uncertainties in important physical parameters such as
the nuclear reaction rates, opacity, and mass loss rates,
The potential effect of these uncertainties on stellar evo-
lution models is discussed. Finally, comparisons between
theoretical predictions and observations of Cepheld vari-
ables are presented for a number of cases. The results of
these comparisons show both areas of agreement and
disagreement with the latter result providing incentive for
further research,

1 GENERAL OVERVIEW OF STELLAR EVOLUTION MODELS IN
REFERENCE TO CEPHEID VARIABLES.
1.1 The Population I Picture

For purposes of discussion in this section, attention will
be directed to results obtained from models of single, non-rotating
stars. Population I stars are arbitrarily defined to be those for
which Z > 0.005. Figure la shows the evolutionary tracks in the H-R
diagram for a number of intermediate-mass stars of composition (Y,Z) =
(06.28, 0.02). Intermediate-mass stars are those which ignite He non-
degenerately but following core He exhaustion develop electron degener-—
ate carbon-oxygen cores. For the composition depicted in Figure la,
such stars span the range of approximately 2.25 to 9 Mg. Stars of
mass greater than approximately 9 Mg do not develop degenerate
carbon-oxygen cores and are called massive stars. Finally, stars of
mass less than approximately 2.25 Mg are called low-mass stars and
these objects develop electron degenerate He cores prior to core He
ignition,

In Figure 1, the boundaries of the Cepheid instability
strip (as determined by“the\gglculations of Iben & Tuggle, 1975) are

represented by three parallel dished\ligzzefhich are, going from left
to right, the first harmonic blue edge, fundamental blue edge and
'\\
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the fundamental red edge. Standard pulsation theory argues that
whenever a star's evolutionary track lies within the Cepheid strip, the
star is unstable to surface pulsations and the star should be
recognizable as a Cepheid variable. Observations confirm that the
majority of stars in the instability strip are indeed Cepheid variables
although some exceptions exist (see e.g. Eggen, 1983 and Bidelman, this
conference). The boundaries of the Cepheid instability strip extend to
the domains of the massive and low-mass stars not shown in Figure 1.

FIGURE 1. Evolutionary H-R Diagrams of models with Y = 0.28.
In (a2) Z = 0.02 and (b) Z = 0.01.
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Stellar evolution calculations show that the progenitors of Cepheid
variables are main sequence stars, and that to become a Cepheid a star
must be in a post core hydrogen-burning phase. Figure 1 shows that a
given intermediate-mass star can cross the Cepheid instability strip
(depending on its mass or composition) once, thrice, or five times.
Massive stars in the range of 9 to 20 My (depending on the mass-loss
rate) can also experience up to three crossings (see e.g. Sreenivasan &
Wilson, 1978). Stars more massive than 20 Mg (see e.g. Brunish &
Truran, 1982a) as well as stars in the low-mass range (see Mengel
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et. al, 1979) can undergo at best one crossing. The first crossing
occurs for all but the most massive stars during the hydrogen—burning
shell phase as the star evolves to cooler temperatures in the H-R
diagram on its way to becoming a red giant. The time scale for the
first passage through the instability strip ranges from a few x 106 yr
to about 10° yr with the lifetime decreasing with increasing mass.
This time scale is approximately on the order of a thermal
(Kelvin-Helmholtz) time scale. For example, the 3 My model of Figure
la takes about 2 x 10° yr to evolve from the fundamental blue edge to
the fundamental red edge while a 9 Mg model of the same composition
takes about 4 x 103 yr.

There are effective limits to prevent stars from becoming Cepheids at
both the high and low extremes of the stellar mass range. For stars of
low enough mass like the sun, the main sequence surface temperatures
are cooler than the red edge of the instability strip and consequently,
their normal evolutionary tracks do not intercept the instability
strip. In fact, low-mass stars which do intersect the instability
strip are recognized as a separate class of variables called the §
Scuti stars. Although the boundary between Cepheids and § Scuti stars
is somewhat indistinct, Cepheid variables in practice originate from
stars of at least intermediate mass. At the other extreme, stars more
massive than about 40 Mg appear to lose mass so prodigiously that
instead of evolving into red giants their evolutionary tracks reverse
before the instability strip and evolve blueward into the domain of the
WR stars (deLoore, 1980). This effect limits the brightest Cepheids to
periods of no more than about 200 days.

The second crossing of the instability strip occurs during the core
helium-burning phase as a star evolves to higher temperatures on the
first blue loop in the H-R diagram. Only intermediate-mass stars and
massive stars of about 9 — 20 Mg exhibit blue loops in their H-R
diagrams. The first blue loop arises due to a complicated interplay
between the X abundance profile left by the former hydrogen-burning
core, the hydrogen—burning shell, the maximum depth reached by the
convective envelope during the star's first ascent of the red giant
branch, and the nature of stellar envelope solutions (see Schlesinger,
1977 for a review). When the tip of the first blue loop is tangent to
the blue edge of the instability strip, passage through the instaEllity
strip is driven on a nuclear time scale lasting over several x 10

yr. For the composition depicted in Figure la, this condition would
occur for a model of about 6 Mg . The lifetime of the second

crossing decreases with increasing stellar mass approaching a thermal
time scale at larger masses due to the fact that a significant portion
of the core helium~burning phase is spent in the vicinity of the first
blue loop tip and that as more massive stars are considered the
temperature of the blue loop tip increases. In Figure la the lifetime
of the second crossing 1s for example about 2.6 X 10° yr for the 7 Mg
model and 3 x 10° yr for the 9 My model.

106
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When it occurs, the second crossing of the instability strip is almost
always the longest lived. (It is only in the case of the more massive
blue-looping models where all crossings are effectively driven on a
thermal time scale that this rule is no longer valid). Consequently,
most Cephelds observed are stars undergoing the second passage of the
instability strip. In addition, the occurrence of the first blue loop
provides an effective lower mass limit to the observed distribution of
Cepheids, Only stars which are able to evolve to a high enough temper-
ature to intercept the instability strip during their first blue loop
are generally seen as Cephelds. Stars whose first blue loop does not
intercept the instability strip can only be observed as Cepheids during
their first passage of the strip and these stars due to thelr shorter
lifetimes probably make up only about 10%Z of the total observed Cepheid
population.

The third passage of the instability strip can occur under two differ-
ent conditions. The most common of the two takes place on the first
blue loop near the end of the core hellum-burning phase as the star
evolves back to the red giant branch. Such is the case for the 7 M
models of Figure 1. Massive stars which intercept the Cepheid
instability strip only once are also at a similar point in their
internal evolution, i.e., they are also near the end of their core
helium-burning phase, however, unlike the intermediate-mass stars, they
are evolving to the red giant branch for the first time.

The lifetime for the third passage of the instability strip when it
occurs near the end of the core helium-burning phase can be as large as
just over 108 yr for the case of a model whose blue loop tip is tangent
to the blue edge of the instability strip. The lifetime of this
crossing then deceases with increasing mass until it no longer takes
place and the second option for the third crossing is instead in
effect. The 7 Mg model of Figure la is an example of the first

opticn for the third crossing and this passage has a lifetime of about
5 x 10" yr which is about one fifth as long as the lifetime of the
second crossing but nearly 10 times as long as the lifetime of the
first crossing. Generally, the the first option for third passage of
the instability strip 1s the second longest crossing.

The other condition under which a third crossing of the instability
strip can occur takes place after core helium exhaustion during the
helium-burning shell phase. Such is the case for the 9 Mg models of
Figure 1 and other more massive models which experience blue loops in
the H-R diagram. In this case evolution takes place so rapidly in the
stellar interior that the model is unable to cross the instability
strip until after the helium—burning shell has established itself as
the primary energy source for the star. As a result, the second option
for the third crossing is the final passage of the instability strip
for the stars which experience it. This type of crossing takes place
rather ragidly on the order of a thermal time scale lasting approxi-
mately 10~ yr.
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Under certain circumstances a second blue loop may occur in the H-R
diagram which does intercept the instability strip allowing for two
additional crossings of the Cepheid strip. Hoppner et al. (1978) and
Becker (1981b) show that this additional loop is due to a complicated
interaction between the contracting helium exhausted core, the helium—
burning shell and the nature of the stellar envelope solutions. The
lifetime of either the fourth or fifth crossing is roughly the same
being potentially as large as a few x 10° yr for the case where the tip
of the second blue loop is tangent to the blue edge of the instability
strip. The lifetimes of these two crossings then decrease rapidly with
Increasing mass until for the more massive models the second blue loop
takes place entirely to the left of the instability strip. For example
for the 7 Mg model of Figure la, the lifetimes of the fourth and

fifth crossings are each approximately 10" yrs. Both the fifth
crossing of Cepheid strip and the second condition for the occurrence
of the third crossing of the Cepheid strip (see the 9 My models in
Figure 1) take place at the same evolutionary phase, i.e., during the
helium-burning shell phase.

To summarize, Population I stars observed to be in the Cepheid insta-
bility strip can be undergoing, depending on the circumstances, the
hydrogen-burning shell phase, the core helium-burning phase (with an
active hydrogen-burning shell) or the helium-burning shell phase. When
multiple crossings of the instability strip are possible, the most
likely phase to be encountered is the core helium-burning phase with
the second crossing being the longest lived of all the passages and the
third crossing being the second longest. The cumulative lifetime of
the other three crossings (when they occur) 1s generally small when
compared to time spent during the second and third crossings. It is
only for the more massive cases (like the 9 Mg models in Figure 1)
where all crossings of the strip take place on a thermal time scale
that the lifetimes of the various crossings became comparable to each
other. For stars of sufficiently small or large mass only one crossing
of the instability strip is possible. 1In our galaxy, Cepheilds having
non-harmonic periods less than 3 days are most likely due to stars
which make only one crossing of the Cepheid strip during their
hydrogen-burning shell phase. At the other extreme, Cepheids having
periods greater than about 30 days are most likely due to massive stars
making their single passage of the strip near the end of their core
helium-burning phase. The bulk of the Cepheids observed in the Galaxy,
however, have periods between these two extremes and the vast majority
of these stars should be in the core helium-burning phase. The rarest
type of Cepheid would be one which is undergoing the fourth or fifth
crossing of the instability strip.

Finally, it should be noted that the evolutionary behavior of a stellar
model of a given mass varies as the initial composition 1s changed (see
Becker et al., 1977 and Becker 198la for an extensive discussion).
Figure lb shows how models of the same masses as used in Figure la
behave when their metalicity has been reduced to Z = 0.0l. For this
case, stars having a mass as small as about 4 Mgy become Cepheids
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during the core helium—-burning phase as opposed to about 6 Mg being
the lower limit when Z = 0.02. The effect of changing the helium con-
tent is shown in Figure 2 where much larger changes in Y are required
to produce changes of a similar size as those produced by much smaller
changes in Z. By taking into account the composition dependence on a
model's evolutionary behavior one can show that the average mass of a
Cepheid 1s about 6 Mg for the Galaxy, 4.5 Mg for the IMC, and 3.5

Mg for the SMC. 1In general for a model of fixed mass, reducing Z or
increasing Y acts to make nearly all evolutionary phases of a model
both hotter and brighter.

FIGURE 2, Evolutionary H-R diagrams of models with
In (a) Y = 0.36, (b) Y = 0,28, and (c) Y
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In any case, the progeny of Cepheid variables are later seen as red
giants and red supergiants, Intermediate-mass stars evolve onto the
asymptotic giant branch (AGB) and undergo helium-shell flashes during
the double shell (hydrogen- and helium-burning) phase. The majority of
these stars lose their massive envelopes through mass loss and evolve
into white dwarfs. A small fraction of the most massive intermediate—
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mass stars may experience degenerate ignition of the central carbon and
become carbon—deflagration supernovae, Massive stars, in contrast,
evolve into red supergiants that undergo all the remaining phases of
nuclear burning before possibly becoming Type II supernovae.

1.2 The Population II Picture
If single non-coalesced stars of Population II composition (Z < 0.005)
having masses greater than 2 Mg still existed today, such objects
would undergo the same behavior as discussed in the previous section
and consequently, some of these stars would mimic the behavior of Popu-
lation I Cepheids., Unfortunately except perhaps in the SMC, no exam-
ples of this type of star currently exist although such stars must have
existed in the past. Nonetheless as described in the review article by
Wallerstein & Cox (1984), Population II Cepheids do exist but they
arise due to circumstances that are different from those experienced by
Population I Cepheids. Population II Cepheids obey a different period
luminosity relation from that of the Population I Cepheids. As a class
Population II Cepheids lie in the H-R diagram between the RR Lyrae var-
iables at low luminosities and the RV Taurl and long period variables
at high luminosities. Population II Cepheids are broken into three
maln categories which are BL Herculis (BL Her) stars, the W Virginis
(W Vir) stars, and the anomalous Cepheids.

Population II stars having an age near that of the universe can initi-
ally be no more massive than 0.8 Mgy in order to be observed today.

Such a star ignites helium under degenerate conditions which leads to
the core helium flash and evolution to quiescent core helium-burning on
the horizontal branch (see e.g. Figure 1 of Despain, 1981). A portion
of the horizontal branch intercepts the instability strip and any stars
located at this junction should behave as RR Lyrae variables (see Iben,
1974a for a review of the horizontal branch phase). When helium is
exhausted in the center of a horizontal branch star, the star evolves
upward in the H-R diagram onto the suprahorizontal branch where the
thick helium-burning shell phase is established (see e.g. Iben & Rood,
1970, and Sweigart & Gross, 1976). If while on the horizontal branch
the star 1s located either inside or to the left of the instability
strip in the H-R diagram, the post—-horizontal branch evolution will
cause the star's evolutionary track to intercept the instability strip
at which point the star should behave as a BL Her variable (Gingold,
1974 and Iben, 1974b) with a period between 1 - 5 days. Depending on
the mass and composition of the star, the evolutionary track may
intercept the instability strip more than once with three crossings
being the maximum number (see e.g. Figure 7 of Iben & Rood, 1970).

When three crossings occur, the third crossing has the longest
duration, Unlike Population I Cepheids, BL Her stars originate from a
very narrow mass range of about 0.6 Mg + 0.05 Mg. The total life~

time of this phase of variability lasts up to several x 10° yr due to
the evolution proceeding on a nuclear-burning time scale.
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Eventually a low-mass Population II star evolves off the supra-
horizontal branch to the AGB where the hydrogen-burning shell
re-establishes itself and the double burning shell phase begins.

When the hydrogen envelope 1s nearly exhausted (<5 x 10 3 Mg) Gingold
(1974) and Schonberner (1979) find that as a result of the last helium
shell flash on the AGB one or two loop-like excursions from the

AGB are possible for certain models. These excursions can intercept
the instability strip causing a star to become a W Vir variable having
a period of roughly 10 to 50 days. Even if no loop—like excursion
occurs for a particular model, once the hydrogen envelope is
essentially exhausted (< 3 x 10 ° Mg) the star is forced to evolve

off the AGB across the H-R the diagram toward the realm of the white
dwarfs (see e.g. Figure 3 of Iben, 1982). Such a track results in one
guaranteed passage of the instability strip.

Again as is the case for the BL Her stars, the W Vir stars originate
from a narrow mass range which is about 0.6 My + 0.1 Mg. The

lifetime of this phase of variability can range " from about 10“ yr for
the single crossing case or the most optimum loop-like excursion to a
few x 10° yr for the most transient of the loop-like excursions.
Observations of period changes of W Vir stars should help to determine
if these loop—like excursions actually occur.

Finally, in dwarf spheroidal galaxies there is another type of Popula-
tion 11 Cepheid observed which are known as the anomalous Cepheids be-
cause these Cepheids are more luminous at a given period than Cepheids
found in globular clusters, Hirshfeld (1980) has shown that extremely
metal poor stars (Z < 5 x 10 ) of mass 1.3 to 1.6 My also lie on
something like a horizontal branch during their core helium—-burning
phase unlike their more metal rich Population II counterparts. This
horizontal branch for more massive low—mass stars occurs at a higher
luminosity than the traditional horizontal branch, and portions of this
new horizontal branch intercept the instability strip (see e.g. Figure
1 of Hirshfeld, 1980). Stars located at this intersection are found to
match the observed properties of anomalous Cepheids.

Without invoking recent star formation, the initial mass of stars in
Population II systems must be 0.8 Mg or less. In order to form stars
in the range of 1.3 to 1.6 My in dwarf spheroidal galaxies, Hirshfeld
(1980) argues for coalescence of two stars via binary mass transfer.
Wallerstein and Cox (1984) reach the same conclusion based on their
analysis of the pulsational masses of anomalous Cepheids. Once formed
out of two stars, the coalesced star can have a lifetime in the
instability strip of several x 107 YT e
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To summarize, Population II Cepheids originate from a much narrower and
smaller range of masses than Population I Cepheids. Most Population I
Cepheids are in the core helium-burning phase while only the anomalous
Population II Cepheids of very metal poor systems are undergoing this
evolutionary phase., Most Population II Cepheids (i.e., the BL Her and
the W Vir stars) are in their post core helium-burning phases prior to
their becoming white dwarfs.,
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2 THEORETICAL UNCERTAINTIES IN THE STELLAR EVOLUTION

CALCULATIONS

A theoretical model is only as good as the physics going
into it, and therefore uncertainties in how best to model a physical
process like convection or uncertainties in the input physics like the
nuclear reaction rates can lead to uncertainties in the evolutiocnary
results. In this section a brief discussion of the various modeling
problems is presented in terms of how these uncertainties may affect
the theoretical predictions for Cepheid variables.

2.1 Convective Overshoot and Semiconvection

Convective overshoot occurs at the boundary of a formally
convective region where the kinetic energy of a convective element
carrles it a finite distance into a region which is formally stable
against convection, Mixing may arise between the convective region and
a part of its neighboring radiative region due to the finite decay time
of overshooting convective elements and the introduction of new materi-
al into the radiative region from the overshooting convective elements
causing part of the radiative region to become convectively unstable.
Semiconvection occurs in a region of variable chemical composition that
is marginally unstable to convection. In such a case convective mixing
is only able to partially mix the region before convective stability is
established. When a semiconvective region exists just outside a con-
vective region mixing may occur between the two regions.

With regard to Cepheid evolution, the convective cores of the core
hydrogen-burning and the core helium-burning phases are the most sensi-—
tive to any uncertainties in modeling convective overshoot and semicon-
vection., Convective overshoot occurs throughout the existence of a
convective core while semiconvection tends to appear only outside the
helium-burning convective core (see, however, Brunish & Truran, 1982a,b
for a description of how massive stars behave). Both effects bring
more fuel to the convective core resulting in a longer life for a given
core burning phase.

Maeder & Mermilliod (1981), Matraka et al. (1982), and Huang & Weigert
(1983) discuss the effect convective overshoot has during the core
hydrogen—~burning phase on the later evolutionary behavior of a model.
Compared to models where this effect is neglected, models which include
the effect of overshoot are brighter during their core helium-burning
phases and their first blue loops in the H-R diagram (when they occur)
tend to be somewhat smaller. Figure 3 (from Becker & Cox, 1982) shows
this effect for a 9 Mgy,(Y,Z) = (0.28, 0,03) model.

Robertson (1972), Robertson & Faulkner (1972) and Renzini (1977),
discuss the effect of including convective overshoot and semiconvection
during the core helium-burning phase. Compared to models where these
effects are neglected, models which include these effects have longer
core helium-burning lifetimes and their first blue loops (when they
occur) may be lengthened.
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FIGURE 3. The theoretical H-R diagram for a 9 Mg, (Y,Z) =
(0.28,0.03) model without convective overshoot (dashed line)
and with convective overshoot (solid line).
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Although there is general agreement about the existence of convective
overshoot and semiconvection, the degree to which these effects occur
is still an open toplic of discussion., One hope of determining the
extent of these effects is to calibrate the models by using the
observed color-magnitude diagrams of star clusters (Maeder &
Mermilliod, 1981), however, observational uncertainties then enter the
picture. In any case when these effects are included in stellar
evolution models, the predicted evolutionary mass for a Cepheid
variable of a given luminosity is smaller than the case where these
effects are neglected. Matraka et al. (1982), for example, argue that
this reduction may be as large as 15%, a result which is not
inconsistent with predictions of other studies.

2.2 Nuclear Reaction Rates

A study of the works of Fowler et al, (1967, 1975, FCZII) and Harris
et al. (1983, HFCZ III) show that many nuclear reaction rates are not
known precisely and that the published rates have changed over the
years, With regard to Cepheid variables, the most relevant nuclear
reaction rates are those involving the burning of hydrogen and helium.
For tunately, the important hydrogen—-burning rates have changed little
over the years, however, such 1s not Ehe case for the helium-burning
reactions particularly, the 12C(a,y)1 0 rate. Iben (1972) was the
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first to show how uncertainty in the reduced width term of this reac-
tion rate would affect the evolutionary behavior of stellar models that
become Cepheids.

Since the 12C(a,y)lGO rate did not change between FCZ II and HFCZ III
it began to appear that this rate was on much firmer ground than it was
previously. However, Kettner et al. (1982) made a new measurement of
this rate and concluded that the rate should be approximately five
times greater than the rate given in FCZ II! Fowler (1984) has re-
studied the problem from the Caltech data base and has concluded that
the increase should be instead about a factor of three greater than the
FCZ 1I rate. Settlement of this controversy will have to await new

measurements of the 12C(a,y)1 0 rate.

Figure 4 shows the appearance of the core helium-burning phase in the
H-R diagram for a 5 Mg,(Y,2) = (0.28, 0.02) model as a result of
using both the FCZ II rate and Fowler (1984) '2C(a,v)'°0 rate. With
the new reaction rate the lifetime of the core helium—burning phase is
lengthened by about 5%, and the blue loop extends to higher tempera-
tures. The lengthening of the blue loop is only noticeable in models
for which the loop was small to begin with. One important effect of
this change is that the minimum mass of a star that becomes a Cepheid
during core helium—burning phase would drop, going in the case of a
(Y,2) = (0.28, 0.02) composition from about 6 Mg to 5.1 My if the
Fowler (1984) rate is adopted.

FIGURE 4, The theoretical H-R diagram for a 5 Mbi (Y,Z)=SO.28,0-02)
model as a result of using th?ZFCZ IIIBZC(a,Y) 0 rate
(solid) and the Fowler (1984) “C(a,y) O rate (dash-dot).
The parallel dashed lines mark the fundamental boundaries of

the instability strip.
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2.3 Opacities and Stellar Atmospheres

The studies of Fricke et al. (1971) Henyey et al., (1965),
and Johnson & Whittaker (1975), to name a few, show that changing the
opacity used either in the stellar interior or the stellar atmosphere
can have a noticeable effect on a stellar model's evolution track in
the H-R diagram. For Cepheid variables the most important question was
whether the Carson opacities (see e.g. Carson & Stothers, 1976) or the
Los Alamos opacities (see e.g. Cox & Tabor, 1976) were the most accur-
ate, The primary difference in behavior between the two sets of opac-
ities Is that the Carson opacities have noticeably larger contributions
from He and CNO atoms to the opacity in the temperature range of 6.5 >
log T > 5.4. The question remained unresolved until last year, when
Carson visited Los Alamos and a direct comparison was made between the
two methods of calculation and an error was discovered in the Carson
code which produced the larger opacities.

With this controversy resolved, the effect of the remaining uncertain-
ties in the opacities or the modeling of stellar atmospheres on the
evolutionary behavior of Cepheids is relatively small. For example,
Simon (1982) has suggested that increasing the opacities due to heavy
elemengs by a factor of 2 to 3 in the temperature range of 10° K to

2 x 107 K could help to remove the mass anomalies encountered with the
double-mode and bump Cepheids. Figure 5 shows how the evolutionary
track of a 6 Mp,(Y,2) = (0.28, 0.02) model changes in going from the
standard opacities to one similar to that suggested by Simon. The
overall differences are small and consequently, from the stellar
evolution standpoint, the changes advocated by Simon are potentially

FIGURE 5. The theoretical H-R diagram for a 6 My, (Y,Z)=(0.28,0.02)
model using standard Los Alamos opacities (solid) and
opacities in which the heavy element contribution is doubled
for 0.1 < Tg < 0.5 (dashed). The fundamental blue edge of
the instability strip is represented by the dash-dot 1line,
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permissible. However, Magee et al. (1984) point out that there is no
reason to expect an uncertainty that large in the Los Alamos
opacities.

2.4 Mass Loss
Lauterborn et al. (1971) and Lauterborn & Siquig (1974) have studied
the effect of mass loss during the red giant phase of intermediate-mass
stars of extreme Population I compositions. They find that mass loss
is able to suppress formation of blue loops in the H-R diagram if more
than 10%, 13%, and 207 of the total stellar mass is lost respectively
for 5 Mg, 7 My and 9 My models. Forbes (1968) and Lauterborn
et. al. (1971) find that the blue loops remain suppressed until greater
than 607 of the total stellar mass 1s lost. While the above results
probably depend somewhat on the initial composition of the star, the
implication is clear that a moderate degree of mass loss for intermed-
iate-mass stars effectively reduces the number of crossings of the
Cepheid instability strip from a maximum of five to only one. Fortun=—
ately, the observed mass loss rates (see, e.g., Lamers, 1981 and
Riemers, 1975) indicate that very little mass is lost during the pre-
Cepheid evolution for single intermediate-mass stars. Only low-mass
stars during the red giant phase and massive stars during all their
phases appear to lose a significant fraction of their mass.

For low-mass stars, mass loss plays a significant role in their
evolution because without it these stars would not evolve onto the
horizontal branch after core helium ignition. Without a horizontal
branch it would not be possible to produce RR Lyrae stars, BL Her
stars, and possibly anomalous Cepheids. For massive stars, mass loss
increases with increasing luminosity so that above about 40 Mg no
star is able to evolve as red as the Cepheid strip. Mass loss when
included in models of massive stars causes evolution to proceed at a
lower luminosity than the case where it is not included (see e.g.
Brunish & Truran, 1982a,b).

As noted in Lamers (1981) and Reimers, (1975) the mass loss rates are
not precisely known and it is likely that a range of rates i1s possible
for stars having the same mass and luminosity. For intermediate-mass
stars the uncertainty in the mass loss rates is not of much consequence
for Cepheid evolution. However, in case of massive stars, any under-
estimate of the mass loss rate will lead to an underestimate of the
evolutionary mass for a Cepheid of a given luminosity.

2,5 Rotation and Stellar Evolution
Observation of the main sequence progenitor stars that
evolve into Population I Cepheids shows that they rotate at speeds of
200 to 270 km/sec (see e.g. the review article of Slettebak, 1970).
Observations of red giants (see e.g. Kraft, 1970) show, however, that
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these stars have small rotational velocities. These observations
indicate that the surface angular momentum present during the main
sequence is transferred to another location which most likely is the
interior of the star, Clearly, since real stars have angular momentum,
the neglect of rotation in most stellar evolution calculations is a
deficiency. Problems arise, however, when one attempts to add rotation
to a stellar model. Rotation destroys the one-dimensional symmetry of
a stellar model and an accurate treatment of rotation requires two— or
three—-dimensional coding capability. Modern computers can accommocdate
codes of this complexity and efforts to develop such codes are
beginning to take place. With some simplifications, however, rotating
models can be studied with one-dimensional stellar evolution codes.
Problems still confront any investigator using this latter approach,
since the interior angular momentum distribution cannot be observed.
One therefore needs to make a number of educated guesses as to what the
distribution might be.

Degpite the difficulties, Kippenhahn et al. (1970), Meyer-Hofmeister
(1972) and Endal & Sofia (1976, 1978, 1979) have investigated from a
one-dimensional standpoint the influence of rotation on the
evolutionary behavior of intermediate-mass stars. Their results
provide a mixed picture. For example, they all agree that rotation
lengthens the core helium-burning lifetime and that this increase can
result in longer lifetimes for the second and third crossings of the
instability strip. However, Endal & Sofia (1976, 1978) find that
rotation increases the luminosity of the first blue loop in the H-R
diagram, but reduces the temperature of the blue loop tip while the
work of the others finds the opposite results., Due to these
disagreements, it is clear that more work needs to be done before an
accurate assessment of how neglect of rotation in most stellar models
is affecting theoretical predictions.

2.6 Binary Evolution

Madore (1977) notes that about 277 of the Population I
Cepheids are in binaries which have companions of similar mass,
Sandage & Tammam (1969) point out that one binary system, CE
Cas, consists of two Cepheids, It iIs apparent that a significant
fraction of Cepheid varilables, as 1s the case for most Population I
stars, occurs in binary systems. If the separation between the binary
components is sufficiently large (on the order of a few x 100 R,),
each star will be able to evolve through its core hydrogen— and helium~
burning phases in much the same way as if each star were single. If,
however , the separation is such that one star fills its Roche lobe
during the course of its evolution, mass transfer will occur and the
evolutionary behavior of the two stars will no longer be accurately
described by single star evolutionary models.

Detailed evolutionary calculations of a binary system consisting of
intermediate or massive stars have not yet been calculated for a wide
variety of cases, A few general statements can, however, be made. The
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more massive star of the system, if it fills its Roche lobe as a red
glant, will probably lose enough mass to prevent it from making any
further crossings of instability strip. As a result, this star can be
a Cepheid only prior to its becoming a red giant. The companion star
will probably accrete mass as a result of the more massive component
overflowing its Roche lobe, Having accreted mass, the companlon star
will later evolve in a manner different from that of a single star
having the companion star's original or current total mass. As a
result, if the companion star later evolves into the instability strip
1t will do so at a luminosity that is probably inconsistent with its
mass based on single star evolution,

Binary evolution is clearly an area for future research. The scenario
described in the second half of the last paragraph is only a general
case and even more complicated situations can be imagined as a result
of binary evolution.
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3 THEORY AND OBSERVATION COMPARED

Stellar evolution models can be used to make predictions
which can be tested by comparison with observations. Such comparisons
provide a diagnostic on the current state of the theoretical models.
Areas of diragreement between theory and observation are useful be-
cause they help to provide some insight on how theoretical models can
be improved. The subject of comparing theory and observations is a
topic worthy of a separate paper and as a result this subject will be
only briefly discussed in this section.

3.1 Cepheid Masses

Using stellar evolution calculations, a mass—luminosity re-—
lationship can be made for Cepheid variables (see e.g. Becker et. al.,
1977). Using pulsational theory, a luminosity-period-temperature rela-
tionship can be derived. These two relations can be combined to relate
period to mass if the exact crossing of the instability strip is
known. If the exact crossing is not known, the usual procedure is to
assume that the star is undergoing the second crossing. The work of
van Genderen (1983), for example, shows that these theoretical
relations can be used very successfully with the observed behavior of
Cepheids in the Magellanic Clouds.

Cox (1980), in his review article, describes six methods of theoreti-
cally determining the mass of Cepheid variables which are: 1) the
evolutionary mass, 2) the theoretical mass, 3) the pulsational mass, 4)
the bump Cepheid mass, 5) the double and triple mode Cepheid mass, and
6) the Wesselink radius mass. Cox (1980) notes that the evolutionary
mass 1s normally in agreement with all the other methods except the
bump Cepheid masses and the double and triple mode Cepheid masses.

Since no Cepheid is close enough to determine distance by trigonometric
parallax, the most direct method of getting Cepheid masses is from
binary orbits and the results have been mixed. Evans (1980) orignally
found for the case of SU Cygni that the orbital mass is consistent with
masses predicted by both stellar evolution and pulsation theory,
however, this interpretation is now clouded because this system has
been found to be a triple (Evans, this conference). Bohm-Vitense
(1984), finds, for binary systems consisting of a blue companion and a
Cepheid variable, that the Cepheids are overluminous if both stars are
of the same mass. The discrepancy may, however, be due to mass
transfer inside the system.

The agreement in the case of Cepheid variables between evolutionary
masses and pulsational masses from all but the bump and double and
triple mode Cepheids shows that stellar evolution calculations are, in
general, qualitatively correct (using the current distance scale). The
discrepancy with the bump and double and triple mode Cepheids is a
problem which is still not understood, but it is an active topic of
research. The agreement between evolutionary mass and pulsation mass
would end, however, if the luminosity scale of Cepheid variables is
revised downward as advocated by Schmidt (1984).
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3.2 Period Changes

During evolution across the instability strip, the period
of a Cepheid increases as the temperature decreases., As a result of
this behavior, measurements of the rate of period change can help to
determine which crossing of the instability strip is taking place. For
intermediate—-mass stars the first, third, and fifth crossings will have
a positive rate of change, while the second and fourth crossings will
show a negative rate of change. The magnitude of the rate of change,
P, provides further information in that stars undergoing the second or
third crossing will in general be evolving at a slower rate than stars
undergoing the other crossings (see e.g. Becker 1981b). Parenago
(1956), Payne—Gaposchkin (1974), Fernie (1979, 1984) and Szabados
(1983, 1984) have studied perlod changes in Cepheid variables.Payne-
Gaposchkin (1974), Fernie (1984) and Szabados (1983, 1984) note that
measurements of the periods changes of Cepheids sometimes show nonsec-
ular changes or noise which makes the determination of P complicated.
However, a large number of sufficiently clear measurements of P have
been made by Fernie (1984) and Szabados (1983,1984) for them to con-
clude that the observed period changes are due to effects of stellar
evolution., Observation of positive and negative values of P provides
direct evidence for the existence of blue loops in the H-R diagram.

3.3 Surface Changes in the Chemical Composition

Cepheid variables of intermediate mass that are in the core
helium-burning phase spent part of their previous evolution as red
glants. As red giants, these stars underwent the first dredge-up phase
in which convection mixes the outer layers of the star with a portion
of interior that in the past has undergone nuclear reactions. Stellar
evolution calculations (see e.g. Becker & Iben, 1979) predict that the
surface abundance of N should inﬁrease by a factor of two to three
and that the surface abundance of %C should decrease by 30 to 40% as a
result of the first dredge-up phase.

Luck & Lambert (1981) were the first to measure CNO abundances in
Cepheid variables and their results showed abundance changes far 1in
excess of that predicted by standard stellar evolution theory. Fur-
thermore, the observations of Luck & Lambert (1981) showed that mixing
must take place with matter so deep in the interior that it has under-
gone ON processing. Becker & Cox (1982) discussed the implications of
how stellar evolution models would have to be altered to account for
these observations. Iben & Renzini (1983) took the opposite approach
and discussed what might be wrong with the interpretation of the obser-
vations, The controversy has apparently now come full circle when



Becker: Cepheid Evolution

Lambert (1984) stated that the observed O depletion in Cepheids was a
result of a systematic error in the values used for log g. He now
finds evidence only for CN processing as predicted by standard stellar
evolution calculations.

3.4 Frequency Period Distributions of Cepheids

From the observations of hundreds to thousands of Cepheid
variables in the Galaxy, M31, the IMC, and the SMC, detailed but not
complete frequency period distributions can be made. The distributions
all show a small number of short period varibles, a rapid increase in
the numbers of Cepheids at some key period and an exponential-like de~
cline in the number of variables for larger and larger values of the
period (see Figures 7 and 8 of Becker et al, 1977)., The distribution
for the Galaxy and M31 are very similar, while those for the IMC and
the SMC show a greater spread and the peak in their distributions takes
place at a noticeably smaller value for the period.

The sudden rise in the frequency period distribution provides strong
evidence for the first blue loop occurring in the H-R diagram for
helium burning intermediate-mass stars, The peak should arise from
stars in which the tip of the blue loop is tangent to the fundamental
blue edge. Becker et al, (1977) show that a galactic model based on
stellar evolution calculations which involves a spread in the chemical
composition and reasonable values for birthrate function can reproduce
many of the features of the observed frequency—-period distributions.
The reason for the different peaks in the distributions for the Galaxy,
the LMC, and the SMC is a result of having the average chemical compo-
sition change as one goes from the Galaxy, to the ILMC, and to the SMC.

3.5 Star Clusters

Unlike the case for the Galaxy, a number of star clusters
in the LMC and the SMC have a high population density and are the right
age to show significant numbers of Cepheids and stars in the core
helium-burning phase., Arp (1967) was the first to note this behavior
in the case of NGC 1866. These clusters can be modeled with synthetic
clusters constructed from stellar evolution models. For the case of
NCG 1866 as shown in Figure 6, the observed color-magnitude diagram
provides visual proof of the predictions of stellar evolution theory
because the diagram looks like a blurred stellar evolution track with
the Cepheids appearing at the blue loop tip. Becker and Mathews (1983)
have analyzed the data for NGC 1866 wiEh synthetic cluster models and
have shown its age to be about 86 x 10  yr and its composition to be
about (Y,Z) = (0.273, 0.016).
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FIGURE 6. The observed color-magnitude diagram for NGC 1866 (dots)
with the evolutionary track for a 5 My,(Y,Z) = (0.273,

0.016) model superimposed. The observed Cepheids are near
the blue loop tip.

4  SUMMARY
In the review, the behavior of stellar evolution models

relevant to Cepheid variables of Types I and II is discussed.
Uncertainties in the theoretical models are examined, but are found not
to be of such size as to seriously limit the usefulness of the
theoretical predictions. Finally, observations and theoretical
predictions are made for a number of cases to show areas of agreement
and disagreement.

This work was performed under the auspices of the U.S. Department of
Energy Contract # W-7405-ENG. 36.
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THEORY OF CEPHEID PULSATION: EXCITATION MECHANISMS

John P. Cox
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Abstract. The various excitation mechanisms (eight in
all) that have been proposed to account for the vibra-
tional instability of variable stars, are surveyed. The
most widely applied one is perhaps the "envelope ioniza-
tion mechanism.” This can account for most of the essen-—
tial characteristics of the "instability strip.” A simple
explanation of the period-luminosity relation of classical
Cepheids is given. A few outstanding problems in pulsa-
tion theory are also listed.

1  INTRODUCTION
The main purpose of this paper is to survey the various
excitation mechanisms which have been proposed down through the years
to account for the observed light and radial velocity variations of
Cepheids and of other types of variable stars, with particular empha-
sis on Cepheids themselves.

Historically, the main driving agent for the (essentially radial) pul-
sations of classical Cepheids was the first to be investigated, and
this early investigation began about 30 years ago. Yours truly was
heavily involved with this work. At the time, he was highly aston-
ished at the paucity of research papers dealing with this seemingly
fundamental problem. There were plenty of papers concerned mainly
with details of light and velocity curves and the like. But almost no
papers attacking the main problem of what drives the pulsations! The
only ones that he recalls now were two papers by Eddington, published
in the early 1940's (Eddington 1941, 1942). These papers had a large
effect on the author's subsequent work. He also remembers early
papers by Zhevakin and Krogdahl.

This early work culminated in two fundamental papers: one, by Baker &
Kippenhahn (1962), on Delta Cephei itself; the other, by Cox (1963),

on simplified Cepheid envelope models. The work of Baker and Kippenhahn
was later extended and refined (Baker & Kippenhahn 1965). The term
“"kappa-mechanism” (see § 3) was first explicitly introduced by Baker &
Kippenhahn (1962). Definitive and reliable calculations of linear,
radial, nonadiabatic pulsations of stellar models first became possi-
ble with use of a computer code originated and developed by Castor
(1971).
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One of the important conclusions of this early work was
that the pulsation amplitude in the deep stellar interior was very
small. It was, in fact, far too small for the nuclear reactions,
which supply the mean luminosity of the star, to have anything direct-
ly to do with the pulsations. This conclusion was based largely on an
early study by Epstein (1950). It turns out that Cepheid pulsation is
primarily an envelope phenomenon; the cause of such pulsations had to
be sought in factors affecting these outer layers. The basic reason
for the smallness of the pulsation amplitude in the deep stellar in-
terior is ultimately that, according to current ideas, Cepheids are in
an advanced stage of evolution and are consequently highly centrally
concentrated.

The extension of these results into the nonlinear domain was first

effected by Christy (1966) and by Cox, Cox, Olsen, King, and Eilers
(1966). The latter authors introduced explicitly the term “gamma-

mechanism” (see § 3).

Linear, nonradial pulsations of stars, in adiabatic theory, were first
explored by Smeyers (1966) and Dziembowski (1971). (Reviews of the
properties of nonradial stellar pulsations can be found in Ledoux &
Walraven 1958; Ledoux 1974; Cox 1976, 1980; Unno, Osaki, Ando &
Shibahashi 1979.) Extension of the theory into the nonadiabatic
domain was effected by Ando & Osaki (1975) (however, they neglected
the Eulerian perturbations of gravitational potential, i.e., made the
Cowling approximation), Saio & Cox (1980), and perhaps others. A new
technique for treating linear, nonradial, nonadiabatic oscillations of
spherical stars has been developed by Pesnell (1984a). This technique
uses Lagrangian, rather tham Eulerian, variations, and possesses many
advantages over previous schemes. It appears highly promising, and
may even constitute a breakthrough in the field.

Attempts to treat convection in pulsating stars were carried out by a
number of investigators. The complications introduced by convection
are by no means trivial, and were ignored in all the above works. Some
earlier unpublished work on this problem was carried out by Gough,
which ultimately resulted in the study by Baker & Gough (1979). The
problem has also been investigated by, among others, Castor (1968);
Deupree (1977a,b,c,d; 1980); Saio (1980); Gonczi (1981, 1982); Gonczi
& Osaki (1980); Durney (1984); and Stellingwerf (1982a,b; 198%a,b,c).
The most ambitious work is that of Deupree (1977a); but the papers

by Stellingwerf are also impressive. Both of the latter authors are
in essential agreement. However, in contrast to Deupree (1977a),
Stellingwerf (1984a) found that convection had a slight effect on

the blue edge of the instability strip.

The mechanism by which convection in the envelope can result in a
red edge to the instability strip, was first identified by Deupree
(1977a). This mechanism is explained in § 3 below.

127



Cox: Theory of Cepheid pulsation 128

2 GENERAL PRINCIPLES OF EXCITATION MECHANISMS

In general, an excitation mechanism consists of a way, or
mechanism, for transforming some other kind of energy into mechanical
energy of stellar pulsations. The most clearcut example would be the
transformation of some of the steady radiant energy flowing through
the outer layers of a Cepheid variable, into pulsation energy. This
latter energy may be estimated, for a typical Cepheid, to be ~pQ41 43
ergs. We may take as the (steady) luminosity ~1037 ergs s”! (~10% Lg,
Lg = solar luminosity). If only a hundred thousandth (107°) of this
energy is available for such a transformation, the entire pulsation
eneréy of such a Cepheid could be supplied in only ~109-101! g ~
102-% yr or ~10373 pulsation periods.

As another example, consider the recently discovered (Kurtz 1982)
“rapidly oscillating Ap stars.” The total energy (kinetic) involved
in the observed oscillations is perhaps ~103% ergs or larger. On the
other hand, the total (kinetic) energy involved in such a star's outer
convection zone may be of the same order of magnitude or, more likely,
one or two orders of magnitude larger. At any rate, there seems to be
enough energy residing in such a star's outer convection zone, that if
only a small fraction of this energy were transformed into oscillatory
energy, there would be enough to account for Kurtz's observations.

3 A SURVEY OF SPECIFIC EXCITATION MECHANISMS
In our survey of specific excitation mechanisms that have
been proposed, we shall consider the following:

(1) "Envelope Ionization Mechanisms.” Cruclal elements:
He*, He, H, C, 0. The kappa— and gamma-mechanisns.
The r(radius)-mechanism.

(2) Stellingwerf "Bump” Mechanism.

(3) Epsilon (e)—-Mechanism.

(4) Kato Overstable Convection (associated with a mean
molecular weight gradient).

(5) Shibahashi Overstable Magnetic Convection (associated
with a magnetic field).

(6) Osaki Overstable Convection (associated with rotation).

(7) Tidally Forced Oscillations (Kato).

(8) Kelvin-Helmholtz Instability (Ando).

3.1 "Envelope ionization mechanisms”
This kind of mechanism was first suggested by Eddington

(1941, 1942). However, he had the idea that hydrogen was the crucial
element for classical Cepheids; this element was subsequently identi-
fied as Het, once-ionized helium (Zhevakin 1953; Cox 1980, Chap. 10).
Eddington also thought that Cepheid pulsations basically were “driven”
by nuclear reactions (the "e-mechanism,” see below) (King & Cox 1968),
and that the hydrogen ionization zone only served to reduce the damp—
ing.

The main purpose of such an "envelope ionization mechanism™ is to fur-
nish heat to these outer layers upon compression, or to release heat
upon expansion. Nuclear energy sources can play no important role.
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Therefore, the above all-important gains and losses of heat must be
accomplished by a modulation of the radiation flowing through these
layers. This is a rather bizarre means by terrestrial standards: It
is the leakage of heat that is varied in a stellar heat engine of the
kind we are describing. On the other hand, it is the input of heat
that is varied in a conventional internal combustion engine.

The basic destabilizing effect of an “"envelope ionization mechanism”
can be understood as follows. Any destabilizing agent operating in
the outer stellar layers will be most effective if it 1is located in or
near the appropriate “"transition region.” This region is that level
above which the pulsations are extremely nonadiabatic and the energy
flux is effectively "frozen—-in" (because the material in these outer-
most regions has so little heat capacity), and below which the pulsa-
tions are almost adiabatic (quasi-adiabatic) (see Fig. 1, adapted from
Osaki 1982). 1In the "quasi-adiabatic interior” any “"driving" is al-
most exactly cancelled by a nearly equal amount of damping, so that
there is essentially no net driving in this region. In the "nonadia-
batic exterior™ there can be no driving because there is no modulation
of the flux. In or near the "transition region™ itself there can be
driving immediately below this region; however, immediately above this
region the damping might be eliminated by nonadiabatic effects, leav-
ing only driving. This transition region can be roughly located in
any star by the order-of-magnitude condition that the total internal
energy in the layers above this region be of the same order as the
energy radiated by the star (equilibrium luminosity L) in one pulsa-—
tion period II. Quantitatively, this statement may be expressed by the
equation:

<ch*>m*

! (1)

where my is the total mass lying above the transition region, cy is
the specific heat at constant volume, T, is the temperature in the
transition region, and angular brackets denote an appropriate average
over these outer layers. Although equation (1) was derived for radial

Fig. 1. Schematic drawing of the transition region.
Adapted from Osaki (1982).
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oscillations, it has recently been shown (Pesnell 1984b) that this
equation also applies, to order of magnitude, to nonradial oscilla-
tions whose £ value is not too large, where £ is the latitudinal
"quantum number” of a spherical harmonic. Further discussion of
equation (1) may be found in Pesnell (1984b).

An "ionizing element” (a crucial element in the mid-stages of ioniza-
tion) will, if this element 1is sufficiently abundant, produce a desta-
bilizing effect essentially by causing the local temperature to be
lower than if ionization were not occurring. This ionization repre-
sents additional internal degrees of freedom, so that any energy added
to the gas (e.g., the energy supplied by adiabatic compression) goes
partly into these additional degrees of freedom rather than into the
kinetic energy of thermal motiouns. Hence, for example, such a gas
will remain relatively cool upon compression. Malcolm Savedoff once
expressed this relative coolness upon compression rather vividly as
"putting ice cubes” into the appropriate stellar layers when they are
nost compressed. This relative coolness upon compression, say, will
have further consequences, as follows.

The local opacity will now increase upon compression, whereas, normally,
it decreases upon compression. The basic reason for this behavior is
that the opacity normally varies about as the inverse cube of the local
temperature, which is now remaining more-or-less constant because of
the ionization. This statement is still qualitatively true even in

the hydrogen ionization region of the ZZ Ceti (white dwarf) stars,
where the destabilization is supposed to be occurring (see below). A
figure in Winget (1981) shows that, in the regions of interest, the
opacity decreases, for given density, with increasing temperature. On
the other hand, this opacity is roughly proportional to the density,
which is still increasing upon compression. These two behaviors ex-
plain the "kappa-mechanism™ (Baker & Kippenhahn 1962), which refers to
an increase of the opacity upon compression.

This increase of the local opacity upon compression will tend to
“trap"” the energy inside trying to get out. This "trapped” energy
will instead get absorbed by the gas, and, through nonadiabatic
effects, cause the pressure upon subsequent expansion to be larger
than if the pulsations had been adiabatic. In this way any incipient
pulsations will tend to get “"pumped up.” Such a region is therefore
destabilizing.

Similarly, the relative coolness of layers undergoing compression will
cause these layers to radiate less. This diminished radiation upon
compression has been termed the "gamma-mechanism"” (Cox, Cox, Olsen,
King & Eilers 1966). The overall effect will be the same as for the
kappa-mechanism, and will be a destabilizing tendency.

Finally, upon compression the total radiating area of the star will be
reduced. This effect will also tend to "trap” radiation inside the
star. Such an effect has been termed the "r (radius)—effect" (Baker
1966), and will also contribute to instability.
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These considerations permit us to see rather easily how
convection in the eanvelope can "quench” pulsations and result in a
"red edge"” of the instability strip (Deupree 1977a). One of Deupree's
important findings was that convective transfer is most efficient when
the star is most compressed. Hence, near minimum stellar radius con-
vection causes the rate of energy loss from the star to be near maxi-
mum. This is exactly the condition for damping; this condition is
just the opposite of that for driving. One may say that convection
essentially "undoes” the trapping of energy effected by the kappa-—,
gamma—, and r-mechanisms discussed above. These last two mechanisms
are still operating, even when convection in the envelope is present.
However, their combined driving effect is small compared to the above
damping effect of convection.

Envelope ionization mechanisms have recently been invoked to explain
successfully the observed nonradial oscillations of the variable
white dwarfs, the "ZZ Ceti" stars (Winget et al. 1982a). Only, in
this case, the crucial element is apparently hydrogen (see Winget &
Fontaine 1982 for a good review of the ZZ Ceti stars).

These considerations have been extended to the DB, or helium, white
dwarfs (Winget et al. 1982b). 1In this case, the crucial element is
apparently He (neutral helium, not once-ionized helium, as for the
classical Cepheids). For the first time, a prediction as to the
variability of the DB white dwarfs was made (Winget et al. 1982a),
and subsequently a DB variable was actually detected observationally
(this was GD 358) (Winget et al. 1982b, 1983). Three more have since
been found (Winget et al. 1984, Winget 1984); these are PG 1654+160,
PG 1116+158, and PG 1351+489.

It has recently been suggested (Starrfield, Cox & Hodson 1981, 1983;
Starrfield, Cox, Kidman & Pesnell 1984) that an envelope ionization
mechanism, with carbon and/or oxygen as the crucial element(s), may
account for the instability of the very hot variable PG 1159-035 (see
also Winget, Hansen & Van Horn 1983).

3.2 Stellingwerf "bump” mechanism
The "bump" mechanism was suggested by Stellingwerf (1978,
1979) and was applied in Stellingwerf (1978) and in Cox & Stellingwerf
(1979) to the Beta Cephei stars. This may be considered a kind of
"envelope ionization mechanism,” although, as we shall see below, its
operation does not really depend on ionization.

It is well known that the effectiveness of any destabilizing wmechanism
operating in regions of a star where the energy is carried predomi-
nantly or solely by radiation is very sensitive to certain features of
the opacity. One of these features is the temperature dependence of
the opacity law. The Stellingwerf “bump"” mechanism can be effective
because it introduces a "wiggle,” or "bump,” on the opacity versus
temperature curve, for given density. Such a "bump” has a region
where the opacity decreases with increasing temperature less rapidly
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than immediately above or below this region (i.e., the opacity vs.
temperature curve has a relatively "flat” region) (see Fig. 2). This

feature causes such a region to radiate less strongly than the regions

immediately above or below it, when the material is compressed. Such
a region can therefore impede the flow of radiation through these
layers, in somewhat the same way as the kappa—, gamma—, and r—mecha-
nisms operate.

Roughly, the bump is, essentially, a result of the coincidence+of
the peak of the Planck function with the ionization edge of He (at
54.4 eV). The bump accordingly occurs at a temperature close to l.5
10° K, and is rather insensitive to density. It turns out that the
temperature of the "transition region” in Beta Cephei stars is close
to this value (Cox 1967, p. 90), so it might be expected that this
bump might have something to do with the instability of these stars
(Cox & Stellingwerf 1979). In this study it was also shown that ra-

diation pressure, in only modest amounts, could increase cy quite sig-
nificantly. However, in a very careful study by Lee & Osaki (1982) it

was shown that this bump is not actually pronounced enough to cause
instability in these stars. This "bump” mechanism is also discussed
by Pesnell (1983), who reaches the same conclusion as Lee & Osaki
(1982).

Fig. 2. Schematic opacity (k) versus temperature (T)
curve, at fixed density (p), showing the Stellingwerf
(1] bump . "

p= CONST.

STELLINGWERF
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3.3 Epsilon (€)-mechanism
The e-mechanism is the excitation effect of thermonuclear

reactions. It essentially always (at least in principle) exerts a
destabilizing tendency, although the effects of this mechanism on
actual variable stars are usually negligible (Cox 1967).

The destabilizing tendency arising from the e-mechanism derives from
several factors. First, the rate of energy production per unit mass €
from thermonuclear reactions is generally given to adequate accuracy
by the approximate interpolation formula
ALY
e xp T . (2)

Here X is usually | or 2 but v may be quite large (e.g., v = 15-17
for the carbon cycle, v = 4 for the proton chains, and v ~ 30-40 for
helium-burning reactions). Second, in regions where nuclear reactions
are occurring the oscillations are usually nearly adiabatic, so that,
for example,

6T _ Sp

T = (F3 1) 0 ’ (3)
where a "6" denotes the Lagrangian variation and I'y is one of the
adiabatic exponents. Hence, usually,

= R 4)

—— 0 + -
- [A v([‘3 1) o
where the quantity in square brackets can be rather large.

What this means is that, upon compression, a relatively large amount
of thermonuclear energy may be generated. 1If this energy is not car-
ried away, it may be absorbed by the local matter, enhance the local
temperature ilncrease, and so lead to overstable oscillations.

The agent that may carry this excess energy away is radiation. If

we consider an "element” which has been slowly displaced inward in a
region where the material is "subadiabatic” (i.e., convectively stable
according to the Schwarzschild criterion), the element will be warmer
than its local surroundings, and so will radiate more copiously than
they (of course, an outward-displaced element will be cooler than its
local surroundings, and so will radiate less copiously than they).
Whether this excess energy will be carried away (or whether the defi-
cit of energy will be eliminated by heat gains from the surroundings)
depends on the size of the element under consideration. The total
amount of energy lost (or gained) by radiation in a given time will
be proportional to the surface area of the element, and hence to the
square of its size. On the other hand, the total excess (or deficit)
of thermonuclear energy generated in this same time will be propor-
tional to the volume of the element, and hence to the cube of its
size. Hence large elements are more likely, from this effect, to
cause overstability than small elements.

Note that, if the temperature gradient in the relevant regions were
superadiabatic rather than subadiabatic (yet such that the elements
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are convectively stable according to the Ledoux criterion), the roles
of nuclear energy production and radiative transfer would be reversed.
In this case a rising element, for example, would be hotter than its
surroundings. The enhanced loss of heat from the element (as compared
to its surroundings) due to radiation would now tend to lead to over-
stability (Kato effect, Kato 1966; also, see § 3.4), whereas the en-—
hanced gain of heat due to am increased thermonuclear reaction rate
would now tend to lead to damping.

An overstability in hydrogen-burning and helium-burning shells in
evolved stars (in such stars the temperature gradient in the relevant
regions was always subadiabatic) has recently been investigated by
Kippenhahn (1983). He finds that, generally, hydrogen-burning shells
are too thin ever to be overstable. However, such an overstability

can sometimes exist in helium-burning shells. In particular, he finds
that such shells can be overstable during portions of "thermal pulses,”
when the evolutionary track of the star "loops” for a time to much
higher effective temperatures. What the observational consequences

of this overstability are, are not clear (see Kippenhahn 1983).

In immediately post-main sequence stars it is known that there is a
thin hydrogen-burning shell which supplies most of the energy radiated
by the star. Moreover, in this shell the mean molecular weight u in-
creases inward from a value appropriate to predominantly hydrogen in
the exterior to a value appropriate to nearly pure helium in the core.
In this thin region there is, arising from the p—-gradient, an addi-
tional contribution to the restoring force acting on a displaced mass
element (see § 3.4). Consequently, the Brunt-Vd3isdld frequency here
is relatively large. One can therefore have "propagating” g modes, or
spatially oscillatory g modes, in this region, with these modes "evanes-
cent"” above and below, as was first shown by Osaki (1976). He referred
to this property as a "trapping” of modes. In addition, their ampli-
tudes may be relatively large here, and their vertical wavelengths
small, as was also shown by Osaki (1976). Even so, he finds that the
driving resulting from e—-mechanism here was insufficient to destabi-
lize the entire star. The fact 1is, the radiative dissipation in this
region is very large, so large that this damping completely predomi-
nates over the nuclear driving. This large radiative damping is es-
sentially a consequence of the very short wavelengths of these trapped
modes. In a sense, short wavelengths are analogous to too-small ele-
ments in the discussion of the Kippenhahn overstability above. Thus,
the conclusion was that the e-mechanism operating in the hydrogen-
burning shell of slightly post-main sequence stars could not account
for the pulsations of the Beta Cephei stars, as had been suggested
earlier by Chiosi (1974) and by Aizenman, Cox & Lesh (1975).

3.4 Kato overstable convection
In a region in a star where a mean molecular weight
gradient is present, it is possible, as was first pointed out by Kato
(1966), that overstable convection can exist. This kind of oversta-
bility might occur in a region that is convectively stable according
to the "Ledoux criterion,"” i.e., an element of matter displaced slowly
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upward, for example, would have a greater density than its surround-
ings, and so would tend to sink. In the absence of nonadiabatic
effects, such an element would simply oscillate indefinitely up and
down at the local Brunt-Viisild frequency.

What these nonadiabatic effects will do, however, depends on the local
average temperature gradient. If this temperature gradient is sub-
adiabatic, such an upward-displaced element will be cooler than its
surroundings. It will therefore absorb heat from them during its up-
ward swing. This absorption of heat will decrease the density of the
element below the value appropriate for adiabatic motion, and so will
cause 1its subsequent descent to be slower than for adiabatic motion.
In this way it can be seen that the oscillatory motion of the element
will eventually be damped out by these nonadiabatic effects.

On the other hand, if the average temperature gradient 1s superadia-
batic, then a slowly rising element will be warmer than its surround-
ings, and so will lose heat to them. This loss of heat during the
upward swing will lead to a further enhancement of the density of the
element, and so it will subsequently sink faster than if it had lost
no heat. Similarly, a sinking element will subsequently rise faster
than in the adiabatic case. In this case it can be seen that the
amplitude of this oscillatory motion will gradually increase, as a
result of these nonadiabatic effects. This phenomenon of an oscilla-
tory motion of a mass element with a gradually growing amplitude is
known as overstable convection.

It is clear, moreover, that overstable convection can only occur when
the mean molecular weight uy increases toward the center of the star.
But this is, after all, the normal situation encountered in stellar
evolution. We assume that the motion of the convective element 1is so
slow that pressure equilibrium with its surroundings will have been
established. Then, if a rising element is to have a net downward
buoyant force, its density must be greater than that of its surround-
ings. Hence, the quantity (T/u) (T = temperature) of the element must
be less than that of its surroundings. The value of p for the element

is characteristic of its level of origin. If u increases inward, it is

clear that the temperature of the element could be greater than that
of its surroundings (the condition for overstability), and the element
could still be convectively stable (i.e., the net buoyant force on an
upward-displaced element would be downward).

Note that the Katc overstable convection mechanism can also be looked
at as follows. The u—gradient is equivalent to an additional contri-
bution to the total force acting on a displaced mass element computed
as if the chemical composition were uniform. This additional contri-
bution to the force is proportional to the factor -(d £n p/d 2n P)dSr,
where P denotes total pressure and 6r is the (radial) displacement of
a mass element from its equilibrium position. Thus, if d fn u/ d n
P > 0 (the normal situation in stellar evolution), we have: if 8r > O
(the element is displaced upward), this additional force is downward,
and acts as an extra contribution to the restoring force. If ér < O
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(downward displacement), this additional force is upward, and thus in
this case too it increases the restoring force. Moreover, this addi-
tional contribution to the restoring force may be considered constant
with time, since this force will change only on a nuclear time.

Now, if the average temperature gradient is superadiabatic, the buoy-
ant force on an upward—-displaced mass element will be upward, in the
same direction as the displacement. In the absence of a u-gradient
such a region would then be convectively unstable. However, the u-
gradient may supply enough of a downward contribution to the restoring
force acting on an upward-displaced element that the motion may still
be oscillatory. But a rising element in a region of the star with a
superadiabatic temperature gradient will be hotter than its surround-
ings, and so will lose heat to them. It can thus be seen that these
heat exchanges will increase the density of an upward-displaced ele-
ment, and so cause the buoyant force slowly to get weaker with time.
On the other hand, the force arising from the u-gradient is remaining
essentially constant with time. Thus the net restoring force (buoyant
force plus the "u-gradient force™) is gradually getting strouger with
time. This situation of an oscillator with a slowly strengthening
spring constant clearly corresponds to overstability.

These considerations will be helpful in connection with the mechanism
to be discussed next, the "overstable magnetic convection,” mechanism.
In the semi-convective zone of a massive star we have all the neces-
sary ingredients for the Kato overstable convection mechanism to op-
erate. The convective elements are likely, moreover, to be rather
massive (perhaps a tenth or a hundredth of a solar mass?). The idea
therefore arose that, 1f such an overstability occurred with the con-
vective elements in the convective core of a massive star, some kind
of instability might well arise. This instability might conceivably
account for the pulsations of the Beta Cephei stars. Such a sugges-
tion has, in fact, been made by Percy (1970) and Spiegel (1970).
However, the calculations of Shibahashi and Osaki (1976) showed that,
while this overstability was indeed present in the relevant regioms,
it was too weak to destabilize the whole star. The conclusion is that
this mechanism will probably not account for the pulsations of the
Beta Cepheli stars unor of any other known kind of pulsating star.

3.5 Shibahashi overstable magnetic convection
The suggestion of "magnetic overstability” was made by
Shibahashi (1983) to account for the observed oscillations (~6-14 min)
in the recently discovered "rapidly oscillating Ap stars” (Kurtz 1982).
A more physical discussion is given in Cox (1984).

It has been known for some time (e.g., Chandrasekhar 1952) that a con—
vectively unstable region (e.g., the outer hydrogen convection zone)
in the presence of only a moderately strong magnetic field can lead to

overstable oscillations.

The mechanism by which overstable oscillations can arise in the pres-—
ent circumstances can be understood as follows. It is well known
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(e.g., Alfvén & Fdlthammer 1963) that magnetic lines of force "em-~
bedded” in an astrophysical plasma behave in many respects as if they
were material, elastic strings “glued” to the plasma. Moreover, these
lines of magnetic force exert a tension along their length, and so try
to remain straight. On the other hand, convective motions will tend
to produce “wiggles" in these lines of force. It can easily be seen,
then, that this magnetic tension will amount to an additional contri-
bution to the restoring force on a displaced mass element. This ad-—
ditional contribution to the restoring force will tend to induce
oscillatory motion in an otherwise convectively unstable region; in
this way a magnetic field will tend to suppress convection.

It is the exchange of heat (nonadiabatic effects) that leads to over-
stability, just as in the Kato overstability mechanism. Consider a
superadiabatic region in a star. 1Imn such a region the buoyant force
is in the same direction as the displacement. Therefora, such a
region would be convectively unstable in the absence of a magnetic
field. A rising mass element, for example, in such a region would,
however, be hotter than its surroundings and so would lose heat to
them. Hence the buoyant force would gradually get weaker with time.
However, the additional contribution to the restoring force, being
magnetic in origin (and proportional to the factor —(B2/d2)8r, where B
is the magnetic induction and d is the diameter of the element), will
change much more slowly in time (Cox 1984). The net restoring force
(buoyant plus magnetic) on the element is thus slowly getting larger
in time, and this corresponds to overstability. (In this sense "mag-
netic overstability” and the Kato overstable convection mechanism have
much in coumon.) This mechanism and the Kato overstable convection
mechanism may be considered as examples of the thermally excited
oscillator of Moore and Spiegel (1966).

The growth times of the overstability can be shown to be fairly short,
say less than a year. Moreover, the oscillatory periods should be
only of the order of minutes (Cox 1984).

Whethe